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Background


Colloidal semiconductor nanocrystals, also known as colloidal
quantum dots/rods, nanoparticles, and nanoclusters, are nano-
meter-sized fragments of their corresponding bulk crystals.[3±5]


Since we are dealing with crystallites with a variety of shapes
and sizes in this article, ™nanocrystals∫ is probably the best
term and will be used exclusively. The interesting size-
dependent properties of semiconductor nanocrystals, espe-
cially their optical properties, have attracted much attention
both in fundamental research and technical applications in
recent years. At present, access to nanocrystals of the desired
quality substantially limits the development of the field.


A successful synthetic scheme should, at the least, produce
highly crystalline nanocrystals with close to monodisperse size
distribution if one wants to exploit their size-dependent
properties. The ability to vary the size and shape of the
resulting nanocrystals is an additional measurement of such a
synthetic scheme. Presumably, control over the optical and/or
other properties in which you are interested is also an
important concern. To reach these standards, the synthesis of


CdSe nanocrystals by using dimethyl cadmium, Cd(CH3)2, as
the cadmium precursor in technical-grade trioctylphosphine
oxide (Tech TOPO) or in pure TOPO with some additives,
which are mainly analogues of the impurities in Tech TOPO,
was the best up until the year 2000.[6±9] After this organo-
metallic approach was introduced in the early 90s,[9, 10] this
synthetic scheme was considered to be an inspiring example
and model system in the field. However, the organometallic
synthetic approach in coordinating solvent possesses several
intrinsic disadvantages. The raw materials, especially the
organometallic precursors, are extremely toxic, expensive,
unstable, explosive, and/or pyrophoric; therefore sophisti-
cated equipment, such as a glovebox equipped with a
refrigerator, and an inert atmosphere are required. Secondly,
the reactions are not easy to control or reproduce. Finally, the
organometallic approach has not generated any other type of
semiconductor nanocrystal with comparable quality to that of
the CdSe nanocrystals.


Green chemistry[11] or environmentally benign chemistry is a
general term for a group of concepts used in the synthesis and
manipulation of chemicals that have been applied almost
exclusively to organic synthesis. The main goal of green
chemistry is to develop environmentally benign chemical
methodologies and to minimize the damage to the environ-
ment by human activities. The following concepts are related
to the current development of synthetic chemistry for high-
quality colloidal nanocrystals.
1) Alternative routes. Chemistry as a major branch of science


and industry has been in place for hundreds of years.
Countless procedures have already been developed for the
production and processing of a large variety of chemicals.
Unfortunately, many of them generate a lot of pollutants;
this has caused serious public concern. For the sake of the
environment, these procedures should be re-evaluated and
redeveloped to eliminate any unnecessary toxic raw
materials and side products, and any operations that are
harmful to the workers. In addition, alternative routes
should include less expensive and simpler approaches. In
general, alternative routes can be implemented in a step-
by-step manner so as to eventually become environmen-
tally benign.


2) Diversity. Evidently, if a procedure can be applied to the
production/processing of many different types of products
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with only small variations in the conditions and equipment
the procedure should be very valuable. Importantly, all the
products should be as pure as desired and should not
require complicated and tedious separation procedures,
such as chromatography.


3) Atom economy.[12] It is important to consider the con-
sumption of raw materials and energy and the generation
of waste when a new chemical procedure is designed, no
matter whether it is an original one or an alternative
approach. The ideal case is 100% conversion of all the
starting materials added to a reaction flask with no by-
products. Normally, the generation of water or some types
of harmless salts, such as NaCl, is acceptable. If the starting
materials, including solvents, can be recycled with ease, the
procedure is also compatible with atom economy.


4) User-friendly chemistry. In certain fields, most scientists
and engineers are not synthetic experts and like to adopt
™user-friendly∫ synthetic protocols. The field of colloidal
semiconductor nanocrystals as an interdisciplinary and
rapidly developing subject is more or less in this line. Most
research groups are interested in the properties and
applications of these novel materials and possess a lot of
expertise in the fields of fundamental and device physics,
physical chemistry, biological sciences, etc. They prefer to
be the users of easily-adoptable synthetic schemes, instead
of the developers of their own synthetic methods.


I think the concept of ™user-friendly chemistry∫ is probably
the difference between the traditional green chemistry and
the green chemical synthesis in the field of colloidal nano-
crystals. Therefore, green chemical approaches for colloidal
nanocrystals should not only be environmentally benign but
also user friendly. As I will discuss below, the final nanocrystal
products can be quite toxic. In this sense, green chemistry
refers to the procedures of the synthesis and processing
instead of the final products.


Experimental Feasibility


Although high quality semiconductor nanocrystals have been
in ever higher demand in recent years, the organometallic
approach for the synthesis of high-quality CdSe nanocrystals
has only been adopted by a limited number of research groups
around the world because of the requirements of the equip-
ment and settings. This led to a natural thought–to seek
easily adoptable or user friendly synthetic schemes for
semiconductor nanocrystals. There are numerous reports
regarding the synthesis of CdSe nanocrystals in water by
using inorganic cadmium salts as the cadmium precursor.
However, the quality of the nanocrystals resulting from those
synthetic methods in aqueous solutions is not nearly as good
as that of the CdSe nanocrystals synthesized by the organo-
metallic approach. One reason could be that the temperature
that can be achieved in water is significantly lower than the
typical reaction temperatures (200 ± 360 �C) used in the
organometallic approach. It is common sense that high-


temperature processes yield crystals with better crystallinity,
although it is not well-documented in the field of colloidal
nanocrystals.


To our minds, the alternative routes must be at least as good
as the traditional organometallic approach in all aspects, but
with safe and inexpensive raw materials, which do not
subsequently require any sophisticated equipment and pro-
cedures. A reasonable thought on this direction is to gradually
deviate from the original organometallic approach. As the
first step, we chose to replace dimethyl cadmium, which is
certainly the least desirable chemical among all the starting
materials and products. To do so, we had to figure out the role
of dimethyl cadmium in the traditional organometallic
approach.


Experimental results told us that there must be sufficient
amounts of cadmium molecular species not in the form of
nanocrystals in the reaction solutions to suppress Ostwald and
intraparticle ripening in the entire growth process of a typical
organometallic synthesis.[6, 8] A typical synthetic reaction that
uses the traditional organometallic approach normally lasts
for minutes to hours at elevated temperatures. Evidently,
Cd(CH3)2 cannot survive such a process, since it even
decomposes at room temperature and has to be stored in a
refrigerator in a glovebox.


A series of experiments was designed to study the fate of
Cd(CH3)2 after it has been introduced into the reaction flask
at high temperatures. The results revealed that metallic
cadmium precipitated immediately after the injection of
Cd(CH3)2 into pure TOPO at high temperatures. However,
Cd(CH3)2 was stabilized by the presence of hexylphosphonic
acid (HPA), an analogue of the key impurity in Tech TOPO.
The number of moles of HPA must be at least equivalent to
that of Cd(CH3)2 in order to obtain an optically clear solution.
After purification, the soluble cadmium compound was
proven to be a Cd ±HPA complex.[6] Synthesis with the
purified complex indeed generated CdSe nanocrystals with
comparable quality to those of the CdSe nanocrystals
synthesized by the traditional organometallic approach.[1, 6]


Current Status


Experimental results indicate that the Cd ±HPA complex can
be formed in situ by the reaction of cadmium oxide and HPA
in pure TOPO at elevated temperatures.[1] High-quality CdSe
nanocrystals were formed after injection of a selenium± or-
ganophosphine solution into the Cd ±HPA complex solution
formed in situ in hot TOPO. Apart from the tremendous
advantages of cadmium oxide over dimethyl cadmium, this
alternative scheme is capable of producing monodisperse
CdSe nanocrystals in a size regime smaller than 2 nm; this is
not easy to achieve with the traditional organometallic
approach. However, with this very first alternative route it is
not easy to produce large particles. For the original organo-
metallic approach, relatively large-sized nanocrystals are
produced by multiple secondary injections of the precursors
into the reaction flask.


Fortunately, most recent studies indicate that HPA and
CdO are not unique. Fatty acids, amines, other phosphonic
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acids, and phosphine oxides can all serve as the ligands/
solvents for the synthesis of high-quality CdSe nanocrystals.
The inorganic and organic salts of cadmium with an anion
from a weak acid, such as CdCO3 and cadmium acetate, can
all be used as cadmium precursors. As a result, hundreds of
possible combinations of ligands/solvents/precursors can
suddenly be realized for designing a rational alternative route
for different purposes. In contrast, the traditional organo-
metallic approach was mainly limited to Cd(CH3)2 and Tech
TOPO for years.


Today, about one year after the discovery of the first
alternative approach based on the replacement of Cd(CH3)2
by CdO, the alternative routes have shown superior abilities in
all aspects than the traditional Cd(CH3)2 approach that has
existed for more than 10 years. For example, nearly mono-
disperse CdSe nanocrystals have been synthesized in a much
larger size range, from about 1.5 nm to 25 nm, through
alternative routes without using secondary injections (Fig-
ure 1, left).[2] The shape control of the resulting CdSe nano-
crystals is certainly better than that with the traditional


Figure 1. Transmission electron microscope (TEM) images of size- and
shape-controlled CdSe nanocrystals synthesized by greener approaches.
All the samples are as prepared and no additional size-/shape-sorting
procedures were applied.


organometallic approach (Figure 1).[13] The nanocrystals as
prepared are nearly monodisperse, with 5 ± 10% relative
standard deviation, and thus size sorting is not necessary for
most purposes. The photoluminescence quantum efficiency of
the as-prepared CdSe nanocrystals can reproducibly reach as
high as 85%,[14] which is much higher than any reported values
for CdSe nanocrystals prepared by the older method.


The quality of the as-prepared CdSe nanocrystals synthe-
sized by the alternative routes can be considered to be a result
of the relatively simple nucleation and growth path in the
solution. As discussed above, dimethylcadmium is very
unstable at elevated temperatures. After it has been injected


into the hot reaction mixture, some of the molecules of this
active organometallic compound react with selenium precur-
sors and form CdSe nuclei, while some of them are converted
to more stable complexes. If conditions allow, these newly
formed complexes can also take part in the formation of
nuclei. For the same reason, the following growth process may
also involve multiple cadmium sources. As a result, the
control of such a system is likely to be more complicated than
a simple alternative route.


It is documented that the monomer concentration in
solution is a key factor in determining the shape of the
resulting CdSe nanocrystals.[6, 13] Since rod-, rice-, and branch-
shaped CdSe nanocrystals possess higher free energy than
nanocrystals with a dot shape, higher monomer concentra-
tions are required throughout the entire growth process for
the growth of these elongated nanocrystals. In fact, it was
observed that these elongated nanocrystals are converted to
dot-shaped ones at relatively low monomer concentra-
tions.[6, 13]


The exceptional diversity of the products of the alternative
routes is further demonstrated by the synthesis of high-quality
CdTe and CdS nanocrystals.[1] In terms of the control over
their size, shape, and size/shape distribution, the as-prepared
CdTe nanocrystals shown in Figure 2 are comparable to those
of the CdSe nanocrystals synthesized by the traditional
organometallic approach and much better than the CdTe
nanocrsytals synthesized by any other means.


Figure 2. UV/Vis absorption and photoluminescence (PL) spectra (top),
and TEM images (middle and bottom) of CdTe nanocrystals synthesized by
using CdO as the cadmium precursor. All the samples are as prepared and
no addition size-/shape-sorting procedures were applied.


Evidently, these alternative routes are significantly more
user friendly than the traditional organometallic approach.
The alternative routes discussed above can be readily
performed in a regular fume hood without using a glovebox.
This, along with the low-cost and safe raw materials, should
provide access to these green chemical approaches to nearly
any scientific units who are interested in studying these novel
materials.
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Besides us, several groups have been trying to develop
alternative variations of the original organometallic approach,
which are performed by using relatively safe single precur-
sors.[15, 16] For this approach, single precursors containing both
cadmium and selenium have to be synthesized separately and,
to our knowledge, this prior synthetic step has always involved
some toxic chemicals and additional procedures. In addition,
it is not easy to vary the ratio between the two monomers; this
may play a critical role in designing an optimal synthetic
scheme.[8] Overall, the development of this direction is not as
advanced as the ones that use separate precursors discussed
above.


Remaining challenges and opportunities


The diverse alternative routes for the synthesis of high-quality
cadmium chalcogenide nanocrystals discussed above have
improved the synthetic chemistry of those types of semi-
conductor nanocrystals in a revolutionary way. However,
there is still some room for improvement as far as green
chemistry is concerned. For example, the selenium and
tellurium precursors being used are closely related to organo-
phosphorus compounds that are not very ™green∫ at all,[1]


although we did discover some green sources for sulfur
precursors for the synthesis of CdS, ZnS, and other sulfide
semiconductor nanocrystals. It should be mentioned that the
potential replacements of these organophosphorus-related
precursors should not be synthesized/derivatized from any
chemicals with similar toxicity to organophosphorus.


Atom economy has not yet played a role in the develop-
ment of alternative routes. This is certainly an important
direction to pay attention to. In principle, it is impossible to
obtain 100% conversion of the raw materials to high-quality
semiconductor nanocrystals. Some excess precursors/mono-
mers must exist in the growth solution in order to suppress
Ostwald and intraparticle ripening.[6, 8] As a result, one has to
develop an easy way to recycle the raw materials; this in turn
requires a full analysis of the products and by-products of a
growth reaction. To our knowledge, this has never been
performed and may not be a trivial task. Nevertheless, this is
often the situation for the development of colloidal nano-
crystal chemistry: a lack of fundamental knowledge in
general. That is why we have always carried out mechanism
studies along with the development of better synthetic and
processing methodologies.[6, 8, 13, 17]


The synthetic chemistry for other types of semiconductor
nanocrystals is noticeably less developed than that for
cadmium chalcogenides at present. It is our intention to
extend the newly learned knowledge of the model systems to
the development of synthetic chemistry based on green
chemistry concepts for other types of semiconductor nano-
crystals, more broadly speaking, colloidal nanocrystals/nano-
particles. These new systems may have many known and
possibly unknown advantages over cadmium chalcogenides
nanocrystals in certain aspects.


It is debatable whether a synthetic scheme for making
cadmium-related compounds can be classed as a green
chemical approach, because cadmium is intrinsically quite


toxic. Traditionally, green chemical synthesis does not mean
that the targeted products are not toxic.[12] Instead, its
emphasis is on the starting materials, the procedures, the side
products, the energy consumption, and the simplicity of the
equipment. To this standard, the related alternative routes for
the synthesis of cadmium-related semiconductor nanocrystals
can be considered as green chemical approaches, or at least, as
™greener approaches∫. Eventually, the field may have to find
some alternative semiconductor compounds to replace cad-
mium-related ones. Some types of ���± � semiconductor nano-
crystals, such as InP and GaAs, may have similar optical
properties to CdSe and CdTe nanocrystals. However, most of
the ���± � compounds are more or less as toxic as the cadmium
compounds.


Significance


The practical significance of green chemical approaches for
the synthesis of semiconductor nanocrystals is obvious. The
fundamental payoff may be visualized by the comparison
between this movement and the total synthesis of natural
products in the field of organic chemistry. In the latter case, all
the products are already known, and the total synthesis does
not make chemically new products. However, the organic
chemistry knowledge built up around it and the understanding
of natural/biological processes are undoubtedly important.
For people working on developing green chemistry of nano-
crystal synthesis, the fundamental significance may appear as
the ultimate understanding of crystallization in general, which
has amazed and puzzled human beings for thousands of years.
There are two reasons to support such a hypothesis. First of
all, any crystallization process is initiated and determined by
the formation of nanosized species, so-called nuclei. Secondly,
the thermodynamic driving force for crystallization is to
minimize the total surface energy of the system, which is
significant (among the total free energy of the system) and
varies dramatically only in the nanometer size regime (Fig-
ure 3). This implies that it should be the right rationale to seek
in the nanometer regime for the answers to the mysterious
phenomena of crystallization.


Figure 3. The surface-to-interior atom ratio and chemical potential of
differently sized crystals in nanometer regime. Approximately spherical
InP nanocrystals are used as the example.
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Introduction


The radical chain halogenation is a long known and very
important industrial process for the synthesis of halogenated
hydrocarbons (Scheme 1).[1] Because they do not possess any
carbon atoms, the halogen radicals (e.g. chlorine and bromine
atoms), generated by homolysis of their molecular halogens,
may be considered as a sort of classical representatives of
inorganic radicals. Although there is some controversity about
the definition of inorganic for a chemical species, which
contains no carbon atoms, this term shall be used here for the
sake of clarity. In principle, the alkali metals could also be
considered as inorganic radicals. In this context, their
reactions were not taken into account.


Molecular oxygen in its triplet ground state is also an
important inorganic radical species, which is used in many
industrial oxidation processes, as, for example, for the syn-
thesis of phenol by the Hock procedure (Scheme 1).[2]


Likewise, besides these prominent examples, other inor-
ganic radical species were investigated with respect to a


Scheme 1. Examples for industrial processes using inorganic radicals.


possible synthetic application. Crabtree published an inter-
esting paper on the radical dimerisation of hydrocarbons,
which was mediated by hydrogen atoms (H .).[3] Because of the
short lifetime of H . in solution, H . was generated in the gas
phase through the reaction of photoexcited mercury with the
vaporized hydrocarbon 1 (Scheme 2). Hydrogen atom ab-
straction from 1 by H . lead to the carbon-centered radical 2,
which recombined to form the dimer 3. Due to its higher
boiling point 3 immediately condensed after formation and
was thus removed from the reaction mixture.


Scheme 2. Hydrogen atom mediated gas-phase dimerization of hydro-
carbons.
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Whereas gas-phase reactions of inorganic radicals are well
investigated for a long time,[1] their reactions in solution,
which are the general conditions in organic synthesis, are far
less established. The synthetic potential of some nitrogen-
centered, inorganic radicals has been explored by several
research groups. These radicals react very easily by addition to
various � systems, which leads to an interesting functionaliza-
tion of the molecules. In Scheme 3 examples for the reaction
of nitrogen dioxide (NO2


.), nitrogen oxide (NO.) and nitrogen
difluoride (NF2


.) are illustrated.
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Scheme 3. Synthetic application of nitrogen centered inorganic radicals.


The addition of NO2
. to dialkyl-substituted alkynes 4a lead


to formation of 1,2-nitro alkenes 5. The carbonyl compounds
6 ± 8 also observed were formed by reactions of the radical
intermediates (not shown) with the tautomeric form of NO2


. ,
in which the unpaired electron is located on an oxygen atom.[4]


The relatively unreactive NO. could be trapped by recombi-
nation with a vinyl radical 9. Therefore, the NO. mediated


oxidation of ethyne 4b ended up with C�C bond cleavage
under formation of a carbonyl compound 11 and hydrogen
cyanide.[5] Likewise, NF2


. was demonstrated to react with
aromatic compounds, for example by free radical addition at
C-9 and C-10 in anthracenes 12.[6]


Interestingly, the reactions of some oxygen-centered,
inorganic radicals were excessively studied and they play an
important role in organic synthesis. The sulfate radical anion
(SO4


.�) has been used as strong one-electron oxidant in many
reactions, especially in the oxidative functionalization of
aromatic and olefinic compounds.[7] The initial step in the
mechanism of the exemplary reaction of an alkylated
aromatic compound 15 shown in Scheme 4 is formation of a


OH


R R R


R R R R R R R
RH H


•+


- H+


1. -e-


2. H2O, - H+


•


•


OH


OH•


SO4
•-:


OHl:


SO4
•- SO4


2-


- e-, - H+


o:m:p = 50:25:25


OH


15 16 17 18


19 20 21


Scheme 4. Synthetic application of SO4
.� and OH . .


radical cation 16, which subsequently undergoes deprotona-
tion. The fate of the resulting benzylic radical 17 depends on
the conditions and additives. In aqueous solution, for exam-
ple, further oxidation and trapping of the cationic intermedi-
ate (not shown) by water lead to formation of benzyl alcohols
18. The highly reactive hydroxyl radical (OH .) was also
successfully used in organic synthesis. It was found to add to
the aromatic ring in aryl compounds of type 19, which led to
ring hydroxylation with formation of a mixture of the ortho,
meta and para isomers of 21 (Scheme 4).[7c] In addition, the
affinity of OH . towards hydrogen atoms has led to its frequent
use as a reaction initiator through a hydrogen abstraction
pathway.[8]


The nitrate radical (NO3
.) is another oxygen-centered,


inorganic radical.[9] Its reactivity towards organic species can
be ranked between that of OH . and SO4


.� . Therefore,
reactions with NO3


. can either proceed with initial hydrogen
atom abstraction,[10a±g] or by electron transfer, for example
with aromatic compounds.[10h±k] Mechanistically, these oxida-
tions can be compared with the reactions of SO4


.� shown in
Scheme 4. An interesting synthetic application of NO3


. was its
addition to C�C double bonds, for example in cyclohexene 22,
which lead to formation of the nitrate 24. Due to the
instability, the latter was hydrolyzed without prior isolation
to the respective alcohol 25 in good overall yield
(Scheme 5).[11]


Notably, inorganic radicals, compared with organic radicals,
still play only a minor role in modern radical chemistry,
although radical reactions generally became a very important


Abstract in German: Anorganische Radikale haben bislang in
der synthetischen organischen Radikalchemie ein Schattenda-
sein gef¸hrt. In diesem Bericht werden einige synthetische
Anwendungen der wichtigsten anorganischen Radikale darge-
stellt. Daneben wird ein neues Synthesekonzept vorgestellt, das
zeigt, dass mit anorganischen, Sauerstoff-zentrierten Radikalen
von Typ X�O. , in denen X sowohl NO2, SO3


�als auch H
darstellt, neuartige oxidative Radikalreaktionen durchgef¸hrt
werden kˆnnen, die mit den entsprechenden organischen
Gegenst¸cken, den Alkoxylradikalen R�O. , nur schwierig
oder sogar unmˆglich sind.
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Scheme 5. Formation of nitrates and alcohols by NO3
. addition to alkenes.


tool in the laboratory, especially for the synthesis of compli-
cated organic molecules.[12] The success of these classical
organic radical chain reactions may be a result of the
downright ease of radical generation using alkyl halides (or
thiols, selenides, nitro compounds, etc.) and transition metal
hydrides (often tin or mercury compounds) as radical
precursors.[13] However, this advantage turns into a serious
disadvantage, if the difficulty to separate the toxic tin or
mercury compounds after the reaction is considered. Chem-
icals with this enormous toxicity cannot be tolerated in
industrial processes, for example, for the synthesis of phar-
maceuticals. During the last years the demand for nontoxic
alternatives is therefore steadily increasing, and meanwhile
interesting new concepts were reported by several authors.[14]


Examination of the literature reveals another weak point in
organic radical chemistry: The C�C triple bond as radical
acceptor is only well established in intramolecular radical
cyclizations of carbon-centered radicals. The frequent failure
of C�C bond formation by intermolecular addition of carbon
radicals to alkynes is explained by unfavored interactions of
the involved orbitals.[12] Likewise, the formation of C�O
bonds by addition of oxygen centered radicals (RO.) to �


systems is only effective in the case of intramolecular
cyclizations to C�C double bonds,[15] whereas their intermo-
lecular addition to alkenes or alkynes has to compete with
serious side reactions of RO. (e.g. � fragmentation or
abstraction of a hydrogen atom allylic to the � bond shown
in Scheme 6), and was therefore only scarcely used in
synthesis.[16] A new synthetic method, which both allows the
selective oxidation of alkynes combined with the advantages
of radical chemistry, for example, their mild conditions and
high stereoselectivities,[17] and which is also in compliance
with the requirements that nontoxic reagents should be used,
seems to be highly desirable.


Our concept to solve this problem is shown in the box in
Scheme 6. It consists of the substitution of the organic part in


Scheme 6. Reactions of organic oxygen centered radicals.


RO. by an inorganic residue X, thus leading to the inorganic
species NO3


. , SO4
.� and OH . . Unlike RO. , these radicals


cannot undergo simple fragmentations, because no stable
leaving group may be formed.


Free radical addition to C�C triple bonds leads to
formation of very reactive vinyl radicals. In order to reduce
the amount of possible products, which is essential for the
study of new reactions, the subsequent reactions of these vinyl
radical intermediates can be forced to proceed intramolecu-
larly through incorporation of the alkyne unit into a medium-
sized ring. Due to their strong transannular interactions,
medium cycloalkynes (n� 8 ± 12) are very useful and easily
accessible model compounds,[18] which were employed by us
to explore the scope and limitations of the reactions with
NO3


. , SO4
.� , and OH . .


Results and Discussion


The generation of the NO3
. , SO4


.� , and OH . radicals in
solution and on a preparative scale from nontoxic precursors
is depicted in Scheme 7. NO3


. was prepared by either anodic
oxidation of inorganic nitrates (Scheme 7.1) or by photo-
induced electron transfer from CeIV nitrates, for example,
ceric ammonium nitrate (CAN) (Scheme 7.2).[10, 11] The Fen-
ton redox system FeII/peroxo disulfate was used to generate
SO4


.� (Scheme 7.3).[7] OH . could be obtained by photolyzing
the thiopyridone 26a.[18]


Scheme 7. Generation of NO3
. , SO4


.� , OH . and RC(O)O. on a prepara-
tive scale in solution.


NO3
. Radicals


The reaction of NO3
. with the cycloalkynes 29 led to an


oxidation of the compounds under formation of the cis-fused
bicyclic ketones 30 and 31 (Scheme 8 and Table 1:
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Scheme 8. Reaction of medium-sized cycloalkynes 29 and 5-cycloalky-
nones 32 with XO. .


X�NO2).[20] The general principles of the mechanism is
shown in Scheme 9 for the exemplary reaction of 29a.


Initial formation of the vinylic radical 34 and subsequent
hydrogen atom transfer from a transannular activated meth-
ylene group [1,5- or 1,6-hydrogen atom transfer (HAT)] yields
the secondary alkyl radicals 35a and 35b. These species may
now cyclize to the remaining C�C double bond in a 5-exo or
6-exo fashion.[21] The cyclization cascade is completed by
fragmentation of the radicals 36a, b along the weak O�N
bond under formation of the stable carbonyl bonds in the
ketones 30a and 31 and release of NO2


. . The latter radical is,
however, far less reactive than NO3


. , and no interference by
NO2


. was ever observed. In contrast to the classical radical
chemistry, this cyclization cascade has no radical chain
character and may be termed a self-terminating, oxidative
radical cyclization. Formally, the role of NO3


. is that of a
donor of atomic oxygen. The exclusive formation of cis-fused
bicycles in these transannular radical cyclizations was verified
by semiempirical calculations and is in accordance with the
literature.[17, 20]


The concept of self-terminating, oxidative radical cycliza-
tions could also be extended to medium-sized rings possessing
two � systems.[22] The NO3


.-induced cyclization of the 5-cyclo-
alkynones 32a ± c led to the formation of the isomeric bicyclic
epoxy ketones 33a ± c in over 70% total yield (X�NO2:


O
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H


O O


O


O O


H


X X


X


X


•O X
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• •


•


- X•
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OH•:


5-exo 6-exo
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NO3
•:


SO4
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X = H
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Scheme 9. Mechanism of the reaction of cyclodecyne 29a with XO. .


Scheme 8 and Table 2, entries 1, 2). The cyclization of larger
cycloalkynones was significantly less efficient (entry 4). The
mechanism, shown in Scheme 10 for the reaction of 32b,
consists of a transannular radical cyclization to the carbonyl
group after initial NO3


. addition at the triple bond. The
resulting isomeric allyloxyl radicals 38a, b subsequently cy-
clize in a 3-exo fashion to the remaining C�C double bond,
and homolytic cleavage of the O�N bond in 39a, b finally
yielded the epoxy ketones 33b, c and NO2


. . This mechanism
is a nice example for the synthesis of epoxides through an
irreversible (because of the fragmentation step) 3-exo radical
cyclization.[23] The low yields in the radical cyclization of
larger 5-cycloalkynones might be due to significant ring strain


Table 1. Yields of the reaction of medium-sized cycloalkynes 29 with XO. .


Entry 29 X Yield


1 a NO2
[a] 30a : 53%, 31 : 17%[b]


2 b NO2
[a] 30b : 35%, �inseparable mixture of isomers (36%)[b]


3 a SO3
� 30a : 52%, 31 : 27%[c]


4 a H 30a : 10% (17%), 31 : 11% (18%)[c, d]


5 a RC(O), R�Me 30a : 13% (35%), 31 : 12% (31%)[c, e]


6 a RC(O), R�C6H5 30a : 13% (42%), 31 : 12% (39%)[c, e]


7 a RC(O), R� 4-MeOC6H4 30a : 7% (47%), 31 : 5% (42%)[c, e]


[a] Electrogenerated NO3
. . [b] Isolated yield. [c] GC yield with internal standard (n-hexadecane). [d] Data in parantheses: Yield with regard to amount of 29


consumed. [e] 29 in 2 ± 3-fold excess. Data in parantheses: Yield based on 26b ± d.


Table 2. Yields of the reaction of medium-sized 5-cycloalkynones 32 with
XO. .


Entry 32 X Yield 33[a]


1 a NO2
[b] a : 71%


2 b NO2
[b] b : 30%, c : 44%


3 b SO3
� b : 24%, c : 28%[c]


4 c NO2
[b] d : 11%


[a] Isolated yield. [b] Electrogenerated NO3
. . [c] Ratio determined by GC


and 13C NMR.
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Scheme 10. Mechanism of the reaction of 5-cyclodecynone 32b with XO. .


in the radical intermediates, which resulted in a poor overlap
of the orbitals involved.[24]


In a similar fashion, open-chain alkynes were also cyclized
by NO3


. . To promote intramolecular reactions, a reduction of
the possible conformations in the alkyne was necessary, which
could be achieved by the introduction of cycloalkyl bridges.
Thus, alkynyl ethers of type 40 could be stereoselectively
cyclized to the tetrasubstituted tetrahydrofurans of type 41 by
reaction with NO3


. (Scheme 11).[25]


O


nBu


Me
O


Me


O
nBu


NO3
•


35 % (electrogenerated NO3
•)


65 % (photogenerated NO3
•)


40 41


Scheme 11. Reaction of the alkynyl ether 40 with NO3
. .


The yield of this cyclization was significantly dependent on
the conditions of the radical generation, which also demon-
strated the instability of the radical intermediates towards
oxidation. Whereas the electrochemical formation of NO3


.


requires high potentials at the electrodes,[26] a general
reduction of the oxidizing environment was possible using
the photolysis of CAN as the NO3


. source, because thus the
oxidizing radical precursor can be applied under high dilution.
Under these conditions, the yield could be enhanced to 65%
(with respect to the minor compound CAN).[27]


The stereoselectivity of this cyclization sequence was
investigated with various homologues of 40 bearing cycloalkyl
rings with different size and stereochemistry and different
substituents in the side chains.[28] With few but remarkable
exceptions, the cyclizations proceeded with high to excellent


diastereoselectivities according to the transition state model
for radical cyclizations, which is based on the minimization of
steric interactions.[17] However, the exceptions led us to the
conclusion that electronic effects must also be of importance.
These effects are under current examination by us using ab
initio calculations.[29]


Interestingly the concept of self-terminating, oxidative
radical cyclizations is usually observed among alkynes.
Scheme 12 illustrates that the NO3


.-induced cyclization of
the 5-cycloalkenone 42 led to formation of a 1:1 mixture of the


Scheme 12. Reaction of Z-cyclodecen-5-one 42 with NO3
. .


isomeric hydroxy nitrates 43 and 44 in 36% total yield (not
optimized).[30] The reaction may proceed through a trans-
annular addition of the initially formed nitrate radical adducts
45a, b to the carbonyl bond. An intramolecular trapping of
the resulting alkoxyl radicals 46a, b is, in contrast to the
reactions with alkynes, not possible. Reduction to the
respective alcohols by hydrogen abstraction may instead
occur, and the efficiency of the whole reaction sequence
should depend on the availability of suitable hydrogen atom
donors. However, the introduction of a nitrate group, which
may be modified in various ways,[11] with simultaneous
reduction of a carbonyl moiety seems to be a powerful
additional application of NO3


. in synthesis, which should be
thoroughly investigated.


SO4
.� Radicals


In order to elucidate whether charged inorganic radicals
might also induce a self-terminating, oxidative radical cycli-
zation, the reaction of 29a with SO4


.� was chosen as
representative model system (Scheme 8, X� SO3


�).[31] Inter-
estingly, it turned out that the well known and strong one-
electron oxidant SO4


.� was also a very efficient oxygen atom
donor, since the ketones 30a and 31 were obtained in 79%
combined GC yield (Table 1, entry 3). According to the
mechanism in Scheme 9 (X� SO3


�), the leaving group in this
anionic radical cyclization is SO3


.� . It should be noted that
this reducing radical anion did not interfere to a measurable
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extent, which is the basic requirement for a self-terminating
radical cylization.


That this was not a unique reaction of SO4
.� was verified by


the SO4
.�-induced cyclization of the 5-cycloalkynone 32b


(Scheme 8). In fact, according to the mechanism in Scheme 10
with X� SO3


�, the anionic radical cyclization leads to
formation of the isomeric epoxy ketones 33b, c in good
isolated yield (Table 2, entry 3).


OH . Radicals


Considering an analogue OH .-induced self-terminating, oxi-
dative radical cyclization as shown in Schemes 8 and 9 for
X�H, homolytic cleavage of the relatively strong O�H bond
and release of H . in the final step must occur. The energy
required for the fragmentation must be counterbalanced by
the energy gained through formation of the stable carbonyl
bond. To explore whether OH . is also able to undergo this
radical cyclization cascade, its reaction with the ten-mem-
bered cycloalkyne 29a was again chosen as model system.
Formation of the isomeric ketones 30a and 31 in 21%
combined yield (35% with regard to consumed 29a, Table 1,
entry 4) was observed.[32] However, these data are still
preliminary, since an extensive optimization of the reaction
conditions and exploration of the fate of H . was not yet
performed. Nevertheless, although in the beginning OH .


seemed to be an uncertain candidate for a self-terminating,
oxidative radical cyclization, it appears, as if the synthetic
potential of OH . has to be extended by its properties as a
donor of atomic oxygen.


Other oxygen-centered radicals


The finding of a novel radical cyclization cascade induced by
the inorganic radicals NO3


. , SO4
.� , and OH . encouraged us to


look for further radicals possessing similar properties: i) the
radical site located on average on an oxygen atom, and ii) a
relatively stable leaving group, which is cleaved after the
radical cyclization, taking the unpaired electron. It is known
that the organic oxygen-centered radicals of the type
RC(O)O. could add to C�C double bonds, and that this
addition reaction has to compete with the fast decarboxyla-
tion.[16]


Interestingly, it was possible to trap the acyloxyl radicals
28b ± d, which were generated by photolyzing the respective
Barton esters 26b ± d (see Scheme 7.4), by addition to the C�C
bond in excess cycloalkyne 29a. Again, these reactions led to
the formation of the ketones 30a and 31 in good to excellent
yield.[33] With regard to the ease of the decarboxylation the
less stable acyloxyl radical 28b gave the lowest yields, whereas
the most stable radical 28d led to the highest yields (Table 1,
entries 5 ± 7). According to Scheme 9, this cyclization cascade
is terminated by cleavage of X .�RC(O) . . Since no mea-
surable interference by these acyl radicals was observed, this
reaction can be considered as an organic counterpart of the
self-terminating, oxidative radical cyclizations. To our knowl-
edge, this is the first time that acyloxyl radicals were used as
donors of atomic oxygen in organic synthesis.


Conclusions and Outlook


One of the hitherto synthetic gaps in radical chemistry, the
C�O bond formation by intermolecular addition of oxygen-
centered radicals to alkynes, can be filled using the inorganic
radicals of type X�O. with X�NO2, SO3


�, and H. As these
radicals add to C�C triple bonds, they induce a self-
terminating, oxidative radical cyclization cascade, which ends
by a homolytic fragmentation under release of a carbonyl
compound and an unreactive leaving radical X . . In contrast to
the classical radical chain chemistry, these cyclizations are of
nonchain type, and the radicals have to be produced in
stoichiometric amounts. This is generally not a disadvantage,
since the radical precursors required are not toxic and can be
either purchased or easily synthesized in high yields. There-
fore, the inorganic radicals X�O. can be considered as donors
of atomic oxygen, and the oxidation of alkynes proceeds
under very mild conditions with high stereoselectivities.


An extension of this synthetic concept to other oxygen-
centered radicals was already demonstrated by us, since
acyloxyl radicals RC(O)O. reacted with alkynes in a similar
way by donating one of their oxygen atoms. This is an
interesting example for the finding of a new reaction by well
known organic radicals, which might not have been discov-
ered without the inorganic examples. We are currently
studying further oxygen-centered organic radicals, which
may possess the same synthetic features. The compatibility
of these radical cyclizations towards other heteroatoms in the
alkyne moiety (e.g. nitrogen or sulfur) is also part of our
current investigations. With this method, a short and poten-
tially stereoselective access to different heterocycles should
be possible.
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Abstract: The new oxothiomolybdate
anion [Mo8S8O8(OH)8{HWO5(H2O)}]3�


(denoted HMo8W3�) has been synthe-
sized in aqueous solution by an acido ±
basic condensation reaction. Four
{MoV


2S2O2} building blocks are connect-
ed through hydroxo bridges around a
central {WVIO6} octahedron. X-ray and
neutron diffraction studies have been
performed on single crystals of the
lithium salt Li3[Mo8S8O8(OH)8{HWO5-
(H2O)}] ¥ 18H2O (Li3HMo8W ¥ 18H2O)
grown from HMo8W3� in an aqueous


solution of LiCl (1�). The neutron
diffraction experiment enabled us to
locate both the protons and the lithium
ions. In the structure of Li3HMo8W ¥
18H2O, ring-shaped anions interleaved
by a cluster of disordered hydrogen-
bonded water molecules stack on top of
each other along lithium pillars. The


lithium columns are formed by alternat-
ing edge-sharing octahedra and tetrahe-
dra, with one lithium site in four being
totally vacant. Ionic conductivity meas-
urements on pressed pellets have shown
that Li3HMo8W ¥ 18H2O is a good ionic
conductor at room temperature (��
10�5 Scm�1), but the ionic conductivity
on single crystals is smaller by two
orders of magnitude and is isotropic;
this suggests the main path of conduc-
tion involves surface protons rather than
lithium ions of the bulk.


Keywords: ionic conductivity ¥
lithium ¥ molybdenum ¥ neutron
diffraction ¥ polyoxometalates


Introduction


The synthesis of polyoxometalates is mainly based on acido ±
basic condensation.[1] Most of these anions have discrete
structures of definite sizes and shapes belonging to well-
known structural types, such as the Lindquist (e.g.,
[Mo6O19]2�), Keggin (e.g., [PMo12O40]3�) or Dawson (e.g.,
[P2Mo18O62]6�) types. One strategic route to increase the
nuclearity of polyoxometalates and reach nanometric size
consists of the introduction of reduced metal centers into
polyanionic frameworks. The resulting enhanced nucleophilic
character of the polyanion allows stereospecific reactions with
electrophilic fragments and produces novel and larger poly-


oxometalates.[2, 3] Another way to design new structural
arrangements is to use sulfur-enriched precursors. Sulfur in
the coordination sphere of a metal atom is expected to modify
its reactivity, and thus the aggregation processes of the
elemental building units during the condensation reaction and
also to provide new connectivity schemes between the
constituent metal polyhedra. We have recently developed a
synthetic strategy based on the self-condensation of {MoV


2-
S2O2} structural units. The addition of hydroxide ions to an
aqueous solution of [Mo2S2O2(H2O)6]2� dithiocations gives,
at a pH below 3, a yellow solid,[4] which affords, after
recrystallization, the neutral cyclic derivative [Mo12S12O12-
(OH)12(H2O)6],[5] the first member of a new original family of
compounds. The crude product regenerates the thiocation in
acid media and hydrolyzes in basic media to give the
[Mo2S2O2(OH)4(H2O)2]2� ion, and is therefore a convenient
precursor for further condensation reactions. The efficiency of
the synthetic procedure has been demonstrated by the
synthesis of a large variety of cyclic oxothioanions, either
template-free,[5] or incorporating dicarboxylate molecules[6] or
phosphate ions.[7] These anions crystallize with alkaline
cations to form columns, planes, or even three-dimensional
structures[8] that can confer interesting physical properties
such as ionic conductivity or microporosity.[9] In a previous
communication, we showed that inorganic structuring agents
such as molybdate ions could also be used to prepare cyclic
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oxothiocompounds.[10] Then, we extended this synthetic
protocol to tungstate ions, and we report herein the synthesis
and complete characterization of the oxothioanionic
wheel [Mo8S8O8(OH)8{HWO5(H2O)}]3� denoted below as
HMo8W3�. This compound exhibits a remarkable three-
dimensional structure in which wheels that contain anionic
planes are interleaved by partly filled lithium columns. By
using single-crystal neutron diffraction, not only have the
protons been located, but the occupation factors of the lithium
cations have also been determined. The protons appear
distributed over the inorganic wheel as hydroxyl groups and
spread in the lattice holes as water molecules overlapping in a
sophisticated H-bonding network.


Results and Discussion


Synthesis of HMo8W3� : The synthesis of the polyoxothioan-
ion is quite straightforward, starting from a basic aqueous
solution of tungstate ions and with a stoichiometric Mo/W
ratio. The molybdenum oxothioprecursor[4, 5] is then added
and dissolves to give the red anionic dinuclear compound
[Mo2S2O2(OH)4(H2O)2]2�. The condensation of the dianion
around the inorganic template monomer is induced by the
addition of hydrochloric acid until pH� 4.5. The HMo8W3�


ion is isolated in the solid state as the potassium
salt K3[Mo8S8O8(OH)8{HWO5(H2O)}] ¥ 18H2O (K3HMo8W ¥
18H2O). Single crystals as large as 2 mm3 of the lithium
salt Li3[Mo8S8O8(OH)8{HWO5(H2O)}] ¥ 18H2O (Li3HMo8W ¥
18H2O) are easily grown by slow evaporation of an aqueous
solution of LiCl (ca. 1�) that contains HMo8W3�.


Molecular structure of HMo8W3� in Li3HMo8W¥ 18H2O:
Four {MoV


2S2O2} building blocks are connected by hydroxo
bridges and encapsulate a central WVIO6 octahedron (Fig-
ure 1). As the anion sits on an inversion center, the central
metal atom is disordered over two positions, located 0.35 ä
above and below the plane defined by the molybdenum atoms
of the octanuclear wheel. Each molybdenum atom of the ring
exhibits a distorted octahedral coordination (Figure 1a,
Table 1). The octahedra are alternately face-sharing (between
the building units) and edge-sharing (within the building
units), a common feature with the parent neutral [Mo12S12O12-
(OH)12(H2O)6] wheel[5] and the octanuclear [Mo8S8O8(OH)8-
(C2O4)]2� ion.[6] The central WO6 octahedron shares four
corners with the four {Mo2S2O2} units.


Proton distribution in HMo8W3� by neutron diffraction: The
hydrogen atoms on the hydroxo bridges, H3A and H3B, are
directed above and below the molecular plane. The octanu-
clear ring {MoV


8S8O8(OH)8} being neutral, and the central
WVIO6 octahedron having a formal �6 charge, three addi-
tional protons have to be located on the polyoxothioanion in
order to satisfy the overall �3 charge of the anion. The three
additional protons are localized on the oxygen atoms of the
central WO6 octahedron. There are three sets of W�O bond
lengths within the WO6 octahedron (Table 1). One
W1C�O1C bond (1.715(6) ä) is short and is attributed to a


Figure 1. a) Ball and stick representation and atom-labeling scheme of the
[Mo8S8O8(OH)8{HWO4(H2O)]3� ion; the asymmetric unit consists of a
quarter of a polyoxothioanion, with two fragments labeled A and B.
b) Polyhedral representation showing the connectivity of the building
blocks; disordered hydrogen atoms generated by the C2 axis and the mirror
have been omitted for clarity.


W�O bond while the other is far longer (2.464(6) ä) and is
characteristic of a terminal aqua bond. The values observed
here are even slightly longer than those reported for terminal
W�OH2 ligands trans to oxo groups,[11] suggesting the weak
nature of the binding of the aqua ligand in these species.
Accordingly, two disordered hydrogen atoms, H1C1 and
H1C2 (Figure 1a), have been located in the neutron Fourier
difference maps. The third proton, H4, located on the triply
bridging oxygen atoms, is delocalized on the two equivalent
positions O4A, in agreement with the W�O bond lengths.
Indeed, among the four equatorial W1C�O bonds, one set of
bond lengths (W1C�O4A� 1.966(5) ä) is significantly longer
than the other (W1C�O4B� 1.875(4) ä), as expected for a
W�OH bond. Polyanionic structures with protonated �3-O
atoms are not uncommon, the best-known example being the
structure of the metatungstate [W12O38(OH)2]6� ion.[12]


Table 1. Selected bond lengths [ä] in Li3HMo8W¥ 18H2O.


X-ray Neutron X-ray Neutron


Mo1A�O1A 1.696(5) 1.693(5) Mo1B�O1B 1.697(5) 1.687(4)
Mo1A�O3A 2.090(4) 2.101(4) Mo1B�O3B 2.093(3) 2.099(4)
Mo1A�S1A 2.316(1) 2.313(5) Mo1B�S1B 2.318(1) 2.315(6)
Mo1A�O4A 2.381(5) 2.375(5) Mo1B�O4B 2.403(5) 2.394(6)
Mo1A�Mo2A 2.8013(8) 2.802(4) Mo1B�Mo2B 2.8047(8) 2.805(4)
Mo2A�O2A 1.688(5) 1.691(4) Mo2B�O2B 1.673(5) 1.683(4)
Mo2A�O3B 2.123(3) 2.128(4) Mo2B�O3A 2.111(4) 2.114(4)
Mo2A�O4B 2.219(4) 2.231(4) Mo2B�S1B 2.316(1) 2.311(6)
Mo2A�S1A 2.319(1) 2.317(5) Mo2B�O4A 2.336(5) 2.347(4)
W1C�O1C 1.715(6) 1.732(8) W1C�O4B 1.875(4) 1.879(3)
W1C�O1C 2.464(6) 2.467(6) W1C�O4A 1.966(5) 1.962(4)
Li1�O1AW 1.995(12) 1.984(11) Li1�O1BW 1.941(11) 1.957(9)
Li2A�O2A 2.052(5) 2.051(4) Li2B�O2B 2.134(5) 2.143(4)
Li2A�O1AW 2.175(4) 2.185(3) Li2B�O1BW 2.205(4) 2.202(5)
Li1�Li2A 2.95(2) 2.93(2) Li1�Li2B 2.62(2) 2.64(2)
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Three-dimensional structure of Li3HMo8W¥ 18H2O: In the
structure of Li3HMo8W ¥ 18H2O, anions and cations are
mutually connected. Three crystallographically independent
positions for the lithium atoms were located unambiguously
by X-ray diffraction, Li1, Li2A, and Li2B. Li1 has regular
tetrahedral coordination, while Li2A and Li2B are octahe-
drally coordinated (Table 1). The coordination sphere of the
cations is formed by terminal oxo ligands of the polyanion and
by aquo ligands (Figure 2a). Indeed, both tetrahedral[13] and


Figure 2. a) Ball and stick representation of the repeating motif of the
lithium columns in Li3HMo8W ¥ 18H2O with the lithium occupancies.
b) Polyhedral representation showing the alternation of edge-sharing
octahedra and tetrahedra. Comparison of c) the lithium columns in
Li3HMo8W ¥ 18H2O and d) the sodium columns in Na4[(HPO4)2Mo12-
S12O12(OH)12(H2O)2] ¥ 27H2O.[7b]


octahedral[14] coordination are equally encountered among
lithium complexes with oxygen donor ligands. The lithium
octahedra and tetrahedra are alternately connected to each
other by sharing edges, thus forming a spectacular infinite
lithium column (Figure 2b) with short Li ¥ ¥ ¥Li separations
(2.64(2) ± 2.95(2) ä; Table 1). This one-dimensional chain is
comparable to the cationic arrangement in Na4[(HPO4)2-
Mo12S12O12(OH)12(H2O)2] ¥ 27H2O.[7b] In this compound, so-
dium pillars are formed by edge-sharing sodium octahedra.
The repeating unit in the sodium columns (Figure 2d) consists
of three edge-sharing octahedra and corresponds to the c
parameter (11.135(1) ä) of the orthorhombic cell, while in
Li3HMo8W ¥ 18H2O, the repeating motif is formed by four
lithium polyhedra (Figure 2c) and corresponds to the b
crystallographic parameter with approximately the same
length (b� 11.138(1) ä). Some electron density was found
by X-ray diffraction in the lithium site Li2B. However, the
neutron diffraction experiment showed unambigously that
this site was totally vacant, the other sites in the repeating
motif (Li1, Li2A) being fully occupied. To our knowledge, this
is the first lithium compound with alternating octahedra and


tetrahedra forming lithium pillars. Infinite lithium chains are
often encountered among inorganic structures, but consist
only of octahedra or tetrahedra. For example, in the structure
of lithium hydroxide, Li is tetrahedrally coordinated by two
hydroxo ligands and two water molecules and each tetrahe-
dron shares an edge and two corners to produce double
chains.[15] Besides, in most inorganic lithium salts, Li is
coordinated by six water molecules to form chains of face-
sharing octahedra.[15]


The Li2A and Li2B cations connect one polyanion to four
others through the terminal oxygen atoms O2A and O2B, thus
forming a regular planar grid (Figure 3a). The mixed anion-
ic ± cationic planes stack on top of each other, each plane
being shifted from the following one by a/2 so that one hole of
the grid is facing a polyanion of the planes above and below.
The anions are anchored to the lithium columns as shown in
Figure 3b.


Figure 3. a) View of the grid formed by anions connected to each other by
lithium octahedra in the (010) planes. b) View of the packing of the anions
along the lithium pillars in the (101) planes.


Hydrogen-bonding interactions: Three kinds of water mole-
cules have been found in the structure of Li3HMo8W ¥ 18H2O:
water molecules (O1W and O1BW) attached to the lithium
ions, representing eight molecules among the 18; water
molecules (O2AW, O2BW) located above and below the
hydroxo groups, representing eight molecules; and two
molecules disordered over three sites (O3AW, O3BW, and
O3CW). All the protons of the structure have been located in
Fourier difference maps, some of them being disordered over
two positions. Each hydrogen atom of the water molecules is
involved in an O ¥ ¥ ¥O hydrogen bond (Table 2). Hydrogen-
bonding interactions are also found between the bridging
oxygen atoms (O3A, O3B) of the oxothioanion and the water
molecules located above and below the molecular plane
(Figure 4a). The geometry of the hydrogen bonds is character-
istic of moderately strong interactions[16] with O3A ¥ ¥ ¥O2AW
and O3B ¥ ¥ ¥O2BW distances of 2.68(1) and 2.70(1) ä, re-
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Figure 4. a) Side view of the anion showing the hydrogen bonds between
the hydroxo groups and water molecules. b) View of the cluster of
disordered water molecules hydrogen-bonded to six adjacent polyoxo-
thioanions; hydrogen bonds have been omitted for clarity.


spectively, and O3A�H3A ¥ ¥ ¥O2AW
and O3B�H3B ¥ ¥ ¥O2BW angles of
166.5(5) and 165.4(5)�, respectively
(Table 2). The water molecules
O1AW and O1BW linked to the
lithium atoms are hydrogen-bonded
to the bridging oxygen atoms O3A
and O3B of the anion and also to the
O2AW and O2BW water molecules
(Table 2). Finally, a water molecule
disordered over three positions
O3AW, O3BW, and O3CW acts as
donor and acceptor of hydrogen


bonds with the terminal oxygen atom O1C of the anion and
the remaining water molecules (Table 2). The cluster of
hydrogen-bonded water molecules thus formed fits in the
cavities defined by six adjacent polyanions (Figure 4b), and
the intricate hydrogen bonding pattern participates to the
cohesion of the whole structure.


Thermal behavior: The thermal behavior of Li3HMo8W ¥
18H2O was studied by X-ray powder diffraction and ther-
mogravimetric analysis (TGA) upon heating. The TGA curve
(Figure 5) shows two successive mass losses of about two


Figure 5. Thermogravimetric analysis (TGA) curve of Li3HMo8W ¥
18H2O.


water molecules (between 20 and 40 �C), which could
correspond to the disordered O3W molecules and followed
by sixteen water molecules (between 40 and 75 �C) attributed
to the sixteen O1AW, O1BW, O2AW, and O2BW molecules.
The last weight loss involves the water molecule O1C bound
to the W atom followed by hydroxo groups. In the range 25 ±
100 �C, Li3HMo8W ¥ 18H2O undergoes one phase transition at
65 �C, as shown by the evolution of the powder X-ray
diffraction patterns (Figure 6), corresponding to the loss of
the hydration water molecules. The orange powder turns
brown upon heating. The X-ray powder diffraction pattern of
a sample heated for one hour at 100 �C and cooled to room
temperature over one hour is similar to the initial powder
pattern, showing the phase transition is reversible, as con-
firmed also by the return to the original orange color of the
sample.


Table 2. Geometrical parameters of the hydrogen bonds in Li3HMo8W ¥
18H2O determined by neutron diffraction between donor oxygen atoms
(D) and acceptor oxygen atoms (A).


D�H ¥¥¥A d(D�H) d(H ¥¥¥A) d(D ¥¥¥A) �DHA


donor oxygen atoms of the polyoxothioanion
O1C�H1C1 ¥¥¥O3AW 1.10(4) 2.16(4) 2.81(2) 115(2)
O1C�H1C2 ¥¥¥O3BW 1.06(4) 2.27(4) 2.83(2) 111(2)
O3A�H3A ¥¥¥O2AW 0.97(1) 1.73(1) 2.68(1) 166.5(5)
O3B�H3B ¥¥¥O2BW 0.98(1) 1.74(1) 2.70(1) 165.4(5)
O4A�H4 ¥¥¥O1C 1.12(3) 2.06(2) 2.85(1) 124(1)
donor oxygen atoms of the water molecules
O1AW�H1A1 ¥¥¥O3B 0.95(1) 1.85(1) 2.78(5) 164.1(5)
O1AW�H1A2 ¥¥¥O2AW 0.93(1) 1.87(1) 2.80(1) 169.9(6)
O1BW�H1B1 ¥¥¥O3A 0.96(1) 1.89(1) 2.81(1) 161.5(7)
O1BW�H1B2 ¥¥¥O2BW 0.91(2) 1.96(2) 2.85(7) 162(1)
O2AW�H2A1 ¥¥¥O1A 0.89(2) 2.08(2) 2.96(1) 168(2)
O2AW�H2A2 ¥¥¥O3BW 0.93(3) 1.78(3) 2.67(2) 159(3)
O2AW�H2A3 ¥¥¥O3CW 1.03(2) 1.88(3) 2.80(3) 147(1)
O2AW�H2A4 ¥¥¥O1A 0.97(2) 2.20(2) 2.96(1) 134(1)
O2BW�H2B2 ¥¥¥O1BW 0.93(3) 1.93(3) 2.85(1) 168(2)
O3AW�H3A1 ¥¥¥O2BW 1.02(5) 1.97(4) 2.97(1) 164(3)
O3AW�H3A2 ¥¥¥O1C 1.00(5) 1.81(4) 2.81(2) 175(3)
O3BW�H3B1 ¥¥¥O1C 1.03(4) 1.81(3) 2.83(2) 166(3)
O3CW�H3C1 ¥¥¥O1B 0.94(7) 1.93(5) 2.86(4) 170(4)


Figure 6. Thermodiffractograms taken on heating Li3HMo8W ¥ 18H2O in air.
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Ionic conductivity measurements: Considering the three-
dimensional structure of Li3HMo8W ¥ 18H2O, two kinds of
mobile ions can be identified. The most obvious ones are the
lithium ions. Indeed, the lithium columns are only partially
filled, therefore hopping of lithium ions from one occupied
site to an adjacent vacant site in the column can be
considered. The crystallographic b axis would be the main
conducting path. By comparison with related compounds such
as solid heteropolyacids,[17] proton conductivity can also be
expected. The protons could come from hydrolysis of the
water molecules attached to the lithium ions or from
ionization of the oxothioanion; proton conduction would
then proceed through proton exchange between water
molecules, facilitated by the intricate hydrogen-bond net-
work. Therefore, we have recorded complex impedance
diagrams as a function of temperature, from �20 �C to
50 �C. Figure 7 shows a typical impedance plot. All diagrams


Figure 7. Typical impedance plot obtained at 20 �C for an Li3HMo8W ¥
18H2O pellet.


display an arc at high frequency associated with the bulk
resistance, while the inclined spike at low frequency is
ascribed to the relaxation phenomena at grain boundaries
and blocking electrodes. The room temperature conductivity
is equal to 2.2� 10�5 Scm�1, a value slightly smaller than those
observed for the best crystalline protonic[17] or lithium
conductors, such as solids with the NASICON structure,
lithium rare earth titanium perovskites, or Li3N phases, for
which the conductivity at room temperature can reach
10�3 Scm�1.[18] The plot of log(�) versus 1000/T (Figure 8) is
linear only in the range �20 �C to 20 �C. In this temperature


Figure 8. Arrhenius plot of the ionic conductivity between �20 �C and
50 �C with the calculated fit to the equation ���0exp(�Ea/kT) only
between �20 �C and 20 �C.


range, the fit of the conductivity to the equation ��
�0exp(�Ea/kT) gives an activation energy Ea of 0.47 eV. At
higher temperatures, the dehydration process shown by the
thermogravimetric analysis explains the nonlinear behavior.
The conductivity measurements on a single crystal (Table 3)
show that there is not any privileged conduction path, as
would be expected if the lithium ions were the main charge
carriers. Furthermore, the values of the conductivity meas-
ured on a single crystal at room temperature are smaller by


two orders of magnitude than those measured on a pressed
powder sample; this suggests that the conduction mechanism
in the powder involves an additional proton diffusion at the
surface of grains. This hypothesis is also supported by the
three-dimensional structure of Li3HMo8W; the neutron dif-
fraction experiment has shown that the lithium ions
were localized at room temperature, while the network of
water molecules was highly disordered, thus facilitat-
ing proton diffusion. Ionic conductivity measurements corre-
lated to weight changes will soon be performed under a
controlled hygrometry atmosphere to clarify the conduction
mechanism.


Conclusion


We have shown in this work that it was possible to synthesize
in good yield, at room temperature, the new oxothiomolyb-
date anion [Mo8S8O8(OH)8{HWO5(H2O)}]3�. This study
opens the way to a new family of mixed MoV/WVI polyoxo-
thioanions by varying the stoichiometry [Mo2S2O2]2�/[WO4]2�


and the pH of the medium. The lithium salt Li3[Mo8-
S8O8(OH)8{HWO5(H2O)}] ¥ 18H2O is a pillared solid with
partially filled lithium columns and a network of hydro-
gen-bonded water molecules conferring ionic conduction
properties to the material. Preliminary studies have demon-
strated that the neutral oxothiooctanuclear ring {Mo8-
S8O8(OH)8} can encapsulate various anionic templates such
as [HMoO5(H2O)]3�, [H2MoO5(H2O)]2�, and [C2O4]2�, lead-
ing to the oxothiocompounds Li3HMo9, Li2H2Mo9, and
Li2Mo8ox. In the case of Mo9, the synthetic procedure gives
control, through the pH of the solution, of the number of
protons on the molecular ring and, hence, the number of
countercations in the structure. All these compounds exhibit
the same remarkable three-dimensional structure, with occu-
pancy factors for the lithium atoms in the lithium columns and
the number of protons on the central template depending on
the nature of the template and the charge of the anion. A
complete study of the crystallographic structures as well as the


Table 3. Comparison of the conductivities at 20 �C and activation energies
measured on a pressed pellet and a single crystal of Li3HMo8W ¥ 18H2O.


Ea [eV] � [Scm�1]


pressed pellet 0.47 2.2� 10�5


single crystal
large dimension 0.62 3.8� 10�7


medium dimension 0.61 1.8� 10�7


small dimension 0.72 3.8� 10�7
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ionic conductivity properties of the whole family, including
also the sodium, potassium, and rubidium salts, is under way
and will be reported soon.


Experimental Section


Synthesis of K3[Mo8S8O8(OH)8{HWO5(H2O)}] ¥ 18H2O (K3HMo8W¥
18H2O): As the [Mo2S2O2(OH)4(H2O)]2� dithioanion was air-sensitive,
the synthesis had to be carried out under a constant flow of N2 gas.
Na2WO4 ¥ 2H2O (0.18 g, 0.54 mmol) was dissolved in an aqueous solution of
KOH (1�, 15 mL). The solution was degassed for 10 min and
{K0.4(NMe4)0.1I0.5[Mo2S2O2(OH)2] ¥ 6.3H2O}n[4, 5] (1.07 g, 2.0/nmmol) was
added. The solution was stirred vigorously until the yellow precursor
dissolved to give a dark red solution of [Mo2S2O2(OH)4(H2O)]2�. The pH
was adjusted to 4.5 by dropwise addition of a solution of HCl (4�). The
precipitation of the potassium salt was achieved by cooling the solution in
an ice bath. The orange solid (0.92 g, 97.9%, based on Mo) was collected by
filtration, washed with EtOH and dried with Et2O. IR (KBr pellets) : �� �
1060 (w), 946 (s), 801 (w), 657 (s), 623 (m), 503 (s), 416 (w), 339 cm�1 (m);
elemental analysis calcd (%) for H47K3Mo8O40S8W: K 5.83, Mo 38.15, S
12.72, W 9.14; found: K 6.23, Mo 38.00, S 13.29, W 8.78.


Synthesis of Li3[Mo8S8O8(OH)8{HWO5(H2O)}] ¥ 18H2O (Li3HMo8W¥
18H2O): K3HMo8W (0.5 g, 0.25 mmol) was dissolved in hot water (50 �C,
80 mL). After addition of LiCl (2 g, 47 mmol), the solution was allowed
to stand at room temperature for crystallization. Orange crystals of
Li3HMo8W ¥ 18H2O (0.45 g, 92.2% based on Mo), suitable for X-ray
diffraction studies, were collected after several days. IR (KBr pellets):
�� � 1063 (w), 942 (s), 799 (w), 638 (s), 602 (m), 502 (s), 418 (w), 336 cm�1


(m); elemental analysis calcd (%) for H47Li3Mo8O40S8W: Li 1.09, Mo 40.06,
S 13.36, W 9.59; found: Li 1.01, Mo 39.75, S 12.75, W 9.29. A single crystal
suitable for neutron diffraction was synthesized in similar conditions
starting from more dilute solutions.


X-ray crystallography : Intensity data collection was carried out with a
Siemens SMART three-circle diffractometer equipped with a CCD
detector with MoK� monochromatized radiation (�� 0.71073 ä). The
absorption correction was based on multiple and symmetry-equivalent
reflections in the data set by using the SADABS program[19] based on the
method of Blessing.[20] The structure was solved by direct methods and
refined by full-matrix least-squares by using the SHELX-TL package.[21]


Crystallographic data are given in Table 4. Selected bond lengths are listed
in Table 1.


Neutron diffraction experiment : A platelike orange-red single crystal of
Li3HMo8W ¥ 18H2O of dimensions 1.5� 1.5� 0.8 mm, volume 1.79 mm3,
was glued to a 1 mm vanadium pin with Kwikfill and mounted on a Displex
cryorefrigerator[22] on the thermal-beam instrument D19 at Institut Laue ±
Langevin (ILL) equipped with a 4�� 64� position-sensitive detector.[23] The
sample had a small satellite crystal with volume about 10% of the main
crystal. The wavelength was 1.5365(2) ä from a Ge(115) monochromator
in the reflection mode. The unique reflections to a 2� value of 114� were
measured at room temperature in equatorial geometry with � scans,
typically with 6 s per step. Reflections away from the equatorial plane were
also included in the final data set (ILL programs Hklgen and Mad); Bragg
intensities were integrated in three dimensions by using the ILL program
Retreat.[24] The space group C2/m was confirmed. Three standard
reflections were monitored on average every 12 hours and showed no
significant variation, after rescaling the whole data set to constant time
because of a deteriorating beam monitor. The unit cell dimensions were
calculated from 1072 strong reflections (ILL program Rafd19). The
intensities were corrected for attenuation by the cylindrical heat shields
and by the crystal itself with the program D19abs, based on the ILL version
of the CCSL system.[25] The low values of the SHELX residuals R(int)
(0.024) and R(sigma) (0.031) suggest that the data are well integrated in
spite of the small parasitic crystal and the scaling to constant time.
Occupation factors of the disordered oxygen and hydrogen atoms have
been refined and subsequently fixed; disordered atoms were refined
isotropically, all other atoms being refined anisotropically.
Further details on the crystal structure investigation may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopold-
shafen, Germany (fax: (�49)7247-808-666; e-mail : crysdata@fiz-karlsruhe.
de), on quoting the depository number CSD-412010 for the X-ray structure
and CSD-412011 for the neutron structure.


Thermal analysis : TGA measurements were performed on powdered
samples on a TA-Instrument 2050 thermo-analyser in air over the
temperature range 25 to 250 �C (heating rate 5 �Cmin�1). X-ray powder
diffraction data were collected in air on a Siemens D5000 diffractometer
(CoK� radiation).


Lithium ion conductivity measurements : Two-probe impedance measure-
ments were carried out by using an HP4192A impedancemeter between 10
and 107 Hz. Impedance data were collected in the temperature range �20
to 50 �C, over cooling and heating cycles. Samples for electrical measure-
ments were prepared as 13 mm diameter pellets of approximately 0.8 mm
thickness (	� 1.88 gcm�3). The single crystal used for the conductivity
measurements was a parallelepiped of approximate dimensions 1.5� 1.0�
0.5 mm. Copper electrodes were applied by using Ag conducting paint. The
bulk resistances were taken as the lowest point of the low frequency
semicircle.
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Phenylacetylene Macrocycles with Two Opposing Bipyridine Donor Sites:
Syntheses, X-ray Structure Determinations, and Ru Complexation


Oliver Henze, Dieter Lentz,* Andreas Sch‰fer, P. Franke, and A. Dieter Schl¸ter*[a]


Abstract: Reaction of the known macrocycle 1a, which contains two bipyridine units
in opposing sides, with two equivalents of [Ru(bipy)2Cl2] furnishes the doubly exo-
cyclically complexed macrocycle 8a in 55% yield. Synthesis of the shape-persistent
macrocycle 1c by Hagihara ± Sonogashira cross-coupling chemistry of suitably
functionalized building blocks is reported. This macrocycle was also converted into
a Ru complex (8c). X-ray analysis of single crystals of 1b and 1c shows a layered
structure that contains ™channels∫ filled with solvent molecules and parts of the
flexible chains, with which the cycle is decorated for solubility reasons.


Keywords: bipyridines ¥ cross-
coupling reactions ¥ N ligands ¥
ruthenium ¥ shape persistence ¥
supramolecular chemistry


Introduction


We have recently used our construction set of oligo(het)ar-
ylene building blocks for the modular synthesis of the shape-
persistent, hexagonal macrocycles 1a and 1b with two
bipyridine (bipy) units in opposing sides.[1, 2] Interesting


research targets with these shape-persistent macrocycles
include 1) equipping them with sites for exo- and endo-cyclic
complexation with metal ions,[3] 2) investigation of their redox
behavior both in the complexed and uncomplexed state,


3) their decoration with polar and nonpolar substitutents[4]


which may go so far as to render them water soluble, and
4) investigation of their aggregation behavior and to try to
accomplish columnar stacking.[5±12] Columnar stacks of prop-
erly equipped cycles may be used as nanopores for incorpo-
ration into membranes or for the generation of nanowires[13]


through endo-cyclic metal-ion complexation followed by the
reduction of the ion to the metallic state. Individual cycles
may be used to generate one-, two-, or three-dimensional
structures through exo-cyclic metal complexation.


Within this general theme, we now report several synthetic
and structure analytical facets which, together with the
previously published results,[1] provide a more comprehensive
picture of the molecular packing and also give a first insight
into their complexation behavior. These facets comprise the
synthesis of cycle 1c, which differs from the known 1b by its
tetrahydropyranyl (THP) protecting groups at the four
hydroxy functions, as well as the complexation of both bipy
units in the cycles 1a and 1c with [Ru(bipy)2] fragments. We
also report the X-ray crystal structure determinations of
cycles 1a, 1c, and a model Ru complex and initial experiments
on the deprotection of the THP-protected alcohol functions of
complexed 1c.


Results and Discussion


Synthesis of cycle 1c : To enter the relatively complex field
described in the introduction, it was considered advisable to
have a few cycles available which do not differ in ring size but
in their substitution pattern. This pattern plays an important
role with regard to various properties of the cycle, for
example, solubility, aggregation, and potential for chemical
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modification. Cycle 1c complements its analogues 1a and 1b
specifically in the ease with which the deprotection of its
alcohol functions should proceed,[14] the necessary first step
for further chemical modification. Cycle 1c was therefore
considered an important target structure and synthesized in
analogy to the known cycles 1a and 1b (Scheme 1). The key


Scheme 1.


building block 2a[15] served as the starting material for both
components, that is, 2c and 4b, with which the ring closure
was achieved. Dibromide 2a was not used directly for this
purpose (instead of 2c) because diiodides generally furnish
higher yields in related cyclization reactions. This can go as far
as to render a cyclization involving diiodides possible that
does not occur at all with the corresponding dibromides.[16]


The conversion of dibromide 2a into its diiodo counterpart
2c was achieved by consecutive nucleophilic stannylation[17]


and iododestannylation[17] steps passing through distannyl 2b.
The bisacetylene counterpart 4b was obtained by reacting 2a
with the tri(isopropyl)silyl (TIPS)-protected building block
3,[1] followed by deprotection of the acetylenic functions with
tetrabutylammonium fluoride (TBAF). The ring closure was
carried out under high dilution conditions by means of a
Sonogashira ± Hagihara-type reaction.[18] Cycle 1c was ob-
tained in a yield of 14% on the 100 ± 200 mg scale after
purification by preparative gel-permeation chromatography.
The rest of the material was partially insoluble and not


investigated further. The reasons for this low yield are not yet
known. Yields for cycle formation from related conforma-
tionally rigid AA- and BB-type building blocks range
between 25 and 40%,[1, 2, 19±21] or even higher in some special
cases.[4, 20, 22] For macrocycles of AB-type compounds, where
only one C ± C bond-formation step is required, yields of 70%
and more have been observed.[16]


Cycle 1c could not be obtained as analytically pure
material; however, it was unambiguously characterized by
NMR spectroscopy, mass spectrometry, and X-ray diffraction
of single crystals (see below). Both the 1H and 13C NMR
spectra are complicated by the large number of diastereomers
that result from the chiral centers introduced through the
THP groups.


Complexation of model compound 5 and cycle 1a with
[Ru(bipy)Cl2]: Ru complexes of all kinds of bipyridine ligands
have been reported.[23, 24] Compound rac-6 is a standard
reagent for this purpose and was therefore used in the present
study.[25] Complexation of 5, which conveniently gave rac-7 in
ethanol/water (50:50) (Scheme 2), was less complex than for


Scheme 2.


cycle 1a (Scheme 3). In both cases (1a and 1c), the expected
color change from purple for rac-6 to red/orange for the
complex was not observed, although various solvent combi-
nations were tested. Finally, the cycle was heated to 100 �C in
ethylene glycol, and dioxane was added until a 3:1 (v/v)
proportion of the solvents was reached. Subsequently, two
equivalents of rac-6 were added and the resulting mixture
refluxed for 12 h. After removal of the solvent, the remaining


Scheme 3.
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mass was separated by chromatography through silica gel
under specific conditions that involved the use of aqueous
ammonium chloride, nitromethane, and methanol (see the
Experimental Section). The obtained complex, 8a, contained
chlorides as counterions, which were exchanged by the
addition of excess ammonium hexafluorophosphate to a
methanol solution of the chloride. The resulting precipitate
was filtered off and carefully washed with water. Complex 8a
is soluble in acetonitrile, pyridine, and acetone.


Complex rac-7 was characterized by NMR spectroscopy,
FAB-mass spectrometry, correct data from combustion anal-
ysis, and X-ray crystal structure analysis (see below). Complex
8a was characterized by NMR spectroscopy (see below) and
matrix-assisted laser-desorption ionization time-of-flight mass
spectrometry (MALDI-TOF).


MALDI-TOF and NMR-spectroscopic characterization of
complex 8a : Complex 8a was investigated by MALDI-TOF
and NMR spectroscopy (500 MHz). The mass spectrum was
recorded in a dithranol matrix and shows a number of
characteristic signals with regard to both the mass they
correspond to and the isotope patterns (Figure 1). Both
features show unambiguously that 8a contains two [Ru-
(bipy)2] fragments. Especially characteristic is the virtually
identical mass difference between the signals at m/z� 2581,
2436, 2291, and 2149 that proves the step-wise fragmentation
of the four PF6


� counterions. The assignment of these and the
other signals is summarized in Table 1. For this assignment,
some proton- and electron-transfer processes were assumed
that are likely to occur under the applied conditions. The
experimental isotopic distribution was compared to that
calculated for all signals and was found to be in good
agreement. Table 2 contains this comparison for the signal at
m/z� 2581; see the insert in Figure 1.


The dinuclear complex 8a has two enantiomeric forms
(�,� and �,�) and one meso form (�,�)(Figure 2). Its


1H NMR spectrum is therefore quite complex (Figure 3). Four
sets of signals are observed for the bipy ligands and two sets
for those of the cycle. The assignment of these sets was
possible by means of HMQC, COSY, and HOHAHA experi-
ments including the 3J couplings. Some of the signal sets are
rather complex, for example, H10 and H11, while for others,
such as H6, only two singlets appear. H10 appears as four
doublets and H11 as four doublets of doublets. This spin
system is produced by the different pyridine subunits of the
four bipy ligands (two for the pair of enantiomers and two for
the meso stereoisomer). The protons of the cycle are either


homotopic (�,� and ��) or
enantiotopic (�,�). H6 appears
as two singlets, one of which
stems from the pair of enan-
tiomers and the other one from
the meso form. As expected,
the ratio of these two forms is
1:1, as is indicated, for example,
by the intensity ratio of the two
singlets.


Crystal structures of cycles 1a,
1c, and complex rac-7: Cycle
1a ¥ 3C6H6 crystallizes in the
triclinic space group P1≈ with
half a molecule in the asym-
metric unit. The molecular
structure and the positions of
the solvent molecules are de-
picted in Figure 4a. In the mac-
rocycle, two of its hexoxymeth-
yl sidechains and two benzene


Figure 1. MALDI-TOF mass spectrum (dithranol matrix) of Ru complex 8a. For the fragmentation pattern, see
Table 1. Insert: Expanded and amplified isotope pattern of the MALDI-TOF mass spectral signal of the Ru
complex 8a at m/z� 2581 [M�H�PF6]� . For a comparison of the observed and calculated intensities, see
Table 2.


Table 1. Assignments and fragmentation of some MALDI-TOF mass
spectrum signals of complex 8a.


Mass Assigned formula Fragmentation


2581 C132H125N12O4Ru2P3F18 [M�H�PF6]�


2436 C132H125N12O4Ru2P2F12 [M�H� 2PF6]�


2291 C132H125N12O4Ru2PF6 [M�H� 3PF6]�


2149 C132H128N12O4Ru2 [M�4H� 4PF6]�


1876 C112H108N8O4RuPF6 [M� 3PF6�Ru� 2bipy]�


1731 C112H108N8O4Ru [M� 4PF6�Ru� 2bipy]�


1575 C102H101N6O4Ru [M�H� 4PF6�Ru� 3bipy]�


1419 C92H92N4O4Ru [M� 4PF6�Ru� 4bipy]�


1319 C92H93N4O4 [M�H� 4PF6� 2Ru� 4bipy]�


Table 2. Calculated and experimental isotope intensities for the MALDI-
TOF signal of complex 8a at m/z� 2581.


Mass Calcd Found


2576 28 38
2577 39 50
2578 58 64
2579 73 77
2580 89 73
2581 100 100
2582 92 78
2583 82 60
2584 62 48
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Figure 2. Cartoon representation of two stereoisomeric forms of 8a : �,�
(top), �,� (bottom).


solvent molecules are ordered, and the other two hexoxy-
methyl chains and the remaining benzene molecule possess
great positional freedom, as expressed by the larger thermal
ellipsoids. Almost all atoms of the macrocycle and the carbon
atoms of the ordered sidechains are in one plane, whereas the
disordered sidechains are dangling out of this plane. The bipy
units are turned out of the plane with torsional angles of �39�
(Figure 4b). The data does not allow an unambiguous assign-
ment of the bipy nitrogen atoms which may be disordered.


Figure 5 shows a view of the packing diagram of 1a along
the crystallographic a axis. The individual macrocycles are
only overlapping at the bipyridine units which have the
shortest interatomic distances of 3.67 ä between C34 of two
neighboring molecules (not shown). This results in channels
parallel to the a axis. The channels are filled by two hexyl
sidechains of two adjacent macrocycles and one benzene
molecule. As can be seen from the large thermal ellipsoids of
this part of the molecule, there is still some nonoccupied
volume which, however, is too small for additional solvent
molecules. The remaining hexyl sidechains are directed
parallel to the c axis within the plane of the macrocycle; this
creates further channels parallel to the a axis that are
effectively filled by benzene molecules. All in all, this results
in an effective packing of the molecule together with the three
benzene solvate molecules.


Cycle 1c ¥ 4CHCl3 also crystallizes in the triclinic space
group P1≈. The asymmetric unit consists of half a molecule of


Figure 4. Molecular structures (ORTEP[34]) of 1a and 1c. Top view (a,c)
and side view (b,d) of the cycles 1a (a,b) and 1c (c,d).


1c and two chloroform solvate molecules. The complete
molecule is generated by a crystallographic inversion center.
The molecular structure of cycle 1c and the positions of the


ordered solvent molecules are
depicted in Figure 4c. Although
the crystal was mounted at low
temperature and the data were
collected at �110 �C, the side-
chains and the THP rings are
very flexible and the solvent
molecules have some rotational
and positional freedom, as can
be seen from the much larger
thermal ellipsoids of these moi-
eties compared to the macro-
cycle. Furthermore, only one of
the two solvent molecules could
be located in the difference
Fourier map and refined,
whereas the other one gives
only weak peaks in the differ-


Figure 3. 1H NMR spectrum (CH3CN, 20 �C, 500 MHz) of the stereoisomeric mixture of 8a with signal
assignment.
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Figure 5. Packing diagram (ORTEP[34]) of 1a. View along the crystallo-
graphic a axis.


ence Fourier map. An analysis of the structure with PLA-
TON[26] resulted in solvent-accessible areas of 189 ä3 cen-
tered around 0.501. The program SQUEEZE in the PLA-
TON[26] package was used to calculate and correct for electron
density (65 e�) identified in a solvent-accessible area. As
CHCl3 was used as the solvent, and it possesses 58 e�, we can
assume that this area is occupied by an additional disordered
chloroform molecule. By the use of the corrected hkl file, the
refinement converged at R1� 0.204, whereas the uncorrected
data resulted in R1� 0.243. The still unsatisfactory R values
are probably the result of disorder of the THP units which
consist of various stereoisomers, and because the crystal
shows only extremely weak diffraction for 2� values above
35�. Therefore, all atoms except chlorine had to be refined
isotropically to maintain a reasonable reflection/parameter
ratio. Again, it was not possible to differentiate between
carbon and nitrogen atoms in the bipy ring. The molecular
structure of 1c is depicted in Figure 4c,d. The cycle 1c attains
an S-shaped conformation (Figure 4d), whereby the bipy units
are less tilted out of planarity than those in 1a. Figure 6 shows
the packing diagram with a view along the crystallographic a
axis. The plane of the macrocycles is oriented roughly
perpendicular to 111. The ordered chloroform molecules fill
holes in such a way that the hydrogen atom is directed towards
the nitrogen atom N2 of one bipyridine ring (normalized
distance H1L ¥ ¥ ¥N2� 2.35,[27, 28] symmetry operation to gener-
ate N2�: x, y� 1, �z). The second strongly disordered solvate
molecule is centered around 0.500, as indicated by the large
circles. Only the left-hand part of Figure 6 shows the THP
substituents and the chloroform solvate molecules; they are
omitted in the right-hand side for clarity. Two THP substitu-
ents of adjacent molecules are embedded between two
antiparallel hexyl sidechains of the same molecules. The


Figure 6. Packing diagram of 1c (ORTEP[34]). View along the crystallo-
graphic a axis. The left-hand side of the drawing shows the molecules,
including the THP sidechains and the chloroform solvate molecules. These
are omitted on the right-hand side for clarity. The positions of the
disordered solvent molecules in 0.500, 0.501, 0.510, and 0.511 are
indicated by the large circles. The molecule labeled A is generated by the
symmetry operation 1� x, 1� y, 1� z. The molecule label B is generated
from A by the symmetry operation x, 1� y, z.


other THP sidechains are dangling into the holes of the
macrocycles. As can be seen from the disorder of one of the
solvate molecules, the packing in 1c is less effective than in 1a.
In addition, there might be a misfit of the packing within the
THP sidechains as a result of the presence of several
stereoisomers.


Figure 7 exhibits a simplified packing diagram of the cycles
1a ± 1c with a view almost perpendicular to the ring planes.
All chains and solvent molecules have been omitted for
clarity. The previously published structure of 1b[1] is included
in Figure 7 for comparison. All three structures may be
regarded as composed of layers. Each of these layers is
defined by the macrocycles within one plane. The rings within
one layer are labeled by the same color. The different colors
allow an easy recognition of the principal motifs and the
stacking. However, this does not imply that the molecules are
crystallographically different. All three cycles form structures
with ™channels∫[29] perpendicular to the plane of the cycle. The
sides overlap, whereby subsequent layers are shifted towards
each other and most likely assume the following sequences
1a : AB, 1b : ABC, and 1c : ABCD. The packing of 1a differs
from that of the other cycles by the fact that the overlap does
not exist in all directions. This gives rise to the formation of
new layers perpendicular to those in which the cycles lie (see
Figure 7). Although all three macrocycles have, in principal,
the same shape, their packing is completely different because
of the different sidechains and solvate molecules which seem
to play a role in the stabilization of the lattice. Compound rac-
7 crystallizes in the monclinic, centrosymmetric space group
P21/c, and contains the anatiomeric forms in the unit cell. The
molecular structure of 7 is depicted in Figure 8. The bipy unit
is almost planar (angle N1-C1-C2-N2: �3.4(4)�), whereas the
phenyl substituents are tilted by about 30�. The N1-C1-C2
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Figure 7. Schematic representation of the packing of the cycles a) 1a,
b) 1b, and c) 1c in the crystals. The sidechains and entrapped solvent
molecules have been omitted for clarity. View perpendicular to the plane of
the cycles. Molecules within the same layer are labeled with the same color
code for easier recognition of the motifs and the stacking.


angle is 114.8(3)�, which causes the complexed unit to bend
slightly out of linearity.


Preliminary experiment aimed at the deprotection of the
THP groups of complexed cycle 8c : As mentioned in the
introduction, cycle 1c, with its THP-protected alcohol func-
tions was prepared in order to use these functions for further
modification of the cycle×s periphery. However, treatment of
1c with acid did not lead to any deprotection but rather to


Figure 8. Molecular structure (ORTEP[34]) of rac-7c.


precipitation of the cycle, presumably through salt formation
between the acid and bipy. At this point we cannot exclude
that deprotection actually took place and that the tetrol
formed is insoluble. The bipy units were therefore blocked by
complexation with the [Ru(bipy)2] fragment, as described for
cycle 1a. Treatment of complex 8c (which was not fully
characterized and is therefore not described in the Exper-
imental Section but in Ref. [30]) with 2% HCl in methanol
was sufficient to cleave off the THP group. This was proven by
the disappearance of the respective signals in the proton
NMR spectrum and the concomitant simplification of the
benzylic proton signals, which in the unprotected form do not
have stereocenters in close proximity anymore. The FAB
mass spectrum shows the expected molecular ion peak at
m/z� 2471 [M�PF6]� .[30]


Experimental Section


General : All reagents and compound rac-6were purchased from Aldrich or
Acros and used without further purification. Compounds 2a,[15] 3,[1] 5,[1] and
NaSn(CH3)3


[17] were prepared according to the literature. Melting points:
B¸chi SMP510 (open capillaries, uncorrected values). NMR: Bruker
AC250, AM270, AMX500 (1H: CDCl3 at �� 7.24, 13C: CDCl3 at �� 77.00
as internal standards, 20 �C). MS: Perkin ± Elmer Varian MAT711,
electron-impact (EI) mode. Elemental analyses: Perkin ± Elmer EA240.
Column chromatography: Merck silica gel 60, 0.040 ± 0.063 mm (230 ±
400 mesh).


5,5�-Bis-[3-(tetrahydropyran-2-yloxymethyl)-5-trimethyl-stannylphenyl]-
[2,2�]bipyridinyl (2b): A suspension of 2a (1.5 g, 2.2 mmol) in DME
(10 mL) was added over a period of 20 min to a solution of NaSn(CH3)3 in
DME (30 mL), prepared from Na (1.9 g) and ClSn(CH3)3 (5.16 g,
25.9 mmol). After stirring for 20 h at room temperature, the solvent was
removed under reduced pressure and the residual material was purified by
chromatography through silica gel (ethyl acetate/hexane 1:6) to give 1.21 g
(65.1%) of 2b as a colorless powder. Rf� 0.29 (ethyl acetate/hexane 1:3);
m.p. 126 �C; 1H NMR (CDCl3, 250 MHz): �� 0.30 (s, 18H; Sn(CH3)3),
1.45 ± 1.90 (m, 12H; THP), 3.48 ± 3.58 (m, 2H; THP), 3.82 ± 3.98 (m, 2H;
THP), 4.53 (d, 2J� 13 Hz, 2H; benzyl-H), 4.72 (s, 2H; THP), 4.82 (d, 2J�
13 Hz, 2H; benzyl-H), 7.49 (s, 2H; phenyl-H), 7.55 (s, 2H; phenyl-H), 7.61
(s, 2H; phenyl-H), 7.98 (dd, 3J� 8 Hz, 4J� 2 Hz, 2H; py-H), 8.49 (d, 3J�
8 Hz, 2H; py-H), 8.89 (d, 4J� 2 Hz, 2H; py-H); 13C NMR (CDCl3,
63 MHz): ���9.4, 19.4, 25.5, 30.6, 62.2, 68.8, 97.9, 120.9, 126.7, 133.6, 135.1,
135.4, 136.7, 137.3, 138.5, 143.6, 147.8, 154.6; MS (EI): m/z (%): 862 (45.7),
847 (100); elemental analysis calcd (%) for C42H60N2O2Sn2 (860.23): C
55.85, H 5.85, N 3.25; found: C 55.75, H 5.98, N 2.84.


5,5�-Bis-[3-iod-5-(tetrahydropyran-2-yloxymethyl)phenyl]-[2,2�]bipyridinyl
(2c): I2 (0.72 g, 2.8 mmol) was added over a period of 15 min at room
temperature to a solution of 2b (1.2 g, 1.4 mmol) in CHCl3 (30 mL). After
stirring for 2 h, a saturated solution of KF (20 mL) was added. The resulting
mixture was made alkaline with potassium carbonate, and the phases were
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separated. The aqueous phase was washed with CHCl3 (2� 30 mL). The
combined organic phase was washed once more with a saturated solution of
KF (20 mL) and then with a saturated sodium thiosulfate solution (20 mL).
The organic phase was dried over MgSO4, the solvent was removed, and
the resulting oil purified by chromatography through silica gel (ethyl
acetate/hexane 1:3) to give 1.1 g (97%) of 2c as a white powder. Rf� 0.37
(ethyl acetate/hexane 1:3); m.p. 178 �C; 1H NMR (CDCl3, 250 MHz): ��
1.50 ± 1.95 (m, 12H; THP), 3.50 ± 3.60 (m, 2H; THP), 3.89 (mc, 2H; THP),
4.50 (d, 2J� 13 Hz, 2H; benzyl-H), 4.69 (dd, 2H; THP), 4.82 (d, 2J� 13 Hz,
2H; benzyl-H), 7.60 (s, 2H; phenyl-H), 7.75 (s, 2H; phenyl-H), 7.91 (s, 2H;
phenyl-H), 7.99 (dd, 3J� 8 Hz, 4J� 2 Hz, 2H; py-H), 8.51 (d, 3J� 8 Hz, 2H;
py-H), 8.87 (d, 4J� 2 Hz, 2H; py-H); 13C NMR (CDCl3, 63 MHz): �� 19.2,
25.3, 30.4, 62.1, 66.9, 67.6, 95.0, 98.0, 120.9, 125.5, 134.9, 135.1, 136.1, 139.6,
141.4, 147.4, 147.5, 154.8; MS (EI):m/z (%): 788 (100), 688 (70.3); elemental
analysis calcd (%) for C34H34N2O4I2 (800.47): C 51.79, H 4.3,5 N 3.55;
found: C 51.70, H 4.32, N 3.35.


5,5�-Bis-[3-(3-hexyloxymethyl-5-triisopropylsilylethinylphenylethinyl)-5-
(tetrahydropyran-2-yloxymethyl)phenyl]-[2,2�]bipyridinyl (4a): A heavy-
walled flask was charged with 3 (3.4 g, 8.6 mmol), 2a (2.0 g, 2.9 mmol),
[Pd(PPh3)4] (0.04 equiv), CuI (0.04 equiv), dry triethylamine (40 mL), and
toluene (20 mL). The flask was then evacuated and backfilled with nitrogen
three times and sealed with a Teflon screw cap, and the solution was stirred
at 80 �C for 24 h. Then the solvent was removed, and the residual material
was purified by column chromatography through silica gel (ethyl acetate/
hexane 1:3) to give 3.3 g (75%) of 4a as a light yellow oil. Rf� 0.23 (ethyl
acetate/hexane 1:3); 1H NMR (CDCl3, 500 MHz): �� 0.88 (t, 6H; CH3),
1.12 (s, 42H; Si(C3H7)3), 1.29 (mc, 8H; hexyl-CH2), 1.37 (mc, 4H; hexyl-
CH2), 1.52 ± 1.66 (m, 10H; hexyl-CH2/THP), 1.72 (mc, 2H; THP), 1.77 (mc,
2H; THP), 1.89 (mc, 2H; THP), 3.47 (t, 4H; �-CH2), 3.58 (mc, 2H; THP),
3.93 (mc, 2H; THP), 4.45 (s, 2H; benzyl-CH2), 4.57 (d, 2J� 13 Hz, 4H;
benzyl-CH2), 4.77 (s, 2H, THP), 4.88 (d, 2J� 13 Hz, 2H; benzyl-H), 7.42 (s,
2H; phenyl-H), 7.49 (s, 2H; phenyl-H), 7.58 (s, 2H; phenyl-H) 7.60 (s, 2H;
phenyl-H) 7.62 (s, 2H; phenyl-H) 7.73 (s, 2H; phenyl-H), 8.05 (d, 3J� 8 Hz,
2H; py-H), 8.52 (d, 3J� 8 Hz, 2H; py-H), 8.94 (s, 2H; py-H); 13C NMR
(CDCl3, 126 MHz): �� 11.0, 11.2, 14.0, 18.6, 19.2, 22.6, 25.3, 25.8, 29.6, 30.4,
31.6, 62.1, 68.1, 70.7, 71.8, 89.1, 89.3, 91.3, 97.9, 105.9, 121.0, 123.1, 123.9,
123.9, 126.3, 129.2, 130.4, 130.9, 134.1, 135.2, 135.5, 137.9, 139.3, 139.7, 147.6,
154.8; MS (EI, 80 eV): m/z (%): 1326 (4.9), 1283 (100); elemental analysis
calcd (%) for C86H112N2O6Si2 (1326.02): C 77.90, H 8.51, N 2.11; found: C
77.67, H 8.26, N 2.00.


5,5�-Bis-[3-(3-ethinyl-5-hexyloxymethylphenylethinyl)-5-(tetrahydropyr-
an-2-yloxymethyl)phenyl]-[2,2�]bipyridinyl (4b): Tetrabutylammonium
fluoride trihydrate (1.7 g, 5.3 mmol) was added to a stirred solution of 4a
(3.2 g, 2.4 mmol) in THF (50 mL). After complete consumption of the
starting material (1 h), the reaction mixture was diluted with diethyl ether
(100 mL) and water (80 mL). The phases were separated. The aqueous
phase was washed with diethyl ether (50 mL), and the combined organic
phase was washed with water (50 mL). The organic phase was dried over
MgSO4, the solvent removed, and the residual material purified by column
chromatography through silica gel (ethyl acetate/hexane 1:3) to give 2.2 g
(92%) of 4b as a light yellow oil. Rf� 0.07(ethyl acetate/hexane 1:3);
1H NMR (CDCl3, 500 MHz): �� 0.86 (t, 6H; CH3), 1.29 (mc, 8H; hexyl-
CH2), 1.36 (mc, 4H; hexyl-CH2), 1.60 (mc, 10H; hexyl-CH2/THP), 1.70 (mc,
2H; THP), 1.76 (mc, 2H; THP), 1.86 (mc, 2H; THP), 3.10 (s, 2H;
acetylene-H), 3.45 (t, 4H; �-CH2), 3.57 (mc, 2H; THP), 3.92 (mc, 2H;
THP), 4.44 (s, 2H; benzyl-CH2), 4.55 (d, 2J� 13 Hz, 4H; benzyl-CH2), 4.76
(s, 2H, THP), 4.86 (d, 2J� 13 Hz, 2H; benzyl-H), 7.39 (s, 2H; phenyl-H),
7.49 (s, 2H; phenyl-H), 7.55 (s, 2H; phenyl-H) 7.58 (s, 2H; phenyl-H) 7.60 (s,
2H; phenyl-H) 7.69 (s, 2H; phenyl-H), 8.01 (d, 3J� 9 Hz, 2H; py-H), 8.50
(d, 3J� 9 Hz, 2H; py-H), 8.91 (s, 2H; py-H); 13C NMR (CDCl3, 126 MHz):
�� 14.0, 19.2, 22.5, 25.3, 25.7, 29.6, 30.4, 31.6, 62.1, 68.1, 70.7, 71.7, 77.8, 82.6,
88.9, 89.5, 97.9, 120.9, 122.4, 123.3, 123.8, 126.3, 129.1, 130.3, 130.8, 130.9,
134.0, 135.2, 135.4, 137.8, 139.4, 139.6, 147.5, 154.7; MS (FAB): m/z (%):
1013 (11.3); elemental analysis calcd (%) for C68H72N2O6 (1013.33): C
80.60, H 7.16, N 2.76; found: C 80.48, H 7.08, N 2.70.


Macrocycle 1c : A solution of 4b (730 mg, 0.72 mmol) and 2c (570 mg,
0.72 mmol) in a mixture of triethylamine (250 mL) and toluene (250 mL)
was carefully degassed. After adding Pd[(PPh3)4] (33 mg, 0.04 equiv) and
copper(�) iodide (5.5 mg, 0.04 equiv), this mixture was stirred under
nitrogen at 60 �C for 4 d and then at 95 �C for 24 h. After cooling, the
orange suspension was treated with a solution of KCN (300 mg) in water


(100 mL); the color changed to white. The mixture was then filtered and
the insoluble residue was washed with toluene (2� 50 mL). The phases
were separated. The aqueous phase was washed with toluene (50 mL) and
the combined organic phase with water (100 mL). The organic phase was
dried over MgSO4 and the solvent removed. Purification of the residue by
GPC gave 160 mg (14%) of cycle 1c. (M.p. under investigation). 1H NMR
(CDCl3, 500 MHz): �� 0.90 (t, 6H; CH3), 1.32 (mc, 8H; hexyl-CH2), 1.40
(mc, 4H; hexyl-CH2), 1.52 ± 1.82 (m, 24H; THP), 1.89 ± 1.96 (m, 4H; �-
CH2), 3.51 (t, 4H; �-CH2), 3.54 ± 3.62 (m, 4H; THP), 3.95 (mc, 4H; THP),
4.49 (s, 4H; benzyl-CH2), 4.54 (d, 2J� 13 Hz, 4H; benzyl-CH2), 4.78 (dd,
3J� 2 Hz, 4H; THP), 4.82 (d, 2J� 13 Hz, 4H; benzyl-H), 7.45 (s, 4H;
phenyl-H), 7.49 (s, 4H; phenyl-H), 7.52 (s, 4H; phenyl-H) 7.65 (s, 4H;
phenyl-H), 7.67 (s, 2H; phenyl-H), 7.98 (dd, 3J� 8 Hz, 4J� 2 Hz, 4H;
phenyl-H), 8.46 (d, 3J� 8 Hz, 4H; py-H), 8.88 (s, 4H; py-H); 13C NMR
(CDCl3, 126 MHz): �� 14.1, 19.3, 22.6, 25.4, 25.8, 29.7, 30.5, 31.7, 62.2,
68.2, 70.8, 72.0, 89.2, 89.6, 97.9, 121.0, 123.4, 123.9, 125.8, 129.3, 130.1, 130.2,
134.3, 135.0, 137.5, 139.4, 139.5, 139.7, 147.3, 154.5; MS (FAB): m/z (%):
1547 (0.3).


rac-7: A stirred solution of 5 (139 mg, 0.2 mmol) and [Ru(bpy)2Cl2] ¥ 2H2O
(104 mg, 0.2 mmol) in ethanol (3.8 mL) and H2O (1.2 mL) was refluxed for
24 h. Then the solvent was removed, and the residual orange material
purified by column chromatography through silica gel (methanol/2�
NH4Cl/nitromethane 7:2:1). The combined orange fractions were diluted
with CH2Cl2, the organic phase was separated, and the solvent removed.
The orange residue was dissolved in methanol (2 mL) and added to a
solution of NH4PF6 (200 mg) in H2O (2 mL). The precipitated solid was
separated by filtration, washed with H2O (4� 2 mL), and dried in a vacuum
to give 85 mg (32%) of rac-7 as an orange solid. 1H NMR (DMSO/CDCl3
50:50, 250 MHz): �� 3.29 (s, 6H; CH3), 4.49 (s, 4H; CH2), 4.62 (s, 4H;
CH2), 7.29 (s, 2H; phenyl-H), 7.45 ± 7.56 (m, 6H; phenyl-H, py-H), 7.62 (d,
4J� 2 Hz, 2H; py-H), 7.79 (d, 3J� 5 Hz, 2H; py-H), 7.88 (d, 3J� 5 Hz, 2H;
py-H), 8.10 (dd, 3J� 7 Hz; 2H; py-H), 8.14 (dd, 3J� 7 Hz, 2H; py-H), 8.42
(dd, 3J� 9 Hz, 4J� 2 Hz, 2H; py-H), 8.75 (d, 3J� 7 Hz, 2H; py- H), 8.80 (d,
3J� 7 Hz, 2H; py- H), 8.90 (d, 3J� 9 Hz, 2H; py- H); 13C NMR (DMSO/
CDCl3 50:50, 63 MHz): �� 54.8, 67.1, 95.3, 122.5, 124.3, 127.4, 127.6, 128.4,
130.8, 135.6, 136.2, 137.5, 137.7, 141.5, 148.0, 151.4, 155.2, 156.1, 156.6; MS
(FAB� ): m/z (%): 1173 (11.8) [M�PF6]� ; elemental analysis calcd (%)
for C48H42Br2F12N6O4P2Ru (1317.70): C 43.75, H 3.21, N 6.38; found: C
43.33, H 3.11, N 6.16.


[1a{Ru(bpy)2}2](PF6)4 (8a): A stirred solution of 1a (40 mg, 0.03 mmol)
and [Ru(bpy)2Cl2] ¥ 2H2O (21.6 mg, 0.06 mmol) in dioxane (12 mL) and
ethylene glycol (4 mL) was refluxed for 24 h. The solvent was removed, and
the residual orange material purified by column chromatography through
silica gel (methanol/2� NH4Cl/nitromethane 7:2:1). The combined orange
fractions were diluted with CHCl3, the organic phase was separated, and
the solvent removed. The orange residue was then dissolved with methanol
(2 mL) and added to a solution of NH4PF6 (200 mg) in H2O (2 mL). The
precipitated solid was separated by filtration, washed with H2O (4� 2 mL)
and dried in vacuum to give 45 mg (55.1%) of 8a as an orange solid.
1H NMR ([D3]acetonitrile, 500 MHz): �� 0.88 (t, 12H; CH3), 1.21 ± 1.40
(m, 24H; �-, �-, �-CH2), 1.59 (mc, 8H; �-CH2), 3.45 (t, 8H; �-CH2), 4.45 (s,
8H; benzyl-CH2), 7.21 (s, 2H; phenyl-H), 7.29 (s, 2H; phenyl-H), 7.41 ± 7.49
(m, 10H; py-H, phenyl-H), 7.53 ± 7.58 (m, 8H; phenyl-H), 7.74 (s, 4H;
phenyl-H), ), 7.79 ± 7.86 (m, 10H; py-H, phenyl-H), 7.92 (d, 3J� 6Hz, 4H;
py-H), 8.02 ± 8.12 (m, 8H; py-H, phenyl-H), 8.39 (d, 3J� 8 Hz, 4H; py-H),
8.48 ± 8.54 (m, 8H; py-H), 8.62 (m, 4H; py-H); 13C NMR ([D3]acetonitrile,
126 MHz): �� 14.4, 23.4, 26.6, 30.2, 32.4, 71.4, 72.2, 90.1, 124.2, 124.8, 125.3,
125.4, 125.4, 126.8, 126.8, 128.6, 128.6, 130.4, 130.9, 131.7, 132.4, 136.1, 136.4,
136.9, 138.8, 139.8, 139.8, 142.2, 149.9, 153.1, 153.1 156.7 157.9, 158.2; MS
(FAB): m/z (%): 2580 (64.8), [M�PF6]� .


Deprotection of 8c : A solution of HCl in methanol (2% v/v, cat. amount)
was added to a stirred solution of 8c (90 mg, 0.03 mmol) in acetonitrile.
After 3 h the solvent was removed, and the residue was dissolved in
acetonitrile (4 mL). This solution added to methanol/H2O (50/50, 4 mL).
The precipitated solid was recovered by filtration, washed with H2O (2�
2 mL), and dried to give 64 mg (80%) of the deprotected material as an
orange solid. 1H NMR (CDCl3, 270 MHz): �� 0.90 (t, 6H; CH3), 1.32 (mc,
8H; hexyl-CH2), 1.40 (mc, 4H; hexyl-CH2), 1.61 (mc, 4H; �-CH2), 3.42
(br s, 4H, OH), 3.49 (t, 4H; �-CH2), 4.51 (s, 4H; benzyl-CH2), 4.59 (8H;
benzyl-CH2), 7.25 (4H), 7.43 (4H), 7.48 (4H), 7.52 (4H), 7.55 (4H), 7.65
(2H), 7.72 (4H), 7.80 (4H), 7.85 (4H), 7.92 (4H), 8.03 (4H), 8.11 (4H), 8.39
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(4H), 8.51 (4H), 8.53 (4H), 8.54 (4H), 8.60 (4H); MS (FAB): m/z (%)�
2471 (41.6), [M�PF6]� .


X-ray structure analysis : Suitable crystals of 1a and 1c were obtained by
slow diffusion of ethanol into a solution of 1a in benzene or 1c in
chloroform. Crystals of rac-7 were obtained by slow evaporation of the
solvent from a DMSO solution over a period of several months. As the
crystals of 1a, 1c, and rac-7 all crystallize with different solvent molecules
and, therefore, tend to disintegrate with loss of the included solvent
molecules, the crystals were mounted out of saturated solutions at low
temperature onto the tip of a glass fiber, and the data collection was
performed at low temperatures with a BRUKER-AXS SMART CCD
diffractometer. A total of 600 frames (��� 0.3�) for each run were
collected for three � positions (0�, 90�, and 240�) resulting in 1800 frames
for each data set. The data were reduced to F 2


o and corrected for absorption
effects with SAINT[31] and SADABS,[32] respectively. The structures were
solved by direct methods and refined by a full-matrix least-squares method
(SHELXL97[33]). The quality of the structure determination of 1c was
strongly influenced by the fact that 1c consists of several different
stereoisomers that only differ in the THP moieties and in the chloroform
solvate molecules. Only one chloroform could be located in the difference
Fourier map, whereas the second chloroform molecule was taken into
account by means of the squeeze option in the program package
PLATON.[26] As a result, the crystal only poorly diffracted at 2� angles
above 35�. Thus, only the chlorine atoms of the chloroform molecule could
be refined anisotropically. After refining rac-7, three peaks in the difference
Fourier map indicated the presence of a solvent molecule (most likely
ethanol) in the lattice. The atomic coordinates of this solvent molecule
were refined with isotropic thermal parameters for C and O. No hydrogen
positions were refined for the solvent molecule. Details of the data
collection and structure refinement are given in Table 3. ORTEP[34] for
Windows, XSHELL,[35] and SCHAKAL97[36] were used to prepare the
graphical representations. Crystallographic data (excluding structure


factors) reported in this paper have been deposited with Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC-
167329 (1a), CCDC-167330 (1b), and CCDC-167331 (7). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ (fax: (�44)1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).
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Table 3. Crystal data and structure refinement for 1a, 1c, and rac-7.


1a 1c 7


formula C110H110N4O4 C106H111Cl12N4O12 C50H48Br2F12N6O5P2Ru
Mr 1552.02 2059.40 1363.77
T [K] 163(2) 153(2) 133(2)
� [ä] 0.71073 0.71073 0.71073
crystal system triclinic triclinic monoclinic
space group P1≈ P1≈ P21/c
a [ä] 7.4113(8) 10.742(3) 18.848(3)
b [ä] 10.7138(12) 13.477(4) 13.265(2)
c [ä] 28.294(3) 17.818(6) 20.779(3)
� [�] 94.287(3) 104.796(7) 90
� [�] 97.398(3) 95.551(7) 92.556(11)
� [�] 92.852(5) 98.434(8) 90
V [ä3] 2217.7(4) 2442.5(14) 5190.0(14)
Z 1 1 4
	 [Mgm�3] 1.162 1.400 1.745

 [mm�1] 0.070 0.405 2.001
F(000) 830 1076 2728
crystal size [mm3] 0.34� 0.29� 0.11 0.60� 0.15� 0.05 0.58� 0.47� 0.05
� range [�] 1.46 ± 25.03 1.94 ± 22.39 1.82 ± 31.51
index ranges � 8� h� 8 � 11� h� 11 � 26�h� 26


� 12� k� 12, � 14� k� 14 � 18�k� 19
� 32� l� 33 � 18� l� 18 � 30� l� 29


reflections collected 18960 14796 61133
independent reflections 7734 (Rint� 0.0392) 6035 (Rint� 0.1491) 15979 (Rint� 0.0424)
completeness to �max [%] 98.8 95.6 92.4
absorption correction empirical none empirical
max./min. transmission 0.967031/0.816279 ± 0.8623/0.6195
data/restraints/parameters 7734/0/532 6035/0/264 15979/0/688
goodness-of-fit on F 2 1.065 1.391 1.068
final R indices R1� 0.0703 R1� 0.2037 R1� 0.0505
[I� 2�(I)] wR2� 0.2027 wR2� 0.4869 wR2� 0.1499
R indices R1� 0.1207 R1� 0.2946 R1� 0.0744
(all data) wR2� 0.2338 wR2 �0.5332 wR2 �0.1611
largest diff. peak/hole [eä�3] 0.709/� 0.591 1.294/� 0.684 2.263/� 2.288
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Stepwise Formation of Quasi-Octahedral Macrocyclic Complexes of
Rhodium(���) and Iridium(���) Bearing a Pentamethylcyclopentadienyl Group


Yasuhiro Yamamotoa,*[a] Hajime Suzuki,[a] Nobuo Tajima,[b] and Kazuyuki Tatsumi[b]


Abstract: Reactions of [{MCl2(Cp*)}2]
(1: M� Ir, 2 : M�Rh) with bidentate
ligands (L) such as 1,4-diisocyano-2,5-
dimethylbenzene (a), 1,4-diisocyano-
2,3,5,6-tetramethylbenzene (b), pyra-
zine (c) or 4,4�-dipyridyl (d) gave the
corresponding dinuclear complexes
[{MCl2(Cp*)}2(L)] (M� Ir: 3a, 3b, 5c,
5d ; M�Rh: 4b, 6c, 6d), which were
converted into tetranuclear complexes
[{M2(�-Cl)2(Cp*)2}2(L)2](OTf)4 (M� Ir:
7c, 7d, 9a, 9b ; M�Rh: 8c, 8d, 10b) on
treatment with Ag(OTf). X-ray analyses
of 8c and 8d revealed that each of
four pentamethylcyclopentadienyl met-


al moieties was connected by two �-Cl-
bridged atoms and a bidentate ligand to
construct a rectangular cavity with the
dimensions of 3.7� 7.0 ä for 8c and
3.7� 11.5 ä for 8d. Both the Rh2Cl2 and
pyrazine (or 4,4�dipyridyl) ring planes
are perpendicular to the Rh4 plane.
Treatment of Cl-bridged complexes
(7c, 7d, 8c, 8d, 9b, and 10b) with a
different ligand (L�) resulted in cleavage


of the Cl bridges to produce two-dimen-
sional complexes [{MCl(Cp*)}4{(L)-
(L�)}2](OTf)4 (11ac, 11bc, 11bd, 12bc,
and 12bd) with two different ligand
™edges∫. Complex 10b reacted readily
with 1,4-diisocyano-2,3,5,6-tetramethyl-
benzene (b) to give a tetranuclear rho-
dium(���) complex 12bb. The structure of
tetranuclear complexes was confirmed
by X-ray analysis of 11bc. Each {MCp*}
moiety is surrounded by a Cl atom,
isocyanide, and pyrazine (or 4,4�-dipyr-
idyl) and the dimensions of its cavity are
7.0� 11.6 ä.


Keywords: cyclopentadienyl ligands
¥ iridium, ¥ isocyanide ligands ¥
rhodium ¥ supramolecular chemistry


Introduction


Metal-containing supramolecules and coordination polymers
have attracted interests in recent years because there are
many promising metal fragments available for the construc-
tion of novel supramolecular materials.[1] In particular,
square-planar complexes of platinum and palladium are
attractive as building blocks which occupy vertices. For
example, diphosphines and diamine derivatives as ligands in
metallic building blocks have been used widespread by many
groups.[2] The sixfold bridging capability of the octahedral unit
leads to compounds with diverse dimensionality, in compar-
ison with those that are square planar.[3±7] We were interested
in supramolecular complexes based on quasi-octahedral geom-
etries that bear arene, cyclopentadienyl, or pentamethylcy-


clopentadienyl groups, and their derivatives, since a new type
of supramolecular series would be developed by introduction
of these organic moieties. Since these six- or five-membered
rings block three sites on the octahedron, they reduce the
dimensionality of the polymeric derivatives and render them
paticularly amendable to processing. Octahedral building
blocks can be assemabled to form cubic or ladder-shaped
structures. Introduction of three-coordinate ring ligands also
can enhance solubility of polymeric compounds. We report
here stepwise assembly of the tetranuclear rhodium and
iridium supramolecules bearing pentamethylcyclopentadienyl
and binary ligands. Complexes reported here are novel
because they contain two-dimensional architectures with
two different ligand ™edges∫, that is, molecular rectangles.
The only self-assembled supramolecules with pentamethylcy-
clopentadienyl or cyclopentadienyl groups, to our knowledge,
have been reported by Rauchfuss et al.:[8, 9] [Co4Rh4(CN)12-
(Cp)4(Cp*)4]4�, [Rh7(Cp*)7(CN)12]2�, and [Ir4Rh3(CN)12-
(Cp*)7]2� (Cp*�C5Me5). They are cyanide-linked molecular
squares and cubes that contain octahedral building blocks of
rhodium and cobolt derivatives. Recently Darensbourg et al.
reported the preparation of diamond-shaped heterometallic
complexes of cyclopentadienyl iron(��) and copper(�) bridged
by cyanide groups.[10]


A preliminary account of our work has been pub-
lished.[11]
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Results and Discussion


Di- and tetranuclear complexes : When bis[dichloro(penta-
methylcyclopentadienyl)iridium(���)] (1) was treated with 1,4-
diisocyano-2,5-dimethylbenzene (a) or 1,4-diisocyano-2,3,5,6-
tetramethylbenzene (b) in a 1:1 molar ratio at room temper-
ature, yellow crystals formulated as [{IrCl2(Cp*)}2(CN-R-
NC)] (3a : R� 2,5-Me2C6H2; 3b : R� 2,3,5,6-Me4C6) by FAB
mass spectroscopy, were formed in high yields (Scheme 1).
The IR spectra showed a strong band at approximately
2140 cm�1 due to a terminal isocyanide group. In the 1H NMR
spectra two singlet resonances due to the Cp* andMe protons
appeared at about �� 1.86 and 2.40, respectively. These
spectroscopic data indicate a dimeric structure in which the Ir


centers are connected by a �-diisocyanide ligand. X-ray
crystal analysis of 3a confirmed the structure (Figure 1
below). The rhodium analogue 4b, [{RhCl2(Cp*)}2{�-1,4-
(NC)2-2,3,5,6-Me4C6}], was prepared as orange crystals in
high yield by the reaction of [{RhCl2(Cp*)}2] (2) with b
(Scheme 1).
Treatment of 1 or 2 with pyrazine (c) also generated the


dinuclear complexes, 5c (M� Ir) and 6c (M�Rh)
[{MCl2(Cp*)}2(�-C4H4N2)]. In the 1H NMR spectra in
[D6]DMSO, two singlets appeared at about �� 1.62 and
8.65, due to Cp* and pyrazine protons, respectively. Analo-
gously, the reactions with 4,4�-dipyridyl (d) gave dinuclear
complexes , [{MCl2(Cp*)}2(�-4,4�-dipyridyl)] 5d (M� Ir) and
6d (M�Rh). The 1H NMR spectra in [D6]DMSO showed
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three resonances at approximately �� 1.60 (s), 7.80 (d) and
8.70 (d); the fisrt is assigned to the Cp* protons, and the others
are assigned to dipyridyl protons.
When dinuclear complex 6c was treated with AgOTf (Tf�


CF3SO2) in a 1:2 molar ratio in a mixture of CH2Cl2 and
MeCN at room temperature, tetranuclear complex 8c,
formulated as [{RhCl(Cp*)}4(�-pyrazine)2](OTf)4 from the
FAB mass spectroscopy (m/z 1254 ([M�1]�) and elemental
analysis, was formed (Scheme 1). The 1H NMR spectrum
consists of two characteristic singlets at �� 1.61 and 8.65 in a
60:8 intensity ratio, suggesting a symmetric tetranuclear
structure. A tetranuclear iridium complex 7c was obtained
from 5c and AgOTf in a manner similar to the rhodium
analogue. The 1H NMR spectrum showed two kinds of
resonances for each of the Cp* and pyrazine ligands; at ��
1.58 and 1.74 for the former and at �� 8.84 and 8.97 for the
latter, suggesting the presence of configurational isomers.
Tetranuclear complexes that bear the 4,4�-dipyridyl ligand,


[{M(�-Cl)(Cp*)}4(�-bipyridyl)2](OTf)4 (7d : M� Ir; 8d : M�
Rh), were obtained by the reactions between the correspond-
ing neutral dinuclear complexes and Ag(OTf). The 1H NMR
spectra for 7d showed a singlet at �� 1.60 due to Cp* protons
and a complex resonance at about �� 8.5 due to dipyridyl
protons; that for 8d had two kinds of singlets at �� 1.59 and
1.61 due to Cp* protons and a complex resonance at about
�� 8.5 due to dipyridyl protons. The spectra of complex 8d
indicated the presence of configurational isomers, as did that
in the case of 7c. Detailed structures were confirmed by X-ray
analyses of 8c and 8d (Figures 2 and 3 later). They revealed
that the complex cations have the rectangular structures
bridged by four Cl atoms, and two pyrazine or 4,4�-dipyridyl
molecules.
The dinuclear isocyanide complexes 3b and 4b reacted


readily with Ag(OTf) to give complexes formulated as [{M(�-
Cl)(Cp*)}4(�-1,4-(NC)2-2,3,5,6-Me4C6)2](OTf)4, 9b (M� Ir)
and 10b (M�Rh) (Scheme 1). The IR spectra of 9b and
10b showed a terminal isocyanide bands at 2186 and
2182 cm�1, respectively. The 1H NMR spectra showed two
sharp singlets at �� 1.94 and 2.42 for 9b and at �� 1.85 and
2.37 for 10b, due to Cp* and methyl protons of the isocyanide
ligand, respectively. Based on the spectroscopy and structures
of pyrazine and 4,4�-dipyridyl complexes 9b and 10b were
assumed to be a structure bridged by four Cl atoms and two
isocyanide ligands.
When �-chloro-bridged complex


7c was treated with two equivalents
of b, the Cl bridges were replaced
by b to produce yellow crystals 11bc
formulated as [{IrCl(Cp*)}4(�-pyra-
zine)2{�-1,4-(NC)2-2,3,5,6-Me4C6}2]-
(OTf)4. This complex can be also
obtained by the reaction between
9b and pyrazine or the direct reac-
tion of 3b with pyrazine in the
presence of Ag(OTf) (Scheme 1).
The tetranuclear complex with a
4� charge was revealed by the ESI
technique. The isotopically resolved
signal centered at m/z 495 and 455


correspond to the [M]4� and [M� 2pyrazine]4� charge state
species, respectively, whereM is a cationic species. The masses
of the 4� ion were determined to be 1981.6 and 1821.2, which
are in nearly agreement with the theoretical masses of 1980.23
and 1820.05, respectively. In the IR spectrum, the CN band
appeared at 2176 cm�1. The 1H NMR spectrum showed three
singlets at �� 1.94, 2.42, and 8.65 in a 30:12:4 intensity ratio,
due to Cp*, isocyanide, and pyrazine protons, respectively.
Finally, the structure was determined by X-ray analysis
(Figure 4 later). The complex has a tetranuclear rectanglar
structure, and each iridium atom is surrounded by an
isocyanide, a pyrazine, a Cl atom, and a Cp* moiety.
Tetranuclear complex 11ac, [{IrCl(Cp*)}4(�-pyrazine)2{�-1,4-
(NC)2-2,5-Me2C6H2}2](OTf)4, which bears the 1,4-diisocyano-
2,5-dimethylbenzene (a) and pyrazine (c) ligands, was pre-
pared by a direct reaction of 3a with pyrazine in the presence
of Ag(OTf) (Scheme 1). The rhodium analogue 12bc was
obtained in 49% yield from a direct reaction of 4b with
pyrazine in the presence of Ag(OTf). Tetranuclear iridium
and rhodium complexes 11bd and 12bd bearing isocyanide
and 4,4�-dipyridyl ligands were prepared by the direct treat-
ment of 3b or 4b with 4,4�-dipyridyl (d). Complex 10b reacted
readily with b to give the rectangular complex 12bb in which
the four sides were sourrounded by isocyanide ligands. The IR
spectrum showed a terminal isocyanide at 2186 cm�1. The
1H NMR spectrum showed two singlets at �� 1.85 and 1.87
due to Cp* protons and a broad resonance at �� 2.39 due to
methyl protons, which suggests the presence of isomers.


Reactions of 8c with Lewis bases and of 3c with K[Ag(CN)2]:
Reaction of 8c with four equivalents of mesityl isocyanide at
room temperature replaced pyrazine ligands and Cl atoms to
give [RhCl(Cp*)(MesNC)2](OTf) together with recovery of
the starting compound 8c. A similar reaction with bis(diphe-
nylphosphino)ethane (dppe) gave [RhCl(Cp*)(dppe)](OTf).
These reactions arised from strong coordination ability of
dppe and isocyanide (Scheme 2). In an attempt to prepare a
complex bearing a silver atom, the reaction of 3a with
K[Ag(CN)2] was carried out and led to the replacement of two
Cl anions with CN anions to give yellow crysyals formulated
as [{IrCl(CN)(Cp*)}2{�-1,4-(CN)2-2,3,5,6-Me4C6}] from the
FAB mass spectroscopy and elemental analysis. The IR
spectrum showed two NC stretching frequencies at 2170 and
2128 cm�1. The 1H NMR spectrum showed two characteristic
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resonances at �� 1.98 and 2.41, assignable to Cp* and methyl
protons, respectively. The spectroscopic data suggest a
symmetric structure in which each iridium center was
surrounded by Cp*, Cl, CN, and isocyanide ligands.


Molecular structures : Detailed discussion of distances and
angles is avoided here because of the low accuracy of the
X-ray data, especially the methyl groups on the Cp* rings, for
the complexes 3a, 8c, 8d, and 11bc, but the tables of selected
bond lengths and angles are given.


Crystal structure of 3a : A perspective drawing of 3a with the
atomic numbering scheme is given in Figure 1 and selected
bond lengths and angles are listed in Table 1. The crystal unit
has a crystallographically imposed inversion center in the
middle of the Ir ¥ ¥ ¥ Ir vector. The molecule has a dimeric
structure connected by a �-diisocyanide ligand, and the
iridium atoms are surrounded by two Cl atoms and isocyanide.
Angles between adjacent atoms around the iridium atoms are
nearly 90�. The two Ir atoms are separated by 11.6 ä. The Ir1-
C11-N1 and C11-N1-C12 angles are 176 and 172�, respective-
ly, and compare well with those for other isocyanide
complexes.


Figure 1. Molecular structure of [{IrCl2(Cp*)}2(�-1,4-(NC)2-2,5-Me2C6H2)]
(3a).


Crystal structures of 8c and 8d : Perspective drawings of 8c ¥
2MeOH and 8d with the atomic numbering schemes are
given in Figures 2 and 3, respectively, and selected bond
lengths and angles are listed in Tables 2 and 3. The crystal
units of 8c and 8d also consist of the molecule with a
crystallographically imposed inversion center in the middle of
the Rh1 ¥ ¥ ¥Rh1* or Rh2 ¥ ¥ ¥Rh2*, respectively, vector similar
to the structure of 3a. Methanol is contained as a solvent
molecule in the crystal unit of 8c (but outside of the square
framework). The complex cations have a rectangular cavity
bridged by four Cl atoms and two pyrazine or 4,4�-dipyridyl
molecules with the dimensions of 3.68� 7.02 ä for 8c, and of
3.68� 11.45 ä for 8d, respectively. The molecular rectangle of
[{ReBr(CO)3}4(�-pyrazine)2(�-4,4�-dipyridyl)2] is known to


Figure 2. Complex cation of [{Rh(�-Cl)(Cp*)}4(�-pyrazine)2](CF3SO3)4 ¥
2MeOH (8c ¥ 2MeOH).


consist of a cavity with the dimensions of 11.44� 7.21 ä.[12]
These values are closely similar to that of the corresponding
dimention for 8c or 8d. The Rh1�Rh1* and Rh2�Rh2*
diagonal lengths in the rectangular structure are approxi-
mately 7.9 and 12.0 ä for 8c and 8d, respectively. The bridged
Cl1 ¥ ¥ ¥Cl2 separation is 3.28 ä. The dihedral angles between
the Rh1-Rh2-Cl1-Cl2 plane and pyrazine (4,4�-dipyridyl)
ligands are 90.9 and 92.2� for 8c and 90.5� and 91.4� for 8d,
respectively. The dihedral angles between two pyridine rings
of the dipyridyl ligand for 8d is 5.8�, compared with that of
1.4� between two pyrazine ligands for 8c. The stacking


Figure 3. Complex cation of [{Rh(�-Cl)(Cp*)}4(�-4,4�-bipyridyl)2](CF3-
SO3)4 (8d).


Table 1. Selected bond lengths [ä] and angles [�] for compound 3a.


Ir1�Cl1 2.393(4) Ir1�Cl2 2.411(4)
Ir1�C11 1.96(1) C11�N1 1.13(2)


Cl1-Ir1-Cl2 88.9(2) Cl1-Ir1-C11 92.1(4)
Cl2-Ir1-C11 87.7(5) Ir1-C11-N1 176(1)
C11-N1-C12 172(1)
intramolecular interacts
Ir1 ¥ ¥ ¥ Ir1* 11.6
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patterns of macrocycles 8c and 8d in the solid state showed
that the cationic squares are stacked along the c axis, resulting
in long channel-like cavities. The Rh�X bond lengths and
X-Rh-X� angles around the Rh atom for 8c and 8d are not
different from each other.


Crystal structure of 11bc : A perspective drawing of 11bc with
the atomic numbering scheme is given in Figure 4, and
selected bond lengths and angles are listed in Table 4. An


Figure 4. Complex cation of [{IrCl(Cp*)}4(�-1,4-(NC)2-2,3,5,6-Me4C6)2-
(�-pyrazine)2](CF3SO3)4 (11bc).


asymmetric unit of the crystal of 11bc consists of two halves
of the molecules, and each has a crystallographically
imposed inversion center in the middle of the Ir ¥ ¥ ¥ Ir* vector.
The complex has a tetranuclear rectangular structure with
Ir ¥ ¥ ¥ Ir* lengths of 6.986(1) ä (7.0145(9) ä) and 11.6459(9) ä
(11.668(1) ä). Methanol is contained as a solvent molecule in
the cryatal unit similar to 8c (but outside of the square
framework). The dihedral angles between Ir4 plane and
pyrazine are 49.44� (48.82�) and those between the Ir4 plane
and the phenyl rings of diisocyanides are 83.55� (83.58�) and
75.75� (75.95�) The Ir1�Ir1* and Ir2�Ir2* diagonal lengths in
the rectangular structure are approximately 13.5 ä, similar to
those found for 8c.


Dimensions of cavity : The dimensions of the rectangular
cavity of complexes obtained here are summarized in Fig-
ure 5. On the basis of X-ray analyses, the complex 12bb


Cl
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Rh Rh


Rh Rh
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11.5Å for dipyridyl


 Ir
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7.00 Å


11.6 Å


7.92 Å
12.0Å 13.6 Å


Figure 5. The dimensions of cavity for tetranuclear complexes 8c, 8d, and
11bc.


surrounded by four diisocyanide ligand edges is estimated to
be a square structure with the dimensions of 11.7� 11.7 ä.
Complexes 11bd and 12bd, which both contain two di-
isocyanide and two 4,4-dipyridyl edges, are also calculated to
be a rectangular structure with the dimensions of 11.7�
11.5 ä.
In conclusion, the chemistry described above indicates the


stepwise formation and structures of the tetranuclear com-
plexes of iridium(���) and rhodium(���) that bear pentamethyl-
cyclopentadienyl groups and two different ligands. These new
types of tetranuclear complex are expected to play a role as


Table 2. Selected bond lengths [ä] and angles [�] for compound 8c.


Rh1�Cl1 2.466(3) Rh1�Cl2 2.467(2)
Rh1�N1 2.133(7) Rh2�Cl2 2.474(3)
Rh2�Cl2 2.459(2) Rh2�N2 2.153(8)


Cl1-Rh1-Cl2 83.50(8) Cl1-Rh1-N1 88.0(2)
Cl2-Rh1-N1 87.8(2) Cl1-Rh2-Cl2 83.47(8)
Cl1-Rh2-N2 88.5(2) Cl2-Rh2-N2 88.5(2)
intramolecular interacts
Rh1 ¥ ¥ ¥Rh2 3.68 Rh1 ¥ ¥ ¥Rh2* 7.98
Rh1 ¥ ¥ ¥Rh1* 7.02 Cl1 ¥ ¥ ¥Cl2 3.28


Table 3. Selected bond lengths [ä] and angles [�] for compound 8d.


Rh1�Cl1 2.4632(9) Rh1�Cl2 2.447(1)
Rh1�N1 2.134(3) Rh2�Cl1 2.4760(9)
Rh2�Cl2 2.454(1) Rh2�N2 2.134(3)


Cl1-Rh1-Cl2 83.64(3) Cl1-Rh1-N1 88.31(8)
Cl2-Rh1-N1 89.55(8) Cl1-Rh2-Cl2 83.21(3)
Cl1-Rh2-N2 89.49(8) Cl2-Rh2-N2 89.10(9)


Table 4. Selected bond lengths [ä] and angles [�] for 11bc.


Ir1�Cl1 2.379(5) Ir1�N1 2.12(1)
Ir1�C12 1.92(2) C12�N4 1.18(2)
Ir2�Cl2 2.368(5) Ir2�N2 2.11(1)
Ir2�C5 1.96(2) C5�N3 1.14
Ir3�Cl3 2.408(5) Ir3�N5 2.11(1)
Ir3�C48 1.98 C48�N8 1.14(2)
Ir4�Cl4 2.395(4) Ir4�N6 2.12(1)
Ir4�41 1.98(2) C41�N7 1.13(2)


Cl1-Ir1-N1 87.5(4) Cl1-Ir1-C12 86.7(6)
N1-Ir1-C12 87.2(6) Cl2-Ir2-N2 86.5(4)
Cl2-Ir2-C5 87.7(5) N2-Ir2-C5 90.8(6)
Cl3-Ir3-N5 86.0(4) Cl3-Ir3-C48 88.8(5)
N5-Ir3-C48 90.5(6) Cl4-Ir4-N6 86.0(4)
Cl4-Ir4-C41 87.8(5) N6-Ir4-C41 93.2)(6)
intramolecular interactions
Ir ¥ ¥ ¥ Ir 6.986(1), 7.0145(9); 11.6459(9), 11.668(1)
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the molecular architecture of supramolecules with ladder or
cubic frameworks.


Experimental Section


All reactions were carried out under a nitrogen atmosphere. Isocyanides
were prepared by modifing the literature method.[13] [{RhCl2(Cp*)}2] (1)
was prepared according to the literature method.[14] [{IrCl2(Cp*)}2] was
prepared by refluxing pentamethylcyclopentadiene and H2IrCl6 ¥ nH2O in
MeOH. Dichloromethane was distilled over CaH2 and diethyl ether was
distilled over LiAlH4. The IR spectra were measured on an FT/IR-5300
spectrometer. The 1H NMR spectra were measured at 250 MHz and
31P{1H} NMR spectra were measured at 101 MHz with 85% H3PO4 as an
external reference. Electrospray ionization (ESI) masss spectroscopy was
performed on a Parkin ±Elmer Sciex Instruments equipped by LC2Tune
1.2 software.


Preparation of 1,4-diisocyano-2,5-dimethylbenzene (a): Diisopropylamine
(15 mL, 0.106 mol) was added to a solution of 2,5-dimethyl-1,4-phenyl-
enediformamide (2.9 g, 0.015 mol) in CH2Cl2 (100 mL). The mixture was
stirred for 20 min and POCl3 (5.0 mL, 0.054 mol) was added dropwise at
room temperature. The mixture was heated at 35 �C for 4 h. Aqueous
Na2CO3 (10%; 50 mL) was added at ice-cooling temperature and stirred
for 1 h. The organic layer was separated, and the aqueous layer was
extracted with CH2Cl2 (15 mL) three times. The CH2Cl2 solution was dried
over Na2SO4. The solvent was removed, and the residue was purified by
chromatography on alumina (containing 10% H2O), with benzene as an
eluant. The work-up of the eluate gave the title compound (1.58 g 68.7%).
Analogously, 1,4-diisocyano-2,3,5,6-tetramethylbenzene (70%) was pre-
pared from 2,3,5,6-tetramethyl-1,4-phenylenediformamide (6.6 g).


Preparation of dinuclear complexes


[{IrCl2(Cp*)}2{�-1,4-(NC)2-2,5-Me2C6H2}] (3a): Ligand a (49.5 mg,
0.32 mmol) was added to a solution of 1 (225.0 mg, 0.28 mmol) in CH2Cl2
(15 mL) at room temperature. After stirring for 3 h, the solvent was
concentrated and diethyl ether was added, giving yellow crystals of 3a
(198.4 mg, 75%). IR(nujol): �� � 2137 cm�1; 1H NMR (250 MHz, CDCl3):
�� 1.86 (s, 30H; Cp*), 2.42 (s, 6H;Me), 7.29 (s, 2H; Ph); elemental analysis
calcd (%) for C30H38N2Cl4Ir2: C 37.81, H 4.02, N 2.94; found: C 37.26, H
4.04, N 2.97.


[{IrCl2(Cp*)}2{�-1,4-(NC)2-2,3,5,6-Me4C6}] (3b): This complex (orange,
86%) was obtained from 1 (707 mg, 0.89 mmol) and ligand b (212.4 mg,
1.15 mmol) by a procedure similar to that described for 3a. FAB MS:
m/z(%): 981 (5) [M�1]� ; IR(nujol): �� � 2150 cm�1; 1H NMR (250 MHz,
CDCl3): �� 1.86 (s, 30H; Cp*), 2.39 (s, 12H; Me); elemental analysis calcd
(%) for C32H42N2Cl4Ir2: C 39.18, H 4.32, N 2.86; found: C 38.67, H 4.26, N
2.95.


[{RhCl2(Cp*)}2{�-1,4-(NC)2-2,3,5,6-Me4C6}] (4b): Diisocyanide b (59.7 mg,
0.32 mmol) was added to a solution of 2 (154.1 mg, 0.25 mmol) in CH2Cl2
(15 mL) at room temperature and stirred for 3 h. The solvent was
concentrated to about 3 mL and diethyl ether was added, giving 4b as
anorange solid (146.5 mg, 73%). FAB MS: m/z (%): 802 (5) [M]� .
IR(nujol): �� � 2176 cm�1; 1H NMR (250 MHz, CDCl3): �� 1.83 (s, 30H;
Cp*), 2.40 (s, 12H; Me); elemental analysis calcd (%) for C32H42N2Cl4Rh2:
C 47.90, H 5.28, N 3.49; found: C 48.26, H 5.46, N 4.24.


[{RhCl2(Cp*)}2{�-1,4-(NC)-2,5-Me2C6H2}] (4a): This complex (orange,
73%) was obtained from 2 (142 mg, 0.23 mmol) and a (36.0 mg, 0.23 mmol)
by a procedure similar to that described for 4b. IR(nujol): �� � 2160 cm�1;
1H NMR (250 Hz, CDCl3): �� 1.83 (s, 30H; Cp*), 2.44 (s, 6H; Me), 7.35 (s,
2H, Ar); elemental analysis calcd (%) for C30H38N2Cl4Rh2: C 46.54, H 4.95,
N 3.62; found: C 46.63, H 5.17, N 4.10.


[{IrCl2(Cp*)}2(�-pyrazine)] (5c): Pyrazine c (8.8 mg, 0.11 mmol) was added
to a solution of 1 (80 mg, 0.10 mmol) in CH2Cl2 (10 mL) at room
temperature and stirred for 3 h. The resulting yellow precipitate
(73.4 mg, 83%) was separated and washed with diethyl ether. 1H NMR
(250 MHz, [D6]DMSO): �� 1.62 (s, 30H; Cp*), 8.65 (s, 4H; pyradine);
elemental analysis calcd (%) for C24H34N2Cl4Ir2: C 32.88, H 3.91, N 3.20;
found: C 32.51, H 3.81, N, 3.27.


[{RhCl2(Cp*)}2(�-pyrazine)] ¥H2O (6c): This complex (orange, 281.0 mg,
82%) was obtained from 2 (302.6 mg, 0.49 mmol) and pyrazine c (43.1 mg,
0.54 mmol) by a procedure similar to that described for 5c. 1H NMR
(250 MHz, [D6]DMSO): �� 1.61 (s, 30H, Cp*), 8.66 (s, 4H; pyradine);
elemental analysis calcd (%) for C24H34N2Cl4Rh2 ¥H2O: C 40.25, H 5.07, N
3.91; found: C 40.29, H 4.84, N 4.04.


[{IrCl2(Cp*)}2(�-dipyridyl)] (5d): This complex (yellow, 139.3 mg, 82%)
was obtained from 1 (142.1 mg, 0.18 mmol) and dipyridyl d (30.6 mg,
0.20 mmol) by a procedure similar to that described for 5c. 1H NMR
(250 MHz,[D6]DMSO) �� 1.62 (s, 30H, Cp*), 5.73 (s, CH2Cl2), 7.83 (d,
3J(H,H)� 6 Hz, 4H; dipyridyl), 8.72 (d, 3J(H,H)� 6 Hz, 4H; dipyridyl);
elemental analysis calcd (%) for C30H38N2Cl4Ir2 ¥CH2Cl2: C 35.88, H 3.88, N
2.70; found: C 35.93, H 3.91, N 2.70.


[{RhCl2(Cp*)}2(�-dipyridyl)] (6d): This complex (orange, 83.8 mg, 84%)
was obtained from 2 (80.0 mg, 0.13 mmol) and dipyridyl d (22.2 mg,
0.14 mmol) by a procedure similar to that described for 5c. 1H NMR
(250 MHz, [D6]DMSO): �� 1.61 (s, 30H; Cp*), 5.73 (s, CH2Cl2), 7.83 (br,
4H; dipyridyl), 8.72 (br, 4H; dipyridyl); elemental analysis calcd (%) for
C30H38N2Cl4Rh2 ¥ 0.6CH2Cl2: C 44.54, H 4.79, N 3.39; found: C 44.42, H
5.21, N 3.36.


Preparation of tetranuclear complexes


[{Ir(�-Cl)(Cp*)}4(�-pyrazine)2](CF3SO3)4 (7c): Ag(CF3SO3) (31.1 mg,
0.12 mmol) in acetonitrile (10 mL) was added to a solution of 5c
(50.9 mg, 0.06 mmol) in CH2Cl2 (10 mL) at room temperature and stirred
for 15 h. The solvent was removed, and the residue was extracted with
CH2Cl2, followed by filtration through a glass filter (G5) to remove
undissolved compounds. The filtrate was concentrated, and diethyl ether
was added, giving yellow crystals of 7c (43.8 mg, 64%). 1H NMR
(250 MHz, [D6]DMSO): �� 1.58 (s, 30H; Cp*), 1.74 (s, 30H, Cp*), 2.05
(s, 12H; pyrazine), 8.84 (s, 4H; pyradine), 8.97 (s, 4H, pyrazine); elemental
analysis calcd (%) for C60H80N8Cl4F12O12S4Ir4: C 30.43, H 3.23, N 4.73;
found: C 30.24, H 3.48, N 4.59.


[{Rh(�-Cl)(Cp*)}4(�-pyrazine)2](CF3SO3)4 (8c): This complex (reddish
orange, 67%) was obtained from 6c (36.0 mg, 0.05 mmol) and Ag(CF3SO3)
(29.1 mg, 0.11 mmol) by a procedure similar to that described for 7c. FAB
MS m/z (%): 1254 (4) [M�1]� ; 1H NMR (250 MHz, [D6]DMSO): �� 1.61
(s, 60H; Cp*), 8.65 (s, 8H; pyrazine); elemental analysis calcd (%) for
C52H68N4Cl4F12O12S4Rh2: C 33.75, H 3.70, N 3.03; found: C 33.55, H 3.67, N
3.19.


[{Ir(�-Cl)(Cp*)}4(�-4,4�-dipyridyl)2](CF3SO3)4 (7d): This complex (yellow,
70.3 mg, 96%) was obtained from 5d (56.1 mg, 0.06 mmol) and Ag(CF3-
SO3) (33.3 mg, 0.13 mmol) by a similar procedure to that described for 7c.
1H NMR (250 MHz, [D6]DMSO): �� 1.60 (s, 60H; Cp*), 8.25 ± 8.96 (m,
16H; dipyridyl); elemental analysis calcd (%) for C64H76N4Cl4F12O12S4Ir2:
C 32.57, H 3.25, N 2.34; found: C 33.01, H 3.43, N 2.56.


[{Rh(�-Cl)(Cp*)}4(�-4,4�-dipyridyl)2](CF3SO3)4 (8d): This complex (red-
dish orange, 34.7 mg, 73%) was obtained from 6d (56.1 mg, 0.06 mmol)
and Ag(CF3SO3) (33.3 mg, 0.13 mmol) by a procedure similar to that
described for 7c. 1H NMR (250 MHz, [D6]DMSO): �� 1.59, 1.61 (s, 60H;
Cp*), 7.91 ± 8.89 (m, 16H; 4,4�-dipyridyl); elemental analysis calcd (%) for
C64H76N4Cl4F12O12S4Rh2: C 38.38, H 3.82, N 2.80; found: C 37.85, H 3.83, N
2.82.


[{Ir(�-Cl)(Cp*)}4{�-1,4-(NC)2-2,3,5,6-Me2C6}2](CF3SO3)4 (9b): This com-
plex (yellow crystals, 64.5 mg, 75%) was obtained from 3b (70.0 mg,
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0.07 mmol) and Ag(CF3SO3) (40.4 mg, 0.16 mmol) by a similar procedure
to that described for 7c. IR(nujol): �� � 2186 cm�1 (N�C); 1H NMR
(250 MHz, [D6]DMSO): �� 1.94 (s, 60H; Cp*), 2.42 (s, 24H; Me);
elemental analysis calcd (%) for C68H84N4Cl4F12O12S4Ir2 ¥ 4MeCN: C
35.37, H 3.75, N 4.34; found: C 35.16, H 3.76, N 4.27.


[{Rh(�-Cl)(Cp*)}4{�-1,4-(NC)2-2,3,5,6-Me4C6}2](CF3SO3)4 (10b): This
complex (orange, 26.5 mg, 75%) was obtained from 4b (31.0 mg,
0.04 mmol) and Ag(CF3SO3) (20.8 mg, 0.08 mmol) by a similar procedure
to that described for 7c. IR(nujol): �� � 2182 cm�1 (N�C); 1H NMR
(250 MHz, [D6]DMSO): �� 1.85 (s, 60H; Cp*), 2.37 (s, 24H; Me).
[{IrCl(Cp*)}4{�-1,4-(NC)2-2,3,5,6-Me4C6}2(�-pyrazine)2](CF3SO3)4 (11bc):
Ag(CF3SO3) (40.3 mg, 0.16 mmol) in acetonitrile (12 mL) was added to a
solution of 3b (70 mg, 0.07 mmol) in CH2Cl2 (10 mL) at room temperature
and stirred for 15 h. A solution of pyrazine (6.3 mg, 0.08 mmol) in CH2Cl2
was added to the mixture and stirred for 15 h. The solvent was removed and
the residue was extracted with CH2Cl2, followed by filtration through a
glass filter (G5) to remove insoluble compounds. The filtrate was
concentrared to about 3 mL and diethyl ether was added, to give 11bc as
a yellow solid (39.1 mg, 59%). IR(nujol): �� � 2176 cm�1 (N�C); 1H NMR
(250 MHz,[D6]DMSO): �� 1.94 (s, 60H; Cp*), 2.42 (s, 2H; Me), 8.66 (s,
8H; pyrazine); elemental analysis calcd (%) for C76H92N8F12O12S4Cl4Ir4: C
34.78, H 3.53, N 4.27; found: C 34.87, H 3.71, N 4.61; ESI MS:m/z (%): 495
(5) [M]4�, 475 (6) [M�pyrazine]4�, 455 (94) [M� 2pyrazine]4�.
[{IrCl(Cp*)}4{�-1,4-(NC)2-2,5-Me2C6H2}2(�-pyrazine)2](CF3SO3)4 (11ac):
This complex (yellow, 39.1 mg, 59%) was obtained from 3a (50.0 mg,
0.05 mmol) and Ag(CF3SO3) (29.7 mg, 0.12 mmol) by a procedure similar
to that described for 11bc. IR(nujol): �� � 2170 cm�1 (N�C); 1H NMR
(250 MHz,[D6]DMSO): �� 1.94 (s, 60H, Cp*), 2.42 (s, 24H; Me), 5.73 (s,
CH2Cl2), 7.96 (s, 4H; Ar), 8.65 (s, 8H; pyrazine); elemental analysis calcd
(%) for C74H88N8F12O12S4Cl4Ir4.CH2Cl2: C 33.65, H 3.33, N 4.30; found: C
33.39, H 3.63, N, 4.62.


[{RhCl(Cp*)}4{�-1,4-(NC)2-2,3,5,6-Me4C6}2(�-pyrazine)2](CF3SO3)4
(12bc): This complex (orange, 41.1 mg, 49%) was obtained from 4b
(60.0 mg, 0.07 mmol), Ag(CF3SO3) (42.3 mg, 0.15 mmol), and pyrazine
(6.7 mg, 0.08 mmol) by a similar procedure to that described for 11bc.
IR(nujol): �� � 2186 cm�1 (N�C); 1H NMR (250 MHz,[D6]DMSO): �� 1.88
(s, 60H; Cp*), 2.43 (s, 24H; Me), 5.73 (s, CH2Cl2), 8.65 (s, 8H; pyrazine);
elemental analysis calcd (%) for C76H92N8Cl10F12O12S4Rh4 ¥ 3CH2Cl2: C
38.35, H 3.99, N 4.53; found: C 38.35, H 4.39, N, 4.20.


[{IrCl(Cp*)}4{�-1,4-(NC)2-2,3,5,6-Me4C6}2(�-4,4�-dipyridyl)2](CF3SO3)4
(11bd): This complex (yellow, 38.7 mg, 70%) was obtained from 3b
(40.0 mg, 0.041 mmol), Ag(CF3SO3) (23.1 mg, 0.082 mmol), and bipyridyl
(7.0 mg, 0.045 mmol) by a procedure similar to that described for 11bc.
IR(nujol): �� � 2168 cm�1 (N�C); 1H NMR (250 MHz,[D6]DMSO): �� 1.77,
1.80 (s, 60H; Cp*), 2.21 (s, 12H; Me), 2.31 (s, 12H; Me), 5.73 (s, CH2Cl2),
8.65 (s, 16H; dip); elemental analysis calcd (%) for C88H100N8Cl4F12O12-
S4Ir4 ¥ 3CH2Cl2: C 36.63, H 3.58, N 3.76; found: C 36.48, H 3.78, N 4.19.


[{RhCl(Cp*)}4{�-1,4-(NC)2-2,3,5,6-Me4C6}2(�-4,4�-dipyridyl)2](CF3SO3)4
(12bd): This complex (orange, 22.3 mg, 33%) was obtained from 4b
(45.0 mg, 0.056 mmol), Ag(CF3SO3) (31.7 mg, 0.123 mmol), and 4,4�-
dipyridyl (9.6 mg, 0.062 mmol) by a procedure similar to that described
for 11bc. IR(nujol): �� � 2182 cm�1 (N�C); 1H NMR (250 MHz,
[D6]DMSO): �� 1.85, 1.89 (s, 60H, Cp*), 2.40 (br, 12H; Me), 7.84 ± 8.80
(m, 16H; dipy).


[{RhCl(Cp*)}4{�-1,4-(NC)2-2,3,5,6-Me4C6}4](CF3SO3)4 (12bb): This com-
plex (orange, 35.2 mg, 58%) was obtained from 4b (40.3 mg, 0.050 mmol),
Ag(CF3SO3) (28.4 mg, 0.10 mmol), and b (13.9 mg, 0.075 mmol) by a
procedure similar to that described for 11bc. IR(nujol): �� � 2186 cm�1


(N�C); 1H NMR (250 Mhz, [D6]DMSO): � 1.85, 1.87 (s, 60H, Cp*), 2.39
(br, 48H; Me); elemental analysis calcd (%) for C92H108N8Cl4F12O12S4Rh4 ¥
2CH2Cl2: C 43.47, H 4.35, N 4.31; found: C 43.74, H 4.58, N 4.71.


Reaction of 8c with 1,2-bis(diphenylphosphino)ethane (dppe): Dppe
(23.1 mg, 0.06 mmol) was added to a solution of 8c (50 mg, 0.03 mmol) in
MeOH (5 mL) and CH2Cl2 (5 mL) at room temperature and stirred for
15 h. The solution was concentrated to about 3 mL and diethyl ether was
added to give orange crystals of [RhCl(Cp*)(dppe)](OTf) (29.7 mg, 42%).
Concentration of the mother liquor and addition of diethyl ether gave
orange solid of 8c. FAB MS: m/z : 672 [M]� . These complexes were
identified by comparison with spectroscopic data of the authentic
complexes.


Reaction of 8c with mesityl isocyanide (MesNC): A mixture of 8c (53.9 mg,
0.03 mmol) and mesityl isocyanide (19.8 mg, 0.14 mmol) in acetonitrile
(10 mL) was stirred for 15 h at room temperature. The solution was
concentrated to about 3 mL and diethyl ether was added to give yellow
crystals of [RhCl(Cp*)(MesNC)2](OTf) (28.5 mg, 47%), identified by the
authentic complex obtained from the reaction of 2 with MesNC in the
presence of Ag(OTf). The presence of the starting material after workup of
the mother liquor was proven spectroscopically.


Table 5. Crystal data for 3a, 8c ¥ 2MeOH, 8d, and 11bc.


3a 8c ¥ 2MeOH 8d 11bc ¥ 4MeOH


formula C30H38N2Cl4Ir C54H76N4O14S4F12Cl4Rh4 C68H88N4O16F12Cl4S4Rh4 C78H98N8O14F12Cl4S4Ir4
Mr 952.90 1914.87 2127.12 2638.6
crystal system monoclinic monoclinic triclinic triclinic
space group P21/n (No.14) P21/n (No.14) P1≈ (No.2) P1≈ (No.2)
a [ä] 7.54(1) 13.245(7) 12.2258(9) 13.1339(9)
b [ä] 16.571(7) 20.417(6) 12.5307(9) 16.203(1)
c [ä] 12.800(7) 14.419(4) 15.076(1) 26.309(2)
� [�] 90.0 90.0 114.3439(5) 73.953(2)
� [�] 95.69(7) 108.31(2) 91.9892(7) 87.9327(7)
� [�] 90.0 90.0 95.143(1) 81.7369(6)
V [ä] 1590(2) 3701(1) 2089.2(2) 5324.7(6)
Z 2 2 1 2
�calcd [gcm�3] 1.989 1.718 1.691 1.646
� [cm�1] 87.38 12.20 10.92 52.51
F(000) 908 1920 1072 2564
scan rate [�min�1] 4 4 0 0
reflections (�2	 [�]) 2915 (�50) 6705 (�50) 9479 (�55) 24272 (�55)
reflections observed [I� 2
(I)] 2798 6485[a] 8293 14760
parameters 172 433 513 1072
R/Rw 0.111/0.116[b] 0.100/0.170[b] 0.045/0.061[c] 0.086/0.089[c]


R1 0.041[d,e] 0.050[d,f] 0.045[c,g] 0.086[c]


GOF[h] 1.28 1.62 3.87 2.20


[a] [I� 10
(I)] [b] R��(F 2
o �F 2


c �/�F 2
o ; Rw� [�w(F 2


o �F 2
c �2/�wF2


o]1/2 (w�1/
2(Fo). [c] R�R1��(� �Fo �� �Fc � �/� �Fo � ; Rw� [�w(�Fo �� �Fc � )2/�wF2
o]1/2


(w�1/
2(Fo). [d] R1��(� �Fo �� �Fc � �/� �Fo �. [e] For 2790 relections. [f] For [I� 2
(I)]. [g] For 8293 reflections. [h] GOF� [�w(�Fo �� �Fc � )2/�(n�p)]1/2,
where n�number of data, p�number of parameters.
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X-ray crystallography–data collection : Complexes, 3a, 8c ¥ 2MeOH, 8d,
and 11bc ¥ 4MeOH were recrystallized from CH2Cl2/diethyl ether/MeOH
or CH2Cl2/diethyl ether/MeCN. Cell constants of 3a and 8c ¥ 2MeOH were
determined from 20 reflections on Rigaku four-circle automated diffrac-
tometer AFC5S. Data collection was carried out on a Rigaku AFC5S
refractometer at room temperature by using the 2	-� scan method.
Throughout the data collection the intensities of the three standard
reflections were measured every 200 reflections as a check of the stability
of the crystals and no decay was observed. An absorption correction was
applied with � scan methods. Crystals of 8d and 11bc were mounted at the
top of quartz fibers using perfluoro(polyoxypropylene ethylether), which
were set on a MSC/ADSC Quantum CCD/Rigaku AFC7 diffractometer
(8d) and on a MSC/ADSC Quantum CCD/Rigaku AFC8(ultraX 18)
diffractometer (11c). The measurements were made by using MoK�
radiation at � 90 �C to � 80 �C under a cold nitrogen stream. Four
preliminary data frames were measured at 0.5� increments of �, in order to
assess the crystal quality and preliminary unit cell parameters were
calculated. The cell parameters were refined using the all reflections
measured in the range 2.8�� 2	� 55.0�. The intensity images were
measured at 0.5� intervals of � for a duration of 20 s for 8d and 108 s for
11bc. The frame data were integrated using a d*TREK program package,
and the data sets were corrected for absorption using a REQAB program.
The crystal parameters along with data collections are summarized in
Table 5. The data were corrected for Lorentz and polarization effects.
Atomic scattering factors were taken from Cromer and Waber with the
usual tabulation.[15] Anomalous dispersion effects were included in Fc ;[16]


the values of �f� and �f�� were those of Creagh and McAuley.[17] All
calculations were performed using the teXsan crytallographic software
package.[18]


Determination of the structures : All structures were solved by Patterson
methods. The positions of all non-hydrogen atoms except the solvent
molecules were refined with anisotropic thermal parameters by using full-
matrix least-squares methods. All hydrogen atoms were calculated at the
ideal positions with the C�H distance of 0.95 ä.


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-151901 (3a),
CCDC-151902 (8c), CCDC-151903 (11bc), and CCDC-171089 (8d).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (�44)1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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A Kinetic Study of S-Nitrosothiol Decomposition


Loris Grossi* and Pier Carlo Montevecchi*[a]


Abstract: Under anaerobic conditions
S-nitrosothiols 1a ± e undergo thermal
decomposition by homolytic cleavage
of the S�N bond; the reaction leads to
nitric oxide and sulfanyl radicals formed
in a reversible manner. The rate constants,
k1, have been determined at different
temperatures from kinetic measure-
ments performed in refluxing alkane
solvents. The tertiary nitrosothiols
1c (k1(69 �C)� 13� 10�3 min�1) and 1d
(k1(69 �C)� 91� 10�3 min�1) decomposed
faster than the primary nitrosothiols 1a


(k1(69 �C)� 3.0� 10�3 min�1) and 1b
(k1(69�C)� 6.5� 10�3 min�1). The activa-
tion energies (E#� 20.5±22.8 Kcalmol�1)
have been calculated from the Arrhe-
nius equation. Under aerobic conditions
the decay of S-nitrosothiols 1a ± e takes
place by an autocatalytic chain-decom-
position process catalyzed by N2O3. The


latter is formed by reaction of dioxygen
with endogenous and/or exogenous ni-
tric oxide. The autocatalytic decomposi-
tion is strongly inhibited by removing
the endogenous nitric oxide or by the
presence of antioxidants, such as p-
cresol, �-styrene, and BHT. The rate of
the chain reaction is independent of the
RSNO concentration and decreases with
increasing bulkiness of the alkyl group;
this shows that steric effects are crucial
in the propagation step.


Keywords: chain decomposition ¥
nitrogen oxides ¥ radical ions ¥
radicals ¥ S-nitrosothiols


Introduction


Even though the existence of S-nitrosothiols (RSNOs) has
been known for a long time,[1, 2] not very much was reported
on their chemistry until the early nineties, mainly because
their use for synthetic purposes was thought to be hindered by
their instability. In the past decade the interest in these
compounds has remarkably increased due to the discovery of
their involvement in several biological processes.[3, 4] In
particular, S-nitroso derivatives of essential biomolecules,
like cysteine and glutathione, seem to act as in vivo biological
carriers of NO,[5±8] the role of which as a neurotransmitter is
now well documented.[9]


Several studies have been conducted with the aim of
clarifying the mechanism of the thermal decomposition of S-
nitrosothiols, which is crucial for the understanding of how the
NO transportation in the human body takes place; but many
aspects still remain unknown.
The decomposition of RSNOs has been generally assumed


to take place by a unimolecular mechanism through the
cleavage of the weak S�N bond,[10, 11] but a heterolytic process


has been suggested as well.[12±14] In contrast to the homolytic
mechanism, it has been reported that the rate of disappear-
ance of RSNOs depends on their concentration[15] and on the
presence of air.[16] Moreover, Williams et al. reported that, in
aqueous solutions, RSNOs can undergo a copper(��)-catalyzed
reaction as the main decomposition route.[2, 17]


RSNOs can exist in two different isomeric forms, syn and
anti, due to possible partial double bond character between
the sulfur and nitrogen atoms.[18] Primary and secondary
RSNOs exist preferentially as syn conformers that are red
colored, whilst tertiary RSNOs have a preference for, for
steric reasons, the anti conformation that is green colored;
these latter have been reported to be more persistent than the
red ones, even though a reasonable explanation for this
experimental evidence is not given.[18, 19]


Herein, we report results[20] obtained from kinetic studies
on the decomposition of a number of simple S-nitrosothiols,
synthesized from the parent thiols and peroxynitrite, as we
recently reported.[21] Our aim was to throw light onto the
mechanism of the S�N bond cleavage and to point out the
effect of the concentration, the presence of dioxygen, nitric
oxide, and antioxidants.


Results and Discussion


For this study we have considered the two primary RSNOs 1a
and 1b, which are red colored, the two tertiary RSNOs 1c and
1d, which are green colored, and the red aryl RSNO 1e. These
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compounds were synthesized by treating at 5 ± 10 �C a solution
of the corresponding thiol in acetonitrile with hydrochloric
acid and a molar equivalent of an aqueous solution (0.5 m�,
pH� 13.5) of peroxynitrite.[21] Under these conditions S-
triphenylmethylnitrosothiol (1d) was separated as a green
solid in 60% yield, whereas S-nitrosothiols 1a ± c,e were
extracted from the aqueous solution with the appropriate
organic solvent, and the concentration was measured by
spectrophotometry. Kinetic experiments were performed on
solutions of 1a ± e (12 m�) either under aerobic and anaero-
bic conditions. The decay of RSNOs was monitored by
spectrophotometry at �� 550 nm for 1a[22, 23] and 1b,[22] ��
603 nm for 1c[23] and 1d, and �� 570 nm for 1e.[24]


Decomposition of S-nitrosothiols under anaerobic conditions :
In preliminary experiments, solutions of 1a ± c in n-octane
were carefully deaerated by bubbling argon at room temper-
ature and then they were kept in a thermostatic bath. The
solutions were vigorously stirred and kept under a weak
stream of argon until the end of the experiment. Samples were
taken at fixed time intervals up to 200 min. Several experi-
ments were conducted at different temperatures in the range
40 ± 70 �C. In all cases the decomposition of 1a ± c was found
to follow a first-order kinetic law.
Apparently, these findings are those expected from an


unimolecular homolytic scission of the S�N bond, which leads
to nitric oxide and sulfanyl radicals. In agreement with this,
GC-MS analyses of the reaction mixtures, which resulted after
complete decomposition had been monitored by the disap-
pearance of the color, showed the formation of the disul-
fide 2a ± c as the unique reaction product (Scheme 1).


RSNO RS•NO RSSR+


a: R = PhCH2; b: R = n-hexyl; c: R = tert-butyl; d: R = Ph3C; e: R = Ph


21


k1


k–1


k2


Scheme 1. Formation of the disulfide 2.


However, we found that the kinetic constant values
depended a great deal (up to one order of magnitude) on
the experimental conditions. First of all, reactions conducted
under the normal laboratory lighting were faster as compared
with those conducted in the dark, and this showed a significant
contribution of the photochemical-induced decomposition.[25]


Furthermore, the decomposition rate was found to increase
considerably by increasing the speed of stirring as well as the
flow of argon. We accounted for this surprising behavior by
assuming that the unimolecular S�N bond scission is a
reversible process (Scheme 1). In this assumption, and in the
steady-state approximation for RS . , the rate of decomposition
of RSNO depends on the NO concentration in Equation (1).


v� k1[RSNO]{1� k�1[NO]/(k�1[NO]� k2[RS])} (1)


We reasoned that an increase of the rate of stirring and/or
the flow of argon caused an increase in the decomposition rate
by favoring the escape of NO from the reaction vessel.


In a preliminary paper we have already discussed the
possible reversibility of the S�N bond scission.[20] In the
present work we found definitive evidence based on the
following findings: i) a solution of 1b, carefully deaerated at
room temperature by bubbling argon and then by saturation
with gaseous NO, was found to be fairly stable at 70 �C over
20 h, whereas complete decomposition occurred within 3 h in
the absence of added nitric oxide; this finding clearly
indicated that, in agreement with Equation (1), the rate of
decomposition of RSNOs decreases with increasing nitric
oxide concentration; ii) a solution of (triphenylmethyl)ni-
trosothiol (1d) decomposed in an argon atmosphere and
then it was saturated with nitric oxide. A green color, due
to the re-formation of 1d, immediately developed. This
finding was explained in these terms: decomposition of
1d leads to nitric oxide, removed by the stream of argon,
and (triphenylmethyl)sulfanyl radicals (Ph3CS


.), which are
known to exist in equilibrium with the corresponding
disulfide 2d.[26] Subsequent addition of gaseous nitric oxide
promoted the re-formation of 1d by reversible coupling of
NO with Ph3CS


. .[27]


From these overall results we argued that the first-order
kinetic rate constants, k1, of the unimolecular S�N bond
scission could not be obtained under the above experimental
conditions. So, we thought it prudent to run kinetic experi-
ments in refluxing solvents, since under these conditions the
concentration of nitric oxide can be considered to be almost
zero, and then Equation (1) becomes v� k1[RSNO]. Accord-
ingly, solutions of 1a ±d in the appropriate solvent (cyclo-
pentane: b.p.� 50 �C; hexane: b.p.� 69 �C; cyclohexane:
b.p.� 80.5 �C; and/or methylcyclohexane: b.p.� 101 �C) were
at first deaerated at room temperature by bubbling with argon
and then heated to a moderate reflux in the dark and in an
argon atmosphere. Each kinetic experiment was repeated
three times. We obtained first-order kinetic rate constants
(�2% error) that we assumed to be the ™true∫ k1 values (see
Table 1).
From the k1 values at different temperatures we could


estimate the activation energy for the S�N bond scission, E#,
through the Arrhenius equation (ln k� ln A�E#/RT) (Ta-
ble 1 and Figure 1). Our E# values appear to be lower (ca. 3 ±
4 kcalmol�1) than the dissociation bond energies (DBEs)
reported in the literature for related nitrosothiols.[28, 29] It is
notable that the reported DBEs do not seem to be affected by
the nature of the alkyl group. In sharp contrast to this report,
as well as to the claim that the bulky, green nitrosothiols are


Table 1. Kinetic constants (k1� 2%), activation energies (E#�
0.4 Kcalmol�1), and frequency factors (ln A� 0.6) for the decomposition
of RSNOs 1a ± d under an argon atmosphere in refluxing solvents (A:
cyclopentane, b.p.� 323 K; B: hexane, b.p.� 342 K; C: cyclohexane, b.p.�
353.5 K; D: methylcyclohexane, b.p.� 374 K).


RSNO k1� 103 min�1 E#


[Kcalmol�1]
ln A


A B C D


1a 0.90 6.5 18.0 105 22.3 27.7
1b ± 3.0 8.8 53 22.8 27.7
1c ± 13.0 37.0 202 21.9 27.7
1d 15.4 91 ± ± 20.5 27.7
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Figure 1. ln k versus 1/T for the thermal decomposition of 1a (curve b), 1b
(curve a), 1c (curve c), and 1d (curve d) carried out under anaerobic
conditions and in refluxing solvents (cyclopentane: b.p.� 50 �C; hexane:
b.p.� 69 �C; cyclohexane: b.p.� 80.5 �C; methylcyclohexane: b.p.�
101 �C).


more stable than the nonbulky, red ones,[18, 19] our findings
clearly showed that the thermal stability of RSNOs decreases
with increasing bulkiness of the alkyl group.
Attempts to perform kinetic experiments in refluxing


solvents with S-benzenenitrosothiol 1e failed because of its
thermal instability. Actually, it was possible to run experi-
ments only at 15 �C with solutions of 1e prepared under an
argon atmosphere. Under these conditions a first-order
decomposition rate was observed (kexp� 35� 10�3 min�1).
TLC and GC-MS analyses of the reaction mixture showed
the disulfide 2e to be the unique reaction product. On the
assumption that kexp� k1 and ln A� 27.7 (see Table 1), we
could estimate E#� 19.1 kcalmol�1 (the DBE value reported
in the literature is 19.4 kcalmol�1).[28] The lower thermal
stability of 1e, as compared with that of 1a ± d, must be
attributed to the higher stability[29] of arenesulfanyl radicals
(ArS .) as compared with that alkanesulfanyl radicals (RS .).


Decomposition of S-nitrosothiols under aerobic conditions :
Kinetic experiments under aerobic conditions were conducted
at 0 �C in air-saturated solutions in n-pentane. Under these
conditions a fast decomposition of nitrosothiols 1a ± e oc-
curred; but, none of the reactions followed a simple first-order
kinetic law. The rate of decomposition was found to be higher
for the red, primary nitrosothiols 1a,b (Figure 2, curves c,e) as
compared with that for the green, tertiary nitrosothiols 1c,d
(Figure 2, curves a,b). Apparently, these results are consistent
with previous claims that the half-life time of RSNOs depends
on the presence of dioxygen[16] and the bulkiness of the alkyl
group.[18, 19] The kinetic curves (Figure 2) show that the rate of
disappearance of RSNOs increases over time. Such kinetic
behavior is characteristic of autocatalytic chain reactions, in
which a reaction product behaves as the chain carrier; the
observed increase over time of the decomposition rate must
be related to the progressive increase of the chain-reaction
rate due to the parallel increase of the chain-carrier


Figure 2. Kinetic curves obtained from the decomposition under aerobic
conditions of solutions of S-nitrosothiols 1a ± e in n-pentane at 0 �C:
a) 12 m� 1c ; b) 12 m� 1d ; c) 12 m� 1b ; d) 16 m� 1a ; e) 12 m� 1a ;
f) 6 m� 1a ; g) 12 m� 1e.


concentration. The higher stability exhibited by the bulky S-
nitrosothiols 1c,d, which contrasts with the lower thermal
stability exhibited under anaerobic conditions (see above),
should be ascribed to steric effects in the chain-propagation
step. Also, it is worth noting the peculiar trend exhibited by
the kinetic curve obtained from 1d (Figure 2, curve b). After
an initial period of time, in which the forecast autocatalytic
behavior was observed, the increase in the chain-reaction rate
tended to slow down. This trend led us to suppose that a
product arising from 1d inhibited the chain-decomposition
reaction (see later for discussion).
In order to verify if the RSNO concentration can influence


the rate of decomposition, as previously reported,[15] kinetic
experiments were also conducted with 16 and 6 m� solutions
of 1a in n-pentane. But, no variation in the kinetic behavior
was observed when compared with the 12 m� solution
(Figure 2, curves d ± f).
To determine the effect of the temperature on the decom-


position rate, kinetic measurements were also conducted at
18, 33, and 50 �C with solutions of 1a in n-octane. The kinetic
curves (Figure 3) show that an increase of the temperature
from 0 to 50 �C caused the expected increase of the decom-
position rate (Figure 3, curves c,d), whereas a remarkable
decrease was found on passing from 0 �C to 18 or 33 �C
(Figure 3, curves a ± c). This unexpected behavior of the
decomposition rate led us to argue that two contrasting
effects were arising by increasing the temperature (see later
for discussion).
GC-MS and 1H NMR analyses of the reaction mixture


obtained from 1a provided evidence for the formation of
benzaldehyde (4) and the thiosulfonate derivative RS�SO2R
(R�PhCH2), in addition to dibenzyl disulfide (2a)
(Scheme 1). These products were formed in a 25:5:70 ratio
and in 80% overall yield.
Similarly, GC-MS analyses of the reaction mixtures ob-


tained from 1b,c,e showed the formation of the corresponding
disulfide 2b,c,e and thiosulfonate derivative, RS�SO2R
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Figure 3. Kinetic curves obtained from the decomposition under aerobic
conditions of 12 m� solutions of S-nitrosothiol 1a at 0 �C (curve c), 18 �C
(curve a), 33 �C (curve b), and 50 �C (curve d).


[R� n-hexyl (7%), tert-butyl (7%), and phenyl (13%)]
(Scheme 2).
From the reaction mixture obtained from 1d we could


separate small amounts of a yellow oil (A), which rapidly
decomposed to triphenylmethanol (7) on standing in air or by
absorption on silica gel. TLC analysis of the reaction mixture
showed the presence of triphenylmethanol (7) and benzo-
phenone (6) as the main products (Scheme 2), besides trace
amounts of two unidentified compounds and minor amounts
of the yellow product A. Compounds 6 and 7, but notA, could
be separated by subsequent silica gel column chromatography
in 23 and 50% yield, respectively, together with trace amounts
of a mixture of the two unidentified products (Scheme 2). The
oily product A possibly was the nitrite 8, which could be
formed by reaction of 7 with nitric oxide under aerobic
conditions.[30]
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Scheme 2. Radical reactions of 1 and 2d.


From the above kinetic results we reasoned that dioxygen
can induce an autocatalytic chain decomposition of RSNOs
that largely predominates over the unimolecular S�N bond
scission.
However, we obtained sound evidence that the presence of


dioxygen alone is not sufficient to induce the autocatalytic
decomposition. In fact, when a kinetic experiment was carried
out on a solution of 1a under continuous bubbling of
dioxygen, a remarkable decrease in the rate of decomposition
was observed (Figure 4, curve a). We hypothesized that in this
case the endogenous nitric oxide, produced by homolytic
cleavage of the S�N bond, was removed from the reaction
medium by the stream of dioxygen. So, we assumed that the
autocatalytic chain decomposition is induced by the simulta-
neous presence of both dioxygen and nitric oxide.


Figure 4. Kinetic curves obtained from the decomposition of S-ni-
trosothiols 1a,c,d at 0 �C: a) 12 m� solution of 1a in n-octane under
bubbling of oxygen; b) 12 m� solution of 1d in n-octane added with nitric
oxide; c) 12 m� solution of 1c in n-octane added with nitric oxide;
d) 12 m� solution of 1a in n-octane added with nitric oxide.


Our assumptions on the key role of nitric oxide were proved
correct by the finding that a noticeable increase in the
decomposition rate was observed when air-saturated solutions
of 1a,c,dwere added with exogenous nitric oxide. Under these
conditions a pseudo-first-order kinetic decay was followed by
1a,c (Figure 4, curve c,d). Once more, peculiar behavior was
shown by the nitrosothiol 1d : a pseudo-first-order decay was
initially observed, afterwards the decomposition rate mark-
edly slowed down (Figure 4, curve b).
We also found that a fast chain decomposition occurred at


room temperature when nitric dioxide was bubbled into a
carefully deaerated solution of 1a in n-hexane. Complete
disappearance of the red color was detected within 1 min.
Since nitrous anhydride (N2O3) was expected to be rapidly


formed under aerobic conditions from the reaction of nitric
oxide and dioxygen,[5, 31] and under anaerobic conditions from
nitric oxide/nitric dioxide coupling, we could infer that N2O3


was most likely to be the real chain carrier involved in the
chain-decomposition reaction of S-nitrosothiols 1a ± e.
We have recently reported[32] that N2O3 is capable of


oxidizing suitable organic substrates, such as styrene and
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p-cresol, through an ET (electron transfer) process; the
resulting radical ion pair decomposes to nitric oxide and nitro-
substituted radicals, from which reaction products 9, 10, and
11, respectively, are eventually formed (Scheme 3). An
analogous ET process between N2O3 and S-nitrosothiols 1
might lead to a radical ion pair, which could decompose to
some intermediate, possibly the radical 3, with the release of
nitric oxide (Scheme 2). The latter could be oxidized by
dioxygen to N2O3 (chain initiation). In turn, the radical
intermediate 3 could undergo homolytic S�N bond scission
with formation of sulfanyl radicals (precursors of the disul-
fides 2) and N2O3 (chain propagation).
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Scheme 3. Oxidation by N2O3 and the formation of 9, 10, and 11.


Based on this mechanism, the pseudo-first-order kinetic law
observed when the decomposition of 1a,c occurred in the
presence of an excess of exogenous nitric oxide (Figure 4,
curves c,d) can be explained by assuming that a nearly steady
concentration of N2O3 was achieved. Furthermore, the
unexpected dependence of the decomposition rate on the
temperature (Figure 3) that suggests that two contrasting
effects operate can be accounted for by assuming that both the
chain-propagation reaction and the formation of the chain
carrier, N2O3, are disfavored by increasing the temperature,
since the higher the temperature the lower the concentration
of gaseous NO, O2, and N2O3. But, in the meantime, both
reactions are favored as a consequence of the enhanced
kinetic rate constants.
As for the reaction products obtained from 1a ± c,e,


disulfides 2a ± c,e were derived by dimerization of the corre-
sponding sulfanyl radicals, whereas the source of the thiosul-
fonate derivatives, RS�SO2R, is still unclear. Benzaldehyde
(4) might arise from the radical cation [PhCH2SNO] .�


through a competitive deprotonation process followed by
the release of nitric oxide and hydrolysis of the resulting
unstable thioaldehyde (Scheme 2).[33]


Triphenylmethanol (7) and benzophenone (6), detected as
the main products from the decomposition of 1d, were
probably derived from the disulfide 2d initially formed. As


mentioned above, the disulfide 2d is in equilibrium with the
corresponding thiyl radical, Ph3CS


. , as well as perthiyl
radicals, Ph3CSS


. , and trityl radicals, Ph3C
. .[26] The latter are


known to be trapped by dioxygen to give the peroxyl radical,
Ph3COO. , and then the hydroperoxide, Ph3COOH.[26] Most
likely, under our experimental conditions the peroxyl radical
is rapidly scavenged by NO (k� 109 mol�1 sec�1).[34] The
resulting peroxynitrite, Ph3COONO, is expected to fragment
to give the trityloxyl radical, Ph3CO


. , which can lead to trityl
alcohol (7), by a hydrogen-abstraction reaction, and benzo-
phenone (6) by an initial O-neophylic rearrangement fol-
lowed by the �-elimination of a phenyl radical.[35] Subsequent
reaction of alcohol 7 with N2O3 would lead to the nitrite 8
(product A ; vide supra) (Scheme 2). The peculiar kinetic
behavior exhibited by 1d (Figure 2, curve b and Figure 4,
curve b) can be explained by assuming that the reaction of
nitric oxide with dioxygen to give the chain carrier N2O3 can
be partially prevented by NO/Ph3CS


. coupling to give back
1d ; moreover, the formation of the nitrite 8 would lead to
N2O3 consumption (chain-termination reaction). So, the rate
of the formation of N2O3 (chain carrier) should progressively
decrease by progressively increasing the disulfide 2d and the
alcohol 7 concentration.
To obtain further evidence for the crucial role of N2O3 as


the chain carrier, we performed the decomposition of 1a in
air-saturated solutions in the presence of styrene and p-cresol.
As mentioned before, these substrates react efficiently with
N2O3 through an initial ET process,[32] so they were expected
to behave as potential inhibitors of the chain decomposition
of 1a.
Actually, we found that the presence of equimolar amounts


of styrene strongly inhibited the autocatalytic reaction (Fig-
ure 5, curve a). The 1H NMR quantitative analysis of the
reaction mixture showed the formation of �-nitrostyrene (9)
and 1-(1-phenyl-2-nitro)ethyl nitrate (10) (Scheme 3) in a 1:1
ratio and in 44% overall yield, based on starting styrene, as
well as dibenzyl disulfide (2a) and minor amounts of


Figure 5. Kinetic curves obtained from the decomposition under aerobic
conditions of 12 m� solutions of S-nitrosothiol 1a at 0 �C: a) in the
presence of 12 m� styrene; b) in the presence of 20 m� p-cresol; c) in
the presence of 2 m� p-cresol; d) in the presence of 2 m� BHT; e) in the
absence of antioxidants.
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benzaldehyde (4), the thiosulfonate derivative, RS�SO2R
(R�PhCH2), and two unidentified compounds.
Analogously, when the decomposition of a 12 m� 1a


solution was conducted in the presence of both 20.0 and
2.0 m� p-cresol, the autocatalytic reaction rate decreased
with the increase in the p-cresol concentration (Figure 5,
curves b,c). The 1H NMR quantitative analysis of the mixture
from the former reaction showed that the p-cresol was almost
quantitatively converted (�90%) into 2-nitro-p-cresol (11),
as expected from the ET reaction between p-cresol and
N2O3


[32] (Scheme 3). In addition, the disulfide 2a, benzalde-
hyde (4), and the thiosulfonate derivative, RS�SO2R (R�
PhCH2), were detected in a 75:20:5 ratio.
We also found that 2,6-di-tert-butyl-4-methylphenol (BHT),


a well-known antioxidant,[36] is capable of inhibiting the
autocatalytic decomposition of 1a, as shown by a kinetic
experiment carried out in the presence of BHT (2.0 m�)
(Figure 5, curve d).
When a solution of 1a (12 m�) in n-pentane decomposed in


the presence of equimolar amounts of BHT, the 1H NMR
analysis of the reaction mixture showed the formation of 2,6-
di-tert-butyl-4-hydroxy-4-methyl-2,5-cyclohexadienone
(14)[37] and an unidentified compound (B) in 45 and 18%
yield, respectively, as well as the disulfide 2a, unreacted BHT
(30%), and minor amounts of the aldehyde 4 and the
thiosulfonate derivative, RS�SO2R. The subsequent silica
gel column chromatography separated, in addition to 2a and
the thiosulfonate, RS�SO2R, the hydroxy derivative 14 in
52% yield. No traces of the product B were found. In order to
obtain evidence about its identity, a solution of BHT in n-
octane was reacted for three hours with nitric oxide at 0 �C in
the presence of air. 1H NMR analysis of the reaction mixture
showed complete disappearance of BHT and the presence of
the compound B as the exclusive reaction product. The latter
was found to give the product 14 on standing in air or by
absorption on silica gel. We suggest that the product B might
be the nitrite 15, from which the alcohol 14 can form by
subsequent hydrolysis (Scheme 4).
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Scheme 4. Reaction of 2,6-di-tert-butyl-4-methylphenol (BHT) with N2O3.


The formation of the hydroxy derivative 14 can be
accounted for by an initial ET process between BHT and
N2O3 that leads to the intermediate radical cation BHT.� . The
latter can give the peroxyl radical 12 through deprotonation
and trapping of the resulting cyclohexadienyl radical by
dioxygen. Coupling between radical 12 and nitric oxide can
give the peroxynitrite 13, from which 14 arises by loss of nitric
dioxide and a subsequent hydrogen-abstraction reaction. The
postulated nitrite 15 (compound B) might derive from the
following nitrosation of 14.[30]


Conclusion


Under anaerobic conditions S-nitrosothiols 1a ± e have been
proved to undergo thermal decomposition by homolytic
cleavage of the S�N bond that leads to nitric oxide and
sulfanyl radicals in a reversible reaction. As a consequence,
the decomposition rate is strongly decreased by the presence
of endogenous and/or exogenous nitric oxide. Rate constants,
k1, of the unimolecular S�N bond scission have been
determined at different temperatures from kinetic measure-
ments performed in refluxing solvents. In sharp contrast to
previous reports, tertiary nitrosothiols 1c (k1(69 �C)� 13�
10�3 min�1) and 1d (k1(69 �C)� 91� 10�3 min�1) decompose
faster than primary nitrosothiols 1a (k1(69 �C)� 3.0�
10�3 min�1) and 1b (k1(69 �C)� 6.5� 10�3 min�1).
Activation energies (E#� 20.5 ± 22.8 Kcalmol�1), calculated


through the Arrhenius equation, are significantly lower than
the S�N dissociation bond energies (DBEs) reported in the
literature (ca. 25 Kcalmol�1).
Conversely, under aerobic conditions, the decay of S-


nitrosothiols 1a ± e takes place by an autocatalytic chain-
decomposition process catalyzed by N2O3. The latter is
formed by reaction of dioxygen with the endogenous nitric
oxide. The rate of the chain reaction is independent of the
RSNO concentration and decreases with increasing bulkiness
of the alkyl group; this shows that steric effects are crucial in
the propagation step.
The autocatalytic decomposition is strongly inhibited by


removing the endogenous nitric oxide or by the presence of
antioxidants, such as p-cresol, �-styrene, and BHT, which are
preferentially oxidized by N2O3. On the other hand, the
addition of exogenous nitric oxide causes a noticeable
increase in the chain-decomposition rate.


Experimental Section


General : NMR spectra were recorded with a Varian Gemini200 instrument
using Me4Si as an internal standard. GC-MS analyses were performed with
a Carlo Erba QMD1000 instrument. Mass spectra were recorded with a
VG7070E instrument using electron impact ionization. Kinetic measure-
ments were performed with Pharmacia Biotech Ultrospec1000 UV/Vis
spectrophotometer.


Materials : S-Nitrosothiols 1a ± e were synthesized from the corresponding
thiols, commercially available, and peroxynitrite.[21] An aqueous solution of
peroxynitrite (0.4�, pH� 13.5) (2.5 mL, 1 mmol) was added at 5 ± 10 �C
under stirring to a solution (10 mL) in acetonitrile of the appropriate thiol
(1 mmol) and HCl (12�, 0.2 mL); the resulting mixture was stirred for a
further 10 min. In the case of S-nitrosothiols 1a ± c,e the reaction mixture
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was extracted with the appropriate organic solvent (30 mL), and the
organic layer was washed twice with water (20 mL), twice with sodium
carbonate (10%, 20 mL) to eliminate the unreacted thiol, and then dried
with Na2SO4. Yields of 1a ± c,e were determined spectrophotometrically
(1a : �max (�)� 550 nm (26 mol�1 dm3cm�1);[22, 23] 1b : �max (�)� 550 nm
(21 mol�1 dm3cm�1);[22] 1c : �max (�)� 603 nm (16 mol�1 dm3cm�1);[23] 1e :
�max (�)� 570 nm (42 mol�1dm3cm�1)[24]), and then the solutions were
diluted to reach the desired concentration. In the case of 1d, the green solid
separated from the reaction mixture was filtered, washed with water, and
dried under vacuum [185 mg, 60%; �max (�)� 603 nm (17 mol�1dm3cm�1)].


Peroxynitrite was synthesized following the previously reported
procedure.[21] The concentration (usually in the range 0.45 ± 0.50�)
was determined spectrophotometrically [�max (�)� 302 nm
(1670 mol�1 dm3cm�1)].[38] Solutions kept at �18 �C showed little decom-
position over several weeks.


Kinetic measurements under anaerobic conditions : A solution of 1a ± d
(12 m�) in the appropriate solvent (cyclopentane: b.p.� 50 �C; hexane:
b.p.� 69 �C; cyclohexane: b.p.� 80.5 �C; and methylcyclohexane: b.p.�
101 �C) was deaerated by bubbling with argon at room temperature for
15 min, and then introduced into a thermostatic bath kept at a temperature
5 �C higher than the solvent boiling point in order to maintain a moderate
reflux. The apparatus was kept in the dark under an argon atmosphere.
Samples were taken at fixed periods of time up to 200 min. In all cases a
first-order kinetic decay was followed. The kinetic constant values are
reported in Table 1.


Kinetic measurements under aerobic conditions : Kinetic measurements
were generally performed in an open flask, without stirring, with a solution
of 1a ± e in n-pentane (12 m�) for experiments carried out at 0 �C, or
solutions of 1a in n-octane (12 m�) for experiments carried out at 18, 33,
and 50 �C. Also, kinetic measurements at 0 �C were performed with
solutions of 1a (6 m� and 16 m�) in n-pentane. Experiments performed in
the presence of added nitric oxide were carried out by bubbling for 10 s
nitric oxide into the appropriate solution of S-nitrosothiol 1a,c,d in n-
octane. Kinetic curves are reported in Figures 2 ± 4.


Reaction products from decomposition of 1a ± c,e under anaerobic
conditions : Solutions of 1a ± c,e were left to react in refluxing n-hexane
until disappearance of the color was detected. GC-MS analysis of the
reaction mixtures detected the exclusive presence of the corresponding
disulfide 2a ± c,e (yield not determined).


Reaction products from decomposition of 1a ± e under aerobic conditions :
GC-MS analysis of the reaction mixtures obtained from the decomposition
of solutions of 1b,c,e (12 m�) showed the exclusive presence of the
disulfide 2b,c,e and the thiosulfonate derivative, RS�SO2R (2/RS�SO2R
relative ratio: 93:7 (R� n-hexyl), 93:7 (R� tert-butyl), and 87:13 (R�
phenyl), overall yield not determined).


GC-MS analysis of the reaction mixture obtained from 1a (40 mL of a
12 m� solution in n-pentane, 0.48 mmol) showed the formation of
compounds 2a and 4, and the thiosulfonate RS�SO2R (R�PhCH2). The
n-pentane solvent was carefully removed under vacuum. 1H NMR
quantitative analysis of the resulting residue, performed by using aceto-
phenone as the internal standard, showed the above products to be present
in a 70:25:5 ratio and in 80% overall yield together with small amounts of
an unidentified product showing a singlet at �� 4.0.


From the reaction mixture obtained from 1d (40 mL of a 12 m� solution in
n-pentane, 0.48 mmol) small amounts of a yellow oil separated from the
solution; the n-pentane solvent was removed, and the residue was purified
by chromatography on a silica gel column; gradual elution with petroleum
ether (b.p. 40 ± 70 �C)/diethyl ether gave: i) a mixture of two unidentified
products (6 mg); ii) benzophenone (6) (20 mg, 23%); and iii) triphenyl-
methanol (7) (62 mg, 50%). In a repeated experiment we separated the
above yellow oil [MS (70 eV):m/z (%): 244 (55), 167 (70), 165 (100)] which
rapidly decomposed on standing in air to give 7.


Reaction products from the decomposition of 1a under aerobic conditions
in the presence of styrene : The decomposition of 1a (40 mL of a 12 m�
solution in n-octane, 0.48 mmol) carried out in the presence of air and
styrene (50 mg, 0.48 mmol) was complete after approximately two days.
The solvent was evaporated. 1H NMR analysis of the residue, by using
acetophenone as the internal standard, showed the formation of the
disulfide 2a (60%), benzaldehyde 4 (yield not determined), RS�SO2R
(R�PhCH2) (4%), an unknown product showing a singlet at �� 4.0,


�-nitrostyrene (9) (22%, based on starting styrene), 2-nitro-1-phenylethyl
nitrate (10)[32] (22%, based on starting styrene), and an unknown product
(7%) [1H NMR (200 MHz, CDCl3, TMS): �� 4.45 (dd, JAB� 12.7 Hz,
JAX� 3.5 Hz, 1H; A part of an ABX system), 4.55 (dd, JAB� 12.7 Hz, JBX�
9.0 Hz, 1H; B part of an ABX system), 5.40 (dd, J1� 9.0 Hz, J2� 3.5 Hz,
1H)].


Reaction products from the decomposition of 1a under aerobic conditions
in the presence of p-cresol : 1H NMR quantitative analysis (acetophenone
as the internal standard) of the reaction mixture obtained from the
decomposition of 1a (40 mL of a 12 m� solution in n-pentane, 0.48 mmol)
carried out in the presence of air and p-cresol (85 mg, 0.80 mmol) showed
the formation of 4-methyl-2-nitrophenol (11) (100% yield, 90% conver-
sion) together with products 2a, 4, and RS�SO2R (R�PhCH2) in a 75:20:5
ratio (overall yield not determined), and an unknown product showing a
singlet at �� 4.0.


Reaction products from the decomposition of 1a under aerobic conditions
in the presence of 2,6-di-tert-butyl-4-methylphenol (BHT): A solution of
1a in n-octane (12 m�, 40 mL) containing BHT (0.48 mmol, 105 mg) was
allowed to react at 0 �C in a open tube until the disappearance of the red
color (ca. two days), and then the solvent was removed. 1H NMR analysis
of the residue, by using acetophenone as the internal standard, showed the
presence of unreacted BHT (30%), the disulfide 2a (60%), benzaldehyde
(4) (yield not determined), RS�SO2R (R�PhCH2) (4%), an unknown
product showing a singlet at �� 4.0, the 4-hydroxycyclohexanedione 14[37]


(45%, based on reacted BHT), and the product B (see below) (18%, based
on reacted BHT). Subsequent silica gel column chromatography gave, by
gradual elution with petroleum ether (b.p. 40 ± 70 �C)/diethyl ether: i) the
disulfide 2a (65 mg, 55%); ii) RS�SO2R (R�PhCH2) (5 mg, 4%); iii) the
cyclohexanedione 14 (40 mg, 0.17 mmol, 52%).


Reaction of BHTwith nitric oxide : A solution of BHT in n-octane (40 mL,
90 mg, 0.4 mol) was saturated with gaseous nitric oxide and allowed to react
at 0 �C in a sealed tube. After 2 h, TLC analysis showed the complete
disappearance of the starting BHT. The residue obtained after removal of
the solvent was composed of the compound B, as evidenced by TLC and
1H NMR analysis [1H NMR (200 MHz, CDCl3, TMS): �� 1.21 (s, 18H),
1.82 (s, 3H), 6.73 (s, 2H)]. Compound B, which tentatively was assigned the
structure of nitrite 15, underwent quantitative decomposition to 14 upon
standing in air or by absorption on silica gel.
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Metal-Induced B�H Activation: Addition of Acetylene, Propyne, or
3-Methoxypropyne to Rh(Cp*), Ir(Cp*), Ru(p-cymene), and Os(p-cymene)
Half-Sandwich Complexes Containing a Chelating
1,2-Dicarba-closo-dodecaborane-1,2-dichalcogenolato Ligand


Max Herberhold,* Hong Yan, Wolfgang Milius, and Bernd Wrackmeyer*[a]


Dedicated to Professor Walter Siebert on the occasion of his 65th birthday


Abstract: The addition reactions of
the 16 e half-sandwich complexes
[M(�5-Cp*){E2C2(B10H10)}] (Cp*� pen-
tamethylcyclopentadienyl: 1S : E� S,
M�Rh; 2S : E� S; M� Ir; 2Se : E�
Se, M� Ir) and [M(�6-p-cymene){S2C2-
(B10H10)}] (p-cymene� 4-isopropyltolu-
ene; 3S: M�Ru; 4S : M�Os), with
acetylene, propyne, and 3-methoxypro-
pyne lead to the 18 e complexes 5 ± 19
with a metal ± boron bond in each case.
The reactions start with an insertion of


the alkyne into one of the metal ±
chalcogen bonds, followed by B�H acti-
vation, transfer of one hydrogen atom
from the carborane via the metal to the
terminal carbon of the alkyne, and
concomitant ortho-metalation of the
carborane. The E-�2-CC and the C(1)B


units are arranged either cisoid or trans-
oid at the metal. X-ray structural anal-
yses are reported for one of the starting
16 e complexes (4S), the cisoid complex
12S (from 2S and HC�C-CH3), and the
transoid complexes 9S and 14S (from 1S
and HC�C-CH2OMe, and from 3S and
HC�CH, respectively). All new com-
plexes 5 ± 19 were characterized by
NMR spectroscopy (1H, 11B, 13C, and
77Se and 103Rh NMR spectroscopy when
appropriate).


Keywords: carboranes ¥ chalcogens
¥ iridium ¥ osmium ¥ rhodium ¥
ruthenium ¥ structure elucidation


Introduction


The ability of voluminous ring ligands such as pentamethyl-
cyclopentadienyl (Cp*) or 4-isopropyltoluene (p-cymene) to
screen a metal center is well known.[1] Together with the bulky
chelating 1,2-dicarba-closo-dodecaborane-1,2-dichalcogeno-
lato ligand, [(B10H10)C2E2]2� (E� S, Se), 16-electron half-
sandwich complexes such as 1 ± 4 are stabilized as monomeric
species.[2±5] These sterically congested, mononuclear coordi-
nation compounds can be stored conveniently and be used for
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further transformations in a controlled way under various
conditions.
We have shown that the complexes 1 ± 4 react with various


activated alkynes, such as methyl acetylene carboxylate,
(HC�C-COOMe),[6±9] dimethyl acetylene dicarboxylate
(MeO2C-C�C-CO2Me),[6, 7] phenylacetylene (HC�C-Ph),[10]
or ferrocenylacetylene, (HC�C-Fc),[11] in a number of ways,
depending upon the metal, the chalcogen, and the conditions
used. The range of reactions observed turned out to be rather
wide, from catalytic cyclotrimerization[12] or dimerization of
the alkyne[11] to stepwise carborane B(3,6)-substitution,[6, 7, 9]


and numerous intermediates have been isolated.[7±9, 12] Partic-
ularly intriguing are the structures of those complexes that
may be active intermediates in catalytic processes[7, 12] or
possess a reactive metal ± boron bond. Many of the latter have
been detected by NMR spectroscopy in solution but only a
few of them have been fully characterized.[9, 10, 13] The
intention of the present work was, therefore, to use alkynes
of moderate reactivity in order to prevent possible side
reactions and to increase the lifetime of intermediates
with metal ± boron bonds. Thus, we have studied the reac-
tions of acetylene (HC�CH), propyne (HC�C-Me), and
3-methoxypropyne (HC�C-CH2OMe) with the same 16 e
complexes 1 ± 4, which had already been used in comparable
reactions with methyl acetylene carboxylate[7] and phenyl-
acetylene.[10]
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Results and Discussion


The 16 e half-sandwich complexes 1 ± 4 : The syntheses of the
starting materials 1 ± 4 have been optimised previously. The
molecular structure of the Ir(Cp*) complex 2Se is known,[2]


and we now report on the crystal structure of the Os(p-
cymene) complex 4S (see below).


Reactions of the 16 e rhodium complex 1S with acetylene,
propyne, and 3-methoxypropyne : The rhodium complex 1S
reacts readily with all three alkynes at room temperature
(Scheme 1). In the case of acetylene, a single product 5S was
isolated in quantitative yield. Its NMR spectroscopic data
(Table 1) indicate a transoid arrangement of the �2-S-C�C and
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Scheme 1.


the B-C(1) units. In contrast, mixtures of complexes with
cisoid and transoid structures were formed in the reactions of
1S with either propyne (6S, 7S) or 3-methoxypropyne (8S,
9S). Fortunately, these mixtures could be separated by
column chromatography, and the crystal structure of the
transoid complex 9S was determined by X-ray analysis (see
below).


Reactions of the 16 e iridium complexes 2S and 2Se with
acetylene, propyne, and 3-methoxypropyne: The 16 e iridium
complex 2S is much less reactive than its rhodium analogue
1S, whereas 2Se appears to be slightly more reactive than the
sulfur analogue 2S. This also applies to the products formed in
the reactions of the iridium complexes with alkynes
(Scheme 2). Thus, mixtures of cisoid and transoid complexes
(10S, 11S and 10Se, 11Se) are formed in the reactions with
acetylene. In the reactions with propyne a single product was
obtained in each case (12S and 12Se), with a cisoid structure
according to the NMR data (Table 1); this was confirmed by
X-ray structural analysis in the case of 12S (see below).
Complex 2S did not react with 3-methoxypropyne, whereas
2Se reacted to give a single product 13Se, again with a cisoid
structure, as shown by the NMR data in solution.


Reactions of the 16 e ruthenium and osmium complexes 3S
and 4S with acetylene and propyne : The reactivity of the 16 e
ruthenium and osmium half-sandwich complexes 3S and 4S
towards alkynes appears to be somewhat higher than that of
2S, close to that of the rhodium complex 1S. In the reactions
of 3S and 4S with acetylene (Scheme 3) only the transoid
complexes 14S and 17S were detected and isolated, of which
the ruthenium complex 14S was characterized by an X-ray
structural analysis (see below). From the reactions of 3S and
4S with propyne, mixtures of cisoid (15S, 18S) and transoid
complexes (16S, 19S) were obtained. In these cases, it was
possible to monitor the slow rearrangement of cisoid into
transoid complexes in solution. Apparently, the formation of
the cisoid arrangement is kinetically controlled, whereas the
transoid structure results from thermodynamic control.


NMR spectroscopic results : The 13C NMR data (Table 1) and
all other NMR data (see Experimental Section) of the
complexes 5 ± 19 are in agreement with the proposed struc-
tures and confirm that the relevant features of the solid-state
structures of 9S, 12S and 14S are retained in solution. The 11B
NMR spectra show strongly overlapping broad signals in the
region typical of ortho-carborane derivatives.[14, 15] The
11B(M,B) NMR signals were assigned by comparison of 1H
decoupled and non-decoupled 11B NMR spectra. In the case of
the heavy metals Ir and Os, these 11B NMR signals are shifted
to lower frequency, and can be easily recognized (cf. [16]).
Figure 1 shows the 13C{1H} NMR spectrum of 9S, which is


typical of the complexes studied. The 13C NMR signals of the
carbon atoms linked directly to rhodium are doublets
according to 1J(103Rh,13C), and all other signals are singlets.
The signals for C(1) and C(2) of the carborane are readily
identified owing to lower intensity and broadening by
partially relaxed scalar 13C ± 11B coupling.[17] The magnitude
of the coupling constants � 1J(103Rh,13C(3)) � is significantly


Abstract in German: Die Additionsreaktionen der 16 e-Halb-
sandwich-Komplexe [M(�5-Cp*){E2C2(B10H10)}] (1S : E� S,
M�Rh; 2S : E� S; M� Ir; 2Se : E� Se, M� Ir) und [M(�6-p-
cymene){S2C2(B10H10)}] (p-cymene� 4-isopropyltoluol; 3S :
M�Ru; 4S : M�Os), mit Acetylen, Propin und 3-Methoxy-
propin f¸hren zu 18 e-Komplexen 5 ± 19, wobei sich in allen
F‰llen eine Metall-Bor-Bindung ausbildet. Die Reaktionen
beginnen mit einer Einschiebung des Alkins in eine der Metall-
Chalkogen Bindungen, dann folgen B�H Aktivierung, ‹ber-
tragung eines H-Atoms vom Carboran ¸ber das Metall zum
terminalen Kohlenstoff des Alkins und damit gleichzeitig
ortho-Metallierung des Carborans. Die E-�2-CC-Gruppierung
des Alkins und die C(1)B Bindung des Carborans kˆnnen am
Metall entweder cisoid oder transoid zueinander angeordnet
sein. Es wurden Rˆntgenstrukturanalysen durchgef¸hrt an
einem der 16 e-Ausgangskomplexe (4S), an dem cisoid-
Komplex 12S (aus 2S und HC�C-CH3) und den transoid-
Komplexen 9S und 14S (aus 1S und HC�C-CH2OMe bzw.
aus 3S und HC�CH). Alle neuen Additionsverbindungen 5 ±
19 wurden durch Multikern-magnetische Resonanz-Spektro-
skopie (1H-, 11B-, 13C-, und 77Se- und 103Rh-NMR, wo
angebracht) charakterisiert.
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increased (�50%) in complexes with a transoid structure.
There appears to be a remarkable relationship between the
magnitude of � 1J(103Rh,13C(3)) � and the bond lengths
Rh�C(3) determined in the solid state, which are always
shorter in the transoid with respect to the cisoid arrangement
(vide infra). These structural changes in the vicinity of the
metal also affect the 13C nuclear shielding, in particular that of
C(3), C(4), and also the carborane 13C(1,2) nuclei. The 13C(3)
shielding increases slightly in the transoid complexes, whereas
the 13C(4) as well as the carborane 13C(1,2) shieldings are
reduced. There are small changes in the 13C NMR parameters
of the Cp* rings related to cisoid and transoid arrangement :
the shielding of the quaternary 13C nuclei is slightly increased
in all complexes with transoid structure.


The 77Se NMR spectra[18] of the iridium complexes have
been measured, and the expected pattern of two signals for
single isomers, or four signals for mixtures of complexes with
cisoid and transoid arrangement was observed. Figure 2 shows
for the complex 12Se how the signals can be assigned. By
polarization transfer (INEPT, refocused, with 1H decou-
pling[19]) from the methyl or the CH2 protons to 77Se, only
the 77Se nuclei respond which have scalar 77Se ± 1H coupling
across three bonds. The 77Se(2) nucleus cannot have appreci-
able scalar coupling with any of the protons in the molecule.
There is a significant influence of the structure on 77Se nuclear
shielding. In the transoid complexes both 77Se NMR signals
are shifted to high frequencies (�60 ppm). This makes the
assignment straightforward, even in 1:1 mixtures.


Table 1. 13C NMR data[a] of complexes 1 ± 19.


HC�CR C(4) C(3) C(3)
R Carborane Ring M�CH2 M�CH M�C CH2O Me


M�Rh Cp*
1S[3] 94.1 10.6, 99.3 ±
5S H (transoid) n.o. 9.4; 102.4 68.7 76.1


(4.4) (8.6) (13.5)
6S Me (cisoid) 96.4; 102.8 9.7; 105.3 52.7 95.8 25.2


(3.4) (9.4) (8.9)
7S Me (transoid) 106.0; 107.03 9.9; 103.0 69.8 91.5 29.5


(4.2) (8.5) (14.0)
8S CH2OMe (cisoid) 95.8; 100.6 9.7; 105.3 53.0 94.9 78.4 58.1


(3.3) (9.2) (9.7)
9S[b] CH2OMe (transoid) 104.3; 106.4 9.9; 103.0 68.5 90.8 77.0 58.6


(4.1) (8.6) (14.7)


M� Ir Cp*
2S[10] 92.8 10.1; 91.8
2Se[2] 72.8 10.6; 90.7
10S H (cisoid) 95.8; 100.2 8.7; 100.7 32.1 57.1
10Se H (cisoid) 76.8; 88.3 9.0; 100.3 33.9 48.2
11S H (transoid) n. o. 8.8; 97.0 48.9 58.1
11Se H (transoid) 95.3; 96.6 8.9; 98.3 46.9 50.2
12S Me (cisoid) 97.8; 102.0 9.1; 101.4 34.4 74.0 24.5
12Se Me (cisoid) 78.3; 90.7 9.4; 101.2 36.8 67.6 26.0
13Se CH2OMe (cisoid) 76.8; 88.4 9.6; 100.9 36.7 70.0 80.1 58.3


M�Ru p-cymene
3S[4] 93.7 20.2; 23.1; 31.9; 79.4;


81.3; 93.8; 104.1
14S H (transoid) 108.1; 108.7 18.2; 22.1; 24.1; 31.6; 50.3 68.6


95.7; 96.3; 97.4;
101.3; 106.7; 116.5


15S Me (cisoid) 95.5; 103.9 19.3; 21.2; 21.8; 32.2; 42.6 88.4 30.6
98.1; 98.9; 99.6;
104.6; 107.7; 119.7


16S Me (transoid) 107.7; 109.3 18.1; 21.2; 25.3; 32.0; 54.7 85.4 33.1
94.4; 96.9; 99.0;
103.7; 104.7; 119.5


M�Os p-cymene
4S[4] 95.9 20.7; 23.4; 32.4; 72.5;


74.9; 87.6; 97.5
17S H (transoid) 105.8; 106.4 17.7; 21.8; 24.2; 30.8; 35.5 55.0


88.8; 88.9; 89.8; 92.0;
102.4; 108.8


18S Me (cisoid) 97.4; 103.7 18.8; 22.7; 23.5; 31.7; 30.3 71.4 30.6
91.4; 91.7; 93.9; 97.8;
103.5; 113.5


19S Me (transoid) 106.0; 106.1 17.7; 20.8; 25.6; 31.3; 41.7 70.8 34.1
86.0; 89.6; 93.3; 95.7;
99.0; 111.0


[a] Coupling constants, 1J(103Rh,13C), in parentheses. [b] See Figure 1.
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Figure 2. 95.4 MHz 77Se NMR spectra of 12Se (saturated in CDCl3 at 22�
1 �C). A) 77Se{1H} NMR spectrum, recorded by single pulse technique.
B) 77Se NMR spectrum, recorded by INEPT[19] (based on 3J(77Se,1H)�
12 Hz; refocused, with 1H decoupling).


The 103Rh NMR signals were detected by heteronuclear
1H{103Rh} double-resonance experiments, taking advantage of
the coupling constant 2J(103Rh,1H). As expected, 103Rh nuclear
shielding is very sensitive to changes in the surroundings of
the rhodium atom.[20] For the pairs of cisoid and transoid
complexes 6S/7S (�103Rh��243, �77) and 8S/9S (�103Rh�
�361, �176), the 103Rh nuclei are more shielded in the
complexes with cisoid arrangement.


EI (70 eV) mass spectra : All addition compounds formed with
acetylene contain the molecular ion in their electron impact
mass spectra. Under comparable conditions, the addition
compounds formed with propyne and 3-methoxypropyne
have a stronger tendency to lose the alkyne.


X-ray structural analyses of the complexes 4S, 9S, 12S, and
14S : The molecular structures of the four complexes are
shown in the Figures 3 ± 6, respectively, together with selected
bond lengths and bond angles.


Figure 1. 62.9 MHz 13C{1H} NMR spectrum of 9S.
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Figure 3. Molecular geometry of 4S. Selected bond lengths [pm] and
angles [�]: Os�S(1) 226.70(13), C(1)�C(2) 163.3(7), Os�S(2) 226.47(14),
C(3)�C(4)141.0(9), S(1)�C(1) 178.3(5), C(4)�C(5) 141.6(8), S(2)�C(2)
179.3(5). C(5)�C(6) 141.7(8), Os�C(3) 220.2(5), C(6)�C(7) 143.2(10),
Os�C(4) 225.0(5), C(7)�C(8) 139.0(9), Os�C(5) 216.4(5) C(3)�C(8)
144.0(8) Os�C(6) 218.8(5), C(3)�C(9) 150.4(9), Os�C(7) 222.4(5),
C(6)�C(11) 153.5(9), Os�C(8) 217.2(6), C(10)�C(11) 151.1(12), Os�Z
168.4, C(10)�C(12) 153.0(9); S(1)-Os-S(2) 91.74(5), Os-S(1)-C(1)
107.12(16), Os-S(2)-C(2) 107.26(16), S(1)-C(1)-C(2) 117.3(3), S(2)-C(2)-
C(1) 116.5(3).


Figure 4. Molecular geometry of 9S. Selected bond lengths [pm] and
angles [�]: Rh�S(2) 239.12(7), S(1)�C(1) 175.7(3), Rh�B(3) 212.5(3),
S(1)�C(3) 180.5(3), Rh�C(3) 217.5(2), C(3)�C(4) 140.9(4), Rh�C(4)
215.1(2), C(3)�C(5) 150.4(1), C(5)�O 140.9(3), Rh�C(7) 223.0(3),
C(6)�O 141.2(4), Rh�C(8) 225.4(2), S(2)�C(2) 177.8(3), Rh�C(9)
228.7(3), C(2)�B(3) 171.7(4), Rh�C(10) 226.2(3), C(1)�C(2) 173.7(4),
Rh�C(11) 221.9(3), C(1)�B(3) 174.6(4), Rh�Z 189.6; S(2)-Rh-B(3)
71.56(8), S(2)-Rh-C(3) 92.21(7), S(2)-Rh-C(4) 86.71(8), B(3)-Rh-C(3)
81.17(10), B(3)-Rh-C(4) 114.84(11), C(3)-Rh-C(4) 38.01(10), C(5)-O-C(6)
112.1(2), Rh-C(3)-S(1) 113.83(13), Rh-C(3)-C(4) 70.06(14), Rh-C(4)-C(3)
71.92(14), Rh-S(2)-C(2) 89.37(8), Rh-B(3)-C(1) 112.14(16), Rh-B(3)-C(2)
100.44(16); dihedral angles S(2)RhB(3)/S(2)C(2)B(3) 2.3, C(3)RhC(4)/
C(3)RhB(3) 27.2, C(3)RhB(3)/B(3)C(1)S(1)C(3) 36.0, C(7)�C(11)/
S(2)RhB(3) 133.8, C(7)�C(11)/C(1)C(2)B(3) 79.8.


The OsSCCS metallacycle in 4 (Figure 3) is planar within
the experimental error. � Interactions, including metal-
centered orbitals, are indicated by the comparatively short
bond length C(1)�C(2)� 163.3(7) pm, which is typical of


Figure 5. Molecular geometry of 12S. Selected bond lengths [pm] and
angles [�]: Ir�S(2) 239.99(15), S(1)�C(1) 176.2(6), Ir�B(6) 209.3(7),
S(1)�C(3) 180.4(6), Ir�C(3) 214.6(5), C(3)�C(4) 140.9(10), Ir�C(4)
213.8(6), C(3)�C(5) 152.0(9), Ir�C(6) 232.1(6), S(2)�C(2) 177.3(6), Ir�C(7)
229.6(5), C(2)�B(6) 173.5(9), Ir�C(8) 223.6(5), C(1)�B(6) 175.3(8),
Ir�C(9) 226.7(6), C(1)�C(2) 172.6(8), Ir�C(10) 225.2(6), Ir�Z 192.3;
S(2)-Ir-B(6) 71.93(19), C(1)-B(6)-C(2) 59.3(3), S(2)-Ir-C(3) 84.41(17),
C(4)-C(3)-C(5) 122.1(6), S(2)-Ir-C(4) 120.42(19), B(6)-Ir-C(3) 87.3(2),
B(6)-Ir-C(4) 86.9(3), C(3)-Ir-C(4) 38.4(3), Ir-B(6)-C(1) 111.0(4), Ir-B(6)-
C(2) 100.9(4), Ir-C(3)-S(1) 115.7(3), Ir-C(3)-C(4) 70.5(3), Ir-C(3)-C(5)
117.3(4), Ir-C(4)-C(3) 71.1(4), C(1)-S(1)-C(3) 101.9(3), C(2)-S(2)-Ir
89.04(19); dihedral angles S(2)IrB(6)/S(2)C(2)B(6) 2.0, C(3)IrC(4)/
C(3)IrB(6) 88.4, C(3)IrB(6)/B(6)C(1)S(1)C(3) 23.8, C(6)�C(10)/S2IrB(6)
44.4, C(6)�C(10)/C(1)C(2)B(6) 107.5.


Figure 6. Molecular geometry of 14S. Selected bond lengths [pm] and
angles [�]: Ru�S(2) 241.9(2), S(1)�C(1) 176.3(8), Ru�B(6) 211.0(10),
S(1)�C(3) 179.2(10), Ru�C(3) 215.5(8), C(3)�C(4) 140.7(13), Ru�C(4)
215.8(8), S(2)�C(2) 177.2(8), Ru�C(5) 226.1(8), C(2)�B(6) 171.4(12),
Ru�C(6) 223.5(8), C(1)�B(6) 175.4(11), Ru�C(7) 230.1(8), C(1)�C(2)
176.4(11), Ru�C(8) 228.8(9), Ru�C(9) 222.8(9), Ru�C(10) 228.9(9),
C(5)�C(6) 139.2(12), C(6)�C(7) 141.9(14), C(7)-C(8) 137.8(14),
C(8)�C(9) 142.2(13), C(9)�C(10)-140.0(12), C(5)�C(10) 138.8(13),
C(7)�C(14) 157.(5), C(10)�C(11) 151.7(12), C(11)�C(12) 142.2(2),
C(11)�C(13) 153.5(16); S(2)-Ru-B(6) 70.6(3), S(2)-Ru-C(3) 90.1(3), S(2)-
Ru-C(4) 85.5(3), B(6)-Ru-C(3) 79.1(3), B(6)-Ru-C(4) 113.0(3), C(3)-Ru-
C(4) 38.1(3), Ru-B(6)-C(1) 114.9(5), Ru-B(6)-C(2) 102.0(5), Ru-C(3)-S(1),
117.1(5), 157(5), Ru-C(3)-C(4) 71.1(5), Ru-C(4)-C(3) 70.8(5), C(1)-S(1)-
C(3) 98.3(4), C(2)-S(2)-Ru 89.4(3), C(1)-B(6)-C(2) 61.5(5).
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ortho-carborane dichalcogenolato derivatives in 16 e metal
complexes, for example, in the carborane dithiolato com-
plexes [AuCl2{S2C2(B10H10)}]� (162.2(8) pm),[21] [AuCl-
(CH2PPh3){S2C2(B10H10)}] (164.3(5) pm),[21] [PdI2{S2C2-
(B10H10)}]2� (163.8(10) pm),[22] [{Re(O)[S2C2(B10H10)]}2]�


(163.6(7) pm, 14 e complex),[22] and [Ir(Cp*){S2C2(B10H10)}]
(2S, 165(2) and 166(3) pm)[13] and the carborane diselenolato
complex [Ir(Cp*){S2C2(B10H10)}] (2Se, 161.2(9) pm)[2] (cf.[9]


for B(3)/B(6)-substituted analogues of 2Se).
The transoid (9S in Figure 4, and 14S in Figure 6) and cisoid


(12S in Figure 5) arrangements can be easily recognized by
inspection. The structural data given here, and a comparison
with the data from previous studies of related half-sandwich
complexes,[6±12] indicate some trends. The strongest distortion
of the carborane cage is observed in the ruthenium complex
14S (transoid) and in the related ruthenium complex with
cisoid structure, obtained from the reaction of 3S with
phenylacetylene,[10] as indicated by the rather long
C(1)�C(2) bonds in the carborane (176.4(11) and
178.4(5) pm; see the data for 9S and 12S, and compare with
the general range 162 ± 170 pm for ortho-carborane deriva-
tives[14]). There is no general trend of changes in the M�B
bond length which can be related to cisoid or transoid
arrangement, and the same is true for M�S or M�Se bonds,
and also for C(3)�C(4) and the chalcogen�C bond lengths.
However, a fairly systematic variation is observed by compar-
ison of the M�C(3) and M�C(4) bond lengths of transoid and
cisoid complexes: in the transoid complexes, the M�C(3)
bond is always shorter than in comparable cisoid complexes,
whereas theM�C(4) bond is in the same order or even slightly
longer. This fits to the observation that the 13C NMR data are
significantly affected, in particular the data of the �2-bonded
C(3)�C(4) olefinic fragment (vide supra).


Conclusion


The 16 e complexes 1 ± 4 display a markedly different
reactivity toward alkynes: 1S� 2Se� 3S� 4S� 2S. The re-
activity of the alkynes decreases from acetylene over propyne
to 3-methoxypropyne. The products with a metal ± boron
bond, formed after B�H activation and transfer of a
carborane hydride through the metal to the alkyne, possess
either a cisoid or a transoid structure, both of which have been
characterized by structural analysis in the present study. It
appears that the cisoid structure is formed first as a result of
kinetic control, whereas the transoid structure is the thermo-
dynamically controlled product, and in some cases it was
possible to monitor the formation of the transoid isomer in
solution by NMR spectroscopy. It is unlikely that the
carborane cage itself is involved in the rearrangement.
Scheme 4 shows a proposed mechanism for the rearrange-
ment from the cisoid to the transoid arrangement.


Experimental Section


General : NMR measurements: Bruker ARX250 and DRX500 spectrom-
eters (at 24� 1 �C in 5 mm tubes; see also Table 1); chemical shifts are


given with respect to CHCl3/CDCl3 (�1H� 7.24; �13C� 77.0) or
CDHCl2 (�1H� 5.33, �13C� 53.8), external Et2O/BF3 (�11B� 0 for
�(11B)� 32.083971 MHz), external Me2Se (�77Se� 0 for �(77Se)�
19.071523 MHz), and �103Rh� 0 for �(103Rh)� 3.16 MHz; 103Rh NMR
data were obtained by heteronuclear 1H{103Rh} double-resonance experi-
ments. Mass spectra: FINNIGAN MAT 8500 for EI-MS (70 eV), direct
inlet; VARIAN MAT 311A for FD-MS. IR spectra: Perkin ±Elmer 983G.


The 16 e parent complexes Cp*Rh[S2(B10H10)] (1S),[3] Cp*Ir[S2(B1oH10)]
(2S),[10, 13] Cp*Ir[Se2C2(B1oH10)] (2Se),[2] (p-cymene)Ru[S2C2(B1oH10)]
(3S),[4] and (p-cymene)Os[S2C2(B1oH10)] (4S)[4] were synthesized according
to our standard methods. The alkynes (ethyne, propyne, and 3-methoxy-
propyne) were obtained from commercial sources and used without further
purification. The reactions were routinely carried out under argon
atmosphere at room temperature.


Reactions of Cp*Rh[S2C2(B10H10)] (1S)


Preparation of 5S (transoid): A slow stream of C2H2 was bubbled for 3 days
through the green solution of 1S (70 mg, 0.16 mmol) in CH2Cl2 (30 mL).
The solution became red, and an orange crystalline solid of 5S remained
after the solvent had been removed. Yield 100%; m.p. 190 �C (decomp);
EI-MS (70 eV): m/z (%): 470 (100) [M]� ; 1H NMR (250.1 MHz, CD2Cl2):
�� 1.78 (s, 15H; Cp*), 3.27 (dd, 2J(H,H)� 0.2 Hz, 3J(H,H)� 6.6 Hz,
2J(Rh,H)� 1.3 Hz; 1H; Rh-CH2), 4.01 (dd, 2J(H,H)� 0.2 Hz, 3J(H,H)�
10.8 Hz, 2J(Rh-H)� 1.4 Hz, 1H; Rh-CH2), 4.86 (ddd, 3J(H,H)� 6.6,
10.8 Hz, 2J(Rh,H)� 3.0 Hz; 1H; Rh-CH); 11B NMR (160.5 MHz, CD2Cl2):
���11.9, �11.2, �9.1, �8.6, �7.3, 6.7, �6.1, �4.7, �3.9; 103Rh NMR
(15.8 MHz, CD2Cl2): ���233� 1; IR (Kbr): �� � 2571 cm�1 (B-H).


Preparation of 6S and 7S : Propyne was slowly bubbled for 20 h through a
green solution containing 1S (70 mg, 0.16 mmol) in CH2Cl2 (30 mL). The
color changed to orange, and an orange solid was obtained by evaporation
of the solvent. The 1H NMR spectrum indicated a 1:1 mixture of two
isomers. Quantitative yield; EI-MS (70 eV): m/z (%): 485 (90) [M]� , 444
(100) [M� propyne]� (� 1S�) from the mixture.


Data for 6S (cisoid): 1H NMR (250.1 MHz, CD2Cl2): �� 1.77 (s, 15H;
Cp*), 1.99 (s, 3H; CH3), 2.79 (dd, 2J(H,H) 	 2J(Rh,H)� 2.0 Hz, 1H; Rh-
CH2), 3.15 (dd, 2J(H,H)� J(Rh,H)� 2.0 Hz, 1H; Rh-CH2). 103Rh NMR
(15.8 MHz, CD2Cl2): ���243� 2.
Data for 7S (transoid): 1H NMR (250.1 MHz, CD2Cl2): �� 1.78 (s, 15H;
Cp*), 1.92 (d, 3J(Rh,H)� 1,3 Hz, 3H; CH3), 3.22 (d, 2J(Rh,H)� 1.4 Hz,
1H; Rh-CH2), 4.06 (d, 2J(Rh,H)� 1.4 Hz, 1H; Rh-CH2); 103Rh NMR
(15.8 MHz, CD2Cl2): �� 77� 1; 11B NMR (160.5 MHz, CD2Cl2; mixture of
the two isomers 6S and 7S): ���14.6, �13.5, �13.0, �11.5, �9.4, �8.7,
�7.1, �6.3, �6.0, �3.8; IR (KBr): �� � 2568, 2607 cm�1 (B-H).


Preparation of 8S and 9S : Methyl propargyl ether (3-methoxypropyne,
0.17 mL, 0.2 mmol) was added to a solution of 1S (90 mg, 0.2 mmol) in
dichloromethane (20 mL). The solution was stirred at room temperature
for 12 h to give a brown-red solution. The (1:1) product mixture was
separated by column chromatography over silica; a yellow zone (8S) was
eluted using hexane/CH2Cl2 (1:2), while 9Swas obtained as a second yellow
zone upon elution with CH2Cl2.


Data for 8S (cisoid): Yield 40 mg (40%); m.p. 172 �C (decomp); EI-MS
(70 eV): m/z (%): 515 (65) [M]� , 444 (100) [M�methoxypropyne];
1H NMR (250.1 MHz, CDCl3): �� 1.80 (s, 15H; Cp*), 2.78 (dd,
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2J(H,H)� 2J(Rh,H)� 1.9 Hz, 1H; Rh-CH2), 3.07 (d, 2J(H,H) 10.2 Hz, 1H;
OCH2), 3.27 (br, 1H; Rh-CH2), 3.35 (s, 3H; OCH3), 4.30 (brd, 2J(H,H)�
10.2 Hz, 1H; OCH2); 11B NMR (160.5 MHz, CD2Cl2): ���15.1, �12.7,
�9.6, �6.7, �5.3; 103Rh NMR (15.8 MHz, CD2Cl2): ���361� 1; IR
(KBr): �� � 2564, 2584 cm�1 (B-H).


Data for 9S (transoid): Yield 42 mg (42%); m.p. 160 �C (decomp); FD-MS:
m/z (%): 515 (100) [M]� ; 1H NMR (250.1 MHz, CDCl3): �� 1.81 (s, 15H;
Cp*), 2.76 (d, 2J(H,H)� 10.6 Hz, 1H; OCH2), 3.22 (d, 2J(Rh,H)� 1.4 Hz,
1H; Rh-CH2), 3.36 (s, 3H; OCH3), 4.14 (brd, 2J(H,H)� 10.6 Hz, 1H;
OCH2), 4.16 (br, 1H; Rh-CH2); 11B NMR (160.5 MHz, CDCl3): ���11.7,
�9.9,�6.1,�4.3; 103Rh NMR (15.8 MHz, CDCl3): ���176� 1; IR (KBr):
�� � 2576 cm�1 (B-H).


Reactions of Cp*Ir[E2C2(B10H10)] (E� S (2S), Se (2Se))


Preparation of 10S and 11S : A solution of 2S (134 mg, 0.25 mmol) in
dichloromethane (20 mL) was stirred in a small autoclave (100 mL) under
acetylene (1.5 bar) for one month at 30 �C. The solvent was then evaporated
and the residue chromatographed on silica. Careful elution with hexane/
CH2Cl2 (1:1) gave a broad zone, of which the first part contained 10S
(contaminated with unreacted 2S), whereas the slower final part contained
11S.


Data for 10S (cisoid): Yield 42 mg (30%); 1H NMR (CDCl3): �� 1.85 (s,
15H; Cp*), 2.58 (dd, 2J(H,H)� 2.1 Hz, 3J(H,H)� 9.2 Hz, 1H; Ir-CH2), 2.69
(dd, 2J(H,H)� 2.1, 3J(H,H)� 7.7 Hz, 1H; Ir-CH2), 4.61 (dd, 3J(H,H)�
7.7 Hz, 3J(H,H)� 9.2 Hz, 1H; Ir-CH); 11B NMR (160.5 MHz, CDCl3):
���25.4 (Ir-B)
Data for 11S (transoid): Yield 58 mg (42%); m.p. 265 �C (decomp); EI-MS
(70 eV): m/z (%): 560 (100) [M]� ; 1H NMR (250.1 MHz, CDCl3): �� 1.85
(s, 15H; Cp*), 2.87 (d, 3J(H,H)� 6.4 Hz, 1H; Ir-CH2), 3.31 (d, 3J(H,H)�
9.1 Hz, 1H; Ir-CH2), 4.65 (dd, 3J(H,H)� 6.4 Hz, 3J(H,H)� 9.1 Hz, 1H; Ir-
CH); 11B NMR (160.5 MHz, CDCl3): ���22.1 (Ir-B), �11.6, �8.9, �7.5,
�6.8, �5.8, �4.6, �3.9; IR (KBr): �� � 2574 cm�1 (B-H).


Preparation of 12S : Gaseous propyne was slowly bubbled at ambient
temperature through the purple solution of 2S (100 mg, 0.19 mmol) in
CH2Cl2 (30 mL). During one week a yellow solution was formed.
Evaporation of the solvent gave a yellow solid of 12S (108 mg) in
quantitative yield. M.p. 235 �C (decomp); EI-MS (70 eV):m/z (%): 574 (44)
[M]� , 534 (100) [M� propyne] (� 2S); 1H NMR (250.1 MHz, CD2Cl2): ��
1.82 (s, 15H; Cp*), 2.04 (s, 3H; Me), 2.66 (d, 2J(H,H)� 2.1 Hz, 1H; Ir-
CH2), 2.74 (d, 2J(H,H)� 2.1 Hz, 1H; Ir-CH2); 11B NMR (160.5 MHz,
CD2Cl2): ���24.3 (Ir-B), �14.5, �13.4, �12.8, �10.6, �6.6, �5.4, �4.3;
IR (KBr): �� � 2547, 2572, 2605 cm�1 (B-H).


Preparation of 10Se and 11Se : An autoclave containing a solution of 2Se
(150 mg, 0.24 mmol) in dichloromethane (30 mL) was pressurized with
acetylene (1.5 bar). The reaction mixture was stirred at 30 �C for one
month. Column chromatography over silica (elution by hexane/CH2Cl2 2:1)
gave 10Se as the front part of a green zone: Pure yellow 11Se was obtained
by crystallization from a mixture of 10Se and 11Se.


Data for 10Se (cisoid): Yield 40 mg (25%); EI-MS (70 eV): m/z (%): 654
(100) [M]� ; 1H NMR (CDCl3): �� 1.89 (s, 15H; Cp*), 2.60 (dd, 2J(H,H)�
2.1 Hz, 3J(H,H)� 9.5 Hz, 1H; Ir-CH2), 2.74 (dd, 2J(H,H)� 2.1 Hz,
3J(H,H)� 7.7 Hz, 1H; Ir-CH2), 4.73 (dd, 3J(H,H)� 9.5 Hz, 3J(H,H)�
7.7 Hz, 1H; Ir-CH); 11B NMR (160.5 MHz, CDCl3): ���23.7 (Ir-B),
�13.9, �12.0, �11.4, �9.4, �8.3, �6.9, �5.3, �4.1; 77Se NMR (95.4 MHz,
CDCl3): ���305.8 (Ir-Se), 531.3 (C1-Se); IR (KBr): �� � 2580 cm�1 (B-H).
Data for 11Se (transoid): Yield 63 mg (40%); m.p. 240 �C (decomp); EI-
MS (70 eV): m/z (%): 654 (100) [M]� ; 1H NMR (250.1 MHz, CDCl3): ��
1.86 (s, 15H; Cp*), 2.96 (d, 3J(H,H)� 6.4 Hz, 1H; Ir-CH2), 2.74 (d,
3J(H,H)� 9.3 Hz, 1H; Ir-CH2), 4.71 (dd, 3J(H,H)� 6.4 Hz, 3J(H,H)�
9.3 Hz, 1H; Ir-CH); 11B NMR (160.5 MHz, CDCl3): ���19.5 (Ir-B),
�10.9, �9.5, �8.5, �7.6, �5.8, �3.7, �3.0; 77Se NMR (95.4 MHz, CDCl3):
�� 370.4 (Ir-Se), 603.4 (C1-Se); IR (KBr): �� � 2577 cm�1 (B-H).


Preparation of 12Se (cisoid): The green solution of 2Se (100 mg,
0.16 mmol) in CH2Cl2 (30 mL) was repeatedly saturated with propyne
while being stirred at ambient temperature for one week. The yellow
solution was brought to dryness and the orange product 12Se isolated in
quantitative yield. M.p. 193 �C (decomp); EI-MS (70 eV):m/z (%): 670 (60)
[M]� , 628 (100), [M� propyne]� (� 2Se�); 1H NMR (250.1 MHz, CD2Cl2):
�� 1.87 (s, 15H; Cp*), 2.17 (s, 3H; CH3), 2.72 (d, 2J(H,H)� 2.2 Hz, 1H; Ir-
CH2), 2.77 (d, 2J(H,H)� 2.2 Hz, 1H; Ir-CH2); 11B NMR (160.5 MHz,
CD2Cl2): ���22.6 (Ir-B), �13.9, �12.4, �11.3, �9.9, �6.7, �4.6. 77Se


NMR (95.4 MHz, CD2Cl2): �� 336.5 (Ir-Se), 584.3 (C1-Se); IR (KBr): �� �
2568, 2604 cm�1 (B-H).


Preparation of 13Se (cisoid): 3-Methoxypropyne (0.1 mL, 1.2 mmol) was
added to the green solution of 2Se (70 mg, 0.11 mmol) in CH2Cl2 (15 mL).
The solution was stirred for 24 h at room temperature to give a brown-red
solution. Chromatographic purification on silica with hexane/CH2Cl2 (1:3)
for elution gave a yellow zone of 13Se. Yield 50 mg (65%); m.p. 168 �C
(decomp); EI-MS (70 eV): m/z (%): 698 (52) [M]� , 628 (100)
[Cp*Ir{Se2C2(B10H10)}]� ; 1H NMR (250.1 MHz, CDCl3): �� 1.90 (s, 15H;
Cp*), 2.76 (d, 2J(H,H)� 2.2 Hz, 1H; Ir-CH2), 2.83 (d, 2J(H,H), 1H; Ir-
CH2), 2.99 (d, 2J(H,H)� 10.0 Hz, 1H; OCH2), 3.36 (s, 3H; OCH3), 4.28 (d,
2J(H,H), 10.0 Hz, 1H; OCH2); 11B NMR (160.5 MHz, CDCl3): ���23.0
(Ir-B), �13.5, �11.8, �11.3, �9.7, �6.7, �4.5; 77Se NMR (95.4 MHz,
CDCl3): �� 335.3 (Ir-Se), 574.9 (C1-Se); IR (KBr): �� � 2573 cm�1 (B-H).


Reactions of (p-cymene)Ru[S2C2(B10H10)] (3S)


Preparation of 14S (transoid): Acetylene was slowly bubbled through the
blue solution of 3S (180 mg, 0.4 mmol) in CH2Cl2 (40 mL). In the course of
2 days a brown-yellow solution was formed. Evaporation of the solvent
gave a yellow solid of 14S in quantitative yield. M.p. 175 �C (decomp); EI-
MS (70 eV): m/z (%): 468 (100) [M]� ; 1H NMR (250.1 MHz, CD2Cl2): ��
1.22 (d, 3J(H,H)� 7.0 Hz, 3H; CH(CH3)2), 1.23 (d, 3J(H,H)� 7.0 Hz, 3H;
CH(CH3)2), 2.23 (s, 3H; CH3), 2.64 (sp, 3J(H,H)� 7.0 Hz, 1H; CH(CH3)2),
3.20 (d, 3J(H,H),� 10.0 Hz, 1H; Ru-CH2), 3.88 (d, 3J(H,H)� 6.7 Hz, 1H;
Ru-CH2), 4.85 (dd, 3J(H,H)� 10.0 Hz, 3J(H,H),� 6.7 Hz, 1H; Ru-CH);
5.04, 5.42, 6.31, 6.37 (m, 4H; C6H4); 11B NMR (160.5 MHz, CD2Cl2): ��
�11.8, �9.7, �8.6, �6.1, �4.7, �2.9; IR (KBr): �� � 2572 cm�1 (B-H).


Preparation of 15S and 16S : A brown solution was formed when propyne
was bubbled for 15 h through the (originally blue) solution of 3S (50 mg,
0.11 mmol) in CH2Cl2 (30 mL). The brown product 15S isolated in
quantitative yield. M.p. 110 �C (decomp); EI-MS (70 eV): m/z (%): 484
(35) [M]� , 442 (100) [M�propyne]� (� 3S�). When the cisoid complex
15S was kept in either CDCl3 (for 1 day) or CD2Cl2 (for 2 months), partial
isomerization to the transoid isomer 16S took place. The isomers 16S and
15S were present in a ratio of 1:2.


Data for 15S (cisoid): 1H NMR (250.1 MHz, CD2Cl2): �� 1.22 (d,
3J(H,H)� 6.9 Hz, 3H; CH(CH3)2) and 1.25 (d, 3J(H,H)� 6.9 Hz, 3H;
CH(CH3)2), 2.20 (s, 3H; CH3C� ), 2.29 (s, 3H; CH3), 2.40 (d, 2J(H,H)�
1.4 Hz, 1H; Ru-CH2), 2.74 (sept, 3J(H,H)� 6.9 Hz, 1H; CH(CH3)2), 3.22
(d, 2J(H,H)� 1.4 Hz, 1H; Ru-CH2), 5.36, 6.06, 6.16 (m, 4H; C6H4); 11B
NMR (160.5 MHz, CD2Cl2): ���13.9,�10.7,�6.6,�5.6,�4.1; IR (KBr):
�� � 2580 cm�1 (B-H).


Data for 16S (transoid): 1H NMR (CD2Cl2): �� 1.28 (d, 3J(H,H)� 6.9 Hz,
3H; CH(CH3)2), 1.31 (d, 3J(H,H)� 6.9 Hz, 3H; CH(CH3)2), 1.92 (s, 3H;
CH3C� ), 2.19 (s, 3H; CH3), 2.77 (sept, 3J(H,H)� 6.9 Hz, 1H; CH(CH3)2),
3.22 (s, 1H; Ru-CH2), 3.87 (s, 1H; Ru-CH2), 4.63, 5.63, 6.32, 6.37 (m, 4H;
C6H4).


Reactions of (p-cymene)Os[S2C2(B10H10)] (4S)


Preparation of 17S (transoid): A solution of 4S (70 mg, 0.132 mmol) in
CH2Cl2 (20 mL) was stirred in a 100 mL autoclave under 1.5 bar of
acetylene for 1 week at 40 �C. Workup by column chromatography (elution
with hexane/CH2Cl2 (2:1)) gave the purple reactant 4S and a yellow
product 17S. Yield 50 mg (68%); m.p. 202 �C (decomp); EI-MS (70 eV):
m/z (%): 557 (100) [M]� ; 1H NMR (250.1 MHz, CDCl3): �� 1.19 (d,
3J(H,H)� 6.9 Hz, 3H; CH(CH3)2), 1.25 (d, 3J(H,H)� 6.9 Hz, 3H;
CH(CH3)2), 2.39 (s, 3H; CH3), 2.57 (sept, 3J(H,H)� 6.9 Hz, 1H;
CH(CH3)2), 2.75 (dd, 2J(H,H)� 1.3 Hz, 3J(H,H)� 9.1 Hz, 1H; Os-CH2),
3.65 (dd, 2J(H,H)� 1.3 Hz, 3J(H,H),� 7.0 Hz, 1H; Os-CH2), 4.87 (dd,
3J(H,H)� 9.1 Hz, 3J(H,H)� 7.0 Hz, 1H; Os-CH), 5.23, 5.38, 6.09, 6.15 (m,
4H; C6H4); 11B NMR (160.5 MHz, CDCl3): ���17.0 (B-Os), �11.8,
�10.3, �8.2, �6.6, �5.5, �4.5, �2.8; IR (KBr): �� � 2574 cm�1 (B-H).


Preparation of 18S and 19S : The purple solution of 4S (130 mg,
0.245 mmol) in CH2Cl2 (30 mL) was stirred under an atmosphere of
propyne (in a balloon) for 5 days. Chromatography over silica was used for
purification; a purple zone of unreacted 4S was eluted with hexane/CH2Cl2
(2:1) and a yellow zone containing 84 mg (60%) of 18S with hexane/
CH2Cl2 (1:2). A solution of the cisoid complex 18S in CDCl3 isomerized
slowly into the transoid isomer 19S ; after two weeks, the ratio of 18S :19S
was 4:1.
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Data for 18S (cisoid): Yellow crystals; m.p. 145 �C (decomp); EI-MS
(70 eV): m/z (%): 572 (30) [M]� , 530 (100) [M� propyne]� (� 4S�);
1H NMR (250.1 MHz, CD2Cl2): �� 1.21 (d, 3J(H,H)� 6.9 Hz, 3H;
CH(CH3)2), 1.26 (d, 3J(H,H)� 6.9 Hz, 3H; CH(CH3)2), 2.25 (d,
2J(H,H)� 2.5 Hz, 1H; Os-CH2) and 3.48 (d, 2J(H,H)� 2.5 Hz, 1H; Os-
CH2), 2.30 (s, 3H; CH3C� ), 2.41 (s, 3H; CH3), 2.71 (sep., 3J(H,H)�
6.9 Hz, 1H; CH(CH3)2), 5.33, 5.93, 5.99 (m, 4H; C6H4); 11B NMR
(160.5 MHz, CD2Cl2): ���18.1 (B-Os), �14.7, �13.4, �10.7, �6.5,
�5.7, �4.0; IR (KBr): �� � 2580 cm�1 (B-H);


Data for 19S (transoid): 1H NMR (250.1 MHz, CDCl3): �� 1.19 (d,
3J(H,H)� 6.9 Hz, 3H; CH(CH3)2), 1.36 (d, 3J(H,H), 3H; CH(CH3)2), 2.06
(s, 3H; CH3C�), 2.32 (s, 3H; CH3), 2.72 (sept, 3J(H,H)� 6.9 Hz, 1H;
CH(CH3)2), 2.82 (d, 2J(H,H)� 1.0 Hz, 1H; Os-CH2), 3.65 (d, 2J(H,H)�
1.0 Hz, 1H; Os-CH2), 4.74, 5.69, 6.09, 6.16 (m, 4H; C6H4).


Crystal structures of 4S, 9S, 12S, and 14S : Single crystals were sealed in
Lindemann capillaries. A Siemens P4 diffractometer was used for the
measurements with MoK� (� � 71.073 pm) radiation and a graphite
monochromator. Empirical absorption corrections (�-scans) were applied.
Relevant experimental data for the determination of the crystal structures
are given in Table 2.


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-166814 (4S),
CCDC-166812 (9S), CCDC-166813 (12S), and CCDC-166811 (14S).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (�44)1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Table 2. Crystal structure data (at 23 �C) for complexes 4S, 9S, 12S, and 14S.


4S 9S 12S 14S


formula C12H24B10S2Os C16H31B10OS2Rh C15H29B10S2Ir C14H26B10S2Ru
crystal dark red platelet red prism pale yellow prism orange plate
size [mm] 0.16
 0.12
 0.06 0.15
 0.12
 0.10 0.18
 0.14
 0.08 0.30
 0.20
 0.08
crystal system triclinic triclinic monoclinic orthorhombic
space group P1≈ P1≈ P21/n Pbca
a [pm] 697.64(5) 882.3(3) 1171.02(14) 1018.9(2)
b [pm] 1016.72(8) 999.58(8) 1281.79(11) 1394.07(17)
c [pm] 1452.92(7) 1448.55(8) 1471.57(17) 2977.1(5)
� [�] 83.358(6) 94.051(6)
	 [�] 83.176(6) 106.785(5) 95.599(10)

 [�] 82.160(7) 105.316(5)
V [106pm3] 1008.50(12) 1164.66(12) 2198.3(4) 4288.6(13)
Z 2 2 4 8
�calcd [gcm�3] 1.748 1.467 1.734 1.469
� [mm�1] 6.521 0.920 6.263 0.936

 range [�] 2 ± 27.5 1.5 ± 27.5 2 ± 27.5 2 ± 27.5
reflections collected 5428 6386 6257 6001
independent reflections 4361 5339 5031 4837
min./max. transmission 0.4462/0.8857 0.4986/0.5860 0.4034/0.9767 3580/00.5096
parameters 224 271 254 252
wR2/R1 [I�� 2�(I)] 0.079/0.032 0.0757/0.028 0.0844/0.036 0.193/0.080
max./min. residual electron density [e pm�3
 10�6] 1.23/� 1.47 0.63/� 0.60 2.81/� 2.32 2.49/� 1.63
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Abstract: A �-stacked coordination
solid, [{[(VO)2(OH)2(C4O4)(phen)2] ¥
H2O}n] (1: phen� phenanthroline), was
synthesized by hydrothermal methods
and structurally characterized by X-ray
single-crystal diffraction. The structure
of 1 adopts a neutral open framework in
which channeling apertures and win-
dows are surrounded by four oxovanad-
yl dimers, two squarates, and two pairs
of � ±� interactions of phenanthroline


groups; the dimensions of the windows
are about 5.38� 7.55 ä along the c axis.
Surprisingly, the porous framework with
hydrophilic and hydrophobic character-
istics was thermally stable up to 250 �C,


as indicated from powder X-ray diffrac-
tion patterns and thermogravimetric
analysis. Further investigation of lithi-
um-ion intercalation into the channel
matrix of 1 was conformed by 7Li NMR
spectroscopy and cyclic votammetry
measurements. The present case repre-
sents the first example of a porous
coordination solid that possesses polar
channels capable of mediating lithium-
ion insertion.


Keywords: hydrothermal synthesis
¥ microporous materials ¥ squaric
acid ¥ supramolecular chemistry ¥
vanadium


Introduction


Insertion of electron donors such Li� or H� into a host lattice
is technically important as electrodes for solid-state batteries
and in electrochromic devices.[1±3] The creation of micro-
porous structures as lithium-ion insertion materials is an
attractive research field for the storage and transport of
lithium ions.[4±6] In addition to graphite, a wide variety of
inorganic solids, such as layered metal oxides and zeolites,
have been investigated in great detail.[7±9] Recently, the world
of crystalline porous materials has emerged as an exciting area
of supramolecular chemistry.[10, 11] The discovery of new
families of porous coordination materials has raised hopes
that such materials could be tailored for new applications, for
example, in catalysis, separation, ion-exchange processes,
sensors, and nano-technology.[12, 13] Coordination polymers
constructed from transition metals and bridging organic
ligands have afforded new types of robust crystals with high
degree of porosity.[14±17] However, the goal in the research for
porous coordination framework is not simply to mimic


inorganic materials, such as graphite and metal oxides, and
the reports of lithium-ion intercalation into such coordination
hosts are exceedingly rare or lacking. The correspondence
study has been hampered by some inherent properties, such as
low thermal stability and low crystal energy in organic ligands
that act as structural buttresses. Therefore, a rational synthetic
strategy is a key point for the creation of porous coordination
polymers that intercalate lithium ions. We propose that the
following basic requirements are necessary for a candidate
lithium-ion-insertion material:
1) A polar environment in cavities that can be filled with


ionic species to increase the crystal energy,[18] affording
large free energy of intercalation reactions (A�� e��
[MLn] � [AMLn], �G��nF� : A, M, and L are alkali,
transition metal, and organic ligands, respectively).


2) Oxygen-rich metal centers, affording redox intercalation
conditions.


3) Robust host and suitable size matrix, affording a pathway
for facile lithium-ion diffusion.
Encouraged by our success in using polyfunctional squarate


ligands as a rigid tether for the construction of extended solids
under hydrothermal conditions,[17] we have turned our atten-
tion to introduce noncovalent � ±� interactions in the metal ±
squarate phases to generate new classes of coordination
zeolites with hydrophilic and hydrophobic void character-
istics.[19] By adopting this strategy and exploiting the efficiency
of the hydrothermal synthetic technique, we have now been
able to prepare and isolate new types of coordination � ±�
networks constructed from bimetal ± squarate phases incor-
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porating organic molecules (Scheme 1). Herein we describe a
novel coordination polymer, [{[(VO)2(OH)2(C4O4)(phen)2] ¥
H2O}n] (1: phen� phenanthroline) that adopts a neutral open
framework with a two-dimensional, intersecting system of
channels containing disordered water molecules. These dis-
ordered water molecules can be driven out of the structure
without deformation of the crystalline. Moreover, the key
features of compound 1 rest on the reducible VIV centers and
polar cavities or channels. Such benefits have prompted us to
study the feasibility of using the novelty of the channel
structure of 1 as a lithium-ion insertion material.


Results and Discussion


Synthesis and characterizations of 1: Crystals of 1 were grown
from a mixture of V2O3, H2C4O4, phen, and H2O in the molar
ratio 2:2:1:888 kept at 200 �C for 96 h. The hydrothermal


synthesis provides an opportu-
nity to obtain high yield (74%)
and was highly reproducible.
Compound 1 was formulated
from elemental analysis and
structurally characterized by
single-crystal X-ray diffraction.
The X-ray structural analysis of
1 reveals an extended structure
composed of the building block
shown in Figure 1. The dimeric
octahedral oxovanadyl centers
(VIV�O, dV�O� 1.596(2) ä) are
bridged by two hydroxides,[20]


and each metal is coordi-
nated by a phen ligand and
linked by squarate anions in a
�1,3-bridging mode. The


Figure 1. AnORTEP plot of a section of two adjacent infinite chains (50%
probability ellipsoid; hydrogen atoms are omitted for clarify), showing the
architecture of an open window formed through coordination bonds and
noncovalent � ±� interactions. Selected bond lengths [ä] and angles [o]:
V(1)�N(1) 2.136(3), V(1)�N(2) 2.351(3), V(1)�O(1) 2.051(2), V(1)�O(3)
1.596(2), V(1)�O(4) 1.971(2), V(1)�O(4a) 1.955(2), V(1)�V(1a) 3.036(1),
C(1)�O(1) 1.253(4), C(2)�O(2) 1.242(4), C(1)�C(2) 1.467(2), C(1)�C(2a)
1.480(2); O(3)-V(1)-O(4a) 105.3(1), O(3)-V(1)-O(4) 103.0(1), O(4)-V(1)-
O(4a) 78.7(1), O(1)-V(1)-O(3) 95.6(1), O(1)-V(1)-O(4a) 93.6(1), O(1)-
C(1)-C(2) 130.9(3), C(2)-C(1)-C(2a) 91.0(3).


{O�V(�-OH)2V�O} core has been observed in our previous
work[17] and also elsewhere[21] . The bond-valence sum (BVS)
of vanadium is 3.98.[22] Moreover, compound 1 has a magnetic
moment of 1.63 �B at 300 K, which is comparable to those in
the oxovanadyl (VO2�) complexes.[21] The structure of 1 may
be described as one-dimensional inorganic infinite chains,
{�C4O4�(VO(OH))2�C4O4�}n, which incorporate the phen
ligands. These incorporated phen rings, however, play an
important role in the construction of a �-stacked layer
structure between adjacent crystallographically symmetry-
related chains. Within the layer there are ™rectangular∫


Scheme 1. Schematic representation of the coordination � ±� networks constructed from bimetal ± squarate
phases incorporating phen molecules.
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windows with dimensions of about 5.38� 7.55 ä (interplane �
distances and O ¥ ¥ ¥O distances, respectively), each of which is
surrounded by four oxovanadyl dimers, two �1,3-squrate
anions, and two pairs of �-groups of phen rings. Furthermore,
adjacent layers are stacked on top of each other along the c
axis and are glued by cooperative CH ¥ ¥ ¥� interactions. This
sort of � ±� networks gives rise to two types of infinite
microchannels. The main channels are those that run along
the c axis as a consequence of the stacking of the rectangular
windows (Figure 2a). The other small channels enclosed by
phen moieties run along the b-axis (Figure 2b).


Figure 2. Perspective views of crystal structure along a) the c axis and
b) the b axis, showing the disordered water molecules located at the
intersection of the channels.


An interesting feature of 1 is the presence of disordered
water molecules trapped at the intersection of channels. In
order to examine the thermal stability of this porous network,
thermogravimetric analysis (TGA) and measurements of
powder X-ray diffraction patterns (PXRD) were carried
out. The TGA reveals that the water guests are liberated
below 150 �C, a weight loss of 2.7% consistent with one H2O
per formula unit. No weight loss was observed in the
temperature range 150 ± 290 �C. For the purpose of examining
the porous functionality of 1, desorption ± adsorption water
cycling study between 40 ± 150 �C was conducted. TGA traces
for heating and cooling scans, measured with a rate of
2 �Cmin�1, are given in Figure 3. It reveals a reversible water
sorption cycle in the channels of 1. Moreover, the PXRD
patterns and a pattern simulated on the basis of the single-


Figure 3. TGA profile of the water reversible desorption ± adsorption
study on 1. The sample was initially heated to 150 �C at 2 �Cmin�1 in a dry
N2 flux. The sample was then cooled to 40 �C, maintained at 40 �C for 0.5 h
in a H2O vapor/N2 carrier; a gradual weight increase was observed that
reached �2 wt%. Subsequently, repeated heating-and-cooling processes
were conducted between 40 ± 150 �C, revealing a reversible water desorp-
tion ± adsorption cycle.


crystal structure are presented in Figure 4. The positions of
the diffraction peaks of 1 (Figure 4b) compared well with
those in the calculated one (Figure 4a), indicating that the
sample of 1 is a pure phase. Furthermore, after the sample of 1
had been heated at 250 �C for four hours, the diffraction peaks
remained unchanged relative to unheated sample of 1 (Fig-
ure 4c). The good agreement between PXRD patterns
demonstrates that the porous framework was retained even
after the partial loss of water molecules. Therefore, we
conclude that the � ±� buttresses are robust enough to sustain
such an open space in the crystal. Owing to the stability of the


Figure 4. X-ray powder patterns a) calculated from single crystal structure,
b) recorded at room temperature, and c) recorded after the treatment by
heating at 250 �C for four hours.
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porous framework, compound 1 can be considered a ™zeolite
analogue∫ material with hydrophobic (phen groups) and
hydrophilic (four oxygen atoms from the pendant groups of
the squarates pointed toward the channels, see Figure 2)
moieties covering the walls of the channels. The size of the
channels is similar to those observed in some zeolite
molecular sieves, such as, analcime (2.2 ä) in which water
(kinetic diameter is 2.8 ä) is known to penetrate and diffuse
into the channels.[23] Having the reducible VIV center as well as
the functionalized voids that would benefit the bonding
interactions of Li ¥¥¥O and Li ¥¥¥�, the present of vacant
channels of 1 afford potential sites for lithium-ion intercala-
tion.


Lithium-ion intercalation of 1: Investigation of lithium-ion
intercalation into channel matrix of 1 may provide interesting
materials, for example, cathode materials in solid-state
batteries. Scheme 2 illustrates that compound 1 could be
intercalated with lithium reagents to give reduced phases,
Li ¥ 1. Both cations and electrons transferred to the host
possess considerable mobility in Li ¥ 1 phases, rendering them
mixed ionic ± electronic conductors. Many examples of top-
ochemical lithium-ion incorporation into inorganic frame-
work materials have been reported.[9, 24] Among these syn-
thetic techniques, a lithiating reagent such as n-butyllithium
can be used for the formation of reduced phases and to
provide efficient lithium-ion intercalation (xC4H9Li� 1 �
Li ¥ 1� x/2C8H18� xH2O). The best known example of alkali
metal ion intercalation is that of the lithium ion into TiS2 to
give LixTiS2.[24] Lithium-ion intercalation of 1 using n-butyl-
lithium was carried out in a similar fashion. Crystals of 1
change from orange to deep black upon lithium-ion inter-
calation. The presence of Li� in Li ¥ 1 was determined by 7Li
NMR spectroscopy, as a signal was observed at �� 0.072
relative to that of free LiNO3. Moreover, IR studies offer
further information on the possible interactions of Li ¥ ¥ ¥O and
Li ¥ ¥ ¥� in Li ¥ 1. The FTIR spectrum of 1 exhibits two broad
envelopes of features at around 1450 ± 1650 and 2800 ±
3000 cm�1, due to the hydrogen-bonding between squarate
and free lattice water molecules and the � ±� networks
between phen molecules. The broad features were almost
totally removed due to the interactions of Li ¥ ¥ ¥O and Li ¥ ¥ ¥�
in Li ¥ 1, thus giving more intense and relatively sharp features
at about 1377, 1420, 1470, 1513 �(C�C, C�O) and 2853, 2924,


2955 cm�1 �(C�H). It is noteworthy that PXRD pattern of
Li ¥ 1 shows that the positions of the most intense lines remain
unchanged relative to the simulated pattern based of the
single-crystal data of 1; this indicates that the channel
crystallinity was retained in the course of intercalation.
Furthermore, we want to exam whether the oxidation number
of oxovanadyl centers decreases upon intercalating lithium
ions into 1. By employing cyclic voltammetry (CV), the
oxidation numbers of vanadium ions were deduced (Figure 5).
The voltammogram recorded for Li ¥ 1 exhibits


Figure 5. Cyclic voltammogram of 1 (upper) and Li� ¥ 1 (lower) in
CH3COOH at a scan rate of 100 mVs�1. Arrows indicate the decrease in
intensity of the VII/VIII (�0.19 V) band, and the increse in intensity of the
VIII/VIV (0.33 V) band in the course of oxidation scans.


three peaks at 0.8, 0.33, and �0.19 V versus Ag�/AgCl in the
course of oxidation scans. This observation has been attrib-
uted the vanadium ions in Li ¥ 1 being in mixed-valence states
of �4, �3, and �2, that is, the reduction of VIV to VII and VIII


is accompanied by lithium-ion intercalation of 1. Moreover,
correlation between the VII/VIII and VIII/VIVoxidative bands is


clearly seen (indicated by the
arrows); during the oxidation
scan the intensity of VII/VIII


band decreases, whereas that
of VIII/VIV band increases. As
anticipated, compound 1 can be
intercalated with lithium ions to
give the reduced vanadium
phase, for which the solid-state
structure remains unchanged.
Further characterizations in-
cluding ionic conductivity and
reversible cycling are in prog-
ress.


Scheme 2. a) Schematic representation of the lithium-ion intercalation reaction of 1 (xC4H9Li� 1 � Li ¥ 1�
x/2C8H18� xH2O). b) Reduction potentials for oxovanadyl host lattices relative to the lithiating reagents.[9]
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Conclusion


We summarize here the main points of the present inves-
tigation and their significance for the further development of
the related fields.
1) The synthesis of a new coordination � ±� framework that


contains hydrophilic and hydrophobic cavities has been
described.


2) This study indicates that the cooperative � ±� scaffolding
is a powerful strategy for producing ordered materials with
cavities or channels.


3) This study demonstrates that robust coordination poly-
mers that contain polar channels and oxygen-rich metal
centers are promising materials for a new range of
applications in redox metal-ion intercalation.


4) The above interesting results encouraged us to throw more
light on the development of lithium-ion intercalation into
such polar channels of 1, which could lead to a new cathode
material for rechargeable lithium batteries as well as a new
Li� sensitive electrode for determination of lithium ions in
body fluids.


Experimental Section


Techniques : Powder XRD patterns were collected on a Siemens D-5000
diffractometer and with CuK� (�� 1.5408 ä) radiation. 7Li NMR spectra
were recorded at 233.162 MHz (14.1 T) on a Varian Unity Inova600 NMR
spectrometer with 5.5 � pulses, and recycle delays of 1 s. Chemical shifts are
quoted in ppm relative to LiNO3. Infrared spectra were recorded on a
Bruker Equino55 FTIR spectrophotometer with a resolution of 4 cm�1, by
using samples with KBr. Thermogravimetric curves were measured on a
Perkin ±Elmer TGA 7lab instrument. Electrochemical experiments were
performed by employing a BAS CV-50W voltammetric analyzer in a three-
electrode cell with a Pt working electrode, platinum wire counter electrode,
and Ag/AgCl reference electrode.


Synthesis of 1: The reaction was carried out in a 23 mL Parr Teflon-lined
acid digestion bomb, heated in a Linberg/blue programmable electric
furnance. A reaction mixture of V2O3 (0.0749 g, 1.0 mmol), H2C4O4


(0.1708 g, 1.5 mmol), phen (0.0992 g, 0.5 mmol), CsOH (0.3 mL), and
H2O (8 mL) was sealed in a 23 mLTeflon-lined stainless autoclave, heated
at 200 �C for 96 h, and cooled to 70 �C at 9 �Ch�1. Orange crystals were
filtered off and washed with deionized water. The yield of crystalline
material was 74% (0.1224 g) based on phen, and the synthesis was highly
reproducible. Energy-dispersive X-ray fluorescence analysis shows that no
Cs present in the orange crystals. A sample (157.2 mg) heated by IR
radiation (Mark2 HP moisture analyzer) reveals weight loss of 2.36%
below 200 �C, indicating that compound 1 contains one H2O molecule
(calcd 2.7%) per formula unit. Selected IR bands: �� � 968 (m, V�O),
1468 ± 1600 (s, C�C, C�O), 3061 (m, C�H), 3538 ± 3620 cm�1 (m, O�H,
water). Elemental analysis calcd (%) for C28H20N4O9V2: C 51.04, N 8.51, H
3.04; found: C 50.47, N 8.50, H 2.75.


Crystallography : The X-ray diffraction data were collected on a CAD4
Enraf-Nonius diffractometer with the graphite monochromated MoK�


radiation (�� 0.71069 ä) in the �/2	 scanning mode. Crystal size 0.12�
0.12� 0.22 mm, monoclinic, space group C2/c, a� 20.707(3), b� 9.331(2),
c� 17.050(5) ä, 
� 123.85(2); V� 2736(1) ä3, Z� 4, F(000)� 1336,
�calcd� 1.598 Mgm�3, �� 7.46 cm�1. 2	max� 50� ; 2402 unique reflections;
1537 observed reflections [I� 2�(I)]; 235 parameters; R1� 0.0351,
wR2(F 2)� 0.0897, and GOF� 0.955; residual electron density between
�0.36 and 0.27 eä�3. Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-408643. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Lithium-ion intercalation of 1: Lithium-ion intercalation of 1 was prepared
according to the reported procedures with certain modifications.[24] All
reactions were carried out under a vacuum system. A mixture of 1 (50 mg)
and LiNO3 (350 mg) was thoroughly mixed and heated at 110 �C for 5 h.
After dehydration, the mixed powder was cooled down to room temper-
ature, then frozen instantly with ice bath. Upon cooling to 0 �C, n-
butyllithium (5 mL) was added dropwise. Over a period of 3 h the solid
changed from orange to very dark black. After stirring for overnight over a
water bath, the resulting dark black Li ¥ 1 solid was filtered off, washed
thoroughly with diethyl ether (to remove C8H18) and then with deionized
water, and dried at room temperature.


Acknowledgement


This work was supported by the National Science Council of the Republic
of China (NSC 89-2113-M-005-021) and the Chinese Petroleum Corpo-
ration (NSC 89-CPC-7-005-002).


[1] J. R. Owen, Chem. Soc. Rev. 1997, 26, 259 ± 267.
[2] P. G. Bruee, Chem. Commun. 1997, 1817 ± 1824.
[3] M. Winter, J. O. Besenhard, M. E. Spahr, P. Novak, Adv. Mater. 1998,


10, 725 ± 763.
[4] Y. Zhang, J. R. D. Debord, C. J. O×Connor, R. C. Haushalter, A.


Clearfield, J. Zubieta, Angew. Chem. 1996, 108, 1067 ± 1069; Angew.
Chem. Int. Ed. Engl. 1996, 35, 989 ± 991.


[5] G. Chirayil, E. A. Boylan, M. Mamak, P. Y. Zavalij, M, S, Whitting-
ham, Chem. Commun. 1997, 33 ± 34.


[6] R. S. Prabaharan, M. S. Michael, S. Radhakrishna, C. Julien, J. Mater.
Chem. 1997, 7, 1791 ± 1796.


[7] G. Ceder, Y.-M. Chiang, D. R. Sadoway, M. K. Aydinol, Y.-I. Jang, B.
Huang, Nature 1998, 392, 694 ± 696.


[8] A. R. Armstrong, P. G. Bruce, Nature 1996, 381, 499 ± 450.
[9] D. W. Murphy, P. A. Christian, Science 1979, 205, 651 ± 656.


[10] M. J. Zaworotko,Angew. Chem. 1998, 110, 1269 ± 1271;Angew. Chem.
Int. Ed. 1998, 37, 1211 ± 1213.


[11] C. Janiak,Angew. Chem. 1997, 109, 1499 ± 1502;Angew. Chem. Int. Ed.
Engl. 1997, 36, 1431 ± 1434.


[12] H. Li, A. Laine, M. O×Keeffe, O. M. Yaghi, Science 1999, 283, 1145 ±
1147.


[13] S. S.-Y. Chui, S. M. F. Lo, J. P. H. Chartmant, A. G. Orpen, I. D.
Willoams, Science 1999, 283, 148 ± 150.


[14] S.-I. Noro, S. Kitagawa, M. Kondo, K. Seki, Angew. Chem. 2000, 112,
2161 ± 2164; Angew. Chem. Int. Ed. 2000, 39, 2081 ± 2084.


[15] M. Kondo, T. Okubo, A. Asami, S.-I. Noro, T. Yoshitomi, S. Kitagawa,
T. Ishii, H. Matsuzaka, K. Seki, Angew. Chem. 1999, 111, 190 ± 193;
Angew. Chem. Int. Ed. 1999, 38, 140 ± 143.


[16] K. J. Lin, Angew. Chem. 1999, 111, 2894 ± 2897; Angew. Chem. Int. Ed.
1999, 38, 2730 ± 2731.


[17] K. J. Lin, K. H. Lii, Angew. Chem. 1997, 109, 2166 ± 2167; Angew.
Chem. Int. Ed. Engl. 1997, 36, 2076 ± 2077.


[18] The polar environment means that the cavities or channels are
enclosed by polar bonds such as C�O bonds. Since the large
electronegative difference between C (EN� 2.5) and O (EN� 3.5)
makes each C�O bond quite polar, the electron density is pulled
toward the more electronegative O atoms. Hence, the lattice energy of
Li� complexes is expected to increase, in a manner similar to crown
ether molecules.


[19] S. F. Lai, C. Y. Cheng, K. J. Lin, Chem. Commun. 2001, 1082 ± 1083.
[20] The average V�(�-OH) bond length of 1.968(2) ä in 1 is significantly


longer than that of the reported V�(�-O) bond length of 1.82 ä.[21] .
[21] A. M¸ller, F. Peters, Chem. Rev. 1998, 239 ± 271.
[22] I. D. Brown, D. Altermatt, Acta Crystallogr. Sect. B 1985, 41, 244 ±


247.
[23] A. Dyer, A. Molyneux, J. Inorg. Nucl. Chem. 1968, 30, 829 ± 837.
[24] M. S. Whittingham, R. R. Chianelli, J. Chem. Edu. 1980, 57, 569 ± 574.


Received: May 21, 2001 [F3269]








Efficient Synthesis of Tetrasubstituted Alkenes by Allylsilane-Terminated
Domino-Heck Double Cyclisation


Lutz F. Tietze,* Klaus Kahle, and Thomas Raschke[a]


Dedicated to Professor Ernst Anders on the occasion of his 60th birthday


Abstract: The domino-Heck double cyclisation of the arylbromides 1, which contain
an allylsilane and an alkyne moiety and are easily accessible by an addition of the
corresponding lithiated alkynes 5 to the aldehydes 4, leads to the tetrasubstituted
alkenes 2 and 3 in good yield. The reaction produces exclusively compounds with an
E double bond and additionally proceeds with good to excellent induced
diastereoselectivity in the case of 1e and 1 f. Irradiation of 2e leads to a steady
state equilibrium of the E and Z compounds in a 1:1 ratio.


Keywords: alkenes ¥ allylsilanes ¥
domino reactions ¥ Heck reaction ¥
optical data storage


Introduction


Overcrowded tetrasubstituted alkenes can possess remarkable
switching properties under UV light. They are thus of interest
for the development of reversible optical data storage, which
at the moment relies mainly on inorganic materials.[1±3] Here,
we report on an efficient synthesis of tetrasubstituted alkenes
of type 2 and 3 (Scheme 1), in which the four substituents are
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Scheme 1. Allylsilane-terminated domino-Heck double cyclisation.


part of two ring systems. The synthesis was performed as an
allylsilane-terminated domino-Heck double cyclisation of the
arylbromides 1a ± f containing an allylsilane and an alkyne
moiety.[4±9] We have recently shown that in ring forming Heck
reactions the use of allylsilanes as terminating groups allows
the formation of tertiary stereogenic centers.[10±13] By using
different tethers of different lengths between the aryl and the
alkyne as well as the alkyne and the allylsilane moiety, we


were able to obtain variable ring sizes. Thus, we prepared the
5-5- (2a),[14] 6-5- (2b), 7-5- (2c), 5-6- (2d), 6-6- (2e), and the
7-6-ring-system (2 f).


Results and Discussion


The substrates 1a ± f for the domino-Heck double cyclisations
were synthesised in good yields by addition of the lithiated
species of 5a ± b to the arylaldehydes 4a ± c at �78 �C in THF
in the presence of LiBr (Scheme 2).
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Scheme 2. Synthesis of the substrates 1a ± f for the domino-Heck reaction:
a) nBuLi, THF, LiBr, �78 �C.


The necessary arylcarbaldehydes 4b and 4c were accessible
from bromoiodobenzene 6 and the alcohols 7a and 7b,
respectively, under phase-transfer Heck conditions as de-
scribed by Jeffery.[15±17] The reaction conditions allowed a
selective transformation of the iodine in the presence of the
bromine atom (Scheme 3). In contrast, an analogous synthesis
of the corresponding iodoarylcarbaldehydes (4, I instead of
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Scheme 3. Synthesis of the bromoarylaldehydes 4a ± c : a) Pd(OAc)2,
NaHCO3, nBu4NCl, DMF, 50 ± 60 �C, 12 ± 24 h, 83%; b) Ac2O, NEt3,
DMAP, 0 �C� 20 �C, 16 h, 66 %; c) O3, CH2Cl2, �78 �C, 15 min, (CH3)2S,
�78 �C� 20 �C, 45%.


Br) using 1,2-diiodobenzene as starting material was less
suitable because of its sluggish performance and the low
selectivity towards monofunctionalisation.


The arylacetaldehyde 4a was prepared from 4b by for-
mation of the enol acetate followed by ozonolysis. For the
synthesis of the enynes 5a ± b the THP-protected commer-
cially available alkynols 8a ±b were deprotonated with nBuLi
and treated with Me3SiCH2I. Subsequent deprotection of the
alcohol functionality yielded the propargylsilanes 9a ±b.
Partial reduction of the triple bond in 9a ± b with H2 and
P-2 nickel,[18] followed by transformation of the alcohol group
into an iodide by the Appel procedure[19] yielded the
allylsilanes 10a ±b,[10, 20] which were alkinylated with lithiated
TMS-acetylene. Deprotection using MeOH/K2CO3 furnished
the enynes 5a and 5b in good overall yield (Scheme 4).


For the domino-Heck reaction of the substrates 1a ±b and
1d ± e the Pd(OAc)2/PPh3 catalyst system at 80 ± 100 �C was
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Scheme 4. Synthesis of the enynes 5a and 5b : a) nBuLi, Me3SiCH2I, THF,
�60 �C� 60 �C, 20 h; b) H2SO4, MeOH, 20 �C, 20 h, 62% 9a, 63% 9b (2
steps); c) P-2 Ni, H2, EtOH, 20 �C, 4 h; d) PPh3, imidazole, I2, CH3CN,
0 �C� 20 �C, 90 min., 69% 10a, 77% 10b (two steps); e) TMS�C�C�Li,
THF, 20 �C� 50 �C, 20 h; f) K2CO3, MeOH, 20 �C, 20 h, 81 % 5a, 87% 5b
(two steps).


most suitable, and led to the formation of the tetrasubstituted
alkenes 2a,b,d,e in 61 ± 71 % yield after 4 ± 22 h. It was not
necessary to protect the hydroxyl group in 1, which is a
general advantage of Heck reactions. However, the reaction
of the corresponding silyl ethers gave similar results. In
contrast, the corresponding ketones, easily accessible from 1
by oxidation, could only be cyclised in low yield.[10]


The preparation of the alkenes 2c and 2 f with a seven-
membered system as ring B was more difficult since a reaction
temperature of 130 �C was necessary. Pd(OAc)2 in the
presence of triphenylphosphane could thus not be used, since
palladium black is formed, and this is not catalytically active
under these conditions. However, the palladacycle 11 intro-
duced by Herrmann and Beller[21, 22] proved to be useful in
these cases, and allowed the formation of 2c and 2 f from 1c
and 1 f in 43 % yield at 130 �C.
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In the transformations described, the vinylsilanes 2 with an
E double bond connecting the two aliphatic ring systems were
the major products. In addition, small amounts of the
desilylated products 3 were formed. The selective formation
of the E configuration in the tetrasubstituted alkenes 2
follows from the reaction mechanism. After the oxidative
addition of 1 to Pd0 to give 12 a syn addition took place, which
led to the intermediate 13 (Scheme 5). Since isomerisation of
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Scheme 5. Proposed mechanism for the allylsilane-terminated domino-
Heck double cyclisation.


Table 1. Results of the allylsilane-terminated domino-Heck reactions of 1a ± f.


Entry Substrate m/n Conditions Product Yield [%] dr of 2[a]


2 (3)


1 1a 1/1 Pd(OAc)2/PPh3/KOAc/Pr4NBr/DMF/80 �C/4.5 h 2a, 3a 71 (3) 1.2:1
2 1b 2/1 Pd(OAc)2/PPh3/KOAc/Pr4NBr/DMF/95 �C/22 h 2b, 3b 66 (5) 1.3:1
3 1c 3/1 HBC[b]/KOAc/Pr4NBr/DMF/130 �C/21 h 2c, 3c 43 (3) 2.6:1
4 1d 1/2 Pd(OAc)2/PPh3/KOAc/Pr4NBr/DMF/80 �C/15 h 2d, 3d 62 (8) 4.5:1
5 1e 2/2 Pd(OAc)2/PPh3/KOAc/Pr4NBr/DMF/100 �C/17 h 2e, 3e 61 (18) 9.4:1
6 1 f 3/2 HBC[b]/KOAc/Pr4NBr/DMF/130 �C/21 h 2 f, 3 f 43 (7) 20:1


[a] Diastereomeric ratio (cis :trans) determined by NMR; [b] Herrmann ± Beller catalyst 11.[21, 22]
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the double bond does not take place under the reaction
conditions, the final addition of the vinyl palladium species,
again in a syn fashion, led to 2 via 14. In this step an (E)-
vinylsilane moiety and a new stereogenic center were formed.
We assume that the trimethylsilyl group increases the CH
acidity in its � position and thus facilitated the elimination of a
HPdL2X species from the intermediate 14. By this means the
regio- and stereoselectivity of the elimination were quantita-
tive. The formation of the small amount of 3 bearing a vinyl
group instead of the vinylsilane moiety may be due to a
protodesilation, which is governed by the structure of the
molecule. Thus in the series with a six-membered ring formed
in the second cyclisation, the amount of 3 was noticeably
higher than in the cases in which a five-membered ring was
formed.


The stereoselectivity in the formation of the new stereo-
genic center in 2 varied from 1.2:1 to 20:1 depending on the
structure of the products. It was lowest with ds 1.2:1 for the
formation of the rather flexible and flat 5,5-ring system 2a and
increases to ds 20:1 for the more rigid 7,6-ring system 2 f. The
high facial selectivity in the reaction of 1 f to give 2 f was
surprising since it involves a 1,4-induction; however, we have
recently shown that for an intermolecular hetero-Diels ±
Alder reaction excellent selectivity can be observed, even
for a 1,6-induction.[23]


In order to demonstrate the ability of the new tetrasub-
stituted alkenes to act as switches we investigated the
behaviour of 2e in solution at 0 �C upon irradiation with a
high pressure mercury lamp. (E)-2e was isomerised to form a
1:1 mixture of (E)-2e and (Z)-2e in a steady state equilibrium
after 60 min. No other products were found in the crude
mixture. This indicates the reversible, light-induced isomer-
isation of the tetrasubstituted central double bond
(Scheme 6).


Scheme 6. Photoisomerisation of (E)-2e and (Z)-2e.


The structures of the new compounds were primarily
determined by NMR spectroscopy. In addition, an X-ray
analysis of the major diastereomer of 2e was obtained, which
showed that the central and vinyl double bonds have
an E configuration and a rac-(2R,2�S) orientation (cis
orientation) at the stereogenic centers (Figure 1).[24] Compar-
ison of the NMR spectra of the diastereomers of 2e
and the other products 2a ± d and 2 f as well as of 3
allows a clear differentiation between the cis and the trans
isomers: the protons of the trimethylsilyl group in the trans
diastereomers consistently resonate at higher field (��
�0.21 ± 0.03) than those of the cis diastereomers (��
�0.02 ± 0.14).


Figure 1. ORTEP plot of the major diastereomer of 2e.


Conclusion


The allylsilane-terminated domino-Heck reaction of sub-
strates of type 1 containing an alkyne and an allylsilane
moiety allows for a highly efficient and also selective synthesis
of the polycyclic structures 2a ± f with a tetrasubstitued
double bond of defined configuration. The method also
allows for variation of the size of rings B and C. Structures
with such an overcrowded alkene moiety may be of interest
for the development of optical switches for optical data
storage.


Experimental Section


General : All reactions were performed under an inert atmosphere of argon
or N2 in predried glassware. Solvents were dried using standard procedures
and were distilled. 1H NMR and 13C NMR spectra were obtained on Varian
XL 200, VXR-200, and Bruker AMX 300 spectrometers. UV/Vis spectra
were obtained with a Perkin ± Elmer Lambda 2 spectrophotometer.
Elemental analyses were performed by the Analytical laboratory of the
University of Gˆttingen. Column chromatography was performed using
Machery & Nagel (0.04 ± 0.063 mm), analytical TLC using Machery &
Nagel (S G/UV254) silica gels.


1,8-Bis-trimethylsilyloct-6-en-1-yne : nBuLi (46.8 mmol, 1.5� solution in
hexane) was added to a stirred solution of TMS-acetylene (4.60 g,
46.8 mmol) in THF (30 mL) at �78 �C, stirring was continued for 1 h
before the mixture was warmed to room temperature and slowly added to a
solution of 10a (10.1 g, 36.0 mmol) in THF (100 mL). The mixture was
stirred at 50 �C for 20 h, and after cooling to room temperature the mixture
was washed with water and brine, the organic layer was dried (MgSO4), and
the solvent was removed in vacuo. Purification by flash chromatography
yielded the title compound (7.61 g, 84%). Rf � 0.46 (petroleum ether);
1H NMR (200 MHz, CDCl3): �� 5.51 ± 5.36 (m, 1 H; 7-H), 5.30 ± 5.16 (m,
1H; 6-H), 2.23 (t, J� 7.1 Hz, 2H; 3-H), 2.10 (dt, J� 7.2, 7.2 Hz, 2H; 5-H),
1.55 (tt, J� 7.2, 7.2 Hz, 2 H; 4-H), 1.45 (d, J� 8.5 Hz, 2 H; 8-H), 0.15 (s, 9H;
SiMe3), 0.00 (s, 9 H; SiMe3); 13C NMR (50.3 MHz, CDCl3): �� 126.4, 126.3
(C-6, C-7), 107.5 (C-2), 84.45 (C-1), 28.63, 26.04 (C-3, C-4), 19.42, 18.48 (C-
5, C-8), 0.19 (SiMe3), �1.77 (SiMe3).


8-Trimethylsilyl-oct-6-en-1-yne (5a): K2CO3 (1.03 g) was added to a
solution of 1,8-bis-trimethylsilyloct-6-en-1-yne (7.50 g, 29.7 mmol) in meth-
anol (250 mL), and the mixture was stirred at room temperature for 20 h.
Water (100 mL) was added and the mixture was extracted with pentane.
The organic layers were washed with brine and dried (MgSO4). Careful
removal of the solvent in vacuo yielded 5a (5.12 g, 96%) in high purity.
Rf � 0.39 (petroleum ether); 1H NMR (200 MHz, CDCl3): �� 5.52 ± 5.35
(m, 1H; 7-H), 5.30 ± 5.16 (m, 1H; 6-H), 2.20 (dt, J� 2.7, 7.2 Hz, 2H; 3-H),
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2.11 (dt, J� 7.5, 7.5 Hz, 2H; 5-H), 1.94 (t, J� 2.7 Hz, 1 H; 1-H), 1.58 (tt, J�
7.2, 7.2 Hz, 2H; 4-H), 1.48 (d, J� 8.5 Hz, 2H; 8-H), 0.00 (s, 9 H; SiMe3);
13C NMR (50.3 MHz, CDCl3): �� 126.5, 126.1 (C-6, C-7), 84.55 (C-2), 68.22
(C-1), 28.56 (C-4), 26.06 (C-5), 18.50, 18.03 (C-3, C-8), �1.79 (SiMe3).


1,9-Bis-trimethylsilyl-non-7-en-yne : The coupling of the iodide 10b
(35.61 g, 120.2 mmol) with TMS-acetylene (15.32 g, 156 mmol) was carried
out as described for the synthesis of 5a, and the crude 1,9-bis-trimethylsilyl-
non-7-en-yne was used with no further purification. Rf � 0.46 (petroleum
ether); 1H NMR (200 MHz, CDCl3): �� 5.48 ± 5.17 (m, 2 H, 7-H; 8-H), 2.22
(t, J� 6.8 Hz, 2 H; 3-H), 1.99 (dt, J� 6.7, 6.7 Hz, 2H; 6-H), 1.60 ± 1.42 (m,
4H; 4-H, 5-H), 1.46 (d, J� 8.1 Hz, 2H; 9-H), 0.14 (s, 9 H; SiMe3), 0.02 (s,
9H; SiMe3); 13C NMR (50.3 MHz, CDCl3): �� 127.1, 125.6 (C-7, C-8), 107.5
(C-2), 84.29 (C-1), 28.92, 28.40, 26.56 (C-4, C-5, C-6), 19.80 (C-3), 18.46 (C-
9), 0.20 (SiMe3), �1.74 (SiMe3); IR (Film): �� � 3006, 2956, 2902, 2860 (CH),
2176 (C�C), 1646 cm�1 (C�C); MS (70 eV, EI):m/z (%): 266 (10) [M]� , 193
(3) [M� SiMe3]� , 178 (10) [M� SiMe3�CH3]� , 163 (12), 73 (100)
[SiMe3]� ; C15H30Si2 (266.58).


9-Trimethylsilyl-non-7-en-1-yne (5b): Deprotection of 1,9-bis-trimethylsil-
yl-non-7-en-yne was carried out as described for the synthesis of 5a using
K2CO3 (4.2 g) in methanol (1000 mL). Distillation of the crude product
afforded 5b (20.40 g, 87 % for last two steps) as a colourless liquid. B.p. 60 ±
63 �C (2 mbar); Rf � 0.47 (petroleum ether); 1H NMR (200 MHz, CDCl3):
�� 5.48 ± 5.17 (m, 2 H, 7-H; 8-H), 2.19 (dt, J� 2.6, 6.9 Hz, 2H; 3-H), 2.00
(dt, J� 7.0, 7.0 Hz, 2 H; 6-H), 1.95 (t, J� 2.6 Hz, 1H; 1-H), 1.58 ± 1.42 (m,
4H; 4-H, 5-H), 1.46 (d, J� 8.1 Hz, 2 H; 9-H), 0.00 (s, 9 H; SiMe3); 13C NMR
(50.3 MHz, CDCl3): �� 127.0, 125.7 (C-7, C-8), 84.60 (C-2), 68.13 (C-1),
28.82 (C-6), 28.17 (C-5), 26.47 (C-4), 18.44, 18.31 (C-9, C-3), �1.77 (SiMe3);
IR (Film): �� � 3312 (�C�H), 3008, 2942, 2862 (CH), 2118 (�C�H),
1646 cm�1 (C�C); MS (70 eV, EI): m/z (%): 194 (2) [M]� , 179 (7) [M�
CH3]� , 151 (5), 120 (14) [M� SiMe3 �H]� , 73 (100) [SiMe3]� ; elemental
analyisis calcd (%) for C12H22Si (194.39): C 74.15, H 11.41; found: C 73.85,
H 11.25.


General procedure I


Addition of lithiated alkynes to aldehydes : A stirred solution of the alkyne
(6.40 mmol) in THF (2 mL) at �78 �C was lithiated with nBuLi (1.5� in
hexane, 4.27 mL, 6.40 mmol). LiBr (1.2 equiv, 7.68 mmol, 1.5� in THF) was
added at once followed by the dropwise addition of 1.2 equiv aldehyde
(7.68 mmol, 1� in THF). The temperature was kept at �78 �C for a further
10 min and then was allowed to reach room temperature. Water (20 mL)
was added, the organic layer separated off, and the aqueous phase
extracted with Et2O (4� 25 mL). The combined extracts were washed with
saturated NH4Cl solution (20 mL) and brine (20 mL), dried (Na2SO4), and
evaporated in vacuo. Column chromatography afforded the propargylic
alcohol in high purity.


1-(2-Bromophenyl)-10-trimethylsilyl-dec-8-en-3-yn-2-ol (1a): Aldehyde
4a (792 mg, 3.98 mmol) and enyne 5a (600 mg, 3.25 mmol) were combined
according to general procedure I. Column chromatography (petroleum
ether/EtOAc 15:1� 5:1) afforded pure 1a (294 mg, 0.78 mmol, 24%).
Rf � 0.26 (petroleum ether/EtOAc 10:1); 1H NMR (200 MHz, CDCl3): ��
7.54 (d, J� 7.6 Hz, 1H; 3�-H), 7.35 ± 7.20 (m, 2H, 5�-H; 6�-H), 7.09 (ddd, J�
8.0, 8.0, 2.0 Hz, 1H; 4�-H), 5.49 ± 5.30 (m, 1 H; 8-H), 5.27, 5.14 (m, 1H; 9-H),
4.66 (br t, J� 7.2 Hz, 1 H; 2-H), 3.14 (d, J� 7.2 Hz, 2 H; 1-H), 2.20 (dt, J�
7.4, 2.0 Hz, 2H; 5-H), 2.03 (br dt, J� 7.4, 7.2 Hz, 2 H; 7-H), 1.77 (br s, 1H;
OH), 1.53 (tt, J� 7.4, 7.4 Hz, 2H; 6-H), 1.44 (d, 8.4 Hz, 2H; 10-H), �0.02 (s,
9H; SiMe3); 13C NMR (50.3 MHz, CDCl3): �� 136.5 (C-1�), 132.8 (C-9),
132.2 (C-3�), 128.5 (C-6�), 127.2, 126.44 (C-4�, C-5�), 126.2 (C-10), 124.9 (C-
2�), 86.50 (C-4), 80.42 (C-3), 62.01 (C-2), 44.59 (C-1), 28.59 (C-6), 26.15 (C-
7), 18.52 (C-5), 18.32 (C-10), �1.74 (SiMe3).


1-(2-Bromophenyl)-11-trimethylsilyl-undec-9-en-4-yn-3-ol (1b): Aldehyde
4b (511 mg, 2.40 mmol) and enyne 5a (361 mg, 2.00 mmol) were combined
according to general procedure I. Column chromatography (petroleum
ether/EtOAc 8:1) afforded pure 1b (588 mg, 1.49 mmol, 75%). Rf � 0.22
(petroleum ether/EtOAc 10:1); 1H NMR (200 MHz, CDCl3): �� 7.54 (d,
J� 7.6 Hz, 1H; 3�-H), 7.28 ± 7.22 (m, 2 H; 5�-H, 6�-H), 7.11 ± 7.01 (m, 1 H; 4�-
H), 5.57 ± 5.36 (m, 1 H; 10-H), 5.32 ± 5.17 (m, 1H; 9-H), 4.41 (dddd, J� 6.6,
6.6, 1.8, 1.8 Hz, 1H; 3-H), 2.97 ± 2.87 (m, 2H; 1-H), 2.25 (dt, J� 1.9, 7.1 Hz,
2H; 6-H), 2.17 ± 1.94 (m, 4 H, 2-H; 8-H), 1.80 (br s, 1H; OH), 1.58 (tt, J�
7.3, 7.3 Hz, 2H; 7-H), 1.49 (d, J� 8.7 Hz, 2 H; 11-H), 0.00 (s, 9H; SiMe3);
13C NMR (50.3 MHz, CDCl3): �� 140.7 (C-1�), 132.9, 130.4 (C-3�, C-9),
127.1, 126.5, 126.2 (C-10, C-4�, C-5�, C-6�), 124.4 (C-2�), 85.98, 80.95 (C-4,


C-5), 62.04 (C-3), 37.97 (C-2), 31.93 (C-8), 28.72, 26.17 (C-1, C-7), 18.52,
18.32 (C-11, C-6), �1.77 (SiMe3); IR (Film): �� � 3364 (OH), 3006, 2950,
2864 (CH), 1646 cm�1 (C�C); UV (CH3CN): �max (log �)� 195.5 (4.772);
MS (70 eV, DCI): m/z (%): 804 (5) [2M�NH4]� , 412 (100) [M�NH4]� ;
elemental analysis calcd (%) for C20H29BrOSi (393.44): C 61.01, H 7.43;
found: C 60.93, H 7.73.


1-(2-Bromophenyl)-12-trimethylsilyl-dodec-10-en-5-yn-4-ol (1c): Alde-
hyde 4c (1.78 g, 7.80 mmol) and enyne 5a (1.17 g, 6.50 mmol) were
combined according to general procedure I. Column chromatography
(petroleum ether/EtOAc 10:1) afforded pure 1c (1.45 g, 3.56 mmol, 55%).
Rf � 0.38 (petroleum ether/EtOAc 5:1); 1H NMR (200 MHz, CDCl3): ��
7.52 (d, J� 7.8 Hz, 1H; 3�-H), 7.27 ± 7.20 (m, 2H; 5�-H, 6�-H), 7.05 (ddd, J�
8.0, 8.0, 4.5 Hz, 1H; 4�-H), 5.56 ± 5.35 (m, 1 H; 11H), 5.30 ± 5.15 (m, 1 H; 10-
H), 4.40 (br s, 1 H; 4-H), 2.82 ± 2.73 (m, 2 H; 1-H), 2.22 (dt, J� 2.0, 7.0 Hz,
2H; 7-H), 1.55 (tt, J� 7.3, 7.3 Hz, 2H; 9-H), 1.47 (d, J� 8.3 Hz, 2H; 12-H),
0.00 (s, 9 H; SiMe3); 13C NMR (50.3 MHz, CDCl3): �� 141.3 (C-1�), 132.7
(C-10), 130.2 (C-3�), 127.5, 127.3 (C-4�, C-6�), 126.4, 126.2 (C-11, C-5�), 124.4
(C-2�), 85.59, 81.21 (C-5, C-6), 62.45 (C-4), 37.61 (C-3), 35.65 (C-1), 28.71
(C-8), 26.13, 25.44 (C-2, C-9), 18.48, 18.28 (C-7, C-12), �1.77 (SiMe3); IR
(film): �� � 3356 (OH), 3006, 2948, 2864 (CH), 1644 cm�1 (C�C); UV
(CH3CN): �max (log �)� 195.0 (4.692); MS (70 eV, DCI): m/z (%): 441 (18)
[M�2NH4]� , 424 (90) [M�NH4]� ; elemental analysis calcd (%) for
C21H31BrOSi (407.47): C 61.90, H 7.67; found: C 62.13, H 7.80.


1-(2-Bromophenyl)-11-trimethylsilyl-undec-9-en-3-yn-2-ol (1d): Aldehyde
4a (445 mg, 2.22 mmol) and enyne 5b (362 mg, 1.86 mmol) were combined
according to general procedure I. Column chromatography (petroleum
ether/EtOAc 15:1� 5:1) afforded pure 1d (476 mg, 1.21 mmol, 65%).
Rf � 0.41 (petroleum ether/EtOAc 5:1); 1H NMR (200 MHz, CDCl3): ��
7.55 (dd, J� 8.0, 1.3 Hz, 1 H; 3�-H), 7.36 ± 7.20 (m, 2 H; 5�-H, 6�-H), 7.10 (ddd,
J� 7.6, 7.6, 2.0 Hz, 1 H; 4�-H), 5.49 ± 5.30 (m, 1 H; 10-H), 5.31 ± 5.10 (m, 1H;
9-H), 4.67 (m, 1 H; 2-H), 3.14 (dd, J� 6.9, 1.7 Hz, 2 H; 1-H), 2.20 (dt, J� 2.0,
7.0 Hz, 2H; 5-H), 1.98 (dt, J� 6.7, 6.7 Hz, 2H; 8-H), 1.83 (d, J� 5.0 Hz, 1H;
OH), 1.53 ± 1.30 (m, 4 H, 6-H; 7-H), 1.46 (d, J� 7.8 Hz, 2 H; 11-H), 0.00 (s,
9H; SiMe3); 13C NMR (50.3 MHz, CDCl3): �� 134.5 (C-1�), 132.7, 132.2 (C-
3�, C-9), 128.4 (C-6�), 127.2, 127.0 (C-4�, C-5�), 125.7 (C-10), 124.9 (C-2�),
86.49, 80.34 (C-3, C-4), 61.99 (C-2), 44.53 (C-1), 28.90, 28.21 (C-6, C-7),
26.48 (C-8), 18.63, 18.47 (C-5, C-11), �1.76 (SiMe3); IR (Film): �� � 3350
(OH), 3062, 2936, 2860 (CH), 1646 cm�1 (C�C); UV (CH3CN): �max (log
�)� 196.0 (4.730); MS (70 eV, DCI): m/z (%): 804 (4) [2M�NH4]� , 411
(100) [M�NH4]� ; elemental analysis calcd (%) for C20H29BrOSi (393.44): C
61.06, H 7.43; found: C 61.36, H 7.40.


1-(2-Bromophenyl)-12-trimethylsilyl-dodec-10-en-4-yn-3-ol (1e): Alde-
hyde 4b (1.30 g, 6.10 mmol) and enyne 5b (988 mg, 5.08 mmol) were
combined according to general procedure I. Column chromatography
(petroleum ether/EtOAc 10:1) afforded pure 1e (1.76 g, 4.32 mmol, 85%).
Rf � 0.36 (petroleum ether/EtOAc 5:1); 1H NMR (300 MHz, CDCl3): ��
7.51 (d, J� 7.9 Hz, 1H; 3�-H), 7.26 ± 7.18 (m, 2H; 5�-H, 6�-H), 7.04 (ddd, J�
7.9, 6.4; 2.6 Hz, 1H; 4�-H), 5.46 ± 5.35 (m, 1H; 11-H), 5.30 ± 5.21 (m, 1 H; 10-
H), 4.40 (m, 1 H; 3-H), 2.92 (dd, J� 9.1, 6.8 Hz, 2H; 1-H), 2.24 (ddd, J� 6.8,
6.8, 1.9 Hz, 2 H; 6-H), 2.05 ± 1.95 (m, 4 H; 2-H, 9-H), 1.77 (d, J� 5.3 Hz, 1H;
OH), 1.60 ± 1.43 (m, 4H; 7-H, 8-H), 1.46 (br d, J� 8.6 Hz, 2H; 12-H), 0.00
(s, 9H; SiMe3); 13C NMR (50.3 MHz, CDCl3): �� 140.8 (C-1�), 132.8 (C-
10), 130.4, 127.6, 127.4, 127.0, 125.7 (C-11, C-3�, C-4�, C-5�, C-6�), 124.4 (C-2�),
85.93, 80.87 (C-4, C-5), 61.98 (C-3), 37.92 (C-2), 31.89, 28.92, 28.32, 26.47 (C-
1, C-2, C-8, C-9), 18.62, 18.43 (C-6, C-12), �1.78 (SiMe3); MS (70 eV, EI):
m/z (%): 406 (3) [M]� , 391 (6) [M�CH3]� , 317 (41) [M�SiMe3 �H]� , 147
(74), 73 (100) [SiMe3]� ; IR (Film): �� � 3344 (OH), 3006, 2936, 2860 (CH),
2230 (C�C), 1644 cm�1 (C�C); UV (CH3CN): �max (log �)� 194.5 (4.799);
elemental analysis calcd (%) for C21H31BrOSi (407.47): C 61.90, H 7.67;
found: C 61.92, H 7.81.


1-(2-Bromophenyl)-13-trimethylsilyl-tridec-11-en-5-yn-4-ol (1 f): Alde-
hyde 4c (1.73 g, 7.62 mmol) and enyne 5b (1.23 g, 6.35 mmol) were
combined according to general procedure I. Column chromatography
(petroleum ether/EtOAc 10:1) afforded pure 1 f (2.53 g, 6.00 mmol, 83%).
Rf � 0.27 (petroleum ether/EtOAc 10:1); 1H NMR (200 MHz, CDCl3): ��
7.52 (d, J� 7.8 Hz, 1H; 3�-H), 7.27 ± 7.20 (m, 2H; 5�-H, 6�-H), 7.11 ± 6.90 (m,
1H; 4�-H), 5.48 ± 5.10 (m, 2H; 11-H, 12-H), 4.40 (br s, 1 H; 4-H), 2.83 ± 2.70
(m, 2H; 1-H), 2.21 (dt, J� 1.9, 6.9 Hz, 2 H; 7-H), 1.99 (dt, J� 6.5, 6.5 Hz,
2H; 10-H), 1.84 ± 1.70 (m, 4 H; 2-H, 3-H), 1.54 ± 1.40 (m, 4H; 8-H, 9-H), 1.46
(d, J� 8.1 Hz, 2H; 13-H), 0.00 (s, 9 H; SiMe3); 13C NMR (50.3 MHz,
CDCl3): �� 141.4 (C-1�), 132.7 (C-11), 130.2 (C-3�), 127.5, 127.3, 127.0 (C-4�,
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C-5�, C-6�), 125.7 (C-12), 124.4 (C-2�), 85.67, 81.11 (C-5, C-6), 62.51 (C-4),
37.62 (C-3), 35.68 (C-1), 28.95, 28.35 (C-8, C-9), 26.48, 25.45 (C-2, C-10),
18.62, 18.46 (C-7, C-17), �1.76 (SiMe3); IR (film): �� � 3354 (OH), 3006,
2938, 2860 (CH), 1644 cm�1 (C�C); UV (CH3CN): �max (log �)� 194.5
(4.789); MS (70 eV, DCI): m/z (%): 438 (100) [M�NH4]� , 360 (40);
elemental analysis calcd (%) for C22H33BrOSi (421.50): C 62.69, H 7.89;
found: C 62.79, H 7.76.


General procedure II


Intramolecular Heck reaction : A flask was loaded with the Pd catalyst
(usually 5 mol % palladium(��) acetate/10 mol % triphenylphosphane or
4 mol % of the palladacycle 11), 1.0 equiv tetrapropylammoniumbromide,
and 4.0 equiv potassium acetate. Then a solution of the cyclisation
precursor (1 equiv, 0.05� in DMF) was added. The stirred mixture was
slowly heated and kept at the temperature indicated until the reaction was
complete (TLC). Water was added (20 mL mmol�1) and the mixture was
extracted with Et2O. The organic layers were washed with brine and dried
(Na2SO4). After evaporation of the solvent the residue was purified by
column chromatography.


Cyclisation of 1a : Reaction of of 1a (40 mg) with Pd(OAc)2/PPh3 as
catalyst according to general procedure II at 80 �C for 4.5 h yielded 2a
(71 %) and 3 % of one diastereomer of 3a. The diastereomeric ratio of 2a
was determined to be 1.2:1 by crude NMR spectroscopy.


cis-2a : Rf � 0.29 (petroleum ether/EtOAc 10:1); 1H NMR (300 MHz,
CDCl3): �� 7.44 ± 7.37 (m, 1 H; 7-H), 7.26 ± 7.20 (m, 1H; 5-H), 7.18 ± 7.10 (m,
2H, 4-H; 6-H), 6.06 (dd, J� 18.5, 4.5 Hz, 1 H; �CH�), 5.69 (dd, J� 18.5,
1.5 Hz, 1 H;�CH�SiMe3), 4.92 (br dd, J� 5.5, 5.5 Hz, 1 H; 2-H), 3.66 ± 3.59
(br m, 1 H; 2�-H), 3.27 (dd, J� 17.0, 6.0 Hz, 1H; 3-H), 2.89 (d, J� 17.0 Hz,
1H; 3-H), 2.72 (ddd, J� 17.5, 6.0, 6.0 Hz, 1H; 5�-H), 2.56 (ddd, J� 17.5, 8.5,
8.0 Hz, 1 H; 5�-H), 1.85 ± 1.78 (m, 1 H; 3�-H), 1.77 ± 1.66 (m, 2 H; 4�-H), 1.61
(d, J� 5.5 Hz, 1 H; OH), �0.02 (s, 9H; SiMe3); 13C NMR (50.3 MHz,
CDCl3): �� 146.3 (CH�C�), 143.8 (C-1�), 143.1 (C-3a), 139.0 (C-7a), 138.3
(C-1), 129.7 (�CH�SiMe3), 127.1 (C-4), 126.6 (C-5), 125.3 (C-7), 124.5 (C-
6), 73.84 (C-2), 48.27 (C-2�), 40.93 (C-3), 33.55 (C-3�), 31.30 (C-5�), 22.83 (C-
4�), �1.15 (SiMe3).


trans-2a : Rf � 0.20 (petroleum ether/EtOAc 10:1); 1H NMR (300 MHz,
CDCl3): �� 7.40 ± 7.35 (m, 1 H; 7-H), 7.23 ± 7.17 (m, 1H; 5-H), 7.23 ± 7.07 (m,
2H, 4-H; 6-H), 5.90 (dd, J� 18.5, 5.5 Hz, 1H;�CH�), 5.58 (dd, J� 18.5 Hz,
1.5 Hz, 1 H;�CH�SiMe3), 5.03 (br dd, J� 6.5, 6.0 Hz, 1 H; 2-H), 3.80 ± 3.73
(br m, 1 H; 2�-H), 3.29 (dd, J� 17.0, 6.5 Hz, 1H; 3-H), 2.87 (d, J� 17.0 Hz,
1H; 3-H), 2.77 (ddd, J� 17.5, 8.5, 8.0 Hz, 1H; 5�-H), 2.63 (ddd, J� 17.5, 6.0,
6.0 Hz, 1H; 5�-H), 2.05 ± 1.93 (m, 1 H; 3�-H), 1.85 ± 1.76 (m, 1H; 3�-H), 1.73 ±
1.61 (m, 2H; 4�-H), 1.56 (d, J� 6.0 Hz, 1 H; OH), �0.09 (s, 9 H; SiMe3);
13C NMR (50.3 MHz, CDCl3): �� 145.5 (CH�CH�), 144.1 (C-1�), 143.4 (C-
3a), 138.4 (C-7a), 137.6 (C-1), 129.6 (�CH�SiMe3), 126.8 (C-4), 126.1 (C-5),
125.3 (C-7), 125.0 (C-6), 74.18 (C-2), 48.18 (C-2�), 41.08 (C-3), 34.54 (C-3�),
32.96 (C-5�), 23.38 (C-4�), �1.29 (SiMe3); IR (film): �� � 3332 (OH), 2952,
2910, 2868 (C�H), 1608 cm�1 (C�C); UV (CH3CN): �max (log �)� 262.0
(4.2361), 270.0 (4.1999), 292.5 (3.7725), 302.5 nm (3.6748); MS (70 eV, EI):
m/z (%): 298 (48) [M]� , 208 (77) [M�SiMe3 �OH]� , 179 (60), 156 (60),
132 (96) [C9H8O]� , 73 (100) [SiMe3]� ; elemental analysis calcd (%) for
C19H26OSi (298.50): C 76.45, H 8.78; found: C 76.74, H 8.69.


Cyclisation of 1b : Reaction of of 1b (150 mg) with Pd(OAc)2/PPh3 as
catalyst according to general procedure II at 95 �C for 22 h yielded 2b
(66 %) and 3b (4 %). The diastereomeric ratio of 2b was determined as
1.5:1 by crude NMR spectroscopy.


cis-2b : Rf � 0.35 (petroleum ether/EtOAc 5:1); 1H NMR (300 MHz,
CDCl3): �� 7.57 ± 7.50 (m, 1 H; 8-H), 7.14 ± 7.10 (m, 3 H; 5-H, 6-H, 7-H),
6.17 (dd, J� 18.8, 4.9 Hz, 1 H; 1��-H), 5.71 (dd, J� 18.8, 1.8 Hz, 1H; 2��-H),
4.92 (dd, J� 6.0, 5.0 Hz, 1H; 2-H), 3.38 (dd, J� 5.2, 5.2 Hz, 1 H; 2�-H), 2.87
(ddd, J� 13.6, 7.9, 5.4 Hz, 1H; 4-H), 2.69 ± 2.40 (m, 3 H; 4-H, 5�-H, 5�-H),
2.20 (dddd, J� 12.8, 8.0, 5.0, 5.0 Hz, 1H; 3-H), 1.85 (dddd, J� 12.8, 7.5, 6.4,
6.0 Hz, 1 H; 3-H), 1.77 ± 1.60 (m, 2H; 4�-H), 1.63 ± 1.50 (m, 2H; 3�-H), 0.10
(s, 9H; SiMe3); 13C NMR (50.3 MHz, CDCl3): �� 149.1 (C-1��), 144.2 (C-
1�), 137.9 (C-4a), 135.1 (C-1), 132.0 (C-8a), 130.3 (C-2��), 128.7 (C-5), 127.5,
126.3, 125.4 (C-6, C-7, C-8), 68.96 (C-2), 49.81 (C-2�), 33.07, 31.50, 29.80 (C-
3, C-4, C-3�), 25.97 (C-5�), 21.68 (C-4�), �1.13 (SiMe3); IR (film): �� � 3356
(OH), 3010, 2950, 2860 (C�H), 1604 cm�1 (C�C); UV (CH3CN): �max (log
�)� 204.5 (sh, 4.339), 254.5 nm (4.156); MS (70 eV, EI): m/z (%): 312 (8)
[M]� , 294 (48) [M�H2O]� , 220 (100) [M�H2O�SiMe3 �H]� , 73 (74)


[SiMe3]� ; elemental analysis calcd (%) for C20H28OSi (312.53): C 76.86, H
9.03; found: C 76.69, H 9.12.


trans-2b : Rf � 0.26 (petroleum ether/EtOAc 5:1); 1H NMR (300 MHz,
CDCl3): �� 7.40 ± 7.30 (m, 1 H; 8-H), 7.07 ± 7.00 (m, 3 H; 5-H, 6-H, 7-H),
5.53 (dd, J� 18.8, 6.7 Hz, 1 H; 1��-H), 5.27 (dd, J� 18.8, 1.1 Hz, 1H; 2��-H),
4.93 (dd, J� 5.2, 5.2 Hz, 1 H; 2-H), 3.80 (m, 1H; 2�-H), 2.83 ± 2.70 (m, 2H;
4-H, 5�-H), 2.62 ± 2.40 (m, 2H; 4-H, 5�-H), 2.24 ± 2.10 (m, 1H; 3-H), 2.02 ±
1.90 (m, 1 H; 3-H), 1.84 ± 1.50 (m, 4H; 3�-H, 4�-H), �0.21 (s, 9 H; SiMe3);
13C NMR (126 MHz, CDCl3): �� 147.3 (C1��), 142.3 (C-1�), 138.4 (C-4a),
134.9 (C-1), 131.8 (C-8a), 129.5, 128.8 (C-5, C-2��), 127.1, 126.4, 125.3 (C-6,
C-7, C-8), 69.16 (C-2), 48.84 (C-2�), 34.59 (C-3), 32.20, 31.95 (C-4, C-3�),
25.89, 24.03 (C-4�, C-5�), �1.47 (SiMe3); IR (film): �� � 3364 (OH), 3018,
2952, 2866 (C�H), 1608 cm�1 (C�C); UV (CH3CN): �max (log �)� 194.0
(4.459), 252.0 nm (3.755); MS (70 eV, EI):m/z (%): 312 (10) [M]� , 294 (29)
[M�H2O]� , 220 (100) [M�H2O�SiMe3 �H]� , 146 (56), 73 (96)
[SiMe3]� ; HRMS: calcd for C20H28OSi: 312.53, found 312.1909 [M]� .


Cyclisation of 1c : Reaction of of 1c (200 mg) with the palladacycle 11 as
catalyst according to general procedure II at 130 �C for 21 h yielded 43% of
2c and 3% of one diastereomer of 3c. The diastereomeric ratio of 2c was
determined as 2.6:1 by crude NMR spectroscopy.


cis-2c : Rf � 0.29 (CH2Cl2/petroleum ether 2:1); 1H NMR (300 MHz,
CDCl3): �� 7.19 ± 7.02 (m, 4 H; 1-H, 2-H, 3-H, 4-H), 6.00 (dd, J� 18.7,
6.2 Hz, 1 H; 1��-H), 5.48 (dd, J� 18.7, 1.5 Hz, 1H; 2��-H), 4.79 ± 4.75 (m, 1H;
6-H), 2.71 (br s, 1H; 2�-H), 2.66 ± 2.59 (m, 2 H; 9-H), 2.58 ± 2.40 (m, 1H; 5�-
H), 2.37 (ddd, J� 17.0, 8.5, 8.5 Hz, 1 H; 5�-H), 2.05 ± 1.90 (m, 1H; 7-H),
1.87 ± 1.60 (m, 5H; 8-H, 8-H, 4�-H, 4�-H, 7-H), 1.65 ± 1.50 (m, 2H; 3�-H), 0.07
(s, 9H; SiMe3); 13C NMR (50.3 MHz, CDCl3): �� 149.6 (C-1��), 141.0, 140.7,
138.0, 136.4 (C-4a, C-5, C-9a, C-1�), 131.4 (C-2��), 128.5, 128.2, 127.4, 125.3
(C-1, C-2, C-3, C-4), 69.20 (C-6), 49.95 (C-2�), 35.83, 35.50 (C-7, C-9), 33.18,
28.48, 22.54, 21.80 (C-8, C-3�, C-4�, C-5�), �1.21 (SiMe3); IR (Film): �� � 3404
(OH), 3016, 2950, 2867 (CH), 1666, 1608 cm�1 (C�C); UV (CH3CN): �max


(log �)� 233.0 (sh, 3.851); MS (70 eV, EI):m/z (%): 326 (43) [M]� , 308 (14)
[M�H2O]� , 235 (42) [M�H2O� SiMe3]� , 234 (54) [M�H3O� SiMe3]� ,
184 (62), 73 (100) [SiMe3]� ; elemental analysis calcd for C21H30OSi
(326.56): C 77.24, H 9.26; found: C 77.11, H 9.03.


trans-2 c : Rf � 0.16 (CH2Cl2/petroleum ether 2:1); 1H NMR (300 MHz,
CDCl3): �� 7.15 ± 7.04 (m, 4 H; 1-H, 2-H, 3-H, 4-H), 5.40 (dd, J� 18.4,
7.9 Hz, 1 H; 1��-H), 4.76 (br s, 1 H; 6-H), 4.73 (dd, J� 18.4, 1.2 Hz, 1 H; 2��-
H), 3.37 ± 3.29 (m, 1H; 2�-H), 2.65 ± 2.50 (m, 3H; 9-H, 9-H, 5�-H), 2.42 ± 2.29
(m, 1 H; 5�-H), 2.12 ± 2.03 (m, 1 H; 7-H), 1.85 ± 1.67 (m, 5 H; 8-H, 8-H, 4�-H,
4�-H, 7-H), 1.60 ± 1.51 (m, 2H; 3�-H), �0.17 (s, 9H; SiMe3); 13C NMR
(50.3 MHz, CDCl3): �� 146.1 (C-1��), 141.4, 141.3, 138.2, 137.0 (C-4a, C-5,
C-9a, C-1�), 130.4 (C-2��-H), 128.8, 127.3, 127.2, 126.1 (C-1, C-2, C-3, C-4),
69.19 (C-6), 49.06 (C-2�), 36.98, 35.91 (C-7, C-9), 32.91, 30.18, 24.66, 21.56
(C-8, C-3�, C-4�, C-5�), �1.21 (SiMe3); IR (film): �� � 3404 (OH), 3014, 2948,
2932, 2862 (CH), 1610 cm�1 (C�C); UV (CH3CN): �max (log �)� 234.0 (sh,
3.877); MS (70 eV, EI): m/z (%): 326 (56) [M]� , 308 (32) [M�H2O]� , 254
(47) [M�C3H8Si]� , 236 (94) [M�C3H8Si�H2O]� , 235 (62) [M�H2O�
SiMe3]� , 234 (84) [M�H3O� SiMe3]� , 184 (54), 160 (97), 73 (100)
[SiMe3]� ; HRMS: calcd for C21H30OSi: 326.2066, found 326.2065 [M]� .


Cyclisation of 1d : Reaction of of 1d (50 mg) with Pd(OAc)2/PPh3 as
catalyst according to general procedure II at 80 �C for 15 h yielded 2d
(62 %) and one diastereomer of 3d (8 %). The diastereomeric ratio of 3d
was determined as 4.5:1 by crude NMR spectroscopy.


cis-2d : Rf � 0.31 (petroleum ether/CH2Cl2 2:1); 1H NMR (300 MHz,
CDCl3): �� 7.48 ± 7.44 (m, 1 H; 7-H), 7.33 ± 7.29 (m, 1 H; 5-H), 7.20 ± 7.16
(m, 2H; 4-H, 6-H), 6.21 (dd, J� 18.8, 3.8 Hz, 1 H; 1��-H), 5.83 (dd, J� 18.8,
2.3 Hz, 1H; 2��-H), 5.12 (d, J� 5.6 Hz, 1H; 2-H), 3.96 (br s, 1H; 2�-H), 3.24
(dd, J� 16.6, 5.6 Hz, 1H; 3-H), 2.86 (d, J� 16.9 Hz, 1H; 3-H), 2.77 (br d,
J� 14.7 Hz, 1H; 6�-H), 2.30 (ddd, J� 13.9, 13.9, 4.5 Hz, 1 H; 6�-H), 1.96 ±
1.81 (m, 2H; 3�-H, 5�-H), 1.70 ± 1.54 (m, 3H; 3�-H, 4�-H, 4�-H), 1.48 ± 1.35 (m,
1H; 5�-H), 0.10 (s, 9 H; SiMe3); 13C NMR (50.3 MHz, CDCl3): ���1.03
(SiMe3), 21.83, 27.57, 28.67 (C-4�, C-5�, C-6�), 32.71 (C-3�), 40.76 (C-3), 43.06
(C-2�), 72.81 (C-2), 124.7, 125.7, 126.4, 127.1 (C-4, C-5, C-6, C-7), 131.0 (C-
2��), 138.6, 138.8 (C-1, C-7a), 140.6 (C-3a), 144.3 (C-1�), 147.8 (C-1��); IR
(KBr): �� � 3328 (OH), 3018, 2930, 2854 (CH), 1640, 1602 cm�1 (C�C); UV
(CH3CN): �max (log �)� 204.5 (sh, 4.374), 259.5 (4.231), 290.0 (3.751); MS
(70 eV, EI): m/z (%): 312 (40) [M]� , 294 (6) [M�H2O]� , 221 (60) [M�
H2O�SiMe3]� , 220 (64) [M�H3O� SiMe3]� , 179 (56), 73 (100) [SiMe3]� ;
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elemental analysis calcd for C20H28OSi (312.53): C 76.86, H 9.03; found: C
77.02, H 9.19.


trans-2d : Rf � 0.25 (petroleum ether/CH2Cl2 2:1); 1H NMR (300 MHz,
CDCl3): �� 7.64 ± 7.58 (m, 1 H; 7-H), 7.29 ± 7.25 (m, 1H; 5-H), 7.19 ± 7.15 (m,
2H; 4-H, 6-H), 6.09 (dd, J� 18.8, 4.2 Hz, 1H; 1��-H), 5.67 (dd, J� 18.8,
1.9 Hz, 1 H; 2��-H), 5.11 (br d, J� 6.6 Hz, 1H; 2-H), 4.22 (br s, 1H; 2�-H),
3.27 (dd, J� 17.3, 6.6 Hz, 1 H; 3-H), 2.90 (d, J� 17.3 Hz, 1H; 3-H), 2.78
(br d, J� 13.4 Hz, 1 H; 6�-H), 2.22 (ddd, J� 13.4, 13.4, 4.2 Hz, 1 H; 6�-H),
2.09 ± 1.93 (m, 2H; 3�-H, 5�-H), 1.85 ± 1.57 (m, 3H; 3�-H, 4�-H, 4�-H), 1.52 ±
1.33 (m, 1H; 5�-H), 0.03 (s, 9 H; SiMe3); 13C NMR (50.3 MHz, CDCl3): ��
147.5 (C-1��), 144.3, 142.5 (C-3a, C-1�), 139.0, 138.1 (C-1, C-7a), 130.7 (C-2��),
127.1, 126.6, 125.6, 124.7 (C-4, C-5, C-6, C-7), 72.96 (C-2), 42.77 (C-2�), 40.92
(C-3), 32.13 (C-3�), 29.01, 22.21, 21.69 (C-4�, C-5�, C-6�), �1.13 (SiMe3); IR
(KBr): �� � 3280 (OH), 3022, 2930, 2854 (CH), 1642, 1604 cm�1 (C�C); UV
(CH3CN): �max (log �)� 203.0 (sh, 4.410), 261.0 (4.213), 292.5 (3.782); MS
(70 eV, EI): m/z (%): 312 (83) [M]� , 294 (11) [M�H2O]� , 222 (100) [M�
OH� SiMe3]� , 221 (76) [M�H2O�SiMe3]� , 179 (88), 73 (92) [SiMe3]� ;
HRMS: calcd for C20H28OSi: 312.1909, found 312.1909 [M]� .


Compound 3d, one diastereomer : Rf � 0.20 (CH2Cl2/petroleum ether 2:1);
1H NMR (300 MHz, CDCl3): �� 7.53 ± 7.49 (m, 1 H; 7-H), 7.33 ± 7.28 (m,
1H; 5-H), 7.21 ± 7.16 (m, 2 H; 4-H, 6-H), 6.04 (ddd, J� 17.3, 10.5, 4.2 Hz,
1H; 1��-H), 5.23 (ddd, J� 10.5, 1.9, 1.9 Hz, 1 H; 2��-H), 5.17 (ddd, J� 17.3,
1.9, 1.9 Hz, 1H; 2��-H), 5.12 (br d, J� 5.8 Hz, 1H; 2-H), 3.96 (br s, 1H; 2�-H),
3.23 (dd, J� 16.9, 5.6 Hz, 1H; 3-H), 2.85 (d, J� 16.9 Hz, 1H; 3-H), 2.79
(br d, J� 14.9 Hz, 1 H; 6�-H), 2.34 (ddd, J� 13.9, 13.9, 4.5 Hz, 1 H; 6�-H),
1.91 ± 1.81 (m, 2 H; 3�-H, 5�-H), 1.68 ± 1.53 (m, 3H; 3�-H, 4�-H, 4�-H), 1.49 ±
1.34 (m, 1 H; 5�-H); 13C NMR (75.5 MHz, CDCl3): �� 144.3 (C-1�), 140.3
(C-3a), 140.1 (C-1��), 138.6, 138.5 (C-1, C-7a), 127.2, 126.5, 125.7, 124.8 (C-4,
C-5, C-6, C-7), 115.8 (C-2��), 72.80 (C-2), 40.92 (C-2�), 40.70 (C-3), 32.73 (C-
3�), 28.54, 27.51, 21.69 (C-4�, C-5�, C-6�); IR (film): �� � 3350 (OH), 3036,
2926, 2854 (C�H), 1632, 1600 cm�1 (C�H); UV (CH3CN): �max (log �)�
258.0 (4.029), 289.5 (3.427); MS (70 eV, EI): m/z (%): 240 (58) [M]� , 222
(100) [M�H2O]� , 207 (24) [M�H2O�CH3]� , 179 (55), 165 (38), 132 (50);
HRMS: calcd for C17H20O: 240.1514, found 240.1514 [M]� .


Cyclisation of 1e : Reaction of of 1e (100 mg) with Pd(OAc)2/PPh3 as
catalyst according to general procedure II at 100 �C for 17 h yielded 2e
(61 %) and one diastereomer of 3e (18 %). The diastereomeric ratio of 2e
was determined as 9.4:1 by crude NMR spectroscopy.


cis-2e : Rf � 0.25 (CH2Cl2/petroleum ether 2:1); 1H NMR (300 MHz,
CDCl3): �� 7.31 (d, J� 7.5 Hz, 1H; 8-H), 7.19 ± 7.00 (m, 3H; 5-H, 6-H,
7-H), 6.26 (dd, J� 19.0, 4.0 Hz, 1 H; 1��-H), 5.83 (dd, J� 19.0, 2.3 Hz, 1H;
2��-H), 5.16 (dd, J� 5.8, 5.8 Hz, 1H; 2-H), 3.60 (br s, 1H; 2�-H), 2.80 (br d,
J� 13.5 Hz, 1 H; 6�-H), 2.76 (ddd, J� 15.4, 5.8, 5.8 Hz, 1H; 4-H), 2.37 (ddd,
J� 15.4, 9.0, 6.4 Hz, 1 H; 4-H), 2.30 (ddd, J� 15.4, 6.1, 6.1 Hz, 1H; 3-H),
2.25 (ddd, J� 13.5, 13.5, 4.6 Hz, 1H; 6�-H), 1.91 ± 1.80 (m, 1H; 5�-H), 1.82 ±
1.70 (m, 2 H; 3-H, 3�-H), 1.57 ± 1.40 (m, 3H; 3-H, 4�-H, 4�-H), 1.35 ± 1.20 (m,
1H; 5�-H), 0.14 (s, 9H; SiMe3); 13C NMR (75.5 MHz, CDCl3): �� 150.1 (C-
1��), 140.1, 139.5 (C-4a, C-1�), 134.8, 133.1 (C-1, C-8a), 131.3 (C-2��), 128.6,
127.2, 126.8, 125.3 (C-5, C-6, C-7, C-8), 66.61 (C-2), 45.29 (C-2�), 34.01, 32.67
(C-3, C-3�), 28.64, 26.87, 26.27, 22.31 (C-4, C-4�, C-5�, C-6�), �1.07 (SiMe3);
IR (film): �� � 3338 (OH), 3012, 2926, 2854 (C�H), 1604 cm�1 (C�C); UV
(CH3CN): �max (log �)� 207.0 (sh, 4.359), 252.5 nm (4.124); MS (70 eV, EI):
m/z (%): 326 (42) [M]� , 308 (45) [M�H2O]� , 235 (92) [M�SiMe3 �
H2O]� , 234 (100) [M� SiMe3 �H3O]� , 193 (28), 180 (22), 73 (38) [SiMe3]�;
elemental analysis calcd for C21H30OSi (326.56): C 77.24, H 9.26; found: C
77.13, H 9.17.


Compound 3e, one diastereomer : Rf � 0.15 (CH2Cl2/petroleum ether 2:1);
1H NMR (300 MHz, CDCl3): �� 7.36 (d, J� 7.0 Hz, 1 H; 8-H), 7.19 ± 7.10
(m, 3H; 5-H, 6-H, 7-H), 6.10 (ddd, J� 17.7, 10.5, 4.6 Hz, 1H; 1��-H), 5.28
(ddd, J� 10.5, 1.9, 1.9 Hz, 1 H; 2��-H), 5.18 (ddd, J� 17.7, 1.9, 1.9 Hz, 1 H; 2��-
H), 5.15 (dd, J� 5.6, 5.6 Hz, 1 H; 2-H), 3.60 (br s, 1 H; 2�-H), 2.82 (br d, J�
13.6 Hz, 1H; 6�-H), 2.75 (ddd, J� 15.4, 5.8, 5.8 Hz, 1 H; 4-H), 2.56 (ddd, J�
15.1, 9.1, 6.1 Hz, 1 H; 4-H), 2.31 (ddd, J� 13.6, 6.1, 6.1 Hz, 1H; 3-H), 2.29
(ddd, J� 13.6, 13.6, 4.2 Hz, 1H; 6�-H), 1.92 ± 1.80 (m, 1H; 5�-H), 1.78 ± 1.60
(m, 2H; 3-H, 3�-H), 1.66 ± 1.30 (m, 3H; 3-H, 4�-H, 4�-H), 1.35 ± 1.20 (m, 1H;
5�-H); 13C NMR (75.5 MHz, CDCl3): �� 142.2 (C-1��), 140.0, 139.6 (C-4a,
C-1�), 134.8, 132.9 (C-1, C-8a), 128.7, 127.3, 126.9, 125.4 (C-5, C-6, C-7, C-8),
115.9 (C-2��), 66.64 (C-2), 43.16 (C-2�), 34.21, 32.69 (C-3, C-3�), 28.69, 26.74,
26.30, 22.15 (C-4, C-4�, C-5�, C-6�); IR (KBr): �� � 3278, 3024, 2992, 2852
(CH), 1630, 1600 cm�1 (C�C); UV (CH3CN): �max (log �)� 194.0 (4.403),


246.0 nm (3.765); MS (70 eV, EI): m/z (%): 254 (28) [M]� , 236 (100) [M�
H2O]� , 221 (16) [M�CH3 �OH]� , 208 (30), 193 (30), 141 (44); HRMS
calcd for C18H22O: 254.1671, found 254.1670 [M]� .


Cyclisation of 1 f : Reaction of of 1 f (200 mg) with the palladacycle 11 as
catalyst according to general procedure II at 130 �C for 21 h yielded 2 f
(43 %) and one diastereomer of 3 f (7 %). The diastereomeric ratio of 2 f
was determined as 20:1 by crude NMR spectroscopy.


cis-2 f Rf � 0.28 (CH2Cl2/petroleum ether 2:1); 1H NMR (300 MHz,
CDCl3): �� 7.19 ± 7.06 (m, 4 H; 1-H, 2-H, 3-H, 4-H), 6.08 (dd, J� 18.9,
4.2 Hz, 1 H; 1��-H), 5.29 (dd, J� 18.9, 1.9 Hz, 1 H; 2��-H), 5.02 (br s, 1H;
6-H), 2.88 (br s, 1H; 2�-H), 2.81 ± 2.71 (m, 1H; 9-H), 2.67 ± 2.55 (m, 2 H, 9H;
6�-H), 2.13 (ddd, J� 13.5, 13.5, 4.2 Hz, 1H; 6�-H), 2.08 ± 2.02 (m, 1H; 7-H),
1.96 ± 1.87 (m, 1 H; 5�-H), 1.85 ± 1.68 (m, 4H; 7-H, 8-H, 8-H, 3�-H), 1.58 ±
1.48 (m, 2 H; 4�-H), 1.42 ± 1.29 (m, 2 H; 3�-H, 5�-H), 0.08 (s, 9H; SiMe3);
13C NMR (50.3 MHz, CDCl3): �� 149.1 (C-1��), 141.2 (C-1�), 138.1, 137.0,
137.0 (C-4a, C-5, C-9a), 130.4, 129.8 (C-1, C2��), 67.05 (C-6), 45.38 (C-2�),
37.66 (C-7), 35.33 (C-9), 33.19 (C-3�), 28.84 (C-6�), 25.82, 22.24, 21.76 (C-8,
C-4�, C-5�), �1.11 (SiMe3); IR (Film): �� � 3432 (OH), 3014, 2928, 2854
(CH), 1642, 1606 cm�1 (C�C); UV (CH3CN): �max (log �)� 231.0 (sh,
3.899); MS (70 eV, EI): m/z (%): 340 (27) [M]� , 322 (20) [M�H2O]� , 307
(6) [M�H2O�CH3]� , 248 (64) [M�SiMe3 �H3O]� , 73 (100) [SiMe3]� ;
elemental analysis calcd for C22H32OSi (340.58): C 77.59, H 9.47; found: C
77.76, H 9.44.


Compound 3 f, one diastereomer : Rf � 0.15 (CH2Cl2/petroleum ether 2:1);
1H NMR (300 MHz, CDCl3): �� 7.19 ± 7.10 (m, 4H; 1-H, 2-H, 3-H, 4-H),
5.92 (ddd, J� 17.3, 10.6, 5.0 Hz, 1H; 1��-H, 5.12 (ddd, J� 10.6, 1.0, 1.9 Hz,
1H; 2��-H), 5.04 (ddd, J� 17.3, 2.0, 2.0 Hz, 1 H; 2��-H), 5.00 (br s, 1H; 6-H),
2.91 (br s, 1 H; 2�-H), 2.82 ± 2.71 (m, 1H; 9-H), 2.68 ± 2.56 (m, 2 H; 9-H, 6�-
H), 2.18 (ddd, J� 13.5, 13.5, 4.1 Hz, 1H; 6�-H), 2.08 ± 2.00 (m, 1H; 7-H),
1.99 ± 1.90 (m, 1 H; 5�-H), 1.84 ± 1.63 (m, 4H; 7-H, 8-H, 8-H, 3�-H), 1.63 ±
1.50 (m, 2 H; 4�-H), 1.44 ± 1.31 (m, 2 H; 3�-H, 5�-H); 13C NMR (50.3 MHz,
CDCl3): �� 141.6 (C-1�), 141.2 (C-1��), 138.1 (C-9a), 136.9, 136.9 (C-4a,
C-5), 129.9 (C-1), 128.6 (C-2), 127.4 (C-4), 125.9 (C-3), 115.1 (C1��), 67.02
(C-6), 43.25 (C-2�), 37.57 (C-7), 35.27 (C-9), 33.42 (C-3�), 28.88 (C-6�), 25.76,
22.06, 21.72 (C-8, C-4�, C-5�); IR (Film): �� � 3414 (OH), 3012, 2926, 2854
(CH), 1632, 1606 cm�1 (C�C); UV (CH3CN): �max (log �)� 231.0 (sh,
3.858); MS (70 eV, EI): m/z (%): 268 (38) [M]� , 250 (100) [M�H2O]� , 207
(38), 186 (35), 91 (82) [C7H7]� ; HRMS: calcd for C19H24O: 268.1827, found
268.1827 [M]� .
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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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End-Cap Stabilized Oligoynes: Model Compounds for the Linear sp Carbon
Allotrope Carbyne


Thomas Gibtner,[a] Frank Hampel,[a] Jean-Paul Gisselbrecht,[b] and Andreas Hirsch*[a]


Abstract: Three series of differently
3,5-disubstituted �,�-diphenylpolyynes
Ar-(C�C)n-Ar (n� 2, 4, 6, 8, 10) were
synthesized under optimized Cadiot ±
Chodkiewicz conditions, isolated and
completely characterized. These com-
pounds can be considered as model
substances for the hypothetical one-
dimensional carbon allotrope carbyne
C�. The longest sp-carbon chain con-
tains 20 atoms and is therefore the


longest, purely organic polyyne studied
with NMR techniques. Extinction coef-
ficients over 600000��1 cm�1 represent
the highest measured quantitative val-
ues for that compound class so far.
Comparisons with previous investiga-


tions and electrochemical studies allow
the assignment of absorption for both
wavelength regions structuring the UV/
Vis spectra. Based on the trends in the
spectroscopic behaviour of those mole-
cules with increasing chain length, elec-
tronic as well as the NMR properties of
carbyne are predicted, in line with our
previously reported results. The ob-
served stability properties promise the
synthesis of even longer polyynes.


Keywords: alkynes ¥ carbon allo-
tropes ¥ cross-coupling ¥ dendrimers
¥ electronic structure


Introduction


Carbon rich compounds and materials are currently an area of
intensive research.[1±3] This was promoted inter alia by the
discovery of the new carbon allotropes, the fullerenes,[4] which
was honoured with the Nobel Prizes in chemistry in 1996.[1]


Among the carbon rich compounds, the synthesis of the
hypothetical polymeric sp carbon allotrope ™carbyne∫ re-
mains a demanding goal (Figure 1).[5, 6]


Figure 1. The polymeric sp carbon allotrope ™carbyne∫.


This substance is as conceptually important as diamond (sp3


lattice) and graphite (sp2 lattice). Its precise physical and
chemical characterization continues to present many chal-


lenges. For example, the possibility that carbyne might easily
bend and generate other allotropes has stimulated consider-
able speculation,[5] but experimental evidence remains scant.


The first attempts to synthesize long sp carbon chains were
undertaken by Bohlmann and Jones in the 1950s.[7, 8] As they
were interested in the synthesis of di-, tri-, tetra-, and
pentayne containing natural compounds, they initiated the
systematical synthesis of several differently end-capped series
of polyacetylenes with up to ten triple bonds.[8b, 9, 10] The direct
correlation they observed between the size and bulkiness of
the end groups and the stability of the sp carbon chains was
later studied in detail by Wegner, during his investigations of
topochemically controlled polymerizations of diacetylenic
compounds.[11]


Due to the difficulty in handling the precursors to the
polyynes, the classical elongation technique was only of
limited scope. The synthesis of longer derivatives was possible
after Walton and co-workers had introduced silylation as a
protective method in acetylene coupling chemistry.[12±15] With
the use of triethylsilyl as a protection group during iterative
symmetrical and mixed Hay coupling reactions,[16] the syn-
thesis of homologous series of unsubstituted and triethylsilyl
substituted polyynes was reported,[12, 13] resulting in the
longest sp carbon chain known to date (Et3Si-(C�C)16-SiEt3)
which was characterized by UV/Vis spectroscopy.


A general approach to the synthesis of polyynes with an odd
number of C�C bonds has been developed by Diederich
et al.[17] While the alternative Cadiot ±Chodkiewicz method[18]


often has the disadvantage of giving only a low yield of the
desired coupling product,[7b, 18b, 19] the smooth elimination of
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two carbonyl groups from differently substituted 3-cyclo-
butene-1,2-diones under the ™solution-spray flash vacuum
pyrolysis∫ (SS-FVP) conditions allows the formation of
corresponding alkynes in high yields.[17] In this way, the
dodecahexayne TBDMS-(C�C)6-TBDMS (TBDMS: tert-bu-
tyldimethylsilyl) was obtained, which is the longest NMR-
characterized purely organic oligoyne known to date.


Compounds in which unsaturated elemental carbon chains
span two transition metal complex fragments[20] constitute
another fundamental class of carbon-based molecular
wires.[21] Such one-dimensional assemblies must by definition
be composed only of sp-hybridized carbon.


The synthesis of polyynes containing up to ten triple bonds,
which span two redox-active, chiral rhenium fragments, is
described by Gladysz and co-workers.[22] The longest mole-
cule, the decayne, which shows impressive stability even in the
solid state at room temperature,[22b,c] is accessed by the use of a
modified Cadiot ±Chodkiewicz coupling[23] followed by a
classic oxidative coupling reaction.[24] To date, this is the
longest, completely characterized polyyne bearing transition
metal end groups. Gladysz×s group also reports the first
structurally characterized hexayne that connects two plati-
num metal complex fragments, showing surprising crystallo-
graphic properties.[25]


We recently synthesized, under Kr‰tschmer±Huffman
conditions[26] in the presence of cyanogen (CN)2, the �,�-
dicyanopolyynes C8N2 ±C18N2, which, in terms of their shape
and their composition, come closest to carbyne.[5d,e] Together
with the already known representatives of this compound
class, NC-CN, NC-C�C-CN, and NC-C�C-C�C-CN, they
form a continuous homologous series of neutral rod-shaped
molecules that possess the highest possible number of �


electrons.[27]


In this paper, predictions of the properties of carbyne were
put forward extrapolating our own and others× spectroscopic
data.[5e] Here we report the iterative synthesis and detailed
spectroscopic characterization including electrochemistry of
several series of stable organic polyynes with up to ten C�C
bonds with different end-caps.


Results and Discussion


Synthesis : Due to the fact that oligoynes show a large
decrease in stability with increasing chain length, stabilization
is the crucial aspect in polyyne chemistry.[5d,e, 8±10, 12±14, 22c] As
polymerization of polyacetylenic compounds can be consid-
ered as a function of the distance between such molecules,[11]


we consequently decided to build up dumb-bell-shaped
systems (Figure 2) where the carbon chains are kept at a
distance by bulky, spherical end groups.[28, 29]


For this purpose, dendrimers[30] seemed to be the most
suitable choice. Ideally, they are perfect monodisperse macro-
molecules with a regular and highly branched three-dimen-
sional architecture, such as Fre¬chet×s aromatic polyether
dendrimers which are easily accessilbe through convergent
procedures.[31, 32] Their synthesis up to the third generation was
readily achieved in good to very good yields, according to the
published procedures.[31, 33]


n


n


Figure 2. Dumb-bell-shaped polyynes with sterically demanding end-caps
preventing cross-linking.


As various coupling reactions of the second generation
bromide [G-2]-CH2Br with lithiated[17, 34] and Grignard[35]


trimethylsilylacetylene[36] at low temperatures did not result
in the expected dendrimer substituted alkyne, we decided to
generate the first yne-unit directly in the dendrimer core,
applying Corey×s and Fuchs× methodology (Scheme 1).[37]


Scheme 1. Synthesis of the dendrimer alkynes [G-x]-C2H (x� 1 (3), 2 (6), 3
(9)) applying the Corey ± Fuchs methodology.


Oxidation of [G-1]-CH2OH with pyridinium dichromate
(PDC)[38] in CH2Cl2 gave the aldehyde [G-1]-CHO (1) in 75%
yield, which was transformed to the dibromo olefin [G-1]-
CHCBr2 (2) (96%). Finally, elimination with lithium diiso-
propylamide (LDA) gave the first generation dendrimer
alkyne [G-1]-C2H (3) in 75% yield. Although attempts to
grow crystals of the highly viscous oils 1, 2, and 3 failed at
room temperature, success was achieved in the cold (�20 �C)
by overlaying the oils with MeOH. The crystals obtained were
of sufficient quality for X-ray structure analysis. Figure 3
shows the structure of the first generation dendrimer alkyne 3.


Scheme 2a outlines the synthesis of hexayne [G-1]-C12-
[G-1] (15). After bromination of 3 with N-bromosuccinimide
(NBS) in the presence of a catalytic amount of AgNO3,[17, 39]


the resulting bromo alkyne 11 was coupled in a modified
Cadiot ±Chodkiewicz reaction[23, 40] with H-C�C-C�C-SiEt3
(10)[13] to give the triethylsilyl protected triyne 12 in only
7% yield. It was possible to isolate and separate 12 from the
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Figure 3. X-ray structure of 3.


homo coupling side-product of the bromo acetylene
compound, which often arose during Cadiot ±Chodkie-
wicz reactions.[41] In our case, [G-1]-C4-[G-1] (14) was the
main product with 60% yield, probably because of
extensive decomposition of the copper butadiynyl inter-
mediate during the slow addition of the highly diluted
solution of 11 with a syringe pump. In solution, 12
exhibited normal stability properties and no air sensitiv-
ity. However, during the evaporation of the solvent, it
slightly decomposed to a dark brown oil. Nevertheless, 12
was completely characterized. Moreover, deprotection
with K2CO3 in a wet MeOH/THF 1:1 solution was
possible without decomposition. Crude 13 was then,
without purification and charaterization, coupled to give
the yellow hexayne 15 in good yield, which displayed the
same stability profile as the triyne.


To see if the use of higher dendrimer generations
would result in greater stability, almost the same reaction
sequence was applied to the synthesis of the second and
third generation C12 chains 20 and 21, respectively
(Scheme 2b). This time, the copper end-group acetylide
and the bromo acetylene component (Br-C�C-C�C-
TMS)[42] were coupled, resulting in higher cross-coupling
yields. In Hay oxidative coupling reactions, [G-2]-C4-
[G-2] (22) but not [G-3]-C4-[G-3] could be obtained from
their corresponding starting materials [G-2]-C2H (6) and
[G-3]-C2H (9), respectively. The likelihood of sterical
hindrance in the latter case appeared to indicate a
correlation between polyyne stability and dendrimer size.
However, 20 and 21 did not show higher stability during
evaporation or in the solid state. Both displayed similar
behaviour to 15. Indeed, independent of the steric
demand of their end groups, all three hexaynes [G-x]-
C12-[G-x] (x� 1 (15), 2 (20), 3 (21)) (Figure 4) formed
indefinitely stable bright yellow solutions in CH2Cl2 at
room temperature, but decomposed rather quickly upon
evaporation.


Nevertheless, all of them were characterized by means
of NMR and UV/Vis spectroscopy and mass spectrom-
etry, showing strikingly similar properties. However, as a
result of their solid state instability no further investiga-
tions were possible.


The more or less planar arrangement of the benzylic
ether dendrimer fragments caused by unexpectedly
strong aromatic � ±� interaction can explain this finding.
We found support for this explanation in works about
dendronized polymers.[43] According to these investiga-
tions, Fre¬chet[31] type dendrimers of at least the fourth


c)


Scheme 2. a) Synthesis of dodecahexayne [G-1]-C12-[G-1] (15). b) Synthesis of
dodecahexaynes [G-2]-C12-[G-2] (20) and [G-3]-C12-[G-3] (21).
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generation are required to form space-filling, three-dimen-
sional structures, which would then keep encapsulated carbon
chains a sufficient distance apart.


However, the realization of the synthesis of the fourth
generation dendrimer alkyne [G-4]-C2H (30), following the
procedure described above, posed problems in respect of
control of the reaction, purification and overall yields. We
therefore sought to succeed in a new convergent approach,
synthezising a dendrimer core building block which already
bears one protected or unprotected acetylene unit and two
OH groups for subsequent functionalization (Scheme 3).


For that purpose we needed to introduce a hydroxy
protecting group right at the beginning of the synthesis of
the building blocks. The tert-butyldimethylsilyl group proved
to be ideal. It could be smoothly attached to the starting 3,5-
dihydroxybenzaldehyde[44] (23) to give 24 in 90% yield.
Within the Corey ± Fuchs sequence, the aldehyde 24 could
easily be converted to the corresponding dibromo olefin 25,
and then to the triisopropylsilyl (TIPS) protected and
unprotected alkyne compounds 27 and 26, respectively, in


excellent yields. In the last step,
29 and 28 were obtained with-
out any losses by the cleavage
of the silylic OH protecting
groups. As we were unsure
about the kinetic stability of
the 3,5-dihydroxyphenylacety-
lene (28) under the follow-
ing basic reaction conditions
(Scheme 4), we worked to-
wards for the TIPS protected
derivative 29, in parallel.


The fourth generation com-
pounds 30 and 31 were ob-
tained by the benzylation of
the dihydroxy starting materials
with the third generation bro-
mide [G-3]-CH2Br (32) in re-
fluxing acetone. As expected,
the yield of the unprotected
alkyne 30 was much lower.
The route via 31, including the


[18]crown-6,


Scheme 4. Synthesis of forth generation compounds 30 and 31. Triyne 33
was not obtained in satisfactory yield.


deprotection with tetrabutylammonium fluoride (TBAF) was
more successful, with an overall yield of 62% over two steps.


Avariety of coupling conditions, besides those in Scheme 4,
have been investigated, but none led to the cross-coupling
product [G-4]-C6TMS (33) in a satisfactory way. Either, only
starting material was recovered after the usual work-up


procedures, or, 33 could only be
detected as a small component
of an intractable product mix-
ture by fast atom bombardment
(FAB) mass spectrometry. All
further attempts at improve-
ment failed, thereby necessitat-
ing an alternative approach.


We therefore embarked on
two different strategies. While
we were testing another den-
drimer type with a larger steric
demand at lower generations,
we simultaneously investigated
a more convergent route with
what we expected to be less
difficult purification and sepa-


Figure 4. Series of Fre¬chet×s benzylic dendrimer-protected C12 carbon chains [G-x]-C12-[G-x] (x� 1, 2, 3).


Scheme 3. Synthesis of the dendrimer core building blocks 28 and 29.
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ration procedures: namely, after the optimization of the cross-
coupling conditions, we sought to extend the sp carbon chains
from 26 and the analogously synthesized (Scheme 3) TIPS
protected 3,5-dihydroxyphenylacetylene 34[45] by iterative
cross-coupling reactions and deprotections, followed by an
oxidative homo coupling. After the cleavage of the silyl
groups, the protection of the ™naked∫ polyyne with dendrim-
ers should take place in the last step (Scheme 5).


[ ]crown


Scheme 5. Alternative, highly convergent synthesis strategy to dendrimer-
protected polyynes.


In contrast to almost all published procedures of acetylene
cross-coupling, we achieved the best results by adding highly
concentrated bromo alkyne solutions in 1 ± 2 min to the
alkynyl copper species at ice water cooling, the reaction
reaching completion after 20 to 30 minutes. During that time,
the trimethylsilyl acetylene protecting group, which is rather
sensitive to strong basic conditions, was only cleaved to a
negligible extent, so that no side reactions, for example, a
second cross-coupling, could occur. Signals corresponding to
such products were observed in the FAB mass spectra of the
crude product mixtures. Furthermore, only small quantities of
polymerized, soot-like material were obtained after workup.
The small amounts of starting materials which remained were
separated by column chromatography without major prob-
lems. The resulting yields were about 50% for the first cross-
coupling. We optimized the experimental protocol with 26
(Scheme 6a), expecting that it would be readily applicable to
the other compounds. Application of the procedure proved to
be successful in all further cases, except for 34, where
molecule 36 was found in addition to triyne 37 (Scheme 6b).
We noticed the formation of 36 immediately after the addition
of nBuLi to the mono alkyne 34, which indicated a surprising
and unusual cleavage of the silyl ether and subsequent
reaction with the lithiated starting material.


Unfortunately, the purification of 37 became very compli-
cated, as the side product 36 revealed similar polarity. Two


Scheme 6. Synthesis of triynes 35 (a) and 37 (b). In the latter procedure,
TIPS protected alkyne 36 was also obtained.


flash columns were necessary to achieve adequate separation.
Therefore, the subsequent elongation process was continued
only with 26, with which no such problems had arisen.


To investigate variations of stability, and physical and
chemical properties with increasing chain length, we contin-
ued building up series of sp carbon chains with two, four, and
six C�C bonds (Scheme 7a and b) bearing two different silyl
protecting groups. The TMS cleavage/homo coupling se-
quence was used for triynes 35 and 37 which afforded the
hexaynes 40 and 41 in 94% and 25% overall yields
(Scheme 7a). In this case, the free acetylenic compounds 38
and 39 were purified by flash column chromatography. The
significantly lower yield for 41 seems to stem from the
decomposition of 39 during deprotection. With 40 and 41, we
had our most stable polyynes thus far. Upon drying, they
formed yellow amorphous solids that gradually decomposed
over a period of weeks to brown oils.


The synthesis of the octatetraynes 48 and 49 was initiated
with a cross-coupling reaction under Hay conditions (Sche-
me 7b).[16] For that purpose, an excess of trimethylsilylacety-
lene was stirred together with each of the mono alkynes 26
and 34, while the Hay catalyst was added in small portions.[25]


In addition to the products of cross-coupling, 42 and 43, which
it was possible to isolate in good yields, the symmetrical
butadiynes 44 and 45 were also obtained in significantly better
yields. Compounds 42 and 43 could easily be converted to the
unprotected, labile diacetylenes 46 and 47. These were fully
characterized, but showed significant decomposition after one
week at �10 �C, even when stored as a dilute stock solution.
In the final Hay coupling, we obtained the tetraynes 48 and 49
as light coloured plates and as a light brown oil, respectively.
Generally, the TBDMS derivatives (44, 48, and 40) more
readily gave solids and powders upon drying, whereas the
TIPS compounds (45 and 49), except for the hexayne 41,
remained highly viscous oils.


The next elongation reactions were only carried out with
the TBDMS protected diyne 46 and triyne 38 (Scheme 8),
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because of the aforementioned difficulty with the TIPS
compound 34 during cross-coupling (Scheme 6b). Reaction
of 46 under modified Cadiot ±Chodkiewicz conditions afford-
ed two fractions after workup. They represent a mixture of
hexaynes 52 and 53, and a mixture of tetrayne 50 with its
deprotected derivative 51 (Scheme 8a). Due to the longer
reaction time, a second cross-coupling occurs after 50 has
been partially desilylated by pyridine. To minimize losses, we
undertook no additional purification efforts with both frac-
tions, which prevented further investigation of 52 and 50. In
the mixtures, 52 and 50 were converted to 53 and 51
respectively, which could only be characterized by mass and
UV/Vis spectrometry. Unfortunately, there was only sufficient
53 to record its optical properties, but not to complete the
oxidative homo-coupling. By contrast, 51 gave the hexade-
caoctayne 54 under Hay conditions in 9% yield from 46.
Octayne 54 formed a slowly decomposing orange powder and
exhibited extinction coefficients of more than 4� 105��1cm�1.


Treatment of 38 with our optimized cross-coupling techni-
que gave the decapentayne 55, from which eicosadecayne 57
can be prepared after deprotection to 56 (Scheme 8b).
Interestingly, it emerged from FAB mass spectrometry that,
besides 57, two additional compounds had been formed whose
masses were 24 and 48Daltons lower. These compounds could
not be separated, not even by HPLC. Due to the similar
polarity, the orange-red colour of the product mixture, and the
observed mass spectra, we presume that the twomolecules are


the octadecanonayne 58 and
the hexadecaoctayne 54. For
the completion of the reaction,
an unusually long time was
necessary, probably corre-
sponding to the lower acidity
of the oligoacetylenic hydrogen
in 56. Therefore, a copper medi-
ated cleavage of one acetylene
unit could have occurred, pro-
viding a mixture of pentayne
and tetrayne, thereby explain-
ing the product distribution.


This first strategy allowed the
synthesis and isolation of two
series of differently silyl pro-
tected �,�-tetrahydroxydiphe-
nylpolyynes with up to eight
C�C bonds. We are currently
investigating the synthesis of
longer sp carbon chains and
the final dendrimer protection
step (Scheme 5).


Finally, following our second
strategy, we were able to pre-
pare and isolate molecules up
to 20 carbon atoms in length
(Figure 5). They represent the
longest, purely organic poly-
ynes that have been fully char-
acterized. We achieved the re-
quired increase in steric shield-


ing with lower generation dendrimers by using Fre¬chet×s
aliphatic polyether dendrimers.[46] Their preparation up to the
second-generation alcohol proceeded very well.[46] After the
bromination of this compound, a benzylation reaction be-
tween [G-2]�-Br (59) and 28 was conducted that gave [G-3]�-
C2H (60) in 56% yield (Scheme 9).


As shown in Scheme 10, the copper species derived from 60
was coupled with Br-C�C-C�C-TMS, affording 61 that was
desilylated to 62. The final, homo-coupling step led to another
dodecahexayne [G-3]�-C12-[G-3]� (63) in reasonable yield. The
cross-coupling was repeated with [G-3]�-C6H (62). Again,
because of a longer reaction time, the resulting cross-coupling
product [G-3]�-C10TMS (64) was deprotected by pyridine,
simultaniously affording [G-3]�-C10H (65) in the crude product
mixture after workup. Despite three-fold column chromatog-
raphy, the separation of [G-3]�-C10TMS (64), the slightly more
polar [G-3]�-C10H (65), and some remaining starting material
62 was not successful. Therefore, the whole mixture was
subjected to Hay coupling conditions, as we expected to
separate the resulting, highly polar homo-coupling products
more easily from 64. Hence, we obtained two fractions in the
subsequent purification step. One was pure [G-3]�-C10TMS
(64), characterized by FAB mass spectrometry and UV/Vis
spectroscopy. The other consisted of a statistical mixture of
homo-coupling products [G-3]�-C20-[G-3]� (66), [G-3]�-C16-[G-
3]� (67), and [G-3]�-C12-[G-3]� (63) (Figure 5), that was readily
separated by HPLC. Their orange-red (C20), orange (C16),


Scheme 7. Synthesis of TBDMS- and TIPS-protected series of sp carbon chains with six (a), and two and four
C�C bonds (b).
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and yellow (C12) coloured sol-
utions, directly eluted from the
HPLC column, are shown in
Figure 6.


The dendrimer capped poly-
ynes proved to be rather stable.
Only minute decomposition
was observed in the solid state,
to give more polar compounds
within hours.[47] As a conse-
quence, complete characteriza-
tion of polyynes of such length
was possible for the first time.


Analogous to the oxidative
coupling of 56 (Scheme 8b),
the corresponding reaction of
[G-3]�-C10H (65) was also ac-
companied by partial loss of C2
units. This observation is to our
knowledge unprecedented in


Scheme 8. Synthesis of polyynes 54 (a�b), 57, and 58 (b).


[18]crown-6,


Scheme 9. Synthesis of dendrimer alkyne [G-3]�C2H (60).
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Scheme 10. Synthesis of dodecahexayne [G-3]�-C12-[G-3]� (63).


acetylene chemistry, but might be seen as a copper mediated
retro-Hay coupling reaction. Therefore, [G-3]�-C20-[G-3]� (66)
was not the only isolated product. [G-3]�-C18-[G-3]� (68) and
[G-3]�-C16-[G-3]� (67) were also generated (Figure 5), for the
same reasons as stated above. However, in contrast to the
earlier case, the mixture was separated by HPLC. Unfortu-
nately, the amount of [G-3]�-C18-[G-3]� (68) was insufficient
for complete characterization, but we were able to record its
FAB mass and UV/Vis spectra.


Chain length effects : The dumb-bell-shaped title compounds
represent unique and formerly unavailable series of organic


Figure 5. sp Carbon chains 63 and 66 ± 68 protected with Fre¬chet×s
aliphatic polyether dendrimers.


polyynes that have been completely characterized. In the
longest chain, the end-capping groups are linked by 10 C�C
and 11 C�C bonds. As noted in the introduction, only a few


Figure 6. Solutions of compounds [G-3]�-C20-[G-3]� (66), [G-3]�-C16-[G-3]� (67), and [G-3]�-C12-[G-3]� (63) in hexane/ethyl acetate 7:3.
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comparable families of polyynediyl compounds with carbon,
silicon or transition metal complex end groups have previ-
ously been isolated. These provide important opportunities to
define the effect of chain length upon molecular properties.
For infinite chains, two types of asymptotic structural limits
are possible: 1) For large n there will be no bond length
alternation in the interior of the chain. 2) The bond length
equalization will never be complete, and the differencs in
length between C�C and C�C bonds will approach a certain
limit. The former case implies a vanishing HOMO/LUMO
energy gap �E,[48] which would make carbyne a black metal-
like material. In the latter case, carbyne would be an insulator
with a persistent energy gap �E.[48] The magnitude of �E
would then depend on the extent of the remaining bond
length alternation. Based on the present knowledge of the
structures, including the longest polyynes M*-(C�C)6-M*
(M*� platinum and iron transition metal complexes) struc-
turally characterized to date,[25, 49] and on electronic properties
of one-dimensional solids, it is likely that bond length alter-
nation in carbyne persists, termed Peierls distortion in solid
state physics.[48] This is additionally supported by theoretical
studies of the parent system H-(C�C)n-H that predict two
limiting values (1.1956 ± 1.2031 and 1.3574 ± 1.3726 ä)[50] and
by our previously reported investigations on dicyanopolyyn-
es.[5e] Bond length alternation is also expected by analogy to
data on polyenes and polyacetylene, (CH�CH)n,[51] which is
an insulator in the undoped state.[52]


NMR spectra : The 13C NMR spectra of the three series of
polyynes are very characteristic and unambiguously allow
structural confirmation of these carbyne model compounds
(Figure 7). They include the spectra of the longest, purely
organic carbon chains consisting of 16 and 20 atoms to be
characterized with NMR techniques. Their key data are
tabulated in Table 1.


In general, starting from the butadiynyl derivatives, two
further sp carbon signals appear in the spectra for each
additional C4 unit. In going from the tetrayne to the decayne,
new signals appear in the very narrow region between �� 62
and 65. Compounds with the same chain length show almost
identical chemical shifts independent of the groups connected
to the conjugated framework. Only the resonances of the
inner sp carbon atoms of the dendronized series are slightly
shifted downfield. It is striking that the resonances of atoms
C-1 to C-6 (except C-2 in 45 and 44) have very similar


Figure 7. sp Carbon atom region in the 13C NMR spectra (in CD2Cl2 and
CDCl3, respectively) of a) C4 (top) to C16 chain (bottom) of the TBDMS
series. b) The area of �� 63 ± 65 exhibits five sp-carbon signals, two with
double intensity, for the dendronized C20 chain 66.


chemical shifts irrespective of the carbon chain length. No
significant shift of any atom is observed by increasing the
number of C�C bonds. Specifically, the signals are assigned as
following: a) the first carbon atom C-1, which is bound to the
aromatic system, always appears at �� 73 ± 74; b) signals for
the C-2 atoms are shifted most downfield between �� 78 and
82; c) the signals at �� 67 represent the C-3 atoms; the signals
for d) the C-4 atoms and e) the C-5 atoms are observed very
close to each other at �� 64; and f) signals for the C-6 atoms
occur at highest field. All further signals for the longer carbon
chains were recorded between the signals for sp atoms C-4
and C-6. They are tentatively assigned in Table 1.


Table 1. Summary of 13C NMR chemical shifts (sp region) for polyynediyl compounds.


Compound Solvent R-C-1 R-C-2 R-C-3 R-C-4 R-C-5 R-C-6 Others[a]


45 CDCl3 73.62 81.59
49 CDCl3 74.15 78.06 67.41 63.92
41 CD2Cl2 73.68 78.10 67.12 63.76 64.62 62.86
44 CD2Cl2 73.51 81.72
48 CDCl3 73.90 77.56 67.10 63.55
40 CDCl3 73 .80 77.38 67.13 63.57 64.52 62.51
54 CDCl3 73.73 77.53 67.04 63.61 64.45 62.57 63.39 (C7), 63.30 (C8)
63 [D6]acetone 73.64 79.30 67.11 64.04 64.75 63.53
67 [D6]acetone 73.52 79.55 67.07 63.97 64.68 63.65 63.89 (C7), 63.84 (C8)
66 [D6]acetone 73.64 78.36 67.24 64.09 64.71 63.79 63.97 (C7/8), 63.84 (C9/10)


[a] This signals are assigned tentatively as an unambiguous determination was not possible.
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The assignment was facilitated by comparison of the spectra
with each other and with data available for other oligo- and
polyynes (synthesized by Diederich,[17] Gladysz,[22c] and our-
selves[5d,e]). Except for the signals of the sp C atoms adjacent
or in close proximity to the end groups, such as C-1 and C-2 in
our series, and C-3 in the rhenium complex-capped poly-
ynes,[22] the signals of the inner sp C atoms appear in the
narrow region between �� 62 and 67. This reinforces our
earlier suggestion that the 13C NMR spectra of polyynes
R-(C�C)n-R with n reaching infinity will display one broad
signal at �� 63 ± 64,[5e] which therefore represents the ex-
pected chemical shift of the carbon allotrope carbyne.


UV/Vis spectra : The UV/Vis spectra of the TBDMS (44, 48,
40, 54) and the dendrimer (63, 67, 66) series are shown in
Figure 8 and 9, respectively.[53] Table 2 displays their most
intriguing data. Strong fluorescence in CH2Cl2 solutions of all
compounds, except 44, was observed. The spectra of hexaynes
15, 20, and 21 which are end-capped with Fre¬chet×s benzylic
dendrimers show almost identical properties as hexaynes 40
and 63.
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Figure 8. UV/Vis spectra (CH2Cl2) of the TBDMS series C4 (44 : - - - -), C8
(48 : �±�±), C12 (40 : ––), and C16 (54 : ����).
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Figure 9. UV/Vis spectra (CH2Cl2) of the dentritic polyynes C12 (63 : ––),
C16 (67: ����), C18 (68 : �±�±), and C20 (66 : - - - -).


All spectra exhibit the expected two regions of absorp-
tion with distinct bands showing vibrational fine structure.
Whereas the extinctions of the higher wavelength bands
(region II) differ only to a very small extent, the extinctions of
the lower wavelength absorptions (region I) increase strongly
with chain length (Table 2). They reach values of
435200��1 cm�1 (54) and 604600��1 cm�1 (66) for the longest
derivatives within each series, representing the highest
measured extinction coefficients for polyynes. Region II is
only dominant for the butadiynyl compound 44 (Figure 8)
with �max� 40900��1 cm�1.


Both wavelength regions can confidently be attributed to
� ±�* absorptions, as was also found for polyynediyls with
different carbon end groups.[9a,b, 12±14] Polyynes, spanning two
transition metal complexes, show ���* absorptions influ-
enced by the metal d orbitals.[22b,c] Similar to our previously
reported studies on �,�-dicyanopolyynes,[5e] the HOMO±
LUMO gaps decrease with increasing chain length, correlat-
ing well with the observed spectroscopic behaviour.


Transitions for wavelength region I deliver strongly in-
creasing �max values and a bathochromic shift with increasing
chain length (Table 2), corresponding to the spread of the
HOMOs and LUMOs over the whole conjugated backbone
(for further evidence, see below and the electrochemical
part). Wavelength region II exhibits also a bathochromic shift,
but, in contrast to region I, almost constant �max values which
seem to be independent of the chain length. This behaviour
might be caused by the aromatic end group displaying
enhanced coefficients in the non degenerated HOMO and
LUMO (AM1). This is due to the fact that one set of p orbitals
is in conjugation with the parallel oriented p orbitals of the
phenyl ring, whereas conjugation is impossible for the chain p
orbitals perpendicular to the phenyl ring. This end-group
effect becomes less important with increasing chain length. At
the same time the energy difference between the HOMO
(composed of chain p orbitals and the parallel oriented p
orbitals of the phenyl ring) and the HOMO� 1 (composed of
chain p orbitals perpendicular to the phenyl ring) decreases
with increasing chain length. The same trend holds true for the
LUMO and the LUMO�1.


Corresponding molecules from each series (Figure 8 and 9),
exhibit close agreement in their key wavelength data (Ta-
ble 2), which indicates a lack of dependence of the electronic
properties of the �,�-diphenylpolyynyl framework on the
nature of the end groups. Nevertheless, the influence of the
heavy dendrimer substituents becomes evident by comparing
the extinction coefficients of chains of equal length. For the


Table 2. Key UV/Vis data for the TBDMS and the dendronized series.


Compound �max


[nm]
�max (region I)
[nm]


��max


[nm]
�max


[Mol�1 cm�1]


44 336 275 314 40900
48 403 313 293 114000
40 467 367 342 193700
54 514 403 347 435200
63 469 368 345 164100
67 514 402 346 307900
68 532 420 364 459400
66 546 437 379 604600
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dendritic species, significantly lower values were recorded.
This reduction in intensity and the lower resolution of the
spectra can be attributed to a less rigid conjugated backbone,
indicating a more pronounced propensity to chain bending
caused by the high mass end groups.[54]


With increasing chain length, the longest-wavelength ab-
sorptions of both regions I are increasingly bathochromically
shifted (Table 2), which is nicely illustrated by the colours of
the compounds× solutions. While solutions of 44 and 48 are
colourless and light yellow, respectively, corresponding sol-
utions of the C12, C16, C18, and C20 chains deepen in colour
from lemon yellow, to orange, and, finally, red orange
(Figure 6). The magnitude of the bathochromic shift decreas-
es with increasing n, however, no apparent saturation for �max


of both regions is reached. The same behaviour has been
observed by Bohlmann[9a,b] and Walton,[12±14] for series of
polyynes containing bulky terminal end groups, and in our
group for �,�-dicyanopolyynes.[5d,e] The set of fine-structured
absorptions of wavelength region I shown in Figures 8 and 9
can be correlated by means of the empirical Lewis ±Calvin
equation[55] commonly written as �2� kn (��wavelength of
corresponding bands for polyynes containing n conjugated
triple bonds). This equation was originally formulated for, and
applied to, polyenes and was later used byWalton et al.[12±14] to
describe the absorption behaviour of compounds R-(C�C)n-
R, where R is H, silyl, alkyl, or aryl.


The plots of n versus the highest measured wavelengths (�2)
for the TBDMS and dendrimer polyyne series (Figure 10)
become good straight lines with constant slope k, which is
distinctly higher per triple bond (�20� 103 nm2) than usually
found.[5d,e]


n


λ 
 / 


nm
2222


2


Figure 10. Lewis ±Calvin plot (�2� kn) for the TBDMS (5) and the
dendronized polyyne (�) series.


A further description of the spectroscopic behaviour,
especially for long-chain compounds, is provided by the
empirical equation Eexp� a�b/n.[52] As n�� , Eexp (exper-
imental optical absorption energy) tends to a limiting value a
due to the decrease of end-group influence as n increases. This
limiting value can be interpreted as the longest-wavelength
absorption of the sp carbon allotrope carbyne.[5e] This is shown
in Figure 11, where �max (� 1/Eexp) (region I) is plotted versus
1/n.
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Figure 11. Plot of �max (region I) versus 1/n. The values for n� 2, 4, 6, and 8
are taken from the TBDMS series. The data for n� 9 and 10 are taken from
the dendronized polyynes 68 and 66.


Extrapolation for the values of the longest molecules which
display an almost linear behaviour to n�� gives an
estimated 569 nm as �max (region I) for RC�R, where R holds
for the TBDMS and the dendritic termini, respectively, and,
consequently, as �max for hypothetical carbyne. This wave-
length comes close to the value obtained from our previous
estimations for the series R-(C�C)�-R (R�CN, tBu,
Et3Si).[5e] Gladysz et al. presented a nearly identical result of
565 nm from an analogous plot, derived from rhenium
complex end-capped polyynes.[22c] Also based on these model
systems, carbyne should be a coloured insulating material.


IR and Raman spectra : IR and Raman data for the three
series of polyynes are summarized in Table 3. Each IR
spectrum was recorded from a KBr disc. Except for two
compounds, 67 and 66, all Raman spectra were measured in
CH2Cl2. All IR spectra are dominated by the bands of the sp
carbon chain end-capping groups. Whereas the silyl-function-
alized derivatives exhibit a large number of sharp bands, the


Table 3. Key IR and Raman data for sp carbon chains [cm�1].


Compound IR ��C�C (KBr) Raman ��C�C (CH2Cl2)


45 2150vw 2230w
49 2203m 2170w


2137vw 2138s
41 2183m


2159m
2059vw 2060m


44 2148vw 2232w
48 2201m 2171w


2136vw 2135s
40 2183m


2160m
2058vw 2060m


54 2194m
2112s
2009vw 2012s


63 2160br s
2057vw 2057m


67[a] 2013m
66[a] 1982w


[a] Available quantities too small, so no IR spectra could be recorded.
Raman spectra were recorded in ethyl acetate.







Oligoynes 408±432


Chem. Eur. J. 2002, 8, No. 2 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0419 $ 17.50+.50/0 419


dendronized compounds show significantly fewer, broad
signals.


The IR ��C�C region is characteristically structured. Inde-
pendent of the molecular mass, compounds of equal chain
length show absorptions at almost equal wave numbers. The
intensity and the total number of C�C bands increases with
chain length. A maximum of three bands is observed for the
C12 and C16 silyl derivatives, whereas 63 displays only one
broad absorption. With the exception of the C4 compounds,
all spectra show a very weak band for the totally symmetrical
vibration at lowest energy. On the other hand, these bands
dominate the Raman spectra, as expected from IR selection
rules. In the Raman spectra, a second band is observed only
for C8 chains.


With increasing number of C�C bonds, the energy of the
totally symmetrical vibration decreases within each series,
what is illustrated by the plots of ��C�Csym


versus 1/n in Figure 12
for the TBDMS and the dendronized series. Similar to the


/  


1/n


Figure 12. Plot of the Raman �C�Csym
versus 1/n for the TBDMS (5) and the


dendronized polyyne (�) series.


behaviour of �max in the UV/Vis spectra, these values tend to
asymptotically reach a certain limit, which is determined by
the degree of bond length equalization between single and
triple bonds. These observations display an increasing cumu-
lenic character with increasing chain length. However, these
investigations in addition to calculation (PM3) as well as the
UV/Vis investigations (see above) indicate that the bond
length alternation persists with going to infinite chain
lengths.[5e] Surprisingly, theoretical studies of vibrational
spectra of polyynes appear to be scarce, precluding compar-
ison,[56] but similar IR and Raman properties were observed
by Gladysz and co-workers.[22c]


Redox properties :[57] The electrochemical properties of the
polyynes were studied by steady-state voltammetry and cyclic
voltammetry (CV) in CH2Cl2 with 0.1� Bu4NPF6 as the
supporting electrolyte. In CV, none of the compounds could
be oxidized in the available potential range,[58] but were
reduced in an irreversible step at low sweep rates as shown in
Figure 13.


I /µA


I /µA


E /  V vs Fc  /Fc+


E / V vs Fc  /Fc+


Figure 13. Cyclic voltammetry at v� 0.1 Vs�1 of 49 (bottom) and 41 (top)
in the presence of ferrocene in CH2Cl2�0.1� Bu4NPF6 on a glassy carbon
working electrode.


However, by increasing the sweep rate, the reduction
becamemore andmore reversible as shown by the rising value
of the peak current ratio r� Ipa/Ipc, which reaches almost unity
at higher sweep rates (e.g. r� 0.95 at 10 Vs�1 for 49 in
Figure 14).


E / V vs Fc


I /µA


Figure 14. Cyclic voltammetry of 49 in the presence of ferrocene in
CH2Cl2�0.1� Bu4NPF6 on a glassy carbon working electrode at different
sweep rates: 1, 2, 5 and 10 Vs�1. The curves are uncorrected for ohmic drop,
explaining the increasing values of �Ep with sweep rate.


Such characteristics clearly demonstrate that the first
reduction step involves a reversible one-electron reduction
followed by an irreversible chemical reaction (ErevCirrev


mechanism); this indicates that our linear polyynes are not
able to stabilize the electrogenerated radical anion, which
remains rather reactive. The observed reduction peak poten-
tials are summarized in Table 4. These data show that the
reduction potentials within the series are shifted to less
negative potentials as the length of the conjugated system
increases.


The values of the reduction peak potentials for chains of the
same length are almost equal, independent of the terminal
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groups. This also holds for the differences between the C4 and
C8, and the C8 and C12 chains, respectively. With increasing
number of � electrons within the TBDMS series, going from
the butadiyne 44 to the hexadecaoctayne 54, the reduction
potential decreases drastically from �2.57 to �1.38 V. It is
possible to observe a linear correlation between the reduction
potential and 1/n, where n corresponds to the number of
multiple bonds in the plane of the molecule including the
phenyl rings (Figure 15a, Table 5). Similar behaviour is also
observed by plotting the spectroscopic HOMO±LUMO gaps
corresponding to the longest wavelength absorptions of the
same compounds versus 1/n (Figure 15b, Table 5).


Linear dependence of redox potentials versus 1/n are quite
usual and found for many such conjugated species.[59] In the
case of oligomers, for example oligomers of poly(triacety-
lene), one observes linearity when n� degree of oligomeriza-
tion.[60]


The influence of the C�C bonds becomes obvious once the
reduction potentials are compared with those recorded by
Hoijtik and van Schooten for the corresponding �,�-diphe-
nylpolyenes.[61] Polarography measurements of Ph-(C2H2)n-Ph
(n� 2, 3, 4, 5, 6 the same number of multiple bonds between
the two phenyl rings as in our series) were recorded. In this
case, no CV spectra were run to check reversibility, but it
emerges clearly,[61] that the observed half-wave potentials
correspond to irreversible reductions. Going from 1,4-diphe-
nylbutadiene to 1,12-diphenyldodecahexaene, the reduction
potentials are shifted to less negative potentials by 0.46 V,
whereas with the oligoynes, the observed shift is 0.94 V for the
same increase in length. Hence, the larger number of �


electrons (due to the presence of the triple bonds) results in
much lower reduction potentials of the polyacetylenic com-
pounds compared to the analogous polyene derivatives.


An analogous plot of the reduction potentials of the
�,�-diphenylpolyenes versus 1/n, including all conjugated
double bonds in the molecular plane, also revealed a linear
correlation, in agreement with the fact that electron transfer
must occur to the LUMO orbital of both conjugated systems.
We presume, that the presence of the remaining perpendic-
ular �-electron molecular orbitals in the polyynes is reflected
in the easier reduction of these compounds. Strong adsorption
was observed by the C12 (63) and the C20 (66) dendritic
species. Because of too little amount of the C16 (67)
derivative, no electrochemical data was obtained for this
compound.
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Figure 15. Plot of Epc (a) and the HOMO±LUMO gap of the longest
wavelength absorptions (b) versus 1/n for the polyacetylenic series 44 to 54.
n represents the total number of conjugated multiple bonds in the molecule
(including the two phenyl rings).


Conclusion


This work describes in detail the synthesis of three series of
differently 3,5-disubstituted �,�-diphenylpolyynes under op-
timized Cadiot ±Chodkiewicz conditions, and their isolation
and characterization, including electrochemical studies. These


Table 4. Cyclic voltammetric data at v� 0.1 Vs�1 of polyacetylenic deriv-
atives observed on glassy carbon electrode in CH2Cl2�0.1� Bu4NPF6.
Values given in V versus Fc/Fc�.


Compound Epc


45 � 2.65
49 � 2.05
41 � 1.66
44 � 2.57
48 � 2.00
40 � 1.63
54 � 1.38
63 � 1.65
67 ±
66 � 1.25


Table 5. Longest-wavelength absorptions of the TBDMS polyacetylenic
series, with corresponding eV values.


Compound n 1/n �max [nm] [eV]


44 8 0.1250 336 3.69
48 10 0.1000 403 3.08
40 12 0.0833 467 2.65
54 14 0.0714 514 2.41
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compounds can be considered as model substances for the
hypothetical, and presumably unstable, linear sp carbon
allotrope carbyne C�. The longest carbon chains, containing
16 and 20 atoms, respectively, represent the longest, purely
organic polyynes studied with NMR and Raman spectroscopy
as well as by electrochemistry. The dependence of the kinetic
stability of polyynediyls on the nature of the end groups is
highlighted in these studies. The size and shape of these end
groups determines chain accessibility and, therefore, reacti-
vity.[5d,e, 10, 12±14, 22c] The limiting factor for further progress in
this field is the product stability. Generally, the TMS-
protected chain precursor molecules display higher stability
than the deprotected species. Consequently, our investiga-
tions will be extended to oxidative coupling procedures which
avoid hydrogen-capped chains. A further line of research will
be the loss of C2 units during Hay couplings.


All of our long symmetrical polyynes, even the series of
hexaynes 15, 20, and 21, exhibit an indefinite stability in
solution and to air, whereas in the solid state their behaviour
displays considerable variation. The hexaynes decompose
upon drying to a brown-black polymerized material, presum-
ably because planar arrangement of the benzylic ether
dendrimer fragments allows chain ± chain reactions to occur.
The most stable of our compounds were the members of the
TIPS and TBDMS polyyne series, which remained unchanged
in the solid state for more than one month. Unfortunately,
chains encapsulated by Fre¬chet×s aliphatic ether dendrimers,
including the longest molecule, with 20 sp carbon atoms, are
more sensitive. However in this case, the instability is due to
cleavage of benzylic ether groups of the dendrimer. Different
ether groups are therefore a target of future investiga-
tions.


The UV/Vis spectra of the polyynes are bathochromically
shifted with increasing chain length and are discussed in detail
above. They exhibit the highest measured quantitative
extinction coefficients within this compound class. The assign-
ment of absorption bands in both wavelength regions was
achieved by comparison with formerly reported results and
was supported by the findings of our electrochemical inves-
tigations. In the latter, no reversible reduction steps were
recorded (except for very high sweep rates); this indicates that
the first reduction step is followed by an irreversible chemical
reaction (ErevCirrev mechanism). IR and Raman spectra exhibit
the expected behaviour: They obey the alternate rule for
point-symmetrical molecules and display increasing C�C
bond vibration intensities with increasing carbon rod size.
The energy of the Raman active vibration ��C�Csym


is decreasing
with increasing chain length, asymptotically reaching a certain
limit. Analysis of the spectroscopic behaviour of the polyynes
(which proved to be independent of the end-capping groups)
enables us to predict the properties of carbyne which are in
close agreement with previously reported estimates.[5e, 22c]


Considering the observed polyyne stability and taking into
account the improved yields in the crucial synthesis steps, the
route to even longer carbon chains is now open. The detection
and characterization by means of UV/Vis spectroscopy and
FAB mass spectrometry of the hydrogen-capped hexayne 53
suggests that the TBDMS C24 chain and even longer ones can
be achieved soon.


Experimental Section


Crystallographic data for 3 : Data were collected as summarized in Table 6.
Cell parameters were determined and refined from 15 reflections. Space
group was determined from systematic absences and subsequent least-
squares refinements. Lorentz, polarization, and empirical absorption
corrections were applied (� scans).


The structures was solved by direct methods (SHELXS-86). The param-
eters were refined with all data by full-matrix-least-squares on F 2


(SHELXL-93).[62] Non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were fixed in idealized positions (riding model). Scattering
factors, and �f � and �f �� values, were taken from literature.[63]


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-161416.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (�44)1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).


General : 1H NMR and 13C NMR: JEOL JNM EX 400 and JEOL JNM
GX 400 at room temperature (1H: 400 MHz, 13C: 100.5 MHz); MS: Varian
MAT 311a (EI), Finnigan MAT 900 (FAB); FT-IR: Bruker Vector 22; UV/
Vis: Shimadzu UV 3102 PC; HPLC preparative: Shimadzu SIL10A,
SPD10A, CBM10A, LC8A, FRC10A (Nucleosil, 7 �m, 21� 250 mm,
Macherey-Nagel); TLC (Riedel-de Hae»n, plates, silica gel 60 F254). Apart
from homo-coupling reactions, all reactions were performed under nitro-
gen in flame-dried glassware. Reagents used were commercially available
reagent grade. K2CO3 was activated at 110 �C for 5 h and powdered before
use. CuCl was washed with HCl (10%), water, ethanol, and Et2O and dried
in oil pump vacuum. The amines diisopropylamine and pyridine were
distilled under reduced pressure and stored over 4 ä molecular sieves.
Acetone, CH2Cl2, DMF, and THF were dried according to standard
procedures. All reactions were monitored by TLC. Products were isolated
where possible by flash column chromatography (silica gel 60, particle size
0.04 ± 0.063 nm, Merck).


Table 6. Crystallographic data for 3.


Compound 3


formula C22H18O2


diffractometer Nonius MACH3
T [K] 173(2)
� [ä] 0.71073
crystal system orthorhombic
space group P212121


a [ä] 5.513(1)
b [ä] 12.726(3)
c [ä] 23.634(3)
� [�] 90
	 [�] 90

 [�] 90
V [ä3] 1658.2(5)
Z 4
�calcd [Mgm�3] 1.259
absorpt. coeff. [mm�1] 0.079
crystal size [mm3] 0.15� 0.30� 0.35
� limit [�] 2.35 to 26.29
index ranges (h, k, l) � 6 to 6; �15 to 15;


� 29 to 29
reflections collected 3968
independent reflections 3348
reflections [I � 2
(I)] 2034
data/restraints/parameters 3348/ ± /221
GOF on F 2 1.032
final R indices [I� 2
(I)] 0.0671


0.1605
R indices (all data) 0.1331


0.2102
�p (max) [eä�3] 0.259







FULL PAPER A. Hirsch et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0422 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 2422


Compound 1: A solution of [G-1]-CH2OH[31] (11.534 g, 36.0 mmol) in dry
CH2Cl2 (40 mL) was slowly added to a vigorously stirred slurry of
pyridinium dichromate (27.09 g, 72.0 mmol) in dry CH2Cl2 (70 mL) at
room temperature. As soon as TLC control (silica gel, hexane/ethyl acetate
3:2) indicated complete reaction, the reaction mixture was filtered, and
afterwards the solvent was removed by rotary evaporation. The residue was
dissolved in Et2O (100 mL) and washed with water (2� 150 mL). The
resulting aqueous phase was extracted with Et2O (4� 100 mL), and the
combined organic phases were dried over Na2SO4. Recrystallization in
Et2O/pentane gave 1 as white solid (8.627 g, 27.0 mmol, 75%). Rf� 0.83
(hexane/ethyl acetate 3:2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 9.89 (s,
1H; CHO), 7.43 ± 7.33 (m, 10H; PhH), 7.10 (d, 3J(H,H)� 2.2 Hz, 2H; ArH),
6.86 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 5.08 (s, 4H; OCH2); 13C NMR
(100.5 MHz, CDCl3, 25 �C): �� 191.80 (1C; CHO), 160.39 (2C; Ar-
COCH2), 138.43 (1C; ArC), 136.24 (2C; PhC), 128.68, 128.24, 127.56 (10C;
PhCH), 108.69 (1C; ArCH), 108.32 (2C; ArCH), 70.39 (2C; CH2O); IR
(KBr): �� �3066.5w, 3031.7w, 2935.1w, 2827.7w, 2735.0w, 1688.2s, 1608.4m,
1594.2s, 1498.4w, 1450.4m, 1384.3m, 1351.3s, 1298.2s, 1258.5w, 1218.2w,
1174.6s, 1060.8s, 952.7m, 831.2m, 741.2m, 720.4m, 696.5 cm�1 m ; UV/Vis
(CH2Cl2): �max (�)� 269 (8100), 326 nm (3400); MS (EI): m/z : 318 [M]� ,
227, 181, 91, 65.


Compound 2 : PPh3 (13.219 g, 50.4 mmol) was added at 0 �C to a solution of
CBr4 (8.358 g, 25.2 mmol) in dry CH2Cl2 (20 mL). At the same temperature,
aldehyde 1 (4.0 g, 12.6 mmol), dissolved in dry CH2Cl2 (20 mL), was
dropped slowly into the reaction mixture. Themixture was warmed to room
temperature and the progress of the reaction was monitored by TLC (silica
gel, hexane/ethyl acetate 4:1). Purification was achieved by filtering the
reaction mixture through a silica gel plug (CH2Cl2). Evaporation of the
solvent gave 2 as a colourless oil (5.73 g, 12.1 mmol, 96%). Rf� 0.91
(CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.37 ± 7.27 (m and s, 11H;
10 PhH and CHCBr2), 6.72 (d, 3J(H,H)� 2.0 Hz, 2H; ArH), 6.58 (t,
3J(H,H)� 2.0 Hz, 1H; ArH), 4.96 (s, 4H; OCH2); 13C NMR (100.5 MHz,
CDCl3): �� 159.95 (2C; ArCOCH2), 136.82 (1C; ArC), 136.62 (1C;
CHCBr2), 136.58 (2C; PhC), 128.53, 127.96, 127.40 (10C; PhCH), 107.54
(2C; ArCH), 102.64 (1C; ArCH), 89.98 (1C; CHCBr2), 70.05 (2C; CH2O);
IR (film): �� �3028.7w, 2935.7w, 2876.9w, 1593.4m, 1577.5m, 1496.5w,
1454.7m, 1379.3m, 1308.2s, 1218.2w, 1165.3s, 1046.9s, 918.0w, 825.2w,
761.1m, 678.2 cm�1 m ; UV/Vis (CH2Cl2): �max (�)� 270 (12700), 280 (sh,
10700), 310 nm (sh, 2200); MS (FAB� ): m/z : 474 [M]� , 344, 263, 181.


Compound 3 : nBuLi (1.6� in hexane, 5.76 mL, 9.49 mmol) was added with
ice water cooling to a solution of diisopropylamine (961 mg, 9.49 mmol) in
dry THF (10 mL) in a three-necked flask (100 mL). After 1 h, the resulting
LDA solution was slowly dropped into 2 (1.5 g, 3.16 mmol), dissolved in dry
THF (10 mL) at �78 �C. The temperature was kept at �78 �C and the
reaction was monitored by TLC (silica gel, hexane/toluene 1:1). Due to its
strong fluorescence, 3 could be differentiated from the starting material. By
the careful addition of HCl (10%, 10 mL), followed by hexane (40 mL), the
reaction was quenched. The aqueous phase was extracted with hexane (4�
50 mL), and the combined organic solutions were dried over Na2SO4.
Column chromatography (silica gel, hexane/toluene 4:1) yielded 3 as a
colourless oil (744 mg, 2.37 mmol, 75%). Rf� 0.89 (CH2Cl2); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 7.37 ± 7.30 (m, 10H; PhH), 6.73 (d, 3J(H,H)�
2.0 Hz, 2H; ArH), 6.61 (t, 3J(H,H)� 2.0 Hz, 1H; ArH), 4.96 (s, 4H;
OCH2), 3.01 (s, 1H; C�C-H); 13C NMR (100.5 MHz, CDCl3, 25 �C): ��
159.64 (2C; ArCOCH2), 136.51 (2C; PhC), 128.58, 128.05, 127.49 (10C;
PhCH), 123.43 (1C; ArC), 111.14 (2C; ArCH), 103.81 (1C; ArCH), 83.53
(1C; C�C-H), 76.95 (1C; C�C-H), 70.10 (2C; CH2O); IR (film): �� �
3288.6s, 3089.7w, 3065.0w, 3032.7m, 2931.9w, 2872.1m, 2109.1w, 1588.9s,
1498.1m, 1454.4m, 1431.2m, 1376.2m, 1342.5w, 1320.3w, 1293.9w, 1250.4w,
1214.2m, 1160.6s, 1055.7s, 1029.4w, 908.3w, 834.2s, 737.0s, 697.7 cm�1m ; UV/
Vis (CH2Cl2): �max� 247 (sh, 10900), 251 (11400), 257 (sh, 9800), 296
(3200), 303 (3200); MS (FAB� ): m/z : 314 [M]� , 223, 181.


Compound 11: A slurry of 3 (592 mg, 1.9 mmol) and AgNO3 (97 mg,
0.57 mmol) in dry acetone (10 mL) was stirred for 15 min, before Et2O
(20 mL) and N-bromosuccinimide (471 mg, 2.6 mmol) were added. After
TLC (silica gel, hexane/toluene 1:1) indicated quantitative reaction, the
mixture was filtered through a short silica gel plug (CH2Cl2). The crude
product was then purified via column chromatography (silica gel, CH2Cl2)
to give 11 as a transparent brown oil (700 mg, 1.79 mmol, 94%). Rf� 0.62
(CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.38 ± 7.31 (m, 10H;
PhH), 6.68 (d, 3J(H,H)� 1.7 Hz, 2H; ArH), 6.60 (t, 3J(H,H)� 1.7 Hz, 1H;


ArH), 4.98 (s, 4H; OCH2); 13C NMR (100.5 MHz, CDCl3, 25 �C): ��
159.62 (2C; ArCOCH2), 136.48 (2C; PhC), 128.60, 128.07, 127.47 (10C;
PhCH), 123.96 (1C; ArC), 110.95 (2C; ArCH), 103.81 (1C; ArCH), 79.95
(1C; C�C-Br), 70.10 (2C; CH2O), 49.68 (1C; C�C-Br); MS (EI): m/z : 394
[M�H]� , 313, 181, 91, 65, 58, 43, 28.


Compounds 12 and 14 : A flask was charged with 10 (269 mg, 1.64 mmol)
and dry THF (5 mL) and cooled to �10 �C. Then nBuLi (1.6� in hexane,
1.13 mL, 1.80 mmol) was added with stirring. After 25 min at 0 �C, CuI
(312 mg, 1.64 mmol) was added. The cooling bath was removed and the
mixture allowed to warm. After 1 h at room temperature, the mixture was
cooled to �10 �C, and dry pyridine (11.3 mL, 140 mmol) was added. A
solution of 11 (640 mg, 1.64 mmol) in dry THF (15 mL) was added
dropwise over 100 min. As soon as TLC (silica gel, hexane/toluene 1:1)
indicated no further progress, the reaction was quenched by addition of
water (20 mL), diluted H2SO4 (10 mL), and CH2Cl2 (60 mL). The organic
phase was dried over Na2SO4. Purification of the residual brown oil with
column chromatography (silica gel, hexane/toluene 4:1� 7:3� 3:2�
1:1� toluene) gave 12 (56 mg (0.12 mmol, 7%) as yellow-brown oil and
14 (314 mg (0.50 mmol, 60%) as white solid.


Compound 12 : Rf� 0.84 (hexane/toluene 1:1); 1H NMR (400 MHz, CDCl3,
25 �C): �� 7.40 ± 7.32 (m, 10H; PhH), 6.74 (d, 3J(H,H)� 2.2 Hz, 2H; ArH),
6.65 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 5.00 (s, 4H; OCH2), 1.02 (t, 3J(H,H)�
7.7 Hz, 9H; Si(CH2CH3)3), 0.65 (q, 3J(H,H)� 7.7 Hz, 6H; Si(CH2CH3)3);
13C NMR (100.5 MHz, CDCl3, 25 �C): �� 159.64 (2C; ArCOCH2), 136.29
(2C; PhC), 128.62, 128.12, 127.47 (10C; PhCH), 122.05 (1C; ArC), 111.84
(2C; ArCH), 105.08 (1C; ArCH), 89.01 (1C; C�C-C�C-C�C-
Si(CH2CH3)3), 87.47 (1C; C�C-C�C-C�C-Si(CH2CH3)3), 76.51 (1C;
C�C-C�C-C�C-Si(CH2CH3)3), 73.95 (1C; C�C-C�C-C�C-Si(CH2CH3)3),
70.19 (2C; CH2O), 67.10 (1C; C�C-C�C-C�C-Si(CH2CH3)3), 60.85 (1C;
C�C-C�C-C�C-Si(CH2CH3)3), 7.33 (3C; Si(CH2CH3)3), 4.10 (3C;
Si(CH2CH3)3); IR (film): �� � 3004.5w, 2261.6w, 2144.1m, 1698.2s, 1436.0s,
1227.8s, 1092.5m, 902.3m, 785.0 cm�1 w; UV/Vis (toluene): �max (�)� 249,
263, 285, 304, 324, 347 nm; MS (FAB� ): m/z : 477 [M�H]� ; MS (EI): m/z :
476 [M]� , 181, 91, 65.


Compound 14 : Rf� 0.47 (hexane/toluene 1:1); 1H NMR (400 MHz, CDCl3,
25 �C): �� 7.39 ± 7.30 (m, 20H; PhH), 6.75 (d, 3J(H,H)� 2.2 Hz, 4H; ArH),
6.64 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 5.01 (s, 8H; OCH2); 13C NMR
(100.5 MHz, CDCl3 25 �C): �� 159.67 (4C; ArCOCH2), 136.41 (4C; PhC),
128.65, 128.12, 127.50 (20C; PhCH), 122.99 (2C; ArC), 111.38 (4C; ArCH),
104.57 (2C; ArCH), 81.55 (2C; (R-C�C)2), 73.49 (2C; (R-C�C)2), 70.20
(4C; CH2O); IR (KBr): �� � 3067.4w, 3031.9w, 2909.8w, 2872.0w, 2045.6w,
1582.1s, 1498.0w, 1454.1w, 1429.3m, 1373.7m, 1341.8m, 1293.2m, 1216.1w,
1163.0s, 1051.8m, 1035.4m, 906.8w, 834.7m, 747.8m, 695.0m, 675.8 cm�1 w;
MS (FAB� ):m/z : 627 [M�H]� ; MS (EI):m/z : 626 [M]� , 535, 444, 181, 91,
65.


Compounds 13 and 15 : a) A spatula tip of K2CO3 was added to a stirred
solution of 12 (56 mg, 0.12 mmol) in wet THF/MeOH (1:1, 10 mL). TLC
(silica gel, hexane/toluene 1:1) indicated completeness of the reaction after
a few minutes, whereupon the K2CO3 was separated with a short silica gel
plug (CH2Cl2). Solvent was removed as much as possible and the
deprotected triyne 13 (Rf� 0.65 (silica gel, hexane/toluene 1:1)) was, after
addition of acetone (10 mL), used in reaction b) without characterization.


b) Tetramethylethylenediamine (TMEDA) (0.1 mL, 0.67 mmol) and CuCl
(40 mg, 0.41 mmol) were added to the solution of triyne 13. The resulting
slurry was stirred in air, until TLC (silica gel, hexane/toluene 1:1) showed
the disappearance of the starting material. Then, a small amount of hexane/
CH2Cl2 4:1 was added, and purification of this mixture with column
chromatography (silica gel, hexane/CH2Cl2 4:1) gave 15 as an unstable
yellow solid (35 mg, 0.05 mmol, 83% based on 12). Rf� 0.53 (hexane/
toluene 1:1); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.40 ± 7.35 (m, 20H;
PhH), 6.77 (d, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.69 (t, 3J(H,H)� 2.2 Hz, 2H;
ArH), 5.01 (s, 8H; OCH2); 13C NMR (100.5 MHz, CDCl3, 25 �C): ��
159.73 (4C; ArCOCH2), 136.24 (4C; PhC), 128.68, 128.22, 127.51 (20C;
PhCH), 121.33 (2C; ArC), 112.18 (4C; ArCH), 105.80 (2C; ArCH), 77.67
(2C; (R-C�C-C�C-C�C)2), 73.92 (2C; (R-C�C-C�C-C�C)2), 70.28 (4C;
CH2O), 67.25 (2C; (R-C�C-C�C-C�C)2), 64.58 (2C; (R-C�C-C�C-
C�C)2), 63.58 (2C; (R-C�C-C�C-C�C)2), 62.47 (2C; (R-C�C-C�C-
C�C)2); UV/Vis (CH2Cl2): �max� 228, 264, 277, 289, 302, 320, 343, 360
(sh), 369, 397, 429, 466; MS (FAB� ): m/z : 723 [M�H]� .







Oligoynes 408±432


Chem. Eur. J. 2002, 8, No. 2 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0423 $ 17.50+.50/0 423


Compound 4 : A solution of [G-2]-CH2OH[31] (3 g, 8.06 mmol) in dry
CH2Cl2 (10 mL) was slowly added to a vigorously stirred slurry of
pyridinium dichromate (3.034 g, 8.06 mmol) in dry CH2Cl2 (20 mL) at
0 �C. As soon as TLC control (silica gel, hexane/ethyl acetate 3:2) indicated
complete reaction, the reaction mixture was filtered through a silica gel
plug (CH2Cl2). The product fraction obtained was washed with water (2�
100 mL) and dried over Na2SO4. Column chromatography (silica gel,
hexane/CH2Cl2 1:1) yielded 4 as white solid (2.364 g, 3.18 mmol, 79%).
Rf� 0.84 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 9.86 (s, 1H;
CHO), 7.42 ± 7.29 (m, 20H; PhH), 7.06 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.82
(t, 3J(H,H)� 2.2 Hz, 1H; ArH), 6.66 (d, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.58
(t, 3J(H,H)� 2.2 Hz, 2H; ArH), 5.02 (s, 8H; OCH2), 5.01 (s, 4H; OCH2);
13C NMR (100.5 MHz, CDCl3, 25 �C): �� 191.80 (1C; CHO), 160.25 (2C;
ArCOCH2), 160.21 (4C; ArCOCH2), 138.63 (2C; ArC), 138.39 (1C; ArC),
136.68 (4C; PhC), 128.60, 128.04, 127.54 (20C; PhCH), 108.65 (1C; ArCH),
108.30 (2C; ArCH), 106.35 (4C; ArCH), 101.67 (2C; ArCH), 70.19 (2C;
CH2O), 70.12 (4C; CH2O); IR (KBr): �� �3062.2m, 3032.8m, 2904.4m,
2868.4m, 1688.3s, 1596.2s, 1498.9w, 1450.0m, 1377.8s, 1331.4m, 1303.0m,
1210.6w, 1160.5s, 1061.2m, 1040.0m, 826.9m, 744.1w, 730.7 cm�1 m ; MS
(FAB� ): m/z : 743 [M�H]� .


Compound 5 : PPh3 (6.715 g, 25.6 mmol) was added at 0 �C to a solution of
CBr4 (4.245 g, 12.8 mmol) in dry CH2Cl2 (5 mL). At the same temperature,
aldehyde 4 (2.364 g, 3.2 mmol), dissolved in dry CH2Cl2 (20 mL), was
dropped slowly into the reaction mixture. Themixture was warmed to room
temperature and the progress of the reaction was monitored by TLC (silica
gel, CH2Cl2). The reaction mixture was filtered through a silica gel plug
(CH2Cl2). Evaporation and column chromatography (silica gel, CH2Cl2)
gave the light yellow oil 5 (2.230 g, 2.48 mmol, 78%); Rf� 0.87 (CH2Cl2);
1H NMR (400 MHz, CDCl3, 25 �C): �� 7.41 ± 7.31 (m and s, 21H; 20 PhH
and CHCBr2), 6.73 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.65 (d, 3J(H,H)�
2.2 Hz, 4H; ArH), 6.56 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.55 (t, 3J(H,H)�
2.2 Hz, 1H; ArH), 5.02 (s, 8H; OCH2), 4.96 (s, 4H; OCH2); 13C NMR
(100.5 MHz, CDCl3, 25 �C): �� 160.16 (4C; ArCOCH2), 159.58 (2C;
ArCOCH2), 139.08 (2C; ArC), 136.91 (1C; ArC), 136.71 (4C; PhC), 136.65
(1C; CHCBr2), 128.58, 128.01, 127.53 (20C; PhCH), 107.64 (2C; ArCH),
106.29 (4C; ArCH), 102.72 (1C; ArCH), 101.56 (2C; ArCH), 90.04 (1C;
CHCBr2), 70.09 (4C; CH2O), 70.03 (2C; CH2O); IR (film): �� � 3086.9w,
3061.5w, 3030.8w, 2928.1w, 2877.1w, 1595.9s, 1496.4w, 1449.9m, 1375.8m,
1338.4w, 1320.6w, 1156.5s, 1051.5s, 833.1s, 736.1m, 696.4 cm�1 m ; UV/Vis
(CH2Cl2): �max (�)� 275 (16500), 286 nm (sh, 12900); MS (FAB� ): m/z :
899 [M�H]� ; MS (EI): m/z : 898 [M]� , 807, 596, 505, 392, 303, 211, 181, 91,
65.


Compound 6 : nBuLi (1.6� in hexane, 4.22 mL, 6.75 mmol) was added with
ice water cooling to a solution of diisopropylamine (687 mg, 6.75 mmol) in
dry THF (10 mL) in a three-necked flask (100 mL). After 1 h, the resulting
LDA solution was slowly dropped into 5 (2.0 g, 2.2 mmol), dissolved in dry
THF (10 mL) at �78 �C. The temperature was kept at �78 �C and the
reaction was monitored by TLC (silica gel, CH2Cl2). Due to its strong
fluorescence, 5 could be differentiated from the starting material. By the
careful addition of HCl (10%, 50 mL), then CH2Cl2 (100 mL), the reaction
was quenched. The aqueous phase was extracted with CH2Cl2 (3� 70 mL),
and the combined organic solutions were dried over Na2SO4. Column
chromatography (silica gel, toluene) yielded 5 as a white solid (1.222 g,
1.66 mmol, 75%). Rf� 0.57 (toluene); 1H NMR (400 MHz, CDCl3, 25 �C):
�� 7.41 ± 7.31 (m, 20H; PhH), 6.71 (d, 3J(H,H)� 2.0 Hz, 2H; ArH), 6.65 (d,
3J(H,H)� 2.0 Hz, 4H; ArH), 6.58 (t, 3J(H,H)� 2.0 Hz, 1H; ArH), 6.57 (t,
3J(H,H)� 2.2 Hz, 2H; ArH), 5.01 (s, 8H; OCH2), 4.93 (s, 4H; OCH2), 3.03
(s, 1H; C�C-H); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 160.15 (4C;
ArCOCH2), 159.51 (2C; ArCOCH2), 138.92 (2C; ArC), 136.71 (4C; PhC),
128.58, 127.99, 127.53 (20C; PhCH), 123.41 (1C; ArC), 111.17 (2C; ArCH),
106.29 (4C; ArCH), 103.75 (1C; ArCH), 101.59 (2C; ArCH), 83.50 (1C;
C�C-H), 76.48 (1C; C�C-H), 70.08 (4C; CH2O), 69.97 (2C; CH2O); IR
(KBr): �� � 3285.2m, 3088.9w, 3063.5w, 3031.8w, 2925.1w, 2871.1w, 2109.2w,
1595.9s, 1497.4w, 1451.9m, 1374.8m, 1342.4w, 1320.6w, 1295.3w, 1156.5s,
1051.5s, 833.1s, 736.1m, 696.4 cm�1 m ; UV/Vis (CH2Cl2): �max (�)� 231
(36400), 255 (sh, 11400), 278 (sh, 5800), 284 (6800), 303 nm (3100); MS
(FAB� ): m/z : 739 [M�H]� .


Compound 22 : TMEDA (0.1 mL, 0.67 mmol) and CuCl (40 mg, 0.41 mmol)
were added to a solution of 6 (80 mg, 0.11 mmol). The slurry was stirred in
air, while the reaction progress was controlled with TLC (silica gel,
toluene). After 4 d, water (20 mL) and HCl (10%, 5 mL) were added,


whereupon a colourless solid precipitated. Filtration and drying in the oil
pump vacuum gave 22 as white solid (70 mg, 0.05 mmol, 88%). Rf� 0.44
(toluene); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.41 ± 7.28 (m, 40H;
PhH), 6.72 (d, 3J(H,H)� 2.1 Hz, 4H; ArH), 6.64 (d, 3J(H,H)� 2.5 Hz, 8H;
ArH), 6.60 (t, 3J(H,H)� 2.1 Hz, 2H; ArH), 6.56 (t, 3J(H,H)� 2.5 Hz, 4H;
ArH), 5.01 (s, 16H; OCH2), 4.93 (s, 8H; OCH2); 13C NMR (100.5 MHz,
CDCl3, 25 �C): �� 160.14 (8C; ArCOCH2), 159.53 (4C; ArCOCH2),
138.81 (4C; ArC), 136.68 (8C; PhC), 128.55, 127.99, 127.52 (40C; PhCH),
122.95 (2C; ArC), 111.38 (4C; ArCH), 106.25 (8C; ArCH), 104.52 (2C;
ArCH), 101.62 (4C; ArCH), 81.58 (2C; (R-C�C)2), 73.59 (2C; (R-C�C)2),
70.06 (12C; CH2O); IR (KBr): �� � 3031.4w, 2869.6w, 2145.7w, 1594.9s,
1497.6w, 1452.5m, 1375.6m, 1332.8w, 1298.0w, 1156.5s, 1054.6m, 830.8m,
736.6m, 696.7 cm�1m ; UV/Vis (CH2Cl2): �max (�)� 266 (sh, 37600), 270 (sh,
38800), 277 (41000), 282 (sh, 37800), 297 (34600), 315 (45500), 337 nm
(36000); MS (FAB� ): m/z : 1475 [M]� .


Compound 16 : A flask was charged with 6 (4.002 g, 5.42 mmol) and dry
THF (50 mL) and cooled to �78 �C. Then nBuLi (1.6� in hexane, 3.73 mL,
5.97 mmol) was added with stirring. After 45 min, the cooling bath was
warmed to �20 �C and CuI (1.033 g, 5.423 mmol) was added. The cooling
bath was then removed and the mixture allowed to warm. After 15 min at
room temperature, the mixture was cooled to �20 �C and dry pyridine
(32 mL, 400 mmol) was added. A solution of Br-C�C-C�C-TMS[42]


(1.194 g, 5.97 mmol) in dry THF (35 mL) was added dropwise with a
syringe pump over 7 h. The mixture was then stirred for 5 d at room
temperature. When TLC (silica gel, toluene) indicated no further progress,
the reaction was quenched by addition of HCl (10%, 100 mL) and CH2Cl2
(100 mL). The aqueous phase was extracted with CH2Cl2 (3� 100 mL), and
the combined organic phases were washed with saturated solutions of
NH4Cl (100 mL) and NaCl (100 mL) before drying over Na2SO4. Purifi-
cation with column chromatography (silica gel, hexane/toluene 1:1�
2:3� 3:7) yielded 16 as a brown oil (608 mg, 0.71 mmol, 13%). Rf� 0.73
(toluene); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.35 ± 7.24 (m, 20H;
PhH), 6.64 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.57 (d, 3J(H,H)� 2.2 Hz, 4H;
ArH), 6.55 (t, 3J(H,H)� 2.2 Hz, H; ArH), 6.51 (t, 3J(H,H)� 2.2 Hz, 2H;
ArH), 4.93 (s, 8H; OCH2), 4.82 (s, 4H; OCH2), 0.18 (s, 9H; Si(CH3)3);
13C NMR (100.5 MHz, CDCl3, 25 �C): �� 160.06 (4C; ArCOCH2), 159.44
(2C; ArCOCH2), 138.66 (2C; ArC), 136.62 (4C; PhC), 128.47, 127.90,
127.43 (20C; PhCH), 121.88 (1C; ArC), 111.78 (2C; ArCH), 106.16 (4C;
ArCH), 105.07 (1C; ArCH), 101.55 (2C; ArCH), 89.13 (1C; C�C-C�C-
C�C-Si(CH3)3), 88.01 (1C; C�C-C�C-C�C-Si(CH3)3), 76.77 (1C; C�C-
C�C-C�C-Si(CH3)3), 73.96 (1C; C�C-C�C-C�C-Si(CH3)3), 69.94 (6C;
CH2O), 66.92 (1C; C�C-C�C-C�C-Si(CH3)3), 61.49 (1C; C�C-C�C-C�C-
Si(CH3)3), �0.61 (3C; C�C-C�C-C�C-Si(CH3)3); UV/Vis (CH2Cl2): �max


(�)� 248 (51000), 262 (64000), 271 (sh, 35300), 284 (21700), 303 (23300),
323 (32500), 346 nm (24300); MS (FAB� ): m/z : 875 [M]� , 859.


Compounds 17 and 20 : a) A spatula tip of K2CO3 was added to a stirred
solution of 16 (100 mg, 0.12 mmol) in wet THF/MeOH (1:1, 10 mL). TLC
(silica gel, hexane/toluene 1:1) indicated completeness of the reaction after
80 min, whereupon water (20 mL), conc. HCl (1 mL), and CH2Cl2 (50 mL)
were added. The aqueous phase was extracted with CH2Cl2 (2� 50 mL),
and the combined organic phases were dried over Na2SO4. After filtration,
the solvent was removed until about 1 mL remained. The deprotected
triyne 17 (Rf� 0.60, silica gel, toluene) was, after addition of acetone
(10 mL), used in reaction b) without characterization.


b) A slurry of TMEDA (0.5 mL, 3.4 mmol) and CuCl (40 mg, 0.41 mmol) in
dry acetone (10 mL) was stirred for 15 min, whereupon it was repeatedly
filtered until no more solid precipitated in the filtrate. After each filtration,
the residue was washed with dry acetone (5 mL). To the resulting catalyst, a
solution of 17 was added with a dropping funnel. TLC (silica gel, toluene)
was used to monitor the reaction progress. At the end, the reaction was
quenched with water (50 mL), CH2Cl2 (50 mL), followed by sufficient conc.
HCl to redissolve the precipitated yellow product. The aqueous phase was
extracted with CH2Cl2 (2� 40 mL), and the combined organic phases were
dried over Na2SO4. Column chromatography (silica gel, CH2Cl2) afforded
20 as a yellow solid (80 mg, 0.05 mmol, 85%). Rf� 0.45 (toluene); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 7.41 ± 7.29 (m, 40H; PhH), 6.72 (d, 3J(H,H)�
2.4 Hz, 4H; ArH), 6.62 (d, 3J(H,H)� 2.1 Hz, 8H; ArH), 6.56 (t, 3J(H,H)�
2.1 Hz, 4H; ArH), 6.55 (t, 3J(H,H)� 2.4 Hz, 2H; ArH), 5.01(s, 16H;
OCH2), 4.93 (s, 8H; OCH2); 13C NMR (100.5 MHz, CDCl3, 25 �C): ��
160.18 (8C; ArCOCH2), 159.56 (4C; ArCOCH2), 138.63 (4C; ArC), 136.65
(8C; PhC), 128.58, 128.02, 127.52 (40C; PhCH), 121.97 (2C; ArC), 112.19
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(4C; ArCH), 106.25 (8C; ArCH), 105.12 (2C; ArCH), 101.65 (4C; ArCH),
77.33 (2C; (R-C�C-C�C-C�C)2), 73.96 (2C; (R-C�C-C�C-C�C)2), 70.11
(12C; CH2O), 67.27 (2C; (R-C�C-C�C-C�C)2), 64.58 (2C; (R-C�C-C�C-
C�C)2), 63.57 (2C; (R-C�C-C�C-C�C)2), 62.46 (2C; (R-C�C-C�C-
C�C)2); UV/Vis (CH2Cl2): �max� 263, 275, 287, 302, 322, 343, 360, 368
(sh), 397, 428, 467; MS (FAB� ): m/z : 1572 [M�H]� .


Compound 7: A solution of [G-3]-CH2OH[31] (9.87 g, 6.2 mmol) in dry
CH2Cl2 (35 mL) was slowly added to a vigorously stirred slurry of
pyridinium dichromate (4.655 g, 12.04 mmol) in dry CH2Cl2 (15 mL) at
room temperature. After 2 d, TLC (silica gel, CH2Cl2) reaction control
indicated complete reaction. The reaction mixture was filtered through a
silica gel plug (CH2Cl2) to give 7 as a light yellow oil (9.86 g, 6.2 mmol,
100%). Rf� 0.50 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 9.84 (s,
1H; CHO), 7.41 ± 7.28 (m, 40H; PhH), 7.06 (d, 3J(H,H)� 2.0 Hz, 2H; ArH),
6.84 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 6.66 (d, 3J(H,H)� 2.2 Hz, 8H; ArH),
6.64 (d, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.56 (t, 3J(H,H)� 2.2 Hz, 4H; ArH),
6.54 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 5.00 (s, 16H; OCH2), 4.99 (s, 4H;
OCH2), 4.95 (s, 8H; OCH2); 13C NMR (100.5 MHz, CDCl3, 25 �C): ��
191.74 (1C; CHO), 160.24 (2C; ArCOCH2), 160.13 (8C; ArCOCH2),
160.07 (4C; ArCOCH2), 139.12 (4C; ArC), 138.61 (2C; ArC), 138.39 (1C;
ArC), 136.72 (8C; PhC), 128.54, 127.97, 127.52 (40C; PhCH), 108.57 (1C;
ArCH), 108.28 (2C; ArCH), 106.38 (4C; ArCH), 106.34 (8C; ArCH),
101.68 (2C; ArCH), 101.56 (4C; ArCH), 70.17 (2C; CH2O), 70.06 (8C;
CH2O), 69.97 (4C; CH2O); IR (film): �� � 3442.0s, 3063.2w, 3031.6w,
2925.9w, 2871.3w, 1697.4m, 1595.5s, 1497.3w, 1451.0s, 1375.1s, 1343.3w,
1295.9w, 1214.2w, 1158.1s, 1053.7s, 832.7m, 737.2m, 696.9 cm�1 w; UV/Vis
(CH2Cl2): �max (�)� 229 (88600), 233 (sh, 72000), 269 (sh, 16200), 277
(19100), 284 (sh, 16700), 325 nm (3000); MS (FAB� ):m/z : 1592 [M�H]� .


Compound 8 : PPh3 (6.47 g, 24.65 mmol) was added at 0 �C to a solution of
CBr4 (4.14 g, 12.32 mmol) in dry CH2Cl2 (20 mL). At the same temperature,
aldehyde 7 (9.8 g, 6.16 mmol), dissolved in dry CH2Cl2 (75 mL), was
dropped slowly into the reaction mixture. The cooling bath was removed
and the progress of the reaction was monitored by TLC (silica gel, CH2Cl2).
After 17 h, the reaction mixture was poured into ice water (150 mL), and
the aqueous phase was extracted with CH2Cl2 (3� 70 mL). The combined
organic phases were dried over Na2SO4, and column chromatography
(silica gel, CH2Cl2) yielded 8 as light yellow oil (10.02 g, 5.7 mmol, 93%).
Rf� 0.90 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.32 ± 7.20 (m
and s, 41H; 40 PhH and CHCBr2), 6.64 (d, 3J(H,H)� 1.7 Hz, 2H; ArH),
6.58 (d, 3J(H,H)� 1.7 Hz, 8H; ArH), 6.55 (d, 3J(H,H)� 1.7 Hz, 4H; ArH),
6.51 (t, 3J(H,H)� 1.7 Hz, 1H; ArH), 6.48 (t, 3J(H,H)� 1.7 Hz, 4H; ArH),
6.45 (t, 3J(H,H)� 1.7 Hz, 2H; ArH), 4.92 (s, 20H; OCH2), 4.86 (s, 8H;
OCH2); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 160.13 (8C; ArCOCH2),
160.06 (4C; ArCOCH2), 159.58 (2C; ArCOCH2), 139.15 (4C; ArC), 139.06
(2C; ArC), 136.89 (1C; ArC), 136.72 (8C; PhC), 136.63 (1C; CHCBr2),
128.54, 127.96, 127.52 (40C; PhCH), 107.64 (2C; ArCH), 106.34 (12C;
ArCH), 102.71 (1C; ArCH), 101.57 (6C; ArCH), 90.05 (1C; CHCBr2),
70.06 (10C; CH2O), 69.97 (4C; CH2O); IR (film): �� � 3062.6w, 3030.9w,
2926.0w, 2870.6w, 1595.6s, 1496.8w, 1450.9s, 1374.2m, 1295.6w, 1214.0w,
1157.4s, 1052.3s, 909.2w, 831.2m, 736.1m, 696.2 cm�1 w; UV/Vis (CH2Cl2):
�max (�)� 231 (97400), 233 (sh, 82400), 277 (25200), 285 nm (sh, 22000);
MS (FAB� ): m/z : 1747 [M]� .


Compound 9 : nBuLi (1.6� in hexane, 6.8 mL, 10.83 mmol) was added with
ice water cooling to a solution of diisopropylamine (1.1 g, 10.83 mmol) in
dry THF (5 mL) in a three-necked flask (100 mL). After 1 h, the resulting
LDA solution was slowly dropped into 8 (6.3 g, 3.61 mmol), dissolved in dry
THF (15 mL). The temperature was kept at �78 �C, and the reaction was
monitored by TLC (silica gel, CH2Cl2) at �78 �C. Due to its strong
fluorescence, 9 could be differentiated from the starting material. By the
careful addition of HCl (10%, 50 mL) followed by CH2Cl2 (100 mL), the
reaction was quenched. The aqueous phase was extracted with CH2Cl2 (3�
50 mL), and the combined organic solutions were dried over Na2SO4. Two-
fold column chromatography (silica gel, CH2Cl2) gave the light yellow oil 9
(3.343 g, 2.1 mmol, 58%). Rf� 0.87 (CH2Cl2); 1H NMR (400 MHz, CDCl3,
25 �C): �� 7.40 ± 7.24 (m, 40H; PhH), 6.71 (d, 3J(H,H)� 2.2 Hz, 2H; ArH),
6.66 (d, 3J(H,H)� 2.2 Hz, 8H; ArH), 6.62 (d, 3J(H,H)� 2.2 Hz, 4H; ArH),
6.60 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 6.55 (t, 3J(H,H)� 2.2 Hz, 4H; ArH),
6.53 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 5.00 (s, 16H; OCH2), 4.94 (s, 8H;
OCH2), 4.91 (s, 4H; OCH2), 3.00 (s, 1H; C�C-H); 13C NMR (100.5 MHz,
CDCl3, 25 �C): �� 160.13 (8C; ArCOCH2), 160.06 (4C; ArCOCH2),
159.54 (2C; ArCOCH2), 139.15 (4C; ArC), 138.92 (2C; ArC), 136.74 (8C;


PhC), 128.56, 127.97, 127.53 (40C; PhCH), 123.42 (1C; ArC), 111.17 (2C;
ArCH), 106.34 (12C; ArCH), 103.75 (1C; ArCH), 101.59 (6C; ArCH),
83.40 (1C; C�C-H), 77.20 (1C; C�C-H), 70.08 (10C; CH2O), 69.98 (4C;
CH2O); IR (film): �� � 3282.8m, 3062.6w, 3030.9w, 2869.8w, 2108.8w,
1595.6s, 1497.0w, 1450.8m, 1374.1m, 1320.5w, 1295.0w, 1214.0w, 1155.9s,
1049.8m, 831.1m, 735.7m, 696.0 cm�1 m ; UV/Vis (CH2Cl2): �max (�)� 228
(84400), 229 (87900), 231 (77200), 257 (sh, 12900), 277 (sh, 15700), 283
(16500), 305 nm (sh, 3100); MS (FAB� ): m/z : 1587 [M]� .


Compound 18 : A flask was charged with 9 (2.0 g, 1.26 mmol) and dry THF
(12 mL) and cooled to �78 �C. Then nBuLi (1.6� in hexane, 0.87 mL,
1.39 mmol) was added with stirring. After 45 min, the cooling bath was
warmed to �20 �C and CuI (240 mg, 1.26 mmol) was added. The cooling
bath was then removed and the mixture allowed to warm. After 15 min at
room temperature, the mixture was cooled to �20 �C and dry pyridine
(8 mL, 100 mmol) was added. A solution of Br-C�C-C�C-TMS[42] (279 mg,
1.39 mmol) in dry THF (24 mL) was added dropwise with a syringe pump
over 1 h. The mixture was then stirred for 4 d at room temperature. When
TLC (silica gel, toluene) indicated no further progress, the reaction was
quenched by addition of HCl (10%, 100 mL) and CH2Cl2 (100 mL). The
aqueous phase was extracted with CH2Cl2 (3� 100 mL), and the combined
organic phases were washed with saturated solutions of NH4Cl (100 mL)
and NaCl (100 mL) before drying over Na2SO4. Purification with column
chromatography (silica gel, toluene) yielded 18 as yellow oil(430 mg,
0.25 mmol, 20%). Rf� 0.32 (toluene); 1H NMR (400 MHz, CDCl3, 25 �C):
�� 7.27 ± 7.14 (m, 40H; PhH), 6.58 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.53 (d,
3J(H,H)� 2.2 Hz, 8H; ArH), 6.49 (d, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.49 (t,
3J(H,H)� 2.2 Hz, 1H; ArH), 6.43 (t, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.41 (t,
3J(H,H)� 2.2 Hz, 2H; ArH), 4.85 (s, 16H; OCH2), 4.79 (s, 8H; OCH2), 4.74
(s, 4H; OCH2), 0.10 (s, 9H; C�C-Si(CH3)3); 13C NMR (100.5 MHz, CDCl3,
25 �C): �� 160.06 (8C; ArCOCH2), 159.98 (4C; ArCOCH2), 159.47 (2C;
ArCOCH2), 139.10 (4C; ArC), 138.67 (2C; ArC), 136.68 (8C; PhC),
128.47, 127.90, 127.46 (40C; PhCH), 122.02 (1C; ArC), 111.79 (2C; ArCH),
106.27 (12C; ArCH), 104.01 (1C; ArCH), 101.56 (2C; ArCH), 101.48 (4C;
ArCH), 89.25 (1C; C�C-C�C-C�C-Si(CH3)3), 88.09 (1C; C�C-C�C-C�C-
Si(CH3)3), 76.85 (1C; C�C-C�C-C�C-Si(CH3)3), 74.00 (1C; C�C-C�C-
C�C-Si(CH3)3), 69.94 (10C; CH2O), 69.85 (4C; CH2O), 66.99 (1C; C�C-
C�C-C�C-Si(CH3)3), 62.07 (1C; C�C-C�C-C�C-Si(CH3)3), �0.60 (3C;
C�C-C�C-C�C-Si(CH3)3); UV/Vis (toluene): �max� 305, 324, 347, 365, 393,
426 nm; MS (FAB� ): m/z : 1708 [M]� .


Compounds 19 and 21: a) A spatula tip of K2CO3 was added to a stirred
solution of 18 (110 mg, 0.06 mmol) in wet THF/MeOH (1:1, 10 mL). TLC
(silica gel, CH2Cl2) indicated completeness of the reaction after 60 min,
whereupon water (20 mL), conc. HCl (1 mL), and CH2Cl2 (20 mL) were
added. The aqueous phase was extracted with CH2Cl2 (2� 20 mL), and the
combined organic phases were dried over Na2SO4. After filtration, the
solvent was removed until about 1 mL remained. The deprotected triyne 19
(Rf� 0.58, silica gel, CH2Cl2) was, after addition of acetone (10 mL), used in
reaction b) without characterization.


b) A slurry of TMEDA (0.5 mL, 3.4 mmol) and CuCl (40 mg, 0.41 mmol) in
dry acetone (10 mL) was stirred for 15 min, whereupon it was repeatedly
filtered until no further solid precipitated in the filtrate. After each
filtration, the filter cake was washed with dry acetone (5 mL). The solution
of 19 was added to the resulting catalyst with a dropping funnel. TLC (silica
gel, CH2Cl2) was used to monitor the reaction progress. The reaction was
quenched upon completion with water (10 mL), CH2Cl2 (50 mL), and conc.
HCl (5 mL). The aqueous phase was extracted with CH2Cl2 (2� 40 mL),
and the combined organic phases were dried over Na2SO4. Two-fold
column chromatography (silica gel, CH2Cl2) followed by HPLC separation
(Nucleosil, toluene/CH2Cl2 7:3) gave 21 as a yellow oil (80 mg, 0.02 mmol,
82%). Rf� 0.30 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.34 ±
7.09 (m, 80H; PhH), 6.66 (d, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.59 (d,
3J(H,H)� 2.2 Hz, 16H; ArH), 6.53 (d, 3J(H,H)� 2.2 Hz, 8H; ArH), 6.49 (t,
3J(H,H)� 2.2 Hz, 10H; ArH), 6.46 (t, 3J(H,H)� 2.2 Hz, 4H; ArH), 4.94 (s,
32H; OCH2), 4.88 (s, 16H; OCH2), 4.85 (s, 8H; OCH2); 13C NMR
(100.5 MHz, CDCl3, 25 �C): �� 160.15 (16C; ArCOCH2), 160.09 (8C;
ArCOCH2), 159.04 (4C; ArCOCH2), 139.13 (8C; ArC), 138.63 (4C; ArC),
136.73 (16C; PhC), 128.58, 128.00, 127.55 (80C; PhCH), 122.02 (2C; ArC),
112.20 (4C; ArCH), 106.36 (24C; ArCH), 105.78 (2C; ArCH), 101.67 (4C;
ArCH), 101.58 (8C; ArCH), 77.41 (2C; (R-C�C-C�C-C�C)2), 74.00 (2C;
(R-C�C-C�C-C�C)2), 70.09 (20C; CH2O), 70.00 (8C; CH2O), 67.30 (2C;
(R-C�C-C�C-C�C)2), 64.46 (2C; (R-C�C-C�C-C�C)2), 63.57 (2C; (R-
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C�C-C�C-C�C)2), 62.46 (2C; (R-C�C-C�C-C�C)2); UV/Vis (toluene):
�max� 296, 316, 351, 377, 408 nm; MS (FAB� ): m/z : 3269 [M]� .


Compound 24 : tert-Butyldimethylsilylchloride (543 mg, 3.60 mmol), dis-
solved in dry DMF (10 mL) was slowly added at 0 �C to a stirred solution of
3,5-dihydroxybenzaldehyde (225 mg, 1.63 mmol), 4-dimethylaminopyri-
dine (135 mg, 1.10 mmol), and triethylamine (397 mg, 3.92 mmol) in dry
DMF (10 mL). After 10 min, the resulting suspension was allowed to warm
and the reaction was monitored with TLC (silica gel, ethyl acetate/hexane
1:1). After 18 h, water (40 mL) and Et2O (40 mL) were added. The organic
phase was washed with water (2� 50 mL) and a saturated solution of NaCl
(50 mL), before it was dried over Na2SO4. Purification with column
chromatography (silica gel, CH2Cl2) yielded 24 as a transparent oil (540 mg,
1.47 mmol, 90%). Rf� 0.57 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C):
�� 9.84 (s, 1H; CHO), 6.93 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.57 (t,
3J(H,H)� 2.2 Hz, 1H; ArH), 0.97 (s, 18H; Si(CH3)2C(CH3)3), 0.20 (s, 12H;
Si(CH3)2C(CH3)3); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 191.83 (1C;
CHO), 157.26 (2C; ArCOSi), 138.33 (1C; ArC), 118.42 (1C; ArCH),
114.38 (2C; ArCH), 25.61 (6C; Si(CH3)2C(CH3)3), 18.19 (2C;
Si(CH3)2C(CH3)3), �4.30 (4C; Si(CH3)2C(CH3)3); IR (film): �� � 2956.7m,
2931.7m, 2887.3w, 2859.9m, 1704.7s, 1589.4s, 1459.9s, 1384.5m, 1336.6s,
1258.6m, 1170.7s, 1031.8m, 1009.6w, 939.2w, 830.7s, 782.2 cm�1 m, 740.9w;
MS (EI): m/z : 366 [M]� , 309, 281, 267, 239, 73.


Compound 25 : PPh3 (1.469 g, 5.6 mmol) was added at 0 �C to a solution of
CBr4 (929 mg, 2.8 mmol) in dry CH2Cl2 (5 mL). At the same temperature,
aldehyde 24 (510 mg, 1.4 mmol), dissolved in dry CH2Cl2 (14 mL), was
dropped slowly into the reaction mixture. The cooling bath was removed
and the progress of the reaction was monitored by TLC (silica gel, CH2Cl2).
After 10 min, water (100 mL) and CH2Cl2 (50 mL) were added, and the
aqueous phase was extracted with CH2Cl2 (2� 20 mL). The combined
organic phases were dried over Na2SO4, and column chromatography
(silica gel, CH2Cl2) yielded 25 as transparent oil (713 mg, 1.37 mmol, 97%).
Rf� 0.73 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.33 (s, 1H;
CHCBr2), 6.63 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.31 (t, 3J(H,H)� 2.2 Hz,
1H; ArH), 0.95 (s, 18H; Si(CH3)2C(CH3)3), 0.18 (s, 12H;
Si(CH3)2C(CH3)3); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 156.47 (2C;
ArCOSi), 136.71 (1C; CHCBr2), 136.60 (1C; ArC), 113.43 (2C; ArCH),
112.66 (1C; ArCH), 89.44 (1C; CHCBr2), 25.66 (6C; Si(CH3)2C(CH3)3),
18.21 (2C; Si(CH3)2C(CH3)3), �4.39 (4C; Si(CH3)2C(CH3)3); IR (film):
�� � 2957.7m, 2929.5m, 2898.3w, 2858.6m, 1580.7s, 1472.1w, 1432.6m,
1390.3w, 1362.7w, 1337.7m, 1257.4m, 1229.5w, 1169.1s, 1033.8m, 1014.7w,
939.0w, 830.6s, 812.1w, 781.3m, 741.8w, 688.1 cm�1 w; MS (EI): m/z : 522
[M]� , 465, 329, 147, 139, 73.


Compound 27: nBuLi (1.6� in hexane, 2.46 mL, 3.93 mmol) was added
with ice water cooling to a solution of diisopropylamine (398 mg,
3.93 mmol) in dry THF (10 mL) in a three-necked flask (100 mL). After
1 h, the resulting LDA solution was slowly dropped into 25 (684 mg,
1.31 mmol), dissolved in dry THF (15 mL) at �78 �C. The temperature was
kept at�78 �C, and the reaction was monitored by TLC (silica gel, CH2Cl2).
Due to its strong fluorescence the elimination product could be differ-
entiated from the starting material. When no further starting material could
be observed, triisopropylsilylchloride (1.01 g, 5.24 mmol) was added with a
syringe, and the mixture was allowed to warm to room temperature. After
1 h, the reaction was quenched by the careful addition of HCl (10%,
50 mL) followed by CH2Cl2 (40 mL). The aqueous phase was extracted with
CH2Cl2 (3� 40 mL), and the combined organic solutions were dried over
Na2SO4. Column chromatography (silica gel, CH2Cl2) gave the transparent
oil 27 (658 mg, 1.3 mmol, 97%). Rf� 0.78 (CH2Cl2); 1H NMR (400 MHz,
CDCl3, 25 �C): �� 6.54 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.28 (t, 3J(H,H)�
2.2 Hz, 1H; ArH), 1.10 (s, 21H; Si(CH(CH3)2)3), 0.95 (s, 18H;
Si(CH3)2C(CH3)3), 0.17 (s, 12H; Si(CH3)2C(CH3)3); 13C NMR
(100.5 MHz, CDCl3, 25 �C): �� 156.26 (2C; ArCOSi), 124.61 (1C; ArC),
117.08 (2C; ArCH), 112.99 (1C; ArCH), 106.98 (1C; C�C-TIPS), 89.99
(1C; C�C-TIPS), 25.64 (6C; Si(CH3)2C(CH3)3), 18.66 (6C;
Si(CH(CH3)2)3), 18.17 (2C; Si(CH3)2C(CH3)3), 11.32 (3C; Si(CH(CH3)2)3),
�4.43 (4C; Si(CH3)2C(CH3)3); IR (film): �� � 2957.3m, 2893.4w, 2863.9m,
2150.5w, 1578.3s, 1463.7w, 1427.1m, 1390.1w, 1345.6m, 1256.5m, 1169.7s,
1029.3m, 1015.3m, 856.6w, 832.1s, 781.5m, 669.2 cm�1 w; MS (EI): m/z : 518
[M]� , 475, 433, 362, 305, 263, 160, 124, 73, 57, 41.


Compound 26 : nBuLi (1.6� in hexane, 60.1 mL, 96.1 mmol) was added
with ice water cooling to a solution of diisopropylamine (9.724 g,
96.1 mmol) in dry THF (40 mL) in a three-necked flask (100 mL). After


1 h, the resulting LDA solution was slowly dropped into 25 (16.737 g,
32.03 mmol), dissolved in dry THF (150 mL) at �78 �C. The temperature
was kept at �78 �C, and the reaction was monitored by TLC (silica gel,
CH2Cl2). Due to its strong fluorescence 26 could be differentiated from the
starting material. When no further starting material could be observed,
careful addition of HCl (10%, 110 mL), water (100 mL), and afterwards
CH2Cl2 (300 mL) quenched the reaction. The aqueous phase was extracted
with CH2Cl2 (2� 150 mL), and the combined organic solutions were dried
over Na2SO4. Column chromatography (silica gel, CH2Cl2) gave the
transparent oil 26 (11.036 g, 30.43 mmol, 95%). Rf� 0.72 (CH2Cl2);
1H NMR (400 MHz, CDCl3, 25 �C): �� 6.59 (d, 3J(H,H)� 2.2 Hz, 2H;
ArH), 6.34 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 2.99 (s, 1H; C�C-H), 0.96 (s,
18H; Si(CH3)2C(CH3)3), 0.18 (s, 12H; Si(CH3)2C(CH3)3); 13C NMR
(100.5 MHz, CDCl3, 25 �C): �� 156.39 (2C; ArCOSi), 123.07 (1C; ArC),
117.22 (2C; ArCH), 113.72 (1C; ArCH), 83.53 (1C; C�C-H), 76.51 (1C;
C�C-H), 25.62 (6C; Si(CH3)2C(CH3)3), 18.17 (2C; Si(CH3)2C(CH3)3),
�4.45 (4C; Si(CH3)2C(CH3)3); IR (film): �� � 3314.5w, 3296.2w, 2956.9m,
2931.5m, 2887.3w, 2859.8m, 2105.9w, 1580.7s, 1472.2w, 1428.6m, 1390.7w,
1362.2w, 1341.4m, 1298.2w, 1255.6m, 1225.8w, 1169.4s, 1136.6w, 1030.1m,
1007.2m, 978.9w, 939.2w, 833.1s, 814.7w, 781.8m, 742.4w, 671.2 cm�1 w; UV/
Vis (hexane): �max (�)� 211 (32000), 213 (sh, 30400), 244 (7800), 251 (8200),
295 nm (1600); MS (EI): m/z : 362 [M]� , 347, 305, 263, 249, 73.


Compound 34 :


A) Di-TIPS-benzaldehyde: Triisopropylsilylchloride (14.19, 73.58 mmol),
dissolved in dry DMF (80 mL) was slowly added at 0 �C to a stirred solution
of 3,5-dihydroxybenzaldehyde (4.62 g, 33.44 mmol), 4-dimethylaminopyr-
idine (2.70 g, 22.07 mmol), and triethylamine (8.12 g, 80.27 mmol) in dry
DMF (110 mL). After 10 min, the resulting suspension was allowed to
warm, and the reaction was monitored with TLC (silica gel, ethyl acetate/
hexane 1:1). After 20 h, water (100 mL) and Et2O (150 mL) were added.
The aqueous phase was extracted with Et2O (2� 100 mL), and the
combined organic phases were washed with HCl (10%, 2� 50 mL) and
water (100 mL), before drying over Na2SO4. Purification by column
chromatography (silica gel, toluene) yielded the aldehyde as a transparent
oil (11.3 g, 25.1 mmol, 75%). Rf� 0.75 (ethyl acetate/hexane 1:1); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 9.84 (s, 1H; CHO), 6.96 (d, 3J(H,H)� 2.2 Hz,
2H; ArH), 6.66 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 1.29 ± 1.23 (m, 6H;
Si(CH(CH3)2)3), 1.08 (d, 3J(H,H)� 7.3 Hz, 36H; Si(CH(CH3)2)3); 13C NMR
(100.5 MHz, CDCl3, 25 �C): �� 191.84 (1C; CHO), 157.61 (2C; ArCOSi),
138.28 (1C; ArC), 117.93 (1C; ArCH), 113.98 (2C; ArCH), 17.81 (12C;
Si(CH(CH3)2)3), 12.60 (6C; Si(CH(CH3)2)3); IR (film): �� � 2946.1s,
2868.3m, 1705.8m, 1587.9s, 1459.5m, 1383.9w, 1339.9m, 1177.7s, 1033.1w,
1014.2w, 882.4w, 831.8w, 757.7w, 680.8 cm�1 w; MS (EI):m/z : 450 [M]� , 407,
379, 351, 337, 154, 140, 126, 87, 73, 59.


B) Di-TIPS-phenyl-CHCBr2: PPh3 (26.06 g, 99.36 mmol) was added at 0 �C
to a solution of CBr4 (16.48 g, 49.68 mmol) in dry CH2Cl2 (80 mL). At the
same temperature, the aldehyde obtained above (11.2 g, 24.84 mmol),
dissolved in dry CH2Cl2 (150 mL), was dropped slowly into the reaction
mixture. The cooling bath was removed and the progress of the reaction
was monitored by TLC (silica gel, CH2Cl2). After 15 min, water (150 mL)
and CH2Cl2 (100 mL) were added, and the aqueous phase was extracted
with CH2Cl2 (3� 100 mL). The combined organic phases were dried over
Na2SO4, and column chromatography (silica gel, CH2Cl2) yielded the
dibromoolefin as transparent oil (13.9 g, 22.9 mmol, 92%). Rf� 0.97
(CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.34 (s, 1H; CHCBr2),
6.66 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.41 (t, 3J(H,H)� 2.2 Hz, 1H; ArH),
1.25 ± 1.20 (m, 6H; Si(CH(CH3)2)3), 1.08 (d, 3J(H,H)� 7.1 Hz, 36H;
Si(CH(CH3)2)3); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 156.86 (2C;
ArCOSi), 136.85 (1C; CHCBr2), 136.52 (1C; ArC), 113.10 (2C; ArCH),
112.37 (1C; ArCH), 89.26 (1C; CHCBr2), 17.90 (12C; Si(CH(CH3)2)3),
12.64 (6C; Si(CH(CH3)2)3); IR (film): �� � 2945.0s, 2867.4m, 1588.3s,
1462.7m, 1433.2m, 1388.5w, 1340.3m, 1228.9w, 1174.7s, 1034.7m, 1015.7m,
996.1w, 919.8w, 881.9m, 800.4w, 760.2m, 685.4 cm�1 m ; UV/Vis (CH2Cl2):
�max (�)� 228 (30000), 230 (28200), 264 (sh, 15600), 270 (15900), 283 nm
(sh, 11900); MS (EI): m/z : 606 [M]� , 563, 535, 204, 115, 87, 73, 59, 43; MS
(FAB� ): m/z : 607 [M�H]� , 563.


C) Compound 34 : nBuLi (1.6� in hexane, 42.96 mL, 68.74 mmol) was
added with ice water cooling to a solution of diisopropylamine (6.96 g,
68.74 mmol) in dry THF (30 mL) in a three-necked flask (100 mL). After
2 h, the resulting LDA solution was slowly dropped into the dibromoolefin
(13.9 g, 22.91 mmol), dissolved in dry THF (100 mL) at �78 �C. The
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temperature was kept at �78 �C, and the reaction was monitored by TLC
(silica gel, toluene). Due to its strong fluorescence the elimination product
could be differentiated from the starting material. When no further starting
material could be observed, careful addition of HCl (10%, 100 mL), water
(100 mL), and afterwards CH2Cl2 (100 mL) quenched the reaction. The
aqueous phase was extracted with CH2Cl2 (2� 150 mL), and the combined
organic solutions were dried over Na2SO4. Column chromatography (silica
gel, toluene) gave the transparent oil 34 (7.855 g, 17.58 mmol, 77%). Rf�
0.76 (toluene); 1H NMR (400 MHz, CDCl3, 25 �C): �� 6.63 (d, 3J(H,H)�
2.2 Hz, 2H; ArH), 6.46 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 3.06 (s, 1H; C�C-
H), 1.28 ± 1.24 (m, 6H; Si(CH(CH3)2)3), 1.10 (d, 3J(H,H)� 7.3 Hz, 36H;
Si(CH(CH3)2)3); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 157.34 (2C;
ArCOSi), 123.45 (1C; ArC), 117.20 (2C; ArCH), 113.76 (1C; ArCH), 83.84
(1C; C�C-H), 76.88 (1C; C�C-H), 18.05 (12C; Si(CH(CH3)2)3), 13.04 (6C;
Si(CH(CH3)2)3); IR (film): �� � 3314.5m, 2945.9s, 2893.0w, 2868.2m,
2105.3w, 1579.5s, 1463.7w, 1428.8m, 1388.5w, 1346.2m, 1249.5w, 1224.0w,
1176.4s, 1136.7w, 1070.8w, 1031.7m, 1010.6m, 919.9w, 882.7m, 858.0w,
811.7w, 760.4m, 684.2m, 645.2 cm�1 w; UV/Vis (CH2Cl2): �max (�)� 227
(18000), 248 (13200), 254 (13500), 298 nm (3000); MS (EI):m/z : 446 [M]� ,
403, 375, 124, 59; MS (FAB� ): m/z : 447 [M�H]� , 403.


Compound 28 : H2SO4 (10%, 1.3 mL) was added to a solution of 26 (1.5 g,
4.13 mmol) in MeOH/CH2Cl2 (1:1, 20 mL). The reaction was monitored
with TLC (silica gel, ethyl acetate/hexane 1:1). After 65 h, the reaction was
quenched by addition of water (40 mL) and Et2O (40 mL). The aqueous
phase was extracted with Et2O (2� 60 mL), and the combined organic
phases were dried over Na2SO4. Purification by column chromatography
(silica gel, ethyl acetate/hexane 1:1) gave 28 as white solid (553 mg,
4.13 mmol, 100%). Rf� 0.50 (ethyl acetate/hexane 1:1); 1H NMR
(400 MHz, [D6]acetone, 25 �C): �� 8.51 (s, 2H; OH), 6.47 (d, 3J(H,H)�
2.2 Hz, 2H; ArH), 6.40 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 3.50 (s, 1H; C�C-
H); 13C NMR (100.5 MHz, [D6]acetone, 25 �C): �� 159.35 (2C; ArCOH),
124.38 (1C; ArC), 111.17 (2C; ArCH), 104.80 (1C; ArCH), 84.39 (1C;
C�C-H), 77.96 (1C; C�C-H); IR (KBr): �� � 3291.8s, 2984.0w, 2111.7w,
1700.8m, 1596.5s, 1501.7w, 1439.1m, 1376.8w, 1334.7m, 1302.5m, 1196.1w,
1157.8s, 1043.2w, 1002.1m, 958.7w, 843.3m, 677.6w, 630.0 cm�1 w; MS (EI):
m/z : 134 [M]� .


Compound 29 : H2SO4 (10%, 0.1 mL) was added to a solution of 27 (60 mg,
0.12 mmol) in MeOH/CH2Cl2 1:1 (2 mL). The reaction was monitored with
TLC (silica gel, CH2Cl2). After 40 h, the reaction was quenched by addition
of water (40 mL) and CH2Cl2 (40 mL). The aqueous phase was extracted
with CH2Cl2 (20 mL), and the combined organic phases were dried over
Na2SO4. Purification with column chromatography (silica gel, ethyl
acetate/hexane 1:1) gave 29 as white solid (34 mg, 0.12 mmol, 100%).
Rf� 0.58 (ethyl acetate/hexane 1:1); 1H NMR (400 MHz, [D6]acetone,
25 �C): �� 8.42 (s, 2H; OH), 6.48 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.39 (t,
3J(H,H)� 2.2 Hz, 1H; ArH), 1.13 (s, 21H; Si(CH(CH3)2)3); 13C NMR
(100.5 MHz, [D6]acetone, 25 �C): �� 159.33 (2C; ArCOH), 125.32 (1 C;
ArC), 111.14 (2C; ArCH), 108.64 (1C; C�C-TIPS), 104.73 (1C; ArCH),
89.31 (1C; C�C-TIPS), 18.95 (6C; Si(CH(CH3)2)3), 11.99 (3C;
Si(CH(CH3)2)3); IR (KBr): �� � 3313.3s, 2942.9s, 2890.9w, 2864.4m,
2162.7m, 1616.5w, 1592.7s, 1506.6m, 1461.3m, 1365.8w, 1323.4m, 1302.4w,
1200.6w, 1147.9s, 1071.9w, 997.2s, 919.6w, 883.1m, 844.3m, 827.3w, 701.0m,
674.0m, 659.9 cm�1w; MS (EI):m/z : 290 [M]� , 247, 219, 205, 191, 177, 96, 75,
57, 45; MS (FAB� ): m/z : 291 [M�H]� , 247, 219, 205, 191, 177.


Compound 31: K2CO3 (73 mg, 0.529 mmol) was added to a solution of [G-
3]-Br[31] (700 mg, 0.423 mmol), 29 (61.4 mg, 0.212 mmol) and [18]crown-6
(11.2 mg, 0.042 mmol) in dry acetone (20 mL). The suspension was heated
at reflux for 17 h. Water (60 mL) and CH2Cl2 (60 mL) were added, and the
organic phase was dried over Na2SO4. Two-fold column chromatography
(silica gel, CH2Cl2) afforded 31 as transparent oil (524 mg, 0.152 mmol,
72%). Rf� 0.27 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.38 ±
7.24 (m, 80H; PhH), 6.72 (s, 4H; ArH), 6.65 (s, 26H; ArH), 6.54 (s, 12H;
ArH), 6.52 (s, 3H; ArH), 4.97 (s, 36H; CH2O), 4.92 (s, 20H; CH2O), 4.88 (s,
4H; CH2O), 1.10 (d, 3J(H,H)� 1.4 Hz, 18H; Si(CH(CH3)2)3), 0.89 (s, 3H;
Si(CH(CH3)2)3); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 160.13 (20C;
ArCOCH2), 160.04 (8C; ArCOCH2), 159.53 (2C; ArCOCH2), 139.22
(12C; ArC), 139.03 (2C; ArC), 136.77 (16C; PhC), 128.55, 127.94, 127.52
(80C; PhCH), 124.89 (1C; ArC), 111.21 (2C; ArCH), 106.93 (1C; C�C-
Si(CH(CH3)2)3), 106.49 (4C; ArCH), 106.44 (8C; ArCH), 106.36 (16C;
ArCH), 103.13 (1C; ArCH), 101.61 (14C; ArCH), 90.45 (1C; C�C-
Si(CH(CH3)2)3), 70.06 (22 C; CH2O), 69.95 (8C; CH2O), 18.63 (6C;


Si(CH(CH3)2)3), 11.30 (3C; Si(CH(CH3)2)3); IR (film): �� � 3063.0w,
3030.3w, 2962.0m, 2862.6w, 2153.5w, 1593.8s, 1497.2w, 1446.9s, 1371.6s,
1342.4w, 1294.0m, 1262.7w, 1214.4w, 1162.3s, 1059.3s, 829.5m, 734.6m,
696.7m, 676.3 cm�1 w; MS (FAB� ): m/z : 3443 [M�H]� .


Compound 30 :


A) A mixture of 31 (641 mg, 0.186 mmol) and tetrabutylammonium
fluoride (1.0� in THF, 1.9 mL, 1.864 mmol) in THF/water 10:1 (11 mL)
was heated at reflux, and the reaction was monitored by TLC (silica gel,
CH2Cl2). After 4 d, saturated aqueous NaCl (40 mL) and CH2Cl2 (50 mL)
were added. The aqueous phase was extracted with Et2O (3� 60 mL), and
the combined organic layers were dried over Na2SO4. Column chromatog-
raphy (silica gel, CH2Cl2) gave 30 as transparent oil (494 mg, 0.151 mmol,
85%).


B) K2CO3 (90 mg, 0.653 mmol) was added to a solution of [G-3]-Br[31]


(864 mg, 0.522 mmol), 28 (35 mg, 0.261 mmol), and [18]crown-6 (14 mg,
0.052 mmol) in dry acetone (15 mL). The suspension was heated at reflux
for 24 h. Then water (60 mL) and CH2Cl2 (60 mL) were added, and the
aqueous phase was extracted with CH2Cl2 (2� 60 mL). The combined
organic phases were dried over Na2SO4. Two-fold column chromatography
(silica gel, first: CH2Cl2; second: CH2Cl2/hexane 9:1) afforded 30 as
transparent oil (385 mg, 0.117 mmol, 45%). Rf� 0.76 (CH2Cl2); 1H NMR
(400 MHz, CDCl3, 25 �C): �� 7.41 ± 7.29 (m, 80H; PhH), 6.71 (d, 3J(H,H)�
2.4 Hz, 2H; ArH), 6.67 (d, 3J(H,H)� 2.4 Hz, 24H; ArH), 6.66 (d,
3J(H,H)� 2.2 Hz, 4H; ArH), 6.61 (t, 3J(H,H)� 2.4 Hz, 1H; ArH), 6.57
(t, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.55 (t, 3J(H,H)� 2.4 Hz, 12H; ArH), 5.00
(s, 36H; CH2O), 4.95 (s, 20H; CH2O), 4.91 (s, 4H; CH2O), 3.07 (s, 1H;
C�C-H); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 160.48 (20C; Ar-
COCH2), 160.39 (8C; ArCOCH2), 159.99 (2C; ArCOCH2), 139.80 (12C;
ArC), 139.56 (2C; ArC), 137.31 (16C; PhC), 128.85, 128.31, 127.94 (80C;
PhCH), 123.77 (1C; ArC), 111.46 (2C; ArCH), 106.67 (28C; ArCH),
104.02 (1C; ArCH), 101.78 (14C; ArCH), 83.61 (1C; C�C-H), 77.37 (1C;
C�C-H), 70.37 (22C; CH2O), 70.24 (8C; CH2O); IR (film): �� � 3285.7m,
3064.0w, 3032.7m, 2930.1s, 2872.2s, 2101.2w, 1594.9s, 1497.4w, 1453.1s,
1374.1s, 1296.3m, 1214.9m, 1159.9s, 1053.2s, 910.5w, 833.5m, 737.1m, 697.6m,
632.3 cm�1 w; UV/Vis (CH2Cl2): �max (�)� 231 (161800), 233 (182500), 236
(sh, 127200), 258 (19700), 278 (37200), 283 (37800), 304 nm (3400); MS
(FAB� ): m/z : 3285 [M]� .


Compound 44 : A slurry of TMEDA (0.4 mL, 2.6 mmol) and CuCl (153 mg,
1.56 mmol) in dry acetone (20 mL) was stirred for 5 min, whereupon it was
repeatedly filtered until no more solid precipitated in the filtrate. After
each filtration, the filter cake was purged with dry acetone (5 mL). To the
resulting catalyst was added a solution of 26 (150 mg, 0.414 mmol) in dry
acetone (8 mL) with a dropping funnel. TLC (silica gel, toluene) was used
to monitor the reaction progress. Upon completion, the reaction was
quenched with water (100 mL), HCl (10%, 25 mL), and CH2Cl2 (100 mL).
The aqueous phase was extracted with CH2Cl2 (100 mL), and the combined
organic phases were dried over Na2SO4. Purification by column chroma-
tography (silica gel, toluene), followed by a second column (silica gel,
hexane) yielded 44 as white solid (116 mg, 0.16 mmol, 77%). Rf� 0.81
(toluene); 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 6.63 (d, 3J(H,H)�
2.2 Hz, 4H; ArH), 6.39 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 0.97 (s, 36H;
Si(CH3)2C(CH3)3), 0.20 (s, 24H; Si(CH3)2C(CH3)3); 13C NMR (100.5 MHz,
CD2Cl2, 25 �C): �� 157.04 (4C; ArCOSi), 122.95 (2C; ArC), 117.82 (4C;
ArCH), 114.97 (2C; ArCH), 81.72 (2C; (R-C�C)2), 73.51 (2C; (R-C�C)2),
25.77 (12C; Si(CH3)2C(CH3)3), 18.48 (4C; Si(CH3)2C(CH3)3), �4.35 (8C;
Si(CH3)2C(CH3)3); IR (KBr): �� � 2956.4m, 2931.1m, 2887.2w, 2858.7m,
2148.1w, 1577.4s, 1471.7w, 1427.6m, 1390.3w, 1340.8s, 1260.8m, 1223.5w,
1168.6s, 1137.5w, 1030.3m, 1005.0m, 983.9w, 939.6w, 840.5s, 813.8w, 781.7m,
684.7 cm�1m ; UV/Vis (CH2Cl2): �max (�)� 227 (67200), 252 (sh, 20400), 265
(23800), 275 (sh, 18200), 291 (sh, 21900), 295 (27900), 314 (40900), 336 nm
(34500); MS (FAB� ): m/z : 723 [M]� , 523, 465, 329.


Compound 45 : A slurry of TMEDA (0.5 mL, 3.3 mmol) and CuCl (1.0 g,
10.2 mmol) in dry acetone (50 mL) was stirred for 20 min, whereupon it was
repeatedly filtered until no more solid precipitated in the filtrate. After
each filtration, the filter cake was washed with dry acetone (10 mL). To the
resulting catalyst was added a solution of 34 (471 mg, 1.05 mmol) in dry
acetone (15 mL) with a dropping funnel. TLC (silica gel, hexane) was used
to monitor the reaction progress. After 3 h, the reaction was quenched with
water (100 mL), HCl (10%, 30 mL), and hexane (100 mL). The aqueous
phase was extracted with hexane (2� 100 mL). The combined organic
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phases were washed with HCl (10%, 2� 50 mL) and water (50 mL) and
dried over Na2SO4. Purification by column chromatography (silica gel,
hexane) gave 45 as transparent oil (427 mg, 0.48 mmol, 91%). Rf� 0.18
(hexane); 1H NMR (400 MHz, CDCl3, 25 �C): �� 6.58 (d, 3J(H,H)�
2.2 Hz, 4H; ArH), 6.39 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 1.20 ± 1.13 (m,
12H; Si(CH(CH3)2)3), 1.01 (d, 3J(H,H)� 7.3 Hz, 72H; Si(CH(CH3)2)3);
13C NMR (100.5 MHz, CDCl3, 25 �C): �� 156.86 (4C; ArCOSi), 122.57
(2C; ArC), 117.10 (4C; ArCH), 114.12 (2C; ArCH), 81.59 (2C; (R-C�C)2),
73.26 (2C; (R-C�C)2), 17.86 (24C; Si(CH(CH3)2)3), 12.60 (12C;
Si(CH(CH3)2)3); IR (film): �� � 2945.2s, 2892.1w, 2867.5m, 2150.3w,
1582.1s, 1463.1m, 1426.2m, 1388.9w, 1344.6m, 1305.5w, 1241.5w, 1228.2w,
1178.4s, 1072.0w, 1031.8m, 1008.2m, 919.5w, 882.5m, 858.7w, 838.1w, 753.2s,
680.7 cm�1 m ; UV/Vis (CH2Cl2): �max (�)� 227 (76300), 229 (73400), 254
(sh, 19800), 267 (23100), 276 (sh, 19900), 296 (28100), 315 (41100), 337 nm
(34900); MS (FAB� ): m/z : 891 [M]� , 847.


Compound 35 : A flask was charged with 26 (100 mg, 0.28 mmol) and dry,
degassed THF (5 mL) and cooled to 0 �C. nBuLi (1.6� in hexane, 0.18 mL,
0.29 mmol) was added with stirring. After 1 h at 0 �C, CuCl (28.4 mg,
0.29 mmol) was added. The cooling bath was removed and after 90 min the
solvent was evaporated by oil pump vacuum until 1 mL remained. Dry,
degassed pyridine (4.0 mL, 5.0 mmol) was then added and the solution
cooled in an ice bath. A solution of Br-C�C-C�C-TMS[42] (83.1 mg,
0.41 mmol) in dry, degassed THF (2 mL) was added dropwise over 2 min
with a syringe. As soon as TLC (silica gel, hexane) indicated no further
progress (after 50 min), the reaction was quenched. HCl (10%, 20 mL),
water (20 mL), and hexane (30 mL) were added. The aqueous phase was
extracted with hexane (3� 30 mL), and the combined organic phases were
dried over Na2SO4. Purification by column chromatography (silica gel,
hexane) afforded 35 as light brown oil (70 mg, 0.143 mmol, 52%). Rf� 0.22
(hexane); 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 6.62 (d, 3J(H,H)�
2.2 Hz, 2H; ArH), 6.41 (t, 3J(H,H)� 2.2 Hz, 1H; ArH), 0.96 (s, 18H;
Si(CH3)2C(CH3)3), 0.21 (s, 9H; Si(CH3)3), 0.18 (s, 12H; Si(CH3)2C(CH3)3);
13C NMR (100.5 MHz, CD2Cl2, 25 �C): �� 157.06 (2C; ArCOSi), 121.87
(1C; ArC), 118.31 (2C; ArCH), 115.68 (1C; ArCH), 89.70 (1C; C�C-C�C-
C�C-Si(CH3)3), 87.93 (1C; C�C-C�C-C�C-Si(CH3)3), 77.13 (1C; C�C-
C�C-C�C-Si(CH3)3), 73.73 (1C; C�C-C�C-C�C-Si(CH3)3), 66.86 (1C;
C�C-C�C-C�C-Si(CH3)3), 61.53 (1C; C�C-C�C-C�C-Si(CH3)3), 25.72
(6C; Si(CH3)2C(CH3)3), 18.45 (2C; Si(CH3)2C(CH3)3), �0.52 (3C; C�C-
C�C-C�C-Si(CH3)3), �4.39 (4C; Si(CH3)2C(CH3)3); UV/Vis (CH2Cl2):
�max� 249, 253 (sh), 261, 269 (sh), 284, 302, 323, 346 nm; MS (FAB� ):m/z :
483 [M�H]� .


Compounds 37 and 36 : A flask was charged with 34 (258 mg, 0.58 mmol)
and dry, degassed THF (10 mL) and cooled to 0 �C. nBuLi (1.6� in hexane,
0.38 mL, 0.60 mmol) was added with stirring. After 100 min at 0 �C, CuCl
(59.5 mg, 0.60 mmol) was added. The cooling bath was removed and after
60 min the solvent was evaporated by oil pump vacuum until 1 mL
remained. Dry, degassed pyridine (9.0 mL, 11.6 mmol) was added and the
solution cooled in an ice bath. A solution of Br-C�C-C�C-TMS[42] (232 mg,
1.15 mmol) in dry, degassed THF (7 mL) was added dropwise over 2 min
with a syringe. As soon as TLC (silica gel, hexane) indicated no further
progress (after 50 min), the reaction was quenched. HCl (10%, 30 mL),
water (20 mL), and hexane (40 mL) were added. The aqueous phase was
extracted with hexane (2� 40 mL), and the combined organic phases were
dried over Na2SO4. Purification by two-fold column chromatography (silica
gel, hexane) gave 36 as transparent oil (63 mg, 0.104 mmol, 18%) and 37 as
light brown oil (30 mg, 0.052 mmol, 9%).


Compound 36 : Rf� 0.28 (hexane); 13C NMR (100.5 MHz, CDCl3, 25 �C):
�� 156.26 (2C; ArCOSi), 124.61 (1C; ArC), 117.08 (2C; ArCH), 112.99
(1C; ArCH), 106.98 (1C; C�C-Si(CH(CH3)2)3), 89.83 (1C; C�C-
Si(CH(CH3)2)3), 18.65 (6C; Si(CH(CH3)2)3), 17.88 (12C; Si(CH(CH3)2)3),
12.61 (6C; Si(CH(CH3)2)3), 11.32 (3C; Si(CH(CH3)2)3); IR (film): ��


�2944.8s, 2867.5s, 2149.7w, 1576.8s, 1464.5m, 1427.2m, 1350.1m, 1247.9w,
1176.4s, 1031.0w, 1015.8m, 995.3w, 919.6w, 882.6m, 856.7w, 761.8 cm�1 m ;
UV/Vis (hexane): �max� 217, 255 nm; MS (FAB� ): m/z : 603 [M]� , 559.


Compound 37: Rf� 0.26 (hexane); 1H NMR (400 MHz, CDCl3, 25 �C): ��
6.62 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.46 (t, 3J(H,H)� 2.2 Hz, 1H; ArH),
1.24 ± 1.18 (m, 6H; Si(CH(CH3)2)3), 1.06 (d, 3J(H,H)� 7.3 Hz, 36H;
Si(CH(CH3)2)3), 0.20 (s, 9H; Si(CH3)3); 13C NMR (100.5 MHz, CDCl3,
25 �C): �� 157.46 (2C; ArCOSi), 121.79 (1C; ArC), 117.95 (2C; ArCH),
115.28 (1C; ArCH), 89.65 (1C; C�C-C�C-C�C-Si(CH3)3), 87.95 (1C;
C�C-C�C-C�C-Si(CH3)3), 77.28 (1C; C�C-C�C-C�C-Si(CH3)3), 73.64


(1C; C�C-C�C-C�C-Si(CH3)3), 66.82 (1C; C�C-C�C-C�C-Si(CH3)3),
61.57 (1C; C�C-C�C-C�C-Si(CH3)3), 17.99 (12C; Si(CH(CH3)2)3), 12.98
(6C; Si(CH(CH3)2)3), �0.52 (3C; C�C-C�C-C�C-Si(CH3)3); UV/Vis
(hexane): �max� 207, 216 (sh), 223, 236 (sh), 250, 261, 269 (sh), 283, 301,
321, 345 nm; MS (FAB� ): m/z : 567 [M]� , 523.


Compound 38 : Two spatula tips of K2CO3 were added to a stirred solution
of 35 (2.65 g, 5.5 mmol) in wet THF/MeOH 1:1 (100 mL). TLC (silica gel,
hexane) indicated completeness of the reaction after 70 min, whereupon
water (30 mL), HCl (10%, 10 mL), and hexane (70 mL) were added. The
aqueous phase was extracted with hexane (2� 70 mL), and the combined
organic phases were dried over Na2SO4. After filtration, the solvent was
removed by rotary evaporation until 5 ± 10 mL remained. This solution was
purified by column chromatography (silica gel, hexane) to give 38 as an
unstable transparent oil (2.03 g, 4.95 mmol, 90%). Rf� 0.28 (hexane); UV/
Vis (hexane): �max� 219, 223, 242, 252, 261 (sh), 275, 291, 310, 331 nm; MS
(FAB� ): m/z : 411 [M�H]� , 353, 311.


Compound 40 : A slurry of TMEDA (0.5 mL, 3.3 mmol) and CuCl (1.0 g,
10.2 mmol) in dry acetone (50 mL) was stirred for 20 min, whereupon it was
repeatedly filtered until no more solid precipitated in the filtrate. After
each filtration, the filter cake was washed with dry acetone (10 mL). To the
resulting catalyst was added a solution of 38 (100 mg, 0.24 mmol) in dry
acetone (30 mL) with a dropping funnel. TLC (silica gel, hexane) was used
to monitor the reaction progress. After 2 h, the reaction was quenched with
water (80 mL), HCl (10%, 20 mL), and hexane (100 mL). The aqueous
phase was extracted with hexane (2� 80 mL). The combined organic
phases were washed with HCl (10%, 2� 50 mL) and water (50 mL) and
dried over Na2SO4. Purification by column chromatography (silica gel,
hexane) afforded 40 as yellow solid (93 mg, 0.11 mmol, 94%). Rf� 0.07
(hexane); 1H NMR (400 MHz, CDCl3, 25 �C): �� 6.61 (d, 3J(H,H)�
2.2 Hz, 4H; ArH), 6.39 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 0.95 (s, 36H;
Si(CH3)2C(CH3)3), 0.17 (s, 24H; Si(CH3)2C(CH3)3); 13C NMR (100.5 MHz,
CDCl3, 25 �C): �� 156.64 (4C; ArCOSi), 120.94 (2C; ArC), 118.24 (4C;
ArCH), 115.73 (2C; ArCH), 77.38 (2C; (R-C�C-C�C-C�C)2), 73.80 (2C;
(R-C�C-C�C-C�C)2), 67.13 (2C; (R-C�C-C�C-C�C)2), 64.52 (2C; (R-
C�C-C�C-C�C)2), 63.57 (2 C; (R-C�C-C�C-C�C)2), 62.51 (2C; (R-C�C-
C�C-C�C)2), 25.59 (12C; Si(CH3)2C(CH3)3), 18.17 (4C; Si(CH3)2C(CH3)3),
�4.45 (8C; Si(CH3)2C(CH3)3); IR (KBr): �� � 2955.5m, 2930.5m, 2895.7w,
2858.9m, 2182.6w, 2159.4m, 2057.9w, 1578.9s, 1471.4w, 1425.1m, 1372.5s,
1259.9s, 1171.0s, 1030.0m, 1004.7m, 987.2w, 939.1w, 831.3s, 813.9w, 781.6m,
741.0w, 680.7 cm�1 w; UV/Vis (CH2Cl2): �max (�)� 251 (sh, 27700), 262
(41400), 274 (63200), 288 (92500), 303 (135300), 322 (158600), 342
(193700), 360 (94000), 367 (sh, 77200), 396 (26700), 429 (22600), 467 nm
(10500); MS (FAB� ): m/z : 819 [M]� .


Compound 39 : A spatula tip of K2CO3 was added to a stirred solution of 37
(140 mg, 0.26 mmol) in wet THF/MeOH 1:1 (10 mL). TLC (silica gel,
hexane) indicated completeness of the reaction after 25 min, whereupon
water (20 mL), HCl (10%, 10 mL), and hexane (30 mL) were added. The
aqueous phase was extracted with hexane (30 mL), and the combined
organic phases were dried over Na2SO4. After filtration, the solvent was
removed by rotary evaporation until 5 ± 10 mL remained. This solution was
purified by column chromatography (silica gel, hexane) to give a pure
fraction of unstable 39 in hexane (�100%). Rf� 0.26 (hexane); UV/Vis
(hexane): �max� 238 (sh), 244 (sh), 252, 262 (sh), 275, 291, 310, 332 nm; MS
(FAB� ): m/z : 495 [M�H]� , 451.


Compound 41: The solvent of the hexane fraction of 39 was evaporated,
and the residue was dissolved in dry acetone (5 mL). A slurry of TMEDA
(0.16 mL, 1.05 mmol) and CuCl (78 mg, 0.8 mmol) in dry acetone (5 mL)
was stirred for 10 min, whereupon it was repeatedly filtered until no more
solid precipitated in the filtrate. After each filtration, the filter cake was
washed with dry acetone (5 mL). To the resulting catalyst was added a
solution of 39 (128 mg, 0.26 mmol) in dry acetone (5 mL) with a dropping
funnel. TLC (silica gel, hexane) was used to monitor the reaction progress.
Upon completion, the reaction was quenched with water (20 mL), HCl
(10%, 30 mL), and hexane (80 mL). The aqueous phase was extracted with
hexane (2� 30 mL), and the combined organic phases were dried over
Na2SO4. Purification by column chromatography (silica gel, hexane)
yielded 41 as a yellow solid (64 mg, 0.065 mmol, 25%). Rf� 0.13 (hexane);
1H NMR (400 MHz, CD2Cl2, 25 �C): �� 6.69 (d, 3J(H,H)� 2.2 Hz, 4H;
ArH), 6.53 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 1.28 ± 1.20 (m, 12H;
Si(CH(CH3)2)3), 1.08 (d, 3J(H,H)� 7.1 Hz, 72H; Si(CH(CH3)2)3);
13C NMR (100.5 MHz, CD2Cl2, 25 �C): �� 157.56 (4C; ArCOSi), 121.09
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(2C; ArC), 118.29 (4C; ArCH), 115.94 (1C; ArCH), 78.10 (2C; (R-C�C-
C�C-C�C)2), 73.68 (2C; (R-C�C-C�C-C�C)2), 67.12 (2C; (R-C�C-C�C-
C�C)2), 64.62 (2C; (R-C�C-C�C-C�C)2), 63.76 (2C; (R-C�C-C�C-
C�C)2), 62.86 (2C; (R-C�C-C�C-C�C)2), 18.01 (24C; Si(CH(CH3)2)3),
13.00 (12C; Si(CH(CH3)2)3); IR (KBr): �� � 2944.9s, 2866.6m, 2182.8m,
2159.3m, 2058.7w, 1579.7s, 1462.0m, 1423.8m, 1373.9m, 1267.2m, 1176.0s,
1073.0w, 1031.0m, 1005.7m, 919.9w, 882.9m, 864.7w, 846.6w, 825.4w, 784.3w,
754.2m, 691.2 cm�1m ; UV/Vis (CH2Cl2): �max (�)� 249 (sh, 26200), 263 (sh,
43200), 275 (67500), 287 (94700), 303 (132600), 323 (155600), 344
(191400), 362 (90700), 368 (sh, 83100), 397 (26900), 429 (22800), 468 nm
(10400); MS (FAB� ): m/z : 988 [M�H]� , 944.


Compounds 42 and 44 : A three-necked flask (500 mL) with gas inlet and
dropping funnel was charged with 26 (723 mg, 1.99 mmol) and trimethylsi-
lylacetylene[36] (1.175 g, 11.96 mmol) in dry acetone (100 mL). A mixture of
TMEDA (0.52 mL, 3.38 mmol) and CuCl (858 mg, 8.76 mmol) in dry
acetone (80 mL) was stirred for 60 min, whereupon it was repeatedly
filtered until no more solid precipitated in the filtrate. After each filtration,
the filter cake was washed with dry acetone (10 mL). The solution of
alkynes was purged with O2 for 5 min and the catalyst solution was added
over 15 min in five portions. O2 was bubbled through the reaction mixture,
and the reaction progress was monitored with TLC (silica gel, hexane).
After 18 h, more trimethylsilylacetylene (235 mg, 3.98 mmol) was added.
After 25 h, the reaction was quenched with HCl (10%, 40 mL), water
(60 mL), and hexane (100 mL). The aqueous phase was extracted with
hexane (2� 80 mL), and the combined organic layers were washed with
HCl (10%, 50 mL) and water (50 mL), before drying over Na2SO4. The
residual brown oil was purified with column chromatography (silica gel,
hexane) to give 42 as transparent oil (652 mg, 1.42 mmol, 71%) and 44 as
white solid (87 mg, 0.12 mmol, 12%).


Compound 42: Rf� 0.31 (hexane); 1H NMR (400 MHz, [D6]acetone, 25�C):
�� 6.68 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.49 (t, 3J(H,H)� 2.2 Hz, 1H;
ArH), 0.99 (s, 18H; Si(CH3)2C(CH3)3), 0.24 (s, 12H; Si(CH3)2C(CH3)3),
0.23 (s, 9H; Si(CH3)3); 13C NMR (100.5 MHz, [D6]acetone, 25 �C): ��
157.63 (2C; ArCOSi), 123.09 (1C; ArC), 118.28 (2C; ArCH), 115.50
(1C; ArCH), 91.37 (1C; CC-C�C-Si(CH3)3), 88.50 (1C; C�C-C�C-
Si(CH3)3), 76.99 (1C; C�C-C�C-Si(CH3)3), 74.21 (1C; C�C-C�C-
Si(CH3)3), 25.95 (6C; Si(CH3)2C(CH3)3), 18.77 (2C; Si(CH3)2C(CH3)3),
�0.49 (3C; Si(CH3)3), �4.37 (4C; Si(CH3)2C(CH3)3); IR (film): �� �
2957.7m, 2930.9m, 2898.0w, 2859.8m, 2209.3m, 2101.1m, 1578.7s, 1472.3w,
1463.6w, 1426.2m, 1390.9w, 1357.2s, 1299.0w, 1252.5s, 1225.0w, 1169.5s,
1030.3m, 1001.8w, 927.0s, 838.6s, 781.8m, 760.8w, 682.6w, 647.6w, 636.0 cm�1


w; UV/Vis (hexane): �max� 213 (sh), 218, 229, 241 (sh), 253, 267, 282,
299 nm; MS (FAB� ): m/z : 459 [M�H]� , 401.


Compound 44 : Rf� 0.10 (hexane); spectroscopic data: see direct coupling
reaction to 44.


Compound 46 : A spatula tip of K2CO3 was added to a stirred solution of 42
(615 mg, 1.34 mmol) in wet THF/MeOH 1:1 (20 mL). TLC (silica gel,
hexane) indicated completeness of the reaction after 60 min, whereupon
water (40 mL), HCl (10%, 10 mL), and hexane (50 mL) were added. The
aqueous phase was extracted with hexane (2� 100 mL), and the combined
organic phases were dried over Na2SO4. After filtration, the solvent was
removed by rotary evaporation until 5 ± 10 mL had remained. This solution
was purified by column chromatography (silica gel, hexane) to give 46 as
labile transparent oil (492 mg, 1.27 mmol, 95%). Rf� 0.29 (hexane); UV/
Vis (hexane): �max� 211, 220 (sh), 245, 257, 271, 286, 313 nm (sh); MS
(FAB� ): m/z : 387 [M�H]� , 329.


Compounds 43 and 45 : A three-necked flask (500 mL) with gas inlet and
dropping funnel was charged with 34 (500 mg, 1.12 mmol) and trimethylsi-
lylacetylene[36] (659 mg, 6.71 mmol) in dry acetone (80 mL). A mixture of
TMEDA (0.3 mL, 1.90 mmol) and CuCl (483 mg, 4.92 mmol) in dry
acetone (40 mL) was stirred for 30 min, whereupon it was repeatedly
filtered until no more solid precipitated in the filtrate. After each filtration,
the filter cake was washed with dry acetone (5 mL). The solution of alkynes
was purged with O2 for 5 min and the catalyst solution was added over
7 min in four portions. O2 was bubbled through the reaction mixture and
the reaction progress was monitored with TLC (silica gel, hexane). After
3 h, more trimethylsilylacetylene (659 mg, 6.71 mmol) was added. After
17 h, the reaction was quenched with HCl (10%, 50 mL) and hexane
(100 mL). The aqueous phase was extracted with hexane (2� 100 mL), and
the combined organic layers were washed with HCl (10%, 50 mL) and


water (50 mL), before drying over Na2SO4. The residual brown oil was
purified with column chromatography (silica gel, hexane) to give 43 as light
brown oil (395 mg, 0.73 mmol, 65%) and 45 as transparent oil (170 mg,
0.10 mmol, 17%).


Compound 43 : Rf� 0.22 (hexane); 1H NMR (400 MHz, CDCl3, 25 �C): ��
6.70 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.55 (t, 3J(H,H)� 2.2 Hz, 1H; ArH),
1.35 ± 1.30 (m, 6H; Si(CH(CH3)2)3), 1.12 (d, 3J(H,H)� 7.3 Hz, 36H;
Si(CH(CH3)2)3), 0.23 (s, 9H; Si(CH3)3); 13C NMR (100.5 MHz, CDCl3,
25 �C): �� 157.63 (2C; ArCOSi), 123.14 (1C; ArC), 117.92 (2C; ArCH),
114.94 (1C; ArCH), 91.32 (1C; C�C-C�C-Si(CH3)3), 88.52 (1C; C�C-
C�C-Si(CH3)3), 76.99 (1C; C�C-C�C-Si(CH3)3), 74.51 (1C; C�C-C�C-
Si(CH3)3), 18.21 (12C; Si(CH(CH3)2)3), 13.32 (6C; Si(CH(CH3)2)3), �0.46
(3C; Si(CH3)3); IR (film): �� � 2946.2m, 2893.7w, 2868.3m, 2208.8w,
2100.5w, 1577.3s, 1464.7w, 1425.9m, 1359.4m, 1251.4w, 1176.2s, 1071.0w,
1031.8w, 1015.1w, 1000.9w, 927.0m, 882.7w, 846.0m, 759.2m, 681.9 cm�1 w;
UV/Vis (hexane): �max� 219, 229 (sh), 254, 267, 282, 299 nm; MS (FAB� ):
m/z : 543 [M]� , 499.


Compound 45 :Rf� 0.10 (hexane); spectroscopical data: see direct coupling
reaction to 45.


Compound 47: A spatula tip of K2CO3 was added to a stirred solution of 43
(238 mg, 0.44 mmol) in wet THF/MeOH 1:1 (10 mL). TLC (silica gel,
hexane) indicated completeness of the reaction after 30 min, whereupon
water (10 mL), HCl (10%, 10 mL), and hexane (40 mL) were added. The
aqueous phase was extracted with hexane (2� 50 mL), and the combined
organic phases were dried over Na2SO4. After filtration, the solvent was
removed by rotary evaporation until 5 ± 10 mL remained. This solution was
purified by column chromatography (silica gel, hexane) to give a pure
fraction of unstable 47 in hexane (�100%). Rf� 0.28 (hexane); UV/Vis
(hexane): �max� 212, 245, 257, 271, 286, 306 nm (sh); MS (FAB� ):m/z : 471
[M�H]� , 427.


Compound 48 : A slurry of TMEDA (0.5 mL, 3.3 mmol) and CuCl (1.0 g,
10.2 mmol) in dry acetone (50 mL) was stirred for 20 min, whereupon it was
repeatedly filtered until no more solid precipitated in the filtrate. After
each filtration, the filter cake was washed with dry acetone (10 mL). To the
resulting catalyst was added a solution of 46 (170 mg, 0.44 mmol) in dry
acetone (10 mL) with a dropping funnel. TLC (silica gel, hexane) was used
to monitor the reaction progress. After 18 h, the reaction was quenched
with water (10 mL), HCl (10%, 10 mL), and hexane (30 mL). The aqueous
phase was extracted with hexane (40 mL), and the combined organic
phases were dried over Na2SO4. Purification by column chromatography
(silica gel, hexane�CH2Cl2/hexane 10:9) gave 48 as yellow plates (57 mg,
0.07 mmol, 34%). Rf� 0.08 (hexane); 1H NMR (400 MHz, CDCl3, 25 �C):
�� 6.61 (d, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.38 (t, 3J(H,H)� 2.2 Hz, 2H;
ArH), 0.95 (s, 36H; Si(CH3)2C(CH3)3), 0.17 (s, 24H; Si(CH3)2C(CH3)3);
13C NMR (100.5 MHz, CDCl3, 25 �C): �� 156.55 (4C; ArCOSi), 121.37
(2C; ArC), 118.04 (4C; ArCH), 115.39 (2C; ArCH), 77.56 (2C; (R-C�C-
C�C)2), 73.90 (2C; (R-C�C-C�C)2), 67.10 (2C; (R-C�C-C�C)2), 63.55
(2C; (R-C�C-C�)2), 25.59 (12C; Si(CH3)2C(CH3)3), 18.17 (4C;
Si(CH3)2C(CH3)3), �4.45 (8C; Si(CH3)2C(CH3)3); IR (KBr): �� � 2955.8m,
2930.3m, 2885.9m, 2858.6m, 2201.0m, 2135.9w, 1579.6s, 1471.4m, 1425.1m,
1390.4w, 1356.1s, 1258.5s, 1201.2w, 1171.7s, 1053.2s, 1030.5m, 1005.0m,
939.2w, 904.3m, 829.9s, 813.2w, 781.6m, 740.2w, 678.0 cm�1 m ; UV/Vis
(CH2Cl2): �max (�)� 235 (64000), 253 (35000), 266 (40500), 278 (62300),
293 (114000), 305 (80300), 313 (sh, 69800), 346 (32000), 372 (34400),
403 nm (21500); MS (FAB� ): m/z : 771 [M]� , 713.


Compound 49 : A slurry of TMEDA (0.5 mL, 3.3 mmol) and CuCl (1.0 g,
10.2 mmol) in dry acetone (50 mL) was stirred for 20 min, whereupon it was
repeatedly filtered until no more solid precipitated in the filtrate. After
each filtration, the filter cake was washed with dry acetone (10 mL). To the
resulting catalyst was added a solution of 47 (320 mg, 0.68 mmol) in dry
acetone (10 mL) with a dropping funnel. TLC (silica gel, hexane) was used
to monitor the reaction progress. After 18 h, the reaction was quenched
with water (10 mL), HCl (10%, 10 mL), and hexane (30 mL). The aqueous
phase was extracted with hexane (40 mL), and the combined organic
phases were dried over Na2SO4. Purification by column chromatography
(silica gel, hexane� hexane/CH2Cl2 19:1) yielded 49 as a light brown oil
(292 mg, 0.31 mmol, 92%). Rf� 0.04 (hexane); 1H NMR (400 MHz,
CDCl3, 25 �C): �� 6.65 (d, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.49 (t,
3J(H,H)� 2.2 Hz, 2H; ArH), 1.27 ± 1.18 (m, 12H; Si(CH(CH3)2)3), 1.8 (d,
3J(H,H)� 7.3 Hz, 72H; Si(CH(CH3)2)3); 13C NMR (100.5 MHz, CDCl3,
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25 �C): �� 157.28 (4C; ArCOSi), 121.62 (2C; ArC), 118.00 (4C; ArCH),
115.35 (2C; ArCH), 78.06 (2C; (R-C�C-C�C)2), 74.15 (2C; (R-C�C-
C�C)2), 67.41 (2C; (R-C�C-C�C)2), 63.92 (2C; (R-C�C-C�C)2), 18.17
(24C; Si(CH(CH3)2)3), 12.93 (12C; Si(CH(CH3)2)3); IR (film): �� � 2945.7s,
2892.2w, 2967.6m, 2203.3m, 2136.5w, 1578.6s, 1463.6m, 1425.6m, 1389.6w,
1358.6s, 1249.4w, 1202.4w, 1177.6s, 1053.9w, 1031.6m, 1014.8w, 998.0w,
883.3m, 854.3w, 756.9s, 681.8 cm�1 s ; UV/Vis (CH2Cl2): �max (�)� 237
(63800), 254 (40800), 266 (44700), 280 (64400), 295 (111500), 305 (sh,
82400), 313 (72100), 347 (33500), 373 (35500), 404 nm (21800); MS
(FAB� ): m/z : 939 [M]� , 895.


Compounds 50 and 52 : A Schlenk flask was charged with 46 (166 mg,
0.43 mmol) and dry, degassed THF (15 mL) and cooled to 0 �C. nBuLi
(1.6� in hexane, 0.28 mL, 0.45 mmol) was added with stirring. After 1 h at
0 �C, CuCl (44 mg, 0.45 mmol) was added. The cooloing bath was removed,
and after 30 min the solvent was evaporated by oil pump vacuum until 4 ±
5 mL remained. Dry, degassed pyridine (5 mL, 62 mmol) was added and
the solution cooled to 0 �C. A solution of Br-C�C-C�C-TMS[42] (95 mg,
0.474 mmol) in dry, degassed THF (1 mL) was added dropwise over
1 minute with a syringe. As TLC (silica gel, hexane) indicated very slow
reaction progress after 10 min, the cooling bath was removed, and, after
28 min, a second portion of pure Br-C�C-C�C-TMS[42] (95 mg,
0.474 mmol) was added. After 50 min, HCl (10%, 50 mL), water
(80 mL), and hexane (80 mL) were added. The aqueous phase was
extracted with hexane (2� 80 mL). The combined organic phases were
washed with HCl (10%, 100 mL) and water (2� 100 mL) and dried over
Na2SO4. Purification by column chromatography (silica gel, hexane)
afforded two fractions, consisting of mixtures of 52 and 53 (fraction I),
and 50 and 51 (fraction II): yields could not be determined. 1) 52 and 53
(fraction I): Rf� 0.39 (hexane); MS (FAB� ): m/z : 555 [M(52)�H]� , 497
and 483 [M(53)�H]� , 425; 2) 50 and 51 (fraction II): Rf� 0.35 (hexane);
MS (FAB� ): m/z : 507 [M(50)�H]� , 449 and 435 [M(51)�H]� , 377.


Compound 51: The solvent of mixture 50/51 was removed by rotary
evaporation until 2 ± 3 mL remained, and wet THF/MeOH 1:1 (20 mL) and
a spatula tip of K2CO3 were added with stirring. TLC (silica gel, hexane)
indicated completeness of the reaction after 20 min, whereupon water
(20 mL), HCl (10%, 10 mL), and hexane (20 mL) were added. The
aqueous phase was extracted with hexane (30 mL), and the combined
organic phases were dried over Na2SO4. After filtration, the solvent was
removed by rotary evaporation until 5 ± 10 mL remained. This solution was
purified by column chromatography (silica gel, hexane) to give pure 51 in
hexane: yield could not be determined. Rf� 0.35 (hexane); UV/Vis
(hexane): �max� 221, 229, 246, 258, 269, 279, 289, 305, 325, 348, 374 nm;
MS (FAB� ): m/z : 435 [M�H]� , 377.


Compound 53 : The solvent of mixture 52/53 was removed by rotary
evaporation until 2 ± 3 mL remained, and wet THF/MeOH (1:1, 20 mL) and
a spatula tip of K2CO3 were added with stirring. TLC (silica gel, hexane)
indicated completeness of the reaction after 10 min, whereupon water
(20 mL), HCl (10%, 10 mL), and hexane (20 mL) were added. The
aqueous phase was extracted with hexane (30 mL), and the combined
organic phases were dried over Na2SO4. After filtration, the solvent was
removed by rotary evaporation until 5 ± 10 mL remained. This solution was
purified by column chromatography (silica gel, hexane) to give pure 53 in
hexane: yield could not be determined. Rf� 0.38 (hexane); UV/Vis
(hexane): �max (�)� 239 (sh), 253 (sh), 266, 276, 292, 311, 319 (sh), 334,
348 (sh), 373, 402, 436 nm; MS (FAB� ): m/z : 483 [M�H]� , 425.


Compound 54 : The solvent of the hexane fraction of 51 was removed by
rotary evaporation until 2 ± 3 mL remained, and dry acetone (7 mL) was
added. A slurry of TMEDA (0.5 mL, 3.3 mmol) and CuCl (1.0 g,
10.2 mmol) in dry acetone (50 mL) was stirred for 20 min, whereupon it
was repeatedly filtered until no more solid precipitated in the filtrate. After
each filtration, the filter cake was washed with dry acetone (10 mL). To the
resulting catalyst was added a solution of 51 with a dropping funnel. TLC
(silica gel, hexane) was used to monitor the reaction progress. After 1 h, the
reaction was quenched with water (80 mL), HCl (10%, 20 mL), and hexane
(100 mL). The aqueous phase was extracted with hexane (2� 80 mL). The
combined organic phases were washed with HCl (10%, 2� 50 mL) and
water (50 mL) and dried over Na2SO4. Purification by column chromatog-
raphy (silica gel, hexane) gave 54 as orange solid (16 mg, 0.02 mmol, 9%
based on butadiyne 46); Rf� 0.09 (hexane); 1H NMR (400 MHz, CDCl3,
25 �C): �� 6.62 (d, 3J(H,H)� 2.2 Hz, 4H; ArH), 6.39 (t, 3J(H,H)� 2.2 Hz,
2H; ArH), 0.94 (s, 36H; Si(CH3)2C(CH3)3), 0.17 (s, 24H;


Si(CH3)2C(CH3)3); 13C NMR (100.5 MHz, CDCl3, 25 �C): �� 156.66 (4C;
ArCOSi), 120.76 (2C; ArC), 118.29 (4C; ArCH), 115.88 (2C; ArCH), 77.53
(2C; (R-C�C-C�C-C�C-C�C)2), 73.73 (2C; (R-C�C-C�C-C�C-C�C)2),
67.04 (2C; (R-C�C-C�C-C�C-C�C)2), 64.45 (2C; (R-C�C-C�C-C�C-
C�C)2), 63.61 (2C; (R-C�C-C�C-C�C-C�C)2), 63.39 (2C; (R-C�C-C�C-
C�C-C�C)2), 63.30 (2C; (R-C�C-C�C-C�C-C�C)2), 62.57 (2C; (R-C�C-
C�C-C�C-C�C)2), 25.59 (12C; Si(CH3)2C(CH3)3), 18.17 (4C;
Si(CH3)2C(CH3)3), �4.45 (8C; Si(CH3)2C(CH3)3); IR (KBr): �� � 2955.6m,
2929.0m, 2857.9m, 2193.7m, 2111.6m, 2008.5w, 1581.7s, 1462.4w, 1424.6m,
1391.1m, 1361.7w, 1314.1m, 1259.3m, 1173.5s, 1031.8m, 1005.1w, 907.2w,
830.3s, 813.8w, 782.1m, 738.9w, 677.3 cm�1 w; UV/Vis (CH2Cl2): �max (�)�
250 (30100), 265 (33700), 280 (sh, 55600), 295 (sh, 96000), 309 (169600),
327 (318400), 347 (435200), 362 (386500), 382 (316100), 403 (sh, 103500),
434 (28800), 471 (17700), 514 nm (6900); MS (FAB� ): m/z : 867 [M]� .


Compound 55 : A Schlenk flask was charged with the degassed hexane
fraction of 38 (28 mg, 0.066 mmol) and the solvent was removed by oil
pump vacuum, until 4 ± 5 mL remained. Dry, degassed THF (5 mL) was
added, and the flask was cooled to 0 �C. nBuLi (1.6� in hexane, 0.04 mL,
0.069 mmol) was dropped into the solution with stirring. After 45 min at
0 �C, CuCl (6.8 mg, 0.069 mmol) was added, and the cooling bath was
removed. After 30 min, dry, degassed pyridine (3 mL, 37.1 mmol) was
added followed by a solution of Br-C�C-C�C-TMS[42] (26 mg, 0.132 mmol)
in dry, degassed THF (1 mL), which was added dropwise over 3 min with a
syringe. As soon as TLC (silica gel, hexane) indicated no further progress,
the reaction was quenched. After 50 min, HCl (10%, 15 mL), water
(15 mL), and hexane (20 mL) were added. The organic phase was washed
with HCl (10%, 50 mL) and water (50 mL) and dried over Na2SO4. After
filtration, the solvent was removed by rotary evaporation until 5 ± 10 mL
remained. This solution was purified by column chromatography (silica gel,
hexane) to give pure 55 in hexane: yield could not be determined. Rf� 0.23
(hexane); UV/Vis (hexane): �max� 236 (sh), 246 (sh), 253, 264, 274, 288, 295
(sh), 304, 313, 327 (sh), 338, 361, 390, 422 nm; MS (FAB� ): m/z : 531
[M�H]� , 473.


Compound 56 : The solvent of the hexane fraction of 55 was removed by
rotary evaporation until 2 ± 3 mL remained, and wet THF/MeOH 1:1
(10 mL) and a spatula tip of K2CO3 were added with stirring. TLC (silica
gel, hexane) indicated completeness of the reaction after 25 min, where-
upon water (20 mL), HCl (10%, 10 mL), and hexane (30 mL) were added.
The aqueous phase was extracted with hexane (30 mL), and the combined
organic phases were dried over Na2SO4. After filtration, the solvent was
removed by rotary evaporation until 5 ± 10 mL remained. This solution was
purified by column chromatography (silica gel, hexane) to give pure 56 in
hexane: yield could not be determined. Rf� 0.24 (hexane); UV/Vis
(hexane): �max� 219, 232, 243, 253 (sh), 258, 267, 282, 297, 307, 320 (sh),
330, 348 (sh), 354, 381, 412 nm; MS (FAB� ): m/z : 459 [M�H]� .


Compounds 57, 58 and 54 : The solvent of the hexane fraction of 56 was
removed by rotary evaporation until 2 ± 3 mL remained, and dry acetone
(7 mL) was added. A slurry of TMEDA (0.5 mL, 3.3 mmol) and CuCl
(1.0 g, 10.2 mmol) in dry acetone (50 mL) was stirred for 20 min, where-
upon it was repeatedly filtered until no more solid precipitated in the
filtrate. After each filtration, the filter cake was washed with dry acetone
(10 mL). To the resulting catalyst was added a solution of 56 with a
dropping funnel. TLC (silica gel, hexane) was used to monitor the reaction
progress. After 3 h, the reaction was quenched with water (80 mL), HCl
(10%, 20 mL), and hexane (100 mL). The aqueous phase was extracted
with hexane (2� 80 mL). The combined organic phases were washed with
HCl (10%, 2� 50 mL) and water (50 mL) and dried over Na2SO4.
Purification and separation attempts by column chromatography (silica
gel, hexane) and HPLC (Nucleosil, hexane and petrol ether, respectively)
only afforded a mixture of 57, 58, and 54 as red solid: yields could not be
determined. Rf� 0.09 (hexane); MS (FAB� ): m/z : 915 [M(57)]� , 891
[M(58)]� , 867 [M(54)]� .


Compound 59 : PPh3 (193 mg, 0.74 mmol) was added at room temperature
to a stirred solution of [G-2]�-ol[46] (362 mg, 0.59 mmol) and CBr4 (244 mg,
0.74 mmol) in dry THF (2 mL). The reaction was monitored by TLC (silica
gel, hexane/ethyl acetate 7:3). After 40 min, water (40 mL) and CH2Cl2
(40 mL) were added. The aqueous phase was extracted with CH2Cl2
(50 mL), and the combined organic phases were dried over Na2SO4.
Column chromatography (silica gel, CH2Cl2� hexane/ethyl acetate 4:1)
yielded 59 as clear liquid (299 mg, 0.44 mmol, 75%). Rf� 0.44 (hexane/
ethyl acetate 4:1); 1H NMR (400 MHz, CDCl3, 25 �C): �� 7.34 ± 7.24 (m,
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20H; PhH), 4.51 (s, 8H; ArCH2O), 3.69 ± 3.63 (m, 6H; 4 (CH2)2CHCH2Br,
2 (CH2)2CHOCH2CH), 3.61 ± 3.50 (m, 10H; 8 ArCH2OCH2, 2CH2Br),
2.28 ± 2.21 (m, 1H; (CH2)2CHCH2Br); 13C NMR (100.5 MHz, CDCl3,
25 �C): �� 138.26 (4C; PhC), 128.34, 127.59, 127.55 (20C; PhCH), 78.50
(2C; (CH2)2CHOCH2), 73.35 (4C; ArCH2O), 70.09 (4C; ArCH2OCH2),
69.07 (2C; OCH2CH), 42.00 (1C; CHCH2Br), 33.59 (1C; CH2Br); IR
(film): �� � 3087.5w, 3063.1w, 3029.7m, 2862.9s, 1604.4w, 1496.1m, 1473.4w,
1453.3m, 1365.8m, 1307.2w, 1261.0m, 1206.3m, 1101.4s, 1028.2w, 909.0w,
847.8w, 736.4m, 697.6 cm�1 m ; MS (FAB� ): m/z : 677 [M]� , 391, 181.


Compound 60 : K2CO3 (691 mg, 5.0 mmol) was added to a solution of 59
(2.69 g, 4.0 mmol), 28 (266 mg, 2.0 mmol), and [18]crown-6 (106 mg,
0.4 mmol) in dry acetone (50 mL). The suspension was heated at reflux,
and the reaction progress was monitored by TLC (silica gel, hexane/ethyl
acetate 7:3). After 38 h, more [18]crown-6 (106 mg, 0.4 mmol) was added.
After 7 d, water (50 mL) and CH2Cl2 (50 mL) were added, and the aqueous
phase was extracted with CH2Cl2 (2� 90 mL). The combined organic
phases were washed with water (100 mL) and dried over Na2SO4. Column
chromatography (silica gel, hexane/ethyl acetate 4:1) afforded 60 as light
brown oil (1.49 g, 1.12 mmol, 56%). Rf� 0.21 (hexane/ethyl acetate 4:1);
1H NMR (400 MHz, [D6]acetone, 25 �C): �� 7.34 ± 7.21 (m, 40H; PhH),
6.66 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.57 (t, 3J(H,H)� 2.2 Hz, 1H; ArH),
4.48 (s, 16H; ArCH2O), 4.06 (d, 3J(H,H)� 5.5 Hz, 4H; CH2OAr), 3.79 ±
3.72 (m, 8H; (CH2)2CHCH2OAr), 3.69 ± 3.63 (m, 4H;
(CH2)2CHOCH2CH), 3.59 ± 3.50 (m, 16H; ArCH2OCH2), 2.84 (s, 1H;
C�C-H), 2.31 ± 2.28 (m, 2H; (CH2)2CHCH2OAr); 13C NMR (100.5 MHz,
[D6]acetone, 25 �C): �� 161.16 (2C; ArCOCH2), 139.70 (8C; PhC), 129.01,
128.22, 128.10 (40C; PhCH), 124.44 (1C; ArC), 116.16 (2C; ArCH), 103.72
(1C; ArCH), 83.99 (1C; C�C-H), 79.34 (4C; (CH2)2CHOCH2), 78.72 (1C;
C�C-H), 73.62 (8C; ArCH2O), 71.04 (8C; ArCH2OCH2), 68.83 (4C;
OCH2CHCH2OAr), 67.02 (2C; CHCH2OAr), 41.61 (2C; CHCH2OAr); IR
(film): �� � 3285.2m, 3087.5w, 3063.1w, 3029.8m, 2906.3s, 2862.9s, 2107.8w,
1586.9s, 1495.9w, 1471.9w, 1453.8m, 1433.1w, 1366.3m, 1251.0m, 1205.8w,
1099.2s, 1028.2w, 910.5w, 847.2m, 736.3s, 697.3m, 666.0 cm�1 w; MS (FAB�
): m/z : 1327 [M]� , 1236, 781, 181.


Compound 61: A Schlenk flask was charged with 60 (896 mg, 0.68 mmol)
and dry, degassed THF (23 mL) and cooled to 0 �C. nBuLi (1.6� in hexane,
0.44 mL, 0.70 mmol) was added with stirring. After 1 h at 0 �C, CuCl
(69.5 mg, 0.70 mmol) was added. The cooling bath was removed and after
30 min the solvent was evaporated by oil pump vacuum until 3 ± 4 mL
remained. Dry, degassed pyridine (8.0 mL, 99.0 mmol) was added and the
solution cooled to 0 �C. A solution of Br-C�C-C�C-TMS[42] (149 mg,
0.74 mmol) in dry, degassed THF (2 mL) was added dropwise over 2 min
with a syringe. When TLC (silica gel, hexane/ethyl acetate 7:3) indicated
completion, the reaction was quenched. After 15 min, HCl (10%, 30 mL),
water (30 mL), and Et2O (30 mL) were added. The aqueous phase was
extracted with Et2O (2� 60 mL). The combined organic phases were
washed with water (100 mL) and dried over Na2SO4. Purification by
column chromatography (silica gel, hexane/ethyl acetate 4:1� 3:1� 7:3)
afforded 61 as light brown oil (502 mg, 0.35 mmol, 51%).Rf� 0.44 (hexane/
ethyl acetate 7:3); 1H NMR (400 MHz, [D6]acetone, 25 �C): �� 7.30 ± 7.21
(m, 40H; PhH), 6.73 (d, 3J(H,H)� 2.2 Hz, 2H; ArH), 6.63 (t, 3J(H,H)�
2.2 Hz, 1H; ArH), 4.8 (s, 16H; ArCH2O), 4.07 (d, 3J(H,H)� 5.6 Hz, 4H;
CH2OAr), 3.79 ± 3.70 (m, 8H; (CH2)2CHCH2OAr), 3.69 ± 3.65 (m, 4H;
(CH2)2CHOCH2CH), 3.59 ± 3.50 (m, 16H; ArCH2OCH2), 2.31 ± 2.28 (m,
2H; (CH2)2CHCH2OAr), 0.23 (s, 9H; Si(CH3)3); 13C NMR (100.5 MHz,
[D6]acetone, 25 �C): �� 161.22 (2C; ArCOCH2), 139.66 (8C; PhC), 129.01,
128.13, 128.09 (40C; PhCH), 122.03 (1C; ArC), 111.98 (2C; ArCH), 105.78
(1C; ArCH), 90.22 (1C; C�C-C�C-C�C-Si(CH3)3), 88.26 (1C; C�C-C�C-
C�C-Si(CH3)3), 79.35 (4C; (CH2)2CHOCH2), 78.31 (1C; C�C-C�C-C�C-
Si(CH3)3), 73.64 (1C; C�C-C�C-C�C-Si(CH3)3), 73.63 (8C; ArCH2O),
71.04 (8C; ArCH2OCH2), 68.79 (4C; OCH2CHCH2OAr), 67.15 (1C; C�C-
C�C-C�C-Si(CH3)3), 67.14 (2C; CHCH2OAr), 62.05 (1C; C�C-C�C-C�C-
Si(CH3)3), 41.55 (2C; CHCH2OAr), �0.64 (3C; Si(CH3)3); UV/Vis
(hexane/ethyl acetate 4:1): �max� 248, 260, 270 (sh), 284, 302, 321,
345 nm; MS (FAB� ): m/z : 1447 [M]� , 1356, 901, 181.


Compound 62 : A spatula tip of K2CO3 was added to a stirred solution of 61
(404 mg, 0.28 mmol) in wet THF/MeOH 1:1 (20 mL). TLC (silica gel,
hexane/ethyl acetate 7:3) indicated completeness of the reaction after
40 min, whereupon water (20 mL), HCl (10%, 5 mL), and Et2O (30 mL)
were added. The aqueous phase was extracted with Et2O (2� 30 mL), and
the combined organic phases were dried over Na2SO4. After filtration, the


solvent was removed by rotary evaporation until 5 ± 10 mL remained. This
solution was purified by column chromatography (silica gel, hexane/ethyl
acetate 4:1) to give 62 as an unstable brown oil (347 mg, 0.25 mmol, 90%).
Rf� 0.34 (hexane/ethyl acetate 7:3); UV/Vis (hexane/ethyl acetate 4:1):
�max� 247, 253, 275, 292, 311, 333 nm; MS (FAB� ): m/z : 1375 [M]� , 1283.


Compound 63 : A slurry of TMEDA (0.5 mL, 3.3 mmol) and CuCl (1.0 g,
10.2 mmol) in dry acetone (50 mL) was stirred for 15 min, whereupon it was
repeatedly filtered until no more solid precipitated in the filtrate. After
each filtration, the filter cake was washed with dry acetone (10 mL). To the
resulting catalyst was added a solution of 62 (61 mg, 0.04 mmol) in dry
acetone (10 mL) with a dropping funnel. TLC (silica gel, hexane/ethyl
acetate 7:3) was used to monitor the reaction progress. After 20 min, the
reaction was quenched with water (25 mL), HCl (10%, 15 mL), and Et2O
(60 mL). The aqueous phase was extracted with Et2O (60 mL). The
combined organic phases were washed with HCl (10%, 50 mL) and water
(50 mL) and dried over Na2SO4. Purification by column chromatography
(silica gel, hexane/ethyl acetate 4:1� 7:3) gave 63 as yellow solid (37 mg,
0.01 mmol, 61%). Rf� 0.39 (hexane/ethyl acetate 7:3); 1H NMR
(400 MHz, [D6]acetone, 25 �C): �� 7.31 ± 7.21 (m, 80H; PhH), 6.77 (d,
3J(H,H)� 2.2 Hz, 4H; ArH), 6.66 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 4.48 (s,
32H; ArCH2O), 4.08 (d, 3J(H,H)� 5.6 Hz, 8H; CH2OAr), 3.79 ± 3.71 (m,
16H; (CH2)2CHCH2OAr), 3.70 ± 3.65 (m, 8H; (CH2)2CHOCH2CH), 3.59 ±
3.50 (m, 32H; ArCH2OCH2), 2.33 ± 2.27 (m, 4H; (CH2)2CHCH2OAr);
13C NMR (100.5 MHz, [D6]acetone, 25 �C): �� 161.27 (4C; ArCOCH2),
139.69 (16C; PhC), 129.02, 128.20, 128.11 (80C; PhCH), 121.22 (2C; ArC),
112.40 (4C; ArCH), 106.57 (2C; ArCH), 79.37 (8C; (CH2)2CHOCH2),
79.30 (2C; (R-C�C-C�C-C�C)2), 73.65 (16C; ArCH2O), 73.64 (2C; (R-
C�C-C�C-C�C)2), 71.07 (16C; ArCH2OCH2), 68.79 (8C; OCH2CH-
CH2OAr), 67.24 (4C; CHCH2OAr), 67.11 (2C; (R-C�C-C�C-C�C)2),
64.75 (2C; (R-C�C-C�C-C�C)2), 64.04 (2C; (R-C�C-C�C-C�C)2), 63.53
(2C; (R-C�C-C�C-C�C)2), 41.57 (4C; CHCH2OAr); IR (KBr): �� �
3062.9w, 3029.7w, 2921.6m, 2861.7m, 2160.0m, 2110.1w, 2057.0w, 1586.1m,
1496.3w, 1453.6m, 1431.2w, 1365.2m, 1263.0m, 1204.9w, 1172.0w, 1101.2s,
1028.2w, 908.3w, 838.9w, 736.7m, 698.1 cm�1 m ; UV/Vis (CH2Cl2): �max


(�)� 249 (sh, 34800), 262 (sh, 55200), 275 (74900), 289 (95100), 303
(121300), 323 (137300), 345 (164100), 368 (82400), 397 (30700), 431
(23400), 469 nm (11700); MS (FAB� ): m/z : 2749 [M]� , 2659.


Compounds 64, 66, 67 and 63 : A Schlenk flask was charged with 62
(342 mg, 0.25 mmol) and dry, degassed THF (12 mL) and cooled to 0 �C.
nBuLi (1.6� in hexane, 0.16 mL, 0.26 mmol) was added with stirring. After
1 h at 0 �C, CuCl (25.6 mg, 0.26 mmol) was added. The cooling bath was
removed and after 30 min the solvent was evaporated by oil pump vacuum
until 5 ± 6 mL remained. Dry, degassed pyridine (6.0 mL, 74.2 mmol) was
added and the solution cooled to 0 �C. A solution of Br-C�C-C�C-TMS[42]


(55 mg, 0.27 mmol) in dry, degassed THF (1 mL) was added dropwise over
2 min with a syringe. As TLC (silica gel, hexane/ethyl acetate 7:3) indicated
very slow reaction progress, a second quantity of pure Br-C�C-C�C-
TMS[42] (27.5 mg, 0.14 mmol) was added. After 50 min, HCl (10%, 30 mL),
water (40 mL), and Et2O (80 mL) were added. The aqueous phase was
extracted with Et2O (2� 80 mL). The combined organic phases were
washed with HCl (10%, 80 mL) and water (80 mL) and dried over Na2SO4.
Separation and purification of the starting material (62) and the two
products ([G-3]�-C10TMS and [G-3]�-C10H) by three-fold column chroma-
tography (silica gel, hexane/ethyl acetate 4:1� 3:1� 7:3) was not success-
ful. Therefore, the solvent mixture was removed by rotary evaporation until
10 mL remained and dry acetone (10 mL) was added. The mixture was then
subjected to Hay coupling conditions. Hence, a slurry of TMEDA (0.5 mL,
3.3 mmol) and CuCl (1.0 g, 10.2 mmol) in dry acetone (50 mL) was stirred
for 20 min, whereupon it was repeatedly filtered until no more solid
precipitated in the filtrate. After each filtration, the filter cake was washed
with dry acetone (10 mL). To the resulting catalyst was added a solution of
the mixture with a dropping funnel. TLC (silica gel, hexane/ethyl acetate
7:3) monitored the reaction progress. After 2 h, the reaction was quenched
with water (80 mL), HCl (10%, 20 mL), and Et2O (100 mL). The aqueous
phase was extracted with Et2O (2� 80 mL). The combined organic phases
were washed with HCl (10%, 2� 50 mL) and water (50 mL) and dried over
Na2SO4. Purification by column chromatography (silica gel, hexane/ethyl
acetate 4:1� 7:3) gave a pure fraction of [G-3]�-C10TMS (64) and a
mixture, which was separated and purified by HPLC (Nucleosil, hexane/
ethyl acetate 3:1) affording [G-3]�-C20-[G-3]� (66), [G-3]�-C16-[G-3]� (67),
and [G-3]�-C12-[G-3]� (63) as red, orange, and yellow solids, respectively.
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1) [G-3]�-C10TMS (64): yield could not be determined. Rf� 0.43 (hexane/
ethyl acetate 7:3); UV/Vis (hexane/ethyl acetate 7:3): �max� 248, 265, 274,
289, 304, 314, 338, 363, 391, 423 nm; MS (FAB� ): m/z : 1496 [M�H]� .


2) [G-3]�-C20-[G-3]� (66) (HPLC fraction I): 17 mg (0.01 mmol, 5% based
on 62); Rf� 0.39 (hexane/ethyl acetate 7:3); 1H NMR (400 MHz, [D6]ace-
tone, 25 �C): �� 7.30 ± 7.23 (m, 80H; PhH), 6.77 (d, 3J(H,H)� 2.2 Hz, 4H;
ArH), 6.68 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 4.48 (s, 32H; ArCH2O), 4.08 (d,
3J(H,H)� 5.6 Hz, 8H; CH2OAr), 3.77 ± 3.74 (m, 16H; (CH2)2CHCH2OAr),
3.72 ± 3.64 (m, 8H; (CH2)2CHOCH2CH), 3.59 ± 3.50 (m, 32H; ArCH2-
OCH2), 2.32 ± 2.28 (m, 4H; (CH2)2CHCH2OAr); 13C NMR (100.5 MHz,
[D6]acetone, 25 �C): �� 161.31 (4C; ArCOCH2), 139.71 (16C; PhC),
129.04, 128.22, 128.13 (80C; PhCH), 121.04 (2C; ArC), 112.58 (4C;
ArCH), 106.84 (2C; ArCH), 79.40 (8C; (CH2)2CHOCH2), 78.36 (2C; (R-
C�C-C�C-C�C-C�C-C�C)2), 73.68 (16C; ArCH2O), 73.64 (2C; (R-C�C-
C�C-C�C-C�C-C�C)2), 71.11 (16C; ArCH2OCH2), 68.84 (8C; OCH2CH-
CH2OAr), 67.33 (4C; CHCH2OAr), 67.24 (2C; (R-C�C-C�C-C�C-C�C-
C�C)2), 64.71 (2C; (R-C�C-C�C-C�C-C�C-C�C)2), 64.09 (2C; (R-C�C-
C�C-C�C-C�C-C�C)2), 63.97 (4C; (R-C�C-C�C-C�C-C�C-C�C)2),
63.84 (4C; (R-C�C-C�C-C�C-C�C-C�C)2), 63.79 (2C; (R-C�C-C�C-
C�C-C�C-C�C)2), 41.60 (4C; CHCH2OAr); UV/Vis (CH2Cl2): �max (�)�
252 (sh, 112700), 263 (114900), 273 (110600), 288 (sh, 112700), 300
(137700), 316 (203400), 334 (328700), 355 (516200), 370 (sh, 505100), 379
(604600), 394 (561400), 415 (322600), 437 (sh, 88900), 461 (sh, 33000), 500
(19200), 546 nm (7400); MS (FAB� ): m/z : 2798 [M�H]� , 2707.


3) [G-3]�-C16-[G-3]� (67) (HPLC fraction II): 37 mg (0.01 mmol, 10% based
on 62); Rf� 0.39 (hexane/ethyl acetate 7:3); 1H NMR (400 MHz, [D6]ace-
tone, 25 �C): �� 7.32 ± 7.22 (m, 80H; PhH), 6.78 (d, 3J(H,H)� 2.2 Hz, 4H;
ArH), 6.68 (t, 3J(H,H)� 2.2 Hz, 2H; ArH), 4.49 (s, 32H; ArCH2O), 4.08 (d,
3J(H,H)� 5.6 Hz, 8H; CH2OAr), 3.80 ± 3.73 (m, 16H; (CH2)2CHCH2OAr),
3.71 ± 3.64 (m, 8H; (CH2)2CHOCH2CH), 3.60 ± 3.51 (m, 32H; ArCH2-


OCH2), 2.33 ± 2.27 (m, 4H; (CH2)2CHCH2OAr); 13C NMR (100.5 MHz,
[D6]acetone, 25 �C): �� 161.33 (4C; ArCOCH2), 139.73 (16C; PhC),
129.04, 128.24, 128.13 (80C; PhCH), 121.08 (2C; ArC), 112.53 (4C;
ArCH), 106.77 (2C; ArCH), 79.55 (2C; (R-C�C-C�C-C�C-C�C)2), 79.40
(8C; (CH2)2CHOCH2), 73.68 (16C; ArCH2O), 73.52 (2C; (R-C�C-C�C-
C�C-C�C)2), 71.11 (16C; ArCH2OCH2), 68.82 (8C; OCH2CHCH2OAr),
67.29 (4C; CHCH2OAr), 67.07 (2C; (R-C�C-C�C-C�C-C�C)2), 64.68 (2C;
(R-C�C-C�C-C�C-C�C)2), 63.97 (2C; (R-C�C-C�C-C�C-C�C)2), 63.89
(2C; (R-C�C-C�C-C�C-C�C)2), 63.84 (2C; (R-C�C-C�C-C�C-C�C)2),
63.65 (2C; (R-C�C-C�C-C�C-C�C)2), 41.60 (4C; CHCH2OAr); UV/Vis
(CH2Cl2): �max (�)� 251 (sh, 65300), 264 (67000), 276 (sh, 74100), 291 (sh,
102100), 308 (149400), 326 (233300), 346 (307900), 363 (302100), 382
(254700), 402 (123500), 434 (32200), 470 (19500), 514 nm (8400); MS
(FAB� ): m/z : 2798 [M�H]� , 2707.


4) [G-3]�-C12-[G-3]� (63) (HPLC fraction III): 15 mg (0.01 mmol, 5% based
on 62); Rf� 0.39 (hexane/ethyl acetate 7:3); spectroscopic data: see direct
coupling reaction to [G-3]�-C12-[G-3]� (63).


Compound 65 : The solvent of the hexane/ethyl acetate fraction of [G-3]�-
C10TMS (64) was removed by rotary evaporation until 2 ± 3 mL remained,
and wet THF/MeOH 1:1 (10 mL) and a spatula tip of K2CO3 were added
with stirring. TLC (silica gel, hexane/ethyl acetate 7:3) indicated complete-
ness of the reaction after 25 min, whereupon water (20 mL), HCl (10%,
10 mL), and Et2O (30 mL) were added. The aqueous phase was extracted
with Et2O (30 mL), and the combined organic phases were dried over
Na2SO4. After filtration, the solvent was removed by rotary evaporation
until 5 ± 10 mL remained. This solution was purified by column chroma-
tography (silica gel, hexane/ethyl acetate 7:3) to give pure [G-3]�-C10H (65)
in hexane/ethyl acetate solution: yield could not be determined; Rf� 0.34
(hexane/ethyl acetate 7:3); UV/Vis (hexane/ethyl acetate 7:3): �max� 247,
256 (sh), 267 (sh), 283, 297, 309, 330 (sh), 355, 382, 414 nm; MS (FAB� ):
m/z : 1424 [M�H]� .


Compounds 66, 68 and 67: The solvent of the hexane/ethyl acetate fraction
of [G-3]�-C10H (65) was removed by rotary evaporation until 2 ± 3 mL
remained, and dry acetone (7 mL) was added. A slurry of TMEDA
(0.16 mL, 1.05 mmol) and CuCl (78 mg, 0.8 mmol) in dry acetone (5 mL)
was stirred for 10 min, whereupon it was repeatedly filtered until no more
solid precipitated in the filtrate. After each filtration, the filter cake was
washed with dry acetone (5 mL). To the resulting catalyst was added a
solution of [G-3]�-C10H (65) with a dropping funnel. TLC (silica gel,
hexane/ethyl acetate 7:3) monitored the reaction progress. After 2 h, the


reaction was quenched with water (20 mL), HCl (10%, 30 mL), and Et2O
(80 mL). The aqueous phase was extracted with Et2O (2� 30 mL), and the
combined organic phases were dried over Na2SO4. Purification by column
chromatography (silica gel, hexane/ethyl acetate 7:3), followed by HPLC
(Nucleosil, hexane/ethyl acetate 3:1) gave [G-3]�-C20-[G-3]� (66), [G-3]�-C18-
[G-3]� (68), and [G-3]�-C16-[G-3]� (67) as red, red-orange and orange solids,
respectively.


1) [G-3]�-C20-[G-3]� (66) (HPLC fraction I): 2 mg (0.001 mmol, 1% based
on 62); Rf� 0.39 (hexane/ethyl acetate 7:3); spectroscopic data: see other
coupling reaction to [G-3]�-C20-[G-3]� (66).


2) [G-3]�-C18-[G-3]� (68) (HPLC fraction II): 2 mg (0.001 mmol, 1% based
on 62); Rf� 0.39 (hexane/ethyl acetate 7:3); UV/Vis (CH2Cl2): �max (�)�
251 (100300), 262 (99500), 276 (96300), 289 (sh, 110200), 303 (sh, 147200),
322 (227700), 342 (366800), 356 (sh, 376900), 364 (459400), 379 (430200),
397 (304100), 420 (sh, 115000), 449 (29000), 487 (17200), 532 nm (7100);
MS (FAB� ): m/z : 2822 [M�H]� , 2731.


3) [G-3]�-C16-[G-3]� (67) (HPLC fraction III): 1 mg (0.001 mmol, 1% based
on 62); Rf� 0.39 (hexane/ethyl acetate 7:3); spectroscopic data: see other
coupling reaction to [G-3]�-C16-[G-3]� (67).
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Quantification of Aromaticity in Oxocarbons:
The Problem of the Fictitious ™Nonaromatic∫ Reference System
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and Pere M. Deya¡*[a]


Abstract: Despite the extensive re-
search reported in the literature, the
concept of aromaticity has eluded rig-
orous quantification. The main reason
for this undesirable reality is the fact
that aromaticity is a differential prop-
erty. While bond orders, atomic charges
and electronegativity differences are
properties of the molecule under analy-
sis, the aromaticity concept often refers


to the difference between some property
of the molecule and that of an artificial
™nonaromatic∫ reference system. A rig-
orous definition of such a reference
system is non-existing and therefore


constituting the main barrier to obtain
a satisfactory quantification of the aro-
matic concept. Oxocarbon acids and
their anions are examples where the
criteria of aromaticity that use reference
systems are unsuccessful, only NICS
criterion gives satisfactory results. Wi-
berg bond indexes and 17O NMR chem-
ical shifts are also useful to study such
compounds.


Keywords: ab initio calculations ¥
aromaticity ¥ NMR chemical shifts
¥ oxocarbons


Introduction


Quantification of aromaticity involves the evaluation of
properties that are exclusively characteristic of aromatic
systems. The most widely used measures of the degree of
aromaticity[1] are energetic,[2] structural[3] and magnetic prop-
erties.[4] First of all, estimates of aromatic stabilization
energies (ASE) by means of homomolecular differential
bond separation reactions vary significantly and are strongly
dependent not only on the equation type used (isodesmic,
homodesmotic, hyperhomodesmotic, etc.),[5] but also on
reference systems adopted and computational levels and
basis sets. Furthermore, aromatic stabilization energies do not
measure aromaticity itself but rather energy nonadditivities
due to all nontransferable effects.[6] The determination of
ASEs in five-membered organic heterocycles involving the
use of homodesmotic reactions are examples of the above
mentioned restrictions; whereas values reported by Schleyer
et al.[6] and by Chesnut and Davis[5] are in a reasonably
agreement, the results published by Nyulaszi et al.[7] differ by
an average of 8.5 kcalmol�1. Moreover, ASEs of strained and
complicated systems are difficult to evaluate.[8]


Several structural criteria have been proposed based on
bond length (e.g., Julg[9] aromaticity index) and on bond order


considerations (e.g., Bird[10] and Jug[11] indexes). The Bird
index[10] (I) uses bond orders computed from the bond length
by means of an empirical formula, and then averaged. It has
been applied to five (I5) and six-membered (I6) heterocycles.
However, some discrepancies are inherent to this method,
namely, it assumes the same I6 value for benzene, 1,3,5-
triazine and the cyclic N6 molecule and this regardless of the
striking differences in stability of those molecules. The Jug
index[11] is based on the smallest bond order within the ring
following the idea that the weaker the bond, the more
significant the diminution of the ring current.
Magnetic criteria based on magnetic susceptibilities have


also been used as a measure of aromaticity. The crucial
characteristic of an aromatic ring is the existence of a
permanent diatropic ring current. Since the magnitudes of
the diamagnetic susceptibility along the three axes in a
molecule are not equal–the magnetic susceptibility perpen-
dicular to the ring plane is much greater than that in the ring
plane–most diamagnetic molecules are anisotropic. As a
result, the difference between the magnetic susceptibility
anisotropy of an aromatic compound (�M) and a correspond-
ing hypothetical analogue lacking cyclic delocalization (�M�) is
the magnetic susceptibility exaltation (�� �M� �M�). It has
been proposed as a measure of aromaticity. It has been shown
that it is highly dependent on the ring size and requires
calibration standards.[12]


It should be emphasized that none of the aromaticity
indexes hitherto defined is by itself completely satisfactory. In
fact, it is generally assumed, for example, that geometric
criteria must be considered along with others.
The characteristic 1H NMR chemical shifts of aromatic


molecules are usually ascribed to the existence of ring current
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effects.[13] Following this reasoning, Schleyer et al.[14] have
recently proposed the use of the negative of the com-
puted magnetic shielding at the ring centers, referred to
™nucleus-independent chemical shift∫ (NICS) as an effec-
tive criterion for aromaticity and antiaromaticity. NICS
does not require reference systems and is also not dependent
on the ring size. Other groups[15] have also applied satisfac-
torily the NICS method to study different kinds of romatic
compounds, for example: heterocyclic 2� electron aromatic
systems,[16] pyridone derivatives,[17] 4-silaltriafulvene,[18] N-
heterocyclic carbene, sililene and germilene complexes.[19]


In spite of this, some aspects of the problem remain
unanswered. Schleyer claimed[6] to have demonstrated the
quantitative relationship among the magnetic, energetic and
geometric criteria of aromaticity for a wide ranging set of five-
membered heterocycles. In contrast, Katrizky et al. af-
firmed[20] and reaffirm[21] the multidimensional characteristic
of the aromaticity showing that the linear relationship between
the aforementioned properties is invalid for any representa-
tive set of heteroaromatic compounds in which the number of
heteroatoms varies. Particularly, Katrizky reported that no
linear relationship (R 2� 0.034) exists between� and ASE using
a set of 19 aromatic and heteroaromatic compounds. As a
matter of fact, since both � and ASE need the use of artificial
™nonaromatic∫ reference systems, it is not surprising that the
plot of one versus the other leads to an uncorrelated scatterplot.
Oxocarbons and their derivatives have attracted the


attention of many theoretical and experimental researchers.
In 1960 West et al.[22] recognized cyclic oxocarbon dianions as
aromatic systems, stabilized by the delocalization of �-
electrons and suggested that they constitute a series of
aromatic compounds. The latter generalization was ques-
tioned by Aihara[23] proposing that only deltate dianion is
diatropic and aromatic. Subsequently, Jug,[11] following the
geometric criterion based on his bond order index, stated that
no aromaticity is expected for rings with six or more atoms,
and concluded that the aromaticity decreases with the ring
size, considering croconate, squarate and deltate as moder-
ately aromatic. Recently, Schleyer et al.[24] considered three
types of equations to evaluate the ASEs of oxocarbon
dianions but none of them was able to give satisfactory
results, due to the difficult design of equations free from other
influences. Similar behaviour was observed for �, where the
obtained results were also contradictory. Finally, by consid-
ering the NICS calculations along with other bond length
criteria[25] we explained the remarkable hydrogen bond
acceptor character of squaramide derivatives, acting as bind-
ing units in several tripodal receptors,[26±28] promoted by the
gain in aromaticity of the corresponding squaramide ring on
complexation with ammonium cations.
These highly functionalized small rings are representative


examples where homodesmotic equations are not applicable
and, consequently, it is not possible to measure accurately
ASE, �, and other aromatic indexes where nonaromatic
reference systems are needed.
The aim of this paper is to review the aromaticity criteria


using previously reported data, as well as, our own calcula-
tions on aromatic compounds. We are also interested in the
study concerning the aromaticity of oxocarbons and its


OHHO


O O O
O


O


OH


O


HO


O


O


OHHO


O


O


OHHO


deltic acid                squaric acid                   croconic acid                rhodizonic acid


derivatives to continue our recent experimental[26±28] and
theoretical[25, 29] findings on this interesting class of com-
pounds. Our study will be carried out using NICS, but also
Wiberg bond indexes (WBI) and 17O NMR calculated
chemical shifts.


Computational Methods


Geometries were optimized first at the HF/6-311�G** level and further
reoptimized at MP2/6-311�G** level by using the Gaussian 98 program
package.[30] Absolute NMR shieldings were calculated using the GIAO
method[31] at both HF/6-311�G**//MP2/6-311�G** andMP2/6-311�G**//
MP2/6-311�G** levels in order to evaluate the effect of including electron
correlation, which is expected to become more significant in unsaturated
compounds.[32] NICS values were obtained by calculating the absolute
NMR shielding at the ring centers and at 0.6 ä above them in order to
reduce the local shielding of nearby �-bonds which complicates the analysis
for small rings. The maximum diatropic ring current effect for benzene is in
the center of the ring, but is offset by the paratropic contribution of the
C�H and C�C �-bonds. These paratropic effects decrease more rapidly
than the diatropic ones away from the center. Therefore, NICS values at
0.6 ä above the ring minimize the paratropic effect and give a more reliable
indication of aromaticity. The NICS values present in Table 1 were
calculated at HF/6-31�G** in order to be comparable with those
previously published by Schleyer et al.[14] Wiberg bond indices[33] were
computed at HF/6-311�G**//MP2/6-311�G** level of theory using the
NBO program[34] implemented in Gaussian 98.


Results and Discussion


As previously mentioned, Katrizky[21] claimed that the plot of
magnetic susceptibility exaltation� versus ASE for a set of 19
aromatic and heteroaromatic compounds does not show a
linear relationship, as the corresponding R 2 factor equals to
0.034; this indicates the multidimensionality of the aromatic-
ity. Conversely, Schleyer[6] insisted to have shown that linear
relationships exist among the energetic, geometric and
magnetic criteria of aromaticity and that these relationships
extend from highly antiaromatic to highly aromatic com-
pounds. Since both � and ASE are dependent of reference
systems, we have calculated the NICS values for the com-
pounds shown in Table 1 apart from those previously reported
by Schleyer, which are also included in the Table.[14] Since
NICS does not need increment systems or reference mole-
cules for evaluation, the plot of NICS versus ASE reveals an
acceptable linear correlation (R� 0.944) for this representa-
tive set of heteroaromatic compounds in which the number of
heteroatoms varies, thus supporting the idea that NICS is an
effective aromaticity criterion (Figure 1).
Aimed with the preliminary results, NICS will be used to


study the aromaticity of oxocarbon acids and their derivatives,
namely squaramide and its complex with ammonium cation.
Other energetic, magnetic and geometric criteria will be used
for comparison purposes. Among them, 17O NMR chemical
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Figure 1. Plot of the aromatic stabilization energy versus NICS for the five-
membered heteroaromatic compounds considered in Table 1, R � 0.944.


shifts were used since they allowed us to clearly differentiate
between doubly (�O) and singly (�O�) bonded oxygen atoms,
as well as, between doubly bonded oxygen atoms placed in
different electronic environments.[35, 36]


First, we have computed ASE values for the oxocarbon
acids and corresponding dianions by using Equations (1) and
(2). The values shown in Table 2 are consistent with earlier


CnOn�2H4� 2x (ethenoxide)�CnOn
2�� ethane� ethene (1)


CnOn�2H4� 2x (ethenol)�CnOnH2� ethane� ethene (2)


conclusions on aromaticity of oxocarbon dianions which point
out that only deltate dianion is aromatic.[3, 23] A moderate
ASE value is obtained for squarate (�11.39 kcalmol�1) while
negligible values are obtained for croconate and rhodizonate.
Positive ASE values for oxocarbon acids indicate that they are
not aromatic.
Despite this concordance with reported general conclu-


sions, our values are in contrast with those recently reported
by Schleyer et al.[14] for oxocarbon dianions using three
different series of reactions for ASE evaluation. However,
as pointed out by the authors, all equation types have
drawbacks. Indeed, all reported ASE values are largely
negative and, generally, do not show any regular trend with
the ring size. At this point, we consider that oxocarbon
derivatives are examples where the use of ASE as a criterion
of aromaticity is not applicable due to the difficulty in finding
suitable equations free from other influences.
Evaluation of the magnetic susceptibility exaltation of


oxocarbon dianions by means of Equation (1) yields small and
positive values thus indicating lack of aromaticity even for
deltate dianion, in striking contrast with the calculated ASE
using the same equation. In the same way, � values of CnOn


2�


reported by Schleyer, using different sets of equations, were in
some cases positive and in some cases negative. These results
prevent any use of � values to measure the degree of
aromaticity, due to the large dependency on the type of
equations used for its evaluation.
The uncertainties concerning ASE and � as suitable


aromaticity criteria, led us to analyze the possible aromaticity
of oxocarbon acids and its derivatives by calculating the
nucleus-independent chemical shifts (NICS). NICS(0.6) val-
ues–calculated at 0.6 ä over the ring plane–for both
oxocarbon acids and their corresponding dianions are shown
in Table 2 together with the computed 17O NMR chemical


Table 1. ASE [kcalmol�1], � (ppm cgs) and NICS (ppm) calculated values
for some five-membered heteroaromatic compounds.


Name Structure ASE � NICS


phosphole 7.0[a] � 3.3[a] � 5.3[b]


silacyclopentadienyl anion 13.8[a] � 7.7[a] � 6.7[b]


furan 19.8[a] � 9.1[a] � 12.3[b]


thiophene 22.4[a] � 10.0[a] � 13.6[b]


pyrrole 25.5[a] � 12.1[a] � 15.1[b]


cyclopentadienyl anion 28.8[a] � 17.2[a] � 14.3[b]


cyclopentadiene 3.7[a] � 2.4[a] � 3.2[b]


alumol � 6.8[a] 11.2[a] 6.5[b]


borol � 19.3[a] 12.8[a] 17.5[b]


silolil cation � 24.1[a] 13.2[a] 12.8[b]


1H-1,2,4-triazole 26.2[c] � 3.8[c] � 13.9[d]


pentazole 10.8[c] � 3.0[c] � 16.3[d]


1,2,4-thiadiazole 19.1[c] � 6.6[c] � 14.0[d]


1,2,5-oxadiazole 26.4[c] � 1.5[c] � 12.2[d]


1,3,4-oxadiazole 14.9[c] � 3.2[c] � 10.6[d]


1,3,4-thiadiazole 13.3[c] � 9.5[c] � 12.9[d]


thiazole 21.3[c] � 4.8[c] � 13.8[d]


isoxazole 24.1[c] � 4.3[c] � 12.2[d]


1H-1,2,3,4-tetrazole 27.4[c] � 1.2[c] � 14.6[d]


imidazole 25.2[c] � 7.5[c] � 14.1[d]


oxazole 18.1[c] � 3.8[c] � 11.8[d]


[a] From ref. [6]. [b] From ref. [14]. [c] From ref. [21]. [d] This work.
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shift values and the Wiberg bond indexes (WBI) that will be
also used in the following discussion. From the comparison of
NICS values at HFandMP2 levels of theory, one can conclude
that HF values tend to overestimate the aromatic character of
a molecule. Henceforth, NICS values at the MP2 level will be
used for the discussion of the results.


Deltic acid and deltate dianion : The appreciable NICS(0.60)
value for deltate dianion (���21.3) confirms its aromaticity.
Even more, the computed 17O NMR chemical shift for C3O32�


is �� 121, close to the value of phenolate (�� 158), in line
with the general assumption that deltate dianion is aromatic.
In contrast to ASE and � values, the NICS value for the
corresponding acid C3O3H2 is also large and negative (��
�20.5), which indicates that deltic acid is also aromatic. This
fact can be related with the high stability of cycloprope-
nones,[37] despite their high ring strain[38] and in contrast to
cyclopropanones and cyclopropenes, attributed to resonance
stabilization by its polar formula which represents a pseu-
doaromatic system. The computed 17O NMR chemical shift
corresponding to the carbonyl oxygen atom of deltic acid is
�� 218, far from the standard carbonyl oxygen atoms, namely,
acetone shows signal at �� 569, and close to diphenylcyclo-
propenone (�� 248)[39] confirming the contribution of the
pseudoaromatic H¸ckel form. Such a high shielding is only
observed for the exocyclic oxygen atom of sydnone (��
232)[40] and related mesoionic compounds which are currently
formulated with �O� in the place of �O. Finally, the X-ray
analysis[41] of deltic acid shows nearly equal C�C lengths in the
ring (r (C�C)� 1.373 ä, r (C�C)� 1.397 ä, difference�
0.024 ä) which are on average of standard values for single
and double bonds, following a general characteristic of
aromatic molecules. The calculated Wiberg bond indexes
(WBI) for carbonyl CO bonds in deltic acid and its dianion are
1.586 and 1.256, respectively, (compared with WBI� 1.778 for
acetone), which indicates delocalization in agreement with
their NICS(0.6) values and 17O NMR chemical shifts.


Squaric acid and squarate dianion : The different criteria for
squarate dianion indicate a lesser aromatic character than
deltate, since NICS (0.6), being also negative, is only �7.1[42]
and the 17O NMR chemical shift shows high shielding of the
oxygen atom (�� 304), but less than in deltate. Analogously,
deltic acid is more aromatic than squaric acid as deduced by
the smaller NICS(0.6) negative value of ���5.7 thus
showing only a moderate aromatic character. Conclusions
based on both 17O NMR chemical shift–the computed value
of �� 463 is comparable to a standard ketone–and X-ray
findings,[37] where the difference between carbon�carbon
single and double bonds is 0.048 ä (twice the value for deltic
acid), confirm the small degree of aromaticity for squaric acid.
A recent theoretical study[43] on squaric acid has concluded
that it is aromatic, based on its values of ASE and�, although
the reported� value was very small (���2.07 ppm cgs). The
calculated WBI values for carbonyl CO bonds in squaric acid
and its dianion are 1.736 (close to acetone) and 1.403,
respectively, in agreement with previous conclusions based
on NICS(0.6) and 17O NMR results.


Larger rings of the oxocarbon series : As derived from
NICS(0.6) values, 17O NMR chemical shifts and WBIs (see
Table 2) five- and six-membered ring compounds of the series
are clearly nonaromatic. Even more, rhodizonic acid is not
planar at MP2/6-311�G** theoretical level.


Oxocarbon derivatives : The values corresponding to the three
criteria that we have found to be useful to evaluate
aromaticity are listed in Table 3 for some oxocarbon deriv-
atives of our interest. Particularly, an estimation of the
aromaticity of squaric acid derivatives (squaramide and
dimethylsquarate) and their complexes with ammonium
cation were compared with the corresponding di-O-proto-
nated species. Results shown in Table 3 predict that the
squaramide complex is more aromatic (NICS(0.6)�
�8.1 ppm, 17O NMR chemical shift �� 379 and
WBI(CO)� 1.298) than squaramide (NICS(0.6)�
�6.3 ppm, 17O NMR chemical shift �� 448 and
WBI(CO)� 1.712). Therefore the gain in aromaticity of the
squaramide ring is a possible explanation for its remarkable
proton affinity and hydrogen bond acceptor character. Indeed


Table 2. Computed NICS (ppm), aromatic stabilization energies ASE
[kcalmol�1], 17O chemical shifts (ppm, relative to water), Wiberg bond indexes
(WBI), magnetic susceptibilities (�, ppm cgs) and magnetic susceptibility
exaltations (�, ppm cgs).


Molecule NICS(0.6) ASE 17O NMR WBI (CO) � �


� 25.0 (HF)
C3O32� � 49.19 121 1.256 4.83 � 44.5� 21.3 (MP2)


� 11.0 (HF)
C4O42� � 11.39 304 1.403 7.23 � 50.0� 7.1 (MP2)


� 4.3 (HF)
C5O52� � 0.6 385 1.491 0.60 � 50.8� 0.5 (MP2)


� 4.2 (HF)
C6O62� � 4.24 452 1.551 2.09 � 58.4� 0.3 (MP2)


� 23.2 (HF) 218 (C�O)
C3O3H2 6.47 1.586 3.13 � 40.5� 20.5 (MP2) 97 (OH)


� 7.0 (HF) 463 (C�O)
C4O4H2 14.89 1.736 2.80 � 43.2� 5.7 (MP2) 109 (OH)


1.2 (HF) 599, 521 (C�O)
C5O5H2 17.04 1.872 1.88 � 49.8


0.7 (MP2) 87 (OH)


2.2 (HF) 612, 533 (C�O)
C6O6H2 12.52 1.884 2.98 � 56.9


1.9 (MP2) 99 (OH)


Table 3. Computed NICS (ppm), 17O chemical shifts (ppm, relative to water) and
Wiberg bond indexes (WBI).


Molecule NICS(0.6),
HF


NICS(0.6),
MP2


17O NMR WBI (CO)


squaramide � 8.1 � 6.3 448 1.712
squaramide-NH4�


complex � 11.1 � 8.1 379 1.298
di-O-protonated squaramide � 12.8 � 10.0 173 1.208
dimethylsquarate � 10.2 � 7.8 468 1.720
dimethylsquarate-NH4�


complex � 10.6 � 7.9 403 1.575
di-O-protonated dimethylsquarate � 13.7 � 10.5 190 1.216
squaric acid � 7.0 � 5.7 463 1.736
squaric acid-NH4�


complex � 10.3 � 7.8 411 1.383
di-O-protonated squaric acid � 13.8 � 10.7 208 1.269
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we have observed such a behaviour in the molecular
recognition of ammonium cations by squaramido-based
model receptors.[27, 28] Di-O-protonated squaramide has more
aromatic character (NICS(0.6)��10.0 ppm, 17ONMR chem-
ical shift �� 173 and WBI(CO)� 1.208) than squaramide
complex; this indicates that the aromaticity of the four-
membered ring of squaramide is successively enhanced by
hydrogen bonding and by protonation of the carbonyl oxygen
atoms. This is also corroborated by the progressive equal-
ization of the covalent bond lengths in the four-membered
ring (see Figure 2). Similar behaviour has been observed for
squaric acid and dimethylsquarate: a continuous enhance-
ment of the aromatic character of the four-membered ring by
hydrogen bonding and by protonation of the carbonyl oxygen
atoms (see Table 3). Consequently, squaramide isoelectronic
compounds are good candidates for hydrogen-bond acceptors
due to the enhancement of the aromaticity of the four-
membered ring.


Conclusion


Aromaticity is a differential property and often the criteria to
evaluate it need an artificial ™nonaromatic∫ reference system.


A rigorous definition of such reference system is fundamental
to obtain a satisfactory quantification of the aromatic concept.
However, such definition is unfortunately not existing at
present. Even the dimensionality of aromaticity is still
under discussion,[21c] so much remains to be done to clarify
this issue.
NICS criterion does not need reference systems to be


computed and, although it has been criticized and it is not
verifiable experimentally, we have demonstrated a significant
linear relationship between NICS values and ASEs for a wide
range of five-membered heteroaromatic compounds. Oxocar-
bon acids and their dianions are examples where traditional
criteria, that is � and ASE, are not satisfactory to evaluate
aromaticity. However, we have found that the NICS criterion
is adequate for the study of oxocarbon acids and its
derivatives, together with 17O NMR chemical shifts and
Wiberg bond indexes.
Finally, the remarkable proton affinity and hydrogen bond


acceptor character of squaramide has been explained by
means of the gain in aromaticity of the four-membered ring
that it is enhanced by hydrogen bonding of the carbonyl
oxygen atoms to ammonium cation or by protonation of the
carbonyl oxygen atoms. Parallel behaviour is observed for
squaric acid and dimethylsquarate compounds.


Figure 2. MP2/6-311�G** optimized structures of squaramide, squaric acid and dimethylsquarate, their complexes with ammonium cation and their di-O-
protonated derivatives. Bond lengths are in ä. NICS(0.6) values are indicated at ring centers in ppm.







FULL PAPER A. Frontera, P. M. Deya¡ et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0438 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 2438


Acknowledgements


Gratitude is expressed to the DGICYT (project PB98-0129) for financial
support. We thank the Centre de Supercomputacio¬ de Catalunya (CESCA)
for computational facilities. A.F. thanks the MEC for a post-doctoral grant.
D.Q. and C.G. thank the Universitat de les Illes Balears and FSE,
respectively, for pre-doctoral fellowships.


[1] See for example, a) P. J. Garrat, Aromaticity, Wiley, New York, 1986 ;
b) T. M. Krygowski, M. K. Cyranski, Z. Czarnocki, G. H‰felinger,
A. R. Katritzky, Tetrahedron 2000, 56, 1783.


[2] a) M. J. S. Dewar, C. De Llano, J. Am. Chem. Soc. 1969, 91, 789; b) J.
Aihara, J. Chem. Soc. Perkin Trans. 2 1996, 2185.


[3] J. Aihara, J. Org. Chem. 1976, 41, 2488.
[4] R. C. Benson, W. H. Flygare, J. Am. Chem. Soc. 1970, 92, 7593.
[5] D. B. Chesnut, K. M. Davis, J. Comput. Chem. 1997, 18, 584.
[6] P. v. R. Schleyer, P. K. Freeman, H. Jiao, B. Goldfuss, Angew. Chem.


1995, 107, 332; Angew. Chem. Int. Ed. Engl. 1995, 34, 337.
[7] L. Nyula¬szi, P. Va¬rnai, S. Krill, T. Veszpre¬mi, J. Mol. Struct.


(THEOCHEM) 1995, 358, 55.
[8] P. v. R. Schleyer, H. Jiao, Pure Appl. Chem. 1996, 29, 209.
[9] A. Julg, P. Francois, Theor. Chim. Acta. 1967, 7, 249.
[10] a) C. W. Bird, Tetrahedron 1985, 41, 1409; b) C. W. Bird, Tetrahedron


1986, 42, 89.
[11] K. Jug, J. Org. Chem. 1983, 48, 1344.
[12] a) H. J. Dauben Jr., J. D. Wilson, J. L. Laity in Non-benzenoid


Aromatics, Vol. 2 (Ed.: J. Synder), Academic Press, 1971; b) H. J.
Dauben Jr., J. D. Wilson, J. L. Laity, J. Am. Chem. Soc. 1968, 90, 811;
c) H. J. Dauben Jr., J. D. Wilson, J. L. Laity, J. Am. Chem. Soc. 1969,
91, 1991.


[13] V. I. Minkin, M. N. Glukhovtsev, B. Y. Simkin, Aromaticity and
Antiaromaticity, Wiley, New York, 1994.


[14] P. v. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao, N. J. R. v. E.
Hommes, J. Am. Chem. Soc. 1996, 118, 6317.


[15] From 1996 to July 2001, ref. [14] has been cited 213 times.
[16] Y. Xie, P. R. Schreiner, H. F. Schaefer III, X.-W. Li, G. H. Robinson,


Organometallics 1998, 17, 114.
[17] P. Schwerdtfeger, T. Fischr, P. A. Hunt, J. Org. Chem. 1997, 62, 8063.
[18] T. Veszpre¬mi, M. Takahashi, B. Hajgato¬ , J. Ogasawara, K. Sakamoto,


M. Kira, J. Phys. Chem. A. 1998, 102, 10530.
[19] C. Boehme, G. Frenking, Organometallics 1998, 17, 5801.
[20] A. R. Katrizky, G. Barczynski, G. Musumarra, D. Pisano, M. Szafran,


J. Am. Chem. Soc. 1989, 111, 7.
[21] a) A. R. Katrizky, M. Karelson, S. Sild, T. M. Krygowski, K. Jug, J.


Org. Chem. 1998, 63, 5228; b) T. M. Krygowski; M. K. Cyransky, Z.
Czarnocki, G. Hafelinger, A. R. Katritzky, Tetrahedron 2000, 56, 1783;
c) A. R. Katrizky, K. Jug, D. C. Oniciu, Chem. Rev. 2001, 101, 1421.


[22] R. West, N.-Y. Niu, D. L. Powell, M. V. Evans, J. Am. Chem. Soc. 1960,
82, 6204.


[23] J. Aihara, J. Am. Chem. Soc. 1981, 103, 1633.
[24] P. v. R. Schleyer, K. Najafian, B. Kiran, H. Jiao, J. Org. Chem. 2000, 65,


426.
[25] D. Quinƒonero, A. Frontera, P. Ballester, P. M. Deya¡ , Tetrahedron Lett.


2000, 41, 2001.


[26] a) P. Ballester, A. Costa, P. M. Deya¡ , G. Deslongchamps, D. Mink, A.
Decken, R. Prohens, S. Toma¡s, M. Vega, Chem. Commun. 1997, 357;
b) P. Ballester, A. Costa, P. M. Deya¡ , J. F. Gonza¬ lez, M. C. Rotger, G.
Deslongchamps, Tetrahedron Lett. 1994, 35, 3813; c) R. Prohens, S.
Toma¡s, J. Morey, P. M. Deya¡ , P. Ballester, A. Costa, Tetrahedron Lett.
1998, 39, 1063.


[27] S. Toma¡s, R. Prohens, M. Vega, M. C. Rotger, P. M. Deya¡ , P. Ballester,
A. Costa, J. Org. Chem. 1996, 61, 9394.


[28] S. Toma¡s, R. Prohens, G. Deslongchamps, P. Ballester, A. Costa,
Angew. Chem. 1999, 111, 2346; Angew. Chem. Int. Ed. 1999, 38, 2208.


[29] a) D. Quinƒonero, A. Frontera, S. Toma¡s, G. A. Sunƒer, J. Morey, A.
Costa, P. Ballester, P. M. Deya¡ , Theor. Chem. Acc. 2000, 104, 50; b) D.
Quinƒonero, A. Frontera, G. A. Sunƒ er, J. Morey, A. Costa, P. Ballester,
P. M. Deya¡ , Chem. Phys. Lett. 2000, 326, 247.


[30] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery Jr., R. E.
Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,
K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Forestman, J. Cioslowski, J. V.
Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe,
P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C.
Gonzalez, M. Head-Gordon, E. S. Replogle, J. A. Pople, Gaussian 98,
Revision A.7, Gaussian, Inc., Pittsburgh PA, 1998.


[31] K. Wolinski, J. F. Hinto, P. Pulay, J. Am. Chem. Soc. 1990, 112, 8251.
[32] U. Fleisher, C. van W¸llen, W. Kutzelnigg in Encyclopedia of


Computational Chemistry, Vol. 3 (Eds.: P. v. R. Schleyer, N. L.
Allinger, T. Clark, J. Gasteiger, P. A. Kollman, H. F. Schaefer III,
P. R. Schreiner), Wiley, Chichester, UK, 1998, pp. 1827 ± 1835.


[33] K. B. Wiberg, Tetrahedron 1968, 24, 1083.
[34] E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Weinhold, NBO,


Version 3.1, University of Wisconsin, Madison, WI (USA), 1995.
[35] H. A. Christ, P. Diehl, H. R. Schneider, H. Dahn, Helv. Chim. Acta


1961, 44, 865.
[36] W. G. Klemperer, Angew. Chem. 1978, 90, 258; Angew. Chem. Int. Ed.


Engl. 1978, 17, 246.
[37] K. T. Potts, J. S. Baum, Chem. Rev. 1974, 74, 189.
[38] A. Greenberg, R. P. T. Tomkins, M. Dobrovolny, J. F. Liebman, J. Am.


Chem. Soc. 1983, 105, 6855.
[39] H. Dahn, M.-N. Ung-Truong, Helv. Chim. Acta 1987, 70, 865.
[40] J.-P. Kintzinger, T. T.-T. Nguyen, Org. Magn. Reson. 1980, 13, 464.
[41] D. Semmingsen, P. Groth, J. Am. Chem. Soc. 1987, 109, 7238.
[42] a) To make the discussion tracetable, we and others (ref. [42b])


arbitrarily assign the convention that if a molecule has less than half of
the magnitude of NICS value in comparison to that of benzene
(NICS(0.6)��10.1 ppm at GIAO-MP2/6-311�G**), it is not aro-
matic; b) E. D. Jemmis, B. Kiran, Inorg. Chem. 1998, 37, 2110.


[43] L. Zhou, Y. Zhang, L. Wu, J. Li, J. Mol. Struct. (THEOCHEM) 2000,
497, 137.


Received: July 26, 2001 [F3446]








Total Synthesis of Amiclenomycin, an Inhibitor of Biotin Biosynthesis


Ste¬phane Mann, Sophie Carillon≤, Olivier Breyne, and Andre¬e Marquet*[a]


We dedicate this paper to Sophie Carillon, who recently died in a car accident. She performed a great part of this work.


Abstract: We describe the first synthe-
sis of amiclenomycin, a natural product
that has been found to inhibit biotin
biosynthesis and, as a consequence, to
exhibit antibiotic properties. Structure 1,
with a trans relationship between the
ring substituents, had previously been
proposed for amiclenomycin on the
basis of its 1H NMR spectrum. We have
prepared the trans and cis isomers 1 and
2 by unequivocal routes and we con-
clude that the natural product is in fact


the cis isomer 2. The properly substitut-
ed cyclohexadienyl rings were construct-
ed first. A cycloaddition reaction be-
tween 1,2-di(phenylsulfonyl)ethylene
and the N-allyloxycarbonyl diene 13,
followed by reductive elimination of the


phenylsulfinyl groups, gave the cis iso-
mer 15. To obtain the trans isomer, the
O-trimethylsilyl diene was used to give
the cis hydroxylated Diels ±Alder ad-
duct 33, which was transformed into the
corresponding trans amino derivative by
means of a Mitsunobu reaction. The �-
�-amino acid functionality was intro-
duced by means of a Strecker reaction
on the aldehydes 16 and 42, followed by
enzymatic hydrolysis with immobilised
pronase.


Keywords: amiclenomycin ¥
aminocyclohexadiene ¥ antibiotics
¥ enzymatic resolution ¥ Strecker
reaction


Introduction


Amiclenomycin (2) has been isolated from cultures of differ-
ent Streptomyces strains either as the free amino acid[1] or as a
component of di- and tripeptides,[2] all of which show anti-
biotic properties, with a specificity against mycobacteria.[1, 2b,c]


COO-


NH3
+


COOHH2N


NH2


COOHH2N


NH2


1 2 3


The antimutagenic effects of the dipeptide N-methylvalyl-
amiclenomycin have also been described.[3] These antibiotic
properties were reversed by biotin and some of its precursors,
and it has been established that the target of amiclenomycin is
7,8-diaminopelargonic acid (DAPA) aminotransferase[4]


(Scheme 1).
The mechanism of inhibition has been investigated,[5] and


kinetic studies showed that amiclenomycin was probably


H2N O


COOH


H2N NH2


COOH


Ado Met


DAPA amino
  transferase


Scheme 1. Action of DAPA aminotransferase, blocked by amiclenomycin.


recognised at the substrate binding site. Inactivation of the
enzyme was observed after preincubation, but this was found
to be reversible, the activity being recovered after dialysis.
This may correspond to tight binding or, more probably, to the
reversible formation of a covalent adduct. The analogy with
the inhibition of �-amino-butyric acid (GABA) aminotrans-
ferase by gabaculine (3)[6] should be explored.
In connection with our general interest in inhibitors of


biotin biosynthesis with potential herbicidal properties,[7] we
decided to revisit the mechanism of action of amiclenomycin.
Unfortunately, the natural product was no longer available,


and all our attempts to isolate it from cultures of S.
Lavandulae–with a strain kindly supplied by Dr. Okami–
failed, maybe because of mutations in the strain. Thus, we
decided to undertake the total synthesis of amiclenomycin.
A trans geometry between the two substituents on the


cyclohexadienyl ring in 1 had been tentatively proposed by
Okami et al,[1] on the basis of the 5J coupling constant (7.5 Hz)
between the two allylic hydrogens,[1] and this later became
accepted.[2b] The other isomer had, of course, not been
available, and in order to establish the stereochemistry of
the natural product with more certainty, we decided to
synthesise both isomers by unequivocal routes.
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We chose a Diels ±Alder strategy to construct the cyclo-
hexadiene ring, with the use of trans-1,2-bis(phenylsulfonyl)-
ethylene, an acetylene dienophile equivalent described by
De Lucchi.[8] We expected that the mild conditions used to
regenerate the double bond, reductive elimination of the
phenylsulfinyl groups at room temperature with sodium
amalgam in methanol buffered with potassium dihydrogen-
phosphate, would preserve the 2,5-cyclohexadiene. Initial
attempts to prepare the oxygenated diene partner I of the
Diels ±Alder reaction from �-lysine according to Scheme 2
were not successful. We thus had to construct the cyclo-
hexadiene part first, and then introduce the amino acid
functionality.


However, due to the expected sensitivity of the 1-amino-
2,5-cyclohexadiene ring to conjugation and/or aromatisation,
we first examined the synthetic routes to this moiety on a
simple model before the construction of the amino acid side-
chain. The synthesis of the two isomers VII and VIII and the
assignment of their stereochemistry have been described in
another paper.[9] In this work we report the preparation of the
two isomers 1 and 2.


NH2, HClNH2, HCl


VIIIVII


Model compounds


The 5J values observed in the trans and cis compounds 1 and
2 are 5.6 and 8.1 Hz, respectively; in good agreement with the
corresponding values, 5.6 and 8.2 Hz, found in the model
compounds VII and VIII.[9] The reported value for natural
amiclenomycin was 7.5 Hz, very close to that of the cis
compound, and we concluded that the published stereo-
chemistry was very probably incorrect. Comparison of
chemical shift values supported this
conclusion (Table 1). It would be
interesting to study inhibition of
DAPA aminotransferase, the crystal
structure of which has recently been
published,[10] by these two isomers.
We intend to examine whether one
or both isomers cocrystallise with
the protein, and we hope to obtain
the three-dimensional structure of
the complex(es).


Results and Discussion


Our first targets were precur-
sors of the cyclohexadiene ring
with a functionalised side-chain
suitable for the introduction of
the amino acid moiety.
A number of methods for the


(enantioselective) synthesis of
amino acids are now available.[11] We first considered the
alkylation of glycine derivatives, for which many chiral
versions exist.[11] Preliminary experiments were carried out
with the anion of imine II[12] and the bromo derivatives III or
IV. No reaction occurred at low temperature, whilst at 0 �C III
and IV decomposed into aromatic products V and VI
(Scheme 3).
We thus turned to application of the Strecker reaction to


aldehydes 16 and 42, and prepared their precursors 15 and 41,


OH


NHAlloc


O


NHAlloc


16 : cis isomer
42 : trans isomer


15 : cis isomer
41 : trans isomer


which contain hydroxypropyl side-chains, by the same Diels ±
Alder cycloaddition-based strategy as used for the prepara-
tion of the trans and cis models VII and VIII.[9]


Synthesis of the cis isomer 2 : The diene 13 was synthesised
from butane-1,4-diol as shown in Scheme 4. This symmetric


NH2


COOiPrAllocHN
H COOiPrAllocHN


H


O


COOiPrAllocHN
H


O
I


COOiPrAllocHN
H


OTMS


Scheme 2. Unsuccessful attempts to prepare Diels–Alder diene I.


Table 1. NMR chemical shift differences of hydrogen and carbon atoms in
amiclenomycin (Acm) present in natural peptides,[2b] and in compounds 1
and 2. The spectra were recorded in D2O at 400 MHz (1H NMR) and
100 MHz (13C NMR), except for 1 and 2, which were recorded at 500 MHz
(1H NMR) and 125 MHz (13C NMR).


��


Compounds H-1� ±H-4� C-1� ±C-4� C-3 ±C-4


MeIle-Acm 1.47 10.3 0.9
Ile-Acm 1.49 10.4 1.1
MeVal-Acm 1.48 10.4 1.5
MeIle-Acm-Gln 1.47 10.4 1.7
Ile-Acm-Gln 1.47 10.3 1.6
Val-Acm-Gln 1.47 10.3 1.2
1 1.37 10.15 2.39
2 1.46 10.46 1.45
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Scheme 3. Tentative attempts to alkylate the glycine Schiff base II.
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diol was monosilylated in 90% yield with tert-butyldimethyl-
silyl (TBDMS) chloride according to a method described by
McDougal et al. ,[13] who explained the selectivity of the
reaction by the insolubility of the monosodium salt in THF.
Alcohol 4was then oxidised to aldehyde 5 by a Swern reaction
and converted into the �,�-unsaturated aldehyde 8. AWittig
reaction carried out with triethyl phosphonoacetate enabled
aldehyde 5 to be transformed into the conjugated ester 6,
which was then reduced by diisobutyl aluminium hydride
(DiBAH) to the allylic alcohol 7. This was then oxidised to
give 8. This reaction could be performed more rapidly and
with an equivalent yield by means of the formylolefination
reaction developed byMeyers.[14] This conversion proceeds by
condensation of lithium en-
aminophosphonate 9 with alde-
hyde 5 at �78 �C, followed by
hydrolysis of the intermediate
imine. Compound 9 was pre-
pared in situ from acetaldehyde
tert-butylimine,[15] by treatment
with lithium diisopropylamide
(LDA) and diethylchlorophos-
phate.
Aldehyde 8 was then trans-


formed into the (1E,3E) conju-
gated ester 10 by means of a
Wittig reaction with the triethyl
phosphonoacetate anion. De-
protection of the alcohol moi-
ety in compound 10 under acid-
ic conditions afforded 11. Sap-
onification of the ester was
achieved by using an aqueous
sodium hydroxide solution in


methanol under reflux. The N-
protected (1E,3E) diene 13 was
obtained from 12 by means of a
Curtius reaction[16] under the
same conditions as described
for the preparation of the cor-
responding diene in the model
series.
The Diels ±Alder reaction


between 13 and trans-1,2-di-
(phenylsulfonyl)ethylene (14)[8]


was performed in refluxing
ortho-xylene to afford, after
reductive elimination of the
phenylsulfinyl groups from the
mixture, cyclohexadiene 15.
To introduce the amino acid


functionality by a Strecker re-
action[17] (Scheme 5), alcohol 15
was oxidised to 16 by the Swern
method. This aldehyde was
treated with trimethylsilyl cya-
nide in the presence of a cata-
lytic amount of ZnI2 and then
with a saturated solution of


ammonia in methanol to give amino nitrile 17. The diconden-
sation product 18 and/or the aromatic compound 19 were
isolated in some experiments. We found that the quality of the
ammonia and the reaction temperature were important
parameters. To minimise the formation of 18 and 19, the
reaction has to be performed with very pure ammonia and at a
temperature not exceeding 50 �C for 15 min.
Cleavage of the allyloxycarbonyl group of 17 was carried


out with Pd(PPh3)4 in the presence of phenylsilane.[18] During
extraction of the resulting amine with an acidic aqueous
solution at 0 �C followed by lyophilisation, hydration of the
nitrile group took place, and the amide 20 was obtained as a
mixture containing 22% of the aromatic compound 21.


HO
OTBDMS


HO O
OTBDMS


OTBDMSOTBDMS EtOOCHOOTBDMS
O


OTBDMSEtOOC OHEtOOC


OHHOOC


OH


NHAlloc


OH


NHAlloc


Et2O(O)P
NtBu
Li


OH


NHAlloc


SO2Ph


SO2Ph
PhO2S


SO2Ph


OH


+


a b


c


d


g


h


i


jl k


f


e


4 5


67
8


9


10 11


12


13 1415


Scheme 4. a) NaH, TBDMSCl, THF, 97%. b) (COCl)2, DMSO, CH2Cl2, �60 �C; NEt3, �20 �C, 94%. c) NaH,
(EtO)2P(O)CH2CO2Et, THF, �20 �C, 80%. d) DiBAH, CH2Cl2, �60 �C, 84%. e) (COCl)2, DMSO, CH2Cl2,
�60 �C; NEt3, �20 �C, 94%. f) LDA, tBuN�CH�CH3, (EtO)2P(O)Cl, THF, �78 �C; H3O�, 67%. g) NaH,
(EtO)2P(O)CH2CO2Et, THF,�20 �C, 70%. h) THF/H2O/CH3CO2H (1:1:3), 71%. i) NaOH, MeOH, 60 �C, 83%.
j) (PhO)2P(O)N3, allyl alcohol, NEt3, reflux, 70%. k) 14, ortho-xylene, reflux. l) Na(Hg), MeOH, KH2PO4, 37%.
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Scheme 5. a) (COCl)2, DMSO, CH2Cl2, �60 �C; NEt3, �20 �C, 95%. b) TMS�CN, ZnI2, CH2Cl2, RT; NH3,
MeOH, 74%. c) Pd(PPh3)4, PhSiH3, CH2Cl2, RT,; HCl, 60%.
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The last step was the conversion of the
amino acid amide 20 into the amino acid
2. To conserve supplies of amide 20, the
reaction conditions were first examined
on the aromatic analogue, homophenyl-
alanine amide (22). This was prepared
from 3-phenylpropanal by a Strecker
reaction to provide 19, which was then
treated with a methanolic solution of
NaOH/H2O2 (Scheme 6). Hydrolysis of
22 with reasonable concentrations
(0.7�) of basic reagents (NaOH, LiOH, Na2O2[19]) was very
slow (over 24 h at room temperature) and therefore not
compatible with the amino-cyclohexadienyl moiety.


COOHNH2CONH2NH2CNNH2O
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O


Boc Boc
N


N
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O Boc


BocNH
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O


O


b


d


e f
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c


Scheme 6. a) TMS�CN, ZnI2, CH2Cl2, RT; NH3, MeOH, 73%. b) H2O2,
NaOH, MeOH, RT, 76%. c) NaOH or LiOH or Na2O2, H2O, RT.
d) (NH4)2CO3, H2O, MeOH, 50 �C, 62%. e) Boc2O, DMAP, THF, RT,
65%. f) LiOH, THF/H2O (5:1), RT, 92%.


Another method, described as milder, is the hydrolysis of
N-protected hydantoins by lithium hydroxide at room tem-
perature.[20] Hydantoin 24 was prepared by condensation of
ammonium carbonate with amino nitrile 19. Protection of the
nitrogen atoms of 24 with tert-butyloxycarbonyl groups
afforded 25. However, hydrolysis of the latter with lithium
hydroxide gave compound 26 and homophenylalanine could
be identified only after a few days (Scheme 6).
The alternative route of enzymatic hydrolysis was then


considered. An enantioselective method for the conversion of
�-amino nitriles into �-�-amino acids under moderately basic
conditions (pH 10) has been described by Taillades et al.,[21]


who used immobilised pronase on a poly(N-acryloylpiperidin-
4-one) (80%) cross-linked with (1,4-bisacryloylpiperazine)
(20%). They showed that the hydration of ���-amino nitriles
to ���-amino acid amides is efficiently catalysed in phosphate
or borate buffers by ketonic sites in the polymer matrix.
Pronase, with its amidase activity, then effects the enantio-
selective transformation of the intermediate �,�-amino acid
amides into �-amino acids and �-amino acid amides. Under
these conditions, the �,�-mixture 20 (containing 27% of
aromatic compound 21) was converted into �-amino acid 2
and �-amino acid amide 20 (Scheme 7). Compounds 2 (28%)
and 20 (29%) and the aromatic compounds 22 and 23 (25%)


were separated on a Dowex column with ammonia solution as
eluant.
In order to measure the enantiomeric excesses of acid 2 and


amide 20, these compounds were converted by acidic treat-
ment into the corresponding aromatic amino acid 23, which
was derivatised into 27 by classical methods (Scheme 8) and
submitted to gas chromatography on a chiral column. The
retention times were compared with those of commercial
racemic homophenylalanine, also derivatised into 27. The
enantiomeric excesses of 2 and 20 were 74% and 80%,
respectively.


Scheme 8. a) 3� HCl, reflux. b) 2� iPrOH/HCl, 100 �C; (CF3CO)2O,
CH2Cl2, RT. The same procedure was used for the derivatisation of 20.


Synthesis of the trans isomer 1: The diene 31 was synthesised
from pentane-1,5-diol as shown in Scheme 9. The diol was
successively monosilylated, oxidised and converted into �,�-
unsaturated aldehyde 30 by the methods described for the
synthesis of 8 (Scheme 4).
Dienes 31 and 32 were obtained by the Danishefsky


method.[22] Aldehyde 30, activated by ZnCl2, was treated
with bromotrimethylsilane in the presence of triethylamine
to afford a 35:65 mixture of 31 (1E,3E) and 32 (1E,3Z).
We have shown in the case of the model compounds that the
percentage of the desired (E,E) isomer could be improved by
isomerisation with iodine but that the yield of the subsequent
Diels ±Alder reaction is lower and that the overall yield is
identical with or without isomerisation.[9] Thus, the cyclo-
addition here was performed with the initial 35:65 mixture of
dienes 31 and 32 and with trans-1,2-bis(phenylsulfonyl)ethyl-
ene (14) as the dienophile.[8]


The protective groups in dienes 31 and 32 were chosen in
order to subsequently selectively hydrolyse the secondary
hydroxyl group of the Diels ±Alder adduct, but no selective
cleavage was observed under various conditions. With a dilute
solution of HCl in methanol (0.01 eq.) both silyl ethers were
removed. With oxalic or acetic acid (0.001 to 0.01 eq.), the
monoprotected compounds 34 was observed, but always in a
mixture with the diol 33. We thus had to isolate the
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Scheme 7. Conversion of ���-amino acid amide 20 into �-amino acid 2 and �-amino acid amide 20
with the aid of immobilised pronase in a phosphate buffer (pH 9.6) at 37 �C.
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deprotected compound 33 and then reprotect the primary
alcohol. From the similarity of the NMR spectra of the Diels ±
Alder adducts 33 to those of the model series (Table 2), we
were able to conclude that 33 was a 80:20 to 65:35 mixture of
33a and 33b. The reprotection of the primary alcohol was
achieved by treatment of the mixture of 33a and 33b with tert-
butyldimethylsilyl chloride in the presence of triethylamine
and a catalytic amount of N,N-dimethylaminopyridine
(DMAP).[23] Alcohols 34 were transformed into azides 35a
and 35b by a Mitsunobu reaction, with diphenylphosphoryl
azide.[24] As in the case of the model compounds, the relative
proportions of 35a and 35b (75:25 to 60:40) did not exactly


match those of 34a and 34b. The epimeric azide 37 was also
formed in 5 ± 10% yield, as in the model series. The aromatic
compound 36 was similarly isolated in a reproducible yield of
30%.
Amine 38, obtained by reduction of azides 35a and 35b


under hydrogen (5 bars) in the presence of Lindlar catalyst,[25]


was then protected by an allyloxycarbonyl group to furnish
39a and 39b. Deprotection of the alcohol by acidic meth-
anolysis, followed by desulfonylation with sodium amalgam
gave the cyclohexadiene 41 (Scheme 10).
The last steps of this synthesis were achieved as in the case


of the cis isomer (Scheme 11). Alcohol 41 was oxidised to 42,
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Scheme 9. a) NaH, TBDMSCl, THF, RT, 89%. b) (COCl)2, DMSO, CH2Cl2, �60 �C; NEt3, �20 �C, 90%. c) LDA, tBuN�CH-CH3, (EtO)2P(O)Cl, THF,
�78 �C; H3O�, RT, 56%. d) TMSBr, ZnCl2, NEt3, toluene, reflux, 75%. e) 14, ortho-xylene, 120 �C. f) MeOH, H�, RT, 66%. g) TBDMSCl, DMAP, CH2Cl2,
NEt3, 83%. h) PPh3, DIAD, (PhO)2P(O)N3, CH2Cl2, 0 �C, 35a,b : 52%.


Table 2. Comparison of chemical shifts in compounds 33a, 33b, 35a, 35b and models[9] (solvent: CDCl3, 1H NMR: 400 MHz, 13C NMR: 100 MHz).


�


Compounds R H-1 H-2 H-3 H-6 C-1 C-2 C-3 C-6


Et 4.15 4.37 4.88 2.58 61.59 61.59 65.15 33.60
(CH2)3OH 4.10 4.22 4.81 2.61 61.55 61.50 64.58 31.40


Et 4.16 3.96 4.55 2.96 58.94 66.34 61.73 37.04
(CH2)3OH 4.10 3.83 4.52 2.87 58.96 66.46 61.45 34.82


Et 4.14 4.21 4.42 2.70 57.89 60.10 50.91 33.78
(CH2)3OTBDMS 4.13 4.20 4.46 2.82 58.50 61.30 51.21 32.10


Et 4.67 4.46 4.88 3.02 62.40 60.39 54.99 37.07
(CH2)3OTBDMS 4.66 4.43 4.88 3.12 62.53 60.45 54.95 35.03
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which was converted into amino nitrile 43 accompanied by the
aromatic compound 19. Deprotection of the amine followed
by a rapid extraction at 0 �C with 1� hydrochloric acid gave a
mixture of amino nitrile 44 and amino acid amide 45 (in a ratio
of 80:20 to 30:70), and their aromatic derivatives 19 and 21 (13
to 23%). This crude mixture, when treated with immobilised
pronase, afforded the �-amino acid 1 (20%) and the �-amino
acid amide 45 (20%). The enantiomeric excesses of these
products were 94% and 88%, respectively (determined by
chiral gas chromatography, as described above for 2 and 20).


Configuration of amiclenomycin : The 5J(H-1�,H-4�) coupling
constants measured after irradiation of H-3� in the trans and


cis isomers–5.6 and 8.1 Hz,
respectively–are in good
agreement with the values
found in the model compounds
VII and VIII (5.6 and 8.2 Hz).
The observed value in the nat-
ural product was 7.5 Hz, close to
the value found in the cis com-
pound. The chemical shift dif-
ferences reported in Table 1 for
the amiclenomycin-containing
peptides are also more consis-
tent with those of isomer 2.
Thus, we conclude that the
stereochemistry originally at-
tributed to the natural product
should be corrected.
As discussed for VII and


VIII,[9] the values of the cou-
pling constants are consistent
with a planar ring.[26] AM1
semiempirical calculations on
the most stable conformations
of 1 and 2 indeed indicated that
the ring was almost planar
(�cis� 175.5� and �trans�
178.7�) (Figure 1). The calculat-
ed distance between the two
homoallylic hydrogens (4.05 ä
in the cis compound and 4.75 ä
in the trans) explains why no
NOEs were observed.


Experimental Section


General procedures : Solvents were dried by distillation under argon over
CaH2 (CH2Cl2, toluene, ortho-xylene, NEt3), Mg (MeOH) or Na/benzo-
phenone (THF, Et2O). All other commercially available reagents were
used without further purification. Column chromatography was performed
with flash silica (Merck 230, 0.040 ± 0.063 mm). 1H NMR (400 MHz) and
13C NMR (100 MHz) were recorded on a Bruker ARX400 at room
temperature for CDCl3 solutions unless otherwise stated (some spectra
were recorded on a Bruker AC200 or a DMX500). All chemical shifts are
reported as � values (ppm) relative to CDCl3 (or CD3OD): �� 7.28 (3.34)
and �� 77.16 (49.86) for 1H NMR and 13C NMR spectra, respectively. IR
spectra were recorded on a Perkin ±Elmer 1420 instrument. CI mass
spectra were obtained with a NERMAG R30 ± 10 apparatus. High-
resolution mass spectra were recorded on a JEOL MS700BE (CH4). MS-
MS spectra were recorded on a Micromass Quattro1 instrument with ESI
source. Melting points were measured with a Kofler bank and are
uncorrected. Elemental analyses were performed by the Service Re¬gional
de Microanalyse (SIAR-Jussieu).


Determination of the 5J coupling constant values : The 5J coupling constants
between H-1� and H-4� in compounds 1, 2, 20 and 45 were measured from
the 4� proton signal after irradiation of the 3� protons. The experiments were
carried out on a Bruker ARX400 apparatus at 400 MHz in D2O. For 2 and
20, 5J was 8.1 Hz and for 1 and 45, 5.6 Hz.


4-tert-Butyldimethylsilyloxybutan-1-ol (4): Butane-1,4-diol (9.0 g,
100 mmol) was added to a vigorously stirred dispersion of NaH in mineral
oil (80%, 3.15 g) in dry THF (200 mL). After being stirred for 1 h, the
mixture was cooled in an ice bath, and tert-butyldimethylsilyl chloride
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Scheme 10. a) H2 (5 bars), Pd(5%)/CaCO3-Pb(3.5%), THF/iPrOH (1:1), RT. b) ClCO2All, EtOH, NaHCO3,
sonication, RT, 76% from 35. c) MeOH, H�, RT, 86%. d) Na(Hg), MeOH, KH2PO4, RT, 74%.
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Scheme 11. a) (COCl)2, DMSO, CH2Cl2, �60 �C; NEt3, �20 �C, quantitative yield. b) TMS�CN, ZnI2, CH2Cl2,
RT; NH3, MeOH, 51%. c) Pd(PPh3)4, PhSiH3, CH2Cl2, RT; HCl, 85%. d) immobilised pronase, phosphate
buffer, pH 9.6, 37 �C, 1: 20%, 45 : 20%.


Figure 1. Modeling of compounds 1 and 2 by AM1 semiempirical methods.
The dihedral angle � is defined by the intersection of the (C1, C2, C3, C4)
and the (C1, C6, C5, C4) planes.
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(16.5 g, 109 mmol) was added over 15 min. Stirring was continued at RT for
another hour, after which the reaction mixture was diluted with diethyl
ether (500 mL) and washed with saturated Na2CO3 solution (2� 100 mL),
followed by brine (2� 100 mL). The organic layer was dried over MgSO4
and concentrated to afford a yellow oil that was distilled (b.p. 57 �C,
0.07 mbar). Monosilylated diol 4 was obtained as a colourless oil. Yield:
19.7 g, 97%; 1H NMR: �� 0.06 (s, 6H; SiCH3), 0.90 (s, 9H; tBu), 1.64 (m,
4H; H-2, H-3), 3.63 ± 3.66 (m, 4H; H-1, H-4); 13C NMR: ���5.31
(SiCH3), 18.39 (C(CH3)3), 25.99 (C(CH3)3), 29.95, 30.28 (C-2, C-3), 62.81,
63.44 (C-1, C-4); elemental analysis calcd for C10H24O2Si: C 58.83, H 11.76;
found C 58.64, H 11.96.


4-tert-Butyldimethylsilyloxybutanal (5): A stirred solution of oxalyl
dichloride (8.8 mL, 100 mmol) in anhydrous dichloromethane (200 mL)
was cooled to �60 �C, and anhydrous dimethyl sulfoxide (14.3 mL,
201 mmol) was added dropwise. After 10 min, alcohol 4 (17.1 g, 84 mmol)
was added, and stirring was maintained for 30 min, during which the
solution was allowed to warm to�20 �C. Addition of triethylamine (54 mL,
390 mmol) then produced a white precipitate and, after an additional
20 min stirring at this temperature, the mixture was diluted with diethyl
ether (200 mL) and washed with a saturated NH4Cl solution (100 mL). The
organic layer was diluted with cyclohexane (1 L), washed with a saturated
Na2CO3 solution (100 mL) followed by brine (3� 150 mL) and dried over
MgSO4. Solvents were removed to deliver the desired aldehyde 5 smoothly.
The crude product was used without purification for the next step. Yield:
15.9 g, 94%; 1H NMR (200 MHz): �� 0.01 (s, 6H; SiCH3), 0.85 (s, 9H;
tBu), 1.83 (tt, J� 7.1, 6.5 Hz, 2H; H-3), 2.48 (td, J� 7.1, 1.6 Hz, 2H; H-2),
3.62 (t, J� 6.5 Hz, 2H; H-4), 9.76 (t, J� 1.6 Hz, 1H; H-1); 13C NMR
(50 MHz): ���5.37 (SiCH3), 18.34 (C(CH3)3), 25.53 (C-3), 25.95
(C(CH3)3), 40.84 (C-2), 62.12 (C-4), 202.70 (C-1).


Ethyl (2E)-6-tert-butyldimethylsilyloxyhex-2-enoate (6): Triethyl phospho-
noacetate (23.5 mL, 117 mmol) was added dropwise, with vigorous stirring,
to a dispersion of NaH in mineral oil (80%, 3.52 g, 117 mmol) in dry THF
(100 mL) cooled to �20 �C. After the reaction mixture had been stirred at
this temperature for 30 min, aldehyde 5 (15.8 g, 78 mmol) was added, and
the mixture was kept for 20 min at �20 �C and then for 30 min at RT. The
solution was diluted in diethyl ether (500 mL), and the mixture was washed
with a saturated NH4Cl solution. The organic layer was washed with a
saturated Na2CO3 solution (2� 100 mL) followed by brine (2� 100 mL)
and dried over MgSO4. After concentration and flash chromatography
(cyclohexane/ethyl acetate 98:2), 6 was obtained as a colourless oil. Yield:
17 g, 80%; 1H NMR (200 MHz): �� 0.00 (s, 6H; SiCH3), 0.84 (s, 9H; tBu),
1.23 (t, J� 7.1 Hz, 3H; OCH2CH3), 1.62 (tt, J� 6.8, 6.8 Hz, 2H; H-5), 2.23
(tdd, J� 7.3, 7.3, 1.5 Hz, 2H; H-4), 3.58 (t, J� 6.1 Hz, 2H; H-6), 4.13 (q, J�
7.1 Hz, 2H; OCH2CH3), 5.78 (td, J� 15.6, 1.5 Hz, 1H; H-2), 6.94 (td, J�
15.7, 6.9 Hz, 1H; H-3); 13C NMR: ���5.34 (SiCH3), 14.28 (OCH2CH3),
18.38 (C(CH3)3), 25.92 (C(CH3)3), 28.67 (C-4), 31.12 (C-5), 60.09
(OCH2CH3), 62.14 (C-6), 121.48 (C-2), 148.92 (C-3), 166.64 (C-1);
elemental analysis calcd for C14H28O3Si: C 61.78, H 10.29; found C 61.77,
H 10.23.


(2E)-6-tert-Butyldimethylsilyloxyhex-2-en-1-ol (7): Diisobutylaluminium
hydride (1� in hexane, 129 mL) was added at�60 �C to a solution of ester 6
(16 g, 59 mmol) in dry dichloromethane. After the mixture had been stirred
for 20 min at this temperature, the reaction was quenched with methanol
(50 mL). Aluminium salts were slowly hydrolysed with a hydrochloric acid
solution (1��. After dilution with diethyl ether (1 L) and water (200 mL),
the aqueous layer was extracted with diethyl ether (2� 300 mL). The
combined organic layers were dried over MgSO4 and concentrated to give
the desired alcohol 7 as a colourless oil after chromatography (cyclo-
hexane/ethyl acetate 8:2). Yield: 11.34 g, 84%; 1H NMR (200 MHz): ��
0.00 (s, 6H; SiCH3), 0.84 (s, 9H; tBu), 1.55 (tt, J� 6.9, 6.9 Hz, 2H; H-5),
2.05 (td, J� 6.9, 6.9 Hz, 2H; H-4), 2.23 (m, 1H; OH), 3.56 (t, J� 6.4 Hz,
2H; H-6), 4.01 (d, J� 3.5 Hz, 2H; H-1), 5.50 ± 5.72 (m, 2H; H-2, H-3);
13C NMR: ���5.28 (SiCH3), 18.32 (C(CH3)3), 25.95 (C(CH3)3), 28.51 (C-
4), 32.21 (C-5), 62.52 (C-6), 63.51 (C-1), 129.29 ± 132.53 (C-2, C-3);
elemental analysis calcd for C12H26O2Si: C 62.62, H 11.30; found C 62.57,
H 11.44.


(2E)-6-tert-Butyldimethylsilyloxyhex-2-enal (8):


Preparation from 7: Compound 8 was prepared as described for 5, from 7
(11.3 g, 49 mmol), oxalyl dichloride (5.2 mL, 59 mmol), dimethyl sulfoxide


(8.4 mL, 118 mmol) and triethylamine (33 mL, 237 mmol). Yield: 10.5 g,
94%.


Preparation from 5 : Acetaldehyde tert-butylimine : Acetaldehyde (20 mL,
360 mmol) was introduced dropwise at 0 �C into a flask containing tert-
butylamine (38 mL, 360 mmol). Themixture was stirred at this temperature
for 3 h, then solid KOH (800 mg, 14 mmol) was added. After 12 h at 4 �C,
the aqueous layer was removed, and the organic layer was distilled (bp 66 ±
67 �C) to furnish the desired imine as a colourless oil. Yield: 23 g, 66%;
1H NMR (200 MHz): �� 1.11 (s, 9H; tBu), 1.90 (d, 3H; J� 4.8 Hz, CH3),
7.62 (q, 1H; J� 4.8 Hz, CH�); 13C NMR (50MHz): �� 22.77 (CH3), 29.61
(C(CH3)3), 56.66 (C(CH3)3), 155.00 (CH�).
Acetaldehyde tert-butylimine (3 g, 30 mmol) was added at �78 �C to a
solution of lithium diisopropylamide (30 mL, 2� in heptane) in anhydrous
THF (60 mL). The mixture was stirred at this temperature for 30 min, and
diethyl chlorophosphate (4.4 mL, 30 mmol) was added. The mixture was
then allowed to warm to �10 �C over 1 h, was stirred for 2 h at this
temperature and then for 5 min at �78 �C. Aldehyde 5 was added, and the
reaction mixture was allowed to warm to RT over 2 h. The reaction was
quenched by addition of a saturated oxalic acid solution (50 mL), and the
mixture was diluted with toluene (50 mL). The organic layer was extracted
with diethyl ether (3� 50 mL) and concentrated to furnish an orange oil,
which was flash chromatographed (cyclohexane/ethyl acetate 49:1 ± 41:9).
�,�-Unsaturated aldehyde 8 was obtained as an orange oil. Yield: 3.06 g,
67%; 1H NMR (200 MHz): �� 0.00 (s, 6H; SiCH3), 0.85 (s, 9H; tBu), 1.68
(tt, J� 6.7, 6.7 Hz, 2H; H-5), 2.38 (tdd, J� 7.2, 7.2, 1.4 Hz, 2H; H-4), 3.61 (t,
J� 6.0 Hz, 2H; H-6), 6.08 (tdd, J� 15.6, 7.9, 1.5 Hz, 1H; H-2), 6.85 (td, J�
15.6, 6.7 Hz, 1H; H-3), 9.46 (d, J� 7.9 Hz, 1H; H-1); 13C NMR (50 MHz):
���5.34 (SiCH3), 18.28 (C(CH3)3), 25.92 (C(CH3)3), 29.37 (C-4), 30.89 (C-
5), 62.04 (C-6), 133.04 (C-2), 158.76 (C-3), 194.05 (C-1).


Ethyl (2E,4E)-8-tert-butyldimethylsilyloxyocta-2,4-dienoate (10): Com-
pound 10 was prepared as described for compound 6, from aldehyde 8
(3.06 g, 13.4 mmol), NaH (80%, 0.7 g) and triethyl phosphonoacetate
(4.7 mL, 23 mmol). It was obtained after chromatography (cyclohexane/
ethyl acetate 49:1) as a yellow oil. Yield: 2.82 g, 70%; 1H NMR: �� 0.04 (s,
6H; SiCH3), 0.89 (s, 9H; tBu), 1.29 (t, J� 7.1 Hz, 3H; CH2CH3), 1.64 (tt,
J� 6.8, 6.8 Hz, 2H; H-7), 2.24 (td, J� 6.9, 6.9 Hz, 2H; H-6), 3.61 (t, J�
6.1 Hz, 2H; H-8), 4.19 (q, J� 7.1 Hz, 2H; CH2CH3), 5.78 (d, J� 15.3 Hz,
1H; H-2), 6.09 ± 6.22 (m, 2H; H-4, H-5), 7.25 (dd, J� 15.2, 9.7 Hz, 1H;
H-3); 13C NMR: ���5.30 (Si�CH3), 14.33 (CH2CH3), 18.34 (C(CH3)3),
25.96 (C(CH3)3), 29.38 (C-6), 31.76 (C-7), 60.16 (CH2CH3), 62.24 (C-8),
119.36 (C-2), 128.66, 144.01 (C-4, C-5), 144.95 (C-3), 167.27 (C-1);
elemental analysis calcd for C16H30O3Si: C 64.44, H 10.06; found C 64.45,
H 10.17.


Ethyl (2E,4E)-8-hydroxyocta-2,4-dienoate (11): Protected alcohol 10 (5 g,
16.8 mmol) dissolved in a THF/water/acetic acid (1:1:3; 75 mL) was stirred
for 4 h at RT. The solvents were evaporated, and the crude product was
purified by chromatography (cyclohexane/ethyl acetate 9:1 ± 1:1) to give 11
as a colourless oil. Yield: 2.21 g, 71%; 1H NMR (200 MHz): �� 1.20 (t, J�
7.1 Hz, 3H; CH3), 1.61 (tt, J� 7.0, 7.0 Hz, 2H; H-7), 2.18 (td, J� 6.8, 6.8 Hz,
2H; H-6), 2.65 (m, 1H; OH), 3.55 (t, J� 6.3 Hz, 2H; H-8), 4.10 (q, J�
7.1 Hz, 2H; CH2CH3), 5.70 (d, J� 15.4 Hz, 1H; H-2), 5.97 ± 6.20 (m, 2H;
H-4, H-5), 7.17 (dd, J� 15.3, 9.9 Hz, 1H; H-3); 13C NMR (50 MHz) : 14.19
(CH3), 29.22 (C-6), 31.47 (C-7), 60.21 (CH2CH3), 61.72 (C-8), 119.31 (C-2),
128.65, 143.74 (C-4, C-5), 144.90 (C-3), 167.37 (C-1); MS: m/z : 185
[M�H]� , 202 [M�NH4]� .
(2E,4E)-8-Hydroxyocta-2,4-dienoic acid (12): A sodium hydroxide solution
(0.8�� 60 mL) was added to a solution of ester 11 (2.21 g, 12 mmol) in
methanol (30 mL), and the mixture was stirred for 50 min at 60 �C.
Neutralisation with hydrochloric acid (12�� and evaporation of the solvents
gave a white solid; this was then flash chromatographed (dichloromethane/
ethanol/acetic acid 9:1:0.1). Acid 12 was obtained as a white solid. Yield:
1.56 g, 83%; 1H NMR (200 MHz, CD3OD): �� 1.64 (tt, J� 6.9, 6.9 Hz, 2H;
H-7), 2.24 (td, J� 6.8, 6.8 Hz, 2H; H-6), 3.56 (t, J� 6.5 Hz, 2H; H-8), 5.78
(d, J� 15.3 Hz, 1H; H-2), 6.08 ± 6.32 (m, 2H; H-4, H-5), 7.24 (dd, J� 15.3,
9.8 Hz, 1H; H-3); 13C NMR (50 MHz, CD3OD) : 30.20 (C-6), 32.44 (C-7),
62.10 (C-8), 120.47 (C-2), 129.84, 145.18 (C-4, C-5), 146.84 (C-3), 170.79 (C-
1); elemental analysis calcd for C8H12O3: C 61.57, H 7.69; found C 61.50, H
7.73.


Allyl (1E,3E)-7-hydroxy-hepta-1,3-dienyl-carbamate (13): Diphenylphos-
phoryl azide (5.2 mL, 24 mmol) and triethylamine (3.3 mL, 24 mmol) were
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added to a solution of acid 12 (2.66 mg, 17 mmol) in allyl alcohol (80 mL).
The mixture was stirred under reflux for 2.5 h, and after cooling to RT, the
solvents were evaporated. The resulting oil was purified by flash
chromatography (cyclohexane/ethyl acetate 8:2 ± 4:6) to afford the desired
diene 13 as a yellow oil. Yield: 2.51 g, 70%; 1H NMR: �� 1.62 (tt, J� 7.0,
7.0 Hz, 2H; H-6), 1.98 (m, 1H; OH), 2.12 (td, J� 7.0, 7.0 Hz, 2H; H-5), 3.61
(t, J� 6.4 Hz, 2H; H-7), 4.58 (d, J� 5.4 Hz, 2H; COOCH2), 5.20 (d, J�
10.4 Hz, 1H; �CH2), 5.28 (d, J� 17.3 Hz, 1H; �CH2), 5.47 (td, J� 14.7,
7.3 Hz, 1H; H-4), 5.64 (dd, J� 10.8, 13.7 Hz, 1H; H-2), 5.83 ± 5.90 (m, 1H;
CH�CH2), 5.95 (dd, J� 15.0, 10.6 Hz, 1H; H-3), 6.59 (dd, J� 13.8, 10.6 Hz,
1H; H-1), 6.84 (d, J� 10.6 Hz, 1H; NH); 13C NMR: �� 29.02 (C-5), 32.33
(C-6), 62.30 (C-7), 66.08 (COOCH2), 111.72 (C-2), 118.25 (�CH2), 124.94
(C-1), 127.96 (C-3), 130.15 (C-4), 132.28 (CH�CH2), 153.44 (C�O).
3.5% Sodium amalgam :[27] Clean sodium (27 g) was placed in a 500 mL
round-bottomed flask, fitted with a dropping funnel containing 750 g of
mercury in the central sockets. The air was displaced by dry nitrogen
between two side sockets. Mercury was added slowly enough to control the
temperature of the exothermic reaction. After cooling the mixture to RT, a
solid was obtained and powdered.


Allyl [4c-(3-hydroxypropyl)cyclohexa-2,5-dien-1r-yl]-carbamate (15): A
solution of diene 13 (880 mg, 4.2 mmol) in anhydrous ortho-xylene
(5 mL) was added to trans-1,2-bis(phenylsulfonyl)ethylene (14 ; 1.28 g,
4.2 mmol). The mixture was heated at reflux overnight. After evaporation
of the solvent, the residual oil was diluted in anhydrous methanol (150 mL)
buffered with KH2PO4 (17.2 g, 126 mmol). The solution was vigorously
stirred with 3.5% sodium amalgam (2.15 g, 3.04 mmol) under argon for 3 h
at RT. The salts and mercury were then removed by filtration and washed
with dichloromethane (100 mL). The organic layer was concentrated and
purified by flash chromatography (cyclohexane/ethyl acetate 9:1 ± 4:6) to
furnish the cyclohexa-1,4-diene 15. Yield: 363 mg, 37%; 1H NMR: ��
1.46 ± 1.58 (m, 4H; H-1�, H-2�), 2.06 (m, 1H; OH), 2.70 ± 2.72 (m, 1H; H-4),
3.59 (t, J� 6.0 Hz, 2H; H-3�), 4.53 (d, J� 5.5 Hz, 2H; COOCH2), 4.68 (m,
1H; H-1), 4.79 (d, J� 8.8 Hz, 1H; NH), 5.18 (d, J� 10.5 Hz, 1H; �CH2),
5.27 (dd, J� 17.2, 1.2 Hz, 1H; �CH2), 5.67 ± 5.77 (m, 4H; H-2, H-3, H-5,
H-6), 5.80 ± 5.93 (m, 1H; CH�CH2); 13C NMR (50 MHz): �� 29.18, 30.70
(C-1�, C-2�), 34.74 (C-4), 44.86 (C-1), 62.75 (C-3�), 65.58 (COOCH2), 117.72
(�CH2), 125.63 (C-2, C-6), 131.47 (C-3, C-5), 132.82 (CH�CH2), 155.62
(C�O); MS: m/z : 238 [M�H]� , 255 [M�NH4]� .
Allyl [4c-(3-oxopropyl)-cyclohexa-2,5-dien-1r-yl]-carbamate (16): Alcohol
15 (418 mg, 1.8 mmol) was converted into the aldehyde 16 by means of a
Swern reaction as described for 5. Yield: 393 mg, 95%; 1H NMR
(200 MHz) : 1.81 (td, J� 6.8, 6.8 Hz, 2H; H-1�), 2.37 (td, J� 7.5, 1.6 Hz,
2H; H-2�), 2.80 ± 2.83 (m, 1H; H-4), 4.53 (d, J� 5.6 Hz, 2H; COOCH2),
4.58 ± 4.72 (m, 1H; H-1), 4.85 (d, J� 9.0 Hz, 1H; NH), 5.17 (ddt, J� 10.4,
1.3, 1.3 Hz, 1H; �CH2), 5.27 (ddt, J� 17.2, 1.5, 1.5 Hz, 1H; �CH2), 5.64 ±
5.78 (m, 4H; H-2, H-3, H-5, H-6), 5.79 ± 5.98 (m, 1H; CH�CH2), 9.70 (t, J�
1.7 Hz, 1H; H-3�); 13C NMR (50 MHz): �� 25.88 (C-1�), 34.07 (C-4), 40.26
(C-2�), 44.69 (C-1), 65.60 (COOCH2), 117.60 (�CH2), 126.80 (C-2, C-6),
130.35 (C-3, C-5), 132.83 (CH�CH2), 155.58 (N�C�O), 202.54 (C-3�); MS:
m/z : 236 [M�H]� , 253 [M�NH4]� .
Allyl [4c-(3-Amino-3-cyano-propyl)-cyclohexa-2,5-dien-1r-yl]-carbamate
(17): Aldehyde 16 (423 mg, 1.8 mmol) and trimethylsilyl cyanide (300 �L,
2.25 mmol) in the presence of a catalytic amount of ZnI2 were stirred for
15 min at RT. A saturated solution of ammonia in methanol (2 mL) at
�40 �C was added, and the mixture was heated at 50 �C for 15 min. After
solvent removal and chromatography (cyclohexane/ethyl acetate 9:1 ± 0:1),
amino nitrile 17 was obtained as a yellow powder. Yield: 346 mg, 74%;
1H NMR: �� 1.60 ± 1.68 (m, 4H; H-1�, H-2�), 1.71 (m, 2H; NH2), 2.76 ± 2.77
(m, 1H; H-4), 3.62 (t, J� 6.3 Hz, 1H; H-3�), 4.51 (d, J� 5.4 Hz, 2H;
COOCH2), 4.65 ± 4.69 (m, 1H; H-1), 4.88 (d, J� 9.0 Hz, 1H; NH), 5.16 (d,
J� 10.4 Hz, 1H; �CH2), 5.25 (dd, J� 17.2, 1.4 Hz, 1H; �CH2), 5.68 ± 5.74
(m, 4H; H-2, H-3, H-5, H-6), 5.81 ± 5.91 (m, 1H; CH�CH2); 13C NMR
(50 MHz): �� 29.86, 31.59 (C-1�, C-2�), 34.13 (C-4), 43.38 (C-3�), 44.65 (C-
1), 65.49 (COOCH2), 117.63 (�CH2), 121.94 (CN), 126.45 (C-2, C-6), 130.38
(C-3, C-5), 132.74 (CH�CH2), 155.48 (C�O); MS: m/z : 262 [M�H]� , 279
[M�NH4]� .
The double condensation by-product 18 and the aromatic compound 19
may be isolated in sizeable yields if the ammonia concentration in the
methanolic solution is insufficient or if the ammonia is not sufficiently pure.
A single � value is found for each proton in compound 18, except for H-3�


for which two signals in a 55:45 ratio are observed. This product is probably
a mixture of meso and (RR,SS) compounds. 18 : 1H NMR: �� 1.58 ± 1.78
(m, 8H; H-1�, H-2�), 2.81 (m, 2H; H-4), 3.59 ± 3.63 (m, 1H; H-3�a), 3.75 ±
3.76 (m, 1H; H-3�b), 4.53 (d, J� 5.5 Hz, 4H; COOCH2), 4.68 ± 4.70 (m, 2H;
H-1), 4.89 ± 4.95 (m, 2H; NH), 5.17 (d, J� 10.5 Hz, 2H; �CH2), 5.26 (dd,
J� 17.2, 1.2 Hz, 2H;�CH2), 5.68 ± 5.76 (m, 8H; H-2, H-3, H-5, H-6), 5.83 ±
5.92 (m, 2H; CH�CH2); 13C NMR (50MHz): �� 29.64, 29.90 (C-1�, C-2�),
34.07 (C-4), 44.70 (C-1), 48.66 (C-3�a), 49.23 (C-3�b), 65.56 (COOCH2),
117.65 (�CH2), 118.91 (CN), 119.25 (CN), 126.78 (C-2, C-6), 130.17 (C-3,
C-5), 132.74 (CH�CH2), 155.56 (C�O); MS (CI): m/z : 506 [M�H]� , 479
[M�H�HCN]� . 19 : 1H NMR: �� 1.65 (m, 2H; NH2), 2.08 (dt, J� 7.5,
7.5 Hz, 2H; H-3), 2.79 ± 2.94 (m, 2H; H-4), 3.63 (t, J� 7.2 Hz, 1H; H-2),
7.22 ± 7.35 (m, 5H; Ph); 13C NMR: �� 31.60 (C-4), 36.83 (C-3), 42.62 (C-2),
122.07 (CN), 126.52 ± 139.81 (Ph); MS: m/z : 161 [M�H]� , 178 [M�NH4]� ,
134 [M�H�HCN]� .
2-Amino-4-(4c-aminocyclohexa-2,5-dien-1r-yl)-butanamide hydrochloride
(20): Phenylsilane (110 �L, 0.9 mmol ) and a solution of Pd(Ph3)4 (10 mg,
0.009 mmol) in dry dichloromethane (1 mL) were added under argon to a
solution of aminonitrile 17 (116 mg, 0.4 mmol) in dry dichloromethane
(1 mL). The mixture was stirred for 30 min at RT and extracted with a
hydrochloric acid solution (1�� at 0 �C (5� 1 mL). The combined aqueous
layers were lyophilised to afford a mixture of 20 (60%) and 21 (22%) as a
yellow oil. Yield: 82 mg. 20 : 1H NMR (200 MHz, CD3OD): �� 1.72 (dt, J�
5.6, 5.6 Hz, 2H; H-3), 1.95 (td, J� 5.6, 5.6 Hz, 2H; H-4), 2.90 (m, 1H; H-1�),
3.98 (m, 1H; H-2), 4.33 (m, 1H; H-4�), 5.87 ± 5.91 (m, 2H; H-3�, H-5�),
6.10 ± 6.15 (m, 2H; H-2�, H-6�); 13C NMR (50 MHz, CD3OD): �� 30.02 (C-
3), 29.35 (C-4), 36.02 (C-1�), 54.16 (C-2), 46.10 (C-4�), 122.49 (C-3�, C-5�),
135.71 (C-2�, C-6�), 172.21 (C-1); MS: m/z (%): 196 [M�H]� , 179
(30)[Ph(CH2)2CH(NH2)CONH2�H]� , 134 (100) [Ph(CH2)2CH�NH2]� ,
117 (7) [PhCH2CH�CH]� , 91 (35) [PhCH2]� ; MS-MS: m/z (%) 179
(100), 134 (75) [Ph(CH2)2CH�NH2]� , 117 (10) [PhCH2CH�CH]� , 91 (60)
[PhCH2]� .


2-Amino-4-phenyl-butanenitrile (19): A solution of 3-phenylpropanal
(5.07 g, 37.8 mmol) and trimethylsilyl cyanide (6 mL, 46.6 mmol) in the
presence of a catalytic amount of ZnI2 was stirred at RT for 15 min. Then, a
saturated solution of ammonia in methanol (38 mL) was added, and stirring
was maintained for 3 h at 40 �C. The crude product was concentrated and
chromatographed (cyclohexane/ethyl acetate 9:1 ± 1:9) to give amino nitrile
19 as a yellow oil. Yield: 4.39 g, 73%; 1H and 13C NMR: see above. MS:
m/z : 161 [M�H]� , 178 [M�NH4]� , 134 [M�H�HCN]� .
2-Amino-4-phenyl-butanamide (22): A sodium hydroxide solution (1��
27 mL) and a hydrogen peroxide solution (35%, 5 mL) were added to a
solution of nitrile 19 (2.1 g, 13.15 mmol) in methanol (14 mL). After 1 h of
stirring at RT, the mixture was extracted with dichloromethane, and the
organic layer was dried over MgSO4 to give 22 as yellow crystals. Yield:
1.78 g (76%); m.p. 89 �C; 1H NMR: �� 1.57 (m, 2H; NH2), 1.80 ± 1.90 (m,
1H; H-3), 2.16 ± 2.25 (m, 1H; H-3), 2.70 ± 2.83 (m, 2H; H-4), 3.40 (m, 1H;
H-2), 5.84 (m, 1H; CONH2), 7.07 (m, 1H; CONH2), 7.19 ± 7.32 (m, 5H; Ph);
13C NMR: �� 32.19 (C-4), 36.71 (C-3), 54.79 (C-2), 126.21 ± 141.21 (Ph),
178.16 (C-1); elemental analysis calcd for C10H14ON2: C 67.39, H 7.91, N
15.72; found C 67.36, H 7.81, N 15.69.


5-Phenethyl-imidazolidine-2,4-dione (24): Amino nitrile 19 (2.62 g,
14.15 mmol) and ammonium carbonate (15.6 g, 198 mmol) in a methanol/
water 1:1 solution were stirred for 6 h at 50 �C. After concentration and
recrystallisation from water, hydantoin 24 was obtained as white crystals.
Yield: 1.78 g, 62%; m.p. 166 �C; 1H NMR (CD3OD): �� 1.91 ± 2.00 (m, 1H;
CH2CH2Ph), 2.06 ± 2.15 (m, 1H; CH2CH2Ph), 2.69 ± 2.76 (m, 2H; CH2Ph),
4.08 (dd, J� 7.2, 4.2 Hz, 1H; N-CH), 7.17 ± 7.31 (m, 5H; Ph); 13C NMR
(CD3OD): �� 28.41 (CH2Ph), 31.30 (CH2CH2Ph), 55.76 (CH�N), 124.69,
126.93, 127.01, 139.46 (Ph), 157.43, 175.55 (C�O); elemental analysis calcd
for C11H12O2N2: C 64.69, H 5.92, N 13.72; found C 65.10, H 5.85, N 13.68.


N,N�-Bis-tert-butyloxycarbonyl-5-phenethyl-imidazolidine-2,4-dione (25):
Di-tert-butyldicarbonate (806 mg, 3.67 mmol) was added to a solution of
hydantoin 24 (250 mg, 1.23 mmol) in THF (20 mL) in the presence of a
catalytic amount of DMAP, and the mixture was stirred under argon at RT
for 45 min. The crude product was concentrated and filtered on silica gel
(cyclohexane/ethyl acetate 7:3) to give a yellow oil. Recrystallisation from
pentane afforded 25 as white crystals. Yield: 323 mg, 65%; m.p. 97 �C;
1H NMR: �� 1.53 (s, 9H; tBu), 1.56 (s, 9H; tBu), 2.34 ± 2.41 (m, 2H;
CH2Ph), 2.63 ± 2.67 (m, 1H; CH2CH2Ph), 2.71 ± 2.76 (m, 1H; CH2CH2Ph),
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4.46 (dd, J� 6.6, 3.3 Hz, 1H; N-CH), 7.16 ± 7.29 (m, 5H; Ph); 13C NMR
(50 MHz): �� 27.76, 27.99 (C(CH3)3), 29.70, 31.60 (CH2CH2Ph), 58.51
(N�CH), 84.83 ± 86.53 (C(CH3)3), 126.50 ± 139.70 (Ph), 145.10, 147.60,
148.20, 167.30 (C�O); elemental analysis calcd for C21H28O6N2: C 62.36,
H 6.98, N 6.93; found C 62.30, H 7.02, N 7.03.


2-(1,3-di-tert-butyloxycarbonyl)urea-4-phenyl-butanoic acid (26): A solu-
tion ofN-protected hydantoin 25 (0.49 mmol, 197 mg) in THF (10 mL) and
water (2 mL) was stirred in the presence of lithium hydroxide monohydrate
(41 mg, 0.97 mmol) for 2 h at RT. After concentration, dilution in water
(3 mL) and acidification with hydrochloric acid (1�� pH 6), the solution was
filtered to afford 26 as a white powder. Yield: 189 mg, 92%; m.p. 152 �C;
1H NMR: �� 1.48 (s, 9H; tBu), 1.52 (s, 9H; tBu), 2.17 ± 2.22 (m, 1H;
CH2CH2Ph), 2.74 ± 2.78 (m, 1H; CH2CH2Ph), 2.51 ± 2.62 (m, 2H; CH2Ph),
5.40 ± 5.50 (m, 1H; N-CH), 7.18 ± 7.30 (m, 5H; Ph), 10.28 (m, 1H; NH),
10.97 (m, 1H; COOH); 13C NMR: �� 28.24, 28.43 (C(CH3)3), 31.65
(CH2CH2Ph), 32.90 (CH2Ph), 56.00 (CH�N), 82.59 ± 86.41 (C(CH3)3),
126.15, 128.36, 128.57, 141.30 (Ph), 150.16, 151.18, 154.03 (C�O), 175.79
(COOH); MS: m/z : 423 [M�H]� , 440 [M�NH4]� .
Synthesis of the polyacrylamide resin :


1-acryloylpiperidin-4-one : 4-Piperidone monohydrate hydrochloride (15 g,
98 mmol) was added to NaHCO3 (24.7 g, 290 mmol) in water (75 mL)
cooled to 0 �C. Acryloyl chloride (9.4 mL, 120 mmol) was added dropwise
at this temperature, with efficient mechanical stirring, over 30 min. The
solution was kept at 0 �C for 1 h and further stirred for 1 h 15 min at RT.
Excess NaHCO3 was removed by filtration, and acryloylpiperidone was
extracted with chloroform (5� 100 mL). The organic layer was washed
with 2� hydrochloric acid (2� 20 mL) and dried over MgSO4. After
concentration, pure 1-acryloylpiperidin-4-one was obtained. Yield: 13.28 g,
65%; 1H NMR: �� 2.37 (t, J� 6.3 Hz, 4H; NCH2CH2), 3.75 ± 3.80 (m, 4H;
NCH2CH2), 5.63 (dd, J� 10.5, 1.8 Hz, 1H;�CH2), 6.20 (dd, J� 16.8, 1.8 Hz,
1H; �CH2), 6.54 (dd, J� 16.8, 10.5 Hz, 1H; CH�CH2); 13C NMR: ��
41.42, 41.47, 41.65, 44.06 (NCH2CH2), 127.38 (CH�CH2), 129.26 (�CH2),
166.05 (N�C�O), 206.95 (C�O).
1,4-Bisacryloyl-piperazine : Acryloyl chloride (8.1 mL, 100 mmol) was
added dropwise over 30 min to a stirred mixture of piperazine (4.3 g,
50 mmol) and triethylamine (14 mL, 100 mmol) in dry dichloromethane
(350 mL) cooled to 0 �C. After 45 min of stirring at this temperature, the
mixture was allowed to warm to RTover 1 h. The organic layer was washed
with water (2� 100 mL) and with hydrochloric acid (0.5�� 2� 40 mL).
After concentration, 1,4-bisacryloyl-piperazine was crystallised from
methanol/diethyl ether (15:85), to give of white crystals. Yield: 5.55 g,
57%; m.p. 95 ± 96 �C; 1H NMR: �� 3.60 (s, 4H; NCH2), 3.71 (s, 4H;
NCH2), 5.75 (dd, J� 10.7, 1.5 Hz, 2H;�CH2), 6.33 (dd, J� 16.7, 1.5 Hz, 2H;
�CH2), 6.57 (dd, J� 10.7, 16.6 Hz, 2H; CH�CH2); 13C NMR: �� 42.32,
45.78 (NCH2), 127.36 (CH�CH2), 129.15 (�CH2), 165.95 (C�O).
Immobilisation of pronase on poly(N-acryloylpiperidin-4-one): A solution
of 1-acryloylpiperidin-4-one (5 g, 24 mmol), 1,4-bisacryloyl-piperazine (1 g,
5 mmol) and pronase (100 mg) in water (6 mL) was deoxygenated by
bubbling argon through it for 1 h. N,N,N�,N�-tetramethyl ethylene diamine
(40 mL) and a deoxygenated ammonium persulfate solution (0,175��
1 mL) were added quickly. The flask was transferred to an ice bath and
left there for 1 h, and then at RT for 1 h. The solid was recovered, crushed,
and washed with water. The immobilised pronase can be stored at 4 �C.


(2R)-2-Amino-4-(4c-amino-cyclohexa-2,5-dien-1r-yl)-butanoic acid (2): Im-
mobilised pronase (2 g) and (���)-amino acid amide 20 (in the presence of
aromatic compound 21) (94 mg, 0.35 mmol) were added to a phosphate
buffer (0.1�� 20 mL, pH 9.6). After 7.5 h stirring at 37 �C, the mixture was
filtered, and the resin was washed with water. The combined aqueous layers
were acidified to pH 6 with acetic acid and then lyophilised and purified on
a Dowex-SO3�NH4� column (H2O/NH4OH (0.2 �) 1:0 ± 0:1) to give �-
amino acid 2 (20 mg, 28%) contaminated with 21 (27%) and �-amino acid
amide 20 (21 mg, 29%). A pure sample of 2 could be obtained after
additional DOWEX chromatography; the enantiomeric excess was deter-
mined on this sample. 1H NMR (500 MHz, D2O): �� 1.56 ± 1.62 (m, 1H;
H-4), 1.65 ± 1.71 (m, 1H; H-4), 1.84 ± 1.91 (m, 2H; H-3), 2.96 (m, 1H; H-1�),
3.75 (t, J� 6.0 Hz, 1H; H-2), 4.41 (m, 1H; H-4�), 5.87 (d, J� 10.4 Hz, 2H;
H-3�, H-5�), 6.13 (d, J� 10.4 Hz, 2H; H-2�, H-6�); 13C NMR (125 MHz,
D2O): �� 27.83, 29.29 (C-3, C-4), 35.10 (C-1�), 55.50 (C-2), 45.56 (C-4�),
121.52 (C-3�, C-5�), 135.75 (C-2�, C-6�), 175.32 (C-1); MS-MS: m/z (%): 197


[M�H]� , 180 (30) [Ph(CH2)2CH(NH2)CO2H�H]� , 134 (60)
[Ph(CH2)2CH�NH2]� , 117 (18) [PhCH2CH�CH]� , 91 (100) [PhCH2]� .
Derivatisation into compound 27: A solution of amino acid 2 in hydro-
chloric acid (3�, 1 mL) was heated at reflux for 2.5 h. After evaporation of
solvent, a solution of 2� isopropanol in HCl was added, and the mixture
was heated at 100 �C for 30 min under argon. The solvent was evaporated
under draught, and CH2Cl2 (1 mL) followed by trifluoroacetic anhydride
(10 drops) were added. After 30 min at RT, the solvent was evaporated, and
27 was injected onto a CHIRASYL-VAL 0.20 �G.C. column (length 50 m,
internal diameter 0.32 mm). The same procedure was used for amino acid
amide 20 and for the racemic homophenylalanine reference.


5-tert-Butyldimethylsilyloxypentan-1-ol (28): Pentane-1,5-diol (27.1 g,
0.27 mol) was transformed into the colourless oil 28 as described for the
preparation of 4. Yield: 50.4 g, 89%; b.p. 122 �C (0.1 mbar); 1H NMR: ��
0.00 (s, 6H; SiCH3), 0.85 (s, 9H; tBu), 1.31 ± 1.38 (m, 2H; H-3), 1.46 ± 1.56
(m, 4H; H-2, H-4), 2.33 (s, 1H; OH), 3.54 ± 3.58 (m, 4H; H-1, H-5);
13C NMR: ���5.28 (SiCH3), 18.38 (C(CH3)3), 22.04 (C-3), 25.98
(C(CH3)3), 32.45 ± 32.51 (C-2, C-4), 62.66 ± 63.19 (C-1, C-5); elemental
analysis calcd for C11H26O2Si: C 60.56, H 11.92; found C 60.51, H 12.07.


5-Tert-butyldimethylsilyloxypentanal (29): Alcohol 28 (21.8 g, 100 mmol)
was transformed into the yellow oil 29 as described for the preparation of 5.
Yield: 19.5 g, 90%; 1H NMR (200 MHz): ���0.02 (s, 6H; SiCH3), 0.82 (s,
9H; tBu), 1.40 ± 1.57 (m, 2H; H-4), 1.57 ± 1.68 (m, 2H; H-3), 2.39 (td, J� 7.1,
1.7 Hz, 2H; H-2), 3.56 (t, J� 6.0 Hz, 2H; H-5), 9.70 (t, J� 1.8 Hz, 1H;
H-1); 13C NMR (50 MHz): ���5.37 (SiCH3), 18.34 (C(CH3)3), 18.58 (C-
3), 25.92 (C(CH3)3), 32.07 (C-4), 43.59 (C-2), 62.55 (C-5), 202.48 (C-1).


(2E)-7-tert-Butyldimethylsilyloxyhept-2-enal (30): �,�-Unsaturated alde-
hyde 30 was obtained as an orange oil from aldehyde 29 in one step as
described for the preparation of 8. Yield: 12.1 g, 56%; 1H NMR
(200 MHz): �� 0.00 (s, 6H; SiCH3), 0.84 (s, 9H; tBu), 1.49 ± 1.58 (m, 4H;
H-5, H-6), 2.27 ± 2.33 (m, 2H; H-4), 3.58 (t, J� 5.8 Hz, 2H; H-7), 6.07 (tdd,
J� 15.5, 7.9, 1.3 Hz, 1H; H-2), 6.81 (td, J� 15.6, 6.7 Hz, 1H; H-3), 9.45 (d,
J� 7.9 Hz, 1H; H-1); 13C NMR (50 MHz): ���5.34 (SiCH3), 18.31
(C(CH3)3), 24.22, 32.13 (C-5, C-6), 25.92 (C(CH3)3), 32.46 (C-4), 62.58 (C-
7), 133.01 (C-2), 158.75 (C-3), 194.05 (C-1).


(1E,3E)-7-tert-Butyldimethylsilyloxy-1-trimethylsilyloxyhepta-1,3-diene
(31) and (1E,3Z)-7-tert-butyldimethylsilyloxy-1-trimethylsilyloxyhepta-
1,3-diene (32): A solution of �,�-unsaturated aldehyde 30 (4.53 g,
18.7 mmol) in toluene (21 mL) was added to a stirred suspension of ZnCl2
(200 mg) in triethylamine (8.6 mL, 62.7 mmol). Trimethylsilyl bromide
(5.4 mL, 41.1 mmol) was added dropwise with stirring, and the mixture was
heated under reflux overnight. After having cooled to RT, the solution was
filtered on a Celite pad, concentrated, diluted with cyclohexane (400 mL)
and cooled for 1 h at 4 �C. After concentration, another filtration through a
Celite pad afforded a crude oil, which was distilled to give a colourless oil as
a mixture of the (1E,3E) and (1E,3Z) isomers 31 and 32 in 35:65 ratio.
Yield: 75%; b.p. 110 �C (0.5 mbar). 31: 1H NMR: �� 0.03 (s, 6H; Si(CH3)2),
0.19 (s, 9H; Si(CH3)3), 0.88 (s, 9H; tBu), 1.57 (tt, J� 7.0, 7.0 Hz, 2H; H-6),
2.06 ± 2.16 (m, 2H; H-5), 3.59 (t, J� 6.5 Hz, 2H; H-7), 5.44 (dt, J� 14.7,
7.2 Hz, 1H; H-4), 5.66 (dd, J� 11.3, 11.3 Hz, 1H; H-2), 5.83 ± 5.97 (m, 1H;
H-3), 6.43 (d, J� 11.8 Hz, 1H; H-1); 13C NMR: ���5.20 (Si(CH3)2),
�0.39 (Si(CH3)3), 18.42 (C(CH3)3), 26.06 (C(CH3)3), 29.15 (C-5), 32.73 (C-
6), 62.67 (C-7), 113.94 (C-2), 126.22 (C-3), 129.11 (C-4), 142.29 (C-1). 32 :
1H NMR: �� 0.03 (s, 6H; Si(CH3)2), 0.20 (s, 9H; Si(CH3)3), 0.88 (s, 9H;
tBu), 1.57 (tt, J� 7.0, 7.0 Hz, 2H; H-6), 2.06 ± 2.16 (m, 2H; H-5), 3.59
(t, J� 6.4 Hz, 2H; H-7), 5.19 (dt, J� 10.4, 7.5 Hz, 1H; H-4), 5.83 ± 5.97 (m,
2H; H-2, H-3), 6.49 (d, J� 11.4 Hz, 1H; H-1); 13C NMR: ���5.20
(Si(CH3)2), �0.39 (Si(CH3)3), 18.42 (C(CH3)3), 24.08 (C-5), 26.06
(C(CH3)3), 32.94 (C-6), 62.67 (C-7), 109.73 (C-2), 124.66 (C-3), 126.99
(C-4), 144.01 (C-1).


3c-Hydroxy-6c-(3-hydroxypropyl)-1r,2t-bis(phenylsulfonyl)-cyclohex-4-
ene (33a) and 3t-hydroxy-6t-(3-hydroxypropyl)-1r,2t-bis(phenylsulfonyl)-
cyclohex-4-ene (33b): Trans-1,2-bis(phenylsulfonyl)ethylene (14 ; 2.12 g,
6.88 mmol) was added to the above 65:35 mixture of the dienes 32 and 31
(6.17 g) in anhydrous ortho-xylene (7 mL). The mixture was stirred at
120 �C until complete disappearance of sulfone (24 h). After concentration
under high vacuum, the crude product was dissolved in methanol (7 mL)
with one drop of 12� hydrochloric acid and stirred for 30 min. Concen-
tration followed by purification of the resulting oil by chromatography
(cyclohexane/ethyl acetate 95:5 ± 0:1) afforded a white foam as a mixture of
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two diastereoisomers 33a and 33b in a ratio of 80:20 to 65:35. Yield: 1.98 g,
66%. 33a : 1H NMR: �� 1.42 ± 1.51 (m, 1H; H-2�), 1.53 ± 1.64 (m, 1H;
H-2�), 1.73 ± 1.81 (m, 1H; H-1�), 1.83 ± 1.91 (m, 1H; H-1�), 2.45 (m, 1H; OH-
3�), 2.87 (m, 1H; H-6), 3.49 (t, J� 6.3 Hz, 2H; H-3�), 3.60 (d, J� 9.7 Hz, 1H;
OH-3), 3.83 (m, 1H; H-2), 4.10 (m, 1H; H-1), 4.52 (m, 1H; H-3), 5.74 ± 5.88
(m, 2H; H-4, H-5), 7.33 ± 7.84 (m, 10H; Ph); 13C NMR: �� 28.16 (C-1�),
30.61 (C-2�), 34.82 (C-6), 58.96 (C-1), 61.45 (C-3), 61.80 (C-3�), 66.46 (C-2),
127.41 ± 129.70 (C-4, C-5), 127.83 ± 141.71 (Ph). 33b : 1H NMR: �� 1.22 ±
1.26 (m, 1H; H-2�), 1.31 ± 1.39 (m, 1H; H-2�), 1.54 ± 1.64 (m, 2H; H-1�), 2.45
(m, 1H; OH-3�), 2.61 (m, 1H; H-6), 3.36 (t, J� 6.3 Hz, 2H; H-3�), 3.54 (m,
1H; OH-3), 4.10 (m, 1H; H-1), 4.22 (m, 1H; H-2), 4.81 (m, 1H; H-3), 5.64
(d, J� 10.5 Hz, 1H; H-4), 5.74 ± 5.88 (m, 1H; H-5), 7.33 ± 7.84 (m, 10H; Ph);
13C NMR: �� 29.60 (C-1�), 30.86 (C-2�), 31.40 (C-6), 61.50 (C-2), 61.55 (C-
1), 61.70 (C-3�), 64.58 (C-3), 127.83 ± 141.71 (Ph), 128.16 (C-4), 128.76 (C-5);
33a � 33b : elemental analysis calcd for C21H24O6S2: C 57.40, H 5.80; found
C 57.78, H 5.54.


6c-(3-tert-Butyldimethylsilyloxypropyl)-3c-hydroxy-1r,2t-bis(phenylsulfo-
nyl)cyclohex-4-ene (34a) and 6t-(3-tert-butyldimethylsilyloxypropyl)-3t-
hydroxy-1r,2t-bis(phenylsulfonyl)cyclohex-4-ene (34b): Anhydrous tri-
ethylamine (140 �L, 1.01 mmol) and tert-butyldimethylsilyl chloride
(280 mg, 1.84 mmol) were added to a stirred solution of diols 33a and
33b (400 mg, 0.92 mmol) in anhydrous dichloromethane (10 mL) in the
presence of a catalytic amount of DMAP (0.2 eq). After 5.5 h of stirring,
the mixture was concentrated and purified by chromatography (cyclo-
hexane/ethyl acetate 95:5 ± 5:5), to afford a yellow oil as a mixture of the
two diastereoisomers 34a and 34b in a ratio of 80:20 to 65:35. Yield: 83%.
34a : 1H NMR: �� 0.06 (s, 6H; SiCH3), 0.90 (s, 9H; tBu), 1.43 ± 1.58 (m,
1H; H-2�), 1.64 ± 1.70 (m, 1H; H-2�), 1.81 ± 1.88 (m, 2H; H-1�), 2.94 (m, 1H;
H-6), 3.41 (d, J� 10.2 Hz, 1H; OH), 3.56 ± 3.63 (m, 2H; H-3�), 3.97 (s, 1H;
H-2), 4.16 (d, J� 5.4 Hz, 1H; H-1), 4.55 (m, 1H; H-3), 5.88 ± 5.94 (m, 2H;
H-4, H-5), 7.54 ± 5.77 (m, 10H; Ph); 13C NMR: ���5.17 (SiCH3), 18.51
(C(CH3)3), 26.08 (C(CH3)3), 28.46 (C-1�), 31.31 (C-2�), 35.21 (C-6), 59.45 (C-
1), 61.90 (C-3), 62.55 (C-3�), 66.45 (C-2), 127.85 ± 141.70 (C-4, C-5, Ph); 34b :
1H NMR: �� 0.01 (s, 6H; SiCH3), 0.87 (s, 9H; tBu), 1.23 ± 1.26 (m, 2H;
H-2�), 1.55 ± 1.60 (m, 2H; H-1�), 2.65 (m, 1H; H-6), 3.46 (s, 1H; OH), 3.45 (t,
J� 6.2 Hz, 2H; H-3�), 4.10 (m, 1H; H-1), 4.36 (m, 1H; H-2), 4.88 (m, 1H;
H-3), 5.71 ± 5.75 (m, 1H; H-4), 5.83 ± 5.91 (m, 1H; H-5), 7.54 ± 7.77 (m, 10H;
Ph); 13C NMR: ���5.17 (SiCH3), 18.51 (C(CH3)3), 26.08 (C(CH3)3), 30.38
(C-2�), 31.31 (C-1�), 32.00 (C-6), 61.50 ± 61.55 (C-1, C-2), 62.65 (C-3�), 65.11
(C-3), 127.85 ± 141.70 (C-4, C-5, Ph); 34a � 34b : elemental analysis calcd
(%) for C27H38O6S2Si: C 58.77, H 7.24; found C 58.88, H 6.95.


3t-Azido-6c-(3-tert-butyldimethylsilyloxypropyl)-1r,2t-di(phenylsulfonyl)-
cyclohex-4-ene (35a) and 3c-azido-6t-(3-tert-butyldimethylsilyloxypropyl)-
1r,2t-di(phenylsulfonyl)cyclohex-4-ene (35b): A mixture of alcohols 34a
and 34b (420 mg, 0.76 mmol) and triphenylphosphine (280 mg, 1.06 mmol)
in anhydrous dichloromethane (2 mL) was stirred at 0 �C. After 10 min,
diisopropylazodicarboxylate (210 �L, 1.07 mmol) and diphenylphosphoryl
azide (230 �L, 1.06 mmol) were added. The solution was kept at 0 �C for
1.5 h. Purification of the crude product by chromatography (cyclohexane/
ethyl acetate 95:5 ± 7:3) afforded the desired azide as a yellow oil as a 80:20
to 60:40 mixture of the two diastereoisomers 35a and 35b. Yield: 52%.
35a : 1H NMR: �� 0.01 (s, 6H; SiCH3), 0.88 (s, 9H; tBu), 1.42 ± 1.49 (m,
2H; H-2�), 1.70 ± 1.75 (m, 2H; H-1�), 3.12 (m, 1H; H-6), 3.40 ± 3.46 (m, 2H;
H-3�), 4.43 (m, 1H; H-2), 4.66 (m, 1H; H-1), 4.88 (m, 1H; H-3), 5.81 (d, J�
10.4 Hz, 1H; H-5), 5.98 (d, J� 10.4 Hz, 1H; H-4), 7.58 ± 7.97 (m, 10H; Ph);
13C NMR: ���5.24 (SiCH3), 18.38 (C(CH3)3), 26.05 (C(CH3)3), 29.80,
30.67 (C-1�, C-2�), 35.03 (C-6), 54.95 (C-3), 60.45 (C-2), 62.21 (C-3�), 62.53
(C-1), 122.16 (C-5), 128.23 ± 141.47 (C-4, Ph); 35b : 1H NMR: �� 0.00 (s,
6H; SiCH3), 0.87 (s, 9H; tBu), 1.42 ± 1.49 (m, 2H; H-2�), 1.54 ± 1.70 (m, 2H;
H-1�), 2.82 (m, 1H; H-6), 3.40 ± 3.46 (m, 2H; H-3�), 4.13 (s, 1H; H-1), 4.20
(s, 1H; H-2), 4.46 (s, 1H; H-3), 5.86 (d, J� 10.5 Hz, 1H; H-4), 6.15 (d, J�
10.5 Hz, 1H; H-5), 7.58 ± 7.97 (m, 10H; Ph); 13C NMR: ���5.24 (SiCH3),
18.38 (C(CH3)3), 26.05 (C(CH3)3), 26.95, 29.75 (C-1�, C-2�), 32.10 (C-6),
51.21 (C-3), 58.50 (C-1), 61.30 (C-2), 62.21 (C-3�), 120.88 (C-4), 128.23 ±
141.47 (Ph), 133.41 (C-5); 35a� 35b : IR (CDCl3): �� � 2100 cm�1 (N3); MS:
m/z : 576 [M�H]� , 593 [M�NH4]� .
3-tert-Butyldimethylsilyloxypropyl-1-(phenylsulfonyl)benzene (36): This
compound was also isolated by chromatography as a yellow oil in a yield
of 30%. 1H NMR: �� 0.05 (s, 6H; SiCH3), 0.31 (s, 9H; tBu), 1.81 ± 1.87 (m,
2H; CH2CH2O), 2.75 (t, J� 7.7 Hz, 2H; CH2Ph), 3.62 (t, J� 6.1 Hz, 2H;
CH2O), 7.41 (m, 2H; H-4), 7.41 ± 7.45 (m, 1H; H-5), 7.77 (ddd, J� 6.1, 2.3,


2.3 Hz, 1H; H-6), 7.79 (m, 1H; H-2), 7.96 (dd, J� 8.3, 1.1 Hz, 2H; H-2�),
7.50 ± 7.60 (m, 3H; H-3�, H-4�); 13C NMR (50 MHz): ���5.22 (SiCH3),
18.80 (C(CH3)3), 26.04 (C(CH3)3), 29.95 (CH2CH2O), 32.04 (CH2Ph), 61.96
(CH2O), 125.23 ± 144.20 (Ph).


Compound 37: This compound was also isolated by chromatography, in a
yield of 10%, and was characterised by its NMR spectra. 1H NMR: �� 0.06
(s, 6H; SiCH3), 0.91 (s, 9H; tBu), 1.33 ± 1.36 (m, 2H; H-2�), 1.74 ± 1.83 (m,
1H; H-1�), 1.93 ± 1.98 (m, 1H; H-1�), 2.28 ± 2.33 (m, 1H; H-6), 3.44 ± 3.50
(m, 2H; H-3�), 4.12 (d, J� 4.1 Hz, 1H; H-2), 4.28 (s, 1H; H-1), 4.31 (m, 1H;
H-3), 5.84 (m, 1H; H-4), 6.28 (m, 1H; H-5), 7.55 ± 7.77 (m, 10H; Ph);
13C NMR: ���4.89 (SiCH3), 18.70 (C(CH3)3), 25.30 (C-1�), 26.34
(C(CH3)3), 30.32 (C-2�), 38.99 (C-6), 59.49 (C-2), 59.64 ± 60.64 (C-1, C-3),
62.72 (C-3�), 118.94 (C-4), 128.40 ± 139.98 (Ph), 135.84 (C-5); IR (CDCl3):
�� � 2100 cm�1 (N3); HRMS:m/z : found 576.2027 [M�H]� ; C27H38O5N3S2Si
calcd 576.2022.


Allyl [6c-(3-tert-butyldimethylsilyloxypropyl)-1r,2t-bis(phenylsulfonyl)-
cyclohex-4-en-3t-yl]carbamate (39a) and allyl [6t-(3-tert-butyldimethyl-
silyloxypropyl)-1r,2t-bis(phenylsulfonyl)-cyclohex-4-en-3c-yl]carbamate
(39b): A solution of azides 35a and 35b (70:30, 335 mg, 0.58 mmol) in
THF/isopropyl alcohol (1:1, 14 mL) was introduced into a reactor with a
Lindlar catalyst (300 mg). After the mixture had been stirred overnight
under hydrogen (5 bars), the catalyst was removed by centrifugation and
washed with dichloromethane (2� 20 mL). After evaporation of the
combined layers, a yellow oil containing the two diastereoisomers 38a
and 38bwas obtained. This crude product was directly used in the following
step without purification.


The oil was dissolved in absolute ethanol (14 mL) buffered with NaHCO3
(489 mg, 5.82 mmol), and allyloxycarbonyl chloride (111 �L, 1.05 mmol)
was added. The solution was sonicated at RT for 1.5 h and then
concentrated. Purification by chromatography (cyclohexane/ethyl acetate
9:1 ± 7:3) afforded the two diastereoisomers 39a and 39b in a 65:35 ratio as
a yellow oil. Yield: 281 mg, 76% over two steps. 39a : 1H NMR: �� 0.00 (s,
6H; SiCH3), 0.84 (s, 9H; tBu), 1.47 ± 1.56 (m, 1H; H-2�), 1.59 ± 1.65 (m, 1H;
H-2�), 1.75 ± 1.81 (m, 1H; H-1�), 1.86 ± 1.92 (m, 1H; H-1�), 3.10 (m, 1H;
H-6), 3.51 ± 3.57 (m, 2H; H-3�), 3.78 ± 3.83 (ddd, J� 13.2, 5.6, 1.5 Hz, 1H;
COOCH2), 4.15 ± 4.19 (m, 2H; COOCH2, H-2), 4.39 (m, 1H; H-1), 5.06 (m,
1H; H-3), 5.07 (m, 1H; NH), 5.12 (dd, J� 10.2, 1.5 Hz, 1H; �CH2), 5.14
(dd, J� 17.3, 1.5 Hz, 1H;�CH2), 5.54 (d, J� 10.2 Hz, 1H; H-4), 5.63 ± 5.71
(m, 1H; CH�CH2), 5.85 (d, J� 10.7 Hz, 1H; H-5), 7.35 ± 7.96 (m, 10H; Ph);
13C NMR: ���4.90 (SiCH3), 18.73 (C(CH3)3), 26.38 (C(CH3)3), 28.55 (C-
1�), 31.33 (C-2�), 35.26 (C-6), 46.40 (C-3), 60.64 (C-2), 62.13 (C-1), 62.93 (C-
3�), 65.98 (COOCH2), 118.23 (�CH2), 125.04 (C-4), 127.68 ± 141.59 (Ph),
131.24 (C-5), 132.62 (CH�CH2), 154.92 (C�O). 39b : 1H NMR: �� 0.00 (s,
6H; SiCH3), 0.86 (s, 9H; tBu), 1.29 ± 1.36 (m, 2H; H-2�), 1.49 ± 1.59 (m, 1H;
H-1�), 1.62 ± 1.70 (mm, 1H; H-1�), 2.64 (m, 1H; H-6), 3.39 ± 3.42 (s, 2H;
H-3�), 4.10 ± 4.24 (s, 2H; H-1, H-2), 4.40 (m, 1H; COOCH2), 4.69 (m, 1H;
H-3), 5.15 (dd, J� 10.7, 1.6 Hz, 1H;�CH2), 5.22 (d, J� 17.3 Hz, 1H;�CH2),
5.69 (d, J� 9.7 Hz, 1H; NH), 5.76 ± 5.86 (m, 1H; CH�CH2), 5.80 ± 5.84 (m,
1H; H-4), 5.94 (dd, J� 10.2, 3.6 Hz, 1H; H-5), 7.58 ± 7.94 (m, 10H; Ph);
13C NMR: ���4.92 (SiCH3), 18.65 (C(CH3)3), 26.31 (C(CH3)3), 29.92,
30.33 (C-1�, C-2�), 31.53 (C-6), 41.50 (C-3), 58.08, 60.49 (C-1, C-2), 62.41 (C-
3�), 65.72 (COOCH2), 117.63 (�CH2), 122.63 (C-4), 128.91 ± 137.90 (Ph),
130.39 (C-5), 132.71 (CH�CH2), 155.12 (C�O); 39a � 39b : HRMS: m/z :
found 634.2335 [M�H]� ; C31H43O7NS2Si calcd 634.2328.
Allyl [6c-(3-hydroxypropyl)-1r,2t-di(phenylsulfonyl)cyclohex-4-en-3t-yl]-
carbamate (40a) and allyl [6t-(3-hydroxypropyl)-1r,2t-di(phenylsulfonyl)-
cyclohex-4-en-3c-yl]carbamate (40b): Silylated alcohols 39a and 39b
(280 mg, 0.44 mmol) solubilised in methanol (5 mL) in the presence of
hydrochloric acid (12�� 1 �L), were stirred for 15 min. After concentration,
the mixture was purified by flash chromatography (cyclohexane/ethyl
acetate 9:1 ± 3:7) to give a white foam consisting of a mixture of the two
diastereoisomers 40a and 40b. Yield: 197 mg, 86%. 40a : 1H NMR: �� 1.54
(s, 1H; OH), 1.70 ± 1.80 (m, 2H; H-2�), 1.90 ± 1.96 (m, 1H; H-1�), 2.08 ± 2.18
(m, 1H; H-1�), 3.20 (m, 1H; H-6), 3.67 (m, 2H; H-3�), 3.88 (dd, J� 13.2,
5.6 Hz, 1H; COOCH2), 4.12 ± 4.46 (m, 2H; H-1, H-2), 4.23 (dd, J� 13.2,
5.6 Hz, 2H; COOCH2), 5.12 (m, 1H; H-3), 5.12 (m, 1H; NH), 5.18 ± 5.23
(m, 2H; �CH2), 5.63 (d, J� 10.6 Hz, 1H; H-4), 5.68 ± 5.75 (m, 1H;
CH�CH2), 5.91 (d, J� 10.6 Hz, 1H; H-5), 7.40 ± 8.04 (m, 10H; Ph);
13C NMR: �� 28.43, 30.86 (C-1�, C-2�), 35.06 (C-6), 46.06 (C-3), 60.38, 61.57
(C-1, C-2), 62.06 (C-3�), 65.70 (COOCH2), 117.93 (�CH2), 124.90 (C-4),
127.33 ± 141.16 (C-5, Ph), 132.61 (CH�CH2), 154.67 (C�O). 40b : 1H NMR:
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�� 1.10 ± 1.20 (m, 2H; H-2�), 1.40 ± 1.50 (m, 1H; H-1�), 1.60 (s, 1H; OH),
1.65 ± 1.75 (m, 1H; H-1�), 2.69 (m, 1H; H-6), 3.47 (t, J� 5.8 Hz, 2H; H-3�),
4.09 ± 4.29 (m, 2H; H-1, H-2), 4.10 (m, 2H; COOCH2), 4.71 (m, 1H; H-3),
5.16 (dd, J� 10.6, 1.1 Hz, 1H;�CH2), 5.23 (d, J� 17.1 Hz, 1H;�CH2), 5.69
(d, J� 9.9 Hz, 1H; NH), 5.78 ± 5.88 (m, 1H; CH�CH2), 5.84 (m, 1H; H-4),
5.95 (dd, J� 10.6, 3.0 Hz, 1H; H-5), 7.59 ± 7.97 (m, 10H; Ph); 13C NMR: ��
29.58, 30.23 (C-1�, C-2�), 31.34 (C-6), 41.50 (C-3), 58.08, 60.50 (C-1, C-2),
62.44 (C-3�), 65.70 (COOCH2), 117.67 (�CH2), 122.80 (C-4), 128.91 ± 141.60
(Ph), 130.85 (C-5), 132.67 (CH�CH2), 154.81 (C�O); 40a � 40b :
elemental analysis calcd for C25H29O7NS2: C 57.78, H 5.62, N 2.69; found
C 57.51, H 5.85, N 2.62.


Allyl [4t-(3-hydroxypropyl)-cyclohexa-2,5-dien-1r-yl]carbamate (41): A
solution of disulfones 40a and 40b (253 mg, 0.49 mmol) in dry methanol
(11 mL) buffered with KH2PO4 (2.56 g, 18 mmol) was vigorously stirred
with 3.5% sodium amalgam (2.56 g, 3.9 mmol) under argon atmosphere for
45 min at RT. The salts and mercury were removed by filtration and washed
with dichloromethane (10 mL), and the filtrate was concentrated and
chromatographed (cyclohexane/ethyl acetate 5:5 ± 4:6). After recrystalli-
sation from ethyl acetate, 41 was obtained as white needles. Yield: 152 mg,
74%; m.p. 91 �C; 1H NMR: �� 1.45 ± 1.47 (m, 4H; H-1�, H-2�), 2.02 (s, 1H;
OH), 2.72 (m, 1H; H-4), 3.60 (t, J� 5.8 Hz, 2H; H-3�), 4.56 (d, J� 5.6 Hz,
2H; COOCH2), 4.67 (m, 1H; H-1), 4.88 (d, J� 9.2 Hz, 1H; NH), 5.23 (d,
J� 10.9 Hz, 1H; �CH2), 5.32 (d, J� 17.2 Hz, 1H; �CH2), 5.78 (d, J�
10.2 Hz, 2H; H-2, H-6), 5.85 (d, J� 10.2, 2.4 Hz, 2H; H-3, H-5), 5.91 ±
5.98 (m, 1H;CH�CH2); 13C NMR: �� 29.25, 30.09 (C-1�, C-2�), 35.29 (C-4),
44.90 (C-1), 63.36 (C-3�), 65.95 (COOCH2), 118.04 (�CH2), 126.27 (C-2,
C-6), 131.74 (C-3, C-5), 133.25 (CH�CH2), 155.70 (C�O); elemental
analysis calcd for C13H19O3N: C 65.80, H 8.07, N 5.90; found C 65.77, H 8.05,
N 5.91.


Allyl [4t-(3-oxopropyl)-cyclohexa-2,5-dien-1r-yl]-carbamate (42): Alde-
hyde 42 was prepared, as described for 5, from alcohol 41 (140 mg,
0.59 mmol), oxalyl dichloride (65 �L, 0.71 mmol) and DMSO (100 �L,
1.42 mmol) in dichloromethane (2 mL); quantitative yield. 1H NMR: ��
1.74 (m, 2H; H-1�), 2.33 (m, 2H; H-2�), 2.77 (m, 1H; H-4), 4.50 (d, 2H;
COOCH2), 4.62 (m, 1H; H-1), 4.96 (d, J� 8.6 Hz, 1H; NH), 5.14 (d, J�
10.5 Hz, 1H; �CH2), 5.24 (d, J� 17.3 Hz, 1H; �CH2), 5.68 ± 5.76 (m, 4H;
H-2, H-3, H-5, H-6), 5.85 ± 5.95 (m, 1H; CH�CH2), 9.69 (t, J� 1.4 Hz, 1H;
H-3�); 13C NMR: 26.93 (C-1�), 34.22 (C-4), 39.73 (C-2�), 44.51 (C-1), 65.57
(COOCH2), 117.63 (�CH2), 127.02 ± 130.33 (C-2, C-3, C-5, C-6), 132.94
(CH�CH2), 155.56 (N�C�O), 202.22 (C-3�).
Allyl [4t-(3-amino-3-cyano-propyl)cyclohexa-2,5-dien-1r-yl]-carbamate
(43): Amino acid amide 43 was prepared as described for 17, from 42
(140 mg, 0.59 mmol) and trimethylsilyl cyanide (120 �L, 0.89 mmol) in the
presence of a catalytic amount of ZnI2 and a saturated methanolic
ammonia solution (2.5 mL). Chromatography (cyclohexane/ethyl acetate
9:1 ± 0:1) gave 43 as a yellow powder. Yield: 74 mg, 51%; 1H NMR:
�� 1.60 ± 1.70 (m, 4H; H-1�, H-2�), 1.80 (m, 2H; NH2), 2.79 ± 2.81 (m, 1H;
H-4), 3.63 (t, J� 7.2 Hz, 1H; H-3�), 4.54 (d, J� 5.5 Hz, 2H; COOCH2), 4.65
(m, 1H; H-1), 4.93 (d, J� 9.2 Hz, 1H; NH), 5.19 (d, J� 10.3 Hz, 1H;
�CH2), 5.27 (d, J� 17.2 Hz, 1H; �CH2), 5.77 (m, 4H; H-2, H-3, H-5,
H-6), 5.84 ± 5.94 (m, 1H; CH�CH2); 13C NMR: �� 30.62, 31.31 (C-1�, C-2�),
34.47 (C-4), 43.56 (C-3�), 43.56 (COOCH2), 65.68 (C-1), 117.79 (�CH2),
122.00 (CN), 126.89, 130.51 (C-2, C-3, C-5, C-6), 132.92 (CH�CH2), 155.57
(C�O).
Aromatic compound 19 was also isolated as a yellow oil in a yield of 40%.


2-Amino-4-(4t-amino-cyclohexa-2,5-dien-1r-yl)-butanenitrile hydrochlor-
ide (44) and 2-Amino-4-(4t-amino-cyclohexa-2,5-dien-1r-yl)-butanamide
hydrochloride (45): Amino nitrile 44 and amide 45 were prepared as
described for 17, from 43 (35 mg, 0.13 mmol), phenylsilane (60 �L,
0.50 mmol) and a solution of Pd(PPh3)4 (10 mg, 0.009 mmol) in dry
dichloromethane (1 mL). Yield: 31 mg (85%) of the mixture of amine
hydrochlorides 44 and 45. 44 : 1H NMR (CD3OD): �� 1.77 ± 1.82 (m, 2H;
H-4�), 1.92 ± 1.99 (m, 2H; H-3), 3.09 (m, 1H; H-1�), 4.36 (m, 1H; H-4�), 4.57
(dd, J� 8.7, 5.9 Hz, 1H; H-2), 5.97 ± 6.00 (m, 2H; H-3�, H-5�), 6.17 ± 6.21 (m,
2H; H-2�, H-6�); 13C NMR (50 MHz, CD3OD): �� 28.35 (C-3), 30.70 (C-4),
35.79 (C-1�), 42.71 (C-4�), 45.68 (C-2), 116.75 (CN), 123.33 (C-3�, C-5�),
135.78 (C-2�, C-6�). 45 : 1H NMR (CD3OD): �� 1.63 ± 1.70 (m, 2H; H-4),
1.80 ± 1.89 (m, 2H; H-3), 3.02 (m, 1H; H-1�), 3.92 (t, J� 6.2 Hz, 1H; H-2),
4.32 (m, 1H; H-4�), 5.93 (d, J� 10.4 Hz, 1H; H-3�, H-5�), 6.18 (d, J�
10.4 Hz, 1H; H-2�, H-6�); 13C NMR (50 MHz, CD3OD) : 28.70 (C-3),


30.37 (C-4), 35.79 (C-1�), 46.10 (C-4�), 54.16 (C-2), 122.95 (C-3�, C-5�),
136.61 (C-2�, C-6�), 172.20 (C-1).


Aromatic compounds 19 and 21 were also identified, in a yield of 15%.


(2R)-2-Amino-4-(4t-amino-cyclohexa-2,5-dien-1r-yl)butanoic acid (1):
Amino acid 1 was prepared as described for 2, from a mixture of 44 and
45 (40 mg, 0.149 mmol) and pronase (1 g). Yield: 20%; 1H NMR
(500 MHz, D2O): �� 1.46 ± 1.52 (m, 1H; H-4), 1.55 ± 1.61 (m, 1H; H-4),
1.74 ± 1.81 (m, 2H; H-3), 2.91 (m, 1H; H-1�), 3.62 (t, J� 5.9 Hz, 1H; H-2),
4.28 (m, 1H; H-4�), 5.80 (d, J� 10.4 Hz, 2H; H-3�, H-5�), 6.01 (d, J�
10.4 Hz, 2H; H-2�, H-6�); 13C NMR (125 MHz, D2O): �� 27.10, 29.49 (C-
3, C-4), 35.10 (C-1�), 45.25 (C-4�), 55.50 (C-2), 121.79 (C-3�, C-5�), 135.80 (C-
2�, C-6�), 175.32 (C�O).
The �-amino acid amide 45 was isolated in a yield of 20%. MS of 45 : no
molecular peak was observed when an ESI or APCI source was used, but a
peak atm/z 179 was identified as corresponding to the elimination of NH3.
MS-MS: m/z (%) 179: 134 (90) [Ph(CH2)2CH�NH2]� , 117 (10)
[PhCH2CH�CH]� , 91 (45) [PhCH2]� , identical to those observed for the
cis isomer. Compound 1 shows the same behavior in the MS.
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Effect of Phase Behavior and Pressure on the Constant-Volume Heat
Capacity and Intermolecular Interaction of CO2 ±Ethanol and
CO2 ± n-Pentane Mixtures in the Critical Region


Hongping Li, Xiaogang Zhang, Buxing Han,* Jun Liu, Jun He, and Zhimin Liu[a]


Abstract: Study on the properties of the
fluids near the critical point of mixed
systems is a key for the development of
supercritical (SC) technology and for
the further understanding of the features
of supercritical fluids (SCFs). The con-
stant-volumemolar heat capacity (Cv) of
a solution is directly related to the
internal energy, intermolecular interac-
tion, and the microstructure of the
solution. In this work, the Cv of CO2 ±
n-pentane and CO2 ± ethanol systems
was determined at 308.15 K in different
phase regions. This work focuses on how


the properties of the mixtures change
with pressure, composition, and the
structure of the components near the
critical point of the mixtures. It was
found that at fixed composition, a max-
imum in Cv versus pressure curve exists
(Cmax


v � that occurs at the pressure at
which the isothermal compressibility
(KT) is the largest. We deduced that


breaking the ™clusters∫ in the SC mix-
tures is an endothermic process. It is
very interesting thatCv increases sharply
as the pressure approaches the critical
point (CP) or bubble point (BP), while
Cv is nearly independent of pressure and
composition at the pressures well above
the CP or BP pressure, and that the Cv at
CP or BP can be several times larger
than that at the high pressures. It can be
deduced that at fixed composition the
degree of ™clustering∫ changes signifi-
cantly with pressure near the CP or BP,
and is the largest at CP and BP.


Keywords: critical region ¥ heat
capacity ¥ molecular interactions ¥
phase diagrams ¥ supercritical fluids


Introduction


In recent years, scientists and engineers have paid more
attention to supercritical fluids (SCFs).[1] Some are attracted
by the unique properties of SCFs, while others are attracted
by supercritical (SC) technologies. SCFs can be used in many
processing applications, such as extraction and fractiona-
tion,[1a, 2] chemical reactions,[3] and material processing.[1a, 1b, 4]


It is well known that some environmentally more acceptable
SCFs, such as supercritical CO2 and H2O, can be used as
solvents to replace organic solvents. On the other hand, SC
technologies have many other advantages[1a, 1b, 2b] that will
solve more challenging problems after our fundamental
understanding of SCFs improves.
Generally, application systems are mixtures. In the recent


published papers one can often find the phrases like ™in the
critical region∫ or ™near the critical point∫. There may be two
main reasons for this. First, the phase behavior of the
application mixture is not known, although phase behavior
is long-established field;[1c, 5] the other is that the properties of


the mixture near the critical point differ significantly from
those in other phase regions. Figure 1 shows a typical pressure
versus composition phase diagram of a binary system at fixed
temperature (T). X1 is the mole fraction of the light
component, C is the critical point, ABC is the bubble-point


Figure 1. Phase diagram of binary system at constant temperature.


curve, and CDA is the dew-point curve. Generally, a mixture
above the bubble-point curve can be regarded as a homoge-
neous subcritical fluid, a homogeneous mixture with X1�XC


is considered as a vapor or SC mixture, while that at C is the
critical mixture. The simple phase diagram of a binary system
like that in Figure 1 has been used as an example in text books
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for many years. However, some very interesting questions
should be studied further. For example, how do the properties
of a homogenous subcritical fluid differ quantitatively from
those of a supercritical fluid near the critical point? How does
the structure of the components in the system affects the
properties of the fluids near the critical point? Study on the
properties of the fluids near the critical point is a key for the
development of SC technologies and for further understand-
ing of the features of SCFs, and researchers will pay more
attention to this as SC technologies have become very
attractive.
It is well known that constant-volume molar heat capacity


(Cv) is directly related with the internal energy and intermo-
lecular interaction in a system. The Cvs of some pure SCFs
have been reported.[6] Kamilov et al[7] determined the Cv of an
n-hexane ±water mixture in a wide temperature range; they
also studied the effect of temperature on Cv as the mixture
passed liquid ± liquid and liquid ± vapor equilibrium regions.
The constant pressure heat capacity (Cp) of some dilute SC
mixtures has also been studied.[8]


In this work, we have built a calorimeter to determine the
Cv of high-pressure mixtures and have studied CO2 ±
n-pentane and CO2 ± ethanol binary mixtures at 308.15 K
near the critical points of the mixtures. We focus on the effect
of pressure on the Cv of the homogenous subcritical fluid,
critical point fluid (with the critical composition), and super-
critical fluid near the critical region of the mixtures, and the
intermolecular interaction in different phase regions are also
studied. A systematic study of the Cv of a mixture in different
phase regions near the critical point was not found in a
literature survey.


Experimental Section


Materials : CO2 with a purity of 99.995% was supplied by the Beijing
Analytical Instrument Factory. n-Pentane and ethanol were A.R. grade
produced by Beijing Chemical Company. The chemicals were used without
further purification


Calorimeter to determine Cv : The calorimeter was of the constant-
temperature-environment type constructed in this laboratory. The principle
of the apparatus was that the temperature of a constant-volume system will
rise when the system is heated. The Cv could be calculated from the heat
absorbed and the temperature increment. The schematic diagram of
apparatus is shown in Figure 2. The calorimeter consisted of a calorimetric
cell, a constant-temperature system, a high-pressure system, an electric-
energy calibration system, and a data collecting and processing system.


The calorimetric cell was made of red copper, which was tested up to
16 MPa. The volume of the calorimetric cell was 73.00 mL, which was
calibrated accurately by a gravimetric technique with water as the medium.
Enamel covered constantan wire, which was wound tightly around the
calorimeter cell, was used as a heater, and the resistance was 50.0� 0.1 �.
The thermistor with a resistance of about 3 K� at 298.15 K was sealed into
the wall of the calorimetric cell. In order to reduce the heat loss, the surface
of the calorimeter cell was electroplated and covered by tinfoil paper. The
temperature fluctuation of the water bath was less than �0.001 K of the
desired temperature within 24 hours. A precision digital multimeter
(Hewlett-Packard 34401A) was used to detect the temperature change.
Using the multimeter, thermistor, and a computer, which was used to
collect and process the experimental data, we could observe a temperature
change of �0.00003 K. The constant current power was a model DP-981
with fine current adjustment of 0.01 mA, and the accuracy was�0.1%. The
electronic timer was a model MJS/A, which was accurate to �0.001 s. Both
of the constant current power and the electronic timer were produced by
Beijing Tianchen Instrument Company.


The experiment began at the highest pressure. When the system reached
thermal equilibrium, the resistance of the thermistor was recorded for five
minutes by the computer. Then the constant current electric energy was
supplied to heat the calorimetric cell for one minute. The temperature of
the cell was recorded until final steady state was reached. In each
experiment, the temperature increment �T was about 0.1 K and the heat
leakage was corrected by using traditional methods.[9] The Cv of the fluid
was calculated on the basis of the difference of energy equivalents[9] with
and without the fluid in the calorimeter. The energy equivalent (�) is given
in Equation (1), in which I is the current supplied by constant current
power, R is the resistance of heating coil, �t is the time of the electric
current, and ��corr is the corrected temperature rise of the calorimeter.


�� I2R�t/��corr (1)


The corrected temperature rise ��corr was obtained by extrapolating the
initial and final periods in time-temperature curve.[9] After the experiment,
some of the fluid in the system was released until the next desired pressure
was reached, and the Cv at this pressure was determined as above. The
composition of the fluid was not changed after the releasing process
because there was only one phase in the system at the experimental
conditions.


Apparatus and procedures to determine the phase behavior and critical
point : The phase behaviors of the mixtures are the basis for selecting
suitable conditions of Cv experiments. The apparatus and procedures for
determining critical points and the phase behavior were the same as those
described previously.[10] Very briefly, it consisted of a high-pressure optical
cell, a constant temperature water bath, a pressure gauge, a temperature
controller, and a thermometer. The high-pressure view cell was made of
stainless steel with two borosilicate windows. The temperature of the water
bath was controlled by a HAAKE D8 temperature controller ,and the
temperature fluctuation of the water bath was�0.03 K. The accuracy of the
temperature measurement was �0.05 K, The pressure gauge was com-
posed of a pressure transducer (FOXBORO/ICT, Model 93) and an
indicator, which was accurate to �0.025 MPa in the pressure range of 0 ±
20 MPa. In a typical experiment, the apparatus was washed thoroughly with
different solvents and dried under vacuum. The air in the system was
evacuated, and a suitable amount of liquid chemical was charged by using a
sample bomb. The gas was then charged by using a gas sample bomb. The
mass of each chemical charged was known by the mass difference of the
sample bomb before and after charging the system. The composition of the
mixture in the system could be easily calculated from the masses of the
chemicals. The water bath was maintained at desired temperature. After
thermal equilibrium had been reached the piston in the optical cell was


Figure 2. Schematic diagram of the calorimeter. 1: gas cylinder, 2: syringe
pump, 3: outlet, 4: pressure gauge, 5: calibration heater, 6: calorimetric cell,
7: thermistor, 8: calorimetric outer shell, 9: constant temperature water
bath, 10: constant current power, 11: timer, 12: pre-constant temperature
bath, 13: precise digital multimeter, 14: on-line computer, a,b,c: valves.
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moved up and down to change the volume or pressure of the system. The
bubble point or critical point could be observed.[10] The density of the fluid
could be obtained by the mass and volume of the mixture. In order to
minimize the error originated from temperature and pressure measure-
ments, we used the same pressure gauge and thermometer for phase
behavior, density, and heat capacity measurements.


Results


Phase behavior : In this work we focus on how the Cv of CO2 ±
n-pentane and CO2 ± ethanol binary mixtures changes with
pressure and composition near the critical points. The phase
behaviors of the systems are the basis for selecting suitable
conditions. Thus, we first determined the critical points,
bubble points, and the densities of the mixtures at 308.15 K,
although phase behavior at other temperatures have been
reported by other authors.[2b, 11]


Table 1 lists the bubble-point (BP) pressure, critical com-
position, and critical-point (CP) pressure at 308.15 K, and the
results for CO2 ± n-pentane system are also illustrated in
Figure 3 (X1 in the figure is the mole fraction of CO2). The
results calculated from the Peng ±Robinson equation of
state[12] (PR EOS) are also shown in the figure and agree
well with the experimental data. For CO2 ± ethanol system, the
calculated values and the experimental results also agree well.
The critical composition of CO2 ± n-pentane system at


308.15 K is X2� 0.021 (X2 is the mole fraction of the second
component, in this case pentane), and the critical pressure is
7.469 MPa (Table 1). Calculation of the critical temperature
by using the Peng ±Robinson equation of state shows that the
critical temperature of the two binary systems increases with
increasing X2 . Thus, the critical temperature of a CO2 ±
n-pentane mixture with X2� 0.021 is lower than 308.15 K. In


other words, in Figure 3 a homogenous mixture is vapor or
supercritical at the right-hand side of the critical composition;
at the left-hand side of the critical composition, a mixture is
compressed liquid or homogenous subucritical fluid when the
pressure is higher than the bubble-point pressure. Similarly,
the critical composition of CO2 ± ethanol system at 308.15 K is
X2� 0.0203, and any homogeneous mixture of X2� 0.0203 is
vapor or supercritical fluid, and at X2� 0.0203 the mixture is
compressed liquid or homogeneous subcritical fluid as
pressure is higher than the bubble-point pressure. In this
work we determined the Cv of some supercritical fluids,
homogenous subcritical fluids, and critical fluids(with critical
composition) near the critical region.


Constant volume heat capacity of the fluids : Water may be the
best substance for testing the reliability of our calorimeter
because very accurate data are available in the literature.[13]


Thus, the reliability of the calorimeter was first tested by
measuring the Cv of water. The data determined in this work
agree well with the literature values,[13] as can be seen from
Table 2. It should be pointed out that the accuracy of the
experiments for SCFs should be lower, especially in critical
region because their densities are sensitive to temperature
and pressure, and the experiments have to be carried out at
high pressures.


The Cv data of pure CO2 at 308.15 K and different pressures
determined in this work by four independent series of
experiments are shown in Figure 4, which indicates that the
reproducibility is better than �1%. The reproducibility is
good considering the fact that experiments were carried out at
high pressure and in the critical region of CO2. The published
Cv data for CO2 have been critically reviewed by Angus
et al.[6b] Of these data, those by Amirkhanov et al.[6a] were
perhaps the most comprehensive. The data reported by


Figure 4. Dependence of the Cv of pure CO2 on density determined in this
work by a series of four independent experiments and comparison with
reference values.


Table 1. Critical composition and bubble point pressure (BPP) of the
CO2 ± n-pentane and CO2 ± ethanol systems at 308.15 K.


CO2 ± n-pentane CO2 ± ethanol
X2 BPP [MPa] X2 BPP [MPa]


0.010 one phase[a] 0.010 one phase[a]


0.021[b] 7.469[b] 0.0203[b] 7.702[b]


0.050 7.169 0.050 7.438
0.100 6.524 0.084 7.157


[a] One phase in the whole pressure range. [b] Critical composition and
critical pressure.


Figure 3. Phase diagram of the CO2 ± n-pentane system.


Table 2. Cv [103 Jkg�1K�1] of water at 308.15 K determined in this work
and reported in literature.


1 2 3 Average
value


Literature[a]


4.172 4.178 4.186 4.179 4.1782


[a] Ref. [13].
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Amirkhanov et al.[6a] are also shown in the figure. It can be
seen from Figure 4 that at the higher pressures our data agree
well with the literature values within the experimental error.
The deviation, however, is larger than the experimental error
of this work and can be as large as 5% near the critical density.
The reason is that the density of CO2 near the critical density
is very sensitive to temperature and pressure; this makes
obtaining accurate results difficult because the limitation of
the pressure gauges.
On the basis of the determined results of the phase


behavior, we selected some typical compositions and pres-
sures in different phase regions for Cv studies. For CO2 ±
n-pentane system, the mixtures withX2� 0.01, 0.021, 0.05, and
0.1 were studied, and for CO2 ± ethanol system X2� 0.01,
0.0203, 0.05, and 0.084 were selected. The values of Cv at


different conditions are listed in Tables 3 and 4. Figures 5 and
6 illustrate the dependence of Cv of pure CO2, CO2 ±
n-pentane, and CO2 ± ethanol mixtures on pressure and
composition at 308.15 K.


Isothermal compressibility of the fluids : The isothermal
compressibility (KT) of a fluid is an important characteristic
parameter related with the solution structure.[14] TheKTof the
fluids was calculated by using the density data determined in
this work and the following well-known equation [Eq. (2)], in
which � is the density of fluids.


KT�
1


�


��


�P


� �
T


(2)


The variations of KT with pressure for the two systems are
shown in Figures 7 and 8, respectively.


Table 3. The constant-volume molar heat capacity (Cv) of CO2 ± n-pentane binary mixtures at 308.15 K and different pressures.


X2� 0.01 X2� 0.021 X2� 0.05 X2� 0.1
P [MPa] Cv [Jmol�1K�1] P [MPa] Cv [Jmol�1K�1] P [MPa] Cv [Jmol�1K�1] P [MPa] Cv [Jmol�1K�1]


12.10 44.2 12.02 42.5 12.07 45.8 11.82 50.0
10.60 45.6 10.35 44.4 11.01 45.9 10.52 50.3
10.02 46.2 9.553 44.4 10.02 46.4 9.423 50.9
9.120 48.3 8.820 44.8 9.079 47.0 8.479 51.1
8.833 48.9 8.529 46.1 8.627 47.5 8.087 51.2
8.540 50.4 8.355 46.8 8.373 48.0 7.749 51.8
8.415 51.8 8.258 48.1 8.131 48.6 7.484 52.2
8.369 52.5 8.175 48.0 7.984 48.9 7.237 52.0
8.311 52.8 8.117 48.7 7.843 48.9 7.022 52.5
8.261 54.1 8.064 48.4 7.725 49.4 6.883 52.8
8.208 55.7 7.998 50.4 7.599 50.1 6.772 52.9
8.173 56.3 7.949 50.6 7.507 50.5 6.671 53.0
8.125 58.1 7.913 50.7 7.446 51.1 6.640 53.2
8.052 61.8 7.846 51.5 7.384 52.0 6.627 64.6
8.019 63.1 7.808 52.7 7.334 51.9 6.616 76.9
7.973 64.9 7.766 53.5 7.278 55.4 6.586 81.9
7.925 64.4 7.688 56.4 7.257 75.2 6.524 84.5
7.852 59.2 7.640 60.6 7.237 83.4
7.800 56.1 7.596 72.3 7.198 90.8
7.595 51.5 7.561 89.4 7.169 93.8
7.397 49.9 75.22 93.3
7.209 48.2 7.469 102.2


Table 4. The constant-volume molar heat capacity (Cv) of CO2 ± ethanol binary mixtures at 308.15 K and different pressures.


X2� 0.01 X2� 0.0203 X2� 0.05 X2� 0.084
P [MPa] Cv [Jmol�1K�1] P [MPa] Cv [Jmol�1K�1] P [MPa] Cv [Jmol�1K�1] P [MPa] Cv [Jmol�1K�1]


10.56 44.4 10.08 44.2 9.126 42.2 8.370 45.4
9.635 46.1 9.520 47.7 8.605 44.6 8.070 45.2
8.952 46.9 8.923 48.4 8.308 47.8 7.781 47.3
8.643 47.8 8.573 49.6 8.111 51.9 7.604 49.3
8.470 49.6 8.408 50.5 7.894 58.5 7.520 51.1
8.296 51.9 8.252 51.7 7.808 59.4 7.434 54.3
8.208 54.6 8.131 52.8 7.640 61.8 7.366 60.2
8.146 56.1 8.031 54.4 7.528 71.2 7.231 87.6
8.093 59.5 7.931 57.4 7.501 98.2 7.201 98.8
8.040 63.2 7.863 60.8 7.487 119.7 7.192 121.9
8.005 66.3 7.825 65.2 7.470 129.7 7.185 163.9
7.969 71.3 7.802 69.0 7.451 130.6 7.169 172.4
7.937 75.1 7.772 84.3 7.438 132.2 7.157 174.2
7.881 77.9 7.758 92.6
7.834 74.3 7.731 111.4
7.740 66.3 7.702 116.4
7.669 60.2
7.460 55.8
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Figure 5. Dependence of theCv of pure CO2 and CO2 ± n-pentane mixtures
on pressure.


Figure 6. Dependence of the Cv of pure CO2 and CO2 ± ethanol mixtures
on pressure.


Figure 7. Isothermal compressibility of pure CO2 and CO2 ± n-pentane
mixtures.


Figure 8. Isothermal compressibility of pure CO2 and CO2 ± ethanol
mixtures.


Discussion


Vapor or supercritical fluids : Extensive experimental and
theoretical studies of dilute SC solutions have shown that a
local density enhancement or local composition enhancement
exists in a highly compressible region;[1b, 14, 15] this is often
referred to as ™clustering∫ or aggregation between molecules.
In this work, we used the words ™clustering∫ or ™cluster∫ to
describe the local density enhancement or local composition
enhancement. It should be emphasized that the clustering is a
dynamic process, and the cluster members exchange with
those in the bulk. In the systems studied in this work, the
clustering is very complex. CO2 ±CO2, CO2 ± solute, and
solute ± solute clusters may exist. The clustering is not
significant at high pressures at which the compressibility of
the fluids is small.
The critical temperatures of pure CO2 and the solutions of


X2� 0.01 are lower than 308.15 K for both systems studied,
and there is only one phase in the systems in the concentration
range of X2� 0 ± 0.01, that is, either a vapor or supercritical
phase. Figures 5 to 8 show that a maximum in each Cv versus
pressure curve exists; these maxima corresponds to the largest
KT. One possible rationalization is that at the largest KT less
work is required to move the molecules closer, and the fluids
have enough free volume. As a result, the attractive forces can
move molecules into energetically favorable locations, and
the degree of clustering is large. Thus more ™clusters∫ are
broken as temperature rises, and more heat is required for the
same temperature increment. From the analysis above we can
deduce that breaking the ™clusters∫ in the supercritical fluids
is an endothermic process.


Critical and subcritical fluids : As discussed above, we
conducted the experiments at 308.15 K. Here, critical fluid
means that a fluid has critical composition and a pressure
higher than the critical pressure. Homogenous subcritical
fluids are the fluids above the bubble-point curve, as shown in
Figure 3. In this work, the pressure was carefully controlled so
that the mixtures were in single phase regions.
Comparing the results in Table 1 and in Figures 5 and 6, we


discover an interesting phenomenon. Cv is very sensitive to
pressure near the critical point (CP) or the bubble point (BP),
and increases sharply as the pressure approaches the critical
or bubble point. The Cv at CP or BP can be several times
larger than that at the high pressures at which the Cv is nearly
independent of pressure. We can deduce that the degree of
™clustering∫ changes significantly near the CPor BP and is the
largest at CP and BP.


n-Pentane is a nonpolar compound, while ethanol is a
strong polar compound. Comparing Figures 5 and 6, one can
observe another interesting phenomenon. The variation of the
maximum value in Cv curves (Cmax


v � withX2 is different for the
two systems. For the CO2 ± n-pentane system Cmax


v increases
with increasing X2 , as long as X2 is smaller than the critical
composition (X2� 0.021), and then decreases, that is, the
Cmax
v at the critical point is the largest. For the CO2 ± ethanol


system, however, the Cmax
v increases monotonously with


increasing concentration of ethanol. This is discussed qual-
itatively in the following.
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Figures 5 and 6 show that Cv of the two mixtures is nearly
independent of pressure and X2 in the high-pressure region.
Thus, the change in Cv results mainly from the variation of the
intermolecular interaction between the molecules in the
mixture. For CO2 ± n-pentane system Cmax


v at the critical point
is the largest. It can be deduced that in the nonpolar mixture,
the degree of clustering at the critical point is the largest.
The intermolecular interaction in CO2 ± ethanol system is


more complex. For example, some strong polar solutes can
form hydrogen bonds in SCFs even when the concentration of
the solutes is very low.[16] It can be expected that hydrogen
bond between ethanol molecules exists in CO2 ± ethanol
system at the conditions studied in this work. CO2 can act as
a weak Lewis acid[17] and an interaction between the quadru-
pole of CO2 and the dipole of ethanol may exist. It is very
difficult to explain precisely why the Cmax


v increases with
increasing X2 in the whole concentration range studied, while
the Cv at high pressure is nearly independent of the
composition and pressure. There are several possible reasons.
First, the degree of hydrogen bonding and/or the quadru-
pole ± dipole interaction increases sharply as pressure ap-
proaches CP or BP, and the number of the hydrogen-bonded
species increases with the concentration of ethanol. More
hydrogen bonds are broken as temperature rises when more
hydrogen-bonded species exist in the system, and breaking
hydrogen bonds is an endothermic process. The other possible
reason may be that the degree of ™clustering∫ at CP or BP
reaches maximum at fixed composition and increases with
increasing X2. In other words, the polar compound enhances
the ™clustering∫ at CP or BP.
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Theoretical Prediction of the Hydrogen-Bond Basicity pKHB


Olivier Lamarche and James A. Platts*[a]


Abstract: Ab initio and DFT calculations on around 65 hydrogen bond or Lewis
bases and their complexes with hydrogen fluoride have been performed, and a range
of calculated properties from both free bases and complexes correlated with pKHB, an
experimental scale of hydrogen-bond basicity. For the entire range of bases, we found
that the hydrogen-bond binding Gibbs free energy computed at the B3LYP/6-
31�G(d,p) level of theory linearly correlated with pKHB. Further improvements in
the correlation and prediction of pKHB were possible with a non-linear fit by
considering the hydrogen bonding Gibbs free energy of another possible stereo-
isomeric 1:1 complex and/or that of a linear 2:1 complex, which included a second
hydrogen fluoride.


Keywords: basicity ¥ density func-
tional calculations ¥ Gibbs free
energy ¥ hydrogen bonds ¥ statistics


Introduction


Hydrogen bonds are of undoubted importance throughout
chemistry,[1] biology,[2] and materials science.[3] Their utility
comes from their strong directional preference, which sets
them apart from other intermolecular interactions, and their
intermediate strength, placing them between covalent and
pure van der Waals interactions.[4] Solvation is a case in
point,[5] water being the most obvious example of a solvent
where hydrogen bonding to solute molecules is important.
Phenomena such as passive diffusion (as opposed to active or
carrier-mediated transport) through biological liquids or
membranes,[6] partition between phases[7] and adsorption[8]


are similarly dependent to some extent on hydrogen bonding.
Reflecting this importance, several experimental scales of


hydrogen-bond acidity and basicity have been proposed.
Taft×s pKHB scale was the first example of such an attempt.[9]


The pKHB value is related to the Gibbs energy �G 0 of
formation of the hydrogen-bonded complexes in CCl4 at
298 K [Eqs.(1) ± (3)].


4-FC6H4OH�B� 4-FC6H4OH ¥ ¥ ¥B (1)


Kf� [Complex]/[Base] [4-FC6H4OH] (in dm3mol�1) (2)


pKHB� logKf��G 0/5.7 (�G 0 in kJmol�1) (3)


The equilibrium constant was calculated from the equilibrium
concentration of acid,[10] which was obtained from IR


absorbance of the free OH band at 3614 cm�1 (Beer ±Lam-
bert law).
The development of this basicity scale came up against


various experimental difficulties. Bases not commercially
available, gaseous, insufficiently soluble in CCl4 and/or self-
associated cannot be easily studied. Moreover, this can be a
very costly and time-consuming process. We therefore sought
alternative methods to calculate pKHB values using the
techniques of quantum chemistry, with the ultimate aim of
calculating pKHB for any molecule purely from structure.
Le Questel and co-workers reported a semiempirical ap-


proach for estimating pKHB.[11] They selected three descrip-
tors, the enthalpy of formation of the bimolecular hydrogen-
bond reaction, the hydrogen-bond length and the most
negative value of the electrostatic potential. Using descriptors
computed at AM1 level for hydrogen-bond formation be-
tween 4-fluorophenol and the base, the best correlation that
they obtained was with the enthalpy of formation (n� 22,
R 2� 0.951, rms� 0.17). However, they restricted the diversity
of compounds to nitrile types only. Using the molecular
electrostatic potential, generalisation of the model had been
attempted,[12] but the fit was rather poor (n� 33, R2� 0.81,
rms� 0.39) as the descriptor was computed for a variety of
acceptor heteroatoms and therefore became family-depen-
dent.[13] It is worth noting that a good multivariate correlation
for the OH frequency shifts of methanol had been found[12]


(R 2� 0.966) and the predicted values could then be correlated
to the pKHB, by using the empirical relationships developed by
Laurence and co-workers (pKHB ����OH).[14] However, this
model is experimentally dependent and the predicted values
depend on a sequence of correlations, which could lead to
cumulative errors. Our aim was to find a general model, which
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would give a quick and easy way to predict a large range of
pKHB values for a wide diversity of compounds, purely from
theoretical calculations.
A more general �2H scale[15] was recently developed by


Abraham and co-workers. Similarly to pKHB, this was an
equilibrium constant for complexation of bases with a
reference acid measured in a non-hydrogen bonding solvent.
However, the scale is defined such that zero is no hydrogen-
bonding ability and one is a strong base (such as hexamethyl-
phosphorous triamide).
Thus, �2H is a free energy property, but could be expressed


in conventional units. The �2H scale (referring to 1:1 complex-
ation) was then generalised to be relevant to the solvation
situation in which a solute was surrounded by solvent
molecules and hence underwent multiple hydrogen-bond
formation. Using a number of multiple linear regression
equations, the �2


H values were back-calculated, resulting in
the ™effective∫ or ™summation∫ ��2H scale.[16]


A previous study[17] showed that several density functional
theory (DFT) calculated properties for complexes with
hydrogen fluoride correlated with ��2


H with reasonable
accuracy. These properties include: the hydrogen-bond bind-
ing energy, changes in electron density at critical points and
the lengthening and weakening of the H�F bond on hydro-
gen-bond formation. In the present study, we sought similar
models for the hydrogen-bond basicity scale pKHB.
Reliable calculation of descriptors by DFT methods with


large basis sets seemed unlikely to be realised for extended
sets of relatively large molecules complexed with 4-fluoro-
phenol. As an alternative, we used complexes with hydrogen
fluoride, the smallest possible hydrogen-bond acid, which
dramatically reduced the computational time and the chance
of secondary interactions complicating matters. This approach
was already used with success in the calculation of descriptors
for ��2


H. Furthermore, Abraham and co-workers[15] have
reported linear equations of logK values for the complexation
of a series of bases (i) [see Eq. (4)] against a number of
reference acids in dilute solution in tetrachloromethane
[Eq. (4), LA and DA characterise the acids].


logK(i)�LA ¥ pKHB
(i)�DA (4)


The error in experimentally determined pKHB values has been
estimated at around 0.05 units,[18] as the Kf value was usually
estimated to be accurate to within 5 ± 10%. An experimental
standard error of 0.10 units should be considered for our
purposes as we have a smaller amount of data.


Computational Methods


A set of 40 hydrogen-bond bases was selected from Laurence×s exper-
imental database, values being obtained by the experimental methods
outlined above. These molecules were chosen to cover both the numerical
spread and the chemical diversity of molecules with known pKHB values of
simple bases, from very weak S and �-acceptor atoms, through intermedi-
ate O acceptors, to very strong amines and other N bases. The molecules
are tabulated in Table 1, along with a sequential number and their
experimental pKHB value. No restriction on the number of basic sites within
a molecule was made. Another set of 25 compounds was selected to test the
models so developed: molecules were selected to cover known or suspected


weaknesses of the model. The molecules are tabulated in Tables 5 and 7
(see below), along with a sequential number and their experimental and
observed pKHB values.


Table 1. Values of the hydrogen-bond basicity parameter for the training
set.


Number Name pKHB


alcohol[a]


1 4-fluorophenol � 0.13
2 phenol � 0.07
3 methanol 0.82
4 ethanol 0.96
alkyl halide[b]


5 bromoethane � 0.40
6 2-chloropropane � 0.30
amine[c]


7 trimethylamine 1.93
8 ethylamine 2.17
9 methylamine 2.20
10 dimethylamine 2.23
11 tert-butylamine 2.26
12 pyrrolidine 2.56
aniline[d]


13 N-methylaniline 0.40
14 aniline 0.56
carboxylic amide[e]


15 methyl formamide 1.96
16 methyl acetamide 2.30
17 dimethyl acetamide 2.44
carboxylic ester[f]


18 ethyl formate 0.66
19 methyl benzoate 0.89
20 ethyl acetate 1.07
ether[g]


21 tetrahydropyran 1.23
ketone[h]


22 acetone 1.18
nitrile[i]


23 chloroacetonitrile 0.39
24 acrylonitrile 0.70
25 methyl thiocyanate 0.73
26 acetonitrile 0.91
�-base[j]


27 hept-1-ene � 0.67
28 benzene � 0.49
29 hex-1-yne � 0.22
30 hex-3-yne � 0.10
31 N-methylpyrrole � 0.07
pyridine[k]


32 3-chloropyridine 1.31
33 4-chloropyridine 1.54
34 pyridine 1.86
35 4-methylpyridine 2.07
36 4-aminopyridine 2.56
sulfide[l]


37 thioanisole � 0.10
38 dimethyl sulfide 0.12
sulfoxide[l]


39 dimethyl sulfoxide 2.53
urea[e]


40 1,1,3,3-tetramethylurea 2.44


[a] C. Laurence, J. Phys. Chem. 1989, 93, 3799. [b] C. Ouvrard, J. Chem. Soc.
Perkin Trans. 2 1999, 7, 1357. [c] J. Graton, J. Chem. Soc. Perkin Trans. 2
1999, 5, 997. [d] C. Laurence, unpublished results. [e] J. Y. Le Questel, J.
Chem. Soc. Perkin Trans. 2 1992, 12, 2091. [f] F. Besseau, J. Chem. Soc.
Perkin Trans. 2 1994, 3, 485. [g] M. Berthelot, Eur. J. Org. Chem. 1998, 925.
[h] F. Besseau, J. Chem. Soc. Perkin Trans. 2 1998, 1, 101. [i] J. Y. Le
Questel, J. Chem. Soc. Perkin Trans. 2 1997, 12, 2711. [j] F. Besseau, Bull.
Soc. Chim. Fr. 1996, 133, 381. [k] F. Besseau, J. Chem. Soc. Perkin Trans. 2
1998, 2, 283. [l] R. W. Taft, J. Am. Chem. Soc. 1969, 91, 4801.
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All ab initio and DFT calculations were performed using GAUSSIAN98[19]


running on a Compaq XP1000 workstation. Initially, the geometries of the
bases were optimised at the HF/6-31G(d,p) level,[20] and the resulting
structures were confirmed as minima through harmonic frequency
calculations. Where it was deemed necessary, the conformational space
of the molecules was explored at the same level to ensure the final
optimised structure corresponded to the global minimum. Taking these HF/
6-31G(d,p) geometries as starting points, hydrogen-bonded complexes with
hydrogen fluoride were generated by placing the H�F molecule approx-
imately 1.75 ä from the acceptor (denoted B) nucleus in the expected
acceptor region (i.e., the lone-pair or � system). The geometries of these
complexes were again optimised at the HF/6-31G(d,p) level.
A number of properties outlined below were then computed as possible
descriptors of pKHB by performing single-point calculations at the B3LYP/
6-311G(d,p) level[21±22] using the HF/6-31G(d,p) geometries. The geo-
metries of these molecules and complexes were then reoptimised at the
B3LYP/6-31�G(d,p)[23] level and the properties were recomputed at the
same level in order to obtain more accurate energies and properties. Single
point PCM-UAHF[24] calculations were performed at the B3LYP/6-
31�G(d,p) level in order to study the solvent effect. Subsequently, all the
other 1:1 and 2:1 complexes involved in further studies were also optimised
at the B3LYP/6-31�G(d,p) level.
We have tested two descriptors that were successful in modelling ��2H: the
hydrogen-bond binding energy and the lengthening and weakening of the
H�F bond on hydrogen-bond formation. Four extra descriptors were added
for the B3LYP geometries, namely the enthalpy and Gibbs free energy of
hydrogen bond formation at 298 K, �H 0 and �G 0 (thermal energy and
entropy terms were calculated on the assumption of harmonic behaviour
around all normal modes). The third was the hydrogen-bond length r(B ¥ ¥ ¥
H), successfully used by Le Questel,[11] and the last was the IR frequency
shift of the HF band on complexation, defined as ��� � 4068� ��(HFcomplex).
It is known that the correlation between pKHB and the frequency shifts of
the OH band of 4-fluorophenol is usually excellent within families.[14]


The computed properties were used as independent variables in a standard
least-squares regression. All simple linear regression analysis employed the
JMP discovery software, published by SAS software.[25] The significance or
otherwise of calculated properties in the correlation of pKHB was
determined using the standard t-test and the predictive ability of any
model tested using the ™leave-one-out∫ cross-validation method. Statistical
measures of correlations used were: R 2, the overall correlation coefficient
equal to the percentage of variance accounted for in the model; RCV


2, the
cross-validated or leave-one-out R 2 value, a measure of the predictive
ability of the model; rms, the root-mean-square error; and Fischer×s F-
statistic, a measure of the significance of the model given the number of
variables employed.


Results and Discussion


The ab initio and DFT approach to 1:1 complexes


Models of pKHB from the most stable 1:1 complex : The first
approach was to use the method developed for its analogue,
��2


H. In effect, the hydrogen-bonding descriptor, �2H, was just
a more convenient scale[15±16] of pKHB and could be easily
deduced from it, using Equation (5).


�2
H� (pKHB� 1.1)/4.636 (5)


Although the two scales are related, there is no direct way to
calculate pKHB from ��2


H as the latter is deduced by using a
number of multiple linear regression equations and by ™back-
calculating∫ its value from the solute hydrogen-bond param-
eter, �2H. However, these two parameters are usually similar
and it was therefore expected that the same descriptors to
model them could be used.[16]


The first part of Table 2 reports statistics for fits of two
calculated properties against experimental pKHB values.
Correlation of pKHB against the hydrogen-bond binding
energy (�Eel , in kJmol�1) and the lengthening and weakening
of the H�F bond on hydrogen-bond formation (�r(H�F) in
au) resulted in surprisingly poor statistical data, considering
that these properties were the most successful descriptors of
��2


H.[17] The different nature of these scales (��2H scale was
back calculated) had increased their scattering (n� 40, R 2�
0.824). The quality of the statistics shown in the first part of
Table 2 could suggest that hydrogen-bond complex formation
was not an iso-entropic reaction between compounds or
between families.


In an attempt to improve the correlation, the geometry of
the molecules and their corresponding complexes were
reoptimised at a higher and more flexible level of theory:
the B3LYP/6-31�G(d,p). The second part of Table 2 reports
statistics for fits of calculated properties against experimental
pKHB values: the hydrogen-bond binding energy, enthalpy and
Gibbs free energy (�Eel , �H 0 and �G 0, in kJmol�1), the
hydrogen bond length (r(B ¥ ¥ ¥H) in au) and the IR frequency
shift of the HF band (in cm�1). The correlation between pKHB


and the hydrogen bond length is very poor. By plotting the
data, we can clearly see that their relationship is not linear and
the correlation can be improved to R 2� 0.853 by using an
equation of the form: a� b/(R� c). The correlation between
pKHB and ��� was not very good and seemed to be family-
dependent.
The best model came from the Gibbs free energy, which


correlated well with pKHB, according to Equation (6):


pKHB� 0.481(0.051)� 0.080(0.004) ¥�G 0 (6)


with n� 40, R 2� 0.928, RCV
2� 0.922, rms� 0.279, F� 491.9.


Already, the improvement of the correlation between pKHB


and �Eel was dramatic between the two methods of calcu-
lation, showing the importance of the level of theory for
accurate and error-consistent calculation of energy. As the
pKHB was measured in CCl4, calculations were also performed
in the presence of this solvent, using the polarized continuum
(overlapping spheres) model (PCM). The PCM hydrogen-


Table 2. Linear correlations with HF complex properties.


Model[a] n R 2 RCV
2 rms F-stat


HF geometry/B3LYP property
�r(H�F) 40 0.834 0.819 0.423 191.6
�Eel 40 0.858 0.842 0.392 229.9
B3LYP geometry/B3LYP property
r(B ¥ ¥ ¥H) 40 0.658 0.627 0.609 73.00
��� 40 0.744 0.721 0.527 110.4
�Eel 40 0.906 0.897 0.319 366.5
�EPCM 40 0.883 0.872 0.356 285.7
�H 0 40 0.911 0.902 0.311 386.7
�Eel��ZPE 40 0.922 0.915 0.290 450.7
�Eel��Ertv 40 0.894 0.883 0.339 320.6
�Eel�T�S 40 0.918 0.911 0.298 425.9
�G 0��Ertv 40 0.926 0.919 0.283 476.4
�G 0 40 0.928 0.922 0.279 491.9


[a] See text for definition.
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bond binding energies obtained, �EPCM, were close to the gas-
phase ones and gave similar correlation, but with slightly
more scattering. Gibbs free energies were not recomputed
using PCM as the computational time was too great and as we
had no guarantee of improvement.
A careful study of the different components between �Eel


and �G 0 (hydrogen-bond binding zero point energy: �ZPE,
hydrogen-bond binding entropy: �S and hydrogen-bond
binding energy of vibration, translation and rotation: �Ertv)
showed that the main improvement comes from the terms: �S
and �ZPE. In effect, according to Table 2, the fit of �Eel was
only improved by the introduction
of �ZPE or T�S (with T� 298 K).
The introduction of �Ertv had a
negative impact on the model of
�Eel , which explains why �Eel and
�H 0 gave equivalent models. How-
ever, the omission of the thermal
term�Ertv into�G0 did not improve
the statistics of the latter.
Calculations of �S values showed


that the formation of hydrogen
bond was iso-entropic between
compounds of the same family (var-
iation is �7 Jmol�1 in our data set,
if aromatic and alkane derivatives
were considered separately) but not
between families (differences of up
to 60 Jmol�1, equivalent to
�pKHB� 1.4). The fact, that the
hydrogen-bond Gibbs free energy
was the best descriptor of pKHB, is
not really surprising as, by definition, the hydrogen-bond
basicity is related to the Gibbs energy of formation of the
hydrogen-bonded complexes [Eq. (3)].[9] Figure 1 is a plot of
the observed versus calculated pKHB values from Equa-
tion (6).


Figure 1. Observed versus calculated pKHB from Equation (6).


Contributions from 1:1 complex on second hydrogen-bond
site : Tables 1 and 5 contain the apparent or global pKHB value,
meaning the value obtained from the equilibrium concen-
tration of acid. However, the Kf is the global formation
constant which is the sum of the formation constants for each
possible complex. In effect, experimental correction on the


formation constant could be applied to take into account a
possible second acceptor atom. For example, with 4-fluoro-
phenol as acid, the apparent value of aniline is 0.56 and the
effect of the �-base can be subtracted (evaluated by the IR
spectra and pKHB� f(���) relationship) to obtain the true
amine pKHB value, 0.49.[26]


To test the hypothesis that the best correlation is between
the apparent value and the most stable 1:1 complex, we
performed calculations of hydrogen bonding on the other
possible basic sites of molecules, as displayed in Table 3. The
first Gibbs free energy was that of the most stable 1:1


complex, and the second that of the other possible site. From
these two Gibbs free energy and Equation (6), we could
deduce an apparent pKHB value, app. pKHB, by summing their
respective formation constant (details of these calculations
are in the Section on DFT calculations, see below). It is clear
that the difference between the two pKHB values was
insignificant, that is the formation constant of the second site
could be omitted. Therefore, we considered only the forma-
tion constant of the complex from the most stable site. It
seemed that the error on our prediction of pKHB was much
greater than any correction that may have been necessary to
the formation constant.
However, in the case of identical sites (such as symmetrical


compounds), the values of the formation constant were
identical. Therefore, since Kf values were added, the pKHB


value had to be statistically modified by � log2 (�0.301). In
our training set, the value of N-methylpyrrole had been
modified by � log2 as H�F was bound to one double bond
(see Figure 2, hydrogen bonding on the nitrogen atom was a
lot less stable as it destroyed the planarity of the molecule).
Other compounds with similar corrections have been intro-
duced later in the prediction test (such as pyrimidine and
biacetyl).


Position of hydrogen bonding to sp2 and sp3 hybrid oxygen
atoms : Throughout the above discussion, we were concerned
only with the global minimum of the 1:1 complex. However, in


Table 3. Impact of other hydrogen-bond sites on pKHB prediction.


Number Name �G1
0[a] �G2


0[b] Type[c] pKHB
[d] app. pKHB


[e]


compounds from the training set
36 4-aminopyridine 25.41 � 2.11 Nsp3 2.51 2.52
14 aniline 6.24 � 12.98 � 0.98 0.99
23 chloroacetonitrile � 2.01 � 19.19 Cl 0.32 0.34
17 dimethyl acetamide 14.87 � 20.49 Nsp2 1.67 1.67
39 dimethyl sulfoxide 20.99 � 17.33 S 2.16 2.16
25 methyl thiocyanate 2.51 � 19.89 S 0.68 0.69
15 methyl formamide 13.17 � 21.51 Nsp2 1.53 1.54
34 pyridine 18.67 � 20.22 � 1.97 1.97
40 1,1,3,3-tetramethylurea[f] 15.08 � 4.30 Nsp2 1.69 1.71
compounds from the prediction set
44 dimethylcarbamoyl chloride 1.23 � 30.51 Nsp2 0.58 0.58
51 2-chloroethylethyl ether 0.69 � 15.05 Cl 0.54 0.56
59 dimethyl cyanamide 11.22 � 13.79 Nsp3 1.38 1.38


[a] Hydrogen-bond Gibbs free energy of the most stable complex, in kJmol�1. [b] Hydrogen-bond Gibbs
free energy of the second hydrogen-bond site, in kJmol�1. [c] Type of base of the second hydrogen-bond site.
[d] From Equation (6) and �G1


0. [e] pKHB value taking into account the second hydrogen-bond site, the
apparent pKHB (cf. discussion). [f] The second formation constant has been used twice as there are two
nitrogen atoms in this molecule.
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Figure 2. Examples of 1:1 complexes: a) N-methylpyrrole, b) dimethyl
formamide (stereoisomeric complexes).


the case of sp2 or sp3 oxygen bases, the most stable
conformation is not as obvious as that, for example, of
amines. Experimentally, it was found that the ��(OH) band of
the complex of 4-fluorophenol with such bases was often
broad and unsymmetrical, even for very low concentrations of
acid. It could be resolved into Gauss ±Lorentzian component
bands[27±29] and was generally attributed to other 1:1 com-
plexes (Figure 3). The main frequency was usually attributed
to the bent n complex (1 or 2) and the other frequencies were
attributed to linear n complex[28] (3) or out-of-plane �


complex[29] (4). Calculations were performed on these differ-
ent 1:1 complexes. All the complexes of types 3 and 4 were
unstable, and rearranged to bent n complexes (except in the
case of phenols, where the most stable configuration was of
type 3).


Figure 3. Different possible 1:1 complexes.


Therefore, the only stable 1:1 complexes for these types of
compounds were the ones involving directly the lone pairs
(except for phenols). Moreover, in the case of unsymmetrical
compounds, the two lone pair Gibbs free energies were not
equivalent and, contrary to the results presented in Table 3,
their energies were relatively similar (identical in the case of
symmetrical compound). Therefore, it was decided to study
the impact of these stereoisomeric 1:1 complexes on the
model.


DFT calculations of stereoisomeric 1:1 and 2 :1 complexes :
Even though the statistics for Equation (6) were good, the rms
error (0.279) of this model was still rather high. In effect, some
bases still have very high residual values (such as 1,1,3,3-
tetramethylurea or dimethyl acetamide). Therefore, we
decided to study the contribution of stereoisomeric 1:1
complexes (as discussed above) and 2:1 complexes to
calculated values of pKHB.


Discussion on the possible contribution of 2 :1 complexes :
Abraham et al. have studied the variation ofKf with respect to
the initial acid concentration,[30] concluding the existence of a
2:1 complex (see type II in Figure 4). Optimisations of the two
possible 2:1 complexes were in accordance with the exper-


Figure 4. Two possible 2:1 complexes.


imental conclusion: the type II complex was the most stable
(see Figure 5 for some examples of 2:1 complexes). At first
sight, 2:1 complexes seemed irrelevant, as experimental
values were determined using very low concentration of acid
(compared to base) to avoid the formation of 2:1 complex and
the possible dimerisation of the acid. The equilibrium
constant was then taken as the mean of four values
corresponding to four base concentrations.


Figure 5. Examples of 2:1 complexes: a) methyl formamide, b) diethyl
ether, c) acetonitrile.


However, the enthalpy of formation of the second hydrogen
bond could be higher than the first, which could explain the
formation of 2:1 complexes for strong bases even with low
acid concentration. Preliminary calculations on acetone were
encouraging: The incorporation of the linear 2:1 complex into
the model increased the pKHB value by 0.04 units. In effect, the
calculated pKHB value from Equation (6) was 0.94, but by
taking into account the 2:1 complex (details of calculation in
the following part), this became 0.98 (by using the lowest
experimental acid concentration of 8 m� ; the experimental
pKHB value was 1.18). So, despite the low concentration of
acid used, it will be interesting to study the impact of
incorporating 2:1 complexes into the scattering of the model.


Non-linear fit using the Gibbs free energy of stereoisomeric
1:1 and 2 :1 complexes : In the previous calculations, the global
formation constant was defined as an apparent constant, Kapp,
which was the 1:1 complex formation constant K1 of the most
stable configuration (Kapp�K1). The apparent formation
constant defined by Laurence [first part of Eq. (7)] had to
be modified to take into account the following contributions:
K1�, the formation constant of a second, stereoisomeric 1:1
complex; K2 , the 2:1 complex formation constant for linear
hydrogen bonding on the most stable 1:1 complex; and K2�,
the 2:1 complex formation constant for linear hydrogen
bonding on the second 1:1 complex.
In our method, we obtained an expression of the type


Kapp� f(K1,K2,K1�,K2�) as follows. At equilibrium, let the
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concentration of acid be a, that of the base be b, that of the 1:1
complexes be [x, z] and that of the 2:1 complexes be [y, w].
Then,


a0� a �x� z� 2y� 2w and b0�b� x� z� y�w


and


K1� x/ab, K2� y/ax, K1�� z/ab and K2��w/az


and Kapp is given by the Equation (7),


The four terms of the functionKapp� f(K1,K2 ,K1�,K2�) could be
calculated by computing the Gibbs free energy of their
corresponding complex and using Equation (6). Unfortunate-
ly, the concentration of acid a was not known, and exper-
imental pKHB values were averaged over several a values. As
this concentration was related to the equilibrium reaction
with 4-fluorophenol and had no chemical sense in our model,
we decided to convert the acid concentration into a regression
coefficient, aHF, and calculate an optimum value. The final
stage was a non-linear fitting of the data of the equations
below, thereby generating the optimum value of the adjust-
able coefficient aHF and those of the formation constants [by
combining Eqs. (3) and (6)].
Three cases have been studied: a) the first case considered


only the most stable 1:1 complex and its stereoisomeric 1:1
complex, b) the second case considered only the most stable
1:1 complex and its corresponding 2:1 complex and c) the last
case was the general one.


Case 1: K2 and K2�� 0


In order to get a systematic model, the corresponding
stereoisomeric 1:1 complex had been computed for every
complex with sp2 or sp3 hybrid oxygen or sulfur atom as the


most stable acceptor site (except for the aromatic alcohols as
they have linear n complexes). Therefore, from Equations (3)
and (7) and by not considering any 2:1 complexes, we could


deduce a non-linear fit of pKHB with respect to the
Gibbs free energies as displayed in Equation (8).


pKHB� log10 (Kapp)� log10 (K1�K1�),


with K1� 10(�¥�G 0
1��) and K1�� 10(�¥�G 0�


1 ��)
(8)


The results for the two different models considered are
displayed in the first part of Table 4.The correlations were
obtained by computing the �G1


0� values of the appropriate
families in Table 1 (the corresponding for-
mation constant term (K1�) was taken as zero
if the molecules have no �G1


0� value). The
two models differed by their value of � : The
first model set � equal to �, that is the


calculations of the formation constants of the two 1:1
complexes were identical. This model correctly adjusted pKHB


values for molecules with energetically identical stereoisom-
ers by � log2. A second model removed the constraint of ��
�, adding a degree of freedom to the model: both are reported
in Table 4. Improvements from both models in comparison to
Equation (6) were remarkable, especially in the rms error.
The values of the different coefficients to calculate the
formation constant are similar to Equation (6). However, for
the second model, the newly introduced degree of freedom, �,
had a value larger than its equivalent, �, such that the second
1:1 complex contributed more to pKHB. This model was
preferred, since it resulted in rather better fit statistics (rms
error 0.23 vs 0.25), even though it did not rigorously give the
� log2 correction required for symmetrical complexes. Over-
all, we surmised that the introduction of stereoisomeric 1:1
complexes into the model improves greatly the statistics of the
model, except for the Fischer×s F-statistic in the case of the
second model as it has an extra degree of freedom.


Case 2 : K1� and K2�� 0


We have also incorporated 2:1 complexes into the model, by
calculations of linear 2:1 complexes (type II in Figure 4) from


Kapp�
a0 � a


a��b0 � a� a0�
�K1 ¥


1� 2�a�K2


1� a2�K1�K2 � a2�K1��K2�


� �
�K1� ¥


1� 2�a�K2 �


1� a2�K1�K2 � a2�K1��K2�


� �
(7)


Table 4. Non-linear correlations with HF complex properties for 40 molecules.


Model[a] Regression coefficients[b] Statistics[c]


� � � a b n R 2 RCV
2 rms F-stat Max-Min


case 1: K2 and K2�� 0
1 0.079 0.409 0.079 ± ± 40 0.944 0.938 0.247 634.8 1.06


0.003 0.045 0.003 ± ±
2 0.077 0.374 0.115 ± ± 40 0.954 0.950 0.226 385.1 0.96


0.003 0.043 0.010 ± ±
Case 2: K1� and K2�� 0
3 0.069 0.308 ± 0.041 10.89 40 0.952 0.947 0.230 369.4 0.98


0.006 0.052 ± 0.008 3.30
Case 3 : General case
4 0.057 0.225 0.057 0.037 9.58 40 0.958 0.953 0.216 420.5 0.84


0.008 0.066 0.008 0.011 4.74
5 0.052 0.199 0.095 0.034 10.05 40 0.968 0.965 0.191 364.6 0.81


0.006 0.054 0.014 0.010 4.33


[a] See text for definition. [b] The values in bold below the regression coefficients are the standard errors. [c] Max-Min is the difference between the
maximum and minimum residual pKHB values.


FH- -FH--B �� FH- -B�HF �� B�HF �� B--HF�HF �� B- -HF- -HF
w z a b a x a y
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the most stable 1:1 complexes. Only those molecules from
Table 1 with positive pKHB values were included in this study,
as earlier calculations found that the formation constant, K2�
of negative pKHB molecules was roughly zero. Therefore, from
Equations (3) and (7) and by not considering any other 1:1
complexes, we can deduce a non-linear fit of pKHB with
respect to the Gibbs free energies as displayed in Equa-
tion (9).


pKHB� log10
�
K1 ¥


1� 2�aHF�K2


1� a2HF�K1�K2


� ��
,


with Ki� 10 (�¥�G 0
i ��) and aHF�


1


a�K1�K2 � b


(9)


The operand of the logarithmic term in Equation (9) had to be
positive for its log10 to be defined, that is aHF must be less than
1/
�
(K1 ¥K2). Simply using aHFas a regression coefficient led to


it approaching zero as we introduced more strong bases,
cancelling the effect of the incorporation of 2:1 complexes.
Thus, the adjustable coefficient aHF took the form shown
because it was related to concentration of acid, and hence
inversely proportional to the strength of the base (K1 and K2).
Using the Gibbs free energy of the 2:1 complexes, �G2


0, we
obtained the third model displayed in the second part of
Table 4. The improvement on the linear model was impres-
sive, similar to that for model 2. However, it showed some
family-dependent errors, for example pyridine compounds
were less well predicted, especially at low pKHB value. We
therefore preferred model 2 from Table 4, as no real improve-
ments are noticeable.


Case 3 : General case


The previous models displayed in Table 4 took into account
either the stereoisomeric 1:1 complexes or the 2:1 complexes.
The logical following step will be to consider a model with
these complexes altogether. However, one hypothesis has
been made on these two last models to avoid any excessive
time and computational resources: The formation constant of
the second 2:1 complex (K2�) has been taken equal to the one
of the first 2:1 complex (K2). Therefore, from Equations (3)
and (7), we can deduce a non-linear fit of pKHB with respect to
the Gibbs free energies as displayed in Equation (10).


pKHB� log10
�
(K1�K1�) ¥


�
1� 2�aHF�K2


1� a2HF�K2��K1 �K1��


��
,


with Ki� 10 (�¥�G0
i��), K1�� 10 (�¥�G 0�


1 ��) and aHF�
1


a��K1 �K1 ���K2 � b


(10)


As in the first case, two scenarios were proposed: one
considering that all the formation constants are computed the
same way [that is �� � in Eq. (10)] and the other removing
this constraint to yield an extra degree of freedom, �. The
results for these models (4 and 5) are displayed in the third
part of Table 4. The aHF model had to be modified to take into
account the effect on the acid concentration of the formation
constants, K1� and K2� (the actual formula is aHF� 1/[a ¥ (K1 ¥
K2�K1� ¥K2�)�b]).
Of these two models, the latter was more accurate by some


margin, presumably for the same reasons as discussed for


case 1; the extra degree of freedom gives better fit, despite not
being a rigorous experimental description. The improvement
of the model 5 over Equation (6) and model 2 was impressive.
Having extra degrees of freedom, the Fischer×s F-statistic of
this model was similar to the others. However, the overall
correlation or cross-validated coefficients increase to excel-
lent values and the root-mean-square error of this model is
much closer to the experimental one (0.19 versus 0.10). An
interesting point is the value of � in this model; in comparison
to other models, the value decreased significantly, which could
mean that other models get a higher value to compensate
some underestimated predictions, especially for strong bases.
Another interesting point is on the symmetry of the proposed
hypothesis. In effect, instead of takingK2��K2 , we could take
K2�K2� (meaning that K2 and K2� will be computed with �


instead of �). Surprisingly, the statistics are identical and the
changes into the coefficients stay within the error limit (except
for b, which doubles in value). This information supported our
choice of hypothesis. Moreover, if we decide to take the more
constraining hypothesis �G2


0��G2
0�, we get similar results


(n� 40, R 2� 0.969, RCV
2� 0.966, rms� 0.191, F� 373.1). The


plot of observed versus calculated pKHB values for model 5
[from Eq. (10)] is displayed in Figure 6.


Figure 6. Observed versus calculated pKHB from Equation (10), model
5 for the test set.


Linear fit using Gibbs free energy and indicator variable :
From the models proposed above, we see that the most
important corrections are made for the amide and sulfoxide
families, strong carbonyl-based bases. It is tempting to
propose a quick linear fit by applying an average correction
only for these two families. A new indicator variable � was
therefore defined as unity for amide and sulfoxide compounds
and zero otherwise. Using this new descriptor, we obtained a
multivariate linear regression equation, which correlates
pKHB according to Equation (11).


pKHB� 0.431(0.031)� 0.075(0.002) ¥�G 0� 0.690(0.083) ¥� (11)


with n� 40, R 2� 0.975, RCV
2� 0.971, rms� 0.166, F� 728.7


The Gibbs free energy used in this equation is for the most
stable 1:1 complex [i.e. , that used in Eq. (6)]. This Equation is
similar to Equation (6), with an identical coefficient of �G 0


and an average pKHB value (0.69) added to amide and
sulfoxide compounds. These statistics are very impressive, but
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perhaps should serve as a caution against drawing conclusions
from fit statistics only. In effect, this model will be less flexible
in terms of prediction for two reasons. Firstly, it is unclear
whether to set � to 0 or 1 for new classes of chemicals, for
example phosphine oxides. Also, the average correction may
not be appropriate in some cases (for example too much for a
weak amide such dimethylcarbamoyl chloride, pKHB� 1.00).
To properly test the performance of each model, validation on
an external set is necessary.


Validation of the proposed models–Prediction of pKHB


values from an external set


Validation from a large set molecules : Proper comparison of
the models of pKHB required one to test each model with an
external set of molecules. A test set of 22 compounds (see
Table 5) was selected from the experimental database of pKHB


values, with molecules selected to cover both the numerical
spread and the chemical diversity of molecules of the
proposed model. Some molecules were also selected to
extend some existing family (ether and ketone) as well as


the chemical diversity (e.g. aldehyde, phosphine oxide and
nitro compounds). Other molecules were selected to test
possible weaknesses of the model (e.g. 1-methyl-2-piperidone,
dimethyl cyanamide or pyrimidine). Molecules with two
equivalent acceptor sites had their apparent pKHB value
corrected by � log2 (e.g. biacetyl, pyrimidine or 1,3-difluoro-
propane). The value for nitromethane was also statistically
corrected by � log2, as it is clear from the optimised structure
that the hydrogen bond formed is two-centred. As discussed
above, we found two stereoisomeric 1:1 complexes for the sp2


and sp3 hybrid oxygen sites except for methoxybenzene, which
has, similarly to phenols, a planar 1:1 complex. The �


descriptor was set one for the amide, sulfoxide and phosphine
oxide compounds and zero otherwise.
The predictive ability of the different models was tested


using i) R 2 of correlation between predicted and observed
pKHB values; ii) the standard deviation of the residual pKHB


values, sd ; iii) the average error, ae ; iv) the average absolute
error, aae ; and v) the difference between the maximum and
minimum residual pKHB values, Max-Min. Statistics for each
model are displayed in Table 6. The statistics on the pre-
dictions given by Equation (6) were significantly worse than


the corresponding fit model. This was not surprising, as many
compounds have been especially chosen to test the model on
its weaknesses. The best predictive equation of Table 6 was
model 5 (from Table 4), which seemed to be more robust than
the others as its predictive statistics stay close to the ones of
the fit model and better than the other models. Similarly,
model 2 gave good statistics for predictions, and required
much less time and computational resources. The last model
of Table 6 had good statistics, similar to model 2, but consid-
erably less than its corresponding fit [Eq. (11)] showing its
lack of flexibility and robustness. Figure 7 is a plot of the
observed pKHB values versus calculated pKHB values from
model 5.


Figure 7. Observed versus calculated pKHB from Equation (10), model 5
for the validation set.


Table 5. Values of the hydrogen-bond basicity parameter for the validation
test.


Number Name pKHB


aldehyde[a]


41 acetaldehyde 0.65
42 benzaldehyde 0.78
alkyl halide [b]


43 1,3-difluoropropane � 0.27
carboxylic amide [c]


44 dimethylcarbamoyl chloride 1.00
45 dimethyl formamide 2.10
46 1-methyl-2-pyrrolidone 2.38
47 1-methyl-2-piperidone 2.60
carboxylic ester[d]


48 propiolactone 0.86
49 valerolactone 1.43
ether[e]


50 methoxybenzene 0.02
51 2-chloroethylethyl ether 0.55
52 propylene oxide 0.97
53 diethyl ether 1.01
ketone[a]


54 1,1,1-trifluoroacetone � 0.06
55 biacetyl 0.23
56 acetophenone 1.11
57 cyclohexanone 1.39
nitrile[f]


58 cyanogen bromide 0.19
59 dimethyl cyanamide 1.56
pyridine[g]


60 pyrimidine 1.07
phosphine oxide[h]


61 trimethyl phosphate 2.50
nitro compound[i]


62 nitromethane � 0.03
[a] F. Besseau, J. Chem. Soc. Perkin Trans. 2 1998, 101. [b] C. Ouvrard, J.
Chem. Soc. Perkin Trans. 2 1999, 1357. [c] J. Y. Le Questel, J. Chem. Soc.
Perkin Trans. 2 1992, 2091. [d] F. Besseau, J. Chem. Soc. Perkin Trans. 2
1994, 485. [e] M. Berthelot, Eur. J. Org. Chem. 1998, 925. [f] a) J. Y. Le
Questel, J. Chem. Soc. Perkin Trans. 2 1997, 2711; b) M. Berthelot, J. Chem.
Soc. Perkin Trans. 2 1993, 625. [g] F. Besseau, J. Chem. Soc. Perkin Trans. 2
1998, 283. [h] C. Laurence, unpublished results. [i] C. Laurence, J. Chem.
Soc. Perkin Trans. 2 1994, 491.


Table 6. Prediction statistics for the 22 validation molecules.


Model[a] R 2 sd ae aae Max-Min


linear fit from Eq. (6) 0.856 0.312 � 0.115 0.244 1.13
model 2 from Table 4 0.934 0.212 � 0.006 0.181 0.66
model 5 from Table 4 0.960 0.166 0.019 0.140 0.59
quick fit from Eq. (11) 0.937 0.206 � 0.033 0.165 0.66


[a] See text for definition.
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From the previous results and the ones displayed in Table 6,
we conclude that the main strengths of the two best proposed
models (models 2 and 5, from Table 4) were their ability to
predict pKHB values for a wide diversity of compounds and a
large range of pKHB values. Even new chemical structures not
present in the training set (e.g. phosphine oxide or aldehyde)
or molecules with cumulative difficulties (e.g. biacetyl) are
predicted with similar accuracy. From the three models,
Equation (6), models 2 and 5, we noticed that the quality of
the model was proportional to the degree of complexity, but
also the time required. A good compromise was therefore
model 2, that taking into account only the second stereo-
isomeric 1:1 complex, as we obtained good predictions for a
modest increase of the computational time. We also point
out that both 1:1 complexes must be optimised to know which
one would be required for Equation (6).
We have already discussed above (Section on 1:1 com-


plexes) that only the complexes relative to the most stable
acceptor atom were taken into account in the different
models. It is notable that some compounds can have many
other acceptor atoms (�2), such as trimethyl phosphate in our
test set (three other sp3 hybrid oxygen atoms). So, in order to
corroborate the hypothesis proposed in the first Section,
different calculations of pKHB values have been done on
trimethyl phosphate, taking into account the six other 1:1
complexes (stereoisomeric complexes). The pKHB value
obtained from Equation (6) was 1.63, and became 1.67 with
the three extra formation constants, making the pKHB differ-
ence appreciable (but still less than the rms error of this
model). However, a better correction can be found by using a
non-linear fit. Using model 2, the new pKHB value obtained
was 2.34 (using the Gibbs free energy of the two stereo-
isomeric complexes of the most stable hydrogen-bond site)
and became 2.35 if we take into account all four hydrogen-
bond sites (equivalent to eight formation constants in the
logarithmic term). The pKHB difference was now negligible,
supporting the hypothesis made earlier. However, such
cumulative effects could become important for molecules
with many different secondary hydrogen-bond sites, such as
polymers.


Validation from a set of molecules with intramolecular
hydrogen bonding : Another interesting test for the proposed
model was to predict the value of bases with different
acceptor sites and intramolecular hydrogen bonding. Table 7
displays the different predicted pKHB values, along with their
experimental values. The equation used to calculate the pKHB


value is the one from model 2 (i.e. , no 2:1 complexes
considered). As discussed above, in the case of more than one
equivalent hydrogen-bond accepting group, the measured
formation constant has to be statistically corrected by -log2, as
it is the sum of the different individual constants. This was the
case with 1,4-diaminobutane, where the predicted value was in
accordance with the statistically modified one. Smaller
molecules have been found to be anomalously stronger bases
than their analogues,[31] possibly as a result of intramolecular
hydrogen bonding through five-membered and six-membered
ring structures.[32] Calculations made on ethylenediamine and
2-methoxyethylamine show that the most stable conformation


is indeed that with intramolecular hydrogen bond. The
basicity of the acceptor site, as measured by �G 0 for the 1:1
complex, was enhanced by the intramolecular hydrogen bond,
and excellent agreement with experiment found. No statistical
correction is required here, as the second basic site is involved
in intramolecular hydrogen bonding. It is encouraging to see
that the model can cope easily with the introduction of
intramolecular hydrogen bonding.


Construction of a model from training and test sets : Finally,
we combined the training and test sets to give an overall
training set of 62 molecules, and re-optimised the coefficients
of the best models: The results are displayed in Table 8. It is
reassuring that all regression coefficients were similar to those


for 40 molecules, such that the models were robust to the
introduction of new molecules. The fit statistics were almost
equivalent to previous models, except for the linear fit as we
introduced more compounds with 1:1 stereoisomeric com-
plexes, which is the main weakness of the linear model. By
extending the test set, we can conclude that the two best
proposed models (models 2 and 5) are very robust and flexible
as we introduced more challenging compounds and new
chemical structures. The linear model is still reasonable, but
its quality is likely to drop if we introduced more compounds
with sp2 and sp3 hybrid oxygen atoms.


Conclusion


We have shown that density functional calculations using
moderately sized basis sets can yield accurate models of the
hydrogen-bond basicity, pKHB. One property, the hydrogen-
bond Gibbs free energy (�G0), computed at the B3LYP/6-
31�G(d,p) level using optimised geometries at this level, is


Table 7. pKHB predictions for bases with intramolecular hydrogen bond-
ing.


Name Calcd[a] Calcd[b] Obs. Obs.[c]


pKHB pKHB pKHB pKHB


1,4-diaminobutane[d] 2.19 ± 2.51 2.21
ethylenediamine[d] 2.06 2.51 2.55 2.25
2-methoxyethylamine[d] 1.98 2.26 2.29 2.28


[a] No intramolecular hydrogen bond considered. [b] Intramolecular
hydrogen bond considered. [c] Statistically corrected due to second hydro-
gen bond acceptor group. [d] J. Graton, J. Chem. Soc. Perkin Trans. 2 1999,
997.


Table 8. Nonlinear correlations with HF complex properties for 62 molecules.


Model[a] Regression coefficients[b] Statistics
� � � a b n R 2 RCV


2 rms F-stat


Eq. (6) 0.084 0.498 ± ± ± 62 0.913 0.907 0.286 626.9
0.003 0.045 ± ± ±


model 2 0.078 0.356 0.123 ± ± 62 0.950 0.947 0.218 560.8
0.003 0.033 0.007 ± ±


model 5 0.054 0.195 0.097 0.032 10.97 62 0.966 0.964 0.181 552.8
0.005 0.042 0.011 0.007 3.89


[a] See text for definition. [b] The values in bold below the regression
coefficients are the standard errors.
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found to be significant in several models. �G 0 for the
formation of the most stable 1:1 complex with hydrogen
fluoride leads to a linear equation with reasonable overall
statistics, but unacceptably large errors for some classes of
compounds. Classes with stereoisomeric 1:1 complexes, such
as amides and ethers, can have poor prediction.
The model can be improved by including the Gibbs free


energies of hydrogen-bond formation for these stereoisomeric
1:1 complexes into a non-linear fit. This results in excellent
statistics, with good overall correlation coefficient and a
satisfactory root mean square error. Further improvements
are possible by considering linear 2:1 complexes in addition to
the aforementioned complexes, which yield an excellent
overall correlation coefficient and a root-mean-square error
close to experimental error. These three models increase in
complexity, but also in time and computational resources
required: we believe the best compromise between time and
accuracy comes from the second model, considering the
stereoisomeric 1:1 complexes. However, if accuracy is a key
target, the model including as well the 2:1 complexes may be
preferred. Finally, a quick multivariate linear model is
proposed with an average correction for strong carbonyl-
based bases: this is an accurate but less flexible and robust
model than its predecessors.
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Synthesis of Alternating Polystyrene/Poly(ethyleneoxide) Branched
Polymacromonomers


Valadoula Deimede[a, b] and Joannis K. Kallitsis*[a, b]


Abstract: Newly designed PS/PEO al-
ternating branched polymacromono-
mers have been obtained by polycon-
densation of �-dicarboxy-functionalized
polystyrene and �-dihydroxy-function-
alized polyethyleneoxide. 4-[3,5-Bis-
(methoxycarbonyl)phenoxymethyl]ben-
zyl bromide was used as atom-transfer
radical polymerization (ATRP) initiator
for the synthesis of �-dicarboxy func-
tionalized polystyrenes. These macro-
monomers possess low polydispersities


and molecular weights in the range of
7000 to 100000, as proved by gel per-
meation chromatography (GPC) and
1H NMR. �-Dihydroxy functionalized
polyethyleneoxide (PEO) was synthe-
sized by treatment of monofunctional-
ized PEO with 3,5-bis(benzyloxy)ben-
zoyl chloride. Polycondensation of the


�-dicarboxy PS with the �-dihydroxy
PEO in solution or in bulk resulted in
alternating PS/PEO polymacromono-
mers, which were effectively purified
from the unreacted macromonomers
and characterized by using 1H NMR,
GPC, thermal analysis, and optical mi-
croscopy. Light-scattering measure-
ments in organic solvents like THF or
dioxane have shown that these polyma-
cromonomers form stable micelles.


Keywords: ATRP ¥ micelles ¥
polymacromonomers ¥ polymers


Introduction


A particularly challenging aspect of polymer synthesis
concerns the development of techniques for the preparation
of macromolecular materials with well-defined structures.
Polymacromonomers represent an important class of
branched polymers with interesting molecular and bulk
properties that are associated with the tethered branch chains
around the backbone chain. A large number of studies have
addressed the polymerization of end-functionalized homo-
macromonomers with a terminal group that yield mostly
spherical or star-like architectures.[1] In cases in which high
degrees of polymerization are attained, the interaction
between the side chains forces the polymacromonomer to
gradually adopt a cylindrical shape.[2±3] Various properly end-
functionalized macromonomers have been polymerized and
result in polymacromonomers with a vinylic backbone.[3±8] In
order to control the chain-length homogeneity in polymacro-
monomers, living anionic polymerization has mainly been


used for the macromonomer synthesis.[9±11] Recent reports
have shown that controlled radical polymerization techniques
like atom transfer radical polymerization (ATRP), could be
used for the polymer synthesis; they offer the advantage of
being applicable to a wide range of monomers and result in
polymers with low molecular-weight polydispersity and well-
defined architecture.[12] Additionally, controlled polymeric
structures can be obtained by using proper macroinitia-
tors.[13±14]


Macromonomers composed from amphiphilic block co-
polymers have also been polymerized; this resulted in very
interesting cylindrical structures.[15] The amphiphilic nature of
block copolymers composed of incompatible blocks has long
been recognized and has become a popular research topic
because of the ability of these polymers to aggregate into
micelles in selective solvents[16] and also due to their surface
properties. These two features have been thoroughly inves-
tigated in miscellaneous applications.[17]


Apart from the synthesis of linear amphiphilic structures,
attempts have been made to design new amphiphilic branched
PS/PEO copolymers.[18] This interest emerges from the quite
different behavior observed for these branched polymers
from the linear homologues. The challenge however lies into
controlling both the functionality and the degree of branching
of these copolymers (meaning the compositional and topo-
logical homogeneity), which are critical factors for the better
understanding of the influence of the topology on the
properties of amphiphilic species.[18±19] Recently, novel am-
phiphilic PS/PEO architectures[20] have been reported, the
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study of which will hopefully help to elucidate the effect of
topology on the self-organized properties of these polymers.


This paper deals with the synthesis and characterization of
PS/PEO alternating branched polymacromonomers. In par-
ticular, these polymacromonomers are constituted of alter-
nating PS and PEO branches of controlled length, attached as
side moieties to an aromatic polyester backbone. This
amphiphilic architecture was built by polycondensation of a
newly synthesized dicarboxy end-functionalized PS with a
dihydroxy end-functionalized PEO. The dicarboxy end-func-
tionalized PS was synthesized by atom-transfer radical
polymerization of styrene with 4-[3,5-bis(methoxycarbonyl)-
phenoxymethyl]benzyl bromide (1) as initiator, while mono-
hydroxy end-functionalized PEO was prepared by using
hydroxy-terminated PEO. The resulting polymacromonomers
were characterized by 1H NMR, size exclusion chromatog-
raphy, thermal analysis, static light scattering, and optical
microscopy.


Results and Discussion


�-Dicarboxy end-functionalized PS macromonomers were
prepared by using ATRP according to Scheme 1. The
characterization data of dicarboxylic acid methyl ester macro-
monomers are summarized in Table 1. Gel permeation
chromatography (GPC) measurements were used to deter-
mine the molecular weight of the synthesized macromono-
mers. Awide range ofMw was obtained, depending mainly on
the catalytic system used, as shown in Table 1. Although
bipyridine gave lower polydispersities, higher Mw macro-
monomers were obtained with PMDETA N,N,N�,N�,N��-
pentamethyldiethylenetriamine[21] or tris[2-(dimethylami-
no)ethyl]amine (Me6TREN)[22] as ligands. In the cases in
which PMDETA and Me6TREN were used, the polymer-
ization was very fast but with a broad molecular-weight
distribution. The molecular weights of macromonomers vary
between 7000-100000. More information about the molecular
weight of the synthesized macromonomers can be derived
from 1H NMR. A representative 1H NMR spectrum of an
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Scheme 1. i) St, CuBr, Ph2O, 110 �C; ii) 10� KOH, acetone, HCl, 37%;
iii) SOCl2, reflux.


�-dicarboxylic acid methyl ester PS macromonomer with the
assignment of the peaks is depicted in Figure 1. The molecular
weight calculations were based on either the methyl protons
(Ha) at �� 3.9 of the ester before hydrolysis or the signal at
�� 5.1 corresponding to methylene protons (Hd) in the �-
position to the oxygen of the initiator and in the aromatic
region between �� 6.2 ± 7.2 of polystyrene. The aromatic
protons Hc, Hb with an integration ratio of 2:1 are located at
�� 7.8 and 8.3, respectively. The calculated molecular weights
in some cases are in excellent agreement with the results
obtained by GPC, as shown in Table 1. Attempts to determine
the absolute molar mass by MALDI-TOF analysis were
unsuccessful.


The initiation efficiency in this system was further proved
by the absence of the signals at �� 4.4 due to methylene
protons at the active end of the initiator. As shown in Figure 1,
the signals of the methylene protons Hd, He of the initiator are
located at �� 5.1 and 4.4, respectively. The peaks at �� 7.7


Abstract in Greek:


Table 1. Molecular Weight Characteristics of the synthesized PS macro-
monomers


Polymer NMR results GPC results PDI
Mn Mn Mw


PS1
[a] 8700 7700 9600 1.25


PS2
[a] 7400 6100 8100 1.33


PS3
[a] 6900 6700 9200 1.37


PS4
[a] 10800 8700 11800 1.35


PS5
[b] 53200 51500 65500 1.27


PS6
[b] 106200 104700 155900 1.48


PS7
[c] 49000 48000 75800 1.58


Catalytic system used: [a] CuBr, bipy. [b] CuBr, PMDETA. [c] CuBr,
Me6TREN.
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and 8.2 correspond to the aromatic protons Hc and Hb with an
integration ratio of 2:1. Comparison of the NMR spectra of
the initiator and the macromonomer shows that effective
initiation was successful, since the methylene protons (He) on
the active site of the initiator disappeared after polymer-
ization, while all other protons mentioned above are present
in the correct integration rate. Hydrolysis of the �-dicarbox-
ylic acid methyl ester PS macromonomer with KOH (10�)
resulted in �-dicarboxylic acid PS macromonomer. The
1H NMR spectrum of this macromonomer is shown in
Figure 2; here the methyl protons Ha of the carboxy methyl
groups observed at �� 3.95 disappeared after hydrolysis.


The preparation of the PEO macromonomer was per-
formed by reaction of the monohydroxy terminated PEO as
shown in Scheme 2. In Figure 3 the 1H NMR spectrum of the


�-dibenzyloxy PEO macromo-
nomer is given. The methylene
protons of the ethylene oxide
repeating units appear in the
region �� 3.4 ± 3.8 while the
-OH signal of PEO around
�� 4.5[23] has almost disap-
peared. The new signal that
appeared at �� 4.3 after ester-
ification is due to the methylene
protons Hd in the �-position to
the ester; this is in agreement
with relative structures publish-
ed elsewhere.[14a] The signals
due to the Ha protons � to the
oxygen of the benzyl ether of
the dendritic initiator are locat-
ed at �� 5.1.


Information about the de-
gree of end-group functionali-
zation of PEO-OH, in other
words about the number of
repeated units of PEO attached
to the ester, was obtained from
calculations based on the ratio


of integrated peak intensities in the area around �� 3.6 ± 3.4
that were attributed to the methylene protons of the ethylene
oxide backbone and at �� 5.15 corresponding to the CH2


protons of the benzyl groups. The integral ratio obtained is
very close to the theoretical value related to the number of
repeated units of PEO2000, n� 45.4.


Dihydroxy end-functionalized PEO was prepared by de-
protection of the hydroxyl groups by catalytic hydrogenation.
The effective removal of the benzyl groups of the PEO-
macromonomer was proved by the disappearance of the
signal due to the -CH2- protons of the benzyl groups of the
dendritic initiator at �� 5.1 in the NMR spectrum.


Polycondensation of the �-dicarbonyl chloride PS macro-
monomer obtained after its treatment with thionyl chloride


and the �-dihydroxy PEO mac-
romonomer yields PS/PEO
polymacromonomers as shown
in Scheme 3. Polymerization
experiments were performed
under various experimental
conditions. As reported pre-
viously,[1a, 1b] the degree of poly-
merization of the polymacro-
monomers is controlled by both
the concentration and the mo-
lecular weight of the macromo-
nomers (slow diffusion-control-
led effect). In addition, in our
case, the phase separation of
the two macromonomers is ex-
pected to raise more difficulties
in the reaction between the
�-dicarbonyl chloride and the


Figure 1. 1H NMR spectra of the initiator (1) and the �-dicarboxylic acid methyl ester PS macromonomer (PS3)
with the assignment of the peaks.


Figure 2. 1H NMR spectrum of �-dicarboxylic acid PS macromonomer (PS3) with the assignment of the peaks.







FULL PAPER J. K. Kallitsis and V. Deimede


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0470 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 2470


O
CH2


O
CH2


COOMe


O
H2C


O
CH2


COOPEO


i)


iv)


O
H2C


O
CH2


COOH
ii)


HO


HO


COOPEO


O
H2C


O
CH2


COCl


iii)


Dihydroxy-PEO 
macromonomer


2 3


4


Scheme 2. EtOH 95%, KOH 10�, HCl 37%; ii) SOCl2, reflux; iii) PEO-
OH, CH2Cl2, Et3N; iv) H2, MeOH, Pd/C.


�-dihydroxy macromonomers. For these reasons, polymer-
izations were performed either in concentrated solutions or in
bulk at high temperatures. The results for the different
conditions are depicted in Table 2.


Purification of the polymacromonomers from the unreact-
ed macromonomers was carried out by selective dissolution of
the respective macromonomers. The polymerization products
were extracted with MeOH for one day in order to remove
possible unreacted PEO. The residues (after being dried in
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Scheme 3. i) CH2Cl2, Et3N.


vacuo) were purified by extraction with diethyl ether, three or
four times for six days. This purification procedure was
repeated several times until the sharp peak in GPC corre-
sponding to the unreacted PS macromonomer disappeared.
The purified products were dried in vacuo at room temper-
ature. Representative examples are given in Figure 4. Here
the products after the removal of the unreacted PEO-
macromonomer contain a significant amount of the PS-
macromonomer, which was effectively removed after repeat-
ed extraction with diethyl ether.


A representative 1H NMR spectrum of the corresponding
PS/PEO polymacromonomer ((PS-PEO)-PM2) is depicted in
Figure 5. The copolymer compositions, as well as the ratio of
the molecular weights of PS/PEO, were in good agreement


with the calculated ones, since the
PEO molecular weight is accurately
known.


The PS/PEO amphiphilic polyma-
cromonomers obtained have number-
average molar masses between 30000
and 75000 as determined by GPC and
based on calibration with PS stand-
ards. As has been demonstrated,[24]


GPC calibrated with linear standards
severely underestimates the molecular
weight of a branched polymer, espe-
cially at high molecular weights. All
successful experiments were made by
using PS macromonomers with Mn in
the range 5000 ± 9000. PS macromo-
nomers with Mn� 50000 were used
several times for polymerization with-
out success.


Direct determination of the molec-
ular weight of PS/PEO polymacromo-
nomers in THF and dioxane was
attempted by using static light scatter-
ing. Different solvents were used in
order to examine the influence of theFigure 3. 1H NMR spectrum of �-dibenzyloxy PEO macromonomer with the assignment of the peaks.
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Figure 4. GPC traces of the PS macromonomer, of the polymerization
product (PS-PEO)-PM2 polymacromonomer before and after purification
and of the purified (PS-PEO)-PM1 polymacromonomer.


solvent quality on the PS and the PEO units. THF was first
used as a good solvent for both PS and PEO units of the
polymacromonomer in the concentration range 2� 10�5� c�
2� 10�3 gmL�1. In Figure 6, the inverse scattering intensity


Figure 6. Concentration dependence of (Kc/�I)��0 for (PS-PEO)-PM2
polymacromonomer in THF at 25 �C.


extrapolated to zero angle, (Kc/�I)��0 for (PS-PEO)-PM2 is
plotted as a function of concentration. The inverse molecular
weight of the branched polymer is obtained by extrapolation
to zero concentration according to the Equation:


(Kc/�I)��0� 1/(P�*Mw) �2A2c


in whichMw is the apparent molecular weight of the scattering
particles, K is the optical constant, �I the difference between
the scattering intensity of the solution and that of the pure
solvent, P� the particle scattering function, A2 the second
virial coefficient, and c the polymer concentration. At high
concentrations the plot is linear and the presence of micelles is


predominant. At low concen-
trations a sharp decrease in the
inverse scattering intensity is
observed, so the inverse molec-
ular weight of the monomer
cannot be calculated by extrap-
olation to zero concentration.
The order of magnitude of
molecular weights of branched
(PS-PEO)-PM2 is 106, while the
molecular weight obtained by
GPC is Mw� 86000. The same
behavior was also observed for
the PS/PEO sample dissolved
in 1,4-dioxane for almost
the same concentration region
(2� 10�5� c� 2� 10�3 gmL�1).
Additionally, the micelles of
these polymacromonomers re-
main stable even at tempera-
tures up to 60 �C. All of the
above results show that the


Table 2. Experimental conditions used for the preparation of PS/PEO
polymacromonomers


Polymer Mn Mw PS/PEO Temperature
[�C]


Time
[h]


PS3
[a] 6 700 9200 ± ± ±


(PS-PEO)-PM1[b,c] 50000 143000 0.9944 90 144
(PS-PEO)-PM2[d] 30000 86000 1 180 3
(PS-PEO)-PM3[d] 37000 136000 0.9994 180 3
(PS-PEO)-PM4[d] 18500 75000 0.9964 180 22
(PS-PEO)-PM5[b,e] 61000 168000 1 90 96
(PS-PEO)-PM6[d] 75000 285000 1 180 ± 200 2.5


[a] PS-macromonomer used for the polymerizations. [b] solution polymer-
isation. [c] [PS]� 0.1216� (81% w/v). [d] melt polymerisation. [e] [PS]�
0.0895� (60% w/v)


Figure 5. 1H NMR spectrum of the (PS-PEO)-PM2 polymacromonomer.
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critical micellization concentrations lie in lower concentra-
tions that cannot be studied by using this technique.


Measurements of the intrinsic viscosity [�] in THF resulted
in very small values, about 0.1 dLg�1; this indicated that these
polymacromonomers have very compact dimensions in sol-
ution.[25] It should be noted that the viscosity values expected
for linear polystyrene with the same molecular weight is much
higher.


Optical examinations under cross polars of a 2.2% solution
of (PS-PEO)-PM2 in dichloroethane are shown in Figure 7.
Despite the relatively low Mw of this sample (Mw� 86000)
relative to other polymacromonomers, lyotropic behavior was
observed; this showed that the immiscibility of the two block
probably enables the formation of a mesomorphic phase.
Lyotropic behavior has previously been observed for poly-
styrene polymacromonomers[26±27] with significantly higher
molecular weights.


Figure 7. Two subsequent polarization micrographs of 2.2% dichloro-
ethane solution of (PS-PEO)-PM2 polymacromonomer.


Samples cast from the same solution were examined by
using differential scanning calorimetry (DSC) and the results
for the first heating, the cooling, and the second heating scans
are presented in Figure 8. In the first heating scan two
endotherms are observed. The first one at 47 �C is attributed
to the PEOmelting; the second at 140 �C compares well with a
transition observed for other polymacromonomers,[27] al-
though in our case polymacromonomers with completely
different main-chain structure have been synthesized. �-
Dicarboxylic acid PS macromonomer shows a Tg at 95 �C in


Figure 8. DSC thermograms of the solution cast (PS-PEO)-PM2 poly-
macromonomer.


the first heating scan. During the cooling scan for the
polymacromonomer, two well-resolved exotherms were ob-
tained, and this behavior was observed for the subsequent
cooling scans. The second heating scan showed a weak double
endotherm in the range in which the PEO crystallizes, while the
higher temperature endotherm shifts to lower temperatures.


Conclusion


The combination of ATRP for the synthesis of PS macro-
monomer with polyesterification for the main chain structure
was exploited to engineer alternating branched PS/PEO
polymacromonomers. New �-dicarboxy-functionalized PS
macromonomers have been synthesized by using the ATRP
technique. Polycondensation of these macromonomers with
PEO macromonomer, suitably end functionalized with two
hydroxy groups, resulted in novel amphiphilic PS/PEO
polymacromonomers. These polymacromonomers have been
characterized by means of GPC, 1H NMR spectroscopy, light
scattering, DSC, and optical microscopy. The formation of
lyotropic liquid crystals was detected by polarized-light
microscopy. These amphiphilic species have a tendency to
form stable micelles in THF or dioxane, as revealed by light
scattering measurements.


Experimental Section


Materials : Triethylamine was heated under reflux with p-toluenesulfonyl
chloride and distilled twice before use. Dichloroethane (DCE) was treated
with P2O5 and distilled twice. PEG-2000 (Aldrich) was treated with toluene
to remove water by azeotropic distillation and dried under vacuum. Styrene
was treated over CaH2 and vacuum distilled before polymerization.
Me6TREN was easily prepared in a one-step synthesis from commercially
available tris-(2-aminoethyl)amine by following the literature procedure.[28]


4-[3,5-Bis(methoxycarbonyl)phenoxymethyl]benzyl bromide (1)[29] and
3,5-bis(benzyloxy)benzoic acid methyl ester (2)[30] were synthesized
according to known procedures. Hydrolysis of (2) in ethanol resulted in
(3). All other reagents were obtained from Aldrich and used without
further purification.
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Synthesis of dicarboxy end-functionalized polystyrene by using ATRP : A
round-bottom flask equipped with a U-tube, a rubber septum, a magnetic
stirrer, and a gas inlet/outlet was flamed under vacuum. 4-[3,5-Bis(meth-
oxycarbonyl)phenoxymethyl]benzyl bromide (1) (0.1964 g, 0.5 mmol) was
added to the flask containing CuBr (0.0717 g, 0.5 mmol) and bipyridine
(0.234 g, 1.5 mmol). The system was degassed four times and flushed with
argon. Equal volumes of the solvent and the monomer were transferred to
the flask through a syringe. The reaction mixture was then immersed in an
oil bath and heated at 110 �C for 24 h. After cooling to room temperature,
THF (5 ± 10 mL) was added to the reaction mixture to dissolve the polymer,
then the solution was filtered in order to remove the catalyst and
precipitated in a large excess of methanol. The obtained polymers were
dried under vacuum at room temperature. These polymers were hydro-
lyzed with KOH 10� in acetone and acidified with HCl (37%) in order to
obtain the dicarboxy end-functionalized PS. The polymers were charac-
terized by 1H NMR and GPC; the results are given in Table 1.


Synthesis of dihydroxy end-functionalized PEO : Compound 3 (1.69 g,
5.06 mmol) was dissolved in thionyl chloride (30 mL) and heated under
reflux at 85 �C under argon for 20 h. The solution was evaporated and dried
under vacuum in order to remove any traces of thionyl chloride. PEG-OH-
2000 (7.5 g, 3.75 mmol) was added to the same flask under argon, followed
by introduction of Et3N (0.52 mL, 3.75 mmol) and distilled dichloroethane
(40 mL). The mixture was heated under reflux under argon for 22 h. It was
filtered to remove the triethyl ammonium chloride, treated with MeOH
(15 mL), and concentrated under reduced pressure. The obtained liquid
was dissolved in toluene (25 mL), filtered, and precipitated in hexane
(250 mL). The purified product 4 was dried under vacuum at room
temperature. Hydrogenation of 4 in methanol solution with Pd on activated
carbon gave the desired dihydroxy end-functionalized PEO. In Figure 2
shows the 1H NMR spectrum of the PEO-macromonomer. The same
procedure was adopted for the preparation of the PEO-5000 macro-
monomer.


Polymerization of dicarboxy-functionalized PS with dihydroxy-functional-
ized PEO-2000 : The PS-PEO polymacromonomers were synthesized by
either melt or solution polymerization. In a typical solution polymerization,
a round bottom flask with dicarbonyl chloride PS (0.163 g, 0.0243 mmol)
under argon was charged with dihydroxy PEO (52.6 mg, 0.0244 mmol) and
distilled DCE (0.2 mL). The mixture was stirred for about 1 h, and then one
drop of distilled Et3N was added. The extremely viscous solution was
refluxed at 85 �C for 5 days. In the case of melt polymerization, the mixture
of macromonomers was heated at 180 �C for 2 h under argon.


Measurements : (DSC) thermograms were obtained by using an SP plus
calorimeter equipped with the autocool accessory from Rheometrics
Scientific Ltd. The heating rate was 20 �Cmin�1 and the thermograms
covered the range from �50 �C to 200 �C. 1H NMR spectra were recorded
with a Brucker Avance DPX400 MHz spectrometer, by using CDCl3 and
[D6]DMSO as solvents.


The number-average Mn and weight-average Mw molecular weights of the
polymers were determined by using gel permeation chromatography
apparatus (Polymer Lab, Series II Marathon) equipped with a Fasma500
UV/Vis detector and with two Ultrastyragel columns (104 and 500 ä pore
size). Measurements were performed in THF, and calibration was based on
polystyrene standards.


Light scattering experiments were carried out by using a thermally
regulated (�0.1 �C) spectrogoniometer model SEM RD (Sematech,
France) equipped with a He ±Ne laser (633 nm). Prior to measurements
the polymer solutions were made free from foreign particles by filtration
and centrifugation with 0.5 �m filters. The refractive index increment dn/dc
required for the light scattering measurements, was obtained by means of a
Chromatic KMX-16 differential refractometer operating at 633 nm. The
refractive index of PS/PEO polymacromonomer in 1,4-dioxane was found
to be 0.1111.
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Novel Bis-betaines and Betaines within [14]meta-Heterophane Frameworks**


Ermitas Alcalde,*[a] Neus Mesquida,[a] LluÔsa Pe¬rez-GarcÌa,[a] Susana Ramos,[a]
Montserrat Alemany,[a] and MatÌas L. RodrÌguez[b]


Abstract: After prior selection of be-
taine building blocks for the construc-
tion of quadrupolar heterophane frame-
works, a convergent ™3�1∫ synthetic
strategy is reported for the synthesis of
the title macrocycles composed of het-
erocyclic betaine subunit(s). These typ-
ify the first example of simple cyclo-
phanes constructed out of both highly �-
excessive and highly �-deficient hetero-


aromatic moieties linked in a 1,3-alter-
nating fashion. The chemical reactivity
of the quadrupolar heterophanes 1a and
1c toward electrophiles under neutral
conditions corroborated their bis-be-
taine structure. The structural features


of the bis-betaines 1, betaines 2 ¥PF6 and
5 ¥X, and the corresponding dicationic
[14]heterophanes 3 ¥ 2X and 4 ¥ 2Cl were
studied by 1H and 13C NMR spectros-
copy and electrospray ionization mass
spectrometry, and confirmed by single-
crystal X-ray diffraction analysis of
macrocycles 1a and 2a ¥PF6.Keywords: betaines ¥ cyclophanes ¥


heterocycles ¥ X-ray diffraction


Introduction


The molecular diversity present in macrocycles allows the
design of novel molecular systems that exhibit increasingly
more specific properties.[2, 3] Among them cyclophanes,
phanes, and heterophanes constitute a source of a broad
array of molecular architectures.[2] As a development on the
chemistry of heterocyclic betaines pursued by our research
group, the first systems we examined were the nonclassical
[14]meta-heterophanes that contain heterocyclic betaines as
building blocks, such as the quadrupolar and dipolar hetero-
phanes 1a, 1b, 2a ¥PF6, and 2b ¥PF6, as well as their
immediate precursors 3a ¥ 2X and 3b ¥ 2X (Scheme 1), with


Scheme 1. Nonclassical [14]meta-heterophanes containing heterocyclic
betaines as building blocks, together with their precursors.
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Supporting information for this article is available on the WWWunder
http://wiley-vch.de/home/chemistry/ or from the author: synthesis and
characterization of 3-methyl-1-imidazoliomethyl-3(5)pyrazolate; mo-
lecular structure of 1a ; unit cell packing diagram of 1a ; partial crystal
packing of 1a along the b axis, showing the water chain formation;
molecular structure of 2a ¥PF6; significant nonbonding distances for
2a ¥PF6; unit cell packing diagram of 2a ¥PF6; stacking mode of 2a ¥
PF6, showing the interplanar contacts.
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1,3-alternating proton-ionizable 1,2,4-triazoles and quaterna-
ry imidazolium rings.[4]


The design of these supramolecular scaffolds was under-
taken after careful scrutiny of several betaine building
blocks–a set of methyleneazolium azolate betaines, designed
by combining a variety of heterocyclic fragments based on
pyrazole, 1,2,4-triazole, and benzimidazole has been described
previously.[5] From these findings, as well as the results
described in this work, we concluded that methyleneimid-
azolium-1,2,4-triazolate betaine subunits constituted the most
suitable building blocks, and these were selected, mainly on
the basis of their physical properties and their chemical
stability, for initial studies of the construction of quadrupolar
[1n]heterophanes. Incorporation of methyleneimidazolium
pyrazolate betaines into cyclophane frameworks might result
in stable macrocyclic betaines despite the instability of the
betaine subunits, as has been described for related pyridinium
quadrupolar [1n]heterophanes.[1]


Here we report an alternative and convenient route to the
key intermediates 3a ¥ 2X and 3b ¥ 2X by deprotection of the
N-benzhydryl dicationic heterophanes 4a ¥ 2X and 4b ¥ 2X.
This synthetic pathway is the method of choice for their
preparation since it both optimizes yields and allows us to
obtain crystals of 1a and 2a ¥PF6 suitable for X-ray analysis.
Dications 3a ¥ 2X, 3b ¥ 2X, 4a ¥ 2X, and 4b ¥ 2X were then
transformed into simple quadrupolar systems 1a and 1b and
into the dipolar macrocycles 2a ¥PF6, 2b ¥PF6, 5a ¥X, and 5b ¥
X, respectively. The structural properties of the betaines and
bis-betaines were examined by 1H and 13C NMR spectroscopy,
together with electrospray ionization mass spectrometry.
Single-crystal X-ray analyses of 1a and 2a ¥PF6 confirmed
their quadrupolar and dipolar character.


The interaction of bis-betaines 1a and 1c with electrophiles
was also studied, by using n-butyl iodide under neutral
conditions. The introduction of butyl groups increases the
solubility of the bis-betaines in organic solvents, and the N-
alkylated systems may be suitable models for the study of
their stability under basic conditions. In this context, extensive
investigation of the formation of stable carbenes from


imidazolium quaternary salts has been carried out.[6] The
imidazolium quaternary units are stable in 1-alkyl-3-(1H-
azolylmethyl)imidazolium salts,[5a] and their homologues, and
also in analogous and macrocyclic systems. Thus, the putative
formation of by-products through the generation of imidazol-
2-ylidenes has not been detected to date.[5b]


Results and Discussion


Synthesis : The synthetic route to the meta-heterophanes 4a ¥
2Cl and 4b ¥ 2Cl involves a ™3�1∫ convergent synthesis based
on the coupling of protophanes 6a and 6b with the
bis-chloromethyl derivative 7[7] in acetonitrile under reflux.
The N-benzhydryl macrocyclic dications 4a ¥ 2Cl and 4b ¥ 2Cl
were obtained in good yields through a clean macrocycliza-
tion reaction (Scheme 2).
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Scheme 2. ™3�1∫ convergent synthesis of dicationic [14]heterophanes 4a ¥
2Cl and 4b ¥ 2Cl.


This ™3�1∫ convergent, stepwise synthesis of several
examples of dicationic [14]heterophane frameworks contain-
ing two imidazolium rings (such as 3 ¥ 2X) is template-
controlled in the presence of anions. Moreover, the molecular
recognition motifs for anion templating involve the interac-
tion of a multicentered chloride ion with the heteroaromatic
and aromatic rings as hydrogen-bond donors (chloride anions
selectively increased the yield, which was very low with other
anions such as PF6


�[8]). Accordingly, the macrocyclization
reaction leading to the N-benzhydryl macrocyclic dication
4a ¥ 2Cl was examined (Scheme 2).


The ™3�1∫ stepwise synthesis based on the coupling of the
trinuclear N-benzhydryl protophane 6a with 3,5-bis(chloro-
methyl)-1,2,4-triazole (7) was not anion-dependent. Under


Abstract in Catalan: Guiats pel coneixement adquirit en la
seleccio¬ prõvia de blocs fonamentals amb natura de betaÔna per
a la construccio¬ d×heterofans quadrupolars, en aquest treball es
descriu una estratõgia sintõtica de tipus convergent ™3�1∫ per a
la sÌntesi dels esmentats macrocicles construÔts a partir de
subunitat(s) de betaÔna, constituint el primer exemple de
ciclofans formats per unitats heteroarom‡tiques �-excedents i
�-deficients unides en disposicio¬ 1,3-alternant. La reactivi-
tat quÌmica dels heterofans quadrupolars 1a i c enfront
electro¡fils en condicions neutres confirma la seva estruc-
tura de bis-betaÔna. Les caracterÌstiques estructurals de les
bis-betaÔnes 1, betaÔnes 2 ¥PF6, 5 ¥X i els corresponents
[14]heterofans dicatio¡nics 3 ¥ 2X, 4 ¥ 2Cl van ser estudiades
mitjanÁant espectrosco¡pia de 1H i 13C NMR com tambÿ
spectrometria de masses d×ionitzacio¬ per electrosprai, i confir-
mades per an‡lisi de difraccio¬ de raigs-X dels macrocicles 1a i
2a ¥PF6.
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standard reaction conditions with equivalent amounts of the
reagents at 2.3m� in dry acetonitrile,[8] coupling between 6a
and 7 produced the dication 4a ¥ 2Cl in 60% yield; this
decreased to 33% when five equivalents of tetrabutylammo-
nium chloride were added. An increase in the initial concen-
trations of the starting materials 6a and 7 to 8m� produced
the dication 4a ¥ 2Cl in 66% yield. This 6% increase supports
the idea of conformationally biasing assistance and of the
reaction not being anion-controlled. Both the condensation
step and the ring-closure step imply quaternization of the aza-
aromatic compound 6a through a Menschutkin type reaction.
The ™3�1∫ approach was governed by stereoelectronic
control due to the N-benzhydryl group in protophane 6a.


Transformation of dicationic [14]heterophanes 4a ¥ 2Cl and
4b ¥ 2Cl into betaines 5a ¥X and 5b ¥X was carried out with an
Amberlite IRA-401 anion-exchange resin (OH� form). The
eluates containing macrocycles 5a ¥OH and 5b ¥OH were
carefully acidified to pH 6 ± 7 with either HCl ±H2O or
HPF6 ±H2O (Scheme 3); macrocyclic intermediates 5a ¥OH
and 5b ¥OH were characterized by 1H NMR, despite their
instability.
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Scheme 3. Synthesis of macrocyclic betaines 5 from dicationic 4a ¥ 2Cl and
4b ¥ 2Cl.


Removal of the benzhydryl group by hydrogenolysis failed
with either palladium or palladium hydroxide under standard
conditions. The N-benzhydryl group was, however, removed
by treatment of macrocycles 4a ¥ 2Cl and 4b ¥ 2Cl with
trifluoroacetic acid, and pure bis-trifluoroacetates 3a ¥
2CF3CO2 and 3b ¥ 2CF3CO2 were obtained. Through use of


Amberlite IRA-401 anion-exchange resin (OH� form), dica-
tions 3a ¥ 2CF3CO2 and 3b ¥ 2CF3CO2 were then transformed
almost quantitatively into the bis-betaines 1a and 1b, and
subsequent acidification to pH 6± 7 with an aqueous solution
of HPF6 afforded betaines 2a ¥PF6 and 2b ¥PF6. The pH range
is not the same as for the corresponding building blocks;
acidic treatment of bis-betaines 1a and 1b at pH 3 ± 4
produced the bis-hexafluorophosphate dications 3a ¥PF6 and
3b ¥PF6,[4b] while acidification of the betaine subunit to form
the corresponding N-(1H-1,2,4-triazolylmethyl)imidazolium
proceeded at pH � 6.[5a]


Pure dicationic [1n]heterophanes are hard to isolate when
the solubility of the ionic species also present in the reaction
mixture is similar.[1, 4] A key feature of the current synthetic
route, shown in Scheme 4, is the purity of the dicationic
macrocycles 3a ¥ 2CF3CO2 and 3b ¥ 2CF3CO2, owing to the
fact that the trifluoroacetate counterions increased the
solubility of the dications in organic solvents and facilitated
their purification. Accordingly, it was possible to grow crystals
of bis-betaine 1a and betaine 2a ¥PF6 suitable for X-ray
diffraction analysis (see later).
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Reactivity toward electrophiles : N-Alkylation of bis-betaines
1a and 1c was carried out with an excess of n-butyl iodide
under neutral conditions; the different experiments are listed
in Table 1 (Scheme 5). Initially, the yield of N-alkylation of
the bis-betaine 1a was fairly low (27%), probably due to the
low solubility of bis-betaine 1a in organic solvents. From
various N-alkylation assays, the best result obtained was by
using 10 equivalents of n-butyl iodide in acetonitrile under
reflux for 48 h (42%). N-Alkylation of bis-betaine 1c gave
77% yield, which is in accordance with the betaine nature of
the macrocyclic framework.
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Scheme 5. Reactivity of quadrupolar heterophanes 1 towards butyl iodide.


As products of the N-alkylation reaction, isomeric macro-
cyclic dications 8a ¥ 2I/8c ¥ 2I and 9a ¥ 2I/9c ¥ 2I were obtained
in statistical ratio, while yields were variable since the N-
alkylated dications were hard to isolate. After many trials,
isomer 9a ¥ 2I was isolated and subsequently converted to the
hexafluorophosphate salt 9a ¥ 2PF6, whereas isomer 8c ¥ 2I
was isolated as its dichloride salt 8c ¥ 2Cl (Scheme 5).


In view of the accessibility of the trinuclear protophane 6a
and the N-benzhydryl-3,5-bis(chloromethyl)derivative 10 as
starting materials, we decided to apply a ™3�1∫ convergent
synthesis to the preparation of dialkylated compounds 11a ¥
2Cl and 12a ¥ 2Cl (Scheme 6). By following the standard
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Scheme 6. ™3�1∫ Convergent synthesis of isomeric dicationic [14]hetero-
phanes 11 ¥ 2Cl and 12 ¥ 2Cl.


protocol the two isomers 11a ¥ 2Cl and 12a ¥ 2Cl were
produced in statistical ratio, and pure compound 11a ¥ 2Cl
was isolated.


Physical data of all the new compounds reported are listed
in Table 2, except for 3-methyl-1-imidazoliomethyl-3(5)pyr-
azolate, which is reported in the Supporting Information.


Spectroscopic methods : The structures of the novel hetero-
phanes 1 ± 5, 8, 9, 11, and 12 were determined by spectroscopy.
The IR spectra of compounds 4a ¥ 2Cl and 4b ¥ 2Cl showed
one absorption band in the range 3200 ± 3000 cm�1 (��NH),
while this band was not seen for betaines 5a ¥Cl, 5b ¥Cl, and
5a ¥PF6. Dications 3a ¥ 2CF3CO2 and 3b ¥ 2CF3CO2 also
showed absorption bands in the 3200 ± 3000 cm�1 range
(��NH), as well as a band in the 1750 ± 1650 cm�1 range (��CO)
corresponding to the trifluoroacetate counterions. Absorp-
tions at 3100 cm�1 (��NH) and 850 cm�1 (��PF6) were shown by
dipolar heterophanes 2a ¥PF6, 2b ¥PF6, and 5a ¥PF6, while
these bands were not seen with the bis-betaines 1a and 1b.


Table 1. N-alkylation reactions of bis-betaines 1a and 1c with n-butyl iodide.


Assay Starting [1a, 1c]/[BuI] Solvent Reaction Products [%][a]


material [mol] time [h] 8a, c or 9a, c 1a, c


1 1a 1/5 CH3CN[b] 48 27 52
2 1a 1/5 DMF[c] 112 [d] [d]


3 1a 1/10 CH3CN[b] 48 42 18
4 1a 1/10 CH3CN[b] 54 48[e] 11
5 1a 1/10 EtOH[b] 29 � 42 30
6[f] 1a 1/10 CH3CN[b] 48 44 ±
7 1c 1/5 CH3CN[b] 4 77 ±


[a] Yield of isolated compound and recovered starting material. [b] Temper-
ature: reflux. [c] At 80 �C. [d] Complex mixture, not fully characterized.
[e] Difficult isolation, due to the presence of by-products. [f] Soxhlet system.


Table 2. Physical data of macrocyclic compounds.


Compound[a] Yield m.p. [�C] Time Molecular
[%][b] (solvent)[c] [h][d] formula[e]


1a 97 � 300 (EtOH) [f] C14H14N10 ¥ 4H2O
1b 98 � 300 [f] [g]


2a ¥PF6 87 [h] (iPrOH/H2O) [f] C14H15N10PF6


2b ¥PF6 85 [h] [f] [g]


3a ¥ 2CF3CO2 97 208 1 C18H16N10F6O4 ¥ 2H2O
3b ¥ 2CF3CO2 89 [h] 1 [f]


4a ¥ 2Cl 63 � 300 48 C27H26N10Cl2 ¥ 0.5H2O
4b ¥ 2Cl 40 230 (CH3CN/CH3OH) 48 C31H34N10Cl2 ¥ 5H2O
5a ¥Cl 90 228 [f] C27H25N10Cl ¥ 4H2O
5b ¥Cl 89 [h] [f] C31H33N10Cl2 ¥ 5H2O
8c ¥ 2I 6 262 ± 264 [f] C38H64N10I2
9a ¥ 2I 17 228 ± 230 [f] C22H32N10I2 ¥ 0.5H2O
11a ¥ 2Cl 14 � 300 [f] C40H36N10Cl2 ¥ 0.5H2O


[a] TLC: silica gel, solvent system CH3OH/NH4Cl(2�)/CH3NO2 (6:3:1).
[b] Yields were not optimized. [c] Recrystallization solvent. [d] Reaction tem-
perature: reflux. [e] Satisfactory analytical data (�0.4% for C, H, N). [f] See
Experimental Section. [g] Not analyzed. [h] Hygroscopic solid.
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NMR Spectroscopy : Both the 1H and the 13C NMR
chemical parameters were crucial for assessing the
dipolar and quadrupolar natures of the compounds,
as they had been for their corresponding dipolar
building blocks[5a] (see Tables 3 ± 6, below). Assign-
ments were made by using NMR experiments
(ROESY, HMQC, and HMBC). Figure 1 illus-
trates the key NMR responses for dication 4a ¥ 2Cl,
except for the NH proton in the 1,2,4-triazole
subunit.
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Figure 1. Key NMR responses for heterophane 4a ¥ 2Cl:
a) ROESY experiment, and b) HMBC correlation.


The 1H and 13C NMR data for betaines 5a ¥X
and 5b ¥X and for their corresponding dichloride
salts 4a ¥ 2Cl and 4b ¥ 2Cl are listed in Table 3 (see
Figure 1); the observed shielding effect provides
evidence of charge distribution in the dipolar
macrocyclic system. Comparison of the proton
chemical shifts of betaines 5a ¥X and 5b ¥X with
those of their precursors 4a ¥ 2Cl and 4b ¥ 2Cl
reveals that the � values of CH2-12, CH2-17, H-21,
and H-23 from the imidazolium rings shift upfield
(see Table 3). Despite the instability of betaine 5a ¥
OH, it was possible to record the 1H NMR
spectrum in [D6]DMSO, and a major shielding
effect was observed: for example, ��H±12,17�
0.32 ppm and ��H±21,23� 0.21 ppm. In D2O,
5a ¥OH showed H/D exchange for the imidazolium
acidic hydrogen atoms at positions 21 and 23.


In contrast to what happened with the methyl-
eneimidazolium triazolate building blocks[5a] (see
also 3-methyl-1-imidazoliomethyl-3(5)pyrazolate
in the Supporting Information), this is the first
time that the tendency to hydration has been minimized. The
NMR spectra recorded in D2O were reliable, and the chemical
shift variation between betaines 5a ¥Cl and 5b ¥Cl and their
corresponding dications 4a ¥ 2Cl and 4b ¥ 2Cl showed a
shielding effect. For example, the betaine 5a ¥Cl showed an
average shielding of �0.32 ppm for the methylene hydrogen
atoms and of �0.21 ppm for H± 21,23 in the imidazolium
rings (see �� in Table 3). As far as betaine 5a ¥PF6 is
concerned, the shielding effect was indeed more pronounced,
especially in [D6]DMSO, in which the chemical shifts of 5a ¥
PF6 were like those for betaine 5a ¥OH. This indicates the
presence of weaker interactions between the dipolar [14]het-
erophane framework and the counteranion in the relative
order OH��PF6


��Cl� (see Table 3 and X-ray crystallogra-
phy).


For bis-betaines 1a and 1b, betaines 2a ¥PF6 and 2b ¥PF6, and
dications 3a ¥ 2CF3CO2 and 3b ¥ 2CF3CO2, the 1H NMR
spectra (20 �C) in several solvents showed sharp singlets for
the bridging protons (Table 4); this indicated a high degree of
conformational flexibility[4] ; dynamic NMR experiments were
precluded due to the compounds× high insolubilities. In bis-
betaines and betaines a clear shielding effect was observed,
especially for the methylene spacers and �H±21(23) (Im� )
(see ��H in Table 4). For example, the differences in the
chemical shifts of bis-betaine 1a and dication 3a ¥ 2CF3CO2 in
CD3OD were ��CH2 � � 0.27 ppm and ��H±21,23 �
�0.73 ppm, while in betaine 2a ¥PF6 they were ��CH2�
�0.18 ppm and ��H±21,23��0.54 ppm.


For compounds 1a, 2a ¥PF6, and 3 ¥ 2CF3CO2, the 1H NMR
spectra in CD3OD showed identical chemical shifts on


Table 3. Selected 1H NMR and 13C NMR data for betaines 5a ¥X and 5b ¥X and their
corresponding dichloride salts 4a ¥ 2Cl and 4b ¥ 2Cl.
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Compound Solvent H-21 H-23 H-2 H-7 H-12 H-17


5a ¥OH[a] [D6]DMSO 8.91 9.07 5.45 5.87 5.35 5.30
5a ¥Cl [D6]DMSO 9.05 9.16 5.48 5.98 5.52 5.52
4a ¥ 2Cl[b] [D6]DMSO 9.16 9.25 5.56 5.97 5.66 5.63


��[c] � 0.25 � 0.18 � 0.11 � 0.10 � 0.31 � 0.33
��[d] � 0.11 � 0.09 � 0.08 � 0.01 � 0.14 � 0.11


5a ¥Cl D2O 8.41 8.67 5.38 5.49 5.28 5.25
4a ¥ 2Cl D2O 8.64 8.86 5.29 5.37 5.52 5.48


��[d] � 0.23 � 0.19 � 0.09 � 0.12 � 0.24 � 0.23
5a ¥PF6 [D6]DMSO 8.90 9.10 5.46 5.88 5.35 5.32
4a ¥ 2Cl[b] [D6]DMSO 9.16 9.25 5.56 5.97 5.66 5.63


��[e] � 0.26 � 0.15 � 0.10 � 0.09 � 0.31 � 0.34
5a ¥PF6 D2O 8.43 8.69 5.39 5.48 5.29 5.24
4a ¥ 2Cl D2O 8.64 8.86 5.29 5.37 5.52 5.48


��[e] � 0.21 � 0.17 � 0.10 � 0.11 � 0.23 � 0.24
5b ¥Cl [D6]DMSO 9.00 9.04 5.47 5.91 5.43 5.43
4b ¥ 2Cl[b] [D6]DMSO 9.15 9.15 5.52 5.94 5.59 5.59


��[b] � 0.15 � 0.11 � 0.05 � 0.03 � 0.16 � 0.16
4b ¥ 2Cl D2O 8.48 8.69 5.17 5.27 5.35 5.35


C-21 C-23 C-2 C-7 C-12,17


5a ¥PF6 D2O 135.2 135.2 51.1 53.0 53.0
5a ¥Cl [D6]DMSO 137.6 138.4 45.9 44.2 46.9
4a ¥ 2Cl[f] [D6]DMSO 138.4 138.9 46.1 44.3 45.4


��[g] � 0.8 � 0.5 � 0.2 � 0.1 � 1.5
5b ¥Cl [D6]DMSO 136.4 136.7 43.8 41.8 43.7
4b ¥ 2Cl[f] [D6]DMSO 137.0 137.0 43.8 42.0 42.5


��[g] � 0.6 � 0.3 0 � 0.2 � 1.2


[a] Compound unstable in [D6]DMSO. [b] Assignation of signals by ROESY. [c] �� :
observed chemical shift differences between compound 5a ¥OH and the macrocycle 4a ¥
2Cl. [d] �� : observed proton chemical shift differences between betaines 5a ¥Cl and
5b ¥Cl and the macrocycles 4a ¥ 2Cl and 4b ¥ 2Cl (�betaine� �macrocycle). [e] �� : observed
proton chemical shift differences between betaine 5a ¥PF6 and the macrocycle 4a ¥ 2Cl
(�betaine� �macrocycle) . [f] Assignation of signals by HMBC and HMQC. [g] �� : observed
13C chemical shift differences between betaines 5a ¥Cl and 5b ¥Cl and the macrocycles
4a ¥ 2Cl and 4b ¥ 2Cl (�betaine� �macrocycle).
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addition of 5% trifluoroacetic acid as a result of the
conversion of bis-betaines 1 and betaines 2 into their
corresponding bistrifluoroacetates 3 ¥ 2CF3CO2. Table 5
shows 1H NMR data for bis-betaine 1a at several pH values.
At pH 8, the chemical shifts in [D6]DMSO indicated the
presence in solution of the quadrupolar species 1a, whereas at
pH 5 the 1H � values corresponded to those of the dipolar
macrocycle 2a ¥CF3CO2, which at pH 2 is transformed into
the corresponding dication 3a ¥ 2CF3CO2.


The association behavior of some of the compounds
described was examined by NMR, although examination of
their complexing properties in solution was hampered by their
insolubility. The 1H NMR spectra of the model compounds
1a, 2a ¥PF6, and 3a ¥ 2CF3CO2 were recorded at different
concentrations at 20 �C in D2O at 200 MHz. The range of
concentrations studied was limited by the low solubilities of
the compounds to about 5 to 65m� (Table 5). From the study
we were able to conclude that no significant variation of the
chemical shift was observed for any of the protons in
macrocycles 1a, 2a ¥PF6, and 3a ¥ 2CF3CO2; this indicates
that aggregates did not form (see below, ESI-MS).


The 1H NMR data for N ± dialkylated compounds 8a ¥ 2X,
8c ¥ 2X, 9a ¥ 2X, 9c ¥ 2X, 11a ¥ 2Cl, and 12a ¥ 2Cl showed that
isomers 8a, 8c, and 11a could be differentiated from 9a, 9c,
and 12a, respectively (Table 6). Thus, for the anti isomers 8a,
8c, and 11a, only a singlet signal can be observed for the
imidazolium proton atoms H± 21 and H± 23, whereas two
peaks appear for these proton atoms in the syn isomers 9a, 9c,
and 12a. Individual assignments were made in [D6]DMSO by
ROESY for the pure dication 8c, and by HMBC and HMQC
for the pure isomer 11a ¥ 2Cl.


The high instability of the pyrazole derivatives in solution,
especially the betaines of methyleneimidazolium pyrazolate,
obliged us to record the 13C NMR in CD3OD (see Supporting
Information) although, due to solvation, this is not the solvent
of choice in which to observe the chemical differences
between betaines and their corresponding salts.


Electrospray ionization mass spectrometry : ESI-MS was used
to examine multicharged [14]meta-heterophanes in the gas
phase. Bis-betaines 1 (M), betaines 2 ¥PF6 (MH ¥X) and
macrocyclic dications 3 ¥ 2X (MH2 ¥ 2X) produced clean
positive ion ESI mass spectra, and several informative peaks
arose from proton transfer reactions with, for example, 1a,
2a ¥PF6, and 3a ¥ 2CF3CO2 (Table 7). The two common
characteristic peaks were the ions [M�H2]2� and [M�H]� ,
which resulted from the stepwise protonation of bis-betaines
1, whilst in betaines 2 ¥PF6 they were attributed to dissociation
of the counterion and protonation. For dications 3 ¥ 2X, the
charged species may be formed by the loss of the two
counterions and deprotonation. When the cone voltage was
varied from 50 V to 100 V, formation of stable noncovalent
polymolecular self-assembled aggregates was observed, espe-
cially for the macrocyclic bis-betaines 1.[9]


From dications 3 ¥ 2X (MH2 ¥ 2X) with two proton-ionizable
1,2,4-triazole rings, the model dicationic [14]meta-imidazolio-
phanes (M ¥ 2X) that have two aromatic rings and maintain
the two imidazolium quaternary moieties have been exam-
ined by ESI-MS; the three common ions were [M]2�, [M�X]�


Table 4. 1H NMR data for bis-betaines 1a and 1b, betaines 2a ¥PF6 and
2b ¥PF6, and dications 3a ¥ 2CF3CO2 and 3b ¥ 2CF3CO2.
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Compound Solvent H-2,7,12,17 H-21, 23 R


1a D2O 5.19 7.91 7.42
2a ¥PF6 D2O 5.33 8.34 7.45
3a ¥ 2CF3CO2 D2O 5.45 8.78 7.45
��[a] � 0.26 � 0.87 � 0.03
��[b] � 0.14 � 0.43 0
1a [D6]DMSO 5.28 8.79 7.79
2a ¥PF6 [D6]DMSO 5.48 8.99 7.80
3a ¥ 2CF3CO2 [D6]DMSO 5.61 9.12 7.81


��[a] � 0.33 � 0.33 � 0.02
��[b] � 0.20 � 0.20 � 0.01


1a CD3OD 5.46 8.66 7.80
2a ¥PF6 CD3OD 5.55 8.85 7.80
3a ¥ 2CF3CO2 CD3OD 5.73 9.39 7.80


��[a] � 0.27 � 0.73 0
��[b] � 0.18 � 0.54 0


1a CD3OD[c] 5.72 9.38 7.79
2a ¥PF6 CD3OD[c] 5.71 9.36 7.74
3a ¥ 2CF3CO2 CD3OD[c] 5.71 9.36 7.74


��[a] 0.01 0.02 0.05
��[b] 0 0.02 0


1b D2O 5.05 7.87 2.00
2b ¥PF6 D2O 5.17 8.23 1.98
1b [D6]DMSO 5.10 8.32 2.30
3b ¥ 2CF3CO2 [D6]DMSO 5.52 8.99 2.14


��[a] � 0.42 � 0.67 0.16


[a] �� : Observed proton chemical shift differences between bis-betaines 1a
and 1b and the macrocycles 3a ¥ 2CF3CO2 and 3b ¥ 2CF3CO2 (�bis-betaine�
�macrocycle). [b] �� : Observed proton chemical shift differences between
betaines 2a ¥PF6 and 2b ¥PF6 and the macrocycles 3a ¥ 2CF3CO2 and 3b ¥
2CF3CO2 (�betaine� �macrocycle). [c] 5% TFA was added.


Table 5. 1H NMR data for bis-betaine 1a at several pH values[a] and 1H NMR
chemical shifts of bis-betaine 1a, betaine 2a ¥PF6, and macrocycle 3a ¥ 2CF3CO2


at different concentrations.


Compound Solvent pH H-2,7,12,17 H-21,23 H- 9,10,19,20


1a [D6]DMSO 8 5.28 8.79 7.79
6 5.48 8.99 7.80
5 5.50 9.03 7.80
4 5.61 9.12 7.80
2 5.61 9.12 7.80
��[b] � 0.33 � 0.33 � 0.01


1a D2O 8 5.19 7.90 7.42
6 5.35 8.44 7.44
5 5.42 8.68 7.44
4 5.44 8.75 7.44
��[b] � 0.26 � 0.87 � 0.06
Conc. [m�]


1a D2O 4.83 ± 30.53 5.19 [c] 7.42
2a ¥PF6 4.89 ± 47.91 5.33 [c] 7.43
3a ¥ 2CF3CO2 4.88 ± 64.67 5.43 8.75 7.43


[a] Acidification with 1% aqueous hexafluorophosphoric acid. [b] �� : Ob-
served proton chemical shift differences between pH 8 and pH 4 (�pH 8��pH 4).
[c] Signal not observed due to H/D exchange.
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and [M�H]� . Accordingly, direct electro-
spray mass spectrometric evidence was ob-
tained for the singly charged imidazolylidene
species [M�H]� ; this peak also appeared in
the ESI mass spectra of the regiospecific
deuterated counterparts as the ion [M�
D]� .[5b]


In the present study, the positive-ion ESI-
MS of dications 9a ¥ 2PF6 and 11a ¥ 2Cl were
measured as described elsewhere,[5b, 9] samples
being dissolved in H2O/CH3CN (1:1) at a
concentration of 250 pmol�L�1, while the
cone voltage was varied between 50 V and
100 V (Table 7). The positive-ion ESI respons-
es of 9a ¥ 2PF6 (M ¥ 2X) and 11a ¥ 2Cl (M ¥ 2X)
showed the formation of the characteristic
ions [M]2� and [M�X]� together with the
carbene species [M�H]� ; this result is com-
parable to those found with [14]meta-imidazo-
liophanes (M ¥ 2X) mentioned above.


The comparative ESI-MS study with bis-
betaine 1a, betaine 2a ¥PF6, and dication 3a ¥
2CF3CO2, together with the N-alkylated di-
cations 9a ¥ 2PF6 and 11a ¥ 2Cl, showed that
the �-rich heteroaromatic rings direct their
electrospray ionization, changing the nature of
the common characteristic peaks (Table 7).
Dicationic macrocycle 3a ¥ 2CF3CO2 and N-
butyl dication 9a ¥ 2PF6 gave clean ESI mass
spectra at a cone voltage of �60 V (Figure 2),
while the base peak of the N-benzhydryl
dication 11a ¥ 2Cl corresponds to the singly
charged ions [M�CHPh2]� at m/z 489, arising
from molecular fragmentation. As far as 9a ¥
2PF6 (M ¥ 2X) and 11a ¥ 2Cl (M ¥ 2X) are
concerned, the singly charged imidazolylidene
species [M�H]� were produced with a rela-
tive abundance �20% (Vc �60 V).


At a cone voltage of 100 V, macrocycles 1a
and 2a ¥PF6 and the proton-ionizable dication
3a ¥ 2CF3CO2 produced two common peaks,
together with a singly charged fragment ion
[Pp ¥H]� , due to the protonated trinuclear 3,5-
bis(1-imidazolylmethyl)-1H-1,2,4-triazole, at
m/z 230.3. A self-assembled aggregate was
formed as a singly charged dimer [2M�H]� at
m/z 645.57, especially in the case of bis-betaine
1a (32%). At this cone voltage, the dication
9a ¥ 2PF6 (M ¥ 2X) generated the ions [M�
H]� with a relative abundance of 30%.


X-Ray crystallography : One instance of a
crystal and molecular structure of a quad-
rupolar [14](meta ±ortho)azolophane (M ¥
4H2O) has been reported previously.[10] Par-
ticularly interesting is the crystal packing,
which is mainly governed by a hydrogen-
bonding network and strong intermolecular
interactions with water, together with weak


Table 6. Selected 1H NMR data for compounds 8a ¥ 2X, 8c ¥ 2X, 9a ¥ 2X, 9c ¥ 2X, 11a ¥ 2Cl, and
12a ¥ 2Cl.
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Compound Solvent H-2,12 H-7,17 H-21,23


8a ¥ 2I[a] CD3OD 5.64 5.91 9.40
8a ¥ 2I[a] [D6]DMSO 5.56 5.80 9.15
8c ¥ 2I[a] CD3OD 5.52 5.80 9.16
8c ¥ 2I[a,b] [D6]DMSO 5.50 5.76 9.02
8c ¥ 2Cl CD3OD 5.53 5.80 [c]
11a ¥ 2Cl [D6]DMSO 5.59 5.96 9.29


H-2,17 H-7,12 H-21 H-23


9a ¥ 2I CD3OD 5.61 5.95 9.38 9.38
9a ¥ 2I [D6]DMSO 5.53 5.84 9.12 9.21
9a ¥ 2PF6 CD3OD 5.59[d] 5.90 9.31 9.31
9c ¥ 2I[e] CD3OD 5.50 5.85 9.12 9.20
9c ¥ 2I[e] [D6]DMSO 5.48 5.78 8.96 9.04
9c ¥ 2Cl[e] CD3OD 5.53 5.84 [c] [c]


12a ¥ 2Cl[f] [D6]DMSO 5.61 6.05 9.20 9.36


[a] Chemical shift values from enriched samples of compounds 8a ¥ 2X and 8c ¥ 2X (8a, c ¥ 2X/
9a, c ¥ 2X 90:10). [b] Assignment of signals by ROESY. [c] Signal not observed, due
to H/D exchange. [d] Broad signal. [e] Signals assigned from the difference between
spectra corresponding to the mixture of 8c ¥ 2I and 9c ¥ 2I and to the isomer 8c ¥ 2I.
[f] Chemical shift values from an enriched sample of compound 12a ¥ 2Cl (11a ¥ 2Cl/12a ¥ 2Cl
33:66).


Table 7. Summary of data obtained from positive ion ESI-MS of 1a, 2a ¥PF6, 3a ¥ 2CF3CO2,
9a ¥ 2PF6, and 11a ¥ 2Cl[a]


Vc [V] Compound Ions, m/z ratio
(MW) Relative abundance [%]


[M�H2]2� [Pp ¥H]�[b] [M�H]� [M�H2�X]� [2M�H]�


1a[c] 162.2 230.3 323.3 ± 645.7
(322.2)


50 100 [d] 14 ± 2
100 36 82 100 ± 32


2a ¥PF6
[c] 162.2 230.3 323.3 469.3 645.7


(468.3)
50 100 [d] 4 [d] � 1


100 100 44 64 [d] 9
3a ¥ 2CF3CO2


[c] 162.2 230.3 323.3 437.4 645.7
(550.4)


50 100 [d] 10 16 � 1
100 35 49 100 [d] 12


[M]2� [M�H]� [M�X]� [M�CHPh2]�


9a ¥ 2PF6 218.3 435.6 581.5 ±
(726.5)


60 100 5 20 ±
80 15 15 100 ±


100 5 30 15 ±
11a ¥ 2Cl[e] 328.0 655.1 692.9 489.0
(727.7)


60 17 20 24 100


[a] Molecular weight (MW) and ion m/z values apply to the lowest mass component of any
isotope distribution and are based on a scale in which 12C� 12.000. [b] Protophane (Pp, MW


229.2). [c] 1a and 2a ¥PF6 (ref. [9]). [d] No signal observed. [e] [M�H�2H2O]� at m/z 691.1
(46%).
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Figure 2. Positive ion ESI-MS of a) dication 3a ¥ 2CF3CO2 (Vc� 50 V) and
b) N-alkylated dication 9a ¥ 2PF6 (Vc� 60 V).


interactions, either intramolecular or with water molecules.
The molecular structures of compounds 1a and 2a ¥PF6


described here were confirmed by crystallographic X-ray
diffraction.[11] The previously recorded data[4a] were repro-
cessed with newly available structure-solving and refinement
programs and graphical facilities.[11] Figure 3 shows a perspec-
tive molecular diagram of quadrupolar heterophane 1a with
the corresponding atom numbering. Since molecule 1a is a


Figure 3. Perspective molecular diagram of quadrupolar heterophane 1a.


centrosymmetric structure, the experimental asymmetric unit
contains a half molecule of 1a and two water molecules,
matched by an equivalent subunit generated by symmetry.
Thus, the atom numbering system is not the same as the atom
numbering system for the single-crystal X-ray diffraction
analysis. For example, the four reference-plane methylene
carbon atoms C2 ,C7, C12, and C17 are numbered as C2, C7,
C2�, and C7�, respectively.


The bond lengths and angles correlate well with those in
dipolar compound 2a ¥PF6 (vide infra and Table 8), and are
close to those described in crown ether structures for the �-
excessive rings.[12] The molecular shape may be described by
the spatial disposition within the four heteroaromatic planes,
by their inclination with respect to the reference plane, and by
the macrocyclic dimensions (Table 8). The weighted least-
squares plane defined by the C2, C7, C12, and C17 methylene
carbon atoms has a side of length 4.96 ä. The C21 and C23
imidazolium carbon atoms as well as the N22 and N24 s-
triazolate nitrogen atoms are oriented on opposite sides of the
reference plane at 0.22 ä and 0.27 ä, respectively. The C21
atom and the N24 atom are located on the upper side of the
rim. Significant nonbonding distances [ä] related to the


Table 8. Selected X-ray crystallographic data for bis-betaine 1a and
betaine 2a ¥PF6.
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1a 2a ¥PF6A 2a ¥PF6B


C21 ¥ ¥ ¥C23 ä[a] 4.57 4.55 4.38
N22 ¥ ¥ ¥N24 ä[a] 4.29 4.40 4.44
N4 ¥ ¥ ¥N15 ä[a] 7.75 6.90 6.91
N5 ¥ ¥ ¥N14 ä[a] 7.75 6.99 7.00
C2 ¥ ¥ ¥C7 ä[a] 4.94 4.95 4.91
C2 ¥ ¥ ¥C12 ä[a] 6.89 6.95 7.06
C21 ¥ ¥ ¥C9 ä[a] 6.06 6.02 6.06
N1 ¥ ¥ ¥N8 ä[a] 5.60 5.68 5.72
C7 ¥ ¥ ¥C17 ä[a] 7.07 6.97 6.92
A±B [�][b] 118 68 55
A±D [�][b] 118 53 52
A±C [�][b] 0 16 40
A±E [�][b] 49 33 1.6
B ±C [�][b] 118 71 67
B ±D [�][b] 0 105 106
B ±E [�][b] 137 60 55
C ±D [�][b] 118 65 61
C ±E [�][b] 49 49 41
D±E [�][b] 137 45 52
C21 ¥ ¥ ¥E ä[c] 0.22 0.21 0.06
C23 ¥ ¥ ¥E ä[c] 0.22 0.19 0.17
N22 ¥ ¥ ¥E ä[c] 0.27 0.25 0.29
N24 ¥ ¥ ¥E ä[c] 0.27 0.39 0.34


[a] Most relevant intermolecular distances. [b] Dihedral angles between
the weighted least-squares planes. Plane A: C19-N18-C21-N1-C20,
Plane B: N4-C3-N24-C6-N5, Plane C: C9-N8-C21-N11-C10, Plane D:
C14-C13-N22-C16-N15, Plane E: C2-C7-C12-C17. [c] Distance between
the indicated atom and the reference plane E.
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macrocyclic dimensions are:
N1 ¥ ¥ ¥N8 5.60(1), C2 ¥ ¥ ¥C7
4.94(1), C2 ¥ ¥ ¥C12 6.89(1), N4 ¥
¥ ¥N15 7.75(1), C7 ¥ ¥ ¥C17 7.07(1),
C21 ¥ ¥ ¥C23 4.57(1), N22 ¥ ¥ ¥N24
4.29(1).


The crystal packing, as illus-
trated in Figure 4, reveals the
solid state structure of com-
pound 1a. The water molecules
sustaining the crystalline net-
work act as both donors and
acceptors of hydrogen bonds
and are responsible for the
formation of corrugated sheets
perpendicular to the ac plane
(Figure 4). These water mole-
cules are held together by
O�H ¥ ¥ ¥O hydrogen bonds; this
results in chains along the b
axis. Each oxygen is an acceptor of a hydrogen bond from the
other independent water molecule: O1�H11 ¥ ¥ ¥O2 and
O2�H21 ¥ ¥ ¥O1 (Table 9). Both are donors through the other
hydrogen atom to the triazole moiety: O1�H12 ¥ ¥ ¥N5 and
O2�H22 ¥ ¥ ¥N4, thereby joining molecules by translation along


the b axis and by a twofold screw axis; this forms a layer
structure in which alternating ribbons ofmacrocycles and water
molecules are observed. Neighboring layers are staggered; this
facilitates the formation of water channels (Figure 4).


For the dipolar heterophane 2a ¥PF6, the asymmetric unit
contains two independent molecules (cations)–A and B–
and their associated hexafluorophosphate counterions.[4a]


Bond lengths, angles, and the
macrocyclic dimensions of both
molecules 2A and 2B are sim-
ilar and correlate well with
those observed for 1a, as shown
in Table 8. The main structural
difference between molecules
2A ¥PF6 or 2B ¥PF6 in relation
to quadrupolar heterophane 1a
is a consequence of the relative
spatial disposition of the rings.
Noteworthy is the differing ori-
entation of the triazole rings,
which are parallel in compound
1a but almost perpendicular in
both the A and the B molecules
of 2a ¥PF6.


The crystal packing shows that the molecules of 2a ¥PF6


dispose themselves so as to form two independent hydrogen-
bond networks (Figure 5 and Supporting Information). Both
molecules A and B from neighboring networks are associated
mainly through intermolecular N�H ¥ ¥ ¥N hydrogen bonds: in
the first one, molecules of type A are involved, through a
N15A�H15 ¥ ¥ ¥N5A interaction, and in the second one mo-
lecules of type B participate through a N15B�H15 ¥ ¥ ¥N5B
interaction. The PF6


� counterions are located in an alternated
disposition between molecules; this helps to sustain the crystal
lattice, unlike in quadrupolar heterophane 1a, in which crystal
packing was mainly governed by a hydrogen bond network
based on water channels.


Conclusion


The quadrupolar macrocycles 1 have emerged as prototypes
of nonclassical cyclophanes. An alternative and convenient
route to the key dicationic intermediates 3 ¥ 2X by depro-
tection of the N-diphenylmethyl dications 4 ¥ 2X have been


Figure 4. Partial packing diagram illustrating sheet structure of 1a and showing the water chain formation.


Figure 5. Partial crystal packing along the a axis for 2a ¥PF6 showing the two independent hydrogen bond
networks.


Table 9. Hydrogen bonding geometry [ä or �]


D�H d(D�H) d(H ¥ ¥ ¥A) �DHA d(D ¥ ¥ ¥A) A


O1�H11 0.989 1.800 173.81 2.785 O2[a]


O1�H12 0.944 1.909 171.76 2.846 N5
O2�H21 0.952 1.849 164.77 2.779 O1[b]


O2�H22 0.989 1.891 170.49 2.872 N4


Symmetry codes: [a] x, y�1, z. [b] � x�3³2, y� 1³2, �z�5³2.
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reported. This synthetic pathway has provided bis-betaines 1
and betaines 2 ¥PF6, and has become the method of choice for
their preparation. The chemical reactivity of bis-betaines 1
toward electrophiles corroborates their quadrupolar struc-
ture. Their structural properties have been examined in detail,
and 1H NMR studies have provided evidence of the charge
distributions in these [14]meta-heterophane frameworks in
solution. These were confirmed in the solid state by single-
crystal X-ray analysis of 1a and 2a ¥PF6. Electrospray
ionization revealed the formation of several informative
peaks arising from proton-mediated ion ±molecule reactions.
Among these, stable noncovalent self-assembled aggregates
were observed in the gas phase. Efforts are currently being
directed toward applications of the betaine building blocks for
the construction of supramolecular scaffolds, passing from
quadrupolar to multipolar systems.


Experimental Section


General Methods : Melting points: CTP-MP 300 hot-plate apparatus with
ASTM 2C thermometer (given in Table 2). IR (KBr disks): Perkin
Elmer 1430 spectrophotometer. 1H NMR: Varian Gemini 200 and Varian
Unity 300 spectrometers (200 MHz and 300 MHz). 13C NMR: Varian
Gemini 200 spectrometer (50.3 MHz). HMQC and HMBC: Varian
VXR 500 spectrometer (500 MHz). NMR spectra were determined in
[D6]dimethyl sulfoxide, and chemical shifts are expressed in parts per
million (proton � relative to the central peak of [D6]dimethyl sulfoxide. ES-
MS: VG-Quattro mass spectrometer. EIMS: Hewlett-Packard HP-5988A
and Finnegan TSQ-70. TLC: Merck precoated 60 F254 silica gel plates;
solvent systems, detection by UV light. For anion exchange, a column
(12.7 mm diameter) was packed with IRA-401 anion-exchange resin (OH�


form)[5a] to a height of 12.7 cm. When a rotary evaporator was used, the
bath temperature was 25 �C. In general, the compounds were dried
overnight at 25 �C in a vacuum oven. Microanalyses were performed on a
Carlo Erba 1106 analyzer.


Materials : Protophanes 6a[13] and 6b,[13] 3,5-bis(chloromethyl)-1,2,4-tri-
azole (7),[7] and N-benzhydryl-3,5-bis(chloromethyl)-1,2,4-triazole (10)[13]


were prepared as described in the literature.


Bis-betaines 1a and 1b : (Table 2) A column packed with an IRA-401
Amberlite anion-exchange resin was used and the chloride form was
converted into the hydroxide form. A solution of macrocycle 3a ¥ 2CF3CO2


(129 mg, 0.23 mmol) in 90% ethanol (60 mL) was passed through the
column. The neutral eluates were evaporated to dryness to give the
corresponding inner salt 1a.


Betaines 2a ¥ PF6 and 2b ¥ PF6 : (Table 2) A solution of bis-betaines 1a and
1b (100 mg) in water (50 mL) was acidified to pH 6 with 1% aqueous
hexafluorophosphoric acid. The solvent was then evaporated to dryness to
give betaines 2a ¥PF6 and 2b ¥PF6.


Macrocycles 3a ¥ 2CF3CO2 and 3b ¥ 2CF3CO2 : (Table 2) A stirred solution
of 4a ¥ 2Cl (500 mg, 0.9 mmol) or 4b ¥ 2Cl (500 mg, 0.8 mmol) and phenol
(500 mg, 5.3 mmol) in trifluoroacetic acid (10 mL) was heated under reflux
for 1 h. The reaction mixture was cooled and the solvent was removed to
dryness. The resulting oil was triturated with diethyl ether (4	 20 mL) and
filtered to give the corresponding trifluoroacetates 3a ¥ 2CF3CO2 and 3b ¥
2CF3CO2.


Attempted preparation of macrocycle 3a ¥ 2Cl by hydrogenolysis of 4a ¥
2Cl. Experiment 1: Pd-C (10%, 7 mg, 10% weight) was added to a solution
of 4a ¥ 2Cl (67 mg, 0.1 mmol) in dry methanol (60 mL), and the mixture was
hydrogenated at atmospheric pressure and room temperature for 42 h. An
extra quantity of Pd-C (10%, 14 mg, 20% weight) was added, and the
mixture was further hydrogenated for 67 h. The suspension was filtered,
and the solution was evaporated to dryness to recover compound 4a ¥ 2Cl
(49 mg, 70%).


Experiment 2 : Pd(OH)2 (20%, 10 mg, 10% weight) was added to a
solution of 4a ¥ 2Cl (70 mg, 0.1 mmol) in dry methanol (60 mL), and the


mixture was hydrogenated at atmospheric pressure and room temperature
for 5 h. An extra quantity of Pd-C (10%, 24 mg, 20% weight) was added,
and the mixture was further hydrogenated for 8 h. The suspension was
filtered and the solution was evaporated to dryness to recover compound
4a ¥ 2Cl (57 mg, 81%)


Macrocycles 4a ¥ 2Cl and 4b ¥ 2Cl : (Table 2) A stirred solution of 3,5-
bis(chloromethyl)-1,2,4-triazole (7; 0.5 g, 2.8 mmol) in dry acetonitrile
(45 mL) was added dropwise to a solution of 1-benzhydryl-3,5-bis(1-
imidazolylmethyl)-1,2,4-triazole (6a ; 1.1 g, 2.8 mmol) or 1-benz-
hydryl-3,5-bis(4,5-dimethyl-1-imidazolylmethyl)-1,2,4-triazole (6b ; 1.3 g,
2.8 mmol) in dry acetonitrile (300 mL) at 25 �C under nitrogen, and the
mixture was then maintained in a bath at about 85 �C for 48 h. For
compound 4a ¥ 2Cl, the resulting suspension was filtered, and the crude
solid was identified. For compound 4b ¥ 2Cl, the solvent was removed in a
rotary evaporator, and the solid residue was triturated with dry acetonitrile
(5	 10 mL) and filtered to afford macrocycle 4b ¥ 2Cl.


N-Benzhydryl macrocyclic dication 4a ¥ 2Cl : (Scheme 2) A solution of 3,5-
bis(chloromethyl)-1,2,4-triazole (7; 148 mg, 0.9 mmol) in dry acetonitrile
(40 mL) was added dropwise to a stirred solution of 1-benzhydryl-3,5-bis(1-
imidazolylmethyl)-1,2,4-triazole (6a ; 356 mg, 0.9 mmol) in dry acetonitrile
(350 mL) at 25 �C under nitrogen, and the mixture was then maintained in a
bath at about 85 �C for 48 h. The resulting suspension was filtered, and the
crude solid was identified as 4a ¥ 2Cl. The liquid filtrates were evaporated
to dryness, and the residue was analyzed by 1H NMR to assess the content
of 4a ¥ 2Cl (Scheme 2). The total yield of the macrocycle was 60%. When
the reaction was carried out under the same conditions in the presence of
tetrabutylammonium chloride hydrate (1.35 g, 4.5 mmol) the total yield of
macrocycle 4a ¥ 2Cl was 33%.


Betaines 5a ¥ Cl and 5b ¥ Cl : (Table 2) A solution of 4a ¥ 2Cl (56 mg,
0.1 mmol) in ethanol (90%, 20 mL) or 4b ¥ 2Cl (60 mg, 0.1 mmol) in
ethanol (96%, 25 mL) was passed through a column packed with an
Amberlite IRA-401 anion-exchange resin (hydroxide form). The neutral
eluates were collected in a mixture of HCl (10%, 0.1 mmol) and ethanol
(96%, 5 mL). The solution was evaporated to dryness to give the
corresponding monochlorides 5a ¥Cl and 5b ¥Cl.


Betaine 5a ¥ PF6 : (Table 2) A solution of macrocycle 4a ¥ 2Cl (56 mg,
0.1 mmol) in ethanol (90%, 20 mL) was passed through a column packed
with strongly basic anion-exchange resin (Amberlite IRA-401, hydroxide
form). The neutral eluates were acidified to pH 6 with hexafluorophos-
phoric acid, and the solution was evaporated to dryness to afford the
hexafluorophosphate 5a ¥PF6.


Macrocycles 8a ¥ 2 I and 9a ¥ 2 I : (Table 2) n-Butyl iodide (0.34 mL, 3 mmol)
was added to a suspension of the bis-betaine 1a (97 mg, 0.3 mmol) in dry
acetonitrile (75 mL) under nitrogen, and the mixture was heated under
reflux for 48 h. After being cooled down to room temperature, the reaction
mixture was filtered to recover 17 mg (18%) of the starting material 1a.
The liquid filtrates were evaporated to dryness, and the residue was
triturated with dry diethyl ether (3	 5 mL). The solid obtained was filtered
and dried, to afford a mixture (87 mg, 42%) of N-alkylated isomers 8a ¥ 2I
and 9a ¥ 2I in the proportion 60:40 as determined by 1H NMR analysis of an
aliquot of the mixture. A portion of the mixture (120 mg, 0.15 mmol) was
triturated with hot dry acetone (3	 10 mL). The white solid obtained was
filtered and dried to give a mixture of isomers 8a ¥ 2I and 9a ¥ 2I (90:10).
The liquid filtrates were evaporated to dryness to afford 36 mg (30%) of
pure isomer 9a ¥ 2I.


Macrocycle 9a ¥ 2PF6 : (Table 2) A solution of macrocycle 9a ¥ 2I (11 mg,
0.014 mmol) in ethanol (90%, 20 mL) was passed through a column packed
with a strongly basic anion-exchange resin (Ion exchanger III, Merck,
hydroxide form). The neutral eluates were acidified to pH 3 ± 4 with an
aqueous solution of hexafluorophosphoric acid, and the solution was
evaporated to dryness to afford the hexafluorophosphate 9a ¥PF6 (8 mg,
69%).


Macrocycles 8c ¥ 2 I and 9c ¥ 2 I : (Table 4) n-Butyl iodide (0.17 mL,
1.5 mmol) was added to a solution of the bis-betaine 1c (164 mg, 0.3 mmol)
in dry acetonitrile (75 mL) under nitrogen, and the mixture was heated
under reflux for 4 h. After cooling down to room temperature, the solution
was evaporated to dryness, and the residue was triturated with dry diethyl
ether (3	 5 mL). The solid obtained was filtered and dried to afford a
mixture of N-alkylated isomers 8c ¥ 2I and 9c ¥ 2I (211 mg, 77%, 60:40) as
determined by 1H NMR analysis of an aliquot of the mixture. A portion of
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the mixture (50 mg, 0.05 mmol) was triturated with dry acetone (3	
10 mL). The white solid obtained was filtered and dried to give a mixture
of isomers 8c ¥ 2I and 9c ¥ 2I (90:10). The liquid filtrates were evaporated to
dryness to afford 28 mg (55%) of pure isomer 8c ¥ 2I.


Alternatively, a solution of the mixture of isomers (103 mg, 0.11 mmol) in
ethanol (96%, 50 mL) was passed through a strongly basic anion-exchange
resin (Ion exchanger III, Merck, hydroxide form). The eluates were
collected by means of a 10% hydrogen chloride solution in dry diethyl
ether (pH 3 ± 4). The resulting solution was evaporated to dryness to give a
mixture of isomers 8c ¥ 2Cl and 9c ¥ 2Cl, which was chromatographed on
alumina with a mixture of isopropanol/water (7:3) as the solvent system, to
afford a sample of pure isomer 8c ¥ 2Cl (7 mg, 9%) and 68 mg (91%) of a
mixture of isomers 8c ¥ 2Cl and 9c ¥ 2Cl (95:5).


Macrocycles 11a ¥ 2Cl, 12a ¥ 2Cl : (Table 2) A solution of 1-benzhydryl-3,5-
bis(chloromethyl)-1,2,4-triazole (10 ; 0.084 g, 0.25 mmol) in dry acetonitrile
(20 mL) was added dropwise to a stirred solution of 1-benzhydryl-3,5-bis(1-
imidazolylmethyl)-1,2,4-triazole (6a ; 0.1 g, 0.25 mmol) in dry acetonitrile
(90 mL) at 25 �C under nitrogen, and the mixture was then maintained at
about 85 �C in a bath for 48 h. Analysis of an aliquot of the reaction mixture
indicated the formation of a mixture of isomers 11a ¥ 2Cl and 12a ¥ 2Cl
(1:1). The suspension was then filtered, and the crude white solid was
identified as 11a ¥ 2Cl (25 mg, 14%). The liquid filtrates were evaporated
to dryness to afford 78 mg (41%) of a mixture of isomers 11a ¥ 2Cl and
12a ¥ 2Cl (1:2).


Single-crystal diffraction analysis of bis-betaine 1a and betaine 2a ¥ PF6 :


Bis-betaine 1a : C14H14N10 ¥ 4H2O, Mw� 394.4, P21/n, a� 15.158(2), b�
6.345(1), c� 9.393(3) ä, �� 99.65(2)�, V� 890.7(1) ä3, Z� 2, F(000)�
416, �calcd� 1.471 gcm�3, �� 0.95 cm�1. Data were collected on a Sie-
mens ± Stoe AED diffractometer with CuK� radiation at room temperature,
graphite monochromator and �:	 scan up to 2	� 120� provided 1300
independent reflections, of which 1212 with Fo� 4s(Fo) were used for
refinements.


Betaine 2a ¥ PF6 : C14H15N10 ¥PF6, Mw� 468.3, P21/c, a� 15.333(2), b�
15.024(3), c � 16.745(1) ä, � � 106.59(1)�, V � 3696.8(1) ä3, Z � 8,
F(000)� 1904, �calcd� 1.679 gcm�3, �� 2.14 cm�1. Data collected as above
yielded 5440 unique reflections, of which 3885 with Fo� 4s(Fo) were used
for refinement.


For both structures, the previously reported coordinates of the non-
hydrogen atoms[4a] were used as a starting point for refinement by
SHELXL97.[11a] Hydrogen atoms, including those of the solvent molecules
for structure 1a, were found by Fourier difference synthesis. Anisotropic
thermal parameters were refined for all non-hydrogen atoms, and fixed
coordinates and isotropic thermal parameters were used for hydrogen
atoms. The final discrepancy indices are R1� 0.037 and wR2� 0.104 for
structure 1a and R1� 0.054 and wR2� 0.466 for 2a ¥PF6. Geometric
calculations were performed with PARST.[11b] The molecular plots and
packing diagrams were generated by PLATON.[11c] The hydrogen-bond
networks were analyzed by means of the graph-set approach[11d] as
implemented in the RPLUTO program.[11e,f]
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Chelation-Assisted RhI-Catalyzed ortho-Alkylation of Aromatic Ketimines
or Ketones with Olefins


Chul-Ho Jun,* Choong Woon Moon, Jun-Bae Hong, Sung-Gon Lim, Kwan-Yong Chung,
and Yeon-Hee Kim[a]


Abstract: Described herein is the RhI-catalyzed ortho-alkylation of aromatic
ketimines or ketones with olefins. This method showed high reactivity and selectivity
to monoalkylation for a variety of olefins including 1-alkenes with an allylic proton,
�,�-dienes, and internal olefins. For a mechanistic study, H/D exchange experiments
were carried out, which demonstrated that the ortho C�H bond could be easily
cleaved even at the low temperature of 45 �C. The key step of this reaction is the
formation of a stable five-membered metallacycle by a chelation-assisted ortho C�H
bond activation. Furthermore, the direct ortho-alkylation of aromatic ketones with
the RhI complex was successfully achieved by adding 50 mol% of benzylamine as a
chelation-assistant tool.


Keywords: alkenes ¥ alkylation ¥
C�H activation ¥ metalation ¥
Wilkinson×s catalyst


Introduction


Transition metal catalyzed C�H bond activation is one of the
attractive areas of modern organic chemistry.[1] The direct
functionalization of unreactive C�H bonds can lead to a new
synthetic route for constructing organic molecules. This
process has the benefits of great selectivity and involves
relatively few atoms.[2] Moreover, it is an environmentally
friendly process compared with the conventional methods
such as carbon ± halide functionalization.[3]


In 1993, Murai and co-workers reported the first example of
a highly efficient and synthetically useful C�H bond activa-
tion, which is an ortho-alkylation[4] of aromatic ketones and
imines with olefins in the presence of a ruthenium catalyst
[Eq. (1)].[5] In general, electrophilic alkyl substitution of the


R


O


R' R


O


R'


[RuH2(CO)(PPh3)3]
+ �1�


aromatic ring with an electron-donating substituent gives a
mixture of ortho- and para-isomers, where the latter is a major
product.[6] The electron-deficient aromatic rings such as
acylbenzene derivatives are known to be poor substrates for
an alkylation. However, Murai×s reaction gave rise to the


selective ortho-alkylation of acylbenzene derivatives. It
should be noted that this ortho-alkylation affords a new type
of aromatic compounds, which cannot be easily obtained by
the conventional synthetic methods.
The application of Murai×s ortho-alkylation to the synthesis


of natural products was demonstrated by Woodgate×s group.[7]


For the functionalization of the ring C aromatic diterpenoids,
the ortho-alkylation of 1-(hydroxyphenyl)ethanone equiva-
lents was carried out with [Ru(CO)2(PPh3)3]. Weber and co-
workers reported the copolymerization of acetophenone
having two free ortho C�H bonds and �,�-dienes bearing
vinylsilane functionalities in the presence of [RuH2-
(CO)(PPh3)3].[8]


In spite of the excellence of Murai×s reaction in terms of
efficiency, there is a limitation in terms of the selection of an
olefin as an alkylating partner.[5b, c] While vinylsilane deriva-
tives were very effective olefins, several types of olefins such
as dienes, internal olefins, and olefins having electron-
withdrawing or electron-donating groups showed a low
reactivity toward an ortho-alkylation. In addition, 1-alkenes
bearing primary or secondary alkyl substituents turned out
to be inapplicable, probably due to facile olefin isomeriza-
tion.
Recently, Brookhart and Lenges reported that the rhodium


bis-olefin complex [C5Me5Rh(C2H3SiMe3)2] was shown to be a
catalyst for the selective addition of olefins to the ortho
position of aromatic ketones.[9] According to H/D exchange
experiments, this rhodium complex activated all sites (ortho,
meta, para) of the substrate, while Murai×s Ru-catalyzed
process only caused the activation of the ortho C�H
bonds.
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More recently, in the course of the investigation of the
efficient catalytic hydroacylation,[10] we found the domino
reaction of hydroacylation and ortho-alkylation with the
cocatalyst system of Wilkinson×s complex and benzylamine
[Eq. (2)].[11]


H


O


R


O


R


[Rh(PPh3)3Cl] 
PhCH2NH2


R


N NH2


+ �2�


After further investigation of this reaction
sequence, we found that the initial chelation-
assisted hydroacylation took place to give the
corresponding ketimine, which then under-
went ortho-alkylation with the remaining ole-
fins. With the aromatic ketimines as the
starting substrate, therefore, the aromatic
C�H/olefin coupling reaction with the
rhodium catalyst was successfully developed.
In this paper, we discuss in detail the scope and
the mechanism of the Rh-catalyzed ortho-
alkylation of aromatic ketimines as well as
ketones.


Results and Discussion


1. The scope of ortho-alkylation of aromatic ketimines : In a
previous study, we discovered that RhI-catalyzed ortho-
alkylation with olefin occurred for ketimine. When the
benzylimine of acetophenone (1a) was treated with olefin 2a
in toluene at 150 �C for 2 h in the presence of [Rh(PPh3)3Cl]
(3, 2 mol%), ortho-alkylation of 1a took place to produce 4a
in a 97% isolated yield after hydrolysis [Eq. (3)]. In the case


of acetophenone (5a), however, no ortho-alkylation product
was obtained under the same reaction conditions [Eq. (4)].
In an analogous way to Murai×s ortho-alkylation via a five-


membered metallacycle 6, this RhI-catalyzed ortho-alkylation
is believed to occur by the formation of the stable metalla-
cycle 7, which results from the chelation-assisted C�H bond
activation (Scheme 1). This RhI-catalyzed reaction utilizes the
precoordination of RhI to the nitrogen of the imine in contrast
to the chelation of the carbonyl to RuII in Murai×s reaction. As
a result, it implies that the rhodium complex could not
coordinate effectively to the oxygen of the carbonyl group to
cleave the aromatic sp2 C�H bond and generate metalla-


cycle 8, while the ruthenium might be oxophilic enough to
coordinate it.


O


CH3


[Ru] H


N


CH3


[Rh] H


Ph O


CH3


[Rh] H


6 7 8


Scheme 1. Five-membered metallacycles by the chelation-assisted C�H
bond activation.


Optimization of RhI-catalyzed ortho-alkylation : A variety of
transition metal complexes were tested for the ortho-alkyl-
ation of an aromatic ketimine. Most metal complexes such as
[Rh(CO)(PPh3)2Cl], [Rh(CO)(PPh3)3H], [{RhCl(C8H14)2}2],
[Ir(CO)(PPh3)2Cl], [Ru3(CO)12], [RuH2(CO)(PPh3)3], and
PdCl2/Ph3P did not show any activity for ortho-alkylation.
Only Rh complexes generated in situ from the addition of a
phosphane ligand to [{RhCl(C8H14)2}2] were able to undergo
ortho-alkylation. The Rh complexes displayed different
activities depending on the added phosphane ligand (Table 1).
The electron-rich phosphane ligand bearing an electron-


donating substituent showed high reactivity (entries 1 ± 3).
The sterically more demanding P(o-tolyl)Ph2 gave a lower
yield of 9 (entry 4). With aliphatic phosphane ligands, no
ortho-alkylation occurred (entries 5 and 6). The bidentate
ligands led to very low yields of ortho-alkylated products
(entries 7 and 8), but DPPP (1,3-bis(diphenylphosphino)pro-
pane) having a big bite angle showed good reactivity probably
due to acting as a monodentate ligand (entry 9).[12]


In order to optimize the reaction conditions, we performed
the reaction of 1a and 2awith 2 mol% of 3 at various reaction
temperatures (Figure 1). The reaction was monitored by
checking the yield of the ortho-alkylated product, and it was
improved as the reaction temperature was raised to 150 �C. At


Abstract in Korean:


tBu
CH3


N
CH2Ph


CH3


O


tBu


i) 2 mol% [Rh(PPh3)3Cl] (3)
   toluene, 150 oC, 2 h+


ii) H+/H2O


2a1a 4a; 97 %


�3�


CH3


O
2 mol% 3, toluene


+ 2a no reaction
150 oC, 2 h


5a


�4�
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180 �C, however, the yield of the product decreased. Thus, the
best result was obtained at 150 �C in approximately 2 h in the
presence of 2 mol% of 3.


Figure 1. The effect of temperature on the reaction of 1a and 2a with
2 mol% of 3.


ortho-Alkylation with various olefins : Ketimine 1a, generated
by the condensation of acetophenone and benzylamine,
reacted with various 1-alkenes 2 in the presence of 2 mol%
of 3 at 150 �C for 2 h to give, after hydrolysis, the correspond-
ing ortho-alkylated ketones (Table 2).
In Murai×s RuII-catalyzed ortho-alkylation, 1-alkenes bear-


ing an allylic proton gave low yields due to a facile olefin
isomerization.[5b] However, our Rh-catalyzed reaction afford-
ed high efficiency for ortho-alkylation even with 1-alkenes
having an allylic proton (entries 1 ± 5). Vinyltrimethylsilane
(2h), an olefin substrate used for theMurai×s ortho-alkylation,
was also an effective substrate (entry 8). In general, most alkyl
and aryl olefins showed good to moderate reactivities.
However, heteroatom-containing olefins such as allyl ether
(2 j) and allyl amine (2 l) turned out to be poor substrates for
this ortho-alkylation (entries 9 ± 12). In the case of �,�-diene


(2m), the addition of an aromatic C�H bond took place at the
one end, and the other end of the olefin was isomerized into
the internal olefin (internal:terminal� 95:5). Thus, the prod-
uct was isolated as a single compound with a high yield (92%)
after hydrogenation of the isomeric mixture (entry 13).
Internal olefins were also applied for the reaction with 1a


under the same reaction conditions (Table 3). In the cases of


Table 1. The effect of the phosphane ligand in ortho-alkylation.


CH3


N


tC4H9


CH2Ph2 mol% [{RhCl(C8H14)2}2]
6 mol% phosphine


toluene, 150 oC, 2 h
1a + 2a


9


phosphane ligand yield [GC, %]


1 PPh3 92
2 P(4-MeOC6H4)3 96
3 P(4-MeC6H4)3 87
4 P(o-tolyl)Ph2 61
5 PCy3 0
6 PMe3 0
7 DPPM[a] 28
8 DPPE[a] 8
9 DPPP 77


[a] DPPM (bis(diphenylphosphino)methane). DPPE (1,2-bis(diphenyl-
phosphino)ethane).


Table 2. RhI-catalyzed ortho-alkylation of ketimine with 1-alkenes.


CH3


O


R


R
i) 2 mol% 3, toluene
   150 oC, 2 h


+
ii) H+/H2O2


4


1a


2; R isolated yield of 4 [%][a]


1 2a ; tBu 4a, 97%
2 2b ; nBu 4b, 94%[b]


3 2c ; nC6H13 4c, 71%[b]


4 2d ; nC10H21 4d, 82%[b]


5 2e ; Cy 4e, 65%
6 2 f ; C6F5 4 f, 91%
7 2g ; Ph 4g, 41%
8 2h ; SiMe3 4h, 92%
9 2 i ; CH2OH 4 i, 0%
10 2 j ; CH2OEt 4j, (4%)
11 2k ; CH2OAc 4k, 0%
12 2 l ; CH2NMe2 4 l, 0%
13 2m ; (CH2)6CH�CH2 4m, 92%[c]


[a] GC yields are given in parenthesis. [b] Reaction time: 6 h. [c] Isolated
yield after hydrogenation (Pd/C and H2) of the isomeric mixture with
internal and terminal olefins (95:5).


Table 3. RhI-catalyzed ortho-alkylation of ketimine with internal alkenes.


i) 2 mol% 3, toluene
   150 oC, 2 h


+
ii) H+/H2O


2 41a


2 4 isolated yield [%]


1
2n


CH3


O


nC3H7


4n


95


2
2o


CH3


O


nC4H9


4b


42[a]


3
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CH3


O


4p


35[a]


4
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CH3


O


H
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[a] Reaction time: 6 h.
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2-pentene (2n) and 2-hexene (2o), the linear alkylation
products (4n and 4b) were unexpectedly obtained, probably
due to the facile isomerization of the internal olefin to the
terminal olefin (entries 1 and 2). Even sterically hindered
dialkyl-substituted olefin 2p underwent the ortho-alkylation
with a moderate reactivity (entry 3). Although cycloalkenes
such as cyclohexene and cyclopentene failed to cause the
ortho-alkylation of 1a ; norbornylene (2q) gave a high yield
(92%) of product 4q with exclusive exo-selectivity (entry 4).


2. Mechanistic considerations for ortho-alkylation of aromatic
ketimines


The mechanism of the RhI-catalyzed ortho-alkylation of
aromatic ketimines : The proposed mechanism of ortho-
alkylation is depicted in Scheme 2. At first, coordination of


N


CH3


CH2Ph


N


CH3


CH2Ph


H
[Rh]


N


CH3


CH2Ph


[Rh]


N


CH3


CH2Ph


[Rh] H


R


H
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CH3


CH2Ph


[Rh]
R


R


-PPh3


[RhCI(PPh3)2]


-PPh3


+PPh3


R


H+


H2O


[RhCI(PPh3)3] (3)


1a


2


7


10


11


12


9


4


Scheme 2. The postulated mechanism of ortho-alkylation.


ketimine to the RhI complex (3) followed by the oxidative
addition of an ortho C�H bond generates rhodium hydride 7.
Then, the hydrometalation of 7 into olefin 2 and the reductive
elimination of the resulting intermediate 12 afford the ortho-
alkylated ketimine 9, which is easily hy-
drolyzed to give the final product 4.
The formation of metallacycle 7 is the


key step in this process. The significance
of cyclometalation was demonstrated by
the ortho-alkylation of the following
cyclic ketimines. Ketimine 1d derived
from �-tetralone (5b) reacted with 2a in
the presence of 2 mol% of 3 to give the
corresponding product 13 in a quantita-
tive yield after hydrolysis [Eq. (5)]. How-
ever, the reaction of ketimine 1e gener-
ated from 1-indenone produced no ortho-
alkylated product under the same condi-
tions [Eq. (6)].


N
CH2Ph


O


tBu


1d
13; 99 %


+ 2a


i) 2 mol% 3, toluene
   150 oC, 2 h


ii) H+/H2O
�5�


N CH2Ph


2a


i) 2 mol% 3, toluene
   150 oC, 2 h


ii) H+/H2O
+


1e


no reaction �6�


These results can be explained by the stability of the
5-membered metallacycle intermediates (Scheme 3). Where-
as ketimine 1d can readily form the stable metallacycle 14,
the formation of 15 from ketimine 1e is not favored due to the
angle strain. Therefore, the formation of a stable 5-membered
metallacycle seems to be the most critical step.


N
CH2Ph


[Rh]H
N


[Rh] CH2Ph
H


14 15


Scheme 3. The stability of 5-membered metallacycles.


H/D exchange experiments : According to the previous reports
by Murai[5b] and Brookhart,[9] the reaction steps of the ortho-
alkylation, prior to reductive elimination, are in rapid
equilibrium, and the rate-determining step is not an ortho
C�H bond cleavage but the reductive elimination. Thus, we
have also executed a H/D exchange experiment by using
1H NMR spectroscopy to obtain such mechanistic informa-
tion. It was carried out with the ketimine 16 derived from
[D5]acetophenone at 45 �C and 70 �C, respectively. The
integration data for the products in 1H NMR spectroscopy
are shown in Equation (7). At 70 �C, the ortho-alkylation
reaction took place to give a 41% yield of the alkylation
product (18) with the H/D scrambled product (17) only at the
ortho position. In the 1H NMR spectrum of the product 18, it
is very interesting that a H/D exchange was observed at the


tBu


CH3


N
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CH3
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D
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D CH3
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(No conversion)
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(41% conversion)
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para position, not at the ortho
position. This result might be
explained by the fact that the
para C�H bond could be
cleaved, whereas the other or-
tho C�H bond was not activat-
ed probably due to the steric
hindrance after the first ortho-
alkylation occurred, as shown
in Scheme 4. At the lower


temperature (45 �C), no ortho-alkylation product was ob-
tained even in 18 h, and the H/D scrambled product (17) only
at the ortho position was observed. Therefore, this result is
similar to Murai×s, which means that the final step, reductive
elimination, would be the rate-determining step in our
reaction.


The effect of substituents at the aromatic ketimine : To
investigate the substituent effect at the aromatic ring of
ketimines, control experiments with para-substituted ket-
imines were carried out [Eq. (8)]. The ketimine having an
electron-withdrawing group (�CF3) at the para position
showed a much better reactivity than the one with an
electron-donating group (�OCH3). Interestingly, this result
is exactly the opposite of that fromMurai×s ortho-alkylation of
aromatic ketones, which is accelerated by the electron-
donating groups rather than the electron-withdrawing groups
at the para position.[5d] This might be explained by the degree
of coordination between the nitrogen or oxygen atom and the
metal in this type of ortho-alkylation. For example, in the case
of the methoxy group (�OCH3), such coordination in our
reaction is too strong for the whole catalytic process to occur.


CH3


CH3


O


tBu
R


R


N
CH2Ph


ii) H+/H2O


i) 1 mol% 3, toluene
   130 oC, 30 min


+


1


2a


4


4r; 76


4a; 56


4s; 42


CF3 (1b)


H (1a)


CH3O (1c)


R =


�8�


3. ortho-Alkylation of the aromatic ketones by utilizing a
chelation-assistant tool : We were intrigued by establishing a
method for the direct RhI-catalyzed ortho-alkylation of the
aromatic ketones without the prior preparation for the
corresponding ketimines. As mentioned earlier, the ortho-
alkylation of the aromatic ketone was unsuccessful with the
same catalyst system as that used for ketimines. Recently, we
have reported amine-assisted hydroacylation, in which 2-ami-
no-3-picoline or aniline was used as a chelation-assistant
tool.[10d, e] In a similar manner, we adopted an alternative route
by in situ generation of the corresponding ketimine from the
aromatic ketone by adding an amine such as benzylamine.


Amines as a chelation-assistant tool : At first, the ortho-
alkylation of acetophenone (5a) with 2a in the presence of
5 mol% of 3 was examined by adding benzylamine in various


concentrations (Figure 2).[13] As expected, addition of benzyl-
amine gave rise to the ortho-alkylation of 5a. The best result
was obtained at 50 mol% of added benzylamine. Interest-
ingly, the yield of product 4a decreased gradually as benzyl-
amine was added to more than 50 mol% based on 5a.


Figure 2. ortho-Alkylation of ketones catalyzed by RhI and benzylamine.


As a consequence of its high concentration, free benzylamine
might replace phosphane ligands of complex 3, which pre-
sumably makes the catalyst inactive. As a result, benzylamine
seemed to serve as a chelation-assistant tool when it was
employed as a cocatalyst for the reaction of aromatic ketones
(Scheme 5).
In addition, several amines were tested instead of benzyl-


amine to compare their reactivity as a chelation tool (Table 4).
Most primary amines such as phenethylamine, aniline, and
cyclohexylamine showed moderate activity (entries 2 ± 4),
whereas diethylamine showed no activity (entry 5). In entry 1,
the use of benzylamine gave the highest yield (98%) of the
alkylated product. In fact, among the ketimines generated
from acetophenone and various amines, the benzylamine-
derived one showed the best reactivity and selectivity to
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CH3
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R
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+


Scheme 5. ortho-Alkylation of aromatic ketones by utilizing a chelation-
assistant tool.
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Scheme 4. The second ortho
C�H bond cleavage obstructed
by steric hindrance.
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monoalkylation. Therefore, benzylamine turned out to be the
best as a cocatalyst for the ortho-alkylation of aromatic
ketones.


ortho-Alkylation of acetophenone (5a) with various olefins :
With the cocatalyst system of 3 (5 mol%) and benzylamine
(50 mol%), the ortho-alkylation of acetophenone (5a) was
carried out with various olefins 2 (Table 5). Good reactivity
was exhibited for most olefins except 1-dodecene (2c)
containing a long alkyl chain (entries 3 ± 4).


ortho-Alkylation of various aromatic ketones : Various aro-
matic ketones were, in turn, tested for ortho-alkylation with
tert-butylethylene (2a) with the same cocatalyst system
(Table 6). This method seems to be applicable to ortho-
alkylation for most aromatic ketones (entries 1 ± 3). However,
the reactions of 1-acetonaphthone (5e) and benzophenone
(5 f) gave trace amounts of the desired ortho-alkylation
products, which is presumably caused by difficulty with the
condensation of ketone and benzylamine (entries 4 ± 5).[14]


Conclusion


We have developed the RhI-catalyzed ortho-alkylation of
aromatic ketimines with olefins. The key step of this reaction
is the formation of a stable five-membered metallacycle by
chelation-assisted ortho C�H bond activation. The advantag-
es of this method are not only high efficiency for monoalkyl-
ation but also applicability to a variety of olefins including
1-alkenes with an allylic proton, �,�-dienes, and internal


olefins. Furthermore, the direct ortho-alkylation of aromatic
ketones with the RhI complex was also achieved by adding
50 mol% of benzylamine as a chelation-assistant tool. H/D
exchange experiments for mechanistic studies in this ortho-
alkylation demonstrated the selectivity for the activation of
ortho C�H bonds of aromatic ketimines. We are investigating
the extension of this method to alkynes instead of olefins and
the synthetic application for aromatic compounds.


Experimental Section


Materials : All the commercially available reagent-grade chemicals were
purchased from Aldrich. Toluene was distilled over Na/benzophenone.
[RhCl(PPh3)3] was prepared according to the literature procedure.[15]


Ketones used were commercially available, and all ketimines were
synthesized from the corresponding ketone and an amine according to
literature procedures.[16]


Typical procedure for o-alkylation of ketimine with olefin : A screw-capped
pressure vial (1 mL) was charged with benzyl-(1-phenylethylidene)-amine
(1a, 67.7 mg, 0.324 mmol), tert-butylethylene (2a, 32.7 mg, 0.389 mmol),
[RhCl(PPh3)3] (3, 6 mg, 0.00649 mmol, 2 mol% based upon 1a), and
toluene (0.1 g), and the mixture was stirred in an oil bath at 150 �C for 2 h.
After the resulting ketimine was hydrolyzed by using a HCl solution (1�),
the reaction mixture was purified by column chromatography (SiO2,
hexanes:ethyl acetate� 5:2) to yield 64.1 mg (97%) of 1-[2-(3,3-dimethyl-
butyl)phenyl]-ethanone (4a).


Table 4. Amines as a chelation-assistant tool.


CH3


O


tBu


CH3


O


5a


+ 2a


4a


i) 5 mol% 3
50mol% amine


toluene, 150 oC, 6 h


ii) H+/H2O


amine GC yield [%]


1 PhCH2NH2 98
2 PhCH2CH2NH2 55
3 PhNH2 53
4 C6H11NH2 43
5 (C2H5)2NH trace


Table 5. ortho-Alkylation of acetophenone assisted by benzylamine.


CH3


O


R


R
i) 5 mol% 3, 150 oC, 6 h
   50 mol% benzylamine


+
ii) H+/H2O2


4


5a


2 (R) isolated yield [product, %]


1 2a (tBu) 4a, 95%
2 2b (nBu) 4b, 72%
3 2d (nC10H21) 4d, 17%
4 2e (Cy) 4e, 89%
5 2 f (C6F5) 4 f, 68%


Table 6. ortho-Alkylation of aromatic ketones by utilizing benzylamine.


ketone (5) + 2a


i) 5 mol% 3, 150 oC, 6 h
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Characterization data. 1-[2-(3,3-dimethylbutyl)phenyl]-ethanone (4a):
1H NMR (250 MHz, CDCl3, 25 �C): �� 7.6 (dd, 3J(H,H)� 8.8 Hz, 1H;
Ar), 7.4 (m, 1H; Ar), 7.2 (m, 2H; Ar), 2.8 (m, 2H; ArCH2), 2.6 (s, 3H; CH3


to CO), 1.4 (t, 3J(H,H)� 7.5 Hz, 2H; CH2), 1.0 (s, 9H; CH3); 13C NMR
(62.9 MHz, CDCl3, 25 �C): �� 202 (C�O), 144 ± 125 (Cs in phenyl group),
46.6, 30.8, 30.4, 29.6, 29.4; MS: m/z (%): 204 (16) [M]� , 189 (13), 148 (11),
147 (100), 133 (22), 131 (23), 129 (18), 119 (14); IR (neat): �� � 2954, 2866,
1688 (CO), 1599, 1571, 1476, 1364, 1247, 950, 757 cm�1; HRMS calcd for
C14H20O [M]� 204.151415; found: 204.151783.


1-(2-Hexyl-phenyl)-ethanone (4b): 1H NMR (250 MHz, CDCl3, 25 �C):
�� 7.6 (d, 3J(H,H)� 9.3 Hz, 1H; Ar), 7.4 (m, 1H; Ar), 7.2 (m, 2H; Ar), 2.9
(t, 3J(H,H)� 7.6 Hz, 2H; ArCH2), 2.6 (s, 3H; CH3 to CO), 1.5 (m, 2H; �-
CH2 in hexyl group), 1.4 ± 1.2 (m, 6H), 1.0 (t, 3J(H,H)� 6.5 Hz, 3H; CH3);
13C NMR (62.9 MHz, CDCl3, 25 �C): �� 202 (CO), 143 ± 125 (Cs in phenyl
group), 34, 32, 31.8, 30, 29.6, 22.8, 14.2; IR (neat): �� � 2927, 2856, 1687 (CO),
1600, 1571, 1484, 1459, 1355, 1252, 954, 908, 759, 734, 598 cm�1; MS: m/z
(%): 204 (16) [M]� , 189 (100), 147 (23), 143 (17), 133 (16), 131 (11), 119
(49), 117 (14), 91 (31).


1-(2-Dodecyl-phenyl)-ethanone (4d): 1H NMR (250 MHz, CDCl3, 25 �C):
�� 7.6 (dd, 3J(H,H)� 7.5 Hz, 1H; Ar), 7.4 (m, 1H; Ar), 7.2 (m, 2H; Ar), 2.9
(t, 3J(H,H)� 7.6 Hz, 2H; �-CH2 in dodecyl group), 2.6 (s, 3H; CH3 to CO),
1.6 (m, 2H; �-CH2 in dodecyl group), 1.3 (m, 18H), 0.9 (t, 3J(H,H)� 6.2 Hz,
3H; CH3); 13C NMR (62.9 MHz, CDCl3, 25 �C): �� 202 (CO), 143 ± 125
(Cs in phenyl group), 34, 32.1, 32, 30, 29.9, 29.8, 29.7, 29.6, 29.5, 22.8, 14.2;
IR (neat): �� � 2925, 2854, 1688 (CO), 1600, 1571, 1484, 1354, 1249, 954, 758,
597 cm�1; MS: m/z (%): 288 (14) [M]� , 274 (22), 273 (100), 147 (24), 143
(24), 134 (17), 129 (18), 119 (39), 117 (13), 91 (18), 43 (31); HRMS calcd for
C20H32O [M]� 288.245316; found: 288.245239.


1-[2-(2-Cyclohexyl-ethyl)-phenyl]-ethanone (4e): 1H NMR (250 MHz,
CDCl3, 25 �C): �� 7.6 (d, 3J(H,H)� 7.4 Hz, 1H; Ar), 7.4 (m, 1H; Ar), 7.2
(m, 2H; Ar), 2.9 (t, 3J(H,H)� 7.9 Hz, 2H; ArCH2), 2.6 (s, 3H; CH3 to CO),
1.8 ± 1.6 (m, 5H), 1.5 ± 1.4 (m, 2H), 1.3 ± 1.1 (m, 4H), 1.0 (m, 2H); 13C NMR
(62.9 MHz, CDCl3, 25 �C): �� 202.5 (CO), 143 ± 125 (Cs in phenyl group),
39.9, 38.1, 33.4, 31.6, 30.1, 26.8, 26.5; IR (neat): �� � 2923, 2850, 1687 (CO),
1600, 1571, 1484, 1445, 1354, 1250, 953, 758 cm�1; MS: m/z (%): 230 (22)
[M]� , 215 (46), 147 (54), 143 (24), 134 (79), 133 (28), 129 (22), 119 (100), 91
(20), 43 (19); HRMS calcd for C16H22O [M]� 230.167066; found:
230.167183.


1-[2-(2-Pentafluorophenyl-ethyl)phenyl]-ethanone (4 f): 1H NMR
(250 MHz, CDCl3, 25 �C): �� 7.8 (dd, 3J(H,H)� 8.8 Hz, 1H; Ar), 7.4 (m,
2H; Ar), 7.1 (dd, 3J(H,H)� 7.8 Hz, 1H; Ar), 3.2 (m, 2H), 3.1 (m, 2H), 2.6
(s, 3H; CH3 to CO); 13C NMR (62.9 MHz, CDCl3, 25 �C): �� 202 (CO),
141 ± 127 (Cs in phenyl group and pentafluorophenyl group), 30.1, 29.6,
24.2; IR (solid): �� � 3019, 1684 (CO), 1519, 1503, 1357, 1252, 1216, 1120,
1024, 966, 946, 765, 669 cm�1; MS: m/z (%): 314 (22) [M]� , 299 (46), 134
(11), 133 (100), 105 (18), 103 (18), 90 (11), 79 (12), 77 (13), 43 (11); HRMS
calcd for C16H11F5O [M]� 314.073006; found: 314.072807.


1-(2-Phenethyl-phenyl)-ethanone (4g): 1H NMR (250 MHz, CDCl3,
25 �C): �� 7.7 ± 7.1 (m, 9H; Ar), 3.2 (m, 2H), 2.9 (t, 3J(H,H)� 7.6 Hz,
2H; CH2), 2.6 (s, 3H; CH3 to CO); 13C NMR (62.9 MHz, CDCl3, 25 �C):
�� 202 (CO), 143 ± 125 (Cs in phenyl group), 38.1, 36.2, 29.5; IR (neat): �� �
1691 cm�1 (CO); MS: m/z (%): 224 (6) [M]� , 210 (13), 209 (76), 133 (52),
105 (15), 103 (16), 91 (100), 90 (10), 89 (10), 79 (11), 77 (16).


1-[2-(2-Trimethylsilanyl-ethyl)-phenyl]-ethanone (4h): 1H NMR
(250 MHz, CDCl3, 25 �C): �� 7.6 (dd, 3J(H,H)� 7.6 Hz, 1H; Ar), 7.4 (m,
1H; Ar) 7.2 (m, 2H; Ar), 2.8 (m, 2H; ArCH2), 2.6 (s, 3H; CH3 to CO), 0.8
(m, 2H), 0.1 (s, 9H; CH3); 13C NMR (62.9 MHz, CDCl3, 25 �C): �� 202
(C�O), 132 ± 125 (Cs in phenyl group), 30.0, 28.4, 19.6, �1.7 (CH3); IR
(neat): �� � 2953, 1687, 1599, 1570, 1446, 1355, 1246, 1175, 1095, 954, 910,
860, 841, 757 cm�1; MS:m/z (%): 220 (8) [M]� , 205 (100), 147 (17), 115 (18),
75 (95), 73 (74), 45 (11), 43 (25).


1-(2-Pentyl-phenyl)-ethanone (4m): 1H NMR (250 MHz, CDCl3, 25 �C):
�� 7.6 (m, 1H; Ar), 7.4 (m, 1H; Ar), 7.2 (m, 2H; Ar), 2.8 (t, 3J(H,H)�
7.7 Hz, 2H; ArCH2), 2.6 (s, 3H; CH3 to CO), 1.5 (m, 2H), 1.3 (m, 4H), 0.9
(t, 3J(H,H)� 6.8 Hz, 3H; CH3); 13C NMR (62.9 MHz, CDCl3, 25 �C): ��
203 (CO), 143 ± 125 (Cs in phenyl group), 34, 32.1, 32, 30, 29.9, 29.8, 29.7,
29.5, 22.8, 14.2; IR (neat): �� � 2925, 2854, 1688 (CO), 1466, 1354, 1251, 950,
758, 600 cm�1; MS: m/z (%): 260 (14) [M]� , 245 (100), 147 (28), 143 (26),
134 (18), 129 (22), 119 (50), 117 (15), 91 (24), 43 (38); HRMS calcd for
C13H18O [M]� 260.214016; found: 260.214069.


1-(2-Pentyl-phenyl)-ethanone (4n): 1H NMR (250 MHz, CDCl3, 25 �C):
�� 7.6 (m, 1H; Ar), 7.4 (m, 1H; Ar), 7.2 (m, 2H; Ar), 2.8 (t, 3J(H,H)�
7.8 Hz, 2H; ArCH2), 2.6 (s, 3H; CH3 to CO), 1.6 (m, 2H), 1.3 (m, 4H), 0.9
(t, 3J(H,H)� 6.8 Hz, 3H; CH3); 13C NMR (62.9 MHz, CDCl3, 25 �C): ��
203 (CO), 143 ± 125 (Cs in phenyl group), 34, 32, 31.7, 30, 23, 14.2; IR (neat):
�� � 2952, 2927, 2857, 1688 (CO), 1456, 1354, 1247, 1071, 800, 758 cm�1; MS:
m/z (%): 190 (18) [M]� , 175 (100), 147 (20), 143 (12), 133 (14), 129 (27), 119
(26), 117 (13), 91 (30), 77 (11), 43 (26); HRMS calcd for C13H18O [M]�


190.135765; found: 190.135876.


1-[2-(2-Methyl-butyl)-phenyl]-ethanone (4p): 1H NMR (250 MHz, CDCl3,
25 �C): �� 7.6 (d, 3J(H,H)� 7.6 Hz, 1H; Ar), 7.4 (m, 1H; Ar), 7.2 (m, 2H;
Ar), 2.9 (m, 2H; ArCH2), 2.6 (s, 3H; CH3 to CO), 1.6 (m, 2H), 1.2 (m, 1H),
1.0 ± 0.9 (m, 6H; CH3); 13C NMR (62.9 MHz, CDCl3, 25 �C): �� 203 (CO),
141 ± 126 (Cs in phenyl group), 40.1, 30, 30.3, 29.6, 19, 11.6; IR (neat): �� �
1688 cm�1 (CO); MS: m/z (%): 190 (14) [M]� , 175 (100); HRMS calcd for
C13H18O [M]� 190.135765; found: 190.136532.


1-(2-Bicyclo[2.2.1]hept-2-yl-phenyl)-ethanone (4q): 1H NMR (250 MHz,
CDCl3, 25 �C): �� 7.5 (dd, 3J(H,H)� 8.1 Hz, 1H; Ar), 7.4 (m, 2H; Ar), 7.2
(m, 1H; Ar), 3.2 (m, 1H(2); endo-CH), 2.6 (s, 3H; CH3 to CO), 2.3 (m, 2H;
CH(1), CH(4), in norbornyl group), 1.9 (m, 1H(3); exo-CH), 1.6 (m, 4H;
CH2 in norbornyl group), 1.4 (m, 1H(3); endo-CH), 1.2 (m, 2H; CH2 in
norbornyl group); 13C NMR (62.9 MHz, CDCl3, 25 �C): �� 204 (C�O),
146 ± 125 (Cs in phenyl group), 53.6, 43.7, 42.8, 40.4, 37.2, 36.8, 30.8, 28.9; IR
(neat): �� � 2953, 2870, 1689 (CO), 1598, 1570, 1475, 1354, 1246, 955,
759 cm�1; MS: m/z (%): 214 (52) [M]� , 199 (27), 181 (14), 167 (14), 145
(100), 132 (14), 129 (15), 119 (14), 103 (12), 77 (15), 43 (22); HRMS calcd
for C15H18O [M]� 214.135765; found: 214.135607.


1-[2-(3,3-Dimethyl-butyl)-4-trifluoromethyl-phenyl]-ethanone (4r): 1HNMR
(250 MHz, CDCl3, 25 �C): �� 7.7 (d, 3J(H,H)� 8.5 Hz, 1H; Ar), 7.5 (m,
2H; Ar), 2.8 (m, 2H; ArCH2), 2.6 (s, 3H; CH3 to CO), 1.5 (m, 2H; CH2), 1.0
(s, 9H; CH3); 13C NMR (62.9 MHz, CDCl3, 25 �C): �� 201.7 (CO), 144 ±
122 (Cs in phenyl group), 111.6 (CF3), 46.4, 30.8, 30.3, 29.4, 29.4; IR (solid):
�� � 2987, 2869, 1697 (CO), 1473, 1412, 1364, 1333, 1170, 1131, 1090, 958,
830 cm�1; MS: m/z (%): 272 (12) [M]� , 216 (13), 215 (100), 201 (18), 199
(12), 187 (21), 59 (26), 57 (25), 43 (21); HRMS calcd for C15H19F3O [M]�


272.138800; found: 272.139267.


1-[2-(3,3-Dimethyl-butyl)-4-methoxy-phenyl]-ethanone (4 s): 1H NMR
(250 MHz, CDCl3, 25 �C): �� 7.7 (d, 3J(H,H)� 9.3 Hz, 1H; Ar), 6.7 (m,
2H; Ar), 3.8 (s, 3H; CH3O), 2.9 (m, 2H; ArCH2), 2.6 (s, 3H; CH3 to CO),
1.4 (m, 2H; CH2), 1.0 (s, 9H; CH3); 13C NMR (62.9 MHz, CDCl3, 25 �C):
�� 202 (CO), 162 ± 110 (Cs in phenyl group), 55.5 (CH3O), 46.3, 30.8, 30.4,
29.4, 29.4; IR (neat): �� � 2954, 2866, 1678 (CO), 1603, 1566, 1465, 1355,
1249, 1069, 962, 874 cm�1; MS: m/z (%): 234 (11) [M]� , 219 (14), 178 (13),
177 (100), 163 (11), 161 (15), 91 (5), 43 (13); HRMS calcd for C15H22O2 [M]�


234.161980; found: 234.161819.


8-(3,3-Dimethyl-butyl)-3,4-dihydro-2H-naphthalen-1-one (13): 1H NMR
(250 MHz, CDCl3, 25 �C): �� 7.3 (t, 3J(H,H)� 7.5 Hz, 1H; Ar) 7.1 (dd,
3J(H,H)� 7.9 Hz, 2H; Ar) 3.0 (m, 4H), 2.6 (t, 3J(H,H)� 6.4 Hz, 2H; �-CH2


to CO), 2.1 (qt, 3J(H,H)� 6.4 Hz, 2H; �-CH2 to CO), 1.4 (m, 2H), 1.0 (s,
9H; CH3); 13C NMR (62.9 MHz, CDCl3, 25 �C): �� 200 (CO), 147 ± 126
(Cs in phenyl group), 46.2, 41.4, 31.4, 31.0, 30.9, 29.6, 23.2; IR (neat): �� �
2950, 2866, 1679 (CO), 1591, 1462, 1364, 1321, 1272, 1237, 1212, 760 cm�1;
MS: m/z (%): 230 (18) [M]� , 174 (15), 173 (100), 159 (5), 155 (6), 117 (5),
115 (7), 91 (5).


Typical procedure for o-alkylation of ketone with olefin : A screw-capped
pressure vial (1 mL) was charged with acetophenone (5a, 38.9 mg,
0.324 mmol), tert-butylethylene (2a, 81.6 mg, 0.972 mmol), [RhCl(PPh3)3]
(3, 15 mg, 0.0162 mmol), benzylamine (17.4 mg, 0.162 mmol), and toluene
(0.2 g), and then the mixture was stirred in an oil bath at 150 �C for 6 h.
After the resulting ketimine was hydrolyzed by using a HCl solution (1�),
the reaction mixture was purified by column chromatography (SiO2,
hexanes:ethyl acetate� 5:2) to yield 62.8 mg (95%) of 4a.
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Abstract: In a one-pot reaction, the tetranuclear iron chelate complex [Fe4(L4)4] 6
was generated from benzene-1,3,5-tricarboxylic acid trichloride (4), bis-tert-butyl
malonate (5a), methyllithium, and iron(��) dichloride under aerobic conditions.
Alternatively, hexanuclear iron chelate complex [Fe6(L5)6] 7 was formed starting
from bis-para-tolyl malonate (5b) by employing identical reaction conditions to
those applied for the synthesis of 6. The clusters 6 and 7 are present as racemic
mixtures of homoconfigurational (�,�,�,�)/(�,�,�,�)-fac or (�,�,�,�,�,�)/
(�,�,�,�,�,�)-fac stereoisomers. The structures of 6 and 7 were unequivocally
resolved by single-crystal X-ray analyses. The all-iron(���) character of 6 and 7 was
determined by Mˆssbauer spectroscopy.


Keywords: cage compounds ¥ clus-
ter compounds ¥ iron ¥ self-assembly
¥ supramolecular chemistry


Introduction


With the growing understanding of supramolecular chemistry,
the harnessing of intermolecular interactions to routinely
design and control complex architectures has become a
reality. Increasingly, supramolecular structures are being
invented and created rather than discovered. Self-assembly


of Werner-type complexes features the participation of labile,
reversible coordination bonds, which facilitate error-checking
and self-correction under thermodynamic equilibration. Con-
sequently, the predictable nature of coordination chemistry
has been used to successfully generate a variety of different
oligonuclear metal ± ligand clusters.[1, 2]


The first T-symmetric cluster of type [M4(L1)6] 1 (Figure 1,
top left) was discovered fortuitously in a one-pot reaction.[3]


Only recently has there been progress towards developing a
rational, symmetry-based synthetic approach to the formation
of predesigned complex metal ± ligand clusters[4] as a result of
further examples of 1 by self-assembly.[5] Thus, four octahedral
metal ions are located in the apices of a tetrahedron and each
of the six edges are bridged by linear C2-symmetric bischelat-
ing ligands. Comparatively, there are far fewer examples of T-
symmetric clusters of type [M4(L2)4] 2 (Figure 1, top right).[6]


The construction of symmetric tetrahedral clusters [M4(L2)4] 2
was realized with octahedral metal centers which occupy the
vertices of the tetrahedron and trigonally symmetric tris-
bidentate ligands which occupy the tetrahedral faces. The
synergistic effect of serendipity and rational design in supra-
molecular chemistry, however, was highlighted again, as it was
shown, that threefold symmetric tris-bidentate ligands do not
exclusively generate [M4(L2)4] clusters 2, as was demonstrated
by the formation of trigonal-antiprismatic cluster [M6(L3)6] 3
(Figure 1, bottom).[7] In both structures 2 and 3, three
octahedral metal ions are linked by each of the C3-symmetric
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Figure 1. Schematic presentation, metal ions as corner units. Top left:
Tetrahedron [M4(L1)6] 1, edge-linked. Top right: Tetrahedron [M4(L2)4] 2,
face-linked. Bottom: Trigonal antiprism [M6(L3)6] 3, face-linked.


tris-bidentate ligands (L2/3)3� thereby occupying a central
position in the respective equilateral triangles generated.


Results and Discussion


In an attempt to generalize the methodology for the
construction of three-dimensional (3D) clusters with
[M4(L2)4] or [M6(L3)6] stoichiometry, as realized in 2 and 3,
respectively, the threefold symmetric tris-bidentate ligands


H3L4 and H3L5 were designed. They are formally accessible by
the coupling of benzene-1,3,5-tricarboxylic acid trichloride 4
with three monoanions of dialkyl- or diaryl malonate 5.
Treatment of di-tert-butyl malonate 5a (R� tBu) with meth-
yllithium/iron(��) dichloride and 4 at �78 �C in tetrahydrofur-
an was followed by workup under aerobic conditions and
subsequent thin-layer chromatography, affording bordeaux
red crystals from acetone (Scheme 1).


Scheme 1. Synthesis of the tetra- and hexanuclear iron clusters [Fe4(L4)4] 6
and [Fe6(L5)6] 7.


According to the elemental analysis and fast atom bom-
bardment (FAB) MS data the compound was of composition
[Fe(L4)]n with n� 4. The UV/Vis spectrum of 6 in dichloro-
methane, exhibited a ligand-to-metal charge-transfer
(LMCT) absorption at �max� 457 nm. Structural character-
ization of the tetranuclear iron chelate complex [Fe4(L4)4] 6 by
NMR spectroscopic techniques was inconclusive due to strong
signal broadening by paramagnetic iron. Consequently a
single-crystal X-ray crystallographic structural determination
of this complex was carried out (Figure 2).[8] According to this


Figure 2. Stereo representation of [Fe4(L4)4] 6. Solvent molecules are not
depicted for clarity.


Abstract in German: In einer Eintopf-Reaktion entstand bei
der Umsetzung von Benzol-1,3,5-tricarbons‰uretrichlorid 4,
Malons‰ure-bis-tert-butyl-ester 5a, Methyllithium und Eise-
n(��)-chlorid unter aeroben Bedingungen der vierkernige Eisen-
chelatkomplex [Fe4(L4)4] 6. Im Gegensatz dazu erhielten wir,
ausgehend von Malons‰ure-bis-para-tolyl-ester 5b, unter an-
sonsten vˆllig identischen Bedingungen, wie sie zur Synthese
von 6 angewandt wurden, den sechskernigen Eisenchelatkom-
plex [Fe6(L5)6] 7. Die Cluster 6 und 7 liegen als racemische
Gemische vor, die aus den homo-konfigurierten (�,�,�,�)/
(�,�,�,�)-fac bzw. (�,�,�,�,�,�)/(�,�,�,�,�,�)-fac Ste-
reoisomeren bestehen. Die Struktur der Cluster 6 und 7 wurde
zweifelsfrei durch Einkristall Rˆntgen Strukturanalyse be-
stimmt. Der all-Eisen(���) Charakter von 6 und 7 wurde mit
Hilfe der Mˆssbauer Spektroskopie aufgekl‰rt.
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analysis, 6 crystallizes as a neutral, tetranuclear iron(���)
chelate complex with twofold crystallographic symmetry in
the space group C2/c with four molecules per unit cell. In 6
four iron centers constitute the apices of a tetrahedron and the
four tris-bidentate ligands (L4)3� are located above the
triangular faces of the tetrahedron. The four homoconfigu-
rated iron centers in 6 are octahedrally coordinated by six
oxygen donors and the mean Fe�Fe distance is 8.57 ä. Hence,
the complex has nearly T-molecular symmetry (characterized
by three C2 and four C3 axes) and the crystal is a racemic
mixture of homoconfigurational (�,�,�,�)-fac and
(�,�,�,�)-fac stereoisomers. There is no evidence that the
small cavity of the tetrahedron contains a guest, as observed in
some mixed-valent systems or in larger [M4L6] tetrahedra.[5]


Contrary to di-tBu malonate 5a (R� tBu), reaction of di-
pTol malonate 5b (R� pTol) with methyllithium/iron(��)
dichloride and trichloride 4 at �78 �C in tetrahydrofuran
and subsequent workup yielded the hexanuclear iron chelate
complex [Fe6(L5)6] 7 instead of the tetranuclear iron chelate
complex [Fe4(L5)4]. To unequivocally establish the structure
of [Fe6(L5)6] 7, an X-ray crystallographic structure determi-
nation was carried out (Figure 3).[8] According to this analysis,
7 crystallizes as a neutral, hexanuclear iron(���) chelate
complex in space group P1≈ with two molecules per unit cell.
While the molecule has no crystallographic symmetry it can
be described as having idealized D3 molecular symmetry. The
iron centers define the apices of a distorted trigonal antiprism
in which six tris-bidentate ligands (L5)3� make up the
equatorial faces leaving the top and the bottom triangles
unoccupied. All six iron centers in 7 are identically octahe-
drally coordinated by six oxygen donors. The antiprism is


compressed along the pseudo C3 axis, with a mean Fe�Fe
distance of 9.69 ä within the top and botton triangles, while
the average Fe�Fe distance within the equatorial faces of the
antiprism is 8.54 ä. Thus the vacant top and bottom triangles
are larger than those occupied by the (L5)3� ligands. The
distances between the vacant and opposite occupied triangu-
lar faces amount to 6.53 and 7.77 ä. The average twist angle of
the trigonal antiprism is 51�. In the crystal [Fe6(L5)6] 7 exists as
a racemic mixture of homoconfigurational (�,�,�,�,�,�)-fac
and (�,�,�,�,�,�)-fac stereoisomers.


The UV/Vis spectrum of [Fe6(L5)6] 7 in dichloromethane
exhibited a ligand-to-metal charge-transfer (LMCT) absorp-
tion band at �max� 560 nm.


Mˆssbauer spectroscopy: The all-iron(���) character of 6 and 7
was established unequivocally from their 57Fe Mˆssbauer
spectra. Measurements were performed at 4.2 ± 77 K without
and with a field (7 T) applied parallel to the � beam. All zero-
field spectra exhibit a broad and unresolved absorption
pattern (Figure 4a,c) due to (temperature-independent)
spin ± spin relaxation. Application of a field of 7 T at 4.2 K
results in well-resolved magnetic hyperfine patterns, which
were analyzed with the spin-Hamiltonian formalism (Figure
4b,d).[9] The magnetic hyperfine patterns of 6 and 7 are
practically the same; this is also reflected by the fact that both
patterns have been successfully simulated by the same set of
spin-Hamiltonian parameters (except small differences in the
line width, see Table 1). From the isomer shift �� 0.53 and the
quadrupole splittings �EQ� 0 we conclude that each individ-
ual iron ion in 6 and 7 is hexacoordinated by oxygen donors in
a nearly perfect octahedral arrangement. The magnetic


hyperfine patterns are success-
fully simulated by neglect-
ing exchange interactions be-
tween the iron(���) sites. This
result is plausible considering
the relatively large Fe�Fe dis-
tances. Evidently, the nuclearity
of the iron chelate complexes 6
and 7 has no substantial effect
on the local electronic structure
of each of the irons nor on the
exchange interactions between
them.


The clusters [Fe4(L4)4] 6 and
[Fe6(L5)6] 7 are relatively com-
plicated metal ± ligand systems
and so it can be difficult to
isolate what features make one
structure favored over another.
In this regard molecular model-
ing (CAChe, MM3 energy min-
imization)[10] of the four possi-
ble structures considered here
([Fe4(L4)4], [Fe4(L5)4], [Fe6(L4)6],
and [Fe6(L5)6]) proves to be
very informative. When the cal-
culated energies are normalized
to account for metal ± ligand


Figure 3. Stereo representation of [Fe6(L5)6] 7. Top: side view, solvent molecules and H atoms are not depicted
for clarity. Bottom: Top view, solvent molecules are not depicted for clarity.
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Figure 4. Experimental Mˆssbauer spectra of 6 (left) and 7 (right),
recorded at a,c) 77 K; b,d) 4.2 K, 7 T parallel to the � ray. Solid lines
result from Lorentz fits (a,c) and a spin-Hamiltonian simulation (b,d) which
used the parameters summarized in Table 1.


stoichiometry, the minimized [Fe6(L5)6] structure is favored
over the minimized [Fe4(L5)4] structure, with the difference
largely due to angle strain energies. In the [Fe6(L5)6] structure,
�-stacking interactions between the p-tolyl groups are appa-
rent; whereas, parallel arrangement of these rings in the
tetramer is more difficult to achieve and creates greater angle
strain throughout the structure. Conversely, energy minimi-
zation of [Fe4(L4)4] and [Fe6(L4)6] predicts the tetramer to be
the lower energy form. Angle strain is generated in the
[Fe6(L4)6] hexamer due to steric crowding of the tert-butyl
groups. These substituents are more evenly distributed over
the surface of the tetramer.


In summary, [Fe4(L4)4] 6 and [Fe6(L5)6] 7 are two classic
examples of the generation of three-dimensional clusters of
high symmetry by spontaneous self-assembly. Again, the
symmetry-based rational design concept proved to be appli-
cable to the formation of clusters of different size, shape, and
stoichiometry. However, as metal ± ligand systems become
larger and more complex, more subtle intramolecular inter-
actions may be significant in structure determination. Here,
molecular modeling can be a valuable tool in supramolecular
structural evaluation, as demonstrated for [Fe4(L4)4] 6 and
[Fe6(L5)6] 7. Ultimately, greater understanding and control of
these secondary interactions will enhance supramolecular
design and synthesis.


Experimental Section


Compound 6 : A methyllithium solution (18.75 mL, 1.6 � in diethyl ether,
30 mmol) diluted with dry THF (10 mL) was added dropwise to a solution
of di-tert-butyl malonate (6.49 g, 30 mmol) in dry THF (50 mL)(N2,
�78 �C) over 30 min. After the mixture had been stirred for 1 h, FeCl2 ¥
4H2O (0.99 g, 5.0 mmol) was added and 1 h later a solution of benzene-
1,3,5-tricarboxylic acid trichloride (1.33 g, 5.0 mmol) in dry THF (20 mL)
was added dropwise to the suspension over 2 h. The reaction mixture was
kept at �78 �C for another 10 h and then allowed to warm to 20 �C. On
treatment with 10% aqueous potassium chloride (100 mL) in the presence
of atmospheric oxygen, the mixture turned deep red. The organic solution
was separated, washed twice with water (70 mL), dried over potassium
sulfate, and concentrated. The residue was purified by preparative thin-
layer chromatography (SiO2: pentane/ethyl acetate, 10:11, RF� 0.95) to
give 6. Bordeaux crystals from acetone. Yield: 1.72 g (40%); m. p. 198 �C
(decomp); IR (KBr): �� � 1710 cm�1 (C�O); FAB-MS (3-nitrobenzyl
alcohol matrix): m/z : 3564 [Fe4(L4)4�Cs]; C168H228O60Fe4 (3431.03): calcd:
C 58.81, H 6.70; found: C 58.69, H 6.70.


Compound 7: A methyllithium solution (18.75 mL, 1.6 � in diethyl ether,
30 mmol) diluted with dry THF (10 mL) was added dropwise to a solution
of di-para-tolyl malonate (8.53 g, 30 mmol) in dry THF (50 mL)(N2,
�78 �C) over 30 min. After the mixture had been stirred for 1 h, FeCl2 ¥
4H2O (0.99 g, 5.0 mmol) was added and 1 h later a solution of benzene-
1,3,5-tricarboxylic acid trichloride (1.33 g, 5.0 mmol) in dry THF (20 mL)
was added dropwise to the suspension over 2 h. The reaction mixture was
kept for another 10 h at �78 �C and allowed to warm to 20 �C. The solvent
was removed in vacuo, the residue diluted in dichloromethane (150 mL)
and oxidized by athmospheric oxygen for 2 h. The solution was dried over
anhydrous sodium sulfate. The residue was purified twice by preparative
thin-layer chromatography (SiO2: ethyl acetate, RF� 0.90) to give com-
pound 7. Bordeaux crystals from acetonitrile. Yield: 1.91 g (36%); m. p.
186 �C (decomp); IR (KBr): �� � 1750 cm�1 (C�O); FAB-MS (3-nitrobenzyl
alcohol matrix): m/z : 6394 [Fe6(L5)6�Na]; C360H270O90Fe6 (6371.18): calcd:
C 67.87, H 4.27; found: C 67.39 H 4.43.
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Transition Metal Ion Directed Supramolecular Assembly of One-
and Two-Dimensional Polyrotaxanes Incorporating Cucurbituril


Ki-Min Park, Dongmok Whang, Eunsung Lee, Jungseok Heo, and Kimoon Kim*[a]


Abstract: This paper reports a synthetic
strategy to construct one- and two-
dimensional (1D and 2D) polyrotax-
anes, in which a number of rings are
threaded onto a coordination polymer,
by the combination of self-assembly and
coordination chemistry. Our approach
to construct polyrotaxanes with high
structural regularity involves threading
a cucurbituril (CB) ™bead∫ with a short
™string∫ to form a stable pseudorotax-
ane, followed by linking the pseudoro-
taxanes with metal ions as ™linkers∫ to
organize into a 1D or 2D polyrotaxane.


A 4- or 3-pyridylmethyl group is attach-
ed to each end of 1,4-diaminobutane or
1,5-diaminopentane to produce the
short ™strings∫, which then react with
the cucurbituril ™bead∫ to form stable
pseudorotaxanes. The reaction of the
pseudorotaxanes with various transition
metal ions including CuII, CoII, NiII, AgI,


and CdII produces 1D or 2D polyrotax-
anes, in which many molecular ™beads∫
are threaded onto 1D or 2D coordina-
tion polymers as confirmed by X-ray
crystallography. The overall structure of
a polyrotaxane is the result of interplay
among various factors that include the
coordination preferences of the metal
ion, spatial disposition of the donor
atoms with respect to the CB beads in
the pseudorotaxane, and the size and
coordination ability of the counteranion.


Keywords: coordination modes ¥
rotaxanes ¥ solid-state structures ¥
supramolecular chemistry ¥
transition metals


Introduction


Mechanically interlocked molecules[1] such as rotaxanes,
catenanes, and knots have intrigued synthetic chemists not
only because of their aesthetic appeal but also because of their
potential applications. For example, [2]rotaxanes, which are
composed of a ring threaded on a linear chain terminated by
bulky stoppers, have been successfully employed in the
construction of molecular machines.[2] Here, translocation of
the ring along the linear component can be achieved by
external chemical, electrochemical, or photochemical stimuli.
In appropriately designed systems, such mechanical move-
ments can be made to occur between two different well-
defined states, and if such movements are signaled by an
observable change in the property of the system, they can
behave as switches for molecular-scale information process-
ing. To realize molecular electronic devices, however, such
molecular machines need to be organized into an array to


behave coherently. Solid-state supramolecular assembly of
rotaxane units may be a promising approach toward organiz-
ing such rotaxane-based molecular machines into two-dimen-
sional (2D) and three-dimensional (3D) arrays in a controlled
manner. Therefore, we decided to explore organizing rotax-
anes (or pseudorotaxanes) by self-assembly into 1D and 2D
polyrotaxanes with well-defined structures in the solid state.


Previously, most 1D polyrotaxanes have been synthesized
by threading molecular ™beads∫, particularly cyclodextrins
(CDs), onto organic polymers.[3±6] However, these systems in
general lack structural regularity as the molecular ™beads∫ are
often not threaded in all the available recognition sites of the
polymer chains. It is mainly due to the fact that affinity of the
ring components (CDs or crown ether-type macrocycles)
toward the recognition sites in the polymers is not high
enough to ensure complete threading. Furthermore, the
bucket-shaped CDs generate many possible orientational
isomers of the resulting CD-containing polyrotaxanes. There-
fore, no polyrotaxane of this type could be isolated in a single-
crystal form suitable for X-ray crystallography.[7] These results
suggest that molecular beads should have a highly sym-
metrical structure and high affinity towards the recognition
sites to organize (pseudo)rotaxanes into 1D and 2D poly-
rotaxanes with highly ordered structures in the solid state,
which can be characterized by single-crystal X-ray crystallog-
raphy. These requirements for molecular ™beads∫ seem to be
met with cucurbituril.
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Cucurbituril (CB) is a macrocyclic cavitand with an internal
cavity of �5.5 ä diameter that is accessible from the exterior
by two carbonyl laced portals of �4 ä diameter.[8±10] It
resembles CDs, particularly �-CD, in terms of the cavity size.
However, unlike CDs, it has a highly symmetrical structure
with two identical openings. One of the remarkable properties
of CB is its ability to form very stable 1:1 host ± guest
complexes with protonated diaminoalkanes, particularly di-
aminobutane and diaminopentane.[11] The high stability of the
inclusion complexes is due to the strong ion dipole as well as
hydrogen-bonding interactions between the protonated
amine groups of the guests and the carbonyl groups of the
host. The highly symmetric structure and the ability to form
very stable inclusion complexes with protonated diaminoal-
kanes make CB quite attractive as a building block for
interlocked structures, in particular rotaxanes, as demonstrat-
ed by one-pot, high-yield synthesis of a [2]rotaxane using CB
as a ™bead∫.[12]


In organizing rotaxanes (or pseudorotaxanes) into 1D and
2D polyrotaxanes with highly ordered structures, we decided
to employ coordination bonding with transition metal ions,
which have proven to be very useful in the construction of
supramolecular architectures[13±19] as a result of their capa-
bilities to form relatively strong bonds with preferred
coordination geometries.


Taking these together, we have now developed a general
strategy to organize pseudorotaxanes into polyrotaxanes with
high structural regularity in the solid state. In this article, we
describe transition metal ion directed supramolecular assem-
bly of 1D and 2D polyrotaxanes incorporating CB as the
cyclic component. Preliminary results were communicated
earlier.[20]


Results


Strategy : Our synthetic strategy for the construction of
polyrotaxanes with high structural regularity works in tandem
as illustrated in Scheme 1. It involves threading a cucurbituril


Scheme 1. Synthetic strategy to one- and two-dimensional polyrotaxanes.


™bead∫ with a short ™string∫ to form a stable pseudorotaxane,
followed by linking the pseudorotaxanes with metal ions as
™linkers∫ for the organization into a 1D or 2D polyrotaxane.
In principle, the overall topology and structure of the
polyrotaxane can be controlled by the coordination number
and geometry of the metal linker and the structure of the
pseudorotaxane.


With this idea in mind we designed short ™strings∫ such that
they not only form stable inclusion complexes with CB, but
also bind metal ions using the donor atoms strategically
placed at the terminals. A pyridylmethyl group with different
pyridyl nitrogen positions was attached at the terminals of
diaminobutane or diaminopentane to produce the short
™strings∫ (C4N42�, C4N32�, C5N32�, see Scheme 2). Indeed,
these ™strings∫ form very stable pseudorotaxanes with CB
(PR442�, PR432�, PR532�, respectively, Scheme 2). It is
interesting to note that although CB itself is sparingly soluble
in water, the resulting pseudorotaxanes are readily soluble in
water because of their overall �2 charge. Various transition
metal ions such as CuII, NiII, CoII, AgI, and CdII were then
allowed to react with the pseudorotaxanes to organize them
into polyrotaxanes.


1D Polyrotaxanes : The 1D polyrotaxane 1 is formed when a
solution of Cu(NO3)2 in methanol is allowed to diffuse slowly
into an aqueous solution of the pseudorotaxane PR44-
(NO3)2.[20a] The X-ray crystal structure of 1, as expected,
reveals CB ™molecular beads∫ threaded on the coordination
polymer, the chain of which is composed of alternating copper
ions and PR442� (Figure 1a). A CB ™bead∫ is held tightly at
the middle of each repeating unit by strong hydrogen bonds
between the protonated amine nitrogen atoms of the ™string∫
(C4N42�) and the oxygen atoms of CB. The coordination
geometry around each copper ion is square pyramidal (Fig-
ure S1): two pyridine units of PR442� occupy the two adjacent
basal positions while three H2O molecules occupy the
remaining basal and apical positions. The cis coordination of
the two pyridine units to the metal makes the polymer chain
change its direction abruptly at the metal center. As a result,
the polymer chain is forced to adopt a zigzag shape. In the
crystal, the coordination polymer chain runs along the [�111]
direction with a repeating unit of 11.93 ä. Hydrogen-bonding
interactions exist between the water molecules bound to the
copper ions of one chain and the oxygen atoms of CB ™beads∫
of the adjacent chains further reinforcing the overall structure
in the crystal (Figure S2). Four nitrate counterions and
fourteen water molecules for each repeating unit fill the
remaining space while forming an extensive hydrogen-bond-
ing network in the lattice.


This success prompted us to explore other metal ions as
™linkers∫ to organize the pseudorotaxane units into polyro-
taxanes. Indeed, 1D polyrotaxanes can be synthesized with
other metal ions that normally prefer octahedral geometry.
For example, slow reaction of Co(NO3)2 and Ni(NO3)2 with
PR44(NO3)2 in aqueous solution yields 1D polyrotaxanes 2
and 3, respectively, which are isostructural with each other.[21]


In the crystal structure of 2 (Figure 1b), the coordination
geometry around each CoII ion is pseudooctahedral with the
axial sites occupied by two pyridyl nitrogens from PR442� ; the
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equitorial positions are occupied by four water molecules
(Figure S3). The sigmoidal shape of the pseudorotaxane and
the trans coordination of the terminal pyridyl units to the
metal centers result in a square-wave-shaped polymer chain
(Figure 1b). In the crystal, the coordination polymer chain
extends along the [201] direction with a repeating unit of
18.81 ä. As in 1, the metal-bound water molecules take part in
hydrogen bonding with carbonyl oxygen atoms of CB on the
adjacent polyrotaxane chains (Figure S5a). Besides, the
nitrate counterions along with several water molecules make
an extensive H-bonding network in the lattice contributing to
the overall solid-state structure.


The major structural difference between the two 1D
polyrotaxanes 1 and 2 is that the two pyridyl units are
coordinated to the metal center in a trans geometry in 2
whereas they are bound in a cis geometry in 1. As a result, the
former has a square-wave-shaped polymer chain, whereas the
latter exhibits a zigzag-shaped polymer chain (Figure 1a and
b).


However, if we switch pseudorotaxane from PR44(NO3)2 to
PR43(NO3)2, its reaction with CoII and NiII yields zigzag-
shaped 1D polyrotaxanes 4 and 5, respectively, which are also
isostructural with each other. In contrast to 2 and 3, the crystal
structures of 4 and 5 reveal that the metal ions are in


Scheme 2. Synthetic scheme of pseudorotaxanes and one- and two-dimensional polyrotaxanes.


Figure 1. Space-filling representations for a) zig-zag-shaped 1D polyrotaxane 1; b) square-wave-shaped 1D polyrotaxane 2 ; c) zig-zag-shaped 1D
polyrotaxane 4 ; d) linear chain 1D polyrotaxane 6 ; e) helical 1D polyrotaxane 7. Hydrogen atoms are omitted for clarity. Color codes: carbon (organic
strings), gray; carbon (CB beads), dark gray; nitrogen, purple; oxygen, red; metal ion, green.
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octahedral geometries with two cis sites occupied by two
pyridyl nitrogens from PR432� ; the remaining positions are
occupied by four water molecules (Figure S6 and Figure S7).
The cis coordination of the terminal pyridyl units to the metal
centers results in a zigzag-shaped polymer chain similar to
that in 1 (Figure 1c). In the crystal, the coordination polymer
chains in 4 and 5 extend along the [111] direction with
repeating units of 23.66 ä and 23.56 ä, respectively.


Other transition metal ions with preferences for different
coordination geometries also work as ™linkers∫ in organizing
pseudorotaxanes into 1D polyrotaxanes. In particular, we
thought that AgI with a pronounced tendency to form two-
coordinate complexes and a relatively low affinity for oxygen
atom donors would react with pseudorotaxanes to form linear
chain 1D polyrotaxanes. Indeed, when Ag(CH3(C6H4)SO3) is
allowed to react with PR44(CH3(C6H4)SO3)2 in water, anoth-
er 1D polyrotaxane (6) is obtained.[20b] In the structure of 6, a
two-coordinate AgI ion links two PR442� to form a 1D
polyrotaxane coordination polymer similar to the ones
described above. The coordination of two pyridyl units to
the silver ion in a trans geometry results in a straight polymer
chain with a repeating unit of 20.01 ä (Figure 1d). In the
crystal of 6, adjacent polyrotaxane chains are interlinked by
weak interactions between the silver ion of one chain and the
oxygen atoms of CB on the adjacent chains (Ag�OCB:
2.784 ä, Figure S4 and Figure S5b). Besides the space-filling
water molecules, the charge compensating tosylate ions are
found in the lattice without significant interactions with the
metal ions.


It would be interesting to study solution properties of these
polyrotaxanes. However, attempts to measure solution prop-
erties of these polyrotaxanes have been hampered by their
extremely poor solubility in any solvents. Under forcing
conditions they loose their integrity to fall apart into their
components.


Helical 1D polyrotaxanes : Helical 1D polyrotaxanes can be
obtained with the pseudorotaxane PR532�, where the ™string∫


is longer as well as more flexible compared with that in
PR442�. The reaction of AgNO3 with PR53(NO3)2 yields the
helical 1D polyrotaxane 7[20c] (Figure 1e and 2a). The helix is
extended along the b axis of the crystal with a pitch of 17.9 ä,
which is the same as the length of the b axis (Figure 3a). In
each helix, two PR532� and two silver ions constitute one turn.
Each silver ion is coordinated by two PR532� in a linear
fashion. However, the ™string∫ of the pseudorotaxane is not
symmetrically disposed with respect to the CB unit. One of
the protonated amine nitrogen atoms of the ™string∫ (C5N3)
is essentially lying in the six-oxygen plane of CB, as in PR442�,
while the other one is displaced considerably out of the six-
oxygen plane (0.721(8) ä, Figure S8). Moreover, the methyl-
pyridyl unit attached to the former nitrogen (N(26), see
Figure S8) makes a dihedral angle of 61� with the six-oxygen
plane, whereas that connected to the latter (N(27)) is nearly
parallel to the portal plane (dihedral angle� 9�). The parallel
conformation of the 3-pyridyl unit forces the polymer chain to
change its direction sharply, which eventually leads to a
helical structure.


When Cd(NO3)2 instead of Ag(NO3)2 is allowed to react
with PR532� a different type of helical 1D polyrotaxane (8) is
formed. The X-ray crystal structure of 8 reveals that each turn
of the helix contains four units of PR532� and two types of CdII


ions with each type containing two ions. This arrangement
gives a pitch of 50.5 ä (Figure 2b and 3b). One type (Cd(1)) of
the cadmium ions is coordinated by two pyridyl units of
PR532�, a nitrate ion, and three water molecules in a distorted
octahedral geometry with the pyridyl units at trans positions.
On the other hand, the other type (Cd(2)) of the cadmium
ions is coordinated by two pyridyl units of PR532� and four
water molecules in a distorted octahedral geometry with the
pyridyl units at cis positions (Figure S9). One of the proton-
ated amine nitrogens of the ™string∫ (C5N3) is significantly
displaced (1.163(7) ä) out of the six-oxygen plane of CB, as in
7, and the corresponding pyridylmethyl unit is coordinated to
Cd(2). The polymer chain changes its direction sharply at
Cd(1) leading to the helical structure. It should be noted that


Figure 2. Ball and stick representations for the helical structures of the polymer backbones in a) 7 and b) 8. CB beads, counterions, and solvated water
molecules are omitted for clarity. Color codes: carbon, yellow; nitrogen, purple; oxygen, red; metal ion, green.
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the crystals of 7 and 8 are
racemic mixtures containing
equal amounts of right-handed
and left-handed helices in the
same crystal.


2D Polyrotaxane nets : As de-
scribed above, when silver to-
sylate is treated with PR442�,
1D polyrotaxane 6 is form-
ed.[20b] However, when the
counteranion is changed to ni-
trate, which has better coordi-
nating ability, the same proce-
dure yields a novel 2D polyro-
taxane 9. The X-ray crystal
structure of 9 reveals cucurbi-
turil ™beads∫ threaded onto a
2D coordination polymer net-
work (Figure 4a). The 2D net-
work[22] consists of large edge
sharing chair-shaped hexagons
with a AgI ion at each corner
and a molecule of PR442� at
each edge connecting two AgI


ions. The average length of the
edge is 20.9 ä, and the separa-
tion of the opposite corners is
38.0 ä. Each silver ion is coor-
dinated by three PR442� and a
nitrate ion in a distorted tetra-
hedral geometry (Figure S10).
The 2D polyrotaxane network
forms layers stacked on each
other with a mean interplane


Figure 4. Space-filling representations for a) hexagonal 2D polyrotaxane net of 9, and b) square-grid-shaped 2D polyrotaxane net of 10. Hydrogen atoms are
omitted for clarity. Color codes: carbon (organic strings), gray; carbon (CB beads), dark gray; nitrogen, purple; oxygen, red; metal ion, green.


Figure 3. Comparison of the two helical polyrotaxanes 7 and 8.
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separation of 9.87 ä (Figure S11). There is another 2D
polyrotaxane network (denoted B) almost perpendicular to
the first one (denoted A). The dihedral angle between the
mean planes of the two networks A and B is 69.34�. These
networks interpenetrate with full interlocking of the hexagons
as illustrated in Figure 5: a hexagon belonging to the
network A (solid lines) interlocked with four hexagons
belonging to B (open lines) and vice versa. Although inter-
locking of simple 2D networks has been known (polycaten-
ated 2D nets),[23±32] this structure is the first example of
polycatenated 2D polyrotaxane nets reported in the litera-
ture.[33]


Figure 5. Schematic illustration of interlocking of the hexagons in 9 : a
hexagon belonging to the networkA (solid lines) interlocked with four
hexagons belonging toB (open lines) and vice versa. Small circles represent
silver ions, and lines represent pseudorotaxane PR442� linking two
silver ions.


When the pseudorotaxane PR432� is used in place of
PR442� the same procedure affords another 2D polyrotaxane
network with a different structure. For example, reaction of
Ag(CF3SO3) with PR43(CF3SO3)2 produces a novel square-
grid-shaped 2D polyrotaxane (10). The X-ray crystal structure
of 10 reveals that CB ™beads∫ are threaded on a square-grid-
shaped 2D coordination polymer network,[22] which consists of
large edge sharing squares with a AgI ion at each corner and a
pseudorotaxane PR432� at each edge connecting twoAgI ions.
The length of the edge is 17.29 ä (Figure 4b). Each silver ion is
located on the crystallographic S4 center and coordinated by
four pyridyl groups of pseudorotaxane PR432� in a slightly
distorted tetrahedral geometry (Figure S12). The silver ions
and the center of CB ™beads∫ are lying on the same plane. The
2D layers stack along the c axis in the crystal with a mean
interlayer separation of 12.69 ä (Figure 6a). In contrast to 9,
no catenation of the 2D network is observed in this structure.
Because the channels passing through the center of the
squares are almost filled with CB ™beads∫, only small
molecules or ions such as triflate ions can be clathrated at
the middle of the square grid.


The 2D polyrotaxane 11 is formed upon reacting
PR43(NO3)2 with Cu(NO3)2. The 2D network in 11, similar
to that in 10, consists of large edge sharing distorted tetragons


Figure 6. The stacking of 2D polyrotaxane layers in a) 10 and b) 11. The
mean separations between the layers are 12.69 ä and 14.12 ä, for 10 and
11, respectively. Small circles represent metal ions. CB beads, counterions,
and solvated water molecules are omitted for clarity.


with a CuII ion at each corner and a molecule of PR432� at
each edge connecting two CuII ions. Each copper ion is located
on the crystallographic fourfold axis and coordinated by four
pyridyl groups of pseudorotaxane PR432� and a water mol-
ecule in a distorted square pyrimidal geometry (Figure S13).
The 2D layers are highly undulating, which makes the mean
interlayer separation (14.12 ä) larger than that in 11
(Figure 6b).


Discussion


As described above, the overall topologies and structures of
polyrotaxanes in the solid state are determined by various
factors such as the coordination tendency of the metal ions,
the structure of pseudorotaxanes, and the nature of the
counterions (Figure 7). Since these factors work together to
affect the structures, it is difficult, if not impossible, to
separate them. Nevertheless, we have observed some general
trends which are discussed below.


Effects of metal ions : The topology and structure of poly-
rotaxanes can be determined by the number of pseudorotax-
ane units coordinated to a metal linker and its coordination
geometry. As described earlier, the first row transition metal
ions such as CoII, NiII, and CuII tend to form 1D polyrotaxanes
without exception, whereas the larger and softer Ag� ion
affords both 1D and 2D polyrotaxanes with pseudo-
rotaxane PR442�. Among the first row transition metal ions,
CuII seems to prefer a square pyramidal coordination
geometry with two pyridyl groups coordinated to the metal
center in a cis mode, whereas CoII and NiII prefer an
octahedral geometry with two pyridyl groups attached to
the metal center in a trans geometry. With PR442�, as a result,
CuII produces a zigzag-shaped 1D polyrotaxane, whereas CoII


and NiII yield 1D polyrotaxanes in the shape of a square wave
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under the same reaction condi-
tions. A similar trend has been
observed in the formation of
™molecular necklaces∫.[34] How-
ever, we must point out that
with PR432�, CoII and NiII also
can have an octahedral geome-
try with two pyridyl groups
attached to the metal center in
a cis geometry that results in
zigzag-shaped 1D polyrotax-
anes as seen in 4 and 5. In all
of these 1D polyrotaxanes, the
remaining coordination sites
are occupied by water mole-
cules which form hydrogen
bonds with oxygen atoms of
the CB beads in the adjacent
polyrotaxane chains, and they
thereby stabilize the solid-state
structures. However, AgI hav-
ing a relatively low affinity for
oxygen donors and a tendency
to form two-coordinate com-
plexes produces 1D polyrotax-
anes with linear or helical struc-
tures, in which two pyridyl units
are coordinated to the metal in
a trans geometry, or 2D poly-
rotaxane nets, in which three
pyridyl units are coordinated to
the metal center.


Effects of pseudorotaxanes :
The structural features of pseu-
dorotaxanes, PR442�, PR432�,
and PR532� are quite different
from each other and strongly
affect the ultimate structures of
the resulting polyrotaxanes. In
all of the pseudorotaxanes, the
CB ™molecular beads∫ are held
tightly onto the organic ™string∫
by strong hydrogen bonds between the protonated amino
nitrogen atoms of the ™string∫ and the oxygen atoms at the CB
portals. The structural variation of the pseudorotaxanes
originates from i) rotation of the pyridyl moiety about the
methylene group attached to the protonated amine nitrogen
and ii) matching/mismatching of the length of the linear chain
with the distance between the two carbonyl portals of CB. To
compare the structural features of the pseudorotaxanes, we
define ™bending∫ angles �1 and �2 (angles between the P1�P2
axis and M�P1 and M��P2, respectively) and the dihedral
angles � (M�P1�P2�M�) of the pseudorotaxanes as illustrat-
ed in Figure 8. We also list these values in Table 1.


In the structure of PR442�, the separation between two
portals of CB is well-matched with the distance between two
ammonium nitrogen atoms of the organic string C4N42� in its
fully extended conformation. Hence, the otherwise flexible


organic ™string∫ C4N42� in PR442� assumes a rigid, fully
extended structure with all methylene units in an anti
conformation; the structure makes the resulting pseudorotax-
ane behave as a linear, rigid, and bulky organic building block
(Figure 8a). Consequently, the dihedral angles of the two
coordination bonds made by PR442� are almost fixed at 180�,
and the separation between two centroids of the terminal
pyridyl groups lies in a narrow range (13.3 ± 13.9 ä).


The organic string C4N32� of the pseudorotaxane PR432�


also assumes a fully extended structure (Figure 8b). However,
the ™bending∫ angles of PR432� (78.1 ± 64.5�) are much larger
than those of PR442� (42.4 ± 18.9�) since the former has the
meta-substituted pyridine groups, whereas the latter has para-
substituted ones. This leads to a shorter distance between the
twometal centers bridged byPR432� (16.7 ± 17.8 ä) compared
with that bridged by PR442� (18.82 ± 21.11 ä).


Figure 7. Schematic diagram illustrating topologies and structures of polyrotaxanes resulting from various
pseudorotaxanes and metal salts.


Figure 8. Schematic diagram of pseudorotaxanes: a) PR442� ; b) PR432�, and c) PR532�. The ™bending∫ angles �1


and �2 are the angles between the P1�P2 axis and M�P1 and M��P2, respectively, and � is the dihedral angle
M�P1�P2�M�, in which P1 and P2 are the centroids of the terminal pyridyl groups of a pseudorotaxane, and M
and M� are the two metal ions to which the pseudorotaxane unit is coordinated.







Polyrotaxanes Incorporating Cucurbituril 498±508


Chem. Eur. J. 2002, 8, No. 2 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0505 $ 17.50+.50/0 505


These structural differences in the bridging pseudorotax-
anes probably lead to two different 2D polyrotaxane nets
generated with AgI: the interpenetrating hexagonal 2D net
formed with PR442� versus the square-grid-shaped 2D net
with PR432�. This may also explain the fact that the reaction
of CuII with PR432� produces a square-grid-shaped 2D
polyrotaxane net, whereas that with PR442� yields a 1D
polyrotaxane.


In contrast to PR442� and PR432�, PR532� has an odd
number of atoms having a sp3 configuration between two
terminal pyridyl groups, which leads to a syn-type bridging
mode (�� 0�) of PR532� (Figure 8c). The meta-substituted
pyridine groups at the terminals also make the ™bending
angle∫ of PR532� relatively large (64.1 ± 94.8�). In the
structure of helical 1D polyrotaxane 7, the syn-type bridging
mode (�� 17.9�) of PR532� makes the polymer chain turn
around, which leads to the helical structure even though the
AgI ions have a linear coordination geometry. This structural
feature of PR532� has also been observed in the structure of a
™six-membered molecular necklace∫ formed from PR532�


and a CuII ion.[36]


However, the conformation of PR532� is dissymmetric and
more flexible than other pseudorotaxanes because the
separation between two portals of CB does not match the
distance between two amine nitrogen atoms of C5N32� in its
fully extended conformation. The longer organic ™string∫
C5N32� allows the resulting pseudorotaxane PR532� to enjoy
more freedom in terms of the orientations of the terminal
pyridyl groups. It is therefore not too surprising to see that
PR532� also displays an anti-type bridging mode as observed
(�� 167.5�) in the helical 1D polyrotaxane 8. The formation
of helical polyrotaxanes from PR532� is congruent with the
fact that rigid rodlike organic building blocks have a tendency
to form highly symmetric coordination polymers, whereas
dissymmetric and flexible building blocks have the ability to


produce asymmetric and/or more complicated structures, such
as helical and polycatenated structures.[35]


Effects of counterions and other effects : Although the overall
structure seems to be predominantly controlled by the
coordination preferences of the transition metal and the
structure of the organic building blocks, subtle contributions
from the counterions, steric interactions as well as packing
efficiency are also observed to have a significant effect upon
the structures of the resulting polyrotaxanes. With the same
pseudorotaxane PR442�, for example, silver tosylate and
silver nitrate produce a 1D polyrotaxane (6) and a 2D
polyrotaxane (9), respectively. The larger, noncoordinating
tosylate ion allows the silver ion to adopt a linear, two-
coordinate geometry that leads to the 1D polyrotaxane,
whereas the smaller, coordinating nitrate ion encourages the
silver ion to assume a four-coordinate, tetrahedral geometry
that forms a 2D polyrotaxane.


An interesting feature of the square-grid-shaped 2D poly-
rotaxanes 10 and 11 is the fact that the overall structures of
the two are similar despite the different coordination ge-
ometries of the metal centers (distorted tetrahedral (10) vs.
square pyramidal (11)). For example, both crystal structures
of 10 and 11 belong to the same space group and display an
almost identical packing mode of bulky CB ™beads∫, although
the 2D layers in 11 are ™wavier∫ than those in 10. The result
suggests that the solid-state structures of the 2D polyrotax-
anes may be more influenced by the packing efficiency of the
CB ™beads∫ rather than by the coordination geometry of
metal-ion ™linkers∫.


Conclusion


In this paper, we present a general strategy to organize
pseudorotaxanes into 1D and 2D polyrotaxanes with high
structural regularity in the solid state by utilizing the
principles of self-assembly and coordination chemistry. The
results reported here demonstrate the efficiency as well as the
control of this approach. A key to the success of this approach
is the highly symmetric structure of CB and its tendency to
form exceptionally stable pseudorotaxanes, which ensures
complete threading of all the recognition sites of polyrotax-
anes. The ultimate overall structure of a polyrotaxane by this
route is the result of interplay among various factors which
include the coordination preferences of the metal ion, spatial
disposition of the donor atoms with respect to the CB beads in
the pseudorotaxane, and the size and coordination ability of
the counteranion. Other factors such as reaction conditions,
various supramolecular interactions in the solid state as well
as packing efficiency also act as the final determinants of the
overall structure. The interlocked structures described may
have interesting physical and chemical properties, which are
currently under investigation.


The present approach can be followed to construct other
extended or discrete interlocked structures. For example, we
have recently succeeded in the synthesis of 3D polyrotax-
anes[34] and ™molecular necklaces∫[36] by using essentially the
same approach with minor modifications. More recently, we


Table 1. Structure parameters for pseudorotaxanes in polyrotaxanes
1 ± 11.[a]


compound �1, �2 [�] � [�] P1 ¥¥ ¥ P2 [ä] M ¥¥¥M� [ä]


PR442� 1[b] 42.4, 42.4 180 13.28 18.82
22.4, 22.4 180 13.65 20.09


2 29.9, 27.8 176.6 13.58 20.09
3 29.7, 27.2 177.3 13.61 19.99
6[b] 28.6, 28.6 180 13.67 20.77


18.4, 18.4 180 13.84 20.18
9[b] 23.9, 23.9 180 13.75 20.64


21.2, 21.2 180 13.95 21.11
PR432� 4[b] 76.6, 76.6 180 13.83 16.91


72.9, 72.9 180 13.64 17.12
5[b] 78.1, 78.1 180 13.82 16.68


72.1, 72.1 180 13.68 17.15
10 75.1, 75.1 180 13.77 17.29
11 64.5, 64.5 180 13.79 17.82


PR532� 7 94.8, 69.3 17.9 12.98 13.97
8 81.7, 64.1 167.5 14.93 18.55


[a] The ™bending∫ angles �1 and �2 are the angles between the P1�P2 axis
and M�P1, and M��P2, respectively, and � is the dihedral angle
M�P1�P2�M�, in which P1 and P2 are the centroids of the terminal
pyridyl groups of a pseudorotaxane, andM andM� are the two metal ions to
which the pseudorotaxane unit is coordinated. [b] Two independent
pseudorotaxanes exist in the structures.
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have also demonstrated that this approach is useful for
synthesizing open-framework materials with large cavities
and channels.[37] Furthermore, the present work may provide
insights into the construction of well-defined 2D or 3D
organization of molecular machines and switches. For exam-
ple, using the same approach, we may be able to construct
highly organized 1D or 2D arrays of rotaxane-based molec-
ular machines,[38] which may behave coherently to perform
specific functions.


Experimental Section


General methods : All reagents and solvents employed were commercially
available high-grade purity materials (Aldrich Chemicals), used as supplied
without further purification. 1H NMR spectra were recorded on a
BrukerDRX500 spectrometer at 500.23 MHz, 25 �C. Polyrotaxane samples
for elemental analysis were dried under vacuum for several hours or
overnight.


Pseudorotaxane PR43(NO3)2 : CB (2.78 g, 2.79 mmol) was added to N,N�-
bis(3-pyridylmethyl)-1,4-diaminobutane dihydronitrate (C4N3(NO3)2)
(1.00 g, 2.54 mmol) dissolved in water (10 mL). After stirring for 3 h at
room temperature, undissolved CB was filtered off, and the volume of the
solution was reduced to �2 mL by evaporation under reduced pressure.
Addition of ethanol to the solution produced a precipitate, which
was filtered, washed, and dried in vacuo (3.22 g, 91%). m.p.� 330 �C
(decomposed).
1H NMR (300 MHz, D2O): �� 0.65 (br s, 4H), 2.55 (br s, 4H), 4.42 (d, J�
15.65 Hz, 12H), 4.51 (s, 4H), 5.67 (s, 12H), 5.76 (d, J� 15.62 Hz, 12H), 7.62
(dd, J� 7.83 Hz, 2H), 8.34 (d, J� 8.29 Hz, 2H), 8.67 (d, J� 5.02 Hz, 2H),
8.97 (s, 2H). Neither free CB nor C4N32� in the filtrate was detected by
1H NMR spectroscopy; elemental analysis calcd (%) for C52H60N30O18 ¥
10H2O: C 42.11, H 4.76, N 28.33; found: C 42.12, H 4.89, N 28.56.


Pseudorotaxane PR44(NO3)2 : This compound was prepared by the same
procedure as that for (PR43(NO3)2) described above except that N,N�-
bis(3-pyridylmethyl)-1,4-diaminobutane dihydronitrate (C4N4(NO3)2) in-
stead of C4N3(NO3)2 was used (0.90 g, 95%). m.p.� 270 �C (decomposed).
1H NMR (300 MHz, D2O): �� 0.68 (br s, 4H), 2.55 (br s, 4H), 4.42 (d, J�
15.64 Hz, 12H), 4.51 (s, 4H), 5.69 (s, 12H), 5.76 (d, J� 15.62 Hz, 12H), 7.88
(d, J� 6.00 Hz, 4H), 8.69 (d, J� 6.04 Hz, 4H); elemental analysis calcd
(%) for C52H60N30O18 ¥ 8.5H2O: C 40.39, H 5.01, N 27.17; found: C 40.60, H
5.23, N 26.81.


Pseudorotaxane PR53(NO3)2 : This compound was prepared by the same
procedure as that for PR43(NO3)2 described above except that N,N�-bis(3-
pyridylmethyl)-1,5-diaminopentane dihydronitrate (C5N3(NO3)2) instead
of C4N3(NO3)2 was used (3.99 g, 98%). m.p.� 300 �C (decomposed).
1H NMR (300 MHz, D2O): �� 0.45 (br s, 2H), 0.76 (br s, 4H), 2.86 (br s,
4H), 4.33 (d, J� 15.61 Hz, 12H), 4.50 (s, 4H), 5.61 (s, 12H), 5.71 (d, J�
15.58 Hz, 12H), 7.57 (dd, J� 7.96 Hz, 2H), 8.25 (d, J� 6.17 Hz, 2H), 8.61
(d, J� 4.95 Hz, 2H), 8.89 (s, 2H); elemental analysis calcd (%) for
C53H62N30O18 ¥ 10H2O: C 42.51, H 4.85, N 28.06; found: C 42.48, H 5.15, N
27.86.


Cu zigzag-shaped 1D polyrotaxane (1): A solution of Cu(NO3)2 (0.2�) in
methanol was layered over an aqueous solution of PR44(NO3)2 (0.002�) in
a diffusion tube to produce pale blue, X-ray quality crystals of 1 after a
week (21 mg, 26%). m.p.� 175 �C (decomposed); elemental analysis calcd
(%) for CuC52H60N32O24 ¥ 8H2O: C 36.21, H 4.44, N 25.98; found: C 36.08, H
4.05, N 25.94.


Co square-wave-shaped 1D polyrotaxane (2): A solution of PR44(NO3)2
(0.002�� in water was layered over an aqueous solution of Co(NO3)2 (0.2�)
in a diffusion tube to produce red, X-ray quality crystals of 2 after a week
(18 mg, 25%). m.p.� 310 �C (decomposed); elemental analysis calcd (%)
for CoC52H60N32O24 ¥ 13H2O: C 35.20, H 4.66, N 25.26; found: C 35.45, H
4.98, N 25.22.


Ni square-wave-shaped 1D polyrotaxane (3): Green, X-ray quality crystals
of 3 were prepared by the same procedure as that for 2 except that
Ni(NO3)2 instead of Co(NO3)2 was used (23 mg, 30%). m.p.� 240 �C


(decomposed); elemental analysis calcd (%) for NiC52H60N32O24 ¥ 22H2O:
C 31.67, H 5.31, N 22.73; found: C 31.61, H 5.20, N 22.91.


Co zigzag-shaped 1D polyrotaxane (4): A solution of PR43 (0.002�) in
water was layered over the aqueous solution of Co(NO3)2 (0.2�) in a
diffusion tube to produce red, X-ray quality crystals of 4 after a week
(32 mg, 40%). m.p.� 255 �C (decomposed); elemental analysis calcd (%)
for CoC52H60N32O24 ¥ 16H2O: C 33.50, H 4.97, N 24.04; found: C 33.63, H
5.19, N 23.95.


Ni zigzag-shaped 1D polyrotaxane (5): A solution of PR43 (0.002�) in
water was layered over the aqueous solution of Ni(NO3)2 (0.2�) in a
diffusion tube to produce green, X-ray quality crystals of 5 after a week
(25 mg, 32%). m.p.� 270 �C (decomposed); elemental analysis calcd (%)
for NiC52H60N32O24 ¥ 17H2O: C 33.18, H 5.03, N 23.81; found: C 33.02, H
5.03, N 23.54.


Ag linear-shaped polyrotaxane (6): A solution of Ag(CH3(C6H4)SO3)
(0.2�) in methanol was layered over an aqueous solution of
PR44(CH3(C6H4)SO3)2 (0.002�) in a diffusion tube to produce X-ray
quality crystals of 6 after a week (41 mg, 29%); elemental analysis calcd
(%) for AgC73H81N28O21S3 ¥ 9H2O: C 42.73, H 4.86, N 19.11, S 4.69; found:
C 43.10, H 5.32, N 18.73, S 5.10.


Ag helical 1D polyrotaxane (7): A solution of AgNO3 (0.2�) in methanol
was layered over an aqueous solution of PR53(NO3)2 (0.002�) in a
diffusion tube to produce colorless, X-ray quality crystals of 7 after a week
(36 mg, 21%). m.p.� 215 �C (decomposed); elemental analysis calcd (%)
for AgC53H62N31O21 ¥ 12H2O: C 35.50, H 4.83, N 24.21; found: C 35.62, H
4.51, N 24.12.


Cd helical 1D polyrotaxane (8): A solution of PR53(NO3)2 (0.01�) in water
was layered over an aqueous solution of Cd(NO3)2 (0.2�) in a diffusion
tube to produce colorless, X-ray quality crystals of 8 after a week (23 mg,
15%). m.p.� 240 �C (decomposed); elemental analysis calcd (%) for
CdC53H62N31O21 ¥ 9H2O: C 34.86, H 4.39, N 25.01; found: C 35.07, H 4.55, N
25.40.


Ag polycatenated 2D polyrotaxane net (9): A solution of AgNO3 (0.2�) in
methanol was layered over an aqueous solution of PR44(NO3)2 (0.002�) in
a diffusion tube to produce colorless, plate-like, X-ray quality crystals of 9
after a week (56 mg, 37%). m.p.� 160 �C (decomposed); elemental
analysis calcd (%) for AgC78H90N46O30 ¥ 10H2O: C 38.39, H 4.54, N 26.40;
found: C 38.62, H 4.51, N 26.21.


Ag square-grid 2D polyrotaxane (10): A solution of Ag(CF3SO3) (0.2�) in
methanol was layered over an aqueous solution of PR43(CF3SO3)2
(0.002�) in a diffusion tube to produce colorless, block, X-ray quality
crystals of 10 after a week (27 mg, 29%). m.p.� 260 �C (decomposed);
elemental analysis calcd (%) for AgC109H120N56O39S5F15 ¥ 20H2O: C 34.89,
H 4.40, N 20.91; found: C 34.78, H 4.31, N 21.33.


Cu square-grid 2D polyrotaxane (11): A solution of PR43(NO3)2 (0.002�)
in water was layered over an aqueous solution of Cu(NO3)2 (0.2�) in a
diffusion tube to produce blue, X-ray quality crystals of 11 after a week
(15 mg, 20%). m.p.� 210 �C (decomposed); elemental analysis calcd (%)
for CuC104H120N62O42 ¥ 23.5H2O: C 36.77, H 4.95, N 25.58; found: C 36.44, H
4.59, N 25.89.


X-ray crystal structure determination : The crystal data for all the
polyrotaxanes are listed in Table S1 (Supporting information). The data
collection was performed on an Enraf-NoniusCAD diffractometer at
293(2) K equipped with a graphite-monochromated MoK� (�� 0.71073 ä)
radiation source for 1, 3, 6, 7, and 9. Cell parameters and an orientation
matrix for data collection were obtained from a least-squares refinement by
using the setting angles of 25 reflections. The intensities of three standard
reflections, monitored every 3 h of X-ray exposure during the data
collection, showed no systematic changes. For other compounds, data
collection was performed with a Bruker SMART1000 CCD-based
diffractometer at 170(2) K with MoK� radiation (�� 0.71073 ä). The
crystallographic data and additional details of data collection and refine-
ment are summarized in Table S1. Data reduction was performed by using
the SAINT software, which corrected for Lp (Lorentz and polarization
effects) and decay. Absorption corrections were applied by using SADABS
supplied by G. Sheldrick. The structure was solved by direct methods by
using SHELXS in Bruker SHELXTL (version 5.1). All non-hydrogen
atoms were refined anisotropically, and all hydrogens were calculated
by geometrical methods and refined by using a riding model. The posi-
tions of hydrogen atoms, bonded to carbon atoms, were idealized
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(d(C�H)� 0.96 ä) with their thermal parameters of 1.2 times those of
attached atoms. These hydrogen atoms were refined by riding them on the
attached carbon atoms. Final cycles of refinement on F 2 converged to the
residuals listed in Table S1.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications nos. TUBVUH (1),
CCDC-167483 (2), CCDC-167484 (3), CCDC-167638 (4), CCDC-167639
(5), REKHOE (6), PAPQUS (7), CCDC-167485 (8), REKHIY (9),
CCDC-167486 (10), and CCDC-167487 (11). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (�44)1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).
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Unsaturated Dodecahedranes–In Quest of the C20H14 1,4,16-Triene and
C20H12 1,4,10(14),16-Tetraene, and Their Cations and Anions


Jens Reinbold,[a] Emmerich Sackers,[a] Thomas O˚wald,[a] Klaus Weber,[a]
Andreas Weiler,[a] Torsten Voss,[a] Dieter Hunkler,[a] J¸rgen Wˆrth,[a] Lothar Knothe,[a]
Frank Sommer,[b] Nina Morgner,[b] Bernd von Issendorff,[b] and Horst Prinzbach*[a]


Abstract: The highly pyramidal, highly
strained C20H14 1,4,16-dodecahedra-
triene (4) and C20H12 1,4,10(14),16-do-
decahedratetraene (5) are cage olefins
with an intriguing ™inner life∫. For 5
DFT calculations give information
about the energetic and geometrical
consequences of one-/two-electron oxi-
dation and reduction. Attempts to pre-


pare 4 and 5 through thermal ret-
ro[2�2]/[4�2]cycloaddition strategies
proved unsuccessful. Still, the C20H14/
C2oH12 cage cations and anions are


liberated upon electron impact or gas-
discharge ionization of their thermally
extremely stable tris-/tetrakisanthra-
ceno-anellated derivatives. Mass-selec-
tion (photoelectron (PE) characteriza-
tion) of the anions failed, however, due
to the very small anion intensity, the
preferential formation of hydrogen-poor
ions, and minor cage disruption.


Keywords: cycloaddition ¥ fuller-
enes ¥ polycycles ¥ radical ions ¥
retro reactions ¥ strained molecules


Introduction


Unsaturated derivatives of pentagonal dodecahedrane 1[1]


such as monoene 2,[1] l,l6-diene 3,[1] l,4,l6-triene 4,[2]


l,4,l0(l4),l6-tetraene 5, the C20Hl0 trannnulene,[3] and ultimate-
ly the C20 decaene (fullerene) 6,[4] make up an intriguing
family of cage olefins[5]–synthetically as challenging as
theoretically rewarding. As to their synthesis, it should be
recalled that olefins with comparable olefinic pyramidaliza-
tion were only observable in a low-temperature matrix[5c, 6]


and that 2 and 3 owe their thermal stability to efficient steric
protection of the C�C double bonds. The properties related to
the unusual spherical topology and particularly to the ™inner
life∫[7] of the neutral hydrocarbons as well as of the respective
radical cations and dications have raised much attention;
through-cage � ±� interactions, in-plane homoaromaticity,
and three-dimensional aromaticity[8] are three of the prom-
inent topics.


Calculations : For D2h symmetrical diene 3 with its perfectly
syn-periplanar � bonds 3.5 ä apart, from a total � ±� split of
0.68 eV a through-cage interaction of 0.3 eV is observed,[9]


while for the only slightly more ™proximate∫ D2h radical
cation 3 .� (� ±� distance 3.53 ä, UHF-AM1) in a low-
temperature matrix true in-plane cyclic 4C/3e delocalization
had been established.[10] Yet, upon dissolution of 3 in an
oxidizing superacid medium the �-bishomoaromatic 4C/2e
dication 32� could not be observed, in fact no cationic species
at all were observed.[11, 12]


C2v triene 4 and particularlyD2h tetraene 5 with their sets of
very proximate, strictly perpendicular and highly pyramidal-
ized C�C double bonds promised the discovery of so far
unknown bonding motifs.[13] It was above all this outlook
which has prompted the synthetic activities directed at 4 and 5


[a] Prof. Dr. H. Prinzbach, Dr. J. Reinbold, Dr. E. Sackers, Dr. T. O˚wald,
Dr. K. Weber, Dr. A. Weiler, Dr. T. Voss, Dr. D. Hunkler,
Dr. J. Wˆrth, Dr. L. Knothe
Institut f¸r Organische Chemie und Biochemie
Albert-Ludwigs-Universit‰t, 79104 Freiburg (Germany)
Fax: (�49)761-2036048
E-mail : horst.prinzbach@orgmail.chemie.uni-freiburg.de


[b] Dipl. Phys. F. Sommer, N. Morgner, Dr. B. von Issendorff
Fakult‰t f¸r Physik, Albert-Ludwigs-Universit‰t
79104 Freiburg (Germany)


FULL PAPER


Chem. Eur. J. 2002, 8, No. 2 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0509 $ 17.50+.50/0 509







FULL PAPER H. Prinzbach et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0510 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 2510


as detailed in this paper.[14] It was, a priori, a very risky project:
though every one of the C�C double bonds in 4 and 5–like in
2 and 3–is protected by four flanking C�H bonds, the �


bonds in 4 and 5 are even more bent, and the molecular strain
and sensitivity to oxygen, and the tendency for dimerization/
polymerization even higher than for 2 and 3.


To more closely specify the bonding motifs associated with
4 and 5, the results of B3LYP/6-3lG* calculations[15] are
presented in Figure 1 for 5, its radical cation 5 .� , dication 52�,
and, for reasons to be detailed below, for radical anion 5 .� and


Figure 1. Calculated (B3LYP/6 ± 31G*) relative energies (E0 [kcalmol�1]),
selected bond lengths, transannular distances (d, d� [ä]), pyramidalization
angles (� [�]), and Mulliken charges at sp2 centers for 5, cations 5 .�(2�), and
anions 5 .�(2�).


dianion 52�. At this level of theory, which is known to excert a
bias towards delocalized structures,[16] but is found reliable, for
example, for in-plane delocalized 4C/3(2)e cations[17] and 4N/
5(6)e anions,[18] the following conclusions are justified: 1)
One-/two-electron reduction is easier than oxidation; 2) in
both reduction steps D2h symmetry of the molecular skeleton
is retained, in both oxidation steps it is reduced to C2v; 3) On
the reduction side the profound geometrical changes, that is,
elongation of the transannular distance between the two
symmetry equivalent �1 bonds (d�), are already achieved at
the stage of the energetically readily attainable radical anion
5 .� . On the cationic side in both steps the �2 bond is most
involved, which causes appreciable flattening of the cage
skeleton. Judged by a total energy of 438.3 kcalmol�1, the
dication 52� seems to be experimentally out of reach.


Results and Discussion


Syntheses–scope : For the installation of the highly pyrami-
dalized C�C double bonds of monoene 2 and diene 3 several
synthetic options have been explored. Cis-1,2-HBr elimina-
tion with the use of Schwesinger×s strong, small, and weakly
nucleophilic P2F base,[20] by now the most expeditious route to
monoene 2,[2, 21] when applied to di-, tri-, and tetrabromo-
dodecahedranes can only provide isomeric mixtures of the
respective dienes, trienes, and tetraenes. Still, in this way the
short-term existence of 3, 4, and 5 as components of isomeric
mixtures, in solution and in solid state, has been establish-
ed.[22, 23] Directed two- to fourfold 1,2-cis-elimination of Br2
with metal complexes (Scheme 3, see later), again successful
for 2,[21] was out of the race when the needed, three- to
fourfold vicinal, highly strained polybromides (B ±D,
Scheme 1 P�Br/Br) proved not to be amenable to synthe-
sis.[23b] Thus, for 4 and 5, recourse was made to cycloreversion


Scheme 1.


strategies.[24] This preparative alternative had been systemati-
cally studied for diene 3 with the result that high-energy vapor
phase elimination of furan (a) or CO2 (b) surfaced as superior
to the low-energy cycloreversions in solution of N-nitro-
soaziridines (c), episulfones (d) and dimethylaminoacetal
anions (e).[2]
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When the three- and fourfold anellated dodecahedranes
Ca±c and Da±c were targeted as precursors of 4 and 5, it was
understood that with increasing molecular strain of the
olefinic targets the energy barrier for deprotection would
drastically rise, and that success would critically depend on the
nature of the ™P-ligands∫, and on the volatility and thermal
integrity of precursors and intermediate olefins during the
vaporization/deprotection operations.[5b]


In this paper the details are presented for the construction
(and deprotection) of threefold protected triene-precursors of
mixed type Ca,b, tris-/tetrakisanthraceno-anellated precursors
Cf/Df, and for comparison the anthraceno-anellated mono-/
dienes Af/Bf. The response of these cycloadducts to thermal
activation and electron-impact or gas-discharge ionization is
also reported. This last project, in particular, has regained
actuality with the generation of the C20 fullerene 6, the mass
selection of its anion, and its photoelectron (PE) spectro-
scopic characterization.[4]


Ca,b-type ™protected∫ 1,4,16-triene 4–deprotection : The syn-
thesis presented in Scheme 2 for a precursor of the mixed type
Ca,b was closely follows the protocol optimized for the bis-�-
lactone Bb


[25] and made use of the known propensity of
unsaturated dodecahedranes for [4� 2]cycloadditions.[2, 7]


From readily available pagodanebiscarboxamide 7 (R�
NH2) the secodioxodecahedrene diester 8 was prepared as
an intermediate of the ™aldol ± pagodane ± dodecahedrane∫
scheme.[25] The subsequent mul-
tistep sequence was effected in
two one-pot operations–cycli-
zation (9)/furan addition (10),
and ester hydrolysis/�-lactoniza-
tion–to provide 11 as an ap-
proximate 1:1 mixture of syn/anti
oxanorbonenes in nearly quanti-
tative yield; the subtitution pat-
tern (Cs symmetry) was corrobo-
rated by the lH and l3C NMR
spectra. The colorless, crystal-
line, acid-labile product, which
crystallized from CH2Cl2/n-pen-
tane in the presence of a trace of
pyridine, proved thermally very
stable in spite of all molecular
strain; it only started to decom-
pose above about 230 �C (no
melting up to 300 �C, residue
polymeric).


The EI-MS spectrum of 11
(Figure 2) displays as the pre-
vailing pattern the parallel loss
of CO2 (12) and furan (13). The
signal at m/z� 298 (l00), that is,
the signal for 14 .� , represents the
mother ion; this indicates that at
the stage of the lactono-diene
ion 14 .� there is a relatively high
energy barrier for the formation
of the third C�C double bond (cf.


Scheme 2.


increase of olefinic strain energy� 23.2 kcalmol�1[2]). Such a
barrier did not occur for the monolactonoene ion arising from
bislactone Bb en route to diene 3. With reference to prior
experience[4, 22] the very intense signal m/z� 254 (83) can
safely be attributed to the intact C20H14 cage ion 4 .� . A
second, much less important fragmentation pathway com-


Figure 2. Major electron-impact fragmentation of l1 (b). MS control of the flash vacuum pyrolysis at 650 �C (a)
and 800 �C (c) oven temperature.
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mences with the elimination of (H)CO presumably out of the
oxanorbornene units. In contrast to the radical cation 3 .� , the
triene ion 4 .� fragments carbon-by-carbon, and there is no
evidence for a disruption into two larger parts.[25]


When 11 was exposed to flash vapor-phase pyrolysis (FVP)
conditions applied to the generation of diene 3 from
bislactone Bb (l0�4 Torr, 500 �C), upon heating close to or for
a short time above the decomposition temperature (230 ±
270 �C), total decomposition rather than vaporization was
effected. Even with experimental apparatus that allows for a
pressure below l0�7 Torr and in test runs with bislactoneBb for
a nearly quantitative yield of diene 3, only trace quantities of
11 were vaporized. At least partial success came with the use
of the thermally extremely stable and rather volatile dodec-
ahedrane 1 as carrier gas. After shock-heating the mixture of
11 and 1 to approximately 220 �C, with an oven temperature of
about 650 �C, a small amount of colorless material condensed
in the cooling zone (� l70 �C). This solid was identified by the
MS spectrum (Figure 2a) as mainly lactono-diene 14, whose
reluctance to loose CO2 has addressed above. After raising the
oven temperature to 800 �C, the condensate was analysed as
mainly ™furano-diene∫ 15 (isomers, Figure 2c, in 2b repre-
sented by a relatively weak signal). It is reasonable to assume
that triene 4 had been generated and re-addition of cocon-
densed furan occurred. So far the cocondensation of furan
could not be avoided without total loss of 4.


Anthraceno-anellated dodecahedranes Af ±Df


Monoadduct Af : With the much improved synthesis for parent
dodecahedrane 1,[26] with Paquette×s protocol for the neat
monobromination of 1 to 16,[27] and with the P2F base allowing
a practically quantitative cis-�-HBr elimination, an expedi-
tious route to dodecahedrene 2 has opened.[2] Compound 2
with its high-lying HOMO can then rapidly enter into various
Diels ±Alder cycloaddition reactions (cf. furan addition 9�
10).[2] Anthracene and even the sterically more demanding
9,10-dibromoanthracene[28] were found to be added with
similar ease (room temperature). Yet, of the [4� 2]adducts 17
and 18, nearly quantitatively collected after a simple workup
procedure, not even the latter showed any tendency for
cycloreversion upon heating up to 300 �C. The bromine
substituents of 18 did not change the picture; the clear melt
(213 �C) was not effected by raising the temperature to about
330 �C. Of practical relevance referred to below was the
resistance of 17–in contrast to the furan-adductAa–towards
the P2F base. Hence HBr elimination 16� 2 and anthracene
addition 2� 17 could be performed as one-pot operation with
similarly high yields (here 80%, Scheme 3). Notable spectral
aspects are concerned with the NMR spectral analysis of 17:
The lH (singlet) and l3C signals due to the bisbenzylic 1(22)-
hydrogen and 1(22)-carbon atoms are well-separated lowest/
highest (�� 3.91/56.6) signals that can serve as readily
distinguishable leads, and a strong anisotropic shielding by
the benzene rings significantly spreads the range of the cage
1H signals (�� 3.30 ± 2.50; �� 3.38 for 1, C6D6). Thus the
distinction of the (additionally structured) ™doublet∫ (�-H,�),


Scheme 3.


™triplet∫ (�-H,�), and ™quartet∫ (�-H,�) signals was straight-
forward.


As part of an explorative search for the D2d dodecahedral
C20H8 hexaene starting with the corresponding hexakisan-
thraceno-anellated precursor (see Conclusions), a one-pot
catalytic dehydrogenation)/cycloaddition procedure was test-
ed as most economical route from parent 1 to 17. We
have accumulated evidence that reduction of the great
strain that produces steric compression between the strictly
eclipsed hydrogens on the molecular periphery of 1[29] would
assist transfer of hydrogen, hence, our ability to intercept
the non-hyperstable 2 by anthracene. And indeed, after
heating the intimate mixture of 1, anthracene (large excess),
and Pd/C/H2 for four days to 170 ± 190 �C in a pressure
flask, adduct 17 indeed surfaced as the main product,
conveniently separated from traces of bis- and trisadducts
(MS).[14d]


Bisadducts (Bf): For the synthesis of D2h symmetrical bisad-
duct Bf, instead of anthracene addition to diene 3, a route in
part common with that leading to the tetrakisadduct Df


(Scheme 6, see later) was pursued. Not the least with the
intention to find a route for the formation of the dienes 22 ± 24
(more proximate than 3, not syn-periplanar, but with the
steric protection operative in 3), the course of twofold
elimination of HBr from 1,6-dibromododecahedrane (19)
has been studied in detail (Scheme 4). For the latter, an
intermediate en route to parent dodecahedrane 1,[26] a highly
optimized synthetic protocol starting from 7 had been worked
out. There was good reason for the a priori assumption, that if
the individual dienes were not amenable to a necessarily
lengthy chromatographic separation, the respective bisan-
thraceno adducts 25 ± 28 would be.


After treatment of 19 in degassed homogenous benzene
solution with a threefold excess (six equivalents) of P2F, the
twofold HBr elimination was complete within minutes (ca.
10 min, TLC). After rapid work up as for monoene 2
(filtration of the quenched reaction solution through a short
pad of silica gel, concentration below 35 �C) a solid, bromine-
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free, oily material was isolated,
according to the MS control
without any oxidized compo-
nents (highest mass m/z� 256
of dienes 3 and 22 ± 24 ; the
trace of dimeric composition
with m/z� 5l2 should not have
its origin in thermal dimeriza-
tion). The lH NMR spectrum
(500 MHz, C6D6) with two
weak signals (�� 4.0, 3.8) and
a multitude of signals between
�� 3.5 ± 2.85 (3 : �� 3.6 ± 2.9
(C6D6)) was found too complex
for any assignment; the
l3C NMR spectrum (four ole-
finic signals discernible, ��
l70.6, l66.5, l65.6, l63.6) exclud-
ed isomer 3 as a major compo-
nent. In support, the MS spec-
trum of the diene mixture
(m/z� 56 (l00)) differed from
that of 3 by the significantly
reduced intensity of the m/z�
l4l andm/z� ll4 ions (identified
by HRMS as CllH9 and C9H7


species), which had been relat-
ed to a characteristic fragmen-
tation mode of 3. Yet, all at-
tempts for chromatographic
separation of the dienes (TLC,
HPLC, GC), which requires a
longer contact with deoxygen-
ated silica gel, ended with prac-
tically total loss of the material
(oxidation, polymerization). To
isolate the individual bisanthra-
ceno derivatives 25 ± 28, the
crude mixture of dienes was
treated at room temperature
with a large excess of anthra-
cene; after about three hours
no olefinic component was
present anymore, and the inter-
mediate monoadducts had evi-
dently all been totally convert-
ed. To minimize the still immi-
nent problem posed by the
oxygen sensitivity of the dienes
and of the intermediate mono-
adducts, ultimately the one-pot
elimination/addition procedure
was exploited; the yield of bis-
adducts was practically that of
the precursor dienes (80%).
Analytical as well as prepara-
tive HPLC allowed separation
into the mixture of C2v 25 with
C2 26, pure Cs 27, and pure C2Scheme 4.







FULL PAPER H. Prinzbach et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0802-0514 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 2514


28, in a ratio 5:33:6:56 that differs significantly from the
statistical one. Information with regard to the sequence of the
elimination/addition events came from an explorative experi-
ment performed with only two equivalents of base. From
residual 19 and bisadducts 25 ± 28 the bromo-adducts 29 and
30, derived from bromoenes 20 and 21 in a roughly statistical
1:2 ratio, were separated.


A comment on the 1H and 13C NMR analyses of the four
bisadducts 25 ± 28 given in Figure 3 is appropriate: Since in the


Figure 3. Space-filling models and selected 1H and 13C NMR assignments
for bisadducts 25 ± 28 (CDCl3, �, J [Hz]).


mixture 25/26 the very minor, highly symmetrical 25 con-
tributed only a few weak, known 1H and 13C signals, for 26 safe
assignments could be made. The differentiation of 26 from the
equally C2 symmetrical 28 is, inter alia, based on distinctly
differing anisotropic effects exerted by the respective benzene
rings (e.g., �H-3(4)� 2.57, �H-14(18)� 2.42 for 26, �H-3(4)� 2.04 for
28).


Trisadducts (Cf): After the failure to secure triene 4 from
bislactono ± furano precursor 11 (Scheme 2), the decision to
embark on the synthesis of its trisanthraceno adduct 43, even
if only as one of several isomers (Scheme 5), was once more
eased by the ready availability of the starting material,
dodecahedrene diester 31.[30] As to the reaction sequence
actually followed, it has to be recalled that the highly
pyramidalized C�C double bonds in unsaturated dodecahe-
dranes such as 31 are not compatible with decarboxylation
methodologies.[23] For the twofold brominative decarboxyla-
tion of the anthraceno diacid 34 to give anthraceno dibromide
36, the Barton procedure[30] was used; this procedure has
repeatedly proven its superiority in the sterically congested
dodecahedral periphery. After hydrolysis of 33 to diacid 34,
which necessitated rather forcing conditions (16 h, boiling
CH3OH/KOH, 88%) and transformation into the bis(hy-
droxy-2-thiopyridine ester), thermolysis in CBrCl3 provided
crystalline 36 in a remarkable 76% yield. No efforts were
made to completely identify the side products, which accord-
ing to the MS analysis, at least in part, arise from recombi-
nation of intermediate dodecahedryl radicals with S-C5H5N
radicals. As to the manifold of possible �-HBr eliminations in
36, steric protection of the Hx hydrogens by the benzene
rings–expressed in the latter×s anisotropic impact (cf. the
lH NMR data in Figure 4)–signaled some selectivity for the
subsequent deprotonation steps (Hz�Hy�Hx). And indeed,
from the reaction of 36with the P2F base, under the conditions
applied to l,6-dibromide 19 (threefold excess of base, RT)
taking more time for total conversion (ca. 40 vs. ca. 10 min),
only three of the possible seven dienes had been formed in
roughly equal portions (TLC, MS, components �5% could
have remained undetected). After work up (cf. 22 ± 24) the
greater part of the solid, highly oxygen-sensitive mixture of
anthracenodienes (MS, several trace components) displayed
four 1H ™lead∫ signals (�� 4.05, 3.97, 3.68, 3.58) and five (six)
olefinic l3C signals (�� 169.6, 169.3, 168.9, 168.8, 167.4), in line
with the assignments as 38, 39, and 40. It is understood that a
C�C double bond resulting from �-HxBr elimination would
not have been intercepted for steric reasons (Figure 5). When
all attempts for separation and for flash vacuum pyrolytic
liberation of the respective trienes had remained futile, a one-
pot elimination/addition experiment (36/P2F (6 equiv)/an-
thracene (threefold excess)/RT) was performed that provided
a mixture of three trisanthraceno adducts (TLC, MS). After
separation by high-pressure liquid chromatography, their
unambiguous structural elucidation as C3v 41 (�2Hz, 25 ±
28%), C1 42 (�Hy, �Hz, 25 ± 28%), and C2v 43 (�2Hx, 15 ±
18%) (Figure 4), primarily based on the 1H and l3C MR
criteria applied to the mono- and bisadducts (Figure 3),
not only clarified resting uncertainties about structures
38 ± 40, but also confirmed an efficient directing effect
by the anthracene units upon the �-HBr eliminations.
Specifically for 43 the degree of diamagnetic shielding upon
the 5(8)-hydrogens (�� 2.15) is remarkable. Heating 41, 42,
and 43 to 300 ± 350 �C once more did not bring about any
change.


As noted for dibromoanthraceno adduct 18 (Scheme 3), the
benzylic bromination in 35, irrespective of the additional
repulsive Br/CO2CH3 interactions, did not significantly ease
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[4� 2]cycloreversion (350 �C). It was, however, due to the
built-up of massive peripheral strain, that the ester groups of
35 resisted even extreme hydrolytic conditions as first step en
route to much desired tetrabromide 37.


Tetrakisadduct (Df): The route
to the tetrakisanthraceno deriv-
ative 58 (Df) presented in
Scheme 6 relies largely on the
operations shown in Scheme 5;
with dodecahedradiene diester
45, the starting material was
again readily available.[30] The
advantage: the experience with
36, model considerations, and
MM2 calculations promised a
highly selective product forma-
tion. As visualized in Figure 5,
on the very congested periphery
of dibromide 52, and likewise of
bromoene 56, even the small F�


base should have hardly any
chance to attack Hx hydrogens;
even if it occurred to some
extent, vicinal addition of an-
thracene would not be possible
for steric reasons. On the other
hand, extrapolation from the
mono- (17), bis- (24 ± 27), and
trisadducts (41 ± 43) to 58 sig-
naled solubility problems. Early
concern about the accessibility
of the sterically rather protected
C�C double bond in trisanthra-
cenoene 57 had been lessened
by the unproblematical forma-
tion of Cs trisadduct 43.


Like with monoene 31, addi-
tion of dibromo- and dicyano-
anthracene to diene 45 at room
temperature occurred. In the
bisadducts 46 (90%), 48
(76%), and 49 (83%) the addi-
tional strain introduced by the
four R2/CO2CH3 interactions up
to 350(300) �C did not decisively
help [4� 2]cycloreversion. The
congested situation around the
ester groups in 46 became appa-
rent, though, when en route to
dibromide 52 (Barton proce-
dure[31]) their saponification
failed under the forcing condi-
tions that had been successful
with 33. Half-ester 50 was selec-
tively produced only after long
reaction times. A convincing
solution to this problem was
found (practically quantitative
yield) with a one-pot protocol


that even included the preceding formation of 45 from
bissecodibromododecahedradiene diester 44 : Upon heating
(80 �C) the solution of 44 and anthracene in DMF (Merck p.a.)
in the presence of NaH, the cyclisation and addition steps


Scheme 5.
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were complete within a few minutes and the ester hydrolyses
to give diacid 47 after about 90 minutes. Heating the
bis(hydroxy-2-thiopyridine ester) of 47 (generated in situ in


benzene/tert-butanethiol, CBrCl3, or CCl4) provided
the hardly soluble parent bisadduct 25 (Scheme 4,
69%), and the somewhat better soluble dihalogenides
52 (76%) and 53 (69%); the implied radical recombi-
nations apparently face little steric opposition. As a
source of spectral information (MS) bromo-ester 51was
analogously produced from half-ester 50, which had
been collected during the hydrolysis experiments.


The reaction of dibromide 52 with P2F (RT, benzene)
proceeded much more slowly than with 36 and regio-
specifically. Under the conditions applied for the
twofold elimination from 36 (threefold excess of base,
RT, 40 min) only approximately 20% conversion to
bromoene 54 (MS) had taken place. Repetition of the
experiment in the presence of anthracene delivered,
after a not optimal separation procedure, bromo-
trisadduct 56, but only in quantities sufficient for its
spectral characterization. For complete twofold HBr
elimination the solution of 52 in benzene and ten
equivalents of P2F had to be kept at 80 �C for three
hours; after about 20 minutes a solid started to deposit,
free of 54, which mainly consisted of P2FBr and diene 55
(MS, TLC). The latter, owing to its insolubility and
extreme oxygen-sensitivity, proved not to be amenable
to any chromatographic isolation procedure, but could
be conveniently obtained in nearly pure form after
quenching with methanol, concentration, and thorough
extraction of the products derived from the base
(boiling methanol, acetone). ™Brick∫-like 55 was not
soluble enough in organic solvents for the measurement
of NMR spectra (inter alia boiling dibromobenzene,
tetrachloroethylene, DMF) and readily decomposed in
AsCl3, which is a proven solvent for ™aro-
matic∫ hydrocarbons[32] (oxidation?, extensive line-


broadening in the 1H NMR spectrum). Still, the MS spectrum
was convincing as it was not very different from the spectra of
precursor 52 after loss of two (H)Br and of tetrakisadduct 58


Figure 5. Space-filling models for the attack of F� upon Hy (yellow,
left) and Hx (blue, right) in 52, and part of a hypothetical vicinal
bisanthraceno adduct (left; transannular distances, right).


Figure 4. Space-filling models and selected 1H and 13C NMR assignments for
trisadducts 41 ± 43 and tetrakisadduct 58 (CDCl3, �, J [Hz]).
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after loss of two anthracene units. In line with the uniform
formation of 55, the one-pot version for the synthesis of 58
(52/P2F (10 equiv)/anthracene/boiling benzene/3 h) delivered
the target molecule, which like 55 also has a brick-like
behaviour, in nearly quantitative yield. Its complete NMR
spectral analysis became possible when it was found not only
to be well soluble but also stable in AsCl3 (yellowish solution).
The eight 1H (4� 8H, 2� 4H(s), 1� 8H, 1� 4H(s)) and
twelve 13C NMR signals (6� 8C, 2� 4C, 1� 8C, 3� 4C)


in the 500 MHz spectra (Figure 4)
confirm the D2h symmetry. In
his very rigid skeleton the
4(13,22,31) hydrogen atoms (��
1.89) and particularly the
7(10,25,28) hydrogen atoms
(�� 0.99) are pressed into the �


clouds of the opposite benzene
rings.


MS spectra : In the context of the
recent PE spectroscopic character-
ization of the C20 fullerene through
the mass-selected C20


� ion, the
importance of weak external bonds
to be broken en route to this ion
had been recognized. Thus it was
with a ™perbrominated∫, not a
™perchlorinated∫ dodecahedrane
that disrupture of the increasingly
strained cage skeleton could be
circumvented along the cascade of
external C�X bond scissions.[4, 33]


How would the anthraceno-anel-
lated dodecahedranes respond to
their electron impact or gas-dis-
charge ionization? The systemati-
cally scrutinized MS spectra (cati-
onic mode) of all anthraceno-
anellated dodecahedranes of
Schemes 3 ± 6 allow the following
generalizations:
1) The ionized mono- (17, 18, 29,


30, 33 ± 40), bis- (25 ± 28, 46 ±
55), tris- (41 ± 43, 56, 57) and
tetrakisadducts (58) loose their
anthraceno ligands (and other
substituents) without much
damage to the cage.


2) Mechanistically these elimina-
tions are not neat [4� 2]-
cycloreversion processes;[24] the
ultimate olefinic ions (2 ± 5, iso-
mers), in part represented by
only very weak signals, are ac-
companied by ions that have
lost 1 ± 2 hydrogens; 9,10-dihy-
droanthracene as possible reac-
tion product is not ionized (ob-
served).


3) In case of tris- and tetrakisadducts, as exemplified with the
spectrum of 58 in Figure 6, after loss of two and three
ligands, at the stage of the anthraceno-di(tri)ene ions
(m/z� 429 ± 431), respectively, a very minor parallel car-
bon-by-carbon fragmentation of the dodecahedral skele-
ton becomes competitive. It should be noted that in case of
the bis-�-lactono/furano trisadduct 11 a relatively high-
energy barrier for the installation of the last (third) C�C
double bond had been indicated.


Scheme 6.
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Our attempts to characterize the bonding motifs in triene 4
and, particularly, tetraene 5 by PE spectroscopy on their mass-
selected anions were not successful. The reasons are exem-
plified with the anion mass spectrum recorded after gas-
discharge ionization of tetrakisadduct 58 (Figure 7).[34] In
contrast to the cation spectrum (Figure 6), the overall
intensity is very low (this hints at low electron affinity of the
molecules produced), and cage fragmentation already sets in
after loss of two ligands, at the stage of the bisanthraceno
dienes (m/z� 607). Furthermore, the C20H12 5� ion (m/z�
252) has only low abundance; the hydrogen-poorer C20H10


and C20H8 ions are preferentially produced. In total, the
intensity of the negatively charged 5 is about a factor 500
smaller than that of the C20 cage generated from ™perbromi-
nated∫ dodecahedrane under similar conditions[4, 34]–regret-
tably too small to measure a PE spectrum.


Conclusion


High molecular strain sets tight limits for the generation of
unsaturated dodecahedranes with more than two C�C double
bonds through [2� 2]/[4� 2] retrocycloaddition strategies.[35]


Still, the intact C20H18 ±C20H12 olefinic cations and anions
(2 ± 5, isomers) can be liberated from their thermally highly
stable mono-, bis-, tris-, and tetrakisanthraceno cycloadducts
by electron impact or gas-discharge ionization. Yet, competi-
tion by H-transfer reactions in the course of these elimina-
tions and minor cage disruption prohibited mass selection,
specifically of the 5� ion, hence PE spectroscopic and
theoretical analysis.[36]


In this situation, synthetic efforts towards the fourfold N-
nitrosoaziridino-protected precursor 62 (type Dc, Scheme 1)
have been started (Scheme 7);[14f] the extrusion of N2O from


the presumably isolable 62,[37]


possibly by low-temperature
matrix irradiation, should not
face competition of the type
met with 58. In exploratory
experiments, twofold aziridina-
tion 45� 59 (88%) and Barton
degradation 59� 60 (57%)
were found to be unproblemat-
ical; however, the HBr elimi-
nations 60� 61 under the con-
ditions applied to 52 were not
sufficiently selective.


Still high on our agenda re-
main the Th symmetrical C20H8


hexaene 63, the derived 10�
dication, and the 14� dianion.
As suggested by the efficient
dehydrogenation/cycloaddition


Figure 6. 70 eV cationic MS spectrum of tetrakisadduct 58.


Figure 7. Anionic MS spectrum of 58 (gas-discharge ionization).
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Scheme 7.


1� 17 (Scheme 3), the one-pot synthesis of the hexakis-
anthraceno adduct 64 from tetrakisadduct 58 is being
pursued; there is indeed preliminary MS evidence for its
generation.


Experimental Section


General : Melting points (m.p.) were determined on a Monoskop IV (Fa.
Bock) and are uncorrected. Elemental analyses were performed by
Analytische Abteilung des Chemischen Laboratoriums Freiburg i. Br.
Analytical thin-layer chromatography (TLC): Merck silica gel plates with
F254 indicator with detection by UV, KMnO4, or phosphomolybdic acid
solution (PMS). IR spectra were recorded with a Perkin Elmer 457
spectrometer, UV spectra with Perkin Elmer Lamda 15 spectrometer, and
MS spectra with Finnigan MAT 44S and MAT 8200 instruments (EI, 70 eV,
if not specified differently). 1H and l3C NMR spectra with Bruker WM250,
AM400, DRX500 spectrometers [if not specified otherwise, the 400 MHz
spectra in CDCl3 are given; chemical shifts were recorded relative to TMS
(�� 0), and coupling constants are in Hertz; assignments marked with


*(**) can be interchanged]. Assignments have been confirmed by
homo- and heteronuclear decoupling and H�H, H�X correlation experi-
ments. The silica gel used for column chromatography was Merck (0.040 ±
0.063 mm) or ICN Biomedicals GmbH (0.032 ± 0.063 mm). The anthra-
cenes were freshly sublimed; experiments with unsaturated dodecahe-
dranes were performed in carefully dried, deoxygenated solvents. In the
glovebox used (M. Braun Labmaster 130) the O2 and H2O values were
below 1 ppm.


Dimethyl 5,19-dihydroxy-25-oxatridecacyclo[20.2.1.02,6.02,21.03,13.04,11.05,9.
07,20.08,18.010,17.012,16.014,21.015,19]pentacos-23-ene-4,15-dicarboxylates (10, mix-
ture of stereoisomers): A solution of sodium methylate prepared from Na
(30 mg, 1.3 mmol) in methanol (1 mL) was added dropwise to a degassed
solution of 8 (50 mg, 0.12 mmol) in furan (5 mL)/methanol (2 mL) at RT.
After stirring for 1 h CH2Cl2 (10 mL) was added, and the solution extracted
with water (10 mL). After drying (MgSO4), filtration, and concentration in
vacuo the uniform solid residue (TLC) was filtrated through silica gel
(CH2Cl2/ethyl acetate/methanol 10:1:1). After concentration colorless
crystals were isolated (56 mg, 96%); m.p. 127 �C; IR (KBr): �� � 3444
(OH), 2946 (C�H), 1763 (C�O), 1290, 1212 cm�1 (C�O); 1H NMR: ��
6.55/6.48 (t, H-23,24), 4.76/4.72 (t, H-1,22), 4.09 (q, J� 11.4 Hz, 1H), 3.84 ±
3.99 (series of m), 3.81 (q, J� 11.4 Hz, 1H), 3.67 ± 3.80 (series of m), 3.62 (s,
2OCH3), 3.54 ± 3.67 (series of m), 3.41 ± 3.54 (series of m), 3.22 ± 3.41 (series
of m), 3.19 (m; 2H), 3.13 (dm, J� 11.2 Hz, 2H), 2.89/2.84 (br s, OH), 2.59
(m); 13C NMR: �� 175.5 (CO), 175.6 (C�O), 136.2/136.1 (C-23,24), 115.7/
115.2 (C-5,19), 88.7/88.6 (C-2,12), 87.7/87.5 (C-1,22), 86.4/85.9 (C-4,15), 78.3,
75.1, 74.9, 74.0, 71.3, 71.1, 70.3, 69.0, 68.4, 68.0, 67.9, 67.2, 65.7, 65.5, 64.6,
64.5, 63.2, 63.1, 52.5 (OCH3); elemental analysis calcd (%) for C28H26O7


(474.5): C 70.88, H 5.52; found: C 70.80, H 5.49.


6,12,29-Trioxapentacyclo[24.2.1.02,8.02,25.03,23.04,7.04,21.07,19.09,18.010,25.011,14.011,17.
014,24.015,22.016,20]nonacos-27-ene-5,13-diones (11, mixture of isomers): A
solution of 10 (50 mg, 0.11 mmol) in methanol (10 mL)/KOH (130 mg,
2.3 mmol)/H2O (1 mL) was refluxed for 2 h. After concentration in vacuo
the solid residue was dissolved in water (1.5 mL), the solution was cooled to
approximately 0 �C and was acidified with dilute aqueous HCl. The
precipitate was filtered off and thoroughly dried in vacuo over P2O5. This
dicarboxylic acid was suspended together with phenylsulfonylchloride
(97 mg, 0.55 mmol) in dry pyridine (3 mL) and stirred for 20 h at RT. To the
now homogenous solution water (20 mL) was added. After extraction with
CH2Cl2 (5� 10 mL) and standard work up the crude product (52 mg) was
filtered through silica gel (CH2Cl2/ethyl acetate 4:1), the isolated uniform
material (TLC) crystallized from CH2Cl2/n-hexane (1:1) in the presence of
a trace of pyrididine to give colorless crystals (41 mg, 95%). M.p. �228 �C
(decomp); IR (KBr): �� � 2950 (C�H), 1815 (C�O), 1117, 1072 cm�1


(C�O); 1H NMR: �� 6.47/6.45 (m, H-27,28), 4.78/4.78 (m, H-1,26), 4.16
(q, J� 11.3 Hz, 1H), 3.88 ± 4.00 (m, 5H), 3.79 (q, J� 11.5 Hz, 1H), 3.44 ±
3.73 (series of m, 13H), 3.44 (d, J� 10.7 Hz, H-8,10), 3.36 (d, J� 11.4 Hz,
H-8,10), 2.90/2.83 (m, H-3,24); J1,28� 0.8 Hz; 13C NMR: �� 172.0/171.8 (C-
5,13), 135.8/135.7 (C-27,28), 117.5/117.1 (C-7,11), 97.0/96.8 (C-4,14)*, 93.6/
93.2 (C-2,25)*, 86.7/86.6 (C-1,26), 72.2, 70.9, 70.3, 67.1, 66.9, 66.7, 66.3, 66.1,
64.7, 63.1, 63.0, 62.8, 62.7, 62.5, 61.9, 61.1, 61.0; MS: m/z (%): 410 (2) [M]� ,
382(12), 381(16), 366(11), 342(6), 338(7), 322(7), 299(22), 298(100),
255(18), 254(83), 253(19), 252(16), 68(90), 44(17); HRMS: m/z calcd:
410.1154; found: 410.1122.


23,24;25,26-Dibenzo-tridecacyclo[20.2.2.02,6.02,21.03,13.04,11.05,9.07,20.08,18.010,17.
012,16.014,21.015,19]hexacosane (17): A solution of 2 (52 mg, 0.20 mmol) and
anthracene (72 mg, 0.40 mmol) in benzene (3 mL) was stirred at RT till
total conversion was registered (glove box, 1 h, TLC). After concentration
in vacuo, excess of anthracene sublimation off (high vacuum), and the
residue filtrated through silica gel (CH2Cl2) yielded pure 17 (82 mg, 93%).
Colorless crystals; m.p. �300 �C; Rf� 0.48 (CH2Cl2); IR (KBr): �� � 2935
(C�H), 2854, 1462 cm�1; 1H NMR: �� 7.21 (m, 2H), 7.05 (2H), 3.91 (s,
H-1,22), 3.40 (m, H-4,5,15,19), 3.26 (m, H-9,10,11,16,17,18), 3.13 (m,
H-8,12), 2.90 (m, H-3,6,14,20), 2.52 (m, H-7,13); 1H NMR (C6D6): �� 7.11
(m, 2H), 7.04 (m, 2H), 3.62 (s, H-1,22), 3.29 (m, H-4,5,15,19), 3.20 (m,
H-9,10,11,16,17,18), 3.01 (m, H-8,12), 2.84 (m, H-3,6,14,20), 2.50 (m,
H-7,13); 13C NMR (C6D6): �� 143.2 (C-23,24,25,26), 125.4 (2C), 125.2
(2C), 87.0 (C-2,21), 70.7 (C-3,6,14,20), 67.1 (C-10,17), 66.9 (C-9,11,16,18),
66.7 (C-8,12), 66.5 (C-7,13), 66.4 (C-4,5,15,19), 56.6 (C-1,22); MS: m/z (%):
436 (5) [M]� , 257 (4) [M�C14H10�H]� , 239 (3), 226 (3), 215 (3), 178 (100)
[C14H10]; elemental analysis calcd (%) for C34H28 (437.6): C 93.3, H 6.60;
found: C 92.9, H 6.81.
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1,22-Dibromo-23,24;25,26-dibenzo-tridecacyclo[20.2.2.02,6.02,21.03,13.04,11.05,9.
07,20.08,18.010,17.012,16.014,21.015,19]hexacosane (18) (cf. 17): Compound 2 (52 mg,
0.20 mmol)/9,10-dibromoanthracene (120 mg, 6.4 mmol)/benzene (8 mL)/
1 h (glove box). After work up (silica gel, CH2Cl2) ll2 mg (95%) of colorless
crystals were obtained. M.p. 213 �C (CH2Cl2) (heating up to ca. 330 �C had
no effect); 1H NMR: �� 7.23 (m, 4H), 7.05 (4H), 3.50 (H-4,5,15,19), 3.45
(m, H-10,17), 3.40 (m, H-9,11,16,18), 3.15 (m, H-8,12), 2.91 (m,
H-3,6,14,20), 2.53 (m, H-7,13); 13C NMR: �� 141.2 (C-23,24,25,26), 126.8
and 125.6 (8C), 87.5 (C-2,21), 77.4 (C-1,22), 66.9 (C-8,12)*, 66.8 (C-
3,6,14,20), 66.6 (C-9,11,16,18), 66.5 (C-10,17)*, 66.4 (C-7,13)*, 64.6 (C-
4,5,15,19); elemental analysis calcd (%) for C34H26Br2 (590.7): C 68.70, H
4.41; found: C 68.45, H 4.30.


Capture of dienes 3 and 22 ± 24 as bisanthraceno adducts 25 ± 28 : A solution
of 19 (84 mg, 0.20 mmol) and P2F (444 mg, 1.20 mmol) in benzene (6 mL)
was stirred for 10 min (total loss of bromine, TLC, glove box). After
quenching with methanol (2 mL) it was filtrated over silica gel. Anthracene
(360 mg, 2.0 mmol) was added to this solution, and the mixture stirred for
3 h. After concentration in vacuo and removal of excess anthracene
(sublimation), the solid residue was dissolved in cyclohexane and the
solution filtered through silica gel and concentrated in vacuo. The oily
mixture of 25 ± 28 (111 mg, 90%, Rf� 0.56, CH2Cl2/cyclohexane, 1:1) was
separated by preparative HPLC (silica gel, n-hexane, flow 10 mLmin�1: tdet
(25,26)� 18 min, tdet (28)� 24 min, tdet (27)� 30 min); analytical HPLC
(cyclohexane, flow 1.5 mLmin�1: tdet (25,26)� 1.89 min, tdet (28)� 2.18 min,
tdet (27)� 3.2 min). Of 90 mg recovered material 34 mg (38%) of 25/26 (ca.
1:6), 6 mg (6%) of 28, and 50 mg (55%) of 27 were isolated.


8,9;27,28;29,30;31,32-Tetrabenzopentadecacyclo[24.2.2.27,1002,22.02,25.03,14.
04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]dotriacontane (25) and 7,8;27,28;
29,30;31,32-Tetrabenzopentadecacyclo[24.2.2.26,9.02,13.02,25.03,20.04,12.05,10.
05,19.010,17.011,15.014,24.016,23.018,22.021,25]dotriacontane (26): Colorless crystals
(1:6 mixture with 25); m.p. 224 �C, Rf� 0.54 ± 0.56 (CH2Cl2/cyclohexane
1:1); IR (KBr): �� � 3006, 2925, 1452, 756 cm�1; UV (cyclohexane): �max


(�)� 273 (2803), 266 (2300), 220 nm (14130); 1H NMR: �� 7.25 (m, 6H),
7.10 (m, 2H), 7.08 (m, 4H), 7.03 (m, 4H), 3.85 (s, H-9,26), 3.76 (s, H-1,6),
3.29 (m, H-16,23), 3.15 (m, H-15,22), 2.95 (m, H-3,4), 2.83 (m, H-17,24), 2.80
(t, H-11,21), 2.66 (t, H-13,19), 2.57 (m, H-12,20), 2.42 (q, H-14,18);
J3,20� J14,15� J14,24� 11.1, J11,12� J11,15� J15,16� J17,18� 11.2, J12,13� J13,14�
11.3, J3,4� 11.5 Hz; 13C NMR: �� 142.8 (4C), 142.7 (4C), 125.2 (2C),
125.1 (2C), 124.9 (2C), 124.8 (2C), 87.0 (C-2,5), 86.4 (C-10,25), 70.3 (C-
11,21), 70.0 (C-17,24), 69.9 (C-3,4,13,19), 66.7 (C-14,18), 66.2 (C-12,20), 66.0
(C-16,23), 65.6 (C-15,22), 56.3 (C-1,6,9,26); MS:m/z (%): 612 (2) [M]� , 434
(1) [M�C14H10]� , 433 (2), 256 (1) [M� 2C14H10]� , 255 (2), 178 (100)
[C14H10]� .


Pure 25was obtained by the route shown in Scheme 6. The suspension of 47
(70 mg, 0.1 mmol) in oxalyl chloride (1 mL) was refluxed till total
conversion (TLC, 30 min). After concentration in vacuo the solid, the
well-dried residue was dissolved in benzene (20 mL). After addition of
tBuSH (4 mL), N-hydroxypyridine-2-thione Na salt (6o mg, 0.4 mmol) and
DMAP (ca. 10 mg) it was refluxed for 2 h. Standard workup provided
42 mg (69%) of colorless crystals that were insoluble in benzene and
moderately soluble in CHCl3, CH2Cl2. M.p. �330 �C; Rf� 0.54 ± 0.56
(CH2Cl2/cyclohexane 1:1); IR (KBr): �� � 3010, 2924, 1461, 1449, 752 cm�1;
1H NMR: �� 7.16 (m, 8H), 7.02 (m, 8H), 3.85 (s, H-1,7,10,26), 3.44 (m,
H-4,16,17,21), 2.82 (m, H-3,5,12,15,18,20,22,24), 2.27 (m, H-13,14,19,23);
J3,4� 11.5 Hz; 13C NMR: �� 142.8 (C-8,9,27,28,29,30,31,32), 125.1 (8C),
124.8 (8C), 86.4 (C-2,6,11,25), 70.4 (C-3,5,12,15,18,20,22,24), 66.3 (C-
13,14,19,23), 65.6 (C-4,16,17,21), 56.3 (C-1,7,10,26); elemental analysis calcd
(%) for C48H36 (612.8): C 94.08, H 5.92; found: C 93.58, H 5.82.


6,7;27,28;29,30;31,32-Tetrabenzopentadecacyclo[24.2.2.25,8.02,13.02,25.03,20.
04,9.04,12.09,19.010,17.011,15.014,24.016,23.018,22.021,25]dotriacontane (27): Colorless
crystals, m.p. �290 �C (cyclohexane); Rf� 0.56 (CH2Cl2/cyclohexane 1:1);
IR (KBr): �� � 3006, 2927, 1455, 754 cm�1; UV (cyclohexane): �max� 273,
266, 220 nm; 1H NMR: �� 7.30 ± 6.95 (series of m, 16H), 3.99 (s, H-1,5),
3.83 (s, H-8,26), 3.29 (m, H-17,18,21,23), 3.16 (m, H-16), 2.92 (m, H-10,24),
2.87 (dt, H-15), 2.82 (m, H-19,21), 2.64 (m, H-12,13), 2.51 (d, H-3), 2.42 (m,
H-11,14), 1.70 (dt, H-20); J3,20� J19,20� 11.3, J11,15� J15,16� 11.2 Hz; 1H NMR
(400 MHz, C6D6): �� 7.40 ± 6.90 (series of m, 16H), 3.92 (s, H-1,5), 3.59 (s,
H-8,26), 3.21 (m, H-17,18,22,23); 3.09 (m, H-16), 2.94 (m, H-10,24), 2.79 (m,
H-19,21), 2.78 (dt, H-15), 2.61 (m, H-12,13), 2.59 (d, H-3), 2.45 (m,
H-11,14), 1.80 (dt, H-20); 13C NMR: �� 142.9 (2C), 142.4 (2C), 127.1,
125.6, 125.4, 125.0, 124.8, and 124.7 (16C), 86.7 (C-2,4), 86.5 (C-11,14), 70.5


(C-3), 70.4 (C-10,24), 69.9 (C-17,23), 69.8 (2C), 66.3 (1C), 66.3 (2C), 66.1
(C-11,14), 65.7 (C-16), 65.6 (2C), 65.6 (C-15), 57.1 (2C), 56.2 (C-8,26); MS:
m/z (%): 612 (2) [M]� , 434 (1.5) [M�C14H10]� , 433 (2), 256 (1) [M�
2C14H10]� , 255 (3), 179 (14), 178 (100) [C14H10]� ; elemental analysis calcd
(%) for C48H36 (612.8): C 94.08, H 5.92; found: C 93.65, H 5.79.


7,8;27,28;29,30;31,32-Tetrabenzopentadecacyclo[24.2.2.2.26,9.02,13.02,25.03,11.
04,24.05,10.05,22.010,20.012,19.014,18.015,25.016,23.017,21]dotriacontane (28): Colorless
crystals, m.p. �300 �C (cyclohexane, decomp); Rf� 0.56 (CH2Cl2/cyclo-
hexane 1:1); IR (KBr): �� � 3004, 2932, 1463, 752 cm�1; UV (cyclohexane):
�max (�)� 273 (2703), 266 (2250), 220 nm (13900); 1H NMR: �� 7.18 (m,
4H), 7.12 (m, 2H), 7.02 (m, 6H), 6.98 (m, 4H), 3.85 (s, H-1,6), 3.67 (s,
H-9,26), 3.42 (m, H-12,23), 3.27 (m, H-16,19), 3.01 (m, H-17,18), 2.92 (m,
H-11,24), 2.83 (m, H-15,20), 2.79 (m, H-13,22), 2.44 (m, H-14,21), 2.04 (m,
H-3,4); J16,17� J16,23� J17,21� 11.0, J17,18� 11.1, J3,4� J11,12� J21,22� 11.2,
J14,15� J14,18� J15,16� J22,23� 11.3, J4,24� 11.4 Hz; 13C NMR: �� 142.8 (4C),
142.5 (2C), 142.4 (2C), 125.5 (2C), 125.2 (2C), 125.1 (4C), 124.9 (2C),
124.8 (2C), 124.7 (2C), 86.6 (C-2,5), 86.3 (C-10,25), 70.4 (C-3,4,15,20), 70.1
(C-11,24), 69.8 (C-13,22), 66.4 (C-12,23), 66.1 (C-16,19), 65.9 (C-17,18), 65.4
(C-14,21), 56.2 (C-1,6), 55.9 (C-9,26); MS: m/z (%):612 (3) [M]� , 434 (0.5)
[M�C14H10]� , 433 (1), 256 (1) [M� 2C14H10]� , 255 (2), 179 (18), 178 (100)
[C14H10]� .


Capture of intermediates 20/21 as 29 and 30 : These intermediates were
captured by using the method described for the isolation of compounds
25 ± 28 under the following conditions: compound 19 (84 mg, 0.20 mmol)/
P2F (74 mg, 0.40 mmol)/anthracene (180 mg, 1.0 mmol)/benzene (2 mL)/
16 h stirrng (total conversion,TLC). After quneching with methanol
(2 mL), concentration in vacuo, and removal of excess of anthracene,
residual 19 (12 mg, 16%), 29/30 (48 mg) and 25 ± 28 (18 mg) were isolated
by chromatography silica gel). Separation of 29/30 was achieved by
preparative HPLC (silica gel, n-hexane, 10 mLmin�1: tdet(30)� 27 min,
tdet(29)� 30 min; analytical, cyclohexane, 1 mLmin�1: tdet(30)� 6 min,
tdet(29)� 7 min, detection at 255 nm) to give 30 mg of 30 and 16 mg
(16%) of 29.


10-Bromo-23,24;25,26-dibenzotridecacyclo[20.2.2.02,6.02,21.03,13.04,11.05,9.07,20.
08,18.010,17.012,16.014,21.015,19]hexacosane (29): Colorless crystals, m.p. 247 �C
(cyclohexane), Rf� 0.16 (cyclohexane); IR (KBr): �� � 3010, 2940 (C�H),
1466, 1440, 758, 640 cm�1 (C�Br); 1H NMR: �� 7.21 and 7.08 (8H), 3.92 (s,
H-1,22), 3.85 (m, H-9,11,17), 3.73 (m, H-4,5), 3.59 ± 3.25 (series of m, 12H);
1H NMR (C6D6): �� 7.03 (m, 8H), 3.96 (m, H-17), 3.95 (m, H-9,11), 3.45 (s,
H-22)*, 3.42 (s, H-1)*, 3.41 (m, H-4,5), 3.25 (m, H-15,19), 3.07 (dt, H-8,12),
3.06 (m, H-16,18), 2.62 (m, H-3,6,14,20), 2.13 (dt, H-7,13); J12,13� J13,14�
11.2 Hz; 13C NMR: �� 142.9 (4C), 125.5 and 125.2 (8C), 95.4 (C-10), 87.0
(C-2)*, 86.3 (C-21)*, 79.9 (C-9,11), 70.2 (C-3,6), 69.7 (C-14,20), 66.6 (C-
16,18), 65.9 (C-5,20), 65.6 (C-15,19), 65.2 (C-7,8,12,13), 56.3 (C-1)**, 56.1
(C-22)**; MS: m/z (%): 179 (16), 178 (100) [C14H10]� , 177 (4).


9-Bromo-23,24;25,26-dibenzotridecacyclo[20.2.2.02,6.02,21.03,13.04,11.05,9.07,20.
08,18.010,17.012,16.014,21.015,19]hexacosane (30): Colorless crystals, m.p. 184 �C
(cyclohexane), Rf� 0.16 (cyclohexane); IR (KBr): �� � 3009, 2930 (C�H),
2849 (C�H), 1461, 1442, 752, 624 cm�1 (C�Br); 1H NMR: �� 7.22 and 7.08
(8H), 3.97 (t, H-5), 3.95 (s, H-1)*, 3.92 (s, H-22)*, 3.85 (m, H-8,10), 3.63 (m,
1H), 3.56 ± 3.25 (series of m, 7H), 3.14 (m, 2H), 2.90 (m, H-14,20), 2.78 (q,
H-7), 2.52 (q, H-13); 1H NMR (C6D6): �� 7.03 (m, 8H), 4.04 (t, H-5), 3.96
(t, H-8), 3.75 (m, H-10), 3.48 (s, H-1), 3.43 (s, H-22), 3.37 (q, H-11), 3.25 (q,
H-12), 3.22 (m, H-16,17)*, 3.07 (m, H-4,15)*, 2.95 (m, H-18)**, 2.90 (m,
H-19)**, 2.78 (q, H-6), 2.65 (q, H-3), 2.63 (m, H-14,20), 2.59 (q, H-7), 2.28
(q, H-13); J5,6� J6,7� 10.9, J3,13� J10,11� J11,12� J12,13� 11.5 Hz; 13C NMR:
�� 142.9 (1C), 142.8 (2C), 142.7 (1C), 125.6 (1C), 125.5 (3C), 125.4 (1C),
125.3 (1C), 125.2 (2C), 96.0 (C-9), 86.9 (C-2)*, 86.4 (C-21)*, 79.9 (1C),
79.7(2C), 70.5 (1C), 70.3 (1C), 70.1 (1C), 69.4 (1C), 66.4 (1C), 66.2 (1C),
66.0 (1C), 65.9 (2C), 65.7 (1C), 65.6 (1C), 65.5 (1C), 65.4 (1C), 65.2 (1C),
56.2 (C-1)**, 56.1 (C-22)**; MS: m/z (%): 257 (4), 180 (1), 179 (17), 178
(100) [C14H10]� , 177 (7), 176 (2); MS (CI, NH3): m/z (%): 532 (16), 470 (4),
456 (7), 455 (38), 454 (100) [M�Br�NH3]� , 453 (8), 452 (7), 378 (7), 361
(3), 360 (5), 346 (5), 345 (21), 345 (21), 344 (3), 343 (8), 341 (4), 276 (5), 275
(17), 274 (7), 273 (7), 247 (5), 245 (6), 244 (4), 243 (14), 242 (3), 241 (4), 225
(4), 207 (3), 194 (3), 193 (7), 193 (7), 191 (5), 189 (4), 180 (4), 179 (15), 178
(80), 177 (10).


Dimethyl 23,24;25,26-dibenzotridecacyclo[20.2.2.02,6.02,21.03,13.04,11.05,9.07,20.
08,18.010,17.012,16.014,21.015,19]hexacosane-4,15-dicarboxylate (33): A solution of
31 (38 mg, 0.10 mmol) and anthracene (38 mg, 0.20 mmol) in benzene
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(5 mL) was stirred till total conversion (5 min, TLC). After standard work
up, 49 mg (90%) of colorless crystals were obtained. M.p. 243 �C; IR (KBr):
�� � 2942, 1721, 1460, 1427, 1283, 1201, 755 cm�1; 1H NMR (250 MHz,
CDCl3): �� 7.24 (m, 4H), 7.06 (m, 4H), 4.01 (s, H-1,22), 3.74 (s, 2OCH3),
3.8 ± 3.6 (m, H-5,11,16,19), 3.5 ± 3.4 (m, H-9,10,12,17,18), 3.29 (d, H-3,14),
3.17 (m, H-8), 3.05 (t, H-6,20), 2.70 (dt, H-13), 2.56 (dt, H-7); J3,13� J6,7�
J7,8� 11.3, J12,13� 11.6; 1H NMR (C6D6): �� 7.25 (m, 2H), 7.09 (m, 2H), 7.00
(m, 4H), 4.09 (s, H-1,22), 3.85 ± 3.75 (m, H-5,12,16,19), 3.57 (d, H-3,14), 3.43
(s, 2OCH3), 3.35 ± 3.20 (m, H-9,10,12,17,18), 3.09 (t, H-6,20), 2.85 (m, H-8),
2.83 (dt, H-13), 2.44 (dt, H-7); 13C NMR (125.8 MHz): �� 178.9 (CO),
142.4 (C-25,26), 142.3 (C-23,24) 125.6 (2C), 125.5 (2C), 125.4 (2C), 125.2
(2C), 125.1 (2C), 87.5 (C-4,15), 83.8 (C-2,21), 74.2 (C-3,14) 71.2 (C-5,19),
70.3 (C-11,16), 69.9 (C-12), 66.6 (C-13), 66.5 (C-6,20), 66.4 (C-10,17), 66.2
(C-7), 66.1 (C-8), 55.9 (C-1,22), 52.9 (OCH3); MS: m/z(%): 553 (4), 552
(9)[M]� , 521 (1), 493 (1), 373 (4), 315 (14), 258 (3), 257 (9), 256 (10), 255
(27), 254 (6), 253 (9), 252 (5), 239 (7), 178 (100) [C14H10]� ; C38H32O4 (552.7);
HRMS: m/z calcd: 552.2301; found: 552.2314


23,24;25,26-Dibenzotridecacyclo[20.2.2.02,6.02,21.03,13.04,11.05,9.07,20.08,18.010,17.
012,16.014,21.015,19]hexacosane-4,15-dicarboxylic acid (34): A solution of KOH
(200 mg) in water (5 mL) was added to a suspension of 33 (55 mg,
0.10 mmol) in methanol (20 mL). The mixture was refluxed until total
homogenity was achieved (ca. 30 min) and then for additional 17 h. After
concentration in vacuo, the residue was suspended in water (20 mL), the
diacid was precipitated by addition of conc. HCl, collected, washed, and
dried in vacuo at 120 �C to give 34 (46 mg, 88%) as colorless crystals. M.p.
276 �C (decomp); 1H NMR (500 MHz, [D6]DMSO): �� 7.30 (m, 2H), 7.22
(m, 2H), 7.09 (m, 4H), 3.98 (s, H-1,22), 3.67 (br t, H-11,16), 3.55 (m, H-5,19),
3.40 ± 3.25 (brm, H-9,10,12,17,18), 3.20 (d, H-3,14), 3.10 (m, H-13), 2.92 (t,
H-6,20), 2.52 (m, H-8), 2.41 (m, H-7); 13C NMR (125.5 MHz, [D6]DMSO):
�� 178.7 (CO), 142.1 (C-25,26), 142.0 (C-23,24), 125.4 (2C), 125.2 (2C),
124.9 (2C), 124.9 (2C), 86.8 (C-4,15), 83.2 (C-2,21), 73.5 (C-3,14), 69.8 (C-
5,19), 69.7 (C-11,16), 66.4 (C-13), 66.2 (C-12), 65.8 (C-6,20), 65.8 (C-10,17),
65.6 (C-7), 65.5 (C-8), 55.1 (C-1,22); MS (CI, isobutane): m/z (%): 526 (4),
525 (9) [M]� , 267 (4), 221 (8), 219 (4), 211 (2), 180 (14), 179 (80), 178 (40)
[C14H10]� , 85 (100).


Dimethyl 1,22-dibromo-23,24;25,26-dibenzotridecacyclo[20.2.2.02,6.02,21.
03,13.04,11.05,9.07,20.08,18.010,17.012,16.014,21.015,19]hexacosane-4,15-dicarboxylate
(35): 9,10-Dibromoanthracene (72 mg, 0.20 mmol) was added to a solution
of 31 (38 mg, 0.10 mmol) in DMF (8 mL), and the mixture stirred at RT for
3 h. The solvent was evaporated in vacuo and the residue purified by
chromatography (silica gel, CH2Cl2) to give 35 (59 mg, 83%) as colorless
crystals. M.p. 292 ± 293 �C; IR (KBr): �� � 1721 cm�1 (C�O); 1H NMR: ��
7.75 (m, 4H), 7.25 (m, 4H), 3.96 (dd, 5, H-19), 3.71 (s, 2OCH3), 3.64 (d,
H-3,14), 3.49 (m, H-11,16), 3.40 (m, H-9,10,17,18), 3.25 (dt, H-12), 3.22 (dt,
H-8), 2.95 (m, H-13), 2.55 (dt, H-7); J3,13� J5,6� 11.8, J6,7� 11.2, J8,9� 11.0,
J11,12� 11.8, J12,13� 11.4 Hz; 1H NMR (C6D6): �� 7.83 (m, 2H), 7.76 (m,
2H), 6.95 (m, 2H), 6.86 (m, 2H), 4.16 (dd, H-5,19), 3.99 (H-3,14), 3.41 (s,
OCH3), 3.4 ± 3.1 (m, 10H), 2.85 (dt, H-8), 2.24 (dt, H-7); 13C NMR: ��
177.7 (CO), 139.4 and 139.2 (C-23,24,25,26), 127.3 (2C), 127.2 (2C), 125.9
(2C), 125.8 (2C), 94.0 (C-4,15), 84.4 (C-2,21), 78.4 (C-1,22), 73.8 (C-3,14)*,
73.4 (C-11,16)*, 70.3 (C-6,20), 68.7 (C-9,18), 66.9 (C-5,19), 66.7 (C-12), 66.7
(C-8), 66.4 (C-13), 66.1 (C-10,17), 64.6 (C-7), 52.2 (2 OCH3); MS:m/z (%):
712 (1), 711 (5) [M]� , 710 (1), 349 (1), 167 (5).


4,15-Dibromo-23,24;25,26-dibenzotridecacyclo[20.2.2.02,6.02,21.03,13.04,11.05,9.
07,20.08,18.010,17.012,16.014,21.015,19]hexacosane (36) (cf. 35): Compound 34 (68 mg,
0.13 mmol)/oxalylchloride (10 mL)/benzene (10 mL)/2 h reflux (total con-
version, TLC). After concentration in vacuo BrCCl3 (20 mL), N-hydrox-
ypyridine-2-thione Na salt (60 mg, 0.4 mmol) and DMAP (ca 10 mg) were
added and the suspension refluxed for three hours (intensive yellowish
coloration). The mixture was filtrated over silica gel (first with BrCCl3,
then with CCl4) the filtrate concentrated in vacuo, and the residue purified
by chromatography (silica gel, CCl4) to give 37 (59 mg, 76%), as colorless
crystals. M.p. 281 ± 283 �C (diethyl ether); IR (PTFE): �� � 2955, 2920
(C�H), 2848, 1456, 847, 760, 613 cm�1; 1H NMR: �� 7.25 (m, 4H), 7.08 (m,
4H), 4.10 (s, H-1,22), 3.95 (m, H-11,16), 3.80 (m, H-5,19), 3.58 ± 3.42 (brm,
H-3,9,10,12,14,17,18), 3.10 (m, H-6,8,20), 2.93 (dd, H-13), 2.55 (dd, H-7);
J7,8� 10.7, J8, 9� 11.7 Hz; 1H NMR (500 MHz, C6D6): �� 7.08 (m, 2H), 7.00
(m, 4H), 6.94 (m, 2H), 4.00 (s, H-1,22), 3.92 (m, H-11,16), 3.71 (m, H-5,19),
3.64 (d, H-3,14), 3.20 (dd, H-12), 3.05 (m, H-9,10,17,18), 2.91 (t, H-6,20),
2.84 (q, H-13), 2.61 (m, H-8), 2.18 (dd, H-7); J3,13� 12.0, J7,8� 10.7, J11,12�
11.3, J12,13� 11.9 Hz; 13C NMR: �� 141.8 (C-25,26), 141.7 (C-23,24), 125.9


(2C), 125.8 (2C), 125.4 (2C), 125.3 (2C), 93.6 (C-4,15), 86.3 (C-2,21), 83.2
(C-3,14), 79.4 (C-5,19), 79.3 (C-11,16), 68.2 (C-6,20), 66.1 (C-7), 65.7 (C-13),
65.1 (C-12), 64.8 (C-10,17), 64.7 (C-9,18), 63.9 (C-8), 56.1 (C-1,22); MS:m/z
(%): 597 (6), 596 (5) [M�1]� , 595 (14) [M]� , 594 (6), 593 (12), 591 (3), 517
(4), 516 (13), 515 (40) [M�Br]� , 514 (12), 513 (37), 436 (3), 435 (9) [M�
2Br]� , 337 (6) [M�Br�C14H10]� , 335 (6), 257 (2), 255 (3) [C20H14�H]�


[trienes]� , 179 (18), 178 (100) [C14H10]� ; elemental analysis calcd (%) for
C34H26Br2 (594.5): calcd C 68.4, H 4.41; found: C 66.9, H 4.48.


23,24;25,26-Dibenzotridecacyclo[20.2.2.02,6.02,21.03,13.04,11.05,9.07,20.08,18.010,17.
012,16.014,21.015,19]hexacosadienes (38 ± 40) (cf. 3, 22 ± 24): Compound 36
(120 mg, 0.20 mmol)/P2F (444 mg, 1.20 mmol)/benzene (6 mL)/40 min stir-
ring (total conversion, glove box). Then methanol was added until the
solution had cleared (ca. 3 mL). After rapid filtration (silica gel, methanol)
and concentration in vacuo, the highly oxygen-sensitive solid residue was
analyzed. 1H NMR (500 MHz, C6D6): �� 7.05 (brm, H-aromatic), 4.05 (s),
3.97 (s), 3.68 (s), 3.58 (s), 3.55 (brm), 3.45 ± 3.38 (brm), 3.37 (brm), 2.90 (q),
2.80 (d), 2.70 (d), 2.53 (t), 2.43 (d), 2.20 (m); 13C NMR (C6D6): �� 169.6,
169.2, 168.9, 168.7, and 167.3 (C�C), 143.4, 142.9, 142.7, 142.4, 142.3, and
142.0 (C-aromatic), 91.4, 84.5, 72.7, 71.4, 69.1, 68.7, 68.5, 68.5, 68.4, 67.9, 67.4,
65.7, 65.1, 64.5, 64.3, 64.1, 63.9, 63.8, 63.3, 62.9, 61.1, 60.9, 60.4, 59.8, 59.1,
59.1, 57.7, 56.3, 55.6, 55.6, 55.4, 54.1; MS:m/z (%): 449 (2) [M�H�16]� , 448
(5) [M�16]� , 434 (2) [M�2H]� , 433 (3) [M�H]� , 432 (9) [M]� , 414 (3), 412
(4), 312 (7), 277 (19), 178 (68) [C14H10]� .


Capture of dienes 38 ± 40 as bisanthraceno adducts 41 ± 43 (cf. 25 ± 28):
Compound 36 (120 mg, 0.20 mmol)/P2F (444 mg, 1.20 mmol)/anthracene
(76 mg, 0.40 mmol )/benzene (5 mL)/stirring for 40 min (glove box). Then
methanol (4 mL) was added, and the mixture stirred for 1 h. After filtration
over silica gel and concentration in vacuo, the residue was purified by
chromatography (silica gel, CCl4) to give first 42 (39 mg, 25%), then 43
(24 mg, 15%), and 41 (38 mg, 24%); a remainder of about 30 mg was an
approximate 1:1:1 mixture of 41 ± 43. Rf(41)� 0.37, Rf(42)� 0.34, Rf(43)�
0.30 (CCl4).


6,7;15,16;31,32;33,34;35,36;37,38-Hexabenzoheptadecacyclo[28.2.2.25,8.
214,17.02,23.02,29.03,11.04,9.04,22.09,20.010,18.012,29.013,18.013,27.019,26.0 21,25.024,28]octatria-
contane (41): Colorless crystals (CCl4), m.p. �265 �C; 1H NMR: �� 7.40
(4H), 7.38 (m, 4H), 7.15 (m, 4H), 7.00 (m, 4H), 6.92 (m, 4H), 6.75 (m, 4H),
3.72 (s, H-1,5,8,14,17,30), 3.15 (q, H-25), 2.68 (m (t), H-19,20,22,23,27,28),
2.55 (q, H-11), 2.31 (d, H-3,10,12), 2.18 (m, H-21,24,26); J3,11� 10.9, J21,25�
� 11.2 Hz; 13C NMR: �� 143.7 and 142.5 (C-6,7,15,16,31,32,33,34,35,
36,37,38), 127.1, 125.8, 125.6, 125.3, 125.0, 124.9, and 124.8 (24C), 86.7 (C-
4,18,29)*, 86.0 (C-2,9,13)*, 73.4, 70.1, 65.8, 65.7, 65.1, 56.2 (C-1,5,8,14,17,30),
52.3 (C-11); HRMS: m/z calcd: 788.3443; found: 788.3402.


17,18;24,25;31,32;33,34;35,36;37,38-Hexabenzoheptadecacyclo[28.2.2.216,19.
223,26.02,12.02,29.03,10.04,8.05,29.06,27.07,21.09,20.011,15.013,28.014,22.015,20.022,27]octatria-
contane (42): Colorless crystals (CCl4), m.p.�265 �C; IR (PTFE): �� � 2925,
2846, 1463, 749, 746, 632, 516 cm�1; UV (CH3CN): �max� 273, 266 nm;
1H NMR (500 MHz, C6D6): �� 7.15 (12H), 7.10 (8H), 6.95 (4H), 3.90 (s,
H-16,19)*, 3.86 (s, H-1)*, 3.49 (s, H-26,30)*, 3.40 (s, H-23)*, 2.88 (m, H-7,8),
2.75 (m, H-3 (t), H-10 (m)), 2.60 (q, H-11,12), 2.51 (t, H-9), 2.50 (d, H-28),
2.50 (t, H-6), 2.43 (t, H-5), 2.36 (m, H-4), 2.37 (d, H-21), 2.13 (d, H-14), 1.78
(q, H-13); J13,14� J13,28� 11.2 Hz; 1H NMR: �� 7.40 (1H), 7.37 (4H), 7.25
(1H), 7.18 (4H), 7.12 (m, 1H), 7.10 ± 6.90 (br. m, 11H), 6.82 (1H), 6.75 (m,
1H), 3.95 (s, H-1)*, 3.88 (s, H-30)*, 3.82 (s, H-23,26)*, 3.69 (s, H-16)*, 3.66
(s, H-19)*, 2.85 (q, H-7)*, 2.82 (m, H-8), 2.78 (m, 1H), 2.67 (t, H-5,6), 2.50
(brm, 2H), 2.40 (m, 2H), 2.32 (brm, 2H), 2.18 (d, H-14), 1.73 (q, H-13);
J13,14� 11.5, J13,28� 11.2 Hz; 13C NMR: �� 143.7 (1C), 143.7 (1C), 143.6
(1C), 142.6 (1C), 142.6 (1C), 142.6 (1C), 142.5 (1C), 142.49 (1C), 142.47
(1C), 142.45 (1C), 142.42 (1C), 125.9 ± 124.6 (24C), 86.7 (C-2)*, 86.7 (C-
29)*, 86.4 (C-27)*, 86.1 (C-22)*, 86.0 (C-15)*, 85.9 (C-20)*, 74.0 (1C), 73.4
(1C), 73.1 (1C), 73.0 (1C), 70.2 (1C), 70.1 (1C), 69.8 (1C), 69.6 (1C), 69.5
(1C), 69.3 (1C), 66.6 (1C), 66.3 (1C), 66.1 (1C), 65.8 (1C), 65.1 (1C), 56.9
(C-1)*, 56.6 (C-30)*, 56.2 (C-16)*, 56.2 (C-19)*, 56.1 (C-23)*, 52.5 (C-26)*;
MS: m/z (%): 790 (23), 789 (69), 788 (99) [M]� , 611 (10), 610 (22) [M�
C14H10]� , 433 (13), 432 (37) [M-2C14H10]� , 431 (14), 305 (11), [255 (11), 254
(46) [M� 3C14H10]� , 253 (53)] [C20H14]� , 252 (34), 179 (76), 178 (76), 178
(100) [C14H10]� , 176 (26).


6,7;22,23;31,32;33,34;35,36;37,38-Hexabenzoheptadecacyclo[28.2.2.25,8.
221,24.02,13.02,29.03,11.04,9.04,28.09,26.010,20.012,19.014,18.015,29.016,27.017,25.020,25]octatria-
contane (43): Colorless crystals (CCl4), m.p.�230 �C; 1H NMR (500 MHz):
�� 7.21 (m, 6H), 7.08 (m, 6H), 7.03 (m, 6H), 6.95 (m, 6H), 3.92 (m,
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H-1,5,8,20,24,30), 3.08 (m, H-13,15,17,19), 2.82 (m, H-12,14,16,18), 2.35 (m,
H-11,27), 2.25 (d, H-3,10,26,28); J3,11� 11.3 Hz; 13C NMR: �� 142.7 (C-
22,23,31,32,33,34,37,38), 142.3 (C-6,7,35,36), 125.4, 125.3, 125.0, 125.0, and
124.6 (C-aromatic), 86.2 (C-2,4,9,20,25,29), 73.8 (C-3,10,26,28)*, 69.3 (C-
13,15,17,19)*, 67.0 (C-12,16)**, 66.4 (C-11,27)**, 56.8 (C-1,5,8,20,24,30),
45.9 (C-14,18); MS: m/z (%): 790 (0.2), 789 (0.6), 788 (0.9) [M]� , 787 (0.1),
611 (0.11), 610 (0.10) [M�C14H10]� , 609.5 (0.1), 433 (0.2), 432 (0.4), 178
(100) [C14H10]� .


Dimethyl 8,9;27,28;29,30;31,32-Tetrabenzopentadecacyclo[24.2.2.27,10.
02,22.02,25.03,14.04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]dotriacontane-4,16-
dicarboxylate (46): Compound 46 was prepared by the route described for
compound 17 under the following conditions: 45 (76 mg, 0.20 mmol)/
anthracene (108 mg, 0.60 mmol)/benzene (5 mL)/stirring for 1 h (total
conversion, TLC). After work up and crystallization (CCl4/CH2Cl2 1:1),
132 mg (90%) of colorless crystals were isolated. M.p. �330 �C; IR (KBr):
�� � 1721 cm�1 (C�O); UV (CH3CN): �max (�)� 273 (2630), 266 (2140), 260
(1550), 253 nm (1290); 1H NMR: �� 7.21 (m, 8H), 7.05 (m, 8H), 3.97 (s,
H-1,7,10,26), 3.82 (s, 2OCH3), 3.74 (t, H-17,21), 3.24 (m, H-3,5,12,15), 2.94
(m, H-18,20,22,24), 2.44 (m, H-13,14), 2.32 (m, H-19,23); J17,18� 11.5 Hz;
1H NMR (C6D6): �� 7.21 (m, 4H), 7.05 (m, 4H), 6.95 (m, 8H), 4.07 (s,
H-1,7,10,26), 3.88 (t, H-17,21), 3.54 (m, H-3,5,12,15), 3.49 (s, 2OCH3), 3.04
(m, H-18,20,22,24), 2.57 (m, H-13,14), 2.31 (m, H-19,23); 13C NMR: ��
178.6 (C�O), 142.4 and 142.3 (C-8,9,27,28,29,30,31,32), 125.7(2C), 125.5
(2C), 125.2 (2C), 125.1 (2C), 87.3 (C-4,16), 83.2 (C-2,6,11,25), 73.4 (C-
3,5,12,15), 70.9 (C-17,21), 70.0 (C-18,20,22,24), 66.1 (C-19,23), 65.8 (C-
13,14), 55.8 (C-1,7,10,26), 52.8 (2 OCH3); MS: m/z (%): 730 (�1), 729 (1)
[M]� , 491 (�1), 313 (1), 255 (1), 254 (1), 253 (2), 252 (1), 251 (�1), 239
(�1), 178 (100) [C14H10]� ; C52H4004 (728.3). HRMS: m/z calcd: 728.2927:
found 728.2895.


8,9;27,28;29,30;31,32-Tetrabenzopentadecacyclo[24.2.2.27,10.02,22.02,25.03,14.
04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]dotriacontane-4,16-dicarboxylic
acid (47): NaH (40 mg) was added to a solution of 44 (110 mg, 0.20 mmol)
and anthracene (1o8 mg, 0.60 mmol) in DMF (3 mL) kept at 80 �C. The
reddish suspension was stirred for 90 min and, after cooling, was poured
onto 1� KOH solution. After extraction of anthracene with CCl4, conc.
HCl was added to the aqueous phase, the precipitate filtered off, washed,
and throughly dried (120 �C, 10�2 Torr). Colorless crystals, m.p. �330 �C;
IR (KBr): �� � 3540, 2960,1680, 1480 cm�1; UV (1� KOH): �max� 273, 266
(sh), 251 nm; 1H NMR ([D6]DMSO): �� 7.20 (m, 4H), 7.18 (m, 4H), 7.02
(m, 8H), 3.93 (s, H-1,7,10,26), 3.69 (br t, H-17,21), 3.10 (m, H-3,5,12,15), 2.75
(m, H-18,20,22,24), 2.14 (m, H-19,23), signals of H-13,14 covered by
solvent; J17,18� 11.3 Hz.


Dimethyl 1,7,10,26-tetrabromo-8,9;27,28;29,30;31,32-tetrabenzopentadeca-
cyclo[24.2.2.27,10.02,22.02,25.03,14.04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]-
dotriacontane-4,16-dicarboxylate (48) (cf. 47): Compound 45 (38 mg,
0.10 mmol)/9,10-dibromoanthracene (102 mg, 0.30 mmol)/DMF (3 mL)/
80 �C/NaH (36 mg)/1 h. After work up, 81 mg (78%) of colorless crystals
were isolated. M.p. �330 �C; IR (KBr): �� � 1708 cm�1 (C�O); 1H NMR:
�� 7.68 (8H), 7.21 (8H), 4.11 (t, H-17,21), 3.74 (s, 2OCH3), 3.31 (m,
H-3,5,12,15), 3.21 (m, H-18,20,22,24), 2.73 (m, H-13,14), 2.30 (m, H-19,23);
J17,18� 11.8 Hz; 1H NMR (C6D6): �� 7.75 (8H), 6.95 (4H), 6.81 (4H), 4.54
(t, H-17,21), 3.76 (m, H-3,5,12,15), 3.53 (s, 2OCH3), 3.34 (m, H-18,20,22,24),
3.12 (m, H-13,14), 2.19 (m, H-19,23); 13C NMR (C6D6): �� 175.5 (C�O),
139.7 ± 139.6 (C-8,9,27,28,29,30,31,32), 128.2 (2C), 128.1 (2C), 127.9 (2C),
127.7 (2C), 94.0 (C-4,16), 84.8 (C-2,6,11,25), 78.4 (C-1,7,10,26), 76.5 (C-
3,5,12,15), 70.7 (C-18,20,22,24), 67.4 (C-17,21), 64.8 (C-13,14), 52.1 (2
OCH3); elemental analysis calcd (%) for C52H36O4Br4 (1044.5): C 55.82, H
3.47; found: C 55.37, H 3.35.


Dimethyl 1,7,10,26-tetracyano-8,9;27,28;29,30;31,32-tetrabenzopentadeca-
cyclo[24.2.2.27,10.02,22.02,25.03,14.04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]do-
triacontane-4,16-dicarboxylate (49) (cf. 47): Compound 45 (38 mg,
0.10 mmol)/9,10-dicyanoanthracene (72 mg, 0.3 mmol)/benzene (5 mL)/
1 h. After work up, 69 mg (83%) of slightly yellowish crystals were
isolated which melted unchanged at 300 �C. IR (KBr): �� � 1724 cm�1


(C�O); 1H NMR: �� 7.62 (m, 8H), 7.45 (m, 8H), 4.19 (t, H-17,21), 3.86
(s, 2OCH3), 3.37 (m, H-3,5,12,15), 3.18 (m, H-18,20,22,24), 2.78 (m,
H-13,14), 2.48 (m, H-19,23); J17,18� 11.9 Hz; 1H NMR (C6D6): �� 7.52 (m,
4H), 7.45 (m, 4H), 6.83 (m, 4H), 6.68 (m, 4H), 4.26 (t, H-17,21), 3.78 (s, 2
OCH3), 3.59 (m, H-3,5,12,15), 3.02 (m, H-18,20,22,24), 2.76 (m, H-13,14),
2.00 (m, H-19,23); 13C NMR: �� 175.7 (CO), 135.0 ± 134.4 (C-
8,9,27,28,29,30), 128.4 (2C), 128.3 (2C), 124.5 (2C), 124.4 (2C), 116.8


(CN), 90.3 (C-4,16), 83.8 (C-2,6,11,25), 74.0 (C-3,5,12,15), 69.0 (C-
18,20,22,24), 67.5 (C-17,21), 67.0 (C-13,14), 65.9 (C-19,23), 55.2 (C-
1,7,10,26), 52.7 (2 OCH3); MS: m/z (%): 829 (1) [M]� , 600 (10), 372 (100).


Methyl 16-bromo-8,9;27,28;29,30;31,32-tetrabenzopentadecacyclo-
[24.2.2.27,10.02,22.02,25.03,14.04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]dotria-
contane-4-carboxylate (51): Obtained from the half-ester 50 (by-product of
the cyclization of 44 with P2F in the presence of anthracene) along the
Barton brominative decarboxylation (cf. 37) in 85% yield. Colorless
crystals, m.p. �300 �C; Rf� 0.74 (CH2Cl2); IR (KBr): �� � 2935, 1726, 1461,
1318, 1292, 1259, 841, 756, 615 cm�1; 1H NMR: �� 7.24 (m, 4H), 7.20 (m,
4H), 7.05 (m, 8H), 4.06 (s, H-10,26), 4.05 (t, H-17), 3.94 (s, H-7), 3.80 (s,
OCH3), 3.66 (m, H-21), 3.57 (m, H-12,15), 3.22 (m, H-3,5), 3.03 (m,
H-18,24), 2.89 (m, H-20,22), 2.55 (m, H-13,14), 2.30 (m, H-19,23); J17,18�
J20,21� 11.2 Hz; 1H NMR (500 MHz, C6D6): �� 7.2 ± 6.9 (series of m, 16H),
4.19 (t, H-17), 4.06 (s, H-10,26), 3.99 (m, H-1,7), 3.78 (t, H-21), 3.68 (m,
H-12,15), 3.45 (m, H-3,5), 3.45 (s, CH3), 3.04 (m, H-18,24), 2.93 (m,
H-20,22), 2.61 (m, H-13,14), 2.21 (m, H-19,23); J3,14� J5,13� 11.46, J12,13�
J14,15� 11.58, J13,14� 11.49, J17,18� J17,24� 11.74, J18,19� J23,24� 11.26, J19,20�
J22,23� 11.24, J19,23� 11.32, J20,21� J21,22� 11.74; 13C NMR (C6D6): �� 178.6
(CO), 142.2 and 142.1 (8C), 125.9, 125.8, 125.7, 125.2, and 125.1 (16C), 93.1
(C-16), 87.1 (C-4), 86.0 (C-11,25), 83.3 (C-12,15), 82.7 (C-6), 78.8 (C-3,5),
73.1 (C-17), 69.2 (C-20) -22), 68.8 (C-18,24), 65.9 (C-19,23), 65.1 (C-13,14),
56.2 (C-10,26), 55.6 (C-1,7), 52.6 (OCH3); MS:m/z (%):750 (1), 572 (1), 394
(2), 371 (10), 330 (46), 260 (33), 259 (37), 258 (52), 257 (100), 178 (12)
[C14H10]� .


4,16-Dibromo-8,9;27,28;29,30;31,32-tetrabenzopentadecacyclo-
[24.2.2.27,10.02,22.02,25.03,14.04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]dotria-
contane (52) (cf. 25): Compound 47 (70 mg, 0.10 mmol)/oxalyl chloride
(3 mL)/benzene (3 mL)/reflux for 30 min (total conversion, TLC). After
concentration in vacuo, the colorless residue was dissolved in dry BrCCl3
(30 mL) and heated with N-hydroxypyridine-2-thione Na salt (60 mg,
0.4 mmol)/DMAP (ca. 10 mg) to reflux for 2 h. After addition of water and
extraction with CH2Cl2, the organic phase was dried and purified by
chromatography (silica gel, CCl4) to give 52 as colorless crystals (58 mg,
76%). M.p. �330 �C; IR (KBr): �� � 2946, 2919, 1461, 1261, 841, 754,
743 cm�1; UV (cyclohexane): �max (�)� 257 (2140), 250 (1820), 243 (1410),
237 (1290), 234 (1260); 1H NMR: �� 7.24 (m, 8H), 7.06 (m, 8H), 4.06 (s,
H-1,7,10,26), 4.03 (t, H-17,21), 3.37 (m, H-3,5,12,15), 3.02 (m,
H-18,20,22,24), 2.70 (m, H-13,14), 2.31 (m, H-19,23); J17,18� 12.0 Hz;
1H NMR (C6D6): �� 7.05 (m. 4H), 6.99 (m, 4H), 6.96 (m, 4H), 6.91 (m,
4H), 4.11 (t, H-17,21), 4.00 (s, H-1,7,10,26), 3.59 (m, H-3,5,12,15), 2.95 (m,
H-18,20,22,24), 2.66 (m, H-13,14), 2.12 (m, H-19,23); 13C NMR: �� 141.7
and 141.6 (C-8,9,27,28,29,30,31,32), 125.9 (2C), 125.8 (2C), 125.2 (2C),
125.1 (2C), 92.0 (C-4,16), 85.8 (C-2,6,11,25), 82.9 (C-3,5,12,15), 78.6 (C-
17,21), 68.0 (C-18,20,22,24), 65.6 (C-19,23), 64.3 (C-13,14), 55.9 (C-1,7,10,
26); MS:m/z (%): 335 (1), 333 (1), 255 (1), 254 (1), 253 (2), 252 (2), 251 (1),
250 (1), 239 (1), 226 (1), 211 (1), 178 (100) [C14H10]� .


4,16-Dichloro-8,9;27,28;29,30;31,32-tetrabenzopentadecacyclo-
[24.2.2.27,10.02,22.02,25.03,14.04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]dotria-
contane (53) (cf. 25): Compound 47 (36 mg, 0.05 mmol)/oxalyl chloride
(1 mL)/benzene (2 mL)/30 min). After concentration and dissolution in
CCl4 (30 mL), N-hydroxypyridine-2-thione Na salt (20 mg, 0.14 mmol)/
DMAP (ca. 10 mg), the reaction mixture was refluxed for 2 h. After work
up and chromatography (silica gel, CCl4), colorless crystals were isolated
(24 mg, 69%). M.p. �330 �C; IR (KBr): �� � 2946, 2918, 2846, 1460, 1316,
1262, 1226, 1108, 861, 755 cm�1; UV (cyclohexane): �max (�)� 257 (2000),
250 (1700), 243 (1320), 237 nm (1200); 1H NMR: �� 7.23 (m, 8H), 7.06 (m,
8H), 4.04 (s, H-1,7,10,26), 3.83 (t, H-17,21), 3.17 (m, H-3,5,12,15), 3.02 (m,
H-18,20,22,24), 2.73 (m, H-13,14), 2.29 (m, H-19,23); J17,18� 12.1 Hz;
1H NMR (C6D6): �� 6.98 (m, 4H), 6.95 (m, 4H), 6.92 (m, 8H), 3.95 (s,
H-1,7,10,26), 3.92 (t, H-17,21), 3.38 (m, H-3,5,12,15), 2.95 (m,
H-18,20,22,24), 2.69 (m, H-13,14), 2.12 (m, H-19,23); 13C NMR: �� 141.8
and 141.6 (C-8,9,27,28,29,30,31,32), 125.9 (2C), 125.7 (2C), 125.2 (2C),
125.1 (2C), 100.8 (C-4,16), 86.0 (C-2,6,11,25), 81.6 (C-3,5,12,15), 76.9 (C-
17,21), 68.0 (C-18,20,22,24), 65.9 (C-19,23), 64.5 (C-13,14), 55.9 (C-
1,7,10,26); MS: m/z (%): 466 (1), 432 (1), 323 (1), 289 (1), 254 (�1), 253
(1), 252 (1), 251 (�1), 250 (�1), 178 (100) [C14H10]� ; elemental analysis
calcd (%) for C48H34Cl2 (681.7): C 84.57, H 5.03; found: C 84.32, H 5.20.


16-Bromo-8,9;27,28;29,30;31,32-tetrabenzopentadecacyclo-
[24.2.2.27,10.02,22.02,25.03,14.04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]dotria-
cont-4(21)ene (54) (cf. 38 ± 40): A solution of 52 (31 mg, 0.05 mmol) and
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P2F (105 mg, 0.30 mmol) in benzene (3 mL ) was stirred for 40 min (ca.
20% conversion, TLC). After quenching with methanol (2 mL) and
purification by chromatography (silica gel/benzene/cyclohexane/ethyl
acetate, 1:1:3), a minute amount of crystalline material (ca. 3 mg) was
eluded that, according to 1H NMR spectroscopy and MS, consisted mainly
of 54. 1H NMR (C6D6): �� 7.1 ± 6.9 (16H), 4.31 ± 4.21 (m, 2H), 4.07 (s,
H-1,7), 4.05 ± 3.99 (m, H-17), 3.95 ± 3.87 (m, H-12,15), 3.88 (s, H-10,26),
3.62 ± 3.56 (m, H-18,24), 3.05 ± 2.95 (m, H-3,5,20,22), 2.44 ± 2.35 (m,
H-19,23)*, 2.14 ± 2.08 (m, H-13,14)*; MS: m/z (%): 690(2) and 688(3)
[M]� , 634 (16), 609 (19), 608 (48) [C48H32]� , 341 (11), 340 (70), 178 (100)
[C14H10]� .


8,9;27,28;29,30;31,32-Tetrabenzopentadecacyclo[24.2.2.27,10.02,22.02,25.03,14.
04,21.05,13.06,11.06,20.011,18.012,16.015,25.017,24.019,23]dotriaconta-4(21),16-diene (55):
A solution of 52 (38 mg, 0.05 mmol and P2F (175 mg, 0.50 mmol) in
benzene (3 mL) was refluxed for 3 h; after about 20 min a solid started to
deposit (55, P2FBr, MS). After concentration in vacuo the residue was
extracted three times each with boiling methanol (3 mL) and acetone
(3 mL). The colorless, higly oxygen-sensitive solid (ca. 30 mg) proved
insoluble in all organic solvents tested (e.g., boiling dibromobenzene,
tetrachloroethylene, DMF), and rapidly decomposed when dissolved in
AsCl3. MS:m/z (%): 610 (12), 609 (30), 608 (55), 431 (3), (430 (5), series of
very weak signals (�5%, 413, 377, 350, 340, 304, 284), 251(3), 250(5),
178(100)).


Capture of 54 as 24-bromo-8,9;17,18;31,32;33,34;35,36;37,38-hexabenzo-
heptadecacyclo[28.2.2.27,10.216,19.02,26.02,29.03,24.04,22.05,29.06,11.06,21.011,28.012,20.
013,27.014,25.015,20.015,23]octatriacontane (56) (cf. 54, 29/30): Compound 52
(36 mg, 0.05 mmol)/P2F (105 mg, 0.30 mmol)/anthracene (72 mg,
0.40 mmol)/benzene (5 mL)/40 min (ca. 2o% conversion). After concen-
tration and removal of anthracene and purification by chromatography
(silica gel, CCl4), residual 52 and a minute amount (4 mg) of 56was secured.
Colorless crystals, m.p. �300 �C; Rf� 0.49 (CH2Cl2/CCl4, 1:5), 0.34 (CCl4);
IR (KBr): �� � 2930, 1716, 1458, 1325, 1278, 844, 763, 620 cm�1; 1H NMR
(500 MHz): �� 7.42 (m, 8H), 7.12 (m, 4H), 6.89 (m, 8H), 6.80 (m, 4H), 3.93
(m, H-1,16,25), 3.81 (s, H-7,10), 3.26 (d, H-3,23), 2.89 (m, H-14,26), 2.48 (m,
H-4,22)*, 2.29 (m, H-5,12,13,21,28,27) 1.50 (s, H-19,30); 1H NMR
(500 MHz, C6D6): �� 6.85 ± 7.2 (m, 24H), 4.22 (t, H-25), 4.02 (s, H-1,16),
3.66 (d, H-3,23), 3.34 (s, H-7), 3.28 (s, H-7), 3.00 (m, H-14,26), 2.59 (m,
H-4,22), 2.28 (m, H-5,12,13,21,27,28), 1.67 (s, H-19,30); 13C NMR: �� 143.2,
143.1, 142.2, 142.15, 142.1, and 141.9 (quartenary C-aromatic), 126.2, 125.8,
125.7, 125.5, 125.4, 125.3, 125.1, 125.03, and 125.0 (tertiary C-aromatic), 93.4
(C-24), 86.5, 86.3, and 85.7 (C-2,6,11,15,20,29), 83.0 (C-3,23), 78.3 (C-25),
73.2, 72.6, 68.8, 65.4, and 64.8 (C-5,12,13,14,21,26,27,28), 56.1 (C-10)*, 56.0
(C-7)*, 55.9 (C-1,16)**, 52.4 (C-19,30)**; MS: m/z (%): 869 (5), 868 (7),
867 (4) [M]� , 866 (5), 788 (10), 787 (26), 786 (36), 677 (5), 676 (6),
610 (11), 609 (42), 608 (83), 431 (30), 430 (50), 253 (3), 252 (8), 178 (100)
[C14H10]� .


8,9;17,18;26,27;35,36;37,38;39,40;41,42;43,44-Octabenzononadecacyclo-
[32.2.2.27,10.216,19.225,28.02,23.02,33.03,11.04,22.05,20.06,11.06,14.012,33.013,31.015,20.015,30.
021,29.024,29.024,32]tetratetracontane (58) (cf. 55): Compound 52 (38 mg,
0.05 mmol)/P2F (175 mg, 0.50 mmol)/anthracene (36 mg, 0.2o mmol)/ben-
zene (5 mL)/stirring at 80 �C for 3 h (58 started to precipitate after ca.
20 min). After concentration in vacuo, removal of anthracene, and
extraction of the solid residue with boiling methanol and acetone, the
resulting colorless solid (46 mg, 96%, m.p.�300 �C) proved insoluble in all
organic solvents tried (inter alia boiling dibromobenzene, tetrachloro-
ethylene, DMF), but readily soluble and stable for days in AsCl3 (yellowish
solution). IR (KBr): �� � 3068, 3037, 3017, 2932, 1629, 1482, 1467, 1382, 1270,
1231, 1173, 1099, 1026, 759, 751, 709, 635, 616, 500, 477 cm�1; lH NMR
(AsCl3, 500 MHz): �� 6.95 (m, 8H); 6.93 (m, 8H), 6.52 (m 8H), 6.28 (m,
8H), 3.40 (s, H-1,16,19,34), 1.89 (m, H-4,13,22,31), 1.70 (m,
H-3,5,12,14,21,23,30,32),0.99 (s, H-7,10,25,28); l3C NMR (AsCl3): 143.3
(8C), l42.5 (8C), 128.2 (8C), 127.8 (8C), 126.6 (8C), l25.9 (8C), 86.1 (C-
6,11,24,29), 85.6 (C-2,15,20,23), 72.9 (C-3,5,12,14,21,23,30,32), 65.5 (C-
4,13,22,31), 55.4 (C-1,16,19,34), 52.1(C-7,10,25,28); MS (Figure 6): m/z
(%): 967 (2), 966 (9), 965 (20), 964 (20) [M]� , 788 (4), 787 (11), 786 (16), 610
(5), 609 (20), 608 (21), 431 (5), 430 (12), 429 (6), 418 (1), 417 (3),
series of very weak signals (�5%, loss of carbon atoms), 253 (8), 252 (20)
[C2oH12]� , 251 (20), 250 (16), 179 (33), 178 (100) [C14H10]� , 153 (3), 152 (14),
151 (10); HRMS: m/z calcd for C20H12: 252.0939; found: 252.0941;
elemental analysis calcd (%) for C76H52 (964.4): 94.57, H 5.43; found: C
94.21, H 5.32.
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Spin ±Orbit Coupling of the Lanthanide Ion (Ln�DyIII and HoIII)


Myrtil L. Kahn,[a] Rafik Ballou,*[b] Pierre Porcher,[c] Olivier Kahn≤,[a] and
Jean-Pascal Sutter*[a]


This study was performed in conjunction with Professor Olivier Kahn who passed away suddenly on December 8, 1999.
This paper is dedicated to his memory.


Abstract: Numerous compounds in
which a paramagnetic LnIII ion is in an
exchange interaction with a second spin
carrier, such as a transition metal ion or
an organic radical, have been described.
However, except for GdIII, very little has
been reported about the magnitude of
the interactions. Indeed, for these ions
both the ligand-field effects and the
exchange interactions between the mag-
netic centers become relevant in the
same temperature range; this makes the
analysis of the magnetic behavior of


such compounds more difficult. In this
study, quantitative analyses of the ther-
mal variations of the static isothermal
initial magnetic susceptibility measured
on powdered samples of the {Ln(NO3)3-
[organic radical]2} (Ln�DyIII and HoIII)
compounds were performed. The li-
gand-field effects on the Ln ions were


taken into account, and the exchange
interactions within a molecule were
treated exactly within an appropriate
Racah formalism. Values of the intra-
molecular {Ln ± aminoxyl radical} ex-
change parameter have thus been rigor-
ously deduced for both the Dy Kramers
and Ho non-Kramers ion-based com-
pounds. Ferromagnetic {Ln ± radical} in-
teractions are found for both the Dy and
Ho derivatives with J� 8 cm�1 and J�
4.5 cm�1, respectively.


Keywords: crystal field effect ¥
lanthanides ¥ magnetic properties ¥
orbital momentum ¥ radicals


Introduction


Owing to their rather large and anisotropic magnetic mo-
ments, the paramagnetic lanthanide ions have attracted a lot
of interest in the field of molecule-based magnetic materials.
Such a magnetic anisotropy is required in order to give rise to
magnetically ordered materials with large coercive fields, that
is, hard magnets. Several compounds in which a LnIII ion is
exchange-coupled with a second spin carrier, such as a
transition metal ion[1±8] or an organic radical,[9±11] have been
described. However, except for the isotropic GdIII ion, which


has an 8S7/2 ground state, very little is known about the ferro-
or antiferromagnetic nature and the magnitude of the
interactions in these compounds.
The magnetic properties of a compound in which a para-


magnetic LnIII ion interacts with another spin carrier arise
from the superposition of two phenomena. One is intrinsic to
the Ln ion and originates from the thermal population of the
so-called Stark sublevels.[12] The second is the result of the
exchange interaction between the magnetic centers. Usually,
both become relevant in the same temperature range. For the
f-elements, the ligand-field perturbation leads to the splitting
of the spectroscopic levels, 2S�1LJ, of the metal ion. For a 4f n


configuration it can result up to 2J�1 of such Stark sublevels if
n is even and J�1/2 if n is odd.[12] Generally all the sublevels
are populated at room temperature. On decreasing the
temperature, the effective magnetic moment of the lanthanide
ion will change by thermal depopulation of the Stark
sublevels, that is, the magnetic behavior of the Ln ion deviates
from Curie behavior. This phenomena is intrinsic to the Ln
ion and is modulated by the ligand field and the symmetry of
the compound. There is no easy-to-handle analytical model
for reproducing this behavior for a given compound. On the
other hand, for a lanthanide ion, the correct quantum number
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is the total angular momentum, JLn, while the exchange
interaction involves solely the spin momentum SLn. A
quantitative treatment of this interaction will then require
the use of Racah algebra, all the more as the ligand-field
effects on the Ln ion may lead to the mixing of multiplets and
spectral terms. This makes the analysis of the magnetic
behavior of compounds for which a LnIII ion with a first-order
orbital momentum is exchange coupled with another spin
carrier more difficult.
Recently, we described an experimental approach that


provided access to qualitative information on whether the
{LnIII ± aminoxyl radical} interaction is ferro- or antiferro-
magnetic. The magnetic properties of a series of compounds,
{Ln(NO3)3[organic radical]2}, comprising a LnIII ion (Ln�Ce
to Ho) surrounded by two N,O-chelating aminoxyl radicals
have been investigated.[13, 14] The experimental approach used
to get insight into the {Ln ± radical} coupling occurring within
these compounds is based on the knowledge of the intrinsic
paramagnetic contribution of the metal ion. For each com-
pound, this contribution has been deduced from the corre-
sponding {Ln(NO3)3[nitrone]2} derivative in which the LnIII


ion is now in a diamagnetic environment. The difference


between the magnetic susceptibility of the {Ln(NO3)3[organic
radical]2} compound and the corresponding {Ln(NO3)3[ni-
trone]2} derivative then permits the ferro- or antiferromag-
netic nature of the correlation within the {Ln(NO3)3[organic
radical]2} compounds to be established. For Ln�Ce, Pr, Nd,
and Sm antiferromagnetic interactions have been found.
Conversely, ferromagnetic interactions were observed for
Ln�Gd, Tb, Dy, and Ho. Assuming that Hund×s rules
dominate the ligand-field effects on the Ln ions, this would
suggest that the {Ln ± aminoxyl radical} spin ± spin exchange
interaction is always ferromagnetic.
Our experimental method led to qualitative information


about the nature of the interactions and has established the
importance of the ligand-field effect in the overall magnetic
behavior of these compounds. In order to go one step further,
we addressed the problem of quantitative evaluation of the
exchange interaction, taking into account the ligand-field
effect. This paper describes our approach and the results
obtained for the {Dy(NO3)3[organic radical]2} and {Ho-
(NO3)3[organic radical]2} compounds, respectively a Kramers
and a non-Kramers Ln ion derivative.


Model and formalism : The exchange interactions in the
{Ln(NO3)3[organic radical]2} compounds are much weaker


than the ligand-field effects on the Ln ion. There was, thus, no
need to simultaneously diagonalize the corresponding Ham-
iltonians. The approach we followed to analyze the magnetic
behavior of {Dy(NO3)3[organic radical]2} and {Ho(NO3)3[or-
ganic radical]2}, consisted, then, of two steps. First, the ligand-
field effect, that is, the intrinsic contribution of the rare earth
ion, was modeled in order to determine the energy diagram
{ELn} of the Stark sublevels for the Ln ions and the associated
eigenfunctions { ��Ln� }. Then the exchange interactions
were computed in the tensorial product space { ��Ln�


� SRad1� � SRad2� } of the state functions ��Ln� of the Ln ion
in its ligand-field environment with the state functions
�SRad1� and �SRad2� of the two radicals with which the Ln
ion interacts by exchange.


The ligand-field effect : As mentioned above, the first step of
our approach consisted of computing the spectrum of the low-
lying states of the Ln ion in its ligand-field environment.
Interestingly, both magnetic and optical properties of the Ln
ions have their origin in the spectroscopic Stark sublevels.
Analytical models of the ligand field exist that describe the
optical properties of these ions in different materials and that
can be adapted to compute the spectrum of the low-lying
states of the Ln compounds considered here.
In this study we used the semiempirical simple overlap


model (SOM).[15] This model has been successfully applied to
calculating the crystal-field parameters (CFPs) over a wide
variety of LnIII compounds in single-crystal or polycrystalline
forms.[16] In these compounds, the point symmetry of the site
occupied by the rare earth ion ranged from the high cubic Oh


to the very low C2 symmetries. This model assumes that the
interaction energy of a Ln ion in a chemical environment is
produced by an electrostatic potential of charges uniformly
distributed over small regions centered around the mid-point
of the R distance from the Ln ion to the ligand, the charge in
each region being proportional to the total overlap integral �
between the 4f and the s and/or p orbitals of the ion and the
ligand, respectively. The CFPs are written as below.


Bk
q ��rk�


�
�


��


2


1� ��


� �
k�1


Ak
q(�)


����O


RO


R�


� �3�5


The sum over � is restricted to the ligands of the first
coordination sphere, and thus �rk� radial integrals[17] are not
corrected from the spatial expansion. � varies for each ligand
as a function of the distance R, according to the exponential
law above indicated, R0 being the shortest distance. For the
rare earth ions 0.05� �� 0.08. Ak


q is the lattice sum and it
takes into account the symmetry properties of the LnIII ion
site, including the effective charge attributed to the ligand.
The sign � of the denominator stands for differentiating the
type of ligand. When a single type of ligand is considered, a
minus sign should be taken, which corresponds to the normal
shift of the charge barycenter from the mid-point of the R
bonding distance. When different ligands are present, the
minus sign corresponds to the most covalent one. Finally, only
three parameters have to vary, that is, the overlap � and the
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effective charges qO and qN for the oxygen and nitrogen ions,
respectively.
In the present case all free ion parameters have been set to


the standard values given by Carnall[18] and the CFPs are those
derived from SOM calculation. When the secular determinant
of the configuration has been diagonalized,[18] the eigenfunc-
tions are those considered for calculating the paramagnetic
susceptibility, by using the van Vleck formula.[19]


In order to reproduce as precisely as possible the effective
contribution of the Ln ion, �, qO, and qN have been tuned in
order to fit the calculated magnetic susceptibility curve to the
experimental �LnT curve obtained for the {Ho(NO3)3[ni-
trone]2} compound, in which Ho is in a diamagnetic environ-
ment. Indeed, the magnetic behavior of a Ln(nitrone)
derivative corresponds to the �Ln contribution of the Ln ion
in the {Ln(NO3)3[organic radical]2} compound.[13, 14] The Ho
derivative was chosen because the magnetic susceptibility of
this ion shows a strong thermal variation between the low- and
high-temperature domains. The reproduction of such a
pronounced temperature dependence will ensure that the
ligand field is accurately modeled. In Figure 1, the experi-
mental curve is compared to the best calculated curve with


Figure 1. Top: Experimental (�) and calculated (�) temperature depend-
ence of �LnT for the {Ho(NO3)3[nitrone]2} compound. Bottom: Related
curves for {Dy(NO3)3[nitrone]2}


effective charges of �1.4 and �0.7 for N and O, respectively,
and an overlap parameter �0� 0.08. The corresponding
eigenfunctions and eigenvalues were computed by taking
into account all spectroscopic terms and multiplets of the Ho
ion. The same parameter set allowed the �LnT versus T curve
of the related Dy(nitrone) compound to be well reproduced


(Inset Figure 1) and was used to calculate the eigenfunctions
and eigenvalues corresponding to the isomorphous {Dy(NO3)3-
[organic radical]2} compound. Previous calculations per-
formed on several DyIII and HoIII compounds have shown
that the crystal-field parameter set for a given ligand-field
environment remains very similar for these ions.[20, 21] These
eigenfunctions and eigenvalues were used for the analyses of
the {Ln ± organic radical} exchange interactions.


The exchange interaction : The topology of the {Ln(NO3)3-
[organic radical]2} compounds in terms of exchange interac-
tions is shown in Figure 2. Two interactions have to be
considered.


Figure 2. Schematic representation of the exchange interactions.


One is the exchange interaction between the LnIII ion and the
organic radical, J, and the second is the intramolecular
exchange interaction between the two organic radicals, J�.
Indeed, for {La(NO3)3[organic radical]2} in which La is a
diamagnetic ion, an antiferromagnetic interaction was found
between the two paramagnetic ligands.[11] This radical ± radi-
cal interaction has been taken into account in our analytical
model.
The exchange Hamiltonian, Hex, corresponding to the


topology described in Figure 2 is given by Equation (1).


Hex��J�SLn ¥ (�Srad1 � �Srad2)� J��Srad1 ¥ �Srad2 (1)


In this expression �SLn, �Srad1, and �Srad2 are the spin quantum
numbers of the LnIII ion and of the two radicals, respectively
(Srad1� Srad2� 1³2). As already noted above, an exchange
interaction only takes place between spin momenta. The
susceptibility measurements have been performed with an
applied field; therefore, the Zeeman effect must also be taken
into account [Eq. (2)].


Hz���B
�B ¥ (�LLn�ge�SLn)��B


�B ¥ (ge�Srad1�ge�Srad2) (2)
�N� (�LLn�ge�SLn)� (ge�Srad1�ge�Srad2)� ¥ [(�LLn�ge�SLn)� (ge�Srad1)�ge�Srad2)]


In this Hamiltonian, HZ, the first and second terms
correspond to the Zeeman effect that acts on the total angular
momentum of each paramagnetic species present in the
system (one lanthanide ion and two organic radicals). The
third term corresponds to the intermolecular interactions
introduced in the mean field approximation.
The matrix elements of theHex � HZ Hamiltonian [Eq. (3)]


were calculated in the tensorial product space { ��Ln� � Srad1�


� Srad2� } of the state functions of the Ln ion in its ligand-field
environment with those of the two radicals.


��Ln � � Srad1 � � Srad2 �Hex�Hz ��Ln� �Srad1 � �Srad2 � (3)
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The state functions of the Ln ion are naturally and best
described in the { � �, SLn, LLn, JLn, MJ� } multiplet represen-
tation. We recall that the intra-atomic electron correlation
discriminates between the states of the Ln ion in terms of total
spin momentum, SLn, and total orbital momentum, LLn, which
would lead to the { � �, SLn, MS, LLn, ML� } spectral term
representation. However, owing to the spin ± orbit coupling
theMS andML quantum numbers cease to be appropriate, and
the correct quantum numbers for a Ln ion in a spherically
symmetric environment are then the total angular momen-
tum, JLn, and its component, MJ, along a given quantization
axis.
Both the Hex and HZ Hamiltonian incorporate operators


acting either on the spin momentum, SLn, or on the orbital
momentum, LLn, of the Ln ion, but never they act on the total
angular momentum JLn. In the case in which the ligand field
does not induce multiplets (J� ± J) or spectral term ((L�,S�) ±
(L,S)) mixing, the matrix elements of the SLn and LLn


operators in the Hex � HZ Hamiltonian [Eq. (4)] are easily
evaluated, within the ground-state multiplet, in terms of
effective gyromagnetic ratios by making use of the Wigner ±
Eckart theorem.


��Ln�Hex�Hz��Ln�����,SLn�,LLn�,JLn�,MJ��Hex�HZ��,SLn,LLn,JLn,MJ� (4)


Unfortunately, the ligand field on the Ln ions in the
{Ln(NO3)3[organic radical]2} compounds gives rise to non-
negligible multiplets and spectral-term mixing. Consequently,
to calculate the matrix elements of theHex � HZ Hamiltonian
[Eq. (4)], the more complex formalism described by Judd[22]


has to be used. In fact, the main problem arises from the
evaluation of the matrix elements between states of different
SLn, LLn, and JLn quantum numbers, of the components with
respect to a given system of axis, of the spin momentum
[Eq. (5)] and of the orbital momentum [Eq. (6)] of the Ln ion.


� ��,SLn�,LLn�,JLn�,MJ� � SLn � �,SLn,LLn,JLn,MJ� (5)


� ��,SLn�,LLn�,JLn�,MJ� �LLn � �,SLn,LLn,JLn,MJ� (6)


The formalism described by Judd allows the matrix
elements ���,j1�,j2�,J�,M� �X � �,j1,j2 ,J,M� to be calculated;
here X is an operator (Hamiltonian) acting on both j1 and j2
but not on J.[22] In other words, X is an operator formed from
two operators, each of which acts on two different parts of the
system, namely j1 and j2 . By using the Wigner ±Eckart
theorem, the matrix element ���,j1�,j2�,J�,M� �X � �,j1,j2,J,M�


can be express as a function of the reduced matrix element
���,j1�,j2�,J�, 	X 	 �,j1,j2,J� . Judd has described how to calcu-
late this reduced matrix element.[22] In our specific case, two
types of matrix elements [Eq. (5) and Eq. (6)] have to be
considered. By using the Judd formalism these are deter-
mined, respectively, by Equation (7) and Equation (8) as
functions of the 3j and 6j symbols.


� �SLJM �Lq ���S�L�J�M�� �
�(�,��)�(S,S�)�(L,L�)(�1)J�M(�1)S�L�J�1


�
J 1 J



�M q M



�
������������������������������������������2J � 1��2J� � 1�� �������������������������������������������


L�L � 1��2L � 1�� �
J 1 J



L S L


	
(7)


��SLJM �Sq � ��S�L�J�M���
�(�,��)�(S,S�)�(L,L�)(�1)J�M(�1)S�L�J��1


�
J 1 J



�M q M



�


������������������������������������������2J � 1��2J� � 1�� �����������������������������������������
S�S � 1��2S � 1�� �


J 1 J



S L S


	
(8)


Once these matrix elements had been evaluated, the Hex �
Hz Hamiltonian could be diagonalized in the tensorial product
space { ��Ln� � Srad1� � Srad2� }. Although the ligand field on
the Ln ion gives rise to multiplets and spectral term mixing,
the SOM calculations showed that the effect is not large
enough to completely destroy the multiplet structure of the
spectrum. The energy levels of the Ln ion in the ligand-field
environment group themselves in terms of pseudo-multiplets.
In particular, the lowest energy pseudo-multiplet, for both Ho
and Dy, is well separated in energy from the rest of the
spectrum by one order of magnitude with respect to the lowest
energy pseudo-multiplet total splitting. The Hex � Hz


Hamiltonian was thus actually diagonalized not in the whole
{ ��Ln� � Srad1� � Srad2� } space but in the restricted space
defined by limiting the { ��Ln� � } states to belonging solely to
the lowest energy pseudo-multiplet. The advantage was, of
course, the gain in both computing memory storage and
central processor unit time for diagonalization and subse-
quent calculations of thermodynamic properties. Calculations
in a larger space of states, including several pseudo-multiplets,
were performed. Corrections were found to be very weak and
not at all relevant.
Various thermodynamic quantities, magnetization, specific


heat, etc. could be computed from the new eigenvalues {Ep}
and associated eigenfunctions { � p� } obtained after diago-
nalization of the Hex � Hz Hamiltonian. Our experimental
measurements concerned the static isothermal magnetic
susceptibility �M of powdered samples. This was calculated
by using the linear response theory.[23±25] By writing Mi , the
component of the magnetic moment operator �M� �B[(�LLn �
ge�SLn) � ge(�Srad1 � ge�Srad2)] along an axis i of a system of
cartesian axes (x,y,z), the static isothermal initial magnetic
susceptibility tensor, �Tij , is given in Equation (9).


�Tji ���2
B


Z0


�
p


e��Ep


�
q


Eq�� Ep


1


Ep � Eq


(MipqMjqp�MjqpMjpq) (9)


� �2
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�
�
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e��Ep


�
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�
�
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e��Ep


�
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Eq�Ep


Mipq


�
q


e��Ep


�
q


Eq�Ep


Mjqp,


HereMipq�� p �Mi �q� andMjpq�� p �Mj �q� are thematrix
elements of the operators Mi and Mj . Z0�




p exp(� �Ep) is


the partition function under zero applied field. The molar
magnetic susceptibility, �M, at a given temperature T� 1/�kB


was deduced from �Tij by averages over all the crystal
orientations inherent to a powdered sample.


Numerical fitting : In order to evaluate the exchange inter-
action between the radicals, we first determined the J�
parameter for the {La(NO3)3[organic radical]2} compound
by our computer program. For this compound, only the two
radical ligands contribute to the magnetic behavior, LaIII


being diamagnetic. The best calculated �MT versus T curve
was obtained for J���6 cm�1 (Figure 3). This antiferromag-
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Figure 3. Experimental (�) �LnT versus T behavior for {La(NO3)3[organic
radical]2} and calculated curve (�) obtained for J���6 cm�1.


netic exchange-parameter value corresponds to the value
found previously for this compound by the van Vleck formula
for two interacting S� 1/2 spins.[11] A very close J� parameter
has been found for the corresponding GdIII compound.[11]


Consequently, we decided to fix the value of this parameter
to J���6 cm�1 for the subsequent simulations of the magnetic
behavior of the Dy and Ho compounds. Moreover, results we
obtained previously for the GdIII derivative, {Gd(NO3)3-
[organic radical]2}, have shown that the intermolecular inter-
action J�� is in the order of 10�2 cm�1, at least two orders of
magnitude smaller than the intramolecular interactions J and
J�. For this reasonwe decided to fix J��� 0 for the computations.
The best simulated curve obtained for {Dy(NO3)3[organic


radical]2} is compared to the experimental �MT versus T curve
in Figure 4. The calculated curve was obtained for J� 8 cm�1


and J���6 cm�1 (fixed). It reproduces well the features of the


Figure 4. Experimental (�) �LnT versus T behavior for {Dy(NO3)3[organic
radical]2} and calculated curve (�) obtained for J� 8 cm�1, J���6 cm�1


(fixed).


experimental data especially the maximum in �MT at 7 K,
which is observed experimentally at 10 K. For the {Ho-
(NO3)3[organic radical]2} compound, the best-simulated be-
havior was obtained for J� 4.5 cm�1 and J���6 cm�1 (fixed).
This curve is compared to the experimental data in Figure 5.
The calculated curve presents the same features as the
experimental one. As the temperature is lowered, �MT
decreases to reach a small minimum at about 4 K and then


Figure 5. Experimental (�) �LnT versus T behavior for {Ho(NO3)3[organic
radical]2} and calculated curve (�) obtained for J� 4.5 cm�1, J���6 cm�1


(fixed).


increases for lower temperatures. However, whereas the
shape and features of the two curves in Figure 5 are the same,
a difference exists for their relative values of �MT and this
difference is more pronounced in the low temperature range.
No improvement was obtained when an intermolecular
contribution, J��, was considered as well. Attempts to optimize
the simulated curve by tuning both J and J� did not lead to
better results. Of course, by slightly increasing the contribu-
tion of these parameters, it was possible to bring the simulated
curve down to the experimental data, but to the detriment of
the characteristic minimum. For this reason, we considered
the curve shown in Figure 4 to be the best simulation, with the
minimum at the same temperature as the experimental curve.
The interaction parameters found for both the Dy and Ho


derivatives indicate that in these compounds the {Ln ± amin-
oxyl} interaction is ferromagnetic. These analytical results are
in agreement with those found previously in our phenom-
enological approach.[14]


Discussion


The accurate analysis of the magnetic behavior of a molecular
compound containing a LnIII ion that displays spin ± orbit
coupling and is in exchange interaction with another spin
carrier requires the intrinsic contribution arising from the
LnIII ion to be properly taken into account. All the energy
sublevels of the Ln ion involved in the investigated temper-
ature range have to be considered in order to determine the
exchange parameter. This is the approach we followed to
analyze the magnetic behavior of the {Dy(NO3)3[organic
radical]2} and {Ho(NO3)3[organic radical]2} compounds. In-
teraction parameters, J, of 8.0 and 4.5 cm�1 have thus been
found for the {Dy-aminoxyl} and {Ho-aminoxyl} interaction,
respectively. In both cases, a ferromagnetic {Ln ± organic
radical} interaction was obtained, in agreement with the
qualitative study.[14]


The site symmetry of the Ln ion in the {Ln(NO3)3[organic
radical]2} compounds is C1, the lowest symmetry. Consequent-
ly, for a Kramers 4f n ion (n odd), the number of expected
Stark sublevels is J�1³2 and these are doubly degenerate. On
the other hand, for a non-Kramers ion (n even), the number of
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sublevels should be 2J�1. The energy diagrams of the Stark
sublevels determined by SOM for the DyIII and HoIII


compounds, respectively 4f 9 and 4f 10 ions, are depicted in
Figure 6. The degeneracy expected for both ions is well
reproduced. It can be seen that for HoIII, the ground Stark
sublevel is just 5 K below the first excited state, whereas for


Figure 6. Energy diagrams of the Stark sublevels for {Dy(NO3)3[organic
radical]2} and {Ho(NO3)3[organic radical]2} determined by SOM.


DyIII, the ground and first excited states are separated by
about 60 K. This small difference in energy between the states
of the Ho ion may account for the difficulty in exactly
reproducing the ligand-field effect by SOM at low temper-
ature, and consequently, perfectly reproducing the magnetic
behavior of the {Ho(NO3)3[organic radical]2} compound.
Indeed, any small inaccuracy in the lowest levels of the
energy diagram of the Stark sublevels will have a substantial
effect on the calculated �MT versus T behavior of the {Ho-
aminoxyl} compound, especially in the lower temperature
range. This is exactly what is observed in Figure 5, in which a
deviation between the experimental and calculated curves
appears at low temperature. We attribute the differences
between the experimental and calculated data to the differ-
ence between the effective and calculated thermal population
of the lowest states. This difference is the result of the small
error made on computing the energy splitting of these levels.
Nevertheless, as can be seen in Figure 5, the general feature of
the experimental curve is perfectly reproduced by the
analytical simulation. This indicates that the exchange param-
eters, J and J�, used for the computation reflect the inter-
actions occurring in the compound well. The problem
encountered with Ho does not apply to DyIII. For this ion,
the first excited sublevel is much higher in energy. The
magnetic behavior of the {Dy(NO3)3[organic radical]2} com-
pound could be well reproduced by computation down to low
temperature (Figure 4). Intermolecular interactions have not
been taken into account in the reported computations. For the
related GdIII derivative, these intermolecular interactions
were found to be very small (�0.009 cm�1), and no appreci-
able modification was observed when J�� was taken as
different to zero for the computations.
The ferromagnetic interactions found for the {Dy ± amin-


oxyl}, J� 8 cm�1, and {Ho-aminoxyl} compounds, J� 4.5 cm�1,
compare well with the ferromagnetic interaction, J� 6.1 cm�1,


found previously for the related GdIII derivative. These three
compounds being isomorphous, the variations observed for
the J parameters may be directly related to the Ln ions.
Apparently, the strengths of the exchange interaction follow
the effective moment of the LnIII ion at low temperature. For
the Ln(nitrone) derivatives of Dy and Ho, these were found to
equal 11.1 cm3Kmol�1 (9.4 �B) and 3.4 cm3Kmol�1 (5.2 �B),
respectively, at 2 K.


Conclusion


We quantitatively analyzed the magnetic behavior of
{Ln(NO3)3[organic radical]2} compounds in which the Ln
ion, characterized by its { � �,SLn,LLn,JLn,MJ� } multiplet
structure associated with electron correlation and spin ± or-
bit coupling, is in a ligand-field environment and interacts by
exchange with two organic radicals. The ligand-field effect
was considered within the SOM and the {Ln ± radical} and
{radical ± radical} exchange interactions were treated exactly.
The numerical fits to the experimental static isothermal
magnetic susceptibility �M measured on powdered samples
allowed the {Ln ± radical} and {radical ± radical} exchange
parameters for the Ho and Dy derivatives to be quantitatively
determined.
Some discrepancies exit between the experimental and


calculated thermal variation of �M that can be ascribed to the
limitations of the SOM on evaluating the ligand-field effects.
The very low site symmetry (C1) of the Ln ion in the
{Ln(NO3)3[organic radical]2} compounds leads to a large
number of crystal-field parameters, and it would clearly be
illusory to let them vary freely and fit them solely from the
variations of �M. Improvements can be expected from fitting
to measurements of the magnetization vector on single
crystals, as the full static isothermal initial magnetic suscept-
ibility tensor, �Tij can be obtained from this. Quasi-elastic and
inelastic neutron scattering on powdered samples should also
be very useful, as this would allow the magnetic energy levels
of the molecules to be accurately determined, provided
deuterated samples are used to avoid the strong incoherent
neutron scattering from hydrogen. In order to isolate the
magnetic signals from the neutron scattering by phonons,
measurements with polarized neutrons and polarization
analysis should be performed. Another interesting measure-
ment would be that of the magnetic density by polarized
neutron-scattering measurements on a single crystal. This
magnetic density can be computed from the eigenstates
{ � p� } of the molecules.[26] Evidently, all these experimental
measurements will essentially allow the knowledge of the
ligand-field effects to be improved beyond the SOM. We do
not expect drastic changes in the values of the exchange
parameters we have obtained.
We would finally like to emphasize that in order to


quantitatively estimate the intramolecular exchange param-
eters in the {Ln(NO3)3[organic radical]2} compounds with
sufficient confidence, the formalism we have worked out is
absolutely necessary. Actually, any compound that has an ion
with a first-order orbital momentum, in a ligand-field
environment and in exchange interaction with another spin
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carrier should rigorously be treated in the same way. Our
computer program can be generalized for any such molecules.
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The Deprotonation of Benzyl Alcohol Radical Cations:
A Mechanistic Dichotomy in the Gas Phase as in Solution


Enrico Baciocchi,*[b] Massimo Bietti,[c] Barbara Chiavarino,[a] Maria Elisa Crestoni,[a]
and Simonetta Fornarini*[a]


Abstract: The gas-phase acidity of ion-
ized benzyl alcohol and of some of its
derivatives with selected reference bases
has been studied by Fourier Transform
Ion Cyclotron Resonance (FT-ICR)
mass spectrometry. The aim was to
relate the gas-phase reactivity to the
behavior in aqueous solution of the
radical cations of benzyl alcohols bear-
ing methoxy substituent(s) on the phen-
yl ring which are known to undergo
deprotonation at both the CH2 and OH


groups. The dual reactivity behavior is
confirmed in the gas phase, in which the
prototypical ion, C6H5CH2OH .� , is de-
protonated at both the CH2 and OH
groups, whereas the ring hydrogens are
not involved. An increasing extent of
O-deprotonation is shown as the


strength of the base increases. Appro-
priate methyl substitution, as in the
radical cations of C6H5C(Me)2OH and
C6H5CH2OMe, allows only O- or
C-acidity. The two processes are charac-
terized by comparable thermodynamic
features with a Gas-phase Basicity (GB)
value of 852 kJmol�1 for the cumyloxyl
radical and 850 kJmol�1 for the �-meth-
oxybenzyl radical. The possible origin of
the observed mechanistic dichotomy is
discussed.


Keywords: cations ¥ gas-phase
reactions ¥ mass spectrometry ¥
proton transfer ¥ radicals


Introduction


It is well known that alkylaromatic radical cations are strong
�-carbon acids, and accordingly they react with bases to form
products coming from �-carbon deprotonation.[1] However, a
peculiar property was recently discovered when dealing with
4-methoxybenzyl alcohol radical cations. Whereas, in aqueous
acid solutions, these species behaved, as expected, as carbon
acids, in the presence of OH� they exhibited kinetic oxygen
acidity, that is, the key step in their decay involved deproton-
ation at the OH group.[2] This result is of considerable interest
since simple calculations based on a thermochemical cycle


show that from a thermodynamic point of view, �-carbon
acidity of these radical cations is much stronger than oxygen
acidity.
Evidence was also provided that the deprotonation at the


OH group leads to a 4-methoxybenzyloxyl radical, possibly
through the intermediate of a radical zwitterion, which
undergoes an intramolecular electron transfer, and that the
competition between carbon and oxygen acidity depended
not only on the strength of the base but also upon the stability
of the radical cation. Accordingly, it was observed that making
the radical cation more stable (e.g., by the introduction of
additional methoxy groups on the phenyl ring) depresses
oxygen acidity much more than carbon acidity. Thus, the very
stable 2,4,5-trimethoxybenzyl alcohol radical cation exhibited
only carbon acidity in the reaction with OH�.[3]


In view of the fundamental information associated with
features of proton-transfer reactions occurring between
naked species in the gas phase, it seemed of interest to
investigate whether the mechanistic dichotomy displayed by
the reactivity of benzyl alcohol radical cations in aqueous
solutions is an intrinsic property of these species. Proton- and
electron-transfer processes are known to be major reaction
pathways for gaseous organic radical cations and can be
exploited to identify the structures of isomeric ions.[4] We have
carried out a Fourier Transform Ion Cyclotron Resonance
(FT-ICR) study of the gas-phase deprotonation of the radical
cations derived from benzyl alcohol (1), cumyl alcohol (2),
benzyl methyl ether (3), and deuterium labeled compounds
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such as 4-MeO-C6H4CD2OH (4), C6D5CD2OH (5), and
C6D5CH2OH (6) by a variety of bases of different strength.
For suitably labeled radical cations, carbon and oxygen
acidities are easily distinguished by the transfer of either a
deuteron or a proton to the reacting base. The radical cations
of 2 and 3 are expected to exhibit only oxygen and carbon
acidity, respectively. The results of this work are presented in
this paper.


Results


The radical cations of 1 ± 6 were obtained by electron-impact
(EI) ionization at low electron energies in order to minimize
any electronic and vibrational excess energy transferred to the
ions during their formation process. Unreactive collisions with
Ar pulsed in the ICR cell help to bring the ions into thermal
equilibrium with the environment. Reference bases (B) were
chosen to sample the kinetic acidity of the radical cations,
namely carbonyl compounds, pyridines, and a diamine, all of
which are characterized by well-established values of gas-
phase basicity (GB).[5] The radical cations displayed exclu-
sively proton (or deuteron) -transfer reactivity with bimolec-
ular rate constants, which increased in magnitude with the
strength of the base. In Table 1 the kinetic data are
summarized, and the experimental rate constants (kexp) and
the relative efficiencies (Eff� (kexp/kcoll)� 100) obtained from
the estimated values of the collisional rate constants are
listed.[6] The radical cations of the deuterium labeled com-
pounds 4 and 5 display both deuteron and proton transfer to
an extent depending on the features of the base. The values
listed in the last column of Table 1 that show the relative
abundance of the BD� and BH� product ions are obtained
from the ratio of the relative ion intensities extrapolated
to initial reaction time; thus any subsequent hydrogen
scrambling process can be neglected. An exemplary plot of
ion intensity versus time profile that shows the competi-
tive formation of BD� and BH� ions from the 5 .� reaction
with pyridine is given in Figure 1. The use of speci-
fically labeled substrates thus reveals the regiochemistry of
the proton abstraction process. The exclusive H� transfer


product from the reaction of 6 .� with 2,5-dimethylpyridine
shows that the ring hydrogens are not involved, whereas a
variable extent of D�/H� transfer from 5 .� shows that both the
�-C- and O-bound hydrogens may be attacked by the base
depending on the features of the base itself. The higher
basicity appears to favor the abstraction of the O-bound
hydrogen.


Figure 1. Relative ion intensities following the selection of 5 .� , formed by
EI ionization in the external ion source, in pyridine at 2� 10�8 mbar in the
ICR cell (�, m/z 115; �, m/z 80; �, m/z 81).


Table 1. Kinetics of proton and/or deuteron transfer between the radical
cations of benzyl alcohols and reference bases (B).


Radical
cation


Reference base GB(B)[a] kexp
[b] Eff[c] BD�/BH�


1 .� cyclohexanone 811 0.31 1.6 [d]


1 .� c-C3H7-COMe 823 1.8 9.4 [d]


1 .� 2,4-pentanedione 836 5.2 28 [d]


1 .� 2-F-pyridine 853 4.1 20 [d]


1 .� 2,5-hexanedione 851 4.4 40 [d]


1 .� 2-Cl-pyridine 869 5.9 30 [d]


1 .� pyridine 898 5.0 30 [d]


1 .� 4-Me-pyridine 915 9.8 58 [d]


1 .� 2,5-Me2-pyridine 927 9.0 55 [d]


2 .� c-C3H7-COMe 823 n.r. ± ±
2 .� 2-F-pyridine 853 5.6 29 [d]


2 .� 2-Cl-pyridine 869 16 84 [d]


2 .� pyridine 898 16 97 [d]


2 .� 2,5-Me2-pyridine 927 15 89 [d]


3 .� c-C3H7-COMe 823 0.02 0.1 [d]


3 .� 2-F-pyridine 853 7.1 36 [d]


3 .� 2-Cl-pyridine 869 13 64 [d]


3 .� pyridine 898 12 76 [d]


3 .� 4-Me-pyridine 915 13 76 [d]


3 .� 2,5-Me2-pyridine 927 14 83 [d]


4 .� 2,4-pentanedione 836 n.r. ± ±
4 .� 2-F-pyridine 853 0.1 1 100/0
4 .� 2-Cl-pyridine 869 2.3 12 100/0
4 .� pyridine 898 4.5 28 80/20
4 .� 4-Me-pyridine 915 6.7 41 100/0
4 .� 2,5-Me2-pyridine 927 9.0 56 100/0
4 .� 1,3-propanediamine 940 9.5 62 75/25
5 .� c-C3H7-COMe 823 2.4 12 90/10
5 .� 2-F-pyridine 853 7.3 34 80/20
5 .� pyridine 898 8.1 48 32/68
5 .� 4-Me-pyridine 915 11 64 30/70
5 .� 2,5-Me2-pyridine 927 11 62 22/78
5 .� 1,3-propanediamine 940 9.4 60 16/84
6 .� 2,5-Me2-pyridine 927 10 56 0/100


[a] kJmol�1. [b] � 1010 cm3s�1, n.r. stands for no reaction observed.
[c] Eff�kexp/kcoll� 100. [d] BH� is the only product that can be formed.
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Discussion


The Br˘nsted acid properties of ionized benzyl alcohols have
been examined by their reaction with reference bases of
known basicity and, whenever possible, comparable stuctural
features. In particular, care was exercised to avoid bases of
low IP (ionization potential), that is, IPs lower than the value
pertaining to benzyl alcohol itself. In this way, an electron-
transfer process, which was found to prevail, for example, in
the reaction with tertiary amines, could be prevented. The
radical cations 1.� ± 6 .� were found to react with the selected
bases by proton (deuteron) transfer as the only observed
process, which may or may not be followed by the association
of the protonated reference base with another base molecule
to form a proton-bound dimer. However, this consecutive
process does not affect in any respect the rate of the H�/D�


transfer process of interest. When one deals with the radical
cation of an OH-substituted toluene molecule a question of
primary concern is whether the benzylic skeleton is retained
or whether a ring enlargement to a cycloheptatriene structure
(7) has occurred following the ionization process.[7] The
resulting isomeric radical cation(s) (7.�) would in the latter
case be responsible for the observed H�/D� transfer process.
To this end, the reactivity of ionized C6D5CH2OH was tested
with the expectation that in the event of a ring-expanded
structure, such as c-C7D5H2OH .� , fast randomization of the
seven deuterium and hydrogen atoms would render them all
equivalent with respect to the transfer to a strong base such as
2,5-dimethylpyridine.[8] In contrast to this hypothesis, exclu-
sive H� transfer was observed. By this result it is inferred at
the same time that the benzylic structure is retained, and that
the ring hydrogens are not involved in the deprotonation
reaction by a relatively strong base.[9] The latter finding is in
line with the gas-phase basicity (GB� 852 kJmol�1) of the
phenyl radical which is distinctly higher than that, for
example, of the benzyl radical (GB� 801 kJmol�1).[5, 10] A
notable exception to the expectedly higher kinetic acidity of
the toluene radical cation with respect to the benzene radical
cation has been reported recently for the termolecular proton
transfer to two polar molecules; this reaction has been
ascribed, however, to the association of the polar molecules
with the aromatic ring within the reaction complexes.[11]


The question is then left as to which sites are involved in the
deprotonation process; among these sites are the conceivable
�-C- and O-hydrogens in the parent benzyl alcohol radical
cation, but this leads to the problem of ascertaining the kinetic
and thermodynamic features of the processes involving the
two individual sites. The problem can be approached in a
stepwise fashion, starting from species where only one acidic
site may come into play. The radical cations of 2 and 3,
PhC(Me)2OH .� and PhCH2OMe .� , can only display O- and
�-C-acidity, respectively. The two ions show a comparable
Br˘nsted acid reactivity towards bases such as c-C3H7-COMe,
which is hardly reactive, and pyridine, for example, which
abstracts a proton with a reaction efficiency approaching
100%. So, although the rate data are not directly comparable
because in the two radical cations a different number of
methyl substituents is placed on different atoms, it clearly
appears that both the O- and �-C-hydrogens can be removed


by a base from 2 .� and 3 .� , respectively, and that the two
processes may show similar rates.
According to the kinetic data in Table 1 the relative


reaction efficiencies for the proton-transfer reactions of the
radical cations of 1 ± 5 increase as the strength of the base
increases. The data pertaining to the radical cations of 1 ± 3 are
plotted in Figures 2 ± 4 showing the Eff versus GB(B) curves
fitted with a parametric function [Eq. (1)].


Eff� a


1 � exp�b��GB�B� � c�� (1)


Figure 2. Plot of the efficiency (Eff) of the proton-transfer reactions from
1.� to reference bases B versus GB(B). The experimental values are fitted
by the solid line according to Equation (1).


Figure 3. Plot of the efficiency (Eff) of the proton-transfer reactions from
2 .� to reference bases B versus GB(B). The experimental values are fitted
by the solid line according to Equation (1).


Figure 4. Plot of the efficiency (Eff) of the proton-transfer reactions from
3 .� to reference bases B versus GB(B). The experimental values are fitted
by the solid line according to Equation (1).
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The observed trends match the expectation that as the GB
of the base increases and the reaction becomes increasingly
exoergonic the bimolecular rate constant increases until the
collisional limit is reached. In the case of ion ±molecule
reactions lacking a kinetic barrier, a distinct reaction onset is
typically found as the process becomes thermodynamically
allowed. Proton-transfer reactions generally fall into this
category and are adequately described by a single-well
potential energy profile. Rare exceptions are due to the
manifestation of steric effects such as those involving 2,6-di-
tert-butylpyridine.[12] Rather, the proton transfer from areni-
um ions shows normal behavior, unaffected by steric effects
even in the presence of bulky tert-butyl groups.[13] The radical
cations from alkylbenzenes have been found to react by
proton transfer to a series of gaseous reference bases in a
quite similar way to the radical cations of benzylic alcohols
and derivatives. The ensuing relationship between the kinetics
and the thermodynamics of their proton-transfer reactions has
been analyzed to derive thermochemical data.[14] Taking into
account the reactivity behavior of these related systems, one
may assume that the radical cations of benzylic alcohols and
ethers do behave as well as normal Br˘nsted acids. If this
condition is fulfilled, their proton-transfer reactions can be
described by a correlation between reaction rate constants
and standard free energy changes that has been derived and
found to hold for a variety of proton-transfer reactions.
Within this framework, the parametric function fitting the
reaction efficiencies for the proton-transfer reactions from the
selected radical cations to the reference bases [Eq. (1)] is
analyzed to allow the evaluation of the GB of the conju-
gate base of the radical cation (GB(A .)) as described in
Equation (2).[15]


c�GB(A .)� 1/b (2)


The relationship between the kinetics (the reaction effi-
ciency) and the thermodynamics (the free energy change:
GB(A .)�GB(B)) of the proton-transfer reaction was derived
for the simple kinetic scheme of Equation (3) and provides a
quantitative analysis of the so-called bracketing method, also
named the thermokinetic method.


AH .��B� [AHB] .��	A .�BH� (3)


The application of this method, which relies on kinetic data
to obtain thermodynamic information, is necessary as a result
of the problem of acidic species, the radical cations, which lack
a stable neutral conjugate base. In fact, the assessment of
relative GBs by the direct determination of the proton-
transfer equilibrium constant, which is normally feasible in
the FT-ICR cell, requires a stationary concentration of both
neutral partners exchanging the proton; this is hardly possible
in the present case as one of them is a radical species.
As stated above it is clear that both the OH group of 2 .� and


the CH2 group of 3 .� may act as acidic sites. A quantitative
evaluation of this property can be derived from the plots of
the efficiencies of the deprotonation of 2 .� and 3 .� versus the
GB of the reference bases, as shown in Figures 3 and 4,
respectively. The fitting treatment obtained by using Equa-


tions (1) and (2) yields a GB value of 852 kJmol�1 for
PhC(Me)2O


. and GB� 850 kJmol�1 for PhCH(OMe) . (Ta-
ble 2), if no isomerization or other reactive process of the
formed radicals is taking place in the proton-transfer event.
The two values should be considered equal as they fall within
the 
5 kJmol�1 error range estimated for this method;[15] this
is apparently in contrast with the expectation that the
O-acidity is thermodynamically less favored than the �-C-
acidity. It is, however, not appropriate to compare two species,
2 .� and 3 .� , differing in terms of the number and position of
methyl groups.


As anticipated, the behavior of 1.� and the labeled
analogue 5 .� is more complex, potentially involving the
competition of O-acidity and �-C-acidity. The efficiency
versus GB(B) curve reported for 1.� in Figure 2 displays a
fitting curve showing somewhat different behavior with
respect to that reported for 2 .� and 3 .� , for which the
efficiency rises steeply as the proton-transfer reaction be-
comes thermodynamically allowed. In the case of 1.� , the
transition from negligible reactivity to reactivity upon every
collision is relatively smooth, as if reflecting the contribution
of more than one process. The same kind of behavior is shown
when curve fitting the data of 5 .� . Two distinct contributions
do in fact coexist because the reference base abstracts both D�


and H� from 5 .� in a ratio that depends on its GB. Thus,
whereas D� transfer is by far the most dominant process to
cyclopropylmethylketone (GB� 823 kJmol�1), H� transfer is
favored by a factor of five in the case of 1,3-propanediamine
(GB� 940 kJmol�1). Other bases show an increasing amount
of H� transfer as their GB increases. Thus, the unsubstituted
(apart from D-labeling) benzyl alcohol radical cation, which
has been studied as a naked species in the gas phase, displays
the same mechanistic dichotomy observed in substituted
benzyl alcohol radical cations in solution, in which the
strongly basic OH� deprotonates the OH group in contrast
to the H2O induced �-C-deprotonation. The observed change
in the acidic site involved as the strength of the base increases
prevents us from evaluating the GB of the conjugate base of
1.� and 5 .� . The GB parameters obtained for 1.� and 5 .�


according to Equations (1) and (2) (Table 2) should therefore
be viewed as a mean between the values pertaining to the two
processes taking place.
In order to confirm the observed change in the acidic site


involved as the base strength increases, the radical cation 4 .� ,
the topic of detailed studies in solution, has been included in


Table 2. GB values evaluated for the conjugate bases of the radical cations
of benzyl alcohol and its derivatives.


Radical cation GB [kJmol�1][a]


1 .� 861
2 .� 852
3 .� 850
4 .� 902
5 .� 856


[a] GB values obtained from the fit parameters of the plots in Figure 2 ± 4
and similar ones drawn for 4 .� and 5 .� according to Equations (1) and (2).
Error estimated for the fitting procedure 
6 kJmol�1.
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the proton-transfer reactivity survey. Overall the acidity of
this radical cation, highly stabilized by the electron-donating
effect of the methoxyl group, is lower than that of its
unsubstituted analogue. The estimated GB of the conjugate
base of 4 .� is in fact higher than that of 1.� by approximately
38 kJmol�1 (Table 2). However, two common features are
found, namely the smooth change in the rate coefficients
versus the standard free energy variation of the proton-
transfer reaction and the competition of O-acidity with �-C-
acidity when stronger bases are used. The latter finding is
displayed by the comparable contribution of H� and D�


transfer from 4 .� to bases such as 2,5-dimethylpyridine and
1,3-propanediamine.
The overall efficiency of H� and D� transfer from 4 .� and


5 .� to the strongest bases used appears to level off to values
approaching the collisional efficiency. This fact makes the
rates of the individual processes of limited significance as they
reflect the competition of two processes within the same
encounter complex.
D-labeled substrates are generally used to reveal the


occurrence of kinetic isotope effects.[16] A primary kinetic
isotope effect may be revealed in the proton-transfer event.
The two bases 4-fluoropyridine and cyclopropylmethylketone
both react in a prevailing deprotonation process at the �-CH2


group of the benzyl alcohol radical cation, as shown by the
large extent of D� transfer from 5 .� . Both appear to react
faster with 5 .� with respect to 1.� ; this is an indirect kinetic
isotope effect in contrast to the expected operation of a
primary kinetic isotope effect. It should be noted, however,
that the observed spread in the reaction efficiencies (ca. 40%)
is too close to the error, affecting the determination of
absolute values of rate constants by the FT-ICR technique, to
be meaningful. However, the absence of any noticeable
primary kinetic isotope effect is circumstantial evidence that
the proton-transfer reaction from ionized benzyl alcohol lacks
a significant activation barrier and is thus appropriately
described by the single-well mechanism of Equation (3).
Finally, it may be interesting to compare the bimolecular


reactivity of benzyl alcohol radical cations with the proton-
transfer reactivity within ionized benzyl alcohol/ammonia
clusters, [C6H5CD2OH .� ¥nNH3]. As the cluster becomes
larger, n increasing from 1 to 5, deprotonation of the
O-hydrogen begins to occur, at the expense of C-deproton-
ation, and this reaction leads to an increasing fraction of the
C6H5CD2O


.(NH3)k� (NH3)n�kH� products with respect to
C6H5CDOH .(NH3)k� (NH3)n�kD�. Once again this result
may be viewed as the prevailing attack at the O-hydrogen
as the base becomes stronger. In this example the thermody-
namic stability of the ammonium ion increases as the number
of NH3 molecules in the product cluster ion increases.[17]


Conclusion


The results presented above clearly show that the behavior of
benzyl alcohol radical cations in the gas phase is very similar
to that found in solution. Accordingly, a base-dependent
C-acidity/O-acidity dichotomy is observed and reported.
Thus, the relatively weak base, cyclopropylmethylketone,


deprotonates C6D5CD2OH .� predominantly at the benzylic
C�D bond (carbon acidity), whereas with the rather strong
base, 1,3-propanediamine, O-deprotonation is the major
reaction. An intermediate situation is found with the other
bases. In the gas phase, the overall kinetic acidity is decreased
with increasing stability of the radical cation, but oxygen
acidity decreases apparently more than carbon acidity, since
in 4-MeO-C6H4CD2OH .� we observe almost only carbon
acidity with the usual set of reference bases. In this respect,
gas-phase and solution results are somewhat different, since in
solution 4-MeO-C6H4CD2OH .� also displayed distinct oxygen
acidity, but this finding can depend on the actual role of the
base strength in the competition between the two acidic sites,
which can be different in the two environments.
Apparently, in benzylic alcohols oxygen acidity is thermo-


dynamically less favored than carbon acidity in the gas phase,
although, when the two acidities are separately examined by
investigating systems, which can exhibit only one of the two
properties, comparable values are found. Thus, from the gas-
phase acidity of the benzyl methyl ether radical cation (3 .� , a
carbon acid) and of the cumyl alcohol radical cation (2 .� , an
oxygen acid), it was found that the gas-phase basicity of the
�-methoxybenzyl radical is about the same as that of the
cumyloxyl radical.
A possible explanation of the dichotomy illustrated above


is the following. Theoretical calculations have shown that in
benzyl alcohol radical cations the hydrogen of the OH group
is the center with the largest positive charge density, whereas
the �-carbon is the center where the SOMO (singly occupied
molecular orbital) has the largest coefficient.[18] On this basis,
we can rationalize our observations by suggesting that the
adduct formed from the radical cation and the base can evolve
in two ways, which depend on the base strength. When the
base is relatively weak, orbital overlap is the main factor, and
C�H deprotonation then ensues due to the high value of the
SOMO coefficient at the �-carbon. However, by increasing
the strength of the base, the charge interaction factor becomes
progressively more important, and OH deprotonation takes
over. The fact that with the 4-methoxy-substituted benzyl
alcohol radical cation, oxygen acidity is practically not
observed is in line with this interpretation. In fact, as the
positive charge is more stabilized in the aromatic ring, less
positive charge density will be present in the hydrogen atom
of the OH group with a consequent decrease in the kinetic
oxygen acidity. It should be noted that the cited PM3
semiempirical molecular orbital calculations strictly refer to
gaseous species. It is reasonable, however, that the same
arguments may be applied to explain the mechanistic
dichotomy that is also observed in solution.


Experimental Section


Benzyl alcohol and its derivatives including C6D5CH2OH and C6D5CD2OH
were obtained from Aldrich. Only 4-MeO-C6H4CD2OH was prepared by a
previously described procedure.[2] Ar and the compounds used as reference
bases were also obtained from commercial sources and used as received.


All experiments were performed on a Bruker Spectrospin ApexTM47e
mass spectrometer equipped with an external ion source, a cylindrical
™infinity∫ cell, and a 4.7 T superconducting magnet. The radical cations
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were generated in the external ion source in the EI configuration, and the
neutral benzyl alcohol was introduced at 2� 10�6 ± 1� 10�5 mbar
(1 mbar� 100 Pa). Typical conditions were: electron energy 10 ± 20 eV,
ionizing pulse duration of 100 ms, and emission current of 10 �A. The ion
population was transferred into the ICR cell containing a known pressure
of a selected base. The radical cation of interest was selected by broad band
selection and quenched of excess internal and translational energy by
collisions with Ar, admitted through a pulsed magnetic valve up to the peak
pressure of 10�5 mbar. After a delay time of 1 s to remove Ar from the cell,
further isolation from all other fragment or product ions was achieved by a
soft selective ± ejection technique by using low-energy ™single shots∫. The
reagent ion was then left to react with a neutral reference base present in
the cell at the constant pressure of 1� 10�8 ± 4� 10�8 mbar, introduced by a
needle valve from an inlet system at room temperature. Pressure readings
were obtained from an ionization gauge close to the turbo pump of the cell
and calibrated with the reference reaction CH4


.��CH4	CH5
��CH3


. , by
using the reported value of k� 1.1� 10�9 molecule�1 cm3 s�1.[19] Pressure
readings for each neutral reagent were further corrected for the different
response of the neutral reagents by using appropriate factors.[20]


Kinetic processes were followed by recording the intensities of the ion
signals over increasing reaction times. The cell was at the room temperature
of 25 �C, which was considered as the effective reaction temperature.
Pseudo-first-order rate constants were obtained from the logarithmic
decrease of the reactant ion intensity and were divided by the concen-
tration of the neutral reagents to obtain second-order rate constants. The
second-order rate constants were usually the average of three experiments
run at different neutral pressures. The error in the rate constants (ca.

30%) was mainly due to the uncertainty affecting the concentration of
the neutral reagent. The product ratio from competitive reaction channels
was evaluated from the ion intensities of the product ions extrapolated at
initial time, in order to minimize the interference by possible subsequent
reactions.
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