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Introduction


Our air consists of 78 % dinitrogen, and the life of all living
organisms relies on the natural dinitrogen fixation by some
soil-dwelling bacteria[1] and the artificial fixation by the Haber
process.[2] Plants are indebted to these fixations and get
nitrogen compounds from the microorganisms and fertilizers
in the soil. The fertilizers are mostly derived from ammonia
prepared by the Haber process, which is also used for the
production of organonitrogen compounds in the chemical
industry. According to the report by Smil,[3] about one-third of
the protein in a human�s diet depends on synthetic nitrogen
fertilizers. The Haber process, however, requires high pres-
sures and temperatures in addition to natural gas for the
production of hydrogen [Eq. (1)].


N2 � 3H2 ÿ!catalyst 2NH3 (1)


Hence, it has been an important and long-standing objec-
tive of significant international research to find an alternative
to the energy-consuming Haber process.[4, 5] Some artificial
fixations under mild conditions have been proposed that


involve physicochemical methods with inorganic semiconduc-
tors,[6, 7] chemical reactions with coordinated-dinitrogen spe-
cies,[8] and electrochemical syntheses.[9] Among these meth-
ods, the fixation with semiconductor materials has attracted
much attention because it involves the conversion of solar
energy to chemical energy (sunpack) as the nitrogen com-
pounds. In 1977, the first fixation route was suggested by
Schrauzer and Guth[6] in which N2 is fixed to ammonia by UV
irradiation on moist titanium oxide under ambient conditions
of pressure and temperature [Eq. (2), overall reaction].


N2 � 3H2O!hn
2NH3 � 3/2 O2 (2)


Since then a great number of studies has been conducted on
material screening and the mechanism for the N2 fixation. On
the other hand, there still exist controversies as to whether the
fixation is putative or not, and those who reported unsuc-
cessful N2 fixation claimed that the apparent N2 fixation
comes from contamination by environmental ammonia.[10]


In this article, the new finding concerning the N2 fixation to
ammonium salt over titanium oxide/conducting polymer
hybrid systems[11, 12] is outlined and compared with the
Schrauzer�s route. This finding should not only validate an
earlier Schrauzer process, but establish a more advanced
route for converting dinitrogen into a solid explosive com-
pound that can be used as a rocket propellant.


Discussion


The N2-fixation method proposed by Schrauzer and Guth[6]


involves the synthesis of NH3 from ambient dinitrogen by
using TiO2 powder, water, and light (UV light or sunlight),
and hence provides an environmentally sound process. This
environmentally sustainable feature distinguishes the method
from the other chemical and electrochemical ones that
operate under mild conditions which inevitably use organic
solvents and/or strong acids or bases during the fixation. In
this sense, Schrauzer�s process may be regarded as an
analogue of the biological N2-fixation route[1] in the soil for
the preparation of NH3. The general concept of this fixation is
to prepare TiO2 powders doped or loaded with metals,
followed by irradiation with UV light. The doping or loading
is regarded as a prerequisite for the adsorption and activation
of N2 on the TiO2 surface.[7] Photogenerated electrons and
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holes may reduce N2 and oxidize adsorbed water, respectively,
and these redox reactions are coupled to yield NH3.


Quite recently, a more advanced concept was proposed by
us.[11, 12] It involves the preparation of titanium oxides (TiOx)
by anodic oxidation, electrosynthesis of conducting polymer
films on the TiOx, and white-light irradiation of the resulting
TiOx/conducting polymer composites. Several important dif-
ferences should be noted in the preparation of titanium oxides
and the energetics of dinitrogen reduction between Schrauz-
er�s and our fixation methods. In the course of our previous
studies on the surface chemistry of semiconductors,[13, 14] it was
revealed that TiO2 (rutile) prepared by firing has a more
intimate interaction with its surroundings than silicon and
gallium arsenide; this was demonstrated by specific cases in
which it was brought into contact with air or conducting
polymer materials. Further, our recent investigation showed a
greater chemical activity of the TiOx than the TiO2.[15] These
findings provided the underlying principle of our N2-fixation
research: The surface reactivity of TiOx should not only
enhance the adsorption and activation of N2, but allow
intimate interactions through electron exchange with con-
ducting polymers if the TiOx is coupled with them. The
interactions allow the formation of a high-quality junction
interface that can be treated as a band-like structure (Fig-
ure 1). This in turn leads to the formation of a depletion layer


Figure 1. Energy band diagram for titanium oxide (TiOx)/conducting
polymer junctions shown for the case in which poly(3-methylthiophene)
(P3MeT) is used as the conducting polymer layer. The values of electron
affinity and band gap energy of the P3MeT and titanium oxide were taken
from refs. [16] and [17], respectively.


at the interface, since the TiOx and conducting polymer have
n-type and p-type electric conductivity, respectively, and high-
energy electrons are available by the absorption of light in this
layer of the conducting polymer. If we assume that the
photogenerated electrons are transferred to the N2-adsorption
and activation sites at the interface before intraband relaxa-
tion in the depletion layer (hot-electron injection[18]), the
electron energy as high as ÿ1.1 V against NHE (normal
hydrogen electrode) makes it energetically possible to reduce
N2 in the presence of water, E0 (standard redox potential for
N2/NH3)�ÿ0.0922 V against NHE[19] [see Figure 1 and
Eq. (3), the cathodic half-reaction of Eq. (2)].


N2 � 6H� � 6 eÿ!2 NH3 E0(N2/NH3)�ÿ0.0922 V against NHE (3)


This is in contrast to the situation with Schrauzer�s route in
which conduction-band electrons in the TiO2, about �0.1 V
for rutile and about ÿ0.2 V for anatase,[17] are used for the
reduction; the electron energy is comparable to E0, and this is
one of the major drawbacks of the route. Also notable is the
additional nature of the TiOx/conducting polymer interface.
The interface exhibited high-quality rectifying (diode) char-
acteristics.[15] Thus it should favor the efficiency of hole ±
electron separation and then the photoreactivity.


Table 1 lists the typical reaction systems, light source,
reaction conditions, and ammonia production rate for the
Schrauzer�s process.[6] Dinitrogen is reduced to NH3 (major)
and N2H4 (trace) when moist TiO2 powder is exposed to UV
light from a 360 W Hg-Arc lamp (or sunlight) at 30 ± 180 8C
(or 25 ± 35 8C) in air or in an N2 atmosphere. Also included in
Table 1 are the features of the current fixation route proposed
by the authors.[11, 12] A double-layered type of reaction system,
a composite of titanium oxide (TiOx) and poly(3-methylthio-
phene) (P3MeT), is employed in lieu of the powdered TiO2


(Figure 2). The former is a native oxide (NTO) or an


Figure 2. Schematic representation of a P3MeT/TiOx composite system
used to fix N2 into the NH4


�ClO4
ÿ needle crystals.


electrochemically-prepared oxide layer (ETO) on a titanium
plate, and the latter layer is electropolymerized on the oxides
in a CH2Cl2 electrolyte solution. Simultaneously with the
electropolymerization, radical cationic (polaron) and dicat-
ionic (bipolaron) species are generated in the P3MeT film,
and a supporting electrolyte anion (ClO4


ÿ) is loaded in it to
maintain the electroneutrality conditions.[20] Upon exposure
to white light from an 18 W fluorescent lamp (300 ± 1300 lx)
(or pseudo-solar lamp) in air [(ca. 20 8C, ca. 40 % relative
humidity (RH)] or in a moist N2 atmosphere, the compo-
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site functions as a novel fixation system and dinitrogen is
fixed into NH4


�ClO4
ÿ. Interestingly the ammonium salt


crystals grow in a cylindrical fashion and increase in size
and abundance with the illumination time and intensity.
Figures 3 to 5 show some typical scanning electron micro-
graph (SEM) images of the needles. Several important
features are noted in the low-magnification SEM images of
these figures:


Figure 3. Scanning electron micrograph (SEM) images of a P3MeT
deposit exposed to white light (1300 lx, 7 days) in a moist N2 atmosphere.
The deposit (bright region composed of a film and irregular-shaped
conglomerates) was peeled off the ETO layer and then mounted on a
carbon adhesive tape (dark background). The NH4


�ClO4
ÿ needles with


high aspect ratios are observed, some of which are curved by the electron-
beam irradiation. Scale bar: 100 mm.


1) The needles come off the granular particles of the P3MeT
indicating that they have been synthesized from the
particles.


2) The needles appear straight, some of which extend up to
200 mm. The formation of such very long needles occurs
most readily in a moist nitrogen atmosphere (Figure 3).


3) The needles are capped in the shapes of a cone, semi-
spherical, and flattened toroid structures (images a ± c in
Figure 4)Ðvery similar in morphology to carbon nano-
tubes.[20] The formation of a solid pipette-like structure
(image d) is also a commonly observed event.


Figure 4. SEM images (a ± c) of the NH4
�ClO4


ÿ needles with various caps.
The needles were grown on the P3MeT/ETO system in air under the
following illumination conditions: a) 1300 lx and 9 days; b) 300 lx and
180 days; c) 1300 lx and 180 days. Image d) shows the growth of a needle
with a solid pipette-like structure (1300 lx, 5 days). Scale bar: 10 mm.


4) Needle structures are also observed on the back surface of
the P3MeT film, that is, at the interface between the TiOx


and the P3MeT (image a in Figure 5), but they are much
smaller in size and number than those on the free surface
of the P3MeT (image b).


These intriguing features may help the elucidation of the
needle formation mechanism and in turn the N2-fixation
mechanism; further information should be available from the
high magnification SEM images, but when electron-beam
irradiation (15 kV) was focused on the needle surface under
high magnification, bending of the needles (see Figure 3) or
their explosion (due to the explosive property of
NH4


�ClO4
ÿ)[22] occurs, thus making it difficult to determine


their fine structures.
The rate of NH3 production in the Schrauzer�s process is


typically 4 ± 8 mmol hÿ1 mÿ2 TiO2; this is comparable to that of
the NH4


�ClO4
ÿ formation in the current process under the


action of a fluorescent lamp (1200 lx), 3.6 mmol hÿ1 mÿ2 TiOx.


Table 1. A comparison of our N2-fixation process with that of Schrauzer and Guth.


Schrauzer�s process[a] Current process[b]


system gas ± solid reactor containing wet TiO2 powder gas ± solid reactor with TiOx/P3MeT layered systems
packed bed type P3MeT is doped with ClO4


ÿ


titanium oxide powdered TiO2 with a particle size of 0.2 mm native oxide or electro-oxidized layer
mixture of rutile and anatase contains 0.25 % Fe
doped with 0.2 % of Fe2O3 purplish blue appearance


fixation products NH3 (major) and N2H4 (trace) NH4
�ClO4


ÿ needle crystal
fixation rate 3 ± 6 mmol hÿ1 gÿ1 of TiO2 or 4 ± 8 mmol hÿ1 mÿ2 of TiO2 3.6 mmol hÿ1 mÿ2 of TiOx (fluorescent lamp, 1200 lx)


8.3 mmol hÿ1mÿ2 of TiOx (pseudosolar lamp, 1200 lx)[c]


light source 360 W Hg-Arc lamp 18 W fluorescent lamp
sunlight pseudosolar lamp[c]


ambient conditions 25 ± 180 8C, atmospheric pressure ca. 20 8C, atmospheric pressure, 40� 5 % RH
reaction time several hours several to scores of days


[a] Data taken from ref. [6]. [b] Data taken from refs. [11] and [12]. [c] T. Ogawa, T. Kitamura, K. Hoshino, unpublished results.
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Figure 5. SEM images of the NH4
�ClO4


ÿ needles grown on a) the back and
b) the free surfaces of the P3MeT deposit formed on the NTO layer. The
P3MeT/NTO system was exposed to white light (300 lx) for 170 days in air.
Scale bar: 10 mm.


The alternate use of a pseudosolar lamp (1200 lx) enhances
the latter rate by a factor of about two (8.3 mmol hÿ1 mÿ2


TiOx).[23] The absorption of light by titanium oxides is a
prerequisite for the N2 fixation in both of the routes, but they
suffer some drawbacks to light absorption. In the former case,
light cannot penetrate into the TiO2 powder bed, while the
TiOx layer is shielded from light by the P3MeT overlayer in
the latter case; the UV/Vis absorption spectrum of the film
exhibited its panchromatic characteristics over the wave-
length range of 200 to 900 nm and its transmittance of only a
few percent. In view of these drawbacks, a simple comparison
of the N2 fixation rate cannot be made. However, considering
the low power and poor emission characteristics of the
fluorescent lamp in the UV region in addition to the shielding
effect of the P3MeT, the TiOx may be expected to have a high
activity for N2 adsorption, activation, and reduction. The
fixation mechanism of Scrauzer�s process is still not totally
elucidated,[7] but experimental evidence is presented to show
that Ti3�& (&� oxygen vacancy) acts as an N2-adsorption and
activation site that is generated from the hydroxylated surface
of TiO2: [Eq. (4)]


Ti4�ÿOHÿ!Ti3�ÿOH .!Ti3�& � 1�2 H2O � 1�4 O2 (4)


The TiO2-powdered materials doped with Fe, Cr, Ni, Rh,
etc.[24±26] show much higher activity for the N2 fixation than the
nondoped powders, the reason for which being considered as
the formation of the Ti3� species by the doping or the
formation of a permanent space charge region whose electric
force improves the efficiency of the hole ± electron separation
[Eq. (4)].


The N2-fixation to NH4
�ClO4


ÿ is also affected by the nature
of titanium oxide.[12] The P3MeT layer was deposited on ETO,
NTO, thermally-grown (TTO), and sputtered titanium oxide
layers (STO), followed by photoirradiation of the composites.
Comparison of the SEM images taken after the photo-
irradiation revealed a much higher fixation efficiency of the
first two composites (see Figures 3 ± 5) compared to the last
two (Figure 6). A large difference in the fixation efficiency


Figure 6. SEM images of the P3MeT deposits grown on a) TTO and
b) STO in air. Images a) and b) were taken after 310 and 990 days of white-
light illumination (300 lx), respectively. Needles are indicated by arrows in
the images. Scale bar: 10 mm.


among the composites was temporarily explained by assuming
that the Ti3�& deficiency (Ti3� site adjacent to oxygen
vacancy) on the oxide surface contributes to the N2 adsorption
and activation, and that fewer deficiencies are formed on
titanium oxides prepared by hard (energy-consuming) pro-
cesses, TTO and STO, than on those by soft (energy-efficient)
processes, ETO and NTO.


If we assume that the fixation mechanism of the current
process is based on Schrauzer�s route, the reaction scheme
involves the photogeneration of NH3 at the TiOx/P3MeT
interface followed by its conversion to NH4


�ClO4
ÿ. Under this


assumption, the second conversion step is expected to offer a
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mechanism to maintain the first photogeneration step of NH3


in a steady state. The fixation rate of the latter process
declines in a few hours (Table 1) probably due to the
deactivation of the TiO2 and/or photodecomposition (photo-
oxidation) of NH3 that is generated and accumulated on the
TiO2 surface:[7, 27] Such a rapid decline in the reaction rate is
considered as one of the causes for the noncatalytic nature of
the process.[28] On the other hand, no decline in the former
fixation rate (NH4


�ClO4
ÿ needle formation and growth) was


observed for at least a few weeks. This observation may be
explained by assuming that the injection of NH3 formed at the
TiOx/P3MeT interface into the P3MeT layer occurs and
prevents accumulation of NH3 in the vicinity of the TiOx,
leading to a suppression of the back reaction and/or the
photodecomposition. However, the longer period of fixation
is not an indication of the catalytic nature of the route. The
anionic part of the fixation product, ClO4


ÿ, is provided by the
dedoping of the ClO4


ÿ-doped P3MeT,[11] and, therefore, the
fixation reaction should cease when the P3MeT is fully
dedoped. Repeated use of the TiOx/P3MeT system would
require the recovery of the NH4


�ClO4
ÿ needles from the


system and re-doping of the P3MeT: Phoirradiation to the
TiOx/P3MeT system (cultivating), recovery of NH4


�ClO4
ÿ


needles by washing with water (reaping), and electrochemical
redoping of the P3MeT with a perchlorate salt (sowing).


Conclusion


A novel N2-fixation process by using conducting polymer/
titanium oxide composites has been reviewed. The process is
characterized by its fixation product, NH4


�ClO4
ÿ, and most


likely by reaction kinetics to drive a reacting system. We
believe that these characteristics come from the coupling of
the titanium oxide (TiOx) with a conducting polymer material
(P3MeT); this donates an anionic part of the fixation product,
prevents accumulation of ammonia at the TiOx/P3MeT inter-
face, and assists the hole ± electron separation at the junction
interface. Current experiments are directed towards material
screening of the conducting polymers, preparation of TiOx


under various electrolysis conditions, fixation over the
composite systems under visible light irradiation, etc. While
we are not certain of the N2-fixation mechanism, the fact that
conducting, polymeric materials coupled with TiOx modify
and assist the fixation should open new avenues for both
fundamental and applied research.
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Introduction


A new emerging field for organic materials is the develop-
ment of new nanodevices, through self-assembly towards
supramolecular structures or synthesis of molecules of nano-
scale and submicroscale size. For the design and supra-
molecular engineering of these materials it is necessary to
have simple reliable models that relate the structural and
electronic models used in organic chemistry with those used in
chemical physics and solid-state physics and chemistry. More-
over, these predictions must be made for the borderline that
separates the electronic description between orbital models
(molecules and supramolecules) and band models (bulk
condensed phase).


In solid-state chemistry, the quasi-particle exciton, gener-
ated by the mutual interaction and spatial correlation of an
electron-hole pair, is used to explain many electronic proper-
ties of semiconductors and insulators.[1]


The physical dimer of a chromophore shows an electronic
absorption spectrum different from that of the isolated
chromophore, owing to the interaction between the excited
chromophore and the neighboring ground-state chromo-
phore. This implies the interaction and spatial correlation of
the electron-hole pair generated by the photon absorption
and represents at a molecular level the excitons of an
aggregated state of matter. The exciton coupling model in
its simple exciton point-dipole form[2] (Figure 1) is applied to


Figure 1. Point ± dipole approximation of the exciton coupling model.[1, 2]


For the sign of the angles the sense of the distance vector (R) must be taken
into account. The ªdirectionº of the transition dipole moments is inferred
from chemical reasoning (e.g., HOMO!LUMO). In the case of
symmetric substituted chromophores, like the porphyrins described here,
the sense of the transition dipole is that resulting in the highest vector sum
better aligned in the sense of ªgrowthº of the system.


relate the UV/Vis spectra of chromophore dimers and
oligomers to their stereochemistry. This model is especially
useful for chiral systems[3] , because it allows us to relate the
circular dichroism (CD) spectra to the chirality sign of the
arrangement between chromophores. More accurate models
and approximations are not used by organic chemists, who
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prefer user-friendly methods that provide fast qualitative
predictions.


Here, we describe the application of the point-dipole
approximation of the exciton coupling model and its relation
to the solid-state type of excitons.


The application of the qualitative exciton coupling treat-
ment (Figure 1) to chromophore J-aggregates (side-to-side)
and H-aggregates (face-to-face),[4] that is, for the two extreme
cases of Figure 1 when the allowed state transition corre-
sponds to the low- or to the high-energy state, respectively,
give rise to bathochromic and hypsochromic shifts, respec-
tively, in agreement with the experimental results. In the case
of porphyrins and phthalocyanines it allows to distinguish
between lateral and p stacking.[5] This is commonly performed
by the observation of the spectral shift shown by the B-band
(Soret-band; S0!S2) of the tetrapyrrolic cyclic system, which
generally shows higher oscillator strengths and, in conse-
quence, higher shift values than the Q-bands (S0!S1).
However, the application of this approximation to porphyrin
and phthalocyanine supramolecular systems, in order to infer
structural details, can lead to erroneous conclusions, because
of the degeneration of the B-band (Bx and By). Therefore, the
relative alignment of the two transitions in the individual
chromophores of the dimer or oligomer must be taken into


account. According to Gouter-
man�s four-orbital porphyrin
model,[6] in the ªmonomericº
porphyrin both transition di-
pole moments are aligned with
the opposite nitrogen atoms
(Figure 2). In the published
papers on tetrapyrrolic supra-
molecular systems, the relative
alignments between the pairs of
orthogonal transition dipole
moments are normally defined


according to the highest possible symmetry given by the
geometry of the system. However, although the point-dipole
approximation is used to infer the structure,[7] the lack of
criteria to set the relative orientation between the pairs of
transition dipole moments results in structure determinations
of low significance.


Here we analyze two published cases, which are explained
through the alignment of the transition dipole moments


according to: a) the highest possible symmetry of the pairs of
transition dipole moments fitted to the geometry of the
supramolecular assembly, or b) those of the individual
chromophores (Gouterman�s model) (see Scheme 1). Case a
is that of the oligomers and polymers described by Osuka[8] of
Zn porphyrins that are s-bonded through the meso-position
and case b of the structures obtained by self-assembly of the
diprotonated 4'-sulfonatophenyl- or phenyl-substituted
5,10,15,20-tetraarylporphyrins (H2TPPS4, H2TPPS3,
H2TPPS2a, H2TPPS2o, and H2TPPS1).[8]


Case a : meso-coupled 5,15-diaryl-substituted porphyrins :[8]


These p chromophore systems, in spite of being separated
by only one CÿC s bond, should be considered as ring-
localized p chromophores owing to the 908 dihedral angle
between rings. The absorption spectra of these compounds
show a split of the B-band in two bands of approximately the
same oscillator strength; one is red-shifted and the other does
not show change of energy in respect to the monomeric
porphyrin. The D2d (highest possible symmetry) arrangement
of the transition dipole moments (see Figure 3) explains the
observed split, composed of the non-shifted By transition and
the red-shifted Bx transition.[8d] The arrangement correspond-
ing to two individual porphyrins C2 (Gouterman�s model)
would result in one red-shifted degenerate band. Further, for
the homologous series of these compounds it has been shown
that the red-shift value depends on the number of coupled
porphryin units, [8c] in agreement with that expected for a one-
dimensional extended exciton coupling (DE�DEo cos[p/(n�
1)]).[10]


In conclusion, the experimental results can be explained by
using pairs of dipole transition moments arranged according
to the highest possible symmetry in agreement with the
molecular geometry and an extended exciton coupling.


Case b : homoassociates of diprotonated 4'-sulfonatophenyl
meso-substituted porphyrins :[9] The homoassociates of case b
give colloidal solutions of mesoscopic structures[12] based on
intermolecular-stabilized zwitterions. These solutions by
evaporation give a condensed phase that has been identified
as a lyotropic liquid crystal.[9c] The solution homoassociates
are J-aggregates of ribbon-like stepped, stacked porphyrins
(red shifted B- and Q-bands; DEB� 2500 cmÿ1, DEQ�
1350 cmÿ1). These J-aggregates give H-aggregation (blue-
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shifted B-band; DE� 850 cmÿ1; Q-bands overlapped by those
of the J-aggregate). The blue- and red-shifted absorptions
correspond to independent perturbations near to the extreme
points showed in Figure 1, that is, when the allowed state is the
high- or low-energy state (H- and J-aggregation, respectively)
rather than the blue or red site of an exciton-coupling
perturbation with intermediate q values (Scheme 1). All this
has been inferred from the following results.


In the formation of these colloidal solutions spontaneous
chiral symmetry breaking occurs, which is detected through
their circular dichroism (CD) spectra.[9d] These spectra show
bisignate CD signals for the B-bands of the H- and the
J-aggregation; this indicates that both transitions are degen-
erate. Chirality is due to the folding of the H- and J-aggre-
gation (Figure 4), and the results point to the presence of two
orthogonal chirality axes corresponding to the J and the
H-aggregation.


Figure 4. Chirality originated by folding in the J- and H-aggregates of
case b.


For the J-aggregation, 1808 and 908 arrangements (in
Scheme 1 only the 1808 arrangement is illustrated) show


similar UV/Vis absorptions, as
inferred from i) the study of
the homoassociation of the
homologous series of 4'-sulfo-
nato-substituted tetraphenyl-
porphyrins[9b] and ii) the chi-
rality of the J-aggregates:[9d]


i) The homoassociates of the
homologous series show
similar absorption spectra
in spite of the fact that
some terms should give
908 arrangements (e.g.,
H2TPPS2a).


ii) The UV/Vis spectra do not
change significantly when
the intensity of the CD
signals increase, that is
when folding increases.


The application of the exci-
ton coupling model shows that
the degeneracy of the homo-
associate absorption bands can
only be explained by assuming
transition dipole moments ac-


cording to Gouterman�s model (see Figure 5 for the simple
dimer model).[9d]
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1D-extended coupling


Figure 3. Expected B-bands for the exciton coupling in a porphyrin dimer side-to-side and 908 diedral angle
between both porphyrin planes for several transition dipole moment arrangements. Only the D2d arrangement
explains the experimental results of case a,[8] which also shows a one-dimensional extended exciton coupling, that
is, energy shift depending on the number of coupled chromophores.


Figure 5. Expected B-bands for the exciton coupling in a porphyrin dimer
with parallel porphyrin planes and at several angles (a); from a� 08 (side-
to-side; J-aggregation) to a� 908 (face-to-face; H-aggregation) structures.
Only the C2v ± C2h arrangement (transition dipole moments according
Gouterman[6]) explains the experimental spectra of case b.[9]
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An interesting characteristic of the absorption spectra of
these homoassociates, and in contrast with the case a, is that at
any level of association, that is, from very short to long chain
lengths, the homoassociated absorption bands appear at the
same wavelength; this suggests a non-extended exciton
coupling. As non-extended exciton coupling we understand
the case in which each chromophore interaction depends on
Rÿ3. Such a non-extended exciton coupling explains the
similar absorption spectra for the achiral 1808 and the chiral
908 arrangements. The interaction energy, which depends on
Rÿ3, for the 1 ± 2 interaction (R12� 10 �) would be eight times
higher than the 1 ± 3 interaction (R13� 20 �), and two orders
of magnitude higher than the 1 ± 4 interaction. In consequence
a non-extended coupling can be approximated to a porphyrin
chromophore perturbed by two neighboring rings (a trimer
model). The corner ring in the 908 fold would show the same
exciton coupling interactions as in the case of the 1808
arrangement. The neighboring rings to a corner ring would
show the same 1 ± 2 interactions as for the linear arrangement,
but different 1 ± 3 interactions. These last interactions would
result in only a slight split of the degenerate BJ-band, which,
depending on the ratio of foldings, would be detected through
a broadening of the absorption band. This broadening of the
band has been experimentally detected for the compounds of
the series that should result in a significant amount of 908
arrangements, for example H2TPPS2A.[9b,d] This broadening is
in contrast with the characteristic Lorenz pattern of the
J-aggregates.


In conclusion, the experimental results can be explained
using a non-extended exciton coupling and non-modified
dipole transition moments in respect to the monomeric
porphyrin.


Ionic versus covalent bonding : Cases a and b show the
different effects exerted through an ionic or a covalent bond
between the organic residues of a supramolecular structure.
An ionic bond forms a Coulomb barrier between the electron
systems of the interacting chromophores, which in spite of the
mutual perturbation the electron configuration of the excited
states is not affected (case b). In case a, in spite of having
localized p chromophores due to the orthogonality between
chromophores, the meso CÿC s bond implies that the
electronic configuration of the excited states is determined
by all electrons of the molecular entity. This can be detected
through the relative orientation of the transition dipole
moments of the two chromophores. In fact, this is an example
of what is known by organic chemists as p* contamination.


Notice that supramolecular metalloporphyrin structures in
which a peripheral covalent bonded group acts as intermo-
lecular ligand on the metal atom (e.g., ref. [7b]) have UV/Vis
spectra that are also explained by using the exciton coupling
model, as for case a.[12] In that case, as expected, the ligand ±
metal interaction should be considered to play a similar role
to the covalent bond, that is, all electrons of the system
contribute the electronic configuration of the excited states.


Solid-state excitons and their relation to the molecular models
used in the description of organic molecules : The cases
described here are examples of the description at molecular


level (orbital model) of the excitons as described in solid-state
physics (band model).[13]


Case a would correspond to the transcription at molecular
level of a Wannier ± Mott exciton, that is, in which the distance
between electron and hole can be greater than the lattice
constant (porphyrin chromophore unit).[14] This can only
occur if there is a band structure between units (valence
band$HOMO; conducting band$LUMO) and when in the
electron ± hole interaction the exchange energy is a more
important contribution than the coulombic energy. In this
respect, the comparison of the homologous series by steady-
state fluorescence spectra[8c] points to coherence lengths of 6 ±
8 porphyrin units, that is, also in agreement with the simple
model for one-dimensional extended exciton coupling, when
cos[p/(n� 1)] approaches a value of 1.[10]


Case b corresponds to a monodimensional Frenkel exciton,
which in solid phases is typical for strongly ionic-bound
materials. This has already been proposed for the J-aggregates
of other systems[15] and also experimentally detected for the
case b.[16] Here the exciton is placed in the same unit cell, but
the electron and the hole propagate together to other unit
cells. Note, that the size of this Frenkel exciton, being larger
the lattice constant (one porphyrin unit), must be larger than
the typical ones for inorganic semiconductors (�5 �).[1]


In this context, the study of the electronic spectra of these
porphyrin systems could assist to the prediction of the exciton
type. For example, in the case b the steady-fluorescence
spectra shows the presence of two different exciton couplings,
that is, in the H- and in the J-aggregation axis:[17] the
mesoscopic solutions of the homoassociates show different
fluorescence spectra from their monomers (monomer lem�
670 ± 675 nm; homoassociate lem� 715 ± 725 nm), and the
excitation spectrum, measured at the S1!S0 transition of
the homoassociate, correlates well with the absorption bands
corresponding to the J-aggregation, without the contribution
of the BH absorption. In fact, the point-dipole approximation
of exciton coupling already predicts that no fluorescence
spectra will be detected for the case of H-aggregation.[2] These
experimental results suggest that two different Frenkel
excitons, each of them in the structural axis that defines the
H- and J-aggregation, should be detected.


We believe that many research objectives are being raised
in this topic. For example, questions are open referring the
intermediate cases of excitons, the exciton trapping and self-
trapping, and, with the goal of applications, the design of
organic materials with high exciton densities.[1]
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The Rearrangement of the Cubane Radical Cation in Solution
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Abstract: The rearrangement of the
cubane radical cation (1.�) was exam-
ined both experimentally (anodic as well
as (photo)chemical oxidation of cubane
1 in acetonitrile) and computationally at
coupled cluster, DFT, and MP2
[BCCD(T)/cc-pVDZ//B3LYP/6-31G*
� ZPVE as well as BCCD(T)/cc-
pVDZ//MP2/6-31G* � ZPVE] levels
of theory. The interconversion of the
twelve C2v degenerate structures of 1.� is
associated with a sizable activation en-
ergy of 1.6 kcal molÿ1. The barriers for
the isomerization of 1.� to the cuneane
radical cation (2 .�) and for the CÿC
bond fragmentation to the secocubane-


4,7-diyl radical cation (10 .�) are virtually
identical (DH=


0 � 7.8 and 7.9 kcal molÿ1,
respectively). The low-barrier rear-
rangement of 10 .� to the more stable
syn-tricyclooctadiene radical cation 3 .�


favors the fragmentation pathway that
terminates with the cyclooctatetraene
radical cation 6 .� . Experimental single-
electron transfer (SET) oxidation of
cubane in acetonitrile with photoexcited
1,2,4,5-tetracyanobenzene, in combina-
tion with back electron transfer to the


transient radical cation, also shows that
1.� preferentially follows a multistep
rearrangement to 6 .� through 10 .� and
3 .� rather than through 2 .� . This was
confirmed by the oxidation of syn-tri-
cyclooctadiene (3), which, like 1, also
forms 6 in the SET oxidation/rearrange-
ment/electron-recapture process. In con-
trast, cuneane (2) is oxidized exclusively
to semibullvalene (9) under analogous
conditions. The rearrangement of 1.� to
6 .� via 3 .� , which was recently observed
spectroscopically upon ionization in a
hydrocarbon glass matrix, is also favored
in solution.


Keywords: computer chemistry ´
cubanes ´ oxidation ´ radical ions


Introduction


While alkane radical cations play an increasingly important
role in understanding some fundamental reaction mecha-
nisms,[1, 2] our knowledge about the structures and energies of
these highly reactive intermediates is still rather limited. This
is due to the fast rearrangement or fragmentation of these so-
called s .� species (CÿC or CÿH bonds are partially broken),
which makes purely experimental investigations difficult. A
case in point is the radical cation derived from cubane (1),[3, 4]


which is probably one of the most rigid and strained hydro-
carbons prepared to date. The exceptional kinetic stability of
1 is presumably due to the fact that breaking just one CÿC
bond homolytically[5] or heterolytically[6, 7] causes only minor
changes in the cage structure and may simply not be enough
for opening the entire cage.[8] Hence, the cubane radical cation
(1.�) is expected to maintain some of the basic features of the
cubane structure, at least at very low temperatures. It is not
clear whether 1.� actually was observed by ESR spectroscopy;
neither its structure nor the rearrangements of this fascinating
molecule have been resolved. The present paper reports on a
combined experimental/computational study on the struc-
tures and rearrangements on the C8H8


.� hypersurface starting
from cubane.


Paquette et al. first claimed to have observed sharp ESR
signals for 1.� in neon matrices at 4 ± 9 K[9] but this finding was
refuted later.[10] Eaton�s subsequently recorded ESR spec-
trum[11] was first interpreted in terms of dynamically inter-
converting, Jahn ± Teller distorted C2v structures of 1.� but it
was noted later ª...that the cubane radical cation was not
observed previously. . .º.[10] Strong evidence for 1.� comes from
a fluorescence-detected magnetic-resonance (FDMR) study
at 190 K by Eaton et al. ; fast equilibration of twelve
equivalent C2v structures (where one bond is suggested to be
significantly lengthened in 1.�) was indicated based on
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MINDO/3 calculations; however, no transition structures were
computed, and it was noted that much higher level compu-
tations were needed to address this question properly.[11]


Two reaction pathways for 1.� were previously proposed;
that is, isomerization to the cuneane radical cation, 2 .� , and
CÿC bond breaking to give the syn-tricyclooctadiene radical
cation, 3 .� (Scheme 1).[11, 12] It was suggested that the isomer-


Scheme 1. Two pathways to cyclooctatetraene 6 from the cubane radical
cation 1.� .


ization of 1.� via 2 .� to the bicyclooctadienediyl radical cation,
4 .� , (Scheme 1) occurs under g irradiation of 1 at 77 K in
CF2ClCFCl2.[11, 12] In contrast, CÿC bond cleavage of 1.� to 3 .�


and further to the bis(cyclobutenylium) radical cation, 5 .� ,
was recently found under pulse radiolysis in hydrocarbon
glasses at 30 K.[12] It was suggested that the latter reaction
involves a [2p�2p]cycloreversion, because the ring opening of
1.� is activated, in contrast to the reaction from 3 .� to 5 .�


which occurs spontaneously.[12] The rearrangement of the
strained radical cation 3 .� , generated independently from the
corresponding neutral molecule, to the cyclo-octatetraene
radical cation (6 .�) via 7.� and 8 .� was recently studied
experimentally and computationally by Bally.[13]


In the present paper we report high-level computational
details for the transformation of 1.� to 6 .� , as well as
experimental data on the behavior of cubane and some
related C8H8 hydrocarbons under oxidative conditions in
solution. Since Eaton pointed out that the difficulty in
elucidating the intricacies of the rearrangements of 1.� lies
in the identification of the intermediates and products, we
envisaged that combining an oxidative single-electron trans-
fer (SET) step with back electron transfer (ET)[14] from the
oxidant to the transient radical cations, would be a useful
approach to this problem.


Results and Discussion


Although we have had positive experience[15, 16] with density
functional theory (DFT)[17] for treating radical cations, the
applicability of DFT to these species is still under a lot of
discussion.[18±21] Therefore, we utilized both DFT (B3LYP/6-
31G*) and Mùller ± Plesset (MP2/6-31G*)[22] second-order
perturbation theory in combination with coupled-cluster
single-point energies.[23±28] The slightly lower absolute
BCCD(T) energies for the DFT structures favor the topology
of the respective potential energy surfaces (PES) at B3LYP
slightly.


The interconversion of the degenerate C2v structures of 1.�


(Figure 1) via TS1-1 is associated with a sizable activation
energy of 1.6 kcal molÿ1 at 0 K. As a consequence, 1.�


undergoes dynamic Jahn ± Teller averaging of static C2v


structures as suggested by Eaton et al.[10] A comparison of
our BCCD(T)-computed and Eaton�s published ESR[11]


spectra of 1.� (Figure 2) strongly supports this analysis. The
computed spectra both for 1.� and TS1-1 agree well with the
neon-matrix ESR. The ESR spectra may be interpreted on the


Abstract in German: Die Umlagerung des Cuban-Radikalkat-
ions (1.�) wurde sowohl experimentell (durch anodische bzw.
photochemische Oxidation von Cuban (1) in Acetonitril) als
auch mittels theoretischer Berechnungen auf dem Coupled
Cluster-, Dichtefunktionaltheorie- und MP2-Niveau
[BCCD(T)/cc-pVDZ//B3LYP/6-31G* � ZPVE und
BCCD(T)/cc-pVDZ//MP2/6-31G* � ZPVE] untersucht. Die
Umwandlung der zwölf entarteten C2v-Strukturen von 1.� hat
eine Aktivierungsbarriere von 1.6 kcal molÿ1. Die Barrieren für
die Isomerisierung von 1.� in das Cunean- (2 .�) bzw. in das
Secocuban-4,7-diyl Radikalkation (10 .�) sind praktisch iden-
tisch (DH=


0 � 7.8 bzw. 7.9 kcalmolÿ1). Die ebenfalls von nied-
rigen Barrieren begleitete Umlagerung von 10 .� in das stabilere
syn-Tricyclooctadien-Radikalkation 3 .� ist etwas bevorzugt
und ergibt schlieûlich das Cyclooctatetraen-Radikalkation 6 .� .
Die Einelektronenoxidation (SET) von Cuban in Acetonitril
(mittels photoangeregtem 1,2,4,5-Tetracyanbenzol, TCB) und
Elektronen-Rücktransfer zum intermediären Radikalkation
zeigt ebenfalls, daû 1.� vorzugsweise über 10 .� und 3 .� aber
nicht über 2 .� zu 6 .� umlagert. Dies wurde durch die Oxidation
von syn-Tricyclooctadien (3) gezeigt, welches, in Analogie zu
1, ebenfalls 6 in einem SET-/Umlagerungs-/Elektronenein-
fangschritt bildet. Im Gegensatz dazu lagert Cunean (2) nach
der SET-Oxidation ausschlieûlich zu Semibullvalen (9) um.
Die Umlagerung von 1.� zu 6 .� über 3 .� , die kürzlich auch
spektroskopisch in einer Kohlenwasserstoff-Matrix nachgewie-
sen wurde, ist damit auch in Lösung bevorzugt.
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Figure 2. Comparison of the simulated ESR spectra for 1.� , TS1-1, and 10 .�


(0 K) at BCCD(T)/cc-pVDZ with the experimental ESR spectrum for 1.�


(77 K, bottom, scanned from ref. [11] with permission). TS1-1 represents the
averaged spectrum for rapidly interconverting, degenerate isomers of 1.� .


basis of the rapidly equilibrating minima of 1.� : as the ESR
spectrum of 1.� is already narrow and is dominated by a sine-
shaped base peak, the averaged spectrum shows even less
structure and resembles that of TS1-1.


In analogy to some other C8H8
.� species, 1.� may eventually


rearrange (pathway A, Scheme 2) to the cuneane radical
cation, 2 .� , and then to 4 .� , which is the computed global


A


B


3•+ 6•+


•+


1•+


2•+


•+


4•+


•+


9•+


•+


10•+


•+ •+•+


Scheme 2. The two rearrangement pathways for the cubane radical cation
(1.�).


minimum on this part of the C8H8
.� PES. Structure 4 .� may be


considered as the ªopen formº of the semibullvalene radical
cation, 9 .� (Figure 1);[29, 30] a barrier of 35.7 kcal molÿ1 pre-
cludes the expansion of 4 .� to 6 .� (the reversible reaction is
known).[13, 30±32]


We also computed the CÿC bond fragmentation pathway B
for the cubane radical cation 1.� (Scheme 2 and Figure 3).
Breaking one of the CÿC bonds in 1.� leads to the
secocubane-4,7-diyl radical cation, 10 .� , which is a true and
thus far unrecognized minimum on the C8H8


.� PES; 10 .� is
8.5 kcal molÿ1 more stable than 1.� . The barrier for this CÿC
bond cleavage via TS1-10 (7.8 kcal molÿ1) is virtually the same
as that for the isomerization of 1.� to 2 .� via TS1-2


(7.9 kcal molÿ1). At the same time pathway B is more


Figure 1. B3LYP/6-31G* optimized C8H8
.� structures relevant to the rearrangement of the cubane radical cation (1.�); relative energies in kcal molÿ1; bond


distances in �; first entry: B3LYP/6-31G* � ZPVE; second entry: BCCD(T)/cc-pVDZ//B3LYP/6-31G* � ZPVE.
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favorable due to the substantial strain relief in the tricyclo-
octadiene radical cation 3 .� (the CÿC bond cleavage in 10 .�


that leads to 3 .� proceeds via the low-lying TS3-10 with DH=
0 <


1 kcal molÿ1). The ESR spectrum computed for 10 .� (Fig-
ure 2) is clearly different from that of 1.� . Thus, the break
down of the cubane cage in 1.� occurs in a stepwise fashion.
Despite extensive efforts, we were unable to locate a
transition structure for the concerted [2p� 2p] cycloreversion
of 1.� to 3 .� .


Our computations show that pathway A is thermodynami-
cally less favorable than B due to the substantial strain relief
in 3 .� compared with 2 .� (18.8 kcal molÿ1). This is in agree-
ment with results obtained for the ionization of 1 in hydro-
carbon glasses under pulse radiolysis at 30 K,[12] where the
intermediate bond-cleavage product 5 .� (Scheme 1) as well as
the final product radical cation 6 .� were identified by
electronic absorption spectroscopy. The unexpected product,
radical cation 4 .� , which could formally be attributed to
pathway A, was observed[12] under g-irradiation of cubane. As
we suspected that this was due to matrix effects or secondary
reactions, we decided to study the SET oxidation of 1 with
1,2,3,5-tetracyanobenzene (TCB) in solution. When hydro-
carbons are oxidized by photoexcited aromatics, back ET is a
favored process,[33±38] and the transient radical cations may be
trapped efficiently.


The photo-oxidation of 1 with TCB in acetonitrile at
ÿ40 8C gave cyclooctatetraene 6 (Scheme 3). At shorter


reaction times substantial
amounts of syn-tricycloocta-
diene 3 were found together
with 6. Independent oxidation
of 3 with TCB gave only 6.
Conversion of 1 to the neutral
6, as well as to 3, certainly
involves SET oxidation fol-
lowed by back ET: extended
photo-irradiation of 1 or 3 in
the absence of TCB did not give
6 and the starting hydrocarbons
were recovered quantitatively.


Thus, cubane may undergo
an SET oxidation/photochemi-
cal rearrangement to cycloocta-
tetraene 6 via 3 .� . At the same
time, the barriers for the iso-
merization of 1.� to 2 .� and
fragmentation of 1.� to 3 .� are
similar and two parallel pro-


cesses cannot be excluded. Moreover, due to fast back ET, we
cannot yet distinguish between pathways A and B (Scheme 2),
because semibullvalene 9 may photochemically rearrange to
cyclooctatetraene 6 (A):[14]


1.�! 2 .� !! 4 .�!eÿ 9!hn
6 (A)


1.�! 10 .�! 3 .� !! 6 .�!eÿ 6 (B)


Trapping of the intermediates was attempted by anodic
oxidation of 1 in acetonitrile, but only a mixture of quite a
number of inseparable C8H7NHCOCH3 isomers was observed
(gas chromatography/mass spectrometry).


To elucidate this point further and to differentiate between
pathways A and B, we oxidized cuneane (2) with TCB; only
semibullvalene 9 was formed, apparently after back ET to 4 .�


(Scheme 4). Hydrocarbon 9 was stable under these conditions
and could be isolated.


Scheme 4. Photooxidation of cuneane (2) with TCB.


The observed SET rearrangement of 2 to 9 after electron
recapture is clearly different from that of cubane 1. Thus, the
rearrangement of the cubane radical cation 1.� in solution
indeed initially follows fragmentation to 3 .� , rather than
isomerization to 2 .� . This is similar to the behavior of 1 under
pulse radiolysis in hydrocarbon glasses at 30 K, in which
pathway B is apparently followed.[12] We can therefore
conclude that 2 .� is not involved in the cubane radical cation
rearrangements and that 1 follows the same reaction pattern
for oxidation in matrix conditions and in solution.


Figure 3. B3LYP/6-31G* optimized C8H8
.� structures relevant to the CÿC bond cleavage of the cubane radical


cation (1.�); relative energies in kcal molÿ1; bond distances in �; first entry: B3LYP/6-31G* � ZPVE; second
entry: BCCD(T)/cc-pVDZ//B3LYP/6-31G* � ZPVE.


Scheme 3. Photooxidation of cubane (1) and syn-tricyclooctadiene (3)
with TCB.
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Conclusion


As predicted by Eaton et al., the cubane radical cation 1.�


equilibrates with its degenerate isomers (we computed a
barrier of 1.6 kcal molÿ1). As the barrier for the rearrange-
ment of 1.� to 10 .� is sizable (about 7.9 kcal molÿ1) Eaton must
have observed the ESR spectrum of 1.� .


The first step in the rearrangement of 1.� is either isomer-
ization to the cuneane radical cation, 2 .� (pathway A) or CÿC
bond breaking to the secocubane-4,7-diyl radical cation, 10 .�


(pathway BÐthe first CÿC bond cleavage). The latter is
followed by rearrangement to the syn-tricyclooctadiene
radical cation, 3 .� (low-barrier second CÿC bond cleavage).
Pathway B is favored thermodynamically because 3 .� is
18.8 kcal molÿ1 more stable than 2 .� . While pathway A
terminates with the reduction of the bicyclooctadienediyl
radical cation 4 .� to semibullvalene 9, pathway B gives the
cyclooctatetraene radical cation 6 .� . We identified the two
pathways based on the structural analysis of the isolated
neutrals.


As only 9 was found in the oxidation of 2 with photoexcited
TCB, and as the oxidation of 1 leads exclusively to 6 (via 3),
1.� must follow pathway B. Hence, 2 .� is probably not
involved in the rearrangement of 1.� to 6 .� .


Thus, the CÿC bond fragmentation of cubane, which was
spectroscopically observed recently for the ionization of 1 in
the solid state, takes place similarly in solution.


Computational methods : The B3LYP and MP2 methods with
6-31G* basis set were used as implemented in Gaussian 98[39]


for geometry optimizations and harmonic vibrational fre-
quency analyses (NIMAG� 0 for minima and 1 for transition
structures). The reaction pathways along both directions from
the transition structures were followed by the intrinsic
reaction coordinate[40] method. Coupled-cluster single-point
energies utilizing Brueckner-type orbitals [BCCD(T)][41, 42]


with a cc-pVDZ basis set[43, 44] and zero-point B3LYP and
MP2 vibrational energies (ZPVE, unscaled) were used to
improve the energies. Unless noted otherwise, our final
energies refer to BCCD(T)/cc-pVDZ//B3LYP/6-31G* �
ZPVE; the MP2 results are available in the Supporting
Information.


Experimental Section


All NMR spectra were recorded on a Varian VXR-300 spectrometer at
300 MHz (1H NMR) or 75 MHz (13C NMR) in CDCl3 solutions. The
chemical shifts are given on the d scale in ppm; internal standard: HMDS.
All compounds show adequate IR and distortionless enhancement by
polarization transfer 13C NMR spectra. The GC/MS analyses were carried
out by using a HP5890 Series II gas chromatograph (column HP Ultra1
50 m� 0.2 mm� 0.33 mm film: cross linked methyl silicone) with a
HP 5971A mass detector. A standard 150 W UV lamp (maximum emission
300 nm) was used for the photochemical experiments.


Photo-oxidation of cubane 1 with TCB : Method A : A solution of 1
(104 mg, 1.0 mmol) and TCB (151 mg, 0.8 mmol) in acetonitrile (120 mL)
was irradiated under argon at ÿ40 8C with a 150 W lamp (maximum
emission at 300 nm) for 10 h. Acetonitrile was removed in vacuo
(200 mbar), the residue was then diluted with water (10 mL) and extracted
with 2-methylbutane (5� 30 mL). The combined extracts were washed


with water and brine, and were dried over Na2SO4. The solvent was
removed at atmospheric pressure by using a Vigreux column (200 mm).
Separation of the residue on a silica gel column (40 cm� 1.5 cm, Merck
Kieselgel 60, 0.063 ± 0.1 mm) with 2-methylbutane as eluant gave 41 mg
(39 %) of 1, 18 mg of 3 (17 %), and 35 mg of 6 (34 %), which are identical
from NMR and MS data to standard samples.


The reaction was carried out as above for 2 h. The 1H NMR (CDCl3) of the
reaction mixture shows the signals of the cubane 1: 4.03 (s, 91%), cyclo-
octatetraene 6 : 5.80 (s, 3 %), and syn-tricyclooctadiene 3 : 3.21 (m), 6.02
(m), 6 %.


Photo-oxidation of syn-tricyclo-octadiene 3[45] with TCB : A solution of 3
(52 mg, 0.5 mmol) and TCB (75 mg, 0.4 mmol) in acetonitrile (60 mL) was
irradiated as in A. The 1H NMR of the reaction mixture shows the signals of
3 (54 %) and 6 (46 %).


Photo-oxidation of cuneane 2[46] with 1,2,3,4-tetracyanobenzene (TCB): A
solution of 2 (52 mg, 0.5 mmol) and TCB (75 mg, 0.4 mmol) in acetonitrile
(60 mL) was irradiated for 4 h as in A. Column chromatography gave 41 mg
(79 %) of semibullvalene 9. 1H NMR (CDCl3): d� 5.25 (m, 2 H), 4.25 (m,
4H), 3.04 (m, 2 H)Ðidentical to as previously described.[47]


Electro-oxidation of cubane 1: A mixture of 1 (104 mg, 1.0 mmol) in
acetonitrile (75 mL) and NH4BF4 (150 mg, 1.4 mmol) was placed into a
glass cell with Pt electrodes and subjected to direct current at 2.4 V anode
potential for 36 h. The reaction mixture was diluted with water (5 mL), the
acetonitrile was evaporated and worked up as described in A ; 68 mg of 1
were recovered. After evaporation of the solvent, the residue was dissolved
in CH2Cl2 (20 mL), washed with water and brine, and dried, and the
solvents were removed in vacuo. The residue (47 mg) was purified by flash
chromatography on silica gel (diethyl ether/methanol 10:1) and analyzed
by GC/MS (HP 5890 Series II GC with HP 5971A MSD, capillary column
HP Ultra1, 50 m� 0.2 mm� 0.33 m film, T� 80 ± 200 8C, 10 8C minÿ1, mass
selective detector) and showed the following main peaks characteristic for
isomeric monoacetamides: 24.74 min (161, 8 %; 118, 100 %; 104, 3%; 91,
36%; 65, 9%); 25.33 min (161, 15%; 138, 11 %; 118, 100 %; 91, 27%);
25.69 min (161, 4 %; 118, 100 %; 91, 30%); 26.35 min (161, 1 %; 118, 100 %;
102, 15 %; 91, 27 %).
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Electrochromics by Intramolecular Redox Switching of Single Bonds**


Siegfried Hünig,*[a] Christoph A. Briehn,[a] Peter Bäuerle,[b] and Andreas Emge[b]


Abstract: Two moieties of mono- and
trimethincyanines as well as those of
styryl dyes were connected by a satu-
rated alkyl tether made from com-
pounds 3 a ± c, 5, 7, and 9 a,b. In most
cases, cyclic voltammetry and spectro-
electrochemistry for these dyes together
with the data for their monomeric mod-


els 4, 6, 8, and 10 reveal electrochemi-
cally irreversible transfer of two elec-
trons but chemically reversible reaction


and discoloration both on reduction and
oxidation. Discoloration is interpreted
as intramolecular formation of a single
bond, which on redox breaking regener-
ates the starting colored species. There-
fore, the investigated dyes exemplify a
new general principle for electro-
chromics.


Keywords: cyanines ´ cyclic
voltammetry ´ electrochromics ´
spectroelectrochemistry


Introduction


The ability of certain compounds to change their color
reversibly on transfer of electrons has been intensively studied
for their application in electrochromic systems.[1±4] So far,
most of the organic electrochromics are based on the general
structure A of two-step redox systems, in which the open-shell
species SEM (ªviolenesº) represents the oxidation state with
the longest-wavelength absorption and high thermodynamic
stability (cf. Scheme 1 with examples B and C).[5±8]


Scheme 1. General structure for violene-type electrochromics.


Recently, we have proposed a new type of electrochromics,
namely violene/cyanine hybrids with the general structure D
(Scheme 2).[9±11] In these systems, the ability of violenes to


Scheme 2. General structure for violene/cyanine hybrid-type electro-
chromics.


reversibly transfer electrons in a series of steps is principally
retained. However, the concentration of SEM is drastically
reduced since the formation of two (closed-shell) cyanine-
type moieties by transfer of two electrons is preferred. Redox
system 1 demonstrates the broad scope of the violene/cyanine
hybrids.


Now, we present another general principle for electro-
chromics which no longer depends on the violene structure,
but capitalizes on the thermodynamic instability of (neutral or
ionic) radicals derived from cyanine-type compounds (cya-
nines, merocyanines, oxonols). Neutral radicals[12] as well as
cyanine radical dications[13, 14] derived from tri- and penta-
methincyanines have been found to be short lived but able to
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dimerize if sterically not overcrowded. Dimerization of
neutral radicals is a generally accepted process. According
to recent investigations, dimerization of radical cations even
in conducting polymers seems to be much more important
than anticipated so far.[15±18] Of course, reversible single-bond
formation of appropriate radicals or radical ions should be
enhanced and side reactions suppressed if the (formal)
intermolecular dimerization is turned into an intramolecular
reaction. This approach has already been verified for certain
quinone methides (reduction),[19] metal complexes (reduc-
tion),[20, 21] octamethoxytetraphenylene (oxidation),[22] and
heterocycles connected to ring systems (oxidation[23±25] and
reduction[26]). We now extend this structural principle in two
versions to electrochromics, which are characterized by strong
differences in the light absorption of the reduced and oxidized
states.


A structural principle for electrochromics by single-bond
redox switching : The two versions of the general principle
under discussion are presented in Scheme 3. The Long-
wavelength absorption is connected for type OL/CS with the
Open state, and the Short-wavelength absorption with the
Closed state. For type OS/CL, that pattern is reversed. This
paper deals only with type OL/CS, whereas discussion of
type OS/CL is reserved for Part 2.


Scheme 3 presents only the overall transfer of two electrons
since the bond formation may not always follow an EEC[27]


mechanism. Bond breaking may occur by an (mesolytic[28, 29])
ECE reaction (chemical transformation after transfer of one
electron; in contrast to EEC) or even a concerted[30] reaction
depending on the specific system.


The recently published[31, 32] clear cut redox process
RED-2>OX-2 (Scheme 4) was attributed to the weak hexa-
aryl CÿC bond but it can now be envisaged as a good example
of the general pattern of type OL/CS in Scheme 3.


Results and Discussion


New examples of type OL/CS : This type is illustrated by the
following examples derived from mono-(3) and trimethincya-
nines (5 and 7), and styryl dyes (9). Since this project had to be


Scheme 4. An example of the general pattern of type OL/CS.


restricted to (spectro)electrochemical investigations, the pro-
posed product structures are based on these methods and
analogies from the literature.


By using ESR spectroscopy[33, 34] and MO calculations,[12, 13]


the highest spin densities of neutral cyanine radicals have
been found to reside mainly at the odd methine carbon atoms,
whereas in the corresponding radical dications the highest
spin densities rest on the even
methine carbon atoms as shown
in Figure 1. Alkyl substitution
in these positions will stabilize
the radical state electronically
but also render dimerization
more difficult due to steric
hindrance.[12, 13] Intramolecular
dimerization, however, should
counteract the latter steric ef-
fect if rings of appropriate size
are formed.


Cyclovoltammograms (CVs) of 3, 5, 7, and 9 : Reduction and
oxidation of systems 3, 5, 7, and 9 produce CVs with similar
patterns; a typical example for oxidation is given in Figure 2
(exceptions vide infra). The starting alkylbridged bis-dye A is
oxidized at E1


p to product B (probably the cyclized form) and
at E3


p reduced to A again. With some systems, however, with
increasing scan rate a more positive potential E2


p arises
(reduction: 3 a, Figure 3; 8, Figure 4; 9 a, Figure 5; oxidation:
3 b, Figure 3; 3 c, Figure 3). So far, a two-step bond breaking
process in similar dimers has not been observed. The observed
behavior would agree with an equilibration between two


(stereo)isomers (B and B'),
which is slow enough to reduce
B' at higher scan rates. The very
large distances between E1


p and
E3


p (DEp up to 1697 mV) ex-
clude reversible electron trans-
fer but rather point to strong
structural changes between A
and B, normally by formation
(breaking) of a single bond. The
overall chemical process, how-
ever, turns out to be reversible
since the specific CV patterns
are retained on multiscanning.
Since the timescale of the
CVs ranges from seconds to
minutes, intermediate neutralScheme 3. General structure for electrochromics by single-bond redox switching.


Figure 1. The highest spin den-
sities on the even methine car-
bon atoms in radical dications.
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cyanine radicals or cation radicals will only show up in
special cases. Corresponding models[12±14] have lifetimes of
10ÿ4 to 101 seconds. Besides, the pattern of the CVs from
systems 3, 5, 7, and 9 is found to be invariant to the
concentration of the substrates (c� 10ÿ3 ± 10ÿ5m); the pattern
indicates the intramolecular nature of the chemical pro-
cess (radical ± radical coupling) connected to the electron
transfer.


Spectroelectrograms (SEs) of 3, 5, 7, and 9 : All SEs of 3, 5, 7,
and 9 to be discussed below have in common equilibration
between two species which can be reversed to the starting
position. Since the timescale ranges over hours, radical species
can only be seen if exceptionally persistent.


Figure 2. General pattern of the CVs of systems 3, 5, 7, and 9.


Bis-monomethincyanines


Synthesis of 3a ± c and model 4 : Bis-monomethincyanines
3 a ± c were easily obtained in two steps as shown in
Scheme 5. First, according to well-developed procedures in


Scheme 5. Synthesis of bis-monomethincyanines 3a ± c.


peptide synthesis, appropriate dicarboxylic acids 11 a ± c were
activated through their mixed carboanhydrides and trans-
formed with o-methylaminothiophenol into the bis-benzo-
thiazolium salts 12 a ± c.[35]


Condensation of 12 a ± c with 2-chloro-3-methylbenzothia-
zolium salt 13[36] afforded the expected bis-monomethincya-
nines 3 a ± c in good yield (51 ± 64 %).[37] Similarly, the model
compound 4 was prepared from 2-ethyl-3-methylbenzothia-
zolium toluene-4-sulfonate[38] and 13 in 68 % yield.


Cyclic voltammetry and spectroelectrochemistry of 3 a ± c and
model 4 : Except for the oxidation of 3 a, the cyanine band of
monomethincyanines 3 a ± c at approximately l� 460 nm is
lost both by reduction and oxidation in acetonitrile; new weak
and broad bands are formed at l� 300 ± 350 nm (Figure 3).


These SE data in conjunction with the CV measurements
are interpreted as intramolecular dimerization of (neutral or
cationic) radicals of 3 a ± c both by reduction and oxidation as
shown in Scheme 6. We ascribe the structure of RED-3 to a
cycloalkane moiety, to which two of the heterocyclic units are
attached as spiro rings, whereas the two others are connected
by a double bond. These latter units should cause an
absorption at approximately 300 ± 310 nm, which compares
well with the dimeric methylene base 17 (lmax� 308 nm,
ethanol).[39] The very similar CV and SE for the reduction of
the model monomethincyanine 4 signalize smooth intermo-
lecular reductive dimerization under the applied conditions.
Interestingly, RED-4 and RED-3 c are re-oxidized at much
lower potentials than RED-3a and RED-3 b (Table 1). The


dimers are expected to be stabilized much more for the two
latter ones (six- and seven-membered rings) than for the
former.


On oxidation of 3, ring closure at the meso-position is
expected, and the reaction yields the more strained cyclo-
alkane derivative OX-3 with four benzothiazolium moieties;
the observed absorption of the oxidation product at approx-
imately 300 nm matches that (lmax� 295 nm, EtOH/H2O) of
the corresponding protonated meso-methyl monomethincya-
nine.[40]


A puzzling effect is observed on the oxidation of 3 a. Whilst
the CV displays ªnormal behaviorº, namely a totally irrever-
sible oxidation process (n� 100, 500, and 1000 mV sÿ1), not
more than 30 % of 3 a could be oxidized in the SE. We have no


Table 1. Peak potentials Epa and Epc [mV vs Fc/Fc�] and their differences
DEp for oxidation and reduction of 3a (c� 1.74 mm), 3 b (c� 1.59 mm), 3 c
(c� 1.65 mm), and 4 (c� 3.03 mm) as determined by cyclic voltammetry in
CH3CN/nBuN4PF6 at a scan rate n� 100 mV sÿ1.


Reduction Oxidation
ERed


pc ERed
pa DERed


p EOx
pa EOx


pc DEOx
p


3a ÿ 1602 ÿ 470; ÿ311 1132; 1291 � 745 ÿ 771 1516
3b ÿ 1746 ÿ 280 1466 � 614 ÿ 832; ÿ1047 1446; 1661
3c ÿ 1735 ÿ 958 777 � 775 ÿ 610; ÿ922 1385; 1697
4 ÿ 1763 ÿ 1122 641 � 709[a] ±[a] ±[a]


[a] E1/2 ; oxidation reversible.
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convincing explanation for this discrepancy between the CV
and SE, which however represent different timescales. Since
this anomaly is not observed with homologues 3 b, 3 c, and
monomer 4, both ring strain and crowding in OX-3 a may be
involved.


The CV for oxidation of 4 is unique since it represents a
quasireversible one electron transfer, which indicates the
formation of the persistent radical dication SEM-4. This is in
sharp contrast to the irreversible CVs of 3 a ± c at the same
scan rates, which indicate a faster intramolecular ring closure.


Figure 3. CVs (vs Fc/Fc�, n� 100 mV sÿ1) and SEs (vs Ag/AgCl) for reduction and oxidation of bis-monomethincyanines 3a ± c compared with those of 4 in
acetonitrile; concentrations for CV measurements: 3a : c� 1.74mm ; 3 b : c� 1.59 mm ; 3 c : c� 1.65mm ; 4 : c� 3.03 mm.
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Similar to some mono- and trimethincyanines,[12±14] the
structure of SEM-4 seems to be too crowded to allow fast
dimerization at the central carbon atom. Although this radical
dication is persistent on the cyclic voltammetric timescale the
species obviously dimerizes on that of the corresponding SE,
which is much longer (vide supra). The SE does not show the
presence of the persistent radical species with an expected
absorption between 400 and 450 nm but supports a possible
dimer formation.


Bis-trimethincyanines


Synthesis of 5, 7, and models 6 and 8 : Especially for the
synthesis of trimethincyanines, various effective routes have
been developed.[37] We tested the following one for the well-
known 6, since this route should be applicable to bis-
trimethincyanines that lead directly to the preferred tetra-
fluoroborate salts.


2,3-Dimethyl-benzothiazolium methosulfate (14)[41] was
acetylated by acetylchloride/pyridine, and the resulting ke-
tone[42±45] (71 % yield) O-alkylated by triethyloxonium tetra-
fluoroborate to yield the enol ether 15[46] (91 %). Reaction of
15 with the methylene base 16[47] in situ developed from its
dimer 17 finally afforded 6 in 62 % yield (Scheme 7).


When this approach was adapted for the dimeric cyanine 5,
some difficulties arose (Scheme 8). Acylation of two equiv-
alents of 14 with glutaric acid dichloride (18 a) afforded only
the cyclized product 19, an example of an enamine diketone.
Reaction of 14 with adipic acid dichloride (18 b), however,


Scheme 6. Proposed structures of redox products of 3a ± c.


Scheme 7. Synthesis of trimethincyanine 6.


yielded the expected bis-acylenamine 20 a ; the reaction illus-
trates the larger entropic factor for the closure of seven-
membered rings.


Bis-O-alkylation of 20 a with triethyloxonium tetrafluoro-
borate went smoothly to 21 a (route (a)). Unfortunately, all
attempts to react 21 a with 17 to form exclusively bis-cyanine 5
failed. The main product always turned out to be trimethin-
cyanine 22, probably due to a low solubility in connection with
its tetrafluoroborate anion. Gratifyingly, trimethincyanine 22
could be quantitatively removed by extraction with propan-2-
ol. To circumvent the problem of solubility, 20 a was bis-O-
activated in situ with triflate anhydride (route (b)); the
reaction furnished 21 b, which was transformed with 17 to 5
in moderate yield (29 %).


In cyanine synthesis a thioalkyl group is known to be a
much better leaving group than an alkoxy group.[37] We tried
to capitalize on this effect and transformed 20 a with
diphosphorous pentasulfide into dithioketone 20 b
(82 %).[44, 48] Its bis-S-methylation with dimethylsulfate pro-
duced the expected bis-salt 21 c (81 %), which on reaction
with 17, however, yielded 5 in not more than 34 % yield
(route (c)).


Bis-trimethincyanine 7 with a C4-bridge in the a-position of
the methine chain was much more convenient to prepare by
adaption of the method in ref. [49]. Reaction of 12 c with
thiovinylether 23 and pyridine afforded 7 in 46 % yield
(Scheme 9).


Cyclic voltammetry and spectroelectrochemistry of 5, 7, and
models 6 and 8 : Systems 5 and 7 duplicate the general
behavior of 3 both on reduction and oxidation (Figure 4 and
Table 2). All trimethincyanines can be completely decolorized
by reduction or oxidation, and this creates new low-intensity
absorption bands at approximately 350 nm. This behavior is in
full accord with the proposed reductive and oxidative
dimerization processes as depicted in Scheme 10.


According to the spin density pattern of neutral cyanine
radicals and dication radicals (vide supra), reductive dimer-
ization of trimethincyanines always occurs at the meso-
position (carbon 9), whereas oxidative dimerization takes
place at the a-positions (carbon 8 and 10) of the methine
chain. As these positions are substituted with the alkyl tether
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tetrasubstituted carbon atoms have to be created with 5 (and
6) on reduction and with 7 (and 8) on oxidation.


For RED-5, the formation of a cyclohexane ring has to be
assumed to which four methylene-benzothiazoline units are
attached. Model dye 6 displays similar behavior on reduction.


Therefore, the redox product
RED-6 corresponds to RED-5
and carries a methyl group in
place of the tether.


The oxidation process for
trimethincyanine 5 is unique
since a new electrochemically
reversible wave appears at
E1/2�ÿ18 mV in addition to
the irreversible wave at EOx


pa �
�447 mV. This new reversible
wave whose intensity increases
to a certain extent upon multi-
scanning can be attributed to
the generation of a new redox
system. However, besides the
decrease in the size of the
cyanine band at lmax� 539 nm,
no significant change in absorp-
tion can be observed, which
indicates the development of a
new redox system.


Parton et al. reported for
similar nontethered trimethin-
cyanines (and pentamethincya-
nines) after oxidation the de-
protonation of the initially
formed dimer that results in a
species, in which the two tri-
methincyanine moieties create
the reduced form of a new
reversible redox system of the
violene-type.[14] Further oxida-
tion of this bis-dye afforded the
oxidized violene-type form as a
tetracationic cross-conjugated
species. This reported process
may offer a possible explana-
tion for the newly formed re-
versible redox system on oxida-
tion of 5. It should include


deprotonation of OX-5 to RED-5 a, which is reversibly
oxidized at E1/2�ÿ18 mV to OX-5 a.


In contrast to OX-5, the oxidative dimer of model dye 6
seems to be stable towards deprotonation in the timeframe of
CV, as no new redox wave appears.


Scheme 8. Synthesis of bis-trimethincyanine 5.


Table 2. Peak potentials Epa and Epc [mV vs Fc/Fc�] and their differences
DEp for oxidation and reduction of 5 (low solubility, saturated solution in
benzonitrile), 6 (c� 2.54 mm in acetonitrile), 7 (low solubility, saturated
solution in benzonitrile), and 8 (c� 2.89 mm in acetonitrile) as determined
by cyclic voltammetry using nBuN4PF6 at a scan rate n� 100 mV sÿ1.


Reduction Oxidation
ERed


pc ERed
pa DERed


p EOx
pa EOx


pc DEOx
p


5 ÿ 1529 ÿ 305 1224 � 447 ÿ 906 1353
6 ÿ 1539 ÿ 427 1112 � 433 ÿ 875 1308
7 ÿ 1614 ÿ 369 1245 � 245 ÿ 832 1077
8 ÿ 1564 ÿ 420; ÿ212 1144; 1352 � 251 ÿ 1039 1290


Scheme 9. Synthesis of bis-trimethincyanine 7.
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As can be judged from Figure 4, 7 and 8 behave very
similarly in terms of their CVs and SEs. For the oxidation of 7,
out of the three possible dimerization products (8,8'; 8,10'; and
10,10' dimers) the formation of a six-membered ring OX-7
seems to be most likely. Model 8 may behave in the same way


or dimerize on the unsubstituted a-methine (carbon 10)
group.


In the compounds under discussion, electrochemical scis-
sion of the single bonds should afford more energy if a ring has
to be opened compared with the formation of two independ-


Figure 4. CVs (vs Fc/Fc�, n� 100 mV sÿ1) and SEs (vs Ag/AgCl) for reduction and oxidation of bis-trimethincyanines 5 and 7 (in benzonitrile) compared
with those of 6 and 8 (in acetonitrile); concentrations for CV measurements: 5, 7: saturated solutions; 6 : c� 2.54 mm ; 8 : c� 2.89 mm.
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ent molecules. A qualitative comparison of the peak poten-
tials may be allowed although simulation of the CVs would be
needed to substantiate the following speculations. Reversion
to the starting dyes by reduction and oxidation is expected to
be more difficult for the ring-closed products RED-5, OX-5,
RED-7, and OX-7 than for the dimers derived from 6 and 8
(cf. Table 2). Indeed, oxidative reversion of RED-5 (six-
membered ring) to the parent dye needs a potential of 122 mV
more positive than that of the reductive dimer of 6. For the
reductive dimer RED-7, the difference between it and its
model RED-8 drops to 51 mV, probably due to the less stable
eight-membered ring. For the oxidative dimers from 7 and 8,
the situation has reverted back, probably dictated by the
conformation-dependent distances of the four positive charges.
Here, the oxidative dimer of 5 (eight-membered ring) is
reduced at a potential 31 mV more negative than that derived
from 6. In contrast, the oxidative dimer of 7 (six-membered
ring) needs a potential 207 mV more positive than that of
oxidative dimer of 8.


Bis-styryl dyes


Synthesis of 9a,b and model 10 : The monomeric model 10
was readily obtained from 2-ethyl-3-methyl benzothiazolium
salts and 4-dimethylaminobenzaldehyde (24) by reacting
them with acetic acid anhydride.[50] Accordingly, the tethered
benzothiazolium salts 12 b and 12 c on condensation with 24
afforded 9 a and 9 b, respectively, in reasonable yields
(Scheme 11).


Cyclic voltammetry and spectroelectrochemistry of 9 a,b and
model 10 : On reduction, the behavior of styryl dyes 9 a,b
together with that of model 10 fits completely into the general
pattern observed for 3, 5, and 7 as illustrated in Figure 5.
Electrochemically irreversible CVs correspond to the revers-
ible SEs characterized by complete discoloration of the dye
cation, a well-defined isosbestic point, and a new absorption
band at l� 310 nm (RED-9a,b) and l� 330 nm (RED-10). In
all three cases, a dimeric reduction product is to be expected
as shown in Scheme 12.


However, our data do not allow us to discriminate definitely
between a dimerization at the benzothiazole ring forming
spiro compounds RED-9 or the isomeric ring systems
RED-9' (or a mixed system). The absorption of the redox
product points more to the pictured structures of RED-9,
since the incorporated moiety of 4-dimethylaminostyrene


Scheme 11. Synthesis of bis-styryl dyes 9a,b.


Scheme 10. Proposed structures of redox products of 5 and 7.
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absorbs at lmax� 294 nm (ethanol).[51] The band at l� 330 nm
for the reduced model RED-10, however, could arise from
the unsaturated benzothiazoline moiety in a dimer corre-
sponding to RED-9' with absorption bands similar to
those found for RED-3, RED-5, and RED-7 with lmax near
350 nm.


By contrast, 9 a,b and 10 reveal different behavior on
oxidation. From the CV of 10, one can observe reversible one
electron transfer even at scan rates as low as 20 mVsÿ1


(Table 3). The lifetime of this radical dication SEM-10 must
be in the range of hours, since the SE indicates the formation
of a new colored species with lmax� 395 nm together with a
very broad absorption at approximately 660 nm. On discol-
oration of the starting 10, the absorption maximum is shifted
to shorter wavelengths, probably due to increasing amounts of
SEM-10. This observed resistance to dimerization may be due


both to coulomb repulsion and better delocalization of the
single electron in the oxidized form of 10.


Even in bis-dyes 9 a,b, the CVs clearly show on a scan rate
of n� 100 mVsÿ1 not complete electrochemically irreversible
but partially reversible oxidation, which increases at n�


Figure 5. CVs (vs Fc/Fc�, n� 100 mV sÿ1) and SEs (vs Ag/AgCl) for reduction and oxidation of bis-styryl dyes 9a,b compared with those of 10 in acetonitrile;
concentrations for CV measurements: 9 a : c� 1.45mm ; 9b : c� 1.42mm ; 10 : c� 2.93 mm.


Table 3. Peak potentials Epa and Epc [mV vs Fc/Fc�] and their differences
DEp for oxidation and reduction of 9a (c� 1.45 mm), 9 b (c� 1.42 mm), and
10 (c� 2.93 mm) as determined by cyclic voltammetry using CH3CN/
nBuN4PF6 at a scan rate n� 100 mV sÿ1.


Reduction Oxidation
ERed


pc ERed
pa DERed


p EOx
pa EOx


pc DEOx
p


9a ÿ 1480 ÿ 469; ÿ234 1011; 1246 � 441[a] ÿ 1049 1490
9b ÿ 1540 ÿ 292 1248 � 408[a] ÿ 843 1251
10 ÿ 1442 ÿ 212 1230 � 448[b] ±[b] ±[b]


[a] Oxidation partially reversible. [b] E1/2 ; oxidation reversible.
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500 mV sÿ1. Obviously, the oxidized species remains partly in a
non-ring-closed diradical tetracation structure. Nevertheless,
the intramolecular enhancement of dimerization on oxidation
of 9 a,b compared with that for the nontethered dye 10 is
clearly seen. On the much longer timescale of the SEs, 9 a,b
produce no extra diradical tetracation bands as observed for
SEM-10. But in both cases the weakening absorption maxima
are shifted to much shorter wavelengths with increasing
oxidation potential, probably due to small amounts of the
intermediate radical species.


From these styryl dyes, one can observe the general
tendency for the dimerization of cyanine-type radicals: mainly
as a result of coulomb repulsion, radical dications are more
persistent than the corresponding neutral radicals.


Conclusion


The newly synthesized systems 3, 5, 7, and 9 with two cyanine-
type moieties are linked by saturated C2 ± C4 tethers. All bis-


Scheme 12. Proposed structures of redox products of 9a,b and 10.


dyes could be oxidized and reduced in a chemically reversible
process (CV multisweep) under discoloration.


With a few exceptions, the CVs signalize electron transfers
that are connected to strong structural changes of the
substrate. In analogy to similar trimethincyanines, these
changes are interpreted as intramolecular dimerizations.
Normally, a tether connected to five- or six-membered
carbocycles will enhance ring closure compared with the
corresponding monomer (e.g. OX-3c vs OX-4), but this
tendency is reversed if the ring-closed product becomes too
crowded or the ring size would be too large (OX-3a vs 4). In
the case of the models 4 and 10, radical dications are formed
(CV), which in the former case cannot be seen in its SE as a
result of the much longer timescale. This behavior applies also
to OX-9 b.


These examples clearly demonstrate that the new type of
electrochromics OL/CS will be valid within a broad range of
compounds covered by the general structure of Scheme 3.


Experimental Section


General : Melting points were determined on a hot-stage microscope (Fa.
Reichert) and were corrected. IR: Perkin Elmer 1420 spectrophotometer;
1H (RT) and 13C (RT) NMR spectroscopy: Bruker AC 250 (250 MHz) and
Bruker (600 MHz) spectrometers, standardized by solvent signals; MS:
Varian MT CH7 and Finnigan MAT 8200 spectrometers.


Electrochemical measurements : Cyclic voltammetry (CV) was performed
in a three-electrode single-compartment cell (5 mL) using a computer-
controlled EG&G PAR 273 potentiostat. CV data were obtained at a glassy
carbon disk electrode with a surface of A� 0.785 mm2. The counter-
electrode consisted of a platinum wire, and the reference electrode was a
Ag/AgCl secondary electrode. Acetonitrile (Licrosolv, Merck) was filtered
over aluminum oxide directly into the electrochemical cell. Benzonitrile
was distilled prior to use. Tetrabutylammonium hexafluorophosphate
puriss. (Bu4NPF6) and tetrafluoroborate (Bu4NBF4) were obtained from
Fluka and dried in vacuo at 200 8C. All potentials were measured at 21 8C
and internally referenced to a ferrocene ± ferricenium couple.


General procedure for CV measurements : A solution (0.1m) of Bu4NPF6 or
Bu4NBF4 in acetonitrile or benzonitrile was deoxygenated with dry argon
for 15 min. The corresponding compounds were characterized at a
concentration of approximately 1mm using a scan rate of n� 100 mV sÿ1.


Spectroelectrochemical measurements (SEs): SEs were recorded on a
Perkin-Elmer Spectrophotometer Lambda 19 in conjunction with an
EG&G PAR potentiostat (model 363). All optical measurements were
carried out at 21 8C in a thin-layer electrochemical cell (distance working
electrode/light conductor: 60 mm) according to Salbeck[52] incorporating a
polished platinum disk electrode (f6 mm) as a working electrode, an Ag/
AgCl wire as a reference electrode, and a platinum sheet as a counter-
electrode. Spectra were recorded in a reflection modus at the platinum
electrode with the aid of a y-type optical fiber bundle.


General procedure for SE measurements : The potentials given in the figures
were applied to a solution of the substrate (ca. 0.1mm) in acetonitrile or
benzonitrile containing Bu4NPF6 or Bu4NBF4 (0.1 mol Lÿ1), and the spectra
were recorded after equilibration was observed. The potentials did not
match those from CV measurements. Differences up to 300 mV occurred
due to the actual geometry of the electrochemical cell used in the specific
experiment.


Model dyes 8[49] and 10[50] were readily available by adopting literature
procedures.


General procedure A for bis-benzothiazolium salts 12 a ± c : According to
ref. [35], isobutyl chloroformiate (8.88 g, 65.0 mmol) and, after 15 min,
2-methylaminothiophenol (9.04 g, 65.0 mmol) were added into a solution
of alkane dicarboxylic acid 11 a ± c (30.0 mmol) and N-methyl morpholine
(6.27 g, 62.0 mmol) in THF (45 mL) at ÿ20 8C. After stirring the
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suspension for 45 min at ambient temperature, a solution of ammonium
hexafluorophosphate (25 g) in concentrated hydrochloric acid (50 mL) was
slowly added. The white precipitate was isolated and washed with ice water
and diethyl ether. White crystals were obtained from acetonitrile.


Compound 12a : General procedure A with 11a (4.38 g, 30.0 mmol).
Compound 12a (14.5 g, 75%) was obtained as white needles; m.p. 253 ±
256 8C.
1H NMR (250 MHz, [D6]DMSO): d� 2.10 (m, 4H; CH2), 3.62 (m, 4H;
CH2), 4.26 (s, 6 H; NCH3), 7.78 ± 8.47 (m, 8H; ArH); 13C NMR (63 MHz,
[D6]DMSO): d� 26.6 (CH2), 29.5 (CH2), 36.3 (NCH3), 116.9, 124.5, 128.1,
129.4 (CaromH), 128.5, 141.9 (Carom), 180.5 (CNS); IR (KBr): nÄ � 1580, 1510,
1470, 1420, 1340, 1050, 790 cmÿ1; MS (EI, 70 eV): m/z (%): 352 (20), 203
(57), 189 (10), 176 (100), 163 (6), 150 (9); elemental analysis calcd (%) for
C20H22N2S2P2F12 (644.5): C 37.27, H 3.44, N 4.35, S 9.95; found[53] C 36.70, H
3.33, N 4.12, S 8.23.


Compound 12b : General procedure A with 11 b (4.80 g, 30.0 mmol).
Compound 12b (17.4 g, 88%) was obtained as white crystals; m.p. 224 ±
226 8C.
1H NMR (250 MHz, [D6]DMSO): d� 1.76 (m, 2H; CH2), 1.98 (m, 4H;
CH2), 3.53 (m, 4H; CH2), 4.25 (s, 6 H; NCH3), 7.78 ± 8.46 (m, 8H; ArH);
13C NMR (63 MHz, [D6]DMSO): d� 26.7 (CH2), 27.7 (CH2), 29.8 (CH2),
36.2 (NCH3), 116.8, 124.4, 128.1, 129.4 (CaromH), 128.5, 141.8 (Carom), 180.9
(CNS); IR (KBr): nÄ � 1580, 1520, 1460, 1330, 830, 760 cmÿ1; MS (EI, 70 eV):
m/z (%): 366 (11), 353 (26), 229 (7), 202 (16), 189 (28), 176 (100), 163 (50),
150 (45); elemental analysis calcd (%) for C21H24N2S2P2F12 (658.5): C 38.30,
H 3.67, N 4.25, S 9.74; found[53] C 36.59, H 3.46, N 4.08, S 9.61.


Compound 12c : General procedure A with 11c (5.22 g, 30.0 mmol).
Compound 12c (17.7 g, 88 %) was obtained as white needles; m.p. 252 ±
256 8C.
1H NMR (250 MHz, [D6]DMSO): d� 1.59 (m, 4H; CH2), 1.88 (m, 4H;
CH2), 3.52 (m, 4H; CH2), 4.24 (s, 6 H; NCH3), 7.76 ± 8.49 (m, 8H; ArH);
13C NMR (63 MHz, [D6]DMSO): d� 27.1 (CH2), 27.9 (CH2), 30.1 (CH2),
36.3 (NCH3), 116.9, 124.5, 128.2, 129.5 (CaromH), 128.5, 141.9 (Carom), 181.2
(CNS); IR (KBr): nÄ � 1620, 1580, 1510, 1340, 1200, 840, 780 cmÿ1; MS (EI,
70 eV): m/z (%): 380 (6), 365 (100), 347 (7), 215 (18), 190 (13), 176 (50), 163
(39), 150 (25); elemental analysis calcd (%) for C22H26N2S2P2F12 (672.5): C
39.29, H 3.90, N 4.17, S 9.53; found[53] C 38.42, H 3.79, N 4.11, S 8.03.


General procedure B for bis-monomethincyanines 3 a ± c : Triethylamine
(4 mL) was slowly added to a solution of 12a ± c (2.00 mmol) and 2-chloro-
3-methylbenzothiazolium tetrafluoroborate (13)[36] (1.63 g, 6.00 mmol) in
acetonitrile (60 mL). On cooling of the refluxed mixture (30 min), the
product 3 a ± c was deposited as orange crystals, which were recrystallized
from acetonitrile/diethylether.


Bis-monomethincyanine 3a : General procedure B with 12a (1.29 g,
2.00 mmol). Compound 3a (1.05 g, 64%); m.p. 297 ± 299 8C.
1H NMR (250 MHz, CD3CN): d� 3.22 (s, 4H; CH2), 3.29 (s, 12 H; NCH3),
7.51 ± 7.95 (m, 16H; ArH); 13C NMR (63 MHz, [D6]DMSO): d� 37.9
(NCH3), 38.0 (CH2), 86.1 (Cq), 114.8, 123.1, 125.8, 128.3 (CaromH), 125.9,
142.0 (Carom), 167.0 (CNS); IR (KBr): nÄ � 1580, 1485, 1410, 1310, 1165, 1050,
850, 760 cmÿ1; elemental analysis calcd (%) for C36H32N4S4B2F8 (822.5): C
52.57, H 3.92, N 6.81, S 15.59; found[53] C 51.86, H 4.03, N 6.89, S 15.37.


Bis-monomethincyanine 3b : General procedure B with 12 b (1.32 g,
2.00 mmol). Compound 3b (0.88 g, 53%) was obtained; m.p. 298 ± 300 8C.
1H NMR (250 MHz, [D6]DMSO): d� 2.21 (m, 2H; CH2), 2.97 (m, 4H;
CH2), 3.43 (s, 12 H; NCH3), 7.47 ± 8.02 (m, 16H; ArH); 13C NMR (63 MHz,
[D6]DMSO): d� 38.0 (NCH3), 38.6 (CH2), 45.4 (CH2), 87.4 (Cq), 114.8,
122.9, 125.7, 128.2 (CaromH), 125.9, 142.2 (Carom), 166.8 (CNS); IR (KBr):
nÄ � 1500, 1405, 1270, 1050, 840, 760 cmÿ1; elemental analysis calcd (%) for
C37H34N4S4B2F8 (836.6): C 53.12, H 4.10, N 6.70, S 15.33; found[53] C 52.69, H
4.30, N 6.79, S 14.21.


Bis-monomethincyanine 3c : General procedure B with 12c (1.35 g,
2.00 mmol). Compound 3c (0.86 g, 51%) was obtained; m.p. 330 8C.
1H NMR (250 MHz, [D6]DMSO): d� 1.85 (m, 4 H; CH2), 2.90 (m, 4H;
CH2), 3.37 (s, 12 H; NCH3), 7.46 ± 8.06 (m, 16H; ArH); 13C NMR (63 MHz,
[D6]DMSO): d� 37.9 (NCH3), 38.7 (CH2), 45.3 (CH2), 88.0 (Cq), 114.7,
123.0, 125.7, 128.2 (CaromH), 125.9, 142.1 (Carom), 166.7 (CNS); IR (KBr):
nÄ � 1500, 1410, 1310, 1060, 840, 750 cmÿ1; elemental analysis calcd (%) for
C38H36N4S4B2F8 (850.6): C 53.66, H 4.27, N 6.59, S 15.08; found[53] C 52.46, H
4.37, N 6.85, S 14.19.


Monomethincyanine 4 : Triethylamine (1.5 mL) was added to a solution of
2-ethyl-3-methylbenzothiazolium toluene-4-sulfonate[38] (1.61 g,
4.61 mmol) and 13[36] (1.25 g, 4.61 mmol) in ethanol (20 mL). After
refluxing for 30 min, 4 (1.29 g, 68%) was deposited as orange prisms;
m.p. 287 ± 289 8C.
1H NMR (250 MHz, [D6]DMSO): d� 2.44 (s, 3H; CH3), 3.50 (s, 6H;
NCH3), 7.45 ± 8.08 (m, 8 H; ArH); 13C NMR (63 MHz, [D6]DMSO): d�
23.5 (CH3), 38.6 (NCH3), 82.9 (Cq), 114.6, 122.9, 125.5, 128.2 (CaromH),
126.0, 142.4 (Carom), 166.6 (CNS).


Compound 15 : According to ref. [46], 1-(3-methyl-3-H-benzothiazolo-2-
ylidene)[43±45] (225 mg, 1.10 mmol) in dichloromethane (6 mL) was treated
at 0 8C with triethyloxonium tetrafluoroborate (230 mg, 1.21 mmol). After
stirring for 30 min at 0 8C and 30 min at room temperature, 15 was
deposited as a white solid. Recrystallization from methanol yielded 15
(321 mg, 91%) in white prisms; m.p. 191 ± 193 8C.
1H NMR (250 MHz, [D6]DMSO): d� 1.53 (t, J� 7.0 Hz, 3 H; CH3), 2.50 (s,
3H; CH3), 4.08 (s, 3 H; NCH3), 4.57 (q, J� 7.0 Hz, 2 H; CH2), 6.71 (s, 1H;
CH), 7.60 ± 8.29 (m, 4 H; ArH); 13C NMR (63 MHz, [D6]DMSO): d� 14.8
(CH3), 19.6 (CH3), 35.1 (NCH3), 67.8 (CH2), 93.6 (CH), 115.4, 123.6, 126.7,
128.7 (CaromH), 127.6, 139.9 (Carom), 165.8 (CNS), 177.0 (Cq); IR (KBr): nÄ �
1600, 1580, 1500, 1050, 760 cmÿ1; MS (EI, 70 eV): m/z (%): 233 (15), 205
(45), 190 (100), 174 (25), 162 (21); elemental analysis calcd (%) for
C13H16NOSBF4 (321.1): C 48.62, H 5.02, N 4.36, S 9.98; found[53] C 47.32, H
5.01, N 4.46, S 10.12.


Trimethincyanine 6 : Compound 15 (300 mg, 0.93 mmol) was suspended in
methanol (50 mL). After adding 17 (455 mg, 1.40 mmol), the mixture was
heated to reflux for 1 h. On cooling 6 (256 mg, 62%) was deposited as
purple prisms; m.p. 281 8C.
1H NMR (250 MHz, [D6]DMSO): d� 2.56 (s, 3H; CH3), 3.88 (s, 6H;
NCH3), 6.44 (s, 2H; CH), 7.35 ± 8.04 (m, 8H; ArH).


General procedure C for acylation of 2,3-dimethyl-benzothiazolium
methosulfate (14) with dicarboxylic acid dichlorides (18 a,b): According
to ref. [43 ± 45], dicarboxylic acid dichloride (18a,b, 50.0 mmol) was slowly
added at 0 8C to 14[41] (27.5 g, 100 mmol) in pyridine (150 mL). After stirring
at 0 8C (30 min), the mixture was heated to 80 8C (15 min) before methanol
(150 mL) was added. The resulting precipitate was crystallized from
pyridine/methanol.


Compound 19 : General procedure C with glutaric acid dichloride (18a,
8.45 g, 50.0 mmol). Compound 19 (10.1 g, 78%) was obtained as white
needles; m.p. 266 ± 268 8C.
1H NMR (250 MHz, CDCl3): d� 2.01 (quint, J� 6.3 Hz, 2H; CH2), 2.56 (t,
J� 6.3 Hz, 4 H; CH2), 3.73 (s, 3H; NCH3), 7.35 ± 7.79 (m, 4 H; ArH);
13C NMR (63 MHz, CDCl3): d� 19.3 (CH2), 37.5 (CH2), 40.4 (NCH3), 107.2
(Cq), 113.3, 122.3, 125.2, 127.2 (CaromH), 129.0, 140.7 (Carom), 169.1 (CNS),
193.0 (C�O); IR (KBr): nÄ � 1620, 1570, 1480, 1390, 1360, 840, 770 cmÿ1; MS
(EI, 70 eV): m/z (%): 259 (100), 242 (71), 216 (40), 189 (90), 161 (49);
elemental analysis calcd (%) for C14H13NO2S (259.3): C 64.84, H 5.05, N
5.40, S 12.36; found C 64.59, H 5.32, N 5.63, S 12.24.


Compound 20a : General procedure C with adipic acid dichloride (18b,
9.15 g, 50.0 mmol). Compound 20 a (10.0 g, 46%) as white needles; m.p.
218 8C.
1H NMR (250 MHz, CDCl3): d� 1.77 (m, 4H; CH2), 2.52 (m, 4 H; CH2),
3.52 (s, 6 H; NCH3), 5.86 (s, 2H; CH), 7.05 ± 7.57 (m, 8H; ArH); 13C NMR
(63 MHz, CDCl3): d� 25.9 (CH2), 32.3 (NCH3), 41.8 (CH2), 90.0 (CH),
109.5, 122.3, 122.5, 126.3 (CaromH), 127.1, 139.9 (Carom), 160.5 (CNS), 194.1
(C�O); IR (KBr): nÄ � 1610, 1590, 1480, 1122, 938, 745 cmÿ1; MS (EI,
70 eV): m/z (%): 436 (10), 246 (10), 218 (19), 190 (71), 150 (100); elemental
analysis calcd (%) for C24H24N2O2S2 (436.6): C 66.03, H 5.54, N 6.42, S
14.69; found C 65.81, H 5.38, N 6.39, S 14.97.


Compound 20b : According to ref. [44, 48], 20 a (1.74 g, 4.00 mmol) was
treated with diphosphorous pentasulfide (0.89 g, 4.00 mmol) in pyridine
(15 mL). After heating the mixture to reflux for 1 h, the precipitate was
isolated, washed with water, and recrystallized from pyridine to afford 20b
(1.54 g, 82 %) as yellow prisms; m.p. 259 ± 261 8C.
1H NMR (250 MHz, CDCl3): d� 1.78 (m, 4H; CH2), 2.86 (m, 4 H; CH2),
3.85 (s, 6 H; NCH3), 7.30 (s, 2H; CH), 7.36 ± 7.96 (m, 8 H; ArH); IR (KBr):
nÄ � 1610, 1500, 1340, 1300, 1270, 830, 740 cmÿ1; elemental analysis calcd
(%) for C24H24N2S4 (468.7): C 61.50, H 5.16, N 5.98, S 27.36; found C 61.60,
H 5.03, N 5.97, S 27.47.
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Compound 21a : Compound 20 a (4.36 g, 10.0 mmol) was treated with
triethyloxonium tetrafluoroborate (5.69 g, 30.0 mmol) in dichloromethane
(60 mL). To remove any traces of acid, ethyldiisopropylamine (0.39 g,
3 mmol) was added. On stirring (60 min) at room temperature, 21a (5.55 g,
83%) was deposited as white prisms; m.p. 255 8C.
1H NMR (250 MHz, [D6]DMSO): d� 1.57 (t, J� 7.0 Hz, 6 H; CH3), 1.71,
1.82 (m, 4H; CH2), 2.85, 2.87 (m, 4H; CH2), 4.13, 4.16 (s, 6H; NCH3), 4.61
(q, J� 7.0 Hz, 4 H; CH2), 6.60, 6.66 (s, 2 H; CH), 7.62 ± 8.30 (m, 8 H; ArH);
13C NMR (63 MHz, [D6]DMSO): d� 15.0 (CH3), 25.9, 31.5 (CH2), 35.3
(NCH3), 67.4 (OCH2), 93.5 (CH), 115.5, 123.7, 126.8, 128.8 (CaromH), 127.7,
140.0 (Carom), 165.9 (CNS), 179.0 (Cq); IR (KBr): nÄ � 1600, 1575, 1400, 1100,
770 cmÿ1; elemental analysis calcd (%) for C28H34N2O2S2B2F8 (668.3): C
50.32, H 5.13, N 4.19, S 9.59; found[53] C 49.16, H 5.06, N 4.15, S 9.67.


Compound 21c : A suspension of 20b (0.93 g, 2.00 mmol) in chlorobenzene
(25 mL) was treated with dimethyl sulfate (0.76 g, 6.00 mmol) and heated
to reflux for 3 h. On cooling, 21 c was deposited as a yellow solid, that was
isolated, washed with diethyl ether and acetone, and dried in vacuo. The
product was used in the next step without further purification.
1H NMR (250 MHz, [D6]DMSO): d� 1.83 (m, 4 H; CH2), 2.88 (s, 6H; CH3),
3.03 (m, 4H; CH2), 4.23 (s, 6H; NCH3), 7.49 (s, 2 H; CH), 7.72 ± 8.42 (m, 8H;
ArH).


Bis-trimethincyanine 5


Route (a): Compound 17[50] (980 mg, 3.00 mmol) was added to a suspension
of 21 a (668 mg, 1.00 mmol) in methanol (60 mL) at 40 8C. After refluxing
the mixture (3 h) and cooling, the precipitate was isolated and extracted
with propan-2-ol. The residue solid with a greenish metallic luster consisted
of 5 (208 mg, 23 %); m.p. 295 ± 296 8C. From the extract, 22 was obtained as
red needles; m.p. 241 ± 243 8C.


Compound 5 : 1H NMR (600 MHz, [D6]DMSO): d� 2.00 (m, 4H; CH2),
3.03 (m, 4 H; CH2), 3.92 (s, 12H; NCH3), 6.47 (s, 4H; CH), 7.34 ± 7.90 (m,
16H; ArH); 13C NMR (151 MHz, [D6]DMSO): d� 33.8 (NCH3), 100.1
(Cq), 113.2, 122.7, 124.1, 128.1 (CaromH), 125.3, 140.1 (Carom), 159.8 (CNS);
IR (KBr): nÄ � 1510, 1470, 1320, 1300, 1230, 1050 cmÿ1; elemental analysis
calcd (%) for C42H40N4S4B2F8 (902.7): C 55.89, H 4.47, N 6.21, S 14.21;
found[53] C 55.08, H 4.51, N 6.31, S 13.53.


Compound 22 : 1H NMR (250 MHz, [D6]DMSO): d� 1.67 (m, 2 H; CH2),
1.89 (m, 2H; CH2), 2.52 (m, 2H; CH2), 2.84 (m, 2 H; CH2), 3.55 (s, 3H;
NCH3), 3.86 (s, 6H; NCH3), 6.08 (s, 1 H; CH), 6.35 (s, 2H; CH), 7.10 ± 7.97
(m, 12 H; ArH); 13C NMR (63 MHz, [D6]DMSO): d� 25.5 (CH2), 32.3, 33.9
(NCH3), 40.9 (CH2), 89.8 (CH), 100.1 (Cq), 122.2, 122.4, 122.8, 126.5, 128.2
(CaromH, CH), 125.3, 125.6, 139.7, 140.3 (Carom), 159.0, 160.0 (CNS), 192.4
(C�O).


Route (b): Following refs. [54, 55], triflate anhydride (1.16 g, 4.10 mmol)
was added at 0 8C to a solution of 20a (0.87 g, 2.00 mmol) in dichloro-
methane (6 mL). After 60 min, 17[50] (1.63 g, 5.00 mmol) was added. On
stirring (2 h) at room temperature, purple crystals of 5 as bis-triflate
(596 mg, 29%) separated. To convert the bis-triflate salt into the
corresponding bis-tetrafluoroborate salt, a solution of the bis-triflate in
acetonitrile was added dropwise to a saturated aqueous solution of NaBF4.
The resulting precipitate was isolated and dried in vacuo. Spectroscopic
data for 5 were in accord with data given in route (a).


Route (c): Compound 17[50] (980 mg, 3.00 mmol) was added to a suspension
of 21c (721 mg, 1.00 mmol) in methanol (60 mL). After refluxing (4 h), the
mixture was cooled to room temperature and added dropwise to a
saturated aqueous solution of NaBF4. The purple precipitate was isolated
and extracted with propan-2-ol. The residue solid with a greenish metallic
luster consisted of 5 (307 mg, 34 %). Spectroscopic data for 5 were in accord
with data given in route (a).


Bis-trimethincyanine 7: Following ref. [49], a solution of 2-(ethyl-sulfanyl-
vinyl)-3-methylbenzothiazolium toluene-4-sulfonate (23) (0.50 g,
1.20 mmol) and 12 c (0.32 g, 0.49 mmol) in pyridine (20 mL) was refluxed
for 30 min. On cooling, 7 was deposited and was isolated and recrystallized
from acetonitrile. Blue crystals with metallic luster were obtained (240 mg,
46%); m.p. 284 ± 285 8C.
1H NMR (250 MHz, [D6]DMSO): d� 1.77 (m, 4 H; CH2), 2.79 (m, 4H;
CH2), 3.74 (s, 6H; NCH3), 4.09 (s, 6H; NCH3), 6.17 (d, J� 13.1 Hz, 2H;
CH), 7.07 ± 8.06 (m, 18 H; ArH, including CH); 13C NMR (63 MHz,
[D6]DMSO): d� 32.8 (NCH3), 39.0 (NCH3), 93.0 (CH), 110.4 (Cq), 112.3,
114.6, 122.3, 122.7, 124.1, 125.2, 127.4, 128.2 (CaromH), 124.08, 125.73, 142.0,


145.8 (Carom), 143.3 (CH), 163.6, 169.4 (CNS); IR (KBr): nÄ � 1540, 1470,
1440, 1230, 1110, 830 cmÿ1; elemental analysis calcd (%) for
C42H40N4S4P2F12 (1019.0): C 49.51, H 3.96, N 5.50, S 12.59; found[53] C
49.19, H 3.89, N 5.72, S 11.62.


General procedure D for bis-styryl dyes 9 a,b : Following ref. [50], a
solution of 12b,c (1.00 mmol) and 4-dimethylaminobenzaldehyde (24,
330 mg, 2.20 mmol) in acetic anhydride (10 mL) was heated to reflux for
30 min. The hot reaction mixture was added dropwise to an aqueous
solution (30 mL) of ammonium hexafluorophosphate (650 mg, 4.00 mmol).
The resulting precipitate was isolated and washed with water. For
purification of the crude dyes, the well-established anion-exchange
procedure was applied.[56] Et3NHCl was added in excess to a solution of
the precipitate in acetonitrile. After stirring for 12 h, the precipitate was
isolated, washed with diethyl ether, and dried in vacuo. Saturated aqueous
solution of NH4PF6 was added dropwise to a solution of the dried
precipitate in H2O. Compound 9a,b was deposited as a red solid, which was
isolated, washed with water, and dried in vacuo.


Bis-styryl dye 9a : General procedure D with 12 b (660 mg, 1.00 mmol).
Compound 9a (590 mg, 64 %) was obtained as red crystals; m.p. 154 8C.
1H NMR (250 MHz, [D6]DMSO): d� 3.01 (s, 12 H; NCH3), 4.23 (s, 6H;
NCH3), 7.25 (s, 2H; CH), 6.75 ± 8.42 (m, 8H; ArH); 13C NMR (63 MHz,
[D6]acetone): d� 37.6 (CH2), 38.9 (CH2), 39.4 (NCH3), 39.6 (NCH3), 112.1,
112.4, 117.4, 117.8, 121.2, 121.3, 121.4, 121.5, 124.2, 124.7, 128.9, 129.5, 130.2,
130.5, 130.6, 130.7, 132.8, 132.9, 143.2, 145.0, 145.2, 152.3, 178.9 (CaromH,
Carom, CH, Cq, CNS); IR (KBr): nÄ � 1600, 1560, 1410, 1170, 840 cmÿ1;
elemental analysis calcd (%) for C39H42N4S2P2F12 (920.8): C 50.87, H 4.60, N
6.08, S 6.96; found[53] C 49.85, H 4.89, N 5.84, S 5.79.


Bis-styryl dye 9b : General procedure D with 12 c (670 mg, 1.00 mmol).
Compound 9b (710 mg, 76%) was obtained as red crystals; m.p. 158 8C.
1H NMR (250 MHz, [D6]DMSO): d� 1.72 (m, 4 H; CH2), 2.95 (m, 4H;
CH2), 3.00 (s, 12 H; NCH3), 4.23 (s, 6H; NCH3), 7.24 (s, 2H; CH), 6.75 ± 8.41
(m, 8H; ArH); 13C NMR (63 MHz, [D6]acetone): d� 34.1 (CH2), 38.7
(NCH3), 39.6 (NCH3), 41.4 (CH2), 114.5, 118.6, 119.1, 124.1, 125.5, 125.9,
130.3, 130.4, 130.8, 131.5, 131.8, 133.9, 143.2, 144.3, 145.5, 179.9 (CaromH,
Carom, CH, Cq, CNS); IR (KBr): nÄ � 1610, 1565, 1360, 1180, 830 cmÿ1;
elemental analysis calcd (%) for C40H44N4S2P2F12 (934.9): C 51.39, H 4.74, N
5.99, S 6.86; found[53] C 49.89, H 4.89, N 5.72, S 5.62.
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A Liquid-Crystalline Silsesquioxane Dendrimer Exhibiting Chiral Nematic
and Columnar Mesophases


Isabel M. Saez,*[a] John W. Goodby,*[a] and Robert M. Richardson[b]


Abstract: A hexadecamer, first-genera-
tion, octasilsesquioxane liquid-crystal-
line dendrimer was synthesized by a
platinum-catalyzed hydrosilylation reac-
tion of the parent first-generation vinyl
octasilsesquioxane dendrimer with a
modified, laterally substituted mesogen.
The structure and purity of the octasil-
sesquioxane substrate was confirmed by
1H, 13C, and 29 Si NMR spectroscopy,


microanalysis, and size exclusion chro-
matography (SEC). The mesogenic sub-
strate was found to exhibit only a chiral
nematic phase, whereas the resulting
hexadecamer dendrimer displays enan-


tiotropic chiral nematic, disordered hex-
agonal columnar, and disordered rec-
tangular columnar phases, with a glass
transition below room temperature. The
lateral or side-on attachment of the
mesogen to the dendritic core was found
to be a key design feature in the
formation of the mesophases.


Keywords: chiral nematic phases ´
columnar phases ´ dendrimers ´
liquid crystals ´ silsesquioxane


Introduction


Over recent years, extensive research into hyperbranched and
dendritic polymer systems has created a new and distinct field
of materials research.[1] The developing subject of hyper-
branched systems has also strongly influenced the field of
liquid crystals, with the result that there is now a growing
number of dendritic liquid-crystal polymers (LCPs) reported
in the literature. Dendritic, as well as hyperbranched, liquid-
crystal polymers in which the mesogenic groups form part of
each branching unit have been reported by the groups of
Percec[2] and Ringsdorf.[3] Dendrimers without mesogenic
groups, reported by Lattermann,[4] Percec,[5] Moore,[6] Mei-
er,[7] and Frey,[8b] have been shown to be liquid crystalline;
however, the origin of the mesophase formation in these cases
is different to dendrimers that possess conventional meso-
genic units. A different approach has been used in the
synthesis of liquid-crystal, functionalized dendrimers; they


differ from the above dendritic LCPs in that the mesogenic
groups are located on the surface of the dendritic scaffold,
usually by modification of the pre-formed scaffold by
mesogenic end groups. Dendrimers based on carbosilane
and carbosiloxane,[8±10] ferrocene and ferrocene ± fullerene,[11]


aliphatic polyester,[12] polyamidoamine,[13] and poly(propylene
imine)[14] have been reported; however, in almost all cases the
formation of smectic (Sm) phases was observed.


Recently we reported a dendritic LCP based on the cubic
silsesquioxane core, with sixteen cyanobiphenyl mesogenic
groups attached to its corners, that exhibits SmA and SmC
mesophases.[15] Octasilsesquioxane thus provides a very useful
central core for the synthesis of dendritic LCPs because it has
eight primary (radial) branches for derivatization, allowing
the dense-packing limit to be reached at early generations.
Moreover, the rigid framework of the octasilsesquioxane core
offers the possibility of a contrasting comparison with
dendrimers derived from entirely flexible scaffolds as de-
scribed above.[8±10, 13, 14]


A limited number of examples of monomeric LC polyhe-
dral silsesquioxane materials have been reported.[16] Two ap-
proaches have been followed to produce nematic (N) silses-
quioxanes; i) the first silsesquioxane nematogen reported was
created through the lateral attachment of mesogens to the
silsesquioxane core,[16a] recently a new example following this
approach has been described;[16i] and ii) a completely different
approach that utilizes partial substitution of the cubic core.[16f]


Our approach to chiral LC dendrimers is based on the
functionalization of the parent hexadecavinyl dendrimer 2
(see Scheme 1 below),[15, 17] with chiral mesogens. We targeted
specifically the induction of a N* phase, owing to its extensive
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trace of dendrimer 1 (THF solution; flow marker: toluene). 29Si NMR
spectrum of 1 (CD2Cl2).
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applications in light-driven optical devices,[18] by the lateral or
side-on attachment of mesogens to the dendritic scaffold, as
previously demonstrated for related laterally substituted side-
chain LC polymers.[19] In addition, the introduction of chirality
into spherical dendritic systems provides an opportunity to
examine the potential for materials to have molecular defects
based on the chirality of the system in a similar way to how, on
the mesoscopic scale, boojums are found in chiral nematic
phases.


Thus, in this article we present the design, synthesis,
characterization, and phase behavior of the first-generation
dendrimer 1, based on the silsesquioxane core, which has
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sixteen side-on attached mesogenic units and exhibits chiral
nematic (N*), hexagonal disordered columnar (Colhd), and
rectangular disordered columnar (Colrd) phases.


Results and Discussion


The synthesis of dendritic LCP 1 is presented in Scheme 1.
The alkene functionality of the mesogenic precursor (S)-4'-
octyloxybiphenyl-4-yl 4-[4-(2-methylbutoxy)-2-(pent-4-enyl-
oxy)benzoyloxy]benzoate (3)[19c] was converted to a silane
by platinum-catalyzed hydrosilylation of 3 with an excess of
tetramethyl disiloxane at room temperature by using Kar-
stedt�s catalyst; this afforded the novel hydridosiloxane 4 in
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Scheme 1.


58 % yield. Substrate 4 was grafted onto 2 by a similar Pt-
catalyzed hydrosilylation in toluene at room temperature with
Karstedt�s catalyst, with a 1.3:1 ratio of 4 per vinyl group to
obtain complete reaction. Product 1 was purified by column
chromatography over silica gel and isolated as a white glassy
material in 35 % yield.


Compound 4 showed the expected features in the 1H NMR
spectrum, notably a septet at d� 4.64, due to the SiÿH
resonance, and the exclusive formation of the a-isomer from
the addition of the SiÿH bond to the terminal alkene. 29Si
NMR spectroscopy confirmed the presence of two M-type
silicon atoms in slightly different environments, at d� 9.79
(O-Si-CH2) and d�ÿ6.73 (O-Si-H).


Dendrimer 1 was characterized by multinuclear magnetic
resonance. 1H NMR spectrosocpy showed well-resolved
resonances for all the protons in the molecule, indicating
rapid relaxation processes at room temperature pointing to a
high degree of freedom of the internal structure of the
molecule about the silsesquioxane cage. Complete disappear-
ance of the vinylic protons of 2 indicate full conversion to 1.
As previously encountered,[15] the two different Si-CH2-CH2-
Si-CH2-CH2-Si disilylethylene segments, belonging to gener-
ation zero and generation one, respectively, could not be
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differentiated and appear as two overlapping pseudotriplets
at d� 0.49 and 0.35. Within the limit of detection, the addition
of the SiÿH bond to the silylvinyl group is regiospecific,
affording only the b-addition product, as confirmed by the
13C NMR spectrum. The two sets of Si(CH3) protons appeared
as two very close singlets, indicating a slight difference in
chemical environment.


Most of the information gleaned about the nature and
symmetry of 1 was obtained from the 29Si NMR spectrum; the
T silicon appears as a singlet at d�ÿ66.3, an indication that
the core remains intact during the hydrosilylation reaction
and that it is symmetrically substituted. The resonance of the
branching point silicon atom is shifted appropriately from a
singlet at d�ÿ11.0 in 2 to a singlet at d� 7.23 for 1 with
respect to the change from vinylic to ethylene substitution.
The silicon atoms of the tetramethyldisiloxane connector
group appear as two close singlets at d� 8.30 and 7.93.


Dendritic LCP 1 was found to be essentially monodisperse
as shown by the single symmetrical peak of dispersity 1.01
found by SEC chromatography in THF [Mw� 10 912, Mn�
10 750, polydispersity g� 1.01; Mw (calcd)� 14 653]. How-
ever, the molecular weight is underestimated because of the
ªapparentº smaller hydrodynamic volume, which is most
probably due to the globular shape of the molecule, in
contrast to that of the coiled conformation of the polystyrene
standards. This effect has also been observed in other types of
mesogen-functionalized dendrimers.[8b, 12, 14b, 15] Mass determi-
nation by MALDI spectrometry (2,5-dihydroxybenzoic acid
matrix, KCl cationization agent) did not provide an exact
mass; however, a broad peak with maximum centered around
the expected value was observed. Moreover, a broad peak
assigned to the doubly-charged molecular entity was also
observed.


The mesomorphic properties of the mesogenic subunit (4)
and the final dendritic product (1) were investigated by
differential scanning calorimetry (DSC) and transmitted
polarized light microscopy (POM). The mesogenic precursor
4 was shown to exhibit only an enantiotropic chiral nematic
(N*) phase [K 73.6 (DH� 32.2 kJ molÿ1) N* 88.2 8C isotropic
liquid (DH� 0.59 kJ molÿ1)].


The DSC thermogram of the dendritic LCP 1 is displayed in
Figure 1 (scan rate 108minÿ1). Upon heating a pristine sample,
which is in a glassy state at room temperature, the material
shows a very weak endotherm at 88.8 8C and a broad peak
with an onset at 100.0 8C that overlaps with a sharper
endotherm of onset 109.0 8C, which is associated with the
transition between the liquid-crystal state and the isotropic
liquid. However, the resolution of the overlapping endo-
therms did not improve on reducing the heating rate to
2 8C minÿ1. The cooling cycle from the isotropic state proved
much more informative as the transitions between the
mesophases were better resolved. Firstly, the sample displays
a sharp exotherm for the transition from the isotropic liquid to
the N* phase at 107.7 8C (DH� 0.66 kJ molÿ1 per mesogen).
Cooling promoted a second transition between the N* and the
Colhd phases at 102.3 8C (DH� 0.67 kJ molÿ1 per mesogen). A
very weak and broad exotherm was observed between 87 and
81 8C with an onset of 86.5 8C (DH� 0.67 kJ molÿ1). The
broadness of the enthalpy suggests that the change is more


Figure 1. Differential scanning thermogram (heating and cooling rates
taken at 108minÿ1) of dendritic LCP 1.


likely to be associated with a kinetic event rather than a phase
transition. No further enthalpy changes were detected upon
cooling other than a broad glass transition at approximately
5.4 8C. Thus, the further transition to the proposed rectangular
disordered columnar phase (observed by POM and X-ray
diffraction) was not detected by calorimetry.


The optical textures of the compound were examined by
polarized optical microscopy (POM). On cooling the isotropic
liquid, the sample rapidly develops focal-conic domains at
107 8C; the domains evolve to give a Grandjean plane texture
within a 2 8C range (see Figure 2, top) from the isotropization
point; the presence of this texture unequivocally identifies the
phase as a chiral nematic (N*) phase. Further cooling to
102.3 8C induces the formation of needles that coalesce to give
the fanlike texture of a hexagonal columnar phase (Figure 2,
middle). The absence of any elliptical and hyberbolic lines of
optical discontinuity, coupled with the formation of optically
extinct homeotropic areas confirms the classification of the
phase as hexagonal columnar. Cooling this phase resulted in
another change in texture with the fanlike domains of the
hexagonal columnar phase becoming broken with grainy
edges, whereas the homeotropic areas developed domains
that display parallel dark and bright lines (Figure 2, bottom).
The small sizes of the domains formed did not allow us to
conclusively identify this phase; however, the observations
suggest that it could be a rectangular columnar phase.


Powder X-ray diffraction studies confirmed the initial
structural classifications for the mesophases observed by
polarized optical microscopy. At high temperatures (�70 to
100 8C) the columnar phase exhibits only one diffraction peak,
but upon cooling to approximately 70 8C a set of three peaks,
in the ratio of 1:3:4, developed indicating the presence of a
hexagonal phase. Table 1 gives the relative intensities of the
first peaks and the inter-columnar distances (�) as a function
of temperature (8C). On cooling the columnar phase through
the temperature range of 75 to 65 8C, over which the number
of observed diffraction peaks increases, no sudden change
occurs in the position of the first peak, and, hence, the inter-
columnar spacings (for a hexagonal lattice) remain much the
same. This suggests that there is a strengthening of the
ordering at �70 8C, but no change in the symmetry of the
phase. Thus at high temperatures the phase is probably
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Figure 2. Top: The Grandjean texture of the chiral nematic phase (�100).
Middle: The fan and homeotropic texture of the disordered hexagonal
columnar phase (�100). Bottom: the broken fan and mosaic texture of
biaxial disordered rectangular phase (�100).


disordered so that only the first (110) diffraction peak is
observed; at lower temperatures the phase becomes better
organized thereby allowing us to observe the 210 and 220 peaks.


Upon further cooling to approximately 30 8C, the lowest
peak of the diffraction peaks obtained for the hexagonal
columnar phase acquires a shoulder in the lower temperature
phase, which subsequently splits off into a separate peak as
the temperature falls. This indicates that the hexagonal
columnar structure of the hexagonal phase becomes distorted
at lower temperatures finally resulting in the formation of
rectangular columnar phase.


From the point of view of how the mesophases are formed,
the presence of columnar mesophases suggests that the
octasilsesquioxane dendrimer has a disclike gross molecular
shape. The inter-columnar distance, however, is far too small
for the long axes of the mesogens to be arranged in the planes
of the dendritic discs, that is, like spokes in a wheel. An
alternative model could be one in which the long axes of the
mesogenic units are perpendicular or near perpendicular to
the disc, see Figure 3. This proposed conformational organ-


Figure 3. Schematic representation of the conformational structure of the
dendritic disc.


ization of the dendrimer, and also a model of the structure of
the disordered hexagonal columnar phase, are shown together
in Figure 4. In this model, the octasilsesquioxane core units
are stacked along the column axes with the mesogenic units
arranged in a disordered way in-between the column axes.


Simple computer modeling (ChemDraw 3D) of segments of
the dendrimer was used to investigate the structural organ-
ization of the system further. Simulations of the mesogenic
moieties, without their lateral side chains, in the gas phase at
absolute zero, gave the average length of the mesogenic units
as approximately 37.5� 1 �, which is the same as the inter-
columnar distance. This could imply that the molecular discs
are arranged in a fashion similar to that found for phasmidic
liquid crystals. However, with sixteen mesogens involved in
the assembly this seems highly unlikely.


Table 1. The diffraction peaks intensities and inter-columnar distances [�]
as a function of temperature [8C] for dendritic LCP 1.


T [8C] No. of peaks Intensity of Inter-columnar
first peak distance [�]


100 1 (110) 1.9 34.1
95 1 2.1 34.9
90 1 1.5 34.6
85 1 1.8 34.7
80 1 2.8 34.8
70 3 (110, 210, 220) 5.5 35.4
60 3 9.1 35.4
50 3 11.0 35.7
40 3 11.8 36.5
30 4 10.1
20 4 10.4
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Figure 4. A schematic representation of the structure of the disordered
hexagonal columnar phase of dendritic LCP 1. The octasilsesquioxane core
is shown as the top of a ball with the mesogenic units forming a ªcloudº
about them.


Alternatively, if we now consider the cotton-reel model,
simulations of the dendrimer minus the mesogenic arms gives
a diameter for the dendritic disc of approximately 38 ± 41 �,
which is close in value to the measured inter-columnar
distance. Moreover, when sixteen mesogenic units (minus
their lateral attachments) were assembled together to give a
close-packed cylinder of mesogens, that is, irrespective of the
presence of the octasilsesquioxane core, the diameter of the
resulting cylinder was determined to be approximately 37 ±
40 �, see Figure 5. From these simulations, it appears that the


Figure 5. The cross-sectional area of the proposed dendritic disc with the
mesogenic units just touching. The octasilsesquioxane cube lies approx-
imately at the center, floating in a sea of flexible siloxane and aliphatic
chains.


best fit to the data is obtained when, in the hexagonal phase,
the dendrimer assumes a cylindrical shape that has approx-
imately the same height as its diameter, as in Figure 3. The
long axes of the mesogenic units are roughly parallel to or
with a slight tilt with respect to the rotational axis that is
normal to the cylinder, and that they are packed together side-
by-side on the outer surface of the cylinder.


The situation is less clear with the chiral nematic phase. Two
possibilities arise, one in which the dendritic molecules
assume the cotton-reel structure and thus self-organize to
give a chiral nematic discotic phase, see Figure 6, or alter-


Figure 6. A proposed model for the chiral nematic discotic phase.


natively, the dendritic molecules might assume more of a rod-
like shape, thereby self-organizing to give a chiral calamitic
nematic phase, see Figure 7. It is difficult to envisage how this
question might be resolved without detailed investigations of
extremely well-aligned samples.


Thus the liquid crystalline behavior of dendrimer 1
emphasizes the role played by the octasilsesquioxane core
when compared with related polysiloxanes.[19c] A strict
comparison of the transition temperatures is not possible
since, although the degree of polymerization is above the
ªmolecular weight effectº,[20] the inner segments of the
mesogenic structures are not identical. But even taking this
into consideration, it is remarkable that the thermal stability
of the N* phase is similar for the dendrimer with respect to
related polysiloxanes, suggesting that the cubic core does not
perturb significantly the associations between mesogens
necessary to support the N* phase; whereas the observation
of the formation of columnar phases for dendrimer 1, but not
for the corresponding polysiloxanes, indicates that the Si8O12


core assists in the interaction of neighboring mesogenic units
resulting in the formation of such disordered structures.
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Octasilsesquioxane
core


Mesogenic
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Figure 7. A proposed model for the chiral nematic calamitic phase.


Conclusion


Although there are aspects of this work that require further
elucidation, the results presented in this study show that the
N* phase is also represented among the mesophases displayed
by the new dendritic liquid-crystal polymer architectures. The
reported chiral nematic octasilsesquioxane dendrimer is
relevant to the field of liquid-crystal displays based on light
scattering,[21] since the use of dendrimers in scattering electro-
optical switches has also recently been reported.[22]


Experimental Section


Solvents were rigorously dried over appropriate drying agents and distilled
prior use. Low sulfur content, dry, degassed toluene and octavinyloctasil-
sesquioxane (Fluka), Karstedt�s catalyst, and tetramethyldisiloxane (Fluo-
rochem) were used as received. All atmosphere-sensitive reactions were
carried out under dry nitrogen by using standard Schlenk techniques.
Analytical TLC was performed on Kieselgel F-254 pre-coated silica gel
plates (Merck). Visualization was accomplished with UV light or cerium
and ammonium molybdate stain.


Infrared spectra were recorded on a Perkin ± Elmer Paragon 1000 FT-IR
spectrometer. NMR spectra were recorded on a Jeol JNM-LA (400 MHz)
spectrometer; chemical shifts are reported in ppm (d) with reference to
internal SiMe4 or residual protonated species of the deuteriated solvent
used for 1H analysis. Elemental analysis was performed on a Fisons
Instruments Carlo Erba EA 1108 CHN analyzer with acetanilide as the
reference standard. Mass spectra were recorded on a Finnigan 1020 GC-
MS spectrometer (EI mode/70eV). Gel permeation chromatography was
performed by using a set of 2� 25 cm PL Gel Mixed-D columns (Polymer
Laboratories), RI detector (Erma) 7510; the mobile phase was THF eluting
at a flow rate of 1 mL minÿ1, with toluene as flow marker. The molecular
weight characteristics were established by using monodisperse polystyrene
standards, with Polymer Laboratories Caliber software.


The mesomorphic properties of the materials were investigated by a
combination of thermo-optical polarized light microscopy by using an


Olympus BH-2 polarized light microscope together with a Mettler FP52
microfurnace and FP5 temperature controller. The temperature controller
was calibrated to an accuracy of �0.1 8C in the range 50 ± 250 8C. Phase
transitions were determined by differential scanning calorimetry (DSC) by
using a Perkin ± Elmer DSC 7-Series with Unix DSC data acquisition and
analysis software at a scan rate of 108Cminÿ1. The instrument was
calibrated against pure indium metal (m.p.� 156.6 8C, D� 28.5 Jgÿ1).
Phase transition temperatures are reported as the endothermic onset
temperature from differential scanning calorimetry traces. The diffraction
measurements were made by using CuKa radiation from a sealed tube with
other wavelengths removed by using a nickel filter and a graphite
monochromator. The diffraction pattern was detected with a multi-wire
area detector.[23] It was placed at 840 mm from the sample with an
evacuated path so that a Q (scattering vector) range from 0.03 �ÿ1 to
0.5�ÿ1 was covered. The sample to detector distance was calibrated by
using a silver behenate standard.[24] Since the samples were not aligned, the
scattering was regrouped so that pixels at the same radius were averaged,
and the center of gravity of each diffraction peak was determined
numerically and used to calculate its scattering vector. The precision of
the Q values was generally better than 1%. The software for viewing and
analysing the X-ray scattering was developed with PV-WAVE.[25] The
measurements were made at temperatures between 100 8C and 20 8C and,
for instance at 70 8C, peaks were found at Q� 0.209, 0.357, and
0.407(4) �ÿ1, which correspond to a hexagonal net with an inter-columnar
distance of 35.4�0.4 �. Molecular simulations that were used as visual aids
were created using ChemDrawPro 3D.


(S)-4'-Octyloxybiphenyl-4-yl 4-[4-(2-methylbutoxy)-2-(5-tetramethyldisil-
oxypentyloxy)benzoyloxy]benzoate (4): (S)-4'-Octyloxybiphenyl-4-yl
4-[4-(2-methylbutoxy)-2-(pent-4-enyloxy)benzoyloxy]benzoate (3)[19c]


(0.90 g, 1.30 mmol) in toluene (10 mL) was placed in a small Schlenk tube
under nitrogen atmosphere. Karstedt�s catalyst (3 % Pt solution in xylene,
20 mL) was added and the solution stirred at room temperature 15 min;
tetramethyldisiloxane (5.23 g, 39 mmol) was added, and the solution stirred
18 h at room temperature. The solvent and excess silane were evaporated
under vacuum and the residue was purified by column chromatography
(flash grade silica gel, n-hexane/diethyl ether 4:1, Rf� 0.61) to yield 4 as a
milky syrup (0.630g; 58%). K 73.6 (DH� 32.2 kJmolÿ1) N* 88.2 8C Iso
(DH� 0.59 kJ molÿ1); IR (KBr plates, thin film): nÄ � 2120 (s, SiÿH), 1746,
1732 cmÿ1 (s, C�O); 1H NMR (400 MHz, CDCl3, 24 8C, internal CHCl3):
d� 8.25 (m, 2H; aromatic), 8.02 (m, 1 H; aromatic), 7.58 (m, 2 H; aromatic),
7.49 (m, 2H; aromatic), 7.35 (m, 2H; aromatic), 7.24 (m, 2 H; aromatic), 6.96
(m, 2 H; aromatic), 6.52 (m, 2H; aromatic), 4.64 (septet, J� 2.5 Hz, 1 H; Si-
H), 4.03 (t, J� 6 Hz, 2 H; CH2-O-Ph), 3.96 (t, J� 6 Hz, 2 H; CH2-O-Ph),
3.85 (m, 2H; O-CH2-CH), 1.82 (m, 5 H; CH2-CH2-O, CH, CH2-CH2-Si),
1.51 (m, 4H; (CH2)n), 1.31 (m, 12 H; (CH2)n), 1.02 (d, J� 6 Hz, 3H; CH3-
CH), 0.95 (t, J� 7 Hz, 3H; CH3-CH2), 0.87 (t, J� 6 Hz, 3H; CH3-CH2), 0.50
(m, 2H; CH2-SiOSiH), 0.12 (d, J� 2.5 Hz, 6H; (CH3)2Si-H), 0.02 (s, 6H;
(CH3)2Si-CH2); 29Si NMR (79.3 MHz, CDCl3, , 24 8C, external TMS): d�
9.79 (s, CH2-SiOSi-H), ÿ6.73 (s, CH2-SiOSi-H).


Synthesis of 1: G1-Vinyl16 octasilsesquioxane dendrimer 2 (0.025 g,
0.017 mmol) was placed in a Schlenk tube and dissolved in dry, degassed
toluene (4 mL) under nitrogen. Karstedt�s catalyst (10 mL) added and the
solution was aerated (30 s). The solution was stirred for 15 min. A solution
of 4 (0.302 g, 0.366 mmol) in toluene (4 mL) was added, and the mixture
stirred for 18 h. The solvent was removed under vacuum, and the residue
dissolved in CH2Cl2 (2 mL) and precipitated by addition to methanol
(150 mL) (�3). The precipitate was purified by column chromatography
(flash grade silica gel, elution with CH2Cl2/0.6% diethyl ether; Rf� 0.17).
The product was recovered and dried under vacuum. Yield: 0.090g (35 %)
white tacky material; elemental analysis calcd (%) for C824H1160O140Si48 : C
67.54, H 7.97; found C 66.86, H 8.34; 1H NMR (400 MHz, CDCl3, 24 8C,
internal CHCl3): d� 8.20 (m, 4 H; aromatic), 8.01 (m, 2 H; aromatic), 7.53
(m, 4 H; aromatic), 7.45 (m, 4 H; aromatic), 7.29 (m, 4 H; aromatic), 7.20 (m,
4H; aromatic), 6.93 (m, 4H; aromatic), 6.47 (m, 4H; aromatic), 3.95 (m,
8H; CH2-O-Ph), 3.78 (d J� 16 Hz, 4 H; O-CH2-CH), 1.80 (m, 10 H; CH2-
CH2-O, CH, CH2-CH2-Si), 1.51 (m, 8 H; (CH2)n), 1.28 (m, 24H; (CH2)n),
0.49 (m, 8 H; CH2-SiOSi-CH2), 0.34 (m, 8H; �Si-CH2-, CH2-Si-CH2), 0.00
(2s, 24 H; CH3-Si-O), ÿ0.10 (s, 3H; CH3Si(CH2-CH2)3); 29Si NMR
(79.3 MHz, CD2Cl2, 24 8C, external TMS): d� 8.30, 7.93 (s, CH2-SiOSi-
CH2), 7.23 (s, CH3-Si(CH2-CH2)3), ÿ66.36 (Si8O12).
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Abstract: A simple template-mediated
route, starting from triethalolamine 1,
sodium hydride or caesium carbonate,
and iron(iii) chloride led to the six- and
eight-membered iron coronates [Na�
{Fe6[N(CH2CH2O)3]6}]� (2) and [Cs�
{Fe8[N(CH2CH2O)3]8}]� (3). In the reac-
tion of N-methyldiethanolamine 4
(H2L1) or N-(2,5-dimethylbenzyl)imino-
diethanol 6 (H2L2) with calcium hydride
followed by addition of a solution of
iron(iii) chloride, the neutral unoccupied
coronands [Fe6Cl6(L1)6] (5) and
[Fe6Cl6(L2)6] (7) were formed. Subse-
quent exchange of the chloride ions of 7


by bromide or thiocyanate ions afforded
the ferric wheels [Fe6Br6(L2)6] (8) or
[Fe6(NCS)6(L2)6] (9), respectively. Titra-
tion experiments of solutions of dianion
(L1)2ÿ with iron(iii) chloride in THF
revealed interesting mechanistic details
about the self-assembling process lead-
ing to 5. At an iron/ligand ratio of 1:1.5
star-shaped tetranuclear [Fe{Fe(L1)2}3]


(11) was isolated. However, at an iron/
ligand ratio of 1:2, complex 11 was
transformed into the ferric wheel 5. It
was shown, that the interconversion of 5
and 11 is reversible. Based on the
mechanistic studies, a procedure was
developed which works for both the
synthesis of homonuclear 11 and the
star-shaped heteronuclear clusters
[Cr{Fe(L1)2}3] (12) and [Al{Fe(L1)2}3]
(13). The structures of all new com-
pounds were determined unequivocally
by single-crystal X-ray analyses.


Keywords: cluster compounds ´ het-
eronuclear clusters ´ iron ´ metal-
lacrown ethers ´ single-molecule
magnets ´ supramolecular chemistry


Introduction


The formation of oxo-bridged polynuclear complexes of
paramagnetic transition and rare earth metal ions, derived
from polyalcoholato ligands is poorly understood.[1] However,
despite of their unpredictable nature, oxo-bridged polynu-
clear iron and manganese metal clusters have been the subject
of numerous detailed magnetic studies, which have been
rewarded by the discovery of the so-called single-molecule
magnets.[2] Recently, distinct supramolecular metal clusters
have become accessible by rational design rather than by
serendipity.[3]


In this context, we reported on the template-mediated self
assembly of six- and eight-membered iron coronates.[4] The
iron coronates [Na� {Fe6[N(CH2CH2O)3]6}]� (2) and [Cs�
{Fe8[N(CH2CH2O)3]8}]� (3), with Na� [12]metallacrown-6
and Cs� [18]metallacrown-8 structures, were prepared from
the reaction of triethanolamine (1) with iron(iii) chloride and
sodium hydride or caesium carbonate, respectively
(Scheme 1).


A common feature of complexes 2 and 3 is that the m1-
oxygen atoms do not participate in the formation of the hexa-
or octanuclear structures. They solely function as ligands for
the coordinative saturation of the iron centers. For this reason,
further mono-anionic donors, such as chloride ions, could also
be candidates for this function. As expected, reaction of N-
methyldiethanolamine (4 ; H2L1) with calcium hydride and
iron(iii) chloride yielded the unoccupied neutral iron cryptand
[Fe6Cl6(L1)6] (5) with [12]metallacrown-6 structure
(Scheme 2).[4]


In contrast to the iron coronates 2 and 3, a variety of six-
membered analogues of iron cryptate 5 is conceivable. In 5,
the m2-oxygen donors of the N-methyldiethanolamine ligands
are structure-determining, whereas their N-methyl groups are
innocent and are exchangeable by various alkyl and aryl
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Scheme 1.


Scheme 2.


substituents. Additionally, chloride co-ligands necessary for
iron center coordinative saturation and for charge compensa-
tion should be replaceable by diverse halogenato or pseudo-
halogenato donors.


Results and Discussion


In order to prove this hypothesis, we allowed N-(2,5-
dimethylbenzyl)iminodiethanol (6 ; H2L2) to react with cal-


cium hydride and iron(iii) chloride to yield intermediate
[Fe6Cl6(L2)6] (7). Subsequent exchange of the chloride ions of
7 by bromide or thiocyanate ions afforded the unoccupied
ferric wheels [Fe6Br6(L2)6] (8)[5] or [Fe6(NCS)6(L2)6] (9 ;
Scheme 3).


Scheme 3.


Specifically, an X-ray crystallographic structure determi-
nation was carried out for 9. According to this analysis, 9 is
present in the crystal as unoccupied, neutral iron(iii) complex
with [12]metallacrown-6 structure (Figure 1). The six iron
centers of the centrosymmetric molecule 9 are located in the
corners of an almost regular hexagon. The Fe ± Fe distances
range from 3.15 to 3.16 �, and the interior angles of the
hexagon range between 118.11 and 121.988. The diameter of
the hexagon, defined as the mean distance between two
opposite iron centers, is 6.20 �. The distorted octahedral
coordination sphere of the iron centers is completed by two
nitrogen donors (one from (L2)2ÿ and one from NCSÿ) and
four m2-O donors. Thus, the [Fe6O12] cores of [Fe6Cl6(L1)6] (5)
and [Fe6(NCS)6(L2)6] (9) are nearly superimposible (Figure 1).


Until now, little is known about mechanistic aspects of self-
assembling processes.[1f] In order to also shed light on this
subject, we carefully studied the formation of compound 5.
After numerous attempts, N-methyldiethanolamine (4 ; H2L1)
was now deprotonated with sodium hydride instead of
calcium hydride. Careful titration of the dianion (L1)2ÿ with
a solution of iron(iii) chloride in THF afforded a colorless
suspension of intermediate [Fe(L1)2]ÿ (10) with an iron/ligand
ratio of 1:2 (Scheme 4). Further addition of iron(iii) chloride
to the colorless suspension of 10 up to an iron/ligand ratio of
1:1.5 resulted in gradual color change to a brown suspension.
After work-up, amber microcrystals were isolated. Based on
the FAB-MS data (m/z 926, [Fe4(L1)6]), the tetranuclear
cluster 11 was generated rather than hexanuclear cluster 5.
However, when two equivalents of iron(iii) chloride were
added to [Fe{Fe(L1)2}3] (11), the known ferric wheel 5 with
[12]metallacrown-6 structure was generated as the final
product.[4] This process was shown to be reversible. When 5
was treated with three equivalents of (L1)2ÿ, star-shaped
cluster 11 was recovered. A similar tetranuclear iron(iii) complex
was reported recently by Gatteschi and co-workers.[2a,b]


Abstract in German: Eine einfache Templat-gesteuerte Syn-
these führte, ausgehend von Triethalolamin 1, Natriumhydrid
oder Cäsiumcarbonat und Eisen(iii)chlorid, zu den sechs- und
achtkernigen Eisencoronaten [Na� {Fe6[N(CH2CH2O)3]6}]�


(2) und [Cs� {Fe8[N(CH2CH2O)3]8}]� (3). Bei der Umsetzung
von N-Methyldiethanolamin (4 ; H2L1) oder N-(2,5-Dimethyl-
benzyl)iminodiethanol (6 ; H2L2) mit Calciumhydrid und einer
Eisen(iii)chlorid Lösung, erhielten wir die neutralen, leeren
Coronanden [Fe6Cl6(L1)6] (5) und [Fe6Cl6(L2)6] (7). Der
anschlieûende Austausch der Chloridionen in 7 durch Bromid-
oder Thiocyanationen führte zu den Eisenrädern [Fe6Br6(L2)6]
(8) bzw. [Fe6(NCS)6(L2)6] (9). Titrationsexperimente von
Lösungen des Dianions (L1)2ÿ mit Eisen(iii)chlorid in THF
lieferten einen interessanten Einblick in den Selbstorganisa-
tionsprozeû, der zu 5 führt. Bei einem Verhältnis Eisen zu
Ligand von 1:1.5 wurde der sternförmige tetranucleare Cluster
[Fe{Fe(L1)2}3] (11) isoliert. Dagegen wurde bei einem Verhält-
nis Eisen zu Ligand von 1:2 der Komplex 11 in das Eisenrad 5
umgewandelt. Zudem konnten wir zeigen, dass die Umwand-
lung von 11 in 5 reversibel ist. Auf der Basis dieser
mechanistischen Studien haben wir eine Methode entwickelt,
die sowohl für die Synthese des homonuclearen Clusters 11 als
auch für die Synthese der heteronuclearen sternförmigen
Cluster [Cr{Fe(L1)2}3] (12) und [Al{Fe(L1)2}3] (13) geeignet
ist. Die Strukturen aller neuen Verbindungen wurden zweifels-
frei durch röntgenographische Kristallstrukturanalysen gesi-
chert.
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Scheme 4.


The single-crystal X-ray structure analy-
sis indicated 11 as the star-shaped cluster
[Fe{Fe(L1)2}3]. In 11 the central iron ion is
linked through two m2-alkoxo bridges from
each of the three terminal building blocks
[Fe(L1)2]ÿ (10). The iron center in 10 is
octahedrally coordinated through two ni-
trogen, m1-O , and m2-O donors. It is note-
worthy, that during complexation of (L1)2ÿ


to iron, nitrogen becomes a stereogenic
center. From all the structures possible for
[Fe(L1)2]ÿ , only (R,R)-(10) or (S,S)-(10)
have the appropriate geometry to function
as bidentate ligands to yield 11. The central
iron ion also becomes a stereogenic center with (D)-
or (L)-configuration. Therefore, eight enantiomers of 11,
(D/L)-[(R,R)(R,R)(R,R)], (D/L)-[(S,S)(S,S)(S,S)], (D/L)-
[(R,R)(S,S)(S,S)] and (D/L)-[(S,S)(R,R)(R,R)], are possible.[6]


The X-ray structure analysis was carried out on a randomly
selected single crystal of 11, which featured the racemic
isomers (D)-[(S,S)(R,R)(R,R)] and (L)-[(R,R)(S,S)(S,S)].[7]


The two stereoisomers have a molecular C2 axis. All four


iron ions are located in a plane,
with Fe-Fe-Fe angles of about
1208 (Figure 2).


As a consequence of the
afore-mentioned mechanistic
study, it should be possible to
generate heteronuclear species
with different magnetic proper-
ties in addition to homonuclear
11. In order to prove this hy-
pothesis, intermediate 10 was
treated with solutions of
[CrCl3(THF)3] or alumini-
um(iii) chloride and after work-
up [Cr{Fe(L1)2}3] (12) or [Al-


{Fe(L1)2}3] (13), respectively, were isolated (Scheme 5). Ac-
cording to single-crystal structure analyses, the heteronuclear
clusters 12 and 13 are isostructural with 11. They differ from
11 only by exchange of the central iron center by chromi-
um(iii) or aluminium(iii), respectively.


Conclusion


We described an efficient, simple route starting from trietha-
nolamine and iron(iii) chloride for the template-mediated
self-assembly of six- and eight-membered iron coronates.
Careful analysis of the structures of these systems was the
basis for the rational design of various six-membered iron
coronands, starting from N-alkyldiethanolamine and iron(iii)
chloride. Finally, the study of mechanistic aspects of the self-
assembly processes operating during the cyclization, triggered
our interest in tetranuclear homo- and heteronuclear star-
shaped clusters. Magnetic studies on these compounds are
currently being investigated and these results will be reported
in a subsequent paper.


Scheme 5.


Figure 1. Stereoview of 9 in the crystal (PLUTON representation; H atoms omitted).


Figure 2. Stereoview of enantiomer [D-(R,R)(S,S)(S,S)]-11 in the crystal, perpendicular to the C2


axis running through the center and lower [Fe(L1)2]ÿ module (R,R)-10. (PLUTON representation;
H atoms omitted.)
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Experimental Section


General techniques : Reagents, metal salts, and ligands were used as
obtained from Aldrich, except 6 and 14, which were prepared by standard
procedures. IR spectra were recorded from KBr pellets on a Bruker IFS 25
spectrometer. FAB-MS spectra were recorded on a Micromass ZabSpec-E
spectrometer. The microanalytical data deviate from theory due to the
crystal solvents included and are not recorded here.


Preparation of [Fe6Cl6(L2)6] (7): N-(2,5-Dimethylbenzyl)iminodiethanol 6
(1.12 g, 5 mmol) was added to a suspension of calcium hydride (0.25 g,
6 mmol) in anhydrous THF (50 mL). After the mixture had been stirred for
30 minutes at 20 8C, a solution of iron trichloride (5 mmol, 0.81g) was added
dropwise. The reaction mixture was stirred for one day at 20 8C, and the
precipitate was subsequently collected on a glass frit. The solid was
extracted with CH2Cl2 (100 mL). After evaporation of the solvent, a yellow
microcrystalline powder of 7 was isolated which was recrystallized by
dissolving in CH2Cl2 and later addition of CH3OH. Yield: 0.62 g (33 %)
yellow polycrystalline material; m.p. >240 8C; IR(KBr): nÄ � 2924,
2863 cmÿ1; FAB-MS (3-nitrobenzyl alcohol matrix): m/z : 1838
[Fe6Cl5(L2)6]� .


Preparation of [Fe6Br6(L2)6] (8) and [Fe6(NCS)6(L2)6] (9): A solution of
NaBr (0.61 g, 6 mmol for 8) or KSCN (0.58 g, 6 mmol for 9) in CH3OH
(100 mL) was added to a solution of crude 7 (0.94 g, 0.5 mmol) in CH2Cl2


(100 mL). The mixture was kept under reflux for 3 h. Subsequently the
solvent was evaporated, and the remaining solid extracted with CH2Cl2.
After evaporation of the solvent a yellow (8) or orange (9) microcrystalline
product was obtained.


Compound 8 : Yield: 0.64 g (60 %) yellow rhombic crystals from dichlor-
methane by diffusion of diethyl ether; m.p. >240 8C; IR(KBr): nÄ � 2925,
2864 cmÿ1; FAB-MS (3-nitrobenzyl alcohol matrix): m/z : 1348
[Fe4Br3(L2)4]� .[5]


Compound 9 : Yield: 0.60 g (60 %) orange rhombic crystals from dichlor-
methane by diffusion of diethyl ether; m.p. >240 8C; IR(KBr): nÄ � 2925,
2868, 2036 cmÿ1; FAB-MS (3-nitrobenzyl alcohol matrix): m/z : 1952
[Fe6(NCS)5(L2)6]� .


Preparation of {Fe[Fe(L1)2]3} (11), {Cr[Fe(L1)2]3} (12), {Al[Fe(L1)2]3} (13),
and {Fe[Fe(L3)2]3} (15)[7]


General method : N-Methyldiethanolamine 4 (0.70 g, 6 mmol for 11, 12, 13)
or N-benzyldiethanolamine 14 (1.17 g, 6 mmol for 15) was added to a
suspension of sodium hydride (0.34 g, 14 mmol) in anhydrous THF
(100 mL). A solution of iron trichloride (0.59 g, 3 mmol) in THF (50 mL)
was added dropwise. After the mixture had been stirred for one hour a
solution of iron trichloride (0.16 g, 1 mmol for 11 and 15), [CrCl3(THF)3]
(0.37 g, 1 mmol for 12), or aluminum trichloride (0.27 g, 1 mmol for 13) in
THF (50 mL) was added. The reaction mixture was stirred for one day at
20 8C. Subsequently the solvent was evaporated and the remaining solid
extracted with CHCl3 (100 mL). Pentane (50 mL) was added to this
solution. After subsequent filtration the solvent was evaporated, and a
brown (11 and 15), dark green (12) or light yellow (13) product was
obtained.


Compound 11 ´ 4 CHCl3: Yield: 1.02 g (71 %) amber rod-shaped crystals
from CHCl3 by diffusion of diethyl ether; m.p.>240 8C; IR(KBr): nÄ � 2965,
2852 cmÿ1; FAB-MS (3-nitrobenzyl alcohol matrix): m/z : 927
[FeFe3(L1)6�H]� .


Compound 12 ´ 4 CHCl3: Yield: 0.63 g (45 %) green rod shaped crystals
from CHCl3 by diffusion of diethyl ether; m.p.>240 8C; IR(KBr): nÄ � 2963,
2847 cmÿ1; FAB-MS (3-nitrobenzyl alcohol matrix): m/z : 923
[CrFe3(L1)6�H]� .


Compound 13 ´ 4 CHCl3: Yield: 0.89 g (65 %) light yellow rod-shaped
crystals from CHCl3 by diffusion of diethyl ether; m.p. >240 8C; IR(KBr):
nÄ � 2964, 2651 cmÿ1; FAB-MS (3-nitrobenzyl alcohol matrix): m/z : 898
[AlFe3(L1)6�H]� .


Compound 15 ´ 0.38 CHCl3 ´ 1.24Et2O: Yield: 0.74 g (49 %) yellow rhombic
crystals from CHCl3 by diffusion of diethyl ether; m.p. >240 8C; IR(KBr):
nÄ � 3061, 2857 cmÿ1; FAB-MS (3-nitrobenzyl alcohol matrix): m/z : 1383
[FeFe3(L3)6�H]� .


Interconversion of 11 to 5 : A solution of FeCl3 (0.073 g, 0.45 mmol) in THF
(20 mL) was added to a solution of 11 (0.21 g, 0.225 mmol) in THF (25 mL).
The reaction mixture was stirred at room temperature overnight, and the
yellow precipitate was collected on a frit and subsequently worked up as for
compound 7; 0.085 g (30 %) of polycrystalline 5 were obtained.


Interconversion of 5 to 11: Compound 4 (0.179 g, 1.5 mmol) was added to a
suspension of sodium hydride (0.084 g, 3.5 mmol) in THF (50 mL). After
stirring for 30 minutes a solution of (0.63 g, 0.5 mmol) 5 in CH2Cl2 (50 mL)
was added. The reaction mixture was heated to reflux for 12 h and


Table 1. Details of X-ray structure determinations.


9 11 12 13 15


formula C84H114Fe6N12O12S6 C30H66Fe4N6O12 C30H66CrFe3N6O12 C30H66AlFe3N6O12 C66H90Fe4N6O12


´ 4CHCl3 ´ 4 CHCl3 ´ 4CHCl3 ´ 0.38 CHCl3 ´ 1.24 Et2O
Mr 2011.33 1403.76 1399.91 1374.89 1520.13
crystal size [mm] 0.30� 0.30� 0.25 0.30� 0.30� 0.20 0.50� 0.20� 0.20 0.30� 0.30� 0.10 0.70� 0.60� 0.40
crystal system monoclinic monoclinic monoclinic monoclinic tetragonal
space group P21/c C2/c C2/c C2/c P41212
T [K] 173(2) 173(2) 173(2) 293(2) 133(2)
a [�] 15.2673(2) 25.621(3) 25.594(5) 25.590(4) 13.953(3)
b [�] 16.0292(3) 13.158(2) 13.135(3) 13.1048(19) 13.953(3)
c [�] 19.5276(4) 21.067(3) 21.056(4) 20.9260(12) 37.370(6)
a [8] 90 90 90 90 90
b [8] 101.2618(7) 124.49(2) 124.40(3) 124.058(2) 90
g [8] 90 90 90 90 90
V [�3] 4689.75(14) 5854.0(12) 5841(2) 5813.9(12) 7280(10)
Z 2 4 4 4 4
1calcd [Mgmÿ3] 1.424 1.593 1.592 1.571 1.388
q range [8] 1.36 ± 25.05 2.35 ± 24.97 2.34 ± 24.97 5.94 ± 21.60 1.82 ± 24.79
reflections collected 28381 5265 5287 10790 76876
unique reflections 8299 5143 5143 5646 6240
[Rint] 0.0604 0.0507 0.0958 0.0484 0.0629
reflections observed [I> 2s(I)] 5780 3009 3953 5036 5455
parameters 541 308 308 504 481
final R1 [I> 2s(I)] 0.0481 0.0490 0.0515 0.0453 0.0383
wR2 (all data) 0.1514 0.1215 0.1850 0.1183 0.0962
Flack x[10] ± ± ± ± 0.03(2)
largest residuals [e�ÿ3] 1.172/ÿ 0.808 0.962/ÿ 0.789 1.207/ÿ 1.024 1.014/ÿ 0.643 0.590/ÿ 0.509
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subsequently worked up as for 11; 0.60 g (86 %)of polycrystalline 11 were
obtained.


Single-crystal X-ray structure analyses : Details for crystal data, data
collection, and refinement are given in Table 1. X-ray data were collected
on an Nonius MACH3 diffractometer (9, 11, and 12) and on a Stoe ± Sie-
mens ± Huber four-circle diffractometer equipped with a Siemens SMART
CCD detector (15) with MoKa radiation (l� 0.71073 �). For 13 rotation
images were taken using a Bruker Smart CCD camera mounted on
beamline ID11 at the ESRF. A wavelength of l� 0.5166 � was selected
with a double-crystal sagitally-focussing Si(111) monochrometer. Semi-
empirical absorption corrections using y scans (9, 11 and 12) or equivalents
(13 and 15) were employed. The structures were solved by direct methods
with SHELXS-97[8] and refined with full-matrix least-squares against F 2


with SHELXL-97.[9] Hydrogen atoms were attached in idealized positions
and refined by using the riding model. Except for 13, where due to the high
quality of the data, hydrogen atom positions and isotropic thermal factors
were refined without constraints. All other atoms were refined anisotropi-
cally. The disorder in the intercalated chloroform in 13 is probably due to
large librational motion which cannot be accounted for with thermal
ellipsoids. In 15 the solvent is disordered. It was refined as a mixture of
diethyl ether (site occupation factor 0.619(7)) and chloroform (site
occupation factor 0.191(7)) with distance restraints and restraints for the
anisotropic displacement parameters.


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-151611 to
CCDC-151613 (for 9, 11, 12), CCDC-153853 (13), and CCDC-151497 (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 : deposit@ccdc.cam.ac.uk).
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Abstract: Reaction of divalent hexa-
coordinate metal ions with either tetra-
dentate N-(2-piridylmethyl)iminodietha-
nol (3 ; H2L4) or tridentate N-(2-chloro-
benzyl)iminodiethanol (5 ; H2L5)
resulted in the formation of two com-
pletely different products. Starting from
nickel(ii) acetate and tetradentate 3,
linear trinuclear complex [{Ni(HL4)}2-


Ni(OAc)2(HCO2)2] (4) was formed.
However, when tridentate 5 was allowed
to react with cobalt(ii) acetate, the novel


octadecametallic square box [Na2-
{Co4(HL5)3(OAc)5}4(HCO2)2] (6) was
isolated. Chiral 6 has D2-molecule sym-
metry and crystalizes with both enan-
tiomers in the unit cell. The structures of
all new compounds were determined
unequivocally by single-crystal X-ray
analyses.


Keywords: cobalt ´ coordination
modes ´ nickel ´ oligomers ´ self-
assembly ´ supramolecular chemis-
try


Introduction


Design and synthesis of supramolecular inorganic structures
exhibiting novel properties have provided exciting new
prospects.[1] We reported on the template-mediated self
assembly of six-membered [Na� {Fe6(L1)6}]� and eight-mem-
bered [Cs� {Fe8(L1)8}]� iron coronates, which were accessible
in a one-pot reaction from triethanolamine (H3L1; L1�
[N(CH2CH2O)3]3ÿ) with iron(iii) chloride and sodium hydride
or caesium carbonate, respectively.[2] A common feature of
these complexes is, that the hexanuclear structure is deter-
mined by two ethanolate m2-O donors alone. The m1-O donors
of (L1)3ÿ are not involved in the linkage of the hexa- or
octanuclear structures and function exclusively as ligands for
coordinative saturation of the iron centers.


Consequently, reaction of N-substituted diethanolamines
(H2L2; L2� [RN(CH2CH2O)2]2ÿ) with iron(iii) chloride
yielded the void-neutral iron cryptands [Fe6Cl6(L2)6] (1) with
[12]metallacrown-6 structure.[3] Compared with the com-
plexes generated with triethanolamine, in 1 the lacking m1-O
ethanolate ligands are replaced by extra chloride donors to
achieve charge compensation and octahedral coordination at
iron (Scheme 1).


In extension of the afore-mentioned strategy, starting with
N-substituted diethanolamines (H2L2) and pentacoordinate diva-


Scheme 1.


lent metals instead of hexacoordinate trivalent iron, neutral-
void hexanuclear wheels without extra co-ligands were
expected. This hypothesis proved to be correct, and it was
shown, that reaction of N-benzyliminodiethanol (H2L3; L3�
[BnN(CH2CH2O)2]2ÿ) with lithium hydride and copper(ii)
chloride yielded [(LiCl)2\ {Cu6(L3)6}] (2).[4] In 2, two addi-
tional molecules of lithium chloride are bound exohedrally on
opposite sides of the six-membered copper wheel (Scheme 1).


Results and Discussion


In this communication we report on our studies on the reaction
of divalent hexacoordinate metal ions with either tetradentate
N-(2-piridylmethyl)iminodiethanol (3 ; H2L4) or tridentate N-
(2-chlorobenzyl)iminodiethanol (5 ; H2L5) (Schemes 2 and 3).


[a] Prof. Dr. R. W. Saalfrank, Dr. I. Bernt, Dr. F. Hampel
Institut für Organische Chemie
der Universität Erlangen-Nürnberg
Henkestrasse 42, 91054 Erlangen (Germany)
Fax: (�49) 9131-852-1165
E-mail : saalfrank@organik.uni-erlangen.de


[**] Chelate Complexes, Part 18; for Part 17 see reference [4].
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Following the synthesis of the ferric wheels [Fe6Cl6(L2)6]
(1), generated from iron(iii) chloride and tridentate N-
substituted diethanolamines (H2L2), starting from nickel(ii)
acetate and tetradentate N-(2-piridylmethyl)iminodiethanol
(3 ; H2L4), we expected the formation of hexanuclear
[Ni6(L4)6]. In this case, the neutral 2-pyridylmethyl groups
should take on the role of the chloride donors in 1. However,
the FAB (fast atom bombardment) data of the isolated blue
microcrystalinic material 4 were not in agreement with a
hexanuclear system. In order to unequivocally determine the
structure of complex 4, we carried out a single-crystal X-ray
analysis. According to this investigation, [{Ni(HL4)}2-
Ni(OAc)2(HCO2)2] (4 ; L4� [PymN(CH2CH2O)2]2ÿ) is present
in the crystal as a trinuclear,[5] rather than hexanuclear cluster
(Scheme 2).


Scheme 2.


Linear 4 comprises two terminal {Ni(HL4)}� subunits, in
which each (HL4)ÿ ligand coordinates to the nickel centres by
one m1-O, one m2-O, and two nitrogen donors. These terminal
building blocks are each linked to a central nickel cation
through the m2-oxygen of (HL4)ÿ, one m1-bridging acetate, and
one m2-bridging formate. In addition, a hydrogen bond is
found between each of the uncoordinated formate oxygens
and the m1-OH groups of the ligands. The formation of
structure 4 is evidently governed by the presence of the strong
co-ligands, acetate and formate, preventing the assembly of a
hexanuclear nickel wheel [Ni6(L4)6].


In the light of the reaction of tetradentate ligand 3 with
hexacoordinating divalent nickel, an even more challenging
problem should arise from the reaction of tridentate N-
substituted diethanolamines (H2L2) with hexacoordinate
divalent metal ions. Assuming that a hexanuclear coronand
[M6(L2)6] is formed, the twelve positive charges stemming
from the M2� ions would be compensated by the six ligands
(L2)2ÿ. However, tridentate (L2)2ÿ would leave each metal
center in [M6(L2)6] only pentacoordinate. In order to guaran-
tee both coordinative saturation and charge compensation at
the metal centers, a more complex assembly rather than a
hexanuclear one was expected.


Therefore, we treated tridentate N-(2-chloro-benzyl)-imi-
nodiethanol (5 ; H2L5) with cobalt(ii) acetate. After workup a
pink material was isolated, which was identified on the basis
of a single-crystal X-ray structure analysis as the novel
octadecametallic square box [Na2{Co4(HL5)3(OAc)5}4-
(HCO2)2] (6) (Scheme 3).[5]


Although 6 represents a rather complex assembly of 52
single components, its ªbuilding planº is rather straightforward.
Supramolecule 6 consists of four trigonal pyramidal modules,


Scheme 3.


corner-linked by two sodium
cations and two formate anions
(Figure 1).


The basic modules of 6 are
four trigonal pyramids {Co4-
(HL5)3(OAc)5(HCO2)1/2}. Each
of the three tridentate ligands
(HL5)ÿ connects two cobalt
centers from the base of the
pyramid with the apical cobalt
cation through an ethanolate
m3-O donor. In addition, one
nitrogen and one m1-OH donor from the ligand is bound to a
cobalt cation in the base. Moreover, the three cobalt centers in
the base are coordinated by two non-bridging acetate ions and
one formate ion, which acts as a clamp to link the two halves
of structure 6 (Figure 2, top).


Figure 2. Top: Top view of the reduced basic pyramidal module. Bottom:
Side view of the complete basic pyramidal module. (PLUTON presenta-
tion; hydrogen atoms omitted for clarity.)


Figure 1. Pictorial representa-
tion of molecular box 6.
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Three additional acetate ions each bridge the cobalt centers
in the basis with the cobalt center in the apex of the trigonal
pyramid.[6] This leads to hexacoordination at all four cobalt
centers of module {Co4(HL5)3(OAc)5(HCO2)1/2}. However,
the three oxygen donors on top of the pyramid represent a
sticky end, ready for further linkages (Figure 2, bottom).


The three acetate oxygens on top of the module form a
regular triangle parallel to the basis of the trigonal pyramid. A
sodium cation links two modules across these three distinct
oxygen donors. The pyramids are apex-linked and rotated by
approximately 1808 relative to each other; this results in a
columnlike dimer {Na[Co4(HL5)3(OAc)5]2(HCO2)} (Figure 3).


Two of these dimers are joined by the two formate anion
clamps at the cobalt centers in the triangular base of the
modules {Co4(HL5)3(OAc)5(HCO2)1/2} to give the neutral
molecular box [Na2{Co4(HL5)3(OAc)5}4(HCO2)2] (6). In terms
of the cobalt distances and the over-all size, the dimensions of
box 6 are approximately 10� 14 and 16� 28 �, respectively
(Figure 4).


It is worth noting, that the
spontaneous assembly of 52
simple achiral building blocks
yielded a racemic mixture of
chiral, supramolecule 6 with
idealized D2-molecule symme-
try. As depicted in Figure 5,
both enantiomers of cluster 6
are present in the crystal.


Conclusion


The predictable nature of our
investigations on hexanuclear
metalla cryptates is based on
the careful selection of match-
ing metal-ligand combinations.
Our findings prompted us to
tackle non-matching metal ± li-
gand combinations as well. This
approach has led to the isola-
tion of unpredictable molecular
box 6.


Experimental Section


General techniques : Reagents and
metal salts were used as obtained from
Aldrich. Ligands 3 and 4 were pre-
pared by standard procedures. IR
spectra were recorded from KBr pel-
lets on a Bruker IFS 25 spectrometer.
FAB-MS spectra were recorded on a
Micromass ZabSpec-E spectrometer.
Elemental analyses were performed
on a EA 1110 CHNS-Microautomat.


Preparation of [Ni3(HL4)2(OAc)2-
(HCO2)2] (4): Ni(OAc)2 ´ 4 H2O
(0.75 g, 3 mmol) and NaOMe (0.32 g,
6 mmol) were added to a solution of


Figure 4. Stereo illustration of the molecular structure of 6 in the crystal. View perpendicular to the axis running
through the two sodium cations, highlighting the linkage by sodium (top) and by formate (bottom). (PLUTON
presentation; solvent molecules and hydrogen atoms omitted for clarity).


Figure 3. Simplified presentation of the connectivity of two basic pyrami-
dal modules via sodium, together with the formate linkers. (PLUTON
presentation: For clarity, only the m3-O donors of the ligands (HL5)ÿ are
depicted. Hydrogen atoms and non-bridging acetate groups omitted).
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N-(2-piridylmethyl)iminodiethanol (3 ; 0.59 g, 3 mmol) in methanol
(50 mL). After stirring for one day at 20 8C and subsequent filtration, the
solvent was evaporated. The remaining blue solid was extracted with
dichloromethane (50 mL). The solvent was then evaporated and the
remaining blue solid was re-crystallised from methanol/diethyl ether to give
4 ´ 2CH3OH (yield: 0.40 g, 48%). Blue needles were obtained from
methanol by diffusion of diethyl ether. Elemental analysis calcd (%) for
C26H38N4Ni3O12: C 40.31, H 4.94, N 7.23; found C 40.11, H 5.20, N 7.24;
m.p.> 220 8C (decomp); IR (KBr): nÄ � 2850, 1583, 1419 cmÿ1; FAB-MS (3-
nitrobenzyl alkohol-matrix): m/z : 505 [Ni2(HL4)(L4)]� .


Preparation of {Na2[Co4(HL5)3(OAc)5]4(HCO2)2} (6): Co(OAc)2 ´ 4H2O
(0.75 g, 3 mmol) and NaOMe (0.32 g, 6 mmol) were added to a solution of
N-(2-chlorobenzyl)iminodiethanol (5 ; 0.69 g, 3 mmol) in methanol
(50 mL). After stirring for two days at 20 8C and subsequent filtration,
the solvent was evaporated. The remaining pink solid was extracted with
dichloromethane (50 mL). Evaporation of the solvent gave compound 6 as
a pink powder (yield: 0.66 g, 49%). Crystals of 6 ´ 3 C6H6 ´ 2Et2O ´ 2H2O
suitable for X-ray analysis were grown from a benzene solution by diffusion
of diethylether. Elemental analysis
calcd (%) for C174H242Cl12Co16N12-
Na2O68: C 41.76, H 4.87, N 3.36;
found C 42.35, H 4.91, N 3.14; m.p.>
220 8C (decomp); IR (KBr): nÄ �
3066, 2925, 2874, 1580, 1440 cmÿ1;
FAB-MS (3-nitrobenzyl alkohol-ma-
trix): m/z : 978 [Co4(L5)3(OAc)]� .


Single-crystal X-ray structure analy-
ses : Details for crystal data, data
collection, and refinement are given
in Table 1. X-ray data were collected
on a Nonius Kappa CCD area de-
tector using MoKa radiation (l�
0.71073 �). Semiempirical absorp-
tion corrections were employed.
The structures were solved by direct
methods with SHELXS-97[8] and
refined with full-matrix least-
squares against F 2 with SHELXL-
97.[9] Three of the chlorobenzyl
groups show disorder at the chlorine
atoms with an occupation ratio of
85:15 and 77:23 %. Hydrogen atoms
were attached in idealised positions
and refined using the riding model.


Crystallographic data (excluding
structure factors) for the structures
reported in this paper have been
deposited with the Cambridge Crys-


tallographic Data Centre as supplementary publication no. CCDC-155065
(4) and CCDC-155066 (6). 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 1. Details of X-ray structure determinations.


4 6


formula C26H38N4Ni3O12 C174H242Cl12Co16N12Na2O68


´ 2 H3COH ´ 3 C6H6 ´ 2 C4H10O ´ 2 H2O
Mr 838.82 5422.77
crystal size [mm] 0.30� 0.20� 0.20 0.30� 0.30� 0.25
crystal system monoclinic triclinic
space group P21/n P1Å


T [K] 173(2) 173(2)
a [�] 11.0196(2) 19.63620(10)
b [�] 12.2153(3) 25.38720(10)
c [�] 13.4086(3) 30.5720(2)
a [8] 90 73.8460(10)
b [8] 101.179 88.8500(10)
g [8] 90 67.8140(10)
V [�3] 1770.66(7) 13 492.83(12)
Z 2 2
1calcd [Mgmÿ3] 1.573 1.329
q range [8] 2.19 to 27.46 1.13 to 25.06
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unique reflections 4035 44 884
[Rint] 0.0215 0.0307
reflections observed [I> 2s(I)] 3445 32 531
parameters 289 2851
final R1 [I> 2s(I)] 0.0325 0.0670
wR2 (all data) 0.0814 0.2322
largest residuals [e�ÿ3] 0.544/ÿ 0.457 2.324/ÿ 0.890
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DFT Study of the Active Intermediate in the Fenton Reaction


Francesco Buda,*[a] Bernd Ensing,[a] Michiel C. M. Gribnau,[b] and Evert Jan Baerends*[a]


Abstract: Density functional theory has
been used to investigate the nature of
the oxidizing agent in the Fenton reac-
tion. Starting from the primary inter-
mediate [FeII(H2O)5H2O2]2�, we show
that the oxygen ± oxygen bond breaking
mechanism has a small activation energy
and could therefore demonstrate the
catalytic effect of the metal complex.
The OÿO bond cleavage of the coordi-
nated H2O2, however, does not lead to a
free hydroxyl radical. Instead, the leav-
ing hydroxyl radical abstracts a hydro-
gen from an adjacent coordinated water


leading to the formation of a second
FeÿOH bond and of a water molecule.
Along this reaction path the primary
intermediate transforms into the
[FeIV(H2O)4(OH)2]2� complex and in
a second step into a more stable
high valent ferryl-oxo complex
[FeIV(H2O)5O]2�. We show that the en-
ergy profile along the reaction path is


strongly affected by the presence of an
extra water molecule located near the
iron complex. The alternative inter-
mediate [FeII(H2O)4(OOHÿ)(H3O�)]2�


suggested in the literature has been also
investigated, but it is found to be un-
stable against the primary intermediate.
Our results support a picture in which an
FeIV-oxo complex is the most likely
candidate as the active intermediate in
the Fenton reaction, as indeed first
proposed by Bray and Gorin already in
1932.


Keywords: catalysts ´ density func-
tional calculations ´ Fenton reaction
´ oxidations


Introduction


It is more than a century since Fenton[1] first observed the
powerful oxidizing properties of a mixture of Fe2� ions and
hydrogen peroxide in aqueous media. Surprisingly, the
mechanism and the key intermediates in the Fenton chemistry
remain, at present, open questions.[2, 3]


In the model proposed in the 1930s by Haber and Weiss,[4, 5]


the oxidizing species is identified with free hydroxyl radicals
.OH produced by the iron-catalyzed decomposition of hydro-
gen peroxide:


Fe2��H2O2 ÿ! Fe3��OHÿ�OH (1)


This model, largely accepted for a long time, has been
questioned by several experimental studies performed in the
last two decades.[6±11] A direct detection of hydroxyl radicals
by EPR is problematic because of their high reactivity
resulting in a very short lifetime. Therefore these investiga-
tions rely generally on indirect approaches based on:
i) trapping hydroxyl radicals to form a characteristic prod-


uct[12] or ii) scavenging and kinetic experiments where
reaction rates and reactivity patterns with a series of
substrates are compared with those obtained in the presence
of radiolytically generated hydroxyl radicals.[6] In the first
approach, a spin trap, such as 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO), is used to form a stable .OH radical adduct.
The formation of a DMPO-OH adduct in a Fenton system[12]


has been described as an evidence of the presence of free
hydroxyl radical. However, it should be noted that a DMPO-
OH adduct may be formed also by an iron ± H2O2 complex
reacting with DMPO.[13] The second approach relies on the
presence of high precision data on the kinetics of the reaction
and therefore requires a calibration by radiolysis studies for
each case. Temperature and medium effects on the reaction
rate often complicate the comparison. Furthermore, it is likely
that the coordination environment of iron, and specifically the
nature of the ligands, may strongly affect the stabilization of
the reactive intermediate.[2] In many cases the results suggest
the involvement of highly oxidizing iron intermediates which
behave rather different from free .OH. The primary step is
assumed to consist of a nucleophilic addition of HOOH to the
metal center to give the reactive intermediate of the Fenton
reagents.[14] In most of the cases the exact nature of the
reactive metal complex has not been clearly identified. Wink
et al.[8] observed an intermediate in the oxidation of N-
nitrosodimethylamine by the Fenton reagent in acidic aque-
ous solution which they identified with a peroxo species
FeIIOOH. Sawyer et al.[7, 9] have also suggested the formation
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of a hydroperoxo complex by comparing relative reactivities
of .OH and Fenton oxidants with several hydrocarbon
substrates in nonaqueous medium. A highly reactive inter-
mediate [Fe(OH)2]2� has been proposed by Rush and
Koppenol,[6] which is assumed to be formed in the reaction
between hydrogen peroxide and FeIIHEDTA (hydroxyethyl-
ethylenediaminetriacetic acid) near neutral pH. More recent-
ly, Kremer[11] has suggested that a ferryl complex [FeIVO]2�


acts as the key intermediate, by analysing the time depen-
dence of the amount of O2 evolved in the Fenton reaction.
Indeed, a mechanism for the Fenton reaction based on a high-
valent iron(iv)-oxo complex ([FeIVO]2�) as the key intermedi-
ate was first suggested by Bray and Gorin[15] in 1932:


Fe2��H2O2 ÿ! FeO2��H2O (2)


The issue on the prevalent mechanism in the Fenton
reaction is also of great interest in the broader context of
enzyme-catalyzed oxidation. It is in fact believed that metal-
oxo or metal-peroxo species play a crucial role in both heme
and non-heme based enzymes, such as cytochromes P450,
non-heme oxygenases, the photosystem II, and also in DNA
cleavage performed by activated bleomycin.[16]


A theoretical study can be helpful in discerning between
different mechanisms and intermediates since it does not
suffer from experimental limitations mainly due to the short
life time of the active species. In this work we investigate the
nature of the oxidizing intermediate in the Fenton reaction by
using density functional theory (DFT)[17] calculations. We
focus on the reaction in aqueous solution, that is, only water
ligands are considered. We start from the assumption that a
primary intermediate [FeII(H2O)5H2O2] (1) is formed by
exchange of a water molecule in the hydration shell of the
hexa-aqua-Fe2� complex by H2O2. We find that there is a
specific reaction pathway along which the oxygen ± oxygen
bond breaking in this complex has an activation energy which
is ten times smaller than for H2O2 in the vacuum. An
interpretation of this catalytic effect of the metal center is
given in terms of the bonding energies between the Fe ion and
different ligand species. The oxygen ± oxygen bond breaking is
concomitant with the formation of a water molecule and the
initial complex decays into a secondary intermediate 2 :


[(H2O)5 FeII (H2O2)]2� (1) ÿ! [(H2O)4 FeIV (OH)2]2� (2)�H2O (3)


This secondary intermediate 2 may further transform into
an iron-oxo complex 3 with an activation barrier which is very
small in the presence of an additional (non coordinated) water
molecule:


[(H2O)4 FeIV (OH)2]2� (2)�H2O ÿ! [(H2O)5 FeIVO]2� (3)�H2O (4)


The possible role of the solvent in this process has been
investigated by introducing one or a few water molecules in
the second coordination shell. The alternative intermediate
[FeII(H2O)4(OOHÿ)(H3O�)]2� suggested in the literature[7, 9]


has been found to be unstable against the primary intermedi-
ate. The reaction path observed from 1 to 3 supports a picture
of the Fenton reaction in which free hydroxyl radicals do not


play a crucial role, and suggests a high-valent FeIV oxo
complex as the most stable intermediate. Preliminary calcu-
lations actually show that this complex is very reactive in the
presence of an organic substrate. These results will be the
subject of a forthcoming paper.


Methods and Calculations


The Density functional theory calculations are performed
using the ADF (Amsterdam density functional) code.[18] We
use the generalized gradient approximation (GGA) in the
form proposed by Perdew and Wang in 1991.[19] We have
repeated some calculations with a different GGA (Becke ±
erdew)[20, 21] to test the dependence on the particular func-
tional used: The results are unchanged by such choice. In the
ADF code the electronic orbitals are written in terms of
Slater-type orbitals (STO). We use a triple-zeta basis set with
one polarization function (this choice corresponds to the basis
set IV in the ADF package). The orbital 1s of oxygen and the
orbitals up to the 3p of Fe are included as core functions in the
calculations.


[FeII(H2O)6]2� : We performed preliminary calculations on the
hexa-aqua FeII complex and compared the results with
available experimental data[22] to check the accuracy of the
GGA functional for this system. We have optimized the
geometry of this complex for different spin states. In agree-
ment with experiment,[22] we find that the high-spin electronic
state, with four unpaired spins (S� 2), is the ground state. The
zero spin state (S� 0) is 26 kcal molÿ1 higher in energy than
the S� 2. In the minimum energy configuration the ferrous
complex has a D2h symmetry[23] with the six water ligands
pseudo-octahedrally surrounding Fe. Figure 1 shows how the
water ligands are oriented in order to minimize the mutual
steric interaction.


Figure 1. The D2h geometry of the [Fe(H2O)6]2� complex. The relative
orientation of the water ligands which minimizes the mutual steric
interaction.


In the S� 0 electronic state the t2g (dxy, dxz, dyz) orbitals are
fully occupied, while the eg (dz


2, dx2ÿy2) orbitals are empty. The
orbital energy difference between the t2g and the eg orbitals is
1.40 eV (cf. the ligand-field splitting in the octahedral
symmetry). The six Fe ± O bondlengths are all equal to
2.03 � for this (t2g)6 (eg)0 configuration. A molecular orbital
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analysis shows that the 3d ± t2g states have p overlap with the
highest occupied molecular orbital (HOMO) of the water
ligands which corresponds to the plp lone pair of H2O
orthogonal to the plane of the molecule. This is an occu-
pied ± occupied orbital interaction, and therefore repulsive.
The eg states in the other hand have an overlap with the
HOMOÿ 1 orbital of the water ligands which corresponds to
the slp lone pair of H2O located in the plane of the molecule.
This s-donation interaction is attractive. A Mulliken popula-
tion analysis gives a net positive charge on the iron equal to
Q(Fe)� 0.68, which corresponds to an electronic charge
donation from the slp orbital of 0.22 electrons per water
molecule. The energy necessary to rotate one water ligand by
908 around the FeÿO axis amounts to 5 kcal molÿ1 while
keeping all the other degrees of freedom fixed. This effect can
be attributed to steric repulsion by the neighboring H2O
ligands.


In the high-spin configuration (t2g)4 (eg)2 (S� 2) only one of
the three t2g orbitals is doubly occupied. Therefore we have
three energetically degenerate configurations: (dxy)2 dxz


"dyz
"


dz
2" dx2ÿy2


", (dxz)2 dxy
" dyz


" dz
2" dx2ÿy2


", and (dyz)2 dxy
"


dxz
" dz


2" dx2ÿy2
". In each case the optimized geometry of the


complex has two FeÿO bonds elongated with respect to the
other four. Specifically, the FeÿO bond lengths are 2.14 �
(�4) and 2.23 � (�2). The elongation occurs along the axis
where the plp orbitals of the coordinated H2O molecules have
antibonding interaction with the doubly occupied t2g orbital,
that is, in the conformation of Figure 1, along the x direction, if
dxy is doubly occupied, along z if dxz is doubly occupied, along
y if dyz is doubly occupied. At finite temperature a dynamical
Jahn ± Teller distortion might occur and the experimentally
measured FeÿO bond length would then correspond to an
average value. The average FeÿO bond length is in reasonable
agreement with the experimental value of 2.12 �[22] taking
into account that our results are obtained for the complex in
the vacuum, thus ignoring the effects of the environment (e.g.
the counterion present in the crystalline phase). The larger
FeÿO bond lengths in the S� 2 configuration lead to a lower
energy cost to rotate one water ligand by 908, that is
2 kcal molÿ1 for the water ligands along the elongated axis,
and 3 kcal molÿ1 for a water ligand along the short axis. The
larger distances will also lead to smaller overlap between the
slp orbitals of the water ligands and the eg-type d acceptor
orbitals. Indeed, Mulliken population gives a net positive
charge on the iron of Q(Fe)� 0.88; this indicates a lower slp


charge donation than in the S� 0 state.
The one-electron energies and the composition of the


highest occupied and lowest unoccupied molecular orbitals
for S� 2 are shown in Table 1. Note that the majority of up-
spin electrons leads to a strongly stabilizing exchange
potential for the up-spin orbitals, all the up-spin d orbitals
being below the down-spin ones. The double occupancy of dxz


destabilizes the up-spin orbital, so that this t2g-type orbital
ends up in between the eg-type dx2ÿy2 and dz


2. The set of down-
spin d orbitals is unoccupied except for the dxz, which is
actually the highest occupied orbital. The down-spin orbitals
have the typical t2g below eg ordering.


We have also evaluated the first bond dissociation energy
(FBDE) in the ferrous hexa-aqua complex. We find a value of


35.9 kcal molÿ1 for S� 0 and the lower value of 24.5 kcal molÿ1


for S� 2 in accordance with the occupation of the more
strongly antibonding eg orbitals. The five-coordinate complex
stays in the octahedral geometry with an open site in the S� 0
state, while in the S� 2 state a trigonal-bipyramid structure is
very slightly preferred, by 1 kcal molÿ1. In spite of the FBDE
of 24.5, it is easy to create an open coordination site because a
five-coordinate complex with one additional water molecule
located in the second coordination shell is found to be almost
isoenergetic to the six-coordinate complex in the high spin
state.[24] Figure 2 shows the optimized geometry of this


Figure 2. The optimized geometry of the [Fe(H2O)5]2� complex in the S� 2
state with an extra water molecule in the second coordination shell.


complex. The main reason why the complex in Figure 2 is
almost isoenergetic to the hexa-aqua complex is that the
additional water in the second shell forms a strong bond with
one water ligand, with an O ´ ´ ´ O distance of 2.54 �. This
distance is much shorter than the 2.88 � found for the typical
hydrogen bond in a water dimer using the same functional.
The bond strengthÐcompensating for the FBDE of
24.5 kcal molÿ1Ðis also much larger than the typical hydrogen
bond strength of 4 kcal molÿ1. An analysis of the different
energy contributions shows that the electrostatic contribution
to the H2Oÿ[Fe(H2O)5]2� bond is much higher in comparison
to that found in a water dimer. This finding is important since
it indicates that in the hexa-aqua complex it is easy to create
an open coordination site, thus allowing for a ligand exchange.


H2O2 in the vacuum : Since we are interested in the
dissociation of hydrogen peroxide catalyzed by ferrous ion,
we have computed first the geometry of H2O2 (see Table 2)


Table 1. One-electron energies and percent composition of the lowest
unoccupied and highest occupied molecular orbitals of [FeII(H2O)6]2� in the
S� 2 state with dxz doubly occupied in terms of Fe and water fragments.


Orbital e [eV] Fe H2O


occupied orbitals
3b3 ´ g " ÿ 15.87 54 dyz 45 p (HOMO) waters along y
3b1 ´ g " ÿ 15.81 50 dxy 49 p (HOMO) waters along x
7a1 ´ g " ÿ 15.16 45 dx2ÿy2 , 27 dz2 22 s (HOMOÿ 1)
3b2 ´ g " ÿ 14.59 85 dxz 14 p (HOMO) waters along z
8a1 ´ g " ÿ 14.48 49 dz2 , 28 dx2ÿy2 20 s (HOMOÿ 1)
3b2 ´ g # ÿ 12.69 95 dxz 4 p (HOMO) waters along z


unoccupied orbitals
3b1 ´ g # ÿ 12.27 95 dxy 4 p (HOMO) waters along x
3b3 ´ g # ÿ 12.26 95 dyz 4 p (HOMO) waters along y
7a1 ´ g # ÿ 11.61 59 dx2ÿy2 , 29 dz2 5 s (HOMOÿ 1)
8a1 ´ g # ÿ 10.51 28 dx2ÿy2 , 61 dz2 5 s (HOMOÿ 1)
9a1 ´ g " ÿ 9.34 25 4s 75 3a1 (LUMO)
9a1 ´ g # ÿ 9.18 18 4s 82 3a1 (LUMO)
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and the HOÿOH bond dissociation energy in the vacuum. In
particular, as is well known, we find that the H2O2 molecule is
nonplanar with a twist angle of about 1108 (point symmetry
C2). The nonplanarity of this molecule can be qualitatively
understood by a molecular orbital analysis.[25] Since we are
interested in the OÿO bond cleavage, we take a slightly
different route, using two .OH radicals as building blocks (see
Scheme 1 and Table 3). The .OH radical has an unpaired


Scheme 1. .OH Radicals as building blocks.


electron in one of the p orbitals (px), and the OÿO bond is
basically an electron pair bond between these singly occupied
orbitals. In order to avoid Pauli repulsion between the py lone
pairs and between the OÿH bond orbitals, rotation around the
OÿO bond axis over 908 (cf. Scheme 1) brings these orbitals to
zero or small overlap. Since there is also repulsion between a
py lone pair and an OÿH bond orbital, the dihedral H-O-O-H
angle does not become exactly 908, each OÿH bond rotates a


further 98. Repulsion is also decreased by the OÿH axes
rotating 108 outwards, increasing the O-O-H angle to
1008. The shape of hydrogen peroxide can thus be
understood straightforwardly from the s bond (ps�ps)
formed by the px orbitals along the OÿO axis, slightly
strained by the increase of the O-O-H angle to 1008. The
HOMOÿ 1 and HOMO of H2O2 correspond to the
bonding and antibonding combinations of the doubly
occupied py orbitals of the .OH radicals, respectively,
though a small mixing with other orbitals is present. The
splitting between these two orbitals is small due to the
small overlap between the py orbitals (see Scheme 1).
The bonding and antibonding combinations of the
strongly overlapping px orbitals exhibit a much larger
splitting. The antibonding combination is the lowest
unoccupied molecular orbital (LUMO). The bonding
combination, constituting the s bond formed between


the two px singly occupied orbitals of the .OH radicals, enters
mostly the 3a (HOMOÿ 2) and 2a orbitals, see Table 3. Its
bonding character lowers it sufficiently to come close to, and
mix with, the OÿH bonding orbital 2s. This mixing leads to
lowering of the 2a (mostly 2s) and raising of the 3a (mostly
px). Notably the LUMO of H2O2, occupation of which will
weaken the O ´ ´ ´ O bond, is 1 eV lower in energy than the
LUMO of H2O.


The computed energy needed to break the OÿO bond in
the isolated H2O2 molecule is 61.8 kcal molÿ1. The inclusion of
the zero-point energy correction gives 56.0 kcal molÿ1, in
reasonable agreement with the experimental value at 25 8C of
51 kcal molÿ1.[26]


Results


Primary intermediate [FeII(H2O)5H2O2]2� : We assume, as is
usually done, that the first chemical step in the Fenton
reaction is the nucleophilic addition of H2O2 to the iron
complex by exchanging with a water ligand in the hydration
shell.[14] Therefore we characterize the structural and elec-
tronic properties of the [FeII(H2O)5H2O2]2� complex (1). We
find that the high spin configuration (S� 2) is the most stable
for the complex 1, as it was the case for the hexa-aqua
complex. Specifically, the S� 2 state is 21.3 kcal molÿ1 lower
than the S� 0 state. The calculated FBDE for a water ligand
in 1 is 25 kcal molÿ1, which is the same value found for the
hexa-aqua complex. The FBDE for the H2O2 ligand is about
27 kcal molÿ1, thus showing that the assumed exchange of a
H2O with a H2O2 ligand in the first hydration shell of iron(ii) is
thermodynamically slightly favored.


The optimized geometry in the S� 2 spin configuration is
shown in Figure 3, where the atomic numbering used in this
work is also indicated. The relevant geometric parameters are
summarized in Table 2. In Table 4 and Table 5 we show the
molecular orbital analysis for the complex 1 in the S� 0 and
S� 2 states, respectively. The H2O2 ligand stands in the ªend-
onº configuration. Indeed, we find that the complex with the
H2O2 ligand in a ªside-onº configuration (with the two O
atoms at the same distance from the Fe) has an energy about
20 kcal molÿ1 higher than the ªend-onº and is a saddle point in


Table 2. Computed geometric parameters of the [FeII(H2O)5H2O2]2� complex in the
low- and high-spin states. For comparison we show also the computed and the
experimental[27] geometry of H2O2 in the vacuum. Distances are in �, angles in degrees.
d (H-O-O-H) indicates the dihedral angle. The atomic numbering is the same as in
Figure 3.


FeII(H2O)5H2O2 H2O2


S� 0 S� 2 ADF exptl


FeÿOwater 2.03� 4, 2.00 (FeÿO2) 2.14� 3, 2.12 (O2),
2.23 (O5)


FeÿO6 1.94 2.21
O6ÿO7 1.542 1.483 1.477 1.475
O6ÿH18, O7ÿH19 0.984 0.984, 0.986 0.978 0.950
a (H-O-O) 100.1, 96.9 100.1, 100.7 99.4 94.8
d (H-O-O-H) 108.5 99.7 109.8 116.0
O7ÿH10 1.91 2.06
O4ÿH18 2.45 3.00
a (Fe-O6-O7) 115.0 113.3


Table 3. One-electron energies and percent composition of the lowest
unoccupied and occupied molecular orbitals of H2O2 in terms of .OH
radical fragments. The point symmetry is C2 . We assume that in the
fragment the OÿH bond is oriented along the z axis and that the SOMO is
the px orbital (see also Scheme 1).


Orbital e [eV] .OH


occupied orbitals
1a ÿ 27.99 91 1s, 8 px (bonding)
1b ÿ 22.60 99 1s (antibonding)
2a ÿ 13.39 54 2s, 34 px (bonding)
2b ÿ 12.03 81 2s, 11 py 6 px (antibonding)
3a ÿ 10.39 48 px , 25 2s, 23 py (bonding)
4a ÿ 7.54 73 py, 19 2s, 8 px (bonding)
3b ÿ 6.65 89 py, 11 2s (antibonding)


unoccupied orbitals
4b ÿ 1.79 85 px , 8 3s (antibonding)
5a ÿ 0.62 100 3s, (bonding)
5b 0.69 100 3s (antibonding)
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Figure 3. Optimized geometry of the primary intermediate (1)
[FeII(H2O)5H2O2]2� in the high-spin (S� 2) state showing the numbering
system used in this paper and the orientation of the axes. The dark (white)
balls are the oxygen (hydrogen) atoms.


the energy surface. The D2h symmetry of the hexa-aqua
complex is broken in the complex 1 by the H2O2 ligand and in
the S� 0 case, where the near-degeneracy of the t2g states is
not lifted by spin-polarization effects and different electron
occupation, the degeneracy is lifted by 0.4 eV, the dxz being
more stable, being pushed down by the H2O2 LUMO (the
OÿO bond of the H2O2 ligand is lying in the xz plane).
Therefore there is only one ground state electronic config-
uration with the dxz orbital doubly occupied for S� 2. As a
consequence, similarly to the hexa-aqua complex, in the high-


spin state the H2O2 and the H2O ligands along the z axis have
the FeÿO bonds elongated with respect to the other ligands.


By comparing Figure 3 and Figure 1, we note that the H2O2


has a different orientation than the H2O it replaces. This is an
interesting feature of the ground state geometry of 1: in fact
the orientation of the OÿO bond in the xz plane allows for a
hydrogen bond interaction between O7 and H10 (see Fig-
ure 3). The O7ÿH10 bond length (of 1.91 � for S� 0 and
2.06 � for S� 2) (see Table 2) is close to the hydrogen bond
(1.91 �) in the water dimer. By rotating the OÿO bond by 908
around the z axis, while fixing the other geometrical
parameters, we have estimated that this interaction gives a
stabilization of about 3 kcal molÿ1, slightly less than the
H-bond in (H2O)2. The comparison of the geometry of
H2O2 in 1 and in the vacuum (see Table 2) shows that the OÿO
bond is a little elongated in the complex for S� 2 and strongly
elongated for S� 0. Furthermore this result can be interpret-
ed with the electronic structure. The uppermost molecular
orbitals in the complex 1 are similar to those of the hexa-aqua
complex. However, while in the hexa-aqua complex the
LUMO orbitals of the water ligands do not have any overlap
with the iron d states, we observe that the LUMO of the H2O2


ligand in 1 is much lower in energy and has a significant
overlap with the dxz orbital. This is evident in Figure 4 which
shows the highest occupied orbital in the S� 2 state (classified
as 28a# in Table 5): Note the ps ± ps antibonding character


Table 4. One-electron energies and percent composition of the lowest unoccupied and highest occupied molecular orbitals of [FeII(H2O)5H2O2]2� in the S� 0
state in terms of Fe, water and hydrogen peroxide fragments.


Orbital e [eV] Fe H2O H2O2


occupied orbitals
27a ÿ 15.84 62 HOMO, 31 HOMOÿ 1
28a ÿ 13.76 84 dxz 4 p (HOMO) waters along z 6 LUMO
29a ÿ 13.49 89 dxy 8 p (HOMO) waters along x
30a ÿ 13.34 87 dyz 6 p (HOMO) waters along y


unoccupied orbitals
31a ÿ 11.97 76 dx2ÿy2 , 6 dz2 14 s (HOMOÿ 1) waters in the (xy) plane
32a ÿ 11.83 51 dz2, 7 dx2ÿy2 8 s (HOMOÿ 1) waters in the (yz) plane 23 LUMO, 5 HOMO
33a ÿ 11.41 22 dz2, 4 dxz 65 LUMO
34a ÿ 9.34 79 LUMO


Table 5. One-electron energies and percent composition of the lowest unoccupied and highest occupied molecular orbitals of [FeII(H2O)5H2O2]2� in the S� 2
state in terms of Fe, water and hydrogen peroxide fragments.


Orbital e [eV] Fe H2O H2O2


occupied orbitals
27a " ÿ 15.92 3 dxy, 43 dyz 34 HOMO waters along y 5 HOMO
28a " ÿ 15.82 42 dxy, 5 dyz 48 HOMO waters along x
29a " ÿ 15.51 4 dz2, 3 dyz 66 HOMOÿ 1, 20 HOMO
27a # ÿ 15.46 50 HOMOÿ 1, 46 HOMO
30a " ÿ 15.08 9 dz2, 51 dx2ÿy2 20 HOMOÿ 1 waters in the (xy) plane 11 HOMO
31a " ÿ 14.87 85 dxz 6 HOMO waters along z
32a " ÿ 14.40 17 dx2ÿy2 , 48 dz2 10 HOMOÿ 1 waters along x 15 HOMO
28a # ÿ 12.93 91 dxz 2 HOMO waters along z 5 LUMO


unoccupied orbitals
29a # ÿ 12.38 65 dxy, 27 dyz 3 HOMO waters along x
30a # ÿ 12.28 28 dxy, 67 dyz 3 HOMO waters along y
31a # ÿ 11.67 59 dx2ÿy2 , 26 dz2 7 HOMOÿ 1 waters along y 15 HOMO
32a # ÿ 10.67 25 dx2ÿy2 , 44 dz2 18 LUMO
33a " ÿ 10.36 89 LUMO
33a # ÿ 10.22 85 LUMO
34a " ÿ 9.19 22 4s 65 LUMO LUMO, LUMO� 1
34a # ÿ 9.04 4s LUMO LUMO, LUMO� 1
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Figure 4. HOMO of the primary intermediate [FeII(H2O)5H2O2]2� (1).
Notice the p-type overlap between the dxz orbital and the ps ± ps


antibonding LUMO of the hydrogen peroxide. Black and grey surfaces
correspond to negative and positive lobes of the orbital, respectively.


(ps is oriented along the OÿO bond axis) of the LUMO of
H2O2 and the p-type overlap through the O6 ± ps with dxz. The
elongation of the OÿO bond would then be a consequence of
the OÿO antibonding nature of the LUMO of H2O2 (see
Table 3). This is a remarkable feature which is related to the
catalytic effect of the metal center in the OÿO bond cleavage
of hydrogen peroxide, as will be discussed in the following. In
Table 5 we notice also the appearance of a molecular orbital
with an energy which falls within the d manifold, which
contributions are mainly from the HOMO and HOMOÿ 1 of
the H2O2 ligand. This is a consequence of the fact that the
HOMO and HOMOÿ 1 of H2O2 are higher in energy than
those of H2O.


The computed Mulliken charge on the Fe ion (nominal
charge 2�) is �0.90 for the [FeII(H2O)5H2O2]2� complex,
which is approximately the same as in the [FeII(H2O)6]2�


complex. However, while the donating orbital of the water
ligands is the slp (0.19 electrons per water), there are two
donating orbitals in the H2O2, namely the HOMO and the
HOMOÿ 2 (total donation of 0.19 electrons). Moreover a
small backdonation (of 0.03 electrons) occurs into the LUMO
of H2O2.


[FeII(H2O)4(OOHÿ)(H3O�)]2� : An alternative reactive inter-
mediate? It has been proposed that the hydroxylation of an
aromatic substrate by Fenton reagents, such as the hydrox-
ylation of benzene to phenol, does not occur through a free
hydroxyl radical mechanism but rather through a reactive
intermediate [LxFeII(OOHÿ)(BH�)]2� (X) obtained by nucle-
ophilic addition of HOOH to the iron center, where Lx� bpy
(bipyridine), or OPPh3 (triphenylphosphine oxide) and B�
py (pyridine), or H2O.[7, 9] The formation of the active species
X implies that after the nucleophilic addition of HOOH the
first step is a proton transfer from the hydrogen peroxide to
one ligand (or to the solvent) and not the OÿO bond breaking.
In this section we explore the possible stability of such an
intermediate in the case of a ferrous complex with water


ligands. The question here is whether the complex
[FeII(H2O)4(OOH)(H3O)]2� (4) is stable against the primary
intermediate 1. By analyzing the ground state geometry of the
[FeII(H2O)5H2O2]2� complex (see Figure 3 and Table 2), we
see that the hydrogen H18 points toward the oxygen O4 of the
nearest water ligand. Therefore, it appears reasonable to
generate an initial configuration for the 4 complex by
displacing the proton H18 to this water ligand. The initial
assumption is shown in Figure 5 (configuration I of panel a)


Figure 5. Geometry optimization of [FeII(H2O)4OOH(H3O)]2� without
(panel a) and with an additional water molecule (panel b). The sequence of
configurations from (I) to (III) along the structural relaxation shows that
the proton (H18) jumps back to the hydrogen peroxide ligand.


and has an energy about 70 kcal molÿ1 higher than the
compound 1. By performing a geometry optimization, we
find that in a few steps the proton jumps back to the OOH
ligand; this shows that the complex 4 is highly unstable against
the intermediate 1 (Figure 5a). In addition, we have checked
whether the introduction of an extra water molecule in the
vicinity of the OH3


� ligand, to simulate the presence of the
solvent, might change the relative stability. It turns out that
the proton is initially transferred to the extra water molecule
(Figure 5b), configuration II) and then jumps back to the
OOH to form again the hydrogen peroxide ligand of the
complex 1 (Figure 5b configuration III). Notice that actually a
different H (H22), which is initially located on the extra water
molecule, jumps to the OOH. We have found that the
complex 4 is unstable both in the low-spin (S� 0) and high-
spin (S� 2) states.


We can conclude that the complex 4 is not a good candidate
as a reactive intermediate in the Fenton reaction, at least in
the case of Fe2� with water ligands.


Reaction path from [FeII(H2O)5H2O2]2� (1) to
[FeIV(H2O)4(OH)2]2� (2): Starting from the primary inter-
mediate 1 we have progressively elongated the OÿO bond to
compute the energy needed to break this bond in the iron
complex. In Figure 6 we plot the energy change with respect
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to the ground state energy of 1 as a function of the OÿO bond
length. This result has been obtained by keeping the O6ÿO7
bond length fixed and optimizing all the others degrees of
freedom. Four configurations are shown in Figure 6 to
illustrate the reaction path. It is important to realize that
while we elongate the O6ÿO7 bond the O7ÿH10 distance
decreases, which implies that the hydrogen-bond interaction
(which was present in the ground state between the H2O2 and
one of the water ligands), becomes stronger. Indeed we
observe that the OH radical formed as a consequence of the
OÿO bond breaking, abstracts a hydrogen from the water
ligand involved in the hydrogen bond interaction and forms a
new water molecule. Therefore in this process the OH radical
is ªtrappedº in the complex as soon as it is formed. Schemati-
cally we observe the following reaction occurring with an
energy barrier of only 6 kcal molÿ1, as shown in Figure 6:


[FeII(H2O)5H2O2]2� (1) ÿ! [FeIV(H2O)4(OH)2]2� (2)�H2O (5)


The final result is the formation of a complex with four
water ligands and two OHÿ ligands (2) plus a water molecule
in the second coordination shell forming a strong hydrogen
bond with one OHÿ ligand. The effect of the Fe2� ion in
catalyzing the OÿO bond breaking of hydrogen peroxide is
striking: indeed the barrier to break the OÿO bond in the
complex 1 is an order of magnitude smaller than the energy
cost to break this bond in H2O2 in the vacuum, and the total
reaction is even exothermic. These findings can be rational-
ized in view of the formation of FeÿOH bonds which are
stronger than the FeÿH2O bonds. In fact, the computed FeÿO
bond lengths for the two OH ligands in 2 are 1.75 � and
1.77 �, thus much shorter than the computed FeÿO bond
length for the four water ligands in the same complex, which
are 2.07 � (�2) and 2.22 � (�2). In order to obtain a
quantitative estimate of the FeÿOH bond dissociation energy,


we have considered the com-
plex [(H2O)5FeIII(HO)]2� and
the two fragments [(H2O)5Fe]2�


and .OH. We find a dissociation
energy of 60 kcal molÿ1, which is
35 kcal molÿ1 higher than the
FeÿH2O FBDE computed for
the hexa-aqua-Fe2� complex.
Therefore, the energy gain in-
volved in the formation of the
two OHÿ ligands can fully bal-
ance the energy cost of the
HOÿOH bond breaking.


Moreover, the comparison of
the total bonding energy of
1 with the two fragments
[(H2O)5FeIII(HO)]2� and .OH
gives an energy of 27 kcal molÿ1


to break the HOÿOH bond and
move the .OH radical at infinite
distance. This result is consis-
tent with the cost of the OÿO
bond breaking (62 kcal molÿ1 in
the vacuum) and the gain in the


formation of one FeÿOH metal ligand bond instead of the
FeÿH2O2 bond. This energy of 27 kcal molÿ1 is much higher
than the energy barrier observed in Figure 6, and suggests that
it is very unlikely that the OH radical can move into the
solvent. Instead the abstraction of a hydrogen from one water
ligand leads to the formation of a second FeÿOH bond which
makes the whole reaction exothermic. Indeed, we have also
checked that even if two extra water molecules are added in
the vicinity of the complex 1, the reaction path illustrated in
Figure 6 is unchanged and the hydroxyl radical is immediately
trapped in the iron complex.


The existence of a highly reactive iron intermediate
[Fe(OH)2]2� has been actually proposed in the literature as
being formed in the reaction between hydrogen peroxide and
a FeII complex with HEDTA (hydroxyethylethylenediamine-
triacetic acid) ligands.[6]


We find that the ground state of the complex 2 is a d4 high
spin configuration S� 2 with a d electron distribution which
can be schematically described as dxy


" dxz
" dyz


" dx2ÿy2
", (when the


OHs are along the x and z axis) though partial occupation of
the other d orbitals occurs. During the reaction 1 ! 2 the
nominal oxidation state of iron goes from FeII to FeIV.
However the actual Mulliken charge on the Fe ion (Z minus
electrons) goes from Q(Fe)1� 0.90 to Q(Fe)2� 1.16. Although
nominally the electrons are transferred from the dxz


# and dz
2"


orbitals to the two OH ligands to produce the formally OHÿ


ligands, there is so much rearrangement in the composition of
the remaining occupied 3d2 orbitals that effectively the total d
electron population changes very little: the total d electron
population goes from 6.42 in 1 to 6.22 in 2.


Transition state analysis : The transition state (TS) is found at
a O6ÿO7 distance of 1.86 � with an energy barrier of about
6 kcal molÿ1 (see Figure 6). This small energy barrier can be
also rationalized in view of the nature of the HOMO of the 1


Figure 6. The computed energy in the reaction path which transforms 1 into 2 as a function of the OÿO bond
length. Four configurations along the reaction path are also shown to illustrate the process, see Equation (5). The
zero of the energy corresponds to the ground state energy of 1.
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complex which, as discussed above, has a component of the
antibonding LUMO of H2O2. In fact the elongation of the
OÿO bond induces a stabilization of the LUMO of H2O2. At
the TS, the HOMO of the complex acquires a stronger
component from the LUMO of H2O2 and loses most of the dxz


character which it had in the ground state. This signifies
increasing down-spin population in the px orbital of O6, which
ultimately will become (at least formally) doubly occupied
with one up-spin electron that remains after the OÿO bond
breaking, and one down-spin electron that is transferred from
the down-spin dxz orbital by changing the character of the
relevant orbital from (mostly) dxz to (mostly) H2O2 px. The
FeÿO6 and FeÿO2 bonds gets stronger with bond lengths of
1.92 � and 2.00 �, respectively, while the other FeÿO
distances are �2.15 �. The O7ÿH10 bond length decreases
to 1.42 � and correspondingly the O2ÿH10 bond elongates to
1.08 �. At the TS the dynamical matrix exhibits a single
imaginary mode (negative frequency) which is characterized
by the stretching of the O6ÿO7 bond and the concomitant
shortening of the O7ÿH10 bond length. The Mulliken charge
analysis shows that the O7H19 fragment is indeed a radical
with a spin density of ÿ0.43, in agreement with the bond
breaking ultimately leading to a down-spin electron on the
leaving OH and an up-spin electron left behind on the
coordinated OH. In the transition state we indeed find the
negative spin density on the leaving OH radical to be
compensated by a spin density increase on the complex
distributed over the iron and the oxygen atoms. The charge on
iron is Q(Fe)TS� 1.02.


Reaction path from [FeIV(H2O)4(OH)2]2� (2) to
[FeIV(H2O)5O]2� (3): As already mentioned, an alternative
mechanism in the Fenton reaction proposed by Bray and
Gorin[15] involves an oxo complex FeIVO2� as the key
intermediate. This complex can be formed from the primary
intermediate 1 by the loss of a water.[11] The stoichiometry of
the reaction is:


[FeII(H2O)5H2O2]2� (1) ÿ! [FeIV(H2O)5O]2� (3)�H2O (6)


In the previous section we have described a reaction path
from 1 to 2 which results in the loss of a water molecule and
the formation of two OH ligands. A process is conceivable
which transforms complex [FeIV(H2O)4(OH)2]2� (2) into
complex [FeIV(H2O)5O]2� (3) by transferring a proton from
one OH ligand to the other. Indeed we find that 3 is preferred
(in the vacuum) by about 9 kcal molÿ1 over the complex 2.
Once again in the complex 3 the high spin S� 2 state is the
lowest in energy. In order to compute the energy barrier
involved in the proton transfer which transforms 2 into 3, we
have performed geometry optimizations at fixed OH dis-
tances, progressively displacing one proton from one OH
ligand to the other: Along this reaction path we obtain an
energy barrier of about 22 kcal molÿ1. This barrier seems too
high for a spontaneous occurrence of this reaction.


However, this process can occur more easily in the presence
of an additional water molecule in the second coordination
shell of 2, as illustrated in Figure 7. A strong interaction arises
between the extra water molecule and one of the OH ligands.


After geometry optimization the proton (H18) of the OH
ligand moves in a bridging position between O6 and O7 (first
configuration shown in Figure 7). The total energy of this
configuration is about 24 kcal molÿ1 lower than the inter-
mediate 1. We then progressively reduce the distance between


Figure 7. The computed energy in the reaction path which transforms 2
into 3 with the inclusion of an additional non-coordinated water molecule,
see Equation (3). Three configurations are shown to illustrate the reaction.
The zero of the energy is the same as in Figure 6.


O7 and O2 while relaxing all the other degrees of freedom.
We plot the energy as a function of the difference between the
O6ÿO7 and O7ÿO2 bond lengths. First the proton (H18) is
transferred to the extra water with the formation of an OH3


�


ion (the Mulliken charge on the OH3
� complex is �0.73).


Then the OH3
� ion rotates so that a proton (not the same H18


but a different proton) can jump to the other OH ligand and
form again a water ligand. The whole proton transfer process
along this reaction path involves only small atomic displace-
ments and occurs with an activation energy of only
3.5 kcal molÿ1. The energy barrier is thus dramatically reduced
by the presence of the extra water molecule. Therefore we
conclude that in the presence of the aqueous solvent the
secondary intermediate 2 can easily further decay to the most
stable [FeIV(H2O)5O]2� complex. The total energy gain in the
two-step process from 1 to 3 is 28 kcal molÿ1.


The d orbitals population is similar to that of the complex 2,
though in 3 the dz


2 orbital is pushed to higher energy. The
average FeÿOwater bond length in 3 is 2.11 �, while the Fe�O
distance is 1.63 �, which is shorter than in the FeÿOH bond.
We estimated a bonding dissociation energy of 117 kcal molÿ1


in going from [(H2O)5FeO]2� to [(H2O)5Fe]2��O, which is
about twice the FeÿOH bond energy. Finally we note that
while in the primary intermediate 1 the net spin density is
localized on the iron, in 3 about 20 % of the total spin density
is localized on the oxygen ligand.
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Conclusion


By means of density functional theory we have investigated
the nature of the oxidative agent in the Fenton reaction.
Starting from a primary intermediate [FeII(H2O)5H2O2]2� (1),
we have shown how the FeII ion in water can catalyze the OÿO
bond cleavage of hydrogen peroxide. Indeed the OÿO bond
breaking process becomes exothermic overall and the TS
barrier for breaking the OÿO bond is only 6 kcal molÿ1 in the
iron complex, which is an order of magnitude lower than the
energy required in the gas phase to break the bond. This is in
line with the orbitally allowed character of the transforma-
tion. The net exothermicity of the OÿO bond breaking can be
interpreted on the basis of the replacement of two FeÿOH2


bonds in 1 with two stronger FeÿOH bonds in 2. The hydroxyl
radical, obtained by the oxygen ± oxygen bond breaking, can
abstract a hydrogen atom from one of the water ligands
forming a new water molecule. With this mechanism the
ferrous complex 1 decays to a high valence iron intermediate 2
with two OH ligands (! [FeIV(H2O)4(OH)2]2�), plus the loss
of a water molecule. The total bond breaking process and
formation of the complex 2 is actually exothermic by
23 kcal molÿ1 (see Figure 7).


The intermediate 2 can further decay to a more stable ferryl
oxo-complex [FeIV(H2O)5O]2� (3), by transferring a proton
from one of the OH ligands to the other. This reaction path
has a very small activation energy when an extra water
molecule is present in the second coordination shell, and
demonstrates the relevance of the solvent in this process. The
total energy gain in going from 1 to 3 is 28 kcal molÿ1.


The results presented here show that an high valent ferryl
complex FeIVO2� is easily formed in water and this may be the
active intermediate in the oxidation reaction as first proposed
in ref. [15] Of course we should be aware that the efficiency
and the selectivity in the product formation in the Fenton
chemistry are a function of the metal complex, the hydro-
carbon substrate, and of the solvent matrix. Therefore it is
possible that different active species are produced in different
experimental setups. Specifically, we have found that the
water environment is crucially involved in the formation of
the ferryl complex. Thus, the presence of different ligands
and/or solvent might modify this picture. This is an important
point which needs further theoretical investigations. The
reactive oxidant may be the free hydroxyl radical under
certain conditions (ligands, pH, metal) and a metal-oxo
complex under other conditions. However, at this stage the
alternative scenario in which the OH radical obtained from
the hydrogen peroxide dissociation reacts with a water
molecule in the solventÐinstead of the water ligandÐand
then diffuses toward the substrate, seems energetically
unlikely. We have already preliminarily explored this scenario
by including two extra water molecules close to the Fe
complex and we obtained the same complex 2 as before.
However, finite temperature simulations with an explicit
inclusion of the solvent are indeed needed to evaluate the
effect of the solvent for the reaction mechanism proposed
here and to reach a more robust answer on the alternative
scenario mentioned above. These calculations will be pre-
sented elsewhere.
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Allylindation of Cyclopropenes in Organic and Aqueous Media: Switching the
Regio- and Stereoselectivity Based on the Chelation with a Hydroxyl Group
and the Crystal Structure of the Cyclopropylindium Product


Shuki Araki,* Fumio Shiraki, Takashi Tanaka, Hiroyuki Nakano, Kandasamy Subburaj,
Tsunehisa Hirashita, Hatsuo Yamamura, and Masao Kawai[a]


Abstract: Hydroxy-bearing cyclopro-
penes react with allylindium reagents
to undergo clean allylindation both in
organic and aqueous media, in which the
chelation of the hydroxyl group to
indium plays the central role. The regio-
and stereoselectivity have been regulat-
ed both by the location of the hydroxyl
group in the molecules and the reaction


solvents. In particular, the allylindation
in water shows marked differences from
that in organic solvents; the regio- and
stereoselectivity have totally been re-


versed compared with those in organic
solvents. Unusually stable cyclopropyl-
indium compounds have been isolated
from the reaction of 1-(w-hydroxyalkyl)-
cyclopropenes and the structure has
fully been established by X-ray crystal-
lography.


Keywords: CÿC coupling ´ indium
´ metalation ´ neighboring-group
effects ´ solvent effects


Introduction


Addition of organometalic compounds to unsaturated mole-
cules (carbometalation) is a fundamental reaction in organic
synthesis.[1] Various main group metals and transition metals
have hitherto been utilized for carbometalation, of which
indium has emerged as a versatile metal only recently.
Allylindium reagents have been found to undergo smooth
addition reactions to carbonÿcarbon multiple bonds of
alkynes,[2] alkenes,[3] and allenes.[4] In our work on the first
allylindation of cyclopropenes,[5, 6] it was shown that the
reaction of 1-hexyl-3-hydroxymethylcyclopropene (1 a) with
allylindium sesquiiodide gave the corresponding allylcyclo-
propane 2 a cis-selectively[7] (Scheme 1). The allyl group was
introduced exclusively to the substituted C1 carbon and the
indium atom to the less-hindered C2 carbon, minimizing
the steric repulsion between the bulky indium and the
hexyl group. The observed high cis selectivity can be
explained in terms of the chelation of the hydroxyl group to
the indium atom of the allylindium reagent. This chelation-
controlled cis preference was reversed by the protection of the
hydroxyl group, that is, allylindation of the acetate 1 b
proceeded with the complete trans selectivity to give 2 b.
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Scheme 1. Allylindation of cyclopropenes 1a ± d.


Similarly, the cis preference of the carboxylic acid 1 c was
reversed in the ethyl ester 1 d. Thus, the hydroxymethyl and
carboxy groups at the C3 carbon of the cyclopropenes have
been found to excert an important effect in attaining the cis
selectivity. A similar chelation effect can, in principle, be
expected also for a hydroxyl group in an appropriate position
of cyclopropene substrates. We now demonstrate that this is
the case; both the regio- and stereoselectivity can be regulated
by changing the relative position of the hydroxyl group.
Furthermore, we disclose that allylindation of hydroxy-bear-
ing cyclopropenes in water shows marked differences from
that in organic solvents; the regio- and stereoselectivity have
totally been reversed compared with those in organic
solvents.[8]
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Results and Discussion


The hydroxy-bearing cyclopropenes used in this work were
readily prepared by the rhodium-catalyzed carbene addition
to w-acetoxy-1-alkynes. Selective hydrolysis of the acetoxy
group of the resulting 2-(w-acetoxyalkyl)cyclopropene-1-
carboxylates furnished the hydroxy esters 1 e ± g. The reduc-
tion of 1 e ± g with Dibal-H gave dihydroxycyclopropenes 1 h ±
j. Allylindation of these cyclopropenes was conducted with
preformed allylindium reagents (Grignard-type reaction) or,
more conveniently, by mixing allyl halides, indium, and the
cyclopropenes all together (Barbier-type reaction). Both the
methods gave almost coincident results. First, cyclopropene
1 e with a 2-hydroxyethyl group at the C1 carbon was treated
with allylindium sesquiiodide in THF. The reaction mixture
was quenched with 1m hydrochloric acid. Cyclopropylindium
3 (36% yield) was isolated as colorless crystals after column
chromatographic purification, together with a small amount
(13 %) of the minor product 4 (Scheme 2).


The structure of 3 was unambiguously determined by X-ray
analysis. Compound 3 crystallizes in the triclinic (P1Å) space
group from chloroform. It is important to note that the iodine
atoms in the allylindium reagent have been replaced by
chlorine atoms during the acidic workup with hydrochloric
acid. As shown in Figure 1, both the hydroxyl and carbonyl
groups are coordinated to the indium atom, thus revealing
that 3 is the C2-allylated cis-adduct. One of the chlorine atoms
is coordinated to the neighboring indium atom, which results
in the chlorine-bridged dimeric structure. The bridging InÿCl
bond lengths are 2.543(3) and 2.626(3) �, which are longer
than the non-bridged ClÿIn bond length (2.356(3) �); ac-
cordingly, the geometry at the indium atom is distorted
octahedral with a coordination number of six at the indium
atom. Surprisingly, cyclopropylindium 3 is unusually stable to
hydrolysis; it is stable towards 1m hydrochloric acid for a short
time, but the protolysis occurred readily with 10m hydro-
chloric acid giving the protonated cyclopropane 5 (Scheme 3).


For the corresponding cyclopropylindium precursor of the
trans adduct 4, on the other hand, such stabilization through


Figure 1. Molecular structure of 3 with crystallographic numbering
scheme. Selected bond lengths [�] and angles [8]: InÿCl1 2.356(3), InÿCl2
2.543(3), InÿCl2* 2.626(3), InÿO1 2.521(8), InÿO2 2.532(7), InÿC3 2.15(1);
Cl1-In-Cl2 4.2(1), Cl1-In-Cl2* 100.4(1), Cl1-In-O1 84.0(2), Cl1-In-O2
87.6(2), Cl1-In-C3 147.2(3), Cl2-In-Cl2* 82.81(9), Cl2-In-O1 163.4(2), Cl2-
In-O2 92.0(2), Cl2-In-C3 114.4(3), Cl2*-In-O1 81.3(2), Cl2*-In-O2
170.8(2), Cl2*-In-C3 98.8(3), O1-In-O2 104.3(2), O1-In-C3 72.9(4), O2-
In-C3 76.3(3), In-Cl2-In* 97.19(9).


the double chelation of the
hydroxyl and carbonyl groups
can not be expected; hence the
protolysis occurred readily
even with 1m HCl. Similarly,
the 3-hydroxypropyl analogue
1 f gave the corresponding cy-
clopropylindium 6 in 55 %
yield. The minor product 7
(8 %) of this reaction is not
the stereoisomer but the C1-
allylated regioisomer. Interest-
ingly, the allylation of (4-hy-
droxybutyl)cyclopropene 1 g,
which bears a longer side chain,
proceeded with complete regio-
(C1 allylation) and stereoselec-
tivity (cis addition) to give the
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Scheme 2. Allylindation of 1-(w-hydroxyalkyl)cyclopropenes 1e ± g.
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Scheme 3. The protolysis and the subsequent reduction of cyclopropylin-
dium 3.


adduct 8 as the sole product. These results on the series of
1-(w-hydroxyalkyl)cyclopropenes 1 e ± g clearly demonstrate
that the allylindation is controlled by the chelation of the
hydroxyl group in the side chain; when the side chain is short
(n� 2 and 3), indium atom trends to attack the C1 carbon,
whereas the 4-hydroxybutyl group (n� 4) is long enough to
direct the indium to the C2 carbon; consequently, the allyl
group is introduced to the C1 carbon. In these cyclopropenes,
the ester group at the C3 carbon assists the cis-allylation in
cooperation with the chelation of the hydroxyl group. Cyclo-
propenes 1 e ± g were unsusceptible to allylindation in aque-
ous media.


Next, we undertook the second series of cyclopropenes
1 h ± j which possess two hydroxyl groups in the C1- and C3-
substituents. As shown in Table 1, 1 h readily reacted with


various allylic indium reagents at the g carbon. As is expected
from the reaction of 1 e, the allylindation of 1 h proceeded
regioselectively (C1 indation and C2 allylation) and stereo-
selectively (cis-preference) to give 9 ± 12. The cis selectivity is
generally very high (>90 %), except for the cinnamylindium
case (entry 4). The product cis-9 was identical to the
compound obtained by the Dibal-H reduction of 5
(Scheme 3). Strikingly, when this allylindation was conducted
in water, both the regio- and stereoselectivity were totally
reversed and 13 was formed exclusively (Scheme 4). This is
because the solvent water coordinates to the allylindium
reagent breaking the chelation of the hydroxyl groups;
accordingly, the solvated reagent attacks from the less-
hindered trans face with preference of C2 indation to avoid
the steric crowding of the hydroxyethyl group at the C1


carbon. In the allylindation of the analogues 1 i and 1 j with
a 3-hydroxypropyl or 4-hydroxybutyl group, respectively, the


H


In2I3H
H


OH OHH
OH


HO
H


in H2O


59%


3


2


2


1h
13


2) H3O+


1)


Scheme 4. Allylindation of 1h in water.


longer side chains facilitate the C2 indation even in organic
solvents giving C1-allylation products 14 and 15, regioselec-
tively (Table 2). Again, the cis/trans ratio largely depends on
the solvents; the more polar solvent was used, the larger trans
selectivity was obtained. Eventually, the highest trans selec-
tivity (94%) was attained in water. The conversion of the
hydroxyl groups to sodium alkoxides increased the cis
selectivity in THF owing to the enhanced chelation. The diol
obtained by the Dibal-H reduction of 8 was identical to the
major stereoisomer cis-15 from the reaction of 1 j in THF. For
the reactions of diacetate 1 k ± m, such chelation effect is not
expected and, indeed, these cyclopropenes gave, regardless of
the length of the side chain, trans-adducts 16 ± 18, exclusively
(Table 3). Compound 16 was identical to the acetylation
product of diol 13. Table 4 summarizes the results of the
allylindation of 1 i with different allylindium reagents, and
demonstrates that the stereoselectivity can also be changed, to


Table 1. Allylindation of 1h.
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R1 R2 X Solvent Conditions Product Yield [%] cis :trans


1 H H I THF RT, 2 h 9 72 95:5
2 H H I DMF RT, 2 h 9 92 90:10
3 Me H Br THF RT, 2 h 10[a] 43 100:0
4 Ph H Br DMF RT, 4 h 11[b] 45 65:35
5 Me Me Br DMF RT, 5 h 12 40 100:0


[a] Diastereomeric ratio 58:42. [b] Diastereomeric ratios 71:29 (cis
isomers) and 58:42 (trans isomers).


Table 2. Allylindation of 1 i and 1j in various solvents.
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14:  n=3
15:  n=4


1 Solvent Conditions Product Yield [%] cis :trans


1 1 i THF RT, 2 h 14 72 72:28
2[a] 1 i THF RT, 2 h 14 65 80:20
3 1 i NMP RT, 4 h 14 69 58:42
4 1 i DMF RT, 4 h 14 56 26:74
5 1 i THF/H2O[b] RT, 9 h 14 45 12:88
6 1 i H2O RT, 6 h 14 75 6:94
7 1j THF RT, 2 h 15 75 89:11
8 1j DMF RT, 2 h 15 68 48:52
9 1j H2O RT, 4 h 15 77 7:93


[a] The reaction was carried out with NaH (2 equiv). [b] Ratio 1:1.


Table 3. Allylindation of 1k ± m.
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17:  n=3
18:  n=4


n
3


2) H3O+


1)


Entry 1 n Conditions Products Yield [%]


1 1k 2 THF, RT, 21 h 16 73
2 1 l 3 DMF, RT, 8 h 17 74
3 1m 4 THF, RT, 5 h 18 71







Allylindation 2784 ± 2790


Chem. Eur. J. 2001, 7, No. 13 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2787 $ 17.50+.50/0 2787


some extent, by selecting the indium reagents; allylindium
sesquihalides[9] tends to give higher cis selectivity than
allylindium dihalides.


Conclusion


In summary, it has been shown that the allylindation of
hydroxy-bearing cyclopropenes proceeds both in organic and
aqueous media, where the chelation of the hydroxyl group to
the allylindium reagent plays the central role. It is recognized
that such chelation effects are important also for other
indium-mediated reactions such as carbonyl allylation reac-
tions.[10] This work demonstrates that the regio- and stereo-
selectivity can be switched by changing the location of or by
protection of the hydroxyl group. Furthermore, depending on
the reaction solvents the selectivities are reversed sharply
owing to the solvation to the allylindium reagent which
competes with the chelation of the hydroxyl group. In
particular, water has been found to show distinct features
from those in organic solvents, thus providing a good example
of intriguing possibilities of organic synthesis in water. The
methodologies demonstrated here allow an easy access to
regio- and stereodivergent syntheses of substituted cyclo-
propanes.[11] The cyclopropylindium intermediates 3 and 6 are
useful not only for mechanistic investigations, but also as
synthetic intermediates with defined stereochemistry. Further
synthetic utilization of these cyclopropylindium compounds is
now under investigation.


Experimental Section


General methods : All reactions were carried out under a positive pressure
of argon. Indium powder (99.99 %) was purchased from Aldrich Chemical
Co. and used as received. Ethyl diazoacetate was prepared from glycine
ethyl ester.[12] 4-Acetoxy-1-butyne, 5-acetoxy-1-pentyne, and 6-acetoxy-1-
heptyne were prepared by the acetylation of the corresponding commercial
alcohols. Infrared spectra were recorded on a JASCO IRA-102 spectrom-
eter. 1H NMR spectra were recorded on a Varian Gemini-200 spectrometer
(200 MHz). All NMR data were obtained using tetramethylsilane as an
internal standard; J values are given in Hz. Elemental analyses were
performed at Nagoya Institute of Technology or Elemental Analysis
Centre of Kyoto University.


Synthesis of cyclopropenes : Ethyl 2-(w-acetoxyalkyl)-2-cyclopropene-1-
carboxylates were synthesized by the rhodium-catalyzed reaction of


appropriate alkynes with ethyl diazoacetate, according to the method in
literature.[13, 14] Selective hydrolysis[15] of the acetoxy group gave ethyl 2-(w-
hydroxyalkyl)-2-cyclopropene-1-carboxylates (1e ± g). The following syn-
thesis of 1 e represents the procedures.


Ethyl 2-(2-acetoxyethyl)-2-cyclopropene-1-carboxylate : A solution of ethyl
diazoacetate (4.6 g, 40 mmol) in dichloromethane was added at a rate of
two drops per min to a solution of 4-acetoxy-1-butyne (2.5 g, 22 mmol) and
Rh2(OAc)4 (30 mg, 0.066 mmol) in dichloromethane (10 mL). After the
addition was complete, the solvent was removed and the residue was
chromatographed on silica gel (EtOAc/hexane 1:6) to give the cyclo-
propene (2.8 g, 66%). 1H NMR (200 MHz, CDCl3): d� 6.50 (d, J� 1.5 Hz,
1H), 4.33 ± 4.07 (m, 4H), 2.85 (t, J� 6.5 Hz, 2H), 2.18 (d, J� 1.5 Hz, 1H),
2.05 (s, 3 H), 1.25 (t, J� 7.1 Hz, 3 H); IR (neat): nÄmax� 3150, 3000, 1738,
1444, 1370, 1340, 1242, 1190, 1044, 736 cmÿ1. The following cyclopropenes
were prepared in a similar manner.


Ethyl 2-(3-acetoxypropyl)-2-cyclopropene-1-carboxylate : 64% yield;
1H NMR (200 MHz, CDCl3): d� 6.41 (d, J� 1.5 Hz, 1H), 4.16 ± 4.08 (m,
4H), 2.60 (t, J� 7.2 Hz, 2 H), 2.16 (d, J� 1.5 Hz, 1 H), 2.05 (s, 3 H), 1.94
(quint, J� 7.2 Hz, 2H), 1.25 (t, J� 7.1 Hz, 3 H); IR (neat): nÄmax� 3150, 2990,
1740, 1442, 1368, 1340, 1244, 1186, 1040, 736 cmÿ1.


Ethyl 2-(4-acetoxybutyl)-2-cyclopropene-1-carboxylate : 64% yield;
1H NMR (200 MHz, CDCl3): d� 6.38 (dd, J� 1.5, 1.3 Hz, 1H), 4.25 ± 4.05
(m, 4H), 2.54 (dt, J� 6.3, 1.3 Hz, 2H), 2.14 (d, J� 1.5 Hz, 1H), 2.05 (s, 3H),
1.73 ± 1.67 (m, 4 H), 1.26 (t, J� 7.1 Hz, 3 H); IR (neat): nÄmax� 2965, 1726,
1446, 1368, 1338, 1242, 1182, 1038 cmÿ1.


Ethyl 2-(2-hydroxyethyl)-2-cyclopropene-1-carboxylate (1 e): Anhydrous
K2CO3 (4.1 g, 30 mmol) was added in small portions to a solution of ethyl
2-(2-acetoxyethyl)-2-cyclopropene-1-carboxylate (5.3 g, 27 mmol) in etha-
nol (15 mL) at 0 8C, and the mixture was stirred for 70 h at room
temperature. Ethanol was evaporated and water was added to the residue.
The product was extracted with diethyl ether. The extracts were washed
with brine and dried. The solvent was evaporated and the residue was
chromatographed on silica gel (EtOAc/hexane 1:2) to give 1 e[16] (2.2 g,
52%). 1H NMR (200 MHz, CDCl3): d� 6.54 (d, J� 1.4 Hz, 1 H), 4.18 (q,
J� 7.2 Hz, 2 H), 3.84 ± 3.75 (m, 2H), 3.15 (t, J� 6.9 Hz, 1H), 2.97 (dq, J�
13.7, 6.9 Hz, 1H), 2.60 (ddt, J� 15.1, 4.5, 1.4 Hz, 1H), 2.21 (d, J� 1.4 Hz,
1H), 1.29 (t, J� 7.2 Hz, 3 H); IR (neat): nÄmax� 3450, 3150, 3000, 1800, 1700,
1370, 1340, 1260, 1196, 1098, 1048, 962, 924, 852, 798, 728 cmÿ1; elemental
analysis calcd (%) for C8H12O3: C 61.62, H 7.74; found: C 61.73, H 7.97.
Compounds 1 f and 1 g were prepared similarly.


Ethyl 2-(3-hydroxypropyl)-2-cyclopropene-1-carboxylate (1 f): 80% yield;
1H NMR (200 MHz, CDCl3): d� 6.38 (d, J� 1.5 Hz, 1 H), 4.14 (q, J�
7.2 Hz, 2 H), 3.73 (t, J� 6.7 Hz, 2 H), 2.63 (t, J� 6.7 Hz, 2 H), 2.16 (d, J�
1.5 Hz, 1H), 1.88 (br s, 1H), 1.87 (quint, J� 6.7 Hz, 2 H), 1.26 (t, J� 7.2 Hz,
3H); IR (neat): nÄmax� 3450, 3150, 2950, 1800, 1716, 1440, 1366, 1338, 1252,
1184, 1030, 960, 918, 802, 726 cmÿ1; elemental analysis calcd (%) for
C9H14O3: C 63.51, H 8.29; found: C 63.38, H 8.57.


Ethyl 2-(4-hydroxybutyl)-2-cyclopropene-1-carboxylate (1g): 58% yield;
1H NMR (200 MHz, CDCl3): d� 6.36 (dd, J� 1.5, 1.3 Hz, 1H), 4.14 (q, J�
7.1 Hz, 2H), 3.67 (t, J� 5.9 Hz, 2H), 2.56 (dt, J� 6.9, 1.3 Hz, 2H), 2.14 (d,
J� 1.5 Hz, 1H), 1.73 ± 1.63 (m, 4H), 1.57 (s, 1H), 1.26 (t, J� 7.1 Hz, 3 H); IR
(neat): nÄmax� 3435, 2950, 1800, 1708, 1448, 1372, 1340, 1258, 1186, 1036,
964 cmÿ1; elemental analysis calcd (%) for C10H16O3: C 65.19, H 8.75;
found: C 64.87, H 8.93.


Dihydroxycyclopropenes (1h ± j) were prepared by the diisobutylalumi-
num hydride (Dibal-H) reduction of the corresponding carboxylates 1 e ± g.
The following preparation of 1h is representative.


1-(2-Hydroxyethyl)-3-(hydroxymethyl)cyclopropene (1h): A solution of
Dibal-H (0.95m in hexane, 13 mL, 12 mmol) was added to a solution of 1e
(0.62 g, 4.0 mmol) in dichloromethane (9 mL) at ÿ78 8C, and the mixture
was stirred at that temperature for 16 h. Methanol (10 mL) was added at
ÿ78 8C and the mixture was warmed to room temperature. After being
filtered, the filtrate was evaporated and the residue was chromatographed
on silica gel (EtOAc) to give 1h (0.33 g, 72 %). 1H NMR (200 MHz,
CDCl3): d� 6.70 (s, 1 H), 4.00 ± 3.75 (m, 3H), 3.65 (br s, 1H), 3.30 (dd, J�
10.7, 5.5 Hz, 1H), 2.90 (ddd, J� 16.1, 7.3, 3.9 Hz, 1H), 2.67 (dddd J� 16.1,
6.3, 4.2, 1.9 Hz, 1H), 2.37 (br s, 1H), 1.75 (ddd, J� 5.5, 2.8, 1.5 Hz, 1H); IR
(neat): nÄmax� 3340, 2940, 2330, 1770, 1420, 1150, 1050, 1010, 970 cmÿ1.


In a similar manner, 1 i and 1j were synthesized. Owing to the hygroscopic
nature of diols 1h ± j, the elemental analyses did not give satisfactory


Table 4. Allylindation of 1 i with various allylindium reagents.


HH


InLn OH
H


H


OH


HO HO


Hin THF


3 3


1i 14


2) H3O+


1)


Allylindium Conditions Yield [%] cis :trans


1 (allyl)3In2I3 RT, 2 h 72 72:28
2 (allyl)3In2Br3 RT, 2 h 58 56:44
3 (allyl)3In RT, 3 h 36 53:47
4 (allyl)InBr2 RT, 12 h 48 31:69
5 (allyl)InI2 RT, 12 h 54 23:77
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results. Hence, the elemental analyses were carried out on the correspond-
ing diacetates 1k ± m.


1-(3-Hydroxypropyl)-3-(hydroxymethyl)cyclopropene (1 i): 57% yield;
1H NMR (200 MHz, CDCl3): d� 6.65 (s, 1H), 3.73 (dt, J� 10.4, 6.3 Hz,
1H), 3.72 (dt, J� 10.4, 6.3 Hz, 1 H), 3.63 (dd, J� 10.7, 3.6 Hz, 1 H), 3.45 (dd,
J� 10.7, 4.7 Hz, 1 H), 2.63 (dt, J� 7.0, 1.1 Hz, 1 H), 2.18 (br s, 2H), 1.86
(quint, J� 6.6 Hz, 2H), 1.72 (ddd, J� 4.7, 3.6, 1.4 Hz, 1 H); IR (neat): nÄmax�
3340, 2930, 2870, 1426, 1374, 1240, 1044, 1020 cmÿ1.


1-(4-Hydroxybutyl)-3-(hydroxymethyl)cyclopropene (1 j): 51% yield;
1H NMR (200 MHz,CDCl3): d� 6.65 (s, 1 H), 3.68 (t, J� 6.0 Hz, 1H),
3.61 ± 3.47 (m, 2 H), 2.55 (t, J� 6.5 Hz, 2H), 1.73 ± 1.63 (m, 5H), 1.52 (br s,
2H); IR (neat): nÄmax� 3335, 2940, 2875, 1424, 1056, 1018 cmÿ1.


3-(Acetoxymethyl)-1-(2-acetoxyethyl)cyclopropene (1k): Acetic anhy-
dride (15 mL) was added to a cooled solution of 1 h (0.23 g, 2.0 mmol) in
pyridine (10 mL), and the mixture was stirred overnight. Water (20 mL)
was added and the product was extracted with diethyl ether. The extracts
were washed successively with 1m hydrochloric acid, saturated aqueous
NaHCO3 and brine. The solvent was removed to give 1k (88 mg, 22%).
1H NMR (200 MHz, CDCl3): d� 6.73 (s, 1 H), 4.28 (t, J� 6.8 Hz, 2H), 4.01
(dd, J� 11.0, 5.1 Hz, 1 H), 3.88 (dd, J� 11.0, 5.1 Hz, 1H), 2.83 (t, J� 6.8 Hz,
2H), 2.06 (s, 3H), 2.05 (s, 3H), 1.73 (dt, J� 5.1, 1.5 Hz, 1H); 13C NMR
(50 MHz, CDCl3): d� 171.0, 170.7, 121.2, 103.9, 71.4, 61.6, 25.7, 20.9, 20.7,
16.5; IR (neat): nÄmax� 2950, 1736, 1426, 1384, 1364, 1228, 1024, 966 cmÿ1;
elemental analysis calcd (%) for C10H14O4: C 60.59, H 7.12; found: C 60.34,
H 7.16.


Compounds 1 l and 1 m were prepared in a similar manner.


3-(Acetoxymethyl)-1-(3-acetoxypropyl)cyclopropene (1 l): 57% yield;
1H NMR (200 MHz, CDCl3):d� 6.64 (d, J� 1.4 Hz, 1 H), 4.12 (t, J�
6.5 Hz, 2 H), 3.99 (dd, J� 11.1, 5.2 Hz, 1 H), 3.90 (dd, J� 11.1, 5.2 Hz,
1H), 2.57 (dt, J� 7.2, 1.2 Hz, 2H), 2.06 (s, 6H), 1.92 (quint, J� 6.9 Hz, 2H),
1.71 (dt, J� 5.2, 1.4 Hz, 1H); 13C NMR (50 MHz, CDCl3): d� 170.7, 170.6,
123.4, 102.1, 71.3, 63.2, 25.8, 22.2, 20.6, 20.4, 16.5; IR (neat): nÄmax� 2970,
2930, 1738, 1434, 1368, 1234, 1026 cmÿ1; elemental analysis calcd (%) for
C11H16O4: C 62.25, H 7.60; found: C 62.31, H 7.75.


3-(Acetoxymethyl)-1-(4-acetoxybutyl)cyclopropene (1 m): 69% yield;
1H NMR (200 MHz, CDCl3): d� 6.62 (s, 1 H), 4.08 (t, J� 6.3 Hz, 2H),
3.95 (dd, J� 11.4, 5.4 Hz, 1 H), 3.94 (dd, J� 11.4, 5.4 Hz, 1H), 2.52 (t, J�
6.2, Hz, 2 H), 2.06 (s, 3 H), 2.05 (s, 3H), 1.74 ± 1.63 (m, 5H); 13C NMR
(50 MHz, CDCl3): d� 171.0 (�2), 124.1, 102.0, 71.8, 63.9, 27.9, 25.4, 23.4,
20.8 (�2), 16.5; IR (neat): nÄmax� 2955, 1736, 1432, 1366, 1240, 1034 cmÿ1;
elemental analysis calcd (%) for C12H18O4: C 63.70, H 8.02; found: C 63.55,
H 8.02.


Allylindation of 1 e ± f (Scheme 2): The following reaction of 1e represents
the general procedure. A mixture of indium powder (0.23 g, 2.0 mmol) and
allyl iodide (0.28 mL, 3.0 mmol) was stirred in THF (1 mL) at room
temperature for 1 h. Cyclopropene 1 e (0.16 g, 1.0 mmol) was added and the
mixture was stirred at room temperature for 5 h. The reaction was
quenched with 1m HCl (6 mL) and the products were extracted with diethyl
ether. The extracts were washed with brine and dried. The solvent was
evaporated and the residue was chromatographed on silica gel (EtOAc/
hexane 1:4) to give 3 (0.14 g, 36%) and 4 (26 mg, 13 %).


Cyclopropenes 1 f and 1 g were allylindated similarly.


[(3-Allyl-2-ethoxycarbonyl-1-(2-hydroxyethyl)]cyclopropylindium dichlor-
ide (3): m.p. 136 ± 139 8C (CHCl3); 1H NMR (200 MHz, CDCl3): d� 5.81
(ddt, J� 17.2, 10.4, 6.4 Hz, 1H), 5.12 (dd, J� 17.2, 1.6 Hz, 1 H), 5.04 (dd, J�
10.4, 1.6 Hz, 1 H), 4.34 (q, J� 7.2 Hz, 2 H), 4.15 ± 4.07 (m, 1H), 3.80 ± 3.69
(m, 1H), 3.55 (br s, 1H), 2.38 ± 1.99 (m, 4H), 1.66 ± 1.51 (m, 2 H), 1.33 (t, J�
7.2 Hz, 3H); 13C NMR (50 MHz, CD3CN): d� 181.2, 136.9, 115.6, 64.1, 61.3,
37.6, 34.3, 34.2, 32.7 (C-In), 27.6, 13.9; IR (neat): nÄmax� 3450, 2995, 2940,
1642, 1414, 1382, 1352, 1218, 998, 916, 852 cmÿ1; SIMS: m/z (%): 349 (20)
[MHÿCl]� , 347 (57) [MHÿCl]� , 265 (8), 151 (6), 115 (100); elemental
analysis calcd (%) for C11H17Cl2InO3: C 34.50, H 4.47; found: C 34.01, H
4.39.


Ethyl 2-allyl-3-(2-hydroxyethyl)cyclopropane-1-carboxylate (4): 1H NMR
(200 MHz, CDCl3): d� 5.93 ± 5.73 (m, 1 H), 5.16 ± 4.99 (m, 2 H), 4.13 (q, J�
7.1 Hz, 2 H), 3.68 (t, J� 6.2 Hz, 2H), 2.41 ± 1.98 (m, 2 H), 1.97 ± 1.74 (m,
2H), 1.71 (br s, 1 H), 1.55 (dd, J� 8.7, 5.0 Hz, 1H), 1.49 ± 1.38 (m, 1 H), 1.36 ±
1.17 (m, 1 H), 1.27 (t, J� 7.1 Hz, 3H); 13C NMR (50 MHz, CDCl3): d�
172.8, 136.1, 115.6, 62.6, 60.4, 36.5, 29.6, 26.3, 25.4, 24.4, 14.2; IR (neat):


nÄmax� 3480, 3100, 3000, 2950, 1720, 1644, 1446, 1380, 1340, 1300, 1178, 1048,
1000, 918, 860, 736 cmÿ1.


[(3-Allyl-2-ethoxycarbonyl-1-(3-hydroxypropyl))cyclopropylindium di-
chloride (6): 55% yield; m.p. 96 8C (hexane); 1H NMR (200 MHz, CDCl3):
d� 5.87 (ddt, J� 17.1, 10.2, 6.6 Hz, 1 H), 5.15 (dd, J� 17.1, 1.7 Hz, 1H), 5.05
(dd, J� 10.2, 1.7 Hz, 1 H), 4.30 (m, 2 H), 4.24 ± 4.15 (m, 2H), 3.01 (br s, 1H),
2.51 ± 2.12 (m, 3H), 1.90 ± 1.77 (m, 3H), 1.58 (m, 1H), 1.31 (t, J� 7.1 Hz,
3H), 1.19 ± 1.08 (m, 1 H); 13C NMR (50 MHz, CDCl3): d� 181.2, 135.8,
116.2, 68.5, 64.2, 39.7 (C-In), 38.6, 35.5, 34.4, 30.2, 28.8, 14.1; IR (KBr):
nÄmax� 3370, 2970, 2940, 2830, 1628, 1410, 1378, 1344, 1286, 1240, 1200, 1096,
1060, 1000, 918, 800 cmÿ1; MS (EI): m/z (%): 398 (1) [M]� , 396 (1) [M]� ,
363 (22), 361 (22), 325 (99), 211 (10), 115 (100); elemental analysis calcd
(%) for C12H19Cl2InO3: C 36.30, H 4.82; found: C 35.75, H 4.66.


Ethyl 2-allyl-2-(3-hydroxypropyl)cyclopropane-1-carboxylate (7): 8 %
yield; cis/trans ratio 65:35; 1H NMR (200 MHz, CDCl3): d� 5.72 (m,
1H), 5.07 (br d, J� 10.1 Hz, 1H), 5.02 (br d, J� 17.1 Hz, 1 H), 4.13 (q, J�
7.1 Hz, 2H), 3.64 (t, J� 6.4 Hz, 2 H), 2.42 ± 2.20 (m, 2 H), 1.74 ± 1.22 (m,
6H), 1.26 (t, J� 7.1 Hz, 3 H), 1.14 (t, J� 4.9 Hz, 1H), 0.90 (dd, J� 8.0,
4.9 Hz, 1 H).


Ethyl 2-allyl-2-(4-hydroxybutyl)cyclopropane-1-carboxylate (8): 50%
yield; 1H NMR (200 MHz, CDCl3): d� 5.71 (ddt, J� 17.1, 10.1, 6.9 Hz,
1H), 5.04 (dd, J� 10.1, 1.2 Hz, 1H), 5.02 (dd, J� 17.1, 1.2 Hz, 1 H), 4.12 (q,
J� 7.1 Hz, 2 H), 3.65 (t, J� 6.2 Hz, 2H), 2.35 (dd, J� 15.0, 6.9 Hz, 1H), 2.27
(dd, J� 15.0, 6.9 Hz, 1H), 1.58 (s, 1H), 1.57 ± 1.42 (m, 6 H), 1.30 ± 1.21 (m,
1H), 1.26 (t, J� 7.1 Hz, 3 H), 1.13 (t, J� 4.8 Hz, 1H), 0.88 (dd, J� 8.0,
4.8 Hz, 1 H); 13C NMR (50 MHz, CDCl3): d� 172.6, 135.9, 116.2, 62.7, 60.3,
36.7, 33.4, 32.6, 30.1, 25.7, 22.4, 20.2, 14.3; IR (neat): nÄmax� 3430, 2940, 2875,
1722, 1444, 1404, 1284, 1176, 1100, 1040, 914 cmÿ1; elemental analysis calcd
(%) for C13H22O3: C 68.99, H 9.80; found: C 68.70, H 9.61.


Ethyl 3-allyl-2-(2-hydroxyethyl)cyclopropane-1-carboxylate (5): A solution
of 3 (37 mg, 0.097 mmol) in acetonitrile (5 mL) was stirred with 10m HCl
(1 mL) at room temperature. The product was extracted with diethyl ether.
The extracts were washed with brine and dried. The solvent was evaporated
to give 5 (16 mg, 83%); 1H NMR (200 MHz, CDCl3): d� 5.83 (ddt, J� 17.1,
10.2, 6.5 Hz, 1 H), 5.06 (dd, J� 17.1, 1.8 Hz, 1H), 4.98 (dd, J� 10.2, 1.8 Hz,
1H), 4.12 (q, J� 7.2 Hz, 2 H), 3.71 (t, J� 6.2 Hz, 2H), 2.41 ± 2.18 (m, 2H),
1.72 ± 1.50 (m, 4 H), 1.41 (m, 1H), 1.26 (t, J� 7.2 Hz, 3 H), 1.21 (m, 1H);
13C NMR (50 MHz, CDCl3): d� 172.4, 137.3, 115.1, 62.3, 60.3, 35.9, 30.8,
27.8, 24.8, 24.2, 14.3; IR (neat): nÄmax� 3430, 2945, 1720, 1642, 1442, 1380,
1180, 1058, 992, 914, 858 cmÿ1; elemental analysis calcd (%) for C11H18O3:
C 66.64, H 9.15; found: C 65.96, H 9.17.


1-Allyl-2-(2-hydroxyethyl)-3-hydroxymethylcyclopropane (cis-9): Dibal-H
(1.0m in hexane, 0.75 mL, 0.75 mmol) was added at ÿ78 8C to a solution of
5 (50 mg, 0.25 mmol) in dichloromethane (2 mL), and the mixture was
stirred at that temperature for 16 h. The reaction was quenched by the
addition of ethanol (3 mL) at ÿ78 8C. The resulted solid was filtered and
the filtrate was concentrated to give an oil, which was chromatographed on
silica gel (EtOAc) to give cis-9 (20 mg, 51 %). 1H NMR (200 MHz, CDCl3):
d� 5.93 (ddt, J� 17.0, 10.4, 6.2 Hz, 1H), 5.11 (dd, J� 17.0, 1.7 Hz, 1H), 5.02
(dd, J� 10.4, 1.7 Hz, 1 H), 3.73 (dd, J� 11.5, 6.1 Hz, 1H), 3.73 (t, J� 6.2 Hz,
2H), 3.56 (dd, J� 11.5, 8.0 Hz, 1H), 2.29 ± 2.01 (m, 2 H), 1.94 (s, 2H), 1.83 ±
1.68 (m, 1 H), 1.45 ± 1.27 (m, 1H), 1.10 ± 0.96 (m, 1 H), 0.91 ± 0.78 (m, 1H),
0.56 ± 0.44 (m, 1 H); 13C NMR (50 MHz, CDCl3): d� 138.3, 114.6, 62.6, 62.5,
36.0, 32.5, 25.2, 21.9, 20.9; IR (neat): nÄmax� 3360, 3090, 3000, 2930, 2850,
2330, 1820, 1640, 1430, 1028, 908, 872, 828 cmÿ1; MS (CI): m/z (%): 157 (7)
[MH]� , 140 (7), 139 (71), 122 (11), 121 (100), 113 (5), 109 (7), 107 (5). This
compound was acetylated (Ac2O in pyridine) and the elemental analysis
was performed on the diacetate: elemental analysis calcd (%) for C13H20O4:
C 64.98, H 8.39; found: C 64.70, H 8.55.


Allylindation of 1 h with allylic indium sesquihalides (Table 1): The
following reaction with allylindium sesquiiodide is representative of the
general procedure. A mixture of indium powder (0.20 g, 1.7 mmol) and allyl
iodide (0.24 mL, 2.6 mmol) was stirred in THF (2 mL) at room temperature
for 1 h. Cyclopropene (1h) (97 mg, 0.85 mmol) was added and the mixture
was stirred at room temperature for 2 h. The reaction was quenched with
1m HCl (6 mL) and the product was extracted with diethyl ether. The
extracts were washed with brine and dried. The solvent was evaporated and
the residue was chromatographed on silica gel (EtOAc) to give two
stereoisomers of cis-9 (90 mg, 68 %) and trans-9 (5 mg, 4%). The major
isomer was found to be cis by comparison with the sample obtained by the
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Dibal-H reduction of 5. Other reactions were similarly carried out. The
results are summarized in Table 1.


1-Allyl-2-(2-hydroxyethyl)-3-hydroxymethylcyclopropane (trans-9):
1H NMR (200 MHz, CDCl3): d� 5.81 (ddt, J� 17.2, 11.6, 6.2 Hz, 1H),
5.03 (dd, J� 17.2, 1.5 Hz, 1H), 4.97 (dd, J� 11.6, 1.5 Hz, 1 H), 3.99 ± 3.66 (m,
3H), 3.29 (dd, J� 11.6, 10.7 Hz, 1 H), 3.03 (s, 1H), 2.08 ± 1.39 (m, 4 H), 1.26
(s, 1H), 1.06 (m, 1H), 0.61 (m, 1 H), 0.40 (m, 1H); 13C NMR (50 MHz,
CDCl3): d� 137.5, 114.5, 62.8, 61.3, 37.1, 30.1, 25.2, 20.9, 20.1.


2-(2-Hydroxyethyl)-3-hydroxymethyl-1-(1-methylallyl)cyclopropane (cis-
10): Diastereomeric ratio 58:42, 1H NMR (200 MHz, CDCl3): d� 5.99 ±
5.81 (m, 1H), 5.12 ± 4.93 (m, 2H), 3.79 ± 3.41 (m, 4H), 2.21 (br s, 2 H), 1.86 ±
1.62 (m, 2 H), 1.48 ± 1.21 (m, 1 H), 1.21 ± 1.00 (m, 1H), 1.07/1.15 (2d, J�
6.0 Hz, total 3 H), 0.71 ± 0.60 (m, 1H), 0.59 ± 0.48 (m, 1H); 13C NMR
(50 MHz, CDCl3): d� 144.5, 143.8, 112.5, 112.3, 63.1, 62.8, 37.6, 36.0, 35.7,
29.6, 29.2, 25.9, 25.5, 20.9, 20.8, 20.3; IR (neat): nÄmax� 3350, 3100, 2960,
2940, 2870, 2340, 1640, 1444, 1406, 1362, 1020, 904 cmÿ1; MS (CI): m/z (%):
171 (2) [M]� , 154 (8), 153 (66), 136 (12), 135 (100), 111 (6), 109 (41), 107
(18). This compound was acetylated (Ac2O in pyridine) and the elemental
analysis was performed on the diacetate: elemental analysis calcd (%) for
C14H22O4: C 66.11, H 8.72; found: C 66.05, H 8.97.


2-(2-Hydroxyethyl)-3-hydroxymethyl-1-(1-phenylallyl)cyclopropane (cis-
11): Diastereomeric ratio 71:29, 1H NMR (200 MHz, CDCl3): d� 7.37 ±
7.23 (m, 5 H), 6.23 ± 6.06 (m, 1 H), 5.35 ± 5.02 (m, 2H), 3.81 ± 3.73/3.49 ± 3.41
(m, total 4 H), 2.99 ± 2.88 (m, 1 H), 1.90 ± 1.65 (br s, 2H), 1.58 ± 1.40 (m, 2H),
1.29 ± 1.19 (m, 1 H), 1.17 ± 1.04 (m, 1 H), 0.69 ± 0.60 (m, 1H); 13C NMR
(50 MHz, CDCl3): d� 143.7, 141.4, 141.7, 128.5, 127.3, 126.5, 114.4, 113.9,
62.8, 62.5, 49.1, 48.5, 35.7, 35.6, 28.3, 27.9, 26.2, 25.9, 21.5, 20.5; IR (neat):
nÄmax� 3350, 3100, 3070, 3040, 3000, 2940, 2880, 2350, 2250, 1644, 1600, 1580,
1490, 1450, 1430, 1410, 1380, 1300, 1250, 1200, 1100, 1030, 918, 880, 756, 730,
700 cmÿ1; MS (CI): m/z (%): 233 (8) [MH]� , 216 (20), 215 (100), 214 (7),
213 (7), 203 (13), 198 (17), 197 (92), 185 (10), 173 (27), 172 (8), 171 (56), 169
(23), 155 (19), 143 (11), 141 (16), 131 (11), 130 (9), 129 (17), 117 (26), 111
(6). This compound was acetylated (Ac2O in pyridine) and the elemental
analysis was performed on the diacetate: elemental analysis calcd (%) for
C19H24O4: C 72.12, H 7.65; found: C 71.81, H 7.75.


2-(2-Hydroxyethyl)-3-hydroxymethyl-1-(1-phenylallyl)cyclopropane
(trans-11): Diastereomeric ratio 58:42; 1H NMR (200 MHz, CDCl3): d�
7.32 ± 7.19 (m, 5 H), 6.18 ± -5.90 (m, 1 H), 5.18 ± 5.02 (m, 2H), 4.02 ± 3.23 (m,
4H), 2.88 (s, 2H), 1.97 ± 1.85 (m, 1H), 1.74 ± 1.50 (m, 2H), 1.12 ± 0.96 (m,
1H), 0.89 ± 0.79 (m, 1H), 0.76 ± 0.66 (m, 1H); IR (neat): nÄmax� 3600, 3325,
3090, 3075, 3040, 3010, 2940, 2890, 1636, 1600, 1494, 1450, 1068, 1022, 912,
730, 700 cmÿ1. This compound was acetylated (Ac2O in pyridine) and the
elemental analysis was performed on the diacetate: elemental analysis
calcd (%) for C19H24O4: C 72.12, H 7.65; found: C 71.70, H 7.79.


2-(2-Hydroxyethyl)-3-hydroxymethyl-1-(1,1-dimethylallyl)cyclopropane
(cis-12): 1H NMR (200 MHz, CDCl3): d� 5.84 (dd, J� 17.5, 10.6 Hz, 1H),
4.97 (dd, J� 17.5, 1.4 Hz, 1H), 4.91 (dd, J� 10.6, 1.4 Hz, 1 H), 3.85 ± 3.62 (m,
4H), 2.45 (br s, 2 H), 1.81 (m, 1 H), 1.39 ± 1.21 (m, 1 H), 1.11 (s, 3H), 1.05 (s,
3H), 1.00 ± 0.89 (m, 1 H), 0.80 ± 0.68 (m, 2H); 13C NMR (50 MHz, CDCl3):
d� 147.8, 110.6, 62.9, 62.3, 36.6, 36.2, 34.8, 28.6, 28.2, 26.8, 17.7; IR (neat):
nÄmax� 3350, 3095, 2970, 1830, 1638, 1462, 1418, 1380, 1360, 1256, 1230, 1184,
1156, 1106, 1012, 910, 878, 840 cmÿ1; MS (CI): m/z (%): 185 (2) [MH]� , 168
(11), 167 (82), 155 (2), 149 (100), 137 (6), 124 (8), 123 (74), 121 (15), 111
(22), 107 (16). This compound was acetylated (Ac2O in pyridine) and the
elemental analysis was performed on the diacetate: elemental analysis
calcd (%) for C15H24O4: C 67.13, H 9.02; found: C 67.26, H 9.21.


Allylindation of 1h in water (Scheme 4): A mixture of indium powder
(0.20 g, 1.8 mmol), allyl iodide (0.24 mL, 2.6 mmol), and 1h (77 mg,
0.68 mmol) was stirred in water (2 mL) at room temperature for 6 h. The
reaction was quenched with 1m HCl (6 mL) and the product was extracted
with diethyl ether. The extracts were washed with brine and dried. The
solvent was evaporated and the residue was chromatographed on silica gel
(EtOAc/hexane 1:2) to give 13 (46 mg, 59%).


1-Allyl-1-(2-hydroxyethyl)-2-hydroxymethylcyclopropane (13): 1H NMR
(200 MHz, CDCl3): d� 5.81 (dddd, J� 17.2, 10.2, 8.0, 6.2 Hz, 1 H), 5.06 (dd,
J� 17.2, 1.4 Hz, 1H), 5.02 (dd, J� 10.2, 1.4 Hz, 1 H), 3.99 ± 3.71 (m, 3H),
3.28 (dd, J� 11.9, 10.8 Hz, 1 H), 2.90 (br s, 2H), 2.52 (dd, J� 14.7, 8.0 Hz,
1H), 1.92 (dt, J� 15.2, 3.3 Hz, 1H), 1.68 (dd, J� 14.7, 6.2 Hz, 1 H), 1.57 ±
1.41 (m, 1 H), 1.17 ± 1.02 (m, 1 H), 0.57 (dd, J� 8.9, 4.8 Hz, 1H), 0.05 (t, J�
4.8 Hz, 1 H); 13C NMR (50 MHz, CDCl3): d� 136.1, 116.3, 62.6, 58.9, 41.0,


32.3, 26.1, 20.1, 14.0; IR (neat): nÄmax� 3305, 3095, 2960, 2340, 1640, 1440,
1260, 1156, 1070, 1040, 1020, 916 cmÿ1; MS (CI): m/z (%): 157 (3) [M]� , 140
(5), 139 (63), 122 (11), 121 (100), 109 (7). The acetylation product (Ac2O in
pyridine) of this compound was identical to 16.


Allylindation of 1 i and 1 j in various solvents (Table 2): The following
reaction of 1 i with allylindium sesquiiodide in water (entry 6) is represen-
tative of the general procedure. A mixture of indium powder (0.14 g,
1.3 mmol), allyl iodide (0.17 mL, 1.9 mmol), and 1 i (80 mg, 0.63 mmol) was
stirred in water (1 mL) at room temperature for 6 h. The reaction was
quenched with 1m HCl (6 mL) and the product was extracted with diethyl
ether. The extracts were washed with brine and dried. The solvent was
evaporated and the residue was chromatographed on silica gel (EtOAc) to
give 14 (80 mg, 75 %). The cis/trans ratio was estimated to be 6:94 by
1H NMR. Other reactions were similarly carried out and the results are
listed in the Table 2. Owing to the hygroscopic nature of diol 14 and 15, the
elemental analyses did not give satisfactory results. Hence, 14 and 15 were
acetylated (Ac2O in pyridine) to the diacetates which were confirmed to be
identical to 17 and 18, respectively.


2-Allyl-1-(hydroxymethyl)-2-(3-hydroxypropyl)cyclopropane (cis-14):
1H NMR (200 MHz, CDCl3): d� 5.89 (ddt, J� 17.3, 10.2, 7.1 Hz, 1H),
5.09 (dd, J� 10.2, 1.1 Hz, 1H), 5.05 (dd, J� 17.3, 1.1 Hz, 1H), 3.78 (dd, J�
11.6, 6.2 Hz, 1H), 3.65 (t, J� 6.8 Hz, 2H), 3.50 (dd, J� 11.6, 9.0 Hz, 1H),
2.17 (d, J� 7.1 Hz, 2H), 1.82 (br s, 2 H), 1.73 ± 1.58 (m, 2H), 1.51 ± 1.34 (m,
2H), 1.11 ± 0.93 (m, 1 H), 0.54 (dd, J� 8.7, 5.0 Hz, 1 H), 0.22 (t, J� 5.0 Hz,
1H); 13C NMR (50 MHz, CDCl3): d� 136.8, 115.9, 62.8, 62.4, 34.9, 33.7,
29.3, 25.9, 23.4, 16.2.


2-Allyl-1-(hydroxymethyl)-2-(3-hydroxypropyl)cyclopropane (trans-14):
1H NMR (200 MHz, CDCl3): d� 5.80 (ddt, J� 17.1, 10.1, 7.0 Hz, 1H),
5.06 (dd, J� 17.1, 1.2 Hz, 1 H), 5.04 (dd, J� 10.1, 1.2 Hz, 1 H), 3.84 ± 3.47 (m,
4H), 2.02 (m, 2H), 1.90 ± 1.62 (m, 4H), 1.50 ± 1.42 (m, 2 H), 1.01 (m, 1H),
0.57 (dd, J� 8.7, 4.8 Hz, 1H), 0.14 (t, J� 4.8 Hz, 1 H); 13C NMR (50 MHz,
CDCl3): d� 136.0, 116.2, 62.8, 62.1, 41.4, 29.5, 26.4, 25.8, 23.6, 15.6; IR
(neat): nÄmax� 3350, 2940, 2890, 1642, 1440, 1260, 1150, 1060, 1032, 1012,
914 cmÿ1.


2-Allyl-1-(hydroxymethyl)-2-(4-hydroxybutyl)cyclopropane (cis-15):
1H NMR (200 MHz, CDCl3): d� 5.89 (ddt, J� 17.2, 10.4, 6.9 Hz, 1H),
5.09 (d, J� 17.2 Hz, 1H), 5.07 (d, J� 10.4 Hz, 1H), 3.75 (dd, J� 11.6,
6.6 Hz, 1H), 3.64 (t, J� 6.2 Hz, 2 H), 3.53 (dd, J� 11.6, 8.7 Hz, 1 H), 2.21
(dd, J� 15.3, 6.4 Hz, 1H), 2.08 (dd, J� 15.3, 7.5 Hz, 1H), 1.63 ± 1.21 (m,
8H), 1.05 ± 0.90 (m, 1H), 0.54 (dd, J� 8.6, 4.9 Hz, 1H), 0.20 (t, J� 4.9 Hz,
1H); 13C NMR (50 MHz, CDCl3): d �136.9, 115.8, 63.0, 62.5, 36.9, 35.0,
32.6, 25.9, 23.8, 22.5, 16.3; IR (neat): nÄmax� 3360, 3090, 2945, 2875, 1640,
1454, 1438, 1416, 1150, 1056, 1036, 912 cmÿ1.


2-Allyl-1-(hydroxymethyl)-2-(4-hydroxybutyl)cyclopropane (trans-15):
1H NMR (200 MHz, CDCl3): d� 5.79 (ddt, J� 16.9, 10.3, 7.0 Hz, 1H),
5.05 (dd, J� 16.9, 1.1 Hz, 1 H), 5.03 (dd, J� 10.3, 1.1 Hz, 1H), 3.73 (dd, J�
11.5, 6.6 Hz, 1H), 3.65 (t, J� 6.1 Hz, 2H), 3.55 (dd, J� 11.5, 8.5 Hz, 1H),
2.02 (m, 2 H), 1.72 ± 1.30 (m, 8 H), 1.05 ± 0.91 (m, 1H), 0.57 (dd, J� 8.7,
4.9 Hz, 1H), 0.16 (t, J� 4.9 Hz, 1H); 13C NMR (50 MHz, CDCl3): d� 136.1,
116.1, 62.8, 62.1, 41.4, 32.5, 30.2, 25.4, 24.1, 22.7, 15.9.


Allylindation of 1k-m with allylindium sesquiiodide (Table 3): The
following reaction of 1k (entry 1) is representative of the general
procedure. Allyl iodide (0.14 mL, 1.5 mmol) was added to a suspension
of indium powder (0.12 g, 1.0 mmol) in THF (2 mL), and the mixture was
stirred for 1 h. Cyclopropene 1k (99 mg, 0.5 mmol) was added to the
resulting allylindium reagent, and the mixture was reacted at room
temperature for 21 h. The reaction was quenched with 1m HCl (5 mL). The
product was extracted with diethyl ether, and the extracts were washed with
brine and dried. The solvent was evaporated and the residue was
chromatographed on silica gel (EtOAc/hexane 1:2) to give 16 (88 mg,
73%).


2-Acetoxymethyl-1-(2-acetoxyethyl)-1-allylcyclopropane (16): 1H NMR
(200 MHz, CDCl3): d� 5.76 (ddt, J� 17.1, 10.1, 7.0 Hz, 1H), 5.09 (dd, J�
17.1, 1.3 Hz, 1H), 5.07 (dd, J� 10.1, 1.3 Hz, 1H), 4.26 (dd, J� 11.8, 6.9 Hz,
1H), 4.17 (t, J� 7.3 Hz, 2 H), 3.91 (dd, J� 11.8, 8.8 Hz, 1H), 2.26 ± 1.87 (m,
2H), 2.07 (s, 3H), 2.05 (s, 3H), 1.67 (m, 2 H), 1.07 (m, 1H), 0.66 (dd, J� 8.6,
5.1 Hz, 1 H), 0.31 (t, J� 5.1 Hz, 1H); 13C NMR (50 MHz, CDCl3): d� 171.1,
170.9, 135.2, 116.8, 65.0, 62.4, 41.3, 29.4, 21.5, 21.3, 20.9, 16.0; IR (neat):
nÄmax� 3075, 2970, 2925, 1736, 1638, 1436, 1370, 1236, 1034, 968 cmÿ1;
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elemental analysis calcd (%) for C13H20O4: C 64.98, H 8.39; found: C 64.52,
H 8.56.


2-Acetoxymethyl-1-(3-acetoxypropyl)-1-allylcyclopropane (17): 1H NMR
(200 MHz, CDCl3): d� 5.76 (ddt, J� 16.9, 10.4, 6.9 Hz, 1H), 5.06 (dd, J�
10.4, 1.3 Hz, 1H), 5.04 (dd, J� 16.9, 1.3 Hz, 1H), 4.23 (dd, J� 11.8, 6.9 Hz,
1H), 4.05 (dt, J� 11.0, 6.5 Hz, 1H), 4.02 (dt, J� 11.0, 6.5 Hz, 1 H), 3.91 (dd,
J� 11.8, 8.7 Hz, 1H), 2.11 ± 1.85 (m, 2H), 2.07 (s, 3H), 2.04 (s, 3 H), 1.80 ±
1.65 (m, 2H), 1.43 ± 1.34 (m, 2H), 1.12 ± 0.97 (m, 1 H), 0.64 (dd, J� 8.8,
5.0 Hz, 1 H), 0.23 (t, J� 5.0 Hz, 1H); 13C NMR (50 MHz, CDCl3): d� 171.1,
135.5, 116.5, 65.1, 64.4, 41.1, 27.1, 25.8, 23.5, 21.6, 21.0, 20.9, 16.4; IR (neat):
nÄmax� 2960, 1736, 1638, 1440, 1368, 1236, 1034, 966, 916 cmÿ1; elemental
analysis calcd (%) for C14H22O4: C 66.11, H 8.72; found: C 65.73, H 8.88.


2-Acetoxymethyl-1-(4-acetoxybutyl)-1-allylcyclopropane (18): 1H NMR
(200 MHz, CDCl3): d� 5.76 (ddt, J� 16.8, 10.6, 6.8 Hz, 1H), 5.05 (d, J�
16.8 Hz, 1H), 5.03 (d, J� 10.6 Hz, 1H), 4.20 (dd, J� 11.7, 6.9 Hz, 1 H), 4.05
(t, J� 6.5 Hz, 2 H), 3.95 (dd, J� 11.7, 8.6 Hz, 1 H), 2.08 (dd, J� 14.1, 7.5 Hz,
1H), 2.06 (s, 3H), 2.05 (s, 3H), 1.92 (dd, J� 14.1, 6.8 Hz, 1H), 1.67 ± 1.22 (m,
6H), 1.10 ± 0.95 (m, 1H), 0.62 (dd, J� 8.8, 4.9 Hz, 1H), 0.22 (t, J� 4.9 Hz,
1H); 13C NMR (50 MHz, CDCl3): d� 171.0, 135.7, 116.3, 65.1, 64.3, 41.1,
30.4, 28.7, 23.8, 22.9, 21.5, 20.94, 20.86, 16.4; IR (neat): nÄmax� 2955, 1734,
1638, 1454, 1438, 1370, 1240, 1038, 964, 914 cmÿ1; elemental analysis calcd
(%) for C15H24O4: C 67.13, H 9.02; found: C 66.71, H 9.09.


Allylindation of 1 i with various allylindium reagents (Table 4): The
reactions were conducted as described above by using allylindium
sesquihalides,[9] allylindium dihalides,[17] and triallylindium[18] which were
prepared according to the methods in literature.


X-ray crystallography :[19] A colorless crystal grown from CHCl3 was used.
All measurements were made on a CAD4-EXPRESS diffractometer with
graphite monochromated MoKa radiation. The structure was solved by the
direct methods (SAPI91). Crystal data for 3 : C11H17Cl2InO3, Mr� 382.98,
crystal size 0.2� 0.2� 0.2 mm3, triclinic, space group P1Å, a� 8.467(7), b�
9.089(6), c� 10.396(7) �, a� 114.27(6), b� 98.01(6), g� 91.50(6)8, V�
719.09(10) �3, Z� 2, 1� 1.769 gcmÿ3, F(000)� 380.00, m(MoKa)�
20.06 cmÿ1, T� 295 K. Of the 3107 reflections observed (2qmax� 52.68),
2196 were used (I > 2s(I)); R� 0.074, Rw� 0.094.


Acknowledgements


This work was supported by a Grant-in-Aid for Scientific Research (No.
10640 518) from the Ministry of Education, Science, Sports and Culture,
Japan. We thank Professor Hideki Masuda, Nagoya Institute of Technol-
ogy, for X-ray crystallography, and Ms. Kaori Yamamoto for elemental
analyses.


[1] For reviews see: a) J. F. Normant, A. Alexakis, Synthesis 1981, 841;
b) E. Negishi, Pure Appl. Chem. 1981, 53, 2333; c) W. Oppolzer,
Angew. Chem. 1989, 101, 39; Angew. Chem. Int. Ed. Engl. 1989, 28, 38;
d) P. Knochel in Comprehensive Organic Synthesis, Vol. 4 (Eds.: B. M.
Trost, I. Fleming), Pergamon Press, New York, 1991, pp. 865 ± 911;
e) Y. Yamamoto, N. Asao, Chem. Rev. 1993, 93, 2207.


[2] a) S. Araki, A. Imai, K. Shimizu, Y. Butsugan, Tetrahedron Lett. 1992,
33, 2581; b) S. Araki, A. Imai, K. Shimizu, M. Yamada, A. Mori, Y.
Butsugan, J. Org. Chem. 1995, 60, 1841; c) N. Fujiwara, Y. Yamamoto,
J. Org. Chem. 1997, 62, 2318; d) B. C. Ranu, A. Majee, Chem.
Commun. 1997, 1225; e) N. Fujiwara, Y. Yamamoto, J. Org. Chem.
1999, 64, 4095; f) E. Klaps, W. Schmid, J. Org. Chem. 1999, 64, 7537.


[3] a) S. Araki, T. Horie, M. Kato, T. Hirashita, H. Yamamura, M. Kawai,
Tetrahedron Lett. 1999, 40, 2331; b) S. Araki, T. Kamei, Y. Igarashi, T.
Hirashita, H. Yamamura, M. Kawai, Tetrahedron Lett. 1999, 40, 7999.


[4] S. Araki, H. Usui, M. Kato, Y. Butsugan, J. Am. Chem. Soc. 1996, 118,
4699.


[5] S. Araki, H. Nakano, K. Subburaj, T. Hirashita, K. Shibutani, H.
Yamamura, M. Kawai, Y. Butsugan, Tetrahedron Lett. 1998, 39, 6327.


[6] For selected examples of carbometalation of cyclopropenes, see:
allylboration: a) Y. N. Bubnov, B. A. Kazanskii, O. A. Nesmeyanova,
T. Y. Rudashevskaya, B. M. Mikhailov, Izv. Akad. Nauk SSSR, Ser.
Khim. 1977, 2545 [Chem. Abstr. 1978, 88, 74 419]; allylmagnesiation:
b) H. G. Richey, Jr., R. M. Bension, J. Org. Chem. 1980, 45, 5036; c) H.
Lehmkuhl, K. Mehler, Liebigs Ann. Chem. 1982, 2244; d) O. A.
Nesmeyanova, T. Y. Rudashevskaya, A. I. Dyachenka, S. F. Savitova,
O. M. Nefedov, Synthesis 1982, 296; carbocupration: e) A. T. Stoll, E.
Negishi, Tetrahedron Lett. 1985, 26, 5671; f) E. Nakamura, M. Isaka, S.
Matsuzawa, J. Am. Chem. Soc. 1988, 110, 1297; g) M. Isaka, E.
Nakamura, J. Am. Chem. Soc. 1990, 112, 7428; carbozincation: h) K.
Kubota, M. Nakamura, M. Isaka, E. Nakamura, J. Am. Chem. Soc.
1993, 115, 5867; i) E. Nakamura, K. Kubota, J. Org. Chem. 1997, 62,
792.


[7] Throughout the paper, the words cis and trans refer to the
allylindation from the cis and trans faces, respectively, in respect of
the substituent on the C3 carbon of cyclopropenes.


[8] For reviews on organic synthesis in aqueous media: see, a) C.-J. Li,
Chem. Rev. 1993, 93, 2023; b) C.-J. Li, Tetrahedron 1996, 52, 5643; c) J.
A Marshall, Chemtracts-Org. Chem. 1997, 10, 481; d) L. A. Paquette in
Green Chemistry : Frontiers in Benign Chemical Synthesis and
Processing (Eds.: P. Anastas, T. Williamson), Oxford University Press,
New York, 1998 ; e) C.-J. Li, T.-H. Chan, Tetrahedron 1999, 55, 11149.


[9] a) S. Araki, H. Ito, Y. Butsugan, J. Org. Chem. 1988, 53, 1831; b) S.
Araki, T. Shimizu, P. S. Johar, S.-J. Jin, Y. Butsugan, J. Org. Chem.
1991, 56, 2538. Recently, Chan et al. claimed that the organoindium
reagent generated by the reaction of allyl halides and indium in
aqueous media is not allylindium sesquihalide but allylindium(i): T. H.
Chan, Y. Yang, J. Am. Chem. Soc. 1999, 121, 3228.


[10] L. A. Paquette, R. R. Rothhaar, J. Org. Chem. 1999, 64, 217; and
references therein.


[11] For other indium-based cyclopropane syntheses, see: a) S. Araki, Y.
Butsugan, J. Chem. Soc. Chem. Commun. 1989, 1286; b) S. M. Capps,
T. P. Clarke, P. H. Charmant, H. A. F. Höppe, G. C. Lloyd-Jones, M.
Murray, T. M. Peakman, R. A. Stentiford, K. E. Walsh, P. A. Wor-
thington, Eur. J. Org. Chem. 2000, 963.


[12] N. E. Searle, Org. Synth. 1963, Coll. Vol. 4, 424.
[13] P. Müller, N. Pautex, M. P. Doyle, V. Bagheri, Helv. Chim. Acta 1990,


73, 1233.
[14] N. Petiniot, A. J. Anciaux, A. F. Noels, A. J. Hubert, Ph. TeyssieÂ,


Tetrahedron Lett. 1978, 1239.
[15] P. Dowd, P. Garner, R. Schappert, H. Irngartinger, A. Goldman, J.


Org. Chem. 1982, 47, 4240.
[16] A. F. Noels, A. Demonceau, N. Petiniot, A. J. Hubert, Ph. TeyssieÂ,


Tetrahedron 1982, 2733.
[17] S. Araki, H. Ito, N. Katsumura, Y. Butsugan, J. Organomet. Chem.


1989, 369, 291.
[18] For example, see: S. Araki, T. Horie, M. Kato, T. Hirashita, H.


Yamamura, M. Kawai, Tetrahedron Lett. 1999, 40, 2331.
[19] Crystallographic data (excluding structure factors) for the structure 3


reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-147 767. 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).


Received: December 29, 2000 [F2977]








Orthonitridoborate Ions [BN3]6ÿ in Oxonitridosilicate Cages:
Synthesis, Crystal Structure, and Magnetic Properties of
Ba4Pr7[Si12N23O][BN3], Ba4Nd7[Si12N23O][BN3], and Ba4Sm7[Si12N23O][BN3]


Michael Orth, Rolf-Dieter Hoffmann, Rainer Pöttgen, and Wolfgang Schnick*[a]


Abstract: The isotypic title compounds
Ba4Pr7[Si12N23O][BN3], Ba4Nd7[Si12N23O]-
[BN3], and Ba4Sm7[Si12N23O][BN3] were
prepared by reaction of Pr, Nd, or Sm,
with barium, BaCO3, Si(NH)2, and poly-
(boron amide imide) in nitrogen at-
mosphere in tungsten crucibles using a
radiofrequency furnace at temperatures
up to 1650 8C. They were obtained as
main products (�70 %) embedded in a
very hard glass matrix in the form of
intense dark green (Pr), orange-brown
(Sm), or dark red (Nd) large single
crystals, respectively. The stoichiometric
composition of Ba4Sm7[Si12N23O][BN3]
was verified by a quantitative elemental
analysis. According to the single-crystal
X-ray structure determinations (Ba4-


Ln7[Si12N23O][BN3], Z� 1, P6Å with
Ln�Pr: a� 1225.7(1), c� 544.83(9) pm,
R1� 0.013, wR2� 0.030; Ln�Nd: a�
1222.6(1), c� 544.6(1) pm, R1� 0.017,
wR2� 0.039; Ln� Sm: a� 1215.97(5),
c� 542.80(5) pm, R1� 0.047, wR2�
0.099) all three compounds are built up
by a framework structure [Si12N23O]23ÿ


of corner-sharing SiX4 tetrahedrons
(X�O, N). The oxygen atoms are
randomly distributed over the X posi-
tions. The trigonal-planar orthonitrido-
borate ions [BN3]6ÿ and also the Ln(3)3�


are situated in hexagonal cages of the
framework (bond lengths Siÿ(N/O)
169 ± 179 pm for Ln�Pr). The remain-
ing Ba2� and Ln3� ions are positioned in
channels of the large-pored network.
The trigonal-planar [BN3]6ÿ ions have a
BÿN distance of 147.1(6) pm (for Ln�
Pr). Temperature-dependent suscepti-
bility measurements for Ba4Nd7[Si12-
N23O][BN3] revealed Curie ± Weiss be-
havior above 60 K with an experimental
magnetic moment of mexp� 3.36(5) mB/
Nd. The deviation from Curie ± Weiss
behavior below 60 K may be attributed
to crystal field splitting of the J� 9/2
ground state of the Nd3� ions. No
magnetic ordering is evident down to
4.2 K.


Keywords: boron ´ oxonitrides ´
magnetic properties ´ solid-state
structures ´ silicon


Introduction


Owing to their very high stability both binary boron nitride
(BN) and silicon nitride (Si3N4) have gained increasing
relevance for the development of ceramic materials with
manifold applications.[1] Since both binary compounds have
high melting points and show very low interdiffusion coef-
ficients, the synthesis of ternary and higher silicon boron
nitrides seems to be difficult by a direct reaction of BN and
Si3N4. Recently, X-ray amorphous Si3B3N7 has been obtained
by Jansen et al. by pyrolysis of the molecular single-source
precursor trichlorosilylaminodichloroborane (TADB;
Cl3SiNHBCl2).[2]


Structural models have been developed for this compound,
which are in accordance with the spectroscopic data. A highly
cross-linked network of corner-sharing trigonal-planar BN3


groups and SiN4 tetrahedrons seems reasonable. All of the
nitrogen atoms should be covalently bound to three B and/or
Si atoms, respectively.[3] Thus, both boron and silicon exhibit
analogous coordination numbers as in their binary nitrides h-
BN, a-, and b-Si3N4, respectively.[1]


Recently, we have established a straight-forward synthetic
approach leading to alkaline earth and rare-earth nitridosili-
cates by the reaction of silicon diimide Si(NH)2 with the
respective metals in a radiofrequency (rf) furnace.[4] X-ray
amorphous but reactive silicon diimide was obtained by the
ammonolysis of SiCl4 followed by the pyrolysis in a stream of
gaseous ammonia at temperatures between 300 ± 600 8C. An
analogous reaction starting from BBr3 yields a B/N/H
polymer. The reaction of this X-ray amorphous poly(boron
amide imide) together with metals results in the formation of
crystalline nitridoborates.[5]


Targeting oligonary silicon boron nitrides we have started
to investigate the reaction of both silicon diimide and
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poly(boron amide imide) with metals by utilizing radiofre-
quency furnaces. During these investigations we have ob-
tained three new isotypic compounds as coarsely crystalline
products with the initially postulated formula Ba3Ln8-
[Si12N24][BN3] with Ln�Pr, Nd, and Sm. Subsequently a
more detailed investigation by single-crystal X-ray crystallog-
raphy, magnetic measurements, and quantitative elemental
analysis revealed these products to be oxonitrides with the
formula Ba4Ln7[Si12N23O][BN3]. Apparently, the rare earth
metals employed were contaminated to a small extent with
the respective oxide, and thus oxygen was incorporated into
the products. To improve the yield we then introduced BaCO3


as an additional starting material.


Results and Discussion


The single-crystal X-ray diffraction analysis revealed trigonal-
planar (D3h) orthonitridoborate ions [BN3]6ÿ (Figure 1), which
are situated in the hexagonal cages of a [Si12X24] (X�N, O)
framework structure, which is built up of corner-sharing SiX4


tetrahedrons (Figure 2). Despite being isosteric, this [Si12-
N23O] framework structure exhibits no analogy to the SiÿN


Figure 1. The trinitridoborate ions in Ba4Pr7[Si12N23O][BN3] exhibit point
symmetry D3h (ORTEP plot, thermal ellipsoids with 70 % probability, BÿN
distance 147.1(6) pm).


Figure 2. Projection of the Ba4Pr7[Si12N23O][BN3] structure along [001].
The Si(N/O)4 tetrahedrons are depicted as closed polyhedrons.


substructure in Li2SiN2. This lithium nitridosilicate likewise is
built up of corner-sharing SiN4 tetrahedrons.[6] Also in Li2SiN2


all N atoms (N[2]) are bound to two neighboring Si atoms and
the respective bond lengths are similar (SiÿN[2] 169 ± 179 pm;
Li2SiN2: 173 ± 181 pm).[6] However the angles Si-N[2]-Si in
Ba4Pr7[Si12N23O][BN3] vary in a significantly larger range
(123 ± 1738) as compared with Li2SiN2 (108 ± 1218),[6] though
the values are still in an acceptable range for nitridosilicates.
The most enlarged angle (Si-N/O(2)-Si 1738) is found at the
edges of the hexagonal SiÿN cage surrounding the [BN3]6ÿ


ions (Figure 3). However a localization of solely oxygen on
this site seems unreasonable.


Prior to this work only two compounds have been identified
that contain orthonitridoborate ions [BN3]6ÿ, namely
Ce15B8N25


[7] and La5B4N9.[8] In accord with the formulation
(Ce4�)6(Ce3�)9[BN3


6ÿ]8N3ÿ the mixed-valence cerium com-
pound is supposed to contain [BN3]6ÿ units and ªisolatedº
nitride ions as well. In (La3�)5[BN3]6ÿ[B3N6]9ÿ monomeric
orthonitridoborate ions and cyclotrinitridoborate species
have been found. The latter ones also have been identified
in nitridoborates like Pr3B3N6.[5] Bond lengths and angles
(BÿN 147.1(6) pm; N-B-N 1208) of the orthonitridoborate
ions in Ba4Pr7[Si12N23O][BN3] correspond well with the values
found in La5B4N9 (147(2) and 150(2) pm; 118 ± 1238),[8] and
Ce15B8N25 (144(4) ± 149(4) pm and 114(1) ± 127(1)8)[7] and
they are similar to those in hexagonal boron nitride
(145 pm, 1208).[1]


Abstract in German: Die Umsetzung der Lanthanoide Pr, Nd
bzw. Sm mit Barium-Metall, BaCO3, Si(NH)2 sowie Poly-
(boramidimid) in Tiegeln aus Wolfram bei Temperaturen bis
1650 8C im Hochfrequenzofen unter Stickstoff-Atmosphäre
führte zur Synthese der drei isotypen Verbindungen Ba4Ln7-
[Si12N23O][BN3] mit Ln�Pr, Nd bzw. Sm. Die Verbindungen
wurden als Hauptprodukte (� 70 %) eingebettet in auûer-
ordentlich harten glasartigen Phasen in Form groûer dunkel-
grüner (Pr), orange-brauner (Sm) bzw. dunkelroter (Nd)
Einkristalle erhalten. Die Zusammensetzung von Ba4Sm7[Si12-
N23O][BN3] wurde durch quantitative Elementaranalyse be-
stätigt. Nach Einkristall-Röntgenstrukturanalysen (Ba4Ln7-
[Si12N23O][BN3], Z� 1, P6Å mit Ln�Pr: a� 1225.7(1), c�
544.83(9) pm, R1� 0.013, wR2� 0.030; Ln�Nd: a�
1222.6(1), c� 544.6(1) pm, R1� 0.017, wR2� 0.039; Ln�
Sm: a� 1215.97(5), c� 542.80(5) pm, R1� 0.047, wR2�
0.099) liegt in allen drei Verbindungen eine Raumnetzstruktur
eckenverknüpfter SiX4-Tetraeder [Si12N23O]23ÿ vor (X�O, N),
in der die Sauerstoffatome statistisch auf die X-Positionen
verteilt sind. Die trigonal planaren Orthonitridoborat-Ionen
[BN3]6ÿ sowie die Ln(3)3� sind in hexagonalen Käfigen dieses
Gerüstes eingelagert (Bindungslängen Si-(N/O) 169 ± 179 pm,
für Ln�Pr). Die verbleibenden Ba2�- sowie Ln3�-Ionen
finden sich in den restlichen Kanälen der Gerüststruktur. Die
trigonal planaren [BN3]6ÿ-Ionen haben B-N-Bindungslängen
von 147.1(6) pm (Wert für Ln�Pr). Temperaturabhängige
Suszeptibilitätsmessungen an Ba4Nd7[Si12N23O][BN3] ergaben
Curie-Weiss-Verhalten oberhalb von 60 K mit einem experi-
mentell bestimmten magnetischen Moment von mexp�
3.36(5) mB /Nd. Die Abweichung vom Curie-Weiss-Verhalten
unterhalb von 60 K wird auf Kristallfeld-Aufspaltungen des
J� 9/2 Grundzustands der Nd3�-Ionen zurückgeführt. Bis
4.2 K konnte keine magnetische Ordnung nachgewiesen wer-
den.







Orthonitridoborate Ions 2791 ± 2797


Chem. Eur. J. 2001, 7, No. 13 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2793 $ 17.50+.50/0 2793


Figure 3. Eighteen corner-sharing Si(N/O)4 tetrahedrons form large-pored
hexagonal cages built up of Si6(N/O)6 rings. The trinitridoborate ions
[BN3]6ÿ and the Ln3� ions are located within these cages. The boron, silicon,
nitrogen/oxygen, and praseodymium atoms are drawn in red, black, green/
yellow, and gray, respectively.


From a topological point of view the [Si12X24] framework
structure in Ba4Ln7[Si12N23O][BN3] may easily be classified by
using the specific distribution of the occurring SinXn ring sizes.
The cycle-class sequence[9] of Ba4Ln7[Si12N23O][BN3], which
gives the frequency distribution of the different SinXn ring
sizes (with n� 1, 2, 3, . . .), amounts to {ÿ , 0, 2, 0, 0, 13, 12, 30,
36, 138, 216, 582, .. .}. Accordingly, the [Si12X24] framework
structure of Ba4Ln7[Si12N23O][BN3] contains only corner-
sharing SiX4 tetrahedrons, and all possible ring sizes SinXn


except those with n� 2, 4, or 5. Thus, topologically the
[Si12X24] framework structure of Ba4Ln7[Si12N23O][BN3] sig-
nificantly differs from the SiÿN substructure of Li2SiN2 or
from formally isosteric network structures of the polymorphic
SiO2 modifications.


The [Si12X24] framework structure in Ba4Pr7[Si12N23O][BN3]
is suggestive of zeolite or clathrate structures (Figure 4).
However, topologically there is no similarity to known
aluminosilicate frameworks.[10] A raw measure for the micro-
porosity of framework structures is given by the framework
density (FD). It is defined as the number of tetrahedral
centers (T) per 1000 �3.[10] Amongst all nitridosilicates with
Si-N framework structures known so far, Ba4Pr7[Si12-
N23O][BN3] exhibits the lowest value of the framework
density FD� 16.97 T per 1000 �3. Accordingly Ba4Pr7[Si12-
N23O][BN3] is even similar to typical microporous zeolites
(FD values for some zeolites in T per 1000 �3: 17.5 (AlPO4-5),
17.9 (ZSM-5), 19.3 (Nonasil)).[10] However due to the differing
ionic radii of O2ÿ and N3ÿ a quantitative comparison seems
difficult.


The crystal structure of Ba4Pr7[Si12N23O][BN3] contains
characteristic 6-ring (6R) 'channels' formed by corner-sharing
hexagonal cages running along [001] (Figure 2 and Figure 4).
Along the c axis Ln(3)3� ions in the centers of the Si6(N/O)6


Figure 4. Topology of the framework in Ba4Ln7[Si12N23O][BN3] as a view
parallel to [001]. For clarity only the centers of the tetrahedrons are
connected.


rings and [BN3]6ÿ in the centers of the hexagonal cages
alternate. The Ba(2)2� ions are situated in the center of the
smaller Si3X3 rings. In the centers of the large Si8X8 rings there
are Ba(1)2�, Ln(1)3�, and Ln(2)3� ions. The cations are
coordinated by the X atoms of the [Si12X24] framework
structure. The Ba2� ions show a typical coordination environ-
ment in which they are in contact with 10 (Ba(1)) or 12
(Ba(2)) anions N/O within distances of 291 ± 355 pm and 318 ±
322 pm, respectively. The atoms Pr(1) and Pr(2) exhibit usual
coordination spheres as well. They are coordinated by eight
nitrogen atoms within a range from 232 ± 293 pm. The Pr(3)3�


ions exhibit a 3�6�3 coordination (Pr(3)ÿN/O: 245 ± 322 pm)
(Figure 5). The observed distances approximately correspond
with the respective sums of the ionic radii.[11, 12]


Figure 5. Local environment of the Ln(3) atoms (anisotropic displacement
ellipsoids with 90% probability) shows a coordination of 3�6�3 nitrogen
atoms.


With respect to a rational planning of the synthesis of
microporous nitridozeolites it may be important, that the
anions [BN3]6ÿ are situated in the [614] cages of the [Si12X24]
framework structure (Figure 2 and Figure 3). Conceivable
though not yet proven is the assumption that initially during
the formation of Ba4Ln7[Si12N23O][BN3] the [BN3]6ÿ ions were
excised from the boron nitride layers. Subsequently these
[BN3]6ÿ units do not condense with the nitridosilicate frame-
work but presumably they act as high-temperature stable







FULL PAPER W. Schnick et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2794 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 132794


templates around which the [Si12N23O] framework is organ-
ized.


The structure determination with single-crystal X-ray
diffraction data gave no evidence for the localization of
oxygen. In general there are two possible models: The oxygen
atoms may either be localized in the BX3 units or in the Si12X24


network structure. To achieve a crystallographic differentia-
tion of O and N, we performed both lattice energy calculations
using the Ewald procedure (MAPLE, Madelung part of
lattice energy)[13] as well as bond-length bond-strength
calculations and we also considered possible crystallographic
supercells or lower space group symmetries. However no
indications for a crystallographic ordering of O and N were
obtained.


Theoretically, vibrational spectroscopy or solid-state NMR
investigations should be suitable to distinguish between the
possible anions [BN3]6ÿ, [BN2O]5ÿ, or [BNO2]4ÿ. Due to the
strong dipolar influence of the unpaired electrons of Nd fairly
broad linewidths were observed in the recorded 11B MAS
NMR spectrum of Ba4Nd7[Si12N23O][BN3]. On the basis of
these data a reliable discrimination whether the quadrupolar
coupling tensor was isotropic ([BN3]6ÿ) or anisotropic
([BN2O]5ÿ or [BNO2]4ÿ) was not possible. The FTIR spectra
recorded from polycrystalline powder samples showed a
superposition of the signals originating from the Si ± X
network and those of the BX3 units. Due to the very strong
absorption of the Nd compound (dark red color) single-crystal
Raman spectra could not be obtained.


In summary we assume that the small extent of oxygen in
Ba4Ln7[Si12X24][BX3] is randomly distributed between the X
positions of the [Si12X24] framework structure without crys-
tallographic order, while the noncondensed trigonal-planar
anions are exclusively [BN3]6ÿ. In our opinion the occurrence
of hitherto unknown [BN2O]5ÿ or [BNO2]4ÿ seems unlikely
but not impossible. The occurrence of [BN3]6ÿ is further
confirmed by the high-quality crystallographic determination
of the bond lengths and angles in these anions in combination
with small and reasonable anisotropic thermal displacement
ellipsoids (Figure 1), which correspond well with the geo-
metric data of [BN3]6ÿ ions in other nitridoborates (e.g.
La5B4N9, Ce15B8N25) and with the BÿN bond lengths of
tris(amino), bis(amino)organo, or amino(di-organo)boranes
without p interactions (145 ± 148 pm).[14±17] In contrast, typical
BÿO bond lengths are significantly smaller (e.g. 138.4 pm in
Ca3[BO3]2).[18]


Conclusion


Isolated [BN3]6ÿ ions embedded in an oxonitridosilicate
framework structure were observed in the series Ba4Ln7[Si12-
N23O][BN3] with Ln�Pr, Nd, Sm. From theoretical consid-
erations concerning the formation mechanism of these com-
pounds the assumption of a template-directed synthesis,
during which the orthonitridoborate ions act as high-temper-
ature stable templates seems likely. Apparently there is no
tendency for the formation of condensed Si-B-N network
structures of corner-sharing BN3 and SiN4 units in this system.


Experimental Section


Silicon diimide : In a three-necked bottle CH2Cl2 (50 mL, Merck, p. a.) was
saturated with NH3 (99.9 %, BASF, dried by condensation on sodium and
potassium) under a dried argon atmosphere. A precooled solution of SiCl4


(20 mL, 0.17 mol, Merck) in CH2Cl2 (30 mL) was slowly added with
stirring. Afterwards the suspension was carefully allowed to warm up to
room temperature under a NH3 atmosphere [Eq. (1)]. For purification
from NH4Cl the finely powdered residue was heated in a NH3 gas flow to
300 8C and finally to 600 8C.[19] The resulting product is a white X-ray
amorphous powder with the approximate analytical composition Si(NH)2.
It is relatively undefined but very reactive. Silicon diimide is an important
precursor compound for the technical production of Si3N4 ceramics.[19]


SiCl4� 6 NH3 ÿ!CH2Cl2 Si(NH)2� 4NH4Cl (1)


Poly(boron amide imide): The synthesis of poly(boron amide imide) was
performed similarly to that of silicon diimide,[5] however, BBr3 was used
instead of SiCl4. The purification from the by-product NH4Br was achieved
by heating the raw product to temperatures of 480 8C and finally 600 8C.


Ba4Ln7[Si12N23O][BN3] with Ln�Pr, Nd, Sm : In a characteristic reaction
batch Ba (0.99 mmol; 99.9 %, ABCR), Pr (1.00 mmol; 99.9 %, ABCR),
Si(NH)2 (1.67 mmol), BaCO3 (0.10 mmol; 99 %, Grössing/Filsum), and
37.9 mg poly(boron amide imide) were thoroughly mixed in a glove box
under a purified argon atmosphere. Under nitrogen (1 bar, 5.0 Linde) the
mixture then was transferred into a tungsten crucible positioned in the center
of a quartz glass reactor of the radiofrequency furnace.[4] Within 1 h the
crucible was heated to 1000 8C and then within 4 h to 1650 8C. The reaction
mixture was kept at this temperature for 4 h and finally it was cooled to
1200 8C within 9 h and subsequently quenched to room temperature. Dark
green crystals up to 2 mm of Ba4Pr7[Si12N23O][BN3] were obtained with a
yield of approximately 70 %. The crystals were embedded in a glass melt of
very high mechanical hardness. The crystals had to be mechanically
separated from this glass phase by the use of severe mechanical force.
Usually h-BN was observed as a further by-product, and it was separated in
an inert solvent (cyclohexane, 99.5 %, Merck) by the application of
ultrasound. The isotypic compounds Ba4Sm7[Si12N23O][BN3] and Ba4Nd7-
[Si12N23O][BN3] were synthesized in the same manner and they have been
obtained as large orange-brown and dark red crystals, respectively.


Chemical analyses : In accordance with the X-ray structure analysis the
analytical compositions of the three compounds Ba4Ln7[Si12N23O][BN3]
with Ln�Pr, Nd, or Sm, were confirmed by energy-dispersive X-ray
microanalysis (Ln, Ba, Si). Additionally, for the samarium compound a
quantitative elemental analysis was performed by the analytical laboratory
Pascher, Remagen/Germany. Elemental analysis calcd (%) for Ba4Sm7-
Si12BN26O (2339.84): Ba 23.6, Sm 45.2, Si 14.5, B 0.5, N 15.6, O 0.7; found:
Ba 23.9, Sm 45.2, Si 14.1, B 0.5, N 15.7, O 0.8. The absence of hydrogen
(NH) was proven by IR spectroscopy.


Magnetic measurements : The magnetic susceptibilities of polycrystalline
samples of Ba4Nd7[Si12N23O][BN3] were measured with a MPMS XL SQUID
magnetometer (Quantum Design) in the temperature range 4.2 to 300 K with
magnetic flux densities up to 5 T. A sample of 10.586 mg was placed into a
small gelatine capsule and fixed within a thin-walled polymer straw mounted
at the sample holder rod. The sample was then cooled to 4.2 K in a zero
magnetic field and slowly heated to room temperature in an applied
external field.


The temperature dependence of the inverse magnetic susceptibility of
Ba4Nd7[Si12N23O][BN3] is displayed in Figure 6. The compound shows
Curie ± Weiss behavior above 60 K with an experimental magnetic moment
of mexp� 3.36(5) mB/Nd atom. This is close to the value of meff� 3.62 mB for
the free Nd3� ion.[20, 21] The paramagnetic Curie temperature (Weiss constant)
of V�ÿ22(1) K was obtained by linear extrapolation of the 1/c versus T
data to 1/c� 0. The deviation from Curie ± Weiss behavior below about
60 K may be attributed to crystal field splitting of the J� 9/2 ground state of
the Nd3� ions.[20, 21] No magnetic ordering is evident down to 4.2 K.


The magnetization isotherms at 4.2 and 290 K are displayed in Figure 7. As
expected for a paramagnetic material, a linear increase of the magnet-
ization is observed at 290 K. A field-induced increase of the magnetization
is evident at 4.2 K. At the highest obtainable field strength of 5 T the
magnetization was 1.11(1) mB/Nd, which is significantly smaller than the
calculated value of 3.27 mB/Nd according to g� J.[21]
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Figure 6. Temperature dependence of the reciprocal magnetic suscepti-
bility of Ba4Nd7Si12N26BO measured at an external magnetic flux density of
0.1 T. The solid line indicates the range for the Curie ± Weiss fit. The low-
temperature data are shown in the inset.


Crystal structure analysis: X-ray diffraction data were collected on a four-
circle diffractometer (Siemens P4). The space group was determined to be
P6Å (no. 174) in accord with the absence of any extinction conditions for the
hexagonal lattice. The unit cell and the space group were verified by a
simulation of Buerger exposures of the X-ray data from an IPDS-
measurement in combination with a search of possible supercell reflec-
tions.[22] Additionally, all reflections detected by X-ray powder diffractom-
etry (Siemens D5000) of single-phase Ba4Ln7[Si12N23O][BN3] with Ln�Pr,
Nd, Sm have been indexed and their observed intensities agree well with
the calculated diffraction patterns based on the single-crystal data. The
lattice parameters decrease from the praseodymium to the samarium


compound as expected from the lanthanoid contraction. The crystal
structure of Ba4Pr7[Si12N23O][BN3] was solved by direct methods using
Xstep32[23] and refined with anisotropic displacement parameters for all
atoms. As a check for the correct site assignment (the scattering power of
barium and praseodymium is very similar), the occupancy parameters of
these atoms were refined in a separate series of least-squares cycles along
with the displacement parameters. These refinements clearly revealed
three praseodymium and two barium positions in good agreement with the
magnetic data discussed above. The Rietveld refinement has been
performed with the program GSAS[24] using the X-ray single-crystal data
of Ba4Pr7[Si12N23O][BN3] as a starting model.


Relevant crystallographic data and details of the X-ray data collection are
shown in Table 1. Table 2 gives the positional and displacement parameters


Table 1. Crystallographic data for Ba4Ln7[Si12N23O][BN3] with Ln�Pr, Nd, and Sm.


Ba4Pr7[Si12N23O][BN3] Ba4Nd7[Si12N23O][BN3] Ba4Sm7[Si12N23O][BN3]


formula weight [g molÿ1] 2263.67 2287.00 2329.84
crystal system, space group hexagonal, P6Å (no. 174)


X-ray powder diffraction Siemens D 5000 STOE Stadi P STOE Stadi P
radiation MoKa1 (l� 70.93 pm)


quartz monochromator germanium monochromator
unit cell dimensions [pm] a� 1227.33(2) a� 1224.32(1) a� 1220.76(2)
(Rietveld refinement) c� 545.74(2) c� 545.135(7) c� 544.50(1)


X-ray four-circle diffractometer Siemens P4
radiation MoKa (l� 71.073 pm, graphite monochromator)
unit cell dimensions [pm] a� 1225.7(1) a� 1222.6(1) a� 1215.97(5)


c� 544.83(9) c� 544.6(1) c� 542.80(5)
cell volume [106 pm3] 708.8(2) 704.9(2) 695.05(8)
Z 1
X-ray density [g cmÿ3] 5.299 5.383 5.562
F(000) 999 1006 1020
absorption coefficient [mmÿ1] 17.798 18.691 20.668
temperature [K] 292(2) 293(2) 293(2)
crystal size [mm3] 0.10� 0.12� 0.15 0.10� 0.20� 0.22 0.06� 0.06� 0.48
diffraction range [8] 48� 2q� 558 48� 2q� 608 48� 2q� 958
h, k, l ÿ 15� h� 15 ÿ 16� h� 16 ÿ 1�h� 25


ÿ 13� k� 13 ÿ 17� k� 17 ÿ 23�k� 1
ÿ 7� l� 7; octants: 2 ÿ 7� l� 7; octants: 2 ÿ 11� l� 1; octants: 2


scan type, speed w, 28minÿ1 w, 28minÿ1 w, 28minÿ1


total no. reflections 6328 3048 5634
independent reflections 1211 (Rint� 0.0245) 1505 (Rint� 0.0275) 4427 (Rint� 0.0287)
observed reflections (I> 2sI)) 1207 1499 4098
refined parameters 98 92 98
I/s 39.19 47.56 24.33
corrections Lorentz, polarization, absorption
absorption correction habitus[26]


min./max. transmission 0.1514/0.3440 0.1746/0.3182 0.1869/0.2391
Flack parameter 0.01(3) 0.00(2) -0.01(2)
extinction coefficient 0.0102(2) 0.0054(2) 0.0184(7)
min./max. residual electron density [e/ �3] ÿ 0.807/1.972 ÿ 0.977/1.440 ÿ 4.729/3.215
GOF 1.123 1.097 1.051
R indices (all data) R1� 0.0127 R1� 0.0169 R1� 0.0467


wR2� 0.0304 wR2� 0.0393 wR2� 0.0988


Figure 7. Magnetization isotherms of Ba4Nd7Si12N26BO at 4.2 and 290 K.
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for all atoms. Table 3 and 4 contain selected interatomic distances and
angles.[25] The Rietveld refinement of the X-ray diffraction data is
illustrated in Figure 8, the results of the final refinement are summarized
in Table 5.


Thermogravimetric investigations : For the measurements a sample of
Ba4Sm7[Si12N23O][BN3] (22.475 mg) was placed in a small tungsten crucible.
The investigations were performed in a DTA-TG thermoanalytical balance
TGA 92 ± 2400, Setaram, Caluire/France with a measurement rod 92 ±
2400-TG-ATG 2400 8C made of tungsten. The sample was heated under
an atmosphere of helium at 25 K minÿ1 to 500 8C followed by a slower
increase of temperature (10 Kminÿ1) up to 16008 C. The result is shown in
Figure 9. Similar to other nitridosilicates obtained in our group Ba4Sm7-
[Si12N23O][BN3] exhibits a thermal stability up to 1400 8C and it is resistant
against hydrolysis. At higher temperatures a rapid decomposition and the
formation of gaseous products and an X-ray amorphous solid residue is
observed.


Solid-state NMR investigation : Despite the paramagnetic character of
Ba4Nd7[Si12N23O][BN3] a 11B-MAS NMR spectrum could be recorded.


Owing to the strong dipolar influence of the unpaired electrons of Nd the
interpretation of the NMR spectrum is difficult.


Table 2. Atomic coordinates and anisotropic displacement parameters [pm2] for Ba4Pr7[Si12N23O][BN3] determined by single-crystal X-ray diffraction with
esds in parentheses. Ueq is defined as one third of the trace of the orthogonalized Uij tensor. The anisotropic displacement factor exponent is of the form
ÿ2p2[(ha*)2U11 � . . .2 hka*b*U12].


Atom Wyckoff x y z U11 U22 U33 U23 U13 U12 Ueq


position


Ba(1) 3k 0.56991(4) 0.08287(4) 1/2 153(2) 167(2) 122(2) 0 0 109(2) 135(1)
Ba(2) 1d 1/3 2/3 1/2 215(2) 215(2) 69(3) 0 0 107(2) 166(2)
Pr(1) 3j 0.03693(3) 0.32628(3) 0 52(2) 58(2) 131(2) 0 0 21(2) 84(1)
Pr(2) 3j 0.25298(4) 0.22269(4) 0 111(2) 84(2) 55(2) 0 0 70(2) 73(1)
Pr(3) 1b 0 0 1/2 106(2) 106(2) 134(3) 0 0 53(1) 115(2)
Si(1) 3k 0.1992(2) 0.3230(2) 1/2 51(8) 61(7) 55(7) 0 0 33(7) 53(3)
Si(2) 3k 0.3121(2) 0.1188(2) 1/2 44(7) 48(8) 41(7) 0 0 22(7) 45(3)
Si(3) 3j 0.3076(2) 0.5075(2) 0 39(7) 50(8) 48(7) 0 0 30(6) 43(3)
Si(4) 3j 0.5063(2) 0.2337(2) 0 48(7) 47(8) 47(7) 0 0 14(6) 52(3)
B 1a 0 0 0 40(30) 40(30) 50(50) 0 0 20(20) 40(20)
N/O(1) 6l 0.2773(4) 0.4067(3) 0.2437(7) 120(20) 80(20) 60(20) 2(2) 3(2) 50(10) 83(7)
N/O(2) 6l 0.4029(4) 0.1685(4) 0.2419(7) 70(20) 130(20) 60(20) 0(2) 2(2) 30(20) 97(7)
N/O(3) 3k 0.0434(7) 0.2820(6) 1/2 60(30) 140(30) 250(30) 0 0 60(20) 150(20)
N/O(4) 3k 0.2143(5) 0.1849(5) 1/2 120(30) 40(20) 80(20) 0 0 50(20) 70(10)
N(5) 3j 0.0183(7) 0.1281(6) 0 210(30) 80(30) 220(30) 0 0 100(20) 160(20)
N/O(6) 3j 0.1887(6) 0.5489(6) 0 70(30) 50(30) 250(30) 0 0 30(20) 120(20)
N/O(7) 3j 0.6086(6) 0.1775(6) 0 110(30) 140(30) 80(30) 0 0 90(20) 100(20)


Table 3. Interatomic distances [pm] in the structure of Ba4Pr7[Si12-
N23O][BN3] determined by single-crystal X-ray diffraction with esds in
parentheses.


Ba(1)ÿN/O(7) 290.5(2) (2� ) Pr(3)ÿN/O(4) 246.6(5) (3� )
Ba(1)ÿN/O(2) 306.8(4) (2� ) Pr(3)ÿN(5) 309.6(3) (6� )
Ba(1)ÿN/O(1) 309.0(4) (2� ) Pr(3)ÿN/O(3) 322.4(7) (3� )
Ba(1)ÿN/O(2) 312.3(4) (2� ) BÿN(5) 147.1(6) (3� )
Ba(1)ÿN/O(4) 338.1(6) Si(1)ÿN/O(1) 171.4(4) (2� )
Ba(1)ÿN/O(3) 354.9(7) Si(1)ÿN/O(3) 171.5(7)
Ba(2)ÿN/O(6) 317.6(3) (6� ) Si(1)ÿN/O(4) 179.2(5)
Ba(2)ÿN/O(1) 322.3(4) (6� ) Si(2)ÿN/O(2) 170.6(4) (2� )
Pr(1)ÿN(5) 232.3(6) Si(2)ÿN/O(3) 172.4(7)
Pr(1)ÿN/O(6) 241.5(6) Si(2)ÿN/O(4) 175.1(6)
Pr(1)ÿN/O(2) 255.2(4) (2� ) Si(3)ÿN/O(6) 169.5(7)
Pr(1)ÿN/O(3) 278.6(2) (2� ) Si(3)ÿN/O(1) 172.3(4) (2� )
Pr(1)ÿN/O(1) 291.7(4) (2� ) Si(3)ÿN/O(6) 176.6(6)
Pr(2)ÿN/O(1) 250.3(4) (2� ) Si(4)ÿN/O(7) 168.6(7)
Pr(2)ÿN(5) 250.7(7) Si(4)ÿN/O(7) 170.6(7)
Pr(2)ÿN(5) 257.3(7) Si(4)ÿN/O(2) 172.3(4) (2� )
Pr(2)ÿN/O(2) 260.3(4) (2� )
Pr(2)ÿN/O(4) 276.4(1) (2� )


Table 4. Interatomic angles [8] in the structure of Ba4Pr7[Si12N23O][BN3]
determined by single-crystal X-ray diffraction with esds in parentheses.


N/O(1)-Si(1)-N/O(4) 106.0(2) (2� ) N/O(1)-Si(3)-N/O(1) 100.8(3)
N/O(1)-Si(1)-N/O(1) 109.1(3) N/O(1)-Si(3)-N/O(6) 107.0(2) (2� )
N/O(3)-Si(1)-N/O(4) 110.5(3) N/O(6)-Si(3)-N/O(6) 109.6(4)
N/O(1)-Si(1)-N/O(3) 112.5(2) (2� ) N/O(1)-Si(3)-N/O(6) 115.8(2) (2� )
N/O(2)-Si(2)-N/O(3) 106.4(2) (2� ) N/O(2)-Si(4)-N/O(2) 99.8(3)
N/O(2)-Si(2)-N/O(4) 108.1(2) (2� ) N/O(2)-Si(4)-N/O(7) 109.4(2) (2� )
N/O(2)-Si(2)-N/O(2) 111.1(3) N/O(2)-Si(4)-N/O(7) 109.8(2) (2� )
N/O(3)-Si(2)-N/O(4) 116.7(3) N/O(7)-Si(4)-N/O(7) 117.3(4)
Si(1)-N/O(1)-Si(3) 155.9(3) Si(2)-N/O(2)-Si(4) 173.5(3)
Si(1)-N/O(3)-Si(2) 161.6(4) Si(2)-N/O(4)-Si(1) 148.8(4)
Si(3)-N/O(6)-Si(3) 130.4(4) Si(4)-N/O(7)-Si(4) 122.7(4)


Figure 8. X-ray powder diffraction pattern and difference profile of the
Rietveld refinement of Ba4Pr7[Si12N23O][BN3]. Allowed peak positions are
marked by vertical lines; crosses and lines indicate observed and calculated
results, respectively. The diffraction pattern was recorded on a D5000
diffractometer (Siemens) using MoKa radiation (70.93 pm).
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Figure 9. Thermogravimetric measurement of Ba4Sm7[Si12N23O][BN3].
Sample size 22.475 mg, heating rate 10 Kminÿ1, He atmosphere.
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Table 5. Results of the Rietveld refinements for Ba4Pr7[Si12N23O][BN3]
and Ba4Nd7[Si12N23O][BN3].


Ln�Pr Ln�Nd


crystal system hexagonal
space group P6Å (no. 174)
diffractometer Siemens D5000 STOE Stadi P
l [pm] 70.93 (MoKa)
T [K] 293(2) 293(2)
lattice parameters [pm] a� 1227.33(2) a� 1224.32(1)


c� 545.74(1) c� 545.135(7)
cell volume [106 pm3] 711.94(2) 707.66(2)
Z 1 1
range [2q] 3 ± 608 3 ± 608
no. of data points 5700 5700
refined parameters 40 (structure) 35 (structure)


15 (profile) 14 (profile)
Rp 0.0662 0.0580
wRp 0.0880 0.0732
R 0.0671 0.0564
R(F 2) 0.1132 0.0965
c2 1.827 0.8323








Helical Molecular Programming:
Folding of Oligopyridine-dicarboxamides into Molecular Single Helices


Volker Berl,[a, b] Ivan Huc,*[c] Richard G. Khoury,[a] and Jean-Marie Lehn*[a]


Abstract: Molecular strands composed
of alternating 2,6-diaminopyridine and
2,6-pyridinedicarbonyl units have been
designed to self-organize into single
stranded helical structures upon forming
intramolecular hydrogen bonds. Pen-
tameric strands 11, 12, and 14, hepta-
meric strands 1 and 20, and undecameric
strand 15 have been synthesized using
stepwise convergent strategies. Single
helical conformations have been char-
acterized in the solid state by single


crystal X-ray diffraction analysis for four
of these compounds. Helices from pen-
tameric strands 12 and 14 extend over
one turn, and helices from heptameric
20 and undecameric 15 species extend to
one and a half and two and a half turns,
respectively. Intramolecular hydrogen


bonds are responsible for the strong
bending of the strands. 1H NMR shifts
both in polar and nonpolar organic
solvents indicate intramolecular overlap
between the peripheral aromatic groups.
Thus, helical conformations also pre-
dominate in solution. Molecular sto-
chastic dynamic simulations of strand
folding starting from a high energy
extended linear conformer show a rapid
(600 ps at 300 K) conversion into a
stable helical conformation.


Keywords: helical structures ´ con-
formation analysis ´ folding ´
hydrogen bonds ´ self-assembly


Introduction


The biological functions of biopolymers such as nucleic acids
and proteins rest on their folding into three-dimensional
architectures which involve a complex interplay of numerous
intramolecular nonbonding interactions. Recently, interest
has grown for artificial oligomers and polymers also under-
going self-organization into well-defined conformations.
These compounds provide simple models in which the
thermodynamic and kinetic parameters of folding are more
easily assessed than in biopolymers. They may also be used as
frameworks to elaborate not only structural but also func-
tional mimics of biological compounds.


Among the structural patterns encountered in biopolymers,
single helical conformations have been the focus of special


attention, leading to their implementation in numerous
synthetic systems.[1] A majority of these operate through
intramolecular attractive and/or repulsive interactions to
restrict conformations and induce bending of molecular
strands into helices. Thus, as in natural peptides, intramolec-
ular hydrogen bonding in synthetic aromatic[2] and aliphatic[3]


oligoamides leads to helical winding of the strand. Prefer-
ential conformations within extended pyridine ± pyrimidine,[4]


pyridine ± pyridazine,[5] or pyridine ± pyrazine[6] sequences
result in well-defined helical conformations. In such polyar-
omatic compounds, stacking between aromatic residues with-
in the helical structure provides an additional driving force for
helical folding.[2, 4±7] Single helical molecular shapes may be
enforced through covalent conformational restriction. In this
case, the molecules are completely preorganized in a helix,
and their unfolding would require covalent bond breaking.[8, 9]


More or less flexible molecular strands may also organize in
single helices upon coordinating to metal ions[10] or as a result
of solvophobic effects.[11] Finally, supramolecular single heli-
ces can be generated by self-assembly of small molecules in
the solid or in solution.[12]


We recently reported on a new family of oligomeric
molecular strands based on pyridine carboxamides.[13a] Intra-
molecular hydrogen bonds lead to the folding of these
structures into single helical conformers, which assemble to
form double helical dimers. Herein, we give an extensive
description of the design principles, synthesis, and initial
folding of these oligomers into single helices in solution and in
the solid.
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Results and Discussion


Design of the components : Mo-
lecular strands such as 1 are
oligomers composed of alter-
nating 2,6-diaminopyridine and
2,6-pyridinedicarbonyl units
(Figure 1).[13a] They were de-
signed as pyridine analogues of
the oligoisophthalamide 2 de-
scribed earlier.[14] In all these
compounds, conformational
preferences at the pyridineÿNH
and COÿNH linkages restrict
rotations about these bonds:
The amide bond prefers a trans
conformation; the carbonyls es-
tablish favorable contacts with
aromatic protons in position 3
or 5 of the diaminopyridine
rings; and the NdÿHd� dipoles
are antiparallel to the neighbor-
ing pyridine nitrogen lone pairs.
This sets the pyridinaminocar-
bonyl moiety in an overall pla-
nar geometry.


In the oligoisophthalamide
series, the rotation about the
COÿaryl bonds has a low en-
ergy barrier, and leads to multi-
ple different quasiplanar/conju-
gated rotamers. Upon hydrogen


bonding of the diamino-pyridine units to a complementary
cyanurate template, curvature is introduced in the back-
bone. Within heptamer 2, binding of two template mole-
cules stabilize three rotamers of C, S and helical shape
(Figure 1).[14]


In the pyridine 2,6-dicarboxamide series, the nitrogen
atoms introduced are expected to hydrogen bond to the
neighboring amide hydrogens. These intramolecular hydro-
gen bonds should direct rotations about the COÿaryl linkages
towards a bent conformation and favor a helical shape of the
molecule in the absence of any template. Modeling studies of
the 2-pyridyl ± 2-pyridinecarboxamide helical codon (Macro-
Model, Amber force field)[15] suggest that, in the bent
hydrogen-bonded conformation, substituents at the 6 and 6'
positions define an angle of about 398. Crystallographic data
on analogous structures available from the Cambridge


Abstract in French: Des brins
moleÂculaires constitueÂs d�uniteÂs
alternantes 2,6-diaminopyridine
et 2,6-pyridinedicarbonyle ont
eÂteÂ conçus dans le but d�induire
une auto-organisation en struc-
tures heÂlicoïdales par formation
de liaisons hydrogeÁne intramo-
leÂculaires. Des brins pentameÂr-
iques 11, 12 et 14, heptameÂr-
iques 1 et 20 et undeÂcameÂrique 15 ont eÂteÂ syntheÂtiseÂs par eÂtapes
selon une strateÂgie convergente. Les conformations en simple
heÂlice ont eÂteÂ caracteÂriseÂes aÁ l�eÂtat solide par diffraction des
rayons X pour quatre de ces composeÂs. Les brins pentameÂri-
ques 12 et 14, heptameÂrique 20 et undeÂcameÂrique 15 forment
des heÂlices aÁ un tour, 1.5 tours et 2.5 tours, respectivement. La
forte courbure des brins est imposeÂe par des liaisons hydrogeÁne
intramoleÂculaires. Les deÂplacements chimiques des signaux de
RMN 1H indiquent un recouvrement intramoleÂculaire entre les
groupes aromatiques peÂripheÂriques, confirmant la preÂdomi-
nance des conformations heÂlicoïdales en solution. Des simu-
lations stochastiques par dynamique moleÂculaire du repliement
d'un brin aÁ partir d�un conformeÁre lineÂaire d'eÂnergie eÂleveÂe
montrent une conversion rapide (600 ps aÁ 300 K) en une
conformation heÂlicoïdale stable.


Figure 1. Structure of molecular heptameric strands 1 and 2. Intramolecular hydrogen bonds lead to the folding
of 1 into a molecular single helix (top). They may also play a role in the formation of a tetrameric macrocycle from
2,6-diaminopyridine and 4-decyloxy-2,6-pyridine dicarbonyl chloride (middle). Binding of two template
cyanurate molecules to 2 leads to the stabilization of three conformers of ªSº, ªeº, and helical shape (bottom).
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Crystallographic Database (CCDC) confirm this prediction
with values as low as 358,[16] which are noticeably smaller than
the 608 expected for sp2 centers with a planar trigonal 1208
symmetry.


This preferred conformation may play a role in the
formation of a tetrapyridyl macrocycle from the condensation
of 2,6-diaminopyridine (5) and 4-decyloxy-pyridine-2,6-dicar-
bonyl dichloride (3 b) (Figure 1), in 30 % yield in relatively
concentrated conditions (3.6 mm), pointing to a predisposition
of the system towards cyclization. Moreover, no larger cycles
were detected, including the cyclic hexamer expected for sp2


centers with a planar trigonal 1208 symmetry.[17]


As a consequence of this strong bent, a helical motif (i.e.,
the overlap of the strand extremities) should emerge for
strands containing as few as five aromatic rings. Heptamer 1 is
expected to undergo nearly one and a half turns. In the helical
form, substituents in position 4 of the pyridine rings protrude
radially and may enhance the solubility of these compounds in
aromatic and chlorinated solvents.


Synthesis : Two distinct strategies were developed for the
preparation of oligopyridine-dicarboxamides having an odd
number of aromatic rings. At first, a route derived from the
synthetic Scheme of oligoisophthalamide 2 was followed.[14] It
was initially designed so as to converge in only three key steps
to a heptamer composed of four 2,6-diaminopyridine and
three 2,6-pyridinedicarbonyl units. The first step involved the
double condensation of a 2,6-diaminopyridine monolithium
salt to a pyridine-2,6-dicarboxylic acid dimethyl ester to give
in low but acceptable yield a trimer possessing two amine
functions (Schemes 1 and 2). One of these two amines was
subsequently acylated with acetyl chloride or decanoyl
chloride. And the resulting monoamine was exposed to half


an equivalent of a pyridine-2,6-dicarbonyl dichloride to yield
the corresponding heptamer.


Heptamer 1 which has solubilizing decyloxy chains in
position four of the pyridine rings and decanoyl end-capping
residues was synthesized according to this Scheme
(Scheme 1). Prior to this, the starting 4-decyloxy-pyridine-
2,6-dicarboxylic acid dimethyl ester (4) was prepared from
chelidamic acid using standard procedures. Pyridinedicarbox-
ylic acid (3) was prepared in two steps upon treatment of
chelidamic acid with decanol in H2SO4 followed by saponi-
fication of the decyloxyester functions. It was then converted
to the corresponding diacid chloride, and dimethyl ester 4. As
expected, the alkoxy substituents provide 1 with a high
solubility in chlorinated and aromatic solvents. This sub-
stance, however, is not prone to crystallization, which led us to
consider analogous compounds lacking the alkoxy chains.


When the same Scheme was applied to commercially
available 2,6-diaminopyridine (5) and pyridine-2,6-dicarbox-
ylic acid dimethyl ester (9), the initial condensation step in the
presence of an excess of the monolithium salt of 5 yielded the
expected diamine trimer 10, but the unexpected diamine
pentamer 11 was also isolated (Scheme 2). Trimer 10 has very
low solubility in most common organic solvents, which
hampered its conversion to the corresponding heptamer.
Monoacylation conditions (one equivalent of acyl chloride)
applied to suspension of 10 in THF, for example, yielded
quantitatively the bis-acylated product. After the first heter-
ogeneous acylation, the monoacylated product is solubilized
and readily acylated a second time in solution.


On the other hand, the diamine pentamer 11 is remarkably
more soluble than trimer 10 and proved to be a suitable
material for further functionalization, giving access to various
pentamers and to the undecamer 15. It could be diacylated


with acetyl chloride to pentam-
er 12. Fmoc mono-protection in
THF led to the desired mono-
protected 13 and to the bis-
protected 14 as a side product.
Upon exposure to half an
equivalent of pyridine-2,6-di-
carbonyl dichloride, immedi-
ately followed by a deprotec-
tion step using piperidine in
DMF, compound 13 was con-
verted to the diamine undecam-
er 15 (Scheme 2). Diamine 15
could only be dissolved in hot
DMSO, which precluded any
further transformation.


This approach thus provided
pentamers, heptamers and an
undecamer in a highly conver-
gent fashion. It cannot, howev-
er, be applied to the synthesis of
longer chains because of the
irreversible acylation of the ter-
minal amino groups (in the case
of 1), or because of the insol-
ubility of the final product (in
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the case of 15). With the intent to develop a more versatile
and divergent strategy that could be applied iteratively to
build oligomers of increasing length, we explored the
possibility of effecting mono-deprotections on oligomers
bearing two terminal Boc-protected amino residues.


As shown in Scheme 3, 2,6-diaminopyridine (5) was effi-
ciently monoprotected after treatment with LiHMDS, fol-
lowed by Boc-anhydride. The monoamine 17 obtained
reacted with pyridine-2,6-dicarbonyl dichloride to afford the
corresponding bis-Boc-protected trimer 18. Upon exposure of
this compound to a stoichiometric amount of TMSI, followed
by hydrolysis in methanol, the monoamine 19 was obtained in
61 % yield. This amine was subsequently coupled to pyridine-
2,6-dicarbonyl dichloride to yield bis-Boc-protected heptamer
20. Despite the lack of alkoxy chains, 20 is soluble in
chlorinated solvents, perhaps because helical wrapping (see
below) hinders intermolecular association; the same may hold
for 11.


Thus, the mono-deprotection of a bis-Boc-protected dia-
mine using TMSI followed by reaction with pyridine-2,6-
dicarbonyl dichloride easily leads to a heptamer lacking
alkoxy chains which could not be obtained otherwise for
solubility reasons. If these two steps can be iterated, this
strategy should give access to longer chains having 2nÿ 1
aromatic rings (15, 31, 63...). We are currently exploring this
prospect.


Single helix formation in the solid state : For all the newly
synthesized compounds, attempts were made to get single
crystals suitable for X-ray diffraction. A number of solvent
combinations and diffusion techniques were tested. Crystals
from heptamer 1, which bear decyloxy chains in position 4 of
the pyridine rings, were difficult to obtain and were either too
small, or disordered. On the other hand, compounds lacking
long alkyl chains were highly crystalline. Thus, liquid/liquid
diffusion setups yielded good quality single crystals of
pentamers 12 and 14, heptamer 20,[13] and undecamer 15,
which could all be analyzed by X-ray diffraction. The crystal
characteristics and crystallographic parameters are summar-
ized in Table 1.


In the crystal, the four oligomeric strands adopt a single
helix conformation closely matching the predicted structures
(Figures 2a ± c and 3). All pyridineÿNH, NHÿCO and
COÿpyridine bonds present the expected conformation.
Within pyridinecarboxamide groups, an intramolecular hy-
drogen bond forms between the amide NHs and the pyridine
nitrogen. Typical amide NH pyridine ± N distances are be-
tween 2.21 and 2.24 �. Typical amide NH ± pyridine N
distances are between 2.65 and 2.74 �. The bending of the
oligomers is such that an overlap of the strand extremities
leading to the helical motif is possible for pentamers 12 and 14
(Figure 2a, b). For compound 14, the Fmoc aromatic groups
at the strand extremities do not belong to the helical structure
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and are positioned perpendicular to the helix plane. The
approximate value of 4.5 rings per helix turn leads to one and
a half turn for heptamer 20 and nearly two and half turns for
undecamer 15.


Table 2 gives a comparative presentation of the four
structures. In all cases, aromatic ring n overlaps with aromatic
ring n�4. The helical pitch (e.g. the distance along the helix
axis between ring n and ring n�4) is consistently around
3.6 �. This indicates a tight contact between aromatic rings,
suggesting that stacking likely plays a role in the cohesion of
the structure. Owing to the alternation of diaminopyridine
rings and pyridinedicarbonyl rings, intramolecular aromatic
stacking occurs essentially within rings of the same nature.


The helices and voids of their cavity have an elliptical shape
(see top views in Figure 2a, b). Typical values for the axes of a
helix are 13.5 � and 11.1 �. The axes of the internal voids are


8.1 � and 5.6 � long, respec-
tively. Most polar functions of
the oligopyridine-dicarbox-
amides are converging towards
the interior of the helices,
where bound co-crystallized
water molecules are seen in
each case. Solvent molecules
are also present in all structures
(not shown in the Figures), but
they are located between the
helices and not in their interior.


The formation of a helix
imposes a slight deviation from
the preferred planar conforma-
tions of the molecular strand.
The resulting torsional angles
between consecutive aromatic
rings is similar from structure to
structure (13.48 on average),
but it varies significantly within
the same strand depending on
whether the rings have central
or terminal positions. Terminal
rings are significantly less tilted
than average for compounds 12,
14, and 20. They are significant-
ly more tilted for undecamer 15
(see below).


For a symmetrical helical
structure, the line going
through the nitrogen atom and


C4 carbon atom of the central pyridine ring should be a C2-
symmetry axis. The helix formed by undecamer 15 is indeed
perfectly C2 symmetrical, and the line going through the
nitrogen and C4 carbon atoms of the central pyridine ring is a
crystallographic symmetry axis. Thus, the crystallographic
asymmetric unit cell only contains half a helix. On the other
hand, the helices formed by 12, 14, and 20 deviate slightly
from a perfect C2 symmetry. As shown in Table 2, the series of
torsional angles between consecutive pyridine rings at the two
strand termini are not identical. As a result, the crystallo-
graphic unit cell contains an entire strand. All four structures
belong to a nonchiral space group, which means that plane
symmetrical right- and left-handed helical strands are present
in the crystal.


The folding pattern of the four structures is overall highly
conserved, leading to structurally similar helices. However, a


Table 2. Characteristics of the helical structures in the solid.


Compound Helical pitch Pyridine ± pyridine Outer diameters Inner diameters Overlapping
torsional angles [8] of the elipsoidal objects [�] of elipsoidal cavity [�] mode[b]


CÿC atom center distances NÿCN atom center distances


12 3.59[a] 7.7, 15.6, 21.7, 6.5 13.44; 10.98 8.07; 5.68 A
14 3.39[a] 7.0, 12.0, 16.1, 8.4 13.68; 11.16 8.27; 5.59 B
20 3.58 6.2, 16.7, 13.7, 8.0, 16.3, 2.3 13.67; 10.98 8.28; 5.58 B
15 3.57 32.6, 2.3, 13.6, 17.3, 18.1, 17.3, 13.6, 2.3, 32.6 13.43; 11.18 7.96; 5.98 A


[a] These are approximate values due to the fact the the partially overlapping pyridine rings are not coplanar but their planes have an angle of 14.2 and 15.78,
for 12 and 14, respectively. [b] See Figure 6.


Table 1. Crystallographic parameters for the structures determined.


Compound 12 14 20 15
(single helix)


MW C33H27N11O6 ´ C59H43N11O4 ´ C51H47N15O10 ´ C65H47N23O10 ´
2(CH3OH) ´ 0.25(CH3OH) ´ 2(C2H6SO) ´ 1.5(H2O) ´
(H2O) 1.5(CHCl3) ´ 2(H2O) ´ 0.5(CH3OH)


(H2O) 1.5(C2H3N)
crystallizing DMSO/ chloroform/ DMSO/ DMSO/
solvent/
precipitant methanol hexane acetonitrile methanol
crystal dimensions [mm] 0.21� 0.15� 0.15 0.30� 0.25� 0.20 0.25� 0.16� 0.15 0.16� 0.08� 0.05
color colorless colorless colorless colorless
unit cell monoclinic triclinic monoclinic monoclinic
space group C2/c P1Å C2/c C2/c
dimensions
a [�] 16.250(3) 13.202(3) 33.952(7) 17.451(4)
b [�] 24.110(5) 15.309(3) 13.510(3) 27.226(5)
c [�] 18.070(4) 15.806(3) 27.97(6) 13.123(3)
angles
a [8] 90 80.59(3) 90 90
b [8] 91.78(3) 87.87(3) 97.75(3) 102.59(3)
g [8] 90 68.69(3) 90 90
V [�3] 7076(2) 2935(1) 12713(4) 6085(2)
Z 8 2 8 4
FW [gmolÿ1] 755.75 1253.77 1283.91 1353.28
1 [g cmÿ3] 1.265 1.411 1.367 1.430
scanned q 2.028�q� 27.458 1.318�q� 27.488 1.08�q� 27.68 0.678�q� 8.608
total/unique refl. 13544/3730 13315/6450 14359/7699 25540/4479
parameters 485 779 802 457
GOF 0.952 0.916 1.067 0.952
res. eÿ density [e�ÿ3] 0.684 0.540 0.933 1.038
R1 [%] 8.7 7.6 11.7 7.8
CCDC Ref. 147 333 147 334 142 810 147 335
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slight but significant difference can be noted, which refers to
the number of aromatic rings per turn and the exact relative
positioning of overlapping rings. In the case of helical
pentamer 12 and undecamer 15, the overlap between ring n
and ring n�4 is such that a carbon in b position of one pyridine
ring coincides with another b carbon of the pyridine ring
above (see top view in Figure 2a). This leads to a partial
overlap of the aromatic rings. However, in the case of helical
pentamer 14 and heptamer 20, the helix is slightly more open.
Carbons in a position of each pyridine ring coincide, leading
to a very small overlap of the aromatic rings (see top view of
Figure 2b). Instead, each aromatic ring lies above an amide
group.


These differences may originate from crystal packing
constraints. It may also be proposed that the Boc and Fmoc
end-capping groups of 14 and 20 are responsible for a slight
opening of the helical structures. These bulky groups are
accommodated into the helices not by increasing the helical
pitch, which would diminish favorable intramolecular stack-
ing interaction, but by increasing the helix diameter.


Finally, the relative arrangement of the helices formed by
undecamer 20 in the crystal deserves some comment. As
shown in Figure 3, right- and left-handed individual helices
are connected by two weak hydrogen bonds between terminal
diamino-pyridine units, presenting both a nitrogen ± nitrogen


distance of 3.22 �. These hydrogen bonds are likely to be
responsible for the large dihedral angle (32.68) formed
between the most peripheral pyridine rings (Table 2). They
lead to the propagation of the helical motif along one
dimension in the form of a long alternatively right- and left-
handed helical string. The hydrogen-bonded helices are offset,
and their cavities are not superimposed along the string
(Figure 3). Such well defined connected network of helices is
not present in the crystal structures of compounds 12, 14,
and 20.


Single helix formation in solution : Dilute solutions of the
oligomeric strands in CDCl3 or [D6]DMSO feature sharp
1H NMR spectra consistent with the presence of a single well
defined species. In all cases, the pattern of signals indicate that
on average, the molecular strands adopt a symmetrical
structure with respect to the central pyridine ring. In this
regard, the slight deviations from a perfect symmetry
observed in the solid state for compounds 12, 14, and 20
may result from crystal packing constraints and not from a
conformational preference.


The conformational behavior of heptamer 1 is described
below as a representative example of the molecular strands in
these solvents.[13] A partial assignment of the 1H NMR
spectrum of 1 shown in Figure 4 can be proposed on the


basis of COSY experiments,
and comparison with spectra
of analogous compounds. In
CDCl3, the formation of intra-
molecular hydrogen bonds re-
sults in a strong deshielding of
the corresponding protons, the
signals of which appear at low
field on the NMR spectra.
Thus the signals of three of
the four different amide hy-
drogens of heptamer 1 are
seen at d� 10.86, 10.43, and
10.27. The terminal amide hy-
drogen is not involved in an
intramolecular hydrogen
bond; its signal appears at
d� 7.54. Comparison of the
spectrum of 1 to that of its
shorter analogue trimer 8
shows that a number of signals
are substantially shifted up-
field, which suggests intramo-
lecular stacking interactions in
1. Signals of the most periph-
eral diamino-pyridine rings
are at d� 7.52, 7.89 (H3 and
H5) and 7.62 (H4) in 1, where-
as they are at d� 7.90, 8.01 (H3
and H5), and 7.72 (H4) in 8.
These latter values compare
well with those of the more
central diaminopyridine rings
of 1: d� 7.89, 8.18 (H3 and H5)


Figure 2. Top view (left) and side view (right) of the crystal structure of the single helix formed by a) pentamer 12
and b) pentamer 14. c) Cylindrical bonds (left) and CPK representations (right) of the single helix formed by
heptamer 20 in the crystal. Solvent molecules included in the crystal lattice and carbon hydrogens (in cylindrical
bonds structures) are omitted for clarity. Where represented, hydrogen atoms have computer generated position.
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and 7.74 (H4). Signals of the
second most peripheral pyri-
dine rings are at d� 7.40 and
7.88 in 1. This represents an
almost 0.5 ppm difference de-
spite the apparently symmetri-
cal substitution of these rings.
For comparison, the proton sig-
nal of the central pyridine ring
of trimer 8 appears at d� 7.92.
These data are consistent with a
helical structure of heptamer 1
in solution involving an aromat-
ic overlap between the most
peripheral rings and part of the
second most peripheral rings.
Such an overlap would corre-
spond well to the one and a half
helical turn predicted by mo-
lecular modeling and observed
in the solid state for heptamer
20.


The folding of a nonchiral
molecular strand into a chiral
helix may result in diastereo-
topic patterns on the NMR
spectra. This may be expected
for the methylene protons be-
longing to the alkyl chains of 1.
However, no such signals were
found in the spectra at room
temperature, indicating that the
right- and left-handed helices
equilibrate rapidly on the NMR
time scale, or that the chemical
shift difference between signals


of the potentially diastereomeric protons is very small. Low
temperature experiments led to some broadening of the
signals, but no splitting was observed even at ÿ55 8C.


We also searched for NOESY contacts between remote
atoms that may come in close proximity upon helix folding.
However, NOESY spectra were complicated by correlation
signals caused by exchange phenomena.[13] The correlation
signals could not be assigned unequivocally to intramolecular
contacts. The exchange results from the dimerization of the
helices, presented in detail in the following article.[13b] It gives
NOESY signals even at low concentration, when the dimer is
present in minor amounts.


The folding of the strands into helices relies on intra-
molecular hydrogen bonding and aromatic stacking interac-
tions which are both strong in low polar solvents such as
CDCl3. However, folding may not occur readily in polar
solvents such as DMSO, which competes for hydrogen bonds.
In Figure 5 the 1H NMR spectra of [D6]DMSO solutions of
trimeric, pentameric, heptameric and undecameric strands are
shown all having terminal pyridine-amino functions. In these
compounds, strand curvature is expected to generate half a
turn, one turn, one and a half, and two and a half turns,
respectively. Taking the spectrum of the trimer as a reference,


Figure 3. Cylindrical bonds and CPK representations of the single crystal structure of the helix formed by
undecamer 15 (top). Solvent molecules included in the crystal lattice and carbon hydrogens (in cylindrical bonds
structures) are omitted for clarity. Where represented, hydrogen atoms have computer generated position. A side
view of the one-dimensional hydrogen-bonded networks formed by 15 is represented (center). Adjacent helices
of opposite handedness are connected by two hydrogen bonds (dashed lines) between the peripheral diamino-
pyridine units of the molecular strands. A top view of this hydrogen-bonded network (bottom) shows that the
helices are not coaxial and that their cavities do not overlap.


Figure 4. Part of the 400 MHz 1H NMR spectrum of 1 at 0.9 mm in CDCl3


at 25 8C. The partial assignement is based on COSY experiments, the values
of the coupling constants, and on comparisons with 1H NMR spectra of
various precursors. The assignment of the spin systems of the two different
diamino-pyridine rings is not unequivocal.
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Figure 5. Part of the 200 MHz 1H NMR spectra of trimeric, pentameric,
heptameric, and undecameric molecular strands, having amino functions
termini, in [D6]DMSO at 25 8C. Whilst the trimer 10, pentamer 11, and
undecamer 15 were synthesized and isolated compounds, the spectrum of
the heptamer was simply obtained upon heating at 120 8C a [D6]DMSO
solution of its Boc protected analogue 20 which led to the deprotection of
the terminal amino groups.


upfield shifts of the signals of the strands terminal functions
are small for the pentamer and heptamer compared with what
was observed in CDCl3. Intramolecular aromatic stacking and
thus helix formation are much less significant in [D6]DMSO.
For undecamer 15 in [D6]DMSO, much larger upfield shifts of
the hydrogen-bonded NHs and of the aromatic signals are
observed (Figure 5), which suggests that a helical conformer is
present. It is interesting to note that signals of the terminal
NH2 and H-5 are substantially more shifted than in the
pentamer and heptamer. These protons should have similar
environments regardless of the helix length. The variation of
their chemical shifts thus suggests an increasing helix stability
with increasing strand length.


Conformational energy and molecular dynamics simulations
of single helix folding : In order to explore the mechanism of
helix folding for these compounds, we performed conforma-
tional and molecular dynamics studies. The lowest energy
conformers of heptamer 20 was calculated using the Monte-
Carlo method under the MMFF94X force field on Spartan.[18]


As expected, the helical conformer is the most stable. The
second lowest energy conformers found also have a helical
shape. They differ from the former by a about 1808 rotation
about one of the aryl ± NH linkages on one of the terminal
aromatic rings, which can occur without disruption of intra-
molecular hydrogen bonds. These rotations result in an over
20 kJ molÿ1 additional conformational energy. The following


more stable conformers combine two of such rotations, and
are thus destabilized by over 40 kJ molÿ1, but still no hydrogen
bonds are disrupted.


Stochastic molecular dynamics simulations were performed
using the AMBER force field in MacroModel (see Exper-
imental Section). A high energy linear heptameric conformer
having two terminal acetamido functions was used as the
initial structure. This local minimum was generated upon
minimizing the completely extended structure using AMBER
and the TNCG algorithm. The structure of this conformer is
similar to the drawings of Schemes 1 ± 3, and contains no
hydrogen bonds. A series of dynamic simulations were
undertaken over 1 to 3 ns at the same temperature of 300 K.
Starting from several different quasi-linear conformers, fold-
ing of the linear conformer into a helical structure occurred in
almost all cases. A representative 1.2 ns simulation is shown in
Figure 6. In this case, folding occurs within approximately
500 ps, and the helix remains stable over the following 700 ps.
During the simulations, rotations about the arylÿNH bonds
were relatively frequent events. Rotations about the arylÿCO
bonds usually occurred only once, which means that a formed
hydrogen bond was rarely disrupted.


Conclusion


The present results provide an efficient approach to the
programmed generation of helical superstructures through
intramolecular self-organization directed by the structural
and conformational features induced by the nonbonding
interactions operating in a molecular strand. The design is
based on a ªpyridine-carboxamideº sequence which plays a
helicity coding role analogous to that of the ªpyridine ± pyri-
midineº helicity codon discovered earlier.[4] In particular,
internal hydrogen bonding in the 2,6-dicarboxamide substi-
tuted pyridine rings induces curvature which leads to helical
folding. Various structural modifications may be envisaged
involving both the strand itself or appended groups decorating
its exterior. Furthermore, the ability of the present molecular
strands to dimerize opens the door to the design of a novel
class of supramolecular double helices.[13]


Experimental Section


General methods : THF was distilled over sodium/benzophenone. Triethyl-
amine (Lancaster, 99%) was used as received. 2,6-Diaminopyridine
(Aldrich, 98 %) was purified by recrystallization from hot chloroform
after filtration with charcoal. Decanoyl chloride (Aldrich, 98%) and acetyl
chloride (Aldrich, 98 %) were distilled prior to use. Flash column
chromatography was performed using silica gel (Geduran, SI 60 (40 ±
63 mm, Merck). Infrared spectra were recorded as thin films on NaCl
discs on a Perkin ± Elmer 1600 Series FTIR. 400 MHz 1H NMR spectra
spectra were recorded on a Bruker Ultrashield Avance 400 spectrometer,
300 MHz 1H NMR and and 75 MHz 13C NMR spectra on a Bruker AM 300
spectrometer, and 200 MHz 1H NMR and 50 MHz 13C NMR spectra on a
Bruker SY 200 spectrometer. The solvent signal was used as an internal
reference for both 1H and 13C NMR spectra. The following notation is used
for the 1H NMR spectral splitting patterns: singlet (s), doublet (d), triplet
(t), multiplet (m). FAB-mass spectrometric measurements were performed
by the Service de SpectromeÂtrie de Masse, Institut de Chimie, UniversiteÂ
Louis Pasteur. Melting points (M.p.) were recorded on a Koffler Heizblock
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apparatus and are uncorrected. Elemental analyses were performed by the
Service de Microanalyse, Institut de Chimie, UniversiteÂ Louis Pasteur.


X-ray crystallography : X-ray diffraction data for compounds 12, 14, and 20
were collected on a Nonius KappaCCD diffractometer with a graphite
monochromatized MoKa radiation (l� 0.71071 �), f scans, at 173 K, at the
Laboratoire de Cristallochimie, UniversiteÂ Louis Pasteur, Strasbourg. As
the crystals for compound 15 proved to be too small for analysis with
conventional X-ray equipment, measurements were carried out at beam-
line ID11 at the European Synchrotron Radiation Facility (ESRF) at
Grenoble. A wavelength of 0.5040 � was selected using a double crystal
Si(111) monochromator, and data were collected using a Bruker ªSmartº
CCD-camera system at fixed 2q. Data were reduced using the Bruker
SAINT software. Their structure solution was determined using direct
methods and refined (based on F 2 using all independent data) by full matrix
least square methods (SHELXTL 97). Hydrogen atoms were included at
calculated positions by using a riding model.


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-147 333 (12),
CCDC-147 334 (14), CCDC-147 335 (15) and CCDC-142 810 (20). 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).


Molecular modeling : Lowest energy conformational search was performed
on a MIPS R4400 Silicon Graphics workstation with Spartan (version 5.1.3,
1998, Wavefunction, Inc.), using Monte-Carlo methods and MMFF94X
force fields. Monte-Carlo uses a ªsimulated annealingº method to generate
conformations of a molecule. Bonds and bent rings are randomly rotated
whithin the molecule until a preferential (minimum energy) geometry is
attained. The only external parameter that controls the search is temper-
ature (T� 5000 K) that allows to jump energy barriers and to explore the
whole potential energy surface.


Molecular dynamics simulations were performed on a R10 000 O2 Silicon
Graphics workstation using MacroModel version 6.5.[19] Stochastic dynam-
ics[20] simulations were run in the MacroModel version of the AMBER*[15]


force field at 300 K with GB/SA solvation[21] (CHCl3), extended nonbonded
distance cutoffs, constrained bond lengths, and a 1.5 fs timestep. After a
2 ps initialization period, structures were sampled every 2 ps for 1 to 3 ns.


4-Decyloxy-pyridine-2,6-dicarboxylic acid (3): Chelidamic acid (15 g,
81.9 mmol), 1-decanol (180 mL), toluene (70 mL), and H2SO4 were heated
at 160 8C (bath temperature) during 20 h (2 mL) in a Dean ± Stark


apparatus. Toluene and decanol were then distilled off under vacuum.
The residue was partitioned between hexane and aqueous sodium
bicarbonate. The organic layer was dried (MgSO4), filtered, concentrated,
and passed through a short pad of silica gel eluting with EtOAc/hexane
5/95. The solvents were evaporated and the residue was added to a solution
of KOH (85 %, 30 g) in EtOH (1 L). The mixture was heated to reflux for
1 h with vigorous magnetic stirring. After cooling to room temperature, the
precipitate was filtered and washed with EtOH. It was then dissolved in
water. Some undissolved material was removed by filtration and the filtrate
was acidified with CF3CO2H. The product precipitate was filtered off,
washed with water and dried. Yield: 18.4 g (72 %). M.p. >260 8C; IR (thin
film): nÄ � 2953, 2916, 2853, 1723, 1607, 1588, 1561, 1473, 1460, 1426, 1306,
1227, 1113, 1033, 1020, 932, 908, 888, 818, 793, 717, 695 cmÿ1; 1H NMR
(200 MHz, TFA/[D6]DMSO): d� 8.26 (s, 2 H), 4.14 (t, 3J� 6.5 Hz, 2H),
2.02 (m, 2 H), 1.30 (m, 14 H), 0.88 (m, 3H); 13C NMR (50 MHz,
[D6]DMSO): d� 175.6, 159.5, 141.0, 115.7, 73.6, 30.6, 28.1, 28.0, 27.8, 27.0,
24.2, 21.3, 11.6; FAB-MS: m/z (%): 322.2 (100) [MÿH]ÿ ; HRMS (FAB-
MS): calcd for [C17H25NO5ÿH]: 323.1654; found: 322.1671.


4-Decyloxy-pyridine-2,6-dicarboxylic acid dimethyl ester (4): Diacid 3 (4 g)
and SOCl2 were heated to reflux for 1 h. After evaporation, the residue was
dissolved in anhydrous toluene (50 mL), cooled to 0 8C, and MeOH
(50 mL) was slowly added. The solution was allowed to stand 30 min at
0 8C, and 1 h at room temperature. It was then evaporated to dryness, and
the product was recrystallised from EtOAc/hexane. Yield: 3.94 g (91 %).
M.p. 72 ± 73 8C; IR (thin film): nÄ � 2947, 2917, 2852, 1718, 1599, 1443, 1365,
1284, 1268, 1257, 1189, 1152, 1108, 1034, 991, 880, 787, 737 cmÿ ; 1H NMR
(200 MHz, CDCl3): d� 7.80 (s, 2 H), 4.14 (t, 3J� 6.6 Hz, 2 H), 4.01 (s, 6H),
1.88 (m, 2 H), 1.28 (m, 14H), 0.89 (t, 3J� 6.5 Hz, 3H); 13C NMR (50 MHz,
CDCl3): d� 167.1, 165.2, 149.7, 114.5, 69.1, 53.2, 31.9, 29.5, 29.2, 28.7, 25.8,
22.6, 14.1; FAB-MS: m/z (%): 352.1 (100) [M�H]� ; HRMS (FAB-MS):
calcd for [C19H29NO5�H]: 352.2124; found: 352.2133.


4-Decyloxy-pyridine-2,6-dicarboxylic acid bis-[(6-amino-pyridin-2-yl)-
amide] (6):[22] A 1.6m solution of nBuLi (7.8 mmol, 4.88 mL, 670 mol %)
in hexane was added at ÿ78 8C to a solution of 2,6-diaminopyridine (5,
0.90 g, 8.1 mmol, 700 mol %) in dry THF (25 mL). After 20 min stirring at
ÿ78 8C, a solution of 4 (0.4 g, 1.14 mmol, 100 mol %) in dry THF (5 mL)
was added dropwise. The reaction mixture was stirred atÿ78 8C for 8 h and
then gradually warmed to r.t. and stirred over night. The reaction was then
quenched with a 1m solution of NaHCO3 (25 mL) and extracted with
EtOAc. The combined organic extracts were washed with sat. aq. brine and
water, dried over MgSO4, filtered, evaporated to dryness and purified using
flash chromatography (silica gel, EtOAc/hexane 2:1) to afford 6 (0.190 g,


Figure 6. Stochastic dynamic simulation of an heptamer in chloroform over 1.2 ns. The initial linear strand is a local conformational energy minimum found
upon minimizing an completely extended structure using AMBER force field on MacroModel. Snapshots are taken at different time intervals. In each case,
five structures stored every 2 ps are superimposed. Conformers interconvert freely over the first 450 ps. Folding of the strand into a helical object occurs
rapidly between 462 and 522 ps. The helix then remains stable until 1.2 ns, end of the calculation.
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40%) as a pale yellow powder. IR (thin film): nÄ �3449, 3358, 3210, 2959,
2872, 1689, 1622, 1600, 1537, 1451, 1342, 1300, 1249, 1127, 1064, 1030, 878,
791 cmÿ1; 1H NMR (200 MHz, [D6]DMSO): d� 10.04 (br s, 2 H), 7.94 (s,
2H), 7.76 (d, 3J� 7.9 Hz, 2H), 7.52 (t, 3J� 7.9 Hz, 2H), 6.29 (d, 3J� 8.0 Hz,
2H), 4.71 (br s, 4H), 4.17 (t, 3J� 6.5 Hz, 2H), 1.81 (m, 2H), 1.25 (m, 14H),
0.84 (t, J� 6.4 Hz, 3H); 13C NMR (75 MHz, [D6]DMSO): d� 168.1, 161.7,
157.7, 150.4, 148.8, 139.9, 111.7, 105.1, 103.5, 69.0, 31.6, 29.3, 29.0, 28.5, 25.6,
22.4, 13.8; FAB-MS: m/z (%): 506.3 (100) [M�H]� ; elemental analysis
calcd (%) for C27H35N7O3 (505.61): C 64.14, H 6.98; found: C 64.21, H 7.09.


4-Decyloxy-pyridine-2,6-dicarboxylic acid 2-[(6-amino-pyridin-2-yl)-
amide] 6-[(6-decanoylamino-pyridin-2-yl)-amide] (7) and 4-decyloxy-pyr-
idine-2,6-dicarboxylic acid bis-[(6-decanoylamino-pyridin-2-yl)-amide] (8):
Decanoyl chloride (0.0482 g, 0.253 mmol, 80 mol %) was added at 0 8C
using a microsyringe to a solution of 6 (0.160 g, 0.316 mmol, 100 mol %)
and triethylamine (0.032 g, 0.316 mmol, 100 mol %) in dry THF (5 mL) and
the reaction stirred for 30 min, before warming to r.t. The reaction mixture
was filtered, evaporated to dryness and applied to a column (silica gel,
EtOAc/hexane 1:2) to provide 7 (0.065 g, 32 %). Under these conditions,
the amount of undesired side product 8 (0.025 g, 10%) was relatively small
and the unreacted starting material 6 could be recovered.


Compound 7: Yellowish powder. M.p. 81 ± 83 8C; IR (thin film): nÄ � 3341,
2923, 2861, 1694, 1585, 1532, 1462, 1342, 1294, 1241, 1151, 1037, 798 cmÿ1;
1H NMR (200 MHz, CDCl3): d� 10.33 (br s, 1 H), 10.26 (br s, 1H), 9.08 (br s,
1H), 8.07 (d, 3J� 8.3 Hz, 1H), 8.02 (d, 3J� 8.7 Hz, 1 H), 7.92 (s, 1H), 7.91 (s,
1H), 7.76 (t, 3J� 8.1 Hz, 1H), 7.68 (d, 3J� 7.9 Hz, 1 H), 7.52 (t, 3J� 8.0 Hz,
1H), 6.28 (d, 3J� 7.9 Hz, 1 H), 4.92 (br s, 2 H), 4.16 (t, 3J� 6.5 Hz, 2H), 2.44
(t, 3J� 7.4 Hz, 2 H), 2.15 (t, 3J� 7.6 Hz, 2H), 1.81 (m, 2H), 1.71 (m, 2H),
1.24 (m, 24H), 0.86 (br s, 6 H); 13C NMR (50 MHz, CDCl3): d� 179.4, 172.6,
168.4, 161.5, 157.5, 150.3, 148.8, 141.1, 141.0, 112.0, 110.3, 109.6, 105.3, 103.4,
69.3, 37.5, 34.3, 31.9, 29.5, 29.4, 29.3, 29.2, 29.0, 28.7, 25.8, 25.4, 24.7, 22.6,
14.1; FAB-MS: m/z (%): 660.3 (100) [M�H]� ; HRMS (FAB-MS): calcd for
[C37H53N7O4�H]: 660.4237; found: 660.4228.


Side product 8 : 1H NMR (200 MHz, CDCl3): d� 10.19 (br s, 2H), 8.42 (br s,
2H), 8.01 (d, 3J� 7.5 Hz, 2 H), 7.92 (s, 2 H), 7.90 (d, 3J� 7.7 Hz, 2 H), 7.72 (t,
3J� 8.0 Hz, 2H), 4.15 (t, 3J� 6.6 Hz, 2H), 2.39 (t, 3J� 7.4 Hz, 4 H), 1.85 (m,
2H), 1.71 (m, 4 H), 1.27 (br s, 38 H), 0.87 (br s, 9 H); FAB-MS: m/z (%):
814.5 (100) [M]� ; elemental analysis calcd (%) for C47H71N7O5 (814.11): C
69.34, H 8.79; found: C 69.14, H 8.89.


4-Decyloxy-pyridine-2,6-dicarboxylic acid bis-[(6-{[6-(6-decanoylamino-
pyridin-2-ylcarbamoyl)-4-decyloxy-pyridine-2-carbonyl]-amino}-pyridin-2-
yl)-amide] (1): Previously prepared crude diacid chloride 3 b (0.118 g,
0.300 mmol, 55 mol %) was dissolved in dry toluene (2 mL) and immedi-
ately transferred through syringe to a previously prepared solution of
mono-amine 7 (0.444 g, 0.545 mmol, 100 mol %) and triethylamine
(0.066 g, 0.654 mmol, 120 mol %) in toluene (10 mL) at 0 8C. The reaction
was allowed to proceed for 30 min, upon which time the reaction mixture
was filtered, evaporated to dryness and the residue purified by column
chromatography (silica gel, 1% MeOH/CH2Cl2). The collected fractions
were evaporated and dried on high vacuum. Compound 1 (0.342 g, 78%)
was obtained as a pale grey gluey solid. M.p. 255 ± 258 8C; IR (thin film):
nÄ � 3462, 3325, 2922, 2852, 1694, 1592, 1520, 1463, 1345, 1305, 1248, 1210,
1159, 1117, 1037, 1000, 878, 799, 721 cmÿ1; 1H NMR (400 MHz, CDCl3,
0.9 mm, monomer): d� 10.86 (s, 2 H), 10.43 (s, 2 H), 10.27 (s, 2 H), 8.18 (d,
3J� 7.9 Hz, 2 H), 8.07 (s, 2H), 7.89 (m, 6H), 7.74 (t, 3J� 7.9 Hz, 2H), 7.62 (t,
3J� 8.3 Hz, 2 H), 7.54 (d, 4J� 3.2 Hz, 2 H), 7.52 (d, 4J� 3.2 Hz, 1 H), 7.40 (d,
4J� 2.5 Hz, 2H), 4.25 (m, 6 H), 1.95 (m, 10H), 1.30 (m, 75H), 0.89 (t, 3J�
7.0 Hz, 6H), 0.86 (t, 3J� 7.0 Hz, 9 H); 13C NMR (400 MHz, CDCl3, 1 mm,
monomer): d� 171.2, 169.2, 168.5, 161.5, 160.8, 150.6, 150.5, 149.7, 149.6,
149.4, 149.1, 148.9, 142.0, 141.4, 112.7, 112.1, 110.7, 110.5, 110.0, 109.7; FAB-
MS: m/z (%): 1606.9 (90) [M]� ; elemental analysis calcd (%) for
C91H127N15O11 (1607.08): C 68.01, H 7.97; found: C 67.98, H 8.24.


Pyridine-2,6-dicarboxylic acid bis-[(6-amino-pyridin-2-yl)-amide] (10) and
2,6-bis-{[6-(6-amino-pyridin-2-ylcarbamoyl)-pyridine-2-carbonyl]-amino}-
pyridine (11): A 1.6m solution of nBuLi (0.158 mol, 95 mL) in hexane was
added dropwise to a solution of 2,6-diaminopyridine (5, 17.85 g, 0.164 mol,
700 mol %) in dry THF (300 mL, 1m) atÿ78 8C. After stirring for 20 min at
ÿ78 8C, a solution of dimethyl pyridine-2,6-dicarboxylate (9, 4.6 g,
24 mmol, 100 mol %) in dry THF (50 mL) was added portionwise. The
reaction mixture was stirred at ÿ78 8C for 12 h, gradually warmed to r.t.
and stirred over night. The reaction was quenched with EtOAc, then


MeOH at r.t. The combined organic extracts were evaporated to dryness
and purified several times using flash chromatography (silica gel, gradient
5% hexane/EtOAc! 100 % EtOAc) to afford 10 (1.5 g, 18 %) as a yellow
solid. As a side product of the reaction, 11 (0.5 g, 4 %) was obtained.
Compound 10 : M.p. >260 8C; IR (thin film): nÄ � 3306, 2832, 1677, 1614,
1570, 1518, 1444, 1298, 1241, 1139, 1063, 1002, 978, 789 cmÿ1; 1H NMR
(200 MHz, [D6]DMSO): d� 11.03 (br s, 2H), 8.32 (m, 3H), 7.45 (br s, 4H),
6.31 (d, 3J� 6.8 Hz, 2 H), 5.90 (br s, 4H); 13C NMR (50 MHz, [D6]DMSO):
d� 162.0, 158.6, 149.5, 149.0, 139.6, 139.0, 125.2, 104.3, 102.0; FAB-MS: m/z
(%): 350.1 (100) [M�H]� ; elemental analysis calcd (%) for C17H15N7O2


(349.34): C 58.45, H 4.33, N 28.07; found: C 58.21, H 4.08, N 28.30.


Compound 11: M.p. >260 8C; IR (thin film): nÄ � 3431, 3360, 3210, 2959,
2863, 1694, 1621, 1580, 1532, 1463, 1311, 1246, 1144, 1073, 1001, 898,
790 cmÿ1; 1H NMR (200 MHz, [D6]DMSO): d� 11.66 (br s, 2 H), 11.11 (br s,
2H), 8.36 (m, 6H), 8.00 (br s, 3 H), 7.40 (br s, 4H), 6.26 (d, 3J� 7.5 Hz, 2H),
5.67 (br s, 4 H); 13C NMR (50 MHz, [D6]DMSO): d� 162.7, 162.1, 158.6,
150.0, 149.5, 149.3, 148.7, 140.2, 139.7, 138.9, 125.7, 125.5, 112.5, 104.5, 102.9;
FAB-MS: m/z (%): 590.4 (100) [M�H]� ; elemental analysis calcd (%) for
C29H23N11O4 (589.56) ´ [H2O]2: C 55.88, H 4.35, N 24.63; found: C 56.06, H
4.61, N 22.81.


2,6-Bis-{[6-(6-acetylamino-pyridin-2-ylcarbamoyl)-pyridine-2-carbonyl]-
amino}-pyridine (12): A solution of 11 (25 mg, 0.0424 mmol, 100 mol %)
and triethylamine (9.4 mg, 0.0933 mmol, 220 mol %) were dissolved in a
minimal amount of dry THF (1 mL), and acetyl chloride (7.0 mg, 6.3 mL,
0.0891 mmol, 210 mol %) added through a dry syringe at r.t. The reaction
was stirred for 2 h, filtered, evaporated to dryness and applied to a column
of silica (silica gel, 5% EtOH/EtOAc). Compound 12 (24 mg, 84%) was
obtained as a white solid. M.p.>260 8C; IR (thin film): nÄ � 3317, 2923, 1701,
1690, 1582, 1508, 1452, 1306, 1241, 1157, 1073, 1002, 798 cmÿ1; 1H NMR
(200 MHz, [D6]DMSO): d� 11.32 (br s, 2 H), 11.04 (br s, 2H), 10.06 (br s,
2H), 8.39 (m, 6 H), 8.02 (m, 3H), 7.76 (m, 6H), 1.93 (s, 6H); 13C NMR
(50 MHz, [D6]DMSO): d� 169.0, 162.5, 162.0, 150.6, 149.9, 148.7, 140.1,
125.7, 112.2, 110.5, 109.9, 23.7; FAB-MS: m/z (%): 674.3 (100) [M�H]� ;
HRMS (FAB-MS): calcd for [C33H27N11O6�H]: 674.2224; found: 674.2225.
Crystallographic data (single helix) in Table 1.


(6-{[6-(6-{[6-(6-Amino-pyridin-2-ylcarbamoyl)-pyridine-2-carbonyl]-ami-
no}-pyridin-2-ylcarbamoyl)-pyridine-2-carbonyl]-amino}-pyridin-2-yl)-car-
bamic acid 9H-fluoren-9-ylmethyl ester (13) and 2,6-bis-({6-[6-(9H-fluo-
ren-9-ylmethoxycarbonylamino)-pyridin-2-ylcarbamoyl]-pyridine-2-car-
bonyl}-amino)-pyridine (14):[23] 11 (121.0 mg, 0.2052 mmol, 100 mol %) and
triethylamine (24.9 mg, 0.2462 mmol, 120 mol %) were dissolved in the
minimal amount of dry THF (15 mL). FmocCl (63.7 mg, 0.2462 mmol,
120 mol %), dissolved in THF (1.5 mL), was added dropwise at r.t., and the
mixture stirred for 2.5 h. The mixture was evaporated to dryness without
filtration, applied to a column of silica gel, and the product fractions
collected. (silica gel, 4% EtOAc/CH2Cl2 (to eliminate solvent front
impurities), then gradient EtOAc! 4% EtOH/EtOAc). Compound 13
(41 mg, 25 %) and 14 (19 mg, 9 %) were obtained as white solids. Unreacted
11 (45 mg, 37 %) could be recovered. Compound 13 : M.p. >175 8C
(decomp); IR (thin film): nÄ � 3317, 2911, 1738, 1694, 1623, 1582, 1530,
1510, 1454, 1306, 1247, 1211, 1151, 074, 995, 797 cmÿ1; 1H NMR (200 MHz,
CDCl3): d� 10.41 (br s, 1 H), 10.34 (br s, 1H), 10.31 (br s, 1 H), 10.16 (br s,
1H), 8.36 (d, 3J� 7.7 Hz, 1H), 8.20 (m, 3 H), 8.00 (t, 3J� 7.8 Hz, 1H), 7.87
(m, 4H), 7.59 (m, 4H), 7.24 (m, 8 H), 6.86 (t, 3J� 8.0 Hz, 1 H), 5.64 (d, 3J�
7.9 Hz, 1 H), 4.97 (br s, 2H), 4.01 (d, 3J� 7.2 Hz, 2 H), 3.78 (t, 3J� 7.1 Hz,
1H); 13C NMR (500 MHz, CDCl3): d� 165.6, 161.3, 160.7, 152.0, 151.5,
150.4, 149.3, 148.8, 148.2, 148.1, 147.8, 147.6, 143.3, 140.9, 140.8, 140.4, 139.3,
139.1, 127.5, 126.8, 125.9, 125.7, 125.6, 125.3, 124.9, 119.7, 110.7, 110.6, 108.7,
107.9, 106.8, 104.5, 103.3, 67.1, 46.5; FAB-MS: m/z (%): 812.3 (100)
[M�H]� ; HRMS (FAB-MS): calcd for [C44H33N11O6�H]: 812.2694; found:
812.2700.


Compound 14 : M.p. >180 8C (decomp); IR (thin film): nÄ � 3370, 3318,
2923, 2852, 1741, 1698, 1586, 1514, 1452, 1396, 1307, 1247, 1209, 1160, 1074,
1002, 909, 841, 799, 739 cmÿ1; 1H NMR (200 MHz, CDCl3): d� 10.20 (br s,
2H), 9.96 (br s, 2H), 8.39 (d, 3J� 7.2 Hz, 2 H), 8.17 (d, 3J� 8.1 Hz, 2 H), 8.06
(d, 3J� 7.6 Hz, 2 H), 7.88 (d, 3J� 7.8 Hz, 2H), 7.75 (d, 3J� 9.1 Hz, 2H), 7.62
(d, 3J� 7.5 Hz, 4H), 7.37 (t, 3J� 7.9 Hz, 1 H), 7.29 (m, 12H), 7.05 (t, 3J�
7.3 Hz, 4 H), 4.00 (d, 3J� 7.1 Hz, 4 H), 3.81 (t, 3J� 7.0 Hz, 2H); 13C NMR
(50 MHz, CDCl3): d� 161.3, 160.9, 152.1, 149.7, 149.3, 148.9, 148.1, 143.3,
141.1, 140.9, 139.4, 127.7, 127.0, 126.0, 125.5, 124.9, 123.7, 119.9, 110.7, 108.7,
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108.1, 67.2, 46.6; FAB-MS: m/z (%): 1034.4 (100) [M�H]� . Crystallo-
graphic data of 14 (single helix) in Table 1.


2,6-Bis-(6-{[6-(6-{[6-(6-amino-pyridin-2-ylcarbamoyl)-pyridine-2-carbon-
yl]-amino}-pyridin-2-ylcarbamoyl)-pyridine-2-carbonyl]-amino}-pyridin-2-
ylcarbamoyl)-pyridine (15): A previously prepared diacid chloride 16b
solution in THF was cannulated portionwise to 13 (32.0 mg, 0.0394 mmol,
200 mol %) and triethylamine (8.7 mg, 0.0870 mol, 220 mol %), dissolved in
dry THF (4 mL). The reaction was complete by TLC after the addition of
140 mol % of 16 b at r.t. after 30 min. The mixture was then filtered and
evaporated to dryness. The intermediately obtained 2,6-bis-(6-{[6-(6-{[6-(6-
{9H-fluoren-9-ylmethoxycarbonylamino}-pyridin-2-ylcarbamoyl)-pyridine-
2-carbonyl]-amino}-pyridin-2-ylcarbamoyl)-pyridine-2-carbonyl]-amino}-
pyridin-2-ylcarbamoyl)-pyridine was deprotected[23] without further purifi-
cation by dissolving in DMF (1 mL) and addition of piperidine (100 mL)
and stirring at r.t. for 1 h. The white precipitate, diamine 15 (18 mg, 70%)
was filtered, washed with small amounts of DMF, ethanol and chloroform,
and dried under high vacuum. M.p. >260 8C; 1H NMR (200 MHz, hot
[D6]DMSO): d� 10.94 (br s, 2H), 10.72 (br s, 4H), 10.47 (br s, 2 H), 9.77
(br s, 2 H), 8.35 (d, 3J� 7.2 Hz, 2H), 8.15 (m, 14 H), 7.89 (d, 3J� 8.3 Hz, 2H),
7.84 (d, 3J� 8.2 Hz, 2H), 7.66 (t, 3J� 7.7 Hz, 2 H), 7.63 (t, 3J� 7.6 Hz, 2H),
7.51 (t, 3J� 6.9 Hz, 3 H), 7.04 (t, 3J� 7.9 Hz, 2H), 6.71 (d, 3J� 7.9 Hz, 2H),
5.86 (d, 3J� 7.8 Hz, 2H), 5.29 (br s, 4 H); FAB-MS: m/z (%): 1310.4 (25)
[M]� . Crystallographic data (single helix) in Table 1.


(6-Amino-pyridin-2-yl)-carbamic acid tert-butyl ester (17):[24] LiHMDS
(15.39 g, 0.092 mol, 200 mol %), dissolved in dry THF (80 mL) was added
dropwise over a period of 15 min to a solution of diaminopyridine (5, 5.00 g,
0.046 mol, 100 mol %) in dry THF (50 mL). After further 10 min a soluttion
of di-tert-butyldicarbonate (10.03 g, 0.046 mol, 100 mol %) in THF (30 mL)
was added dropwise during 20 min and the reaction allowed to proceed at
r.t. for further 3 h. Removal of the solvent and purification of the reaction
residue by column chromatography (silica gel, 30 % EtOAc/CH2Cl2)
afforded 17 (5.51 g, 57 %) in an overstatistical quantity as a white powder.
M.p. 125 ± 127 8C; IR (thin film): nÄ � 3379, 3211, 2978, 1720, 1619, 1578,
1529, 1457, 1423, 1392, 1368, 1298, 1235, 1158, 1085, 1053, 951, 886, 790, 760,
729 cmÿ1; 1H NMR (200 MHz, CDCl3): d� 8.08 (br s, 1 H), 7.39 (t, 3J�
8.0 Hz, 1 H), 7.20 (d, 3J� 8.0 Hz, 1 H), 6.14 (d, 3J� 7.9 Hz, 1H), 4.51 (br s,
2H), 1.50 (s, 9H); 13C NMR (50 MHz, CDCl3): d� 157.3, 152.6, 150.7, 139.8,
102.9, 101.8, 80.8, 28.3; FAB-MS: m/z (%): 210.1 (100) [M�H]� ; elemental
analysis calcd (%) for C10H15N3O2 (209.24): C 57.40, H 7.23, N 20.08; found:
C 57.10, H 7.47, N 19.94.


2,6-Bis-(6-tert-butoxycarbonylamino-pyridin-2-ylcarbamoyl)-pyridine
(18): Compund 17 (5.00 g, 0.0239 mol, 200 mol %) and triethylamine
(2.66 g, 0.0263 mol, 220 mol %) were dissolved in dry THF (90 mL) and
previously prepared diacid chloride 16b (2.44 g, 0.0120 mol, 100 mol %) in
THF (10 mL) was added dropwise at r.t. The reaction was allowed to
proceed for further 1 h at r.t. The reaction mixture was then filtered,
evaporated to dryness and applied to a column of silica (silica gel, 20%
EtOAc/CH2Cl2). Compound 18 (5.75 g, 88%) was obtained as a white
powder. M.p. >210 8C (decomp); IR (thin film): nÄ � 3365, 3300, 2979, 2923,
1731, 1696, 1584, 1504, 1461, 1392, 1388, 1297, 1230, 1155, 1074, 1000, 881,
842, 800, 753 cmÿ1; 1H NMR (200 MHz, [D6]DMSO): d� 11.13 (br s, 2H),
9.45 (br s, 2H), 8.37 (m, 3 H), 7.83 (br s, 4H), 7.60 (dd, 3J� 6.4 Hz, 4J�
2.4 Hz, 2 H), 1.43 (s, 18H); 13C NMR (50 MHz, [D6]DMSO): d� 162.1,
152.5, 151.0, 149.3, 148.6, 140.0, 139.9, 125.6, 109.5, 109.0, 79.7, 27.9; FAB-
MS: m/z (%): 550.2 (45) [M�H]� ; elemental analysis calcd (%) for
C27H31N7O6 (549.58): C 59.01, H 5.69, N 17.84; found: C 59.19, H 5.78, N
18.00.


(6-{[6-(6-Amino-pyridin-2-ylcarbamoyl)-pyridine-2-carbon-yl]-amino}-
pyridin-2-yl)-carbamic acid tert-butyl ester (19):[25] TMSI (0.741 g, 0.53 mL,
3.703 mmol, 110 mol %) was added through a dry syringe to 18 (1.85 g,
3.366 mmol, 100 mol %) dissolved in chloroform (20 mL) and the mixture
stirred at r.t. for 30 min. The solvent was then evaporated, the residue
dissolved in methanol (30 mL) and heated to reflux for 45 min to hydrolyse
the intermediately formed trimethylsilyloxycarbonyl group. After evapo-
ration of the solvent, the solid residue was applied to a column of silica
(silica gel, gradient 20% EtOAc/CH2Cl2 ! 50 % EtOAc/CH2Cl2). Com-
pound 19 (0.92 g, 61%) was obtained as a white powder. M.p. 135 ± 136 8C;
IR (thin film): nÄ � 3366, 3292, 2977, 1730, 1692, 1617, 1582, 1533, 1453, 1392,
1367, 1300, 1233, 1154, 1073, 1001, 884, 793, 748 cmÿ1; 1H NMR (200 MHz,
[D6]DMSO): d� 11.28 (br s, 1H), 11.15 (br s, 1H), 9.53 (br s, 1H), 8.35 (m,
3H), 7.84 (m, 2H), 7.60 (m, 2 H), 7.33 (d, 3J� 7.7 Hz, 1H), 7.42 (d, 3J�


8.1 Hz, 1 H), 1.48 (s, 9 H); 13C NMR (50 MHz, [D6]DMSO): d� 161.7,
161.2, 157.6, 152.5, 150.6, 148.8, 148.3, 139.7, 139.0, 125.5, 125.3, 108.5, 108.1,
104.6, 102.7, 100.0, 80.3, 27.6; FAB-MS: m/z (%): 450.1 (70) [M�H]� ;
elemental analysis calcd (%) for C22H23N7O4 (449.46) ´ [H2O]2: C 54.42, H
5.61, N 20.20; found: C 54.62, H 5.31, N 20.09.


2,6-Bis-(6-{[6-(6-tert-butoxycarbonylamino-pyridin-2-ylcarbamoyl)-pyri-
dine-2-carbonyl]-amino}-pyridin-2-ylcarbamoyl)-pyridine (20): The previ-
ously prepared diacid chloride 16 b (0.163 g, 0.59 mmol, 100 mol %)
solution in THF (2 mL) was cannulated at r.t to a solution of 19 (0.530 g,
1.18 mmol, 200 mol %) and triethylamine (0.131 g, 1.30 mmol, 220 mol %)
in dry THF (30 mL). The reaction was allowed to proceed for 1 h at r.t,
upon which time 0.3 equiv of 16 b was added to compensate for hydrolysis.
After another 30 min, the reaction mixture was filtered, evaporated to
dryness and chromatographed on a column of silica (silica gel, 5 % EtOH/
CHCl3) to afford 20 (0.370 g, 61%) as a white powder. M.p. >250 8C; IR
(thin film): nÄ � 3318, 2971, 1731, 1703, 1582, 1510, 1454, 1392, 1388, 1306,
1229, 1155, 1073, 1002, 800 cmÿ1; 1H NMR (200 MHz, [D6]DMSO): d�
11.17 (br s, 2H), 10.62 (br s, 2 H), 10.34 (br s, 2H), 9.44 (br s, 2H), 8.56 (d,
3J� 7.8 Hz, 2 H), 8.33 (m, 6H), 8.21 (d, 3J� 6.8 Hz, 2H), 8.02 (d, 3J� 6.8 Hz,
2H), 7.93 (m, 3H), 7.61 (t, 3J� 7.8 Hz, 2 H), 7.48 (d, 3J� 7.8 Hz, 2 H), 7.31 (d,
3J� 7.8 Hz, 2 H), 1.29 (s, 18 H); 13C NMR (50 MHz, CDCl3, 65 mm, dimer):
d� 199.1, 160.6, 160.5, 150.9, 149.9, 149.6, 148.7, 147.7, 140.9, 140.4, 140.1,
139.5, 136.7, 125.9, 125.3, 110.1, 109.8, 108.5, 108.1, 107.2, 81.0, 27.8; FAB-
MS: m/z (%): 1030.3 (65) [M]� , 2060.7 (3) [M2]� ; elemental analysis calcd
(%) for C51H47N15O10 (1030.01): C 59.47, H 4.60, N 20.40; found: C 59.62, H
4.86, N 20.14. Crystallographic data of 20 (single helix) in Table 1.
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Helical Molecular Programming: Supramolecular Double Helices by
Dimerization of Helical Oligopyridine-dicarboxamide Strands


Volker Berl,[a, b] Ivan Huc,*[c] Richard G. Khoury,[a] and Jean-Marie Lehn*[a]


Abstract: Helically preorganized oligo-
pyridine-dicarboxamide strands are
found to undergo dimerization into
double helical supramolecular architec-
tures. Dimerization of single helical
strands with five or seven pyridine rings
has been characterized by NMR and
mass spectrometry in various solvent/
temperature conditions. Solution studies
and stochastic dynamic simulations con-
sistently show an increasing duplex sta-
bility with increasing strand length. The
double helical structures of three differ-
ent dimers was characterized in the solid


phase by X-ray diffraction analysis. Both
aromatic stacking and hydrogen bond-
ing contribute the double helical ar-
rangement of the oligopyridine-
dicarboxamide strand. Inter-strand in-
teractions involve extensive face-to-face
overlap between aromatic rings, which is
not possible in the single helical mono-


mers. Most hydrogen bonds occur within
each strand of the duplex and stabilize
its helical shape. Some inter-strand hy-
drogen bonds are found in the crystal
structures. Dynamic studies by NMR as
well as by molecular modeling compu-
tations yield structural and kinetic in-
formation on the double helices and on
monomer ± dimer interconversion. In
addition, they reveal the presence of a
spring-like extension/compression as
well as rotational displacement motions.


Keywords: helical structures ´ con-
formation analysis ´ hydrogen bonds
´ self-assembly ´ supramolecular
chemistry


Introduction


Whilst single helical conformations are found in a variety of
natural and synthetic polymers, very few double helical
structures based on the recognition between the constituent
strands have been identified. In DNA, RNA, and nucleic acid
analogues such as PNA,[1] selective A ± T(U) and G ± C base
pairing connects the strands of right- and left-handed double
helices. The bacterial membrane ion channel Gramicidin[2]


and other peptides[3] composed of amino acids with alternat-
ing l and d configurations dimerize to form antiparallel b-
ribbons which coil into double helices of right- or left-handed


helical sense. At a larger scale, fibrous, and sometimes
globular proteins form long range coiled coil structures
stabilized by extensive interactions between side chains. Thus,
a-tropomyosin is a symmetrical coiled coil (pitch� 137 �) of
two parallel right-handed a-helices.[4] Collagen is a right-
handed coil (pitch� 86.1 �) of three distorded polyproline-
type left-handed helices.[5] As a rare example of synthetic
origin, isotactic poly(methyl methacrylate) has also been
shown to adopt a double helical structure in the crystalline
state (pitch� 21.0 �).[6]


Related systems include recently described oligomeric[7] or
polymeric[8] self-complementary molecular strands which
apparently form linear rather than helical dimers. Organic
ligands may assemble into double,[9] triple,[10] and even
quadruple[11] helicates upon coordination to transition metals.
Double helices also form upon coordination of organic ligands
to alkaline metal ions[12] and to anions.[13] In these cases, the
assembly is driven by the coordination geometry of the ion
and the structure of the ligand rather than by direct inter-
strand complementarity. Some covalently linked double-
stranded structures have been shown to adopt helical
architectures.[14] Finally, natural and synthetic supramolecular
fibers may also wrap in multiple helices as observed for
example in the structure of microtubules and actin microfila-
ments,[15] in the structure of stacked arrays of disk-shape
molecules,[16] and in the structure of hydrogen-bonded supra-
molecular networks.[17]
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We have recently reported on
a new family of oligoamide
strands derived from 2,6-diami-
nopyridine and 2,6-pyridinedi-
carboxylic acid. These com-
pounds not only self-organize
into single helical conformers,
but they reversibly assemble
giving rise to double-helical
dimers.[18] In the preceding ac-
count, we described in detail
the folding of the monomeric
strands into single helices.[19]


Herein, we present solution
and solid state studies of the
formation and structure of the
double helical dimers generat-
ed by self-assembly of two pen-
tameric and heptameric strands
1 ± 5 (Figure 1 and Scheme 1).


Component molecular strands :
Experiments and molecular
modeling calculations have
shown that intramolecular hy-
drogen bonding within the oli-
gomeric strands 1 ± 5 favors a
helical shape of the molecules. Single helices have been
observed in the solid and in dilute solutions. In pentamers and
heptamers, coiling extends to one turn and nearly one-and-
half turns, respectively (Figure 1).[18, 19]


Depending on their solubility and their tendency to grow
single crystals suitable for X-ray diffraction analysis, the five
compounds were used in solution or solid state studies. The
diamine pentamer 4 is insoluble in solvents other than DMSO
and was used only in the solid state studies. Its didecanoyl
derivative 3 as well as heptamers 1 and 5 which bear several
alkyl residues are highly soluble in chlorinated and aromatic
solvents, and even in pure alkanes for 5. These compounds
proved to be poorly crystalline and were used in the solution
studies. Heptamer 2 presented a good compromise between
solubility and crystallinity, and could be studied in solution
and in the solid.


The synthesis of these compounds was straightforward. The
pentamers were prepared in one or two steps, and the
heptamers in three steps from the corresponding diaminopyr-
idines and pyridine dicarboxylic esters.[19] The synthesis of
heptamer 5 is depicted in Scheme 1. The starting dimethyl
4-decyloxy-2,6-pyridinedicarboxylate (6) and 4-decyloxy-2,6-
diaminopyridine (7) were obtained from chelidamic acid
using standard procedures (see Experimental Section).


Formation of supramolecular double helices in solution : The
existence of well-defined aggregates of the pyridine-amide
oligomeric strands was first recognized from 1H NMR spectra
of heptamer 1. At 0.91 mm in CDCl3, the NMR spectrum is
sharp and was assigned to a single helical monomer (Fig-
ure 2a).[19] Upon concentrating, these signals do not shift but a
second set of signals appears indicating the presence of
another species in slow exchange on the NMR time scale with
the monomeric entity (Figure 2). Heating an 8.2 mm solution
causes an increase of the proportion of the latter, up to 98 % at
55 8C, without any coalescence. The concentration and


Abstract in French: Des brins moleÂculaires de type oligopyr-
idine-dicarboxamide preÂorganiseÂs en heÂlice se dimeÂrisent en
architectures supramoleÂculaires en double heÂlice. La dimeÂrisa-
tion de brins heÂlicoïdaux simples ayant cinq ou sept cycles
pyridiniques a eÂteÂ caracteÂriseÂe par RMN et spectromeÂtrie de
masse dans diffeÂrentes conditions de solvant et de tempeÂrature.
Les eÂtudes en solution et des simulations dynamiques sto-
chastiques reÂveÁlent une augmentation de la stabiliteÂ du duplex
avec l�accroissement de la longueur du brin. La structure en
double heÂlice de trois diffeÂrents dimeÁres a eÂteÂ deÂtermineÂe en
phase solide par diffraction des rayons X. A la fois des
interactions d'empilement et des liaisons hydrogeÁne entre les
brins contribuent aÁ la stabiliteÂ de l'arrangement en double
heÂlice du brin oligopyridine-dicarboxamide. Les interactions
inter-brin mettent en jeu un important recouvrement face-aÁ-
face entre noyaux aromatiques, qui ne peut pas se faire dans les
monomeÁres aÁ simple brin. La plupart des liaisons hydrogeÁne se
font au sein d'un brin donneÂ et stabilisent sa structure
heÂlicoïdale. Quelques liaisons hydrogeÁne inter-brins sont
preÂsentes dans les structures cristallines. Des eÂtudes dynami-
ques aÁ la fois par RMN et par modeÂlisation moleÂculaire
fournissent des donneÂes structurales et cineÂtiques sur les
doubles heÂlices et sur l'interconversion monomeÁre ± dimeÁre.
De plus, elles reÂveÁlent la preÂsence de mouvements de ressort
extension/compression et de deÂplacement rotationnel.
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Figure 1. Structure of molecular heptameric strands 1 and 2, and pentameric strands 3 and 4; intramolecular
hydrogen bonding leading to the folding of the strands into a helical structure. Helices from pentamers extend to
over one turn. Helices from heptamers extend to one and a half turns.
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Figure 2. 400 MHz 1H NMR spectra of CDCl3 solutions of 1 at various con-
centrations at 25 8C. Some of the signals assigned to the monomer (*), and
to the dimer (*) are labelled. a) 0.91 mm ; b) 2.7 mm ; c) 8.2 mm ; d) 24.5 mm.


temperature dependence between the two species suggests
that the new signals correspond to an aggregate of two or
more helical monomers. The exchange is clearly visible on the
1H NOESY spectra where cross-peaks are observed between
each signal of the monomer and each signal of the aggregate.
This allows, for example, to confirm that the broad triplets
observed at d� 7.06 and 6.94 correspond to the signals of the
protons in position 4 of the 2,6-diaminopyridine rings in the
aggregate. Saturation transfer experiments yielded an ex-
change rate of 8.7 sÿ1 at 25 8C.


The proportions between the monomer of 1 and its
aggregate at different concentrations (1 ± 25 mm ; see Fig-
ure 2) are consistent with a dimerization constant Kdim of 25 ±
30 L molÿ1 in CDCl3 at 25 8C. The NMR spectra of heptamer 2
feature similar concentration dependence and slow exchange
between monomeric and aggregate species (not shown). The
proportions between these signals are in agreement with a
dimerization constant of 110 ± 120 L molÿ1 in CDCl3 at 25 8C.
The NMR spectra of heptamer 5 suggest that this compound
undergoes a similar dynamic equilibrium (Figure 3). In this
case, however, the aggregate remains the major species at
concentrations as low as 300 mm. Quantitative analysis of the
NMR data led to a dimerization constant Kdim�
6.5� 104 L molÿ1 in CDCl3, which is three orders of magnitude
higher than that of 1 in the same solvent.[20] The much higher
stability of the dimer of 5 compared with that of 2 may result
from interactions between the side chains as well as an


increase in interactions be-
tween the aromatic rings due
to the donor character of the
decyloxy substituent in 5.


That these aggregates are in-
deed dimers was shown by FAB
mass spectrometry. Both mono-
mer and dimer peaks are pres-
ent on mass spectra taken using
a nitrophenyloctylether matrix
(data not shown). For com-
pound 1, the intensity of the
dimer peak is low and its assign-
ment to an ion-molecule adduct
cannot be ruled out. For com-


pound 5, however, the more stable dimer survives the
relatively harsh ionization conditions of the FAB-MS spec-
trometry, and its peak intensity (4463.7 gmolÿ1) is 35% against
100% for the monomer (2231.4 g molÿ1). No other aggregates
and minor fragments peaks (< 5 %) are observed in these
spectra.


Figure 3. 400 MHz 1H NMR spectra of CDCl3 solutions of 5 at various
concentrations at 25 8C. Some of the signals assigned to the monomer (*),
and dimer (*) are labelled. a) 0.30 mm ; b) 0.91 mm ; c) 2.7 mm ; d) 8.2 mm.


The NMR signals of the dimers are overall strongly
shielded compared with the monomeric species, suggesting
that intermolecular p ± p aromatic stacking is important in the
aggregation process which seems reasonable for such com-
pounds containing several aromatic residues. However, sim-
ple stacking of independent helices should be fast on the
NMR time scale and lead to a mixture of oligomers instead of
a well defined aggregate. Instead, the dimerization observed
apparently requires considerable conformational changes in
the molecules. For these reasons, we hypothesized the forma-
tion of a double helix consisting of two intertwined mono-
meric strands, which would stack all along their length, so that
association and dissociation would require at least partial
winding and unwinding of the helical monomeric strands
(Figure 4). This double stranded helix was clearly character-
ized in the solid state (see below). In solution, we sought for
intermolecular contacts consistent with such a structure on the
NOESY spectra, but this was hampered by the numerous
correlation signals due to the monomer ± dimer exchange.
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Scheme 1. Synthesis of 5 : a) nBuLi, THF, ÿ78 8C; b) C9H19COCl (1 equiv), NEt3, THF, 0 8C; c) 4-decyloxy-2,6-
pyridinedicarbonyl dichloride (0.5 equiv), NEt3, THF, 0 8C.







Supramolecular Double Helices 2810 ± 2820


Chem. Eur. J. 2001, 7, No. 13 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2813 $ 17.50+.50/0 2813


Figure 4. Schematic representation of the interconversion of two helical
monomers and a double helical dimer. This corresponds to a spring-like
compression/extension of the monomers.


Stability of the double helices in solution : We assessed the
stability of the dimers in solution as a function of the strand
length, the nature of the solvent, and the presence of water.
Pentamer 3 was synthesized in order to compare its aggrega-
tion behavior to that of heptamers 1, 2, and 5. The NMR
spectra of 4 mm solutions of 3 in CDCl3 or CD2Cl2 at 25 8C
display only one set of rather broad signals (Figure 5). Upon


Figure 5. 500 MHz 1H NMR spectra of a 4 mm CD2Cl2 solutions of 3 at
various temperatures.


concentrating to 50 mm, the signals of the aromatic protons
shift up to 0.3 ppm upfield, but no other signals appear on the
spectra (data not shown). This suggests that pentamer 3 also
aggregates in solution, but that the aggregate is labile on the
NMR time scale at 25 8C, and that its signals are averaged with
the signals of the monomer. Upon cooling, a coalescence is
reached atÿ60 8C and the signals split below this temperature
(Figure 5). Atÿ72 8C in CD2Cl2, the proportions between the
two sets of signals were shown to vary with concentration in a
similar fashion to the variation observed for the heptamers at
room temperature. A dimerization of Kdim� 35 L molÿ1 at
ÿ72 8C can be calculated. Thus, pentamer 3 apparently forms
dimers which are less stable and more labile than the dimers
of 1, 2, and 5.


The stability of the dimers proved to be strongly solvent
dependent.[18] For compound 1, Kdim was measured at 30, 300,
and 22 Lmolÿ1 in CDCl3, CD2Cl2, and 1/9 CDCl3/CCl4,
respectively. For the more stable dimers of 5, Kdim was
measured at 6.5� 104, 1.0� 105, and 1.6� 105 in CDCl3,
CD2Cl2, and C2D2Cl4, respectively. These values seem diffi-
cult to interpret on the basis of for example solvent polarity. In
retrospect, the fact that the water content of the solvents was
not controlled prior to the measurements is likely to be
responsible for part of these variations. Indeed, the monomer/
dimer ratio was shown to vary sharply with the concentration
of water in CDCl3 and C6D6. As shown in Figure 6, 1H NMR


Figure 6. NMR spectra of solutions of 1 in the presence of various amounts
of water. a) 8 mm solution of 1 in CDCl3 (400 MHz 1H NMR); b) 13.7 mm
solution of 1 in C6D6 (200 MHz 1H NMR). The signal assigned to water
shifts downfield upon binding the helices. Upon increasing the amount of
water, the proportion of single helix increases, and the proportion of double
helix decreases.


spectra of 1 in these solvents feature a broad singlet in the d�
2 ± 5 region, which can be assigned to bound water. That water
is bound in solution is not surprising in view of its almost
systematic presence in the solid at the polar inner rim of single
helices,[19] double helices (see below) and related com-
pounds.[21] Only one water signal is seen on the spectra which
indicates a fast exchange on the NMR time scale between
bound and unbound water.


The amount of water in solution was varied by drying the
solvents and compound 1 prior to sample preparation,[22]


followed by a progressive exposure to a humid atmosphere.
An increase of the water content resulted in a sharp decrease
of the proportion of double helical dimer with respect to the
monomer (Figure 6). For example, in a 13.7 mm solution of 1
in C6D6, increasing the concentration of water from 8 mm
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(0.6 equiv) to 47 mm (3.4 equiv) causes the proportion of
dimer to drop from 82 % to 20 %. This result is important to
the interpretation of the presence of water in the double helix
structures (see below). Water molecules bind to some of the
multiple hydrogen bonding sites of the molecular strands, but
apparently do not play the role of coordinating centers which
would stabilize the helices in the same fashion transition
metals organize ligands in their coordination sphere.[9±12]


Instead, hydrogen bonding to water molecules probably
competes with intramolecular hydrogen bonding and desta-
bilizes the helical shape required for dimer formation.


Structures of the double helices in the solid state : Solid-state
structures of three different double helices were obtained by
X-ray diffraction analysis of single crystals. Most importantly,
heptamer 2 which was shown to crystallize as a single helix
from a DMSO/CH3CN solvent mixture,[18, 19] crystallizes as a
double helical entity from nitrobenzene/heptane (Figure 7).


Figure 7. Crystal structure of the double helical dimer of the heptameric
strand 2. In the stick representations, CH hydrogens are ommitted for
clarity. Dashed lines indicate intermolecular hydrogen bonds between the
strands, or between one strand and co-crystallized water or nitrobenzene
molecules. Other co-crystallized solvent molecules are not represented.
a) Stick representation of a right-handed double helix. The two strands are
coded in different colors; b) CPK representation of a different view of the
right handed double helix. The two strands are almost super-imposable
upon a 1808 rotation about the helix axis. c) Stick representation of a
neighboring pair of right- and left-handed double helices. In this view, the
pinching of the duplex at one end, and its opening at the other end are
clearly visible.


This allowed the direct comparison of monomer and dimer
structures from the same strand. In addition, two different
double-helical structures (quoted (4)2A and (4)2B) were
obtained upon crystallizing pentamer 4, respectively, from
DMSO/CH3CN at 25 8C, and DMSO/CH3CN at 8 8C in the
presence of tetramethylammonium chloride (Figures 8 and 9).
All three structures show different crystallographic character-
istics (see Table 1) and different double-helical structural
patterns.


Double helix of heptamer 2 (Figure 7): As expected from
solution studies, the double-helix structure allows consider-
able overlap between the aromatic groups of each monomeric
helical strand, with an average p ± p stacking distance of
3.5 �, corresponding to van der Waals contact. In the double
helix, aromatic rings are lying above one another in a face-to-
face stacking arrangement. This contrasts with the single
helices in which aromatic rings lie above amide functions and
only slightly overlap.[19] The coulombic and van der Waals
forces associated with aromatic stacking thus seem to promote
inter-strand attractive interactions.


Table 1. Crystallographic parameters for the structures determined.


Compound 2 4 4
(double helix) (double helix (double helix


(4)2A) (4)2B)


MW C51H47N15O10 ´ C29H23N11O4 ´ C29H23N11O4


3(C6H5NO2) ´ 0.7(C2H6SO) ´
(H2O) (H2O)


crystallizing nitrobenzene/ DMSO/ DMSO/
solvent/
precipitant heptane acetonitrile acetonitrile


in the presence
of NMe4Cl


crystal dimensions [mm] 0.18� 0.15� 0.15 0.30� 0.21� 0.18 0.22� 0.20� 0.18
color colorless colorless colorless
unit cell triclinic monoclinic orthorhombic
space group P1Å C2/c Pbcn
dimensions
a [�] 18.980(4) 21.220(4) 23.039(5)
b [�] 19.230(4) 17.880(4) 11.340(2)
c [�] 19.980(4) 16.790(3) 21.010(4)
angles
a [8] 81.52(3) 90 90
b [8] 75.11(3) 93.79(3) 90
g [8] 81.59(3) 90 90
V [�3] 6926(2) 6352(2) 5489(1)
Z 4 8 8
FW [gmolÿ1] 1417.38 662.28 589.58
1 [g cmÿ3] 1.350 1.384 1.427
scanned q 1.08�q� 27.018 2.98� q� 27.688 1.778� q� 27.638
total/unique refl. 30136/14 924 7621/3732 6267/2197
parameters 1865 450 397
GOF 1.005 1.062 0.942
res. eÿ density [e�ÿ3] 0.600 0.652 0.991
R1 (obs) 0.099 0.113 0.076
wR (all) 0.213 0.249 0.236
CCDC Ref. 142 811 147 336 147 337
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Compared to the single helical structure of 2,[18, 19] the
pyridine ± pyridine torsional angles within one strand of the
double helix are opened up to an average of 25.48 (17.9 ±
34.08). This results in a nearly two turn duplex, with 16.7 �
in length, in which only four pyridine-amide units are needed
per turn. For comparison, the single helices require about 4.5
pyridine-amide units per turn. This corresponds to a spring-
like compression/extension motion of each strand upon
single/double helix interconversion.


Most hydrogen bonds occur within each strand of the
duplex and stabilize their helical shape in same manner as for
the single helices. The structure of duplex (2)2 thus contrasts
with the structure of DNA, in which hydrogen bonding
determines inter-strand recognition, and stacking takes place
mainly within each of the two strands. Yet, four direct inter-
strand NHÿN hydrogen bonds are seen at the ends of the
duplex (2)2 (3.19 ± 3.32 � and 3.21 �), along with two bridging
NHÿO hydrogen bonds (3.01 and 3.09 �) to a water molecule
bound to the polar inner rim of the duplex, which may
contribute to the duplex stability (see above for its role in
solution). The duplex is slightly pinched at one end, resulting
in an opening at the other end filled by a hydrogen-bonded
nitrobenzene solvent molecule (Figure 7). Thus, for this
helical pattern to propagate along a longer structure than
just a heptamer, the nitrobenzene molecule should be
expelled and the pinching relaxed.


First double helix of pentamer 4 : (4)2A (Figure 8a). This
double helix bears many common features with the preceding
structure, and in particular the considerable intermolecular
overlap between aromatic groups of each monomeric helical
strand. Here again, aromatic rings are lying above one
another in a face-to-face stacking arrangement with an
average p ± p stacking distance of 3.6 �, corresponding to


van der Waals contact. No direct hydrogen bonds are ob-
served between the strands. A careful examination of the
positions of the two water molecules bound to the inner rim of
the duplex leads to the conclusion that they do not efficiently
bridge the two strands (see above for their role in solution).[23]


Other water and crystallizing solvent molecules are filling
voids in the crystal lattice, and are not involved in direct
interactions with the duplex strands.


This structure is highly regular and may be propagated
along a longer duplex with barely any structural modification.
In the crystal, each duplex of one helical sense is hydrogen-
bonded to two duplexes of the other helical sense (Figure 9).
These hydrogen bonds involve the terminal amide NHs and
the most peripheral carbonyl oxygen atoms. This pattern
generates undulating ribbons of hydrogen-bonded double
helices. Very little aromatic overlap is observed between
different duplexes.


Second ªdouble helixº of pentamer 4 : (4)2B (Figure 8b). The
same compound 4 yielded a different structure when crystal-
lized from a slightly different medium. Among the seven
crystal structures of single or double helices obtained from the
oligopyridine-dicarboxamide strands, this structure is the only
one which neither includes water nor solvent molecules. The
salt present in the crystallizing solvent (Me4NCl) may possibly
have prevented the water from binding to the strands, and
promoted inter-strand hydrogen bonding. The structure of
(4)2B is indeed characterized by multiple (a total of eight)
hydrogen bonds between the two strands, depicted in detail in
Figure 10.[24] The two strands are in close contact which leaves
no space for water molecules to be included. The hydrogen
bonds involve the pyridine nitrogens, the amine and the amide
hydrogens which all converge towards the helix interior. But
they also involve the amide oxygens which diverge from the


helix axis. For this to be ach-
ieved, both strands are consid-
erably offset, resulting in a very
limited aromatic overlap be-
tween aromatic rings (see top
view in Figure 8b). Another
consequence is that this struc-
ture is considerably flattened
along its helical axis and wid-
ened perpendicular to this axis
with respect to the helices
shown in Figures 7 and 8a.
The average dihedral angle be-
tween pyridine rings is 18.48
compared with 25.48 and 24.48
for (2)2 and (4)2A, respectively.
In fact this structural pattern
may hardly be called double-
helical. For instance, it may not
be extended to a heptamer
without strand divergence or
clashes. Nevertheless, it sug-
gests that many variations on
the association mode are avail-
able to the oligomeric strands,


Figure 8. Crystal structures of two different double helical dimers of the pentameric strand 4. In each duplex, the
two strands are coded in different colors. In the stick representations, CH hydrogens are ommitted for clarity.
a) Structure of (4)2A in crystals grown from DMSO/CH3CN. Co-crystallized solvent other than two molecules of
water bound the helix polar inner rim are not represented. The two strands within a duplex may be generated
form each other through a crystallographic C2 symmetry axis which is perpendicular to the helix axis. The top-
view (right) shows extensive stacking between aromatic rings of the two strands. b) Structure of (4)2B in crystals
grown from DMSO/CH3CN in the presence of Me4NCl. No solvent or water molecules are found in the crystal
lattice. Dashed lines indicate intermolecular hydrogen bonds between the strands. The two strands within a
duplex may be generated form each other through a crystallographic C2 symmetry axis which coincides with the
helix axis. The top view (right) shows very poor overlap between aromatic rings of the two strands.
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Figure 9. Hydrogen bonding between helical dimers of opposite handed-
ness in the crystal structure of (4)2A (see Figure 8a), leading to undulating
ribbons.
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Figure 10. Intermolecular hydrogen bonding patterns present in the crystal
structure of (4)2B (see Figure 8b).


especially for the shorter ones. The NMR signals of the
various dimers observed in solution represent average signals
of these structurally different complexes.


Comparative features of the three crystal structures : The three
double helical structures, as all the single helical structures
obtained, belong to non-chiral space groups. Thus, both right-
and left-handed helices are present in the crystal. In all three
structures, both strands within a duplex are identical (or
almost identical: see below). However, the two ends of each
strand are in a different local environment.[25] In the (2)2


duplex for example, one extremity of each strand and not
the other one is hydrogen-bonded to a nitrobenzene molecule
(Figure 7). However, this dissymmetry is expressed differently
from one structure to another. In the (2)2 and the (4)2B double
helices, the two ends of the duplex are different, but the
extremities of the two strands at the same end of the duplex
are in the same environment. In the (4)2A double helix, the
two ends of the duplex are identical, but the extremities of the
two strands at the same end of the duplex are in different
environments.


This is reflected in the symmetry elements of the duplex
structures. In (2)2, the two strands are almost superimposable
after a 1808 rotation about the helical axis. Slight differences
subsist, however, and the helix axis is not a true crystallo-
graphic C2 symmetry axis (Figure 7).[26] In the (4)2B duplex,
the helix axis is a true crystallographic C2 symmetry axis
(Figure 8b). The (4)2A duplex is also crystallographically C2


symmetrical, but the C2 axis is perpendicular to the helix axis
(Figure 8a).


Other remarkable differences between the three double
helical structures are found in the way the aromatic rings
overlap. As mentioned before, aromatic stacking in the (4)2B
duplex is very limited (Figure 8b). In (2)2 and (4)2A, aromatic
rings overlap along the almost entire length of the strands.
Since one helical turn involves about four pyridine rings, these
double helices may be viewed as four stacks of pyridine rings
in a face-to-face arrangement linked by amide groups. The
two strands of (2)2 are shifted by two aromatic rings. Owing to
the alternation of 2,6-diaminopyridines and 2,6-pyridinedi-
carbonyls within each strand, this shift causes diaminopyr-
idine rings to stack with other diaminopyridine rings, and
pyridinedicarbonyl rings stack with other pyridinedicarbonyl
rings. On the other hand, the two strands of (4)2A are shifted
by only one aromatic ring. In this structure, diaminopyridine
rings and pyridinedicarbonyl rings alternately stack onto each
other. The cross-section of the (2)2 retains the ellipsoidal
shape observed for the helical monomers.[19] Conversely, the
cross-section of the (4)2A duplex has a circular shape.


In view of the solution and solid state data several
hypotheses may be drawn concerning the factors essential to
double helix formation:
* The double helical dimers formed from strands of seven or


more pyridine rings involve extensive face-to-face aromatic
stacking, which is not possible within the helical monomers.
Attractive interactions between aromatic rings may oper-
ate along the entire duplex structure regardless of its
length. It is likely that many forms of these dimers exist,
depending on whether the two strands are shifted by 0, 1, 2,
or more rings with respect to each other. The interconver-
sion between these binding modes may be viewed as a
spiraling sliding motion of the two strands, the dynamics of
which have been observed by NMR.[18]


* Direct interstrand hydrogen bonding is possible and is likely
to contribute to the duplex stability. However, hydrogen
bond formation requires a distortion of the double helix
structure and may occur only locally in longer strands.


* inding of water molecules to the polar inner rim of the
double helices is not required for dimer formation neither
in solution nor in the solid. Excess water causes a
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dissociation of the strands probably due to a destabilization
of the helical conformers, possibly as a result of its
competing with intramolecular hydrogen bonding.


Molecular dynamic simulations of the double helices : In order
to assess some of the factors discussed above, we have
modeled the behavior of the double helices under stochastic
dynamic simulations using the program MacroModel.[19]


Three double helices were built from strands with 5, 7, and 9
aromatic rings, respectively, on the basis of the structural
motif of the (4)2A duplex in the crystal. Thus, in these
structures, the two strands are shifted by one aromatic ring.
Before the stochastic dynamics calculations, a near low energy
conformer was found using a steep descent algorithm (SD),
the AMBER force field, and GB-SA chloroform simulation.
For each structure, several dynamic runs were performed for 1
to 2 ns, at different simulation temperatures.


At a temperature of 300 K, the three helical structures are
highly conserved over time (Figure 11). Atoms oscillate
slightly around their initial positions. Thermal motion is more
pronounced at the strand extremities, but no bonds are
allowed a full rotation. No difference in stability was observed
in the presence or in the absence of water bound to the helices
inner rims.


Motions and rotations gain in amplitude and frequency
upon increasing simulation temperature. Higher temperatures
in silico increase the chance of observing otherwise slow
processes during short simulations. The stability of the double
helices increase with strand length, which is consistent with
solution NMR data. At 700 K all duplexes dissociate within
the first 100 ps of simulation (not shown). At 500 K, the
pentameric strands rapidly loose their helical structure but
they remain in close contact and the dimer does not
completely dissociate (Figure 12a). After 360 ps of simulation,
a double helical structure is temporarily reached again.
Interestingly, this duplex is of left-handed helical sense
whereas the starting duplex was right-handed. Thus, with
short pentameric strands, the double helix may invert without
complete dissociation of the strands. These simulations would
suggest that dissociation occurs through simultaneous and


progressive unfolding of both strands of the duplex, and not
through sliding of the strands along one another in a spiralling
motion. Rotations about the pyridine amide nitrogen bonds
are frequent during the simulation. Occasionnally, intramo-
lecular hydrogen bonds are disrupted which allow rotation
about the pyrdineÿcarbonyl bonds.


Unlike the pentamers, the heptameric strands remain
helical at 500 K (Figure 12b). Thermal motions have much
wider amplitudes than at 300 K (Figure 11), and substantial
variations from the initial double helical shape are observed
after 240 ps. However, the center parts of the strands do not
move with respect to each other and large amplitude motions
are restricted to the strand extremities which partly unfold
and refold. In the same conditions, the structure of a duplex of
two nonameric strands is even more conserved (Figure 12c).
Low amplitude motions are observed at the strand ends.


Conclusion


The formation of double helices described here results from a
sequential, hierarchical process in which the helical folding of
a single molecular strand is followed by its dimerization. The
first step is brought about by the designed encoding of correct
and suitably robust interactional information into the molec-
ular framework. The second step, the dimerization, results
from a balance of factors involving the intrinsic stability of the
single helical monomer, supramolecular interstand interac-
tions as well as environmental effects acting through their
relative influence on the two entities in equilibrium.


The results obtained provide guidelines for stabilizing the
dimeric species and thus for programming the self-assembly
into double helical structures by the correct design of the
monomeric strand. Further refinement towards better control
may be obtained by exploring the effect of introducing other
structural elements, such as other aromatic groups or other
linkers between them. The present entities also offer a
framework for arranging peripheral substituents into a double
helical array (as in the DNH double helicates[9b]); in
particular, one may envisage strands bearing respective


Figure 11. Dynamic simulations at 300 K of three double helices composed from left to right of two pentameric, heptameric, and nonameric strands. In each
case, 20 structures recorded during a 40 ps dynamic simulation period are overlaid.
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electron donor and electron acceptor groups which may form
heterostrand dimers. Finally, as already pointed out earlier,[18]


the double helices also display molecular motions involving
both spring-like extension/compression (with a specific elas-
ticity constant) on dimer formation and rotational sliding of
the two partners within the dimers. These present intriguing
potential in the design of dynamic supramolecular devices.


Experimental Section


General methods : Compounds 1, 2, 4 and 6 were prepared as previously
described.[19] THF was distilled over sodium/benzophenone. Triethylamine
(Lancaster, 99 %) was used as received. Decanoyl chloride (Aldrich, 98%)
was distilled prior to use. Flash column chromatography was performed
using silica gel (Geduran, SI 60 (40 ± 63 mm, Merck). Infrared spectra were
recorded as thin films on NaCl discs on a Perkin ± Elmer 1600 Series FTIR.
400 MHz 1H spectra spectra were recorded on a Bruker Ultrashield Avance
400 spectrometer, 300 MHz 1H NMR and and 75 MHz 13C NMR spectra on
a Bruker AM 300 spectrometer, and 200 MHz 1H NMR and 50 MHz
13C NMR spectra on a Bruker SY 200 spectrometer. The solvent signal was
used as an internal reference for both 1H and 13C NMR spectra. The
following notation is used for the 1H NMR spectral splitting patterns:
singlet (s), doublet (d), triplet (t), multiplet (m). FAB-mass spectrometric
measurements were performed by the Service de SpectromeÂtrie de Masse,
Institut de Chimie, UniversiteÂ Louis Pasteur. Melting points (M.p.) were
recorded on a Koffler Heizblock apparatus and are uncorrected. Elemental
analyses were performed by the Service de Microanalyse, Institut de
Chimie, UniversiteÂ Louis Pasteur.


X-ray crystallography : X-ray diffraction data for compounds 2 (single
helix), 2 (double helix), and 4 were collected on a Nonius KappaCCD
diffractometer with a graphite monochromatized MoKa radiation (l�
0.71071 �), f scans, at 173 K, at the Laboratoire de Cristallochimie,


UniversiteÂ Louis Pasteur, Strasbourg. Data were reduced using the Bruker
SAINT software. Their structure solution was determined using direct
methods and refined (based on F 2 using all independent data) by full matrix
least square methods (SHELXTL 97). Hydrogen atoms were included at
calculated positions by using a riding model.


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-147 333
((2)2), CCDC-147 336 ((4)2A), and CCDC-147 337 ((4)2B). 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).


Molecular dynamics simulations were performed on a R10 000 O2 Silicon
Graphics workstation as described before.[19]


2,6-Bis-{[6-(6-decanoylamino-pyridin-2-ylcarbamoyl)-pyridine-2-carbon-
yl]-amino}-pyridine (3): Decanoyl chloride (25.9 mg, 28.2 mL, 0.1354 mmol,
300 mol %) was added through dry syringe to a solution of 4 (26.7 mg,
0.0452 mmol, 100 mol %) and triethylamine (10.05 mg, 0.0994 mmol,
220 mol %) in dry THF (1 mL). After 3.5 h stirring at r.t., the mixture
was heated to 50 8C for 15 minutes, filtered, evaporated to dryness and
purified on a column (silica gel, 30 % EtOAc/CH2Cl2) to afford 3 (21.6 mg,
53%) as a gluey gray-white solid. M.p. 160 ± 162 8C; IR (thin film): nÄ � 3317,
2922, 2839, 1698, 1582, 1514, 1452, 1306, 1244, 1151, 800 cmÿ1; 1H NMR
(500 MHz, CD2Cl2, 4 mm, 253 K): d� 10.52 (br s, 2 H), 10.33 (br s, 2 H), 8.25
(d, 3J� 7.3 Hz, 2 H), 8.21 (d, 3J� 7.3 Hz, 2H), 8.05 (t, 3J� 7.7 Hz, 2 H), 7.70
(br s, 2H), 7.65 (d, 3J� 7.7 Hz, 2 H), 7.26 (d, 3J� 7.3 Hz, 2 H), 7.18 (t, 3J�
8.9 Hz, 1H), 7.04 (d, 3J� 8.0 Hz, 2H), 6.91 (t, 3J� 8.2 Hz, 2H), 2.24 (t, 3J�
7.7 Hz, 4H), 1.49 (m, 4 H), 1.20 (m, 24 H), 0.81 (t, 3J� 6.9 Hz, 6 H), 13C NMR
(50 MHz, CDCl3): d� 171.4, 161.8, 161.4, 149.9, 149.5, 148.8, 148.7, 141.2,
140.9, 139.5, 137.5, 126.0, 111.0, 110.2, 109.9; FAB-MS: m/z (%): 898.4 (41)
[M]� ; HRMS (FAB-MS): calcd for [C49H59N11O6�H]: 898.4728; found:
898.4735.


4-Decyloxy-pyridine-2,6-diamine (7): Diester 6 (2.12 g, 6.22 mmol), and a
1/1 methanol/dioxane solution saturated with anhydrous NH3 (20 mL) were
heated at 120 8C in an autoclave for 12 h. All solvents were removed, and


Figure 12. Dynamic simulations at 500 K of three double helices composed of two pentameric a), heptameric b), and nonameric c) strands. The first 480 ps of
each simulation are divided 12 periods of 40 ps each; six of them are shown. Structures sampled every 2 ps are overlaid for each period.
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the diamide was dried and used without further purification. A solution of
KOH (85 %, 4.35 g, 62.2 mmol) in water (23 mL) was cooled to 0 ± 5 8C, and
bromine (0.64 mL, 12.45 mmol) was slowly added, followed by the diamide.
Dioxane (35 mL) was added to help dissolve the solid. The mixture was
stirred 30 min at room temperature, and then heated to 50 ± 55 8C during
45 min. AcOH (3.11 mL) was added and the mixture was heated at 50 ±
55 8C another 20 min. After cooling, KOH was added (2.2 g). The solution
was extracted with CH2Cl2. The organic phase was evaporated and the
residue was chromatographed on silica gel eluting with 5/95 MeOH/
EtOAc. The product was recrystallized from CHCl3/cyclohexane. Yield
1.1 g (67 %). M.p. 135 ± 136 8C; IR (thin film): nÄ � 3341, 3186, 2923, 2851,
1633, 1606, 1576, 1552, 1446, 1384, 1241, 1193, 1025, 786, 726 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 5.48 (s, 2 H), 4.11 (br s, 4 H), 3.89 (t, 3J� 6.6 Hz,
2H), 1.71 (m, 2H), 1.28 (m, 14H), 0.89 (t, 3J� 6.8 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d� 169.4, 159.7, 85.3, 68.3, 32.5, 30.2, 30.0, 29.7, 26.6,
23.3, 14.7; FAB-MS: m/z (%): 266.1 (100) [M�H]� ; HRMS (FAB-MS):
calcd for [C15H27N3O]: 266.2232; found: 266.2232.


4-Decyloxy-pyridine-2,6-dicarboxylic acid bis-[(6-amino-4-decyloxy-pyri-
din-2-yl)-amide] (6): A solution of freshly recrystallized diamine 7 (643 mg,
2.42 mmol) in anhydrous THF (4 mL) was cooled to ÿ78 8C. Butyl lithium
was added (2.25m in hexane, 1.1 mL, 1 equiv) and the solution was allowed
to stand atÿ78 8C for 15 min. A solution of diester 6 (355 mg, 0.42 equiv) in
anhydrous THF (3 mL) was then canulated. The reaction was stirred at
ÿ78 8C during 4 h and then at romm temperature for 24 h. The reaction was
quenched with AcOH (1.2 equiv), and evaporated to dryness. The residue
chromatographed on silica gel, eluting with 5/95 Et3N/EtOAc, to yield
237 mg (28 % from 6) of the product 8 which was immediately used in the
following step. 1H NMR (400 MHz, CDCl3): d� 10.45 (s, 2 H), 7.90 (s, 2H),
7.50 (d, 4J� 1.6 Hz, 2 H), 5.80 (d, 4J� 1.6 Hz, 2 H), 4.49 (br s, 4H), 4.17 (t,
3J� 6.8 Hz, 2 H), 4.01 (t, 3J� 6.5 Hz, 4H), 1.85 (m, 2 H), 1.79 (m, 4 H), 1.28
(m, 42 H), 0.89 (t, 3J� 6.8 Hz, 9H).


4-Decyloxy-pyridine-2,6-dicarboxylic acid 2-[(6-amino-4-decyloxy-pyridin-
2-yl)-amide] 6-[(6-decanoylamino-4-decyloxy-pyridin-2-yl)-amide] (9): Di-
amine 8 (237 mg, 0.29 mmol) was dissolved in anhydrous toluene (4 mL)
and the solution was cooled to 0 8C. Anhydrous EtiPr2N (25 mL) was added,
followed by freshly distilled decanoyl chloride (30 mL). The reaction was
allowed to stand 1 h at 0 8C, then 12 h at room temperature. The mixture
was evaporated and purified by chromatography on silica gel eluting with
5/75/20 to 5/55/40 Et3N/cyclohexane/EtOAc. Some starting material was
recovered (132 mg) along with the product (60 mg). IR (thin film): nÄ �
3354, 2924, 2854, 1694, 1614, 1580, 1532, 1445, 1349, 1209, 1174, 1049,
852 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 10.34 (s, 1 H), 10.30 (s, 1H), 8.33
(s, 1H), 7.89 (s, 2 H), 7.70 (d, 4J� 1.9 Hz, 1 H), 7.54 (d, 4J� 1.9 Hz, 1H), 7.44
(d, 4J� 1.8 Hz, 1H), 5.76 (d, 4J� 1.7 Hz, 1 H), 4.51 (br s, 2H), 4.16 (t, 3J�
6.5 Hz, 2H), 4.06 (t, 3J� 6.5 Hz, 2H), 3.99 (t, 3J� 6.7 Hz, 2H), 2.35 (t, 3J�
7.6 Hz, 2H), 1.85 (m, 2 H), 1.77 (m, 4 H), 1.69 (m, 2 H), 1.28 (m, 56 H), 0.87
(m, 12H); 13C NMR (200 MHz, CDCl3): d� 172.5, 168.8, 168.2, 161.6, 161.5,
158.6, 151.3, 150.6, 150.5, 150.3, 149.9, 112.1, 111.9, 97.0, 96.7, 92.9, 90.2, 69.3,
68.5, 68.2, 37.5, 31.9, 29.6, 29.3, 29.0, 28.8, 25.9, 25.8, 25.3, 22.7, 14.1; FAB-
MS: m/z (%): 972.5 (100) [M]� ; HRMS (FAB-MS): calcd for
[C57H93N7O6�H]: 972.7266; found: 972.7260.


4-Decyloxy-pyridine-2,6-dicarboxylic acid bis-(6-{[6-(6-decanoylamino-4-
decyloxy-pyridin-2-ylcarbamoyl)-4-decyloxy-pyridine-2-carbonyl]-amino}-
4-decyloxy-pyridin-2-ylcarbamoyl)-amide (5): 4-Decyloxy-pyridine-2,6-di-
carboxylic acid (15.3 mg) and SOCl2 (3 mL) were heated to reflux for
30 min. SOCl2 was distilled off, and the residue was taken up in anhydrous
toluene (2 mL) and added to a solution of amine 9 (97 mg) in toluene
(1 mL) at 0 8C. The mixture was stirred at room temperature for 12 h. Et3N
(0.5 mL) was added, and the solvent was evaporated. The residue was
purified by chormatography on silica gel eluting with 5/95 to 30/70 EtOAc/
cyclohexane mixtures, yielding 43 mg of product. M.p. 160 ± 164 8C; IR
(thin film): nÄ � 3331, 2923, 2854, 1698, 1614, 1583, 1520, 1440, 1337, 1216,
1174, 1123, 1047, 1003, 879, 851, 778, 722, 684, 647 cmÿ1; 1H NMR
(400 MHz, C2D2Cl4, dimer, 1 mm): d� 10.25 (s, 1 H), 10.23 (s, 1H), 10.19 (s,
1H), 9.98 (s, 1 H), 9.88 (s, 1H), 9.81 (s, 1 H), 7.77 (s, 1 H), 7.68 (s, 2H), 7.66 (s,
1H), 7.59 (s, 1H), 7.49 (s, 1 H), 7.32 (s, 1 H), 7.15 (s, 2H), 7.03 (s, 1H), 6.99 (s,
1H), 6.92 (s, 1 H), 6.89 (s, 1H), 6.85 (s, 1 H), 6.72 (s, 1H), 6.40 (s, 1 H), 4.21
(m, 4H), 4.10 (m, 2H), 3.79 (m, 2 H), 3.68 (m, 2 H), 3.51 (m, 2H), 3.49 (m,
1H), 3.39 (m, 1H), 1.33 (br m, 140 H), 0.93 (m, 21 H), 0.86 (t, 3J� 7.0 Hz,
6H); FAB-MS: m/z (%): 2232.3 (100) [M]� , 4464.0 (36) [M2]� .
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Ab Initio Calculations on Bismuth Cluster Polycations


Alexei N. Kuznetsov,[b] Lars Kloo,*[a] Martin Lindsjö,[a] Jan Rosdahl,[a] and Hermann Stoll[c]


Abstract: Ab initio calculations on bismuth polycationic species of the types Bin
(nÿ2)�,


Bin
(nÿ4)�, and Bin


(nÿ6)� (n� 3 ± 12) were performed at the Hartree ± Fock and density
functional theory levels in order to investigate their general properties and the
applicability of Wade�s rules on bismuth polycations. Some exceptions to Wade�s
rules were encountered, and, moreover, several predicted and calculated minima
show only meta-stable behavior. The bonding in bismuth polycations is characterized
by a high degree of electron delocalization and ªthree-dimensional aromaticityº.


Keywords: ab initio calculations ´
bismuth ´ cluster compounds ´
ELF (Electron Localization Func-
tion)


Introduction


The diversity of bismuth subvalent compounds is a fascination
within cluster chemistry of the main group elements. Among
the variety of subvalent species, homonuclear polycations of
bismuth are of particular interest; this interest arises from the
beauty and complexity of their structures, and also from the
difficulty to properly explain their structures in terms of
classic concepts of chemical bonding.


In general, the structures of the homonuclear polyatomic
ions of main group elements are subject for the rationalization
based on the number of their skeletal electrons.[1] The
peculiarity of bismuth polycations is their electron-deficiency,
that is, the number of their skeletal electrons (also known as
electron count (EC) for the main group elements) is not
sufficient to form localized two-center two-electron (2c ± 2e)
bonds along the relevant edges of the polyhedra. Hence, a
degree of electron delocalization is necessary to account for
the bonding in such species. Fortunately, a concept exists that
deals with systems characterized by electron delocalization.
This concept is known as Wade�s rules and is based on the
work on polyboranes by Lipscomb,[2] Williams,[3, 4] and
Wade,[5±7] later amended by Rudolph[8, 9] and Mingos.[1, 10, 11]


Wade�s rules divide all the electron-deficient polyhedra Mn
l


into three classes depending on their EC: closo-polyhedra


(EC� 4n � 2), nido-polyhedra (EC� 4n � 4), and arachno-
polyhedra (EC� 4n � 6). closo-Polyhedra are described in
terms of deltahedra (i.e. , polyhedra with only triangular
faces), and removal of one or two vertices leads to nido- and
arachno-polyhedra, respectively.


Wade�s rules have proven to be a very convenient tool for
qualitative estimation of the geometries of many main group
clusters. However, applied to the bismuth polycations, they
have produced somewhat controversial results. Of the three
ªwell-knownº polycationsÐBi5


3�,[12, 13] Bi8
2�,[14, 15] and


Bi9
5�[15±20]Ðonly the first two obey Wade�s rules, since their


geometries are in agreement with the prescribed EC. How-
ever, the Bi9


5� should, according to Wade�s rules, adopt a nido-
configuration, that is, a mono-capped square antiprism (C4v),
while in all crystal structures it is found to be rather close to
the tri-capped trigonal prism (D3h), that is, a closo-polyhedron
(see Figure 1). This deviation from the geometry given by


Figure 1. The two configurations of the Bi9
5� polycation, C4v and D3h .


Wade�s rules has been the subject for several theoretical
investigations that make use of different methods, but no
conclusive answer has been given to the question of relations
of stability between the two different configurations.[21±23] The
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latest contribution to this discussion comes from Ichikawa and
co-workers[24] who showed that at the MP2 level of calculation
(by using the Los Alamos basis sets) the D3h configuration
represents a true minimum on the potential energy surface.
This fact makes it possible to assume the D3h symmetry to be
the more stable one at this level of computation. Structural
determinations and calculations have also been made for
other nine-atom naked main group clusters analogous to
Bi9


5�, such as Si9
4ÿ,[25] Pb9


4ÿ,[26] and Sn9
4ÿ.[23, 27, 28] These


structures all adopt the C4v configuration both experimentally
and theoretically.


Moreover, two new bismuth polycationsÐBi5
� and Bi6


2�Ð
were recently discovered within the structure of the Bi34Ir3Br37


compound,[29] of which only the former cluster obeys Wade�s
rules. Thus, the question of the applicability of Wade�s rules to
the bismuth polycations has not received a definite answer. In
this work, we present the results of ab initio calculations on a
number of bismuth polycationic clusters, experimentally
observed as well as hypothetical.


Results and Discussion


The geometry optimization and energy calculations were
performed for the species of the types Bin


(nÿ2)�, Bin
(nÿ4)� and


Bin
(nÿ6)�, n� 3 ± 12 (only cationic species were considered).


The second-derivative matrix (Hessian) was used in order to
evaluate the nature of the stationary points. As a starting
point, a geometry prescribed by Wade�s rules was used in each
case (excluding n� 3, since, strictly speaking, a planar
geometry is not a polyhedron and, hence, not handled by
Wade�s rules). In order to make the study more complete, the
full matrix of the structures was investigated, that is, for each n
both closo-, nido- and arachno-configurations with all three
possible charges were studied. The matrix was additionally
supplemented with species of other symmetries, mostly
subgroups to the closo-cluster symmetries. This process was
repeated with different methods (HF/DFT) and effective core
potentials (ECPs) (large core, 78 electrons in core/small core,
60 electrons in core). This was made in an effort to exclude
possible errors in the choices regarding basis sets, ECPs, and
level of computation. When applying the smaller ECP, only
structures with n� 3 ± 9 were investigated owing to the heavy
computational effort. The results are presented in Table 1 and
the geometries of the minima are displayed in Figure 2.


We have not been able to identify any true local minima
(i.e., without negative eigenvalues in the second-derivative
matrix) for closo-Bi11


9� and closo-Bi12
10�, nor for closo-Bi9


7�


using the small-core ECP (SC-ECP).


Wade�s rules and the topologies of bismuth polycations : As
can be seen in Table 1, following the scheme for geometry
selection described above, the majority of the minima adopt a
geometry in agreement with Wade�s rules, and the symmetries
of the energy minima calculated by using the HF and DFT
methods are consistent. With the large-core ECP (LC-ECP),
only one direct discrepancy is found for the closo- and nido-
clustersÐthe Bi8


4� cluster, for which the true minimum


structure is a dodecahedron (D2d) rather than the bicapped
trigonal prism (C2v) predicted by Wade�s rules. The latter is
found to be the transition state, which has one negative
eigenvalue in the Hessian, with an energy difference between
D2d and C2v of approximately 10 and 15 kJ molÿ1 for HF and
B3LYP calculations, respectively. Moreover, the nido-Bi6


2�


entity violates the suggestion by Williams[3] and Rudolph[8]


that the formation of a nido-structure proceeds through the
removal of one of the vertices with the highest connectivity. If
that would be the case, the nido-structure for Bi6


2� should be a
pentagonal pyramid (C5v), but our calculations show that this
geometry to corresponds to a local energy minimum, while
the true minimum structure is formed by the removal of one
of the ring atoms (C2v symmetry), with the difference in
energy (HF level) between these two geometries being only
approximately 17 kJ molÿ1 in HF and 16 kJ molÿ1 in B3LYP.
However, this case does not represent a violation of Wade�s
rules, since, as pointed out by Mingos,[1] the missing vertex in a
nido-structure is usually but not necessarily the one of highest
connectivity. Among the arachno-structures, there are devia-
tions from the symmetry suggested by Williams, but they all
adopt alternative symmetries proposed by Wade.[30]


Table 1. Symmetries of energy minima for calculated bismuth polycation
structures.[a]


n Method closo-Structures nido-Structures arachno-Structures


4 HF/LC Td


HF/SC Td


B3LYP Td


Wade Td


5 HF/LC D3h C4v


HF/SC D3h C4v


B3LYP D3h C4v


Wade D3h C4v


6 HF/LC Oh C2v


HF/SC D2d C2v


B3LYP Oh C2v


Wade Oh C5v/C2v


7 HF/LC D5h Cs C3v


HF/SC D5h Cs C3v


B3LYP D5h Cs C3v


Wade D5h Cs C1


8 HF/LC D2d D2d D4d


HF/SC D2d D2d D4d


B3LYP D2d D2d D4d


Wade D2d C2v D4d


9 HF/LC D3h C4v Cs


HF/SC (D3h) C4v Cs


B3LYP D3h C4v Cs


Wade D3h C4v C1


10 HF/LC D4d C2v D5d


B3LYP D4d (C2v) D5d


Wade D4d C2v D5d/C2v


11 HF/LC ± C5v


B3LYP ± C5v


Wade C2v C5v


12 HF/LC (Ih)
B3LYP (Ih)
Wade Ih


[a] The charges of the polycations are (nÿ 2)� , (nÿ 4)� and (nÿ 6)� for
closo-, nido-, and arachno-structures, respectively.
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Figure 2. The geometries of the minima found in the calculations.


As mentioned above, no local minima have been found for
closo-Bi11


9� and closo-Bi12
10�. In the case of the icosahedron,


the global minimum symmetry of closo-Bi12
10� according to


Wade�s rules, the optimized structure is found to have five
negative eigenvalues in the Hessian, while closo-Bi11


9� (C2v)
shows no convergence in reference to either geometry or
energy.


When using the SC-ECP, the two deviations reported for
the LC-ECP calculations, Bi8


4� (D2d/C2v) and Bi6
2� (C2v/C5v),


are again observed, with energy differences of approximately
29 kJ molÿ1 and 9 kJ molÿ1, respectively. In addition, two new
discrepancies are encountered, the first one being that the


energy minimum of Bi6
4� is found to be a slightly distorted


octahedron in D2d symmetry; the true octahedron has three
degenerate negative eigenvalues in the Hessian, while the
imaginary vibrational modes lead to a D2d geometry, and the
total energy difference is very small, 3 kJ molÿ1. Further, the
Bi9


7� ion with D3h symmetry, by using the SC-ECP, has two
negative eigenvalues in the Hessian, much in the same
manner as for the icosahedron (Bi12


10�) with the LC-ECP.
Except for these two differences there is full agreement


regarding the symmetry between the calculations with the two
different ECPs. Moreover, the difference in total energy
between structures that have the same charge and number of
cluster atoms is in good agreement for the two calculation
series. However, there are discrepancies in the calculated
bond lengths, the shortest bond length being 0.12 ± 0.15 �
shorter (there are occasional variations for low-symmetry
species) when the SC-ECP is used. In an effort to make the
study complete and to form an opinion about the stability of
the structures suggested by Wade�s rules, calculations without
any symmetry constraints were performed, with special
interest directed towards the icosahedral Bi12


10� and Bi9
7�,


which both are found to have negative eigenvalues in the
Hessian; this indicates that the structures are transition states.
For the icosahedron only small movements away from the
ideal structure are needed to make the structure completely
resolve and the atoms split up into six independent and
separate atom pairs. Other species show better stability, but
still it is possible to make all closo- and nido-clusters that
contain 8 ± 12 atoms start diverging in both energy and
geometry. The clusters split up into smaller parts, mostly
fragments of two or three atoms, forming nearly equilateral
triangles, but occasionally in larger fractions. Species that, up
to date, do not show any tendencies to fall apart include the
smaller closo-clusters and also arachno-Bi8


2�. One can con-
clude that at least some, if not all, small bismuth clusters
following Wade�s rules only experience meta-stable behavior
in the absence of a stabilizing environment (such as the
reaction media in ligand state or anions in solid compounds),
with enhanced stability for the smaller clusters. This fact,
together with the two ªdirectº exceptions reported (Bi6


4� and
Bi8


4�) to Wade�s rules, provide arguments for taking these
rules not as a strict law, but only as a first guess in the search
for possible structures of small bismuth clusters. From a
synthetic point of view, however, the present results encour-
age attempts in isolation and stabilization of new bismuth
clusters.


Another important point is to compare the results of the
calculations with experimental data (where available). Such
data are presented in Table 2.


As seen in Table 2, for the three bismuth polycations Bi5
3�,


Bi5
�, and Bi8


2� the calculated and experimental symmetries
and bond lengths are in good agreement. A slight systematic
overestimation in the LC-ECP calculations and underestima-
tion in the SC-ECP calculations, respectively, of the bond
lengths is observed (less than 0.1 � as compared with the
experimental values). These differences are most likely
caused by calculational approximations relating to the valence
space size. Test calculations extending both the valence basis
sets of LC- and SC-ECPs show that increasing basis sets
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decrease the differences in calculated Bi ± Bi bond lengths.
Also, as the calculated distances are slightly shorter than the
experimentally observed ones, a systematic error of 0.1 � only
represents a relative error in bond lengths of about 3 % and,
thus, is acceptable for the present analysis. The most
interesting outcome of the calculations was observed for the
Bi9


5� cluster. As mentioned earlier, Wade�s rules predict the
C4v symmetry for this cation, while in crystal structures it
adopts the D3h configuration, although with some distortions.
Our calculations suggest that the true (local, disregarding
symmetry break-ups) minimum structure for Bi9


5� is the C4v


one, that is, a monocapped square antiprism (see Tables 1 and
2). The tricapped trigonal prism (D3h) only corresponds to the
second-order saddle point on the potential energy surface,
with one doubly degenerate eigenvalue in the Hessian. The
imaginary frequencies are of E' symmetry, which is the
vibrational mode that converts the D3h structure to the C4v


one.[28] The reason for such a stability of the D3h symmetry of
the cation relative to the true minimum C4v configuration is
most likely is hidden in the uniqueness of the C4v/D3h


geometries for nine-vertex polyhedra; this allows an easy
transfer between them. A monocapped square antiprism can
be derived from tricapped trigonal prism by relatively small
shifts of two atoms only. This is confirmed by the energy
calculations, which show that the difference in total energy
between these two configurations is less than 9 kJ molÿ1


(DFT; 4 kJ molÿ1, SC-ECP; 3 kJ molÿ1). This small difference
in total energy is also found in calculations on other nine-atom
clusters, for example, Si9


4ÿ.[25] Such a small difference can be
easily compensated for in the solid state by packing effects
(which can be larger by at least one order of magnitude[31]),
since from the point of packing with counterions the D3h


cation is more ªsphericalº than C4v and, hence, more energeti-
cally favorable. All this means that the deviation of the Bi9


5�


geometry from the one predicted by Wade�s rules could be


accounted for by the crystal
field effects rather than an in-
trinsic property of its electronic
structure. The multi-configura-
tion HF calculations also con-
firm that singlet ground-state
calculations represent a good
approximation. Attention
should also be payed to the
results presented by Ichikawa
and co-workers[24] who assign
only positive frequencies to the
D3h form of Bi9


5� at the MP2
level indicating this to be the
favorable configuration. The
conclusion is that the two con-
figurations are very close to
each other in both energy and
geometry and that results of
any calculation will be highly
influenced by the choice of
level and method of calculation.
The last of the experimentally
observed bismuth polycations,


Bi6
2�, also does not follow Wade�s rules. Unfortunately, the


amount of information on this cation is not sufficient for a
definitive conclusion. The cation has been characterized
within one compound only, Bi34Ir3Br37,[29] and is described by
the author as a distorted octahedron. However, with one
vertex more than 0.3 � closer to the equatorial plane than the
other, it is possible to interpret Bi6


2� not as a unit, but rather as
an associate of two other speciesÐthe Bi5


� and Bi� cations. If
this is taken into consideration, although it cannot be directly
supported or ruled out from the available data, it would
account for the violation of the Wade�s rules in case of the six-
atom entity. Another explanation of the anomalous behavior
of this cation is the fact that the distances between bismuth
atoms and closest bromine atoms from the anions are less than
3.1 � and thus comparable to the inter-atomic distances
within the polycation. This is by far the shortest Bi ± X
distance observed in the structures containing polycations.
From this point of view, it is questionable if Bi6


2� should be
regarded as a truly ªnakedº cluster, since such short distances
between the structural units indicates a significant degree of
covalent interaction between them.


On the bonding in bismuth polycations : Several molecular
orbital (MO) calculations have previously been performed on
closo-boranes.[8, 9, 30] All of them agree in terms of the
degeneracy of the LUMO in the closo-boranes, BnHn


2ÿ, for
n� 5 ± 7,10,12. The orbital symmetries of the corresponding
optimized closo-bismuth structures behave accordingly, al-
though the symmetries differ in some cases (see Table 3). The
degeneracy of the LUMO explains the change in the structure
of a closo-cluster when two electrons are added; according to
the Jahn ± Teller effect a nonlinear molecule with a partially
filled, degenerate HOMO is distorted in such a way that the
degeneracy is eliminated.[32] For the two closo-clusters with
nondegenerate LUMOs, Bi8


6� and Bi9
7�, the lack of Jahn ±


Table 2. Calculated bond lengths of the minimum structures of bismuth polycations.


Symmetry Bond lengths [�]
exptl calcd exptl[a] calcd/HF, LC calcd/HF, SC calcd/B3LYP, LC


Bi3� D3h 2.92 2.79 2.94
Bi5


3� D3h D3h 3.02(1) ± 3.32(1)[13] 3.10 ± 3.43 2.96 ± 3.25 3.12 ± 3.41
Bi5� C4v C4v 3.15(13) ± 3.17(14)[29] 3.01 ± 3.17 2.89 ± 3.03 3.03 ± 3.18
Bi6


4� Oh/D2d 3.28 3.03 ± 3.34 3.31
Bi6


2� Oh C2v 3.17(15)[29] 2.98 ± 3.31 2.85 ± 3.17 2.99 ± 3.35
Bi7


5� D5h 3.18 ± 3.47 3.08 ± 3.35 3.22 ± 3.49
Bi7


3� Cs 3.01 ± 3.54 2.83 ± 3.27 3.07 ± 3.46
Bi7


� C3v 3.07 ± 3.34 2.92 ± 3.23 3.07 ± 3.33
Bi8


6� D2d 3.27 ± 3.58 3.09 ± 3.43 3.24 ± 3.62
Bi8


4� D2d 3.17 ± 3.29 3.03 ± 3.19 3.19 ± 3.30
Bi8


2� D4d D4d 3.09(1) ± 3.11(2)[15] 3.12 ± 3.24 2.99 ± 3.11 3.14 ± 3.23
Bi9


7� D3h 3.43 ± 3.62 3.35 ± 3.46 3.48 ± 3.70
Bi9


5� D3h C4v 3.10(2) ± 3.21(5)[16] 3.24 ± 3.53 3.10 ± 3.25 3.27 ± 3.57
Bi9


3� Cs 3.03 ± 3.46 2.90 ± 3.39 3.04 ± 3.45
Bi10


8� D4d 3.47 ± 3.74 3.54 ± 3.76
Bi10


6� C2v 3.09 ± 3.49 3.03 ± 3.43
Bi10


4� D5d 3.18 ± 3.25 3.22 ± 3.24
Bi11


7� C5v 3.35 ± 3.58 3.33 ± 3.55
Bi12


10� Ih 3.75 3.88


[a] The experimentally found clusters are distorted from the ideal symmetries. The numbers given are average
distances with standard deviations (deviations with respect to the ideal symmetry; not crystal structure
determination standard deviations).
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Teller effect is evident as ªclosoº-Bi8
4� (i.e. , D2d) is found to be


the minimum configuration, altough the electron count
suggest a nido-geometry and ªclosoº-Bi9


5� (D3h) is, if not the
minimum, very close in energy to the minimum. The Mulliken
overlap population analysis was used for depicting chemical
bonds between bismuth atoms within polycations, as it
provides a reasonable guess on whether the overlap electron
density is sufficient for bonding or not. The highest values of
the overlap populations (ca. 0.35) were observed in the case of
the Bi3


� ion. A direct correlation between the bond length-
ening in the polycations and the decreasing overlap popula-
tion was also observed; this may serve as an indication of the
increasing degree of the delocalization of electrons partic-
ipating in bonding. However, no direct information on the
number of electrons or contributing bismuth atoms involved
in the formation of particular bonds is available from
Mulliken overlap population data. We have made an attempt
to perform a localized bond analysis in the bismuth clusters by
applying the natural bond orbital (NBO)[33, 34] program
included in the Gaussian package to the Hartree ± Fock
results based on the two different ECP�s. However, the choice
of ECP caused only minor differences in the results of the
NBO calculations, in the following we will refer to the small-
core results.


The results show that it is almost exclusively p electrons that
participate in the skeletal bonding, while s electrons are
localized as free electron pairs on each bismuth atom.
However, only a fraction of the structures can be fully
rationalized in terms of localized bonds; this gives rise to some
problems in the use of the NBO method on bismuth
polycations. Due to the fact that the NBO calculations give
static descriptions of the bonding situation, molecules usually
described by several resonance forms may be mistreated by
the method. The treatment of bismuth polycations with the
NBO routine, which at the present time is limited to three-
center two-electron (3c ± 2e) bonds as the only degree of
electron delocalization, results sometimes in schemes that are
not quite rational, with some atoms having extra free
electrons and others not having a complete nobel gas
configuration. This implies that the real bonding schemes
are more complex and may involve so-called ªthree-dimen-
sional aromaticityº; often better referred to as ªring-delocal-
izationº.


In order to extend the understanding of the situation
electron localization functions (ELF) were calculated, again


by using large- and small-core Hartree ± Fock results.[35±38]


ELF make use of the Pauli exclusion principle, which in short
states that if two electrons occupy the same spatial point they
must have opposite spin. The ELF value, h(r), is a measure of
the probability, on condition that there is one electron with
given spin in point r, of finding another electron with the same
spin in the vicinity of this point. Becke and Edgecombe
showed that if the probability of finding another electron with
the same spin near r is low, the reference electron is highly
localized to that region.[35] The scale of ELF is normalized and
runs between 0 and 1; high values of h correspond to low
probability of finding another electron with the same spin in
the region, that is, high degree of localization, as free electron
pairs or bonds, while h� 0.5 corresponds to the perfectly
delocalized homogeneous electron gas, which is used as a
reference state.


A common way of illustrating the ELF results is to plot
isosurfaces for certain values of h, as in Figures 3 ± 5 (see
below). In general, the ELF values for which interesting
effects occur in the bismuth polycations are lower, as expected
due to the more diffuse valence orbitals on bismuth, than what
previously has been found in studies of lighter elements, for
example see references [36] and [39]. Figures 3 ± 5 show, from
the results with the SC-ECP, that the electrons of the inner
shell are found as spheres around the atom cores, and in all
calculations these represent the global maxima of ELF, h�
0.80.


Another way of discussing ELF results is the use of
attractors, that is, local maxima in the localization function
to which surronding points are assigned, and in that way
forming separate basins or ªpair regionsº.[36, 37]


The results from our ELF calculations are in good agree-
ment with the rational results of NBO and they also facilitate
the comprehension of the less rational NBO results. By
combining the results of two methods the bonding in the
majority of the bismuth clusters can be explained. Graphical
presentations, in the form of hiso plots, of the ELF calculations
on the experimentally found bismuth polycations Bi5


3�, Bi5
�,


Bi8
2�, and Bi9


5� (both possible symmetries) are shown in
Figure 3. Starting the analysis with Bi5


3� (D3h) the NBO
results assign 3c ± 2e bonds to four of the triangular surfaces,
two up and two down, and partially filled extra lone pairs on
three of the atoms. This description of the bonding breaks the
symmetry and leaves the apical atoms electron deficient. In
ELF results at high values, hiso> 0.75, only the core electrons
of the inner shell is visible indicating the atom positions.
Lowering the value of the hiso the free electron pairs start to
show, and at hiso< 0.55 a third type of regions can be found in
the center of all the triangular surfaces. The low values at
which these suggested regions for 3c ± 2e bonds appear, point
to these being delocalized, which makes sense considering the
electron count; there are only five electron pairs available for
bonding but six 3c ± 2e bond regions. Together the NBO and
ELF results imply a high degree of delocalization in this
polycation. The situation is somewhat different in Bi5


� (C4v) in
which the NBO results indicate four localized bonds in the
base, three electron deficient bonds between the apical atom
and base atoms, leaving the last base atom with a partially
filled extra electron pair. Clearly, this suggests some kind of


Table 3. Symmetries of molecular orbitals in bismuth clusters and closo-
boranes.


Bismuth polycations closo-Boranes[a]


N HOMO LUMO HOMO LUMO
5 e' e' e'' e'
6 t1u t2u t2g t2u


7 a ''
2 e ''


2 e '
2 e ''


2


8 e a2 b2 a2


9 a ''
2 a ''


2 a ''
2 a '


2


10 e1 e3 e1 e3


12 t1u gg gu gg


[a] Taken from reference [30].
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Figure 3. ELF surfaces of Bi5
3�, Bi5


�, Bi8
2� and Bi9


5�, C4v and D3h


symmetry, with hiso� 0.70, hiso� 0.60 and hiso� 0.50.


delocalization. In the ELF hiso plots the inner electron spheres
and free electron pairs are evident, and also the much more
localized character of the bonds in the base, in contrast to the
3c ± 2e bonds of Bi5


3�. The attractor analysis state the
maximum ELF value in these bond regions to be 0.74, to be
compared with 0.80 for the free electron pairs and 0.56 in the
3c ± 2e bonds of Bi5


3�. In Bi5
� there are also four attractors


found for the apical-to-base connections, but the maximum
value of ELF along these paths is only 0.53, that is, the three
electron pairs available for these bonds are almost fully
delocalized. In Bi8


2� (D4d), the NBO calculations suggest
ordinary, but somewhat electron-deficient, 2c ± 2e bonds
between the atoms in the individual squares, and additionally
three 3c ± 2e bonds connecting the two squares. The ELF
results show that the bonds in the squares are evident for
hiso� 0.60, (maximum of the attractors at h� 0.63, thus at a
somewhat lower value than was found in Bi5


� in accordance
with the electron-deficient bonds of the NBO results), while
no attractors can be found between the squares. There should
be eleven electron pairs participating in cluster bonding and
the NBO and ELF results appear to agree with respect to the
fact that eight of these are fairly, but not completely, localized
to the individual squares, and the remaining three are
delocalized between the squares. This situation, including
localized bonds within the squares and only some three
electron pairs delocalized in eight possible connections
between the squares, may imply that some additional disorder
could appear in X-ray analysis due to rotational flexibility of
the individual squares around the fourfold axis. The related
Bi9


5� (C4v) structure also displays a bonding structure that is
similar to the one in Bi8


2�. Taking into account both the NBO


and ELF results, there are essentially localized bonds in the
lower square, four 3c ± 2e bonds between the two squares, and
the remaining three electron pairs are split over the four
expected connections to the apical atom. The, by now, well-
known, extra free electron pairs appear on atoms in the
middle square and on the apical atom in the NBO analysis,
and an evident conclusion is that whenever NBO allocates
electrons to these extra, partially filled, lone pairs it is a sign of
delocalization. In ELF, the attractor analysis gives the
maximum values to be 0.62 for the bonds in the base, 0.58
for the 3c ± 2e bonds between the squares, and 0.51 for four
3c ± 2e bonds between the apical atom and the middle square.
The first two bond types are surely not fully localized, and in
the case of the last type, the value is so close to the perfect
delocalization that it is hardly meningful to speak of any
localized bonds.


In the Bi9
5� (D3h) entity, the two 3c ± 2e bonds in each of the


two peripherical triangles become very distinct in ELF at
hiso< 0.6, as illustrated in Figure 4 (hiso� 0.55) looking down
the threefold axis; these are also found within the NBO


Figure 4. ELF surface (hiso� 0.55) in Bi9
5� (D3h) looking down the three-


fold axis. The 3c ± 2e bond in the upper triangle is clearly displayed.


results. As to the rest of the cluster, NBO results are difficult
to interpret in terms of the distribution of free electrons. As
mentioned earlier this is an indication of delocalization, also
displayed by ELF results for which no localized regions,
except the two 3c ± 2e bonds of the peripherical triangles can
be seen until the hiso value is very close to 0.50. Six 3c ± 2e
bonds start to show at h� 0.53.


Some general observations considering the ELF results for
the bismuth clusters include firstly that the highly symmetrical
clusters (symmetries Oh and Ih) are extensively delocalized.
Secondly, once symmetry is lower, typically four-membered
and five-membered ring systems tend to display a localized
bonding, whereas the bonding between rings and between
rings and capping atoms is highly delocalized. For instance, in
Bi8


2� localized electron pairs are found in the two squares, but
the two squares are tied together by highly delocalized
electrons. The same is observed for Bi10


4�, derived from the
Bi12


10� icosahedron, in which localized bonding is observed in
the two five-membered rings and the bonding between the
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rings is delocalized. The situation in clusters with two rings
and a capping atom is somewhat more complicated. In Bi9


5�


(C4v) the base square exhibits localized bonding, wheras the
square closest to the capping atom is expanded to the extent
that no intra-ring bonding exists. The rings and capping atom
are connected through delocalized electrons. The situation is
analogous for the icosahedral derivative Bi11


7�, which consists
of two five-membered rings and a capping atom.


These general observations can be used in an attempt to
understand the somewhat surprising results regarding Bi6


2� ;
the minimum structure is obtained by removing one of the
equatorial atoms from the pentagonal bipyramid (ELF results
for C5v and C2v Bi6


2�, hiso� 0.55, are presented in Figure 5).


Figure 5. ELF surface (hiso� 0.55) of Bi6
2�, C5v and C2v symmetry.


Despite the low ELF value no signs of bonding to the apical
atom can be found in the pentagonal pyramid (C5v), leaving
this only loosely linked to the other five atoms, while in the C2v


structure all atoms are connected. This ªfreeº apical atom of
the pyramid may be the important factor of the higher energy
in this structure. The general rule seems to be that when two
alternative structures are available, and the one having the
more homogenous bonding situation is favored, for example
C2v-Bi6


2� and D5d-Bi10
4�. This principle could be called the


ªrejection of the black sheepº; the black sheep being the most
weakly bonded atom. This is another argument for the D3h-
Bi9


5� being highly stable, since the capping atom in the C4v


structure is a typical ªblack sheepº.


Conclusion


Starting from geometries suggested in discussions about
Wade�s rules, calculations on small bismuth polycations with
different number of atoms, charge, and configuration by using
different calculational methods have been made. These
confirm that Wade�s rules generally are applicable to bismuth
polycations with certain exceptions. By working in parallell


with NBO and ELF data, a good description of the bonding in
bismuth clusters can be achieved. In conclusion, our calcu-
lations show that the electrons involved in bonding in the
polycations are found both as localized in bonds and
delocalized over larger regions. The localized bonds are
predominantly found in the rings within the cations and these
are in turn kept together by delocalized electrons.


Computational Methods


The calculations were performed by using the Gaussian 98[40] and
Turbomole 4.4[41] program packages. All calculations included geometry
optimization and evaluation of the nature of the critical points (eigenvalues
of the Hessian). Both Hartree ± Fock (HF) and hybrid density functional
theory (DFT) calculations were performed. In the HF calculations, two
different quasi-relativistic effective core potentials (ECP) by substituting
the inner 78 and 60 (Table 4) core electrons;[42, 43] the small-core ECP was


obtained by the energy adjustment method also used for the large-core
ECP, and optimized valence basis sets corresponding to the two ECPs were
used, (6s6p2d)/[321/321/2] and (9s9p6d2f)/[42 111/42 111/3111/11], respec-
tively. The hybrid DFT calculations were done by using the B3LYP[44]


functional in Gaussian 98 together with the large-core ECP and corre-
sponding basis set. CASSCF(6,6) calculations were also performed for the
bigger clusters in order to verify that the singlet ground-state calculations
were good approximations. For the analysis of the bonding in bismuth
polycations, the natural bond orbital (NBO) facility included in Gaussian
package,[33, 34] was applied to the results from Hartree ± Fock calculations
from both ECPs. The electron localization function (ELF)[35] was also
calculated from the Hartree-Fock results by utilizing the ToPMoD
package[45, 46] and visualized with the Vis5d (v5.2) program.[47]
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Table 4. Quasi-relativistic ECP for Bi, 60 core electrons.


Exptl Coefficient


s 13.0430902 283.26422704
8.2216825 62.47195881
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Is ªFrankº DNA-Strand Breakage via the Guanine Radical
Thermodynamically and Sterically Possible?


Steen Steenken,*[a] Slobodan V. Jovanovic,[b] Luis P. Candeias,[c] and Johannes Reynisson[a]


Abstract: Using the reduction potential
of one-electron oxidized guanosine in
water and the pKa values of the radical
and of the parent, the N1ÿH bond
energy of the 2'-deoxyguanosine moiety
is determined to be (94.3� 0.5) kcal
molÿ1. Using the DFT method, the energy
of the N1-centered guanosine radical is
calculated and compared with those of
the C1'- and C4'-radicals formed by
H-abstraction from the 2'-deoxyribose
moiety of the molecule. The result is that
these deoxyribose-centered radicals ap-
pear to be more stable than the N1-
centered one by up to 3 kcal molÿ1.
Therefore, H-abstraction from a 2'-de-
oxyribose CÿH bond by an isolated


guanosine radical should be thermody-
namically feasible. However, if the sta-
bilization of a guanine radical by intra-
strand p ± p interaction with adjacent
guanines and the likely lowering of the
oxidation potential of guanine by inter-
strand proton transfer to the comple-
mentary cytosine base are taken into
account, there is no more thermody-
namic driving force for H-abstraction
from a deoxyribose unit. As a further
criterion for judging the probability of


occurrence of such a reaction in DNA,
the stereochemical situation that a
DNA-guanosine radical faces was inves-
tigated utilizing X-ray data for relevant
model oligonucleotides. The result is
that the closest H-atoms from the neigh-
boring 2'-deoxyribose units are at dis-
tances too large for efficient reaction. As
a consequence, H-abstraction from 2'-
deoxyribose by the DNA guanine radi-
cal leading subsequently to a ªfrankº
DNA strand break is very unlikely. The
competing reaction of the guanine rad-
ical cation with a water molecule which
eventually yields 8-oxo-2'-deoxyguano-
sine (leading to ªalkali-inducibleº strand
breaks) has thus a chance to proceed.


Keywords: bond energies ´ density
functional calculations ´ DNA cleav-
age ´ electron transfer


Introduction


It is well known[1±5] that, among the DNA components, the
nucleic acid bases are the most sensitive to modification by
endo- or exogeneous (noxious) agents. With respect to
oxidizing agents, guanine (G) is the most ªlabileº among the
bases. It is thus typically the preferred site of attack of
ªreactive oxygen speciesº which are produced not only as
intermediates and by-products of aerobic respiration but also


through exposure of cells to ionizing radiation or photo-
chemical (or ªdarkº[6]) reactions that generate free radicals.
Free radical induced modifications of DNA bases and,
specifically, G, are believed to be involved in physiologically
deleterious processes such as cancer[7] and also in ageing.[8]


However, for the living organism, the even more destructive
process is DNA-strand breakage. This oxidation-induced
reaction involves the deoxyribose-phosphate backbone of
DNA and not (directly) a G moiety. The question is thus
whether an apparently stable radical from a more easily
oxidized component of DNA, that is G, is able to oxidize the
much less easily oxidized deoxyribose(phosphate) moiety.
Since this question is under debate,[9±11] we were interested in
its thermodynamics and kinetic feasibility and we present data
on this in the following.


Results and Discussion


The first step in the approach we take is to determine the
N1ÿH bond dissociation energy (BDE) of guanosine:
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Based on the known pKa values of the parent,[12] and of the
guanosine radical,[13] and of the reduction potential of the
latter,[14] that is, the potential for the process:


(2)


and using an established formalism,[15±18] the following Equa-
tions can be written, for which data is also available:


Case A : Use of pK(guanosine radical)� pKr


G>G(ÿH) .�H . BDE(GÿH)


G.�>G(ÿH) . �H� pKr� 3.90[13]


G.�� eÿ>G E 0(G.�/G)� 1.58 V[14]


H�� eÿ>H . E 0(H�/H .)�ÿ 2.29 V[18]


BDE(GÿH)� 1.37pKrÿ 23.06 E 0(H�/H .)� 23.06 E 0(G.�/G)


from which BDE(GÿH) results as 94.6 kcal molÿ1.


Case B : Use of pK(guanosine)� pKa


G(ÿH)ÿ>G(ÿ2 H)2ÿ�H� pKa2� 12.33[12]


G(ÿ2 H) .ÿ� eÿ>G(ÿ2 H)2ÿ


E 0(G(ÿ2H) .ÿ/G(ÿ2 H)2ÿ)� 1.05 V[14]


H�� eÿ>H . E 0(H�/H .)�ÿ 2.29 V


BDE(GÿH)� 1.37pKa2ÿ 23.06E 0(H�/H .)� 23.06E 0(G(ÿH) .ÿ/
G(ÿ2H)2ÿ) from which BDE(GÿH) results as 93.9
kcal molÿ1.


Since the BDEs obtained with the two different sets of
values (cases A/B) are very similar, it is legitimate to take the
average of the two as the NÿH bond energy [Eq. (1)] of
guanosine, that is BDE(GÿH)� 94.3� 0.5 kcal molÿ1. This
value is reasonable in comparison with analogous ones[19, 20]


from simpler compounds, for example, BDE(H2NÿH)� 108,
BDE(para-NCC6H4NHÿH)� 91.6, BDE(glutarimide, cycl-
(O�C)CH2CH2CH2(C�O)NÿH)� 116, BDE(HC(O)NHÿ
H)[21]� 116 kcal molÿ1.


The BDE(GÿH)� 94.3�
0.5 kcal molÿ1 is larger than that
of CÿH bonds, such as 88 kcal
molÿ1 for HOCH(CH3)-H,[22] or
92 kcal molÿ1 for tetrahydro-
furylÿ2H.[23] Concerning radi-
cals formed by H-abstraction
from the 2'-deoxyribose unit,
relative stabilities have recently


been calculated using density functional theory.[24] According
to these authors the C4'-radical is the most stable, followed by
the C1' and C3' radicals which are �2 kcal higher in energy. If
these energy values for the 2'-deoxyribose radicals are
converted into CÿH bond energies, the value for the C4'-site
is 83.62 kcal molÿ1.[25] On this basis, the (hypothetical) H-ab-
straction from C4' by the guanosine radical would be
exothermic by 94.3ÿ 83.6� 10.7 kcal molÿ1.


In order to check this result which partly contains
experimentally determined (BDE(GÿH)� 94.3 kcal molÿ1)
and partly calculated[26] (the BDE(C'ÿH)) energies, theoret-
ical calculations were performed with the GAUSSIAN 98
program package[27] utilizing the density functional theory
(DFT) employing an unrestricted wave function.[28] The
functional was the Lee, Yang and Parr for the correlation
part[29] and the Becke�s three parameter functional for the
exchange part (B3LYP).[30, 31] The basic split valence standard
6-31G basis set[32] was used for the geometry optimization and
frequency analysis. The zero-point energy was scaled accord-
ing to Wong (0.9804).[33] Subsequent single-point energy
calculations were performed with the 6-31�G(d,p) basis set
with diffuse and polarisation functions.[34, 35]


The idea is to get the energy change in the loss of an H .


from the N1 of the guanine moiety of 2'-dGuo, a reaction
which gives rise to the same radical (G(ÿH) .) as that from the
N1-deprotonation of the radical cation of the guanine
moiety,[13] and, using exactly the same method and parame-
ters, to get and to compare this with the energy change in the
loss of an H . from one of the carbons of the 2'-deoxyribose
part of the same molecule. The energy of the 2'-
dGuo(N1(ÿH) .) radical is used as the basis for comparison,
that is its energy is arbitrarily set to zero. From the
comparison with the relative energy of the parent compound
(calculated to be ÿ404.7 kcal molÿ1) and taking into account
the energy of H . (ÿ313.9 kcal molÿ1) the N1ÿH bond energy
results in 90.8 kcal molÿ1 which is not far off the experimen-
tally determined number of 94.3�0.5 kcal molÿ1 which relates
to aqueous phase, in contrast to the vacuum environment
relevant for the calculated value.


Compared with the base-derived radical N1. , the energies
of the deoxyribose-derived radicals turned out to be partly
lower and partly higher, depending on the position on the
deoxyribose moiety (which is in agreement with the analogous
DFT results of ref. [24]), as shown in Table 1:


The conclusion is thus that the C4'- and, particularly, the
C1'-radical is more stable than the N1-radical.[36] On this basis,
formation of C4'- or C1'-yl from N1-yl is a possibility.
Concerning, however, the situation in DNA, there are two
factors that can be predicted to change the thermodynamics:
a) Intrastrand p ± p interactions in ªclustersº of purine bases


(1)
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(e.g., AG, GG, GGG, Gn) lead to a decrease of the ionization
potential of this moiety which has been calculated[37, 38] to
correspond to 0.47 eV (10.8 kcal molÿ1) for n� 2, and 0.68 eV
(15.7 kcal molÿ1) for n� 3. Even if these values are over-
estimated, the oxidation potential of G in DNA can still be
assumed to be lowered due to interstrand proton transfer
within the base pair,[2, 39] that is from G.� to C. At present, the
latter effect can only be quantified crudely, based on the
greater basicity of C (pKa(CH�)� 4.3) as compared to H2O
(pKa(H3O�)�ÿ1.7),[40] to lead to a decrease of the reduction
potential of G.� by 8 kcal molÿ1[41] and thus, as the conse-
quence, to a decrease of the GÿH bond energy (making
H-abstraction by the G-radical from a ribose unit even less
likely if not impossible).[42]


We consider next the steric situation which a guanine
radical faces in DNA. Since the guanine radical can be
assumed to have high spin density on N1, N3, and O6,[43] (see
also ref. [44]), H-abstraction by these atoms has to be
considered, as shown below[45, 46] in Scheme 1:


Concerning the situation of the guanine radical in DNA,
structures of an increasing number of oligonucleotides are
available via the Nucleic Acid Database (NDB[47]).[48] The
case first presented relates to 5'-d(GCCCGGGC)-3' (NDB
ID: ADH008), a synthetic nucleotide which assumes the A
conformation.[49, 50] X-ray diffraction data do not provide
information on the position of hydrogen atoms. To overcome
this difficulty, we have inserted H-atoms in the oligonucleo-
tides at the positions of minimum energy according to the
MM3 force field,[51±53] using the program Web Lab Viewer. An
illustrative example is shown in Figure 1.[54]


Furthermore, in a GGG triplet, the first (5' side) guanine
has been shown to have the lowest energy.[37, 38] Therefore, the


distances between the N1, N3,
and O6 atoms of this base and
the hydrogens on the deoxyri-
bose carbon atoms were meas-
ured, whereby the hydrogens
on the neighboring 5' side (C,
nÿ 1), the same (G, n), and the
neighboring 3' side (G, n�1)
nucleotides were considered.
The results are shown in Ta-
ble 2.


From the values in Table 2 it
is evident that the C1' and C2'
hydrogens, which point towards the base-stack, are in general
closer to the guanine than those on C3', C4', and C5'.
Moreover, the hydrogens of the 3'-side neighboring nucleo-
tide are closer than those on the 5' side.


In order to judge the situation in B-DNA, the same
procedure was applied to the oligonucleotide 5'-d(CAAA-
GAAAAG)-3' (NDB ID: BDJ081).[55] The distances between


atoms on the central G and
vicinal deoxyribose hydrogens
on the same and on the com-
plementary strand (Figure 2)
were measured and are shown
in Table 3.


From Table 3 it is evident
that, as in the case of A-DNA,
the C1' and C2' hydrogens are
the closest to the guanine. It can
also be seen that some C1' and
C2' hydrogen atoms on the
complementary strand are at
distances slightly shorter than
6 �. Nonetheless, the overall
reaction distances are too large
for the H-abstraction reaction


Table 1. Relative energies of 2'-deoxyguanosine radicals [kcal molÿ1].


Site of radical Relative energy


N1 � 0.0[a]


C1' ÿ 3.1
C2' 4.7
C3' 1.6
C4' ÿ 0.4
C5' 1.6


[a] The N1ÿH bond energy is 90.8 kcal molÿ1.


Figure 1. Structure of the first
(5' side) G nucleotide of the
GGG triplet in the oligonucleo-
tide 5'-d(GCCCGGGC)-3' in-
cluding the inserted deoxyri-
bose hydrogen atoms. Details
of the position of the hydrogen
atoms are given in Table 2.


Scheme 1.


Table 2. Bond lengths [�] between atoms of the first (5' side) G of the
GGG triplet and the H-atoms of close deoxyribose groups in the
oligonucleotide 5'-d(GCCCGGGC)-3'.


N1 N3 O6


C1' 8.4 7.1 8.4
C2' 7.4, 8.6 6.1, 7.0 7.2, 8.7


C (nÿ 1) C3' 9.2 8.2 8.6
C4' 11.0 9.7 10.7
C5' 12.0, 12.1 10.9, 11.1 11.3, 11.4
C1' 5.1 2.9 6.2
C2' 4.7, 6.0 2.7, 3.7 6.0, 7.3


G (n) C3' 6.1 4.4 6.6
C4' 7.9 5.7 8.6
C5' 8.0, 9.1 6.4, 7.2 8.1, 9.4
C1' 4.6 3.7 6.6
C2' 6.1, 6.7 5.7, 5.9 7.6, 8.4


G (n�1) C3' 7.0 6.0 8.2
C4' 7.5 5.9 9.3
C5' 7.7, 8.6 5.7, 6.8 9.1, 9.9
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to be fast enough to be of importance (for the lifetime of the
guanine radical in DNA in aqueous solution, see ref[56]). The
conclusion is thus that such a reaction in DNA is not very
likely. This gives the reaction of the guanine radical cation
with a (nucleophilic) water molecule a chance to proceed. In
double-stranded DNA, this reaction leads (see ref. [57]) to an
8-oxo-2'-deoxyguanosine moiety which, upon treatment of
the DNA with piperidine, gives rise to a strand break. It
should be kept in mind, however, that in solution DNA is not a
stiff rod but undergoes dynamic structural changes (see
ref. [58 ± 60]) as a result of which the reaction distance for
H-abstraction may be reduced to more favorable values. A
possibility is that radical formation in DNA[2] leads to an


increase in the flexibility of the
strand with a corresponding
enhancement of the degrees of
motional freedom, allowing an
even closer mutual approach of
the reaction partners.[61] These
possibilities are at present diffi-
cult to quantify.
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p-Donation and Stabilizing Effects of Pnicogens in Carbenium and
Silicenium Ions: A Theoretical Study of [C(XH2)3]� and [Si(XH2)3]�
(X�N, P, As, Sb, Bi)


Jörg Rissler,[a] Michael Hartmann,[a] Christina M. Marchand,[b] Hansjörg Grützmacher,[b]


and Gernot Frenking*[a]


Abstract: Quantum chemical calcula-
tions at the MP2 and CCSD(T) levels
of theory are reported for cations of the
general type [A(XH2)3]� with A�C, Si
and X�N, P, As, Sb, Bi. Population
analysis, methyl stabilization energies
(MSEs), and structural criteria were
used to predict the p(p)-donor ability
of and the p-stabilization energy exerted
by this series of pnicogens. All of the
substituents XH2 considered in these
studies invariably stabilize the triply
substituted carbenium as well as the
silicenium ions. The calculated data
show that the intrinsic p(p)-donation of
the group 15 atoms follows the order
N<P<As< Sb<Bi. However, the


trend of the stabilization energies is
fully reversed. The intrinsic stabilization
energies of the planar carbenium
ions decrease monotonically from
161.2 kcal molÿ1 for X�NH2 to
98.0 kcal molÿ1 for X�BiH2. The effec-
tive stabilization of the pnicogens in the
equilibrium structures, which also in-
cludes the energy-demanding pyramid-
alization of the XH2 substituents, follows
the same trend, although the absolute
numbers are reduced to 145.6 kcal molÿ1


for X�NH2 and 53.2 kcal molÿ1 for X�
BiH2. This seemingly contrasting behav-
ior of increasing p(p) charge donation
and decreasing stabilization has already
been found for other substituents. Pre-
vious studies have shown that carbeni-
um ions substituted by chalcogens up to
the fourth row also stabilize C� less
effectively with respect to heavier sub-
stituents. Of the ions investigated in this
study, only the silicenium ions that are
stabilized by pnicogens from the third to
the sixth row of the periodic system yield
increased stabilizing energies that follow
the corresponding intrinsic p(p)-donor
abilities of the respective substituent.


Keywords: ab initio calculations ´
carbenium ions ´ Pi interactions ´
pnicogens ´ silicenium ions


Introduction


Heteroatom-stabilized carbenium ions, in which the positively
charged carbocation acts as a strong p(p)-acceptor that is
stabilized by up to three main group elements that act as p(p)-
donors of varying strengths, have been one of the most inter-
esting and thoroughly examined systems recently.[1] In this
respect, the structures and energies of monosubstituted and
triply substituted carbenium ions of the general type [H2C-
(XHn)]� and [C(XHn)3]� have been of particular interest, and
complexes with pnicogens (n� 2),[2, 3] chalcogens (n� 1),[3±5]


or halogens (n� 0)[3, 6] as heteroatoms X were studied in more
detail. It was concluded that the p(p)-donor ability of such


substituents plays a crucial and at times controversial role in
establishing trends in the stabilization exerted by a particular
p(p)-donor within a group or a row of the periodic system.


For the series of amino-substituted carbenium ions
[H3ÿnC(NH2)n]� with n� 1 ± 3, it was generally shown that
there is no extra stabilization of the guanidinium cation
(n� 3) that can be attributed as Y-aromaticity.[2] Although
resonance effects are important criteria for the stabilization of
such Y-conjugated cations, they are less dominant than one
might expect with regard to the unusually high proton affinity
of guanidine. On the basis of hydride-transfer reaction (1)
[Eq. (1)], Schleyer and co-workers convincingly demonstrat-
ed for the series of monosubstituted carbocations that the
intrinsic p-donor strength of heavier elements of groups 15 ±
17 is not necessarily less than those of their lighter ana-
logues.[3] In fact, the extent of p(p)-interaction between the
free p-electron pair and the unoccupied orbital of a neighbor-
ing carbocationic center does not depend significantly on the
period that the p-donor belongs to.


CH3XHn�CH3
�! [CH2XHn]��CH4 (n� 0, 1, 2) (1)
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The same authors also showed that the stabilization
energies according to Equation (1) for elements of
groups 15 ± 17 follow the order pnicogens> chalcogens>
halogens. In the case of the pnicogens, the intrinsic stabiliza-
tion energy of planar XH2, which is free of any influence due
to the pyramidalization of the XH2 groups, decreases slowly in
the order X�N>P>As> Sb.[3] For halogens, however, the
relative isodesmic stabilization energies for Equation (1)
predict a fully reversed trend according to F<Cl<Br< I
and thus, the p-stabilization of the heavy halogens is even
higher than their lighter analogues.[3] This trend parallels the
p-donor ability of the halogens and is in line with the
pioneering experimental work of Taft, Martin, and Lampe.[7]


It also holds equally well for triply substituted carbenium ions
and is in principle maintained for the heavier homologues
AX3


� with A� Si, Ge, Sn, and Pb.[6] However, the stabiliza-
tion of these cations by halogens is less than for the carbenium
ion, and it was found that it even turns into destabilization, as
soon as more electronegative halogens are combined with
more electropositive central atoms.[6] Another trend of
increasing/decreasing stabilization along the group of chal-
cogen-substituted carbenium ions is, however, not as evident.
As a result of discrepancies in experimental and theoretical
data, the question as to whether the lighter or the heavier
chalcogens, in particular oxygen or sulfur, are better p(p)-
donors remained unclear for quite some time.[8] In a combined
experimental and computational study however, Grützmach-
er, Glaser and co-workers investigated a series of monosub-
stituted, disubstituted, and triply substituted carbenium ions
of the general type [H3ÿnC(XH)n]� with X�O, S, Se, and Te.[4]


These studies show that the stabilization for the series of
disubstituted (n� 2) and triply (n� 3) substituted carbenium
ions follows the order O>Te> S> Se. The trend for the
corresponding monosubstituted (n� 1) carbenium ions is less
pronounced, but the stabilization energies calculated accord-
ing to Equation (1) show that the heaviest chalcogen,
tellurium, stabilizes this cation even better than oxygen;[9]


the results suggest that this is in agreement with the trend of
analogous halogen-substituted complexes.[3, 8] Further calcu-
lations for the corresponding silicenium cations show a fully
reversed, yet clear-cut trend. The p(p)-donation as well as
thermodynamic stabilization increase in the order O< S<
Se<Te.[9] Note, that the chalcogens stabilize the carbenium
ion more effectively than the silicenium ions. As pnicogens
are considerably better p-stabilizing substituents than chal-
cogens, it was, however, shown that the stabilization of the
silaguanidinium cation [Si(NH2)3]� by amino groups reaches
up to 40 % of the corresponding resonance stabilization of the
ªrock-stableº guanidinium cation.[10]


In order to complete this series of heteroatom-substituted
cations and due to our long-standing interest in donor ± ac-
ceptor complexes, the present work focuses on trends of the
p(p)-donation of the pnicogens in triply substituted carbe-
nium and silicenium ions [A(XH2)3]� where A�C, Si and
X�N, P, As, Sb, or Bi. Particular emphasis is placed on the
characteristic trends of the p(p)-donation within the group of
pnicogens. By comparing the present results with previously
published data of the chalcogen and halogen-substituted
carbenium and silicenium ions, we want to show differences


and/or similarities in the p(p)-donor and stabilization abilites
among the elements of these groups of the periodic system.


Computational details : Geometry optimizations of the struc-
tures presented in this study were performed at the MP2 level
of theory in conjunction with the 6-31G(d) basis set for H, C,
N, Si, and P.[11] For As, Sb, and Bi, quasirelativistic pseudo-
potentials according to Stoll and Preuss were employed using
a modified (31/31/1) contraction scheme.[12, 13] The MP2
frozen-core approximation was only used for those calcula-
tions that involve pseudopotentials, while those calculations
that involve all-electron basis sets for all elements use full
correlation.[14] All structures were characterized by harmonic
frequency calculations at the same level of theory, and all
relative energies were corrected for the zero-point vibrational
energy (ZPE). Refined isodesmic stabilization energies were
evaluated by single-point energy calculations using coupled-
cluster theory with singles, doubles, and a pertubative
estimate of triple substitution (CCSD(T)).[15] Atomic charges
were calculated on the basis of the electron densities obtained
from MP2 calculations using the natural bond orbital ap-
proach.[16±18] All calculations were performed using the pro-
gram packages Gaussian 94/98.[19]


Results and Discussion


General comments : For the discussion of the electronic
factors which influence the stability of the [A(XH2)3]� cations
(A�C, Si; X�NÿBi), it is important that the equilibrium
geometries of the cations and those of the corresponding
neutral molecules HA(XH2)3 are identified. Figures 1 and 2
show the point group assignments and structural representa-
tions of the theoretically predicted molecular geometries of
[A(XH2)3]� and HA(XH2)3, respectively. We want to point
out that the NH2 groups in [C(XH2)3]� and [Si(XH2)3]� are
planar, but the hydrogens are slightly rotated about the AÿN
axis out of the heavy-atom skeleton. The lowest-energy forms
of [A(XH2)3]�with X�P, As, or Sb have Cs symmetry (A�C)
or C3v symmetry (A� Si) and strongly pyramidal XH2 groups.
The three lone-pair electrons of X of [Si(XH2)3]� are pointing
in the same direction, while in [C(XH2)3]� two lone pairs of X
are ªdownº, and one is ªupº. This leads to a small deviation of
the heavy-atom skeleton from planarity. Strongly pyramidal
substituents are predicted for [C(BiH2)3]� and [Si(BiH2)3]� ,
which have C1 and C3 symmetry, respectively. Details of the
calculated bond lengths and the degree of pyramidalization
are discussed below.


The stabilization energy of the pnicogens N, P, As, Sb, and
Bi is generally estimated by isodesmic methyl stabilization
energies (MSEs) calculated on the basis of hydride transfer
reactions according to Equation (2).


[A(XH2)3]��AH4!HA(XH2)3�AH3
� where


A� Si, C; X�N, P, As, Sb, Bi (2)


In order to calculate the intrinsic stabilization energies of
the pnicogens, all atoms of the [A(XH2)3]� cations and all
atoms of the XH2 substituents of the neutral complexes
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HA(XH2)3 are forced into planarity (Figure 3). From a
chemical point of view, the resulting highly symmetric
structures are only of minor practical interest.[20] However,
only by using such symmetry constraints it is possible to
ªforceº the free electron pairs of the substituents X into p
orbitals perpendicular to the molecular plane. Thus, the p(p)-
donors X are perfectly aligned towards the formally empty p
orbital of the acceptor atom A, and p(p)-donation can occur
without hindrance caused by the tendency of the XH2


substituents to pyramidalize. Note, although these stabiliza-
tion energies are idealized and only hold for a perfect p(p) ±


p(p)-interaction between elec-
tron-deficient center and sub-
stituents, they are essential in-
dicators for tracing trends of
the intrinsic p(p)-donor and
stabilizing ability of these ele-
ments.[3] However, using the
methyl stabilization energies
(MSEs) as sole criteria for the
strength of the conjugative in-
teraction may be misleading. It
was shown that additional ef-
fects like the stabilization of a
positive charge or the ionic
contribution to the binding en-
ergy are also included in the
MSE and can thus lead to a
wrong interpretation. This is
particularly true for the ionic
contributions of the binding
energy, which may become
dominant.[4]


The removal of the afore-
mentioned symmetry con-
straints yields geometries,
which represent global minima
on the respective hypersur-
faces.[21] These structures are
useful for examining the inter-
play between the degree of
stabilization and the trend of
pyramidalization of the XH2


substituents. Hence, the in-
volvement of an XH2 substitu-
ent in a conjugative interaction
is mirrored by the degree of its
planarization measured as the
dihedral angle between the
AÿX bond and the XH2 plane
(Figure 4).


Substituents X which are
heavily involved in conjugative
interaction with the electron-
deficient center should in prin-
ciple tend to angles close to 180
degrees, whereas large devia-
tions from this angle indicate
weaker conjugation and thus


weaker p(p)-interaction. Further consideration of the inver-
sion barriers for the isolated hydrides XH3, which increase
from the lighter to the heavier pnicogens,[22] suggests that
the degree of pyramidalization should increase in the same
order. Note, however, that correlating geometrical proper-
ties with the extent of electronic interaction on a quantitative
level is not reasonable, and only qualitative trends can be
predicted.


Furthermore, one has to distinguish between the stabiliza-
tion energy, which is associated with the extent of the p(p) ±
p(p)-interaction, and the p-population at A. The latter


Figure 1. Structures and symmetries of the cations [C(XH2)3]� and the neutral molecules HC(XH2)3.


Figure 2. Structures and symmetries of the cations [Si(XH2)3]� and the neutral molecules HSi(XH2)3.
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Figure 4. Definition of the pyramidalization angle q.


property is equal to the number of electrons actually donated
from the substituents into the formally empty p orbital of the
electron acceptor. Its negative value is also interpreted as the
p-charge. Both quantities, that is, p-energy and p-charge, are
not necessarily parallel to each other as the stabilization
depends also to a large degree on the energy of the valence
electrons.[17a, 23]


Intrinsic p-donation in and stabilization of [A(XH2)3]� (A�
C, Si; X�N, P, As, Sb, Bi): Table 1 shows the calculated AÿX
bond lengths of the planar [A(XH2)3]� cations and their
neutral counterparts HA(XH2)3 having planar XH2 substitu-
ents. Point group assignments and structural representations
of the molecular geometries are given in Figures 1 and 2. The
AÿX bond lengths are significantly shorter in the cations than
in their neutral molecules. For a given center A, the bond
shortening is similar for the AÿN, AÿP, AÿAs, and AÿSb


bonds, while it is most pro-
nounced for the AÿBi bonds.
The large extent of shortening
of the latter bond can be ex-
plained with relativistic effects.
Since there is a change from sp3


to sp2, which increases the s
participation in the bond, there
should be increased bond short-
ening due to the relativistic 6s
contraction. The reduction of
the bond lengths of the carbe-
nium ions is clearly higher than
for the silicenium ions. Surpris-
ingly, however, the AÿX bond
shortening for second period
elements is almost as large as
for the third, fourth, and fifth


period elements. This contrasts with the behavior found for
analogous trihalogen carbenium and silicenium ions, which
show a strong difference between second and third row
substituents.[6] The AÿH bond lengths are steadily reduced
from X�NH2 to X� SbH2, which is consistent with previous
results for analogous trihalogen cations.[6] Again, the short-
ening is more pronounced for the carbenium than for the
silicenium ion. The AÿH bond lengths of the bismutium-
substituted cations do not follow the aforementioned trend
and are elongated when compared with their lighter homo-
logues of AsH2 and SbH2.


Table 2 contains data for the partial (natural) charges of the
electron-deficient center A, the p(p)-population (viz. the
negative value of the p(p)-charge) at A, and the total s-
donation between A and three XH2 substituents of the planar
[A(XH2)3]� cations. The p(p)-population at the carbon atom
increases without exception from NH2 (0.82 e) to BiH2


(1.23 e). The same trend also holds for the corresponding
silicenium ions. However, the charge transferred is less and in
the range of 0.46 e for NH2 and 1 e for BiH2; this result
indicates that Si� is a weaker electron attractor than C�. In
fact, the calculated charge distribution implies that C� is
indeed very electronegative and that it carries a significant
negative charge of at least 1 e from PH2 to BiH2. Compared


Figure 3. Structures and symmetries of the planar cations [A(XH2)3]� and the neutral molecules HA(XH2)3 with
planar XH2 substituents. All geometry optimizations were performed under symmetry constraints, and the
present structures do not represent local minima. They are only used for calculating the intrinsic MSEs according
to Equation 2.


Table 1. Selected bond lengths [�] of the planar cations
[A(XH2)3]� and their neutral analogues HA(XH2)3 with planar XH2


substituents.


X�
A N P As Sb Bi


rAÿX of [A(XH2)3]� (D3h)


C 1.335 1.732 1.841 2.053 2.123
Si 1.658 2.106 2.204 2.407 2.452


rAÿX
[a] of HA(XH2)3 (Cs for X�N; C3 for X�As, Sb, Bi)


C 1.434/1.437 1.833 1.946 2.159 2.249
Si 1.719/1.723 2.174 2.272 2.479 2.535


rAÿH


C 1.105 1.090 1.087 1.085 1.094
Si 1.488 1.484 1.481 1.480 1.483


[a] Two distances are given for Cs-symmetric ions.


Table 2. Results of the NBO analysis of planar [A(XH2)3]�.


X�
A N P As Sb Bi


partial charges qA (qx)
C 0.70 (ÿ0.81) ÿ 1.06 (0.48) ÿ 1.15 (0.56) ÿ 1.32 (0.82) ÿ 1.20 (0.66)
Si 2.26 (ÿ1.35) 0.71 (ÿ0.17) 0.48 (ÿ0.04) ÿ 0.11 (0.37) ÿ 0.13 (0.27)


p(p)-population at A[a]


C 0.82 1.15 1.18 1.22 1.23
Si 0.46 0.80 0.87 0.98 1.00


s-donation[b]


C 0.52 ÿ 0.91 ÿ 0.96 ÿ 1.10 ÿ 0.97
Si 1.72 0.51 0.34 ÿ 0.13 ÿ 0.13


[a] The negative value of the p(p)-population at A equals the p(p)-charge of A.
[b] Calculated as the difference between the sum of partial charges at X and the
p(p)-charge at A: positive values indicate s-donation from A! (XH2)3, while
negative values suggest s-donation from (XH2)3!A.
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with this, Si� only carries a negative charge when it is
substituted by elements of the fourth and fifth period.
Nonetheless the intrinsic p(p)-donation ability of the pnic-
ogens strictly follows the order N<P<As< Sb<Bi. With
the exception of NH2, all pnicogens act as both p- and s-
donors in [C(XH2)3]� . For analogous [Si(XH2)3]� cations, only
SbH2 and BiH2 show a noticeable tendency to act as s-donors,
while PH2 and AsH2 are clearly characterized only as p-donors.


Figure 5 compares the p(p)-donation of pnicogens, chal-
cogens, and halogens in triply substituted carbenium (cur-
ves C1 ± C3) and silicenium ions (curves Si1 ± Si3) with each


Figure 5. Plot of the calculated p(p)-population for [A(XH2)3]� (A�C, Si;
X�N, P, As, Sb, Bi) compared with [A(XH)3]� (A�C, Si, X�O, S, Se, Te)
and [AX3]� (A�C, Si, X�F, Cl, Br, I). Values for the trichalcogen and
trihalogen ions are taken from refs. [6, 9], respectively. For NBO data of
[C(XH)3]� , X�O ± Te see ref. [25].


other. From these plots, it becomes evident that the p(p)-
donor ability of the pnicogen substituents (C1) follows the
same trend that was found for the corresponding trichalcogen
and trihalogen cations (C2 and C3, respectively).[6, 9] The
relative p(p)-donor abilities of pnicogens and halogens are,
therefore, almost equal to each other! In particular, the
dominant increase in p(p)-donation from substituents with
elements of the second period to elements of the third period
is noteworthy. Only the halogens in SiX3


� deviate somewhat
from this agreement in that the slope of increasing p(p)-
donation between F and Cl is reduced.


The thermodynamic stability of the [A(XH2)3]� cations is
estimated on the basis of MSEs according to the isodesmic
reaction (2). Positive values of the MSE indicate that the
respective pnicogen stabilizes [A(XH2)3]� relative to AH3


�,
whereas negative values imply destabilization. Note, that fully
planar structures for the cations and neutral molecules with
planar XH2 substituents as depicted in Figure 3 are used
throughout.


Table 3 contains data for the calculated energies of
reaction (2). It becomes clear that all pnicogens, irrespective
of whether the electron-deficient center is C� or Si�, stabilize


the cation relative to CH3
� or SiH3


�, respectively. However,
the intrinsic stabilization for [C(XH2)3]� follows the order
N�P>As> Sb�Bi, in striking contrast to what one would
expect for the trend of the p(p)-donor ability. Thus, although
the heavier elements of the pnicogens are considerably better
intrinsic p(p)-donors, they stabilize carbenium ions less
effectively compared with their lighter homologues. For the
corresponding series of silicenium ions, the decrease of the
MSEs is somewhat blurred and only pronounced from
[Si(NH2)3]� to [Si(PH2)3]� , while elements of the higher
periods even give a slightly increased stabilization energy.


How does this behavior found for the fully heteroatom-
substituted pnicogen carbenium (curve C1, Figure 6) and
silicenium ions (curve Si1, Figure 6) compare with that found


Figure 6. Plot of the calculated MSEs of [A(XH2)3]� (A�C, Si; X�N, P,
As, Sb, Bi), compared with [A(XH)3]� (A�C, Si; X�O, S, Se, Te) and
[AX3]� (A�C, Si, X�F, Cl, Br, I). Values for the trichalcogen and
trihalogen ions are taken from refs. [4, 6, 9], respectively.


for those substituted by chalcogens (curves C2 and Si2,
Figure 6) or halogens (curves C3 and Si3, Figure 6), respec-
tively. It is evident that the MSE of these cations decreases
with increasing electronegativity of the p-donor in the order
pnicogens> chalcogens> halogens. This trend is consistent
with the results found for a series of monosubstituted
carbenium ions.[3] It is noteworthy that the least stabilizing
pnicogen (BiH2) still stabilizes the carbenium ion more
effectively than iodine, predicted to be the most stabilizing


Table 3. Calculated intrinsic MSEs [kcal molÿ1] of the planar species
according to the isodesmic reaction 2.[a]


X�
A N P As Sb Bi


C 161.2 131.0 124.4 120.6 98.0
Si 62.7 54.9 56.3 61.4 65.1


[a] Obtained at the CCSD(T)/6-31G(d,p)//MP2/6-31G(d) level of theory.
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substituent within the group of halogens.[6] Within a group of
elements, the stabilization energy of carbenium ions displays
major differences from second to third row substituents.
Heavier homologues generally lead to smaller changes. The
ion [C(BiH2)3]� is an exception, for which the drop in the MSE
is as dramatic as that from the guanidinium cation to its
phosphorus analogue. This behavior can be understood in
terms of relativistic effects, which become important for Bi. A
more striking feature revealed by Figure 6 is, however, that
only for trihalogen carbenium (C3) and silicenium ions (Si3)
as well as for chalcogen-substituted silicenium ions (Si2), the
MSEs increase with increasing p-donation as the substituent
becomes heavier. This trend is basically reversed for carbe-
nium ions stabilized by pnicogens or chalcogens and is most
evident for pnicogens and chalcogens from up to the fourth
period. Both curves mirror each other in that they predict
decreasing MSEs from the
lighter to the heavier elements.
This conformity only diverges
for the heaviest (stable) ele-
ments and indicates that Te
stabilizes this carbenium ion
more than its lighter homo-
logue Se.


With respect to changes be-
tween first and second row
elements, the situation for anal-
ogous pnicogen silicenium ions
is in line with the aforemen-
tioned trends for the carbenium
ions. The changes in the MSE
are, however, clearly less pro-
nounced. Interestingly, changes
in the MSE for the tripnicogen
silicenium ions caused by sub-
stituents that belong to the
third and higher periods are in
line with the trend found for the
analogous trihalogen cations. Thus the stabilization of the
weak p-acceptor Si� starts to increase according to the p(p)-
donor abilities of the pnicogens. The same trend toward
higher stabilization of heavier substituents also occurs for the
trichalcogen silicenium ion. In this case, the tendency of
increased stabilization ranges from O to Te without excep-
tions.[9]


In order to explain why an increasing p(p)-donor ability
results in a decreasing stabilization, we conclude that it is not
reasonable to reduce the nature of the stabilizing effects of the
pnicogens and chalcogens only to their p-donor abilities.
Therefore, other contributions than the p-interaction alone
must be taken into account in order to predict the overall
stabilization of these cations. To this end, it is noteworthy that
the polarity of the AÿX bond and eventually the ionic
contributions are also important factors responsible for the
trends of the MSEs along a period of subtituents.[4] In the
present case, these nonconjugative contributions to the bind-
ing energy between the electron-deficient center and hetero
substituents could have become dominant for the stabilization
of tripnicogen and trichalcogen carbenium ions.[4] However,


on the basis of the theoretical approaches we have used in this
work, an unequivocal conclusion is not possible. Further
studies focusing on the explicit s- and p-energy contributions
to the AÿX bond energy are necessary.


Effect of the AÿXH2 pyramidalization in [A(XH2)3]� (A�C,
Si; X�N, P, As, Sb, Bi): Selected structural parameters for
the [A(XH2)3]� cations and their neutral molecules
HA(XH2)3 are summarized in Table 4. Note that all of these
structures refer to local minima on the respective potential
hypersurface. Thus, by losing the aforementioned symmetry
constraints, pyramidalization of the pnicogens according to
Figure 4 can occur without hindrance.


Table 4 shows that the AÿX bond lengths of [A(XH2)3]� are
significantly increased compared with the analogous fully
planar structures. Only the AÿX bond lengths of the


guanidinium and silaguanidinium cations remain unaffected
upon releasing the symmetry constraints. That is, the XH2


substituents are planar in the global minimum structure as
well. As was shown for the fully planar cations, the AÿX bond
lengths are significantly shorter in the cations than in their
neutral molecules. The bond shortening is, however, most
pronounced for the AÿN bonds, while the AÿP, AÿAs, and
AÿSb bonds are clearly shortened to a lesser extent. The only
exception to this trend is found for [C(BiH2)3]� , which even
has a slightly longer bond than its neutral molecule. We note
that the AÿH bond of the neutral molecules hardly changes
from X�NH2 to X� SbH2.


The degree of pyramidalization is measured as the dihedral
angle q between the AÿX bond and the plane spanned by the
XH2 substituent (Figure 4). Table 4 shows that only cations
with NH2 substituents remain planar, while for all other
substituents, q decreases steadily from the lighter to the
heavier elements. Thus, the tendency of heavier pnicogens to
participate in conjugative interactions is increasingly hin-
dered. This is also reflected by the calculated charge
distribution shown in Table 5.[24] Although C� remains a


Table 4. Selected bond lengths [�] and angles [degrees] of the cations [A(XH2)3]� and their neutral analogues
HA(XH2)3 with pyramidal XH2 groups.


X�
A N P As Sb Bi


rAÿX of [A(XH2)3]� (D3 for A�C, Si and X�N; Cs for A�C and X�P, As, Sb; C1 for A�C and X�Bi; C3v for
A� Si and X�P, As, Sb; C3 for A� Si and X�Bi)


C 1.335 1.756/1.780 1.886/1.914 2.095/2.137 2.261/2.260
Si 1.657 2.199 2.336 2.562 2.610


q[a]


C 180.0 110.1 (104.7) 103.8 (99.3) 102.9 (96.9) 88.6 ± 74.5
Si 180.0 99.8 93.2 90.9 85.9


rAÿX
[b] of HA(XH2)3 (C3 for A�C and X�N, P, As, Sb, Bi; A�Si and X�P, As, Sb, Bi; Cs for A� Si and X�N)


C 1.458 1.866 1.990 2.197 2.259
Si 1.723/1.731 2.256 2.379 2.591 2.624


rAÿH


C 1.095 1.097 1.097 1.097 1.093
Si 1.489 1.489 1.491 1.494 1.494


[a] Angle of pyramidalization according to Figure 4. Values given in brackets refer to the longer bonds.
[b] Two distances are given for Cs-symmetric ions.
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powerful electron acceptor, the comparison with the analo-
gous fully planar structures shows that the increase of the
negative charges along the series of pnicogens is less evident.
The exception to this trend from Sb to Bi is, however,
noteworthy. In this case, the partial charge at the central atom,
particularly at the central carbon, is significantly reduced, and
the reduction implies a dramatic loss of the p(p)-donation
ability of Bi in these cations. A close look at the structural
parameters and NBO (Natural Bond Orbital) data suggests
that this cation is stabilized by hyperconjugative interactions
of two BiÿH bonds and the empty p orbital at C. The heavier
central atom Si basically shows the same trends along the
group of pnicogens, but the absolute numbers of the partial
charges are clearly lower than in the carbenium ions.
Consideration of the MSEs according to the isodesmic
reaction (2) (Table 5) shows that all pnicogens stabilize the
carbenium and the silicenium ions. This also holds for the
strongly bent Sb and Bi substituents. Although the absolute
stabilization energies are considerably smaller than for the
planar cations, the general trend that the MSE decreases from
the lighter to the heavier pnicogens is maintained. Moreover,
even the ªchangedº trend for planar silicenium ions towards
increasing MSE values for the elements from the third to the
fifth row is reproduced. In conclusion, the reduction in the
MSEs with respect to the p(p)-donor abilities of the pnicogens
again indicates contrasting behavior, which is similar to the
trends found for the intrinsic p(p)-donation abilities of p(p)-
donors of groups 17 and 16 and their corresponding stabiliza-
tion energies.


Conclusion


The results of the present study can be summarized in the
following way.
1) All pnicogens stabilize triply substituted carbenium and


silicenium ions of the general type [A(XH2)3]� with A�C,
Si and X�N, P, As, Sb, Bi. The intrinsic p(p)-donor ability
of the pnicogens strictly follows the order N<P<As<
Sb<Bi. This trend of increased p(p)-donation ability
toward heavier pnicogens is in perfect agreement with the
situation in corresponding trichalcogen and trihalogen
cations. Therefore, heavier elements of groups 15 ± 17 are
always better p(p)-donors in triply substituted carbenium
and silicenium ions than their lighter analogues.


2) For a selected central atom, the stabilization energies
decrease according to pnicogens> chalcogens> halogens.
Within the series of pnicogens, however, we find that


lighter substituents stabilize the carbenium ion energeti-
cally more effectively than their heavier molecules, in
contrast to what one would expect on the basis of their
smaller p(p)-donation ability. The results show clearly that
higher p-charge donation does not automatically yield a
larger stabilization energy. This seeming discrepancy is,
however, not unique, and it is also found for analogous
carbenium ions stabilized by chalcogens up to the fourth
row of the periodic system.[4]


3) The change from the planar geometries to the pyramidal
equilibrium geometries of the XH2 lowers the MSE values
significantly, in particular for the heavier elements X.
Pyramidalization of the XH2 groups may even change the
trend of the stabilization energy.


4) The series of silicenium ions reveals a less clear-cut trend
for the stabilizing effect of the XH2 groups, and decreasing
stabilization energies only occur from NH2 to PH2.
Heavier pnicogens exhibit a slight but consistently in-
creased stabilization toward Si�. The increasing p(p)-
donor ability of the substituent results in an increased
stabilization energy only for the series of trichalcogen
silicenium ions and trihalogen carbenium as well as
silicenium ions. We therefore conclude that the nature of
the stabilizing effects of the pnicogens in triply substituted
carbenium and silicenium ions is not fully described by
their p-donor abilities alone. Other contributions must be
considered in order to explain why increasing p(p)-
donation results in decreasing stabilization. Therefore
nonconjugative properties, like the polarity of the AÿX
bond or contributions from ionic bonding, are important
factors that are able to compensate the stabilization due to
p(p) ± p(p)-interaction. In the present study, however, the
theoretical approaches used are not suitable to explain the
contributions of such effects in detail. We therefore
encourage a reopening of the discussion about stabiliza-
tion effects of main group elements in carbenium ions and
their heavier homologues.
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assumed to have C2v symmetry with the free electron pairs of two
(bent) XH2 substituents perpendicular to the acceptor orbital of the
electron-deficient center. Therefore, the conjugation exerted from
these groups is completely eliminated, and the remaining third XH2


substituent can planarize in order to compensate for the loss of
conjugation. This set of structures thus mimics the situation found for
monosubstituted cations [H2A(XH2)]� . For the sake of clarity and as a
result of limited space, we do, however, not include this discussion in
the main text. Details about these studies and further information are
available from the authors.


[22] P. Schwerdtfeger, L. Laakkonen, P. Pyykkö, J. Chem. Phys. 1992, 96,
6807.


[23] M. W. Schmidt, P. N. Truong, M. S. Gordon, J. Am. Chem. Soc. 1987,
109, 5217.


[24] Compared with the fully planar structures, the structures that
represent local minima prevent a proper NBO analysis as a result of
the indistinguishability of s- and p-charges. The discussion in the text
therefore only focuses on the natural charge of the center atom A and
the substituents X, although the existing conjugative interaction can
still be detected as the occupation of the formally empty p orbital on C
and Si.


[25] H. Grützmacher, unpublished results: the NBO data for
[C(XH)3]�X�OÿTe are based on the the MP2/LANL1DZ�P' level
of theory, where LANL1DZ�P' denotes the use of effective core
potentials in conjunction with double-z type valence electron basis
sets as described by Hay and Wadt: a) P. J. Hay, W. R. Wadt, J. Chem.
Phys. 1985, 82, 270; b) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82,
284. The following d-function exponents were employed in Pople�s
6-31G* basis set: d(C)� 0.8, d(O)� 0.8, d(S)� 0.65, d(Se)� 0.338,
and d(Te)� 0.237. The p(p)-populations in [C(XH)3]� are: 0.73 for
X�O, 1.07 for X�S, 1.21 for X� Se, and 1.21 for X�Te.
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Novel Ruthenium(ii)2 Carboxylates as Catalysts for Alkene Metathesis


Wlodzimierz Buchowicz,[a] Florent Ingold,[a] Johannes C. Mol,*[a] Martin Lutz,[b] and
Anthony L. Spek[b]


Abstract: The reactions of [Ru-
(�CHR)Cl2(PCy3)2] (1: R�Ph; 1a : R�
ÿCH�CPh2) with silver salts of carboxylic
acids afforded new dimeric complexes of
the general formula [Ru2(�CHR)2-
(R'CO2)2(m-R'CO2)2(PCy3)2(m-H2O)] (2:
R�Ph, R'�CF3; 3 : R�Ph, R'�C2F5;
4 : R�ÿCH�CPh2, R'�CF3; 5 : R�Ph,


R'�C6F5; 6 : R�ÿCH�CPh2, R'�C6F5;
7: R� -CH�CPh2, R'�CCl3) in good
yields. With R'�CF3, C2F5 or CCl3 these


complexes are active catalysts for meta-
thesis of acyclic alkenes, including un-
saturated fatty acid esters, as well as for
ring closing metathesis. The reactivity of
these complexes with bases and weak
donor solvents has been studied and
their half-life times in several media
were determined.


Keywords: alkenes ´ homogeneous
catalysis ´ metathesis ´ ruthenium
carbenes


Introduction


Alkene metathesis is a powerful method for the cleavage and
formation of carbon ± carbon double bonds.[1] Various types of
olefins, such as acyclic olefins [Eq. (1), R1 and R2� alkyl or
H], diolefins [e.g. Eq. (2): ring-closing metathesis, RCM], and
cycloolefins [Eq. (3): ring-opening metathesis polymerization,
ROMP], undergo metathesis through contact with a suitable
catalyst resulting in a wide variety of possible products.


2  R1CH=CHR2   R1CH=CHR1   +   R2CH=CHR2 (1)


+    CH2=CH2 (2)


n


n


represents a hydrocarbon chain with or without a heteroatom


(3)


Since the discovery of well-defined, single-component and
efficient metal-carbene catalysts by Schrock and co-work-
ers[2±4] and by Grubbs and co-workers,[5±7] the metathesis
reaction can be conveniently carried out in a chemical
laboratory at reasonable cost. In particular, the ruthenium
carbene complex [Ru(�CHPh)Cl2(PCy3)2] (1)[6, 7] became a
reagent of choice for numerous applications in organic
synthesis.[8±10] So far, attempts to improve the catalytic
performance of 1 have focused on replacing at least one of
the phosphines by nucleophilic N-heterocyclic carbene li-
gands.[11±18] Attempts to modify the anionic ligands in ruthe-
nium-carbene complexes of the type of 1 are less com-
mon.[19±22]


In our group we sought to substitute the chloride ligands in
1 with other anionic groups, such as carboxylates, as a possible
route for the development of an immobilised metathesis
catalyst. In a preliminary communication the synthesis,
properties and metathesis activity of a dimeric complex,
namely [Ru2(�CHPh)2(CF3CO2)2(m-CF3CO2)2(PCy3)2(m-
H2O)] (2), are described.[23] The synthesis of this new type
of organometallic dimers has now been extended to other
carboxylates (see Scheme 1) and their metathesis activity has
been investigated.


Results and Discussion


Synthesis of dimers : All reactions of dimer formation
(Scheme 1) were performed at temperatures ranging from
ÿ30 8C to 0 8C using hexane as a solvent for 1 or 1 a and THF
for the silver salt. Complexes 2 ± 7 were isolated as green (R�
Ph) or yellow (R� -CH�CPh2) solids by crystallisation, after
filtering off AgCl and [AgClPCy3].[23] Complex 1 also reacts
with salts such as AgO2CCH3, TlO2CCH3 or AgO3SR (R�
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7: R = -CH=CPh2, R' = CCl3


  1: R = Ph


1a: R = -CH=CPh2


2


Scheme 1. Synthesis of complexes 2 ± 7: Hexane, THF, ÿ30 to 0 8C.


CF3, C6H4Me). Despite several attempts with these reagents
we could not isolate any organometallic complex under
similar experimental conditions. We conclude that the pKa of
the corresponding acid must lie between ÿ7 and �3 to
stabilise the carbene ligand.


The most noticeable spectroscopic feature for complexes
2 ± 7 is the presence of the carbene proton resonance as a
doublet (for R�Ph) in the range of d� 20.6 ± 21.1 (3JPH� 5 ±
7 Hz), or as a doublet of doublets (for R� -CH�CPh2) in the
range of d� 19.7 ± 20.2 (3JPH� 5 ± 7 Hz, 3JHH� 12 Hz). The
hydrogen atoms of the bridging water molecule are observed
as a singlet in the range of d� 11.8 ± 12.6. 31P NMR spectra of
these complexes consist of only one singlet (d� 43.2 ± 46.6),
while 19F NMR spectra contain two sets of peaks in accord
with the presence of two different carboxylate ligands.


The IR spectra of complexes 3 ± 7 in KBr pellets have the
characteristic vibrations of the tricyclohexylphosphine, the
carboxylic group and the phenyl ring of the carbene moiety.
The solid state structure, with bridging coordination mode of
the carboxylates, was destroyed in KBr, because only one
unidentate carboxylate stretch is observed at 1651 ± 1696 cmÿ1


for the nas(CO2) and 1381 ± 1202 cmÿ1 for the ns(CO2).
The mass spectra (FD, MALDI-TOF) contain a molecular


peak only in the case of complex 4 ; the next fragment
observed in its FD mass spectrum is formed by abstraction of
the water molecule and two carboxylic groups (similar to the
previously reported MALDI-TOF MS of 2). For complexes 5
and 6 [MÿH2O]� fragments were detected. Complex 5 shows
also fragmentation involving loss of the carbene ligand that is
not observed with the other dimers.


The structure of dimer 3 was unambiguously confirmed by
X-ray crystallography (Figure 1, Table 1). The molecular
structure of 3 closely resembles that of 2.[23] Ruthenium
coordination is distorted octahedral with the two Ru�C(car-
bene) bond lengths 1.852(4) � and 1.864(4) �.


Metathesis activity : Table 2 summarises the catalytic activity
of dimers 3 ± 7 for the metathesis of internal alkenes, including
unsaturated fatty acid esters, such as methyl oleate (8)
[Eq. (4)]. For comparison, data for the starting compound 1
and the previously described dimer 2 are also shown.


Figure 1. Displacement ellipsoid plot (30 % probability level) of com-
pound 3 in the crystal. The hexane solvent molecule and the hydrogen
atoms bound to carbons are omitted for clarity. Only one conformation of
the disordered pentafluoropropionate ion at O31 is displayed.


CH3(CH2)7CH=CH(CH2)7CH3 + CH3OOC(CH2)7CH=CH(CH2)7COOCH3


 2  CH3(CH2)7CH=CH(CH2)7COOCH3  (8)


(4)


Within the experimental error, the most active among our
new compounds, that is, 3 and 7, show the same activity as 1.
The vinylalkylidene carbene complex 4 is slightly less efficient
than the corresponding benzylidene carbene complex 2. This
can be attributed to a slower initiation step of the bulkier
carbene 4.[7] No correlation is found between the pKa of the
corresponding acid and the conversion obtained with com-
plexes 2 ± 7 since both 3 and 7 display higher activity than 2.
We conclude that both electronic and steric properties of R'
influence the metathesis activity.


Table 1. Selected bond lengths [�] and angles [8] for 3 with estimated
standard deviation in parentheses.


bond length
Ru1ÿC1 1.852(4) Ru2ÿC2 1.864(4)
Ru1ÿP1 2.3619(11) Ru2ÿP2 2.3383(11)
Ru1ÿO1 2.184(3) Ru2ÿO1 2.227(3)
Ru1ÿO31 2.103(3) Ru2ÿO41 2.088(3)
Ru1ÿO51 2.248(3) Ru2ÿO52 2.089(2)
Ru1ÿO62 2.075(3) Ru2ÿO61 2.276(3)
bond angle
C1-Ru1-P1 89.28(12) C2-Ru2-P2 91.16(13)
C1-Ru1-O1 100.17(14) C2-Ru2-O1 93.12 (14)
P1-Ru1-O1 170.26(8) P2-Ru2-O1 175.56(7)
C1-Ru1-O31 86.76(15) C2-Ru2-O41 100.15(14)
C1-Ru1-O51 169.59(15) C2-Ru2-O52 82.98(14)
C1-Ru1-O62 94.34(15) C2-Ru2-O61 170.28(14)
O31-Ru1-O51 84.62(11) O41-Ru2-O61 82.96(10)
O62-Ru1-O51 94.66(11) O61-Ru2-O52 94.70(10)
Ru1-O1-Ru2 123.05(12)
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Complexes 5 and 6 do not generate any active species for
the metathesis of internal alkenes. The bond order of the
carboxylate in 5 and 6 is lower than in all other dimers (see
Experimental Section: ns(CO2)� 1654 and 1651 cmÿ1 for 5
and 6, respectively, instead of 1690� 5 cmÿ1 for 3, 4 and 7).
Therefore, the oxygen atoms in C6F5CO2


ÿ are less electron
rich than in the other halogenated carboxylates R'CO2


ÿ (with
R'�CF3, C2F5 and CCl3). The ruthenium centre has lower
electron density in 5 and 6 than in the other dimers and was
inert towards olefin metathesis.[24]


RCM of diethyl diallylmalonate (9) [Eq. (5)] in the
presence of complex 1 (molar ratio substrate:catalyst 20:1)
proceeds to 95 % conversion in 30 min. Under similar
conditions complex 3 gave 30 % conversion in 30 min in
CH2Cl2 and 25 % conversion in benzene. The catalyst was not
longer active after 30 min. As observed earlier with complex
2, in a polar solvent such as THF the catalytic activity was
dramatically lower (5 % conversion after 2 h). Both the
1H NMR spectrum and GC show that the formation of the
cyclopentene needs an initiation time, thereafter the reaction
is fast for 15 min and a maximum conversion of 30 % is
reached within 30 min.


EtO2C CO2Et EtO2C CO2Et


-C2H4


9


(5)


To demonstrate the usefulness of our catalyst for the
construction of large rings, RCM of oleon (10) using 3 as
catalyst was examined. This reaction afforded a 1.2:1 trans/cis
mixture of 9-cycloheptadecen-1-one (11) [Eq. (6)]. The cis
isomer of 11 is civetone, an important base material in the
perfume industry.


(CH2)7CH=CH(CH2)7CH3


(CH2)7CH=CH(CH2)7CH3


O
HC


HC


(CH2)7


(CH2)7


O
CH(CH2)7CH3


CH(CH2)7CH3


1110


+


(6)


An associative mechanism of alkene metathesis is not possible
with dimers 2 ± 7 because the ruthenium centre is already six-
coordinated. The first elemental reaction must be a dissoci-
ation of one ligand: the bridging coordination mode of the
carboxylate is easily broken as shown in Scheme 2. This
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Scheme 2. Proposed mechanism of the reaction of complexes 2 ± 4 and 7
with olefins or weak donor ligands.


reaction generates a water-bridged complex, which may form
a ruthenium metallacycle or, as observed in experiments with
donor solvents (see below), the water is removed from the
metal to form a 16-electron, five-coordinate (monomeric)
complex. Intermediates of this type have been postulated by
Grubbs and co-workers in the catalytic cycle involving
complex 1.[20] Moreover, a ruthenium carbene complex with
one tricyclophosphine ligand was isolated from a reaction of 1
with a substituted cyclobutene.[25]


Table 2. Activity of Ru carbenes for the metathesis of alkenes.


Catalyst Substrate Reaction time [h] Conversion [%]


2 trans-4-decene 4 24[23]


2 methyl oleate[a] 4 36[23]


2 methyl elaidate[b] 4 20[23]


3 trans-4-decene 4 33
3 methyl oleate 4 40
3 diethyl diallylmalonate[c] 0.5 30
4 trans-4-decene 4 19
4 methyl oleate 4 28
5 trans-4-decene 24 0
6 trans-4-decene 24 0
7 trans-4-decene 4 33
1 trans-4-decene 4 36[37]


1 methyl oleate 4 40[37]


1 methyl elaidate 4 36[37]


General reaction conditions except for [c]: 3 mm solution in CH2Cl2, molar
ratio substrate:catalyst� 550:1, 20 8C. [a] Methyl cis-9-octadecenoate.
[b] Methyl trans-9-octadecenoate. [c] 5 mm solution in CH2Cl2, molar ratio
substrate:catalyst� 20:1, 20 8C.
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Reactions of 3 and 5 with weak s donor ligands : In the course
of our studies of the metathesis activity we became interested
in the stability of these dimers towards bases and weak donor
solvents (Table 3). In contrast to 1,[7] dimer 3 is not stable in a


protic solvent such as methanol and has a half-life time of 36 h
at 20 8C. Pyridine reacted as well with complex 3 to form a
neutral species with the phosphine and the carboxylate
coordinated to the ruthenium centre. The carbene ligand
was substituted by pyridine and a yellow crystalline product
was isolated by slow diffusion of hexane into the toluene
solution. A bidentate organic molecule (1,2-dimethoxyethane,
DME) also substitutes the water molecule in complex 5. The
1H NMR spectrum of the resulting material showed that the
carbene and the water ligands were removed from the
ruthenium centre. Nonequivalent phosphorous atoms were
found in the corresponding 31P NMR spectrum; a small
coupling constant 2JPP� 46 Hz suggests a cis geometry at the
ruthenium atom. Complex 3 was stable for days in a mixture
of hexane/THF (26:1) or hexane/Et2O (25:1). Fast decom-
position of the carbene ligand was observed in CHCl3 (see
Table 3).


The substitution of the water and the carbene ligand by
bases or weak donor solvents may follow a similar route as
shown for the alkene metathesis in Scheme 2: the weakest
ruthenium ± ligand bond is broken with formation of a vacant
site, which then becomes occupied by an electron rich atom.


Conclusion


New dimeric ruthenium carbene complexes of the general
formula [Ru2(�CHR)2(R'CO2)2(m-R'CO2)2(PCy3)2(m-H2O)]
have been obtained in high yields by reacting
[Ru(�CHR)Cl2(PCy3)2] with silver salts of carboxylic acids.
The synthetically useful scope of this reaction has been
established, showing that the carbene ligand is stable only
with strongly electron-withdrawing carboxylates. The same
procedure can be used to prepare immobilised ruthenium
carbenes.


The new compounds were tested for their catalytic activity
for the metathesis of alkenes. With R'�CF3, C2F5 or CCl3


these complexes are highly active for the metathesis of linear
olefins and for ring-closing metathesis. Reactions of dimers 2,
3 and 5 with weak donor ligands were also studied and were
found to follow the same scheme as the olefins.


Experimental Section


General aspects : All manipulations were carried out under an atmosphere
of purified nitrogen using standard Schlenk techniques. All solvents were
purified by standard procedures prior to use (hexane, THF and DME were
distilled from sodium/benzophenone). Compound 1 was prepared accord-
ing to the literature;[7] compound 1 a was synthesised from 1 and 1,1-
diphenyl-1,3-butadiene[26] by a modified literature procedure.[7] CF3CO2Ag
(Merck) and C2F5CO2Ag (Aldrich) were used as received; C6F5CO2Ag[27]


and CCl3CO2Ag[28] were prepared from the corresponding acid and AgNO3


according to the literature. Dimer 2 was prepared as described earlier.[23]


Alkenes (Fluka) and diethyl diallylmalonate (Aldrich) were purified by
passing through activated alumina and distillation. NMR spectra were
acquired using a Bruker AMX-300 spectrometer at room temperature.
Mass spectra were measured with a JEOL JMS SX/SX102A mass
spectrometer.


[Ru2(�CHPh)2(C2F5CO2)2(m-C2F5CO2)2(PCy3)2(m-H2O)] (3): A solution of
C2F5CO2Ag (231.4 mg, 0.854 mmol) in THF (7 mL) was added to a solution
of 1 (346.8 mg, 0.412 mmol) in hexane (180 mL) at ÿ30 8C in 20 min.
Formation of a white precipitate and a change of colour from purple to
light-green followed. The mixture was stirred for another 60 min at ÿ20 8C
and then filtered. The filtrate was evaporated to dryness to yield a green
solid. This solid was extracted with hexane (3� 5 mL) at ÿ78 8C to give a
green solution and an insoluble residue. This solution was reduced in
volume to 5 mL and placed at ÿ80 8C overnight. Green crystals of 3 were
formed which were separated from the mother liquor at ÿ78 8C and dried
under vacuum for several hours (202.9 mg, 57%). 1H NMR (CD2Cl2): d�
20.61 (d, 3JPH� 5.1 Hz, Ru�CH), 11.84 (s, H2O), 8.08 (d, 3JHH� 8.1 Hz, o-H
of Ph), 7.75 (t, 3JHH� 7.3 Hz, p-H of Ph), 7.41 (t, 3JHH� 7.7 Hz, m-H of Ph),
2.02 ± 0.86 (m, PCy3 and C6H14); 31P NMR (C6D6): d �43.52 (s); 19F NMR
(CD2Cl2): d�ÿ80.67 (s), ÿ81.64 (s), ÿ116.49 (s), ÿ116.54 (s), 118.30 (s);
IR (KBr): nÄ � 3047 vw (CH), 3007 vw (CH), 2932 w (CH2), 2854 w (CH2),
1690 vs (CO2)a, 1448 m (CH2), 1266 m, 1202 s (CO2)s, 1147 s, 726 m (CF3),
515 cmÿ1 w; FD-MS: m/z (%): 1390 (60), 668 (100), 280 (5) [PCy3]� ;
elemental analysis calcd (%) for C62H80F20O9P2Ru2�C6H14 (1698.5): C
48.1, H 5.57; found: C 48.9, H 5.79.[29]


[Ru2(�CH-CH�CPh2)2(CF3CO2)2(m-CF3CO2)2(PCy3)2(m-H2O)] (4): Com-
pound 4 was obtained in a similar way as described for 3 from 1a (132.5 mg,
0.143 mmol) and CF3CO2Ag (63.3 mg, 0.287 mmol) at 0 8C. Filtration and
removal of the volatiles yielded a yellow solid (125 mg, 54 %). Micro-
crystalline 4 was obtained from hexane at ÿ78 8C. 1H NMR (CD2Cl2): d�
19.75 (dd, 3JPH� 5.7 Hz, 3JHH� 12.3 Hz, Ru�CH-CH�CPh2), 11.79 (s,
H2O), 8.45 (d, 3JHH� 13.2 Hz, Ru�CH-CH�CPh2), 7.70 (d, 3JHH� 7.5 Hz),
7.55 ± 7.45 (m), 7.37 ± 7.27 (m), all Ph, 2.0 ± 0.80 (m, PCy3, C6H14); 13C NMR
(C6D6): d� 318.0 (d, 2JPC� 14 Hz, Ru�CH-CH�CPh2), 170.6 (q, 2JCF�
38 Hz, CO2CF3), 167.2 (q, 2JCF� 38 Hz, CO2CF3), 142.5 (d, 3JPC� 2.2 Hz,
Ru�CH-CH�CPh2), 114.9 (q, 1JCF� 289 Hz, CO2CF3), 114.6 (q, 1JCF�
289 Hz, CO2CF3), 35.60 (d, 1JCP� 21 Hz), 31.53 (s), 28.48 (t, JCP� 10 Hz),
26.84 (d, JCP� 5.1 Hz); 31P NMR (C6D6): d� 45.72 (s); 19F NMR (CD2Cl2):
d�ÿ74.00 (s),ÿ74.35 (s); IR (KBr): nÄ � 3053 w (CH), 3007 vw (CH), 2930
s (CH2), 2852 ms (CH2), 1689 vs (CO2)a, 1512 m (C�C), 1489 mw (C�C),
1446 m (CH2), 1262 s (CO2)s, 1202 s, 1175 ms, 1147 ms, 1105 ms, 1025 w, 849
w, 801 ms (CF3), 726 m, 700 m, 515 cmÿ1 w; FD-MS: m/z (%): 1617 (30)
[M]� , 1373 (10) [Ru2(�CH-CH�CPh2)2(CF3CO2)2(PCy3)2]� , 1231 (10),
1092 (11), 670 (100), 384 (17), 280 (5) [PCy3]� ; MALDI-TOF MS: m/z (%):
670 (100), 281 (10) [HPCy3]� ; elemental analysis calcd (%) for
C74H92F12O9P2Ru2� 0.5 C6H14 (1660.6): C 55.6, H 5.96; found: C 55.6, H
5.87.


[Ru2(�CHPh)2(C6F5CO2)2(m-C6F5CO2)2(PCy3)2(m-H2O)] (5): Compound 5
was obtained in a similar way as described for 3 from 1 (155.2 mg,
0.189 mmol) and C6F5CO2Ag (129.5 mg, 0.406 mmol) at ÿ20 8C. The
stirring at this temperature was maintained for additional 4 h. The green
solid obtained after filtration and solvents removal was washed with hexane


Table 3. Half-life time of complexes 2, 3 and 5 in selected donor solvents at
20 8C.


Complex Solvent Half-life time [h] Concentration [mmol Lÿ1]


2 Py < 1 1.5
2 CH2Cl2 7 1.5
2 THF 120 2.3
3 Py < 1 3.4
3 CHCl3 < 1 1.9
3 MeOH 36 3.1
3 Et2O 216 0.8
3 THF 100 0.06
5 CH2Cl2 9 1.3
5 DME 9 1.2
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at ÿ78 8C (3� 2 mL) and dried under vacuum for several hours (145.2 mg,
85%). 1H NMR (CD2Cl2): d� 21.06 (d, 3JPH� 7.2 Hz, Ru�CH), 12.96 (s,
H2O), 8.35 (d, 3JHH� 8.4 Hz, o-H of Ph), 7.78 (t, 3JHH� 7.5 Hz, p-H of Ph),
7.52 (t, 3JHH� 7.3 Hz, m-H of Ph), 2.0 ± 1.0 (m, PCy3), 0.8 ± 0.6 (m, C6H14);
31P NMR (C6D6): d� 43.20 (s); 19F NMR (C6D6): d � ÿ 141.6 (m), ÿ144.3
(m), ÿ155.9 (dd, 3JFF� 22 Hz), ÿ156.1 (dd, 3JFF� 22 Hz), ÿ162.7 ± ÿ 162.9
(m); IR (KBr): nÄ � 3049 vw (CH), 3003 vw (CH), 2931 s (CH2),
2854 m (CH2), 1654 vs (CO2)a, 1521 m (C�C), 1496 ms (C�C), 1449 mw
(CH2), 1383 s (CO2)s, 1264 w, 1107 m, 994 m, 933 w, 747 m, 514 cmÿ1 w;
FD-MS: m/z (%): 1787 (16) [Ru2(�CHPh)2(C6F5CO2)4(PCy3)2]� , 1762
(24) [Ru2(�CHPh)(C6F5CO2)4(PCy3)2]� , 1697 (35), 1608 (30)
[Ru2(C6F5CO2)4(PCy3)2]� , 1579 (29), 1350 (33), 894 (100), 667 (35), 280
(92) [PCy3]� ; elemental analysis calcd (%) for C78H80F20O9P2Ru2�
0.5C6H14 (1848.63): C 52.63, H 4.74; found: C 52.13, H 4.89.


[Ru2(�CH-CH�CPh2)2(C6F5CO2)2(m-C6F5CO2)2(PCy3)2(m-H2O)] (6):
Compound 6 was obtained in a similar way as described for 3 from 1a
(123.2 mg, 0.133 mmol) and C6F5CO2Ag (85.5 mg, 0.268 mmol) at ÿ20 8C.
Compound 6 (84.4 mg, 63%) was isolated as yellow, micro-crystalline solid
from hexane at ÿ80 8C. 1H NMR (CD2Cl2): d� 20.22 (dd, 3JPH� 7.8 Hz,
3JHH� 12.6 Hz, Ru�CH-CH�CPh2), 12.61 (s, H2O), 8.63 (d, 3JHH� 12.6 Hz,
Ru�CH-CH�CPh2), 7.63 (d, 3JHH� 6.9 Hz, Ph), 7.46 ± 7.15 (m, Ph), 1.86 ±
1.04 (m, PCy3), 0.85 ± 0.60 (m, C6H14); 13C NMR (C6D6): d� 317.9 (d, 2JPC�
16 Hz, Ru�CH-CH�CPh2), 171.8 (m, CO2CF3), 167.5 (m, CO2CF3), 141.4
(d, 3JPC� 2.0 Hz, Ru�CH-CH�CPh2), 36.03 (d, 1JCP� 20 Hz), 31.53 (s),
28.48 (m), 26.84 (s); 31P NMR (C6D6): d� 43.85 (s); 19F NMR (CD2Cl2):
d�ÿ139.5 (m), ÿ141.5 (m), ÿ155.0 (t, JFF� 21 Hz), ÿ155.3 (t, JFF�
19 Hz), ÿ161.6 (m), ÿ162.0 (m); IR (KBr): nÄ � 3033 vw (CH), 3007 vw
(CH), 2928 s (CH2), 2853 mw (CH2), 1651 vs (CO2)a, 1520 ms (C�C), 1496 s
(C�C), 1446 w (CH2), 1381 (CO2)s s, 1263 w, 1106 m, 993 s, 746 m, 533 cmÿ1


w; FD-MS: m/z (%): 1992 (37) [Ru2(�CH-CH�CPh2)2 (C6F5CO2)4


(PCy3)2]� , 1624 (55), 996 (100), 667 (65), 280 (28) [PCy3]� ; elemental
analysis calcd (%) for C94H92F20O9P2Ru2�C6H14 (2096.0): C 57.3, H 5.10;
found: C 57.6, H 5.19.


[Ru2(�CH-CH�CPh2)2(CCl3CO2)2(m-CCl3CO2)2(PCy3)2(m-H2O)] (7):
Compound 7 was prepared in a similar way as described for 3 from 1a
(81.5 mg, 0.088 mmol) and about two equivalents of CCl3CO2Ag (50 mg,
0.18 mmol) atÿ30 8C. Stirring was continued for 2 h while the temperature
was slowly raised to ÿ10 8C. Filtration and solvents removal under vacuum
yielded a yellow solid (14 mg, 40%). 1H NMR (CD2Cl2): d� 20.11 (dd,
3JPH� 6.0 Hz, 3JHH� 12.6 Hz, Ru�CH-CH�CPh2), 12.06 (s, H2O), 8.48 (d,
3JHH� 12.6 Hz, Ru�CH-CH�CPh2), 7.68 (d, 3JHH� 7.8 Hz), 7.59 (d, 3JHH�
7.5 Hz), 7.51 (t, 3JHH� 7.1 Hz), 7.42 (q, 3JHH� 6.6 Hz), 7.31 ± 7.21 (m), all Ph,
2.09 ± 1.08 (m), PCy3; 31P NMR (CD2Cl2): d� 46.65 (s); IR (KBr): nÄ � 3039
vw (CH), 3011 vw (CH), 2928 s (CH2), 2851 m (CH2), 1683 s (CO2)a,
1512 mw (C�C), 1489 m (C�C) 1445 m (CH2), 1338 ms (CO2)s, 1262 m,
1089 m, 1028 m, 846 m, 804 m, 740 m, 679 m, 515 cmÿ1 w; FD-MS: m/z (%):
384 (100), 296 (25), 208 (15); elemental analysis calcd (%) for
C74H92Cl12O9P2Ru2�C6H14 (1887.1): C 50.54, H 5.62; found: C 51.05, H
5.75.


Oleon (pentatriaconta-9,26-dien-18-one) (10): Ketone 10 (oleon) was
obtained from methyl oleate (methyl cis-9-octadecenoate) as described by
McMurry et al.[30]


Reactions of 3 and 5 with donor solvents


Reaction of 3 with MeOH : Complex 3 (5 mg, 3.1� 10ÿ3 mmol) was
dissolved in 1 mL of a 1:1 mixture of solvents CD3OD/C6D6 at room
temperature. A dark purple colour was formed over a period of 72 h. 31P
NMR (CD3OD/C6D6): d �55.03 (s); 1H NMR (CD3OD/C6D6): d� 2.09 ±
1.08 (m), PCy3.


Reaction of 3 with NC5H5 : Complex 3 (20 mg, 1.2� 10ÿ2 mmol) was
dissolved in hexane (5 mL) at room temperature. The green colour turned
slowly to yellow after pyridine (25� 10ÿ3 mL) was added. Yellow crystals
were obtained by slow diffusion of hexane into toluene. 31P NMR (NC5D5):
d �26.10 (s); 1H NMR (NC5D5): d� 8.34 (m, 2H, ortho-RuNC5H5), 7.58
(m, 2 H, meta-RuNC5H5), 7.2 (m, 1 H, para-RuNC5H5), 2.09 ± 1.08 (m),
PCy3; molar conductimetry: LM < 2 cmÿ2 Ohmÿ1mmolÿ1.


Reaction of 5 with DME : Complex 5 (25 mg, 1.4� 10ÿ3 mmol) was
dissolved in hexane (10 mL) at room temperature. The addition of DME
(50� 10ÿ3 mL) was monitored by 31P NMR. The dimer carbene complex
decomposed when new phosphorus absorption appeared. This process
needed 18 h to be completed. The half-life of complex 5 was 9 h. The


solvents were evaporated and the residue was dissolved in CD2Cl2. 31P
NMR (CD2Cl2): d� 51.87 s, 48.30 (d, JPP� 46 Hz), 42.91 (d, JPP� 46 Hz);
1H NMR (CD2Cl2): d� 7.53 (m, 1 H), 7.33 (m, 2 H), 7.2 (m, 2H), 2.09 ± 1.08
(m, 43 H, 1 PCy3/1 DME).


Reaction of 3 with THF : Complex 3 (0.50 mg, 2.8� 10ÿ5 mmol) was
dissolved in C6D6 (0.5 mL) and THF (1� 10ÿ3 mL) was added at room
temperature. The reaction was followed by 31P NMR and 1H NMR. The
half-life of complex 3 was 100 h.


Reaction of 3 with Et2O : Complex 3 (7 mg, 3.9� 10ÿ4 mmol) was dissolved
in C6D6 (0.5 mL) and Et2O (1� 10ÿ3 mL) was added at room temperature.
After stirring this solution for nine days, the 31P NMR and 1H NMR spectra
of the reaction mixture were identical to those of the starting material, that
is no reaction took place.


X-ray crystal structure of 3 : Crystals of 3 suitable for an X-ray diffraction
experiment were grown by cooling a concentrated solution in n-hexane to
ÿ22 8C. A green crystal of 0.45� 0.15� 0.06 mm3 was mounted on a glass
capillary on a Nonius KappaCCD diffractometer at a temperature of 150 K
(rotating anode, MoKa radiation, l� 0.71073 �). The unit cell determina-
tion was performed with the program DIRAX[31] and lead to a triclinic cell
with a� 13.6727(10), b� 13.8344(10), c� 21.3117(10) �, a� 94.061(10),
b� 91.494(10), g� 110.258(10)8, V� 3766.8(4) �3. It turned out that the
crystal was non-merohedrically twinned with a twofold rotation around
hkl� (001) as twin operation. The intensities were evaluated separately for
the two twin domains using the program EVAL14.[32] The structure was
solved with automated Patterson methods[33] based on the non-overlapping
reflections of the first twin domain. The structure was refined against F 2


with a HKLF5 twin refinement[34] based on the non-merged reflections of
both domains using the program SHELXL97[35] up to a resolution of
(sin ql)max� 0.59 �ÿ1. Formula: C62H80F20O9P2Ru2� 0.8C6H14, Fw�
1682.28, space group P1Å (No. 2), Z� 2, 1� 1.483 gcmÿ3, m� 0.54 mmÿ1.


Non hydrogen atoms were refined freely with anisotropic displacement
parameters, hydrogen atoms were refined as rigid groups. The partially
occupied hexane solvent molecule was refined with isotropic displacement
parameters. One of the pentafluoropropanate ligands was refined with a
disorder model. The drawing, structure calculations, and checking for
higher symmetry were performed with the program PLATON.[36] The final
R values were obtained as R1 (I> 2s(I))� 0.0709 and wR2 (I> 2s(I))�
0.1482; R1 (all refl.)� 0.0960 and wR2 (all refl.)� 0.1654. GoF� 1.138.


Crystallographic data (excluding structure factors) for structure 3 in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-151 150. Copies of the data
can be obtained, free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: �44 1223 336033 or e-mail: deposit@ccdc.
cam.ac.uk).


Metathesis experiments : The glassware used in these experiments was
dried for several hours at 120 8C and cooled down to the reaction
temperature under nitrogen. In a typical experiment, trans-4-decene
(0.62 mL, 3.27 mmol) was added to a solution of complex 3 (9.5 mg,
5.94� 10ÿ3 mmol) in CH2Cl2 (2.0 mL). The resulting solution was vigo-
rously stirred. The progress of the metathesis reaction was monitored by
sampling through a septum at suitable time intervals. The catalyst in these
samples was immediately quenched with an excess of ethyl vinyl ether. The
samples were analysed by GC (Carlo Erba 8000Top) on a DB-5 (J&W
Scientific) column.


For the ring-closing metathesis of diethyl diallylmalonate (9), neat diethyl
diallylmalonate (35 mg, 0.15 mmol) was added at room temperature to a
stirred solution of dimer 3 (12 mg, 7.2� 10ÿ3 mmol) in CH2Cl2 (1.5 mL).
The colour of the reaction mixture turned yellow, the mixture was kept
under a nitrogen pressure of 1.015 bar. The progress of the reaction was
followed in the same way as described above.


For the ring-closing metathesis of oleon (10), a solution of 10 (780 mg,
1.52 mmol) in CH2Cl2 (100 mL) and a solution of catalyst 3 (134 mg,
0.0788 mmol, 5 mol %) in hexane (100 mL) were added simultaneously to
CH2Cl2 (100 mL). The resulting mixture was vigorously stirred at room
temperature. The progress of the reaction was followed in the same way as
described above. The formation of the macrocyclic product 11 [see Eq. (6)]
was confirmed by GC/MS. The trans/cis ratio was measured on a CP-Sil 88
column.
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Ferrocene ± Cyclam: A Redox-Active Macrocycle for the Complexation of
Transition Metal Ions and a Study on the Influence of the Relative Permittivity
on the Coulombic Interaction between Metal Cations


Herbert Plenio,*[a] Clemens Aberle,[a] Youseff Al Shihadeh,[b] JoseÂ Manuel Lloris,[b]


RamoÂ n Martínez-MaÂnÄ ez,*[b] Teresa Pardo,[b] and Juan Soto[b]


Abstract: The reaction of 1,1'-ferro-
cene-bis(methylenepyridinium) salt
with 1,4,8,11-tetraazacyclotetradecane-
5,12-dione, followed by LiAlH4 reduc-
tion results in the formation of FcCy-
clam. Metal complexes of FcCyclam
with M2��Co2�, Ni2�, Cu2�, and Zn2�


were synthesized from FcCyclam and
the respective metal triflates. The com-
plexation of Cu2� and FcCyclam in
CH3CN is preceeded by a rapid electron
transfer, followed by a slower complex
formation reaction and a reverse elec-
tron transfer. The protonation constants
of FcCyclam and the stability constants
for the Cu2� complex of FcCyclam
(logK� 9.26(4) for the formation of the
[Cu(FcCyclam)]2� complex) were deter-
mined in 1,4-dioxane/water 70:30 v/v,


0.1 mol dmÿ3, KNO3, 25 8C. By using
FcCyclam one can selectively sense the
presence of Cu2� ions in the presence of
Ni2�, Zn2�, Cd2�, Hg2�, and Pb2� with a
very large DE� 200 mV, depending on
pH. The X-ray crystal structures of
FcCyclam and of complexes with Co2�,
Ni2�, Cu2�, and Zn2� were determined
and FeÿM2� distances obtained:
FeÿCo2� 395.9, FeÿNi2� 385.4, FeÿCu2�


377.7, and FeÿZn2� 369.0 pm. The redox
potential of FcCyclam is influenced in a
characteristic manner by the complex-


ation of M2�. A linear correlation of
1/r�DE [r�distance FeÿM2� from crys-
tal data, DE�E1/2([M(FcCyclam)]2�)ÿ
E1/2(FcCyclam)] was found; this is in-
dicative of a mainly Coulomb type inter-
action between the two metal centers.
The nature of the Fe ´ ´ ´ M2� interaction
was also investigated by determining DE
in several solvents (mixtures) of differ-
ent dielectric constants e. The expected
relation of DE� 1/e was only found at
very high values of e. At e< 40 increased
ion-pairing appears to reduce the effec-
tive positive charge at M2� leading to
progessively smaller values of DE with
lowered e. The dependence of DE and e


can be calculated semiquantitatively by
combining the Fuoss ion-pairing theory
with the Coulomb model.


Keywords: coordination chemistry ´
electronic communication ´ ferro-
cene ´ macrocycles ´ redox
chemistry


Introduction


Macrocycles based on the 1,4,8,11-tetraazacyclotetradecane
(cyclam) framework are among the most popular ligands for
d- and f-block metal ions.[1] Consequently numerous deriva-
tives of cyclam have been synthesized,[2] while many metal
complexes have found applications in areas as diverse as
catalysis,[3±7] magnetic or radio imaging,[8, 9] tumor target-


ing,[10±12] anion sensing,[13±16] biomimetic chemistry,[17±19] or
redox-switching.[20] Numerous publications in recent years
have dealt with the phenomenon of redox-switching.[21]


Compounds possessing such properties comprise redox-active
components such as ferrocene,[22±24] cobaltocene,[25] cyman-
trene,[26] tetrathiafulvene,[27] or others[28±32] and a macrocyclic
ligand suited for the complexation of metal ions. In the
oxidized state the binding of metal cations by a redox-active
macrocyclic ligand is weak, due to repulsive charge inter-
actions, whereas in the reduced state the binding is strong. In
this manner the ability of the macrocyclic ligand to coordinate
metal ions can be switched on or off, depending on the redox
state of the redox-active component.[33] An efficient redox-
switched ligand is characterized by a large difference of the
redox potentials between the ligand and the respective ligand
with a coordinated metal cation.


We are interested in accomplishing a better understanding
of the factors governing the behavior of ferrocene-based
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redox switches, which will be important for the optimization
of their sensing properties on the way towards producing
immobilized sensors or redox-switch devices. In this vein the
nature of the interaction between the positively charged metal
ion coordinated by a macrocyclic ring system and the redox-
active ferrocene unit has to be elucidated. We have recently
studied the influence of protonation of a ferrocenylamine on
the redox potentials of the ferrocene unit.[34] A significant
result of these studies was that the positively charged nitrogen
and the iron of ferrocene communicate through electrostatics;
despite several approximations and simplifications, Cou-
lomb�s law appeared adequate to describe such interactions.
In another related study we correlated the reciprocal FeÿNa�


distances obtained from X-ray data of the ferrocene/crown
complexes with the shifts of the redox potentials observed
upon complexation of Na�.[36] It was already recognized
then that this approach involves simplifications; first of all
the assumption of identical structures of the ferrocene/
crown/sodium complexes in the solid state and in solution.
The coordination of alkali metal ions by crown ethers
typically leads to highly dynamic complexes and bearing in
mind the comparatively low-binding strength[37] in such
species, reliable structural information in solution species is
not easily obtained. The problem of how to predict the
communication between the metal centers led Martínez-
MaÂnÄ ez et al. to propose an empirical equation based on a
Coulomb charge model, which
accounts for the maximum
oxidation shift as a function of
the charge of the oxidized elec-
troactive framework, the
charge of the substrate, the
number of electrons involved
in the redox reaction, the dis-
tance between the redox-active
groups, and the macroscopic
relative permittivity of the me-
dium.[38]


In contrast to crown ethers, cyclams typically form very
stable and, depending on the steric bulk of the ligand,
sometimes inert complexes with 3d metal(ii) ions (� M2�) in
which the four nitrogen donors are arranged such that they
form a square-planar environment for the metal cation.
Depending on the donor strength of counterions or solvent
molecules, weaker axial contacts between a metal ion and two
additional ligands may arise, leading in the extreme to an
octahedral coordination sphere.[39] The stable and spatially
well-defined bonding of M2� by cyclam make it an ideal
candidate for a detailed investigation of the FeÿM2� inter-
actions in solution. Several cyclams with appended ferrocenes
have been described,[40, 41] but these compounds are not
suitable for our study as the distance FeÿM2� is rather large
and ill-defined due to a flexible framework of the ligand.


Consequently it was our target to first synthesize a molecule
consisting of a ferrocene and a cyclam unit in close proximity,
to prepare metal complexes of such a ligand in which a single
M2� ion is held in close proximity to the ferrocene subunit, to
structurally characterize such compounds, and to study their
coordination chemistry. An extensive study of the electro-


chemistry of such complexes in solution hopefully will provide
us with an improved understanding of the metal ± metal
interactions. Consequently, we wish to report here in detail
about investigations of the M2� complexes of a new ligand, a
redox-active cyclam we term FcCyclam.[42]


Results and Discussion


Synthesis


Ligands : 1,8-N,N-substituted cyclams are less easily available
but nonetheless interesting starting materials for modified
metal ± cyclam complexes and consequently several groups
are working towards the selective functionalization of cy-
clam.[43±49] Alternatively cyclams with NH groups of different
reactivity can be synthesized from simple starting materials
like 1,4,8,11-tetraazacyclotetradecane-5,12-dione, whose syn-
thesis has been described in the patent literature. Conse-
quently, we set out to repeat the synthesis by Tomalia and
Wilson, which is not described in great detail in the patent.[50]


The reaction of ethylenediamine and methylacrylate initially
results in the quantitative formation N-(2-aminoethyl)-b-
alanine as evidenced by the 1H NMR spectrum of the crude
reaction mixture (Scheme 1). The intermediate was dissolved
in water to give an approximately 50 % solution and left for


48 h. In contrast to the information given in the patent, we
never observed product precipitation from aqueous solutions
at this point. To isolate product from the mixture, the aqueous
solution was continuously extracted with CHCl3 for several
hours. In this manner about 10 % of the crude product were
extracted into the organic solvent. The extract was composed
of the desired product (cyclic dimer) together with cyclic
monomer and trimer and contained between 10 ± 15 % of
1,4,8,11-tetraazacyclotetradecane-5,12-dione based on the
1H NMR integral of the amide proton resonances at d� 9.0.
After removal of CHCl3 and redissolution of the oily residue
in hot water, the desired product slowly precipitated upon
cooling. From ten attempts, yields of 1,4,8,11-tetraazacyclo-
tetradecane-5,12-dione varying between 1 ± 1.5 % were at-
tained. This certainly is a very poor yield, nonetheless a single
large batch generates between 14 ± 19 g of product, since the
weakly exothermic reaction itself requires no solvent and can
be performed on a large scale owing to the low price of the
starting materials.


1,4,8,11-tetraazacyclotetradecane-5,12-dione was treated
with 1,1'-ferrocene-bis(methylenepyridinium) salt in refluxing
acetonitrile (Scheme 2) to produce several macrocyclic com-


Scheme 1.
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Scheme 2.


pounds. The main product of
this reaction (ca. 50 % yield) is
the 1�1 addition product ferro-
cene ± cyclamdione. Apart from
the expected macrocycle, high-
er oligomers are also produced
in significant amounts. The 2�2
addition product can be isolat-
ed in yields of up to 25 %
together with some 3�3 prod-
uct (yield up to 5 %). In some
reactions of 1,4,8,11-tetraazacy-
clotetradecane-5,12-dione with
the 1,1'-ferrocenebis(methy-
lenepyridinium) salt, the chro-
matographic separation of the
products resulted in another
mobile band after the 3�3
product, which may well be the 4�4 product. However, we
did not attempt to isolate and characterize this material. The
reduction of the initial 1�1 ferrocene ± cyclamdione is
effected by treatment with LiAlH4 in CH2Cl2/THF mixtures
to afford FcCyclam in 86 % yield, following a protocol used by
Gokel et al. for the reduction of less reactive amides.[51]


Metal complexes : FcCyclam can be expected to produce
stable complexes with transition metal ions. However, in
contrast to cyclam itself, only the metal complexes of
FcCyclam and Cu2� and Zn2� in CH3CN are readily formed
at room temperature, whereas prolonged heating of the
respective metal triflates and FcCyclam is required to effect
the complexation of Co2� and Ni2�. The relative inertness of
FcCyclam towards metal complexation is attributed to the low
degree of conformational flexibility of the tetraazamacrocycle
bridged by a 1,1'-ferrocenedimethylene unit.[52]


Mechanism of [Cu(FcCyclam)]2� formation : Upon closer
inspection, the synthesis of [Cu(FcCyclam)]2� in CH3CN turns
out to be more complicated than anticipated. We observed
that the initially orange solution of FcCyclam turns blue
immediately following the addition of Cu(CF3SO3)2 solution
and that during the next couple of minutes the color changes
from blue to the dark pink of the [Cu(FcCyclam)]2� complex.


Two facts are important here: Blue is a typical color for a
ferrocenium ion, while it is also well known that Cu2� is a


strong oxidant in CH3CN.[53] Evidently upon mixing of the
starting materials, instead of the complexation of copper there
first appears to be a fast redox reaction between FcCyclam
and Cu2� leading to the intermediate formation of FcCyclam�


and Cu�, which is later followed by a slower complex-
formation/electron-transfer reaction that leads to the final
product [Cu(FcCyclam)]2�. There is clear evidence for this in
the UV/Vis spectra (Figure 1).


We therefore propose the following to occur during
complex formation: As stated before, the mixing of FcCyclam
and Cu2� gives rise to the very fast formation of FcCyclam�


and Cu�.[54] Cu� certainly is not an ideal candidate for
complexation by FcCyclam� as it is too large. We therefore


believe, that Cu� is first coordinated peripherally by the two
secondary nitrogen atoms of FcCyclam. This should lower the
redox potential of Cu� sufficiently to allow the back transfer
of an electron from Cu� to FcCyclam�. Our proposal can be
summarized as: Cu2��FcCyclam!Cu��FcCyclam�!
Cu� ´ ´ ´ FcCyclam�!Cu2� ´ ´ ´ FcCyclam! [Cu(FcCyclam)]2�.


To lend more support to this idea we have attempted to
obtain information on the oxidation states of the two metal
ions, that is, whether [Cu(FcCyclam)]2� consists of Fe3�/Cu�


or of Fe2�/Cu�. The X-ray crystal structure data, Mössbauer
data,[55] and an ESR spectrum leave no doubt about a Fe2�/
Cu2� couple.


X-ray crystal structures : The crystal structures of a whole
series of metal ± FcCyclam complexes (Co2�, Ni2�, Cu2�, Zn2�)
as well as that of FcCyclam itself were determined (Table 1,
Table 2) in order to obtain the respective metal ± metal
distances in the solid state. In Figure 2 all complexes can be
viewed normal to the plane formed by the four nitrogen atoms
of the cyclam macrocycle. In Figure 3 the projection is such
that the five carbon atoms belonging to one cyclopentadienyl
ring are within the paper plane. The most important
parameter obtained from the solid-state structures of met-
al ± FcCyclam complexes are the distances between the iron of
ferrocene and the respective metal ion coordinated within the
macrocyclic unit; these are listed in Table 1. It can be seen that
the FeÿM2� distances decrease in the series Co2�, Ni2�, Cu2�,


Figure 1. UV/Vis traces (e vs l) of the reaction of FcCyclam and Cu2� in CH3CN.
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Zn2� even though the respective radii of M2� increase.[56]


Upon comparing the shifts of the redox potentials DE�
E1/2([M(FcCyclam)]2�)ÿE1/2(FcCyclam) and the FeÿM2� cat-
ion distances r(FeÿM2�) an evident correlation between the
two values can be observed, that is, a decreased r(FeÿM2�)
results in a larger DE. This phenomenon will be discussed in
more detail in the electrochemistry section.


The geometry of the ferrocene unit itself is unspectacular in
all complexes. The two cyclopentadienyl rings are almost
coplanar (tilt angle between 4.6 ± 9.88). In the Co2�, Ni2�, and


Cu2� complexes of FcCyclam the coordination geometry
around the metal ions can be best described as square-planar,
when refering to the cyclam unit alone. The environment of
the Co2� metal ion is better described as square-pyramidal
owing to the weak coordination of an additional solvent
molecule (CH3CN). Apart from coordination by the four
cyclam nitrogen atoms, several metal ions display additional
(very) weak contacts to solvent molecules (Co2�ÿNCCH3,
Ni2�ÿOC(CH3)2) or counterions (Cu2�ÿO3SCF3) (Table 1).
No such contacts are seen in the case of [Zn(FcCyclam)Zn]2�.


Table 1. Bond lengths, angles, and nonbonded distances in FcCyclam, [Co(FcCyclam)]2�, [Ni(FcCyclam)]2�,[a] [Cu(FcCyclam)]2�, and [Zn(FcCyclam)]2�.


FcCyclam FcCyclamÿCo2� FcCyclamÿNi2� FcCyclamÿCu2� FcCyclamÿZn2�


FeÿM2� [pm] 395.9(10) 385.4(11) 377.7(11) 369.0(9)
CpÿCp' [8] 4.6 7.3 6.4 9.8 4.9
MÿN [pm] 200.2(5), 197.7(5), 195.9(5) 194.8(4) 203.0(5), 202.3(5), 208.0(4), 208.0(4)


200.4(5), 197.6(5) 202.4(5), 201.6(5) 203.5(4), 205.5(4)
N-M-N [8]
N1-M-N2 93.92(18) 95.1(2) 95.7(2) 87.91(18)
N2-M-N3 87.12(19) 87.0(2) 86.4(2) 102.93(18)
N3-M-N4 94.27(18) 96.4(2) 87.99(17)
N4-M-N1 87.16(19) 86.0(2) 101.79(17)
N1-M-N3 160.23(17) 166.1(3) 165.3(2) 160.87(17)
N2-M-N4 172.80(19) 162.4(3) 162.0(2) 115.04(18)


cis-NÿN [pm][b] 295.4, 307.6, 290.8, 274.3, 269.0, 288.3 300.5, 277.1, 285.7, 321.9,
295.3, 308.2 291.7, 274.2 301.1, 276.0 287.2, 320.9


MÿX [pm][c] CoÿN5 224.7 NiÿO2 320.8 CuÿO5 283.5


[a] Data from ref. [42]. [b] Non-bonded inter-nitrogen distances, the longer distances are overÿ(CH2)3ÿ bridges and the shorter ones overÿ(CH2)2ÿ units.
[c] Axial interactions of the metal ion with another donor atom, for Co2� this is CH3CN, for Ni2� this is (CH3)2CO, and for Cu2� this is CF3SO3


ÿ.


Table 2. Summary of X-ray crystal data of FcCyclam and the respective complexes with Co2�, Ni2�, Cu2�, and Zn2�.


FcCyclam [Co(FcCyclam)]
(CF3SO3)2 ´ CH3CN


[Ni(FcCyclam)]
(CF3SO3)2 ´ Me2CO[a]


[Cu(FcCyclam)]
(CF3SO3)2 ´ 2Me2CO


[Zn(FcCyclam)]
(CF3SO3)2


empirical formula C22H34FeN4 C26H37CoF6FeN5O6S2 C27H40F6FeN4NiO7S2 C30H44CuF6FeN4O8S2 C24H34F6FeN4O6S2Zn
Mr [gmolÿ1] 410.38 805.48 825.3 874.11 773.89
T [K] 183 293 293 213 213
crystal system orthorhombic orthorhombic tetragonal triclinic monoclinic
space group Pbca P212121 P43212 P1Å P21/c
a [pm] 9.612(2) 10.394(2) 10.5735(15) 10.328(8) 18.741(4)
b [pm] 16.040(3) 29.826(6) 10.5735(15) 12.974(7) 10.679(2)
c [pm] 26.304(5) 10.416(2) 30.251(6) 14.460(3) 15.392(3)
a [8] 90 90 90 102.311(15) 90
b [8] 90 90 90 105.458(19) 102.48(3)
g [8] 90 90 90 102.51(5) 90
V [�3] 4055.5(14) 3229.1(11) 3382.0(10) 1745.8(16) 3007.7(19)
Z 8 4 8 2 4
1calcd [gcmÿ3] 1.344 1.657 1.621 1.663 1.709
m [mmÿ1] 0.758 1.175 1.192 1.231 1.502
F(000) 1760 1648 1704 890 1584
crystal size [mm] 0.25� 0.20� 0.12 0.76� 0.51� 0.25 0.4� 0.4� 0.2 0.5� 0.4� 0.4 0.9� 0.7� 0.7
q range [8] 1.6 ± 28.3 1.4 ± 23.5 2.7 ± 26.0 3.6 ± 25.0 2.9± 26.0
index range (hkl) ÿ 12,12; ÿ20,17; ÿ31,33 ÿ 11,11; ÿ33,33; ÿ11,11 0,12; ÿ13,0; ÿ37,0 ÿ 12,12; ÿ15,15; ÿ13,17 ÿ 22,23; 0,13; ÿ18,0
reflections
collected/independent


24 559/4888 20297/4672 3524/3137 6107/5832 6124/5889


data/parameters 4888/252 4672/430 3137/219 5832/426 5889/397
GooF 0.796 1.066 1.057 1.060 1.095
Final R indices
R1/wR2 [I> 2s(I)] 0.0438/0.0773 0.0438/0.1076 0.0452/0.1101 0.0811/0.2075 0.0679/0.1925
R1/wR2 (all data) 0.1125/0.089 0.0482/0.1090 0.1175/0.1323 0.1129/0.2300 0.0895/0.2040
largest peak/hole [e �ÿ3] 0.46/ÿ 0.35 0.49/ÿ 0.63 0.42/ÿ 0.37 0.98/ÿ 0.88 3.12/ÿ 1.32


[a] Data from ref. [42].
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Figure 2. X-ray crystal structures of FcCyclam, [Co(FcCyclam)]2�,
[Ni(FcCyclam)]2�, [Cu(FcCyclam)]2�, and [Zn(FcCyclam)]2�. All struc-
tures are viewed normal to the plane formed by the four nitrogen atoms of
the cyclam ligand.


Figure 3. X-ray crystal structures of FcCyclam, [Co(FcCyclam)]2�,
[Ni(FcCyclam)]2�, [Cu(FcCyclam)]2�, and [Zn(FcCyclam)]2�. All struc-
tures are viewed normal to the plane formed by five carbon atoms of a
cyclopentadienyl ring. Only the nitrogen atom of the CH3CN molecule
weakly coordinated to Co2� is shown.


Evidently this metal ion is well shielded within the cavity close
to the ferrocene. The coordination sphere of Zn2� is some-
where between tetrahedral and square-planar, since the
ferrocene unit linking the two tertiary nitrogen atoms
enforces a near linear arrangement of the N-Zn2�-N unit,
whereas the two secondary amines are more flexible resulting
in a much smaller N-Zn2�-N angle (Table 2). Alternatively the
geometrical environment around Zn2� may be viewed as
trigonal pyramidal with one of the equatorial ligands missing.
It is quite interesting to compare the conformations of the
ligand in the different metal complexes; only the structure of
the ligand in [Zn(FcCyclam)]2� is quite similar to that of
FcCyclam itself, as can be seen in the residual-mean-square fit
of the two structures in Figure 4.


One interpretation is that the Fccylam ligand is perfectly
suited for the complexation of Zn2�. Another more convinc-
ing idea is that the d10 ion Zn2�, which is rather flexible with
respect to coordination geometries, is most willing to accept
the geometry provided by the ligand. Another similarity
between FcCyclam complexes of Co2�, Ni2�, and Cu2� is the
orientation of the NH units of the respective two secondary
amines, which are pointing towards the ferrocene unit, with


Figure 4. Root mean square fit of the X-ray crystal structures of FcCyclam
and [Zn(FcCcylam)]2�.


the macrocycle adopting the trans I configuration. Again the
Zn2� complex is different in that the NH units are pointing
away from the ferrocene towards the periphery of the
complex, resulting in the trans V configuration. The metal ±
nitrogen distances observed are in the normal range for
metal ± cyclam complexes.[57]


UV-visible spectroscopy : The UV-visible spectra of the Co2�,
Ni2�, and Cu2� complexes of FcCyclam are dominated by the
d ± d transitions of the respective M2� ions, whereas the
spectra of [Zn(FcCyclam)]2� and FcCyclam itself display the
much weaker ferrocene transitions (Figure 5). The lmax and


Figure 5. UV/Vis spectra (e vs l) of FcCyclam and [M(FcCyclam)]2�


complexes (M2��Co, Ni, Cu, Zn) as a 10ÿ3 mol dmÿ3 solution in CH3CN.


the e values of FcCyclam and [M(FcCyclam)]2� (M�Co, Ni,
Cu, Zn) are as follows: FcCyclam 434 (95), [Co(FcCyclam)]2�


460 (446), [Ni(FcCyclam)]2� 490 (305), [Cu(FcCyclam)]2� 520
(316), [Zn(FcCyclam)]2� 425 nm (125 Lmÿ1 cmÿ1).


Solution studies


Protonation constants : Solution studies directed toward the
determination of protonation constants and stability constants
for the formation of complexes of FcCyclam and (FcCyclam)2
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with Cu2� and phosphate in 1,4-dioxane/water (70:30 v/v,
0.1 mol dmÿ3 KNO3) have been carried out. Other solvents
such as water or DMSO/water mixtures were not used due to
insolubility of the receptors. Protonation constants of FcCy-
clam and (FcCyclam)2 are shown in Table 3, whereas Table 4
reports the stability constants found for the FcCyclam/H�/
Cu2� and (FcCyclam)2/H�/Cu2� systems. Figure 6 shows the


Figure 6. Distribution diagram of the FcCyclam-H�-Cu2� system.


distribution diagram of the FcCyclam/H�/Cu2� system. Only
three protonation processes have been found for FcCyclam in
1,4-dioxane/water (70:30 v/v). The logarithm of the first
protonation process (log K� 9.21) is close to that found in
analogous functionalized polyazaalkanes in this medium.[58]


In a similar manner the difference between the logarithms
of the first and second protonation processes (DlogK� 3.15)
compares well with those found in related compounds.[59] It is
well known that the last protonation processes in small cyclic
polyazacycloalkanes are much less basic due to large electro-
static repulsion between polyammonium groups.[60] This effect
is also observed in FcCyclam with a logarithm of the stability
constant for the third protonation of logK� 3.14. In addition
the last protonation process is too acidic to be observed under
the working experimental conditions. The (FcCyclam)2 ligand
behaves as a hexaprotic base in 1,4-dioxane/water mixtures.
The difference between the logarithm of the first and second
protonation process is very small (DlogK� 0.76), suggesting
that the second protonation takes place in the cyclam ring that
is still unprotonated. The third and fourth protons should
attack cyclam units that are already monoprotonated with the
resulting diminution of the protonation constant. The fifth
and sixth protonations are much less basic; these two
protonations should take place near two already protonated
ammonium groups. The last two protonations for (FcCyclam)2


were not observed.


Metal and anion complexation : The Cu2� complexes of
FcCyclam and (FcCyclam)2 in 1,4-dioxane-water are readily
formed at room temperature, and we have not found any
evidence in this aqueous ± organic mixture of the mechanism
of FcCyclamÿCu2� formation as described for CH3CN.
Potentiometric studies in the presence of Cu2� therefore
allowed us to determine the complex stability constants with
the FcCyclam and (FcCyclam)2 receptors. The FcCyclam
forms the mononuclear complexes [Cu(HFcCyclam)]3�,
[Cu(FcCyclam)]2�, and [Cu(FcCyclam)(OH)]� . The loga-
rithm of the formation constant of the [Cu(FcCyclam)]2�


complex (Cu2��FcCyclam� [Cu(FcCyclam)]2�) is logK�
9.26. This stability constant is almost 1018 times smaller than
the stability constants of the [Cu(cyclam)]2� complex in
water[61] (cyclam� 1,4,8,11-tetraazacyclotetradecane) and
1010 times smaller than the stability constant of the complex
[Cu(Fc4cyclam)]2� in THF/water (70:30 v/v). (Fc4cyclam�
1,4,8,11-tetrakis(ferrocenylmethyl)-1,4,8,11-tetraazacyclotetra-
decane).[3]


The stability constants of Cu2� with the receptor (FcCy-
clam)2 (1:1 molar ratio) have also been determined by using
potentiometric methods. The mononuclear complexes
[Cu(H3(FcCyclam)2)]5�, [Cu(H2(FcCyclam)2)]4�, [Cu(H(Fc-
Cyclam)2)]3�, [Cu((FcCyclam)2)]2�, and [Cu((FcCyclam)2)-
(OH)]� were found. Solution studies with (FcCyclam)2 and
Cu2�were carried out by using 1:1 metal-to-ligand rations and,
therefore, only mononuclear complexes were found. Studies
with metal-to-ligand 2:1 ratio will probably lead to found
dinuclear complexes, but these experiments were not carried
out.


The logarithm of the stability constants of the [Cu-
{(FcCyclam)2}]2� complex (Cu2�� (FcCyclam)2� [Cu{(Fc-
Cyclam)2}]2�) is logK� 19.62. This value is 108 times smaller
than that found for cyclam in water (Cu2�� cyclam�
[Cu(cyclam)]2�, logK� 27.2),[6] but is quite similar to that for
[Cu(Me4cyclam)]2� (logK� 18.3, Me4cyclam� 1,4,8,11-tetra-
methyl-1,4,8,11-tetraazacyclotetradecane) and that for


Table 3. Stability constants (log K)[a] in 1,4-dioxane/water (70:30 v/v,
0.1 mol dmÿ3 potassium nitrate, 25 8C) for FcCyclam and (FcCyclam)2.


Reaction L�FcCyclam L� (FcCyclam)2


L�H�> [HL]� 9.21(2) 11.46(2)
L� 2H�> [H2L]2� 15.27(1) 21.86(3)
L� 3H�>[H3L]3� 18.46(2) 30.73(4)
L� 4H�> [H4L]4� ± 37.06(6)
L� 5H�> [H5L]5� ± 40.18(7)
L� 6H�> [H6L]6� ± 42.40(7)
[HL]��H�> [H2L]2� 6.06 10.40
[H2L]2�� H�> [H3L]3� 3.14 8.87
[H3L]3��H�> [H4L]4� ± 6.33
[H4L]4��H�> [H5L]5� ± 3.12
[H5L]5��H�> [H6L]6� ± 2.22


[a] Values in parentheses are standard deviations on the last significant
digit.


Table 4. Stability constants (log K)[a] for the formation of Cu2� complexes
of FcCyclam and (FcCyclam)2 in 1,4-dioxane/water (70:30 v/v, 0.1 mol dmÿ3


potassium nitrate, 25 8C).


Reaction L�FcCyclam L� (FcCyclam)2


Cu2��L� 3H�> [Cu(H3L)]5� ± 37.78(7)
Cu2��L� 2H�> [Cu(H2L)]4� ± 33.65(6)
Cu2��L�H�> [Cu(HL)]3� 13.85(5) 27.51(7)
Cu2��L> [Cu(L)]2� 9.26(4) 19.62(7)
Cu2��L�H2O> [Cu(L)(OH)]�


�H�
ÿ 3.31(6) 8.83(8)


[a] Values in parentheses are standard deviations on the last significant
digit.
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[Cu(Fc4cyclam)]2�.[3] The (FcCyclam)2 receptor forms much
more stable complexes with Cu2� than the related FcCyclam
ligand.


We have also carried out potentiometric studies of the
interaction of FcCyclam and (FcCyclam)2 molecules with
phosphate. The FcCyclam and (FcCyclam)2 receptors are
polybases; they form charged protonated species at neutral
and acid pH and are good candidates for anion recognition
through protonated ammonium ± anion electrostatic and
hydrogen-bonding interactions.[62] Tables 5 and 6 list the


logarithms of the stability constants for the interaction of
FcCyclam and (FcCyclam)2 with this anion in 1,4-dioxane/
water (70:30 v/v, 0.1 mol dmÿ3 potassium nitrate, 25 8C).
Bearing in mind the values of the protonation constants of
phosphate and the receptor FcCyclam, the different species
[LH2PO4]ÿ , [LH3PO4], [LH4PO4]� , and [LH5PO4]2� existing
in solution can tentatively be assigned to the interaction of
LH�ÿHPO4


2ÿ, LH�ÿH2PO4
ÿ, LH2


2�ÿH2PO4
ÿ, and


LH3
3�ÿH2PO4


ÿ species, respectively. Assuming these inter-
actions, the logarithms of the stability constants for the
interaction the LHj


j��HiPO4
(iÿ3)ÿ species to give the


[LHi�jPO4](i�jÿ3)ÿ complexes are 4.38, 4.75, 4.83 and 5.11.
The formation of complexes between phosphate and the


receptor (FcCyclam)2 (molar ratio 2:1) has also been studied.


Under these experimental conditions complexes of the type
[LHj(PO4)2]jÿ6 have been found. Although the determination
of the nature of the existing species in solution taking only
into account potentiometric data is difficult, we have tenta-
tively assigned the complexes [LH3(PO4)2]3ÿ


, [LH4(PO4)2]2ÿ,
[LH5(PO4)2]ÿ , [LH6(PO4)2], [LH7(PO4)2]� , and [LH8(PO4)2]2�


to the interaction between the species HL�ÿHPO4
2ÿÿHPO4


2ÿ,
H2L2�ÿHPO4


2ÿÿHPO4
2ÿ, H3L3�ÿHPO4


2ÿÿHPO4
2ÿ, H3L3�


ÿHPO4
2ÿÿH2PO4


ÿ, H3L3�ÿH2PO4
ÿÿH2PO4


ÿ, and
H4L4�ÿH2PO4


ÿÿH2PO4
ÿ. That gives logarithms of the stability


constant for these interactions of 15.44, 17.42, 17.81, 17.30,
14.92, and 12.6, respectively.


Electrochemical behavior : One of the most promising appli-
cations of redox-functionalized molecules is their incorpora-
tion to amperometric sensing devices for target receptors.[63]


To achieve this goal, the development of systems that show
selectivity coupled to a large electrochemical shifts is of great
interest. The FcCyclam molecule has a promising architecture
with the metal-binding cavity very close to the iron atom of
the ferrocenyl group. Consequently, the shift of the redox
potential of the ferrocenyl groups in FcCyclam and (FcCy-
clam)2 in the presence of several metal ions and anions has
been studied.


First the electrochemical behavior of the FcCyclam and
(FcCyclam)2 receptors was studied in 1,4-dioxane/water
(70:30 v/v, 0.1 mol dmÿ3 KNO3) as a function of the pH and
in the presence of the metal ions Ni2�, Cu2�, Zn2�, Cd2�, Pb2�,
and Hg2�. Each metal ion was studied separately. The results
are presented in Figures 7 and 8 for FcCyclam and (FcCy-


Figure 7. E1/2 versus pH for the FcCyclam/H� and FcCyclam/H�/M2�


systems (M2��Ni2�, Cu2�, Zn2�, Cd2�, Hg2�, and Pb2�) in 1,4-dioxane/
water (70:30 v/v).


clam)2, respectively. As already observed in related poly-
azaalkanes attached to ferrocenyl groups, there is a steady
anodic shift of the redox potential of the ferrocenyl groups
from basic to acidic pH due to the stepwise protonation of the
amino groups.[64] In the presence of stoichiometric amounts of
Ni2�, Zn2�, Cd2�, Pb2�, or Hg2� metal ions the E1/2 versus pH
curve for FcCyclam ligand (E1/2� half-wave potential from
rotating disc electrode (RDE) techniques) is not modified
significantly. In contrast, when the electrochemical studies
were carried out in the presence of Cu2� there is a remarkable
and selective anodic oxidation potential shift up to 210 mV at


Table 5. Stability constants (log K)[a] for the interaction of FcCyclam with
phosphate in 1,4-dioxane/water (70:30 v/v, 0.1 mol dmÿ3 potassium nitrate,
25 8C).


Reaction[b] L�FcCyclam


L � 2 H � PO4>LH2PO4 25.33(2)
L � 3 H � PO4>LH3PO4 34.00(2)
L � 4 H � PO4>LH4PO4 40.14(2)
L � 5 H � PO4>LH5PO4 43.56(1)
HL � HPO4 >LH2PO4 4.38
HL � H2PO4>LH3PO4 4.75
H2L � H2PO4 >LH4PO4 4.83
H3L � H2PO4 >LH5PO4 5.11


[a] Values in parentheses are the standard deviations in the last significant
digit. [b] Charges have been omitted for clarity.


Table 6. Stability constants (log K)[a] for the interaction of (FcCyclam)2


with phosphate in 1,4-dioxane/water (70:30 v/v, 0.1 mol dmÿ3 potassium
nitrate, 25 8C).


Reaction[b] (FcCyclam)2


L� 3H� 2PO4 >LH3(PO4)2 50.40(8)
L� 4H� 2PO4 >LH4(PO4)2 62.76(8)
L� 5H� 2PO4 >LH5(PO4)2 72.02(9)
L� 6H� 2PO4 >LH6(PO4)2 79.81(7)
L� 7H� 2PO4 >LH7(PO4)2 85.73(8)
L� 8H� 2PO4 >LH8(PO4)2 89.74(8)
LH� 2HPO4 >LH3(PO4)2 15.46
H2L� 2 HPO4>LH4(PO4)2 17.42
H3L� 2 HPO4>LH5(PO4)2 17.81
H4L� 2 HPO4>LH6(PO4)2 19.27
H5L� 2 HPO4>LH7(PO4)2 22.07
H6L� 2 HPO4>LH8(PO4)2 23.86


[a] Values in parentheses are the standard deviations in the last significant
digit. [b] Charges have been omitted for clarity.
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Figure 8. E1/2 versus pH for the (FcCyclam)2/H� and (FcCyclam)2/H�/M2�


systems (M2��Ni2�, Cu2�, Zn2�, Cd2�, Hg2�, and Pb2�) in 1,4-dioxane/water
(70:30 v/v).


pH� 5. This is, to the best of our knowledge, the largest
electrochemical shift ever reported in electrochemical cation
recognition in an aqueous medium with related receptors.


In general, there is good agreement between the potentio-
metric and electrochemical results. The [Cu(FcCyclam)]2�


complex exists in a percentage higher than 90 % in the 6.5 ±
12 pH range (see distribution diagram in Figure 6). The
electrochemical behavior shows that in this pH range an
almost constant oxidation potential of about 600 mV versus
SCE is observed. When the complex [Cu(HFcCyclam)]3� is
formed the oxidation potential is anodically shifted. At
pH> 11 [Cu(FcCyclam)(OH)]� exists with a consequent
decrease of the oxidation potential. In conclusion, the higher
the positive charge of the complex the higher is the oxidation
potential of the ferrocenyl groups.


The (FcCyclam)2 ligand is also able to selectively sense the
presence of Cu2� in 1,4-dioxane/water mixtures (see Figure 8)
electrochemically. However, in this case the maximum
electrochemical shift found in the presence of Cu2� is about
80 mV at pH 10. This displacement of the oxidation potential
of the ferrocenyl groups is close to that found for the parent
receptor Fc4cyclam in the presence of Cu2�, which displayed
an anodic shift of 90 mV at pH� 9 in THF/water (70:30 v/v)
mixtures.[65] Despite the presence in both FcCyclam and
(FcCyclam)2 receptors of a ferrocenyl electro-signalling sub-
unit and cyclam binding sites, the maximum electrochemical
shift found in the presence of Cu2� is higher for the former
receptor than for the latter; this points to the importance of
the molecular architecture in the sensing event. This has to be
related to the closer proximity between the Cu2� cation and
the iron atom of the ferrocenyl group in FcCyclam upon metal
coordination.


Studies on the interaction of FcCyclam and (FcCyclam)2


with anions have also been carried out in 1,4-dioxane/water
(70:30 v/v). The anions phosphate, sulfate, adenosine-5'-
triphosphate (ATP), chloride, and bromide can hardly be
expected to enter the cavity and therefore the shift of the
oxidation potential of the ferrocenyl group should be small. In
fact, although FcCyclam forms complexes with phosphate, the
E1/2 versus pH curve of the receptor in the presence of those
anions does not differ from that of the free receptor. With
respect to the (FcCyclam)2 ligand, and despite the larger
number of amino groups in this molecule and the formation of


highly charged species in solution, no significant variation of
the oxidation potential of the ferrocenyl groups has been
observed in the presence of the studied anions. Therefore,
both FcCyclam and (FcCyclam)2 are anion-insensitive. This
contrasts with the observed behavior of the related receptor
Fc4Cyclam that gives cathodic shifts up to 40 mV at low pH in
the presence of ATP.[65]


Influence of the solvent on the electrochemical shift : The
redox-active ligand FcCyclam offers a unique opportunity to
studyÐthrough the ferrocene redox potentialÐin some detail
the influence of more subtle effects, such as solvent variations
on the through-space electronic interactions between the iron
of ferrocene and a metal ion coordinated within the cyclam
unit. This is possible as a reuslt of several favorable properties
of the ligand. First of all large oxidation potential changes can
be observed upon complexation of metal ions; this renders it
possible to precisely probe the influence of minor effects on
the redox potentials. Furthermore the tetraazamacrocyclic
unit provides a thermodynamically stable and spatially well-
defined bonding situation for a coordinated metal ion. This
allows a reliable comparison of the FeÿM2� distances M2��
Co2�, Ni2�, Cu2�, and Zn2� as determined by X-ray crystal
structure analysis (see respective section) and the bonding
situation in solution, which control the redox potentials.


In a previous paper the electrochemical shift DE found in
acetonitrile for the complexes [M(FcCyclam)]2�(CF3SO3)2


(M2��Co2�, Ni2�, Cu2�, and Zn2�) were measured (DE is
defined as E1/2 of [M(FcCyclam)]2�(CF3SO3)2ÿE1/2 of the free
FcCyclam ligand).[42] Now, the precise distances between the
iron atom and the metal ions coordinated in the cyclam cavity
have been obtained from crystal structure determinations.


The first conclusion drawn from the X-ray data and
electrochemical measurements is that there is a good corre-
lation between the DE value of various metal ± FcCyclam
complexes and the reciprocal distance of the respective
coordinated metal to the iron atom. In fact, the shorter the
intermetallic distance, the larger is DE. Figure 9 plots the
linear dependence of DE versus 1/r for the [M(FcCy-
clam)](CF3SO3)2 complexes in acetonitrile. This is clear
evidence for a primarily Coulomb type interaction between
the different metal centers FeÿM2�.


Figure 9. DE versus 1/r for the [M(FcCyclam)](CF3SO3)2 complexes
(M2��Zn2�, Cu2�, Ni2�, and Co2�) in CH3CN/THF mixtures (I 30:10; II
30:20; III 30:30; IV 20:30; V 10:30).







FULL PAPER H. Plenio et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2856 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 132856


We wish to report here a detailed study on the influence of
solvent, namely its dielectric constant, on the electrochemical
shift of [Zn(FcCyclam)](CF3SO3)2. Compared to the FcCy-
clam complexes of Co2�, Ni2�, and Cu2�, the Zn2� complex
appears best suited for such an investigation as the X-ray
crystal structure shows that Zn2� is coordinatively saturated
and localized inside the macrocyclic cavity. Consequently,
there is a good chance that the geometry of [Zn(FcCyclam)]2�


will be relatively invariant to solvent changes. For our study a
number of suitable solvents have been chosen in order to
cover a wide range of dielectric constant values (from 64.6 to
5.0). The dielectric constant for a mixture of solvents was
calculated as e�P


i
Xiei, where Xi and ei are the molar fraction


and permittivity of solvent i. This certainly is no more than a
reasonable approximation, but a more accurate calculation of
the dielectric constant of binary mixtures is not straightfor-
ward.[66] Some simple formulas to obtain such data based on
the permittivity of the respective pure solvents have been
suggested, but appear to work satisfactorily only for solvents
of similar e and with one solvent being the major compo-
nent.[67, 68] However, there is a large number of measurements
on binary mixturesÐdone mainly in the 1920s and 1930sÐin
which a good linear relationship between the molar fractions
of the individual components and e has been observed.[69] This
justifies our approach of calculating the permittivities of the
binary mixtures. The results together with other electro-
chemical data are listed in Table 7, whereas Figure 10 shows
the electrochemical shift as a function of the reciprocal
permittivity. Assuming the law of Coulomb to apply, one
would have expected a monotonous function of the type
DE� 1/e, which is evidently not what is found in Figure 10.


In order to come up with explanations one should be aware
that in solvents with low dielectric constants there is an


Figure 10. DE versus 1/e for the [Zn(FcCyclam)](CF3SO3)2 complex in
various solvents as desrcibed in Table 7.


association process between anions and cations known as ion-
pairing. The formation of ion pairs involves the creation of
new species in solution that can be depicted as
FcCyclamÿZn2� ´ ´ ´ Xÿ and FcCyclamÿZn2� ´ ´ ´ 2 Xÿ, in which
Xÿ is whatever anion present in the solution (ClO4


ÿ from the
supporting electrolyte or CF3SO3


ÿ from the M2� salt). The
anions do not have to bind to Zn2� (Zn2� is coordinatively
saturated as stated above), but may simply interact electro-
statically with the positively charged side of the
[Zn(FcCyclam)]2� complex. It is assumed here that the Fe ±
Zn2� distance (r) does not change upon ion-pair formation,
even though this can not be excluded.[70] When the dielectric
constant of the medium is high, ion-pairing will be negligible
and the difference DE between the oxidation potential of the
free-ligand FcCyclam and that of the respective Zn2� complex
can be understood by using a coulombic model, with the
electric work of removing an electron from the ferrocene in
the presence of two positive charges of the metal cation Zn2�


at a certain distance (r). Accordingly, for solvents with 37.5<
e< 64.6 the dependence of DE
and 1/e is as expected, since ion-
pairing does not occur to a
significant extent. However, at
e� 40 the trend of DE is re-
versed: upon decreasing e, DE
also decreases. We attribute this
to the reduced polarity of the
solvent; this increasingly favors
ion-pairing and results in a
decrease of the real positive
charge of the [Zn(FcCyclam)]2�


complexes due to its association
with negatively charged coun-
terions. Consequently the ob-
served DE will also be small-
er.[71] A third segment of the
curve is found in the range of
very low e solvents. Evidently at
lowered e the initially linear
relation tails off towards a lim-
iting value of DE� 270 mV.
The curve obtained at e lower
than 40 can be fitted by a first-
order exponential decay. In or-
der to understand this, one has


Table 7. Electrochemical data for the [M(FcCyclam)](CF3SO3)2 complexes in certain solvents


Solvent e [Zn(FcCyclam)]2� [Cu(FcCyclam)]2� [Ni(FcCyclam)]2� [Co(FcCyclam)]2�


ethanol 24.3 350 ± ± ±
CH3CN 37.5 409 399 317 283
propylene carbonate 64.4 380 ± ± ±
THF 7.58 276 ± ± ±
CH2Cl2/acetone 30:30 v/v 14.4 297 ± ± ±
CH2Cl2/acetone 20:30 v/v 15.6 299 ± ± ±
CH2Cl2/acetone 10:30 v/v 17.4 305 ± ± ±
THF/CH3CN 30:2 v/v 10.3 280 ± ± ±
THF/CH3CN 30:4 v/v 12.7 285 ± ± ±
THF/CH3CN 30:6 v/v 14.7 287 ± ± ±
THF/CH3CN 30:8 v/v 16.4 294 ± ± ±
THF/CH3CN 30:10 v/v 17.7 325 265 235 204
THF/CH3CN 30:20 v/v 22.7 333 283 260 212
THF/CH3CN 30:30 v/v 25.7 354 295 261 223
THF/CH3CN 20:30 v/v 28.4 367 315 273 238
THF/CH3CN 10:30 v/v 32.2 390 343 292 260
CH3CN/water 30:3 v/v 46.8 400 ± ± ±
CH3CN/water 30:5 v/v 50.9 388 ± ± ±
CH3CN/water 30:7.5 v/v 54.8 383 ± ± ±
CH3CN/water 30:10 v/v 57.7 382 ± ± ±
CH3CN/water 30:20 v/v 64.6 374 ± ± ±
r [pm][c] 369.0(10) 377.7(11) 385.4(11) 395.9(9)


[a] DE [mV]�E1/2([M(FcCyclam)]2�)ÿE1/2(FcCyclam). [b] e for a mixture of solvents have been calculated as
e�P iXiei, in which Xi and ei are the molar fraction and permittivity of solvent i, respectively. [c] r�distances
M2�ÿiron from crystallographic data.
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to realize that the dielectric constants given for the various
solvents (mixtures) in Table 7 are based to the dielectric value
of the respective pure solvents. However, it must be kept in
mind that during the electrochemical measurements these
solvents contain a significant amount of salt (0.1 mol dmÿ3


nBu4NClO4) as a supporting electrolyte. This polar admixture
must have a significant influence on the real e of the solution
in an otherwise low e solvent. Based on the data in Table 7
(see also Figure 10) it is reasonable to assume that in solvents
with low dielectric constant the presence of supporting
electrolyte prevents the real e from going below values of
�10.


An alternative explanation of the observed electrochemical
behavior could be based on the binding of certain solvents to
the Zn2� ion; this is possible only after a re-organization of the
coordination environment of Zn2� in the FcCyclam complex.
If that was the mechanism, one should be able to find a
correlation between the Gutman donor number for a family
of solvents and the electrochemical shift DE. However, a plot
of DE versus the donor number for pure solvents such as
acetonitrile, DMF, ethanol, and propylene carbonate provides
no evidence for such an idea.


In order to account for the actual behavior, at least in a
semiquantitative manner, we have tried to combine both a
Coulomb model (that accounts for the electrostatic interac-
tions) with the Fuoss theory (that describes the formation of
ion pairs).[72] The electrochemical shift DE is defined in
Equation (1), in which Ecomplex and Eligand are the oxidation
potentials of the corresponding FcCyclamÿZn2� complex and
that of the free receptor, respectively. Additionally Ecomplex can
also be defined as in Equation (2), in which WM2� is the electric
work of removing an electron from ferrocene in the presence
of two positive charges of the metal ion at a certain r distance.
This in turn leads to Equations (3) and (4).


DE�EcomplexÿEligand (1)


ÿ nFEcomplex�ÿnFEligand�WM2� (2)


ÿ nFDE�WM2� ÿnFEM2� (3)


DE�EM2� (4)


It has been recently reported that this oxidation potential
difference between the ligand-substrate species and that of
the free ligand can be calculated by using Equation (5).
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In Equation (5) za is the charge of the oxidized electro-
active group, zb is the charge of the substrate, j is the number
of redox groups, and i the number of substrates at a certain rji


distance from the redox centres. B is an empirical parameter
that takes into account the fact that the permittivity is not
constant but a function of the distance. From previous data
and those reported in this work we have observed that B�
39 000ln e


e .[73] Additionally bearing in mind that e2NA/4pe0eF�
14 398/e, the above equation can be rewritten in our case (za�
1, zb� 2, j� 1, i� 1) as Equation (6), in which r is the Zn2� ±


iron distance in �, e is the relative macroscopic permittivity
of the solvent, and DE is the electrochemical shift in mV.


DE�EM2�� 14 398
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At low e values the formation of the species FcCyclamÿ
Zn2 ´ ´ ´ Xÿ and FcCyclamÿZn2� ´ ´ ´ 2 Xÿ have to be considered.
These species would show oxidation potentials of EM2�ÿXÿ and
EM2�ÿ2Xÿ , respectively, that are generally different to that
shown by the complex [Zn(FcCyclam)]2� (EM2�). The oxida-
tion potential of the ion pairs are related to the work of
removing an electron from the ferrocene in the presence of a
metal ion M2� at a distance r and the presence of one or two
anions Xÿ at a distance a from the [Zn(FcCyclam)]2� cation.
In order to simplify the equations it is assumed that both
anions Xÿ are to the same distance (a) from the
[Zn(FcCyclam)]2� cation and that the distance between both
anions is 2a. Using Equation (5) we can calculate the
oxidation potentials of EM2�ÿXÿ and EM2�ÿ2Xÿ [Eqs. (7) and (8)].
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In the above equations r describes the distance between the
iron atom of the ferrocene and the Zn2� cation, whereas a is
related with the distance between the [Zn(FcCyclam)]2�


cation and the anion.
For a certain solvent the actual observed oxidation


potential shift DE would be given by Equation (9):


DE�SXiEi�XM2�EM2��XM2�ÿXÿEM2�ÿXÿ�XM2�ÿ2XÿEM2�ÿ2 Xÿ (9)


in which Xi are the molar fractions of the [Zn(FcCyclam)]2�


complex and the ions pairs FcCyclamÿZn2 ´ ´ ´ Xÿ and
FcCyclamÿZn2� ´ ´ ´ 2Xÿ. Xi can be obtained from the stability
constants of the equilibria given in Equations (10) ± (12):


TBA��Xÿ,TBA� ´ ´ ´ Xÿ KA0
(10)


[Zn(FeCyclam)]2��Xÿ, [Zn(FeCyclam)]2� ´ ´ ´ Xÿ KA1
(11)


[Zn(FcCyclam)]2�� 2 Xÿ, [Zn(FcCyclam)]2� ´ ´ ´ 2 Xÿ KA2
(12)


in which TBA� is the tetrabutylammonium cation from the
supporting electrolyte. KA0


and KA1
can be evaluated from


Fuoss� equation [Eq. (13)], which for a charge of the
[Zn(FcCyclam)]2� ion of �2, a charge of �1 for the
tetrabutylammonium and a charge of the anion of ÿ1 at
T� 298 K can be written as:


KA� 0.002523a3� 10243.16/ea (13)


in which a is the cation ± anion distance in �.
By taking only electrostatic considerations into account,


KA2
can be calculated as from KA1


by using Equation (14):


RT lnKA2
� 2RT lnKA1


�W (14)







FULL PAPER H. Plenio et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2858 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 132858


in which W is the electric work of bring the Xÿ anion from the
infinite to the distance a, bearing in mind the repulsive
interactions of this anion with the anion Xÿ that is already
forming the ion-pair FcCyclamÿZn2� ´ ´ ´ Xÿ. As W�ÿnFE
and bearing in mind Equation (5) we get the following
equation [Eq. (15)] for KA2


:


log KA2
� log KA1


ÿ F


2:3 RT 1000


14 398
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e
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1


�2a�2
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in which it is assumed, as stated above, that the distance
between the two anions is 2a.


Equation (9) is only a function of the relative permittivity
(e) and the anion ± cation distances (a) in ion pairs. In our
system there are two a distances corresponding to the
distances between the [Zn(FcCyclam)]2� and TBA� ions and
the corresponding anion (probably ClO4


ÿ from the supporting
electrolyte). A nonlinear regression fit of the experimental
DE versus e allowed us to determine these two anion ± cation
distances (a). These values were 420 and 480 pm, respectively,
which are reasonable anion ± cation distances in ion pairs.[74]


Figure 11 shows the good agreement between calculated and


Figure 11. Fit of the DE versus e plot by applying the combined Fuoss and
Coulomb theory.


experimental DE values for the [Zn(FcCyclam)](CF3SO3)2


complex. The fit is fairly good down to a dielectric constants
of e� 10.[73] As stated above, at lower values of e the
supporting electrolyte seems to impose a residual value of
the permittivity.


The model also predicts that the oxidation potential DE
increases as the dielectric constant decreases until e � 40
from which DE decreases when the permittivity diminishes.
Therefore, in solvents or solvent mixtures with dielectric
constants of about 40, the maximum electrochemical shift will
be observed. In this context, it is remarkable that many studies
seeking the electrochemical recognition of substrates have
been carried out in acetonitrile (e� 37.5); the solvent for
which the model described above predicts the electrochemical
shift would be maximum. Solvents with lower dielectric
constants will not increase the electrochemical shift, as it
should be expected, but a decrease will be observed due to
ion-pair formation. Despite the apparent success of merging
Coulomb and Fuoss theory for the explanation of the data,
one should be aware that our approach involves at least two
simplifications. First of all it is debatable to use the bulk


solvent permittivity for intramolecular interactions, further-
more the Coulomb model describes the interaction of point
charges, which is certainly only a crude approximation for the
interaction of iron with a transition metal M2�.


The electrochemical behavior the [M(FcCyclam)]2� com-
plexes (M�Cu2�, Ni2� and Co2�) have also been studied in
certain solvents. The oxidation potential shifts observed are
listed in Table 7. In general, a similar behavior to that shown
by the [Zn(FcCyclam)]2� complex was found.


Conclusion


The properties of FcCyclam have been studied in detail and
the ligand shown to form complexes with M2��Co2�, Ni2�


Cu2�, Zn2�, which are less stable than complexes of cyclam
and the respective M2�. The most unusual property of this
macrocycle is the redox activity of the ferrocene unit; this is
influenced in a characteristic manner by the coordination of
M2� by the macrocycle. The X-ray crystal structures of
FcCyclam and of all four [M(FcCyclam)]2� complexes have
been determined. The most important parameter obtained
from these studies is the distance r Fe ´´´ M2�, which decreases
in the order Co2� (395.9 pm), Ni2� (385.4 pm), Cu2� (377.0 pm),
Zn2� (369.0 pm), while DE � {E1/2([M(FcCyclam)]2�)ÿ
E1/2(FcCyclam)} increases in the same sequence of complexes:
DE��283 mV, �317 mV, �399 mV, �409 mV, respectively.
The relationship DE� 1/r is in accord with a Coulomb type
interaction between Fe ´ ´ ´ M2� even though this model in-
volves several debatable simplifications for intramolecular
interactions. The stable and spatially well-defined bonding of
M2� within FcCyclam offers also the opportunity to study in
some detail the influence of solvents, that is, a variable
dielectric constant, on the propagation of the through space
interaction between the charged metal centers. The simple
relation of DE� 1/e according to Coulomb only holds true for
solvents with a very high e with a lower limtit of around 40.
Upon further lowering the permittivity, ion-pairing as de-
scribed by the Fuoss theory takes place and the effective positive
charge of [M(FcCyclam)]2� is reduced and accordingly the
values of DE. The decrease is linear only initially and is best
described by a first-order exponential decay to a limiting
value of approximately 270 mV. The asymptotic behavior of
the curve is attributed to the fact that the real permittivity of
the solvents used for the experiments on the low polarity side
can not be reduced further due to the presence of
0.1 mol dmÿ3 nBu4NClO4 of supporting electrolyte in the
solvents needed for the cyclic voltammetry experiments. The
dependence of DE and e can be described semiquantitatively
by combining the Fuoss theory with the Coulomb model.


In conclusion, we have synthesized a new redox-active
macrocyclic ligand, whose ligating properties can be influ-
enced by the redox behavior of the ferrocene unit in a highly
characteristic and controllable manner. In order to effect a
maximum response of a redox-active receptor as well as a
maximum redox-switching effect, the permittivity of the
solvent should be chosen so as to bring about the best
compromise between low e and a low degree of ion-pairing;
CH3CN appears to be a very good choice.
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Experimental Section


General : Commercially available solvents and reagents were purified
according to literature procedures.[75] All reactions were carried out under
an atmosphere of argon and especially the Pd-catalyzed coupling reactions
require strict exclusion of oxygen. Chromatography was performed over
silica MN60 (63 ± 200 mm). TLC was done with on Merck plates coated with
silica gel 60F254. NMR spectra were recorded at 300 K with a Bruker
Avance (1H NMR 200 MHz, 13C NMR 50.3 Mhz) spectrometer. 1H NMR
were referenced to residual 1H impurities in the solvent and 13C NMR to
the solvent signals: CDCl3 (d� 7.26 (1H), 77.0 (13C)), C6D6 (d� 7.16 (1H),
128.0(13C)), CD3CN (d� 1.93 (1H), 1.30 (13C)). For the purpose of 1H NMR
signal assignment CpH denotes a proton attached to the sp2 carbon of
cyclopentadiene or to the carbon of a ferrocene h5-cyclopentadienyl ring.
Mass spectra were recorded on a Finnigan MAT3800 instrument. IR
spectra were recorded on a Bruker IFS-25 spectrometer in CHCl3. UV/Vis
spectra were measured on a JASCO-UV-570 spectrometer in CH2Cl2.
Potentiometric titrations were carried out in 1,4-dioxane/water (70:30 v/v,
0.1 mol dmÿ3 KNO3) for FcCyclam and (FcCyclam)2 using a reaction vessel
water-thermostatted at 25.0� 0.1 8C under nitrogen atmosphere. Exper-
imental potentiometric details have been published previously.[76] The
concentration of the Cu2� and the anion phosphate were determined by
using standard methods. The computer program SUPERQUAD[77] was
used to calculate the protonation and stability constants. The titration
curves for each system (ca. 250 experimental points corresponding to at
least three titration curves, pH�ÿ log [H] range investigated ca. 2.5 ± 10,
concentration of the ligand being ca. 1.2� 10ÿ3 mol dmÿ3) were treated
either as a single set or as separated entities without significant variations in
the values of the stability constants. Finally the data sets were merged
together and treated simultaneously to give the stability constants.
Electrochemical data were carried out in several solvents, with a program-
mable function-generator Tacussel IMT-1, connected to a Tacussel PJT
120 ± 1 potentiostat. The working electrode was platinum with a saturated
calomel reference electrode separated from the test solution by a salt
bridge containing the solvent/supporting electrolyte. The auxiliary elec-
trode was platinum wire. The solvents used in the electrochemical
experiments were rigorously purified prior use. The supporting electrolyte
in all the electrochemical experiments was 0.1 mol dmÿ3 tetrabutylammo-
nium perchlorate. Elemental analyses were perfomrmed by the Mikro-
analytisches Laboratorium der Chemischen Laboratorien, Universität
Freiburg. Starting materials were available comercially or prepared
according to literature procedures: 1,1'-ferrocene-bis(methylenepyridi-
nium)tosyl chloride.[78]


1,4,8,11-tetraazacyclotetradecane-5,12-dione : This procedure was modified
from that of Tomalia and Wilson.[50] Methyl acrylate (688 g, 8.0 mol) was
added dropwise to neat ethylenediamine (680 g, 8.0 mol). The addition was
conducted at such a rate that the reaction temperarure did not exceed
35 8C; addition time was approximately 8 h. The crude colorless inter-
mediate formed in quantitative yield is N-(2-aminoethyl)-b-alanine
[1H NMR (CDCl3): d� 1.26 (3 H; NH), 2.51 (td, J� 8.5, 2.0 Hz, 2H;
CH2), 2.71 (cm, 4H; CH2), 2.89 (td, J� 8.5, 2.0 Hz, 2 H,; CH2), 3.68 (s, 3H;
CH3)]. The intermediate was dissolved in water to give a 50 % solution and
left standing for 48 h. The resulting solution was continuously extracted
with CHCl3 for 8 hours. After this time about 10% of the total mass of the
intermediate had been extracted by the organic solvent. The desired 14-
membered macrocycle was then extracted quantitatively from the crude
aqueous mixture with CHCl3. The extract is composed of the 1�1 product
(seven-membered ring), the 2�2 product (14-membered ring), and the 3�3
product (21-membered ring). The composition of this mixture was
determined by 1H NMR spectroscopy, since the shift of the amide
hydrogen is highly characteristic for the different products [1H NMR
(CDCl3): d� 6.75 (CONH of 1�1 product), 8.35 (CONH of 3�3 product),
9.0 (CONH of 2�2 product)]. A typical extract contained about 72% of the
1�1 product, 14% of the 2�2 product, and 14 % of the 3�3 product. The
extract was evaporated to dryness, and the remaining oil dissolved in hot
water to give a concentration of ca. 25 % by weight. This solution was
stored at 4 8C, whereupon the desired 2�2 product crystallized slowly (over
several days) from the mixture. The product was filtered off, washed with
cold water and dried at 100 8C (0.1 Torr) for several hours. Yield: 1 ± 1.4%
(13.7 ± 19.1 g). 1H NMR (CDCl3): d� 1.2 (br s, 2H; NH), 2.39 (m, 4H;
CH2), 2.80 (t, J� 5.3 Hz, 4H; CH2), 2.92 (t, J� 5.5 Hz, 4 H; CH2), 3.38 (m,


4H; CH2), 8.97 (br s, 2H; CONH); 13C NMR (CDCl3): d� 35.42, 38.44,
45.60, 48.37, 172.39.


Ferrocene ± cyclamdione : 1,1'-ferrocene-bis(methylenepyridinium)tosyl
chloride (5.12 g, 9.02 mmol), 1,4,8,11-tetraazacyclotetradecane-5,12-dione
(2.06 g, 9.02 mmol), and Na2CO3 (7.0 g) were added to acetonitrile
(400 mL) and heated under reflux for 60 h. The cold reaction mixture
was filtered, and the filtrate evaporated to dryness. The residue was
purified by chromatography (CHCl3/CH3OH� 10:1) to yield ferrocene ±
cyclamdione (2.0 g, 50 %), 2�2 product (0.94 g, 24 %), and 3�3 product (ca.
0.20 g, 5%).


(1�1) product : 1H NMR (CDCl3): d� 2.11 ± 2.29 (m, 6 H), 2.58 ± 3.36 (m,
10H), 3.82 ± 4.08 (m, 12 H), 8.97 (s, NH), 9.02 (s, NH); 13C NMR (CDCl3):
d� 36.11, 53.46, 54.62, 67.54, 69.29, 71.03, 88.51, 127.60, 173.24; MS-EI: m/z :
438 [M]� .


(2�2) product : 1H NMR (CDCl3): d� 2.13 ± 4.17 (m, 56H; CyclamH/FcH/
FcCH2), 8.40 ± 8.50 (m, 4H; OCNH); 13C NMR (CDCl3): d� 29.22, 30.34,
31.78, 35.10, 48.25, 49.08, 50.48, 51.11, 51.46, 68.69, 69.34, 69.94, 71.05, 81.21,
126.67, 171.84; MS-EI: m/z : 877 [M]� .


(3�3) product : In the 1H NMR (CDCl3) a complex collection of over-
lapping multiplets between d� 1.0 ± 5.1 is observed MS-EI: m/z : 1316 [M]� .


FcCyclam : Ferrocene ± cyclamdione (4.4 g, 10 mmol) was dissolved in a
mixture of THF (100 mL) and CH2Cl2 (200 mL). LiAlH4 (7.6 g, 200 mmol)
was added to the ice-cooled solution and stirring continued for 48 h. After
careful hydrolysis of excess LiAlH4 with water (70 mL), NaOH (200 mL;
15% aq.) was added, and the product extracted with CHCl3. The organic
layer was separated, dried over MgSO4 and filtered, and the filtrate
evaporated to dryness. The residue was purified by chromatography
(CH3OH/Et2NH� 10:1) to yield 3.5 g (86 %) of product. 1H NMR
(CDCl3): d� 1.40 (d, J� 14 Hz, 2 H), 1.85 (d, J� 12 Hz, 2H), 2.14 (d, J�
11 Hz, 4 H), 2.46 ± 2.95 (m, 14H), 3.22 (td, J� 7, 3 Hz, 2H), 3.73 (s, 2H),
3.93 ± 4.08 (m, 10H); 13C NMR (CDCl3): d� 25.64, 47.02, 51.55, 53.40,
53.49, 58.20, 65.37, 65.76, 67.40, 70.26, 88.35; 1H NMR (CD3CN): d� 1.83 ±
3.07 (m, 20H, CyclamH) 3.62 (s, 4H, FcCH2), 3.95 ± 3.97 (m, 8H, FcH);
13C NMR (CD3CN): d� 26.77, 30.88, 47.86, 52.45, 54.35, 54.69, 59.47, 66.45,
66.88, 68.38, 71.23, 89.54; MS-FD: m/z : 411 [M]� .


Metal complexes of FcCyclam : Metal complexes of FcCyclam were
synthesized by an equimolar mixture of ligand and metal triflate in CH3CN
heating under reflux for 1 h. After evaporation of the solvent, the complex
was recrystallized from CH3CN/Et2O.


[Co(FcCyclam)](CF3SO3)2 : elemental analysis calcd (%) for C24H32CoF6-
FeN4O6S2 (765.44): C 37.56, H 4.47, N 7.30; found C 37.66, H 4.21, N 7.29.


[Ni(FcCyclam)](CF3SO3)2 : 1H NMR (CD3CN) : d� 1.81 ± 2.23 (m, 10H;
CyclamH), 2.47 ± 2.81 (m, 4H; CyclamH), 3.08 ± 3.34 (m, 6 H; CyclamH),
3.78 ± 4.02 (m, 4H; FcCH2), 4.53 ± 4.70 (m, 8H; FcH); 13C NMR (CD3CN):
d� 23.58, 51.00, 52.46, 58.26, 59.32, 59.81, 69.06, 70.70, 84.14; elemental
analysis calcd (%) for C24H32F6FeN4NiO6S2 (765.20): C 37.57, H 4.47, N 7.30;
found C 36.67, H 4.21, N 7.22.


[Cu(FcCyclam)](CF3SO3)2 : elemental analysis calcd (%) for C24H32CuF6-
FeN4O6S2 (770.0): C 37.43, H 4.19, N 7.28; found C 37.34, H 4.44, N 7.30.


[Zn(FcCyclam)](CF3SO3)2 : 1H NMR (CD3CN): d� 1.92 ± 2.33 (m, 4H;
NH), 2.77 ± 3.73 (m, 20H; CyclamH, FcCH2), 3.92 ± 4.74 (m, 8H; FcH);
13C NMR (CD3CN): d� 25.34, 46.71, 50.72, 56.45, 57.30, 62.36, 64.70, 68.68,
69.28, 72.55, 85.98; elemental analysis calcd (%) for C24H32F6FeN4O6S2Zn
(771.90): C 37.25, H 4.43, N 7.24; found C 36.34, H 4.18, N 7.26.


X-ray crystal structure determination : Crystals suitable for X-ray crystal
structure determinations were grown in the following manner: FcCyclam:
recrystallization from CH3CN; [Co(FcCyclam)](CF3SO3)2 and [Zn(FcCy-
clam)](CF3SO3)2: slow diffusion of Et2O into an CH3CN solution of the
complex; [Ni(FcCyclam)](CF3SO3)2 and [Cu(FcCyclam)](CF3SO3)2: slow
diffusion of Et2 O into an Me2CO solution of the complex. Suitable crystals
were mounted on top of a glass fiber. X-ray data were collected on an
Enraf-Nonius CAD4 diffractometer or on a Siemens AED diffractometer
with MoKa radiation (71.069 pm) and a graphite monochromator. All
structure calculations were made by using SHELX-97,[79] the structures
were refined against F 2 with anisotropic temperature coefficients for all
non-hydrogen atoms. Hydrogen atoms were refined with fixed isotropic
temperature coefficients and fixed site occupancy factors, but the
coordinates were free to refine. An empirical absorption correction based
on psi scans was applied.[35] Definition of R factors and goodness-of-fit







FULL PAPER H. Plenio et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2860 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 132860


(GooF): wR2� {S2s(I)[w(F 2
o ÿF 2


c �2]/S2s(I)[w(F 2
o �2]}1/2, R1�S2s(I) j jFo j


ÿjFc j j /S2 s(I) jFo j ; the goodness-of-fit is based on F 2 : GooF� {S2s(I)
[w(F 2


o ÿF 2
c �2]/(nÿ p)}1/2, in which n is the number of reflections and p is the


total number of parameters refined.
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Preparation of Dendritic and Non-Dendritic Styryl-Substituted Salens for
Cross-Linking Suspension Copolymerization with Styrene and Multiple Use of
the Corresponding Mn and Cr Complexes in Enantioselective Epoxidations
and Hetero-Diels ± Alder Reactions
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Dedicated to Professor K. Barry Sharpless on the occasion of his 60th birthday


Abstract: Following work with TAD-
DOLs and BINOLs, we have now pre-
pared Salen derivatives (2, 3, 14, 15, 18,
19, 20, 21) carrying two to eight styryl
groups for cross-linking copolymeriza-
tion with styrene. The Salen cores are
either derived from (R,R)-diphenyl eth-
ylene diamine (3, 15, 19, 21) or from
(R,R)-cyclohexane diamine (2, 14, 18,
20). The styryl groups are attached to
the salicylic aldehyde moieties, using
Suzuki (cf. 1) or Sonogashira cross-
coupling (cf. 11), and/or phenolic ether-
ification (cf. 5, 7) with dendritic styryl-
substituted FreÂchet-type benzylic
branch bromides. Subsequent condensa-
tion with the diamines provides the
chiral Salens. Corresponding Salens
lacking the peripheral vinyl groups (cf.
12, 13, 16, 17) were also prepared for
comparison of catalytic activities in
homogeneous solution with those in


polystyrene. Cross-linking radical sus-
pension copolymerization of styrene and
the styryl Salens, following a procedure
by Itsuno and FreÂchet, gave beads (ca.
400 mm diameter) which were loaded
with Mn or Cr (ca. 0.2 mmol of complex
per g of polymer), with more than 95 %
of the Salen incorporated being actually
accessible for complexation (by elemen-
tal analysis). The polymer-bound Mn
and Cr complexes were used as catalysts
for epoxidations of six phenyl-substitut-
ed olefins (m-CPBA/NMO; products
22 a ± f), and for dihydropyranone for-
mation from the Danishefsky diene and
aldehydes (PhCHO, C5H11CHO,


C6H11CHO, products 23 a ± c). There
are several remarkable features of the
novel immobilized Salens: i) The den-
dritic branches do not slow down the
catalytic activity of the complexes in
solution; ii) the reactions with Salen
catalysts incorporated in polystyrene
give products of essentially the same
enantiopurity as those observed in ho-
mogeneous solution with the dendriti-
cally substituted or with the original
Jacobsen ± Katsuki complexes; iii) some
Mn-loaded beads have been stored for a
year, without loss of activity; iv) espe-
cially the biphenyl- and the acetylene-
linked Salen polymers (p-2, -3, -20, -21,
Figure 2, 3) give Mn complexes of ex-
cellent performance: after ten uses
(without re-charging with Mn!) there is
no loss of enantioselectivity or degree of
conversion under the standard condi-
tions.


Keywords: asymmetric catalysis ´
cycloadditions ´ dendritic cross-link-
ers ´ epoxidations ´ polymer-bound
Salen


Introduction


The preparation and application of polymer-supported re-
agents and catalysts is a rapidly growing field in modern
synthetic chemistry. Solid-phase methodology plays a crucial
role in combinatorial chemistry and led to a tremendous


progress in this area.[1±3] Simultaneously, the importance of
enantioselective synthesis has increased during the last
decades, due to development of a great variety of highly
effective catalysts for all kinds of enantioselective trans-
formations.[4±6] Unfortunately, such catalysts are often very
expensive and, in addition, have to be separated from the
reaction mixture after use so that their application for the
industrial production of chemicals is rather limited. In order
to overcome these drawbacks, it is favorable to bind such
catalysts to a polymer support which allows easy separation
from the reaction mixture and reuse in many consecutive
catalytic cycles.[7±14] In this way, even chemically sophisticated
and expensive catalytic systems might become attractive for
large-scale production. Also, chiral ligands or catalysts can be
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bound to a soluble support. In this case, the catalytic process
can be performed under homogeneous conditions with the
advantage that the desired micro-environment around the
catalytic sites is generated, due to the very ªflexible natureº of
the supported catalyst; the major disadvantage is the recovery
of the soluble catalyst from the reaction mixture. In contrast,
immobilization of catalysts on heterogeneous supports allows
easy separation from the reaction mixture by simple filtration
and thus facilitates the handling of such catalysts tremen-
dously. Unfortunately, heterogeneous catalysts prepared in
this way are often less active than their homogeneous
counterparts due to the fact that diffusion of substrates and
products to and from the catalytic centers on the support is
hindered. It should, however, also be pointed out that
sometimes aggregation of several complexes leads to the
actual catalytically most active species (in solution, cf. non-
linear effects[15]), and such aggregation is of course prevented
on a very rigid polymer support, and especially with low
degree of loading.


Several years ago, we have immobilized the TADDOL
(TADDOL � a,a,a',a'-tetraaryl-1,3-dioxolane-4,5-dimethanol)
on polystyrene, a versatile ligand for many enantioselective
transformations,[16, 17] developed in our laboratory.[18] For prac-
tical reasons, suspension copolymerization of suitable TAD-
DOL precursors with styrene and divinyl benzene (DVB) to
give polymer beads, which are easy to handle, was our preferred
way of immobilization at the time.[19] In 1997 we began to use
dendritically modified TADDOLs with styryl groups at the
periphery as cross-linkers in polystyrene, without the use of an
additional cross-linker, as for example DVB.[20] This was in
fact the first application of dendrimers as polymer cross-
linkers. Having shown that TADDOLs, immobilized in this
way, have an excellent catalytic activity,[21] we turned to the
immobilization of 1,1'-bi-2-naphthol (BINOL) in the same way,
confirming the high potential of this new way of immobilization
in various Lewis acid mediated test reactions.[22] As already
stated, we consider suspension copolymerization as a very useful
way of binding a chiral ligand to a solid polymer support.
Grafting of the desired ligand onto a commercially available
polymer, as for example a Merrifield resin, or copolymeriza-
tion of a mono-styryl substituted ligand with styrene/DVB
requires a smaller synthetic effort, but immobilization ªin our
wayº (i.e. , copolymerization of a chiral cross-linking ligand
with styrene) offers certain advantages: The polymers gen-
erated this way contain cavities around the catalytic sites
within the polymer matrix that are likely to be chiral. Similar
to the method of molecular imprinting in highly cross-linked
polymer resins (developed by Wulff and his group[23, 24]) chiral
cavities could leadÐin an enzyme-like wayÐto an increase in
catalytic performance of a polymer-bound catalyst in our case.
In fact, a polymer-bound TADDOL, prepared by copolymer-
ization of a cross-linking TADDOL dendrimer with styrene,
showed a rate increase with respect to the homogeneous
reaction in the Ti-TADDOLate mediated addition of Et2Zn
to PhCHO.[21] This was not the case with polymers prepared
by copolymerization of a mono-styryl TADDOL with styrene/
DVB. Furthermore, the C2-symmetrical cross-linkers might
serve as chiral templates for the polymerization of styrene to
generate chiral polystyrene.[25]


In order to further extend this new and promising approach
and motivated by the success with our TADDOLs and
BINOLs, we have now immobilized Salen in the same way.
There have already been quite a number of attempts of
immobilizing Salen on inorganic supports,[26] as for example
on zeolites, within a polysiloxane membrane[27] and on organic
polymer supports, for use in Mn-Salen mediated enantiose-
lective epoxidation of olefins[28±31] and kinetic resolution of
terminal epoxides.[32] However, Salens immobilized on organ-
ic polymer supports have often given rather disappointing
results in heterogeneous enantioselective epoxidations.[28±30]


Quite recently, Sherrington reported for the first time on a
polymer-bound Mn-Salen with a catalytic activity comparable
to that of the homogeneous catalyst (epoxidation of 1-phenyl
cyclohexene).[31]


In order to compare our approach of immobilization in a
cross-linking fashion with other existing methods special focus
was put on the use of dendritically modified Salen cross-
linkers, especially in multiple use. Preparation of the Salen
cross-linkers, copolymerization with styrene and application
of the polymer-bound catalysts in various test reactions are
the subjects of the present paper.


Results and Discussion


Preparation of Salen cross-linkers 2 and 3 : The simplest way
of generating a Salen cross-linker for styrene copolymeriza-
tion is to introduce styryl groups at both aromatic units of the
Salen core. Thus, the linear biphenyl branch 1 was generated
by Suzuki cross-coupling of 3-tert-butyl-5-bromo salicylic
aldehyde[33] and styrene boronic acid[34] (Scheme 1).[35] Very
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Scheme 1. Preparation of the biphenyl arm 1 by Suzuki coupling.
Conditions: [Pd(PPh3)4], 2m Na2CO3, THF, 70 8C, 77 %. The Salen
monomers 2 and 3 were prepared by condensation of 1 with the
corresponding diamines.
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remarkably, no protection of the aldehyde or OH functions of
the aldehyde was necessary. Condensation of 1 with (R,R)-1,2-
cyclohexane diamine or (R,R)-1,2-diphenyl ethylene diamine
under standard conditions afforded 2 and 3 in 83 and 91 %
yield, respectively.[28b, 29b] In contrast to this procedure, Suzuki
cross-coupling of the Salen, prepared by condensation of
3-tert-butyl-5-bromo salicylic aldehyde with the diamine, and
styrene boronic acid was not successful due to very slow
conversion.


Preparation of first- and second-generation dendritic salicylic
aldehyde branches : The main focus of this work was put on
the investigation of dendritically cross-linked Salen copoly-
mers. In order to compare the catalytic activity of the
polymers to be prepared with the corresponding Salen
dendrimers under homogeneous reaction conditions we also
synthesized the analogous compounds lacking the vinyl
groups. We decided to assemble the Salen cross-linkers by
condensation of the corre-
sponding dendritic salicylic al-
dehyde branches with the de-
sired diamine. As described for
the preparation of 2 and 3, the
strategy of first preparing the
desired salicylic aldehyde de-
rivative followed by condensa-
tion with the diamine appeared
to be more promising than
coupling of branches to a pre-
formed Salen core structure.
Thus, etherification of 3-tert-
butyl-5-hydroxy-salicylic alde-
hyde[28d] with first-generation
dendritic branches 4 a[36] and
4 b[22] afforded salicylic alde-


hyde derivatives 5 a and 5 b without and with vinyl groups in
yields of 53 and 60 %, respectively (Scheme 2).


Analogously, second-generation salicylic aldehyde branch-
es 7 a and 7 b were prepared by mono-etherification of 3-tert-
butyl-5-hydroxy-salicylic aldehyde with benzylic bromides
6 a[36] and 6 b[22] (Scheme 3).


One of the main applications of chiral Salen ligands is the
manganese-mediated epoxidation of olefins.[37] We anticipat-
ed that Salen systems prepared from salicylic aldehyde
branches 5 a,b and 7 a,b might be sensitive to oxidation under
the reaction conditions due to the fact that they are hydro-
quinone derivatives. Therefore, we prepared the dendritic
branch compound 11 with an acetylene linkage between the
dendritic subunit and the salicylic aldehyde part which was
expected to be much more stable under oxidative conditions
than the branch compounds described above. The acetylene
spacer moiety was introduced by Sonogashira cross-cou-
pling[38] of 3-tert-butyl-5-bromo salicylic aldehyde[33] with
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Scheme 2. Preparation of dendritic branches 5 a and 5b by etherification reaction of 3-tert-butyl-5-hydroxy
salicylic aldehyde with the benzyl bromides 4a and 4b. Conditions: K2CO3, KI, acetone, 70 8C, 6 h.
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Scheme 3. Preparation of second-generation dendritic salicylic aldehyde branches 7a and 7 b. Conditions: K2CO3, KI, acetone, 70 8C, 4 h.
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ethinyl trimethyl silane to give the alkinyl derivative 8 in
quantitative yield (Scheme 4). Again, no protection of func-
tional groups was necessary. The desilylation of 8 caused
problems: addition of TBAF to its solution in THF gave the
deprotected product 9 in only 27 % yield, due to oligomeriza-
tion. The acetylene moiety reacts with the aldehyde group
under these reaction conditions. Therefore, the deprotection
was performed with TBAF in THF in the presence of 1n HCl,
giving 9 in 82 % yield after 20 h. Subsequent Sonogashira
coupling with the dendritic aryl iodide branch compound 10,
prepared by etherification of 4 b[22] with commercial 4-iodo
phenol, afforded the desired dendritically modified salicylic
aldehyde derivative 11 (63 %, Scheme 4).[38, 39]


Preparation of Salen dendrimers : The dendrimers 12 ± 21 with
and without peripheral vinyl groups were prepared by heating
a solution of dendritic branches 5 a,b, 7 a,b or 11 and the
desired diamine in EtOH for several hours (Scheme 5).[28b, 29b]


In most cases, the dendrimers were obtained in yields between
75 and 95 % after purification by flash column chromatog-
raphy, and they were fully characterized by 1H NMR,
13C NMR, and IR spectroscopy, by MALDI-TOF or Hi-Res-
MALDI spectrometry, and by elemental analysis.


Epoxidation of olefins under homogenous conditions using
dendritic Salen ligands 12, 13, 16, and 17: Before immobilizing
dendritically substituted Salens in polystyrene and investigat-
ing the catalytic properties of their manganese complexes we
had to check whether the dendritic modification gives rise to
any change in the catalytic activity in solution. Thus, Salens 12,
13, 16, and 17 were loaded with Mn by heating a solution of


Salen and Mn(OAc)2 ´ 4 H2O for several hours in EtOH/
toluene, while air was bubbled through the reaction mixture,
followed by stirring at room temperature for a further 12 h in
the presence of LiCl (following published procedur-
es[28, 29b, 33]). The epoxidation reactions were generally run
with 20 mol % of Mn-Salen,[40] two equivalents of m-chloro-
perbenzoic acid (m-CPBA) as oxidant and five equivalents of
4-methylmorpholine-N-oxide (NMO) as additive in CH2Cl2 at
ÿ20 8C (Scheme 6).[41]


As shown in Scheme 6, we used several different phenyl
substituted olefins as test substrates. The results are collected
in Table 1. The selectivities and conversions obtained in the
epoxidation of styrene (! 22 a) with Salens 12 and 16 were
comparable to those obtained with the corresponding (and
commercially available) Jacobsen catalyst under identical
conditions (er 75:25, conversion complete after 1 h). 3-Methyl
styrene (! 22 b) was oxidized in very similar selectivities and
conversions. For both substrates, the enantiomer ratios in the
epoxides formed using the diphenyl-ethylenediamine-derived
Salens 13 or 17 were higher than those achieved with the
cyclohexane diamine-derived Salens 12 and 16 (Table 1). The
epoxidation of (E)-phenylpropene (! 22 c) proceeded with
lower enantioselectivities, in accordance with literature da-
ta.[37a] In contrast, enantiomerically highly enriched products
and high degrees of conversions were observed with dendriti-
cally modified Salens 12, 13, 16, and 17 in the epoxidation of
1-phenyl cyclohexene (! 22 d), again comparable with the
results obtained with the simple unsubstituted Jacobsen
catalyst.[31, 42] Also, epoxidation of dihydronaphthalene (!
22 e) gave rise to high enantioselectivities, again similar to the
results obtained with unsubstituted Jacobsen catalyst under
the same conditions (er 91:9, conversion complete after


15 minutes), whereas in the
case of trans-stilbene (! 22 f)
the enantiomer ratios were
poor. In summary, modification
of Salen ligands with dendritic
branches up to the second gen-
eration does not affect the cat-
alytic performance in a nega-
tive way. The selectivities ob-
tained in homogeneous
solution using Salens 12, 13,
16, and 17 are similar to those
reported for the classical Jacob-
sen catalyst under comparable
conditions. Furthermore, there
seems to be no dependence of
the catalytic activity from the
size of the dendritic branches
attached to the Salen core ±
second-generation Salens 16
and 17 gave, in most cases,
similar results as the first-gen-
eration Salens 12 and 13, in
contrast to the observations
made during our work on poly-
mer-bound TADDOL[20] and
BINOL[22]!
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Scheme 4. Preparation of dendritic salicylic aldehyde branch 11. Conditions: a) ethinyl trimethyl silane,
[PdCl2(PPh3)2], CuI, THF, NEt3, 70 8C, 12 h, quant.; b) TBAF ´ 3H2O, THF/1n HCl, 20 h, 82%; c) 4 b, K2CO3, 18-
crown-6, acetone, 70 8C, 5 h, 92%; d) 9, [PdCl2(PPh3)2], CuI, THF, NEt3, 70 8C, 12 h, 63%.
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Copolymerization of Salen cross-linkers with styrene to give
polymer-bound Salen ligands and complexes thereof : Having
shown that Salen ligands with attached dendritic branches are
catalytically highly active, we have immobilized the styryl
derivatives 2, 3, 14, 15, and 18 ± 21 in polystyrene by
suspension copolymerization using a procedure by Itsuno
and FreÂchet.[43] A solution of cross-linkers 2, 3, 14, 15, or 18 ±
21, styrene and azoisobutyronitrile (AIBN) in benzene and
THF was mixed with an aqueous solution of poly(vinyl
alcohol) (PVA) under constant stirring and heating at 85 8C
for 24 h (Scheme 7). During this radical polymerization


process spherical beads of cross-linked polystyrene were
formed, with an average diameter of 500 mm and swelling
factors between 2.5 and 4 in solvents such as toluene, CH2Cl2


or THF. After extensive washing with various solvents the
polymer beads were collected by size, using a set of sieves with
different mesh widths. In most cases the polymers were
obtained in quantitative yield so that the loading (mmol Salen
per g polymer) was directly calculated from the stoichiometric
amounts of monomers used. Having experienced in our
previous work[22] with the copolymerization of non-protected
BINOL and styrene that the free phenolic OH groups
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Scheme 5. Dendrimers 12 ± 21 prepared by condensation of branches 5a, 5b, 7 a, 7 b, and 11 with the corresponding diamines.
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Scheme 6. Epoxidation of various olefins mediated by Mn-Salens 12 ´ ,
13 ´ , 16 ´ and 17 ´ Mn(Cl) in homogeneous solution to give epoxides 22 a ± f.
The corresponding Mn-Salens were prepared according to literature
procedures.[28, 29b, 33]


suppressed the polymerization, we were surprised to see that
in the case of the Salen derivatives (bearing a tert-butyl group
at each phenolic moiety) no problems during copolymeriza-
tion were encountered. After all, 2,6-di-tert-butyl-phenols are
widely used as antioxidants (radical traps) in plastic materi-
als.[44] Nevertheless, in order to make sure that all cross-
linking Salen moieties were covalently incorporated into the
resin and that no decomposition products from cross-linkers
remained, the beads were extensively washed with THF, a
solvent in which they swell well: by NMR measurements with


Cross linker
2, 3, 14, 15, 18 - 21


+


Suspension Copolymerisation


benzene, THF/H2O, PVA


AIBN, 90°C, 20h


Salen-Copolymers
p-2, p-3, p-14, p-15, p-18 - p-21


(36 - 60 equiv)


Scheme 7. Suspension copolymerization of cross-linkers 2, 3, 14, 15, 18 ± 21
with styrene to give Salen/styrene copolymers p-2, p-3, p-14, p-15, p-18 ±
p-21. Conversions were complete in most cases so that ligand loadings
were calculated by the relative amounts of monomers used. Loadings:
0.13 ± 0.20 mmol gÿ1.


the residues of the washing fractions no unpolymerized Salen
derivatives or decomposition products were detected.


Epoxidation reactions of olefins catalyzed by polymer-bound
Mn-Salens : For loading with Mn the beads were suspended in
DMF/EtOH, in the presence of ten equivalents of Mn-
(OAc)2 ´ 4 H2O; the beads changed color from yellow to black,
immediately (Figure 1). Heating of the suspension under


Figure 1. Polymer beads of p-14 before (yellow) and after (black) loading
with manganese.


reflux for 3 h, with air bubbling through the mixture, was
followed by addition of 20 equivalents of LiCl and stirring at
room temperature for 12 h, to give polymer-bound Mn-Salens
p-2 ´ , p-3 ´ , p-14 ´ , p-15 ´ , p-18 ´ , p-19 ´ , p-20 ´ and p-21 ´
Mn(Cl).[28b, 31, 45] After the loading process, it was very
important to wash the beads extensively with THF (to remove
excess Mn salts and LiCl). The resulting supported Mn-Salens
were stable to air, and even after storage for one year
catalytically as active as directly after loading. Elemental
analysis showed that in most charges the experimentally


Table 1. Selectivities and conversions obtained in the epoxidation of
various olefins, mediated by Mn complexes of Salens 12, 13, 16, and 17 in
homogeneous solution to give epoxides 22 a ± f under the conditions
outlined in Scheme 6. With the Jacobsen catalyst the following selectivities
and conversions were obtained under the same conditions (conversion in
both cases complete after 30 minutes): 22 a : er 75:25; 22e : er 91:9.


Epoxide 22 Salen Conversion [%][a] er


a 12 87 73:27
a 13 80 83:17
a 16 79 72:28
a 17 82 84:16
b 12 94 76:24
b 13 83 84:16
b 16 92 76:24
c 12 90 53:47
c 13 58 55:45
c 16 80 53:47
d 12 90 96:4
d 13 75 92:8
d 16 83 95:5
d 17 76 89:11
e 12 94 89:11
e 13 97 90:10
e 16 93 91:9
e 17 98 89:11
f 12 12 57:43
f 13 7 52:48
f 16 8 59:41


[a] After 30 min, determined by capillary gas chromatography (CGC).
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determined loading of the beads with manganese correspon-
ded to the theoretical values, as shown in the following
examples: p-14 ´ Mn(Cl) (loading 0.2 mmol gÿ1), theoretical
Mn content 1.08 %, found 1.03 %; p-15 ´ Mn(Cl) (loading
0.2 mmol gÿ1), theoretical Mn content 1.08 %, found 1.12 %.


The epoxidation reactions were generally carried out by
suspending the beads in CH2Cl2, adding an olefin and NMO,
cooling to ÿ20 8C and finally adding m-CPBA (Scheme 8).


R4


R1 R2
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R4


R1 R2


R3


O


22a-f


0.2 equiv
 p-2•, p-3•, p-14•, p-15•, p-18•, p-19•, p-20•, p-21•Mn(Cl)


2 equiv m-CPBA, 5 equiv NMO 
CH2Cl2, - 20°C, 30 min


• filtering of the reaction mixture
• washing of the polymers with CH2Cl2
• workup of the reaction solution and GC analysis
• reuse of the supported catalyst


Scheme 8. Multiple application of polymer supported Mn-Salens in the
epoxidation of olefins to give epoxides 22a ± f (see Scheme 6).


After 30 minutes, the reaction solution was withdrawn by
syringe and the polymer beads were washed several times
with CH2Cl2. Basic workup of the organic phases afforded the
crude product which was analyzed by capillary gas chroma-
tography (CGC) on a chiral column to provide the ratio of
enantiomeric epoxides 22 as well as the content of unreacted
olefin.[46]


The catalytic performance of the polymer-bound Mn-
Salens was tested using the same substrates as in the
homogeneous reaction (Scheme 6). The results are collected
in Table 2. In the epoxidation of styrene and 3-methyl styrene
to the epoxides 22 a and 22 b almost the same enantioselec-
tivities were observed as in solution (see Table 1). As in the
homogeneous reaction the complexes derived from Salens
with a diphenyl ethylene diimine moiety (p-3 ´, p-15 ´, p-19 ´
and p-21 ´ Mn(Cl)) gave rise to higher enantioselectivities
than the polymers containing cyclohexane diamine derived
Salen cross-linkers (p-2 ´, p-14 ´, p-18 ´ and p-20 ´ Mn(Cl)).
Furthermore, polymers p-2 ´ and p-3 ´ Mn(Cl), with the styryl
groups directly attached to the Salen core, as well as p-20 ´ and
p-21 ´ Mn(Cl), containing an acetylene spacer between Salen
core and dendritic branches, showed complete conversion
after a reaction time of 30 minutes. The results for the
epoxidation of styrene are by far the best reported up until
now for Mn-Salen complexes immobilized on organic sup-
ports. The epoxidation of (E)-phenylpropene (! 22 c),
mediated by p-15 ´ Mn(Cl), proceeded with very low enan-
tiomer ratios and with low conversions, as in homogeneous
solution (Table 1). The reason for testing a substrate under


heterogeneous conditions that gives rise to very poor enan-
tioselectivities in solution was to check whether immobiliza-
tion of Salen (site isolation of catalytic centers) has a positive
effect on the catalytic performance (i.e. , by change of the
mechanism of epoxidation on solid support). This seemed not
to be the case for 22 c. In contrast, ver good results were
obtained for the epoxidations of 1-phenyl cyclohexene (!
22 d) and dihydronaphthalene (! 22 e). For 22 d almost the
same enantiomer ratios (er up to 92:8) as in solution (er up to
96:4, Table 1) were observed whereas the enantioselectivities
for 22 e (es up to 81 %) were slightly reduced with respect to
the homogeneous reaction (es up to 91 %, Table 1). In both
cases the best results were obtained with polymers p-14 ´ and
p-18 ´ Mn(Cl) containing cyclohexane diamine derived Salen
cross-linkers. However, trans-stilbene gave rise to very poor
enantiomer ratios and very low conversions. Again, as in the
case of (E)-phenylpropene, it was not possible to increase the
catalytic performance by binding of Salen to a solid support.


In summary, the performance of Salen cross-linked poly-
mers in epoxidation reactions was in all cases comparable to
that observed under homogeneous conditions. According to
our knowledge, the present work represents the first example
of a Salen system immobilized on an organic support that
exhibits a good catalytic activity towards a broad range of
substrates. Placing the catalytic moiety at the cross-link of the
polymer within a dendritic environment generates polymers
that are catalytically highly active.


Multiple application of polymer-bound Mn-Salens in enan-
tioselective epoxidations of olefins : Having shown that a
variety of olefins can be epoxidized in very good enantiose-


Table 2. Selectivities and conversions obtained in the epoxidation of
various olefins, mediated by Mn complexes of polymer-bound Salens p-2,
p-3, p-14, p-15, p-18 ± p-21 to give epoxides 22a ± f (see Scheme 6) under the
conditions shown in Scheme 8. The loading of the polymers was
0.20 mmol gÿ1 unless otherwise stated.


Epoxide 22 Salen-polymer Conversion [%][b] er


a p-2 quant. 71:29
a p-3 quant. 81:19
a p-14 74 73:27
a p-15 61 78:22
a p-18 88 70:30
a p-19 56 77:23
a p-20[a] quant. 72:28
a p-21[a] quant. 80:20
b p-2 quant. 71:29
b p-3 quant. 77:23
b p-14 75 74:26
b p-15 42 75:25
c p-15 35 52:48
d p-14 75 92:8
d p-15 49 84:16
d p-18 72 90:10
d p-19 49 79:21
e p-14 88 81:19
e p-15 74 75:25
e p-18 90 79:21
e p-19 80 69:31
f p-14 9 61:39
f p-15 8 51:49


[a] Loading: 0.13 mmol Salen per g polymer. [b] After 30 min, determined
by CGC.
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lectivities and conversions we turned to the reusability of our
catalysts. Due to the big synthetic effort of preparing a
polymer-bound catalyst (first the synthesis of suitable poly-
merizable precursors, then the immobilization) it is of utmost
importance to demonstrate its reusability in many catalytic
cycles. Polymers p-2 ´ and p-3 ´ Mn(Cl) each were recycled ten
times in the enantioselective epoxidation of styrene and
3-methyl styrene (Figure 2). The epoxides 22 a and 22 b were


Figure 2. Multiple use of supported Mn-Salens p-2 ´ and p-3 ´ Mn(Cl) in
the enantioselective epoxidation of a) styrene (!22 a) and b) 3-methyl
styrene (!22 b), cf. Scheme 8.


obtained without any drop in enantioselectivity and conver-
sion (always quantitative after a reaction time of 30 minutes)
over ten cycles. This was the first time that a polymer-bound
Salen could be recycled effectively without any loss in
performance.


Encouraged by this fact, we also tried to reuse the
dendritically cross-linked polymers p-14 ´ and p-15 ´ Mn(Cl),
as often as possible, in the epoxidation of styrene (!22 a)
(Figure 3). Unfortunately the drop in selectivity and con-
version was very pronounced in both cases, especially with
polymer p-15 ´ Mn(Cl), containing a diphenyl ethylene di-
amine derived Salen cross-linker, which, after ten cycles, gave
rise to almost racemic product 22 a. Our first assumption was
that loss in activity was due to leaching of manganese from the
polymers. However, reloading of, for example, polymer p-15 ´
Mn(Cl) with manganese after ten cycles, as described above,
did not reinstall the original activity: 22 a was obtained with an
enantiomer ratio of 52:48 instead of 51:49 before reloading,


and the conversion decreased even further. This means that in
repeated uses of manganese complexes of polymers p-14 and
p-15 irreversible inactivation occurs. Probably the Salen units
within these polymers are readily oxidized under the reaction
conditions, due to the hydroquinone structure of the Salen
cores. Very recently, Sherrington reported that recycling of a
supported Mn-Salen, anchored to the resin via a benzyl ether
linkage, failed.[31b] Furthermore, reloading of Sherrington�s
supported ligand with manganese did not reinstall the original
performance of the catalyst, in accordance with our observa-
tions.[31b] Leaching of Salen from the polymer, a further
possible reason for the decline in catalytic performance, could
be excluded in our case as Salen or Salen-derived decom-
position products were never detected by NMR spectroscopy
of the crude reaction mixtures.


As we had not encountered recycling problems with
polymers p-2 ´ and p-3 ´ Mn(Cl), bearing the original styryl
groups directly attached to the Salen core, we concluded that
it would probably be favorable to introduce an acetylene
spacer between the dendritic branches and the Salen core in
order to diminish the sensitivity to oxidation (as discussed
above). It turned out that this approach was in fact very
successful. Polymers p-20 ´ and p-21 ´ Mn(Cl) could be recy-
cled ten times without significant loss in enantioselectivity and
conversion (Figure 3). These results prove that loss in catalytic
performance of polymers p-14 ´ and p-15 ´ Mn(Cl) is very
likely due to oxidation of the Salen moieties under the
reaction conditions.


Figure 3. Comparison of polymer-bound Mn-Salens p-14 ´ and p-20 ´
Mn(Cl) (a) as well as p-15 ´ and p-21 ´ Mn(Cl) (b) during multiple use in
the enantioselective epoxidation of styrene (!22 a), cf. Scheme 8.
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Hetero-Diels ± Alder reaction of Danishefsky�s diene with
various aldehydes mediated by polymer-bound Salens : The
growing importance of asymmetric hetero-Diels ± Alder re-
actions can be attributed to the development of a number of
very effective catalysts.[47] In 1998 Jacobsen demonstrated that
Cr-Salen complexes can be employed for asymmetric hetero-
Diels ± Alder reactions of Danishefsky�s diene with aldehydes
to give dihydropyranones in good enantioselectivities.[48] We
decided to test this reaction using polymers p-2, p-14, and p-20
containing a cyclohexane diamine-derived Salen. For loading
of the catalysts with chromium, the polymer beads were
suspended in THF and CrCl2 was added. The beads immedi-
ately changed color from yellow to brown. Stirring under Ar
for 3 h and with contact to air for 12 h, followed by extensive
washing with THF, afforded p-2 ´ , p-14 ´, and p-20 ´ Cr(Cl).
The hetero-Diels ± Alder reactions were generally performed
using 0.02 equivalents of polymer-bound Cr(Cl)-Salen and
one equivalent of diene and aldehyde, respectively (on the
1 mmol scale), in tert-butyl methyl ether (TBME) at room
temperature (Scheme 9). After a reaction time of 24 h a
sample was withdrawn from the reaction mixture for deter-
mination of the conversion by CGC. The reaction solution was
filtered off and the beads were washed with Et2O. After
treatment of the combined organic fractions with trifluoro
acetic acid (TFA) and purification by flash column chroma-
tography the enantiomer ratios of cycloadducts 23 a ± c were
determined by CGC using a chiral column (Scheme 9).


TMSO


OMe


O


H R


O


O


R


+


23a-c


a: R = C6H5; b: R = pentyl, c: R = cyclohexyl


0.02 equiv. p-2•, p-14• and p-20• Cr(Cl)
TBME, RT, 20h


• filtering of the reaction mixture
• washing of the polymers with Et2O
• addition of TFA to the reaction solution and workup
• GC analysis of the pure cycloadduct
• reuse of the supported catalyst


Scheme 9. Multiple application of polymer supported Cr-Salens p-2 ´ ,
p-14 ´ and p-20 ´ Cr(Cl) in the hetero-Diels ± Alder reaction of Danishef-
sky�s diene with various aldehydes to give cycloadducts 23.


The results for benzaldehyde, capronaldehyde and cyclo-
hexane carboxaldehyde are summarized in Table 3. In all
cases selectivities were achieved that were only slightly lower
than in homogeneous solution under identical conditions.[49]


For all three aldehydes tested, the lowest selectivities were
obtained with p-20 ´ Cr(Cl), the manganese analogue of which


had given rise to the best results during multiple use in the
epoxidation of styrene. Furthermore, the cycloadditions
proceeded very slowly in the case of cyclohexane carbox-
aldehyde. Jacobsen had shown that the best enantioselectiv-
ities and conversions were obtained using a Salen-Cr(BF4)
complex.[48] This complex is prepared in solution by treatment
of the corresponding Salen-Cr(Cl) complex with AgBF4 to
give a heterogeneous reaction mixture.[48] Generation of the
polymer-bound Cr(BF4)-Salen complex by exchange of the
counterion in the supported Cr(Cl)-Salen was, thus, not
possible. In order to circumvent this problem, p-2 ´ Cr(BF4)
was generated by preforming 2 ´ Cr(BF4) in solution, followed
by copolymerization. The complex p-2 ´ Cr(F) was prepared
by addition of NaF to a suspension of p-2 ´ Cr(BF4) in
acetonitrile/THF.[48] Unfortunately, p-2 ´ Cr(BF4) and p-2 ´
Cr(F) did not give rise to better enantiomer ratios and
conversions in the cycloaddition of capronaldehyde with
Danishefsky�s diene (Table 3).


Again, we turned our attention to the reusability of the
catalysts. Figure 4 shows the enantioselectivities in the
formation of cycloadducts 23 a and b by reaction of Dani-
shefsky�s diene with PhCHO or capronaldehyde in five
consecutive catalytic cycles. Very surprisingly, in the case of
p-2 ´ and p-14 ´ Cr(Cl), the enantioselectivity with which the
dihydropyranones 23 were formed, steadily increased during
multiple use to reach the values of the homogeneous reaction
(Table 3) while the conversion gradually dropped. In contrast,
p-20 ´ Cr(Cl) could be recycled up to ten times without loss of
conversion (only the first five cycles are shown in Figure 4)
and with essentially constant enantioselectivity. Thus, also in
case of the hetero-Diels ± Alder reaction, the polymer p-20 ´
Cr(Cl) prepared from a Salen cross-linker containing acety-
lene spacers between dendritic branches and Salen core
exhibits a superior performance with respect to recycling
compared with the corresponding polymer p-14 ´ Cr(Cl), built
from a Salen cross-linker with the dendritic branches directly
attached to the core by etherification.


Table 3. Hetero-Diels ± Alder reaction of Danishefsky�s diene with alde-
hydes, catalyzed by polymer-bound Cr-Salens, according to Scheme 9. The
selectivities obtained with simple unsubstituted Cr(Cl)-Salen are the
following: 23a : er� 80:20; 23 b : er� 89:11; 23c : er� 87:13.


Catalyst Loading Cycloadduct 23 er (23) Conversion[a] [%]
[mmol gÿ1]


p-2 ´ Cr(Cl) 0.20 a 78:22 74
p-14 ´ Cr(Cl) 0.13 a 79:21 67
p-20 ´ Cr(Cl) 0.13 a 75:25 82
p-2 ´ Cr(Cl) 0.20 b 85:15 79
p-2 ´ Cr(F) 0.20 b 85:15 58
p-2 ´ Cr(BF4) 0.20 b 85:15 27
p-14 ´ Cr(Cl) 0.13 b 86:14 70
p-20 ´ Cr(Cl) 0.13 b 85:15 73
p-2 ´ Cr(Cl) 0.20 c 85:15 60
p-14 ´ Cr(Cl) 0.13 c 86:14 41
p-20 ´ Cr(Cl) 0.13 c 82:18 36


[a] After a reaction time of 24 h.
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Figure 4. Multiple use of Cr-Salen polymers p-2 ´ , p-14 ´ and p-20 ´ Cr(Cl)
in the hetero-Diels ± Alder reaction of Danishefsky�s diene with
a) benzaldehyde (!23 a) and b) capronaldehyde (!23b), cf. Scheme 9.


Conclusion


In the present paper we have demonstrated that Salen ligands
can be successfully immobilized on polystyrene by copoly-
merization of suitable cross-linking styryl derivatives with
styrene. Polymer-bound manganese complexes were employed
for the enantioselective epoxidation of various olefins giving
rise to selectivities that were comparable with the results in
solution. Furthermore, we have demonstrated for the first
time that immobilized Salens can be recycled up to ten times
without loss of activity in Mn-Salen mediated epoxidations.
The high catalytic activity of the Salen copolymers was also
shown in the Cr-Salen catalyzed hetero-Diels ± Alder reaction
of Danishefsky�s diene with aldehydes. For the first time we
have shown that this reaction can be performed using a
polymer-bound Salen complex affording the corresponding
cycloadducts in the same selectivities as under homogeneous
conditions. In addition, multiple use of the supported Cr-Salen
complexes in consecutive catalytic cycles is possible.


Experimental Section


General : Starting materials and reagents : The solvents used in the reactions
were of p.a. quality or purified and dried according to standard methods.
4-Methylmorpholine-N-oxide monohydrate (NMO) was heated at 110 8C
under reduced pressure for 24 h to remove water. tert-Butyl methyl ether
(TBME), capron aldehyde (C5H11CHO) and benzaldehyde were distilled
prior to use. All other chemicals were used as commercially available.


Equipment : TLC: precoated silica gel 25 Durasil UV254 plates (Macherey ±
Nagel); visualization by UV254 light, development using phosphomolybdic
acid solution (phosphomolybdic acid (25 g), Ce(SO4)2 ´ 4H2O (10 g), H2SO4


(60 mL), H2O (940 mL)). Flash column chromatography: SiO2 60 (0.040 ±
0.063 mm, Fluka), pressure 0.2 ± 0.3 bar. M.p.: open glass capillaries, Büchi
510 (Tottoli apparatus), 50 8C range Anschütz thermometers, uncorrected.
[a]D at RT (ca. 20 8C) Perkin ± Elmer 241 polarimeter (p.a. solvents, Fluka).
Capillary gas chromatography (CGC): Carlo Erba GC 8000; column:
Supelco b-Dex (30 m� 0.25 mm); injector temperature 200 8C, detector
temperature 225 8C (FID); carrier gas: H2. 1H and 13C NMR spectra:
Bruker AMX-300, AMX-400, AMX-II-500, Varian XL-300, Gemini-200 or
Gemini-300; d in ppm downfield of TMS (d� 0). IR: CHCl3 solutions;
Perkin ± Elmer FT-IR 1600; (s� strong, m�medium, w�weak). MS:
Hitachi-Perkin ± Elmer RMU-6M (EI), Ion Spec Ultima 4.7 FT Ion
Cyclotron Resonance (ICR) mass spectrometer (Hi-Res-MALDI), matrix:
2,5-dihydroxy benzoic acid (2,5-DHB), fragment ions in m/z with relative
intensities (%) in parentheses; MALDI-TOF-spectra: Bruker Reflex
Spectrometer (N2 laser, 337 nm), matrix: 2,5-dihydroxy benzoic acid (2,5-
DHB). Elemental analyses were performed by the Microanalytical
Laboratory of the Laboratorium für Organische Chemie (ETH Zürich).


Etherification reaction of 3-tert-butyl-5-hydroxy salicylic aldehyde with
dendritic branch bromides to give dendritic salicylic aldehyde derivatives.
General procedure I (GP I): K2CO3 (1 equiv) and KI (0.01 equiv) were
subsequently added to a solution of 3-tert-butyl-5-hydroxy salicylic
aldehyde[28d] (1 equiv) and dendritic branch bromide (1 equiv) in acetone
and the suspension was heated under reflux for several hours. After cooling
to room temperature, CH2Cl2, and H2O were added, the layers were
separated and the aqueous layer was extracted (2�CH2Cl2). After drying
over MgSO4 the solvent was evaporated under vacuum and the resulting
residue was purified by flash column chromatography.


Preparation of dendritic Salens by condensation of diamines with dendritic
salicylic aldehyde derivatives. General procedure II (GP II): Dendritic
salicylic aldehyde derivative (2 equiv) and diamine (1 equiv) were heated
in EtOH under reflux for several hours.[28b, 29b] The solvent was evaporated
and the residue redissolved in Et2O. After the organic layer was washed
with H2O and brine and dried over MgSO4, the solvent was evaporated and
the residue was purified by flash column chromatography.


Compound 1: Under Ar a solution of 3-tert-butyl-5-bromo salicylic
aldehyde[33] (2.15 g, 8.4 mmol), 4-styrene boronic acid[34] (1.61 g, 10.9 mmol),
[Pd(PPh3)4] (290 mg, 0.25 mmol), Na2CO3 (2m, 11.0 mL, 22.0 mmol) in
THF (40 mL) was heated under reflux for 3 h.[35] The organic phase was
separated and the aqueous layer was extracted with Et2O (50 mL). After
the combined organic phases were dried over MgSO4 and evaporation of
the solvent, the residue was redissolved in a minimum of Et2O, the Pd salts
were allowed to precipitate and were filtered off over Celite. Flash column
chromatography (hexane/Et2O 8:1) afforded 1 (1.80 g, 77 %) as a yellow
solid. M.p. 109.0 ± 110.0 8C; Rf (hexane/Et2O 5:1): 0.37; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 11.80 (s, 1H; CHO), 9.96 (s, 1H, OH), 7.77 ± 7.48
(m, 8 H; 8 arom. H), 6.76 (dd, J(H,H)� 17.6, 10.9 Hz, 1 H; CHCH2), 5.79
(dd, J(H,H)� 17.6, 0.9 Hz, 1 H; 1 vinyl. H), 5.28 (dd, J(H,H)� 10.9, 0.9 Hz,
1H; 1vinyl. H), 1.47 (s, 9H; 3 CH3); 13C NMR (100 MHz, CDCl3, 25 8C):
d� 197.21, 160.66, 139.44, 138.80, 136.54, 136.26, 132.95, 131.98, 129.85,
126.78, 126.74, 120.75, 114.01, 35.04, 29.23; IR (CHCl3): nÄ � 2963 (m), 1650
(s), 1514 (w), 1441 (m), 1416 (w), 1394 (m), 1363 (w), 1332 (m), 1270 (m),
1164 (m), 1074 (w), 989 (w), 912 (w), 842 cmÿ1; MS (EI): m/z (%): 281.2
(10), 280.2 (47) [M]� , 266.2 (9), 265.2 (46), 237.2 (7), 179.2 (4), 178.2 (4),
165.1 (5), 118.6 (8), 32.0 (30), 28.1 (100); elemental analysis calcd (%) for
C19H20O2 (280.36): C 81.40, H 7.19; found: C 81.41, H 7.31.


Compound 2 : A solution of 1 (1.64 g, 5.9 mmol) and (R,R)-cyclohexane
diamine (334 mg, 2.9 mmol) in EtOH (20 mL) was heated under reflux for
4 h, according to GP II.[28b, 29b] After workup of the reaction mixture,
following GP II, and flash column chromatography (pentane/CH2Cl2 2:1) ,
2 (1.55 g, 83%) was obtained as a yellow foam. Rf (pentane/CH2Cl2 2:1):
0.28; [a]RT


D ��101.9 (c� 0.54 in CHCl3); 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d� 13.9 (s, 2H; 2 OH), 8.34 (s, 2H; 2 imine H), 7.46 (d,
J(H,H)� 2.3 Hz, 2H; 2arom. H), 7.42 ± 7.38 (m, 8H; 8 arom. H), 7.19 (d,
J(H,H)� 2.3 Hz, 2H; 2arom. H), 6.76 (dd, J(H,H)� 17.6, 10.9 Hz, 2H;
2CHCH2), 5.75 (dd, J(H,H)� 17.6, 0.9 Hz, 2 H; 2 vinyl. H), 5.23 (dd,
J(H,H)� 10.9, 0.9 Hz, 2 H; 2vinyl. H), 3.38 ± 3.36 (m, 2H; 2 CH2CHN),
2.04 ± 2.01 (m, 2 H; 2cyclohexyl H), 1.90 ± 1.89 (m, 2H; 2 cyclohexyl H),
1.79 ± 1.77 (m, 2 H; 2cyclohexyl H), 1.57 ± 1.50 (m, 2H; 2cyclohexyl H), 1.44
(s, 18 H; 6CH3); 13C NMR (125 MHz, CDCl3, 25 8C): d� 165.72, 160.02,
140.47, 137.59, 136.49, 135.82, 130.39, 128.24, 127.99, 126.65, 126.53, 118.69,
113.43, 72.41, 34.94, 33.05, 29.36, 24.32; IR (CHCl3): nÄ � 3008 (w), 2939 (m),
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2862 (w), 1630 (s), 1513 (w), 1442 (s), 1392 (m), 1272 (m), 1170 (m), 1072
(w), 1000 (w), 910 cmÿ1; Hi-Res-MALDI: m/z (%): 662.3833 (6), 661.3801
(12) [M�Na]� , 641.4026 (11), 640.3984 (47), 639.3947 (100) [M�H]� , 638.3862
((5) [M]� , calcd 638.3872), 525.2801 (14); elemental analysis calcd (%) for
C44H50N2O2 (638.88): C 82.72, H 7.89, N 4.38; found: C 82.73, H 7.93, N 4.22.


Compound 3 : According to GP II, a solution of 1 (1.53 g, 5.5 mmol) and
(R,R)-diphenyl ethylene diamine (580 mg, 2.7 mmol) in EtOH (20 mL) was
heated under reflux for 3 h.[28b, 29b] After workup and flash column chroma-
tography (pentane/CH2Cl2 5:1! 3:1), 3 (1.84 g, 91 %) was obtained as a
yellow foam. Rf (pentane/CH2Cl2 2:1): 0.70; [a]RT


D ��34.7 (c� 0.87 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 13.85 (s, 2H; 2OH),
8.41 (s, 2H; 2 imine H), 7.46 (d, J(H,H)� 2.3 Hz, 2H; 2 arom. H), 7.42 ± 7.36
(m, 8H, 8arom. H), 7.25 ± 7.17 (m, 12 H, 12 arom. H), 6.73 (dd, J(H,H)�
17.6, 10.9 Hz, 2H; 2 CHCH2), 5.75 (dd, J(H,H)� 17.6, 0.9 Hz, 2 H; 2 vinyl.
H), 5.23 (dd, J(H,H)� 10.9, 0.9 Hz, 2H; 2vinyl. H), 4.76 (s, 2H; 2PhCHN),
1.44 (s, 18 H; 6CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d� 167.10,
159.89, 140.39, 139.29, 137.65, 136.47, 135.84, 130.52, 128.61, 128.41, 128.25,
128.02, 127.64, 126.65, 126.52, 118.69, 113.45, 80.18, 34.97, 29.33; IR (CHCl3):
nÄ � 3008 (m), 2960 (m), 1628 (s), 1514 (w), 1441 (s), 1393 (m), 1330 (w),
1268 (m), 1170 (m), 1048 (w), 1028 (w), 989 (w), 910 (m), 842 cmÿ1; Hi-Res-
MALDI: m/z (%): 760.3968 (6), 759.3918 (10) [M�Na]� , 737.4099 ((10)
[M�H]� , calcd 737.4107), 654.3353 (13), 633.3551 (8), 632.3511 (16), 528.2975
(12), 527.2936 (28), 471.2318 (23), 415.1681 (11), 371.2197 (13), 370.2163 (45),
369.2041 (23), 368.2000 (86), 354.1845 (12), 313.1409 (22), 312.1376 (100),
302.1510 (19), 280.1688 (27), 106.0654 (31); elemental analysis calcd (%)
for C52H52N2O2 (736.98): C 84.75, H 7.11, N 3.80; found: C 84.84, H 7.24, N 3.85.


Compound 5a : According to GP I, a suspension of 3-tert-butyl-5-hydroxy
salicylic aldehyde[28d] (3.00 g, 15.4 mmol), 4 a[36] (5.92 g, 15.4 mmol), K2CO3


(2.13 g, 15.4 mmol), and KI (24 mg, 0.14 mmol) in acetone (60 mL) was
heated under reflux for 6 h. Workup according to GP I and flash column
chromatography (hexane/CH2Cl2 1:2) afforded 5a (4.06 g, 53%) as a
yellow solid. M.p. 117.0 ± 118.0 8C; Rf (hexane/CH2Cl2 1:2): 0.58; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 11.52 (s, 1 H; CHO), 9.77 (s, 1H; OH),
7.42 ± 7.32 (m, 10 H; 10arom. H), 7.24 (dd, J(H,H)� 3.1, 0.4 Hz, 1 H; 1arom.
H), 6.81 (d, J(H,H)� 3.1 Hz, 1H; 1arom. H), 6.68 (d, J(H,H)� 2.3 Hz, 2H;
2arom. H), 6.59 (t, J(H,H)� 2.3 Hz, 1H; 1 arom. H), 5.25 (s, 4 H; 2 OCH2),
4.97 (s, 2H; OCH2), 1.41 (s, 9H; 3 CH3); 13C NMR (100 MHz, CDCl3,
25 8C): d� 196.65, 160.24, 156.39, 151.06, 140.21, 139.18, 136.72, 128.63,
128.07, 127.54, 124.60, 119.81, 113.23, 106.41, 101.62, 70.66, 70.15, 35.04,
29.13; IR (CHCl3): nÄ � 3015 (w), 2964 (m), 2872 (w), 1651 (s), 1595 (s), 1492
(w), 1446 (s), 1430 (s), 1374 (m), 1318 (s), 1154 (s), 1041 (s), 836 cmÿ1; MS
(EI): m/z (%): 496.2 (3) [M]� , 304.2 (8), 303.2 (35), 179.1 (5), 105.1 (5), 92.1
(8), 91.0 (100); elemental analysis calcd (%) for C32H32O5 (496.59): C 77.40,
H 6.49; found: C 77.29, H 6.56.


Compound 5b : A mixture of 3-tert-butyl-5-hydroxy salicylic aldehyde[28d]


(2.00 g, 10.3 mmol), 4 b[22] (4.48 g, 10.3 mmol), K2CO3 (1.42 g, 10.3 mmol),
and KI (16 mg, 0.10 mmol) in acetone (40 mL) was heated under reflux for
12 h, according to GP I. After workup and flash column chromatography
(pentane/CH2Cl2 1:1), 5 b (3.37 g, 60%) was obtained as a yellow solid. M.p.
109.0 ± 110.0 8C; Rf (pentane/Et2O 4:1): 0.51; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 11.52 (s, 1 H; CHO), 9.77 (s, 1 H; OH), 7.40 (dd, J(H,H)�
21.3, 8.2 Hz, 8H; 8 arom. H), 7.24 (dd, J(H,H)� 3.1, 0.4 Hz, 1 H; 1 arom. H),
6.81 (d, J(H,H)� 3.1 Hz, 1 H; 1arom. H), 6.71 (dd, J(H,H)� 17.6, 10.9 Hz,
2H; 2 CHCH2), 6.67 (d, J(H,H)� 2.3 Hz, 2 H; 2arom. H), 6.57 (t, J(H,H)�
2.3 Hz, 1 H; 1arom. H), 5.75 (dd, J(H,H)� 17.6, 0.9 Hz, 2H; 2 vinyl. H),
5.26 (dd, J(H,H)� 10.9, 0.9 Hz, 2H; 2 vinyl. H), 5.03 (s, 4 H; 2OCH2), 4.96
(s, 2H; OCH2), 1.41 (s, 9 H; 3CH3); 13C NMR (100 MHz, CDCl3, 25 8C):
d� 196.62, 160.18, 156.38, 151.05, 140.20, 139.18, 137.42, 136.39, 136.23,
127.73, 126.44, 124.56, 119.81, 114.19, 113.25, 106.42, 101.63, 70.65, 69.89,
35.03, 29.13; IR (CHCl3): nÄ � 2994 (w), 2954 (m), 2872 (w), 1651 (s), 1595
(s), 1508 (w), 1456 (m), 1430 (s), 1369 (m), 1323 (s), 1154 (s), 1035 (s), 1015
(w), 990 (w), 913 (m), 831 cmÿ1; MS (EI): m/z (%): 549.3 (19) [M]� , 548.3
(55), 356.3 (8), 355.2(26), 239.1 (6), 233.2 (10), 207.2 (6), 194.1 (8), 179.1
(11), 118.1 (11), 117.1 (100), 115.1 (9), 91.1 (6); elemental analysis calcd (%)
for C36H36O5 (548.67): C 78.81, H 6.61; found: C 78.69, H 6.61.


Compound 7a : According to GP I, a suspension of 3-tert-butyl-5-hydroxy
salicylic aldehyde[28d] (0.72 g, 3.7 mmol), 6a[36] (3.00 g, 3.7 mmol), K2CO3


(0.51 g, 3.7 mmol), and KI (6 mg, 0.04 mmol) in acetone (40 mL) was
heated under reflux for 4 h. Workup according to GP I and flash column
chromatography (pentane/CH2Cl2 1:1) afforded 7a (1.65 g, 50%) as a
yellow solid. M.p. 60.0 ± 61.0 8C; Rf (hexane/CH2Cl2 1:1): 0.38; 1H NMR


(400 MHz, CDCl3, 25 8C, TMS): d� 11.52 (s, 1 H; CHO), 9.77 (s, 1H; OH),
7.42 ± 7.30 (m, 20 H; 20 arom. H), 7.24 (d, J(H,H)� 2.7 Hz, 1H; 1arom. H),
6.83 (d, J(H,H)� 3.1 Hz, 1H; 1 arom. H), 6.68 ± 6.66 (m, 6 H; 6 arom. H),
6.57 (t, J(H,H)� 2.3 Hz, 2 H; 2arom. H), 6.56 (t, J(H,H)� 2.3 Hz, 1H;
1arom. H), 5.03 (s, 8 H; 4 OCH2), 4.98 (s, 4H; 2 OCH2), 4.96 (s, 2H; OCH2),
1.40 (s, 9H; 3 CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d� 196.66, 160.20,
160.15, 159.95, 156.39, 151.08, 140.22, 139.16, 136.74, 128.61, 128.05, 127.58,
124.56, 119.81, 113.27, 106.48, 106.42, 101.62, 101.55, 70.71, 70.14, 70.03,
35.04, 29.13; IR (CHCl3): nÄ � 3006 (w), 2984 (w), 2871 (w) 1651 (m), 1595
(s), 1497 (w), 1451 (s), 1374 (m), 1323 (m), 1297 (w), 1154 (s), 1051 (s),
836 cmÿ1; MALDI-TOF-MS (2,5-DHB): 923.5 [M�2]� ; elemental analysis
calcd (%) for C60H56O9 (921.08): C 78.24, H 6.13; found: C 78.21, H 6.32.


Compound 7b : A mixture of 3-tert-butyl-5-hydroxy salicylic aldehyde[28d]


(1.50 g, 7.7 mmol), 6b[22] (7.04 g, 7.7 mmol), K2CO3 (1.07 g, 7.7 mmol), and
KI (19 mg, 0.07 mmol) in acetone (50 mL) was heated under reflux for 4 h,
following GP I. After workup and flash column chromatography (pentane/
CH2Cl2 1:2) 7b (1.72 g, 22 %) was obtained as a yellow solid. M.p. 55.0 ±
56.0 8C; Rf (pentane/CH2Cl2 1:2): 0.57; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 11.51 (s, 1H; CHO), 9.76 (s, 1 H; OH), 7.37 (dd, J(H,H)� 25.06,
8.2 Hz, 16 H; 16arom. H), 7.24 (d, J(H,H)� 3.1 Hz, 1H; 1 arom. H), 6.82 (d,
J(H,H)� 3.1 Hz, 1H; 1arom. H), 6.70 (dd, J(H,H)� 17.6, 10.9 Hz, 4H;
4CHCH2), 6.66 (d, J(H,H)� 2.3 Hz, 6H; 6arom. H), 6.55 (t, J(H,H)�
2.3 Hz, 3 H; 3arom. H), 5.74 (dd, J(H,H)� 17.6, 0.9 Hz, 4H; 4 vinyl. H),
5.24 (dd, J(H,H)� 10.9, 0.8 Hz, 4H; 4 vinyl. H), 5.01 (s, 8 H; 4OCH2), 4.97
(s, 4 H; 2 OCH2), 4.95 (s, 2 H; OCH2), 1.41 (s, 9H; 3CH3); 13C NMR
(100 MHz, CDCl3, 25 8C): d� 196.63, 160.15, 156.38, 151.09, 140.22, 139.20,
137.40, 136.43, 136.27, 127.75, 126.43, 126.39, 126.34, 124.55, 119.82, 114.14,
113.30, 106.50, 106.43, 101.64, 101.59, 70.72, 70.01, 69.89, 35.04, 29.14; IR
(CHCl3): nÄ � 3005 (w), 2964 (w), 2872 (w), 1646 (m), 1595 (s), 1508 (m),
1451 (s), 1436 (m), 1405 (w), 1369 (m), 1323 (m), 1297 (w), 1154 (s), 1046
(s), 1015 (w), 990 (w), 913 (m), 831 cmÿ1; MALDI-TOF-MS (2,5-DHB):
1048.3 [M�Na]� ; elemental analysis calcd (%) for C68H64O9 (1025.23): C
79.66, H 6.29; found: C 79.55, H 6.38.


Compound 8 : [PdCl2(PPh3)2] (493 mg, 0.7 mmol) and CuI (272 mg,
1.4 mmol) were added to a solution of 3-tert-butyl-5-bromo salicylic
aldehyde[33] (9.03 g, 35.3 mmol) in THF (20 mL)/NEt3 (20 mL). To this
suspension a solution of ethinyl trimethyl silane (5.13 mL, 37.0 mmol) in
THF (7 mL) was slowly added over a period of 1 h, the reaction mixture
thereby turning black.[38] After heating under reflux for 24 h, Et2O
(100 mL) and H2O (50 mL) were added, the phases were separated and
the aqueous phase was extracted with Et2O (100 mL). Drying over MgSO4


and purification by flash column chromatography (hexane/Et2O 9:1)
afforded 8 (9.60 g, 99%) as a yellow oil. Rf (hexane/Et2O 4:1): 0.52;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 11.90 (s, 1H; CHO), 9.83 (s,
1H; OH), 7.59 (d, J(H,H)� 2.2 Hz 1 H; 1arom. H), 7.56 (d, J(H,H)� 2.2 Hz
1H; 1 arom. H), 1.41 (s, 9 H; 3CH3), 0.26 (s, 9 H; Si(CH3)3); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 196.64, 161.35, 138.75, 137.35, 135.67, 120.32,
114.19, 104.01, 93.03, 34.94, 29.07, 29.00; IR (CHCl3): nÄ � 3007 (w), 2965
(m), 2151 (m), 1653 (s), 1605 (w), 1442 (m), 1414 (m), 1320 (m), 1268 (w),
1153 (m), 1030 (w), 981 (w), 930 (w), 888 (w), 857 cmÿ1; MS (EI): m/z (%):
274.0 (16) [M]� , 137.0 (35), 77.4 (10), 72.2 (15).


Compound 9 : TBAF ´ 3 H2O (1.41 g, 4.5 mmol) was added to a solution of 8
(1.02 g, 3.7 mmol) in THF (10 mL)/1n HCl (3.7 mL, 3.7 mmol). After
stirring at room temperature for 20 h, Et2O (50 mL) and H2O (50 mL) were
added, the phases were separated and the aqueous phase was extracted
with CH2Cl2 (2� 50 mL). Drying of the combined organic phases over
MgSO4 and evaporation of the solvent gave the crude product which was
purified by flash column chromatography (hexane/Et2O 20:1) to afford 9
(620 mg, 82 %) as a yellow solid. M.p. 58.0 ± 59.0 8C; Rf (hexane/Et2O 1:2):
0.53; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 11.94 (s, 1 H; CHO),
9.84 (s, 1H; OH), 7.62 (d, J(H,H)� 1.9 Hz, 1 H; 1 arom. H), 7.58 (d,
J(H,H)� 2.2 Hz, 1 H; 1arom. H), 3.02 (s, 1 H; 1acetylene H), 1.41 (s, 9H;
3CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 196.58, 161.57, 138.97,
137.44, 135.75, 120.35, 113.07, 82.68, 76.17, 34.95, 29.03; IR (CHCl3): nÄ �
3304 (m), 2964 (m), 1654 (s), 1608 (w), 1441 (m), 1413 (m), 1394 (w), 1382
(w), 1364 (w), 1317 (m), 1270 (w), 1148 (m), 1029 (w), 970 (w), 889 cmÿ1;
MS (EI): m/z (%): 201.0 (4) [MÿH]� , 199.0 (14), 198.0 (7), 187.0 (5), 137.0
(34), 136.5 (5), 91.0 (7), 72.2 (4); elemental analysis calcd (%) for C13H14O2


(202.25): C 77.20, H 6.98; found: C 77.27, H 6.91.


Compound 10 : A suspension of 4 b[22] (4.95 g, 11.4 mmol), 4-iodo phenol
(2.50 g, 11.4 mmol), K2CO3 (3.20 g, 22.8 mmol) and 18-crown-6 (0.60 g,
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2.3 mmol) in acetone (150 mL) was heated under reflux for 5 h. After
cooling to room temperature, K2CO3 was filtered off and acetone was
evaporated. The residue was redissolved in Et2O (100 mL), H2O (50 mL)
was added and the phases were separated. After the organic phase was
dried over MgSO4 and evaporation of the solvent, purification of the
residue by flash column chromatography (hexane/CH2Cl2 1:1) afforded 10
(6.00 g, 92%) as a colorless oil. Rf (hexane/CH2Cl2 1:1): 0.53; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 7.54 ± 7.52 (m, 2H; 2arom. H), 7.38 (dd,
J(H,H)� 23.8, 8.1 Hz, 8 H; 8arom. H), 6.72 (dd, J(H,H)� 17.6, 10.9 Hz,
2H; 2vinyl. H), 6.69 (d, J(H,H)� 9.1 Hz, 2H; 2arom. H), 6.62 (d,
J(H,H)� 2.3 Hz, 2H; 2arom. H), 6.54 (t, J(H,H)� 2.3 Hz, 1 H; 1arom.
H), 5.75 (dd, J(H,H)� 17.6, 0.9 Hz, 2 H; 2vinyl. H), 5.26 (dd, J(H,H)� 10.9,
0.9 Hz; 2 H; 2 vinyl. H), 5.01 (s, 4 H; 2 CH2O), 4.95 (s, 2 H; CH2O); 13C NMR
(100 MHz, CDCl3, 25 8C): d� 160.13, 158.48, 138.99, 138.22, 137.38, 136.40,
136.23, 127.71, 126.41, 117.31, 114.14, 106.28, 101.65, 83.10, 69.91, 69.86; IR
(CHCl3): nÄ � 3008 (w), 1597 (s), 1514 (w), 1485 (s), 1458 (m), 1405 (w), 1373
(m), 1292 (m), 1154 (s), 1059 (w), 1046 (w), 1024 (w), 913 (m), 830 cmÿ1; Hi-
Res-MALDI: m/z (%): 598.0921 (5), 597.0898 ((15) [M�Na]� , calcd
597.0903), 573.0922 (4), 563.3732 (4), 505.3360 (6), 470.1861 (6), 457.2933
(5), 456.2895 (16), 447.2931 (8), 274.0430 (14), 243.2877 (8), 242.2845 (42),
137.0240 (25), 91.0153 (8), 72.1908 (9); elemental analysis calcd (%) for
C31H27O3I (574.45): C 64.82, H 4.74; found: C 64.80, H 4.88.


Compound 11: [PdCl2(PPh3)2] (100 mg, 0.14 mmol) and CuI (55 mg,
0.29 mmol) were added to a solution of 10 (4.10 g, 7.1 mmol) in THF
(4 mL)/NEt3 (4 mL) under Ar. To the resulting orange suspension a
solution of 9 (1.52 g, 7.5 mmol) in THF (3 mL) was slowly added over a
period of 1 h whereupon the reaction mixture immediately turned black.[38]


After heating under reflux for 12 h Et2O (100 mL) and H2O (50 mL) were
added, the phases were separated and the aqueous phase was extracted
with Et2O (100 mL). Drying of the combined organic phases over MgSO4


and evaporation of the solvent afforded the crude product which was
purified by flash column chromatography (hexane/CH2Cl2 1:1) to give 11
(2.90 g, 63%) as a yellow foam. Rf (hexane/CH2Cl2 1:1): 0.39; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 11.89 (s, 1 H; CHO), 9.86 (s, 1H; OH),
7.65 (d, J(H,H)� 0.4 Hz, 1H; 1 arom. H), 7.58 (d, J(H,H)� 2.1 Hz, 1H;
1arom. H), 7.45 ± 7.35 (m, 10H; 10arom. H), 6.91 (d, J(H,H)� 9.0 Hz, 2H;
2arom. H), 6.72 (dd, J(H,H)� 17.6, 10.9 Hz, 2H; 2 CHCH2), 6.66 (d,
J(H,H)� 2.3 Hz, 2H; 2 arom. H), 6.56 (t, J(H,H)� 2.3 Hz, 1 H; 1arom. H),
5.75 (dd, J(H,H)� 17.6, 0.9 Hz, 2H; 2 vinyl. H), 5.25 (dd, J(H,H)� 10.9,
0.9 Hz, 2H; 2 vinyl. H), 5.02 (s, 4H; 2 CH2O), 5.01 (s, 2H; CH2O), 1.40 (s,
9H; 3CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d� 196.73, 161.02, 160.16,
158.70, 139.06, 138.85, 137.41, 137.01, 136.43, 136.26, 134.91, 132.99, 127.74,
126.44, 120.51, 115.52, 115.01, 114.66, 114.15, 106.35, 101.67, 88.23, 87.10,
69.90, 34.98, 29.12; IR (CHCl3): nÄ � 3008 (m), 2964 (m), 2867 (w), 1653 (s),
1599 (s), 1508 (s), 1456 (s), 1409 (m), 1373 (m), 1332 (w), 1294 (m), 1157 (s),
1017 (w), 991 (w), 914 (w), 833 cmÿ1; Hi-Res-MALDI: m/z (%): 671.2778
((3) [M�Na]� , calcd 671.2773), 274.0428 (13), 137.0237 (21), 136.5219 (6),
91.0151 (9); elemental analysis calcd (%) for C44H40O5 (648.79): C 81.46,
H 6.21; found: C 81.44, H 6.36.


Compound 12 : A solution of 5a (2.0 g, 4.0 mmol) and (R,R)- cyclohexane
diamine (230 mg, 2.0 mmol) in EtOH (40 mL) was heated under reflux for
5 h, according to GP II.[28b, 29b] Workup and purification by flash column
chromatography (pentane/CH2Cl2 1:1) yielded 12 (1.63 g, 75%) as a yellow
foam. Rf (pentane/CH2Cl2 1:1): 0.62; [a]RT


D � ÿ 125.9 (c� 0.53 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 13.50 (s, 2 H; 2OH), 8.21 (s,
2H; 2 imine H), 7.42 ± 7.30 (m, 20H; 20 arom. H), 6.98 (d, J(H,H)� 3.0 Hz,
2H; 2 arom. H), 6.65 (d, J(H,H)� 2.3 Hz, 4H; 4 arom. H), 6.56 (t, J(H,H)�
2.3 Hz, 2 H; 2arom. H), 6.52 (d, J(H,H)� 3.0 Hz, 2H; 2arom. H), 5.02 (s,
8H, 4 OCH2), 4.83 (s, 2H; OCH2), 4.82 (s, 2 H; OCH2), 3.35 ± 3.28 (m, 2H;
2CH2CHN), 2.01 ± 1.98 (m, 2 H; 2 cyclohexyl H), 1.91 ± 1.88 (m, 2H;
2cyclohexyl H), 1.77 ± 1.75 (m, 2H; 2cyclohexyl H), 1.50 ± 1.45 (m, 2H;
2cyclohexyl H), 1.40 (s, 18H; 6CH3); 13C NMR (100 MHz, CDCl3, 25 8C):
d� 165.40, 160.14, 150.32, 139.68, 138.71, 136.81, 128.58, 127.99, 127.55,
155.05, 119.03, 117.87, 112.69, 106.40, 101.60, 72.36, 70.65, 70.09, 34.95, 33.06,
29.30, 24.29; IR (CHCl3): nÄ � 3036 (w), 2944 (m), 2862 (m), 1631 (m), 1595
(s), 1446 (s), 1380 (m), 1328 (s), 1297 (w), 1277 (w), 1164 (s), 1046 (s),
836 cmÿ1; MALDI-TOF-MS (2,5-DHB): 1094.3 [M�Na]� , 1072.4 [M�H]�;
elemental analysis calcd (%) for C70H74N2O8 (1071.38): C 78.48, H 6.96, N
2.61; found: C 78.40, H 7.04, N 2.66.


Compound 13 : According to GP II, a solution of 5 a (2.0 g, 4.0 mmol) and
(R,R)-diphenyl ethylene diamine (428 mg, 2.0 mmol) in EtOH (40 mL) was


heated under reflux for 12 h.[28b, 29b] Workup and purification of the crude
product by flash column chromatography (pentane/CH2Cl2 1:2) afforded 13
(1.79 g, 76%) as a yellow foam. Rf (pentane/CH2Cl2 1:1): 0.67; [a]RT


D �
ÿ27.5 (c� 0.56 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d�
13.39 (s, 2H; 2 OH), 8.28 (s, 2 H; 2 imine H), 7.41 ± 7.17 (m, 30H; 30arom.
H), 6.98 (d, J(H,H)� 3.0 Hz, 2H; 2arom. H), 6.65 (d, J(H,H)� 2.3 Hz, 4H;
4arom. H), 6.55 (t, J(H,H)� 2.3 Hz, 2 H; 2arom. H), 6.50 (d, J(H,H)�
3.0 Hz, 2H; 2arom. H), 5.01 (s, 8 H; 4 OCH2), 4.81 (s, 4H; 2 OCH2), 4.70 (s,
2H; 2PhCHN), 1.41 (s, 18 H; 6CH3); 13C NMR (100 MHz, CDCl3, 25 8C):
d� 166.75, 160.14, 155.07, 150.38, 139.65, 139.42, 138.81, 136.80, 128.62,
128.58, 128.35, 128.02, 127.99, 127.55, 119.49, 117.83, 112.87, 106.38, 101.61,
80.18, 70.63, 10.09, 35.00, 29.29; IR (CHCl3): nÄ � 3067 (w), 3005 (m), 2954
(m), 2872 (m), 1631 (m), 1595 (s), 1497 (w), 1451 (s), 1435 (s), 1374 (s), 1328
(s), 1297 (w), 1272 (w), 1154 (s), 1046 (s), 836 cmÿ1; MALDI-TOF-MS (2,5-
DHB): 1170.5 [M�H]� ; elemental analysis calcd (%) for C78H76N2O8


(1169.45): C 80.11, H 6.55, N 2.40; found: C 78.75, H 6.80, N 2.24.


Compound 14 : According to GP II, a solution of 5 b (1.72 g, 3.1 mmol) and
(R,R)-cyclohexane diamine (333 mg, 1.6 mmol) in EtOH (80 mL) was
heated under reflux for 12 h.[28b, 29b] Workup and purification of the crude
product by flash column chromatography (pentane/CH2Cl2 7:3) afforded 14
(1.46 g, 73%) as a yellow foam. Rf (pentane/CH2Cl2 1:2): 0.78; [a]RT


D �
ÿ110.7 (c� 1.00 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d�
13.50 (s, 2H; 2 OH), 8.19 (s, 2 H; 2 imine H), 7.42 ± 7.34 (m, 16H; 16arom.
H), 6.97 (d, J(H,H)� 3.0 Hz, 2H; 2arom. H), 6.71 (dd, J(H,H)� 17.6,
10.9 Hz, 4H; 4 CHCH2), 6.64 (d, J(H,H)� 2.3 Hz, 4H; 4 arom. H), 6.53 (t,
J(H,H)� 2.3 Hz, 2 H; 2arom. H), 6.50 (d, J(H,H)� 3.0 Hz, 2 H; 2 arom. H),
5.75 (dd, J(H,H)� 17.6, 0.9 Hz, 4H; 4 vinyl. H), 5.24 (dd, J(H,H)� 10.9,
0.8 Hz, 4 H; 4 vinyl. H), 4.99 (s, 8 H, 4 OCH2), 4.81 (s, 2 H; OCH2), 4.80 (s,
2H; OCH2), 3.31 ± 3.29 (m, 2 H; 2 CH2CHN), 2.00 ± 1.97 (m, 2H; 2cyclo-
hexyl H), 1.89 ± 1.87 (m, 2 H; 2cyclohexyl H), 1.76 ± 1.74 (m, 2 H; 2cyclo-
hexyl H), 1.49 ± 1.45 (m, 2 H; 2 cyclohexyl H), 1.39 (s, 18H; 6CH3); 13C NMR
(100 MHz, CDCl3, 25 8C): d� 196.62, 165.43, 160.10, 155.07, 150.34, 139.69,
138.73, 137.36, 136.46, 136.40, 136.35, 127.75, 127.73, 126.44, 126.41, 119.03,
117.88, 114.19, 114.10, 112.75, 106.46, 101.64, 70.67, 69.90, 69.85, 34.95, 29.31,
29.13; IR (CHCl3): nÄ � 3005 (w), 2944 (m), 2862 (w), 1631 (m), 1595 (s),
1436 (s), 1374 (m), 1328 (m), 1154 (s), 1046 (s), 1015 (m), 984 (w), 913 (m),
831 cmÿ1; MALDI-TOF-MS (2,5-DHB): 1176.7 [M�H]� ; elemental anal-
ysis calcd (%) for C78H82N2O8 (1175.53): C 79.70, H 7.03, N 2.38; found: C
79.83, H 7.03, N 1.81.


Compound 15 : A solution of 5b (1.72 g, 3.1 mmol) and (R,R)-diphenyl
ethylene diamine (333 mg, 1.6 mmol) in EtOH (80 mL) was heated under
reflux for 12 h, according to GP II.[28b, 29b] Workup and flash column
chromatography (pentane/CH2Cl2 1:1) yielded 15 (1.46 g, 73%) as a yellow
foam. Rf (hexane/CH2Cl2 1:2): 0.57; [a]RT


D � ÿ 30.7 (c� 0.98 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 13.50 (s, 2 H; 2OH), 8.28 (s,
2H; 2 imine H), 7.41 ± 7.17 (m, 26H; 26 arom. H), 6.98 (d, J(H,H)� 3.0 Hz,
2H; 2arom. H), 6.70 (dd, J(H,H)� 17.6, 10.9 Hz, 4 H; 4CHCH2), 6.64 (d,
J(H,H)� 2.3 Hz, 4H; 4 arom. H), 6.53 (t, J(H,H)� 2.3 Hz, 2 H; 2arom. H),
6.50 (d, J(H,H)� 3.0 Hz, 2 H; 2arom. H), 5.74 (dd, J(H,H)� 17.6, 0.9 Hz,
4H; 4 vinyl. H), 5.24 (dd, J(H,H)� 10.9, 0.9 Hz, 4 H; 4vinyl. H), 4.99 (s, 8H,
4OCH2), 4.80 (s, 4 H; 2 OCH2), 4.69 (s, 2H; 2PhCHN), 1.41 (s, 18H;
6CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d� 166.77, 160.09, 155.07,
150.39, 139.63, 139.38, 138.82, 137.35, 136.44, 136.32, 128.35, 128.03, 127.75,
127.56, 126.41, 119.47, 117.84, 114.10, 112.87, 106.44, 101.61, 80.18, 70.63,
69.84, 35.00, 29.29; IR (CHCl3): nÄ � 3087 (w), 3005 (w), 2953 (m), 2861 (w),
1631 (m), 1594 (s), 1513 (m), 1451 (s), 1436 (s), 1405 (w), 1369 (m), 1328 (s),
1297 (w), 1277 (w), 1154 (s), 1046 (s), 1020 (m), 990 (w), 913 (m), 831 cmÿ1;
MALDI-TOF-MS (2,5-DHB): 1296.5 [M�Na]� , 1274.5 [M�H]� ; elemen-
tal analysis calcd (%) for C86H84N2O8 (1273.60): C 81.10, H 6.65, N 2.20;
found: C 81.08, H 6.84, N 2.16.


Compound 16 : A solution of 7a (1.50 g, 1.6 mmol) and (R,R)-cyclohexane
diamine (93 mg, 0.8 mmol) in EtOH (40 mL) was heated under reflux for
12 h, following GP II.[28b, 29b] Workup and purification by flash column
chromatography (pentane/CH2Cl2 1:2) afforded 16 (1.18 g, 75%) as a
yellow foam. Rf (hexane/CH2Cl2 1:2): 0.31; [a]RT


D �ÿ60.1 (c� 0.97 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 13.50 (s, 2H; 2OH),
8.20 (s, 2H; 2 imine H), 7.43 ± 7.28 (m, 40 H; 40arom. H), 6.98 (d, J(H,H)�
3.0 Hz, 2H; 2arom. H), 6.66 (d, J(H,H)� 2.3 Hz, 8H; 8arom. H), 6.64 (d,
J(H,H)� 2.3 Hz, 4H; 4 arom. H), 6.56 (t, J(H,H)� 2.3 Hz, 4 H; 4arom. H),
6.52 (t, J(H,H)� 2.3 Hz, 2H; 2 arom. H), 6.50 (d, J(H,H)� 2.9 Hz, 2H;
2arom. H), 5.01 (s, 16H, 8OCH2), 4.94 (s, 8H, 4OCH2), 4.81 (s, 2H;
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OCH2), 4.80 (s, 2 H; OCH2), 3.31 ± 3.28 (m, 2H; 2 CH2CHN), 2.00 ± 1.96 (m,
2H; 2 cyclohexyl H), 1.89 ± 1.87 (m, 2H; 2cyclohexyl H), 1.74 ± 1.72 (m, 2H;
2cyclohexyl H), 1.49 ± 1.46 (m, 2 H; 2 cyclohexyl H), 1.39 (s, 18 H; 6 CH3);
13C NMR (100 MHz, CDCl3, 25 8C): d� 196.65, 160.20, 160.16, 160.06,
155.07, 139.67, 139.22, 138.74, 136.78, 136.74, 128.61, 128.58, 128.04, 128.00,
127.57, 127.52, 106.47, 106.41, 101.61, 101.54, 70.13, 70.10, 70.02, 69.98, 34.95,
29.30, 29.13; IR (CHCl3): nÄ � 3067 (w), 3005 (w), 2933 (m), 2872 (m), 1595
(s), 1492 (w), 1451 (s), 1374 (m), 1328 (m), 1297 (m), 1154 (s), 1051 (s),
836 cmÿ1; MALDI-TOF-MS (2,5-DHB): 1922.5 [M�2]� ; elemental anal-
ysis calcd (%) for C126H122N2O16 (1920.32): C 78.81, H 6.40, N 1.46; found: C
78.69, H 6.50, N 1.43.


Compound 17: A solution of 7a (1.00 g, 1.1 mmol) and (R,R)-diphenyl
ethylene diamine (212 mg, 0.5 mmol) in EtOH (40 mL) was heated under
reflux for 12 h, according to GP II.[28b, 29b] Workup and purification by flash
column chromatography (pentane/CH2Cl2 1:2) afforded 17 (0.80 g, 73%) as
a yellow foam. Rf (hexane/CH2Cl2 1:2): 0.33; [a]RT


D �ÿ13.1 (c� 0.97 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 13.40 (s, 2H; 2OH),
8.26 (s, 2H; 2 imine H), 7.42 ± 7.28 (m, 50 H; 50arom. H), 6.99 (d, J(H,H)�
3.0 Hz, 2H; 2arom. H), 6.66 (d, J(H,H)� 2.3 Hz, 8H; 8arom. H), 6.64 (d,
J(H,H)� 2.3 Hz, 4H; 4 arom. H), 6.55 (t, J(H,H)� 2.3 Hz, 4 H; 4arom. H),
6.52 (t, J(H,H)� 2.3 Hz, 2H; 2 arom. H), 6.50 (d, J(H,H)� 3.0 Hz, 2H;
2arom. H), 5.00 (s, 16H, 8OCH2), 4.93 (s, 8H, 4OCH2), 4.80 (s, 4H;
2OCH2), 4.68 (s, 2 H; 2PhCHN), 1.40 (s, 18H; 6 CH3); 13C NMR (100 MHz,
CDCl3, 25 8C): d� 166.78, 160.20, 160.15, 160.06, 155.09, 139.63, 139.38,
139.21, 136.77, 136.73, 128.60, 128.58, 128.34, 128.04, 128.00, 127.57, 106.46,
106.40, 101.60, 101.55, 76.70, 70.67, 70.13, 70.10, 70.02, 70.70, 35.60, 29.29,
29.13; IR (CHCl3): nÄ � 3067 (w), 3015 (m), 2964 (w), 2871 (m), 1595 (s),
1497 (w), 1451 (s), 1374 (s), 1328 (s), 1292 (m), 1154 (s), 1051 (s), 836 cmÿ1;
MALDI-TOF-MS (2,5-DHB): 2041.2 [M�Na]� , 2019.3 [M�H]� ; elemen-
tal analysis calcd (%) for C134H124N2O16 (2018.42): C 79.74, H 6.19, N 1.39;
found: C 79.69, H 5.98, N 1.22.


Compund 18 : According to GP II, a solution of 7 b (0.84 g, 0.8 mmol) and
(R,R)-cyclohexane diamine (47 mg, 0.4 mmol) in EtOH (40 mL) was
heated under reflux for 4 h.[28b, 29b] Workup and purification of the crude
product by flash column chromatography (CH2Cl2/pentane 2:1!CH2Cl2)
afforded 18 (0.61 g, 70%) as a yellow foam. Rf (pentane/CH2Cl2 1:2): 0.41;
[a]RT


D �ÿ58.8 (c� 0.34 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 13.48 (s, 2H; 2OH), 8.17 (s, 2 H; 2 imine H), 7.36 (dd, J(H,H)�
20.6, 8.3 Hz, 32 H; 32 arom. H), 6.97 (d, J(H,H)� 3.0 Hz, 2 H; 2 arom. H),
6.69 (dd, J(H,H)� 17.6, 10.9 Hz, 8 H; 8CHCH2), 6.65 ± 6.63 (m, 12H;
12arom. H), 6.53 (t, J(H,H)� 2.3 Hz, 4H; 4arom. H), 6.51 (t, J(H,H)�
2.3 Hz, 2H; 2arom. H), 6.49 (d, J(H,H)� 3.0 Hz, 2H; 2arom. H), 5.73 (d,
J(H,H)� 17.6, 0.9 Hz, 8 H; 8vinyl. H), 5.23 (d, J(H,H)� 10.9, 0.9 Hz, 8H;
8vinyl. H), 4.98 (s, 16H, 8OCH2), 4.92 (s, 8H, 4 OCH2), 4.79 (s, 2 H; OCH2),
4.78 (s, 2 H; OCH2), 3.29 ± 3.27 (m, 2 H; 2CH2CHN), 2.00 ± 1.96 (m, 2H;
2cyclohexyl H), 1.87 ± 1.85 (m, 2H; 2cyclohexyl H), 1.73 ± 1.70 (m, 2H;
2cyclohexyl H), 1.47 ± 1.45 (m, 2 H; 2 cyclohexyl H), 1.38 (s, 18 H; 6 CH3);
13C NMR (100 MHz, CDCl3, 25 8C): d� 165.47, 160.10, 160.05, 155.08,
150.35, 139.66, 139.25, 138.74, 137.34, 136.44, 136.30, 127.83, 127.76, 127.68,
126.41, 126.30, 119.00, 117.87, 114.09, 112.70, 106.50, 106.40, 101.63, 101.56,
72.30, 70.69, 69.96, 69.84, 34.95, 32.98, 29.30; IR (CHCl3): nÄ � 3005 (w), 2933
(m), 2872 (w), 1595 (s), 1513 (w), 1451 (m), 1410 (w), 1374 (m), 1333 (m),
1297 (w), 1154 (s), 1051 (m), 1015 (w), 990 (m), 913 (m), 831 cmÿ1; MALDI-
TOF-MS (2,5-DHB): 2129.1 [M]� ; elemental analysis calcd (%) for
C142H138N2O16 (2128.62): C 80.12, H 6.53, N 1.32; found: C 79.99, H 6.60,
N 1.17.


Compound 19 : A solution of 7b (0.88 g, 0.9 mmol) and (R,R)-diphenyl
ethylene diamine (91 mg, 0.45 mmol) in EtOH (40 mL) was heated under
reflux for 4 h, following GP II.[28b, 29b] Workup and purification by flash
column chromatography (CH2Cl2/pentane 2:1!CH2Cl2) yielded 19
(0.32 g, 34%) as a yellow foam. Rf (pentane/CH2Cl2 1:2): 0.39; [a]RT


D �
ÿ16.2 (c� 0.85 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d�
13.41 (s, 2 H; 2 OH), 8.25 (s, 2 H; 2 imine H), 7.35 (dd, J(H,H)� 21.1, 8.2 Hz,
32H; 32 arom. H), 7.21 ± 7.15 (m, 10H; 10arom. H), 6.99 (d, J(H,H)�
3.0 Hz, 2 H; 2 arom. H), 6.69 (dd, J(H,H)� 17.6, 10.9 Hz, 8 H; 8 CHCH2),
6.64 ± 6.63 (m, 12H; 12arom. H), 6.53 ± 6.51 (m, 6 H; 6arom. H), 6.49 (d,
J(H,H)� 3.0 Hz, 2H; 2 arom. H), 5.73 (dd, J(H,H)� 17.6, 0.9 Hz, 8H;
8vinyl. H), 5.23 (dd, J(H,H)� 10.9, 0.9 Hz, 8 H; 8vinyl. H), 4.98 (s, 16H,
8OCH2), 4.92 (s, 8H, 4OCH2), 4.78 (s, 4H; 2OCH2), 4.67 (s, 2H;
2PhCHN), 1.40 (s, 18H; 6 CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d�
166.81, 160.09, 160.04, 155.08, 150.41, 139.63, 139.35, 139.23, 138.84, 137.33,


136.43, 136.29, 128.58, 128.33, 128.03, 127.75, 127.56, 126.41, 119.45, 117.83,
114.09, 106.48, 106.39, 101.61, 101.56, 80.13, 70.67, 69.95, 69.83, 35.00, 29.29;
IR (CHCl3): nÄ � 3682 (w), 3005 (m), 2954 (w), 2872 (w), 1595 (s), 1513 (w),
1451 (s), 1374 (m), 1328 (m), 1292 (w), 1154 (s), 1051 (s), 990 (w), 913 (w),
831 cmÿ1; MALDI-TOF-MS (2,5-DHB): 2227.4 [M]� ; elemental analysis
calcd (%) for C150H140N2O16 (2226.72): C 80.91, H 6.34, N 1.26; found: C
80.89, H 6.52, N 1.07.


Compound 20 : A solution of 11 (1.40 g, 2.2 mmol) and (R,R)-cyclohexane
diamine (123 mg, 1.1 mmol) in EtOH (25 mL) was heated under reflux for
2 h, following GP II.[28b, 29b] After workup and purification of the residue by
flash column chromatography (pentane/CH2Cl2 1:1! 1:2) 20 (1.25 g, 84%)
was obtained as a yellow foam. Rf (pentane/CH2Cl2 1:1): 0.28; [a]RT


D �
�151.3 (c� 0.68 in CHCl3); 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d�
14.10 (s, 2H; 2 OH), 8.24 (s, 2 H; 2 imine H), 7.42 ± 7.34 (m, 22H; 22arom.
H), 7.17 (d, J(H,H)� 2.0 Hz, 2H; 2 arom. H), 6.89 ± 6.88 (m, 4 H; 4arom.
H), 6.72 (dd, J(H,H)� 17.6, 10.9 Hz, 4H; 4CHCH2), 6.65 (d, J(H,H)�
2.3 Hz, 4H; 4arom. H), 6.55 (t, J(H,H)� 2.3 Hz, 2H; 2arom. H), 5.75 (dd,
J(H,H)� 17.6, 0.8 Hz, 4 H; 4vinyl. H), 5.24 (dd, J(H,H)� 10.9, 0.8 Hz, 4H;
4vinyl. H), 5.02 (s, 8H; 4 OCH2), 5.00 (s, 4 H, 2 OCH2), 3.35 ± 3.33 (m, 2H;
2CH2CHN), 2.02 ± 1.99 (m, 2 H; 2 cyclohexyl H), 1.91 ± 1.89 (m, 2H;
2cyclohexyl H), 1.77 ± 1.75 (m, 2H; 2cyclohexyl H), 1.50 ± 1.47 (m, 2H;
2cyclohexyl H), 1.42 (s, 18H; 6CH3); 13C NMR (125 MHz, CDCl3, 25 8C):
d� 165.08, 160.69, 160.15, 158.37, 139.18, 137.74, 137.40, 136.45, 136.30,
132.98, 132.85, 132.67, 127.74, 126.44, 118.38, 116.17, 114.90, 114.13, 112.73,
106.34, 101.71, 88.28, 87.11, 72.21, 69.90, 34.88, 32.89, 29.26, 24.23; IR
(CHCl3): nÄ � 3008 (w), 2942 (m), 2867 (m), 1630 (s), 1597 (s), 1508 (s), a443
(s), 1406 (w), 1373 (m), 1293 (m), 1157 (s), 1065 (m), 1016 (m), 990 (w), 914
(m), 832 cmÿ1; Hi-Res-MALDI: m/z (%): 1377.6791 (17), 1376.6740 (32),
1375.6769 ((34) [M�H]� , calcd 1375.6775), 1164.5344 (15), 1163.5267 (17),
1022.5306 (14), 1021.5225 (27), 1020.5157 (35), 1019.5102 (36), 903.4442
(32), 847.3792 (31), 667.3534 (44), 666.3447 (66), 665.3405 (100), 117.0702
(99); elemental analysis calcd (%) for C94H90N2O8 (1375.73): C 82.07,
H 6.59, N 2.04; found: C 82.06, H 6.66, N 2.06.


Compound 21: A solution of 11 (1.11 g, 1.72 mmol) and (R,R)-diphenyl
ethylene diamine (182 mg, 0.86 mmol) in EtOH (40 mL) was heated under
reflux for 3 h, according to GP II.[28b, 29b] Workup and flash column
chromatography (pentane/CH2Cl2 1:1! 1:2) of the residue yielded 21
(1.18 g, 94%) as a yellow foam. Rf (pentane/CH2Cl2 1:1): 0.24; [a]RT


D �
�67.9 (c� 0.69 in CHCl3); 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d�
14.03 (s, 2H; 2 OH), 8.27 (s, 2 H; 2 imine H), 7.42 ± 7.22 (m, 32H; 32arom.
H), 7.16 (d, J(H,H)� 2.0 Hz, 2H; 2 arom. H), 6.90 ± 6.88 (m, 4 H; 4arom.
H), 6.71 (dd, J(H,H)� 17.6, 10.9 Hz, 4H; 4CHCH2), 6.65 (d, J(H,H)�
2.3 Hz, 4H; 4arom. H), 6.55 (t, J(H,H)� 2.3 Hz, 2H; 2arom. H), 5.75 (dd,
J(H,H)� 17.6, 0.8 Hz, 4 H; 4vinyl. H), 5.24 (dd, J(H,H)� 10.9, 0.8 Hz, 4H;
4vinyl. H), 5.02 (s, 8 H; 4OCH2), 5.00 (s, 4 H, 2 OCH2), 4.73 (s, 2H;
2CH2CHN), 1.44 (s, 18H; 6 CH3); 13C NMR (125 MHz, CDCl3, 25 8C): d�
166.44, 160.50, 160.15, 158.40, 139.18, 139.03, 137.82, 137.41, 136.45, 136.29,
133.24, 133.03, 132.85, 128.47, 127.98, 127.75, 126.44, 118.39, 116.14, 114.92,
114.14, 112.92, 106.35, 101.71, 88.22, 87.18, 80.05, 69.90, 34.95, 29.26; IR
(CHCl3): nÄ � 3007 (w), 2999 (w), 2872 (w), 1628 (s), 1597 (s), 1508 (s), 1453
(s), 1375 (m), 1293 (m), 1157 (s), 1050 (w), 1029 (w), 1016 (w), 990 (w),
913(w), 832 cmÿ1; Hi-Res-MALDI: m/z (%): 1497.6843 (35), 1496.6777
(54), 1495.6748 ((48) [M�Na]� , calcd 1495.6751), 1475.6987 (17), 1474.6972
(26), 1473.6933 ((25) [M�H]� , calcd 1473.6932), 1391.6180 (34), 1390.6216
(39), 1369.6408 (44), 1368.6357 (36), 759.3336 (37), 758.3270 (39), 743.3156
(37), 739.3635 (49), 738.3609 (83), 737.3484 (56), 736.3456 (100); elemental
analysis calcd (%) for C102H92N2O8 (1473.83): C 83.12, H 6.29, N 1.90;
found: C 82.94, H 6.38, N 1.99.


Loading of Salens 12, 13, 16, and 17 with Mn. General procedure III
(GP III): Detailed example for the preparation of 16 ´ Mn(Cl).[28, 29b, 33] A
solution of 16 (500 mg, 0.26 mmol) in EtOH (15 mL)/toluene (15 mL) was
treated with Mn(OAc)2 ´ 4 H2O (638 mg, 2.6 mmol, 10 equiv) and heated
under reflux for 6 h while air was bubbled through the reaction solution.
Then LiCl (221 mg, 5.2 mmol, 20 equiv) was added and the mixture was
stirred at room temperature for a further 12 h. Toluene (20 mL) and H2O
(20 mL) were added, the phases were separated and the organic layer was
washed with H2O (20 mL) again. After the organic phases were dried over
MgSO4, the solvent was evaporated and the crude product was purified by
flash column chromatography (hexane/CH2Cl2 1:2) to give 16 ´ Mn(Cl)
(78 %) as a dark brown foam. IR (CHCl3): nÄ � 3067 (w), 3035 (w), 3005 (w),
2944 (w), 3872 (w), 1595 (s), 1544 (m), 1497 (w), 1444 (s), 1415 (w), 1369
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(m), 1338 (m), 1287 (m), 1154 (s), 1051 (m), 1036 (m), 831 cmÿ1; MALDI-
TOF-MS (2,5-DHB): 1974.2 [M-(HCl)]� , 1944.3, 1922.1; elemental analysis
calcd (%) for C126H120N2O16ClMn (2008.70): C 75.34, H 6.02, N 1.39, Cl
1.76; found: C 75.35, H 6.07, N 1.28, Cl 1.92.


Epoxidation of olefins mediated by Mn-Salens 12 ´ , 13 ´ , 16 ´ and 17 ´
Mn(Cl) under homogeneous conditions to give epoxides 22. General
procedure IV (GP IV): Detailed example for the epoxidation of styrene
using 12 ´ Mn(Cl) to give styrene oxide (22a).[41] NMO (87 mg, 0.75 mmol,
5 equiv) was added to a solution of 12 ´ Mn(Cl) (36 mg, 0.03 mmol,
0.2 equiv) and styrene (17 mL, 0.15 mmol, 1 equiv) in CH2Cl2 (2.5 mL).
After the reaction mixture was cooled to ÿ208C, m-CPBA (51 mg, 0.3 mmol,
2 equiv) was added and the suspension was stirred at this temperature for
30 min. Et2O (50 mL) and 1n KOH (50 mL) were added, the phases were
separated and the organic phase was extracted with H2O (50 mL). Drying
of the organic phase over MgSO4 and evaporation of the solvent gave the
crude product mixture. The enantioselectivity of 22 a and the conversion
were determined by CGC (b-CD; heating 908C/isothermal; pressure 1.0 bar
H2; tR (styrene) ca. 3.2 min, tR (first enantiomer (22 a)) ca. 12.3 min,
tR (second enantiomer (22 a)) ca. 12.8 min): er (22 a): 73:27, conversion:
91%.


CGC methods for epoxides 22b ± f : 22 b : b-CD; heating 80 8C/isothermal;
pressure 1.0 bar H2; tR (3-methyl styrene) ca. 7.1 min, tR (first enantiomer
(22b)) ca. 34.3 min, tR (second enantiomer (22b)) ca. 35.7 min; 22c : b-CD;
heating 90 8C/isothermal; pressure 1.0 bar H2; tR ((E)-phenylpropene) ca.
4.6 min, tR (first enantiomer (22 c)) ca. 8.3 min, tR (second enantiomer
(22c)) ca. 8.7 min; 22d : b-CD; heating: 120 8C/isothermal/10 min, 1.5 8C/
min, 140 8C/isothermal/10 min; pressure 1.0 bar H2; tR (1-phenyl cyclo-
hexene) ca. 18.3 min, tR (first enantiomer (22d)) ca. 24.2 min, tR (second
enantiomer (22 d)) ca. 24.5 min; 22 e : b-CD; heating 140 8C/isothermal;
pressure 1.0 bar H2; tR (dihydronaphthalene) ca. 3.7 min, tR (first enan-
tiomer (22 e)) ca. 10.2 min, tR (second enantiomer (22e)) ca. 10.6 min; 22 f: b-
CD; heating 1608C/isothermal; pressure 1.0 bar H2; tR (trans-stilbene) ca.
21.1 min, tR (first enantiomer (22 f)) ca. 23.5 min, tR (second enantiomer
(22 f)) ca. 24.8 min.


Suspension copolymerization of Salen cross-linkers 2, 3, 14, 15, and 18 ± 21
with styrene to give polymers p-2, p-3, p-14, p-15, and p-18 ± p-21. General
procedure V (GP V): Detailed example for the preparation of Salen/
styrene copolymer p-15.[43] In a three-necked flask, equipped with a
condenser and an overhead stirrer, a warm solution of poly(vinyl alcohol)
(115 mg, degree of polymerization 100 000, 86 ± 89 % hydrolyzed) in H2O
(10 mL), which was prepared by violent stirring at 40 ± 50 8C and
subsequent filtering to remove insoluble residues, was added to a solution
of 15 (599 mg, 0.47 mmol), styrene (2.94 g, 28.2 mmol), and AIBN (130 mg)
in THF (0.6 mL) and benzene (4.5 mL). After stirring at room temperature
for 5 min to generate a homogeneous emulsion, the temperature was raised
to 80 ± 85 8C during one hour. Having stirred at this temperature for 20 h,
the suspension was filtered over a glass filter (G2) and the resulting
polymer beads were extensively washed with hot H2O (400 mL), H2O/
MeOH 1:1 (200 mL), MeOH (200 mL), THF (300 mL), MeOH (200 mL)
and pentane (200 mL). The beads were then dried under high vacuum for
several hours to give polymer p-15 (3.51 g, 99%, theoretical loading:
0.133 mmol gÿ1). The beads were sieved through a sieve (mesh widths: 1000,
800, 630, 500, 400, 250, 160, 100) to give fractions of uniform size.


According to this general procedure, all polymers were prepared by
stoichiometrically adjusting the amounts of organic solvents, AIBN, H2O
and poly(vinyl alcohol) to the amount of monomers used.


Loading of Salen polymers p-2, p-3, p-14, p-15, and p-18 ± p-21 with Mn to
generate Mn-Salen polymers p-2 ´ , p-3 ´ , p-14 ´ , p-15 ´ and p-18 ´ ± p-21 ´
Mn(Cl). General procedure VI (GP VI): Detailed example for the
generation of polymer p-15 ´ Mn(Cl).[28b, 31] Mn(OAc)2 ´ 4H2O (192 mg,
0.79 mmol, 10 equiv) was added to a suspension of p-15 (590 mg,
0.079 mmol, loading: 0.133 mmol gÿ1) in DMF (11 mL)/EtOH (5 mL)
whereupon the polymer beads immediately turned black. The suspension
was heated under reflux for 3 h while air was bubbled through the
suspension, then LiCl (68 mg, 1.57 mmol, 20 equiv) was added. After
stirring at room temperature for 12 h, the suspension was filtered over a
glass filter (G2) and the polymer beads were extensively washed with THF
(400 mL), MeOH (100 mL) and pentane (100 mL). After drying under high
vacuum for several hours black polymer beads of p-15 ´ Mn(Cl) (586 mg,
98%) were obtained with a new theoretical loading of 0.131 mmol gÿ1.


Epoxidation of olefins mediated by polymer-bound Mn-Salens p-2 ´ , p-3 ´,
p-14 ´ , p-15 ´ and p-18 ´ ± p-21 ´ Mn(Cl) under heterogeneous conditions to
give epoxides 22. General procedure VII (GP VII): Detailed example for
the epoxidation of styrene using polymer p-21 ´ Mn(Cl) to give styrene
oxide (22a). Polymer beads of p-21 ´ Mn(Cl) (404 mg, 0.052 mmol,
0.2 equiv, loading: 0.128 mmol gÿ1) were suspended in CH2Cl2 (4.4 mL).
After addition of styrene (30 mL, 0.26 mmol, 1 equiv) and NMO (151 mg,
1.29 mmol, 5 equiv) the reaction mixture was cooled to ÿ20 8C and m-
CPBA (89 mg, 0.52 mmol, 2 equiv) was added. After stirring at this
temperature for 30 min, a sample was taken from the reaction mixture,
Et2O and 1n KOH were added and the organic layer was analyzed by CGC:
er (22a): 80:20, conversion: quantitative. The reaction solution was
withdrawn by syringe and the polymer beads were washed with CH2Cl2


(3� 5 mL). Et2O (50 mL) and 1n KOH (50 mL) were added to the
combined organic phases, the aqueous phase was separated and the organic
layer was extracted with H2O (50 mL). After drying of the combined
organic layers over MgSO4 and evaporation of the solvent, pure 22a was
obtained as a colorless oil. For multiple use of the catalyst p-21 ´ Mn(Cl),
the washed polymer beads were dried under high vacuum, resuspended in
CH2Cl2 and the substrates were added as described above.


Loading of Salen polymers p-2, p-14, and p-20 with Cr to generate Cr-Salen
polymers p-2 ´ , p-14 ´ , and p-20 ´ Cr(Cl). General procedure VIII (GP
VIII): Detailed example for the loading of polymer p-20 with CrCl2 to give
polymer-bound Cr-Salen p-20 ´ Cr(Cl). CrCl2 (17 mg, 0.138 mmol, 1.1 equiv)
was added under Ar to a suspension of polymer beads p-20 (958 mg,
0.126 mmol, loading: 0.131 mmol gÿ1) in THF (7 mL), the beads thereby
immediately turning brown. After stirring under Ar for 3 h, the flask was
opened and the suspension was stirred with contact to air for a further
12 h.[48] Washing of the beads with THF (600 mL) and toluene (100 mL)
and drying under high vacuum afforded polymer p-20 ´ Cr(Cl) (916 mg,
95%) as brown beads with a new theoretical loading of 0.130 mmol gÿ1.


Hetero-Diels ± Alder reaction of Danishefsky�s diene with aldehydes to
give cycloadducts 23, mediated by polymer-bound p-2 ´ , p-14 ´ , and p-20 ´
Cr(Cl). General procedure IX (GP IX): Detailed example for the cyclo-
addition of Danishefsky�s diene to capronaldehyde (!23 b), catalyzed by
p-14 ´ Cr(Cl).[48] A suspension of polymer beads p-14 ´ Cr(Cl) (150 mg,
0.02 mmol, 0.02 equiv, loading: 0.133 mmolgÿ1), Danishefsky�s diene (195 mL,
1.0 mmol, 1 equiv) and capronaldehyde (123 mL, 1.0 mmol, 1 equiv) in tert-
butyl methyl ether (TBME) (1 mL) was stirred at room temperature under
Ar for 24 h. The reaction solution was withdrawn by syringe and the
polymer beads were washed with Et2O (3� 5 mL). TFA (two drops) was
added to the combined organic fractions and the solvent was evaporated.
Purification of the crude product by flash column chromatography
(hexane/ethyl acetate 4:1) afforded 23 b (97 mg, 58 %). The enantiomeric
purity of 23b was analyzed by CGC (b-CD; heating 120 8C/isothermal;
pressure 1.0 bar H2; tR (S)-23b ca. 25.0 min, tR (R)-23 b ca. 25.7 min): (R)/
(S)-23b : 86:14. In order to determine the conversion of the reaction a
sample was taken from the reaction mixture prior to workup, diluted with
Et2O and treated with TFA (one drop). CGC analysis thereof (b-CD; heating
120 8C/isothermal; pressure 1.0 bar H2; tR (capronaldehyde) ca. 1.4 min, tR


(23b) as described above) showed a conversion of 70%. For multiple use of
the polymer-bound catalyst, the beads were dried under high vacuum,
resuspended in TBME and substrates were added as described above.


The reactions with benzaldehyde and cyclohexane carboxaldehyde were
analogously performed. The enantiomer ratios of the corresponding
cycloadducts 23a and 23c were determined according to literature.[48]
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Carbon Nanotube Bags: Catalytic Formation, Physical Properties,
Two-Dimensional Alignment and Geometric Structuring of
Densely Filled Carbon Tubes
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Abstract: The catalytic CVD synthesis,
using propyne as carbon precursor and
Fe(NO3)3 as catalyst precursor inside
porous alumina, gives carbon nanotube
(CNT) bags in a well-arranged two-
dimensional order. The tubes have the
morphology of bags or fibers, since they
are completely filled with smaller heli-
coidal CNTs. This morphology has so far
not been reported for CNTs. Owing to
the dense filling of the outer mother
CNTs with small helicoidal CNTs, the
resulting CNT fibers appear to be stiff
and show no sign of inflation, as some-


times observed with hollow CNTs. The
fiber morphology was observed by raster
electron microscopy (REM), transmis-
sion electron microscopy (TEM), and
atomic force microscopy (AFM). The
carbon material is graphitic as deduced
from spectroscopic studies (X-ray dif-
fraction, Raman and electron energy-
loss spectroscopy (EELS)). From Möss-
bauer studies, the presence of two differ-


ent oxidation states (Fe0 and FeIII) of the
catalyst is proven. Geometric structur-
ing of the template by two different
methods has been studied. Inkjet cata-
lyst printing shows that the tubes can be
arranged in defined areas by a simple
and easily applied technique. Laser-
structuring creates grooves of nanotube
fibers embedded in the alumina host.
This allows the formation of defined
architectures in the mm range. Results on
hydrogen absorption and field emission
properties of the CNT fibers are re-
ported.


Keywords: carbon ´ catalyst ´ CVD
´ iron ´ nanostructures


Introduction


The properties of carbon nanotubes (CNTs) or carbon
nanofibers vary with the experimental conditions in their
formation processes.[1] Both carbon materials are composed of
a number of carbon shells. However, a characteristic differ-
ence between a carbon nanotube and a vapor grown carbon
fiber is that the former is hollow inside, whereas the latter is
compact and dense. Nevertheless, dense and compact filling of
originally hollow CNTs have already been achieved by
introducing a guest, for example, semimetals, metals, and
metal oxides.[1] Since the early 1950s, filamentary carbon
fibers have emerged into a useful class of materials with
unique mechanical properties. Although only known for one
decade, CNTs promise versatile and unique properties in
areas such as lithium-ion batteries,[2] fuel cells,[3] hydrogen
storage,[4±8] or field emission applications.[9±11] For the last
application, some challenges such as precise spatial alignment,
uniform emission properties, and low-processing temperature
must be met.


The template approach to CNTs, which involves the use of
openings and pores of inorganic templates, allows the size and
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shape of CNTs and fibers to be controlled. These techniques
entail the use of lamellae of clays, for example, montmo-
rillonite[12] or taeniolite,[13] or a template membrane with
pores of uniform diameter.[14±18] Recently we reported the use
of nanosized Fe/Fe oxide core/shell particles prepared by a
solution-based organometallic route for the preparation of
aligned carbon nanotubes.[19]


Herein we report on a new type of carbon nanotubes, which
we refer to as CNT bags or fibers due to their unusual dense
and compact filling with smaller, multi-walled helicoidal
CNTs. Their formation is achieved by using an inorganic-
template approach, employing catalytic amounts of an iron-
based catalyst and propene as carbon precursor in a single-
step CVD process.


Results and Discussion


Impregnating Anopore� membrane discs (200 nm diameter)
with an ethanolic FeIII(NO3)3 solution (0.1 mol), followed by
drying and reducing for 5 h at 500 8C under H2/N2, produces
metallic iron (20 %) (d� 0.108 mmsÿ1, H� 346 kG, 4.2 K)
within the pores of the template membrane [Eq. (1)]. How-


ever, (80 % of) the remaining iron particles are still in the
oxidation state �3 (d� 0.51 mm secÿ1, H� 526ÿ 472 kG,
4.2 K) as revealed by Mössbauer spectroscopy, indicating a
partly reduced metal catalyst precursor (Figure 1). The two


Figure 1. 57Fe Mössbauer spectrum (4.2 K) of a Fe(NO3)3 precatalyst
impregnated, oxidized, and subsequently H2/N2 reduced Anopore� mem-
brane.


magnetic sextets characterizing the oxidic phases display a
broad background, reflecting a wider particle size distribu-
tion. Thus we conclude that the hydrogen reduction proce-
dure gives a catalyst that contains two active oxidation states
of iron (Fe0 and FeIII). It is well known that if a metal catalyst
precursor is evenly dispersed in an inorganic host material, it
is considerably more difficult to be completely reduced.[20]


For our CVD experiments, the Anodisc� membrane,
containing the aforementioned reduced catalyst, was treated
with a propene/N2 mixture for 5 min. After pyrolysis, a brown/
black membrane formed, and scanning electron microscopy
(SEM) revealed a parallel arrangement of CNTs (Figure 2).


Figure 2. SEM of a typical block arrangement of CNTs obtained from the
CVD experiment. Insert: edge view of the same sample showing the CNTs
protruding out of the alumina membrane.


Drastically higher gas flow rates produced polycyclic aromatic
hydrocarbons such as naphthalene and phenanthrene as
additional off-stream gas pyrolysis products. These were
isolated and subsequently characterized by NMR spectros-
copy. Aside from the uniform, highly aligned, parallel
arrangement of large areas of CNTs, additional characteristic
features are present: nearly all pores are filled with CNTs and
these have the same outer diameter as those of the pores of
the template membrane. These features are characteristic for
carbon nanotubes formed by the alumina template method
employed herein.[17] Dissolving the alumina template in
concentrated HF leaves the carbon tubes intact, but dissolves
the alumina membrane. The parallel arrangement of the
unchanged carbon nanotubes obtained displays a negative
replica of the dissolved membrane. This is shown by SEM of
the alumina-free CNTs (Figure 3).


The dramatic effect of the metal catalyst on the formation
temperature of the CNTs can be seen when the Fe(NO3)3


catalyst precursor is loaded in confined areas of the alumina
membrane by an inkjet printing technique. This enables the
comparison between the temperature dependence of the CNT
formation of a blank catalyst-free alumina area and a catalyst-
impregnated area of the same alumina membrane in a single
carbonization experiment. Figure 4 a reveals that already at
6508C, the catalyst impregnated Anopore� membrane produ-
ces spatially arranged CNTs in such areas where the catalyst
was filled in the pores by the inkjet printing technique. In
contrast to catalyst-impregnated areas, catalyst-free regions of
the alumina membrane start to form CNTs inside the pores at
temperatures no lower than 800 8C, (see Figure 4b).


2 [Fe(NO3)3@Anopore] Fe2O3 + 6 NO + 1.5 O2


2 Fe0
minor + 3 H2O


500 °C


3  H2, 500 °C (1)
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Figure 3. Free-standing parallel arrangment of CNTs after the alumina
template has been dissolved with 48% HF.


Figure 4. a) Alumina-embedded CNTs obtained by catalyst impregnation
of the membrane by an inkjet printing technique followed by CVD of
propene at 650 8C; b) the same membrane after raising the deposition
temperature to 800 8C.


We studied the possibility of laser-assisted patterning of the
alumina-embedded CNT fibers. The material processing was
performed with excimer laser radiation (wavelength l�
248 nm, pulse length t� 20 ns) with an Exitech PS2000
micro-machining system. Figure 5 shows a series of patterns
displaying ten linear grooves, with a width of around 10 mm
and a length of 200 mm. The distance between the grooves is
30 mm in each block arrangement. For the ablation experi-


Figure 5. SEM of a ten block pattern of parallel grooves obtained from
Anopore� embedded CNTs by laser structuring. Insert: two laser-created
grooves; middle: unaltered CNT filled Anopore� region.


ments, we used a demagnification of 25:1 and the laser
fluences were varied between 0.5 J cmÿ2 and 4 J cmÿ2. There
were 100 laser pulses (248 nm, procession gas: air) at a
repetition rate of approximately 10 Hz. For the demagnifica-
tion, a mask structure containing the groove arrangement
displayed in Figure 5 was used.


SEM of three parallel channels inside a single block shows a
disordered arrangement of CNTs that grow out of the
membrane surface and curl outside in an unstructured way
(Figure 5). This curling of the CNTs on the surface of the
membrane is due to the CVD growth process, which continues
on the outer membrane surface in a disordered manner as a
result of the lack of the template-ordering effect operating
inside the Anopore� membrane. Both the left and right side of
the pattern show the channels produced by the laser ablation
process. The laser beam directly evaporates the alumina/
carbon composite material. The observed debris formation is
caused by redeposition of ablated material. This effect may be
reduced under special ambient conditions (e.g., using He as
processing gas or ablation in vacuum). However, unaltered
areas containing the prepared, intact carbon material are
obtained. Due to the high speed and precision to which laser-
patterning process has already been developed,[21] large,
structured areas should be accessible with alumina CNT fiber
material.


Sonication of the parallel-arrangment of two-dimensional
carbon nanotubes, obtained from the HF-treated template, in
ethanol for several minutes produces a stable homogeneous
dispersion. Transmission electron microscopy (TEM) of these
dispersions still reveals bundles that display the parallel-
arrangement of CNTs, but in addition single, disordered
CNTs also become visible (Figure 6). TEM reveals that these
tubes are completely filled with smaller diameter, multi-
walled tubes. These smaller helicoidal multi-walled CNTs


Figure 6. TEM of CNT fibers. The fiberlike, compact nature of the filled
tubes is visible from the dark contrast of the single objects.
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have a diameter of between 20 and 40 nm as measured by
TEM (Figures 7 and 8). The possibility of a dense and nearly
complete filling of vapor grown CNTs with smaller diameter
coiled carbon tubes to yield a unique fiber-type morphology
has not been reported. So far, only the incorporation of single
CNTs in larger outer CNTs has been observed among the
products of metal-catalyzed CVD deposition experiments of
gaseous carbon precursors.[22, 23] Due to the irregular pore
diameter of the commercial Anopore� membranes, the
resulting CNT fiber nanotube radii vary over a wider range.


Figure 7. TEM of CNT fibers showing the dense, compact filling of the
outer larger CNTs with smaller helicoidal CNTs. The arrows mark a flat
and twisted region of an empty, collapsed CNT.


Figure 8. TEM of a outer CNT end with inner helicoidal CNT filling.


Two processes seem to be responsible for the formation of
the CNT fiber morphology. Firstly, the outer larger diameter
tubes are templated by the pores in the membrane. Secondly,
the inside decoration with smaller CNTs is due to the
Anopore�-encapsulated metal-catalyst particles, which serve
as nucleation sites for the helical tube growth. Evidently
under the chosen reaction conditions, the reactive carbon
species formed from the precursor gas are available in
sufficient quantities to enable tube growth: a) in a straight
fashion on the alumina pore walls, and b) by diffusion of the
reactive carbon species through the catalytic particles present
inside the alumina pores as proposed by Baker.[24] Diffusion
parameters of the reactive carbon species depend critically on
particle size, type of hydrocarbon, gas-flow rate, and temper-
ature.[1b] As a result of this dependence, different filament
forms with different morphologies, for example, helicoidal,
are to be expected from a carbon diffusion process. Helicoidal
CNTs have been observed among the products obtained by
pyrolysis of ethyne over a cobalt catalyst.[25] Since the
accretion of carbon atoms occurs on the metal surface of
the catalyst particles, their size and shape is important. As a
result, different rates of carbon-species agglomeration arise
within the CNT walls, thus giving rise to a helicoidal CNT
structure.


Usually hollow carbon nanotubes are very flexible, for
example, they have a high Young�s modulus.[20] However,
hollow CNTs can suffer a complete tube collapse along their
length.[26] So far, we have not observed such collapsing
phenomena with the dense, filled CNT fibers. CNT fibers
appear to be stiff and rigid owing to their dense interior filling.
However, aside from the CNT fiber morphology, we have also
frequently observed long ribbonlike structures.[26] The struc-
ture of these ribbonlike tubes is dramatically different from
our filled CNT fibers. The arrows in Figure 7 identify a
particular flat ªtubeº structure. The region of the structure
apparently lying flat against the TEM grid is marked ªbº in
Figure 7, whereas ªaº denotes the twisted (perpendicular)
region of the flat, collapsed structure.


The CNT fibers were also imaged in air with an atomic
force microscope operating in the tapping mode (TM-AFM).
Figure 9a ± c shows different CNT fibers morphologies, and
Figure 9d ± f displays TM-AFM images of tube morphologies
observed only occasionally. Figure 9a displays a bundle of two
CNT fibers in an ideal parallel arrangement. Figure 9b shows
the end part of a CNT fiber with a large amount of branching
at the fiber end. This branching characterizes the alumina-
membrane template morphology at the very end of the
template membrane.[27] Figure 9c show a compact, densely
filled, single CNT fiber. The measured height of this fiber is in
the range 280 ± 290 nm. Figure 9d displays a flat, fully
collapsed CNT. The completely collapsed and flat inner part
forces the remaining tube shell to form into two parallel
smaller tubelike arrangements. From the height measure-
ments at the end of the entire tube, the tube wall thickness was
determined to be approximately 5 nm. From the circum-
ference of the collapsed tube, the diameter of the original,
noncollapsed tube was estimated to be 380 nm. Figure 9e, f
displays the twisting and crumbling that occurs when a flat
ribbonlike tube is lies over a compact and densely filled CNT







FULL PAPER J. J. Schneider et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2892 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 132892


fiber. Evidently the collapsed ªtubeº is prone to a high degree
of twisting and bending, as is a flat ribbon, reflecting the high
elasticity that such a collapsed tube has. For example, whilst
lying across the CNT fiber, the collapsed tube undergoes a
height difference of approximately 330 nm measured from the
substrate to the top of the filled fiber without further
mechanical damage.


In general, it should be noted that the lateral dimensions
obtained from the AFM measurements may be affected by an
imaging artifact known as tip convolution. Especially for large
structures, such as CNT fibers, the measured lateral dimen-


sions appear to be larger than the real ones because of the
convolution between sample and tip geometry.[25] This effect is
illustrated in Figure 10. Note that the measurement of the
height would be not affected by this. Therefore, the diameter
of a CNT fiber should be determined from the height and/or
with respect to the really well-known tip geometry.


The graphitic nature of the CNT fibers (as prepared at
800 8C) was deduced from Raman spectroscopy, X-ray
diffraction (XRD), and electron energy-loss spectroscopy
(EELS). Raman spectroscopy[29] reveals two prominent
graphitic peaks (D� 1344 cmÿ1, G� 1529 cmÿ1) in an inten-


Figure 9. TM-AFM images of CNT fibers. Images a) ± e) are pseudo-three-dimensional presentations of different topographies. A combination of color-
coded height and illumination encoding was used to display the topographical information. e) is displayed as if a light source is shining on the topography
from the right side. f) shows a surface plot of the height gradient dz/dx of the topography image.
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Figure 10. AFM imaging artifact while scanning a CNT fiber. Due to tip
convolution, some parts of the measured topography would be dominated
by the shape of the AFM tip. The displayed line profile results from a cross
section through the image of a filled CNT fiber seen in the gray scale image.
The part of the profile affected by the tip shape is indicated by the white
areas under the line profile. Note that the tip shape may not affect the
measurements on top of the fiber.


sity ratio of ID/IG� 0.6. This corresponds well to the ratio of
low-crystallinity aligned CNTs, which were obtained on a
porous silicate substrate by CVD techniques (ID/IG� 0.8).[30]


The high intensity of the D peak, responsible for the high ID/IG


ratio, might be due to defects in the curved graphene sheets
and tube ends in agreement with the nonuniform character of
the CNTs as revealed by TEM. Powder diffraction of the CNT
fiber material showed the characteristic graphitic 002 and
110 Bragg reflections as broad and intense peaks typical for a
graphitlike structure.


EELS allows the determination of the relative amount of
sp2 and sp3 bonding in carbon materials.[31] In such a measure-
ment, excitations of the core electrons into unoccupied states
with C2p character are probed. A comparison of the EELS of
our CNT fiber arrangements with highly oriented pyrolitic
graphite (HOPG) reveals subtle but significant changes in the
spectral energies of the sharply defined p* and s* features.
The overall spectral feature of the complete EELS energy
region is the same for HOPG and our CNT fibers arrange-
ments. The low-loss region is significantly shifted towards
lower energy compared to HOPG, indicating that a loss of
valence electrons is most likely related to the tubular nature
of the graphitic layers (Figure 11).[32] The core loss energy
region displays signals corresponding to p* and s* states, both
of which are shifted to lower energies relative to HOPG.


Hydrogen absorption on carbon materials has been known
for many years.[1a] During the last years, tremendous storage
capacities of hydrogen have been reported for various CNT
materials.[4±7] We investigated the storage capacity of our CNT
fiber arrangements gravimetrically under isothermal condi-
tions at 24 8C. The hydrogen absorption rate was calculated by
the mass increase (Dm in wt %) divided by the sample weight
and was found to be 0.13 wt % (�0.08 %). This is in accord
with a number of other carbon fiber and CNT materials
measured by using the same technique.[32] Assuming a mainly
physical absorption, this value corresponds to an active
surface of around 500 m2 gÿ1. However, BET measurements


Figure 11. EEL spectra: a) C1s low-loss region; and b) core-loss region of
CNT fibers compared to HOPG. Upper trace: CNT fibers; lower trace:
HOPG.


of the CNT fiber material after H2 loading experiments
revealed a BET surface of only 50 m2 gÿ1. This is a significantly
lowered surface area, possibly due to a break down of the tube
wall structure.


CNTs can show field emission (FE) at electric fields below
10 V mmÿ1, as a result of their high geometric field enhance-
ment.[9±11] They are therefore promising candidates for
applications as cold cathodes, for example, in flat panel
displays and high intensity light sources.[10] Free-standing
CNTs, however, are often lacking parallel alignment and
provide limited thermal and mechanical stability.[11] The FE
properties of our aligned CNT fibers were investigated by
means of a field emission scanning microscope with a spatial
resolution of several milimetres. At a few spots in the samples,
a rather unstable FE current of about 10 nA was obtained at
macroscopic fields between 5 ± 125 Vmmÿ1. In situ SEM
analysis revealed irregular surface structures occurring at
some edges of the template present at the FE spots. The
maximum geometric field enhancement of single CNT fibers
can be estimated by their aspect ratio, that is, the height of the
template divided by the pore diameter. This results in a value
of about 400, which would cause FE at macroscopic fields
around 10 V mmÿ1. Since nearly all of the holes of the template
are filled, the mutual electric shielding of the CNTs leads to a
drastic reduction of the geometrical field enhancement, thus
increasing the onset field of FE for the regular structure. In
turn, edges with partially freed CNT fibers can be assumed to
cause the observed FE.
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Conclusion


In summary we have shown that a new morphology of CNTs,
CNT bags or fibers, can be prepared in a single step by using a
CVD technique that employs a catalytic process. Their
parallel alignment is possible by a standard template techni-
que. Due to the dense filling of the outer mother CNTs with
small helicoidal CNTs in their interior, the resulting CNT
fibers appear to be stiff and show no sign of inflation, as
observed with hollow CNTs. We are currently studying the
physical (FE application) and mechanical properties of these
and other CVD produced carbon materials in more depth.


Experimental Section


Catalyst precursor loading : Fe(NO3)3 in ethanol (3 mL, 0.1m) was added
dropwise on the surface of a Anodisc� membrane. Sufficient time was
allowed for complete solvent evaporation after each catalyst precursor
addition.


CNT fibers formation process : After complete solvent evaporation, the
resulting intrinsic red/brown membrane was placed in a quartz tube (30 cm,
3.0 cm diameter, in a furnace of a CVD experimental setup)[19] perpendic-
ular to the gas flow. An N2 purge (22.5 L hÿ1) was maintained for 20 min.
After reducing the N2 flow to 2.0 L hÿ1, the furnace was heated to 550 8C
and an H2 flow of 4.0 L hÿ1 was maintained in addition to the N2 flow for
2 h. The N2 flow was increased to 5.25 Lhÿ1, and the furnace was heated to
800 8C. Carbonization was started with a propene flow of 1.75 Lhÿ1 and an
N2 flow of 5.25 Lhÿ1 and was maintained for 7 min at 800 8C. After cooling
to room temperature for 20 min under N2, a shiny black alumina membrane
was obtained.


Characterization : 57Fe Mössbauer studies were performed with a constant-
acceleration-type Mössbauer spectrometer equipped with a 1024-channel
analyzer operating in the timescale mode, and a 25 mCi 57Co/Rh source.
The isomer shifts reported here are relative to a-Fe at room temperature.
The variable temperature spectra were recorded by means of a combined
He continuous flow/bath cryostat.


TEM was performed on a Philips CM200 FEG with super twin-lens system
on copper grids. Raster electron microscopy (REM) was performed on a
Zeiss DSM 962 instrument. TM-AFM (tapping mode atomic force
microscopy) was performed in air by using a Digital Instruments Nano-
scope IIIa Multimode AFM with a maximum scan range of 10� 10 mm2.
Silicon cantilevers (Olympus) with resonance frequencies between 250 ±
270 kHz, force constants of 40 ± 50 Nmÿ1, a half cone angel of 12 ± 148, and
tip apex radii better than 10 nm were used. The topographical images were
acquired with 512� 512 pixels at scan rates of 1 ± 2 Hz. For image
processing, they were flattened by the 1st-order-plan-fit algorithm of the
DI software. For sample preparation, the compact fiber material was
slightly dispersed in pure water using an ultrasonic bath for 1 min. This
dispersion was dropped on a glass substrate (RMS roughness approx-
imately 0.2 nm), which was cleaned first in ethanol, and dried using
compressed gas (DustOff, Falcon, Inc.). By this procedure, the tubes are
only fixed due to water capillary forces between the fiber surface and a thin
water layer covering the glass substrate in air.


Electron energy loss spectroscopy (EELS) was performed on a Gatan
PEELS 666 hooked onto a Philips CM30-ST microscope. Acceleration
voltage was 300 kV (LaB6-cathode). The carbon edges were measured with
a resolution of 0.9 eV.


Resonance Raman studies were performed with an U1000 (ISA) spectro-
graph equipped with 1200 lines mmÿ1 gratings and a liquid-nitrogen-cooled
CCD camera. The spectral bandwidth was 3 cmÿ1, the increment per data
point was approximately 0.3 cmÿ1, and the stability of the monochromator
was found to be better than 0.1 cmÿ1. The powdered sample was placed in
an EPR tube and excited with the 514 nm line of an Ar laser with
approximately 150 mW at ambient temperature. To improve the signal-to-
noise ratio, consecutively measured spectra in the range of 800 ± 2000 cmÿ1


were finally combined to yield a total integration time of 500 s. After


removal of the structureless background by polynomial subtraction, the
spectrum was analyzed by a band-fitting procedure using Lorentzian
lineshapes.


FESM was performed in a modified UHV-Escalab system with a three-
dimensional sample scanning unit and adjustable tungsten needles.


Laser structuration was performed with a Lambda LPX210i with an
average laser power of 70 W, a maximum laser repetition rate of 100 Hz,
and a maximum laser pulse energy of about 700 mJ. Two separated optical
configurations can be used. Laser patterning with an optical resolution of
about 2 mm was obtained by a demagnification (4:1, 10:1 or 15:1) of mask
structures with quartz lenses. High lateral optical resolutions of about
500 nm mmÿ1 were obtained with Schwartzschild reflecting optics (demag-
nification 15:1, 25:1 or 36:1). Both optical configurations can be used with
beam homogenizers. The maximum attainable laser fluence is in the range
of 40 J cm2ÿ1. The laser fluence is controlled by a motorized attenuator. The
substrate surface could be moved below the laser beam with a positioning
system in the x, y, and z direction with an accuracy of�1 mm for a travelling
distance of 25 mm. The maximum travelling distances were 150 mm (x),
150 mm (y), and 5 mm (z), with a maximum speed of 100 mm sÿ1 or
1 mm sÿ1 in the z direction. Furthermore, a rotating axis was fitted onto the
table for precise positioning of marked surfaces.
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Palladium Catalyst Systems for Cross-Coupling Reactions of Aryl Chlorides
and Olefins**


Alexander Zapf and Matthias Beller*[a]


Abstract: A detailed investigation into
the influence of phosphines, additives,
bases and solvents on the Heck coupling
reaction of 4-trifluoromethyl-1-chloro-
benzene (2) is presented. It is shown that
a number of catalyst systems exist for
efficient cross coupling of electron-defi-
cient aryl chlorides with various olefins.


Basicity and steric demand of the ligand
are two factors which determine the
success of the reaction. In addition the


phosphine/palladium ratio, the correct
type and amount of additive, and finally
the use of an appropriate base and
solvent are also important. The opti-
mised reaction conditions are applied
for the arylation of styrene, 2-ethylhexyl
acrylate and N,N-dimethyl acrylic amide
with various aryl chlorides.


Keywords: additives ´ arylation ´
CÿCl activation ´ homogeneous cat-
alysis ´ palladium


Introduction


Among the various ways known to synthesise arylated olefins,
probably the most powerful method is the construction of
C(sp2)ÿC(sp2) single bonds through the palladium-catalysed
coupling reactions of olefins with aryl halides (Heck reac-
tion).[1] In general, aryl bromides, iodides and triflates are
used as starting materials for the Heck reaction. Due to the
industrial importance of being able to functionalise easily
accessible and cheap aryl chlorides,[2] there is currently a great
deal of interest in the coupling of aryl chlorides with various
nucleophiles.[3] While Bozell[4] demonstrated that nickel/
palladium mixtures promote effective coupling reactions with
olefins, most studies have focussed on palladium catalysts.
Although initial work conducted by W. A. Herrmann and us,[5]


as well as D. Milstein,[6] and more recently by M. T. Reetz,[7]


G. Fu,[8] and J. F. Hartwig[9] led to significant breakthroughs in
this area, the factors that affect the efficiency of the coupling
of aryl chlorides with olefins are far from being understood. It
is generally accepted that certain recipes for ªgoodº reaction
conditions exist, but the exact influence of most reaction
parameters remains unclear. In this full paper we report in
detail the effect of additives, bases and solvents on the
catalytic performance of the palladacycle 1, and of various


palladium(ii) acetate/phosphine in situ systems in the coupling
reaction of 4-trifluoromethyl-1-chlorobenzene (2) and styrene
(3). The optimised reaction conditions were applied to the
Heck reaction of a variety of aryl chlorides with different
olefins.


Results and Discussion


Initially, we performed the coupling of 4-trifluoromethyl-1-
chlorobenzene (2) and styrene (3) in the presence of pallada-
cycle 1 as a model reaction (Scheme 1). Here, we studied the
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Scheme 1. Heck reaction of 2 and 3.


effect of added halide (cations and anions), bases and the
olefin concentration on catalyst productivity. All reactions
were run at a low catalyst concentration (0.05 mol % 1�
0.1 mol % Pd). The negative inductive effect of the para-
trifluoromethyl substituent leads to an activation of the CÿCl
bond towards nucleophilic substitution.[10] Hence, compound
2 should be viewed as a moderately activated aryl chloride for
palladium-catalysed coupling reactions.
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E-mail : matthias.beller@ifok.uni-rostock.de


[**] Palladium-Catalyzed Reactions for Fine Chemical Synthesis, Part 20;
for Part 19 see M. GoÂ mez Andreu, A. Zapf, M. Beller, Chem.
Commun. 2000, 2475 ± 2476.
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In order to achieve significant conversion of chloroarenes in
the palladacycle-catalysed Heck reaction comparatively high
reaction temperatures (>140 8C) are needed owing to the
relative stability of the CÿCl bond towards oxidative addi-
tion.[2a] Only the highly basic catalyst systems developed very
recently do not need this thermal activation and allow Heck
coupling of aryl chlorides at 100 ± 120 8C.[6, 8, 9]


The palladacycle 1 is an ideal source for the slow generation
of palladium monophosphine species, which are most likely
the active catalytic species in
the reaction mixture.[5] In or-
der to prevent deactivation
(precipitation of palladium
black) of these active species
at higher reaction tempera-
tures, it is necessary to add
stabilising and/or activating
agents to the reaction mixture.
Soluble sources of bromide
ions often show a beneficial
effect in Heck reactions (Jeff-
ery conditions).[1] Hence, we
studied the influence of different concentrations of tetra-n-
butylammonium bromide (TBAB) on the model reaction at
140 8C and 160 8C. Without any TBAB in the presence of
0.05 mol % 1 and 1.2 equivalents of sodium acetate as the base
only 2 % and 8 % of 4-trifluoromethyl stilbene (4) is formed
after 20 hours at 140 8C and 160 8C, respectively. Increasing
the halide concentration leads to a higher product yield at
both temperatures. However, there are significant differences
depending on the reaction temperature. As shown in Figure 1


Figure 1. Effect of TBAB concentration (10 mmol 2, 15 mmol 3, 12 mmol
sodium acetate, 0.005 mmol 1, 10 mL DMAc, 20 h).


at 160 8C the optimum concentration of TBAB lies at
20 mol % relative to 2, with 64 % of 4 being formed (turnover
number (TON)� 640). At higher concentrations of TBAB the
yield decreases, with only 10 % of 4 being obtained using
100 mol % TBAB. We explain this decrease in product yield at
higher concentrations of TBAB by the blocking of free
coordination sites of low-ligated palladium(0) complexes.


At 140 8C the yield of 4 is significantly lower compared to
160 8C; this demonstrates that a temperature of 140 8C is too
low for an efficient activation of this substrate. After an initial
increase in the yield by adding 5 mol % of TBAB the halide
concentration has only a marginal influence on the reaction
outcome. Hence, 4 is obtained in about 20 % yield in the


presence of 5 ± 50 mol % TBAB. These results demonstrate
that TBAB has both a positive and negative effect on the yield
of 4 depending on the concentration and temperature. This
can be explained by the fact that bromide ions facilitate the
formation of anionic 14eÿ and 16eÿ Pd0 monophosphine
species (Scheme 2). At 160 8C the formation of these highly
active species is fast and a higher halide concentration leads to
the predominant formation of stable 18eÿ complexes. At
140 8C the conversion of 1 to anionic Pd0 complexes is low,


hence a higher halide concentration is beneficial for the initial
step. Nevertheless, reactivity of the 16eÿ Pd0 species is not
high enough at 140 8C to ensure sufficient conversion of the
test substrate.


While the initial catalyst tests were performed with sodium
acetate as the base, we were also interested in the influence of
other bases. Common bases for Heck reactions are the
acetates, carbonates and bicarbonates of alkaline or earth
alkaline metals, or alternatively organic bases such as trialkyl-
amines.[2] These bases may also act as ligands at the Pd centre,
thereby influencing the catalyst performance. Table 1 gives an
overview of the results obtained in the presence of 1.2 equiv-
alents of ten different bases. Sodium and potassium acetate
and sodium carbonate lead to similar results in the presence of
20 mol % TBAB (64, 61 and 61 % of 4, respectively). Soluble
tetra-n-butylammonium acetate leads, without added halide,
to the formation of 32 % of 4. This is surprising because
acetate ions should have a comparable stabilising effect on
palladium(0) species as bromide ions due to ate-complex
formation.[11] The expensive base cesium carbonate (25 %) as


Scheme 2. Proposed equilibrium of Pd complexes (for simplification there is no equilibrium with 12eÿ and 14eÿ


Pd species shown).


Table 1. Base effect on the coupling of 2 and 3.[a]


Base Bu4NBr [mol %] Yield [%][b]


1 NaOAc 20 64
2 KOAc 20 61
3 Bu4NOAc 0 32
4 Na2CO3 20 61
5 Cs2CO3 20 25
6 K3PO4 20 39
7 KOtBu 20 3
8 NaOH 20 4
9 CaO 20 67


10 NEt3 20 12


[a] Reaction conditions: 10 mmol 2, 15 mmol 3, 12 mmol base, 0.005 mmol
1, 10 mL DMAc, 160 8C, 20 h. [b] Yield of 4, determined by gas
chromatography with diethyleneglycol di-n-butyl ether as the internal
standard.
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well as potassium phosphate (39 %) gave lower yields of 4.
Both potassium tert-butoxide and sodium hydroxide lead to
catalyst decomposition under these conditions. Much to our
surprise, simple calcium oxide, almost insoluble in N,N-
dimethyl acetamide (DMAc) and to the best of our knowl-
edge not used before in palladium-catalysed coupling reac-
tions, performs excellently under these reaction conditions
(67 % of 4). Triethylamine is not suitable as base (12 % of 4)
due to its ability to bind strongly to palladium. In all catalytic
tests the selectivity for the E isomer of 4 lies between 94 and
98 %, independent of the type of based used.


From these results we conclude that it is important to have a
low concentration of basic anions in solution. Again the
blocking of free coordination sites on the metal centre, which
is necessary for the turnover of the catalyst, might be the
reason for this effect.


Interestingly, the ratio of aryl chloride to olefin is crucial for
the outcome of the coupling reaction (Figure 2). A yield of
91 % of the desired stilbene 4 (relative to styrene) is observed


Figure 2. Influence of the styrene/aryl chloride ratio (10 mmol 2, 2 mmol
TBAB, 12 mmol sodium acetate, 0.005 mmol 1, 10 mL DMAc, 160 8C,
20 h).


by utilising 0.5 equivalents of styrene relative to 2. Equimolar
amounts of starting materials lead to a 66 % yield of 4. A
further increase in the styrene/aryl chloride ratio (1.5 ± 5 equiv)
results in a continuous decrease in the product yield
(64 ± 23 %).


Despite the lower yields, we
decided to use 1 ± 1.5 equiva-
lents of the olefin throughout
our study because this is the
cheaper coupling partner rela-
tive to the aryl halide. The
effect of olefin concentration
on the catalyst performance is
extremely important for an ob-
jective comparison of different
catalyst systems. From the re-
sults shown above, we conclude
that one can often influence the
catalyst activity and productiv-
ity more by changing the con-
centration of olefin than by
switching from one catalyst to
another.


After considerable optimisation of the model reaction, we
were interested in the outcome of this coupling reaction in the
presence of a series of halides and other coordinating and
non-coordinating salts. Investigations into the oxidative
addition of aryl iodides to palladium(0) complexes confirm
an activating and, hence, accelerating effect of added halide
ions on this step of the catalytic cycle.[12] With regard to the
results obtained with TBAB as the additive we believe that
this is also valid for the coupling of aryl chlorides. Due to the
fact that the addition of other anions (chloride,[13] iodide,[14]


hydrogen sulfate,[15] acetate[16]) to palladium-catalysed cou-
pling reactions is also beneficial in some cases, we tested
various additives in the presence of sodium acetate and
sodium carbonate (Tables 2 and 3). Table 2 gives a summary
of the results observed in the presence of different tetra-n-
butylammonium salts. As can be seen, bromide is the most
effective counterion (TBAB) for this reaction if sodium
acetate is used as the base. When sodium carbonate is utilised
as the base, better results are obtained in the presence of
tetra-n-butylammonium chloride hydrate (89 % of 4), fol-
lowed then by the corresponding bromide and hydrogen
sulfate (61 and 58 % of 4, respectively). By reaction with
carbonate ions, the chloride�s crystal water can form hydrox-
ide ions that are able to coordinate to palladium and, hence,
lead to considerable stabilisation of the active species. This
formation of hydroxide ions seems to be responsible for the
beneficial effect of chloride and water compared to chloride
without water. The basicity of acetate ions is not sufficient to
deprotonate water to a reasonable extent. In this case, the
combination of water and chloride has no significant positive
influence on the catalytic efficiency. Weakly coordinating
anions (acetate, nitrate) as well as non-coordinating anions
(tetrafluoroborate, sulfonic acid anions) do not stabilise low
ligated palladium(0) complexes towards agglomeration and,
hence, do not allow reasonable conversion of the test substrate.


During the investigations into the anion�s influence on
catalytic activity it became evident that the cation might also
have a significant impact on the success of the reaction. The
results of screening different halide additives are summarised
in Table 3. Readily soluble tetraalkylammonium and lithium


Table 2. Anion effect on the coupling of 2 and 3.[a]


Cation Anion NaOAc Na2CO3


Yield [%][b] Select. E [%] Yield [%][b] Select. E [%]


1 Bu4N� Clÿ 21 97 29 98
2 Bu4N� Clÿ ´ H2O 36 96 89 95
3 Bu4N� Brÿ 64 94 61 94
4 Bu4N� Iÿ 35 91 11 94
5 Bu4N� SCNÿ 1 nd[c] 0 ±
6 Bu4N� SCNÿ (0.1 mol %) 1 nd 1 nd
7 Bu4N� OAcÿ 34 95 43 95
8 Bu4N� OHÿ (H2O solvent) 23 96 21 96
9 Bu4N� OHÿ (MeOH solvent) 0 ± 0 ±


10 Bu4N� NO3
ÿ 5 nd 9 nd


11 Bu4N� HSO4
ÿ 16 97 58 95


12 Bu4N� BF4
ÿ 2 nd 0 ±


13 Bu4N� OTsÿ 4 nd 10 nd
14 Bu4N� OTfÿ 1 nd 12 nd


[a] Reaction conditions: 10 mmol 2, 15 mmol 3, 12 mmol base, 2 mmol additive, 0.005 mmol 1, 10 mL DMAc,
160 8C, 20 h. [b] Yield of 4, determined by gas chromatography with diethyleneglycol di-n-butyl ether as the
internal standard. [c] Not determined.
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bromides form the most active catalysts in combination with
sodium acetate, while less soluble alkaline bromides lead to
low conversions. Utilising sodium carbonate the Hofmann
degradation of tetra-n-butylphosphonium bromide to form
tri-n-butylphosphine, which leads to an active catalyst system
itself, enhances the effect of simply added bromide. The
reasons for the different results combining tetra(N,N-dieth-
ylamino)phosphonium bromide with sodium acetate and
carbonate are not clear at the moment.


At this time the cationic effect of additives seems to depend
solely on their solubility. However, other ways of interacting
with the substrate or the catalyst system cannot be ruled out
with certainty. Therefore we performed NMR experiments to
detect an interaction between the added cation and the
chlorine of the aryl chloride and to observe an interaction of
the cation with palladium phosphine species. A change in the
chemical shift of 13C signal of the ipso-carbon atom could not
be observed in DMAc/[D6]DMSO (5:1) at room temperature
(d� 137.2 ± 137.6). Also an influence of the cation on the
chemical shift of triphenylphosphine/palladium(0)/bromide
ate-complexes could not be verified. In the 31P NMR under
reaction conditions, albeit at room temperature, two signals
are observed for a mixture of Pd(PPh3)4/Brÿ/DMAc/
[D6]DMSO (5:1). Both signals are broad and an assignment
is difficult because the two signals represent a variety of both
complexes and free phosphine that are all in fast equilibrium.


As shown in Tables 2 and 3 the additive did not significantly
influence the geometry of the double bond formed (E vs Z).
In all cases 93 ± 97 % of the E isomer was obtained. However,
iodide salts seem to decrease the selectivity marginally (ca.
91 % E) relative to the other anions investigated.


In the presence of 20 mol % of potassium trichlorostannate
or various other transition metal halides as additives, for
example, manganese(ii), cobalt(ii), nickel(ii) (compare ref. [4])
or copper(i), no efficient conversion of 2 was observed (less
than 20 % yield of 4).


At this point three efficient catalyst systems based on the
palladacycle 1 for the activation of 2 have been discovered. In


the presence of the economi-
cally attractive base sodium
carbonate an 85 ± 90 % yield
(TON� 850 ± 900) of 4 was re-
alised by applying either
0.2 equivalents tetra-n-butyl-
phosphonium bromide, tet-
ra(N,N-diethylamino)phospho-
nium bromide or tetra-n-butyl-
ammonium chloride hydrate.


Next, we were interested in a
comparison of the molecularly
defined complex 1 with tradi-
tional in situ catalyst systems.
As stated previously palladi-
um(ii)/phosphine mixtures,
which are generally applied for
Heck and related reactions
were not tested systematically
for the activation of aryl chlor-
ides at low catalyst loading


(0.1 mol % Pd) prior to our investigations. In order to observe
positive as well as negative influences of the different
commercially available phosphine ligands, we performed the
model reaction under standard reaction conditions (DMAc,
160 8C, 20 h) with tetra-n-butylammonium bromide as the
additive. Typically, phosphines are applied in palladium-
catalysed coupling reactions in a molar ratio of 1:1 to 4:1 with
respect to palladium. It is said that higher phosphine/
palladium ratios slow down the coupling reaction.[18] There-
fore we chose a P/Pd ratio of 2:1 for the phosphine screening.
As shown in Table 4 most of the investigated ligands do not
catalyse the test reaction to an appreciable extent with or
without 20 mol % of tetra-n-butylammonium bromide.


In each case less than 10 % of desired stilbene 4 was formed
in the absence of TBAB. Only two phosphines led to
significantly active catalyst systems under these conditions:
tricyclohexylphosphine (71 % yield of 4 in the presence of
sodium carbonate) and tri-n-butylphosphine (83 % yield of 4
in the presence of sodium carbonate), which are among the
most basic ligands investigated in this study. However, basicity
is not the only important factor that determines the success of
the reaction: tris(dimethylamino)phosphine, which is only a
bit less basic than tri-n-butylphosphine, is not suitable for the
model reaction at all. On the other hand steric effects are also
not the sole determining factor, for example, tricyclohexyl-
phosphine and tri-n-butylphosphine work almost equally well.
More electron-poor ligands whose size is comparable to the
former [tris(perfluorophenyl)phosphine] or the latter [tris(2-
cyanoethyl)phosphine] ligand do not support the reaction
(<10 % yield of 4). Tri-o-tolylphosphine does not lead to an
active catalyst system when applied in situ. Here, palladium
precipitation occurs faster than complexation and concom-
itant cyclometallation. Surprisingly, tri-tert-butylphosphine/
palladium(ii) acetate does not catalyse the coupling of our test
substrates under these conditions, although it is known to
generate a highly efficient catalysts system in etheral solvents
with cesium carbonate as a base.[8] In all reactions described
here the selectivity towards the E double bond isomer lies


Table 3. Cation effect on the coupling of 2 and 3.[a]


Cation Anion NaOAc Na2CO3


Yield [%][b] Select. E [%] Yield [%][b] Select. E [%]


1 Li� Clÿ 15 97 10 nd[c]


3 Cs� Clÿ 8 nd 13 nd
4 Bu4N� Clÿ 21 97 29 98
5 Bu4N� Clÿ ´ H2O 36 96 89 95
6 Li� Brÿ 54 93 21 95
7 Na� Brÿ 24 94 19 95
8 K� Brÿ 29 94 53 95
9 NH4


� Brÿ 22 95 28 96
10 Et4N� Brÿ 31 95 30 97
11 Bu4N� Brÿ 64 94 61 94
12 Oc4N� Brÿ 56 93 67 93
13 Bu4P� Brÿ 60 93 90 93
14 (Et2N)4P� Brÿ 22 95 85 94
15 Me4N� Iÿ 39 90 8 94
16 Et4N� Iÿ 33 91 10 nd
17 Bu4N� Iÿ 35 91 11 94


[a] Reaction conditions: 10 mmol 2, 15 mmol 3, 12 mmol base, 2 mmol additive, 0.005 mmol 1, 10 mL DMAc,
160 8C, 20 h. [b] Yield of 4, determined by gas chromatography with diethyleneglycol di-n-butyl ether as internal
the standard. [c] Not determined.
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between 94 and 96 %, similar to that found for the pallada-
cycle catalyst 1. Hence, the same type of palladium species,
which undergoes the b-hydride elimination, is likely.


In contrast to catalyst 1 the formation of palladium black is
observed in the presence of most of the shown ligands. Thus,
we assumed that the stabilisation of the active palladium
species by a slight excess of ligand (2:1) is not sufficient.
Therefore, the dependence of catalyst productivity on the
phosphine/palladium ratio was investigated. As shown in
Figure 3 the coupling of 2 with 3 can be affected efficiently by


Figure 3. Influence of the P/Pd ratio (10 mmol 2, 15 mmol 3, 0 or 2 mmol
TBAB, 12 mmol sodium acetate, 0.01 mmol palladium(ii) acetate, 10 mL
DMAc, 160 8C, 20 h).


means of simple triphenylphosphine if the ligand is provided
in an excess relative to palladium. The best yield of 4 (72 %) is
observed at a phosphine/palladium ratio of 15:1 in the
presence of tetra-n-butylammonium bromide.


If the co-catalyst is omitted comparable results (65 %) are
obtained at a slightly higher molar ratio of phosphine to
palladium (20:1). This again supports the proposal that
bromide ions and phosphines both act as ligands in the Heck


reactions and may be substitut-
ed by each other. Higher con-
centrations of phosphine ligand
lead to a decrease in catalyst
activity (here the blocking of
free coordination sites domi-
nates), although the catalyst is
stabilised against decomposi-
tion. Interestingly, increasing
the phosphine/palladium ratio
results in a significant decrease
of E selectivity in the coupling
product (P/Pd� 10:1, E selec-
tivity of 4� 91 %; P/Pd� 100:1,
E selectivity of 4� 79 %).


The success in coupling our
test substrates in the presence
of an excess of triphenylphos-
phine prompted us to re-inves-
tigate the ligand influence at
higher phosphine/palladium ra-
tios (Table 5). All reactions re-
sulted in significantly higher
product yields when a tenfold
excess of ligand is applied com-
pared with the initial twofold


excess. The only exception was tri-n-butylphosphine which led
to 53 % of 4 compared with 83 % at lower phosphine/
palladium ratio in the presence of sodium carbonate.


Some important conclusions can be drawn from these
results:
1) Regardless of the phosphine ligand employed, substantial


yields of Heck products can be obtained even in the
olefination of chloroarenes, if just the optimal conditions
with respect to P/Pd ratio, base and co-catalyst are used.


2) An important but generally overlooked reaction parame-
ter is the ligand/palladium ratio.


3) The combination of the right ligand/palladium ratio and
the reaction temperature allows an efficient activation of
C-Cl bonds at low catalyst loading.


Table 4. Variation of phosphine ligands (P/Pd(OAc)2� 2:1) in the coupling of 2 and 3.[a]


Phosphine n V Bu4NBr Yield Yield
[cmÿ1][b] [8][c] [mol %] [%][d] (NaOAc) [%][d] (Na2CO3)


1 PCy3 2056 170 0 9 5
2 PCy3 2056 170 20 39 (94) 71 (94)
3 P(tBu)3 2056 182 20 26 (95) 31 (94)
4 P(nBu)3 2060 132 0 2 6
5 P(nBu)3 2060 132 20 26 (96) 83 (94)
6 P[2,4,6-(MeO)3C6H2]3 20 22 47 (95)
7 PCy2(o-biph) 20 27 (95) 38 (95)
8 P(NMe2)3 2062 157 20 2 0
9 PMe2Ph 2065 122 20 13 7


10 dppb[e] 2066 20 21 (96) 18 (96)
11 PMePh2 2067 136 20 22 (95) 14
12 PPh2(2-Py) 20 0 0
13 dppf[f] 20 20 35
14 P(o-Tol)3 2067 194 20 0 1
15 dppt[g] 20 18 (96) 13
16 PPh3 2069 145 20 1 7
17 P(p-C6H4-F)3 2071 145 20 0 2
18 P(CH2CH2CN)3 2078 132 20 3 10
19 P(C6F5)3 2091 184 20 1 0


[a] Reaction conditions: 10 mmol 2, 15 mmol 3, 12 mmol base, 0 or 2 mmol TBAB, 0.01 mmol Pd(OAc)2, 10 mL
DMAc, 160 8C, 20 h. [b] nCO(A1) of Ni(CO)3L in CH2Cl2.[17] [c] Tolman cone angle.[17] [d] Yield of 4 (selectivity of
E isomer in parentheses), determined by gas chromatography with diethyleneglycol di-n-butyl ether as the
internal standard. [e] 1,4-Bis(diphenylphosphino)butane. [f] 1,1'-Bis(diphenylphosphino)ferrocene. [g] 2,6-Bis-
(diphenylphosphino)toluene.


Table 5. Variation of phosphine ligands (P/Pd(OAc)2� 10:1) in the
coupling of 2 and 3.[a]


Phosphine Bu4NBr [mol %] Yield [%][b] Select. E [%]


1 PCy3 0 40 92
2 PCy3 20 72 92
3 P(tBu)3 20 29 93
4 P(nBu)3 0 12 nd[c]


5 P(nBu)3 20 23 91
6 P[2,4,6-(MeO)3C6H2]3 20 31 94
7 PCy2(o-biph) 20 29 94
8 dppb[d] 20 55 90
9 PMePh2 20 19 87


10 PAllPh2 20 50 92
11 dppf[e] 20 43 92
12 P(CH2CH2CN)3 20 17 90


[a] Reaction conditions: 10 mmol 2, 15 mmol 3, 12 mmol NaOAc, 0 or
2 mmol TBAB, 0.01 mmol Pd(OAc)2, 10 mL DMAc, 160 8C, 20 h. [b] Yield
of 4, determined by gas chromatography with diethyleneglycol di-n-butyl
ether as the internal standard. [c] Not determined. [d] 1,4-Bis(diphenyl-
phosphino)butane. [e] 1,1'-Bis(diphenylphosphino)ferrocene.
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Remarkably, even catalyst systems composed of electron-
poor phosphite ligands efficiently catalyse the Heck coupling
of chloroarenes with various olefins, if the ligand is provided
in an excess.[19]


The last reaction parameter studied in the model reaction
was the influence of the solvent (Table 6). Heck reactions are


normally conducted in dipolar
aprotic solvents like DMAc,
DMF or acetonitrile. Therefore
we investigated different polar
solvents such as N,N,N',N'-tet-
ramethylurea (TMU), N-meth-
ylpyrrolidone (NMP), DMAc,
polyethylene glycol and ethyl-
ene glycol in the presence of the
most economically attractive
catalyst system [Pd(OAc)2/
15 PPh3]. Independent of the
base used, NMP gave slightly
better results with respect to
DMAc and TMU. In ethylene
glycol and polyethylene gly-
col 400 rapid palladium decom-
position takes place; hence,
these solvents do not allow an
efficient coupling of 2 and 3.
Reductive dehalogenation of 2
to trifluoromethylbenzene is
observed as a major side reac-
tion (up to 37 %).


The presented studies of the
model reaction reveal that
there are far more than ten
different combinations of palla-
dium source, ligand, co-catalyst
(halide), base and P/Pd ratio
that are able to catalyse the
coupling of 2 and 3 in yields
from 60 ± 90 % at a low catalyst
loading. Some of these ªbestº
catalyst systems were chosen and


applied to the Heck reaction of various chloroarenes and
different olefins (Scheme 3; Table 7).


All substrates tested here were converted to the desired
coupling products in very good to excellent yields (85 ± 100 %)
and with excellent turnover numbers (850 ± 1000) with respect
to Heck reactions of aryl chlorides. It is clear that for all


Scheme 3. Coupling of aryl chlorides and olefins in the presence of
different catalyst systems.


shown combinations of substrates, more than one catalyst
system exists that leads to similar good results; ortho-
substituents at the aryl chloride are tolerated and electron-
poor olefins can be coupled as well as electron-rich ones.
Although in the latter case regio and stereochemical compli-


Table 6. Coupling of 2 and 3 in polar solvents.[a]


Solvent Yield [%][b] Yield [%][b]


(NaOAc) (Na2CO3)


1 DMAc 56 40
2 NMP 63 59
3 TMU[c] 48 48
4 PEG 400[d] 25 (10) 2 (37)
5 ethylene glycol 11 (28) 2 (32)


[a] Reaction conditions: 10 mmol 2, 15 mmol 3, 12 mmol base, 0.01 mmol
Pd(OAc)2, 0.15 mmol PPh3, 9 mL solvent, 1 mL toluene, 160 8C, 20 h.
[b] Yield of 4 (yield of trifluoromethylbenzene in parentheses), determined
by gas chromatography with diethyleneglycol di-n-butyl ether as the
internal standard. [c] N,N,N',N'-Tetramethylurea. [d] Polyethylene gly-
col 400.


Table 7. Coupling of aryl chlorides and different olefins.[a]


ArCl Olefin Pd source Ligand[b] Bu4NBr [mol %] Yield [%][c]


1


Cl


F3C
Pd(OAc)2 10P(OAr)3 20 90


2


Cl


F3C


N


O


Pd(OAc)2 10P(OAr)3 20 89


3


ClF3C


Pd(OAc)2 10P(OAr)3 20 93


4


Cl


CN
1 ± [d] 94


5


Cl


CN


N


O


1 ± [d] 100


6


Cl


O


Pd(OAc)2 2PBu3 20 85


7


Cl


O


N


O


Pd(OAc)2 10P(OAr)3 20 89


8


Cl


O


O


O


O


Pd(OAc)2 10PCy3 0 87


[a] Reaction conditions: 10 mmol ArCl, 15 mmol olefin, 12 mmol sodium carbonate, 0.01 mmol catalyst, 10 mL
DMAc, 160 8C, 24 h. [b] Yield E product determined by gas chromatography with diethyleneglycol di-n-butyl
ether as the internal standard. [c] Ar� 2,6-di-tert-butylphenyl. [d] 20 mol % Bu4NCl ´ H2O.
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cations arise from contrarily directing effects based on steric
and electronic demands, respectively, which were not further
investigated here. In the case of styrene, E/Z selectivity is
about 95/5 in all cases, whereas acrylic esters and amides are
coupled highly selectively (>99 %) to form the desired E b-
product.


Utilising chlorobenzene and 3 as the substrates in the
presence of 0.1 mol % of palladium catalysts never gave more
than 13 % of coupling product. Reaction of 4-chloroanisole
with styrene resulted in 17 % of 4-methoxy stilbene in the
presence of palladium(ii) acetate/20 triphenylphosphine. All
other catalyst systems under investigation led to lower yields
of the corresponding coupling product. Although the yields of
the Heck reaction of non-activated aryl chlorides are not
sufficient for organic synthesis, the achieved turnover num-
bers of 130 ± 170 are similar to the best previously described
catalysts with sterically hindered basic phosphines.


Conclusion


What can we learn from this study of various catalyst systems
for the Heck reaction of activated and non-activated aryl
chlorides and olefins? Firstly, for activated aryl chlorides a
number of useful catalyst systems exist that allow these
reactions to proceed in good to excellent yield with catalyst
turnover numbers of approximately 1000. The industrial
realisation of coupling reactions with these substrates in the
area of fine chemicals is nowadays, in our opinion, feasible.
Importantly, the outcome of the many possible combinations
of phosphine/additive/base is not easily predicted. While some
general guidelines exist, for example, to use a higher P/Pd
ratio, small changes in the co-catalyst or base may lead to a
dramatic decrease in catalyst productivity. Contrary to tradi-
tional belief, basicity or steric demand of the ligand is not
decisive for the success of the reaction. Here, the phosphine/
palladium ratio and the olefin concentration are more
important. In addition, one must note that the reaction
conditions once optimised for a special pair of coupling
partners are not automatically suitable for a similar coupling
reaction.


With regard to the Heck coupling of non-activated aryl
chlorides, more efficient catalyst systems are badly needed.
Although the catalyst productivity of the simple Pd/excess
PPh3 catalysts presented here is in the range of 100 ± 200,
product yields are low. However, even the new basic and
sterically demanding ligands such as tri-tert-butylphosphine[8]


or the new adamantylphosphines[3q, 20] allow the reaction to
proceed in good yield only at a comparable high catalyst
concentration (>1 mol % of Pd catalyst).


Experimental Section


General : All chemicals were commercially available and used without
further purification. DMAc was distilled over calcium hydride and stored
under argon. The coupling products synthesised were characterised using
GC/MS, 1H and 13C NMR.


General procedure : In an ACE pressure tube (Aldrich) aryl halide
(10 mmol), olefin (15 mmol), base (12 mmol), diethyleneglycol di-n-butyl


ether (400 mg, as the internal standard), an appropriate amount of additive
(if necessary), ligand and palladium source was suspended in dry DMAc
(10 mL) under an atmosphere of argon. The tube was sealed and put in a
preheated bath of silicon oil. After 20 hours the mixture was cooled to
room temperature and CH2Cl2 (10 mL) and HCl (2n, 10 mL) are added.
The organic phase was analysed by gas chromatography. After washing the
organic phase with water and brine, drying and evaporating the solvents,
the products were isolated by crystallisation from methanol/acetone
mixtures or by column chromatography (silica gel, hexane/ethyl acetate
mixtures).


E-4-(Trifluoromethyl)stilbene : 1H NMR (360 MHz, CDCl3, 25 8C): d� 7.60
(m, 4 H), 7.54 (d, 3J(H,H)� 7.3 Hz, 2H), 7.39 (m, 2H), 7.31 (m, 1H), 7.19 (d,
3J(H,H)� 16.4 Hz, 1 H), 7.11 (d, 3J(H,H)� 16.4 Hz, 1H); 13C{1H} NMR
(90.6 MHz, CDCl3, 25 8C): d� 140.8, 136.6, 131.2, 128.3, 127.1, 129.2 (q,
2J(C,F)� 32.3 Hz), 128.8, 126.8, 126.5, 125.6 (q, 3J(C,F)� 3.8 Hz), 124.2 (q,
1J(C,F)� 272 Hz); MS (70 eV, EI): m/z : 248 [M]� , 179, 152, 89, 76.


N,N-Dimethyl-p-(trifluoromethyl)cinnamoyl amide : 1H NMR (360 MHz,
CDCl3, 25 8C): d� 7.64 (d, 3J(H,H)� 15.5 Hz, 1 H), 7.58 (m, 4H), 6.93 (d,
3J(H,H)� 15.5 Hz, 1H), 3.10 (s, 6 H); 13C{1H} NMR (90.6 MHz, CDCl3,
25 8C): d� 166.1, 140.6, 138.8, 131.0 (q, 2J(C,F)� 32.4 Hz), 127.9, 125.7 (q,
3J(C,F)� 3.4 Hz), 123.9 (q, 1J(C,F)� 272 Hz), 120.0, 36.7; MS (70 eV, EI):
m/z : 243 [M]� , 224, 199, 171, 151, 98, 75.


E-3-(Trifluoromethyl)stilbene : 1H NMR (360 MHz, CDCl3, 25 8C): d� 7.76
(m, 1H), 7.66 (m, 1 H), 7.54 ± 7.44 (m, 4H), 7.39 (m, 2 H), 7.31 (m, 1 H), 7.17
(d, 3J(H,H)� 16.4 Hz, 1H), 7.10 (d, 3J(H,H)� 16.4 Hz, 1 H); 13C{1H} NMR
(90.6 MHz, CDCl3, 25 8C): d� 136.2, 137.5, 131.1 (q, 2J(C,F)� 32.1 Hz),
130.6, 129.5, 129.1, 128.2, 127.1, 128.8, 126.7, 124.2 (q, 1J(C,F)� 272 Hz),
124.0 (q, 3J(C,F)� 3.8 Hz), 123.1 (q, 3J(C,F)� 3.8 Hz); MS (70 eV, EI): m/z :
248 [M]� , 233, 179, 89.


2-Cyanostilbene : 1H NMR (400 MHz, CDCl3, 25 8C): d� 7.76 (d,
2J(H,H)� 8.1 Hz, 1 H), 7.62 ± 7.52 (m, 4H), 7.44 ± 7.22 (m, 6H); 13C{1H}
NMR (101 MHz, CDCl3, 25 8C): d� 140.4, 136.1, 133.3, 133.0, 132.7, 128.8,
128.7, 127.5, 127.0, 125.2, 123.9, 117.9, 111.1; MS (70 eV, EI): m/z : 205 [M]� ,
204, 190, 176, 102, 89.


N,N-Dimethyl-o-cyanocinnamoyl amide : 1H NMR (400 MHz, CDCl3,
25 8C): d� 7.75 (d, 2J(H,H)� 15.7 Hz, 1 H), 7.64 ± 7.53 (m, 3 H), 7.37 (m,
1H), 7.14 (d, 2J(H,H)� 15.7 Hz, 1H), 3.13 (s, 3H), 3.02 (s, 3 H); 13C{1H}
NMR (101 MHz, CDCl3, 25 8C): d� 165.7, 138.3, 137.1, 133.6, 132.8, 129.1,
128.2, 123.1, 117.7, 111.3, 37.4, 35.8; MS (70 eV, EI): m/z : 200 [M]� , 156, 128,
98.


E-4-Acetylstilbene : 1H NMR (360 MHz, CDCl3, 25 8C): d� 7.92 (d,
3J(H,H)� 8.2 Hz, 2 H), 7.54 (d, 3J(H,H)� 8.2 Hz, 2 H), 7.51 (d, 3J(H,H)�
7.3 Hz, 2H), 7.34 (m, 3 H), 7.19 (d, 3J(H,H)� 16.3 Hz, 1 H), 7.09 (d,
3J(H,H)� 16.4 Hz, 1H), 2.56 (s, 3 H); 13C{1H} NMR (90.6 MHz, CDCl3,
25 8C): d� 197.3, 141.9, 136.7, 135.9, 131.4, 128.8, 128.7, 128.3, 127.4, 126.8,
126.4, 26.5; MS (70 eV, EI): m/z : 222 [M]� , 207, 178, 152, 89.


p-Acetyl-N,N-dimethylcinnamoyl amide : 1H NMR (360 MHz, CDCl3,
25 8C): d� 7.87 (d, 3J(H,H)� 8.0 Hz, 2H), 7.59 (d, 3J(H,H)� 15.5 Hz,
1H), 7.52 (d, 3J(H,H)� 8.0 Hz, 2H), 6.92 (d, 3J(H,H)� 15.5 Hz, 1 H), 3.12
(s, 3 H), 3.00 (s, 3H), 2.52 (s, 3 H); 13C{1H} NMR (90.6 MHz, CDCl3, 25 8C):
d� 197.2, 165.9, 140.6, 119.9, 139.6, 137.3, 128.6, 127.7, 37.3, 35.8, 26.5; MS
(70 eV, EI): m/z : 217 [M]� , 202, 173, 131, 102, 98, 76.


2-Ethylhexyl p-methoxycarbonylcinnamate : 1H NMR (400 MHz, CDCl3,
25 8C): d� 7.99 (d, 2J(H,H)� 8.3 Hz, 2H), 7.64 (d, 2J(H,H)� 16.1 Hz, 1H),
7.54 (d, 2J(H,H)� 8.2 Hz, 2 H), 6.48 (d, 2J(H,H)� 16.1 Hz, 1 H), 4.09 (m,
2H), 3.87 (s, 3H), 1.61 (quint, 2J(H,H)� 6.0 Hz, 1 H), 1.41 ± 1.26 (m, 8H),
0.87 (m, 6H); 13C{1H} NMR (101 MHz, CDCl3, 25 8C): d� 166.6, 166.3,
142.9, 138.6, 131.2, 130.0, 127.8, 120.6, 67.0, 52.1, 38.7, 30.3, 28.9, 23.7, 22.9,
14.0, 10.8; MS (70 eV, EI): m/z : 318 [M]� , 287, 207, 189, 175, 145, 112, 70.
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Synthesis of Functionalized Pyrrole and Indole Derivatives through
Carbometallation of Lithiated Double Bonds


Francisco J. FanÄ anaÂs,[a] Alejandro Granados,[a] Roberto Sanz,[b]


JoseÂ M. Ignacio,[b] and JoseÂ Barluenga*[a]


Abstract: Bis(2-lithioallyl)amines de-
rived from bis(2-bromoallyl)amines un-
dergo intramolecular carbometallation
of a lithiated double bond, giving dili-
thiated dihydropyrroles. The cycliza-
tions are promoted by N,N,N',N'-tetra-
methylethylenediamine (TMEDA). Re-
action of these intermediates with
electrophiles allows the preparation of


some new fused and nonfused five-
membered functionalized heterocycles.
Although 2-lithioallylamines do not suf-
fer intermolecular carbometallation, di-


merization products are obtained with
their copper or zirconium derivatives.
Finally, the application of this new
reaction to 2-lithio-N-(2-lithioallyl)ani-
lines leads to 3-lithiomethylindole de-
rivatives, which are transformed to func-
tionalized indole derivatives by reaction
with electrophiles.


Keywords: carbanions ´ carbolithia-
tion ´ heterocycles ´ indoles ´ pyr-
roles


Introduction


Ring-forming reactions are very important processes in the
field of synthetic methodology. Whereas a large number of
routes have been developed for cationic,[1] radical,[2] and
stabilized anionic[3] cyclizations, the use of highly reactive
carbanions in these reactions presents the potential disad-
vantage that the electrophilic site must tolerate the anion-
forming conditions. Their classical utilization has been
restricted to the synthesis of polymers or of rather simple
hydrocarbons. Moreover, with carbanions generated from
weak acids, ion pairs or clusters are the reactive intermediates,
and their reactivity is increased by using donor solvents,
polydentate ligands, and crown ethers, an effect attributed to
the lowering of the degree of aggregation rather than to the
separation of cation from anion.[4] Although simple alkenes
and alkynes are not usually thought of as sites of nucleophilic
attack, the addition of alkyl-[5] and vinyllithium[6] reagents to
inactivated carbon ± carbon multiple bonds has been used in
recent years as a tool for the construction of carbocycles.


However, the carbolithiation of alkynes is of limited prepa-
rative value because terminal alkynes are always deproton-
ated by organolithium reagents and disubstituted ones are not
readily carbolithiated if other reaction pathways, such as
deprotonations at propargylic positions, occur more readily.
In the case of isolated carbon ± carbon double bonds, only
terminal olefins and 1,2-disubstituted alkenes in which the
initially formed alkyllithium product is substituted with a
leaving group in a b-position[7] or is stabilized by a moderately
strong activating group[8] are useful substrates for the
carbolithiation reaction. Despite these limitations, organo-
lithium cyclizations can be a powerful synthetic tool, although
it has not been developed extensively, especially in the case of
reactions that involve the formation of heterocycles instead of
carbocycles.[9] Interestingly, with this methodology it could be
possible to functionalize the cyclized product by reaction with
electrophiles; this represents an important advantage over the
corresponding radical cyclizations. Moreover, cyclizations of
vinyllithium reagents, rather than alkyllithium reagents,
would also incorporate an alkene into the product with
control of its stereochemistry; this could allow further
functionalization. On the other hand, the use of vinylmetals
as electrophiles is not usual and only the allylzincation of
vinylorganometallics is a general reaction. Nevertheless, this
process is believed to proceed through the formation of an
allylvinylzinc derivative, which then undergoes a 3,3-sigma-
tropic rearrangement (metallo-Claisen reaction) to give the
corresponding 1,1-diorganometallic compound.[10]


The development of new strategies directed toward the
preparation of heterocyclic systems continues to be an
important synthetic goal. In this context, the synthesis of
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pyrrole and indole derivatives has been an active field due to
the wide range of these derivatives that occur in nature and to
the biological activity found among these compounds of both
natural and synthetic origin.[11] In connection with our interest
in the preparation of N-heterocycles through carbometalla-
tion reactions, we have recently reported the easy intra-
molecular carbolithiation of N-allyl-N-(2-lithioallyl)amines
that proceeds by 5-exo or 6-endo modes depending on the
electron density on the nitrogen atom.[12] In this paper, we
describe the first intramolecular carbometallation of lithiated
double bonds and its application to the synthesis of function-
alized pyrrole and indole derivatives.[13]


Results and Discussion


Intramolecular carbometallation of N,N-bis(2-lithioallyl)-
amines: Treatment of N,N-bis(2-bromoallyl)amines 1 with four
equivalents of tert-butyllithium[14] in diethyl ether at ÿ78 8C
gave the dianions 2, which were characterized by deuteriolysis
to give dideuterated amines 3 (Scheme 1). These dianions
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Scheme 1. Intramolecular carbolithiation of N,N-bis(2-lithioallyl)-
amines 2.


were stable in solution at ÿ78 8C, but the addition of four
equivalents of N,N,N',N'-tetramethylethylenediamine (TME-
DA) at low temperature afforded 3,4-bis(lithiomethyl)dihy-
dropyrrole derivatives 4. In the case of aromatic amine
derivatives 1 b and 1 c the cyclizated products 4 b and 4 c,
respectively, were generated at temperatures ranging between
ÿ78 and ÿ50 8C in 1 h, whereas non-aromatic derivatives 1 a
and 1 d undergo complete cyclization in 1 h at room temper-
ature to afford dilithiated compounds 4 a and 4 d, respectively.
This transformation involving the cycloisomerization of vinyl-
lithium to allyllithium moieties with formation of a new
carbon ± carbon double bond allows the preparation of
dihydropyrrole derivatives from bis(2-bromoallyl)amines.
These dilithiated intermediates 4 were characterized by their
treatment with deuterium oxide giving rise to 3,4-bis(deutero-
methyl)dihydropyrrole derivatives 5 in excellent yield
(Scheme 1 and Table 1). The fact that the reaction works for


aromatic and nonaromatic amines but that the reaction
conditions and reaction times are different indicates a strong
influence of the electron density on the nitrogen atom in the
outcome of the process. It is also interesting to note that the
cyclization also works in the absence of TMEDA,[15] but it
needs about 45 ± 60 minutes at room temperature for aromatic
amines 1 b and 1 c and about 3 ± 4 hours for nonaromatic
amines 1 a and 1 d. These results indicate an strong accelerat-
ing effect of the lithium-coordinating diamine and the role of
TMEDA is really important in the case of amine 7, which


Abstract in Spanish: Las bis(2-litioalil)aminas derivadas de
bis(2-bromoalil)aminas experimentan una reaccioÂn de carbo-
metalacioÂn intramolecular del doble enlace litiado generando
dihidropirroles dilitiados. Las ciclaciones son aceleradas y, en
ocasiones promovidas, por TMEDA. La reaccioÂn de estos
intermedios con electroÂfilos permite la preparacioÂn de nuevos
heterociclos funcionalizados de cinco eslabones. Aunque las
2-litioalilaminas no experimentan esta carbometalacioÂn de
forma intermolecular, es posible obtener productos de dime-
rizacioÂn con sus derivados de cobre o de zirconio. Finalmente,
la aplicacioÂn de esta nueva reaccioÂn a 2-litio-N-(2-litioalil)-
anilinas conduce a derivados de 3-litiometilindoles, los cuales
son transformados en derivados de indoles funcionalizados
por reaccioÂn con electroÂfilos.


Table 1. Preparation of dihydropyrrole and pyrrole derivatives 5, 9 ± 12,
15, and 16 from 2-bromoallylamines 1.


Starting R E� Product E/M Yield [%][a]


amine


1a PhCH2 D2O 5a D 85
1b Ph D2O 5b D 91
1c 4-MeC6H4 D2O 5c D 90
1a PhCH2 Me3SiCl 9a SiMe3 82
1a PhCH2 Bu3SnCl 9b SnBu3 79
1b Ph Me3SiCl 9c SiMe3 87
1b Ph Bu3SnCl 9d SnBu3 85
1d c-C6H11 Me3SiCl 9e SiMe3 77
1d c-C6H11 Bu3SnCl 9 f SnBu3 75
1c 4-MeC6H4 PhCH�NPh 9g PhCHNHPh 73
1c 4-MeC6H4 Me2CO 9h Me2CHOH 75
1b Ph D2O 10a D 84
1b Ph CO2/EtOH 10b CO2Et 79
1c 4-MeC6H4 PhCH�NPh 10c PhCHNHPh 72
1c 4-MeC6H4 Me2CO 10d Me2CHOH 75
1a PhCH2 Ph2SiCl2 11a SiPh2 77
1a PhCH2 Et2GeCl2 11b GeEt2 82
1b Ph Ph2SiCl2 11c SiPh2 86
1b Ph Et2GeCl2 11d GeEt2 90
1b Ph Me2SnCl2 11e SnMe2 84
1b Ph Ph2SiCl2 12a SiPh2 78
1b Ph Et2GeCl2 12b GeEt2 81
1b Ph D2O 15a D 55
1b Ph Me3SiCl 15b SiMe3 60
1b Ph Bu3SnCl 15c SnBu3 56
1b Ph Ph2S2 15d SPh 58
1b Ph D2O 16a D 58


[a] Isolated yield based on the starting amine 1.
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under treatment with four equivalents of tBuLi and further
addition of four equivalents of TMEDA afforded the bicyclic
amine 8 in 73 % yield after 30 min at 20 8C, hydrolysis, and
further oxidation with oxygen. However, if TMEDA is not
added only 40 % of 8 is formed, and decomposition products
were obtained along with the expected compound if the
reaction time is longer.


The formation of dilithiated dihydropyrrole derivatives 4 by
treatment of dianions 2 with TMEDA could be explained by
assuming first an intramolecular carbolithiation of one vinyl-
lithium moiety by the other one, affording methylenepyrrol-
idine derivatives 6. These intermediates could undergo an
allylic rearrangement to give dilithiated compounds 4
(Scheme 1). Other pathways involving single electronic trans-
fer process could be feasible as in the case of the radical
cyclization of N,N-bis(2-bromo-2-propenyl)benzenesulfon-
amide to the corresponding 3,4-dimethyl-3-pyrroline deriva-
tive.[16]


To extend the synthetic scope of this new reaction we
carried out the functionalization of the new dilithiated
dihydropyrrole derivatives 4 with different electrophiles. In
this way, treatment of dianions 4 with imines, carbonyl
compounds, carbon dioxide, and silicon or tin chlorides gave
rise to functionalized dihydropyrrole derivatives 9 in good
yields (Scheme 2 and Table 1). These 3,4-bis(functionalized-
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Scheme 2. Reaction of dianions 4 with electrophiles. Preparation of
pyrrole derivatives 9 ± 12.


methyl)-3-pyrrolines are interesting heterocycles, not previ-
ously reported.[17] In the case of aromatic amine-derived
dihydropyrroles, their subsequent oxidation with oxygen or
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) al-
lowed the synthesis of the corresponding 3,4-difunctionalized
pyrrole derivatives 10. Moreover, the reaction of 4 with some
silicon, tin, and germanium dichlorides produces new hexa-
hydrometallacyclopenta[3,4-c]pyrrole derivatives 11 in good
yields (Scheme 2 and Table 1). Again, compounds 11 derived
from aromatic amines were easily oxidized with DDQ to the
tetrahydrometallacyclopenta[3,4-c]pyrrole derivatives 12. It is
interesting to note that compounds 11 and 12 represent a new
class of five-membered fused heterocycles. It is also note-
worthy that the 3,4-disubstituted pyrrole system is probably
the most difficult to be prepared, since most electrophilic
aromatic substitution and lithiation reactions occur at the a-
positions.[18] Disappointingly, when we tried the formation of a


six-membered cycle by reaction of dianion 4 b with 1,2-
diphenylethanedione or iodoacetonitrile, an undesired reac-
tion took place that resulted in the formation of the exocyclic
diene 14 and the corresponding reduction product derived
from the electrophile. A proposal for the unexpected reaction
of 4 b with 1,2-diphenylethanedione is presented in Scheme 2
in which we assume a stepwise mechanism that involves the
initial attack of one extreme of the dianion 4 b to the
electrophile which gives rise to the unstable intermediate
13. After an elimination process, homologated by the double
bond, diene 14 and benzoin were isolated after hydrolysis.[19]


In the same way, the reaction between 4 b and diphenyl
disulfide also afforded diene 14 and thiophenol. These results
indicate that when an electrophile which contains an ad-
equately positioned good leaving group is added to dianion 4,
the formation of diene 14 is preferred over the double
reaction with the electrophile. In this context, Maruoka et al.
have recently reported the cleavage of a,b carbon ± carbon
bond of g-lithiocarbonyl substrates by the use of a Lewis
acid,[20] a reaction that takes place in a similar way to what we
postulate here.


Interestingly, treatment of dianion 4 b with an equimolec-
ular amount of an aryl halide, such as bromobenzene or 1,2-
dichlorobenzene, gave rise to an unexpected result. After
quenching the reaction with different electrophiles (deute-
rium oxide, chlorotrimethylsilane, tributyltin chloride, and
diphenyl disulfide) the dihydropyrrole dimers 15 were iso-
lated, which could be easily oxidized to the aromatic pyrrole
derivatives 16 (Scheme 3 and Table 1). The outcome of the
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Scheme 3. Intermolecular coupling of dianion 4b.


reaction could be explained by assuming an halogen ± lithium
exchange that produces monoanion 17, which upon d-elimi-
nation affords the exocyclic diene 14 b. Further carbolithiation
of 14 b by the dianion 4 b, probably favored by TMEDA,
would produce the dilithiated dimers 18, which by reaction
with electrophiles lead to 15. In order to support this
mechanistic proposal, we carried out the reaction by adding
0.5 equivalents of the aryl halide, and the result was the same.
This fact is in agreement with the role we have assigned to the
halide. An alternative mechanism for the formation of
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dilithiated dimer 18 could involve an electron-transfer process
to the aryl halide and further coupling of the resulting radicals.
It is interesting to note that, as far as we know, these
derivatives of 3,3'-(1,2-ethanediyl)-bis(2,5-dihydro-1H-pyr-
role) 15 and their aromatic counterparts 16 have not been
previously described.


Intermolecular carbometallation of N-(2-lithioallyl)amines :
The successful results of the intramolecular carbometallation
of metallated double bonds prompted us to consider the
possibility of carrying out this process in an intermolecular
way, by using 2-lithioallylamines. Accordingly, two equiva-
lents of TMEDA were added to N-(2-lithioallyl)-N-methyl-
aniline 20, generated from 2-bromoallylamine 19 by treat-
ment with two equivalents of tert-butyllithium (Scheme 4).
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Scheme 4. Zirconium- and copper-mediated intermolecular coupling of
2-lithioallylamine 20.


However, after deuteriolysis the deuterated amine 21 was
isolated along with the b-elimination product N-methylani-
line. In an attempt to force the carbometallation reaction one
equivalent of CuCN was added to anion 20 ; in this case
compound 22 was isolated in 81 % yield. The formation of 22
could be explained considering a thermal dimerization of the
lower order cuprate generated from 20 and one equivalent of
CuCN (Scheme 4). It is well known that the thermal decom-
position of alkenylcopper(i) yields copper(0) and butadiene
derivatives with retention of configuration at the olefinic
double bonds.[21] In connection with our interest in the
applications of the chemistry of organozirconium complexes
in organic synthesis,[22] we turned our attention to the
corresponding organozirconocene compounds derived from
2-lithioallylamines. Thus, reaction of organolithium reagent
20 and zirconocene dichloride (0.5 equiv) in diethyl ether/
THF, followed by treatment with electrophiles (deuterium
oxide and iodine) furnished the diamines 23 in good yields. A
proposal to account for the formation of 23 involves a


lithium ± zirconium transmetallation that leads to the divinyl-
zirconium derivative 24, which is thermally unstable and
undergoes a b-hydrogen abstraction reaction that gives rise to
the h2-propargylamino complex 25 and N-allyl-N-methylani-
line 26. Regioselective insertion of the alkene moiety of 26
into the zirconium ± carbon bond of 25 affords zirconacyclo-
pentene derivative 27.[23] Further deuteriolysis or iodonolysis
of 27 produces the diamines 23 (Scheme 4). It is interesting to
note that complex 24 undergoes a CÿH activation process
through a favorable agostic interaction between the CÿH s


bond and an empty MO of the metal. Moreover, for this
multicentered pathway in cyclometalation reactions, only
alkyl, benzyl, or phenyl groups are usually used as the
fragments that accept the leaving hydrogen. In our case an
alkene is generated in the b-hydrogen abstraction.[24] These
reactions allow the dimerization or the reductive dimerization
and functionalization of 2-lithioallylamines by using copper-
or zirconium-mediated processes.


Intramolecular carbometallation of 2-lithio-N-(2-lithioallyl)-
anilines : In order to extend the scope of this new carbo-
metallation reaction of lithiated double bonds, we carried out
the reaction with 2-bromo-N-(2-bromoallyl)anilines 28 as start-
ing materials. With tertiary amines 28 a and 28 b bromine ±
lithium exchange at low temperature afforded the dianions 29,
which under the addition of TMEDA and further treatment
with different electrophiles led to the isolation of functional-
ized indoles 30 (Scheme 5 and Table 2). The formation of the
indole nucleus could be explained assuming an initial
carbometallation of the vinyllithium moiety by the aryllithium
in the dianions 29 to afford dilithiated indoline derivatives 31.
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Scheme 5. Intramolecular carbolithiation of N-(2-lithioallyl)-2-lithioani-
lines 29. Preparation of indole derivatives 30, 37, and 38.
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In this case, since an allylic rearrangement would involve the
loss of aromaticity in the aromatic ring, elimination of lithium
hydride takes place affording 3-lithiomethylindole derivatives
32. Reaction of intermediates 32 with electrophiles leads to
the 3-substituted indole derivatives 30. It is interesting to note
that in this case the reaction is slower than with aromatic
amines 1 b and 1 c, and, after the addition of TMEDA, three
hours at 20 8C were necessary in order to get an almost
complete conversion. Moreover, without the addition of
TMEDA the cyclization is still slower, with several hours
needed for the subsequent partial hydrolysis of the starting
dianion 29. To check the different rates of reactivity between
28 and 1, we synthesized the 2-bromo-N,N-bis(2-bromoallyl)-
aniline 33. Its sequential treatment with six equivalents of
tBuLi and TMEDA at ÿ78 8C, followed by warming to room
temperature and further deuteriolysis, led to a 6:1 mixture of
the dihydropyrrole derivative 34 and the indole derivative 35
in over 90 % combined yield (Scheme 5). This result shows
that intramolecular carbometallation of a lithiated double
bond by a vinyllithium is faster than by an aryllithium.


The preparation of N-unsubstituted indoles by this new
process would be of great interest. Thus, the reaction of
secondary amine 28 c (R�H) with five equivalents of tBuLi
afforded the corresponding trianion 29 (R�Li). Further
addition of TMEDA causes the evolution to the indole
derivative 32 (R�Li). However, the process is slower at 20 8C
and decomposition of 3-lithiomethylindole is in competition
with the cyclization. After eight hours at room temperature
and subsequent deuteriolysis, an equimolecular mixture of 30
(E�D, R�H) and the dideuteriated amine corresponding to
the intermediate 29 was obtained. For longer reaction times
(16 h), 3-methylindole 30 (R�E�H) was obtained in 60 %
yield. To our delight, when the suspension of trianion 29 (R�
Li) in diethyl ether/TMEDA was heated under reflux for 3 h,
the cyclization product 32 (R�Li) was obtained in nearly
65 % yield without significant decomposition of the carban-


ion. In this way, 3-functional-
ized indoles 30 (R�H) were
prepared by addition of differ-
ent electrophiles after heating
the mixture under reflux
(Scheme 5 and Table 2).


It is well known that 1-pro-
tected indoles can be lithiated
at C2 with strong bases like tert-
butyllithium.[25] Therefore, the
treatment of 28 b with five
equivalents of tBuLi afforded,
in the presence of TMEDA, the
dilithiated indole derivative 36.
Its further reaction with two
different electrophiles led to
2,3-difunctionalized indole de-
rivatives 37. Moreover, the
treatment of 36 with 1,2-dike-
tones gave rise to cyclopent-
[b]indole derivatives 38 as a
single diastereoisomer[26]


(Scheme 5 and Table 2). This
new synthesis of indoles, with formation of the C3 ± C3a bond,
has the advantage over the Pd-catalyzed cyclizations of o-
halo-N-allyl or N-vinylanilines[27] that a further functionaliza-
tion could be carried out in the same reaction step.


Conclusion


In summary, we have described the first TMEDA-promoted
intramolecular carbometallation of lithiated double bonds in
bis(2-lithioallyl)amines to afford 3,4-bis(lithiomethyl)dihy-
dropyrrole derivatives. It is noteworthy that this transforma-
tion represents a cycloisomerization of vinyllithium to allyl-
lithium moieties with formation of a new carbon ± carbon
double bond. The resulting allylic organodilithium reagents
react with a range of electrophiles to give new and interesting
fused and nonfused heterocyclic compounds. Although the
intermolecular process does not proceed in the same way, an
interesting reductive dimerization of 2-bromoallylamines
mediated by zirconocene complexes has been achieved.
Moreover, a simple and straightforward synthesis of indoles
has also been developed. Further studies on the applications
of this novel reaction to organic syntheses are actively
underway.


Experimental Section


General : All reactions were carried out under nitrogen atmosphere in
oven-dried glassware. Temperatures are reported as bath temperatures.
Benzene, diethyl ether, and tetrahydrofuran were continuously heated
under reflux and freshly distilled from sodium or sodium/benzophenone
under nitrogen. Tetramethylethylendiamine (TMEDA) was distilled under
vacuum from potasium/benzophenone under nitrogen. Solvents used in
extraction and purification were distilled prior to use. Compounds were
visualized on analytical thin-layer chromatograms (TLC) by UV light
(254 nm) or iodine. Silica gel (230 ± 400 mesh) was used for flash


Table 2. Preparation of indole derivatives 30, 37, and 38 from N-(2-bromoallyl)-2-bromoanilines 28.


Starting R E� Product E Yield (%)[a]


amine


28a PhCH2 D2O 30a D 72
28a PhCH2 Me3SiCl 30b SiMe3 65
28a PhCH2 (PhCH2S)2 30c SCH2Ph 63
28b Me D2O 30d D 79
28b Me Me3SiCl 30e SiMe3 68
28b Me 4-ClC6H4CHO 30 f 4-ClC6H4CHOH 71
28b Me PhCH�NCHMePh 30g PhCHNHCHMePh 61[b]


28b Me 4-MeC6H4CN 30 h 4-MeC6H4CO 75
28b Me PhNCO 30 i PhNHCO 67
28b Me (PhS)2 30j SPh 70
28b Me MeCOCOMe 30k MeC(OH)COMe 68
28c H D2O 30 l D 51
28c H Et2CO 30m Et2COH 55
28c H Ph2CO 30n Ph2COH 57
28c H PhCH�NPh 30o PhCHNHPh 59
28b Me E1��E2��D2O 37a E1�E2�D 70
28b Me E1��Me3SiCl, E2��D2O 37b E1�SiMe3, E2�D 61
28b Me E1�ÿE2��PhCOCOPh 38a R1�Ph 47c


28b Me E1�ÿE2��MeCOCOMe 38b R1�Me 42[c]


[a] Isolated yield based on the starting amine 28. [b] A 6:1 mixture of diastereoisomers was obtained. [c] Only
one diastereoisomer was obtained.
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chromatography. NMR spectra were recorded at 400, 300, 200, and 80 MHz
for proton frequency and 75.5, 50.5, and 20.2 MHz for carbon frequency
with the DEPT pulse sequence. IR spectra were recorded as neat samples.
Elemental analyses were performed by the Microanalytical Laboratory,
Universidad de Oviedo. Mass spectra were usually carried out by electron
impact at 70 eV. Only the most significant IR absorptions and the molecular
ions and/or base peaks in MS are given. Melting points are uncorrected.
Amines, 2,3-dibromopropene, electrophiles (carbonyls, nitriles, disulfides,
isocyanates, metalloid chlorides and dichlorides), copper cyanide, zircono-
cene dichloride, iodine, and deuterium oxide were purchased from Aldrich
or Acros Organics and were used without further purification. tBuLi was
used as 1.5m solutions in pentane. BuLi was used as 1.6 or 2.5m solutions in
hexane. N-Benzylideneamines were prepared by heating under reflux a
mixture of benzaldehyde and the corresponding amine in presence of a
catalytic amount of p-toluenesulfonic acid in toluene in a system equipped
with a Dean ± Stark trap. Amine 19 was prepared by treatment of N-
methylaniline with BuLi and 2,3-dibromopropene according with a
published procedure.[28]


Preparation of N,N-bis(2-bromoallyl)amines 1 and 33. General procedure :
A mixture of the primary amine (benzylamine, aniline, p-toluidine, or
2-bromoaniline; 50 mmol), 2 equiv of K2CO3 (13.82 g, 100 mmol) and
2 equiv of 2,3-dibromopropene (10.34 mL, 100 mmol) in 100 mL of
acetonitrile was stirred for 24 ± 48 hours under reflux. The mixture was
extracted with ethyl acetate (3� 30 mL), and the combined organic layers
were washed with saturated Na2CO3 aqueous solution and dried over
anhydrous Na2SO4. The solvents were removed under vacuum, and the
residue was purified by flash column chomatography or crystallization to
afford amines 1 and 33.


N,N-Bis(2-bromoallyl)benzylamine (1a): Reaction of benzylamine
(5.46 mL, 50 mmol), K2CO3 (13.82 g, 100 mmol), and 2,3-dibromopropene
(10.34 mL, 100 mmol) in acetonitrile (100 mL). Work-up as above yielded
1a (13.11 g, 76 %) as a colorless oil. Rf� 0.28 (hexane/ethyl acetate 15:1);
1H NMR (CDCl3, 200 MHz): d� 7.55 ± 7.3 (m, 5H), 6.0 and 5.7 (2s, 4H), 3.8
(s, 2H), 3.45 (s, 4 H); 13C NMR (CDCl3, 50.5 MHz): d� 137.9, 130.9, 128.4,
128.1, 127.0, 118.5, 60.9, 56.7; LRMS (70 eV, EI): m/z (%): 349 (10) [M�4]� ,
347 (21) [M�2]� , 345 (10) [M]� , 84 (100); elemental analysis calcd (%) for
C13H15NBr2 (345.1): C 45.25, H 4.38, N 4.06; found C 45.17, H 4.35, N 3.99.


N,N-Bis(2-bromoallyl)aniline (1b): Reaction of aniline (4.56 mL,
50 mmol), K2CO3 (13.82 g, 100 mmol), and 2,3-dibromopropene
(10.34 mL, 100 mmol) in acetonitrile (100 mL). Work-up as above yielded
1b (13.16 g, 80 %) as a white solid. M.p. 44 ± 46 8C (hexane), (lit.[29] 47.0 ±
47.8 8C); Rf� 0.39 (hexane/ethyl acetate 40:1); 1H NMR (CDCl3,
200 MHz): d� 7.4 ± 6.7 (m, 5 H), 5.75 and 5.65 (2s, 4H), 4.2 (s, 4H);
13C NMR (CDCl3, 50.5 MHz): d� 146.4, 129.2, 128.5, 118.1, 116.1, 112.1,
58.4; LRMS (70 eV, EI): m/z (%): 333 (18) [M�4]� , 331 (37) [M�2]� , 329
(18) [M]� , 130 (100); HRMS (70 eV, EI) calcd for C12H13Br2N ([M]�):
328.9415, found 328.9410; elemental analysis calcd (%) for C12H13Br2N
(331.0): C 43.54, H 3.96, N 4.23; found C 43.43, H 3.91, N 4.15.


N,N-Bis(2-bromoallyl)-4-methylaniline (1c): Reaction of p-toluidine
(5.46 mL, 50 mmol), K2CO3 (13.82 g, 100 mmol), and 2,3-dibromopropene
(10.34 mL, 100 mmol) in acetonitrile (100 mL). Work-up as above yielded
1c (13.21 g, 77%) as a white solid. M.p. 63 ± 65 8C (hexane), (lit.[29] 65.8 ±
66.7 8C); 1H NMR (CDCl3, 80 MHz): d� 7.2 (d, J� 9.6 Hz, 2 H), 6.6 (d, J�
9.6 Hz, 2H), 5.8 ± 5.5 (m, 4 H), 4.15 (s, 4 H), 2.3 (s, 3H); 13C NMR (CDCl3,
20.2 MHz): d� 144.4, 129.7, 129.1, 127.3, 116.2, 112.4, 58.7, 20.1; LRMS
(70 eV, EI): m/z (%): 347 (26) [M�4]� , 345 (53) [M�2]� , 343 (26) [M]� , 144
(100); elemental analysis calcd (%) for C13H15Br2N (345.1): C 45.25, H 4.38,
N 4.06; found C 45.31, H 4.41, N 3.98.


2-Bromo-N,N-bis(2-bromoallyl)aniline (33): Reaction of 2-bromoaniline
(8.6 g, 50 mmol), K2CO3 (13.82 g, 100 mmol), and 2,3-dibromopropene
(10.34 mL, 100 mmol) in acetonitrile (100 mL). Work-up as above yielded
33 (15.19 g, 75 %) as a colorless oil. Rf� 0.28 (hexane); 1H NMR (CDCl3,
80 MHz): d� 7.6 ± 6.8 (m, 4 H), 6.0 ± 5.9 (m, 2H), 5.6 ± 5.5 (m, 2 H), 4.1 (s,
4H); 13C NMR (CDCl3, 20.2 MHz): d� 147.0, 134.0, 129.7, 127.7, 125.3,
125.2, 120.3, 118.8, 60.2; LRMS (70 eV, EI): m/z (%): 411 (16) [M�4]� , 409
(33) [M�2]� , 407 (16) [M]� , 304 (100); elemental analysis calcd (%) for
C12H12Br3N (409.9): C 35.16, H 2.95, N 3.42; found C 35.12, H 2.91, N 3.37.


Preparation of N-(2-bromoallyl)-N-(2-bromo-2-cyclohexenyl)-4-methyl-
aniline (7): A mixture of 4-methylaniline (5.35 g, 50 mmol), K2CO3


(3.46 g, 25 mmol), and 2,3-dibromopropene (2.56 mL, 25 mmol) in aceto-


nitrile (50 mL) was stirred for 48 h under reflux. The mixture was extracted
with ethyl acetate (3� 30 mL), and the combined organic layers were
washed with saturated Na2CO3 aqueous solution and dried over anhydrous
Na2SO4. The solvents were removed under vacuum and the residue was
purified by column chomatography (hexane/ethyl acetate 20:1) to afford N-
(2-bromoallyl)-4-methylaniline (4.5 g, 80 %). A mixture of N-(2-bromoall-
yl)-4-methylaniline (4.5 g, 20 mmol), K2CO3 (2.77 g, 20 mmol), and 1,6-
dibromocyclohexene[30] (4.8 g, 20 mmol) in acetonitrile (50 mL) was stirred
for 48 h under reflux. Work-up as above yielded 7 (6.54 g, 85 %) as a
colorless oil. Rf� 0.43 (hexane/ethyl acetate 20:1); 1H NMR (CDCl3,
200 MHz): d� 7.0 (d, J� 8.6 Hz, 2 H), 6.7 (d, J� 8.6 Hz, 2 H), 6.4 ± 6.3 (m,
1H), 5.85 ± 5.75 (m, 1 H), 5.55 ± 5.5 (m, 1H), 4.6 ± 4.5 (m, 1 H), 4.2 ± 3.8 (m,
2H), 2.25 (s, 3H), 2.2 ± 1.6 (m, 6 H); 13C NMR (CDCl3, 50.5 MHz): d�
145.0, 134.6, 130.5, 129.5, 126.8, 124.7, 116.5, 113.5, 60.6, 55.0, 30.0, 27.4, 20.6,
20.2; LRMS (70 eV, EI): m/z (%): 387 (10) [M�4]� , 385 (21) [M�2]� , 383
(10) [M]� , 120 (100); elemental analysis calcd (%) for C16H19Br2N (385.1):
C 49.90; H 4.97; N 3.64; found C 50.11; H 4.86; N 3.55.


Preparation of N-(2-bromoallyl)anilines 28 a and 28 b. General procedure :
A solution of 2-bromoaniline (8.6 g, 50 mmol) in THF (60 mL) was treated
with BuLi (10 mL of a 2.5m solution in hexanes, 25 mmol) at ÿ40 8C. The
reaction was stirred for 15 min at this temperature, then it was allowed to
reach 20 8C and stirring was continued for 45 min. The reaction was cooled
to ÿ60 8C and benzyl chloride (3.16 g, 25 mmol) or methyl iodide (3.55 g,
25 mmol) was added. After 15 min at this temperature, the reaction was
allowed to warming up and stirring was continued for 5 h. The mixture was
hydrolyzed with water, extracted with ethyl acetate (3� 30 mL), and the
combined organic layers were washed with saturated Na2CO3 aqueous
solution and dried over anhydrous Na2SO4. The solvents were removed
under vacuum, and the residue was purified by silica gel column
chomatography (hexane/ethyl acetate 30:1) to afford N-alkyl-2-bromoani-
line. A mixture of N-alkyl-2-bromoaniline (15 mmol), K2CO3 (2.07 g,
15 mmol), and 2,3-dibromopropene (1.55 mL, 15 mmol) in acetonitrile
(50 mL) was stirred for 24 ± 48 h under reflux. Work-up as for 7 afforded
amines 28 a and 28 b.


N-Benzyl-2-bromo-N-(2-bromoallyl)aniline (28 a): Isolated in 71% yield.
Rf� 0.22 (hexane); 1H NMR (CDCl3, 200 MHz): d� 7.6 (dd, J� 7.5, 1.5 Hz,
1H), 7.4 ± 6.9 (m, 8 H), 5.9 ± 5.85 (m, 1 H), 5.6 ± 5.55 (m, 1 H), 4.3 (s, 2 H), 3.9
(s, 2H); 13C NMR (CDCl3, 50.5 MHz): d� 148.0, 137.4, 133.9, 129.8, 128.5,
128.2, 127.6, 127.2, 124.9, 124.6, 120.8, 118.7, 59.4, 56.8; LRMS (70 eV, EI):
m/z (%): 383 (7) [M�4]� , 381 (15) [M�2]� , 379 (7) [M]� , 91 (100);
elemental analysis calcd (%) for C16H15Br2N (381.1): C 50.42; H 3.97; N
3.68; found C 50.59; H 3.93; N 3.55.


2-Bromo-N-(2-bromoallyl)-N-methylaniline (28 b): Isolated in 76% yield.
Rf� 0.32 (hexane); 1H NMR (CDCl3, 80 MHz): d� 7.5 (dd, J� 7.5, 1.6 Hz,
1H), 7.3 ± 6.7 (m, 3H), 6.0 (q, J� 1.6 Hz, 1H), 5.6 (dd, J� 2.7 and 1.1 Hz,
1H), 3.9 (2, 2 H), 2.8 (s, 3 H); 13C NMR (CDCl3, 20.2 MHz): d� 151.2,
135.2, 131.4, 129.2, 125.7, 123.6, 120.7, 119.2, 64.8, 42.0; LRMS (70 eV, EI):
m/z (%): 307 (16) [M�4]� , 305 (33) [M�2]� , 303 (16) [M]� , 198 (100);
elemental analysis calcd (%) for C10H11Br2N (305.0): C 39.38; H 3.64; N
4.59; found C 39.29; H 3.63; N 4.45.


Preparation of 2-bromo-N-(2-bromoallyl)aniline 28 c : A mixture of
2-bromoaniline (8.6 g, 50 mmol), K2CO3 (3.46 g, 25 mmol), and 2,3-
dibromopropene (2.59 mL, 25 mmol) in acetonitrile (50 mL) was stirred
for 48 hours under reflux. The mixture was extracted with ethyl acetate
(3� 30 mL), and the combined organic layers were washed with saturated
Na2CO3 aqueous solution and dried over anhydrous Na2SO4. The solvents
were removed under vacuum, and the residue was purified by silica gel
column chomatography to afford 28c (5.51 g, 79%) as a colorless oil. Rf�
0.45 (hexane/ethyl acetate 20:1); 1H NMR (CDCl3, 80 MHz): d� 7.5 ± 6.5
(m, 4H), 5.9 ± 5.8 (m, 1 H), 5.65 ± 5.55 (m, 1H), 4.9 (br s, 1H), 4.05 (d, J�
6.4 Hz, 2 H); 13C NMR (CDCl3, 20.2 MHz): d� 143.5, 132.4, 130.1, 128.4,
118.7, 116.6, 111.7, 109.7, 51.8; LRMS (70 eV, EI): m/z (%): 293 (23)
[M�4]� , 291 (45) [M�2]� , 289 (23) [M]� , 130 (100); elemental analysis
calcd (%) for C9H9Br2N (291.0): C 37.15; H 3.12; N 4.81; found C 37.21; H
3.07; N 4.69.


General Procedure for the preparation of deuterated amines 3 by
deuteriolysis of N,N-bis(2-lithioallyl)amines 2 : A solution of the starting
amine 1 (2 mmol) in diethyl ether (15 mL) was treated with 4 equiv of
tBuLi (8 mmol) at ÿ78 8C. The reaction was stirred for 30 min at this
temperature, and then an excess of deuterium oxide was added to the
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solution. The cooling bath was removed allowing the reaction to achieve
room temperature. The mixture was hydrolyzed with water and extracted
with ethyl acetate (3� 10 mL).The combined organic layers were dried
over anhydrous Na2SO4. The solvent was removed under vacuum, and the
residue was purified by flash column chromatography (hexane/ethyl
acetate) to afford products 3.


N,N-Bis(2-deuterioallyl)benzylamine (3 a): Reaction of 1 a (0.69 g, 2 mmol)
and tBuLi (5.3 mL of a 1.5m solution in pentane, 8 mmol) was followed by
addition of deuterium oxide (excess). Work-up as above yielded 3a (0.34g,
91%) as a colorless oil. Rf� 0.23 (hexane/ethyl acetate 10:1); 1H NMR
(CDCl3, 200 MHz): d� 7.4 ± 7.2 (m, 5 H), 5.3 ± 5.15 (m, 4H), 3.65 (s, 2H),
3.15 (s, 4H); 13C NMR (CDCl3, 50.5 MHz): d� 139.3, 135.4 (t, J(C,D)�
23.6 Hz), 128.8, 128.1, 126.7, 117.2, 57.4, 56.2; LRMS (70 eV, EI): m/z (%):
189 (18) [M]� , 91 (100); HRMS (70 eV, EI) calcd for C13H15D2N ([M]�):
189.1486, found 189.1483.


N,N-Bis(2-deuterioallyl)aniline (3b): Amine 1 c (0.69 g, 2 mmol) was
treated with tBuLi (5.3 mL of a 1.5m solution in pentane, 8 mmol) was
followed by addition of deuterium oxide (excess). Work-up as above
yielded 3 b (0.32g, 92 %) as a colorless oil. Rf� 0.43 (hexane/ethyl acetate
15:1); 1H NMR (CDCl3, 200 MHz): d� 7.4 ± 6.8 (m, 5 H), 5.3 (s, 4 H), 4.1 (s,
4H); 13C NMR (CDCl3, 50.5 MHz): d� 148.5, 133.6 (t, J(C,D)� 22.6 Hz),
128.9, 116.2, 115.7, 112.2, 52.5; LRMS (70 eV, EI): m/z (%): 175 (61) [M]� ,
77 (100).


N,N-Bis(2-deuterioallyl)-4-methylaniline (3c): Reaction of 1c (0.66 g,
2 mmol) and tBuLi (5.3 mL of a 1.5m solution in pentane, 8 mmol) was
followed by addition of deuterium oxide (excess). Work-up as above
yielded 3 c (0.34g, 91%) as a colorless oil. Rf� 0.43 (hexane/ethyl acetate
15:1); 1H NMR (CDCl3, 200 MHz): d� 7.0 (d, J� 8.2 Hz, 2H), 6.6 (d, J�
8.2 Hz, 2H), 5.2 ± 5.1 (m, 4 H), 3.85 (s, 4 H), 2.2 (s, 3H); 13C NMR (CDCl3,
50.5 MHz): d� 146.5, 133.8 (t, J(C,D)� 23.5 Hz), 129.4, 125.3, 115.6, 112.6,
52.7, 20.1; LRMS (70 eV, EI): m/z (%): 189 (1) [M]� , 187 (100); elemental
analysis calcd (%) for C13H15D2N (189.3): C 82.49, H/D 10.12, N 7.40; found
C 82.25, H/D 10.01, N 7.29.


Intramolecular carbolithiation of N,N-bis(2-lithioallyl)amines 2. General
procedure for the preparation of dihydropyrrole derivatives 5, 9, and 11:
TMEDA (1.2 mL, 8 mmol) at ÿ78 8C was added to a solution of dianion 2
(2 mmol), which was formed by reaction of the corresponding amine 1
(2 mmol) with tBuLi (5.3 mL of a 1.5m solution in pentane, 8 mmol) at
ÿ78 8C as described above. The resulting mixture was stirred at temper-
atures ranging between ÿ78 and ÿ50 8C for 1 h in the case of aromatic
amines 1 b and 1c and at room temperature for 1 h when nonaromatic
amines 1a and 1d were used (in the absence of TMEDA 1 h at room
temperature for aromatic amines 1 b and 1c and 4 h at the same
temperature for aliphatic amines 1 a and 1 d were needed). In both cases,
the ethereal solution of the corresponding dianion 4 was cooled to ÿ78 8C
and 2.1 equiv (4.2 mmol) of electrophiles (deuterium oxide, water,
chlorotrimethylsilane, tributyltin chloride, carbon dioxide, acetone, N-
benzylideneaniline) or 1.0 equiv (2 mmol) for the metallodichlorides
(dichlorodiphenylsilane, dichlorodiethylgermane, dimethyltin dichloride)
were added. Then, the mixture was allowed to reach room temperature,
and the reaction was stirred for 3 h. The mixture was hydrolyzed with water
and extracted with ethyl acetate (3� 20 mL).The combined organic layers
were dried over anhydrous Na2SO4. The solvent was removed under
vacuum and the resulting residue was crystallized or purified by flash
column chromatography yielding the functionalized dihydropyrroles 5, 9,
and 11.


1-Benzyl-3,4-bis(deuteriomethyl)-1,5-dihydro-2H-pyrrole (5 a): Amine 1a
(0.69 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of deuterium
oxide (excess) and work-up as above yielded 5 a (0.32 g) as a colorless oil.
Rf� 0.1 (ethyl acetate); 1H NMR (CDCl3, 200 MHz): d� 7.4 ± 7.2 (m, 5H),
3.8 (s, 2 H), 3.4 (s, 4 H), 1.6 (s, 4 H); 13C NMR (CDCl3, 50.5 MHz): d� 139.4,
128.6, 128.2, 126.8, 64.4, 60.4, 11.2 (t, J(C,D)� 19.6 Hz); IR (neat): nÄ �
1680 cmÿ1; LRMS (70 eV, EI): m/z (%): 189 (10) [M]� , 91 (100); HRMS
(70 eV, EI) calcd for C13H15D2N ([M]�): 189.1487, found 189.1484;
elemental analysis calcd (%) for C13H15D2N (189.3): C 82.48, H/D 10.12,
N 7.40; found C 82.41, H/D 9.98, N 7.42.


3,4-Bis(deuteriomethyl)-1,5-dihydro-1-phenyl-2H-pyrrole (5b): Amine 1b
(0.66 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol). Addition of deuterium oxide (excess) and work-up as


above yielded 5b (0.32 g) as a white solid. M.p. 111 ± 113 8C (hexane);
1H NMR (CDCl3, 200 MHz): d� 7.4 ± 6.6 (m, 5 H), 4.1 (s, 4 H), 1.7 (s, 4H);
13C NMR (CDCl3, 50.5 MHz): d� 147.0, 129.1, 126.8, 115.0, 110.7, 58.9, 11.0
(t, J(C,D)� 19.6 Hz); IR (KBr): nÄ � 1615 cmÿ1; LRMS (70 eV, EI): m/z
(%): 175 (91) [M]� , 77 (100); HRMS (70 eV, EI) calcd for C12H13D2N
([M]�): 175.1330, found 175.1326; elemental analysis calcd (%) for
C12H13D2N (175.3): C 82.23, H/D 9.78, N 7.99; found C 82.28, H/D 9.59,
N 7.89.


3,4-Bis(deuteriomethyl)-1,5-dihydro-1-(4-methylphenyl)-2H-pyrrole (5c):
Amine 1c (0.69 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol). Addition of deuterium oxide (excess) and
work-up as above yielded 5 c (0.34 g) as a white solid. M.p. 120 ± 122 8C
(hexane); 1H NMR (CDCl3, 80 MHz): d� 7.1 (d, J� 8.5 Hz, 2 H), 6.45 (d,
J� 8.5 Hz, 2H), 4.0 (s, 4H), 2.3 (s, 3H), 1.75 (s, 4H); 13C NMR (CDCl3,
20.2 MHz): d� 145.2, 129.7, 127.0, 124.1, 110.9, 59.3, 20.2, 11.0 (t, J(C,D)�
18.4 Hz); LRMS (70 eV, EI): m/z (%): 189 (71) [M]� , 188 (100); elemental
analysis calcd (%) for C13H15D2N (189.3): C 82.49, H/D 10.12, N 7.40; found
C 82.29, H/D 9.99, N 7.70.


1-Benzyl-1,5-dihydro-3,4-bis(trimethylsilylmethyl)-2H-pyrrole (9a):
Amine 1 a (0.69 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of
chlorotrimethylsilane (0.46 g, 4.2 mmol) and work-up as above yielded 9a
(0.54 g) as a yellow oil. Rf� 0.36 (hexane/ethyl acetate 3:1); 1H NMR
(CDCl3, 300 MHz): d� 7.4 ± 7.2 (m, 5 H), 3.8 (s, 2H), 3.4 (s, 4 H), 1.45 (s,
4H), 0.0 (s, 18 H); 13C NMR (CDCl3, 75.5 MHz): d� 139.6, 128.5, 128.1,
126.9, 126.7, 64.5, 60.8, 17.1, ÿ0.8; IR (neat): nÄ � 1660 cmÿ1; LRMS (70 eV,
EI): m/z (%): 331 (17) [M]� , 244 (100); HRMS (70 eV, EI) calcd for
C19H33NSi2 ([M]�) 331.2152, found 331.2129; elemental analysis calcd (%)
for C19H33NSi2 (331.6): C 68.81, H 10.03, N 4.22; found C 68.71, H 10.07, N
4.17.


1-Benzyl-1,5-dihydro-3,4-bis(tributyltinmethyl)-2H-pyrrole (9 b): Amine
1a (0.69 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of tributyltin
chloride (1.37 g, 4.2 mmol) and work-up as above yielded 9 b (1.21 g) as a
colorless oil. Rf� 0.39 (hexane/ethyl acetate 5:1); 1H NMR (CDCl3,
200 MHz): d� 7.4 ± 7.25 (m, 5H), 3.8 (s, 2 H), 3.35 (s, 4 H), 1.65 (s, 4H), 1.6 ±
0.8 (m, 54H); 13C NMR (CDCl3, 50.5 MHz): d� 140.0, 128.4, 128.1, 126.6,
126.5, 64.9, 60.9, 29.1, 27.4, 13.7, 9.9, 8.1; LRMS (70 eV, EI): m/z (%): 765 (1)
[Mÿ 2]� , 184 (100); HRMS (70 eV, EI) calcd for C37H67NSn2 ([Mÿ 2]�):
765.3333, found 765.3346.


1,5-Dihydro-1-phenyl-3,4-bis(trimethylsilylmethyl)-2H-pyrrole (9c):
Amine 1b (0.66 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol). Addition of chlorotrimethylsilane (0.46 g,
4.2 mmol) and work-up as above yielded 9c (0.55 g) as a white solid. M.p.
74 ± 76 8C (hexane); 1H NMR (CDCl3, 200 MHz): d� 7.35 ± 6.5 (m, 5H), 4.0
(s, 4 H), 1.6 (s, 4 H), 0.1 (s, 18H); 13C NMR (CDCl3, 50.5 MHz): d� 147.0,
129.2, 125.7, 115.0, 110.7, 58.6, 16.9, ÿ0.7; LRMS (70 eV, EI): m/z (%): 317
(70) [M]� , 230 (100); HRMS (70 eV, EI) calcd for C18H31NSi2 ([M]�):
317.1995, found 317.1992; elemental analysis calcd (%) for C18H31NSi2


(317.6): C 68.07, H 9.84, N 4.41; found C 68.19, H 9.81, N 4.31.


1,5-Dihydro-1-phenyl-3,4-bis(tributyltinmethyl)-2H-pyrrole (9d): Amine
1b (0.66 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol). Addition of tributyltin chloride (1.37 g, 4.2 mmol) and
work-up as above yielded 9d (1.28 g) as a colorless oil. Rf� 0.41 (hexane/
ethyl acetate 25:1); 1H NMR (CDCl3, 200 MHz): d� 7.3 ± 6.5 (m, 5H), 3.95
(s, 4 H), 1.7 (s, 4 H), 1.6 ± 0.8 (m, 54 H); 13C NMR (CDCl3, 50.5 MHz): d�
147.1, 129.2, 125.3, 114.8, 110.6, 58.7, 29.1, 27.4, 13.7, 9.9, 8.0; LRMS (70 eV,
EI): m/z (%): 753 (1) [M]� , 170 (100); HRMS (70 eV, EI) calcd for
C36H67NSn2 ([M]�): 753.3333, found 753.3309; elemental analysis calcd (%)
for C36H67NSn2 (751.3): C 57.55, H 8.99, N 1.86; found C 57.39, H 9.05, N
1.87.


1-Cyclohexyl-1,5-dihydro-3,4-bis(trimethylsilylmethyl)-2H-pyrrole (9e):
Amine 1d (0.67 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of
chlorotrimethylsilane (0.46 g, 4.2 mmol) and work-up as above yielded 9e
(0.50 g) as a colorless oil. Rf� 0.24 (ethyl acetate); 1H NMR (CDCl3,
300 MHz): d� 3.35 (s, 4 H), 2.2 ± 2.15 (m, 1H), 1.9 ± 1.6 (m, 5H), 1.4 (s, 4H),
1.25 ± 0.85 (m, 5H), 0.0 (s, 18H); 13C NMR (CDCl3, 75.5 MHz): d� 126.5,
63.1, 62.0, 31.5, 25.8, 24.8, 17.0, ÿ0.9; LRMS (70 eV, EI): m/z (%): 323 (30)
[M]� , 236 (100); HRMS (70 eV, EI) calcd for C18H37NSi2 ([M]�): 323.2465,







Carbolithiation Reactions 2896 ± 2907


Chem. Eur. J. 2001, 7, No. 13 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2903 $ 17.50+.50/0 2903


found 323.2472; elemental analysis calcd (%) for C18H37NSi2 (323,7): C
66.80, H 11.52, N 4.32; found C 66.69, H 11.55, N 4.34.


1-Cyclohexyl-1,5-dihydro-3,4-bis(tributyltinmethyl)-2H-pyrrole (9 f):
Amine 1d (0.67 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of
tributyltin chloride (1.37 g, 4.2 mmol) and work-up as above yielded 9 f
(1.13 g) as a colorless oil. Rf� 0.37 (hexane/ethyl acetate 5:1); 1H NMR
(CDCl3, 200 MHz): d� 3.3 (s, 4 H), 2.1 ± 0.8 (m, 69H); 13C NMR (CDCl3,
50.5 MHz): d� 126.3, 62.9, 62.5, 31.6, 29.1, 27.4, 26.1, 24.8, 13.7, 9.8, 8.1;
LRMS (70 eV, EI): m/z (%): 757 (2) [Mÿ 2]� , 176 (100); HRMS (70 eV, EI)
calcd for C36H71NSn2 ([Mÿ 2]�): 757.3646, found 757.3649.


1,5-Dihydro-1-(4-methylphenyl)-3,4-bis(2-phenyl-2-phenylaminoethyl)-
2H-pyrrole (9g): Amine 1 c (0.69 g, 2 mmol) was treated with tBuLi
(5.3 mL of a 1.5m solution in pentane, 8 mmol). Addition of N-benzylide-
neaniline (0.76 g, 4.2 mmol) and work-up as above yielded 9g (0.80 g) as a
white solid. M.p. 88 ± 90 8C (hexane/chloroform); 1H NMR (CDCl3,
200 MHz): d� 7.4 ± 7.0 (m, 16H), 6.7 ± 6.3 (m, 8H), 4.55 ± 4.45 (m, 2H),
4.2 (br s, 2H), 4.1 (s, 4H), 2.7 (dd, J� 14.0, 8.8 Hz, 2 H), 2.5 (dd, J� 14.0,
5.2 Hz, 2H), 2.3 (s, 3 H); 13C NMR (CDCl3, 50.5 MHz): d� 146.8, 144.7,
143.3, 131.8, 129.7, 129.0, 128.6, 127.2, 125.9, 124.7, 117.8, 113.8, 111.0, 57.3,
56.7, 36.1, 20.1; elemental analysis calcd (%) for C39H39N3 (549.8): C 85.21,
H 7.15, N 7.64; found C 85.11, H 7.08, N 7.53.


1,5-Dihydro-3,4-bis(2-hydroxy-2-methylpropyl)-1-(4-methylphenyl)-2H-
pyrrole (9h): Amine 1c (0.69 g, 2 mmol) was treated with tBuLi (5.3 mL of
a 1.5m solution in pentane, 8 mmol). Addition of acetone (0.24 g, 4.2 mmol)
and work-up as above yielded 9 h (0.45 g) as a white solid. M.p. 123 ± 125 8C
(chloroform); 1H NMR (DMSO-d6, 200 MHz): d� 7.0 (d, J� 8.4 Hz, 2H),
6.35 (d, J� 8.4 Hz, 2H), 4.4 (s, 2 H), 4.1 (s, 4 H), 2.3 (s, 4H), 2.2 (s, 3 H), 1.1
(s, 12 H); 13C NMR ([D6]DMSO, 50.5 MHz): d� 145.0, 131.3, 129.4, 122.8,
110.5, 69.6, 58.1, 40.3, 29.7, 19.9; LRMS (70 eV, EI): m/z (%): 303 (9) [M]� ,
222 (100); elemental analysis calcd (%) for C19H29NO2 (303.4): C 75.21, H
9.63, N 4.62; found C 75.30, H 9.41, N 4.58.


2-Benzyl-1,2,3,4,5,6-hexahydro-5,5-diphenylsilol[3,4-c]pyrrole (11 a):
Amine 1 a (0.69 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of
dichlorodiphenylsilane (0.51 g, 2 mmol) and work-up as above yielded 11a
(0.56 g) as a colorless oil. Rf� 0.23 (hexane/ethyl acetate 2:1); 1H NMR
(CDCl3, 200 MHz): d� 7.7 ± 7.3 (m, 15 H), 4.0 (s, 2H), 3.6 (s, 4 H), 1.9 (s,
4H); 13C NMR (CDCl3, 50.5 MHz): d� 139.4, 139.2, 135.7, 134.4, 129.4,
128.6, 128.1, 127.8, 126.7, 61.0, 60.8, 13.9; IR (neat): nÄ � 1425 cmÿ1;
elemental analysis calcd (%) for C25H25NSi (367.6): C 81.69, H 6.86, N
3.81; found C 81.58, H 6.78, N 3.79.


2-Benzyl-5,5-diethyl-1,2,3,4,5,6-hexahydrogermol[3,4-c]pyrrole (11 b):
Amine 1 a (0.69 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of
dichlorodiethylgermane (0.4 g, 2 mmol) and work-up as above yielded 11b
(0.52 g) as a colorless oil. Rf� 0.30 (hexane/ethyl acetate 3:1); 1H NMR
(CDCl3, 200 MHz): d� 7.4 ± 7.2 (m, 5 H), 3.85 (s, 2 H), 3.4 (s, 4 H), 1.35 (s,
4H), 1.15 ± 0.85 (m, 10H); 13C NMR (CDCl3, 50.5 MHz): d� 139.7, 139.4,
128.7, 128.1, 126.8, 61.1, 60.8, 12.1, 8.9, 6.5; IR (neat): nÄ � 1455 cmÿ1; LRMS
(70 eV, EI): m/z (%): 315 (27) [Mÿ 2]� , 91 (100); HRMS (70 eV, EI) calcd
for C17H23GeN ([Mÿ 2]�): 315.1045, found 315.1041; elemental analysis
calcd (%) for C17H25GeN (316.0): C 64.62, H 7.97, N 4.43; found C 64.43, H
7.79, N 4.51.


1,2,3,4,5,6-Hexahydro-2,5,5-triphenylsilol[3,4-c]pyrrole (11 c): Amine 1b
(0.66 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol). Addition of dichlorodiphenylsilane (0.51 g, 2 mmol) and
work-up as above yielded 11 c (0.60 g) as a white solid. M.p. 170 ± 172 8C
(hexane); 1H NMR (CDCl3, 200 MHz): d� 7.7 ± 6.5 (m, 15 H), 4.1 (s, 4H),
1.9 (s, 4 H); 13C NMR (CDCl3, 50.5 MHz): d� 147.5, 137.9, 135.4, 134.5,
129.5, 129.2, 128.0, 115.2, 110.7, 55.7, 13.9; IR (KBr): nÄ � 1595 cmÿ1;
elemental analysis calcd (%) for C24H23NSi (353.5): C 81.54, H 6.56, N 3.96;
found C 81.49, H 6.71, N 3.81.


5,5-Diethyl-1,2,3,4,5,6-hexahydro-2-phenylgermol[3,4-c]pyrrole (11 d):
Amine 1b (0.66 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol). Addition of dichlorodiethylgermane (0.4 g,
2 mmol) and work-up as above yielded 11 d (0.54 g) as a white solid. M.p.
116 ± 118 8C (hexane); 1H NMR (CDCl3, 200 MHz): d� 7.3 ± 6.5 (m, 5H),
4.0 (s, 4H), 1.5 (s, 4H), 1.2 ± 0.9 (m, 10H); 13C NMR (CDCl3, 50.5 MHz):
d� 147.6, 138.4, 129.1, 114.9, 110.6, 55.8, 11.9, 8.9, 6.6; IR (KBr): nÄ �


1455 cmÿ1; LRMS (70 eV, EI): m/z (%): 303 (17) [M]� , 170 (100); HRMS
(70 eV, EI) calcd for C16H23GeN ([M]�): 303.1045, found 303.1044;
elemental analysis calcd (%) for C16H23GeN (302.0): C 63.64, H 7.68, N
4.64; found C 63.49, H 7.72, N 4.49.


1,2,3,4,5,6-Hexahydro-5,5-dimethyl-2-phenylstannol[3,4-c]pyrrole (11 e):
Amine 1b (0.66 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol). Addition of dimethyltin dichloride (0.44 g,
2 mmol) and work-up as above yielded 11e (0.54 g) as a white solid. M.p.
121 ± 123 8C (hexane); 1H NMR (CDCl3, 300 MHz): d� 7.3 ± 6.5 (m, 5H),
4.0 (s, 4 H), 1.55 (s, 4 H), 0.45 (s, 6H); 13C NMR (CDCl3, 50.5 MHz): d�
147.6, 138.6, 129.1, 114.9, 110.6, 57.3, 10.7, ÿ1.4; IR (KBr): nÄ � 1615 cmÿ1;
LRMS (70 eV, EI): m/z (%): 321 (5) [M]� , 170 (100); HRMS (70 eV, EI)
calcd for C14H19NSn ([M]�): 321.0541, found 321.0536; elemental analysis
calcd (%) for C14H19NSn (320.0): C 52.55, H 5.98, N 4.38; found C 52.31, H
6.05, N 4.51.


General procedure for the preparation of pyrrole derivatives 8, 10, and 12 :
Reaction of amines 1 b, 1c, and 7 (2 mmol) with tBuLi (5.3 mL, 8 mmol)
and the corresponding electrophile, as described above, was followed by
stirring overnight under an atmospheric pressure of O2 (alternatively, an
equimolar amount of dichlorodicyanobenzoquinone (DDQ) was added to
a solution of the corresponding dihydropyrrole derivatives 9 and 11 in
dioxane). The resulting mixture was stirred for 6 h. Water was added and
the organic product was extracted with ethyl acetate (3� 20 mL) The
combined organic layers were dried over anhydrous Na2SO4. The solvent
was removed under vacuum and the resulting residue was crystallized or
purified by flash column chromatography (silica gel, hexane/ethyl acetate)
giving rise to compounds 8, 10, and 12.


4,5,6,7-Tetrahydro-3-methyl-1-(4-methylphenyl)-1H-indol (8): Amine 7
(0.77 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of water
(excess) followed by stirring under an atmospheric pressure of oxygen and
work-up as above yielded 8 (0.33 g, 73%) as a colorless oil. Rf� 0.26
(hexane); 1H NMR (CDCl3, 200 MHz): d� 7.2 ± 7.0 (m, 4H), 6.5 (s, 1H),
2.5 ± 2.35 (m, 4 H), 2.3 (s, 3H), 2.0 (s, 3H), 1.8 ± 1.6 (m, 4H); 13C NMR
(CDCl3, 50.5 MHz): d� 137.8, 135.3, 129.5, 127.9, 124.1, 118.5, 117.3, 23.5,
23.4, 23.2, 21.5, 20.8, 9.7; LRMS (70 eV, EI): m/z (%): 225 (100) [M]� ;
elemental analysis calcd (%) for C16H19N (225.3): C 85.28, H 8.50, N 6.22;
found C 85.41, H 8.41, N 6.05.


3,4-Bis(deuteriomethyl)-1-phenyl-1H-pyrrole (10 a): Reaction of amine 1b
(0.66 g, 2 mmol) with tBuLi (5.3 mL, 8 mmol) and deuterium oxide
(excess), was followed by stirring under an atmospheric pressure of
oxygen. Work-up as above yielded 10a (0.29 g) as a reddish solid. M.p. 68 ±
70 (methanol); 1H NMR (CDCl3, 200 MHz): d� 7.6 ± 6.25 (m, 5H), 7.0 (s,
2H), 2.3 ± 2.2 (m, 4 H); 13C NMR (CDCl3, 50.5 MHz): d� 140.6, 129.3,
124.4, 120.6, 119.2, 116.6, 9.8 (t, J(C,D)� 19.6 Hz); LRMS (70 eV, EI): m/z
(%): 173 (83) [M]� , 172 (100); HRMS (70 eV, EI) calcd for C12H11D2N
([M]�): 173.1173, found 173.1166.


3,4-Bis(ethoxycarbonylmethyl)-1-phenyl-1H-pyrrole (10 b): Amine 1 b
(0.66 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol); after the addition of CO2 (excess) at ÿ78 8C and the
extractive work-up, the resulting crude product was dissolved in EtOH
(20 mL), and chlorotrimethylsilane (0.98 g, 9 mmol) was added. The
mixture was stirred at 20 8C overnight followed by stirring under an
atmospheric pressure of oxygen. Work-up as above yielded 10 b (0.50 g) as
a colorless oil. Rf� 0.23 (hexane/ethyl acetate 6:1); 1H NMR (CDCl3,
200 MHz): d� 7.45 ± 7.15 (m, 5H), 7.05 (s, 2H), 4.2 (q, J� 7.0 Hz, 4 H), 3.6 (s,
4H), 1.3 (t, J� 7.0 Hz, 6 H); 13C NMR (CDCl3, 50.5 MHz): d� 171.9, 140.2,
129.3, 125.2, 119.8, 118.4, 117.1, 60.6, 31.4, 14.1; LRMS (70 eV, EI): m/z (%):
315 (43) [M]� , 170 (100); HRMS (70 eV, EI) calcd for C18H21NO4 ([M]�):
315.1471, found 315.1470; elemental analysis calcd (%) for C18H21NO4


(315.4): C 68.55, H 6.71, N 4.44, found C 68.39, H 6.61, N 4.33.


1-(4-Methylphenyl)-3,4-bis(2-phenyl-2-diphenylaminoethyl)-1H-pyrrole
(10 c): Reaction of amine 1c (0.69 g, 2 mmol) with tBuLi (5.3 mL, 8 mmol)
and N-benzylideneaniline (0.76 g, 4.2 mmol) was followed by treatment
with DDQ (0.46 g, 2 mmol) in dioxane (20 mL) at 20 8C. Work-up as above
yielded 10c (0.79 g) as a reddish solid. M.p. 74 ± 76 8C (methanol); 1H NMR
(CDCl3, 300 MHz): d� 7.4 ± 6.4 (m, 26H), 4.5 ± 4.4 (m, 2H), 4.2 (br s, 2H),
2.9 ± 2.7 (m, 4H), 2.3 (s, 3H); 13C NMR (CDCl3, 75.5 MHz): d� 147.2,
143.8, 137.8, 135.0, 129.9, 128.9, 128.4, 126.9, 126.3, 120.5, 119.7, 117.9, 117.3,
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113.7, 58.0, 34.8, 20.7; elemental analysis calcd (%) for C39H37N3 (547.7): C
85.52, H 6.81, N 7.67, found C 85.41, H 6.75, N 7.52.


3,4-Bis(2-hydroxy-2-methylpropyl)-1-(4-methylphenyl)pyrrole (10 d): Re-
action of amine 1 c (0.69 g, 2 mmol) with tBuLi (5.3 mL, 8 mmol) and
acetone (0.24 g, 4.2 mmol) was followed by treatment with DDQ (0.46 g,
2 mmol). Work-up as above yielded 10 d (0.45 g) as a red oil. Rf� 0.27
(hexane/ethyl acetate 1:1); 1H NMR (CDCl3, 300 MHz): d� 7.15 (d, J�
2.9 Hz, 2H), 7.1 (d, J� 2.9 Hz, 2H), 6.8 (s, 2 H), 2.6 (s, 4 H), 2.3 (s, 3H), 1.2
(s, 12H); 13C NMR (CDCl3, 75.5 MHz): d� 137.9, 134.7, 129.9, 121.0, 119.4,
118.1, 70.4, 38.6, 29.1, 20.6; LRMS (70 eV, EI): m/z (%): 283 (25) [Mÿ 18]� ,
222 (100); elemental analysis calcd (%) for C19H27NO2 (301.4): C 75.71, H
9.03, N 4.65; found C 75.80, H 9.02, N 4.55.


2,4,5,6-Tetrahydro-2,5,5-triphenylsilol[3,4-c]pyrrole (12 a): Product 11 c
(0.35 g, 1 mmol), prepared as described above, was treated with DDQ
(0.23 g, 1 mmol) in dioxane (20 mL) at 20 8C. Work-up as above yielded 12a
(0.55 g) as a white solid. M.p. 112 ± 114 8C (hexane); 1H NMR (CDCl3,
200 MHz): d� 7.8 ± 7.3 (m, 15H), 7.0 (s, 2 H), 2.5 (s, 4 H); 13C NMR (CDCl3,
50.5 MHz): d� 141.1, 135.8, 134.6, 129.5, 129.3, 127.9, 127.4, 124.7, 119.7,
114.3, 10.2. IR (KBr): nÄ � 1595 cmÿ1; LRMS (70 eV, EI): m/z (%): 351 (83)
[M]� , 44 (100); HRMS (70 eV, EI) calcd for C24H21NSi ([M]�): 351.1443,
found 351.1442; elemental analysis calcd (%) for C24H21NSi (351.5): C
82.00, H 6.02, N 3.99; found C 81.86, H 5.91, N 3.89.


5,5-Diethyl-2,4,5,6-tetrahydro-2-phenylgermol[3,4-c]pyrrole (12 b): Prod-
uct 11d (0.3 g, 1 mmol) was treated with DDQ (0.23 g, 1 mmol) in dioxane
(20 mL) at 20 8C. Work-up as above yielded 12 b (0.49 g) as a white solid.
M.p. 65 ± 67 8C (hexane); 1H NMR (CDCl3, 200 MHz): d� 7.5 ± 7.1 (m,
5H), 6.9 (s, 2H), 2.0 (s, 4 H), 1.25 ± 1.0 (m, 10 H); 13C NMR (CDCl3,
50.5 MHz): d� 141.2, 129.8, 129.3, 124.5, 119.8, 114.1, 9.1, 8.1, 6.6; IR (KBr):
nÄ � 1600 cmÿ1; LRMS (70 eV, EI): m/z (%): 301 (100) [M]� ; HRMS (70 eV,
EI) calcd for C16H21GeN ([M]�): 301.0889, found 301.0878; elemental
analysis calcd (%) for C16H21GeN (299.9): C 64.07, H 7.06, N 4.67; found C
64.00, H 7.15, N 4.81.


Treatment of dianion 4b with benzil and diphenyldisulfide. Preparation of
3,4-dimethylene-N-phenylpyrrolidine (14 b): To a yellow suspension of 4b,
obtained by reaction of amine 1 b (0.66 g, 2 mmol) with tBuLi (5.3 mL of a
1.5m solution in pentane, 8 mmol) at ÿ78 8C followed by warming up to
20 8C, was added benzil (0.42 g, 2 mmol) or diphenyldisulfide (0.91 g,
4.2 mmol) atÿ78 8C. The mixture was stirred, while the temperature raised
room temperature, and then hydrolyzed with water. After the usual work-
up described above a residue was obtained of benzoine or phenylthiol and
diene 14b. Purification by flash column chromatography yielded 14b
(0.24 g, 71%) as a colorless oil. Rf� 0.28 (hexane/ethyl acetate 15:1);
1H NMR (CDCl3, 200 MHz): d� 7.4 ± 6.7 (m, 5 H), 5.6 (s, 2 H), 5.2 (s, 2H),
4.2 (s, 4 H); 13C NMR (CDCl3, 50.5 MHz): d� 147.2, 143.0, 129.1, 116.6,
112.0, 104.4, 53.5; LRMS (70 eV, EI): m/z (%): 171 (75) [M]� , 170 (100);
HRMS (70 eV, EI) calcd for C12H13N ([M]�): 171.1048, found 171.1044.


Reaction of dianion 4b with aromatic halides and electrophiles. Prepara-
tion of compounds 15 and 16 : At room temperature 1,2-dichlorobenzene
(0.15 g, 1 mmol) or bromobenzene (0.16 g, 1 mmol) was added to a yellow
suspension of 4b, obtained by reaction of amine 1b (0.66 g, 2 mmol) with
tBuLi (5.3 mL of a 1.5m solution in pentane, 8 mmol) as described above,
and the mixture was stirred for 1 h. To the resulting reddish solution of the
resulting dianion 18, the corresponding electrophile (deuterium oxide,
chlorotrimethylsilane, tributyltin chloride and diphenyl disulfide) was
added at ÿ78 8C and stirred while the temperature raised room temper-
ature. The mixture was subjected to the usual work-up. The organic residue
was purified by recrystallization or column chromatography.


3,3'-(1,2-Ethanediyl)bis(4-deuteriomethyl-1-phenyl-2,5-dihydro-1H-pyr-
role) (15 a): The reddish solution of 18 indicated above was treated with
deuterium oxide (excess). Work-up as above yielded 15a (0.38 g) as a
colorless oil. Rf� 0.1 (hexane/ethyl acetate 1:1); 1H NMR (CDCl3,
200 MHz): d� 7.3 ± 6.5 (m, 10H), 4.15 ± 3.95 (m, 8H), 2.35 (s, 4H), 1.7 (s,
4H); 13C NMR (CDCl3, 50.5 MHz): d� 147.0, 130.5, 129.2, 128.0, 115.2,
110.8, 59.0, 56.9, 25.1, 11.2 (t, J(C,D)� 19.9 Hz); LRMS (70 eV, EI): m/z
(%): 346 (9) [M]� , 173 (100); HRMS (70 eV, EI) calcd for C24H26D2N2


([M]�): 346.2378, found 346.2378.


3,3'-(1,2-Ethanediyl)bis(2,5-dihydro-1-phenyl-4-trimethylsilyl-1H-pyrrole)
(15 b): The reddish solution of 18 indicated above was treated with
chlorotrimethylsilane (0.24 g, 2.2 mmol). Work-up as above yielded 15b
(0.59 g) as a colorless oil. Rf� 0.33 (hexane/ethyl acetate 25:1); 1H NMR


(CDCl3, 200 MHz): d� 7.4 ± 6.6 (m, 10H), 4.2 and 4.1 (2s, 8 H), 2.4 (s, 4H),
1.75 (s, 4H), 0.2 (s, 18H); 13C NMR (CDCl3, 50.5 MHz): d� 147.0, 129.4,
129.2, 127.5, 115.3, 110.8, 59.0, 56.6, 25.6, 17.0, ÿ0.9; IR (neat): nÄ �
1600 cmÿ1; LRMS (70 eV, EI): m/z (%): 488 (17) [M]� , 244 (100); HRMS
(70 eV, EI) calcd for C30H44N2Si2 ([M]�): 488.3043, found 488.3026,
elemental analysis calcd (%) for C30H44N2Si2 (488.9): C 73.71, H 9.07, N
5.73; found C 73.79, H 9.21, N 5.58.


3,3'-(1,2-Ethanediyl)bis(2,5-dihydro-1-phenyl-4-tributyltin-1H-pyrrole)
(15 c): The reddish solution of 18 indicated above was treated with
tributyltin chloride (0.72 g, 2.2 mmol). Work-up as above yielded 15 c
(0.97 g) as a colorless oil. Rf� 0.40 (hexane/ethyl acetate 25:1); 1H NMR
(CDCl3, 300 MHz): d� 7.3 ± 6.5 (m, 10H), 4.1 and 4.0 (2s, 8 H), 2.3 (s, 4H),
1.8 (s, 4H), 1.6 ± 0.8 (m, 54 H); 13C NMR (CDCl3, 75.5 MHz): d� 147.0,
131.8, 129.1, 124.8, 115.1, 110.7, 59.0, 56.6, 29.0, 27.3, 25.4, 13.6, 9.8, 7.9; IR
(neat): nÄ � 1600 cmÿ1; LRMS (70 eV, EI): m/z (%): 867 (1) [Mÿ 57]� , 170
(100); HRMS (70 eV, EI) calcd for C44H71N2Sn2 ([Mÿ 57]�): 867.3679,
found 867.3622.


3,3'-(1,2-Ethanediyl)bis(2,5-dihydro-1-phenyl-4-phenyltiomethyl-1H-pyr-
role) (15 d): The reddish solution of 18 indicated above was treated with
diphenyl disulfide (0.48 g, 2.2 mmol). Work-up as above yielded 15d
(0.65 g) as a colorless oil. Rf� 0.25 (hexane/ethyl acetate 15:1); 1H NMR
(CDCl3, 300 MHz): d� 7.4 ± 6.5 (m, 20H), 4.2 and 4.0 (2s, 8 H), 3.6 (s, 4H),
2.0 (s, 4 H); 13C NMR (CDCl3, 75.5 MHz): d� 146.7, 135.4, 134.9, 131.3,
129.2, 128.1, 127.0, 115.7, 110.9, 57.0, 56.6, 31.2, 25.0; LRMS (70 eV, EI): m/z
(%): 558 (5) [Mÿ 2]� , 170 (100); HRMS (70 eV, EI) calcd for C36H34N2S2


([Mÿ 2]�): 558.2163, found 558.2180.


3,3'-(1,2-Ethanediyl)bis(4-deuteriomethyl-1-phenyl-1H-pyrrole) (16 a):
The reddish solution of 18 indicated above was treated with deuterium
oxide (excess) followed by stirring overnight under an atmospheric
pressure of O2. Work-up as above yielded 16a (0.40 g) as a white solid.
M.p. 148 ± 150 8C (hexane/chloroform); 1H NMR (CDCl3, 300 MHz): d�
7.45 ± 7.2 (m, 10 H), 6.95 and 6.9 (2d, J� 2.6 Hz, 4 H), 2.8 (s, 4 H), 2.2 (m,
4H); 13C NMR (CDCl3, 50.5 MHz): d� 140.7, 129.4, 125.8, 124.6, 120.2,
119.4, 116.8, 116.1, 26.4, 9.9 (t, J(C,D)� 19.6 Hz); LRMS (70 eV, EI): m/z
(%): (19) [M]� , 171 (100); HRMS (70 eV, EI) calcd for C24H22D2N2 ([M]�):
342.2065, found 342.2062, elemental analysis calcd (%) for C24H22D2N2


(342.5): C 84.17, H/D 7.65, N 8.18; found C 84.19, H/D 7.45, N 8.21.


Coupling reaction of 20. Isolation of N,N'-dimethyl-2,3-dimethylene-N,N'-
diphenyl-1,4-butanediamine (22): Amine 19 (0.45 g, 2 mmol) was treated
with tBuLi (2.7 mL, 4 mmol) at ÿ78 8C in diethyl ether (15 mL). Then,
CuCN (0.18 g, 2 mmol) was added to a solution of the resulting anion 20 at
ÿ78 8C. The mixture was warmed to room temperature and stirred for 8 h.
The reaction was quenched with saturated ammonium chloride and
extracted with ethyl acetate (3� 20 mL). The combined organic layers
were washed with brine (20 mL) and dried over anhydrous Na2SO4.The
solvent was removed under vacuum and the residue was purified by flash
column chromatography on silica gel to afford 22 (0.47 g, 81%) as a
colorless oil. Rf� 0.31 (hexane/ethyl acetate 15:1); 1H NMR (CDCl3,
200 MHz): d� 7.4 ± 6.7 (m, 10H), 5.3 (s, 2H), 5.15 (s, 2H), 4.2 (s, 4 H), 3.1 (s,
6H); 13C NMR (CDCl3, 50.5 MHz): d� 149.1, 140.1, 128.9, 116.0, 111.5,
111.1, 55.5, 38.2; LRMS (70 eV, EI): m/z (%): 292 (38) [M]� , 120 (100);
HRMS (70 eV, EI) calcd for C20H24N2 ([M]�): 292.1939, found 292.1944;
elemental analysis calcd (%) for C20H24N2 (292.4): C 82.15, H 8.27, N 9.58;
found C 81.97, H 8.16, N 9.46.


Reaction of anion 20 with zirconocene dichloride : isolation of compounds
23 : A solution of anion 20 (2 mmol) in diethyl ether (15 mL) was added to a
solution of zirconocene dichloride (0.29 g, 1 mmol) in THF (15 mL) at
ÿ78 8C. The mixture was stirred at this temperature for 1 h, then warmed to
room temperature and stirred for 4 h. An excess of deuterium oxide or,
alternatively, 2.5 equiv of iodine (1.27 g, 5 mmol) was added at 20 8C. The
reaction was quenched with aqueous Na2S2O3 and extracted with ethyl
acetate (3� 20 mL). The combined organic layers were washed with
aqueous NaHCO3 (3� 20 mL), dried over Na2SO4, filtered, and concen-
trated in vacuo. The crude material was purified by flash column
chromatography (hexane/ethyl acetate) to afford products 23.


(E)-2-Deuterio-4-deuteriomethyl-N,N'-dimethyl-2-penten-1,5-diamine
(23 a): Amine 19 (0.45 g, 2 mmol) was treated with tBuLi (2.7 mL, 4 mmol)
and Cp2ZrCl2 (0.29 g, 1 mmol). Work-up as above yielded 23a (0.54 g,
91%) as a colorless oil. Rf� 0.34 (hexane/ethyl acetate 15:1); 1H NMR
(CDCl3, 200 MHz): d� 7.4 ± 6.7 (m, 10H), 5.7 ± 5.6 (m, 1H), 3.9 (s, 2 H), 3.3
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(d, J� 7.0 Hz, 2H), 3.0 (s, 3H), 2.95 (s, 3H), 2.8 ± 2.6 (m, 1H), 1.1 (d, J�
7.0 Hz, 2 H); 13C NMR (CDCl3, 50.5 MHz): d� 149.4, 149.2, 135.6, 129.0,
124.7 (t, J(C,D)� 24.4 Hz), 116.2, 115.6, 112.4, 111.7, 59.1, 39.2, 37.6, 35.3,
17.5 (t, J� 19.8 Hz); IR (neat): nÄ � 1620 cmÿ1; LRMS (70 eV, EI): m/z (%):
296 (29) [M]� , 120 (100); HRMS (70 eV, EI) calcd for C20H24D2N2 ([M]�):
296.2222, found 296.2223; elemental analysis calcd (%) for C20H24D2N2


(296.5): C 81.03, H/D 9.52, N 9.45; found C 80.89, H/D 9.41, N 9.33.


(Z)-2,5-Diiodo-N,N'-dimethyl-N,N'-diphenyl-2-penten-1,5-diamine (23 b):
Amine 19 (0.45 g, 2 mmol) was treated with tBuLi (2.7 mL, 4 mmol) and
Cp2ZrCl2 (0.29 g, 1 mmol) followed by addition of iodine (1.07 g,
4.2 mmol). Work-up as above yielded 23b (0.86 g, 79 %) as a colorless
oil. Rf� 0.33 (hexane/ethyl acetate 10:1); 1H NMR (CDCl3, 200 MHz): d�
7.35 ± 6.7 (m, 10H), 5.65 ± 5.6 (m, 1 H), 4.2 (s, 2H), 3.4 ± 3.1 (m, 5H), 3.0 (s,
6H); 13C NMR (CDCl3, 50.5 MHz): d� 148.7, 148.1, 134.3, 129.0, 116.9,
116.4, 112.2, 111.9, 108.4, 64.8, 55.8, 46.1, 39.3, 38.1, 9.0; IR (neat): nÄ �
1600 cmÿ1; LRMS (70 eV, EI): m/z (%): 546 (15) [M]� , 120 (100); HRMS
(70 eV, EI) calcd for C20H24I2N2 ([M]�): 546.0029, found 546.0036,
elemental analysis calcd (%) for C20H24I2N2 (546.2): C 43.98, H 4.43, N
5.13; found C 43.79, H 4.39, N 5.17.


General procedure for the preparation of indole derivatives 30 : A solution
of amine 28 (2 mmol) in diethyl ether (20 mL) precooled at ÿ78 8C was
treated with 4 equiv of tBuLi (8 mmol) when amines 28 a and 28b were
used, or 5 equiv tBuLi (10 mmol) in the case of 28c. The solution was
stirred at ÿ78 8C for 1 h and then 4 equiv of TMEDA (1.2 mL, 8 mmol)
were added. The resulting mixture was stirred at this temperature for
30 min. Then, the reaction was allowed to reach room temperature. The
stirring was continued for 3 h. In the case of secondary amine 28c 5 equiv of
TMEDA (1.5 mL, 10 mmol) were added, and the resulting solution was
heated under reflux in diethyl ether for 3 h [until the starting trianion 29
(R�Li) had been consumed as much as possible whereas the expected
dianion 32 (R�Li) is not hydrolized, as judged by GC-MS analysis]. In
all the cases, the solution of the corresponding anions 32 in diethyl ether
was cooled to ÿ78 8C and excess (2 ± 3 equiv) of electrophiles (deuterium
oxide, chlorotrimethylsilane, dibenzyl disulfide, diphenyl disulfide,
N-benzylidene-a-methylbenzylamine, 4-chlorobenzaldehyde, N-benzylide-
neaniline, 3-pentanone, 2,3-butanedione, phenylisocyanate, 4-methylben-
zonitrile) were added. Then, the mixture was allowed to reach room
temperature, and the reaction was stirred for 3 h. The mixture was
hydrolyzed with water and extracted with ethyl acetate (3� 20 mL). The
combined organic layers were dried over anhydrous Na2SO4. The solvent
was removed under vacuum, and the residue was purified by column
chromatography (silica gel, hexane/ethyl acetate) yielding the functional-
ized indoles 30.


1-Benzyl-3-deuteriomethyl-1H-indole (30 a): Amine 28 a (0.76 g, 2 mmol)
was treated with tBuLi (5.3 mL of a 1.5m solution in pentane, 8 mmol) and
TMEDA (1.2 mL, 8 mmol). Addition of deuterium oxide (excess) and
work-up as above yielded 30 a (0.32 g) as a colorless oil. Rf� 0.26 (hexane);
1H NMR (300 MHz, CDCl3): d� 7.70 ± 7.20 (m, 9 H), 7.00 (s, 1 H), 5.30 (s,
2H), 2.45 ± 2.40 (m, 2H); 13C NMR (CDCl3, 75.5 MHz): d� 137.8, 136.5,
128.6, 127.4, 126.7, 125.7, 121.5, 118.9, 118.7, 110.7, 109.4, 49.6, 9.3 (t,
J(C,D)� 19.6 Hz); HRMS (70 eV, EI) calcd for C16H14DN ([M]�): 222.1267,
found 222.1270, elemental analysis calcd (%) for C16H14DN (222.3): C
86.45, H/D 7.25, N 6.30; found C 86.31, H/D 7.27, N 6.19.


1-Benzyl-3-trimethylsilylmethyl-1H-indole (30 b): Amine 28 a (0.76 g,
2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in pentane,
8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of chlorotrimethylsilane
(0.43 g, 4 mmol) and work-up as above yielded 30b (0.38 g) as a colorless
oil. Rf� 0.36 (hexane/ethyl acetate 15:1); 1H NMR (CDCl3, 300 MHz): d�
7.60 ± 7.10 (m, 9H), 6.80 (s, 1H), 5.30 (s, 2H), 2.20 (s, 2H), 0.1 (s, 9H);
13C NMR (CDCl3, 75.5 MHz): d� 138.0, 136.4, 129.1, 128.6, 127.3, 126.5,
124.3, 121.2, 119.4, 118.3, 112.7, 109.2, 49.6, 13.8, ÿ1.5; HRMS (70 eV, EI)
calcd for C19H23NSi ([M]�): 293.1600, found 293.1590.


1-Benzyl-3-benzyltiomethyl-1H-indole (30 c): Amine 28 a (0.76 g, 2 mmol)
was treated with tBuLi (5.3 mL of a 1.5m solution in pentane, 8 mmol) and
TMEDA (1.2 mL, 8 mmol). Addition of dibenzyl disulfide (0.98 g, 4 mmol)
and work-up as above yielded 30 c (0.43 g) as a colorless oil. Rf� 0.36
(hexane/ethyl acetate 15:1); 1H NMR (CDCl3, 300 MHz): d� 7.80 ± 7.20
(m, 14H), 7.05 (s, 1 H), 5.35 (s, 2 H), 3.90 and 3.75 (2s, 4 H); 13C NMR
(CDCl3, 75.5 MHz): d� 138.4, 137.3, 136.8, 128.9, 128.6, 128.3, 127.5, 127.4,
127.0, 126.7, 121.9, 119.4, 119.2, 111.0, 109.6, 49.7, 35.7, 26.1; elemental


analysis calcd (%) for C23H21NS (343.5): C 80.43, H 6.16, N 4.08; found C
80.69, H 6.17, N 4.09.


3-Deuteriomethyl-1-methyl-1H-indole (30 d): Amine 28b (0.61 g, 2 mmol)
was treated with tBuLi (5.3 mL of a 1.5m solution in pentane, 8 mmol) and
TMEDA (1.2 mL, 8 mmol). Addition of deuterium oxide (excess) and
work-up as above. yielded 30 d (0.23 g) as a colorless oil. Rf� 0.24 (hexane);
1H NMR (CDCl3, 200 MHz): d� 7.80 ± 7.25 (m, 4 H), 6.90 (s, 1 H), 3.80 (s,
3H), 2.50 ± 2.45 (m, 2 H); 13C NMR (CDCl3, 50.5 MHz): d� 136.8, 128.5,
126.4, 121.3, 118.8, 118.4, 109.9, 108.9, 32.3, 9.2 (t, J(C,D)� 19.5 Hz);
HRMS (70 eV, EI) calcd for C10H10DN ([M]�): 146.0954, found 146.0959.


1-Methyl-3-trimethylsilylmethyl-1H-indole (30 e): Amine 28b (0.61 g,
2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in pentane,
8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of chlorotrimethylsilane
(0.43 g, 4 mmol) and work-up as above yielded 30 e (0.30 g) as a colorless
oil. Rf� 0.46 (hexane); 1H NMR (CDCl3, 200 MHz): d� 7.65 ± 7.10 (m,
4H), 6.80 (s, 1H), 3.80 (s, 3 H), 2.25 (s, 2H), 0.15 (s, 9 H); 13C NMR (CDCl3,
50.5 MHz): d� 136.7, 128.4, 124.9, 121.0, 119.2, 118.0, 111.8, 108.7, 32.3, 13.7,
ÿ1.5; HRMS (70 eV, EI) calcd for C13H19NSi ([M]�): 217.1287, found
217.1279; elemental analysis calcd (%) for C13H19NSi (217.4): C 71.83, H
8.81, N 6.44; found C 71.69, H 8.87, N 6.59.


3-[2-Hydroxy-2-(4-chlorophenyl)ethyl]-1-methyl-1H-indole (30 f): Amine
28b (0.61 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of 4-chloro-
benzaldehyde (0.56 g, 4 mmol) and work-up as above yielded 30 f (0.40 g)
as a colorless oil. Rf� 0.32 (hexane/ethyl acetate 9:1); 1H NMR (CDCl3,
200 MHz): d� 7.65 ± 7.20 (m, 8H), 6.90 (s, 1 H), 4.95 (dd, J� 8.6, 4.3 Hz,
1H), 3.80 (s, 3 H), 3.20 (dd, J� 14.6, 4.3 Hz, 1H), 3.05 (dd, J� 14.6, 8.6 Hz,
1H), 2.50 ± 2.20 (br s, 1H); 13C NMR (CDCl3, 50.5 MHz): d� 142.4, 136.8,
132.7, 127.9, 127.7, 127.6, 121.6, 118.8, 118.7, 109.6, 109.2, 73.0, 35.6, 32.4;
elemental analysis calcd (%) for C17H16ClNO (285.8): C 71.45, H 5.64, N
4.90; found C 71.61, H 5.52, N 4.79.


1-Methyl-3-[2-phenyl-2-(1-phenylethylamino)ethyl]-1H-indole (30 g):
Amine 28b (0.61 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m
solution in pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of
N-benzylidene-a-methylbenzylamine (0.84 g, 4 mmol) and work-up as
above yielded 30g (0.43 g) as a colorless oil and a 6:1 mixture of
diastereoisomers. Rf� 0.45 (hexane: ethyl acetate 5:1); 1H NMR (CDCl3,
400 MHz): d� 7.55 ± 6.80 (m, 14 H), 6.70 (s, 1 H; �CHN, major diaster-
eoisomer), 6.67 (s, 1H;�CHN, minor diastereoisomer), 4.15 (t, J� 6.7 Hz,
1H; CHCH2, minor diastereoisomer), 3.80 (t, J� 6.5 Hz, 1H; CHNCH2,
major diastereoisomer), 3.80 ± 3.75 (m, 1H; CHMe, minor diastereoiso-
mer), 3.75 (s, 3H; Me, major diastereoisomer), 3.70 (s, 3 H; Me, minor
diastereoisomer), 3.53 (q, J� 6.7 Hz, 1 H; CHMe, major diastereoisomer),
3.20 (dd, J� 14.4, 6.7 Hz, 1H; CHH, minor diastereoisomer), 3.13 (dd, J�
14.4, 6.7 Hz, 1H; CHH, minor diastereoisomer), 3.03 (d, J� 6.5 Hz, 2H;
CH2, major diastereoisomer), 2.1 ± 1.9 (br s, 2 H; NH, major and minor
diastereoisomers), 1.28 (d, J� 6.3 Hz, 3H; CH3, minor diastereoisomer),
1.24 (d, J� 6.7 Hz, 3 H; CH3, major diastereoisomer); 13C NMR (CDCl3,
50.5 MHz): d� 145.0, 144.5, 136.8, 128.1, 128.0, 127.2, 126.7, 126.6, 126.4,
126.3, 126.2, 121.4, 119.1, 118.6, 111.1, 108.8, 59.5, 54.9, 34.8, 32.3, 24.5
(major diastereoisomer).


3-[2-(4-methylphenyl)-2-oxoethyl)]-1-methyl-1H-indole (30 h): Amine 28b
(0.61 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of 4-methyl-
benzonitrile (0.47 g, 4 mmol) and work-up as above yielded 30h (0.39 g) as
a white solid. M.p. 110 ± 112 8C (hexane/chloroform); 1H NMR (CDCl3,
80 MHz): d� 8.0 ± 7.0 (m, 8H), 6.90 (s, 1H), 4.3 (s, 2 H), 3.55 (s, 3 H), 3.20 (s,
3H); 13C NMR (CDCl3, 20.2 MHz): d� 197.1, 143.3, 136.7, 134.1, 129.0,
128.4, 127.6, 121.5, 118.9, 118.7, 109.0, 107.3, 35.1, 32.2, 21.3; LRMS (70 eV,
EI): m/z (%): 263 (13) [M]� , 144 (100); elemental analysis calcd (%) for
C18H17NO (263.3): C 82.10, H 6.51, N 5.32; found C 82.21, H 6.45, N 5.21.


1-Methyl-3-(N-phenylcarbamoylmethyl)-1H-indole (30 i): Amine 28b
(0.61 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in
pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of phenyl-
isocyanate (0.48 g, 4 mmol) and work-up as above yielded 30 i (0.35 g) as a
white solid. M.p. 99 ± 101 8C (hexane/chloroform); 1H NMR (CDCl3,
80 MHz): d� 7.7 ± 7.1 (m, 10H), 7.0 (s, 1H), 3.85 (s, 2H), 3.75 (s, 3H);
13C NMR (CDCl3, 20.2 MHz): d� 169.8, 137.8, 137.1, 128.6, 128.3, 127.3,
124.0, 122.0, 119.9, 119.5, 118.6, 109.4, 107.0, 34.1, 32.4; LRMS (70 eV, EI):
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m/z (%): 264 (20) [M]� , 144 (100); elemental analysis calcd (%) for
C17H16N2O (264.3): C 77.25, H 6.10, N 10.60; found C 77.31, H 6.03, N 10.45.


1-Methyl-3-(phenyltiomethyl)-1H-indole (30 j): Amine 28 b (0.61 g,
2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution in pentane,
8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of diphenyl disulfide
(0.87 g, 4 mmol) and work-up as above yielded 30j (0.35 g) as a white solid.
M.p. 92 ± 94 (hexane/chloroform); 1H NMR (CDCl3, 80 MHz): d� 7.85 ± 7.1
(m, 9 H), 7.0 (s, 1H), 4.45 (s, 2H), 3.75 (s, 3H); 13C NMR (CDCl3,
20.2 MHz): d� 137.4, 136.9, 129.0, 128.5, 127.6, 127.2, 125.6, 121.6, 118.9,
109.8, 109.1, 32.1, 29.5; LRMS (70 eV, EI): m/z (%): 253 (7) [M]� , 14 (100);
elemental analysis calcd (%) for C16H15NS (253.4): C 75.85, H 5.97, N 5.53;
found C 75.74, H 5.92, N 5.41.


3-(2-Hydroxy-2-methyl-3-oxobutyl)-1-methyl-1H-indole (30 k): Amine
28b (0.61 g, 2 mmol) was treated with tBuLi (5.3 mL of a 1.5m solution
in pentane, 8 mmol) and TMEDA (1.2 mL, 8 mmol). Addition of butane-
dione (0.34 g, 4 mmol) and work-up as above yielded 30k (0.31 g) as a
colorless oil. Rf� 0.43 (hexane/ethyl acetate 1:1); 1H NMR (CDCl3,
80 MHz): d� 7.7 ± 7.0 (m, 4H), 6.95 (s, 1 H), 3.7 (s, 3 H), 3.55 (br s, 1H), 3.25
(d, J� 13.9 Hz, 1H), 3.1 (d, J� 13.9 Hz, 1 H), 2.2 (s, 3 H), 1.45 (s, 3H);
13C NMR (CDCl3, 20.2 MHz): d� 212.3, 136.6, 128.3, 128.0, 121.3, 118.9,
108.9, 108.1, 79.4, 34.7, 32.2, 24.9, 24.2; LRMS (70 eV, EI): m/z (%): 231 (6)
[M]� , 144 (100); elemental analysis calcd (%) for C14H17NO2 (231.3): C
72.70, H 7.41, N 6.06; found C 72.83, H 7.36, N 5.94.


3-Deuteriomethyl-1H-indole (30 l): Amine 28 c (0.58 g, 2 mmol) was
treated with tBuLi (6.7 mL of a 1.5m solution in pentane, 10 mmol) and
TMEDA (1,5 mL, 10 mmol); after heating the mixture under reflux, the
addition of deuterium oxide (excess) and work-up as above yielded 30 l
(0.13 g) as a white solid. M.p. 96 ± 97 8C (methanol); 1H NMR (200 MHz,
CDCl3): d� 8.00 ± 7.10 (m, 5 H), 6.95 (s, 1 H), 2.40 (s, 2H); 13C NMR
(50.5 MHz, CDCl3): d� 136.1, 128.1, 121.7, 121.5, 119.0, 118.7, 111.5, 110.8,
9.3 (t, J(C,D)� 19.5 Hz); HRMS (70 eV, EI) calcd for C9H8DN ([M]�):
132.0798, found 132.0793; elemental analysis calcd (%) for C9H8DN
(132.2): C 81.78, H/D 7.62, N 10.60; found C 81.88, H/D 7.47, N 10.59.


3-(2,2-Diethyl-2-hydroxyethyl)-1H-indole (30 m): Amine 28c (0.58 g,
2 mmol) was treated with tBuLi (6.7 mL of a 1.5m solution in pentane,
10 mmol) and TMEDA (1,5 mL, 10 mmol); after heating the mixture under
reflux, the addition of 3-pentanone (0.51 g, 6 mmol) and work-up as above
yielded 30m (0.24 g) as a brown solid. M.p. 155 ± 157 8C (diethyl ether);
1H NMR (CDCl3, 200 MHz): d� 8.1 (br s, 1 H), 7.6 (d, J� 6.9 Hz, 1H), 7.4 ±
6.9 (m, 5H), 2.85 (s, 2 H), 1.45 (q, J� 7.4 Hz, 4H), 0.9 (t, J� 7.4 Hz, 6H);
13C NMR (CDCl3, 20.2 MHz): d� 136.3, 129.1, 128.7, 123.5, 122.0, 119.5,
111.5, 111.0, 74.7, 34.5, 30.5, 8.1; LRMS (70 eV, EI): m/z (%): 217 (14) [M]� ,
130 (100); elemental analysis calcd (%) for C14H19NO (217.3): C 77.38, H
8.81, N 6.45; found C 77.47, H 8.75, N 6.34.


3-(2,2-Diphenyl-2-hydroxyethyl)-1H-indole (30 n): Amine 28c (0.58 g,
2 mmol) was treated with tBuLi (6.7 mL of a 1.5m solution in pentane,
10 mmol) and TMEDA (1.5 mL, 10 mmol); after heating the mixture under
reflux, the addition of benzophenone (1.1 g, 6 mmol) and work-up as above
yielded of 30 n (0.36 g) as a colorless oil. Rf� 0.26 (hexane/ethyl acetate
3:1); 1H NMR (CDCl3, 200 MHz): d� 7.75 (s br, 1H), 7.4 ± 6.8 (m, 14H),
6.25 (d, J� 2.3 Hz, 1 H), 3.6 (s, 2 H), 2.6 (s br, 1H); 13C NMR (CDCl3,
50.5 MHz): d� 146.9, 135.5, 128.0, 126.6, 126.1, 125.8, 124.0, 121.9, 119.4,
118.9, 111.0, 109.0, 78.1, 37.8; LRMS (70 eV, EI): m/z (%): 313 (1) [M]� , 131
(100); elemental analysis calcd (%) for C22H19NO (313.4): C 84.32, H 6.11,
N 4.47; found C 84.29, H 6.07, N 4.29.


3-(2-Phenyl-2-phenylaminoethyl)-1H-indole (30 o): Amine 28c (0.58 g,
2 mmol) was treated with tBuLi (6.7 mL of a 1.5m solution in pentane,
10 mmol) and TMEDA (1.5 mL, 10 mmol); after heating the mixture under
reflux, the addition of N-benzylideneaniline (1.09 g, 6 mmol) and work-up
as above yielded 30 o (0.37 g) as a colorless oil. Rf� 0.37 (hexane/ethyl
acetate 3:1); 1H NMR (CDCl3, 80 MHz): d� 7.8 (s br, 1H), 7.7 ± 6.5 (m,
15H), 4.8 (dd, J� 7.5 and 5.9 Hz, 1H), 4.15 (s br, 1H), 3.45 ± 3.25 (m, 2H);
13C NMR (CDCl3, 20.2 MHz): d� 147.4, 144.0, 136.0, 129.1, 128.9, 128.3,
127.5, 126.7, 126.3, 122.5, 121.8, 119.3, 118.4, 117.2, 114.9, 113.5, 111.5, 111.1,
58.1, 34.6; LRMS (70 eV, EI): m/z (%): 312 (1) [M]� , 182 (100); elemental
analysis calcd (%) for C22H20N2 (312.4): C 84.58, H 6.45, N 8.97; found C
84.69, H 6.37, N 8.89.


Preparation of 34 and 35 : A solution of the amine 33 (0.82 g, 2 mmol) in
diethyl ether (15 mL) was treated with 6 equiv of tBuLi (8 mL of a 1.5m
solution in pentane, 12 mmol) at ÿ78 8C. The reaction was stirred for


30 min at this temperature, and then 6 equiv of TMEDA (1.8 mL, 12 mmol)
were added. The cooling bath was removed allowing the reaction to reach
room temperature. An excess of deuterium oxide was used to quench the
reaction mixture. The mixture was hydrolyzed with water and extracted
with ethyl acetate (3� 10 mL). The combined organic layers were dried
over anhydrous Na2SO4. The solvent was removed under vaccum affording
a 6:1 mixture of 34 and 35 in almost quantitative yield (94 %). This mixture
could not be separated by column chromatography. The spectroscopic data
of 34 are the same than 5b except an extra deuterium atom is present in the
aromatic ring. The spectroscopic data of the mixture are the following:
1H NMR (CDCl3, 200 MHz): d� 7.5 ± 7.0 (m, 6H; ArH, 34� 35), 6.8 (s, 1H;
N�CH, 35), 6.7 ± 6.4 (m, 2H; ArH, 34), 5.15 ± 4.95 (m, 2H;�CH2, 35), 4.6 (s,
2H; NCH2, 35), 4.0 (s, 2H; NCH2, 34), 2.2 ± 2.15 (m, 2H; CH2D, 35), 1.75 ±
1.65 (m, 2 H; CH2D, 34); 13C NMR (CDCl3, 50.5 MHz): d� 146.9, 129.1,
129.0, 126.8, 124.4, 121.3, 119.2, 118.9, 118.5, 116.7, 116.6, 115.0, 110.7, 109.2,
58.9, 11.0 (t, J(C,D)� 19.5 Hz), 9.5 (t, J(C,D)� 19 Hz); LRMS (70 eV, EI):
m/z (%): (34): 176 (95) [M]� , 160 (100). LRMS (70 eV, EI): m/z (%): (35):
173 (100) [M]� .


General procedure for the preparation of indole derivatives 37 and 38 : The
procedure is the same as described for the preparation of 30, but excess
tBuLi (7.3 mL of a 1.5m solution in pentane, 11 mmol) and TMEDA
(1.65 mL, 11 mmol) were added successively to the amine 28 b (0.61 g,
2 mmol). The same or different electrophiles were added at ÿ78 8C and
then stirred at room temperature for 4 h. The mixture was hydrolyzed with
water and extracted with ethyl acetate (3� 20 mL). The combined organic
layers were dried over anhydrous Na2SO4. The solvent was removed under
vaccum, and the resulting residue was purified by column chromatography
(silica gel, hexane/ethyl acetate) giving rise to compounds 37 and 38.


2-Deuterio-3-deuteriomethyl-1-methyl-1H-indole (37 a): Amine 28b
(0.61 g, 2 mmol) was treated with tBuLi (7.3 mL of a 1.5m solution in
pentane, 11 mmol) and TMEDA (1.65 mL, 11 mmol). Addition of deute-
rium oxide (excess) and work-up as above yielded 37a (0.21 g) as a
colorless oil. Rf� 0.24 (hexane); 1H NMR (CDCl3, 200 MHz): d� 7.70 ±
7.15 (m, 4H), 3.80 (s, 3H), 2.40 (t, J� 2.2 Hz, 2H); 13C NMR (CDCl3,
50.5 MHz): d� 136.8, 128.5, 126.4 (t, J(C,D)� 13.5 Hz), 121.2, 118.8, 118.3,
109.6, 108.8, 32.2, 9.1 (t, J(C,D)� 19.5 Hz); HRMS (70 eV, EI) calcd for
C10H9D2N ([M]�): 147.1017, found 147.1014; elemental analysis calcd (%)
for C10H9D2N (147.2): C 81.59, H/D 8.90, N 9.51; found C 81.63, H/D 8.79, N
9.31.


2-Deuterio-1-methyl-3-trimethylsilylmethyl-1H-indole (37 b): Amine 28b
(0.61 g, 2 mmol) was treated with tBuLi (7.3 mL of a 1.5m solution in
pentane, 11 mmol) and TMEDA (1.65 mL, 11 mmol). Sequential addition
of chlorotrimethylsilane (0.21 g, 2 mmol) and deuterium oxide (excess) and
work-up as above yielded 37b (0.26 g) as a colorless oil. Rf� 0.46 (hexane);
1H NMR (CDCl3, 200 MHz): d� 7.65 ± 7.10 (m, 4 H), 3.80 (s, 3 H), 2.25 (s,
2H), 0.15 (s, 9 H); 13C NMR (CDCl3, 50.5 MHz): d� 136.7, 128.4, 124.9 (t,
J(C,D)� 13.5 Hz), 121.0, 119.2, 118.0, 111.8, 108.7, 32.3, 13.7, ÿ1.5;
elemental analysis calcd (%) for C13H18DNSi (218.4): C 71.50, H/D 9.23,
N 6.41; found C 71.28, H/D 9.16, N 4.02.


1,2,3,4-Tetrahydro-2,3-dihydroxy-4-methyl-2,3-diphenylcyclopent[b]indole
(38 a): Amine 28 b (0.61 g, 2 mmol) was treated with tBuLi (7.3 mL of a
1.5m solution in pentane, 11 mmol) and TMEDA (1.65 mL, 11 mmol).
Addition of benzil (0.42 g, 2 mmol) and work-up as above yielded 38a
(0.33 g) as a colorless oil. Rf� 0.45 (hexane/ethyl acetate 5:1); 1H NMR
(CDCl3, 200 MHz): d� 7.70 ± 6.60 (m, 14 H), 3.75 (d, J� 15.2 Hz, 1 H), 3.60
(s, 3H), 3.20 (d, J� 15.2 Hz, 1H); 13C NMR (CDCl3, 50.5 MHz): d� 144.2,
141.5, 139.8, 127.5, 127.2, 127.1, 126.2, 126.0, 123.8, 121.7, 119.5, 115.1, 110.1,
91.9, 85.5, 37.4, 30.2; elemental analysis calcd (%) for C24H21NO2 (355.4): C
81.10, H 5.96, N 3.94; found C 81.23, H 5.79, N 4.11.


1,2,3,4-Tetrahydro-2,3-dihydroxy-2,3,4-trimethylcyclopent[b]indole (38 b):
Amine 28 b (0.61 g, 2 mmol) was treated with tBuLi (7.3 mL of a 1.5m
solution in pentane, 11 mmol) and TMEDA (1.65 mL, 11 mmol). Addition
of 2,3-butanedione (0.17 g, 2 mmol) and work-up as above yielded 38b
(0.18 g) as a colorless oil. Rf� 0.25 (hexane/ethyl acetate 5:1); 1H NMR
(CDCl3, 200 MHz): d� 7.50 ± 7.10 (m, 4 H), 3.80 (s, 3 H), 2.90 (s, 2H), 1.60 ±
1.25 (br s, 2H), 1.46 and 1.44 (2s, 6 H); 13C NMR (CDCl3, 50.5 MHz): d�
146.0, 141.1, 123.9, 121.2, 119.2, 119.1, 112.5, 109.5, 86.6, 78.5, 38.2, 29.7, 22.4,
20.9; LRMS (70 eV, EI): m/z (%): 231 (82) [M]� , 170 (100); elemental
analysis calcd (%) for C14H17NO2 (231.3): C 72.70, H 7.41, N 6.06; found C
72.90, H 7.22, N 5.93.
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The Protonation of Gaseous Cyclopropane
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Abstract: The protonation of cyclopro-
pane by gaseous Brùnsted acids of
varying strength in radiolytic experi-
ments at atmospheric pressure leads to
two distinct C3H7


� isomers that have
been sampled by their reaction with
benzene. The neutral end products,
nC3H7ÿC6H5 and iC3H7ÿC6H5, arise
from the electrophilic aromatic substi-
tution reaction with the cC3H7


� and
iC3H7


� ions, respectively. Their relative
abundance was studied as a function of
pressure, temperature, and the presence
of additives in the gaseous systems; the


results indicate a large extent of isomer-
ization to the thermodynamically fa-
vored iC3H7


� from the protonation by
strong acids. The presence of a kinetic
barrier prevents any thermal isomeriza-
tion from taking place in the time frame
of 10ÿ8 s. In the peculiar case in which
protonated benzene is the Brùnsted


acid, C3H7
� ions are formed in the


presence of neutral benzene within the
same ion ± molecule complex. The ensu-
ing reaction shows that cC3H7


� ions are
formed exclusively and react in the
10ÿ10 sÿ1 estimated lifetime of the com-
plex. Still, such cC3H7


� ions undergo
complete randomization of their hydro-
gen atoms; this points to a low kinetic
barrier for the process. Agreement is
found between the reported experimen-
tal results and updated computations of
the relevant species in the C3H7


� poten-
tial energy surface.


Keywords: gas-phase reactions ´
ion ± molecule complexes ´ isomer-
ization ´ proton transport ´
radiolysis


Introduction


Among C3H7
� species, three possible isomers have received


major consideration in both experimental and theoretical
studies, iC3H7


�, cC3H7
�, and nC3H7


�. The iC3H7
� cation is


recognized as the most stable isomer.[1] As the conjugate acid
of propene, its heat of formation is of fundamental impor-
tance in gas-phase thermochemistry. Its value has been
recently redetermined as 808 kJ molÿ1 (298 K) by a high-
resolution photoelectron photoion coincidence method.[2] The
ion iC3H7


� is also the simplest all-carbon and hydrogen
carbenium ion to be prepared as a stable species in superacid
media,[3] in which it was found to undergo scrambling of both
hydrogen and carbon atoms.[4, 5] The key intermediates and/or
transition structures for these processes were suggested to be
nC3H7


� and cC3H7
�.[4] The cC3H7


� ion itself has been identified
as a discrete species in the gas-phase in which propene and
cyclopropane are characterized by nearly the same proton


affinity (PA).[6] As cyclopropane is 29 kJ molÿ1 higher in
energy with respect to propene, it is inferred that cC3H7


� is
less stable than iC3H7


� by the same energy difference. cC3H7
�


is therefore prone to isomerize to iC3H7
�, namely the


thermodynamically favoured species. Indeed, whereas the
lifetime of gaseous cC3H7


� ions is estimated to exceed 10ÿ7 s,
an isomerization to iC3H7


� has been suggested to account for
the identical collisional activation spectra of the ions obtained
by the protonation of cyclopropane and propene after a time
lapse of about 10ÿ5 s.[6c] cC3H7


� ions have been proposed to
play a role in various ionic processes in the gas phase. For
example, it has been suggested as the intermediate in the
CH3


� reaction with ethylene[7] and it has been conceived as
the possible product ion of the hydrogen atom loss from
ionized propane.[8] The metastable dissociation of propane
molecules from cluster ions of C3H7


�with neat propane or Ar/
propane has also been ascribed to the isomerization of a
cC3H7


� core to give iC3H7
� proceeding by way of a transient


nC3H7
�.[9] The difference between the heats of formation of


nC3H7
� and iC3H7


� has been determined as 87 kJ molÿ1


according to photoelectron spectroscopy data, though all
attempts to trap nC3H7


� have shown that it rearranges in less
than 10ÿ10 s.[6b, 10]


The present paper describes an experimental study on the
protonation of cyclopropane by gaseous Brùnsted acids of
different acid strength, aimed to assess the significant factors
affecting the formation of cC3H7


� and its isomerization into
iC3H7


�. The experiments have been performed at pressures
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close to one atmosphere, under conditions ensuring efficient
collisional thermalization of excited intermediates, and by
using the radiolytic method for the generation of ions.[11] The
ionic species of interest, cC3H7


� and iC3H7
�, were trapped by


reaction with benzene. The ensuing products of electrophilic
aromatic substitution, nC3H7ÿC6H5 and iC3H7ÿC6H5, provide
a dependable probe of the relative amounts of cC3H7


� and
iC3H7


�, respectively, that are present in the ionic medium.[12]


Their formation is ascribed to the sequence of steps that
characterize the electrophilic aromatic substitution by gas-
eous cations [Eqs. (1) and (2)].[11, 13]


cC3H7
��C6H6! nC3H7ÿC6H6


�ÿ!�B


ÿBH�
nC3H7ÿC6H6 (1)


iC3H7
��C6H6! iC3H7ÿC6H6


�ÿ!�B


ÿBH�
iC3H7ÿC6H6 (2)


The ionic electrophile and the aromatic substrate react
within a collision complex to form an intermediate arenium
ion which yields the neutral substitution product upon
deprotonation by a base (B). An alternative mechanism for
the electrophilic aromatic substitution reaction in the gas
phase has been recently reported, in which the reaction is
promoted by the protonated aromatic compound.[14] For
example, the reaction of toluenium ions with propene leads
to neutral cymene by a stepwise mechanism involving a
proton transfer within the [MeC6H6


� ´ C3H6] collision complex
yielding the [MeC6H5 ´ iC3H7


�] ion ± molecule complex,
whereby the aromatic alkylation of toluene by the so-formed
isopropyl cation takes place [Eq. (3)]. This route has been
exploited to provide an alternative protonating agent of
cC3H6, in our case protonated benzene, C6H7


�, which yields
the reactive nucleophile in the same event of proton transfer
and, most important, within the same collision complex.


Me-C6H6
��C3H6! [Me-C6H6


� ´ C3H6]! [Me-C6H5 ´ iC3H7
�]


! [iC3H7ÿC6H5-Me�]ÿ!�B


ÿBH�
iC3H7ÿC6H4-Me (3)


The experimental investigation has been combined with
theoretical calculations. C3H7


� ions have long been a bench-
mark problem of computational studies,[15] converging to
common agreement on the higher stability of iC3H7


� with
respect to cC3H7


�, whereas nC3H7
� does not lie in a local


minimum. In the present study CCSD(T) results are present-
ed on the three C3H7


� isomers of interest and on the transition
states connecting them.


Experimental Section


Materials : Research grade gases (>99.9 mol % pure) were purchased from
Matheson Gas Products or Fluka, with the exception of MeF (99 mol %
pure) which was obtained from Fluorochem. 13C-depleted benzene was
obtained from Isotec, with an isotopic purity of 99.9 % 12C atoms. All
chemicals used as reagents or as reference standards for the character-
ization of products and MS fragmentation patterns in GLC-MS analyses
were purchased from commercial sources or prepared according to
conventional procedures.


Radiolytic experiments : Gaseous samples have been prepared in sealed
Pyrex vessels according to described procedures.[11, 13] Irradiations were
performed at 30 8C in a 220 Gammacell (Nuclear Canada) for two hours at
the dose rate of 104 Gy hÿ1. The radiolytic products were extracted by
freezing the vessel in liquid nitrogen and introducing n-hexane. The cold
walls of the vessel were carefully washed, and the solution was analyzed by


GLC-MS with a Hewlett ± Packard 5890 gas chromatograph equipped with
a Model 5989B quadrupole mass spectrometer. The analyses were per-
formed in triplicate by using a 50 m long, 0.32 mm inner diameter, fused
silica capillary column (PONA column from Hewlett ± Packard) operated
in the temperature range from 40 8C to 160 8C. The radiolytic products of
interest were identified by comparison of their retention times and mass
spectra with those of authentic samples. When labeling experiments were
performed the site of deuterium incorporation into the products, for
example, the alkyl group versus the aromatic ring in n-propylbenzene and
isopropylbenzene, was determined from the relative abundance of labeled
and unlabeled fragment ions of diagnostic value, for example, those
deriving from ethyl and methyl group loss from the molecular ion of n-
propylbenzene and isopropylbenzene, respectively. In order to verify that
no isotope scrambling takes place in the fragmentation process, appropri-
ately labeled specimen compounds were synthesized and their mass spectra
were checked.


Computational details : All computations were carried out with the
Gaussian 98 v.5 program package.[16] The geometries optimized at
MP2(full)/6 ± 311G** level were characterized by harmonic frequency
analysis to ascertain the nature of the stationary points (NIMAG� 0 for
minima and 1 for transition structures). Zero-point vibrational energies
(ZPVEs), were scaled[17] by factor 0.95. Reaction pathways along both
directions from the transition structures were followed by the IRC
method.[18] Taking the obtained MP2(full)/6 ± 311G** structures as the
starting point, all geometries have been reoptimized at coupled cluster[19]


CCSD(T)[20] method with Dunning�s correlation-consistent polarized
double-zeta (cc-pVDZ) basis set.[21] To refine the final relative energies,
the CCSD(T)/cc-pVDZ geometries were further subjected to single-point
CCSD(T)/cc-pVTZ calculations; our final energies are at CCSD(T)/cc-
pVTZ//CCSD(T)/cc-pVDZ�ZPVE(MP2(full)/6 ± 311G**) level.


Results and Discussion


Direct protonation of cyclopropane : The results of the
radiolytic experiments, namely the pattern of the neutral
products obtained from the reaction of the ionic intermediates
with benzene, are collected in Table 1. The ionic species of
interest in this study are the ones formed by protonation of
cyclopropane by a Brùnsted acid, which derives from the
interaction of ionizing radiation with a bulk gas at atmos-
pheric pressure according to well-established sequences of
events.[11] The Brùnsted acids (H3


� or D3
� in bulk H2 or D2,


CH5
� and C2H5


� in bulk CH4, C2H5
� in bulk C2H6), the


primary ionic reagents in the gaseous mixture, undergo
collisional quenching of any excess energy content, which
may derive from their formation processes, by thermalizing
collisions with the unreactive bulk gas. Ultimately, they react
with the basic additives, cyclopropane, benzene, or other
added neutral species, in a statistical ratio, given the typically
high exothermicity of the process. The thermochemical
parameters of the significant proton transfer processes
(Table 2) are derived from the relative PA values of the
neutral species undergoing proton exchange; these are
obtained from the same database.[22] The first entries of
Table 1 characterize systems in which unlabelled reagent ions,
ordered with their increasing acid strength, deliver their
proton chiefly to cyclopropane [Eq. (4)], the additive present
in major concentration.
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The ensuing ions, cC3H7
� and iC3H7


�, sampled by reaction
with benzene [Eqs. (1) and (2)], are found in different ratios,
the relative amount of iC3H7


� being rather high when the
protonation is effected in CH4, from which a relatively strong
acid, CH5


�, is formed together with C2H5
�. A similarly high


yield of iC3H7ÿC6H5 with respect to nC3H7ÿC6H5 was reported
from the D3


� reaction under comparable conditions.[12] How-
ever, when C2H5


�, a milder Brùnsted acid, is the only reagent
ion only a minor fraction of iC3H7ÿC6H5 is formed. The
question arises as to the mechanism and the timing of the
cC3H7


� to iC3H7
� isomerization, since any isomerization at the


stage of the intermediate arenium ions, converting
nC3H7ÿC6H6


� into iC3H7ÿC6H6
�, has been disproven.[12] To


this end the influence of factors known to affect ionic
reactions in the gas phase was checked in the methane
systems. It may first be conceived that a highly exothermic
protonation process, releasing a certain amount of excess


energy in the cC3H7
� ion so


formed, may allow its subse-
quent isomerization to iC3H7


�.
The isomerization of excited
cC3H7


� is expected to compete
with its thermalization by pho-
ton emission or by unreactive
collisions with the bulk gas, the
latter being by far the prevail-
ing process at atmospheric pres-
sure.[24] Decreasing the pressure
to 100 Torr lowers frequency of
thermalizing collisions and
should result in a higher frac-
tion of iC3H7


�. In contrast
with this expectation the
iC3H7ÿC6H5 versus nC3H7ÿC6H5


distribution stays approximate-
ly constant and also appears
insensitive to changes in the
concentration of benzene. Ben-
zene is the nucleophile that
incercepts both cations
[Eqs. (1) and (2)] and, thus, its
concentration affects the life-
time of these ions in the me-


dium which can be estimated on the order of 10ÿ8 s. The
observed invariance indicates that possibly excited cC3H7


�


ions do not isomerize in the 10ÿ10 s time frame (the time lapse
between collisions with CH4 at 300 Torr) and that thermal
cC3H7


� ions do not isomerize in 10ÿ8 s (the time for a reactive
collision with benzene at 2 Torr).[25] These results are clear
evidence of a sizeable barrier preventing the cC3H7


�! iC3H7
�


isomerization.


Mediated protonation of cyclopropane : Not until recently was
an alternative mechanism found to lead to aromatic alkylation
products from an ionic sequence of reactions initiated by the
collision of a protonated aromatic compound with a proelec-
trophile, as described in Equation (3). In the present study the
active proelectrophile is cyclopropane and this so-called
Crafts ± Friedel pathway (CF)[14] is verified by the use of
labelled reagents.


Labeled Brùnsted acids are obtained either in neat D2 (D3
�)


or in the presence of D2 and 20 ± 25 Torr of additives such as
CO, CF3COCH3, and SO2, in which DCO�, CF3C(CH3)OD�,
and DSO2


�, respectively, are formed by D� transfer from D3
�.


The labeled Brùnsted acid (AD�) delivers a deuteron to
benzene to form a benzenium ion, whereby fast equilibration
of the seven H/D atoms is attained before the encounter with
a cyclopropane molecule.[26] Within the collision complex a
statistically favored H� transfer forms C3H6D� ions, which are
trapped by the neutral benzene within the lifetime of the ion ±
molecule complex [Eqs. (5a) and (5b)].


AD��C6H6!A�C6H6D� (5a)


C6H6D�� cC3H6! [C6H6D� ´ cC3H6]! [C6H6D ´ C3H7
�]


! [C3H7ÿC6H6D�]ÿ!�B


ÿBH�
C3H7ÿC6H4D (5b)


Table 1. Radiolytic alkylation of benzene by cC3H6 under activation by gaseous Brùnsted acids.


System composition [Torr][a] Reagent Products[b]


C6H6 bulk gas additives ion isopropylbenzene n-propylbenzene CF/FC
[%] [%] [%/%]


1.4[c] C2H6 (560) C2H5
� 10 90 [d]


0.4 CH4 (100) CH5
�/C2H5


� 59 41 [d]


0.4[c] CH4 (560) CH5
�/C2H5


� 56 44 [d]


0.4 CH4 (560) CH5
�/C2H5


� 57 43 [d]


1.0[c] CH4 (585) CH5
�/C2H5


� 56 44 [d]


2.8[c] CH4 (590) CH5
�/C2H5


� 58 42 [d]


0.75 H2 (545) CO (20) HCO� 61 39 [d]


0.75 H2 (560) CO (20)/Et3N (0.25) HCO� 63 37 [d]


0.75[e] D2 (570) Et3N (0.3) D3
� CF 0 100 13


FC 73 27 87
1.05[e] D2 (545) CO (20) DCO� CF 0 100 12


Et3N (0.25) FC 73 27 88
1.2[e,f] D2 (530) CO (20) DCO� CF 0 100 9


Et3N (0.25) FC 75 25 91
1.0[e] D2 (570) SO2 (20) DSO2


� CF 0 100 10
cyclohexanone (0.25) FC 84 16 90


0.7[e] D2 (570) Et3N (0.31) C3H3F3OD� CF 0 100 5
CH3COCF3 (25) FC 85 15 95


[a] All systems contained cC3H6 (2 Torr) and O2 (15 Torr), as radical scavenger, unless stated otherwise. [b] The
product pattern is illustrated according to the isomer distribution deriving from the direct protonation and
mediated protonation pathways (FC and CF, respectively) whose relative contribution (%) is given in the third
column. [c] cC3H6 (10 Torr). [d] Not available. [e] 13C-depleted benzene was used. [f] Experiment run at 120 8C
instead of usual 30 8C.


Table 2. Experimental proton affinities of relevant neutral species (A).[a]


A PA
[kJ molÿ1]


cyclopropane 749
propene 751
H2 422
CO 594
CH4 543
C2H4 680
SO2 672
CH3COCF3 723
C6H6 749
CH3C6H5 783
CF3C6H5 702[b]


[a] Ref. [22], unless stated otherwise. [b] Ref. [23].
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The occurrence of multistep processes within ion ± mole-
cule complexes, including proton transfer events, is well
documented in gas-phase ion chemistry in which they play a
mechanistically relevant role.[27] Finally, in a statistically
weighed majority of events, the neutral alkylation product is
characterized by the presence of a D atom on the aromatic
ring at variance with the direct mechanism of aromatic
substitution by an already formed cationic electrophile, in
which the D atom is expected to be on the alkyl group [so-
called Friedel ± Crafts pathway (FC), Eqs. (6a) and (6b)].


AD�� cC3H6!A�C3H6D� (6a)


C3H6D��C6H6! [C3H6D� ´ C6H6]


! [C3'H6DÿC6H6
�]ÿ!�B


ÿBH�
C3'H6DÿC6H5 (6b)


The presence of a base (Et3N typically, except in the
experiments run with SO2, since this compound is known to
give Lewis adducts with gaseous Et3N)[28] ensures fast
deprotonation of the intermediate arenium ions, which may
otherwise undergo H/D exchange with active neutral species
in the radiolytic medium.[29] Mass spectral analysis of the
alkylation products identifies the site of deuteration. The
isomeric propylbenzenes can therefore be assigned to either
mechanism with the results shown in the second part of
Table 1. Notably, the CF pathway leads to the exclusive
formation of nC3H7ÿC6H5, suggesting cC3H7


� as the only ionic
intermediate. This result is consistent both on the grounds of
the nearly thermoneutral proton transfer between protonated
benzene and cyclopropane (Table 2) and of the prompt
nucleophilic trapping of the cC3H7


� ion by the same benzene
molecule within the ion ± molecule complex, a process esti-
mated to occur in a timescale of about 10ÿ10 s.[14e] The
formation of the CF product is inhibited as the proton
transfer from the arenium ion to cyclopropane becomes
endothermic. Such a case occurred in the attempt to react
toluenium ions (Me-C6H6


�) formed from the methylation of
benzene by Me2F�. The CF products are instead favored when
the PA of arene becomes lower. A significant yield of CF
alkylation products is thus obtained from the reaction of
protonated a,a,a-trifluorotoluene (CF3-C6H6


�) formed by the
reaction of benzene with CF3


� ions from the radiolysis of CF4.
As shown in Equations (7a) and (7b), the isomer formed is
still the n-propyl derivative in spite of an exothermicity of
47 kJ molÿ1 for the proton transfer reaction (Table 2). The
reaction of the deuterated arenium ion, formed as shown in
Equations (7a) and (7b), implies a deuteron transfer to
cyclopropane within the complex ending with a D atom in
the side chain.


CF3
��C6D6!CF3C6D6


� (7a)


CF3C6D6� cC3H6! [CF3C6D6
� ´ cC3H6]! [CF3C6D5 ´ cC3H6D�]


! [nC3H6DÿC6D5CF3
�]ÿ!�B


ÿBH�
nC3H6DÿC6D4CF3 (7b)


The determination of the site of deuteration in the side
chain, that is, C2H5ÿCHDÿC6D4CF3 30 % and
C2H4DÿCH2ÿC6D4CF3 70 %, is consistent with a statistical
distribution of D in the n-propyl group of nC3H6DÿC6D4CF3.
This finding provides a strong indication that fast equilibra-


tion of hydrogen atoms has occurred in the cC3H6D� ion
within the [CF3C6D5 ´ cC3H6D�] complex. At the same time it
disproves an alternative possibility of concerted D� transfer
and CÿC bond formation, which is expected to lead to
DCH2CH2CH2ÿC6D4CF3 as the only product.


Given the typically 2:1 ratio between the concentration of
cyclopropane and benzene in the experiments with labeled
Brùnsted acids, it is noteworthy that the CF pathway
contributes only to a minor extent to the overall substitution
products (last column in Table 1). It is reasonable to infer that
in those experiments in which the ratio is even higher, as in the
methane experiments, this contribution will be negligible, thus
accounting for the observed invariance of the nC3H7ÿC6H5


versus iC3H7ÿC6H5 product ratio with respect to changes in
the concentration of benzene. Any contribution of the CF
pathway would in fact increase the relative amount of
nC3H7ÿC6H5, a result more likely to appear at the highest
benzene concentration; however, this fails to produce any
significant change in the product distribution.


The use of labeled Brùnsted acids yields information on the
FC product pattern as well. In fact, the isomer distribution of
the FC pathway shows that the yield of the isomerization
product isopropylbenzene is highest from the reaction of
CF3C(CH3)OD� and DSO2


� in spite of a lower exothermicity
of the D� transfer to cyclopropane with respect, for example,
to DCO�. There is clearly an effect caused by the chemical
features of the D� donor itself. The finding that such weaker
Brùnsted acids do in fact yield substantial amounts of iC3H7


�


may be ascribed to the detailed mechanism of proton transfer
within the collision complex, [AH� ´ cC3H6]! [A ´ iC3H7


�], in
which A, a polar molecule, may catalyze the cC3H7


�! iC3H7
�


process, probably facilitating the required H migration. Polar
neutral species are in fact known to catalyze the isomerization
of species that require a proton to be carried from one site to
another, a process that is favored when the neutral species has
a PA value intermediate between those of the two sites.[30]


Alternatively, the presence of a polar molecule (A) may affect
the relative stability of isomeric C3H7


� ions within [A ´ C3H7
�]


complexes.[31, 32]


Finally, neither the CF nor the FC pathway are sensitive to a
temperature change from the usual 30 8C up to 120 8C. It
appears then that even bare cC3H7


� ions do not undergo any
thermal isomerization process in the observation time window
of 10ÿ8 s. Assuming a pre-exponential factor of ca. 1013 this
result implies the existence of an activation barrier in excess
of 38 kJ molÿ1 for the cC3H7


�! iC3H7
� isomerization. At the


same time the experiments in C2H6 suggest that the proton-
ation by C2H5


�, which is exothermic by 69 kJ molÿ1, may still
be effective in yielding iC3H7


� ions, so that the range
experimentally found for this activation barrier appears to
be comprised between 38 and 69 kJ molÿ1.


The computed C3H7
� isomers and their interconversion


pathways : As shown in Figure 1, which summarizes the
computed structures and relative energies at CCSD(T)/cc-
pVTZ//CCSD(T)/cc-pVDZ�ZPVE(MP2(full)/6 ± 311G**)
level, the protonation of cyclopropane yields an unsymmet-
rical corner-protonated MIN1 as the most stable isomer
retaining the three-membered ring. The edge-protonated
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isomer MIN2 is 7 kJ molÿ1 less stable The barrier for MIN1
rearrangement to MIN2 via TS1 is 7 kJ molÿ1. The rotation of
the methyl group within MIN1 via a symmetrical corner-
protonated TS2 is virtually free. The investigated portion of
the C3H7


� potential energy surface (PES) shows that hydro-
gen scrambling should be a fast process occurring through a
1,2-H shift by way of edge-protonated MIN2, accompanied by
a barrierless methyl rotation in corner-protonated MIN1. The
global minimum on the C3H7


� PES, corresponding to the
iC3H7


� ion (MIN3) is also taken as the reference energy level
in reporting the relative energies of the various species
(Table 3). The process which is of major interest in this work,


the one regarding the cC3H7
�! iC3H7


� reaction, is found to
take place in a synchronous way by CÿC bond fission in
concert with H migration and rotation of the terminal
methylene group, as shown in TS3. The activation energy
for the process, 55 kJ molÿ1 (i.e., from MIN1 to MIN3 via
TS3), is within the range estimated from the gathered
experimental evidence.


The reported theoretical results fit into the general
description of the C3H7


� species provided by recent computa-


tional approaches. In particular, the relative energies of the
(corner) and (edge)cC3H7


� are within less than 4 kJ molÿ1


from the corresponding values obtained at MP4(fc)/6 ±
311G**//MP2(full)/6 ± 311G** level of theory.[15b,c] The agree-
ment with data obtained by density functional methods is less
satisfactory as these calculations predict (corner) and (edge)-
cC3H7


� to be relatively higher in energy by 13 ± 33 kJ molÿ1.[15d]


Conclusion


This study has addressed the protonation of cC3H6 in the gas
phase, the possibility to form different isomers, and their
interconversion pathways. The protonation has been effected
either directly, by the primary Brùnsted acids formed by
known ionic reaction sequences in the bulk component of the
gaseous mixture, or indirectly, by an intermediate proton
transfer step to some additive. The ensuing ionic species,
cC3H7


� and iC3H7
�, have been sampled by reaction with


benzene. This additive itself may be protonated and act as a
Brùnsted acid towards cC3H6. In such a case, the situation
arises that the conjugate base, the benzene molecule formed
in the proton transfer event, may also act as the trapping
nucleophile operating in the so-called Crafts ± Friedel mode.
In the radiolytic experiments performed at pressures close to
one atmosphere, the two isomers are found in comparable
amounts and the isomerization of cC3H7


� into the thermody-
namically favored isomer iC3H7


� is never complete. The
experimental product pattern has shown that whereas the
effect of bulk parameters that typically affect ion ± molecule
reactions in the gas phase, such as temperature and pressure,
is negligible, at least within the range investigated, the
features of the ion ± molecule pair that react within the
collision complex are most important. The invariance of the
product ratio with pressure suggests that the cC3H7


� versus
iC3H7


� ratio is decided at the time of the proton transfer event
rather than due to a subsequent isomerization of any excited


Figure 1. The CCSD(T)/cc-pVDZ optimized geometries and relative CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ � ZPVE(MP2(full)/6 ± 311G**) energies
(kJ molÿ1) for cyclopropane and some important C3H7


� species. Bond lengths are in �.


Table 3. Total energies, zero-point vibrational energies (ZPVE), and relative
energies (including ZPVE corrections) for cC3H6 and C3H7


� isomers.


Species Total energy[a] ZPVE[b] (NIMAG)[c] Relative energy
[hartree] [kJ molÿ1] [kJ molÿ1]


cC3H6 ÿ 117.66924 206.5 (0) 783.7
MIN1 (corner)cC3H7


� ÿ 117.96432 231.1 (0) 33.5
MIN2 (edge)cC3H7


� ÿ 117.96155 230.7 (0) 40.2
MIN3 iC3H7


� ÿ 117.97312 223.2 (0) 0.0
TS1 ÿ 117.96141 229.9 (1) 40.2
TS2 ÿ 117.96417 230.3 (1) 33.0
TS3 ÿ 117.94139 225.7 (1) 88.3


[a] CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ. [b] Scaled by factor 0.95.
[c] Number of imaginary vibrational modes.
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cC3H7
� ions. Strong Brùnsted acids, such as D3


� or CH5
�, favor


the conversion into the isomerized product iC3H7
�, whose


formation from bare cC3H7
� requires a substantial activation


energy. The estimated range of this barrier, 38 ± 69 kJ molÿ1, is
in good agreement with the theoretical evaluation of
55 kJ molÿ1. The nearly thermoneutral proton transfer from
C6H7


� yields exclusively cC3H7
�, which is trapped by benzene


within the same ion ± molecule complex in the CF pathway.
The same mechanism accounts for the formation of
nC3H6DÿC6D4CF3 from the reaction of CF3C6D6


� with
cC3H6. The complete H scrambing in protonated cyclopro-
pane within the intermediate complex [CF3C6D5 ´ cC3H6D�] is
consistent with the fast rate expected for this process and
speaks in favor of a discrete cC3H6D� ion existing within the
complex. The H randomization is bound to occur within the
lifetime of such complexes estimated to be on the order of
10ÿ10 sÿ1, in agreement, once again, with the low activation
barrier predicted by the theoretical calculations.
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Solid-Phase Organometallic Synthesis


Katja Heinze*[a]


Abstract: A solid-phase synthesis approach for a class of molybdenum carbon-
yl complexes has been developed. The system can be used to perform metal-
complexation, ligand substitution reactions and oxidative eliminations on the solid
phase and to cleave the final complexes under mild and selective condi-
tions. Comparison is made to corresponding soluble complexes and liquid-phase
reactions.


Keywords: immobilization ´ molyb-
denum ´ polymer-bound complexes
´ polymer-bound ligands ´
solid-phase synthesis


Introduction


Solid-phase organic synthesis (SPOS, Scheme 1) has become
an increasingly useful method in synthetic organic and
biological (especially pharmaceutical) chemistry. Generally,
the compounds synthesised on the solid phase are organic


Linker A


Linker B


B


Scheme 1. Principle of solid-phase synthesis.


molecules, while ªorganometallic compounds are usually
generated on insoluble supports as synthetic intermediates
only, and not as target moleculesº.[1] A few exceptions are the
solid-phase syntheses of metal complex functionalised oligo-
nucleotides and oligodesoxynucleotides using standard DNA/
RNA syntheses,[2] metal complex functionalised peptides
using standard peptide chemistry,[3] and an attempt to prepare
a 2,2'-bipyridine ± dichloroplatinum derivative.[4]


Metal complexes have found applications as linkers[5] and
as cleavage reagents[1, 6] in solid-phase chemistry, but the most
important and most frequent use of metal complexes in this


context is catalysis. In this case the metal complex remains
bound to the solid support.


Coordination and organometallic chemistry on the solid
phase has not yet been extensively explored, usually only the
catalyst performance itself has been studied. Elementary
reaction steps such as ligand substitution have not yet been
investigated in detail under solid-phase reaction conditions
despite the fact that in some cases catalytic results, activity
and (enantio-) selectivity, are strikingly different when
compared with the homogeneous case.[7]


In solid-phase chemistry the support can render increased
stability to reactive intermediates by blocking bimolecular
reaction steps[8] and can even change reaction pathways from
ionic to radical mechanisms.[9] With this background in mind it
appears useful and necessary to investigate elementary
inorganic reaction steps performed on the insoluble support
and to compare these results with conventional liquid-phase
inorganic chemistry.


For this purpose a system has been designed, which makes it
possible to perform standard reactions of coordination and
organometallic chemistry under solid-phase reaction condi-
tions andÐfor ease of reaction control and characterisationÐ
to cleave the metal complexes from the solid phase.


The target molecules investigated herein are molybdenum
carbonyl complexes, which have several important properties:
1) stability, 2) rich coordination chemistry, 3) CO ligands that
serve as a sensitive analytical probe (IR), and 4) an NMR-
active metal nucleus. In addition to these intrinsic properties
molybdenum carbonyl complexes with nitrogen donor ligands
have found applications as catalysts in allylic substitution
reactions,[10] as cocatalysts for olefin metathesis,[7c] and they
have proven useful for luminescence and electron transfer
studies.[11]


Results and Discussion


Solution chemistry, ligand synthesis : The ligands employed
are the bidentate nitrogen base 1 a with a phenolic hydroxy
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group for attachment on the solid support and the trimethyl-
silyl (TMS)-protected analogue 2 a as a model for the
immobilised compounds (Scheme 2).


OTMS


N


N


OH


N


N


OH
O


N


NH2


2a


TMSCl


1a


NEt3+ - H2O
1


2


3
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8


9


10


11


12


Scheme 2. Syntheses of ligands 1a and 2a.


Schiff base condensation of p-aminophenol and pyridine-2-
carbaldehyde gives the chelating ligand 1 a and silylation of 1 a
with trimethylsilyl chloride and triethylamine as the base
resulted in the model analogue 2 a (Scheme 2). Both com-
pounds are fully characterised (see Experimental Section).


Solution chemistry, model complexes : Common synthetic
approaches to complexes of the type (N_N')Mo(CO)3L
(N_N'� symmetrical or asymmetrical bidentate nitrogen
donor ligand, L�monodentate ligand) are depicted in
Scheme 3.[12] All of them use high temperature or give only
the tetracarbonyl compounds (L�CO), which then have to
be converted into the desired tricarbonyl compoundsÐagain
using high temperature and rather harsh oxidative reaction
conditions.


For a successful use in solid-phase chemistry with polystyr-
ene resins, such harsh conditions have to be avoided as the
molybdenum precursors can react with the aromatic residues
of the support. Therefore a selective high-yield route using
mild reaction conditions was elaborated with [(CH3CN)3Mo-
(CO)3] as the ªMo(CO)3º source (Scheme 3, lower right).


[(N   N')Mo(CO)4]
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CHT


= chelating dinitrogen ligand, e.g. bpy
= norbornadiene
= cycloheptatriene


Scheme 3. Synthetic approaches to complexes of the type [(N_N')-
Mo(CO)3L].


Reaction of 1 a/2 a with tris(acetonitrile)molybdenumtri-
carbonyl in acetonitrile at room temperature rapidly and
cleanly gives the intensely blue-coloured complexes 1 b/2 b in
good to excellent yields (Scheme 4).


When the same reactions are performed in CH2Cl2 the
tetracarbonyl complexes 1 c/2 c are formed as shown by IR,
UV/Vis/NIR, and NMR spectroscopy (Scheme 5). The latter
reaction is always observed when dissolving complexes 1 b/2 b
in CH2Cl2. CO scrambling promoted by dichloromethane has
been observed previously.[12a]


UV/Vis/NIR spectroscopy indicates the stoichiometric
formation of 1 c/2 c (final absorbance at 539 nm) plus an
unidentified side product without carbonyl groups (as shown
by IR spectroscopy; isosbestic point at 1821 cmÿ1; see
Supporting Information). The absence of well-defined iso-
sbestic points (Figure 1, top) additionally indicates a complex
reaction. From the absorbance changes at 500 and 539 nm a
pseudo-first-order rate constant for the formation of 2 c can be
obtained k� 0.9� 10ÿ4 sÿ1 (500 nm; R2� 0.9993) and k�
1.1� 10ÿ4 sÿ1 (539 nm; R2� 0.9978) in good agreement (Fig-
ure 1, bottom). For complex 1 b this reaction proceeds even
faster, precluding a reliable rate constant determination but
giving the same results with respect to the stoichiometry of the
reaction.
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Scheme 5. Reaction of 1 b/2b to 1c/2 c in CH2Cl2.


Figure 1. UV/Vis/NIR spectra of complex 2 b in CH2Cl2 (top) and the
course for the formation of 2 c as a function of time (bottom).


The substitutional lability of the acetonitrile ligand in 1 b
and 2 b has been utilised for ligand-exchange reactions with
carbon monoxide, tert-butyl isonitrile, and triphenylphos-
phane giving the corresponding complexes 1 c ± e and 2 c ± e,
respectively (Scheme 4). Reaction of 1 c with phenyltin
trichloride as an example of an oxidative elimination gives
the seven-coordinate molybdenum complex 1 f, while starting
from 2 c does not produce the corresponding complex 2 f but
rather 1 f, as the trimethylsilyl group is cleaved under these
conditions (Scheme 6). All complexes have been thoroughly
characterised by spectroscopic and analytical methods (Ta-
bles 1 ± 3).


For 2 e the 13C resonance signals of the CO groups are split
into doublets by coupling to the 31P nucleus. Coupling of the
phosphorus atom is also observed to H7 (4JP,H� 2.6 Hz;
confirmed by a 31P-1H COSY experiment) and to C7 (3JP,C�
3.0 Hz) of the Schiff base ligand. Complexes 1 e/2 e each show
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Scheme 6. Synthesis of 1 f.


a singlet in the 31P NMR spectrum, confirming the presence of
only one isomer.


The 95Mo NMR signals (Table 2) appear in the expected
region.[12f, 13] The different ligands L induce the expected high
field shift of the 95Mo resonances as well as of the 13C


Table 1. 1H NMR data for complexes 1b ± 1 f and 2b ± 2 e in CD2Cl2.[a]


1b[b] 1 c 1d 1e 1 f[c] 2b[b] 2 c 2d 2e


H2/H6 7.56 7.55 7.57 7.37 7.41 7.59 7.54 7.58 7.39
(d, 8.5 Hz) (d, 8.7 Hz) (d, 8.2 Hz) (d, 8.2 Hz) (d, 8.4 Hz) (d, 8.8 Hz) (d, 8.1 Hz) (d, 8.5 Hz) (d, 8.4 Hz)


H3/H5 6.91 7.00 6.99 6.92 6.87 6.97 7.01 6.98 6.94
(d, 8.5 Hz) (d, 8.7 Hz) (d, 8.2 Hz) (d, 8.2 Hz) (d, 8.4 Hz) (d, 8.8 Hz) (d, 8.1 Hz) (d, 8.5 Hz) (d, 8.4 Hz)


H7 [e] 8.65 (s) 8.57 (s) 8.56 (s) 8.18 (bs) 8.64 (s) 8.68 (s) 8.58 (s) 8.57 (s) 8.18 (d,[d])
H9 [e] 7.9 ± 8.1 7.92 7.89 7.44 8.09 7.94 7.9 ± 8.0 7.9 ± 8.0 7.45


(m) (d, 7.4 Hz) (d, 8.0 Hz) (d, 8.0 Hz) (d, 7.2 Hz) (d, 7.2 Hz) (m) (m) (d, 8.0 Hz)
H10 8.02 (pt) 7.91 (pt) 7.68 (pt) 8.21 (pt) 8.03 (pt) 7.68 (pt)
H11 7.50 (pt) 7.56 (pt) 7.42 (pt) 7.01 (pt) 7.78 (pt) 7.50 (pt) 7.52 (pt) 7.42 (pt) 7.03 (pt)
H12 9.03 9.21 9.23 8.76 9.10 9.03 9.20 9.23 8.77


(d, 5.0 Hz) (d, 4.8 Hz) (d, 4.6 Hz) (d, 4.4 Hz) (d, 4.8 Hz) (d, 5.2 Hz) (d, 3.8 Hz) (d, 4.8 Hz) (d, 4.8 Hz)
OH/OTMS 7.1 (bs) n. o. n. o. n. o. 8.87 (s) 0.31 (s) 0.38 (s) 0.38 (s) 0.42 (s)
ligand L 1.92 ± 1.33 7.19 ± 7.23 7.38 1.93 - 1.33 7.1 ± 7.3


(CH3, s) (CH3, s, 9 H) (m, 15 H) (Co�Cp, m, 3 H)
8.00
(Cm, m, 2H)


(CH3, s) (CH3, s, 9 H) (m, 15 H)


[a] pt�pseudo-triplet; bs�broad singlet; n. o.� not observed. [b] In CD3CN. [c] In [D8]THF. [d] 4JP,H� 2.6 Hz. [e] The cisoid conformation of the Schiff
base ligand in the complexes is evidenced in solution by the observation of an NOE between H7 and H9 which is absent in the spectra of the free ligands.
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resonance signals of the carbonyl group trans to L according
to their p-acceptor strength CO>CNtBu>PPh3>CH3CN.[14]


The correlation of 95Mo and 13C (trans to L) chemical shifts is
acceptably linear (R2� 0.9584; see Supporting Information),
while no linear correlation is observed between the 95Mo shift
and other 13CO resonance signals. Neither does there exist a
linear correlation between d(95Mo) and the lowest energy
absorption lmax (Table 3), suggesting that the paramagnetic
shielding term spara is not only influenced by the average


electronic excitation energy DE but also by nephelauxetic
contributions.[12e, 15] This is not unexpected as very different
ligands concerning electronic and steric properties are con-
sidered.[16] The linewidth of the 95Mo signal allows the
detection of the scalar coupling to 31P in complex 2 e, giving
a doublet with 1JMo,P� 138 Hz similar to that of comparable
complexes.[12f, 13]


The seven-coordinate complex 1 f[17] is fluxional at room
temperature preventing the observation of 13C NMR signals


Table 2. 13C, 95Mo, 31P, and 119Sn NMR data for complexes 1b, 1 f, and 2b ± 2e in CD2Cl2.[a]


1 b[b] 1 f[c] 2b[b] 2 b [d] 2c 2 d 2 e


C1 145.5 149.8 146.8 145.9 146.4 146.9 146.6
C2/C6 124.7 124.4 124.6 123.6 123.8 123.8 124.4
C3/C5 116.4 116.7 121.0 120.4 120.8 120.5 120.5
C4 155.8 154.1 155.8 155.1 154.8 155.0 154.3
C7 162.6 166.6 163.2 160.6 160.9 159.2 158.6 (d, 3JP,C� 3.0 Hz)
C8 158.3 157.9 156.6 156.2 156.6 156.2 156.3
C9 129.2 130.4 129.3 128.1 128.6 128.1 128.0
C10 138.7 141.7 138.7 137.3 137.4 136.4 135.3
C11 127.6 130.0 127.8 126.6 126.8 125.9 125.7
C12 152.7 154.3 152.8 152.3 153.4 152.5 152.3
OTMS ± ± 0.13 0.11 0.28 0.29 0.36
C13/C15 228.9/


231.1
224.9[e]


227.7[e]


228.8/
231.1


228.8/
230.7


222.2/
224.8


227.2/
230.3


227.8 (d, 2JP,C� 10.0 Hz)/
230.7 (d, 2JP,C� 8.5 Hz)


C14 219.0 215.1 [e] 218.8 217.0 203.6 210.4 213.5 (d, 2JP,C� 35.0 Hz)
ligand L 143.8 (Ci) 1.95 (CH3) 30.9 (CH3) 134.1 (Ci, d, 1JP,C� 28.0 Hz)


129.2
(Co, 2JSn,C� 87 Hz [f])


116.9 (Cq) 56.5 (Cq) 133.4 (Co, d, 2JP,C� 12.5 Hz)


136.2
(Cm, 3JSn,C� 61 Hz [f])


128.4 (Cm, d, 3JP,C� 8.5 Hz)


130.6
(Cp, 4JSnC� 18 Hz [f])


129.3 (Cp, s)


95Mo d (Dn1/2/ Hz) ÿ 969 (50) n. o. [g] ÿ 953 (65) ÿ 933 (80) ÿ 1160 (80) ÿ 1095 (130) ÿ 1043 (80) [h]


31P d (Dn1/2/ Hz) ± ± ± ± ± ± 39.4 (4)
119Sn d (Dn1/2/ Hz) ± 30 (265) ± ± ± ± ±


[a] Assignments are based on the intensity, chemical shifts, and DEPT and 2D NMR experiments. [b] In CD3CN. [c] In [D8]THF. [d] Due to the long
acquisition time the 13C and 95Mo NMR spectra in CD2Cl2 additionally show signals of the tetracarbonyl complex 2c but these are easily distinguished from
those of 2 b. [e] At 193 K; not observed at 303 K. [f] 119Sn satellites. [g] n. o.� not observed. [h] 1JMo,P� 138 Hz.


Table 3. IR, UV/Vis/NIR and CV data (E1/2 vs. SCE) for complexes 1 b ± 1 f and 2 b ± 1e in CH2Cl2.


nÄCO [cmÿ1] nÄCN nÄOH lmax [nm] E1/2 [mV]
(CH2Cl2/CsI) (CH2Cl2/CsI) (CH2Cl2/CsI) (emax [mÿ1cmÿ1]) (DE1/2 [mV])


1b 1909 (vs), 1835 (sh), 1794 (vs)[a]/ ± ± 589 (4400)[a] � 185
1898 (vs), 1833 (sh), 1782 (vs) 3230 (br) [624 in CH2Cl2] (110, qrev.)


1c 2016 (m), 1910 (vs), 1889 (sh), 1839 (s)/ ± ± 537 (4700) � 650
2018 (m), 1898 (vs), 1876 (vs), 1835 (vs), 1814 (vs) 3550 (m) (100, qrev.)


1d 1917 (vs), 1833 (s), 1803 (s)/ 2138 (s)/ ± 618 (6740) � 250
1935 (vs), 1919 (vs), 1867 (vs), 1763 (vs)[b] 2122 (s) 3434 (s) (85, qrev.)


1e 1919 (vs), 1827 (s), 1800 (s)/ ± ± 615 (6145) � 365
1911 (vs), 1823 (vs), 1765 (vs) 3448 (m) (120, qrev.)


1 f 2010 (vs), 1930 (m), 1907 (s)/ ± ± 474 (2515) ÿ 850 mV
2009 (vs), 1926 (m), 1905 (vs) 3444 (m) (irrev.; �40 mV)


2b 1910 (vs), 1835 (w), 1794 (s)[a]/ ± ± 592 (4340)[a] � 215
1894 (vs), 1774 (vs) [628 in CH2Cl2] (90, qrev.)


2c 2016 (m), 1910 (vs), 1889 (sh), 1839 (s)/ ± ± 539 (5820) � 660
2020 (m), 1911 (vs), 1866 (vs), 1830 (s), 1804 (vs) (115, qrev.)


2d 1917 (vs), 1834 (s), 1804 (s)/ 2127 (s)/ ± 619 (6890) � 270
1912 (vs), 1830 (s), 1802 (s) 2129 (s) (115, qrev.)


2e 1918 (vs), 1827 (s), 1800 (s) ± ± 616 (6160) � 355
1911 (vs), 1826 (s), 1795 (s) (100, qrev.)


[a] In CH3CN. [b] Splitting of CO absorptions in the solid state probably due to hydrogen bonding.
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of the carbonyl groups at 300 K, while at 193 K three
resonance signals are observed. The resonance signal of the
tin atom in 1 f can be seen in the 119Sn NMR spectrum at d�
30 both at 300 and 193 K. The coordination shift amounts to
334 ppm relative to phenyltin trichloride (d�ÿ304). No
signal from the molybdenum nucleus could be observed in the
95Mo NMR spectrum of 1 f at 300 K or at 193 K.


The IR spectra in solution (Table 3) are consistent with a
disturbed local C3v symmetry of the fac complexes 1 b,1 d ± f,
2 b, 2 d ± e (splitting of the ªEº band) and with disturbed local
C2v symmetry of the cis-tetracarbonyl complexes 1 c and 2 c.
For 1 f only one set of absorption bands is observed indicting
that only one isomer is formed in solution.[17]


The electronic spectra of 1 b ± 1 e show metal-to-ligand
charge transfer (MLCT) absorption bands in the 590 ± 630 nm
range (Table 3). According to the literature[12] these bands can
be assigned to the (ligand-p*) (metal-d) transition. Sub-
stitution of CO by L shifts this band to lower energy, as the
metal d-orbitals are more destabilised by L than by CO. For 1 f
the MLCT band[17] is found at 474 nm.


The same argument holds for the interpretation of the cyclic
voltammograms: the destabilisation of the metal d orbital is
reflected in lower oxidation potentials for complexes with L=
CO (Table 3). The seven-coordinate MoII complex 1 f is
irreversibly reduced at ÿ850 mV (vs. SCE) with a new
oxidation wave appearing in the reverse scan at �40 mV (vs.
SCE).


Reactivity studies in solution show that ligand exchange
reactions proceed in a facile way (Scheme 7). The order of
increasing lability CNtBu<CO<PPh3<CH3CN has been
established by IR and NMR spectroscopy.


OTMS


N


N


Mo(CO)3L'
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Scheme 7. Ligand-exchange reactions.


Solid-phase chemistry, resin functionalisation : Before starting
to study organometallic reactions on the solid phase it is
necessary to introduce a linker between the resin and the
metal complex (see Scheme 1). This linker has to fulfil several
requirements: 1) stability during all reactions performed on
the solid phase and 2) mild cleavage conditions with reagents
compatible with the final metal complex. One possible
candidate is a linker based on a silyl ether[18, 19] that is stable
under basic and acidic reaction conditions but can be cleaved
with fluoride ions, which are expected to be unreactive
towards most metal complexes.


The polystyrene resin was functionalised with a silyl
chloride group (Scheme 8) according to a literature proce-
dure.[18] Loading with the phenolic ligand 1 a is accomplished
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Scheme 8. Synthesis of resin 3a.


under basic conditions (Scheme 8). The yellow ligand modi-
fied resin 3 a was studied by gel-phase 13C NMR, IR, diffuse
reflectance spectroscopy, and mass spectrometry to character-
ise the attached ligand and by differential scanning calorim-
etry, thermogravimetry, and studies of the swelling properties
to characterise the bulk material. Quantitative loading with
ligand 1 a was determined by elemental analysis (nitrogen
content; 0.56 mmol 1 a per gram polymer) and metal ion
uptake (CoCl2 in THF; measured spectrophotometrically at
590 and 683 nm; 0.52 mmol gÿ1). The (within error) identical
results obtained by both methods indicate that all ligand sites
within the polymer are accessible for metal complexation (in
THF). The loading of about 0.5 mmol gÿ1 corresponds to a
statistical substitution of every tenth styrene residue with the
ligand 1 a.


The swelling properties of polystyrene resins have been
shown to be crucial for rapid and complete transformations.
The most suitable solvents (Table 4) for resin 3 a were CH2Cl2,
THF, and toluene (2.5 mL gÿ1) followed by N,N-dimethylacet-
amide (DMA) (2.2 mL gÿ1), ethyl acetate, and CH3CN
(2.0 mL gÿ1). In contrast to polystyrene (with 2 % divinylben-
zene (DVB)) the swelling of 3 a is much poorer, probably
because of additional cross-linking during the reaction with
Cl2Si(iPr)2 (Scheme 8). It has been proposed that swelling
values greater than 4 mL gÿ1 indicate good and values of 2.0 ±
4.0 mL gÿ1 indicate only moderate swelling properties.[20]


Although swelling of 3 a is rather poor, a gelphase 13C NMR
spectrum could be obtained in [D8]THF, which only shows
signals of the linker group and the attached ligand (Table 4) as
these residues are the most mobile groups.


The covalent attachment of the linker and the ligand is also
confirmed by EI mass spectrometry[18] as characteristic signals
of styrene fragments containing the linker and the ligand are
observed, for example [C8H7Si(iPr)2OL]� at m/z 415 (see
Experimental Section).


The IR spectrum of 3 a (as CsI disk) shows signals in
addition to the signals of the polystyrene backbone due to the
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attached ligand at 2726 cmÿ1 (CHimine), 1627 cmÿ1 (C�Nimine)
and 1584 cmÿ1 (pyridine vibration). In the diffuse reflectance
spectrum (measured in polytetrafluoroethylene, PTFE) a
band around 400 nm is observed which is responsible for the
yellow colour of the resin (Table 4, Figure 2).


The TG measurement of 3 a shows a two-step weight loss at
358 8C (59 %) and 565 8C (33 %); the remaining material
(8 %) being SiO2.[18] Differential scanning calorimetry (DSC)
of 3 a shows an endothermic process at 434 8C (ÿ0.48 kJ gÿ1).
Both measurements indicate that attachment of the linker and
the ligand to the polystyrene has an influence on the thermal
properties (depolymerisation) of the bulk polymer.[18]


Solid-phase chemistry, resin complexation : Although CH2Cl2


was found to be a ªgood solventº for swelling resin 3 a,
performing the complexation of the polymer in this solvent
leads to formation of the immobilised tetracarbonyl complex
3 c instead of the desired tricarbonyl complex 3 b (Scheme 4).
This behaviour is analogous to the solution reaction
(Scheme 5). The use of pure acetonitrileÐa rather poor
solvent for resin 3 aÐleads to formation of the tricarbonyl
complex 3 b but only with a low yield as shown by IR
spectroscopy. This can be explained by the assumption that
not all ligand sites are available when the resin is swollen in
acetonitrile. Therefore a 1:1 mixture of toluene/acetonitrile
was used (swelling 2.3 mL gÿ1) for preparing the tricarbonyl
complex 3 c on the solid phase. Immediately after the addition
of the precursor complex [(CH3CN)3Mo(CO)3] to the swollen


Figure 2. UV/Vis/NIR spectra of soluble (top) and immobilised complexes
(bottom).


resin 3 a at room temperature the colour of the resin changes
to deep blue, indicating formation of the immobilised com-
plex while the solution remains yellowÐthe colour of the


Table 4. Analytical data for resins 3 a ± f.


Color 3a 3b 3c 3d 3e 3 f
yellow blue purple blue blue ± green orange-red


DRS-UV (PTFE) lmax [nm] 396 407, 775 404, 604 404, 681 412, 681 449, 533 (sh)
IR (CsI) CHimine 2726 (w) 2726 (w) 2727 (w) 2728 (w) 2722 (w) 2728 (w)
nÄ/ C�Nimine 1627 (m) 1627 (m) 1627 (m) 1627 (m) n. o. 1637 (m)
[cmÿ1] pyridine 1584 (m) 1584 (m) 1584 (m) 1586 (m) 1586 (sh) 1584 (sh)


CO ± 2013 (s) [a]


± 1911 (vs) 1909 (vs) 1921 (vs) 1911 (vs) 2008 (s)
± 1850 (s) 1896 (sh) 1848 (s) 1847 (s) 1930 (s)
± 1811 (s) 1851 (s) 1821 (s) 1813 (s) 1912 (s)


CNtBu ± ± ± 2112 (m) ± ±
13C NMR SiÿCHCH3 18 [d] 18 18 18 16
d ([D8]THF) C2, C3, C5, C6, C11 121 ± 125 120 ± 125 120 ± 126 121 ± 123 br


C7 158 155 159 n. o. n. o.
C9 129 129 129 129 130
C10 136 137 138 138 138
C12 151 149 n. o. n. o. n. o.
ligand ± ± 31 (CH3) 126, 129, 134 126, 130, 138


31P d (Dn1/2) ± ± ± ± 40 (1000) ±
119Sn d (Dn1/2) ± ± ± ± ± 50 (9140)[e]


DSC T [8C][b] 382 (sh) 385 (sh) 381 (sh) 381 (sh)
[kJ gÿ1] 434 (ÿ0.48) 421 (ÿ0.23) 421 (ÿ0.33) 422 (ÿ0.35) 421 (ÿ0.33) 425 (ÿ0.34)


TG T [8C][c] 117 (6) 111 (3) 104 (4) 119 (3) 113 (6)
(weight 323 (25) 331 (25) 343 (32) 339 (27) 344 (40)
loss/ %) 358 (59) 390 (13) 399 (15) 401 (12) 402 (18) 394 (7)


448 (19) 464 (19) 486 (15) 480 (15)
565 (33) 502 (30) 546 (31) 531 (30) 582 (30) 512 (40)


8% residue 7;% residue 7% residue 7% residue 7% residue 7% residue
swelling dry 1.6 1.6 1.6 1.5 1.5 1.5
[mL gÿ1] THF 2.5 2.3 2.2 2.3 2.2 2.2


toluene 2.5 2.2 2.2 2.2 2.1 2.0


[a] In some preparations a band at 2013 cmÿ1 is observed indicating partial formation of the tetracarbonyl complex 3c. [b] Peak maximum. [c] Inflection
point. [d] Side reaction in THF prevents acquisition of NMR spectra. [e] At 203 K.
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starting materialÐdemonstrating the stability of the resin-
linker-ligand bonds.


As mild reaction conditions are used, formation of [(h6-
polystyrene)Mo(CO)3][21] is effectively prevented as evi-
denced by IR spectroscopy of resin 3 b and by a blank
experiment using unmodified polystyrene and
[(CH3CN)3Mo(CO)3] at ambient temperature.


Stirring resin 3 b in CH2Cl2 for 7 h gives the immobilised
tetracarbonyl complex 3 c (according to colour and IR
spectroscopy) in close analogy to the model reactions in
solution (Scheme 5)Ðeven the rate is similar (90 % yield at
6.4 h in solution). Ligand substitution reactions were there-
fore performed in pure toluene, which is a suitable solvent for
both the resin and the ligands L (Scheme 4).


Bubbling carbon monoxide through a suspension of 3 b in
toluene causes a gradual colour change of the polymer from
blue to purple, giving resin 3 c while the solution remained
colourless. The isonitrile ligand CNtBu and the phosphane
ligand PPh3 do not cause a significant colour change of the
resin. The formation of the corresponding immobilised
complexes 3 d and 3 e is evidenced by spectroscopic means
(see below). In all cases the toluene solution remained
colourless, indicating the stability of the resin ± linker and
linker ± ligand bonds under these conditions. From the resin-
bound tetracarbonyl complex 3 c the seven-coordinate com-
plex 3 f is formed by reaction with phenyltin trichloride
(analogous to Scheme 6) again under colour change of the
resin from purple to orange-red and CO evolution. In this
caseÐunlike the solution model complexÐthe silyl linkage
remains intact, probably because of the higher stability of the
diisopropyl silylether compared with that of the trimethyl silyl
group.


The easy formation of the immobilised complexes indicates
that the metal moieties on the resin are accessible even for
bulky ligands such as PPh3 and PhSnCl3 so that all discussed
reactions on the solid phase proceed similarly to their solution
counterparts.


The stability of the different resin bound complexes 3 b ± 3 e
towards ligand exchange follows the same trend of increasing
lability as the soluble complexes CNtBu<CO<PPh3<


CH3CN as shown by IR and 31P NMR spectroscopy and
cleavage from the resin (see below).


Solid-phase chemistry, resin characterisation : Unlike the pure
organic resin 3 a with solely covalent bonds between main
group elements, mass spectrometry of the metal complex
functionalised resins 3 b ± 3 f did not prove useful as the
complexes decompose prior to resin depolymerisation.[18]


Also elemental analysis has proven unreliable for metal
containing resins as has been shown previously.[22]


For characterising the bulk material TG and DSC was used:
DSC shows a shift of the peak maximum to lower temperature
(9 ± 13 8C; see Table 4) compared with that of 3 a and the TG
experiments show multistep weight losses starting around
100 8C, indicating the lower thermal stability of 3 b ± 3 e
compared with resin 3 a. The swelling of the bulk material is
slightly lower than that of the organic polymer 3 a but this
might only reflect the increased mass of the polymer. Again


THF and toluene are the most suitable solvents for these
resins.


The most useful spectroscopic method for studying the
metal complex functionalised resins 3 b ± 3 f is IR spectros-
copy (Table 4), especially in combination with a comparison
to the spectra of the corresponding soluble complexes. In all
cases the IR spectra (carbonyl region) of the immobilised
complexes closely resemble those of the model complexes in
solution (Figure 3). The similarity of corresponding spectra is


Figure 3. IR spectra of selected soluble and immobilised complex pairs
(top: 2c/3 c ; middle: 2 d/3 d ; bottom: 1 f/3 f). Bands marked with an asterisk
belong to vibrations of the polystyrene.


much less when comparing the solid-state spectra indicting a
ªsolution-likeº environment for the immobilised complexes.


In addition to the strong carbonyl absorptions of the metal
complexes the characteristic absorptions of the ligand-func-
tionalised polymer are also seen around 2727, 1627, and
1584 cmÿ1 (Table 4). For resin 3 d the nÄCN of the coordinated
isonitrile ligand is observed at 2112 cmÿ1.


In the diffuse reflectance spectra of the resins 3 b ± 3 f the
MLCT bands are observed in the visible region (Table 4).
Compared with their solution counterparts all absorption
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bands are shifted to lower energy by 1500 ± 3000 cmÿ1 but
preserve the trend lmax(b)> lmax(d)� lmax(e)> lmax(c)>
lmax(f) (Tables 3 and 4, Figure 2). The linear correlation
between nÄmax of the soluble and the immobilised complexes
and ligands is very good nÄmax(immobilised molecules)�
nÄmax(soluble molecules)� 0.83�924 cmÿ1 (R2� 0.9801; see
Supporting Information).


The gel-phase 13C NMR spectra of the polymers 3 c ± 3 f
show signals due to the linker and the attached ligand
(Table 4). For 3 d ± 3 f signals due to the monodentate ligands
CNtBu, PPh3, and PhSnCl3 are also seen. In the gel-phase 31P
NMR spectrum of 3 e the signal of coordinated phosphane
ligand appears at d� 40 as a broad signal (Figure 4). The half


Figure 4. 31P NMR spectra of 2e (in CD2Cl2) and 3 e (in[D8]THF).


width at half height is 250 times higher than in the 31P NMR
spectra of the soluble complexes 1 e and 2 e, indicating that
this signal indeed corresponds to a polymer-bound species
with much lower mobility.


An attempt to observe the 119Sn signal of 3 f at room
temperature failed. At ÿ70 8C a broad signal occurs around
d� 50. Its half width at half height is 35 times larger than that
of the soluble analogue 1 f, again indicating the observation of
a polymer-bound species.


Attempts to obtain reliable 95Mo NMR spectra of the resin
bound complexes failed because of the low sensitivity of the
95Mo nucleus and the significant ªbaseline ringingº in these
experiments.[15a]


In summary TG, DSC, and elemental analyses are not
especially helpful in characterising the polymer-bound com-
plexes as most of the measured quantities arise from the
polymer backbone and not from the complexes of interest. In


Figure 5. 119Sn NMR spectra of 1 f and 3 f (in[D8]THF).


contrast IR, diffuse reflectance, and NMR spectroscopy
combine specificity for the metal complexes with the required
sensitivity.


Solid-phase chemistry, cleavage : After having characterised
the polymer-bound complexes directly on the solid support,
we obtained indirect proof of identity through the possibility
of mild cleavage of the complexes from the insoluble polymer
(Scheme 9). Treating resins 3 c ± 3 f with two equivalents of


OH


N


N


Mo(CO)3L


Si


O


N


N


Mo(CO)3L


Si


F


TBAF
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+


Scheme 9. Cleavage of the complexes from solid support.
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tetra-n-butylammonium fluoride in CH2Cl2 gives deeply
coloured solutions of the deprotonated complexes. After
washing the resins and concentrating the filtrates, careful
acidification (at low pH the complexes start to decompose) of
the solutions with acetic acid gives solutions of the respective
complexes as evidenced by UV/Vis/NIR and IR spectroscopy
in 30 ± 40 % yield over all steps based on the loading of 3 a. In
all cases only the desired complexes are isolated with no
indication of side products.


The IR spectra of the remaining slightly coloured resins
prove the absence of carbonyl groups confirming quantitative
cleavage from the resin. Additionally, mass spectrometry of
the resins (Scheme 9) confirms the absence of attached
ligands and the presence of silyl fluoride groups on the
polymer.


Conclusion


Inorganic chemistry on the solid organic polystyrene phase is
similar to solution chemistry of the investigated substitution
and oxidative elimination reactions. Resin-bound ligands and
complexes can be prepared and analysed and are readily
cleaved from the solid support. Ligand substitution reactions
and oxidative eliminations proceed somewhat more slowly on
solid support compared to the homogeneous reaction. Care
has to be taken when choosing the optimal solvent. The
relative stability trend of the polymer-bound complexes is
identical to that of the solution analogues. IR, DRS-UV, and
NMR prove valuable to monitor the solid-phase reaction and
to characterise the resin bound complexes. Finally, the
investigated cleavage conditions are mild enough to obtain
the free complexes from the solid support without major
decomposition. With this knowledge it should now be possible
to prepare inorganic and organometallic complexes on the
solid phase, which might be accessible only with difficulty or
even not at all in the homogeneous phase. Additionally, this
methodology might be useful for combinatorial catalyst
libraries when the catalysts must be tested in solution and
therefore be cleaved from the support.


Experimental Section


Polystyrene (2% DVB), brominated polystyrene (2 % DVB, 2.5 mmol
Br gÿ1), Cl2Si(iPr)2, nBuLi in toluene (2.5m), diisopropylethylamine,
(dimethylamino)pyridine (DMAP), and nBu4NF ´ 3H2O (TBAF) were
purchased from Fluka, phenyltin trichloride from Strem. The polystyrene
resins were washed prior to use with CCl4, acetone, acetone/H2O (2:1),
acetone, benzene, MeOH, CH2Cl2, and diethyl ether and dried under
vacuum. Unless noted otherwise, all manipulations were carried out under
argon by means of standard Schlenk techniques. All solvents were dried by
standard methods and distilled under argon prior to use. All other reagents
were used as received from commercial sources. For the solid-phase
reactions a flask with a nitrogen inlet and a coarse porosity fritted glass
filter that allows addition and removal of reagents and solvents without
exposure of the resin to the atmosphere was used.


NMR spectra were obtained on a Bruker Avance DPX 200 (200.15 MHz
(1H), 50.323 MHz (13C), 81.015 MHz (31P), 13.029 MHz (95Mo), 74.630 MHz
(119Sn)) at 303 K if not noted otherwise; chemical shifts (d) are reported in
ppm with respect to residual solvent peaks as internal standards: [D8]THF
(1H: d� 1.73; 13C: d� 25.5), CD3CN (1H: d� 1.93; 13C: d� 1.3), CD2Cl2


(1H: d� 5.32; 13C: d� 53.8); [d6]DMSO (1H: d� 2.50; 13C: d� 39.4). 31P
chemical shifts (d) in ppm with respect to 85 % H3PO4 (31P: d� 0), 95Mo
chemical shifts (d) in ppm with respect to 1m Na2MoO4 in D2O (95Mo: d�
0) and 119Sn chemical shifts (d) in ppm with respect to SnMe4 in THF (119Sn:
d� 0) as external standards. IR spectra were recorded on a BioRad
Excalibur FTS 3000 spectrometer using caesium iodide disks or CaF2 cells.
UV/Vis/NIR spectra were recorded on a Perkin Elmer Lambda 19 in
0.2 cm cells (Hellma, suprasil). DRS spectra were measured with the same
instrument using the Perkin Elmer integrating sphere and polytetrafluoro-
ethylene (PTFE) as reference. Mass spectra were recorded on a Finnigan
MAT 8400 spectrometer, electron energy 70 eV (EI), 4-nitrobenzyl alcohol
matrix (FAB). Elemental analyses were performed by the microanalytical
laboratory of the Organic Chemistry Department, University of Heidel-
berg. Cyclic voltammetry was performed on a Metrohm ªUniversal Meû-
und Titriergefäûº, Metrohm GC electrode RDE 628, platinum electrode,
SCE electrode, Princeton Applied Research potentiostat Model 273;
substrate concentration 10ÿ3m in 0.1m nBu4NPF6/CH2Cl2 or in 0.1m
nBu4NPF6/CH3CN. All potentials are given relative to that of SCE.
Differential scanning calorimetry measurements were carried out on a
Mettler DSC 30, heating rate 10 K minÿ1, under argon from 30 ± 600 8C.
Thermogravimetric measurements were carried out on a Mettler TC 15,
heating rate 10 K minÿ1 under argon from 30 ± 800 8C. Swelling measure-
ments were performed by weighing a known amount of resin into a
calibrated NMR tube and adding excess solvent. The volume of the swollen
resin was measured after 3 h.


4-[(Pyridine-2-ylmethylene)amino]phenol (1a): Pyridine-2-carbaldehyde
(15 g, 140.2 mmol), p-aminophenol (15.3 g, 140.2 mmol), MgSO4 (8 g) and
ethyl acetate (120 mL) were heated under reflux for 2 h. The solvent was
removed under reduced pressure and the yellow residue was taken up in
water and extracted with n-butanol (3� ). The alcohol was removed under
reduced pressure and the yellow solid residue washed with water (3� ) and
diethyl ether (3� ) and dried in vacuo, yielding 1a (25 g, 126 mmol; 90%).
1H NMR (200 MHz, [D6]DMSO): d� 6.86 (d, 3JH,H� 8.7 Hz, 2H; H3,5), 7.32
(d, 3JH,H� 8.7 Hz, 2 H; H2,6), 7.49 (pt, 1H; H11), 7.93 (pt, 1 H; H10), 8.14 (d,
JH,H� 7.8 Hz, 1H; H9), 8.62 (s, 1H; H7), 8.70 (d, JH,H� 4.6 Hz, 1H; H12),
9.63 (s, 1 H; OH); 13C NMR (50 MHz, [D6]DMSO): d� 116.7 (s; C3,5), 121.6
(s; C9), 123.8 (s; C2,6), 125.9 (s; C11), 137.7 (s; C10), 142.4 (s; C1), 150.4 (s;
C12), 155.5 (s; C4), 157.8 (s; C7), 158.0 (s; C8) All signals were assigned on the
basis of DEPT, CH-COSY and NOESY experiments. The conformations in
solution are transoid as no cross peaks between H7 and H9 (numbering
scheme shown in Scheme 2) are observed in the NOESY spectra; IR (CsI):
nÄ � 3040 ± 2472 (m, br, OH, CH), 1626 (m), 1601 (m), 1581 (s), 1510
(s) cmÿ1; UV/Vis (CH2Cl2): lmax (e)� 286 (15 560), 340 nm
(19 740 mÿ1 cmÿ1); MS (EI, 70 eV): m/z (%): 198 (100) [M]� , 181 (2)
[M�ÿOH]� , 171 (45) [MÿHCN]� , 154 (3) [MÿOHÿHCN]� , 79 (26)
[C5H5N]� ; elemental analysis (%) calcd for C12H10N2O (198.22): C 72.71, H
5.08, N 14.13; found: C 72.62, H 5.09, N 14.08.


Pyridine-2-ylmethylene-(4-trimethylsilanyloxyphenyl)amine (2a): A sus-
pension of 1a (2.97 g, 15 mmol) in THF (30 mL) was cooled to 0 8C. NEt3


(1.57 g, 15.5 mmol) was added through a cannula. After the mixture had
been stirred for 10 min, TMSCl (1.68 g, 15.5 mmol) was added and the
suspension was stirred for 1 h at 0 8C and 1 h at 25 8C. The solvent was
removed under reduced pressure and the yellow residue dissolved in
diethyl ether. The yellow solution was filtered and the solvent removed
under reduced pressure to give 2 a as an orange-yellow oil (3.53 g, 87%).
1H NMR (200 MHz, CD2Cl2): d� 0.38 (s, 9H; CH3), 6.99 (d, 3JH,H� 8.8 Hz,
2H; H3,5), 7.36 (d, 3JH,H� 8.8 Hz, 2 H; H2,6), 7.40 (pt, 1 H; H11), 7.84 (pt, 1H;
H10), 8.28 (d, JH,H� 8.0 Hz, 1H; H9), 8.71 (s, 1H; H7), 8.74 (d, JH,H� 4.6 Hz,
1H; H12); 13C NMR (50 MHz, CD2Cl2): d� 0.37 (s; CH3), 121.1 (s; C3,5),
121.6 (s; C9), 123.0 (s; C2,6), 125.2 (s; C11), 136.9 (s; C10), 144.9 (s; C1), 149.9
(s; C12), 155.1 (s; C4), 155.5 (s; C8), 159.1 (s; C7); IR (CsI): nÄ � 3060 (w,
CHAr), 2960 (m, CH3), 1627 (m), 1597 (w), 1583 (s), 1503 (vs) cmÿ1; UV/Vis
(CH2Cl2): lmax (e)� 285 (21 810), 337 nm (23 230mÿ1 cmÿ1); MS (EI, 70 eV):
m/z (%): 270 (100) [M]� , 269 (70) [MÿH]� , 255 (12) [MÿCH3]� ;
elemental analysis (%) calcd for C15H18N2OSi (270.41): C 66.62, H 6.71, N
10.36; found: C 66.52, H 6.67, N 10.59.


fac-Tricarbonyl(2a)(acetonitrile)molybdenum(0) (2 b): [(CH3CN)3Mo-
(CO)3] (303 mg, 1 mmol) was treated with 2a (270 mg, 1 mmol) in CH3CN
(20 mL) to give an intensely turquoise-coloured solution. After stirring for
3 h at room temperature the solution was concentrated to about 5 mL and
petroleum ether (PE) 40/60 (40 ± 50 mL) was added. After 24 h the
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coloured solution was removed with a cannula and the dark residue was
washed with PE 40/60 and dried in vacuo to give 2 b as a purple powder
(417 mg; 85%). The reaction can also be performed on a 10 mmol scale.
MS (FAB): m/z (%): 452 (78) [MÿCH3CN]� , 424 (20) [MÿCH3CNÿ
CO]� , 396 (60) [MÿCH3CNÿ 2 CO]� , 368 (100) [MÿCH3CNÿ 3 CO]� ;
elemental analysis (%) calcd for C20H21N3O4SiMo (491.43): C 48.68, H 4.29,
N 8.52; found: C 48.30, H 4.33, N 8.50.


cis-Tetracarbonyl(2 a)molybdenum(0) (2c): Carbon monoxide was bub-
bled into a solution of 2b (491 mg, 1 mmol) in CH2Cl2 (20 mL) until the IR
spectrum showed only the presence of 2c resulting in a purple solution. The
reaction mixture was stirred under a CO atmosphere for 1 h. Removal of
the solvent in vacuo left 2c as a purple powder (477 mg; 100 %). MS (FAB):
m/z (%): 480 (45) [M]� , 452 (100) [MÿCO]� , 424 (20) [Mÿ 2 CO]� , 396
(30) [Mÿ 3 CO]� , 368 (40) [Mÿ 4 CO]� ; elemental analysis (%) calcd for
C19H18N2O5SiMo (478.39): C 47.70, H 3.79, N 5.86; found: C 47.30, H 3.87, N
6.07.


fac-Tricarbonyl(2a)(tert-butyl isonitrile)molybdenum(0) (2d): tert-Butyl
isonitrile (0.11 mL, 1 mmol) was added to a solution of 2 b (491 mg,
1 mmol) in CH2Cl2 (20 mL) to give a deep blue solution. After stirring for
3 h at room temperature the solution was concentrated to about 5 mL and
PE 40/60 (40 ± 50 mL) was added. After 24 h the coloured solution was
removed with a cannula and the dark blue residue was washed with PE 40/
60 and dried in vacuo to give 2 d as a blue powder (470 mg; 88%). MS
(FAB): m/z (%): 535 (10) [M]� , 507 (50) [MÿCO]� , 479 (18) [Mÿ 2 CO]� ,
451 (30) [Mÿ 3 CO]� , 368 (100) [Mÿ 3 COÿCNtBu]� ; elemental analysis
(%) calcd for C23H27N3O4SiMo (533.51): C 51.78, H 5.10, N 7.88; found: C
50.55, H 4.86, N 7.78.


fac-Tricarbonyl(2a)(triphenylphosphane)molybdenum(0) (2 e): Triphenyl-
phosphane (262 mg, 1 mmol) was added to a solution of 2b (491 mg,
1 mmol) in CH2Cl2 (20 mL), giving a deep blue solution. After stirring for
3 h at room temperature the solution was concentrated to about 5 mL and
PE 40/60 (40 ± 50 mL) was added. After 24 h the coloured solution was
removed with a cannula and the dark blue residue was washed with PE 40/
60 and dried in vacuo to give 2 e as a blue powder (640 mg, 90%). MS
(FAB): m/z (%): 714 (33) [M]� , 686 (80) [MÿCO]� , 658 (30) [Mÿ 2 CO]� ,
630 (100) [Mÿ 3CO]� ; elemental analysis (%) calcd for C36H33N2O4SiPMo
(712.67): C 60.67, H 4.66, N 3.93, P 4.35; found: C 60.40, H 4.75, N 4.01, P
4.30.


fac-Tricarbonyl(1a)(acetonitrile)molybdenum(0) (1 b): The preparation
was similar to that of 2 b but 1a (198 mg, 1 mmol) was used. The washing
solution was almost colourless. Yield: 385 mg (92 %). MS (FAB): m/z (%):
380 (100) [MÿCH3CN]� , 352 (24) [MÿCH3CNÿCO]� , 324 (46) [Mÿ
CH3CNÿ 2 CO]� ; elemental analysis (%) calcd for C17H13N3O4Mo
(419.25): calcd: C 48.70, H 3.13, N 10.02; found: C 48.08, H 3.15, N 9.87.


cis-Tetracarbonyl(1 a)molybdenum(0) (1c): The preparation was similar to
that of 2 c but 1b (419 mg, 1 mmol) was used instead of 2b. Yield: 405 mg
(100 %). MS (FAB): m/z (%): 408 (47) [M]� , 380 (100) [MÿCO]� ;
elemental analysis (%) calcd for C16H10N2O5Mo (406.21): C 47.31, H 2.48, N
6.90; found C 46.90, H 2.80, N 6.85.


fac-Tricarbonyl(1a)(tert-butyl isonitrile)molybdenum(0) (1d): The prepa-
ration was similar to that of 2d but 1 b (419 mg, 1 mmol) was used instead of
2b. Yield: 435 mg (94 %). MS (FAB): m/z (%): 463 (65) [M]� , 435 (100)
[MÿCO]� ; elemental analysis (%) calcd for C20H19N3O4Mo (461.33): C
52.07, H 4.15, N 9.11; found: C 51.37, H 4.12, N 9.00.


fac-Tricarbonyl(1a)(triphenylphosphane)molybdenum(0) (1e): The prep-
aration was similar to that of 2e but 1 b (419 mg, 1 mmol) was used instead
of 2b. Yield: 430 mg (93 %). Recrystallisation from CH2Cl2/Et2O afforded
dark blue crystals. MS (FAB): m/z (%): 642 (48) [M]� , 614 (80) [MÿCO]� ,
586 (100) [Mÿ 2 CO]� , 557 (91) [Mÿ 3 COÿH]� ; elemental analysis (%)
calcd for C33H25N2O4PMo (640.49) ´ 0.5Et2O: C 62.05, H 4.46, N 4.13, P
4.57; found: C 61.73, H 4.53, N 4.23, P 4.52.


m-Chloro-(dichlorophenyltin)ÿ(1a)tricarbonyl molybdenum(ii) (1 f): Phe-
nyltin trichloride (606 mg, 2 mmol) was added with syringe to a solution of
1c (406 mg, 1 mmol) in acetone (20 mL). The solution was stirred for 5 h at
room temperature until IR spectroscopy indicated completeness of the
reaction. The colour turned from deep purple to orange-red. The solvent
was removed under reduced pressure and the residue was washed with
diethyl ether (6� 20 mL) and dried to give a yellow-orange powder
(550 mg; 81 %). Recrystallisation from THF/Et2O afforded orange-col-
oured crystals. MS (FAB): m/z (%): 645 (51) [MÿCl]� , 561 (24) [MÿClÿ


3 CO]� , 380 (100) [Mÿ SnCl2Ph]� ; elemental analysis (%) calcd for
C21H15N2O4SnCl3Mo (680.35) ´ 1.0 Et2O: C 39.80, H 3.34, N 3.71; found: C
39.48, H 3.43, N 3.77.


Reaction of [(CH3CN)3Mo(CO)3] with polystyrene : [(CH3CN)3Mo(CO)3]
(455 mg, 1.5 mmol) dissolved in CH3CN was added to polystyrene (1 g; 2%
DVB) swollen in CH3CN/toluene (1:2). The suspension was slowly stirred
at room temperature for 3 h. The solvent was removed by filtration and the
resin was washed repeatedly with CH3CN, toluene, and Et2O until the
washings were colourless. The IR spectrum (absence of nCO bands)
indicated no formation of [(polystyrene)Mo(CO)3].[21]


Resin 3a : The resin was prepared from brominated polystyrene (2 % DVB,
2.5 mmol Br gÿ1) according to a published procedure[18] using the ligand 1a
to give a yellow-coloured polymer. MS (EI, 70 eV, 407 8C): m/z (%): 104
(100) [C8H8]� , 329 (11) [C8H7SiOL�H]� , 343 (43) [C8H7SiMeOL]� , 372
(84) [C8H7Si(iPr)OL]� , 415 (69) [C8H7Si(iPr)2OL]� ; elemental analysis
(%) calcd for (C8H8)20(C26H30SiON2)3(C15H24SiO)7: C 81.32, H 8.23, N 1.66;
found C 78.93, H 7.38, N 1.56; which corresponds to 0.56 mmol 1 a per gram
polymer. Uptake of CoCl2 corresponds to 0.52 mmol per gram polymer.


Uptake of CoCl2 : A standard solution of CoCl2 in THF was treated with a
weighed amount of resin 3a. From the decrease of the absorbances at 590
and 683 nm of the solution the loading was calculated by extrapolation to
t!1 .


Resin 3b : [(CH3CN)3Mo(CO)3] (303 mg, 1.0 mmol) dissolved in CH3CN
(5 mL) was added to resin 3 a (1 g; corresponding to 0.56 mmol 1 a) swollen
in toluene (5 mL). The suspension was allowed to stand at room temper-
ature for 24 h with occasional stirring. The solvents were removed by
filtration and the polymer was washed with CH3CN (4� 10 mL), toluene/
CH3CN (10 mL), toluene (2� 10 mL), and finally with diethyl ether (2�
10 mL). The blue resin was dried in vacuo to give a blue powder or was
directly allowed to react with the ligands L (see below). Elemental analysis
(%) calcd for (C8H8)20(C31H33SiO4N3Mo)3(C15H24SiO)7: C 75.05, H 7.51, N
2.20; found: C 77.41, H 7.32, N 1.68.


Resin 3 c : CO was bubbled for 15 min into a suspension of resin 3 b (starting
from 1 g of 3 a, 0.56 mmol) swollen in toluene (6 mL). The blue resin turned
purple. The suspension was allowed to stand at room temperature under
CO for 24 h with occasional stirring. The solvents were removed by
filtration and the polymer was washed with toluene (1� 10 mL) and diethyl
ether (2� 10 mL). The resin was dried in vacuo giving a purple powder.
Elemental analysis (%) calcd for (C8H8)20(C30H33SiO5N2Mo)3(C15H24SiO)7:
C 74.94, H 7.40, N 1.48; found: C 77.53, H 7.06, N 1.42.


Resin 3d : To resin 3b (starting from 1 g of 3a, 0.56 mmol) swollen in
toluene (6 mL) CNtBu (0.11 mL, 1.0 mmol) was added with a syringe. The
suspension was allowed to stand at room temperature for 8 h with
occasional stirring. The solvents were removed by filtration and the
polymer was washed with toluene (5� 10 mL) and diethyl ether (2�
10 mL). The dark blue-green resin was dried in vacuo giving a dark blue-
green powder. Elemental analysis (%) calcd for (C8H8)20(C34H39SiO4N3-
Mo)3(C15H24SiO)7: C 75.28, H 7.66, N 2.15; found: C 78.61, H 7.45, N 1.66.


Resin 3e : PPh3 (262 mg, 1.0 mmol) dissolved in toluene (3 mL) was added
with a syringe to resin 3b (starting from 1 g of 3a, 0.56 mmol) swollen in
toluene (3 mL). The suspension was allowed to stand at room temperature
for 24 h with occasional stirring. The solvents were removed by filtration
and the polymer was washed with toluene (5� 10 mL) and diethyl ether
(2� 10 mL). The dark blue resin was dried in vacuo to give a dark blue
powder. Elemental analysis (%) calcd for (C8H8)20(C47H45SiO4N2P-
Mo)3(C15H24SiO)7: C 76.28, H 7.30, N 1.31, P 1.46; found: C 76.71, H 6.85,
N 1.29, P 0.87.


Resin 3 f : Phenyltin trichloride (303 mg, 1 mmol) was added with a syringe
to resin 3 c (starting from 1 g of 3 a, 0.56 mmol) swollen in toluene (6 mL).
The suspension was allowed to stand at room temperature for 24 h with
occasional stirring. The solvents were removed by filtration and the
polymer was washed with toluene (4� 10 mL) and diethyl ether (2�
10 mL). The resin was dried in vacuo giving an orange-red powder.
Elemental analysis (%) calcd for (C8H8)20(C35H35SiO4N2MoSnCl3)3(C15H24-
SiO)7: C 68.25, H 6.70, N 1.29; found: C 69.13, H 6.59, N 1.33.


Cleavage of the resin-bound complexes : Tetra-n-butylammonium fluoride
(TBAF ´ 3H2O, 315 mg, 1 mmol) in CH2Cl2 (5 mL) was added to the
appropriate resin (starting from 1 g of 3 a, 0.56 mmol) swollen in CH2Cl2


(3 mL). The suspension was stirred slowly for 12 h. The coloured solution
was removed by filtration and the resin was washed thoroughly with
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CH2Cl2/Et2O mixtures until the solutions remained colourless. The
combined filtrates were dried in vacuo. Dissolving the dark residue in
CH2Cl2 (100 mL) and careful acidification with degassed acetic acid
(0.1 mL) gave intensely coloured solutions of the respective complexes.
The yields were determined by UV/Vis spectrophotometry and the
identities were confirmed by IR spectroscopy. Overall yields (metallation,
substitution, cleavage, and acidification) based on the loading of 3a were
between 30 and 40%. After cleavage, samples of the remaining resins were
subjected to mass spectrometry, which showed complete removal of the
complexes. MS (EI, 70 eV, 400 8C): m/z (%): 104 (100) [C8H8]� , 151 (18)
[C8H7SiF�H]� , 165 (80) [C8H7SiMeF]� , 193 (60) [C8H7Si(iPr)F]� , 236 (22)
[C8H7Si(iPr)2F]� .
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Mapping Concentration Profiles within the Diffusion Layer of an Electrode:
Application to Redox Catalysis


Christian Amatore,*[a] CeÂcile Pebay,[a] Onofrio Scialdone,[b] Sabine Szunerits,[a] and
Laurent Thouin[a]


Abstract: Catalytic reductions of some
aromatic halides were performed at a
millimetric electrode with several redox
mediators. The resulting concentration
profiles were monitored amperometri-
cally by placing an ultramicroelectrode
inside the diffusion layer produced at
the former electrode. The features of
redox catalysis and the subsequent
structuring of the diffusion layer were
investigated experimentally under
steady-state conditions imposed by the


spontaneous convection of the solution.
The concentration profiles established
from the probe measurements were in
agreement with our theoretical predic-
tions, based on fast kinetics of redox
catalysis. Under these conditions, very
similar to preparative electrosynthesis,


the diffusion layer separates into two
domains where pure diffusion takes
place and the concentration profiles
therein are mainly linear. We demon-
strate that the limit between these two
zones does not depend on kinetics, but is
rather fixed by the product of the ratio
of the bulk concentrations of each
species and the ratio of their diffusion
coefficients.


Keywords: catalysis ´ concentration
profile ´ diffusion layer ´ electro-
chemistry ´ microelectrode


Introduction


Redox catalysis provides the means of electrochemically
activating a substrate, S, at a potential located far before (i.e.,
positive to in reduction, or negative to in oxidation) its
electrochemical wave.[1±3] This is performed through the use of
an electron-transfer mediator, M, whose chemically stable
reduced or oxidized form M .� accordingly [Eq. (1)] is able to
transfer an electron endergonically to the substrate, S
[Eq. (2)]. When the resulting activated substrate S .� is
sufficiently chemically unstable [Eq. (3)], the up-hill equili-
brium in Equation (2) is pulled continuously to the right so
that S .� is continuously generated at a maximum rate imposed
by the forward rate constant of Equation (2):


M� eÿ!M .� (1)


M .� � S!M � S .� (k) (2)


S .�! etc. (3)


The fundamental kinetic reasons explaining why the rate of
the follow-up reaction [Eq. (3)] may be sufficient to pull the
homogeneous electron transfer at a significant rate have been
well discussed previously, since the same reaction does not
succeed in doing so when the substrate is reduced or oxidized
directly at the potential of the redox mediator.


Redox catalysis has been shown to be extremely useful for
determining the standard potential of a variety of S/S .� redox
couples, or the rate constant of S .� fast chemical evolution
[Eq. (3)], for substrates for which direct measurements would
have been impossible even with the fastest available direct
electrochemical techniques. In such investigations, one adjusts
the time scale of the electrochemical experiment so that it
becomes comparable to the rate of regeneration of M
[Eqs. (2) and (3)]. In other words, in these kinetic experi-
ments, the electrochemical time scale is made sufficiently
short for the process in Equations (2) and (3) to be
incomplete. The turn-over of the whole process then decays
upon decreasing the time-scale and its variations can be
measured precisely, so that the forward rate constant repre-
senting the sequence of Equations (2) and (3) may be
determined.


In contrast, when one uses redox catalysis for preparative
purposes, a large turn-over is desired in order that a small
fraction of redox mediator afford a current density compara-
ble to that which would be obtained for direct electrolysis of
the substrate. As a consequence, the overall kinetics of the
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process in Equations (2) and (3) need to be much larger than
the rate of diffusion of M .� from the electrode surface to the
solution bulk. Under such conditions M .� cannot survive
enough to escape from the diffusion layer towards the
solution bulk. Similarly, S cannot survive its penetration into
the diffusion layer up to the electrode surface. M .� and S then
cannot coexist in the diffusion layer, except within a narrow
strip of solution that separates two distinct zones of the
diffusion layer (Figure 1a). One zone, adjacent to the


Figure 1. a) Theoretical concentration profiles during the catalytic oxida-
tion (or reduction) of the substrate S by the radical cation (or radical anion)
of the mediator M .� ; b) Zoom of the concentrations resolved numerically
around y� m (zone marked by the circle in a), m and m� z are the
dimensionless concentrations of the mediator radical M .� and substrate S
respectively, m(m� z) corresponds to the dimensionless form of the kinetic
term in Equation (9) (Note that the profile shown is a 10-times-expanded
vertical scale). z� l1/3[(y/m)ÿ 1] where y is the distance from the electrode
(see text for the meaning of the dimensionless rate constant l), m� [M .�]/
cbulk, and m� z�j n j (DS/DM)[S]/cbulk.


electrode surface contains M and M .� and no S or S .� . The
other zone, located between this narrow strip and the solution
bulk contains only M and S. M .� and S may then react
together [Eqs. (2) and (3)] only within the excessively narrow
domain which separates the above two zones. In this narrow
strip of solution M .� and S have then necessarily extremely
small concentrations.


This spontaneous kinetic structuring of a diffusion layer has
been pointed out since the earliest kinetic investigations of
redox catalysis, but much less emphasis has been put on this
phenomenon than on the highly interesting kinetic applica-
tions of the method. Since, by definition, rather short time
scales need to be used in these kinetic applications (vide
supra), M .� survives within almost the whole much shorter
diffusion layers thus created. Similarly, S penetrates the
diffusion layer upto the electrode surface, since the chemical
toll due to Equation (2) is small compared with the short time


scale. Therefore, M .� and S coexist over a significant fraction
of these extremely short diffusion layers, so that the above
structuring does not occur. This may lead to the intuitive view
that in redox catalysis M .� and S always react together in an
almost homogeneous fashion, both species being then dis-
tributed within the whole diffusion layer, although this cannot
occur under realistic preparative conditions as recalled above
and will be established thoroughly in the theoretical section of
this paper.


We wish to show hereafter that, thanks to the development
of in situ mapping techniques developed recently in our
laboratory,[4±7] the precise concentration profiles of M .� and S
can be monitored so as to establish definitively the existence
of the above diffusion-layer structuring when redox catalysis
is performed under conditions that are similar to those
occurring within a realistic preparative electrolysis. Because
of this latter concern, all the experiments reported here are
performed under steady-state conditions as imposed by
spontaneous convection (Nernst layer conditions).


Results and Discussion


Theory : To further clarify the above notion of the diffusion-
layer structuring, we wish first to elaborate upon the
conditions under which this essential feature of redox catalysis
takes place. For this we consider that M .� is produced at the
electrode upon electrolysis of M on its current plateau
[Eq. (1)]. Upon diffusing towards the extremity of the
diffusion layer, M .� meets an opposite flux of S, which is
diffusing in the direction of the electrode. We assume
hereafter that both species react together sufficiently fast
[Eq. (2)], that either species annihilates the other one in any
solution domain where its concentration dominates (Fig-
ure 1a). This occurs when kcbulkd2/DS� 1, where cbulk is the
catalyst bulk concentration, d is the steady state diffusion
layer thickness and DS the diffusion coefficient of S. Then the
two species may exist simultaneously only within a thin strip
of solution located somewhere in the midst of the diffusion
layer. Let m be the distance of this thin domain from the
electrode surface, and 2D its thickness. As will be shown
below, m is independent of kcbulkd2/DS, while D is very small
compared with m or d, provided that kcbulkd2/DS� 1 (vide
infra). Thus, when the reaction in Equation (2) is fast enough,
S cannot enter the domain near the electrode surface where
M .� dominates (namely, [S]� 0 for y< mÿD, y being the
distance to the electrode surface). Conversely, M .� cannot
enter the other domain of the diffusion layer where S
dominates (namely, [M .�]� 0 for m�D< y< d). In either
region neither species can react due to the absence of the
other, so that it undergoes pure diffusion and its concentration
profile in the region is linear under steady-state conditions.


We consider hereafter that S .� , which is produced exclu-
sively within the narrow domain separating the diffusion
layers, evolves extremely fast to a final species, P, possibly
after a cascade of jn jÿ 1 electron transfers and chemical steps
following the reaction of Equation (2):


S .�[� (jn jÿ 1)M .� � . . .]!P [� (jn jÿ 1)M � . . .] (4)
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so that the electron transfer in Equation (2) is the rate
determining step of the overall balance equation shown in
Equation (5):


j n j (M� eÿ) � S � etc!j n j M � P � etc (5)


When the electrode potential is poised on the plateau of the
redox catalyst wave, the flux of M .� at y� mÿD is ÿDMcbulk/
(mÿD)�ÿDMcbulk/m in which DM the diffusion coefficient of
M. At the same instant, the flux of S at y� m�D is DS[S]bulk/
(dÿ mÿD)�DS[S]bulk/(dÿ m). The stoichiometry in Equa-
tion (5) imposes that at m the modulus of flux of M .� is jn j
times that of S. This condition immediately defines the value
of m :


m� d


1� jnjDS�S�bulk


DMcbulk


(6)


Equation (6) shows that m does not depend on kinetics, but
is fixed only by the ratio of the bulk concentrations of each
species times their diffusion coefficients. This equation also
affords the current, which flows through the electrolytic cell.
Indeed, since M .� diffuses without reacting in the domain 0<
y< m, under steady-state conditions its concentration profile is
linear, so that (@[M .�]/@y)y�0� cbulk/m provided that the
electrode potential is poised on the plateau of the M/M .�


wave. From Fick�s first law, the absolute value of the current is
I��FADM(@[M .�]/@y)y�0, in which A is the electrode surface
area [Eq. (7)].


I��FADMcbulk


m
��FADMcbulk


d
� (1 � jnjDS�S�bulk


DMcbulk
� (7)


Note that in the absence of substrate, S, the current would
be I0�� (FADMcbulk/d), which corresponds to the reaction in
[Eq. (1)]. It ensues that the catalytic Faradaic efficiency is:


eF�
I


I0


� d


m
� 1 � jnjDS�S�bulk


DMcbulk
(8)


Interestingly, this shows that eF does not depend on the rate
of the electron-transfer reaction in Equation (2) as soon as
this is fast enough; that is, provided that D is small enough
compared with d.


Let us now clarify this point by working out the value of D.
For this, we need to establish the concentration profiles of M .�


and S within the thin domain of thickness 2D located around
m, where both species coexist. Owing to the balance in
Equation (5), one has at any point within the diffusion layer
(namely, 0< y< d):


DM


@�M.��
@y2


�j n jDS


@2�S�
@y2
�j n j k[M .�][S] (9)


It then follows that:


DM[M .�]ÿjn jDS[S]�DMcbulk(1ÿ y/m) (10)


This shows that [M .�]/cbulk is the solution of the dimension-
less equation:


@2�M.��=cbulk


@�y=m�2 � l
�M.��
cbulk


 
�M.��
cbulk


� y


m
ÿ 1


� �!
(11)


in which l� (kcbulkm2/DS) is a dimensionless rate constant. Let
us then introduce the two following dimensionless variables:


space : z� l1/3
y


m
ÿ 1


� �
� y


m
ÿ 1


� �
kcbulkm2


DS


 !1=3


(12)


concentration : m� l1/3
�M.��
cbulk


� �
� �M.��


cbulk


� �
kcbulkm2


DS


 !1=3


(13)


so that Equation (11) becomes:


@2m/@z2�m(m� z) (14)


When l!1 , this dimensionless second-order differential
equation is associated with the following boundary condi-
tions:


z!ÿ1 : m!ÿ z (15)


z!�1 : m! 0 (16)


Equation (14) and its two boundary conditions are inde-
pendent of any parameter. This is an extremely important
feature, since it shows that the solution m(z) of this system is
unique whatever the values of the parameters which define
the experimental kinetic problem at hand are. In particular,
the symmetry of the system establishes that k�m(m � z),
which is the dimensionless form of the kinetic term in
Equation (9), passes through a finite maximum kmax at z� 0,
and tends towards zero for jz j�sD, where sD is a finite
constant to be determined below. This is tantamount to saying
mathematically what we summarized in Figure 1a. Indeed,
because of the definitions of z and m in Equations (12) and
(13), this amounts to expressing that when kcbulkd2/DS� 1
(namely, l� 1), M .� and S diffuse freely in all the diffusion
layer domains where they exist, except within a narrow strip
located around y� m (i.e. , around z� 0) of an extremely small
thickness 2D (namely, D� sDlÿ1/3! 0).


Therefore, M may be regenerated and S .� produced only
within this thin kinetic strip. In other words, contrary to the
generally spread, intuitive picture of redox catalysis that
occurs by the overlap of M and S .� concentration profiles over
a significant fraction of the diffusion layer, the true redox
catalytic phenomenon occurs only within an extremely
narrow domain located around y� m, in the midst of the
diffusion layer. The two other remaining portions of the
diffusion layer then only play the role of kinetically inert
diffusional ªfeedersº, whose role is only that of delivering the
two reactants, M .� and S, to the very small region where they
react together. These conclusions cannot be drawn when
kcbulkd2/DS (namely, l) is not large enough for D to be smaller
than d. However, this defines conditions under which the
redox catalytic procedure is almost inactive and is therefore
not suitable from a preparative point of view. It follows that
any system that presents a preparative interest necessarily
behaves as sketched in Figure 1a.


To proceed quantitatively, the system of the differential
Equation (14) and its boundary conditions [Eqs. (15) and
(16)] need to be solved. This was performed numerically
through a classical finite-differences procedure. The results
are shown in Figure 1b, which zooms over the region around
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y� m marked by the circle in Figure 1a. Figure 1b confirms
that sD is finite and that its maximum value is of a few units
only. For example by defining sD so that more than 99 % of the
S .� production and M regeneration [Eq. (2)] occurs within the
domain jz j� sD, sD� 3.7 is obtained. sD becomes only about
2.2 when the domain is defined so that 90 % of S .� is produced
and M regenerated within its boundaries.


Since sD is found to be close to unity, it results from
Equation (12) that in the real space, y, the thickness 2D�
2sDmlÿ1/3 of the narrow domain in which M .� and S coexist
tends towards zero as lÿ1/3 does. Equation (6) shows that this
extremely small domain is located within the diffusion layer at
a distance m/d, which depends only on the relative diffusion
coefficients and bulk concentrations of the substrate and
redox mediator. Outside of this interfacial domain, M .� and S
diffuse in their zone of predominance so that their concen-
tration profiles are linear therein (Figure 1).


To conclude this section, let us examine more precisely
when this situation arises. In practice, the system will behaves
as sketched in Figure 1 provided that D is a small fraction, 1, of
m. Since D� sDmlÿ1/3, this imposes that 1� sDlÿ1/3� 1, that is,
that kcbulkm2/DS�sD


3. For most preparative situations of
interest, m2/DS is of the order of a few tens of seconds, so
that from the above sD values, it follows that these results
apply whenever kcbulk is larger than a few reciprocal seconds.
Considering that in any realistic situation cbulk, the concen-
tration of the catalyst, is at least in the millimolar range; this
means that the above results always apply whenever k, the
forward rate constant of the electron transfer in Equation (2),
is larger than 103mÿ1 sÿ1. On the other hand, by the definition
of redox catalysis, this reaction has a positive DG0 equal to
FDE0, in which DE0 is the absolute difference between the
standard redox potentials of the substrate and of the redox
mediator, so that k� kdifexp(ÿFDE0/RT), where kdif is the
diffusion limit rate constant. Under usual conditions this later
is in the range of 109� 1010mÿ1 sÿ1, so that the above condition
on k is equal to saying that our results always apply, provided
that DE0 does not exceed 0.35 to 0.40 V. Again this corre-
sponds to usual situations in preparative scale electrolysis.
Therefore, our above results and conclusions appear to
correctly describe almost any realistic preparative situations
involving a redox catalytic procedure.


Experimental illustrations : We took as an illustration the
catalytic reduction of an aromatic halide (ArX), which
involves the anion radical of the starting molecule as
intermediate. The reductive cleavage of the carbonÿhalogen
bond is one of the simplest examples of such a process in
organic electrochemistry. Even though the anion radical
formed upon injection of one electron appears as a true
intermediate in most cases [Eq. (18)], it may cleave very
rapidly into the corresponding aryl radical and the halide ion
[Eq. (19)]. According to the definition given above, the redox
catalysis takes place when the electrochemical generation of
the reduced form M .ÿ of a reversible and chemically stable
redox couple M/M .ÿ , is performed at a potential positive to
the reduction of ArX [Eq. (17)]:


M � eÿ$M .ÿ (17)


M .ÿ � ArX$M � ArX .ÿ (18)


ArX .ÿ$Ar. � Xÿ (19)


The neutral radical Ar. thus formed may then be reduced at
the electrode [Eq. (20)] or in solution [Eq. (21)]; this leads,
after protonation by the solvent, the residual water or the
quaternary ammonium cation of the supporting electrolyte, to
ArH [Eq. (22)].


Ar. � eÿ$Arÿ (20)


Ar. � ArX .ÿ!ArX � Arÿ and/or Ar. � M .ÿ!Arÿ � M (21)


Arÿ � H�!ArH (22)


Under such conditions, the main process will then appear as
a two-electron reduction process provided that the lifetime of
the anion radical is sufficiently short. The reduction of the
next three aromatic halides, iodobenzene (E0�ÿ2,1 V vs.
SCE), 2-bromonaphthalene (E0�ÿ2.2 V vs. SCE), and
2-bromopyridine (E0�ÿ2.34 V vs. SCE) follow this chemical
pathway.[8, 9] To establish experimentally the concentration
profiles that take place at the electrode surface during the
catalytic reduction, several redox mediators were investigated
whose standard potentials were in the range of potentials
mentioned above, that is, E0 not higher than 0.5 V from the
standard potentials of the aromatic halides: benzophenone
(E0�ÿ1.75 V vs. SCE), 1-cyanonaphthalene (E0�ÿ1.78 V
vs. SCE), 1,3-diphenylisobenzofuran (E0�ÿ1.82 V vs. SCE),
methyl benzoate (E0� -2.17 V vs. SCE) and perylene (E0�
ÿ1.63 V vs. SCE).


A disc electrode (generator) of millimetric dimension was
used to locally generate the concentration gradients. Before
any measurements were made, this electrode was polarized
for several seconds until the steady state regime imposed by
the natural convection of the solution was reached. The
resulting concentration profiles were then monitored by
placing a platinum-disk ultramicroelectrode (probe) at se-
lected positions within the diffusion layer of the generator
electrode. An amperometric detection was performed accord-
ing to the details reported in the Experimental Section that
allowed a direct evaluation of the concentrations of the target
species.[7]


Figure 2 shows two concentration profiles recorded by the
probe when iodobenzene (ArX) is added to a solution initially
containing 5 mm of benzophenone (M). The generator was
poised at a potential E1�ÿ1.95 V vs. SCE, between the half-
wave potential of benzophenone and iodobenzene. For each
measurement, the probe was connected after a time delay of
50 s so that the generator reached its steady state current. The
probe potential was set either at potential E0� 0 V vs. SCE,
namely, on the oxidation wave of the benzophenone radical
anion or at potential E1. In the latter case, it corresponds
either to the reduction of benzophenone for solutions only
containing benzophenone or to the catalytic reduction of
iodobenzene for solutions of benzophenone and iodobenzene.
For each distance all currents monitored at the probe after a
sampling time, q, were normalized to the value i0, measured
with the same probe by applying a potentiostatic step of
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Figure 2. Catalytic reduction of iodobenzene by benzophenone. Concen-
tration profiles monitored by the probe electrode in 0.1m nBu4NBF4/DMF:
a) 5mm benzophenone � 5mm iodobenzene; b) 5 mm benzophenone �
10 mm iodobenzene: benzophenone (*), benzophenone radical anion (*),
iodobenzene (&).


identical duration at potential E1 in a bulk solution only
containing benzophenone.


The concentrations of both forms of the mediator (i.e., M
and M .ÿ) were then readily obtained by the following
equations:


0< y<m cM(y)� i�q;E1; y�
i0


� �
� cbulk (23)


0< y cMÿ(y)� i�q;E0; y�
i0


� �
� DM


DMÿ


� �
1/2cbulk (24)


here cMÿ and DMÿ are, respectively, the concentration and
diffusion coefficients of M .ÿ . According to the structure of the
diffusion layer expected in such a case (Figure 1a) Equa-
tion (24) applies over all distances, since the probe current
monitored at potential E0 is indicative only of the concen-
tration of M .ÿ , whatever the local composition. On the other
hand, Equation (23) is only valid over a restricted range of
distances (i.e. , y< m) corresponding to the location in the
diffusion layer where the concentration gradient of the
mediator is produced. Indeed, at higher distances (i.e. , y>
m) the aromatic halide is simultaneously detected by the
probe; this prevents any straightforward determination of the
concentration of the mediator itself.


However, even if redox catalysis takes place at the probe
under such conditions (i.e., probe polarized at E1 and
distances y> m) it affords a way to monitor the concentration
gradient of the aromatic halide alone. Indeed, as long as the
catalytic process is fast enough and controlled by diffusion,
the probe current is a sum of two contributions [Eq. (7)] due
on one side to the reduction of the mediator and on the other
side to the two-electron reduction of the aromatic halide. For


catalytic currents recorded after a short sampling time, q,
Equation (7) can be rewritten as Equation (25). The concen-
tration of the aromatic halide is then readily obtained by
Equation (26) provided that the concentration of the medi-
ator is assumed to be constant over distances, y, higher than m


and equal to cbulk (Figure 1a):


y> m i(q,E1,y)� FA


�pq�1=2[DM
1/2cbulk � 2DArX


1/2CArX(y)] (25)


y> m CArX�y� �
i�q;E1; y� ÿ i0


2i0


� �
� DM


DArX


� �
1/2cbulk (26)


Based on the probe current measurements and Equa-
tions (23), (24) and (26), all the three concentration profiles
(namely, of M, M .ÿ and ArX) can be determined by using the
diffusion coefficient values which were preliminarily estimat-
ed (see Experimental Section below). Figure 2 shows qual-
itatively the influence of the iodobenzene concentration, for a
fixed concentration of benzophenone in solution. One can
observe that these profiles are in good agreement with our
predictions (Figure 1a). Each set of data is self-consistent
within the precision of the measurements, since both concen-
trations of benzophenone and iodobenzene tend to zero at
approximately the same location m within the diffusion layer.
Furthermore, an increase in the concentration of iodobenzene
results experimentally in a decrease of the distance, m, which
agrees qualitatively with Equation (6).


The effect of the concentration of the aromatic halide on
the position of m is better seen in Figure 3a, which shows the
concentration profiles of the radical anion of benzophenone


Figure 3. a) Concentration profiles of the benzophenone radical anion
during the catalytic reduction of iodobenzene. Influence of the addition of
iodobenzene to a solution of 10mm benzophenone in 0.1m nBu4NBF4/
DMF: [PhI]� 0 mm (*), 2.5 mm (*), 5 mm (&), 10 mm (&); b) Correlation
between d/mÿ 1 and cArX/cbulk (slope� 2.004, R2� 0.9995): iodobenzene �
perylene (*), iodobenzene � benzophenone (*), 2-bromonaphthalene �
1,3-diphenylisobenzofuran (&), 2-bromonaphthalene � 1-cyanonaphtha-
lene (&), 2-bromopyridine � 1-cyanonaphthalene (^), 2-bromopyridine �
methyl benzoate (^).
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for concentrations of iodobenzene ranging from 0 to 10 mm.
Without addition of iodobenzene, the concentration profile is
linear over 75 % of the concentration gradient, according to
the classical Nernst layer approximation. At higher distances,
a deviation from linearity is observed reflecting the progres-
sive involvement of spontaneous convection of the solution as
already discussed in detail.[10] The thickness, d, of the diffusion
layer can be calculated by extrapolating the linear depend-
ence of the concentrations observed near the electrode
surface to a zero intercept. In those experimental conditions,
d is estimated at 175 mm (Figure 3a). One must stress that the
same thickness is roughly obtained from Figure 2a and b by
extrapolating the concentrations of iodobenzene at larger
distances. All these values also compare very well to those we
determined previously for pure diffusion in motionless
solutions.[6, 7] Provided that the experimental set up is rather
similar, spontaneous convection is fixed exclusively by
external vibrations, movement of air near the cell, etc. In
particular, we demonstrated[10] that close to the electrode
surface, the convective contribution decreases extremely fast
and transport of molecules to/from the electrode occurs only
by true diffusion. The concentration gradient of the mediator,
which takes place closer to the electrode as more iodobenzene
is added (Figure 3a), is accordingly less altered by sponta-
neous convection. Experimentally it leads to a linear variation
of the concentration of the benzophenone radical anion of up
to 90 % of its whole gradient.


By plotting [(m/dÿ 1)] versus the concentration ratio of
substrate over mediator, a linear correlation is expected from
Equation (6) depending on the respective diffusion coeffi-
cients:


m


d
ÿ 1


� �
� 2� (DArX/DMÿ)� (cArX/cbulk) (27)


Equation (27) was verified experimentally for several
combinations between the three aromatic halides and the
five mediators mentioned above (Figure 3b). In each case, the
concentration profiles were established for different concen-
trations of substrate and mediator according to the diffusion
coefficients previously determined (see Experimental Sec-
tion). A very good correlation was obtained within the
precision of the measurements, the experimental slope being
equal to two as predicted by Equation (27).


Conclusion


In this work, thanks to the possibility of monitoring concen-
tration profiles in situ on the micrometric scale, we have
demonstrated the features of redox catalysis under conditions
which are appropriate for preparative purposes. As the
overall chemical kinetics of the process are fast compared
with diffusion under these conditions, the concentration
profiles of the mediator and substrate are fixed exclusively
by the diffusion rate of the two reacting species; this leads to a
specific kinetic structuring of the diffusion layer. In agreement
with the theoretical predictions, the diffusion layer separates
into two domains, the limit between each zone being set by the
condition of identical fluxes for each reacting species. This


particular structuring of the diffusion layer is, however, not
specific to redox catalysis but could be met for different kind
of processes. Indeed, this diffusion pattern is also expected for
reactions between solvated electrons produced by a reducing
metal and substrates[11] and also occurs at second waves of EE
mechanisms.[4]


Experimental Section


Chemicals : All solutions were prepared in DMF (Carlo Erba) with 0.1m
tetrabutylammonium tetrafluoroborate as the supporting electrolyte. The
catalytic reduction of the three following aromatic halides was investigated:
iodobenzene (Fluka), 2-bromonaphathalene (Aldrich) and 2-bromopyr-
idine (Aldrich). Five mediators were used: benzophenone (Aldrich),
1-cyanonaphthalene (Aldrich), 1,3-diphenylisobenzofuran (Aldrich),
methyl benzoate (Aldrich) and perylene (Aldrich).


Instrumentation : The experimental setup was similar to the one previously
described.[6, 7, 10] The cell consisted of a Petri dish containing about 15 mL of
solution. It was placed over the stage of an inverted microscope (Axiovert
135, Carl Zeiss) under an argon atmosphere. A charge-coupled-device
video camera (VCB-3512, Sanyo), connected to a video monitor (VM-
2512, Sanyo) was used to ease the follow-up of the experiments. For all
measurements, a four-electrode cell was set up and connected to an
integrated potentiostat (Autolab, PGStat 30) equipped with a bipotentio-
stat module. The reference electrode (SCE, Tacussel Radiometer) was
placed into the solution through a salt bridge. The counter electrode
consisted of a platinum coil about 1 cm2 in area. The working electrode was
a Pt disk electrode 1.4 mm in diameter made by a cross section of a Pt wire
(1 mm diameter) sealed into soft glass and polished at an angle of 458. The
probing electrode was a Pt disk microelectrode about 5 mm in diameter. It
was obtained by first pulling a glass capillary (GC120-10, Clark Instru-
ments) with a micropuller (PC-10, Narishige). Then a Pt wire of 25 mm
diameter (Good Fellow) was etched and sealed into this capillary by a
Bunsen burner flame.[7] Finally, the tip of the capillary was polished at an
angle of 458 over a diamond whetstone microgrindler (EG-40, Narishige).
Electrical contact was performed with a drop of mercury and a nichrome
wire.
The working and probing electrodes were positioned by using two three-
dimensional micromanipulators (MHW-103, Narishige) so that their active
surfaces were parallel one to each other. Measurements with the probe
were performed at several positions starting from the center of the working
electrode and following a perpendicular axis. The distances between the
electrodes could be monitored with an accuracy of �5 mm. The origin was
set experimentally when an electrical contact between the two electrodes
was achieved. The constancy of the signal monitored at the probe around
the perpendicular axis was experimentally verified near the working
electrode surface over a radial distance of about 50 mm. This ensured that
no edge effect was accounted for in the measurements reported here.
Under such conditions, only planar diffusion occurs, with a progressive
interplay of ªnatural convectionº at larger distances.[10]


The working electrode was biased at potentials between the reduction
waves of the mediator and the aromatic halide investigated. Measurements
were performed when the current at the working electrode reached its
steady state limit in the motionless solution. A time delay of 50 s was then
fixed before connecting the probing electrode to the bipotentiostat module
through a relay. An appropriate potential was applied at the probing
electrode for the amperometric detection. For each mediator ± aromatic
halide couple, two specific potentials were selected to collect each species
independently (see experimental illustrations for further details). A
sampling time, q, of 10 ms was chosen to avoid any positive feedback
between the two electrodes at short inter-electrode distances[7] and thus to
prevent any alteration of the probe response.


Diffusion coefficients : The diffusion coefficients of the mediators and
corresponding radical anions were determined by two methods, from the
ratio of the steady-state current plateaux determined with a Pt-disk
ultramicroelectrode (10 mm radius) and from the square of the Cottrellian
amperometric currents monitored at a millimetric Pt disk electrode. For
this purpose, authentic solutions of chemically stable radical anions were
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prepared by exhaustive electrolysis of solution of the precursor. We thus
measured DM� (1.03� 0.05)� 10ÿ5 cm2 sÿ1 and DMÿ� (9.7� 0.5)�
10ÿ6 cm2 sÿ1 for benzophenone, DM� (1.10� 0.05)� 10ÿ5 cm2 sÿ1 and
DMÿ� (1.03� 0.05)� 10ÿ5 cm2 sÿ1 for 1-cyanonaphthalene, DM� (9.1�
0.5)� 10ÿ6 cm2 sÿ1 and DMÿ� (8.8� 0.5)� 10ÿ6 cm2 sÿ1 for 1,3-diphenyliso-
benzofuran, DM� (1.38� 0.05)� 10ÿ5 cm2 sÿ1 and DMÿ� (1.27� 0.05)�
10ÿ5 cm2 sÿ1 for methyl benzoate, DM� (9.4� 0.5)� 10ÿ6 cm2 sÿ1, and
DMÿ� (9.1� 0.5)� 10ÿ6 cm2 sÿ1 for perylene, in which DM and DMÿ refer
to the diffusion coefficients of the neutral form of the mediator and of its
radical anion, respectively.
It was rather difficult to determine the diffusion coefficient of aromatic
halides precisely by direct electron transfer. However, it can be determined
at a millimetric Pt disk electrode by redox catalysis with some of the above
mediators, whose diffusion coefficients have been previously determined.
From the Cottrellian amperometric currents [Eq. (24)] monitored during
the catalytic reduction of the aromatic halides, we thus found D� (1.34�
0.05)� 10ÿ5 cm2 sÿ1 for iodobenzene, D� (9.5� 0.5)� 10ÿ6 cm2 sÿ1 for
2-bromonaphthalene, and D� (1.03� 0.05)� 10ÿ5 cm2 sÿ1 for 2-bromopyr-
idine.
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Synthesis of Lipidated eNOS Peptides by Combining Enzymatic,
Noble Metal- and Acid-Mediated Protecting Group Techniques with
Solid Phase Peptide Synthesis and Fragment Condensation in Solution


Rainer Machauer[b] and Herbert Waldmann*[a]


Abstract: Lipid-modified proteins play
decisive roles in important biological
processes such as signal transduction,
organization of the cytoskeleton, and
vesicular transport. Lipidated peptides
embodying the characteristic partial
structures of their parent lipidated pro-
teins and semisynthetic proteins synthe-
sized from such peptides are valuable
tools for the study of these biological
phenomena. We have developed an
efficient synthesis strategy that allows
for the synthesis of long multiply lipi-
dated peptides embodying various side


chain functional groups. The strategy
was successfully applied in the synthesis
of the N-terminal undetrigintapeptide of
endothelial NO-synthase and related
lipopeptides. Key elements of the syn-
thesis strategy are the combined use of
the enzyme-labile para-phenylacetoxy-
benzyloxycarbonyl (PhAcOZ) urethane
as N-terminal blocking group, the Pd0-


sensitive allyl ester as C-terminal pro-
tecting function and acid-labile side
chain protecting groups for solution-
phase synthesis of labile S-palmitoylated
building blocks under the mildest con-
ditions with solid-phase techniques and
solution-phase fragment condensations.
The successful synthesis of the triply
lipidated 29-mer eNOS peptide convinc-
ingly demonstrates the full capacity of
the protecting group methods.Keywords: enzymes ´ peptides ´


protecting groups ´ protein lipida-
tion ´ NO synthase


Introduction


Numerous lipid modified proteins are involved in biological
events of paramount importance, such as signal transduction,
organization of the cytoskeleton, and vesicular transport.[1, 2]


Lipidation of these proteins is a prerequisite to correct
biological function, and the lipid groups are believed to
participate in protein ± protein and protein ± membrane inter-
actions, which, for instance, may determine the selective
intracellular localization of lipid-modified proteins. Lipidated
peptides embodying the characteristic lipidated structures of
their parent proteins and semisynthetic lipoproteins obtained
from such peptides have proven to be invaluable tools in the
study of biological phenomena.[3] Thus, by means of such
peptide and protein conjugates we have developed a general
biological readout system that allows to determine and


quantify the ability of a given lipidated peptide moiety to
direct a given protein to the plasma membrane or the
biological activity of a given protein depending on its plasma
membrane localization.[4] In addition, the use of such con-
jugates has shed light on the mechanism by which farnesylated
and palmitoylated Ras-proteins are selectively targeted to the
plasma membrane,[5] on the precise orientation of the lipid
groups in membranes,[6] the precise mode of action of
lipidating proteins such as Rab geranylgeranyltransferase[7]


and they yielded hints that biological signalling itself can be
amplified with small lipidated peptide conjugates.[8]


The scope of this approach critically depends on the
availability of efficient methods for the synthesis of multi-
functional lipidated peptides and strategies for the correct
orchestration of these methods in the context of the synthesis
of large lipidated peptides embodying for instance several
lipidated amino acid residues and amino acids with side chain
functional groups that require temporary protection during
the synthesis. In particular, these methods and strategies have
to take into account that lipidated peptides are acid- and base-
sensitive[3, 9] calling for sophisticated combinations of protect-
ing groups that can be removed selectively under the mildest
conditions yet are orthogonally stable to each other.


Here we describe a synthesis strategy that meets these
demands. It relies on the combined use of enzyme-labile, acid-
sensitive and noble-metal-sensitive protecting groups for
solution-phase synthesis of labile S-palmitoylated building
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blocks under very mild conditions with solid-phase and
fragment-condensation techniques.[10]


As both biologically relevant and synthetically challenging
target compound we chose the triply lipidated N-terminal
undetrigintapeptide 1 of endothelial NO-synthase (eNOS;
Scheme 1). In response to exogenous signals transduced, for
example, by G-protein coupled receptors (GPCR), PKB or
change of the intracellular Ca2� this enzyme generates and
releases NO from arginine (Figure 1). NO then diffuses across
the endothelium to the surrounding smooth muscle cells of


the blood vessel and activates soluble guanylate cyclase.
Thereby a signal transduction cascade is triggered which leads
to relaxation of the muscle cells. The correct orchestration of
this sequence of events is paramount to the regulation of
blood pressure.[11, 13]


Furthermore eNOS is involved in vascular remodelling and
angiogenesis,[13] and contributes to the pathogenesis of blood
vessel related disorders such as arteriosclerosis.[14] The local-
ization of eNOS to the plasma membrane and its concen-
tration in the caveolae, membrane microdomains highly


enriched in various signal trans-
ducing proteins is crucial for its
correct biological function-
ing.[15]


In contrast to the other iso-
forms of NO-synthase identi-
fied so far, the N-terminus of
eNOS is N-myristoylated at the
terminal glycine and twice S-
palmitoylated at cysteines 14
and 25 (see Scheme 1).[16] The
lipid groups are required for
plasma membrane localization
and biological activity.[15, 17]


However, the precise biological
roles fulfilled by the lipidated
part of the protein are subject
to various hypotheses. In par-
ticular, notions have been for-
warded that the lipid groups
might be responsible for selec-
tive targeting of eNOS at the
plasma membrane and caveo-
lae, for example, by mediation
of protein/protein or protein/
lipid interactions, and that pal-
mitoylation/depalmitoylation
might be involved in signalling
through eNOS.[1, 2]


Results and Discussion


The synthesis of lipidated pep-
tide 1 is complicated by several
parameters.
1) The palmitic acid thioesters


are sensitive to bases; that is,
they spontaneously hydro-
lyze at pH >7 and are sub-
ject to base-induced b-elim-
ination.[3] Therefore, base-
labile protecting groups can
not be employed in the syn-
thesis of 1.


2) For the synthesis of S-palmi-
toylated peptides solid-
phase methods are not avail-
able.[3]


S


O


S


O
O


O


O


O


O


S Pal


S Pal


S Pal


S Pal


HN-Gly-Asn-Leu-Lys-Ser-Val-Gly-Gln-Glu-Pro-Gly-Pro-Pro-Cys-Gly-(Leu-Gly)4-Leu-Cys-Gly-Lys-Gln-Gly-OH


C13H27C(O) = myristoyl (Myr)


C15H31C(O) = palmitoyl (Pal)


1


Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-Pro-OH


Myr


PhAcOZ-Gly-Pro-Pro-Cys-Gly-OAll


Boc-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-OAll


PhAcOZ-Leu-Cys-Gly-Lys(Boc)-Gln(Trt)-Gly-OtBu


2


3


4


5


PhAcOZ-Pro-Cys-Gly-OAll


PhAcOZ-Gly-Pro-OAll


PhAcOZ-Leu-Cys-Gly-OAll Z-Lys(Boc)-Gln(Trt)-Gly-OtBu


6


7


8 9


PhAcOZ:


All:


Scheme 1. Retrosynthetic analysis of the N-myristoylated and twice S-palmitoylated N-terminal 29-mer peptide
of endothelial NO-synthase. Boc� tert-butoxycarbonyl, Trt� trityl� triphenylmethyl, Z�benzyloxycarbonyl.


Figure 1. Membrane association and enzymatic activity of endothelial NO-synthase.
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3) Peptide 1 embodies several amino acids with side chain
functional groups that require protection during the
synthesis and final deprotection under conditions mild
enough to guarantee that the sensitive thioester bonds are
not attacked.


In developing a plan for the synthesis of 1 we utitlized our
experience in the synthesis of sensitive peptide conju-
gates.[3, 18] We chose a combination of enzyme-labile, acid-
sensitive, and noble-metal-sensitive protecting groups and
aimed to combine the use of solid-phase techniques with
solution-phase fragment condensations. Thus, in a retrosyn-
thetic sense, 1 was divided into N-myristoylated decapep-
tide 2, S-palmitoylated pentapeptide 3, octapeptide 4, and S-
palmitoylated hexapeptide 5 (Scheme 1). For the synthesis
and selective deprotection of S-palmitoylated building blocks
the enzyme-labile para-phenyl-acetoxybenzyloxycarbonyl
(PhAcOZ) urethane group[19] and the Pd0-labile allyl ester[20]


were chosen as temporary N- and C-terminal protecting
functions. The side chains of Asn, Lys, Ser, Gln, and Glu were
masked with acid-labile protecting groups to be cleaved off
simultaneously in the final step of the synthesis. We planned
to build up the N-terminal decapeptide on the solid phase by
means of an Fmoc/tert-butyl strategy and to assemble the
entire 29-mer in solution by appropriate fragment condensa-
tions. The retrosynthetic cuts were placed at the C-termini of
glycine and proline residues to exclude epimerization during
the fragment condensations.


The base labile S-palmitoylated building blocks required
for the fragment condensations were synthesized as shown in
Scheme 2. PhAcOZ-protected amino acids 10 and 11 were
synthesized according to the method described earlier[19] and
then condensed with cystine bis(allyl ester) 13 to give
homodimeric peptides 14 and 15 in high yields. After cleavage
of the disulfide by treatment with dithiothreitol (DTT), the
liberated mercapto groups were acylated with palmitoyl
chloride to yield the fully masked dipeptides 16 and 17 in
high overall yields. To elongate the peptide chain in the
C-terminal direction, the allyl ester protecting group was
selectively cleaved by means of Pd0-catalyzed allyl transfer
with N,N'-dimethylbarbituric acid (DMB) as the accepting
C-nucleophile.[21] Coupling of the liberated carboxylic
acids 18 and 19 with glycine allyl ester 20 gave masked
intermediates 6 and 8 which had to be deblocked next at the
N-terminus. Upon treatment of these PhAcOZ-protected
compounds with immobilized penicillin G acylase in 0.2m
Na3PO4 buffer at pH 6.8, the phenylacetic acid ester incorpo-
rated into the urethane was saponified. Thereby a phenolate
was generated which spontaneously fragmented into a
quinone methide, CO2, and the desired selectively deprotect-
ed lipidated tripeptides 21 or 22 (Scheme 2). Notably, the
conditions of this enzyme-initiated blocking group fragmen-
tation are so mild that the base-labile palmitic acid thioester,
the C-terminal allyl ester and the peptide bonds remained
completely intact.


In order to achieve reproducible, preparatively useful
results in the enzymatic transformations, several reaction
parameters had to be adjusted.


Firstly, to rule out undesired side reactions of the interme-
diary generated quinone methide (in particular with the
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Scheme 2. Synthesis of the sensitive S-palmitoylated building blocks with a
combination of the enzyme-labile PhAcOZ urethane and the Pd0-sensitive
allyl ester protecting groups. i) [H-Cys-OAll]2 ´ 2pTosOH (13), HOBt,
EDC, NEt3, CH2Cl2, 14 : 88%, 15 : 90%; ii) DTT, NEt3, CH2Cl2;
iii) H3C(CH2)14COCl, NEt3, 0 8C, CH2Cl2, 16 : 72 % (two steps), 17: 85%
(two steps); iv) [Pd(PPh3)4], DMB, THF, 18 : 91 %, 19 : 86 %; v) H-Gly-
OAll ´ pTosOH (20), HOBt, EDC, CH2Cl2, 6 : 91 %, 8 : 94 %; vi) penicillin G
acylase, phosphate buffer pH 6.8, 0.1m DMB or KI, dimethyl-b-cyclo-
dextrin, 20% (v/v) MeOH, 21: 53%, 22 : 56 %; vii) PhAcOZ-Gly-Pro-OH
23, HOAt, EDC, CH2Cl2, 3 : 82%; viii) penicillin G acylase CLEC,
phosphate buffer pH 6.8, 0.1m KI, dimethyl-b-cyclodextrin, 20% (v/v)
MeOH, 39%. HOBt� 1-hydroxybenzotriazole, EDC�N-ethyl-N'-(3-dime-
thylaminopropyl)carbodiimide hydrochloride, DTT� 1,4-dithio-d,l-threi-
tol, DMB�N,N'-dimethylbarbituric acid, pTos� para-toluenesulfonyl,
HOAt� 1-hydroxy-7-azabenzotriazole.


liberated amino groups), this potent electrophile had to be
trapped by a good nucleophile.


Thus, reagents were sought that are nucleophilic enough to
trap the quinone methide efficiently but do not attack the
thioesters at the same time. For this purpose several reagents
were tested including NaI, KI, NaHSO3, Na2S, and DMB.


Surprisingly, in the case of leucine derivative 8 addition of
KI proved to be best, whereas in the case of proline peptide 6
the rather weak nucleophile DMB gave the best results. We
speculate that the reactivity of the additives is not only
determined by the aqueous medium but also by the micro-
environment in the active site of penicillin acylase which
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makes predictions on the right choice of nucleophile rather
difficult.


Secondly, peptides 6 and 8 are only sparingly soluble in
aqueous buffer so that solubilizing additives were required to
render the substrates accessible to the biocatalysts. Initially,
different cosolvents miscible with water were investigated.
However, even in the presence of up to 50 vol% of methanol,
ethanol, isopropanol, 1,4-dioxane, ethyleneglycol, DMF or
DMSO a satisfying conversion could not be achieved. There-
fore, cyclodextrins were additionally introduced, since these
had already earlier served well in related problematic cases.[9]


Finally, the combined use of 20 vol % methanol and 38 equiv-
alents dimethyl-b-cyclodextrin gave the best results. The
cyclodextrin most probably slips over the hydrophobic
palmitoyl groups, thereby solubilizing the peptides and
shielding the thioester from undesired hydrolysis.


Selectively deprotected lipotripeptide 21 was then con-
densed with PhAcOZ-masked dipeptide 23 and the resulting
lipidated pentapeptide 3 was N-terminally deprotected by
means of the enzyme-initiated fragmentation detailed above.
In this case the use of cross-linked enzyme crystals
(CLECs)[22] of penicillin G acylase proved to be superior to
the use of soluble or immobilized enzyme. This preparation of
the acylase is particularly stable in the presence of potentially
denaturing cosolvents and gave access to the desired building
block 24 in reasonable yield.


For the synthesis of lipid-modified fragment 5 tripeptide 8
was C-terminally deprotected by Pd0-catalyzed allyl transfer
to morpholine as accepting nucleophile (Scheme 3). Subse-
quent condensation of the resulting tripeptide carboxylic
acid 25 with N-terminally unmasked tripeptide 26 yielded
fully protected hexapeptide 5. Enzymatic deprotection of 5
was attempted under the conditions and including the
variations of the reaction conditions described above for
tripeptides 6, 8, and pentapeptide 3. However, due to the
significantly higher hydrophobicity of hexapeptide 5 all
attempts failed. In order to increase the hydrophilic character
of the palmitoylated hexapeptide an analogue without trityl-
masked glutamine side chain was synthesized by coupling of
lipotripeptide 25 with tripeptide ester 27 (Scheme 3). Tripep-
tides 26 and 27 were obtained using standard methods of
peptide chemistry (see the Experimental Section). Although
hexapeptide 28 clearly is more polar than trityl-masked
analogue 5 it could not be rendered accessible to the
biocatalyst under all conditions described above. Since this
variation of the protecting group pattern did not overcome
the synthetic problem the reaction medium was varied.


Since the use of deoxytaurocholic acid improves the results
in the lipase-catalyzed removal of the heptyl ester protecting
group from phosphopeptides[23] in an initial series of experi-
ments various detergents were investigated. However, neither
in the presence of anionic (cholic acid, deoxycholic acid,
taurocholic acid), cationic (cetyltrimethylammonium bro-
mide), non-ionic (Triton X-100, TritonX-114, TWEEN 20,
TWEEN 80, Nonidet P 40, n-octylglycoside, digitonin, Pril)
detergents or other cyclodextrin derivatives (dimethyl a-
cyclodextrin, hydroxypropyl b-cyclodextrin, hydroxypropyl g-
cyclodextrin) in different concentrations was the solubility of
hexapeptides 5 and 28 significantly enhanced.
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Scheme 3. Synthesis of the sensitive S-palmitoylated hexapeptides 5 and
28 by fragment condensation. i) [Pd(PPh3)4], morpholine, THF, 80%; ii) H-
Lys(Boc)-Gln(Trt)-Gly-OtBu (26), HOBt, EDC, CH2Cl2, 62%; iii) H-
Lys(Boc)-Gln-Gly-OtBu (27), HOBt, EDC, CHCl3/CF3CH2OH 3:1 (v/v),
32%.


Finally, upon use of the zwitterionic detergents N-dodecyl-
N,N-dimethyl-3-ammonium-1-propanesulfate (SB 3-12) and
lauryldimethylamine N-oxide (LDAO) at 25 ± 50 mm concen-
tration and in the presence of 10 ± 20 vol % DMSO as
cosolvent clear solutions were obtained. Subsequent attempts
to deprotect the lipopeptides with penicillin G acylase on
Eupergit or with penicillin G acylase CLECs were not
successful. Conversion of the starting materials could not be
detected, and inhibition of the biocatalyst preparations by the
detergents was ruled out by separate determination of its
activity in the presence of the additives.


Furthermore, attempts to unmask hexapeptide 5 with
penicillin G acylase CLEC in an organic solvent (ethyl
acetate, toluene) saturated with water or in a reversed micelle
system[24] were not successful. Finally, instead of hexapep-
tides 5 and 28 the corresponding octapeptides with the
peptide chain elongated in N-terminal direction by dipeptide
Gly-Leu were investigated. However, in these cases a
successful enzymatic deprotection could not be achieved
either.


These results shed light on the limitations of enzymatic
protecting group techniques in lipopeptide synthesis. In order
to guarantee that the substrates will be accessible to the
biocatalyst their amino acid/lipid residue/protecting group
composition must be chosen carefully. It appears that for the
synthesis of longer lipidated peptides building blocks are
preferable in which a combination of hydrophobic lipid
residues with hydrophobic protecting groups and/or amino
acids is kept minimal. We would like to stress that, in general,
the enzymatic techniques are fairly tolerant of hydrophobic
structures, allowing for instance for the successful removal of
the PhAcOZ and the related AcOZ urethane from palmitoy-
lated and farnesylated Ras peptides.[3, 4, 9] Obviously, however,
the combination of the PhAcOZ urethane with a palmitoyl
group, a Boc group, and a tert-butyl ester in 28 and even more
so with a trityl group in 5 renders the substrates too
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hydrophobic and prevents an enzymatic transformation.
Reasons for this may be the low solubility of the lipidated
peptides in aqueous systems or a tendency to form micells
making the substrates inaccessible to the biocatalyst. In
addition, we consider it possible that the hydrophobic
peptides interact directly with hydrophobic patches on the
surface of the protein thereby blocking its activity.


In the light of the difficulties encountered the strategy was
changed and two tripeptide units were employed instead for
the elongation of the peptide chain (see below), that is,
palmitoylated tripeptide 22 (Scheme 2) and N-terminally
deprotected non-lipidated tripeptide 26 (Scheme 3).


Octapeptide building block 4 was synthesized as shown in
Scheme 4. Due to the fourfold repetition of the Leu-Gly
dipeptide unit a highly convergent solution-phase synthesis
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Scheme 4. Synthesis of the octapeptide 35. i) [Pd(PPh3)4], morpholine,
THF, 99 %; ii) HCl/Et2O, CH2Cl2, 98 %; iii) HOBt, EDC, NEt3, CH2Cl2,
90%; iv) [Pd(PPh3)4], morpholine, THF, 99%; v) HCl/Et2O, CH2Cl2, 99%;
vi) HOOBt, EDC, CHCl3/CF3CH2OH 3:1 (v/v), 82 %; vii) CF3COOH,
CHCl3, 98%. HOOBt� 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine.


from dipeptide Boc-Leu-Gly-OAll (29) was developed. Thus,
selective removal of the N- and the C-terminal blocking
groups from 29 and condensation of the fragments gave
tetrapeptide Boc-Leu-Gly-Leu-Gly-OAll (32) (90 %) which
was then subjected to the same sequence (82 % coupling
yield). Selective removal of the Boc group was carried out
with HCl/ether and cleavage of the allyl ester was performed
with [Pd(PPh3)4]/morpholine (98 ± 99 % yields in all cases).
Finally, the Boc group was removed from octapeptide 4 by
treatment with trifluoroacetic acid in CHCl3 to yield building
block CF3COOH ´ H-(Leu-Gly)4-OAll (35) in 98 % yield.


N-Myristoylated decapeptide 2 was synthesized on the solid
phase (Scheme 5). For N-terminal protection the 9-fluorenyl-
methoxycarbonyl (Fmoc) group was employed and the side
chains of the trifunctional amino acids were masked with acid
labile trityl- or tert-butyl protecting groups. Attachment to the
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Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-Pro-OH


i, ii
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iii, iv, v
98 % (5 steps)


Scheme 5. Solid-phase synthesis of decapeptide 2. i) piperidine/NMP 1:4
(v/v); ii) 4 equiv Fmoc-AA-OBt; (9 cycles); iii) piperidine/NMP 1:4 (v/v);
iv) 4 equiv H3C(CH2)12COCl, 8 equiv NEt(iPr)2; v) AcOH/CF3CH2OH/
CH2Cl2 1:1:8 (v/v/v), 98% (all steps). NMP�N-methyl-pyrrolidinone.


solid support was achieved by means of the very acid-sensitive
2-chlorotrityl linker (see 36).[25] After the entire peptide chain
had been assembled, the N-terminal glycine residue was
unmasked by removal of the Fmoc-urethane and then the
myristic acid amide was formed on the solid support by
treatment with myristoyl chloride (four equivalents) and
Hünig�s base (eight equivalents). The use of N-myristoylated
glycine directly was problematic due to the low solubility of
this building block. Finally, the desired lipidated and side-
chain protected peptide 2 was released from the polymeric
carrier 37 by treatment with acetic acid/2,2,2-trifluoroethanol/
methylene chloride 1:1:8 (v/v/v) without any attack on the
other side chain protecting groups. Peptide 2 was obtained in
98 % overall yield.


N-Myristoylated decapeptide 2 turned out to be only
sparingly soluble in most regular solvents and solvent systems
employed usually for HPLC analysis such as CH3CN/H2O
mixtures. Appreciable solubility could only be reached by
using denaturing solvents such as DMSO or solvent mixtures
containing fluorinated solvents such as CHCl3/2,2,2-trifluoro-
ethanol 3:1 (v/v) and CH2Cl2/hexafluoroisopropanol 95:5
(v/v). In accordance with earlier findings we assume that this
is due to the formation of b-structures by intra- or intermo-
lecular hydrogen bonding.[26, 27, 28]


With all required and selectively unmasked building blocks
in hand, the assembly of the eNOS 29-mer peptide 1 by
fragment condensation from the N- towards the C-terminus
was approached (Scheme 6). Due to the limited solubility of
myristoylated decapeptide 2 (see above) solvents that are
usually used in peptide chemistry such as CH2Cl2 or DMF
could not be employed in the coupling of 2 with palmitoylated
building block 24. However, by running the condensation
reaction in CHCl3/CF3CH2OH 3:1 (v/v) pentadecapeptide 38
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was obtained in 91 % yield. Best results were obtained by
employing a slight excess (1.3 equiv) of pentapeptide 24 and
extraction of surplus palmitoylated peptide with methanol
following precipitation of the product after the reaction was
complete. This simple purification procedure was much more
efficient than all attempts to purify doubly lipidated pep-
tide 38 by HPLC on RP18 or RPC4 columns employing H2O/
CH3CN or H2O/iPrOH gradients or size-exclusion chroma-
tography on Sephadex LH-20 or LH-60 using DMSO,
CF3CH2OH/CHCl3/CH3OH or CHCl3/CH3OH/0.1n HCl mix-
tures as eluents.


In addition, analysis of the crude product mixture by
MALDI-MS indicated that the coupling had proceeded
efficiently since starting peptide 2 could not be detected.
Therefore, in all subsequent fragment condensation steps the
smaller peptide fragments were used in 1.3 ± 1.5-fold excess
and the products were purified by precipitation and washing
with methanol. Selective removal of the allyl ester from fully
masked peptide 38 with [Pd(PPh3)4]/N,N'-dimethylbarbituric
acid initially was attempted in CHCl3/CF3CH2OH 3:1 (v/v) as
well. However, mass spectrometrical analysis of the product
mixture indicated that under these conditions the pentadeca-
peptide trifluoroethyl ester was formed as by-product.


Screening for alternative solvents revealed that in DMSO
no undesired side reaction occurred. Under these conditions
the C-terminal allyl ester was removed selectively and in high


yield (92 %). Therefore, all
further C-terminal deprotec-
tions were carried out in
DMSO.


Coupling of pentadecapep-
tide 39 with octapeptide 35 in-
itially was attempted in
CHCl3/CF3CH2OH mixtures
as described above for 2, how-
ever, in this case conversion
was incomplete. By analogy to
the calcitonin synthesis by
Schäfer et al.[29] DMSO was
used as solvent and HOAt/
EDC as coupling reagents.
Under these conditions the
fragment condensation pro-
ceeded with appreciable rate
and resulted in a product mix-
ture from which the desired
23-mer peptide 40 could be
isolated readily by precipita-
tion and washing. From this
compound the allyl ester was
removed selectively under the
conditions described above to
give carboxylic acid 41 in high
yield. Elongation of the pep-
tide chain with the third lipi-
dated building block proceed-
ed smoothly in N-methyl-pyr-
rolidinone (NMP) as solvent
to yield 26-mer peptide 42.


The selective removal of the allyl ester from the 26-mer
intermediate 42 was considered to be particularly challenging
since this peptide embodies two base-labile thioesters and
several acid-labile groups. In addition, this fully masked
compound is highly hydrophobic, so that formation of
aggregates and poor solubility, which would render the
compound poorly accessible to the Pd0 catalyst, had to be
anticipated. However, to our great pleasure this deprotection
could also be effected without any undesired side reaction,
and C-terminally deprotected 26-mer peptide 43 was obtained
in high yield. Finally, the peptide chain was elongated with
tripeptide 26 and, in the last step, all acid-labile side chain
protecting groups were cleaved from the resulting undetri-
gintapeptide 44 by treatment with trifluoroacetic acid in the
presence of ethanedithiol as cation scavenger.


All attempts to purify the completely masked lipopeptide
intermediates by HPLC failed. However, deprotected target
compound 1 could be purified by HPLC at elevated temper-
ature employing RPC4 column material as the stationary
phase and a water/acetonitrile gradient for product elution.
Although this unmasked peptide is significantly more polar
than its fully protected congener the influence of the three
lipid residues remains dominant. Notably, appropriate prod-
uct application to the column was crucial and best achieved
after dissolving the peptide in pure formic acid and subse-
quent dilution with water to a 1:1 (v/v) mixture.
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Scheme 6. Synthesis of the lipidated 29-mer target peptide 1 by fragment condensation. i) H-Gly-Pro-Pro-
Cys(Pal)-Gly-OAll (24), HOOBt, EDC, CHCl3/CF3CH2OH 3:1 (v/v), 91 %; ii) [Pd(PPh3)4], DMB, DMSO, 92%;
iii : H-Leu-(Gly-Leu)3-Gly-OAll ´ CF3COOH (35), HOAt, EDC, NEt3, DMSO, 40 : 72%; iv) [Pd(PPh3)4], DMB,
DMSO, 87%; v) H-Leu-Cys(Pal)-Gly-OAll (22), HOAt, EDC, NMP, 42 : 86 %; vi) [Pd(PPh3)4], DMB, DMSO,
69%; vii) H-Lys(Boc)-Gln(Trt)-Gly-OtBu (26), HOAt, EDC, NMP, 44 : 86%; viii) CF3COOH/ethanedithiol/H2O
95:2.5:2.5 (v/v/v), 31 %.
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By analogy to the acid-mediated removal of the side chain
protecting groups from 29-mer peptide 44, also N-myristoy-
lated decapeptide 2, doubly lipidated pentadecapeptide 39,
doubly lipidated 23-mer peptide 41 and triply lipidated 26-
mer peptide 43 were deprotected in appreciable yields
(Scheme 7). Thereby, altogether a set of five peptides


representing the N-terminus of eNOS but differing in size
and lipidation pattern were accessible. These compounds may
now be employed to determine the parameters (e.g. by surface
plasmon resonance[4, 9]) that are responsible for permanent
and/or reversible membrane binding of these model lipopep-
tides, and in extrapolation from the values to be obtained, of
eNOS itself.


Conclusion


We have developed a highly efficient synthesis of the N-
myristoylated and twice S-palmitoylated N-terminus of endo-
thelial NO-synthase and related peptides. The strategy relies
on the combined use of enzyme-labile, acid-sensitive and
noble-metal-sensitive protecting groups for solution-phase
synthesis of labile S-palmitoylated building blocks under the
mildest conditions with solid-phase and fragment-condensa-
tion techniques. The results demonstrate convincingly the full
capacity of the protecting group methods for the synthesis of
large and multiply lipidated peptides. Together with the
recently developed methods for the synthesis of entire
functional proteins by a combination of organic synthesis
with molecular biology[4] they should open up new opportu-
nities to study the chemical biology of endothelial NO-
synthase in precise molecular detail, particularly the param-
eters determining its localization to the plasma membrane
and caveolae of endothelial cells.


Experimental Section


General procedures : 1H NMR and 13C NMR spectra were recorded on
Bruker AC-250 and Bruker DRX-500 spectrometers. EI and FAB mass
spectra were measured on a Finnigan MAT MS 70 and MALDI-TOF mass


spectra on a Voyager BioSpectrometry Workstation. Specific rotations
were measured with a Perkin ± Elmer Polarimeter 241. UV spectra were
recorded on a Perkin ± Elmer Lambda 2 UV/VIS spectrometer. Elemen-
tary analyses were performed on a Hereaus CHN-Rapid apparatus.
Melting points were determined in open capillaries using a Büchi 530
apparatus and are uncorrected. Solid-phase peptide synthesis was done on
an Applied Biosystems 430A Peptide Synthesizer employing the Fmoc/


tBu-strategy, using the standard
protocol. HPLC was performed on
a Macherey&Nagel Nucleosil
CC250/4.6 120-5 C4 analytical col-
umn, flow: 1 mL minÿ1 and Nucleo-
sil CC250/8 120-5 C4 semi prepara-
tive column, flow: 3 mL minÿ1.


Materials : Analytical chromatogra-
phy was performed on E. Merck
silica gel 60 F254 aluminum plates.
Flash chromatography was per-
formed on Baker silica gel (40 ±
64 mm). Penicillin G acylase was
obtained in immobilized form on
Eupergit C from Roche (Diagnos-
tics). Penicillin G acylase CLECs
were obtained from Altus Biologics
Inc. All solvents were distilled using
standard procedures. Commercial
reagents were used without further
purification. Where indicated the
reactions were performed under
argon.


Synthesis of PhAcOZ-protected amino acids : Trimethylsilyl chloride
(3.80 mL, 30 mmol) was added to stirred suspension of the amino acid
(15 mmol) in CH2Cl2 (70 mL) under argon in one portion. The mixture was
refluxed for 1 h and cooled to 0 8C and triethylamine (3.60 mL, 26 mmol)
was added. Then a solution of 4-(phenylacetoxy)benzyl chloroformate[19]


(3.04 g, 10 mmol) in CH2Cl2 (30 mL) was added dropwise (30 min) and the
reaction mixture was stirred for 30 min at 0 8C and at room temperature for
2 h. The solvent was removed under reduced pressure and the resulting
residue was dissolved in a mixture of NaHCO3 (2.5 %, 125 mL) and diethyl
ether (100 mL). The organic layer was separated and the aqueous phase
was extracted with diethyl ether (2� 40 mL). The combined organic layers
were extracted with water (2� 25 mL) and the pH of the combined
aqueous layers was adjusted to pH 2 with HCl (2n). The aqueous solution
was extracted with ethyl acetate (3� 40 mL). The combined organic layers
were dried with MgSO4 and concentrated under reduced pressure to give
the desired amino acids.


PhAcOZ-Pro-OH (10): Colorless oil (3.42 g, 89%); [a]22
D �ÿ40.1 (c� 1.0


in CHCl3); 1H NMR (500 MHz, CDCl3): d� 7.37 ± 7.26 (m, 7H; C6H5,
2CH), 7.04 (d, 3J� 8.5 Hz, 2 H; 2CH), 6.05 (br s, 1 H; COOH), 5.18 ± 5.04
(m, 2H; CCH2O), 4.39 ± 4.30 (m, 1 H; Pro a-CH), 3.85 (s, 2 H; CCH2C(O)),
3.59 ± 3.39 (m, 2 H; Pro d-CH2), 2.24 ± 2.04 (m, 2H; Pro b-CH2), 1.98 ± 1.85
(m, 2H; Pro g-CH2); 13C NMR (125.7 MHz, CDCl3): d� 177.1 (COOH),
169.9 (COO), 156.0 (OCON), 150.6 (arom. C�O), 133.9 (arom. q), 133.4
(arom. q), 129.3, 128.7, 127.4, 121.6 (9 arom. CH), 66.9 (CH2O), 59.5 (Pro a-
CH), 46.7 (Pro d-CH2), 41.4 (CH2) 29.1 (Pro b-CH2), 24.3 (Pro g-CH2); MS
(FAB, 3-NBA/TFA 10:1): m/z (%): 384.2 [M�H]� ; C21H21NO6 (383.40).


PhAcOZ-Leu-OH (11): Colorless oil (3.30 g, 83%); [a]2
D�ÿ2.1 (c� 1.0 in


CHCl3); 1H NMR (500 MHz, CDCl3): d� 7.38 ± 7.29 (m, 7 H; C6H5, 2CH),
7.03 (d, 3J� 8.5 Hz, 2H; 2CH), 6.60 (br s, 1 H; COOH), 5.16 (d, 3J� 8.6 Hz,
1H; OCONH), 5.08 (s, 2H; CCH2O), 4.40 ± 4.35 (m, 1 H; Leu a-CH), 3.84
(s, 2H; CCH2C(O)), 1.74 ± 1.65 (m, 2H; Leu g-CH, Leu b-CH2a), 1.57 ± 1.51
(m, 1H; Leu b-CH2b), 0.94 (m, 6 H; 2 Leu w-CH3); 13C NMR (125.7 MHz,
CDCl3): d� 177.5 (COOH), 169.9 (COO), 156.1 (OCONH), 150.6 (arom.
C�O), 133.9 (arom. q), 133.4 (arom. q), 129.3, 128.8, 127.4, 121.6 (9 arom.
CH), 66.4 (CH2O), 52.4 (Leu a-CH), 41.4 (CH2, Leu b-CH2), 24.8 (Leu g-
CH), 22.8, 21.7 (2Leu w-CH3); HRMS (EI, 70 eV): m/z (%): calcd for [M]�


399.1682; found: 399.1696; C18H17NO6 (399.44).


PhAcOZ-Gly-OH (12): Colorless solid (4.17 g, 81 %); m.p. 162 8C;
1H NMR (500 MHz, CDCl3): d� 7.38 ± 7.26 (m, 7H; C6H5, 2 CH), 7.03 (d,
3J� 8.5 Hz, 2 H; 2 OCCH), 5.31 (br s, 1H; OCONH), 5.08 ± 5.04 (s, 2H;
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Scheme 7. Unmasking of the lipidated fragments 2, 39, 41, and 43. i) CF3COOH/ethanedithiol/H2O 95:2.5:2.5
(v/v/v).







Lipidated eNOS Peptides 2940 ± 2956


Chem. Eur. J. 2001, 7, No. 13 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2947 $ 17.50+.50/0 2947


CCH2O), 4.45 (br s, 1H; COOH), 3.98 (d, 3J� 4.9 Hz, 2 H; Gly a-CH2), 3.85
(s, 2H; CCH2C(O)); 13C NMR (125.7 MHz, CDCl3): d� 173.5 (COOH),
169.9 (COO), 156.3 (OCONH), 150.6 (arom. C�O), 133.8 (arom. q), 133.3
(arom. q), 129.3, 129.2, 128.7, 127.4, 121.6 (9 arom. CH), 66.5 (CH2O), 42.5
(Gly a-CH2), 41.4 (CCH2CO); HRMS (EI, 70 eV, 165 8C): m/z (%): calcd
for [M]� 343.1056; found: 343.1053; C18H17NO6 (343.33).


(PhAcOZ-Pro-Cys-OAll)2 (14): HOBt (505 mg, 3.3 mmol) was added to a
solution of PhAcOZ-Pro-OH (10, 1.15 g, 3 mmol) and (pTosOH ´ H-Cys-
OAll)2 (13, 997 mg, 1.5 mmol) in CH2Cl2 (30 mL) and at 0 8C NEt3


(0.43 mL, 3.1 mmol) and DIC (0.48 mL, 3.1 mmol). The mixture was
stirred at 20 8C for 16 h. Then the solution was extracted with acetic acid
(5%, 3� 10 mL), NaHCO3 (2.5 %, 3� 10 mL), and water and the organic
layer was dried with MgSO4. The solvent was removed under reduced
pressure and the product 14 was purified by flash chromatography on silica
gel using ethyl acetate/n-hexane 3:1 (v/v) as eluent to yield the title
compound as a colorless oil (1.39 g, 88 %). [a]22


D �ÿ22.4 (c� 0.95 in
CHCl3); Rf� 0.32 (ethyl acetate/n-hexane 3:1 v/v); 1H NMR (500 MHz,
CDCl3): d� 8.02 (br s, 2H; 2 CONH), 7.37 ± 7.32 (m, 14H; 2 C6H5, 4CH),
7.05 (d, 3J� 8.5 Hz, 4 H; 2OCCH), 5.90 ± 5.85 (m, 2H; 2allyl CH�), 5.35 ±
5.29 (m, 2H; 2 allyl�CH2a), 5.24 (m, 2allyl�CH2b), 5.12 ± 5.03 (m, 4H;
2CCH2O), 4.79 ± 4.75 (m, 2 H; 2Cys a-CH), 4.61 (s, 4H; 2allyl OCH2),
4.33 ± 4.31 (m, 2 H; 2Pro a-CH), 3.88 (s, 4H; 2CCH2C(O)), 3.61 ± 3.59 (m,
2H; 2 Pro d-CH2a), 3.51 ± 3.45 (m, 2H; 2Pro d-CH2b), 3.19 ± 3.10 (m, 2H;
2Cys b-CH2a), 3.01 ± 2.97 (m, 2H; 2Cys b-CH2b), 2.21 ± 1.88 (m, 8H; 2Pro
b-CH2, 2 Pro g-CH2); 13C NMR (125.7 MHz, CDCl3): d� 172.1, 169.9
(3C�O), 155.6 (OCON), 150.4 (arom. C�O), 134.2 (arom. q), 133.3 (arom.
q), 131.4 (allyl CH), 129.3, 129.1, 128.7, 127.4, 121.5 (9 arom. CH), 119.1
(allyl CH2), 66.6, 66.4 (CH2O, allyl OCH2), 60.3 (Pro a-CH), 52.3 (Cys a-
CH), 47.5 (Pro d-CH2), 47.0 (Cys b-CH2), 41.4 (CH2), 29.0 (Pro b-CH2), 24.4
(Pro g-CH2); MS (FAB, 3-NBA): m/z (%): 1051.0 [M�H]� ; elemental
analysis calcd (%) for C54H58N4O14S2 (1051.20): C 61.70, H 5.56, N 5.33;
found: C 61.63, H 5.78, N 5.08.


(PhAcOZ-Leu-Cys-OAll)2 (15): HOBt (322 mg, 2.1 mmol) was added to a
solution of PhAcOZ-Leu-OH (11, 799 mg, 2 mmol) and (pTosOH ´ H-Cys-
OAll)2 (13, 665 mg, 1.0 mmol) in CH2Cl2 (30 mL) and at 0 8C NEt3


(0.29 mL, 2.1 mmol) and EDC (384 mg, 2.0 mmol). The mixture was
stirred at 20 8C for 16 h. Then the solution was extracted with acetic acid
(5%, 3� 10 mL), NaHCO3 (2.5 %, 3� 10 mL), and water and the organic
layer was dried with MgSO4. The solvent was removed under reduced
pressure and the product 15 was purified by crystallization from ethyl
acetate/n-hexane to yield a colorless solid (991 mg, 91%). M.p. 126 8C;
[a]22


D ��32.0 (c� 1.0 in CHCl3); Rf� 0.43 (ethyl acetate/n-hexane 1:1 v/v);
1H NMR (500 MHz, CDCl3): d� 7.64 (d, 3J� 7.7 Hz, 2H; 2CONH), 7.38 ±
7.26 (m, 14H; 2C6H5, 4CH), 7.00 (d, 3J� 8.4 Hz, 4 H; 2OCCH), 5.85 (ddt,
3Jtrans� 17.0, 3Jcis� 10.8, 3Jvic� 5.6 Hz, 2 H; 2allyl CH�), 5.65 (d, 3J� 8.7 Hz,
2H; 2 OCONH), 5.29 (dd, 3Jtrans� 17.2, 2J� 0.9 Hz, 2H; 2allyl�CH2a), 5.21
(d, 3Jcis� 10.5 Hz, 2H; 2 allyl�CH2b), 5.06 (d, J� 12.5 Hz, 2H; 2CCH2aO),
5.00 (d, J� 12.5 Hz, 2 H; 2CCH2bO), 4.89 ± 4.86 (m, 2H; 2Cys a-CH), 4.58
(d, 3J� 5.6 Hz, 4 H; 2allyl CH2O), 4.49 ± 4.44 (m, 2 H; 2 Leu a-CH), 3.84 (s,
4H; 2 CCH2C(O)), 3.02 (dd, 2J� 4.1 Hz, 3J� 14.0 Hz, 2 H; 2 Cys b-CH2a),
2.86 (dd, 2J� 7.2, 3J� 14.0 Hz, 2H; 2Cys b-CH2b), 1.72 ± 1.59 (m, 4 H; 2Leu
g-CH, 2 Leu b-CH2a), 1.56 ± 1.51 (m, 2H; 2Leu b-CH2b), 0.92 (d, 3J� 6.5 Hz,
6H; 2 Leu w-CH3), 0.88 (d, 3J� 6.4 Hz, 6 H; 2Leu w-CH3); 13C NMR
(125.7 MHz, CDCl3): d� 172.9, 169.8, 169.7 (3C�O), 156.4 (OCONH),
150.4 (arom. C�O), 134.0 (arom. q), 133.3 (arom. q), 131.3 (allyl CH), 129.3,
128.7, 127.4, 121.5 (9 arom. CH), 119.0 (allyl CH2), 66.3 (2 OCH2), 53.3 (Cys
a-CH), 52.6 (Leu a-CH), 41.4 (CH2, Leu b-CH2), 39.9 (Cys b-CH2), 24.6
(Leu g-CH), 22.9, 21.9 (2Leu w-CH3); MS (FAB, 3-NBA): m/z : 1082.9
[M�H]� ; elemental analysis: calcd (%) for C56H66N4O14S2 (1083.29): C
62.09, H 6.14, N 5.17; found: C 62.12, H 6.15, N 5.03.


PhAcOZ-Pro-Cys(Pal)-OAll (16): DTT (304 mg, 2.0 mmol) was added
under argon to a solution of (PhAcOZ-Pro-Cys-OAll)2 (14, 415 mg,
0.4 mmol) in CH2Cl2 (20 mL) and NEt3 (110 mL, 0.8 mmol) and the
mixture was stirred at 20 8C for 2 h. Then the solution was extracted with a
degassed mixture of HCl (1n)/brine/water 1:1:1 (v/v/v) (3� 10 mL) and the
organic layer was dried with MgSO4. At 0 8C to the solution was added
NEt3 (110 mL, 0.8 mmol) and palmitoyl chloride (596 mL, 2.0 mmol) and the
mixture was stirred at 20 8C for 2 h. Then the solvent was removed under
reduced pressure and product 16 was purified by flash chromatography on
silica gel using ethyl acetate/n-hexane 2:3 (v/v) as eluent to yield a colorless
wax (439 mg, 72 %). M.p. 41 8C; [a]22


D �ÿ27.2 (c� 0.5 in CHCl3); Rf� 0.25


(ethyl acetate/n-hexane 2:3 v/v); 1H NMR (500 MHz, CDCl3): d� 7.38 ±
7.28 (m, 7 H; C6H5, 2CH), 7.03 (br s, 2H; 2 OCCH), 6.76 (br s, 1H; CONH),
5.88 (br, 1H; allyl CH�), 5.34 (d, 3Jtrans� 15.9 Hz, 1 H; allyl�CH2a), 5.24 (d,
3Jcis� 9.9 Hz, 1H; allyl�CH2b), 5.15 (br s, 2H; CCH2O), 4.74 (br s, 1H; Cys
a-CH), 4.62 ± 4.56 (m, 2 H; allyl OCH2), 4.34 ± 4.29 (m, 1 H; Pro a-CH), 3.84
(s, 2H; CCH2C(O)), 3.70 ± 3.26 (m, 4 H; Pro d-CH2, Cys b-CH2), 2.49 (t,
3J� 7.5 Hz, 2H; Pal a-CH2), 2.31 ± 2.15 (m, 1 H; Pro b-CH2a), 1.95 ± 1.88 (m,
3H; Pro b-CH2b, Pro g-CH2), 1.59 (t, 3J� 7.1 Hz, 2 H; Pal b-CH2), 1.37 ± 1.26
(br s, 24H; Pal (CH2)12), 0.88 (t, 3J� 6.9 Hz, 3H; Pal w-CH3); 13C NMR
(125.7 MHz, CDCl3): d� 198.5 (C�OS), 171.6, 169.8, 169.6 (3C�O), 155.7
(OCON), 150.5 (arom. C�O), 134.1 (arom. q), 133.4 (arom. q), 131.5 (allyl
CH), 130.0, 129.4, 129.3, 129.2, 128.8, 128.6, 127.4, 121.5 (9 arom. CH), 119.0
(allyl CH2), 66.7, 66.4 (CH2O, allyl OCH2), 60.5 (Pro a-CH), 52.2 (Cys a-
CH), 47.0 (Pro d-CH2), 44.0 (Cys b-CH2), 41.4 (CH2), 32.0, 31.0, 30.4, 29.7,
29.6, 29.5, 29.4, 29.3 (10 Pal CH2), 29.0 (Pro b-CH2), 28.5, 25.6 (2 Pal CH2),
24.5 (Pro g-CH2), 23.6, 22.7 (2Pal CH2), 14.2 (Pal w-CH3); HRMS (EI,
70 eV, 195 8C): m/z (%): calcd for [M]� 764.4070; found: 764.4092;
elemental analysis calcd (%) for C43H60N2O8S (765.02): C 67.51, H 7.91, N
3.66; found: C 67.61, H 7.84, N 3.53.


PhAcOZ-Leu-Cys(Pal)-OAll (17): DTT (190 mg, 1.24 mmol) and NEt3


(68 mL, 0.495 mmol) was added under argon to a solution of (PhAcOZ-
Leu-Cys-OAll)2 (15, 268 mg, 0.247 mmol) in CH2Cl2 (20 mL)and the
mixture was stirred at 20 8C for 1 h. Then the solution was extracted with
a degased mixture of HCl (1n)/brine/water 1:1:1 (v/v/v) (3� 20 mL) and
the organic layer was dried with MgSO4. At 0 8C to the solution was added
NEt3 (68 mL, 0.495 mmol) and palmitoyl chloride (164 mL, 0.544 mmol) and
the mixture was stirred at 20 8C for 1 h. Then the solvent was removed
under reduced pressure and product 17 was purified by flash chromatog-
raphy on silica gel using ethyl acetate/n-hexane 1:3 (v/v) as eluent to yield a
colorless wax (330 mg, 85 %). M.p. 74 8C; [a]22


D �ÿ12.0 (c� 0.5 in CHCl3);
Rf� 0.19 (ethyl acetate/n-hexane 1:3 v/v); 1H NMR (500 MHz, CDCl3):
d� 7.38 ± 7.29 (m, 7 H; C6H5, 2 CH), 7.04 (d, 3J� 8.5 Hz, 2H; 2 OCCH), 6.78
(d, 3J� 7.5 Hz, 1H; CONH), 5.85 (ddt, 3Jtrans� 17.0, 3Jcis� 10.8, 3Jvic�
5.6 Hz, 1H; allyl CH�), 5.33 (d, 3Jtrans� 17.1 Hz, 1H; allyl�CH2a), 5.25 (d,
3Jcis� 10.7 Hz, 1H; allyl�CH2b), 5.19 (d, 3J� 8.2 Hz, 1H; OCONH), 5.11 ±
5.07 (m, 2 H; CCH2O), 4.77 ± 4.74 (m, 1H; Cys a-CH), 4.62 (d, 3J� 5.5 Hz,
2H; allyl OCH2), 4.20 ± 4.18 (m, 1 H; Leu a-CH), 3.84 (s, 2H; CCH2C(O)),
3.37 ± 3.34 (m, Cys b-CH2), 2.52 (t, 3J� 7.5 Hz, 2 H; Pal a-CH2), 1.69 ± 1.60
(m, 4H; Pal b-CH2, Leu g-CH, Leu b-CH2a), 1.51 ± 1.48 (m, 1 H; Leu b-
CH2b), 1.24 (br s, 24H; Pal (CH2)12), 0.94 (d, 3J� 6.1 Hz, 6 H; 2 Leu w-CH3),
0.88 (t, 3J� 7.0 Hz, 3H; Pal w-CH3); 13C NMR (125.7 MHz, CDCl3): d�
199.3 (C�OS), 172.0, 169.8, 169.5 (3 C�O), 155.9 (OCONH), 150.6 (arom.
C�O), 133.9 (arom. q), 133.3 (arom. q), 131.4 (allyl CH), 129.3, 129.2, 128.8,
127.4, 121.6 (9 arom. CH), 119.2 (allyl CH2), 66.5, 66.3 (CH2O, allyl OCH2),
53.4 (Cys a-CH), 52.5 (Leu a-CH), 44.0 (Cys b-CH2), 41.6, 41.4 (CH2, Leu
b-CH2), 32.1, 31.9, 30.3, 29.7, 29.6, 29.4, 29.2, 29.0, 28.9, 25.7, 25.6 (13 Pal
CH2), 24.6 (Leu g-CH), 22.9 (Leu w-CH3), 22.7 (Pal CH2), 22.0 (Leu w-
CH3), 14.2 (Pal w-CH3); HRMS (EI, 70 eV, 200 8C): m/z (%): calcd for [M]�


780.4383; found: 780.4407; elemental analysis calcd (%) for C44H64N2O8S
(781.07): C 67.66, H 8.26, N 3.59; found: C 67.85, H 8.06, N 3.32.


PhAcOZ-Pro-Cys(Pal)-OH (18): N,N'-Dimethylbarbituric acid (62 mg,
0.4 mmol) and a catalytic amount of [Pd(PPh3)4] were added under argon to
a solution of PhAcOZ-Pro-Cys(Pal)-OAll (16, 153 mg, 0.2 mmol) in
tetrahydrofuran (20 mL) and the mixture was stirred at 20 8C for 1 h. The
solvent was evaporated under reduced pressure, and the residue was
dissolved in ethyl acetate (20 mL). Then the solution was extracted with
phosphate buffer (0.1m, pH 6.8, 3� 10 mL) and the organic layer was dried
over MgSO4 and concentrated under reduced pressure. Recrystallization
from CH2Cl2/n-hexane gave a colorless solid (132 mg, 91%). M.p. 113 ±
114 8C; [a]22


D �ÿ28.4 (c� 0.5 in CHCl3); 1H NMR (500 MHz, CDCl3/
CD3OD 10:1 v/v): d� 7.41 ± 7.29 (m, 7 H; C6H5, 2 CH), 7.04 (br s, 2H;
2OCCH), 5.14 (br s, 2 H; CCH2O), 4.64 (br s, 1 H; Cys a-CH), 4.31 (br m,
1H; Pro a-CH), 3.87 (s, 2H; CCH2C(O)), 3.61 ± 3.42 (m, 3H; Pro d-CH2,
Cys b-CH2a), 3.28 ± 3.24 (m, 1H; Cys b-CH2b), 2.51 (br s, 2H; Pal a-CH2),
2.19 (br s, 1H; Pro b-CH2a), 2.11 ± 2.08 (m, 1 H; Pro b-CH2b), 1.90 (br s, 2H;
Pro g-CH2), 1.60 (t, 3J� 6.9 Hz, 2H; Pal b-CH2), 1.32 ± 1.26 (br s, 24 H; Pal
(CH2)12), 0.88 (t, 3J� 6.9 Hz, 3 H; Pal w-CH3); 13C NMR (125.7 MHz,
CDCl3/CD3OD 10:1): d� 199.9 (C�OS), 173.2, 171.5, 170.7 (3C�O), 155.3
(OCON), 150.6 (arom. C�O), 134.3 (arom. q), 133.5 (arom. q), 129.7, 129.5,
129.4, 129.1, 129.0, 128.9, 128.8, 127.6, 121.7 (9 arom. CH), 67.0 (CH2O), 60.9
(Pro a-CH), 52.4 (Cys a-CH), 47.6 (Pro d-CH2), 44.2 (Cys b-CH2), 41.5







FULL PAPER H. Waldmann and R. Machauer


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2948 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 132948


(CH2), 32.1, 31.3, 30.4, 29.9, 29.8, 29.6, 29.4, 29.3 (10 Pal CH2), 29.1 (Pro b-
CH2), 25.7 (Pal CH2), 24.5 (Pro g-CH2), 23.7, 22.9 (2Pal CH2), 14.2 (Pal w-
CH3); HRMS (FAB, 3-NBA/TFA 10:1): m/z (%): calcd for [M�H]�


725.3836; found: 725.3804; C40H56N2O8S (724.95).


PhAcOZ-Leu-Cys(Pal)-OH (19): N,N'-Dimethylbarbituric acid (78 mg,
0.5 mmol) and a catalytic amount of [Pd(PPh3)4] were added under argon to
a solution of PhAcOZ-Leu-Cys(Pal)-OAll (17, 195 mg, 0.25 mmol) in
tetrahydrofuran (20 mL) and the mixture was stirred at 20 8C for 1 h. The
solvent was evaporated under reduced pressure, and the residue was
dissolved in ethyl acetate (40 mL). Then the solution was extracted with
phosphate buffer (0.1m, pH 6.8, 3� 10 mL) and the organic layer was dried
over MgSO4 and concentrated under reduced pressure. Recrystallization
from CH2Cl2/n-hexane gave a colorless solid (160 mg, 86%). M.p. 115 8C;
[a]22


D ��8.3 (c� 0.5 in CHCl3); 1H NMR (500 MHz, CDCl3/CD3OD 10:1):
d� 7.40 ± 7.29 (m, 7 H; C6H5, 2 CH), 7.05 (d, 3J� 8.5 Hz, 2H; 2 OCCH), 5.08
(d, J� 4.2 Hz, 2H; CCH2O), 4.64 (dd, 3J1� 6.9 Hz, 3J2� 4.7 Hz, 1 H; Cys a-
CH), 4.18 (dd, 3J1� 9.3 Hz, 3J2� 5.2 Hz, 1H; Leu a-CH), 3.87 (s, 2H;
CCH2C(O)), 3.47 (dd, 2J� 14.0, 3J� 4.4 Hz, 1H; Cys b-CH2a), 3.25 (dd,
2J� 14.1, 3J� 7.3 Hz, 1H; Cys b-CH2b), 2.53 (t, 3J� 7.5 Hz, 2H; Pal a-CH2),
1.69 ± 1.58 (m, 4 H; Pal b-CH2, Leu g-CH, Leu b-CH2a), 1.52 ± 1.46 (m, 1H;
Leu b-CH2b), 1.32 ± 1.25 (br s, 24H; Pal (CH2)12), 0.94 ± 0.92 (m, 6 H; 2Leu
w-CH3), 0.88 (t, 3J� 6.9 Hz, 3H; Pal w-CH3); 13C NMR (125.7 MHz,
CDCl3/CD3OD 10:1): d� 199.8 (C�OS), 173.2, 171.7, 170.6 (3C�O), 156.6
(OCONH), 150.6 (arom. C�O), 134.3 (arom. q), 133.4 (arom. q), 129.4,
129.2, 128.9, 127.6, 121.7 (9 arom. CH), 66.3 (CH2O), 53.5 (Cys a-CH), 52.3
(Leu a-CH), 44.1 (Cys b-CH2), 41.5, 41.4 (CH2, Leu b-CH2), 32.1, 30.3, 29.8,
29.7, 29.6, 29.5, 29.4, 29.1, 25.7 (13 Pal CH2), 24.7 (Leu g-CH), 22.9 (Leu w-
CH3), 22.8 (Pal CH2), 21.8 (Leu w-CH3), 14.1 (Pal w-CH3); HRMS (FAB,
3-NBA/TFA 10:1): m/z (%): calcd for [M�H]� 741.4149; found: 741.4179;
elemental analysis calcd (%) for C41H60N2O8S (740.99): C 66.46, H 8.16, N
3.78; found: C 66.07, H 7.99, N 3.73.


PhAcOZ-Pro-Cys(Pal)-Gly-OAll (6): HOBt (34 mg, 0.22 mmol) was
added to a solution of PhAcOZ-Pro-Cys(Pal)-OH (18 ; 132 mg, 0.18 mmol)
and pTosOH ´ H-Gly-OAll (20, 52 mg, 0.18 mmol) in CH2Cl2 (50 mL) and
at 0 8C NEt3 (25 mL, 0.12 mmol) and finally EDC (39 mg, 0.2 mmol). The
mixture was stirred at 20 8C for 16 h and the solvent was washed with HCl
(0.5n, 3� 10 mL) and water. The organic layer was dried over MgSO4 and
concentrated under reduced pressure. The product 6 was isolated from the
residue by flash chromatography on silica gel using ethyl acetate/n-hexane
1:1 (v/v) as eluent to yield a colorless wax (137 mg, 91 %). M.p. 78 8C;
[a]22


D ��18.3 (c� 1.0 in CHCl3); Rf� 0.36 (ethyl acetate/n-hexane 3:2 v/v);
1H NMR (500 MHz, CDCl3): d� 7.53 (br s, 1H; CONH), 7.40 ± 7.28 (m, 7H;
C6H5, 2CH), 7.18 (d, 3J� 7.5 Hz, 1 H; CONH), 7.06 (d, 3J� 8.3 Hz, 2H;
2OCCH), 5.88 (ddt, 3Jtrans� 16.4, 3Jcis� 10.8, 3Jvic� 5.6 Hz, 1 H; allylCH�),
5.30 (dd, 3Jtrans� 17.2, 2J� 1.3 Hz, 1H; allyl�CH2a), 5.21 (d, 3Jcis� 10.4 Hz,
1H; allyl�CH2b), 5.13 (s, 2 H; CCH2O), 4.61 (br d, 3J� 4.8 Hz, 3H; allyl
OCH2, Cys a-CH), 4.28 (dd, 3J1� 8.5, 3J2� 4.6 Hz, 1H; Pro a-CH), 4.20
(dd, 2J� 17.8, 3J� 6.5 Hz, 1 H; Gly a-CH2a), 3.89 ± 3.85 (m, 3H; Gly a-
CH2b, CCH2C(O)), 3.61 ± 3.56 (m, 1H; Pro d-CH2a), 3.50 ± 3.45 (m, 1H; Pro
d-CH2b), 3.37 ± 3.27 (m, 2H; Cys b-CH2), 2.50 (t, 3J� 7.4 Hz, 2 H; Pal a-
CH2), 2.24 ± 2.16 (m, 1H; Pro b-CH2a), 2.12 ± 2.04 (m, 1H; Pro b-CH2b),
1.91 ± 1.87 (m, 2H; Pro g-CH2), 1.58 (t, 3J� 6.6 Hz, 2H; Pal b-CH2), 1.31 ±
1.13 (br s, 24 H; Pal (CH2)12), 0.88 (t, 3J� 6.9 Hz, 3 H; Pal w-CH3); 13C NMR
(125.7 MHz, CDCl3): d� 202.2 (C�OS), 172.1, 170.0, 169.8, 169.1 (4 C�O),
156.1 (OCON), 150.6 (arom. C�O), 133.8 (arom. q), 133.3 (arom. q), 131.6
(allyl CH), 129.4, 129.3, 129.0, 128.7, 127.4, 121.6 (9 arom. CH), 118.6 (allyl
CH2), 67.1, 65.8 (CH2O, allyl OCH2), 61.6 (Pro a-CH), 54.4 (Cys a-CH), 47.0
(Pro d-CH2), 43.9 (Cys b-CH2), 41.4, 41.2 (CH2, Gly a-CH2), 31.9, 30.2, 29.7,
29.6, 29.4, 29.3 (10 Pal CH2), 29.2 (Pro b-CH2), 28.9, 25.6 (2 Pal CH2), 24.6
(Pro g-CH2), 23.6, 22.7 (2 Pal CH2), 14.1 (Pal w-CH3); HRMS (FAB,
3-NBA/TFA 10:1): m/z (%): calcd for [M�H]� 822.4363; found: 822.4343;
elemental analysis calcd (%) for C45H63N3O9S (822.07): C 65.75, H 7.72, N
5.11; found: C 65.34, H 7.66, N 5.02.


PhAcOZ-Leu-Cys(Pal)-Gly-OAll (8): HOBt (22 mg, 0.14 mmol) was
added to a solution of PhAcOZ-Leu-Cys(Pal)-OH (19, 87 mg, 0.12 mmol)
and pTosOH ´ H-Gly-OAll (20, 34 mg, 0.12 mmol) in CH2Cl2 (20 mL) and
at 0 8C NEt3 (16 mL, 0.12 mmol) and finally EDC (25 mg, 0.13 mmol). The
mixture was stirred at 20 8C for 16 h and the solvent was washed with HCl
(0.5n, 3� 10 mL) and water. The organic layer was dried over MgSO4 and
concentrated under reduced pressure. The product 8 was isolated from the
residue by flash chromatography on silica gel using ethyl acetate/n-hexane


2:3 (v/v) as eluent to yield a colorless wax (92 mg, 94 %). M.p. 58 8C; [a]22
D �


ÿ15.3 (c� 1.0 in CHCl3); Rf� 0.23 (ethyl acetate/n-hexane 2:3 v/v);
1H NMR (500 MHz, CDCl3): d� 7.39 ± 7.29 (m, 7 H; C6H5, 2 CH), 7.20 (br s,
1H; CONH), 7.08 (d, 3J� 7.3 Hz, 1H; CONH), 7.05 (d, 3J� 8.5 Hz, 2H;
2OCCH), 5.86 (ddt, 3Jtrans� 16.4, 3Jcis� 10.8, 3Jvic� 5.7 Hz, 1 H; allyl CH�),
5.31 (dd, 3Jtrans� 17.2, 2J� 1.4 Hz, 1 H; allyl�CH2a), 5.23 (dd, 3Jcis� 10.3,
2J� 1.1 Hz, 1H; allyl�CH2b), 5.12 ± 5.04 (m, 3 H; OCONH, CCH2O), 4.61
(d, 3J� 5.6 Hz, 3 H; allyl OCH2, Cys a-CH), 4.15 ± 4.09 (m, 2 H; Leu a-CH,
Gly a-CH2a), 3.93 (dd, 2J� 18.0 Hz, 3J� 5.0 Hz, 1H; Gly a-CH2b), 3.85 (s,
2H; CCH2C(O)), 3.35 ± 3.25 (m, 2H; Cys b-CH2), 2.53 (t, 3J� 6.6 Hz, 2H;
Pal a-CH2), 1.70 ± 1.58 (m, 4 H; Pal b-CH2, Leu g-CH, Leu b-CH2a), 1.49 ±
1.43 (m, 1 H; Leu b-CH2b), 1.33 ± 1.24 (br s, 24H; Pal (CH2)12), 0.93 (d, 3J�
5.1 Hz, 6 H; 2Leu w-CH3), 0.88 (t, 3J� 7.0 Hz, 3 H; Pal w-CH3); 13C NMR
(125.7 MHz, CDCl3): d� 201.6 (C�OS), 172.8, 169.9, 169.1 (4C�O), 156.4
(OCONH), 150.7 (arom. C�O), 133.7 (arom. q), 133.3 (arom. q), 131.5
(allyl CH) 129.4, 129.3, 128.8, 127.4, 121.6 (9 arom. CH), 118.9 (allyl CH2),
66.6, 65.9 (CH2O, allyl OCH2), 54.2 (Cys a-CH), 53.9 (Leu a-CH), 44.0 (Cys
b-CH2), 41.4, 41.3, 41.1 (CH2, Leu b-CH2, Gly a-CH2), 31.9, 30.3, 29.7, 29.6,
29.4, 29.2, 29.0, 25.6 (13 Pal CH2), 24.8 (Leu g-CH), 23.0 (Leu w-CH3), 22.7
(Pal CH2), 21.7 (Leu w-CH3), 14.1 (Pal w-CH3); HRMS (EI, 70 eV, 200 8C):
m/z (%): calcd for [M]� 837.4598; found: 837.4637; elemental analysis calcd
(%) for C46H67N3O9S (838.46): C 65.92, H 8.06, N 5.01; found: C 66.17, H
8.01, N 4.86.


Enzymatic removal of the PhAcOZ group from the lipopeptides 6 and 8 : A
solution of the PhAcOZ-protected tripeptide (10 mmol) in methanol
(0.4 mL) was added to a solution of dimethyl-b-cyclodextrin (500 mg,
0.37 mmol) in phosphate buffer (3.6 mL, 0.2m, pH 6.8 and 0.2m KI) (two
Eppendorf vials, each 2 mL). The turbid solution was sonified until it
became clear. To this solution penicillin G acylase (100 U) was added and
the mixture was shaken at 25 8C for 16 h. After filtering off the enzyme and
washing with methanol and water the organic solvent was removed under
reduced pressure. The resulting aqueous phase was treated with benzyl-
triethylammonium bromide (1 g, 3.7 mmol) and extracted with diethyl
ether (10� 10 mL). The combined organic layers were dried with MgSO4


and concentrated under reduced pressure. The product was isolated from
the residue by flash chromatography on silica gel using CHCl3/methanol
50:1 (v/v) as eluent.


H-Pro-Cys(Pal)-Gly-OAll (21): Colorless oil (3 mg, 53%); [a]22
D �ÿ33.6


(c� 0.15 in MeOH); Rf� 0.35 (CHCl3/MeOH 10:1 v/v); 1H NMR
(500 MHz, CD3OD): d� 5.94 (ddt, 3Jtrans� 16.1, 3Jcis� 10.9, 3Jvic� 5.5 Hz,
1H; allyl CH), 5.33 (dd, 3Jtrans� 17.2, 2J� 1.5 Hz, 1 H; allyl�CH2a), 5.23 (dd,
3Jcis� 10.5, 2J� 1.3 Hz, 1H; allyl�CH2b), 4.63 (d, 3J� 5.6 Hz, 2H; allyl
OCH2), 4.62 ± 4.59 (m, 1H; Cys a-CH), 4.28 (dd, 3J1� 8.4, 3J2� 6.4 Hz, 1H;
Pro a-CH), 3.98 (s, 2H; Gly a-CH2), 3.45 ± 3.38 (m, 2H; Pro d-CH2), 3.36 ±
3.32 (m, 1H; Cys b-CH2a), 3.17 (dd, 2J� 13.9, 3J� 7.7 Hz, 1H; Cys b-CH2b),
2.58 (t, 3J� 7.5 Hz, 2H; Pal a-CH2), 2.47 ± 2.40 (m, 1H; Pro b-CH2a), 2.14 ±
2.01 (m, 3H; Pro b-CH2b, Pro g-CH2), 1.64 (t, 3J� 7.0 Hz, 2 H; Pal b-CH2),
1.32 ± 1.24 (br s, 24 H; Pal (CH2)12), 0.89 (t, 3J� 6.9 Hz, 3H; Pal w-CH3);
13C NMR (125.7 MHz, CD3OD): d� 200.1 (C�OS), 171.8, 170.5, 169.7
(3C�O), 133.2 (allyl CH), 118.7 (allyl CH2), 66.8 (allyl OCH2), 61.0 (Pro a-
CH), 54.3 (Cys a-CH), 47.5 (Pro d-CH2), 44.7 (Cys b-CH2), 42.0 (Gly a-
CH2), 33.0, 31.0, 30.9, 30.7, 30.6, 30.5, 30.4, 30.3 (12 Pal CH2, Pro b-CH2),
26.6 (Pro g-CH2), 24.9, 23.7 (2Pal CH2), 14.5 (Pal w-CH3); HRMS (EI,
70 eV, 180 8C): m/z : calcd for [M]� 553.3549; found: 553.3524; C45H63N3O9S
(553.80).


H-Leu-Cys(Pal)-Gly-OAll (22): Colorless oil (3 mg, 56 %); [a]22
D �ÿ5.8


(c� 0.15 in CHCl3); Rf� 0.29 (CHCl3/MeOH 10:1 v/v); 1H NMR
(500 MHz, CD3OD): d� 5.94 (ddt, 3Jtrans� 16.2, 3Jcis� 10.6, 3Jvic� 5.6 Hz,
1H; allyl CH�), 5.33 (dd, 3Jtrans� 17.2, 2J� 1.3, 1H; allyl�CH2a), 5.23 (dd,
3Jcis� 10.5, 2J� 1.0 Hz, 1H; allyl�CH2b), 4.63 (d, 3J� 5.6 Hz, 2H; allyl
OCH2), 4.57 (t, 3J� 6.8 Hz, 1 H; Cys a-CH), 3.97 (d, J� 2.0 Hz, 2H; Gly a-
CH2), 3.94 ± 3.89 (m, 1H; Leu a-CH), 3.39 (dd, 2J� 13.8, 3J� 6.1 Hz, 1H;
Cys b-CH2a), 3.20 (dd, 2J� 13.8, 3J� 7.7 Hz, 1H; Cys b-CH2b), 2.59 (t, 3J�
7.4 Hz, 2H; Pal a-CH2), 1.76 ± 1.62 (m, 5H; Pal b-CH2, Leu g-CH, Leu b-
CH2), 1.29 (br s, 24 H; Pal (CH2)12), 1.00 (d, 3J� 3.1 Hz, 3H; 1 Leu w-CH3),
0.99 (d, 3J� 3.2 Hz, 3 H; 1Leu w-CH3), 0.90 (t, 3J� 6.8 Hz, 3 H; Pal w-
CH3); 13C NMR (125.7 MHz, CD3OD): d� 200.2 (C�OS), 171.8, 170.6,
170.4 (3 C�O), 133.3 (allyl CH), 118.7 (allyl CH2), 66.7 (allyl OCH2), 54.2
(Cys a-CH), 52.9 (Leu a-CH), 44.8 (Cys b-CH2), 42.0, 41.6 (Leu b-CH2, Gly
a-CH2), 33.0, 31.0, 30.7, 30.6, 30.5, 30.4, 30.3, 30.0, 26.6 (13 Pal CH2), 25.3
(Leu g-CH), 23.7 (Pal CH2), 23.2 (Leu w-CH3), 22.0 (Leu w-CH3), 14.5 (Pal
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w-CH3); HRMS (EI, 70 eV, 220 8C): m/z (%): calcd for [M]� 569.3862;
found: 569.3854; C30H55N3O5S (569.84).


PhAcOZ-Gly-Pro-OAll : HOBt (367 mg, 2.4 mmol) was added to a
solution of PhAcOZ-Gly-OH (12, 687 mg, 2.0 mmol) and pTosOH
´ H-Pro-OAll (655 mg, 2.0 mmol) in CH2Cl2 (50 mL) and at 0 8C NEt3


(277 mL, 2.0 mmol) and finally EDC (422 mg, 2.2 mmol). The mixture
was stirred at 20 8C for 16 h and the solvent was washed with HCl (0.5n,
3� 20 mL), NaHCO3 (2.5 %, 3� 20 mL), water (3� 20 mL) and brine
(20 mL). The organic layer was dried with MgSO4 and concentrated under
reduced pressure. The dipeptide was isolated from the residue by flash
chromatography on silica gel using ethyl acetate/n-hexane 3:2 (v/v) as
eluent to yield a colorless oil (765 mg, 80 %). [a]22


D �ÿ52.2 (c� 1.05 in
CHCl3); Rf� 0.25 (ethyl acetate/n-hexane 3:2 v/v); 1H NMR (500 MHz,
CDCl3): d� 7.39 ± 7.28 (m, 7H; C6H5, 2 CH), 7.04 (d, 3J� 8.5 Hz, 2H;
2OCCH), 5.88 (ddt, 3Jtrans� 16.2, 3Jcis� 10.6, 3Jvic� 5.6 Hz, 1 H; allyl CH�),
5.70 (br s, 1H; OCONH), 5.32 (dd, 3Jtrans� 15.7, 2J� 1.5 Hz, 1H; allyl�
CH2a), 5.24 (dd, 3Jcis� 10.5, 2J� 1.3 Hz, 1 H; allyl�CH2b), 5.08 (s, 2H;
CCH2O), 4.61 (d, 3J� 5.2 Hz, 2 H; allyl OCH2), 4.53 (dd, 3J1� 8.9, 3J2�
3.3 Hz, 1 H; Pro a-CH), 4.03 (dd, 2J� 17.2, 3J� 4.8 Hz, 1H; Gly a-CH2a),
3.96 (dd, 2J� 17.2, 3J� 4.0 Hz, 1 H; Gly a-CH2b), 3.85 (s, 2 H; CCH2C(O)),
3.60 ± 3.56 (m, 1H; Pro d-CH2a), 3.48 ± 3.43 (m, 1H; Pro d-CH2b), 2.25 ± 2.15
(m, 1H; Pro b-CH2a), 2.10 ± 1.99 (m, 3 H; Pro b-CH2b, Pro g-CH2); 13C NMR
(125.7 MHz, CDCl3): d� 171.4, 169.9, 166.9 (3 C�O), 156.1 (OCON), 150.4
(arom. C�O), 134.1 (arom. q), 133.4 (arom. q), 131.7 (allyl CH), 129.5,
129.3, 129.1, 128.7, 127.3, 121.5 (9 arom. CH), 118.6 (allyl CH2), 66.1, 65.8
(CH2O, allyl OCH2), 58.9 (Pro a-CH), 45.9 (Pro d-CH2), 43.3 (Gly a-CH2),
41.4 (CH2), 30.0 (Pro b-CH2), 24.6 (Pro g-CH2); HRMS (EI, 70 eV, 165 8C):
m/z : calcd for [M]� 480.1897; found: 480.1875; C26H28N2O7 (480.51).


PhAcOZ-Gly-Pro-OH (23): Morpholine (44 mL, 0.5 mmol) was added
under argon to a solution of PhAcOZ-Gly-Pro-OAll (240 mg, 0.5 mmol) in
tetrahydrofuran (10 mL) and a catalytic amount of [Pd(PPh3)4], and the
mixture was stirred at 20 8C for 1 h. The solvent was evaporated under
reduced pressure, and the residue was dissolved in ethyl acetate (50 mL).
Then the solution was extracted with HCl (0.5n, 3� 10 mL), water (3�
10 mL) and brine and the organic layer was dried over MgSO4 and
concentrated under reduced pressure to yield a pale yellow oil (126 mg,
98%). [a]22


D �ÿ56.9 (c� 1.0 in MeOH); 1H NMR (500 MHz, CDCl3/
CD3OD 1:1): d� 7.38 ± 7.23 (m, 7H; C6H5, 2 CH), 7.03 (d, 3J� 8.5 Hz, 2H;
2OCCH), 5.08 (s, 2 H; CCH2O), 4.45 (dd, 3J1� 9.0, 3J2� 2.9 Hz, 1H; Pro a-
CH), 4.02 (d, 2J� 17.1 Hz, 1 H; Gly a-CH2a), 3.90 (d, 2J� 17.1 Hz, 1 H; Gly
a-CH2b), 3.87 (s, 2 H; CCH2C(O)), 3.59 ± 3.52 (m, 1H; Pro d-CH2), 2.22 ±
2.19 (m, 1 H; Pro b-CH2a), 2.03 ± 1.99 (m, 3 H; Pro b-CH2b, Pro g-CH2);
13C NMR (125.7 MHz, CDCl3/CD3OD 1:1): d� 175.0, 171.5, 169.2 (3 C�O),
158.2 (OCON), 151.5 (arom. C�O), 135.4 (arom. q), 134.5 (arom. q), 130.7,
130.1, 130.0, 129.9, 129.8, 129.4, 129.1, 128.0 (9 arom. CH), 66.8 (CH2O),
60.0 (Pro a-CH), 46.9 (Pro d-CH2), 43.7 (Gly a-CH2), 41.7 (CH2), 29.7 (Pro
b-CH2), 25.3 (Pro g-CH2); HRMS (EI, 70 eV, 210 8C): m/z : calcd for [M]�


440.1584; found: 440.1590; C23H24N2O7 (440.45).


PhAcOZ-Gly-Pro-Pro-Cys(Pal)-Gly-OAll (3): HOAt (27 mg, 0.2 mmol)
was added to a solution of PhAcOZ-Gly-Pro-OH (23, 74 mg, 0.17 mmol)
and H-Pro-Cys(Pal)-Gly-OAll (21, 90 mg, 0.15 mmol) in CH2Cl2 (10 mL)
and at 0 8C EDC (35 mg, 0.18 mmol). The mixture was stirred at 20 8C for
16 h and the solvent was extracted with HCl (0.5n, 3� 15 mL), water (3�
15 mL), and brine (15 mL). The organic layer was dried with MgSO4 and
concentrated under reduced pressure. The product 3 was isolated from the
residue by size-exclusion chromatography on Sephadex LH-20 using
CHCl3/methanol 1:1 (v/v) as eluent to yield a colorless oil (122 mg,
82%). [a]22


D �ÿ56.2 (c� 1.0 in CHCl3); Rf� 0.31 (CHCl3/methanol 10:1
v/v); 1H NMR (500 MHz, CDCl3): d� 8.10 (d, 3J� 7.9 Hz, 1H; CONH),
7.49 (t, 3J� 5.7 Hz, 1 H; CONH), 7.39 ± 7.29 (m, 7H; C6H5, 2CH), 7.03 (d,
3J� 8.4 Hz, 2H; 2OCCH), 5.88 (ddt, 3Jtrans� 16.2, 3Jcis� 11.0, 3Jvic� 5.6 Hz,
1H; allyl CH�), 5.64 (t, 3J� 4.3 Hz, 1H; OCONH), 5.32 (dd, 3Jtrans� 17.2,
2J� 1.1 Hz, 1H; allyl�CH2a), 5.29 ± 5.20 (m, 1H; allyl�CH2b), 5.08 (s, 2H;
CCH2O), 4.70 ± 4.24 (m, 5H; allyl OCH2, Cys a-CH, 2Pro a-CH), 4.10 ±
3.78 (m, 6 H; 2Gly a-CH2, CCH2C(O)), 3.68 ± 3.39 (m, 4H; 2 Pro d-CH2),
3.35 ± 3.25 (m, 2 H; Cys b-CH2), 2.58 ± 2.51 (m, 2H; Pal a-CH2), 2.32 ± 2.15
(m, 4H; 2 Pro b-CH2), 2.06 ± 1.98 (m, 2H; 2 Pro g-CH2b), 1.94 ± 1.84 (m, 2H;
Pro g-CH2b), 1.66 ± 1.59 (m, 2 H; Pal b-CH2), 1.30 ± 1.22 (br s, 24H; Pal
(CH2)12), 0.88 (t, 3J� 6.9 Hz, 3 H; Pal w-CH3); 13C NMR (125.7 MHz,
CDCl3): d� 202.9 (C�OS), 172.5, 171.5, 170.0, 169.2, 167.0 (5 C�O), 156.2
(OCON), 150.5 (arom. C�O), 134.1 (arom. q), 133.4 (arom. q), 131.7 (allyl


CH), 129.3, 129.2, 129.1, 128.7, 127.4, 121.5 (9 arom. CH), 118.7 (allyl CH2),
66.2, 65.7 (CH2O, allyl OCH2), 61.5, 58.5 (2 Pro a-CH), 54.3 (Cys a-CH),
47.5, 46.3 (2Pro d-CH2), 44.1 (Cys b-CH2), 44.0, 41.4 (2Gly a-CH2), 41.2
(CH2), 31.9, 30.4, 29.7, 29.6, 29.4, 29.3, 29.2, 29.0, 28.7, 28.5 (10 Pal CH2, 2Pro
b-CH2), 25.7, 25.5, 25.3, 25.1, 25.0, 22.7 (4 Pal CH2, 2 Pro g-CH2), 14.1 (Pal
w-CH3); HRMS (FAB, 3-NBA/TFA 10:1): m/z : calcd for [M�H]�


976.5106; found: 976.5134; elemental analysis calcd (%) for C52H73N5O11S
(976.25): C 63.98, H 7.54, N 7.17; found: C 63.66, H 7.49, N 7.21.


H-Gly-Pro-Pro-Cys(Pal)-Gly-OAll (24): A solution of PhAcOZ-Gly-Pro-
Pro-Cys(Pal)-Gly-OAll (3, 10 mg, 10 mmol) in methanol (0.4 mL) was
added to a solution of dimethyl-b-cyclodextrin (250 mg, 0.16 mmol) in
phosphate buffer (3.6 mL, 0.2m, pH 6.8; 0.1m KI) (two Eppendorf vials,
each 2 mL). The turbid solution was sonified until it became clear. To this
solution penicillin G acylase CLEC slurry (200 mL) was added and the
mixture was shaken at 25 8C for 16 h. After filtering off the enzyme and
washing with methanol and water the organic solvent was removed under
reduced pressure. The resulting aqueous phase was treated with benzyl-
triethylammonium bromide (1 g, 3.7 mmol) and extracted with diethyl
ether (10� 10 mL). The combined organic layers were dried with MgSO4


and concentrated under reduced pressure. The product 24 was isolated
from the residue by flash chromatography on silica gel using CHCl3/
methanol 50:1 (v/v) as eluent to yield a colorless oil (2.8 mg, 39%). [a]22


D �
ÿ98.4 (c� 0.125 in methanol); Rf� 0.17 (CHCl3/methanol 10:1 v/v);
1H NMR (500 MHz, CD3OD): d� 5.94 (ddt, 3Jtrans� 16.1, 3Jcis� 10.7,
3Jvic� 5.6 Hz, 1H; allyl CH�), 5.32 (dd, 3Jtrans� 17.2, 2J� 1.4 Hz, 1H;
allyl�CH2a), 5.23 (dd, 3Jcis� 10.5, 2J� 1.2 Hz, 1H; allyl�CH2b), 4.75 (dd,
3J1� 8.1, 3J2� 3.4 Hz, 1H; Cys a-CH), 4.63 (d, 2H; 3J� 5.6 Hz, allyl
OCH2), 4.49 (dd, 3J1� 8.3, 3J2� 5.3 Hz, 1H; Pro a-CH), 4.42 ± 4.40 (m, 1H;
Pro a-CH), 4.00 ± 3.81 (m, 4 H; 2Gly a-CH2), 3.70 ± 3.49 (m, 4 H; 2Pro d-
CH2), 3.41 (dd, 2J� 14.0, 3J� 5.3 Hz, 1H; Cys b-CH2a), 3.20 (dd, 2J� 14.0,
3J� 8.4 Hz, 1H; Cys b-CH2b), 2.58 (t, 3J� 7.4 Hz, 2H; Pal a-CH2), 2.45 ±
1.95 (m, 8 H; 2Pro b-CH2, 2 Pro g-CH2), 1.64 (t, 3J� 7.0 Hz, 2H; Pal b-
CH2), 1.28 ± 1.22 (br s, 24 H; Pal (CH2)12), 0.90 (t, 3J� 6.9 Hz, 3 H; Pal w-
CH3); 13C NMR (125.7 MHz, CD3OD): d� 200.7 (C�OS), 174.0, 172.9,
172.2, 170.5, 165.7 (5C�O), 133.3 (allyl CH), 118.7 (allyl CH2), 66.7 (allyl
OCH2), 62.0, 59.9 (2Pro a-CH), 54.2 (Cys a-CH), 48.0, 47.7 (2Pro d-CH2),
44.7 (Cys b-CH2), 42.0, 41.0 (2Gly a-CH2), 33.0, 31.2, 30.7, 30.5, 30.4, 30.2,
30.0, 29.9, 29.6 (10 Pal CH2, 2 Pro b-CH2), 26.6, 26.0, 25.7, 23.7 (4Pal CH2,
2Pro g-CH2), 14.5 (Pal w-CH3); HRMS (EI, 70 eV, 210 8C): m/z : calcd for
[M]� 707.4292; found: 707.4260; C36H61N5O7S (707.97).


PhAcOZ-Leu-Cys(Pal)-Gly-OH (25): Morpholine (11 mL, 0.13 mmol) and
a catalytic amount of [Pd(PPh3)4] were added to a solution of PhAcOZ-
Leu-Cys(Pal)-Gly-OAll (8, 109 mg, 0.13 mmol) in tetrahydrofuran (10 mL)
was added under argon and the mixture was stirred at 20 8C for 1 h. The
solvent was evaporated under reduced pressure, and the residue was
dissolved in ethyl acetate (20 mL). Then the solution was extracted with
HCl (0.5n, 3� 10 mL), water (3� 10 mL) and brine, and the organic layer
was dried with MgSO4 and concentrated under reduced pressure. The
product 25 was isolated from the residue by flash chromatography on silica
gel using ethyl acetate/n-hexane 2:1 (v/v) and then ethyl acetate/ethanol 1:1
(v/v) as eluent to yield a colorless wax (84 mg, 80%). M.p. 76 ± 78 8C;
[a]22


D �ÿ10.8 (c� 0.5 in CHCl3); Rf� 0.29 (ethyl acetate/n-hexane 3:2 v/v);
1H NMR (500 MHz, CDCl3/CD3OD 10:1 v/v): d� 7.42 ± 7.29 (m, 7H; C6H5,
2CH), 7.05 (d, 3J� 8.5 Hz, 2 H; 2 OCCH), 5.11 (d, 2J� 12.2 Hz, 1H;
CCH2aO), 5.04 (d, 2J� 12.4 Hz, 1 H; CCH2bO), 4.58 (dd, 3J1� 8.8, 3J2�
4.4 Hz, 1H; Cys a-CH), 4.15 ± 4.09 (m, 1H; Leu a-CH), 4.03 (d, 2J�
18.0 Hz, 1H; Gly a-CH2a), 3.87 ± 3.84(m, 3 H; CCH2C(O), Gly a-CH2b),
3.41 (dd, 2J� 14.2, 3J� 4.5 Hz, 1H; Cys b-CH2a), 3.22 (dd, 2J� 14.2, 3J�
8.9 Hz, 1H; Cys b-CH2b), 2.53 (t, 3J� 7.6 Hz, 2 H; Pal a-CH2), 1.72 ± 1.56
(m, 4H; Pal b-CH2, Leu g-CH, Leu b-CH2a), 1.52 ± 1.46 (m, 1 H; Leu b-
CH2b), 1.32 ± 1.22 (br s, 24 H; Pal (CH2)12), 0.94 (m, 6 H; 2Leu w-CH3), 0.88
(t, 3J� 6.9 Hz, 3H; Pal w-CH3); 13C NMR (125.7 MHz, CDCl3): d� 200.7
(C�OS), 173.9, 171.8, 170.7 (4C�O), 157.2 (OCONH), 150.7 (arom. C�O),
133.5 (arom. q), 132.2 (arom. q), 129.5, 129.4, 129.3, 129.0, 128.9, 128.8,
128.3, 127.6, 121.8 (9 arom. CH), 66.6 (CH2O), 54.3 (Cys a-CH), 53.2 (Leu
a-CH), 44.2 (Cys b-CH2), 41.5, 41.3, 41.1 (CH2, Leu b-CH2, Gly a-CH2),
32.1, 30.3, 29.9, 29.8, 29.6, 29.5, 29.4, 29.2, 29.0, 25.8, 24.9 (13 Pal CH2), 23.1
(Leu g-CH), 22.9 (Leu w-CH3), 21.6 (Pal CH2), 21.1 (Leu w-CH3), 14.2 (Pal
w-CH3); HRMS (FAB, 3-NBA/TFA 10:1): m/z : calcd for [M�H]�


798.4363; found: 798.4276; C43H63N3O9S (798.05).
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Z-Gln(Trt)-Gly-OtBu : HOBt (562 mg, 3.67 mmol) was added to a solution
of Z-Gln(Trt)-OH (1.60 mg, 3.06 mmol) and pTosOH ´ H-Gly-OtBu
(928 mg, 3.06 mmol) in CH2Cl2 (80 mL) and at 0 8C NEt3 (424 mL,
3.06 mmol) and finally EDC (645 mg, 3.36 mmol). The mixture was stirred
at 20 8C for 16 h and the solvent was washed with HCl (0.5n, 3� 20 mL),
NaHCO3 (saturated, 3� 20 mL), water (3� 20 mL), and brine (20 mL).
The organic layer was dried with MgSO4 and concentrated under reduced
pressure. The product was isolated from the residue by flash chromatog-
raphy on silica gel using ethyl acetate/n-hexane 1:1 (v/v) as eluent to yield a
colorless solid (1.43 g, 74 %). M.p. 165 8C; [a]22


D ��16.2 (c� 1.0 in CHCl3);
Rf� 0.34 (ethyl acetate/n-hexane 1:1 v/v); 1H NMR (500 MHz, CDCl3):
d� 7.35 ± 7.17 (m, 21 H; CONH, Z, Trt), 6.40 (br s, 1H; CONH), 5.83 (br s,
1H; OCONH), 5.04 (s, 2H; CCH2O), 4.13 ± 4.09 (m, 1 H; Gln a-CH), 3.83 ±
3.79 (m, 1H; Gly a-CH2a), 3.72 ± 3.68 (m, 1H; Gly a-CH2b), 2.62 ± 2.52 (m,
2H; Gln g-CH2), 2.08 ± 2.04 (m, 2H; Gln b-CH2), 1.38 (s, 9 H; C(CH3)3);
13C NMR (125.7 MHz, CDCl3): d� 172.3, 171.5, 169.0 (3C�O), 156.2
(OCONH), 144.5 (arom. q), 136.3 (arom. q), 128.5, 128.2, 128.0, 127.0 (20
arom. CH), 82.2 (tBu q), 70.4 (Trt q), 66.9 (CH2O), 54.3 (Gln a-CH), 41.8
(Gly a-CH2), 33.0 (Gln g-CH2), 28.4 (Gln b-CH2), 28.0 (tBu); HRMS (EI,
70 eV, 175 8C): m/z : calcd for [M]� 635.2995; found: 635.3015; elemental
analysis calcd (%) for C38H41N3O6 (635.76): C 71.79, H 6.50, N 6.61; found:
C 71.70, H 6.48, N 6.54.


H-Gln(Trt)-Gly-OtBu : Palladium on charcoal (10 %, 33 mg) was added to
a solution of Z-Gln(Trt)-Gly-OtBu (671 mg, 1.06 mmol) in methanol
(30 mL) and the mixture was stirred under a hydrogen atmosphere at 20 8C
for 16 h. Then the catalyst was filtered off and the solvent was removed
under reduced pressure to yield a colorless solid (534 mg (quant.). [a]22


D �
�10.6 (c� 0.5 in methanol); 1H NMR (500 MHz, CD3OD): d� 7.27 ± 7.18
(m, 15 H; Trt), 6.40 (br s, 1H; CONH), 3.88 (d, 2J� 17.6 Hz, 1 H; Gly a-
CH2a), 3.77 (d, 2J� 17.6 Hz, 1 H; Gly a-CH2b), 3.35 ± 3.32 (m, 1 H; Gln a-
CH), 2.48 ± 2.44 (m, 2H; Gln g-CH2), 1.96 ± 1.90 (m, 1H; Gln b-CH2a),
1.84 ± 1.78 (m, 1 H; Gln b-CH2b), 1.45 (s, 9 H; C(CH3)3); 13C NMR
(125.7 MHz, CDCl3): d� 177.1, 174.7, 170.5 (3 C�O), 146.0 (arom. q),
130.0, 128.7, 127.8 (15 arom. CH), 83.0 (tBu q), 71.5 (Trt q), 55.2 (Gln a-
CH), 42.7 (Gly a-CH2), 33.7 (Gln g-CH2), 31.9 (Gln b-CH2), 28.3 (tBu);
HRMS (EI, 70 eV, 155 8C): m/z : calcd for [M]� 501.2628; found: 501.2609;
elemental analysis calcd (%) for C30H35N3O4 * 0.5 H2O: C 70.57, H 7.11, N
8.23; found: C 70.68, H 7.02, N 8.31; C30H35N3O4 (501.62).


Z-Lys(Boc)-Gln(Trt)-Gly-OtBu : HOBt (196 mg, 1.28 mmol) was added to
a solution of Z-Lys(Boc)-OH (404 mg, 1.06 mmol) and H-Gln(Trt)-Gly-
OtBu (534 mg, 1.06 mmol) in CH2Cl2 (70 mL) and at 0 8C EDC (225 mg,
1.17 mmol). The mixture was stirred at 20 8C for 16 h and the solvent was
extracted with HCl (0.5n, 3� 20 mL), NaHCO3 (saturated, 3� 20 mL),
water (3� 20 mL) and brine (20 mL). The organic layer was dried with
MgSO4 and concentrated under reduced pressure. The product was isolated
from the residue by flash chromatography on silica gel using ethyl acetate/
n-hexane 3:2 (v/v) as eluent to yield a colorless solid (826 mg, 90%). M.p.
89 8C; [a]22


D �ÿ21.2 (c� 1.0 in CHCl3); Rf� 0.10 (ethyl acetate/n-hexane
2:1 v/v); 1H NMR (500 MHz, CDCl3): d� 7.41 (d, 3J� 6.7 Hz, 1H; CONH),
7.32 ± 7.20 (m, 20 H; Z, Trt), 7.06 (br s, 2 H; 2CONH), 5.52 (d, 3J� 6.8 Hz,
OCONH), 5.05 (d, 2J� 12.2 Hz, 1 H; CCH2aO), 4.94 (d, 2J� 12.2 Hz, 1H;
CCH2bO), 4.75 (br s, 1 H; OCONH), 4.31 (m, 1 H; Lys a-CH), 4.06 (d, 3J�
4.2 Hz, 1H; Gln a-CH), 3.87 (dd, 2J� 17.9, 3J� 6.0 Hz, 1 H; Gly a-CH2a),
3.70 (dd, 2J� 18.0, 3J� 5.0 Hz, 1H; Gly a-CH2b), 3.05 (br s, 2 H; Lys e-CH2),
2.56 ± 2.44 (m, 2 H; Gln g-CH2), 2.04 ± 1.98 (m, 2 H; Gln b-CH2), 1.76 ± 1.74
(m, 1 H; Lys b-CH2a), 1.57 ± 1.54 (m, 1H; Lys b-CH2b), 1.42 (br s, 20H; Lys d-
CH2, 2C(CH3)3), 1.33 ± 1.24 (m, 2 H; Lys g-CH2); 13C NMR (125.7 MHz,
CDCl3): d� 172.3, 171.9, 171.2, 168.6 (4C�O), 156.3, 156.1 (2 OCONH),
144.4 (arom. q), 136.2 (arom. q), 128.6, 128.4, 128.1, 128.0, 127.0 (20 arom.
CH), 81.9, 79.0 (2 tBu q), 70.6 (Trt q), 66.9 (CH2O), 55.0 (Gln a-CH), 52.6
(Lys a-CH), 41.9 (Gly a-CH2), 39.8 (Lys e-CH2), 33.3 (Gln g-CH2), 32.0,
29.4 (2 Lys CH2), 28.4 (tBu), 28.3 (Gln b-CH2), 28.0 (tBu), 22.4 (Lys CH2);
HRMS (FAB, 3-NBA/TFA 10:1): m/z : calcd for [M�H]� 864.4548; found:
864.4493; elemental analysis calcd (%) for C49H61N5O9 (864.06): C 68.11, H
7.12, N 8.11; found: C 67.85, H 7.01, N 8.02.


H-Lys(Boc)-Gln(Trt)-Gly-OtBu (26): Palladium on charcoal (10 %, 12 mg)
was added to a solution of Z-Lys(Boc)-Gln(Trt)-Gly-OtBu (120 mg,
0.14 mmol) in methanol (15 mL) and the mixture was stirred under a
hydrogen atmosphere at 20 8C for 16 h. Then the catalyst was filtered off
and the solvent was removed under reduced pressure. The product 26 was
isolated from the residue by flash chromatography on silica gel using ethyl


acetate/n-hexane 2:1 (v/v) and then ethyl acetate/ethanol 1:1 (v/v) as eluent
to yield a colorless solid (88 mg, 87 %). M.p. 96 8C; [a]22


D �ÿ8.4 (c� 1.0 in
methanol); 1H NMR (500 MHz, CD3OD): d� 7.30 ± 7.18 (m, 15 H; Trt),
5.52 (d, 3J� 6.8 Hz, OCONH), 5.05 (d, 2J� 12.2 Hz, 1H; CCH2aO), 4.94 (d,
2J� 12.2 Hz, 1H; CCH2bO), 4.75 (br s, 1H; OCONH), 4.42 ± 4.40 (m, 1H;
Lys a-CH), 3.92 (d, 2J� 17.6 Hz, 1 H; Gly a-CH2a), 3.85 ± 3.77 (m, 1 H; Gln
a-CH), 3.73 (d, 2J� 17.4 Hz, Gly a-CH2b), 3.03 ± 3.00 (m, 2 H; Lys e-CH2),
2.57 ± 2.48 (m, 2H; Gln g-CH2), 2.10 ± 2.05 (m, 1 H; Gln b-CH2a), 1.97 ± 1.91
(m, 1 H; Gln b-CH2b), 1.86 ± 1.76 (m, 2H; Lys b-CH2), 1.44 (br s, 22H;
2C(CH3)3, Lys d-CH2, Lys g-CH2); 13C NMR (125.7 MHz, CD3OD): d�
174.3, 173.4, 170.7, 170.2 (4C�O), 158.4 (OCONH), 145.8 (arom. q), 129.9,
128.7, 127.8 (15 arom. CH), 82.9, 79.8 (2 tBu q), 71.5 (Trt q), 54.4 (Gln a-
CH), 54.1 (Lys a-CH), 42.7 (Gly a-CH2), 40.8 (Lys e-CH2), 33.6 (Gln g-
CH2), 32.4, 30.3 (2 Lys CH2), 29.1 (Gln b-CH2), 28.8 (tBu), 28.3 (tBu), 22.9
(Lys CH2); HRMS (EI, 70 eV, 220 8C): m/z : calcd for [M]� 729.4101; found:
729.4093; C41H55N5O7 (729.91).


Z-Lys(Boc)-Gln-OH : N-Hydroxysuccinimide (231 mg, 2.0 mmol) and
DCC (496 mg, 2.4 mmol) were added at 0 8C to a solution of Z-Lys(Boc)-
OH (760 mg, 2.0 mmol) in tetrahydrofuran (30 mL) and the mixture was
stirred at 20 8C for 16 h. The precipitated urea was filtered off and the
solvent was removed under reduced pressure. The remaining N-hydroxy-
succinimide ester was dissolved in dioxane (5 mL) and at 0 8C added
dropwise to a suspension of H-Gln-OH (439 mg, 3.0 mmol) in NaOH (2n,
1.5 mL, 3.0 mmol)/water (10 mL)/dioxane (5 mL). The mixture was stirred
at 0 8C for 3 h and at 20 8C for 5 d. Then the dioxane was removed under
reduced pressure and the solution was extracted several times with diethyl
ether. At 0 8C the pH of the aquaeous layer was adjusted to pH 2 with HCl
(2n) and extracted with ethyl acetate. The combined ethyl acetate extracts
were dried with MgSO4 and the solvent was removed under reduced
pressure to yield a colorless solid (945 mg, 93 %). M.p. 147 8C; [a]22


D �ÿ5.0
(c� 1.0 in CHCl3/MeOH 1:1 v/v); 1H NMR (500 MHz, CD3OD): d� 7.36 ±
7.20 (m, 5H; C6H5), 5.08 (d, 2J� 3.0 Hz, 1H; CCH2O), 4.36 (t, 3J� 4.1 Hz,
1H; Lys a-CH), 4.09 (dd, 3J1� 8.3, 3J2� 5.3 Hz, 1H; Gln a-CH), 3.02 (t,
3J� 6.4 Hz, 2H; Lys e-CH2), 2.33 ± 2.22 (m, 3 H; Gln g-CH2, Gln b-CH2a),
1.97 ± 1.90 (m, 1H; Gln b-CH2b), 1.80 ± 1.78 (m, 1H; Lys b-CH2a), 1.66 ± 1.64
(m, 1 H; Lys b-CH2b), 1.53 ± 1.42 (m, 13H; Lys d-CH2, Lys g-CH2,
C(CH3)3); 13C NMR (125.7 MHz, CD3OD): d� 177.9, 175.3, 174.7
(3C�O), 158.5, 158.4 (2 OCONH), 138.1 (arom. q), 129.4, 128.9, 128.7 (3
arom. CH), 79.8 (tBu q), 67.6 (CH2O), 56.4 (Lys a-CH), 53.6 (Gln a-CH),
41.3 (Gly a-CH2), 40.9 (Lys e-CH2), 33.1 (Gln g-CH2), 32.7, 30.5 (2 Lys
CH2), 29.0 (Gln b-CH2), 28.8 (tBu), 24.0 (Lys CH2); HRMS (FAB, 3-NBA/
TFA 10:1): m/z : calcd for [M�H]� 509.2611; found: 509.2650; elemental
analysis calcd (%) for C24H36N4O8 ´ H2O: C 54.74, H 7.27, N 10.64; found: C
54.47, H 6.74, N 10.26; C24H36N4O8 (508.57).


Z-Lys(Boc)-Gln-Gly-OtBu : HOBt (144 mg, 0.94 mmol) and NEt3 (108 mL,
0.78 mmol) were added to a solution of Z-Lys(Boc)-Gln-OH (397 mg,
0.78 mmol) and HCl ´ H-Gly-OtBu (131 mg, 0.78 mmol) in dimethylform-
amide (2.5 mL) and CH2Cl2 (70 mL) was added and at 0 8C EDC (165 mg,
0.86 mmol). The mixture was stirred at 20 8C for 16 h. After addition of
CH2Cl2 (30 mL) the solvent was extracted with HCl (0.5n, 3� 15 mL),
NaHCO3 (1n, 3� 15 mL), water (3� 15 mL) and brine (20 mL). The
precipitated product was filtered off and washed with water, CH2Cl2 and
diethyl ether, the organic layer was dried with MgSO4 and concentrated
under reduced pressure to yield a colorless solid (406 mg, 84%). M.p.
163 8C; [a]22


D �ÿ7.6 (c� 1.0 in CHCl3/methanol 1:1 v/v); 1H NMR
(500 MHz, CDCl3/CD3OD 1:1 v/v): d� 7.36 ± 7.29 (m, 5 H; C6H5), 5.09 (d,
2J� 4.8 Hz, 1H; CCH2O), 4.42 (dd, 3J1� 8.7, 3J2� 4.7 Hz, 1 H; Lys a-CH),
4.07 (dd, 3J1� 8.0, 3J2� 5.2 Hz, Gln a-CH), 3.86 (d, 3J� 3.5 Hz, 2H; Gly a-
CH2), 3.05 (t, 3J� 5.9 Hz, 2 H; Lys e-CH2), 2.38 ± 2.28 (m, 2 H; Gln g-CH2),
2.19 ± 2.15 (m, 1 H; Gln b-CH2a), 2.00 ± 1.96 (m, 1H; Gln b-CH2b), 1.82 ± 1.76
(m, 1H; Lys b-CH2a), 1.69 ± 1.66 (m, 1H; Lys b-CH2b), 1.53 ± 1.34 (m, 22H;
Lys d-CH2, Lys g-CH2, 2C(CH3)3); 13C NMR (125.7 MHz, CDCl3/CD3OD
1:1): d� 177.1, 174.0, 172.7, 169.5 (4 C�O), 157.8, 157.5 (2 OCONH), 136.8
(arom. q), 128.9, 128.5, 128.4, 128.2 (5arom. CH), 82.6, 79.5 (2 tBu q), 67.4
(CH2O), 56.0 (Lys a-CH), 53.1 (Gln a-CH), 42.2 (Gly a-CH2), 40.2 (Lys e-
CH2), 31.8 (Gln g-CH2), 29.7 (2 Lys CH2), 28.6 (tBu), 28.1 (tBu), 28.0 (Gln
b-CH2), 23.2 (Lys CH2); HRMS (FAB, 3-NBA/TFA 10:1): m/z : calcd for
[M�H]� 622.3452; found: 622.3479; elemental analysis calcd (%) for
C30H47N5O9 ´ H2O: C 56.32, H 7.72, N 10.95; found: C 56.10, H 7.24, N 10.66;
C30H47N5O9 (621.73).
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H-Lys(Boc)-Gln-Gly-OtBu (27): Palladium on charcoal (10 %, 6 mg) was
added to a solution of Z-Lys(Boc)-Gln-Gly-OtBu (63 mg, 0.10 mmol) in
methanol (10 mL) and the mixture was stirred under a hydrogen
atmosphere at 20 8C for 16 h. Then the catalyst was filtered off and the
solvent was removed under reduced pressure to yield a colorless solid
(49 mg, 100 %). M.p. 81 8C; [a]22


D �ÿ12.5 (c� 1.0 in methanol); 1H NMR
(500 MHz, CD3OD): d� 4.43 (dd, 3J1� 8.4 Hz, 3J2� 5.6 Hz, 1 H; Lys a-
CH), 3.92 (d, 2J� 17.5 Hz, 1 H; Gly a-CH2a), 3.77 (d, 2J� 17.5 Hz, 1 H; Gly
a-CH2b), 3.55 (t, 3J� 6.4 Hz, 1 H; Gln a-CH), 3.04 (t, 3J� 6.9 Hz, 2H; Lys e-
CH2), 2.39 ± 2.32 (m, 2 H; Gln g-CH2), 2.17 ± 2.10 (m, 1H; Gln b-CH2a),
2.01 ± 1.92 (m, 1 H; Gln b-CH2b), 1.80 ± 1.74 (m, 1 H; Lys b-CH2a), 1.70 ± 1.63
(m, 1 H; Lys b-CH2b), 1.52 ± 1.33 (m, 22H; Lys d-CH2, Lys g-CH2,
2C(CH3)3); 13C NMR (125.7 MHz, CD3OD): d� 177.8, 173.8, 170.2
(3C�O),158.5 (OCONH), 82.9, 79.9 (2 tBu q), 55.3 (Lys a-CH), 53.9
(Gln a-CH), 42.7 (Gly a-CH2), 41.0 (Lys e-CH2), 34.5 (Gln g-CH2), 32.4,
30.6 (2 Lys CH2), 29.1 (Gln b-CH2), 28.8 (tBu), 28.3 (tBu), 23.5 (Lys CH2);
HRMS (FAB, 3-NBA/TFA 10:1): m/z : calcd for [M�H]� 488.3084; found:
488.3052; C22H41N5O7 (487.59).


PhAcOZ-Leu-Cys(Pal)-Gly-Lys(Boc)-Gln(Trt)-Gly-OtBu (5): HOBt
(20 mg, 126 mmol), EDC (22 mg, 116 mmol) and H-Lys(Boc)-Gln(Trt)-
Gly-OtBu (26, 77 mg, 105 mmol) were added to a solution of PhAcOZ-Leu-
Cys(Pal)-Gly-OH (25, 84 mg, 105 mmol) in CH2Cl2 (8 mL) were added at
0 8C. The mixture was stirred at 20 8C for 16 h. After addition of CH2Cl2


(30 mL) the solvent was extracted with HCl (0.5n, 3� 15 mL), water (3�
15 mL) and brine (15 mL). The organic layer was dried with MgSO4 and
concentrated under reduced pressure. The product 5 was isolated from the
residue by size-exclusion chromatography on Sephadex LH-20 using ethyl
CHCl3/methanol 1:1 (v/v) as eluent to yield a colorless solid (98 mg, 62%).
[a]22


D �ÿ7.2 (c� 1.0 in CHCl3); Rf� 0.60 (CHCl3/methanol 10:1 v/v);
1H NMR (500 MHz, CDCl3): d� 7.48 (br s, 1 H; CONH), 7.41 (br s, 1H;
CONH), 7.36 ± 7.18 (m, 23H; 3 CONH; Z, Trt, 2CH), 7.01 (d, 3J� 8.4 Hz,
2H; 2 OCCH), 6.92 (br s, 1 H; CONH), 6.31 (br s, 1 H; OCONH), 5.04 (s,
2H; CCH2O), 4.74 (br s, 1H; OCONH), 4.61 (d, 3J� 6.5 Hz, 1 H; Cys a-
CH), 4.24 (br s, 1H; Lys a-CH), 4.03 (br s, 1H; Leu a-CH), 3.92 ± 3.84 (m,
5H; Gln a-CH, Gly a-CH2, CCH2C(O)), 3.71 ± 3.57 (m, 2 H; Gly a-CH2),
3.04 ± 2.93 (m, 4 H; Lys e-CH2, Cys b-CH2), 2.57 ± 2.51 (m, 3 H; Pal a-CH2,
Gln g-CH2a), 2.42 ± 2.40 (m, 2 H; Gln g-CH2b), 2.11 ± 2.01 (m, 2 H; Gln b-
CH2), 1.86 ± 1.54 (m, 7H; Lys b-CH2, Pal b-CH2, Leu g-CH, Leu b-CH2),
1.49 ± 1.40 (br s, 22H; 2 C(CH3)3, Lys d-CH2, Lys g-CH2), 1.30 ± 1.25 (br s,
24H; Pal (CH2)12), 0.95 ± 0.91 (m, 6H; 2 Leu w-CH3), 0.87 (t, 3J� 6.9 Hz,
3H; Pal w-CH3); 13C NMR (125.7 MHz, CDCl3): d� 202.2 (C�OS), 173.9,
172.5, 172.0, 171.6, 170.7, 170.4, 170.1, 168.9 (8 C�O), 156.8, 156.2
(2OCONH), 150.7 (arom. C�O), 144.6 (arom. q), 133.7 (arom. q), 133.3
(arom. q), 129.4, 129.3, 128.8, 128.7, 128.0, 127.4, 127.1, 121.7 (24 arom. CH),
81.8, 79.1 (2 tBu q), 70.5 (Trt q), 66.6 (CH2O), 56.0, 54.3, 54.1 (Cys a-CH,
Gln a-CH, Lys a-CH), 52.9 (Leu a-CH), 44.0 (Cys b-CH2), 43.6, 42.1, 41.4,
40.3 (CH2, Leu b-CH2, 2Gly a-CH2), 39.9 (Lys e-CH2), 33.7 (Gln g-CH2),
31.9, 30.4, 29.7, 29.6, 29.5, 29.4, 29.3, 29.0 (13 Pal CH2, 2Lys CH2, Gln b-
CH2), 28.4 (tBu), 28.1 (tBu), 27.5 (Pal CH2), 25.7 (Lys CH2), 24.7 (Leu g-
CH), 23.1 (Leu w-CH3), 22.7 (Pal CH2), 21.5 (Leu w-CH3), 14.2 (Pal w-
CH3); FAB-MS (FAB, 3-NBA/TFA 10:1): m/z : 1509.9 [M�H]� , 1532.9
[M�Na]� ; elemental analysis calcd (%) for C84H116N8O15S (1509.95): C
66.82, H 7.74, N 7.42; found: C 66.89, H 7.70, N 7.41.


PhAcOZ-Leu-Cys(Pal)-Gly-Lys(Boc)-Gln-Gly-OtBu (28): HOBt (18 mg,
120 mmol) and EDC (20 mg, 110 mmol) were added at 0 8C to a solution of
PhAcOZ-Leu-Cys(Pal)-Gly-OH (25, 80 mg, 100 mmol) and H-Lys(Boc)-
Gln-Gly-OtBu (27, 70 mg, 106 mmol) in CHCl3/2,2,2-trifluoroethanol 3:1
(v/v) (4 mL) and the mixture was stirred at 20 8C for 16 h. Then the solvent
was removed under reduced pressure and the product 28 was isolated from
the residue by size flash chromatography on silica gel using CHCl3/
methanol 50:1 to 1:1 (v/v) as eluent to yield a colorless solid (40 mg, 32%).
M.p. 194 ± 195 8C (decomp); [a]22


D �ÿ21.5 (c� 0.4 in CHCl3/methanol 1:1
v/v); Rf� 0.35 (CHCl3/methanol 10:1 v/v); 1H NMR (500 MHz, CDCl3/
CD3OD 1:1 v/v): d� 7.40 ± 7.29 (m, 7 H; C6H5, 2CH), 7.06 (d, 3J� 8.5 Hz,
2H; 2 OCCH), 6.06 (br s, 1 H; OCONH), 5.04 (d, J� 4.4 Hz, 2H; CCH2O),
4.39 ± 4.36 (m, 2H; Cys a-CH, Lys a-CH), 4.25 (dd, 3J1� 8.1, 3J2� 5.0 Hz,
1H; Leu a-CH), 4.11 (dd, 3J1� 8.7, 3J2� 6.3 Hz, 1 H; Gln a-CH), 4.02 (d,
2J� 16.9 Hz, 1 H; Gly a-CH2a), 3.89 (s, 2 H; CCH2C(O)), 3.85 (s, 2H; Gly a-
CH2), 3.79 (d, 2J� 16.8 Hz, 1H; Gly a-CH2b), 3.42 (dd, 2J� 14.3, 3J�
4.4 Hz, 1 H; Cys b-CH2a), 3.21 (dd, 2J� 14.2, 3J� 9.0 Hz, 1 H; Cys b-
CH2b), 3.05 ± 3.02 (m, 2H; Lys e-CH2), 2.57 (t, 3J� 7.5 Hz, 2H; Pal a-CH2),


2.40 ± 2.30 (m, 2H; Gln g-CH2), 2.19 ± 2.13 (m, 1H; Gln b-CH2a), 2.06 ± 2.00
(m, 1H; Gln b-CH2b), 1.87 ± 1.84 (m, 1H; Lys b-CH2a), 1.76 ± 1.67 (m, 2H;
Lys b-CH2b, Leu g-CH), 1.65 ± 1.62 (m, 2 H; Pal b-CH2), 1.61 ± 1.55 (m, 2H;
Leu b-CH2), 1.49 ± 1.38 (2 br s, 22H; 2 C(CH3)3, Lys d-CH2, Lys g-CH2),
1.36 ± 1.24 (br s, 24 H; Pal (CH2)12), 0.96 (d, 3J� 6.6 Hz, 3 H; Leu w-CH3),
0.94 (d, 3J� 6.5 Hz, 3H; Leu w-CH3), 0.89 (t, 3J� 7.0 Hz, 3H; Pal w-CH3);
13C NMR (125.7 MHz, CDCl3/CD3OD): d� 201.1 (C�OS), 177.4, 175.3,
173.4, 173.0, 172.0, 171.5, 171.3, 169.6 (8 C�O), 158.1, 157.7 (2OCONH),
151.3 (arom. C�O), 134.9 (arom. q), 134.1 (arom. q), 129.9, 129.7, 129.3,
128.0, 122.2 (9 arom. CH), 82.6 (tBu q), 79.6 (tBu q), 67.0 (CH2O), 55.1, 54.9,
54.8 (Cys a-CH, Gln a-CH, Lys a-CH), 53.6 (Leu a-CH), 44.5 (Cys b-CH2),
43.5, 42.5, 41.7, 41.2 (CH2, Leu b-CH2, 2 Gly a-CH2), 40.6 (Lys e-CH2), 32.5
(Gln g-CH2), 31.9, 31.3, 30.3, 30.2, 30.1, 30.0, 29.9, 29.6 (13 Pal CH2, 2Lys
CH2, Gln b-CH2), 28.7 (tBu), 28.3 (tBu), 27.9 (Pal CH2), 26.2 (Lys CH2),
25.3 (Leu g-CH), 23.7 (Pal CH2), 23.3 (Leu w-CH3), 23.2 (Pal CH2), 21.9
(Leu w-CH3), 14.3 (Pal w-CH3); MS (FAB, 3-NBA/TFA 10:1): m/z : 1111.6
[MÿBocÿ tBu�3H]� , 1167.6 [MÿBoc�2H]� , 1267.6 [M�H]� , 1289.6
[M�Na]� ; C65H102N8O15S (1267.65).


Boc-Leu-Gly-OAll (29): HOBt (3.37 g, 22 mmol), NEt3 (2.78 mL,
20 mmol) were added to a solution of Boc-Leu-OH (4.63 g, 20 mmol)
and pTosOH ´ H-Gly-OAll (20, 5.75 g, 20 mmol) in CH2Cl2 (100 mL) was
added and at 0 8C DIC (3.12 mL, 20 mmol). The mixture was stirred at
20 8C for 16 h, then solvent was extracted with acetic acid (5%, 3�
100 mL), NaHCO3 (1n, 3� 100 mL) and water (3� 100 mL). The organic
layer was dried with MgSO4 and concentrated under reduced pressure. The
product 29 was isolated from the residue by flash chromatography on silica
gel using ethyl acetate/n-hexane 1:2 (v/v) as eluent to yield a colorless oil
(5.75 g, 88%). [a]22


D �ÿ27.4 (c� 1.0 in CH2Cl2); Rf� 0.29 (ethyl acetate/
n-hexane 1:2 v/v); 1H NMR (500 MHz, CDCl3): d� 6.80 (br s, 1H; CONH),
5.86 (ddt, 3Jtrans� 16.3, 3Jcis� 10.5, 3Jvic� 5.7 Hz, 1H; allyl CH�), 5.32 (dd,
3Jtrans� 17.1, 2J� 1.5 Hz, 1H; allyl�CH2a), 5.26 (dd, 3Jcis� 10.3, 2J� 1.2 Hz,
1H; allyl�CH2b), 5.00 (d, 3J� 6.7 Hz, 1 H; OCONH), 4.64 (d, 3J� 5.8 Hz,
2H; allyl OCH2), 4.20 (br s, 1H; Leu a-CH), 4.06 (t, 3J� 5.2 Hz, 2H; Gly a-
CH2), 1.70 ± 1.66 (m, 2H; Leu g-CH, Leu b-CH2a), 1.52 ± 1.47 (m, 1H; Leu
b-CH2b), 1.44 (s, 9H; C(CH3)3), 0.94 (d, 3J� 6.1 Hz, 6 H; 2 Leu w-CH3);
13C NMR (125.7 MHz, CDCl3): d� 173.0, 169.4 (2 C�O), 155.8 (OCONH),
131.5 (allyl CH), 119.0 (allyl CH2), 80.1 (tBu q), 66.0 (allyl OCH2), 52.9
(Leu a-CH), 41.3 (Leu b-CH2, Gly a-CH2), 28.3 (tBu), 24.7 (Leu g-CH),
23.0 (Leu w-CH3), 21.9 (Leu w-CH3); HRMS (EI, 70 eV, 90 8C): m/z : calcd
for [M]� 328.1998; found: 328.1980; C16H28N2O5 (328.41).


Boc-Leu-Gly-OH (30): A catalytic amount of [Pd(PPh3)4] and morpholine
(800 mL, 9.2 mmol) were added to a solution of Boc-Leu-Gly-OAll (29,
2.71 g, 8.24 mmol) in CH2Cl2 (40 mL) under argon, and the mixture was
stirred at 20 8C for 16 h. The solvent was evaporated under reduced
pressure, and the residue was dissolved in NaHCO3 (half saturated, 30 mL)
and extracted with CH2Cl2 (5� 10 mL). At 0 8C the solution was acidified
to pH 2 with HCl (2n) and extracted with ethyl acetate (3� 10 mL). The
combined organic layers were dried with MgSO4 and concentrated under
reduced pressure to yield a colorless solid (2.35 g, 99 %). M.p. 106 8C;
[a]22


D �ÿ18.6 (c� 1.0 in CHCl3); 1H NMR (500 MHz, CD3OD): d� 4.11
(dd, 3J� 10.0, 3J� 4.8 Hz, 1 H; Leu a-CH), 3.95 (dd, 2J� 17.8, 3J� 4.3 Hz,
1H; Gly a-CH2a), 3.86 (dd, 2J� 17.8, 3J� 4.7 Hz, 1 H; Gly a-CH2b), 1.74 ±
1.68 (m, 1 H; Leu g-CH), 1.61 ± 1.47 (m, 2H; Leu b-CH2), 1.44 (s, 9H;
C(CH3)3), 0.95 (d, 3J� 6.6 Hz, 3 H; Leu w-CH3), 0.93 (d, 3J� 6.6 Hz, 3H;
Leu w-CH3); 13C NMR (125.7 MHz, CD3OD): d� 176.1, 172.6 (2 C�O),
157.8 (OCONH), 80.6 (tBu q), 54.4 (Leu a-CH), 42.2, 41.7 (Leu b-CH2, Gly
a-CH2), 28.7 (tBu), 25.8 (Leu g-CH), 23.5 (Leu w-CH3), 21.9 (Leu w-CH3);
HRMS (EI, 70 eV, 135 8C): m/z : calcd for [M�H]� 288.1685; found:
288.1678; elemental analysis calcd (%) for C13H24N2O5 (288.35): C 54.15, H
8.39, N 9.72; found: C 54.08, H 8.21, N 9.52.


HCl ´ H-Leu-Gly-OAll (31): A saturated solution of HCl in diethyl ether
(120 mL) was added at 0 8C to a solution of Boc-Leu-Gly-OAll (29, 2.71 g,
8.24 mmol) in CH2Cl2 (40 mL) and the mixture was stirred at 0 8C for
30 min and at 20 8C for 2 h. Then the excess HCl and the solvent was
removed under reduced pressure to yield a colorless, hygroscopic solid
(2.15 g, 98%). [a]22


D ��33.1 (c� 1.0 in CHCl3); 1H NMR (500 MHz,
CD3OD): d� 5.93 (ddt, 3Jtrans� 16.1, 3Jcis� 10.5, 3Jvic� 5.7 Hz, 1H; allyl
CH�), 5.34 (dd, 3Jtrans� 17.2, 2J� 1.5 Hz, 1 H; allyl�CH2a), 5.24 (dd, 3Jcis�
10.5, 2J� 1.3 Hz, 1 H; allyl�CH2b), 4.64 (dd, 3J� 5.6, 2J� 2.8 Hz, 2H; allyl
OCH2), 4.12 (d, 2J� 17.6 Hz, 1 H; Gly a-CH2a), 3.99 ± 3.91 (m, 2H; Gly a-
CH2b, Leu a-CH), 1.82 ± 1.77 (m, 2H; Leu g-CH, Leu b-CH2a), 1.75 ± 1.67
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(m, 1 H; Leu b-CH2b), 1.03 ± 1.00 (m, 6H; 2Leu w-CH3); 13C NMR
(125.7 MHz, CD3OD): d� 171.2, 170.5 (2 C�O), 133.2 (allyl CH), 118.8
(allyl CH2), 66.9 (allyl OCH2), 52.9 (Leu a-CH), 41.9, 41.7 (Leu b-CH2, Gly
a-CH2), 25.3 (Leu g-CH), 23.0 (Leu w-CH3), 22.3 (Leu w-CH3); HRMS
(EI, 70 eV, 105 8C): m/z : calcd for [MÿHCl]� 228.1474; found: 228.1461;
C11H21ClN2O3 (264.75).


Boc-Leu-Gly-Leu-Gly-OAll (32): HOBt (1.38 g, 9.0 mmol), NEt3 (1.04 mL,
7.5 mmol) were added to a solution of Boc-Leu-Gly-OH (30, 2.16 g,
7.5 mmol) and HCl ´ H-Leu-Gly-OAll (31, 1.99 g, 7.5 mmol) in CH2Cl2


(80 mL) was added and at 0 8C EDC (1.58 g, 8.25 mmol). The mixture
was stirred at 20 8C for 16 h, then solvent was extracted with HCl (0.5n, 3�
20 mL), NaHCO3 (1n, 3� 20 mL) and water (3� 20 mL). The organic layer
was dried with MgSO4 and concentrated under reduced pressure. The
product 32 was isolated from the residue by flash chromatography on silica
gel using ethyl acetate/n-hexane 1:1 to 4:1 (v/v) as eluent to yield a colorless
foam (3.36 g, 90%). M.p. 56 8C; [a]22


D �ÿ11.8 (c� 1.0 in CHCl3); Rf� 0.26
(ethyl acetate/n-hexane 4:1 v/v); 1H NMR (500 MHz, CDCl3): d� 7.22 (m,
2H; 2CONH), 7.12 (br s, 1 H; CONH), 5.89 (ddt, 3Jtrans� 16.3, 3Jcis� 10.3,
3Jvic� 5.7 Hz, 1H; allyl CH�), 5.32 (dd, 3Jtrans� 17.4, 2J� 1.2 Hz, 1H;
allyl�CH2a), 5.26 (dd, 3Jcis� 10.5, 2J� 1.2 Hz, 1 H; allyl�CH2b), 5.19 (br, 1H;
OCONH), 4.62 (d, 3J� 5.8 Hz, 2H; allyl OCH2), 4.55 (m, 1 H; Leu a-CH),
4.18 (br s, 1 H; Leu a-CH), 4.03 (m, 3H; Gly a-CH2, Gly a-CH2a), 3.89 (dd,
3J� 16.6, 2J� 4.9 Hz, 1 H; Gly a-CH2b), 1.76 ± 1.62 (m, 4H; 2Leu g-CH,
2Leu b-CH2a), 1.59 ± 1.48 (m, 2 H; 2 Leu b-CH2b), 1.43 (s, 9 H; C(CH3)3),
0.95 ± 0.90 (m, 12 H; 4 Leu w-CH3); 13C NMR (125.7 MHz, CDCl3): d�
173.7, 172.5, 169.6, 169.3 (4 C�O), 156.0 (OCONH), 131.6 (allyl CH), 118.8
(allyl CH2), 80.4 (tBu q), 65.9 (allyl OCH2), 53.5, 51.9 (2 Leu a-CH), 43.3,
41.2, 40.6 (2Leu b-CH2, 2 Gly a-CH2), 28.3 (tBu), 24.8, 24.7 (2Leu g-CH),
23.0, 22.8 (2Leu w-CH3), 21.9, 21.8 (2 Leu w-CH3); HRMS (EI, 70 eV,
200 8C): m/z : calcd for [M�H]� 498.3053; found: 498.3067; elemental
analysis calcd (%) for C24H42N4O7 (498.62): C 57.81, H 8.49, N 11.24; found:
C 58.18, H 8.46, N 10.90.


Boc-Leu-Gly-Leu-Gly-OH (33): A catalytic amount of [Pd(PPh3)4] and
morpholine (44 mL, 0.5 mmol) were added to a solution of Boc-Leu-Gly-
Leu-Gly-OAll (32, 250 mg, 0.5 mmol) in tetrahydrofuran (20 mL) under
argon, and the mixture was stirred at 20 8C for 1 h. The solvent was
evaporated under reduced pressure, and the residue was dissolved in
NaHCO3 (half saturated, 30 mL) and extracted with CH2Cl2 (5� 10 mL).
At 0 8C the solution was acidified to pH 2 with HCl (2n) and extracted with
ethyl acetate (3� 10 mL). The combined organic layers were dried with
MgSO4 and concentrated under reduced pressure to yield a colorless solid
(228 mg, 99%). M.p. 61 8C; [a]22


D �ÿ18.0 (c� 1.0 in CHCl3); 1H NMR
(500 MHz, CD3OD): d� 4.46 (m, 1H; Leu a-CH), 4.06 (m, 1 H; Leu a-
CH), 3.94 ± 3.82 (m, 4H; 2 Gly a-CH2), 1.72 ± 1.60 (m, 4H; 2Leu g-CH,
2Leu b-CH2a), 1.57 ± 1.54 (m, 2 H; 2 Leu b-CH2b), 1.45 (s, 9 H; C(CH3)3),
0.96 ± 0.91 (m, 12 H; 4 Leu w-CH3); 13C NMR (125.7 MHz, CD3OD): d�
176.3, 174.9, 172.5, 171.4 (4C�O), 157.9 (OCONH), 80.6 (tBu q), 54.7, 52.9
(2 Leu a-CH), 43.6, 41.7, 41.6 (2Leu b-CH2, 2Gly a-CH2), 28.7 (tBu), 25.8,
25.6 (2Leu g-CH), 23.4 (2Leu w-CH3), 21.8 (2Leu w-CH3); HRMS (EI,
70 eV, 190 8C): m/z : calcd for [M�H]� 458.2740; found: 458.2750; elemental
analysis calcd (%) for C21H38N4O7 (458.55): C 55.01, H 8.35, N 12.22; found:
C 54.78, H 8.27, N 12.03.


H-Leu-Gly-Leu-Gly-OAll (34): A saturated solution of HCl in diethyl
ether (35 mL) was added at 0 8C to a solution of Boc-Leu-Gly-Leu-Gly-
OAll (32, 435 mg, 0.87 mmol) in CH2Cl2 (30 mL) and the mixture was
stirred at 0 8C for 30 min and at 20 8C for 2 h. Then the excess HCl and the
solvent was removed under reduced pressure to yield a colorless foam
(381 g, 99 %). M.p. 98 8C; [a]22


D ��9.5 (c� 0.75 in CHCl3); 1H NMR
(500 MHz, CD3OD): d� 5.93 (ddt, 3Jtrans� 16.2, 3Jcis� 10.6, 3Jvic� 5.7 Hz,
1H; allyl CH�), 5.33 (dd, 3Jtrans� 17.2, 2J� 1.5 Hz, 1H; allyl�CH2a), 5.23
(dd, 3Jcis� 10.5, 2J� 1.3 Hz, 1H; allyl�CH2b), 4.62 (d, 3J� 5.6 Hz, 2 H; allyl
OCH2), 4.45 (q, 3J� 5.0 Hz, 1H; Leu a-CH), 4.04 ± 3.89 (m, 5H; Leu a-CH,
2Gly a-CH2), 1.77 ± 1.58 (m, 6 H; 2Leu g-CH, 2Leu b-CH2), 1.03 ± 0.92 (m,
12 H; 4Leu w-CH3); 13C NMR (125.7 MHz, CD3OD): d� 175.1, 171.2,
170.9, 170.6 (4C�O), 133.2 (allyl CH), 118.6 (allyl CH2), 66.6 (allyl OCH2),
53.0, 52.9 (2 Leu a-CH), 43.2, 41.9, 41.4 (2 Leu b-CH2, 2 Gly a-CH2), 25.7,
25.3 (2Leu g-CH), 23.4, 22.9 (2Leu w-CH3), 22.1, 21.8 (2Leu w-CH3);
HRMS (FAB, 3-NBA/TFA 10:1): m/z : calcd for [MÿCl]� 399.2607; found:
399.2630; elemental analysis calcd (%) for C19H35ClN4O5 ´ 0.5H2O: C 51.40,
H 8.17, N 12.62; found: C 51.50, H 8.25, N 12.21; C19H35ClN4O5 (434.96).


Boc-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-OAll (4): NEt3 (14 mL, 0.1 mmol)
and EDC (21 mg, 0.11 mmol) were added at 0 8C to a solution of Boc-Leu-
Gly-Leu-Gly-OH (33, 46 mg, 0.1 mmol), HCl ´ H-Leu-Gly-Leu-Gly-OAll
(34, 44 mg, 0.1 mmol), and HOOBt (16 mg, 0.1 mmol) in CHCl3/2,2,2-
trifluoroethanol 3:1 (v/v) (4 mL). The mixture was stirred at 20 8C for 16 h,
then the solvent was removed under reduced pressure. The residue was
washed with methanol (5� 2 mL) and dried to yield a colorless solid
(69 mg, 82%). [a]22


D �ÿ14.2; (c� 1.0 in hexafluoroisopropanol/CHCl3 1:3);
1H NMR (500 MHz, [D6]DMSO): d� 8.42 (t, 3J� 5.4 Hz, 1H; CONH),
8.21 (t, 3J� 6.3 Hz, 2H; CONH), 8.03 (br s, 1 H; CONH), 7.91 ± 7.87 (m, 3H;
CONH), 6.97 (d, 3J� 7.6 Hz, 1 H; OCONH), 5.90 (ddt, 3Jtrans� 15.9, 3Jcis�
10.5, 3Jvic� 5.3 Hz, 1H; allyl CH�), 5.31 (dd, 3Jtrans� 17.1, 2J� 1.3 Hz, 1H;
allyl�CH2a), 5.26 (d, 3Jcis� 10.6 Hz, 1 H; allyl�CH2b), 4.57 (d, 3J� 5.3 Hz,
2H; allyl OCH2), 4.35 ± 4.24 (m, 3H; 3Leu a-CH), 3.94 (m, 1H; Leu a-
CH), 3.86 (d, 3J� 5.9 Hz, 1 H; Gly a-CH2a), 3.83 (d, 3J� 5.8 Hz, 1H; Gly a-
CH2b), 3.75 ± 3.67 (m, 6 H; 3Gly a-CH2), 1.61 ± 1.51 (m, 4 H; 4Leu g-CH),
1.47 ± 1.42 (m, 8H; 4 Leu b-CH2), 1.38 (s, 9H; C(CH3)3), 0.88 ± 0.83 (m,
24H; 8Leu w-CH3); 13C NMR (125.7 MHz, [D6]DMSO): d� 172.9, 172.5,
172.2, 169.2, 168.7, 168.6, 168.4 (7C�O), 155.3 (OCONH), 132.2 (allyl CH),
117.7 (allyl CH2), 78.0 (tBu q), 64.6 (allyl OCH2), 52.7, 51.0, 50.9, 50.6 (4Leu
a-CH), 41.9, 41.8, 40.9, 40.7, 40.5 (4 Leu b-CH2, 4Gly a-CH2), 28.1 (tBu),
24.1, 23.9 (4Leu g-CH), 22.9, 21.5, 21.4, 21.3 (8 Leu w-CH3); MS (FAB,
3-NBA/TFA 10:1): m/z : 739.8 [MÿBoc�2H]� , 840.0 [M�H]� , 862.1
[M�Na]� ; elemental analysis calcd (%) for C40H70N8O11 (839.04): C 57.26,
H 8.41, N 13.36; found: C 57.07, H 8.62, N 13.31.


TFA ´ H-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-OAll (35): Trifluoroacetic
acid (450 mL, 5.9 mmol) was added at 0 8C to a suspension of Boc-Leu-
Gly-Leu-Gly-Leu-Gly-Leu-Gly-OAll (4, 55 mg, 66 mmol) in CHCl3 (1 mL)
and the mixture was stirred at 0 8C for 30 min and 20 8C for 1 h. The
trifluoroacetic acid and the solvent were coevaporated with benzene under
reduced pressure to yield a colorless solid (55 mg, 98%). [a]22


D �ÿ7.4 (c�
1.0 in CHCl3/2,2,2-trifluoroethanol 3:1 v/v); 1H NMR (500 MHz,
[D6]DMSO): d� 8.75 (t, 3J� 5.6 Hz, 1 H; CONH), 8.43 (t, 3J� 5.9 Hz,
1H; CONH), 8.25 ± 8.20 (m, 3H; CONH), 8.15 (br s, 1 H; H3N), 7.92 (t, 3J�
8.0 Hz, 2 H; CONH), 5.89 (ddt, 3Jtrans� 16.0, 3Jcis� 10.6, 3Jvic� 5.3 Hz, 1H;
allyl CH), 5.31 (dd, 3Jtrans� 17.3, 2J� 1.5 Hz, 1H; allyl�CH2a), 5.26 (dd,
3Jcis� 10.5, 2J� 1.2 Hz, 1H; allyl�CH2b), 4.56 (d, 3J� 5.3 Hz, 2H; allyl
OCH2), 4.35 ± 4.26 (m, 3 H; 3Leu a-CH), 3.89 ± 3.77 (m, 5 H; Leu a-CH,
2Gly a-CH2), 3.75 ± 3.66 (m, 4 H; 2Gly a-CH2), 1.70 ± 1.40 (m, 12 H; 4Leu
g-CH, 4Leu b-CH2), 0.90 ± 0.82 (m, 24H; 8 Leu w-CH3); 13C NMR
(125.7 MHz, [D6]DMSO): d� 172.6, 172.3, 172.2, 169.4, 169.3, 168.6,
168.5, 168.0 (8 C�O), 132.4 (allyl CH), 117.9 (allyl CH2), 64.8 (allyl
OCH2), 51.0, 50.9, 50.7 (4 Leu a-CH), 41.9, 41.1, 41.0, 40.6, 40.3 (4Leu b-
CH2, 4Gly a-CH2), 24.2, 24.1, 24.0 (4Leu g-CH), 23.5, 23.1, 23.0, 22.6, 22.0,
21.6, 21.5 (8Leu w-CH3); HRMS (FAB, 3-NBA/TFA 10:1): m/z : calcd for
[MÿCF3COO]�: 739.4718; found: 739.4772; elemental analysis calcd (%)
for C37H63F3N8O11 ´ 1.5H2O: C 50.50, H 7.56, N 12.73; found: C 50.62, H
7.56, N 12.57; C37H63F3N8O11 (852.94).


Myr-Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-
Pro-OH (2): The peptide chain was assembled on a polystyrene resin,
starting with Fmoc-Pro-2-ClTrt-polystyrene 36 (479 mg, 0.53 mmol gÿ1)
using an Applied Biosystems 430A peptide synthesizer and the standard
Fmoc/tBu strategy in N-methyl-pyrrolidinone (deprotection with piper-
idine [20%, 5 and 20 min], couplings [4 equiv Fmoc-AA-OBt, 60 min].
Yield: 995 mg.


From a portion of the resin 37 (100 mg, 53 mmol), the Fmoc group was
removed (piperidine 20 %, 20 and 30 min) and the resin was washed with
NMP and CH2Cl2 (3� 5 mL). Then to the resin was added diisopropyl-
ethylamine (86 mL, 65 mg, 0.5 mmol) and myristoyl chloride (68 mL,
0.25 mmol) in NMP (3 mL) and the mixture was shaken for 4 h. The resin
was filtered off, washed with NMP and CH2Cl2 (3� 5 mL) and dried. To
cleave off the product 2 a mixture of acetic acid/2,2,2-trifluoroethanol/
CH2Cl2 1:1:8 (v/v/v) (5 mL) was added and the mixture was shaken for 1 h.
The resin was filtered off, trifluroacetic acid (0.5 %, 5 mL) was added and
the resin was shaken for 100 min. After filtration the solvents were
removed under reduced pressure and traces of acid were removed by
addition of water and lyophilisation to yield a colorless solid (47.7 mg,
98%). M.p. 238 ± 239 8C (decomp); [a]22


D �ÿ26.3 (c� 1.0 in CHCl3/2,2,2-
trifluoroethanol 3:1 v/v); 1H NMR (500 MHz, [D6]DMSO): d� 8.57 (s, 1H;
CONH), 8.50 (s, 1H; CONH), 8.29 (d, 3J� 7.6 Hz, 1 H; CONH), 8.09 ± 8.04
(m, 4H; CONH), 7.88 (d, 3J� 7.8 Hz, 1 H; CONH), 7.80 (d, 3J� 7.5 Hz, 1H;







Lipidated eNOS Peptides 2940 ± 2956


Chem. Eur. J. 2001, 7, No. 13 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2953 $ 17.50+.50/0 2953


CONH), 7.77 (d, 3J� 7.7 Hz, 1 H; CONH), 7.70 (d, 3J� 7.7 Hz, 1 H;
CONH), 7.58 (d, 3J� 8.7 Hz, 1H; CONH), 7.27 ± 7.24 (m, 12 H; C6H5),
7.19 ± 7.15 (m, 18H; C6H5), 6.68 (br s, 1H; OCONH), 4.53 ± 4.49 (m, 2H;
2a-CH), 4.34 (d, 3J� 7.6 Hz, a-CH), 4.28 ± 4.16 (m, 5H; 5 a-CH), 3.82 (dd,
2J� 16.5, 3J� 5.7 Hz, 1 H; Gly a-CH2a), 3.75 (dd, 2J� 16.5, 3J� 5.1 Hz, 1H;
Gly a-CH2b), 3.68 ± 3.39 (m, 6 H; Ser b-CH2, Gly a-CH2, Pro d-CH2), 2.85
(dd, 3J1� 3J2� 6.6 Hz, 2H; Lys e-CH2), 2.66 ± 2.63 (m, 2H; Asn b-CH2),
2.29 ± 2.26 (m, 4H; Gln g-CH2, Glu g-CH2), 2.19 ± 2.09 (m, 5 H; Myr a-CH2,
Val b-CH, Glx b-CH2a, Glx b-CH2a), 1.98 ± 1.42 (m, 15H; Glx b-CH2b, Glx
b-CH2b, Pro b-CH2, Pro g-CH2, Lys b-CH2, Myr b-CH2, Myr g-CH2, Leu g-
CH, Leu b-CH2), 1.39 (s, 9H; C(CH3)3), 1.36 (s, 9H; C(CH3)3), 1.33 ± 1.27
(m, 4 H; Lys d-CH2, Lys g-CH2), 1.23 (br s, 18H; Myr (CH2)9), 1.08 (s, 9H;
C(CH3)3), 0.86 ± 0.82 (m, 15 H; Myr w-CH3, 2 Leu w-CH3, 2Val w-CH3);
13C NMR (125.7 MHz, [D6]DMSO): d� 173.6, 173.1, 172.8, 171.8, 171.7,
171.3, 171.0, 170.9, 170.7, 169.4, 169.3, 169.2, 168.8, 168.2 (14�O), 155.4
(OCONH), 144.8, 144.6 (arom. q), 128.5, 128.4, 127.3, 126.2 (30 arom. CH),
79.6, 77.2, 72.8 (3 tBu q), 69.3, 69.1 (Trt q), 61.4 (Ser b-CH2), 58.3, 57.5, 53.0,
52.6, 51.8, 51.2, 50.2, 49.3 (Pro a-CH, Ser a-CH, Asn a-CH, Gln a-CH, Glu
a-CH, Lys a-CH, Leu a-CH, Val a-CH), 52.9 (Leu a-CH), 48.4 (Pro d-
CH2), 46.4, 42.2, 41.6 (Leu b-CH2, 2 Gly a-CH2), 40.3 (Lys e-CH2), 38.2
(Asn b-CH2), 35.0, 32.5 (Glu g-CH2, Gln g-CH2), 31.2 (Myr CH2), 30.6 (Val
b-CH), 30.3, 30.0, 29.2, 29.0, 28.9, 28.8, 28.7, 28.6, 28.5, 28.4 (8 Myr CH2, Pro
b-CH2, 2 Lys CH2, Gln b-CH2, Glu b-CH2), 28.2 (tBu), 27.7 (tBu), 27.0
(tBu), 26.4 (Myr CH2), 25.0, 24.4 (Lys CH2, Pro g-CH2), 24.0 (Leu g-CH),
23.0 (Leu w-CH3), 22.6, 22.0 (2Myr CH2), 21.4 (Leu w-CH3), 19.1 (Val w-
CH3'), 17.9 (Val w-CH3'), 17.1 (Myr CH2), 13.9 (Myr w-CH3); MS (FAB,
3-NBA/TFA 10:1): m/z : 1834.8 [MÿBoc�2H]� , 1935.6 [M�H]� , 1957.4
[M�Na]� ; C108H151N13O19 (1935.48).


Myr-Gly-Asn-Leu-Lys-Ser-Val-Gly-Gln-Glu-Pro-OH (45): Myr-Gly-
Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-Pro-OH
(2, 3.9 mg, 0.9 mmol) was dissolved in a mixture of CF3CO2H/ethanedithiol/
water 95:2.5:2.5 (v/v/v) (500 mL) and shaken at 20 8C for 20 min. Then the
solvent was removed under reduced pressure and 45 was precipitated and
washed with diethyl ether. After purification by HPLC the deprotected
peptide was obtained as pale colorless solid (9.5 mg, 74 %). M.p. 213 ±
215 8C; [a]22


D ��122 (c� 0.025 in CHCl3/2,2,2-trifluoroethanol 3:1 v/v);
HPLC: tr� 11.9 min (50 8C, 25 % to 100 % B in 20 min, then 10 min B; A:
H2O�1 % CH3CN�0.1 % TFA; B: CH3CN�1% H2O�0.1% TFA);
1H NMR (500 MHz, CDCl3/CD3OD): d� 4.56 ± 4.21 (m, 8 H; 8a-CH),
3.97 ± 3.63 (m, 8H; Ser b-CH2, 2Gly a-CH2, Pro d-CH2), 2.94 ± 2.90 (m,
2H; Lys e-CH2), 2.79 ± 2.78 (m, 2 H; Asn b-CH2), 2.46 ± 2.25 (m, 4 H; Gln g-
CH2, Glu g-CH2), 2.06 ± 1.91 (m, 6H; Myr a-CH2, Val b-CH, Glx b-CH2,
Glx b-CH2a), 1.81 ± 1.38 (m, 14H; Glx b-CH2b, Pro b-CH2, Pro g-CH2, Lys
b-CH2, Myr b-CH2, Myr g-CH, Leu g-CH, Leu b-CH2), 1.32 ± 1.11 (br s,
22H; Lys d-CH2, Lys g-CH2, Myr (CH2)9), 1.02 ± 0.85 (m, 15 H; Myr w-CH3,
2Leu w-CH3, 2Val w-CH3); MS (MALDI-TOF, DHB/TFA): m/z : calcd for
[M�H]� 1238.74; found: 1238.05, calcd for [M�Na]� 1261.49; found:
1262.07; C57H99N13O17 (1238.47).


Myr-Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-
Pro-Gly-Pro-Pro-Cys(Pal)-Gly-OAll (38): EDC (2.9 mg, 15.1 mmol) was
added at 10 8C to a solution of peptide 2, 18.5 mg, 9.6 mmol), H-Gly-Pro-
Pro-Cys(Pal)-Gly-OAll (24, 7.1 mg, 10.1 mmol) and HOOBt (2.5 mg,
15.1 mmol) in CHCl3/2,2,2-trifluoroethanol 3:1 (v/v) (250 mL) and the
mixture was stirred at 20 8C for 16 h. The solvent was removed under a
stream of nitrogen and the residue was washed with methanol (5� 1 mL)
and dried to yield a colorless solid (23.0 mg, 91%). [a]22


D �ÿ73.2 (c� 0.25,
CHCl3/2,2,2-trifluoroethanol 3:1 v/v); 1H NMR (500 MHz, [D6]DMSO):
d� 8.57 (s, 1 H; CONH), 8.54 (s, 2H; CONH), 8.30 ± 8.28(m, 2H; CONH),
8.08 ± 8.01 (m, 4H; CONH), 7.95 ± 7.87 (m, 4H; CONH), 7.80 (d, 3J� 7.0 Hz,
1H; CONH), 7.77 (d, 3J� 7.3 Hz, 1H; CONH), 7.69 (d, 3J� 8.0 Hz, 1H;
CONH), 7.58 (d, 3J� 8.3 Hz, 1H; CONH), 7.27 ± 7.24 (m, 12 H; C6H5),
7.19 ± 7.15 (m, 18H; C6H5), 6.68 (br s, 1H; OCONH), 5.93 ± 5.87 (m, 1H;
allyl CH�), 5.31 (d, 3Jtrans� 17.2 Hz, 1H; allyl�CH2a), 5.21 (d, 3Jcis� 10.6,
1H; allyl�CH2b), 4.58 ± 4.02 (m, 13H; 11 a-CH, allyl OCH2), 3.85 ± 3.36 (m,
16H; 4 Gly a-CH2, Ser b-CH2, 3 Pro d-CH2), 3.17 (dd, 2J� 13.7, 3J� 8.5 Hz,
2H; Cys b-CH2), 2.85 (d, 3J� 5.8 Hz, 2 H; Lys e-CH2), 2.64 (br s, 2 H; Asn b-
CH2), 2.54 (t, 3J� 7.3 Hz, 2 H; Pal a-CH2), 2.36 ± 2.25 (m, 4 H; Gln g-CH2,
Glu g-CH2), 2.11 ± 1.47 (m, 30 H; Myr a-CH2, Gln b-CH2, Glu b-CH2, 3Pro
b-CH2, 3 Pro g-CH2, Lys b-CH2, Myr b-CH2, Myr g-CH2, Pal b-CH2, Val b-
CH, Leu g-CH, Leu b-CH2), 1.39 (s, 9 H; C(CH3)3), 1.36 (s, 9H; C(CH3)3),
1.33 ± 1.26 (m, 4H; Lys d-CH2, Lys g-CH2), 1.23 (br s, 42 H; Myr (CH2)9, Pal


(CH2)12), 1.08 (s, 9H; C(CH3)3), 0.86 ± 0.82 (m, 18 H; Myr w-CH3, Pal w-
CH3', 2Leu w-CH3, 2 Val w-CH3); 13C NMR (125.7 MHz, [D6]DMSO): d�
198.2 (C�OS), 172.8, 171.8, 171.5, 171.3, 171.2, 171.0, 170.9, 170.7, 170.6,
169.9, 169.4, 169.2, 168.9, 168.8, 168.2, 166.4 (19 C�O), 155.4 (OCONH),
144.8 (arom q), 144.6 (arom. q), 132.2 (allyl CH), 128.5, 128.4, 127.3, 126.2,
125.3 (30 arom. CH), 117.7 (allyl CH2), 79.6, 77.2, 72.7 (3 tBu q), 69.3, 69.1
(Trt q), 64.8, 64.7 (allyl OCH2, Ser b-CH2), 61.4, 59.5, 59.1, 57.5, 53.0, 52.6,
51.8, 51.5, 51.2 (3 Pro a-CH, Cys a-CH, Ser a-CH, Asn a-CH, Gln a-CH,
Glu a-CH, Lys a-CH, Leu a-CH, Val a-CH), 50.2, 49.5 (3 Pro d-CH2), 46.7,
43.3, 42.2, 41.6 (Leu b-CH2, Cys b-CH2, 4 Gly a-CH2), 40.7 (Lys e-CH2),
38.1 (Asn b-CH2), 34.9, 32.5 (Glu g-CH2, Gln g-CH2), 31.2 (Myr CH2), 30.6
(Val b-CH), 30.0, 29.2, 28.9, 28.8, 28.7, 28.6 (8Myr CH2, 10 Pal CH2, Pro b-
CH2, 2 Lys CH2, Gln b-CH2, Glu b-CH2), 28.2 (tBu), 27.9 (Pal CH2), 27.7
(tBu), 27.0 (tBu), 26.4 (Myr CH2), 25.0, 24.9, 24.4, 24.2 (Lys CH2, 3 Pro g-
CH2), 24.0 (Leu g-CH), 23.0 (Leu w-CH3), 22.6, 22.0 (2Myr CH2), 21.4 (Leu
w-CH3), 19.1 (Val w-CH3'), 17.9 (Val w-CH3'), 15.1 (Pal w-CH3'), 13.8 (Myr
w-CH3); MS (MALDI-TOF, DHB/TFA): m/z : calcd for [M�Na]� 2646.54;
found: 2647.54, calcd for [M�K]� 2662.51; found: 2662.94; C144H210N18O25S
(2625.44).


Myr-Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-
Pro-Gly-Pro-Pro-Cys(Pal)-Gly-OH (39): N,N'-Dimethylbarbituric acid
(2.0 mg, 12.8 mmol) and a catalytic amount of [Pd(PPh3)4] were added
under argon to a solution allyl protected peptide 38 (16.7 mg, 6.4 mmol) in
DMSO (400 mL), and the mixture was stirred at 20 8C for 2 h. Then citric
acid (5 %, 5 mL) was added at 0 8C and the precipitated 15-mer 39 was
filtered off and washed several times with citric acid (5%, 1 mL), water,
methanol. After drying in vacuo the peptide was isolated as colorless solid
(15.1 mg, 92 %). [a]22


D �ÿ76.0 (c� 0.25 in CHCl3/2,2,2-trifluoroethanol 3:1
v/v); 1H NMR (500 MHz, [D6]DMSO): d� 8.57 (s, 1H; CONH), 8.54 (s,
2H; CONH), 8.29 (d, 3J� 7.4 Hz, 1 H; CONH), 8.09 ± 8.03 (m, 4H;
CONH), 7.92 (d, 3J� 7.8 Hz, 1 H; CONH), 7.88 (d, 3J� 7.7 Hz, 2 H;
CONH), 7.81 (d, 3J� 7.5 Hz, 1 H; CONH), 7.77 (d, 3J� 7.7 Hz, 1 H;
CONH), 7.72 ± 7.68 (m, 2H; CONH), 7.59 (d, 3J� 8.8 Hz, 2H; CONH),
7.27 ± 7.24 (m, 12 H; C6H5), 7.20 ± 7.14 (m, 18 H; C6H5), 6.68 (br s, 1H;
OCONH), 4.57 ± 4.43 (m, 3H; 3 a-CH), 4.38 ± 4.32 (m, 3H; 3 a-CH), 4.26 ±
4.01 (m, 5H; 5a-CH, 1Gly a-CH2a), 3.85 ± 3.39 (m, 15H; 1Gly a-CH2b, 3
Gly a-CH2, Ser b-CH2, 3Pro d-CH2), 3.04 (d, 2J� 13.3 Hz, 2 H; Cys b-CH2),
2.85 (dd, 2J� 13.2, 3J� 6.5 Hz, 2H; Lys e-CH2), 2.64 (br s, 2H; Asn b-CH2),
2.54 (t, 3J� 7.3 Hz, 2 H; Pal a-CH2), 2.29 ± 2.24 (m, 4H; Gln g-CH2, Glu g-
CH2), 2.13 ± 2.08 (m, 3H; Myr a-CH2, Val b-CH), 1.99 ± 1.43 (m, 27H; Gln
b-CH2, Glu b-CH2, 3Pro b-CH2, 3 Pro g-CH2, Lys b-CH2, Pal b-CH2, Myr
b-CH2, Myr g-CH2, Leu g-CH, Leu b-CH2), 1.39 (s, 9H; C(CH3)3), 1.36 (s,
9H; C(CH3)3), 1.32 ± 1.27 (m, 4 H; Lys d-CH2, Lys g-CH2), 1.22 (br s, 42H;
Myr (CH2)9, Pal (CH2)12), 1.08 (s, 9 H; C(CH3)3), 0.89 ± 0.82 (m, 18 H; Myr
w-CH3, Pal w-CH3', 2 Leu w-CH3, 2Val w-CH3); MS (MALDI-TOF, DHB/
TFA): m/z : calcd for [M�Na]� 2606.50; found: 2605.94, calcd for [M�K]�


2622.48; found: 2621.25; C141H206N18O25S (2585.37).


Myr-Gly-Asn-Leu-Lys-Ser-Val-Gly-Gln-Glu-Pro-Gly-Pro-Pro-Cys(Pal)-
Gly-OH (46): The protected peptide 39 (5.9 mg, 2.3 mmol) was dissolved in
a mixture of CF3CO2H/ethanedithiol/water 95:2.5:2.5 (v/v/v) (200 mL) and
shakenfor 20 min at 20 8C. Then the solvent was removed under reduced
pressure and 46 was precipitated and washed with diethyl ether. After
separation by HPLC the deprotected peptide was obtained as colorless
solid (2.3 mg, 53%). [a]22


D ��37.4 (c� 0.02 in CHCl3/2,2,2-trifluoroethanol
3:1 v/v); HPLC: tr� 16.5 min (50 8C, 25% to 100 % B in 20 min, then 10 min
B; A: H2O�1% CH3CN�0.1% TFA; B: CH3CN�1 % H2O�0.1% TFA);
1H NMR (500 MHz, CDCl3/CD3OD 1:1): d� 4.64 ± 3.36 (m, 27 H; 11 a-CH,
4Gly a-CH2, Ser b-CH2, 3 Pro d-CH2), 3.20 ± 3.19 (m, 2H; Cys b-CH2), 2.93
(d, 3J� 7.1 Hz, 2H; Lys e-CH2), 2.77 (d, 3J� 6.2 Hz, 2 H; Asn b-CH2), 2.54
(t, 3J� 7.5 Hz, 2H; Pal a-CH2), 2.44 ± 1.39 (m, 34H; Gln g-CH2, Glu g-CH2,
Myr a-CH2, Gln b-CH2, Glu b-CH2, 3Pro b-CH2, 3Pro g-CH2, Lys b-CH2,
Myr b-CH2, Myr g-CH2, Pal b-CH2, Val b-CH, Leu g-CH, Leu b-CH2),
1.36 ± 1.20 (br s, 46H; Lys d-CH2, Lys g-CH2, Myr (CH2)9, Pal (CH2)12),
1.01 ± 0.88 (m, 18 H; Myr w-CH3, Pal w-CH3', 2Leu w-CH3, 2 Val w-CH3);
MS (MALDI-TOF, DHB/TFA): m/z : calcd for [M�H]� 1888.12; found:
1888.14, calcd for [M�Na]� 1910.11; found: 1909.82; calcd for [M�K]�


1926.08; found: 1926.45; C90H154N18O23S (1888.39).


Myr-Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-
Pro-Gly-Pro-Pro-Cys(Pal)-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-OAll
(40): NEt3 (0.7 mL, 6.9 mmol) and EDC (1.5 mg, 7.8 mmol) were added to a
solution of peptide 39 (10.0 mg, 3.9 mmol), TFA ´ H-Leu-Gly-Leu-Gly-Leu-
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Gly-Leu-Gly-OAll (35, 5.0 mg, 5.9 mmol) and HOAt (0.6 mg, 4.4 mmol) in
dimethylsulfoxide (300 mL), and the mixture was stirred at 20 8C for 16 h.
At 0 8C citric acid (5%, 5 mL) was added and the precipitated product was
separated, washed with citric acid, water and methanol and dried to yield a
colorless solid (9.2 mg, 72 %). [a]22


D �ÿ27.48 (c� 0.45 in CHCl3/2,2,2-
trifluoroethanol 3:1 v/v); 1H NMR (500 MHz, [D6]DMSO): d� 8.57 (s, 1H;
CONH), 8.53 (s, 1 H; CONH), 8.40 (s, 2H; CONH), 8.29 (d, 3J� 7.4 Hz,
1H; CONH), 8.17 (br s, 2H; CONH), 8.08 ± 8.04 (m, 5H; CONH), 7.87 ±
7.81 (m, 8H; CONH), 7.80 (d, 3J� 5.8 Hz, 1 H; CONH), 7.76 (d, 3J� 8.0 Hz,
1H; CONH), 7.69 (d, 3J� 7.4 Hz, 2H; CONH), 7.58 (d, 3J� 6.5 Hz, 1H;
CONH), 7.27 ± 7.24 (m, 12H; C6H5), 7.19 ± 7.11 (m, 18H; C6H5), 6.68 (br s,
1H; OCONH), 5.93 ± 5.86 (m, 1 H; allyl CH�), 5.32 (d, 3Jtrans� 16.9 Hz, 1H;
allyl�CH2a), 5.21 (d, 3Jcis� 10.5, 1 H; allyl�CH2b), 4.57 ± 4.18 (m, 17H; 15 a-
CH, allyl OCH2), 3.89 ± 3.38 (m, 24H; 8 Gly a-CH2, Ser b-CH2, 3Pro d-
CH2), 3.07 (m, 2H; Cys b-CH2), 2.85 (d, 3J� 5.4 Hz, 2H; Lys e-CH2), 2.63
(br s, 2H; Asn b-CH2), 2.54 (m, 2 H; Pal a-CH2), 2.29 ± 2.25 (m, 4 H; Gln g-
CH2, Glu g-CH2), 2.11 ± 2.09 (m, 3H; Myr a-CH2, Val b-CH), 1.98 ± 1.45
(m, 39 H; Gln b-CH2, Glu b-CH2, 3Pro b-CH2, 3 Pro g-CH2, Lys b-CH2,
Myr b-CH2, Myr g-CH2, Pal b-CH2, 5 Leu g-CH, 5Leu b-CH2), 1.39 (s, 9H;
C(CH3)3), 1.35 (s, 9 H; C(CH3)3), 1.33 ± 1.29 (m, 4 H; Lys d-CH2, Lys g-
CH2), 1.23 (br s, 42H; Myr (CH2)9, Pal (CH2)12), 1.08 (s, 9H; C(CH3)3),
0.86 ± 0.83 (m, 42 H; Myr w-CH3, Pal w-CH3', 10 Leu w-CH3, 2Val w-CH3);
MS (MALDI-TOF, DHB/TFA): m/z : calcd for [Mÿ tBu�H�Na]�


3270.90; found: 3270.02, calcd for [M�Na]� 3326.96; found: 3326.15, calcd
for [M�K]� 3342.93; found: 3341.91; C176H266N26O33S (3306.29).


Myr-Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-
Pro-Gly-Pro-Pro-Cys(Pal)-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-OH
(41): N,N'-Dimethylbarbituric acid (1.0 mg, 6.4 mmol) and a catalytic
amount of [Pd(PPh3)4] were added under argon to a solution of peptide
40 (9.0 mg, 2.7 mmol) in DMSO (400 mL) and the mixture was stirred at
20 8C for 2 h. Then at 0 8C citric acid (5%, 5 mL) was added and the
precipitated 23-mer 41 was separated and washed several times with citric
acid (5 %, 1 mL), water, methanol. After drying in vacuo the peptide was
isolated as pale yellow solid (7.7 mg, 87%). [a]22


D �ÿ28.6 (c� 0.25 in
CHCl3/2,2,2-trifluoroethanol 3:1 v/v); 1H NMR (500 MHz, [D6]DMSO):
d� 8.57 (s, 1H; CONH), 8.54 (s, 1 H; CONH), 8.51 (s, 1H; CONH), 8.28 (d,
3J� 7.7 Hz, 1H; CONH), 8.18 (br s, 4H; CONH), 8.08 ± 8.01 (m, 5H;
CONH), 7.88 ± 7.85 (br s, 6H; CONH), 7.80 (d, 3J� 7.3 Hz, 1 H; CONH),
7.76 (d, 3J� 7.9 Hz, 1 H; CONH), 7.70 (d, 3J� 7.6 Hz, 1 H; CONH), 7.64 ±
7.55 (m, 3 H; CONH), 7.27 ± 7.15 (m, 30H; Trt), 6.69 (br s, 1 H; OCONH),
4.58 ± 4.47 (m, 3 H; 3 a-CH), 4.35 ± 4.17 (m, 12H; 12 a-CH), 3.84 ± 3.38 (m,
24H; 8 Gly a-CH2, Ser b-CH2, 3 Pro d-CH2), 3.06 (dd, 2J� 13.4 Hz, 3J�
8.4 Hz, 2H; Cys b-CH2), 2.85 (d, 3J� 6.3 Hz, 2H; Lys e-CH2), 2.63 (br s,
2H; Asn b-CH2), 2.54 (t, 3J� 7.4 Hz, 2H; Pal a-CH2), 2.36 ± 2.26 (m, 4H;
Gln g-CH2, Glu g-CH2), 2.12 ± 2.09 (m, 3H; Myr a-CH2, Val b-CH), 1.99 ±
1.46 (m, 39H; Gln b-CH2, Glu b-CH2, 3 Pro b-CH2, 3 Pro g-CH2, Lys b-
CH2, Myr b-CH2, Myr g-CH2, Pal b-CH2, 5 Leu g-CH, 5 Leu b-CH2), 1.39
(s, 9H; C(CH3)3), 1.36 (s, 9 H; C(CH3)3), 1.32 ± 1.28 (m, 4H; Lys d-CH2, Lys
g-CH2), 1.23 (br s, 42H; Myr (CH2)9, Pal (CH2)12), 1.08 (s, 9 H; C(CH3)3),
0.88 ± 0.82 (m, 42 H; Myr w-CH3, Pal w-CH3', 10 Leu w-CH3, 2Val w-CH3);
MS (MALDI-TOF, DHB/TFA): m/z : calcd for [M�Na]� 3286.93; found:
3284.57, calcd for [M�K]� 3302.90; found: 3302.22; C173H262N26O33S
(3266.22).


Myr-Gly-Asn-Leu-Lys-Ser-Val-Gly-Gln-Glu-Pro-Gly-Pro-Pro-Cys(Pal)-
Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-OH (47): Peptide 41 (3.9 mg,
1.2 mmol) was dissolved in a mixture of CF3CO2H/ethanedithiol/water
95:2.5:2.5 (v/v/v) (200 mL) and shaken at 20 8C for 20 min. Then the solvent
was removed under reduced pressure and 47 was precipitated and washed
with diethyl ether. After separation by HPLC the deprotected peptide was
obtained as colorless solid (1.6 mg, 52 %). [a]22


D �ÿ34.3 (c� 0.15 in CHCl3/
2,2,2-trifluoroethanol 3:1 v/v); HPLC: tr� 18.4 min (50 8C, 25 % to 100 % B
in 20 min, then 10 min B; A: H2O�1 % CH3CN�0.1% TFA; B:
CH3CN�1 % H2O�0.1 % TFA); 1H NMR (500 MHz, [D6]DMSO): d�
8.39 (s, 2H; CONH), 8.21 ± 8.17 (m, 10H; CONH), 7.88 ± 7.78 (m, 10H;
CONH), 7.43 (s, 1H; CONH), 7.27 (br s, 2H; CONH), 6.95 (s, 1H; CONH),
6.76 (s, 1H; CONH), 4.57 ± 4.47 (m, 3 H; 3 a-CH), 4.34 ± 4.08 (m, 12H; 12 a-
CH), 3.82 ± 3.49 (m, 24H; 8 Gly a-CH2, Ser b-CH2, 3 Pro d-CH2), 3.08 (m,
2H; Cys b-CH2), 2.75 (br s, 2 H; Lys e-CH2), 2.47 (br s, 2 H; Pal a-CH2), 2.27
(br s, Myr a-CH2), 2.14 ± 2.01 (m, 7H; Asn b-CH2, Val b-CH, Gln g-CH2,
Glu g-CH2), 1.91 ± 1.36 (m, 43H; Gln b-CH2, Glu b-CH2, 3 Pro b-CH2, 3
Pro g-CH2, Lys b-CH2, Myr b-CH2, Myr g-CH2, Pal b-CH2, 5 Leu g-CH, 5


Leu b-CH2, Lys d-CH2, Lys g-CH2), 1.24 (br s, 42H; Myr (CH2)9, Pal
(CH2)12), 0.88 ± 0.81 (m, 42 H; Myr w-CH3, Pal w-CH3', 10Leu w-CH3, 2 Val
w-CH3); MS (MALDI-TOF, DHB/TFA): m/z : calcd for [M�H]� 2568.55;
found: 2569.06, calcd for [M�Na]� 2590.53; found: 2591.02, calcd for
[M�K]� 2606.50; found: 2608.24; C122H210N26O31S (2569.24).


Myr-Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-
Pro-Gly-Pro-Pro-Cys(Pal)-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-
Cys(Pal)-Gly-OAll (42): EDC (0.8 mg, 4.2 mmol) was added at 0 8C to a
solution of peptide 41 (6.5 mg, 2.0 mmol), H-Leu-Cys(Pal)-Gly-OAll (22,
2.4 mg, 4.0 mmol) and HOAt (0.6 mg, 4.4 mmol) in N-methyl-pyrrolidinone
(300 mL), and the mixture was stirred at 20 8C for 16 h. At 0 8C citric acid
(5%, 5 mL) was added and the precipitated product was separated, washed
with citric acid, water and methanol and dried to yield a colorless solid
(6.6 mg, 86 %). [a]22


D �ÿ26.1 (c� 0.45 in CHCl3/2,2,2-trifluoroethanol 3:1
v/v); 1H NMR (500 MHz, [D6]DMSO): d� 8.57 (s, 1H; CONH), 8.53 (s,
1H; CONH), 8.30 ± 8.28 (m, 2H; CONH), 8.18 (br s, 4H; CONH), 8.12 ±
8.04 (m, 6H; CONH), 7.91 ± 7.87 (m, 9H; CONH), 7.80 (d, 3J� 7.1 Hz, 1H;
CONH), 7.76 (d, 3J� 6.8 Hz, 1H; CONH), 7.69 (d, 3J� 7.7 Hz, 2 H;
CONH), 7.58 (d, 3J� 7.8 Hz, 1 H; CONH), 7.27 ± 7.15 (m, 30H; Trt), 6.68
(br s, 1 H; OCONH), 5.90 ± 5.87 (m, 1 H; allyl CH�), 5.31 (d, 3Jtrans�
16.8 Hz, 1 H; allyl�CH2a), 5.20 (d, 3Jcis� 10.2 Hz, 1 H; allyl�CH2b), 4.58 ±
4.45 (m, 4H; 2 a-CH, allyl OCH2), 4.38 ± 4.18 (m, 15H; 15 a-CH), 3.89 ±
3.34 (m, 26H; 9 Gly a-CH2, Ser b-CH2, 3 Pro d-CH2), 3.04 (dd, 2J�
13.2 Hz, 3J� 8.9 Hz, 4H; 2 Cys b-CH2), 2.85 (d, 3J� 5.5 Hz, 2 H; Lys e-
CH2), 2.63 (br s, 2H; Asn b-CH2), 2.55 (m, 4H; 2Pal a-CH2), 2.28 ± 2.25 (m,
4H; Gln g-CH2, Glu g-CH2), 2.17 (t, 3J� 8.0 Hz, 2 H; Myr a-CH2), 2.12 ±
2.07 (m, 2 H; Val b-CH, Glx b-CH2a), 1.99 ± 1.46 (m, 43 H; Glx b-CH2b, Glx
b-CH2, 3Pro b-CH2, 3Pro g-CH2, Lys b-CH2, Myr b-CH2, Myr g-CH2,
2Pal b-CH2, 6Leu g-CH, 6 Leu b-CH2), 1.39 (s, 9H; C(CH3)3), 1.36 (s, 9H;
C(CH3)3), 1.32 ± 1.31 (m, 4H; Lys d-CH2, Lys g-CH2), 1.23 (br s, 66H; Myr
(CH2)9, Pal (CH2)12), 1.08 (s, 9H; C(CH3)3), 0.87 ± 0.82 (m, 51H; Myr w-
CH3, 2Pal w-CH3', 11 Leu w-CH3, 2 Val w-CH3); MS (MALDI-TOF, DHB/
TFA): m/z : calcd for [M�Na]� 3838.30; found: 3837.85, calcd for [M�K]�


3854.28; found: 3853.54; C203H315N29O37S2 (3818.06).


Myr-Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-
Pro-Gly-Pro-Pro-Cys(Pal)-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-
Cys(Pal)-Gly-OH (43): N,N'-Dimethylbarbituric acid (0.5 mg, 3.2 mmol)
and a catalytic amount of [Pd(PPh3)4] were added under argon to a solution
of peptide 42 (4.7 mg, 1.2 mmol) in DMSO (300 mL), and the mixture was
stirred at 20 8C for 2 h. Then at 0 8C citric acid (5 %, 5 mL) was added and
the precipitated 26-mer 43 was separated and washed several times with
citric acid (5 %, 1 mL), water, methanol. After drying in vacuo the peptide
was isolated as pale yellow solid. (3.2 mg, 69%). [a]22


D �ÿ23.5 (c� 0.15,
CHCl3/2,2,2-trifluoroethanol 3:1 v/v); 1H NMR (500 MHz, [D6]DMSO):
d� 8.57 (s, 1 H; CONH), 8.53 (s, 1 H; CONH), 8.30 ± 8.27 (m, 2H; CONH),
8.18 (br s, 3H; CONH), 8.09 ± 8.04 (m, 4H; CONH), 7.91 ± 7.86 (m, 6H;
CONH), 7.81 (br s, 1H; CONH), 7.76 (d, 3J� 7.8 Hz, 1H; CONH), 7.69 (br s,
1H; CONH), 7.58 ± 7.41 (m, 8H; CONH), 7.27 ± 7.15 (m, 30 H; Trt), 6.69
(br s, 1 H; OCONH), 4.53 ± 4.46 (m, 3H; 3 a-CH), 4.34 ± 4.18 (m, 15H; 15 a-
CH), 3.88 ± 3.37 (m, 26H; 9 Gly a-CH2, Ser b-CH2, 3 Pro d-CH2), 3.06 (m,
4H; 2 Cys b-CH2), 2.85 (d, 3J� 7.0 Hz, 2H; Lys e-CH2), 2.63 (br s, 2H; Asn
b-CH2), 2.54 (m, 4 H; 2 Pal a-CH2), 2.37 ± 2.25 (m, 4 H; Gln g-CH2, Glu g-
CH2), 2.11 ± 2.09 (m, 3H; Myr a-CH2, Val b-CH), 1.98 ± 1.46 (m, 44H; Gln
b-CH2, Glu b-CH2, 3 Pro b-CH2, 3Pro g-CH2, Lys b-CH2, Myr b-CH2, Myr
g-CH2, 2Pal b-CH2, 6 Leu g-CH, 6 Leu b-CH2), 1.39 (s, 9 H; C(CH3)3), 1.35
(s, 9 H; C(CH3)3), 1.34 ± 1.26 (m, 4H; Lys d-CH2, Lys g-CH2), 1.23 (br s,
66H; Myr (CH2)9, Pal (CH2)12), 1.08 (s, 9H; C(CH3)3), 0.86 ± 0.83 (m, 51H;
Myr w-CH3, 2 Pal w-CH3', 11 Leu w-CH3, 2Val w-CH3); MS (MALDI-
TOF, DHB/TFA): m/z : calcd for [M�H]� 3776.29; found: 3777.65, calcd for
[M�Na]� 3798.27; found: 3797.32, calcd for [M�K]� 3814.25; found:
3815.12; C200H311N29O37S2 (3777.99).


Myr-Gly-Asn-Leu-Lys-Ser-Val-Gly-Gln-Glu-Pro-Gly-Pro-Pro-Cys(Pal)-
Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Cys(Pal)-Gly-OH (48): Pep-
tide 43 (3.2 mg, 0.8 mmol) was dissolved in a mixture of CF3CO2H/
ethanedithiol/water 95:2.5:2.5 (v/v/v) (200 mL) and shaken at 20 8C for
20 min. Then the solvent was removed under reduced pressure and 48 was
precipitated and washed with diethyl ether. After separation by HPLC the
deprotected peptide was obtained as colorless solid (1.1 mg, 42%). [a]22


D �
ÿ17.8 (c� 0.15 in CHCl3/2,2,2-trifluoroethanol 3:1 v/v); HPLC: tr�
21.2 min (50 8C, 25% to 100 % B in 20 min, then 10 min B; A: H2O� 1%
CH3CN�0.1 % TFA; B: CH3CN�1% H2O�0.1 % TFA); 1H NMR
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(500 MHz, [D6]DMSO): d� 8.18 ± 8.14 (m, 6H; CONH), 8.09 (d, 3J�
6.1 Hz, 1H; CONH), 8.02 ± 7.86 (m, 9 H; CONH), 7.70 ± 7.55 (m, 5H;
CONH), 7.42 (br s, 1 H; CONH), 7.33 ± 7.20 (m, 6H; CONH), 6.94 (s, 1H;
CONH), 6.75 (s, 1H; CONH), 4.53 ± 4.47 (m, 2H; 2a-CH), 4.37 ± 4.06 (m,
16H; 16 a-CH), 3.78 ± 3.38 (m, 26 H; 9 Gly a-CH2, Ser b-CH2, 3Pro d-CH2),
3.05 (m, 4H; 2 Cys b-CH2), 2.75 (br s, 2 H; Lys e-CH2), 2.56 (br s, 4H; 2 Pal
a-CH2), 2.34 ± 2.30 (m, 4 H; Gln g-CH2, Glu g-CH2), 2.17 ± 1.98 (m, 5H;
Myr a-CH2, Asn b-CH2, Val b-CH), 1.91 ± 1.33 (m, 48H; Gln b-CH2, Glu b-
CH2, 3 Pro b-CH2, 3Pro g-CH2, Lys b-CH2, Myr b-CH2, Myr g-CH2, 2 Pal
b-CH2, 6Leu g-CH, 6Leu b-CH2, Lys d-CH2, Lys g-CH2), 1.23 (br s, 66H;
Myr (CH2)9, 2 Pal (CH2)12), 0.86 ± 0.82 (m, 51 H; Myr w-CH3, 2Pal w-CH3',
12Leu w-CH3, 2 Val w-CH3); MS (MALDI-TOF, DHB/TFA): m/z : calcd
for [M�H]� 3079.89; found: 3079.15, calcd for [M�Na]� 3101.88; found:
3103.02, calcd for [M�K]� 3117.85; found: 3115.49; C149H259N29O35S2


(3081.01).


Myr-Gly-Asn(Trt)-Leu-Lys(Boc)-Ser(tBu)-Val-Gly-Gln(Trt)-Glu(OtBu)-
Pro-Gly-Pro-Pro-Cys(Pal)-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-
Cys(Pal)-Gly-Lys(Boc)-Gln(Trt)-Gly-OtBu (44): EDC (0.6 mg, 3.2 mmol)
was added at 0 8C to a solution of peptide 43 (5.3 mg, 1.6 mmol),
H-Lys(Boc)-Gln(Trt)-Gly-OtBu 26 (1.8 mg, 2.4 mmol) and HOAt (0.5 mg,
3.2 mmol) in N-methylpyrolidinone (300 mL), and the mixture was stirred at
20 8C for 16 h. At 0 8C citric acid (5 %, 5 mL) was added and the
precipitated was separated, washed with citric acid, water and methanol
and dried to yield a colorless solid (6.2 mg, 86%). [a]22


D �ÿ25.6 (c� 0.25 in
CHCl3/2,2,2-trifluoroethanol 3:1 v/v); 1H NMR (500 MHz, [D6]DMSO):
d� 8.57 (s, 1H; CONH), 8.54 (s, 1 H; CONH), 8.52 (s, 1H; CONH), 8.30 ±
8.28 (m, 2H; CONH), 8.18 (br s, 4H; CONH), 8.08 ± 8.06 (m, 8 H; CONH),
7.91 ± 7.86 (m, 7 H; CONH), 7.81 ± 7.76 (m, 4H; CONH), 7.69 (m, 2H;
CONH), 7.60 ± 7.58 (m, 2 H; CONH), 7.27 ± 7.15 (m, 30H; Trt), 6.69 (br s,
2H; OCONH), 4.53 ± 4.46 (m, 3H; 3 a-CH), 4.34 ± 4.19 (m, 16H; 16 a-CH),
3.85 ± 3.39 (m, 28 H; 10 Gly a-CH2, Ser b-CH2, 3 Pro d-CH2), 3.06 (m, 4H;
2Cys b-CH2), 2.85 (d, 3J� 6.5 Hz, 4 H; 2Lys e-CH2), 2.63 (br s, 2H; Asn b-
CH2), 2.55 (m, 4H; 2 Pal a-CH2), 2.36 ± 2.25 (m, 6 H; 2Gln g-CH2, Glu g-
CH2), 2.18 ± 2.09 (m, 3 H; Myr a-CH2, Val b-CH), 1.99 ± 1.46 (m, 48H; 2Gln
b-CH2, Glu b-CH2, 3 Pro b-CH2, 3Pro g-CH2, Lys b-CH2, Myr b-CH2, Myr
g-CH2, 2Pal b-CH2, 6 Leu g-CH, 6 Leu b-CH2), 1.38 (s, 9 H; C(CH3)3), 1.36
(s, 9 H; C(CH3)3), 1.35 (s, 9H; C(CH3)3), 1.32 ± 1.29 (m, 8 H; 2 Lys d-CH2, 2
Lys g-CH2), 1.23 (br s, 66H; Myr (CH2)9, Pal (CH2)12), 1.08 (s, 9H;
C(CH3)3), 0.86 ± 0.82 (m, 51H; Myr w-CH3, 2 Pal w-CH3', 11Leu w-CH3,
2Val w-CH3); MS (MALDI-TOF, DHB/TFA): m/z : calcd for [M�Na]�


4509.67; found: 4510.12; C241H364N34O43S2 (4489.90).


Myr-Gly-Asn-Leu-Lys-Ser-Val-Gly-Gln-Glu-Pro-Gly-Pro-Pro-Cys(Pal)-
Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Gly-Leu-Cys(Pal)-Gly-Lys-Gln-Gly-
OH (1): Protected peptide 44 (3.9 mg, 0.9 mmol) was dissolved in a mixture
of CF3CO2H/ethanedithiol/water 95:2.5:2.5 (v/v/v) (200 mL) and shaken at
20 8C for 20 min. Then the solvent was removed under reduced pressure
and 1 was precipitated and washed with diethyl ether. After separation by
HPLC the deprotected peptide was obtained as colorless solid (1.0 mg,
31%). [a]22


D �ÿ19.0 (c� 0.05 in CHCl3/2,2,2-trifluoroethanol 3:1 v/v);
HPLC: tr� 22.2 min (50 8C, 25 % to 100 % B in 20 min, then 10 min B; A:
H2O�1 % CH3CN�0.1 % TFA; B: CH3CN�1% H2O�s0.1 % TFA);
1H NMR (500 MHz, [D6]DMSO): d� 8.20 ± 8.10 (m, 9H; CONH), 7.95 ±
7.84 (m, 9H; CONH), 7.62 (br s, 5H; CONH), 7.43 (s, 1 H; CONH), 7.35 ±
7.20 (m, 9H; CONH), 6.95 (s, 1 H; CONH), 6.76 (s, 1H; CONH), 4.79 ± 4.73
(m, 1H; 1 a-CH), 4.53 ± 4.50 (m, 4H; 4 a-CH), 4.37 ± 4.17 (m, 14 H; 14 a-
CH), 3.80 ± 3.54 (m, 28 H; 9Gly a-CH2, Ser b-CH2, 3Pro d-CH2), 3.07 (m,
4H; 2 Cys b-CH2), 2.75 (br s, 4 H; 2Lys e-CH2), 2.56 (m, 4H; 2 Pal a-CH2),
2.37 ± 2.32 (m, 3H; 3 Glx g-CH2a), 2.14 ± 1.98 (m, 8H; Myr a-CH2, 3Glx g-
CH2b, Asn b-CH2, Val b-CH), 1.91 ± 1.27 (m, 52H; Gln b-CH2, Glu b-CH2,
3 Pro b-CH2, 3 Pro g-CH2, Lys b-CH2, Myr b-CH2, Myr g-CH2, 2 Pal b-
CH2, 6 Leu g-CH, 6Leu b-CH2, 2Lys d-CH2, 2 Lys g-CH2), 1.23 (br s, 66H;
Myr (CH2)9, 2Pal (CH2)12), 0.88 ± 0.84 (m, 51 H; Myr w-CH3, 2 Pal w-CH3',
12Leu w-CH3, 2Val w-CH3); MS (ESI): m/z : calcd for [M�2H]2� 1697.04;
found: 1697.9; MS (MALDI-TOF, DHB/TFA): m/z : calcd for [M�H]�


3393.07; found: 3394.16, calcd for [M�Na]� 3415.05; found: 3415.62, calcd
for [M�K]� 3431.02; found: 3432.46; C126H282N34O39S2 (3394.37).
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