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Adipic acid is currently manufactured in a costly multi-step process involving homogene-
ous catalysts, aggressive oxidants (conc. nitric acid) and the production of large quantities
of the �greenhouse� gas nitrous oxide. An alternative, one-step, solvent free process using
air and an inexpensive microporous catalyst is shown above.







Introduction


Much publicity has been given[1] of late to the merits of both
supercritical CO2 and ionic melts as potentially important
means of avoiding noxious and environmentally unacceptable
organic solvents in the chemical technology of the future. But
there is an equally desirable need to design reactions that
proceed under altogether solvent-free conditions. A wish list
that would effect a quiet revolution in chemical practice, both
on an industrial and laboratory scale, includes among its
desiderata developing the ªart of conducting chemical
reactions without solventsº.[2]


It has long been recognized[3±5] that one way of achieving
this goal is to harness the combined principles of photo-
chemistry and solid-state chemistry (more specifically crystal
engineering). For example, if monomers of organic molecules
are induced to crystallize in such as manner as to bring into
close proximity their potentially reactive functional groups
(such as olefinic bonds), they can subsequently be stimulated
(by UV irradiation, for instance) to undergo preferred
reactions which entail no diffusion, merely minor local atomic
reorganization. Such topochemical[3] reactions yield clean
products, the chemical nature of which is governed more by
the molecular environment within the particular parent
crystal than by the intrinsic reactivity of the molecule (see
Figure 1).[5]


Figure 1. Two neighbouring molecules of monomer (2-benzyl ± 5 ± benzyl-
idene ± cyclopentanone) are so disposed with respect to one another in the
ªengineeredº crystal that they readily link up when irradiated with UV
light to form a dimer. The four ± membered cyclobutane ring is formed
from the pairs of carbon atoms linked originally by ethylenic bonds. Note
how little the peripheral atoms (benzene rings) move during this
diffusionless reaction.[22]


Numerous different kinds of unsaturated reactants have
been converted into desirable (including optically active)
dimeric, oligomeric and polymeric products in this fashion.
Thanks largely to strategies pioneered in Israel, the UK, Japan
and Germany[4±8] for engineering crystals that bring pairs or
stacks of monomer species into close juxtaposition, consid-
erable headway has been made in effecting a range of other
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Scheme 1.


Table 1. Production of K-A oil (cyclohexanol � cyclohexanone).


Industrial and commercial technologies Our solvent-free
clean technology route


Liqiud-phase oxidation Boric-acid-modified Hydration of cyclohexene Liquid-phase oxidation
of cyclohexane[a] oxidation of cyclohexane[b] of cyclohexane[d]


conditions 180 8C, 0.8 ± 2.0 MPa 140 ± 160 8C not known 100 ± 130 8C, 1.5 MPa


catalyst soluble cobalt salts soluble cobalt salts soluble Ti, Cu, Cr solid FeAlPO-5, CoAlPO-36


initiator/solvent CrIII anhydrous metaboric acid sulphuric, nitric and none
tungstic acids


conversion < 6% not known 10 ± 12% 8 ± 12 %


main product(s) cyclohexyl hydroperoxide cyclohexyl perborate ester cyclohexanol cyclohexanol and
(cHHP) cyclohexanone


by-products mono- and dicarboxylic acids, none none adipic and valeric acid
esters, aldehydes and other
oxygenated materials


downstream use of aqueous caustic phase hydrolysis of the ester to separation of cyclohexane from none
processing containing a few ppm of cyclohexanol and boric acid mixtures of benzene and cyclo-


cobalt to decompose the hexene (costly distillation step
cHHP to cyclohexanol and requiring solvents); selectivity
cyclohexanone is very sensitive to impurities


such as sulphur


advantages low -ol/-one ratio cyclohexyl rings are protected high yield of cyclohexanol absence of corrosive solvents/
from further attack initiators; one-step process;


heterogeneous catalyst; ease of
catalyst recycle and recovery;
low processing costs


disadvantages catalyst recovery; recycle; two- higher investment and operat- three-step process, significantly high residence time;
step process; disposal of CrIII ; ing costs (to recover and higher investment costs than high -ol/-one ratio
expensive processing costs recycle the boric acid) and that of a conventional cyclo-


high -ol/-one ratio hexane oxidation plant; the fact
that main product is cyclo-
hexanol and not cyclohex-
anone makes the process
unattractive for caprolactam


[a] DuPont, US 3957876, US 3987100, US 4675450; BASF, GB 1382849; DSM, EP 659776. [b] Halcon, US 3665028. [c] Asahi, JP 90016736B. [d] J. Am. Chem.
Soc. 1999, 121, 11926.







kinds of organic photochemical reactions in the absence of
solvents.


Valuable as this approach to solvent-free reactions has
been, it is not sufficiently versatileÐeven allowing for the
many sophisticated variants of organic photochemistry that
entail the incarceration of reactant or sensitiser species inside
zeolite cages[9]Ðto cover the wide sweep of processes that are
a feature of present-day chemical technology. Moreover,
photochemical processes are not, in general, favoured on an
industrial scale partly because of their cost, but also because
of their practical inconvenience; thermally activated pro-
cesses are generally more favoured.


There are, however, other more practicable routes which
we have evolved for carrying out a number of important
chemical conversions (see Tables 1 ± 4 below). These entail
the use of porous heterogeneous catalysts in which the active
sites have been atomically engineered and fully characterized.
Such solid catalysts operate under solvent-free conditions and
usually entail one-step processes. Moreover, all the oxidation
catalysts designed by us require only benign oxidants (dioxy-


gen or air), and consist of inexpensive, readily preparable,
transition-metal-ion-substituted aluminophosphate molecular
sieves. Their mode of operation, explained fully else-
where,[10±13] relies on shape-selective and/or regioselective
free-radical processes of a spatially constrained kind. These
heterogeneous catalysts facilitate separation of product from
reactant and may be readily regenerated when their activity
declines.


Selective Oxidation of Hydrocarbons and Aromatics


Illustrative examples of industrial significance : Many key
precursors and products in the polymer industry are gener-
ated in costly and polluting processes that involve the
selective oxidation of cyclohexane (Scheme 1). Intermediates
such as cyclohexanol and cyclohexanone, known as K-A oil
(Table 1), are the stepping stones for the production of
caprolactam (the monomer for nylon 6) and adipic acid
(Table 2), which, in turn, is a building block for a series of
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Table 2. Production of adipic acid.


Industrial and commercial technologies Our solvent-free
clean technology route


Nitric acid oxidation Butadiene-based routes Aerial oxidation of
of K-A oil[a] A[b] B[c] cyclohexane[d]


conditions 60 ± 120 8C, 0.1 ± 0.4 MPa, two-step carbomethoxylation of two-step dihydrocarboxylation one-step process, 100 ± 130 8C,
60% HNO3 butadiene with CO and MeOH of butadiene 1.5 MPa, air


catalyst V5�, copper metal homogeneous cobalt catalyst Pd, Rh, Ir solid FeAlPO-31


initiator/solvent none excess pyridine halide promoter such as hy- none
droiodic acid and a saturated
carboxylic acid (e.g., pentanoic
acid) is used as solvent


yield 90% 70 % not known 65%


main product(s) adipic acid, glutaric and 3-pentenoate and dimethyl 3-pentenoic acid, adipic acid adipic acid and cyclohexanone
succinic acid adipate


by-products nitrous oxide and other oxides none 2-methyl glutaric acid glutaric and succinic acid
of nitrogen, CO2, plus lower and 2-ethyl succinic acid
members of dicarboxylic acids


downstream product stream passed through hydrolyis of diester to recycle the 3-pentenoic acid hydrolysis of diester to
processing a bleacher to remove nitrogen adipic acid and methanol produced by the first hydro- adipic acid


dioxides and then to an carboxylation step


absorber to recover nitric acid
advantages high yield of adipic acid suppression of lower 2-methyl glutaric acid and 2- molecular oxygen (air) used as


carboxylic acids ethyl succinic acid could be oxidant; corrosive solvents/
isomerized to adipic acid by promoters not needed; does
the same catalyst system not produce any greenhouse


gas (N2O); heterogeneous cata-
lyst; ease of catalyst recycle and
recovery; low processing costs


disadvantages 2.0 mol of nitrous oxide catalyst recovery and recycle; recovery and recycle of sol- long reaction time (24 h)
produced for each mole of recovery of excess pyridine, vent; transport and disposal of
adipic acid (a serious problem very high pressures promoter; costly extraction
as nitrous oxide is a green- procedures
house gas that is vented to
the atmosphere); due to the
corrosive nature of nitric acid,
plants are constructed of titani-
um or stainless steel; the reac
tion is very exothermic
(6280 kJkgÿ1); catalyst recovery
and recycle are very expensive.


[a] Ullmann�s Encyclopedia of Industrial Chemistry, 5th ed., A1, 1993, p. 271. [b] BASF, US 4310686. [c] DuPont, US 5145995. [d] Ref. [11].







synthetic polyamide fibres, such as nylon 66 and polyurethane
resins. Other applications include plasticizers, reinforced
plastics, lubricants, speciality foams, lacquers, adhesives, sur-
face coatings, acidulant in gelatins and jams and as a buffering
or neutralizing agent in foods. Textile and synthetic fibres such
as polyester (Terylene) are made from terephthalic acid,
which is currently produced commercially by using aggressive
reagents such as bromine and acetic acid (Scheme 2). Our
molecular sieve catalysts achieve these conversions under
benign conditions (see Table 3).


Another important industrial oxidation reaction is that
known as the Baeyer ± Villiger process for the conversion of
cyclic ketones into lactones. This is a reaction of great
commercial value with applications spanning antibiotics,
steroids and many aspects of agrochemistry.[14] The peracids
(e.g., peroxomonosulphuric acid H2SO5, otherwise known as
Caro�s acid) used for the first half-century or so of Baeyer ±
Villiger oxidations (discovered in 1899) are now increasingly
frowned upon (when not already banned) because of environ-
mental and other reasons, notably safety. The withdrawal
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Scheme 2.


Table 3. Production of terephthalic acid.


Industrial and commercial technologies Our solvent-free
clean technology route


Oxidation of p-xylene using Oxidation of p-xylene with an Toluene route without solvent Liquid-phase oxidation of
bromine and acetic acid: activator and/or bromine (acetic acid): Mitsubishi Gas p-xylene in air
Amoco oxidation[a] in acetic acid: Eastman Chem- Chemical[d]


ical[b] ; Mobil Chemical[c]


conditions 175 ± 225 8C, 1500 ± 3000 kPa 120 ± 140 8C complex between toluene and 130 ± 150 8C, 2.5 Mpa
HF ± BF3 is first formed, which
is subsequently carbonylated
with carbon monoxide to
p-tolualdehyde


catalyst soluble cobalt/manganese/ soluble cobalt, manganese manganese/bromine system solid CoAlPO-36
bromine system


initiator/solvent acetic acid acetaldehyde, 2-butanone, none none
bromine, acetic acid


main product(s) toluic acid, 4-formylbenzoic 4-formylbenzoic acid, p-tolualdehyde, toluic acid, 4-formylbenzoic acid,
acid, terephthalic acid terephthalic acid terephthalic acid terephthalic acid


by-products vapours of acetic acid, vapours of acetic acid none none
nitrogen and carbon oxides


downstream condensing the vapour and crude terephthalic acid was the complex has to be decom- esterfication of terephthalic
processing refluxing the condensate; leached using excess acetic posed before p-tolualdehyde acid


recovery of terephthalic crys- acid followed by sublimation can be oxidised in water with a
tals by solid-liquid separation; and centrifugation manganese/bromine catalyst
solvent recovery


advantages excellent yield titanium-lined vessels are not toluene as a potential feedstock no need for corrosive solvents;
needed where bromine is is cheaper than p-xylene; acetic activators and bromine; hetero-
not required acid is not required geneous catalystÐhence ease of


separation and recycle


disadvantages highly corrosive bromine/ costly activators; catalyst complexities of handling hydro- low yield; high residence times,
acetic acid environment re- recovery and recycle; purifica- gen fluoride/boron trifluoride purification step to remove
quires the use of titanium-lined tion step, solvent recovery (dis- and the need for carbon 4-formylbenzoic acid
equipment; highly exothermic tillation); recycle and disposal monoxide make the process
reaction (2� 108 JKgÿ1) re- very expensive; catalyst
requiring solvent evaporation; recovery and recycle
disposal of bromine salts; sol-
vent/catalyst recovery and re-
cycle; high solvent loss;
purification step to remove
4-formylbenzoic acid impurities


[a] W. Partenheimer in Catalysis of Organic Reactions, (Ed.: D. W. Blackburn) Marcel Dekker, NY 1990, p. 321. [b] G. I. Johnson, J. E. Kiefer (Eastman
Kodak Company) US 4447646, 1983. [c] Chem. Eng. Prog. 1971, 67, 69. [d] Chem. Eng. (New York) 1976, 83, 27.







from the market of the potentially explosive 90 percent H2O2


(the replacement for Caro�s acid) has prompted the use of
lower grade peracids, and also the use of H2O2 in the presence
of inorganic materials, such as methyltrioxorhenium. Our
approach[15] relies entirely on MnIII-framework-substituted
(or CoIII) microporous aluminophosphates, in which air (or
O2) and a sacrificial aldehyde are used. A per-carboxylic acid
(e.g., perbenzoic acid) is formed in situ, and functions as an
environmentally successful oxygen donor to convert the cyclic
ketone into the corresponding lactone (see Figure 2). A
similar approach, again using a sacrificial aldehyde, serves to
epoxidize a range of alkenes[16] in O2 (air), with the same kind
of molecular sieve catalyst.


Figure 2. Graphical representation of the MnAlPO-36 catalyst, showing
the Baeyer ± Villiger oxidation of a cyclic ketone to the corresponding
lactone, via the in situ formation of perbenzoic acid from benzaldehyde,
effected by MnIII ions and molecular O2.


Tables 1 ± 3 highlight the advantages of the solvent-free
clean technology approach that we have pursued using our
designed molecular sieve catalysts. In every instance, this
approach, when appropriately scaled up, has the potential to
replace the currently employed, environmentally repugnant
processes.


Industrial hydrogenations


So far as hydrogenations are concerned, it is relevant to note
that the chemical industry is turning increasingly for its
feedstocks to biological molecules extracted from the plant
kingdom, rather than to the constituents of oil in the
production of high added value materials. Because such
molecules are too large to enter the inner surfaces of
microporous catalysts, it is appropriate for mesoporous
catalysts (diameter in the range 30 ± 100 �) to be used so as
to facilitate access of reactants to, and diffusion of products
away from, the catalytically active sites that are (ideally)
distributed in a spatially uniform manner over the high-area
solid. In a number of studies[17±19] we have demonstrated how
large concentrations of nanoparticle bimetallic catalysts
dispersed inside mesoporous silica possess the high intrinsic
activity required for the solvent-free hydrogenations. The
selective hydrogenation of a polyene such as 1,5,9-cyclo-
dodecatriene is quite an important procedure in the synthesis
of organic and polymeric intermediates, such as 12-laurolac-
tam, 12-aminododecanoic acid and dodecanedioic acid, which
are important monomers for nylon 12, nylon 612, copoly-
amides, polyesters and coating applications (Scheme 3).


Figure 3 illustrates the distribution of individual Ru6Sn
bimetallic catalyst nanoparticles inside mesoporous silica
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Scheme 3.







Figure 3. Clusters of Ru6Sn, anchored at the inner surfaces of mesoporous
silica function as powerful catalysts in the solvent-free selective hydro-
genation of a variety of polyenes.[19] In the background electron micro-
graph, the linearly arranged white spots demarcate the anchored bimetallic
clusters (diameter ca. 10 �).


(pore aperture 30 �). This catalyst exhibits high performance
in the solvent-free, selective hydrogenation of 1,5,9-cyclo-
dodecatriene (Table 4). With an ever-expanding range of
mesoporous materials, with diameters up to 500 �, now
becoming available[20, 21] there is abundant scope further to
pursue the solvent-free catalytic approach outlined here in
future technology.
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Table 4. Selective hydrogenation of polyenes.


Existing processes/technologies Our solvent-free clean technology route
Hydrogenation of polyenes[a] Solvent-free, low-temperature selective hydro-


genation of polyenes by using bimetallic nano-
particle heterogeneous catalysts[b]


conditions 140 ± 190 8C, 0.2 ± 0.3 MPa 50 ± 80 8C, 1.5 ± 2.0 MPa


catalyst homogeneous Ni, Pd, Pt, Co and mixed transition metal complexes heterogeneous bimetallic nanoparticles (Ru6Sn, Pd6Ru6) anchored
on mesoporous silica (MCM-41)


typical reactants 1,5,9 cyclododecatriene, 1,5 cyclooctadiene, 2,5 norbornadiene 1,5,9 cyclododecatriene, 1,5 cyclooctadiene, 2,5 norbornadiene


initiator 9,10-dihydroanthracene (hydrogen donors) none


solvent n-heptane, benzonitrile, etc none


conversion 95 ± 98% 90 ± 95%


main product(s) cyclododecene, cyclododecane, cyclooctene, cyclooctane, cyclododecene, cyclododecane, cyclooctene, norbornene
norbornene, norbornane


by-products isomerized products arising from starting material, none
complete hydrogenation


advantages high yields high yields and selectivity; catalyst stability; no need for costly
initiators and solvents


disadvantages costly initiators; solvent recovery; recycle and disposal; none
declining catalyst activity; as a consequence of double-bond
migration; isomerization of the naturally occurring all-cis olefins
into trans olefins


[a] DE 1 230 790, GB 826832. [b] Ref. [19].








Novel 4-Vinylpyridine-Extended Metal ± Dibenzoylmethanate Host
Frameworks: Structure, Polymorphism, and Inclusion Properties**[=]
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Abstract: In this contribution we show
that host materials based on metal
dibenzoylmethanates (DBM) can be
extended in a versatile way by decreas-
ing the packing efficiency of the simpler
metal DBM�s reported earlier. Specifi-
cally, this can be accomplished by coor-
dinating two 4-vinylpyridines (4-ViPy)
to the metal (Ni or Co) DBM units to
give [M(4-ViPy)2(DBM)2] host com-
plexes. These display a remarkable poly-
morphism and an ability to form inclu-
sion compounds with a large variety of
organic species. Five non-clathrate phas-
es representing three polymorphic types
and twenty-eight inclusion compounds
with nineteen guests representing five
structural types were isolated and stud-
ied in varying degrees of detail. The
inclusion compounds can be prepared


by recrystallization or by interaction of
the solid host with guest vapor. In the
latter case, the process realization, ki-
netics and final product strongly depend
on the host polymorph chosen as start-
ing material. Kinetic studies executed
with powder XRD suggest that transient
formation of inclusion compounds may
occur even during solvent vapor induced
transformation of one guest-free poly-
morph to another. The b polymorph of
the Ni-host reveals the strongest cla-
thratogenic ability as well as a high
selectivity towards certain homologues


and isomers. Its properties give insight
into the concept of ªflexible zeolite
mimicsº, or ªapohostsº, as this empty
host form is energetically and structur-
ally predisposed towards inclusion proc-
esses. In all eleven (three host and eight
clathrate) structures studied by single
crystal X-ray diffraction the [M(4-Vi-
Py)2(DBM)2] complex molecule is trans-
configured. In most, the host molecules
show effective packing in one dimension
by forming parallel chains. Guest species
are located between the chains in cages
or channels formed by combining voids
in the host molecules belonging to
adjacent chains. The corresponding Ni
and Co versions of the compounds
studied were similar.


Keywords: host ± guest systems ´ in-
clusion compounds ´ polymorphism
´ supramolecular chemistry ´ zeolite
analogues


Introduction


The trans-configured metal(ii) dibenzoylmethanate fragment
(Scheme 1) is an electrically neutral lozenge-like unit that has
a rather rigid center where the two dibenzoylmethanate
(hereinafter DBM) ligands chelate to the metal center in the
equatorial plane, but that has some flexibility due to rota-
tional freedom of the phenyl moieties on the periphery.
Modified by introducing appropriate axial ligands A, the
complex acquires the ability to entrap solvent species to give a


Scheme 1. General formula (M, metal; A, ligand).


number of inclusion structures of varied topology and
stoichiometry.[1, 2] Although other metal bis-chelates have
been utilized for the construction of porous solids, these
usually do not maintain their host properties upon extensive
modification.[3±5]


The [NiPy2(DBM)2] host (Scheme 1, M�NiII, A� pyri-
dine) was found to form four structural types with the six
guests used.[1] These inclusions show van der Waals packing
with the guest species included in cages or channels of various
topologies. The title [M(4-ViPy)2(DBM)2] hosts (4-ViPy� 4-
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vinylpyridine), bearing Ni and Co centers, were shown to form
inclusions with carbon tetrachloride (of the cage type) and
chlorobenzene (of the channel type).[2] In the present work we
elucidate the polymorphism of the complexes themselves as
well as their versatile inclusion properties with a number of
volatile guests, and discuss the extension of the axial amine
ligands as a strategy for generating versatile new families of
host materials. The work also sheds light on the nature and
role of ªapohostsº, polymorphs that do not have obvious pore
space, but that are pre-organized to transform to clathrates
upon exposure to guest vapor.


Experimental Section


Preparations


Bis(dibenzoylmethanato)nickel(ii), [Ni(DBM)2]: This complex salt was
prepared in two steps [Eqs. (1) ± (2)], comprising the synthesis of a diaquo-
complex[6] and thermal dehydration, similar to the method with the
diammonium complex reported previously.[1] Into a hot solution of nickel
acetate tetrahydrate (2.49 g, 10 mmol) in 90% ethanol (150 mL) a solution
of dibenzoylmethane, C6H5COCH2COC6H5, (Aldrich, 98%; 4.49 g,
20 mmol) in 90 % ethanol (150 mL) was added all at once. The mixture
was allowed to cool for at least 1 h while stirring. A light-green crystalline
precipitate was separated, rinsed with 90% ethanol, and air-dried to give
the diaquo-complex (ca. 5.1 g, 95 %). This was dehydrated for 2 h at 130 8C
to give a yellow-green final product; a mass loss of 7.0 to 7.3 % was observed
as compared to a value of 6.7% calculated from Equation (2). Elemental
analysis (%) calcd for [Ni(DBM)2] (C30H22NiO4): C 71.3, H 4.39; found: C
71.5, H 4.34.


Ni(CH3COO)2 ´ 4H2O� 2(H-DBM)


ÿ!ethanol=water [Ni(H2O)2(DBM)2] #� 2CH3COOH� 2 H2O (1)


[Ni(H2O)2(DBM)2] ÿ!t [Ni(DBM)2]� 2 H2O " (2)


Bis(dibenzoylmethanato)cobalt(ii), [Co(DBM)2]: The method was very
similar to that for the nickel analogue; dehydration of the orange diaquo-
complex for 1 h at 120 8C (mass loss of 7.1 to 7.2%) yielded dark-yellow
final product. Elemental analysis (%) calcd for [Co(DBM)2] (C30H22CoO4):
C 71.3, H 4.39; found: C 71.4, H 4.40.


am-Bis(4-vinylpyridine)bis(dibenzoylmethanato)nickel(ii), am-[Ni(4-Vi-
Py)2(DBM)2]: [Ni(DBM)2] (2.5 g, 5 mmol) was dissolved in warm tetrahy-
drofuran (50 mL), and the bright-green filtrate was cooled to room
temperature, then poured into a solution of 4-vinylpyridine (Aldrich, 95%;
1.6 g, 15 mmol) in absolute ethanol (250 mL). After stirring for 30 min the
yellow-green fine-crystalline product was separated, rinsed with ethanol,
and air-dried (80 % yield from nickel dibenzoylmethanate). Elemental
analysis (%) calcd for [Ni(4-ViPy)2(DBM)2] (C44H36N2NiO4): C 73.9, H
5.07, N 3.92; found: C 74.1, H 5.06, N 3.84. A powder X-ray test indicated
the presence of only the stable am polymorph of the complex (Figure 1b).


b-Bis(4-vinylpyridine)bis(dibenzoylmethanato)nickel(ii), b-[Ni(4-ViPy)2-
(DBM)2]: The preparation was completed in two steps [Eqs. (3) ± (4)]
using methylene chloride as template. A weighed sample of am-[Ni(4-
ViPy)2(DBM)2] (1.4 g, 2 mmol) was placed in an atmosphere of methylene
chloride for several hours until a weight increase of ca. 24% (correspond-
ing to 1:2 complex per methylene chloride mole ratio) was observed. After
one more hour the sample was removed from the methylene chloride
atmosphere and left overnight in a flow of air until the sample returned to
its initial mass. Elemental analysis (%) calcd for [Ni(4-ViPy)2(DBM)2]
(C44H36N2NiO4): C 73.9, H 5.07, N 3.92; found: C 73.5, H 4.85, N 3.72.


A powder X-ray test indicated the presence of the pure b polymorph of the
complex (Figure 1d). In air, this metastable polymorph remains intact for at
least five months, but relaxes in minutes to the stable am polymorph upon
heating or upon being exposed to certain organic solvent vapors (see
Results and Discussion).


am-[Ni(4-ViPy)2(DBM)2] (solid)� 2 CH2Cl2 (gas)
! [Ni(4-ViPy)2(DBM)2] ´ 2 (CH2Cl2) (solid) (3)


[Ni(4-ViPy)2(DBM)2] ´ 2(CH2Cl2) (solid)


ÿ!air
b-[Ni(4-ViPy)2(DBM)2] (solid)� 2CH2Cl2 (gas) (4)


am-Bis(4-vinylpyridine)bis(dibenzoylmethanato)cobalt(ii), am-[Co(4-Vi-
Py)2(DBM)2]: [Co(DBM)2] (2.5 g, 5 mmol) was dissolved in a mixture of
4-vinylpyridine (Aldrich, 95 %; 1.6 g, 15 mmol) and chloroform (30 mL).
The dark-red solution was filtered and poured into absolute ethanol
(250 mL). After stirring for 20 min the orange-red fine-crystalline product
was separated, rinsed with ethanol, and air-dried (75 % yield from cobalt
dibenzoylmethanate). Elemental analysis (%) calcd [Co(4-ViPy)2(DBM)2]
(C44H36CoN2O4): C 73.8, H 5.07, N 3.91; found: C 73.5, H 4.79, N 3.78.
Powder X-ray control is necessary (Figure 1c). This metastable polymorph
may be kept in air but transforms to the stable at polymorph of the complex
in an atmosphere of many organic solvents (see Results and Discussion).


at-Bis(4-vinylpyridine)bis(dibenzoylmethanato)cobalt(ii), at-[Co(4-Vi-
Py)2(DBM)2]: This polymorph of the complex which is stable was prepared
in the course of prolonged stirring of metastable am-[Co(4-ViPy)2(DBM)2]
(1 g) in absolute ethanol (100 mL). With a small quantity of nucleation
agent added, the process was complete in 5 h. Elemental analysis (%) calcd
for [Ni(4-ViPy)2(DBM)2] (C44H36N2NiO4): C 73.9, H 5.07, N 3.92; found: C
73.6, H 4.99, N 3.59. Quality control by powder X-ray diffraction is
necessary (Figure 1a).


b-Bis(4-vinylpyridine)bis(dibenzoylmethanato)cobalt(ii), b-[Co(4-ViPy)2-
(DBM)2]: As observable from powder X-ray tests (Figure 1e; isomorphous
to the Ni-form, pattern d), this polymorph formed during the first moments
upon fast decomposition of the inclusion with methylene chloride, [Co(4-
ViPy)2(DBM)2] ´ 2(CH2Cl2), analogously to the Ni-compound [Eq. (4)].
However, unlike the latter, the b-[Co(4-ViPy)2(DBM)2] decomposed
quickly to give one of the a-modifications, or a mixture of the two.


Host and inclusion compounds by crystallization : To prepare crystalline
products and single crystals for X-ray diffraction experiments, host
complexes in the am form and neat solvents were used. If the solubility
was low, solutions saturated at 40 8C were filtered and left to cool,
otherwise, slow evaporation at room temperature was used. Crystals of
inclusion compounds usually were kept under their mother liquors. The
solvents used and the crystallization products assigned according to X-ray
unit cell measurement on randomly chosen crystals, are listed in Tables 1 to
3. Crystals of metastable am-[Co(4-ViPy)2(DBM)2] were obtained upon
evaporating a toluene solution.


Isopiestic experiments : Samples of �100 mg of host polymorphs were
placed in closed vessels in an atmosphere of the appropriate guest.
Saturated solutions of the host complex in the corresponding guest liquid
were used to maintain the guest vapor pressure which is equal to the
equilibrium guest pressure over the expected inclusion with maximum
guest content. Excess absorbed solvent was removed periodically by gentle
airing and the absorption process was continued until constant mass was
achieved. More details on the technique were provided earlier.[4]


Two or more independent determinations were made. Compositions x of
the reaction products were calculated from the formula x� (Dm/mo)(MH/
MG), where Dm and mo are the mass increase and the starting sample mass,
and MH and MG are host and guest molecular masses, respectively. If no
significant increase in sample mass was observed in three weeks, the
samples were recovered anyway. The final product was then analyzed by
the X-ray powder diffraction method wherefrom it was assigned to one of
the host polymorphs or the inclusion structural types (Figure 1).


Methods


Analyses : Complexes including various host polymorphs were analyzed
with a LECO CHN-1000 Analyser; three determinations with 100 mg
samples were done in each case. Compositions for inclusions were
determined from isopiestic measurements as described above. Phase
analyses were performed with powder samples on a Rigaku Geigerflex
diffractometer (CoKa radiation, l� 1.7902 �) in a 5 ± 158 2q range, 0.028
step scan with 1 or 2 s per step. Samples recovered after isopiestic
experiments were studied in an atmosphere of the corresponding guest.


Single-crystal diffraction analysis : Single crystals, or pieces cut therefrom,
were taken from under their respective mother liquors and cooled
immediately to ÿ100 8C, at which temperature all further experiments
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were done. A Bruker SMART CCD X-ray diffractometer with graphite-
monochromated MoKa radiation (l� 0.7107 �) was used to collect
diffraction data. Preliminary unit cell parameters were determined using
60 or more frame w scans, 0.38 wide, starting at three different f positions.
Full data sets were collected using the w scan mode over the 2q range of 3 ±
588. Coverage of the unique sets was over 96 %. An empirical absorption
correction utilized the SADABS routine associated with the Bruker
diffractometer. The final unit cell parameters were obtained using the
entire data set.


The structures were solved and refined using the SHELXTL package[7]


using direct methods followed by differential Fourier syntheses. The
structural refinement was performed on F 2 using all data with positive
intensities. Non-hydrogen atoms were refined anisotropically. Isotropic
approximations and geometric constraints were applied in some cases for
minor orientations of vinyl groups or guest molecules. Hydrogen atoms
were refined isotropically with thermal factors 1.2 or 1.5 times greater than
those for the adjacent carbon atoms. Site occupancy factors for guest
orientations were refined independently; in the last cycles their sums were
fixed to give the ideal stoichiometry as observed deviations were not
significant (see Tables 2 and 3). The largest residual extrema on the final
difference map were located about the heavy atoms (Cl, Co, Ni).


Analysis of packing and preparation of illustrations were accomplished
using XP,[7] CLAT,[8] and Raster3D[9] program packages. The following
values for van der Waals radii were applied:[10] C 1.71, H 1.16, Cl 1.90, N
1.52, O 1.29, Co 1.50, Ni 1.63 �.


A summary of the crystal data and experimental parameters is given in
Table 1. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
150 623 to 150 638, the numbers given in Table 1. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,


Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).


DSC Measurements : These were performed using a 2920 modulated
differential scanning calorimeter (TA Instruments). Samples of 5 to 10 mg
were pressed into aluminum pans and the DSC curves were recorded at a 58
per min heating rate. Two determinations were made for each polymorph
using samples from two independent syntheses, and the calorimeter was
calibrated before each run.


Determination of kinetic curves : For kinetic experiments a Rigaku
Geigerflex diffractometer (CoKa radiation, l� 1.7902 �) equipped with a
hermetic reaction camera was adapted to determine in situ phase
interconversions. The sample (ca. 20 mg) of pure b-host phase was placed
in a brass holder as a layer of 0.25 mm in depth. The holder then was placed
in the camera in an atmosphere of the required solvent and diffractograms
were recorded periodically in the 9 ± 128 2q-range (<3 min per one
diffractogram). In this range (Figure 1) the am-host phase shows as three
peaks at 2q angles of 9.76, 11.29 and 11.488, the b-host phase as three peaks
at 10.17, 10.81 and 11.418, and the clathrate phase (MC type) at 9.84, 10.20
and 11.638. The integral intensities of four segments of an experimental
diffractogram (with subtracted background) were taken for calculating a
distribution of the three phases in a given sample: segment 1, 9.3 ± 108 ;
segment 2, 10 ± 10.48 : segment 3, 10.4 ± 118 ; segment 4, 11 ± 11.88. Then the
system of four linear equations X�X0i�Y�Y0i�Z�Z0i� Ii (where X, Y,
and Z are the fractions of am, b and the clathrate phases in the sample
studied, respectively; i is the number of the segment, X0i , Y0i and Z0i are
intensities for the ith segment for the pure am, b and clathrate phases; Ii is
the intensity of the ith segment observed in the experiment) was solved
using a minimization procedure and the X�Y�Z� 1 condition. The
minimization was accomplished using the option SOLVER of the Microsoft
Excel program, where the sum of the squared differences between
observed and calculated intensities for four segments was minimized.


Table 1. Crystal data and X-ray experiment details for the[M(4-ViPy)2(DBM)2] polymorphs and inclusion compounds (assumed values are given in
brackets).


Host (M) Co Ni Co Ni Co Ni
Guest no no no C6H6 C6H6 CH2Cl2


host:guest ratio ± ± ± 1:1 1:1 1:2
structural type at am am T1 T1 M2
empirical formula C44H36CoN2O4 C44H36N2NiO4 C44H36CoN2O4 C50H42N2NiO4 C50H42CoN2O4 C46H40Cl4N2NiO4


formula unit mass 715.7 715.5 715.7 793.6 793.8 885.3
crystal system triclinic monoclinic monoclinic triclinic triclinic monoclinic
space group P1Å (no 2) P21 (no 4) P21 (no 4) P1Å (no 2) P1Å (no 2) P21/c (no 14)
a [�] 10.590(2) 10.170(2) 10.192(2) 10.282(2) 10.287(2) 17.797(3)
b [�] 12.501(2) 20.805(3) 20.864(3) 12.051(2) 12.082(2) 19.808(3)
c [�] 15.694(2) 17.622(2) 17.599(2) 16.780(3) 16.802(3) 12.346(2)
a [8] 111.42(1) 90 90 95.29(1) 95.05(1) 90
b [8] 96.26(1) 101.48(1) 101.40(1) 102.24(1) 101.82(1) 100.83(1)
g [8] 104.96(1) 90 90 92.40(1) 93.07(1) 90
V [�3] 1820.2(5) 3654(1) 3669(1) 2019.2(6) 2030.6(6) 4275(1)
Z 2 4 4 2 2 4
1calcd [g cmÿ3] 1.306 1.301 1.296 1.305 1.298 1.376
reflns for unit cell all data all data all data all data all data all data
m(MoKa) [cmÿ1] 5.17 5.77 5.13 5.29 4.71 7.49
T [8C] ÿ 100 ÿ 100 ÿ 100 ÿ 100 ÿ 100 ÿ 100
crystal color red yellow-green red green-yellow red dark yellow
crystal habit prism prism block prism block prism
crystal size [mm] 0.2� 0.2� 0.3 0.2� 0.2� 0.5 0.4� 0.5� 0.5 0.3� 0.3� 0.4 0.4� 0.4� 0.4 0.2� 0.2� 0.3
reflns collected 21606 43 678 42433 24061 23347 42221
unique reflns (Rint) 9349 (0.034) 43 678 (0) 18905 (0.049) 10354 (0.019) 10334 (0.037) 10789 (0.041)
unique obs reflns (I> 2s(I)) 6376 35 036 13228 7995 7447 6354
refined parameters 463 939 957 517 517 592
R1/wR2 (observed data) 0.038/0.083 0.035/0.069 0.044/0.091 0.032/0.079 0.041/0.097 0.042/0.086
R1/wR2 (all data) 0.069/0.090 0.052/0.074 0.075/0.099 0.048/0.083 0.064/0.105 0.100/0.100
GOF on F 2 0.981 0.972 0.933 1.013 1.057 0.972
res. density [e �ÿ3] � 0.27/ÿ 0.38 � 0.33/ÿ 0.26 � 0.32/ÿ 0.36 � 0.25/ÿ 0.29 � 0.30/ÿ 0.43 � 0.47/ÿ 0.28
Flack parameter ± 0.405(4) 0.012(8) ± ± ±
CCDC deposition number 150 623 150 624 150 625 150 626 150 627 150 628
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Table 1. contd.


Host (M) Ni Co Ni Co Ni
Guest 2-Chloropropane 2-Chloropropane 2-Bromopropane 2-Bromopropane Chloroform


host:guest ratio 1:2 {1:2} {1:2} {1:2} 1:2
structural type MC MC MC MC MC
empirical formula C50H50Cl2N2NiO4 {C50H50Cl2CoN2O4} {C50H50Br2N2NiO4} {C50H50Br2CoN2O4} C46H38Cl6N2NiO4


formula unit mass 872.5 {872.8} {961.5} {961.7} 954.2
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group or cell type C2/c (no 15) C C C C2/c (no 15)
a [�] 20.164(3) 20.125(6) 20.17(1) 20.108(5) 20.112(3)
b [�] 19.504(3) 19.554(5) 19.64(1) 19.684(4) 19.567(3)
c [�] 12.540(2) 12.522(3) 12.585(6) 12.561(3) 12.413(2)
a [8] 90 90 90 90 90
b [8] 116.26(1) 115.49(4) 115.82(7) 114.96(4) 116.46(1)
g [8] 90 90 90 90 90
V [�3] 4423(1) 4448(2) 4487(4) 4507(2) 4373(1)
Z 4 {4} {4} {4} 4
1calcd [g cmÿ3] 1.310 {1.303} {1.423} {1.417} 1.449
reflns for unit cell all data 275 88 190 all data
m(MoKa) [cmÿ1] 6.06 {5.52} {22.6} {22.0} 8.56
T [8C] ÿ 100 ÿ 100 ÿ 100 ÿ 100 ÿ 100
crystal color dark yellow red dark yellow red dark yellow
crystal habit prism prism prism prism block
crystal size [mm] 0.4� 0.4� 0.5 0.4� 0.4� 0.5 0.3� 0.3� 0.4 0.1� 0.1� 0.2 0.3� 0.3� 0.5
reflns collected 25507 24573
unique reflns (Rint) 5707 (0.027) 5634 (0.034)
unique obs reflns (I> 2s(I)) 4774 4365
refined parameters 286 287
R1/wR2 (observed data) 0.029/0.076 0.037/0.095
R1/wR2 (all data) 0.038/0.080 0.053/0.101
GOF on F 2 1.048 1.058
res. density [e �ÿ3] � 0.38/ÿ 0.40 � 0.46/ÿ 0.49
CCDC deposition number 150 629 150 630 150 631 150 632 150 633


Host (M) Ni Co Ni Ni Co
Guest Acetone Acetone Tetrahydrofuran Nitromethane Nitromethane


host:guest ratio 1:2 {1:2} 1:2 {1:2} 1:2
structural type MC MC MC MC MC
empirical formula C50H48N2NiO6 {C50H48CoN2O6} C52H52N2NiO6 {C46H42N4NiO8} C46H42CoN4O8


formula unit mass 831.6 {831.8} 859.7 {837.6} 837.8
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group or cell type C2/c (no 15) C C2/c (no 15) C C2/c (no 15)
a [�] 19.994(3) 19.942(8) 20.190(3) 19.373(6) 19.199(3)
b [�] 19.649(3) 19.720(9) 19.471(3) 19.799(6) 19.873(4)
c [�] 12.687(2) 12.655(4) 13.054(2) 12.633(4) 12.537(2)
a [8] 90 90 90 90 90
b [8] 119.01(1) 118.58(4) 118.75(1) 118.43(6) 116.79(1)
g [8] 90 90 90 90 90
V [�3] 4359(1) 4370(3) 4499(1) 4261(2) 4270(1)
Z 4 {4} 4 {4} 4
1calcd [g cmÿ3] 1.267 {1.264} 1.269 {1.306} 1.303
reflns for unit cell all data 98 all data 177 all data
m(MoKa) [cmÿ1] 4.96 {4.44} 4.83 {5.13} 4.59
T [8C] ÿ 100 ÿ 100 ÿ 100 ÿ 100 ÿ 100
crystal color dark yellow red dark yellow dark yellow red
crystal habit block block prism prism prism
crystal size [mm] 0.2� 0.3� 0.3 0.2� 0.2� 0.2 0.3� 0.3� 0.4 0.2� 0.2� 0.4 0.2� 0.3� 0.5
reflns collected 25579 26306 24424
unique reflns (Rint) 5629 (0.039) 5787 (0.035) 5491 (0.043)
unique obs reflns (I> 2s(I)) 3987 4199 3804
refined parameters 328 313 307
R1/wR2 (observed data) 0.038/0.093 0.038/0.108 0.045/0.116
R1/wR2 (all data) 0.064/0.100 0.060/0.116 0.074/0.125
GOF on F 2 0.989 1.045 1.022
res. density [e �ÿ3] � 0.41/ÿ 0.36 � 0.41/ÿ 0.32 � 0.44/-0.26
CCDC deposition number 150 634 150 635 150 636 150 637 150 638
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The above approach uses several assumptions, the most important ones
being that the sample studied contains only the three phases at each point
in time, that no amorphous intermediates form in significant quantities, that
the presence of other phases does not change peak intensities for a given
phase significantly, and that the intensity of peaks for the clathrate phase
does not change significantly for different guests. We believe that the
systematic errors caused by the use of these assumptions do not exceed
random errors that may be as high as 7 ± 8 %.


Results and Discussion


Propensity for clathrate formation of the title complexes in
monoclinic form : Table 2 summarizes results for clathrate
formation of the [Ni(4-ViPy)2(DBM)2] host complex in its
monoclinic, am form. The complex reacts with methylene
chloride, chloroform, 2-chloro- and 2-bromopropanes, ace-
tone, tetrahydrofuran and nitromethane to give 1:2 (host:
guest) inclusions, whereas with benzene, the 1:1 inclusion is
observed. Data on inclusions with carbon tetrachloride (1:2)
and chlorobenzene (1:1) reported earlier[2] are also listed in
Table 2. No reaction was observed with hexane, the alcohols
listed, 2,2-dimethoxypropane and ethyl acetate. Almost in all
cases, the final products after crystallization (from neat guest
liquid) and after isopiestic experiments (interaction of solid
host with guest vapors) coincided. The results of single-crystal
X-ray experiments allow the classification of the resulting
inclusions into five structural types, and provide structural
guest per host stoichiometries. In cases where structures were
completely solved, the refined guest to host ratios are very
nearly ideal, which suggests full cavity occupancy under the
experimental conditions used. Isopiestic measurements fol-
lowed by powder X-ray analysis provide independent con-
firmation of compositions and structural types of the resulting
inclusions and give evidence that the reactions for all the


bulky samples proceed completely to the unique final
products.


Table 3 shows results for clathrate formation by am-[Co(4-
ViPy)2(DBM)2]. With some guests, reaction products similar
to those for the Ni-complex formed. Some of the solvents,
which do not react as guests, still are active by catalyzing the
transformation of the monoclinic form to the triclinic form of
the Co-host. With some solvents (especially chloroform and
nitromethane) the formation of inclusion compounds was
observed in the first few hours (from the mass increase and
powder XRD tests) but these disappeared later to give the
triclinic guest-free polymorph. From Table 3, another feature
to be noted is that isopiestic and crystallization products are
different in some cases, suggesting sensitivity of the processes
to experimental conditions. This may mean that there are
small energy differences between the two potential products
and that there are kinetic problems associated with the
heterogeneous interaction in isopiestic experiments. Thus,
unlike the isopiestic method, direct crystallization results in
inclusion crystals with carbon tetrachloride, nitromethane and
chlorobenzene. On the other hand, the high reaction affinity
of the vinyl group adversely affects crystallization results in
the case of methylene chloride or tetrahydrofuran, suggesting
that the isopiestic method is more appropriate when these
solvents are used.


Clathration ability vs polymorphism of the title complexes


Isolated polymorphic types : Two guest-free polymorphs of
the Ni-complex and three of the Co-complex were isolated.
Both complexes have am- and b forms, which are isostructural
in pairs while the Co-complex possesses also a third, triclinic
at form (Figure 1).


The stability of the observed polymorphs decreases in the
sequence am > b for Ni-complex and at > am > b for the Co-


complex. Qualitatively, the cor-
responding Ni polymorphs are
more stable than the Co-ones.
This is consistent with stronger
coordination by NiII compared
with CoII.[11] The control over
stability of inclusion com-
pounds upon replacing the met-
al center in the host without
changing the crystal structure is
one of the great advantages of
metal ± complex hosts. The reg-
ular influence of coordination
bond strength on macroproper-
ties of metal ± complex hosts
and their clathrates was estab-
lished unambiguously in several
earlier isomorphic series.[12]


The observed polymorphism
indicates that there are prob-
lems for the complex molecules
to create an effective structure
providing both favorable mo-
lecular conformations and ef-


Table 2. Products of the interaction of the am form of [Ni(4-ViPy)2(DBM)2] host complex (H) with guest solvents
(G).


Isopiestic experiment Crystallization
(interaction with solvent vapor) from neat solvent


Guest solvent (G) G:H Structure-type G:H Structural type Assigned
(from mass
increase)


(powder X-ray
experiment)


(single-crystal
X-ray experiment)


reaction product


methylene chloride 2.00(1) M2 or MC 1.99(3) M2 H*2G
chloroform 2.01(1) M2 or MC 1.946(5) MC H*2G
carbon tetrachloride too slow ± 1.96(4) T2 H*2G
2-chloropropane 1.93(1) M2 or MC 1.99(1) MC H*2G
2-bromopropane 1.99(1) M2 or MC MC H*2G
n-hexane little[a] am (host) ± am (host) no reaction
methanol little[a] am (host) ± am (host) no reaction
ethanol little[a] am (host) ± am (host) no reaction
n-propanol little[a] am (host) ± am (host) no reaction
isopropanol little[a] am (host) ± no crystals no reaction
acetone 2.02(2) M2 or MC 1.98(1) MC H*2G
tetrahydrofuran 2.006(6) M2 or MC 2.06(2) MC H*2G
2,2-dimethoxypropane little[a] am (host) ± am (host) no reaction
ethyl acetate little[a] am (host) ± am (host) no reaction
nitromethane 2.02(1) M2 or MC MC H*2G
benzene 1.03(1) T1 1.013(2) T1 H*G
chlorobenzene too slow ± 1.00(1) M1 H*G


[a] In this and subsequent tables ªlittleº means ªwithin 0.01 ± 0.06º.
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Figure 1. Selected powder diffractograms (CoKa , l� 1.7902 �) represent-
ing three polymorphic host and five clathrate structural types: a) [Co(4-
ViPy)2(DBM)2], at polymorph; b) [Ni(4-ViPy)2(DBM)2], am polymorph;
c) [Co(4-ViPy)2(DBM)2], am polymorph; d) [Ni(4-ViPy)2(DBM)2], b poly-
morph (prepared by decomposition of clathrate with methylene chloride);
e) [Co(4-ViPy)2(DBM)2], b polymorph (prepared by decomposition of
clathrate with methylene chloride); f) [Ni(4-ViPy)2(DBM)2] ´ (C6H6), T1-
type; g) [Ni(4-ViPy)2(DBM)2] ´ 2(CCl4), T2-type; h) [Ni(4-ViPy)2(DB-
M)2] ´ (C6H5Cl), M1-type; i) [Ni(4-ViPy)2(DBM)2] ´ 2(CH2Cl2), M2-type;
j) [Ni(4-ViPy)2(DBM)2] ´ 2(CH3COCH3), MC-type.


fective packing. Apparently, this property is responsible for
the versatility of the title complexes and their analogues to
form inclusion compounds. In a broad sense, the inclusion
compounds are often considered to be polymorphic modifi-


cations of the host component, which are stable only in the
presence of a templating guest.[13] From this viewpoint,
conventional polymorphism and the affinity to include would
seem to be closely related to each other, and this relationship
is obvious in the many cases where they are found together
such as in the current work.[14]


Forms of the Ni-complex and reactivity of the b polymorph :
The monoclinic (am) form of the Ni-complex is a stable
polymorph; it forms during the course of synthesis and
crystallizes from solvents which do not react as guests
(Tables 2, 4). The majority of inclusions shown in Table 2
transform to the stable form upon decomposition.


The metastable b form forms reproducibly upon decom-
position of inclusions with methylene chloride and acetone,
and sometimes of inclusions with nitromethane. It is stable in
air at least for several months, but heating induces its collapse
to the am form; alternatively, solvent vapors catalyze this
transformation very well (Table 4). Possibly, all inclusions of
the MC-type should be able to give the b form upon
decomposition, but vapors of the released guest catalyze the
formation of the am form. Inclusions with methylene chloride
and acetone decompose markedly faster because of the
greater mobility of the guest species, as the host system
apparently has no time to reassemble into the stable
modification. At the same time, powder X-ray diffraction
analysis indicates that the b form differs structurally from the
inclusions studied and apparently does not possess available
pore space. This conclusion follows from kinetic experiments
(see below) showing that the powder diffractogram does not
change continuously during formation of inclusion com-
pounds from the b polymorph, and peaks of both phases
may be observed simultaneously.


A quantitative comparison of the relative stability of the a


and b polymorphs follows from DSC experiments (Figure 2).
The a form shows no thermal effects upon heating up to a


Table 3. Products of the interaction of the am form of the [Co(4-ViPy)2(DBM)2] host complex (H) with guest solvents (G).


Isopiestic experiment Crystallization
(interaction with solvent vapor) from neat solvent


Guest solvent (G) G:H Structural type G:H Structural type Assigned
(from mass increase) (powder X-ray experiment) (single-crystal


X-ray experiment)
reaction product


methylene chloride 2.03(2) M2 or MC no crystals H*2G (isopiest.)
chloroform irreproducible at (host)�mix ± at (host) at-H (crystal.)
carbon tetrachloride little am�at (host) 1.94(4) T2 H*2G (crystal.)
2-chloropropane 2.01(1) M2 or MC MC H*2G
2-bromopropane 1.90(1) M2 or MC MC H*2G
n-hexane little am (host) no crystals no reaction
methanol little am (host) ± at (host) at-H (crystal.)
ethanol little am (host) ± at (host) at-H (crystal.)
n-propanol little am (host) no crystals no reaction
isopropanol little am (host) no crystals no reaction
acetone 2.02(1) M2 or MC MC H*2G
tetrahydrofuran 2.02(1) M2 or MC no crystals H*2G (isopiest.)
2,2-dimethoxypropane little am (host) ± at (host) at-H (crystal.)
ethyl acetate little at (host) ± at (host) at-H
nitromethane irreproducible at (host) 1.99(2) MC H*2G (crystal.)
benzene 1.022(7) T1 1.012(3) T1 H*G
chlorobenzene little at (host) 0.99(1) M1 H*G (crystal.)
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Figure 2. DSC thermograms (heat flow vs temperature; heating rate 58 per
min) of host polymorphs: a) [Ni(4-ViPy)2(DBM)2], am polymorph
(5.46 mg); b) [Ni(4-ViPy)2(DBM)2], b polymorph (5.47 mg); c) [Co-
(4-ViPy)2(DBM)2], am polymorph (4.78 mg); d) [Co(4-ViPy)2(DBM)2], at


polymorph (6.10 mg). The polymorphic transformations are assigned on
the thermograms b) (exo effect at 70 8C) and d) (endo effect at 160 8C).


strong endotherm at 226(1) 8C,
suggesting melting of this
phase. The b form shows an
exotherm at 90(1) 8C, with the
rest of the thermogram being
identical to that for the a form.
The exotherm indicates an irre-
versible, thermally induced,
change of the metastable b


form to the stable a form.
Assuming that all of the process
occurs in the 80 ± 130 8 temper-
ature range, the b to a trans-
formational enthalpy is
ÿ11.3(2) kJ molÿ1 at this tem-
perature.


The propensity of the b form
for clathrate formation is re-
markably high, as evident both
from the inclusion reaction
rates and from the range of
guests that may be enclathrat-
ed. The b form gives the same
clathrates with the guests as the
am form, but the reactions occur
faster. Moreover, the b form
enclathrates a number of guests
to which the am form is indif-
ferent: n-pentane, n-hexane, n-
heptane, 1-chloropentane, 1,2-
dimethoxyethane, 2-pentanone,
and ethyl acetate. Actually, as
partly illustrated by Table 4, the


b form reacts with all volatile organics to give the host am form
unless inclusion compounds are formed.


The higher clathratogenic potential of the b polymorph may
be understood in light of considerations reported else-
where.[15, 16] According to this scheme, a clathrate formation
process may be carried out conceptually by following several
simple steps. One of these, involving the host only, is
energetically unfavorable but unavoidable; it usually can be
split into two terms: the polymorph transformation of the
non-clathrate a form to the empty clathrate b form (DHa!b)
and dilation of the b form that occurs on absorption of the
guest (DHb!b'). The utilization of the b form, even if it does
not possesses permanent porosity, may thus facilitate the
clathrate formation process. The DHa!b� 11.3(2) kJ molÿ1 is
rather significant and may be compared with 3.5(1) kJ molÿ1


for the a! b transformation of the [Ni(4-MePy)4(NCS)2]
host[16] and 0.5(1) kJ molÿ1 for hydroquinone.[17]


We propose that the b polymorph is a state of the host able
to transform instantly into the clathrate. This state of the host
component was referred to as the ªapohostº.[18] The structural
rearrangement of molecules on going from the ªapohost
phaseº to the clathrate phase is simple, as it does not require
breaking of bonds, high-energy movement of host molecules,
and so on, thus maintaining a low activation barrier of the
process. The ªapohostº is thus a ªcompressedº empty
clathrate form showing zeolitic properties in spite of the


Table 4. Interaction of b form of [Ni(4-ViPy)2(DBM)2] host complex (H) with guest solvents (G), the isopiestic
and X-ray powder experiments results.[a]


Guest solvent (G) G:H Structural type Assigned
reaction product


n-pentane 1.03(1) M2 or MC H*G
isopentane little am (host) am-H
cyclopentane little am (host) am-H
n-hexane 1.00(1) M2 or MC H*G
neohexane (2,2-dimethylbutane) little am (host) am-H
cyclohexane little am (host) am-H
n-heptane 1.00(1) M2 or MC H*G
n-octane little am (host) am-H
n-nonane little am (host) am-H
n-decane little am (host) am-H
1-chloropentane 1.08(3) M2 or MC H*G
1,1-dichloroethane 2.03(2) M2 or MC H*2G
1,2-dichloroethane irreproducible am (host) am-H
1,2-dichloropropane irreproducible am (host) am-H
3-chloropropene little am (host) am-H
2,2-dichloro-1,1,1-trifluoroethane little am (host) am-H
methanol little am (host) am-H
ethanol little am (host) am-H
n-propanol little am (host) am-H
isopropanol little am (host) am-H
n-butanol little am (host) am-H
methyl tert-butyl ether little am (host) am-H
dimethoxymethane little am (host) am-H
1,2-dimethoxyethane 1.18(2) M2 or MC H*1.2G
2,2-dimethoxypropane little am (host) am-H
2-butanone little am (host) am-H
2-pentanone 1.16(3) M2 or MC H*1.2G
methyl acetate little am (host) am-H
ethyl acetate 1.09(1) M2 or MC H*1.1G
diethyl carbonate � 1 M2 or MC H*G


[a] With methylene chloride, chloroform, 2-chloropropane, 2-bromopropane, acetone, tetrahydrofuran, nitro-
methane and benzene the b form gives the same clathrates as a-[Ni(4-ViPy)2(DBM)2] (Table 2).







FULL PAPER J. A. Ripmeester and D. V. Soldatov


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-2986 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 142986


absence of permanent porosity. One of first ªorganic zeoliteº
analogues studied,[19, 20] b-[Ni(4-MePy)4(NCS)2],[21] revealed
porosity in the complete absence of included guest species. At
the same time, this robust host framework reveals a remark-
able flexibility by expanding its structure by up to 10 % to
include guest molecules.[19] The realization of ªflexible zeolite
mimicsº is thus demonstrated in our work: The empty host
phase doesn�t have porosity at all but acquires it instantly
upon the presence of the guest, thus behaving as if it were
permanently microporous. In spite of differences in the
powder diffractograms, the generic relationship between b-
[Ni(4-ViPy)2(DBM)2] and the M2 or MC clathrate types is
evident as the former arises from the clathrate types upon fast
release of the guest components.


Kinetic experiments provide further support of this rela-
tionship. Interaction of the b form with n-pentane is an
inclusion process that occurs without an observable induction
period (Figure 3a). At the same time, relaxation of the b form
to the a form (Figure 3b) seems to be a process requiring a
more serious structural reconfiguration.


The kinetic curves (Figure 3) reveal other interesting
features as well. Reacting the b polymorph with an atmos-
phere of three different pentane hydrocarbons gives rise to
quite different types of behavior. With n-pentane, an inclusion
compound forms, whereas cyclopentane does not support an
inclusion structure thus catalyzing the collapse to the stable a


polymorph, and isopentane forms an inclusion compound as
an intermediate product which then disappears, yielding the a


polymorph. The whole process with isopentane is dramati-
cally slower in spite of the greatest volativity, and thus the
highest concentration, of isopentane as compared to the other
pentanes. These results, and data listed in Table 4, illustrate
the selectivity the b form shows to certain isomers or
homologues. The observed preferences are understandable
upon considering the crystal packing inherent in the M2 and
MC types, as discussed below.


Forms of Co-complex: The Co-complex forms three guest-free
polymorphs, two of which are isostructural with the correspond-
ing Ni-forms. The monoclinic am form precipitates during the
synthesis and is stable in air but transforms slowly to the
thermodynamically stable triclinic at form if left in ethanol.
Also, non-included solvents, as seen from Table 5, catalyze
this transformation. Subjected to DSC measurements (Fig-
ure 2), the am form shows no change until melting at 193 8C,
while the at form shows an endotherm of 15.9(1) kJ molÿ1 at
160 8C followed by melting with the same parameters as for
the am form. These observations show that the am form is
actually a high-temperature polymorph of the complex stable
in the 164 ± 193 8C range. The 15.9(1) kJ molÿ1 energy differ-
ence between the two a polymorphs explains their different
propensities for clathrate formation. As evident from com-
paring Tables 3 and 5, the at form shows a significantly lower
clathrate formation ability, forming inclusions only with
methylene chloride, acetone and tetrahydrofuran of the
seventeen guests tested. The b form of the Co-complex is
extremely unstable, as it appears upon fast decomposition of
the clathrate with methylene chloride (Figure 1e) but sponta-
neously transforms to the more stable polymorphs.


Figure 3. Kinetic curves showing the volume fractions of the solid am-form
X (circles), b-form Y (squares) of the [Ni(4-ViPy)2(DBM)2] complex, and
the clathrate phase Z (diamonds) vs time. All experiments start with pure b


form (Y� 1). Reaction gases (at 1 atm): n-pentane a), cyclopentane b),
isopentane c).


Structural characteristics of host and clathrate types


Structure and conformations of the host molecule : Eleven
(three host and eight clathrate) structures belonging to seven
structural types were completely solved in this and in
previous[2] works. These structures comprise seven variations
of the [Co(4-ViPy)2(DBM)2] molecule and ten of the [Ni(4-
ViPy)2(DBM)2] molecule. In all structures the molecules
appear as trans isomers, with the metal(ii) center chelated by
two DBM units in the equatorial plane and two vinylpyridine
ligands coordinated axially, as exemplified by Figure 4. The
M ± O distance varies within 2.016 ± 2.056 � with an average
value of 2.039(2) � (24 independent bonds) for M�Co and
within 1.999 ± 2.042 � with an average of 2.022(2) � (30
bonds) for Ni. The MÿN bonds are longer, varying from







Metal ± DBM Hosts 2979 ± 2994


Chem. Eur. J. 2001, 7, No. 14 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-2987 $ 17.50+.50/0 2987


Figure 4. Structure of the [Co(4-ViPy)2(DBM)2] molecules as they are
found in the stable at polymorph of the complex: a) A-molecule; b) B-
molecule. H-atoms are omitted; ellipsoids are drawn at 50% probability
level; C- and D-labeled atoms are generated through centrosymmetry.


2.157 ± 2.206 � with an average of 2.181(5) � (12 bonds) for
M�Co and 2.091 ± 2.117 with an average of 2.109(3) � (15
bonds) for Ni. The difference between the length of MÿO and


MÿN bonds may be accounted
for both by the negative
charge and the chelating coor-
dination mode of DBM li-
gand. In the clathrate struc-
tures the average MÿO dis-
tance is slightly longer, while
the MÿN distance is slightly
shorter. For example, the aver-
age CoÿO distances are
2.042(2) � (12 bonds) and
2.035(3) � (12 bonds) for
clathrate and guest-free struc-
tures, respectively, while the
corresponding CoÿN distan-
ces are 2.171(3) � (six bonds)
and 2.191(7) � (six bonds).
On the whole, a reverse cor-
relation is observed between
changes in equatorial and ax-
ial bonds, a phenomenon re-
viewed earlier[22] and reported


for the trans-[Ni(4-MePy)4(NCS)2] host molecule (statistics
from eleven structures[23]). The coordination angles rarely
deviate from the ideal by more than 38. The deviations may be
explained in part by restrictions from the fixed geometry of
the pseudo-aromatic chelate rings; for example, average
values of the O-M-O angles included in the chelate ring are
89.3(2)8 (12 independent angles) for M�Co but 91.4(1)8 (15
angles) for Ni. In general, statistical analysis of coordination
polyhedra does not reveal drastic differences between mol-
ecules in guest-free and clathrate phases. This means that the
improvement of the complex molecular geometry is not a
driving force for clathration with the title hosts, unlike with
some tetrapyridine Werner hosts reported earlier.[24] The
profit of clathrate formation in our case lies in the provision of
better packing.


Conformational features are summarized in Table 6. As the
conformations for molecules in isostructural phases do not
differ qualitatively, only average values for each structural
type are given. In most cases the molecule adopts centrosym-
metry. Pseudo-aromatic chelate rings which reveal planarity
(almost always within 0.1 �) are in one plane, and in this case
additional interactions are possible between their delocalized
p systems through empty orbitals on the metal center. In the
am and M1 types, however, the bis-chelate fragment is bent
significantly, up to 258. Though peripheral phenyl rings are not
able to turn in the equatorial plane (because of repulsion
between the ortho hydrogens with the hydrogen attached to
the middle carbon of DBM)
they still show an unequivocal
tendency to do so. As one can
see from Table 6, the dihedral
angle between phenyls and the
equatorial plane in 84 % of the
cases does not exceed 308 (see
also Scheme 2). Vinylpyridine
ligands (which are always es-
sentially planar) are attached


Table 5. Interaction of at form of [Co(4-ViPy)2(DBM)2] host complex (H) with guest solvents (G), the isopiestic
experiment data.


Guest solvent (G) G:H Structural type Assigned
(from mass (powder reaction product
increase) X-ray experiment)


methylene chloride 1.99(1) M2 or MC H*2G
chloroform little at (host) no reaction
carbon tetrachloride little at (host) no or slow reaction
2-chloropropane little at (host) no or slow reaction
2-bromopropane little at (host) no or slow reaction
n-hexane little at (host) no reaction
methanol little at (host) no reaction
ethanol little at (host) no reaction
n-propanol little at (host) no reaction
isopropanol little at (host) no reaction
acetone 2.00(1) M2 or MC H*2G
tetrahydrofuran 2.02(3) M2 or MC H*2G
2,2-dimethoxypropane little at (host) no reaction
ethyl acetate little at (host) no reaction
nitromethane little at (host) no reaction
benzene little at (host) no reaction
chlorobenzene little at (host) no or slow reaction


Scheme 2. Descriptors for Ta-
ble 6.
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approximately at right angles to the equatorial plane; in
centrosymmetric structures two vinylpyridine ligands are in
the same plane and vinyl groups are directed oppositely. This
also assumes a possibility for the two vinylpyridine aromatic
systems to interact. Almost in all conformations, vinylpyridine
rings are close to a plane that divides the metal bis-chelate
fragment into two parts. Figure 4a exemplifies the only
exception found with vinylpyridines turned along bis-chelate.


The above analysis shows that the trans-[M(4-ViPy)2-
(DBM)2] molecule possesses a certain flexibility but shows
an unequivocal tendency to a preferred, centrosymmetric type
of conformation. The conformation would have planar bis-
chelate fragments with phenyl rings slightly deviating from
the plane, and vinylpyridine ligands coordinated axially and
located in the plane dividing the bis-chelate fragment into two
parts. The conformation is likely controlled not only by steric
intramolecular interactions but also by the interacting local
aromatic systems connected by a single bond or the metal
center. Nevertheless, certain, though limited, flexibility makes
it possible for the molecule to adopt different geometries,
allowing the creation of a number of dense and porous
frameworks filled with different guest components.


Main packing motifs : All of the phases that the title hosts
form are controlled by van der Waals forces.[25] This results in
a variety of crystal structures that are different crystallo-
graphically and topologically. The absence of directed chem-
ical or specific interactions between molecules make the
description of ªhost frameworksº rather arbitrary. Very small
changes in the conformations or mutual orientations of host
molecules may result in a dramatic change in size, shape and
dimensionality of cavity space available for the guest. There-
fore, before describing individual types, here we discuss the
structural motifs observable in most phases.


The trans-[M(4-ViPy)2(NCS)2] molecule in its usual con-
formation, as shown on Figure 4b, has four shallow pockets


each located between the vinylpyridine and DBM fragments
(cf. the same Figure, a, where such pockets disappear due to a
rotating vinylpyridine). These pockets are filled upon packing
either with aromatic parts of neighboring host molecules, or
with guest molecules. Earlier, this viewpoint allowed us to
explain the clathration ability and stoichiometry of clathrates
of the trans-[NiPy2(DBM)2] complex. Introducing a vinyl-
substituted pyridine elongates the pocket and thus enhances
the clathration affinity of the molecule.


Figure 5 shows two host molecules mutually expanding the
size of their pockets as these are filled by vinylpyridine
moieties. Note that the molecules approach each other in such
a way that they form stacking vinylpyridines and the dihedral
angle between their equatorial planes is less than 908. Each


Figure 5. Two adjacent molecules in the crystal structure of am-[Co-
(4-ViPy)2(DBM)2] shown according to their van der Waals size. The
molecules are self-included, as each molecule slips its vinylpyridine moiety
into pocket of another molecule. For clarity, molecule A is darkened and
molecule B is lightened.


molecule has two neighbors on both sides of an equatorial
plane, the motif thus consisting of endless chains as exempli-
fied by Figure 6. These chains were found in most structures;
moreover, the parameters of the chains are very similar in


Table 6. Averaged conformational characteristics for the trans-[M(4-ViPy)2(DBM)2] molecule found in different structures.


Dihedral angles [8][a]


Structural Point Ring 1 Eqt.-Ph1 Eqt.-Ph3 Eqt.-Ph4 Eqt.-Ph6 Eqt.-Py7 Eqt.-Py8 a-Py7 a-Py8 Vinyl
type symmetry ± Ring 2 groups


at (one structure),
molecule A: ÿ 1 0 � 7 � 26 ÿ 7 ÿ 26 83 83 � 13 ÿ 13 opposite
molecule B: ÿ 1 0 � 22 ÿ 18 ÿ 22 � 18 86 86 � 63 ÿ 63 opposite
am (two structures),
molecule A: 1 7 � 18 ÿ 52 ÿ 27 � 41 72 90 � 87 � 66 opposite


or disordered
molecule B: 1 16 � 34 ÿ 16 ÿ 24 � 26 83 88 � 89 ÿ 85 disordered
T1 (two structures),
molecule A: ÿ 1 0 � 8 � 41 ÿ 8 ÿ 41 83 83 � 87 ÿ 87 opposite
molecule B: ÿ 1 0 � 30 ÿ 30 ÿ 30 � 30 89 89 � 72 ÿ 72 opposite
T2 (two structures): ÿ 1 0 � 22 � 19 ÿ 22 ÿ 19 83 83 � 75 ÿ 75 opposite
M1 (two structures): 1 25 � 22 � 36 � 15 � 46 85 84 � 69 ÿ 86 opposite
M2 (one structure)
molecule A: ÿ 1 0 � 29 ÿ 20 ÿ 29 � 20 87 87 � 84 ÿ 84 opposite
molecule B: ÿ 1 0 � 24 ÿ 29 ÿ 24 � 29 86 86 � 83 ÿ 83 disordered
MC (five structures): ÿ 1 0 � 23 ÿ 28 ÿ 23 � 28 86 86 � 86 ÿ 86 opposite


or disordered


[a] Least-squares planes are designated as shown on the Scheme 2. For example, the planes for the molecule shown in Figure 4a are as follows: Ring 1
(Co1A,O1A,C1A,C2A,C3A,O3A); Ring 2 (Co1A,O1C,C1C,C2C,C3C,O3C); Eqt. (Co1A,O1A,O3A,O1C,O3C); Ph1 (C11AÿC16A); Ph3 (C31AÿC36A);
Ph4 (C11CÿC16C); Ph6 (C31CÿC36C); a (Co1A,C2A,C2C,N7A,N7C); Py7 (N7A,C71A-C75); Py8 (N7C,C71CÿC75C).
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Figure 6. Fragment of the chain of host molecules in the crystal structure
of [Ni(4-ViPy)2(DBM)2] ´ 2(CH3COCH3) (MC type): a) perpendicular to
the stacking vinylpyridines; b) parallel to the stacking vinylpyridines.


different structures (Table 7) and always are aligned parallel
to each other. In some cases they consist of crystallograph-
ically distinct alternating molecules. The distance between
metal centers varies from 8.2 ± 9.4 �, the distance between
stacking vinylpyridine rings from 3.4 ± 3.8 � with the angle not
exceeding 158, and with the angle between equatorial planes
of 64 ± 748. Note that variations between different structural
types do not significantly exceed those from within the same
type. This chain motif thus is not only encountered in different
phases but also is rather insensitive to the phase type. The
reason for this is that this motif provides very effective one-
dimensional packing. At the same time, it seems to be difficult
to pack the chains in three-dimensional space. The am host
type shows significant distortions of the chain without guests
present. Compared to the clathrate types, the chain in the am


phase has maximum (118 and 158) angles between stacking
vinylpyridine rings, a minimum angle (648) between equato-
rial planes, and alternating shortened (8.2 �) and elongated
(9.4 �) M ± M distances. In clathrate types the packing of
chains is assisted by guest species.


As the host molecule has four pockets, and only two may be
filled with vinylpyridine moieties of neighboring hosts, the
other two pockets are available to guests. Figure 7a shows the
filling of two pockets with two methylene chloride molecules.
The host:guest stoichiometry should be 1:2 in such a case, and
this ratio is indeed observed for most inclusions. Two pockets
from two adjacent host molecules may form a larger cavity;
Figure 7b exemplifies this option by including a benzene


Figure 7. Typical host-guest packing fragments: a) two guest molecules
filling the pockets on opposite sides of the host molecule in [Ni(4-
ViPy)2(DBM)2] ´ 2(CH2Cl2) (M2-type); b) a guest molecule occupying the
large cavity formed by two adjoining pockets from adjacent molecules
(molecule A on the left and B on the right) in [Ni(4-ViPy)2(DBM)2] ´
(C6H6) (T1 type). All molecules are shown at their van der Waals size;
guest molecules are drawn darker for clarity.


molecule between two hosts, thus resulting in a 1:1 stoichi-
ometry. In T2-type inclusions described earlier[2] all pockets
are involved in the inclusion of carbon tetrachloride guest
molecules; four pockets from four host molecules (located in
the corners of the unit cell) form one very large cavity
accommodating two guest molecules, resulting in a stoichi-
ometry of 1:2.


at and am host types : The at type forms only for the Co
complex. It is triclinic, with two centrosymmetric molecules
per unit cell. They are crystallographically different (A and B
here after, see Figure 4). The A-molecule has an unusual
shape as the vinylpyridine ligand is turned along the bis-
chelate unit. The B-molecule resembles more closely a regular
conformation. There are chains of alternating A and B
molecules stretching parallel in a diagonal direction between
the a and c axes (Figure 8). These chains are, however,


Table 7. Parameters of one-dimensional packing of trans-[M(4-ViPy)2(DBM)2] molecules in studied types.


Structural type am T1 M1 M2 MC


number of examined structures 2 2 2 1 5
direction of chains along c diagonally between a and c along c along a parallel to direction between a and c
sequence of molecules ABAB ABAB AAAA ABAB AAAA
M ´ ´ ´ M distance 8.2 and 9.4 � 8.9 � 8.8 � 8.9 � 8.8 ± 9.2 �
dihedral angle[a] 11 and 158 98 78 88 1 ± 68
distance between these rings 3.4 ± 3.8 � 3.4 ± 3.8 � 3.4 ± 3.7 � 3.5 ± 3.7 � 3.4 ± 3.8 �
dihedral angle[b] 648 668 718 658 69 ± 748
ref. this work this work [2] this work this work


[a] Dihedral angle between stacking ViPy rings of neighboring molecules. [b] Dihedral angle between bis-chelate fragments of neighboring molecules.
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Figure 8. Crystal packing in at-[Co(4-ViPy)2(DBM)2] along b. A-mole-
cules are black and B-molecules are white. All the molecules lie on the
same level y �0.


different from those observed in other structures. The
neighboring molecules are interdigitated, being located in
the plane and on both sides of the bis-chelate unit. This mode
allows metal centers to approach to 9 �, with an angle
between equatorial planes of �758. The shortest distances
between metal centers of neighboring chains are from 10 and
11.5 �.


The am-type forms for both Ni and Co complexes, with the
two versions very similar. It is monoclinic with four molecules
per unit cell and the space group is chiral.[26] There are two
independent molecules (marked A and B), and both are
asymmetric. The bischelate fragment is bent in both mole-
cules (Table 6), and the vinyl groups are disordered over two
positions. With these specifics, the molecules adopt the same
type of conformation as observed in most other phases. There
are chains of alternating A and B molecules stretching parallel
along the c direction (Figure 9). The distances between metal
centers in the chain are from 8.2 to 9.4 � while between the
centers of neighboring chains they are >10.2 �.


Triclinic clathrate types : There are two of these, and both
have guest species accommodated in cage-like cavities.
Inclusions of Ni- and Co-hosts of the T2 type, [M(4-
ViPy)2(DBM)2] ´ 2 (CCl4), have two carbon tetrachloride mol-
ecules in a prolate spheroidal cage; these structures were
described earlier.[2]


T1-type inclusions form with benzene as guest and a 1:1
host per guest ratio, the Ni- and Co-versions being very
similar. The compounds do not lose guest species in air, unlike
inclusions of other types, and this is consistent with the
inability of guest molecules to diffuse through the structure.
There are two centrosymmetric host molecules per unit cell in
the structure, and they are crystallographically different (A
and B). There are chains of alternating A and B molecules


Figure 9. Crystal packing in am-[Co(4-ViPy)2(DBM)2] along a. A-mole-
cules are black and B-molecules are white. The three upper molecules lie
on the level of x� 0.75 and the three lower molecules are at x� 0.25.


located diagonally between the a and c directions (Figure 10)
with a distance of 8.9 � between their metal centers. The
distance between metal centers of neighboring chains is
>10.3 �. The benzene molecule is located in a cavity formed
mainly by pockets of neighboring molecules belonging to
different chains, and the fragment was shown in Figure 7b.
The inner surface of the cavity is formed by two pyridine and
four phenyl moieties from four host molecules. The cut-away
section of the structure is shown in Figure 10.


Figure 10. Crystal packing in [Ni(4-ViPy)2(DBM)2] ´ (C6H6); cut-away
section perpendicular to b. The A-molecule is black and B-molecules are
white; guest molecules are outlined in sticks-and-balls. Host molecules lie
at y �0 and guest molecules are at y �0.25.


Monoclinic clathrate types : All three monoclinic types, M1,
M2 and MC, have guest molecules accommodated in the
relatively open cavity space in the form of complex one-
dimensional channels with wider and narrower segments. The
M1-type was found for Ni- and Co-inclusions with chloro-
benzene and a 1:1 host per guest ratio. Some features
comparing this type with others are given in Tables 6 and 7,
for the remaining details, see our previous work.[2]


The M2 and MC types are two variations of the same
flexible architecture that is evident even from comparison of
their powder patterns (Figure 1). Also, as mentioned above,
both may transform to the same b polymorph if a guest leaves
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very quickly, the b phase probably being akin as well. The
conformations of host molecules in these two types are very
similar (Table 6) as well as the packing motifs of the molecules
(Table 7). The difference lies in the higher symmetry of the
MC type that has a C-lattice instead of the P-lattice in M2.
The unit cell parameter a in M2 corresponds to the diagonal
between a and c in MC while the parameters b comply.


Type M2 forms with methylene chloride guest. The
structure of [Ni(4-ViPy)2(DBM)2] ´ 2 (CH2Cl2) was fully de-
termined and will be discussed; the Co-analogue has a similar
composition and unit cell parameters (Table 1). There are
four host molecules per unit cell, two are crystallographically
different (A and B) and both are centrosymmetric. Chains of
alternating A and B molecules lie parallel along the a
direction, with a distance between the metal centers of
neighboring molecules of 8.9 �. The distance between metal
centers of neighboring chains is >11.7 �. Guest species are
located inside channels extending between chains and parallel
to them. The channels are formed by vacant pockets of host
molecules belonging to two adjacent chains, and the location
of guest species in such pockets is shown in Figure 7. There are
two crystallographically different guest molecules; both are
disordered (with the occupancy factor of the main orienta-
tions 50(2) and 62.3(3) %) and display increased thermal
parameters; this suggests significant motional freedom within
the excess available space. There are two channels going
through the unit cell; they coil about the (x,1�2,0) and (x,0,1�2)
directions with the center forming approximately the figure 8
with a major dimension of �5.5 � along b and a minor
dimension of �4 � along c. The cross-section of the channel
perpendicular to the a direction is an ellipse with the sectional
area between 18 ± 33 �2; the shape of the ellipse varies from
very oblate (2.5� 9.5 �) to almost round (4.9� 5.9 �). The
narrowest passages of 2.5 � are located at x� 0 and a/2;
however, they may open significantly by rotating phenyl rings
which control the passages. The fragment of the structure
showing three chains forming two channels is given in
Figure 11.


Figure 11. Crystal packing in [Ni(4-ViPy)2(DBM)2] ´ 2(CH2Cl2). The
A-molecules are black and B-molecules are white; guest molecules are
outlined in sticks-and-balls. Three chains lie along a at the level of y �0.5;
two channels formed by the chains with the accommodated guest species
are shown.


Type MC forms for the Ni-host with chloroform, 2-chloro-
propane, 2-bromopropane, acetone, tetrahydrofuran, nitro-
methane (Tables 1, 2) and likely with the eight other guests
listed in Table 4. The Co-host also forms this type with some
of the above guests, and from comparing unit cell dimensions
these compounds are similar to the corresponding Ni-
compounds (Table 1). Five structures belonging to this type
were determined to atomic resolution, four of the Ni-host
(with 2-chloropropane, chloroform, acetone and tetrahydro-
furan) and one of the Co-host (with nitromethane); for the
other five structures only unit cell parameters were measured
(Table 1). This type turns out to be very flexible: The range of
guests of different shape and polarity results in wide
variations of unit cell parameters (a, 19.2 ± 20.2 �; b, 19.5 ±
19.9 �; c, 12.4 ± 13.1 �; V, 4261 ± 4507 �3). The observed
volume variation is thus almost 6 %. Only a few systems are
known where such a high flexibility accompanies the stability
of a specific architecture upon varying the guest type. The best
known include the b phases of the Werner complexes,[19±21] the
Hofmann clathrate modifications[27] and porphyrin-based
ªspongesº.[28]


As well as for the M2-type, the unit cell contains four host
molecules of which only one is independent. It is centrosym-
metric and has a conformation intermediate between the two
molecules in the M2-type. The chains of host molecules lie
parallel to the diagonal between the a and c directions. The
parameters of the chain vary significantly upon changing the
guest (Table 7). The best stacking of the vinylpyridine rings is
observed for acetone clathrate where the rings are parallel to
within 18. Guest species are located in channels weaving
between and parallel to the chains, and are formed by vacant
pockets of host molecules belonging to two adjacent chains.
The crystal packing, showing three chains and two channels
extending between the chains, is given in Figure 12a. Unlike
the M2-type, the channel has narrower restrictions of 2.1 ±
2.3 � controlled also by phenyl rings. There are two channels,
four restrictions and eight guest molecules per one unit cell.
The restrictions divide channels into wider segments, and
every segment is formed mainly by four pockets from four
host molecules that incorporates two guest molecules. As may
be seen upon viewing the cut-away section of the structure,
guest pairs sit in ªcradlesº which are capped with the next
layer above on the b axis. The fragment containing one such
ªcradleº is shown in Figure 12b. Ideally, two chloroform
molecules fit into this ªcradleº. In other inclusions of this type,
guest species are disordered over two orientations for
2-chloropropane (88.5(4) % for the main orientation), two
for acetone (51.3(4) % for the main one), two for nitro-
methane (51.6(8) % for the main one; Co-host), and three for
tetrahydrofuran (63.4(5) and 23.0(6) % for the main ones). To
some extent, the ªcradleº adjusts its dimensions to the shape
and size of a particular guest within certain limits. This
provides a structural explanation of the selectivity of the host
for certain organic molecules listed in Table 4. The 1:1
stoichiometry suggests that inclusion of n-pentane, n-hexane,
n-heptane, 1-chloropentane, 1,2-dimethoxyethane, 2-penta-
none, ethyl acetate and diethyl carbonate in the wider
segments replaces a pair of smaller guests. This is consistent
with approximately the doubled size of the molecules and
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Figure 12. Crystal packing in [Ni(4-ViPy)2(DBM)2] ´ 2(CHCl3) (MC type):
a) Packing along b displaying contents between y� 0 and 0.5; host
molecules are shown in sticks and guest molecules are outlined in sticks-
and-balls. Three host chains and two channels formed by the chains with
accommodated guest species are shown. b) Two guest molecules (dark-
ened) sitting in a ªcradleº formed by four host molecules; van der Waals
dimensions. The fragment corresponds to the right lower part of Figure a).


their linear shape, as shorter or longer molecules, as well as
branched isomers are not included.


Conclusion


The main result of the present study is that modification of the
parent [NiPy2(DBM)2] host with a vinyl substituent not only
retains the clathrate-forming ability of the resulting [M(4-
ViPy)2(DBM)2] complex, but enhances it significantly. Of
forty organic solvents tested as guests, nineteen were shown to
be enclathrated by the new host, and these included unsub-
stituted and halogenated hydrocarbons, ethers, ketones,
aromatic and other compounds. These inclusions belong to
five structural types, two with cage and three with channel
space available. The addition of rigid substituents to the


pyridine ring of the host complex gives it more bulkiness and
thus should encumber the efficient packing of the molecules.
Indeed, this is revealed as a remarkable polymorphism of the
title host and its propensity for forming supramolecular
architectures. Similarly, the stability and diversity of Werner
host [MA4X2] architectures increases dramatically on going
from tetrapyridine complexes (with pyridine as A)[24, 29] to
complexes with substituted ligands (with �40 substituted
pyridines as A).[20, 30] Because of this we anticipate excellent
prospects for hosts of the metal dibenzoylmethanate type.


The greater clathration ability of [M(4-ViPy)2(DBM)2] is
evident also, as most compounds were isolated and analyzed
as bulky products, ([NiPy2(DBM)2] often gives mixtures of
both host and clathrate phases),[1] and the inclusion products
form readily both from solutions and by interacting the solid
host with gaseous guest. From kinetic experiments, even if the
host does not form a final inclusion product with a certain
guest, the inclusion compound may appear as an intermediate
during the polymorphic transformation, thus playing an
important role in the process.


The remarkable clathration ability of the title hosts is
explainable in terms of the inability of their relatively rigid
molecules to form effective packing in three dimensions. In
most structures, effective one-dimensional packing motifs
were observed for the host molecules implying thereby a
packing anisotropy. The presence of small guest molecules
strongly facilitates the creation of effective three-dimensional
packing. An analogous situation was observed for the
[NiPy2(DBM)2] host which shows effective packing in two-
dimensional layers but needs a guest component to fill out the
cavity space that appears upon stacking these layers in a
three-dimensional structure.


As well, this study demonstrates the direct relationship
between polymorphism and clathratogenic ability. The poly-
morphic forms of the host described differ significantly in
their ability to form inclusion compounds. The existence of a
stable, triclinic at form for the Co-complex diminishes the
range and stability of its inclusions considerably, while
isolation of energetically enriched (and seemingly, structur-
ally pre-organized) metastable b form for the Ni-complex
makes it possible to accelerate dramatically the inclusion
processes and to enclathrate species which do not react with
the stable form of the host. The energy difference between
guest-free host polymorphs helps to explain the relation in
quantitative terms.


The entire study, especially the experiments with the b


form, show that factors affecting kinetics, such as initial
conditions and catalysis, may play a crucial role in the
processes involving the title complexes. The phase intercon-
version Scheme, as depicted in Scheme 3, reveals the follow-
ing features. The complete cycle: a form ! clathrate ! b


form! a form may be performed only using the template G
(methylene chloride, acetone). As the stable a form cannot be
transformed into the b form directly, the cycle may be run only
in one direction. Unlike the ªpassiveº a form, the ªactivatedº
b form reacts readily with many new guest species (G').
Finally, all the processes proceed quantitatively, do not
involve the liquid phase, and are subject to strict control by
consecutive application of certain gases or temperature
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Scheme 3. Metal ± complex host transformations.


conditions. The Scheme gives insight into the potential of
flexible host materials for application in highly organized
processes, where reproducible changes are controlled not only
by applying certain conditions but also by the sequence in
which they are applied.
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First Experimental Observation on Different Ionic States
of the tert-Butoxy [(CH3)3CO.] Radical
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Abstract: A continuous tert-butoxy
(CH3)3CO. radical beam is produced in
situ by respective pyrolysis of both
(CH3)3CONO at 115(�0.5) 8C and
(CH3)3COOC(CH3)3 at 87(�0.5) 8C. By
combining the HeI photoelectron (PE)
spectrum with the improved density
function theory (DFT) calculations, we
have concluded that the (CH3)3CO.


radical has C3V symmetry and XÄ 2E
ground state. The study does not only


provide the ionization energies of differ-
ent ionic states of the (CH3)3CO. radical
for the first time, but also the first
example in which there have been
similar vibrational structures in different
ionic states caused by removal of the


electron on an orbital. It is also pointed
out that (CH3)3CONO is a good source
for obtaining the (CH3)3CO. radical
beam, and that NO is a stable regent
for the active radical. The results will
promote the studies in electron spin
resonance (ESR) research on the mech-
anisms of both the initiation of the
formation of a new radical and the
radical-chain polymerization in which
the (CH3)3CO. radical participates.


Keywords: density functional calcu-
lations ´ ionic states ´ photoelectron
spectroscopy ´ radicals


Introduction


As an initiator, the tert-butoxy [(CH3)3CO.] radical has been
widely used on the radical chain polymerization, also in
electron spin resonance (ESR) research for initiating the
formation of a new radical;[1±5] however the study of the
character of the radical itself is almost nil because of its
shorter lifetime and unstability. Recently, Ramond et al.
studied the electron affinity of the (CH3)3COÿ anion by
negative-ion photoelectron spectroscopy.[6] To our knowledge,
there is no any report on its ionization energy until now, but
the ionization energies, especially the first ionization energy
for the species, are among the most important physical and
chemical data, because numerous physical and chemical
properties can be deduced from its ionization energies. Also
the discovery of a good source for obtaining the (CH3)3CO.


radical will promote the study on the radical character.
Our laboratory has demonstrated the ability to generate a


continuous radical beam through the pyrolysis of parent
species or the microwave discharge of a selected compound;


this allows us to perform HeI photoelectron spectroscopy
(PES) studies on reactive open-shell species.[7±12] Recently, we
reported the first experimental observation on different ionic
states of both the CH3O


. and CH3S
. radicals.[13] In this paper,


we present a PES study on ionization energies of the
(CH3)3CO. radical and point out that the (CH3)3CONO is a
good source for obtaining the (CH3)3CO. radical and that the
pyrolysis of the (CH3)3COOC(CH3)3 provides an opportunity
for studying decomposition kinetic of the (CH3)3CO. radical.
To assign the PES bands of the (CH3)3CO. radical, the
improved density function theory (DFT) calculations on
different ionic states of the (CH3)3CO. radical have been also
performed, because they have used successfully for the
assignment of the PES bands of radicals.[9±13]


Results and Discussion


The (CH3)3CO. radical obtained by pyrolysis of the
(CH3)3CONO : The CH3O


. radical was successfully generated
by pyrolysis of CH3ONO at 275(�0.5) 8C and its photo-
electron (PE) spectrum was also recorded in situ.[13] Similarly,
it is thought that the pyrolysis of the (CH3)3CONO should
generate the (CH3)3CO. radical by losing NO. During the
pyrolysis (CH3)3CONO, the PE spectrum[14] of the (CH3)3CO-
NO is always observed if the pyrolysis temperature is too low.
A new and constant PE spectrum, which is completely
different to that of (CH3)3CONO is recorded at
115(�0.5) 8C. Figure 1 gives the PE spectrum of the species
generated by the pyrolysis of (CH3)3CONO at 115(�0.5) 8C.


The theoretical study of molecular orbital character for the
(CH3)3CONO shows also that the bonding strength between
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Figure 1. HeI PE spectrum of the (CH3)3CO. radical obtained by pyrolysis
of the (CH3)3CONO at 115(�0.5) 8C.


(CH3)3CO and NO groups is weakest.[14] So an intuitive guess
for the PE spectrum of the species generated by the pyrolysis
of (CH3)3CONO is that the PES bands of NO should appear
in the spectrum.


In Figure 1, a very sharp peak at 16.56 eV is clearly seen in
the PE spectrum of the species generated by the pyrolysis of
(CH3)3CONO. This is considered as an indication of of the
formation of NO, because both ionization energy 16.56 eVand
the highest intensity of the PE signal are characteristic NO.[15]


Similarly, the sharp peak at 18.32 eV is also characteristic of
NO.


An expanded PE spectrum with the fine vibrational
structure of the first PES band of the species generated by
the pyrolysis of (CH3)3CONO in the low ionization energy
region (11.0 eV) is given in Figure 2. From the Figure 2 it is
found that the five peaks at 9.26, 9.54, 9.82, 10.10, 10.38 eV
with vibrational spacing of 2260� 60 cmÿ1 are also character-
istic of the first PES band of NO,[15] that is, the pyrolysis of the
(CH3)3CONO at 115(�0.5) 8C gives NO by generation of the
(CH3)3CO. radical [Eq. (1)]:


(CH3)3CONO ÿ!115��0:5� oC (CH3)3CO. � NO (1)


The high intensity of the first vibrational peak at 9.26 eV is
attributed to the overlap of the first vibrational peak of NO
with the PES peak of the (CH3)3CO. radical, because the
vibrational peak with the highest intensity on the first PES
band of NO is at 9.54 eV. Clear peaks at 9.40 and 9.68 eV are
also considered as the peaks for the first PES band of the
(CH3)3CO. radical, that is, the first PES band of the


Figure 2. Expanded PE spectrum of the (CH3)3CO. radical obtained by
pyrolysis of the (CH3)3CONO at 115(�0.5) 8C in the low ionization energy
region (<12.20 eV).


(CH3)3CO. radical should have vibrational spacing of 1130�
60 cmÿ1, corresponding to the interval between 9.26 and
9.40 eV. So the adiabatic and vertical ionization energies on
the first PES band of the (CH3)3CO. radical should be 9.26
and 9.40 eV, respectively, because the peak at 9.40 eV has the
highest intensity. That is to say, the first PES band of the
(CH3)3CO. radical includes at least five vibrational peaks at
9.26, 9.40, 9.54, 9.68, and 9.82 eV.


The bands at vertical ionization energy 10.75 eV, with a
vibrational spacing 900� 60 cmÿ1, and at 11.31 and 12.10 eV in
the expanded PE spectrum of the species generated by the
pyrolysis of (CH3)3CONO are also attributed to be the PES
bands of the (CH3)3CO. radical, because there are no PES
bands of NO in this ionization energy region. The band at
vertical ionization energy 10.75 eV and with vibrational
spacing 900� 60 cmÿ1 should be the second PES band of the
(CH3)3CO. radical. The band centered near 11.31 eV with
divergent structure is the third PES band of the (CH3)3CO.


radical.
The sharp peak at 12.10 eV is considered to be the fourth


PES band of the (CH3)3CO. radical. Of course, the bands
centered near 13.30 and 14.95 eV are also considered as the
PES bands of the (CH3)3CO. radical, because also there is no
the PES bands of NO in this area.


In fact, the PES bands of NO could be also used as a
calibration for the new species. In other words, the PE
spectrum of the (CH3)3CO. radical consists of six clear bands:
the first band at vertical ionization energy 9.40 eV, with
vibrational spacing 1130� 60cmÿ1, the second one at vertical
ionization energy 10.75 eV, with vibrational spacing 900�
60cmÿ1, the third one centered near 11.31 eV with divergent
structure, the fourth sharp band at 12.10 eV, and two very
broad bands centered near 13.30 and 14.95 eV.


The (CH3)3CO. radical obtained by pyrolysis of the
(CH3)3COOC(CH3)3 : It was well known that the thermal,
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homolytic decomposition of the alkyl peroxides gives the
alkyoxy RO. radical.[16] So (CH3)3COOC(CH3)3 is also used as
a source for obtaining the (CH3)3CO. radical. During the
pyrolysis of (CH3)3COOC(CH3)3, the PE spectrum[17] of
(CH3)3COOC(CH3)3 was always observed at low temper-
ature. A constant PE spectrum that is completely different
with that of (CH3)3COOC(CH3)3 was recorded at 87(�0.5) 8C
(See Figure 3). Figure 4 gives the expanded PE spectrum of


Figure 3. HeI PE spectrum of the (CH3)3CO. radical obtained by pyrolysis
of the (CH3)3COOC(CH3)3 at 87(�0.5) 8C.


the species generated by the pyrolysis of (CH3)3COOC(CH3)3


in the low ionization energy region (<12.50 eV). In Figure 4
the peaks at 9.26, 9.40, and 9.54 eV are clearly seen, with a
vibrational spacing 1130� 60 cmÿ1, and are considered as the
first PES band of the (CH3)3CO. radical, because they match
the first PES band of the (CH3)3CO. radical obtained by
pyrolysis of the (CH3)3CONO. The PES peak at 9.70 eV, with
the highest intensity, is attributed to be the first PES band of
the acetone, because its value 9.70 eV, with a vibrational
spacing of 1170� 60 cmÿ1 is in excellent agreement with the
first PES band of the acetone.[18] The fourth and fifth
vibrational peaks at 9.68 and 9.82 eV that belong to the first
PES band of the (CH3)3CO. radical are buried under the first
PES band of the acetone. The vertical ionization energy for
the first PES band of the (CH3)3CO. radical should be at
9.40 eV, because the peak corresponding to 9.40 eV has the
highest intensity in this vibrational progression.


The PES peaks at 10.65, 10.76, and 10.87 eV, with vibrational
spacing of 900� 60 cmÿ1, are designated to the second band of


Figure 4. Expanded PE spectrum of the (CH3)3CO. radical obtained by
pyrolysis of the (CH3)3COOC(CH3)3 at 87(�0.5) 8C in the low ionization
energy region (<12.20 eV).


the (CH3)3CO. radical, because both vertical ionization
energy 10.76 eV and vibrational spacing are also in excellent
agreement with the second PES band of the (CH3)3CO.


radical obtained by pyrolysis of the (CH3)3CONO. Similarly,
the band centered near 11.32 eV is the third PES band of the
(CH3)3CO. radical, because it also matches the third PES
band of the (CH3)3CO. radical generated by pyrolysis of the
(CH3)3CONO.


A sharp peak at 12.11 eV on the Figure 4 is considered as
the fourth PES peak of the (CH3)3CO. radical, because both
the value and relative intensity are in good agreement with
the fourth peak at 12.10 eV for the (CH3)3CO. radical
obtained by pyrolysis of the (CH3)3CONO. Also, the PES
bands in the high ionization energy region (>12.00 eV) for the
species generated by the pyrolysis of (CH3)3COOC(CH3)3


match those of the species generated by the pyrolysis of
(CH3)3CONO. In other words, the pyrolysis of both
(CH3)3CONO and (CH3)3COOC(CH3)3 gives a same PE
spectrum, that is, that of the (CH3)3CO. radical.


From the comparison the Figure 2 with the Figure 4, it is
found that there is some fine structure between 11.40 and
12.20 eV on the PE spectrum of the species generated by the
pyrolysis of (CH3)3COOC(CH3)3. Four vibrational progres-
sions with 1170� 60cmÿ1 vibrational spacing and the highest
intensity at 12.00 eV are in excellent agreement with the first
PES band of the ethane,[15] that is, the PES bands of the ethane
also appear on the PE spectrum of the species generated by
the pyrolysis of (CH3)3COOC(CH3)3. An evident difference
in the high ionization energy region (>12.20 eV) seen
between Figures 3 and 1 also supports the above-mentioned
assignment for the PES band of the (CH3)3CO. radical
obtained by pyrolysis of the (CH3)3COOC(CH3)3, because
the PES bands with the high intensity for both acetone[18] and
ethane[15] overlap with the PES bands of the (CH3)3CO.


radical. That is to say, the pyrolysis of the (CH3)3-
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COOC(CH3)3 generates the (CH3)3CO. radical, and then the
(CH3)3CO. radical decomposes into the acetone and ethane;
this comes from the combination of the CH3


. radical with the
shorter lifetime, because the(CH3)3CO. radical, as an initiator,
can also initiates itself to form the CH3


. radical. So the
mechanism of the pyrolysis of the (CH3)3COOC(CH3)3 can be
given by Equations (2) and (3).


(CH3)3COOC(CH3)3 ÿ!87��0:5� o C 2 (CH3)3CO. (2)


(CH3)3CO.! (CH3)2CO � CH3
. ÿ!�CH3 .


CH3CH3 (3)


This result is in good agreement with the previous
proposal.[19] In fact, the PES bands of the acetone could be
also used as a calibration for new species.


According to C3V symmetry proposed by previous stud-
ies[6, 20, 21] for the (CH3)3CO. radical, the molecular orbitals of
the valence shell would be in the order of increasing
energy:� (4e)4(8a1)2(5e)4(1a2)2(6e)3


The (CH3)3CO. radical has a XÄ 2E ground state. The
ionization of the electron of the HOMO 6e should lead to
three ionic states 3A2, 1E and 1A1 of the (CH3)3CO� cation.
The ionization of the electron of the SHOMO 1a2 leads to
both 3E and 1E ionic states.


A careful analysis of the intensity for the PES bands of
three vertical ionization energies 9.40, 10.75, and 11.31 eV
gives the ratio of the intensity of three bands to be about
3.12:1.97:1.00. This means that the ratio of statistical weights
on the ionic states, corresponding to three PES bands should
be 3:2:1, that is, the three PES bands correspond to the 3A2, 1E
and 1A1 ionic states, respectively, for the (CH3)3CO. radical.
Conversely, the PE spectra of the species generated by the
pyrolysis of both (CH3)3CONO and (CH3)3COOC(CH3)3


provides experimental evidence for both C3V symmetry and
a XÄ 2E ground state for the (CH3)3CO. radical. The sharp peak
with ionization energy 12.11 eV is designated to 3E ionic state,
caused by ionization of the electron of the SHOMO 1a2,
because the SHOMO 1a2 of the (CH3)3CO. radical is almost
that of a lone-pair orbital on the oxygen atom.


The above-mentioned assignment for the PES bands of the
(CH3)3CO. radical is supported by the improved DFT
calculation. Table 1 gives the PES ionization energies (IV in
eV), the DFT computed ionization energies (EV in eV)
according to C3V symmetry and relative intensities of the PES
signals observed for the (CH3)3CO. radical. The first PES
band with both vertical ionization energy 9.40 eV and vibra-
tional spacing 1130� 60cmÿ1 comes from removal of the
electron of the HOMO 6e, corresponding to ionization of the
(CH3)3CO (XÄ 2E) to (CH3)3CO� (XÄ 3A2), because the value
9.40 eV matches the DFT computed ionization energy
9.497 eV for the 3A2 ground state of the (CH3)3CO� cation,
and also the HOMO 6e is a p anti-bonding orbital with
dominant weight of oxygen atom that should lead to the band
with some fine structure. The second PES band with a vertical
ionization energy of 10.75 eV is designated to the 1E ionic
state, caused by removal of the electron of the HOMO 6e,
because the value 10.75 eV is very close to the DFT computed
value 10.520 eV for the 1E ionic state, and also vibrational
structure (nÄ � 900� 60 cmÿ1) is observed. The third PES band


centered near 11.31 eV is designated to 1A1 ionic state, caused
also by removal of the electron of the HOMO 6e, because the
value 11.31 eV is in good agreement with the DFT computed
value 11.200 eV, and the band is also divergent. That is to say,
the ionization of the electron on an orbital should lead the
PES bands with the same structural characters. The ratio of
the intensity of three PES bands at vertical ionization energies
9.40, 10.75, and 11.31 eV (i.e. , 3.12:1.97:1.00), also supports the
above-mentioned assignment for the 3A2, 1E, and 1A1 three
ionic states, because the ratio is in excellent agreement with
the ratio of three ionic statistical weights. To our knowledge,
this is the first example for the species studied in which there
have been the similar vibrational structures at different ionic
states caused by electron ionization of an orbital.


A sharp peak at 12.11 eV is assigned to 3E ionic state,
caused by removal of the electron of the SHOMO 1a2,
because the value 12.11 eV is very close to the DFT computed
ionization energy 12.001 eV for 3E ionic state of the
(CH3)3CO� cation. The PES bands in the high ionization
energy region (>12.50 eV) are very broad. This means that
the ionization corresponding to these broad PES bands comes
from result of removal of the electron of the bonding orbital
or several orbitals. The assignment of the PES bands for the
high ionization energy region (>12.50 eV) is also supported
by the DFT calculation.(see Table 1)


Stablizing function of the NO species : It was well known that
as a famous molecule, NO has marvelous action in the human
body. From the difference of pyrolysis actions between the
(CH3)3CONO and the (CH3)3COOC(CH3)3, it is found that
the (CH3)3CONO is a better source for obtaining the
(CH3)3CO. radical, because there is no decomposition of the
(CH3)3CO. radical obtained by pyrolysis of the (CH3)3CONO,
even if the pyrolysis temperature (115(�0.5) 8C) of
(CH3)3CONO is higher than that (87(�0.5) 8C) of
(CH3)3COOC(CH3)3. This fact shows that NO generated by
pyrolysis of the (CH3)3CONO may be considered as a
stablizing reagent for the (CH3)3CO. radical. The decompo-


Table 1. The PES vertical ionization energies (IV in eV), the DFT
computed ionization energies (EV in eV) according to C3V symmetry, and
relative intensities of signals observed from different ionic states of the
(CH3)3CO. radical.


PESexptl DFT calcd Cationic Relative intensities
IV [eV][a] EV [eV] states this work[b] stat. ratio


9.26
9.40 9.40 9.497 3A2


c 3.12 3
9.54
9.68
9.82


10.64
10.75 10.75 10.520 1E[c] 1.97 2


10.86


11.31 11.200 1A1
[c] 1.00 1


12.10 12.001 3E[d]


13.30 13.411 1E[d]


[a] � 0.01 eV. [b] Corrected for analyzer sensitiviy �0.02 eV. [c] Ionic
states come from electron ionization of the HOMO 6e for the (CH3)3CO.


radical. [d] Ionic states come from electron ionization of the SHOMO 12a2


for the (CH3)3CO. radical.
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sition of the (CH3)3CO. radical obtained by pyrolysis of the
(CH3)3COOC(CH3)3 is attributed to the self-initiation of the
(CH3)3CO. radical. That is to say, as an initiator, the
(CH3)3CO. radical obtained by pyrolysis of the
(CH3)3COOC(CH3)3 initiates the formation of the CH3


.


radical through the generation the acetone. At the same time,
the decomposition of the (CH3)3CO obtained by pyrolysis of
the (CH3)3COOC(CH3)3 provides also an opportunity for
studying the decomposition kinetics of the (CH3)3CO. radical,
because the PES technique was used successfully to the
kinetic study of a chemical reaction.[22]


Conclusion


A continuous (CH3)3CO. radical beam is produced by
pyrolysis of both (CH3)3CONO at 115(�0.5) 8C and
(CH3)3COOC(CH3)3 at 87(�0.5) 8C . The complete PE
spectrum with the fine vibrational structure for the (CH3)3CO.


radical has been recorded in situ for the first time. By
combining PES with the improved DFT calculation, we
conclude that the (CH3)3CO. radical has C3V symmetry and
XÄ 2E ground state. The PE spectrum of the (CH3)3CO. radical
provides also the first example in which similar vibrational
structures on different ionic states have been observed,
caused by removal of the electron of an orbital. The PE
spectrum is, therefore, able to provide both the orbital energy
levels and also molecular symmetry.


(CH3)3CONO is found to be a good source for obtaining the
(CH3)3CO. radical. NO is a stablizing reagent for the
(CH3)3CO. radical obtained by pyrolysis of the (CH3)3CONO,
because there is no decomposition of the (CH3)3CO. radical in
period of running PE Spectrum.


The results will promote the studies in electron spin resonance
(ESR) research on the mechanisms of both the initiation of
the formation of a new radical and the radical-chain polymer-
ization in which the (CH3)3CO. radical participates.


Experimental Section


The PES experiment was performed with a double-chamber UPS Machine-
II, which was built specially to detect transient species as described
elsewhere.[23] A continuous (CH3)3CO. radical beam was produced by
pyrolysis of both (CH3)3CONO at 115(�0.5) 8C and (CH3)3COOC(CH3)3


at 87(�0.5) 8C compounds in a quartz tube with a double-heater inlet
system, but the heater was capable of producing 1200 8C. Both (CH3)3CO-
NO and (CH3)3COOC(CH3)3 compounds were bought from Aldrich and
their purities were 98%. The PE spectrum of the (CH3)3CO. radical was
measured in situ at a resolution of about 25 meV as indicated by the
Ar�(2P3/2) photoelectron peak. Unless otherwise stated, the experimental
ionization energy values are quoted to an estimated accuracy of �0.01 eV.
Spectra were recorded by using a chart recorder in the usual way. Digitized
spectra, time-averaged of around 40 min were also obtained. Experimental
ionization energies (IV in eV) were calibrated by simultaneous addition of a
small amount of argon and methyl iodide to the sample.


Density functional theory (DFT) calculations : In order to assign the PES
bands of the (CH3)3CO. radical, the improved DFT calculation was
performed on the 2E ground state of the (CH3)3CO. radical with C3V


symmetry, and the ground and several ionic states of the (CH3)3CO�


cation, because the DFT calculation was applied successfully to the
assignment of the PES bands for the open-shell radicals.[9±13] The DFT


calculations[9, 10] were carried out with the Amsterdam Density Functional
(ADF) program package, in which a density fitting procedure was used to
obtain the Coulomb potential, and a elaborate three-dimensional numer-
ical integration technique was employed to calculate the Hamiltonian
matrix elements. The Vosko ± Wilk ± Nusair parameterization of uniform
electron gas data was used for the exchange-correlation energy and
potential; this is usually called the local spin density approximation
(LSDA). The gradient correction of exchange energy by Becke and that of
correlation energy developed by Perdew were performed in a post SCF
manner. The molecule orbitals were expanded in uncontracted triple-z
STO basis set augmented by two polarization basis functions. The DFT
computed ionization energies (EV in eV) were obtained from the difference
of the total energy of the resulting cation/2E ground state in C3V symmetry,
because the PES ionization energy of the radical were given by using the
vertical ionization energies (IV in eV), chosen as the maxima of the PES
peak or band. To calculate the total energy of the singlet states described by
multideterminantal wave function, the sum method proposed by Ziegler ±
Rauk ± Baerends was used. The geometry used in the calculation was taken
from optimization results at the UMP2/6 ± 31G* level of theory.
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Novel Chiral Macrocycles Containing Two Electronically Interacting
Arylene Chromophores
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Abstract: Novel chiral macrocycles
consisting of two rigid oligoarylene rods
and two chiral spiroindane clips have
been synthesized by condensation of
spiroindane diols and CF3-activated a-
w-difluorooligoaryls. Since a broad vari-
ety of planar aromatic macrocycles is
known, our non-planar, chiral rings
represent a new class of macrocyclic
compounds. The first two examples,
which contain quaterphenylene and di-
phenylbithiophene rods, are presented
in this communication; for one of them a
crystal structure is given. The chiroptical


properties of the macrocycles can be
interpreted as an interplay of the ªintra-
rodº helicity of individual oligoarylene
rods and the ªinter-rodº helicity be-
tween both chromophores of the macro-
cycle. The macrocycles can act as chiral
dopands of commercially available, and
novel, polymeric nematic liquid crystals
(emissive polyfluorenes). The ªintra-


rodº helicity of individual oligoarylene
rods is the main feature in determining
the resulting helical twisting power
(HTP). The cholestric induction in
mesogenic, emissive polyfluorenes is of
special interest for a realization of
electronic devices that have a circularly
polarized electroluminescence. The re-
sults are also important for an under-
standing of larger ensembles of chiral
rodlike molecules, especially their p ± p


interactions.
Keywords: chirality ´ cholesteric in-
duction ´ circular dichroism ´ liquid
crystals ´ macrocycles


Introduction


Helically arranged, electronically interacting chromophores
represent the key principle of novel chiroptical materials,
especially light sources that emit circularly polarized light.[1, 2]


Such materials consist of chiral ensembles of electronically
interacting chromophores; the resulting chiroptical effects
can be interpreted on the basis of the so-called exciton
coupling model,[3] which describes the electronic interaction
of two chromophores in a chiral environment. Such chiral
interactions can be experimentally studied on model dimers


composed of two chromophores that are fixed at a chiral core
unit,[4] for example, a chiral 3,4-diaminodecaline core. How-
ever, this type of chiral model compound is characterized by a
comparably high degree of remaining conformational free-
dom. An alternative to overcome the disadvantages of such
chiral, noncyclic dimers leads to more rigid, cyclic dimers.
They should be composed of two rigid chromophores that are
fixed by two chiral clips on both ends of the interacting
chromophores.


In this communication we describe the synthesis and
optical/chiroptical characterization of two novel semirigid,
chiral macrocycles that are composed of two electronically
interacting arylene chromophores and two chiral spiroindane
clips. The four structural components of the macrocycles are
thereby connected through four aryl-O-aryl ether bridges.


Results and Discussion


The starting point of our investigations was the finding that a
low molecular weight oligomeric fraction is formed in
addition to the expected polymer fraction in the base-
catalyzed polycondensation of the spiroindane bisphenol 1[5]


and the bis-ortho-CF3-activated quaterphenylene difluoride
2[6] to give aromatic oligo- and polyethers (Scheme 1).
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Scheme 1. Synthesis of linear polymers 3 and chiral macrocycles 4 ; the aR-
configuration of the chiral spiroindane moiety is shown.


Gel permeation chromatography (GPC; polystyrene (PS)
calibration) of the condensation product gave a polymeric
fraction 3 (Mn: ca. 10 000) and two oligomeric peaks (4, Mn:
1500 and 2200, respectively), which we have assigned to the
formation of cyclic di- and trimers 4 a (n� 2) and 4 b (n� 3)
(the macrocycles are depicted with an aR-configuration of the
chiral spiroindane clip).


The optimization of the yield of nonpolymeric, cyclic
products, and the subsequent separation and purification of
cyclic oligomers are the next steps which we have addressed
during our investigations. In doing this, we switched to
nonstoichiometric ratios of the starting compounds 1 and 2 ;
a threefold excess of the bis-phenol component 1 was used. In
this case, the reaction mixture 3/4 contains exclusively
hydroxy-terminated linear oligomers (so-called telechelics)
and the fraction of cyclic oligomers. Now an (atmospheric
pressure) liquid chromatographic separation of the reaction
mixture on silica (petroleum ether (PE)/THF 3:1) is possible
because the mixture contains linear and cyclic species of
rather different polarity.


After achieving the synthesis and purification of 4 starting
from the racemic monomer rac-1, we then switched to
enantiomerically pure 1 for the synthesis of enantiopure
macrocycles 4. Enantiomerically pure 1 can be isolated after
the kinetic resolution[7] of the bishexanoic ester of the


bisphenol 1, which was treated with cholesterol esterase in
tert-butyl methyl ether.[8]


By performing the condensation with (aR)-1, we could
isolate a raw macrocycle fraction that contains (aR,aR)-4 a
and (aR,aR,aR)-4 b (molecular ratio ca. 10:1). Further column
chromatography on silica gel with PE/THF (3:1) gave pure
(aR,aR)-4 a. The purification of 4 b will be the subject of
further studies.


Compound 4 a was characterized by MS spectrometry and
UV-visible and circular dichroism (CD) spectroscopy. The MS
spectrum displays only the molecular ion peak [M]� of the
cycle at 1493 along with the [M]2� peak at 746.5.


The UV-visible spectrum (Figure 1) of (aR,aR)-4 a displays
a long wavelength absorption band centred at 301 nm, which
is characteristic of the a,w-oxysubstituted quaterphenylene


Figure 1. UV-visible (solid) and CD (dashes) spectra of the chiral macro-
cycle (aR,aR)-4a (dilute solution, solvent: dioxane).


chromophore. The CD spectrum of (aR,aR)-4 a (Figure 1)
exhibits a ªpseudoº-bisignated Cotton effect in the region of
the delocalized long-axis polarized p ± p* transition of the
quaterphenylene chromophore[9] with two maxima at 325 nm
(ªnegative lobeº) and 304 nm (ªpositive lobeº), and a point of
inflexion at about 313 nm. The shape of the CD band and the
position of the maxima indicate the occurrence of an
electronic coupling (negative exciton coupling[3]) between
the two quaterphenylene chromophores. However, this effect
is superimposed by a second monosignated, negative Cotton
effect in the p ± p* transition region; this should originate
from a chiral (helical) conformation of single quaterphen-
ylene rods in the macrocycle (aR,aR)-4 a. According to
Mislow, this negative Cotton effect correlates to a P helicity
of the quaterphenylene moiety.[11] The amplitude of the
overall CD effect is only moderate (gabs : 2� 10ÿ4), probably
due to a relatively weak mutual distortion angle between the
two linear quaterphenylene rods.


This interpretation of the optical and chiroptical properties
was supported by a structure optimization of (aR,aR)-4 a
based on ab initio molecular orbital (MO) calculations.[12] The
structure of the quaterphenylene macrocycle (aR,aR)-4 a can
be described as follows: i) One of the two quaterphenylene
rods exhibits a well-defined P helicity along the oligophen-
ylene chain, while the helicity of the other rod is not fully
defined (only 3 phenylenes in P helicity). ii) The mutual
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distortion of both quaterphenylene rods is only weak, with a
calculated distortion angle of approximately 78. The only
weak mutual ªinter-rodº torsion of both quaterphenylene
rods is reflected by the only moderate bisignated component
of the CD spectrum (weak exciton coupling).


A similar overlay of monosignated and bisignated CD
bands was detected for the corresponding polymer (all-aR)-
3,[13] which shows a positive monosignated Cotton effect in
dilute solution indicating a helical conformation (in this case a
M helicity) of the single quaterphenylene rods. In poor
solvents, solvent/non-solvent mixtures, or in the solid sate, this
effect is superimposed by a stronger bisignated Cotton effect
(negative couplet, M skew) due to an ongoing aggregation of
individual polymer chains under formation of chiral (helical)
aggregates (exhibiting exciton coupling, Figure 2).


Figure 2. UV-visible (solid) and CD spectra of the chiral polymer (all-aR)-
3 (dilute solution in dioxane (dots) and 1-decanol (dashes)).


Inspired by the findings described above we varied the
chemical structure of the arylene building blocks of the
macrocycles. Doing this, we replaced the rigid quaterphen-
ylene rods by phenylene-thienylene-thienylene-phenylene
moieties (5,5'-diphenyl-2,2'-bithiophene), in the hope that a
macrocycle with a higher mutual distortion of the two
chromophores would result.


The diphenylbithiophene chromophore 1) gives rise to an
increased flexibility of the macrocycle 5 as result of the
nonlinear (kinked) structure of the central thienylene units,


and 2) effects a bathochromic shift of the long-axis-polarized
p ± p* transition[10] of 5 (lmax: 380 nm, 423 nm (sh); Figure 3).
Thereby, the observation of vibronic side bands in the UV-
visible spectrum indicates a more flattened structure of the


Figure 3. UV-visible (solid) and CD (dashes) spectra of the chiral macro-
cycle (aR,aR)-5 (dilute solution, solvent: dioxane).


diphenylbithiophene chromophore. The CD spectrum of
(aR,aR)-5 (Figure 3) displays a symmetric bisignated negative
couplet with a vibronic splitting of both lobes, which are
centred at 425, and 370 nm, respectively. The g value of 5 was
calculated to be about 9� 10ÿ4 (at 391 nm), a value which is in
the range of the g value of related, noncyclic chiral dimers, for
example, the chiral terthiophene dimers that were described
by Meijer et al.[4] The shape of the CD spectrum indicates an
M skew formed by the two diphenylbithiophene rods. The
complete absence of an underlying monosignated component
in the CD spectrum again indicates a nonhelical, flattened
geometry of individual diphenylbithiophene chromophores.
The increased g value of 5, if compared with that of the
quaterphenylene macrocycle 4 a, can be interpreted as result
of the significantly increased mutual distortion of the two
chromophores in 5.


At 80 K (low-temperature UV-visible measurement in
2-methyltetrahydrofurane (2-MeTHF); Figure 4), a slight
bathochromic shift and significant sharpening of the absorp-
tion spectrum of 5 occur, resulting in the appearance of three


Figure 4. Low-temperature UV-visible (solid) and CD (dashes) spectra of
the chiral macrocycle (aR,aR)-5 (80 K, glass, solvent: 2-MeTHF).


well-separated peaks at 425 nm (0-0), 400 nm (0-1), and
383 nm (0-2). The changes in the UV-visible spectrum at lower
temperature are reflected in the low-temperature CD spec-
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trum of 5, which also sharpens and exhibits a series of
vibronically coupled CD transitions. The observed CD
spectrum is a superposition of the Davydov split, individual
absorption modes. Hereby, two low-energy, negative CD
signals at 414 and 430 nm, and two high-energy, positive CD
peaks at 376 and 387 nm occur. The low-temperature CD
spectrum of 5 suggests, that the Davydov splitting is in the
order of about 120 ± 150 meV, somewhat lower as the fre-
quency of the main vibration mode (ca. 190 meV).


The structure simulation[12] of the diphenylbithiophene
macrocycle (aR,aR)-5 reflects this more pronounced skew;
the distortion between both diphenylbithiophene chromo-
phores was calculated to be approximately 288. The two
diphenylbithiophene rods are, as expected, significantly
flattened.


The X-ray structure analysis of (aR,aR)-5 (Figure 5) dis-
plays the expected M skew of the two chromophores with a
mutual distortion between both rods of about 308. The


Figure 5. Crystal structure of the chiral macrocycle (aR,aR)-5.[21]


individual diphenylbithiophene moieties are distinctly flat-
tened and nonhelical (slight M twist of the bithiophene units,
slight P twist of all phenylthienyl units). The minimum
distance between both diphenylbithiophene rods is about
3.65 �.


It has been known for a long time that small amounts of
optically active guests added to nematic liquid-crystalline
(LC) hosts can induce twisted nematic (cholesteric) LC
phases.[14] The characteristics of the resulting cholesteric phase
strongly depends on the structure of the chiral dopant.[15] We
tested the suitability of (aR,aR)-4 a as chiral dopant (helical-
twisting agent) of achiral, nematic LC materials, both low
molecular weight and polymeric hosts. In first experiments,
we estimated the helical-twisting power (HTP)[16] of (aR,aR)-
4 a as dopant of four commercially available, low molecular
weight, nematic liquid crystals: MBBA (benzylideneaniline
derivative): � 36.8; E7 (cyanobiphenyl derivative): � 37.1;
Phase 1052 (phenyl benzoate derivative): � 33.7; ZLI 2359
(cyanobicyclohexyl derivative):� 64.0 mmÿ1. The positive sign
of the HTP correlates with the P helicity of individual
quaterphenylene arms in the macrocycle (aR,aR)-4 a.[17]


Surprisingly, 4 a displays nearly similar HTP values in three
of the nematic LCs (MBBA, E7, Phase 1052) that we
investigated. This is a somewhat unexpected behavior, since
the majority of known helical twisting agents (substituted


biaryls, biaryl-based macrocycles) displays strongly different
HTP values in different nematic LC hosts.[17] Polymer
(all-aR)-3 has an HTP with E7[18] that is drastically increased
and has the opposite sign (E7: ÿ290 mmÿ1) in relation to 4 a.
The negative HTP correlates with the M helicity of the
individual quaterphenylene rods of polymer (all-aR)-3 (pos-
itive Cotton effect in the CD spectrum, see Figure 2).


Another set of experiments was directed towards an
application of 4 a as chiral dopant of nematic LC polymers,
especially emissive LC polymers of the polyfluorene type (PF,
6),[19] since we are interested in emitters that have circular
polarization of photo- and, especially, electroluminescence.[20]


For this purpose, spin-coated
films of achiral, liquid crystal-
line poly(9,9-dialkylfluorene-
2,7-diyl)s 6 (R: rac-2-ethylhex-
yl) doped with 2 % of the chiral
macrocycle (aR,aR)-4 a have
been prepared. The pristine
film (after simple spin-coating) displays only a weak Cotton
effect (circular dichroism) in the absorption range of the
polyfluorene chromophore between 380 and 420 nm. How-
ever, after annealing into the thermotropic LC state (180 ±
200 8C) of 6 for two hours, the film exhibits a significantly
increased chiroptical anisotropy of the delocalized p ± p*
absorption band of the conjugated polyfluorene (PF) chro-
mophore (gabs : �0.002 at 390 nm for 2 % (aR,aR)-4 a in 6 with
R� rac-2-ethylhexyl; Figure 6). Compound 4 a itself shows no


Figure 6. UV-visible (solid) and CD spectra of a blend of 2% of the chiral
macrocycle (aR,aR)-4 a in poly[9.9-bis(rac-2-ethylhexyl)fluorene] 6 ; CD
spectra: a) after spin-coating (dashes) and b) after annealing for 2 h to
200 8C (dots).


absorption in this wavelength region (see Figure 1). This
findings suggest that 4 a is able to induce a chiral (cholesteric)
LC phase in the originally achiral LC polymer 6. Further
experiments are now directed towards a maximization of this
effect as well as on the execution of similar tests with the
diphenylbithiophene macrocycle 5 and the corresponding
polymers (e.g., 3).


First HTP measurements with the diphenylbithiophene
macrocycle (aR,aR)-5 have displayed a reduced helical twist-
ing power (MBBA: �11.0; E7: �22.3 mmÿ1) with respect to
the quaterphenylene macrocycle (aR,aR)-4 a. The smaller
HTP of 5 could be connected to the essentially flattened
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quaterarylene unit of 5. This finding supports the hypothesis
that the ªintra-rodº helicity of individual quaterarylene chains
is the main feature in determining the cholesteric induction
and that the sense of the induced cholesteric phase correlates
with the sense of the ªintra-rodº helicity.


Experimental Section


Measurements : 1H and 13C NMR spectra were recorded on a Bruker
AMX 300 spectrometer, 19F NMR spectra on a Bruker AMX 500 spec-
trometer; chemical shifts are reported in case of 1H and 13C NMR in ppm
downfield to TMS as an internal, in case of 19F NMR to fluorobenzene as an
external standard (d�ÿ113). UV/Vis spectra were recorded on a Perkin ±
Elmer Lamda 9, CD spectra on a Jasco J-715 and Jasco J-700 spectrometer.
Mass spectra were measured with a Zab 2SE FPD mass spectrometer.


Macrocycle synthesis : The spiroindane bisphenol 1 (3 mmol), the difluoro-
arylene compound (1 mmol) and K2CO3 (2.2 mmol) were placed in a flask
equipped with a Dean ± Stark trap. Toluene (60 mL) and 1-methyl
2-pyrrolidone (NMP; 30 mL) were added. The mixture was heated under
reflux for 5 h to remove all water. Afterwards the mixture was heated up
for another 8 h at 200 8C. After cooling to RT the product was poured into
methanol/aqueous HCl. The precipitate was filtered, washed several times
with hot water, and dried in vacuum. The macrocycles were isolated and
purified by liquid chromatography on silica gel with PE/THF (3:1) as
eluent.


Compound 4 a : Compound 1 (924 mg, 3.00 mmol), compound 2 (478 mg,
1.00 mmol), and K2CO3 (304 mg, 2.2 mmol) gave 4a (158 mg, 21.0 %). Rf�
0.95 (PE/THF 4:1); MS (70 eV, FD): m/z (%): 1493 (100) [M]� , 746.5 (21)
[M]2� ; elemental analysis calcd (%) for C94H72F12O4 (1493.58): C 75.59, H
4.86, F 15.26; found C 75.28, H 4.80; 19F NMR ([D8]THF): d�ÿ61.33,
ÿ61.28


Compound 5 : Compound 1 (924 mg, 3.00 mmol), 2,2'-bis(4-fluoro-3-
trifluoromethylphenyl)bithiophene (495 mg, 1.00 mmol), and K2CO3


(304 mg, 2.2 mmol) gave 5 (145 mg, 19.0 %). MS (70 eV, FD): m/z (%):
1518 (100) [M]� ; elemental analysis calcd (%) for C86H64F12O4S4 (1517.70):
C 68.06, H 4.25, S 8.45, F 15.26; found C 67.89, H 4.17, S 8.68; 19F NMR
(495 MHz, [D8]THF): d�ÿ61.47, ÿ61.40


The 1H and 13C NMR spectra of 4a and 5 are very complex, their detailed
analysis would need additional NMR experiments.


Polymer synthesis : The spiroindane bisphenol 1 (924 mg, 3.00 mmol), the
quaterphenyl derivative 2 (1430 mg, 3.00 mmol), and pottasium carbonate
(912 mg, 6.6 mmol) were dissolved in a mixture of toluene (50 mL) and
NMP (25 mL). The following condensation procedure was similar to that
used in the synthesis of the macrocycles 4 and 5. The resulting mixture was
precipitated into methanol/HCl (600 mL, 30:1). The crude product was
washed several times with hot water, dried under vacuum, re-dissolved in
THF, and re-precipetated into methanol. The cyclic compounds 4 as well as
low molecular weight oligomers were removed by preparative GPC (500 �
PS gel, column length: 60 cm, solvent: THF, flow rate: 10 mL minÿ1).
780 mg (35 %) of colorless polymer 3 were obtained. Mn� 7000 gmolÿ1,
Mw� 11 000 gmolÿ1 (GPC, PS calibration); 1H NMR (300 MHz, C2D2Cl4,
TMS): d� 7.77 (s, 1 H), 7.53 ± 7.49 (m, 5H), 7.11 (s, 1 H) 6.83 ± 6.81 (m, 2H),
6.60 (s, 1 H), 2.39 (d, J� 8 Hz, 1H), 2.26 (d, J� 8 Hz, 1H), 1.33 (s, 6H);
13C NMR (75 MHz, C2D2Cl4, TMS): d� 156.14, 155.32, 152.87, 149.22,
139.60, 138.44, 134.63, 131.71, 127.79, 127.49, 125.71, 123.79, 122.10, 120.92,
120.50, 119.65, 118.39, 116.43; 19F NMR (495 MHz, C2D2Cl4, C6H5F): d�
61.76; elemental analysis calcd (%) for (C47H36F6O2)n (746.79)n : C 75.59, H
4.86, F 15.26; found C 74.61, H 4.62.
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Competitive Decay Pathways of the Radical Ions Formed by Photoinduced
Electron Transfer between Quinones and 4,4'-Dimethoxydiphenylmethane in
Acetonitrile
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Abstract: The reactivity of the cation
radical of (4-MeOC6H4)2CH2 photosen-
sitized by 1,4-benzoquinone (BQ), 2,5-
dichloro-1,4-benzoquinone (Cl2BQ),
and tetrachloro-1,4-benzoquinone
(chloranil, CA) was investigated in ace-
tonitrile. The main photoreaction prod-
ucts obtained by steady-state irradiation
were identified to be: (4-MeOC6H4)2-
CHOC6H4OH, sensitized by BQ; (4-
MeOC6H4)2CHCl, sensitized by Cl2BQ;
(4-MeOC6H4)2CHOH, sensitized by
CA. The mechanism of their formation
was investigated by nanosecond laser
flash photolysis that allowed transient
species (radical ions, neutral radicals,
and ions) to be detected and character-
ized in terms of absorption spectra,
formation quantum yields, and decay


rate constants. For all systems, the inter-
action between the triplet quinone (Q)
and (4-MeOC6H4)2CH2 produced the
corresponding radical ions (quantum
yield f� 0.72) which mainly decay by
back electron transfer processes. Less
efficient reaction routes for the radical
ions Q .ÿ and (4-MeOC6H4)2CH2


.� were
also: i) the proton-transfer process with
the formation of the radical (4-
MeOC6H4)2CH . by use of Cl2BQ; ii) the
hydrogen-transfer process with the for-
mation of the cation (4-MeOC6H4)2CH�


in the case of CA. Instead, BQ sensitized


a much higher yield of BQH . and (4-
MeOC6H4)2CH . , mainly by the direct
interaction of triplet BQ with (4-
MeOC6H4)2CH2. It was also shown that
the presence of salts decreases signifi-
cantly the rate of the back electron
transfer process and enhances the quan-
tum yields of formation of the neutral
radicals and ions when Cl2BQ and CA
are used, respectively. The behavior of
BQ .ÿ , Cl2BQ .ÿ , and CA .ÿ appears to be
mainly determined by the Mulliken
charges on the oxygen atom obtained
from quantum mechanical calculations
with the model B3LYP/6-311G(d,p).
Spin densities seem to be much less
important.


Keywords: electron transfer ´
photochemistry ´ quinones ´
radical ions ´ radicals


Introduction


Upon light absorption, fast intersystem crossing with almost
unitary efficiency[1] results in quinones so that the lowest
excited triplet state (T1) is populated. T1 is a species with a
significantly higher reduction potential with respect to the


ground state,[2] and it can decay either by a H-atom transfer
process or, in the presence of aromatic substrates, by an
electron-transfer process with the formation of the corre-
sponding radical ions. The reactivity of the two radical ions is
of great interest because these intermediates are involved in
photoinduced processes of biological (photosynthesis and
respiration) and industrial interest.[3, 4] In particular, the
substantial electron affinity of quinones and the low dissoci-
ation energy of OÿH bonds in their intermediates allow
quinones to function as hydrogen-atom transporters.


Generally, when the substrate is an alkylaromatic com-
pound, the corresponding radical cation is a strong carbon
acid and heterolytic cleavage of the CÿH bond in the side
chain occurs (Scheme 1a).[5±8] The occurrence of homolytic
cleavage of the same CÿH bond (Scheme 1b) was rarely
considered, and has not been experimentally investigated.
Recently, we reported that this kind of bond breaking can be
observed in the photoinduced electron-transfer reactions of
(4-MeOC6H4)2CH2 and aryl alkyl sulfides sensitized by
chloranil (CA).[9, 10] Flash photolysis experiments surprisingly
indicated the occurrence of hydrogen-atom transfer from the
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Scheme 1. The heterolytic cleavage of the CÿH bond in a side chain and
homolytic cleavage of the same bond.


aromatic radical cation to the radical anion CA .ÿ . In this
context, it appeared interesting to investigate this process in
more detail by changing the molecular structure of the
photosensitizer.


This work deals with steady-state and laser photolysis
measurements carried out to investigate the influence of
chlorine substitution on the quinone ring on the reactivity of
the quinone/(4-MeOC6H4)2CH2 system in acetonitrile. In fact,
the photochemical behavior induced by CA was compared
with that of compounds sensitized by 1,4-benzoquinone (BQ)
and 2,5-dichloro-1,4-benzoquinone (Cl2BQ). The reactivity of
the radical ions was compared with the Mulliken charges and
spin densities of the radical anions obtained from quantum
mechanical calculations by use of the model B3LYP/6-
311G(d,p).[11] The reaction pathways of the radical ions were
also investigated in the presence of salts; particular attention
was paid to the effect of tetrabutylammonium perchlorate.


Experimental Section


Starting materials : The compound 4,4'-dimethoxydiphenylmethane [(4-
MeOC6H4)2CH2] was prepared from the corresponding ketone by the
Huang ± Minlon modification of the Wolff ± Kishner reduction and purified
by recrystallization from hexane.[12] The quinones 1,4-benzoquinone (BQ,
Aldrich), 2,5-dichloro-1,4-benzoquinone (Cl2BQ, Aldrich), and tetra-
chloro-1,4-benzoquinone (chloranil, CA, Fluka), the absorption spectra
of which are shown in Figure 1, were recrystallized before use. MeCN
(Aldrich, HPLC grade) was distilled before use. Hydroquinone (BQH2,
Aldrich), 2,5-dichlorohydroquinone (Cl2BQH2, Aldrich), and Bu4NClO4


(Fluka) were used as received.


Methods : 1H NMR spectra were recorded with the use of CDCl3 on a
Brucker AC 300 P spectrometer. MS analyses were performed on a Fisons
Instruments VG-Platform Benchtop LC-MS (positive ion electrospray
mass spectra, ESP�) spectrometer.


Figure 1. Absorption spectra of BQ (dash), Cl2BQ (dash dot), and CA
(solid) in MeCN.


Photochemical reactions : A solution of the quinone (5� 10ÿ3m) in
acetonitrile and (4-MeOC6H4)2CH2 (1� 10ÿ2m), kept in a pyrex vessel
capped with a rubber septum and fluxed with argon or oxygen, was
irradiated without cooling at the instrument operating temperature in a
Rayonet photoreactor (lexc� 310 ± 390 nm). After irradiation for 15 min
(BQ) or 10 min (Cl2BQ or CA), an internal standard was added, and the
raw photolysate was analyzed by 1H NMR spectroscopy. All products
formed were identified by comparison with authentic specimens. The
compounds 4,4'-dimethoxybenzhydrol [(4-MeOC6H4)2CHOH] (Aldrich),
4,4'-dimethoxybenzophenone (Aldrich), and tetrachlorohydroquinone
(CAH2, Sigma) were commercial products. The compound (4-
MeOC6H4)2CHCl was prepared by reaction of (4-MeOC6H4)2CHOH with
thionyl chloride; [(4-MeOC6H4)2CH]2O was prepared by reaction of (4-
MeOC6H4)2CHOH and (4-MeOC6H4)2CHCl in pyridine/MeCN. The
adduct (4-MeOC6H4)2CHOC6H4OH was isolated from the oxidation on a
preparative scale and characterized on the basis of the following spectral
data.
1H NMR (300 MHz, CDCl3, 20 8C): d� 7.3 ± 6.6 (m, 12 H; ArH), 5.58 (s,
1H; OH), 6.01 (s, 1H; CH); 13C NMR (300 MHz, CDCl3, 20 8C): d� 158.9,
152.3, 149.7, 133.8, 128.1, 117.4, 115.8, 113.8, 81.8, 55.2. A dimer of Cl2BQ
with the loss of HCl (C12H3Cl3O4) was isolated from the oxidation on a
preparative scale: 1H NMR (300 MHz, CDCl3, 20 8C): d� 7.19 (s, 1 H), 7.05
(s, 1 H), 5.78 (s, 1H); MS (15 V, ESP�): 317 [M�H]� .


Quantitative analysis of reaction products was performed by 1H NMR
spectroscopy. A good material balance was obtained in all experiments
(>80%). Further irradiation was avoided to limit photosensitized reactions
of the primary photoproducts. In the oxidation sensitized by BQ, the adduct
(4-MeOC6H4)2CHOC6H4OH was formed (7 %, yields referred to the
starting material). In the presence of oxygen, 4,4'-dimethoxybenzophenone
was formed (5 %). In the oxidation sensitized by Cl2BQ, the main products
observed were (4-MeOC6H4)2CHCl (7 %), [(4-MeOC6H4)2CH]2O (2%),
and the dimer of the sensitizer (5%). In the oxidation sensitized by CA, the
main products observed were (4-MeOC6H4)2CHOH (16 %), [(4-
MeOC6H4)2CH]2O (2%), and tetrachlorohydroquinone (14 %).


Laser flash photolysis : Excitation wavelengths of 355 nm from a Nd:YAG
laser (Continuum Surelite II, third harmonic, pulse width approximately
7 ns and energy<3 mJ per pulse)[13] and of 440 nm selected by a parametric
oscillator (OPO, Continuum, pulse width approximately 4 ns and energy
<3 mJ per pulse) pumped by the Nd:YAG laser were used in nanosecond
flash photolysis experiments. The transient spectra were obtained by a
point-to-point technique, and the optical density changes (DA) were
monitored after the flash at intervals of 5 ± 10 nm over the spectral range
300 ± 850 nm; there were on average at least ten decays at each wavelength.
The lifetime values (the time at which the initial signal is reduced to 1/e)
and the t1/2 values (the time at which the initial signal is halved) were
reported for transients; these values showed first-order and second-order
kinetics, respectively. The quantum efficiencies of transient formation were
measured by calibrating the experimental setup with optically matched
solutions of references: benzophenone (B) and CA in MeCN at excitation
wavelengths of 355 and 440 nm, respectively. Transient quantum yields
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(fTr) were obtained by use of the relationship [Eq. (1)] between quantum
yields (f), absorption coefficients (e), and changes of absorbance (DA),
measured at the corresponding absorption maxima of the transient (Tr) and
the reference (ref), namely triplet benzophenone (fT(B)� 1 and eT(B)�
6500mÿ1 cmÿ1 at 520 nm)[14] or triplet chloranil (fT(CA)� 1 and eT(CA)�
7700mÿ1 cmÿ1 at 520 nm).[15] The experimental errors on t1/2 and fTr were
estimated to be �10% and �15%, respectively.


fTr�fT(ref)
eT�ref�


eTr


DATr


DA�ref� (1)


All solutions flowed through a quartz photolysis cell while
argon was bubbled through them. All measurements were
carried out at 22� 2 8C.


Quantum mechanical calculations : The hybrid Hartree ±
Fock/DFT (density functional theory) method B3LYP was
used to study the charge and spin distributions of the radical
anions of quinones. In particular, the molecular structures
were optimized by the B3LYP/6-31G method, and the
Mulliken charges and spin densities of the radical anions
were determined by the B3LYP/6-311G(d,p) method of the
package Gaussian 98.[11]


Results and Discussion


Steady-state irradiation : The
main photoproducts obtained
by steady-state irradiation of
the quinone/(4-MeOC6H4)2CH2


systems are shown in Table 1,
together with the chemical
yield (%) obtained after fifteen
minutes (BQ) or ten minutes


(Cl2BQ or CA) of irradiation.
In particular, the adduct (4-MeOC6H4)2CHOC6H4OH (7 %,
yield refers to the starting material) was formed in the
oxidation of (4-MeOC6H4)2CH2 sensitized by BQ. In the
presence of oxygen, 4,4'-dimethoxybenzophenone (5%) was
formed. In the oxidation sensitized by Cl2BQ, the main
products formed were (4-MeOC6H4)2CHCl (7%) and a dimer
of the sensitizer (5%), which was probably derived from its
decomposition. A smaller amount of [(4-MeOC6H4)2CH]2O
(2 %) was also observed. In the oxidation sensitized by CA,
the main products observed were (4-MeOC6H4)2CHOH


(16 %), [(4-MeOC6H4)2CH]2O (2 %), and tetrachlorohydro-
quinone (14 %). It was shown that the ratio [(4-MeOC6H4)2-
CHOH]/[[(4-MeOC6H4)2CH]2O] decreases significantly with
the increase of the irradiation time, which suggests that the
alcohol is formed first and then converted to the ether under
the reaction conditions.


Laser flash photolysis


Triplet properties and quenching : The only transient formed
by laser irradiation of quinones in MeCN in the absence of
other additives was in the lowest triplet state T1 and showed
two broad absorption bands, one below 400 nm and the other
in the 400 ± 550 nm range; the triplet state decayed with a
lifetime on the microsecond timescale (Table 2).


Addition of (4-MeOC6H4)2CH2 significantly quenched the
state T1 with rate constants close to the diffusional limit, at
least for Cl2BQ and CA, the quenching rate constants of
which were measured. As shown in Table 2, these values are in
agreement with the high reduction potentials of the triplet


quinones. In the case of triplet BQ, this determination was
prevented by the strong overlap between the absorption
spectrum of T1 and those of the radicals (4-MeOC6H4)2CH .


and BQH . , which were also detected at low (4-
MeOC6H4)2CH2 concentrations because of their high absorp-
tion coefficients (see below).


BQ/(4-MeOC6H4)2CH2: Upon irradiation of BQ in the
presence of (4-MeOC6H4)2CH2 (1.5� 10ÿ2m) in MeCN, sig-
nals at 330, 350, 420, and 450 nm were observed within the
laser pulse (Figure 2). The signals at 330, 420, and 450 nm
decay significantly (second-order kinetics with t1/2� 0.71 ms
and 2k2� 4� 1010mÿ1 sÿ1, Table 3) between 0.16 to 1.3 ms after
the laser pulse, whereas the absorption at 350 nm practically
remains unchanged for the first 2 ms (see inset of Figure 2) and
decays with second-order kinetics with t1/2� 23 ms and 2k2�
6� 109mÿ1 sÿ1 (Table 3).


The short-lived transients produced within the laser pulse
are assigned to the radical ions BQ .ÿ (lmax� 330 and
420 nm)[16] and (4-MeOC6H4)2CH2


.� (lmax� 330 and
450 nm)[8] by comparing their absorption spectra with those
already reported. The electron-transfer process between
triplet BQ and the ground state of (4-MeOC6H4)2CH2 occurs
with a high efficiency (f� 0.72, Table 3). The long-lived
transient at 350 nm is assigned to (4-MeOC6H4)2CH . (lmax�


Table 1. Main photoproducts obtained by irradiation of Q in MeCN in the
presence of (4-MeOC6H4)2CH2 (Ar-saturated solutions unless otherwise
indicated).


Q photoproduct yield [%]


BQ (4-MeOC6H4)2CHOC6H4OH 7
(4-MeOC6H4)2CO[a] 5


Cl2BQ (4-MeOC6H4)2CHCl 7
C12H3Cl3O4 5
[(4-MeOC6H4)2CH]2O 2


CA (4-MeOC6H4)2CHOH 16
[(4-MeOC6H4)2CH]2O 2
C6Cl4(OH)2 14


[a] In oxygen-saturated solution.


Table 2. Triplet properties of quinones [absorption maxima, lmax , and lifetimes, tT], together with the quenching
rate constants (kq) for (4-MeOC6H4)2CH2 in MeCN and the redox properties of quinones.


Q lmax [nm] tT [ms] kq [1010mÿ1 sÿ1] E�ÿred (Q/Q .ÿ) [V vs SCE] E�ÿred (3Q*/Q .ÿ) [V vs SCE]


BQ 360, 410 1 [a] ÿ 0.50 1.80
Cl2BQ 390, 480 1 1.9 ÿ 0.18 2.52
CA 370, 510 3.5 2.8 0.02 2.72


[a] The strong overlap between the absorption spectra of triplet BQ, BQH . , (4-MeOC6H4)2CH . , and radical ions
together with the high absorption coefficient of (4-MeOC6H4)2CH . prevented the determination of a reliable
quenching rate constant (see text).
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Figure 2. Time-resolved absorption spectra obtained by laser photolysis of
BQ (2.8� 10ÿ2m) in the presence of (4-MeOC6H4)2CH2 (1.5� 10ÿ2m) in
MeCN (lexc� 355 nm). Inset: decay kinetics recorded at 350(1), 330(2),
410(3), and 500(4) nm.


350 nm, emax� 47 000mÿ1 cmÿ1)[17] and BQH . (lmax� 350 and
410 nm, e410� 6000mÿ1 cmÿ1; Figure 3).[18]


Figure 3. Normalized absorption spectra obtained by laser photolysis of
tert-butylperoxide (1.0� 10ÿ3m) in the presence of hydroquinone (triangles,
1.7� 10ÿ2m) and of 2,5-dichlorohydroquinone (circles, 2.7� 10ÿ2m) re-
corded in MeCN, 0.5 ms after the laser pulse (lexc� 355 nm).


We suggest that the forma-
tion of BQH . and (4-
MeOC6H4)2CH . is mainly due
to the occurrence of reac-
tion (2), a direct H-atom trans-
fer from the substrate to the
triplet, rather than a proton-
transfer reaction between the
two radical ions [Eq. (3)]. This
suggestion is supported by the
oxygen effect on the kinetic
properties of the transients re-
corded in air-equilibrated solu-
tion. In fact, the decay kinetics
of the radical ions are practi-
cally unaffected by molecular
oxygen, while the lifetime of
the radicals BQH . and (4-
MeOC6H4)2CH . is shortened
to approximately 100 ns. If the
radicals were produced mainly


by reactions of the radical ions, the upper limit of their
lifetime would correspond to that of the precursors (t1/2�
0.71 ms). Moreover, when 2.7� 10ÿ5m (4-MeOC6H4)2CH2


was irradiated, a concentration at which the triplet lifetime
of BQ (t� 500 ns) is much longer than the laser pulse, we
could observe that the signal at 350 nm (lmax for both radicals)
and that of the radical ions (f.i. at 450 nm) grew with kinetics
that correspond to the decay of triplet BQ measured at
380 nm (Figure 4). These kinetics clearly show that the triplet


Figure 4. Decay kinetics of BQ (2.8� 10ÿ2m) in the presence of (4-
MeOC6H4)2CH2 (2.7� 10ÿ5m) in MeCN recorded at 350(1), 380(2), and
450(3) nm (lexc� 355 nm).


BQ is a precursor of both the neutral and charged radicals.
The quantum yield of radicals directly produced by the triplet
BQ is 0.15 (Table 3).


3BQ*� (4-MeOC6H4)2CH2!BQH .� (4-MeOC6H4)2CH . (2)


BQ .ÿ� (4-MeOC6H4)2CH2
.�!BQH .� (4-MeOC6H4)2CH . (3)


Table 3. Spectral and kinetic properties of the transients of BQ, Cl2BQ, CA, and (4-MeOC6H4)2CH2 (1.5�
10ÿ2m) detected in MeCN, together with the quantum yields of formation.


Q transient l [nm] e [mÿ1 cmÿ1] t1/2 [ms] 2k2 [mÿ1 sÿ1] f


BQ[a] BQ .ÿ 330,420 6 000 0.71 3.6� 1010 0.72
(4-MeOC6H4)2CH2


.� 330,450 1 000 0.71 5.0� 1010 0.72
BQH . 350,410 6 000 23 5.3� 109 0.15[b]


(4-MeOC6H4)2CH . 350 47 000 23 6.6� 109 0.15[b]


(4-MeOC6H4)2CH� 505 120 000 22[c] 4.5� 104[d] � 0.006
Cl2BQ[e] Cl2BQ .ÿ 330,430 6 000[f] 0.86 4.0� 1010 1.0


(4-MeOC6H4)2CH2
.� 450 0.86 4.0� 1010 1.0


Cl2BQH . 355,425 22 0.03
(4-MeOC6H4)2CH . 350 22 8.5� 1010 0.03
(4-MeOC6H4)2CH� 505 � 0.007


CA[g] CA .ÿ 320,425,450 9 700 0.80 6.0� 1010 1.0
(4-MeOC6H4)2CH2


.� 450 0.80 6.0� 1010 1.0
(4-MeOC6H4)2CH� 505 23[c] 4.4� 104[d] 0.02
(4-MeOC6H4)2CH . < 0.01


[a] [BQ]� 2.8� 10ÿ2m. [b] This was f of radicals produced within the laser pulse; a further amount corresponding
to f� 0.05 (see text) was produced at longer delay times. [c] Lifetime in ms. [d] First-order decay rate constant in
sÿ1. [e] [Cl2BQ]� 1.2� 10ÿ3m. [f] Absorption coefficient of the analogous anion radical of 2,6-dichloro-1,4-
benzoquinone taken from ref. [16]. [g] [CA]� 3.2� 10ÿ3m.
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However, it is probable that a small amount of BQH . and
(4-MeOC6H4)2CH . also comes from reaction (3). This is
indicated by the observation that the signal at 350 nm
(absorption maximum for both the radicals BQH . and (4-
MeOC6H4)2CH .) remains constant for about 2 ms and then
decreases with a decay rate slower than the other transients.
The latter kinetic behavior suggests that the decay of the
radicals recorded at 350 nm is initially compensated by the
increase of the absorption of BQH . and especially of (4-
MeOC6H4)2CH . formed by reaction (3). Accordingly, the best
fit of the kinetics recorded at 350 nm for the BQ/(4-
MeOC6H4)2CH2 system, carried out by use of the second-
order laws that apply to the radicals produced directly from
triplet BQ (growth within the laser pulse and decay with t1/2�
23 ms) and those formed from the radical ions (growth with
t1/2� 0.71 ms and decay with t1/2� 23 ms), results in a yield of
radicals produced by radical ions of about 0.05 and therefore a
quantum yield of about 0.07 (0.05/0.72) for the proton-
transfer process. This value is significantly smaller than the
quantum yield of radicals (0.15) formed through reaction (2);
therefore, the proton-transfer process between radical ions
seems to be only a minor route for radical formation. The
quantum yield calculated for this process has to be considered
as a rough estimate; nevertheless we feel that it can be used to
compare the properties of BQ .ÿ with those of the radical
anions of the other quinones (see below).


The adduct (4-MeOC6H4)2CHOC6H4OH formed in the
photolysis experiment was likely to have been produced by
coupling of the two radicals (4-MeOC6H4)2CH . and BQH . .
When the photolysis was carried out in the presence of O2, a
fast reaction of (4-MeOC6H4)2CH . with O2 led to 4,4'-
dimethoxybenzophenone.


It is remarkable that the decay kinetics and the yield in
radicals were about the same in the absence and in the
presence of Bu4NClO4. Thus, it would seem that the salt does
not significantly affect the reactivity of the two radical ions. It
should be noted however that the huge absorption of the
radical species produced by reaction (2) can mask the salt
effect on the decay kinetics of this system.


Cl2BQ/(4-MeOC6H4)2CH2: The laser photolysis of (4-
MeOC6H4)2CH2 (1.5� 10ÿ2m) sensitized by Cl2BQ leads to
the time-resolved spectra in Figure 5a. Signals at 330, 420, and
440 nm are observed and are attributable to the pair of radical
ions (4-MeOC6H4)2CH2


.� (lmax� 330 and 450 nm) and
Cl2BQ .ÿ (lmax� 330 and 420 nm) formed with unitary effi-
ciency.[20] These transients decay by second-order kinetics
with a half-life of 0.86 ms and 2k2� 1� 1010mÿ1 sÿ1. For longer
delay times, absorption around 350 and 425 nm (Figure 3) is
also observed, which is assigned to both (4-MeOC6H4)2CH .


and Cl2BQH . ,[18] formed by reaction (4); these radicals decay
by second-order kinetics with a half-life of 22 ms and 2k2�
8.5� 1010mÿ1 sÿ1.


Cl2BQ .ÿ� (4-MeOC6H4)2CH2
.�!Cl2BQH .� (4-MeOC6H4)2CH . (4)


Furthermore, it is to be noted that the decay time of the
signal recorded at 350 nm, mainly due to the absorption of the


Figure 5. Time-resolved absorption spectra obtained by laser photolysis of
Cl2BQ (1.2� 10ÿ3m) in the presence of (4-MeOC6H4)2CH2 (1.5� 10ÿ2m) in
MeCN, recorded in the absence (a) and in the presence of Bu4NClO4 (3.0�
10ÿ2m) (b) (lexc� 355 nm).


radical (4-MeOC6H4)2CH . , depends on the concentration of
the ground state of the sensitizer Cl2BQ; this behavior
suggests the occurrence of a reaction (not investigated in
detail) that is likely to result from the attack of the radical on
the unsubstituted position of the ring of Cl2BQ. This makes
the Cl2BQ/(4-MeOC6H4)2CH2 system much more complex
than the other two, for which the interaction reaction between
(4-MeOC6H4)2CH . and the sensitizer was not observed. In
fact, a quenching rate constant of 3� 107mÿ1 sÿ1 was deter-
mined from the linear trend of the observed decay rate
constant versus [Cl2BQ]. Thus, the concentration of Cl2BQ
used in this work was kept low enough so that there was a
negligible interaction with (4-MeOC6H4)2CH . , especially for
transient measurements, for which the quantum yields and the
rate constants were determined.


Somewhat similar behavior was observed in the presence of
Bu4NClO4 (Figure 5b). Formation of the two radical ions and
of the two neutral radicals Cl2BQH . and (4-MeOC6H4)2CH .


was again observed. Under such conditions, the yield of
Cl2BQH . and (4-MeOC6H4)2CH . was sufficiently high (f�
0.11), and it was possible to see an increasing amount of these
radicals coupled with the decay of the radical ions, according
to reaction (4). The effect of the concentration of Bu4NClO4


on the yield of radicals is shown in Figure 6. These results
contrast with those found for the BQ system, in which the
yields of radicals are not affected by Bu4NClO4.


The radicals Cl2BQH . and (4-MeOC6H4)2CH . were ex-
pected to form the adduct (4-MeOC6H4)2CHOC6H2Cl2OH as
in the previous case. However, no such adduct was observed in
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Figure 6. Effect of the concentration of Bu4NClO4 on the absorbance
changes recorded at 350 nm of Cl2BQ (1.2� 10ÿ3m) in the presence of (4-
MeOC6H4)2CH2 (1.3� 10ÿ2m) in MeCN (lexc� 355 nm).


the reaction products; the only observed products are (4-
MeOC6H4)2CHCl, C12H3Cl3O4, and [(4-MeOC6H4)2CH]2O.
We suggest that under the reaction conditions the adduct
decomposes mainly to form (4-MeOC6H4)2CHCl by reacting
with HCl produced by decomposition of the sensitizer
(indicated by the presence of the sensitizer dimer
C12H3Cl3O4). However, it cannot be excluded that at the
relatively high concentration of Cl2BQ used in the photo-
chemical experiments the products might be derived from the
attack of (4-MeOC6H4)2CH . on Cl2BQ.


CA/(4-MeOC6H4)2CH2: In the reaction of (4-MeOC6H4)2CH2


(1.5� 10ÿ2m) photosensitized by CA we obtain time-resolved
spectra (Figure 7a), in which the formation of the two radical
ions CA .ÿ[21] and (4-MeOC6H4)2CH2


.� (f� 1.0) is clearly
observed just after the laser pulse (lmax� 330, 420, and
450 nm); these transients decay by second-order kinetics with
t1/2� 0.80 ms and 2k2� 6� 1010mÿ1 sÿ1.


At longer delay times, a small absorption at 505 nm due to
(4-MeOC6H4)2CH� is present. The carbocation, formed with
an efficiency of 0.016, decays with first-order kinetics (t�
23 ms).[22]


In the presence of Bu4NClO4, again the formation of the
two radical ions is observed (Figures 7b and 8). Furthermore,
their decay leads to the formation of an intense signal
centered at 505 nm due to (4-MeOC6H4)2CH� obtained in
reaction (5); in fact, the decay of the ion radicals, recorded at
450 nm (t1/2� 2.7 ms and 2k2� 1.8� 1010mÿ1 sÿ1, Figure 9), is
coupled with an increase in the amount of the cation. Clearly,
the reaction between the radical cation and the radical anion
is a hydrogen atom transfer reaction [Eq. (5)], the efficiency
of which appears to be significantly increased by the presence
of the added salt (f� 0.12 at 3� 10ÿ2m Bu4NClO4, Ta-
ble 4).[22] The lifetime of the cation remains at approximately
23 ms, even in the presence of the salt. The absorption
spectrum of the anion CAHÿ (lmax� 320 and 450 nm)[9, 10]


was also obtained at long delay times, at which the radical
ions were completely decayed.


CA .ÿ� (4-MeOC6H4)2CH2
.�!CAHÿ� (4-MeOC6H4)2CH� (5)


Figure 7. Time-resolved absorption spectra obtained by laser photolysis of
CA (3.2� 10ÿ3m) in the presence of (4-MeOC6H4)2CH2 (1.5� 10ÿ2m) in
MeCN, recorded in the absence (a) and in the presence of Bu4NClO4 (3.0�
10ÿ2m) (b) (lexc� 355 nm).


Figure 8. Effect of the concentration of Bu4NClO4 on the absorbance
changes recorded at 505 nm of CA (3.2� 10ÿ3m) in the presence of (4-
MeOC6H4)2CH2 (1.5� 10ÿ2m) in MeCN (lexc� 355 nm).


Reaction mechanism : The main reaction pathways of the
quinone/(4-MeOC6H4)2CH2 systems, identified by both the
steady-state and transient techniques in oxygen-free solution
are summarized in Scheme 2. The decay rate constants and
the formation quantum yields of the transients detected by
laser flash photolysis allowed the second-order decay rate
constants for the decay of the radical ions to be determined
(Table 5).


The decay processes of radical ions corresponding to back
electron transfer, proton transfer, and hydrogen transfer
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Figure 9. Decay kinetics obtained by laser photolysis of CA (3.2� 10ÿ3m)
in the presence of (4-MeOC6H4)2CH2 (1.5� 10ÿ2m) in MeCN, recorded at
450 nm in the absence (1) and in the presence of Bu4NClO4 (3.0� 10ÿ2m)
(2) (lexc� 355 nm).


Scheme 2. A summary of the main reaction pathways of the quinone/(4-
MeOC6H4)2CH2 system.


(steps 2, 4, and 6 of Scheme 2, respectively) were kinetically
characterized for the three quinones by Equation (6).


2k2(i)� 2k2(RI)�f(i)/f(RI) (6)


In this equation, 2k2(RI) stands for the overall second-order
rate constant of the radical ions, and f(i) and f(RI) represent
the quantum yields of the i-fold step and of the formation of
radical ions, respectively (Tables 3 and 4). The efficiency of
step 2 was calculated by use of relationship (7); this is
supported by the lack of transient species that provide
evidence for further decay pathways of radical ions.


f(2)� 1ÿf(4)ÿf(6) (7)


The interaction between triplet quinones and (4-
MeOC6H4)2CH2 efficiently produces radical ions (step 1) with
f� 0.72; only in the case of BQ does a parallel hydrogen-
transfer process (step 3) occur with f� 0.15. In the absence of
salts, the main decay process of the radical ions is the diffusion
controlled back electron transfer process (2k2� 3.9 ± 5.9�
1010mÿ1 sÿ1), with slightly higher rate constants in the case of
CA. The other decay processes (steps 4 and 6) have rate
constants that are much smaller than that for step 2 by at least
one order of magnitude: 2k2(4)� 0.3� 1010mÿ1 sÿ1 and
2k2(6)� 0.12� 1010mÿ1 sÿ1. In fact, the proton-transfer process
(step 4) is operative for BQ and Cl2BQ, while the hydrogen-
transfer process (step 6) is only for CA.


The second-order decay kinetics of the radicals produced
by steps 3 and 4 suggest that their main decay process is the
recombination (step 5) with formation of the adduct. This was
also shown from steady-state experiments of BQ, in which
irradiation of free-oxygen solutions allowed us to isolate the
photoproduct (4-MeOC6H4)2CHOC6H4OH. In the case of
Cl2BQ, the products isolated are probably derived from the
decomposition of the first adduct formed (4-MeOC6H4)2-
CHOC6H2Cl2OH, which, however, was not observed among
the photoproducts (see above).


Instead, the cation (4-MeOC6H4)2CH� formed by CA
through step 6 decays with first-order kinetics; this is likely
to be through a reaction, with small traces of water still
present in the solvent (step 7), to form the alcohol (4-
MeOC6H4)2CHOH. In an analogous way to the case of
benzylic alcohols,[23] (4-MeOC6H4)2CHOH is likely to react
with the cation (4-MeOC6H4)2CH� to produce the ether [(4-
MeOC6H4)2CH]2O.


For BQ in the presence of Bu4NClO4 (3� 10ÿ2m), the decay
processes were essentially unchanged with respect to those
recorded in the absence of the salt, but small effects on the
rate constants of steps 2 and 4 could be hidden by the high
amount of radicals produced through triplet BQ.


Table 4. Spectral and kinetic properties of the transients of Cl2BQ, CA, and (4-
MeOC6H4)2CH2 (1.5� 10ÿ2m) detected in MeCN in the presence of Bu4NClO4


(3� 10ÿ2m), together with the quantum yields of formation.


Q transient l [nm] t1/2 [ms] 2k2 [mÿ1 sÿ1] f


Cl2BQ[a] Cl2BQ .ÿ 325, 430 2.2 1.1� 1010 1.0
(4-MeOC6H4)2CH2


.� 450 2.2 1.1� 1010 1.0
(4-MeOC6H4)2CH . 350 6.0 7.1� 1010 0.11
(4-MeOC6H4)2CH� < 0.007


CA[b] CA .ÿ 320, 425, 450 2.7 1.8� 1010 1.0
(4-MeOC6H4)2CH2


.� 450 2.7 1.8� 1010 1.0
(4-MeOC6H4)2CH� 505 23[c] 4.4� 104 [d] 0.10
(4-MeOC6H4)2CH . < 0.03


[a] [Cl2BQ]� 1.2� 10ÿ3m. [b] [CA]� 3.2� 10ÿ3m. [c] Lifetime in ms. [d] First-
order decay rate constant in sÿ1.


Table 5. Second-order decay rate constants [1010mÿ1 sÿ1] of Q .ÿ and (4-
MeOC6H4)2CH2


.� in MeCN in the absence and in the presence of
Bu4NClO4 (3� 10ÿ2m) (see Scheme 2).[a]


Q Without Bu4NClO4 With 3� 10ÿ2m Bu4NClO4


2k2(2) 2k2(4) 2k2(6) 2k2(2) 2k2(4) 2k2(6)


BQ (4.0) (0.30) � 0.04
Cl2BQ 3.9 0.12 � 0.03 0.98 0.12 � 0.02
CA 5.9 � 0.06 0.12 1.6 � 0.06 0.18


[a] Values in parentheses were calculated by using the formation quantum
yield of radicals from radical ions (f� 0.05) estimated by fitting procedures
(see text).







FULL PAPER F. Elisei et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3012 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143012


On the other hand, for Cl2BQ and CA in the presence of
Bu4NClO4 (3� 10ÿ2m), the quantum yields of the electron-
transfer process were unchanged (unitary), while the half-life
of the radical ions increased from approximately 0.8 ms to
approximately 2.5 ms (Tables 3 and 4). This behavior is similar
to that already found in the photoinduced electron transfer
between 1,4-dicyanonaphthalene and trans-stilbene or 4,4'-
dimethoxybiphenyl by addition of magnesium perchlorate.[24]


The longer decay times recorded in the presence of salts
suggest that the formation of complexes between the charged
species (radical ions and salt ions) takes place. In our case,
such complexes slow down the rate of the back electron
transfer process by a factor of 4 (Table 5). This explains the
significant increase in the quantum yields observed in the
presence of Bu4NClO4 for the production of radicals from
Cl2BQ .ÿ and (4-MeOC6H4)2CH2


.� [Eq. (4)] and of ions from
CA .ÿ and (4-MeOC6H4)2CH2


.� [Eq. (5)]. If we also took the
experimental errors into account, a negligible salt effect was
observed on the rate constants of the proton- and hydrogen-
transfer processes (Table 5).


Quantum mechanical calculations : In order to try to under-
stand the effect of chlorine atoms on the reactivity of the
anion radicals of benzoquinone, ab initio quantum mechanical
calculations were carried out to determine Mulliken charges
and spin densities of the anion radicals by the model B3LYP/
6-311G(d,p), after geometrical optimization with B3LYP/6-
31G. The results of such calculations are compiled in Table 6
together with those already reported for BQ .ÿ . In practice,
except for the charge on C1 and C4 (0.16 instead of 0.30) the
present charge distribution and spin densities are very close to
those already obtained by PWP86/6-311G(2d,p) calcula-
tions.[24] As shown in Table 6, the main effect of the increasing
number of chlorine atoms in the quinone structure is to
increase the positive charge on C1 and C4 (0.16 and 0.39 for
BQ .ÿ and CA .ÿ , respectively) and to reduce the negative
charges on the oxygen atoms (ÿ0.48 and ÿ0.38 for BQ .ÿ and
CA .ÿ , respectively). Instead, the spin density shown in the last
column of Table 6 is quite high and constant on the oxygen
atoms (0.3) and relatively small on the other atoms. Thus, the


Mulliken charges are signifi-
cantly affected by the presence
and number of chlorine sub-
stituents, while the spin densi-
ties are not.


On the basis of these calcu-
lations, the different reactivity
of the three radical anions of
quinones appears therefore to
be mainly due to the decrease of the negative charge on the
oxygen atoms. In particular, the low negative charge on the
oxygen of CA .ÿ is probably responsible for the fact that this
radical anion does not act as a base, but reacts with (4-
MeOC6H4)2CH2


.� by means of a hydrogen-transfer process
(step 6 of Scheme 2); instead, for BQ .ÿ and Cl2BQ .ÿ the
charge is sufficiently high for a fast proton-transfer process
(step 4 of Scheme 2). These properties were more evident in
the presence of salts, for which the back electron transfer
process was less efficient.


Conclusion


This study has shown that the compound (4-MeOC6H4)2CH2


is a suitable substrate to investigate the reactivity of radical
ions because its transients (4-MeOC6H4)2CH2


.� , (4-
MeOC6H4)2CH . , and (4-MeOC6H4)2CH� are easily detect-
able as a result of their well-separated absorption spectra and
high absorption coefficients. In fact, the electron-transfer
mechanism is operative with all sensitizers, as already found
for CA .ÿ , even if the direct hydrogen-transfer reaction from
the substrate to triplet BQ is a competitive process.


The results suggest that in CA .ÿ , the negative charge is so
efficiently delocalized that hydrogen-atom transfer from the
radical cation prevails over the most common proton-transfer
process. Instead, for BQ .ÿ and Cl2BQ .ÿ the negative charge on
the oxygen atoms means that the basicity of the radical anion
is sufficient and so the proton-transfer process is the dominant
one (Table 5). This suggestion is supported by the Mulliken
charges and spin densities obtained for the radical anions of
quinones by ab initio calculations with the model B3LYP/6-
311G(d,p).


The photoproducts sensitized by BQ and CA in steady-state
experiments are in agreement with the nature of the transients
(radicals and ions, respectively) detected by laser flash
photolysis. In the case of Cl2BQ, the photoreactivity appears
much more complex probably because the stable products
originate from the unstable primary photoadduct and sub-
stantial decomposition of the sensitizer took place.
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High-Spin Iron(ii) as a Semitransparent Partner for Tuning Europium(iii)
Luminescence in Heterodimetallic d ± f Complexes


Carine Edder,[a] Claude Piguet,*[a] Jean-Claude G. Bünzli,[b] and GeÂrard Hopfgartner[c]


Abstract: The segmental ligand 2-{6-
(N,N-diethylcarbamoyl)pyridin-2-yl}-1,1'-
dimethyl-5,5'-methylene-2'-(6-methylpy-
ridine-2-yl)bis[1H-benzimidazole] (L3)
reacts with a stoichiometric mixture of
LnIII (Ln�La, Eu, Gd) and MII (M�
Zn, Fe) in acetonitrile to produce selec-
tively the heterodimetallic triple-strand-
ed helicates (HHH)-[LnM(L3)3]5�. In
these complexes, MII is pseudooctahe-
drally coordinated by the three wrapped
bidentate binding units, thus forming a
noncovalent tripod which organizes the
three unsymmetrical tridentate seg-
ments to give ninefold coordination to
LnIII. The introduction of a methyl group
at the 6 position of the terminal pyridine
in L3 sterically reduces the complexing
ability of the bidentate segment for MII.


Spectroscopic (ESI-MS, UV/Vis/NIR,
NMR), magnetic and electrochemical
measurements show that 1) the head-to-
head-to-head triple helical complexes
(HHH)-[LnM(L3)3]5� are quantitatively
formed in solution only for ligand con-
centrations larger than 0.01m, 2) FeII


adopts a pure high-spin electronic con-
figuration in (HHH)-[LnFe(L3)3]5�, and
3) the FeII/FeIII oxidation process is pre-
vented by steric constraints. Detailed
photophysical studies of (HHH)-[Eu-
Zn(L3)3]5� confirm that the pseudotri-


capped trigonal-prismatic lanthanide co-
ordination site is not affected by the
methyl groups bound to the terminal
pyridine, thus leading to significant Eu-
centered emission upon UV irradiation.
In (HHH)-[EuFe(L3)3]5�, a resonant
intramolecular Eu!FeII


hs energy trans-
fer partially quenches the Eu-centered
luminescence; however, the residual red
emission demonstrates that high-spin
iron(ii) is compatible with the sensitiza-
tion of EuIII in heterodimetallic d ± f
complexes. The influence of the elec-
tronic configuration of FeII on the effi-
ciency of EuIII!FeII energy-transfer
processes is discussed together with its
consequence for the design of optically
active spin-crossover supramolecular
devices.


Keywords: energy transfer ´ iron ´
helical structures ´ heterodimetallic
complexes ´ lanthanides ´
luminescence


Introduction


The selective introduction of one d- and one f-block ion into
the same molecular or supramolecular edifice has attracted


much attention for the elucidation of weak magnetic inter-
actions mediated either by direct overlaps between the
metallic orbitals or by superexchange pathways.[1] Less
interest has been focused on intermetallic d ± f communica-
tion mediated by mechanical coupling between the coordina-
tion sites[2] or by intramolecular energy transfers.[3] The
exchange mechanism proposed by Dexter[4] implies a dou-
ble-electron exchange between donor and acceptor which
critically depends on orbital overlaps. It is thus limited to short
distances and involves the atoms (or ligands) directly coordi-
nated to LnIII.[5] At larger distances, through-space multipolar
Förster-type mechanisms[6] are invoked to rationalize d$ f
energy transfers which are then controlled by spectral overlaps
between the emission spectrum of the donor and the
absorption spectrum of the acceptor.[7] Förster energy trans-
fers that are limited to dipole ± dipole interactions have been
extensively used to estimate the distance between fixed or
rapidly diffusing d ± f or f ± f pairs in several heterodimetallic
edifices, but only few systematic variations of the acceptor
have been reported, except for CrIII and CoIII ions which
possess adequate energy levels for the efficient quenching of
EuIII or TbIII luminescence.[3, 8] Iron(ii) (d6) is a promising
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versatile acceptor in heterodimetallic d ± f complexes because
it displays two different electronic configurations with differ-
ent optical characteristics depending on the ligand field
strength in pseudooctahedral complexes (i.e. diamagnetic
low-spin (1A1 in Oh symmetry) and paramagnetic high-spin
(5T2)).[9] Low-spin iron(ii) (FeII


ls) in [Fe(a,a'-diimine)3]2� and
in [Fe(terimine)2]2� complexes displays an intense metal-to-
ligand charge-transfer (MLCT) transition at �18 000 cmÿ1


which is responsible for the red to violet color of the
complexes, together with d ± d transitions of weaker inten-
sities in the same energy domain.[10] A weaker MLCT
transition is found at significantly higher energy
(�25 000 cmÿ1) for related yellow to orange high-spin iron(ii)
(FeII


hs) complexes, while the d ± d transitions are shifted
toward lower energy and appear in the near-IR domain.[10, 11]


According to these characteristics, we expect that resonant
EuIII!FeII energy transfers will strongly depend on the spin
state of iron(ii) to lead to a precise control of the Eu-centered
emission by the remote d-block ion. Since spin-crossover
processes in pseudooctahedral iron(ii) complexes with a,a'-
diimine ligands can be triggered by various external stimuli
(temperature, pressure, light),[9, 12] it would be theoretically
possible to use EuIII as an internal reporter of these changes,
as recently described for related Eu, Tb, and Yb complexes
that function as luminescent probes for the quantitative
detection of analytes (O2, H�, Clÿ, OHÿ, Na�, acetate, etc.).[13]


We have recently reported that FeII displays a thermally
induced spin-transition in the heterodimetallic complexes
(HHH)-[LnFe(L1)3]5� (Scheme 1), with a critical temperature
TC around room temperature.[2] The minor variations in the


Scheme 1. The ligands L1 ± L3 (top) and the heterodimetallic complex
(HHH)-[LnFe(L1)3]5� (bottom).


size of LnIII along the lanthanide series allows the fine tuning
of the thermodynamic parameters of the spin-state equilibria.
However, an efficient intramolecular EuIII!FeII


ls energy
transfer precludes the detection of Eu-centered luminescence,
even at the highest accessible temperature for which the
fraction of FeII


hs is maximum (>0.5).[2] To investigate EuIII!
FeII


hs energy transfer processes in these systems, pure high-
spin FeII complexes that contain a noncovalent tripod at room
temperature must be prepared. As a first attempt toward this
goal, we connected an electron-withdrawing sulfonamide
group at the 5 position of the pyridine ring of the bidentate
segment in L2 to reduce the ligand-field strength of the FeII


coordination site in (HHH)-[LnFe(L2)3]5�. Unfortunately, s/p
compensating effects produced only a minor decrease of Tc


(DT� 20 K with respect to (HHH)-[LnFe(L1)3]5�) which was
incompatible with the production of pure high-spin FeII


tripods.[2] We report herein an alternative approach in which
the connection of a methyl group at the 6 position of the
pyridine ring in L3 sterically prevents the contraction of the
FeÿN bonds required for the formation of FeII


ls in (HHH)-
[LnFe(L3)3]5�.[10, 14] Particular attention has been focused on
the thermodynamic properties of these metallosupramolecu-
lar assemblies containing poorly coordinating FeII


hs, together
with a complete characterization of the consequences of
intermetallic communications on the magnetic and optical
properties of the final complexes.


Results and Discussion


Synthesis of the ligand L3 : The heterotopic ligand 2-{6-(N,N-
diethylcarbamoyl)pyridin-2-yl}-1,1'-dimethyl-5,5'-methylene-
2'-(6-methylpyridine-2-yl)bis[1H-benzimidazole] (L3) consists
of two distinct benzimidazole ± pyridine segments separated
by a methylene spacer. The tridentate binding unit possesses
an extra carboxamide group bound to the 6 position of the
pyridine ring, while a methyl group occupies the symmetry-
related position in the bidentate binding unit. L3 is obtained in
three steps from the unsymmetrical synthon 1 according to the
usual multistep strategy based on a modified Philips reaction
for the preparation of benzimidazole rings from the bis-[N-(2-
nitroarene)-carboxamide] precursor 3 (Scheme 2).[2, 15, 16]


Self-assembly processes with L3 : As previously reported for L1


and L2, L3 possesses a tridentate segment coded for the
coordination of LnIII (two heterocyclic nitrogens and one
amide oxygen), while the bidentate segment (two heterocyclic
nitrogens) is coded for soft MII metal ions.[2, 15] This architec-
tural concept selectively and quantitatively produces head-to-
head-to-head heterodimetallic triple-stranded helicates
(HHH)-[LnM(Li)3]5� (i� 1, 2) under stoichiometric condi-
tions both in solution and in the solid state, as demonstrated
by the crystal structures of (HHH)-[EuZn(L1)3]5�,[15] (HHH)-
[LaFe(L1)3]5�, and (HHH)-[EuZn(L2)3]5� (Scheme 1).[2] The
three ligand strands are wrapped around the helical axis
defined by the metals to produce a pseudotricapped trigonal-
prismatic site for ninefold coordination of LnIII and a facial
pseudooctahedral site for MII. We expect that the methyl
group bound to the 6 position of the terminal pyridine ring in







FULL PAPER C. Piguet et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3016 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143016


Scheme 2. Synthesis of L3.


L3 produces enough steric bulk in (HHH)-[LnM(L3)3]5� to
force MII�FeII to adopt a pure high-spin electronic config-
uration. However, the associated decrease in stability of the
final complexes may severely affect the strict self-assembly
process. A complete characterization of the energy hypersur-
face of the assembly processes involving L3 is thus required
and we have used the usual combination[17] of ESI-MS
titrations for qualitative speciation,[18] spectrophotometry for
the subsequent quantitative analysis,[19] and 1H NMR to
investigate solution structures.


Homometallic complexes of L3 with LaIII and ZnII : Titrations
of L3 (10ÿ4m in acetonitrile) with La(ClO4)3 ´ 8 H2O were
followed by spectrophotometry (stoichiometric ratios
La:L3� 0 ± 2.0). The absorption spectra display a complicated
variation with end points for La:L3� 0.3, 0.5, and 0.7; this is in
contrast with the smooth evolution observed for L1 under the
same conditions.[15] The absence of isobestic points suggests
the formation of at least three different absorbing species,
which is confirmed by factor analysis.[20] The spectrophoto-
metric data can be fitted to the equilibria given in Equa-
tions (1) and (2).[21]


La3� � 3L3 > [La(L3)3]3�, log bLa
13 � 17.7(3) (1)


2La3�� 3L3 > [La2(L3)3]6�, log bLa
23 � 22.9(3) (2)


Compared to L1 for which log bLa
13 � 19.6(5) and logbLa


23 �
27.5(9),[15] the stability constants are reduced by two and five


orders of magnitude, respectively. However, they are in
agreement with those reported for L2 (log bLa


13 � 15.1(4) and
logbLa


23 � 20.1(4))[2] which possesses a strong electron-with-
drawing sulfonamide group bound to the terminal pyridine
ring. Variable-temperature 1H NMR titration of L3 (1.43 mm
in CD3CN) by LaIII reveals complicated dynamic processes
which are fast enough at 60 8C to give resolved NMR spectra
with 20 signals for La:L3� 0.33 (see Supporting Information;
Table S1). Nuclear Overhauser effects (NOEs) observed
between H12-Me3 and H14-H17, 18 imply a cis ± cis conformation
of the tridentate binding unit resulting from its threefold
coordination to LaIII. A related NOE observed between Me1 ±
Me2 corresponds to a transoid arrangement of the uncoordi-
nated bidentate binding unit as similarly found in L3. We
conclude that the three tridentate binding segments are
meridionally coordinated to LaIII in [La(L3)3]3� as similarly
reported for [La(L2)3]3�.[2] However, the enantiotopic charac-
ter of H7, 8, H15,16, and H17, 18 implies a fast interconversion
between the facial and meridional conformers and/or between
the helical facial enantiomers on the NMR timescale. For
La:L3� 0.5, the 20 resolved signals are still observed at 60 8C
but at slightly different chemical shifts compared to those of
[La(L3)3]3�. The subsequent addition of metal (La:L3� 0.66)
results in a significant broadening which prevents further
interpretation of the spectra. This probably reflects dynamic
exchange processes that involve [La(L3)3]3� and [La2(L3)3]6�.
For larger La:L3 ratios (La:L3� 2:1), the quantitative forma-
tion of the final complex [La2(L3)3]6� leads to 20 resolved
signals at room temperature. NOEs between H12 ± Me3, H14 ±
H17, 18 and H3 ± Me2 imply the coordination of the two different
binding units to LaIII which is compatible with a mixture of
(HHH)-[La2(L3)3]6� and (HHT)-[La2(L3)3]6� exhibiting fast
interconversion on the NMR time scale. This behavior
strongly contrasts with the successive formation of four
complexes with L1 ([La(L1)3]3�, [La2(L1)3]6�, [La2(L1)2]6�,
and [La3(L1)2]9�)[15] which exist under slow dynamic equilibria
on the NMR time scale. This difference can be traced back to
the specific connection of the terminal methyl group which
significantly reduces the complexing ability of the bidentate
unit for LaIII when going from L1 to L3.


Spectrophotometric titrations of L3 (10ÿ4m in acetonitrile)
with Zn(ClO4)2 ´ 7 H2O suggest that at least three absorbing
species are necessary to reproduce the experimental data
which can be satisfyingly fitted to the equilibria given in
Equations (3) and (4):


Zn2� � 2 L3> [Zn(L3)2]2�, log bZn
12 � 12.2(5) (3)


2Zn2�� 2 L3> [Zn2(L3)2]4�, log bZn
22 � 17.3(5) (4)


Previous titrations with L1 under the same conditions led to
a different speciation ([Zn(L1)3]2�, [Zn2(L1)3]4�, and
[Zn2(L1)2]4�)[15] which exemplifies the drastic change occur-
ring in the assembly processes when the methyl group of the
terminal pyridine ring is shifted from the 5 position in L1 to the
6 position in L3. Moreover, logbZn


22 is reduced for [Zn2(L3)2]4�


by four orders of magnitude. This indicates that the bidentate
binding unit of L3 also displays poor coordinating properties
for d-block ions. Variable-temperature 1H NMR titrations at a
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higher concentration (12 mm in CD3CN) reveal a complicated
behavior involving dynamic processes. For ZnII :L3� 1:2,
chemical exchanges at ÿ40 8C are slow enough to give a
well-resolved spectrum with 46 signals that correspond to two
nonequivalent ligands. The diastereotopic characters of H7, 8,
H15, 16, and H17, 18 show the chirality of [Zn(L3)2]2� in agree-
ment with a ZnII ion pentacoordinated by one bidentate and
one tridentate unit of each ligand. For ZnII:L3� 1.0, 24 well-
resolved signals are observed and a detailed analysis estab-
lishes that (HT)-[Zn2(L3)2]4� adopts a C2-symmetrical head-
to-tail double-helical structure, very similar to that reported
for [Zn2(L1)2]4� (interstrand NOEs observed between Me1


and Me4, see Supporting Information, Table S1).[15]


Heterodimetallic complexes of L3 with LaIII and MII (M�Zn,
Fe): ESI-MS titrations of L3 (10ÿ4m in acetonitrile) with an
equimolar mixture of La(ClO4)3 ´ 8 H2O and M(ClO4)2 ´ 6 H2O
(M�Zn, Fe) show the formation of the heterodimetallic
species [LaM(L3)3]5�, together with significant signals corre-
sponding to homometallic
d-block complexes [M(L3)3]2�,
[M(L3)2]2�, and [M2(L3)2]4�


(M�Zn, Fe, see Supporting
Information, Table S2). For the
ZnII/LaIII system, spectrophoto-
metric titrations under similar
conditions and for metal:L3�
0 ± 2.0 (metal concentration�
Ln concentration�Zn concen-
tration) display complicated
variations with no sharp end-
point. This is in agreement with
several absorbing species, as
suggested by ESI-MS data.
The great similitude between
the reconstructed UV spectra
prevents the determination of
the stability constants, but
1H NMR titrations show the
quantitative formation of the
heterodimetallic complex
(HHH)-[LaZn(L3)3]5� for
LaIII :ZnII :L3� 1:1:3 and total
ligand concentrations greater
than 10 mm. The 1H NMR spec-
tra of (HHH)-[LnZn(L3)3]5�


(Ln�La, Eu) display 23 signals
corresponding to three equiva-
lent ligands on the NMR time-
scale. Intrastrand (H3 ± Me2,
H12 ± Me3, H17, 18 ± H14) and in-
terstrand (H5 ± Me3, H4 ± Me3,
H10 ± Me2, and H11 ± Me2) NOEs
associated with 1) large upfield
shields for H6 (Dd�
ÿ2.30 ppm) and H9 (Dd�
ÿ1.88 ppm) occurring upon
complexation in (HHH)-[LaZn-
(L3)3]5� and 2) diastereotopic


characters for H7, 8, H15, 16, and H17, 18, are diagnostic for the
formation of the head-to-head-to-head C3-symmetrical triple-
helical complexes (HHH)-[LnZn(L3)3]5� in which ZnII is
pseudooctahedrally coordinated by the three bidentate bind-
ing units and ninefold coordination of LnIII in a pseudotri-
capped trigonal-prismatic environment (Scheme 1, Fig-
ure 1).[2, 15] However, for metal:L3� 0.33, the heterodimetallic
complex is progressively replaced by (HT)-[Zn2(L3)2]4� which
strongly contrasts with the behavior of L1 for which (HHH)-
[LnZn(L1)3]5� complexes remain intact in the presence of
excess ZnII.[15] Moreover, the dilution of a concentrated
solution of (HHH)-[LaZn(L3)3]5� in acetonitrile shows the
appearance of detectable amounts of homometallic com-
plexes (>3 %) for a total ligand concentration smaller than
7 mm. This confirms the weaker stability of the heterodime-
tallic complex (HHH)-[LaZn(L3)3]5� compared to (HHH)-
[LaZn(L1)3]5�.[15] We conclude that the sterically constrained
bidentate binding unit in L3 severely limits the coordination
possibilities of the bidentate segment and the quantitative


Figure 1. 1H NMR spectra of a) (HHH)-[LaZn(L3)3]5� and b) (HHH)-[LaFe(L3)3]5� in CD3CN (298 K).
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formation of the head-to-head-to-head complexes (HHH)-
[LnZn(L3)3]5� requires strict stoichiometric conditions and a
total ligand concentration greater than 10 mm.


Surprisingly, spectrophotometric titrations of L3 (10ÿ4m in
acetonitrile) with an equimolar mixture of La(ClO4)3 ´ 8 H2O
and Fe(ClO4)2 ´ 6 H2O display a sharp end-point for a metal to
L3 ratio of 0.33. This suggests that the heterodimetallic
complex (HHH)-[LaFe(L3)3]5� is selectively produced in
solution which contrasts with the intricate mixtures observed
for similar titrations performed with LaIII/ZnII (Figure 2). The


Figure 2. a) Variation of absorption spectra observed for the spectro-
photometric titration of L3 (10ÿ4m in acetonitrile) with an equimolar
mixture of La(ClO4)2 ´ 8 H2O and Fe(ClO4)2 ´ 6 H2O at 293 K. b) Corre-
sponding variation of observed molar extinctions at 10 different wave-
lengths ([M]� concentration La� concentration Fe).


great similitude between the reconstructed UV spectra again
prevents a reliable determination of stability constants and we
suspect that the selective formation of (HHH)-[LaFe(L3)3]5�


mainly results from a decrease in the stability of the
competitive FeII homometallic species in solution. 1H NMR
titrations confirm that (HHH)-[LaFe(L3)3]5� is the only
significant species in solution for Ln:Fe:L3� 1:1:3 and a total
ligand concentration greater than 3� 10ÿ4m. As similarly
found for (HHH)-[LnZn(L3)3]5�, the 1H NMR spectra of the
paramagnetic complexes (HHH)-[LnFe(L3)3]5� (Ln�La, Eu)
display 23 signals, but spread over 90 ppm as a result of the
paramagnetic shifts induced by the rapidly relaxing pseu-
dooctahedral high-spin FeII (see Supporting Information,
Table S1; Figure 1).[22] The slightly broadened NMR signals
of the tridentate binding unit were assigned by means of two-
dimensional correlation {1H ± 1H}-COSY spectra and NOE
measurements, while the broad signals observed for the


protons of the bidentate binding unit (which are close to
FeII


hs) were assigned by comparison with the temperature
dependence of related signals in the spin-crossover complexes
(HHH)-[LnFe(L2)3]5�.[2] We conclude from detailed NMR
analyses at variable temperature that 1) FeII remains high-spin
in the temperature range 233 ± 333 K and 2) (HHH)-
[LnFe(L2)3]5� adopts the expected C3-symmetrical triple-
helical structure in which a pseudooctahedral FeII ion
occupies the noncovalent tripod defined by the three coordi-
nated bidentate binding units (Scheme 1). As expected from
the ligand design, the presence of a methyl group close to FeII


prevents the contraction of the FeÿN bond required for low-
spin configuration, thus leading to the formation of pure high-
spin complexes (HHH)-[LnFe(L3)3]5� in solution.


Slow diffusion of diethyl ether into concentrated acetoni-
trile solutions of (HHH)-[LnM(L3)3]5� produces white (M�
Zn) or yellow (M�Fe) microcrystalline powders, whose
elemental analyses are compatible with the formula
[LnZn(L3)3](ClO4)5 ´ H2O (Ln�La, 4 ; Eu, 5) and
[LnFe(L3)3](ClO4)5 ´ n H2O ´ x MeCN (Ln�La, n� 2, x� 1.5:
6 ; Ln�Eu, n� 1, x� 0: 7; Ln�Gd:Eu (98:2), n� 2, x� 0: 8).
Their IR spectra show the bands characteristic of the
coordinated ligands (nC�O and nC�N in the 1600 ± 1450 cmÿ1


range),[2, 15] together with vibrations typical of ionic perchlo-
rates (625 and 1100 cmÿ1).[23] All attempts to obtain crystals
suitable for X-ray diffraction were unsuccessful.


Magnetic and electrochemical properties of [LaFe(L3)3]-
(ClO4)5 ´ 2 H2O ´ 1.5 MeCN (6): The thermal dependence (2 ±
300 K) of the magnetic moment, expressed as cT, is compli-
cated: cT� 3.26 cm3 K molÿ1 at 300 K slightly increases to give
a maximum at 70 K (cT� 3.74 cm3 K molÿ1) followed by an
abrupt decrease at lower temperature to reach cT�
2.40 cm3 K molÿ1 at 2 K (Figure 3). This magnetic behavior is


Figure 3. cMT as a function of temperature for (HHH)-[LaFe(Li)3]5� (i� 1,
3). a) In the solid state and b) in acetonitrile.
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typical of a pseudooctahedral pure high-spin FeII (S� 2). The
slight increase between 300 ± 70 K can be rationalized by the
classical Kotani curves which consider spin-orbit coupling,[24]


while the decrease at low temperature arises from zero-field
splitting.[25] A nonlinear least-squares fit of the data, including
the magnetic susceptibility contributions for zero-field split-
ting of a spin multiplet (S� 2, isotropic solids)[26] for
pseudooctahedral high-spin d6 ion, yields a g value of 2.18
and a zero-field parameter jD j� 4.2 cmÿ1. These results are in
good agreement with similar treatments applied to the related
pseudooctahedral high-spin complexes [Fe(4,6-bisphenylter-
py)2](PF6)2 (g� 2.16, jD j� 7.9 cmÿ1)[27] and [Fe(H2sarcopha-
gine)]Cl2Br2 (g� 2.2, jD j� 6.8 cmÿ1).[28] Dissolution of 6 in
acetonitrile gives an NMR spectrum identical to that obtained
for (HHH)-[LaFe(L3)3]5� during titration processes (see
above). Values of cT were determined in the temperature
range 233 ± 333 K by the Evans� method,[29] with diamagnetic
correction.[30] The molar magnetic susceptibility within this
short temperature range shows a Curie-type behavior, with
cT� 3.6(5) cm3 K molÿ1 (correlation coefficient� 0.9919).
This is in complete agreement with 1) a pure high-spin
electronic configuration of the FeII ion (S� 2) and 2) previous
fits of the thermal spin-crossover processes occurring in
(HHH)-[LnFe(L1)3]5� which led to estimated values of cT�
3.6(2) cm3 K molÿ1 for the high-spin form.[2] These magnetic
measurements demonstrate that pseudooctahedral FeII in
(HHH)-[LaFe(L3)3]5� adopts a pure high-spin electronic
configuration (S� 2) in the solid state (2 ± 300 K) and in
acetonitrile, in contrast with the room-temperature spin-
crossover behavior previously established for the analogous
complex (HHH)-[LnFe(L1)3]5�. In (HHH)-[LaFe(L3)3]5�, the
steric constraints induced by the terminal methyl groups of L3


prevent the contraction of the FeÿN bonds required for the
low-spin configuration, as similarly proposed for a substituted
terpyridine in the high-spin complex [Fe(4,6-bisphenylter-
py)2](PF6)2


[27] and for 6-methylpyridine ± benzimidazole units
in the dimetallic triple-stranded helicate [Fe2(L)3]4�.[10]


In contrast to (HHH)-[LnFe(L1)3]5� complexes which dis-
play a reversible FeII/FeIII oxidation wave (Ered


1=2� 0.82 V vs.
SCE in MeCN � 0.1m NBu4PF6),[2] no wave corresponding to
the oxidation of FeII is observed for (HHH)-[LaFe(L3)3]5� in
the accessible polarization domain of the solvent. Two
quasireversible reduction waves, attributed to ligand-centered


processes, are observed at E1/2�ÿ1.16 V and ÿ1.41 V versus
SCE (MeCN � 0.1m NBu4PF6). The destabilization of FeIII


parallels that of FeII
ls in (HHH)-[LaFe(L3)3]5� and results


from the steric constraints induced by the terminal methyl
groups which preclude the contraction of the FeÿN bonds
required by the oxidation process.[14, 27]


Photophysical properties of [LnZn(L3)3](ClO4)5 ´ H2O and
[LnFe(L3)3](ClO4)5 ´ nH2O ´ xMeCN : The reflectance spec-
trum of L3 displays a broad band centered at 30 670 cmÿ1


(Table 1) and assigned to the envelope of the p!p*
transitions. This band is slightly red-shifted upon complex-
ation to LnIII and MII, with the appearance of a weak shoulder
at �27 500 cmÿ1. A supplementary weak and broad band at
�22 500 cmÿ1, observed for the iron complexes 6 ± 8, may be
assigned to the FeII


hs!p* MLCT transition.[10] Excitation of
the p!p* band of L3 at 77 K provides the expected
fluorescence of the 1pp* state (0-phonon transition:
26 400 cmÿ1, vibronic progression: 1150 cmÿ1) together with
the weak, but well-structured phosphorescence bands origi-
nating from the 3pp* state (0-phonon transition: 21 260 cmÿ1,
vibronic progression: 1570 cmÿ1, biexponential decay: t�
605 ms and 45 ms at 13 K, Table 1) as similarly reported for
L1 (1pp*: 24 900 cmÿ1, 3pp* states: 20 040 cmÿ1 (t� 560 ms and
41 ms at 10 K)).[15] The energy of the emitting 1pp* state is
red-shifted by 1550 cmÿ1 in [LaZn(L3)3](ClO4)5 ´ H2O (4), but
the emission of the 3pp state is similar to that observed for L3


(20 920 cmÿ1, vibronic progression: 1390 cmÿ1) with a reduced
lifetime of 221 ms. For [LaFe(L3)3](ClO4)5 ´ 2 H2O ´ 1.5 CH3CN
(6), a very weak 3pp* emission centered at 18 870 cmÿ1 can
be detected (biexponential decay: t� 261 ms and 30 ms at
13 K).


The ligand-centered luminescence in [EuZn(L3)3](ClO4)5 ´
H2O (5) is quenched by efficient L3!EuIII energy-transfer
processes, while excitation via the p!p* transitions produces
only the Eu-centered red luminescence characterized by
sharp bands associated with 5D0! 7Fj (j� 0 ± 4) transitions
(Figure 4). The presence of a single and symmetrical 5D0$ 7F0


transition in the emission (17 221 cmÿ1, full width at half
height (fwhh)� 16 cmÿ1) and excitation spectra at 13 K
(17 221 cmÿ1, fwhh� 10.7 cmÿ1, nÄan� 16 129 cmÿ1) points to a
unique EuIII site. A detailed analysis (see Supporting Infor-
mation, Table S3) of the multiplicity of the 5D0! 7Fj (j� 1 ± 4)


Table 1. Ligand-centered absorption and emission properties for the ligands Li and their complexes [LnM(Li)3]5� (i� 1, 3) in the solid state.[a]


Compound E(p!p*) [cmÿ1] E(1pp*) [cmÿ1] E(3pp*) [cmÿ1] t(3pp*) [ms]


L1[b] 30 770 24940 20040 18 870 17860 (sh) 560� 18 41� 2
L3 30 670 26400 (sh) 25250 24100 (sh) 21260 19 690 18120


16550
605� 15 45� 4


[LaZn(L1)3]5�[b] 31 000 22600 19960 19 050 18000 (sh) 250� 4 36� 6
[LaZn(L3)3]5� 30 210 27470 (sh) 24850 (sh) 23700 22750 (sh) 20920 19 530 18140


16750
221� 4


[EuZn(L1)3]5�[b] 32 750 (sh) 30 900 26000 (sh) 21480 [c] [c]


[EuZn(L3)3]5� 30 300 27030 (sh) [c] [c]


[LaFe(L3)3]5� 30 210 27 780 (sh) 22730 (sh) 18 870[d] 261� 8 30� 2
[EuFe(L3)3]5� 30 670 27 030 (sh) 22220 (sh)
[GdFe(L3)3]5� (doped 2 %Eu) 30 580 27 860 (sh) 22370 (sh) 376� 98 50� 22


[a] Reflectance spectra recorded at 295 K, luminescence data at 77 K, and lifetime measurements at 13 K; sh� shoulder. [b] Taken from reference [15].
[c] 3pp* luminescence quenched by transfer to EuIII ion. [d] Very low intensity.
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Figure 4. Emission spectra of (HHH)-[EuM(L3)3]5� in the solid state
recorded upon excitation of the ligand-centered 1pp* levels: a) [Eu-
Zn(L3)3](ClO4)5 ´ H2O (5) at 13 K (lexc� 26 455 cmÿ1), b) [EuFe(L3)3]-
(ClO4)5 ´ H2O (7) at 13 K (lexc� 32468 cmÿ1), and c) [EuFe(L3)3](ClO4)5 ´
H2O (7) at 295 K (lexc� 32468 cmÿ1).


transitions in the laser-excited emission spectrum confirms the
pseudotrigonal symmetry for the EuIII site (splitting of 7F1 into
two main sublevels: A!A and A!E separated by 129 cmÿ1,
the latter transition being further split by 35 cmÿ1; splitting of
7F4 into two A!E and one A!A sublevels, Figure 4 a)
which is almost identical to that reported previously for
(HHH)-[EuZn(L1)3]5�.[15] At 295 K, the 5D0 7F0 transition is
shifted to 17 232 cmÿ1 (fwhh� 15.4 cmÿ1) in good agreement
with the predicted value of 17 234 cmÿ1 obtained according to
the empirical equation of Frey and Horrocks[31] for an EuIII ion
with ninefold coordination by six heterocyclic nitrogen atoms
and three amide oxygen atoms.[15] We can safely conclude that
the coordination geometry around the EuIII luminescent
probe is very similar in (HHH)-[EuZn(Li)3]5� (i� 1, 3) and
corresponds to a facial pseudotricapped trigonal-prismatic
arrangement, as found in the crystal structure of (HHH)-
[EuZn(L1)3]5�. As expected, the methyl groups bound to the
bidentate binding unit in L1 and L3 have minor-to-negligible
effects on the coordination sphere of EuIII. The Eu(5D0)
lifetime measured upon selective excitation of the 5D0 level of
5 at 13 K (2.52 ms, Table 2) is only slightly longer than that
reported for (HHH)-[EuZn(L1)3]5� (2.19 ms at 10 K).[15]


The emission spectra obtained for [EuFe(L3)3](ClO4)5 ´ H2O
(7) at 13 K by excitation through the excited states of the
ligand (lexc� 32 467 or 26 667 cmÿ1) are comparable to those
observed for 5, in spite of an overall weaker intensity and a
broadening of the bands (Figure 4 b). The 5D0! 7F0 transition
is still unique; however, it is faint and appears at the same
energy (17221 cmÿ1) as that found for 5. The splitting of the
7Fj levels in 7 and 5 and the relative integrated intensity ratio
of 5D0! 7Fj (j� 1 ± 4) transitions (1.00, 1.33, 0.10, 1.33 in 7 and
1.00, 1.31, 0.10, 1.00 in 5) are very similar and point to
comparable EuIII coordination spheres in both complexes.
However, the Eu(5D0) lifetime is reduced by a factor of 9.5
when going from 5 (2.63(1) ms) to 7 (0.277(7) ms, Table 2).
This can be reasonably assigned to an Eu!FeII


hs energy
transfer which partially deactivates Eu-centered lumines-
cence. Similar studies with the analogous GdIII complex
[GdFe(L3)3](ClO4)5 ´ 2 H2O (8) doped with 2 % Eu lead to the
same results (t� 0.283(9) ms) which rules out self-quenching
processes involving EuIII ions occurring in the crystal. At
295 K, the Eu(5D0) lifetime is further reduced by a factor of 2,
but the broadened emission spectrum still shows the charac-
teristic Eu-centered luminescence (Figure 4 c).


In acetonitrile, the complexes (HHH)-[LnM(L3)3]5� [Ln�
La, Eu; M�Zn, Fe) exhibit strong p!p* absorption bands
in the UV region, as similarly found for analogous complexes
with L1.[2, 15] The absorption spectra of (HHH)-[LnFe(L3)3]5�


(Ln�La, Eu) in the 6250 ± 26 300 cmÿ1 range are character-
istic of high-spin FeII complexes.[10, 27] The shoulder at
�22 220 cmÿ1 (e� 500mÿ1 cmÿ1), which is responsible for the
yellow color of the complexes, is assigned to the FeII


hs!p*
MLCT transition, as observed for 7 in the solid state.
Compared to the related FeII


ls!p* MLCT band at
19 010 cmÿ1 (e� 5800mÿ1 cmÿ1) for the pure low-spin com-
plexes (HHH)-[LnFe(L1)3]5� (Ln�La, Eu),[2] the MLCT
band of the high-spin analogue is much weaker and blue-
shifted by �3200 cmÿ1. The spin-allowed d ± d transition of
(HHH)-[LnFe(L3)3]5� (Ln�La, Eu; 5T2g! 5Eg in idealized Oh


microsymmetry) appears in the near-IR region as a split band
(10 990 cmÿ1; e� 14mÿ1 cmÿ1 and 8 850 cmÿ1; e� 11mÿ1 cmÿ1)
which is diagnostic of pseudooctahedral high-spin FeII com-
plexes distorted by dynamic Jahn ± Teller effects.[32] When we
consider the complete absorption spectrum of (HHH)-
[LnFe(L3)3]5�, we can conclude that FeII


hs provides a semi-
transparent spectral window in the range 20 000 ± 12 000 cmÿ1


(Figure 5 a), while intense MLCT transitions associated with
FeII


ls obscure the related domain (20 000 ± 14 000 cmÿ1) in
(HHH)-[LnFe(L1)3]5� (Figure 5 b). The emission spectrum of
(HHH)-[EuZn(L3)3]5� in acetonitrile is very similar to that
observed in the solid state, except for the expected broad-
ening of the bands. The Eu(5D0) lifetime is longer in solution
(2.88 ms), as previously reported for other analogous com-
plexes.[2, 15, 33] The absolute quantum yield (F� 3.0� 10ÿ3,
Table 3) is comparable with those reported for (HHH)-
[EuZn(L1)3]5� (F� 1.7� 10ÿ3)[15] and (HHH)-[EuZn(L2)3]5�


(F� 3.4� 10ÿ3).[2] The substitution of ZnII by FeII
hs in 7


decreases the quantum yield by two orders of magnitude as a
result of intramolecular Eu!FeII


hs energy transfers. How-
ever, the quenching process is only partial and leads to a weak,
but detectable Eu-centered luminescence (F� 1.1� 10ÿ5,


Table 2. Lifetimes t [ms] of the Eu(5D0) excited level for [LnM-
(L3)3](ClO4)5 (5 ± 8) under various excitation conditions (analyzing wave-
lengths set at the maximum of the 5D0! 7F2 transition).


Compound State T [K] lexc [nm] t [ms]


[EuZn(L3)3]5� (5) solid 13 378 2.63(1)
solid 13 580.7 2.52(1)
solid 77 378 2.65(1)
solid 77 580.7 2.52(1)
solid 295 378 2.53(1)
solid 295 580.4 2.36(1)
solid 295 308 2.68(1)
solution[a] 295 378 2.89(2)
solution[a] 295 580.6 2.88(2)


[EuFe(L3)3]5� (7) solid 13 308 0.277(7)
solid 295 308 0.129(1)
solution[a] 295 308 0.059(1)


[Gd(Eu)Fe(L3)3]5� (8) solid 13 308 0.283(9)
solid 295 308 0.143(3)


[a] 3.7� 10ÿ3m in dry acetonitrile.







Heterodimetallic d ± f Complexes 3014 ± 3024
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Figure 5. Comparison between the absorption spectrum (in acetonitrile,
298 K) and the emission spectrum (in the solid state, 13 K) of a) (HHH)-
[EuFeII


hs(L3)3]5� and b) the spin crossover complex (HHH)-[EuFe(L1)3]5�.
As no emission can be detected for (HHH)-[EuFe(L1)3]5�, the emission
spectrum of (HHH)-[EuZn(L1)3]5� is shown (dashed line) in order to
highlight the spectral overlap.


Table 3) which is comparable with that observed
for [Eu(N,N,N',N'-tetraethylpyridine-2,6-dicarboxamide)3]3�


(F� 8.6� 10ÿ5).[34] As there is no orbitally mediated commu-
nication between FeII and EuIII in (HHH)-[EuZn(Li)3]5� (i�
1 ± 3, intermetallic distances �9.0 �),[2, 15] the Eu!FeII


energy transfer relies on the Förster mechanism and depends
on the spectral overlap between the ªEuIII-centeredº emission
spectrum and the ªFeII-centeredº absorption spectrum. Fig-
ure 5 shows these spectra for the pure high-spin complex
(HHH)-[EuFe(L3)3]5� and for the spin-crossover complex
(HHH)-[EuFe(L1)3]5� in acetonitrile. The results lead to the
straightforward conclusion that the simultaneous blue-shift of
the MLCT and red-shift of the d ± d transitions in the ªFeII


hs-
centeredº absorption spectrum significantly reduce spectral
overlap with the red Eu-centered emission to give less
efficient intramolecular Eu!FeII energy transfers.


Conclusion


With respect to L1, the introduction of a methyl substituent at
the 6 position of the terminal pyridine ring in L3 affects the
selectivity of the assembly process and leads to the hetero-
dimetallic triple-stranded helicates (HHH)-[LnM(L3)3]5�


(M�Fe, Zn). However, the use of stoichiometric conditions
(Ln:M:L3� 1:1:3) combined with a large total concentration
of the ligand (�10 mm) overcomes the decreased enthalpic
driving force and produces quantitatively the desired entropy-
stabilized edifices. The (HHH)-[LnM(L3)3]5� (M�Fe, Zn)
complexes display structural properties very similar to those
previously established for their analogues with the 5-methyl-
substituted ligand in (HHH)-[LnM(L1)3]5�, as ascertained by
high-resolution emission spectroscopy in the solid state and by
NMR in solution. The only significant difference results from
interstrand steric constraints between the terminal methyl
groups in (HHH)-[LnM(L3)3]5� which limit the contraction of
the MÿN bonds. This effect is critical for FeII which is forced to
adopt a pure high-spin electronic configuration in (HHH)-
[LnFe(L3)3]5�, while room-temperature spin-crossover behav-
ior characterizes the complexes (HHH)-[LnFe(L1)3]5�. This
programmed feature allows the detailed spectroscopic inves-
tigations of Eu-centered emission in a EuFe pair containing
FeII


hs and we eventually demonstrate that an intramolecular
Eu!FeII


hs energy transfer (multipolar Förster mechanism)
partially obscures EuIII luminescence in (HHH)-[EuFe-
(L3)3]5�. On the other hand, FeII


ls quantitatively quenches
Eu-centered luminescence in (HHH)-[EuFe(L1)3]5�, which
can be rationalized by the spectral overlap between the
absorption of the FeII


ls chromophore and the emission of EuIII.
According to these concepts, we can predict that the green Tb-
centered luminescence in (HHH)-[TbFe(L1)3]5� and (HHH)-
[TbFe(L3)3]5� would experience a severe intramolecular
quenching process since the 5D4! 7Fj (j� 0 ± 6) transitions
are located at higher energies compared to EuIII and exhibit
considerable overlap with the MLCT transitions of both high-
and low-spin FeII. This application is currently under inves-
tigation in our laboratories together with the fine-tuning of
Eu-centered luminescence through a judicious external tuning
of the electronic state of FeII.


Experimental Section


Solvents and starting materials : These were purchased from Fluka AG
(Buchs, Switzerland) and used without further purification unless otherwise
stated. Thionyl chloride was distilled from elemental sulfur; acetonitrile,
dichloromethane and triethylamine were distilled from CaH2. Silica gel
(Acros, 0.035 ± 0.07 mm) was used for preparative column chromatography.
6-(N,N-Diethylcarbamoyl)-N-methyl-N-{4'-[4''-(methylamino)-3''-nitro-
benzyl]-2'-nitrophenyl}pyridine-2-carboxamide (1)[2] and 6-methylpyri-
dine-2-carboxylic acid (2)[35] were prepared according to literature proce-
dures. The perchlorate salts Ln(ClO4)3 ´ nH2O (Ln�La, Eu, Gd) were
prepared from the corresponding oxides (Rhodia, 99.99 %) and dried
according to published procedures.[36] The Ln content of solid salts was
determined by complexometric titrations with Titriplex III (Merck) in the
presence of urotropine and xylene orange.[37] Fe(ClO4)2 ´ 6H2O was
purchased from Aldrich.


Caution : Dry perchlorates may explode and should be handled in small
quantities and with the necessary precautions.[38]


Table 3. Quantum yields (Frel) relative to [Eu(terpy)3]3� (terpy� 2,2':6',2''
terpyridine) for (HHH)-[EuM(L3)3]2� (M�Zn, Fe) in acetonitrile (3.7�
10ÿ3m ; 298 K).


Compound Conc. lexc [nm] eexc [mÿ1 cmÿ1] Frel
[a] Fabs


[b]


[Eu(terpy)3]3�[c] 1.0� 10ÿ3 371 549 1.0 1.3� 10ÿ2


[EuZn(L1)3]5�[d] 1.0� 10ÿ3 395 555 0.13 1.7� 10ÿ3


[EuZn(L3)3]5� (5) 6.0� 10ÿ3 395 420 0.23 3.0� 10ÿ3


[EuFe(L3)3]5� (7) 6.0� 10ÿ3 400 840 8.3� 10ÿ4 1.1� 10ÿ5


[a] Relative errors on Frel are typically 10 ± 15 %. [b] The quantum yields of
[Eu(terpy)3]3� relative to an aerated water solution of [Ru(bipy)3]2� is 0.47
which allows the calculation of absolute quantum yields.[41] [c] Quantum
yields are determined relative to [Eu(terpy)3]3� (10ÿ3m in acetonitrile).
[d] Taken from reference [15].
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Preparation of 6-(N,N-diethylcarbamoyl)-N-methyl-N-{4'-{4''-{N-methyl-
N-[(6'''-methylpyridine-2'''-yl)carbonyl]amino))-3''-nitrobenzyl}-2'-nitro-
phenyl}pyridine-2-carboxamide (3): A mixture of 2 (566 mg, 4.13 mmol),
thionyl chloride (3.0 mL, 41 mmol), and DMF (0.2 mL) was refluxed for
90 min in dry dichloromethane (40 mL). The mixture was evaporated and
dried under vacuum. The solid residue was dissolved in dichloromethane
(75 mL) and added dropwise to a solution of 1 (715 mg, 1.37 mmol) and
triethylamine (1.0 mL, 7.2 mmol) in dichloromethane (75 mL). The solu-
tion was refluxed for 15 h under an inert atmosphere. After the mixture had
been cooled, water (100 mL) was added and the organic layer was
separated. The aqueous phase was extracted with dichloromethane (5�
100 mL). The combined organic phases were dried (Na2SO4) and evapo-
rated. The crude product was purified by column chromatography (silica
gel, CH2Cl2/MeOH 97:3) to give 5 (855 mg, 1.34 mmol; yield 98 %) as a
yellow solid. M.p. 65 ± 70 8C; 1H NMR (300 MHz, CDCl3): d� 0.84 ± 1.25
(m, 6 H), 2.08 ± 4.07 (m, 15 H), 6.96 ± 8.17 (m, 12 H); ES-MS: m/z (%): 761
(70) [M�H]� .


Preparation of 2-{6-(N,N-diethylcarbamoyl)pyridin-2-yl}-1,1'-dimethyl-
5,5'-methylene-2'-(6-methylpyridine-2-yl)bis[1H-benzimidazole] (L3): Ac-
tivated iron powder (2.3 g, 41 mmol) and concentrated hydrochloric acid
(37 %, 8.3 mL, 99 mmol) were added to a solution of 3 (855 mg, 1.34 mmol)
in ethanol/water (260 mL/70 mL). The mixture was refluxed for 15 h under
an inert atmosphere, excess iron was filtered off, ethanol was distilled under
vacuum, and water (50 mL) was added. A solution of H4EDTA (19.6 g) and
NaOH (5.4 g) in water (100 mL) was poured into the resulting mixture, and
dichloromethane (300 mL) was added. The resulting stirred mixture was
neutralized (pH� 7.0) with concentrated aqueous NH4OH solution.
Concentrated H2O2 solution (30 %, 1.1 mL) was added under vigorous
stirring, and the pH was adjusted to 8.5 with aqueous NH4OH solution. The
organic layer was separated and the aqueous phase extracted with
dichloromethane (3� 100 mL). The combined organic phases were dried
(Na2SO4) and evaporated, and the crude product purified by column
chromatography (silica gel, CH2Cl2/MeOH 98:2), and then crystallized
from a dichloromethane/hexane mixture to give L3 (597 mg, 1.10 mmol;
yield 82%) as a white solid. M.p.� 125 8C; 1H NMR (300 MHz, CDCl3):
d� 1.09 (t, J3� 7 Hz, 3 H), 1.26 (t, J3� 7 Hz, 6H), 2.60 (s, 3H), 3.31 (q, J3�
7 Hz, 2H), 3.57 (q, J3� 7 Hz, 2 H), 4.17 (s, 3H), 4.23 (s, 3 H), 4.25 (s, 2H),
7.19 (m, 3 H), 7.30 (d, J3� 9 Hz, 2H), 7.53 (d, J3� 8 Hz, 1 H), 7.69 (m, 3H),
7.90 (t, J3� 8 Hz, 1H), 8.15 (d, J3� 8 Hz, 1H), 8.36 (d, J3� 8 Hz, 1H);
13C NMR (75 MHz, CDCl3,): d� 13.1, 14.6, 24.7, 32.9, 33.0 (Cprim); 40.0,
42.5, 43.2 (Csec); 110.0, 110.1, 119.9, 120.1, 121.9, 122.9, 123.4, 124.9, 125.2,
125.3, 137.2, 138.1 (Ctert) ; 136.0, 136.1, 136.6, 136.9, 142.9, 149.6, 150.0, 150.6,
154.5, 157.6, 168.6 (Cquat); EI-MS: m/z (%): 543 (29) [M�].


Preparation of [LnZn(L3)3](ClO4)5 ´ H2O (Ln�La, 4; Eu, 5): An equimo-
lar solution of Ln(ClO4)3 ´ n H2O (Ln�La, Eu) and Zn(ClO4)2 ´ 6H2O in
acetonitrile (92.5 mm, 271 mL) was added to a solution of L3 (40.8 mg,
75.0 mmol) in 1:2 CH2Cl2/MeCN (3 mL). After the mixture had been stirred
for 1 h at room temperature, the solution was evaporated, the solid residue
dissolved in MeCN (2 mL), and Et2O was diffused into the solution for 1 d.
The resulting white microcrystalline powders were collected by filtration
and dried to give [LnZn(L3)3](ClO4)5 ´ H2O (4 and 5) in 64 ± 69% yield.


4 : Elemental analysis calcd (%) for LaZnC99H101N21O24Cl5 (2350.6): C
50.59, H 4.33, N 12.51; found: C 50.55, H 4.35, N 12.44.


5 : Elemental analysis calcd (%) for EuZnC99H101N21O24Cl5 (2363.6): C
50.31, H 4.31, N 12.44; found: C 50.33, H 4.38, N 12.45.


Preparation of [LnFe(L3)3](ClO4)5 ´ nH2O ´ xMeCN (Ln�La, n� 2, x�
1.5: 6; Ln�Eu, n� 1, x� 0: 7; Ln�Gd:Eu (98:2), n� 2, x� 0: 8): To a
solution of L3 (48.3 mg, 88.8 mmol) and Ln(ClO4)3 ´ n H2O (Ln�La, Eu)
(29.6 mmol) in degassed acetonitrile (3 mL) was added a solution of
Fe(ClO4)2 ´ nH2O (29.6 mmol) in acetonitrile (1 mL). After the mixture had
been stirred for 1 h at room temperature, the solution was evaporated, the
solid residue dissolved in MeCN (3 mL) and Et2O was diffused into the
solution for 2 d. The resulting yellow crystals were collected by filtration
and dried to give complexes [LnFe(L3)3](ClO4)5 ´ n H2O ´ x MeCN (6 and 7)
in 43 ± 66% yield. The Eu-doped Gd complex 8 was prepared by replacing
the lanthanide solution by a mixed solution of Eu/Gd (98:2).


6 : Elemental analysis calcd (%) for LaFeC102H107.5N22.5O25Cl5 (2420.5): C
50.61, H 4.48, N 13.02; found: C 50.61, H 4.42, N 13.05.


7: Elemental analysis calcd (%) for EuFeC99H101N21O24Cl5 (2354.1): C
50.51, H 4.32, N 12.50; found: C 50.61, H 4.34, N 12.54.


8 : Elemental analysis calcd (%) for GdFeC99H103N21O25Cl5 (2377.4): C
50.02, H 4.37, N 12.37; found: C 49.92, H 4.39, N 12.31.


Preparation of [Zn2(L3)2](ClO4)4 : [Zn2(L3)2](ClO4)4 was prepared in situ
for 1H NMR studies. A solution of Zn(ClO4)2 ´ 6H2O in acetonitrile
(108 mm, 121 mL) was added to a solution of L3 (7.1 mg, 13 mmol) in 1:2
CH2Cl2/MeCN (1.5 mL). After the mixture had been stirred for 1 h at room
temperature, the solution was evaporated under vacuum, and the solid
residue was dissolved in CD3CN (700 mL).


Spectroscopic and analytical measurements : Reflectance spectra were
recorded as finely ground powders dispersed in MgO (5 %) with MgO as
reference on a Perkin ± Elmer Lambda 900 spectrophotometer equipped
with a PELA-1020 integrating sphere from Labsphere. UV/Vis electronic
spectra were recorded at 20 8C in 10ÿ3m solutions of MeCN with a Perkin ±
Elmer Lambda 900 spectrometer in quartz cells (path length: 0.1 and 1 cm).
Spectrophotometric titrations were performed with a J&M diode array
spectrometer (Tidas series) connected to an external computer. In a typical
experiment, L3 (25 mL) in acetonitrile (0.1 mm) was titrated at 20 8C with
an equimolar (1.00 mm) solution of Ln(ClO4)3 ´ n H2O and M(ClO4)2 ´
nH2O (MII�Zn, Fe) in acetonitrile under an N2 atmosphere. After each
addition of 0.10 mL, the absorbances were recorded with Hellma optrodes
(optical path length: 0.1 and 0.5 cm) immersed in the thermostated titration
vessel and connected to the spectrometer. Mathematical treatment of the
spectrophotometric titrations was performed with factor analysis[20] and
with the SPECFIT program.[21] IR spectra were obtained from KBr pellets
with a Perkin Elmer 883 spectrometer. 1H NMR spectra were recorded at
25 8C on a Broadband Varian Gemini 300 spectrometer. Chemical shifts are
given in ppm with respect to TMS. EI-MS (70 eV) were recorded with VG-
7000E and Finnigan-4000 instruments. Pneumatically-assisted electrospray
(ES-MS) mass spectra were recorded from 10ÿ4 mol dmÿ3 acetonitrile
solutions on API III and API 365 tandem mass spectrometers (PE Sciex) by
infusion at 4 ± 10 mL minÿ1. The spectra were recorded under low up-front
declustering or collision-induced dissociation (CID) conditions, typically
DV� 0 ± 30 V between the orifice and the first quadrupole of the
spectrometer. The experimental procedures for high-resolution, laser-
excited luminescence measurements have been published previously.[39]


Solid-state samples were finely powdered and low temperatures (77 or
13 K) were achieved by means of a Cryodyne Model 22 closed-cycle
refrigerator from CTI Cryogenics. Luminescence spectra were corrected
for the instrumental function, but not the excitation spectra. Lifetimes are
averages of at least three to five independent determinations. Ligand
excitation and emission spectra were recorded on a Perkin ± Elmer LS-50B
spectrometer equipped for low-temperature measurements. The relative
quantum yields were calculated with the formula given in Equation (5).[33]


Qx/Qr�hAr(lr)/Ax(lx)ihI(lr)/I(lx)ihn2
x/n2


r ihDx/Dri (5)


Where subscript r stands for the reference and x for the samples; A is the
absorbance at the excitation wavelength, I is the intensity of the excitation
light at the same wavelength, n is the refractive index (1.341 for solutions in
MeCN) and D is the measured integrated luminescence intensity. Cyclic
voltammograms were recorded with a BAS CV-50W potentiostat con-
nected to a personal computer. A three-electrode system consisting of a
stationary Pt or glass carbon disk working electrode, a Pt counterelectrode
and a nonaqueous Ag/AgCl reference electrode was used. NBu4PF6 (0.1m
in MeCN) served as an inert electrolyte. The reference potential (E0�
ÿ0.12 V vs SCE) was standardized against [Ru(bpy)3](ClO4)2 (bpy� 2,2'-
bipyridyl).[40] The scan speed was 100 mV sÿ1 and voltammograms were
analyzed according to established procedures.[40]


Magnetic data for samples in acetonitrile were obtained by the Evans�
method according to the detailed procedure described in reference [2] and
using a Varian Gemini 300 spectrometer. The diamagnetic contributions of
the ligand L3 and the perchlorate anions in the heterodimetallic complex
[LaFe(L3)3](ClO4)5 were obtained from the molar diamagnetic suscepti-
bility measured for [LaZn(L1)3](ClO4)5 with the Evans� method (mdia�
0.0159 gcmÿ3, dnÄdia�ÿ7.1 Hz).[2] Molar magnetic susceptibilities of [La-
Fe(L3)3](ClO4)5 were measured at 10 K intervals between 233 and 333 K,
corrected for diamagnetism and converted to effective magnetic moments
meff (or cT) according to Equation (6), where mp and mdia are the


meff� 2.828


����������������������������������������������������
T


n0Sf


dnpMp


mp
ÿ dndiaMdia


mdia


" #vuut � 2.828
������
cT
p


(6)
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concentrations of the paramagnetic solute and its diamagnetic analogue
respectively [gcmÿ3], dnÄp and dnÄdia the chemical shift differences [Hz]
between the resonances of the reference compound in the two coaxial tubes
(dnÄ > 0 for paramagnetism, dnÄ < 0 for diamagnetism), Mp and Mdia the
molecular masses of the paramagnetic and diamagnetic compounds
respectively [gmolÿ1], T is the absolute temperature, meff the effective
magnetic moment [mB] and Sf the shape factor of the magnet.
To avoid complications associated with possible partial decomplexation,
the magnetic susceptibilities of [LaFe(L3)3](ClO4)5 were recorded for total
ligand concentrations of 24 mm. Solid-state volume magnetic susceptibil-
ities were obtained with a SQUID magnetometer Quantum Design
modelMPMS5 operating at a magnetic field strength of 3000 Oe, in the
range 1.9 ± 300 K. The data were corrected for diamagnetism with
[LaZn(L3)3](ClO4)5 ´ H2O (4, cdia�ÿ2.92� 10ÿ4 cm3 molÿ1). Elemental
analyses were performed by Dr. H. Eder from the microchemical
Laboratory of the University of Geneva.
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and Density Functional Theory Calculations of Platinum and
Palladium Complexes
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Abstract: Three stannaborate com-
plexes of platinum(ii) and a novel stan-
noborate palladium(ii) derivative have
been prepared in excellent yield. The tin
transition metal bond is formed through
nucleophilic substitution and the
resulting complexes [Bu3MeN][trans-
{(Et3P)2Pt(SnB11H11)H}] (6), [trans-
{(Et3P)2Pt(SnB11H11)(CNtBu)}] (7),
[Bu3MeN]2[trans-{(Et3P)2Pt(SnB11H11)2-
(CNtBu)}] (8), and [Bu3MeN][(dppe)-
Pd(SnB11H11)Me] (12) (dppe� 1,2-bis-


(diphenylphosphanyl)ethane) were
characterized by NMR spectroscopy
and elemental analysis. In the cases of
the zwitterion 7, the pentacoordinated
complex 9, the palladium salt 12 and
[(triphos)Pt(SnB11H11)] (10) (triphos�
1,1,1-tris(diphenylphosphanylmethyl)-


ethane), their solid-state structures are
determined by X-ray crystal structure
analyses. The trans influence of the
[SnB11H11] ligand is evaluated from the
results of the IR spectroscopy and X-ray
crystallographic structures of complexes
6, 7, and 12. The dipole moment of the
zwitterion 7 is calculated by density
functional theory (DFT) methods. The
alignment of the dipole moments of the
polar molecules 7 and 12 in the solid
state is discussed.


Keywords: cluster compounds ´
density functional calculations ´
platinum ´ tin ´ zwitterions


Introduction


Transition metal tin chemistry has been a field of active
research for more than thirty years and is the topic of several
review articles.[1] Transition metal tin bonds are known for
almost every transition metal and a variety of synthetic routes
to these complexes have been established.[2] This chemistry is
dominated by anionic SnX3 (X�Cl, Br) and SnR3 (R� alkyl,
aryl) ligands. In the case of alkyl- or aryl-substituted tin
derivatives, nucleophilic substitution between either Ph3SnLi
and a transition metal halide or Me3SnCl and a nucleophilic
transition metal complex is the easiest method of preparation.
Insertion of the stannylene (SnX2) into a metal ± metal,


metal ± halogen, metal ± hydride, or metal ± carbon bond is
another synthetic pathway to the formation of transition
metal tin bonds.[3] Insertion of SnCl2 into PtÿCl bonds has
been extensively studied because some products can act as
catalysts for homogeneous hydrogenation, isomerization, or
hydroformylation of alkenes.[4] Solutions of chloroplatinic
acid and stannous chloride reduce ethylene and acetylene
quantitatively at room temperature and atmospheric pressure
of hydrogen.[5] The remarkable trans influence of the SnCl3


ligand and the lability of the ligand itself is thought to play an
important role in these catalytic reactions. However, the
mechanism of the tin interaction is not fully understood.
Asymmetric hydroformylations of alkenes with platinum ±
phosphane complexes are also carried out with SnCl2 or
SnF2 as the cocatalyst.[6, 7]


We found that stanna-closo-dodecaborate [SnB11H11]2ÿ can
coordinate to transition metal centers.[8] The synthesis of the
ligand is straightforward and results in the isolation of gram
amounts of the cluster with a variety of counter cations. The
transition metal derivatives are, like the ligand, stable towards
moisture and air. Complexes with a variety of transition
metals (Fe, Ni, Mo, Rh, Ir, Pt) have been synthesized in
excellent yield.[9, 10, 23] Herein, we present syntheses and
reactions of platinum and palladium complexes of stanna-
closo-dodecaborate and the first results of studies on the
properties of the [SnB11H11] ligand.
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Results and Discussion


Preparation of stanna-closo-dodecaborate complexes of plat-
inum: The trans influence and the trans effect are very
important concepts in the chemistry of tetracoordinate d8-
transition metal complexes. The kinetic trans effect of a
ligand, L, describes the effect of L on the rate of substitution
of the ligand in the trans position to L.[11] The thermodynamic
trans influence is defined as the weakening of the bond trans
to L in the equilibrium state.[12] Therefore, the trans influence
of a ligand can be determined from spectroscopic data or from
results of X-ray crystal structure analyses of the respective
square-planar transition metal complexes. To determine the
trans influence of the stanna-closo-dodecaborate ligand 1,
complexes were synthesized with a variety of ligands trans to
the heteroborate. The tin nucleophile 1 was allowed to react
with the platinum ± phosphanes trans-[(Et3P)2Pt(Cl)H] (2),
trans-[(Et3P)2PtCl(CNtBu)]� (3), trans-[(Et3P)2PtCl(CO)]�


(4), and [(Et3P)3PtCl]� (5). In the cases of 2 and 3, the
chlorine ligand is readily substituted by the tin nucleophile at
room temperature, and the products (6 and 7) are obtained in
high yield (Scheme 1).


Complexes 4 and 5 react with the nucleophile to form the
double substitution product 8 in almost 50 % yield, the
respective ligand (CO or PEt3), and undefined platinum
compounds (Scheme 2). The synthesis of compound 8 from
cis-[(Et3P)2PtCl2] and two equivalents of [SnB11H11]2ÿ has
been published.[10]


All the stannaborate complexes presented here are resist-
ant towards moisture and air and are characterized by
elemental analysis, IR, and NMR spectroscopy. In the cases
of the zwitterion 7, the five-coordinate complex 9, [(tri-
phos)Pt(SnB11H11)] (10), (triphos� 1,1,1-tris(diphenylphos-
phanylmethyl)ethane) and the palladium salt 12, the solid-
state structure is determined by X-ray crystal structure
analyses.


The progress of the reactions between the nucleophile 1 and
the transition metal chlorides (Scheme 1 and Scheme 2) can
be monitored by 11B and 31P NMR spectroscopy. During the


Scheme 2. The reaction of 1 with platinum salts 4 and 5 to give 8 in
approximately 50% yield. The other platinum-containing products are not
yet characterized.


reaction, the signals in the 11B NMR spectrum that arise from
the eleven boron atoms shift from d�ÿ5.5 (B12), ÿ10.9
(B2 ± B6), and ÿ12.2 (B7-B11) to d�ÿ11 (B12) and ÿ15
(B2 ± B11). The coupling between the tin and phosphorus
nuclei indicates the formation of a cluster transition metal
bond. Satellites with an intensity ratio consistent with the
natural 117Sn/119Sn abundance are detected in the 31P NMR
spectrum of complexes 6 and 9. 31P NMR data for complexes
6 ± 9 are listed in Table 1. The 2J(Sn,Pt,P) coupling constants
permit unambiguous assignment of the stereochemistry in the
PtII complexes.[13] Large coupling constants of around 2000 ±
3000 Hz were observed for complexes with trans geometry of
the phosphorus and tin substituent. The coupling constants in
complex 6 (199 Hz) and 9 (210 Hz) suggest cis-SnÿP stereo-
chemistry.


The frequencies of the PtÿH stretch in complex 6 and of the
CÿN vibration in the zwitterion 7 were measured by IR


spectroscopy to investigate the
trans influence of the stannabo-
rate ligand. A value of
2061 cmÿ1 was observed for
the PtÿH stretch frequency,
which indicates that this bond
is weakened by the cluster li-
gand. The value is close to that
of a cyanide derivative trans-
[(Et3P)2PtH(CN)] (2041 cmÿ1)
in a series of hydride complexes
of type trans-[(Et3P)2PtH(L)]
which has the largest trans in-
fluence. Therefore, the stanna-
borate ligand has a larger trans
weakening influence than, for
example, SnCl3 (2105 cmÿ1),
PEt3 (2090 cmÿ1), or CO
(2129 cmÿ1) ligand.[12] A vibra-
tion at 2214 cmÿ1 is observed for


Scheme 1. Reactions of the stanna-closo-dodecaborate ligand 1 with 2 and 3 to give 6 and 7, respectively. An
unmarked vertex in the cluster corresponds to a BH unit.
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the isocyanide CN in complex 7, which indicates an increase in
the CN force constant with respect to that of uncoordinated
isocyanide (2134 cmÿ1).[14] Since the complexes trans-
[(Et3P)2PtH(CNMe)][ClO4] (2270 cmÿ1),[15] trans-
[(Et3P)2PtH(CNMe)][SO3F] (2238 cmÿ1),[15] and trans-
[(Et3P)2PtCl(CNtBu)][ClO4] (2211 cmÿ1),[14, 16] which have a
hydride or chloride ligand trans to the isocyanide ligand,
exhibit a similar value for the CN force constant, it is difficult
to discuss the trans influence on the basis of these data.


Single crystals of the polar molecule 7, which are suitable
for X-ray crystal structure analyses, are obtained by slow
diffusion of hexane or methanol into a solution of the
zwitterion in dichloromethane. The complex crystallizes as
yellow cubes in the monoclinic space group P21/n. Figure 1


Figure 1. Molecular structure of 7. Selected bond lengths [�] and angles [8]
(with estimated standard deviations in parantheses): PtÿP1 2.333(2), PtÿP2
2.340(2), PtÿSn 2.590(1), PtÿC1 1.913(10), C1ÿN1 1.195(12), N1ÿC2
1.479(12); N1-C1-Pt 176.5(8), C1-N1-C2 177.9(8), P1-Pt-C1 90.5(3), P2-
Pt-C1 92.0(3), P1-Pt-Sn 87.2(1), P2-Pt-Sn 90.9(1), P1-Pt-P2 175.0(1), Sn-Pt-
C1 171.7(3).


shows the predicted square-planar coordination of the four
ligands around the platinum center. The PtÿP bond length of
trans coordinated PEt3 ligands lies within the range of values
known from the literature: for example, the trans-[(Et3P)2Pt-
(COC6H5)SnCl3] has PtÿP bond lengths of 2.324(4) � and
2.329(4) �.[17] The SnÿPt bond length of 2.590(1) � can be
compared with the SnÿPt bond lengths in trans-
[(Ph3P)2PtPh(SnB11H11)]ÿ (2.651(1) �),[10] trans-[(Ph3P)2PtH-
(SnCl3)] (2.601(4) �)[18] and trans-[(Et3P)2Pt(COC6H5)SnCl3]
(2.634(1) �).[17] The PtÿC and CÿN bond lengths of
1.913(10) � and 1.195(12) �, respectively, are typical for
isocyanide coordination at PtII which indicate weak p


donation from the metal to the ligand. (Comparable com-
plexes include: cis-[(MeNC)2PtMe2]: PtÿC 1.979(8), NÿC
1.157(9) �;[19] cis-[(PhNC)2PtCl2]: PtÿC 1.880(18), 1.912(22),
NÿC 1.19(2), 1.14(3) �)[20]


Density functional theory (DFT) calculations of the dipole
moment : The betaine 7 is inert towards moisture and only
soluble in polar solvents like dichloromethane. Quantum
chemical investigations using theTurbomole program system
were carried out to explain these properties.[21] The calcula-
tions were performed with DFT methods,[22] which in the past
have proved to be suitable for the theoretical description of
transition metal compounds and have been employed on
another Pt ± SnB11H11 complex.[9] The structural data were
used as starting vectors in C1 symmetry to simultaneously
optimize the electronic and geometric structure. The relevant
interatomic distances of the calculated model are compared to
the experimental results from the X-ray structure analysis in
Table 2.


Table 2 shows that the geometric parameters are well
reproduced by this quantum chemical treatment. The bond
lengths are slightly too long (to a maximum of 0.10 � for
PtÿSn or 0.06 � for the PtÿP donor bonds). This is a common
fault of DFT methods as dispersion interactions are not
considered explicitly. Other interatomic distances differ by up
to a maximum of 0.03 � from the experimental values.
Measured and computed angles differ by only 0 ± 48. The
satisfactory reproduction of the X-ray structure of 7 by DFT
calculations allows the evaluation of the dipole moment. An
elongation of about 0.10 � in the PtÿSn bond length has been
shown[9] to influence the dipole moment by less than 10 %. A
dipole moment of 29.1 D is determined for the optimized
structure of trans-[(Et3P)2Pt(SnB11H11)(CNtBu)] by calcula-
tion of the expectation value of the dipole operator in the
DFT wave function (i.e. the electronic part of the dipole
moment) and of the electrostatic moment caused by the
nuclei. The result agrees well with the experimental observa-
tion that highly polar solvents are required to solvate
compound 7. Comparable dipole moments for zwitterions
have been found by AM1 calculations in tetraalkylammonium-
arylborate compounds (Me3NÿC6H4ÿBnBu3: 20.0 D) and
by DFT methods for platinum or rhodium closo-borate
clusters ([(bipy')Pt(Bz)(Ph)(tBuÿNC)(SnB11H11)]: 28.9 D;
[Cp*M(bipy')(SnB11H11)]: 25.7 D; bipy'� 4,4'-di-tert-butyl-
2,2'-bipyridine).[9, 23]


Reactivity of the hydride complex 6 : We investigate here the
stannaborate dianion ligand and the chemistry of its respec-


Table 1. 31P NMR data for the substitution products.


31P NMR shift [ppm] 1J(Pt,P) [Hz] 2J(117Sn/119Sn-Pt-P) [Hz]


6 20.8 2455 199
7 35.6 2117 [a]


8[10] 11.9 2041 214
9 ÿ 2.6 1633 240


[a] Due to the low solubility of 7 the satellites were not observed.


Table 2. Selected interatomic distances [�] and bond angles [8] for trans-
[(Et3P)2Pt(SnB11H11)(CNtBu)] calculated with DFT methods. The numbering of
the atoms is identical to those in the experimentally observed compound 7
(Figure 1, experimental values given again in parentheses).


PtÿP1 2.395 (2.333) N1ÿC2 1.447 (1.479) P1-Pt-Sn 85.5 (87.2)
PtÿP2 2.396 (2.340) N1-C1-Pt 173.3 (1.765) P2-Pt-Sn 86.4 (90.9)
PtÿSn 2.689 (2.590) C1-N1-C2 177.9 (1.779) P1-Pt-P2 171.6 (175.0)
PtÿC1 1.979 (1.913) P1-Pt-C1 94.2 (90.5) Sn-Pt-C1 171.0 (171.7)
C1ÿN1 1.185 (1.195) P2-Pt-C1 94.2 (92.0)
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tive transition metal complexes. We present here reactions of
the hydride complex 6. The five-coordinate complex 9 is
isolated in almost 50 % yield from the reaction between the
isocyanide (tBuNC) and complex 6 (Scheme 3).


The insertion of isocyanide into a PtÿH bond has been
observed,[15] but in this case, there was no evidence that this
reaction type occurs. Instead, a stannaborate ligand migrates
to another platinum center. The fate of the hydride substitu-
ent is unknown, since we have been unable to characterize the
other platinum-containing products. In the 1H NMR spectra
of the reaction mixture, only the disappearance of the hydride
is detected. Apart from the signal from the five-coordinate
complex, a variety of undefined resonances are found in the
31P NMR spectrum. The signal in the 31P NMR spectrum is
very broad due to the high mobility of the platinum complex.
The 2JSn,P and 1JP,Pt coupling constants were determined from a
measurement at ÿ80 8C. A SnÿP coupling constant of 240 Hz
and a PtÿP coupling constant of 1633 Hz are obtained. These
values suggest a cisoid ordering of the stannaborate to PEt3


ligands. Two isomers with cisoid configuration of the tin and
phosphorus ligands are possible in solution. We suggest that
isomer B in Figure 2 exists in solution on the basis of the 2JPt,P


coupling constant of 1633 Hz which is smaller than typical
trans 2JPt,P coupling constants of around 2500 Hz.[10] ,[13]


Isomer A is found in the solid state. Single crystals of the
salt [Bu3MeN]2[trans-{(Et3P)2Pt(SnB11H11)2(CNtBu)}] (9)
were obtained by slow diffusion of methanol into a saturated
dichloromethane solution. The stannaborate platinum com-
plex crystallizes in the monoclinic space group C2/c with
disorder of the isocyanide ligand. The coordination sphere
around the platinum center (Figure 3) can be described as a
trigonal bipyramid with phosphane ligands occupying the
axial positions.


Pentacoordination is known for a variety of platinum
complexes such as {Pt[P(OCH3)3]5}[29] or [Pt(SnCl3)4PEt3]2ÿ.[30]


Such species have been investigated with respect to their
solution dynamics, stereochemistry, and mechanistic impor-
tance. [Pt(SnCl3)5]3ÿ is of particular interest since it catalyzes
the homogeneous hydrogenation of ethylene and acetylene


Figure 2. Isomers of the dianion of 9 with cisoid orientation between the
phosphane and stannaborate ligands.


Figure 3. Molecular structure of 9. Selected bond lengths [�] and angles [8]
(with estimated standard deviations in parentheses): PtÿP 2.337(2), PtÿSn
2.640(1), PtÿC1 1.995(15), C1ÿN1 1.18(2), N1ÿC8 1.550(10); C1-Pt-P
89.07(5), P-Pt-Sn 92.34(5), C1-Pt-Sn 120.3(1), N1-C1-Pt 180.0(2), C1-N1-
C8 156.5(2).


under mild conditions.[5, 31] The PtÿP bond length of the
axially coordinated phosphane ligand is 2.337(2) �, which is
similar to PtÿP distance in the ylide 7 or in [(Et3P)2Pt-
(C(O)C6H5)SnCl3] (2.324(4), 2.329(4) �).[17] The clusters
coordinate at the platinum center with a PtÿSn bond length
of 2.640(1) � which is in the range of other PtÿSnB11H11


complexes[10] and which is
close to PtÿSn bond length
in [Pt(SnCl3)5]3ÿ (2.551(1) ±
2.572(1) �).[31] The isocyanide
coordinates to the transition
metal and exhibits PtÿC and
CÿN bond lengths of 1.995(12)
and 1.18(2) �, respectively.
These values are similar to
those in 7 and reflect weak p


donation from the PtII metal to
the ligand. The CÿN stretching
frequency of 2190 cmÿ1 is close
to that of uncoordinated iso-
cyanide (2214 cmÿ1).[14] The
pentacoordinate complex can
also be synthesized from the
reaction of the tetracoordinate
dianion 8 with isocyanide. This
is, however, the only example ofScheme 3. The synthesis of 7 and 9 from 6.
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the formation of such an adduct. Other Lewis bases such as
CO, alkenes, pyridine, Et3N, and Ph3P do not react.
(Scheme 4)


According to the procedure outlined in Scheme 3, we
attempted the synthesis of other stannaborate zwitterions like
7 by reacting the hydride 6 with HBF4 and the respective
donor ligand. We did not isolate any of the respective
zwitterionic molecules from reaction with THF, PPh3, CO,
4-tBu-pyridine or cyclohexene. So far only isocyanide stabil-
izes such an adduct. Interestingly, we were not able to
synthesize a square-planar coordinated platinum(ii) complex
(Scheme 2 and 3) with a monodentate phosphine ligand
trans to the stannaborate although we have already
synthesized the [(triphos)Pt(SnB11H11)] (10) zwitterion.[10]


In view of these results we were interested in the PtÿP
distances in the complex [(triphos)Pt(SnB11H11)] (10)
which was synthesized from [(triphos)PtCl]BF4 and 1 in high
yield. Crystals suitable for X-ray crystal structure analyses
were obtained by slow diffusion of methanol into a solution
of 10 in dimethyl sulfoxide. The zwitterion crystallizes in
the triclinic space group P1Å. Figure 4 shows the molecular


Figure 4. Molecular structure of 10. Selected bond lengths [�] and angles
[8] (with estimated standard deviations in parentheses): PtÿP1 2.305(3),
PtÿP2 2.315(3), PtÿP3 2.270(3), PtÿSn 2.626(1); P3-Pt-P1 84.68(11), P3-Pt-
P2 84.77(11), P1-Pt-Sn 97.1(1), P2-Pt-Sn 93.7(1), P1-Pt-P2 167.35(11), P3-
Pt-Sn 177.7(1).


structure of 10 in which the platinum center is nearly square
planar: PtÿP bond lengths are 2.305(3), 2.315(3), and
2.270(3) � (trans to Sn). Comparison of these PtÿP bond
lengths with those from [(triphos)PtCl]Cl (2.312(2), 2.315(2),
and 2.207(2) �; trans to Cl) shows that there is a slight


increase of the PtÿP separation, for that positioned trans to
the tin ligand. This small effect may be attributed to the
stronger trans influence of the stannaborate substituent with
respect to that of the chlorine ligand. The PtÿSn bond length
of 2.626(1) � lies within the range of those in the platinum
complexes 7 and 9.


Orientation of the dipoles 7 and 10 in the solid state : The
dipole packing may be discussed with reference to the results
of the crystal structure analyses of the zwitterionic molecules
7 (Figure 5) and 10 (Figure 6). The strong dipole moments of
both zwitterions are aligned along the SnÿPt bond, which is


Figure 5. Schematic view of the arrangement of 7 in the crystal along the c
axis;[42] the PtÿSnB11 fragment is shown, other atoms are omitted for clarity.


Figure 6. Schematic view of the arrangement of 10 in the crystal along the
a axis;[42] the PtÿSnB11 fragment is shown, other atoms are omitted for
clarity.


Scheme 4. Reaction of 8 with tBuNC to give 9.
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directed from the transition metal complex towards the
cluster unit. The polar molecules are packed in layers with a
resulting dipole moment. These layers stack such that stacks
of molecules with alternating dipole moment orientations
result.


Synthesis of a palladium complex: The synthesis of a variety
of platinum-stannaborate complexes led us to investigate this
chemistry in palladium. Nucleophilic substitution between
stannaborate 1 and palladium chloride 11 forms the first
palladium complex of the stanna-closo-dodecaborate ligand
in 88 % yield (Scheme 5).


This salt is, like the platinum complexes, resistant towards
moisture and air and is characterized by elemental analysis
and NMR spectroscopy. A signal at d�ÿ14.1 in the 11B NMR
spectrum (for ten boron atoms; the signal for B12 was not
observed) typically indicates successful substitution of the
heteroborate. As expected, two resonances were observed in
the 31P NMR spectrum at d� 49.7 (cis to Sn: 2JP,Sn� 298 Hz)
and d� 56.9 (trans to Sn: 2JP,Sn� 2542 Hz). The spectrum is
interpreted on the basis that the trans P-Pd-Sn coupling
constant is larger than that of the cis complex.[13] An X-ray
crystal structure analysis on a single crystal of 12 was carried
out to establish the structure of the salt in the solid state.
Compound 12 crystallizes as yellow rods in the space group
P21/c. The molecular structure of the anion of 12 is shown in
Figure 7.


Figure 7. Molecular structure of 12. Selected bond lengths [�] and angles
[8] (with estimated standard deviations in parentheses): PdÿC1 2.123(6),
PdÿP1 2.279(2), PdÿP2 2.312(2), PdÿSn 2.567(1); C1-Pd-P1 91.7(1), P1-Pd-
P2 85.4(1), C1-Pd-Sn 85.7(1), P2-Pd-Sn 97.9(1), P1-Pd-Sn 173.6(1), P2-Pd-
C1 173.4(2).


The substituents around the palladium atom describe a
square planar configuration; the PdÿSn bond length of
2.567(1) � is close to that in (Me2SnCH2CH2PPh2)-
Pd(Ph2PCH2CH2SiMe2) (2.573(1) �).[32] The PdÿP bond
length of 2.312(2) � trans to the methyl group is longer than
that trans to the stannaborate substituent (2.279(2) �).
The comparison of the PdÿP bond lengths in
[(dppe)Pd(CH2Cl)Cl] (dppe� 1,2-bis(diphenylphosphanyl)-
ethane; PdÿP trans to CH2Cl 2.309(1) �; trans to Cl
2.232(1) �)[33] and in 12 leads to the conclusion that the
stannaborate ligand exhibits a trans influence stronger than
chloride and weaker than methyl.


Conclusion


The results presented herein
show that, in transition metal
chemistry, the stanna-closo-do-
decaborate cluster is a ligand
with a stronger trans influence
than SnCl3, CO, PR3, Cl, or
alkene ligands. Furthermore,
the ligand is labile with respect


to substitution reactions in square planar coordinated plati-
num complexes. This leads in some cases to the transfer of the
tin ligand to another transition metal center and the formation
of di(stannaborate)complexes.


Experimental Section


All manipulations were carried out under dry N2 in Schlenk glassware;
solvents were dried and purified by standard methods and stored under N2;
NMR Bruker AC 200 (1H: 200 MHz, internal TMS; 13C{1H}: 50 MHz,
internal TMS; 31P{1H}: 81 MHz, external 85 % H3PO4; 11B{1H}: 64 MHz,
external BF3 ´ Et2O); elemental analysis: Institut für Anorganische Chemie
der Universität zu Köln, Heraeus C,H,N,O-Rapid elemental analyser; IR
spectrometer: IFS66v/s Bruker; trans-[(PEt3)2Pt(H)Cl],[34] trans-
[(PEt3)2Pt(tBu-NC)Cl][ClO4],[16] [Bu3MeN]2[trans-{(PEt3)2Pt(SnB11H11)2}],[10]


and [(dppe)Pd(Me)Cl][35] were prepared by published methods.


[Bu3MeN][trans-{(PEt3)2Pt(H)(SnB11H11)}] (6): [Bu3MeN]2[SnB11H11]
(0.71 g, 1.09 mmol) in CH2Cl2 (20 mL) was added to a solution of trans-
[(PEt3)2Pt(H)Cl] (0.51 g, 1.09 mmol) in CH2Cl2 (20 mL) and stirred for
12 h. The solvent was evaporated in vacuo and the residue was washed with
water to remove [Bu3MeN]Cl. The product was isolated by filtration, dried
in vacuo, and recrystallized from CH2Cl2 by slow diffusion of hexane at 8 8C
to give 6 (0.41 g, 85% yield) as orange crystals; 1H NMR (200 MHz,
CD2Cl2, 25 8C): d�ÿ7.15 (t, 1JH,Pt� 1312 Hz, 2JH,P� 11.6 Hz, 1H; PtH),
1.01 (t, 3J� 7.2 Hz, 9H; CH2CH3), 1.13 (m, 18 H; PCH2CH3), 1.44 (m, 6H;
CH2CH2CH3), 1.65 (m, 6H; CH2CH2CH2), 2.14 (m, 12 H; PCH2CH3), 3.07
(s, 3H; NCH3), 3.23 (m, 6 H; NCH2CH2); 11B{1H} NMR (64 MHz, CD2Cl2,
25 8C): d�ÿ9.2 (s; B12), ÿ14.5 (s; B2/B3/B4/B5/B6, B7/B8/B9/B10/B11);
13C{1H} NMR (50 MHz, CD2Cl2, 25 8C): d� 9.4 (s; PCH2CH3), 13.8 (s;
CH2CH3), 20.0 (s; CH2CH2CH3), 22.1 (m, br; PCH2CH3), 24.7 (s;
CH2CH2CH2), 49.5 (s; NCH3), 62.3 (s; NCH2CH2); 31P{1H} NMR
(81 MHz, CD2Cl2, 25 8C): d� 20.8 (s, 1JPt,P� 2455 Hz, 2JP,Sn� 199 Hz; in
cis position to SnB11H11); IR (KBr): nÄ � 2061 cmÿ1 (PtÿH); elemental
analysis calcd (%) for C25H72B11NP2PtSn (881.50): C 34.06, H 8.23, N 1.59;
found: C 33.95, H 8.10, N 2.09.


trans-[(PEt3)2Pt(tBuNC)(SnB11H11)] (7): Method a: trans-[(PEt3)2Pt-
(tBuNC)(Cl)][ClO4] (0.36 g, 0.55 mmol) in CH2Cl2 (20 mL) was treated
with a solution of [Bu3MeN]2[SnB11H11] (0.36 g, 0.55 mmol) in CH2Cl2


(20 mL). The reaction was stirred at room temperature for 12 h. The
solvent was evaporated in vacuo and the residue was washed with water to


Scheme 5. Reaction of 11 and 1 to give 12, the first stanna-closo-dodecaborate complex of palladium.
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remove Bu3MeN salts. The product was isolated by filtration, dried in vacuo
and recrystallized from CH2Cl2 by slow diffusion of hexane to give 2 (0.38 g,
92% yield) as bright yellow cubes. Method b: trans-
[(PEt3)2Pt(H)(SnB11H11)][Bu3MeN] (0.20 g, 0.23 mmol) in a mixture of
CH2Cl2 (10 mL) and THF (10 mL) was stirred at 0 8C with HBF4 (0.031 mL,
54% in Et2O, 1� 1.19 g mLÿ1, 0.23 mmol) for 5 min before the addition of
tBuNC (0.2 mL). The reaction mixture was stirred at room temperature for
2 h and the product crystallized by slow diffusion of methanol into the
reaction mixture at 8 8C to give 7 (0.15 g, 82 % yield) as yellow cubes;
1H NMR (200 MHz, [D6]DMSO, 25 8C): d� 1.13 (m, 18 H; PCH2CH3), 1.17
(s, 9H; C(CH3)3), 2.40 (m, 12H; PCH2CH3); 11B{1H} NMR (64 MHz,
[D6]DMSO, 25 8C): d�ÿ14.1 (s; B2/B3/B4/B5/B6, B7/B8/B9/B10/B11);
13C{1H} NMR (50 MHz, [D6]DMSO, 25 8C): d� 9.3 (s; PCH2CH3), 21.5 (m,
br; PCH2CH3), 28.8 (s; C(CH3)3), 34.5 (s; C(CH3)3); 31P{1H} NMR
(81 MHz, [D6]DMSO, 25 8C): d� 35.6 (s; 1JPt,P� 2117 Hz; Et3PPt); IR
(KBr): nÄ � 2214 cmÿ1 (NC); elemental analysis calcd (%) for
C17H50B11NP2PtSn (763.24): C 26.78, H 6.68, N 1.84; found: C 27.38, H
6.65, N 2.10.


[Bu3MeN]2[(PEt3)2Pt(SnB11H11)2(tBuNC)] (9): Method a: At room tem-
perature, tBuNC (0.2 mL) was added to [(PEt3)2Pt(H)(SnB11H11)][Bu3-
MeN] (0.20 g, 0.23 g) in CH2Cl2 (20 mL). After 30 min, slow diffusion of
methanol into the reaction mixture at 8 8C yielded 9 (0.12 g, 37% yield) as
yellow needles. Method b: At room temperature, tBuNC (0.2 mL) was
added to [Bu3MeN]2[trans-{(PEt3)2Pt(SnB11H11)2}] (0.43 g, 0.32 mmol) in
CH2Cl2 (20 mL) and stirred for 30 min. Complex 9 (0.45 g, 88 % yield) was
isolated by crystallization according to the procedure outlined in Method a;
1H NMR (200 MHz, [D6]DMSO, 25 8C): d� 0.92 (t, 3J� 7.2 Hz, 18H;
CH2CH3), 1.14 (m, 18H; PCH2CH3), 1.25 (m, 12 H; CH2CH2CH3), 1.52 (s,
9H; C(CH3)3), 1.58 (m, 12H; CH2CH2CH2), 2.34 (m, 12H; PCH2CH3), 2.93
(s, 6H; NCH3), 3.18 (m, 12 H; NCH2CH2); 11B{1H} NMR (64 MHz,
[D6]DMSO, 25 8C): d�ÿ14.1 (s; B2/B3/B4/B5/B6, B7/B8/B9/B10/B11);
13C{1H} NMR (50 MHz, [D6]DMSO, 25 8C): d� 9.5 (s; PCH2CH3), 13.5 (s;
CH2CH3), 19.2 (s; CH2CH2CH3), 22.1 (m, br; PCH2CH3), 23.4 (s;
CH2CH2CH2), 29.1 (s; C(CH3)3), 47.5 (s; NCH3), 59.1 (s; C(CH3)3), 60.4
(s; NCH2CH2), 178.1 (s; tBuNC); 31P{1H} NMR (81 MHz, [D6]DMSO,
ÿ80 8C): d�ÿ2.6 (s, 1JP,Pt� 1633 Hz, 1JP,Sn� 240 Hz; in cis position to
SnB11H11); IR (KBr): nÄ � 2190 cmÿ1 (NC); elemental analysis calcd (%) for
C43H121B22N3P2PtSn2 (1412.71): C 36.56, H 8.63, N 2.97; found: C 36.14, H
8.60, N 3.05.


[Bu3MeN][(dppe)Pd(Me)(SnB11H11)] (12): A solution of [(dppe)Pd-
(Me)Cl] (1.60 g, 2.88 mmol) in CH2Cl2 (60 mL) was added to [Bu3-
MeN]2[SnB11H11] (1.87 g, 2.88 mmol) in CH2Cl2 (20 mL). After 24 h,
volatiles were removed in vacuo and the bright yellow residue was washed
with water to remove [Bu3MeN]Cl. Crystallization was carried out by slow
diffusion of hexane into a saturated solution of 12 in dichloromethane at
8 8C to give bright yellow crystals (2.45 g, 88 % yield); 1H NMR (200 MHz,
[D6]DMSO, 25 8C): d� 0.63 (d/d, 3JH,P� 6.4/6.2 Hz, 3 H; PdCH3), 0.91 (t,
3J� 7.1 Hz, 9 H; CH2CH3), 1.28 (m, 6 H; CH2CH2CH3), 1.59 (m, 6H;
CH2CH2CH2), 2.60 ± 2.80 (m, 4H; PCH2CH2P), 3.03 (s, 3 H; NCH3), 3.18
(m, 6 H; NCH2CH2), 7.30 ± 7.90 (m, 20 H; PC6H5); 11B{1H} NMR (64 MHz,
[D6]DMSO, 25 8C): d�ÿ14.1 (s; B2/B3/B4/B5/B6, B7/B8/B9/B10/B11);
13C{1H} NMR (50 MHz, [D6]DMSO, 25 8C): d�ÿ6.3 (d, 2JC,P� 89.2 Hz;
PdCH3), 13.5 (s; CH2CH3), 19.2 (s; CH2CH2CH3), 23.4 (s; CH2CH2CH2),
26.6 ± 28.5 (m, br; PCH2CH2P), 47.6 (s; NCH3), 60.4 (s; NCH2CH2), 128.0 ±
130.0 (m, br; CH(PC6H5)), 130.5 ± 132.5 (m, br, CH(PC6H5)), 132.5 ± 134.5
(m, br; CH(PÿC6H5)); 31P{1H} NMR (81 MHz, [D6]DMSO, 25 8C): d� 49.7
(d, 2JP,P� 24 Hz, 2JP,Sn� 298 Hz; Ph2PCH2 in cis position to SnB11H11), 56.9
(d, 2JP,P� 24 Hz, 2JP,Sn� 2542 Hz; Ph2PCH2 in trans position to SnB11H11);
elemental analysis calcd (%) for C40H68B11NP2PdSn (968.89): C 49.58, H
7.07, N 1.45; found: C 48.30, H 7.12, N 1.52.


X-ray crystallographic studies: 7: C17H50B11NP2PtSn; formula mass
763.21 gmolÿ1; monoclinic space group P21/n ; a� 10.698(2), b� 17.170(2),
c� 17.877(3) �, b� 107.26(2)8, V� 3136.0(8) �3, Z� 4, 1calcd�
1.616 g cmÿ3, m(MoKa)� 5.363 mmÿ1. Image plate diffractometer (IPDS,
Stoe); MoKa radiation (graphite monochromator, l� 71.07 pm); data
collection at 200 K on a single crystal of dimensions 0.2� 0.2� 0.2 mm,
1.7� q� 24.28 ; 4829 independent reflections measured, 3045 ªobservedº [I
> 2s(I)]; data corrections: Lorentz and polarization factors, numerical
absorption with programs X-RED and X-Shape (Stoe Darmstadt, 1994);[36]


structure solution by direct methods and difference Fourier synthesis, F 2


refinement;[37, 38] anisotropic parameters for non-hydrogen atoms. All


hydrogen atoms were placed in calculated positions and refined with
isotropic thermal parameters. Convergence was obtained for 298 variables
with wR2� 0.0785, R1� 0.0416, GooF� 0.835; max. residual density �0.86
(1.70 � from Pt) e �ÿ3. 9: C43H112B22N3P2PtSn2; formula mass
1403.59 gmolÿ1; monoclinic space group C2/c ; a� 30.573(4), b�
11.5996(14), c� 19.184(3) �, b� 94.511(15)8, V� 6782.1(15) �3, Z� 4,
1calcd� 1.375 g cmÿ3, m(MoKa)� 2.867 mmÿ1. Image plate diffractometer
(IPDS, Stoe); MoKa radiation (graphite monochromator, l� 71.07 pm);
data collection at 170 K on a single crystal of dimensions 0.1� 0.2�
0.1 mm, 1.9� q� 24.28 ; 5368 independent reflections measured, 3929
ªobservedº [I> 2s(I)]; data corrections: Lorentz and polarization factors;
numerical absorption with programs X-RED and X-Shape (Stoe Darm-
stadt, 1994);[36] structure solution by direct methods and difference Fourier
synthesis, F 2 refinement;[39, 40, 41] anisotropic parameters for non-hydrogen
atoms. Atoms Pt, C7 and N1 lie in special positions on the twofold axis.
With the exception of the hydrogen atoms that are connected to the
disordered isocyanide ligand, all hydrogen atoms were placed in calculated
positions and refined with isotropic thermal parameters. The isocyanide
ligand shows a disorder with respect to the twofold axis. Refinement of the
nondisordered model in spacegroup C2 does not convert. Convergence in
C2/c was obtained for 325 variables with wR2� 0.1225, R1� 0.0456,
GooF� 0.804; max. residual density 1.57 (1.32 � from H23C) e�ÿ3. 12 :
C40H68B11NP2PdSn; formula mass 968.89 g molÿ1; monoclinic space group
P21/c ; a� 12.3455(2), b� 18.3136(5), c� 23.1877(7) �, b� 101.4121(14)8,
V� 5138.9(2) �3, Z� 4, 1calcd� 1.252 gcmÿ3, m(MoKa)� 0.925 mmÿ1. Image
plate diffractometer (IPDS, Stoe); MoKa radiation (graphite monochro-
mator, l� 71.07 pm); data collection at 293 K on a single crystal of
dimensions 0.1� 0.3� 0.1 mm, 1.4�q� 27.68 ; 11608 independent reflec-
tions measured, 5101 ªobservedº [I> 2s(I)]; data corrections: Lorentz and
polarization factors; numerical absorption with programs X-RED and
X-Shape (Stoe Darmstadt, 1994);[36] structure solution by direct methods
and difference Fourier synthesis, F 2 refinement;[39, 40, 41] anisotropic param-
eters for non-hydrogen atoms. All hydrogen atoms were placed in
calculated positions and refined with isotropic thermal parameters.
Convergence was obtained for 506 variables with wR2� 0.1423, R1�
0.0511, GooF� 0.864; max. residual density 0.99 (2.79 � from H9) e�ÿ3.
10 ´ 2(CH3)2SO : C38H44B11O2P3PtS2Sn; formula mass 1122.45 gmolÿ1; tri-
clinic space group P1Å ; a� 10.742(2), b� 13.739(2), c� 17.623(3) �, a�
91.70(2), b� 106.98(2), g� 107.71(2)8, V� 2349.5(6) �3, Z� 2, 1calcd�
1.587 g cmÿ3, m(MoKa)� 3.729 mmÿ1. Image plate diffractometer (IPDS,
Stoe); MoKa radiation (graphite monochromator, l� 71.07 pm); data
collection at 170 K on a single crystal of dimensions 0.1� 0.3� 0.1 mm,
2.5� q� 28.28 ; 10 439 independent reflections measured, 4231 ªobservedº
[I> 2s(I)]; data corrections: Lorentz and polarization factors; structure
solution by direct methods and difference Fourier synthesis, F 2 refine-
ment;[39, 40, 41] anisotropic parameters for non-hydrogen atoms. With
exception of the hydrogen atoms that are connected to the solvent
molecules, all hydrogen atoms were placed in calculated positions and
refined with isotropic thermal parameters. DMSO molecules are disor-
dered and no hydrogens were calculated. Convergence was obtained for
541 variables with wR2� 0.1157, R1� 0.052, GooF� 0.663; max. residual
density 1.27 (0.56 � from Pt) e�ÿ3.


Theoretical methods : The program systemTurbomole[21] was employed to
carry out the DFT[22] investigations using the Ridft program[24] with the
Becke ± Perdew (B-P) functional[25] and a gridsize of m3. The Ridft
program has been developed from the DFT program[26] and approximates
the coulomb part of the two-electron interactions. Basis sets were of SV(P)
quality (SV(P)� split valence plus polarization for all non-hydrogen atoms,
split valence for hydrogen atoms),[27] The Sn and the Pt atom were treated
with effective core potentials (ECP) that serve as approximations for inner
electrons considering relativistic effects. For Sn, an ECP-46 which
described 46 core electrons was used; for Pt, an ECP-60 which described
60 core electrons.[28] The dipole moment of trans-[(Et3P)2Pt(SnB11H11)-
(CNtBu)] was calculated with the program Moloch which was imple-
mented within Turbomole.
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Three- and Four-Membered Rings from Cycloadditions of
1,3-Thiazolium-4-olates and Aldehydes


Martín Avalos,[a] Reyes Babiano,*[a] Pedro Cintas,[a] Michael B. Hursthouse,[b]


JoseÂ L. JimeÂnez,[a] Mark E. Light,[b] Ignacio LoÂ pez,[a] Juan C. Palacios,[a] and
Guadalupe Silvero[a]


Abstract: 2-Aminothioisomünchnones,
a well-known family of masked dipoles,
react with aromatic aldehydes in a
domino cascade reaction that produces
episulfides (thiiranes) or b-lactams (2-
azetidinones). This sequence is initiated
by a [3�2] dipolar cycloaddition fol-
lowed by ring opening of cycloadducts
and intramolecular rearrangement to
afford these unusual ring contractions.
The nature of the reaction products


depends on the structural characteristics
of the starting dipole and the experi-
mental conditions. Episulfides are ob-
tained selectively as cis isomers with
respect to both aryl groups, whereas b-
lactams are produced as cis/trans mix-


tures. These structural features were
determined unequivocally by X-ray
crystallographic analysis. The b-lactams
still possessed a flexible acyclic chain
containing sulfur, a salient lead modifi-
cation of the bioactive cyclic penems
and cephems. The preferential produc-
tion of exo transition structures was
rationalized with the aid of computa-
tional calculations at the B3LYP/6-31G*
level.


Keywords: cycloaddition ´ domino
reactions ´ episulfides ´ lactams ´
mesoionic heterocycles


Introduction


1,3-Dipolar cycloadditions constitute the most important
theoretical approach to the construction of five-membered
rings.[1] Reactivity in dipolar cycloadditions varies consider-
ably from system to system, and explanations of reactivity and
stereochemical issues based on perturbational molecular
orbital arguments have to be substantiated by semiempirical
or ab initio calculations of ground states and saddle points.[2]


Nevertheless, the formation of rings other than five-mem-
bered systems by means of the typical allyl- and propargyl-
type dipoles remains relatively unexplored. A plausible
strategy could be the use of masked dipoles whose resulting
cycloadducts may undergo cascade transformations involving
ring opening, fragment extrusion, or rearrangement. Meso-
ionic dipoles could fulfil this requirement, as induced or


spontaneous fragmentations of their cycloadducts are easily
achieved, providing five- or six-membered rings as major
products.[3]


Depending on the nature of heteroatoms and the electronic
contribution of each atom to the p system, mesoionic 1,3-
dipoles belong to one of two general types, A and B
(Scheme 1). Only those of type A may be represented by


A B
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Scheme 1. The two classes of mesoionic dipoles. The numbers denote the
electronic contribution of each atom to the aromaticity of the five-
membered ring.


canonical structures resembling allyl-type dipoles and there-
fore participate readily in cycloadditions, whereas B-type
dipoles tend to be equilibrated with their valence tautomers,
which may well be the reactive species formed by protonation
and ring opening.[4]


We have already reported the synthesis of ring-fused
polyheterocycles based on a domino process of cycloaddition
and ring opening, followed by a further cyclization.[5] These
types of reaction provide an opportunity for linking two
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disparate ring-forming reac-
tions sequentially. Such a pro-
tocol would also provide one-
pot access to highly complex
target molecules. Its modifica-
tion to the formation of smaller,
strained rings is still a challenge,
however. Here we focus on our
recent efforts in this area, de-
scribing in detail the unequiv-
ocal and unprecedented transformation of mesoionic dipoles
into two important small heterocycles: episulfides and b-
lactams.


Results and Discussion


2-Aminothioisomünchnone cycloaddition strategy : It occur-
red to us that we could utilize a series of 2-amino-substituted
1,3-thiazolium-4-olates, rather than the highly stable aryl-
substituted 1,3-thiazolium-4-olates which have long been
employed, for the critical [3�2] cycloaddition step. Such an
N,N-dialkylamino group has now been used to induce
alternative cycloadduct fragmentations and to trigger a ring
contraction.


We had previously detected ring contraction of a meso-
ionic-based cycloadduct to a three-membered ring. When a
thiazolium-4-olate system embedded in a chiral tricyclic
heterocycle reacted with an aromatic aldehyde, a mixture of
two diastereomeric episulfides, along with an E olefin, were
obtained [Eq. (1)].[6] The latter could also be obtained
stereospecifically by thermal desulfurization of an equimolar
mixture of both episulfides.


To investigate the influence of the carbohydrate moiety on
the steric course of the reaction, the cycloadditions of the
reduced model 1 with aromatic aldehydes 2 were studied. This
substrate exhibited an analogous behavior leading regiospe-
cifically and stereoselectively in
toluene solution to episulfides 3
(as racemic mixtures), occa-
sionally together with an E
olefin 4 [Eq. (2), Table 1] (in
general, crude samples were
too complex to be evaluated
by NMR spectroscopy and val-
ues therefore refer to yields of
isolated products).


Whereas stereoselection was
complete in the cycloadditions
with benzaldehyde and 4-me-


thoxybenzaldehyde affording episulfides, the condensation
with 4-nitrobenzaldehyde resulted in a modest yield of the
olefin 4 a. With 4-dimethylaminobenzaldehyde a mixture of
episulfide and olefin could be detected, although the latter
was the exclusive product after prolonged reaction times.


For the simple thioisomünchnones 5 ± 7 in which an N,N-
dialkylamino group replaced the imidazolidine ring in the
bicyclic system 1, clean reactions were obtained in refluxing
benzene. NMR data of the resulting products deviated
surprisingly from the pattern observed in the above-men-
tioned episulfides. Further analysis by X-ray diffractometry of
suitable crystals of the major isomer 8 f evidenced the
formation of a b-lactam ring.[7] Similar b-lactams were like-
wise obtained as mixtures of cis and trans diastereomers with
respect to the relative orientation of the two aromatic
substituents at C3 and C4 [Eq. (3), Table 2]. The isomeric
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3b   Ar = Ph
3c   Ar = 4-MeOC6H4
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2a   Ar = 4-NO2C6H4
2b   Ar = Ph
2c  Ar = 4-MeOC6H4
2d   Ar = 4-Me2NC6H4


4a   Ar =  4-NO2C6H4


4d   Ar =  4-Me2NC6H4


(2)


Table 1. Reaction of 1 with aromatic aldehydes in toluene solution.


Aldehyde T [8C] t [h] Episulfide [%] Olefin [%]


2a 25 24 ± 4a (5)
2a 110 1.5 ± 4a (28)
2b 25 1.5 3b (65) ±
2b 110 0.5 3b (20) ±
2c 110 1 3c (50) ±
2c 110 20 3c (35) ±
2d 110 1.5 3d (17) 4d (18)
2d 110 20 ± 4d (32)
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8a + 9a   Ar1 = Ar2 = 4-NO2C6H4 
8b + 9b   Ar1 = 4-NO2C6H4, Ar2 = Ph 
8c + 9c   Ar1 = 4-NO2C6H4, Ar2 = 4-MeOC6H4  .      


8d + 9d   Ar1 = Ph, Ar2 = 4-NO2C6H4 
8e + 9e   Ar1 = Ar2 = Ph 
8f +  9f    Ar1 = Ph, Ar2 = 4-MeOC6H4


(3)
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ratios were determined by NMR analysis of the crude
samples. Separation of these cis and trans b-lactams by
fractional crystallization or preparative chromatography fa-
cilitated their structural assignment.


No side products could be detected in the cycloadditions of
5 and 6 with aryl aldehydes, but the corresponding reactions
with thioisomünchnone 7 were messy. The reaction of 7 with
4-nitrobenzaldehyde gave a complex reaction mixture, al-
though we were able to isolate a small amount (7 %) of b-
lactam after 10 h at reflux. In contrast, no b-lactams could be
observed in the reactions of 7 with benzaldehyde or 4-me-
thoxybenzaldehyde after more than 50 h in refluxing benzene.
We then studied these reaction mixtures systematically. From
the condensation of 7 and 4-nitrobenzaldehyde under milder
conditions (dry CH2Cl2, RT, 24 h), we isolated the episulfide
10 in 63 % yield after crystallization from diethyl ether. Under
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similar reaction conditions the [3�2] cycloaddition with
benzaldehyde proceeded slowly (RT, 44 h) to give 11 in
15 % yield after chromatographic purification and crystalli-
zation. Prolonged reaction times (RT, 96 h) yielded keto-
amide 12 (10 %) and crystalline sulfur (6 %). From cyclo-
addition of 7 with 4-methoxybenzaldehyde, ketoamide 12 was
the sole product (14%), although the complete conversion of
the starting materials could not be observed (NMR monitor-
ing).


The structure of 11 was further confirmed by X-ray analysis
(see Supporting Information for details). The solid-state
structure also reveals the relative cis disposition of the two
phenyl groups, in agreement with the data previously
obtained by our research group.[6] In addition to their
unequivocal characterization by X-ray diffraction analysis,
the b-lactam and episulfide derivatives exhibited notable,
diagnostically valuable differences in their 1H and 13C NMR
spectra. Thus, the only proton present in the heterocyclic
moiety (H4 for b-lactams and H3 for episulfides) does appear
more deshielded (Dd� 1, 5.81 ± 6.04 versus 4.83 ± 4.90) in the
case of the four-membered rings. Moreover, H4 for the cis b-


lactams is also more deshielded than for their trans isomers.
Accordingly, H4 resonances of the r-4-aryl-3c-phenyl diaster-
eomers[8] are shifted remarkably downfield relative to the r-4-
aryl-3t-phenyl counterparts. Likewise, as with b-lactams, a
comparison of the 13C NMR data allowed us to identify
diastereomeric pairs. Thus, the C3 signals for trans isomers
(r-4-aryl-3t-phenyl) are shifted upfield relative to those of r-4-
aryl-3c-phenyl diastereomers, and the resonances for C4
exhibited NMR deshielding in trans isomers. Moreover,
carbon resonances of the episulfide moiety were shifted
notably upfield (dC� 46 ± 55) compared with those of b-
lactams (dC� 67 ± 70).


The 1H NMR resonance signals of N-methyl and methylene
groups appear as very broad signals. We attribute this
apparent duplication of such signals at room temperature to
a restricted rotation of the N,N-dialkylamino group around
the (SC�O)ÿN bond. Accordingly, both cis and trans b-
lactams should indeed exist as a mixture of s-Z and s-E
rotamers [Eq. (4)].
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The coalescence temperature (Tc) of 8 e and 9 e has been
measured by variable-temperature NMR experiments. The
barrier to rotation DG= [cal molÿ1] can be estimated from Tc


by Equation (5), derived from the Eyring equation.[9]


DG=� 1.987Tc [22.62 � lnTc/DnÄ] (5)


Strictly, Equation (5) should be applied only to equally
populated conformational states at equilibrium, although in
most cases approximate, acceptable values within the exper-
imental error are obtained.[10] Data in Table 3 indicate a


similar energy barrier for both diastereomers (approximately
15 kcal molÿ1), comparable with values obtained previously
for twisted amides.[11]


Mechanistic aspects : The overall transformation of thioiso-
münchnones and aromatic aldehydes to b-lactams (Scheme 2)


Table 2. Preparation of cis- and trans-b-lactams.


Ar1 Ar2 t [h] cis/trans[a]


4-NO2C6H4 4-NO2C6H4 1 58:42
4-NO2C6H4 Ph 1 57:43
4-NO2C6H4 4-MeOC6H4 6 60:40
Ph 4-NO2C6H4 3 60:40
Ph Ph 4 65:35
Ph 4-MeOC6H4 10 70:30


[a] Determined by integration of 1H NMR spectra (CDCl3).


Table 3. Barriers to rotation DG= from 1H NMR data at 400 MHz.


Signal Dd [Hz] Tc [K] DG= [kcal molÿ1]


8e NCH3 18.02 292 14.7
H5 10.10 289 14.9


9e NÿCH2 44.96 295 14.4
H5 12.95 283 14.5
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is a triple cascade sequence consisting of an initial [3�2]
dipolar cycloaddition to afford a cycloadduct which under-
goes spontaneous cleavage of the CÿN bond, followed by
further rearrangement of the zwitterionic intermediate.


Ring opening of the initial cycloadducts, which are not
isolated, alleviates their ring strain. The positive charge on the
dipolar intermediate should largely be stabilized by the lone
pairs of electrons on the adjacent heteroatoms, while an
electron-withdrawing substituent on the aromatic group can
stabilize the negative charge. It should therefore be expected
that electron-donating aryl groups on the thioisomünchnone
precursor (for example, 7), will disfavor CÿN bond breaking
of the thia-bridged cycloadducts formed initially.


At this stage, the further
rearrangement of the transient
dipole is no more than an intra-
molecular nucleophilic attack
of the amide nitrogen on the
endocyclic carbon atom as a
suitable leaving group. Such a
displacement also causes the
configurational inversion at C5
of the five-membered ring. Ac-
cordingly, exo and endo approaches of the aromatic aldehyde
in the initiating cycloaddition will dictate the diastereomeric
course leading to r-4-aryl-3c-phenyl and r-4-aryl-3t-phenyl b-
lactams, respectively.


Early studies showed that 1,3-oxazolium-5-olates (münch-
nones) can provide b-lactams by reaction with imines.[12] This
type of mesoionic ylide corresponds to the cyclic equivalent of
an azomethine ylide and is found to undergo [3�2] cyclo-
addition readily with suitable dipolarophiles.[4a, 13] This con-
densation with imines is still underestimated as a route to the
important family of four-membered lactams. The transforma-
tion was once believed to follow the pathway outlined in
Scheme 3. Münchnones would be in equilibrium with their
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Scheme 3. Condensation of münchnones with imines as a route to four-
membered lactams


ketene-type valence tauto-
mers, which could then be
intercepted by imines
through a [2�2] cycloaddi-
tion.


There is no spectroscopic
evidence to support the inter-
mediacy of such hypothetical
valence tautomers, although
this could simply reflect their
short lifetime. Their genera-
tion from thioisomünchnones
should now be reexamined,
since they would afford b-


lactones through a [2�2] cycloaddition with aldehydes
(Scheme 4).


In the light of our results, a stepwise reaction could
satisfactorily explain the formation of b-lactams from
münchnones and imines (Scheme 5). Again, the [3�2] cyclo-


addition gives rise to an aza-bridged cycloadduct. Ring
opening followed by rearrangement of the resulting
zwitterionic intermediate furnishes highly substituted b-
lactams.


It is striking that the ring contraction of thioisomünchnones
to b-lactams occurs without the menacing extrusion of
elemental sulfur.[14] This leads to monocyclic 2-azetidinones
(monobactams) bearing a sulfur-containing side chain, the
structural motif encountered in the well-screened cephem,
penem, and penam nuclei.[15] Such b-lactam derivatives
irreversibly inactivate three important classes of serine
proteases[16] that specifically recognize and cleave the cyclic
amide bond of these four-membered rings: d,d-transpepti-
dases, b-lactamases, and elastases.[15±17] In addition, renewed
interest in b-lactam antibiotics is emerging from recent assays
of monobactams as thrombin[18] and cholesterol acyltransfer-
ase inhibitors.[19]


Although the preparation and reactivity of thiiranes
(episulfides) and thiirenes are well documented,[20] there are
fewer naturally occurring thiiranes.[21] Synthetic derivatives
are utilized as drugs, thermoplastic polymers or rubber
plasticizers, and mild herbicides.[22]
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Scheme 2. Mechanism for the transformation of thiomüchnones and aromatic aldehydes to b-lactams.
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The formation of r-3-aryl-2c-phenyl episulfides [see Eq. (2)]
can equally be explained by assuming a preferential endo
[3�2] cycloaddition of the aldehyde to thioisomünchnone 1
followed by ring opening of the resulting cycloadduct, which is
in this case initiated by fragmentation of the CÿS bond and a


subsequent intramolecular sulfur atom transfer (Scheme 6).
The rigid framework provided by the bicyclic tetrahydroimi-
dazole does effectively impede the formation of a b-lactam
ring, even though the lone pair of electrons on the contiguous
nitrogen may assist the alternative CÿN bond cleavage.


Computational studies : To probe more deeply the mechanis-
tic pathway leading to the formation of b-lactams, we
undertook a theoretical study capable of providing a plausible
rationale. Standard molecular orbital calculations of the
cycloadditions involving compounds 5 ± 7 with aldehydes
2 a ± 2 c were carried out using the Gaussian 94 package of
programs.[23] Molecular geometries were optimized initially at
the PM3 level[24] and a selection of the corresponding energies
were then recalculated with the B3LYP density functional
method[25] and the 6-31G* basis set. All these structures were
characterized as local minima by numerical normal-mode
analyses, and transition structures by the existence of one
imaginary frequency in each case.


Table 4 shows the energies and coefficients of the frontier
orbitals (FMOs) of the reactants with full optimization of
geometries at a semiempirical (PM3) level. All these cyclo-
additions reactions are HOMOdipole-controlled processes as
evidenced by the smaller HOMOdipole ± LUMOdipolarophile en-
ergy gap with respect to its HOMOdipolarophile ± LUMOdipole


counterpart.
According to the FMO postulates,[26] once the HOMO/


LUMO pair that is closer in energy is identified, the relative
sizes of the coefficients of the atomic orbitals will predict the
regioselectivity. Taking the cycloaddition between the 1,3-


thiazolium-4-olate system 6 and benzaldehyde (2 b) as a
reaction model, Figure 1 represents the four possible ap-
proaches facing the greater HOMO and LUMO. Unfortu-
nately, the similarity found in the LUMO coefficients of the
dipolarophile impedes prediction of the regioselectivity based


solely on primary interactions.
The consideration of secon-


dary orbital interactions[27] now
makes it possible to assign the
correct regiochemistry. Thus,
Figure 2 depicts such interac-
tions emerging from an endo
orientation of the reactants.
This approach places the oxy-
gen atom of benzaldehyde in


close contact with the C2 position of the cyclic core, which
stabilizes the transition state. In the alternative approach to
C5, the HOMO and the LUMO of the reactants are always of
opposite signs.
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Figure 2. Secondary orbital interactions in the endo approach of benz-
aldehyde to thioisomünchnone 6.


Although the secondary interactions should constitute the
dominant regiochemical controller, we find that the PM3
procedure is not suitable for reliably predicting the stereo-
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Scheme 6. Mechanism to explain the formation of r-3-aryl-2c-phenyl episulfides.


Table 4. Coefficients and energies of FMOs for 5 ± 7 and 2a ± 2 c.


Orbital Energy [eV] c1 c2 c3 c4 c5


5 HOMO ÿ 7.85 ÿ 0.19 ÿ 0.28 0.15 0.14 0.51
LUMO ÿ 1.81 ÿ 0.36 0.58 ÿ 0.30 ÿ 0.01 0.29


6 HOMO ÿ 7.50 ÿ 0.18 ÿ 0.26 0.15 0.14 0.51
LUMO ÿ 1.39 ÿ 0.40 0.63 ÿ 0.37 ÿ 0.02 0.29


7 HOMO ÿ 7.47 ÿ 0.21 ÿ 0.26 0.15 0.14 0.53
LUMO ÿ 1.81 ÿ 0.39 0.64 ÿ 0.38 ÿ 0.02 0.30


2a HOMO ÿ 10.83 0.02 0.00 ÿ 0.05 ± ±
LUMO ÿ 1.69 ÿ 0.27 0.23 0.51 ± ±


2b HOMO ÿ 10.05 0.15 0.02 ÿ 0.34 ± ±
LUMO ÿ 0.48 ÿ 0.37 0.36 0.50 ± ±


2c HOMO ÿ 9.42 0.21 0.01 ÿ 0.50 ± ±
LUMO ÿ 0.41 ÿ 0.36 0.36 0.48 ± ±
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Figure 1. The four possible exo and endo approaches of benzaldehyde to
the mesoionic dipole.







FULL PAPER R. Babiano et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3038 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143038


chemical outcome because there is a slight preference for the
endo transition states, in disagreement with the experimental
observations. This can be appreciated by examining the PM3
transition structures arising from cycloadditions of thioiso-
münchnones 5 ± 7 with benzaldehyde (2 b), as well as the
transition structures resulting from the reactions of 6 with the
aldehydes 2 a and 2 c (Table 5, Figure 3) (orientations a ± d
refer to the notation indicated in Figure 1).


Approaches a and c, which also exhibit the regiochemical
outcome observed experimentally, appear to be more stabi-
lized that the orientations with the opposite regiochemistry.
Moreover, structures a and c suggest concerted and more
synchronous processes, bringing about shorter interatomic
distance differences representing the bonds being formed;
this is one important difference from approaches b and d.


Although a small energy difference is found, at the PM3
level, between the more stabilized transition structures a and
c, a is favored slightly, in agreement with the FMO theory
predicting the formation of endo cycloadducts which would
otherwise lead to trans b-lactams.


We have also studied endo and exo approaches of the three
possible aldehydes 2 a ± 2 c to the simpler thioisomünchnone 6,
and calculated improved energies at the B3LYP/6-31G* level
(Table 6).


The most relevant discovery is the inverted stability of
transition structures a (endo) and c (exo) with respect to the


corresponding results from semiempirical calculations. The
exo approach corresponds to a lower activation energy and
after cycloadduct cleavage the favored isomer should be a b-
lactam with a relative cis stereochemistry, in full agreement


Figure 3. Transition structures from cycloadditions of 6 with benzaldehyde.


Table 5. Computed energies [kcal molÿ1] and bond lengths [�] for
transition structures.


Approach DE= (PM3) C2 ± O C5 ± C C2 ± C C5 ± O


5 � 2 b a (endo) 38.58 2.00 2.08 ± ±
b (endo) 52.40 ± ± 2.24 1.92
c (exo) 40.22 2.00 2.09 ± ±
d (exo) 51.85 ± ± 2.21 1.97


6 � 2 a a (endo) 36.15 2.07 1.99 ± ±
b (endo) 54.03 ± ± 2.35 1.87
c (exo) 37.62 2.08 2.00 ± ±
d (exo) 50.37 ± ± 2.22 1.96


6 � 2 b a (endo) 38.69 2.01 2.06 ± ±
b (endo) 57.45 ± ± 2.30 1.89
c (exo) 40.31 2.01 2.07 ± ±
d (exo) 52.10 ± ± 2.22 1.96


6 � 2 c a (endo) 39.15 2.00 2.07 ± ±
b (endo) 56.02 ± ± 2.30 1.90
c (exo) 40.52 2.00 2.08 ± ±
d (exo) 52.54 ± ± 2.22 1.96


7 � 2 b a (endo) 38.93 2.01 2.06 ± ±
b (endo) 57.60 ± ± 2.30 1.89
c (exo) 40.52 2.01 2.07 ± ±
d (exo) 52.30 ± ± 2.22 1.96
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with experiment. This simple analysis reinforces the impor-
tance, suggested widely in modern computational chemistry,
of utilizing theoretical methods involving any kind of
electronic correlation (ab initio or DFT).[28]


Conclusion


We have shown that two important classes of heterocyclic
rings (episulfides and b-lactams) can be accessed readily by a
triple domino cascade involving the dipolar cycloaddition of a
mesoionic thioisomünchnone to an aromatic aldehyde, frag-
mentation of an amino-substituted [3�2] cycloadduct, and
further rearrangement of a zwitterionic intermediate. The
ease of cycloaddition, the rapid accumulation of polyfunc-
tionality in a small molecular framework, the stereochemical
control of the 1,3-dipolar cycloaddition, and the predictability
of its regiochemical pattern make this sequential transforma-
tion valuable. In the realm of synthesis, where selectivity is
rated highly, the structural characteristics of the starting
thioisomünchnone strongly direct the course of the cyclo-
addition. Episulfides are obtained selectively with ring-fused
heterocycles [Eqs. (1) and (2)] in which CÿS bond cleavage
will be the preferred mode of rearrangement. A major
cornerstone of synthetic chemistry has been the development
of an efficient preparation of epoxides of high optical purity
(for example, by the Sharpless epoxidation); synthetic proto-
cols to access homochiral episulfides would be equally
desirable. Optically active derivatives have been obtained
by resolution of racemates.[29] Very recently, we have used the
methodology described here for a diastereoselective synthesis
of optically active episulfides, whose chirality is imprinted by a
chiral carbohydrate aldehyde and whose structure has been
confirmed by X-ray analyses.[30]


The formation of b-lactams occurs smoothly from neutral
or electronically deactivated thioisomünchnones in good
overall yields, although the selectivity (in terms of cis/trans
ratios) is rather modest. A key feature of these molecules is
that they bear a sulfur-containing acyclic chain, a structural
motif also found in bioactive ring-fused b-lactams such as
penicillins and cephalosporins. We find that the stereochem-
ical outcome cannot be inferred from the postulates of the
FMO theory, but a higher level of theory (B3LYP/6-31G*)
does predict the favored exo transition pathway.


We hope that the remarkable features of these cyclo-
additions will fuel attempts to synthesize polyfunctional small
molecules and will stimulate continuing interest in other
synthetic targets.


Experimental Section


General methods : Melting points were determined on a capillary melting
point apparatus and are uncorrected. Yields refer to analytically pure
compounds. All solvents were dried and stored over molecular sieves. TLC
was performed with Merck 60GF254 silica gel plates, and column chroma-
tography by standard techniques on silica gel. IR spectra were obtained
with KBr pellets in Perkin-Elmer 399 and FT-Midac spectrophotometers.
Microanalyses were carried out by the Servei de MicroanaÁlisi/Centre
d'InvestigacioÂ i Desenvolupament (Barcelona), by the Instituto de Inves-
tigaciones Químicas, CSIC (Sevilla), and by the analytical laboratory of our
institute (Lecco CHNS 932 microanalyzer). The 1H; 13C, DEPT and
variable-temperature NMR spectra were recorded on Bruker AC-200
and AM-400 spectrometers. The NMR spectra were referenced to the TMS
line as internal standard at d� 0.00. The X-ray diffraction was measured
with an Enraf Nonius diffractometer at the University of Southampton.


2,7-Diphenyl-5H,6H,7H-imidazole[2,1-b]-1,4-thiazolium-3-thiolate (1):
Triethylamine (1.8 mL, 12.5 mmol) was added dropwise to a solution of
1-phenylimidazolidine-2-thione (2.20 g, 12.5 mmol) and a-bromophenyl-
acetic acid (2.70 g, 12.5 mmol) in benzene (100 mL). The reaction mixture
was stirred at room temperature for 17 h. The white solid precipitate
was filtered and washed with cold water (yield 1.37 g, 36%). This
substance, 2-phenyl-2-[1-phenyl-(2-imidazolin-2-ylthio)acetic acid (1.00 g,
4.25 mmol), was then dissolved in acetic anhydride (16 mL) and treated
with triethylamine (6 mL) to afford a yellowish solid (0.28 g, 30%) after
5 min, m.p. 121 ± 123 8C. The latter was filtered, washed with diethyl ether,
and used without further purification.


(2'R,3'R)- and (2'S,3'S)-1-(2',3'-epithio-2',3'-diphenyl)propanoyl-3-phenyl-
tetrahydroimidazol-2-one (3b)


Procedure a : Benzaldehyde (0.11 g, 1.0 mmol) was added to a suspension of
1 (0.30 g, 1.0 mmol) in toluene (5 mL) and the mixture was stirred at room
temperature for 90 min. The solvent was evaporated under reduced
pressure and the resulting crude was treated with ethanol, crystallizing
3b (0.26 g, 65%). M.p. 169 ± 171 8C (ethanol); IR (KBr): nÄ � 1737, 1668,
1289, 695 cmÿ1; 1H NMR (200 MHz, CDCl3): d� 7.44 ± 7.02 (m, 15H; Ar),
4.90 (s, 1 H; CH), 3.98 ± 3.68 (m, 4 H; 2�CH2); 13C NMR (50 MHz, CDCl3):
d� 169.55 (C1'), 150.63 (C2), 138.51, 134.30, 132.52, 129.97, 128.90, 128.79,
127.50, 127.43, 127.29, 127.08, 124.28, 119.03 (Ar), 54.57 (C2'), 46.63(C3'),
41.63 (CH2), 39.78 (CH2); elemental analysis calcd (%) for C24H20N2O2S
(400.49): C 71.98, H 5.03, N 6.99; found: C 71.70, H 4.97, N 6.96.


Procedure b : Benzaldehyde (0.07 g, 0.7 mmol) was added to a suspension
of 1 (0.20 g, 0.7 mmol) in toluene (5 mL) and the reaction mixture was
refluxed for 10 min. The solvent was evaporated under reduced pressure
and the residue was treated with ethanol, crystallizing 3 b (0.05 g, 20%).


(2'R,3'R)- and (2'S,3'S)-1-[2',3'-epithio-3'-(4-methoxyphenyl)-2'-phenyl]-
propanoyl-3-phenyltetrahydroimidazol-2-one (3 c)


Procedure a : 4-Methoxybenzaldehyde (0.23 g, 1.7 mmol) was added to a
suspension of 1 (0.50 g, 1.7 mmol) in toluene (20 mL) and the mixture was
refluxed for 40 min. After solvent evaporation under reduced pressure, the
resulting crude was treated with ethanol, crystallizing 3c (0.28 g, 50%).
M.p. 152 ± 154 8C; IR (KBr): nÄ � 1730, 1660, 1290, 695 cmÿ1; 1H NMR
(200 MHz, CDCl3): d� 7.47 ± 6.57 (m, 14H; Ar), 4.85 (s, 1H; CH), 4.02 ±
3.74 (m, 4 H; 2�CH2), 3.66 (s, 3H; CH3); 13C NMR (50 MHz, CDCl3): d�
169.65 (C1'), 158.62 (Ar), 150.64 (C2), 138.53, 132.66, 130.06, 129.93, 128.90,
127.51, 127.33, 126.38, 124.27, 119.02, 112.88 (Ar), 55.01 (CH3), 54.50 (C2'),
46.47(C3'), 41.62 (CH2), 39.79 (CH2); elemental analysis calcd (%) for
C25H22N2O3S (430.52): C 69.75, H 5.15, N 6.51; found: C 69.60, H 5.16, N
6.55.


Procedure b : 4-Methoxybenzaldehyde (0.10 g, 0.7 mmol) was added to a
suspension of 1 (0.20 g, 0.7 mmol) in toluene (3 mL) and the reaction
mixture was refluxed for 20 h. After solvent evaporation under reduced


Table 6. Single-point energies DE= at the B3LYP/6-31G*//PM3 level.


Approach DE= [kcal molÿ1]


6 � 2 a a (endo) 15.53
b (endo) 34.08
c (exo) 11.52
d (exo) 34.74


6 � 2 b a (endo) 20.02
b (endo) 36.67
c (exo) 15.74
d (exo) 37.95


6 � 2 c a (endo) 23.63
b (endo) 38.87
c (exo) 17.07
d (exo) 41.68
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pressure, the resulting crude was treated with ethanol to give crystals of 3 c
(0.10 g, 35%).


(2'R,3'R)- and (2'S,3'S)-1-{2',3'-epithio-3'-[4-(N,N-dimethylamino)]phen-
yl-2'-phenyl}propanoyl-3-phenyltetrahydroimidazol-2-one (3d) and (E)-1-
{3'-[4-(N,N-dimethylamino)phenyl]-2'-phenylacryloyl}-3-phenyltetrahy-
droimidazol-2-one (4d)


Procedure a : 4-(N,N'-Dimethylamino)benzaldehyde (0.05 g, 0.35 mmol)
was added to a suspension of 1 (0.10 g, 0.35 mmol) in toluene (2.5 mL) and
the mixture was refluxed for 80 min. The solvent was evaporated under
reduced pressure and the resulting crude was purified by silica gel column
chromatography (benzene ± acetonitrile, 20:1 v/v), to afford first 3 d (0.03 g,
17%) and then 4 d (0.03 g, 18 %) after a further elution. Compound 3 d was
recrystallized from ethanol. M.p. 183 ± 185 8C; IR (KBr): nÄ � 1730, 1650,
1290, 690 cmÿ1; 1H NMR (200 MHz, CDCl3): d� 7.51 ± 6.40 (m, 14 H; Ar),
4.83 (s, 1H; CH), 4.03 ± 3.81 (m, 4 H; 2�CH2), 2.82 (s, 6 H; 2�CH3);
13C NMR (50 MHz, CDCl3): d� 169.83 (C1'), 150.61 (C2), 149.51, 138.57,
132.95, 130.42, 129.56, 128.85, 127.40, 127.27, 124.16, 121.81, 118.95, 111.47
(Ar), 54.42 (C2'), 46.08 (C3'), 41.57 (CH2), 40.31 (2�CH3), 39.77 (CH2);
elemental analysis calcd (%) for C26H25N3O2S (443.57): C 70.40, H 5.68, N
9.47; found: C 70.05, H 5.57, N 9.35.


Compound 4 d was recrystallized from diethyl ether. M.p. 211 ± 213 8C; IR
(KBr): nÄ � 1730, 1650, 1590, 1280, 680 cmÿ1; 1H NMR (200 MHz, CDCl3):
d� 7.52 ± 6.60 (m, 14H; Ar), 6.93 (s, 1H; CH), 4.08 ± 3.78 (m, 4H; 2�CH2),
2.94 (s, 6 H; 2�CH3); 13C NMR (50 MHz, CDCl3): d� 170.34 (C1'), 150.56
(C2), 150.04, 138.63, 137.56, 132.66, 129.43, 129.28, 128.79, 128.52, 127.31,
125.97, 124.07, 118.75, 112.02 (Ar and C�C), 41.65 (CH2), 40.22 (2�CH3),
39.16 (CH2); elemental analysis calcd (%) for C26H25N3O2 (411.50): C 75.89,
H 6.12, N 10.21; found: C 75.75, H 6.09, N 10.26.


Procedure b : 4-(N,N'-Dimethyamino)benzaldehyde (0.05 g, 0.3 mmol) was
added to a suspension of 1 (0.10 g, 0.3 mmol) in toluene (2.5 mL) and the
mixture was refluxed for 20 h. The solvent was evaporated under reduced
pressure and the resulting crude was treated with diethyl ether to yield 4d
(0.04 g, 32%).


(E)-1-[-3'-(4-nitrophenyl)-2'-phenylacryloyl]-3-phenyltetrahydroimidazol-
2-one (4a): 4-Nitrobenzaldehyde (0.26 g, 1.7 mmol) was added to a
suspension of 1 (0.50 g, 1.7 mmol) in toluene (10 mL) and the mixture
was refluxed for 80 min. After solvent evaporation under reduced pressure,
the resulting crude was treated with diethyl ether to produce crystals of 4a
(0.21 g, 28%). Compound 4 was recrystallized from diethyl ether. M.p.
262 ± 264 8C; IR (KBr): nÄ � 1730, 1640, 1590, 1340, 1280, 680 cmÿ1; 1H NMR
(200 MHz, CDCl3): d� 8.19 ± 7.08 (m, 14 H; Ar), 7.01 (s, 1 H; CH), 4.14 ±
3.82 (m, 4 H; 2�CH2); 13C NMR (50 MHz, CDCl3): d� 168.38 (C1'),
146.94 (C2), 142.70, 140.88, 138.12, 136.03, 128.99, 128.88, 128.83, 128.72,
126.51, 126.32, 124.66, 123.86, 118.90 (Ar and C�C), 41.72 (CH2), 38.91
(CH2); elemental analysis calcd (%) for C24H19N3O4 (413.43): C 69.72, H
4.63, N 10.16; found: C 69.65, H 4.71, N 10.14.


(3R,4S)- and (3S,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-1,4-bis(4-ni-
trophenyl)-3-phenylazetidin-2-one (8a) and (3R,4R)- and (3S,4S)-3-(N-
benzyl-N-methylcarbamoylthio)-1,4-bis(4-nitrophenyl)-3-phenylazetidin-
2-one (9a): 4-Nitrobenzaldehyde (0.23 g, 1.5 mmol) was added to a
suspension of 5 (0.63 g, 1.5 mmol) in dry benzene (7.5 mL) and the mixture
was refluxed with stirring for 1 h, then evaporated to dryness under reduced
pressure. Ethanol was added, crystallizing a mixture of diastereomers 8a
and 9a. These compounds were further separated by preparative TLC
(benzene ± acetonitrile, 40:1 v/v). The product with higher Rf, 8 a, was
crystallized from ethanol (0.36 g, 42%). M.p. 124 ± 126 8C; IR (KBr): nÄ �
1770, 1650, 1330, 750, 700 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 8.17 (d,
2H; Ar), 8.02 (d, 2H; Ar), 7.46 ± 7.14 (m, 14H; Ar), 6.04 (s, 1H; H4), 4.54
(m, 2H; CH2), 2.91 (s, 3 H; CH3); 13C NMR (100 MHz, CDCl3): d� 165.93
(C5), 165.05 (C2), 147.95, 143.79, 142.43, 141.19, 135.71, 134.86, 131.66,
131.45, 128.96, 128.71, 128.14, 127.94, 127.19, 125.35, 123.71, 117.43 (Ar),
70.61 (C3), 67.82 (C4), 53.98 and 52.14 (C7), 34.45 (C6); elemental analysis
calcd (%) for C30H24N4O6S (568.61): C 63.37, H 4.25, N 9.85; found: C 63.22,
H 4.16, N 9.78.


Compound 9 a was crystallized from ethanol (0.21 g, 25 %). M.p. 169 ±
171 8C; IR (KBr): nÄ � 1760, 1660, 1340, 740, 700 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 8.22 (m, 4H; Ar), 7.84 (d, 2H; Ar), 7.71 (d, 2H;
Ar), 7.50 ± 7.39 (m, 5H; Ar), 7.22 (m, 3H; Ar), 6.78 (m, 2H; Ar), 5.95 (s, 1H;
H4), 4.19 (m, 2 H; CH2), 2.61 (s, 3H; CH3); 13C NMR (100 MHz, CDCl3):
d� 163.75 (C2), 163.31 (C5), 147.95, 143.79, 141.83, 140.17, 135.92, 135.57,


129.99, 128.98, 128.62, 127.99, 127.47, 126.58, 125.37, 123.13, 117.24 (Ar),
70.82 (C3), 66.75 (C4), 53.54 and 52.06 (C7), 34.56 and 30.93 (C6);
elemental analysis calcd (%) for C30H24N4O6S (568.61): C 63.37, H 4.25, N
9.85; found: C 63.07, H 4.33, N 9.83.


(3R,4S)- and (3S,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-1-(4-nitro-
phenyl)-3,4-diphenylazetidin-2-one (8 b) and (3R,4R)- and (3S,4S)-3-(N-
benzyl-N-methylcarbamoylthio)-1-(4-nitrophenyl)-3,4-diphenylazetidin-2-
one (9b): Benzaldehyde (0.21 g, 2.0 mmol) was added to a suspension of 5
(0.84 g, 2.0 mmol) in dry benzene (10 mL) and the mixture was stirred
under reflux for 1 h. The solvent was evaporated in vacuo, then the residue
was treated with methanol and diethyl ether, crystallizing a mixture of two
diastereomers, 8 b and 9 b, which were separated by preparative TLC
(benzene). The compound with higher Rf, 8b, was crystallized from ethanol
(0.37 g, 35 %). M.p. 116 ± 118 8C; IR (KBr): nÄ � 1760, 1650, 1330, 750,
700 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 8.14 (d, 2H; Ar), 7.50 (d, 2H;
Ar), 7.35 ± 7.11 (m, 15H; Ar), 5.92 (s, 1H; H4), 4.53 (m, 2H; CH2), 2.89 (s,
3H; CH3); 13C NMR (100 MHz, CDCl3): d� 166.18 (C2), 165.70 (C5),
143.43, 143.00, 135.91, 135.06, 133.51, 132.17, 130.38, 128.85, 128.56, 128.40,
128.36, 128.29, 128.14, 127.96, 127.80, 127.32, 127.22, 125.18, 124.90, 119.18,
117.55 (Ar), 69.84 (C3), 68.94 (C4), 53.92 and 52.00 (C7), 34.35 (C6);
elemental analysis calcd (%) for C30H25N3O4S (523.61): C 68.82, H 4.81, N
8.03, S 6.12; found: C 68.93, H 4.83, N 7.96, S 5.87.


Compound 9 b was crystallized from ethanol (0.26 g, 25%). M.p. 109 ±
111 8C; IR (KBr): nÄ � 1760, 1650, 1330, 750, 700 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 8.15 (d, 2H; Ar), 7.86 (d, 2H; Ar), 7.52 ± 7.22 (m,
13H; Ar), 6.80 (b s, 2H; Ar), 5.85 (s, 1H; H4), 4.21 (d, 2 H; CH2), 2.57 (s,
3H; CH3); 13C NMR (100 MHz, CDCl3): d� 164.41 (C2), 164.25 (C5),
143.46, 142.41, 136.73, 132.63, 128.89, 128.81, 128.72, 128.57, 128.32, 128.14,
128.06, 127.62, 126.86, 125.17, 117.59, 117.43 (Ar), 70.45 (C3), 67.78 (C4),
53.58 (C7), 34.09 (C6); elemental analysis calcd (%) for C30H25N3O4S
(523.61): C 68.82, H 4.81, N 8.03, S 6.12; found: C 68.54, H 4.69, N 8.05, S
5.90.


(3R,4S)- and (3S,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-4-(4-methoxy-
phenyl)-1-(4-nitrophenyl)-3-phenylazetidin-2-one (8c) and (3R,4R)- and
(3S,4S)-3-(N-benzyl-N-methylcarbamoylthio)-4-(4-methoxyphenyl)-1-(4-
nitrophenyl)-3-phenylazetidin-2-one (9 c): 4-Methoxybenzaldehyde
(0.20 g, 1.5 mmol) was added to a suspension of 5 (0.63 g, 1.5 mmol) in
dry benzene (7.5 mL) and the mixture was stirred at reflux for 6 h. The
solvent was evaporated in vacuo and the resulting residue was treated with
ethanol and dichloromethane, crystallizing a mixture of 8 c and 9c which
were further purified by preparative TLC (benzene). Compound 8 c was
crystallized from ethanol (0.24 g, 29%). M.p. 102 ± 104 8C; IR (KBr): nÄ �
1760, 1650, 1330, 1250, 1030, 750, 700 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 8.13 (d, 2H; Ar), 7.50 (d, 2 H; Ar), 7.35 ± 6.69 (m, 14H; Ar), 5.87 (s, 1H;
H4), 4.52 (m, 2H; CH2), 3.73 (s, 3 H; OCH3), 2.89 (b s, 3 H; NCH3);
13C NMR (100 MHz, CDCl3): d� 166.24 (C2), 165.82 (C5), 143.40, 143.09,
135.96, 135.14, 132.38, 129.18, 128.78, 128.53, 128.37, 127.98, 127.75, 127.25,
125.39, 125.17, 117.59, 113.98 (Ar), 69.63 (C3), 68.68 (C4), 55.20 (OCH3),
53.95 and 52.01 (C7), 34.38 (C6); elemental analysis calcd (%) for
C31H27N3O5S (553.64): C 67.25, H 4.92, N 7.59; found: C 67.52, H 4.87, N 7.72.


Compound 9c was crystallized from ethanol (0.17 g, 20%). M.p. 150 ±
152 8C; IR (KBr): nÄ � 1750, 1650, 1330, 1250, 1030, 750, 740, 700 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 8.15 (d, 2 H; Ar), 7.85 (d, 2H; Ar), 7.48 ±
6.82 (m, 14H; Ar), 5.81 (s, 1H; H4), 4.23 (m, 2H; CH2), 3.85 (s, 3H; OCH3),
2.61 (s, 3H; NCH3); 13C NMR (100 MHz, CDCl3): d� 164.45 (C2), 164.14
(C5), 159.96, 143.40, 142.42, 136.93, 135.08, 130.19, 128.73, 128.56, 128.05,
127.68, 126.89, 125.13, 124.44, 117.47, 113.55 (Ar), 70.55 (C3), 67.38 (C4),
55.21 (OCH3), 56.63 and 51.77 (C7), 34.26 (C6); elemental analysis calcd
(%) for C31H27N3O5S (553.64): C 67.25, H 4.92, N 7.59; found: C 67.44, H
4.81, N 7.63.


(3R,4R)- and (3S,4S)-3-(N-Benzyl-N-methylcarbamoylthio)-4-(4-nitro-
phenyl)-1,3-diphenylazetidin-2-one (9d): 4-Nitrobenzaldehyde (0.30 g,
2.0 mmol) was added to a suspension of 6 (0.74 g, 2.0 mmol) in dry
benzene (10.0 mL) and the mixture was stirred and refluxed for 3 h. The
solvent was evaporated under reduced pressure and, after the addition of
diethyl ether, crystals of 9 d were obtained (0.31 g, 30%). This compound
was recrystallized from ethanol ± diethyl ether (1:5 v/v). M.p. 179 ± 181 8C;
IR (KBr): nÄ � 1750, 1650, 1360, 1200, 750, 740, 690 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 8.21 (d, 2H; Ar), 7.89 (d, 2 H; Ar), 7.74 (d, 2 H; Ar),
7.47 ± 7.07 (m, 11 H; Ar), 6.73 (d, 2 H; Ar), 5.95 (s, 1 H; H4), 4.19 (m, 2H;
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CH2), 2.60 (b s, 3H; CH3); 13C NMR (100 MHz, CDCl3): d� 163.78 (C5),
162.84 (C2), 147.63, 141.42, 136.69, 135.73, 134.94, 130.27, 129.23, 128.59,
128.44, 128.21, 127.89, 127.75, 127.41, 126.62, 124.69, 122.78, 117.28 (Ar),
70.06 (C3), 65.61 (C4), 53.48 and 51.85 (C7), 34.46 and 34.21 (C6);
elemental analysis calcd (%) for C30H25N3O4S (523.61): C 68.82, H 4.81, N
8.03, S 6.12; found: C 68.71, H 4.78, N 8.05, S 6.16.


(3R,4S)- and (3S,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-1,3,4-triphen-
ylazetidin-2-one (8 e) and (3R,4R)- and (3S,4S)-3-(N-benzyl-N-methyl-
carbamoylthio)-1,3,4-triphenylazetidin-2-one (9e): Benzaldehyde (0.21 g,
2.0 mmol) was added to a suspension of 6 (0.74 g, 2.0 mmol) in dry benzene
(10.0 mL) and the mixture was stirred at reflux for 4 h. The solvent was
evaporated in vacuo and the residue was treated with ethanol to give
crystals of 8e (0.40 g, 41%). M.p. 147 ± 149 8C (ethanol); IR (KBr): nÄ �
1730, 1660, 1200, 750, 700 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.41 ± 7.02
(m, 20 H; Ar), 5.89 (s, 1 H; H4), 4.54 (m, 2 H; CH2), 2.89 (m, 3H; CH3);
13C NMR (100 MHz, CDCl3): d� 166.30 (C5), 164.64 (C2), 137.69, 136.16,
134.48, 133.49, 129.01, 128.72, 128.56, 128.30, 128.23, 128.02, 127.93, 127.62,
127.25, 124.14, 117.79 (Ar), 69.02 (C3), 68.29 (C4), 53.91 and 51.94 (C7),
34.34 (C6); elemental analysis calcd (%) for C30H26N2O2S (478.61): C 75.29,
H 5.48, N 5.85, S 6.70; found: C 75.18, H 5.51, N 5.89, S 6.65.


Compound 9 e crystallized from diethyl ether (0.33 g, 34%). M.p. 203 ±
205 8C (dichloromethane ± ethyl acetate ± diethyl ether, 1:10:10 by v/v/v);
IR (KBr): nÄ � 1740, 1660, 1200, 760, 740, 700 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.91 (d, 2H; Ar), 7.55 (d, 2 H; Ar), 7.45 ± 7.22 (m, 13 H; Ar), 7.05
(t, 1 H; Ar), 6.78 (t, 2H; Ar), 5.83 (s, 1 H; H4), 4.13 (d, 2H; CH2), 2.55 (s,
3H; CH3); 13C NMR (100 MHz, CDCl3): d� 164.13 (C5), 163.48 (C2),
137.60, 137.21, 135.70, 133.68, 129.12, 128.96, 128.39, 128.26, 128.05, 127.74,
127.40, 126.93, 124.16, 117.49 (Ar), 69.72 (C3), 66.64 (C4), 52.57 (C7), 34.13
(C6); elemental analysis calcd (%) for C30H26N2O2S (478.61): C 75.29, H
5.48, N 5.85, S 6.70; found: C 75.02, H 5.44, N 5.86, S 6.82.


(3R,4S)- and (3S,4R)-3-(N-Benzyl-N-methylcarbamoylthio)-4-(4-methoxy-
phenyl)-1,3-diphenylazetidin-2-one (8 f) and (3R,4R)- and (3S,4S)-3-(N-
benzyl-N-methylcarbamoylthio)-4-(4-methoxyphenyl)-1,3-diphenylazeti-
din-2-one (9 f): 4-Methoxybenzaldehyde (0.27 g, 2.0 mmol) was added to a
suspension of 6 (0.74 g, 2.0 mmol) in dry benzene (10.0 mL) with stirring
and the mixture was refluxed for 10 h. The solvent was evaporated to
dryness under reduced pressure and, after fractional crystallization from
ethanol, 8 f (0.55 g, 54%) and 9 f (0.20 g, 20%) were separated. Compound
8 f was recrystallized from ethanol ± ethyl acetate ± dichloromethane
(10:10:1 by v/v/v). M.p. 173 ± 175 8C; IR (KBr): nÄ � 1740, 1650, 1250,
1030, 750, 730, 690 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.40 ± 7.02 (m,
17H; Ar), 6.65 (d, 2H; Ar), 5.84 (s, 1H; H4), 4.61 ± 4.53 (m, 2H; CH2), 3.70
(s, 3H; OCH3), 2.88 (bs, 3H; NCH3); 13C NMR (100 MHz, CDCl3): d�
166.44 (C5), 164.72 (C2), 159.56, 137.78, 136.22, 135.65, 133.80, 129.32,
128.99, 128.69, 128.11, 127.93, 127.29, 126.48, 124.10, 117.86, 113.63 (Ar),
68.83 (C3), 68.03 (C4), 55.14 (OCH3), 52.16 and 51.96 (C7), 34.37 (C6);
elemental analysis calcd (%) for C31H28N2O3S (508.64): C 73.20, H 5.55, N
5.51, S 6.30; found: C 73.08, H 5.70, N 5.55, S 6.25.


Compound 9 f was recrystallized from ethanol ± dichloromethane (1:5 by
v/v). M.p. 150 ± 152 8C; IR (KBr): nÄ � 1750, 1650, 1240, 1030, 750, 700,
690 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.90 (d, 2H; Ar), 7.48 ± 7.21 (m,
12H; Ar), 7.04 (t, 1H; Ar), 6.91 (d, 2 H; Ar), 6.79 (m, 2 H; Ar), 5.79 (b s,
1H; H4), 4.41 ± 4.07 (m, 2 H; CH2), 3.82 (s, 3 H; OCH3), 2.58 (s, 3 H; NCH3);
13C NMR (100 MHz, CDCl3): d� 164.19 (C5), 163.51 (C2), 159.62, 137.76,
137.21, 136.10, 135.36, 130.36, 128.94, 128.47, 128.33, 128.26, 127.97, 127.56,
126.96, 125.60, 124.11, 117.50, 113.16 (Ar), 69.84 (C3), 66.28 (C4), 55.19
(OCH3), 53.55 and 51.56 (C7), 34.15 (C6); elemental analysis calcd (%) for
C31H28N2O3S (508.64): C 73.20, H 5.55, N 5.51; found: C 73.50, H 5.41, N
5.60.


(2R,3R)- and (2S,3S)-2-[4-Benzyl-2-(4-methoxyphenyl)-1,3-dioxo-2,4-dia-
zapentyl]-3-(4-nitrophenyl)-2-phenylthiirane (10): 4-Nitrobenzaldehyde
(0.30 g, 2.0 mmol) was added to a suspension of 7 (0.81 g, 2.0 mmol) in
dry dichloromethane (5 mL) and the reaction mixture was stirred at room
temperature for 24 h. The solvent was evaporated under reduced pressure
and 10 was crystallized by addition of diethyl ether (0.70 g, 63%), then
recrystallized from diethyl ether ± ethyl acetate ± dichloromethane (10:10:1
by v/v/v). M.p. 164 ± 166 8C; IR (KBr): nÄ � 1680, 1330, 1240, 1020, 700 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.86 (d, 2 H; Ar), 7.26 ± 6.72 (m, 16H; Ar),
5.15 (s, 1 H; CH), 4.63 (b s, 2 H; CH2), 3.78 (s, 3H; OCH3), 2.72 (b s, 3H;
NCH3); 13C NMR (50 MHz, CDCl3): d� 159.14 (NCON), 155.72 (C1'),


146.96, 141.95, 135.67, 131.96, 129.60, 128.61, 128.06, 127.80, 127.61, 122.70,
114.13 (Ar), 55.48 (OCH3), 55.05 (C2'), 52.80 (CH2), 45.52 (C3'), 34.91
(NCH3); elemental analysis calcd (%) for C31H27N3O5S (553.64): C 67.25, H
4.92, N 7.59, S 5.79; found: C 67.15, H 5.00, N 7.78, S 5.62.


(2R,3R)- and (2S,3S)-2-[4-Benzyl-2-(4-methoxyphenyl)-1,3-dioxo-2,4-di-
azapentyl]-2,3-diphenylthiirane (11): Benzaldehyde (0.21 g, 2.0 mmol)
was added to a solution of 7 (0.81 g, 2.0 mmol) in dry dichloromethane
(10 mL) and the mixture was stirred at room temperature for 44 h. The
solvent was evaporated under reduced pressure and the resultant crude was
purified by column chromatography (benzene ± acetonitrile eluent system).
Compound 11 (0.16 g, 15%) crystallized from diethyl ether ± petroleum
ether (5:1 by v/v). M.p. 128 ± 130 8C; IR (KBr): nÄ � 1660, 1250, 1030,
700 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.25 ± 6.70 (m, 19H; Ar), 5.10 (s,
1H; CH), 4.68 (b s, 2H; CH2), 3.77 (s, 3 H; OCH3), 2.74 (b s, 3H; NCH3);
13C NMR (100 MHz, CDCl3): d� 159.05 (NCON), 155.97 (C1'), 135.88,
134.03, 132.74, 130.14, 129.92, 129.54, 129.27, 129.05, 128.59, 127.71, 127.42,
114.00 (Ar), 55.45 (OCH3), 54.65 (C2'), 52.72 (CH2), 46.87 (C3'), 34.90
(NCH3); elemental analysis calcd (%) for C31H28N2O3S (508.64): C 73.20, H
5.55, N 5.51, S 6.30; found: C 73.16, H 5.65, N 5.48, S 6.23.


Reaction of 3-(4-methoxyphenyl)-2-(N-methyl)benzylamino-5-phenyl-1,3-
thiazolium-4-olate (7) with benzaldehyde (2 b): Benzaldehyde (0.64 g,
6.0 mmol) was added to a suspension of 7 (2.40 g, 6.0 mmol) in dry
dichloromethane (15 mL) and the mixture was stirred at room temperature
for four days. The solvent was evaporated under reduced pressure and the
residue was purified by column chromatography with benzene as eluent.
Compound 12 could be isolated after crystallization from diethyl ether ±
petroleum ether (0.55 g, 10 %). M.p. 93 ± 95 8C; IR (KBr): nÄ � 3340, 1690,
1650, 1510, 1250, 1030 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 8.88 (s, 1H;
NH), 8.41 (m, 2H; Ar), 7.67 ± 7.49 (m, 3H; Ar), 6.93 (m, 2 H; Ar), 3.82 (s,
3H; OCH3); 13C NMR (100 MHz, CDCl3): d� 187.57 (PhCO), 158.62
(CON), 157.04, 134.54, 133.17, 131.45, 129.78, 128.53, 121.47, 114.36 (Ar),
55.49 (CH3); elemental analysis calcd (%) for C15H13NO3 (255.27): C 70.58,
H 5.13, N 5.49; found: C 70.32, H 5.44, N 5.48. Crystalline sulfur (0.01 g,
6%) could also be obtained from a different fraction of high Rf.


Reaction of 7 with 4-methoxybenzaldehyde (2c): Compound 2 c (0.34 g,
2.5 mmol) was added to a suspension of 7 (0.81 g, 2.0 mmol) in dry
dichloromethane (15 mL) and the mixture was stirred at room temperature
for 55 h. After solvent evaporation, the residue was first purified by column
chromatography (benzene ± acetonitrile, 50:1 v/v) and then by preparative
TLC with benzene as eluent. Compound 12 could be isolated and
crystallized from diethyl ether ± petroleum ether (0.07 g, 14%). M.p. 93 8C.


X-ray acquisition data for compound 11: For data collection, a crystal with
dimensions 0.10 mm� 0.05 mm� 0.05 mm was used. Cell parameters for
the structure were obtained by least-squares refinement.[31] The structure
was solved by direct methods using SHELXS97[32] and refinement on F 2


was carried out by application of SHELXL97.[33] The absorption correction
was empirical (SORTAV).[34] Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Center as supplementary publication
no. CCDC-146 111. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Reactions of Aliphatic Ketones R2CO (R�Me, Et, iPr, and tBu) with the
MCl4/Li(Hg) System (M�U or Ti): Mechanistic Analogies between the
McMurry, Wittig, and Clemmensen Reactions


Claude Villiers* and Michel Ephritikhine*[a]


Abstract: Analysis of the products of
the reactions of ketones R2CO (R�Me,
Et, iPr, tBu) with the MCl4/Li(Hg)
system (M�U, Ti) at 20 8C revealed
significant differences. For R�Me, the
reaction proceeded exclusively (M�U)
or preferentially (M�Ti) via a metal-
lopinacol intermediate resulting from
dimerization of ketyl radicals. Pinacol
was liberated by hydrolysis, and tetra-
methylethylene was obtained after fur-
ther reduction at 65 8C. For R� iPr,
formation of iPr2C�CiPr2 as the only
coupling product, the nonproduction of
this alkene by reduction of the uranium
pinacolate [U]ÿOCR2CR2Oÿ[U] (R�


iPr) at 20 8C, and the instability of the
corresponding titanium pinacolate to-
wards rupture of the pinacolic CÿC
bond indicated that reductive coupling
of iPr2CO did not proceed by dimeriza-
tion of ketyl radicals. Formation of 2,4-
dimethyl-2-pentene was in favor of a
carbenoid intermediate resulting from
deoxygenative reduction of the ketyl.
These results revealed that for sterically
hindered ketones, McMurry reactions


can be viewed as Wittig-like olefination
reactions. For R� tBu, no coupling
product was obtained and the alkane
tBu2CH2 was the major product. The
involvement of the carbenoid species
[M]�CtBu2 was confirmed by its trap-
ping with H2O, leading to tBu2CH2, and
with the aldehydes RCHO, giving the
cross-coupling products tBu2C�C(R)H
(R�Me, tBu). Therefore, in the case of
severely congested ketones, McMurry
reactions present strong similarities to
the Clemmensen reduction of ketones,
owing to the involvement in both reac-
tions of carbenoid species which exhibit
similar reactivity.


Keywords: carbenoids ´ CÿC cou-
pling ´ McMurry reactions ´ titani-
um ´ uranium


Introduction


Recently we reported on the McMurry type reactions of
acetone with uranium tetrachloride and lithium amalgam,
which gave pinacol and tetramethylethylene.[1] For the first
time, pinacolate intermediates in the reductive coupling of an
aliphatic ketone could be isolated and characterized, and the
reactions shown in Scheme 1 confirmed the mechanism that
had so far been postulated and generally accepted.[2] The two
major steps were clearly defined: the coupling itself, which
occurred at 20 8C by dimerization of ketyl radicals and led to
the metallopinacol and pinacol after hydrolysis, whereas
deoxygenation of the metallopinacol into tetramethylethy-
lene, the rate-determining step, was observed at higher
temperature. By monitoring these studies, we were surprised
to find that the reductive coupling of diisopropyl ketone did
not afford the expected a-diol at room temperature, but gave
tetraiisopropylethylene. Moreover, 2,4-dimethyl-2-pentene
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Scheme 1. Reductive coupling of Me2CO with the UCl4/Li(Hg) system
([U]�UCl4


ÿ).


was the major product of the reaction.[3] This distinct behavior
of iPr2CO led us to examine in more detail the reactions of the
aliphatic ketones R2CO (R�Me, Et, iPr, tBu) with the UCl4/
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Li(Hg) system, and also the TiCl4/Li(Hg) system, which is a
typical McMurry reagent. The results presented here give new
insights into the mechanism of the McMurry reaction.


Results and Discussion


For R�Me, Et, and iPr, the ketones R2CO 1 were effectively
coupled by the MCl4/Li(Hg) system (M�U, Ti) to give a
mixture containing HOCR2CR2OH 2 and R2C�CR2 3. Not
surprisingly, the total yield of 2 and 3 varied with R in the
order Me>Et> iPr, reflecting the more difficult coupling of
the more sterically hindered ketones. Coupling of tBu2CO did
not occur,[4] as invariably noted so far with a variety of
McMurry reagents.[2, 5] For a given ketone, the yield of
coupling products was higher with M�U; the remarkable
efficiency of the uranium system was previously observed in
the reductive coupling of aromatic ketones.[6] Most instructive
was the variation with R of the relative proportions of 2 and 3,
and also the nature and yield of the other products.


Reactions of the ketones R2CO (R�Me, Et, iPr) with the
MCl4/Li(Hg) system (M�U or Ti): In addition to the
coupling products 2 and 3, reactions of the ketones R2CO 1
(a, R�Me; b, R�Et; and c, R� iPr) with MCl4 (M�U, Ti)
and Li(Hg) gave the products resulting from the reduction
and deoxygenation of 1Ðthe alcohol 4, the alkene 5 (b, R'�
H; c R'�Me), and the alkane 6 (Scheme 2, Tables 1 and 2).
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Scheme 2. Reaction of R2CO (R�Me, Et, iPr) with the MCl4/Li(Hg)
system (M�U, Ti).


The hydrocarbons 3, 5, and 6 were formed before hydrolysis.
Other products, which represent at most 15 % of the total
yield, have not been identified; they probably resulted from
aldol reactions.


Treatment of 1 a with UCl4 and Li(Hg) in the molar ratio of
1:1:1 at 20 8C gave the metallopinacol Li2Cl4UOCMe2C-
Me2OUCl4, and the pinacol 2 a was obtained in quantitative
yield after hydrolysis (Scheme 1). It was demonstrated that
the metallopinacol resulted from dimerization of the ketyl
radical Li[Cl4UOCMe2]


. , formed by electron transfer from
LiUCl4 to the carbonyl.[1] In contrast, conversion of 1 b and 1 c
was not complete under the same conditions (Table 1) and the
a-diol was either not the only organic product (1 b) or was not


formed (1 c). The presence of the other products 3 ± 6 revealed
that formation of 2 b or 2 c by dimerization of the ketyl radical
Li[Cl4UOCR2]


. (R�Et, iPr) was in competition with other
side reactions. The occurrence of competing reduction
processes in the reactions of 1 b and 1 c was also indicated
by the greater yield of 2 b and the lower yields of 5 b or 5 c
when the reactions were carried out in two steps, by addition
of the ketone to the mixture of UCl4 and Li(Hg). With this
procedure, no change was observed with 1 a, confirming that
Li(Hg) served only for the reduction of UCl4 to LiUCl4, which
reacted with 1 a to give 2 a (Scheme 1). Evidently, some of the
reducing agent Li(Hg) was used for reducing 1 b and 1 c into
5 b and 5 cÐwhich were quite unexpected productsÐand one
could think that 3 b and 3 c would result from reduction of the
pinacolate intermediate.


Conversion of 1 with UCl4 and Li(Hg) was total (1 a, 1 b) or
near 90 % (1 c) when the reagents were used in the molar ratio
of 1:1:2 (Table 2). With these proportions, reaction of 1 a again
gave 2 a as the only coupling product. The color change of the
solution, from green to red, indicated that the pinacolate
intermediate was reduced to the UIII analogue without
suffering deoxygenation; 3 a was liberated only after heating
the solution under reflux. This result is in accordance with the
generally accepted mechanism of the McMurry reaction.[2]


Therefore, formation of 3 c as the sole coupling product from
1 c at 20 8C was most striking, since the McMurry alkene
synthesis supposedly requires higher temperature for the
deoxygenation step. It is then difficult to explain why the


Table 1. Product distribution [%] for the reaction of ketone R2CO (R�
Me, Et, iPr) with MCl4 (M�U, Ti) and Li(Hg).[a]


R M R2CO (R2COH)2 R2C�CR2 R2CHOH MeCR'�CHCHR'Me
1 2 3 4 5b or 5c


Me U 0 100 0 0 0
Et U 51 14 3 9 23
iPr U 56 0 4 10 30
Me U[b] 0 100 0 0 0
Et U[b] 57 28 0 4 10
iPr U[b] 93 0 0 1 5
Me Ti 67 27 3 3 0
Et Ti 87 6 2 5 0
iPr Ti 95 0 1 3 1
Me Ti[c] 25 61 12 2 0
Et Ti[c] 42 22 18 15 3
iPr Ti[c] 63 0 14 11 8


[a] Molar ratio 1:1:1 when not specified. [b] Stepwise addition of 1 to the
mixture of UCl4 and Li(Hg). [c] Molar ratio 1:1:2.


Table 2. Product distribution [%] for the reaction of ketone R2CO (R�Me, Et, iPr)
with MCl4 (M�U, Ti) and Li(Hg).[a]


R M R2CO (R2COH)2 R2C�CR2 R2CHOH MeCR'�CHCHR'Me RCH2R
1 2 3 4 5b or 5c 6


Me U 0 87 0 8 [b] [b]


Et U 0 56 5 11 21 0
iPr U 10 0 27 23 29 1
Me Ti 0 50 26 13 [b] [b]


Et Ti 0 17 32 29 7 4
iPr Ti 10 0 23 38 10 4


[a] Molar ratio 1:1:2 (M�U) or 1:1:3 (M�Ti). [b] Propene and propane were not
detected.
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uranium pinacolates issued from 1 b and 1 c would be more
easily reduced and deoxygenated at 20 8C than the pinacolate
issued from 1 a.


When UCl4 was replaced with TiCl4, three equivalents of
Li(Hg) were required for complete conversion of the ketone
(Tables 1 and 2); this is in agreement with the fact that TiII


rathern than UIII species were the active species in the
reductive process. Treatment of the less reactive ketone 1 c
with 1 equivalent each of TiCl4 and Li(Hg) gave essentially
TiCl3, which was inert towards the carbonyl substrate. In the
reactions of 1 with TiCl4 and Li(Hg) in the molar ratio of 1:1:3,
it was again surprising that the alkenes 3 b and 3 c were the
major or only coupling products. Moreover, in contrast to that
observed with the uranium system, reaction of 1 a gave 3 a.
Although the ratio 3 b :2 b, but not 3 a :2 a, was found to
increase after further addition of Li(Hg), changing from 32:17
to 48:1, it is again unlikely that the titanium pinacolate issued
from 1 b was more easily reduced than the pinacolate issued
from 1 a. Also, if 3 was formed by reduction and deoxygena-
tion of a pinacolate intermediate, it is then difficult to explain
why a titanium pinacolate would be more easily reduced and
deoxygenated than its uranium counterpart. In fact, it became
very doubtful that formation of this alkene occured by this
route since the yield of 3 a was not significantly increased after
further addition of Li(Hg) to the reaction mixture.


Synthesis and reduction of the uranium and titanium
pinacolates by successive treatment of LiOCR2CR2OLi 7
with MCl4 and Li(Hg) confirmed that metallopinacols were
not likely intermediates in the formation of alkenes 3. The
lithium pinacolates 7 were prepared in situ by treating the a-
diol 2 with two equivalents of LitBu in THF. As previously
described for the synthesis of Li2Cl4UOCMe2CMe2OUCl4,[1b]


7 was treated with two equivalents of MCl4 to give the
corresponding uranium or titanium pinacolate. This latter was
not isolated but directly reduced with Li(Hg) (3 or 4
equivalents for M�U or Ti, respectively) and after 24 h at
20 8C, the reaction mixture was hydrolyzed. The yields of
compounds 2 ± 6 are listed in Table 3.


The uranium pinacolates Li2Cl4UOCR2CR2OUCl4 (R�
Me, Et, iPr) were reduced to the corresponding UIII com-
plexes, which were stable and in no case could be further
deoxygenated at 20 8C. Reaction of 7 a with TiCl4 clearly
showed that 3 a could not result from reduction of a titanium
pinacolate, since only 5 % of the alkene was obtained. Even


more convincing was the reaction of 7 c with TiCl4 to give 1 c
and TiCl3, indicating that the titanium pinacolate was not
stable towards rupture of its CÿC bond. Such reversible
cleavage of metallopinacols was previously assessed in the
reaction of benzophenone and acetophenone with titanium
compounds[7] and in the production of the unsymmetric
alkene Ph2C�CTol2 (Tol� p-Me-C6H4) by treating a mixture
of pinacols HOCPh2CPh2OH and HOCTol2CTol2OH with
uranium powder.[8] Reaction of 7 b with TiCl4 was less
conclusive since 3 b was obtained in 52 % yield; however, 5 b
was also formed, showing that the pinacolic CÿC bond was
cleaved under these conditions.


The above results suggest that reactions of ketones 1 with
the MCl4/Li(Hg) system followed two distinct routes, leading
to the pinacol 2 or the alkene 3, respectively. In particular, the
absence of 2 c in the coupling products, the nonproduction of
3 c by reduction of the uranium pinacolate, and the instability
of the titanium pinacolate indicate that reductive coupling of
1 c did not proceed by dimerization of ketyl radicals.


So what is the mechanism of formation of 3? The presence
of significant amounts of 5 b and 5 c among the organic
products was informative. These alkenes are in fact the major
products of the reactions of 1 b and 1 c with the UCl4/Li(Hg)
system and it is possible that propene, which would be formed
from 1 a, was not detected by GC because it escaped into the
vapor phase. Formation of 5 b and 5 c, which did not result
from Li(Hg) reduction of the alkoxide Cl3TiOCHR2 (R�Et,
iPr), is reminiscent of the synthesis of alkenes by deoxygena-
tion of alicyclic ketones with zinc and chlorotrimethylsilane.[9]


These reactions were shown to proceed by the intermediacy of
zinc carbenoid species, which were formed by reduction and
deoxygenation of the ketyl radical. The ZnÿMe3SiCl combi-
nation was also effective in the reductive coupling of aryl and
a,b-unsaturated carbonyl compounds; here again, these
reactions were shown to involve carbenoid species and no
pinacol-type intermediates.[10] Such involvement of carbenoid
species in the reactions of 1 with the MCl4/Li(Hg) system
would thus explain the formation of 5, after a-H migration,
and also that of 3. The mechanism would be similar to that of
the reductive coupling of ketones by means of low-valent
niobium,[11] molybdenum, or tungsten compounds
(Scheme 3).[12±14] Cleavage of a ketone C�O bond with
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Scheme 3. Reductive coupling of ketones via a carbenoid species.


formation of alkylidene and oxo ± metal compounds was
indeed observed with [WCl2(PMePh2)4][13] and dinuclear
niobium and tungsten complexes, Na2Nb2[p-tBu-calix[4]-
(O)4]2


[11] and [W2(OCH2tBu)6(pyridine)2].[14] The alkylidene
compound resulting from this four-electron addition was
found to react with another molecule of ketone or aldehyde to
give the coupling alkene, presumably via a metallaoxetane
intermediate. Formation of carbenoid species by reduction of


Table 3. Product distribution [%] for the successive treatment of LiOCR2CR2OLi 7
with MCl4 and Li(Hg).[a]


R M R2CO (R2COH)2 R2C�CR2 R2CHOH MeCR'�CHCHR'Me RCH2R
1 2 3 4 5b or 5c 6


Me U 0 98 0 0 [b] [b]


Et U 0 90 0 0 5 0
iPr U 0 90 1 5 0 0
Me Ti 0 92 5 0 [b] [b]


Et Ti 0 35 52 0 5 1
iPr Ti[c] 0 3 21 39 15 7


[a] Molar ratio 1:2:3 (M�U) or 1:2:4 (M�Ti). [b] Propene and propane were not
detected. [c] Treatment of 7c with TiCl4 gave 1c quantitatively (see text).
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ketones with low-valent titanium complexes has not been
reported so far but such a reaction is quite conceivable in view
of the highly oxophilic and reducing character of titanium. It is
important to recall here that in 1973, one year before the first
publication of McMurry and Fleming, Tyrlik and Wolocho-
wicz, who studied the reaction of 1 a with the TiCl3ÿMg
system, suggested that 3 a was obtained via the carbene
Me2C:, which resulted from deoxygenation of the ketone.[15]


In the reductive coupling of 1 by the MCl4/Li(Hg) system, the
putative carbenoid species were likely obtained by deoxyge-
native reduction of the ketyl radical rather than oxidative
addition of 1; the presence of the ketyl was evidenced by the
formation of the alcohol 4, which was not observed in
reactions with the tungsten complexes. The carbenoid species
were not characterized, they could not be detected by NMR
spectroscopy and their involvement was inferred only from
analysis of the reaction products.


The two distinct routes followed by the reductive coupling
of ketones 1 depicted in Scheme 4 were dependent on the
reactivity of the first and common intermediate, the ketyl
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Scheme 4. Reductive coupling of R2CO (R�Me, Et, iPr) with the MCl4/
Li(Hg) system at 20 8C. ([M]�UCl2 or TiCl). a) M�Ti or U and R�Me or
Et; b) M�Ti and R�Me, Et, iPr; M�U and R�Et, iPr; c) M�Ti or U
and R�Et, iPr; d) M�Ti and R�Et.


radical, and this reactivity was determined by steric factors:
the more sterically hindered the ketyl radicals are, the more
difficult they are to dimerize. For R�Me, the ketyl radical
was easily dimerized and 1 a was transformed exclusively
(M�U) or preferentially (M�Ti) into 2 a. In contrast, with
M�U or Ti, coupling of the ketyl radical issued from 1 c did
not occur, having been impeded by the steric hindrance of the
iPr groups and the instability of the resulting pinacolate (for
M�Ti). In that case, reaction of the ketyl radical followed a
different pathway, the deoxygenative reduction to the carbe-
noid species, which provided 3 c after further reaction with 1 c,
or 5 c after H migration. Such McMurry reactions of 1 c were
previously performed with a variety of titanium reagents and


in agreement with the above considerations, 2 c was never
detected among the coupling products. However, it is
surprising that the formation of 5 c was overlooked thus far.
For example, it was reported that 1 c reacted with TiCl3 and K
to give 3 c in 37 % yield;[16] we confirmed this result but also
found that the major product of the reaction was 5 c (45 %
yield). Interestingly the best route to the diol 2 c is the reaction
of 1 c with lithium metal in THF.[17] When using UCl4 or TiCl4,
reductive coupling of 1 b certainly proceeded by the two
possible mechanistic pathways, via the metallopinacol and the
carbenoid intermediate, to give both 2 b and 3 b. These two
routes would be well separated, at least for M�U, since the
metallopinacol was not the precursor of 3 b. It is noteworthy
that successive treatment of 7 b with TiCl4 and Li(Hg) gave a
small quantity of 5 b, confirming that the metallopinacol could
be transformed back into the ketyl radical by reversible
cleavage of the CÿC bond and was not necessarily the unique
precursor of 3 b.


In addition to being dimerized or deoxygenatively reduced
to give the metallopinacol or the carbenoid species respec-
tively, the ketyl radical was transformed into the alkoxide
Cl3MÿOCHR2, the precursor of 4 by hydrolysis. This trans-
formation proceeded either by H abstraction from the solvent
or by disproportionation of the ketyl radical. Such dispropor-
tionation of ketyls, which was first observed during the
reduction of saturated ketones by means of alkali metals in
aprotic solvents,[18] was also found to occur in the reaction of
the UIII compound [(C5H5)3U(thf)] with ketones RCOCH2R',
leading to an equimolar mixture of [(C5H5)3UÿOCHR-
(CH2R')] and [(C5H5)3UÿOCR(�CHR')].[19] In that case,
dimerization of the ketyl radical [(C5H5)3UÿOCR(CH2R')] .


was impeded by the steric hindrance of the (C5H5)3U frag-
ment. In the reactions of 1 with the MCl4/Li(Hg) system, the
enolate derivative resulting from disproportionation of the
ketyl radical would react with 1 to afford aldolization
products.


If we now consider the differences between the MCl4/
Li(Hg) systems (M�U or Ti), interestingly in the reactions of
1 a and 1 b, the ratio [2]:[3] is much greater for M�U, while
the yield of 4 is higher for M�Ti. These results, which
indicate that the pinacolization route was more highly favored
with the uranium system, can again be explained by steric
factors: the uranium ketyls, being less sterically encumbered
than the titanium counterparts because of the greater size of
the metal center, would dimerize more easily. Since the
alkenes 3 b and 5 b result respectively from the two possible
reactions of the carbenoid species, intermolecular coupling
with another molecule of 1 b or intramolecular a-H migration,
the ratio [3 b]/[5 b] is expected to increase when the carbenoid
species is in the presence of higher concentrations of 1 b. This
was indeed observed with the titanium system ([3 b]/[5 b]�
32:7), by comparison with the uranium system ([3 b]/[5 b]�
5:21), in which a major part of 1 b was found in the form of the
pinacolate intermediate. In the reductive coupling of 1 c, the
ketyl radical was transformed either into the alkoxide or the
carbenoid species and the ratio ([3 c]�[5 c])/[4 c], which is
equal to 2.4 and 0.9 for M�U and Ti respectively, shows that
deoxygenative reduction of the ketyl radical is more effective
with M�U. With the UCl4/Li(Hg) system, the ratio [3 c]:[5 c]
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was equal to 27:29 at 20 8C and to 15:50 at 65 8C, suggesting
that intramolecular H migration within the carbenoid species
was favored at higher temperature.


Reaction of tBu2CO with the MCl4/Li(Hg) system (M�U or
Ti): Although the McMurry reaction proved to be very
efficient for the synthesis of sterically hindered and strained
olefins, it failed in the reductive coupling of ditertiobutyl
ketone 1 d,[2, 5] and the long-awaited diol 2 d and alkene 3 d
could never be prepared, despite many synthetic ap-
proaches.[20, 21] However, it was interesting to examine in
detail the reactivity of 1 d towards the MCl4/Li(Hg) system,
which permitted us to get further insights into the species that
are actually formed under the conditions of the McMurry
reaction.


By comparison with 1 c, total conversion of 1 d was
observed after 24 h at 20 8C when one more equivalent of
the reducing agent was used, that is with the components 1 d,
MCl4, and Li(Hg) in a molar ratio of 1:1:3 for M�U, and
1:1:4 for M�Ti. In addition to the alcohol 4 d and the alkane
6 d, smaller amounts or traces of the alkenes 8, 9, 10, and the
cyclopropyl derivative 11 were also obtained (Scheme 5). The
yields of compounds 4 d, 6 d, and 8 ± 11 are indicated in
Table 4.
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Scheme 5. Reaction of tBu2CO with the MCl4/Li(Hg) system (M�U, Ti).


While the hydrocarbon products were observed before
hydrolysis of the reaction mixture, importantly the alkane 6 d
was also formed, together with the alcohol 4 d, upon addition
of water. Formation of the alkane 6 d, which is the major
product, and the other hydrocarbons 8 ± 11 was never noticed
in such McMurry reactions of 1 d, and the alcohol 4 d was the
only product characterized.[5] However, reduction of ketones
into the corresponding alkanes during McMurry reactions was


previously reported in a few cases, especially with sterically
hindered ketones, without any comment on the mechanism of
their formation.[5, 22, 23] It is likely, from the hydrolysis and
deuterolysis experiments, that 6 d was formed by successive
addition of H(D) atoms to a carbenoid species [M]�CtBu2, via
an alkyl intermediate [M]ÿCH(D)tBu2 (Scheme 6). Treat-
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Scheme 6. Involvement of carbenoid species in the reaction of tBu2CO
with the MCl4/Li(Hg) system (M�U, Ti).


ment of 1 d with the TiCl4/Li(Hg) system in [D8]THF, which
afforded partially deuteriated 6 d ([D1]-6 d :[D0]-6 d� 27:73) in
the first step of the reaction, revealed that H(D) atoms were
provided essentially by the ketone (H) and, to a lesser extent,
by the solvent (D). It is quite plausible that formation of H
atoms has to be related to that of isobutylene 8, which would
itself result from H abstraction from a tertiobutyl radical. In
agreement with this hypothesis, much more deuterium was
incorporated into 6 d ([D1]-6 d :[D0]-6 d� 75:25), while 8 was
formed in trace amounts when TiCl4 was replaced with UCl4.
The lack of C5 hydrocarbons among the products suggests
that a tBu . radical could not be produced by cleavage of the
carbenoid or alkyl species. On the other hand, dissociation of
tBu . from the ketyl radical would give an acyl derivative
[Ti]COtBu, which would be unstable and decompose by
decarbonylation into a titanium carbonyl [Ti]CO and another
tBu . radical; however, CO was not detected in the reaction
mixture.


Another indication of the involvement of carbenoid species
in the reaction of 1 d with the MCl4/Li(Hg) system was
provided by the formation of the cyclopropyl compound 11
since this latter was the major hydrocarbon resulting from
thermal or photochemical decomposition of the carbene
precursors tBu2CN2PPh3 or tBu2CN2.[21, 24] A metallacyclobu-
tane, [M][CH(tBu)CMe2CH2], formed by intramolecular
insertion of the carbene moiety into a b CÿH bond could be
an intermediate in the formation of 11. However, 11 was
detected in trace amounts, indicating that rearrangement of
the carbenoid species by b-H migration is not a preferred
pathway.


The presence of carbenoid species in the reactions of 1 d
with the MCl4/Li(Hg) system was further strongly evidenced
by their trapping with the aldehydes RCHO (R�Me, tBu),
which readily afforded the cross-coupling products
tBu2C�C(R)H (R�Me, 12 or tBu, 13) (Scheme 6). This
coupling reaction would require the approach of the carbonyl


Table 4. Product distribution [%] for the reaction of tBu2CO with MCl4 (M�U, Ti)
and Li(Hg).[a]


M R2CHOH RCH2R Me2C�CH2 Me2C�CHR R2C�CH2 Me2CCH2CHR
4 d 6 d[b] 8 9 10 11


U 35 55 (20) 1 1 8 0
Ti 25 40 (24) 20 5 8 2


[a] Molar ratio 1:1:3 (M�U) or 1:1:4 (M�Ti). [b] Total yield (yield before
hydrolysis).
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molecule to the sterically hindered carbenoid species and it
was observed only with aldehydes; even the less encumbered
ketone 1 a was not able to couple.


Formation of the alkenes 9 and 10 apparently resulted from
CH2 migration between two ditertiobutylene fragments
(C9H18). This rearrangement would proceed by CÿH and
CÿC bond activation, possibly within the carbenoid species.
The metallacyclobutane [M][CH(tBu)CMe2CH2] would un-
dergo CÿC bond cleavage, leading to 9 and the carbenoid
species [M]�CH2, which would react with 1 d to give 10 ; such
rearrangement constitutes the key step in alkene metathesis
reactions.[25] However, it is difficult to explain why, in the
reaction of 1 d with the UCl4/Li(Hg) system, the alkene 10
(C10H20) was obtained in 8 % yield, whereas 9 (C8H16) was
formed only in a trace amount. Notably, reductive coupling of
benzaldehyde on reduced TiO2 surfaces afforded, in addition
to stilbene, small amounts of styrene and benzene. It was
suggested that the latter were formed by cracking of
stilbene.[26]


The above results confirm that the ketyls formed by
reduction of 1 d do not undergo dimerization; this is not
surprising in view of the steric hindrance of the tBu groups.
Interestingly, in contrast to the reaction with 1 c, treatment of
1 d with sodium metal in diethyl ether did not afford the
corresponding pinacol but gave the 1,4 diol tBu2C(OH)-
CH2CH2C(OH)tBu2, which resulted from reaction of the
dianion of 1 d with the solvent.[27] As in the case of 1 c, the
ketyl radical of 1 d was reduced to a carbenoid species,
[M]�CtBu2, which exhibited a distinct behavior since it did
not react with another ketone molecule, because of steric
factors and was transformed preferentially into the alkane
6 d. Interestingly, in the reactions of 1 c or 1 d with the
MCl4/Li(Hg) system, the total yields of compounds issued
from the carbenoid species (3 c�5 c�6 c and 6 d) are
almost the same, about 55 % for M�U and about 40 % for
M�Ti; this result indicates that the same amount of
carbenoid species was formed in both reactions. The
species [M]�CtBu2 appeared to be much more stable
than [M]�CiPr2. They were present in the reaction mixture
before hydrolysis and could be characterized more directly
by deuterolysis and reactions with aldehydes. Even if
they were more stable, the actual carbenoid and alkyl species
could not be separated from the alkoxide [M]OCHtBu2


(M�U, Ti, or Li) and their exact composition was not
determined. It is possible that such species adopt a dinuclear
structure with bridged oxo and alkylidene or alkyl ligands,
[M]2(mÿO)(mÿCtBu2) or [M]2(m-O)(m-CHtBu2), similar to
those obtained by reaction of ketones with lanthanide metals
or electron-rich metal complexes.[14, 28]


Other evidence from the literature for the possible involve-
ment of carbenoid species in McMurry reactions : The above
results lead us to think that some McMurry reactions could be
reexamined by considering the possible involvement of
carbenoid intermediates. Formation of large amounts of
alkanes in the McMurry reactions of sterically hindered
ketones has already been noted.[5, 22, 23] Alkenes resulting from
deoxygenation of ketones were also observed. Thus, cyclo-
hexene was detected among the products of the reductive


coupling of cyclohexanone with the TiCl3ÿK system[29] and the
alkenes RCH�CH2 (R�Me, Ph) were formed during the
coupling of acetone and acetophenone on reduced alumina.[23]


These alkenes would indicate the occurrence of carbenes as
intermediates, even if such species could not be trapped with
the usual reagents. It was also observed that during the
coupling of PhCOMe on reduced TiO2 surfaces, the pinacol
product was evolved at much higher temperature than
PhCH�CH2; this result was explained by the formation of
pinacolate species at protected sites that are difficult to reduce
at low temperature,[23] but it is possible that pinacols and
alkenes were produced in parallel rather than sequential
processes.[30]


Analogies between the McMurry and the Wittig and Clem-
mensen reactions : Reactions of ketones 1 with the MCl4/
Li(Hg) system revealed that the McMurry reactions of
sterically hindered ketones (1 c) can be viewed in fact as
Wittig-like olefination reactions. Carbonyl olefinations by
means of titanium carbenoid species are well documented;[31]


these are performed with a variety of reagents designed by
Tebbe,[32] Grubbs,[33] Petasis,[34] and Takai and co-workers.[35]


Alkylidene complexes of zirconium,[36] niobium,[11] and Group
6 metals[12±14] are also effective in such Wittig-like olefination
reactions, which are supposed to proceed via metallaoxetane
intermediates.


When the ketone is so sterically hindered that it cannot be
coupled (1 d), its reaction with the MCl4/Li(Hg) system
leading to the alkane 6 resembles the Clemmensen reaction,
reduction of a carbonyl to a methylene group by means of zinc
and hydrochloric acid.[37] On the other hand, it is well known
that Clemmensen reactions of ketones RCOR' also produce a
number of side products, in particular the pinacol RR'C(OH)-
C(OH)RR', the coupling alkene RR'C�CRR', and alkenes
resulting from deoxygenation of the ketone, such as cyclo-
hexene from cyclohexanone. The involvement of a common
intermediate in the McMurry and Clemmensen reactions is
then questionable. In fact, although the mechanism of the
Clemmensen reduction is not perfectly understood, it is
generally accepted that a bis(chlorozinc)alkyl species
(ClZn)2CRR' or a carbenoid species Zn�CRR',[37, 38] the likely
precursors of the alkane RCH2R', could react with the ketone
to give the coupling alkene. It has also been demonstrated that
pinacol coupling is a competing reaction that does not have a
common intermediate.[38] Moreover, it has already been
outlined that the mechanistic features of the conversions of
the cyclohexanone-cyclohexene type by means of zinc and
chlorotrimethylsilane bear a strong resemblance to those of
the Clemmensen reduction, with the involvement of organo-
zinc carbenoid intermediates.[9] Also, the reductive coupling
of aryl and a,b-unsaturated carbonyl compounds by this
ZnÿMe3SiCl system was shown to proceed via carbenoid
species, and not via pinacolic intermediates.[10]


These observations demonstrate the complexity of the
mechanism of the McMurry reaction; this complexity was not
suspected for a long time, as the analogies with the Wittig and
Clemmensen reactions were overlooked.
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Conclusion


From the results reported here and our previous work,
reactions of ketones RCOR' with low-valent titanium species,
the McMurry reaction, follows different pathways depending
on steric factors such as the steric bulk of the R and R'
substituents and the steric saturation of the coordination
sphere of the active metal species; these routes are summar-
ized in Scheme 7.


In all cases, the first step of the reaction is formation of the
ketyl radical by one-electron transfer from titanium to the
carbonyl. This ketyl can disproportionate or abstract an H
atom from the solvent, leading to the alcohol RR'CHOH and
aldolization products after hydrolysis. When the ketyl is not
sterically hindered, it can dimerize into a titanium pinacolate,
which is readily transformed into the a-diol RR'C(OH)-
C(OH)RR' by hydrolysis, or subsequently deoxygenated to
the corresponding alkene RR'C�CRR' in the rate determin-
ing step. This route corresponds to the mechanism that was
generally accepted for the McMurry reaction. Metallopina-
cols were indeed isolated in the McMurry type reactions of
Me2CO[1] and Ph2CO[6] with the UCl4ÿNa(Hg) system and
were converted into Me2C�CMe2 and Ph2C�CPh2 after
further treatment with the reducing agent. However, it was
demonstrated that the symmetric pinacol coupling of an
aromatic ketone PhCOR is impeded by the presence of bulky
R groups and/or coordination of sterically demanding ligands
on the metal complex.[39] The dissymetric dimerization of the
ketyl radical through para phenyl/carbonyl carbon coupling,
reminiscent of coupling of trityl radicals,[40] was then found to
occur.


Dimerization of ketyl radicals issued from aliphatic ketones
is also prohibited by steric factors and in that case, repre-
sented by 1 c, the ketyls undergo deoxygenative reduction to
carbenoid species. These further react with the ketone to
afford coupling alkenes RR'C�CRR' and their rearrangement
by H migration give the alkene RCH�CHR'' (R'�CH2R''),
which may be the major product of the reaction.


Finally, in the case of severely congested ketones, like 1 d,
the ketyl radical is also reduced to the carbenoid species but
the latter is not able to react with the ketone and is
preferentially converted into the alkane RCH2R'.


Mechanistically, reductive coupling reactions of carbonyl
compounds by means of low-valent titanium reagents are
much more complicated than described in the literature.
Metallopinacols are not the only precursors to the coupling
alkenes, which are alternatively obtained by reaction of a
carbenoid species with the ketone. In that case, the McMurry
reaction can be viewed as a Wittig-like olefination reaction.
The so-called McMurry reactions also present strong anal-
ogies with the Clemmensen reduction of carbonyl compounds,
owing to the involvement in both reactions of carbenoid
intermediates, which exhibit similar reactivity.


Experimental Section


General : All reactions were carried out at 20 8C under argon (<5 ppm
oxygen or water) using standard Schlenk vessel and vacuum-line techni-
ques or in a glove box. THF was dried and deoxygenated over sodium
benzophenone ketyl and distilled immediately before use; [D8]THF was
dried over Na-K alloy. The organic products were identified by NMR
spectroscopy, GC, and GC-MS by comparison with authentic samples,
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before and/or after hydrolysis or deuterolysis of the reaction mixture. Most
of the reactions were monitored by 1H NMR spectroscopy in [D8]THF.


The 1H NMR spectra were recorded on a Bruker DPX 200 instrument and
referenced internally using the residual protio solvent resonances relative
to tetramethylsilane (d� 0). The GLC analyses were performed on a
Chrompack CP 9002 apparatus equipped with a capillary CP Wax 57 CB
column. The mass spectra were obtained using a Hewlett-Packard 6890 ±
5973 instrument operating in the ionization mode and equipped with an HP
23 (60 m) chromatography column.


Lithium amalgam (1.05% Li) was prepared by addition of Li to Hg in
boiling p-cymene,[41] and was titrated by flame absorption spectroscopy.
TiCl4 and tBuLi (Aldrich) were used as received; UCl4 was prepared as
described in reference [42]. Ketones 1, pinacol 2a, and aldehydes MeCHO
and tBuCHO (Aldrich) were dried on molecular sieves. Compounds 3a,
4a ± c, 5 b, 6b, 6 c, 8, and 9 were purchased from Aldrich. The alcohol 4d
was prepared by LiAlH4 reduction of 1 d, and the diol 2b[43] was synthesized
by reductive coupling of 1b with the UCl4/Li(Hg) system (vide infra).
Compounds 2c,[17] 3 b,[44] 3 c,[16] 5c,[45] 6d,[46] 10,[47] 11,[21] 12,[48] and 13[49] were
prepared by published methods.


Reactions of the ketones 1 a, 1b, and 1c with MCl4 (M�U or Ti) and
Li(Hg): In a typical experiment, an NMR tube was charged with UCl4


(12 mg, 0.031 mmol) or TiCl4 (3.4 mL, 0.031 mmol) and 1.05 % Li(Hg)
(20.5 mg for 1 equiv Li) in [D8]THF (0.4 mL). The ketone was introduced
into the tube with a microsyringe. The mixture was stirred at 20 8C by
attaching the tube perpendicular to the axis of an electrical rotor. These
reactions were monitored by 1H NMR spectroscopy. Reactions of 1 a were
completed after 2 h, while those of 1c required 24 h to complete. In some
experiments, further Li(Hg) was then added into the reaction mixture and/
or the mixture was heated under reflux by placing the tube in a sand bath at
80 8C. The reaction mixture was hydrolyzed (2 mL D2O) and the products
1 ± 6 were analyzed by NMR spectroscopy, GC, and GC-MS. The results are
summarized in Tables 1 and 2.


Synthesis of 2 b : A flask was charged with UCl4 (440 mg, 1.16 mmol),
1.05 % Li(Hg) (1534 mg, 2.32 mmol Li), and 1 b (123 mL, 1.16 mmol) in
THF (15 mL). After stirring for 24 h at 20 8C, the reaction mixture was
hydrolyzed (10 mL of brine). The organic layer was evaporated to dryness,
leaving a white powder of 2b (60 mg, 60 %). The product was characterized
by its 1H NMR spectrum,[43] and its mass spectrum. MS (70 eV, EI): m/z
(%): 145 (4) [M�ÿEt], 127 (13) [M�ÿEtÿH2O], 87 (56) [Et2COH�], 69
(10) [C5H9


�], 57 (100) [EtCO�].


Successive reactions of the pinacolates LiOCR2CR2OLi 7 (R�Me, Et, iPr)
with MCl4 and Li(Hg) (M�U, Ti): In a typical experiment, an NMR tube
was charged with the a-diol 2 (ca. 10 mg) in [D8]THF (0.4 mL) and tBuLi
(2 equiv, 1.7m solution in pentane) was added with a microsyringe. After
15 min, MCl4 (2 equiv) and Li(Hg) (4 or 3 equiv for M�Ti and U,
respectively) were introduced into the tube. The mixture was stirred by
attaching the tube perpendicular to the axis of an electrical rotor. After
24 h at 20 8C, the mixture was hydrolyzed and the products 1 ± 6 were
analyzed by NMR spectroscopy and GC. The results are summarized in
Table 3.


Reactions of tBu2CO with the MCl4/Li(Hg) system (M�U, Ti): In a typical
experiment, an NMR tube was charged with TiCl4 (6.3 mL, 0.058 mmol) or
UCl4 (22.0 mg, 0.058 mmol) and 1.05% Li(Hg) (153 mg, 0.232 mmol Li for
M�Ti; 115 mg, 0.174 mmol Li for M�U) in THF or [D8]THF (0.4 mL).
The ketone 1d (10 mL, 0.058 mmol) was introduced into the tube. The
mixture was stirred at 20 8C for 24 h by attaching the tube perpendicular to
the axis of an electrical rotor. The solvent and the volatile products of the
reaction were transferred under vacuum into another NMR tube cooled in
liquid nitrogen. The mixture of 6 d and 8 ± 11 was analyzed by NMR
spectroscopy, GC, and GC-MS. The nonvolatile products of the reaction
were deuterolyzed (10 mL of D2O) in [D8]THF (0.4 mL), leading to the
formation of 4d and 6d. The yields of the reaction products are listed in
Table 4.


Synthesis of the cross coupling alkenes tBu2C�C(R)H (R�Me, 12 or tBu,
13): An NMR tube was charged with TiCl4 (6.3 mL, 0.058 mmol) and 1.05%
Li(Hg) (153 mg, 0.232 mmol Li) in [D8]THF (0.4 mL) and 1 d (10 mL,
0.058 mmol) was introduced into the tube with a microsyringe. The mixture
was stirred at 20 8C for 24 h by attaching the tube perpendicular to the axis
of an electrical rotor. The solvent and the volatile products of the reaction
were evaporated off under vacuum and [D8]THF (0.4 mL) was added. The


aldehyde CH3CHO (1.6 mL, 0.028 mmol) or tBuCHO (3.1 mL, 0.028 mmol)
was introduced into the tube with a microsyringe. The 1H NMR spectra
showed the immediate formation of 12 or 13 (ca. 10% yield).
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Metal ± Metal and Carbon ± Carbon Bonds as Potential Components
of Molecular Batteries


Carlo Floriani,*[a] Euro Solari,[a] Federico Franceschi,[a] Rosario Scopelliti,[a]


Paola Belanzoni,[a] and Marzio Rosi[b]


Abstract: The reductive coupling of
[M(salophen)] derivatives, where M is
an early transition metal and salophen is
N,N'-o-phenylenebis(salicylideneamina-
to) dianion, led to the formation of
dimers linked through CÿC and MÿM
bonds. Both of these bonds can poten-
tially function as electron reservoirs:
each bond can be used as a reversible
source of a pair of electrons under the
condition that it is not chemically trans-
formed by the incoming substrate which
functions as an electron acceptor. To
explore this potential function as well as
the competition in the redox processes
between CÿC and MÿM bonds within
the same molecular framework, we
investigated the reduction of [(tBu4-
salophen)NbCl3] (1) and [(tBu4-salo-


phen)MoCl2] (7) as model compounds.
In the former case, the reduction led to
[(NbÿNb)(tBu4-*salophen2*)] (2) which
contains both a NbÿNb bond
(2.6528(7) �) and two CÿC bonds across
two imino groups of the ligand. Complex
2 can be reduced further to a transient
compound 5 that contains an Nb�Nb
bond. In the second case, the reduction
of 7 by two electrons led to
[(Mo�Mo)(tBu4-salophen)2] (8), which
does not contain any CÿC linkages
between the two salophen units. Com-
plexes 2 and 5 are able to transfer one


pair and two pairs of electrons, respec-
tively, to give compounds 3, 4, and 6,
with the consequent cleavage of the
NbÿNb and Nb�Nb bonds. In the pres-
ent case, it is surprising that the CÿC
bonds do not participate in the reduction
of the substrates. A careful theoretical
treatment anticipates, both in the case of
1 and 7, the preferential formation of
metal ± metal bonds upon reduction.
This is indeed the case for 7, but not
for 1, where the formation of CÿC bonds
competes with that of MÿM bonds, the
latter being the first ones, however, to be
involved in electron-transfer reactions.
The theoretical approach allowed us to
investigate the possibility of intramolec-
ular electron transfer from CÿC bonds
to MÿM bonds and vice versa.


Keywords: electron reservoirs ´
metal ± metal bonds ´ molecular bat-
teries ´ molybdenum ´ niobium


Introduction


The use of a chemical bond across two atoms for the storage
and subsequent release of a pair of electrons seems to be quite
an obvious concept. The reductive or oxidative coupling and
the reverse decoupling can be the mechanism through which
we must pass through.[1] Many mechanisms are known which
operate in at least one direction,[2, 3] while very often the
reverse process does not even occur. Among the very few
systems that exhibit reactions in both directions, we should
mention the oxidation of organic sulfides to the corresponding
disulfide and the reverse reduction.[4] In addition, such a redox


reaction has relevance in naturally occurring systems.[5] A
major question is under which conditions can we take
advantage of a simple chemical bond for storing and releasing
electrons.


The major unquestionable goal is the facile reversibility
associated with no overall change when the chemical system is
returned to its original state. This is a normal event when the
redox reactions involving formation and cleavage of a
chemical bond are performed electrochemically.[6] However,
reversibility to the original state is much more rarely observed
when the redox system is involved in the exchange of
electrons with chemical substrates.[7] As a matter of fact, the
exchange of electrons with the substrate usually occurs at
centres which function as electron reservoirs, so that the
substrate remains bonded to them.[1, 8]


With the perspective of the use of chemical bonds as
electron reservoirs, we selected metal ± metal[3] and carbon ±
carbon[2] bonds and we tried to put them in competition within
the same molecular framework. Both of them have a quite
well-known redox chemistry, though neither of them satisfies
completely the requirements mentioned above. This work was
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inspired by our previous dis-
covery that the formation and
cleavage of CÿC single bonds
can be effectively used for stor-
ing and releasing a pair of
electrons. The model com-
pounds used were a variety of
[M(salophen)][9] [salophen�
N,N'-o-phenylenebis(salicylide-
neaminato) dianion] or
[M(tmtaa)][10] [tmtaa�dibenzo-
tetramethyltetraaza[14]annu-
lene dianion] complexes, which
undergo reductive coupling of
one or both imino groups to
form a CÿC bond which is
oxidatively broken without the
carbon being involved in any
chemical transformation. The
assistance of a metal centre is
compulsory,[9d, 11] though it
should not display any redox
chemistry, as in the case of
main-group metals.


We report here on the redox
chemistry of [Nb(tBu4-salo-
phen)Cl3] and [Mo(tBu4-salo-
phen)Cl2], which undergo re-
ductive coupling to form dimers
that contain both CÿC and
MÿM bonds. The experimental
results led us to estimate the
relative suitability of the two
kinds of bonds to act as electron
reservoirs, while a full theoret-
ical investigation gave us the
possibility to estimate the pref-
erential storage sites of the pair
of electrons in the reduction of
[Nb(salophen)] and [Mo(salo-
phen)] moieties.


Results and Discussion


Chemical studies : The starting material, 1, was prepared by
directly reacting NbCl5 with the protic form of the Schiff base
ligand (Scheme 1) in toluene. This is a high-yield synthesis. In
the present case, it would seem wiser to start from a lower
oxidation state of the metal, namely from NbCl4. In the latter
case, the synthesis would have to be carried out by the
addition of NbCl4 to the sodium salt of the tBu-salophenH2


ligand. However, to free the final Nb complex from NaCl
requires a long liquid/solid extraction procedure that leads to
lower yields. The three-electron reduction of 1 with alkali
metals or, equally well, magnesium, gave the coupled dimer 2
(Scheme 2) that contains two CÿC bonds across two Schiff
base ligands and a single NbÿNb bond. The reaction occurs
with the simultaneous reduction of the salophen-type ligand


in the usual manner,[9] and the reduction of NbV to NbIV. The
use of lower molar ratios of Nb:reducing agent only led to a
mixture of compounds including 2, rather than to other less
reduced forms. The diamagnetism of the dinuclear complex 2
supports the presence of a single NbÿNb bond. The dimeric
structure of 2 was confirmed by an X-ray structural analysis
(Figure 1, Table 1).


The dinucleating ligand [*salophen*2]8ÿ (Figure 2), derived
from the reductive coupling of two salophen units (CÿC
1.628(5) �) binds the two metal ions, which experience the
same coordination environment in a close proximity (NbÿNb
2.6528(7) �). The rather short metal ± metal single bond
length is imposed by the geometric constraints of the
dinucleating ligand. The four nitrogen atoms and the four
oxygen atoms define two perpendicular planes (99.98) (Fig-
ure 3); the metals lie out of these planes by �1.3262 � and
�0.2072 �, respectively.
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Scheme 1. Synthesis of 1.


Mg


Ph2CN2AgSO3CF3


NN CHCH


O O


Nb


Cl Cl


Cl


Nb


NO N O


O N O


Nb


N


Nb


NO N O


O N O


Nb


N


Nb


NO N O


O N O


Nb


N


II


Nb


NO N O


O N O


Nb


N


OSO2CF3CF3O2SO


Nb


NO N O


O N O


Nb


N


PyPy


Nb


NO N O


O N O


Nb


N


NN
N C


N


Ph


Ph
C


Ph


Ph


K


I2


Nb


ON


ON


1


(Li, Na, K)


2


2 SO3CF3
ñ


5


2-


3


[4 (OSO2CF3)2]


[4 (py)2]2+


2+


6


2-


2K+
py


≡ [(tBu4-salophen)Nb]


Scheme 2. Redox chemistry of 1 (the dinucleating ligand in 2 ± 6 is drawn as doubly CÿC-bonded salophen units).
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Figure 1. Structure of 2 (hydrogen atoms, solvent molecules, and tBu
groups omitted for clarity). Atoms with an ªAº indicate the following
symmetry transformation: ÿx, ÿy, ÿz.


Figure 2. Structure of the [*salophen2*]8ÿ ligand. The tBu substituents are
omitted.


N2


M


O2


O1


N1'


O1'


O2'N1


N2'


M'


Figure 3. Coordination polyhedra around niobium in complex 2.


Complex 2 is a potential six-electron reservoir: two of the
three pairs of electrons being stored in the two new CÿC
bonds and the third pair in the NbÿNb bond. The chemical
utilisation of the six electrons was attempted by the reaction
of 2 with reducible substrates. The reaction of 2 with iodine
led to the cleavage of one of the three single bonds, namely
NbÿNb, to give the diamagnetic complex 3 (Scheme 2). The
structure of complex 3, formed by the preferential cleavage of
the metal ± metal bond, while the two CÿC bonds remain
intact, is supported by the analogous reaction of 2 with
AgSO3CF3. In the latter case, the reduction of Ag� to
elemental Ag occurs along with the cleavage of the metal ±
metal bond, while the two CÿC bonds do not participate in the
electron-transfer reaction. The reaction led to the formation
of a dication 4 with weakly bonded triflate counteranions.
They are readily displaced by pyridine, leading to the bis-
pyridine derivative [4(Py)2][{SO3CF3}2]. Figure 4 displays the
structure of the dication 4.


The structure of 4 is quite reminiscent of that of 2. The
metal ions maintain the same coordination environment,
except for the greater separation between the Nb atoms
(2.793(2) �). This separation, which is almost a bonding
distance, is an artifact imposed by the binucleating nature of
the ligand. The structural parameters of the ligand and the


Table 1. Crystal data and details of the structure determination of 2, 4, 6 and 8.


2 4 6 8


chemical formula C80H108N4Nb2O6 ´ 4 C4H8O C82H102N6Nb2O4 ´ 2 C5H5N ´ 2 CF3O3S C110H140K2N8Nb2O10 ´ 4 C4H8O C72H92Mo2N4O4 ´ 0.5C7H16


formula weight 1695.94 1877.86 2286.74 1319.47
crystal system triclinic monoclinic monoclinic monoclinic
space group PÅ1 C2/c P21/n P21/n
a [�] 11.4000(8) 33.7400(9) 15.580(3) 14.978(2)
b [�] 14.6516(16) 14.6600(4) 21.308(4) 20.702(3)
c [�] 15.7605(16) 19.3800(5) 19.578(5) 23.268(3)
a [8] 67.138(10) 90 90 90
b [8] 70.013(8) 99.2600(12) 113.18(2) 104.657(12)
g [8] 89.516(7) 90 90 90
V [�3] 2255.9(4) 9461.0(4) 5975(2) 6980.3(17)
Z 1 4 2 4
1calcd [gcmÿ3] 1.248 1.318 1.271 1.256
F(000) 906 3920 2432 2788
m [mmÿ1] 0.313 0.358 0.326 0.409
T [K] 143 143 143 173
l [�] 0.71073 0.71070 0.71070 0.71073
measured reflections 13709 25577 31 162 39485
unique reflections 6808 6365 9161 11625
unique reflections [I> 2 s(I)] 5559 3718 5937 9459
data/parameters 6808/506 6365/538 9161/686 11625/794
R[a] [I> 2s(I)] 0.0532 0.1085 0.0561 0.0725
wR2[a] (all data) 0.1321 0.3493 0.1566 0.1638
GoF[b] 1.110 1.107 0.950 1.174


[a] R�S j jFo jÿFc j j/S jFo j , wR2� {S[w(Fo
2ÿFc


2)2]/S[w(Fo
2)2]}1/2. [b] GoF� {S[w(F 2


o ÿF 2
c �2]/(nÿp)}1/2 where n is the number of data and p is the number of


parameters refined.
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Figure 4. Structure of 4 (hydrogen atoms, CF3SO3
ÿ, solvent molecules, and


tBu groups omitted for clarity). Atoms with an ªAº indicate the following
symmetry transformation: ÿx� 1/2, ÿy� 1/2, ÿz.


coordination sphere of the metal (NbÿNav 2.183(10); NbÿOav


1.963(8) �) (see Table 2) are very close to those of 2. The four
oxygen atoms and the four nitrogen atoms define two planes
which are almost perpendicular to each other (79.58). The Nb
atoms are displaced from those planes by �1.3963 and
�0.2334 �, respectively.


There are some aspects of this chemistry which are rather
intriguing. One of them is the oxidative resistance of the CÿC
bonds: in all the other cases previously reported,[9] they are
very sensitive to cleavage by any kind of oxidising agent. The
cleavage of CÿC bonds by iodine in other coupled [M(salo-
phen)] complexes is well documented.[9b] In addition, we did
not succeed in cleaving the CÿC bond, even by the use of
stronger oxidising agents, including dioxygen. In the latter
case, the formation of a mixture of different compounds was
observed. According to the theoretical calculations reported
in the next section, the NbÿNb bond is much more stable and
stronger than the CÿC bonds. This notwithstanding (see also
below), the metal ± metal bonds are the first ones to cleave
upon oxidation. This is probably not in conflict with the


theoretical results. The reaction leads, very probably, to the
kinetic product which does remain stable in a metastable
form. In fact, we found that the HOMO orbitals available to
the oxidising agents were always localised on the metal
centres, so that the electrons flow from the real reservoir,
namely the CÿC bonds, to the metal in the reduction of the
substrates.[9d, 11] We expected, however, an intramolecular
transfer of a pair of electrons from the CÿC bond to the metal,
with the overall cleavage of a CÿC bond and the formation of
a NbÿNb bond.


In this context (see the next section), we should also
mention that the existence of 2 is not predictable on the basis
of pure calculations. The corresponding isoelectronic systems
that contain a Nb�Nb bond and no CÿC bond are, as a matter
of fact, foreseen as much more stable. The further reductions
of 2 were expected to produce stable compounds of NbIII-d2


and NbII-d3 containing an Nb�Nb and an Nb�Nb function-
ality, respectively. In the case of the two-electron reduction of
2, we were unable to isolate 5, although we succeeded in
intercepting it in the presence of an appropriate substrate. The
reduction of 2 with two equivalents of potassium metal was
carried out in the presence of diphenyldiazomethane. The
reaction led to the formation of a dimetallic diphenylhydra-
zone dianion (6 ; Scheme 2). The formation of 6 requires the
intermediate formation of 5, in which the Nb�Nb bond
functions as a four-electron reservoir for the reduction of two
molecules of Ph2CN2. There is a close analogy in the chemical
behaviour of this Nb�Nb bond with that reported in
calix[4]arene ± niobium(iii) chemistry,[12] where the metal ±
metal double bond was able to perform the four-electron
reduction of dinitrogen,[12d] ketones[12a] and carbon monoxi-
de.[12c] Under the present experimental conditions, it is quite
difficult to find other substrates that are able to intercept the
[Nb�Nb] reactive functionality without reacting with potas-
sium metal in a preliminary stage.


Complex 6 is also a dimetallic compound, in which the two
metal ions are positioned inside the dinucleating ligand
(Figure 2 and Figure 5 a). Although the ligands maintain the
overall topology defined by the N4 and O4 planes being
perpendicular to each other (99.68), from which the metal ions
are displaced�1.5624 � and�0.6790 �, significant structural
changes are observed, mainly in the coordination sphere of
the niobium ions, on account of the novel functionalisation of
the metal. The two metals are further apart (3.4214(11) �)
than in 2 and 4, and they are no longer equally distant from
the four nitrogen atoms of the N4 plane. Two of the N atoms
function as binding donor atoms shared by the two metal ions.
The structural parameters (Table 2) are in agreement with the
binding sequence shown in Scheme 2 for the metalla-hydra-
zone functionality (Nb1ÿN3 1.820(4), N3ÿN4 1.357(5),
N4ÿC37 1.312(5) �). A strong association occurs between
the K cations and the basic nitrogens of the hydrazone unit
(K1ÿN3 2.943(4), K1ÿN4 2.834(4) �, Figure 5 b). The results
reported above show that, while the coupling of the imino
groups and the metal ± metal formation can be in competition
upon reduction of 1, the oxidative decoupling mainly concerns
the metal ± metal functionality. This finding is not quite what
we expected from the theoretical calculations (see below),
which are in favor of a much higher stability of the MÿM


Table 2. Selected bond lengths [�] and angles [8] for complexes 2, 4, 6 and
8.


2 4 6 8


MÿO1[a] 2.034(3) 1.955(8) 2.003(3) 2.047(4) [2.061(4)][c]


MÿO2[a] 2.027(3) 1.971(8) 1.981(3) 2.060(4) [2.047(4)][c]


MÿN1[a] 2.159(3) 2.157(10) 2.315(4) 2.116(4) [2.109(4)][c]


MÿN2[a] 2.157(3) 2.188(10) ± 2.118(5) [2.119(4)][c]


MÿN1A[a] 2.182(3) 2.211(10) 2.234(4) ±
MÿN2A[a] 2.185(3) 2.177(10) 2.080(4) ±
MÿL[a, b] 2.312(3) 2.279(10) 1.820(4) ±
M ´´´ M[a] 2.6528(7) 2.793(2) 3.4214(11) 2.2057(8)
CÿC[d] 1.628(5) 1.591(17) 1.605(6) ±
N3ÿN4 ± ± 1.357(5) ±


[a] M�Nb (2, 4 and 6), M�Mo (8). [b] L�THF (2), L�Pyr (4), L�
Ph2CN2 (6). [c] Values in brackets refer to the second Mo (hence Mo2, O3,
O4, N3, N4). [d] Values corresponding to the carbon single bond linking the
two ligands.







FULL PAPER C. Floriani et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3056 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143056


bonds compared to the CÿC bonds in the dinucleating
structure.


We then changed to another metal, molybdenum, coordi-
nated to the same ligand, in order to explore further the
competition in the formation and cleavage of the CÿC and
metal ± metal bonds within the same structure, and to
compare them with the theoretical forecast. To this purpose,
we used as a model compound [(tBu4-salophen)MoCl2] (7,
Scheme 3). Regardless of the Mo:reducing agent ratio, the
reduction of 7 gives directly complex 8, that contains a
MoÿMo quadruple bond and which seems to be the thermo-
dynamic sink of the reaction. In this case, the experimental


results were completely in
agreement with the theoretical
forecast. Further reduction of 8
was unsuccessful and we did not
see any intra- or intermolecular
coupling between the salophen
units by the formation of a CÿC
bond. In addition, as expected,
no relevant reactivity was
found related to the electron
richness of the MoÿMo quad-
ruple bond.[4, 13] The structure
of 8 is displayed in Figure 6. It
contains two [(tBu-salophen)-
Mo] units joined by a
metal ± metal quadruple bond
(MoÿMo 2.2057(8) �).[13] The
two metal atoms Mo1 and Mo2
are displaced by ÿ0.4847 and
0.4856 � from the respective
N2O2 planes. The two salophen
skeletons in 8 maintain the
expected planarity, and they
are nearly parallel, the dihedral
angle being 8.48. The two [(tBu-
salophen)Mo] units are rotated
with respect to each other by
�908, the O1-Mo1-Mo2-O3
torsional angle being ÿ88.28.


Theoretical studies : In order to
make the calculations feasible,
the salophen ligand in the metal
Schiff base complexes was sim-
plified: the aromatic rings were
replaced by C�C bonds. The
simplified ligand, shown in
Scheme 4, will be called salo-
phen' hereafter. The geometry
of the model systems consid-
ered was fully optimised start-
ing from parameters deduced
from the available experimen-
tal X-ray structures. We consid-
ered C2h symmetry for [M(salo-
phen')]2 complexes and Ci sym-
metry for [M2(*salophen'2*)]


complexes, where *salophen'2* (Scheme 4) is the octadentate,
octaanionic ligand derived by a four-electron reduction of two
salophen' ligands.


The optimised structure of [Mo(salophen')]2 is shown in
Figure 7 a. The calculated MoÿMo bond length, 2.195 �, is in
very good agreement with the experimental value of 2.2057 �
and is typical of a MoÿMo quadruple bond,[3, 13] that is
expected for a MoII complex. A metal-to-ligand four-electron
transfer in the MoII complex [Mo(salophen')]2 would give rise
to the MoIV complex [Mo2(*salophen'2*)], whose optimised
geometry is shown in Figure 7 b. The computed MoÿMo bond
length of 2.538 � is very close to the experimental value of


Figure 5. a) Structure of 6 (hydrogen atoms, K(DME)�, solvent molecules and tBu groups omitted for clarity).
Atoms with an ªAº indicate the following symmetry transformation:ÿx,ÿy,ÿz. b) A plot of complex 6 showing
the asymmetric unit with the adopted labeling scheme (hydrogen atoms omitted for clarity).
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Scheme 3. Reduction of 7 to give complex 8.


Figure 6. Structure of 8 with the adopted labeling scheme (hydrogen atoms
and external solvent molecules omitted for clarity).
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Scheme 4. Model representation of the salophen ligands used in the
calculations.


2.544 � found for a MoÿMo double bond.[3, 14] Figure 7 b
shows the presence of two CÿC s bonds (r(CÿC)� 1.601 �)
between carbon atoms of the imino groups of the two
salophen' ligands. [Mo2(*salophen'2*)] is computed to be less
stable than [Mo(salophen')]2 by 70.5 kcal molÿ1, in agreement
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Figure 7. Optimised structures of [Mo(salophen')]2 (a) and [Mo2(*salo-
phen'2*)] (b) with selected bond lengths [�] and angles [8].


with the experimental evidence that only species related to
[Mo(salophen')]2 can be synthesised.


Figure 8 a shows the optimised structure of [Nb(salo-
phen')]2. The calculated NbÿNb bond length, 2.433 �, is
typical of an NbÿNb triple bond, as expected for an NbII
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Figure 8. Optimised structures of [Nb(salophen')]2 (a) and [Nb2(*salo-
phen'2*)] (b) with selected bond lengths [�] and angles [8].
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complex. A metal-to-ligand four-electron transfer in the NbII


complex [Nb(salophen')]2 would give rise to the NbIV complex
[Nb2(*salophen'2*)], whose optimised geometry is shown in
Figure 8 b. The computed NbÿNb bond length of 2.625 � is
very close to the experimental value of 2.6528 � found in the
isolated system and is typical of a NbÿNb single bond.
Figure 8 b shows the presence of two CÿC s bonds (r(CÿC)�
1.609 �) between carbon atoms of imino groups of the two
salophen' ligands. This value is slightly shorter than the
experimental value of 1.6281 �. [Nb2(*salophen'2*)] is com-
puted to be less stable than [Nb(salophen')]2 by only
12.5 kcal molÿ1. Considering that we analysed simplified
model systems, this result is not in disagreement with the
experimental evidence that only species related to [Nb2-
(*salophen'2*)] can be synthesised and suggests that the
species [Nb2(*salophen'2*)] can be easily stabilised.


Figure 9 shows the analysis of the molecular orbitals of
[Nb2(*salophen'2*)]. The frontier orbitals are mainly niobium
in character, but the metal d orbitals are strongly mixed and a
classification of these orbitals is not completely unambiguous.


HOMO


39ag


38au
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31au
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E/eV


Figure 9. Frontier orbitals of [Nb2(*salophen'2*)].


However, the highest occupied molecular orbital (HOMO),
38ag, essentially describes a NbÿNb s bond, while the lowest
unoccupied molecular orbital (LUMO), 38au, can be mainly
characterised as a bonding d orbital. The 39ag orbital has
mainly NbÿNb p bonding character. The next valence orbitals
at lower energies with respect to the HOMO are mainly
composed of nitrogen p orbitals or other ligand atoms orbitals,
while the orbitals 32au and 31au, that describe the two CÿC s


bonds between carbon atoms of imino groups of the two
salophen' ligands, lie at lower energies. An oxidation of
[Nb2(*salophen'2*)], therefore, should affect only the NbÿNb
bond and not the two CÿC s bonds. This is confirmed by the
analysis of [Nb2(*salophen'2*)]2�, whose optimised geometry
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Figure 10. Optimised structures of [Nb2(*salophen'2*)]2� (a) and
[Nb2(*salophen'2*)]4� (b) with selected bond lengths [�] and angles [8].


is shown in Figure 10 a. The computed NbÿNb separation of
2.894 � suggests a lack of any metal ± metal interaction, while
the CÿC bond length of 1.617 � confirms the presence of a
bond between the carbon atoms of the imino groups of the
two salophen' ligands.


Both [Nb2(*salophen'2*)] and [Nb(salophen')]2 can formal-
ly give rise to different levels of electron storage. The electron
reservoirs are the CÿC s bonds between the carbon atoms of
the imino groups of the two salophen' ligands or the metal ±
metal bonds in the [Nb2(*salophen'2*)] species, while only
metal ± metal bonds can act as electron reservoirs in [Nb(sa-
lophen')]2 complexes. In order to analyze this point we
investigated, in addition to the neutral species, the 2ÿ , 2� ,
4� and 6� species. These species allow the storage or release
of up to eight electrons (Scheme 5). The total energies and
the main geometrical parameters of the investigated species
are reported in Table 3. The optimised geometry of
[Nb2(*salophen'2*)]2ÿ shows two CÿC s bonds between the
carbon atoms of the imino groups of the two salophen' ligands
(r(CÿC)� 1.616 �) and an NbÿNb bond length of 2.633 �, a
value very close to that found for the NbÿNb single bond of
the neutral complex.[3] However, the analysis of the molecular
orbitals reveals the presence of both a s and a d bond between
the two metal centres. As expected, the d bonding has a very
small influence on the metal ± metal separation.[3] The neutral
compound [Nb2(*salophen'2*)] has already been discussed
and shows a single NbÿNb bond and two CÿC s bonds. A two-
electron oxidation of this species, which produces
[Nb2(*salophen'2*)]2�, implies the cleavage of the NbÿNb
bond, as suggested by the NbÿNb distance of 2.894 �. The
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Scheme 5. Different levels of electron storage.


removal of another two electrons implies the breaking of one
CÿC s bond. Indeed, in [Nb2(*salophen'2*)]4�, whose opti-
mised structure is shown in Figure 10 b, the distances between
the carbon atoms of the imino groups are 1.615 � and 3.052 �:
the first value corresponds to a s bond, while the second one
suggests the lack of any interaction. The removal of the next
two electrons gives rise to two units which do not interact at
all. As expected, the species [Nb2(*salophen'2*)]6� is strongly
destabilised. With regard to the [Nb(salophen')]2


x species
(where x� 2ÿ , 0, 2� , 4� , 6� ), we notice that we have a
NbÿNb quadruple bond in the dianion, a triple bond in the
neutral species, a double bond in the dication, a single bond in
the 4� species and a lack of any metal ± metal interaction in
the 6� species. [Nb(salophen')]2


6� is essentially formed by
two [Nb(salophen')]3� units which do not interact at all. The
optimised metal ± metal bond lengths reported in Table 3 are
in agreement with the observed progressive filling of metal ±
metal bonding orbitals: s ; d ; p ; d. From the data of Table 3,
we also notice that in the two analysed series of compounds,
the metal ± metal bonds are always preferred with respect to
carbon ± carbon bonds: the energy difference is small in the
neutral compounds, while it is very high in the 6� species.


Experimental Section


General procedure : All reactions were carried out under an atmosphere of
purified nitrogen. Solvents were dried and distilled before use by standard
methods.[15] IR and NMR spectra were recorded respectively on Perkin-
Elmer FT1600 spectrophotometer and on AC-200 or DPX-400 Bruker
spectrometers. Ph2CN2


[16] and [Mo(tBu4-salophen)Cl2] (7)[9f] were prepared
according to published procedures.


Computational and methodological details : Density functional theory
(DFT), which has been found to be a very cost-effective method to study
transition metal systems,[17] was used for the determination of equilibrium
geometries and the evaluation of the energetics of all the investigated
systems. All calculations were carried out with the Amsterdam density
functional (ADF) program package.[18, 19] Molecular structures were
optimised at the non-local density approximation level of theory, in which
the Becke non-local exchange[20] and Perdew correlation[21] corrections are
included. The basis set employed for molybdenum and niobium was the
uncontracted double-z quality for 4s and 4p, triple-z quality for 4d and 5s,
augmented by two 5p functions. The main-group elements were described
by a double-z basis augmented by one 2p function for hydrogen and one 3d
polarisation function for the other elements. The cores (Mo, Nb: 1s-3d;
C,N,O: 1s) were kept frozen.[22]


Synthesis of 1: NbCl5 (17.43 g, 64.5 mmol) was dissolved in toluene
(500 mL) and the red solution was stirred overnight. tBu4-salophenH2


(34.92 g; 64.5 mmol) was added to give a red suspension that was refluxed
for 24 h. Toluene was evaporated and the solid was washed with diethyl
ether (2� 250 mL), collected and dried in vacuo (45 g, 84 %). 1H NMR
(200 MHz, [D6]DMSO, 298 K): d� 9.15 (s, 1H; CH�N), 7.82 (m, 2 H; tol),
7.67 (d, J� 2.4 Hz, 1H; Ar), 7.56 (d, J� 2.4 Hz, 1H; Ar), 7.48 (m, 2H; tol),
7.16 (m, 3H; Ar�tol), 2.28 (s, 3H; tol), 1.42 (s, 9 H; CH3), 1.27 (s, 9 H; CH3);
elemental analysis calcd (%) for C43H54Cl3N2NbO2 (830.2): C 62.21, H 6.56,
N 3.37; found: C 61.88, H 6.53, N 3.41.


Synthesis of 2 : Magnesium turnings (0.24 g, 9.9 mmol) were added to a
solution of 1 (5.48 g; 6.6 mmol) in THF (100 mL). The resulting dark-red
suspension was stirred for 6 d. A yellow-green solid was collected by
filtration and dried in vacuo (4.6 g, 61%). 1H NMR (400 MHz, [D5]pyr-
idine, 323 K): d� 7.65 (d, J� 2.5 Hz, 1H; Ar), 7.41 (d, J� 2.5 Hz, 1H; Ar),
6.19 (m, 1H; Ar), 5.88 (m, 1H; Ar), 5.50 (s, 1 H; CHN), 3.65 (m, 4 H; THF),
1.63 (m, 4 H; THF), 1.43 (s, 9H; CH3), 1.42 (s, 9 H; CH3); elemental analysis
calcd (%) for C40H54N2NbO3 (703.8): C 68.26, H 7.73, N 3.98; found: C
67.79, H 7.91, N 3.95. Crystals suitable for X-ray analysis were grown by
slowly cooling a hot saturated THF solution to room temperature.


Synthesis of 3 : A solution of I2 (90 mg, 0.36 mmol) in CH2Cl2 (20 mL) was
added to a yellow-green solution of 2 (0.50 g; 0.36 mmol)in CH2Cl2


(100 mL) which had been previously cooled and maintained at ÿ30 8C.
The mixture was allowed to reach room temperature before the solution
was dried. The dark green residue was then suspended in n-hexane
(90 mL), collected and dried in vacuo (0.44 g, 81%). 1H NMR (400 MHz,
CD2Cl2, 298 K): d� 7.45 (d, J� 2.6 Hz, 1H; Ar), 7.19 (d, J� 2.6 Hz, 1H;
Ar), 6.63 (m, 1H; Ar), 6.38 (m, 1H; Ar), 4.82 (s, 1 H; CH-N), 1.39 (s, 9H;
CH3), 1.36 (s, 9H; CH3); elemental analysis calcd (%) for C36H46IN2NbO2


(758.6): C 57.00, H 6.11, N 3.69; found: C 56.78, H 5.89, N 3.48.


Synthesis of 4 : AgSO3CF3 (300 mg; 1.15 mmol) was added to a yellow-
green suspension of 2 (0.81 g, 0.58 mmol) in CH2Cl2 (110 mL). The mixture
was refluxed overnight to afford a deep green suspension. Ag metal was
filtered off and the solution evaporated to dryness. The dark green residue
was suspended in hexane (90 mL), collected and dried in vacuo (0.66 g,
73%). 1H NMR (400 MHz, CD2Cl2, 298 K): d� 7.49 (d, J� 2.5 Hz, 1H;
Ar), 7.46 (d, J� 2.5 Hz, 1H; Ar), 7.21 (d, J� 2.5 Hz, 1H; Ar), 7.14 (d, J�
2.5 Hz, 1H; Ar), 6.87 (m, 1H; Ar), 6.78 (m, 1H; Ar), 6.64 (m, 1H; Ar), 6.37
(m, 1H; Ar), 5.37 (d, J� 1.8 Hz, 1H; CH-N), 5.03 (d, J� 1.8 Hz, 1H; CH-
N), 1.39 (s, 9 H; CH3), 1.36 (s, 9 H; CH3), 1.33 (s, 9H; CH3), 1.30 (s, 9H;
CH3); elemental analysis calcd (%) for C37H46F3N2NbO5S (780.8): C 56.92,
H 5.94, N 3.59; found: C 55.78, H 6.41, N 3.29. Crystals suitable for X-ray
analysis were grown by slowly cooling a pyridine/diethyl ether solution to
4 8C.


Synthesis of 6 : Ph2CN2 (0.52 g, 2.7 mmol) was added to a yellow-green
suspension of 2 (1.9 g; 1.35 mmol) in THF (60 mL) to give a red solution
that was cooled to ÿ80 8C. A deep green THF (60 mL) solution containing
K and naphthalene in an equimolar amount (2.7 mmol) was added. The


Table 3. Total energies [Hartree], energy differences D [kcal molÿ1] and
main geometrical parameters [�] of the investigated niobium complexes.


Species[a] Total energy D r(NbÿNb) r(CÿC)


[Nb2(*salophen2'*)]2ÿ ÿ 10.064691 2.633 1.616
[Nb(salophen')]2


2ÿ ÿ 10.124903 37.8 2.487
[Nb2(*salophen2'*)] ÿ 10.129540 2.625 1.609
[Nb(salophen')]2 ÿ 10.149441 12.5 2.433
[Nb2(*salophen2'*)]2� ÿ 9.561418 2.894 1.617
[Nb(salophen')]2


2� ÿ 9.609573 30.2 2.680
[Nb2(*salophen2'*)]4� ÿ 8.406983 2.872 1.615 3.052
[Nb(salophen')]2


4� ÿ 8.488037 50.9 2.659
[Nb2(*salophen2'*)]6� ÿ 6.638021 2.851 1.796
[Nb(salophen')]2


6� ÿ 6.886307 155.8 3.011


[a] Salophen' and *salophen2'*: see Scheme 4.
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resulting mixture was stirred for 30 min at ÿ80 8C and then allowed to
warm slowly to room temperature. The red solution was concentrated to
40 mL and n-hexane (100 mL) was added. A red solid precipitated which
was collected and dried in vacuo (1.7 g, 58%). 1H NMR (400 MHz,
[D5]pyridine, 300 K): d� 8.14 (d, J� 7.5 Hz, 1 H; Ph), 8.00 (d, J� 7.5 Hz,
1H; Ph), 7.57 (d, J� 2.7 Hz, 1H; Ar), 7.52 (d, J� 2.7 Hz, 1H; Ar), 7.48 (d,
J� 8 Hz, 1 H; Ph), 7.36 (m, 1H; Ph), 7.24 (t, J� 8 Hz, 1H; Ph), 7.16 (d, J�
2.7 Hz, 1 H; Ar), 7.10 (m, 2H; Ph), 7.04 (d, J� 2.7 Hz, 1H; Ar), 6.99 (m, 2H;
Ph), 6.79 (m, 1H; Ph), 6.34 (m, 1 H; Ar), 6.30 (m, 1H; Ar), 6.17 (m, 1H;
Ar), 6.11 (m, 1H; Ar), 5.58 (d, J� 1.7 Hz, 1H; CH-N), 4.39 (d, J� 1.7 Hz,
1H; CH-N), 3.67 (m, 12 H; thf), 1.67 (m, 12 H; thf), 1.70 (s, 9 H; CH3), 1.58
(s, 9H; CH3), 1.55 (s, 9 H; CH3), 1.50 (s, 9H; CH3); elemental analysis calcd
(%) for C61H80KN4NbO5 (1081.3): C 67.76, H 7.46, N 5.18; found: C 67.85, H
7.03, N 5.60. Crystals suitable for X-ray analysis were grown by slowly
cooling a diglyme/diethyl ether solution to 4 8C.


Synthesis of 8 : Sodium (0.43g, 18.7 mmol) and naphthalene (0.2 g,
1.5 mmol) were added to a suspension of 7 (6.58 g; 9.33 mmol) in THF
(250 mL). The resulting black suspension was stirred for 6 d, then NaCl was
filtered off. The solution was evaporated to dryness. The residue was
suspended in pentane, collected by filtration and dried in vacuo (2.2 g,
74%). IR (Nujol): nÄ � 1599 (m), 1571 (m), 1529 (s), 1424 (m), 1297 (w),
1266 (s), 1196 (m), 1180 (m), 1030 (w), 840 (s), 745 (s), 700 (s), 573 (w) cmÿ1;
elemental analysis calcd (%) for C36H46MoN2O2 (634.7): C 68.12, H 7.30, N
4.41; found: C 67.98, H 7.45, N 4.21. Crystals suitable for X-ray analysis were
grown at room temperature from a pentane/n-heptane (1:1) solution.


X-ray crystallography for complexes 2, 4, 6 and 8 : The relevant details of
the crystals, data collection and structure refinement are listed in Table 1.
Diffraction data were collected at 143 K on different equipment: mar345
imaging plate detector (6), Kuma diffractometer with a kappa geometry
and equipped with a Sapphire CCD detector (2, 8), or a Rigaku AFC7S
diffractometer equipped with a Mercury CCD (4). Data reduction was
performed, respectively, with marHKL release 1.9.1,[23] CrysAlis
RED 1.6.7[24] and Crystal Clear 1.2.2.[25] Absorption correction[26] was
applied to one data set (4). Structure solutions were determined with ab
initio direct methods.[27] All structures were refined using the full-matrix
least-squares on F 2 with all non-H atoms anisotropically defined. H atoms
were placed in calculated positions with the ªriding modelº with Uiso�
a*Ueq(C) (where a is 1.5 for methyl hydrogen atoms and 1.2 for others, C is
the parent carbon atom). Some disorder problems were encountered
during the refinement of 4 and 8 (CF3SO3


ÿ showing high vibrational motion
or disordered tBu substituents, respectively). Structure refinement, molec-
ular graphics and geometrical calculation were carried out on all structures
with the SHELXTL software package, release 5.1.[28] Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-156320 (2), CCDC-156321 (4),
CCDC-156322 (6) and CCDC-156323 (8). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).
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Synthesis of (E)-a,b-Unsaturated Amides with High Selectivity by Using
Samarium Diiodide


JoseÂ M. ConcelloÂ n,* Juan A. PeÂrez-AndreÂs, and Humberto Rodríguez-Solla[a]


Abstract: Stereoselective b-elimination of 2-chloro-3-hydroxyamides 1 is achieved
by using samarium diiodide to yield a,b-unsaturated amides 2, in which the C�C
bond is di- tri-, or tetrasubstituted. The starting compounds 1 are easily prepared by
reaction of the corresponding lithium enolates of a-chloroamides with aldehydes or
ketones at ÿ78 8C. The influence of the reaction conditions and the structure of the
starting compounds on the stereoselectivity of the b-elimination reaction is also
discussed.


Keywords: alkenes ´ amides ´ dia-
stereoselection ´ elimination ´
samarium


Introduction


a,b-Unsaturated amides belong to an important class of
natural products which show both biological[1] and insecticide
activities.[2] Moreover a,b-unsaturated amides are useful
building blocks in organic synthesis[3] and are attractive
starting materials for many natural products.[4]


However, compared with the synthesis of other a,b-
unsaturated acid derivatives such as esters, the preparation
of a,b-unsaturated amides has been scarcely reported, and the
development of effective general methods for the synthesis of
a,b-unsaturated amides is of significant value. Previously
described preparations of a,b-unsaturated amides are gener-
ally achieved by C�C bond formation by a Wittig ± Horner[5]


or by Peterson[6] reactions, from acetylenic compounds[4, 7] or
by using 2,2-difluorovinyllithium.[8] Nevertheless, in most of
these syntheses the total control of stereoselectivity of the
carbon ± carbon double bond formation remains unsolved or
typically involves multistep transformations.[4, 5] Other meth-
odologies are limited by their poor yield,[7] and in other
syntheses, a,b-unsaturated amides, in which the C�C bond is
tri- or tetrasubstituted, cannot be prepared.[6±8]


Recently, we described the first general methodology to
promote stereoselective b-elimination reactions using SmI2.
We reported a synthesis of (Z)-vinyl halides with high
stereoselectivity by reaction of O-acetylated 1,1-dihaloal-
kan-2-ols with samarium diiodide[9] and the preparation of


a,b-unsaturated esters with total stereoselectivity by treat-
ment of the easily available 2-halo-3-hydroxyesters with
samarium diiodide.[10] In the latter we also described the
preparation of three disubstituted a,b-unsaturated amides
with total stereoselectivity, starting from 2-halo-3-hydroxy-
amides and samarium diiodide.


Taking into account the interest in the a,b-unsaturated
amides, our objective has been to generalize the synthesis of
di-, tri-, and tetrasubstituted a,b-unsaturated amides. This
preparation is very stereoselective. We also describe the
influence of the reaction conditions and the structure of 1 on
the stereoselectivity of the b-elimination reaction.


Results and Discussion


Synthesis of disubstituted a,b-unsaturated amides : Our first
attempts involved the preparation of a,b-unsaturated amides
in which the C�C bond is disubstituted.


Treatment of 2-chloro-3-hydroxyamides 1 a ± c with a sol-
ution of SmI2 (2.5 equiv) in THF for 30 min at room temper-
ature afforded the corresponding disubstituted a,b-unsatu-
rated amides 2, after hydrolysis, with total stereoselectivity
and in high yield. This b-elimination reaction was general for
disubstituted a,b-unsaturated amides 2 (Scheme 1): linear or
branched aliphatic, and aromatic a,b-unsaturated amides can
be achieved (Table 1). The described conditions and stereo-
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Scheme 1. Synthesis of (E)-a,b-unsaturated amides.
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selectivity of the reaction were the same as in the synthesis of
a,b-unsaturated esters.[10]


The diastereoisomeric excess of the crude reaction products
was determined by GC-MS and 1H NMR spectroscopy.


The E stereochemistry of the CÿC double bond of a,b-
unsaturated amides 2 was assigned on the basis of the value of
the 1H NMR coupling constant of the olefinic protons of
compounds 2 a ± 2 c.[11] In the case of compound 2 a compar-
ison with the 1H values described in the bibliography has also
been carried out.[12] This stereochemistry is in agreement with
the previously reported synthesis of a,b-unsaturated esters
with SmI2.[10]


The starting 2-chloro-3-hydroxyamides 1 used to prepare
di-, tri-, and tetra-substituted a,b-unsaturated amides were
easily prepared by reaction of the corresponding lithium
enolates of a-chloroamides 4[13] (generated by treatment of a-
chloroamides 3 with lithium diisopropylamide (LDA) at
ÿ85 8C) with aldehydes or ketones at ÿ78 8C (Scheme 2).
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O


Cl R3
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R3
NR2
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Cl
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2) R1R2CO


3) H3O+


3 1


Scheme 2. Preparation of starting compounds 1.


Preparation of trisubstituted a,b-unsaturated amides : Signifi-
cant differences were detected when the same reaction
conditions (2.5 equiv of SmI2 at room temperature) were
used to obtain trisubstituted a,b-unsaturated amides 2 d ± k ; a
decrease in the reactivity of the starting compounds 1 d ± k and
lower stereoselectivity of the b-elimination reaction were
observed (determined on the crude reaction products by GC-
MS). Therefore, the elimination was uncompleted and,


consequently, different amounts of starting compound 1 were
recovered (Table 2, entries 2 and 7). Increasing the reaction
temperature (Table 2, entry 1) or the amount of SmI2 (4 equiv,
Table 2, entries 3 and 11), led to complete reaction, but with
the same stereoselectivity. The decrease of reactivity of 1 d ± k
with respect to 1 a ± c could be owing to the increase of the
steric hindrance when R3=H.


To enhance the stereoselectivity, the b-elimination reaction
was carried out at lower temperature. Therefore, total or very
high stereoselectivity (de> 90 %) was obtained at ÿ25 8C, a
longer time reaction (12 h) and larger amount of SmI2


(4 equiv) being necessary at this temperature.
The presence of SmI2 during the hydrolysis of the reaction


afforded the partial reduction of the CÿC double bond. To
avoid this problem the excess SmI2 was transformed into SmIII


by bubbling a stream of air through the reaction mixture
before the hydrolysis.


This methodology for obtaining trisubstituted a,b-unsatu-
rated amides, with high diastereoselection, is general: R1, R3,
and R4 can be varied widely. Thus, aliphatic (linear, branched
or cyclic), unsaturated or aromatic aldehydes could be used to
introduce different R1 groups; R3 and R4 could also be
changed using different aliphatic a-chloroamides to prepare
the starting compounds 1 (Scheme 2) and subsequently to
obtain 2. The stereoselectivity was only slightly affected to
changes of R1, R3 or R4. It is noteworthy that only a slight
decrease of the stereoselectivity was observed with amides
with bulky substituents on nitrogen (Table 2, entries 5, 8, and
9). The reaction also showed tolerance to other functional
groups (Table 2, entries 8, 9, and 13).


The E stereochemistry in the CÿC double bond of
trisubstituted a,b-unsaturated amides 2 was assigned by
NOESY experiments (compounds 2 d and 2 f).


Abstract in Spanish: La reaccioÂn de b-eliminacioÂn de 2-cloro-
3-hidroxiamidas 1, promovida por diyoduro de samario,
produce amidas a,b-insaturadas con elevada estereoseleccioÂn.
Los compuestos de partida 1 empleados se preparan faÂcilmente
por reaccioÂn, a ÿ78 8C, de enolatos de litio derivados de a-
cloroamidas con aldehídos o cetonas. TambieÂn se estudia la
influencia de las condiciones de reaccioÂn y de la estructura de
los compuestos de partida en la estereoseleccioÂn con que
transcurre la reaccioÂn de b-eliminacioÂn.


Table 1. Synthesis of disubstituted a,b-unsaturated amides 2 (R2�R3�
H).


Entry 2[a] R1 R4 T [8C] de[b] Yield [%][c]


1 2a Ph Et 25 > 98 90
2 2b C7H15 Et 25 > 98 89
3 2c MeCH(Ph) Et 25 > 98 82


[a] All reactions were carried out by using 2.5 equivalents of SmI2 with a
reaction time of 30 min. [b] Diastereoisomeric excess (de) determined by
GC-MS and 300 MHz 1H and 13C NMR analysis of the crude products 2.
[c] Yield of isolated product after column chromatography (based on
compound 1). Table 2. Synthesis of trisubstituted a,b-unsaturated amides 2 (R2�H).


Entry 2 R1 R3 R4 T [8C][a] de[b] Yield
[%][c]


1 2 d Ph Me Et 66[d] 87 98[e]


2 2 d Ph Me Et 25[d] 89 51[e]


3 2 d Ph Me Et 25[f] 93 97[e]


4 2 d Ph Me Et ÿ 25 > 98 88
5 2 e Ph Me iPr ÿ 25 91 63
6 2 f C7H15 Me Et ÿ 25[g] > 98 81
7 2 g pMeO-C6H4 Me iPr 25[d] 83 86[e]


8 2 g pMeO-C6H4 Me iPr ÿ 25 93 75
9 2 h pCl-C6H4 Me iPr ÿ 25 90 65


10 2 i Cyclohexyl Me Et ÿ 25 > 98 95
11 2 j Me2C�CH(CH2)2CH(Me)CH2 Me Et 25[f] 65 78[e]


12 2 j Me2C�CH(CH2)2CH(Me)CH2 Me Et 0[g] 80 70[e]


13 2 j Me2C�CH(CH2)2CH(Me)CH2 Me Et ÿ 25[g] > 95 76
14 2 k Bu Et Et ÿ 25[g] > 98 79


[a] Unless otherwise noted, reactions were carried out with four equivalents of
SmI2 with a reaction time of 12 h. [b] Diastereoisomeric excess (de) determined
by GC-MS and 300 MHz 1H and 13C NMR analysis of the crude products 2.
[c] Yield of isolated product after column chromatography (based on compound
1). [d] 2.5 equivalents of SmI2 were used with a reaction time of 30 min. [e] Yield
of the crude products isolated (based on compound 1). [f] Four equivalents of
SmI2 were used with a reaction time of 1 h. [g] Four equivalents of SmI2 were
used with a reaction time of 90 min.
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Synthesis of tetrasubstituted a,b-unsaturated amides : In
contrast with the previously described[10] synthesis of esters,[14]


tetrasubstituted a,b-unsaturated amides 2 l ± s were obtained.
The reaction conditions were the same as those described for
the preparation of trisubstituted a,b-unsaturated amides 2 d ±
2 k. Our first trials were carried out to test the possibility of
carrying out the synthesis of a,b-unsaturated amides when the
C�C bond is tetrasubstituted.


Treatment of amides 1, obtained by reaction of symmetrical
ketones (pentan-3-one and cyclohexanone) and 2-chloro-
N,N-diethylpropanamide, with samarium diiodide (4 equiv) at
ÿ25 8C afforded the corresponding a,b-unsaturated amides in
high yield (Table 3, entries 1 and 2).


The stereoselection in the synthesis of tetrasubstituted a,b-
unsaturated amides (determined on the crude reaction
products by GC-MS) was studied by using the amides 1,
obtained from unsymmetrical ketones and 2-chloro-N,N-
diethylpropanamide, as starting compounds.


At ÿ25 8C the stereoselection of the elimination reaction
was lower when R1 and R2 were alkyl groups and the
stereoselectivity was not affected by the difference of size
between R1 and R2. The usual stereoselectivity/temperature
trend was observed: on decreasing the temperature (ÿ50 or
ÿ78 8C), a higher de value was observed,[15] but significant
amounts of starting compound 1 (50 %) were recovered
(Table 3, entries 4, 5, and 7), even using long reactions times (3
days). When R1 was phenyl or benzyl, high stereoselection
(de> 78 %) was obtained. The described preparation is
general and aliphatic or aromatic a,b-unsaturated amides in
which the CÿC double bond is tetrasubstituted can be
prepared in high yield and with moderate to high stereo-
selectivity (Table 3).


The E stereochemistry of the CÿC double bond of
tetrasubstituted a,b-unsaturated amides 2 was assigned by
NOESY experiments (compound 2 r).


It is noteworthy that although 1:1 mixtures of diaster-
eoisomers of starting compounds 1 were used in all the


reactions described, the corresponding di-, tri- or tetrasub-
stituted a,b-unsaturated amides 2 were obtained with high
stereoselectivity.


Mechanism : The observed stereochemistry of products 2 may
be explained by assuming the formation of the enolate
intermediate (Scheme 3), in which the oxophilic SmIII center
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Scheme 3. Proposed mechanism of the b-elimination reaction.


is chelated with the oxygen atom of the alcohol group
producing a six-membered ring.[16] We surmise that the
chairlike transition state model A might be involved with
the bulkier group R1 (comparatively to R2) in the equatorial
orientation (to avoid 1,3-diaxial interactions). As depicted in
B (C2 ± C3 Newman projection of A), R1 and R3 show a cis
relationship and, consequently, elimination from A affords
(E)-a,b-unsaturated amides.


Synthesis of 2, with total stereoselection, from a mixture of
diastereoisomer of 1 could be explained by assuming that
after reaction of 1 with SmI2, the C ± R3 center suffers
epimerization affording only a diastereoisomer with the
appropriate conformation for coordination of the samarium
center with the alcohol oxygen.


Conclusion


Herein we have presented an easy, simple and general
methodology for the preparation of di-, tri-, or tetrasubsti-
tuted a,b-unsaturated amides starting from 2-chloro-3-hy-
droxyamides and promoted by samarium diiodide. The
elimination reaction proceeds with total or high E diaster-
eoselectivity. The starting compounds are easily available. A
mechanism to explain the high stereoselectivity has been
proposed based on the chelation of the SmIII center with both
oxygen atoms.


Experimental Section


General : Reactions which required an inert atmosphere were conducted
under dry nitrogen, and the glassware was oven dried (120 8C). THF was


Table 3. Synthesis of tetrasubstituted a,b-unsaturated amides 2 (R3�Me
and R4�Et).


Entry 2 R1 R2 t [h] T [8C][a] de[b] Yield [%][c]


1 2 l Et Et 1 25 ± 70
2 2m (CH2)5 1 25 ± 80
3 2n Et Me 2.5 ÿ 25 42 70
4 2n Et Me 12 ÿ 50[d] 50 41[e]


5 2n Et Me 72 ÿ 78[d] 60 36[e]


6 2o nPr Me 2.5 ÿ 25 40 73
7 2o nPr Me 72 ÿ 78[d] 46 46[e]


8 2p C5H11 Me 2.5 ÿ 25 44 70
9 2q Ph Me 2.5 ÿ 25 78 71


10 2r Ph Et 2.5 ÿ 25 91 75
11 2s PhCH2 Me 2.5 ÿ 25 94 96


[a] Unless otherwise noted, reactions were carried out with four equiv-
alents of SmI2. [b] Diastereoisomeric excess (de) determined by GC-MS
and 300 MHz 1H and 13C NMR analysis of the crude products 2. [c] Yield of
isolated product after column chromatography (based on compound 1).
[d] Five equivalents of SmI2 were used. [e] Approximately 50% of starting
product was recovered.







(E)-a,b-Unsaturated Amides 3062 ± 3068
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distilled from sodium/benzophenone ketyl immediately prior to use. All
reagents were purchased from Aldrich or Merck and were used without
further purification. Samarium diiodide was prepared by reaction of CH2I2


with samarium powder.[17] 2-Chloroamides 3 were prepared by treatment of
different 2-chloroacid chlorides with amines and, in turn, 2-chloroacid
chlorides were obtained according to literature methods from the
corresponding carboxylic acids.[18] Silica gel for flash chromatography was
purchased from Merck (230 ± 400 mesh), and compounds were visualized
on analytical thin layer chromatograms (TLC) by UV light (254 nm).
1H NMR spectra were recorded at 200 or 300 MHz. 13C NMR spectra and
DEPT experiments were determined at 50 or 75 MHz. Chemical shifts are
given in ppm relative to tetramethylsilane (TMS), which is used as an
internal standard, and coupling constants J are reported in Hz. The
diastereoisomeric excesses were obtained from 1H NMR analysis and GC-
MS of crude products. GC-MS (HP-5973) and HRMS (finnigan mat-MAT
95) were measured at 70 eV. Only the most important IR absorptions
(cmÿ1) and the molecular ions and/or base peaks in MS are given.


Synthesis of 2-chloro-3-hydroxyamides (1): To a stirred solution of the
corresponding 2-chloroamide 3 (9 mmol) at ÿ85 8C in dry THF (4 mL) was
added dropwise lithium diisopropylamide [prepared from MeLi (6.4 mL of
1.5m solution in diethyl ether, 10 mmol) and diisopropylamine (1.4 mL,
10 mmol) in THF (50 mL)at 0 8C]. After the mixture had been stirred for
10 min, a solution of the corresponding carbonyl compound (4.5 mmol) in
dry THF (4.5 mL) was added dropwise atÿ78 8C. The reaction mixture was
stirred for 1 h, then the reaction was quenched with an aqueous saturated
solution of NH4Cl (5 mL). Usual workup provided crude 2-chloro-3-
hydroxyamides 3, which were purified by column flash chromatography
over silica gel (10:1 hexane/ethyl acetate) to provide pure compounds 1.


2-Chloro-N,N-diethyl-3-hydroxy-3-phenylpropanamide (1a): 1H NMR
(200 MHz, CDCl3): d� 7.49 ± 7.27 (m, 10 H), 5.26 ± 5.10 (m, 2H), 4.91 (br
s, 1 H), 4.70 (br s, 1H), 4.46 (d, J� 4.1 Hz, 1 H), 4.42 (d, J� 6.2 Hz, 1H),
3.48 ± 3.11 (m, 8H), 1.17 ± 1.05 (m, 12 H); 13C NMR (50 MHz, CDCl3): d�
167.7 (C), 167.5 (C), 139.4 (C), 138.7 (C), 129.2 (CH), 128.5 (CH), 127.8
(CH), 127.7 (CH), 126.4 (CH), 75.2 (CH), 73.5 (CH), 57.9 (CH), 54.1 (CH),
41.9 (CH2), 40.5 (CH2), 40.4 (CH2), 13.8 (CH3), 12.0 (CH3), 11.9 (CH3); IR
(neat): nÄ � 3400, 1633 cmÿ1; elemental analysis calcd (%) for C13H18ClNO2:
C 61.05, H 7.09, N 5.48; found: C 60.92, H 7.12, N 5.51; Rf� 0.2 (hexane/
AcOEt 5:1).


2-Chloro-N,N-diethyl-3-hydroxydecanamide (1 b): 1H NMR (200 MHz,
CDCl3): d� 4.73 (br s, 2H), 4.23 ± 3.90 (m, 4H), 3.50 ± 3.16 (m, 8H), 1.85 ±
0.90 (m, 36 H), 0.76 ± 0.74 (m, 6 H); 13C NMR (50 MHz, CDCl3): d� 168.7
(C), 167.8 (C), 72.4 (CH), 71.0 (CH), 55.8 (CH), 54.2 (CH), 42.1 (CH2), 41.9
(CH2), 40.4 (CH2), 40.3 (CH2), 32.9 (CH2), 32.7 (CH2), 31.5 (CH2), 29.1
(CH2), 28.9 (CH2), 25.2 (CH2), 22.3 (CH2), 14.3 (CH3), 14.2 (CH3), 13.8
(CH3), 12.2 (CH3), 12.1 (CH3); IR (neat): nÄ � 3330, 1615 cmÿ1; elemental
analysis calcd (%) for C14H28ClNO2: C 60.52, H 10.16, N 5.04; found: C
60.44, H 10.20, N 5.12; Rf� 0.4, 0.2 (two diastereoisomers) (hexane/AcOEt
3:1).


2-Chloro-N,N-diethyl-3-hydroxy-4-phenylpentanamide (1c): 1H NMR
(200 MHz, CDCl3): d� 7.56 ± 7.05 (m, 10H), 4.15 ± 3.86 (m, 4H), 3.57 ±
2.65 (m, 12H), 1.65 ± 0.55 (m, 18H); 13C NMR (50 MHz, CDCl3): d�
169.2 (C), 168.3 (C), 143.4 (C), 142.6 (C), 128.5 (CH), 128.4 (CH), 128.3
(CH), 128.2 (CH), 128.0 (CH), 127.9 (CH), 127.7 (CH), 127.1 (CH), 127.0
(CH), 126.9 (CH), 126.7 (CH), 78.3 (CH), 75.7 (CH), 75.3 (CH), 55.1 (CH),
52.5 (CH), 51.4 (CH), 43.8 (CH), 43.0 (CH), 41.4 (CH2), 41.0 (CH2), 40.4
(CH2), 40.2 (CH2), 18.5 (CH3), 18.3 (CH3), 17.5 (CH3), 13.6 (CH3), 13.3
(CH3), 12.0 (CH3); IR (neat): nÄ � 3450, 1620 cmÿ1; elemental analysis calcd
(%) for C15H22ClNO2: C 63.48, H 7.81, N 4.94; found: C 63.39, H 7.96, N
5.01; Rf� 0.5, 0.4 (two diastereoisomers) (hexane/AcOEt 3:1).


2-Chloro-N,N-diethyl-3-hydroxy-2-methyl-3-phenylpropanamide (1d):
1H NMR (200 MHz, CDCl3): d� 7.50 ± 7.26 (m, 10H), 5.25 (d, J� 3.0 Hz,
1H), 5.16 (d, J� 3.0 Hz, 1H), 3.67 ± 3.19 (m, 10 H), 1.64 (s, 6H), 1.43 ± 1.08
(m, 12H); 13C NMR (50 MHz, CDCl3): d� 170.9 (C), 170.1 (C), 137.4 (C),
129.4 (CH), 129.0 (CH), 127.8 (CH), 127.6 (CH), 127.2 (CH), 127.0 (CH),
78.6 (CH), 78.4 (CH), 67.8 (C), 42.8 (CH2), 41.8 (CH2), 40.5 (CH2), 20.9
(CH3), 19.9 (CH3), 13.4 (CH3), 12.3 (CH3), 12.0 (CH3); IR (neat): nÄ � 3317,
1604 cmÿ1; elemental analysis calcd (%) for C14H20ClNO2: C 62.63, H 7.47,
N 5.19; found: C 62.47, H 7.49, N 5.14; Rf� 0.2 (hexane/AcOEt 5:1).


2-Chloro-N,N-diisopropyl-3-hydroxy-2-methyl-3-phenylpropanamide
(1e): 1H NMR (200 MHz, CDCl3): d� 7.52 ± 7.27 (m, 10H), 5.25 (s, 2H),


4.81 ± 4.69 (m, 2H), 3.49 ± 3.35 (m, 4 H), 1.72 (s, 6H), 1.63 ± 1.18 (m, 24H);
13C NMR (50 MHz, CDCl3): d� 170.4 (C), 167.2 (C), 137.6 (C), 129.6 (CH),
129.3 (CH), 127.5 (CH), 127.2 (CH), 127.0 (CH), 78.5 (CH), 68.2 (C), 50.9
(CH), 49.1 (CH), 47.4 (CH), 46.0 (CH), 20.9 (CH3), 20.3 (CH3), 20.2 (CH3),
19.9 (CH3), 19.8 (CH3), 19.7 (CH3), 19.6 (CH3), 19.2 (CH3), 18.7 (CH3); IR
(neat): nÄ � 3410, 1650 cmÿ1; elemental analysis calcd (%) for C16H24ClNO2:
C 64.53, H 8.12, N 4.70; found: C 64.44, H 8.22, N 4.86; Rf� 0.4, 0.3 (two
diastereoisomers) (hexane/AcOEt 3:1).


2-Chloro-N,N-diethyl-3-hydroxy-2-methyldecanamide (1 f): 1H NMR
(200 MHz, CDCl3): d� 4.05 ± 4.00 (m, 1H), 3.85 ± 3.80 (m, 1H), 3.72 ±
3.30 (m, 10 H), 1.76 (s, 3H), 1.73 (s, 3 H), 1.65 ± 1.01 (m, 30H), 0.96 ± 0.81
(m, 12H); 13C NMR (50 MHz, CDCl3): d� 170.8 (C), 170.0 (C), 77.9 (CH),
76.7 (CH), 71.9 (C), 69.1 (C), 42.6 (CH2), 41.3 (CH2), 31.6 (CH2), 31.0
(CH2), 30.1 (CH2), 29.3 (CH2), 29.0 (CH2), 26.7 (CH2), 26.6 (CH2), 24.7
(CH3), 22.4 (CH2), 20.2 (CH3), 13.9 (CH3), 13.4 (CH3), 12.0 (CH3); HRMS
calcd for C15H30ClNO2 291.1965, found 291.1961; IR (neat): nÄ � 3460,
1618 cmÿ1; elemental analysis calcd (%) for C15H30ClNO2: C 61.73, H 10.36,
N 4.80; found: C 61.69, H 10.39, N 4.96; Rf� 0.4 (hexane/AcOEt 5:1).


2-Chloro-N,N-diisopropyl-3-hydroxy-2-methyl-3-(4-methoxyphenyl)pro-
panamide (1g): 1H NMR (200 MHz, CDCl3): d� 7.29 (d, J� 7.0 Hz, 4H),
6.73 (d, J� 7.0 Hz, 4H), 5.09 (s, 2H), 4.70 ± 4.60 (m, 2 H), 3.66 (s, 6H), 3.34 ±
3.27 (m, 4H), 1.59 ± 1.06 (m, 30H); 13C NMR (50 MHz, CDCl3): d� 170.1
(C), 158.7 (C), 130.3 (CH), 129.6 (CH), 112.1 (CH), 77.8 (CH), 68.5 (C),
54.6 (CH3), 50.6 (CH), 48.8 (CH), 47.1 (CH), 45.6 (CH), 20.6 (CH3), 20.5
(CH3), 20.0 (CH3), 19.9 (CH3), 19.7 (CH3), 19.5 (CH3), 19.4 (CH3), 19.4
(CH3), 19.3 (CH3), 19.1 (CH3); IR (Nujol): nÄ � 3283, 1650 cmÿ1; elemental
analysis calcd (%) for C17H26ClNO3: C 62.28, H 7.99, N 4.27; found: C 62.24,
H 8.08, N 4.20; m.p.� 104 8C; Rf� 0.4, 0.3 (two diastereoisomers) (hexane/
AcOEt 3:1).


2-Chloro-3-(4-chlorophenyl)-N,N-diisopropyl-3-hydroxy-2-methylpropan-
amide (1 h): 1H NMR (200 MHz, CDCl3): d� 7.44 (d, J� 1.7 Hz, 4H), 7.27
(d, J� 1.7 Hz, 4H), 5.27 (d, J� 3.0 Hz, 1H), 5.21 (d, J� 2.2 Hz, 1 H), 4.79 ±
4.65 (m, 2H), 3.46 ± 3.34 (m, 4 H), 1.67 (s, 6H), 1.63 ± 1.09 (m, 24H);
13C NMR (50 MHz, CDCl3): d� 170.4 (C), 136.2 (C), 135.5 (C), 133.5 (C),
131.0 (CH), 130.8 (CH), 127.5 (CH), 127.2 (CH), 78.0 (CH), 68.1 (C), 51.0
(CH), 49.2 (CH), 47.6 (CH), 46.1 (CH), 21.0 (CH3), 20.4 (CH3), 20.3 (CH3),
20.0 (CH3), 19.9 (CH3), 19.8 (CH3), 19.7 (CH3), 19.1 (CH3); IR (neat): nÄ �
3422, 1645 cmÿ1; Rf� 0.5, 0.4 (two diastereoisomers) (hexane/AcOEt 3:1).


2-Chloro-N,N-diethyl-3-cyclohexyl-3-hydroxy-2-methylpropanamide (1 i):
1H NMR (200 MHz, CDCl3): d� 4.37 (d, J� 6.7 Hz, 1 H), 4.30 (d, J�
6.4 Hz, 1H), 3.34 ± 3.03 (m, 10H), 2.42 (br d, J� 7.20 Hz, 1H), 1.73 ± 0.78
(m, 38H); 13C NMR (50 MHz, CDCl3): d� 170.6 (C), 170.0 (C), 81.2 (CH),
80.0 (CH), 72.8 (C), 70.7 (C), 42.6 (CH2), 41.6 (CH2), 40.0 (CH), 39.1 (CH),
33.3 (CH2), 32.6 (CH2), 27.9 (CH2), 27.8 (CH2), 26.5 (CH2), 26.3 (CH2), 26.1
(CH2), 26.0 (CH2), 25.9 (CH2), 25.4 (CH3), 22.1 (CH3), 13.4 (CH3), 11.8
(CH3); IR (neat): nÄ � 3440, 1618 cmÿ1; elemental analysis calcd (%) for
C14H26ClNO2: C 60.96, H 9.50, N 5.08; found: C 60.92, H 9.56, N 5.15; Rf�
0.5 (hexane/AcOEt 3:1).


2-Chloro-N,N-diethyl-3-hydroxy-2,5,9-trimethyldec-8-enamide (1 j):
1H NMR (200 MHz, CDCl3): d� 4.95 ± 4.86 (m, 3H), 4.01 ± 3.05 (m,
18H), 1.81 ± 0.71 (m, 48H), 1.44 (s, 3 H), 1.41 (s, 6H), 1.05 (t, J� 7.2 Hz,
9H), 0.94 (t, J� 7.2 Hz, 9 H); 13C NMR (50 MHz, CDCl3): d� 170.3 (C),
169.6 (C), 167.6 (C), 130.2 (C), 130.1 (C), 124.5 (CH), 124.3 (CH), 75.4
(CH), 74.8 (CH), 74.4 (CH), 72.1 (C), 72.0 (C), 69.0 (C), 42.4 (CH2), 41.6
(CH2), 41.1 (CH2), 40.2 (CH2), 38.4 (CH2), 38.1 (CH2), 37.7 (CH2), 37.6
(CH2), 37.2 (CH2), 37.1 (CH2), 29.6 (CH), 29.0 (CH), 28.9 (CH), 25.3 (CH3),
25.2 (CH3), 24.9 (CH2), 24.8 (CH2), 24.5 (CH2), 24.4 (CH2), 20.7 (CH3), 20.3
(CH3), 20.2 (CH3), 20.1 (CH3), 18.5 (CH3), 18.4 (CH3), 17.2 (CH3), 14.2
(CH3), 13.2 (CH3), 12.1 (CH3), 11.8 (CH3); IR (neat): nÄ � 3487, 1650 cmÿ1;
Rf� 0.5, 0.3, 0.2 (three diastereoisomers) (hexane/AcOEt 3:1).


2-Chloro-N,N-diethyl-2-ethyl-3-hydroxyheptanamide (1k): 1H NMR
(200 MHz, CDCl3): d� 4.08 ± 4.04 (m, 1H), 3.88 ± 3.25 (m, 5H), 2.41 ±
2.22 (m, 2H), 2.21 ± 1.97 (m, 2H), 1.80 ± 1.17 (m, 10H), 1.01 (t, J� 7.6 Hz,
3H), 0.89 (t, J� 7.2 Hz, 3 H); 13C NMR (50 MHz, CDCl3): d� 169.3 (C),
76.5 (CH), 75.8 (C), 42.5 (CH2), 41.9 (CH2), 32.4 (CH2), 29.8 (CH2), 28.9
(CH2), 22.5 (CH2), 13.9 (CH3), 13.7 (CH3), 12.2 (CH3), 10.2 (CH3); IR
(neat): nÄ � 3464, 1649 cmÿ1; elemental analysis calcd (%) for C13H26ClNO2:
C 59.19, H 9.93, N 5.31; found: C 59.25, H 9.87, N 5.36; Rf� 0.4 (hexane/
AcOEt 5:1).
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2-Chloro-N,N-diethyl-3-ethyl-3-hydroxy-2-methylpentanamide (1 l):
1H NMR (200 MHz, CDCl3): d� 5.25 ± 5.17 (br s, 2H), 4.11 ± 3.81 (m,
4H), 3.50 ± 3.15 (m, 4H), 1.88 ± 1.62 (m, 8H), 1.83 (s, 6 H), 1.22 ± 1.11 (m,
12H), 0.97 (t, J� 7.44 Hz, 6 H), 0.95 (t, J� 7.44 Hz, 6H); 13C NMR
(50 MHz, CDCl3): d� 171.6 (C), 78.2 (C), 74.3 (C), 42.9 (CH2), 41.5 (CH2),
28.3 (CH2), 27.8 (CH2), 23.0 (CH3), 13.0 (CH3), 11.4 (CH3), 8.8 (CH3), 8.1
(CH3); IR (neat): nÄ � 3405, 1611 cmÿ1; Rf� 0.4 (hexane/AcOEt 5:1).


2-Chloro-N,N-diethyl-2-(1-hydroxycyclohexyl)ethanamide (1m): 1H NMR
(200 MHz, CDCl3): d� 4.98 (br s, 2H), 3.93 ± 3.31 (m, 8H), 2.03 ± 1.53 (m,
20H), 1.82 (s, 6H), 1.50 ± 1.13 (m, 12 H); 13C NMR (50 MHz, CDCl3): d�
171.1 (C), 77.1 (C), 73.2 (C), 43.2 (CH2), 41.7 (CH2), 30.8 (CH2), 30.1 (CH2),
25.2 (CH2), 22.6 (CH3), 21.2 (CH2), 21.1 (CH2), 13.2 (CH3), 11.6 (CH3); IR
(neat): nÄ � 3416, 1605 cmÿ1; Rf� 0.4 (hexane/AcOEt 5:1).


2-Chloro-N,N-diethyl-3-hydroxy-2,3-dimethylpentanamide (1 n): 1H NMR
(200 MHz, CDCl3): d� 5.09 (br s, 1H), 4.99 (br s, 1 H), 3.95 ± 3.00 (m, 8H),
1.71 ± 1.45 (m, 4H), 1.67 (s, 3 H), 1.62 (s, 3 H), 1.20 (s, 3H), 1.04 (s, 3H),
1.04 ± 0.86 (m, 12 H), 0.79 (t, J� 7.4 Hz, 3 H), 0.77 (t, J� 7.4 Hz, 3H);
13C NMR (50 MHz, CDCl3): d� 171.8 (C), 171.4 (C), 78.5 (C), 78.1 (C), 73.7
(C), 73.1 (C), 42.3 (CH2), 41.8 (CH2), 28.7 (CH2), 28.0 (CH2), 23.2 (CH3),
22.9 (CH3), 21.2 (CH3), 19.7 (CH3), 13.3 (CH3), 11.7 (CH3), 7.6 (CH3), 7.4
(CH3); IR (neat): nÄ � 3404, 1605 cmÿ1; elemental analysis calcd (%) for
C11H22ClNO2: C 56.04, H 9.41, N 5.94; found: C 56.09, H 9.35, N 6.02; Rf�
0.5 (hexane/AcOEt 5:1).


2-Chloro-N,N-diethyl-3-hydroxy-2,3-dimethylhexanamide (1 o): 1H NMR
(200 MHz, CDCl3): d� 5.09 (br s, 1H), 4.98 (br s, 1 H), 3.95 ± 2.95 (m, 8H),
1.61 (s, 3H), 1.58 (s, 3H), 1.55 ± 0.65 (m, 26H), 1.17 (s, 3H), 1.01 (s, 3H);
13C NMR (50 MHz, CDCl3): d� 171.6 (C), 171.3 (C), 78.3 (C), 77.9 (C), 73.5
(C), 73.0 (C), 43.2 (CH2), 41.7 (CH2), 38.6 (CH2), 37.7 (CH2), 22.9 (CH3),
22.8 (CH3), 21.8 (CH3), 20.3 (CH3), 16.6 (CH2), 16.2 (CH2), 14.2 (CH3), 14.1
(CH3), 13.2 (CH3), 11.6 (CH3); IR (neat): nÄ � 3410, 1610 cmÿ1; elemental
analysis calcd (%) for C12H24ClNO2: C 57.70, H 9.68, N 5.61; found: C 57.76,
H 9.71, N 5.55; Rf� 0.5 (hexane/AcOEt 5:1).


2-Chloro-N,N-diethyl-3-hydroxy-2,3-dimethyloctanamide (1p): 1H NMR
(200 MHz, CDCl3): d� 5.13 (br s, 1H), 5.03 (br s, 1 H), 3.90 ± 2.90 (m, 8H),
1.80 ± 0.65 (m, 34 H), 1.67 (s, 3 H), 1.63 (s, 3H), 1.23 (s, 3H), 1.07 (s, 3H);
13C NMR (50 MHz, CDCl3): d� 171.7 (C), 171.4 (C), 78.4 (C), 78.1 (C), 73.6
(C), 73.1 (C), 43.3 (CH2), 41.8 (CH2), 36.3 (CH2), 35.5 (CH2), 32.2 (CH2),
32.0 (CH2), 23.1 (CH2), 22.9 (CH2), 22.7 (CH3), 22.3 (CH3), 21.9 (CH3), 20.4
(CH3), 13.6 (CH3), 13.3 (CH3), 11.7 (CH3); IR (neat): nÄ � 3409, 1611 cmÿ1;
Rf� 0.5 (hexane/AcOEt 3:1).


2-Chloro-N,N-diethyl-3-hydroxy-2-methyl-3-phenylbutanamide (1q):
1H NMR (200 MHz, CDCl3): d� 7.98 ± 7.26 (m, 10H), 6.31 (br s, 2H),
3.89 ± 2.97 (m, 8 H), 1.99 (s, 3H), 1.94 (s, 3H), 1.77 (s, 3 H), 1.67 (s, 3H),
1.22 ± 1.01 (m, 12 H); 13C NMR (50 MHz, CDCl3): d� 172.0 (C), 171.0 (C),
144.0 (C), 142.2 (C), 127.2 (CH), 126.9 (CH), 126.7 (CH), 79.9 (C), 78.6 (C),
74.0 (C), 71.7 (C), 43.6 (CH2), 42.8 (CH2), 42.4 (CH2), 27.3 (CH3), 25.3
(CH3), 24.1 (CH3), 23.8 (CH3), 13.5(CH3), 12.0 (CH3), 11.5 (CH3); IR
(neat): nÄ � 3386, 1606 cmÿ1; Rf� 0.4, 0.3 (two diastereoisomers) (hexane/
AcOEt 5:1).


2-Chloro-N,N-diethyl-3-hydroxy-2-methyl-3-phenylpentanamide (1r):
1H NMR (200 MHz, CDCl3): d� 7.62 ± 7.16 (m, 10H), 6.08 (br s, 1H),
5.59 (br s, 1 H), 4.0 ± 2.5 (m, 8H), 1.89 (s, 3H), 1.53 (s, 3 H), 1.20 ± 1.12 (m,
12H), 0.9 (t, J� 6.7 Hz, 6H), 0.67 (q, J� 6.7 Hz, 4 H); 13C NMR (50 MHz,
CDCl3): d� 172.0 (C), 171.0 (C), 140.7 (C), 139.9 (C), 128.8 (CH), 127.9
(CH), 126.8 (CH), 126.6 (CH), 126.5 (CH), 82.5 (C), 80.5 (C), 75.0 (C), 72.0
(C), 43.4 (CH2), 42.8 (CH2), 27.4 (CH2), 26.8 (CH2), 23.9 (CH3), 13.7 (CH3),
13.2 (CH3), 11.8 (CH3), 11.2 (CH3), 7.8 (CH3), 7.4 (CH3); IR (neat): nÄ �
3356, 1604 cmÿ1; Rf� 0.5 (hexane/AcOEt 3:1).


2-Chloro-N,N-diethyl-3-hydroxy-2,3-dimethyl-4-phenylbutanamide (1s):
1H NMR (200 MHz, CDCl3): d� 7.36 ± 7.18 (m, 10H), 5.52 (br s, 1H),
5.30 (br s, 1H), 4.14 ± 2.96 (m, 12H), 1.94 (s, 3H), 1.93 (s, 3 H), 1.31 ± 1.19 (m,
12H), 1.31 (s, 3 H), 1.19 (s, 3 H); 13C NMR (50 MHz, CDCl3): d� 171.9 (C),
171.3 (C), 137.8 (C), 137.4 (C), 130.9 (CH), 130.8 (CH), 127.3 (CH), 125.8
(CH), 125.7 (CH), 79.1 (C), 78.6 (C), 73.3 (C), 72.7 (C), 43.5 (CH2), 42.1
(CH2), 41.5 (CH2), 23.3 (CH3), 23.2 (CH3), 22.2 (CH3), 20.6 (CH3), 13.5
(CH3), 11.9 (CH3); IR (neat): nÄ � 3410, 1606 cmÿ1; Rf� 0.5 (hexane/AcOEt
3:1).


Synthesis of a,b-unsaturated amides (2): A solution of SmI2 (1 or 1.6 mmol)
in THF (12 mL) was added very slowly dropwise, under a nitrogen
atmosphere, to a stirred solution of the corresponding 2-chloro-3-hydroxy-


amides 1 (0.4 mmol) in THF (2 mL) at room temperature or ÿ25 8C. After
the time indicated in the corresponding Table, the reaction was quenched
with aqueous HCl (5 mL of 1m solution). Usual workup provided crude
a,b-unsaturated amides 2, which were purified by column flash chroma-
tography over silica gel (3:1 hexane ethyl acetate) to provide pure
compounds 2.


(E)-N,N-Diethyl-3-phenylpropenamide (2a):[12] 13C NMR (75 MHz,
CDCl3) d� 165.5 (C), 142.1 (CH), 135.2 (C), 129.2 (CH), 128.2 (CH),
127.5 (CH), 117.5 (CH), 42.1 (CH2), 40.9 (CH2), 14.8 (CH3), 13.0 (CH3); MS
(70 eV): m/z (%): 203 (25) [M]� , 131 (100), 103 (67), 77 (55); HRMS calcd
for C13H17NO 203.1301, found: 203.1308; IR (neat): nÄ � 3056, 2950,
1620 cmÿ1; Rf� 0.3 (hexane/AcOEt 1:1).


(E)-N,N-Diethyldec-2-enamide (2b): 1H NMR (200 MHz, CDCl3): d�
6.88 ± 6.74 (m, 1 H), 6.10 (d, J� 14.9 Hz, 1 H), 3.35 ± 3.24 (m, 4 H), 2.12 (q,
J� 6.8 Hz, 2 H), 1.37 ± 1.02 (m, 16 H), 0.79 (t, J� 6.7 Hz, 3 H); 13C NMR
(50 MHz, CDCl3): d� 165.7 (C), 146.0 (CH), 120.1 (CH), 41.8 (CH2), 40.5
(CH2), 32.2 (CH2), 31.5 (CH2), 28.9 (CH2), 28.8 (CH2), 28.1 (CH2), 22.3
(CH2), 14.5 (CH3), 13.8 (CH3), 12.9 (CH3); MS (70 eV): m/z (%): 225 (10)
[M]� , 196 (5), 153 (39), 126 (100); HRMS calcd for C14H27NO 225.2092,
found: 225.2086; IR (neat): nÄ � 2956, 2928, 1659 cmÿ1; Rf� 0.2 (hexane/
AcOEt 3:1).


(E)-N,N-Diethyl-4-phenylpent-2-enamide (2 c): 1H NMR (300 MHz,
CDCl3): d� 7.33 ± 7.20 (m, 5H), 7.07 (dd, J� 15.2, 7.0 Hz, 1H), 6.13 (d,
J� 15.2 Hz, 1H), 3.68 ± 3.65 (m, 1H), 3.41 (q, J� 7.0 Hz, 2H), 3.32 (q, J�
7.0 Hz, 2 H), 1.43 (d, J� 7.0 Hz, 3 H), 1.32 ± 0.94 (m, 6 H); 13C NMR
(75 MHz, CDCl3): d� 165.7 (C), 149.5 (CH), 143.9 (C), 128.4 (CH), 127.2
(CH), 126.4 (CH), 119.3 (CH), 42.1 (CH), 42.1 (CH2), 40.7 (CH2), 20.7
(CH3), 14.7 (CH3), 13.0 (CH3); MS (70 eV): m/z (%): 231 (89) [M]� , 159
(92), 131 (85), 126 (100), 91 (81), 77 (36); HRMS calcd for C15H21NO
231.1623, found 231.1627; IR (neat): nÄ � 3008, 2945, 1647 cmÿ1; Rf� 0.1
(hexane/AcOEt 5:1).


(E)-N,N-Diethyl-3-phenyl-2-methylpropenamide (2 d): 1H NMR
(300 MHz, [D6]DMSO, 373 K): d� 7.57 ± 7.27 (m, 5H), 6.52 (s, 1H), 3.48
(q, J� 6.7 Hz, 4 H), 2.09 (s, 3 H), 1.24 (t, J� 6.7 Hz, 6 H); 13C NMR
(75 MHz, [D6]DMSO, 373 K): d� 171.9 (C), 135.9 (C), 134.0 (C), 128.4
(CH), 128.0 (CH), 127.1 (CH), 126.8 (CH), 39.8 (CH2), 15.4 (CH3), 13.1
(CH3); MS (70 eV): m/z (%): 217 (72) [M]� , 202 (41), 117 (100), 91 (51), 89
(9); HRMS calcd for C14H19NO 217.1466, found: 217.1475; IR (neat): nÄ �
3081, 3023, 2974, 1625, 1427, 1381 cmÿ1; Rf� 0.4 (hexane/AcOEt 1:1).


(E)-N,N-Diisopropyl-2-methyl-3-phenylpropenamide (2e): 1H NMR
(300 MHz, [D6]DMSO, 373 K): d� 7.50 ± 7.31 (m, 5 H), 6.44 (s, 1 H),
3.97 ± 3.84 (m, 2 H), 2.08 (s, 3 H), 1.40 (d, J� 6.7 Hz, 12 H); 13C NMR
(75 MHz, [D6]DMSO, 373 K): d� 172.0 (C), 136.3 (C), 135.7 (C), 128.6
(CH), 128.3 (CH), 127.0 (CH), 126.0 (CH), 47.3 (CH), 20.5 (CH3), 15.6
(CH3); MS (70 eV): m/z (%): 245 (30) [M]� , 230 (21), 168 (8), 145 (100), 91
(27); HRMS calcd for C16H23NO 245.1779, found: 245.1770; IR (neat): nÄ �
3059, 1626, 1532, 1471, 1369 cmÿ1; Rf� 0.3 (hexane/AcOEt 3:1).


(E)-N,N-Diethyl-2-methyldec-2-enamide (2 f): 1H NMR (200 MHz,
CDCl3): d� 5.46 (t, J� 7.4 Hz, 1 H), 3.34 (q, J� 7.2 Hz, 4 H), 2.04 (q, J�
6.9 Hz, 2 H), 1.78 (s, 3 H), 1.50 ± 1.22 (m, 10H), 1.11 (t, J� 7.2 Hz, 6H), 0.84
(t, J� 6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 173.7 (C), 130.8 (C),
130.3 (CH), 41.5 (CH2), 31.6 (CH2), 29.1 (CH2), 29.0 (CH2), 28.8 (CH2), 27.3
(CH2), 22.4 (CH2), 14.2 (CH3), 13.9 (CH3), 12.8 (CH3); MS (70 eV): m/z
(%): 239 (2) [M]� , 167 (27), 140 (100), 55 (40), 41 (40); HRMS calcd for
C15H29NO 239.2249, found: 239.2242; IR (neat): nÄ � 2928, 2856, 1624, 1460,
1379 cmÿ1; Rf� 0.5 (hexane/AcOEt 1:1).


(E)-N,N-Diisopropyl-3-(4-methoxyphenyl)-2-methylpropenamide (2g):
1H NMR (300 MHz, [D6]DMSO, 373 K): d� 7.36 (d, J� 8.9 Hz, 2 H), 7.03
(d, J� 8.9 Hz, 2H), 6.37 (s, 1H), 3.96 ± 3.80 (m, 2H), 3.88 (s, 3H), 2.06 (s,
3H), 1.38 (d, J� 6.7 Hz, 12H); 13C NMR (75 MHz, [D6]DMSO, 373 K):
d� 172.3 (C), 158.7 (C), 133.9 (C), 130.0 (CH), 129.0 (C), 125.7 (CH), 114.2
(CH), 55.3 (CH3), 47.3 (CH), 20.6 (CH3), 15.8 (CH3); MS (70 eV): m/z (%):
275 (10) [M]� , 260 (15), 175 (79), 91 (57); HRMS calcd for C17H25NO2


275.1885, found: 275.1874; IR (neat): nÄ � 3002, 2967, 1621, 1441, 1369 cmÿ1;
Rf� 0.2 (hexane/AcOEt 3:1).


(E)-3-(4-Chlorophenyl)-N,N-diisopropyl-2-methylpropenamide (2h):
1H NMR (300 MHz, [D6]DMSO, 373 K): d� 7.48 (d, J� 8.4 Hz, 2 H), 7.43
(d, J� 8.4 Hz, 2 H), 6.40 (s, 1H), 3.94 ± 3.83 (m, 2 H), 2.06 (s, 3H), 1.38 (d,
J� 6.7 Hz, 12 H); 13C NMR (75 MHz, [D6]DMSO, 373 K): d� 171.7 (C),
136.6 (C), 135.1 (C), 131.8 (C), 130.4 (CH), 128.3 (CH), 124.7 (CH), 47.3







(E)-a,b-Unsaturated Amides 3062 ± 3068


Chem. Eur. J. 2001, 7, No. 14 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3067 $ 17.50+.50/0 3067


(CH), 20.5 (CH3), 15.6 (CH3); MS (70 eV): m/z (%): 281 (9) [M�2]� , 279
(26) [M]� , 264 (20), 179 (100), 168 (9); HRMS calcd for C16H22ClNO
279.1389, found: 279.1384; IR (neat): nÄ � 1626, 1490, 1440, 1370 cmÿ1; Rf�
0.4 (hexane/AcOEt 3:1).


(E)-3-Cyclohexyl-N,N-diethyl-2-methylpropenamide (2 i): 1H NMR
(300 MHz, [D6]DMSO, 373 K): d� 5.33 (dq, J� 1.7, 8.9 Hz, 1H), 3.39 (q,
J� 7.0 Hz, 4 H), 2.43 ± 2.30 (m, 1H), 1.84 (d, J� 1.7 Hz, 3H), 1.81 ± 1.68 (m,
5H), 1.50 ± 1.21 (m, 5H), 1.17 (t, J� 7.0 Hz, 6 H); 13C NMR (75 MHz,
[D6]DMSO, 373 K): d� 172.5 (C), 134.0 (CH), 130.4 (C), 40.4 (CH2), 36.0
(CH), 32.0 (CH2), 25.6 (CH2), 25.1 (CH2), 14.0 (CH3), 13.4 (CH3); MS
(70 eV): m/z (%): 223 (9) [M]� , 208 (2), 151 (57), 140 (100); HRMS calcd
for C14H25NO 223.1936, found: 223.1944; IR (neat): nÄ � 2974, 1623, 1457,
1380 cmÿ1; Rf� 0.2 (hexane/AcOEt 3:1).


(E)-N,N-Diethyl-2,5,9-trimethyldec-2,8-dienamide (2 j): 1H NMR
(300 MHz, [D6]DMSO, 373 K): d� 5.53 ± 5.48 (m, 1 H), 5.21 ± 5.17 (m,
1H), 3.41 (q, J� 7.3 Hz, 4H), 2.21 ± 0.93 (m, 7H), 1.83 (s, 3 H), 1.75 (s, 3H),
1.68 (s, 3H), 1.17 (t, J� 7.3 Hz, 6H), 0.99 (d, J� 6.7 Hz, 3H); 13C NMR
(75 MHz, [D6]DMSO, 373 K): d� 172.4 (C), 132.9 (C), 130.5 (C), 127.3
(CH), 124.6 (CH), 40.4 (CH2), 36.4 (CH2), 34.2 (CH2), 32.5 (CH), 25.2
(CH2), 19.3 (CH3), 17.3 (CH3), 14.2 (CH3), 13.4 (CH3); MS (70 eV): m/z
(%): 265 (6) [M]� , 250 (10), 193 (<1), 182 (67), 154 (12); HRMS calcd for
C17H31NO 265.2405, found: 265.2415; IR (neat): nÄ � 2966, 1624, 1459, 1430,
1379 cmÿ1; Rf� 0.2 (hexane/AcOEt 3:1).


(E)-N,N-Diethyl-2-ethylhept-2-enamide (2k): 1H NMR (300 MHz,
CDCl3): d� 5.37 (t, J� 7.2 Hz, 1 H), 3.33 (q, J� 7.2 Hz, 4 H), 2.25 (q, J�
7.4 Hz, 2H), 2.04 (q, J� 7.2 Hz, 2H), 1.32 ± 1.18 (m, 4 H), 1.08 (t, J� 7.2 Hz,
6H), 0.93 (t, J� 7.4 Hz, 3H), 0.84 (t, J� 6.9 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d� 172.9 (C), 136.9 (C), 129.1 (CH), 40.4 (CH2), 31.1 (CH2), 26.7
(CH2), 22.1 (CH2), 21.7 (CH2), 13.6 (CH3), 13.4 (CH3), 12.4 (CH3); MS
(70 eV): m/z (%): 211 (10) [M]� , 182 (10), 154 (82), 139 (51), 69 (100);
HRMS calcd for C13H25NO 211.1936, found: 211.1940; IR (neat): 2963,
1610, 1460, 1431, 1380 cmÿ1; Rf� 0.5 (hexane/AcOEt 1:1).


(E)-N,N-Diethyl-3-ethyl-2-methylpent-2-enamide (2 l): 1H NMR
(200 MHz, [D6]DMSO, 350 K): d� 3.43 (q, J� 7.22 Hz, 4H), 2.20 (q, J�
7.55 Hz, 2 H), 2.09 (q, J� 7.55 Hz, 2 H), 1.83 (s, 3 H), 1.21 (t, J� 7.22 Hz,
6H), 1.11 (t, J� 7.55 Hz, 3 H), 1.06 (t, J� 7.55 Hz, 3 H); 13C NMR (75 MHz,
CDCl3): d� 172.8 (C), 139.6 (C), 125.3 (C), 42.0 (CH2), 37.7 (CH2), 25.9
(CH2), 22.5 (CH2), 15.5 (CH3), 14.1 (CH3), 12.6 (CH3), 12.5 (CH3), 12.3
(CH3); MS (70 eV): m/z (%): 197 (12) [M]� , 182 (8), 165 (92), 125 (100), 97
(25); HRMS calcd for C12H23NO 197.1779, found: 197.1778; IR (neat): nÄ �
2986, 2936, 1616, 1461, 1425, 1380 cmÿ1; Rf� 0.2 (hexane/AcOEt 3:1).


(E)-2-Cyclohexylidene-N,N-diethylpropanamide (2m): 1H NMR
(200 MHz, CDCl3): d� 3.47 ± 3.12 (m, 4H), 2.05 ± 1.93 (m, 4H), 1.68 (s,
3H), 1.56 ± 1.35 (m, 6H), 1.07 ± 1.00 (m, 6 H); 13C NMR (75 MHz, CDCl3):
d� 172.9 (C), 136.1 (C), 122.2 (C), 41.8 (CH2), 37.6 (CH2), 31.9 (CH2), 28.8
(CH2), 27.2 (CH2), 27.0 (CH2), 26.2 (CH2), 15.0 (CH3), 14.1 (CH3), 12.4
(CH3); MS (70 eV): m/z (%): 209 (31) [M]� , 194 (12), 180 (51), 137 (89), 109
(89); HRMS calcd for C13H23NO 209.1779, found: 209.1780; IR (neat): nÄ �
2929, 2854, 1625, 1447, 1426, 1380 cmÿ1; Rf� 0.2 (hexane/AcOEt 3:1).


(E)-N,N-Diethyl-2,3-dimethylpent-2-enamide (2n): 1H NMR (200 MHz,
CDCl3): d� 3.71 ± 3.00 (m, 4H), 1.96 ± 1.89 (m, 2H), 1.71 (s, 3H), 1.59 (s,
3H), 1.28 ± 0.77 (m, 9 H); 13C NMR (75 MHz, CDCl3): d� 172.7 (C), 133.9
(C), 125.4 (C), 41.8 (CH2), 37.5 (CH2), 28.4 (CH2), 15.8 (CH3), 15.7 (CH3),
14.0 (CH3), 12.4 (CH3), 12.0 (CH3); MS (70 eV): m/z (%): 183 (20) [M]� ,
168 (11), 154 (57), 111 (100), 83 (57); HRMS calcd for C11H21NO 183.1623,
found: 183.1623; IR (neat): nÄ � 2968, 2936, 1630, 1461, 1426, 1380 cmÿ1;
Rf� 0.2 (hexane/AcOEt 3:1).


(E)-N,N-Diethyl-2,3-dimethylhex-2-enamide (2o): 1H NMR (200 MHz,
[D6]DMSO, 350 K): d� 3.41 (q, J� 7.22 Hz, 4 H), 2.00 (t, J� 7.22 Hz, 2H),
1.80 (s, 3H), 1.73 (s, 3 H), 1.58 ± 1.39 (m, 2H), 1.18 (t, J� 7.22 Hz, 6H), 0.94
(t, J� 7.22 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 172.7 (C), 132.9 (C),
132.5 (C), 41.8 (CH2), 37.6 (CH2), 37.5 (CH2), 20.7 (CH2), 16.2 (CH3), 15.7
(CH3), 14.0 (CH3), 13.9 (CH3), 12.3 (CH3); MS (70 eV): m/z (%): 197 (18)
[M]� , 182 (11), 168 (20), 125 (100), 97 (12); HRMS calcd for C12H23NO
197.1779, found: 197.1782; IR (neat): nÄ � 2962, 2934, 2872, 1626, 1460, 1426,
1380 cmÿ1; Rf� 0.2 (hexane/AcOEt 3:1).


(E)-N,N-Diethyl-2,3-dimethyloct-2-enamide (2p): 1H NMR (200 MHz,
[D6]DMSO, 350 K): d� 3.41 (q, J� 7.22 Hz, 4 H), 2.04 (t, J� 7.22 Hz, 2H),
1.81 (s, 3H), 1.75 (s, 3 H), 1.52 ± 1.36 (m, 6H), 1.20 (t, J� 7.22 Hz, 6H), 0.98
(t, J� 6.89 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 172.9 (C), 133.2 (C),


125.7 (C), 41.9 (CH2), 37.6 (CH2), 35.7 (CH2), 31.9 (CH2), 27.4 (CH2), 22.4
(CH2), 16.4 (CH3), 16.0 (CH3), 14.1 (CH3), 13.9 (CH3), 12.5 (CH3); MS
(70 eV): m/z (%): 225 (18) [M]� , 210 (10), 196 (17), 153 (100); HRMS calcd
for C14H27NO 225.2092, found: 225.2094; IR (neat): nÄ � 2963, 2933, 1629,
1458, 1425, 1380 cmÿ1; Rf� 0.3 (hexane/AcOEt 3:1).


(E)-N,N-Diethyl-2-methyl-3-phenylbut-2-enamide (2 q): 1H NMR
(200 MHz, [D6]DMSO, 350 K): d� 7.38 ± 7.30 (m, 5H), 3.48 (q, J�
7.22 Hz, 4 H), 2.14 (s, 3 H), 2.02 (s, 3 H), 0.92 (t, J� 7.22 Hz, 6H);
13C NMR (75 MHz, CDCl3): d� 172.2 (C), 142.2 (C), 132.6 (C), 128.6
(C), 127.8 (CH), 127.4 (CH), 126.8 (CH), 41.7 (CH2), 37.5 (CH2), 19.3 (CH3),
17.4 (CH3), 13.7 (CH3), 11.6 (CH3); MS (70 eV): m/z (%): 231 (12) [M]� , 216
(40), 202 (10), 159 (68), 131 (96), 91 (100); HRMS calcd for C15H21NO
231.1623, found: 231.1627; IR (neat): nÄ � 3055, 2975, 2933, 1614, 1458,
1380 cmÿ1; Rf� 0.2 (hexane/AcOEt 3:1).


(E)-N,N-Diethyl-2-methyl-3-phenylpent-2-enamide (2r): 1H NMR
(200 MHz, [D6]DMSO, 350 K): d� 7.35 ± 7.33 (m, 5H), 3.19 (q, J�
6.89 Hz, 4H), 2.56 (q, J� 7.55 Hz, 2H), 2.02 (s, 3H), 1.04 (t, J� 7.55 Hz,
3H), 0.92 (t, J� 6.89 Hz, 6H); 13C NMR (75 MHz, CDCl3): d� 172.0 (C),
140.8 (C), 138.7 (C), 127.9 (CH), 127.6 (CH), 127.0 (C), 126.6 (CH), 41.5
(CH2), 37.1 (CH2), 26.0 (CH2), 16.5 (CH3), 13.7 (CH3), 12.2 (CH3), 11.4
(CH3); MS (70 eV): m/z (%): 245 (45) [M]� , 230 (19), 216 (89), 173 (100),
145 (63), 91 (25); HRMS calcd for C16H23NO 245.1779, found: 245.1781; IR
(neat): nÄ � 3054, 3019, 2968, 2873, 1617, 1459, 1379 cmÿ1; Rf� 0.2 (hexane/
AcOEt 3:1).


(E)-N,N-Diethyl-2,3-dimethyl-4-phenylbut-2-enamide (2s): 1H NMR
(200 MHz, [D6]DMSO, 350 K): d� 7.42 ± 7.26 (m, 5H), 3.45 (q, J�
6.56 Hz, 4 H), 2.93 (d, J� 13.46 Hz, 1 H), 2.72 (d, J� 13.46 Hz, 1 H), 1.87
(s, 3H), 1.63 (s, 3H), 1.21 (q, J� 6.56 Hz, 6H); 13C NMR (75 MHz, CDCl3)
d� 172.5 (C), 139.1 (C), 131.4 (C), 128.8 (CH), 128.0 (CH), 127.3 (C), 125.7
(CH), 42.1 (CH2), 41.5 (CH2), 37.9 (CH2), 16.2 (CH3), 16.0 (CH3), 14.0
(CH3), 12.4 (CH3); MS (70 eV): m/z (%): 245 (23) [M]� , 230 (3), 216 (17),
173 (46), 145 (23), 91 (44); HRMS calcd for C16H23NO 245.1779, found:
245.1783; IR (neat): nÄ � 3060, 3025, 2973, 2932, 1623, 1494, 1427, 1380 cmÿ1;
Rf� 0.2 (hexane/AcOEt 3:1).
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Oligosaccharides Display Both Rigidity and High Flexibility in Water as
Determined by 13C NMR Relaxation and 1H,1H NOE Spectroscopy:
Evidence of anti-f and anti-y Torsions in the Same Glycosidic Linkage


Christer Höög, Clas Landersjö, and Göran Widmalm*[a]


Abstract: The trisaccharide b-d-Glcp-
(1! 2)-b-d-Glcp-(1! 3)-a-d-Glcp-
OMe has been investigated by molec-
ular dynamics (MD) simulations and
NMR experiments in water. 13C spin-
lattice (T1) and spin ± spin (T2) relaxa-
tion times, together with 1H,13C NOE
data were measured at two magnetic
field strengths (9.4 and 14.1 T) in a
277 K D2O solution. Relaxation data
interpreted by means of the model-free
formalism revealed a rigid (S 2� 0.9)
oligosaccharide tumbling in solution.
1H,1H Cross-relaxation rates were de-
termined at 600 MHz by 1D DPFGSE
NOESY and T-ROESY experiments,
which provided high quality data and
subsequently proton ± proton distances


within the trisaccharide. The presence of
anti conformers at both torsions of a
glycosidic linkage is demonstrated for
the first time. MD simulations were
carried out to facilitate analysis of the
NOE data. In total, 15 simulationsÐ
starting from five different conforma-
tional statesÐwere performed, with
production runs of up to 10 ns, resulting
in 83 ns of oligosaccharide dynamics in
water. anti Conformers were populated
to different degrees in the simulations,
especially at the f2 torsion angle. By


combining the results from the NOE
experiments and the MD simulations,
the anti conformers at the (1! 2)-link-
age were quantified as 7 % anti-f2 and
2 % anti-y2, revealing a highly flexible
trisaccharide in which large conforma-
tional changes occur. From the MD
simulations, interresidue hydrogen
bonding, from HO2'' to O2 or O3, was
significantly populated (�40 %) in both
of the anti conformational states. The
contentious issue over rigidity versus
flexibility in oligosaccharides has thus
been thoroughly examined, showing
that the dynamics should be taken into
account for a relevant description of the
molecular system.


Keywords: carbohydrates ´ molecu-
lar dynamics ´ NMR spectroscopy ´
oligosaccharides


Introduction


In nature, carbohydrates are commonly found interacting
with different biomolecules, proteins in particular, but also
with other carbohydrate molecules. The carbohydrate por-
tion, being important in biochemical regulation and control, is
often conjugated to lipids or proteins. The structures of
oligosaccharides and polysaccharides are closely related to
their functions and the ability to modify the saccharides by
means of various functional groups or by combinations of
different stereoisomers, as well as positional isomers, makes
the combinatorial coding capacity of saccharides unsur-
passed.[1] Cellular recognition can be mediated by proteins,
known as lectins, which specifically recognize different
carbohydrate structures.[2] The influence of structure on


oligosaccharide conformation, both in solution and when
bound to a protein receptor, is therefore a major topic of
interest.[3, 4] X-ray crystallographic studies are often not
feasible, nor will they necessarily give the same result as in
solution. NMR spectroscopy, then, is the method of choice for
solution studies, combined to varying degrees with molecular
modeling.[5±7]


The original work on oligosaccharide conformation by
Lemieux and co-workers[8±11] laid the foundations for the
understanding of their three dimensional structures. A
simplified molecular mechanics force field, based on the
exo-anomeric effect and modeling the sugar residues as ªhard
spheresº, was also implemented. This is referred to as the
HSEA approach and can be used for rapid determination of
relevant low energy conformations of oligosaccharides. Full
molecular mechanics force fields for carbohydrates have
subsequently been developed for investigation of oligosac-
charide conformations.[12, 13] These force fields are continu-
ously being refined to obtain greater accuracy in reproduction
of structural and energetic trends.[14] Recent modeling studies
on oligosaccharide conformation have focused on the influ-
ence and structure of the surrounding solvent.[15, 16]
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A great deal of work has been dedicated not only to the
pyranose ring flexibility,[17] but also to the flexibility at the
glycosidic linkage.[18] Molecular modeling has been used to try
to assess the flexibility at the glycosidic torsion angles f and
y.[19] As a first approximation of oligosaccharide conforma-
tion, a syn relationship with torsion angles in the vicinity of 08
is a good estimate. More recently, on the basis of NMR
spectroscopic findings, the existence of anti-y[20] and anti-f[21]


conformers (�1808) has been demonstrated. These studies
both employed dimethyl sulfoxide as solvent to facilitate the
detection of anti conformers. An anti-y conformer was shown
to be present in an oligosaccharide bound to an antibody,
albeit not at a glycosidic linkage of the primary recognition
unit.[22] As well as this, a glycosidic linkage constrained to an
anti-y conformer has recently been described.[23]


Experimental NMR data, such as 1H,1H nuclear Over-
hauser effects (NOEs), have been used to infer flexibility at
the glycosidic linkage, since the fit to a conformationally
averaged structure was better than to a single conforma-
tion.[24] More explicit information has been obtained from 13C
magnetic field-dependent relaxation measurements on oligo-
saccharides and interpreted by the model-free formalism of
Lipari and Szabo.[25] The generalized order parameter was
significantly lower than unity, which is indicative of internal
motion,[26, 27] if the molecule tumbles isotropically.[28] Other
ways to investigate oligosaccharide conformation by NMR
spectroscopy are by measurement of long-range trans-glyco-
sidic coupling constants, either 3J(C,H)[29] or 3J(C,C),[30]


related to the torsion angles through the Karplus equations.
More recently, oligosaccharide conformation has been ad-
dressed by analysis of residual dipolar couplings in dilute
liquid crystalline media.[31±33]


The use of a solvent other than water to identify anti
conformers of oligosaccharides in solution is warranted as a
means to obtain knowledge of the carbohydrate conforma-
tion. However, it poses the problem that the conformation
may be induced or stabilized in a manner not possible in
water. In the study identifying an anti-f conformation[21] in
the trisaccharide b-d-Glcp-(1! 2)-b-d-Glcp-(1! 3)-a-d-
Glcp-OMe we used Langevin dynamics[34] (LD) simulations
in order to obtain a trajectory of sufficient duration (50 ns). In
LD, the solvent is modeled by stochastic and dissipative forces
and unless any specific stabilizationÐsuch as intramolecular
hydrogen bondingÐoccurs, this technique may be a good
approximation. However, for xylobiose the vacuum adiabatic
Ramachandran energy map and the free energy map in
aqueous solution were shown to differ significantly, with a
bridging water molecule hydrogen bonding to a hydroxyl
group on each sugar residue.[15]


To remedy the possible deficiencies of the above approach,
we have investigated the trisaccharide b-d-Glcp-(1! 2)-b-d-
Glcp-(1! 3)-a-d-Glcp-OMe (1) by molecular dynamics
(MD) simulations in water and with high quality 1D NOE
and transverse rotating-frame Overhauser effect (T-ROE)
NMR experiments to ascertain whether the anti-f conforma-
tion is present at the (1! 2)-linkage in water solution.
Moreover, the simulations and experimental data facilitate
investigation of the presence of an anti-y conformation at the
same glycosidic linkage. Furthermore, 13C relaxation meas-


urements in water, 1H,1H NOE and T-ROE experiments and
the MD simulations make it possible for us to address the
issue of rigidity versus flexibility in oligosaccharides. We will
show that the apparent inconsistency of the two is a function
of the analysis and the timescale of the processes and that a
unified representation of oligosaccharide conformation and
dynamics can be obtained.


Theory


Relaxation of proton-bearing 13C nuclei is usually dominated
by dipole ± dipole interactions with neighboring protons.
Assuming that chemical shift anisotropy and cross-correlation
effects are negligible, the relaxation parameters for carbons
with directly bonded protons can be calculated from the
spectral density functions, J(w):[35]


T1
ÿ1� 1


4
(DCH)2[J(wHÿwC)� 3J(wC)� 6J(wH�wC)] (1)


T2
ÿ1� 1


8
(DCH)2[4J(0)� J(wHÿwC)� 3J(wC)� 6J(wH)� 6J(wH�wC)] (2)


h� gH


gC


 !
6J�wH � wC� ÿ J�wH ÿ wC�


J�wH ÿ wC� � 3J�wC� � 6J�wH � wC�
(3)


The dipolar coupling constant, DCH� (m0/4p)gCgH�hr ÿ3
CHÐ


where m0 is the permittivity of free space, rCH is the proton ±
carbon internuclear distance, gH and gC are the magnetogyric
ratios for proton and carbon, respectively, and �h is Planck�s
constant divided by 2p. A value of 111.7 pm is used for rCH.[36]


For carbons with two directly bonded protons, the relaxation
rates T1


ÿ1 and T2
ÿ1 can be obtained by multiplying the


calculated rates by a factor of two.
The model-free approach developed by Lipari and Szabo


can be used to interpret the relaxation data in terms of
motional parameters.[25] On the assumption that overall
tumbling is isotropic and that its correlation time, tM, is much
larger than the correlation time for internal reorientation, te,
the reduced spectral density function becomes:


J(w)� 2


5


S 2tM


1� w2t2
M


� �1ÿ S 2�t
1� w2 t2


 !
(4)


where tÿ1� tÿ1
M � tÿ1


e . The spatial restriction of the CH vector
local motion is described by the generalized order parameter,
S 2. If the first term in Equation (4) is much larger than the
second, the equation can be truncated to obtain:


J(w)� 2


5


S 2tM


1� w2t2
M


 !
(5)


For molecules in solution, the proton relaxation is domi-
nated by the dipolar interactions between protons that are
close in space. The strength of these interactions is dependent
on the dipolar coupling constant of the protons (DHH) and
consequently the distance (r) between them. The cross-
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relaxation rate, s, for NOE and ROE can be expressed as
combinations of spectral density functions taken at zero
frequency, the proton Larmor frequency and at twice the
proton Larmor frequency. The nuclear Overhauser effect
(NOE)[37] is measured in the laboratory frame and the cross-
relaxation rate is given by:


sNOE�
1


4
(DHH)2[6J(2w)ÿ J(0)] (6)


The rotating-frame Overhauser effect (ROE)[38] has its
cross-relaxation rate given by:


sROE�
1


4
(DHH)2[2J(0)� 3J(w)] (7)


Using the spin lock conditions devised by Hwang and
Shaka,[39] the multi-pulse or transverse ROE (T-ROE) cross
relaxation rate, sT-ROE, can be calculated as the mean of sNOE


and sROE and is described by:


sT-ROE�
1


8
(DHH)2[6J(2w)� 3J(w)� J(0)] (8)


Although the value of sT-ROE will be smaller than that of
sROE, the T-ROESY pulse sequence has the advantage that it
efficiently suppresses signals arising from TOCSY trans-
fer,[40, 41] a problem encountered with the ordinary ROESY
pulse sequence.


If a reference proton ± proton pair of known separation in
the molecule can be obtained, the isolated spin-pair approx-
imation (ISPA),[42, 43] makes it possible to extract unknown
distances between protons i and j by comparing cross-
relaxation rates according to:


rij� rref (sref/sij)1/6 (9)


If no reference distance is available, or the dynamics for the
reference proton pair differ from the dynamics of the proton
pair for which the distance is sought, the interproton distances
may be calculated using the combinations of spectral density
functions, in the form, for example, of the model-free
approach by Lipari and Szabo.


Results and Discussion


The conformational flexibility and dynamics of the trisac-
charide b-d-Glcp-(1! 2)-b-d-Glcp-(1! 3)-a-d-Glcp-OMe in
water solution have been investigated here by MD simula-
tions and different NMR spectroscopy experiments. A
schematic drawing of 1 is shown in Figure 1. 13C NMR
relaxation experiments in oligosaccharides have been used as
a tool to demonstrate the presence of internal motion.[44]


Measurement of longitudinal (T1) and transverse (T2) relax-
ation times as well as 1H,13C NOE at 277 K and two magnetic
field strengths showed that the trisaccharide was outside the


Figure 1. Schematic representation of the trisaccharide b-d-Glcp-(1! 2)-
b-d-Glcp-(1! 3)-a-d-Glcp-OMe (1) in a syn conformation of the torsion
angles at the glycosidic linkages. Protons for which trans-glycosidic
Overhauser effects were measured are denoted in bold.


extreme narrowing region in which T1=T2 (Table 1). The
central residue shows shorter relaxation times and a lower
heteronuclear NOE. The relaxation data were used to
calculate the model-free parameters S 2 and tM, which are
the generalized order parameterÐa measure of spatial


restriction of motionÐand the correlation time for overall
reorientation, respectively.


The truncated form of the Lipari/Szabo equation, that is
Equation (5), was successfully used, whereas when Equa-
tion (4) was tried the errors in the fitting process became
large. This is consistent with our previous studies; that is, when
the generalized order parameter is high, the short correlation
time cannot be obtained with confidence.[45] These results
show a highly rigid molecule, with S 2� 0.9 for the three
residues and a tM� 0.45 ns. The flexibility of the three
hydroxymethyl groups was restricted, with essentially the
same S2� 0.8 (data not shown). Thus, the 13C relaxation data
shows the trisaccharide to be a highly rigid entity with only
some librational motion. This is illustrated in Figure 2 as an


Figure 2. Overlay plot from MD simulation based on the central residue of
1, showing eight random structures of syn conformation.


Table 1. Averaged relaxation data for ring carbons of each residue in trisaccharide 1
at 277 K and results from two-parameter, least-squares fits of individual sugar
residues.


B0 [T] b-d-Glcp-(1! ! 2)-b-d-Glcp-(1! ! 3)-a-d-Glcp-OMe


9.4 T1 279[a] 238 264
T2 231 217 230
1�h 2.12 1.98 2.04


14.1 T1 344 302 328
1�h 1.77 1.62 1.70
tM [ns] 0.42� 0.02 0.48� 0.03 0.45� 0.02
S 2 0.87� 0.03 0.93� 0.03 0.88� 0.02
Dy[b] 3.8 3.7 3.0


[a] T1 and T2 values are given in ms. [b] Standard deviation of the dependent
variable (%).
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overlay plot generated from the MD simulations (see below)
for the trisaccharide in the syn conformational state. The
extraction of motional properties in 1 also served a second
purpose, to facilitate the determination of proton ± proton
distances from 1H,1H cross-relaxation rates as described
below.


The MD simulations were started from five different
conformations: one all syn and four anti, in which one of the
torsions was changed. These are denoted syn (simulation I),
anti-f2 (II), anti-y2 (III), anti-f3 (IV), and anti-y3 (V). From
the syn conformation, nine simulations were started with
different initial velocities. Additional runs were also per-
formed for simulations II and III. The combination of differ-
ent starting conformers and initial velocities was used to
facilitate varied sampling of the conformational space. In
total, 15 simulations were carried out, with production runs of
1.5 to 10.0 ns, resulting in 83 ns of oligosaccharide simulation
in water, summarized in Table 2.


On the timescale of these simulationsÐthat is, several nsÐ
the torsions of the (1! 2)-linkage have not converged
whereas those relating to the (1! 3)-linkage have. The
conformational space sampled is demonstrated by scatter
plots from simulation Ie (Figure 3). We note that the
flexibility during the 7 ns simulation is significantly greater
at the (1! 2)-linkage than at the (1! 3)-linkage. Trajectory
analysis of simulation I g (Figure 4) reveals that an anti-f2


conformation is visited several times during the 10 ns time-
span. An anti-f3 conformation is also populated in this
trajectory, but to a lesser degree. anti-y Torsions are visited
once at each glycosidic linkage. Analysis of all simulations
shows that, of the folded conformations, the anti-f2 confor-
mation is the most pronounced and that the other anti
conformations may be populated transiently. Simulation V
showed hy3i� 1558. However, it was started in the anti-y3


conformation, which lasted for �1.4 ns when a transition to a
syn conformation took place. After that, the simulation was
not continued any further. Like the previous LD simulations,
the current MD simulations in water also particularly support


Figure 3. Scatter plots from MD simulation Ie, showing the conforma-
tional regions sampled by the glycosidic linkages in the trisaccharide (top:
(1! 2)-linkage; bottom: (1! 3)-linkage).


an anti-f2 conformation. To investigate the presence of the
anti conformers revealed above, we performed additional
NMR experiments.


1H,1H Cross-relaxation rates, sNOE and sT-ROE, were ob-
tained in water for trisaccharide 1, using 1D DPFGSE
NOESY and T-ROESY experiments. Selective excitations of
anomeric proton signals were performed (Figure 5) and a
series of different mixing times were used in order to obtain
NOE and T-ROE build-up curves (Figure 6). From the initial
slope of the build-up curves, it was possible to derive the cross-
relaxation rates (Table 3). The motional properties of 1
determined above (Table 1) were used together with the
appropriate 1H,1H cross-relaxation rates and Equations (5)
and (6) or Equations (5) and (8) to calculate proton ± proton
distances.[46] These results are also given in Table 3. The
consistency of proton ± proton distances obtained from NOE
and T-ROE experiments is excellent, the distance between
H1'' and H2', for example, is 2.30 � as calculated from both
experiments. The trans-glycosidic distances differ somewhat,
with H1' ± H3 being shorter than H1'' ± H2'. For comparison
and a further measure of the quality of the data, a reference
distanceÐnamely, H1' ± H3' (well resolved for integration)Ð
was chosen and determined as 2.50 � by simulation. The
direct determinations described above (2.48 and 2.55 �) are
in very good agreement with this distance. Using Equation (9)
(ISPA), proton ± proton distances were calculated (Table 3).
In particular, the agreement of the former analysis with that
when a reference distance is assumed is very good.


We have previously analyzed oligosaccharide conformation
by comparing experimental NOE build-up curves to those
obtained by MD simulation by a full relaxation matrix
approach.[47] In that analysis, an effective reorientational
correlation time was required as input. Another approach
would be to calculate spectral density functions from MD


Table 2. Glycosidic torsion angle averages and root-mean-square (rms)
fluctuations from the simulations of 1.


Simulation Time [ns] hf2i [8] hy2i [8] hf3i [8] hy3i [8]


Ia 4.0 19 (29) 67 (40) 100 (52) 15 (22)
Ib 7.5 103 (50) 10 (29) 61 (25) 6 (26)
Ic 10.0 102 (57) 17 (28) 72 (39) 9 (27)
Id 4.5 86 (50) 165 (172) 57 (15) 1 (24)
Ie 7.0 77 (49) ÿ 3 (39) 57 (14) 5 (25)
I f 6.5 126 (51) 2 (48) 55 (14) 0 (25)
Ig 10.0 94 (59) 96 (147) 65 (36) 32 (83)
Ih 3.5 53 (36) ÿ 125 (87) 53 (13) 6 (22)
I i 4.5 107 (56) 13 (28) 57 (14) 1 (25)
II a 2.5 94 (61) ÿ 45 (85) 53 (15) 1 (25)
II b 3.5 123 (48) 24 (23) 59 (17) 4 (28)
III a 5.5 84 (55) 4 (41) 67 (34) 5 (26)
III b 4.0 89 (52) ÿ 27 (78) 54 (14) 3 (26)
IV 8.5 154 (25) 16 (14) 53 (14) ÿ 5 (23)
V 1.5 46 (28) 0 (20) 41 (16) 155 (39)
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Figure 4. MD trajectories of torsion angles and selected proton ± proton
distances in 1 from simulation Ig.


simulation and subsequently for NMR parameters to be
compared with those obtained from measurements.[48] How-
ever, the issue in this investigation is that of oligosaccharide


Figure 5. 1H NMR spectrum of 1 in D2O at 277 K a). Selective excitation of
H1'', showing the 1D 1H,1H T-ROESY b) and NOESY c) spectra with a
mixing time of 600 ms. Pertinent protons are annotated.


Figure 6. 1H,1H Cross-relaxation build-up curves obtained by selective
excitation of anomeric protons of b-linked residues in 1. T-ROESY data
denoted by open symbols and NOESY data by filled symbols. The
Overhauser effects were observed for H1' ± H3 (circles), H1'' ± H2'
(triangles), and H1' ± H3' (squares).


rigidity versus flexibility. We therefore chose to compare
proton ± proton distances averaged as hrÿ6iÿ1/6[49] in different
conformational states from the MD simulation. Thus, the
librational motion in each conformational state is then taken
into account in the analysis.


The proton ± proton distances in three conformational
states and two full MD simulations, averaged as hrÿ6iÿ1/6, are
reported in Table 4. In the syn state (Figure 7, part a) H1' ±
H3<H1'' ± H2'. The distances are somewhat longer than
those determined experimentally, most probably due to larger
librational motions in the syn state, revealing that further
force field development is needed for an even better agree-
ment. From the two 10 ns simulations I c and Ig, distances are
quite well converged. The distance between H2'' and H2'
(Figure 4 and Table 4) is sensitive to the anti-f2 conformation
(Figure 7, part b).


The H2'' resonance (most upfield in the 1H NMR spectrum)
was therefore selectively excited and a T-ROE build-up curve
generated (Figure 8). The resulting experimentally deter-
mined H2'' ± H2' distance was 3.41 � (Table 3), significantly
shorter than in the all syn conformational state (4.12 �), but


Table 3. Cross-relaxation rates, sNOE and sT-ROE, for the trisaccharide in water at
277 K. Interproton distances r calculated using tM and S2 from the 13C relaxation
measurements (model-free approach) and the isolated spin-pair approximation
(ISPA).


Proton pair Model-free approach ISPA
Excited Detected sNOE [sÿ1] sT-ROE [sÿ1] rNOE [�] rT-ROE [�] rNOE [�] rT-ROE [�]


H1'' H2' ÿ 0.078 0.169 2.30 2.30 2.42 2.28
H1' H3 ÿ 0.124 0.275 2.06 2.12 2.24 2.11
H2'' H2' 0.016 3.41 3.38
H1'' H3' ÿ 0.009 0.012 3.30 3.58 3.48 3.55
H1' H1'' 0.010 3.69 3.66
H1' H3' ÿ 0.064 0.098 2.48 2.55 2.50[a] 2.50[a]


[a] Reference distance from MD simulation.
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Figure 7. Snapshots from MD simulations of 1, showing for the torsion
angles at the (1! 2)-linkage: a syn conformer a), an anti-f2 conformer b),
and an anti-y2 conformer c). Protons essential for the characterization of
each conformational state are annotated.


longer than in the anti-f2 conformational state (2.34 �). The
simulation and experimental data may be used in a two-state
analysis:


(1ÿ x)hrÿ6
syni� (x) hrÿ6


antii� rÿ6
exp (10)


where x is the fraction that populates the anti state. This
reveals the presence of �7 % anti-f2 conformation. The MD
simulations, however, overestimate the population of the anti-
f2 conformation at this torsion angle but do correctly predict
its presence. Using ab initio molecular orbital calculations in
the conformational analysis of equatorial 2-methoxytetrahy-
dropyran, Tvaroska and Carver showed that the relative


Figure 8. 1H,1H Cross-relaxation build-up curves from T-ROESY experi-
ment of 1 obtained by selective excitation of H2'' (diamonds) and H1'
(triangles), showing NOE to H2' and H1'', respectively.


energy difference between a syn conformer in the ªexo-
anomeric effect conformationº and an anti-f conformation is
�3 kcal molÿ1.[50] They also compared the relative energies as
calculated by different molecular mechanics methods and
found for the CHARMM force field that the syn conformer,
as anticipated, was more stable than the anti-f conformer,
although the energetic difference was lower (�1 kcal molÿ1).
It is therefore not surprising that the force field in use here
overestimates the anti-f2 conformation. However, the fine
tuning of the potentials is a delicate matter. We have observed
excellent agreement between simulation and experiment
using this CHARMM force field,[51] as well as differences
when other recent force fields (GLYCAM and OPLS) were
employed.[16] Our results show that the anti-f2 conformation
of 1 previously shown to exist in dimethyl sulfoxide[21] is also
present in water solution.


In the NOE and T-ROE spectra, an Overhauser effect
between H1'' to H1' was observed (Figure 5); this should be
the product of an anti-y2 conformation (Figure 7, partc), seen
transiently in the MD simulations. Such an anti conformation
should also show an NOE from H1'' to H3', which should be
measurable by T-ROE as well as by NOE build-up curves. For
H1'' ± H3', a distance of 3.30 ± 3.58 � was determined (Ta-
ble 3). However, this is only marginally shorter than in the all
syn conformation. Moreover, it is not exclusively sensitive to
an anti-y2 conformation (Figure 4), since y2� 408 also
produces a distance of �3.2 �. Instead, the cross-relaxation
rate for the H1' ± H1'' pair (Figure 8), which is sensitive to this
state (Figure 4), was obtained, giving a distance of 3.69 �. In
comparison, the anti-y2 conformation from the MD simula-
tion showed a distance of 2.21 �. The syn conformation
averaged 4.03 � for the H1' ± H1'' pair. By the same token as
for the anti-f2 conformation [Eq. (10)], the anti-y2 confor-
mation could be quantified as �2 %. Thus, the presence of
both an anti-f2 conformation and of an anti-y2 conformation
could be both shown and quantified in water solution for the
(1! 2)-linkage of 1, revealing a highly flexible oligosacchar-
ide (cf. Figure 7). Normalized populations of the three
conformational states for this linkage are: syn 91 %, anti-
7 % and anti-y2 2 %. For the (1! 3)-linkage, the above
analysis was not possible, due to severe spectral overlap in the


Table 4. Interproton distances r [�] in the trisaccharide, extracted from
the simulations and averaged according to r�hrÿ6iÿ1/6.


Proton pair syn[a] anti-f2
[b] anti-y2


[c] I c Ig


H1'' ± H2' 2.47 3.42 3.61 2.76 2.62
H1' ± H3 2.40 2.31 2.32 2.45 2.44
H2'' ± H2' 4.12 2.34 4.48 2.64 2.70
H1'' ± H3' 3.57 4.04 2.53 3.59 3.63
H1'' ± H1' 4.03 4.51 2.21 4.39 4.00


[a] Simulation III a: 3.5 ± 5.5 ns. [b] Simulation IV: 0 ± 8.5 ns. [c] Simulation
Ih: 0.3 ± 2.5 ns.
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1H NMR spectrum. However, the combined results from
these MD simulations, the shorter H1' ± H3 distance from
NMR experiments and the previously determined trans-
glycosidic 3J(C,H) values[21] all indicate that the contribution
from anti conformers at this linkage is small, and in particular
that anti-f3 is less populated than anti-f2.


Solvent interactions can be investigated by use of an atomic
radial distribution function (RDF). This is given by gnm(r),
where the first index n refers to a solute atom and the second
index m refers to a solvent atom.[52] These were analyzed for 1
in water solution. We focused on the difference between the
syn conformation and the anti-f2 and anti-y2 conformations.
The RDF gHO(r) for solute-hydrogen to solvent-oxygen was
particularly informative. In the anti-f2 conformation, gHO(r)
around O2'' showed a significantly reduced probability (Fig-
ure 9, part a). For O2, this was not as marked and hydrogen


Figure 9. Radial distribution functions of 1 from MD simulation. a) anti-f2


conformation with gHO(r) around O2'' (solid line) and O2 (dashed line);
b) anti-y2 conformation with gHO(r) around O2'' (solid line) and O2
(dashed line).


bonding of HO2 to solvent water does take place to a large
extent. A striking similarity is seen for the same gHO(r) in the
anti-y2 conformation (Figure 9, part b). Interresidue intra-
molecular hydrogen bonding in 1 was then monitored in the
simulations. Specifically, HO2'' makes intramolecular hydro-
gen bonds to O2 (anti-f2) or to O2 and O3 (anti-y2)�40 % of
the time when in an anti conformational state (Table 5). Other
hydrogen bonds such as O3' ± HO6'' and O5'' ± HO3' were
only present in the anti conformers of the (1! 2)-linkage. In
contrast, an O4 ± HO6' hydrogen bond between the (1! 3)-
linked residues was present in the three conformational states
described above.


The issue of whether oligosaccharides should be regarded
as rigid or flexible has been hotly debated during the last
decade, especially as a result of the introduction of molecular
dynamics simulation techniques in the field of carbohydrate


chemistry.[19] The topic had already been addressed earlier,
when disparate views existed.[53, 54] Subsequently, a number of
reports from different laboratories investigating the flexibility
of oligosaccharides have been published. Usually, NMR
spectroscopy has been used to obtain experimental data for
comparison to simulation results,[55±67] but optical rotation
data[68, 69] have also been employed. This study shows that it is
more appropriate to discuss the degree of flexibility of an
oligosaccharide and reveals the necessity of defining the
timescale being considered. What looks like a discrepancy in
describing oligosaccharide 1 as both rigid and highly flexible is
readily explained by taking the appropriate timescales into
account. Furthermore, the quantification of the populations of
different conformational states as described here affords
possibilities for addressing force field development in future
studies, since the molecular system has been shown to exhibit
complex although not intractable behavior.


Conclusion


This study has addressed the controversy over rigidity or
flexibility in oligosaccharides. We have shown by 13C NMR
relaxation measurements that oligosaccharides can display a
quite rigid and distinct conformation over a shorter timescale:
<tM in this case. At the same time, a high degree of flexibility
of the oligosaccharide over a longer timescaleÐ> tMÐis
evident. The significant flexibility of the trisaccharide was
shown to exist at its (1! 2)-linkage and quantification of the
anti-f2 and anti-y2 conformations revealed populations of 7
and 2 %, respectively. Thus, there is no inconsistency in
describing oligosaccharides as being rigid or highly flexible.
Rather, it is a question of dynamics. The results should
therefore broaden our view of how oligosaccharides may
interact in biological systems and highlights the importance of
investigation of flexibility and dynamics in carbohydrate ±
protein interactions.


Experimental Section


General : The synthesis of the trisaccharide b-d-Glcp-(1! 2)-b-d-Glcp-
(1! 3)-a-d-Glcp-OMe (1) has been described previously,[70] together with
1H and 13C NMR assignments of most resonances in D2O. Atoms in the
terminal glucosyl residue are denoted by a double prime, in the middle
residue they are labeled by a prime, and in the O-methyl residue the atoms
are unprimed. The torsion angles at a glycosidic linkage are denoted by
fX�H1ÿC1ÿOXÿCX and yX�C1ÿOXÿCXÿHX, where X is the linkage
atom.


Table 5. Population of selected hydrogen bonds (%) in different con-
formational states of 1 from MD simulations.


Atom pair syn anti-f2 anti-y2


O2 ± HO2'' ± 40 30
O3 ± HO2'' ± 1 14
O3' ± HO6'' ± 34 41
O5'' ± HO3' ± 9 9
O4 ± HO6' 48 33 48
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NMR spectroscopy: The trisaccharide was treated with CHELEX 100 in
order to remove any paramagnetic ions. The sample was freeze-dried and
dissolved in 0.7 mL D2O to give a total concentration of 50 mm, transferred
to a 5 mm NMR tube, and flame-sealed under vacuum after degassing by
three freeze ± pump ± thaw cycles. All NMR experiments were performed
at 277 K, permitting measurements outside the extreme narrowing region.
The assignments of the C6 signals were accomplished with the aid of a
gHSQC-TOCSY experiment,[71] with a mixing time of 20 ms.
13C T1 and 1H,13C NOE experiments were performed at two magnetic field
strengths, 9.4 and 14.1 T, using Varian Inova spectrometers. 13C T2


experiments were performed at the lower magnetic field strength. All 13C
resonances were well resolved at the higher field strength, while a slight
overlap was found at 9.4 T. The relaxation data for the ring carbons were
averaged over each residue, using the concept of dynamic equivalence,[72]


while the methylene carbons were treated separately. The spectral window
covered �60 ppm and the number of data points was 16k. All experiments
were carried out 2 ± 3 times, independently of each other. Standard pulsed
proton broad-band decoupling techniques were used, with the decoupling
power attenuated in order to avoid sample heating. A deuterium lock was
used for the field/frequency stabilization.
13C T1 measurements were performed by inversion-recovery experiments,
using three-parameter non-linear fits of line intensities. Ten different
relaxation delay times (10 ms to �2 T1) were used, and the pre-scan delay
was >5 T1. 13C T2 values were measured using a modification of the CPMG
pulse sequence, with a proton p pulse of 26 ms, placed at even echoes in
order to minimize cross-correlation effects.[73, 74] The carbon p pulse was
13 ms. Ten different relaxation delays were used, the CPMG delay was set to
0.25 ms, and the pre-scan delay was >10 T1. Heteronuclear 1H,13C NOEs
were measured with the dynamic NOE technique.[75] The experiments were
performed with one short (1 ms) and one long (2.0 s) irradiation period,
and a pre-scan delay of>10 T1. The NOEs (1�h) were calculated by taking
the ratio of the intensity at the long irradiation period to that of the short
one. The errors of the averaged relaxation parameters are estimated to be
<1 % in T1 and 1�h and �5% in T2 .


The magnetic field-dependent T1
ÿ1, T2


ÿ1, and 1�h values for each residue
were least-squares fitted simultaneously, using the program GENLSS[76]


running on an SGI workstation, resulting in the model-free parameters S2


and tM. Sums of squares of relative (rather than absolute) errors were
minimized, allowing the measured parameters (T1


ÿ1, T2
ÿ1, and 1�h) to be


treated in a balanced way.


Proton ± proton cross-relaxation rates (sNOE and sT-ROE) were measured at
600 MHz using one-dimensional DPFGSE NOESY[77, 78] and DPFGSE
T-ROESY[79] experiments, respectively. Selective excitations at the anome-
ric protons and H2'' were enabled using a 20 Hz broad i-Snob-2 shaped
pulse[80] of 85 ms duration. The gradient durations in the initial DPFGSE
part were 1 ms and the strength 0.7 and 2.2 Gcmÿ1, respectively. In the
following NOESY part of the pulse sequence, four gradients of 1 ms
duration were performed in pairs with strengths 1.5 and 1.1 G cmÿ1,
respectively, with a 2 ms hyperbolic secant inversion pulse[81] inserted
between the gradients in each pair. All other pulses were hard and of short
duration, <8 ms for a 908 pulse. For the T-ROE experiment, the DPFGSE
part was followed by a T-ROESY spin lock with gB1/2p� 3.0 kHz.


Spectra were recorded using a width of 1250 Hz and 8k complex data
points. For each mixing time, 384 transients were used and the total
relaxation delay between the transients was 13.3 s, which corresponds to
>5 T1. Ten different 1H,1H cross-relaxation delays (mixing times) between
30 and 800 ms were used. Prior to Fourier transformation, the FIDs were
zero-filled to 32k datapoints and multiplied with a 2 Hz exponential line-
broadening factor. Spectra were phased, drift corrected, and baseline
corrected using a first-order correction, and integrated using the same
integration limits at all mixing times.


Integrated auto-peaks were fitted to an exponentially decaying function,
and normalized integrals of cross-relaxation peaks were obtained by
division of the measured integrals by the extrapolated auto-peak value at
zero mixing time. The regression coefficient in the fits was R >0.997 for all
autopeaks. Cross-relaxation build-up curves were obtained from the
normalized integrals at different mixing times and the rates were calculated
by fitting to a second-order polynomial. The least-square fits, expressed
using the regression coefficient, showed R> 0.991 in all cases. Any
contribution from ªthree-spinº effects on NOE build-up curves was


negligible as determined by simulation using a multi-spin relaxation matrix
analysis.[47]


Computer simulations : The molecular mechanics program CHARMM[82]


(parallel version, C25b2) was used for all simulations with the force field
PARM22 (Molecular Simulations Inc., San Diego, CA (USA)), which is
similar to the carbohydrate force field developed by Ha et al.[83] Initial
conditions for simulation of 1 were produced by placing the trisaccharide in
a previously equilibrated cubic water box of length 29.972 � containing 900
TIP3 water molecules, and removing those waters that were closer than
2.5 � to any solute atom. This procedure resulted in a system with the
trisaccharide and 855� 2 water molecules, which was energy minimized
using steepest descent, 200 steps, followed by adopted basis Newton ±
Raphson until the root-mean-square gradient was less than
0.01 kcal molÿ1 �ÿ1. Velocities were initialized at 100 K, followed by
heating at 5 K increments over 8 ps to 300 K, at which the systems were
equilibrated for 200 ps. Constant temperature simulations were then
performed using Berendsen�s weak-coupling algorithm.[84] Minimum image
boundary conditions were used with a heuristic non-bond frequency update
and force shift cutoff[85] acting to 12 �, using a dielectric constant of unity.
SHAKE,[86] with a tolerance gradient of 10ÿ4, was used to restrain
hydrogen-heavy atom bond stretch; the time step was accordingly set to
2 fs. Data were saved every 0.2 ps for analysis. Five different starting
conformations were used: namely I (f2� 608, y2� 08, f3� 608, y3� 08), II
(f2� 1808, y2� 08, f3� 608, y3� 08), III (f2� 608, y2� 1808, f3� 608, y3�
08), IV (f2� 608, y2� 08, f3� 1808, y3� 08), and V (f2� 608, y2� 08, f3�
608, y3� 1808). Several simulations were carried out with different initial
velocities. The geometric criteria for hydrogen bonding were set to an
oxygen-hydrogen distance <2.5 � and a donor-hydrogen acceptor angle
V> 135 8. Simulations were performed on an IBM SP2 computer at the
Center for Parallel Computers, KTH, Stockholm, using 16 nodes resulting
in a CPU time of approximately 20 h per 1 ns.
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Hydroamination and the Tishchenko Reaction**


Markus R. Bürgstein, Helga Berberich, and Peter W. Roesky*[a]


Dedicated to Professor Hansgeorg Schnöckel on the occasion of his 60th birthday


Abstract: The homoleptic bis(trimeth-
ylsilyl)amides of Group 3 metals and
lanthanides of the general type
[Ln{N(SiMe3)2}3] (1) (Ln�Y, lantha-
nide) represent a new class of Tishchen-
ko precatalysts and, to a limited extent,
precatalysts for the hydroamination/cy-
clization of aminoalkynes. It is shown
that 1 is the most active catalyst for the
Tishchenko reaction. This contribution
presents investigations on the scope of
the reaction, substrate selectivity, lan-
thanide-ion size-effect, and kinetic/


mechanistic aspects of the Tishchenko
reaction catalyzed by 1. The turnover
frequency is increased by the use of
large-center metals and electron-with-
drawing substrates. The reaction rate is
second order with respect to the sub-
strate. While donor atoms, such as nitro-


gen, oxygen, or sulfur, on the substrate
decrease the turnover frequency, 1
shows a tolerance for a large number
of functional groups. For the hydroami-
nation/cyclization of aminoalkynes, 1 is
less active than the well-known metal-
locene catalysts. On the other hand, 1 is
much more readily accessible (one-step
synthesis or commercially available),
than the metallocenes and might there-
fore be an attractive alternative catalyst.


Keywords: aldehydes ´ dimeriza-
tion ´ homogeneous catalysis ´ lan-
thanides ´ N ligands ´ rare-earth
compounds


Introduction


Recently, there has been a significant research effort to
establish lanthanide(iii) compounds as catalysts for various
organic transformations. Lanthanide catalysts are active in
two fields of application. One involves organolanthanide
compounds as catalysts for the transformation of olefins,
dienes, and, to a lesser extent, alkynes. Especially, metal-
locenes, such as [(C5Me5)2LnR] (R�CH(SiMe3)2, N(SiMe3)2,
H) have proven to be highly efficient catalysts[2] for a variety
of olefin transformations, including hydrogenation,[3] poly-
merization,[4] hydroamination,[5] hydrosilylation,[6] hydrobora-
tion,[7] and hydrophosphination.[8] Unfortunately, the metal-
locenes are not readily accessible. On the other hand,
lanthanide alkoxides, triflates, and halogenides were used
for Lewis acid catalyzed organic reactions.[9] Thus, lanthanide
triflates [Ln(OTf)3] are very active catalysts for the aldol,[10]


Michael,[11] allylation,[12] Diels ± Alder,[13] and glycosylation
reactions[14] as well as for Friedel ± Crafts acylations.[15, 16]


Lanthanide alkoxides [Ln(OR)3] have proven to be useful


catalysts for the Meerwein ± Ponndorf ± Verley reduction[17]


and the hydrocyanation,[18] whereas lanthanide shift-reagents,
such as [Eu(fod)3] (fod� 6,6,7,7,8,8,8-heptafluoro-2,2-dimeth-
yl-3,5-octanedionato) can be used as a catalyst for the Diels ±
Alder[19] and hetero-Diels ± Alder reactions.[20]


In contrast to these well-established catalysts, homoleptic
lanthanide(iii) amides were not expected to be active as
homogeneous catalysts. Recently, we communicated that the
homoleptic bis(trimethylsilyl)amides of Group 3 metals and
lanthanides, ([Ln{N(SiMe3)2}3], 1)[21] (Ln�Y, lanthanide), are
the most active catalysts for the Tishchenko reaction.[22]


Meanwhile, other groups reported the use of 1 for the ring-
opening polymerization of e-caprolactone and d-valerolac-
tone.[23] The ternary system [Nd{N(SiMe3)2}3]/(iBu)3Al/
Et2AlCl was used to polymerize butadiene to highly cis-1,4-
polybutadiene.[24] Compound 1 belongs to a class of materials
that has been known for the last 25 years. Recently, in
particular, it has proven to be a valuable starting material in
lanthanide chemistry because of the facile cleavage of the
silylamide group.[25] Compound 1 is very readily accessible. It
can either be prepared from a simple one-step synthesis or it
can be bought (Ln�Y). Therefore, it is even more surprising
that, prior to our investigations, there are almost no reports of
1 as a catalyst.


The Tishchenko reaction (or Claisen ± Tishchenko reac-
tion), which is the dimerization of aldehydes to form the
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corresponding carboxylic ester [Eq. (1)], has been known for
about a century.[26]


(1)


Its industrial importance is reflected in the great number of
patents. Thus, the Tishchenko ester of 3-cyclohexenecarbal-
dehyde is the precursor for the formation of epoxy resins,
which are durable against environmental influences. Benzyl-
benzoate is used as a dye carrier. Other uses include solvents
for cellulose derivatives, plasticizers, and the food industry.[27]


Traditionally, aluminum alkoxides[28, 29, 30] have been used as
homogeneous catalysts for the Tishchenko reaction. More
recently, other catalysts, such as boric acid[31] and a few
transition metal complexes, have been used. However, these
alternative catalysts are either only reactive under extreme
reaction conditions (e.g., boric acid), are difficult to prepare
(e.g., [(C5Me5)2LaCH(SiMe3)2]),[32] slow (e.g., [(C5H5)2-
ZrH2]),[33] expensive (e.g., [H2Ru(PPh3)2]),[34] or give small
yields (e.g., K2[Fe(CO)4]).[35] In this contribution, we present a
full account of the reaction scope, substrate selectivity,
lanthanide-ion size-effect, and kinetic/mechanistic aspects of
the Tishchenko reaction catalyzed by 1. Furthermore, we
report that 1 can be used to a limited extent as a precatalyst
for the hydroamination/cyclization of aminoalkynes.


Results and Discussion


The goal of this study was to explore the scope of 1 for its use
in two areas of lanthanide-catalyzed reactions: C ± C multiple
bond transformations and organic reactions catalyzed by
Lewis acids. This section begins with the discussion of the
Tishchenko reaction, for which 1 is a very active catalyst,
followed by a short examination of 1 as a precatalyst for the
hydroamination/cyclization of aminoalkynes. In the case of
the latter reaction, 1 is less effective than the known systems.


The Tishchenko reaction : To compare the reaction rates of 1
with other catalysts, the standard reaction of benzaldehyde to
benzyl benzoate was chosen. Benzyl benzoate is used, among
others, as solvent for artificial musk, as a perfume fixative, in
confectionery, and in chewing-gum flavors. For these uses, it is
necessary to prepare the benzoate without any contamination
by irritants and or odoriferous materials, such as benzyl
chlorides or acids.[27, 35] The reaction rate and the yield were
determined by NMR spectroscopy in C6D6 with � l mol %
catalyst at 21 8C (Table l). The turnover frequencies (TOFs)
were determined from a turnover of 50 %.[36] The kinetic data
obtained in this study were acquired by 1H NMR spectro-
scopic monitoring of the reactions. The decrease of the
characteristic aldehyde proton signal, concomitant with the
increase in the proton signal of the benzyl group, was
normalized to the proton resonances of the stoichiometrically
generated RÿN(SiMe3)2 reaction byproducts. Tetramethyl-
benzene was used as an independent standard in a test


reaction to show that RÿN(SiMe3)2 is formed in a stoichio-
metric ratio. A comparison of [Y{N(SiMe3)2}3] (1 a), [La-
{N(SiMe3)2}3] (1 b), and [Sm{N(SiMe3)2}3] (1 c) (entries 1 ± 3)
shows that, for an almost quantitative turnover, 1 b has a
higher activity than the corresponding Sm catalyst 1 c, where-
as the Y catalyst 1 a produces smaller yields and is less active.
The dependence of the TOF on the ionic radius of the central
metal atom has already been observed.[32] A comparison with
other readily accessible lanthanide compounds, such as
SmI2


[37] or [La(OiPr)3][32] (entries 5 and 6), which are used as
Tishchenko catalysts, showed that these are inactive for the
case of benzaldehyde. In contrast, the homoleptic alkoxide
[Sm{O-2,6-(tBu)2-C6H3}3], which was recently introduced as a
catalyst, shows some activity (entry 7).[38] However, the TOFs
and the yields are significantly lower than those observed for
1 b and 1 c. From the reaction with the standard aluminum
catalyst Al(OiPr)3


[29, 30] under the reaction conditions de-
scribed above, the yield was not quantitative. The reaction rate
observed with Al(OiPr)3, which agrees with earlier measured
values,[29, 39] is roughly an order of magnitude smaller than that
observed with 1 b (entry 8). Even the recently reported high-
speed Tishchenko catalyst, (2,7-dimethyl-1,8-biphenylene-
dioxy)bis(diisopropoxyaluminum) (entry 9) and (2,7-dimeth-
yl-1,8-biphenylenedioxy)bis(dibenzoyloxyaluminum) (entry 10),
do not reach the activity of 1 b.[40] Although we do not know of
a more active catalyst for the Tishchenko reaction, two
compounds are described in the literature ([(C5Me5)2LaCH-
(SiMe3)2] (entry 4),[32] and [Al(OCH2Ph)3]) that could com-
pete with 1 b. [(C5Me5)2LaCH(SiMe3)2] would probably form


Table 1. Tishchenko reaction of benzaldehyde to benzyl benzoate with
different catalysts.


Entry Catalyst Nt [ÿ1] Yield [%] T [8C] Ref.


1 1a 63 70 21[a]


2 1b 87 98 21[a]


3 1c 80 98 21[a]


4 [(C5Me5)2LaCH(SiMe3)2] 88 RT [32]
5 SmI2 ± no reaction 21[a]


6 La(OiPr)3 ± no reaction 21[a] [32]


7


1.9 70 21[a]


8 Al(OiPr)3 8 51 21[a]


9 67 21[a] [40]


10 76 21[a] [40]


11 [(C5H5)2ZrH2] 7 17 [33]
12 [(C5H5)2HfH2] 9 17 [33]


13 [H2Ru(PPh3)2] 23 20 [34]
14 K2[Fe(CO)4] 71 60 [35]
15 B(OH)3 34 250 [31]


[a] Reaction conditions (this work): 1 mol % catalyst in C6D6.
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the same catalytically active species as 1 b (see below);
however, it is evidently more difficult to prepare.
[Al(OCH2Ph)3] reaches almost the same TOF as 1 b, but is
exclusively optimized for the dimerization of benzaldehyde[39]


(Table 1).
The absence of a useful transition metal catalyst for the


Tishchenko reaction is demonstrated by a comparison of 1 b
and K2[Fe(CO)4], which in the presence of crown ethers is one
of the fastest known transition metal catalysts. The yields and
activities were compared for two selected substrates (Table 2).
With 1 b, benzaldehyde is dimerized in almost quantitative
yields, whereas the iron(ii) catalyst gives only 46 % conversion
(entries 1 and 2). Furthermore, the suitability of 1 b for the
dimerization of furfural should be emphasized, because when
this reaction is carried out with aluminum alkoxide catalysts
or K2[Fe(CO)4]/crown ether catalysts, very low yields are
observed.[29, 35, 41] Thus, only 3.4 % yield was obtained by the
use of the transition metal catalyst (entry 3), which is in
contrast to 40 % conversion for the lanthanide-catalyzed
reaction (entry 4).


To investigate the tolerance of 1 b for functional groups,
various substituted benzaldehydes were used as substrates
(Table 3). To avoid a significant steric influence of the
functional group, only para-substituted benzaldehydes were
used. The reactions were carried out at 21 8C in C6D6, with
�5 mol % of catalyst in order to determine the TOF. All the
reactions were repeated on a preparative scale (5 g reactant)


without solvent or in hydrocarbons in order to determine the
isolated yields. The products were characterized by elemental
analysis as well as by 1H and 13C NMR spectroscopy. The
workup of the reaction was very simple: in the case of the
solvent-free reaction, the product can usually be easily
transferred by vacuum. In the case of the reaction with o-
phthalaldehyde, the ester precipitates cleanly out of the
solution (entry 9).


Most of the para-substituted benzaldehydes are converted
to the corresponding carboxylic esters in quantitative or
almost quantitative yields. The only exception is 4-(dimethyl-
amino)benzaldehyde. Thus can it be shown, that a large
number of functional groups are tolerated by 1 b. These results
are remarkable, since functional groups often show the
tendency to block lanthanide catalysts. As seen by the TOFs,
the Tishchenko process is faster when the aromatic ring has an
electron-withdrawing group. A slight exception are 4-fluoro-
and 4-chlorobenzaldehyde (entries 1 and 2), which are a bit
slower than one would expect from the electronic influence of
the substituents. A similar dependence has been observed
with other catalysts, such as K2[Fe(CO)4]/crown ether[35] and
KO2/crown ether.[42] Therefore, substrates that contain elec-
tron-releasing groups on the aromatic ring have significantly
lower TOFs. The lowest TOFs were observed if the substrate
has an electron-releasing group with a donor atom, such as
nitrogen, oxygen, or sulfur (entries 6 ± 8). These atoms form
hemilabile Lewis acid/base adducts with the catalyst and thus


Table 2. A Comparison of 1b and K2[Fe(CO)4]/crown ether[35] as catalysts for the Tishchenko reaction.


Entry Substrate Product Catalyst Mol % of catalyst Nt [hÿ1] Yield [%] T [8C]


1 1 b 1 87 98 21


2 K2[Fe(CO)4]/crown ether 20 � 1 46 20


3 1 b 1 2 40 21


4 K2[Fe(CO)4]/crown ether 33 � 1 3.4 33


Table 3. Results for the 1b-catalyzed dimerization of aromatic aldehydes.[a]


Entry Substrate Product Nt [hÿ1] Yield NMR-scale[b, c] [%] Isolated yield[b,d] [%]


1 R � F 44 87 66
2 Cl 38 98 47
3 Br 106 quant. 71
4 CN 94 quant. 80
5 CH3 11 quant. 78
6 SCH3 2 97 84
7 OCH3 2.1 quant. 86
8 N(CH3)2 ± 26 35


9 > 1500 90[e] 85[e, f]


[a] Reaction temperature: 21 8C. [b] 5 mol % catalyst. [c] Solvent C6D6. [d] No solvent, 5 g reactant. [e] 1 mol % catalyst. [f] 50 mL pentane/hexane.
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hamper the Tishchenko process. This effect is best seen in the
case of 4-(dimethylamino)benzaldehyde (entry 8). Not sur-
prisingly, the intramolecular Tishchenko reaction of o-phthal-
aldehyde to the corresponding lactone gives high yields and is
very fast (TOF> 1500 hÿ1) (entry 9).


In addition to aromatic aldehydes as substrates for the
Tishchenko reaction, we also investigated the use of aliphatic
aldehydes (Table 4). We were interested in cyclic and non-


cyclic reactants. Again, the reactions were carried out at 21 8C
in C6D6 with �1 mol % of catalyst in the first step in order to
determine the TOF. Subsequently, all the reactions were
repeated on a preparative scale (5 g reactant) without solvent.
The extremely high TOFs for all substrates should be noted.
The reactions are usually so rapid, that the product can be
only detected in NMR-scale reactions. Thus, on the NMR
timescale, quantitative yields were observed for all substrates.
Moreover, the catalyst in the reaction solution is still active
after several days so that a reaction which has been completed
for some time can be restarted by the addition of new
reactant. Although 1 b catalyzes the dimerization of alde-
hydes, with or without one a-H atom, quickly and in high
yields, the reaction of butanal at
21 8C only gives higher coupling
products (entry 5).[30, 43, 44] If the
reaction is started at ÿ78 8C,
then butyl butyrate and 2-ethyl-
1,3-hexanediol monobutyrate
are produced as dimeric and
trimeric products in almost the
same ratio.[44] The trimeric
product is formed by a tandem
aldol-Tishchenko reaction.[45]


We were also interested in
the reactivity of heterocyclic
substrates in the Tishchenko
reaction catalyzed by 1 b. For


this, we choose a few heterocyclic aldehydes (that contain
oxygen and nitrogen as substrates, Table 5). Compared to all
other substrates, furfural and methylfurfural react very slowly
and the turnovers are low (entries 1 and 2). Furthermore,
methylfurfural does not give a clean conversion and no clean
product could be isolated. The rate for furfural is more than
an order of magnitude lower than that with benzaldehyde.
Nevertheless, in comparison to aluminum alkoxide or K2-


[Fe(CO)4]/crown ether cata-
lysts, much higher turnovers are
obtained by the use of 1 b
as the catalyst (see above;
Table 2). The low turnovers
for furfural and methylfurfural
compared with benzaldehyde
and even pyridine-3-carbalde-
hyde can be explained by the
nature of the substrate. Upon
reaction, furfural and meth-
ylfurfural can coordinate in
a chelating fashion through
the carboxylic group and the
ether oxygen atom. Thus, a five-
membered metallacycle is
formed that partly blocks the
catalyst.


Kinetics and reaction mecha-
nism of the Tishchenko reac-
tion : In order to elucidate a


provisional reaction mechanism, the dimerization of benz-
aldehyde was studied in more detail. 1H NMR spectros-
copy and GC/MS studies show that, at the beginning of
the reaction, bis(trimethylsilyl)amine and benzylic acid
bis(trimethylsilyl)amide are cleaved off from 1 to give a
lanthanide alkoxide A that is, most probably, the catalyti-
cally active species (Scheme 1). Investigations of the para-
magnetic compound 1 c on catalytic and stoichiometric
scales show that all three amide groups are cleaved with-
out a significant induction time. Signals appear in the
1H NMR spectra that may be attributed to SmOCH2 groups.
It can be assumed that the catalytically active species is
either the same or very similar to the compound that is formed


Table 4. Results for the 1b-catalyzed dimerization of aliphatic aldehydes.


Entry Substrate Product Nt [hÿ1] Yield NMR-scale[a] [%] Isolated yield[b] [%]


1 > 1500 quant. 75


2 > 1500 quant. 80


3 > 1500 quant. 80


4 > 1500 quant. 84


5 ± 50[c] 45[c]


[a] Reaction conditions: 21 8C; 1 mol % catalyst in C6D6. [b] Reaction conditions: 21 8C; 1 mol % catalyst, no
solvent, 5 g reactant. [c] Reaction temperature: ÿ 78 8C!RT; the trimer 2-ethyl-1,3-hexanediol monobutyrate
was found as a byproduct.


Table 5. Results for the 1b-catalyzed dimerization of heterocyclic aldehydes.


Entry Substrate Product Nt [hÿ1] Yield NMR-scale[a] [%] Isolated yield[b] [%]


1 2 40[b] 36[b]


2 ± 28[c,d] ±


3 ± 68[c] 37[c]


[a] 21 8C; 1 mol % catalyst in C6D6. [b] 21 8C; 1 mol % catalyst, no solvent, 5 g reactant. [c] 5 mol % catalyst.
[d] Unknown sideproduct.
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Scheme 1. Proposed mechanism for the catalysis of the Tishchenko
reaction by 1.


in the Tishchenko reaction with [(C5Me5)2LaCH(SiMe3)2].[32]


This hypothesis is supported by the following observations:
i) with 1 b similar yields are obtained as for [(C5Me5)2LaCH-
(SiMe3)2], and ii) during the reaction, both catalysts can
completely interchange the whole of their original ligand
shells. 1H NMR spectroscopic investigations of the reaction of
1 c with stoichiometric amounts of benzyl alcohol or benzal-
dehyde show that different compounds are formed. Kinetic
investigations indicate that 1/[reactant] is related linearly to
the reaction time; that is, there
is a second-order reaction with
respect to the reactant. Such
reaction kinetics have already
been established for the alu-
minum-catalyzed reaction for
the dimerization of benz-
aldehyde[39] and the aldol-
Tishchenko reaction catalyzed
by the lithium enolate of p-
(phenyl-sulfonyl)isobutyrophe-
none.[45a] Presumably, a mole-
cule of the reactant coordi-
nates to A (!B), which in
turn undergoes an alkoxide
transfer (!C ; Scheme 1). A
second molecule of the reac-
tant attaches itself to C fol-
lowed by a hydride transfer,
which is probably the rate-
determining step (!D).[39]


Hydroamination/cyclization of aminoalkynes : Organolantha-
nide complexes exhibit unique reactivity characteristics for
the activation of unsaturated organic substrates. This is a
result of the high electrophilicity of f-element centers,
relatively large ionic radii, an absence of conventional
oxidative-addition/reductive-elimination mechanistic path-
ways, and high kinetic lability.[46] In order to understand the


catalytic activity of 1 compared with the well-established
metallocenes, such as [(C5Me5)2LnR] (R�N(SiMe3)2,
CH(SiMe3)2), in C ± C multiple-bond transformations, the
catalytic hydroamination/cyclization[5, 46] of aminoolefins and
aminoalkynes was investigated. The rigorously anaerobic
reaction of the catalysts with dry, degassed aminoolefin
and aminoalkynes (3 ± 5 mol % catalyst) proceeds regio-
specifically in toluene as shown in Table 6. The TOFs
obtained in this study were acquired by 1H NMR moni-
toring of the reactions. The decrease of the substrate proton
signal concomitant with the increase of product proton
signal was normalized to the proton resonances of the
stoichiometrically generated NH(SiMe3)2 reaction by-
products.


The catalytic activity of 1 a and 1 b for the catalytic
hydroamination/cyclization of aminoalkynes at 60 8C is lower
than that of the established metallocene [(C5Me5)2YCH-
(SiMe3)2] (2) (entries 1 ± 6) at 21 8C. Since it was shown
previously that the hydroamination of aminoalkynes is faster
than that of aminoolefins,[5] it might be expected that no
conversion is observed for aminoolefins with 1 a and 1 b as
catalysts (entries 8 and 9). The low TOFs and yields of 1 a and
1 b relative to 2 can be explained by the absence of any
ancillary ligands in the homoleptic amines. As seen in the
1H NMR spectra of catalytic reactions, all N(SiMe3)2 groups
are cleaved off from the central metal because of the large
excess of substrate. Thus, for each substrate a very different
ligand environment is generated on the metal center. This
might be an explanation for the differences in the observed
rates.


Even 1 is less active for the hydroamination/cyclization
of aminoalkynes then the metallocenes, the persuasive
argument for 1 is its ready accessibility. For the metallo-
cenes, even access to C5Me5H is laborious or expensive. In
contrast, 1 can either be prepared from a simple one-step
synthesis or it can be bought (Ln�Y). In certain cases it
might be advantageous to spend more time on the catalytic
experiments by the use of a commercially available catalyst
instead of spending time and money on the synthesis of the
catalyst.


Table 6. Catalytic hydroamination/cyclization results.[a]


Entry Substrate Product Catalyst Nt [hÿ1] Yield NMR-scale[a] [%]


1 2[b] 3.3 quant.


2 1a 0.3 71
3 1b ± ±


4 2[b] 8.6 quant.


5 1a 0.1 75
6 1b 0.09 quant.


7 2[b] 0.5 quant.


8 1a ± ±
9 1b ± ±


[a] 60 8C; 3 ± 5 mol % catalyst in [D8]toluene. [b] 21 8C.
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Conclusion


In summary, it should be emphasized that the bis(trimethylsil-
yl)amide compounds of the lanthanides represent a new class
of Tishchenko catalysts and, to a limited extent, precatalysts
for the hydroamination/cyclization of aminoalkynes. The
catalytic activity is a result of the high Lewis acidity and the
facile interchangeability of the ligand sphere. These com-
pounds are distinguished by a number of practical advantages,
such as the ease of accessibility, inexpensive metals, extremely
high activities for the Tishchenko reaction (to our knowledge
there are no catalysts that are more active), and a high
durability of the catalysts. These advantages lead us to hope
that 1, which is already a standard reagent in organolantha-
nide chemistry, will find further application in catalysis.


Experimental Section


General : All manipulations of air-sensitive materials were performed with
the rigorous exclusion of oxygen and moisture in flamed Schlenk-type
glassware either on a dual manifold Schlenk line, or interfaced to a high
vacuum (10ÿ4 torr) line, or in an argon-filled Braun glove box (Uni-
Lab 1200/780). Hydrocarbon solvents were distilled under nitrogen from
Na wire, prior to use. Deuterated solvents were obtained from Aldrich (all
99 atom % D) and were degassed, dried, and stored in vacuo over Na/K
alloy in resealable flasks. NMR spectra were recorded on Bruker AC250.
Chemical shifts are referenced to internal solvent resonances and are
reported relative to tetramethylsilane. Elemental analyses were performed
at the microanalytical laboratory of the Institute of Inorganic Chemistry in
Karlsruhe (Germany). All aldehydes were obtained from Aldrich and were
degassed, dried over LiAlH4, and stored under nitrogen in resealable
flasks. 5-Phenyl-4-pentyne-1-amine,[5d] 4-pentyne-1-amine,[5d] and 4-pen-
tene-1-amine[5b] were prepared by literature procedures.


General procedure for the Tishchenko reaction (NMR scale): Compound 1
was weighed under argon into an NMR tube. C6D6 (�0.7 mL) was
condensed into the tube and the mixture was frozen to ÿ196 8C. The
reactant was injected onto the solid mixture, and the whole sample was
melted and mixed just before insertion into the core of the NMR machine
(t0). The ratio between the reactant (product) and the catalyst was exactly
calculated by comparison of the integration of all CHO (CH2O) signals
with the N(SiMe3)2 signals. The latter were used as an internal standard for
the kinetic measurements. Tetramethylbenzene was used as an indepen-
dent standard in a test reaction to show that RÿN(SiMe3)2 is formed in a
stoichiometric ratio.


General procedure for the Tishchenko reaction (preparative scale)


Method A, without solvent : Under protective gas, the catalyst was stirred in
a tempered reaction flask. The reactant (5 g) was added directly to the
catalyst. An exothermic reaction was generally observed. After 1 d, the
product was isolated by distillation. (The products with high TOFs can be
worked up after 1 h (see Tables 3 and 4)).


Method B, in solution : The catalyst and the reactant (5 g) were each
dissolved in pentane/hexane (1:1; 25 mL). The solution of the reactant was
added to the catalyst solution in a tempered flask. After 1 d, the product
was isolated by distillation or filtration.


Benzyl benzoate :[33] 1H NMR (C6D6, 250 MHz, 25 8C): d� 5.21 (s, 2H;
CH2O), 6.98 ± 7.27 (m, 7H; aromatic), 7.67 ± 7.71 (m, 1H; aromatic), 8.13 ±
8.18 (m, 2 H; aromatic); elemental analysis calcd (%) for C14H12O2: C 79.23,
H 5.70; found C 78.93, H 5.72.


4-Fluorobenzyl 4-fluorobenzoate :[32] 1H NMR (C6D6, 250 MHz, 25 8C): d�
4.95 (s, 2H; CH2O), 6.57 ± 7.08 (m, 4 H; aromatic), 7.49 (m, 2 H; aromatic),
7.85 (m, 2H; aromatic); elemental analysis calcd (%) for C14H10F2O2: C
67.74, H 4.06; found C 67.52, H 3.98.


4-Chlorobenzyl 4-chlorobenzoate :[32] 1H NMR (C6D6, 250 MHz, 25 8C):
d� 4.89 (s, 2H; CH2O), 6.81 ± 7.14 (m, 4H; aromatic), 7.39 (d, J(H,H)�


8.6 Hz, 2 H; aromatic), 7.76 (d, J(H,H)� 8.6 Hz, 2 H; aromatic); elemental
analysis calcd (%) for C14H10Cl2O2: C 59.81, H 3.59; found C 58.10, H 3.25.


4-Bromobenzyl 4-bromobenzoate :[32] 1H NMR (C6D6, 250 MHz, 25 8C):
d� 4.84 (s, 2H; CH2O), 6.74 (d, J(H,H)� 8.5 Hz, 2H; aromatic), 7.15 (d,
J(H,H)� 6.5 Hz, 2 H; aromatic), 7.31 (d, J(H,H)� 6.6 Hz, 2H; aromatic),
7.67 (d, J(H,H)� 8.7 Hz, 2H; aromatic); elemental analysis calcd (%) for
C14H10Br2O2: C 45.44, H 2.72; found C 45.01, H 2.90.


4-Cyanobenzyl 4-cyanobenzoate :[32] 1H NMR (C6D6, 250 MHz, 25 8C): d�
4.80 (s, 2 H; CH2O), 6.75 (m, J(H,H)� 8.1 Hz, 2H; aromatic), 6.96 (m, 2H;
aromatic) 7.23 (d, J(H,H)� 8.4 Hz, 2 H; aromatic), 7.67 (d, J(H,H)�
8.6 Hz, 2 H; aromatic); elemental analysis calcd (%) for C16H10N2O2: C
73.27, H 3.84; found C 72.71, H 3.82.


4-Methylbenzyl 4-methylbenzoate :[32] 1H NMR (C6D6, 250 MHz, 25 8C):
d� 1.96 (s, 3H; CH3), 2.07 (s, 3H; CH3), 5.22 (s, 2 H; CH2O), 6.72 (m,
J(H,H)� 8.6 Hz, 2 H; aromatic), 6.84 ± 6.95 (m, 4 H; aromatic), 7.17 (m,
2H; aromatic), 7.54 (d, J(H,H)� 8.8 Hz, 2H; aromatic), 8.11 (d, J(H,H)�
6.5 Hz, 2 H; aromatic); elemental analysis calcd (%) for C16H16O2: C 79.97,
H 6.71; found C 79.28, H 6.76.


4-Methylthiobenzyl 4-methylthiobenzoate :[32] 1H NMR (C6D6, 250 MHz,
25 8C): d� 1.88 (s, 3H; SCH3), 1.94 (s, 3 H; SCH3), 5.12 (s, 2 H; CH2O), 7.59
(m, 4H; aromatic), 8.00 (m, 4 H; aromatic); elemental analysis calcd (%)
for C16H16S2O2: C 63.13, H 5.30; found C 62.78, H 5.61.


4-Methoxybenzyl 4-methoxybenzoate :[33] 1H NMR (C6D6, 250 MHz,
25 8C): d� 3.14 (s, 3H; OCH3), 3.26 (s, 3H; OCH3), 5.20 (s, 2 H; CH2O),
6.72 (m, J(H,H)� 8.7 Hz, 2 H; aromatic), 7.21 (d, J(H,H)� 8.7 Hz, 2H;
aromatic), 7.54 (d, J(H,H)� 8.8 Hz, 2 H; aromatic), 8.10 (d, J(H,H)�
8.9 Hz, 2H; aromatic); elemental analysis calcd (%) for C16H16O4: C
70.57, H 5.92; found C 70.01, H 5.70.


4-Dimethylamino 4-dimethylaminobenzoate :[47] 1H NMR (C6D6, 250 MHz,
25 8C): d� 2.42 (s, 6 H; (CH3)2N), 2.53 (s, 6 H; (CH3)2N), 4.64 (s, 2H;
CH2O), 6.72 (d, J(H,H)� 8.7 Hz, 2 H; aromatic), 7.67 ± 7.71 (m, 1 H;
aromatic), 8.13 ± 8.18 (m, 2H; aromatic); elemental analysis calcd (%)
for C18H22N2O2: C 72.46, H 7.43, N 9.39; found C 72.70, H 7.85, N 9.30.


Phthalide :[48] 1H NMR (CDCl3, 250 MHz, 25 8C): d� 5.21 (s, 2 H; CH2O),
6.51 (d, J(H,H)� 0.8 Hz, 1 H; aromatic), 6.83 ± 6.98 (m, 8 H; aromatic), 7.68
(d, J(H,H)� 7.4 Hz, 1 H; aromatic); elemental analysis calcd (%) for
C8H6O2: C 71.64, H 4.51; found C 69.35, H 4.59.


Cyclohexylmethyl cyclohexanecarboxylate :[33] 1H NMR (CDCl3, 250 MHz,
25 8C): d� 0.87 ± 1.01 (m, 2H), 1.06 ± 1.30 (m, 6H), 1.35 ± 1.54 (m, 2H),
1.55 ± 1.74 (m, 9H), 1,86 ± 1.91 (m, 2 H), 2.22 ± 2.33, (m, 1H), 3.85 (d,
J(H,H)� 6.4 Hz, 2 H; CH2O), 5.62 ± 6.67 (m, 4H); elemental analysis calcd
(%) for C14H24O2: C 74.95, H 10.78; found C 74.37, H 10.50.


3-Cyclohexenylmethyl 3-cyclohexenecarboxylate : 1H NMR (CDCl3,
250 MHz, 25 8C): d� 1.23 ± 1.39 (m, 1 H), 1.60 ± 2.21 (m, 10 H), 2.22 ± 2.26
(m, 2 H), 2.50 ± 2.62 (m, 1 H), 3.98 (d, J(H,H)� 6.4 Hz, 2 H; CH2O), 5.62 ±
6.67 (m, 4 H); elemental analysis calcd (%) for C14H20O2: C 76.33, H 9.15;
found C 76.28, H 9.29.


Neopentyl neopentanoate :[33] 1H NMR (C6D6, 250 MHz, 25 8C): d� 0.80 (s,
6H; (CH3)3C), 1.16 (s, 9 H; (CH3)3C), 3.74 (s, 2 H; CH2O); elemental
analysis calcd (%) for C14H20O2: C 69.72, H 11.70; found C 68.95, H 11.50.


Isobutyl isobutanoate :[33] 1H NMR (C6D6, 250 MHz, 25 8C): d� 0.75 (d,
J(H,H)� 6.7 Hz, 6 H; (CH3)2CH), 1.07 (d, J(H,H)� 7.0 Hz, 6 H;
(CH3)2CH), 1.73 (sept, J(H,H)� 6.8 Hz, 1 H; (CH3)2CH), 2.38 (sept,
J(H,H)� 6.9 Hz, 1 H; (CH3)2CH), 3.80 (d, J(H,H)� 6.5 Hz, 2 H; CH2O);
elemental analysis calcd (%) for C8H16O2: C 66.63, H 11.18; found C 66.53,
H 10.97.


2-Ethyl-1,3-hexanediol monobutyrate :[44] B.p. 81 8C (0.1 mm); 1H NMR
(CDCl3, 250 MHz, 25 8C): d� 0.94 (m, 8H) 1.26 1 ± 71 (m, 8H), 2.31 (dt,
4H), 3.60 (br, 2H) 4.40 ± 4.30 (m, 2H).


2-Furylmethyl 2-furancarboxylate :[49] 1H NMR (CDCl3, 250 MHz, 25 8C):
d� 5.29, (s, 2 H; CH2O), 6.38 (dd, J(H,H)� 1.8, 3.3 Hz, 1 H), 6.49 (dd,
J(H,H)� 1.9, 3.4 Hz, 2H), 7.20 (dd, J(H,H)� 0.7, 3.5 Hz, 1H), 7.44 (dd,
J(H,H)� 0.7, 1.8 Hz, 1H), 7.57 (dd, J(H,H)� 0.7, 1.6 Hz, 1H); elemental
analysis calcd (%) for C10H8O4: C 62.50, H 4.20; found C 62.35, H 4.34.


4-Methyl-2-furylmethyl 4-methyl-2-furancarboxylate : 1H NMR (C6D6,
250 MHz, 25 8C): d� 1.80 (s, 3 H; CH3), 1.91 (s, 3H; CH3), 5.11, (s, 2H;
CH2O), 5.59 (m, 1H), 5.65 (m, 1H), 6.17 (m, 1H), 6.95 (m, 1H); no pure
product was obtained.
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3-Pyridinecarboxylic acid 3-pyridinylmethyl ester : 1H NMR (C6D6,
250 MHz, 25 8C): d� 4.90 (s, 2H; CH2O), 6.73 (m, 2 H; aromatic), 7.65
(m, 1 H), 7.94 (m, 2H; aromatic), 8.52 (m, 2H; aromatic), 9.12 (s, 1H;
aromatic); elemental analysis calcd (%) for C12H10N2O2: C 67.28, H 4.71, N
13.08; found C 67.53, H 4.75, N 12.89.


General procedure for the hydroamination reaction (NMR scale): Com-
pound 1 was weighed under argon into an NMR tube. C6D6 (�0.7 mL) was
condensed into the tube, and the mixture was frozen to ÿ196 8C. The
reactant was injected onto the solid mixture, and the whole sample was
melted and mixed just before insertion into the core of the NMR machine
(t0). The ratio between the reactant (product) and the catalyst was exactly
calculated by comparison of the integration of alkyne signals with the
N(SiMe3)2 signals. The latter were used as an internal standard for the
TOFs measurements. The turnover frequency was calculated according to
Ref. [5d]
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Abstract: A series of novel diphosphite
ligands derived from readily available d-
(�)-glucose has been synthesized. These
ligands have been applied to the Rh-
catalyzed hydroformylation of vinyl
arenes. Both excellent enantioselectiv-
ities (up to 91 %) and regioselectivities
(up to 98.8 %) were achieved under mild
conditions. The advantage of these li-
gands is that their modular natures allow
facile, systematic variation in the con-
figurations at the stereocenters [C(3),
C(5)] at the ligand bridge and in the
biphenyl substituents, enabling their ef-
fects on the stereoselectivity to be stud-


ied. Results show that the absolute
configuration of the product is governed
by the configuration at the stereogenic
center C(3), while the level of the
enantioselectivity is influenced by a
cooperative effect between stereocen-
ters C(3) and C(5). Replacement of the
tert-butyl substituent by methoxy sub-
stituents at the para positions of the
biphenyl moieties improved the enan-


tioselectivities. We have characterized
the rhodium complexes formed under
CO/H2 by NMR techniques and in situ
IR spectroscopy and have observed that
there is a relationship between the
structure of the [HRh(CO)2(PP)] spe-
cies and their enantiodiscriminating per-
formance in hydroformylation. Enantio-
selectivities were highest with ligands
with a strong bis-equatorial coordina-
tion preference, while an equilibrium of
species with bis-equatorial and equato-
rial-axial coordination modes consider-
ably reduced the ee�s.


Keywords: diphosphites ´ hydrofor-
mylation ´ P ligands ´ rhodium ´
sugar derivatives


Introduction


In the last few years, asymmetric hydroformylation has
attracted much attention as a potential tool for preparing
enantiomerically pure aldehydes, which are important pre-
cursors for the synthesis of fine chemicals.[1] From the early
seventies, transition metal complexes based on rhodium and
platinum have been used as catalysts in asymmetric hydro-
formylation.[1] High enantioselectivities have been obtained
with Pt/diphosphine catalysts, but these suffer from low
chemo- and regioselectivity.[2] In general, Rh/diphosphine
catalysts have high catalytic activities and regioselectivities in
branched aldehydes, but the ee�s do not exceed 60 %.[3]


During the last decade, significant improvements have been


made in rhodium-catalyzed asymmetric hydroformylation
based on new diphosphite[4] and phosphine-phosphite[5] li-
gands. In situ spectroscopic studies of both types of ligands
suggest that the presence of only one active diastereoisomeric
hydridorhodiumcarbonyl species in solution is the key to
controlling efficient chirality transfer.[4b, 5a] However, the
mechanistic aspects of the asymmetric hydroformylation
reaction are still not understood well enough for a priori
prediction of the type of ligand needed for high enantiose-
lectivities. Binaphos is so far the only ligand with a wide scope
in asymmetric hydroformylation, although its difficult prep-
aration and the high pressures (up to 100 bar) required limit
its application.[5] In this context, much research still needs to
be done to find ligands that are readily available and provide
both good regio- and enantioselectivity in asymmetric hydro-
formylation.


One of the simplest methods for obtaining chiral ligands is
the transformation or derivatization of natural chiral com-
pounds, making tedious optical-resolution procedures unnec-
essary. Carbohydrates, which have been widely used in
organic synthesis either as inexpensive starting materials or
as chiral auxiliaries,[6] have only recently shown their huge
potential as a source of highly effective chiral ligands in
homogeneous catalysis.[7] Moreover, carbohydrates are highly


[a] Dr. M. DieÂguez, Prof. Dr. C. Claver, Dr. O. PaÁmies,
Dr. A. Ruiz
Departament de Química Física i InorgaÁnica
Universitat Rovira i Virgili, Pl. Imperial Tarraco 1
43005 Tarragona (Spain)
Fax: (�34) 977-55-95-63
E-mail : dieguez@química.urv.es, claver@quimica.urv.es


[b] Prof. Dr. S. CastilloÂ n
Departament de Química Analítica i OrgaÁnica
Universitat Rovira i Virgili, Pl. Imperial Tarraco 1
43005 Tarragona (Spain)


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3086 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143086







3086 ± 3094


Chem. Eur. J. 2001, 7, No. 14 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3087 $ 17.50+.50/0 3087


functionalized compounds with several stereogenic centers,
which easily allow regio- and stereoselective introduction of
different functionalities.[7] Their modular nature therefore
permits the synthesis of systematic series of ligands that can
be screened in the search for high regio- and enantioselectiv-
ities and, at the same time, can provide information about the
origin of the stereoselectivity of the reaction.


In previous studies of diphosphite ligands with furanoside
backbones (1 and 2), moderate success in asymmetric hydro-
formylation of styrene has been achieved.[7f, 8]
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Since these ligands have a phosphorus moiety bound to the
nonstereogenic center C(5), we decided to examine whether
further modification of the ligands by introducing a new
stereocenter at the carbon C(5) position would improve the
enantioselectivity. With this aim in mind, we report here the
synthesis of a series of new chiral diphosphite ligands 3 ± 10,


related to 1 and 2 but with a new stereocenter at carbon
C(5).[9] These ligands, which are easily prepared from readily
available d-(�)-glucose, offer the prospect of systematic
variation of the configurations at C(3) and C(5), and different
substituents in the biphenyl moieties. We also report their use
in the rhodium-catalyzed, asymmetric hydroformylation of
vinyl arenes and investigate how the configuration of the
stereogenic carbon atoms C(3) and C(5) affects the enantio-
selectivity, since their configurations are expected to be
important for the course of the catalytic reaction, due to their
close vicinity to the metal. The influence of the substituents on
the biphenyl moieties is also studied. Furthermore, we have
investigated the solution structures of the important inter-
mediate species [HRh(PP)(CO)2], (PP� diphosphite).


Results and Discussion


Synthesis of the chiral diphosphite ligands: Diphosphite
ligands 3 ± 10, based on furanoside backbones, were synthe-
sized from inexpensive d-(�)-glucose as shown in Scheme 1.
These ligands constitute the four diastereomers that can be
obtained by varying the configuration of the C(3) and C(5)
atoms in the backbone in combination with two different
substituted bulky 2,2'-biphenyl moieties. The absolute config-
uration of carbon atoms in the furanoside backbone of the


synthesized diastereomers is
given in a shorthand notation
as, for example, (1R, 2 R, 3 S,
4 R, 5 R) for ligand 3.


Preparation of enantiomerical-
ly pure diols (13, 15, 18, 20):
Diols 13 and 18 were synthe-
sized stereospecifically in two
steps from 1,2-protected-3-O-
acetylated furanoses 11 and 16,
respectively (Scheme 1). Com-
pounds 11 and 16 are easily
prepared on a large scale by
previously reported, highly ef-
fective methods from d-glu-
cose.[10] Tosylation of diols 11
and 16 produced the expected
6-tosyl derivatives 12 and 17 in
good yields.[11] Treatment of
these tosylated compounds
with sodium methoxide at room
temperature, followed by re-
duction of the corresponding
5,6-anhydrosugars with lithium
aluminium hydride, produced
crystalline compounds 13 and
18.[12]


An improved synthesis of
diols 15 and 20 has been re-
ported,[12] but attempts to re-
produce this procedure were
unsuccessful.[13] They were fi-
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nally obtained, in three steps, from compounds 11 and 16
(Scheme 1) by acetylation of position 6 under standard
conditions, followed by treatment with triflic anhydride to
obtain triflates 14 and 19. Treatment of a dichloromethane
solution of compounds 14 and 19 with sodium methoxide
afforded the corresponding 5,6-anhydrosugars with inversion
of configuration at C(5).[12] Epoxide ring-opening by using
LiAlH4 afforded easy access to the desired diols 15 and 20.[12]


Preparation of diastereomeric diphosphites 3 ± 10 : Optically
pure diphosphite ligands 3 ± 10 were easily prepared by
treatment of the corresponding diol with two equivalents of
the desired phosphorochloridite,[14] formed in situ (either 3,3'-
di-tert-butyl-5,5'-dimethoxy-1,1'-biphenyl-2,2'-diyl phosphoro-
chloridite or 3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-diyl
phosphorochloridite) in the presence of base (Scheme 1, step
f). All the ligands were stable during purification on neutral
silica gel under an atmosphere of argon and they were isolated
in moderate to good yields (61 ± 76 %) as white solids. They
were stable at room temperature and fairly robust toward
hydrolysis. The 1H and 13C NMR spectra agree with those
expected for these C1 ligands (see Experimental Section).
Rapid ring inversions (atropoisomerization) of the seven-
membered dioxaphosphepin rings occurred on the NMR
timescale, since the expected diastereoisomers were not
detected by low temperature 31P NMR.[15] Moreover, the 31P
NMR spectra of ligands 3, 4, 9, and 10 showed phosphorus ±
phosphorus coupling constants, while ligands 5 ± 8 gave rise to
a structure in solution without the correct conformation to
enhance phosphorus ± phosphorus coupling. It is to be noted
that the coupling constants for ligands 3 and 4 were much
larger than other six-bond phosphorus ± phosphorus coupling
constants in similar diphosphites (6J(P,P)� 12 Hz).[4b,15]


Asymmetric hydroformylation of vinyl arenes : Aldehydes
derived from aryl-substituted olefins are of great interest,


especially as intermediates for the synthesis of various
pharmaceuticals such as anti-inflammatory agents.[16] In a
first set of experiments, we used ligands 3 ± 10 in the rhodium-
catalyzed, asymmetric hydroformylation of styrene, which is
widely used as a model substrate (Scheme 2).


CHO
CHO


+3-10
CO / H2


*
[Rh(acac)(CO)2]


Scheme 2. Hydroformylation of styrene with compounds 3 ± 10.


The catalysts were prepared in situ by adding one equiv-
alent of the corresponding diphosphite ligand to [Rh(acac)-
(CO)2] (acac� acetylacetone) as a catalyst precursor, since
other precursors were reported to be less enantioselective.[5a]


The styrene hydroformylation results are summarized in
Table 1. In no cases were hydrogenated or polymerized
products of styrene observed.


The effects of different reaction parameters were inves-
tigated for the catalytic precursors containing ligands 3 and 9 ;
these ligands have opposite configurations at C(3) and C(5).
Variation of the ligand-to-rhodium ratio showed that excess
ligand was not needed to obtain good regio- and enantiose-
lectivities (entries 1 ± 3). This is an important advantage over
the most successful catalysts based on diphosphites[4] and
phosphine ± phosphite,[5] for which larger excesses of ligand
are required.


After identical catalyst preparation, hydroformylation ex-
periments were carried out under different partial pressures
of CO and H2 (entries 1, 4, 5 and 6). The results clearly show
that activities were best at low PCO/PH2


. There was therefore
an inverse dependency on partial CO pressure and a positive
dependency on partial H2 pressure; this suggests that hydro-
genolysis is the rate determining step. These results contrast
with reported kinetic studies of rhodium-catalyzed hydro-
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Scheme 1. Synthesis of ligands 3 ± 10. a) Ref. [10]. b) TsCl, Py, CH2Cl2, 16 h,ÿ20 to 25 8C. c) Ac2O, Py, CH2Cl2, 16 h, 0 to 25 8C. d) Tf2O, Py, CH2Cl2, 20 min,
25 8C. e) NaOMe, CH2Cl2, 1 h, 25 8C; LiAlH4, THF, 4 h, 60 8C. f) Phosphorochloridite, Py, toluene, 100 8C.
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formylation with bulky diphosphite, in which the rate
determining step was the alkene coordination.[1d] Moreover,
comparison of entries 1, 4 and 5 shows that regio- and
enantioselectivity are not affected by varying the partial H2


pressure. This contrasts with the results reported by Buisman
et al. for the asymmetric hydroformylation of styrene by using
diphosphite ligands, in which increasing the hydrogen partial
pressure had a negative effect on regio- and enantioselectiv-
ity.[17]


Comparisons of entries 4 and 7, and also 8 and 9, show a
remarkable increase in enantioselectivities (up to 90 %)
combined with excellent regioselectivities (up to 98.6 %) on
lowering the reaction temperature. Moreover, there were no
changes in the enantioselectivities over time; this indicates
that no decomposition of the catalysts took place. Further-
more, the catalytic systems with ligands 3 and 9 provided
better activities and enantioselectivities than those with the
related diphosphite ligands 1 and 2 with xylo- and ribofurano-
side backbones[7f] (Table 1, entries 4 and 8 vs. 16 and 17).


For comparative purposes, the rest of the ligands were
tested under the conditions that gave the optimum compro-
mise between enantioselectivities and reaction rates, that is a
ligand to rhodium ratio of 1.1, a total pressure of 10 bar of
synthesis gas, a temperature of 20 8C and a CO to H2 ratio of
0.5. The use of ligands 4 and 10, with tert-butyl groups instead
of methoxy groups in the para positions of the biphenyl
moieties, resulted in lower enantioselectivities but similar
activities and regioselectivities (entries 10 and 11 vs 9 and 7).
The use of ligands 5 and 7, in which the configuration at
carbon atom C(5) is the opposite of that in ligands 3 and 9,
produced lower reaction rates and enantioselectivities (en-
tries 12 and 14 vs entries 9 and 7). This is also true for ligands 6
and 8, which contain tert-butyl groups in the para positions of
the biphenyl moieties (entries 13 and 15).


The results of hydroformylation with catalyst precursors
containing ligands 3 ± 10 can be summarized as follows:
a) Both (S)- and (R)-2-phenylpropanal enantiomers can be


obtained with excellent regio- and enantioselectivies by
using diastereoisomeric ligands 3 and 9, respectively
(entries 7 and 9).


b) Methoxy substituents in the para positions of the biphenyl
moieties always produced enantioselectivities better than
those observed for the corresponding tert-butyl-substitut-
ed analogs (entries 7, 9 and 12, 14 vs 11, 10 and 13, 15).
However, activity and regioselectivity were hardly affect-
ed.


c) The sense of the enantiodiscrimination is predominantly
controlled by the configuration at C(3). Accordingly,
ligands 3 ± 6, with S configuration at C(3), gave (S)-2-
phenylpropanal, while ligands 7 ± 10, with R configuration
at C(3), gave (R)-2-phenylpropanal.


d) The results also show a cooperative effect between stereo-
centers C(3) and C(5), that is, the value of enantioselec-
tivity when C(3) has either an R or an S configuration
depends on the configuration at C(5). Therefore, when the
configuration of C(3) was S, changing C(5) from R (ligand
3) to S (ligand 5) resulted in a decrease in enantioselec-
tivity from 90 % S to 64 % S. When the configuration of
C(3) was R ; however, the same change of C(5) from R
(ligand 7) to S (ligand 9) resulted in an increase in
enantioselectivity from 58 % R to 89 % R.


e) The presence of a methyl substituent at C(5) significantly
increased the activity.


We next applied these new, highly efficient diphosphite
ligands 3 and 9 in the Rh-catalyzed hydroformylation of other
vinyl arenes (Table 2). As with styrene, excellent enantio- and
regioselectivities were obtained in the branched aldehydes.
Moreover, these results suggest that the presence of different
substituents in the para position hardly affects conversion,
regioselectivity or enantioselectivity.


Structures of [HRh(PP)(CO)2] complexes in solution : Hy-
dridorhodium diphosphite dicarbonyl complexes denoted as
[HRh(PP)(CO)2] (21 ± 28), known to be responsible for the
catalytic activity,[4, 5, 17, 18] were prepared in order to elucidate
the solution structures of these catalysts. The complexes were
prepared in situ under hydroformylation conditions (10 bar,
40 8C) by adding one equivalent of diphosphite ligand 3 ± 10 to


Table 1. Asymmetric hydroformylation of styrene catalyzed by [Rh(acac)-
(CO)2]/diphosphite.[a]


Entry Ligand PCO/PH2 T [8C] TOF[b] %Conv [h][c] %Regio[d] %ee[e]


1 9 1 40 98 97 (10) 97.7 78 (R)
2[f] 9 1 40 97 96 (10) 97.6 78 (R)
3[g] 9 1 40 94 93 (10) 97.7 77 (R)
4 9 0.5 40 174 100 (6) 97.8 78 (R)
5 9 2 40 61 92 (15) 97.7 78 (R)
6 9 0.5[h] 40 198 100 (6) 97.8 77 (R)
7 9 0.5 20 17 80 (48) 98.3 89 (R)
8 3 0.5 40 174 100 (6) 97.9 78 (S)
9 3 0.5 20 18 83 (48) 98.6 90 (S)


10 4 0.5 20 19 85 (48) 98.4 74 (S)
11 10 0.5 20 16 79 (48) 98.7 76 (R)
12 5 0.5 20 12 59 (48) 97.6 64 (S)
13 6 0.5 20 15 71 (48) 97.4 52 (S)
14 7 0.5 20 13 60 (48) 97.2 58 (R)
15 8 0.5 20 14 61 (48) 97.1 46 (R)
16[i] 1 0.5 40 41 19 (5) 96 53 (S)
17[i] 2 0.5 40 50 20 (5) 95 51 (R)


[a] Reaction conditions: P� 10 bar, styrene (13 mmol), [Rh(acac)(CO)2]
(0.013 mmol), toluene (15 mL), PP/Rh� 1.1. [b] Turn over frequency, i.e.,
mol styrene per mol Rh per h measured after 1 hour. [c] %Conversion of
styrene. [d] %Regioselectivity in 2-phenylpropanal. [e] % Enantiomeric
excess measured by GC. [f] PP/Rh� 2. [g] PP/Rh� 4. [h] PCO� 5 bar,
PH2
� 10 bar. [i] Data from [7f].


Table 2. Asymmetric hydroformylation of vinyl arenes with [Rh(acac)(CO)2]/
diphosphite.[a]


Entry Substrates Ligand %Conv[b] [h] % Regio[c] % ee[d]


1 24 3 81 (48) 98.6 91 (ÿ)


2 24 9 80 (48) 98.7 89 (�)


3 25 3 80 (48) 98.8 89 (�)


4 25 9 79 (48) 98.3 89 (ÿ)


[a] Reaction conditions: P� 10 bar, PCO/PH2
� 0.5, T� 20 8C, substrate


(13 mmol), [Rh(acac)(CO)2] (0.013 mmol), toluene (15 mL), PP/Rh� 1.1.
[b] %Conversion measured by GC. [c] %Regioselectivity in branched alde-
hyde. [d] %Enantiomeric excess measured by GC.
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the catalyst precursor [Rh(acac)(CO)2] (Scheme 3). Initially,
displacement of two carbon monoxide molecules by the
ligands caused the formation of the [Rh(acac)(PP)] com-
plexes, which after a short time under hydroformylation
conditions evolved to the intermediate species [Rh(acac)-
(CO)(PP)] with characteristic rhodium ± phosphorus coupling
constants around 300 Hz.[18] Reaction times of 3 ± 4 hours
were needed for the complete formation of the desired species
[HRh(PP)(CO)2] 21 ± 28.


PP


[HRh(PP)(CO2)]


2 CO
∆


CO


PP = 3-10     21-28


[Rh(acac)(CO)2] +


[Rh(acac)(CO)(PP)]


[Rh(acac)(PP)] +


CO / H2


Scheme 3. In situ preparation of catalysts.


Stable [HRh(PP)(CO)2] complexes were obtained quanti-
tatively for all the ligands, and no hydrolysis of the diphos-
phite ligands to H-diphosphonates was observed. NMR
spectroscopy under atmospheric conditions showed no de-
tectable decomposition of the complexes. Table 3 shows
selected data obtained for complexes 21 ± 28.


At room temperature, the 31P{1H} NMR spectrum of
complexes 21 and 22, containing ligands 3 and 4, showed a
broad, eight-line spectrum (w1/2� 70 Hz) due to the two non-
equivalent phosphorus atoms and a rhodium atom (ABX
system). These broad signals suggest a fluxional process on
the NMR timescale.[4b] This was confirmed by measuring the
31P NMR at variable temperature. At ÿ80 8C, the 31P
resonances showed sharp signals (w1/2� 10 Hz). 1H NMR
spectroscopy in the hydride region revealed a quadruplet, due
to coupling with rhodium and the two phosphorus atoms. The
fact that there is a quadruplet instead of the expected doublet
of doublets of doublets is caused by the accidental coincidence
of the coupling constants. The values of the phosphorus ± hy-
dride coupling constants (2J(P,H)� 4.2 Hz) are typical of a
trigonal bipyramidal (TBP) hydridorhodium dicarbonyl spe-
cies with bis-equatorially (ee) coordinating diphosphites.
Small cis phosphorous ± hydride coupling constants have been
reported in [HRh(PP)(CO)2] complexes with ee coordinating
diphosphite ligands.[7f, 8, 17, 18]


At room temperature, 31P {1H} NMR spectra of complex 28,
which contains ligand 10, showed a broad doublet at d� 164.1
(w1/2� 63 Hz), due to 31P ± 103Rh coupling. The fact that there
is a broad doublet, not the expected eight-line spectrum, is
caused by the accidental isocronicity of the two phosphorus
atoms in fluxional behaviour. Fluxionality could be frozen out
at low temperature (ÿ40 8C). As expected for the two
nonequivalent phosphorus atoms, an eight-line spectrum
was obtained. The 1H NMR spectrum revealed a pseudo-
triplet of doublets in the hydride region at d�ÿ10.32, due to
coupling with two pseudo-equivalent phosphorus atoms
(2J(P,H)� 5.9 Hz) and with the rhodium atom.


In summary, NMR data for complexes 21, 22, 27, and 28
indicate trigonal bipyramidal (TBP) hydridorhodium dicar-
bonyl species with ee coordinating diphosphites. Further
evidence is provided by IR in situ measurements. Each of the
spectra showed two carbonyl vibrations around 2070 and
2010 cmÿ1; these are characteristic of ee isomers (Fig-
ure 1a).[19] Moreover, formation of only one diastereoisomer
was detected by variable temperature NMR.


Figure 1. In situ IR spectrum of [HRh(PP)(CO)2]. a) PP� 3 ; b) PP� 8.


The 31P{1H} NMR spectra at room temperature of com-
plexes 23 ± 26, which contain ligands 5 ± 8, had eight sharp
lines due to 31P,31P and 31P,103Rh couplings (ABX systems)
(Table 3). The 1H NMR spectra in the high-field region
revealed a doublet of doublets for complexes 24 ± 26, due to
the coupling constants of the hydride atom and the two


Table 3. Selected 1H and 31P NMR data for [HRh(PP)(CO)2] complexes.[a]


Complex d P1 d P2
1J(Rh,P1) 1J(Rh,P2) 2J(P1,P2) dH 2J(H,P) 2J(H,P) 1J(H,Rh)


21 162.0 165.9 231.2 238.4 274.1 ÿ 9.94(q) 4.2 4.2 4.2
22 159.4 163.2 229.1 231.3 269.3 ÿ 9.89(q) 3.6 3.6 3.6
23 158.6 160.4 221.2 236.7 209.1 ÿ 10.01(ddd) 30.0 4.2 1.2
24 153.4 155.1 218.1 229.4 201.7 ÿ 9.72(dd) 28.1 5.0 ±[c]


25 153.8 156.7 217.9 232.5 191.7 ÿ 9.85(dd) 36.1 5.0 ±[c]


26 152.6 156.2 224.4 231.9 204.8 ÿ 9.68(dd) 27.0 4.8 ±[c]


27 159.2 161.8 233.2 234.5 267.7 ÿ 10.21(b)
28[b] 161.1 166.0 232.7 237.8 286.5 ÿ 10.32(dt) 5.9 5.9 3.3


[a] Prepared in [D8]toluene. NMR spectra recorded under atmospheric conditions at room temperature. d in ppm. Coupling constants in Hz. [b] 31P NMR
data measured at ÿ40 8C. [c] Not observed.
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nonequivalent phosphorus atoms. The values of the phospho-
rus ± phosphorus coupling constants are relatively small for a
pure coordination in a TBP.[19] Two explanations can be put
forward: firstly, the formation of a distorted TBP hydrido-
rhodium dicarbonyl species with ee coordinating diphos-
phites,[8] or secondly, a fast equilibrium mixture of bis-
equatorially and equatorial ± axial (ea) species, giving aver-
aged signals in the NMR spectra (Scheme 4).[20] Evidence for


CORh
OC


P


P


H


CORh
P


P


CO


H


eaee


Scheme 4. Equilibrium between equatorial-equatorial (ee) and equatori-
al-axial (ea) species.


the latter should be supplied by the HP-IR spectra, thanks to
the faster timescale of this technique. If an equilibrium
between two isomers occurs, two sets of carbonyl frequencies
originating from the two isomers should be observed.[20] In
general, carbonyl bands of ea isomers are found at lower
wavenumbers than those of ee isomers.[21] The infrared spectra
of complexes 23 ± 26 showed four carbonyl absorption bands
in the 2100 ± 1900 cmÿ1 region, which can be attributed to a
mixture of ee and ea isomers (Table 4, Figure 1b).[19] The
proportion of ea species was calculated from the NMR data,
by using a cis phosphorus ± proton coupling constant of ÿ4 to
�4 Hz and a trans phosphorus ± proton coupling constant of
210 Hz, and is 15 % on average.[19] The relative intensities of
the absorption bands obtained from the HP-IR are in good
agreement with the ee :ea ratios determined by NMR
spectroscopy.


Conclusion


A new family of C1 diphosphite ligands containing different
furanoside moieties as simple chiral backbones has been
easily prepared in a few steps from readily available d-(�)-
glucose. Their rhodium(i) complexes are highly efficient
catalysts for the asymmetric hydroformylation of vinyl arenes.
Both the S and the R enantiomers of 2-phenylpropanal can be
obtained with excellent regio- and enantioselectivity under
very mild reaction conditions. In addition, these catalyst
systems are highly stable under hydroformylation conditions
and no excess of ligand is needed. The type of substituents in
the biphenyl moieties and the configuration of the stereo-
centers [C(3), C(5)] had remarkable effects on the enantio-
selectivity of the hydroformylation reactions. The absolute


configuration of the product is therefore governed by the
configuration of the stereogenic carbon atom C(3), while the
level of enantioselectivity is a function of a cooperative effect
between both stereocenters. Investigation of the hydridorho-
dium dicarbonyl complexes 21 ± 28 under syngas pressure by
NMR and in situ IR spectroscopy showed that the config-
urations of the stereogenic carbon atoms C(3) and C(5)
greatly influence structure and, therefore, enantioselectivity.
The best enantioselectivities were therefore obtained with
ligands that have a strong ee coordination preference, while
equilibria between ee and ea coordination modes in species
23 ± 26 considerably lowered the ee�s.


These results are among the best that have been reported
for the asymmetric hydroformylation of vinyl arenes. Further
research into more active catalysts is now in progress,
exploiting the advantage that these sugar ligands can be so
easily modified.


Experimental Section


General Comments : All syntheses were performed by using standard
Schlenk techniques under an argon atmosphere. Solvents were purified by
standard procedures. Compounds 11,[10] 16,[10] 12,[11] 17,[11] and phosphoro-
chloridites[14] were prepared by methods described previously. All other
reagents were used as commercially available. Elemental analyses were
performed on a Carlo Erba EA-1108 instrument. 1H, 13C{1H} and 31P{1H}
NMR spectra were recorded on a Varian Gemini 300 MHz spectrometer.
Chemical shifts are relative to SiMe4 (1H and 13C) as internal standard or
H3PO4 (31P) as external standard. All NMR spectral assignments were
determined by COSY and HETCOR spectra. In situ high-pressure IR
spectra were recorded on a Nicolet 510 FT-IR spectrometer. Gas chro-
matographic analyses were run on a Hewlett-Packard HP 5890A instru-
ment (split/splitless injector, J&W Scientific, Ultra-2 25 m column, internal
diameter 0.2 mm, film thickness 0.33 mm, carrier gas: 150 kPa He, F.I.D.
detector) equipped with a Hewlett-Packard HP 3396 series II integrator.
Hydroformylation reactions were carried out in a custom-made 100 mL
stainless steel autoclave. Enantiomeric excesses were measured after
oxidation of the aldehydes to the corresponding carboxylic acids on a
Hewlett-Packard HP 5890A gas chromatograph (split/splitless injector,
J&W Scientific, FS-Cyclodex b-I/P 50 m column, internal diameter 0.2 mm,
film thickness 0.33 mm, carrier gas: 100 kPa He, F.I.D. detector). Absolute
configuration was determined by comparison of retention times with
optically pure (S)-(�)-2-phenylpropionic and (R)-(ÿ)-2-phenylpropionic
acids.


3,5-Bis[(3,3'-di-tert-butyl-5,5'-dimethoxy-1,1'-biphenyl-2,2'-diyl)phosphite]-
1,2-O-isopropylidene-6-deoxy-a-d-glucofuranose (3): Phosphorochloridite
(2.2 mmol) produced in situ was dissolved in toluene (5 mL) and pyridine
(0.36 mL, 4.6 mmol) was added. 1,2-O-Isopropylidene-6-deoxy-a-d-gluco-
furanose 13 (0.21 g, 1 mmol) was azeotropically dried with toluene (3�
1 mL) and then dissolved in toluene (10 mL), to which pyridine (0.18 mL,
2.3 mmol) had been added. The diol solution was transferred slowly over
30 min at room temperature to the solution of phosphorochloridite. The
reaction mixture was stirred overnight at reflux, and the pyridine salts were
removed by filtration. Evaporation of the solvent gave a white foam, which
was purified by flash chromatography (toluene, Rf� 0.13) to produce a
white powder. Yield: 0.70 g, 71%; 1H NMR: d� 1.12 (s, 3 H; CH3), 1.28 (d,
3J(6,5)� 6.3 Hz, 3H; H-6), 1.38 (s, 3 H; CH3), 1.41 (s, 9 H; CH3, tBu), 1.43 (s,
18H; CH3, tBu), 1.45 (s, 9H; CH3, tBu), 3.78 (s, 3H; OMe), 3.79 (s, 3H;
OMe), 3.80 (s, 3H; OMe), 3.81 (s, 3H; OMe), 3.95 (d, 3J(2,1)� 3.6 Hz, 1H;
H-2), 4.03 (dd, 3J(4,3)� 2.7 Hz, 3J(4,5)� 8.1 Hz, 1 H; H-4), 4.70 (m, 1H;
H-5), 4.79 (dd, 3J(3,4)� 2.7 Hz, J(3,P)� 3.1 Hz, 1H; H-3), 5.57 (d, 3J(1,2)�
3.6 Hz, 1H; H-1), 6.81 (m, 2H; CH�), 6.94 (m, 2H; CH�), 7.11 (m, 4H;
CH�); 13C NMR: d� 19.8 (C(6)), 25.7 (CH3), 26.4 (CH3), 31.1 (CH3, tBu),
31.2 (CH3, tBu), 35.1 (C, tBu), 35.3 (C, tBu), 55.4 (OMe), 55.5 (OMe), 68.6
(d, J(C,P)� 4.8 Hz, C(5)), 76.1 (C(3)), 82.9 (t, J(C,P)� 5.4 Hz, C(4)), 83.9
(C(2)), 104.6 (C(1)), 111.4 (CH�), 112.5 (CH�), 112.8 (CH�), 114.1 (CH�),


Table 4. Selected HP-IR data (cmÿ1) for complexes 23 ± 26.


Complex n1 (ee) n2(ea) n3 (ee) n4 (ea)


23 2074 (s) 2032 (m) 2011 (s) 1985 (m)
24 2073 (s) 2031 (m) 2012 (s) 1989 (m)
25 2070 (s) 2029 (m) 2008 (s) 1988 (m)
26 2068 (s) 2030 (m) 2006 (s) 1987 (m)
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114.8 (CMe2), 125.2 (CH�), 128.1 (CH�), 128.9 (CH�), 133.1 (C), 133.4 (C),
134.0 (C), 134.2 (C), 141.8 (C), 142.2 (C), 142.6 (C), 142.8 (C), 155.1 (C),
155.5 (C), 155.6 (C), 155.8 (C); 31P NMR: d� 144.9 (s, 2P); 31P NMR
(CD2Cl2, 233 K): d� 144.6 (d, J(P,P)� 30.9 Hz, 1P), 145.1 (d, J(P,P)�
30.9 Hz, 1 P); elemental analysis calcd (%) for C57H70O13P2: C 65.15,
H 7.22; found: C 65.09, H 7.32.


1,2-O-Isopropylidene-3,5-bis[(3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-
diyl)phosphite]-6-deoxy-a-d-glucofuranose (4): Treatment of phosphoro-
chloridite (2.2 mmol) produced in situ and 13 (0.21 g, 1 mmol), as described
for compound 3, afforded diphosphite 4, which was purified by flash
chromatography (toluene, Rf� 0.18) to produce a white powder. Yield:
0.80 g, 74 %; 1H NMR: d� 1.02 (s, 3 H; CH3), 1.09 (d, 3J(6,5)� 4.2 Hz, 3H;
H-6), 1.24 (s, 9H; CH3, tBu), 1.26 (br s, 27 H; CH3, tBu), 1.31 (s, 3H; CH3),
1.35 (s, 9 H; CH3, tBu), 1.39 (br s, 27H; CH3, tBu), 3.98 (m, 2H; H-2, H-4),
4.66 (m, 1H; H-5), 4.73 (dd, 3J(3,4)� 2.4 Hz, J(3,P)� 6.3 Hz, 1H; H-3),
5.38 (d, 3J(1,2)� 3.6 Hz, 1H; H-1), 7.12 (m, 4H; CH�), 7.36 (m, 4H; CH�);
13C NMR: d� 19.4 (C(6)), 26.3 (CH3), 26.7 (CH3), 31.2 (CH3, tBu), 31.3
(CH3, tBu), 31.5 (CH3, tBu), 34.6 (C, tBu), 34.7 (C, tBu), 35.4 (C, tBu), 68.9
(d, C(5), J(C,P)� 9.5 Hz), 76.2 (C(3)), 83.0 (t, C(2) or C(4), J(C,P)�
5.7 Hz), 84.2 (C(4) or C(2)), 104.7 (C-1), 111.6 (CMe2), 124.0 (CH�),
124.2 (CH�), 126.55 (CH�), 126.6 (CH�), 132.4 (C), 132.6 (C), 133.1 (C),
133.2 (C), 139.7 (C), 140.2 (C), 140.3 (C), 145.9 (C), 146.4 (C), 146.5 (C),
146.8 (C); 31P NMR: d� 144.3 (d, J(P,P)� 35.7 Hz, 1P), 145.3 (d, J(P,P)�
35.7 Hz, 1 P); elemental analysis calcd (%) for C65H94O9P2: C 72.19, H 8.76;
found: C 72.24, H 8.84.


3,5-Bis[(3,3'-di-tert-butyl-5,5'-dimethoxy-1,1'-biphenyl-2,2'-diyl)phosphite]-
1,2-O-isopropylidene-6-deoxy-b-L-idofuranose (5): Treatment of phos-
phorochloridite (1.1 mmol) produced in situ and 1,2-O-isopropylidene-6-
deoxy-b-l-idofuranose 15 (0.11 g, 0.5 mmol), as described for compound 3,
afforded diphosphite 5, which was purified by flash chromatography
(toluene, Rf� 0.12) to give a white powder. Yield: 0.29 g, 60%; 1H NMR:
d� 1.04 (s, 3H; CH3), 1.13 (d, 3J(6,5)� 6.3 Hz, 3 H; H-6), 1.37 (s, 3 H; CH3),
1.42 (s, 9 H; CH3, tBu), 1.44 (s, 9H; CH3, tBu), 1.49 (s, 18H; CH3, tBu), 3.74
(s, 3H; OMe), 3.76 (br s, 9H; OMe), 3.99 (d, 3J(2,1)� 3.6 Hz, 1H; H-2),
4.12 (m, 3J(4,5)� 6.8 Hz, 3J(4,3)� 3.0 Hz, 1H; H-4), 4.78 (m, 2H; H-3,
H-5), 5.62 (d, 3J(1,2)� 3.6 Hz, 1H; H-1), 6.84 (m, 4H; CH�), 7.04 (m, 4H;
CH�); 13C NMR: d� 18.5 (C(6)), 26.1 (CH3), 26.7 (CH3), 30.8 (CH3, tBu),
31.2 (CH3, tBu), 31.5 (CH3, tBu), 35.3 (C, tBu), 35.4 (C, tBu), 55.6 (OMe),
69.3 (d, J(C,P)� 6.3 Hz, C(3)), 75.2 (C(3)), 82.7 (t, J(C,P)� 4.2 Hz, C-4),
84.2 (C(2)), 103.9 (C(1)), 112.8 (CH�), 113.2 (CH�), 113.5 (CH�), 114.0
(CMe2), 123.8 (CH�), 123.9 (CH�), 124.2 (CH�), 124.5 (CH�), 133.6 (C),
133.7 (C), 142.2 (C), 142.8 (C), 142.9 (C), 155.0 (C), 155.2 (C), 155.3 (C),
155.4 (C); 31P NMR: d� 145.5 (s, 1P), 146.7 (s, 1P); elemental analysis
calcd (%) for C57H70O13P2: C 65.15, H 7.22; found: C 65.34, H 7.25.


1,2-O-Isopropylidene-3,5-bis[(3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-
diyl)phosphite]-6-deoxy-b-l-idofuranose (6): Treatment of phosphoro-
chloridite (2.2 mmol) produced in situ and 15 (0.21 g, 1 mmol), as described
for compound 3, afforded diphosphite 6, which was purified by flash
chromatography (toluene, Rf� 0.19) to afford a white powder. Yield:
0.69 g, 65%; 1H NMR: d� 0.99 (d, 3J(6,5)� 6.3 Hz, 3 H; H-6), 1.12 (s, 3H;
CH3), 1.24 (s, 18H; CH3, tBu), 1.26 (s, 18 H; CH3, tBu), 1.32 (s, 9 H; CH3,
tBu), 1.34 (br s, 27H; CH3, tBu), 1.41 (s, 3H; CH3), 4.01 (d, 1H; H-2,
3J(2,1)� 3.6 Hz), 4.09 (m, 1H; H-4), 4.10 (m, 1 H; H-2), 4.68 (m, 1 H; H-5),
4.72 (m, 1H; H-3), 5.42 (d, 1 H; H-1, 3J(1,2)� 3.6 Hz), 7.06 (m, 4 H; CH�),
7.31 (m, 4H; CH�); 13C NMR: d� 18.9 (br s, C(6)), 25.9 (CH3), 26.5 (CH3),
31.3 (CH3, tBu), 31.4 (CH3, tBu), 31.6 (CH3, tBu), 34.9 (C, tBu), 34.6 (C,
tBu), 35.1 (C, tBu), 68.1 (t, C(5), J(C,P)� 10.1 Hz), 75.8 (C(3)), 82.4 (t,
C(4), J(C,P)� 4.2 Hz), 84.1 (C(2)), 103.9 (C(1)), 113.4 (CMe2), 123.8
(CH�), 123.9 (CH�), 124.2 (CH�), 124.4 (CH�), 131.9 (C), 132.2 (C), 132.4
(C), 132.5 (C), 139.9 (C), 140.2 (C), 140.4 (C), 145.2 (C), 145.8 (C), 146.0
(C), 146.2; 31P NMR: d� 144.6 (s, 1P), 145.3 (s, 1P); elemental analysis
calcd (%) for C65H94O9P2: C 72.19, H 8.76; found: C 72.41, H 8.82.


3,5-Bis[(3,3'-di-tert-butyl-5,5'-dimethoxy-1,1'-biphenyl-2,2'-diyl)phosphite]-
1,2-O-isopropylidene-6-deoxy-a-d-allofuranose (7): Treatment of phos-
phorochloridite (2.2 mmol) produced in situ and 1,2-O-isopropylidene-6-
deoxy-a-d-allofuranose 18 (0.21 g, 1 mmol), as described for compound 3,
afforded diphosphite 7, which was purified by flash chromatography
(toluene, Rf� 0.12) to give a white powder. Yield: 0.49 g, 50%; 1H NMR:
d� 0.87 (d, 3J(6,5)� 6.9 Hz, 3 H; H-6), 1.14 (s, 3H; CH3), 1.24 (s, 18H; CH3,
tBu), 1.28 (s, 9 H; CH3, tBu), 1.30 (s, 9 H; CH3, tBu), 1.37 (s, 3H; CH3), 3.62
(s, 9 H; OMe), 3.64 (s, 3H; OMe), 3.92 (m, 1H; H-4), 4.09 (m, 1H; H-2),


4.11 (m, 1H; H-3), 4.52 (m, 1 H; H-5), 5.53 (d, 1H; H-1, 3J(1,2)� 3.6 Hz),
6.58 (m, 4H; CH�), 6.81 (m, 4 H; CH�); 13C NMR: d� 17.1 (m, C(6)), 26.7
(CH3), 26.8 (CH3), 30.9 (CH3, tBu), 31.0 (CH3, tBu), 35.2 (C, tBu), 55.5
(OMe), 55.6 (OMe), 70.5 (t, C(3), J(C,P)� 6.8 Hz), 72.5 (m, C(5)), 78.6
(C(2)), 81.8 (t, C(4), J(C,P)� 3.1 Hz), 104.0 (C(1)), 112.6 (CH�), 112.9
(CH�), 113.1 (CH�), 113.5 (CMe2), 114.0 (CH�), 126.8 (C), 128.1 (C), 129.3
(C), 130.2 (C), 141.8 (C), 141.9 (C), 142.1 (C), 143.2 (C), 155.3 (C), 155.6
(C), 155.8 (C); 31P NMR: d� 144.2 (s, 1P), 147.0 (s, 1 P); elemental analysis
calcd (%) for C57H70O13P2: C 65.15 H, 7.22; found: C 65.07, H, 7.42.


1,2-O-Isopropylidene-3,5-bis[(3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-
diyl)phosphite]-6-deoxy-a-d-allofuranose (8): Treatment of phosphoro-
chloridite (2.2 mmol) produced in situ and 18 (0.21 g, 1 mmol), as described
for compound 3, afforded diphosphite 8, which was purified by flash
chromatography (toluene, Rf� 0.15) to produce a white powder. Yield:
0.65 g, 60 %; 1H NMR: d� 0.85 (m, 3H; H-6), 1.15 (s, 3H; CH3), 1.20 (s,
27H; CH3, tBu), 1.22 (s, 18 H; CH3, tBu), 1.24 (s, 9H; CH3, tBu), 1.26 (s,
9H; CH3, tBu), 1.28 (s, 9 H; CH3, tBu), 1.38 (s, 3H; CH3), 3.80 (m, 1H;
H-2), 4.00 (m, 1H; H-4), 4.39 (m, 1 H; H-5), 4.55 (m, 1H; H-3), 5.41 (d,
3J(1,2)� 3.3 Hz, 1H; H-1), 6.98 (m, 2 H; CH�), 7.03 (m, 2H; CH�), 7.11 (m,
1H; CH�), 7.17 (m, 1 H; CH�), 7.23 (m, 1 H; CH�), 7.26 (m, 1 H; CH�);
13C NMR: d� 16.9 (C(6)), 26.9 (CH3), 31.0 (CH3, tBu), 31.1 (CH3, tBu),
31.4 (CH3, tBu), 31.5 (CH3, tBu) 34.5 (C, tBu), 34.6 (C, tBu), 34.7 (C, tBu),
35.2 (C, tBu), 35.3 (C, tBu), 35.4 (C, tBu), 70.4 (d, C(3), J(C,P)� 16.6 Hz),
72.0 (C(5)), 78.7 (C(2)), 81.9 (t, C(4), J(C,P)� 5.2 Hz), 104.0 (C(1)), 113.0
(CMe2), 123.8 (CH�), 123.9 (CH�), 124.0 (CH�), 1126.3 (CH�), 126.5
(CH�), 126.7 (CH�), 132.7 (C), 132.9 (C), 139.7(C), 139.9 (C), 140.2 (C),
140.4 (C), 145.8 (C), 146.0 (C), 146.2 (C), 146.3 (C); 31P NMR: d� 143.6 (s,
1P), 146.5 (s, 1P); elemental analysis calcd (%) for C65H94O9P2: C 72.19, H
8.76; found: C 72.34, H 8.81.


3,5-Bis[(3,3'-bis-tert-butyl-5,5'-dimethoxy-1,1'-biphenyl-2,2'-diyl)phosphite]-
1,2-O-isopropylidene-6-deoxy-b-l-talofuranose (9): Treatment of phos-
phorochloridite (1.1 mmol) produced in situ and 1,2-O-isopropylidene-6-
deoxy-b-l-talofuranose 20 (0.11 g, 0.5 mmol), as described for compound 3,
afforded diphosphite 9, which was purified by flash chromatography
(toluene, Rf� 0.10) to afford a white powder. Yield: 0.24 g, 50%; 1H NMR:
d� 0.98 (br s, 3 H; H-6), 1.21 (s, 3H; CH3), 1.25 (s, 9 H; CH3, tBu), 1.38 (s,
9H; CH3, tBu), 1.41 (s, 18H; CH3, tBu), 1.44 (s, 3H; CH3), 3.81 (s, 12H;
OMe), 4.01 (m, 1H; H-4), 4.40 (m, 2H; H-2, H-3), 4.44 (m, 1 H; H-5), 5.71
(d, 1H; H-1, 3J(1,2)� 3.9 Hz), 6.82 (m, 4 H; CH�), 6.99 (m, 4 H; CH�);
13C NMR: d� 18.9 (d, C(6), J(C,P)� 7.2 Hz), 26.7 (CH3), 26.8 (CH3), 30.8
(CH3, tBu), 31.0 (CH3, tBu), 35.2 (C, tBu), 35.3 (C, tBu), 55.4 (OMe), 55.6
(OMe), 71.4 (d, C(3), J(C,P)� 10.9 Hz), 73.6 (d, C(5), J(C,P)� 6.7 Hz),
78.7 (d, C(2), J(C,P)� 2.4 Hz), 81.7 (t, C(4), J(C,P)� 2.6 Hz), 103.8 (C(1)),
112.5 (CH�), 112.7 (CH�), 112.8 (CH�), 113.2 (CMe2), 114.8 (CH�), 125.2
(C), 128.2 (C), 129.0 (C), 142.4 (C), 142.5 (C), 155.3 (C), 155.4 (C), 155.6
(C); 31P NMR: d� 145.4 (d, J(P,P)� 4.5 Hz, 1 P), 146.3 (d, J(P,P)� 4.5 Hz,
1P); elemental analysis calcd (%) for C57H70O13P2: C 65.15, H 7.22; found:
C 65.23, H 7.17


1,2-O-Isopropylidene-3,5-bis[(3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-
diyl)phosphite]-6-deoxy-b-l-talofuranose (10): Treatment of phosphoro-
chloridite (2.2 mmol) produced in situ and 20 (0.21 g, 1 mmol), as described
for compound 3, afforded diphosphite 10, which was purified by flash
chromatography (toluene, Rf� 0.19) to give a white powder. Yield: 0.72 g,
67%; 1H NMR: d� 1.02 (d, 3J(6,5)� 6 Hz, 3H; H-6), 1.18 (br s, 27 H; CH3,
tBu), 1.24 (s, 3H; CH3), 1.27 (s, 18H; CH3, tBu), 1.29 (s, 9H; CH3, tBu), 1.30
(s, 9 H; CH3, tBu), 1.32 (s, 9H; CH3, tBu), 1.36 (s, 3H; CH3), 3.66 (m, 1H;
H-3), 3.90 (dd, 1H; H-4, 3J(4,5)� 5.7 Hz, 3J(4,3)� 3.2 Hz), 4.10 (m, 1H;
H-2), 4.28 (m, 1 H; H-5), 5.49 (d, 1 H; H-1, 3J(1,2)� 3.0 Hz), 7.02 (m, 4H;
CH�), 7.25 (m, 4H; CH�); 13C NMR: d� 18.6 (d, J(C,P)� 5.3 Hz, C(6)),
26.8 (CH3), 26.9 (CH3), 31.0 (CH3, tBu), 31.1 (CH3, tBu), 31.3 (CH3, tBu),
31.4 (CH3, tBu), 31.5 (CH3, tBu), 31.6 (CH3, tBu), 34.5 (C, tBu), 34.6 (C,
tBu), 35.3 (C, tBu), 55.6 (d, J(C,P)� 4.3 Hz, C(3)), 72.0 (dd, J(C,P)�
11.5 Hz, J(C,P)� 3.2 Hz, C(5)), 78.8 (d, J(C,P)� 2.7 Hz, C(2)), 81.8 (t,
J(C,P)� 3.9 Hz, C(4)), 103.8 (C(1)), 113.2 (CMe2), 123.9 (CH�), 124.1
(CH�), 126.5 (CH�), 126.6 (CH�), 132.5 (C), 132.7 (C), 140.0 (C), 140.2
(C), 145.6 (C), 146.2 (C), 146.3 (C), 146.6 (C); 31P NMR: d� 145.9 (d,
J(P,P)� 5.2 Hz, 1 P), 146.8 (d, 1P, J(P,P)� 5.2 Hz).Elemental analysis calcd
(%) for C65H94O9P2: C 72.19, H, 8.76; found: C 72.01, H 8.91.


3,6-Di-O-acetyl-1,2-O-isopropylidene-5-O-(trifluoromethane)sulfonyl-a-
d-glucofuranose (14): Anhydrous pyridine (2 mL, 20 mmol) was added to a
solution of 11 (5.2 g, 20 mmol) in dichloromethane (40 mL). After 10 min,
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acetic anhydride (1.9 mL, 20 mmol) was added dropwise over 30 min at
0 8C and the mixture was allowed to react at room temperature. After 16 h,
water (50 mL) was added, and the mixture was extracted with dichloro-
methane (3� 50 mL). The organic layer was washed with dilute sulphuric
acid and water, dried over MgSO4, and evaporated. The residue was
purified by flash chromatography (ethyl acetate/hexane 1:2) to obtain the
diacetylated compound as a colorless liquid. Yield: 3.8 g, 62%; 1H NMR:
d� 1.26 (s, 3 H; CH3), 1.51 (s, 3 H; CH3), 2.03 (s, 3H; OAc), 2.08 (s, 3H;
OAc), 3.51 (br s, 1H; OH), 3.98 (dd, 2J(6',6)� 9.6 Hz, 3J(6',5)� 5.1 Hz, 1H;
H-6'), 4.10 (m, 1 H; H-5), 4.15 (m, 1 H; H-3), 4.21 (dd, 2J(6',6)� 9.6 Hz,
3J(6,5)� 2.9 Hz, 1 H; H-6), 4.80 (d, 3J(2,1)� 3.6 Hz, 1H; H-2), 4.89 (dd,
3J(4,3)� 6.9 Hz, 3J(4,5)� 3.9 Hz, 1H; H-4), 5.79 (d, 3J(1,2)� 3.6 Hz, 1H;
H-1); 13C NMR: d� 20.6 (OAc), 20.8 (OAc), 26.6 (CH3), 64.5 (C(3)), 69.9
(C(6)), 71.5 (C(5)), 77.6 (C(4)), 77.7 (C(2)), 104.0 (C(1)), 113.2 (CMe2),
170.2 (CO), 171.0 (CO).


Anhydrous pyridine (0.5 mL, 5 mmol) was added to a solution of 3,6-di-O-
acetyl-1,2-O-isopropylidene-a-d-glucofuranose (1.52 g, 5 mmol) in di-
chloromethane (20 mL). After 10 min, trifluoromethanesulfonic anhydride
(0.85 mL, 5 mmol) was added dropwise at ÿ20 8C, and the mixture was
allowed to react at room temperature for 20 min, after which the solvent
was evaporated. The residue was purified by flash chromatography on a
small column of neutral silica (hexane/ethyl acetate 1:1) to produce the
triflate as a colorless liquid. Yield: 1.4 g, 72%; 1H NMR: d� 1.33 (s, 3H;
CH3), 1.51 (s, 3H; CH3), 2.11 (s, 3H; OAc), 2.14 (s, 3 H; OAc), 4.16 (dd,
2J(6',6)� 10.6 Hz, 3J(6',5)� 5.9 Hz, 1 H; H-6'), 4.38 (m, 2 H; H-3, H-6), 4.82
(dd, 3J(4,3)� 4.8 Hz, 3J(4,5)� 2.7 Hz, 1 H; H-4), 4.89 (d, 3J(2,1)� 3.6 Hz,
1H; H-2), 5.28 (m, 1H; H-5), 5.81 (d, 1 H; H-1, 3J(1,2)� 3.6 Hz).


3,6-Di-O-acetyl-1,2-O-isopropylidene-5-O-trifluoromethanesulfonyl-a-d-
allofuranose (19): Treatment of 3,6-di-O-acetyl-1,2-O-isopropylidene-a-d-
allofuranose[22] (1.52 g, 5 mmol), obtained by treating 16 with acetic
anhydride as described before, with trifluoromethanesulfonic anhydride
(0.85 mL, 5 mmol), as described for 14, afforded triflate 19. This was
purified by column chromatography on neutral silica (hexane/ethyl acetate
1:1) to produce a colorless liquid. Yield: 1.38 g, 71 %; 1H NMR: d� 1.31 (s,
3H; CH3), 1.52 (s, 3 H; CH3), 2.06 (s, 3 H; OAc), 2.12 (s, 3H; OAc), 4.12 (dd,
2J(6',6)� 10.2 Hz, 3J(6',5)� 6.2 Hz, 1 H; H-6'), 4.31 (dd, 3J(3,4)� 5.2 Hz,
3J(3,2)� 2.4 Hz, 1 H; H-3), 4.42 (dd, 2J(6,6')� 9.6 Hz, 3J(6,5)� 2.9 Hz, 1H;
H-6), 4.72 (dd, 3J(4,3)� 5.2 Hz, 3J(4,5)� 3.9 Hz, 1H; H-4), 4.84 (dd,
3J(2,1)� 3.6 Hz, 3J(2,3)� 2.4 Hz, 1H; H-2), 5.21 (m, 1 H; H-5), 5.79 (d,
3J(1,2)� 3.6 Hz, 1H; H-1); 13C NMR: d� 20.4 (OAc), 20.5 (OAc), 26.5
(CH3), 26.7 (CH3), 61.1 (C(3)), 72.5 (C(6)), 75.4 (C(4)), 77.1 (C(2)), 84.2
(C(5)), 104.1 (C(1)), 113.7 (CMe2), 119.4 (q, CF3, 1J(C,F)� 309 Hz), 170.1
(CO), 170.6 (CO).


In situ HP-NMR hydroformylation experiments : In a typical experiment, a
sapphire tube (f� 10 mm) was filled under argon with a solution of
[Rh(acac)(CO)2] (0.030 mmol) and ligand (molar ratio PP/Rh� 1.1) in
[D8]toluene (1.5 mL). The HP-NMR tube was purged twice with CO and
pressurized to the appropriate pressure of CO/H2. After a reaction time of
16 hours� shaking at the desired temperature, the solution was analyzed.


[HRh(CO)2(3)] (21): 1H NMR: d�ÿ9.94 (q, 2J(P,H)� 4.7 Hz, 1J(Rh,H)�
4.7 Hz, 1H), 0.95 (m, 3 H; H-6), 1.12 (s, 3 H; CH3), 1.31 (s, 3H; CH3), 1.45 (s,
9H; CH3, tBu), 1.48 (s, 9H; CH3, tBu), 1.49 (s, 9H; CH3, tBu), 1.51 (s, 9H;
CH3, tBu), 3.28 (br s, 12H; OMe), 3.74 (d, 3J(2,1)� 3.6 Hz, 1H; H-2), 4.12
(m, 1H; H-4), 4.22 (m, 1 H; H-3), 5.49 (m, 1H; H-5), 5.71 (d, 3J(1,2)�
3.6 Hz, 1 H; H-1), 6.82 (m, 2 H; CH�), 7.10 (m, 6H; CH�); 13C NMR: d�
19.6 (m, C(6)), 26.2 (CH3), 26.9 (CH3), 31.4 (CH3, tBu), 31.9 (CH3, tBu),
32.3 (CH3, tBu), 32.4 (CH3, tBu), 35.2 (C, tBu), 35.5 (C, tBu), 54.8 (OMe),
54.9 (OMe), 55.0 (OMe), 69.1 (m, C(3)), 76.2 (m, C(5)), 78.7 (m, C(2)), 83.5
(m, C(4)), 102.4 (C(1)), 113.0 (CMe2), 114.0 (CH�), 114.8 (CH�), 115.3
(CH�), 115.5 (CH�), 131.1 (C), 131.4 (C), 132.0 (C), 132.5 (C), 145.1 (C),
145.3 (C), 145.7 (C), 155.3 (C), 155.4 (C), 156.0 (C).


[HRh(CO)2(4)] (22): 1H NMR: d�ÿ9.89 (q, 1 H; 2J(P,H)� 3.6 Hz,
1J(Rh,H)� 3.6 Hz), 0.92 (m, 3 H; H-6), 1.25 (s, 9H; CH3, tBu), 1.28 (s,
9H; CH3, tBu), 1.31 (s, 18 H; CH3, tBu), 1.36 (s, 3H; CH3), 1.57 (s, 3H;
CH3), 1.62 (s, 18H; CH3, tBu), 1.64 (s, 9 H; CH3, tBu), 1.66 (s, 9 H; CH3,
tBu), 3.79 (d, 3J(2,1)� 3.6 Hz, 1H; H-2), 4.25 (dd, 3J(4,5)� 7.2 Hz, 3J(4,3)�
2.8 Hz, 1 H; H-4), 4.82 (m, 1H; H-5), 5.21 (m, 1H; H-5), 5.72 (d, 1H; H-1,
3J(1,2)� 3.6 Hz), 7.11 (m, 3 H; CH�), 7.14 (m, 1 H; CH�), 7.21 (m, 2H;
CH�); 13C NMR: d� 19.7 (m, C(6)), 26.2 (CH3), 27.0 (CH3), 31.5 (CH3,
tBu), 32.0 (CH3, tBu), 35.7 (C, tBu), 36.3 (C, tBu), 70.9 (m, C(5)), 78.2 (m,


C(3)), 83.1 (m, C(4)), 84.5 (m, C(2)), 104.9 (C(1)), 112.6 (CMe2), 124.4
(CH�), 124.8 (CH�), 126.5 (CH�), 126.9 (CH�), 132.0 (C), 132.3 (C), 132.4
(C), 140.0 (C), 140.2 (C), 146.5 (C), 146.6 (C), 146.9 (C).


[HRh(CO)2(5)] (23): 1H NMR: d�ÿ10.01 (dd, 2J(P,H)� 30.6 Hz,
2J(P,H)� 4.2 Hz, 1 H), 1.02 (m, 3H; H-6), 1.12 (s, 3H; CH3), 1.35 (s, 3H;
CH3), 1.45 (s, 9H; CH3, tBu), 1.48 (s, 18 H; CH3, tBu), 1.51 (s, 9 H; CH3,
tBu), 3.29 (s, 12 H; OMe), 4.02(d, 3J(2,1)� 3.9 Hz, 1H; H-2), 4.43 (m, 1H;
H-4), 4.72 (m, 1H; H-3), 4.99 (m, 1H; H-5), 5.69 (d, 3J(1,2)� 3.9 Hz, 1H;
H-1), 6.82 (m, 4 H; CH�), 6.92 (m, 2H; CH�), 6.95 (m, 2H; CH�);
13C NMR: d� 19.9 (m, C(6)), 27.1 (CH3), 27.8 (CH3), 31.5 (CH3, tBu), 31.7
(CH3, tBu), 34.8 (C, tBu), 35.0 (C, tBu), 54.9 (OMe), 55.0 (OMe), 77.1 (m,
C(5)), 78.5 (m, C(3)), 81.2 (m, C(4)), 83.2 (m, C-2), 104.2 (C(1)), 112.6
(CMe2), 113.5 (CH�), 114.1 (CH�), 114.3 (CH�), 114.5 (CH�), 133.4 (C),
133.5 (C), 134.2 (C), 134.3 (C), 145.9 (C), 146.3 (C), 146.5 (C), 155.8 (C),
155.9 (C), 156.3 (C).


[HRh(CO)2(6)] (24): 1H NMR: d�ÿ9.72 (dd, 2J(P,H)� 28.1 Hz,
1J(P,H)� 5.0 Hz, 1 H), 1.03 (m, 3H; H-6), 1.20 (s, 3H; CH3), 1.23 (s, 9H;
CH3, tBu), 1.27 (s, 18H; CH3, tBu), 1.29 (s, 9H; CH3, tBu), 1.35 (s, 3H;
CH3), 1.52 (s, 9H; CH3, tBu), 1.53 (s, 9 H; CH3, tBu), 1.56 (s, 18 H; CH3,
tBu), 4.11 (d, 3J(2,1)� 3.0 Hz, 1 H; H-2), 4.15 (m, 1H; H-4), 4.97 (m, 1H;
H-3), 5.08 (m, 1 H; H-5), 5.71 (d, 3J(1,2)� 3.0 Hz, 1H; H-1), 7.30 (m, 4H;
CH�), 7.41 (m, 4 H; CH�); 13C NMR: d� 19.1 (m, C(6)), 26.5 (CH3), 27.2
(CH3), 31.3 (CH3, tBu), 31.5 (CH3, tBu), 32.1 (CH3, tBu), 35.1 (C, tBu), 35.3
(C, tBu), 35.8 (C, tBu), 68.3 (m, C(5)), 71.3 (m, C(3)), 80.1 (m, C(4)), 81.9
(m, C-2), 103.4 (C(1)), 112.9 (CMe2), 124.7 (CH�), 124.8 (CH�), 125.0
(CH�), 125.2 (CH�), 132.3 (C), 132.5 (C), 133.0 (C), 133.2 (C), 145.9 (C),
146.3 (C), 146.5 (C), 146.8 (C), 147 (C).


[HRh(CO)2(7)] (25): 1H NMR: d�ÿ9.85 (dd; 2J(P,H)� 36.1 Hz,
2J(P,H)� 5.0 Hz, 1H), 0.93 (s, 3H; CH3), 1.14 (d, 3J(6,5)� 5.7 Hz, 3H;
H-6), 1.35 (s, 3 H; CH3), 1.65 (s, 9H; CH3, tBu), 1.68 (s, 9H; CH3, tBu), 1.69
(s, 9H; CH3, tBu), 1.72 (s, 9H; CH3, tBu), 3.33 (s, 12 H; OMe), 4.07 (m, 1H;
H-4), 4.50 (dd, 3J(2,1)� 3.9 Hz, 3J(2,3)� 2.4 Hz, 1 H; H-2), 4.72 (m, 1H;
H-3), 4.80 (m, 1 H; H-5), 5.40 (d, 1H; H-1, 3J(1,2)� 3.9 Hz), 6.51 (m, 2H;
CH�), 6.60 (m, 2H; CH�), 6.65 (m, 2H; CH�), 6.68 (m, 2 H; CH�);
13C NMR: d� 20.5 (m, C-6), 26.5 (CH3), 26.7 (CH3), 31.7 (CH3, tBu), 32.9
(CH3, tBu), 33.0 (CH3, tBu), 35.7 (C, tBu), 36.2 (C, tBu), 54.6 (OMe), 54.7
(OMe), 54.8 (OMe), 76.0 (d, J� 9.1 Hz, C(5)), 76.9 (C(3)), 79.9 (C(2)), 80.8
(t, J� 8.9 Hz, C(4)), 103.9 (C(1)), 112.8 (CMe2), 113.7 (CH�), 113.8 (CH�),
114.5 (CH�), 114.7 (CH�), 115.7 (CH�), 115.9 (CH�), 133.2 (C), 133.8 (C),
133.9 (C), 134.2 (C), 141.2 (C), 142.0 (C), 142.5 (C), 143.0 (C), 156.1 (C),
156.4 (C), 156.5 (C), 156.6 (C).


[HRh(CO)2(8)] (26): 1H NMR: d�ÿ9.68 (dd, 2J(P,H)� 27.0 Hz, 2J(P,H)�
4.8 Hz, 1 H), 0.92 (m, 3 H; H-6), 1.22 (s, 9 H; CH3, tBu), 1.24 (s, 9H; CH3,
tBu), 1.29 (s, 18 H; CH3, tBu), 1.32 (s, 3H; CH3), 1.59 (s, 3H; CH3), 1.70 (s,
9H; CH3, tBu), 1.74 (s, 9H; CH3, tBu), 1.76 (s, 9H; CH3, tBu), 1.79 (s, 9H;
CH3, tBu), 4.10 (m, 1H; H-4), 4.52 (t, 3J(2,1)� 3.6 Hz, 1 H; H-2), 4.72 (m,
1H; H-5), 4.75 (m, 1 H; H-3), 5.49 (d, 3J(1,2)� 3.6 Hz, 1H; H-1), 7.19 (m,
4H; CH�), 7.56 (m, 2 H; CH�), 7.62 (m, 2H; CH�); 13C NMR: d� 19.6 (C-
6), 26.8 (CH3), 31.4 (CH3, tBu), 31.5 (CH3, tBu), 31.9 (CH3, tBu), 32.0 (CH3,
tBu), 32.9 (CH3, tBu), 33.2 (CH3, tBu), 35.7 (C, tBu), 35.8 (C, tBu), 36.2 (C,
tBu), 36.3 (C, tBu), 76.1 (d, C(5), J� 9.8 Hz), 76.9 (C(3)), 79.9 (C-2), 81.2 (t,
J� 7.9 Hz, C(4)), 104.1 (C(1)), 112.9 (CMe2), 124.3 (CH�), 124.6 (CH�),
124.7 (CH�), 125.0 (CH�), 125.4 (CH�), 125.6 (CH�), 125.9 (CH�), 132.5
(C), 132.6 (C), 133.1 (C), 133.6 (C), 139.9 (C), 140.3 (C), 140.9 (C), 146.2
(C), 146.8 (C), 146.9 (C), 147.1 (C).


[HRh(CO)2(9)] (27): 1H NMR: d�ÿ10.21 (br s, 1 H), 1.11 (m, 3 H; H-6),
1.34 (s, 3H; CH3), 1.41 (s, 9 H; CH3, tBu), 1.45 (s, 3H; CH3), 1.52 (s, 9H;
CH3, tBu), 1.54 (s, 9 H; CH3, tBu), 1.58 (s, 9H; CH3, tBu), 3.21 (s, 3H;
OMe), 3.23 (s, 3H; OMe), 3.24 (s, 3H; OMe), 3.26 (s, 3H; OMe), 4.14 (m,
1H; H-4), 4.60 (dd, 3J(2,1)� 3.0 Hz, 3J(2,3)� 4.2 Hz, 1H; H-2), 5.03 (m,
1H; H-3), 5.08 (m, 1H; H-5), 5.77 (d, 1 H; H-1, 3J(1,2)� 3.0 Hz), 6.62 (m,
4H; CH�), 6.81 (m, 4 H; CH�); 13C NMR: d� 18.3 (m, C(6)), 26.3 (CH3),
26.8 (CH3), 30.7 (CH3, tBu), 31.3 (CH3, tBu), 31.7 (CH3, tBu), 32.3 (CH3,
tBu), 35.3 (C, tBu), 35.5 (C, tBu), 35.8 (C, tBu), 36.0 (C, tBu), 55.1 (OMe),
68.8 (m, C(3)), 73.8 (t, C(5), J� 6.5 Hz), 79.2 (m, C(2)), 81.0 (m, C(4), 104.1
(C(1)), 113.0 (CH�), 113.5 (CMe2), 113.9 (CH�), 114.7 (CH�), 115.5
(CH�), 132.6 (C), 132.7 (C), 132.9 (C), 133.4 (C), 141.3 (C), 141.7 (C), 142.0
(C), 142.4 (C), 156.2 (C), 156.5 (C), 146.7 (C), 157.0 (C).


[HRh(CO)2(10)] (28): 1H NMR: d�ÿ10.32 (dt, 1J(Rh,H)� 3.3 Hz,
2J(P,H)� 5.9 Hz, 1 H), 1.08 (m, 3H; H-6), 1.19 (s, 3H; CH3), 1.21 (s, 9H;
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CH3, tBu), 1.22 (s, 9 H; CH3, tBu), 1.23 (s, 9 H; CH3, tBu), 1.24 (s, 9H; CH3,
tBu), 1.33 (s, 3 H; CH3), 1.52 (s, 9H; CH3, tBu), 1.56 (s, 9H; CH3, tBu), 1.61
(s, 9H; CH3, tBu), 1.64 (s, 9H; CH3, tBu), 4.18 (m, 1 H; H-4), 4.62 (dd,
3J(2,1)� 3.3 Hz, 3J(2,3)� 4.2 Hz, 1 H; H-2), 5.01 (m, 1H; H-3), 5.09 (m,
1H; H-5), 5.79 (d, 3J(1,2)� 3.3 Hz, 1H; H-1), 7.31 (m, 4H; CH�), 7.52 (m,
4H; CH�); 13C NMR: d� 18.3 (m, C(6)), 26.4 (CH3), 26.8 (CH3), 31.3
(CH3, tBu), 31.4 (CH3, tBu), 31.8 (CH3, tBu), 32.0 (CH3, tBu), 32.2 (CH3,
tBu), 35.5 (C, tBu), 35.6 (C, tBu), 35.7 (C, tBu), 35.8 (C, tBu), 69.2 (m, C(3)),
74.4 (m, C(5)), 79.2 (t, C(2), J� 3.9 Hz), 81.2 (t, C(4), J� 4.3 Hz), 104.2
(C(1)), 113.2 (CMe2), 124.7 (CH�), 125.0 (CH�), 127.6 (CH�), 127.9 (CH�),
128.2 (CH�), 129.2 (CH�), 131.3 (C), 131.7 (C), 132.4 (C), 133.0 (C), 146.0
(C), 146.2 (C), 146.6 (C), 146.9 (C); 31P NMR: d� 164.0 (bd, 1J(Rh,P)�
234.2 Hz, 2 P).


High-pressure IR experiments : These experiments were performed in an
SS 316 50 mL autoclave equipped with IRTRAN windows (ZnS, trans-
parent up to 70cmÿ1, 10 mm i.d., optical path length 0.4 mm), a mechanical
stirrer, a temperature controller, and a pressure device. In a typical
experiment, a degassed solution of [Rh(acac)(CO)2] (0.013 mmol) and
diphosphite (0.015 mmol) in methyltetrahydrofuran (15 mL) was intro-
duced into the high pressure IR autoclave. The autoclave was purged twice
with CO, pressurized to 10 bar of CO/H2 and heated to 40 8C. The reaction
was usually completed in 3 ± 4 hours.


Hydroformylation experiments: In a typical experiment, the autoclave was
purged three times with CO. The solution was formed from [Rh(acac)-
(CO)2] (0.013 mmol) and diphosphite (0.015 mmol) in toluene (10 mL).
After pressurizing to the desired pressure with syngas and heating the
autoclave to the reaction temperature, the reaction mixture was stirred for
16 hours to form the active catalyst. In situ IR measurements indicate
shorter reaction times (3 ± 4 hours) for the complete formation of the active
catalysts. The autoclave was depressurized and a solution of styrene
(13 mmol) in toluene (5 mL) was introduced into the autoclave, which was
pressurized again. During the reaction several samples were taken from the
autoclave. After the desired reaction time, the autoclave was cooled to
room temperature and depressurized. The reaction mixture was analyzed
by gas chromatography.
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Synthesis and Characterization of Linear, Hyperbranched, and
Dendrimer-Like Polymers Constituted of the Same Repeating Unit


Sonia Merino,[a] Laurent Brauge,[a] Anne-Marie Caminade,*[a] Jean-Pierre Majoral,*[a]


Daniel Taton,[b] and Yves Gnanou*[b]


Abstract: The synthesis of a linear poly-
mer that includes both P�N and P�S
double bonds, and PÿO and PÿC single
bonds is reported by using two different
paths that involve deprotection reac-
tions and the Staudinger reaction. The
preparation of hyperbranched polymers
made up of OC6H4P(Ph)2�NÿP�S re-


peating units is also described. Five
generations of dendrimers originating
from the same building blocks were


prepared. The characterisation of all
these phosphorus-based macromolecu-
lar architectures (solution behaviour,
size exclusion chromatography, intrinsic
viscosity, thermal behaviour) revealed
marked differences in their respective
behaviour.


Keywords: degree of branching ´
dendrimers ´ hyperbranched poly-
mers ´ phosphorus ´ polymers


Introduction


It is well documented that regular dendrimers and also
hyperbranched polymers exhibit very unique properties
compared with those of their linear analogues.[1] Dendritic
macromolecules are uniformly branched three-dimensional
structures assembled through a regular succession of mono-
mer and branching units. Other features of dendritic polymers
include their inability to induce any chain entanglement in
their structure, their uniformity in size and their number of
terminal functional groups that increases with the number of
generations. On the other hand, dendritic structures can
mostly only be produced with a poor final yield, and their
synthetic step-by-step methodologiesÐeither the divergent
approach[2] or the convergent method[3]Ðare generally not
well suited to the production of large quantities of these
polymers. In contrast, hyperbranched polymers[4±6] can be
prepared at low cost and on a large scale by using a
trifunctional AB2 monomer in a one-pot synthesis, in which
A and B are antagonistic functional groups.


The synthesis of hyperbranched polymers was attempted
long after Flory speculated that ABx monomers should


undergo self-condensation and afford soluble and highly
branched materials with a three-dimensional globular shape
for a sufficiently high degree of polymerization.[7] No real
example could be proposed to illustrate Flory�s prediction
until the 90�s when all of a sudden, a noticeable number of
studies reported the step-growth polymerisation of AB2 type
monomers and the synthesis of hyperbranched polymers
based on polyphenylenes, aliphatic and aromatic polyesters,
polyethers and polyether-ketones, polyamides and poly-
amines, polyurethanes and polyureas, polysilanes and polysi-
loxanes, polyimides and polyetherimides, vinyl polymers and
so forth. Excellent review articles that highlight the essential
features of hyperbranched polymers are now available.[1b, c, 4, 5]


In contrast to regular dendrimers, hyperbranched macro-
molecules obtained by the polycondensation of AB2-type
monomers are irregular structures that are not flawless, with,
in particular, numerous unreacted B sites carried by linear
units that coexist with dendritic and terminal units. Even
though their characteristic properties mainly depend on their
ªdegree of branchingº (also named the ªbranching factorº), it
is established that these properties resemble those found for
regular dendrimers:[1, 4, 5] high solubility, low viscosity, absence
of chain entanglement and thermal stability.


Besides the ªconventional approachº that involves the
polycondensation of AB2-type monomers, recent progress has
been made towards better control of both the branching
pattern and the molar mass distribution in hyperbranched
polymers.[5] These new developments include the ªcore
dilution/slow monomer additionº technique, proton transfer
polymerisation, as well as the ring opening multi-branching
polymerisation (ROMBP) or the self-condensing vinyl poly-
merisation (SCVP) of latent AB2-type monomers.[5]
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On the other hand, a comparative study of the properties
exhibited by dendrimers, hyperbranched polymers and linear
macromolecules of same repeating unit can provide an acute
insight into how their molecular features (topology of their
building block, polydispersity) affect the structure ± property
relationship. A few reports have addressed this issue, but they
mainly focused on organic polymers.[8±12] No similar studies
have been undertaken on phosphorus-containing polymers in
spite of the enormous variety of reactions that can be
performed starting from phosphorus and the well-known
properties of some useful phosphorus-based polymers.[13, 14]


Indeed, polyphosphazenes have properties seldom found in
organic polymers (flexibility, flame resistance, hydrolytic and
chemical stability, etc.) and therefore serve in many applica-
tions in different domains of science and technology.[14]


Furthermore, synthetic methods leading to phosphorus-con-
taining dendrimers have been described in the literature,[13]


and specific applications for this class of macromolecules are
now envisaged.[15±18] In contrast, no attempt has yet been made
to prepare phosphorus-containing hyperbranched homo-
logues so that their properties could be compared with those
exhibited by dendrimers of the same building block.


We report here our first efforts in this direction, that is, the
synthesis and the characterisation of some physical properties
of a new series of linear, hyperbranched and dendritic
polymers, all of which are developed from the same starting
phosphorus reagent and made up exclusively of OC6H4P-
(Ph)2�NÿP(S) units.


Results and discussion


Synthesis


Synthesis of the linear polymers 7 and 7': The key reagent
chosen for the synthesis of linear polymers 7 and 7', which
include both P�N and P�S double bonds, as well as PÿO and
PÿC single bonds regularly distributed along the polymer
backbone, was phenoxy-(4-diphenylphosphino)phenoxy-
chlorophosphane sulfide (3) or its corresponding boron
adduct 5, prepared as shown in Scheme 1. Compound 3 was
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obtained in 80 % yield after work up from reaction of the
sodium salt of the 4-hydroxyphenyldiphenyl phosphane (2)[19]


(1 equiv) with phenoxydichlorophosphane sulfide (1 equiv) in
THF at ÿ95 8C. Compound 3 exhibits characteristic signals in
31P NMR spectroscopy [d�ÿ6.2 (s, PPh2), 58.4 (s, PÿCl)]. An
analogous reaction conducted with 4 affords the phosphane
complex 5 in 85 % yield [31P: d� 20.5 (br s, Ph3P!BH3), 57.7
(s, PÿCl)] Two strategies can be followed for the preparation
of linear polymers. The first strategy (path A, Scheme 2)
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involves the treatment of 3 with sodium azide leading to the
transient intermediate 6, which undergoes an intermolecular
Staudinger reaction with elimination of nitrogen and forma-
tion of polymer 7. The second strategy (path B, Scheme 2)
consists of the reaction of 5 with sodium azide leading to the
formation of azide 8, the last step being the phosphane
decomplexation by means of a base such as 1,4-diazabicy-
clo[2.2.2]octane (DABCO) which affords the transient species
6, then the polymer 7'.


All these transformations can be monitored by 31P NMR
spectroscopy. As an example, the substitution reaction allow-
ing the preparation of 8 from 5 is characterised in 31P NMR
spectroscopy by a slight variation of the chemical shift which
can be attributed to the XP(S) unit (5 X�Cl, d� 57.7; 8 X�
N3, d� 58.2). Moreover, the intermolecular Staudinger reac-
tion initiated by adding DABCO to 8 can also be monitored
by 31P NMR spectroscopy: The signal at d� 58.2 disappears in
favour of two doublets at d� 13.2 (P�N) and 50.6 (P�S) with
2J(P,P)� 29.1 Hz, corresponding to the formation of the
P�NÿP�S linkages.


Although the polycondensates 7 and 7' formed from this
AB monomer contain the same repeating units as those
present in the hyperbranched (11) and dendritic (13) poly-
mers described in the next section, they cannot be viewed as
true analogues of 11 and 13, because unlike these last two they
do not carry more than one free B function. Since these
unreacted B functions are known to dramatically influence
the physical properties of the resulting materials, several
authors have prepared linear polycondensates from AB2


monomers,[9, 10] for instance, after protecting one of the two
B functions.[9] They could then prepare linear, hyperbranched
and/or dendritic polymers that carry approximately the same
number of reacted and unreacted B functions. With the
synthesis of 7 and 7', our purpose was not to obtain true
analogues of 11 and 13, but rather to optimise the Staudinger
reaction.


Synthesis of hyperbranched polymers 11: These polymers
were synthesised by the one-pot condensation reactions of a
newly designed AB2 monomer that is synthesised as follows.
Treatment of the sodium salt of the phosphane boron adduct 4
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(1 equiv) with P(S)Cl3 (0.5 equiv) affords the compound 9.
Then addition of sodium azide to 9 in acetone leads to the
targeted AB2-type monomer 10 in 70 % yield. Deprotection of
the two phosphane units of 10 is carried out by using a tertiary
amine, a process that readily triggers condensation reactions
in many directions, leading to the formation of hyperbranched
polymers 11 (Scheme 3, Table 1).
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In order to vary the molecular features of this series of
polymers 11, the nature of the amine used to deprotect the
phosphane units (either DABCO or triethylamine was
employed) and the nature of the solvent (THF or toluene)
were varied. The temperature, the initial concentration of
monomer 10 to be polymerised and the reaction time were
three parameters that were also investigated with a view of
varying both the molar masses (see section solution behav-
iour) and the degree of branching (DB, see later discussion).


Here also 31P NMR serves as a tool to monitor the course of
the polymerisation. Indeed, the disappearance of both singlets
corresponding to the starting reagent 10 in conjunction with
the appearance of doublets of doublets due to the formation
of P�NÿP�S linkages and of singlets due to the linear (L) and
terminal (T) phosphane groups is observed.


Synthesis of dendrimers 13-[G1] to 13-[G5]: The synthetic
strategy for the dendrimers 13-[G1] to 13-[G5] and 13-[G'1] to
13-[G'4] involves the reiteration of a sequence of two
reactions: i) a Staudinger type reaction between species that
have free phosphane groups and the azide 10, the latter
bearing complexed phosphane groups and ii) the deprotection
of the resulting phosphane-boron adducts with a base like
DABCO. Such a methodology was applied to the preparation
of dendrimers up to the fifth generation (Scheme 4).


The starting reagent is the trisphosphane 12 which can be
easily prepared by treating 2 (1 equiv) with P(S)Cl3


(1/3 equiv); then compound 12 is treated with 10 giving rise
to the first-generation dendrimer 13-[G1] , with evolution of
nitrogen. As in the case of the synthesis of linear and
hyperbranched polymers, formation of P�NÿP�S units can be
readily detected by 31P NMR spectroscopy (two doublets at
d� 13.7 (P�N) and 50.3 (P�S) with 2J(P,P)� 30 Hz). The next
sequence of two reactions that gives rise to the second-
generation dendrimers 13-[G2] , through the decomplexation
of terminal C6H4ÿPPh2(BH3) groups to afford 13-[G'1] and
the addition of the azide 10 (6 equiv) to the six free phosphane
groups of 13-[G'1] can be also rigorously followed by 31P NMR
spectroscopy (see Table 2). Several washings with a degassed
mixture of toluene and diethyl ether (1:5) are necessary in
order to eliminate traces of the [DABCO, BH3] complex. The
repetition of this sequence of reactions successively affords
the third, fourth and fifth generations. 31P NMR data of all the
generations are given in Table 2.


Characterisation of dendrimers, and hyperbranched and
linear polymers based on [OC6H4 P(Ph)2�NÿP(S)] units


Solution behaviour : Phosphorus-based hyperbranched and
dendritic samples could be easily distinguished from the linear
polymers upon dissolving them in common organic solvents
(THF, acetone and dichloromethane). The branched archi-
tectures were found to be readily soluble in these media,
whereas polymers of linear structure hardly gave homogenous
solutions in similar conditions of temperature and concen-
tration. This significantly different solubility behaviour of
branched systems compared with that of linear polymers
mirrors the topological constraints imposed by the multiple


Table 1. Synthesis[a] and solution properties of phosphorus-based hyperbranched polymers 11.


Polymerisation conditions Characterisation in solution of polymers 11
DABCO[b] T time Mw


[c] Mw
[d] PDI[d] [h][e] DB[f]


[equiv] [8C] [h] [gmolÿ1] [g molÿ1] [dL gÿ1]


11a 2.0 80 24 1100g) 10 700 1.16 0.041 0.83
11b 2.0 25 24 850 3 600 1.19 0.032 0.84
11c 2.2 25 24 1100 36 700 8.1 0.036 0.85
11d 2.2 70 12 1200 8 600 2.02 0.041 0.84
11e 3.4 25 24 900 13 600 2.51 0.030 0.84
11 f 21.2 25 240 1800[h] 42 400 1.5 0.053 0.83


[a] The solvent used was toluene except for the synthesis of 11 f, for which THF was employed. [b] Number of equivalents of amine used to deprotect the
phosphane units, relative to the molar amount of monomer 10. Et3N was employed to synthesise 11 f. [c] Determined by standard SEC in THF (calibration
with polystyrene standards). [d] Determined by MALLS/SEC in THF (see text); (dn/dc)� 0.253; PDI�Mw/Mn. [e] Intrinsic viscosity measured in CH2Cl2.
[f] Degree of branching determined by 31P NMR spectroscopy (see text). [g] Mw� 1800 g molÿ1 by standard SEC in CHCl3 (calibration with PS standards).
[h] Mw� 2600 gmolÿ1 by standard SEC in CHCl3 (calibration with PS standards).







FULL PAPER J.-P. Majoral, A.-M. Caminade, Y. Gnanou et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3098 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143098


branching points in branched structures.[1, 4] When such
systems are put in contact with a solvent, the solvent can
easily provide the energy necessary to disrupt the interactions
existing between molecules and make such structures soluble;
this is not the case for linear chains.


Molar masses and molar masses distribution : After the
branched materials were checked on their higher solubility
in THF in comparison with the linear materials, they were
characterised by size exclusion chromatography (SEC) by
using apparatus equipped with a multi-angle laser-light-
scattering (MALLS) detector, after the increment of their


refractometric index (dn/dc) was first measured. By this
means, one can not only get access to the molar mass
distribution of each sample, but also determine their true
molar mass. For comparison purposes, samples were also
analysed by using a ªstandardº SEC equipped with both
refractometric and UV detectors, though this characterisation
was not done systematically.


The solution properties pertaining to all the compounds,
linear, dendritic and hyperbranched, are summarised in
Tables 3, 4 and 1, respectively.


As shown in Table 4, the experimental values of Mw


determined for dendrimers agree with the expected values,
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Table 2. 31P NMR chemical shifts of dendrimers 13-[G1] to 13-[G5] and 13-[G'1] to 13-[G'4].


d31P in CDCl3 (2J(P,P) [Hz])


P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11


13-[G1] 49.6 13.7 50.3 20.0
(30.0) (30.0)


13-[G'1] 49.6 12.8 51.0 ÿ 6.4
(31.4) (31.4)


13-[G2] 49.5 14.2 49.9 14.0 50.0 19.9
(30.0) (30.0) (29.2) (29.2)


13-[G'2] 49.5 14.1 50.0 13.2 50.8 ÿ 6.3
(30.1) (30.1) (29.6) (29.6)


13-[G3] 49.4 14.1 49.8 14.4 49.7 14.0 50.0 19.9
(30.1) (30.1) (29.2) (29.2) (29.2) (29.2)


13-[G'3] 49.5 14.0 49.8 14.4 49.7 13.2 50.8 ÿ 6.4
(30.5) (30.5) (29.2) (29.2) (29.5) (29.5)


13-[G4] 49.5 14.5 49.7 14.5 49.7 14.5 49.7 14.1 50.0 19.7
(30.0) (30.0) (30.0) (30.0) (30.0) (30.0) (30.1) (30.1)


13-[G'4] 49.5 14.4 49.6 14.4 49.6 14.4 49.6 13.2 50.7 ÿ 6.5
(30.0) (30.0) (28.0) (28.0) (28.0) (30.0) (29.5) (29.5)


13-[G5] 49.5 14.4 49.7 14.4 49.7 14.4 49.7 14.4 49.7 14.0 50.0 19.8
(31.0) (31.0) (31.0) (31.0) (31.0) (31.0) (31.0) (31.0) (29.0) (29.0)
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confirming that the Staudinger
condensation of phosphanes
with azides is clean and free of
any side reaction. The MALLS/
SEC traces of these samples
were found to be monomodal,
symmetrical and free of any
contaminant, mirroring a nar-
row distribution of molar mass-
es (Figure 1).


In contrast, the MALLS/SEC
traces of the hyperbranched
polymers were typical of those
exhibited by samples with a
broad distribution of molar
masses (Figure 2). The two sig-


nals arising from the light scattering (LS) and the refracto-
metric detectors were indeed dissymmetrical, whereas the LS
signal emphasised the presence of high molar mass species,
the other revealed the existence of oligomers.


On the other hand, Table 1 shows that the choice of
experimental conditions has a dramatic effect on both the
molar mass and the polydispersity index of the hyperbranched
materials obtained.


It is worth pointing out that the Mw values of the hyper-
branched polymers, as given by MALLS/SEC, drastically
differ from those obtained by standard SEC. The absolute
molar masses of hyperbranched polymers are, indeed, sig-
nificantly higher than the apparent values derived from
standard SEC whose columns are calibrated with linear
polystyrene standards. This difference is explained by the
densely branched structures of polymers 11 so that their
hydrodynamic volume is lower than that of a linear homo-
logue of same molar mass. Another indication that standard
SEC is not suitable for the determination of molar masses of


Figure 2. MALLS/SEC trace (refractometric�RI detector and light
scattering�LS detector) of hyperbranched phosphorus-based polymer 11.


branched polymers such as 11 was the fact that the change of
the mobile phase (THF in place of chloroform) provided a
wide variation in the values obtained. Thus, the elution profile
is found to be sensitive to the nature of the mobile phase; this
is likely to be due to a difference in the hydrodynamic volume
of the polymers in the two solvents tried.


It should be noted that the high polydispersity index
obtained for polymer 11 c (PDI� 8.1, as determined by
MALLS/SEC) is presumably due to the presence of low
molar mass oligomers that were not removed after the
recovery of this compound.


Intrinsic viscosity : The dependence of the intrinsic viscosity
[h] is generally described by the empirical Kuhn ± Mark ±
Houwink ± Sakurada (KMHS) equation: [h]�KMa, in which
the constants K and a are specific to the system investigated.
For instance, a depends on the shape of the macromolecules
and on its segment distribution; for macromolecules with a
sphere shape, a� 0, whereas for coiling chains a� 1�2 or a�
0.754 whether these chains are in a q (q conditions correspond
to an equal affinity of monomer repeating units for solvent
and other repeating units) or in a good solvent. Being
expressed in mL gÿ1, [h] cannot be viewed as a measure of
the viscosity of a macromolecule, but is rather used as an
indicator of its hydrodynamic volume. By using the Einstein
approach, the viscosity can also be expressed as [h]�f(s3/M),
in which s and f are the radius of gyration and the so-called
Flory ± Fox constant, respectively. This equation can also be
written in a more simple way as the ratio of the hydrodynamic
volume (Vh) to the molar mass (M) of the macromolecules.


In the case of dendrimers,[1] their molar masses are expected
to increase exponentially with the number of generations
(g�1) upon following a (2g�1ÿ 1) progression, whereas their
hydrodynamic volumes are supposed to expand in (g�1)3. The
function (g�1)3/(2g�1ÿ 1) and, accordingly, [h] should pass
through a maximum between the third and fourth genera-
tions. The bell-shaped curve experimentally exhibited by [h]
in the case of dendrimers was first observed by FreÂchet
et al.[20] and exactly the same behaviour was observed with our
phosphorus-based dendrimers (Figure 3). As for hyper-
branched polymers, their [h] values are expected to increase
very moderately with the molar mass; this is known to be the
case when the exponent a taking very low values in the
KMHS equation. This behaviour is consistent with the fact


Table 3. Solution properties of phosphorus-based linear polymers 7.


Mw
[a] dn/dc Mw


[b] PDI[b] [n]
[gmolÿ1] [mL gÿ1] [g molÿ1] [dL gÿ1]


7 790 0.213 6730 1.21 0.043
7' 850 0.213 14 800 1.32 0.046


[a] Determined by standard SEC in THF (calibration with polystyrene
standards). [b] Determined by MALLS/SEC in THF (see text); PDI�
Mw/Mn.


Figure 1. MALLS/SEC trace
(refractometric�RI detector
and light scattering�LS detec-
tor) of 13-[G3] .


Table 4. Solution properties of phosphorus-based dendrimers.


dn/dc Mw
[a] PDI[a] [h]


[mL gÿ1] [gmolÿ1] [dL gÿ1]


13-[G1] 0.228 3200 1.015 0.06
13-[G2] 0.234 6900 1.008 0.12
13-[G3] 0.222 15100 1.008 0.13
13-[G4] 0.234 29900 1.012 0.04
13-[G5] 0.251 60200 1.029 0.03
13-[G'1] 0.216 2850 1.086 0.02
13-[G'2] 0.242 7000 1.036 0.11
13-[G'3] 0.235 13000 1.017 0.12
13-[G'4] 0.235 22000 1.014 0.04


[a] Determined by MALLS/SEC in THF (see text); PDI�Mw/Mn.
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Figure 3. Intrinsic viscosity of phosphorus-based dendrimers.


that hyperbranched polymers are densely packed macro-
molecules that behave like moderately solvated spheres.[1d, 21]


As the series of hyperbranched polymers exhibit signifi-
cantly different molar mass distribution, it was not attempted
to plot the variation of their [h] as a function of their mass
average molar mass. However, the comparison of the intrinsic
viscosity of dendrimers and hyperbranched polymers of
approximately the same molar mass shows that the hydro-
dynamic volume of the latter is lower than that of their
dendritic homologues, in agreement with FreÂchet�s fin-
dings.[1d, 20] In addition, [h] remains almost constant for
hyperbranched polymers, which is likely related to their
rather low molar masses (Table 1).


Degree of branching of hyperbranched polymers 11: Apart
from their broad molar mass distribution as compared with
that exhibited by regular dendrimers, the degree of branching
(DB) is another characteristic feature of hyperbranched
polymers derived from the polycondensation of AB2-type
monomers.[4] To determine the DB of compounds 11, we used
the definition proposed by FreÂchet and Hawker [Eq. (1)]:[22]


DB� �D� � �T�
�D� � �L� � �T� (1)


in which [D], [L] and [T] are the concentrations of
dendritic, linear and terminal units, respectively. Since the
number of dendritic units is very close to that of terminal
units, the above formula can be rewritten[22] as Equation (2).


DB� 2�T�
2�T� � �L� (2)


It has been predicted[6] that DB should reach a theoretical
value of 0.5 for the ªconventionalº step-growth polymer-
ization of AB2-type monomers provided the reaction occurs
randomly, in absence of any side event (like intramolecular
cyclisation), and if the reactivity of the functional B groups is
independent of molar mass and conversion.


However, several teams have proposed novel methods to
obtain branched macromolecules with a limited number of
linear units with a view to generating hyperbranched systems
whose behaviour would resemble that exhibited by regular
dendrimers. For instance, some authors ªmanipulatedº ABn


(n� 2, 3, 4 and 6) monomers,[22, 23] whereas Hobson and Feast
suggested a way to activate the second B group after the first
one had reacted.[24] Another strategy consists in further


converting the linear units into dendritic units by post-
chemical modification.[25] More recently, Maier et al. de-
scribed an elegant approach to hyperbranched polymers with
a DB of 100 % (without any linear unit) from an AB2


monomer, A being a maleimide group and B an azine
function.[26] When an A group reacts with one B group, an
unstable intermediate is reversibly formed that favours the
subsequent reaction of the second B group, irreversibly. In
other words, either both B groups of a repeating unit react
successively or neither B group reacts at all.


On the other hand, the calculation of DB generally requires
the use of model compounds that possess similar structures to
that of linear (L), dendritic (D) and terminal (T) units present
in the corresponding hyperbranched polymer.[4, 22±26] Upon
characterisation by NMR spectroscopy, the chemical shifts
due to D, L and T units of these model compounds can be
identified and their intensity evaluated. In our case, the
regular dendrimers described above were used to assign the
peaks that were detected in the 31P NMR spectra of polymers
11, particularly those corresponding to terminal units. The DB
of polymers 11 could be determined by comparison of the
intensities of the peaks assigned to the terminal units at d�
ÿ3.1 and to the linear units at d�ÿ2.9. DB was derived from
Equation (3) since measurements were done on part B of the
AB2 system with the intensity of the signal of a terminal unit B
being twice the intensity of the signal of a linear unit B (see
Scheme 3).


DB� I �T�
I �T� � I �L�


(3)


It should be stressed that the spectroscopic data of all the
hyperbranched polymers synthesised were essentially the
same irrespective of the nature of the amine tried and the
temperature of the reaction. Therefore, the results obtained
show that DB is almost the same (0.83 ± 0.85), irrespective of
the experimental conditions employed (Table 1). Of partic-
ular interest is the fact that these values are higher than those
generally reported in the literature (DB� 0.5 ± 0.6). Our
results compare well with those obtained by others[24±26] who
determine DB values in the range of 0.8 ± 0.9.


To account for the enhanced values obtained in our case,
one can assume that the formation of a first P�N linkage in an
AB2 unit can intramolecularly activate the second B group
and favour its reaction.


Indeed, such a reaction leading to a P�N double bond
proceeds by nucleophilic attack of the phosphane on the
terminal a-nitrogen atom of the azide to afford a linear,
unstable phosphazide, which then dissociates to the imino-
phosphorane form with elimination of dinitrogen (Scheme 5).


R3P Nα Nβ Nγ R'R3P Nα Nβ Nγ R'


R3P


Nα Nβ


Nγ R3P Nγ R'R'


R3P + N3R'


- N2


Scheme 5.
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A few phosphazide complexes were characterised, with
complexation taking place through a-, b- or g-nitrogen
atoms.[27] One can assume that an intramolecular complex-
ation with BH3 of one of the three nitrogen atoms of the
phosphazide unit, probably the less hindered nitrogen atom
Nb, takes place with decomplexation and therefore activation
of the neighbouring phosphino group (Scheme 6).


Thermal behaviour : Owing to their globular shape and their
highly branched structures, dendrimers and hyperbranched
polymers are expected to be amorphous, although some
exceptions are reported such as the hyperbranched polyethers
of Percec which exhibit liquid crystalline properties.[28]


In analogy with their solution properties, the thermal
properties of dendrimers and hyperbranched structures and,
namely, their glass transition temperatures (Tg�s) also depend
on the nature of their end groups, as well as factors that are
specific to the inner part such as the backbone rigidity, the
degree of branching, etc. Insofar as the terminal end groups
do not exhibit peculiar features (polarity), Stutz suggested, in
his study of the parameters influencing Tg in dendritic
polymers,[29] that the Tg should be essentially governed by
the chemical structure of the repeating units more than any
other factors. Therefore, only little differences could be
observed between linear and highly branched structures.


Differential scanning calorimetry (DSC) was used to
determine the Tg�s of our phosphorus-based polymers. The
results obtained confirmed that these materials are all
amorphous. As expected, significant differences were ob-
served between dendrimers of the same generation depending
upon the nature of their terminal groups (Table 5). A higher
Tg was observed for the series of dendrimers fitted with BH3


end groups (ranging from 120 to 150 8C) relative to that of
their homologues carrying phosphane functionalities (Tg


ranged from 69 to 87 8C). Steric crowding of the external
layer may be the reason for the higher Tg in the case of
dendrimers complexed with BH3. Tg�s were also found to


slightly increase with the generation number; this is certainly
due to the increase in the molar mass of the object considered.
As for the hyperbranched homologues, they exhibited Tg


values between 109 and 114 8C. The slight differences in Tg�s
between regular dendrimers and hyperbranched polymers can
be ascribed to the presence of very low molar mass
compounds in hyperbranched polymers (plasticiser effect),


the latter exhibiting broad mo-
lar mass distribution (see Ta-
ble 1).


As for the case of linear
compounds described above,
their Tg values are reported for
indicative purpose. Considering
that these polymers are not the
true linear analogues of the
dendrimers 13 and hyper-
branched polymers 11, there is
no reason for them to exhibit
the same Tg as that measured
for the phosphorous-based
branched compounds.


Therefore, as expected, the
Tg behaviour of these phospho-
rus-containing polymers is in-
dependent of their overall
structure and shape, but rather
depends on the chemical nature
of their repeating units and end
groups.


The thermal stability of all these phosphorus-containing
polymers was also investigated by thermogravimetric analysis
(TGA) under a nitrogen atmosphere (Table 5). After a loss of
2 ± 7 % due to the evolution of residual volatiles at 150 ±
200 8C (solvents), both kinds of dendrimers were found to
be thermally stable up to 400 8C, irrespective of the generation
considered. On the other hand, only minor differences were
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Table 5. Glass transition temperature (Tg), and TGA data of phosphorus-
based polymers.


Mw
[a] PDI[a] Tg


[b] Tdec
[c]


[g molÿ1] [8C] [8C]


13-[G1] 3 200 1.015 119.7 444
13-[G2] 6 900 1.008 138.8 458
13-[G3] 15 100 1.008 144.4 470
13-[G4] 29 900 1.012 146.3 463
13-[G5] 60 200 1.029 148.2 438
13-[G'1] 2 850 1.086 69.2 422
13-[G'2] 7 000 1.036 77.8 465
13-[G'3] 13 000 1.017 83.5 472
13-[G'4] 22 000 1.014 87.4 476


7 6 730 1.21 109 419
7' 14 800 1.32 101 355


11a 42 500 1.47 114 427
11d 8 600 2.02 110 453
11 f 38 000 1.38 109 476


[a] Determined by MALLS/SEC in THF (see text); (dn/dc)� 0.253.
[b] Glass transition temperature determined by DSC. [c] Temperature of
decomposition determined by TGA from the point of intersection between
the initial base line and the slopping portion at the beginning of the weight
loss of the polymer.
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observed between the two series of dendrimers, those
complexed with BH3 and those incorporating free terminal
phosphane units. Likewise, hyperbranched polymers exhib-
ited similar stabilities to those of their dendritic homologues.


These results on the thermal behaviour of phosphorus-
containing materials are fully consistent with the outcome of
previous investigations.[4, 29]


Conclusion


A series of polymers constituted of [OC6H4P(Ph)2�NÿP(S)]
repeating units have been covalently assembled in dendritic,
hyperbranched, and linear structures. By using AB-type
monomers for the preparation of linear chains, AB2-type
reagents for hyperbranched polymers, and appropriate build-
ing blocks in reiterated reactions for dendrimers, samples of
different topology could be obtained through the Staudinger
reaction of phosphane groups with azido functions. In the case
of the hyperbranched structures, a higher degree of branching
(DB� 0.8 ± 0.9) than that expected for AB2 repeating units
(DB� 0.5 ± 0.6) could be obtained, presumably due to the
activation of the second B group during the reaction of the
first one.


The characterisation of these phosphorus-based macro-
molecular structures in solution revealed marked differences
in their respective behaviour. A bell-shaped curve could be
established for the [h] behaviour of the dendrimers, whereas
the [h] of hyperbranched polymers was found to vary
moderately with the molar mass. They were shown to depend
on both the chemical nature of the repeating units and the
terminal functions, as well as the Tg�s of these branched
structures.


Experimental Section


General : All manipulations were carried out with standard high vacuum
and dry-argon techniques. 1H, 13C and 31P NMR spectra were recorded with
Bruker AC200, AC250, DPX 300 or AMX 400 spectrometers. References
for NMR chemical shifts are SiMe4 for 1H and 13C NMR and 85% H3PO4


for 31P NMR. The numbering used for NMR assignments is depicted in
Figure 4. Compound 1 was prepared according to the literature.[19]


Measurements : Thermogravimetric analyses were carried out by using a
Perkin ± Elmer TGA 7 thermogravimetric analyser. Glass transition tem-
peratures were determined by differential scanning calorimetry with a
Perkin ± Elmer DSC 7 apparatus. For both TGA and DSC analyses, heating
rates were 10 Kminÿ1. The Tg was taken as the midpoint of the inflection
tangent, on the second or subsequent heating scan after the sample was
quickly (50 K minÿ1) quenched below its Tg following the first heating.
Apparent molar masses were determined with size exclusion chromatog-
raphy apparatus equipped with a Varian refractive index detector and a


JASCO 875 UV/VIS absorption detector fitted with three TSK columns
(G4000HXL, G3000HXL, G2000HXL). Calibration in the case of RI
detection was performed by using linear polystyrene standards. The actual
molar masses were calculated from the response of a multi-angle laser-
light-scattering detector (Wyatt Technology) Astra software version 4.20,
which was connected to the size exclusion chromatography (MALLS/SEC)
line. The dn/dc values for all these samples were measured in THF, at 25 8C,
with a laser source operating at 633 nm. Capillary viscosity measurements
were made in CH2Cl2 at 25 8C with viscometers from semaTECH.


Synthesis of 3 : A solution of the sodium salt 2 (3.38 g, 11.25 mmol) in
degassed THF (35 mL) was added dropwise to a solution of phenoxy
dichlorophosphane sulfide (2.55 g, 11.25 mmol) maintained between ÿ100
and ÿ85 8C. After stirring for 12 h at room temperature, the reaction
mixture was centrifuged, the solvent was evaporated and the residue was
extracted with THF/pentane (1:3) to give 3 as a colourless oil. Yield: 80%;
31P{1H} NMR (CDCl3, 81.015): d�ÿ6.2 (s, P1), 58.4 (s, P0); 1H NMR
(CDCl3, 200.132): d� 7.26 ± 7.43 (m, 19H; C6H5, C6H4); 13C{1H} NMR
(CDCl3, 62.896): d� 121.07 (d, 3J(C,P0)� 4.59 Hz, C2), 121.3 (ªtº,
3J(C,P0)� 3J(C,P1)� 6.04 Hz, C0


2), 126.53 (s, C4), 128.66 (d, 3J(C,P1)�
7.92 Hz, C1


3), 129.00 (s, C1
4), 129.89 (s, C3), 133.73 (d, 2J(C,P1)� 19.7 Hz,


C1
2), 135.21 (d, 2J(C,P1)� 20.5 Hz, C0


3), 135.7 (d, 1J(C,P1)� 10.3 Hz, C0
4),


136.64 (d, 1J(C,P1)� 11 Hz, C1
1), 150.18 (d, 2J(C,P0)� 9.69 Hz, C1), 150.6 (d,


2J(C,P0)� 9.94 Hz, C0
1); elemental analysis calcd (%) for C24H19ClO2P2S


(468.9): C 68.48, H 4.05, N 4.08; found C 68.39, H 3.98, N 3.97.


Synthesis of 4 : A solution of BH3, SMe2 in THF (2m, 85 mL, 17 mmol) was
added to a solution of 1[19] (3.78 g, 13 mmol) in degassed THF (20 mL) at
0 8C. After stirring overnight at room temperature, the solvent was
evaporated and the resulting powder was purified on column chromatog-
raphy on silica (eluent CH2Cl2). The boron complex was isolated in 90%
yield. A solution of this complex (2.46 g, 8.43 mmol) in THF (15 mL) was
added dropwise to a heterogenous solution of NaH (0.246 g, 10.28 mmol) at
room temperature. After stirring for 4 h at room temperature,the mixture
was centrifuged and filtered to afford 4 as a pale yellow powder. Yield:
98%; 31P{1H} NMR ([D8]THF, 81.015): d� 21.5 (br s); 1H NMR ([D8]THF,
250.133): d� 0.34 (br s, 3H; BH3), 6.31 (dd, 3J(H,H)� 8.7 Hz, 4J(H,P)�
2.2 Hz, 2H; H0


2), 7.07 ± 7.39 (m, 12 H; C6H5, H0
3); 13C{1H} NMR ([D8]THF,


50.323): d� 107.38 (d, 1J(C,P)� 69.0 Hz, C0
4), 120.98 (d, 3J(C,P)� 11.7 Hz,


C0
2), 129.42 (d, 3J(C,P)� 9.9 Hz, C1


3), 131.44 (s, C1
4), 134.27 (d, 1J(C,P)�


56.66 Hz, C1
1), 134.15 (d, 2J(C,P)� 9.8 Hz, C1


2), 136.6 (d, 2J(C,P)� 11.3 Hz,
C0


3), 175.21 (s, C0
1); elemental analysis calcd (%) for C18H17BNaOP (314.1):


C 68.83, H 5.46; found C 68.78, H 5.37.


Synthesis of 5 : A solution of the sodium salt 4 (2.30 g, 7.33 mmol) in
degassed THF (20 mL) was added dropwise to a solution of phenoxy
dichlorophosphane sulfide (1.66 g, 7.33 mmol) maintained between ÿ100
and ÿ85 8C. After stirring for 12 h at room temperature, the reaction
mixture was centrifuged, the solvent was evaporated and the residue was
washed with pentane (10 mL) to give 5 as a colourless oil. Yield: 95%;
31P{1H} NMR (CDCl3, 81.015): d� 20.5 (br s, P1), 57.7 (s, P0); 1H NMR
(CDCl3, 250.133): d� 1.24 (br s, 3 H; BH3), 7.28 ± 7.66 (m, 19 H; C6H5,
C6H4); 13C{1H} NMR (CDCl3, 50.323): d� 121.04 (d, 3J(C,P0)� 4.73 Hz,
C2), 121.53 (dd, 3J(C,P0)� 5.66 Hz, 3J(C,P1)� 10.79 Hz, C0


2), 126.4 (br s,
C4), 127.44 (d, 1J(C,P1)� 56.8 Hz, C0


4), 128.43 (d, 1J(C,P1)� 57.92 Hz, C1
1),


128.76 (d, 3J(C,P1)� 9.81 Hz, C1
3), 129.78 (s, C3), 131.36 (s, C1


4), 132.97 (d,
2J (C,P1)� 9.36 Hz, C1


2), 134.88 (d, 2J(C,P1)� 10.56 Hz, C0
3), 149.9 (d,


2J(C,P0)� 10.7 Hz, C1), 152.15 (dd, 2J(C,P0)� 8 Hz, 4J(C,P1)� 2.76 Hz,
C0


1); elemental analysis calcd (%) for C24H22BClO2P2S (482.7): C 59.72,
H 4.59; found C 59.56, H 4.49.


Synthesis of the linear polymer 7: A solution of 3 (6.35 g, 13.5 mmol) in
CH3CN (20 mL)was added dropwise to a solution of sodium azide (0.9 g,
13.5 mmol) in CH3CN (20 mL). The resulting mixture was stirred for two
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Figure 4. Numbering scheme used for NMR spectroscopic assignments.
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days at room temperature and the precipitate filtered. Extraction with
CH2Cl2 gave a powder; this was washed with CH3CN (2� 20 mL) to give
the polymer 7 (5 g) as a white powder. 31P{1H} NMR (CDCl3, 81.015): d�
13.2 (d, 2J(P,P)� 29.1 Hz, P�N), 50.6 (d, 2J(P,P)� 29.1 Hz, P�S); 1H and
13C NMR could not be rigorously interpreted (overlapping of signals).


Synthesis of the linear polymer 7': 1,4-Diazabicyclo[2.2.2]octane (DABCO,
0.208 g, 1.84 mmol) was added to a solution of 8 (0.9 g, 1.84 mmol) in
toluene/CH2Cl2 (3:5, 160 mL). The resulting mixture was stirred for 4 h and
then the solvents were removed to give a powder; this was washed twice
with CH3CN (20 mL) to give 7' (0.4 g) as a white powder. 31P{1H} NMR
(CDCl3, 81.015): d� 13.2 (d, 2J(P,P)� 29.1 Hz, P�N), 50.6 (d, 2J(P,P)�
29.1 Hz, P�S); 1H and 13C NMR could not be rigorously interpreted
(overlapping of signals).


Synthesis of 8 : Sodium azide (0.47 g, 7.17 mmol) was added to a solution of
5 (3.37 g, 6.98 mmol) in acetone (30 mL). The resulting mixture was stirred
for 12 h at room temperature and then the solvent removed. THF (30 mL)
was added and the resulting mixture was filtered off to eliminate the
sodium salts. Evaporation of THF afforded a powder purified by column
chromatography (eluent pentane/toluene 1/1). Compound 8 was obtained
as a white powder. Yield: 70%; m.p. 93 8C; 31P{1H} NMR (CDCl3, 32.438):
d� 20.8 (br s, P1), 58.2 (s, P0); 1H NMR (CDCl3, 200.132): d� 1.58 (br s, 3H;
BH3), 7.22 ± 7.67 (m, 19H; C6H5, C6H4); 13C{1H} NMR (CDCl3, 50.323): d�
120.98 (d, 3J(C,P0)� 4.6 Hz, C2), 121.48 (dd, 3J(C,P0)� 4.63 Hz, 3J(C,P1)�
10.72 Hz, C0


2), 126.21 (d, 5J(C,P0)� 2.11 Hz, C4), 127.05 (d, 1J(C,P1)�
57.8 Hz, C0


4), 128.5 (d, 1J(C,P1)� 58.5 Hz, C1
1), 128.8 (d, 3J(C,P1)�


10.4 Hz, C1
3), 129.8 (s, C3), 131.36 (d, 4J(C,P1)� 2.21 Hz, C1


4), 132.98 (d,
2J(C,P1)� 9.76 Hz, C1


2), 134.91 (d, 2J(C,P1)� 10.67 Hz, C0
3), 149.7 (d,


2J(C,P0)� 9.1 Hz, C1), 152.2 (dd, 2J(C,P0)� 7.4 Hz, 4J(C,P1)� 2.9 Hz, C0
1);


I.R. (KBr): nÄ � 2162 cmÿ1 (N3); elemental analysis calcd (%) for
C24H22BN3O2P2S (489.3): C 58.91, H 4.53, N 8.59; found C 58.85, H 4.48,
N 8.51.


Synthesis of 9 : A solution of 4 (5 g, 15.9 mmol) in THF (50 mL) was added
dropwise to a solution of SPCl3 (0.8 mL, 7.85 mmol) maintained between
ÿ100 and ÿ95 8C. After stirring for 12 h at room temperature, the reaction
mixture was centrifuged and filtered, and the solvent was evaporated to
give 9 as a white powder. Yield: 93%; m.p. 98 8C; 31P{1H} NMR (CDCl3,
81.015): d� 20.8 (br s, P1), 56.5 (s, P0); 1H NMR (CDCl3, 200.132): d� 1.5
(br s, 6 H; BH3), 7.3 ± 7.7 (m, 28 H; C6H5, C6H4); 13C{1H} NMR (CDCl3,
62.896): d� 121.6 (dd, 3J(C,P0)� 5.5 Hz, 3J(C,P1)� 11.4 Hz, C0


2), 127.93 (d,
1J(C,P1)� 60.2 Hz, C0


4), 128.5 (d, 1J(C,P1)� 57.9 Hz, C1
1), 128.9 (d,


3J(C,P1)� 10.9 Hz, C1
3), 131.6 (s, C1


4), 133.1 (d, 2J(C,P1)� 9.7 Hz, C1
2),


135.11 (d, 2J(C,P1)� 10.3 Hz, C0
3), 152.1 (d, 2J(C,P0)� 10 Hz, C0


1); ele-
mental analysis calcd (%) for C36H34B2ClO2P3S (680.7): C 63.52, H 5.03;
found C 63.38, H 4.89.


Synthesis of 10 : Sodium azide (0.56 g, 8.6 mmol) was added to a solution of
9 (5.5 g, 8.36 mmol) in acetone (30 mL). The resulting mixture was stirred
for 12 h and then the solvent was evaporated. Addition of THF (30 mL) to
the resulting powder followed by centrifugation, filtration, then evapo-
ration of the solvent, gave a powder; this was purified by column
chromatography on silica gel (eluent toluene/pentane 3/2) to give 10 as a
white powder. Yield: 70 %; m.p. 149 8C; 31P{1H} NMR (CDCl3, 81.015): d�
20.9 (br s, P1), 57.7 (s, P0); 1H NMR (CDCl3, 200.13): d� 1.5 (br s, 6H; BH3),
7.29 (dt, 4J(H,P0)� 4J(H,P1)� 1.7 Hz, 3J(H,H)� 8.7 Hz, 4H; H0


2), 7.43 ±
7.61 (m, 24H; C6H5, H0


3); 13C{1H} NMR (CDCl3, 50.323): d� 121.37 (dd,
3J(C,P0)� 5 Hz, 3J(C,P1)� 10.9 Hz, C0


2), 127.3 (d, 1J(C,P1)� 57.7 Hz, C0
4),


128.4 (d, 1J(C,P)� 58.07 Hz, C1
1), 128.76 (d, 3J(C,P1)� 10.56 Hz, C1


3),
131.34 (s, C1


4), 132.96 (d, 2J(C,P1)� 9.96 Hz, C1
2), 134.93 (d, 2J(C,P1)�


10.77 Hz, C0
3), 151.8 (dd, 2J(C,P0)� 8.6 Hz, 4J(C,P1)� 2.9 Hz, C0


1); IR
(KBr): nÄ � 2168 cmÿ1 (N3); elemental analysis calcd (%) for C36H34B2-
N3O2P3S (687.3): C 62.91, H 4.99, N 6.11; found C 62.82, H 4.86, N 5.99.


Synthesis of 11a ± e : DABCO (a,b : 0.21 g, 1.93 mmol; c,d : 0.23 g,
2.12 mmol; e : 0.36 g, 3.28 mmol) was added to a solution of the azide 10
(0.6 g, 0.87 mmol) in degassed toluene (a : 12 mL, b ± d : 15 mL, e : 68 mL).
The resulting mixture was stirred for 24 h (a : 80 8C; b, c, e : room
temperature; d : 70 8C), then the solvent was evaporated to give a powder;
this was purified by washing with a degassed mixture of toluene/diethyl
ether (1:10). Hyperbranched polymers 11a ± e were obtained as a white
powders (0.4 g).


Synthesis of 11 f : A large excess of triethylamine (14 mL, 100 mmol) to a
solution of the azide 10 (3.22 g, 4.7 mmol) in degassed THF (12 mL) at


room temperature. The resulting mixture was stirred for 10 days and then
the solvent was evaporated to give a powder; this was purified by washing
with degassed mixture of THF/diethyl ether (1:10). Hyperbranched
polymer 11 f was obtained as a white powder (2.5 g).


NMR data for 11a ± f : 31P{1H} NMR (CDCl3, 101.256): d�ÿ6.3 (m, PPh2),
14.2 (m, P�N), 50.0 (m, P�S); 1H and 13C NMR could not be rigorously
interpreted (overlapping of signals).


Synthesis of 12 : SPCl3 (0.21 mL, 2.22 mmol) was added to a solution of the
sodium salt 2 (2 g, 6.66 mmol) in degassed THF (20 mL). After stirring for
12 h at room temperature, the reaction mixture was centrifuged and
filtered, the solvent was evaporated and the residue purified by column
chromatography on silica gel with a pentane/toluene 3/2 solution as eluent.
Compound 12 was obtained as a white powder. Yield: 80%; m.p. 61 8C;
31P{1H} NMR (CDCl3, 81.015): d�ÿ6.3 (s, P1), 52.1 (s, P0); 1H NMR
(CDCl3, 250.133): d� 7.2 (d, 3J(H,H)� 8.6 Hz, 6 H; H0


2), 7.25 ± 7.36 (m,
36H; C6H5, H0


3); 13C{1H} NMR (CDCl3, 50.323): d� 121.01 (ªtº,
3J(C,P0)� 3J(C,P1)� 6.1 Hz, C0


2), 128.45 (d, 3J(C,P1)� 6.8 Hz, C1
3), 128.76


(s, C1
4), 132.97 (d, 1J(C,P1)� 9.56 Hz, C0


4), 133.53 (d, 2J(C,P1)� 19.62 Hz,
C1


2), 135.03 (d, 2J(C,P1)� 20.5 Hz, C0
3), 136.6 (d, 1J(C,P1)� 10.62 Hz, C1


1),
150.8 (d, 2J(C,P0)� 7.85 Hz, C0


1); elemental analysis calcd (%) for
C54H42O3P4S (894.9): C 72.48, H 4.73, N 6.11; found C 72.2, H 4.67, N 6.01.


Dendrimer 13-[G1]: A solution of azide 10 (2.76 g, 4.02 mmol) in CH2Cl2


(10 mL) was added to a solution of 12 (1.2 g, 1.34 mmol) in CH2Cl2 (5 mL)
at room temperature. The resulting mixture was stirred for 3 h, then the
solvent was evaporated to give a residue, which was washed with THF/
pentane (1:10, 2� 20 mL). Dendrimer 13-[G1] was isolated as a white
powder. Yield: 95 %; 1H NMR (CDCl3, 250.133): d� 1.25 (br s, 18 H; BH3),
7.19 (dt, 3J(H,H)� 8.5 Hz, 4J(H,P2)� 4J(H,P3)� 1.4 Hz, 12H; H2


2), 7.33 ±
7.66 (m, 114 H; C6H5, C6H4); 13C{1H} NMR (CDCl3, 62.896): d� 121.41 (dd,
3J(C,P0)� 4.7 Hz, 3J(C,P1)� 13.9 Hz, C0


2), 121.9 (dd, 3J(C,P2)� 5.2 Hz,
3J(C,P3)� 10.4 Hz, C2


2), 124.26 (d, 1J(C,P3)� 60.13 Hz, C2
4), 126.20 (dd,


1J(C,P1)� 110 Hz, 3J(C,P2)� 3 Hz, C0
4), 127.88 (dd, 1J(C,P1)� 105 Hz,


3J(C,P2)� 4 Hz, C1
1), 128.79 (d, 3J(C,P3)� 10.5 Hz, C3


3), 128.86 (d,
3J(C,P1)� 13.2 Hz, C1


3), 129.3 (d, 1J(C,P3)� 54 Hz, C3
1), 131.28 (s, C3


4),
132.67 (d, 2J(C,P1)� 11.32 Hz, C1


2), 132.99 (s, C1
4), 133.07 (d, 2J(C,P3)�


9.5 Hz, C3
2), 134.50 (d, 2J(C,P3)� 10.56 Hz, C2


3), 134.98 (d, 2J(C,P3)�
9.5 Hz, C0


3), 153.42 (dd, 2J(C,P2)� 8.01 Hz, 4J(C,P3)� 3.8 Hz, C0
1), 154.47


(br d, 2J(C,P0)� 7.23 Hz, C2
1); elemental analysis calcd (%) for


C162H144B6N3O9P13S4 (2873): C 67.73, H 5.05, N 1.46; found C 67.52, H
4.98, N 1.32.


Dendrimer 13-[G'1]: DABCO (0.703 g, 6.272 mmol) was added to a
solution of the boron complex 13-[G1] (3 g, 1.045 mmol) in degassed
toluene (100 mL). After stirring for 12 h at room temperature, the solvent
was evaporated and the residue was purified by column chromatography on
silica gel (eluent CH2Cl2/pentane 10:1) to give 13-[G'1] as a white powder.
Yield: 80 %; 1H NMR (CDCl3, 250.133): d� 7.09 ± 7.67 (m, 126 H; C6H5,
C6H4); 13C{1H} NMR (CDCl3, 62.896), 121.24 (dd, 3J(C,P0)� 5.13 Hz,
3J(C,P1)� 13.81 Hz, C0


2), 121.69 (ªtº, 3J(C,P2)� 3J(C,P3)� 6.4 Hz, C2
2),


126.61 (br d, 1J(C,P1)� 108 Hz, C0
4), 128.18 (dd, 1J(C,P1)� 108.35 Hz,


3J(C,P2)� 3.5 Hz, C1
1), 128.47 (d, 3J(C,P3)� 6.5 Hz, C3


3), 128.67 (s, C3
4),


128.76 (d, 3J(C,P1)� 11.68 Hz, C1
3), 132.14 (d, 1J(C,P3)� 9.87 Hz, C2


4),
132.67 (s, C1


4), 132.69 (d, 2J(C,P1)� 10.69 Hz, C1
2), 133.56 (d, 2J(C,P3)�


19.18 Hz, C3
2), 134.85 (d, 2J(C,P3)� 20.94 Hz, C2


3), 135.02 (d, 2J(C,P1)�
12.31 Hz, C0


3), 137.27 (d, 1J(C,P3)� 10.82 Hz, C3
1), 152.73 (d, 2J(C,P2)�


8.61 Hz, C2
1), 153.27 (dd, 2J(C,P0)� 7.95 Hz, 4J(C,P1)� 3.86 Hz, C0


1);
elemental analysis calcd (%) for C162H126N3O9P13S4(2790): C 69.75, H
4.55, N 1.51; found C 69.54, H 4.42, N 1.37.


General procedure for the synthesis of dendrimers 13-[G2], 13-[G3], 13-
[G4] and 13-[G5]: The same procedure used for the preparation of 13-[G1]
was applied for the synthesis of dendrimers 13-[G2] , 13-[G3] , 13-[G4] and
13-[G5] from 13-[G'1] , 13-[G'2] , 13-[G'3] and 13-[G'4] , respectively, and the
azide 10.


Dendrimer 13-[G2]: White powder, 90% yield; 1H NMR (CDCl3, 250.133):
d� 1.27 (br s, 36H; BH3), 7.15 ± 7.56 (m, 294 H; C6H5, C6H4); 13C{1H} NMR
(CDCl3, 62.896): d� 121.47 (dd, 3J(C,P0)� 5.8 Hz, 3J(C,P1)� 13.9 Hz, C0


2),
121.67 (dd, 3J(C,P2)� 5.5 Hz, 3J(C,P3)� 11.6 Hz, C2


2), 121.84 (dd,
3J(C,P4)� 5.6 Hz, 3J(C,P5)� 9.87 Hz, C4


2), 123.36 (dd, 1J(C,P3)�
110.43 Hz, 3J(C,P4)� 3.6 Hz, C2


4), 124.09 (d, 1J(C,P5)� 59.81 Hz, C4
4),


126.1 (dd, 1J(C,P1)� 110 H; 3J(C,P2)� 4 Hz, C0
4), 127.68 (dd, 1J(C,P1)�


108.2 Hz, 3J(C,P2)� 4.1 Hz, C1
1), 128.31 (dd, 1J(C,P3)� 106.2 Hz,
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3J(C,P4)� 3.6 Hz, C3
1), 128.73 (d, 3J(C,P3)� 12.6 Hz, C3


3), 128.8 (d,
3J(C,P5)� 10 Hz, C5


3), 128.9 (d, 3J(C,P1)� 12 Hz, C1
3), 129.1 (d,


1J(C,P5)� 52 Hz, C5
1), 131.28 (br s, C1


4, C3
4, C5


4), 132.64 (d, 2J(C,P)�
11.76 Hz, C1


2, C3
2), 133.06 (d, 2J(C,P5)� 9.75 Hz, C5


2), 134.33 (d,
2J(C,P3)� 11.95 Hz, C2


3), 134.5 (d, 2J(C,P5)� 10.19 Hz, C4
3), 135.01 (d,


2J(C,P1)� 12.2 Hz, C0
3), 153.42 (br d, 2J(C,P0)� 8 Hz, C0


1), 154.52 (d,
2J(C,P4)� 10.82 Hz, C4


1), 155.49 (dd, 4J(C,P3)� 3.69 Hz, 2J(C,P2)�
7.63 Hz, C2


1); elemental analysis calcd (%) for C378H330B12N9O21P31S10


(6745.5): C 67.31, H 4.93, N 1.87; found C 67.11, H 4.81, N 1.81.


Dendrimer 13-[G3]: White powder, 90% yield; 1H NMR (CDCl3, 250.133):
d� 1.1 (br s, 72H; BH3,), 7.14 ± 7.57 (m, 630 H; C6H5, C6H4); 13C{1H} NMR
(CDCl3, 62.896): d� 121.4 (m, C0


2), 121.7 (m, C2
2, C4


2), 121.8 (dd, 3J(C,P7)�
5.8 Hz, 3J(C,P7)� 11 Hz, C6


2), 123.1 (br d, 1J(C,P3)� 111 Hz, C2
4), 123.3


(br d, 1J(C,P5)� 110.7 Hz, C4
4), 124.1 (d, 1J(C,P7)� 60.1 Hz, C6


4), 125.9
(br d, 1J(C,P1)� 110 Hz, C0


4), 127.6 (dd, 1J(C,P1)� 105 Hz, 3J(C,P2)� 4 Hz,
C1


1), 128.1 (dd, 1J(C,P3)� 108 Hz, 3J(C,P4)� 4 Hz, C3
1), 128.3 (br d,


1J(C,P5)� 105.3 Hz, C5
1), 128.7 (br d, 3J(C,P)� 15.1 Hz, C1


3, C3
3, C5


3),
128.8 (d, 3J(C,P7)� 9.9 Hz, C7


3), 129.2 (d, 1J(C,P7)� 50 Hz, C7
1), 131.3 (br s,


C1
4, C3


4, C5
4, C7


4), 132.6 (d, 2J(C,P)� 11 Hz, C1
2, C3


2, C5
2), 133.03 (d,


2J(C,P7)� 9.8 Hz, C7
2), 134.3 (d, 2J(C,P)� 12.6 Hz, C2


3, C4
3), 134.5 (d,


2J(C,P7)� 11.1 Hz, C6
3), 135.0 (d, 2J(C,P1)� 11.9 Hz, C0


3), 153.4 (br d,
2J(C,P0)� 8 Hz, C0


1), 154.5 (d, 2J(C,P7)� 8.9 Hz, C6
1), 155.6 (dd, 2J(C,P)�


8.5 Hz, 4J(C,P)� 3.5 Hz, C2
1, C4


1); elemental analysis calcd (%) for
C810H702B24N21O45P67S22 (14 491): C 67.14, H 4.88, N 2.03; found C 66.97, H
4.77, N 1.98.


Dendrimer 13-[G4]: White powder, 88% yield; 1H NMR (CDCl3, 250.133):
d� 1.3 (br s, 144 H; BH3), 7.2 ± 7.5 (m, 1302 H; C6H5, C6H4); 13C{1H} NMR
(CDCl3, 62.896): d� 121.6 (m, C0


2, C2
2, C4


2, C6
2), 121.85 (dd, 3J(C,P8)�


4.5 Hz, 3J(C,P9)� 10.2 Hz, C8
2), 123.1 (br d, 1J(C,P)� 110 Hz, C2


4, C4
4),


123.3 (br d, 1J(C,P)� 111 Hz, C6
4), 124.1 (d, 1J(C,P9)� 60.0 Hz, C8


4), 127.9
(br d, 1J(C,P)� 108 Hz, C1


1), 128.1 (dd, 1J(C,P)� 105 Hz, 3J(C,P)� 3.4 Hz,
C3


1, C5
1), 128.3 (dd, 1J(C,P7)� 106.3 Hz, 3J(C,P8)� 3.5 Hz, C7


1), 128.76
(br d, 3J(C,P)� 15.3 Hz, C1


3, C3
3, C5


3, C7
3), 128.8 (d, 3J(C,P9)� 9.8 Hz, C9


3),
129.2 (d, 1J(C,P9)� 48 Hz, C9


1), 131.3 (br s, C1
4, C3


4, C5
4, C7


4, C9
4), 132.6 (br d,


2J(C,P)� 10.9 Hz, C1
2, C3


2, C5
2, C7


2), 133.03 (d, 2J(C,P9)� 9.8 Hz, C9
2), 134.3


(br d, 2J(C,P)� 13.3 Hz, C2
3, C4


3, C6
3), 134.5 (d, 2J(C,P9)� 10.4 Hz, C8


3),
134.8 (d, 2J(C,P1)� 11.9 Hz, C0


3), 153.4 (br m, C0
1), 154.5 (dd, 2J(C,P8)�


8.3 Hz, 4J(C,P9)� 3.1 Hz, C8
1), 155.6 (dd, 2J(C,P)� 6.9 Hz, 4J(C,P)�


3.6 Hz, C2
1, C4


1, C6
1), (C0


4 not detected); elemental analysis calcd (%) for
C1674H1446B48N45O93P139S46 (29 982): C 67.06, H 4.86, N 2.10; found C 66.87, H
4.80, N 2.01.


Dendrimer 13-[G5]: White powder, 80% yield; 1H NMR (CDCl3, 250.133):
d� 1.26 (br s, 288 H; BH3), 7.15 ± 7.46 (m, 2646 H; C6H5, C6H4); 13C{1H}
NMR (CDCl3, 62.896): d� 121.7 (m, C0


2, C2
2, C4


2, C6
2, C8


2), 121.8 (dd,
3J(C,P10)� 4.6 Hz, 3J(C,P11)� 9.8 Hz, C10


2), 123.3 (br d, 1J(C,P)� 112.2 Hz,
C0


4, C2
4, C4


4, C6
4, C8


4), 124.11 (d, 1J(C,P11)� 60.1 Hz, C10
4), 128.1 (br d,


1J(C,P)� 98.3 Hz, C1
1, C3


1, C5
1, C7


1), 128.32 (br d, 1J(C,P9)� 109.5 Hz, C9
1),


128.76 (br d, 3J(C,P)� 15.6 Hz, C1
3, C3


3, C5
3, C7


3, C9
3), 128.8 (br d,


3J(C,P11)� 10.1 Hz, C11
3), 129.24 (d, 1J(C,P11)� 44.8 Hz, C11


1), 131.31 (br s,
C1


4, C3
4, C5


4, C7
4, C9


4, C11
4), 132.6 (br d, 2J(C,P)� 10.8 Hz, C1


2, C3
2, C5


2, C7
2,


C9
2), 133.02 (d, 2J(C,P11)� 9.62 Hz, C11


2), 134.3 (br d, 2J(C,P)� 12.9 Hz, C2
3,


C4
3, C6


3, C8
3), 134.5 (br d, 2J(C,P11)� 10.7 Hz, C10


3, C0
3), 154.54 (br d,


2J(C,P10)� 8.6 Hz, C10
1), 155.57 (br d, 2J(C,P)� 6.7 Hz, C2


1, C4
1, C6


1, C8
1),


(C0
1, C0


4 not detected); elemental analysis calcd (%) for
C3402H2934B96N93O189P283S94 (60 964): C 67.02, H 4.85, N 2.14; found C
66.85, H 4.72, N 2.06.


General procedure for the synthesis of dendrimers 13-[G'2], 13-[G'3] and
13-[G'4]: The same procedure used for the preparation of 13-[G'1] was
applied for the synthesis of dendrimers 13-[G'2] , 13-[G'3] and 13-[G'4] from
13-[G2] , 13-[G3] and 13-[G4] , respectively, and DABCO, except concerning
the purification. In these cases, the residue was purified by washing with a
degassed mixture of toluene/diethyl ether (1:10).


Dendrimer 13-[G'2]: White powder, 87% yield; 1H NMR (CDCl3,
250.133): d� 7.1 ± 7.6 (m, 294 H; C6H5, C6H4); 13C{1H} NMR (CDCl3,
62.896): d� 121.6 (m, C0


2, C2
2), 121.7 (ªtº, 3J(C,P4)� 3J(C,P5)� 6.1 Hz, C4


2),
123.73 (br d, 1J(C,P3)� 111.07 Hz, C2


4), 126.2 (br d, 1J(C,P1)� 108 Hz, C0
4),


127.8 (br d, 1J(C,P1)� 110 Hz, C1
1), 128.48 (d, 3J(C,P5)� 6.54 Hz, C5


3),
128.67 (s, C5


4), 128.71 (dd, 1J(C,P3)� 108.3 Hz, 3J(C,P4)� 3.5 Hz, C3
1),


128.76 (d, 3J(C,P)� 11.1 Hz, C1
3, C3


3), 132.06 (d, 1J(C,P5)� 10.25 Hz, C4
4),


132.61 (d, 2J(C,P1)� 8 Hz, C1
2), 132.62 (s, C1


4, C3
4), 132.71 (d, 2J(C,P3)�


10.8 Hz, C3
2), 133.57 (d, 2J(C,P5)� 19.4 Hz, C5


2), 134.38 (d, 2J(C,P3)�
12.39 Hz, C2


3), 134.8 (d, 2J(C,P1)� 14.8 Hz, C0
3), 134.85 (d, 2J(C,P5)�


20.9 Hz, C4
3), 137.34 (d, 1J(C,P5)� 10.82 Hz, C5


1), 152.83 (d, 2J(C,P4)�
8.8 Hz, C4


1), 153.42 (dd, 2J(C,P0)� 7.87 Hz, 4J(C,P1)� 3.94 Hz, C0
1),


155.41 (dd, 2J(C,P2)� 10.13 Hz, 4J(C,P3)� 3.65 Hz, C2
1); elemental analysis


calcd (%) for C378H294N9O21P31S10 (6579.5): C 69.00, H 4.50, N 1.92; found C
68.31, H 4.37, N 1.77.


Dendrimer 13-[G'3]: White powder, 90% yield; 1H NMR (CDCl3,
250.133): d� 7.2 ± 7.6 (m, 630 H; C6H5, C6H4); 13C{1H} NMR (CDCl3,
62.896): d� 121.6 (m, C0


2, C2
2, C4


2), 121.7 (ªtº, 3J(C,P7)� 3J(C,P7)� 6.3 Hz,
C6


2), 123.3 (dd, 1J(C,P3)� 110.6 Hz, 3J(C,P4)� 4 Hz, C2
4), 123.7 (dd,


1J(C,P5)� 110.6 Hz, 3J(C,P7)� 3.4 Hz, C4
4), 126.2 (br d, 1J(C,P1)� 108 Hz,


C0
4), 127.7 (dd, 1J(C,P1)� 110 Hz, 3J(C,P2)� 4 Hz, C1


1), 128.3 (dd,
1J(C,P3)� 108.2 Hz, 3J(C,P4)� 3.3 Hz, C3


1), 128.55 (d, 3J(C,P7)� 6.3 Hz,
C7


3), 128.7 (dd, 1J(C,P5)� 108.1 Hz, 3J(C,P7)� 3.5 Hz, C5
1), 128.76 (s, C7


4),
128.9 (d, 3J(C,P)� 13.3 Hz, C1


3, C3
3, C5


3), 132.12 (d, 1J(C,P7)� 10.1 Hz, C6
4),


132.76 (s, C1
4, C3


4, C5
4), 132.76 (d, 2J(C,P)� 11.5 Hz, C1


2, C3
2, C5


2), 133.6 (d,
2J(C,P7)� 19.5 Hz, C7


2), 134.42 (d, 2J(C,P)� 12.7 Hz, C2
3, C4


3), 134.9 (br d,
J(C,P)� 20 Hz, C0


3, C6
3), 137.4 (d, 1J(C,P7)� 11.2 Hz, C7


1), 152.9 (d,
2J(C,P7)� 9.8 Hz, C6


1), 153.5 (dd, 2J(C,P0)� 7.9 Hz, 4J(C,P1)� 3.9 Hz, C0
1),


155.5 (dd, 2J(C,P)� 7.9 Hz, 4J(C,P)� 3.7 Hz, C2
1, C4


1); elemental analysis
calcd (%) for C810H630N21O45P67S22 (14 159): C 68.71, H 4.48, N 2.08; found C
68.41, H 4.25, N 1.97.


Dendrimer 13-[G'4]: White powder, 78% yield; 1H NMR (CDCl3,
250.133): d� 7.1 ± 7.5 (m, 1302 H; C6H5, C6H4); 13C{1H} NMR (CDCl3,
62.896): d� 121.5 ± 121.8 (m, C0


2, C2
2, C4


2, C6
2, C8


2), 123.2 (br d, 1J(C,P)�
111 Hz, C2


4, C4
4), 123.7 (br d, 1J(C,P7)� 109.7 Hz, C6


4), 127.7 (br d,
1J(C,P1)� 106 Hz, C1


1), 128.2 (br d, 1J(C,P)� 106 Hz, C3
1, C5


1), 128.5 (d,
3J(C,P9)� 6.9 Hz, C9


3), 128.7 (br d, 1J(C,P7)� 105.7 Hz, C7
1), 128.7 (s, C9


4),
128.8 (d, 3J(C,P)� 13.6 Hz, C1


3, C3
3, C5


3, C7
3), 132.1 (d, 1J(C,P9)� 10.1 Hz,


C8
4), 132.6 (s, C1


4, C3
4, C5


4, C7
4), 132.7 (d, 2J(C,P)� 11.2 Hz, C1


2, C3
2, C5


2,
C7


2), 133.6 (d, 2J(C,P9)� 19.5 Hz, C9
2), 134.4 (d, 2J(C,P)� 12.1 Hz, C2


3, C4
3,


C6
3), 134.9 (br d, 2J(C,P)� 21.0 Hz, C0


3, C8
3), 137.3 (d, 1J(C,P9)� 10.5 Hz,


C9
1), 152.9 (d, 2J(C,P8)� 8.9 Hz, C8


1), 153.4 (br m, C0
1), 155.4 ± 155.6 (m, C2


1,
C4


1, C6
1) (C0


4 not detected); elemental analysis calcd (%) for
C1674H1302N45O93P139S46 (29 318): C 68.58, H 4.48, N 2.15; found C 68.21, H
4.32, N 2.07.
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Abstract: A new class of phosphinine/
rhodium catalysts for the hydroformyla-
tion of terminal and internal alkenes is
presented in this study. A series of
phosphabenzenes 1 ± 14 has been pre-
pared by condensation of phosphane or
tris(trimethylsilyl)phosphane with the
corresponding pyrylium salt. Trans-
[(phosphabenzene)2RhCl(CO)] com-
plexes 21 ± 25 have been prepared and
studied spectroscopically and by X-ray
crystal-structure analysis. The hydrofor-
mylation of oct-1-ene has been used to
identify optimal catalyst preformation
and reaction conditions. Hydroformyla-
tion studies with 15 monophosphaben-


zenes have been performed. The cata-
lytic performance is dominated by steric
influences, with the phosphabenzene 8/
rhodium system being the most active
catalyst. Turnover frequencies of up to
45 370 hÿ1 for the hydroformylation of
oct-1-ene have been determined. In
further studies, hydroformylation activ-
ity toward more highly substituted al-
kenes was investigated and compared
with the standard industrial triphenyl-


phosphane/rhodium catalyst. The reac-
tivity differences between the phospha-
benzene and the triphenylphosphane
catalyst increase on going to the more
highly substituted alkenes. Even tetra-
substituted alkenes reacted with the
phosphabenzene catalyst, whereas the
triphenylphosphane system failed to
give any product. In situ pressure
NMR experiments have been performed
to identify the resting state of the
catalyst. A monophosphabenzene com-
plex [(phosphinine 8)Ir(CO)3H] could
be detected as the predominant catalyst
resting state.


Keywords: homogeneous catalysis ´
hydroformylation ´ phosphaben-
zenes ´ phosphanes ´ rhodium


Introduction


Hydroformylation of olefins is one of the most important
homogeneously catalyzed industrial processes.[1] In the course
of this reaction a new carbonÿcarbon bond is formed and,
simultaneously, the synthetically valuable aldehyde function
is introduced. If the chemo-, regio-, and stereoselectivity of
such an appealing transformation could be controlled, new
perspectives for both fine-chemical production and organic
synthesis would arise. Major advances have been made
toward this goal during the last decades.[2] Since the discovery
of rhodium(i)ÿphosphine complexes as chemoselective hydro-


formylation catalysts,[3] carefully designed ligand modifica-
tions have led to improved catalysts.[2, 4] For example, Casey�s
concept of the natural bite angle stimulated the development
of chelating diphosphine- and diphosphite-modified catalysts
that allow the regioselective hydroformylation of terminal
olefins in favor of the usually desired linear isomer.[5]


Advances in the field of stereochemical control have been
made by employing enforced substrate direction with the help
of substrate-bound catalyst directing groups.[6] This concept
has been applied to cyclic[7] and acyclic[8] olefinic building
blocks. Additionally, chiral ligands such as BINAPHOS and
others have been developed which allow for high asymmetric
induction during the hydroformylation of certain prochiral
alkenic substrates.[2, 9]


However, one of the long-standing and fundamental
problems of hydroformylation chemistryÐthe low pressure
hydroformylation of internal and more highly substituted
olefinsÐstill awaits a practical solution. Thus, it is known that
the reactivity of hydroformylation catalysts decreases expo-
nentially with the degree of olefin substitution.[10] Although
rhodiumÿphosphine catalysts display a significantly higher
reactivity toward the hydroformylation of terminal olefins
compared with the cobaltÿphosphine systems, their activity


[a] Prof. Dr. B. Breit, Dr. R. Winde
Organisch-Chemisches Institut
Ruprecht-Karls-Universität Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
Fax: (�49) 6221-54-4205
E-mail : bernhard.breit@urz.uni-heidelberg.de


[b] Dr. T. Mackewitz, Dr. R. Paciello
BASF AG, Ammoniaklaboratorium, ZAG
67056 Ludwigshafen (Germany)


[c] Dr. K. Harms
Fachbereich Chemie der Philipps-Universität Marburg
Hans-Meerweinstrasse, 35043 Marburg (Germany)


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3106 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143106







3106 ± 3121


Chem. Eur. J. 2001, 7, No. 14 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3107 $ 17.50+.50/0 3107


toward hydroformylation of internal and higher 1,1-disubsti-
tuted olefins is still rather low.[10] In more detailed studies on
the effect of modifying ligands with respect to the activity of
the rhodium catalyst, some trends have been unraveled that
may give a hint to a solution of this problem.[4a] Thus, strong
and small s-donor ligands may retard or even inhibit the
reaction, while switching to stronger, p-acceptor ligands, such
as phosphites, results in more active hydroformylation
catalysts. In particular, the discovery of bulky phosphites as
modifying ligands for rhodium catalysts has been an impor-
tant advance in this field.[11] High catalyst activity for both
hydroformylation of internal and terminal olefins has been
observed. In situ NMR and IR spectroscopy has revealed that
the enormous catalyst activity may be attributed to a mono-
phosphiteÿrhodium complex as the catalytically active spe-
cies.[12] Recently, similar phosphonite systems have been
prepared with comparable ligand properties.[13] Unfortunate-
ly, a technical application of phosphites has been hampered by
their inherent lability toward hydrolysis and a tendency to
undergo degradation reactions.[14] Hence, the development of
new classes of p-acceptor ligands remains an important task.
In this context, we became interested in a hitherto unexplored
class of potential p-acceptor ligandsÐthe phosphaben-
zenes.[15] Although the first preparation of these systems by
Märkl dates back to 1966,[15] no application as modifying
ligands in homogenous catalysis was described until 1996.[16]


Of particular interest is the electronic situation in phospha-
benzenes compared with their nitrogen counterpartÐthe
pyridine nucleus. Photoelectron spectroscopy[17] and ab initio
calculations[18] show that the HOMO of a phosphabenzene
has p-character with a large coefficient at the phosphorus
atom. Note that the HOMO of pyridine is the lone pair at
nitrogen. The LUMO of a phosphabenzene also has p-
character with a large coefficient at the phosphorus atom. Its
energy is lower than the corresponding pyridine LUMO.
Hence, phosphabenzenes possess, at least qualitatively, an
ideal frontier molecular-orbital situation for an efficient
overlap with filled metal d-orbitals and, hence, the ability to
act as p-acceptor ligands.


Here we wish to report in detail the preparation of
phosphabenzenes and their coordination properties toward
rhodium(i) centers, as well as their use as modifying ligands for
the rhodium-catalyzed hydroformylation of terminal and
internal olefins.[19]


Results


Preparation of phosphabenzenes : Phosphabenzene ligands
1 ± 14 (Scheme 1) have been prepared employing a modified
version of Märkl�s original procedure.[20] Thus pyrylium
tetrafluoroborates were treated in acetonitrile with excess
tris(trimethylsilyl)phosphine at reflux temperature to give the
phosphabenzenes 1 ± 14 in moderate to fair yields, after
chromatographic workup. Alternatively, pyrylium salts may
be treated directly with phosphane gas (30 bar) at 110 8C to
give the corresponding phosphabenzenes, usually in better
yields (Scheme 2).[21]


Scheme 1. Phosphabenzenes synthesized and investigated as ligands in
rhodium-catalyzed hydroformylation.


Scheme 2. i) 2 ± 2.5 equiv PTMS3, CH3CN, reflux, 5 h (15 ± 51%); ii) PH3,
30 bar, n-butanol, 110 8C, 4 h (28 ± 84 %).


The required pyrylium salts were obtained by tetrafluoro-
boric acid-mediated condensation of an appropriate chalcone
derivative with a corresponding acetophenone system.[22] The
chalcones were either prepared separately through aldol
condensation of an arylmethylketone derivative with an
aromatic aldehyde under basic conditions (catalytic amounts
of activated barium hydroxide)[23] or generated in situ from
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the same components in the presence of tetrafluoroboric
acid[22] (see Experimental Section). 2,6-Dialkyl-substituted
pyrylium salts were prepared according to published methods
(Scheme 3).[24]


Scheme 3. i) 10 mol % Ba(OH)2, ethanol, 20 ± 80 8C; ii) HBF4 (52 %
ethereal solution), 1,2-dichloroethane, reflux, 4 h (22 ± 62%).


Pyrylium salt 16 was obtained in a one-pot operation upon
treatment of chalcone 17 with tetrafluoroboric acid. Hence,
the formation of 16 may be attributed to an interesting
domino reaction sequence consisting of an intramolecular
aromatic substitution to give 18 followed by condensation
with enone 17 to furnish the polycyclic pyrylium tetrafluoro-
borate 16 (Scheme 4).


Scheme 4. i) HBF4 (52 % ethereal solution), 1,2-dichloroethane, reflux, 4 h
(28 %).


The tert-butyl substituted phosphabenzene 15 was obtained
on treatment of a-pyrone 19 with phosphaalkyne 20 in a
cycloaddition-reversion sequence as introduced by Regitz
et al. (Scheme 5).[25]


Scheme 5. i) Benzene, 140 8C, 3 d, Schlenk pressure vessel (54 %).


Rhodium complexes : In order to study the ligand properties
of phosphabenzenes in comparison with other known ligand
classes, trans-[L2RhCl(CO)] complexes were prepared. Thus,
treating [Rh(CO)2Cl]2 with four equivalents of a correspond-


ing phosphabenzene yielded the desired mononuclear trans-
[(h1-phosphinine)2RhCl(CO)] complexes 22 ± 25 in quantita-
tive yields (Scheme 6, Table 1).


Scheme 6. Preparation of trans-[(phosphinine)2RhCl(CO)] complexes
21 ± 25. i) [Rh(CO)2Cl]2, CH2Cl2, RT, 30 min, (quant.). 21: R1�Me, R2�
Ph, 22 : R1�Ph, R2�Ph, 23 : R1� 2-Naphth, R2�Ph, 24 : R1�Ph, R2�
C6H4(p-OMe), 25 : R1�Ph, R2�C6H4(p-CF3).


The h1-coordination, as well as the symmetric nature of the
complexes 22 ± 25, is reflected in their 31P NMR spectra. Thus,
the phosphorus atoms absorb at d� 166.1 ± 173.8 as doublets
with a 1J(P,Rh) coupling constant near the expected value of
175 Hz.[19b, 27] Compared with the free ligand, the 31P NMR
signal is shifted about 20 ppm to higher field, which is typical
for a h1-coordinated phosphinine.[19b] The presence of the
carbonyl ligand can be seen by 13C NMR spectroscopy. Thus,
in a typical chemical-shift range of 180.7 ± 181.9,[28] the
carbonyl carbon resonates as a doublet of triplets with typical
coupling constants of 65 Hz [1J(C,Rh)] and 22 Hz [2J(P,C)].[29]


Additionally, the triplet splitting indicates the presence of two
magnetically equivalent phosphabenzene nuclei. Final struc-
tural proof was obtained by an X-ray crystal-structure analysis
of complex 22. Its structure in the solid state is depicted in
Figure 1.


Figure 1. Ortep plot of the structure of trans-[(3)2RhCl(CO)] (22) in the
solid state.


Table 1. trans-[(Phosphinine)2RhCl(CO)] complexes 21 ± 25 prepared ac-
cording to Scheme 6.


phosphinine R1 R2 complex nÄ(CO) [cmÿ1]


1 Me Ph 21 1998[26]


3 Ph Ph 22 1999
4 2-Naphth Ph 23 1998
9 Ph C6H4(p-OMe) 24 2002


10 Ph C6H4(p-CF3) 25 2003
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The PÿRh lengths of 2.27 and 2.28 � (Table 2) are note-
worthy. They compare well with the analogous trispyrrol
phosphine complex (d(RhÿP)� 2.28 �)[30] as well as with the
analogous bulky phosphite complex (d(RhÿP)� 2.29 �, see
Table 3),[31] but are significantly shorter than that found for
the corresponding triphenylphosphine complex of 2.32 pm.[32]


Since trispyrrolphosphine is known to be a strong p-acceptor
ligand,[30] the similarity of the RhÿP bond lengths may reflect
the back-bonding capability of the phosphabenzene nucleus.
The least square planes of the phosphabenzene rings are tilted
toward the Rh-P-CO-P-Cl least square plane by about 55.18
and 57.18. Likewise, the ortho-phenyl substituents at the
phosphabenzene nucleus are twisted out of the phosphaben-
zene plane by 40.2 ± 53.28.


The maximum angle that is formed from the van der Waals
radii of L and rhodium is 172.58. Note that this is not the
classical cone angle as defined by Tolman,[33] since above and
below the phosphabenzene plane the steric demand is much
smaller. However, semiempirical calculations (PM3) allowed
the rotation barrier about the PÿRh bond to be to estimated
as less than 4 kcal molÿ1.[34] Thus, fast rotation of the phos-
phabenzene nuclei at the reaction temperatures employed is
possible and, as a consequence, the steric demand of a
phosphabenzene may be significantly larger than a fixed
model would predict.


The IR stretching frequency of the CO ligand in trans-
[L2RhCl(CO)] is an ideal probe for determining the electronic
properties of a phosphabenzene ligand. In analogy to the
[LNi(CO)3] complexes of Tolman,[33] a higher CO stretching
frequency for a trans-[L2RhCl(CO)] complex corresponds to a
diminished electron density at the rhodium center and, hence,
to a stronger back-bonding of the ligand, L.[35] Since, the
rhodium complexes provide easy-to-interpret IR spectra with
a single carbonyl band, these systems have found wide
application as probes for the electronic properties of donor
ligands.[35] The extensive literature available[36, 37] allows a
rapid judgment of the electronic properties of a new ligand.
Hence, for the phosphabenzene complex 22 the CO band was
detected at 1999 cmÿ1 which is about 21 cmÿ1 higher in energy
than that found for the corresponding triphenylphosphine
complex,[30] but 14 cmÿ1 lower in energy than that found in the
complex with an tri(ortho-tert-butylphenyl)phosphite li-
gand[31] (see Table 1). This suggests that the electronic
properties of phosphabenzenes are located in a range between
phosphines and phosphites, with somewhat more similarity to
the phosphite ligands.


IR spectra of the complexes were recorded in order to
probe the electronic influence of substituents at the C2-, 4-,
and 6-positions of the phosphabenzene nuclei on the stretch-
ing frequency of the CO ligand of the corresponding trans-
[L2RhCl(CO)] complexes (see Table 1). In all cases, only
marginal changes in the CO IR band were observed. Thus,
going from an ortho/ortho' dialkyl to an ortho/ortho' diaryl-
substituted system did not have an effect. In addition, the
exchange of phenyl substituents to more extended p-systems,
such as the 2-naphthyl substituents, did not effect the CO
stretching frequency. However, in the case of para substitution
of the 4-aryl substituents, a shift to slightly larger wave
numbers (1999! 2003 cmÿ1) was found. Interestingly, both a


trifluoromethyl (25) and a methoxy substituent (24) caused a
shift in the same direction. Hence, the methoxy group must
exert its electronic influence, which is of course small,
inductively through the s-system. This would be in accordance
with the observed out-of-plane geometry of all aryl substitu-
ents (see X-ray plot for complex 22 in Figure 1).


In situ high pressure NMR experiments : For the rhodium
triphenylphosphine system, it is known that under hydro-
formylation conditions, two phosphines are coordinated and
an equilibrium between an equatorial ± equatorial and an
axial ± equatorial species in a ratio of 85:15 exists.[38] For the
bulky phosphite rhodium catalyst, in situ high pressure NMR
and IR experiments indicate that a monophosphite rhodium
complex is the prevalent species.[12] High pressure 31P and
1H NMR experiments were carried out in order to get
information on the phosphabenzene rhodium system.


In an initial experiment, [Rh(COD)2OTf] was dissolved in
[D2]dichloromethane, treated with two equivalents of the
phosphabenzene ligand 8 and pressurized with 40 bars of
syngas (CO/H2 1:1) for 3 h at 90 8C. After cooling to room
temperature, the 31P NMR spectrum displayed a broad signal
at d�ÿ154.5, which split atÿ90 8C to a doublet with a typical
1J(P,Rh) coupling constant of 149 Hz. This result clearly shows
that phosphabenzenes coordinate to rhodium under syngas
pressure conditions. However, proton NMR spectroscopy
revealed that the rhodium species belonging to this 31P NMR
resonance is not the trigonal-bipyramidal hydride complex


Table 2. Selected structural data for trans-[(3)2RhCl(CO)] (22).


Bond Lengths [�]
RhÿC(100) 1.824(5) C(4)ÿC(5) 1.397(7)
RhÿP(1') 2.2724(12) C(5)ÿC(6) 1.397(6)
RhÿP(1) 2.2805(12) P(1')ÿC(6') 1.715(5)
RhÿCl(1) 2.3465(14) P(1')ÿC(2') 1.722(5)
C(100)ÿO(100) 1.104(7) C(2')ÿC(3') 1.390(6)
P(1)ÿC(2) 1.716(4) C(3')ÿC(4') 1.392(7)
P(1)ÿC(6) 1.723(5) C(4')ÿC(5') 1.396(7)
C(2)ÿC(3) 1.381(6) C(5')ÿC(6') 1.394(6)
C(3)ÿC(4) 1.414(6)
Bond Angles [8]
C(100)-Rh-P(1') 89.27(16) C(5)-C(4)-C(3) 121.1(4)
C(100)-Rh-P(1) 91.28(16) C(6)-C(5)-C(4) 125.0(4)
P(1')-Rh-P(1) 179.03(4) C(5)-C(6)-P(1) 121.2(4)
C(100)-Rh-Cl(1) 178.65(18) C(19)-C(6)-P(1) 117.6(3)
P(1')-Rh-Cl(1) 90.08(5) C(6')-P(1')-C(2') 105.8(2)
P(1)-Rh-Cl(1) 89.39(5) C(6')-P(1')-Rh 124.39(16)
O(100)-C(100)-Rh 179.7(5) C(2')-P(1')-Rh 129.78(16)
C(2)-P(1)-C(6 105.8(2) C(3')-C(2')-P(1') 120.2(3)
C(2)-P(1)-Rh 129.50(16) C(7')-C(2')-P(1') 120.1(3)
C(6)-P(1)-Rh 124.71(17) C(2')-C(3')-C(4') 125.9(4)
C(3)-C(2)-P(1 120.7(3) C(3')-C(4')-C(5') 122.0(4)
C(7)-C(2)-P(1) 119.8(3) C(6')-C(5')-C(4') 124.4(4)
C(2)-C(3)-C(4) 126.1(4) C(5')-C(6')-P(1') 121.5(4)


Table 3. Comparison of the IR stretching frequency of CO and RhÿP bond
lengths for selected trans-[L2RhCl(CO)] complexes.


Ligand P(pyrrol)3 P[O(2-t-BuC6H4]3 phosphinine 3 PPh3


nÄ [cmÿ1][a] 2024[30] 2013[31] 1999[b] 1978[30]


d(RhÿP) [�] 2.282(4)[30] 2.2856(7)[31] 2.2724(12)[b] 2.323(6)[32]


[a] in CH2Cl2; [b] this work.
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typically seen in hydroformylation catalysis (no hydride signal
could be detected).


In order to characterize this hydride complex and to clarify
the number of ligands attached to the metal center in such a
species, we switched to the more stable iridium complexes.
Hence, [Ir(CO)2acac] (acac� acetylacetonate) and two equiv-
alents of phosphabenzene 8 were dissolved in [D2]dichloro-
methane in a high pressure NMR tube and treated at 90 8C
with 40 bar syngas pressure. NMR spectra were recorded at
ÿ90 8C. In addition to the free phosphabenzene ligand (ca.
50 %), the phosphorus NMR spectra show two phosphorus
signals at d� 143.9 and 144.3. The proton NMR spectrum
shows a metal hydride signal at d�ÿ11.83 as a doublet with a
2J(H,P) coupling of 23.2 Hz. This doublet collapses to a singlet
in the 31P-decoupled 1H NMR experiment. Interestingly,
1H{31P} COSY spectra showed one cross peak for both 31P
signals at d� 143 with the metal hydride signal at d�ÿ11.83.


These data are consistent with the presence of an h1-
monophosphabenzene hydrido-iridium complex. The 31P
NMR spectrum suggests that this species presumably exists
as two resolved rotamers at ÿ90 8C. The splitting of the
hydride signal to a doublet, as well as the presence and
quantity of free phosphabenzene ligand, is consistent with the
coordination of only one phosphabenzene to the metal center
under syngas pressure. The small size of the 2J(H,P) coupling
constant suggests an equatorial position for the phosphaben-
zene nucleus.[39] Hence, iridium complex 26 is the predom-
inant species and, thus, may also represent the resting state of
the corresponding rhodium catalyst (Figure 2).


Figure 2. Proposed (Rh) and experimentally observed (Ir) mono-phos-
phabenzene tris-carbonyl d9-metal complexes 26 under 40 bar syngas
pressure.


The coordination behavior of phosphabenzenes mirrors
that of the bulky phosphite ligands.[12] Hence, one might
expect a related catalytic activity for the phosphabenzene
class of ligands.


Hydroformylation experiments: oct-1-ene : In order to eval-
uate the phosphabenzene rhodium system as a catalyst for the
hydroformylation reaction, oct-1-ene was chosen as a first test
substrate. The possible reaction pathways and reaction
products under hydroformylation conditions are depicted in
Scheme 7. Thus, in a single hydroformylation experiment, one
can learn about the regioselectivity of the hydroformylation
of the terminal alkene and the potential for isomerizing
terminal to internal alkenes, as well as the ability to hydro-
formylate internal alkenes.


At the beginning of a kinetic experiment, one has to ensure
that all of the rhodium precursor has been transferred into the
active hydroformylation catalyst; otherwise the observed
kinetic data would reflect the activation phase for the catalyst.
Hence, we began with an investigation to identify the ideal


Scheme 7. Possible reaction pathways and products in the course of a
hydroformylation reaction with oct-1-ene or oct-2-ene.


preformation conditions for the rhodium/phosphabenzene
catalyst system. 2,4,6-Triphenylphosphabenzene (3) was cho-
sen as the standard ligand. Pretreatment of a mixture of
[Rh(CO)2acac] and 20 equiv. of phosphabenzene 3 in toluene
for 30 min at 75 8C with 10 bar CO/H2, followed by addition of
oct-1-ene through a pressure vessel gave the kinetic data
depicted in Figure 3b.


When compared with the control experiment in the absence
of phosphabenzene ligand (see Figure 3a), it becomes clear
that deactivation of the rhodium had occurred. This may be
attributed to the formation of unreactive rhodium clusters; a
phenomenon which has been observed previously.[40] In the
second experiment, see Figure 3c, phosphabenzene 3 was
allowed to react with [Rh(CO)2acac] in toluene for 45 min at
RT to ensure coordination to the rhodium center. After
addition of oct-1-ene and transfer to an autoclave, the
reaction mixture was heated to 75 8C and subsequently
pressurized with 10 bar H2/CO (1:1). The kinetic data
obtained clearly show that this procedure provided an active
hydroformylation catalyst. Interestingly, a strong tendency
toward isomerization was observed. One might speculate that
not all of the rhodium precursor was transferred into the
active rhodium phosphabenzene catalyst at the beginning of
the kinetic experiment. However, it was assumed that at the
end of a complete hydroformylation experiment all of the
rhodium(i) precursor should exist as an active hydroformyla-
tion catalyst. Hence, we let the catalyst do a complete
hydroformylation run of oct-1-ene for 15 h. After this time,
GC analysis showed complete consumption of the starting
material. The product mixture consisted exclusively of C9
aldehydes. More importantly, 31P NMR analysis of the
mixture showed that no phosphabenzene degradation had
occurred during that first hydroformylation run; this indicated
the stability of phosphabenzene ligands under hydroformyla-
tion conditions.[41] Next, a new hydroformylation run could be
started cleanly by addition of a second portion of oct-1-ene.
GC analysis provided the kinetic data depicted in Figure 3d,
which show clean hydroformylation catalysis. Hence, this
preformation procedure became our standard and was sub-
sequently applied to all further hydroformylation experiments
with oct-1-ene.


For all subsequently reported hydroformylation experi-
ments, a complete set of kinetic data was recorded. In all







Rhodium-Catalyzed Hydroformylation 3106 ± 3121


Chem. Eur. J. 2001, 7, No. 14 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3111 $ 17.50+.50/0 3111


Figure 3. Kinetics of hydroformylation experiments of oct-1-ene a) with
[Rh(CO)2acac] and b ± d) with [Rh(CO)2acac]/3 after different catalyst
preformation procedures; ^� oct-1-ene, &� internal octene isomers, ~�
n-nonanal, � � 2-methyloctanal, *� 2-ethylheptanal. Initial oct-1-ene
concentration (c0� 2.27m) in toluene; for a) oct-1-ene/Rh� 4166:1, for
b ± c) oct-1-ene/phosphinine 3/Rh� 4166:20:1. a) Control experiment with-
out phosphabenzene ligand; [Rh(CO)2acac] at 75 8C, 10 bar (H2/CO 1:1),
toluene (c0� 2.27m). b) [Rh(CO)2acac]/3 in toluene were allowed to react
for 30 min at 75 8C, 10 bar (H2/CO 1:1) followed by addition of oct-1-ene
through a pressure chamber. c) [Rh(CO)2acac]/3 in toluene were allowed
to react for 30 min at RT followed by addition of oct-1-ene. The mixture
was transferred to a preheated autoclave (75 8C) and the reaction started by
addition of 10 bar H2/CO (1:1). d) Second run experiment: 90 8C, 10 bar H2/
CO (1:1). For details see Experimental Section.


experiments, complete consumption of octenes was reached
after a reaction period of about 4 h.


As shown in Figure 3d, the hydroformylation reaction with
oct-1-ene is zeroth order under our conditions, at least up to a
conversion of 30 %. That is, turn over frequencies in this range
are independent of conversion. This allows comparison of the
catalytic activity by determining the turnover frequencies
(TOF) within the low conversion range (see Tables 4 ± 8,
below). Importantly, at low conversions, the internal olefins
formed by isomerization of the terminal olefin have not yet
been attacked. Hence, determination of turnover frequencies
for olefin isomerization is possible as well.


Influence of the ligand/rhodium ratio : The phosphabenzene 3/
rhodium ratio necessary to ensure that all the rhodium centers
are converted in situ into the active complexes and that all the
effects observed could be ascribed to the varied parameters
was determined. Ligand/rhodium ratios of 2:1, 20:1 and 91:1
were explored. At low phosphabenzene concentrations (Ta-
ble 4, entry 1), low hydroformylation but significant isomer-


ization activity was observed. This indicates that not all
rhodium species have been transferred into catalytically active
phosphabenzene/rhodium complexes. Similar effects are known
for bulky phosphite/rhodium systems.[42] Increasing the ligand
concentration (20 equiv, Table 4, entry 2) provided a catalyst
system with high hydroformylation activity and a lower tendency
for isomerization. The ratio of TOFald/TOFiso increased to 4.6:1;
this resulted in a maximum value of 9.8 % for internal alkene
formation. Increasing the ligand concentration further (91 equiv,
Table 4, entry 3) slightly decreased the hydroformylation rate,
but almost suppressed isomerization activity. These results
indicate that a ligand/Rh ratio of 20:1 is sufficient to transfer
all of the rhodium into catalytically active species. Even
though at higher L/Rh ratios the isomerization rate could be
decreased further, the lower ligand loading (20:1) was chosen
as the standard for all further experiments.


Influence of reaction temperature : An increase of the
reaction temperature from 70 8C to 90 8C increased the rates
of both hydroformylation and isomerization. However, on
going further to 110 8C, a dramatic drop for the rate of
hydroformylation was observed. Conversely, the isomeriza-
tion rate largely increased. Hence, 90 8C became the reaction
temperature of choice, since a good compromise between
rapid hydroformylation and modest isomerization could be
achieved (Table 5).


Table 4. Influence of ligand/rhodium ratio on the hydroformylation of oct-
1-ene with [Rh(CO)2acac]/3, at 90 8C, 10 bar (CO/H2, 1:1) in toluene (c0�
2.27m) (oct-1-ene/Rh, 4166:1).[a]


L/Rh Conv.
[%]


TOFald


[hÿ1]
TOFiso


[hÿ1]
TOFald/
TOFiso


Isomax


[%]
n/isomax


1 2 19.4 955 721 1.3 26.5 2.7
2 20 21.6 2801 610 4.6 9.8 2.0
3 91 14.6 2442 54 45.2 2.7 1.9


[a] TOFald� turnover frequency of aldehyde formation; TOFiso� turnover
frequency of alkene isomerization.
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Influence of reaction pressure : To study the influence of the
syngas pressure, experiments at 5, 10, 20 and 40 bars were
performed (see Table 6). A strong increase of hydroformyla-
tion and isomerization rate was observed. While the hydro-
formylation rate showed an almost fivefold increase, the


isomerization rate increased only by a factor of three on going
from five to 40 bar total pressure (CO/H2 1:1). This behavior
differs from that of the bulky phosphite/rhodium catalysts,
which show only a marginal rate increase at higher syngas
pressures.[42] The lowest isomerization was found at 10 bar
with a maximum amount of 9.8 % for the formation of internal
alkenes. Hence, 10 bar syngas pressure was selected as the
optimal reaction pressure for all further studies.


Influence of ligand structure : In order to determine how steric
effects at the phosphabenzene ligands influence the hydro-
formylation reaction, a series of monophosphabenzene li-
gands was tested under standardized conditions (see Table 7).
The results depicted in the table show that increasing the
steric demand of the ortho/ortho'-substituents at the phos-
phabenzene leads to more active catalysts. Going from
dimethyl derivative 1 (Table 7, entry 1) to ligand 8 (Table 7,
entry 8) led to a fivefold increase of the hydroformylation
rate. Likewise isomerization toward internal alkenes in-


creased from 1.3 % for ligand 1 up to a maximum of 20.3 %
for 8. However, ligand 15 with a tert-butyl/phenyl substitution
pattern in ortho/ortho'-position did not provide an active
hydroformylation catalyst.


In order to probe whether an electronic modification of the
phosphabenzene nucleus would have any effect on the
catalytic properties of the resulting rhodium/phosphabenzene
catalyst, ligands 9 ± 12 were tested.


Experiments with ligands 3, 10 and 11 (Table 8, entries 1 ±
3) show only a marginal influence of the CF3 or MeO group in
the para-position to the 4-aryl substituent at the phospha-


benzene nucleus. This is consistent with the small change in
the CO stretching frequency found for the rhodium com-
plexes 22, 24, and 25, which indicates only minor electronic
effects on the rhodium center. Introducing two CF3 groups in
the 3- and 5-positions of an ortho-aryl substituent (ligand 11,
Table 8, entry 4) lowered the catalytic activity. However,
adding one further CF3 group at the 4-position of the para aryl
group (ligand 12, Table 8, entry 5) leads to a more active
hydroformylation catalyst.


In a further attempt, we explored whether the introduction
of a weakly coordinating donor into the phosphabenzene
system might influence the isomerization propensity. One
may assume that such an additional hemilabile coordinative
function might suppress the formation of coordinatively
unsaturated rhodium intermediates, and thus reduce olefin
isomerization. Hence, methoxy substituted ligands 13 and 14
were tested (Table 8, entries 6 and 7). Compared with the
standard triphenylphosphabenzene ligand 3 system, the
hydroformylation activity for both the 2- and 3-methoxy
derivatives is only slightly diminished. However, isomeriza-
tion is significantly reduced. In both cases a maximum of
5.5 % internal olefin formation was detected.


The above experiments identified the rhodium catalyst
obtained from phosphabenzene 8 as the most active for
hydroformylation of oct-1-ene. Figure 4 shows the concen-
tration of starting material and products as a function of time
under a) standard conditions (90 8C, 10 bar syngas) and
b) enforced reaction conditions (130 8C, 40 bar syngas). Inter-
estingly, for the standard conditions, a conversion of oct-1-ene
of 78 % was reached after 30 min. In addition to aldehydes a
maximum of 20.3 % internal octenes had formed at this point
of time. After 30 minutes, a decrease in the concentration of
internal olefins was accompanied by an increase in 2-ethyl-


Table 5. Influence of temperature on the hydroformylation of oct-1-ene
with [Rh(CO)2acac]/3, at 10 bar (CO/H2 1:1) in toluene (c0� 2.27m) (oct-1-
ene/3/Rh, 4166:20:1).


T
[8C]


Conv.
[%]


TOFald


[hÿ1]
TOFiso


[hÿ1]
TOFald/
TOFiso


Isomax


[%]
n/isomax


1 70 19.6 1557 48 32.4 3.9 2.2
2 90 21.6 2801 610 4.6 9.8 2.0
3 110 27.1 1075 3316 0.3 53.0 3.3


Table 6. Influence of syngas pressure (CO/H2, 1:1) on the hydroformyla-
tion of oct-1-ene with [Rh(CO)2acac]/3, at 90 8C in toluene (c0� 2.27m)
(oct-1-ene/3/Rh, 4166:20:1).


p
[bar]


Conv.
(%)


TOFald


[hÿ1]
TOFiso


[hÿ1]
TOFald/
TOFiso


Isomax (%) n/isomax


1 5 41.1 1111 550 2.0 13.2 1.9
2 10 36.5 2437 610 4.0 9.8 2.0
3 20 31.6 4371 883 4.9 23.5 2.4
4 40 40.1 5141 1550 3.3 14.1 2.1


Table 7. Influence of ligand structure (sterics) on the hydroformylation of
oct-1-ene with [Rh(CO)2acac]/L, at 90 8C, 10 bar (CO/H2 1:1) in toluene
(c0� 2.27m) (oct-1-ene/L/Rh 4166:20:1).


Ligand Conv.
[%]


TOFald


[hÿ1]
TOFiso


[hÿ1]
TOFald/
TOFiso


Isomax


[%]
n/isomax


1 1 28.2 1111 18 61.7 1.3 1.8
2 2 24.6 1711 451 3.8 18.0 2.4
3 3 21.6 2801 779 3.6 9.8 2.0
4 4 35.0 2866 121 23.7 3.0 1.9
5 5 31.4 1975 94 21.1 3.7 2.0
6 7 32.5 2522 242 10.4 5.2 1.5
7 6 33.5 3612 1964 1.8 15.3 2.2
8 8 11.5 5751 2071 2.8 20.3 3.3


Table 8. Influence of ligand structure (electronics) on the hydroformyla-
tion of oct-1-ene with [Rh(CO)2acac]/L, at 90 8C, 10 bar (CO/H2 1:1) in
toluene (c0� 2.27m) (oct-1-ene/L/Rh 4166:20:1).


Ligand Conv.
[%]


TOFald


[hÿ1]
TOFiso


[hÿ1]
TOFald/
TOFiso


Isomax


[%]
n/isomax


1 3 21.6 2801 779 3.6 9.8 2.0
2 9 30.6 2443 110 22.2 3.2 1.8
3 10 21.8 2655 863 3.1 12.6 2.0
4 11 27.1 1951 200 9.8 4.6 2.0
5 12 32.8 4583 801 5.7 10.7 1.9
6 13 27.8 2181 180 12.1 5.5 1.9
7 14 26.4 1995 175 11.4 5.5 1.9
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Figure 4. Kinetics of the hydroformylation of oct-1-ene with [Rh(CO)2-
acac]/8, in toluene (c0� 2.27m) (oct-1-ene/8/Rh, 4166:20:1) at a) 90 8C,
10 bar (CO/H2 1:1) and b) 130 8C, 40 bar (CO/H2 1:1); ^� oct-1-ene, &�
internal octene isomers, ~� n-nonanal, � � 2-methyl octanal, *� 2-ethyl-
heptanal.


heptanal and 2-propylhexanal concentration. Hence, internal
olefins were attacked and hydroformylated; this indicated
that phosphabenzene/rhodium catalysts should be suited to
hydroformylate internal and more highly substituted olefins.


Increasing the reaction temperature to 130 8C and the
syngas pressure to 40 bar provided an extremely active
hydroformylation catalyst (Figure 4b). Here, a maximum
turnover frequency of 45 370 hÿ1 was observed for aldehyde
formation. Complete consumption of starting material was
reached after only 30 min. Additionally, complete consump-
tion of the internal octenes formed by prior alkene isomer-
ization was observed after 60 min.


Since phosphabenzene 8 evidently provided the most active
rhodium catalyst for the hydroformylation of oct-1-ene, it was
decided to employ this system in all subsequent studies on
hydroformylation of higher-substituted alkenes.


Hydroformylation of more highly substituted olefins


Cyclohexene : Cyclohexene was selected in order to determine
the potential of phosphabenzene rhodium catalysts for hydro-
formylation of internal olefins, since it allows observation of
hydroformylation formally undisturbed by olefin isomeriza-
tion.


Hydroformylation was performed at 90 8C and 40 bar
syngas pressure. For the phosphabenzene rhodium system,
an initial turnover frequency of 1959 hÿ1 was detected (see
Scheme 8, Figure 5). The standard triphenylphosphane/rho-


Scheme 8. Hydroformylation of cyclohexene. i) Rh/L, CO/H2, 40 bar, T�
90 8C, toluene. TOF [hÿ1] L�PPh3: 109, L� 8 : 1959.


Figure 5. a) Kinetics of the hydroformylation of cyclohexene with phos-
phinine 8/[Rh(CO)2acac] at 90 8C, 40 bar in toluene (c0� 2.63m) for 4 h
(cyclohexene/L/Rh, 4166:20:1), ~ c(cyclohexene), & c(cyclohexane carbal-
dehyde); b) Logarithmic plot of cyclohexene concentration against time
(khydroform.� 7.3� 10ÿ3 sÿ1).


dium system was about 18 times slower with an initial TOF of
109 hÿ1.


Surprisingly, the TOF for hydroformylation of cyclohexene
with the phosphine/rhodium catalyst is only moderately lower
than the TOF upon hydroformylation of oct-1-ene. This is
rather different behavior from the bulky monodentate
phosphites. Their catalytic activity drops by about a factor
of 80 on going from oct-1-ene to cyclohexene as the substrate.
Interestingly, the reaction is first order with respect to
substrate (Figure 5b); this indicates that olefin coordination
has become the rate determining step.


Oct-2-ene : A more complex situation is given for oct-2-ene as
an internal olefin substrate. In addition to hydroformylation
of the internal olefin, it is also of interest to see whether olefin
isomerization occurs simultaneously. An n-selective isomer-
izing hydroformylation might give rise to the formation of
linear aldehydes. Formation of oct-1-ene and subsequent
hydroformylation, for example, could then provide n-nonanal.
Such an isomerizing hydroformylation could be of industrial
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significance with respect to ªraffinate 2º, a product of the
steam cracking process, which is a mixture of butenes.[4b]


The complete set of potential reaction pathways for an
isomerizing hydroformylation of oct-2-ene is depicted in
Scheme 7. The experiment was carried out at 90 8C and 10 bar
syngas pressure. After 4 h, the phosphabenzene catalyst had
transferred all the starting material into aldehyde products
(see Table 9). Interestingly, 24 % of n-nonanal was formed.
The initial TOF for aldehyde formation was 6933 hÿ1. If one
assumes an intrinsic linearity for the rhodium/8 catalyst of
72 %, as observed in the course of hydroformylation of oct-1-
ene (see above), one can conclude that 33 % of the oct-2-ene
was isomerized to oct-1-ene (or its corresponding rhodium
complex) prior to hydroformylation. For the triphenylphos-
phine catalyst, 36 % of octenes are left unconsumed after 4 h.
Additionally, only 5 % of nonanal could be detected. Thus, the
phosphabenzene/rhodium catalyst is substantially more active
toward hydroformylation of internal olefins and, additionally,
shows a significant tendency for producing terminal aldehydes
from internal olefins.


1,1-Disubstituted alkenes : Isobutene was selected as a repre-
sentative example for the class of 1,1-disubstituted alkenes
(Scheme 9). Identical hydroformylation experiments with the


Scheme 9. Hydroformylation of 1,1-disubstituted alkenes. i) Rh/L, CO/H2,
30 bar, T� 80 8C, toluene. TOF [hÿ1] L�PPh3: 332, L� 8 : 3132. ii) Rh/L,
CO/H2, 20 bar, T� 90 8C, toluene. TOF [hÿ1] L�PPh3: 1317, L� 8 : 3291.


rhodium/phosphabenzene 8 and the standard rhodium/tri-
phenylphosphine catalyst were performed. The reaction
mixture was analyzed after a reaction period of 4 h. Once
again, the phosphabenzene/rhodium catalyst was about 100
times faster than the standard rhodium/triphenylphosphine
system. The aldehyde selectivity and regioselectivity were in
both cases greater than 99 %.


Methallyl alcohol was chosen to study a functionalized 1,1-
disubstituted alkene (Scheme 9). Hydroformylation with both


the standard rhodium/triphenylphosphine catalyst as well as
with the phosphabenzene/rhodium system proceeded smooth-
ly to furnish the corresponding lactol as a mixture of anomers
in greater than 99 % selectivity. Notably, the phosphabenzene/
rhodium system was about 2.5 times faster.


Tri- and tetrasubstituted alkenes : Trisubstituted alkenes such
as a-pinene are among the least reactive alkenes with respect
to the hydroformylation reaction. While the triphenylphos-
phine/rhodium system failed to provide any aldehyde product
under the reaction conditions employed, the rhodium/phos-
phabenzene catalyst transformed a-pinene smoothly into the
corresponding aldehyde (Scheme 10). Aldehyde selectivity
was greater than 99 % and combined with good regio- as well
as diastereoselectivity.


Scheme 10. Hydroformylation of tri- and tetrasubstituted alkenes. i) Rh/8,
CO/H2, 60 bar, T� 80 8C, toluene. TOF� 56 hÿ1. ii) Rh/L, CO/H2, 60 bar,
T� 100 8C, toluene. TOF [hÿ1] L�PPh3: <1, L� 8 : 118.


The hydroformylation of tetrasubstituted alkenes, such as
tetramethylethylene, is more difficult.[10] Hydroformylation
may be achieved under very high pressures and temperatures
with an unmodified cobalt catalyst.[43] However, to the best of
our knowledge, no efficient hydroformylations in the low to
medium pressure range with ligand-modified rhodium cata-
lysts are known. Interestingly, the rhodium/phosphabenzene 8
catalyst is even able to consume tetramethylethylene as a
substrate for hydroformylation under the rather mild reaction
conditions of 100 8C and 60 bar syngas pressure (Scheme 10).
The exclusive reaction product was 3,4-dimethylpentanal,
which arises through successive alkene isomerization and
regioselective hydroformylation. A remarkable turnover
frequency of 118 hÿ1 was observed.


Discussion


The above results clearly show that phosphabenzenes are an
emerging class of phosphorus-based ligands with a great


Table 9. Results of the hydroformylation of oct-2-ene (cis/trans, 77:23) with [Rh(CO)2acac]/8 and TPP at 90 8C, 10 bar (CO/H2 1:1) in toluene (c0� 7.13m)
after 4 h (oct-2-ene/L/Rh, 7222:20:1).


Ligand oct-2-ene oct-3/4-ene nonanal 2-methyloctanal 2-ethylheptanal 2-propylhexanal
[mol %] [mol %] [mol %] [mol %] [mol %] [mol %]


8 0 1 24 43 18 14
PPh3 31 5 3 42 17 2
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potential for use in homogenous catalysis. They can easily be
prepared by condensation of pyrylium salts with PH3 or a
synthetic equivalent thereof. Although both h1 and h6


coordination modes have been observed in transition metal
complexes of phosphinines,[15] the preferred binding mode of
the phosphabenzenes investigated in this study is the h1


coordination toward a rhodium(i) center. The electronic
ligand properties of phosphabenzenes could be estimated
from the CO-stretching frequency of the corresponding trans-
[(phosphinine)2RhCl(CO)] complexes. Electronically, the
phosphinines resemble phosphite ligands; however, the p-
acceptor property is somewhat reduced. Nevertheless, phos-
phabenzene rhodium(i) complexes have been identified as
extremely active and robust hydroformylation catalysts.
Hydroformylation experiments have shown that for this class
of catalysts, a careful catalyst-preformation procedure is
necessary in order to transfer all the rhodium centers into
catalytically active species. This may be due to the reduced
donor capability of the phosphinine, which may allow the
formation of nonactive rhodium-carbonyl clusters under
syngas pressure. Extensive hydroformylation experiments
under several reaction conditions and with different phosphi-
nine ligands have revealed some interesting trends. Thus, the
optimal ligand to rhodium ratio seems to be in the range of
20:1. This ratio seems efficient for transferring all rhodium
centers into catalytically active phosphinine complexes. Addi-
tionally, this ligand to rhodium ratio allows a high rate for
hydroformylation to be combined with a moderate isomer-
ization activity.


Studies on the influence of sterics and electronics in the
phosphinine ligand systems have shown a clear trend. Steric
effects dominate the catalytic properties of the phosphinine
rhodium systems: the larger the ortho/ortho' substituents of
the phosphinine nucleus, the higher the hydroformylation
activity of the corresponding rhodium catalyst. Concomitant
with an increase of the hydroformylation rate is an increase in
the isomerization rate, with ligand 8 showing maximum
activity. Thus, turnover frequencies of up to 45 370 hÿ1 for the
hydroformylation of oct-1-ene could be reached.


The hydroformylation of more highly substituted alkene
substrates with the most active phosphinine 8/rhodium
catalyst were studied in further investigations. The results
have been compared with the standard industrial rhodium/
triphenylphosphane catalyst. Thus, for all classes of alkenes,
including 1,2-disubstituted, 1,1-disubstituted, and trisubstitut-
ed alkenes, the phosphinine catalyst is significantly more
active. As expected, the reactivity difference between the two
catalyst systems becomes larger with increasing alkene
substitution. The most striking example is the hydroformyla-
tion of a tetrasubstituted alkene, tetramethylethylene. Where-
as the triphenylphosphane catalyst did not give any detectable
product at all, the phosphinine catalyst consumed this
substrate with a turnover frequency of 118 hÿ1.


For reactions of more highly substituted alkenes, the rate
determining step has been shown to be early in the catalytic
cycle and may be either the alkene coordination or inser-
tion.[42] This is also true for the phosphinine 8/rhodium
catalyst, as reflected in the clean, first-order kinetics upon
hydroformylation of cyclohexene. In situ pressure NMR


studies have been carried out in order to understand why
the rate determining alkene coordination/insertion is accel-
erated for the phosphinine/rhodium systems. Although ex-
periments with rhodium complexes did not allow the detec-
tion of the expected trigonal bipyramidal hydrido complex 26
(Figure 2), such a species could be identified in the case of the
more stable iridium(i) system. NMR experiments indicate that
only one phosphinine ligand is coordinated to the transition
metal center. This situation is similar to that of the bulky
phosphite rhodium catalysts.[39] Hence, as in the case of the
bulky phosphite ligands, the reasons for the high catalyst
activity may be attributed to the formation of a monoligand
rhodium species. Such a species should have a larger
accessible space compared with the [HRh(CO)2(PPh3)2]
system. Hence, the energy barrier for coordination and
hydrometallation of a sterically more demanding alkene
should be reduced; this is reflected well in the experimental
results. Furthermore, in the case of oct-1-ene hydroformyla-
tion, the larger accessible space at the rhodium center may
allow a more facile reaction to branched species; this may
explain the rather modest linearities observed experimentally.
Additionally, one may speculate that in a monophosphinine
rhodium species, the dissociation of a CO ligand should be
easier for electronic reasons. This would induce low coordi-
nation numbers and could explain the high tendency of
phosphinine rhodium catalysts toward alkene isomerization.


Conclusion


This study has introduced phosphabenzene/rhodium catalysts
as powerful catalysts for the hydroformylation of terminal
and, in particular, internal olefins. The catalyst activity is
based on the formation of a monoligand metal species, which
accounts for the higher rates of hydroformylation and
isomerization. Further studies will have to focus on the design
of chelating phosphinine ligands to provide active and
regioselective hydroformylation catalysts. Experiments to
evaluate the full potential of phosphinines as ligands in
homogenous late transition metal catalysis are underway.


Experimental Section


General : Reactions were performed in flame-dried glassware either under
argon (purity >99.998 %) or under nitrogen. The solvents were dried by
standard procedures, distilled, and stored under nitrogen. All temperatures
quoted are uncorrected. 1H, 13C, and 31P NMR spectra were taken on a
Bruker ARX-200, BrukerAC-300, Bruker DRX-400, and BrukerAMX-
500 with TMS, chloroform, or benzene as internal standards. For 31P NMR
spectra, 85 % H3PO4 was used as the external standard. IR spectroscopy:
FTIR-510 (Nicolet); mass spectrometry: MATCH7 (Varian), ZAB2F
(Vakuum Generators), and JMS700 (JOEL). Melting points were meas-
ured on apparatus by Dr. Tottoli (Büchi). Elemental analyses: CHN rapid
analyzer (Heraeus), Vario EL (Analysensysteme GmbH). Flash chroma-
tography: Silica gel Si60, Merck, Darmstadt, 40 ± 63 mm. Analytical gas
chromatography was performed at ªSichromateº (Siemens) and HP5880A
with integrator (Hewlett Packard) employing a column of type OV1,
25 m� 0.25 mm (Hewlett Packard). Hydroformylation reactions were
performed in a 100 mL stainless-steel autoclave equipped with a sampling
device and gas transfer stirrer (Premex, Switzerland). The stirrer engine
was a ªEurodigi-viskº (Ika). A thermostat, type CC301 (Huber), filled with
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synthetic oil served as the heating device. In all hydroformylation
experiments, the autoclave was connected to a gas reservoir that kept the
CO/H2 gas pressure constant throughout the reaction. Gases: Premixed
carbon monoxide 1.8 (98 %), hydrogen 3.0 (99.9 %) in a ratio of 1:1
(Messer-Griesheim).


The following compounds were prepared by literature procedures:
chalkone,[44] 2,4,6-triphenylpyrylium tetrafluoroborate,[22] tris(trimethyl-
silyl)phosphine,[45] and 2,2-dimethylpropylidine phosphane,[45]


Benzylidene-2-acetonaphton : Activated barium hydroxide[23] (1.0 g,
5.8 mmol) and benzaldehyde (9.34 g, 88.0 mmol) were added successively
to a solution of 2-acetylnaphthalin (10.0 g, 58.8 mmol) in ethanol (80 mL).
The reaction mixture was heated under reflux for 2.5 h. After cooling to
RT, a precipitate formed which was collected by filtration, then washed
with water (3� 5 mL) and ethanol (2� 5 mL). The residue was dried in
vacuo to give benzylidene-2-acetophenone as pale yellow crystals. Yield:
14.4 g, 95%, m.p. 103 8C (ref. [46], 105 8C); 1H NMR (200 MHz, CDCl3):
d� 7.43 ± 7.47 (m, 3H), 7.56 ± 7.62 (m, 2H), 7.65 ± 7.74 (m, 3H), 7.86 ± 8.02
(m, 4H), 8.12 (dd, J(H,H)� 8.74, 1.76 Hz, 1H), 8.55 (s, 1H); 13C NMR
(50.33 MHz, CDCl3): d� 122.0, 124.4, 126.7, 127.8, 128.3 (2 C), 128.5 (2
signals), 128.9 (2 C), 129.5, 129.9, 130.5, 132.5, 134.9, 135.4, 135.5, 144.7,
190.2. Analytical data correspond to those reported previously.[46]


4-Trifluormethylbenzylidene acetophenone : 4-Trifluoromethyl benzalde-
hyde (5.0 g, 28.7 mmol) was added at RT to a solution of acetophenone
(2.87 g, 23.9 mmol) and activated barium hydroxide (200 mg, 1.2 mmol) in
ethanol (20 mL). After the solution had been stirred magnetically for 5 min
at RT, a yellow precipitate formed, which was collected by filtration then
washed with water (2� 2 mL) and ethanol (2� 1 mL), and dried in vacuo
to give the product as yellow crystals. Yield: 6.2 g, 94 %; m.p. 124 8C
(ref. [47], 125 8C); 1H NMR (300 MHz, CDCl3): d� 7.41 ± 7.77 (m, 9 H), 8.03
(dd, J(H,H)� 6.7, 1.8 Hz, 2 H); 13C NMR (CDCl3, 50.33 MHz): d� 124.2,
125.8 (q, 3J(C,F)� 3.7 Hz, 2C), 128.6 (2 signals, each 2C), 128.7, 129.3 (q,
1J(C,F)� 285 Hz), 131.5, 133.1 (2 C), 137.7, 138.2, 189.9; the signal for C-CF3


could not be detected. 19F NMR (CDCl3, 188 MHz): d�ÿ63.3; elemental
analysis calcd (%) for C16H11F3O (276.3): C 69.57, H 4.01; found C 69.44, H
4.12.


4-Methoxybenzylidene acetophenone : 4-Methoxybenzaldehyde (12.5 g,
91.6 mmol) was added at RT to a solution of acetophenone (10.0 g,
83.2 mmol) and activated barium hydroxide (300 mg, 1.8 mmol) in ethanol
(40 mL). The reaction mixture was heated under reflux for 6 h. After
cooling to RT, the solvent was reduced in vacuo to a volume of 30 mL.
Pouring this mixture into vigorously stirred petroleum ether (50 mL)
provided a precipitate, which was collected by filtration. Drying in vacuo
provided the product as a pale yellow powder. Yield: 9.5 g, 48%; m.p. 70 8C
(ref. [48], 72 8C); 1H NMR (300 MHz, CDCl3): d� 3.81 (s, 3H; OCH3), 6.90
(dt, 3J(H,H)� 8.8 Hz, 4J(H,H)� 2.9 Hz, 2H), 7.41 (d, 3J(H,H)� 15.6 Hz,
1H), 7.44 ± 7.60 (m, 5 H; Ph), 7.78 (d, 3J(H,H)� 15.6 Hz, 1H), 8.01 (dt,
3J(H,H)� 6.9 Hz, 4J(H,H)� 2.1 Hz, 2H); 13C NMR (CDCl3, 50.33 MHz):
d� 55.3, 114.3 (2C), 119.7, 127.5, 128.3 (2C), 128.4 (2C), 130.1 (2C), 132.4,
138.4, 144.5, 161.6, 190.4; elemental analysis calcd (%) for C16H14O2 (238.3):
C 80.65, H 5.92; found C 80.46, H 6.11.


Pyrylium Salts


2,6-Dimethyl-4-phenylprylium tetrafluoroborate :[24] a-Methylstyrene
(28.4 g, 240 mmol) was added to a solution of tetrafluoroboric acid (54 %
in diethyl ether, 21.1 g, 240 mmol) in acetic anhydride (200 mL) at 0 8C and
the reaction mixture was stirred for 2 h. After standing overnight at RT, the
reaction mixture was poured into ether (400 mL). A precipitate formed
which was collected by filtration. Recrystallization from hot water
(100 mL) gave the product as yellow crystals. Yield: 16.5 g, 25%; m.p.
196 8C; 1H NMR (200 MHz, trifluoroacetic acid (TFA)/CDCl3): d� 2.96 (s,
6H; CH3), 7.62 ± 7.72 (m, 2 H; ArH), 7.75 ± 7.84 (m, 1 H; ArH), 7.98 ± 8.05
(m, 2 H; ArH), 8.07 (s, 2H; C3-H); 13C NMR (TFA/CDCl3, 50.33 MHz):
d� 20.9 (2C), 118.3 (C3, 2C), 129.7 (2C), 130.7, 131.6 (2 C), 136.5, 168.3
(C4), 178.7 (C2, 2 C); elemental analysis calcd (%) for C13H13BF4O (199.1):
C 57.39, H 4.82; found C 57.39, H 4.93.


2,6-Diisopropyl-4-phenylpyrylium tetrafluoroborate : a-methylstyrene
(14.2 g, 120 mmol) was added slowly at 0 8C to a solution of tetrafluoroboric
acid (54 % in diethyl ether, 20.1 g, 120 mmol) in isobutyric anhydride
(100 mL). The reaction mixture was stirred for 1 h at RT and additional 5 h
at reflux. After cooling the mixture to RT, the precipitated solid was
collected by filtration. After washing with cold ether (20 mL) the residue


was recrystallized from hot ether (50 mL) to give the pyrylium salt as a
beige solid. Yield: 10.1 g, 26 %; m.p. 178 8C; 1H NMR (300 MHz, CDCl3):
d� 1.47 (d, 3J(H,H)� 7.0 Hz, 12H; CH3), 3.56 (sept, 3J(H,H)� 7.0 Hz, 2H;
CH), 7.56 (t, 3J(H,H)� 7 Hz, 2H; ArH), 7.66 (tt, 3J(H,H)� 7 Hz,
4J(H,H)� 2 Hz, 1H; ArH), 8.11 (dd, 3J(H,H)� 7 Hz, 4J(H,H)� 2 Hz,
2H; ArH), 8.11 (s, 2H; C4-H); 13C NMR (CDCl3, 75.47 MHz): d� 20.1
(4C), 34.5 (2 C), 116.5 (C4, 2C), 129.8 (2C), 130.1 (2 C), 132.2, 135.2, 167.8
(C5), 184.8 (C3, 2 C); elemental analysis calcd (%) for C17H21BF4O (328.2):
C 62.22, H 6.45; found C 62.25, H 6.65.


6-Methyl-2,4-diphenylpyrylium tetrafluoroborate : In analogy to a known
procedure,[49] the pyrylium salt was obtained from borontrifluoride etherate
(22.2 g, 327 mmol), acetophenone (16.0 g, 133 mmol), and acetic anhydride
(14.1 g, 138 mmol) as yellow crystals. Yield: 7.9 g, 35%; m.p. 248 8C;
1H NMR (200 MHz, TFA): d� 3.19 (s, 3 H; CH3), 7.78 ± 7.97 (m, 6 H; ArH),
8.17 ± 8.27 (m, 3H; ArH), 8.36 (d, J(H,H)� 1.2 Hz, 1 H; ArH), 8.40 (s, 1H),
8.72 (s, 1H); 13C NMR (TFA, 50.33 MHz): d� 22.8, 116.9, 120.7, 130.8,
131.0 (2C), 131.7 (2 C), 133.0 (2C), 133.2 (2C), 135.0, 138.9, 139.0, 171.0,
176.4, 179.8; elemental analysis calcd (%) for C18H15BF4O (334.11): C
64.71, H 4.53; found C 64.74, H 4.53.


General procedure for the preparation of 2,4,6 aryl-substituted pyrylium
salts :[22] Tetrafluoroboric acid (52 % ethereal solution, 2.2 equiv) was added
at 70 8C within 2 min to a solution of the corresponding chalcone derivative
(2.2 equiv) and acetyl derivative (1 equiv) in 1,2-dichloroethane. The
reaction mixture was heated under reflux for 4 h, then allowed to cool to
RT; this was followed by the addition of a threefold amount of ether. An oil
formed which was separated and recrystallized from hot ethanol.


2-(2-Naphthyl)-4,6-diphenylpyrylium tetrafluoroborate : The pyrylium salt
was obtained from chalcone (5.00 g, 24.0 mmol), 2-acetonaphthone (2.04 g,
12.0 mmol), and tetrafluoroboric acid (52 % in ether, 4.68 g, 28.8 mmol) in
1,2-dichloroethane (20 mL) as orange crystals. Yield: 7.61 g, 57 %; m.p.
254 8C; 1H NMR (300 MHz, TFA/CDCl3): d� 7.34 ± 7.42 (m, 1 H), 7.50 ± 7.75
(m, 8 H), 7.80 ± 8.20 (m, 7 H), 8.25 (s, 1H), 8.47 (s, 1 H), 8.69 (s, 1H);
13C NMR (TFA/CDCl3, 75.47 MHz): d� 113.8, 114.3, 122.0, 125.2, 127.9,
128.2 (two signals), 128.7 (2 C), 129.0 (2C), 129.3 (two signals), 130.0 (2C),
130.3, 130.7 (2C), 131.3, 132.0, 132.7, 135.7 (two signals), 136.1, 165.5, 170.1,
170.3; FAB�/HR (C25H15F6O): calcd 359.1436; found 359.1453.


2,6-Di-(2-naphthyl)-4-phenylpyrylium tetrafluoroborate : The pyrylium salt
was obtained as orange crystals from 1-(2-naphthyl)-3-phenylpropenone
(7.00 g, 27.1 mmol), 2-acetonaphthone (2.31 g, 13.6 mmol), and tetrafluoro-
boric acid (52 % in ether, 4.85 g, 29.8 mmol) in 1,2-dichloroethane (50 mL).
Yield: 1.97 g, 30%; m.p. 254 8C; 1H NMR (300 MHz, [D6]acetone):
d� 7.77 ± 7.95 (m, 7H), 8.18 (d, J(H,H)� 8.0 Hz, 2H), 8.34 (d, J(H,H)�
8.1 Hz, 2H), 8.36 (d, J(H,H)� 8.7 Hz, 2H), 8.64 (dt, J(H,H)� 6.2 Hz,
1.4 Hz, 2 H), 8.74 (dd, J(H,H)� 8.0 Hz, 2.0 Hz, 2H), 9.36 (s, 2 H), 9.43 (d,
J(H,H)� 2.0 Hz, 2H); 13C NMR (TFA/CDCl3, 75.47 MHz): d� 115.1 (C2,
2C), 123.2 (2C), 126.8 (2 C), 129.9 (2C), 130.1, 130.4 (2C), 130.7 (2 C), 131.8
(2C), 132.1 (2 C), 132.3 (2C), 132.5 (2C), 132.7 (2C), 132.9 (2C), 134.8,
138.0, 138.5, 167.0 (C-3), 171.9 (C-1, 2C).


4-[4-(Trifluormethyl)phenyl]-2,6-diphenylpyrylium tetrafluoroborate : The
pyrylium salt was obtained as yellow crystals from 1-phenyl-3-(4-trifluoro-
methylphenyl)propenone (3.00 g, 10.9 mmol), 2-acetophenone (0.65 g,
5.43 mmol), and tetrafluoroboric acid (52 % in ether, 1.77 g, 10.9 mmol)
in 1,2-dichloroethane (15 mL). Yield: 0.9 g, 36 %; m.p. 247 8C; 1H NMR
(300 MHz, TFA/CDCl3): d� 7.40 ± 7.96 (m, all H); 13C NMR (TFA/CDCl3,
75.47 MHz): d� 115.5 (2 C), 124.2 (q, 1J(C,F)� 270 Hz, CF3), 126.3 (q,
3J(C,F)� 3.8 Hz, 2C), 128.8, 129.4 (4 C), 129.5 (2C), 129.7 (4C), 131.0 (2C),
133.7 (q, 2J(C,F)� 33.0 Hz), 135.3 (2C), 167.0, 173.0 (2 C); FAB�/HR
(C24H16F3O): calcd 377.1153; found 377.1153.


2-[3,5-Bis(trifluoromethyl)phenyl]-4,6-diphenylpyrylium tetrafluoroborate :
The pyrylium salt was obtained as yellow crystals from 3,5-bis(trifluoro-
methyl)acetophenone (5.00 g, 19.5 mmol), chalcone (8.13 g, 39.0 mmol),
and tetrafluoroboric acid (52 % in ether, 6.10 g, 39.0 mmol) in 1,2-
dichloroethane (10 mL). Yield: 6.50 g, 62%; m.p. 252 8C; 1H NMR
(300 MHz, CDCl3): d� 7.62 ± 7.88 (m, 7H), 8.11 ± 8.28 (m, 5H), 8.62 (d,
J(H,H)� 1.6 Hz, 1H), 8.64 (s, 1 H), 8.67 (d, J(H,H)� 1.6 Hz, 1H); 13C NMR
(TFA, 75.47 MHz): d� 117.6, 117.8, 124.6 (q, 1J(C,F)� 272 Hz, 2 CF3), 130.1
(2C), 130.4 (2C), 130.7 (2C), 131.1 (2C), 131.5, 132.2, 132.5, 133.0, 134.3,
136.7 (q, 2J(C,F)� 35 Hz, 2C), 138.7, 138.8, 169.8, 170.8, 175.7; FAB�/HR
(C25H15F6O): calcd 445.1027; found 445.1009; elemental analysis calcd (%)
for C25H15BF10O (532.18): C 56.41, H 2.84; found C 56.04, H 2.92.
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2-[3,5-Bis(trifluormethyl)phenyl]-4-(4-trifluormethylphenyl)-6-phenylpyry-
lium tetrafluoroborate : The pyrylium salt was obtained as yellow crystals
from 1-phenyl-3-(4-trifluoromethylphenyl)propenone (6.90 g, 25.0 mmol),
3,5-bis(trifluoromethyl)acetophenone (3.20 g, 12.5 mmol), and tetrafluoro-
boric acid (52 % in ether, 4.22 g, 25.0 mmol) in 1,2-dichloroethane (25 mL).
Yield: 1.60 g, 22%; m.p. 242 8C; 1H NMR (300 MHz, TFA/CDCl3): d�
7.67 ± 7.76 (m, 3H), 7.80 ± 7.90 (m, 3H), 8.18 ± 8.30 (m, 5 H), 8.62 ± 8.73 (m,
3H); 13C NMR (TFA/CDCl3, 75.47 MHz): d� 117.1, 117.4, 127.2 (m, 2C),
127.9, 128.2 (2C), 128.6 (2C), 129.0, 129.8, 130.5, 130.6, 134.1 (q, 2J(C,F)�
33 Hz), 135.6, 136.5, 137.1, 166.8, 168.0, 173.7 (signals for CF3 groups could
not be detected because of low intensity); 19F NMR (188 MHz, CDCl3):
d�ÿ64.0, ÿ64.2, ÿ64.3; FAB�/HR (C26H14F9O): calcd 513.0901; found
513.0921.


2,6-Diphenyl-4-(4-methoxyphenyl)-pyrylium tetrafluoroborate : The pyryli-
um salt was obtained as yellow crystals from 1-phenyl-3-(4-methoxyphe-
nyl)propenone (9.50 g, 41.9 mmol), acetophenone (2.52 g, 21.0 mmol), and
tetrafluoroboric acid (52 % in ether, 6.90 g, 42.0 mmol) in 1,2-dichloro-
ethane (70 mL). Yield: 3.30 g, 37 %; m.p. 233 8C; 1H NMR (200 MHz, TFA/
CDCl3): d� 4.06 (s, 3 H; OCH3), 7.28 (dd, J(H,H)� 4.0 Hz, 1.7 Hz, 2H),
7.32 ± 7.90 (m, 6H), 8.21 ± 8.37 (m, 6 H), 8.48 (s, 2 H); 13C NMR (TFA/
CDCl3, 50.33 MHz): d� 56.2, 112.6 (2C), 116.8 (2 C), 123.1, 128.2 (4C),
128.8 (2C), 130.7 (4C), 132.3 (2C), 136.1 (2C), 165.3, 167.7, 170.8 (2C);
elemental analysis calcd (%) for C24H19BF4O2 (426.21): C 67.63, H 4.49;
found C 67.28, H 4.32.


2-(2-Methoxyphenyl)-4,6-diphenyl-pyrylium tetrafluoroborate : The pyryli-
um salt was obtained as yellow crystals from 2-methoxyacetophenone
(8.00 g, 53.2 mmol), chalcone (22.2 g, 106 mmol), and tetrafluoroboric acid
(52 % in ether, 18.0 g, 106 mmol) in 1,2-dichloroethane (20 mL). Yield:
13.2 g, 58%; m.p. 168 8C; 1H NMR (300 MHz, CDCl3): d� 4.04 (s, 3H;
OCH3), 7.20 (t, J(H,H)� 7.6 Hz, 1H), 7.25 (d, J(H,H)� 8.5 Hz, 1H), 7.50 ±
7.60 (m, 7H), 8.06 (dd, J(H,H)� 8.0 Hz, 1.5 Hz, 1H), 8.11 ± 8.16 (m, 2H),
8.22 ± 8.28 (m, 2H), 8.48 (d, J(H,H)� 1.5 Hz, 1 H), 8.66 (d, J(H,H)� 1.5 Hz,
1H); 13C NMR (CDCl3, 75.47 MHz): d� 56.5, 112.9, 113.9, 116.9, 118.0,
122.2, 128.0, 128.3 (2C), 128.4, 129.5 (2 C), 130.0 (2 C), 130.5 (2C), 132.2,
135.0, 135.1, 137.2, 159.7, 165.3, 168.4, 170.1; elemental analysis calcd (%)
for C24H19BF4O2 (426.20): C 67.63, H 4.49; found C 67.38, H 4.67.


2-(3-Methoxyphenyl)-4,6-diphenyl-pyrylium tetrafluoroborate : The pyryli-
um salt was obtained as yellow crystals from 3-methoxyacetophenone
(15.0 g, 99.9 mmol), chalcone (41.6 g, 200 mmol), and tetrafluoroboric acid
(52 % in ether, 33.7 g, 200 mmol) in 1,2-dichloroethane (40 mL). Yield:
41.6 g, 57 %; m.p. 181 8C; 1H NMR (300 MHz, TFA/CDCl3): d� 3.96 (s,
3H; OCH3), 7.60 ± 7.90 (m, 10H), 8.10 ± 8.16 (m, 2 H), 8.24 ± 8.28 (m, 2H),
8.48 (d, J(H,H)� 1.5 Hz, 1H), 8.51 (d, J(H,H)� 1.5 Hz, 1H); 13C NMR
(TFA/CDCl3, 75.47 MHz): d� 55.9, 114.7, 114.9, 121.0, 121.4, 128.3, 129.2
(2C), 129.4(2 C), 129.6(2C), 129.7(2C), 130.4, 130.5, 131.7, 132.4, 136.0,
136.1, 160.7, 167.0, 170.9, 171.3.


8-(2-Naphthyl)-10,11-diphenyl-11 H-benzo[4,5]indeno[1,2-b]pyrylium tet-
rafluoroborate 16 : Tetrafluoroboric acid (52 % ethereal solution, 3.1 g,
19.4 mmol) was added within 2 min to a solution of 1-(2-naphtyl)-3-
phenylpropenone (5.00 g, 19.4 mmol) in 1,2-dichloroethane (15 mL) at
70 8C. The reaction mixture was heated to reflux for 4 h, then allowed to
cool to RT and poured into ether (45 mL). An oil precipitated which was
separated and recrystallized from hot ethanol to give the pyrylium salt 16 as
yellow crystals. Yield: 3.20 g, 28%; m.p. 224 8C; 1H NMR (300 MHz, TFA/
CDCl3): d� 5.89 (s, 1 H; CHPh), 7.38 ± 7.46 (m, 4 H), 7.55 (s, 1H), 7.57 (s,
2H), 7.60 ± 7.80 (m, 3H), 7.88 (d, J� 8.1 Hz, 1H), 7.91 ± 7.99 (m, 5H), 8.00 ±
8.10 (m, 2H), 8.12 (d, J(H,H)� 1.1 Hz, 2 H), 8.24 (dd, J(H,H)� 12.8 Hz,
J� 8.7 Hz, 1 H), 8.35 (s, 2H), 8.77 (s, 1H); 13C NMR (75.47 MHz, TFA/
CDCl3): d� 51.0 (CHPh), 115.7, 117.4, 121.8, 125.2, 125.4 (two signals, 2C
each), 126.2, 128.0, 128.1 (two signals, 2 C each), 128.2, 128.3, 128.4, 128.6,
129.0, 129.2, 129.5, 129.9, 130.1, 130.6, 131.5, 131.7, 132.6, 132.9, 133.15,
133.25, 136.3, 137.8, 138.5, 154.7, 161.4, 167.4, 174.5; FAB�/HR (C38H25O):
calcd 497.1905; found 497.1903.


2,6-Bis(2,4-dimethylphenyl)-4-phenylpyrylium tetrafluoroborate :[21] Tetra-
fluoroboric acid (54 % ethereal solution, 606 g, 3.7 mmol) was added slowly
at 80 8C to a solution of benzaldehyde (271 g, 2.6 mmol) and 2,4-
dimethylacetophenone (542 g, 3.7 mol) in 1,2-dichloroethane. After stirring
for a further 4 h at this temperature, the reaction mixture was allowed to
cool to RT. The volatile components were removed in vacuo, and the
residue was treated with a toluene/water mixture (1:1). The precipitated


orange-yellow solid was collected by filtration, then washed with water and
toluene, and dried in vacuo. Recrystallization from hot methanol/dichloro-
methane provided the pyrylium salt as a bright yellow solid. Yield: 180 g,
32%; m.p. 201 8C; 1H NMR (200 MHz, CDCl3): d� 2.43 (s, 6H; CH3), 2.57
(s, 6H; CH3), 7.25 (s, 3H), 7.30 (s, 1 H), 7.58 ± 7.73 (m, 3 H), 7.82 (d, J(H,H)�
8.0 Hz, 2H), 8.08 (dd, J(H,H)� 8.0 Hz, 1.8 Hz, 2H), 8.20 (d, J(H,H)�
9.4 Hz, 2H); 13C NMR (50.34 MHz, CDCl3): d� 21.0, 21.6, 118.0, 126.3,
128.4, 129.3, 130.3, 131.3, 132.8, 133.5, 135.1, 138.4, 145.7, 165.8, 173.8;
elemental analysis calcd (%) for C27H25BF4O (452.29): calcd C 71.70, H
5.57; found C 71.69, H 5.74.


General procedure for the preparation of phosphabenzenes
From pyrylium salts and tris(trimethylsilyl)phosphane (Method A):[19]


Tris(trimethylsilyl)phosphane (2 ± 2.5 equiv) was added dropwise at RT to
a magnetically stirred solution of the corresponding pyrylium salt (1equiv)
in acetonitrile. The resulting black reaction mixture was heated under
reflux for 5 h. After cooling to RT, the solvent was removed in vacuo. The
residue was dissolved in CH2Cl2 and an appropriate amount of silica gel was
added (0.5 gmmolÿ1). Evaporation of the solvent was followed by flash
chromatography with petroleum ether/ethyl acetate (19:1) to give the
corresponding phosphabenzene as a colorless to pale yellow solid or oil.


From pyrylium salts and phosphane (Method B):[21] A solution of the
corresponding pyrylium salt in a suitable solvent was placed in an autoclave
(material: HC). In some cases hydrogen bromide was added as a catalyst.
(It was later found that the addition of the acid catalyst is not essential.)
The autoclave was pressurized with phosphane gas (5 bar) at room
temperature, then the reaction mixture was heated to 110 8C with vigorous
mechanical stirring. When the reaction temperature was reached, the
phosphane pressure was increased to 30 bar. After 4 h the autoclave was
cooled to room temperature, depressurized, and phosphane traces were
removed by flushing with nitrogen. The reaction mixture was concentrated,
then filtered. The remaining solid was washed with the original solvent,
dissolved in toluene and subsequently washed with several portions of
water until the water phase was neutral. Toluene was removed in vacuo,
and the residue was washed with pentane to yield pure phosphabenzene. If
necessary further purification could be achieved by recrystallization.


2,6-Dimethyl-4-phenylphosphinine (1):[50] Phosphinine 1 was obtained as a
colorless solid according to method A from the corresponding pyrylium salt
(5 g, 18.4 mmol) and P(TMS)3 (9.20 g, 36.8 mmol) in acetonitrile (50 mL).
Yield: 876 mg, 24 %; m.p. 61 8C; 1H NMR (200 MHz, CDCl3): d� 2.74 (d,
3J(H,P)� 15.1 Hz, 6H; CH3), 7.32 ± 7.44 (m, 3 H), 7.53 (d, J� 7.7 Hz, 2H),
7.71 (d, J� 6.7 Hz, 2H); 13C NMR (75.47 MHz, CDCl3): d� 24.6 (d,
2J(C,P)� 35.8 Hz, 2CH3), 127.6 (two signals, 2 C each), 128.8, 132.1 (d,
2J(C,P)� 13.2 Hz, C3, 2 C), 142.3 (d, 4J(C,P)� 3.2 Hz), 143.3 (d, 3J(C,P)�
15.3 Hz, C4), 168.4 (d, 1J(C,P)� 49.6 Hz, C2, 2 C); 31P NMR (81 MHz,
CDCl3): d� 194.3; elemental analysis calcd (%) for C13H13P (200.20): C
77.98, H 6.55; found C 77.74, H 6.63.


6-Methyl-2,4-diphenylphosphinine (2):[20] Phosphinine 2 was obtained as a
colorless solid according to method A from the corresponding pyrylium salt
(5.01 g, 15.0 mmol) and P(TMS)3 (11.30 g, 45.0 mmol) in acetonitrile
(60 mL). Yield: 1.0 g, 25 %; m.p. 76 8C; 1H NMR (200 MHz, CDCl3): d�
2.83 (d, 2J(H,P)� 15.5 Hz, 3 H; CH3), 7.45 (m, 6H), 7.65 (d, J� 7.3 Hz, 2H),
7.70 (d, J� 8.0 Hz, 2 H), 7.88 (d, J� 7.0 Hz, 1H), 8.06 (d, J� 5.7 Hz, 1H);
13C NMR (100.62 MHz, CDCl3): d� 24.8 (d, 2J(C,P)� 37.2 Hz, CH3), 127.5
(2C), 127.7 (two signals), 127.8 (2C), 128.8 (2C), 128.9 (2C), 130.9 (d,
2J(C,P)� 12.7 Hz, C3/5), 133.0 (d, 2J(C,P)� 12.7 Hz, C3/5), 142.3, 143.5 (d,
3J(C,P)� 23.7 Hz), 143.7 (d, 3J(C,P)� 14.9 Hz, C4), 168.6 (d, 1J(C,P)�
50.6 Hz, C2/6), 171.6 (d, 1J(C,P)� 51.2 Hz, C2/6); 31P NMR (81 MHz,
CDCl3): d� 189.7; elemental analysis calcd (%) for C18H15P (262.27): C
82.43, H 5.77; found C 82.36, H 5.61.


2,4,6-Triphenylphosphinine (3):[51, 21] According to method A, phosphinine
3 was obtained as a pale yellow solid from the corresponding pyrylium salt
(5.00 g, 12.6 mmol) and P(TMS)3 (6.32 g, 25.2 mmol) in acetonitrile
(30 mL); yield: 1.5 g, 35%. According to method B, apart from a reaction
time was 6 h, phosphinine 3 was obtained as a colorless solid from the
corresponding pyrylium salt (20 g, 50 mmol) in n-butanol (150 mL) after
recrystallization from diethyl ether/methanol. Yield: 12.6 g, 77%; m.p.
173 8C; 1H NMR (300 MHz, CDCl3): d� 7.38 ± 7.46 (m, 8H), 7.64 ± 7.73 (m,
7H), 8.21 (d, 3J(H,P)� 6.0 Hz, 2H; H at C3/5); 13C NMR (75.47 MHz,
CDCl3): d� 127.6 (2 C), 127.7 (2C), 127.9 (4C), 128.9 (2C), 129.0 (4C),
131.9 (d, 2J(C,P)� 12.1 Hz, C3/5, 2C), 142.1, 142.2, 143.3 (d, 2J(C,P)�
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24.1 Hz, 2C), 144.1 (d, 3J(C,P)� 13.7 Hz, C4), 171.7 (d, 1J(C,P)� 51.9 Hz,
C2/6, 2 C); 31P NMR (81 MHz, CDCl3): d� 185.1; elemental analysis calcd
(%) for C23H17P (324.34): C 85.17, H 5.28; found C 85.24, H 5.10.


2-(2-Naphthyl)-4,6-diphenylphosphinine (4):[21] According to method A,
phosphinine 4 was obtained as an orange solid from the corresponding
pyrylium salt (6.50 g, 14.5 mmol) and P(TMS)3 (4.38 g, 17.5 mmol) in
acetonitrile (55 mL); yield: 1.8 g, 33%. According to method B, apart from
a phosphane pressure of 20 bar at reaction temperature, phosphinine 4 was
obtained as a yellow solid from the corresponding pyrylium salt (10 g,
22 mmol) and 1 mL hydrogen bromide in acetic acid (30 wt %) in ethanol
(150 mL). Yield: 10 g, 84%; 1H NMR (200 MHz, CDCl3): d� 7.41 ± 7.60 (m,
8H), 7.72 ± 7.81 (m, 4H), 7.88 ± 8.00 (m, 4H), 8.22 (dd, 3J� 6.0 Hz,
4J� 1.2 Hz, 1 H; H4), 8.22 (s, 1H; H8), 8.32 (dd, 3J� 6 Hz, 4J� 1.2 Hz,
1H; H2); 13C NMR (100.61 MHz, CDCl3): d� 126.0, 126.1, 126.2, 126.3,
126.5, 127.7 (2C), 127.8 (2 C), 128.0 (2C), 128.4, 128.7, 128.9 (2C),
129.0 (2C), 131.8 (d, 2J(C,P)� 12.1 Hz, C3/5), 131.9 (d, 2J(C,P)� 12.1 Hz,
C3/5), 132.9, 133.7, 140.7 (d, 2J(C,P)� 24.0 Hz), 142.2, 143.4 (d, 2J(C,P)�
24.0 Hz), 144.2 (d, 3J(C,P)� 13.6 Hz, C4), 171.6 (d, 1J(C,P)� 51.5 Hz, C2/
6), 171.8 (d, 1J(C,P)� 51.5 Hz, C2/6); 31P NMR (162 MHz, CDCl3): d�
184.5.


2,6-Di-(2-naphthyl)-4-phenylphosphinine (5):[21] According to method A,
phosphinine 5 was obtained as a red-orange solid from the corresponding
pyrylium salt (4.00 g, 8.06 mmol) and P(TMS)3 (4.44 g, 17.7 mmol) in
acetonitrile (80 mL); yield: 450 mg, 15%. According to method B,
phosphinine 5 was obtained as a yellow solid from the corresponding
pyrylium salt (2.5 g, 5.0 mmol) and hydrogen bromide in acetic acid (1 mL,
30 wt %) in n-butanol (150 mL) after recrystallization from toluene/
pentane. Yield: 1.0 g, 47%; m.p. 171 8C; 1H NMR (300 MHz, CD2Cl2):
d� 7.57 (m, 7 H), 7.75 (m, 2 H), 7.80 ± 7.99 (m, 8H), 8.24 (s, 2 H; H5), 8.29 (d,
J� 6.0 Hz, 2 H); 13C NMR (125.77 MHz, CDCl3): d� 126.0 (d, J(C,P)�
12.6 Hz, 2C), 126.3 (2C), 126.4, 126.5 (2C), 127.7 (2C), 127.9 (2 C), 128.0
(2C), 128.4 (2 C), 128.7 (2C), 129.0 (2C), 132.0 (d, 2J(C,P)� 11.3 Hz, C3/5,
2C), 133.0 (2C), 133.7 (2C), 140.6 (d, 2J(C,P)� 23.9 Hz, 2 C), 142.2, 144.3
(d, 3J(C,P)� 13.8 Hz, C4), 171.6 (d, 1J(C,P)� 51.5 Hz, C-2/6, 2 C); 31P NMR
(81 MHz, CDCl3): d� 185.5; HRMS (C31H21P): calcd 424.1381; found
424.1380.


2,6-Diisopropyl-4-phenylphosphinine (6): According to method A, phos-
phinine 6 was obtained as a pale yellow viscous oil from the corresponding
pyrylium salt (10.00 g, 30.5 mmol) and P(TMS)3 (19.0 g, 76.0 mmol) in
acetonitrile (25 mL). Yield: 2.3 g, 30%; 1H NMR (300 MHz, CDCl3): d�
1.41 (d, 3J(H,H)� 7 Hz, 12 H; CH3), 3.31 (sept, 3J(H,H)� 7 Hz, 2H; CH),
7.36 ± 7.60 (m, 5H; Ph), 7.83 (d, 3J(H,P)� 7 Hz, 2H; H4); 13C NMR
(125.77 MHz, CDCl3): d� 26.0 (2C), 38.0 (d, 2J(C,P)� 29.0 Hz, 2 C), 127.5,
127.7 (d, J(C,P)� 1.9 Hz, 2C), 128.8 (2C), 130.1 (d, 3J(C,P)� 12.2 Hz, C3/5,
2C), 142.9 (d, 4J(C,P)� 3.0 Hz), 143.1 (d, 3J(C,P)� 16 Hz, C4), 181.6 (d,
1J(C,P)� 52.8 Hz, C1/6, 2C); 31P NMR (81 MHz, CDCl3): d� 187.4;
elemental analysis calcd (%) for C17H21P (256.31): C 79.66, H 8.26; found
C 79.53, H 8.50.


8-Naphthalin-2-yl-10,11-diphenyl-11H-7-phosphabenzo[a]fluoren (7): Ac-
cording to method A, phosphinine 7 was obtained from the corresponding
pyrylium salt (2.90 g, 4.96 mmol) and P(TMS)3 (2.9 g, 11.7 mmol) in


acetonitrile (20 mL, 1.15 g, 45%) as an orange solid. Assignment of signals
is based on 1J(C,H), 2,3J(C,H) and 3J(H,H) correlation, and 13C DEPT
NMR experiments. 1H NMR (300 MHz, CDCl3): d� 5.65 (s, 1 H; H6), 6.46
(d, 3J(H,H)� 6.8 Hz, 2 H; H18), 6.80 ± 6.96 (m, 3H; H19, H20), 7.13 (d,
3J(H,H)� 8.0 Hz, 2 H; H22), 7.20 ± 7.39 (m, 5 H; H23, H-24, H13�1ArH),
7.42 ± 7.50 (m, 2H; H30/32�1 ArH), 7.67 (d, 3J(H,H)� 8.2 Hz, 1H; H15),
7.82 ± 7.94 (m, 7H; H2, H10, H30/32, H26,� 3 ArH), 8.19 (s, 1H; H34), 8.30
(dd, 3J(P,H)� 8.4 Hz, 4J(H,H)� 1.5 Hz, 1 H; H9); 13C NMR (125.77 MHz,


CDCl3): d� 55.9 (C6), 119.3 (d, 3J(C,P)� 9.2 Hz, C9), 124.5 (C15), 125.6
(C20), 125.9, 126.0 (C34), 126.1, 126.2, 126.4, 126.6, 127.3 (C24), 127.6, 127.7,
127.9 (C19), 128.2 (C18), 128.4 (C23), 128.5, 128.6 (C22), 129.0, 129.1, 129.9,
132.9 (C28), 133.7 (C33), 134.1 (C16), 134.5 (d, 2J(C,P)� 12.2 Hz, C2),
139.2 (C17), 141.0 (d, 2J(C,P)� 24.9 Hz, C25), 141.7 (C21), 142.6 (d,
3J(C,P)� 14.2 Hz, C3), 142.7 (C7), 143.4 (d, 2J(C,P)� 11.2 Hz, C8), 151.7
(d, 3J(C,P)� 12.7 Hz, C4), 168.4 (d, 1J(C,P)� 48.3 Hz, C1), 169.2 (d,
1J(C,P)� 47.8 Hz, C5); 31P NMR (81 MHz, CDCl3): d� 162.7; HRMS
(C38H25P): calcd 512.1694; found 512.1694.


2,6-Bis-(2,4-dimethylphenyl)-4-phenylphosphinine (8):[21] According to
method B, phosphinine 8 was obtained as a colorless solid from the
corresponding pyrylium salt (20 g, 44 mmol) in n-butanol (150 mL) after
recrystallization from diethyl ether/methanol. Yield: 8.9 g, 53%; m.p.
171 8C; 1H NMR (200 MHz, CD2Cl2): d� 2.34 (s, 6H; CH3), 2.37 (s, 6H;
CH3), 7.04 ± 7.16 (m, 4H), 7.18 ± 7.28 (m, 2H), 7.30 ± 7.50 (m, 3 H), 7.65 ± 7.68
(m, 2 H), 7.93 (d, 3J(H,P)� 6.2 Hz, 2 H; C3/5-H); 13C NMR (50.23 MHz,
CDCl3): d� 20.9 (d, J(C,P)� 2.7 Hz), 21.1, 126.5, 127.7 (d, J(C,P)� 5.5 Hz),
128.9, 130.2, 130.4, 131.3, 132.7, 132.8 (d, 2J(C,P)� 11.0 Hz, C3/5), 134.8 (d,
J(C,P)� 4.6 Hz), 137.4, 140.4 (d, 2J(C,P) � 23.0 Hz), 142.1 (d, 3J(C,P)�
13.8 Hz, C4), 172.5 (d, 1J(C,P)� 53.9 Hz, C2/6); 31P NMR (81 MHz,
CDCl3): d� 194.3; elemental analysis calcd (%) for C27H25P (380.46): C
85.24, H 6.62; found C 84.98, H 6.59.


4-(4-Methoxyphenyl)-2,6-diphenylphosphinine 9 :[21, 51] According to meth-
od A, phosphinine 9 was obtained as a yellow solid from the corresponding
pyrylium salt (3.30 g, 7.74 mmol) and P(TMS)3 (3.88 g, 15.5 mmol) in
acetonitrile (10 mL); yield: 540 mg, 20%. According to method B,
phosphinine 9 was obtained as a pale yellow solid from the corresponding
pyrylium salt (13 g, 31 mmol) in n-butanol (150 mL). Yield: 4.3 g, 39%;
m.p. 104 8C; 1H NMR (200 MHz, C6D6): d� 3.44 (s, 3 H; CH3), 6.97 (d, 3J�
8.8 Hz, 2H), 7.34 ± 7.26 (m, 6 H), 7.50 (d, J� 8.5 Hz, 2H), 7.82 (dt, J� 6.5 Hz,
1.5 Hz, 4H), 8.26 (d, 3J(H,P)� 5.8 Hz, 2H; C3/5-H); 13C NMR (50.33 MHz,
C6D6): d� 55.3, 115.2 (2 C), 127.9 (2C), 128.4 (4C), 128.9 (4C), 129.6 (2C),
132.3 (d, 2J(C,P)� 12.4 Hz, C3/5, 2 C), 135.4 (d, 4J(C,P)� 3.3 Hz), 144.5,
144.5 (d, 2J(C,P)� 24.3 Hz, 2 C), 160.6 (C11), 172.8 (d, 1J(C,P)� 52 Hz, C2/
6, 2C); 31P NMR (81 MHz, C6D6): d� 181.9; elemental analysis calcd (%)
for C24H19OP (354.36): C 81.34 H 5.40; found C 81.38, H 5.60.


4-[4-(Trifluormethyl)phenyl]-2,6-diphenylphosphinine (10): According to
method A, phosphinine 10 was obtained as a yellow solid from the
corresponding pyrylium salt (2.00 g, 4.3 mmol) and P(TMS)3 (2.7 g,
10.7 mmol) in acetonitrile (60 mL). Yield: 680 mg, 51%; 1H NMR
(200 MHz, C6D6): d� 7.35 ± 7.54 (m, 8H), 7.70 (d, J� 8.0 Hz, 2 H), 7.91
(dt, J� 8.0 Hz, 1.5 Hz, 4H), 8.17 (d, 3J(P,H)� 6.0 Hz, 2 H; C3/5-H);
13C NMR (125.77 MHz, CDCl3): d� 124.2 (q, 1J(C,F)� 273 Hz, CF3),
125.9 (q, 3J(C,F)� 3.8 Hz, 2C), 127.7 (d, 3J(C,P)� 12.5 Hz, 4 C), 128.10
(2C), 128.15 (2C), 129.0 (4C), 130.0 (q, 2J(C,F)� 32.7 Hz), 131.5 (d,
2J(C,P)� 11.3 Hz, C3/5, 2 C), 142.5 (d, 3J(C,P)� 13.7 Hz, C4), 143.1 (d,
2J(C,P)� 23.9 Hz, 2C), 145.7, 172.1 (d, 1J(C,P)� 52.8 Hz, C2/6, 2C); 31P
NMR (81 MHz, CDCl3): d� 189.6; 19F NMR (C6D6, 188 MHz): d�ÿ62.4;
elemental analysis calcd (%) for C24H16F3P (392.34): C 73.47 H 4.11; found
C 73.20, H 3.85.


2-[3,5-Bis(trifluormethyl)phenyl]-4,6-diphenylphosphinine (11): Accord-
ing to method A, phosphinine 11 was obtained as a yellow solid from the
corresponding pyrylium salt (4.00 g, 7.5 mmol) and P(TMS)3 (4.70 g,
18.8 mmol) in acetonitrile (20 mL). Yield: 700 mg, 20%; 1H NMR
(200 MHz, CDCl3): d� 7.42 ± 7.55 (m, 6H), 7.68 ± 7.76 (m, 4H), 7.94 (s,
1H; H1), 8.16 (s, 3 H), 8.27 (d, 3J� 6.2 Hz, 1H; H9); 13C NMR
(125.77 MHz, CDCl3): d� 121.5 (m), 123.3 (q, 1J(C,F)� 273 Hz, 2CF3),
127.67 (d, 3J(C,P)� 11.3 Hz, 2C), 127.72 (m, 2C), 127.8 (2 C), 128.4 (2C),
129.1 (2C), 129.2 (2 C), 132.1 (d, 2J(C,P)� 12.5 Hz, C3/5), 132.3 (q,
2J(C,F)� 32.7 Hz, 2C), 132.8 (d, 2J(C,P)� 12.5 Hz, C3/5), 141.6, 142.7 (d,
2J(C,P)� 23.8 Hz), 144.9 (d, 3J(C,P)� 13.8 Hz, C8), 145.4 (d, 2J(C,P)�
26.4 Hz), 168.1 (d, 1J(C,P)� 52.8 Hz, C2/6), 172.2 (d, 1J(C,P)� 52.8 Hz,
C2/6); 31P NMR (202 MHz, CDCl3): d� 186.2; HRMS (C25H15F6P): calcd
460.0815 found 460.0812.


2-[3,5-Bis(trifluormethyl)phenyl]-4-[4-(trifluormethyl)phenyl]-6-phenyl-
phosphinine (12): According to method A, phosphinine 12 was obtained as
a yellow solid from the corresponding pyrylium salt (1.50 g, 2.5 mmol) and
P(TMS)3 (1.60 g, 6.25 mmol) in acetonitrile (20 mL). Yield: 270 mg, 20%;
1H NMR (300 MHz, CDCl3): d� 7.38 (d, J� 6.0 Hz, 3H), 7.62 (d, J�
6.2 Hz, 1 H), 7.68 (s, 5 H), 7.84 (s, 1 H; H1), 8.04 (s, 3 H), 8.12 (d, J�
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6.0 Hz, 1H); 13C NMR (75.47 MHz, CDCl3): d� 121.8, 123.3 (q, 1J(C,F)�
273 Hz, 2 CF3), 126.2 (q, 3J(C,F)� 3.7 Hz, 2C), 127.6 (2 C), 127.7 (2C), 128.2
(2C), 128.6 (2 C), 129.2, 130.4 (q, 2J(C,P)� 32.6 Hz, C15), 131.8 (d,
2J(C,P)� 12.3 Hz, C3/5), 132.4 (q, 2J(C,F)� 33.5 Hz, 2C), 132.5 (d,
2J(C,P)� 11.4 Hz, C3/5), 142.4 (d, 2J(C,P)� 24.4 Hz), 143.3 (d, 3J(C,P)�
13.7 Hz, C4), 145.0 (m), 145.3, 168.5 (d, 1J(C,P)� 53.0 Hz, C1/6), 172.6 (d,
1J(C,P)� 52.0 Hz, C1/6); 31P NMR (81 MHz, CDCl3): d� 191.5; 19F NMR
(188 MHz, CDCl3): d� 62.8, 63.2; ; HRMS (C26H14F9P): calcd 528.0689
found 528.0692.


2-(2-Methoxyphenyl)-4,6-diphenylphosphinine (13):[21] According to meth-
od A, phosphinine 13 was obtained as a yellow solid from the correspond-
ing pyrylium salt (10.00 g, 23.5 mmol) and P(TMS)3 (14.70 g, 58.7 mmol) in
acetonitrile (30 mL); yield: 3.95 g, 48 %. According to method B, phosphi-
nine 13 was obtained as a pale yellow solid from the corresponding
pyrylium salt (20 g, 47 mmol) in n-butanol (150 mL). Yield: 4.7 g, 28%;
m.p. 78 8C; 1H NMR (300 MHz, CDCl3): d� 3.83 (s, 3H; CH3), 7.00 ± 7.11
(m, 2 H), 7.34 ± 7.52 (m, 8H), 7.64 ± 7.76 (m, 4H), 8.14 ± 8.20 (m, 2H; H at C3/
5); 13C NMR (75.47 MHz, CDCl3): d� 55.8, 111.4, 121.0, 127.7, 127.76,
127.84, 128.1, 128.2 (2C), 128.6 (2C), 128.86 (2C), 128.92 (2C), 129.3, 131.4
(d, 2J(C,P)� 11.7 Hz, C3/5), 133.9 (d, 2J(C,P)� 12.1 Hz, C3/5), 142.3, 142.9
(d, 3J(C,P)� 13.6 Hz, C4), 143.6 (d, 2J(C,P)� 24.9 Hz), 155.9 (d, 3J(C,P)�
4.2 Hz), 168.4 (d, 1J(C,P)� 52.1 Hz, C2/6), 171.4 (d, 1J(C,P)� 53.3 Hz, C2/
6); 31P NMR (81 MHz, CDCl3): d� 191.8; elemental analysis calcd (%) for
C24H19OP (354.36): C 81.34 H 5.40; found C 81.10, H 5.44.


2-(3-Methoxyphenyl)-4,6-diphenylphosphinine (14):[21] According to meth-
od A, phosphinine 14 was obtained as a pale yellow solid from the
corresponding pyrylium salt (10.00 g, 23.5 mmol) and P(TMS)3 (11.80 g,
47 mmol) in acetonitrile (100 mL); yield: 2.95 g, 36 %. According to
method B, phosphinine 14 was obtained as a pale yellow solid from the
corresponding pyrylium salt (13 g, 31 mmol) in n-butanol (150 mL). Yield:
4.3 g, 39%; m.p. 121 8C; 1H NMR (500 MHz, CDCl3): d� 3.87 (s, 3 H; CH3),
6.96 (dd, J� 7.9 Hz, 2.4 Hz, 1 H), 7.32 (d, J� 7.7 Hz, 1H), 7.37 ± 7.42 (m,
3H), 7.46 ± 7.50 (m, 4 H), 7.68 (d, J� 7.3 Hz, 2H), 7.73 (d, J� 7.9 Hz, 2H),
8.17 (d, J� 5.9 Hz, 2H); 13C NMR (75.47 MHz, CDCl3): d� 55.3, 113.2 (d,
3J(C,P)� 12.8 Hz), 113.6, 120.2 (d, 3J(C,P)� 12.8 Hz), 127.6 (2C), 127.8
(two signals), 128.0 (2 C), 128.9 (2C), 129.0 (2C), 129.9, 131.7 (d, 2J(C,P)�
11.3 Hz, C3/5), 131.8 (d, 2J(C,P)� 11.3 Hz, C3/5), 142.1 (d, 4J(C,P)� 3 Hz),
143.4 (d, 2J(C,P)� 24.1 Hz), 144.1 (d, 3J(C,P)� 13.7 Hz, C4), 144.8 (d,
2J(C,P)� 24.9 Hz), 160.0, 171.6 (d, 1J(C,P)� 52.8 Hz, C2/6), 171.8 (d,
1J(C,P)� 52.1 Hz, C2/6); 31P NMR (81 MHz, CDCl3): d� 185.2; elemental
analysis calcd (%) for C24H19OP (354.36): C 81.34 H 5.40; found C 81.40, H
5.46.


2-tert-Butyl-4,6-diphenylphosphinine (15): A solution of 4,6-diphenyl-a-
pyrone 19[52] (497 mg, 2.0 mmol) and 2,2-dimethylpropylidinphosphane[45]


(220 mg, 2.2 mmol) in benzene (3 mL) was heated in a Schlenk pressure
vessel to 140 8C for 3 d. After cooling the solution to RT, all volatile
components were removed in vacuo, and the residue was purified by flash
chromatography with petroleum ether/ethylacetate (19:1) to give phosphi-
nine 15 as a yellow oil. Yield: 330 mg, 54%; 1H NMR (300 MHz, CDCl3):
d� 1.46 (d, 4J(H,P)� 1.5 Hz, 9H; C(CH3)3), 7.10 ± 7.28 (m, 6H), 7.48 (m,
2H), 7.68 (m, 2H), 8.03 (dd, J� 5.8 Hz, 1.1 Hz, 1 H), 8.11 (dd, J� 6.4 Hz,
1.1 Hz, 1H); 13C NMR (75.47 MHz, CDCl3): d� 32.7 (d, 3J(C,P)� 12.2 Hz,
C(CH3)3), 38.7 (d, 2J(C,P)� 21.1 Hz, C(CH3)3), 127.8 (2C), 128.6 (2C),
128.8 (2C), 129.4 (2 C), 129.5 (d, 2J(C,P)� 12.4 Hz), 130.1 (d, 2J(C,P)�
12.4 Hz), 130.8, 131.0, 143.0 (d, 3J(C,P)� 29.4 Hz), 143.4 (d, 3J(C,P)�
14.0 Hz), 144.2, 170.6 (d, 1J(C,P)� 52.0 Hz, C6), 185.3 (d, 1J(C,P)�
59.3 Hz, C2); 31P NMR (81 MHz, CDCl3): d� 187.8.


General procedure for the preparation of rhodium(i)-phosphinine com-
plexes : The corresponding phosphinine (300 mmol) was added slowly to a
solution of rhodium dicarbonyl chloride dimer (26.5 mg, 68.2 mmol) in
CH2Cl2 (2 mL). A vigorous gas evolution was observed. After stirring the
mixture magnetically for a further hour at RT, the solvent was removed in
vacuo to give the rhodium complexes in quantitative yields.


trans-[Rh{h1-(C23H17P)}2Cl(CO)] (22): Crystals suitable for X-ray analysis
were obtained from a concentrated solution of the complex in CH2Cl2 at
RT. 1H NMR (400 MHz, CDCl3): d� 7.39 ± 7.48 (m, 14H), 7.53 (m, 4 H), 7.67
(d, J� 7.9 Hz, 4 H), 7.94 (d, J� 7.4 Hz, 8H), 8.25 (pseudo t, J� 10.2 Hz,
4H); 13C NMR (100.61 MHz, CDCl3): d� 127.5, 128.0, 128.1, 128.2, 128.9,
129.4 (pt, J� 5.1 Hz), 135.7, 140.5 (pt, J� 6.8 Hz), 141.1 (C4), 141.9 (pt, J�
11.8 Hz, C3), 161.7 (ptd, J� 11.8 Hz, 3.8 Hz), 181.9 (dt, 1J(C,Rh)� 64.0 Hz,


2J(P,C)� 22.1 Hz, CO); 31P NMR (162 MHz, CDCl3): d� 168.9
(d, 1J(Rh,P)� 174 Hz); IR(CH2Cl2): nÄ � 1999 cmÿ1, FAB�/HR
(C47H34ClOP2Rh): calcd. 814.0828; found 814.0828.


X-ray crystal structure analysis of rhodium complex 22 : [C46H34ClOP2Rh] ´
0.5CH2Cl2, Mw� 857.51, triclinic, space group P1Å, a� 1096.6(1), b�
1386.8(1), c� 1430.6(1) pm, a� 79.09(1), b� 74.83(1), g� 74.74(1)8, U�
2008(3) �3, Dc� 1.418 gcmÿ3 for Z� 2, F(000)� 874, m(MoKa)�
0.674 mmÿ1, l� 0.71 073 �, T� 193(2) K, crystal size 0.3� 0.3� 0.2 mm.
A total of 8182 reflections was collected (Enraf Nonius CAD4) by using W/
2q scans in the range 2.3< q< 268, 7851 were unique (Rint� 0.0493). The
structure was solved by direct methods. Full-matrix least-squares refine-
ment was based on F2, with all non-hydrogen atoms anisotropic and with
hydrogens included in calculated positions with isotropic temperature
factors 1.2 times that of the Ueq of the atom to which they were bonded. The
refinement converged at R1� 0.0716 (for 6686 reflections with I> 2s(I))
and wR2� 0.2300 (all data) [w� (s2(Fo)2 � (0.1918P)2 � 0.6691P)ÿ1 where
P� (F 2


o � 2F 2
c �/3]; final GOF� 1.056; largest peak and hole in the final


difference Fourier: 2.26/3.37 e �ÿ3. The programs used were SHELXS-97[53]


and SHELXL-97.[54] Crystallographic data (excluding structure factors)
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-156962. Copies of the data can be
obtained free of charge on application to CCDC, 112 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1233-336033; e-mail : deposit@ccdc.
cam.ac.uk).


trans-[Rh{h1-(C31H21P)}2Cl(CO)] (23): 1H NMR (400 MHz, CDCl3): d�
7.40 ± 7.52 (m, 18H), 7.71 (d, J� 8.4 Hz, 4 H), 7.79 (t, J� 6.8 Hz, 8 H), 8.08
(d, J� 8.4 Hz, 4H), 8.34 ± 8.40 (m, 8 H); ); 13C NMR (100.61 MHz, CDCl3):
d� 126.9, 127.0, 128.0, 128.06 (2C), 128.12 (2C), 128.6, 128.7, 128.8, 129.5,
133.5 (d, J� 19 Hz), 137.2, 138.7 (pt, J� 6.5 Hz), 141.6, 142.7 (t, J�
11.8 Hz), 162.6 (m), 181.4 (dt, 1J(C,Rh)� 65.1 Hz, 2J(C,P)� 22.0 Hz,
CO); 31P NMR (81 MHz, CDCl3): d� 166.8 (d, 1J(Rh,P)� 174.2 Hz);
IR(CH2Cl2): nÄ � 1998 cmÿ1.


trans-[Rh{h1-(C24H19OP)}2Cl(CO)] (24): 1H NMR (400 MHz, CDCl3): d�
3.83 (s, 6H; H9), 7.00 (d, J� 8.8 Hz, 4H), 7.34 ± 7.41 (m, 12 H), 7.57 (d, J�
8.8 Hz, 4H), 7.89 (d, J� 7.0 Hz, 8 H), 8.16 (t, J� 10.2 Hz, 4H); ); 13C NMR
(100.61 MHz, CDCl3): d� 55.4, 114.5, 128.3, 128.4, 128.8, 129.5 (pt, J�
5.1 Hz), 133.7, 135.5, 140.8 (pt, J� 6.9 Hz), 141.7 (pt, J� 11.6 Hz), 159.9,
161.8 (dpt, J� 14.4 Hz, 2.9 Hz), 180.9 (dt, 1J(Rh,C)� 64.5 Hz, 2J(C,P)�
21.6, CO); 31P NMR (81 MHz, CDCl3): d� 166.1 (d, 1J(Rh,P)� 174.0 Hz);
IR(CH2Cl2): nÄ � 2002 cmÿ1.


trans-[Rh{h1-(C24H16F3P)}2Cl(CO)] (25): 1H NMR (200 MHz, CDCl3): d�
7.15 ± 8.29 (m, all H); 13C NMR (100.61 MHz, CDCl3): d� 122.7, 125.4,
126.0, 128.0, 128.4, 128.7, 129.4, 135.7, 136.2, 140.4, 144.7, 162.2 (pt, J�
9.6 Hz, C1), 180.7 (dt, 1J(Rh,C)� 65.1 Hz, 2J(C,P)� 20.7 Hz, CO), 31P
NMR (81 MHz, CDCl3): d� 173.8 (d, 1J(Rh,P)� 175.0 Hz); IR(CH2Cl2):
nÄ � 2003 cmÿ1.


Experiments to determine the nature of the catalytically active species :
Under an atmosphere of dry and oxygen-free nitrogen (glove box)
[Rh(COD)2OTf] (12.3 mg, 26.3 mmol) and phosphabenzene 8 (20 mg,
52.6 mmol) were dissolved in CD2Cl2 (1 mL) and transferred into a sapphire
NMR pressure vessel. A pressure of 40 bar CO/H2 (1:1) was applied, and
the sample was heated for 1 h at 90 8C. After cooling to RT, the sample thus
obtained was investigated by 1H and 31P NMR spectroscopy. 1H NMR
(400 MHz, 25 8C, CD2Cl2): A RhH signal could not be detected; 31P NMR
(161 MHz, CD2Cl2): d� 154.5 (br s). ÿ90 8C: 31P NMR (161 MHz, CD2Cl2):
d� 146.75 (d, 1J(P,Rh)� 140 Hz, major species), 156.63 (d, 1J(P,Rh)�
149 Hz, minor species), ratio major/minor: about 6:1.


Under an atmosphere of dry and oxygen-free nitrogen (glove box),
[Ir(CO)2acac] (9.1 mg, 26.3 mmol) and phosphabenzene 8 (20 mg,
52.6 mmol) were dissolved in CD2Cl2 (1 mL) and transferred into a sapphire
NMR pressure vessel. A pressure of 40 bar CO/H2 (1:1) was applied, and
the sample was heated for 1 h at 90 8C. After cooling to ÿ90 8C the sample
thus obtained was investigated by 1H and 31P NMR spectroscopy. 1H NMR
(500 MHz, CD2Cl2): d�ÿ11.83 (d, 2J(H,P)� 23.2 Hz, P-Ir-H); 31P NMR
(202.46 MHz, CD2Cl2): d� 189.7 (free phosphinine), 144.3 (s), 143.9(s),
ratio: about 2:1:1.


General procedure for hydroformylation of oct-1-ene : [Rh(CO)2acac]
(3.1 mg, 12.0 mmol) and the appropriate amount of phosphinine (usually
240 mmol) were dissolved in toluene (5 mL) and stirred magnetically for
30 min. Subsequently, oct-1-ene (2.86 g, 25 mmol) was added, and the
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resulting solution was transferred into the autoclave. Additional toluene
(5 mL) was added, and the autoclave was heated to 90 8C while the mixture
was stirred (1000 minÿ1). When the mixture reached this temperature, a
CO/H2 (1:1) gas pressure of 10 bar was applied. After 20 h, complete
consumption of the starting material was determined by GC analysis and
the concentrations (c0) of all ingredients were quantified. The gas pressure
was released, followed by immediate and rapid addition of oct-1-ene
(5.71 g, 50 mmol). The kinetic experiment was started immediately by
readjustment of the gas pressure (CO/H2). Samples were taken from the
autoclave through a sample valve at the times indicated and analyzed
immediately by GC. Substraction of the initial concentration (c0) provided
the kinetic data of the hydroformylation experiment.


Hydroformylation of cyclohexene: [Rh(CO)2acac] (3.1 mg, 12.0 mmol) and
the corresponding ligand (20 equiv, 240 mmol) were dissolved in toluene
and stirred for 30 min at room temperature. Cyclohexene (4.10 g, 50 mmol)
was added, then the reaction mixture was transferred into the autoclave
and heated to 90 8C within 15 min. When the mixture reached this
temperature, a syngas pressure of 40 bar was applied. The reaction mixture
was analyzed by GC with internal standard and correction factors.


General procedures for the hydroformylation of more highly substituted
olefins : Variant A : [Rh(CO)2acac] and the ligand were dissolved in toluene,
and the mixture transferred into the autoclave. A pressure of 3 ± 5 bar CO/
H2 (1:1) was applied, and the autoclave was heated within 30 min to the
corresponding reaction temperature while the mixture was stirred
(1000 minÿ1). The olefin was added to the reaction mixture through a
pressure vessel, then the syngas pressure was adjusted to the desired
reaction pressure. After the indicated reaction time, the autoclave was
cooled to room temperature and depressurized, then the reaction mixture
was analyzed by GC with internal standard and correction factors.


Variant B : [Rh(CO)2acac] and the ligand were dissolved in toluene, and
transferred into the autoclave. A pressure of 3 ± 5 bar CO/H2 (1:1) was
applied, and the autoclave was heated within 30 min to the corresponding
reaction temperature while the mixture was stirred (1000 minÿ1). The
autoclave was cooled to room temperature and depressurized. The olefin
was added through a pressure vessel to the reaction mixture, which was
then heated to the reaction temperature within 30 min. When this
temperature was reached, the desired syngas pressure was applied. After
the indicated reaction time, the autoclave was cooled to room temperature
and depressurized, and the reaction mixture analyzed by GC with internal
standard and correction factors.


Hydroformylation of oct-2-ene


a) Rhodium/phosphinine catalyst : Oct-2-ene (Z/E 80:20) (24.8 g,
221 mmol) in toluene (24.9 g) was completely converted by treating it
with [Rh(CO)2acac] (7.9 mg, 0.03 mmol) and phosphinine 8 (0.2334 g,
0.61 mmol) at 90 8C and 10 bar CO/H2 (1:1) for 4 h according to variant A.
Product yields: 3-/4-octene (1%), n-nonanal (24 %), 2-methyloctanal
(43 %), 2-ethylhepatanal (18 %), and 2-propylhexanal (14 %). Aldehyde
selectivity (99 %).


b) Rhodium/triphenylphosphine catalyst : Oct-2-ene in toluene (12.0 g,
108 mmol) was 69% converted by treating it with [Rh(CO)2acac] (3.9 mg,
0.015 mmol) and triphenylphosphane (0.075 g, 0.29 mmol) at 90 8C and
10 bar CO/H2 (1:1) for 4 h according to variant A. Product yields: 3-/4-
octene (5%), n-nonanal (3%), 2-methyloctanal (42 %), 2-ethylhepatanal
(17 %), and 2-propylhexanal (2%). Aldehyde selectivity (95 %).


Hydroformylation of isobutene


a) Rhodium/phosphinine catalyst : Isobutene (15.7 g, 280 mmol) in toluene
(15.0 g) was 85 % converted by treating it with [Rh(CO)2acac] (5 mg,
0.019 mmol) and phosphinine 8 (0.1326 g, 0.38 mmol) at 80 8C and 30 bar
CO/H2 (1:1) for 4 h according to variant B. Product yield: Isovaleraldehyde
85%; aldehyde selectivity� 99%; regioselectivity� 99%.


b) Rhodium/triphenylphosphine catalyst : isobutene (15.7 g, 280 mmol) in
toluene (15.0 g) was 9 % converted by treating it with [Rh(CO)2acac]
(5 mg, 0.019 mmol) and triphenylphosphane (0.099 g, 0.38 mmol) at 80 8C
and 30 bar CO/H2 (1:1) for 4 h according to variant B. Product yield:
isovaleraldehyde� 8%.


Hydroformylation of methallyl alcohol


a) Rhodium/phosphinine catalyst : A methallyl alcohol conversion of 94%
was obtained by allowing [Rh(CO)2acac] (3.1 mg, 0.012 mmol), phosphi-


nine 8 (0.091 g, 0.024 mmol), and isobutene (3.61 g, 50 mmol) in toluene
(15.0 mL) to react at 90 8C and 20 bar CO/H2 (1:1) for 120 min according to
variant A. Product yield: 3-methyl-g-lactol� 94 %; aldehyde selectivity�
99%; regioselectivity� 99 %.


b) Rhodium/triphenylphosphine catalyst : a methallylic alcohol conversion
of 88 % was obtained by reacting [Rh(CO)2acac] (3.1 mg, 0.012 mmol),
triphenylphosphane (0.063 g, 0.024 mmol) and isobutene (3.61 g, 50 mmol)
in toluene (15.0 mL) at 90 8C and 20 bar CO/H2 (1:1) for 300 min according
to variant A. Product yield: 3-methyl-g-lactol� 88 %; aldehyde
selectivity� 99%; regioselectivity� 99%).


Hydroformylation of (ÿ)-a-pinene : an a-pinene conversion of 13% was
obtained from reacting [Rh(CO)2acac] (4.9 mg, 0.019 mmol), phosphinine
8 (0.144 g, 0.38 mmol) and (ÿ)-a-pinene (17.9 g, 132 mmol) in toluene
(22 mL) at 80 8C and 60 bar CO/H2 (1:1) for 16 h according to variant A.
Aldehyde selectivity� 99 %; regio- and diastereoselectivity� 90%. The
product was purified through distillation and subsequent flash chromatog-
raphy on silica with petroleum ether/ethyl acetate (19:1) to furnish (ÿ)-
endo-3-formylpinane as a colorless oil; yield: 2.085 g, 9.5%. Spectroscopic
and analytical data correspond to those reported previously.[55]


Hydroformylation of 2,3-dimethylbut-2-ene


a) Rhodium/phosphinine catalyst : 2,3-dimethylbut-2-ene (25.3 g,
300.6 mmol) in toluene (25 g) was 29.2 % converted by treating it with
[Rh(CO)2acac] (8 mg, 0.031 mmol) and phosphinine 8 (0.2628 g,
0.69 mmol) at 100 8C and 60 bar CO/H2 (1:1) for 24 h according to variant
A. Yield: 3,4-dimethylpentanal� 29.2 %; aldehyde selectivity� 99%; re-
gioselectivity� 99%.


b) Rhodium/triphenylphosphine catalyst : 2,3-dimethylbut-2-ene (24.1 g,
286.4 mmol) in toluene (25 g) was 0.5% converted by treating it with
[Rh(CO)2acac] (7.2 mg, 0.028 mmol) and phosphinine 8 (161.8 mg,
0.617 mmol) at 100 8C and 60 bar CO/H2 (1:1) for 24 h according to variant
A. Yield: 3,4-dimethylpentanal� 0.5%; aldehyde selectivity� 99 %; re-
gioselectivity� 99%).


Hydroformylation of 3-methylbut-3-en-1-ol (isoprenol): isoprenol (6.2 g,
70 mmol) in toluene (6.0 g) was 73 % converted by treating it with
[Rh(CO)2acac] (1.8 mg, 0.007 mmol) and phosphinine 8 (48.1 mg,
0.127 mmol) at 80 8C and 40 bar CO/H2 (1:1) for 24 h according to variant
A. Yield: 4-methyl-3,4,5,6-tetrahydro-2H-pyran-2-ol� 73 %; aldehyde
selectivity� 99%; regioselectivity� 99%).
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Mechanistic Aspects of the Reaction between Br2 and Chalcogenone Donors
(LE; E� S, Se): Competitive Formation of 10-E-3, T-Shaped 1:1 Molecular
Adducts, Charge-Transfer Adducts, and [(LE)2]2� Dications


M. Carla Aragoni,[a] Massimiliano Arca,[a] Francesco Demartin,[b]


Francesco A. Devillanova,*[a] Alessandra Garau,[a] Francesco Isaia,[a] Francesco Lelj,[c]


Vito Lippolis,*[a] and Gaetano Verani[a]


Abstract: The synthesis and spectro-
scopic characterisation of the products
obtained by treatment of N,N'-dimethyl-
imidazolidine-2-thione (1), N,N'-dimeth-
ylimidazolidine-2-selone (2), N,N'-di-
methylbenzoimidazole-2-thione (3) and
N,N'-dimethylbenzoimidazole-2-selone
(4) with Br2 in MeCN are reported,
together with the crystal structures of
the 10-E-3, T-shaped adducts 2 ´ Br2 (12),
3 ´ Br2 (13) and 4 ´ Br2 (14). A conducto-
metric and spectrophotometric investi-
gation into the reaction between 1 ± 4
and Br2, carried out in MeCN, allows the
equilibria involved in the formation of
the isolated 10-E-3 (E� S, Se) hyper-
valent compounds to be hypothesised.
In order to understand the reasons why
S and Se donors can give different
product types on treatment with Br2


and I2, DFT calculations have been
carried out on 1 ± 8, 19 and 20, and on
their corresponding hypothetical
[LEX]� cations (L� organic frame-
work; E� S, Se; X�Br, I), which are
considered to be key intermediates in
the formation of the different products.
The results obtained in terms of NBO
charge distribution on [LEX]� species
explain the different behaviour of 1 ± 8,
19 and 20 in their reactions with Br2 and


I2 fairly well. X-ray diffraction studies
show 12 ± 14 to have a T-shaped (10-E-3;
E� S, Se) hypervalent chalcogen nature.
They contain an almost linear Br-E-Br
(E� S, Se) system roughly perpendicu-
lar to the average plane of the organic
molecules. In 12, the Se atom of each
adduct molecule has a short interaction
with the Br(1) atom of an adjacent unit,
such that the Se atom displays a roughly
square planar coordination. The SeÿBr
distances are asymmetric [2.529(1) vs.
2.608(1) �], the shorter distance being
that with the Br(1) atom involved in the
short intermolecular contact. In con-
trast, in the molecular adducts 13 and
14, which lie on a two-fold crystallo-
graphic axis, the Br-E-Br system is
symmetric and no short intermolecular
interactions involving chalcogen and
bromine atoms are observed. The ad-
ducts are arranged in parallel planes;
this gives rise to a graphite-like stacking.
The new crystalline modification of 10,
obtained from acetonitrile solution, con-


firms the importance of short intermo-
lecular contacts in determining the
asymmetry of Br-E-Br (E� S, Se) and
I-Se-I groups in hypervalent 10-E-3
compounds. The analogies in the con-
ductometric and spectrophotometric ti-
trations of 1 and 2 ± 4 with Br2, together
with the similarity of the vibrational
spectra of 11 ± 14, also imply a T-shaped
nature for 11. The vibrational properties
of the Br-E-Br (E� S, Se) systems
resemble those of the Br3


ÿ and IBr2
ÿ


anions: the Raman spectrum of a sym-
metric Br-E-Br group shows only one
peak near 160 cmÿ1, as found for sym-
metric Br3


ÿ and IBr2
ÿ anions, while


asymmetric Br-E-Br groups also show
an antisymmetric Br-E-Br mode at
around 190 cmÿ1, as observed for asym-
metric Br3


ÿ and IBr2
ÿ ions. Therefore,


simple IR and Raman measurements
provide a useful tool for distinguishing
between symmetric and asymmetric Br-
E-Br groups, and hence allow predic-
tions about the crystal packing of these
hypervalent chalcogen compounds to be
made when crystals of good quality are
not available.


Keywords: density functional calcu-
lations ´ selenium ´ structure eluci-
dation ´ sulfur ´ titrations ´ vibra-
tional spectroscopy


Introduction


In recent years, the study of the donor ± acceptor interaction
between a variety of organic compounds LE containing atoms


of Groups 15 and 16 (L� organic framework of the donor
molecule, E� chalcogen atom) and halogens X2 (X� I, Br)
and interhalogens XY (X� I; Y�Br, Cl) has received great
attention.[1±28] The growth of interest in this field of chemistry
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has been stimulated not only by the
use of halogens and interhalogens to
enhance the electric properties of S- or
Se-based molecular conductors,[29] but
also by an intrinsic interest in the dif-
ferent classes of compounds obtaina-
ble from reactions of the type LE� X2


(or XY). In fact, together with charge-
transfer (CT) adducts (10-X-2 hyper-
valent halogen compounds) bearing the
linear E-X-X group,[2] donor oxidation
products with chalcogenÿhalogen ter-
minal bonds (LEX),[3f, 11b, 16a, 24] 10-E-3
hypervalent chalcogen compounds
bearing the X-E-X linear group, two-
coordinated halogens(i) with chalco-
gen ligands ([LE-X-EL]�)[3b] and dications containing a
chalcogen-chalcogen single bond ([(LE)2]2�)[4a, 11d] represent
the most common types of product characterised crystallo-
graphically. In many cases, a very small change in the chemical
environment of the donor atom or in the experimental
conditions is enough to produce each of the above-mentioned
products. New interest in this matter stems from the ability of
halogen and interhalogen CT complexes to oxidise powdered
metals in solvents of low polarity and under mild conditions to
give complexes in which the metal exists in unusual oxidation
states and coordination geometries.[30±32] Finally, interesting
perspectives have also been found in the field of crystal
engineering, since the different classes of halo-organo com-
pounds can interact with halogens/halide anions, particularly
I2 and polyiodides, through soft ± soft X ´´´ Y, E ´´´ X and E ´´´ Y
interactions to give fascinating three-dimensional architec-
tures.[3a, 4, 13b] This makes further exploration of reactions of
the type LE � X2 (or XY) very attractive in view of making
predictions on the final products for each possible donor ±
acceptor couple. A first attempt in this direction was made by
Husebye et al.,[12] although the chemical reaction diagram
that they proposed needs to be
supported by more experimental
data. In the past, we have con-
tributed to this type of chemistry
mainly using thiones and selones
as well as thioethers and seleno-
ethers as donors and I2 as accep-
tor. More recently, our studies
have dealt with the use of the more acidic Br2, IBr and ICl
acceptors in reactions with the same sulfur and selenium
donors. This paper reports on the synthesis and spectroscopic
characterisation of the products obtained by treatment of 1 ± 4
with Br2, and the crystal structures of the T-shaped adducts 2 ´
Br2 (12), 3 ´ Br2 (13) and 4 ´ Br2 (14). While several crystal
structures of hypervalent T-shaped selenium compounds with
Br2 are reported in the literature,[2, 3e, 11a, 13b, 23±27] only one
hypervalent T-shaped sulfur com-
pound with Br2 has yet been fully
characterised by X-ray diffrac-
tion;[13a] hence 13 represents the
second fully characterised, hyper-
valent, T-shaped sulfur compound.


Results and Discussion


Solution studies : We have recently[5] reported the character-
isation of the solid products obtained by treatment of N-
methylthiazolidine-2(3 H)-selone (6) and N-methylbenzothi-
azole-2(3 H)-selone (8) with Br2 (see Formula 1). Compound
8 always gives the corresponding 10-Se-3 hypervalent com-
pound 10, bearing the Br-Se-Br linear group, independently of
the molar ratio between the reagents and the solvent (MeCN
or CH2Cl2). In the same solvents, 6 gives the hypervalent
compound 9 when a 1:1 molar ratio of Br2 to 6 is used, and the
ionic compound 15 when a 2:1 or higher reaction molar ratio
is used. Interestingly, treatment of 8 with ICl in CH2Cl2


solution in a 1:1 molar ratio gives the CT adduct 8 ´ ICl,[3c]


whereas compound 16[10b] is obtained only if a 1:2 molar ratio
of 8 to ICl is used. Analogous cations, such as 17 and 18, have
recently been obtained by treatment of N,N-dimethyl-
selenourea[10a] and 4,5-bis(methylsulfanyl)-1,3-dithiole-2-
thione,[13a] respectively, with Br2. The cations 15 ± 18 are
formally derived from a carbon-chalcogen double-bond
cleavage promoted by the halogen or the interhalogen.


Conductometric and spectrophotometric titrations of 6 and
8 with Br2 in MeCN proved very useful in identifying the
various species in solution, and allowed us to hypothesise the
equilibria reported in Scheme 1.[6] We therefore carried out
analogous titrations on 1 ± 4. Figure 1a shows the results of
conductometric titrations in MeCN between Br2 and the
sulfur donors 1 and 3. As can be seen, the conductivity
remains very low up to molar ratio of 1:1. Beyond this ratio it


Scheme 1. Proposed equilibria involved in the reaction between Br2 and compounds 6 and 8.
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Figure 1. Conductometric titrations of a) S donors 1 and 3 and b) Se
donors 2 and 4. ([1], [2]� 1.8� 10ÿ2, [3]� 8.4� 10ÿ3, [4]� 2.7� 10ÿ3 m)
with Br2 (8.823� 10ÿ2 m) (MeCN; T� 298 K). In b), the conductometric
titration of 20 ([20]� 2.16� 10ÿ3 m) has been included for comparison.


increases with addition of Br2; this indicates that ionic species
are being formed in solution. The stable, nonconducting
compounds formed in the first part of the titration were
isolated as solids on coincidence of the 1:1 molar ratio and, in
the case of 3, identified by X-ray diffraction analysis as the 10-
S-3 hypervalent T-shaped adduct 3 ´ Br2 (13) (see later).
Unfortunately, no crystals suitable for X-ray crystal-structure
determination were obtained for the adduct 1 ´ Br2 (11), but
the conductometric titration curve, similar to that found for 3,
and the vibrational properties of 11 (see below) also suggest a
T-shaped nature for 11.


Interestingly, the shape of the conductometric titration
curves in Figure 1a resembles that found for the titration
curve of 8,[6] for which the equilibria reported in Scheme 1
were hypothesised. At present, this scheme should be
considered a very simple model that accounts for the
experimental data. However, the situation in the reaction
medium could be much more complex. In particular, cation
formation in the second step could be caused by different
simultaneous processes, such as interaction of the hypervalent


compound with a Br2 molecule or interaction between two
molecules of the hypervalent compound. Under these con-
ditions, Scheme 1 should also be considered valid for the
reactions of sulfur donors 1 and 3 with Br2. In fact, the first
equilibrium is proved to exist by the fact that spectra of
solutions obtained by dissolving solid samples of 11 and 13
clearly show peaks related to the starting S donors 1 and 3 (see
Table 1). Moreover, the extinction molar coefficients of the


bands typical of 11 and 13 change on varying the concen-
tration, and the absorbance values do not obey the Lambert ±
Beer law for solutions at different dilutions. The formation of
the Br3


ÿ anion, easily detected by UV-visible spectroscopy
(see below), agrees well with the strong increase in con-
ductivity beyond the 1:1 molar ratio (see Figure 1a). On the
other hand, as in the case of 8,[6] the very low but detectable
conductivity values recorded in the first part of the titrations
can be considered proof of the existence of the dissociation
equilibrium of the T-shaped hypervalent compounds to give
[LSBr]� and Brÿ ionic species (according to Scheme 1). The
hypothesis of the formation of [LEBr]� cations in solution is
also supported by the fact that [LEX]� (E� S, Se; X� halo-
gen) cations have in some cases been isolated in the solid state
and characterised crystallographically.[3f, 11b, 16a]


The conductometric titration curves obtained for the
selenium donors 2 and 4 are shown in Figure 1b. These curves
show a different shape in the first part of the titration,
resembling those found for conductometric titrations of 20 ±
22 (the curve relating to 20 has been included in Figure 1b for
comparison). For 20, the conductivity values increase strongly
on addition of Br2, reaching a maximum for a Br2/20 molar
ratio of 0.5:1.[7] On further addition of Br2, conductivity starts
to decrease and reaches a minimum at a Br2/20 molar ratio of
1:1.[7] The same behaviour is observed for 21 and 22, with the


Table 1. UV absorptions of 1 ± 4 and their adducts 11 ± 14 with Br2


recorded in MeCN (loge in parentheses). Br2 and Br3
ÿ bands are also


included.


Compound Absorption bands [nm]


1 219(4.64), 242(4.94)
1 ´ Br2 (11)[a] 218(4.50), 270(4.57)
2 234(4.21), 260(4.15)
2 ´ Br2 (12)[a] 206(4.24), 259(4.40)
3 230(4.46), 245(4.46), 311(4.70)
3 ´ Br2 (13)[a] 228(4.59), 277(4.51), 311(4.44)
4 230(4.32), 252(4.29), 322(4.62)
4 ´ Br2 (14)[a] 222(4.75), 266(4.61), 304(4.38)
Br3


ÿ 269(4.75)[b]


Br2 268(2.16), 393(2.19)


[a] The positions of the bands of the hypervalent compounds 11 ± 14 are
taken from their spectra in MeCN solutions at concentrations of 4.4� 10ÿ5,
7.13� 10ÿ5, 4.73� 10ÿ5 and 2.473� 10ÿ5m, respectively (T� 298 K). As
discussed in the text, the spectra contain both the bands due to the
hypervalent compounds and those due to the free 1 ± 4, in different
amounts for the four compounds. The values for the molar extinction
coefficients of the hypervalent compounds 11 ± 14 must therefore be
considered as only indicative, since they are involved in the equilibrium
reactions shown in Scheme 1. Their solutions do not follow the Lambert ±
Beer law at different dilutions. [b] This value, measured on a freshly
prepared solution of tetrabutylammonium tribromide (4.0� 10ÿ5m), is very
close to that (4.74) reported by A. I. Popov.[33]
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difference that the maximum conductivity value is reached for
a 1:1 molar ratio, both these donors having two>C�Se groups
in the molecule. For 20 ± 22, the isolated solid products
corresponding to the maximum and minimum conductivity
values proved to be the compounds 23 ± 25 and 26 ± 28,
respectively;[7] this indicates the almost quantitative forma-
tion of [(LE)2]2� dication species featuring an SeÿSe single
bond in the first part of the
titrations. In the second part,
the dication species 23 ± 25 are
quantitatively transformed into
the 10-Se-3 hypervalent com-
pounds 26 ± 28.


Close inspection of the con-
ductometric titration curves in
Figure 1b shows that only com-
pound 4 behaves like com-
pound 20, with much lower
values for molar conductivity.
Interestingly for compound 2,
the conductivity reaches its
minimum value at a Br2/2 molar
ratio of about 0.8:1 (the max-
imum having been reached at a
molar ratio of about 0.4), and
then begins to increase, first
slowly and then very rapidly
when the 1:1 molar ratio is
reached. For either 2 or 4, the
maximum molar conductivity
values remain below
15 Wÿ1 cm2 molÿ1, and the ad-
ducts 2 ´ Br2 and 4 ´ Br2 were
isolated as crystals from the
solutions corresponding to 1:1
molar ratios and identified by
X-ray diffraction as the 10-Se-3
hypervalent T-shaped adducts
12 and 14 (see later). The be-
haviour of compounds 2 and 4
therefore seems to be inter-
mediate between that of 20 ±
22 and that of 1, 3, 6 and 8 :
the shape of the titration curves


in the first part can be explained
by the simultaneous formation of
[(LE)2]2� dication species and 10-
Se-3 hypervalent compounds. In
both cases, however, the dications
and the hypervalent compounds
should be in equilibrium with the
free donors 2 and 4, since the
spectra of solutions obtained by
dissolving the solid samples of 12
and 14 clearly show the presence
of peaks originating from free 2
and 4 (see Table 1), while the
Lambert ± Beer law is not obeyed
on dilution.


The formation of the Br3
ÿ anion beyond the 1:1 molar


reaction ratio, according to Scheme 1, was proved easily by
spectrophotometric titrations in MeCN. The absorption bands
of 1 ± 4 and 11 ± 14 recorded in MeCN solutions are listed in
Table 1, together with those of Br2 and Br3


ÿ. In all four
spectrophotometric titrations (see Figure 2), the following
common features can be observed: i) a general absorption


Figure 2. UV spectra of solutions with constant concentrations of the donors 1 ± 4 with increasing quantities of
Br2 (T� 298 K; MeCN). a) [1]� 1.84� 10ÿ5 m ; [Br2]/[1]� 0, 0.6, 1.2, 1.8, 2.4, 3.0, 3.3, 3.6, 3.9, 4.5, 5.1. b) [2]� 5.4�
10ÿ5 m ; [Br2]/[2]� 0, 0.2, 0.3, 0.4, 0.42, 0.44, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4. c) [3]� 2.92� 10ÿ5 m ; [Br2]/[3]� 0,
0.36, 0.55, 0.73, 0.92, 1.1, 1.46, 1.8, 2.2, 2.6, 2.9, 3.7. d) [4]� 2� 10ÿ5 m ; [Br2]/[4]� 0, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0,
2.25, 2.5.
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decrease in the bands due to the free molecules 1 ± 4 and a
concurrent absorption increase in the bands due to the 10-E-3
adducts, ii) even if only those spectra of solutions with a Br2/
donor molar ratio up to 1:1 are considered, no isosbestic
points are observed; this indicates the presence in solutionÐ
in low concentrationsÐof other species besides the free
starting compounds and their 10-E-3 hypervalent adducts
(E� Se, S) and iii) all the titrations are characterised by the
appearance of a very strong absorption near 270 nm, due to
the fact that either Br3


ÿ or the adducts 11 ± 14 show a strong
band near this value; however, this band increases more than
the formation of 11 ± 14 would lead us to expect. Its further
increase when Br2 is added beyond the complete formation of
11 ± 14 clearly indicates an increasing amount of Br3


ÿ, (see
Table 1) which is formed in solution according to Scheme 1.
To this purpose, it should be pointed out that during the
titrations of the sulfur donors 1 and 3, the spectrophotometric
curves take on the appearance of those of the corresponding
hypervalent compounds only when the molar ratio is far
above 1:1 (about 3:1 for 1 and 5:1 for 3); this confirms that the
formation of 11 and 13 is an equilibrium process. This seems to
be in disagreement with the results of the conductometric
titrations for the S donors, but it should be remembered that
the two sets of titrations were carried out at very different
concentrations: about 10ÿ3m in the conductometric titrations
and 10ÿ5m in the spectrophotometric ones. On the other hand,
only a small excess of Br2 is enough to transform 2 and 4
almost completely into the corresponding Se-hypervalent
compounds 12 and 14. Thus, Scheme 1 also appears to account
for the results of the spectrophotometric titrations of 1 ± 4
with Br2. In all four cases, the absence of isosbestic points in
the spectrophotometric titrations corroborates the presence
in solution of significant amounts of the various species as
outlined in Scheme 1.


In order to understand the different chemical behaviour of
1 ± 4, 6, 8 and 20 ± 22 in the first part of the conductometric
titrations, we carried out density functional theory (DFT)
calculations[34±41] on compounds 1 ± 8, 19 and 20, and also on
the corresponding hypothetical [LEX]� cations (L represents
the organic framework; E� S, Se and X�Br, I). Extension of
the calculations to the [LEI]� species is useful in view of the
large variety of solid products also obtained on treatment of
these substrates with I2. In fact, [LEX]� species were
considered by Husebye[12] to play a key role as intermediates


in the processes leading to the different types of products
when LE organic donors were allowed to react with halogens.
Furthermore, [LEX]� species can be regarded as deriving
formally not only from the initially formed 10-E-3 hyper-
valent compound, but also from the 10-X-2 CT adduct by
heterolytic breaking of an XÿX bond. For the donors
considered in this paper, calculations were aimed at predict
ing the products most likely to be formed if [LEX]�


species are considered as key intermediates. Table 2
shows the NBO charges on the carbon, chalcogen and
halogen atoms calculated at optimised geometries. On the
basis of the charge distribution, the following observations
can be made:
i) Comparison of the fractional charges on the chalcogen


atoms in the hypothetical intermediate [LEBr]� species (in
the range 0.191 ± 0.281 e for S donors and 0.346 ± 0.438 e
for Se donors) and the charge on the terminal bromine
(ÿ0.074 ± 0.048 e) clearly indicates that the attack of a
nucleophile on the [LEBr]� cation is likely to occur on the
chalcogen atom. If the nucleophile is Brÿ, the correspond-
ing chalcogen-hypervalent adduct is formed. Consequent-
ly, CT adducts between the donors under consideration
and Br2 are not to be expected. In fact, adducts featuring
the Se-Br-Br linear group are unknown and only a very
few cases have been reported for sulfur donors.[2]


ii) In contrast, the fractional charges on the chalcogen and
iodine atoms in the [LEI]� cation show that the charge on
the terminal iodine is always positive (from 0.131 to 0.183 e
for the S donors and from 0.051 to 0.094 e for the Se
donors), while that on the chalcogen is lower than that
found in [LEBr]� (from 0.075 to 0.156 e for the S donors
and from 0.233 to 0.314 e for the Se donors). Of the
examined compounds, only 5 and 7 are likely to undergo
attack of Iÿ on the sulfur atom in the corresponding [LSI]�


cation to form hypervalent sulfur compounds that feature
the I-S-I group, but this type of compound has never been
isolated. In agreement with the experimental evidence so
far collected, this seems to support the preferential
formation of CT adducts from the reaction between
sulfur donors and I2. In contrast, for the examined
selenium donors, the high positive charge on the selenium
atom (from 0.346 to 0.438 e) compared with that on the
terminal iodine (from 0.051 to 0.094 e) in [LSeI]� indicates
a preferential tendency to form Se-hypervalent com-


Table 2. NBO charges Q [e] on C(2), E (E� S, Se), X (X�Br, I) atoms in LE (1 ± 8, 19 and 20) and in their corresponding [LEX]� ions. The last two columns
give the differences DQE [e] between the QE in [LEX]� and LE.


L�E E QC QC QC QE QE QE QBr QI DQE DQE


L�E [LEBr]� [LEI]� L�E [LEBr]� [LEI]� [LEBr]� [LEI]� [LEBr]� [LEI]�


1 S 0.307 0.401 0.405 ÿ 0.256 0.196 0.075 0.046 0.179 0.452 0.331
2 Se 0.259 0.342 0.347 ÿ 0.228 0.356 0.233 ÿ 0.038 0.091 0.584 0.461
3 S 0.283 0.310 0.320 ÿ 0.229 0.191 0.083 0.001 0.131 0.420 0.312
4 Se 0.235 0.253 0.263 ÿ 0.208 0.346 0.236 ÿ 0.070 0.055 0.554 0.444
5 S ÿ 0.080 ÿ 0.025 ÿ 0.020 ÿ 0.131 0.281 0.156 0.048 0.183 0.412 0.287
6 Se ÿ 0.154 ÿ 0.095 ÿ 0.090 ÿ 0.100 0.438 0.314 ÿ 0.037 0.094 0.538 0.414
7 S ÿ 0.103 ÿ 0.095 ÿ 0.086 ÿ 0.120 0.232 0.116 0.017 0.151 0.352 0.236
8 Se ÿ 0.181 ÿ 0.163 ÿ 0.155 ÿ 0.088 0.396 0.280 ÿ 0.059 0.069 0.484 0.368


19 S 0.270 0.277 0.288 ÿ 0.283 0.196 0.085 0.004 0.135 0.479 0.368
20 Se 0.225 0.216 0.226 ÿ 0.268 0.355 0.244 ÿ 0.074 0.051 0.623 0.512
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pounds rather than CT I2 adducts; however, both types of
adducts have been isolated.[2]


iii) The formation of [(LE)2]2� dicationic species featuring a
chalcogenÿchalcogen single bond, obtained in the case of
compounds 20 ± 22 and hypothesised in solution as the
conducting species in the cases of 2 and 4, could be
explained by a nucleophilic attack of the negatively
charged chalcogen atom of a neutral LE molecule on the
positively charged chalcogen atom of the [LEBr]� inter-
mediate, with elimination of Brÿ. From a qualitative point
of view based on FMO theory,[42] the symmetries of the
HOMOs of the donors, which in all the examined cases are
p orbitals (out of molecular plane for 3 ± 5, 7, 19 and 20, and
in the molecular plane for 1, 2, 6 and 8), and the LUMOs of
the [LEBr]� acceptors, which spread along the EÿBr bond
direction (see Figure 3 for 20 and [20ÿBr]�), are appro-
priate for this nucleophilic attack, which should be


Figure 3. Representations of the HOMO of compound 20 (left) and the
LUMO of the corresponding boromoselenide cation [20ÿBr]� (right).


favoured by a high value of the difference DQE (Table 2)
between the charge on E in [LEBr]� and the charge on E
in LE. As can be seen, the highest value of DQE (�0.623 e)
is calculated for 20, for which dication formation on
treatment with Br2 in MeCN solution is, as already
mentioned, almost quantitative, and the salt 23 can be
crystallised from solutions of molar ratios of 1:0.5 20/Br2.
For the compounds containing >C�S bonds given in
Table 2, DQE is reduced to a value ranging from 0.352 to
0.479 e and no formation of [(LS)2]2� dications has been
experimentally observed for these donors, either in the
solid state or in solution. Calculated values of DQE slightly
higher than those found for the S donors are obtained for
Se donors 6 and 8, for which, once more, no dication
formation has been observed. The DQE values calculated
for 2 and 4 (0.584 and 0.554 e, respectively) are inter-
mediate between the value calculated for 20, and those
calculated for 6 and 8. Indeed, the conductometric titration
curves in Figure 1b indicate the formation of significant
quantities of dication species in the first part of the
titration for 2 and 4 (see discussion above). On the basis of
the DQE parameter, the tendency to form the [(LE)2]2�


dication species follows the decreasing order:


20> 2> 4� 6> 8� 19> 1> 5� 3> 7.


In the last column of Table 2, the DQE values calculated in
the case of [LEI]� cations are also reported. The decreasing
order is the same as that found for [LEBr]� . Accordingly, the


direct reaction of 20 with IBr and ICl[3g] produced the same
dication as for 23 but with different counteranions; whereas
treatment of 2 with I2 allowed the isolation of a mixed-valence
compound in the solid state, in which an I2 adduct unit is
present together with a dication species [22]2� with I3


ÿ as
counter-ion.[3d]


As already mentioned, Husebye et al.[12] have very recently
reported a chemical diagram collecting the different types of
compounds that can be formed in reactions of the type LE �
X2 (L� organic framework; E� chalcogen atom; X� halo-
gen) with the desirable aim of predicting the final products for
each particular system of reagents. In that diagram, the
formation of the dication [(LE)2]2� was hypothesised as
deriving from the attack of the LE donor on the chalcogen
atom of the [LEX]� acceptor. These DFT calculations also
support that hypothesis and also account for the fact that in
some cases the dications can be formed in preference to the
T-shaped hypervalent chalcogen compounds. In the diagram
proposed by Husebye, however, the formation of the hyper-
valent compounds was explained by nucleophilic attack of an
X3
ÿ ion on the E atom of the [LEX]� cation, with elimination


of an X2 molecule. Since, in reactions between Br2 and
compounds 1 ± 4, 6 and 8, hypervalent chalcogen compounds
are the only adducts formed before the 1:1 acceptor/donor
molar ratio is exceeded, as shown by conductometric titra-
tions, it is reasonable to propose that 10-E-3 hypervalent
adducts might also be formed by the attack of an Xÿ ion on the
chalcogen atom of the [LEX]� cation (reverse reaction of the
second equilibrium in Scheme 1). At present, it is difficult to
hypothesise all the possible pathways for transforming the
[(LE)2]2� dication into the corresponding hypervalent com-
pounds on addition of Br2, as observed for the donors 20 ± 22.
One way to do this might be the reverse reaction of dication
formation: breaking of the chalcogen-chalcogen bond pro-
moted by Xÿ with formation of the [LEX]� cation and a
molecule of LE, which undergoes an oxidative addition of Br2


according to the first step in Scheme 1.


Solid state : On treatment of 1 ± 4 with dibromine in MeCN,
1:1 adducts have been separated in the solid state. With the
exception of 1 ´ Br2 (11), the X-ray crystal structure determi-
nations of these compounds show their 10-E-3 T-shaped
hypervalent chalcogen adduct natures. Views of 12 and 13 are
shown in Figures 4 and 5, respectively. Compound 14 is
isostructural with 13 and the same labelling scheme as shown
in Figure 5 has been adopted for it. Interatomic distances and
angles for the three compounds are reported in Tables 3 and 4.
The molecule of 12 contains an almost linear Br-Se-Br system
[172.81(3)8], which is roughly perpendicular to the average
plane of the molecule [Br(1)-Se-C(1)-N(1), torsion angle
93.6(6)8]. The arrangement of the molecules in the crystal is
shown in Figure 6, in which a projection of the crystal packing
along [010] is shown. The Se atom of each molecule is engaged
in a short interaction with the Br(1) atom of an adjacent
molecule [Se ´ ´ ´ Br(1) (x, 1/2ÿ y, 1/2� z)]. 3.456(1) �], so that
the Se atom achieves a roughly square planar coordination.
The SeÿBr distances are asymmetric [2.529(1) vs. 2.608(1) �],
the shortest distance being that with the Br(1) atom involved
in the short intermolecular contact.
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Figure 4. Molecular structure and atom labelling scheme of the T-shaped
adduct 12 formed between N,N'-dimethylimidazoline-2-selone (2) and Br2.
The thermal displacement ellipsoids are given at the 30 % probability level.


Figure 5. Molecular structure and atom labelling scheme of the T-shaped
adduct 13 formed between N,N'-dimethylbenzimidazole-2-thione (3) and
Br2. The thermal displacement ellipsoids are given at the 30 % probability
level.


The molecular adducts 13 and 14 lie on a twofold crystallo-
graphic axis and therefore the Br-E-Br (E� S, Se) system,
which is essentially linear, is symmetric. For them, no short
interactions involving the chalcogen or bromine atoms of
adjacent molecules are observed (Br ´ ´ ´ E> 4.1 �) and the
molecules are arranged in parallel planes; this gives rise to a


graphite-like stacking. The Br-E-Br moiety is almost perpen-
dicular to the remaining part of the molecule, which is planar:
the dihedral angles Br-S-C(1)-N(1) and Br-Se-C(1)-N(1) are
76.0(1) and 72.2(2)8, respectively. The value of the SeÿBr
distance [2.572(1) �] is exactly the average of the two
asymmetric bonds found in 12. Whilst in 13 and 14 the four
CÿN bond lengths in the five-membered ring are fairly
similar, in 12 N(1)ÿC(1) is shorter than the other CÿN bonds,
which are otherwise similar to each other. The CÿSe bond in
12 [1.931(6) �] is very close in length to those found in 10[5, 10a]


and in the new modification of 10 [1.930(7) �] (Table 5),
whilst in 14 the CÿSe bond is significantly shorter
[1.889(1) �]. In addition, the CÿS bond in 13 [1.753(1) �] is
greatly lengthened with respect to the value found in 3
[1.671(8) �].[43] On the whole, the carbonÿchalcogen bonds
can be considered as being very close to those corresponding
to a single bond.


The crystal structures of 12 ± 14 support the importance of
the intermolecular contacts in generating asymmetry within
the Br-E-Br (E� S, Se) group. In fact, in 12, where a short


Table 3. Selected interatomic distances [�] and angles [8] for
C5H10Br2N2Se (12)


Br(1)ÿSe 2.529(1) N(1)ÿC(11) 1.440(10)
Br(2)ÿSe 2.608(1) N(2)ÿC(1) 1.293(8)
SeÿC(1) 1.931(6) N(2)ÿC(3) 1.466(9)
N(1)ÿC(1) 1.306(8) N(2)ÿC(21) 1.462(13)
N(1)ÿC(2) 1.459(8) C(2)ÿC(3) 1.515(11)
Br(1) ´ ´ ´ Se 3.456(1)
Br(1)-Se-Br(2) 172.81(3) C(1)-N(2)-C(21) 128.8(7)
Br(1)-Se-C(1) 85.6(2) C(3)-N(2)-C(21) 121.2(8)
Br(2)-Se-C(1) 87.4(2) Se-C(1)-N(1) 124.2(5)
C(1)-N(1)-C(2) 111.3(6) Se-C(1)-N(2) 122.8(5)
C(1)-N(1)-C(11) 127.6(6) N(1)-C(1)-N(2) 113.0(6)
C(2)-N(1)-C(11) 121.0(6) N(1)-C(2)-C(3) 101.8(6)
C(1)-N(2)-C(3) 109.8(6) N(2)-C(3)-C(2) 103.9(6)


Table 4. Selected interatomic distances [�] and angles [8] for
C9H10Br2N2E.


E�S (13) E� Se (14)


BrÿE 2.493(1) 2.572(1)
EÿC(1) 1.753(1) 1.889(1)
N(1)ÿC(1) 1.337(2) 1.336(3)
N(1)ÿC(2) 1.386(3) 1.390(4)
N(1)ÿC(5) 1.465(3) 1.466(3)
C(2)ÿC(2') 1.391(4) 1.393(5)
C(2)ÿC(3) 1.398(3) 1.388(4)
C(3)ÿC(4) 1.377(3) 1.364(4)
C(4)ÿC(4') 1.418(5) 1.410(6)
Br ´ ´ ´ E 4.183(1) 4.139(1)
Br ´ ´ ´ Br 4.016(1) 4.077(1)
Br-E-Br' 179.38(4) 178.14(2)
Br-E-C(1) 89.69(2) 89.07(1)
C(1)-N(1)-C(2) 108.4(1) 108.8(2)
C(1)-N(1)-C5 126.6(2) 126.6(3)
C(2)-N(1)-C5 124.9(2) 124.6(2)
E-C(1)-N(1) 125.11(7) 125.3(2)
N(1)-C(1)-N(1') 109.8(1) 109.5(3)
N(1)-C(2)-C(2') 106.7(1) 106.5(1)
N(1)-C(2)-C(3) 131.2(2) 132.0(3)
C(2')-C(2)-C(3) 122.1(1) 121.5(2)
C(2)-C(3)-C(4) 115.9(2) 116.7(3)
C(3)-C(4)-C(4') 122.0(1) 121.7(2)
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Br(1) ´ ´ ´ Se contact of 3.456(1) � is present, the Br-Se-Br
moiety is asymmetric [Br(1)ÿSe 2.529(1) �, Br(2)ÿSe
2.608(1) �], while in 13 and 14 the shortest intermolecular
contacts are 4.183(1) and 4.139(1) �, respectively, and no
asymmetry is found (Table 4). Also, the linearity of the
Br-E-Br (E� S, Se) moiety is affected by these contacts, the
angle being very close to 1808 for 13 and 14 but only
172.81(3)8 for 12. A survey of the literature on Br-E-Br (E�
S, Se) and I-Se-I systems shows that the situation observed in
12 is analogous to that found in (C6H11)3PSeBr2,[10b] in 1,2-
bis(3-methyl-4-imidazolin-2-ylium dibromoselenanide)-
ethane,[7] and in the hypervalent selenium diiodine adducts
with 1,3-dialkyl-4-imidazolin-2-selone (alkyl�Me,[3e] iPr[11a]).
In all these cases, only one of the two halogen atoms shows a
contact with an adjacent adduct molecule, and the shortest
halogen-chalcogen distance is that associated with the halo-
gen atom involved in the short intermolecular contact,
independently of the nature of the interacting atom. On the
other hand, the structures of compound 10 (in the modifica-
tion obtained from dichloromethane solutions[5, 10a]), of di-
bromo(tetramethylthiourea)selenium(ii)[44] and of the adduct
1,2-bis(3-methyl-4-imidazolin-2-ylium diiodoselenanide)eth-
ane,[3e] feature two short intermolecular contacts with for-


mation of a four-membered,
square-planar ring involving
two selenium and two bromine
atoms. The importance of the
contacts in determining asym-
metry in Br-E-Br (E� S, Se)
moieties is further demonstrat-
ed by the new structural mod-
ification of 10 crystallised from
acetonitrile solution (Table 5).
In the structures of 10 reported
earlier,[5, 10a] the presence of two
dichloromethane molecules in
the unit cell is crucial in deter-
mining the crystal packing.
Compound 10, when crystal-
lised from MeCN solution, has
only one Br atom engaged in
interaction with the Se atom of
an adjacent molecular adduct
[3.354(1) �]; this forms sinu-
soidal chains which propagate


along the [001] direction (see Figure 7). Once again, the
shortest SeÿBr distance [SeÿBr(1) 2.569(1); SeÿBr(2)
2.593(1) �] is that with the Br(1) atom involved in the short
intermolecular contact.


Figure 7. Crystal packing of the new crystalline modification of compound
10, obtained from acetonitrile solution. The thermal displacement ellip-
soids are given at a 50 % probability level. Unlike in the previously
reported structures for this compound, only one Se ´ ´ ´ Br(1) short
intermolecular contact is present in this modification.


Different situations have been found in the bromine
adducts of 1-thia-4-selenacyclohexane,[25] 4,5-bis(methylsul-
fanyl)-1,3-dithiole-2-thione,[13b] and selenocyanate anion,[23] in
which both bromine atoms are involved in several short
intermolecular contacts. The final result is either a practically
symmetrical Br-Se-Br group [2.545(5) ± 2.548(5) �] in the
adduct of 1-thia-4-selenacyclohexane,[25] or a quite asymmet-
ric one [2.624(2) ± 2.530(2) �] in the (SeCN)Br2


ÿ anion.[23] In
the 4,5-bis(methylsulfanyl)-1,3-dithiole dibromine adduct re-
ported by Bricklebank et al. ,[13b] the asymmetry of the Br-S-Br
group was attributed to the short intermolecular interactions,
which also involved the sulfur atoms in the ring of the donor


Figure 6. Crystal packing of compound 12, showing the short Se ´ ´ ´ Br(1) intermolecular contacts.


Table 5. Selected interatomic distances [�] and angles [8] for
C8H7Br2NSSe (10).


Br(1)ÿSe 2.569(1) NÿC(8) 1.489(10)
Br(2)ÿSe 2.593(1) SÿC(1) 1.683(7)
SeÿC(1) 1.930(7) SÿC(3) 1.753(7)
NÿC(1) 1.325(8) C(2)ÿC(3) 1.403(10)
NÿC(2) 1.394(9)
Br(1) ´ ´ ´ Se 3.354(1)
Br(1)-Se-Br(2) 175.74(5) C(1)-S-C(3) 91.8(4)
Br(1)-Se-C(1) 88.62(2) S-C(3)-C(2) 108.4(6)
Br(2)-Se-C(1) 87.66(2) Se-C(1)-N 125.3(6)
C(1)-N-C(2) 113.6(7) Se-C(1)-S 121.2(4)
C(1)-N-C(8) 124.4(7) S-C(1)-N 113.5(6)
C(2)-N-C(8) 122.0(6) N-C(2)-C(3) 112.7(6)
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molecule. For the four asymmetric structures containing the
Br-Se-Br system reported by Akabori et al. ,[26] it is not
possible to verify the origin of the asymmetry, since the
authors did not report the short intermolecular contacts.
However, they did correlate the increasing asymmetry of the
SeÿBr bonds with the increasing total lengths of the Br-Se-Br
group. Consequently, 13 and 14 represent the only known
structures without intermolecular Br ´ ´ ´ E (E� S, Se) and
Br ´ ´ ´ Br contacts; compound 13 in particular represents the
first example reported in the literature of a 10-S-3 hypervalent
sulfur adduct with two equal SÿBr bonds. In contrast, the
equality of the two SeÿBr bonds found in the adduct of 2,3,7,8-
tetramethoxyselenanthrene with Br2 arises from the equiv-
alence of the Se ´ ´ ´ Br intermolecular contacts involving both
the bromine atoms.[27]


Compounds 11 ± 14 have also been characterised by FT-IR
and FT-Raman spectroscopy. Figure 8 shows the superim-
posed infrared and Raman spectra of 11 ± 14 in the 300 ±
50 cmÿ1 range. The Raman spectra of the four compounds


Figure 8. Superimposed FT-IR (top) and FT-Raman (bottom) spectra of
compounds 11 ± 14 in the low frequency region.


look very simple, since they are dominated by one or two
peaks in the anticipated region of the frequencies of the Br-E-
Br linear groups. In particular, 13 and 14, the crystal structures
of which suggest the presence of equal BrÿE bond lengths,
show only one peak, at 156 and 161 cmÿ1, respectively (see
spectra 3 and 4 in Figure 8), while 12, which has an asym-
metric Br-Se-Br group, shows two Raman peaks at 157 and
177 cmÿ1 (spectrum 2). The FT-IR spectra of these three


compounds show one absorption close to the frequency of the
most intense Raman peak and another broad absorption over
175 cmÿ1; these can be attributed to the symmetric (ns) and
antisymmetric (nas) stretching vibrations of Br-Se-Br, respec-
tively.[45] It is important to note that the FT-Raman spectra of
26 ± 28 look very similar to that of 12, showing two peaks at
186� 6 and 152� 6 cmÿ1, attributable to nas and ns of the Br-
Se-Br three-body system, respectively. Accordingly, the
crystal structures of 26[15] and 28[7] show asymmetries in the
Br-E-Br bond lengths analogous to that found in 12. The
Raman spectrum of compound 11 (spectrum 1 in Figure 8)
also looks similar to that of compound 12, with the difference
that the two peaks overlapÐthe one at the higher energy
appearing as a shoulder. This also supports the T-shaped
nature of 11, probably with a slightly asymmetric Br-S-Br
group. The vibrational properties of the Br-E-Br (E� S, Se)
system resemble those of the [Br-X-Br]ÿ (X� I, Br) anions. In
fact, the Raman spectrum of a symmetrical Br-E-Br group in
the presence of an inversion centre only shows one Raman
peak near 160 cmÿ1, as found in the symmetric Br3


ÿ and IBr2
ÿ


anions, while asymmetric Br-E-Br groups display an addi-
tional antisymmetric Br-E-Br mode at around 190 cmÿ1, as
found in the asymmetric Br3


ÿ and IBr2
ÿ anions.[3f, 7, 46]


Conclusion


The reaction of LE (E� S, Se) chalcogen donor molecules
with halogens and interhalogens can give different and
unpredictable products. On the basis of all the types of
products so far isolated and characterised, many authors have
attempted to judge whether they could be formed from the
same type of intermediate species . Husebye[12] hypothesised
that this species was the [LEX]� (X� I, Br) cation derived
from the initially formed 10-X-2 CT adduct or 10-E-3
hypervalent compound. The results described in this paper
concerning the reactions between Br2 and 1 ± 4, 6, 8 or 20 ± 22
that produce 10-E-3 hypervalent adducts or [(LE)2]2� dicat-
ions, clearly fit with the actual formation in solution of
[LEX]� intermediate cations, at least for the restricted class of
S donors and Se donors examined. In order to better
understand both the role played by the [LEX]� cation and
the reasons why the donors considered show different
tendencies in forming [(LE)2]2� dicationic species, 10-E-3
hypervalent adducts or 10-X-2 CT adducts when treated with
I2 or Br2, we performed DFT calculations on the correspond-
ing [LEX]� species. If we consider that [(LE)2]2� dicationic
species, 10-E-3 hypervalent adducts or 10-X-2 CT adducts
can derive from a nucleophilic attack of the appropriate
nucleophile on the [LEX]� cation from the chalcogen or
halogen site, the calculated NBO charge distribution largely
takes account of the experimental results. In fact, the charge
distribution calculated for [LSI]� cations clearly indicates that
for S donors the product most likely to be formed from the
interaction of [LSI]� with Xÿ is the 10-I-2 CT adduct featuring
the linear E-I-X group. In the case of Se donors, both 10-Se-3
hypervalent adducts with the I-Se-I group and 10-I-2 CT
adducts could be formed, as confirmed experimentally. The
formation of [(LS)2]2� dication species from the attack of an
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LS molecule on the sulfur atom of [LSX]� is very unlikely. On
the other hand, the charge distribution calculated for [LEBr]�


cations clearly indicates that 10-E-3 hypervalent compounds
are very likely to occur as a consequence of the interaction of
the [LEBr]� cation with Brÿ. Indeed, Br2 CT adducts with Se
donors are unknown, and only a few cases have been reported
for S donors. Considering the formation of [(LE)2]2� dications
as the result of a nucleophilic attack of an LE molecule on the
chalcogen atom of [LEBr]� with elimination of Brÿ, the
parameter DQE (the difference between the charges on the
chalcogen atom E in [LEBr]� and in LE) may be taken as a
indication of the tendency of the considered donors to give
dicationic species on treatment with Br2. On the basis of this
parameter, the following orderÐ20> 2> 4� 6> 8� 19> 1>
5� 3> 7Ðcan be given for the tendency of the considered
donors to produce [(LE)2]2� dications. This order largely
agrees with the experimental observations. In conclusion, as
also demonstrated by DFT calculations, the [LEX]� species
plays a key role in the complex system of equilibria involved
in the reactions of chalcogen donors with halogens and
interhalogens. Extension of DFT calculations to a larger class
of donors and to corresponding products obtainable on
reaction with I2, Br2, IBr and ICl would be of great help in
confirming this role and elucidating mechanistic aspects.


Experimental Section


Synthesis of 1 ± 4 : N,N'-dimethylimidazolidine-2-thione (1), N,N'-dimethyl-
imidazolidine-2-selone (2), N,N'-dimethylbenzoimidazole-2-thione(3) and
N,N'-dimethylbenzoimidazole-2-selone (4) were prepared according to the
literature.[47]


Synthesis of 10 ± 14 : These compounds were prepared from MeCN
solutions of the appropriate ligand and Br2 in a 1:1 molar ratio. All the
analytical data were consistent with the formulation of 1:1 molecular
adducts 8 ´ Br2 (10), 1 ´ Br2 (11), 2 ´ Br2 (12), 3 ´ Br2 (13) and 4 ´ Br2 (14),
respectively.


Spectroscopic measurements : Spectrophotometric measurements were
carried out in MeCN solutions by using a Varian model Cary 5 UV/Vis-
NIR spectrophotometer equipped with a temperature controller accessory
and connected to an IBM Personal System 2 Type 8513 TKQ S/N 55-
DMR89. For 1 ± 4, spectra of several solutions with a constant donor
concentration and increasing concentrations of Br2 were recorded in the
200 ± 400 nm range at a temperature of T� 298 K. The upper limit of the
Br2 concentration was chosen in order not to exceed an absorbance of
2.5 units at about 270 nm. The spectra of the hypervalent compounds 11 ±
14 were recorded in MeCN solutions at concentrations of 4.4� 10ÿ5, 7.13�
10ÿ5, 4.73� 10ÿ5 and 2.473� 10ÿ5m, respectively, (T� 298 K). The shapes of
the spectra in solution change on changing the concentration, and the
solutions at different dilutions do not follow the Lambert ± Beer law.


Conductivity measurements : Conductometric titrations were carried out at
T� 298 K in MeCN solution in a standard thermostatted cell with a
Model 120 microprocessor conductivity meter analytical control. The k cell
(1.23 cmÿ1) was determined by measuring the conductivity of three
solutions of KCl (previously kiln-dried for 12 hours) in doubly distilled
water of 0.1, 0.01 and 0.001m at T� 298 K. Conductivity was recorded
5 minutes after each Br2 addition in order to allow the temperature to
stabilise. The Br2 concentration in MeCN was measured with a standard
aqueous Na2S2O3 solution (0.100m) according to traditional methods.


DFT calculations : Quantum chemical calculations were carried out by
using the commercially available Gaussian 94 suite of programs.[34] Density
functional calculations[35] were performed by using the hybrid Becke 3LYP
functional (which uses a mixture[36]of Hartree ± Fock and DFT exchange
along with DFT correlation: the Lee ± Yang ± Parr correlation functional
together with Becke�s gradient correction).[37] For all calculations, Schafer,
Horn and Ahlrichs� pVDZ[38] basis sets were used for C, H, N, O, S and Se,
while LANL2DZ basis sets together with effective core potentials (ECP)[39]


were adopted for halogen atoms. Numerical integration was performed by
using the FineGrid option, which indicated that a total of 7500 points were
used for each atom. In order to achieve SCF convergence for compounds 1


Table 6. Crystallographic data.


Compound 10 12 13 14


formula C8H7Br2NSSe C5H10Br2N2Se C9H10Br2N2S C9H10Br2N2Se
mass [amu] 387.99 336.93 338.08 384.97
space group P21/c (n.14) P21/c (n.14) C2/c (n.15) C2/c (n.15)
a [�] 8.296(2) 12.768(9) 13.101(4) 13.260(3)
b [�] 19.139(6) 9.925(5) 9.777(2) 9.947(2)
c [�] 7.788(3) 8.211(9) 9.411(2) 9.178(2)
b [8] 115.23(3) 100.34(6) 109.58(1) 108.52(1)
V [�3] 1118.6(6) 1024(1) 1135.7(5) 1147.9(4)
Z 4 4 4 4
F(000) 728 632 656 728
1calcd [g cmÿ3] 2.304 2.186 1.977 2.227
m(MoKa) [cmÿ1] 106.4 113.1 72.1 101.0
T [K] 293(2) graphite monochromatised MoKa [0.71073 �] Enraf-Nonius CAD4
radiation
diffractometer
scan mode w w w w


scan speed [8minÿ1] 0.5 ± 2 2 ± 3 0.5 ± 2 0.5 ± 2
scan width [8] 1.4� 0.350 tanq 1.1� 0.350 tanq 1.0� 0.35 tanq 1.0� 0.35 tanq


q range [8] 3 ± 27 3 ± 26 3 ± 27 3 ± 27
independent reflections 2425 1993 1240 1335
observed reflections
[I> 3s(I)] 1012 1171 982 952
transmission factors 0.73 ± 1.00 0.50 ± 0.97 0.71 ± 1.53 0.50 ± 1.00
parameters refined 118 105 65 66
final R and Rw indices[a] 0.029, 0.031 0.041, 0.047 0.029, 0.041 0.033, 0.042
largest diff. peak 0.47(11) 0.96(14) 0.45(9) 0.91(13)


hole [e�ÿ3] ÿ 0.48(11) ÿ 0.60(14) ÿ 0.60(9) ÿ 0.78(13)


[a] R� [S(Foÿk jFc j )/SFo], Rw� [Sw(Foÿk jFc j )2/SwF 2
o ]1/2.
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and 19, the Vshift option was employed, thus shifting Kohn ± Sham orbital
energies by 100 mHartrees. Moreover, the maximum number of SCF cycles
was raised from the default value (64) to 512 and 768 for 19 and 20,
respectively. After geometry optimisation, NBO[40] calculations were
performed for each molecule by using the converged density matrix
corresponding to the equilibrium geometries. The Kohn ± Sham orbital
drawings reported in Figure 3 were elaborated with Molden 3.6.[41]


Calculations were performed on an IBM Risc 6000 550 H, DECServer 4000
and a VAIER Intel Pentium III 450 MHz personal computer running Linux
Suse 6.3.


X-Ray crystal structure determination : Details of the data collection and
refinement of the structures are reported in Table 6. Crystals were mounted
on a glass fibre in a random orientation. Preliminary examination and data
collection were performed with graphite monochromatised MoKa radiation
(0.71073 �) on an Enraf ± Nonius CAD4 computer-controlled kappa axis
diffractometer. Cell constants and an orientation matrix for data collection
were obtained from least-squares refinement by using the setting angles of
25 reflections. The data were collected at room temperature by using a
variable scan rate (2 to 20 8minÿ1 in omega). Three representative
reflections were measured every hour to check the stability of the crystals
under X-ray exposure: these measurements revealed no decay of the
scattering power of the crystal. Lorentz and polarisation corrections,
together with an empirical absorption correction performed as described in
[48], were applied to the data. The structures were solved by using direct
methods (MULTAN) and difference Fourier syntheses, and refined in full-
matrix, least-squares, the function minimised being Sw( jFo jÿjFc j )2. All
the hydrogen atoms were seen in a difference Fourier map and introduced
into the structure model. Scattering factors were taken from Cromer and
Waber.[49] Anomalous dispersion effects were included in Fc ; the values for
df' and df'' were those of Cromer.[50] All calculations were performed on an
80486/33 computer with Personal SDP software.[51] Atomic coordinates,
displacement parameters, bond lengths and angles for 12, 13, 14 and the
new modification of 10 have been deposited at the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-155182 to
CCDC-155185. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax:
(�44) 1223-336033; e-mail : deposit@ccdc.cam.ac.uk
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Modified Windmill Porphyrin Arrays: Coupled Light-Harvesting and Charge
Separation, Conformational Relaxation in the S1 State,
and S2 ± S2 Energy Transfer
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Seiji Akimoto,[b] Iwao Yamazaki,*[b] Akira Itaya,[c] Masataka Murakami,[c] and
Hiroshi Miyasaka*[c]


Abstract: The architecture of windmill
hexameric zinc(ii) ± porphyrin array 1 is
attractive as a light-harvesting function-
al unit in view of its three-dimensionally
extended geometry that is favorable for
a large cross-section of incident light as
well as for a suitable energy gradient
from the peripheral porphyrins to the
meso ± meso-linked diporphyrin core.
Three core-modified windmill porphyrin
arrays 2 ± 4 were prepared for the pur-
pose of enhancing the intramolecular
energy-transfer rate and coupling these
arrays with a charge-separation func-
tional unit. Bisphenylethynylation at the
meso and meso' positions of the dipor-
phyrin core indeed resulted in a remark-
able enhancement in the intramolecular
S1 ± S1 energy transfer in 2 with t� 2�
3 ps, as revealed by femtosecond time-
resolved transient absorption spectros-
copy. The fluorescence lifetime of the S2


state of the peripheral porphyrin energy
donor determined by the fluorescence
up-conversion method was 68 fs, and
thus considerably shorter than that of
the reference monomer (150 fs), sug-
gesting the presence of the intramolec-
ular energy-transfer channel in the S2


state manifold. Such a rapid energy
transfer can be understood in terms of
large Coulombic interactions associated
with the strong Soret transitions of the
donor and acceptor. Picosecond time-
resolved fluorescence spectra and tran-
sient absorption spectra revealed con-
formational relaxation of the S1 state of
the diporphyrin core with t� 25 ps.


Upon photoexcitation of models 3 and
4, which bear a naphthalenetetracarboxy-
lic diimide or a meso-nitrated free-base
porphyrin attached to the modified
diporphyrin core as an electron accept-
or, a series of photochemical processes
proceeded, such as the collection of the
excitation energy at the diporphyrin
core, the electron transfer from the S1


state of the diporphyrin to the electron
acceptor, and the electron transfer from
the peripheral porphyrins to the dipor-
phyrin cation radical, which are coupled
to provide a fully charge-separated state
such as that in the natural photosynthet-
ic reaction center. The overall quantum
yield for the full charge separation is
better in 4 than in 3 owing to the slower
charge recombination associated with
smaller reorganization energy of the
porphyrin acceptor.


Keywords: molecular devices ´
photochemistry ´ porphyinoids ´
photosynthesis ´ supramolecular
chemistry


Introduction


There are two major functional components, namely the light-
harvesting (antenna) complex (LHC) and the reaction center
(RC), in photosynthetic reaction centers, which are respon-


sible for the energy source of all the living things. The LHC
has role of broadening the cross section and spectral region of
the incident light and of delivering the captured excitation
energy to the RC without any serious energy loss.[1] The RC in
turn has a quantitative charge-separation function to convert
light energy to chemical potential that fuels cellular proc-
esses.[2] Effective coupling of these two major functions, which
is vital for photosynthesis, is attained by a protein matrix that
holds chromophores and electron carriers at the precise
distances and in the correct orientations.


In view of the importance of photosynthesis, many model
systems have been prepared in which porphyrins are covalently
joined by a variety of bridges,[3±5] although there have been only
scattered examples of models in which the two major functions
of light-harvesting and charge separation are effectively coupled
in a single molecule to produce a long-lived charge-separated
state for photoexcitation in a wide wavelength range.[6]
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Recently, we developed an efficient synthetic route to
windmill porphyrin arrays that have three-dimensionally
arranged orthogonal geometry, which is favorable for the
large cross section of the incident light.[7] The direct meso ±
meso connection in the diporphyrin core results in the
stabilization of the S1 state and thus enables an efficient
energy transfer from the peripheral porphyrins to the
diporphyrin core. The efficiency of the energy transfer process
has been estimated to be about 96 %, but the observed double
exponential fluorescence decay profile of the peripheral
porphyrins suggested the presence of a reverse energy-
transfer process due to a small energy difference between
the S1 states of the donor and acceptor.[7]


An advantageous feature of the artificial models lies in their
flexible tunability in response to required functional demands.
Herein we describe attempts to improve the efficiency of the
intramolecular energy transfer from the peripheral porphyr-
ins to the diporphyrin core by chemical modification. Taking
advantage of the free meso positions of the windmill
porphyrin arrays, we attempted the phenylethynylation at
the meso positions with the expectation that the energy level
of the S1 state of the diporphyrin core can be lowered with
respect to that of the peripheral porphyrins, thereby enhanc-
ing the energy transfer from the peripheral porphyrins.[8] This
molecular design was triggered by recent reports that meso-
ethynylation and meso-butadiynylation of porphyrins led to
substantial decreases in the S1 state energy level. Arnold et al.
reported the red-shifted absorption band of butadiyne-
bridged nickel(ii) diporphyrin[9] and Therien et al. showed
that the excitation energy of the S1 state of zinc(ii) 5,15-
diphenyl-10-trimethylsilylethynylporphyrin is about 2.04 eV;
that is, considerably lower than that of the parent zinc(ii) 5,15-
diphenylporphyrin (2.12 eV).[10] Similar spectral changes were
also reported independently by Anderson and co-workers[11]


and Milgrom and co-workers.[12] meso-Ethynylated and
-butadiynylated zinc(ii) porphyrins have attracted consider-
able interest mainly due to their fascinating optical properties,
but little attention has been paid to their use as an energy-
accepting functional unit towards the normal zinc(ii) porphyr-
ins.[8a]


Herein, we also report the extension of this strategy to more
elaborate photosynthetic models in which the energy transfer
is designed to be coupled to the subsequent consecutive
electron-transfer steps, finally providing a long-lived fully
charge-separated state in a single molecule.


Results


Molecular design : An advantageous feature of the windmill
porphyrin hexamer 1 (Ar1� 3,5-di-octyloxyphenyl, R�
C6H13) as a light-harvesting functional unit is the favorable
energy gradient from the peripheral porphyrin to the meso ±
meso-linked diporphyrin in the S1 state. Namely, the S1 state of
the peripheral porphyrin has the excitation energy of 2.13 eV,
while the S1 state of the diporphyrin core has the excitation
energy of 2.07 eV.[7, 13] The energy difference (0.06 eV) enables
the excitation energy flow from the peripheral porphyrin (P)
to the diporphyrin core.[7] To improve the efficiency of the
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energy transfer, we designed model 2 (Ar1� 3,5-di-octyloxy-
phenyl, R�C6H13) by bisphenylethynylation at the meso and
meso' positions of the diporphyrin core with an expectation
that the energy level of the S1 state of the modified
diporphyrin core (D) would be sufficiently lowered with
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respect to that of the peripheral porphyrin (P) energy donor.[9]


Another major aim of the present study is to construct a
photosynthetic model, which can perform both light-harvest-
ing and charge separation in a single molecule. With these
ideas in mind, we prepared models 3 and 4 (Ar1� 3,5-di-
octyloxyphenyl, Ar3� 2,3,4,5,6-pentafluorophenyl, R�
C6H13), in which two electron acceptors, 1,4,5,8-naphthalene-
tetracarboxydiimide (NI)[14, 19b, 25] or meso-nitrated free-base
porphyrin (F),[15] are attached at the meso position of the
hexameric windmill porphyrin array through a phenylethynyl
spacer. As discussed later, sequential processes have been
indeed realized in the models 3 and 4 as follows; the excitation
of any P in the array is followed by singlet ± singlet energy
transfer to D, and the resulting excited state 1D* donates an
electron to the electron acceptor to generate an energetic
charge-separated state, P-D�-NIÿ or P-D�-Fÿ which evolves
to a secondary charge-separated state, P�-D-NIÿ or P�-D-Fÿ,
by way of hole transfer from the diporphyrin core to the
peripheral porphyrin monomer. We also prepared reference
compounds 5 ± 8 (Ar2� 3,5-di-tert-butylphenyl, Ar3�
2,3,4,5,6-pentafluorophenyl) and 9 ± 11 and 20 ± 23 (Ar1�
3,5-di-octyloxyphenyl, Ar2� 3,5-di-tert-butylphenyl, Ar3�


2,3,4,5,6-pentafluorophenyl) that were necessary to delineate
the photoexcited state dynamics of 1 ± 4.


In addition to the light-harvesting and charge separation,
we found the conformational relaxation in the S1 state of
meso,meso'-bisphenylethynylated meso ± meso-linked dipor-
phyrin 6 (D) and also in the D moiety in 2. Moreover, we
found that the S2 state lifetime of P in 2 was considerably
shorter than that of the reference porphyrin, which suggested
the energy transfer in the S2 state manifold.[8b]


Synthesis


The synthetic procedures for the reference compounds 5 ± 8
are shown in Scheme 1. meso,meso'-Bisphenylethynylation of
the meso ± meso-linked diporphyrin 5 was carried out essen-
tially by using the procedure developed by Therien et al.[16]


Thus, bromination of 5 with N-bromosuccinimide (NBS) gave
meso,meso'-dibromoporphyrin 12 in 79 % yield, which was
transformed into 6 by a Pd-catalyzed Sonogashira coupling
reaction[17] with phenylacetylene in 70 % yield. The 1H NMR
spectrum of 6 showed signals for the four b protons at d� 9.95,


9.11, 8.66, and 8.11. The signal
(Ha) for one pair of the outer b


protons adjacent to the phenyl-
ethynyl group was downfield
shifted by 0.46 ppm relative to
that of 5, probably reflecting
the diamagnetic anisotropy cur-
rent effect of the phenylethynyl
substituent at the meso posi-
tion. However, the other three
pairs for the b protons were
observed at essentially the sim-
ilar chemical shifts with those of
5, indicating the similar orthog-
onal conformation of the dipor-
phyrin core in 6. Pd-catalyzed
coupling reaction of 12 with
4-aminophenylacetylene[18] fol-
lowed by condensation with
14[19] gave 7 in 41 % yield in
two steps. In the preparation of
8, precursor free-base porphyr-
in 11 was prepared from 5-(4-
trimethylsilylethynylphenyl)-
15-pentafluorophenylporphyrin
(15) in four steps; zinc metal-
ation with Zn(OAc)2, nitration
at the meso position (AgNO2,
I2),[7b] deprotection of trime-
thylsilyl group with tetrabutyl-
ammonium fluoride (TBAF),
and demetalation with HCl.[14]


The coupling reaction between
11 and 12 gave 8 in 25 % yield.


Scheme 2 summarizes the
synthetic routes to the models
2, 3, and 4. In the synthesis of 2,
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we first attempted the bromination of 1 with NBS, which,
however, led to extensive decomposition. The electron-rich
peripheral zinc(ii) b-octaalkylporphyrins were unstable under
these bromination conditions and thus we changed a bromi-
nation substrate to 16 which bears the peripheral copper(ii) b-
octaalkylporphyrin in place of zinc(ii) b-octaalkylporphyrin.
Bromination of 16 with NBS gave dibromide 17, which was
converted into the all-zinc(ii)-metalated windmill array 18 by
demetalation and remetalation with Zn(OAc)2 with an overall
yield of 95 % from 16. Subsequent Pd-catalyzed Sonogashira
coupling reaction of 18 with phenylacetylene gave 2 in 33 %
yield. The Pd-catalyzed coupling reaction of 18 with 4-amino-
phenylacetylene followed by condensation with 14 gave 3, and
the coupling reaction of 18 with 11 gave 4 in 23 % yield. Since
the purification of 3 and 4 was very difficult over a silica gel
column, their final purification was performed by using
recycling preparative GPC ± HPLC. Models 3 and 4 exhibited
the parent peaks at m/z 6394 (calcd for C404H494N28O16Zn6,
6391) and m/z 6675 (calcd for C412H474F10N34O12Zn6, 6677),
respectively, in line with their structures.


Reference molecules 20, 21, 22, and 23 were prepared by
Pd-catalyzed coupling reaction of meso-brominated porphyr-
ins with appropriate acetylenes. [8a]


Absorption and fluorescence spectra


Figure 1 shows the absorption and fluorescence spectra of 5
and 6 recorded in THF. As reported previously, the meso ±


meso-linked diporphyrin 5
showed a broad split Soret band
at 417 and 452 nm,[7, 13] while the
meso,meso'-bisphenylethyny-
lated diporphyrin 6 exhibited a
red-shifted split Soret band at
440 and 474 nm and red-shifted
Q bands at 583 and 635 nm. As
reported previously,[10] bis-phen-
ylethynylation at 5- and 15-
positions donates a large effect
to the porphyrin p-conjugated
electronic system with their full
conjugation, resulting in the
removal of the degeneracy of
the porphyrin eg LUMO. This
affects the x- and y-polarized
transitions inequivalently and
intensifies the quasi-allowed Q
band by intensity-borrowing
from the Soret transitions.[20]


In fact, the Soret band of 22
(not shown) in THF at room
temperature was broader
(fwhm� 735 cmÿ1) than those
of zinc(ii) TPP (TPP� tetra-
phenylporphyrin; fwhm�
465 cmÿ1) and zinc(ii) 5,15-di-
arylporphyrin (fwhm�
580 cmÿ1) and became a clearly
split band at 453 and 461 nm at


77 K in 2-methyltetrahydrofuran (MTHF) matrix.[8b] The
absorption spectrum of zinc(ii) 5-phenylethynylated porphyr-
in 23 (Figure 2a), which can be regarded as a half-component
of 6, showed only modest influences of single meso-phenyl-
ethynylation on the electronic properties of the porphyrin, in
that the Soret band was observed at 436 nm, the Q bands
retained a two-band shape at 566 and 611 nm, and the
fluorescence emission was observed with the vibrational
bands at 614 and 669 nm. The Soret band of 6, however, was
broader (fwhm� 790 cmÿ1), indicating some additional per-
turbation of the porphyrin electronic orbitals by the phenyl-
ethynyl substituent.


The absorption spectra of meso-phenylethynylated meso ±
meso-linked diporphyrin 21 and meso,meso'-bis(trimethylsil-
yl)ethynylated meso ± meso-linked diporphyrin 20 are shown
in Figures 2 b and 2 c, respectively. The absorption and
fluorescence spectra of 20 were similar to those of 6, while
the absorption spectrum of 21 exhibited a rather broader split
Soret band at the high energy side and three distinct Q bands,
and the fluorescence spectrum indicated the vibrational
mode.


The absorption spectra of 2 and its reference molecules, 6
and 9, are shown in Figure 3a. A simple absorbance sum of 6
and 9 in a ratio of 1:4 is also shown for comparison. The
absorption spectrum of 2 was almost described as a sum of 6
and 9 (1:4) in the Q band region, but considerably broader in
the Soret band region. Interestingly, from the analysis of the
absorption spectra, we can selectively excite the P moiety in 2
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at 530 ± 545 nm into its S1 state or at 420 nm into its S2 state.
Interestingly, the absorption spectrum of 2 has high absorp-
tivity in a wide range between 380 ± 650 nm, and is thus quite
suitable for capturing sunlight.


The steady-state fluorescence spectra of 2, 6, and 9 are
shown in Figure 3b. In spite of the selective excitation into the
S1 state of the peripheral porphyrin at 545 nm, the steady-state
fluorescence of 2 was practically the same as that of 6(D),
indicating the near complete energy transfer from the
peripheral porphyrins to the modified diporphyrin core. On
the basis of the absorption and fluorescence spectra of 6, the
energy level of the S1 state of D has been estimated to be
1.92 eV. Therefore, the modified windmill porphyrin array 2
has an energy difference of 0.21 eV which is thus larger than
that of 0.06 eV in 1, and is therefore favorable for the
intramolecular energy transfer. In addition, the donor emis-
sion and acceptor absorption in 2 overlap very well, and the


spectral overlap is apparently
larger than that in 1 (Figure 4),
thus making the rapid energy
transfer favorable.


The absorption spectra of the
models 3 and 4 are similar to
that of 2 except the absorbances
due to NI and F and the resul-
tant exciton coupling, particu-
lar in the case of 4 (Figure 5a),
while the fluorescence intensi-
ties of 3 and 4 were extremely
weak, and the relative intensi-
ties with respect to 2 were less
than 0.02 as shown in Figure 5b.


Estimation of energy levels


The energies of the excited
states have been determined
from the fluorescence and ab-
sorption (0,0) bands. For esti-
mation of the energy level of
the ion-pair states, one-electron
oxidation and reduction poten-
tials were measured by using
cyclic voltammetry or differen-
tial pulse voltammetry in
PhCN. The one-electron oxida-
tion potentials of 6, 7, and 9 are
0.32, 0.34, and 0.16 V, respec-
tively, and the one-electron re-
duction potentials of NI and the
free-base porphyrin reference
11 are ÿ0.99 and ÿ1.10 V ver-
sus ferrocene/ferrocenium ion
couple, respectively. From these
Eox and Ered values, the energy
levels of the ion-pair states were
estimated with the corrected
solvation energies according to
the Born equation (1).[21]
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(1)


Eox and Ered are the oxidation and reduction potentials of
the donor and acceptor, respectively, measured in PhCN, rD


and rA are the effective radii of the donor cation and acceptor
anion (P�, 5.5 �; D�, 8.0 �; NIÿ, 3.5 �, Fÿ, 5.5 �), respectively,
er and e are dielectric constants of PhCN (25.20) and THF
(7.58), respectively, RDA is the separation between the
opposite charges estimated from MM2 calculation, 15.3 �
for P-D�-NIÿ and 19.1 � for P�-D-NIÿ in 3, and 19.2 � for
P-D�-FBÿ and 19.5 � for P�-D-Fÿ in 4, respectively. Impor-
tantly, there are favorable energy gradients in the order of
1P*-D-NI (2.13 eV)>P-1D*-NI (1.92 eV)>P-D�-NIÿ


(1.50 eV)>P�-D-NIÿ (1.36 eV), and 1P*-D-F (2.13 eV)>
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Scheme 1. Synthesis of meso,meso-modified porphyrin dimer. Ar2� 3,5-di-tert-butylphenyl, Ar3� 2,3,4,5,6-
pentafluorophenyl, a) NBS, CHCl3, pyridine, 79%; b) phenylacetylene, [Pd(PPh3)2Cl2], CuI, toluene, Et3N, 70%;
c) 4-aminophenylacetylene, [Pd(PPh3)2Cl2], CuI, toluene, Et3N; d) 14, pyridine, 41% (two steps); e) 11,
[Pd2(dba)3], AsPh3, toluene, Et3N, 25%; f) TFA, CH2Cl2; DDQ, 17 %; g) Zn(OAc)2; AgNO2, I2, CHCl3; h) TBAF,
THF; i) 1n HCl, 41% (three steps). dba� dibenzylideneacetone, TBAF� tetrabutylammonium fluoride.
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Scheme 2. Synthesis of meso,meso-modified windmill porphyrin models.
Ar1� 3,5-di-octyloxyphenyl, Ar3� 2,3,4,5,6-pentafluorophenyl, R�C6H13,
a) NBS, CHCl3, pyridine; b) TFA, 10% H2SO4, CH2Cl2; Zn(OAc)2, 95%
(two steps); c) phenylacetylene, [Pd(PPh3)2Cl2], CuI, toluene, Et3N, 33%;
d) 4-aminophenylacetylene, [Pd(PPh3)2Cl2], CuI, toluene, Et3N; e) 14,
pyridine, trace (two steps); f) 11, [Pd2(dba)3], AsPh3, toluene, Et3N, 23%.


P-1D*-F (1.92 eV)>P-D�-Fÿ (1.52 eV)> or P�-D-Fÿ


(1.40 eV) predicted for 3 and 4, encouraging coupled energy
transfer and electron transfer relay like those found in natural
photosynthesis.


Photoexcited-state dynamics of 6


The picosecond time-resolved fluorescence spectra indicated
time-dependent fluorescence spectral changes for 6 (Fig-
ure 6a). The fluorescence spectrum observed immediately
after the laser excitation was sharp with a peak at 632 nm and
gradually changed to a broad and red-shifted spectrum, and
finally became identical to the emission spectrum of the
steady-state fluorescence (lmax� 655 nm) which decayed with
t� 1.48 ns at room temperature. This spectral change pro-
ceeded with t� 20 ± 30 ps but could not be reproduced
satisfactorily with a single exponential function. The similar
time-dependent fluorescence spectral changes were observed
for 20 and also for the core diporphyrin subunit (D) in 2, but
not for 5, 21, 22, or 23. Interestingly the time-resolved


Figure 1. Absorption (top) and fluorescence spectra (bottom) of 5 (dotted,
lex� 565 nm) and 6 (solid, lex� 580 nm) in THF.


Figure 2. Absorption and fluorescence spectra (inset) of a) 23 (lex�
565 nm), b) 21 (lex� 580 nm), and c) 20 (lex� 550 nm) in THF. Absorption
spectrum of 6 is also shown as a dotted line for comparison (c).
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Figure 3. a) Absorption spectra of 2 and its references (6, 9) in THF. A sum
of the absorption spectra (6 and 4� 9) was also shown for comparison.
b) Fluorescence spectrum of modified windmill porphyrin array 2 taken in
THF for excitation at 550 nm. Fluorescence spectra of 6 (lex� 580 nm) and
9 (lex� 545 nm) are shown for comparison. Concentrations are 1� 10ÿ6 m
for 2 and 6 and 4� 10ÿ6m for 9.


Figure 4. Spectral overlap between the fluorescence (dotted line) of the
peripheral porphyrin donor and the absorbance of the central diporphyrin
acceptor (solid line): a) 1, the fluorescence spectrum of 9 versus the
absorption spectrum of 5 ; b) 2, the fluorescence spectrum of 9 versus the
absorption spectrum of 6.


Figure 5. Absorption spectra (a) and fluorescence spectra (b) of 2, 3, and 4
(lex� 545 nm) in THF. The absorption spectra are normalized at 415 nm.


fluorescence spectra of 6 in a frozen MTHF matrix at 77 K
(Figure 6b) did not exhibit such remarkable spectral changes.


Transient absorption spectroscopy was also employed for
the direct detection of the temporal evolution of 6 in the early
excitation. Figure 7a shows the time-resolved transient ab-
sorption spectra of 6 in THF taken for excitation with a 532-
nm laser pulse with a fwhm of 15 ps. The spectrum immedi-
ately after excitation (delay time of 0 ps) exhibited the
bleaching signals at 583 and 640 nm, which were assigned to
the depletion of the ground state of 6. In addition to these two
signals, a broad and shallow dip around 705 nm was observed.
This dip is attributable to the induced emission of the S1 state
of 6. The absorption around 660 nm, which shows a positive
value after the excitation, evolves in time into a negative
signal in the several tens of picosecond time region. The
absorption signal around 660 ± 750 nm at a delay time of 85 ps,
at which the rapid relaxation was completed, was attributed to
the induced emission of the relaxed S1 state of 6. With further
increase in the delay time, the absorption spectrum gradually
changes its shape with a time constant of 1.48 ns, which is in
agreement with the fluorescence lifetime.


To more precisely obtain the temporal behavior in the early
stage after excitation, femtosecond transient absorption
measurements were applied. Figure 7b shows the time profile
at 680 nm following the excitation with a 640 nm laser pulse
with a fwhm of 150 fs. The rapid appearance of the positive
absorption signal is followed by rapid decay into negative
absorbance, and gradual recovery of this negative signal was
observed in a time region of a few hundreds of picoseconds.
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Figure 6. Time-resolved fluorescence spectra of 6; a) (lex� 420 nm) in
THF at room temperature, and b) (lex� 440 nm) in 2-methyltetrahydro-
furan at 77 K.


The solid line represents the calculated curve based on a
biexponential function with a 26-ps decay component and a
1.48-ns rise component. As shown in Figure 7 b, the rapid
decay was not perfectly reproduced by the exponential
process. As will be discussed later, the fast component
immediately after excitation may be related with the distri-
bution of the dihedral angel between the porphyrin moieties.


In line with the time-resolved fluorescence studies, 5, 21, 22,
and 23 did not exhibit similar spectral changes in the transient
absorption spectra to those of 6, whereas 20 showed similar
behavior to 6 with a similar time constant (ca. 25 ps).


Figure 7. Transient absorption spectra of 6 in THF; a) the transient
absorption spectra at different delay times measured by a ps laser system
(lex� 532 nm); b) time profile at lpr� 680 nm measured by a fs laser system
(lex� 640 nm) and fitting curve with 24 ± 26-ps decay and 1.48-ns rise
components.


Photodynamics of 2; efficient energy transfer both in S1 state
and S2 state


The initial motivation of the meso,meso'-bisphenylethynyla-
tion was to enhance the S1 ± S1 energy transfer from P to D by
decreasing the energy level of the S1 state of D as well as by
increasing the spectral overlap integral associated with the
intramolecular energy transfer. As described above, the
steady-state fluorescence spectrum of 2 displayed only the
emission from D, indicating almost quantitative energy trans-
fer. Measurement of the fluorescence decay of P in 2 using a
picosecond time-correlated single-photon counting appara-
tus[22] indicated a lifetime of less than 10 ps. The fluorescence
emission at 660 nm, at which the fluorescence is largely
attributed to the relaxed 1D*, could be reproduced with a
biexponential function with a 13-ps rise component and a
1.39-ns decay component. But lifetimes of about 10 ± 13 ps
were very close to or almost shorter than the instrumental
limit of the picosecond transient absorption spectroscopy set-
up. We thus employed the femtosecond fluorescence up-
conversion method[23] to obtain a more accurate rate constant
for the energy transfer in 2. Figure 8 shows the fluorescence
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Figure 8. Fluorescence decay curve of 2 at 585 nm measured with the
femtosecond up-conversion method (lex� 420 nm) in THF. Dashed line
shows the instrumental response function.


decay of 2 at 585 nm recorded for excitation at 420 nm
measured by the up-conversion method, which could be
reproduced with a biexponential function with time constants
of 0.52 ps (63%) and 4.9 ps (37 %). The faster component was
assignable to the vibrational relaxation of the S1 state of the
zinc(ii) b-octaalkylporphyrin on the basis of previous studies
in which similar time constants were found for the vibrational
relaxation of the reference zinc(ii) b-octaalkylporphyrin
monomer.[23] Therefore, the slower time constant, 4.9 ps, was
assigned to the intramolecular energy transfer and this time
constant corresponded to 99.6 % efficiency for the energy
transfer.


The intramolecular energy transfer in 2 was also examined
by the picosecond- and femtosecond-time-resolved transient
absorption spectroscopy. Figure 9 shows the transient absorp-


Figure 9. Transient absorption spectra of 2 in THF measured by ps laser
system (lex� 532 nm).


tion spectra of 2 measured by the picosecond laser system[24]


with an excitation at 532 nm which corresponds to the
selective population of 1P*. The transient absorption spectrum
at a delay time of 10 ps showed relatively large bleachings at
545 and 580 nm due to the formation of 1P*, but bleaching at
645 nm, which was ascribed to formation of 1D*, was not
negligible probably due to the very rapid energy transfer. By
increasing the delay time from 10 ps to 40 ps and 100 ps, the
contribution of 1P* to the overall transient spectrum dimin-
ished and the contribution of 1D* increased. To determine a
more accurate rate of the energy transfer, we measured the


time profiles at 545 and 645 nm by using femtosecond-time-
transient absorption spectroscopy (Figure 10). The bleaching
due to 1P* at 545 nm was recovered with a time constant of
3.2 ps, and at the same time the bleaching due to 1D* at


Figure 10. Time profile of transient absorption spectra of 2 in THF
measured by fs laser system (lex� 545 nm); a), lpr� 545 nm, fitting curve
with 3.2-ps rise; b), lpr� 645 nm, fitting curve with 2.8-ps decay; c), lpr�
645 nm, fitting curve with 35-ps and 1.45-ns rise components.


645 nm increased with a time constant of 2.8� 0.4 ps. In a
shorter time scale, the bleaching at 645 nm was recovered with
time constants of 35 ps and 1.45 ns. The time constant of
1.45 ns was assigned to the fluorescence lifetime, while the
shorter 35-ps constant may be attributed to some structural
relaxation of the central diporphyrin unit as was observed in
Figure 7. On the basis of a time constant of about 3.0 ps, the
rate of the energy transfer in the S1 state, kE1, was calculated as
3.3� 1011 sÿ1 by using Equation (2), in which t and t0 are the
lifetime of the S1 state of D in 2 and the fluorescence lifetime
of the reference molecule 9 (1.3 ns), respectively.


kE1� t(S1)ÿ1ÿ t0(S1)ÿ1 (2)


We also examined the possibility of energy transfer from P
to D in the S2 state manifold. In the case of 2, the energy donor
is a zinc(ii) 5,15-diaryl b-octaalkyl-substituted porphyrin (P),
for which we have identified the S2 state fluorescence
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emission centered at about 423 nm and the fluorescence
lifetime to be as short as 150 fs by the fluorescence up-
conversion measurement,[23] while the energy acceptor is D,
which exhibits S2 absorption bands at 442 and 476 nm. The
Soret band at 442 nm nicely overlaps with the S2 emission of P,
ensuring the large spectral overlap. In the up-conversion
measurement, we used benzene instead of THF as the solvent
to compare the photoexcited state dynamics of 6 with our
recent results[23] and also to suppress the effect of the solvation
dynamics in the ultrafast time region, since the interaction of
an excited molecule with solvent would be smaller for less
polar solvents. After the acceptor-free reference molecule 10
was excited with the second harmonic of the Ti:sapphire laser
at 390 nm into the selective population of the S2 state, the
emission decays at 430 and 580 nm (corresponding to the S2


and S1 fluorescence) were monitored by the up-conversion
method. The fluorescence decay at 430 nm was represented
by a single exponential function with t� 150� 10 fs and that
at 580 nm was represented by a sum of a 150-fs rise and 1.5-ns
decay in accord with the previous study.[23] In a similar
manner, 2 was excited with 390-nm light into the S2 state of the
P, and the emission at 430 nm corresponding to the S2


fluorescence of P was monitored (Figure 11). The fluores-


Figure 11. Fluorescence up-conversion results of 2 in benzene, lex�
388 nm and lem� 430 nm.


cence signal at 430 nm decayed with t� 68 fs, and this lifetime
was distinctly shorter than the corresponding decay of the
acceptor-free reference compound 10, suggesting energy
transfer from the S2 state of the P. When we assume that
this decrease of the S2 fluorescence lifetime is due to S2 ± S2


energy transfer, the rate of the energy transfer, kE2, is
calculated to be 8� 1012 sÿ1 [Eq. (3)].


kE2� t(S2)ÿ1ÿ t0(S2)ÿ1 (3)


Photoinduced electron-transfer reactions in 7 and 3


The fluorescence spectra of NI-linked models 7 (not shown)
and 3 (Figure 5b) were almost completely quenched. The
transient absorption spectra of 7 (Figure 12a) revealed an


Figure 12. Transient absorption spectra of 7 in THF. a) Spectra with ps
laser system, lex� 532 nm. b) Time profile with fs laser system, lex�
640 nm, lpr� 690 nm, fitting with 10-ps rise and 25-ps decay components.


immediate rise and a slower decay both in the sharp
absorption band at 610 nm and the broad absorption band
at around 710 nm. At a delay time of 100 ps, these absorban-
ces were almost gone, indicating that the transient species
formed upon photoexcitation have lifetimes of less than
100 ps. The electron-acceptor NI moiety was employed as an
acceptor unit because of its characteristic absorption,[19, 25] but
the transient absorption bands due to the cation radical and
the S1 state of zinc(ii) bisphenylethynylated diporphyrin
display conisderable overlap with the absorption bands (480,
610, 770 nm) of NIÿ. Nevertheless, the transient spectra in
Figure 12a showed the absorbances at 490 and 610 nm and the
strong bleaching at 590 and 640 nm and thus could be assigned
to the ionic species D�-NIÿ, since the spectra were entirely
different from the transient absorption spectrum of 1D*.
Femtosecond laser spectroscopy was applied to obtain precise
data regarding the time dependence of the transient absorp-
tion spectra with higher time resolution. The time profile of
the transient absorbance at 690 nm was analyzed in terms of
10-ps rise and 26-ps decay time constants (Figure 12b). Since
the 26-ps decay time constant was similar to its fluorescence
lifetime (25 ps), this time constant was assigned to the charge-
separation process. The other 10-ps rising time constant was
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therefore assigned to the charge recombination of D�-NIÿ to
the ground state. Thus, the electron-transfer reactions in 7 can
be summarized by the charge separation of 1D*-NI!D�-NIÿ


with t� 25 ps and the charge recombination of D�-NIÿ!D-
NI with t� 10 ps. The faster charge recombination is evidently
unfavorable for the overall charge-separation processes.


Figure 13 shows the transient absorption spectra of 3. The
charge-separated state P�-D-NIÿ is probably represented by
the transient absorption spectrum with a delay time of about


Figure 13. Transient absorption spectra of 3 in THF. lex� 532 nm.


300 ps and decayed with t� 3 ns. Although the lifetime of P�-
D-NIÿ was actually longer than that (10 ps) of P-D�-NIÿ in
accord with the longer distance between the charged sites in
the former ion pair, the overall quantum yield for the
formation of P�-D-NIÿ was rather low, judging from the
small absorbance of the transient absorption spectra.


Photoinduced electron-transfer reactions in 8 and 4


The absorption spectrum of the reference diporphyrin 8 (not
shown) can be roughly described as the sum of those of 6 and
11 but is considerably broader, indicating substantial elec-
tronic interactions between D and F. Since the energy level of
the S1 state of F (1.93 eV) is nearly the same as that of D
(1.92 eV), there may be rapid energy transfer between D and
F but the fluorescence is strongly quenched in THF, indicating
the efficient charge separation. The fluorescence of 8
exhibited a single exponential decay with t� 12 ps. The
electron-transfer reactions in 8 were studied by transient
absorption spectroscopy (Figure 14), which showed the for-
mation and decay of an ion-pair state similar to the case of 7.
In the case of 8, the absorbance at around 690 nm was
stronger due to the superposition of the absorption band of Fÿ


on that of D�.[15] This characteristic absorbance band in-
creased with t� 10 ps and decayed with t� 55 ps. The shorter


Figure 14. Transient absorption spectra of 8 in THF. lex� 532 nm.


time constant of 10 ps was similar to the fluorescence lifetime
and thus was assigned to the charge separation, and the slower
time constant of 55 ps was assigned to the charge recombi-
nation. In summary, the change of the electron acceptor from
NI to F led to the increase in the rate of the charge separation
from 25 psÿ1 to 10 psÿ1 and also the decrease in the rate of the
charge recombination from 10 psÿ1 to 55 psÿ1 as expected.


Figure 15 shows the transient absorption spectra of the
porphyrin octameric model 4. The spectrum at a delay time of
40 ps revealed absorbances at 495, 610, 680, and 910 nm and


Figure 15. Transient absorption spectra of 4 in THF. lex� 532 nm.


bleachings at 550 and 580 nm. The positive absorbances at
495, 680, and 910 nm were assigned to Fÿ, and a broad band at
600 ± 700 nm was assigned to P�, and the bleachings were due
to the depletion of the ground state P, presenting evidence for
formation of P�-D-Fÿ. These transient absorbances decayed
with t� 3 ns. Although the accurate determination of the
amounts of the final charge-separated states has not been
accomplished yet, it is clear that the transient absorbance due
to the ionic product is larger in 4 than in 3.
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Discussion


As reported previously, the windmill porphyrin arrays have a
nice architecture as a light-harvesting antenna functional unit
in light of their three-dimensionally extended structure as well
as the exothermic energy gradient from the peripheral
porphyrins to the meso ± meso-linked diporphyrin core. Major
aims of the work described herein are through appropriate
molecular modifications, 1) to enhance the efficiency of the
intramolecular energy transfer from the peripheral porphyr-
ins to the meso ± meso-linked diporphyrin core, 2) to couple
the energy transfer and charge-separating functional units,
and 3) to achieve favorable overall charge separation with
high quantum yield. The meso,meso'-bisphenylethynylation of
the parent windmill porphyrin array 1 meets these require-
ments, since 1) it lowers the energy level of the resultant
meso,meso'-bisphenylethynylated meso ± meso-linked dipor-
phyrin core so that the intramolecular energy transfer is made
very efficient and one-directional, 2) it extends the electronic
orbitals of the diporphyrin chromophore to the two phenyl-
ethynyl substituents, thus facilitating rapid electron transfer
from the modified diporphyrin core to the attached electron
acceptor, and 3) it allows the easy synthetic attachment and
tuning of an electron acceptor for the formation of long-lived
charge separated state.


Exciton coupling among porphyrin arrays : First the absorp-
tion and fluorescence properties of the modified windmill
porphyrin array 2 are worthy of discussion.[13-26] The split Soret
bands in 5 can be qualitatively explained by the simple point-
dipole exciton coupling theory developed by Kasha.[27] The
Soret band of a zinc(ii) porphyrin monomeric unit has two
perpendicular, components bX and bY, which are parallel and
perpendicular, respectively, with respect to the direction of
the meso ± meso connection. In a simple monomer, they are
degenerate, but in a porphyrin dimer they couple differently.
When we assume an averaged perpendicular conformation of
5, which is predicted to be most stable on the basis of the AM1
calculation,[26b,c] only the bx transitions are parallel, and the
other dipole interactions should be zero (Scheme 3). Dipole
transitions are allowed to the lower energy of the two bX states
and the two unperturbed transitions bY and bZ. Therefore, we
assigned the low-energy split Soret band to the exciton-
coupled transition bx�bx and the high-energy split Soret band
to the residual monomeric Soret band transition by, bz . This
assignment has been further supported by fluorescence
anisotropy and resonance Raman measurements.[26b,c]


On the other hand, the absorption spectrum of 6 can be
explained in an analogous manner to that of 5, except for the
fact that meso-phenylethynylation led to the lowering of the
near D4 symmetry of the zinc(ii) porphyrin monomeric unit
and thus the enhancement and red-shift of the Q band
absorption. On the basis of the perpendicular conformation of
the two porphyrin rings of 6 as assumed for 5, the dipole
moments (Bx) along the long molecular axis are coupled to
result in the absorption band at 474 nm (Bx � Bx), while the
dipole moments (by, bz) perpendicular to the long axis cannot
be coupled with each other to maintain the absorption band at
440 nm, which is near the Soret band of the corresponding


Scheme 3. Assignment of the absorption bands of 5 and 6.


monomer 23 (436 nm) but is much broader. The split Soret
bands at the high-energy side of 6, 20, and 21 were consid-
erably broader in comparison to that of 5. This may be
explained as assuming a wide distribution of conformers with
regard to the orientation of the meso-ethynyl substituent with
respect to the porphyrin plane. The ground-state conforma-
tion of the meso ± meso-linked diporphyrin seems to be
perpendicular, but the meso-ethynyl substituent should be
more flexible for its rotation. Since the electronic system
of the porphyrin can be considered to extend well to the
meso-ethynyl substituent, the conformation of this substi-
tuent will affect the optical properties of the porphyrin. In
line with this consideration, the fluorescence excitation
spectra of 6, 20, and 21 in the frozen matrix revealed the
presence of several conformers which emitted at different
wavelengths.


As described above, the exciton coupling between the
peripheral porphyrins and the modified diporphyrin core in 2
is not strong enough to induce the band splitting but certainly
large enough to induce the broadening at the Soret band.
Considering the fact that two zinc(ii) porphyrins bridged by
the same 1,4-phenylene spacer exhibited split Soret bands due
to exciton coupling,[28] the relatively small exciton interaction
in 2 with the same 1,4-phenylene spacer may be ascribed to
the nonresonant situation of the two interacting chromo-
phores, P and D, due to the energy difference of the S2 state.
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Dynamic aspects of molecular structure. The modified meso ±
meso-linked diporphyrin core 6 (D) displayed unique time-
dependent spectral changes both in the time-resolved fluo-
rescence and absorption spectra with t �25 ± 30 ps. The
observed time-dependent red-shift of the fluorescence sug-
gested some energetic relaxation. To explain the transient
absorption spectra shown in Figure 7a, we needed at least
three states, which were most probably the Franck ± Condon
S1 state (S1'), the relaxed S1 state (S1


0), and the T1 state. We
assigned the spectrum at a delay time of 0 ps to the S1' state,
that at a delay time of 85 ps to the S1


0 state, and that at a delay
time of 4.2 ns to the T1 state. The time constant of 26 ps,
assigned to the relaxation from the S1' state to the S1


0 state, is
somewhat longer than that typical for excited-state vibra-
tional relaxation in porphyrins.[29] The fact that only 6 and 20
displayed these spectral changes indicates that a structural
motif of meso,meso'-diethynylated meso ± meso-linked dipor-
phyrin is indispensable for these spectral changes. One
possible explanation for this spectral change is a conforma-
tional rotation around the meso ± meso CÿC bond during the
relaxation in the S1 state manifold. In the parent meso ± meso-
linked diporphyrin 5, rotation about the meso ± meso CÿC
bond is expected to be substantially hindered, and the
coplanarity of the porphyrin rings cannot be achieved. In
fact, the meso ± meso-linked diporphyrin made from 5,15-
differently substituted porphyrin was chiral, and its chirality
was not lost even upon heating at 147 8C for several hours.[30]


The semiempirical AM1 calculation shows that the dihedral
angle distribution in 5 is 90� 208 at ambient temperature.[26b,c]


meso,meso'-Bisphenylethynylation would have no serious
influence on the dihedral angle distribution and thus we
may expect a similar dihedral angle distribution for 6 in the
ground state. Upon photoexcitation, the immediately formed
Franck ± Condon state should have a similar perpendicular
conformation but would have larger electronic interactions
between the porphyrins than those in the ground state. This
may induce conformational relaxation towards more planar
geometry. In line with this consideration these changes were
suppressed in the frozen matrix environment as noted in the
previous section. Fluorescence spectral changes were prom-
inent for 6, 2, and 20 with a common meso,meso'-bisethyny-
lated meso ± meso-linked diporphyrin structure. This may
indicate that a subtle change in the dihedral angle will lead to
larger changes in the optical properties in the case of the
meso,meso'-bisethynylated meso ± meso-linked diporphyrins.


Energy transfer : Generally, the two types of electronic
interaction are identified for the energy-transfer processes;
one is the Coulombic interaction effected by the through-
space coupling of transition dipole moments through an
oscillating electromagnetic field[31] and the other is the
electron exchange interaction that is provided by direct or
indirect overlap of wave functions.[32] These two interactions
are considered to be a dominant factor for the Förster and
Dexter mechanisms, respectively. As such, the evaluation of
the relative contribution of through-space versus through-
bond interaction in energy-transfer processes has been
important for understanding the mechanism as well as the
design of further elaborate energy-transfer molecular devices.


In the limit of the weak interactions, the rate constant for the
Förster energy transfer is given by Equations (4) and (5),
where n is the refractive index of the solvent, R is the center-
to-center distance between donor and acceptor, F is the
fluorescence quantum yield of the donor, k is a dipole ± dipole
orientation factor, J is the spectral overlap integral, t is the
fluorescence lifetime of the donor, F(n) is the normalized
fluorescence spectrum of the energy donor, and e(n) is the
absorption spectrum of the energy acceptor with molar
extinction coefficient (mÿ1cmÿ1) unit.[31]


kEN�
8:8� 10ÿ25k2F


n4R6t
J (4)


J� �F(n)e(n)nÿ4dn (5)


Previously we have reported that the energy transfer from
peripheral porphyrin units to the central diporphyrin core in
the parent windmill porphyrin array hexamer 1 is reversible,
on the basis of the observed biexponential fluorescence
decay.[7] In the modified windmill porphyrin array 2, the
energy-transfer efficiency was made one-directional and its
rate was significantly enhanced to 2 ± 3 psÿ1, corresponding to
an energy transfer efficiency of 99.6 %. On the basis of the
absorption and fluorescence spectra shown in Figure 4, the
spectral overlap integrals of the Förster formula [Eq. (5)]
were calculated to be 3.3� 10ÿ14 and 5.4� 10ÿ13 cmÿ6 mmol for
1 and 2, respectively. Therefore, the enhancement of the
energy transfer in 2 can be mostly ascribed to its larger
spectral overlap integral in comparison to that in 1. This in
turn indicates that the Coulombic interaction is predominant
for the energy transfer.


Usually, the upper excited states such as S2 are too short
lived to be involved in energy-transfer or electron-transfer
reactions due to extremely rapid internal conversion to the
lowest singlet excited state. In this respect, zinc(ii) TPP-type
porphyrins are exceptional molecules, since they have long-
lived S2 states (1 ± 2 ps) principally due to the large energy gap
and poor Franck ± Condon factor between the S2 state and the
S1 state.[33] This property favors for the occurrence of some
reactions in their S2 state, and recently several examples have
been reported for photochemical reactions in the S2 state
manifold.[34±36] We note here that the S2 ± S2 energy transfer is
strongly suggested for 2, regardless of the extremely short S2


lifetime (150 fs) of the octaethylporphyrin (OEP)-type energy
donor P, since it has the close proximity of the donor and
acceptor that is a prerequisite to S2 ± S2 energy transfer, as well
the very favorably matched spectral overlap between the
fluorescence emission from the S2 state of the peripheral
zinc(ii) OEP-type porphyrin energy donor and the strongly
allowed absorption to the S2 state (Soret transition) of the
zinc(ii)-modified diporphyrin core.


Electron transfer : The electron-transfer dynamics of 3 are
interesting from the viewpoint of the duplication of photo-
synthetic charge separation, in that 3 constitutes a single
molecular photosynthetic model that achieves a coupled light-
harvesting and charge separation; 1) the four peripheral
zinc(ii) porphyrins P act as the singlet energy donor toward D
to effect the formation of 1D*, 2) 1D* donates an electron to
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NI to generate the D�-NIÿ ion-pair state, and finally 3) the
four P act as an electron donor towards D�, thereby providing
the fully charge-separated state P�-D-NIÿ. These sequential
photochemical events have been confirmed by the steady-
state and transient spectroscopies noted above. A reaction
scheme conceivable for the photodynamics of 3 is shown in
Scheme 4. The major drawback in the model 3 is the charge


P-D-NI


P-D+-NI-


P+-D-NI-


1P*-D-NI


kdP


kEN


kdD


P-1D*-NI


kCR1


kCR2


kHT


kCS


Scheme 4. Energy diagram and reaction scheme of 3.


recombination reaction (kCR1) in P-D�-NIÿ to reform its
ground state which is rapid in comparison to the rate of hole
transfer (kHT), leading to a low overall quantum yield for the
fully charge-separated state.


In constructing multichromophoric photosynthetic reaction
center models capable of charge separation, the adjustment of
charge separation (CS) and charge recombination (CR) is
always the crucial issue.[3, 4, 6] A key improvement of the
overall charge-separation quantum yield in 3 is achieved by
the suppression of its fast charge recombination. A starting
point for achieving this goal is given by Equation (6), a simple
form of the nonadiabatic electron transfer model developed
by Marcus.[37]


kET�
����������������


p


�h2lkBT


r
jV j 2� exp


ÿ�DG0 � l�2
4lkBT


" #
(6)


The electron-transfer rate constant kET is given by the
product of a preexponential term and an exponential term.
The former includes the matrix element V corresponding to
the electronic coupling, and the latter term depends upon the
free-energy change for the reaction, DG0, and the reorganiza-
tion energy, l. Extensive studies on covalently linked donor ±
acceptor molecules have revealed that the charge separation
always lies in the normal region (ÿDG0< l) and the charge
recombination always lies in the inverted region (ÿDG0>


l).[38±42] In this context, an electron acceptor with a similar
reduction potential and a smaller l would be suitable for
slowing down the charge recombination. In recent years, it has
been revealed that porphyrinic donors and acceptors have
smaller values of l in comparison to those of more compact
electron acceptors such as quinones or diimides.[4d,e, 15, 43]


Therefore, we employed the porphyrinic electron acceptor F
because of the similar reduction potential to NI as well as its
expected small reorganization. In addition, the anion radical


of F may be detected by transient absorption spectroscopy.[15]


On the basis of the Marcus theory [Eq. (6)], the change of the
electron acceptor from NI to F may result in faster charge
separation as well as retarded charge recombination, hence
giving rise to an improvement of the overall charge separation
efficiency.


Judicious replacement of NI with F led to enhancement of
the charge separation rate (kCS) and to retardation of the
charge recombination rate (kCR1), as revealed by transient
absorption studies on 4. Since the values of ÿDG0 for the
initial charge separation are rather similar in 3 (0.42 eV) and 4
(0.40 eV), these results can be understood in terms of smaller
values of l for F in comparison to that for NI. On the basis of
the systematic studies on the dependence of the energy gap of
the intramolecular CS and CR reactions of porphyrin ± qui-
nones[44] and hybrid diporphyrins,[15, 45] the reorganization
energy, l, in 4 is probably substantially smaller than that in 3.
Under these assumptions, the energy gap (ÿDG0) depen-
dencies of the electron transfer rate can be schematically
represented in Scheme 5, in which the bell-shaped parabolas


-∆G


logk


-∆G0 = 0.28 V
kCS = 4x1010 s-1


-∆G0 =1.64 eV
kCR = 1x1011 s-1


-∆G0 =1.52 eV
kCR = 1 .8x1010 s-1


-∆G0 = 0.40 eV


kCS = 1x1011 s-1


Scheme 5. Schematic representation of Marcus plots for D-NI (dotted
line) and D ± F (solid line).


are displaced slightly, reflecting a difference in l, resulting in
the relationship of kCS< kCR1 in 3 and kCS> kCR1 in 4, although
the CS and CR have similar ÿDG0 values both in 3 and 4. A
similar strategy has been recently employed for enhancing the
charge separation efficiency of photosynthetic models.[4d,e, 43]


In summary, the windmill porphyrin arrays are of great
interest in view of their architecture, which is favorable for
light-harvesting, their good solubility, and the ease of their
modification that allows the coupling of the energy transfer
and charge separation. New aspects of energy transfer in the
S2 state manifold, and conformation relaxation in the S1 state
of meso,meso'-bisethynylated meso ± meso-linked diporphyr-
ins are also interesting. Since we have also developed
exceptionally large porphyrin array molecules, we aim to
apply similar strategies to these giant porphyrin arrays.


Experimental Section


All reagents and solvents were of the commercial reagent grade and were
used without further purification except where noted. Dry toluene and
triethylamine were obtained by refluxing and distilling over CaH2. Solvents
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used for spectroscopic measurements were all spectra-grade. Preparative
separations were performed by silica gel gravity flow column chromatog-
raphy (Wako, Wakogel C-200), and silica gel flash column chromatography
(Merck Kieselgel 60H Art. 7736). Separations of the windmill porphyrin
arrays were performed by recycling preparative HPLC (Japan analytical
Industry Co., LTD LC-908 with JAIGEL 2.5H, 3H, and 4H columns in
series) with CHCl3 as an eluent. Analytical HPLC was performed on
JAIGEL-2.5H-AF, 3H-AF and 4H-AF columns in series (eluent, CHCl3;
flow rate, 1.2 mL minÿ1; detected at 400 ± 700 nm) with a JASCO HPLC
apparatus using multi-wavelength detector MD915. 1H NMR spectra were
recorded in a CDCl3 solution on a JEOL ALPHA-500 spectrometer
(operating at 500 MHz), and chemical shifts were represented as d values in
ppm relative to the internal standard of CHCl3 (7.260 ppm). FAB mass
spectra were recorded on a JEOL HX-110 spectrometer, using positive-
FAB ionization method (accelerating voltage; 10 kV, primary ion sources:
Xe) and 3-nitrobenzyl alcohol matrix (3-nba), and matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectra were
recorded on a KRATOS PC-KOMPACT SHIMADZU MALDI 4
spectrometer using positive-MALDI-TOF method with/without sinapinic
acid matrix. UV/Vis absorption spectra were recorded on a Shimadzu UV-
2400PC spectrometer. Steady-state fluorescence emission spectra were
recorded on a Shimadzu RF-5300PC spectrofluorometer. Redox potential
were measured by the cyclic voltammetry method and differential pulse
voltammetry method on a ALS electrochemical analyzer model 660.
Fluorescence decay curves and time-resolved fluorescence spectra were
measured for 10ÿ6 ± 10ÿ7m air-saturated solutions by using a picosecond
time-correlated single photon counting apparatus.[26] A second harmonics
of a mode-locked Nd3� :YAG laser (Spectra Physics 3800) at 532 nm or a
second harmonic of a Ti:sapphire laser (Coherent MIRA 900) at 410 ±
420 nm was used for the excitation laser pulse. The laser system was
combination of a mode-locked Nd3� :YAG laser (Spectra Physics 3800), a
pulse compressor (Spectra Physics 3690), and a cavity-dumped DCM laser
(Spectra Physics 3500).[22] The fluorescence emission was detected with a
micro-channel-plate photomultiplier (Hamamatsu R6890-U). The instru-
mental response function obtained from scattered light of a vesicle aqueous
solution had a width of 30 ps (full width half maximum (fwhm)). Accurate
determination of the energy transfer rates was done by using a femtosecond
fluorescence up-conversion method based on a Ti:sapphire laser (Spectra
Physics, tsunami, 840 nm, 80 MHz) which was pumped with a diode-
pumped solid-state laser (Spectra Physics, Millennia X).[23]


Sample solutions with concentrations of 10ÿ4 ± 10ÿ5m were used for
transient absorption measurements after nitrogen gas bubbling. Picosecond
transient absorption spectra were measured by means of a microcomputer-
controlled laser photolysis system with a custom-built repetitive mode-
locked Nd3� :YAG laser.[24] The second harmonic of the Nd3� :YAG laser at
532 nm with 15 ps fwhm was used for excitation. For the detection with
higher time resolution, a dual OPA femtosecond laser system was
employed. The output of Ti:sapphire oscillator (65 fs fwhm, 800 nm,
800 mW, 82 MHz) was regeneratively amplified. This amplified pulse (90 fs
fwhm, 1 W, 1 KHz) was divided into two pulses with the same energy and
guided into the OPA systems. By using several nonlinear crystals, the OPA
can cover the wavelength region from 300 nm to 3 mm with the output
energy of a few to several tens of mJ per pulse. One of the two OPA systems
was used for the pump light source and the other for the probe pulse. The
output energy of the probe pulse was reduced to 1/1000. The pulse duration
estimated by the cross-correlation between the pump and probe pulses at
the sample position was 160 fs.


Synthesis


meso,meso'-Dibrominated meso ± meso-linked diporhyrin 12 : The dipor-
phyrin 5 (88.5 mg, 0.059 mmol) was dissolved in a mixture of CHCl3


(30 mL) and pyridine (0.5 mL). N-bromosuccinimide (NBS; 22.5 mg,
0.126 mmol) was added to this solution and the resulting solution was
stirred for 10 min at room temperature. The mixture was poured into water
and extracted with CHCl3. The combined organic extract was successively
washed with water and brine, and dried over Na2SO4. After the zinc
metalation, the product was purified by silica gel chromatography (eluent
CH2Cl2) to give 12 (76.9 mg, 46 mmol, 79%). 1H NMR (500 MHz, CDCl3):
d� 9.87 (d, J� 5.0 Hz, 4H; b-H), 9.08 (d, J� 5.0 Hz, 4 H; b-H), 8.66 (d, J�
4.5 Hz, 4 H; b-H), 8.07 (d, J� 4.5 Hz, 4 H; b-H), 8.05 (d, J� 1.5 Hz, 8H;
Ar), 7.71 (s, 4 H; Ar), 1.45 (s, 72 H; tBu); MS (FAB): found 1652, calcd for
C96H100Br2N8Zn2, 1651.


meso,meso'-Bis(phenylethynyl)-substituted meso ± meso-linked diporhyrin
6 : The dibromoporphyrin 12 (13.2 mg, 0.0080 mmol) and phenylacetylene
(0.040 mmol) were dissolved in a mixture of toluene (5 mL) and triethyl-
amine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh3)2Cl2] (4.1 mg) and CuI (3.8 mg) were added, and the resulting
solution was heated at 50 8C for 5 h under argon. After the reaction mixture
was filtered, chromatography on a silica gel column (eluent CH2Cl2/n-
hexane) gave 6 (9.5 mg, 5.6 mmol, 70%). 1H NMR (500 MHz, CDCl3): d�
9.95 (d, J� 5.0 Hz, 4H; b-H), 9.11 (d, J� 4.5 Hz, 4 H; b-H), 8.66 (d, J�
4.0 Hz, 4 H; b-H), 8.11 (d, J� 6.5 Hz, 4H; Ar), 8.09 (m, 4� 8H; Ar�b-H),
7.73 (m, 4H; Ar), 7.61 (t, J� 7.5 Hz, 4H; Ar), 7.53 (d, J� 7.5 Hz, 2H; Ar),
1.46 (s, 72 H; tBu); MS (FAB): found 1699, calcd for C112H110N8Zn2, 1699;
UV/Vis (THF): lmax (loge)� 440 (5.32), 474 (5.63), 583 (4.66), and 635
(4.88) nm; fluorescence (THF): lmax� 657 nm (lmax� 580 nm).


meso,meso'-Bis(4-NI-linked-phenylethynyl)-substituted meso ± meso-
linked diporphyrin 7: The dibromide 12 (50.8 mg, 31 mmol) and 4-amino-
phenylacetylene (19.0 mg, 0.162 mmol) were dissolved in a mixture of
toluene (5 mL) and triethylamine (1 mL), and this solution was purged with
argon. [Pd(PPh3)2Cl2] (8.0 mg) and CuI (9.0 mg) were added, and the
resulting solution was heated at 50 8C for 1.5 h under argon. After the
reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent, CH2Cl2) to give 13 (56.0 mg, 30 mmol, 100 %).
1H NMR (500 MHz, CDCl3): d� 9.89 (d, J� 4.5 Hz, 4 H; b-H), 9.07 (d, J�
5.0 Hz, 4 H; b-H), 8.63 (d, J� 5.0 Hz, 4 H; b-H), 8.09 (d, J� 1.5 Hz, 8H;
Ar), 8.07 (d, J� 5.0 Hz, 4H; b-H), 7.75 (m, 4 H; Ar), 7.72 (t, 4H; Ar), 7.38
(m, 4 H; Ar), 1.47 (s, 72 H; tBu), H of NH2 was not detected; MS (FAB):
found 1728, calcd for C112H112N10Zn2, 1729.


The diamine 13 (37.4 mg, 21.6 mmol) and N-octyl-naphthalene-1,8-dicarb-
oxyanhydride-4,5-dicarboxyimide (14) (20.0 mg, 0.0528 mmol) were dis-
solved in pyridine (5.0 mL), and the resulting solution was refluxed for 28 h
under N2. After the mixture was cooled, pyridine was removed by heating
under reduced pressure. The crude mixture was purified by silica gel
chromatography (eluent CH2Cl2) and preparative HPLC to give 7 (21.7 mg,
8.9 mmol, 41%). 1H NMR (500 MHz, CDCl3): d� 9.93 (d, J� 5.0 Hz, 4H;
b-H), 9.12 (d, J� 5.0 Hz, 4 H; b-H), 8.87 (d, J� 7.5 Hz, 4H , NI), 8.74 (d, J�
7.5 Hz, 4 H; NI), 8.67 (d, J� 5.0 Hz, 4H; b-H), 8.29 (d, J� 8.5 Hz, 4 H; Ar),
8.11 (d, J� 5.0 Hz, 4 H; b-H), 8.09 (d, J� 2.0 Hz, 8 H; Ar), 7.73 (t, J�
2.0 Hz, 4H; Ar), 7.58 (d, J� 8.5 Hz, 4H , Ar), 4.13 (t, 4H; NI), 1.77 (m, 4H;
NI), 1.53 ± 1.28 (m, 20� 72 H; NI� tBu), 0.88 (t, 6 H; NI); MS (FAB): found
2449, calcd for C156H150N12O8Zn2, 2447; UV/Vis (THF): lmax (loge)� 440
(5.32), 476 (5.62), 583 (4.64), 637 (4.88) nm; fluorescence (THF): lmax�
651 nm (lmax� 580 nm).


5-(4-Trimethylsilylethynylphenyl)-15-pentafluorophenylporphyrin 15 : 2,2'-
Dipyrrylmethane (4.0 mmol) and 4-trimethylsilylethynylbenzaldehyde
(2.0 mmol) and pentafluorobenzaldehyde (2.0 mmol) were dissolved in
dry CH2Cl2 (600 mL). After addition of trifluoroacetic acid (4.05 mmol),
the solution was stirred for 2.5 h at room temperature under N2 in the dark.
Then 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (5.81 mmol) was
added to the solution, and the stirring was continued for an additional 1 h.
After addition of triethylamine (0.5 mL), the reaction mixture was passed
through an alumina column with CH2Cl2 as eluent and the first porphyrin
fraction was collected. Further purification was carried out by silica gel
column chromatography (eluent; CH2Cl2/n-hexane) to give 15 (213 mg,
0.33 mmol, 17%). 1H NMR (500 MHz, CDCl3): d 10.35 (s, 2H; meso), 9.47
(d, J� 4.5 Hz, 2H; b-H), 9.41 (d, J� 4.0 Hz, 2H; b-H), 9.06 (d, J� 4.5 Hz,
2H; b-H), 8.97 (d, J� 4.0 Hz, 2H; b-H), 8.97 (d, J� 8.5 Hz, 2 H; Ar), 8.21
(d, J� 8.0 Hz, 2H; Ar), 0.40 (s, 9H; TMS), ÿ3.15 (s, 2H; NH); MS (FAB):
found 649, calcd for C37H25F5N4Si, 648; UV/Vis (THF): lmax� 405, 499, 533,
574, 628 nm; fluorescence (THF): lmax� 629, 693 nm (lmax� 405 nm).


5-(4-Ethynylphenyl)-10-nitro-15-pentafluorophenylporphyrin 11: Zinc(ii)
5-(4-trimethylsilylethynylphenyl)-15-pentafluorophenylporphyrin
(0.170 mmol) and iodine (0.170 mmol) were dissolved in distilled CHCl3.
Then the reaction was started by addition of a solution of silver nitrite
(0.230 mmol, 0.10m acetonitrile solution). The mixture was stirred for
15 min at room temperature, and then poured into water, and extracted
with CHCl3. The organic layer was separated off, and washed with water,
and sodium thiosulfate, and dried over anhydrous Na2SO4. Further
purification was carried out by silica gel column chromatography (eluent;
CH2Cl2/n-hexane) to give crude zinc(ii) 5-(4-trimethylsilylethynylphenyl)-
10-nitro-15-pentafluorophenylporphyrin. This product was dissolved in
THF (10 mL), to which was added TBAF (0.30 mmol, 1m THF solution).
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The mixture was stirred for 10 min at room temperature, and then passed
through a short silica gel column with CH2Cl2 as a eluent. Further
purification was carried out by silica gel column chromatography (eluent;
CH2Cl2/n-hexane) to give zinc(ii) 5-(4-ethynylphenyl)-10-nitro-15-penta-
fluorophenylporphyrin. This product was dissolved in CH2Cl2, and
demetalation was carried out by treatment with 6n HCl. The organic
layer was separated off, and washed with water and saturated NaHCO3


aqueous solution, and dried over anhydrous Na2SO4 to give 11 (43 mg,
70 mmol, 41 %). 1H NMR (500 MHz, CDCl3): d� 10.38 (s, 1H; meso), 9.45
(d, J� 5.0 Hz, 1H; b-H), 9.42 (d, J� 5.0 Hz, 1H; b-H), 9.39 (d, J� 4.5 Hz,
1H; b-H), 9.35 (d, J� 4.5 Hz, 1 H; b-H), 9.05 (d, J� 4.5 Hz, 1H; b-H), 9.01
(d, J� 5.0 Hz, 1H; b-H), 8.97 (d, J� 5.0 Hz, 1H; b-H), 8.92 (d, J� 5.0 Hz,
1H; b-H), 8.19 (d, J� 7.5 Hz, 2 H; Ar), 7.96 (d, J� 8.0 Hz, 2H; Ar), 3.37 (s,
1H; ethynyl), ÿ3.04 (s, 2H; NH); MS (FAB): found 622, calcd for
C37H16F5N5O2, 621; UV/Vis (THF): lmax (loge)� 413 (5.31), 508 (4.19), 582
(3.72), 637 (3.26) nm; fluorescence (THF): lmax� 643, 703 nm (lex�
580 nm).


Tetramer 8 : The dibromide 12 (22.1 mg, 3.3 mmol) and the ethynylated
porphyrin 11 (13.0 mg, 20.9 mmol) were dissolved in a mixture of dry
toluene (5 mL) and triethylamine (1 mL) and this solution was purged with
argon. [Pd2(dba)3] (4.4 mg) and Ph3As (5.8 mg) were added, and the
resulting solution was heated at 50 8C for 6 h under argon. After the
reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent CH2Cl2) and preparative HPLC (JAI-GEL, eluent
CHCl3). The fraction containing the target compound was collected and
further purification was carried out by silica gel column chromatography
(eluent; CH2Cl2/n-hexane) to give 8 (9.1 mg, 25%). 1H NMR (500 MHz,
CDCl3): d� 10.44 (s, 2 H; meso), 10.16 (d, J� 4.5 Hz, 4H; dimer-b-H), 9.49
(d, J� 4.0 Hz, 4 H; FB-b-H), 9.46 (m, 4 H; FB-b-H), 9.30 (d, J� 4.0 Hz, 2H;
FB-b-H), 9.25 (d, J� 4.5 Hz, 2H; FB-b-H), 9.23 (d, J� 4.0 Hz, 4H; dimer-
b-H), 9.01 (d, J� 4.5 Hz, 2 H; FB-b-H), 8.96 (d, J� 4.5 Hz, 2H; FB-b-H),
8.73 (d, J� 4.0 Hz, 4H; dimer-b-H), 8.57 (d, J� 7.5 Hz, 4 H; Ar), 8.48 (d,
J� 8.0 Hz, 4H; Ar), 8.17 (m, 12 H; dimer-b-H�Ar), 7.77 (m, 4 H; Ar), 1.51
(s, 72 H; tBu), ÿ2.92 (s, 4H; NH); MS (FAB): found 2737, calcd for
C164H130F10N18O4Zn2, 2738; UV/Vis (THF): lmax� 415, 475, 578, 640 nm;
fluorescence (THF): lmax� 655 nm (weak) (lmax� 580 nm).


meso,meso'-Dibromo windmill porphyrin array 18 : The windmill porphyrin
hexamer 16[7b] (90.2 mg, 16.6 mmol) was dissolved in a mixture of CHCl3


(90 mL) and pyridine (0.2 mL). NBS (33.8 mmol) was added to this solution
and the solution was stirred for 10 min at room temperature. The mixture
was poured into water and extracted with CHCl3. The combined organic
extract was washed with water and brine, and dried over Na2SO4. This
crude product (17) was dissolved in a mixture of CH2Cl2, TFA, and 10%
H2SO4, and the resulting solution was refluxed for 1 h. The mixture was
poured into water, and extracted with CH2Cl2. The combined organic
extract was successively washed with water, aqueous NaHCO3 solution,
and brine, and dried over Na2SO4. A saturated solution of ZnII acetate in
MeOH was added to the solution, and the resulting mixture was refluxed
for 1 h, and poured into water. The porphyrin products were extracted with
CH2Cl2. The combined organic extract was washed with water and brine,
and dried over Na2SO4. Chromatography on a silica gel column (eluent
CH2Cl2) gave 18 (87.9 mg, 15.7 mmol, 95%). 1H NMR (500 MHz, CDCl3): d


10.30 (s, 4H; meso), 10.27 (d, J� 4.0 Hz, 4 H; b-H), 10.12 (s, 4H; meso),
9.69 (d, J� 4.0 Hz, 4H; b-H), 9.30 (d, J� 5.0 Hz, 4 H; b-H), 8.73 (d, J�
8.0 Hz, 8H; Ar), 8.61 (d, J� 5.0 Hz, 4H; b-H), 8.49 (d, J� 7.5 Hz, 8H; Ar),
7.23 (m, 8 H; Ar), 6.88 (s, 4H; Ar), 4.21 (br, 8H; hexyl), 4.06 (t� br, 16�
8H; octyl� hexyl), 3.90 (br, 8 H; hexyl), 3.83 (br, 8H; hexyl), 3.24 (s, 12H;
Me), 2.85 (s, 12H; Me), 2.68 (s, 12 H; Me), 2.63 (s, 12 H; Me), 2.38 ± 1.23 (m,
224 H; hexyl�octyl), 1.03 (t, J� 7.5 Hz, 12 H; hexyl), 0.95 (t, J� 7.5 Hz,
12H; hexyl), 0.83 (t, J� 7.5 Hz, 24H; octyl), 0.79 (t, J� 7.5 Hz, 12 H; hexyl),
0.62 (t, J� 7.5 Hz, 12H; hexyl); MS (TOF): found 5561, calcd for
C344H444Br2N24O8Zn6, 5596.


meso,meso'-Bisphenylethynylated windmill porphyrin array 2 : The dibro-
mo windmill porphyrin hexamer 18 (22.0 mg, 3.9 mmol) and phenylac-
ethylene (30 mmol) were dissolved in a mixture of toluene (5 mL) and
triethylamine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh3)2Cl2] (12 mg) and CuI (9.0 mg) were added, and the resulting
solution was heated at 50 8C for 5 h under argon. After the reaction mixture
was filtered, the filtrate was separated by chromatography on a silica gel
column (eluent CH2Cl2), and recylcing preparative HPLC (JAI-GEL,
eluent CHCl3) gave 2 (7.3 mg, 1.3 mmol, 33%). 1H NMR (500 MHz,


CDCl3): d� 10.37 (d, J� 4.5 Hz, 4H; b-H), 10.31 (s, 4 H; meso), 10.13 (s,
4H; meso), 9.72 (d, J� 5.0 Hz, 4H; b-H), 9.30 (d, J� 4.5 Hz, 4H; b-H), 8.75
(d, J� 8.0 Hz, 8H; Ar), 8.64 (d, J� 4.5 Hz, 4 H; b-H), 8.50 (d, J� 7.5 Hz,
8H; Ar), 8.34 (d, J� 7.0 Hz, 4 H; Ar), 7.78 (t, J� 7.5 Hz, 4 H; Ar), 7.66 (m,
2H; Ar), 7.28 (s, 8H; Ar), 6.88 (s, 4H; Ar), 4.21 (br, 8 H; hexyl), 4.06 (t� br,
16� 8H; octyl� hexyl), 3.90 (br, 8H; hexyl), 3.83 (br, 8H; hexyl), 3.25 (s,
12H; Me), 2.85 (s, 12H; Me), 2.68 (s, 12H; Me), 2.63 (s, 12H; Me), 2.39 ±
1.08 (m, 224 H; hexyl�octyl), 1.00 (t, 12H; hexyl), 0.95 (t, J� 7.5 Hz, 12H;
hexyl), 0.82 (t, J� 7.5 Hz, 24H; octyl), 0.78 (t, J� 7.5 Hz, 12H; hexyl), 0.61
(t, J� 7.5 Hz, 12H; hexyl); MS (TOF): found 5643, calcd for
C360H454N24O8Zn6,5638; UV/Vis (THF): lmax (loge)� 415 (6.09), 442
(5.70), 476 (5.57), 545 (5.05), 580 (4.88), 635 (4.80) nm; fluorescence
(THF): lmax� 659 nm (lmax� 545 nm).


meso,meso'-Bis(4-NI-linked phenyl)ethynylated windmill porphyrin array
3 : The dibromide 18 (55.3 mg, 9.92 mmol) and 4-aminophenylacetylene
(7.3 mg, 62 mmol) were dissolved in a mixture of toluene (5 mL) and
triethylamine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh3)2Cl2] (9 mg) and CuI (8 mg) were added and the resulting
solution was heated at 50 8C for 7 h under argon. After the reaction mixture
was filtered, the filtrate was separated by chromatography on a silica gel
column (eluent CH2Cl2/n-hexane) to give 4-aminophenylethynyl porphyrin
19. Without further purification, this crude product was used for the next
reaction. The diamine 19 and the half-imide 14 (14.2 mg, 38 mmol) were
dissolved in pyridine (5.0 mL), and the resulting solution was refluxed for
12 h under N2. After the mixture was cooled, pyridine was removed by
heating under reduced pressure. The crude mixture was purified by silica
gel chromatography (eluent CH2Cl2) and HPLC(GPC-type, JAI-GEL,
eluent CHCl3) to give the NI-linked windmill porphyrin array 3 in a trace
amount. The product eluted as a single band by HPLC (silica gel) as well as
by size-exclusion GPC-HPLC. The 1H NMR spectrum of 3 was rather
broad and could not be analyzed. MS (TOF): found 6394, calcd for
C404H494N28O16Zn6, 6391; UV/Vis (THF): lmax (loge)� 415 (6.07), 440
(5.68), 471 (5.54), 547 (5.02), 576 (4.86), 629 (4.81) nm; fluorescence (THF):
lmax� 650 nm (lmax� 545 nm).


The porphyrin octameric model 4 : The dibromide 18 (21.0 mg, 3.75 mmol)
and the ethynylated porphyrin 11 (11.0 mg, 17.7 mmol) were dissolved in a
mixture of dry toluene (5 mL) and triethylamine (1 mL), and this solution
was purged with argon for 30 min. [Pd2(dba)3] (6.0 mg) and Ph3As (8.0 mg)
were added, and the resulting solution was heated at 50 for 7 h under argon.
After the reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent CH2Cl2) and preparative HPLC (JAI-GEL, eluent
CHCl3). The fraction containing the target compound was collected and
further purification was carried out by silica gel column chromatography
(eluent; CH2Cl2) to give 4 (5.7 mg, 0.85 mmol, 23%). The product eluted as
a single band by HPLC (silica gel) as well as by size-exclusion GPC-HPLC.
The 1H NMR spectrum of 4 was also too broadened for correct analysis. MS
(TOF): found 6675, calcd for C412H474F10N34O12Zn6, 6677; UV/Vis (THF):
lmax� 416, 430 (sh), 472(sh), 547, 578, 637 nm; fluorescence (THF): lmax�
610, 630, 659 nm (weak) (lmax� 545 nm).


meso,meso'-Bis(trimethylsilylethynyl)-substituted meso ± meso-linked
zinc(ii) diporphyrin 20 : This compound was prepared from the dibromi-
nated meso ± meso-linked diporphyrin 12 and trimethylsilylacetylene by
using [Pd(PPh3)2Cl2] and CuI; yield 53 % (9.4 mg, 0.0056 mmol); 1H NMR
(500 MHz, CDCl3): d� 9.78 (d, J� 5.0 Hz, 4H; b-H), 9.00 (d, J� 4.0 Hz,
4H; b-H), 8.57 (d, J� 5.0 Hz, 4 H; b-H), 7.99 (m, 12H; b-H�Ar), 7.64 (s,
4H; Ar), 1.38 (s, 72H; tBu), 0.58 (s, 18 H; TMS); MS (FAB): found 1690,
calcd for C106H118N8Si2Zn2, 1691; UV/Vis (THF): lmax (loge)� 435 (5.37),
468 (5.55), 579 (4.47), 627 (4.69) nm; fluorescence (THF): lmax� 648 nm
(lmax� 550 nm).


meso-Phenylethynylated meso ± meso-linked zinc(ii) diporphyrin 21: This
compound was prepared from meso-monobrominated meso ± meso-linked
zinc(ii) diporphyrin (4.5 mmmol) and phenylacethylene by using
[Pd(PPh3)2Cl2] and CuI. Yield: 100 % (7.2 mg, 4.5 mmmol). 1H NMR
(500 MHz, CDCl3): d� 10.38 (s, 1 H; meso), 9.95 (d, J� 5.0 Hz, 2H; b-H),
9.49 (d, J� 4.5 Hz, 2H; b-H), 9.18 (d, J� 4.5 Hz, 2 H; b-H), 9.09 (d, J�
4.5 Hz, 2H; b-H), 8.75 (d, J� 5.0 Hz, 2 H; b-H), 8.62 (d, J� 4.5 Hz, 2H; b-
H), 8.16 (d, J� 5.0 Hz, 2H; b-H), 8.10 (d, J� 2.0 Hz, 4H; Ar), 8.07 (d, J�
2.0 Hz, 4 H; Ar), 8.03 (d, J� 5.0 Hz, 2 H; b-H), 7.71 (t, J� 2.0 Hz, 2H; Ar),
7.70 (t, J� 2.0 Hz, 2H; Ar), 7.61 (t, J� 7.0 Hz, 2 H; Ar), 7.53 (d, J� 7.0 Hz,
2H; Ar), 7.34 (m, 1H; Ar), 1.46 (s, 36H; tBu), 1.45 (s, 36 H; tBu); MS
(FAB): found 1597, calcd for C104H106N8Zn2, 1598; UV/Vis (THF): lmax
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(loge)� 435 (5.29), 465 (5.54), 554 (4.52), 579 (4.52), 629 (4.59) nm;
fluorescence (THF): lmax� 638 nm (lex 580 nm).


The compounds 22 and 23 were prepared in a similar manner as for 20 and
21.[7c]


Zinc(ii) 5,15-bisphenylethynyl-10,20-bis(3,5-dictyloxyl)phenylporphyrin
22 : 1H NMR (500 MHz, CDCl3): d� 9.75 (d, J� 4.5 Hz, 4 H; b-H), 9.06
(d, J� 4.0 Hz, 4 H; b-H), 8.02 (d, J� 7.5 Hz, 4H; Ph), 7.57 (d, J� 7.5 Hz,
4H; Ph), 7.50 (t, J� 7.5 Hz, 2 H; Ph), 7.36 (d, J� 1.5 Hz, 4H; Ar), 6.90 (t,
J� 1.5 Hz¹ 2 H; Ar), 4.14 (t, J� 7.0 Hz, 8H; octyl), 1.88 (m, 8H; octyl), 1.51
(m, 8 H; octyl), 1.35 ± 1.28 (m, 32H; octyl), 0.86 (t, J� 7.0 Hz, 12 H; octyl);
MS (FAB): found 1237, calcd for C80H92N4O4Zn, 1237; UV/Vis (THF): lmax


(loge)� 449 (5.69), 595 (4.08), 649 nm (4.77); fluorescence (THF): lmax�
654, 715 nm (lex� 560 nm).


Zinc(ii) 5-phenylethynyl-10,20-bis(3,5-dictyloxyl)phenylporphyrin 23 :
1H NMR (500 MHz, CDCl3): d� 10.19 (s, 1H; meso), 9.87 (d, J� 4.0 Hz,
2H; b-H), 9.33 (d, J� 5.0 Hz, 2 H; b-H), 9.17 (d, J� 5.0 Hz, 2H; b-H), 9.14
(d, J� 5.0 Hz, 2H; b-H), 8.05 (d, J� 7.5 Hz, 2H; Ph), 7.58 (t, J� 7.0 Hz, 2H;
Ph), 7.51 (d, J� 7.0 Hz, 1H; Ph), 7.39 (d, J� 2.0 Hz, 4H; Ar), 6.91 (t, J�
1.5 Hz, 2H; Ar), 4.15 (t, 8H; octyl), 1.88 (m, 8H; octyl), 1.50 (m, 8H; octyl),
1.39 ± 1.27 (m, 32 H; octyl), 0.86 (t, 12H; octyl); MS (FAB): found 1137,
calcd for C72H88N4O4Zn, 1137; UV/Vis (THF): lmax (loge)� 436 (5.75), 566
(4.34), 611 (4.42) nm; fluorescence (THF): lmax� 614, 669 nm (lex�
565 nm).
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Tellurium-Bridged Manganese Carbonyl Clusters: Synthesis and Structural
Transformations of [Te4Mn3(CO)10]ÿ , [Te2Mn3(CO)9]2ÿ, [Te2Mn3(CO)9]ÿ , and
[Te2Mn4(CO)12]2ÿ


Minghuey Shieh,* Horng-Sun Chen, Huey-Yea Yang, Shu-Fen Lin, and Chuen-Her Ueng[a]


Abstract: The reactions of appropriate
ratios of K2TeO3 and [Mn2(CO)10] in
superheated methanol solutions lead to
a series of novel cluster anions
[Te4Mn3(CO)10]ÿ (1), [Te2Mn3(CO)9]2ÿ


(2), [Te2Mn3(CO)9]ÿ (3), and [Te2Mn4-
(CO)12]2ÿ (4). When cluster 1 is treated
with [Mn2(CO)10]/KOH in methanol,
paramagnetic cluster 2 is formed in
moderate yield. Cluster 2 is oxidized by
[Cu(MeCN)4]BF4 to give the closo-clus-


ter [Te2Mn3(CO)9]ÿ (3), while treatment
of 2 with [Mn2(CO)10]/KOH affords the
closo-cluster 4. IR spectroscopy showed
that cluster 1 reacted with [Mn2(CO)10]
to give cluster 4 via cluster 2. Clusters
1 ± 4 were structurally characterized by


spectroscopic methods or/and X-ray
analyses. The core structure of 1 can be
described as two [Mn(CO)3] groups
doubly bridged by two Te2 fragments in
a m2 ± h2 fashion. Both [Mn(CO)3]
groups are further coordinated to one
[Mn(CO)4] moiety. Cluster 2 is a 49 eÿ


species with a square-pyramidal core
geometry. While cluster 3 displays a
trigonal-bipyramidal metal core, cluster
4 possesses an octahedral core geometry.


Keywords: bridging ligands ´ car-
bonyl ligands ´ cluster compounds
´ manganese ´ tellurium


Introduction


Whereas chalcogen-containing iron carbonyl clusters have
been extensively investigated,[1, 2] manganese carbonyl chal-
cogenide clusters are less well known, mainly because of the
lack of rational synthetic routes. Compared to sulfur- and
selenium-bridged manganese carbonyl clusters,[3, 4, 5] the tel-
lurium-bridged manganese carbonyl clusters are even more
poorly explored.[1] As to the tellurium-bridged manganese
carbonyl complexes, a unique series of complexes
[{CpMn(CO)2}3Te] and [{Cp*Mn(CO)2}2Te] has been pre-
pared in which the central tellurium atom displays multiple
bonding to more than one metal center.[6] Vahrenkamp et al.
used organostannyl reagents to introduce tellurides into metal
dimers to give [Mn2(CO)8(m-TeSnMe3)2].[7] The tellurium-
bridged dimanganese complex [Mn2(Et3P)4(CO)6(m-Te2)] was
reported to be produced by the reaction of [Mn2(CO)10] and
the tellurium-atom transfer reagent Et3P�Te.[8] Recently, the
hydrothermal reaction of [Mn2(CO)10] with Na2Te2 and
ethanol produced an anionic complex [Mn4(CO)13(Te2)3]2ÿ in
which an [Mn(CO)4] and three [Mn(CO)3] fragments are
bridged by three [Te2]2ÿ ligands.[9] Nevertheless, no tellurium-


bridged manganese carbonyl clusters with MnÿMn bonds
were reported prior to our study.


We have recently reported that the reaction of sulfur or
selenium powder with dimanganese decacarbonyl in basic
solutions leads to a series of sulfur± and selenium ± manganese
carbonyl clusters.[4] A similar methodology, however, was not
applicable to the tellurium ± manganese carbonyl system.
Hence, the extension to the tellurium-containing manganese
carbonyl system was full of interesting challenges. We report
here the facile synthetic route to a new series of tellurium-
bridged manganese carbonyl clusters [Te4Mn3(CO)10]ÿ (1),
[Te2Mn3(CO)9]2ÿ (2), [Te2Mn3(CO)9]ÿ (3), and [Te2Mn4-
(CO)12]2ÿ (4) from K2TeO3 and [Mn2(CO)10] in superheated
MeOH solutions. We have already communicated that cluster
4 can be metalated with [Me2TeMn(CO)4]� to form the novel
cluster [Me2TeMn(CO)4Te2Mn4(CO)12]2ÿ (5).[10] Apart from
the rare m5-Te bridging mode observed in cluster 5, the m3 ,h2-
Te2, m3-Te, and m4-Te bonding modes are found in clusters 1 ± 4.
In addition, the structural relationships among these clusters
are studied in depth along with their interesting structural
transformations.


Results and Discussion


Syntheses of [TMBA][1], [PPN]2[2], [PPN][3], and
[PPN]2[4]: We demonstrate here a direct and efficient route
to a series of novel tellurium-bridged manganese carbonylates
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that involves the direct thermal reactions of K2TeO3 with
[Mn2(CO)10] in superheated MeOH solutions. Depending on
the ratio of K2TeO3 to [Mn2(CO)10], this methodology leads to
the formation of [Te4Mn3(CO)10]ÿ (1), [Te2Mn3(CO)9]2ÿ (2),
and [Te2Mn4(CO)12]2ÿ (4) (Scheme 1). These anionic clusters


Scheme 1. Synthesis of 1, 2 and 4 from K2TeO3 and [Mn2(CO)10].


are quite reactive species; however, they can be isolated as the
[TMBA]� (TMBA� benzyltrimethylammonium) salts or the
[PPN]� (PPN� [bis(triphenylphosphane)iminium] salts. Clus-
ters 1, 2, and 4 are all fully characterized by spectroscopic
methods and X-ray structural determination.


When K2TeO3 was treated with [Mn2(CO)10] in a molar
ratio of 2:1 in MeOH in a flask immersed an oil bath at 110 8C,
the unusual cluster anion 1 resulted in moderate yield. The IR
spectrum of [TMBA][1] in the range 2059 ± 1904 cmÿ1 shows


characteristic absorptions of terminal carbonyl groups. An
X-ray analysis shows that cluster 1 consists of a four-
membered [Te2Mn2] ring in which the two TeÿMn edges are
each bridged by a Te atom that is further bonded to an apical
[Mn(CO)4] fragment. If a molar ratio of 1:1 of K2TeO3 and
[Mn2(CO)10] is employed in the MeOH solution at 110 8C, the
square-pyramidal cluster anion 2 was obtained. On the other
hand, when K2TeO3 was treated with [Mn2(CO)10] in a molar
ratio of 1:2 in the MeOH solution at 110 8C, the octahedral
cluster anion 4 was formed in good yield. Cluster 4 obeys
Wade�s rule for a six-vertex closo-cluster containing seven
skeletal pairs and is stable in air for quite some time.


The clusters 1, 2, and 4 were formed by the reaction of
K2TeO3 and [Mn2(CO)10] in superheated MeOH solutions, in
which reactions are facilitated by the elimination of CO2. The
conditions for these reactions are critical: the outcome
depends on the ratios of the reactants, reaction temperature,
and reaction time, signifying that the variations of activation
energies versus reaction time and ratios of reactants in this Te-
Mn-CO system are decisive. The optimized conditions for
these clusters are described in the Experimental Section.
Cluster 2 is a 49-electron species and its paramagnetic
behavior is confirmed by its powder EPR spectrum at room
temperature in which g� 2.49. Based on electron counting,
cluster 2 falls one electron short of that of a trimanganese
cluster with two MnÿMn bonds. Cluster 2 is very sensitive to
the air on account of its electron deficiency. When the
paramagnetic cluster 2 is carefully oxidized with [Cu-
(MeCN)4]BF4, a trigonal-bipyramidal cluster anion [Te2Mn3-
(CO)9]ÿ (3) is obtained (Scheme 2). Cluster 3 is a 48-electron
species, which is in agreement with conventional electron
counting.


Scheme 2. Reaction of 2 with [Cu(MeCN)4]BF4 to give 3.


Note that cluster 3 cannot be obtained directly from the
thermal reaction of K2TeO3 with [Mn2(CO)10] under similar
conditions, but it can be produced in good yield from the
oxidation of 2 by the oxidizing agent [Cu(MeCN)4]BF4.
Although the analogous trigonal-bipyramidal cluster [Se2Mn3-
(CO)9]ÿ can be obtained from SeO2 with [Mn2(CO)10]/KOH,[4]


a similar methodology which uses TeO2 and [Mn2(CO)10]/
KOH,[11] failed to yield cluster 3; this method gave mixtures of
2 and 4 which are difficult to separate. Compared with the
direct thermal reactions of K2TeO3 with [Mn2(CO)10] in MeOH
described above, the disadvantages of the treatment of TeO2


with [Mn2(CO)10]/KOH/MeOH are difficult separations and
highly basic conditions.


Transformations of [TMBA][1], [PPN]2[2], [PPN][3], and
[PPN]2[4]: The structural transformations of clusters 1 ± 4 are
summarized in Scheme 3. Since the ratio of K2TeO3 to
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Scheme 3. Relationship between 1 ± 4.


[Mn2(CO)10] affects the outcome of these reactions as well, it
was investigated whether structural transformations of these
tellurium ± manganese carbonylates could be accomplished.
Therefore, we conducted a series of experiments in which the
ratio of K2TeO3 to dimanganese was varied: we found
interesting cluster transformations in this system. It was
discovered that cluster 1 reacted with the appropriate amount
of [Mn2(CO)10] in basic solution to form cluster 2. Further-
more, paramagnetic cluster 2 was converted to cluster 4 by
treatment with [Mn2(CO)10]/KOH in methanol. Following a
similar methodology, cluster 4 was formed directly from cluster


1 when 1 was treated with [Mn2(CO)10]/KOH in methanol.
These results suggest that cluster 2 may represent the inter-
mediate state for the transformation of 1 to the octahedral
complexes 4. In addition, cluster 4 is believed to undergo
complicated bond breakage and formation to give cluster 3
upon the addition of the appropriate amount of Hg(OAc)2.


As mentioned above, cluster 3 is readily obtained from the
mild oxidation of 2 with [Cu(MeCN)4]BF4. It was of interest
to know whether 3 can be reconverted back to cluster 2 by
treatment with reducing agents. It was found that 3 remained
intact on treatment with Na/naphthalene or even with Na.
This indicates a high degree of inertness of 3. The cyclic
voltammogram of 2 exhibits two reversible redox couples at
E1/2�ÿ391 and ÿ508 mV (100 mVsÿ1, DE� 68 and 83 mV,
respectively) versus SCE. However, the electrochemical
measurement of [PPN][3] only shows the irreducible oxida-
tion of the cations, which is consistent with the inertness of 3
towards chemical reduction. This behavior is also evidenced
by the fact that the trigonal-bipyramidal cluster 3 cannot
undergo cluster expansion with [Mn2(CO)10]/KOH to form
the octahedral cluster 4, while the paramagnetic square-
pyramidal cluster 2 does. Radical processes should account for
the cluster expansion from 2 to 4.


Structures of [TMBA][1], [PPN]2[2] ´ CH2Cl2, [PPN][3], and
[PPN]2[4]: The structures of [TMBA][1], [PPN]2[2] ´ CH2Cl2,
[PPN][3], and [PPN]2[4] are depicted in Figures 1 ± 4; selected
bond lengths and angles are listed in Table 1.


The core structure of 1 can be described as two [Mn(CO)3]
groups doubly bridged by two Te2 fragments in a m2 ± h2


fashion. These double are further bonded to a [Mn(CO)4]
moiety. The metal core of cluster 1 can be regarded as an
inorganic analogue of the well-known quadricyclane. This


Table 1. Selected bond lengths [�] and bond angles [8] for [TMBA][1], [PPN]2[2] ´ CH2Cl2, [PPN][3], and [PPN]2[4].


[TMBA][Te4Mn3(CO)10] ([TMBA][1])
Te1 ± Te4 2.733(1) Te1 ± Mn1 2.654(1) Te1 ± Mn2 2.670(1) Te2 ± Te3 2.7205(7) Te2 ± Mn1 2.663(1)
Te2 ± Mn2 2.645(1) Te3 ± Mn1 2.649(1) Te3 ± Mn3 2.632(1) Te4 ± Mn2 2.641(1) Te4 ± Mn3 2.642(1)
Te4-Te1-Mn1 107.45(3) Te4-Te1-Mn2 58.51(3) Mn1-Te1-Mn2 93.05(3) Te3-Te2-Mn1 58.95(3) Te3-Te2-Mn2 108.11(3)
Mn1-Te2-Mn2 93.41(4) Te2-Te3-Mn1 59.44(3) Te2-Te3-Mn3 108.16(3) Mn1-Te3-Mn3 117.96(4) Te1-Te4-Mn2 59.55(3)
Te1-Te4-Mn3 107.47(3) Mn2-Te4-Mn3 118.69(3) Te1-Mn1-Te2 86.29(3) Te1-Mn1-Te3 98.57(4) Te2-Mn1-Te3 61.61(3)
Te1-Mn2-Te2 86.29(3) Te1-Mn2-Te4 61.94(3) Te2-Mn2-Te4 98.23(3) Te3-Mn3-Te4 95.21(3)


[PPN]2[Te2Mn3(CO)9] ´ CH2Cl2 ([PPN]2[2] ´ CH2Cl2)
Te1 ± Mn1 2.607(2) Te1 ± Mn2 2.613(2) Te1 ± Mn3 2.627(2) Te2 ± Mn1 2.612(2) Te2 ± Mn2 2.615(2)
Te2 ± Mn3 2.625(2) Mn1 ± Mn3 2.808(2) Mn1 ± C9' 2.54(2) Mn2 ± Mn3 2.791(2) Mn2 ± C9 2.47(2)
Mn1-Te1-Mn2 97.43(5) Mn1-Te1-Mn3 64.89(5) Mn2-Te1-Mn3 64.32(5) Mn1-Te2-Mn2 97.28(5) Mn1-Te2-Mn3 64.86(5)
Mn2-Te2-Mn3 64.37(5) Te1-Mn1-Te2 82.73(4) Te1-Mn1-Mn3 57.89(4) Te2-Mn1-Mn3 57.79(5) Te1-Mn2-Te2 82.55(5)
Te1-Mn2-Mn3 58.06(5) Te2-Mn2-Mn3 57.99(5) Te1-Mn3-Te2 82.11(5) Te1-Mn3-Mn1 57.22(4) Te1-Mn3-Mn2 57.59(5)
Te2-Mn3-Mn1 57.35(4) Te2-Mn3-Mn2 57.65(5) Mn1-Mn3-Mn2 88.96(6) Mn3-C9-O9 163.4(17) Mn3-C9'-O9' 160.5(14)


[PPN][Te2Mn3(CO)9] ([PPN][3])
Te1 ± Mn1 2.505(1) Te1 ± Mn2 2.535(1) Te1 ± Mn3 2.512(1) Te2 ± Mn1 2.548(2) Te2 ± Mn2 2.554(1)
Te2 ± Mn3 2.567(1) Mn1 ± Mn2 2.933(2) Mn1 ± Mn3 2.919(1) Mn2 ± Mn3 2.903(2)
Mn1-Te1-Mn2 71.18(4) Mn1-Te1-Mn3 71.16(4) Mn2-Te1-Mn3 70.25(4) Mn1-Te2-Mn2 70.18(4) Mn1-Te2-Mn3 69.60(4)
Mn2-Te2-Mn3 69.09(4) Mn2-Mn1-Mn3 59.50(4) Mn1-Mn2-Mn3 60.01(3) Mn1-Mn3-Mn2 60.49(4)


[PPN]2[Te2Mn4(CO)12] ([PPN]2[4])
Te ± Mn1 2.6363(8) Te ± Mn1a 2.6360(6) Te ± Mn2 2.6487(8) Te ± Mn2a 2.6446(7) Mn1 ± Tea 2.6360(6)
Mn1 ± Mn2 2.7979(8) Mn1 ± Mn2a 2.8241(9) Mn2 ± Tea 2.6446(7) Mn1-Te-Mn1a 97.42(2) Mn1-Te-Mn2 63.93(2)
Mn1-Te-Mn2a 64.66(2) Mn1a-Te-Mn2 64.60(2) Mn1a-Te-Mn2a 63.99(2) Mn2-Te-Mn2a 97.82(2) Te-Mn1-Tea 82.58(2)
Te-Mn1-Mn2 58.25(2)
Te-Mn1-Mn2a 57.82(2) Tea-Mn1-Mn2 58.15(2) Tea-Mn1-Mn2a 57.92(2) Mn2-Mn1-Mn2a 90.40(2) Te-Mn2-Tea 82.18(2)
Te-Mn2-Mn1 57.82(2) Te-Mn2-Mn1a 57.48(2) Tea-Mn2-Mn(1) 57.86(2) Tea-Mn2-Mn1a 57.53(2) Mn1-Mn2-Mn1a 89.60(3)
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Figure 1. Structure of anion 1 (ORTEP diagram; 30 % thermal ellipsoids).


Figure 2. Structure of dianion 2 (ORTEP diagram; 30% thermal ellip-
soids).


cluster is structurally similar to the recently reported [CrFe2-
(CO)10Se4] cluster.[12] In 1, each m3-Te2 unit can be considered
as a six-electron donor to the core framework to make cluster
1 a 54-electron species, in agreement with the effective atomic
number (EAN) rule. The TeÿTe bond length of 2.742 � is
close to those in [M(CO)4Te4]2ÿ (2.724 �, M�Cr; 2.729 �,
M�Mo),[13] [Cr4(CO)20(Te2)]2ÿ (2.784 �),[14] and [{Cr(CO)5}2-
Te2]2ÿ (2.736 �);[15] however, it is shorter than those in
[(W(CO)3)6(Te2)4]2ÿ (2.852 �)[16] and {Cr(CO)5}4Te4


(2.856 �).[17]


Cluster 2 has a square-pyramidal core geometry in which
the Mn3 unit is doubly bridged by the m3-Te atoms. This
complex is analogous to the recently reported cluster
[Se2Mn3(CO)9]2ÿ,[3] which is a paramagnetic 49-electron
cluster. Cluster 3 has a trigonal-bipyramidal Te2Mn3 core in
which the Mn3 plane is capped above and below by the m3-Te
atoms. Cluster 4 displays a near-idealized octahedral frame-
work with four MnÿMn bonds of similar lengths (2.7979 ±
2.8241 �) and nearly perfect internal Mn-Mn-Mn angles


Figure 3. Structure of anion 3 (ORTEP diagram; 30% thermal ellipsoids).


Figure 4. Structure of dianion 4 (ORTEP diagram; 30% thermal ellip-
soids).


(89.60 ± 90.408), in which the four Mn atoms are capped by
two m4-Te atoms and are each seven-coordinate. For compar-
ison, the average TeÿMn and MnÿMn bond lengths in clusters
1 ± 4 and other related clusters are listed in Table 2.


Semibridging carbonyls in [PPN]2[2] ´ CH2Cl2 and [PPN]2[4]:
As shown in Figure 2, there are two conformational molecules
of 2 in the crystal lattice, each of which possesses a semi-
bridging carbonyl group C9ÿO9 or C9'ÿO9' lying on the
opposite sides of the Mn3 atom and the semibridging carbonyl
C9ÿO9 and C9'ÿO9' and are each present with 50 %
probability. The disorder of C7 and O7 cannot be resolved
and is covered with large thermoparameters. Similar to that in
the case of [Se2Mn3(CO)9]2ÿ,[3] cluster 2 possesses a semi-
bridging carbonyl group[18] that has some interaction with the
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basal Mn2 and Mn1 with significant bending of carbonyl
group (Mn3-C9-O9 163.48 ; Mn3-C9'-O9' 160.58) and the
distances between Mn2/C9 and Mn1/C9' are 2.47(2) and
2.54(2) �, respectively. Since these two conformational mol-
ecules of 2 are in a 1:1 superposition, the semibridging
carbonyl can be considered to interact with only one basal Mn
atom. If each tellurium atom can be formally assigned a ÿ2
oxidation state, the oxidation state of the apical Mn3 should
be �1, while the basal Mn2 and Mn1 atom are in the 0 or �1
oxidation state, respectively.


Interestingly, in cluster 4, there appear to be four weak
interactions between the carbonyls and Mn1 and Mn2 atoms,
as evidenced by the shorter distances between Mn2/C3 and
Mn1a/C6 (2.793(3) and 2.864(3) �, respectively) and the
slight bending of the carbonyl group (Mn1-C3-O3 171.2(3)8,
Mn2-C6-O6 171.2(3)8). These carbonyls (C3ÿO3, C3'ÿO3',
C6ÿO6, and C6'ÿO6') can also be considered to be semi-
bridging carbonyls according to the suggestion made by
Curtis.[18]


Conclusion


We have demonstrated the facile syntheses of a series of
tellurium-bridged manganese carbonyl clusters that exhibit
novel structural features. We have also established some
cornerstones for further study in this rarely explored area. The
interesting structural transformations in this system are
studied systematically; they suggest that it is possible to
introduce other metal fragments for further cluster growth.


Experimental Section


All reactions were performed under an atmosphere of pure nitrogen in
standard Schlenk glassware and by the use of Schlenk techniques.[19]


Solvents were purified, dried, and distilled under nitrogen prior to use.
[Mn2(CO)10] (Strem), TeO2 (Strem), K2TeO3 ´ H2O (Aldrich), [PPN]Cl
(Aldrich), and [TMBA]Cl (Aldrich), were used as received. IR spectra
were recorded on a Jasco 5300 or a Perkin-Elmer paragon 500 IR
spectrometer as solutions in CaF2 cells. Elemental analyses of C, H, and
N were performed on a Perkin-Elmer 2400 analyzer at the NSC Regional
Instrumental Center at National Taiwan University, Taipei (Taiwan).


Synthesis of [TMBA][Te4Mn3(CO)10] ([TMBA][1]): MeOH (40 mL) was
added to a mixture of [Mn2(CO)10] (0.687 g, 1.762 mmol) and K2TeO3 ´ H2O
(1.193 g, 4.389 mmol). The mixed solution was refluxed in an oil bath at
110 8C for 24 h. The reddish-brown solution was filtered and concentrated,
and an aqueous solution of [TMBA]Cl (0.401 g, 2.159 mmol) was added.


The precipitated solid was washed with deionized water several times and
then extracted into CH2Cl2. The CH2Cl2 extract was recrystallized from
CH2Cl2/hexanes to give [TMBA][1] (0.858 g, 0.77 mmol; 70% based on
Te). IR (CH2Cl2): nÄCO� 2059 (w), 1990 (vs), 1974 (s), 1953 (w), 1904
(s) cmÿ1; elemental analysis (%) calcd for [TMBA][Te4Mn3(CO)10]: C
21.73, H 1.46, N 1.27; found: C 22.15, H 1.48, N 1.20. The complex is soluble
in diethyl ether, CH2Cl2, THF, MeOH, and MeCN. The reddish black
crystals suitable for X-ray analysis were grown from a diethyl ether
solution.


Synthesis of [PPN]2[Te2Mn3(CO)9] ([PPN]2[2]): MeOH (40 mL) was
added to a mixture of [Mn2(CO)10] (0.845 g, 2.17 mmol) and K2TeO3 ´ H2O
(0.550 g, 2.167 mmol). The mixed solution was refluxed in an oil bath at
110 8C for 72 h. The brownish-green solution was filtered and concentrated,
and a MeOH solution of [PPN]Cl (1.25 g, 2.18 mmol) was added dropwise.
The precipitated solid was washed with MeOH several times. The residue
dissolved in CH2Cl2 (15 mL) and diethyl ether (7.5 mL) was added to the
solution to remove the impurities, and the filtrate was dried under vacuum
and recrystallized with CH2Cl2/diethyl ether several times to give
[PPN]2[Te2Mn3(CO)9] (1.38 g, 1.69 mmol; 73% based on Te). IR (CH2Cl2):
nÄCO� 1983 (m), 1940 (s), 1881 (m), 1865 (m) cmÿ1; elemental analysis (%)
calcd for [PPN]2[Te2Mn3(CO)9].CH2Cl2: C 53.70, H 3.41, N 1.53; found: C
53.47, H 3.43, N 1.60. [PPN]2[2] is soluble in CH2Cl2, THF, and MeCN,
slightly soluble in MeOH, but insoluble in hexanes and diethyl ether. The
brownish black crystals suitable for X-ray analysis were grown from a
CH2Cl2/diethyl ether solution.


Synthesis of [PPN]2[Te2Mn4(CO)12] ([PPN]2[4]): MeOH (40 mL) was
added to a mixture of [Mn2(CO)10] (0.725 g, 1.86 mmol) and K2TeO3 ´ H2O
(0.236 g, 0.930 mmol). The mixed solution was refluxed in an oil bath at
110 8C for 98 h. The deep-brown solution was filtered and concentrated,
and a MeOH solution of [PPN]Cl (0.705 g, 1.23 mmol) was added dropwise.
The precipitated solid was washed with deionized water several times. The
residue was recrystallized with CH2Cl2/MeOH several times to give
[PPN]2[Te2Mn4(CO)12] (0.44 g, 0.233 mmol; 50% based on Te). IR
(CH2Cl2): nÄCO� 1941 (s), 1884 (m) cmÿ1; elemental analysis (%) calcd for
[PPN]2[Te2Mn4(CO)12]: C 53.43, H 3.20, N 1.48; found: C 53.44, H 3.15, N
1.47. [PPN]2[4] is soluble in CH2Cl2, THF, and MeCN, but insoluble in
hexanes, diethyl ether, and MeOH. The purple-black crystals suitable for
X-ray analysis were grown from a MeCN solution.


Synthesis of [PPN][Te2Mn3(CO)9] ([PPN][3])


Method 1: CH2Cl2 (30 mL) was added to a mixture of [PPN]2[2] (0.40 g,
0.229 mmol) and [Cu(MeCN)4]BF4 (0.057 g, 0.181 mmol). The mixed
solution was refluxed in an oil bath at 70 ± 80 8C for 68 h. The brown
solution was filtered and the solvent was removed under vacuum. The
residue was washed with hexanes and extracted with Et2O to give [PPN]2[3]
(0.14 g, 0.116 mmol; 51% based on [PPN]2[2]). IR (CH2Cl2): nÄCO� 1996 (s),
1912 (m), 1881 (m), 1865 (m) cmÿ1; elemental analysis (%) calcd for
[PPN][Te2Mn3(CO)9]: C 44.10, H 2.55, N 1.20; found: C 44.64, H 2.50, N
1.16. [PPN]2[3] is soluble in CH2Cl2 and Et2O. The deep-brown crystals
suitable for X-ray analysis were grown from a CH2Cl2 solution.


Method 2 : To a solution of [PPN]2[4] (0.59 g; 0.312 mmol) in CH2Cl2


(20 mL) in an ice-water bath was added Hg(OAc)2 (0.11 g, 0.345 mmol).
The mixed solution was turned from purple to brownish, which was filtered
and solvent was removed under vacuum. The residue was washed with
hexanes and extracted with Et2O to give [PPN]2[3] (0.24 g, 0.198 mmol;
63% based on [PPN]2[4]).


Reaction of [TMBA][Te4Mn3(CO)10] ([TMBA][1]) with [Mn2(CO)10]/
KOH : MeOH (40 mL) was added to a mixture of [TMBA][1] (0.441 g,
0.399 mmol), [Mn2(CO)10] (0.195 g (0.500 mmol), and KOH (0.898 g,
16.0 mmol). The mixed solution was refluxed in an oil bath at 110 8C for
48 h. The brownish green solution was filtered and concentrated, and a
MeOH solution of [PPN]Cl (0.918 g, 1.60 mmol) was added dropwise. The
precipitated solid was washed with MeOH several times. The residue was
recrystallized with Et2O/CH2Cl2 twice to give [PPN]2[2] (0.75 g,
0.429 mmol; 63 % based on Te).


Reaction of [PPN]2[Te2Mn3(CO)9] ([PPN]2[2]) with [Mn2(CO)10]/KOH :
MeOH (20 mL) and MeCN (20 mL) were added to a mixture of [PPN]2[2]
(0.504 g, 0.288 mmol), [Mn2(CO)10] (0.124 g, 0.318 mmol), and KOH
(0.326 g, 5.81 mmol). The mixed solution was refluxed in an oil bath at
110 8C for 30 h. The brown solution was filtered and solvent was removed
under vacuum. The residue was extracted with CH2Cl2 and the CH2Cl2


Table 2. Average TeÿMn and MnÿMn bond lengths [�] in clusters 1 ± 4
and other related clusters.


Compound TeÿMn MnÿMn


[Mn4Te4(SC3H7)4]4ÿ[23] 2.782
[Mn4Te4(SeC3H7)4]4ÿ[23] 2.769
[Mn4Te4(TeC3H7)4]4ÿ[24] 2.740
[(Et3P)2(CO)3MnTe]2


[8] 2.718
[TMBA][1][a] 2.645
[PPN]2[2] ´ CH2Cl2


[a] 2.617 2.799
[PPN][3][a] 2.537 2.918
[PPN]2[4][a] 2.641 2.811


[a] This work.
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extract was recrystallized from Et2O/CH2Cl2 to give [PPN]2[4] (0.130 g,
0.069 mmol; 24 % based on [PPN]2[2]).


Cyclic voltammetry measurements of [PPN]2[2] ´ CH2Cl2 and [PPN][3]:
Cyclic voltammetry experiments were performed with BAS 100B/W.
Solutions were prepared in dried CH2Cl2 with tetra-n-butylammonium
perchlorate (TBAP, 0.1m), recrystallized before use as the supporting
electrolyte. A three-electrode configuration was used with a platinum disk
working electrode, a platinum wire auxiliary electrode, and Ag/AgO
reference electrode. The redox potentials were calibrated with a ferroce-
nium/ferrocene (Fc�/Fc) couple in the working solution. Experiments were
carried out at room temperature under nitrogen.


X-ray structural characterization of complexes [TMBA][1], [PPN]2[2] ´
CH2Cl2, [PPN][3], and [PPN]2[4]: Selected crystallographic data for
[TMBA][1], [PPN]2[2] ´ CH2Cl2, [PPN][3], and [PPN]2[4] are given in
Table 3. Data collection was carried out with a Nonius CAD-4 diffrac-
tometer that used graphite-monochromated MoKa radiation at 25 8C and a
q/2q scan mode. A y scan absorption correction carried out.[20] All crystals
were mounted on glass fibers with epoxy cement. Data reduction and
structural refinement were performed with the NRCC-SDP-VAX pack-
ages,[21] and atomic scattering factors were taken from International Tables
for X-ray Crystallography.[22]


Structures of [TMBA][1], [PPN]2[2] ´ CH2Cl2, [PPN][3], and [PPN]2[4]:
Cell parameters were obtained from 25 reflections with 2 q angle in the
range 22.42 ± 32.728 for [TMBA][1], 16.688< 2q< 29.348 for [PPN]2[2] ´
CH2Cl2, 22.94< 2q< 28.668 for [PPN]2[3], and 22.84< 2 q< 31.428 for
[PPN]2[4]. A total of 3697 reflections with I> 2.5 s(I) for [TMBA][1] (6761
reflections with I> 2.5s(I) for [PPN]2[2] ´ CH2Cl2, 5333 reflections with I>
2.5s(I) for [PPN][3], and 5885 reflections with I> 2.5 s(I) for [PPN]2[4])
were refined by least-squares cycles. All the non-hydrogen atoms were
refined with anisotropic temperature factors, except those for [PPN]2[2] ´
CH2Cl2, C6, O6, C9, O9, C9', and O9' which were refined with isotropic
temperature factors. Full-matrix least-squares refinement led to conver-
gence with R� 0.027 and Rw� 0.026 for [TMBA][1], with R� 0.043 and
Rw� 0.036 for [PPN]2[2] ´ CH2Cl2, with R� 0.033 and Rw� 0.026 for
[PPN][3], and with R� 0.026 and Rw� 0.022 for [PPN]2[4].


Crystallographic data (excluding structures factors) for the structures of
[TMBA][1], [PPN]2[2] ´ CH2Cl2, and [PPN][3] reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-154903 ([TMBA][1]), CCDC-
154902 ([PPN]2[2] ´ CH2Cl2), and CCDC-154901 ([PPN][3]). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk). Further details of the crystal structure investigation of
[PPN]2[4] may be obtained from the Fachinformationszentrum Karlsruhe,


76344 Eggenstein-Leopoldshafen (Germany), (Fax: (�49) 7247-808-666;
e-mail : crysdata@fiz.karlsruhe.de) on quoting the depository number CSD-
408889 ([PPN]2[4]).
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Di- and Tetranuclear Palladium Complexes Incorporating Phospha- and
Diphosphaferrocenes as Ligands**


Xavier Sava, Louis Ricard, François Mathey,* and Pascal Le Floch*[a]


Abstract: Monophosphaferrocenes 1
and 4 react with [Pd(COD)Cl2]
(COD� cyclooctadiene) to afford cis-
[Pd(1 or 4)2Cl2] complexes that slowly
decompose in solution to give dimeric
complexes 3 and 6 of general formula
[{Pd(1 or 4)Cl}2]. In these dimers, which
incorporate a PdÿPd bond, phosphafer-
rocenes act as four electron donors
through the phosphorus-atom lone pair
(m2-bonded) and through one orbital of
appropriate symmetry at iron. These
dimers can also be more conventionally
prepared from the reaction of cis-
[Pd(1 or 4) Cl2] complexes with
[Pd(dba)2] (dba� dibenzylidene ace-
tone). The reaction of octaethyldiphos-


phaferrocene (7) with [Pd(COD)Cl2]
yields a dinuclear complex [Pd2(7)2Cl4]
(8) in which the two ligands 7 are
coordinated in a trans fashion through
the phosphorus-atom lone pairs. De-
composition of 8 in solution yields a
dimeric dicationic complex of general
formula [{Pd2(7)2Cl}2]2�[FeCl4]2


ÿ (9 a)
incorporating four palladium atoms. In
each ligand, one phospholyl ring be-
haves as a two-electron donor through
the phosphorus-atom lone pair whereas


the second binds two palladium centers
in a m2-fashion. A plausible mechanism
that explains the formation of dimers 3,
6, and 9 a involves the preliminary
oxidation of the mono- or diphosphafer-
rocene ligand. Parallel experiments
aimed at confirming this hypothesis
have shown that complex 9 a can be
synthesized from the reaction of FeCl2


with complex 8. Also presented is
another synthetic approach to the syn-
thesis of the tetranuclear complex
9 b (counterion is GaCl4


ÿ) from the
reaction of the palladium(0) complex
[Pd(7)2] (10) with [Pd(COD)Cl2] in
the presence of GaCl3 as chloride ab-
stractor.


Keywords: coordination chemistry
´ palladium ´ phosphaferrocenes ´
phosphorus heterocycles ´ P ligands


Introduction


The combination of a ferrocene backbone and an sp2-
hybridized phosphorus atom makes monophosphaferrocenes
very attractive ligands for different purposes.[1] A current and
rewarding area of development concerns the elaboration of
well-tailored ligands and their use in homogeneous catalysis,
and recent studies have clearly demonstrated their potential
in some catalytic processes of importance.[2] A significant
application was recently presented by Fu et al who showed
that a diphenylphosphinomethylene-substituted phosphafer-
rocene could be successfully used as a ligand in the
rhodium(i)-catalyzed enantioselective isomerization of allylic
alcohols to aldehydes.[2k] In all catalytic transformations
known to date, phosphaferrocenes are supposed to act, like


classical phosphines, as two-electron-donor ligands h1-bonded
to the metal through the phosphorus-atom lone pair.
Although this coordinating mode is by far the most common
for the coordination chemistry of mono- and diphosphaferro-
cenes, many other interesting structural and electronic
features of the ligand can probably be exploited to devise
very active catalytic systems. With this aim, we recently took
advantage of the spherical character of the phosphorus-atom
lone pair in diphosphaferrocenes to synthesize chelate-based
catalysts. We discovered that species such as the bis(octa-
ethyldiphosphaferrocene)palladium(0) chelate complex,
which involves a side-on coordination of phosphorus-atom
lone pairs, could catalyze the Suzuki cross-coupling reaction
between phenylboronic acid and aryl bromides with turn-
over-numbers (TON) up to 9.8� 105 (Scheme 1).[2m]


This result is encouraging and constitutes, as far as we are
aware, the highest TON ever recorded for a catalyst
incorporating sp2-hybridized phosphorus derivatives as li-
gands.[3] During further investigations on the catalytic activity
of these phosphaferrocene-based palladium complexes we
observed that, whereas palladium(0) species are particularly
stable, palladium(ii) derivatives exhibited a surprising reac-
tivity. Therefore, we decided to explore in depth the
coordination behavior of mono- and diphosphaferrocenes
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Scheme 1. Suzuki Cross-coupling reaction of phenylboronic acid with aryl
bromides catalyzed by the bis(octaethyldiphosphaferrocene) Pd0 complex.


towards these PdII centers. This study led to the discovery of
very unusual binding modes that involve both coordination of
the phosphorus-atom lone pair and the central iron atom at
the palladium center.


Results and Discussion


Our first experiments were carried out with the tetraethyl-
phosphaferrocene 1, which displays a high solubility in
common organic solvents due to the presence of the four


ethyl substituents.[2m] Reaction of 1 with [Pd(COD)Cl2] in
dichloromethane proceeded cleanly and afforded complex 2,
(Scheme 2), which was fully characterized. The cis geometry
of complex 2 was established from 13C NMR data (AXX' spin
system). Estimation of the 2J(P,P) coupling constant (50 Hz)
was realized by simulation and examination of the pattern
presented by the Ca carbon atoms (C2 and C5).


Scheme 2. Synthesis of complex 2.


Further experiments aimed at exploring the stability of 2 in
solution for long periods when stored led to a quite
unexpected result. After several days, complex 2 partially
decomposed to yield a new species that was isolated in low
yields (<30 %) as dark green microcrystals. The structure of 3
could not be unambigously established on the basis of NMR
data alone and was finally solved by an X-ray crystal structure
analysis (Scheme 3). An ORTEP view of one molecule of 3 is
presented in Figure 1; significant bond lengths and angles are
given in the legend.


Scheme 3. Synthesis of complex 3 by decomposition of 2.


Figure 1. Molecular structure of 3 (ORTEP plot, 50 % probability).
Selected bond lengths [�] and angles [8]: P1ÿPd1 2.2633(4), Pd1ÿPd1'
2.8442(2), P1ÿPd1' 2.2417(4), Pd1ÿCl1 2.3681(4), Pd1ÿFe1 2.9566(3),
P1ÿC1 1.767(2), C1ÿC2 1.426(2), C2ÿC3 1.441(2), C3ÿC4 1.425(2),
C4ÿP1 1.764(2), P1-Pd1-Fe1 49.95(1), Pd1-P1-Pd1' 78.30(1), P1-Pd1-Pd1'
50.511, P1-Pd1'-Pd1 51.19(1), P1-Pd1-C11 163.90(1), C4-P1-C1 93.35(7).


As can be seen complex 2 has undergone a reduction,
involving the loss of one molecule of 1 and one chloride
ligand. The structure of 3 now consists of a dimeric arrange-
ment incorporating two palladium(i) centers bonded through


Abstract in French: Les monophosphaferroc�nes 1 et 4
rØagissent avec le complexe [Pd(COD)Cl2] pour conduire
aux complexes cis-[Pd(1 ou 4)Cl2] qui se dØcomposent
lentement en solution pour donner les complexes dim�res 3 et
6 de formule gØnØrale [Pd(1 ou 4)Cl]2. Dans ces deux dim�res,
qui comportent une liaison palladiumÿpalladium, les ligands
phosphaferroc�nes agissent comme des donneurs à quatre
Ølectrons, deux Ølectrons Øtant apportØs par la paire libre de
l�atome de phosphore et deux autres par une orbitale de
symØtrie appropriØe sur l�atome de fer central. D�une façon
plus conventionnelle, ces dim�res peuvent eÃtre Øgalement
prØparØs par rØaction des complexes cis-[Pd(1 ou 4)Cl2] avec
le complexe [Pd(dba)2]. La rØaction de l�octaØthyle diphos-
phaferroc�ne (7) avec le prØcurseur [Pd(COD)Cl2] conduit au
complexe dinuclØaire [Pd2(7)2Cl4] (8) dans lequel les deux
ligands 7 sont coordonnØs d�une façon trans par l�intermØdiaire
des paires libres des atomes de phosphore. La dØcomposition
du complexe 8 en solution conduit au dim�re dicationique de
formule gØnØrale [{Pd2(7)2Cl}2]2�[FeCl4]2


ÿ 9a qui contient
quatre atomes de palladium. Dans chaque ligand, un cycle
phospholyle se comporte comme un donneur à deux Ølectrons
par l�intermØdiaire de la paire libre du phosphore alors que le
second se lie aux deux atomes de palladium d�une façon m2 . Un
mØcanisme envisageable pouvant expliquer la formation des
dim�res 3, 6 et 9a fait intervenir une oxydation prØliminaire du
ligand mono ou diphosphaferroc�ne. Des expØriences para-
ll�les visant à confirmer cette hypoth�se ont permis de montrer
que le complexe 9a peut eÃtre Øgalement synthØtisØ par rØaction
de FeCl2 avec le complexe 8. Une autre approche synthØtique
permettant de synthØtiser le dim�re 9b (contre ion�GaCl4


ÿ)
par rØaction du complexe de palladium zØrovalent [Pd(7)2]
(10) avec le complexe [Pd(COD)Cl2] en prØsence de GaCl3,
qui est utilisØ en qualitØ d�abstracteur d�ion chlorure, est
Øgalement prØsentØe.
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a metal ± metal bond, two ligands 1 and two chloride ligands.
The most interesting structural feature clearly concerns the
presence of an iron ± palladium bond. This FeÿPd bond
(2.9566(3) �) appears to be quite long relative to those
usually observed in bimetallic species, such as the dppm-based
(dppm� bis(diphenylphosphino)methane) derivatives de-
scribed by Braunstein et al. and others (usually about 2.6 ±
2.7 �).[4] However, it is comparable to values observed in
ferrocene complexes described by various authors (about
2.8 ± 2.9 �) with Group 10 divalent (M�Ni, Pd, Pt)[5a±h] and
Group 11 monovalent (M�Cu, Ag, Au) centers.[5i±k] An
interesting question evidently concerns the origin and nature
of this very particular bonding. Phosphaferrocenes possess, as
do their carbon analogues, a set of two nonbonding orbitals on
iron that are parallel to the ring planes (dx2�y2 and dxy, e2g


degenerate in ferrocene),[6] and we can confidently describe
this bond as a dative bond between one of these two
nonbonding orbitals and a vacant orbital of appropriate
symmetry at the palladium atom. This type of bonding is not
without precedent in the coordination chemistry of phospho-
lide ligands. It was shown in 1994 that phosphacymantrenes,
whose HOMOs also mainly consist of 3d(Mn) orbitals, react
with PdII centers to yield similar dimeric structures to 3.[7]


The structure of 3 exhibits other interesting structural
features. Another geometrical consequence of this particular
PdÿFe bonding is directly measurable on the slightly distorted
ferrocenyl-type structure. Contrary to what is observed in the
free ligand, the two rings are 168 from parallel resulting in a
rather large Ct1-Fe-Ct2 angle of 1688 (Ct being the centroid of
the ring). This value is similar to that observed in the 1,2,3-
trithia[3]ferrocenophane palladium complex reported by
Seyferth.[5] Also significant is the m2-bonding mode of the
two phosphorus atoms that share their lone pair with the two
Pd atoms. Although the PÿPd bond lengths are slightly
different (P1ÿPd1� 2.2633(4) and P1ÿPd'1� 2.2417(4) �)
they fall in the usual range. This kind of bonding, which has
not been previously observed for phosphaferrocene com-
plexes, is a specificity of sp2-hybridized phosphorus atoms, and
many examples are known with other ligands such as
phosphinines.[8]


The formation of dimer 3 leads to an interesting point.
Assuming one ligand has been lost, we can propose that the
initial step of the mechanism relies on a monoelectronic
reduction of the palladium center; this could be promoted by
the iron atom of this ligand. Additional experiments carried
out on a more sophisticated structure supports this proposal
(see later). From a synthetic point of view, the synthesis of
dimer 3 is not very efficient when carried out by decom-
position of 2 as it consumes one equivalent of ligand and only
affords 3 in low yields. However, we found two additional
procedures to prepare 3 under more satisfactory conditions.
The first relies on the use of ªsuper-hydrideº as the reducing
agent. Addition of one equivalent of hydride to a solution of 2
in THF cleanly yields 3 with concomitant release of one
molecule of ligand 1. By using this procedure, 3 was obtained
with a yield of 75 %. The second, more convenient, approach
involves the reaction of 2 with one equivalent of a Pd0


precursor such as [Pd(dba)2] (Scheme 4; dba� dibenzyl-
idene acetone).


Scheme 4. Synthesis of complex 3.


To verify that the formation of this new type of dimer was
not restricted to ligand 1, similar experiments with a less
sterically demanding ligand such as 4, which only bears one
phenyl group at one a position, were attempted. As can be
seen in Scheme 5, the synthesis of the two PdII precursors 5


Scheme 5. Syntheses of complexes 5 a,b and dimers 6 a,b.


could be carried out under the same experimental conditions.
Owing to the planar chirality of ligand 4, two diastereoisomers
5 a and 5 b are formed. The 31P NMR spectrum of the crude
mixture shows that these two species are formed in the ratio
5 a :5 b� 4:1. Complexes 5 a,b were characterized exclusively
by 31P NMR spectroscopy. As previously observed in the
synthesis of dimer 3, reaction of these two species with one
equivalent of [Pd(dba)2] resulted in the formation of a
mixture of diastereoisomers of dimer 6 ; these only differ by
the position of the phenyl rings towards the P2Pd2 core
(Scheme 5). 31P NMR spectroscopy indicates that these two
species are formed in the ratio 6 a :6 b� 1:1. The configuration
of these dimers could not be unambiguously established by
analysis of the NMR spectrum of the mixture.


Fortunately, crystallization in dichloromethane at ÿ20 8C
afforded crystals of dimer 6 a, thus allowing the complete
assignment of 31P NMR signals and the recording of 1H and
13C NMR spectra. Interestingly, we noted that dimer 6 a slowly
isomerizes in dichloromethane after several hours to yield a
significant amount of dimer 6 b. 31P NMR experiments
indicated that the equilibrium could be reached after one
day. This clearly shows that the phosphaferrocenes are only
weakly bound in these dimers and explains why dimers 6 a,b
are formed in a similar ratio when they are prepared from a
nonequimolar mixture of precursor 5 a,b. An ORTEP view of
one molecule of 6 a is presented in Figure 2 and significant
bond lengths and angles are listed in the legend. The structure
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Figure 2. Molecular structure of 6 a (ORTEP plot, 50 % probability).
Selected bond lengths [�] and angles [8]: P1ÿPd1 2.2621, Pd1ÿPd1'
2.824(1), P1ÿPd1' 2.238(1), Pd1ÿC11 2.369(1), Pd1ÿFe2 2.941(1), P1ÿC1
1.760(4), C1ÿC2 1.413(6), C2ÿC3 1.439(6), C3ÿC4 1.423(5), C4ÿP1
1.769(4), P1-Pd1-Fe2 50.12(3), Pd1-P1-Pd1' 50.76(3), P1-Pd1-Pd1'
51.76(3), P1-Pd1'-Pd1 51.52(4), P1-Pd1-C1(l) 165.28(4), C4-P1-C1 92.1(2).


of 6 a deserves no special comments and is comparable to
dimer 3.


To complete our study, we also investigated the reactivity of
diphosphaferrocenes towards PdII centers. Preliminary ex-
periments carried out with the readily available 2,5-unsub-
stituted 3,3',4,4'-tetramethyldiphosphaferrocene only led to
formation of insoluble materials, which were probably
polymeric. To circumvent this problem we chose the octa-
ethyldiphosphaferrocene (7), which proved to be highly
soluble in most common organic solvents. Reaction of ligand
7 with an equimolar amount of [Pd(COD)Cl2] cleanly yielded
complex 8 (Scheme 6). Although 31P and 1H NMR data could
be recorded, 8 proved to be too insoluble for a well-resolved
13C NMR spectrum to be obtained, thus precluding the
determination of its geometry.


Scheme 6. Synthesis of complex 8.


Fortunately, single crystals were obtained, and an X-ray
crystal structure analysis was carried out. An ORTEP view of
one molecule of 8 is shown in Figure 3; significant bond
lengths and angles are given in the legend. As can be seen,
complex 8 adopts trans geometry with the two diphosphafer-
rocenes facing each other. The preference for trans geometry
very likely results from steric crowding between the ethyl
groups of two diphosphaferrocene ligands. This steric hin-
drance is not present in complex 3, which only bears four ethyl
groups, so both ligands can probably freely rotate around the
PÿPd bond axis. A surprising feature concerns the position of
the two chloride ligands, which are not parallel to the planes
defined by the rings. Nevertheless, the intramolecular


Figure 3. Molecular structure of 8 (ORTEP plot, 50 % probability).
Selected bond lengths [�] and angles [8]: P1ÿPd1 2.3001(5), Pd1ÿP2'
2.3040(5), Pd1ÿCl1 2.3068(4), Pd1ÿCl2 2.3040(4), P1ÿC1 1.769(2), C1ÿC2
1.430(2), C2ÿC3 1.442(2), C3ÿC4 1.428(2), C4ÿP1 1.766(2), P1-Pd1-P2'
176.25(2), P1-Pd1-Cl1 90.60(2), P1-Pd1-Cl2 89.43(2), C1-P1-C4 93.2(1).


Pd1ÿCl1' and Pd1'ÿCl1 contacts are too long to result from a
m2-coordination, and this particular arrangement is probably
due to packing forces in the crystal.


Like complex 3 and 5 a,b, 8 slowly decomposed in dichloro-
methane to yield complex 9 a, which was recovered as black
crystals in low yield (about 30 %) after several days
(Scheme 7). Unfortunately, 9 a proved to be highly insoluble,


Scheme 7. Synthesis of dimer 9 a by decomposition of complex 8.


precluding the recording of 1H and 13C NMR spectra.
Interestingly, the 31P NMR spectrum reveals the presence of
two magnetically nonequivalent phosphorus atoms which
appear as poorly resolved broad singlets at d (CDCl3)� 10.6
and ÿ264.4. Whereas the first signal is close to that recorded
for complex 8, the highly shielded signal at d�ÿ264.4 is quite
unusual. However, it is in good agreement with a chelate
structure. Indeed, although no theoretical studies have been
undertaken yet, it appears that the chelating mode of
diphosphaferrocene results in a strong shielding of 31P NMR
signals. Hence, the 31P NMR chemical shift of the bis(octa-
ethyldiphosphaferrocene)palladium(0) complex [Pd(7)2] is d�
ÿ125.5. Proof of the structure of 9 a was given by an X-ray
crystal structure analysis. An ORTEP view of one molecule of
9 is presented in Figure 4; significant bond lengths and angles
are given in the legend. It can be seen that complex 9 a, of
general formula [{Pd2(7)2Cl}2]2�[FeCl4]2


ÿ, is a dimeric dicat-
ionic structure that incorporates four diphosphaferrocene
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Figure 4. Molecular structure of 9 a (ORTEP plot, 50 % probability).
Selected bond lengths [�] and angles [8]: P1ÿPd1 2.3230(7), P2ÿPd1
2.6076(8), P3ÿPd1 2.3041(7), P4ÿPd1 2.6350(8), P1ÿPd2 2.2535(7), P3ÿPd2
2.2449(7), Pd1ÿPd2 3.0996(3), Pd2ÿCl1 2.4364(7), Pd2ÿCl1' 2.4407(7),
P1ÿC1 1.760(3), C1ÿC2 1.430(4), C2ÿC3 1.446(4), C3ÿC4 1.417(4), C4ÿP1
1.765(3), P3-Pd1-P1 92.44(3), P2-Pd1-P3 170.64(3), P1-Pd1-P2 93.51(2), P3-
Pd1-P4 93.85(2), P1-Pd1-P4 173.67(2), P2-Pd1-P4 80.16(2), P3-Pd1-Pd2,
46.25(2), P1-Pd1-P2 46.43(2), P2-Pd1-Pd2 139.90(2), P4-Pd1-Pd2 139.90(2),
P3-Pd1-Fe2 46.66(2), P1-Pd1-Fe2 138.47(2), P2-Pd1-Fe2 126.15(2), P4-Pd1-
Fe2 47.67(2), Pd2-Pd1-Fe2 92.87(1), P1-Pd2-P3 95.92(3), P3-Pd2-Cl1
173.76(3), P1-Pd2-Cl1 89.50(2).


ligands, four palladium atoms, and two m2-chloride ligands that
ensure the connectivity between the two Pd2P4 units. An
interesting feature concerns the electron count in the com-
plex. A close examination of distances between metal atoms
reveals that the interaction between Pd and Fe atoms is very
weak and the quite long PdÿFe distance average (d(PdÿFe)�
3.16 �) suggests that no dative bonding occurs. Assuming that
the two Pd atoms in each subunit are connected through a
metal ± metal bond (d(Pd1ÿPd2)� 3.0996(3) �), 60 VE
(VE� valence electron) are involved in the dimeric unit,
leaving four 16-electron PdI centers.


The presence of two [FeCl4]ÿ counterions is of particular
interest and shows that formation of complex 9 a involves the
destruction of at least two ligands. To rationalize the
formation of dimer 3, we previously proposed that the
reduction of PdII to PdI could be promoted by the oxidation
of one phosphaferrocene ligand. A similar mechanism is very
probably operative in the formation of dimer 9 a. In 1989,
Lemoine studied the stability of diphosphaferriciniums in the
presence of chloride and bromide ligands.[9] From this study it
could be concluded that diphosphaferricinium cations are
decomposed by nucleophilic attack to yield a [FeCl2(solv)4]�


[FeCl4]ÿ complex (solv� solvent) and the corresponding 1,1'-
biphosphole. That result leads us to propose that the synthesis
of our dimers could be initiated by the decomposition of
phosphaferrocene ligands in [FeCl2]�-solvated species. We
verified this hypothesis by treating precursor 8 with FeCl2 in
dichloromethane. As expected complex 9 a was formed and
obtained in 75 % yield (Scheme 8).


2 FeCl2


CH2Cl2, RT
9a2    8


Scheme 8. Synthesis of dimer 9a from the reaction of FeCl2 with complex
8.


The mechanism summarized in Scheme 9, therefore, can be
tentatively proposed. In a first step, FeCl2 behaves as a
reducing agent towards precursor 8 to yield a dimeric complex
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Scheme 9. Proposed mechanism for the formation of dimer 9a.


of PdI and [FeCl2]�[FeCl4]ÿ . In the second step, the
[FeCl2]�[FeCl4]ÿ complex reacts with two molecules of the
PdI dimer formed to yield two cationic dimers with a vacant
site that can then dimerize. A recent study by Braunstein et al.
concerning the assembly of dicationic tetrapalladium clusters
that contain bis(diphenylphosphino)amine (dppa) and dppm
bridging ligands from the corresponding PdI dimers supports
this last step.[10]


As shown previously in the synthesis of dimer 3, the
synthesis of complex 3 could be accomplished by treating one
equivalent of precursor 2 with [Pd(dba)2]. Similarly, the same
approach can also be employed to synthesize complex 9 b
from the bis(octaethyldiphosphaferrocene)palladium(0) com-
plex (10) and [Pd(COD)Cl2]. Reaction of the two complexes
in the presence of [GaCl3], which was used as a chloride
abstractor, produced complex 9 b in an 80 % yield
(Scheme 10).


In summary, a new bonding mode of phosphaferrocenes has
been discovered. The coordinating-ability of the lone pair on


Scheme 10. Synthesis of dimer 9b from complex 10, [Pd(COD)Cl2] and
GaCl3.







FULL PAPER P. Le Floch, F. Mathey et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3164 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143164


phosphorus and the possibility of dative bonding by iron adds
an interesting new perspective to the template synthesis of
new and original bimetallic species. This type of bonding is
probably not limited to palladium and should also occur with
other metal centers. Further investigations will now focus on
this point, as well as on the reactivity and catalytic properties
of the different dimers synthesized. The synthesis of the
tetranuclear species 9 is another interesting result and shows
that diphosphaferrocenes could be used for the elaboration of
sophisticated homo- and heteronuclear polymetallic assem-
blies involving metal ± metal bonding.


Experimental Section


General procedures : All reactions were routinely performed under an inert
atmosphere of nitrogen by using standard Schlenk techniques and dry
deoxygenated solvents. Dry hexane was obtained by distillation over Na/
benzophenone and dry CH2Cl2 over P205. Dry Celite was used for filtration.
Nuclear magnetic resonance spectra were recorded on a Bruker AC200 SY
spectrometer. Chemical shifts are expressed with respect to external TMS
(1H and 13C) and 85% H3PO4 (31P); coupling constants are given in hertz.
Mass spectra were obtained at 70 eV with an HP 5989 B spectrometer
coupled with an HP 5890 chromatograph by the direct inlet method. The
following abbreviations are used: s, singlet; d, doublet; t, triplet; m,
multiplet; Ar, aromatic; v, virtual. Elemental analyses were performed by
the ªService d�analyse du CNRSº at Gif sur Yvette, France.
[Pd(COD)Cl2],[11] and [Pd(dba)2], and [12] phosphaferrocenes 1[13] and 4
[2m] were prepared according to published procedures.


Synthesis of complex 2 : [Pd(COD)Cl2] (29 mg, 0.1 mmol) was added at RT
to a solution of 1 (63 mg, 0.20 mmol) in dichloromethane (3 mL) causing an
immediate change of color from yellow to deep violet. After evaporation of
the solvent, the powder obtained was washed three times with hexane
(20 mL) in order to remove 1,5-cyclooctadiene. After drying, complex 2
was obtained as a violet powder. Yield: 70 mg (87 %); m.p.> 200 8C
(decomp); 31P NMR (81 MHz, CDCl3, 25 8C): d� 29.3; 1H NMR
(200 MHz, CDCl3, 25 8C): d� 0.89 (t, 3J(H,H)� 7.50 Hz, 12H; 4Me),
1.13 (t, 3J(H,H)� 7.50 Hz, 12 H; 4Me), 1.94 (m, 4 H; CH2), 2.41 (m, 8H;
CH2), 2.73 (m, 4H; CH2), 4.40 (10 H; Cp); 13C NMR (50 MHz, CDCl3,
25 8C): d� 17.0 (s, Me), 18.4 (s, Me), 22.0 (vt, AXX', SJ(P,C)� 14.0 Hz,
CH2), 22.5 (s, CH2), 77.2 (s, Cp), 84.5 (vt, AXX', SJ(P,C)� 10.2, C3,4 of
C12H20P), 96.2 (vt, AXX', S J(P,C)� 10.0, C2,5 of C12H20P); elemental
analysis calcd (%) for C34H50Cl2Fe2P2Pd (809.72): C 50.43, H 6.22; found C
50.61; H 6.15.


Synthesis of dimer 3 : Complex 2 was prepared as described above, by using
the same amount of ligand 1 and [Pd(COD)Cl2] in dichloromethane. After
10 minutes, [Pd(dba)2] (57 mg, 0.1 mmol) was added, and the resulting
solution stirred for an additional 10 minutes. After reducing the volume of
the solution by half, complex 3 was precipitated by addition of toluene
(5 mL). After filtration, washing with toluene (3� 5 mL), and drying, 3 was
recovered as a dark green solid. Yield: 76 mg (83 %); m.p.> 200 8C
(decomp); 31P NMR (81 MHz, CDCl3, 25 8C): d� 106; 1H NMR (200 MHz,
CDCl3, 25 8C): d� 0.95 (s, 12H; 4 Me), 1.42 (s, 12H; Me), 1.50 (m, 4H;
CH2), 1.88 (m, 4H; CH2), 2.38 (m, 4 H; CH2), 3.02 (m, 4H; CH2), 4.67 (10 H;
Cp); 13C NMR (50 MHz, CDCl3, 25 8C): d� 16.7 (s, Me), 18.6 (s, Me), 22.2
(vt, AXX', SJ(P,C)� 14.20 Hz, CH2), 23.1 (s, CH2), 75.2 (s, Cp), 89.7 (vt,
AXX', SJ(P,C)� 22.20 Hz, Cq), 97.7 (vt, AXX', SJ(P,C)� 12.60 Hz, Cq);
elemental analysis calcd (%) for C34H50Cl2Fe2P2Pd2 (916.14): C 44.57, H
5.50; found C 44.40, H 5.29.


Syntheses of complexes 5 a,b and dimers 6a,b : [Pd(COD)Cl2] (29 mg,
0.1 mmol) was added at RT to a solution of 4 (62 mg, 0.20 mmol) in
dichloromethane (3 mL). After stirring for ten minutes, 31P NMR spectros-


Table 1. Crystallographic data and experimental parameters for compounds 3, 6a, 8, and 9 a.


3 6a 8 9a


formula C34H50Cl2Fe2P2Pd2 C34H32Cl2Fe2P2Pd2.CH2Cl2 C48H80Cl4Fe4P4Pd2 C96H160Cl10Fe6P8Pd4.CH2Cl2


Mr 458.04 448.97 1247.38 2762.13
crystal habit red plate orange cube red plate red plate
crystal size [mm] 0.22� 0.22� 0.22 0.20� 0.20� 0.16 0.22� 0.18� 0.12 0.20� 0.20� 0.14
crystal system monoclinic monoclinic triclinic monoclinic
space group P21/c P21/c P-1 P21/n
a [�] 9.3618(4) 8.362(5) 9.4598(2) 16.3140(3)
b [�] 14.7832(7) 13.028(5) 15.1459(4) 16.2290(3)
c [�] 13.0536(4) 17.732(5) 19.6691(4) 22.4050(4)
a [8] 83.8500(10) 90.0000(8)
b [8] 98.400(3) 101.350(5) 80.0140(10) 105.4220(10)
g [8] 75.3620(10) 90.0000(9)
V [�3] 1787.20(13) 1893.9(14) 2679.42(11) 5718.36(18)
Z 4 4 1 2
1calcd [gcmÿ3] 1.702 1.575 1.599 1.604
F(000) 924 888 1322 2816
m [cmÿ1] 2.048 1.931 1.593 1.784
max V [8] 30.04 27.48 30.03 30.06
index ranges ÿ 13�h� 11 ÿ 10� h� 8 ÿ 13�h� 13 ÿ 17� h� 22


ÿ 16�k� 20 ÿ 16� k� 15 ÿ 20�k� 21 ÿ 22� k� 15
ÿ 14� l� 18 ÿ 22� l� 23 ÿ 27� l� 27 ÿ 31� l� 28


reflections measured 11692 6750 23 977 39852
independent reflections 5203 4158 15 519 16635
reflections used 4605 3583 13 542 13438
Rint 0.0432 0.0242 0.0292 0.0467
refinement type riding riding Fsqd Fsqd
hydrogen atoms mixed mixed mixed mixed
parameters 194 223 861 593
reflections/parameter 23 16 15 22
wR2 0.0537 0.1202 0.0625 0.1051
R1 0.0217 0.0404 0.0259 0.0401
GOF 1.059 1.078 1.034 0.0401
difference peak/hole [e�ÿ3] 0.628(0.078)/ÿ 0.451(0.078) 3.103(0.165)/ÿ 1.419(0.165) 0.551(0.084)/ÿ 0.673(0.084) 2.53(0.109)/ÿ 1.378(0.109)
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copy data indicated the formation of complexes 5 a and 5b with two singlets
at d� 37.4 (for 5a) and 22.2 (for 5 b). Then, [Pd(dba)2] (57 mg, 0.1 mmol)
was added and the resulting solution stirred for an additional 10 minutes.
After reducing the volume by half, complexes 6 a,b were precipitated by
addition of toluene. After filtration and drying, dimers 6 a,b were isolated
as violet crystals. Crystals of 6a were obtained from dichloromethane kept
at ÿ20 8C for several days. Overall yield (6a,b): 72 mg (80 %); 6a : m.p.>
200 8C (decomp); 31P NMR (81 MHz, CDCl3, 25 8C): d� 94.0 (6 a), 103.8
(6b); 1H NMR (200 MHz, CDCl3, 25 8C, 6a): d� 2.29 (s, 6H; Me), 2.35 (s,
6H; Me), 3.29 (m, AXX', SJ(P,H)� 33.80 Hz, 2 H; CH), 4.78 (s, 10 H; Cp),
7.09 (s, 10 H; CH Ar); 13C NMR (6 a) (50 MHz, CDCl3, 25 8C): d� 15.4 (s,
Me), 17.4 (s, Me), 66.85 (m, AXX', SJ(P,C)� 20.7 Hz, C5), 91.9 (m, C2, C3,
or C4), 93.7 (m, C2, C3, or C4), 94.5 (m, C2, C3 or C4), 127.5 (s, Ar), 128.5 (s,
Ar), 129.6 (s, Ar), 144.00 (m, Ar); elemental analysis calcd (%) for
C34H34Cl2Fe2P2Pd2 (900.02): C 45.37, H 3.81; found C 45.02; H 3.78.


Synthesis of complex 8 : [Pd(COD)Cl2] (32 mg, 0.11 mmol) was added at
room temperature to a solution of 7 (50 mg, 0.11 mmol) in dichloro-
methane (3 mL). The color rapidly changed from yellow to deep violet.
After having reduced the volume by half, addition of hexane caused
precipitation of complex 8. After filtration, 8 was washed three times with
hexane (3� 10 mL). After drying, 8 was obtained as a deep-violet solid.
Yield: 61 mg (88 %); m.p.> 200 8C (decomp); 31P NMR (81 MHz, CD2Cl2,
25 8C): d�ÿ9.34; 1H NMR (200 MHz, CD2Cl2, 25 8C): d� 1.17 (t,
3J(H,H)� 7.50 Hz, 24H; 8Me), 1.23 (t, 3J(H,H)� 7.30 Hz, 24H; 8Me),
1.68 (m, 8 H; CH2), 2.17 (m, 8H; CH2), 2.37 (m, 8 H; CH2), 2.69 (m, 8H;
CH2); 13C NMR (50 MHz, CD2Cl2, 25 8C): d� 25.65 (s, Me), 26.40 (s, Me),
(s, CH2), 29.45 (s, CH2); elemental analysis calcd (%) for C48H80Cl4Fe2P4Pd2


(1247.38): C 46.22, H 6.46; found C 46.35, H 6.67.


Synthesis of [{Pd2(7)2Cl}2][FeCl4]2 (9a): Complex 8 was prepared as
described above from ligand 7 (45 mg, 0.1 mmol) and [Pd(COD)Cl2]
(29 mg, 0.1 mmol). After 10 minutes, a solution of FeCl2 (13 mg, 0.1 mmol)
in THF (10 mL) was added, causing a darkening of the reaction mixture
and a rapid precipitation of complex 9 a. After evaporation of the solvent,
9a was washed three times with hexane (3� 10 mL). After drying, 9a was
recovered as black solid. Yield: 50 mg (75 %). 31P NMR (81 MHz, 25 8C,
CD2Cl2): d� 9.9, ÿ247.1; 1H and 13C NMR data of 9a, which is poorly
soluble, could not be obtained; elemental analysis calcd (%) for
C96H160Cl10Fe6P8Pd4 (2677.36): C 43.06, H 6.02; found C 42.40, H 5.90.


Synthesis of [{Pd2(7)2Cl}2][GaCl4]2 (9b): A solution of ligand 7 (45 mg,
0.1 mmol) in CH2Cl2 (5 mL) was added to a solution of [Pd(dba)2] (28 mg,
0.05 mmol). After 30 min, the solution turned green indicating the
formation of complex 10. [Pd(COD)Cl2] (14 mg, 0.05 mmol) was then
added at RT. The resulting black solution obtained was transferred to a
glovebox and GaCl3 (9 mg, 0.05 mmol) was added. After 15 min, the
solvent was partially evaporated and hexane was added; complex 9b was
recovered by filtration. Yield: 53 mg (80 %); m.p.> 200 8C (decomp); 31P
NMR (81 MHz, CD2Cl2, 25 8C): d� 7.4, ÿ249.8; 1H and 13C NMR data of
9b, which is poorly soluble, could not be obtained; elemental analysis calcd
(%) for C96H160Cl10Fe4Ga2P8Pd4 (2705.12): C 42.62, H 5.96; found C 42.98,
H 6.15.


Crystallography : Crystal data and details of the structure determinations of
compounds 3, 6 a, 8, and 9a are presented in Table 1. Crystals of 3, 6a, 8,
and 9 a were obtained from dichloromethane solutions of the complexes at
RT. Data were collected at 150 K on a Nonius Kappa CCD diffractometer
by using a MoKa (l� 0.71070 �) X-ray source and a graphite monochro-
mator. The crystal structures were solved by using SIR 97[14] and refined
with SHELXL-97.[15] ORTEP drawings were made by using ORTEP III for
Windows.[16] Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
156576 (3), CCDC-156577 (6a), CCDC-156578 (8), and CCDC-156579
(9a). Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


Acknowledgements


The authors gratefully acknowledge financial support from the CNRS and
the EÂ cole Polytechnique.


[1] a) K. B. Dillon, F. Mathey, J. F. Nixon, Phosphorus: The Carbon Copy,
Wiley, Chichester, 1988 ; b) F. Mathey, Coord. Chem. Rev. 1994, 137,
1 ± 52.


[2] a) B. Deschamps, L. Ricard, F. Mathey, J. Organomet. Chem. 1997,
548, 17 ± 21; b) C. Ganter, L. Brassat, B. Ganter, Chem. Ber./Recl. 1997,
130, 1771 ± 1775; c) C. Ganter, L. Brassat, B. Ganter, Tetrahedron:
Asymmetry 1997, 8, 2607 ± 2611; d) L. Brassat, B. Ganter, C. Ganter,
Chem. Eur. J. 1998, 4, 2148 ± 2153; e) C. Ganter, L. Brassat, C.
Glinsböckel, B. Ganter, Organometallics 1997, 16, 2862 ± 2867; f) C.
Ganter, C. Glinsböckel, B. Ganter, Eur. J. Inorg. Chem. 1998, 1163 ±
1168; g) C. Ganter, C. Kaulen, U. Englert, Organometallics 1999, 18,
5444 ± 5446; h) C. E. Garrett, G. C. Fu, J. Org. Chem. 1997, 62, 4534 ±
4535; i) S. Qiao, D. A. Hoic, G. C. Fu, Organometallics 1998, 17, 773 ±
774; j) S. Qiao, G. C. Fu, J. Org. Chem. 1998, 63, 4168 ± 4169; k) K.
Tanaka, S. Qiao, M. Tobisu, M. M.-C. Lo, G. C. Fu, J. Am. Chem. Soc.
2000, 122, 9870 ± 9871; l) R. Shintani, M. M-C. Lo, G. Fu, Org. Lett.
2000, 2, 3695 ± 3697; m) X. Sava, L. Ricard, F. Mathey, P. Le Floch,
Organometallics 2000, 19, 4899 ± 4903.


[3] For the use of phosphinines as ligands in homogeneous catalysis, see:
a) F. Knoch, F. Kremer, U. Schmidt, U. Zenneck, P. Le Floch, F.
Mathey, Organometallics 1996, 15, 2713 ± 2719; b) D. Böhm, H.
Geiger, F. Knoch, F. Kremer, S. Kummer, P. Le Floch, F. Mathey, U.
Schmidt, U. Zenneck, Phosphorus Sulfur Silicon Relat. Elem. 1996,
109/110, 173 ± 176; c) P. Le Floch, F. Knoch, F. Kremer, F. Mathey, J.
Scholz, W. Scholz, K.-H. Thiele, U. Zenneck, Eur. J. Inorg. Chem.
1998, 119 ± 126; d) B. Breit, Chem. Commun. 1996, 2071 ± 2072; e) B.
Breit, R. Winde, K. Harms, J. Chem. Soc. Perkin Trans. 1 1997, 2681 ±
2682.


[4] For example, see a) G. Longoni, M. Manassero, M. Sansoni, J. Am.
Chem. Soc. 1980, 102, 3242 ± 3244; b) G. B. Jacobsen, B. L. Shaw, J.
Chem. Soc. Dalton Trans. 1987, 2005 ± 2008; c) P. Braunstein, J.
Kervennal, J.-L. Richert, Angew. Chem. 1985, 97, 762 ± 764; Angew.
Chem. Int. Ed. Engl. 1985, 24, 768 ± 771; d) P. Braunstein, C.
de MeÂric de Bellefon, M. Ries, J. Fischer, Organometallics, 1988, 7,
332 ± 343; e) P. Braunstein, M. Knorr, A. Tiripicchio, M. Tiripicchio
Camellini, Angew. Chem. 1989, 101, 1414 ± 1416; Angew. Chem. Int.
Ed. Engl. 1989, 28, 1361 ± 1363; f) P. Braunstein, J.-L. Richert, Y.
Dusausoy, J. Chem. Soc. Dalton Trans. 1990, 3801 ± 3815; g) P.
Braunstein, C. de MeÂric de Bellefon, M. Ries, Inorg. Chem. 1990, 29,
1181 ± 1186; h) P. Braunstein, M. Knorr, U. Schubert, Organometallics
1991, 10, 828 ± 831; i) P. Braunstein, X. Morise, Organometallics 1998,
17, 540 ± 550; j) P. Braunstein, J. Durand, X. Morise, A. Tiripicchio, F.
Ugozzoli, Organometallics, 2000, 19, 444 ± 450.


[5] a) D. Seyferth, B. H. Hames, T. G. Rucker, M. Cowie, R. S. Dickson,
Organometallics 1983, 2, 472 ± 474; b) M. Cowie, R. S. Dickson, J.
Organomet. Chem. 1987, 326, 269 ± 280; c) S. Akabori, T. Kumagai, T.
Shirahige, S. Sato, K. Kawazoe, C. Tamura, Organometallics 1987, 6,
526 ± 531; d) S. Akaboti, T. Kumagai, T. Shirahige, S. Sato, K.
Kawazoe, C. Tamura, Organometallics 1987, 6, 2105 ± 2109; e) M.
Sato, K. Suzuki, S. Akabori, Chem. Lett. 1987, 2239 ± 2242; f) M. Sato,
M. Sekino, S. Akabori, J. Organomet. Chem. 1988, 344, C31 ± C34;
g) M. Sato, M. Sekino, M. Katada, S. Akabori, J. Organomet. Chem.
1989, 377, 327 ± 337; h) M. Sato, H. Shigeta, M. Sekino, J. Organomet.
Chem. 1993, 458, 199 ± 204; i) A. N. Nesmeyanov, Y. T. Struchkov,
N. N. Sedova, V. G. Andrianov, Y. G. Volgin, V. A. Sazonova, J.
Organomet. Chem. 1977, 137, 217 ± 221; j) A. N. Nesmeyanov, N. N.
Sedova, Y. T. Struchkov, V. G. Andrianov, E. N. Stakheeva, V. A.
Sazonova, J. Organomet. Chem. 1977, 153, 115 ± 122; k) V. G. Andria-
nov, Y. T. Struchkov, E. R. Rossinskaja, J. Chem. Soc. Chem.
Commun. 1973, 338 ± 339.


[6] a) N. M. Kostic, R. F. Fenske, Organometallics 1983, 2, 1008 ± 1013;
b) C. Guimon, D. Gonbeau, G. Pfister-Guillouzo, G. de Lauzon, F.
Mathey, Chem. Phys. Lett. 1984, 104, 560 ± 567; c) M.-D. Su, S.-Y. Chu,
J. Phys. Chem. 1989, 93, 6043 ± 6051.


[7] L. Brunet, F. Mercier, L. Ricard, F. Mathey, Angew. Chem. 1994, 106,
812 ± 815; Angew. Chem. Int. Ed. Engl. 1994, 33, 742 ± 745.


[8] For various examples, see a) B. Schmid, L. M. Venanzi, T. Gerfin, V.
Gramlich, F. Mathey, Inorg. Chem. 1992, 31, 5117 ± 5122; b) M. J.
Bakker, F. W. Vergeer, F. Hartl, K. Goubitz, J. Fraanje, P. Rosa, P. Le
Floch, Eur. J. Inorg. Chem. 2000, 843 ± 845; c) M. Reetz, E. Bohres, R.
Goddard, M. C. Holthausen, W. Thiel, Chem. Eur. J. 1999, 5, 2101 ±
2109.







FULL PAPER P. Le Floch, F. Mathey et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3166 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 143166


[9] P. Lemoine, J. Organomet. Chem. 1989, 359, 61 ± 69.
[10] a) P. Braunstein, M. A. Luke, A. Tiripicchio, M. Tiripicchio Camellini,


Angew. Chem. 1987, 99, 802 ± 804; Angew. Chem. Int. Ed. Engl. 1987,
26, 768 ± 770; b) P. Braunstein, M. A. Luke, M. Tiripicchio Camellini,
New. J. Chem. 1988, 12, 429 ± 433; c) I. Bachert, P. Braunstein, E.
Guillon, C. Massera, J. RoseÂ, A. DeCian, J. Fischer, J. Cluster Sci. 1999,
10, 445 ± 458.


[11] D. Drew, J. R. Doyle, Inorg. Synth. 1990, 28, 348 ± 349.
[12] M. F. Rettig, P. M. Maitlis, Inorg. Synth. 1990, 28, 110 ± 111.
[13] F. Mathey, A. Mitschler, R. Weiss, J. Am. Chem. Soc. 1977, 99, 3537 ±


3538.


[14] A. Altomare, M. C. Burla, M. Camalli, G. Gascarno, C. Giacovazzo,
A. Guagliardi, A. G. G. Moliterni, G. Polidori, R. Spagna, SIR97, an
integrated-package computer program for the solution and refinement
of crystal structures using single-crystal data, 1997.


[15] G. M. Sheldrick, SHELXL-97, Programs for Crystal Structure Anal-
ysis (Release 97 ± 2), Universität Göttingen, Göttingen (Germany)
1998.


[16] L. J. Farrugia, ORTEP-3 for Windows, v.1.602, 1999 ; L. J. Farrugia, J.
Appl. Crystallogr. 1997, 30, 565.


Received: January 29, 2001 [F3028]








The Stability of Gold Iodides in the Gas Phase and the Solid State


Tilo Söhnel,[a] Reuben Brown,[a] Lars Kloo,[b] and Peter Schwerdtfeger*[a]


Abstract: The stability of gold iodides
in the oxidation state � i and � iii is
investigated at the ab initio and density
functional level using relativistic and
nonrelativistic energy-adjusted pseudo-
potentials for gold and iodine. The
calculations reveal that relativistic ef-
fects stabilize the higher oxidation state
of gold as expected, that is Au2I6 is
thermodynamically stable at the relativ-
istic level, whilst at the nonrelativistic
level the complex of two iodine mole-
cules weakly bound to both gold atoms
in Au2I2 is energetically preferred. The


rather low stability of AuI3 with respect
to dissociation into AuI and I2 will make
it difficult to isolate this species in the
solid state as (possibly) Au2I6 or detect it
by matrix-isolation techniques. The
monomer AuI3 is Jahn ± Teller distorted
from the ideal trigonal planar (D3h)
form, but adopts a Y-shaped structure
(in contrast to AuF3 and AuCl3), and in


the nonrelativistic case can be described
as I2 weakly bound to AuI. Relativistic
effects turn AuI3 from a static Jahn ±
Teller system to a dynamic one. For the
yet undetected gas-phase species AuI
accurate coupled-cluster calculations for
the potential energy curve are used to
predict vibrational ± rotational con-
stants. Solid-state density functional cal-
culations are performed for AuI and
Au2I6 in order to predict cohesive ener-
gies.


Keywords: gold ´ iodine ´ Jahn ±
Teller distortion ´ relativistic effects
´ solid-state structures


Introduction


Gold(i) iodides are well known as solid-state compounds. AuI
adopts a polymeric zigzag structure with linear I-Au-I units
similar to AuCl and AuBr.[1, 2] AuI has not been detected yet in
the gas phase or by matrix isolation; however, Evans and
Gerry have quite recently carried out microwave studies of
AuF, AuCl, and AuBr.[3] The linear gold(i) complex [AuI2]ÿ is
also known in the solid state and is very stable in aqueous
solution. Unlike AuBr2


ÿ and AuCl2
ÿ, AuI2


ÿ does not dispro-
portionate (in this case to AuI4


ÿ and metallic gold). Thus,
the question of the stability of gold iodides in the higher
oxidation state �3 remains open. Only a few compounds with
AuI4


ÿ units are known and they are of rather limited
stability.[4, 5] In aqueous solution AuI4


ÿ lies in equilibrium
with AuI2


ÿ, that is AuI4
ÿ>AuI2


ÿ� I2.[6] AuF3(s), Au2Cl6(s),
and Au2Br6(s) are all known, whilst Au2I6(s,g) has not been
prepared yet.[1]


The monomers AuF3 and AuCl3 undergo a first-order
Jahn ± Teller distortion along the E' mode from the ideal


trigonal-planar D3h structure towards the T-shaped C2v


structure due to half-filled e' orbitals (1E' symmetry)
(Scheme 1).[7, 8] The mexican-hat topology of this E6 e


Jahn ± Teller distortion then predicts that the Y-shaped
structure is a first-order transition state for the permutation
of the equatorial with the axial ligands.[9] The predicted
T-shaped structure of AuF3(g) has recently been confirmed by
gas-phase electron diffraction studies by Hargittai and co-


Scheme 1. Frontier orbitals for AuX3 compounds with ligands X formally
donating one ps electron each.
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workers. Scheme 1 also shows
that occupation of the a1 LU-
MO instead of the b2 HOMO
leads to a favorable bonding
interaction between the two
equatorial ligands. There is no
particular reason why the
T-shaped AuX3 structure
should be the minimum and
not the Y-shaped arrangement,
especially for molecules where
the lower oxidation state be-
comes more dominant, and the
Y-shaped arrangement presents
the path towards dissociation
into AuX and X2. In this case it
will be difficult to obtain any
gas-phase data for the mono-
mer AuX3. The predicted first-
order Jahn ± Teller distortion of
AuX3 compounds contrasts the
finding by Choy et al. that AuI3


adopts an ideal D3h structure
when intercalated in [Bi ± O] layers of the Bi2Sr2CaCu2O8


superconductor.[10] This could imply a dynamic Jahn ± Teller
effect with rather low barriers between the T- and Y-shaped
arrangements.


Many of the unusual properties of gold compared to copper
and silver are due to relativistic effects.[11, 12] Such effects are
even more pronounced in superheavy elements such as eka-
Au with nuclear charge 111.[13] It has been demonstrated in the
past that the oxidation state � iii of gold is relativistically
stabilized.[14] AuI4


ÿ is the least stable of all halide compounds
with a decomposition energy of about 30 kJ molÿ1 for
AuI4


ÿ!AuI2
ÿ� I2 at the MP4 (fourth order Mùller ± Plesset


level) of theory.[7] In comparison this reduces to ÿ70 kJ molÿ1


at the nonrelativistic level. AuBr4
ÿ is only slightly more stable


than AuI4
ÿ (by 40 kJ molÿ1 at the relativistic level)[7] and the


question arises as to whether Au2I6 is a stable species similar
to Au2Br6 and thus attempts should be made to isolate this
compound.


To investigate the structure and stability of neutral gold(iii)
iodides we performed ab initio and density functional
calculations for AuI, AuI3, Au2I2, and Au2I6. We also
considered AuI3 trapped in between [Bi ± O] layers of the
Bi2Sr2CaCu2O8 superconductor in order to establish whether
the AuI3 unit is trigonal planar as suggested. To discuss
possible decomposition products of AuI3 we also investigated
(AuI)2 and finally solid-state (AuI)1 .


Computational Methods


The geometries of all compounds have been optimized at the second-order
Mùller-Plesset level (MP2) and B3LYP density functional (DFT) level
using energy-adjusted small-core scalar relativistic and nonrelativistic
pseudopotentials for Au and I.[11, 15] The structures are shown in Figure 1.
The valence basis sets for Au used are as follows: (8s7p6d3f)/[7s4p5d3f] at
the relativistic level (R) and (9s8p6d3f)/[8s7p5d3f] at the nonrelativistic
level (NR). For iodine we used a (7s7p3d1f)/[6s6p3d1f] basis set at the


relativistic and nonrelativistic levels.[11] For Au2I6 this resulted in 460 basis
functions contracted to 406, which made MP2 and B3LYP geometry
optimizations and frequency analyses very computer time extensive. For
the coupled-cluster (singles ± doubles with iterative triples, CCSD(T))
calculations of AuI we produced a potential energy curve of about 15
points. For this calculation we used more extensive valence basis sets for the
(sp) part, that is a (11s9p8d3f)/[9s7p5d3f] basis set for gold and a
(8s7p3d1f)/[7s7p2d1f] basis set for iodine. The spectroscopic parameters
were derived by solving the vibrational ± rotational Schrödinger equation
numerically followed by a fit of the energy levels to a Dunham series.[16] For
AuI3 single-point CCSD(T) calculations at the optimized B3LYP geo-
metries were carried out. The orbital space was kept fully active.


To simulate the [Bi ± O] layers in Bi2Sr2CaCu2O8 we performed HF and
LDA (local density approximation) calculations on finite Bi ± O layers with
the open valencies at the oxygen atoms saturated by H atoms using Hay ±
Wadt small-core pseudopotentials and smaller basis sets (LANL2MB).
Two identical [Bi ± O] layers were considered initially as shown in Figure 2:
Model A with the two layers lying identically on top of each other as
proposed by Choy et al,[10] and model B in which one layer is moved along
the [Bi ± O] plane such that the oxygens lie above the bismuth atoms and
vice versa as observed in the X-ray structure of the superconductor.[17] For
simplicity we assumed an idealized BiÿO distance of 2.705 � within the
layer.[17] Furthermore, we neglected modulation of the Bi atoms observed
in the superconductor.[18] The SCF convergence of such a system was
extremely slow and the geometry optimizations took several weeks on a
multiprocessor SGI Origin 2000, which prohibited either MP2 or GGA
density functional calculations or the inclusion of the next layer.


DFT B3LYP calculations for AuI and Au2I6 in the solid state were
performed using the CRYSTAL98 program and the scalar relativistic


Figure 1. Optimized structures for A) T-shaped AuI3, B) Y-shaped AuI3, C) Au2I2, D) Au2I6, and E) I2 molecules
weakly interacting with Au2I2 at the RB3LYP level of theory.


Figure 2. Optimized structure of AuI3 intercalated in two different [Bi ± O]
layers (A) and (B). See text for details.
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pseudopotentials as described above but with smaller basis sets.[19] For gold
and iodine we used more compact (6s6p5d)/[4s3p3d] and (4s4p)/[3s3p]
basis sets, respectively. The solid-state structure determined by Jagodzinski
was used for AuI.[2] For Au2I6 we had to assume the structure obtained for
solid Au2Br6


[20] by scaling the size of the unit cell. The scaling factor of l�
1.10 was determined by comparing the gas-phase structures of Au2Br6 with
Au2I6.[21] The solid-state structures chosen are shown in Figure 3. We note
that the ordering of the Au2Br6 units in the solid state is different from that
of Au2Cl6. While the Au2Br6 molecules lie almost parallel to (001) the
Au2Cl6 molecules are twisted alternatively to each other. It is assumed that
(hypothetical) Au2I6 adopts rather the Au2Br6 crystal structure.


Figure 3. Solid-state structures for a) AuI and b) Au2I6 used in the
calculations.


Results and Discussion


The optimized structures are shown in Figure 1. Bond lengths
and angles are listed in Tables 1 ± 3. Au2I6 has the predicted
gas-phase structure with two iodine atoms bridging two gold
atoms. Frequency analyses for AuI3 show that the symmetric
D3h point represents a second-order saddle point, the E'
distorted T-shaped structure a first-order saddle point, and the
Y-shaped structure the minimum on the mexican-hat type
Jahn ± Teller potential energy surface (PES). The frequencies
for the minimum structures are given in Table 4. We also
investigated the linear Au-I-I-I structure which is a second-
order saddle point; distortion to any bent structure optimizes
either into the T-shaped or Y-shaped AuI3 structure. An
important result is that the Jahn ± Teller topology is different
to the one obtained for AuF3 or AuCl3, that is unlike the
fluoride or the chloride the Y-shaped AuI3 arrangement
represents the minimum on the Jahn ± Teller PES at both the
MP2 and B3LYP level of theory. Single-point coupled-cluster


(CCSD(T)) calculations on the B3LYP-optimized geometries
confirm this, that is the Y-shaped structure is 7.6 kJ molÿ1


lower in energy than the T-shaped structure, which is in very
good agreement with the results from MP2 calculations.
Additional geometry optimizations at the CCSD(T) level for
AuI3 do not change this result (Table 2), demonstrating that
the B3LYP//CCSD(T) approach is a good approximation. The
same topology is obtained at the nonrelativistic level. In fact,
nonrelativistic AuI3 is best described as I2 weakly bound to
AuI with a relatively large AuÿIe distance and a distance
between the two equatorial iodine atoms of 2.69 � close to
the distance in free I2 (2.658 �). Indeed, Table 6 shows that
the binding energy of I2 to AuI is only 28 kJ molÿ1 compared to
151 kJ molÿ1 at the relativistic MP2 level. This again shows
that the oxidation state � iii in gold is relativistically
stabilized.


The structures determined at the B3LYP and the MP2
levels agree within 0.1 � and 1 degree. Table 5 gives CCSD(T)
and MP2 results for AuI applying the larger basis set. A
decrease of 0.026 � in the AuÿI bond length is calculated
compared to the smaller basis set. The CCSD(T) bond length
should be fairly accurate and we predict a AuÿI distance of
about 2.50 �.


In all cases relativistic effects lead to a bond contraction as
expected. The largest relativistic effect is observed for
Y-shaped AuI3 where the stabilization of the higher oxidation


Table 1. Optimized structural parameters for Au2I6 and Au2I2 at the
relativistic (R) and nonrelativistic (NR) level of theory (MP2, B3LYP).[a]


Molecule Method rb re rAuÿAu a(Au-Au-Ib) a(Au-Au-Ie)
[�] [�] [�] [8] [8]


Au2I6 RB3LYP 2.736 2.649 4.003 43.0 134.2
RMP2 2.642 2.598 3.818 43.7 134.0
NRB3LYP 2.847 2.739 4.166 43.0 136.6
NRMP2 2.739 2.680 3.947 43.9 134.6


I2-Au2I2-I2 RB3LYP 2.795 3.677 2.803 59.9 158.4
RMP2 2.729 3.159 2.634 61.1 154.7
NRB3LYP 2.934 3.594 3.196 57.0 158.0
NRMP2 2.861 3.319 3.005 58.3 156.2


Au2I2 RB3LYP 2.779 ± 2.780 60.0 ±
RMP2 2.685 ± 2.627 60.7 ±
NRB3LYP 2.917 ± 3.092 58.0 ±
NRMP2 2.841 ± 2.955 58.7 ±


[a] For the notation of the iodine atoms see Figure 1. I2-Au2I2-I2 denotes
Au2I6 with the equatorial iodine molecules weakly interacting with both Au
atoms in Au2I2. Note that this structure is not a minimum on the potential
hypersurface.


Table 2. Optimized structural parameters for AuI3 and energy differences at the relativistic (R) and nonrelativistic (NR) level of theory (MP2, B3LYP).[a]


AuI3 C2v (T-shaped) D3h C2v (Y-shaped) DE1 DE2


ra re a(Au-Ia-Ie) r ra re r(Ieÿ Ie) a(Au-Ia-Ie)
[�] [�] [8] [�] [�] [�] [�] [8] [kJ molÿ1] [kJ molÿ1]


RB3LYP 2.619 2.606 97.6 2.628 2.583 2.657 3.232 142.5 59.5 2.2
RMP2 2.561 2.548 96.2 2.570 2.522 2.570 3.245 140.8 76.0 8.5
RCCSD(T) 2.588 2.582 96.2 2.604 2.562 2.613 3.218 142.0 72.2 7.5
NRB3LYP 2.733 2.710 94.6 2.748 2.730 3.169 2.719 154.6 113.9 60.7
NRMP2 2.664 2.645 93.3 2.687 2.674 3.025 2.690 153.6 121.4 51.7


[a] For the notation of the iodine atoms see Figure 1. DE1 : Difference between the minimum Y-shaped structure and the D3h second-order saddle point. DE2 :
Difference between the Y-shaped structure and the T-shaped first-order saddle point.
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state leads to a shortening of the AuÿIe bond of about 0.5 �
which can be described by a change in the oxidation state from
�1 to �3. We also note that the AuÿAu distance in Au2I6


decreases by about 0.2 � due to relativistic effects. However,
this is not due to aurophilic interactions but is rather well
described by the AuÿIb relativistic bond contraction. This is
supported by the fact that the relativistic change in the Au-
Au-Ib bond angle is insignificant. In contrast, Au2I2 shows a
very small AuÿAu distance of 2.78 � and a relativistic change
in the Au-Au-Ib bond angle of 2 8. In this case we cannot fully
exclude aurophilic interactions.


A comparison between previously calculated bond angles
for T-shaped structures of AuF3 and AuCl3 (93 8 for both)[8]


shows that for AuI3 (96 8 at the MP2 level, Table 2) this angle
is larger than expected resulting probably from the steric
hindrance of the larger iodine atoms. For AuI3 the axial AuÿI
bond length is larger than the equatorial distance for the
T-shaped structure and vice versa for the Y-shaped arrange-
ment. This is true at both the relativistic and nonrelativistic
level of theory. In contrast, for AuF3 and AuCl3 at the
relativistic level the axial AuÿX bond length is smaller than
the equatorial one.


The Jahn ± Teller D3h!C2v stabilization is rather large,
76 kJ molÿ1 at the RMP2 and 60 kJ molÿ1 at the RB3LYP
level. It is therefore more than questionable whether AuI3 can
adopt an ideal D3h trigonal-planar structure when intercalated
in [Bi ± O] layers in the Bi2Sr2CaCu2O8 superconductor which
crystallizes tetragonally, in the idealized case.[17] With this, the
environment between two [Bi ± O] layers in the Bi2Sr2Ca-
Cu2O8 superconductor does not contain local C3 symmetry.
The quasi-tetragonal structure of the superconductor should
be an ideal matrix for the T-shaped AuI3. Indeed, model
calculations simulating such an environment (see Figure 2) do
not preserve the starting geometry of D3h symmetry.


In the case of model A AuI3 dissociates with the gold atom
linked to two Bi atoms in the top and bottom layers. This can
easily be explained. First the interlayer distance between the
Bi atoms is 6.27 � (compared to 6.89 � for model B layer)
and large enough for accommodating even larger atoms like
Au or I. Second, gold is well known to form very strong
intermetallic bonds due to relativistic effects.[22] Next, it is
clear that iodine is rather bound to Bi than oxygen. The AuÿI
distance is 3.97 � and comparable to the intralayer BiÿBi
distance of 3.83 �. This arrangement does not agree at all with
the results of Choy et al.[10] and indicates that model B may be
a better candidate for the intercalated superconductor.


Turning now to model B, AuI3 adopts a T-shaped structure
as we would expect from local symmetry. The gold and iodine
atoms occupy interlayer [Bi ± O] sites which again supports a
T-shaped structure. The BiÿO bond length of 2.71 � is also
not too different from the AuÿI distance (2.51 �) given by
Choy et al.[10] However, the optimized AuÿI bond lengths at
the LDA level are 3.13 � for the equatorial bond and 3.41 �
for the axial bond, which are far too long. This is probably due
to the small basis sets used and the neglect of additional layers
in the superconductor leading to weaker Au ± I bonding.
Indeed, HF (LDA) optimizations of free AuI3 with the
LANL2MB version of the Hay ± Wadt basis sets leads to bond
lengths for the T-shaped structure of ra� 2.879 � and re�
2.787 � (ra� 2.830 � and re� 2.742 �) which are too long,
and to Ia-Au-Ie bond angles of 91.8 8 (96.3 8). An interesting
feature is that the gold atom is more closely bound to the Bi
atom on one layer which causes a distortion away from local
C2v symmetry in AuI3. Anyway, the calculations support a
local (slightly distorted) T-shaped structure for AuI3 and not a


Table 3. Optimized bond lengths for AuI and I2.


re(AuÿI) [�] re(I2) [�]


Exp.[a] ± 2.666
RB3LYP 2.552 2.704
RMP2 2.486 2.678
NRB3LYP 2.726 2.683
NRMP2 2.675 2.658


[a] Experimental value from reference [30].


Table 4. Vibrational frequencies for various gold iodides.[a]


Molecule Method Frequencies [cmÿ1]


Au2I6 RB3LYP Ag: 44, 74, 138, 187; Au 21; B1g 39, 64; B1u 61 s, 130 m, 184 vs; B2u 15 m, 73; B2g, 60, 187; B3u 33 m, 125, 193 s; B3g 118
AuI3 RB3LYP A1 45 s, 150, 205 vs; B1 53; B2 25, 151


RMP2 A1 78 s, 179, 243 vs; B1 59; B2 18, 195
Au2I2 RB3LYP Ag 77, 154; B1u 138 vs; B2u 41; B2g 75; B3u 65 s


RMP2 Ag 112, 193; B1u 170 vs; B2u 43; B2g 99; B3u 77 s
AuI RB3LYP 192


RMP2 226
I2 RB3LYP 213


RMP2 229


[a] The IR intensities are classified as follows: very strong (vs), strong (s), or medium (m). All other frequencies are either weak or absent in the IR spectrum.
The definition according to Nakamoto[31] for the symmetry assignments is used (for Au2I6 and Au2I2 the molecules lie in the xz plane).


Table 5. Spectroscopic properties for AuI.[a]


AuI RCCSD(T) RMP2 RB3LYP


bond length re [�] 2.506 2.460 2.538
dissociation energy D0 [kJ molÿ1] 200.9 202.4 186.4
vibrational frequency we [cmÿ1] 209 226 194
anharmonic vibration constant wexe [cmÿ1] 0.470 0.404 0.399
rotational constant Be [10ÿ2 cmÿ1] 3.477 3.610 3.389
vibration ± rotation coupling constant ae [10ÿ5 cmÿ1] 9.36 9.17 9.70
centrifugal distortion constant De [10ÿ9 cmÿ1] 3.87 3.65 4.10


[a] D0 corrected for zero-point vibrational energy and atomic spin-orbit contribu-
tion.[32] The atomic masses (in amu) of 196.9666 for Au and 126.9004 for iodine were
used.
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D3h trigonal-planar structure as suggested. However, if the
AuI3 distortion is dynamic in nature it may be difficult to
observe this Jahn ± Teller effect.


Table 6 shows a thermochemical analysis for the individual
decomposition reactions for the gold iodides. For the total
decomposition Au2I6!Au2I2� 2 I2 we obtain DH0�
141 kJ molÿ1 and DG0� 54 kJ molÿ1 at the relativistic B3LYP
level. This shows that Au2I6 is reasonably stable and it may be
possible (albeit difficult) to detect this in matrix isolation. We


note that the MP2 values are probably overestimated. In a
recent paper we showed that the MP2 series considerably
overestimates decomposition for high oxidation state fluo-
rides, and that the result obtained at the B3LYP level is in
good agreement with more accurate coupled-cluster results.[23]


To demonstrate that this is the case for the gold iodides as well
we carried out a single-point CCSD(T) calculation for
Y-shaped AuI3 at the RB3LYP geometry. Using optimized
CCSD(T) geometries for the decomposition products AuI and
I2 we obtain a CCSD(T) value of 97.3 kJ molÿ1 for AuI3!
AuI� I2 which is larger than the B3LYP value of 61.2 kJ molÿ1


but much lower than the MP2 value of 150.6 kJ molÿ1


(Table 6). The DG0 value given above may therefore be
underestimated by about 30 ± 40 kJ molÿ1.


To discuss the stability of Au2I6 in the solid state one has to
know the cohesive or lattice energies of the respective
crystals. However, only the crystal structure of AuI is known.
Solid-state calculations using the measured crystal structure
(AuÿI distance of 2.604 �) and the same bond length for free
AuI gives a sublimation energy of DEsub� 158.1 kJ molÿ1 for
AuI(s)!AuI(g) at the relativistic B3LYP level. This is much
higher than the dimerization energy of AuI which is only
57.3 kJ molÿ1 (Table 6). Nevertheless, the change in total
energy (neglecting thermal effects) for the process
Au2I6(g)! 2AuI(s)� 2 I2(g) is still positive (58.9 kJ molÿ1). If
we optimize the structure for AuI(g) we obtain 2.566 � which
lowers the sublimation energy by only 1.0 kJ molÿ1. More
significant is the structural change in solid AuI when
optimized at the B3LYP level leading to a AuÿI bond length
of 2.684 �. However, the sublimimation energy again changes
little, DEsub� 162.7 kJ molÿ1. The sublimation energy of Au2I6


for the process Au2I6(s)!Au2I6(g) is expected to be small and
will further increase the energy necessary for the decompo-


sition of Au2I6. An attempt to calculate the sublimation
energy using the RB3LYP structure of Au2I6 with estimated
lattice parameters gave only a small positive value. This is
easily understood since we only expect weak interactions
between Au2I6 units and DFT is currently not able to describe
such situations accurately. Moreover, a complete geometry
optimization for the solid state is needed to get accurate
sublimation energies. A single-point solid-state B3LYP cal-
culation required about 1 day on a supercomputer and a


geometry optimization is there-
fore not feasible. Nevertheless,
according to our calculations
the synthesis of Au2I6 should
be attempted. Our finding is also
supported by empirical estimates
of the enthalpy of formation
DHf for a series of unknown
metal halides published by Hi-
sham and Benson.[24] They re-
port a DHf value between ÿ5
and ÿ15 kJ molÿ1 for AuI3.


To discuss whether the Au2I6


structure shown in Figure 1 is
the global minimum on the
potential hypersurface we also
considered the case of two I2


molecules weakly interacting with Au2I2 as shown in Fig-
ure 1 E. The structural parameters listed in Table 1 show what
is expected for such a structure. The distances and angles in
the Au2I2 unit of I2-Au2I2-I2 resemble closely the one for free
Au2I2. The weak interactions with the I2 molecules increase
the AuÿAu bond length and thus diminish aurophilic inter-
actions. The distance from one gold atom to the center of the
iodine molecule is 3.216 � at the relativistic level and 3.332 �
at the nonrelativistic level. The most interesting fact however
is that for nonrelativistic Au2I6 the weak I2-Au2I2-I2 complex is
more stable by 82.2 kJ molÿ1, whilst at the relativistic level it is
less stable by 142.5 kJ molÿ1 than structure D in Figure 1 at the
B3LYP level of theory. This again demonstrates the change in
oxidation state from � i to � iii by relativistic effects. We note
that the I2 interaction with Au2I2 is indeed weak, only 23.2
(12.6) kJ molÿ1 at the relativistic (nonrelativistic) B3LYP level
and 87.1 (69.7) kJ molÿ1 at the relativistic (nonrelativistic)
MP2 level. This is also reflected in the IÿI bond length of the
terminal I2 subunit, which is 2.710 (2.701) � at the relativistic
B3LYP (MP2) level and 2.693 (2.674) � at the nonrelativistic
level, and therefore close to the one calculated for free I2. As
expected, the AuÿI bond length of I2 weakly interacting with
the gold atom is very sensitive to the method applied
(Table 1). We note that the optimized relativistic I2-Au2I2-I2


structure is not a minimum on the potential energy surface but
a higher order saddle point with modes describing the rotation
of the I2 molecules out of the Au2I2 plane and distortions from
D2h symmetry. Since these are energetically only small
distortions we did not investigate this further.


Using the calculated CCSD(T) gas phase dissociation
energy of AuI (200.9 kJ molÿ1) we obtain a cohesive energy
of DEcoh�DEsub � D0(AuI)� 359 kJ molÿ1, which is about
160 kJ molÿ1 smaller than that for AuCl (DEcoh�


Table 6. Thermochemical gas phase data for the decomposition of Au2I6, AuI3, and Au2I2.[a]


DE DE DE DE DG0 DH0 DS0


[kJ molÿ1] [kJ molÿ1] [kJ molÿ1] [kJ molÿ1] [kJ molÿ1] [kJ molÿ1] [J molÿ1 Kÿ1]
RB3LYP RMP2 NRB3LYP NRMP2 RB3LYP RB3LYP RB3LYP


Au2I6! 2 AuI3


153.4 266.5 23.2 133.1 77.3 135.3 194.5


2AuI3! 2 AuI� 2 I2


122.4 301.2 30.1 56.3 50.4 117.3 224.1


Au2I2! 2 AuI
114.5 220.5 148.1 198.1 73.5 112.1 129.6


[a] All energies in kJmolÿ1 at 298.15 K and 1 atm. DE : difference in total electronic energies (without zero-point
vibrational correction). For AuI3 the Y-shaped minimum is taken. For the reaction 2AuI3! 2AuI� 2I2


thermodynamic parameters at the RMP2 level were calculated as well (in kJ molÿ1): DG0� 225.8, DH0� 295.4,
DS0� 333.4.
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522.2 kJ molÿ1).[25] On the other hand if we take the dissoci-
ation energy of AuCl (275 kJ molÿ1)[26] we obtain DEsub�
247 kJ molÿ1 for AuCl, which is 90 kJ molÿ1 higher than that
for AuI. This agrees with the fact that AuI decomposes before
melting at about 120 8C and AuCl decomposes around 170 8C.
We note that recent solid-state calculations for AuCl by Doll
et al. showed that correlation effects are important for the
accurate determination of structures and cohesive energies.[27]


The lattice energies DElat of AuX (X�Cl, Br and I) have
been estimated, and interestingly, they are all around
1015 kJ molÿ1.[28] This suggests that the differences in cohesive
energy is dominated by the differences in the electron affinity
of the halide ligand (in kJ molÿ1: Cl 348, Br 324, I 296).[29]


However, this only explains 1/3 of the difference between
AuCl and AuI. If we take the first ionization potential of gold
(890.1 kJ molÿ1) and the electron affinity of iodine we obtain
DEcoh� 421 kJ molÿ1, which is in reasonable agreement with
our calculated B3LYP value. Differences are due to the
approximation applied and to experimental inaccuracies in
the lattice energy.


Conclusion


We have investigated the structure and stability of a number
of gold� iand� iii iodides in the gas phase and the solid state.
The major conclusions are:
* For diatomic AuI spectroscopic properties are predicted


which should help to identify this molecule in matrix
isolation. The cohesive energy of 359 kJ molÿ1 calculated at
the B3LYP level of theory is in reasonable agreement with
the experimental value (421 kJ molÿ1).


* Au2I6 is thermodynamically stable both in the gas phase
and in the solid state and it should be possible to isolate this
compound despite unsuccessful attempts more than thirty
years ago.[33]


* AuI3 is Jahn ± Teller distorted as expected, but the Y-shap-
ed structure is the minimum. For AuI3 intercalated in [Bi ±
O] layers of cuprite superconductors a T-shaped structure
is predicted according to the local tetragonal environment.


* Nonrelativistic AuI3 is best described by I2 weakly bound to
AuI. Similarly, Au2I6 at the nonrelativistic level can be best
described as two I2 molecules weakly bound to Au2I6.
Hence the change in oxidation state from � i to � iii of Au
is due to relativistic effects.


* The calculations on AuI show that MP2 leads to bond
lengths that are too short compared to those obtained with
the more accurate CCSD(T) procedure. B3LYP tends to
give bond lengths that are slightly overestimated. Both
methods, however, lead to reasonable estimates for energy
differences. For the higher oxidation state this is not the
case anymore. MP2 overbinds, whilst B3LYP probably
underestimates decomposition energies. Difficulties with
decomposition energies of transition metal compounds in
higher oxidation states have been reported before.[23]
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Introduction


An important goal of synthetic supramolecular chemistry is to
understand and to mimic nature�s fascinating principles, in
particular, to form complex and highly functional supra-
molecular aggregates from small molecular building blocks by
means of self-assembly processes.[1] Basic studies on such
biomimetic ªbottom-upº approaches have strong implications
on the development of artificial nanometer-scaled elements,
currently elaborated due to commercial requirements of
producing microelectronics and micromechanical devices of
increasingly minimized dimensions. Current technologies
hardly allow the generation of technical elements smaller
than 100 nm, but, to refer to the famous lecture of the Nobel
physicist Richard Feynman, ªthere is plenty of room at the
bottomº.[2] It is apparent that a further reduction of the
available microsystems through photolithographic ªtop-
downº methods is becoming increasingly uneconomical,
and, thus, the biomimetic bottom-up assembly is considered
a highly attractive alternative. In this context, the ribosome
has to be mentioned as a brilliant natural example of this
approach; it demonstrates the power of biologically pro-


grammed molecular recognition. This cellular nanomachine is
capable of synthesizing polypeptide chains by using an RNA
molecule as the informational template. The ribosome
spontaneously self-assembles from its more than 50 individual
building blocks, driven by an assortment of low-specific,
noncovalent contacts between discrete amino acids of the
protein components interacting with distinct nucleotide bases
and the phosphate backbone of the ribosomal RNAs.[3]


Motivated by such fascinating models, early researchers have
suggested to fabricate synthetic nanometer-sized elements
from biomolecular building blocks.[4] Under these, DNA is a
particularly promising construction material for the fabrica-
tion of nanometer-sized elements owing to its unique and
simply predictable recognition capabilities, high physico-
chemical stability, mechanical rigidity, and high precision-
processing ability.[5]


Self-Assembled Oligomeric Networks That Consist
of DNA and Streptavidin


Despite the enormous biological importance, only little has
been reported on the synthesis of artificial nucleic-acid ±
protein conjugates.[6, 7] A convenient approach to readily
produce semisynthetic DNA ± protein conjugates is based on
the remarkable biomolecular recognition of the water-soluble
molecule biotin (vitamin H) by the homotetrameric protein
streptavidin (STV). The affinity constant of the STV ± biotin
interaction of about 1014 dm3 molÿ1 indicates the strongest
ligand ± receptor interaction currently known.[8] Another
great advantage of STV is its extreme chemical and thermal
stability. Since biotinylated materials are often commercially
available or can be prepared with a variety of mild biotin-
ylation procedures, biotin ± STV conjugates form the basis of
many diagnostic and analytical tests.[9] For example, biotin-
ylated oligodesoxyribonucleotides, prepared on a routine
basis by today�s automated nucleic acids synthesis, are
versatile tools in the various applications of molecular biology
and nucleic acid analyses. Although broadly applied, the
formation and structure of conjugates of STVand biotinylated
nucleic acids are not yet fully exploited.


We have recently reported on the self-assembly of STV 1
and 5',5'-bisbiotinylated double-stranded DNA fragments 2
(Scheme 1).[10] The bivalent double-stranded DNA (dsDNA)
molecules cross-link the tetravalent STV, thereby generating
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Scheme 1. Synthesis of DNA ± streptavidin (STV) conjugates. Noncova-
lent oligomers 3 were assembled from STV 1 and 5',5'-bis-biotinylated
DNA 2. Note that the schematic structure of 3 is simplified, since a portion
of the STV molecules function as tri- and tetravalent linker molecules
between adjacent DNA fragments (see the SFM image in the inset below
3). The supramolecular networks of 3 can be disrupted by thermal
treatment, leading to the formation of DNA ± STV nanocircles 4 (see also
the SFM image in the inset below 4). DNA ± STV conjugates 6 are obtained
by covalent coupling of a 5'-thiol-modified oligonucleotide 5 and STV. Due
to their bispecificity, the adducts 6 can be functionalized by the coupling of
biotinylated compounds, such as proteins and gold nanoclusters. Stoichio-
metrically controlled, nanostructured aggregates can be generated from a
set of conjugates 6 with distinct nucleotide sequences, for example a
through f. The adducts self-assemble in the presence of a single-stranded
nucleic acid carrier molecule, which contains complementary sequence
stretches, to form supramolecular aggregates 7. An antibody-containing
biometallic construct 7 b was fabricated from gold-labeled 6a ± 6 e and a
conjugate of 6 f and a biotinylated immunoglobulin, previously coupled in
separate reactions. The 3'-end of the oligonucleotides is indicated by an
arrowhead, the spacer-chains between DNA and protein are represented
by wavy lines. The transmission electron microscopy image shown in the
inset on top of 7 b was obtained subsequent to the specific immunosorption
of 7 b to surface-immobilized complementary antigen.


three-dimensionally linked networks. Studies with nondena-
turing gel electrophoresis and scanning force microscopy
(SFM) indicated that 1 and 2 reproducibly self-assemble to
form oligomeric DNA ± STV conjugates 3, which, most
strikingly, predominantly contain bivalent STV molecules
that bridge adjacent DNA fragments. Despite of the tetrava-
lency of the STV protein, trivalent STV branchpoints occur
with a low frequency, and the presence of tetravalent STV in
the supramolecular networks is scarce (see image in
Scheme 1). As a consequence of the STV�s low valency, the
oligomeric conjugates have a large residual biotin-binding


capacity that can be utilized for further functionalization of
the complexes. As an example, biotinylated antibodies can be
coupled with the oligomers 3. The resulting conjugates can be
applied as reagents in immunoassays. Due to the tremendous
amplification potential of DNA by the polymerase chain
reaction (PCR), the DNA ± protein conjugates can be detect-
ed by PCR amplification at levels far below those available for
the detection of proteins by conventional antibody-based
enzyme-linked immunosorbent assay (ELISA). The combi-
nation of the ELISA with the amplification power of the PCR
was originally developed by Sano et al.[11] This method,
termed immuno-PCR (IPCR), generally allows for an about
1000-fold enhancement of the detection limit of the analogous
ELISA.[12] The use of the DNA ± STV oligomers 3 as reagents
in IPCR leads to an additional about 10-fold sensitivity
enhancement compared with the conventional IPCR proce-
dure.[10]


The oligomeric DNA ± STV conjugates 3 might also serve
as a molecular framework for the generation of DNA-based
nanomaterials. For instance, the biotin-binding capabilities
can be used for the attachment and positioning of biotinylated
macromolecules, such as enzymes and antibodies,[13a,b] low
molecular weight peptides and fluorophores,[13d, 16b] and even
inorganic metal nanoclusters[14] or polymers.[15] Moreover, due
to their size, connectivity and topography, the oligomeric
DNA ± STV aggregates 3 can be used as a model system for
nanostructured particle networks, for instance, serving to
establish basic immobilization and characterization techni-
ques as well as novel approaches for the generation of
switchable nanoparticle networks.[13g] Since the oligomers 3
are formed by statistical self-assembly, distinct supramolecu-
lar species might either be isolated and further functionalized
on a preparative scale, or else, obtained by controlling the
self-assembly process. As an example of the latter, we have
recently established that networks of 3 can be effectively
transformed into supramolecular DNA ± STV nanocircles 4
by thermal treatment (Scheme 1).[16] Since the endogeneous
protein molecule within the DNA ± STV nanocircles 4 allows
for convenient attachment of other functional molecules,
potential applications of such nanostructures include their use
as building blocks and templates for nano- and microstruc-
tured surface architecture,[5c] their utilization as soft material
topographical standards for the development of SFM meas-
urement modes,[13h] and their employment as molecular tools
in novel immunological assays.[16b]


In addition, functional analogues of the conjugates 3 and 4
can be obtained from the use of STV covalently functional-
ized with a single-stranded oligonucleotide. These DNA ±
STV adducts 6 are synthesized from 5'-thiol-modified oligo-
nucleotides 5 and STV 1 by means of a heterobispecific
crosslinker, such as sulfosuccinimidyl-4(p-maleimidophenyl)-
butyrate (Scheme 1).[6] The covalently bound oligonucleotide
moiety in 6 provides a specific recognition domain for the
complementary nucleic acid sequence in addition to the four
native biotin-binding sites. Thus, 6 can be used as a versatile
molecular adaptor in a variety of applications, ranging from
the the assembly of nanostructured protein arrays (Scheme 1)
to the generation of laterally microstructured protein biochips
(Scheme 2). We have demonstrated that 6 can be incorpo-
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Scheme 2. Schematic drawing of the ªDNA-directed immobilizationº. A
set of adducts 6 a ± c were functionalized by the coupling of biotinylated
antibodies. Capture oligonucleotides immobilized as an array on a solid
support are used as positioning elements on a microstructured surface. The
various DNA-tagged antibodies are then allowed to bind to their comple-
ments by formation of a DNA double helix. Note that due to the enormous
specificity of DNA Watson ± Crick base pairing, many compounds can be
site-specifically immobilized simultaneously in a single step.


rated as building blocks within the self-assembled supra-
molecules 3.[13f] This allows for the efficient attachment of
functional molecular components, such as antibody mole-
cules, thereby opening novel routes to the utilization of
DNA ± STV conjugates in life-sciences and nanobiotechnol-
ogy.


Microstructured DNA ± Protein Arrays


The covalent DNA ± STV conjugates 6 can be utilized to
generate laterally microstructured protein arrays. Such devi-
ces are currently of tremendous interest due to the demands
of high-throughput biomedical analysis and proteom re-
search.[17±19] While comparable microarrays comprised of
oligonucleotides[20] can easlily be fabricated by automated
deposition techniques, the stepwise, successive immobiliza-
tion of proteins on chemically activated surfaces is obstructed
by the general instability of sensitive biomolecules, often
revealing a high tendency for denaturation. DNA-directed
immobilization (DDI) provides a chemically mild, site-
selective process for the attachment of multiple delicate
proteins to a solid support (Scheme 2).[6, 13b] This method uses
DNA microarrays as a matrix for the simultaneous, site-
selective immobilization of many different DNA-tagged
proteins and other molecular compounds. Since the lateral
surface patterning is carried out at the level of the phys-
icochemically stable nucleic acid oligomers, the DNA micro-
arrays can be stored almost indefinately, functionalized with
proteins of interest by DDI immediately prior to use, and
subsequent to hybridization, they can be regenerated by
alkaline denaturation of the double helical DNA cross-
linkers.[13b]


As an early demonstration of the feasibility of the DDI
approach, the ªself-sorting immobilizationº of a set of anti-
body molecules, tagged with distinct oligonucleotides by
means of the covalent STV conjugates 6, was demonstrated by
the site-selective hybridization to distinct positions of an
array, containing the complementary capture oligonucleo-
tides.[6] Later evaluation, carried out with oligonucleotide-
modified enzymes, indicated that DDI not only proceeds with
a higher immobilization efficiency than conventional immo-
bilization techniques, but is also completely reversible. Series
of more than 150 cycles of hybridization and subsequent
regeneration were carried out with various DNA-tagged
proteins allowing for the reproducible functionalization of
sensor-surfaces with adjustable amounts of proteins. As a
particular advantage of using the DDI method in immuno-
sensor applications, the intermolecular binding of the antigen
target by the antibodies can be carried out in homogeneous
solution instead of using a much less efficient heterogeneous
solid-phase immunosorption. Subsequently, the immuno-
complex formed can be captured by means of DNA-directed
immobilization.[21a±c]


These features should allow us to use the DDI technique in
a variety of applications ranging from the recovery and
reconfiguration of biosensor chips,[13b] the fabrication of
mixed arrays containing both nucleic acids and proteins for
genome and proteome research,[13c] to the generation of
miniaturized multiplex sensor elements.[13a,b, 21, 22] Despite
these fascinating biotechnological perspectives, special em-
phasis has to be given to the chemical and structural features
of the nucleic acid constituents employed in the DNA-
directed assembly, since they determine the immobilization
efficiency of the individual components. As an example, solid-
phase hybridization studies have shown that the attachment of
the voluminous STV protein to an oligonucleotide leads to up
to a fivefold decrease in hybridization kinetics.[13a] This study
also revealed that variations in the oligonucleotide sequence
induce up to 100-fold changes in the immobilization efficien-
cy, correllating with the presence of nucleic acid secondary
structures, such as intramolecular hairpin loops. Solutions to
this problem might be obtained from the incorporation of
chemical groups into the DNA-tagged bioconjugates to
modulate its hybridization characteristics,[13d] or else, from
the employment of artificial nucleic acid analogues, such as
peptide nucleic acids,[23] which are less susceptible to sec-
ondary structure formation.


Nanostructured Protein Assemblies


Besides the lateral functionalization at the micrometer scale, a
nanostructuring of surfaces can also be achieved through the
DNA-directed immobilization. For this, surface-bound nucle-
ic acids of the appropriate length are used to generate
nanostructured complexes from various molecular building
blocks, for instance enzymes or other functional proteins. The
concept of using DNA as a framework for the precise spatial
arrangement of molecular components, initially suggested by
Seeman,[4c] was experimentally demonstrated by positioning
several of the covalent DNA ± STV conjugates 6 along a
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single-stranded RNA or DNA carrier molecule that contained
a set of complementary sequences (Scheme 1).[6] Owing to the
adapter properties of 6, almost any type of biotinylated
compound can be organized within a supramolecular aggre-
gate.[6, 13, 14] As an additional attractive feature, the tetrava-
lency of the streptavidin even allows the DNA ± STV con-
jugates 6 to be functionalized with two different types of
biotinlyated molecules.[13d] Subsequent to the coupling of a
voluminous macromolecular compound, such as an enzyme,
the remaining biotin binding sites are saturated with low
molecular weight biotinyl compounds. For instance, a pos-
itively charged biotinylated peptide was coupled in order to
fine-tune the bioconjugate�s nucleic acid hybridization prop-
erties. Moreover, the coupling of the biotinylated peptides can
be applied to supplement the bioconjugate�s functionality, for
instance, to enhance the catalytic turnover of enzymatic
transformations or to exhibit high sensitivity as a detection
tool in biosensor applications.[13d]


Similar as described for the DDI technique, the chemical
and structural features of the nucleic acid constituents
employed in the supramolecular assembly of DNA-tagged
components are essential for the aggregation efficiency of the
individual components. Often the carrier molecule contains
stable intramolecular secondary structures, and, thus, an
equilibrium is formed that involves both the uncomplexed
carrier and the protein ± carrier conjugate. This equilibrium
can be affected by ªhelperº oligonucleotides that bind to
uncomplexed regions of the carrier, thereby disrupting its
secondary structure and shifting the aggregation equilibrium
towards completion.[13e, 14] Moreover, it was demonstrated that
DNA molecules are superior templates for the supramolec-
ular assembly relative to RNA carriers, because of the lower
stability of the intramolecular folding in DNA.[13e] These
results again underline the necessity to overcome the prob-
lems associated with intramolecular secondary structure, for
instance, by either chemical means, such as the employment of
synthetic DNA analogues, or else by developing model
algorithms that allow for the computational a-priori design
of appropriate nucleic acid fragments.


Two key publications describing the assembly of DNA-
functionalized gold colloids and nanoclusters have largely
spread out the common interest in the nucleic-acid-directed
assembly of molecular compounds. The work of Mirkin et al.
[24] and Alivisatos et al. [25] was motivated by the requirements
of material sciences to generate well-defined superstructures
of nanocrystal metal clusters and semiconductor quantum
dots, which are investigated for new material properties and
potential applications in microelectronics and optics. Mean-
while, both groups have impressively demonstrated the power
of the DNA-directed assembly to generate novel, program-
med materials, ranging from stoichiometrically defined nano-
scale assemblies to macroscopic repetitive DNA ± nanocluster
aggregates and binary networks, which can even be used for
biosensor applications.[26] Stimulated by these advances, the
DNA ± STV conjugates 6 have also been applied as auxiliaries
to organize gold nanoclusters.[14] Subsequent to biotinylation,
gold nanoclusters were coupled with 6, and the cluster-loaded
proteins were assembled by nucleic acid hybridization, there-
by generating novel biometallic nanostructures such as 7 in


Scheme 1. As a particular advantage of this system, the
DNA ± STV conjugates 6 can be used like components of a
molecular construction kit. Thus, functional proteins, such as
an immunoglobulin molecule, can be conveniently incorpo-
rated into the biometallic nanostructures. The proof of
feasibility was achieved by the assembly of construct 7 b
(Scheme 1), which is capable of specifically binding to sur-
face-immobilized complementary antigen.[14] Such experi-
ments clearly demonstrate the applicability of DNA-directed
assembly to construct novel inorganic/bioorganic hybrid
nanomaterials.


Towards Oligofunctional Protein Constructs


The use of specific nucleic acid hybridization opens up a
novel, uncomplicated yet powerful strategy for supramolec-
ular synthesis. Various molecular devices are coupled with a
distinct oligonucleotide sequence and are subsequently or-
ganized on appropriate nucleic acid scaffolds. This should
allow even the fabrication of highly complex supramolecular
structures by means of a modular construction kit. Seeman
and co-workers have impressively demonstrated the power of
using DNA in the rational construction of one-, two-, and
three-dimensional DNA molecular frameworks.[5a,b] They use
branched DNA molecules, ªDNA-junctionsº or ªdouble-
crossoverº molecules, that contain three, four, and more
double helical arms as modular building blocks to fabricate
extended one-dimensional structures, periodic two-dimen-
sional lattice structures, and even complex three-dimensional
supramolecules of DNA. For instance, they have fabricated
the ªtruncated octahedronº, a DNA polyhedron that contains
an individual arm at each of its 24 vertices, which might be
used for the selective spatial positioning of proteins, inorganic
nanoclusters, or other functional molecular devices.


Although these examples demonstrate the significant
progress achieved in the fabrication of artifical DNA nano-
structures, the use of such framework to realize dense protein
and biochip assemblies, suggested earlier by Seeman,[4c] has
not yet been accomplished. However, it should be noted in
this regard that Smith and co-workers have reported on the
site-selective arrangement of several proteins, DNA (cytosin-
5)-methyltransferases, along a one-dimensional double-
stranded DNA fragment.[27] Their approach is based on the
specific binding of methyltransferases to distinct recognition
sequences within double helical DNA and their ability to form
covalent adducts if the synthetic DNA base analogue
5-fluorocytosine is present in the recognition site. Interest-
ingly, methyltransferases have also been shown to be capable
of modulating the charge transport that can occur along the
DNA double helix.[28] Since the methyltransferase extrudes
the target base cytosine completely out of the double helix,
this local distortion effectively reduces the photoinduced
charge transfer through the DNA duplex. These results give
rise not only to the development of electrochemical sensors
for the study of protein ± DNA interactions, but also to the
development of novel bioelectronic devices.


Future applications of DNA-directed protein organization
will include the manufacturing of stoichiometrically and
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spatially defined aggregates from multiple enzymes and
antibody fragments. As an example, the rational assembly of
oligospecific antibodies is highly attractive, since the presence
of multiple binding domains leads to an enhanced affinity for
the target structure. Supramolecular constructs that contain a
DNA structural backbone to control the spatial arrangement
of the binding sites should allow for specific recognition of the
target�s topography, even when the individual epitopes are
either not nearby or reveal only weak antibody-antigen
interactions. These type of applications will require a stringent
regioselective control over the positioning of the binding
domains, which should be obtainable by the use of single-
chain antibody fragments[29] or aptamers.[30] Both types of
receptor molecules are small enough to ensure that the
distance between the supramolecule�s binding sites is pre-
dominantly determined by the structure of the DNA back-
bone. An additinal great advantage of DNA-based, nano-
scaled receptor constructs is that the backbone can be
detected or modified by enzymatic means. For example, the
supramolecular constructs are traceable at extremely low
levels and even in rather complex environments owing to the
enormous detection potential of PCR techniques.[10] More-
over, enzymatic or cytotoxic groups might be incorporated to
allow for therapeutic applications.[31]


Spatially arranged multienzyme constructs, which are not
accessible by conventional chemical cross-linking, are another
class of attractive targets. In biological systems, multienzyme
complexes reveal mechanistic advantages during the multi-
step catalytic transformation of a substrate, since reactions
limited by the rate of diffusional transport are accelerated by
the immediate proximity of the catalytic centers. Further-
more, the ªsubstrate-channelingº of intermediate products
avoids side reactions. Besides serving to explore proximity
effects in biochemical pathways, artifical multienzymes will
allow the development of novel catalysts for enzyme process
technology that are capable of regenerating cofactors, or else
to perform the multistep chemical transformation of cheap
precursor molecules into drugs and fine chemicals.[32]


Conclusion


In conclusion, it seems likely that DNA ± protein conjugates
and nucleic-acid-based molecular fabrication of nanostruc-
tured elements will contribute to the rapid establishment of a
novel discipline termed as ªbiomolecular nanotechnologyº, or
perhaps ªnanobiotechnologyº. The supramolecular arrange-
ments may find applications as biological encapsulation and
drug-delivery systems, artificial multienzymes, or light-har-
vesting devices. Moreover, nucleic-acid-based conjugates
might be utilized for the self-assembling nanoscale fabrication
of technical elements and hybrid composites, such as dense
arrays of ultra fast molecular switches, transistors, or logical
elements,[33] as well as chimeric hybrid devices for applications
in material sciences, biomedical diagnostics, and interface
structures between electronic and living systems. However, a
variety of serious technical obstacles remain to be solved,
ranging from the currently limited availability of large
amounts of synthetic DNA fragments to the refinement of


appropriate analytical techniques. Nevertheless, it seems safe
to predict that besides electrophoresis, optical spectroscopy,
and nuclear magnetic resonance, in particular the rapid
improvements of scanning probe microscopy[34] and real-time
affinity measurements[35] will soon allow for the comprehen-
sive understanding of biomolecular structure and reactivity of
synthetic nucleic-acid-based supramolecular components.
Thus, the examples presented above give the promise of a
rapid and highly exciting development of DNA-based tech-
nology.[36]
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Abstract: The reaction of [(arene)-
RuCl2]2 (arene�C6H6, cymene, C6H3Et3,
or C6Me6) or [Cp*RhCl2]2 with 3-hy-
droxy-2-pyridone in the presence of
Cs2CO3 gives trinuclear metallamacro-
cyclic complexes. The self-assembly
process was shown to be completely
diastereoselective, and a racemic mix-
ture of complexes with MRMRMR or
MSMSMS (M�Ru, Rh) configuration
was obtained. Plausible mononuclear
intermediates of the formula [(arene)-
RuCl(C5H4NO2)] (arene� cymene,
C6Me6) have been isolated and charac-
terized. A structurally related trimer
was synthesized by using [(cymene)-
RuCl2]2 and 3-acetamido-2-pyridone in-


stead of 3-hydroxy-2-pyridone. The
macrocycles were shown to be highly
potent ionophores for Na� and/or Li�


with negligible affinities for the larger
cation K�. The selectivities of the re-
ceptors depend on the p-ligand present:
whereas the (C6H6)Ruÿ and (cymene)-
Ru complexes bind both Li� and Na�,
the (C6Me6)Ruÿ, (C6H3Et3)Ruÿ, and
Cp*Rh complexes bind exclusively Li�.
For all receptors, the presence of alkali
metal ions can be detected electrochem-


ically: the peak potential is shifted by
>300 mV toward anionic potential upon
binding. This behavior was utilized to
detect Li� and Na� colorimetrically.
Single crystal X-ray analyses have been
carried out on eight complexes, four of
which are bound to an alkali metal
halide ion pair. Structural parameters,
which affect the affinity and selectivity
are discussed. A computational study on
[{MX}[12]crown-3] complexes (M�Li,
Na; X�Cl, Br, I) was performed in
order to compare relevant bond lengths
and angles of the energy-minimized
structures with those of the organome-
tallic receptors.


Keywords: ionophores ´ lithium ´
macrocycles ´ receptors ´ self-
assembly


Introduction


Beginning with the work of Pedersen,[1] the synthesis of
macrocyclic ionophores has been a very active field of
research for more than 30 years. Today, a multitude of
structurally very diverse compounds with high affinities and
selectivities are known.[2, 3] Synthetic ionophores have found
applications in ion selective sensors, as phase-transfer cata-
lysts, and in membrane transport, amongst others.[3] A major
drawback, however, is that the synthesis often requires
substantial effort, especially for ionophores with tailor-made
selectivities. An attractive alternative is the utilization of self-
assembly processes.[4] In this context, the transition metal
based assembly of macrocyclic ionophores[5] is of special
interest since this approach offers a variety of advantages: the


synthesis can often be accomplished in a single step with
excellent yields. Furthermore, the unique properties of the
resulting metallacrowns can possibly be used to facilitate the
detection of guest molecules.


In a preliminary communication we have reported the
synthesis of the redox-responsive receptor 1, which was
obtained in good yield by reaction of [(cymene)RuCl2]2 with
3-hydroxy-2-pyridone in the presence of base (Scheme 1).[6]


Scheme 1. Synthesis of trinuclear metallacrowns by self-assembly of half-
sandwich complexes with 3-hydroxy-2-pyridone in the presence of base.
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This organometallic analogue of [12]crown-3 was shown to be
a highly potent ionophore with a remarkable affinity for Li�


and Na� and an almost perfect selectivity for Na� over K�.
Here we describe the synthesis of structurally related
trinuclear (arene)RuII or Cp*RhIII complexes. The variation
of the bridging metal fragment affects not only the solubility
and the redox behavior but also the selectivity of the
organometallic receptor. Consequently, we were able to
develop redox-responsive ionophores with extremely high
selectivity for Li�. The synthetic results are supplemented by a
comprehensive crystallographic and computational study,
performed to unravel the factors which control the host
properties of our receptors.


Results and Discussion


Synthesis of metallamacrocyclic receptors : The synthesis of
two- and three-dimensional macrocyclic metal complexes by
self-assembly is a flourishing field in modern inorganic
chemistry.[7] Most complexes are based on classical coordina-
tion compounds (e.g. Pd(en)2�), but organometallic fragments
such as M(CO)3 (M�Re, Mo), Cp*Rh, and CpCo are
increasingly used to build these structures.[7, 8] In 1992, Fish
et al. described a triangular metallamacrocycle with Cp*RhIII


corners and bridging nucleobase ligands.[9] Structurally relat-
ed tricationic compounds with half-sandwich complexes at the
corner were subsequently reported by Carmona,[10] Beck,[11]


Sheldrick,[12] and Fish.[13] We have described neutral organo-
metallic triangles, which were obtained by self-assembly of
3-oxy-2-methyl-4-pyridone complexes of Cp*IrIII and (cy-
mene)RuII.[14] In order to investigate whether other pyrido-
nate ligands can be employed to build polynuclear organo-
metallic structures we have examined the reaction of
[Cp*RhCl2]2 and various [(arene)RuCl2]2 complexes with
3-hydroxy-2-pyridone in the presence of base (Cs2CO3). In all
cases cyclic trimers (1 ± 5) were obtained in mostly good yields
(Scheme 1).


The elemental analyses of the isolated products were
indicative of a 1:1 ratio of (arene)Ru (or Cp*Rh) and the
pyridonate ligand. The formation of trinuclear structures was
suggested by the FAB mass spectra, which showed peaks at
the expected m/z ratio along with peaks corresponding to di-
and mononuclear species. The NMR (1H, 13C) spectra of 1 ± 5
are in accordance with a C3 symmetrical structure: only one
set of signals is observed for the pyridonate as well as the
arene ligands. Significant upfield shifts (d� 0.96) are found
for the pyridonate ligands. The stereochemistry of the self-
assembly process was of special interest since three stereo-
genic metal centers are formed. The presence of only one
isomer, as suggested by the NMR spectra, was indicative of a
highly diastereoselective reaction. Since no additional source
of chiral induction was present during the synthesis, the
macrocycles are obtained as a racemic mixture. For 1 and 4 the
chirality of the complex was clearly evident in the 1H NMR
spectra: diastereotopic protons were found for the cymene
ligand (1) and the methylene group of the 1,3,5-triethylben-
zene ligand (4).


Pronounced differences were observed for the solubility of
1 ± 5 : as expected[15] the (C6H6)Ru complex 2 displayed a


rather low solubility in common organic solvents such as
dichloromethane. The (cymene)Ru, (C6Me6)Ru, and Cp*Rh
complexes 1, 3, and 5, on the other hand, can be dissolved in
nonpolar solvents such as benzene and toluene, and com-
plex 4 is even soluble in hot hexane.


In order to investigate the mechanism of the self-assembly
process we carried out the reaction of [(cymene)RuCl2]2 and
[(C6Me6)RuCl2]2 with 3-hydroxy-2-pyridone in the presence
of only one equivalent of base (with respect to the ligand). In
both cases, a mononuclear pyridonate complex (6, 7) could be
isolated in good yield. The spectroscopic data are in agree-
ment with an O,O'-coordinated pyridonate ligand as depicted
in Scheme 2, but a N,O-chelate as observed for some
(arene)Ru complexes with 2-oxypyridinate ligands (arene�
cymene, benzene)[16] cannot be excluded. Structurally related
half-sandwich complexes with O,O'-coordinated 3-oxy-4-pyr-
idonate ligands have previously been described by Davies[17]


and by us.[14, 18] In contrast to 1 and 3, the mononuclear
complexes 6 and 7 are soluble in water. It seems likely, that in
this solvent the chloro ligand is substituted by water to give a
cationic ªsolventoº complex. The compounds 6 and 7 are
plausible intermediates in the formation of the trinuclear
complexes 1 and 3. Base-induced macrocyclization could
occur by deprotonation and replacement of the labile chloro
ligand with the resulting pyridine ligand.


Scheme 2. Synthesis of mononuclear half-sandwich complexes.


The synthesis of 1 ± 5 demonstrates that triangular struc-
tures can be obtained with various half-sandwich complexes
of RuII and RhIII. This flexibility is important for modifying
the solubility and selectivity (see below) of the receptors. But
furthermore, we were interested whether alterations in the
bridging ligand can be tolerated in our synthetic approach.
Among the possible variations of the 3-hydroxy-2-pyridone
ligand, the substitution of the 3-hydroxy group with an N-acyl
group seemed promising since ruthenium half-sandwich
complexes with chelating ligands having anionic amide groups
have previously been described.[19] And indeed, upon reaction
of [(cymene)RuCl2]2 with 3-acetamido-2-pyridone in the
presence of Cs2CO3 the trimeric complex 8 was isolated and
structurally characterized. Reactions with other potentially
tridentate ligands such as 2-hydroxy nicotinic acid were less
successful, and the reactions gave rise to dinuclear complexes,
which will be described elsewhere.


The isolation of the amide complex 8 suggests that the
synthesis of trinuclear receptors with different N-acyl-3-
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amino-2-pyridonate ligands can be accomplished. Thus, the
preparation of metallamacrocyclic receptors having addi-
tional functional groups seems feasible. Of special interest
would be complexes with acrylamide groups which could be
used to incorporate such receptors in a polymeric matrix.
Research along these lines is currently being pursued in our
laboratory.


Host ± guest chemistry : The macrocycle 1 has turned out to be
an extremely potent ionophore for Li� and Na� with affinities
in chloroform that are far superior to those of standard crown
ethers such as [18]crown-6 and [12]crown-4 and comparable
to those of cryptands.[6] The stability of 1 ´ Li� is so high that
even LiCl can be extracted from water into chloroform. This
characteristic is shared only by very few ionophores such as
the highly preorganized spherands described by Cram.[20]


Complex 1 displays no detectable affinity for K�. This was
explained by the steric requirements of the cymene ligands,
which are placed around the donor O-atoms of the receptor.[6]


It was therefore of special interest whether a different
selectivity would be obtained for the ruthenium and rhodium
complexes 2 ± 5 having smaller (2) and larger (3 ± 5) p-ligands.
Especially the latter complexes seemed promising candidates
for one of our main goals: the development of a lithium
selective receptor. In recent years, there has been a consid-
erable interest in synthetic ionophores with high selectivity
for Li�.[21, 22] Since lithium compounds are increasingly used in
medicine and technology, methodologies to separate and
determine Li� are highly desirable. For this purpose, iono-
phores have been considered early on, but the synthesis of
compounds with a high selectivity for Li� remains a challeng-
ing task.


The affinity of the receptors 1 ± 5 toward Li�, Na�, and K�


was examined in extraction experiments: a solution of the
respective metallacrown in methanol was stirred with an
excess of MCl (M�Li, Na, K). After evaporation of the
solvent the mixture was extracted with CDCl3 and examined
by 1H NMR spectroscopy. The binding of alkali metal halides
results in a significant downfield shift of the 1H NMR signals
of the pyridonate and the arene protons. Since the exchange
of the alkali guest is slow on the NMR timescale,[23] the free
and the complexed receptor can easily be distinguished. An
all or nothing situation was encountered: either the respective
adduct or the free receptor was obtained in quantitative yield.


Therefore, these extraction experiments are also a good
indicator of the selectivity of the receptors. In no case was KCl
incorporated. The (benzene)Ru complex 2 displayed a be-
havior similar to that of 1: LiCl as well as NaCl was extracted.
This was not unexpected since the p-alkyl groups of the
cymene ligands may adopt a conformation, in which they
point away from the alkali metal binding site (Figure 10).
Thus, a similar selectivity was expected for 1 and 2.
Remarkably, the macrocycles 3 ± 5 are all selective for Li�.
Apparently, the Cp*, the hexamethylbenzene, as well as the
1,3,5-triethylbenzene ligands are sufficiently large to inhibit
the binding of Na� ions.


The stability constants of alkali metal halide complexes are
generally solvent dependent with lower Ka values in more
polar solvents.[2c±e] A similar trend is found for the NaX (X�
Cl, Br, I) complexes of 1 and 2. If 1 ´ NaX or 2 ´ NaX is
dissolved in CDCl3 (10 mm) only the host ± guest complex can
be detected by 1H NMR spectroscopy. In CD3OD (10 mm), on
the other hand, the free receptor can also be observed. Thus, a
direct calculation of Ka is possible by integration of suitable
1H NMR signals. The following values were obtained:
Ka(1 ´ NaCl)� 3.5� 0.5� 103 L molÿ1; Ka(1 ´ NaBr)� 1.5�
0.3� 103 L molÿ1; Ka(1 ´ NaI)� 3.4� 0.4� 102 L molÿ1;
Ka(2 ´ NaCl)� 1.1� 0.5� 102 L molÿ1. These data show that
the stability of the Na� complexes is dependent on the nature
of the halide anion, with Ka increasing in the series I<Br<
Cl. The crystallographic analyses (see below) as well as the
fact that the 1H NMR spectra of 1 ´ NaCl (Figure 1), 1 ´ NaBr,
and 1 ´ NaI are distinguishable suggest that the alkali metal
halide is bound as an ion pair not only in CDCl3 but also in
CD3OD. Therefore, the decreased stability of 1 ´ NaI as com-
pared with 1 ´ NaCl may partially be attributed to steric re-
pulsion between the large iodide anion and the cymene ligands.


The difference of the Ka value in CD3OD and CDCl3 is
striking: whereas in CDCl3 the affinity of 1 for NaCl is far
superior to those of crown ethers such as [15]crown-5 or
[18]crown-6 and comparable to those of cryptands,[6] in


Figure 1. Aromatic region of the 1H NMR spectrum of 1 ´ NaCl (bottom)
and 1 ´ NaI (top) in CD3OD (10 mm). The signals corresponding to the free
receptor 1 are labeled with ªAº; the signals of the Na� complexes are
labeled with ªBº. Note that the relative amount of the free host ªAº is
larger for the NaI complex, and that the chemical shifts of the ªBº signals
are not identical.
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CD3OD the association constant of Ka (1 ´ NaCl)� 3.5� 0.5�
103 L molÿ1 is similar to that of [15]crown-5.[2e] This behavior
may also be the result of the simultaneous binding of the
cation and the anion within the cavity of the macrocyclic host.
Consequently, ªnakedº halide anions which are energetically
unfavored in less polar organic solvents such as CDCl3 are
avoided. In CD3OD, on the other hand, this advantage is less
pronounced.


In contrast to the Na� complexes, the LiCl adducts of the
receptors 1 ± 5 are so stable that even in CD3OD (10mm) only
the host ± guest complex can be detected by 1H NMR
spectroscopy. Given that the concentration of the free
receptor is less than 3 %, the association constants in CD3OD
must be higher than 105 L molÿ1. In this context, it is
interesting to note that an enhanced affinity for Li� as
compared with Na� and K� was also observed for [12]metal-
lacrown-4 compounds prepared by Pecoraro.[5a] The relative
affinity of 1 ± 5 towards LiCl was determined in competition
experiments with equimolar amounts of two receptors. These
experiments have revealed the following trend: Ka(2 ´ LiCl)>
Ka(1 ´ LiCl)>Ka(4 ´ LiCl)>Ka(5 ´ LiCl)>Ka(3 ´ LiCl).
Among the receptors which are specific for Li� (3 ± 5), the
(1,3,5-triethylbenzene)Ru complex 4 shows the highest affin-
ity for LiCl. To quantify the stability of 4 ´ LiCl, we performed
competition experiments with cryptand-2,1,1,[24] which is one
of the most potent Li� ionophores commercially available.
These experiments have shown that in CDCl3 the affinity of 4
for LiCl is at least one order of magnitude higher than that of
cryptand-2,1,1. This value represents just the lower limit.
After several hours of tempering at 55 8C, the relative amount
of 4 ´ LiCl as compared with free 4 was still slightly increasing,
which indicated slow exchange kinetics. In CD3OD, on the
other hand, the stability of cryptand-2,1,1 ´ LiCl is approx-
imately ten times higher than that of 4. From that data, a
stability constant of Ka(4 ´ LiCl)� 107 Lmolÿ1 in CD3OD can
be estimated.[25] In contrast to receptor 1 which was able to
quantitatively extract LiCl from water, with receptor 4 only
small amounts (<10 %) were extracted under otherwise
identical conditions. This is most likely due to the reduced
stability of 4 ´ LiCl as compared with 1 ´ LiCl.


In recent years, there has been a considerable interest in
macrocyclic ionophores that contain transition metal redox
centers.[26, 27] Systems of this kind are potentially useful to
detect the guest molecules electrochemically, a prerequisite
for amperometric molecular sensor devices. We investigated
the redox behavior of the metallacrowns 1 ± 5 by cyclic
voltammetry. For all receptors three oxidation states are
observed in a mixture of dichloromethane and acetonitrile
(1:1). The peak potential of the first oxidation is found
between 315 mV (3) and 634 mV (2). For the ruthenium
complexes 1 ± 4, an indirect correlation is observed between
the number of the electron-donating alkyl substituents on the
arene ligand and the first peak potential. Upon binding of
LiCl or NaCl, the cyclic voltammogram changes significantly.
Importantly, the first peak potential is shifted by more than
300 mV toward anodic potential. Unfortunately the three
oxidation states for the Li� and the Na� adducts are not as
clearly resolved as for the free receptors, especially for the
complexes 2 ´ LiCl, 2 ´ NaCl, 3 ´ LiCl, and 5 ´ LiCl. Thus, an


exact determination of DE was not possible. It should be
noted, however, that the values of DE� 357 mV for 1 ´ LiCl
(Table 1) and DE� 385 mV for 4 ´ LiCl (Figure 2) are large
compared with what is found for ferrocene containing crown
ethers and cryptands.[27a, c, d]


Figure 2. Cyclic voltammograms of the receptor 4 and the corresponding
Li� complex 4 ´ LiCl in CH2Cl2/CH3CN (1:1) measured against a Ag/AgCl
reference electrode by using a glassy carbon working electrode at a scan
rate of 4015 mV secÿ1. Upon complexation of Li� a pronounced shift of the
first peak potential towards anodic potential is observed.


The large differences of the redox potentials of the free
receptors and the corresponding MX adducts prompted us to
search for an appropriate reagent to selectively oxidize the
uncomplexed macrocycle. The idea behind that was that if the
oxidation reaction is accompanied by a color change then the
presence of Li� or Na� could be detected colorimetrically. For
this purpose, DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none) proved to be ideally suited. If a yellow solution of 1 in
chloroform is treated with DDQ, a dark brown solution is
immediately obtained. Under otherwise identical conditions
only slight color changes are observed for the respective Li�


and Na� complexes (Figures 3a and b). If the same reaction is
carried out in a mixture of methanol and chloroform even the
Na� and the Li� complex can be distinguished (Figure 3c).
Similar behavior is observed for the Li� specific receptor 4 :
upon reaction with DDQ, a dark brown solution is obtained,
whereas for the Li� complex an orange solution is observed.


Table 1. Peak potentials for the oxidation of the complexes 1 ± 5 and the
corresponding alkali metal halide adducts (TBABF4; CH2Cl2/CH3CN,
1:1).[a]


E1 [mV] E2 [mV] E3 [mV]


1 583 893 1125
1 ´ LiCl 940 sh 1210 1426
1 ´ NaCl 900 sh 1215 ±
2 634 895 1070
2 ´ LiCl 1127 sh ± ±
2 ´ NaCl 1177 ± ±
3 315 640 926
3 ´ LiCl 1175 sh ± ±
4 480 795 1042
4 ´ LiCl 865 1155 1402
5 536 772 984
5 ´ LiCl 1180 sh ± ±


[a] sh� shoulder.
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Figure 3. a) Solutions of 1 (left), 1 ´ NaCl (middle), and 1 ´ LiCl (right) in
CHCl3 (1.4 mL; concn� 650 mm); b) Upon addition of DDQ in CHCl3


(300 mL; 6.7 mm) the free receptor is oxidized (left), whereas for the alkali
metal complexes only slight changes are observed; c) The same experiment
in a mixture of MeOH and CHCl3 (7:3); the Na� complex (middle) and the
Li� complex (right) can clearly be distinguished; d) Solutions of 4 (left) and
4 ´ LiCl (right) in CHCl3 (1.4 mL; concn� 650 mm); e) Upon addition of
DDQ in CHCl3 (100 mL; 6.7mm), a pronounced difference between the
free receptor (left) and the Li� complex (right) is observed. The photos
were taken approximately 1 min after addition of DDQ.


These experiments show that the redox-responsive macro-
cycles 1 and 4 can be employed to detect Li� and Na� ions in a
simple colorimetric test. Given the very high selectivity and
affinities of these receptors, various analytical applications
can be envisioned.


Structural and theoretical investigations : In order to under-
stand the structural parameters which affect the affinity and
selectivity of our receptors, we have performed a compre-
hensive crystallographic analysis of the macrocyclic com-
plexes with and without guest molecules. In this context, it
should be noted that so far there are only very few metal-
lacrowns for which structural data are available for both the
neutral host and the corresponding host ± guest complex.[5c, 5j]


Similar to 1,[6] the trinuclear complexes 2, 3, and 5 show a
pseudo C3 symmetrical geometry with three tetrahedral
(arene)RuII or Cp*Rh corners connected by 3-oxo-2-pyrido-
nate ligands (Figures 4, 5, and 6). The catechol part of the


Figure 4. Molecular structure of receptor 2 in the crystal. The hydrogen
atoms are omitted for clarity.


Figure 5. Molecular structure of receptor 3 in the crystal. The hydrogen
atoms are omitted for clarity.


Figure 6. Molecular structure of receptor 5 in the crystal. The hydrogen
atoms are omitted for clarity.


ligand is coordinated in a slightly bent fashion to the metal
centers with dihedral angles VMOCC between 8.2 and 15.18
(Table 2). Likewise, the pyridine part of the ligand is not
bound in a linear fashion with dihedral angles VMNCC between
5.2 and 9.88. Overall, the bond lengths and angles of the metal-
pyridonate skeleton of all receptors are very similar. Never-
theless, the receptors show some flexibility which is man-
ifested in the differences of the MÿM' distances of up to
0.20 �. Notably, the RuÿRu distance (5.46 �) as well as the
OÿO' distance (3.21 �) of the hexamethylbenzene complex 3
is larger than those found for 1, 2, and 5 (RuÿRu� 5.32 ±
5.38 �; OÿO'� 3.04 ± 3.10 �). Presumably, this is due to
repulsion between the bulky arene ligands. Similarly, the
MÿM' distances are lengthened (compared with the free
receptor) if sterically demanding guest molecules are present
such as in 1 ´ NaI (DRuÿRu'� 0.04 �) and in 2 ´ NaBr
(DRuÿRu'� 0.07 �). A related situation is encountered for
5 : upon coordination of LiCl the Cp* ligands and also the Rh
atoms move apart (DRhÿRh'� 0.12 �).


The structure of the amide complex 8 (Figure 7) in the
crystal is similar to those of the 3-oxy-2-pyridonate complexes.
Again, a pseudo C3 symmetrical structure is observed with all
amide donor groups having a cis RuÿNÿCÿO configuration.
The coordinating amide is markedly nonplanar with an
averaged dihedral angle of VRuNCO� 27.88.
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Figure 7. Molecular structure of receptor 8 in the crystal. The hydrogen
atoms and the cymene ligands are omitted for clarity.


In all alkali metal halide complexes which have been
structurally characterized (1 ´ LiCl,[6] 1 ´ NaCl,[6] 1 ´ NaI, 2 ´
LiCl, 2 ´ NaBr, 5 ´ LiCl) the alkali metal ion is coordinated to
the three adjacent O-atoms of the metallacrown ether (Fig-
ure 8). The fourth coordination site is occupied by the halide


Figure 8. Molecular structures of alkali metal halide complexes in the
crystal (ball and stick representation).


anion. For 2 ´ LiCl, we were able to grow a second type of
single crystal, the crystallographic investigation of which
revealed a lithium ion coordinated to a water molecule
instead of the chloride ion. Unfortunately, we were unable to
obtain crystallographic data of satisfactory quality and there-
fore a more detailed analysis of this second type of structure is
not presented.


For the Li� complexes, LiÿO distances between 1.94 and
1.97 � were observed. This is comparable to the values found
for organic [12]crown-3 type Li� complexes (1.83 ± 1.99 �).[28]


The LiÿCl distances of 2.36, 2.38, and 2.42 � are in between of
what is found for monomeric LiCl (2.02 �)[29] and crystalline
LiCl (2.57 �)[30] but longer than the LiÿCl bond length
observed for [12]crown-4 ´ LiCl in the crystal (2.29 �).[31]


The NaÿX distances (X�Cl, Br, I) are remarkably short.
Searching the Cambridge Structural Database, we found that
NaCl complexes with a NaÿCl bond length between 2.64 and
3.05 � can be found (for crystalline NaCl the value is
2.82 �).[32] For 1 ´ NaCl, a bond length of only 2.53 � is
observed. A similar situation is encountered for 1 ´ NaI
(NaÿI� 2.97 �) and 2 ´ NaBr (NaÿBr� 2.73 �). Comparable
complexes such as [15]crown-5 ´ NaI (NaÿI� 3.05 �)[33] and
C-pivot lariat [16]crown-5 ´ NaBr (NaÿBr� 2.88 �)[34] have
significantly longer MÿX bonds. The unusually short NaÿX
distances found for 1 ´ NaCl, 1 ´ NaI, and 2 ´ NaBr are most
likely the result of the special geometry, with Na� having the
atypical coordination number four.[35] This was confirmed by a
computational study, performed to compare the structural
parameters of our metallacrowns with the optimized struc-
tures of the corresponding [12]crown-3 alkali metal halide
complexes.[36] Energy-minimized geometries were calculated
in C3 symmetry for the LiCl complex and for three NaX
adducts (X�Cl, Br, I) at the density functional theory level
by using the hybrid method B3LYP. The relevant bond lengths
and angles are listed in Table 3. It is important to note that the
calculated OÿO' distances for the Na� complexes (3.09 �)
closely match the experimentally determined values of 3.11 ±
3.14 � found for 1 ´ NaCl, 1 ´ NaI, and 2 ´ NaBr which are also
similar to the values found for the free receptors. Thus, the
three donor atoms of the rigid metallamacrocycles have


Table 2. Selected bond lengths [�] and angles [8] for the macrocyclic receptors 1, 2, 3, 5, and 8.[a]


MÿN MÿO MÿX OÿMÿX MÿOÿC1ÿC2 MÿNÿC1ÿC2 OÿO' MÿM' V[c]


1 2.13 2.08 2.05 79.41 11.1 7.6 3.09 5.38 43.9
1 ´ NaCl[b] 2.14 2.09 2.04 79.29 11.6 7.8 3.11 5.36 43.9
1 ´ NaI 2.15 2.10 2.05 79.20 12.3 8.5 3.14 5.42 45.6
1 ´ LiCl[b] 2.14 2.10 2.06 79.51 8.8 9.2 2.97 5.36 41.8
2 2.13 2.08 2.07 79.66 8.2 5.2 3.04 5.32 41.6
2 ´ NaBr 2.14 2.11 2.06 79.1 10.8 5.7 3.11 5.39 44.5
2 ´ LiCl 2.14 2.11 2.05 79.44 8.4 8.1 2.98 5.38 44.1
3 2.14 2.12 2.05 78.61 15.1 9.8 3.21 5.46 49.5
5 2.13 2.09 2.06 80.12 11.2 5.8 3.10 5.35 43.6
5 ´ LiCl 2.12 2.14 2.06 79.2 10.8 9.1 3.07 5.47 51.2
8 2.14 2.08 2.10 77.81 14.1 11.1 3.11 5.27 37.1


[a] Averaged values are given; M�Ru, Rh. [b] Values from ref. [6]. [c] For a definition of V see Figure 11.
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almost the ideal geometry to bind sodium ions in a tetrahedral
coordination environment. Given the very high degree of
preorganization, this may contribute significantly to the high
binding affinity of 1 and 2 towards Na�. As expected, for
[12]crown-3 ´ LiCl the calculated OÿO' distance of 2.85 � is
shorter than what was found for the Na� complexes. This
value is in agreement with the 2.90 � found for [12]crown-3 ´
LiNCS.[28a] A similar trend is observed for the complexes 1 ´
LiCl and 2 ´ LiCl, which show shorter OÿO' distances of only
2.97 and 2.98 �. The bond angles at the alkali metal ion are
also different for the Li� and the Na� complexes: whereas the
XÿNaÿO (126.2� 0.18) angles are larger than the XÿLiÿO
angles (118.3� 0.18), the opposite is true for the OÿMÿO
angles. Here, the OÿNaÿO angles (88.6� 0.28) are smaller
than the OÿLiÿO angles (99.4� 0.18). These trends are nicely
reflected by the results of the theoretical investigations. The
calculated NaÿX distances (X�Cl, Br, I) are also remarkably
short. This indicates that the tetrahedral coordination geom-
etry for Na� in combination with a terminal halogeno ligand is
indeed responsible for the short NaÿX bonds and not the
special stereoelectronic effects of the receptor.


Amongst the various factors which contribute to the
thermodynamic stability of ionophore metal complexes, the
desolvation of the free receptor has to be considered. The
structures of 1 and 2 in the crystal show one molecule of water
in the cavity of the receptor fixed by a hydrogen bond to the
adjacent O-atom. For 2, the adduct 2 ´ H2O can also be
detected by mass spectroscopy. For 3 and 5, on the other hand,
neither the crystal structure nor mass spectroscopy point to
solvent molecules within the cavity. Complex 8 co-crystallizes
with three molecules of water, none of which is found in the
cavity. This data supports the conclusion that the energy
requirements for desolvation are rather low and thus do not
contribute significantly to the free energy of complexation
since a maximum of one molecule of water can occupy the
small binding cavity.


The crystallographic data also provide an explanation for
the fact that both the nature of the alkali metal ion as well as
the nature of the halide ion affect the chemical shifts of the
arene protons since they are located in close proximity to each
other. In the case of 1 ´ LiCl, for example, a minimal HaromÿCl
distance of only 2.62 � is observed. For NaCl, this value is


Figure 9. Geometry of the metallacrowns coordinated to an alkali metal
halide ion pair (left, only selected atoms are shown) in comparison with the
optimized structure of a [12]crown-3 complex (right). For bond lengths and
angles see Table 3.


increased to 2.99 � due to the longer NaÿO and NaÿCl bond
lengths and smaller OÿNaÿO angles.


In Figure 10, CPK models (based on crystallographic data)
of the receptors 1, 2, 3, and 5 together with the corresponding
Li� and Na� complexes are depicted. The view along the
pseudo C3 axis shows that the arene and Cp* ligands form the


Figure 10. View along the pseudo C3 axis of the receptors 1, 2, 3, and 5
(CPK model) together with the corresponding Li� and Na� complexes. The
halide atoms are not shown for clarity.


walls of a cavity, on the bottom of which the three oxygen
donor atoms are positioned. In the case of 1 and 2, this cavity
is large enough to accommodate lithium and sodium ions. For
the hexamethylbenzene complex 3 and the Cp*Rh complex 5,
on the other hand, this cavity is too small for Na�.
Consequently, only lithium salts can be bound. The perfect
selectivity of 1 and 2 for Na� over K� and that of 3 and 5 for
Li� over Na� is a direct consequence of this rigid cavity.


A comparison of the structure of 5 with that of 5 ´ LiCl
highlights the conformational changes, which occur upon
binding of LiCl. In 5, three of the Cp* methyl groups point
towards the center of the complex. In 5 ´ LiCl, the Cp* ligands
are rotated by approximately 368 in order to reduce the steric
interaction with the guest. But more importantly, the rhodium
atoms move apart, and simultaneously the Cp* ligands slightly


Table 3. Selected bond lengths [�] and angles [8] for the alkali metal
complexes of 1 and 2 (X�Cl, Br, I) in comparison with calculated and
experimental values for [12]crown-3 complexes (see Figure 9).[a]


data MÿX MÿO XÿMÿO OÿMÿO OÿO'


1 ´ LiCl[b] X-ray 2.42 1.95 118.4 99.3 2.97
2 ´ LiCl X-ray 2.38 1.96 118.25 99.4 2.98
5 ´ LiCl X-ray 2.36 1.97 115.7 102.6 3.07
1 ´ NaCl[b] X-ray 2.53 2.23 126.3 88.4 3.11
2 ´ NaBr X-ray 2.73 2.23 126.2 88.6 3.11
1 ´ NaI X-ray 2.97 2.24 126.1 88.8 3.14
[12]C-3 ´ LiNCS[c] X-ray ± 1.93 ± 97.2 2.90
[12]C-3 ´ LiCl calcd 2.20 1.89 119.4 97.9 2.85
[12]C-3 ´ NaCl calcd 2.47 2.36 130.9 81.7 3.09
[12]C-3 ´ NaBr calcd 2.62 2.36 130.8 81.9 3.09
[12]C-3 ´ NaI calcd 2.84 2.35 130.7 82.1 3.09


[a] Averaged values are given; M�Li, Na. [b] Values from ref. [6].
[c] Values from ref. [28a].
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flip back. Both changes make the cavity more accessible.
Interestingly, there is a direct correlation between the MÿM'
distance and the (averaged) angle between the plane defined
by the p-ligand (arene or Cp*) and the plane defined by the
three O-atoms for all complexes, which were investigated by
X-ray diffraction (Figure 11 and Table 2).


Conclusion


Organometallic analogues of [12]crown-3 have been synthe-
sized in a single-step self-assembly process by using half-
sandwich complexes of ruthenium or rhodium in combination
with 3-oxy-2-pyridonate ligands. The metallacrown ethers
display a very high affinity for Na� and/or Li� with binding
constants comparable to those of cryptands. The selectivity of
the receptors was shown to depend on the nature of the
organometallic fragment. By using sterically demanding p-
ligands, we were able to obtain Li� selective ionophores. The
molecular structures of the metallacrowns provide an expla-
nation for both the exceptional affinity and selectivity. The
receptors are highly preorganized with three oxygen atoms
ideally positioned to bind small alkali metal ions. Surrounded
by three p-ligands, the donor atoms are hardly solvated, and
larger cations are efficiently blocked. The binding of alkali
metal halides can be detected electrochemically: in the
presence of guest molecules the first oxidation potential is
shifted by more than 300 mV toward anodic potential. This
behavior was utilized to develop a simple colorimetric test for
Li� and Na�. Given the fact that the synthetic access to this
class of compounds is very easy, the aforementioned charac-
teristics make them potentially well suited for applications in
analytical chemistry.


Experimental Section


General : The synthesis of all complexes was performed under an
atmosphere of dry dinitrogen with the use of standard Schlenk techniques.
Compounds 3-acetamido-2-pyridone,[37] [Cp*RhCl2]2,[38] [(cymene)-
RuCl2]2,[39] [(C6H6)RuCl2]2,


[40] [(C6H3Et3)RuCl2]2,[41] and [(C6Me6)RuCl2]2
[39]


were prepared according to literature procedures. Compounds 4,7,13,18-
tetraoxa-1,10-diazabicyclo[8.5.5]eicosane (cryptand-2,1,1), 3-hydroxy-2-
pyridone, and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) were


purchased from Aldrich. Cs2CO3 (99 %) was purchased from Fluka. The
1H, 13C, and 7Li spectra were recorded on a JEOL EX 400 or a GSX 270
spectrometer with the use of the residual protonated solvents as internal
standard (1H, 13C NMR) or LiCl in D2O as the external standard. All
spectra were recorded at room temperature. The molecular weights were
determined with a JEOL MStation JMS 700 mass spectrometer in the FAB
mode (fast atom bombardment) with the use of m-nitrobenzyl alcohol


(NBA) as the matrix or in the FD
mode (field desorption).


[(C6H6)Ru(C5H3NO2)]3 (2): The com-
pound [(C6H6)RuCl2]2 (500 mg,
1.00 mmol) was added to a solution
of 3-hydroxy-2-pyridone (222 mg,
2.00 mmol) and Cs2CO3 (1.63 g,
5.00 mmol) in degassed water (5 mL).
The mixture was stirred for 30 min at
room temperature. The resulting or-
ange precipitate was isolated by filtra-
tion and washed with water. Drying at
65 8C gave an orange powder (yield:
197 mg, 31 %). Crystals were obtained
by slow diffusion of pentane into a
solution of 2 in chloroform.


IR (KBr): nÄ � 1631 (br, m), 1597 (m),
1541 (s), 1452 cmÿ1 (br, s); 1H NMR
(270 MHz, CDCl3): d� 5.55 (s, 18H;
C6H6), 5.72 (dd, 3J� 7 Hz, 3J� 6 Hz,
3 H; CH, pyridone), 6.20 (dd, 3J�
7 Hz, 4J� 2 Hz, 3H; CH, pyridone),


6.70 (dd, 3J� 6 Hz, 4J� 2 Hz, 3H; CH, pyridone); 13C NMR (101 MHz,
CDCl3): d� 81.85 (C6H6), 110.74, 115.76, 132.97, 156.07, 170.80 (pyridone);
Mcalcd� 865; MS (FAB� ): (m/z): 866 [M�H]� ; elemental analysis calcd
(%) for C33H27N3O6Ru3 ´ 5 H2O: C 41.51, H 3.91, N 4.40; found C 41.57, H
4.24, N 4.32.


[(C6Me6)Ru(C5H3NO2)]3 (3): A suspension of [(C6Me6)RuCl2]2 (201 mg,
0.30 mmol), 3-hydroxy-2-pyridone (67 mg, 0.60 mmol), and Cs2CO3


(489 mg, 1.50 mmol) in degassed methanol (15 mL) was stirred for 2 h at
room temperature. During that time a clear orange solution was obtained.
After evaporation of 2/3 of the solvent in vacuo, the flask was placed in a
freezer (ÿ20 8C). After 24 h, orange crystals formed, which were washed
with water and dried. Crystals were obtained by slow diffusion of pentane
into a solution of 3 in dichloromethane (yield: 173 mg, 72 %).


IR (KBr): nÄ � 1630 (br, m), 1596 (m), 1539 (s), 1443 cmÿ1 (br, s); 1H NMR
(400 MHz, CDCl3): d� 2.12 (s, 45H; CH3), 5.56 (dd, 3J� 7 Hz, 3J� 7 Hz,
3H; CH, pyridone), 5.97 (dd, 3J� 7 Hz, 4J� 2 Hz, 3H; CH, pyridone), 6.33
(dd, 3J� 7 Hz, 4J� 2 Hz, 3 H; CH, pyridone); 13C NMR (101 MHz, CDCl3):
d� 16.22 (CH3), 88.92 (C6Me6), 109.65, 112.70, 131.84, 158.36, 172.39
(pyridone); Mcalcd� 1117; MS (FAB� ): (m/z): 1118 [M�H]� ; elemental
analysis calcd (%) for C51H63N3O6Ru3 ´ CH2Cl2: C 51.95, H 5.45, N 3.50;
found C 52.04, H 5.35, N 3.49.


[(C6H3Et3)Ru(C5H3NO2)]3 (4): A suspension of [(C6H3Et3)RuCl2]2


(334 mg, 0.50 mmol), 3-hydroxy-2-pyridone (111 mg, 1.00 mmol), and
Cs2CO3 (815 mg, 2.50 mmol) in degassed methanol (20 mL) was stirred
for 1 h at room temperature. During that time, a clear orange solution was
obtained. After evaporation of the solvent under reduced pressure the
product was extracted with diethyl ether (2� 40 mL). Evaporation of the
solvent gave an orange powder which was crystallized from hot hexane
(yield: 310 mg, 82 %).


IR (KBr): nÄ � 1617 (br, m), 1594 (m), 1538 (s), 1453 cmÿ1 (br, s); 1H NMR
(400 MHz, CDCl3): d� 1.30 (t, 3J� 8 Hz, 27 H; CH3), 2.46 ± 2.58 (m, 18H;
CH2), 4.75 (s, 9 H; C6H3Et3), 5.61 (t, 3J� 7 Hz, 3H; CH, pyridone), 6.02 (dd,
3J� 7 Hz, 4J� 2 Hz, 3 H; CH, pyridone), 6.57 (dd, 3J� 7 Hz, 4J� 2 Hz, 3H;
CH, pyridone); 13C NMR (101 MHz, CDCl3): d� 14.52 (CH3), 26.49 (CH2),
71.68 (CH, C6H3Et3), 105.84 (C, C6H3Et3), 109.72, 113.51, 132.48, 157.63,
171.41 (pyridone); Mcalcd� 1117; MS (FAB� ): (m/z): 1118 [M�H]� ;
elemental analysis calcd (%) for C51H63N3O6Ru3 ´ H2O: C 53.96, H 5.77, N
3.70; found C 54.07, H 5.98, N 3.58.


[Cp*Rh(C5H3NO2)]3 (5): A suspension of [Cp*RhCl2]2 (309 mg,
0.50 mmol), 3-hydroxy-2-pyridone (111 mg, 1.00 mmol), and Cs2CO3


(815 mg, 2.50 mmol) in degassed methanol (25 mL) was stirred for 1.5 h


Figure 11. The crystallographic analysis reveals a linear correlation between the MÿM' distance and the angle V


(for the data see Table 2). The ball and stick representation shows the molecular structure of 5. Two of the three
Cp* ligands as well as the hydrogen atoms are omitted for clarity.
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at room temperature. During that time a clear orange solution was
obtained. After evaporation of the solvent under reduced pressure, the
product was extracted with dichloromethane (40 mL). Addition of hexane
(20 mL) and evaporation of the solvent gave an orange-brown powder
(yield: 312 mg, 90%). Crystals were obtained by vapor diffusion of pentane
into a solution of 5 in toluene.


IR (KBr): nÄ � 1620 (br, m), 1591 (m), 1535 (s), 1460 cmÿ1 (br, s); 1H NMR
(270 MHz, CDCl3): d� 1.72 (s, 45 H; Cp*), 5.70 (dd, 3J� 6 Hz, 3J� 7 Hz,
3H; CH, pyridone), 6.12 (dd, 3J� 7 Hz, 4J� 2 Hz, 3H; CH, pyridone), 6.69
(dd, 3J� 6 Hz, 4J� 2 Hz, 3 H; CH, pyridone); 13C NMR (68 MHz, CDCl3):
d� 9.33 (Cp*), 90.03 (d, 1JRhC� 9 Hz, C5(CH3)5), 109.90, 113.48, 131.39,
158.52, 170.84 (pyridone); Mcalcd� 1042; MS (FD� ): (m/z): 1042 [M]� ;
elemental analysis calcd (%) for C45H54N3O6Rh3 ´ CH2Cl2 ´ H2O: C 48.27, H
5.11, N 3.67; found C 47.89, H 5.39, N 3.38.


[(cymene)Ru(C5H4NO2)Cl] (6): CsOH in methanol (0.40 mmol, 2m) was
added to a solution of [(cymene)RuCl2]2 (122 mg, 0.20 mmol) and
3-hydroxy-2-pyridone (44 mg, 0.40 mmol) in degassed methanol (10 mL).
After stirring for 30 min at room temperature, the solvent was evaporated
under reduced pressure. The product was extracted with dichloromethane
(3� 5 mL). Upon addition of hexane (25 mL) and evaporation of the
solvent, an orange powder was obtained (yield: 140 mg, 80%).


IR (KBr): nÄ � 1589 (s, br), 1538 cmÿ1 (vs); 1H NMR (400 MHz, CDCl3): d�
1.30 (d, 3J� 7 Hz, 6 H; CH(CH3)2), 2.26 (s, 3H; CH3, cymene), 2.88 (sept,
3J� 7 Hz, 1H; CH(CH3)2), 5.27 ± 5.31 (m, 2 H; CH, cymene), 5.49 ± 5.52 (m,
2H; CH, cymene), 6.15 (t, 3J� 7 Hz, 1 H; CH, pyridone), 6.53 (br s, 1H;
CH, pyridone), 6.68 (d, 3J� 8 Hz, 1H; CH, pyridone), 11.35 (br s, 1H; NH);
13C NMR (101 MHz, CDCl3): d� 18.63, 22.43, 22.58 (CH3), 31.19
(CH(CH3)2), 77.53, 78.72, 79.99 (CH, cymene), 95.19, 99.52 (C, cymene),
112.33, 117.86, 118.99, 160.31, 165.71 (pyridone); Mcalcd� 381; MS (FAB� ):
(m/z): 382 [M�H]� ; elemental analysis calcd (%) for C15H18ClNO2Ru ´
0.5CHCl3: C 42.26, H 4.23, N 3.18; found C 42.74, H 3.48, N 3.15.


[(C6Me6)Ru(C5H4NO2)Cl] (7): CsOH in methanol (0.20 mmol, 2m) was
added to a suspension of [(C6Me6)RuCl2]2 (67 mg, 0.10 mmol) and
3-hydroxy-2-pyridone (22 mg, 0.20 mmol) in degassed methanol. The
mixture was stirred for 1 h at room temperature. Subsequently, the
suspension was warmed to 60 8C, and methanol was added until a clear
solution was obtained. The solution was placed in a freezer (ÿ20 8C). After
24 h, orange crystals formed, which were isolated and dried in vacuo (yield:
69 mg, 75%).


IR (KBr): nÄ � 1597 (br, s), 1537 cmÿ1 (vs); 1H NMR (400 MHz, CDCl3):
d� 2.15 (s, 15H; CH3), 6.14 (ddd, 3J� 6 Hz, 3J� 8 Hz, 4J� 2 Hz, 1 H; CH,
pyridone), 6.64 (dd, 3J� 8 Hz, 4J� 2 Hz, 1H; CH, pyridone), 6.68 (dd, 3J�
8 Hz, 4J� 2 Hz, 1H; CH, pyridone), 10.98 (br s, 1 H; NH); 13C NMR
(101 MHz, CDCl3): d� 15.66 (CH3), 88.64 (C6Me6), 112.33, 117.64, 118.74,
160.70, 165.88 (pyridone); Mcalcd� 409; MS (FAB� ): (m/z): 410 [M�H]� ;
elemental analysis calcd (%) for C17H22ClNO2Ru ´ 1.5CH3OH: C 48.63, H
6.18, N 3.07; found C 48.31, H 5.78, N 3.12.


[(cymene)Ru(C7H6N2O2)]3 (8): A suspension of [(cymene)RuCl2]2


(306 mg, 0.50 mmol), 3-acetamido-2-pyridone (152 mg, 1.00 mmol), and
Cs2CO3 (815 mg, 2.50 mmol) in degassed methanol (25 mL) was stirred for
1 h at room temperature. During that time, a clear orange solution was
obtained. After evaporation of the solvent under reduced pressure, the
product was extracted with benzene (2� 50 mL). Evaporation of the
solvent gave an orange-brown powder (yield: 173 mg, 45 %). Crystals were
obtained by vapor diffusion of pentane into a solution of 8 in
benzene.


IR (KBr): nÄ � 1589 (s), 1540 (m), 1457 (vs), 1439 cmÿ1 (s, sh); 1H NMR
(400 MHz, CDCl3): d� 1.28 (d, 3J� 7 Hz, 9H; CH(CH3)2), 1.30 (d, 3J�
7 Hz, 9 H; CH(CH3)2), 1.85 (s, 9 H; CH3, cymene), 2.25 (s, 9H; CH3,
pyridone), 2.71 (sept, 3J� 7 Hz, 3H; CH(CH3)2), 5.41 (d, 3J� 5 Hz, 3H;
CH, cymene), 5.52 (d, 3J� 6 Hz, 3H; CH, cymene), 5.59 (dd, 3J� 6 Hz, 3J�
7 Hz, 3H; CH, pyridone), 5.87 (dd, 3J� 6 Hz, 4J� 1 Hz, 3H; CH,
pyridone), 5.98 (d, 3J� 5 Hz, 3H; CH, cymene), 6.28 (d, 3J� 6 Hz, 3H;
CH, cymene), 6.78 (dd, 3J� 7 Hz, 4J� 1 Hz, 3H; CH, pyridone); 13C NMR
(101 MHz, CDCl3): d� 18.04, 20.92, 23.71, 25.08 (CH3), 31.86 (CH(CH3)2),
82.69, 83.13, 87,98 (br) (CH, cymene), 97.43, 98.46 (C, cymene), 108.78,
125.26, 128.41, 139.52, 141.16, 172.96, 178.52 (pyridone); Mcalcd� 1156; MS
(FAB� ): (m/z): 1157 [M�H]� ; elemental analysis calcd (%) for


C51H60N6O6Ru3 ´ 3H2O ´ 2C6H6: C 55.37, H 5.75, N 6.15; found C 54.70, H
5.80, N 6.21.


General method for the synthesis of alkali metal halide adducts : The
receptor and an excess of the respective alkali metal halide were dis-
solved in methanol (for 2 : CHCl3/MeOH; 1:1). After evaporation of the
solvent under reduced pressure, the MX (M�Li, Na; X�Cl, Br, I)
complexes were extracted with CDCl3 and examined by 1H and 7Li NMR
spectroscopy. Evaporation of the solvent gave the products as orange
powders.


1 ´ NaI : 1H NMR (400 MHz, CDCl3): d� 1.29 (d, 3J� 7 Hz, 9 H;
CH(CH3)2), 1.32 (d, 3J� 7 Hz, 9 H; CH(CH3)2), 1.75 (s, 9H; CH3, cymene),
2.85 (sept, 3J� 7 Hz, 3 H; CH(CH3)2), 5.06 (d, 3J� 6 Hz, 3 H; CH, cymene),
5.78 (d, 3J� 6 Hz, 3 H; CH, cymene), 5.79 (d, 3J� 6 Hz, 3H; CH, cymene),
5.84 (dd, 3J� 7 Hz, 3J� 6 Hz, 3 H; CH, pyridone), 6.30 (dd, 3J� 7 Hz, 4J�
2 Hz, 3H; CH, pyridone), 6.70 (dd, 3J� 6 Hz, 4J� 2 Hz, 3H; CH,
pyridone). Crystals were obtained by vapor diffusion of pentane into a
solution of 1 ´ NaI in benzene.


2 ´ LiCl : 1H NMR (400 MHz, CDCl3): d� 5.91 (s, 18H; C6H6), 5.91 (pt, 3J�
7 Hz, 3H; CH, pyridone), 6.39 (dd, 3J� 7 Hz, 4J� 2 Hz, 3H; CH,
pyridone), 6.77 (dd, 3J� 6 Hz, 4J� 2 Hz, 3H; CH, pyridone); 7Li NMR
(155 MHz, CDCl3): d�ÿ1.47. Crystals were obtained by slow diffusion of
pentane into a solution of 2 ´ LiCl in chloroform.


2 ´ NaCl : 1H NMR (400 MHz, CDCl3): d� 5.81 (s, 18 H; C6H6), 5.85 (dd,
3J� 7 Hz, 3J� 6 Hz, 3 H; CH, pyridone), 6.33 (dd, 3J� 7 Hz, 4J� 2 Hz, 3H;
CH, pyridone), 6.73 (dd, 3J� 6 Hz, 4J� 2 Hz, 3 H; CH, pyridone).


2 ´ NaBr : 1H NMR (400 MHz, CDCl3): d� 5.82 (s, 18 H; C6H6), 5.85 (dd,
3J� 7 Hz, 3J� 6 Hz, 3 H; CH, pyridone), 6.33 (dd, 3J� 7 Hz, 4J� 2 Hz, 3H;
CH, pyridone), 6.73 (dd, 3J� 6 Hz, 4J� 2 Hz, 3H; CH, pyridone). Crystals
were obtained by slow diffusion of pentane into a solution of 2 ´ NaBr in
chloroform.


3 ´ LiCl : 1H NMR (400 MHz, CDCl3): d� 2.15 (s, 45 H; CH3), 5.89 (dd, 3J�
7 Hz, 3J� 6 Hz, 3H; CH, pyridone), 6.31 (dd, 3J� 7 Hz, 4J� 2 Hz, 3 H; CH,
pyridone), 6.36 (dd, 3J� 6 Hz, 4J� 2 Hz, 3H; CH, pyridone); 7Li NMR
(155 MHz, CDCl3): d�ÿ1.98.


4 ´ LiCl : 1H NMR (400 MHz, CDCl3): d� 1.25 (t, 3J� 5 Hz, 27 H; CH3),
2.50 ± 2.55 (m, 9H; CH2), 2.88 ± 2.91 (m, 9H; CH2), 5.29 (br s, 9 H; C6H3Et3),
5.78 (dd, 3J� 7 Hz, 3J� 6 Hz, 3 H; CH, pyridone), 6.24 (dd, 3J� 7 Hz, 4J�
2 Hz, 3H; CH, pyridone), 6.64 (dd, 3J� 6 Hz, 4J� 2 Hz, 3H; CH,
pyridone); 7Li NMR (155 MHz, CDCl3): d�ÿ1.59.


5 ´ LiCl : 1H NMR (400 MHz, CDCl3): d� 1.73 (s, 45H; Cp*), 6.01 (dd, 3J�
6 Hz, 3J� 7 Hz, 3H; CH, pyridone), 6.39 (dd, 3J� 7 Hz, 4J� 2 Hz, 3 H; CH,
pyridone), 6.73 (dd, 3J� 6 Hz, 4J� 2 Hz, 3H; CH, pyridone); 7Li NMR
(155 MHz, CDCl3): d�ÿ1.40. Crystals were obtained by vapor diffusion of
pentane into a solution of 5 ´ LiCl in toluene.


Competition experiments : An equimolar mixture of receptor A, recep-
tor B, and LiCl (6 mmol each) in methanol (5 mL) was allowed to
equilibrate for 1 h at 50 8C. After evaporation of the solvent, the resulting
mixture was examined by 1H NMR spectroscopy in CDCl3. The amount of
the free receptors and the corresponding LiCl adducts was determined by
integration of suitable signals. In competition experiments between
complex 3 and complex 5, the solution in methanol was stirred at room
temperature for 3 h. At elevated temperatures, mixing between the two
receptors was observed, that is heterometallic trimers were formed. This
was confirmed by mass spectrometry. For LiCl, stock solutions were
employed.


In competition experiments between receptor 4 and cryptand-2,1,1, equi-
molar amounts were stirred in methanol with one equivalent of LiCl for
1.5 h at 50 8C. After evaporation of the solvent, half of the mixture was
dissolved in CD3OD, the other half in CDCl3, and transferred into NMR
tubes. The tubes were subsequently tempered for several hours (4 ± 7 h) at
55 8C, and 1H NMR spectra were recorded. This procedure was repeated
until the relative amount of free and complexed receptor was constant.


Extraction experiments : A degassed mixture of LiCl dissolved in H2O (2m)
and complex 4 dissolved in CDCl3 (10 mm) was thoroughly stirred for 24 h.
The relative amount of 4 ´ LiCl was then determined by 1H NMR
spectroscopy.


CV measurements : The voltammetric investigations were carried out on a
BAS-100B/W Electrochemical Analyzer, Bioanalytical Systems (West
Lafayette, Indiana). Potentials were measured against the Ag/AgCl ªLeek
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Freeº reference electrode, Cypress Systems, Inc. (Lawrence, Kansas), by
using a glassy carbon working electrode (3 mm diameter) at a scan rate of
4015 mV secÿ1. The complexes 1 ± 5 or the respective alkali metal halide
adducts were dissolved in dry CH3CN/CH2Cl2 (1:1) (ca. 5mm) containing
tetra-n-butylammonium tetrafluoroborate as the supporting electrolyte
(0.1 m) under a dinitrogen atmosphere.


X-ray structure analyses : The structures of complex 1 ´ NaI, 2, 2 ´ LiCl, 2 ´
NaBr, 5, 5 ´ LiCl, and 8 were determined with a Stoe IPDS instrument
(Tables 4 and 5). The structure of complex 3 was determined with an Enraf-
Nonius diffractometer. Structure solution was performed by direct methods
by using SIR97,[42] SHELXS97, or SHELXS 86.[43] Refinement: full-matrix
least squares on F 2 (SHELXL 97, SHELXL93).[43] For the hydrogen atoms,


Table 4. Crystallographic data for the receptors 2, 3, 5, and 8.


2 ´ H2O ´ 1.5 CHCl3 3 ´ CH2Cl2 5 ´ 2C6H5CH3 8 ´ 3H2O ´ 2C6H6


empirical formula C34.5H30.5Cl4.5N3O7Ru3 C52H65Cl2N3O6Ru3 C59H70N3O6Rh3 C63H78N6O9Ru3


Mr [gmolÿ1] 1061.87 1202.18 1225.92 1366.52
crystal size 0.35� 0.20� 0.03 0.13� 0.33� 0.43 0.30� 0.13� 0.07 0.25� 0.20� 0.18
crystal system orthorhombic triclinic monoclinic monoclinic
space group Pbca P1Å P21/c P21/c
a [�] 17.5969(9) 10.026(3) 19.674(2) 10.9649(15)
b [�] 14.2050(8) 12.9999(12) 9.3325(8) 22.518(2)
c [�] 29.0465(19) 19.724(3) 29.419(3) 25.026(4)
a [8] 90 90.031(10) 90 90
b [8] 90 103.57(2) 95.816(13) 91.770(17)
g [8] 90 91.757(15) 90 90
V [�3] 7260.5(7) 2497.8(8) 5373.9(9) 6176.1(14)
Z 8 2 4 4
1 [g cmÿ3] 1.943 1.598 1.515 1.470
T [K] 200(3) 295(2) 200(3) 200(3)
absorption coefficient [mmÿ1] 1.617 1.054 0.964 0.784
V range [8] 1.82 to 24.05 2.56 to 23.97 1.65 to 24.06 1.63 to 24.09
index ranges ÿ 18! 20, ÿ10! 16, ÿ33! 33 ÿ 11! 0, ÿ14! 14, ÿ21! 22 ÿ 22! 22, ÿ10! 10, ÿ33! 33 ÿ 12! 12, ÿ24! 25, ÿ28! 28
reflections collected 24504 8320 30263 35523
independent reflections 5592 (Rint� 0.0536) 7816 (Rint� 0.0139) 8445 (Rint� 0.0420) 9743 (Rint� 0.0478)
absorption correction numerical semiempirical numerical numerical
max. and min. transmission 0.9560 and 0.7378 0.9992 and 0.8249 0.9558 and 0.8443 0.9169 and 0.8658
data/restraints/parameters 5592/0/493 7816/42/642 6410/0/652 9743/15/712
goodness-of-fit on F 2 0.896 1.084 0.911 0.987
final R indices [I> 2s(I)] R1� 0.0314, wR2� 0.0618 R1� 0.0305, wR2� 0.0754 R1� 0.0287, wR2� 0.0615 R1� 0.0317, wR2� 0.0823
R indices (all data) R1� 0.0488, wR2� 0.0651 R1� 0.0367, wR2� 0.0798 R1� 0.0434, wR2� 0.0646 R1� 0.0432, wR2� 0.0917
largest diff. peak/hole [e�ÿ3] 0.612/ÿ 0.603 0.378/ÿ 0.611 0.860/ÿ 0.509 0.899/ÿ 0.795


Table 5. Crystallographic data for the complexes 1 ´ NaI, 2 ´ NaBr, 2 ´ LiCl, and 5 ´ LiCl.


1 ´ NaI ´ C6H6 2 ´ NaBr ´ CHCl3 2 ´ LiCl ´ CHCl3 5 ´ LiCl ´ H2O ´ C6H5CH3


empirical formula C51H57IN3NaO6Ru3 C34H28BrCl3N3NaO6Ru3 C34H28Cl4LiN3O6Ru3 C52H64ClLiN3O7Ru3


Mr [gmolÿ1] 1261.12 1087.06 1026.56 1188.68
crystal size 0.23� 0.16� 0.08 0.08� 0.06� 0.04 0.2� 0.18� 0.08 0.23� 0.13� 0.10
crystal system triclinic monoclinic monoclinic triclinic
space group P1Å P21/c P21/c P1Å


a [�] 11.9783(1) 10.0673(6) 10.0390(1) 10.9512(1)
b [�] 12.4667(1) 14.4035(7) 14.0522(1) 12.7927(2)
c [�] 17.3347(1) 25.4963(15) 25.4835(2) 20.4809(2)
a [8] 86.4679(4) 90 90 107.3951(7)
b [8] 78.3356(4) 100.807(7) 100.3306(4) 101.6208(7)
g [8] 88.0359(3) 90 90 90.2617(4)
V [�3] 2529.69(3) 3631.5(4) 3536.68(5) 2675.48(6)
Z 2 4 4 2
1 [g cmÿ3] 1.656 1.988 1.928 1.475
T [K] 200(3) 200(3) 200(3) 200(3)
absorption coefficient [mmÿ1] 1.553 2.614 1.617 0.936
V range [8] 1.20 to 21.97 2.06 to 26.01 1.62 to 27.51 1.07 to 23.00
index ranges ÿ 12! 12, ÿ13! 13,


ÿ18! 18
ÿ 12! 12, ÿ17! 17,
ÿ31! 31


ÿ 13! 13, ÿ17! 18,
ÿ33! 33


ÿ 12! 12, ÿ14! 14,
ÿ22! 22


reflections collected 34753 25439 57347 24 825
independent reflections 6178 (Rint� 0.0366) 7089 (Rint� 0.1468) 8111 (Rint� 0.0772) 7068 (Rint� 0.0334)
absorption correction numerical numerical numerical numerical
max. and min. transmission 0.8877 and 0.7244 0.9375 and 0.8562 0.8868 and 0.7499 0.9352 and 0.8742
data/restraints/parameters 6178/0/553 7089/0/443 8111/0/445 7068/3/566
goodness-of-fit on F 2 1.203 0.760 1.172 1.143
final R indices [I> 2s(I)] R1� 0.0297, wR2� 0.0945 R1� 0.0518, wR2� 0.0853 R1� 0.0399, wR2� 0.1009 R1� 0.0416, wR2� 0.1416
R indices (all data) R1� 0.0381, wR2� 0.1276 R1� 0.1369, wR2� 0.1033 R1� 0.0652, wR2� 0.1291 R1� 0.0559, wR2� 0.1736
largest diff. peak/hole [e�ÿ3] 1.227/ÿ 1.127 1.521/ÿ 1.163 1.291/ÿ 1.479 1.955/ÿ 1.218
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a riding model was employed. Complex 3 co-crystallized with one
disordered molecule of dichloromethane, for which a split position and
restraints were employed. Complex 5 co-crystallized with two molecules of
toluene, one of which was disordered and for which a split position was
used. Complex 8 co-crystallized with two molecules of benzene and three
molecules of water. Restraints were employed for one benzene molecule.
Complex 1 ´ NaI co-crystallized with one molecule of benzene. Complex 2 ´
NaBr co-crystallized with one molecule of chloroform. The benzene ligands
as well as the chloroform molecule were disordered, and split positions
were used for the refinement. Complex 2 ´ LiCl co-crystallized with one
molecule of chloroform. The benzene ligands were disordered, and split
positions were used. Complex 5 ´ LiCl co-crystallized with one molecule of
toluene and one molecule of water. Restraints were employed for the water
molecule.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-157 106 (8),
CCDC-157 107 (5), CCDC-157 108 (2 ´ NaBr), CCDC-157 109 (2), CCDC-
157 110 (1 ´ NaI), CCDC-157 111 (2 ´ LiCl), CCDC-157 112 (5 ´ LiCl), and
CCDC-157 113 (3). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Computational details : The structures of all considered complexes were
fully optimized in C3 symmetry by using the hybrid density functional
theory with the program package Gaussian 98.[44] For H, C, O, Li, and Na, a
standard 6-31G(d,p) basis set was used, and quasirelativistic pseudopoten-
tials (I: ECP46MWB, Br: ECP28MWB, Cl: ECP10MWB)[45] and (5s5p1d)/
[3s3p1d]-DZ�P basis sets were utilized for the halogen atoms.[46] The
computations were carried out at the DFT level by using the hybrid method
B3LYP, which included a mixture of Hartree ± Fock exchange with DFT
exchange correlation. Becke�s three parameter functional, in which the
nonlocal correlation was provided by the LYP expression (Lee, Yang, Parr
correlation functional), was used and was implemented in Gaussian 98. For
a concise definition of the B3LYP functional see ref. [47]. Atomic charges,
natural bond orbitals, and the intramolecular donor ± acceptor energies
were determined by using the NBO analysis.[48, 49] This data can be obtained
from the authors on request.
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Ba4Si3Br2 : A Double Salt of Barium Bromide and Barium Silicide Containing
a Novel Cyclotrisilicide Unit


Steffen Wengert,* Johannes B. Willems, and Reinhard Nesper*[a]


Dedicated to Professor Hans-Georg von Schnering on the occasion of his 70th birthday


Abstract: A new compound of the com-
position Ba4Si3Br2 was obtained by re-
acting BaSi with a melt of BaBr2.
Ba4Si3Br2 may be described as a double
salt between a Zintl phase and a halide.
The structure was determined by single-
crystal X-ray diffraction (P21c, a�
1504.1(2), b� 884.5(1), c� 880.2(1) pm,


b� 101.93(2)8, R� 0.041 Rw� 0.079).
The crystal structure contains isolated
barium cations and bromide anions as


well as novel singly bonded cyclotrisili-
cid units. The electronic structure has
been studied by linear Muffin tin orbital
(LMTO) band structure calculations,
which reveal semiconducting behavior
with a band gap of about 0.1 eV, and by
an analysis of the electron localization
function.


Keywords: cluster compounds ´
double salts ´ electron localization
function ´ silicides ´ Zintl phases


Introduction


Zintl phases make up a class of solid compounds between
metals and semimetals that are situated electronically amid
intermetallic and insulating valence compounds. A great deal
of research has been carried out on Zintl phases of silicon over
the last few decades. Thus, a rich variety of, in some cases,
completely new homoatomic silicon arangements and oligo-
meric clusters, so-called Zintl anions, has been established.[1]


There is an increasing interest in the chemical reactions of
Zintl phases, not least because of luminscence phenomena.
While the search for novel Zintl phases has led to a large
number of novel compounds with interesting properties, the
rich chemical potential of this class of compounds was hardly
been explored. About 70 years ago, E. Zintl showed that it is
possible to dissolve binary phases like Na4Sn9 or Na4Pb9 in
liquid ammonia.[2] The intensively colored solutions contain
polyanions of the type Enÿ


x (E� Sn, Pb), which were later
called Zintl anions. A large number of Zintl phases have been
studied with respect to their reactions in different solvents. In
some cases the dissolution was enhanced by the addition of
crown ethers or cryptants, which readily form complexes with
the counterions.[3±9] Only a limited number of isolated
polyanions have been crystallized from solutions and studied
by X-ray diffraction methods. In nearly all cases the charge


per atom n/x of the homonuclear clusters Enÿ
x is below one;


the huge set of known Zintl anions with n/x> 1 could not be
stabilized in solutions.


Quite recently we reported on the existence of the
compounds Ba3E2I (E� Si, Ge),[10, 11] which may be under-
stood as double salts between the Zintl phases Ba2E[12, 13] and
BaI2.[14] The basic idea behind these investigations was the use
of salt melts instead of organic solvents as reaction media for
Zintl anions. The formation of double salts is a first step in this
direction and restricts the mobility of Zintl anions in the salt
melt. Thus, it may be considered as further chemical proof for
the validity of the term Zintl anion in the sense of a chemical
species whose existence is not bound to a specific crystal
structure. By exploring the reactivity of the Zintl phase
BaSi[15, 16] in a BaBr2 melt,[17] we were able to synthesize the
novel compound Ba4Si3Br2. Ba4Si3Br2 can be understood with
respect to its stoichiometry as a double salt of BaSi and BaBr2.
However, the silicon partial structure in Ba4Si3Br2 differs
totally from the infinite zigzag chain in BaSi; instead of the
silicon chain, a finite variant in the form of a three-membered
ring of silicon is realized. Thus, we synthesized the first
cyclotrisilicide anion,[*] similar to the substituted cyclotrisi-
lanes R6Si3 that have been investigated quite intensively, both
experimentally as well as theoretically, since the discovery of
the first derivative, hexa-2,6-dimethylphenylcyclotrisilane, by
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[*] The compound Ba2NiSi3
[18] is built of silicon trimers which are not


isolated. There are short NiÿSi contacts of 242.6 pm, which are
interpreted as covalent interactions. Thus, the anionic substructure
has to be described as infinite [NiSi3]4ÿ chains.
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Masamune et al. in 1982.[19] With the help of band structure
calculations and an analysis of electron localization function
(ELF[20, 21]), we show, apart from the geometric viewpoint,
that, in fact, a single bonded cyclic Si3 unit is present in
Ba4Si3Br2.


Experimental Section


Syntheses : All reagents and products were stored and handled in an argon-
filled glove box because of their sensitivity to oxygen and moisture.
Ba4Si3Br2 was prepared by reaction of stoichiometric amounts of barium
(Ba rods, ALFA 99.9 %, additionally destilled under high vacuum), silicon
(Si powder, ALFA 99.9 %), and barium bromide (BaBr2 beads, Aldrich
99.999 %) at 1270 K for 8 h in sealed niobium ampoules under vacuum,
followed by cooling down at a rate of 50 K per h. The resulting brittle black
material shows a dark metallic luster. It decomposes slowly in air but reacts
violently with water with evolution of pyrophoric gas. According to
differential thermal analysis (DTA), Ba4Si3Br2 decomposes peritectically
above 1090 K. Decomposition and reformation of Ba4Si3Br2 was shown to
be reversible by DTA and X-ray powder methods. However, the decom-
position product could not be identified to date. All samples of Ba4Si3Br2


were found to be fairly phase-pure with only minor impurities. We suppose
that the latter are identical with the unknown decomposition product.


Structural studies : The data collection for Ba4Si3Br2 was performed on a
bar-shaped single crystal (�0.06� 0.02� 0.02 mm) on a diffractometer
with a CCD detector (Siemens smart platform) and monochromated MoKa


radiation. The data were integrated by using the SAINT program[22] and
corrected for Lorentz factor, polarization, air absorption, and absorption
arising from the path length through the detector faceplate.[23] The cell
constants were determined on a four-circle diffractometer(STOE STADIP)
using 91 reflections in the range 27.18� 2V� 42.98(Table 1). The ob-
served Laue symmetry 2/m and the extinctions are consistent with the
space group P121/c1. The structure of Ba4Si3Br2 was solved by direct
methods.[24] The final cycle of full-matrix least-squares refinement with
4761 observed reflections (I> 2s(I)) and 82 variables (including all
positional and anisotropic displacement parameters) converged at
R/Rw� 0.04/0.08. Further details of the crystal structure investigation
can be obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen (Germany), (fax: (�49) 7247-808-666; e-mail :
crysdata@fiz.karlsruhe.de) on quoting the depository number CSD-
411 640.


Theoretical studies : The band structure calculations on Ba4Si3Br2 were
performed using the tight-binding linear Muffin tin orbital method in the
atomic sphere approximation (TB-LMTO-ASA[25]). The calculations are
based on density functional theory (DFT) with a local exchange-correlation
potential from Barth and Hedin,[26] and an additional nonlocal exchange-
correlation potential from Perdew and Wang.[27] The radii of the over-
lapping Muffin tin spheres in the ASA approximation are chosen following
the suggestions outlined by Jepsen and Andersen.[28] The basis set consists
of Si-3(s,p), Ba-6s, Ba-5d, Br-4p, and 1s partial waves for interstitial spheres
with Br-5s, Ba-6p, and 2p partial waves of the interstitial atoms folded down
into the tails of the resulting muffin tin orbitals.[29] The Br-4s function is


treated as a core function. The energy expansion parameters En,RL were
chosen at the centers of gravity of the occupied part of the partial state
densities. The k space integrations were performed on a set of 266
irreducible k points. The distribution of the electron localization function
(ELF)[20, 21] was calculated from the LMTO wavefunction and visualized by
the program GRAPA.[30]


Results and Discussion


The structure of the double salt Ba4Si3Br2 is built of isolated
barium cations, bromide anions, and novel cyclotrisilicide
units (Figure 1). However, there is a clear partitioning into a
saltlike barium bromide (SB) and Zintl-phase-like barium
silicide blocks (ZB). The halogenide partial structure is a two-
dimensional (2D) block with dimensions of about 480 pm, and
the thickness of the 2D block of the Zintl phase is about
1010 pm.


Table 1. Crystallographic data for Ba4Si3Br2.


empirical formula Ba4Si3Br2


formula weight [amu] 793.45
temperature [K] 293(2)
l(MoKa)[�] 0.71073
crystal system monoclinic
space group P21/c (no. 14)
volume [106 pm3] 1145.6(2)
unit cell dimensions
a [pm] 1504.1(2)
b [pm] 884.5(1)
c [pm] 880.2(1)
b [8] 101.93(2)
Z 4
1calcd [gcmÿ3] 4.601
m(MoKa) [mmÿ1] 20.786
absorption correction empirical[23]


cystal size [mm] 0.06� 0.02� 0.02
q range [8] 1.38�q� 32.03
index ranges ÿ 22� h� 22 ÿ13� k� 13 ÿ13� 1� 13
reflections collected 16608
independent reflections 3984
Rint


[a] 0.0845
min./ max. transmission 0.6813/0.3685
refinement method SHELXL97,[241] full-matrix least-squares on F 2


R/Rw
[b,c] [I> 2s(I)] 0.041/0.079


R/Rw (all data) 0.068/0.089


[a] Rint�S jF 2
o ÿF 2


c j/SF 2
o. [b] R�S(w( jFoÿFc j)/SFo. [c] Rw�


(S(w(jF 2
o ÿF 2


c j)2)/Sw(F 2
o�2)1/2. w� 1/s2(F 2


o�� (gP)2� kP), P�Max(F 2
o,0)


� 2F 2
c /3, k, g�weights.


Table 2. Atomic coordinates and displacement parameters[a] [pm2] for Ba4Si3Br2 (all sites are fully occupied).


Atom x y z U11 U22 U33 U23 U13 U12 Ueq


Bal 0.3491(1) 0.1776(1) 0.1193(1) 153(2) 143(2) 144(2) ÿ 5(2) ÿ 2(2) ÿ 18(2) 152(1)
Ba2 0.1479(1) 0.5569(1) 0.8737(1) 158(2) 174(2) 205(2) ÿ 28(2) 31(2) ÿ 6(2) 180(1)
Ba3 0.6687(1) 0.1641(1) 0.2363(1) 248(3) 168(2) 188(2) 30(2) 99(2) 57(2) 193(1)
Ba4 0.0436(1) 0.2096(1) 0.0203(1) 137(2) 131(2) 133(2) 5(2) 23(2) 12(2) 134(1)
Br1 0.3670(1) 0.5066(1) 0.9477(1) 223(4) 171(4) 179(4) 1(3) 48(3) 17(3) 190(2)
Br2 0.4928(1) ÿ 0.1400(1) 0.1339(1) 198(4) 233(4) 257(4) 88(3) 51(3) 32(3) 229(2)
Si1 0.1995(1) 0.1328(2) 0.8022(2) 122(10) 130(9) 151(9) 27(7) 5(8) ÿ 5(7) 138(4)
Si2 0.1868(2) 0.9307(2) 0.9924(2) 142(10) 133(9) 115(9) 14(7) 11(8) ÿ 5(8) 132(4)
Si3 0.0870(2) 0.5622(2) 0.2399(2) 179(11) 169(10) 122(9) 6(8) ÿ 4(8) 21(8) 162(4)


[a] Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. The components of the anisotropic displacement tensor are defined for
exp[ÿ2p2(U11 h2a*2 �¼� 2U23klb*c*)].
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Figure 1. Structure of Ba4Si3Br2 (perspective view). The saltlike structure
block (SB) is underlaid in gray (small black spheres: Si; large black
spheres: Br; large white white spheres: Ba).


Considering a simple charge-transfer model, from the
cationic to the anionic substructures, the Zintl ± Klemm
concept, (Ba2�)4(Brÿ)2(Si3


6ÿ) results. Thus, the cyclic Si3 unit
should carry a formal charge of ÿ6 and the cyclotrisilicide
anion is valence isoelectronic to S3 and is expected to be
bonded by three single bonds. From a stoichiometric point of
view Ba4Si3Br2 may be considered as double salt between
BaBr2 and the Zintl phase BaSi. Indeed, we find the silicon
centers have a formal charge of ÿ2, and thus expect a silicon
sublattice built of divalent silicon just like in the Zintl phase
BaSi.[15, 16] However, unlike BaSi, in which an infinite zigzag
chain of silicon is realized, a cyclic Si3 system occurs. This is
not surprising, because our earlier investigations have shown
that the bonding of such highly charged Zintl anions may
easily rearrange; such rearrangement is induced by only slight
changes of the cation characteristics.[31±34]


The SiÿSi bond lengths of 239.9, 241.2, and 248.4 pm in the
cyclotrisilicide unit (Figure 2) are comparable to those of
other singly bonded clusters of silicon found in Zintl phases of


Figure 2. Coordination of the cyclotrisilicide unit in Ba4Si3Br2.


silicon (237 ± 256 pm).[35, 36] The distances in the hitherto
known substituted cyclotrisilanes range from 238 to 255 pm
in the case of hexa-2,6-dimethylphenylcyclotrisilane and
hexa-tert-butylcyclotrisilane.[37] Cyclotrisilane itself has not
been synthesized up to now but ab initio studies predict SiÿSi
bond lengths of 233 pm.[38] The large discrepancy to the values
found for the substituted cyclotrisilanes was attributed to
ligand ± ligand interactions.[39] The elongation of the SiÿSi
bonds in Si3H6 by 0.1 ± 0.15 � compared to those in Si3


6ÿmight
be due to the high negative charge per silicon atom. Figure 2
shows the barium coordination of the Si3 system. The SiÿBa
distances in the first coordination sphere range from 322.7 to
374.6 pm (Table 3). The latter are comparable to those found
in binary barium silicides[12, 15, 16, 35, 40, 41] . The triangular face of
the Si3 unit is bicapped from below and above by barium


cations (Ba3, Ba4; see Figure 2). In addition, the two
shorter SiÿSi bonds (Si1ÿSi3 and Si2ÿSi3) are each bridged
by two further Ba cations, and the longer Si1ÿSi2 bond by
only one additional Ba cation. This lack of coordinating
cations is compensated by a slight shift of the two Ba caps
towards the singly bridged SiÿSi bond. The sensitivity by
which the bond lengths of the Si3 unit react to such slight
changes of the local coordination supports impressively the
above-mentioned arguments towards a fairly soft and polar-


Table 3. Selected atomic distances (esd) [pm] for Ba4Si3Br2.


Atom pair d Atom pair d Atom pair d


Ba1ÿSi1 322.7(2) Ba4ÿSi2 331.7(2) Si3ÿSi1 239.9(3)
Ba1ÿBr1 328.1(1) Ba4ÿSi1 334.5(2) Si3ÿSi2 241.2(3)
Ba1ÿBr2 329.3(1) Ba4ÿSi3 336.5(2) Si3ÿBa4 336.5(2)
Ba1ÿSi2 329.4(2) Ba4ÿSi1 339.1(2) Si3ÿBa4 342.5(2)
Ba1ÿBr1 331.5(1) Ba4ÿSi3 342.5(2) Si3ÿBa2 352.8(2)
Ba1ÿSi1 346.0(2) Ba4ÿSi3 360.0(2) Si3ÿBa4 360.0(2)
Ba1ÿBr2 353.0(1) Ba4ÿSi3 365.6(2) Si3ÿBa2 362.4(2)
Ba1ÿBr2 359.5(1) Ba4ÿSi2 366.1(2) Si3ÿBa2 362.4(2)


Si3ÿBa4 365.6(2)
Ba2ÿBr1 325.5(1) Si1ÿSi3 239.9(3) Si3ÿBa3 374.6(2)
Ba2ÿSi2 348.0(2) Si1ÿSi2 248.4(3)
Ba2ÿSi2 352.6(2) Si1ÿBa1 322.7(2) Br1ÿBa3 325.3(1)
Ba2ÿSi3 352.8(2) Si1ÿBa4 334.5(2) Br1ÿBa1 328.1(1)
Ba2ÿSi3 362.4(2) Si1ÿBa3 334.9(2) Br1ÿBa1 331.5(1)
Ba2ÿSi3 362.4(2) Si1ÿBa4 339.1(2) Br1ÿBa3 332.2(1)


Si1ÿBa1 346.0(2) Br1ÿBr2 384.1(1)
Ba3ÿBr1 325.3(1) Br1ÿBr2 384.3(2)
Ba3ÿBr1 332.2(1) Si2ÿSi3 241.2(3)
Ba3ÿSi1 334.9(2) Si2ÿSi1 248.4(3) Br2ÿBa1 328.1(1)
Ba3ÿSi2 335.9(2) Si2ÿBa1 329.4(2) Br2ÿBa3 337.0(1)
Ba3ÿBr2 337.0(1) Si2ÿBa4 331.7(2) Br2ÿBr2 345.7(2)
Ba3ÿBr2 364.6(2) Si2ÿBa3 336.0(2) Br2ÿBa1 353.0(1)
Ba3ÿSi2 371.9(2) Si2ÿBa2 352.6(2) Br2ÿBa1 359.5(1)
Ba3ÿSi3 374.6(2) Si2ÿBa4 366.1(2) Br2ÿBa3 364.6(2)
Ba3ÿBr2 375.1(2) Si2ÿBa3 371.9(2) Br2ÿBa3 375.1(2)


Table 4. Selected angles of the Si3 unit in Ba4Si3Br2.


Atoms Angle


Si3-Si1-Si2 59.18(8)
Si3-Si2-Si1 58.65(8)
Si1-Si3-Si2 62.17(9)
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izable kind of Zintl anion. Finally, each silicon vertice is
coordinated by two additional terminal barium cations. This
geometry is strongly reminiscent of the structures of the
carbonyl-bridged clusters of transition metals.[42] Contrary
to how it may appear from Figure 1, there is no ecliptical
or partial ecliptical stacking of Si3


6ÿ ions. Ecliptical stacks
of Zintl anions are observed in all silicides with planar
anions and an incomplete p filling. Thus, also from packing
considerations a full p system, that is a s-bonded anion is
expected.


The structure of the saltlike BaBr2 block poses some
questions. As a main structure element we find a flattened
octahedron built of bromide anions (Figure 3 a, d(Br1ÿBr1)


Figure 3. Br6 units in the saltlike structure block of Ba4Si3Br2 (a), view of
the structure block with Br6 units highlighted (b).


�391.9 pm, d(Br1ÿBr2)� 384.1 ± 406 pm, d(Br2ÿBr2)�
481.2 ± 485.8 pm), the faces of which are capped by barium
cations forming a cube (BaÿBa 451.1 ± 473.8 pm). The top-
ology of the saltlike block may formally be derived by vertex
sharing of the octahedra with neighboring units (Figure 3 b).
The shortest BrÿBr distance of 345.7 pm is found between the
equatorial Br2 anions of neighboring Br6 octahedra. This
value is 25 pm shorter than the smallest BrÿBr distance in


BaBr2, but is still comparable to values found in bromides of
rare-earth metals (337 pm in GdBr3,[43] 352 pm in PrBr3


[44, 45]).
The topology of the saltlike block is strongly reminiscent of
the intermetallic CuAl2 structure type,[46] but the distribution
of barium and bromide ions over the atomic sites is quite
different from that of copper and aluminum ions. While the
equatorial Br2 anions are surrounded in a trigonal-prismatic
fashion by barium cations, the apical Br1 anions are coordi-
nated only partly by a square of barium cations. Thus, the
coordination of the latter by cations is unbalanced leading to a
direct neighborhood of Br2 anions as part of its first
coordination sphere. Such a coordination may be explained
under the assumption of the presence of additional cations in
the bromide octahedron. A detailed view of the structure
shows that there are four equivalent tetrahedral vacancies
with distances of about 255 pm to bromide anions. Eligible
cations would be Li� or H�. Taking into account that only half
of the vacancies could be occupied at the same time, a formula
Ba4Si3Br2E results. Since we made sure that our starting
materials were free of lithium, and given the fact that the
synthesis gives nearly quantitative amounts of Ba4Si3Br2, the
presence of Li� may be excluded. On the other hand, neither
1H NMR measurements nor chemical analysis give any hints
to the presence of hydrogen in our samples.[*] Thus, based on
our data, we propose that the distorted bromine octahedra are
empty. Comparisons with other halides show that such an
unbalanced cation coordination is not unusual. For instance,
in CdBr2,[47] which is a layered structure that may formally be
derived from a hexagonal closed packing of bromide anions
with Cd ions occupying only 1/2 of the octahedral sites, layers
of edge-sharing empty Br6 octahedra occur, and the structures
of PrBr3


[44, 45] or LaBr3
[44, 45] exhibit pillars of face-sharing


empty Br6 octahedra.
To gain a deeper insight into the bonding, we performed


TB-LMTO-ASA band structure calculations on Ba4Si3Br2 .
According to the calculation the compound is expected to be a
semiconductor with a band gap of about 0.1 eV. Figure 4
shows contributions of the Br-4p in states to the total density
of states (DOS). We find a weak dispersion of the bromine
states, due to the different ligand field of the two bromine
sites, but all Br contributions are well below the Fermi energy
level. Thus, there is no evidence for covalent interactions
between Br centers, which may be considered as Brÿ ions, and
the formal ionic picture, (Ba2�)4(Brÿ)2(Si3


6ÿ), seems to be a
good approximation of the electronic configuration. This is
also supported by an analysis of the electron localization
function (ELF) based on the electronic wavefunction that was
gained from the LMTO calculation. Figure 5 shows the
distribution of the ELF in the main plane of the Si3 unit,
and in cuts perpendicular to the different SiÿSi bonds. In the
main plane, the core of the silicon atoms are clearly
recognized together with the attractors of the three SiÿSi
bonds. The maximum of the longer bond is less extended than
those of the other two bonds. This is also reflected in


[*] The H analysis was carried out by means of combustion test methods on
a LECO CHN-900 apparatus. Since we did not succeed in preparing
pure phase Ba4Si3Br2, a neutron diffraction experiment was not
performed up to now.
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Figure 4. Electronic density of states (DOS) of Ba4Si3Br2 based on a
LMTO band structure calculation. Contributions of Br-4p orbitals to the
DOS are underlaid in gray.


Figure 5. Distribution of the ELF in sections through the cyclotrisilicide
unit in Ba4Si3Br2 compared with a possible Lewis formula.


sections perpendicular to the bonds. Each of them shows a
rotationally symmetric ELF distribution in the bond region
which supports the picture of a singly bonded system.
Furthermore, one can clearly recognize the attractors of the
two lone pairs of electrons at each Si atom. Hence, the ELF
distribution shows all features which are consistent with the
Lewis formula of a cyclic Si3


6ÿ system (Figure 5).


Conclusion


We present a novel representative of a double salt between
halides and Zintl phases of silicon. The crystal structure
combines structural features of both halides and silicides,
arranged in separated two-dimensional blocks. For the first
time a cyclotrisilicide unit was found in a solid which
represents an anionic derivative of the intensively studied
substitued cyclotrisilanes.
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On the Formation of Radical Dications of Protonated Amino Acids
in a ªMicrosolutionº of Water or Acetonitrile and Their Reactivity
Towards the Solvent


Martin Sùrensen,[a] James S. Forster,[c] Preben Hvelplund,*[a] Thomas J. D. Jùrgensen,[b]


Steen Brùndsted Nielsen,*[a] and Shigeo Tomita[a]


Abstract: In high-energy collisions
(50 keV) between O2 and protonated
amino acids AH�, radical dications
AH2� . are formed for A�Phe, His,
Met, Tyr, and Trp. When solvated by
water or acetonitrile (S), AH2� .(S)1,2 are
formed for A�Arg, His, Met, Tyr, and
Trp. The stability of the hydrogen-defi-
cient AH2� . in the ªmicrosolutionº de-
pends on the energetics of the electron
transfer reaction AH2� .�S!AH��S� . ,
the hydrogen abstraction reaction
AH2� .�S!AH2


2��[SÿH] . , and the
proton transfer reaction AH2� .�


S!A� .�SH�. Using B3LYP/
6-311�G(2d,p)//B3LYP/6-31�G(d)
model chemistry, we describe these
three reactions in detail for A�Tyr
and find that the first two reactions are
unfavorable whereas the third one is
favorable. However, energy is required
for the formation of Tyr�. and SH� from
TyrH2� .(S) to overcome the Coulomb


barrier, which renders the complex ob-
servable with a life-time larger than 5 ms.
The ionization energy, IE, of TyrH� is
calculated to be 11.1 eV in agreement
with an experimental measurement of
10.1� 2.1 eV ([IE(CH3CN)�IE(Tyr)]/
2); hydration further lowers the IE by
0.3 eV [IE(TyrH�(H2O)� 10.8 eV, cal-
culated]. We estimate the ionization
energies of TrpH�, HisH�, and MetH�


to be 10.1� 2.1 eV, 12.4� 0.2 eV, and
12.4� 0.2 eV, and that of PheH� to be
larger than 12.6 eV.


Keywords: amino acids ´ density
functional calculations ´ high-energy
collisions ´ solvation


Introduction


The chemical behavior of biological molecules in the gas
phase has attracted considerable attention in recent years, and
both experimental and theoretical studies have been carried
out to better understand the function of proteins, protein
folding as well as how the protein conformation is affected by
hydration.[1, 2] The experiments rely on a range of mass
spectrometric and laser spectroscopic tools, several of which
were developed over the last decade. In a controlled experi-


ment, reactions can be initiated by collisions between ions and
gases or by irradiation of ions. Ionic biomolecules such as
protonated amino acids and multiply protonated proteins are
easily transferred from solution phase to gas phase by
electrospray ionization (ESI).[1] Desolvation usually occurs
in a heated capillary resulting in ªnakedº (unsolvated) ions,
but under ªgentleº source conditions (i.e. , low temperature of
the capillary) not all of the solvent is removed.[2] This makes it
possible to form ions in a ªmicrosolutionº where the ionic
environment may closely resemble that in biological systems
since the number of water molecules in protein cavities is
limited. Thus, the term microsolution simply means an
environment that is somewhere between bulk solution and
vacuum.


Solvent molecules can also be added afterwards to the
naked ions in a high-pressure chamber as described by
Kebarle and co-workers[3] or by a free jet expansion of a
gaseous mixture containing the naked ions and the solvent in
an inert carrier gas as described by Fenn and co-workers.[4] If
ionic reactions reach equilibrium in the chamber, DH, DS, and
DG values can be obtained from a simple measurement of the
ionic composition.[3] Knowledge of the thermodynamics of
specific reactions is crucial for the development of protein
models and for understanding the very complicated processes
taking place in nature.
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It is commonly said that the study of solvated ions bridges
the gap between gas-phase chemistry (intrinsic chemistry) and
solution chemistry. Surprisingly, however, there are few
studies of hydrated biomolecules.


In this preliminary paper, it is shown that protonated amino
acids AH� and micro-solvated ones AH�(S)1,2 (S�H2O,
CH3CN) are further ionized to form radical dications
AH2� .(S)0,1,2 in high energy collisions (50 keV) with O2. To
our knowledge, this is the first report of the existence of such
species in the gas phase. The energetics of electron transfer,
proton transfer, and hydrogen atom transfer between TyrH2� .


and the solvent S are discussed based on density functional
theory (DFT) calculations [B3LYP/6-311�G(2d,p)//B3LYP/
6-31�G(d) model chemistry]. These three processes and their
control are ubiquitous in biochemistry. Reactions that are
normally not energetically feasible may become so; for
example, in photosystem II the well-identified manganese
cluster lowers the energy required to break the OH bond in
water by approximately 1.3 eV thereby allowing a tyrosyl
radical to abstract a hydrogen atom from water.[5] Transient or
stable tyrosine and tryptophan radicals play key roles in
electron transfer/hydrogen transfer processes (often involving
nearby water molecules); for example, a tyrosyl radical is
essential for the function of the iron-containing ribonucleo-
tide reductase isolated from E. coli, and a tryptophan amino
acid residue of the peptide chain in cytochrome c peroxidase
stabilizes high iron oxidation states [O�FeVÿTrp!
O�FeIVÿTrp� .].[6] In addition, glycine and cysteine radicals
have been identified within proteins.[7] For more details about
the utilization of amino acid radicals by enzyme systems and
the mechanistic details, we refer the reader to a comprehen-
sive review by Stubbe and van der Donk.[7]


This paper is divided in two parts; in the first part
experimental results are presented and in the second part
theoretical results for tyrosine systems are given and discussed
in the context of the first part. This division reflects the two
independent approaches to 1) obtain ionization energies of
protonated amino acids and 2) elucidate the stability of
solvated radical dications of protonated amino acids, that is,
how do radical dications interact with surrounding solvent
molecules?


Results and Discussion


Experimental results


Spectra from collisions between protonated amino acids and
helium or dioxygen : First we observed the collision of
protonated common a-amino acids (50 keV in the laboratory
system) with helium and O2. Figure 1 shows the results for
protonated tyrosine, TyrH�. Interestingly, for collisions with
O2 the radical dication TyrH2� . is formed in very high
abundance by electron loss from the TyrH� precursor.[8] The
peak at m/z 68 is assigned to a doubly charged fragment,
[TyrHÿH2O, CO]2� . , formed by loss of H2O and CO from
TyrH2� . (Scheme 1).[9] Doubly charged ions, AH2� . or frag-
ments, were detected for other amino acids with O2 as
collision gas (Table 1), for example, TrpH2� . and [TrpHÿ
H2O, CO]2� . (see Figure 3).


Figure 1. Spectra obtained from high energy collisions between TyrH�


(m/z 182) and either helium or O2.


Scheme 1.


In the spectra of TyrH�, peaks at both m/z 107 (HO-C6H4-
CH2


�) and 108 (CH3-C6H4-OH� .) are observed with O2


whereas only the m/z 107 peak is observed with He (Figure 1).
Similar results were found for PheH� : peaks at m/z 91 (C7H7


�,
tropylium ion) and m/z 92 (C6H5-CH3


� .) are observed with O2


but only m/z 91 with He.[10] We believe m/z 107 to result from
a heterolytic CÿC cleavage in vibrational excited TyrH�


(Scheme 2). The selective enhancement of m/z 108 by O2 is
more difficult to explain. First, we can assume that the ion
originates from the radical dication TyrH2� . and is formed by a
homolytic CÿC cleavage, involving hydrogen atom transfer
to avoid the formation of a biradical .CH2-C6H4-OH� .


(Scheme 1). Likely, the dissociation co-produces the quite
stable a-glycyl cation, �H2N�CHCOOH (m/z 74),[11] with a
slightly higher relative abundance, when O2 is used. However,
the m/z 108 peak is quite narrow and similar to the m/z 107
peak in shape. Actually, if the m/z 108 ion is formed together
with m/z 74, the charge-dissociation reaction is only associ-
ated with a kinetic energy release (KER) of approximately
0.1 eV based on the peak width of m/z 108.[12] This KER is
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Scheme 2.


lower than that typically measured for ªcoulombic explo-
sionsº of molecular dications (compared: Ru(bipy)3


2�!
[Ru(bipy)2ÿH]��bipyH� (bipy� 2,2'-bipyridine): KER�
0.3 eV, and Ni(H2O)4


2�!Ni(OH)(H2O)3
��H3O� : KER�


0.8 eV).[13] Also, several of the peaks in the helium spectrum,
which correspond to fragment ions formed from singly
charged precursor ions, are broader than the m/z 108 peak.
Hence, the step-wise mechanism through TyrH2� . seems
unlikely for the formation of the m/z 108 ion. Another
mechanism involving an electronic excited state of TyrH�


could be involved. Earlier, Flammang et al.[14] and Aubry and
Holmes[15] have reported on the selective enhancement of
particular fragment ions by O2. Aubry and Holmes[15] proposed
a resonance electronic excitation process to explain the O2


specific reactions. In this process, the ions are formed with only
a narrow band of excess internal energies; reactions that have
activation energies within this band are preferred, or the ions
dissociate nonergodically from the initial excited states.


It is well known from charge stripping and neutral
reionization experiments that collisions with O2 produce
multiply or singly charged cations.[16] However, to emphasize
the relatively high ionization efficiency with this technique, a
comparison with electron irradiation (EI) is worthwhile: The
EI (30 eV) of protonated polypeptides was previously re-
ported to result in radical dications for large systems such as


Substance P [mass 1347 Da] but not for smaller compounds
such as [d-Ala2]-leucine enkephalin-Arg [mass 726 Da] al-
though these are much larger than the amino acids in this
study.[17] Our ionization technique using O2 collisions at high
energy is efficient for protonated peptides and proteins, for
example, [Bradykinin�nH]n� (n� 1, 2) [mass 1060 Da],
[gramicidin-S� nH]n� (n� 1, 2) [mass 1140 Da], and
[lysozyme�nH]n� (n� 7 ± 10) [mass 14 305 Da] were further
ionized to [bradykinin�nH](n�1)� . , [gramicidin-S�nH](n�1)� . ,
and [lysozyme�nH](n�1)� . .[18]


Ionization energies of protonated amino acids : Before
addressing the factors which determine the ionization energy,
we discuss the site of protonation in AH� which is either the
a-amino group [�H3NCH(R)COOH, denoted group I amino
acids] or the side chain [H2NCH(RH�)COOH, denoted
group II amino acids]. The side chain is the preferred site
for protonation if its proton affinity, PA(RH), is high.
Theoretical calculations indicate that the common amino
acids belong to group I with the exception of Arg, Lys, and His
which have high PA(RH) values (Table 1).[19] We classify Arg,
Lys, and His as group II amino acids even though there is most
likely a favorable hydrogen bond interaction between RH�


and the a-amino group (i.e., cyclic structure).[19, 21] However,
in the ion beam several isomers may be present.


If we assume that for group I amino acids the electron is
removed from the side-chain,[22] and that for group II amino
acids the electron is removed from the glycine backbone, the
vertical ionization energies (IE) of group I and II amino acids
are calculated from Equations (1) and (2).


IE(AH�)I� IE(RH)� 14:4 eV ��A
er�r


(1)


IE(AH�)II� IE(glycine)� 14:4 eV ��A
er�r


(2)


Table 1. Summary of results obtained from high energy collisions between O2 and protonated amino acids, AH�, and solvated protonated amino acids,
AH�(S)1,2 (S�H2O or CH3CN).


Amino acid RH PA(RH)[a] [kJ molÿ1] IE(RH)[a] [eV] AH2� . AH2� .(S)1,2


group I
Gly H2 422.3 15.4 no


HCOOH 11.3
Ala CH4 543.5 12.6 no


HCOOH 11.3
Val CH3CH2CH3 625.7 10.94 no
Pro CH3CH2CH2


. no
Leu CH(CH3)3 677.8 10.68 no
Ile CH3CH2CH2CH3 10.57 no
Ser CH3OH 754.3 10.84 no
Thr CH3CH2OH 776.4 10.48 no
Asp CH3COOH 783.7 10.65 no
Phe CH3-Ph 784.0 8.83 yes no
Glu CH3CH2COOH 797.2 10.44 no
Tyr p-CH3-PhOH > 817.3 (phenol) 8.34 yes yes
Met CH3CH2SCH3 846.5 8.46 yes yes (H2O), no (CH3CN)
Asn CH3CONH2 863.6 9.69 ?
Gln CH3CH2CONH2 876.2 < 9.69 (acetamide) ?
Trp 3-methyl-indole > 933.4 (indole) < 7.76 (indole) yes yes
group II
Lys CH3CH2CH2CH2NH2 921.5 8.73 2� ions no
His 5-methyl-imidazole > 942.8 (1H-imidazole) < 8.81 (1H-imidazole) yes yes (H2O), no (CH3CN)
Arg CH3CH2CH2NH-C(NH)(NH2) > 986.3 (guanidine) < 9.10 (guanidine) 2� ions yes


[a] Taken from ref. [20].
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R is the amino acid side chain, r is the distance between the
two positive charges, and er is the effective dielectric constant
(not to be confused with the macroscopic dielectric constant)
of the amino acid. For the case of CH2 spacer groups between
two charges er is approximately 1 (the vacuum limit).[23]


However, for cyclic systems er is larger (1.4 for benzene and
1.7 for cyclohexane)[24] and increases with solvation.[25] For
large R groups, with low IE(RH) values, the Coulomb term is
low as well, and IE(AH�)I is therefore smallest for amino
acids with a small IE(RH). It is clear from Table 1 that only
when IE(RH) is less than about 10 eV, ionization with the
formation of doubly charged ions occurs (group I amino
acids). Our experiment is inconclusive for the smaller AsnH�


and GlnH� ions due to interfering fragment ions; however,
Coulomb repulsion is most probably too high in AsnH2� . thus
preventing ionization. For group II amino acids, glycine
approximates the backbone from which the electron is
removed. The IE of glycine (8.90 eV) is almost equal to the
IE of toluene (8.83 eV, cf. side chain of Phe),[20] and indeed
ionization occurs for HisH�, LysH�, and ArgH� as observed
for PheH�.


Ionization of solvated AH� : Our aim was to form solvated
AH2� . radical dications as such species may be generated in
biological systems under UV radiation. In fact, UV induced
inactivation of proteins is caused partly by the degradation of
photoionized tryptophan.[26] The procedure we have used is to
collide AH�(S)1,2 [S�water or acetonitrile] with O2. Water
was chosen because it is an essential ingredient in biological
environments, and acetonitrile because it is only a hydrogen
acceptor in hydrogen bond formation and thereby represents
a different case system. Also, the CÿH bond strength in
acetonitrile is smaller than the OÿH bond strength in water
(by 1 eV, cf. part II), facilitating possible hydrogen abstraction
reactions. Note, that in general the solvation of a molecule
decreases its ionization energy.


In high energy collisions, dissociation of the weakly hydro-
gen-bound complex is the most important reaction channel,
but AH2� .(S)1,2 was also observed for several of the amino
acids (Table 1). The abundance of AH2� .(S) is highest for
AH��TrpH�, TyrH�, and MetH�, and the dications
TrpH2� .(S)1,2 , TyrH2� .(H2O), TyrH2� .(CH3CN)1,2, and
MetH2� .(H2O) were observed. Spectra obtained for TyrH�


and TrpH� are shown in Figures 2 ± 4. The spectra of
TrpH�(S)2 reveal that the TrpH(S)n


2� . distribution (n� 0, 1,
or 2) depends on S ; for S�H2O the distribution peaks at
TrpH2� . whereas it peaks at TrpH2� .(S)2 for S�CH3CN; this
indicates that acetonitrile binds more strongly to the radical
dication than water. Interestingly, the [TrpH2� .ÿH2O,
CO](S)n distribution peaks at [TrpH2� .ÿH2O, CO] (n� 0,
the unsolvated fragment ion of TrpH2� .). Either solvation
prohibits loss of H2O and CO, or [TrpH2� .ÿH2O, CO](S)1,2 is
formed with enough internal energy to dissociate into
[TrpH2� .ÿH2O, CO] and S or 2 S.


In the collisions between protonated amino acid dimers
TyrH� ´ ´ ´ Tyr, TrpH� ´ ´ ´ Tyr, and TrpH� ´ ´ ´ Trp (S now being an
amino acid) and O2, no peaks in the spectra could be assigned
to doubly charged ions (Figure 5). This is not a surprising
result as IE(A) is smaller than IE(AH�). Therefore, any


Figure 2. Spectra obtained from high energy collisions between O2 and
TyrH�(H2O) (m/z 200) and TyrH�(CH3CN)1,2 (m/z 223 and 264, respec-
tively).


Figure 3. Spectra obtained from high energy collisions between
TrpH�(H2O)0,1,2 (m/z 205, 223, and 241, respectively) and O2.
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Figure 4. Spectra obtained from high energy collisions between
TrpH�(CH3CN)0,1,2 (m/z 205, 246, and 287, respectively) and O2.


Figure 5. Spectra obtained from high energy collisions between O2and Tyr-
H�-Tyr (m/z 365), Tyr-H�-Trp (m/z 387), and Trp-H�-Trp (m/z 409). The
inset gives the enlarged Tyr H� peak.


ionization leading to AH� ´ ´ ´ A� . results in immediate disso-
ciation into AH� and A� . since the strength of the hydrogen
bond is smaller than the Coulomb repulsion between the two
charged amino acids.[27] In contrast, when IE(S) is larger than
IE(AH�), the solvated radical dication AH2� .(S) is formed.
Hence the observation of AH2� .(S) when S�H2O or CH3CN
indicates that it is AH� which is ionized and not S implying an
upper limit for IE(AH�) of IE(CH3CN): 12.20 eV
[IE(H2O)� 12.62 eV > IE(CH3CN)].[20] As a result, the
Coulomb term in Equation (1) for TyrH� is less than
3.86 eV [the difference between IE(p-CH3-C6H4-OH),
8.34 eV, and IE(CH3CN), 12.20 eV]. A rough estimate of
IE(TyrH�) [and IE(TrpH�)] would be the average of IE(Tyr)
(lower limit) and IE(CH3CN) (upper limit) on account of the
observance of TyrH2� .(CH3CN) [and TrpH2� .(CH3CN)] and
the lack of TyrH2� .(Tyr) [and TrpH2� .(Tyr)] and is
(8.0�12.2) eV/2� 10.1 eV with an uncertainty of (12.2ÿ
8.0) eV/2� 2.1 eV.[28] It is interesting to note that for MetH�(S)
and HisH�(S) ionization occurs when S�H2O but not when
S�CH3CN which may be due to the lower IE of CH3CN
compared with that of H2O. This would imply that
IE(MetH�) � IE(HisH�) � (IE(CH3CN)�IE(H2O))/2 �
(12.2�12.6) eV/2� 12.4 eV (�0.2). No solvated radical dica-
tions were observed for Phe, which indicate that IE(PheH�)
> IE(H2O)� 12.6 eV. Such ªbracketing-typeº experiments
are in progress to obtain better estimates of IE(AH�).


The singly charged SH� and S .� ions are only formed in very
low abundance compared with that of AH2� .(S)1,2 , that is,
AH2� .(S)1,2 is robust or stable with respect to internal proton
or electron transfer and subsequent dissociation.


Earlier attempts to achieve hydrogen transfer in reactions
between multiply charged peptide radicals and H2, NH3, H2O,
and CH3CH2OH failed.[17] Also, in our work where the adduct
between the potential hydrogen donor and the hydrogen-
deficient radical dication is formed (an adduct was not
observed in the ion-molecule reaction experiment), we could
not observe any AH2


2� formation in our MIKE spectra.


Ionization mechanism : An important question to pose is
whether the ionization mechanism is vertical or adiabatic. To
answer this an estimate of the collision interaction time is
required. An ion with the mass of 300 Da and a kinetic energy
of 50 keV moves with a speed of 1.8� 105 msÿ1, which gives a
collision interaction time of 6� 10ÿ15 s assuming an interac-
tion length of 10 �. Since the vibrational periods of CÿC,
CÿO, and CÿN bonds (�3� 10ÿ14 s) and of CÿH, OÿH, and
NÿH bonds (�1� 10ÿ14 s) are longer than the collision
interaction time, only partial relaxation of XÿH bonds can
occur.[29] Hence, the ionization mechanism is nearly vertical,
and AH2� .(S)0,1,2 is most likely formed with several quanta of
vibrational excitation determined by the Franck ± Condon
factors (but with less internal energy than that required for
breaking of the weakly hydrogen-bound complex).


Model chemistry


Geometry-optimized structures : Optimized structures of Tyr,
Tyr�. , TyrH�, TyrH2� . , and TyrH2


2� are shown in Figure 6. As
there are several possible isomers of TyrH2


2� due to the high
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number of protonation sites on the phenol ring it is a very
time-consuming task to determine all of them. We have
therefore limited our search to those isomers we expect to be
of lowest energy. For example, the lowest energy isomer of
[p-CH3-PhOH]H� is the one in which the proton is bound to
the second carbon in the benzene ring (denoted C2 when C1 is
defined as C-OH), and hence calculations were carried out for
the corresponding TyrH2


2� complex. Two C2-protonated
isomers were located, denoted 1 and 2 in Figure 6. An
O-protonated structure of TyrH2


2� (3) was also found which
lies higher in energy by 0.38 eV relative to 1. In the parent ion
complex TyrH�(H2O) the water molecule is hydrogen bound
to the ammonium group (Figure 7), and this must be so also
for the radical dication complex TyrH2� .(H2O) if the ioniza-
tion process is vertical (cf. last Section, first part).


Figure 7. One optimized structure of Tyr�(H2O) and two of Tyr2� .(H2O)
(relative energies given) at the B3LYP/6-311�G(2d,p)//B3LYP/6-31�G(d)
level.


Energetics : Individual ionization energies (IEs), hydrogen
atom affinities (HAs), and proton affinities (PAs) are
summarized in Table 2. Also, the energy change for loss of
water from TyrH�(H2O) and TyrH2� .(H2O) is calculated. For


Figure 6. Optimized structures of tyrosine systems: Tyr, Tyr�. , TyrH�, TyrH2� . , and TyrH2
2� (relative energies given) at the B3LYP/6-311�G(2d,p)//B3LYP/


6-31�G(d) level.


Table 2. B3LYP/6-311�G(2d,p)//B3LYP/6-31�G(d) calculated reaction
energies (zero-point corrected), DE. Included are also some experimental
values (enthalpies), taken from ref. [20]. All values are in eV.


Reaction Calcd Exptl.


ionization
TyrH�!TyrH2� .� eÿ 11.09 10.1�2.1[a]


TyrH�(H2O)!TyrH2� .(H2O) (1)� eÿ 10.84
Tyr!Tyr�.� eÿ 7.71 8.0
p-CH3-PhOH! p-CH3-PhOH� .� eÿ 7.93 8.34
PhOH!PhOH� .� eÿ 8.30 8.49
H2O!H2O�.� eÿ 12.60 12.62
CH3CN!CH3CN� .� eÿ 11.87 12.20
hydrogen release[b]


TyrH2
2� (1)!TyrH2� .�H . 3.05


TyrH�!Tyr�.�H . 3.48
[PhOH]H�!PhOH� .�H . 3.16[c] 3.36
[p-CH3-PhOH]H�! p-CH3-PhOH� .�H . 2.82[d]


H2O!HO.�H . 4.94 5.17
CH3CN!CH2CN .�H . 3.94
proton release[b]


TyrH2
2� (1)!TyrH��H� 5.62


TyrH2� .!Tyr�.�H� 6.06
TyrH�!Tyr�H� 9.44 9.60
[PhOH]H�!PhOH�H� 8.52[c] 8.47
[p-CH3-PhOH]H�! p-CH3-PhOH�H� 8.55[d]


H3O�!H2O�H� 7.04 7.16
CH3CNH�!CH3CN�H� 8.09 8.08
dissociation
TyrH�(H2O)!TyrH��H2O 0.66
TyrH2� .(H2O) (1)!TyrH2� .�H2O 0.90
rearrangement
TyrH2� .(H2O) (1)!TyrH2� .(H2O) (2) ÿ 0.11


[a] This work. [b] HA or PA�DE�DEint� 5�2 RT, where DEint is the
difference in internal energy which is less than or equal to 0.01 eV, and the
5�2 RT term corresponds to the loss of three degrees of freedom plus the pV
term (p� pressure, V� volume) (� RT) and is 0.06 eV at 298 K. [c] C4


protonated (lowest energy structure according to ref. [31]). [d] C2 proto-
nated with C-OH defined as C1 (this structure is lower in energy than the
C1 , C3 , C4 , and O protonated ones by 0.08, 0.38, 0.88, and 0.74 eV,
respectively).
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those reactions where experimental values are known the
validity of our theoretical model can be tested. All calculated
values are within 0.3 eV of the experimental values with the
largest deviations for ionization energies which are under-
estimated. A systematic underestimation should only have a
small effect on the reaction energies given in Table 3.
However, the ionization energy of TyrH�, calculated to be
11.09 eV, is then probably 0.3 eV higher but within the limits of
the experimental estimate of 10.1� 2.1 eV. Hydration of
TyrH� decreases its ionization energy (by 0.25 eV) as ex-
pected. The reactions of tyrosine systems are summarized in
Figure 8.


Figure 8. Electron transfer, proton transfer, and hydrogen transfer reac-
tions of tyrosine systems. Values [eV] are based on B3LYP/6-311�G(2d,p)//
B3LYP/6-31�G(d) model chemistry.


An estimate of the Coulomb term in Equation (1) for
tyrosine is obtained from the difference between IE(TyrH�)
and IE(CH3-C6H4-OH) and is (11.09ÿ 7.93) eV� 3.16 eV
[B3LYP/6-311�G(2d,p)//B3LYP/6-31�G(d) values used]. In
the first section on the ionization of solvated AH� (first part)
we estimated the Coulomb term to be less than 3.86 eV based
on experimental observations in good agreement with our
theoretical estimate of 3.16 eV.


Based on the individual reaction energies in Table 2, the
energetics of the fundamental Reactions (3), (4), and (5) are
calculated (Table 3).


TyrH2� .�S!TyrH��S� . electron transfer (3)


TyrH2� .�S!TyrH2
2�� [SÿH] . hydrogen atom transfer (4)


TyrH2� .�S!Tyr�.�SH� proton transfer (5)


Electron transfer : The ionization energy of TyrH� is lower
than that of both H2O and CH3CN by 1.51 and 0.78 eV,
respectively, which renders Reaction (3) unfavorable. This
conclusion was also reached from the experimental data.


Hydrogen atom transfer : The hydrogen atom affinity of both
.OH and .CH2CN is higher than that of TyrH2� . , and the
energy change of Reaction (4) is 1.89 eV for H2O and 0.89 eV
for CH3CN, which explains the lack of TyrH2


2�. The favored
site for H . capture in proteins is Trp on the indole ring,[30] but
transfer of a hydrogen atom from H2O to indole� . is
endothermic by 1.3 eV.[20] Thus, the formation of AH2


2�(OH .)
is unfavorable for both Tyr and Trp.


Proton transfer : Transfer of a proton from TyrH2� . to H2O or
CH3CN liberates 0.98 eV and 2.03 eV, respectively, but the
formation of two monocations from the adduct is associated
with a high Coulomb barrier (cf. Section on the ionization of
solvated AH�).


Reactions of TyrH2� .(H2O): Based on the calculated structure
of TyrH2� .(H2O) (isomer 1, Figure 7) and its energy, we have
determined the energy terms for the different product
channels (Figure 9). The formation of TyrH2� .(H2O) (1) from
TyrH�(H2O) requires 10.84 eV.


In contrast to the electron transfer plus charge dissociation
reaction, TyrH2� .(H2O) (1)!TyrH��H2O�. , which is un-
favorable (by 2.41 eV), the proton transfer plus charge


Figure 9. The parent ion TyrH�(H2O) is ionized through a collision to
TyrH2� .(H2O), which costs 10.84 eV. Electron transfer, proton transfer, and
hydrogen transfer between TyrH2� . and H2O followed by dissociation
requires more energy than dissociation into TyrH2� . and H2O. All energies
are relative to TyrH2� .(H2O) (isomer 1: 0 eV). TS� transition state. Model
chemistry: B3LYP/6-311�G(2d,p)//B3LYP/6-31�G(d).


Table 3. B3LYP/6-311�(2d,p)//B3LYP/6-31�G(d) calculated reaction en-
ergies [eV]. Values are corrected for zero-point motion.


Reaction S�H2O S�CH3CN


electron transfer
TyrH2� .�S!TyrH��S� . 1.51 0.78
hydrogen atom transfer
TyrH2� .�S!TyrH2


2� (1)� [SÿH] . 1.89 0.89
proton transfer
TyrH2� .�S!Tyr�.�SH� ÿ 0.98 ÿ 2.03
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dissociation reaction, TyrH2� .(H2O) (1)!Tyr�.�H3O�, is
slightly favorable (by 0.09 eV). However, there is an intrinsic
Coulomb barrier that must be overcome for release of a
proton with the formation of two monocations; that is, if the
distance between the two charges is about 5 � the barrier
height is about 3 eV.


The hydrogen transfer plus dissociation reaction,
TyrH2� .(H2O) (1)!TyrH2


2�� .OH, is highly unfavorable (by
2.79 eV). In addition, the distance between the H2O and the
phenol ring is large in TyrH2� .(H2O) (isomer 1), which renders
any hydrogen atom transfer reaction unlikely even if it were
energetically favorable. Therefore, the water molecule would
have to break its bond to the ammonium group [cf. isomer 1,
H2O ´ ´ ´ �H3NCH(COOH)CH2PhOH� .] and instead form a
new hydrogen bond to the phenol radical cation [cf. isomer 2,
�H3NCH(COOH)CH2PhOH� . ´ ´ ´ OH2]. The energies of iso-
mer 1 and 2 are almost identical, 2 being lower than 1 by only
0.11 eV. The barrier for the rearrangement reaction (1! 2) is
probably less than the energy required for water loss
(0.90 eV), and in Figure 9 a value of 0.7 eV is used. The
barrier for internal hydrogen atom transfer in 2 would be close
to the reaction energy according to Siegbahn et al.[32] Hydro-
gen bonded groups such as water provide a low activation
energy pathway for hydrogen atom transfer,[33] and the
reaction becomes more feasible when two water molecules
are attached as in TyrH2� .(H2O)2 though still highly endo-
thermic.


The reaction which requires least energy (0.90 eV) is simple
dissociation into TyrH2� . and H2O so this process is most
likely to dominate [as experimentally observed].


The findings described above clearly indicate that the
lifetime of the hydrated hydrogen-deficient radical dication is
long in agreement with the experimental observation (lifetime
>5 ms, the flight time from the collision region to the
detector).


Conclusion


ªNakedº and solvated protonated amino acids were ionized
(loss of one electron) in high-energy collisions with O2. The
method proved very efficient for ionization including the
formation of weakly bound solvated amino acid radical
dications. From the experimental data, we have deduced
ionization energies of protonated amino acids in good agree-
ment with model chemistry calculations on tyrosine systems.


Experimental Section


A detailed description of our instrumental set-up was given previously.[34]


Briefly, ions formed by ESI were accelerated to a kinetic energy of 50 keV,
mass selected by a magnet and subjected to collisional activation in a 3 cm
long collision region (2 mTorr He or O2, corresponding to single-collision
conditions). Mass-analyzed ion kinetic energy (MIKE) scans were meas-
ured for the product ions in a 1808 hemispherical electrostatic analyzer.


The spray solutions were made by dissolving amino acids in a water/
methanol 1:1 (v/v) solution with 1 % acetic acid (v/v) or water/acetonitrile
1:1 (v/v) solution with 1 % acetic acid (v/v) to concentrations of about
50mm. Charged droplets formed in the ESI process passed through a heated


capillary (180 8C) where desolvation occurred. To generate protonated
amino acids with solvent molecules attached, the capillary was heated to
only 100 8C.


Computational methods : Geometry optimizations of Tyr, Tyr�. , TyrH�,
TyrH2� . , TyrH2


2�, TyrH�(H2O), TyrH2� .(H2O), .OH, H2O, H2O�. , H3O�,
.CH2CN, CH3CN, CH3CN� . , CH3CNH�, PhOH, PhOH� . , [PhOH]H�, p-
CH3-PhOH, p-CH3-PhOH� . , and [p-CH3-PhOH]H� at the B3LYP/6-
31�G(d) level of theory were made using the Gaussian 98 program
package.[35] For each molecule vibrational frequencies were calculated to
confirm that the calculated stationary point is a minimum on the potential
energy surface. Next, energies were calculated at the B3LYP/6-
311�G(2d,p) level and corrected for zero-point motion [using non-scaled
B3LYP/6-31�G(d) values].
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Abstract: The efficient preparation of
monoadducts of [60]fullerene and seven
anthracenes (anthracene, 1-methylan-
thracene, 2-methylanthracene, 9-meth-
ylanthracene, 9,10-dimethylanthracene,
2,3,6,7-tetramethylanthracene, and 2,6-
di-tert-butylanthracene) by cycloaddi-
tion in solution is described. The seven
mono-adducts of [60]fullerene and the
anthracenes were characterized spectro-
scopically and were obtained in good
yields as crystalline solids. The mono-
adducts of [60]fullerene and anthracene,
1-methylanthracene, 2-methylanthra-
cene and 9,10-dimethylanthracene crys-


tallized directly from the reaction mix-
ture. The thermolytic decomposition at
180 8C of the crystalline monoadducts of
[60]fullerene and anthracene, 1-methyl-
anthracene, 9-methylanthracene and
9,10-dimethylanthracene all gave rise
to the specific formation of a roughly
1:1 mixture of [60]fullerene and the
corresponding antipodal bisadducts
(ªtrans-1º-bisadducts) of [60]fullerene


and the anthracenes. In contrast, the
crystalline monoadducts of [60]fullerene
and the anthracene derivatives 2-meth-
ylanthracene, 2,3,6,7-tetramethylanthra-
cene and 2,6-di-tert-butylanthracene all
decomposed to [60]fullerene and an-
thracenes (without detectable formation
of bisadducts) upon heating in the solid
state to temperatures of 180 to 240 8C.
The formation of the antipodal bisad-
ducts from thermolytic decomposition
of crystalline samples of the monoad-
ducts was rationalized by topochemical
control.


Keywords: cycloaddition ´ Diels ±
Alder reactions ´ fullerenes ´ solid-
state reactions ´ topochemistry


Introduction


The discovery of the fullerenes by Kroto, Smalley et al.[1] and
the development of a preparative method for the synthesis of
fullerenes by Krätschmer, Huffmann et al.[2] have introduced
polyunsaturated spherical carbon molecules[3, 4] to synthetic
chemistry[4, 5] and to other areas in natural sciences.[6, 7] Special
interest has been devoted from the beginning to the explora-
tion of means for regioselective exohedral functionalization of
the highly symmetric ªBuckminsterfullereneº (1, [60]fuller-
ene, C60) by addition reactions with inorganic or organic
addends.[3±16] C60 (1) represents a particularly versatile scaffold
for the covalent exohedral addition of a variety of organic
addends.[4, 5] From sequential addition of up to six organic
addends to 1 the synthesis of regular, three dimensionally
structured molecules by [3� 2]-cycloaddition,[3, 5] by cyclo-
propanation,[4, 5, 9] and/or [4� 2]-cycloaddition reactions was


achieved.[4, 5, 7±11] Regular, multiple exohedral functionaliza-
tion reactions of 1 have opened a new entry to a variety of
three-dimensionally structured organic molecules, thereby
enlarging the repertoire of programmed molecular compo-
nents.[17]


Several laboratories have expanded on Wudl�s exploratory
work[3a,b] on organic cycloaddition reactions with [60]fullerene
(1) and have exploited the dienophilic reactivity of this
electrophilic,[18] polyunsaturated carbon molecule in [4� 2]-
cycloaddition reactions.[4, 5, 8, 10, 15, 16, 19, 20] Cyclic dienes, anthra-
cenes and other polycyclic aromatics proved to represent
useful addends in mono- and multiple cycloaddition processes
with C60.[10b,c, 19, 20] Without exception [4� 2]-cycloaddition
reactions have been found to occur at one of the 30 equivalent
(6,6)-bonds of 1.[5] In spite of this, the preparative scope of
multiple cycloaddition reactions frequently is limited by the
lack of regioselectivity.[4, 5, 7±11] On top of this, [4� 2]-cyclo-
addition reactions are thermally reversible and the Diels ±
Alder adducts of 1 in solution have a limited thermal
stability.[5] This is a problem in some cases, but has been
useful in other situations.[9c, 10b,c, 21] The implied reversible
addition of 9,10-dimethyl-anthracene to 1 was exploited by
Hirsch and co-workers in a clever way to provide an efficient
synthetic entry to symmetric hexa-cyclopropanation products
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of 1.[9c] The antipodal (ªtrans-1º) bisadduct 2 (of 1 with
anthracene),[10b] in which the two anthracene addends are
placed at opposing ends (at the poles) of the carbon sphere,
opened a concise route to mixed symmetric hexaadducts.[10c]


The notorious thermal lability of anthracene adducts of
fullerenes[5, 10b, 19] then paved an expeditious way from 2 via
the hexaadduct to a known equatorial tetraadduct,[8b] in a
transformation (at 1), which formally represented a first
example of an ªorthogonal transpositionº.[10c]


The monoadduct 3 of C60 and anthracene (9',10'-dihydro-
[9,10]-ethano-anthraceno-[11',12':1,2]-[5,6]fullerene-C60, see
Scheme 1) was reported as an easily accessible organic
derivative of 1, obtained in 13 %[19a] or 25 % yield[19b]


originally. Various experimental conditions have been ex-
plored to improve the yield of the monoadduct 3 : i) micro-
wave irradiation of anthracene and 1 in toluene solution gave


Scheme 1.


3 in 35 % yield;[22a] ii) reaction of anthracene with 1 at 200 8C
in liquid naphthalene gave the monoadduct 3 in 39 % yield[22b]


and iii) the preparation of 3 in a yield of 55 % by means of a
high-speed vibration milling technique was reported by
Komatsu and his group very recently.[22c] The same strategy
turned out to be helpful also to obtain (besides 3) a mixture of
bisadducts of 1 and anthracene (19 %) and to prepare
monoadducts of 1 with pentacene and with other polycyclic
aromatic hydrocarbons.[22c]


We have given some interest to the investigation of [4� 2]-
cycloaddition reactions as a means of functionalization of C60


(1)[10, 16b, 23] and developed an efficient synthetic path to the
antipodal bisadduct 2 by a topochemically controlled thermal
transformation of the crystalline monoadduct 3 (see Sche-
me 2).[10b] For the purpose of these investigations we have now
i) optimized the conditions for the synthesis of the mono-
adduct 3 in solution and have used similar conditions for the
preparation of related adducts of 1 with six simple anthracene
derivatives and ii) studied the scope of the thermal solid state
transformation of 3 and the other six monoadducts of 1 in the
solid state.


Results and Discussion


Preparation of monoadducts of [60]fullerene (1) and an-
thracenes : The synthesis of monoadducts of anthracenes and


[60]fullerene (1) has already attracted interest in the earliest
studies on organic functionalization of 1.[3a,b, 4, 5, 19] The ex-
pected low thermal stability and the problem of selective
mono-functionalization were considered to be severe tasks. A
variety of methods were worked out for the preparation of the
monoadduct 3.[19, 22] So far, a solid-state reaction using a
ªvibrating millº (vm)-technique gave the best yield of 3
(55 %).[22c] Solid-state reactions were also explored in order to
prepare the two related monoadducts 6[24] and 7,[22c] either with
the vm-technique (7, 62 %)[22c] or by photochemistry (6,
30 %).[24]


We report here on the efficient preparation of seven
monoadducts of anthracenes and [60]fullerene (1, C60) by
addition reactions of the dienophilic electrophile 1 and seven
anthracenes in solution and at ambient or lower temperature.
Particularly high yields were obtained in several cases by
direct crystallization (precipitation) of the monoadducts from
the reaction mixtures, thereby inhibiting further addition
reactions and thermolytic decomposition (see Table 1 and
Scheme 3).


Scheme 3.


Scheme 2.


Table 1. Preparation of fullerene-anthracene-monoadducts by reaction of
anthracenes and 1 in solution (yields of monoadducts 3 ± 9).


Product Yield [%][a] Yield [%][b]


3 80.0 92
rac-4 55.2 60
rac-5 69.9 89
6 65.7 73
7 73.5 90
8 56.0 81
rac-9 43.0 70


[a] Yield based on amount of 1 used originally. [b] Yield based on the
recovered amount of 1.
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The ªanthracene-monoadductº 3 was prepared by reaction
of 1 and anthracene in solution. Monoadduct 3 was obtained
in 80.0 % yield (92% based on recovered amount of 1) from a
concentrated solution of 1 and anthracene and by exploiting
the limited solubility of 3 in 1,2-dichlorobenzene. The mono-
adduct 3 crystallized from the reaction mixture at room
temperature with small contamination by the starting materi-
als and bisadducts. Exposure of the reaction mixture to vapors
of methanol (or acetone) increased the amount of the
precipitate. A recrystallization of the crude, precipitated 3
from CS2/1,2-dichlorobenzene furnished crystals of nearly
uniform 3, which were suitable for the thermolysis reaction
(see below). For analytical purposes the monoadduct 3 was
purified by column chromatography before crystallization.
The identity of 3 was established on the basis of its UV/Vis-,
FAB-MS-, 1H NMR and 13C NMR spectra and by the
comparison of these spectra with published data.[19, 22] The
UV/Vis-spectrum of a solution of 3 in chloroform had a weak
band with a maximum at 706 nm, a sharp band with a
maximum at 433 nm and intense bands near 320 nm. The
assignment of the signals of aromatic hydrogens in the
1H NMR spectrum of 3, which was not entirely consistent in
earlier work,[19a, 22a] could be confirmed by recording a 1H
NOE-spectrum of 3. Accordingly, the signal at the lowest field
in the spectrum of 3 has to be assigned to the hydrogens at the
1',4',5' and 8'-positions.


The racemic monoadducts rac-4 and rac-5 were prepared by
reaction of 1 and 1-methylanthracene or 2-methylanthracene,
respectively, using the procedure developed for the synthesis
of 3. Pure racemic monoadducts rac-4 and rac-5 crystallized as
black needles from CS2/1,2-dichlorobenzene/pentane. The
adduct rac-4 was obtained in 55.2 % yield, the isomer rac-5
in 69.9 % yield (or 60 % and 89 %, based on recovered 1).
Both of these monoadducts were structurally characterized by
their UV/Vis-, FAB-MS-, and 1H NMR spectra. The 1H NMR
spectra of rac-4 and rac-5 showed each a singlet of the methyl
group (rac-4 : at d� 2.68; rac-5 : d� 2.54) and two singlets of
the bridgehead hydrogen atoms (rac-4 : d� 5.74 and 6.01; rac-
5 : d� 5.71 and 5.73), consistent with the reduced symmetry of
these chiral monoadducts.


The monoadduct of 1 and 9-methylanthracene, 9'-meth-
yl-9',10'-dihydro-[9,10]-ethanoanthraceno-[11',12':1,2]-[5,6]full-
erene-C60 (6), was obtained in 65.7 % yield (72.9 % based
on recovered 1) from the reaction of 1 and 9-methylanthra-
cene in CS2 at ÿ20 8C. To increase the yield of 6, which did
not precipitate from the reaction mixture, the reaction
was interrupted after 24 h and purified in order to
separate the product by chromatography from the starting
materials. The latter were again dissolved in CS2 and
left to react at ÿ20 8C. This procedure was repeated three
times. The fractions of chromatographically pure 6 were
collected and gave a dark residue. The monoadduct 6, which
was pure according to TLC, was structurally characterized by
its UV/Vis-, FAB-MS-, and 1H NMR spectra. The 1H NMR
spectrum of 6 exhibited one singlet at d� 2.80 (methyl group),
one singlet at d� 5.78 (bridgehead hydrogen) and two
multiplets at low field, consistent with Cs symmetry of the
monoadduct 6. The FAB-MS showed a molecular ion at m/z
911.9.


The monoadduct 7 (of 1 and 9,10-dimethylanthracene) was
prepared in 73.5 % yield (89.7 % based on recovered 1) using
the procedure developed for the synthesis of 3, but with
shorter reaction times (twice 24 h) and at lower temperature
(ÿ20 8C). The thermally very labile monoadduct 7 crystallized
from the reaction mixture at ÿ20 8C and was recrystallized as
dark-brown cubes from CS2. It was structurally characterized
by its UV/Vis-, FAB-MS-, IR-, and 1H NMR spectra. The
1H NMR spectrum of 7 exhibited three signals only, consistent
with the C2v symmetry of the monoadduct 7. In the FAB-MS
the molecular ion of 7 was recorded as a signal at m/z 925.9.


The monoadducts 8 and rac-9, of 1 and 2,3,6,7-tetramethyl-
anthracene or of 2,6-di-tert-butyl-anthracene, respectively,
were both prepared using standard solution chemistry (at
room temperature) and chromatographic separation of the
reaction mixture. Solutions of the two monoadducts (8 and 9)
showed only slow decomposition to 1 at room temperature
and dark crystals of both monoadducts were obtained from
CS2/1,2-dichlorobenzene/pentane. The microcrystalline mono-
adduct 8 was obtained in 56 % yield (81 % based on recovered
1). The monoadduct 9 crystallized as black needles and was
obtained in 43 % yield (70 % based on recovered 1). The
1H NMR spectrum of the monoadduct 8 gave three singlets
only (at d� 2.38, 5.58 and 7.44, rel. int. 6:1:2), consistent with
C2v symmetry of 8. The 1H NMR spectrum of rac-9 exhibited
five clearly assigned signals, consistent with the C2 symmetry
of this chiral monoadduct. The signals at m/z 1010 ± 1013 for
the molecular ion of rac-9 in the FAB-mass spectrum were
consistent with its deduced molecular formula.


The monoadducts of 1 and the anthracenes investigated
here all showed UV/Vis-absorbance spectra very similar to
those of 3 and had the characteristics of [4� 2]-cycloadducts
of 1.[15, 16] The FAB-mass spectra of the monoadducts all
showed only a weak signal due to the molecular ion, indicating
the efficient fragmentation of [4� 2]-cycloadducts of 1, as also
noted elsewhere.[19, 22] The positions of the characteristic and
well separated signals in the 1H NMR spectra of the aromatic
hydrogen atoms (d� 7.4 ± 7.8), the bridgehead (d� 5.5 ± 6) and
methyl group hydrogen atoms (d� 1.42 for rac-9, 2.3 ± 2.9
otherwise) were shifted by 0.2 ± 0.4 ppm to lower field (by the
fullerene), when compared to the spectra of other 9,10-
dihydro-9,10-ethanoanthracenes. The signal pattern reflected
the molecular symmetry and the monoadducts 3,6 ± 8 could be
classified as being achiral (D2h: 3,8 ; C2v: 6,7), the adducts rac-
4, rac-5, rac-9 as chiral and racemic (Ci : rac-4, rac-5 ; C2 : rac-
9), as required due to the low symmetry of the addend (and
not due to the addition pattern to 1). For the C2-symmetric
monoadduct rac-9, the racemic nature was established[26]


using a porphinoid CoII complex as chiral shift reagent. The
number of signals of the 13C NMR spectra of 3, rac-5 and rac-9
were used to determine or estimate the number of non-
equivalent carbons and thus to confirm the deduced molec-
ular symmetry of these monoadducts. The bridgehead carbons
(9' and 10') typically give rise to signals near d� 58, the
saturated fullerene carbons that are directly attached to the
anthracene addend, to signals near d� 72.


The monoadducts 3, 4, 5, 8, and rac-9 are rather stable at
room temperature in solution (storage of solutions of 3 at
ambient temperature over a time of 30 days led to about 5 %
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decomposition to anthracene and 1). In contrast, the mono-
adducts bearing methyl groups at the bridgehead positions
(i.e., 6 and 7) decompose rather rapidly under these con-
ditions (at room temperature, about 5 % of 6 decomposed
within 2 h, for the adduct 7 a half-life of only about 2 h was
estimated earlier[22c]). Qualitatively, the same order of reac-
tivity was also found for the formation of these monoadducts
by cycloaddition in solution (from an internally standardized
NMR analysis): in CS2 solution and for starting concentrations
of 1 (2.8 mm) and the anthracenes investigated (5.6mm), 50 %
conversion to mono-adducts was analyzed to require a
reaction time of about 8 d (12 000 min) for anthracene or
2,3,6,7-tetramethylanthracene and 20 d (30 000 min) for 2,6-
di-tert-butylanthracene, but only 70 min for 9-methylanthra-
cene and less than 5 min for 9,10-dimethylanthracene. The
reactivity of substituted anthracenes in their Diels ± Alder
reaction with maleinic acid anhydride is qualitatively and
quantitatively similar.[25] The difference in the stability of the
monoadducts studied here, therefore has mainly kinetic
rather than thermodynamic origin.


While, with one exception, all of the monoadducts prepared
here were obtained in crystalline form, none of the crystals
were suitable for a high resolution single crystal X-ray
analysis. So far, from the monoclinic crystals of the mono-
adduct 3 (from CS2/1,2-dichlorobenzene with vapor diffusion
of pentane) the characteristics of the unit cell were deter-
mined[27] and shown to be basically consistent with the earlier
suggested crystal packing (see below).[10b]


Thermolytic decomposition of monoadducts in the solid state
and selective preparation of antipodal bisadducts : The second
major subject of the work reported here concerns the scope of
the solid-state transformation of monoadducts of (1) and
selected anthracenes. The thermolysis of crystalline mono-
adduct 3 did not lead to a simple fragmentation to 1 and
anthracene, as was known from various investigations in
solution[19] and as was reported based on thermo-gravimetric
experiments with solid monoadduct 3.[19a] Instead, thermolysis
of crystalline 3 at 180 8C for 10 min specifically transformed
the monoadduct into about a 1:1-mixture of C60 and the
antipodal (or ªtrans-1º) bisadduct 2, di{9',10'-dihydro-[9,10]-
ethanoanthraceno-[11',12':1,2; 11'',12'':55,60]}-[5,6]fullerene-
C60), isolated in about 48 % yield each (see Scheme 2).[10b]


Thermolysis of crystalline 3 was explored initially with smaller
amounts (typically about 10 mg) of 3.[10b] The same results
were also obtained with larger quantities of 3 (up to 100 mg,
so far); the thermolysis of crystalline 3 revealed itself as an
efficient means for the preparation of the antipodal bisadduct
2. Reduction of the reaction time to 5 min led to about 60 ±
70 % conversion (TLC, 1H NMR). The bisadduct 2 proved to
be rather stable in the crystalline state (decomposition slow at
180 8C). It had a stability in solution only slightly less than 3
and also lost anthracene, to give monoadduct 3, when heated
in solution. The bisadduct 2 thus could be isolated without loss
by standard chromatographic and work-up procedures and
subjected to a full spectroscopic characterisation. The con-
stitution of the D2h-symmetric bisadduct 2 was confirmed
spectroscopically.[19b, 22d] The 13C NMR spectra exhibited only
13 signals, four of them (at d� 58.3, 125.6, 127.1, and 147.0) of


the addends and nine signals of the fullerene carbons (at d�
70.2 that of the saturated C atoms directly bound to the
anthracene addend). The FAB-mass spectrum of 2 showed a
signal of molecular ion at m/z 1076.3. The UV/Vis spectrum of
2 exhibited characteristic intense bands at about 500 nm and
320 nm, a weak maximum near 465 nm and weak and broad
absorbance in the visible region, at about 750 nm (see Figure 1
and Experimental Section). The crystal structure of single
crystals of 2 has been determined.[27]


Figure 1. UV/Vis-absorbance spectrum of the antipodal bisadduct 2
(0.076 mm, in CHCl3, 1 cm and 1 mm path lengths, see Experimental
Section for details)


Reaction of anthracene with 3 in solution also furnished
some of the antipodal bisadduct 2, but only with small yields
and in a mixture with other (far more abundant) regioiso-
meric bisadducts.[10b, 28] The bisadduct 2 is a frequent side
product in the preparation of 3 ; the isolation of 2 in small
yields has been reported elsewhere.[19b, 22d] The clean solid-
state transformation of 3 is therefore a valuable method for
the preparation of the bisadduct 2, which now represents a
synthetic platform for further, directed multi-functionaliza-
tion of 1.[10c]


The search for the solid-state transformation of 3 into 1 and
2 was initially based on the assumption that the crystals of 3
would be built-up of regular stacks of oriented molecules.[10b]


Indeed, from a (powder) X-ray analysis of the crystals of the
monoadduct 3 the molecules were deduced to be aligned in
linear stacks, in which they have a single orientation. The
center-to-center distances between adjacent molecules of 3
were calculated to amount to 12.75 �.[27] It is not clear, at this
stage, whether the individual stacks in a crystal of 3 are all
oriented parallel or occur as a mixture of strands with
opposite orientations.


Besides a linear stacking of 3 in the crystalline state, two
further solid-state properties of the involved fullerene deriv-
ative 3 were expected, so that the refunctionalisation of 3 to 1
and 2 was believed to be feasible (see Figure 3 a):
i) The molecular dimensions of two closely packed and


oriented molecules of the starting monoadduct 3 were
expected to match closely the corresponding pair of closely
packed molecules of 1 and antipodal bisadduct 2. In such a
case, it would be likely, that the severe geometric boundary
conditions due to the crystal environment[29] would be a
less effective factor in inhibiting the reaction.
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ii) In analogy to crystalline 1',4'-dihydro-[1,4]-ethano-cyclo-
hexa-1,3-dieno-[7',8':1,2]-[5,6]-fullerene-C60 (13),[10b] two
neighboring molecules in a stack of crystalline 3 could be
strictly oriented. In a corresponding packing of crystalline
3, the four saturated C-atoms, which are directly involved
in binding of the addend to the fullerene core in molecule
3 A (bridgehead C9',C10' and fullerene C1, C2), would be
positioned in the same plane as the juxtaposed ªbacksideº
C-atoms (C55, C60) of the neighboring molecule (3 B) in
the stack (see Figure 3 a). Such an alignment would place
C-atoms C55 and C60 of 3 B into the plane defined by the
four carbon atoms 1, 2, 9', and 10' of its neighbor (3 A, see
Figure a). In this way C55 and C60 would presumably be
in the initial trajectory of (C9', C10') the anthracene
addend leaving the fullerene sphere in the neighboring
molecule upon thermal activation.[30] Furthermore, based
on the center-to-center distance (12.75 �) of two nearest
neighboring molecules within stacks of crystalline 3, the
distance between the fullerene C-atoms C1/C2 of one
molecule of 3 (i.e. , of 3 A) and C55/C60 of its neighbor
(3 B) in the stack can be estimated as only about 5.4 �.[27]


With the position of the molecules of monoadduct 3 fixed
by the crystal lattice, the crucial four C-atoms therefore
would be positioned much closer than required for an
aromatic hydrocarbon molecule in direct (but non-bond-
ed) contact with two fullerenes (about 6.3 ± 6.6 �).[12, 26, 27]


On the other hand, they would be close enough pairwise
and nearly at distances corresponding to about twice the
CÿC distances calculated for the transition state in [4� 2]-
cycloaddition reactions (2.2 ± 2.3 �).[30] The geometric
boundary conditions would thus be given for a concerted
cycloreversion-/cycloaddition-process and resulting in a
controlled transfer of anthracene between two neighbor-
ing molecules of the monoadduct 3.


The anticipated preparative result, a regiospecific ªdispro-
portionationº of 3 into 1 and 2 in the solid-state reaction, was
fully born out by the experi-
ments. The specific formation of
the bisadduct 2 (along with 1)
accordingly was suggested to be
due to a selective transfer of
anthracene between two adja-
cent molecules of 3 in the solid
state. The reaction would be
subjected to topochemical con-
trol.[10b] To test the simple mech-
anistic model of the transforma-
tion of 3 (into 1 and 2) by transfer
of anthracene in the solid state
and controlled topochemically
by the steric circumstances in
the crystal, we have studied the
scope of this reaction with six
structurally related monoad-
ducts, to be reported below.


The thermolysis of crystalline
monoadduct rac-4 (of 1-methyl-
anthracene and 1) at 180 8C,
10 min, produced about 43 %


each of C60 (1) and the antipodal bisadduct 10, which was
presumably formed as a mixture of the isomers rac-10 a (C2-
symmetric), 10 b (Ci-symmetric), 10 c (Cs-symmetric) and rac-
10 d (C2-symmetric), regioisomeric due to the differing
relative position of the methyl group (see Scheme 4). The
antipodal (or ªtrans-1º)[5] bisadduct 10 was separated from 1
by chromatography. The UV/Vis spectrum of 10 in CS2


exhibited absorbance bands at 502 nm and 468 nm, practically
identical to those of 2. The molecular ion at m/z 1104 (8 %),
fragments at m/z 912 (7 %) and a base peak at m/z 720 in the
FAB mass spectra of 10 all were consistent with its deduced
molecular formula and indicate the high tendency of 10 to
undergo fragmentation. A 500 MHz 1H NMR spectrum of 10
exhibited three singlets at d� 2.72, 6.02 and 6.29 (relative
intensity 3:1:1), of the methyl group and bridgehead hydrogen
atoms, and five complex signals at low field (relative intensity
1:1:2:1:2), due to the aromatic hydrogens. Even at 500 MHz
the singlets at high field did split due to the assumed existence
of regioisomeric forms of 10. Low solubility prevented the
recording of a significant 13C NMR spectrum.


Thermolysis of the crystalline (racemic) monoadduct rac-5
(of 2-methylanthracene and 1) in the solid state resulted in
only about 10 % conversion at 180 8C, 10 min, about 80 %
conversion at 200 8C, 10 min, and complete conversion after
10 min at 240 8C, according to analysis by TLC and UV/Vis. In
all cases, the only products detected were 1 and 2-methylan-
thracene (Scheme 5).


The monoadduct 6 (of 9-methylanthracene and 1) was
available as a powdery precipitate. The thermolysis of 6 in the
solid state and at 180 8C for 10 min, resulted in practically
complete conversion (according to TLC) and produced a
roughly 1:1 mixture of [60]fullerene (1) and the antipodal
bisadduct 11, which was formed as a mixture of the isomers
11 a (C2h-symmetric, ªantiº-isomer) and 11 b (C2v-symmetric,
ªsynº-isomer), regioisomeric due to the differing relative
position of the methyl groups (see Scheme 6). The UV/Vis


Scheme 4.
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spectrum of crude 11 in CS2 exhibited absorbance bands at
501 nm and 466 nm, similar to those of 2. The molecular ion at
m/z 1104 (8 %), fragments at m/z 912 (7 %) and a base peak at
m/z 720 all were consistent with the deduced molecular
formula of 11. A 300 MHz 1H NMR spectrum of crude 11 (see
Figure 2) exhibited two signals at high field, each consisting of
two barely separated singlets of 1:1 intensity, of the methyl
group and bridgehead hydrogen-atoms (relative integrals
3:1), and two complex signals (with relative 4:4 integrals) at
low field, due to the aromatic hydrogens. The properties of the
signals at high field were consistent with the assumed
occurrence of similar amounts of the two regioisomeric forms
11 a/11 b. In addition to the signals of 11, signals of much
smaller intensity of the monoadduct 6 (relative intensity 0.04)
were also present in the NMR spectrum. Low solubility and
thermal instability of 11 prevented the registration of a
significant 13C NMR spectrum.


The thermolysis of crystalline monoadduct 7 (of 9,10-
dimethylanthracene and 1) at 180 8C for 10 min, resulted in
complete conversion of 7. According to the analysis of the
crude reaction mixture by TLC
a roughly 1:1 mixture of C60 (1)
and the antipodal bisadduct 12
were produced, but the mono-
adduct 7 and anthracenes
were hardly detectable (see
Scheme 7). Samples of the
crude, thermally unstable anti-
podal (ªtrans-1º)[5] bisadduct 12


were obtained by extraction of
the solid residue from the reac-
tion mixture with CS2 to sepa-
rate 12 crudely from 1. The UV/
Vis spectrum of 12 in CS2


exhibited absorbance bands at
500 nm and 467 nm, similar to
those of 2. The molecular ion at
m/z 1132 (2%), fragments at
m/z 927 (9 %) and a base peak
at m/z 720 all were consistent
with the deduced molecular
formula of 12 and the high
tendency of 12 to undergo frag-
mentation. A rapidly recorded
200 MHz 1H NMR spectrum of
12 exhibited main signals at d�
2.95 (singlet of the methyl
group H-atoms), at d� 7.47
and 7.75 (complex signals due
to aromatic H-atoms), with rel-
ative intensity 3:4:4. Small sig-
nals at d� 2.83 (due to the
methyl groups of the monoad-
duct 7) and at d� 3.09 (due
to 9,10-dimethyl-anthracene)
were already present in the first
spectrum obtained, but shifted,
when a second 1H NMR spec-
trum was recorded 10 min later


Figure 2. 300 MHz 1H NMR spectrum of the reaction mixture obtained
from thermolysis of the solid monoadduct 6, dissolved in CS2/CDCl3� 3:1,
exhibiting the signals of a 1:1 mixture of the regioisomeric antipodal
bisadducts 11a/11 b ; the signals at d� 2.9 and 6.1 are doubled, as shown in
the expanded inserts (dots mark signals due to the monoadduct 6).


Scheme 5.


Scheme 6.


Scheme 7.
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with concomitant decrease of the signals due to the bisadduct
12.


Thermolysis of the crystalline fullerene-monoadducts rac-4
(of 1-methylanthracene), 6 (of 9-methylanthracene) and rac-9
(of 9,10-dimethylanthracene) all essentially furnished the
same outcome as with the monoadduct 3 : in all three cases,
thermolysis at 180 8C for 10 min led to complete conversion
and resulted in the specific formation of the antipodal
bisadducts 10 (43 % from 4), 11 (ca. 40 % from 6) and 12
(ca. 40 % from 7), respectively, besides about 50 % of 1. The
three bisadducts were characterized by their UV/Vis spectra,
characteristic of antipodal bisadducts, as well as by their FAB-
MS and 1H NMR spectra. The bisadduct 10 was (presumably)
formed as a mixture of stereo- and regioisomers, due to the
low symmetry of the 1-methylanthracene addend. The X-ray
analysis of crystalline 10 obtained from a related thermolysis
experiment indeed indicated a mixture of all four diastereoi-
someric bisadducts with different relative orientations of the
methyl group of the addend, but the same (antipodal� trans-
1) position of the addends.[31] The two regioisomeric forms
expected for 11 a/11 b (methylgroups syn or anti) of the isomer
11 were indeed indicated in its 1H NMR spectrum. In solution,
the bisadducts 11 and 12 were rather unstable and had a high
tendency to thermally loose their anthracene addends and to
revert to the monoadducts 6 and 7 and finally to 1. The
bisadduct 12 thus decomposed during the 1H NMR measure-
ments with a half-life of about 10 min at 30 8C.


Similar to the monoadduct rac-5, thermolysis of the
crystalline monoadducts 8 (of 2,3,6,7-tetramethylanthracene
and 1) and racemic monoadduct rac-9 (of 2,6-di-tert-butylan-
thracene and 1) resulted in gradual decomposition to 1 only
and the respective anthracenes at 180 to 240 8C in the solid
state (see Scheme 5). In contrast to the results with the four
monoadducts 3, 4, 6 and 7, thermolysis of the crystalline
monoadducts rac-5 (of 2-methylanthracene), 8 (of 2,3,6,7-
tetramethylanthracene) and rac-9 (of 2,6-di-tert-butylanthra-
cene) thus did not result in noticeable amounts of the
corresponding bisadducts, but rather produced only a mixture
of the cycloreversion fragments. The thermolysis of rac-5 and
8 was significantly less effective at 180 8C than that of the
monoadduct 3, so that efficient conversion did not occur at
temperatures below 200 8C.


The outcome of the thermolysis of crystalline monoadducts
of 1 and anthracenes with a regularly varied pattern of alkyl
substituents thus has resulted in a clear ªyes/noº-answer:
efficient formation of the respective antipodal bisadducts
(and 1) from the monoadducts 3, rac-4, 6, and 7, but no
formation of the corresponding bisadducts from rac-5, 8, and
rac-9. Clearly, this result is not the consequence of differing
inherent (thermodynamic) stability of the various antipodal
bisadducts and monoadducts involved, as i) the variety of
antipodal bisadducts formed in the thermolysis experiments
spans the whole range of their observed stability and ii) the
addition pattern at the fullerene core would not vary within
the series of antipodal bisadducts and therefore would not
contribute to differentiate between them.


Exploratory control experiments indeed made it likely that
2 would be rather stable in some solid environments, even at
180 8C. This would be the case, in particular, for the hypo-


thetical solid-state environment that would result from the
thermolysis of crystalline 3, that is with stacks of alternating 2
and 1 in 1:1 cocrystals. Heating of 1:1 cocrystals of 1 and 2, as
well as of pure, crystalline 2 to 180 8C for 10 min, that is under
the conditions of the thermolysis of 3, led only to minor
decomposition of 2. Apparently, efficient reaction channels, as
available to the crystalline monoadduct 3, were not accessible
to the bisadduct 2 in these crystals. In contrast, a concentrated
solution of the monoadduct 3, when heated to 180 8C, was
completely decomposed within 2.5 min. Small amounts of
antipodal bisadduct 2 (<5 %), were indicated to be formed at
180 8C at shorter reaction times, possibly the consequence of
residual solid 3 in the reaction mixture. Likewise, the
bisadduct 2 would decompose even more rapidly in solution.


The specific formation of antipodal bisadducts 2, 10, 11, and
12, together with 1, in the course of thermolysis of crystalline
3, rac-4, 6, and 7 therefore is likely to result from largely
hypothetical but relevant boundary conditions in the crystal-
line solid state, which are
i) kinetically beneficial for the efficient and regioselective


antipodal attachment of anthracene or of the involved
alkyl-anthracenes, presumably made specific and fast by
transfer within ordered stacks of the crystalline mono-
adducts and


ii) thermodynamically and kinetically beneficial for the
stabilization of the aligned 1:1 stacks of antipodal bisad-
duct molecules alternating with the parent fullerene.


The preparative experiments reported here were primarily
intended to explore the synthetic scope of the solid-state
transformation of anthracene-monoadducts of the fullerene 1.
At the same time the studies were geared at helping to test
aspects of the mechanistic model, involving topochemical
control in the solid state. One of the boundary conditions
primarily concerned the question of the steric requirements
for the hypothetical transfer of anthracenes. The hypothesis of
topochemical control and assistance was guided by the
assumptions of little over all reorganization in the crystalline
lattice during the crucial transfer step, while at the same time
the crystalline lattice was supposed to exert tight control in
such reactions.[29] The alkyl substituents at the anthracene
addends in the monoadducts investigated by the preparative
experiments could therefore strongly influence a topochemi-
cally controlled reaction.


When considering a likely trajectory for the hypothetical
transfer of anthracenes between neighboring molecules in the
monoadduct crystals (see Figure 3 b), the spatial requirements
of an unsubstituted anthracene are covered largely by the
space already occupied by the stack, as indicated by the cross
section of the fullerene spheres. Methyl groups at the 9- and
10-positions of the anthracene addend would nearly fit within,
as well. Methyl groups at the 1-positions of the anthracene
addend would also be covered largely by the fullerene cross
section along a stack (see Figure 3 b, top), while methyl groups
at the 2 and 3 (and symmetry-equivalent) positions or other
(larger) substituents would clearly stick out from such a
ªprotectedº area (see Figure 3 b, bottom).


The efficient formation of antipodal bisadducts from
thermolysis of the monoadducts 3, rac-4, 6, and 7 could fit
well the model of a topochemically controlled transfer of the







FULL PAPER B. Kräutler et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3230 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 153230


Figure 3. a) Schematic illustration of the topochemical transformation of the monoadduct 3 into the bisadduct 2 and C60 (1) considering a model, derived
from crystal data of 3.[27] Top: in the crystal two neighboring molecules of 3 (3A and 3B, left), oriented in a stack, are suggested to be transformed into a pair
of neighboring molecules, of C60 and the antipodal bisadduct 2 (right); 3A and 3B are oriented in such a way, as to place carbons C1, C2, C9', and C10' of 3A
and C55/C60 of 3B in a common plane (the corresponding bonds in 3A and 3B are colored red). Bottom: A superposition of the pairs of neighboring
molecules of 3 (black) and 1 and 2 (red, slightly displaced) illustrates the geometric match of the two pairs. b) Structural stick models of monoadducts 3 ± 9 of
C60 (1) and (alkyl substituted) anthracenes (generated with SYBYL, version 6.3A, TRIPOS Assoc., St. Louis, MO) viewed pairwise vertical to the molecular
axis and parallel to it. The four adducts displayed at the top (3, 4, 6 and 7) undergo efficient solid state transformation to the corresponding antipodal
bisadducts (2, 10, 11 and 12), in contrast to the three adducts 5, 8 and 9, displayed at the bottom. The projection along the molecular axis allows to compare
visually the cross section of the fullerene skeletons and addends (colored red and green) along the (hypothetical) linear stacks in crystals of the monoadducts
3 ± 9.
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respective anthracene moieties. The absence of detectable
addition of anthracenes with formation of bisadducts from the
monoadducts rac-5, 8, and rac-9 could also be traced back to
steric control. With the assumption of the relevance of the
model of oriented stacks in the crystalline monoadducts rac-5,
8, and rac-9, severe clashes between the anthracenes and the
surrounding molecules would be likely.


The alkyl substituent at the anthracene addend would be a
significant size- and position-dependent factor in a reaction,
which is as tightly controlled sterically as a topochemically
controlled reaction involving fullerenes and anthracenes. The
experimentally deduced feasibility of specific anthracene
transfer reactions in the crystalline monoadducts 3, rac-4, 6,
and 7 and the absence of such reactions with the related
monoadducts rac-5, 8, and rac-9 would therefore fit the
structural model of the crystal lattice, in which the mono-
adduct molecules (of 3, rac-4, 6 and 7) are aligned favorably
for the transfer of an anthracene addend under topochemical
control between neighboring molecules.


The solid-state reactions of the monoadducts 3, rac-4, 6, and
7 not only produce the corresponding bisadducts with high
regioselectivity, but they also typically proceed to high
conversion. In the ordered solid state, this reaction thus
appears to be favored both kinetically and thermodynami-
cally. Thermodynamic estimates, based on calculated heats of
dehydrogenation of 1,9-dihydrofullerene and 1,9,52,60-tetra-
hydrofullerene (as models for the monoadducts and the
antipodal bisadducts, respectively) hint at little enthalpic
contributions to the thermodynamic driving force of this
reaction.[5, 30b,c] Furthermore, the packing enthalpies within
stacks would also presumably not differ much between the
two states involved. However, an increase of entropy is a
likely contributor to the extent of the investigated trans-
formations. Unsubstituted fullerene molecules often show
orientational disorder or reorientational motion in the
crystals,[32] which is in contrast crystalline 3, where the coaxial
alignment of the individual molecules is likely to be rather
rigid and restricted in its motions.[27]


Conclusion


The monoadducts of a variety of anthracenes and 1 can be
synthesized by solution chemistry at or near ambient temper-
ature with good to high yields. The selectivity and the yields
may be increased by precipitation of the adduct from the
reaction mixture.


An efficient and specific synthetic path to some antipodal
(ªtrans-1º) bisadducts of 1 is provided by the thermolysis of
suitably structured, crystalline monoadducts of anthracenes.
Such antipodal bisadducts of 1 and anthracenes may represent
good starting materials for further functionalization of 1.


The solid-state transformation of the crystalline monoad-
ducts 3, rac-4, 6, and 7 into 1 and the antipodal bisadducts 2,
10, 11, and 12, respectively, can be rationalized by a model
with oriented stacks of the monoadduct molecules and
topochemically controlled transfer of the anthracene addends.
Studies with the monoadduct 3 and its alkyl-substituted
analogues revealed that the steric effects do exert a crucial


control over success or failure of the regioselective anthra-
cene transfer reaction in the solid state. Further crystallo-
graphic, spectroscopic, and calorimetric work may provide
more structural insights in the crystals of mono- and bis-
adducts of 1 and various anthracenes, as well as quantitative
information on the dynamics and the energies involved in
their packing and orienting.


Experimental Section


General : Chemicals : [5,6]Fullerene-C60, Hoechst, lab grade, 96 % C60,
purified[33] or 99.5 % from Southern Chem. Group, Texas; 1-methyl-
anthracene, 97%, Aldrich; 2-methyl-anthracene, 9-methyl-anthracene,
9,10-dimethyl-anthracene, methanol, carbon disulfide (CS2, for chroma-
tography), hexane, pentane, all Fluka purum; anthracene, Fluka puriss.
scint. grade; 1,2-dichlorbenzene, CS2 and chloroform (for spectroscopy),
Fluka puriss.; deuterochloroform, 99.8 % D, Cambridge Isotopes, 2,3,6,7-
tetramethyl-anthracene,[34] 2,6-di-tert-butyl-anthracene;[35] thin-layer chro-
matography (TLC): POLYGRAMM SIL G/UV 254 plastic plates (CS2/
hexane 3:1); column chromatography: silica gel H (for TLC), 5 ± 40 mm
Fluka.


Spectroscopy : UV/Vis (Hitachi U-3000, l [nm]/log e), (b)sh� (broad)
shoulder. 1H NMR: Varian 500 Unity plus (500 MHz), Bruker AM-300
(300 MHz) or Varian Gemini 200 (200 MHz), d with d(CHCl3)� 7.19.
13C NMR: Varian 500 Unity plus (125 MHz) or Bruker AM-300 (75 MHz),
d with d(CDCl3)� 77.0. FAB-MS (Finnigan MAT95, m/z (%)), positive ion
detection, Cs gun.


Preparative experiments


Monoadducts of [60]fullerene and anthracenes


9',10'-Dihydro-[9,10]-ethanoanthraceno-[11',12':1,2]-[5,6]fullerene-C60 (3):
C60 (1; 50.0 mg, 0.069 mmol) anthracene (57.0 mg, 0.32 mmol) were
dissolved completely in 1,2-dichlorobenzene (3 mL) by using ultrasound
at room temperature. The flask with the concentrated solution of the
reactants was covered with aluminum foil and stored at room temperature
for 24 h with protection from day light. The dark, clear reaction mixture
was transferred into a crystallizing dish (6 cm diameter) and the open
reaction vessel was put into an desiccator (lower part charged with about
200 mL methanol). Then the reaction mixture was kept in the dark for
another 24 h, before it was seeded by addition of a sub-mg amount of
micro-crystalline monoadduct 3 (from an earlier batch). After storage of
the reaction mixture for six more days at room temperature and in the dark,
a significant amount of product had separated off as dark crystallized
precipitate. The dark brown supernatant was separated from the precip-
itate, which was washed with hexane, and the solvents were removed at
35 8C (bath temperature). The crystalline crude product fraction (about
65 mg dry weight), which contained small amounts of 1, anthracene and
bisadducts (according to TLC), and the residue from the dried supernatant,
were purified separately by chromatography on a silica gel column (120 g
silica gel, L : 50 cm, Æ 3 cm) using a 3:1 mixture of CS2 and hexane as
mobile phase. After eluting 1, fractions containing the pure monoadduct 3
could be collected, followed by fractions containing pure anthracene. The
remaining products (mostly bisadducts of 1 and anthracene were also
eluted and collected without further separation. All pure chromatographic
fractions of 1, 3, and anthracene were combined, the solvents were removed
using a rotatory evaporator (35 8C bath temperature) and the residues were
dried under high vacuum (18 h, 30 8C). The sample containing the higher
adducts were worked-up likewise. Thus, 1 (5.6 mg), 3 (48.7 mg), anthracene
(9.2 mg) and higher adducts (2.5 mg) were obtained from the crystalline
crude product fraction, and 1 (1.2 mg), 3 (1.2 mg), anthracene (32.7 mg) and
higher adducts (4.5 mg) from the separation of the supernatant fraction.
Altogether, 6.8 mg 1 (9.4 mmol, 13.6 %), 49.9 mg 3 (0.055 mmol, 80.0 %
yield), and 41.9 mg anthracene (0.235 mmol) were obtained as chromato-
graphically pure solids, as well as 7.0 mg of a mixture of higher adducts. Part
of the solid monoadduct 3 (47.6 mg) was dissolved in CS2 (1.5 mL) and 1,2-
dichlorobenzene (15 mL) and the flask was covered with a pierced
aluminum foil and stored in the dark in an desiccator charged with
pentane. Needle shaped dark crystals of 3 formed in the course of seven







FULL PAPER B. Kräutler et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3232 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 153232


days, upon which time the monoadduct 3 had almost completely crystal-
lized. Crystalline 3 was separated off from the supernatant and washed with
hexane and dried at high vacuum (room temperature, 18 h), to give dark
brown crystals (46.8 mg). TLC: Rf� 0.78; m.p.>180 8C (decomp); UV/Vis:
(CHCl3, 0.185 mm): lmax(log e)� 706 (2.51), 640sh (2.51), 606sh (2.90),
543sh (2.84), 481sh (3.16), 433 (3.51), 408sh (3.63); UV/Vis (1,1,2,2-
tetrachloroethane): lmax(log e)� 707 (2.49), 640sh (2.55), 542sh (2.95),
497sh (3.13), 481sh (3,14), 462sh (3.16), 434 (3.49), 414sh (3.55), 404sh
(3.66), 325sh (4.51), 313 (4.54); FT-IR (KBr): nÄ � 2920s, 2851m, 1510m,
1458m, 1425m, 1182w, 758m, 745m, 735m, 698s, 584m, 575m, 561m, 552m,
527s, 490w; 1H NMR (300 MHz, CS2/CDCl3 3:1): d� 7.72/7.45 (AA'BB'-
System, 8 H, H(C2',C3',C6',C7'), H(C1',C4',C5',C8')), 5.76 (s, 2 H;
H(C9',C10')), assignments from ROESY-experiment; 13C NMR
(125 MHz, ca. 2 mm in CS2/CDCl3 3:1, ca. 2.4 mm Cr(acac)3): d� 155.23
(C3-C60),C4a',C4b',C8a',C8b'), 147.24, 146.14, 145.88, 145.10 (double int.),
145.05 (double int.), 144.34, 142.69, 142.27, 141.96, 141.72, 141.33, 141.28,
139.66, 136.79, 127.09/125.58 (C1',C4',C5',C8', C2',C3',C6',C7'), 72.26
(C1,C2), 58.26 (C9',C10'); FAB-MS (NOBA): m/z (%): 900.5 (8),
899.3(12), 898.3 (5) [M]� , 722.7 (37), 721.6 (95), 720.6 (100) [C60]� .


1'-Methyl-9',10'-dihydro-[9,10]-ethanoanthraceno-[11',12':1,2]-[5,6]fuller-
ene-C60 (rac-4): C60 (1; 50.0 mg, 0.069 mmol) and 1-methylanthracene
(61.4 mg, 0.32 mmol) were dissolved completely in 1,2-dichlorobenzene
(3 mL) by using ultrasound at room temperature. The flask with the
concentrated solution of the reactants was covered with aluminum foil and
left to react at room temperature for 24 h. Then it was transferred into a
crystallizing dish (6 cm diameter) and the open reaction vessel was put into
an desiccator, charged with methanol. The reaction mixture was kept in the
dark for another 24 h. By that time a dark precipitate had formed and the
supernatant was essentially devoid of any fullerene 1 (according to TLC).
The brown supernatant was separated from the precipitate, which was
washed with hexane. The two product fractions (from the precipitate and
from the supernatant) were worked up as described above for the
preparation of 3. Thus, 1 (3.5 mg), rac-4 (31.6 mg), anthracene (1.2 mg)
and higher adducts were obtained from the precipitated fraction of crude
rac-4, and rac-4 (3.4 mg), as well as anthracene and higher adducts
(69.8 mg) from the separation of the supernatant fraction. Altogether,
3.5 mg 1 (4.9 mmol, 7 %) and 35.0 mg rac-4 (0.038 mmol, 55.2 %) were
obtained as chromatographically pure solids. For further analysis a sample
of the solid monoadduct rac-4 was dissolved in CS2 (about 1 mL) and 1,2-
dichlorobenzene (10 mL) and the flask was covered with a pierced
aluminum foil and was stored in the dark in an desiccator charged with
pentane. Needle shaped crystals of rac-4 formed in the course of seven
days. TLC: Rf� 0.88; m.p. >180 8C (decomp); UV/Vis (CHCl3, 0.157 mm):
lmax (log e)� 705 (2.58), 640sh (2.58), 543sh (3.00), 481sh (3.20), 433 (3.52),
408sh (3.66); 1H NMR (300 MHz, CS2/CDCl3 3:1): d� 7.74 ± 7.71 (m, 2H;
H(C5',C8')), 7.59 (d, J� 7.32 Hz, 1H; H(C4')), 7.48 ± 7.42 (m, 2H, H(C6',
C7')), 7.33 (t, J� 7.3 Hz, 1H; H(C3')), 7.28(d, J� 7.3 Hz, 1 H; H(C2')), 6.01
(s, 1 H, H(C9')), 5.74 (s, 1 H; H(C10')), 2.68 (s, 3H, CH3), assignments from
ROESY-experiment; HSQC/TOCSY (Varian Unity 500, CS2/CDCl3 3:1):
d� 129.0 (C4'), 127.5 (C5',C8'), 127.2 (C3'), 126.0 (C6',C7'), 123.8 (C2');
FAB-MS (NPOE): m/z (%): 913.9 (12), 912.9 (17), 911.9 (9) [M]� , 721.9
(55), 720.7 (100), 719.7 (94) [C60]� .


2'-Methyl-9',10'-dihydro-[9,10]-ethanoanthraceno-[11',12':1,2]-[5,6]fuller-
ene-C60 (rac-5): Analogous to the experiment above (preparation of rac-4)
a solution of C60 (1; 50.0 mg, 0.069 mmol) and 2-methylanthracene
(61.4 mg, 0.32 mmol) in 1,2-dichlorobenzene (3 mL) was left to react at
room temperature for 24 h. Then the reaction mixture was transferred into
the crystallizing dish and the open reaction vessel was put into the
desiccator charged with methanol. The reaction mixture was kept in the
dark for another 48 h. By that time a dark precipitate had formed and the
supernatant contained higher adducts, but little fullerene 1 (according to
TLC). The brown supernatant was separated from the precipitate and the
two product fractions (from the precipitate and from the supernatant) were
again worked up as described above for the preparation of 3. Thus, 1
(7.9 mg), rac-5 (40.2 mg), anthracene, and higher adducts (1.2 mg) were
obtained from the precipitated crude product fraction, and 1 (2.8 mg), rac-5
(4.1 mg), as well as anthracene and higher adducts (52.6 mg) from the
separation of the supernatant fraction. Altogether, 1 (10.7 mg, 14.9 mmol,
21.4 %) and rac-5 (44.3 mg, 0.049 mmol, 69.9 %) were obtained as
chromatographically pure solids. For further analysis a sample of the solid
monoadduct rac-5 was dissolved in CS2 (about 1 mL) and 1,2-dichloro-


benzene (10 mL) and the flask was covered with a pierced aluminum foil
and was stored in the dark in an desiccator charged with pentane. Needle
shaped crystals of rac-5 formed in the course of seven days. TLC: Rf� 0.86;
m.p. >180 8C (decomp); UV/Vis (CHCl3, 0.175 mm): lmax (log e)� 705
(2.45), 641sh (2.45), 543sh (2.90), 481sh (3.08), 433 (3.44), 408sh (3.57);
1H NMR (300 MHz, CS2/CDCl3 3:1): d� 7.72 (m, 2 H; H(C5',C8')), 7.61 (d,
1H; H(C4')), 7.55 (s, 1H; H(C1')), 7.45 (m, 2 H; H(C6',C7')), 7.26 (d, 1H;
H(C3')), 5.73/5.71 (2s, 2 H; H(C10',HC9'), 2.54 (s, 3H; CH3); 13C NMR
(75 MHz, CS2/CDCl3 3:1): d� 154.93 (C3-C60,C2',C4a',C4b',C8a', C8b'),
154.78, 146.83, 145.74, 145.48, 144.69, 144.63, 143.96, 143.91, 142.41, 142.28,
141.86, 141.56, 141.29, 141.04, 140.93, 140.89, 140.75, 140.71, 139.31, 139.25,
138.98, 136.89, 136.38, 136.26, 136.20, 132.93, 128.22 (C1',C4',C5',C8',
C3',C6',C7'), 126.71, 126.60, 126.36, 125.15, 125.12, 122.97, 71.72 (C1,C2),
58.14 (C9',C10'), 58.09, 18.50(CH3); FAB-MS (NPOE): m/z (%): 914.9 (7),
913.9 (14), 912.9 (19), 911.9 (11) [M]� , 721.7 (59), 720.7 (100), 719.7 (84) [C60]� .


9'-Methyl-9',10'-dihydro-[9,10]-ethanoanthraceno-[11',12':1,2]-[5,6]fuller-
ene-C60 (6): C60 (1; 100.0 mg, 0.139 mmol) and 9-methylanthracene
(53.4 mg, 0.28 mmol) were dissolved completely in CS2 (16 mL) by using
ultrasound at room temperature. The flask with the concentrated solution
of the reactants was sealed with a stopper and left to react at ÿ20 8C for
24 h. The reaction mixture was purified by flash chromatography on a silica
gel column (210 g silica gel H, L : 55 cm, Æ 4 cm), using a 3:1 mixture CS2/
hexane as mobile phase. After eluting 1, fractions containing the pure
monoadduct 6 could be collected, followed by fractions containing
9-methylanthracene and then more polar products (mostly bisadducts of
1 and 9-methylanthracene). The chromatographic fractions containing pure
6 were combined and the solvents were removed using a rotatory
evaporator (35 8C bath temperature). The chromatographic fractions
containing 1 and 9-methylanthracene were combined and the solvents
evaporated. The residue containing the re-isolated reactants was re-
dissolved in CS2 (about 10 mL) and allowed to react atÿ20 8C for 24 h. The
reaction mixture was again purified by flash chromatography to isolate a
second batch of monoadduct 6 and to re-isolate remaining starting
material, as described above. This procedure was repeated two more
times. Four samples of chromatographically pure monoadduct 6 were
collected and then dried with high vacuum (18 h, 30 8C). The remaining
starting fullerene 1 from the last round of chromatographic purification
was also re-isolated and dried. Thus, 1 (9.9 mg, 13.7 mmol, 9.9%) was re-
isolated and 6 (83.2 mg, 0.091 mmol, 65.7 %) was obtained as a chromato-
graphically pure solid, which was analyzed as follows: TLC: Rf� 0.84; m.p.
>180 8C (decomp); UV/Vis (CHCl3, 0.182 mm): lmax (log e)� 705 (2.52),
638sh (2.52), 543sh (2.97), 493sh (3.10), 433 (3.42), 406sh (3.62); 1H NMR
(300 MHz, CS2/CDCl3 3:1): d� 7.70 (m, 4H; H(C1',C4',C5', C8')), 7.44 (m,
4H; H(C2',C3',C6',C7'), 5.78 (s, 1H; H(C10')), 2.80 (s, 3H; CH3); FAB-MS
(NOBA): m/z (%): 914.9 (3), 913.9 (6), 912.9 (8), 911.9 (4) [M]� , 721.9 (65),
720.9 (100), 719.9 (76) [C60]� .


9',10'-Dimethyl-9',10'-dihydro-[9,10]-ethanoanthraceno-[11',12':1,2]-[5,6]-
fullerene-C60 (7): C60 (1; 60.0 mg, 0.083 mmol) was dissolved in CS2 (3.5 mL)
and 9,10-dimethylanthracene (20.6 mg, 0.101 mmol) in CS2 (0.5 mL). Both
solutions were cooled to 0 8C and then the solution of the fullerene 1 was
added to the solution of the anthracene derivative at 0 8C. After 5 min the
reaction vessel was stored in a freezer (at ÿ20 8C) and left there for 24 h. A
dark precipitate formed and the supernatant was removed. The latter was
concentrated to about half its volume (using the rotatory evaporator, near
0 8C) and then stored in the freezer for 24 additional hours, whereupon
another crop of dark precipitate had formed. The supernatant was removed
again, the precipitates were washed with small amounts of pentane and
dried (HV, 30 8C). Analysis by TLC indicated the solid crude 7 to contain
traces of 1, but no other nonvolatile components. From the supernatant by
chromatography and work-up fullerene 1 (10.9 mg) was reisolated and
dried. Thus, 1 (10.9 mg, 15.1 mmol, 18.2 %) and 7 (56.7 mg, 61 mmol, 73.5 %)
were obtained as solids. For spectral analysis, a sample of the monoadduct 7
was recrystallized from CS2 at ÿ20 8C. TLC: Rf� 0.84; m.p. ca. 180 8C
(decomp); UV/Vis (CHCl3, 0.151 mm): lmax (log e)� 704 (2.51), 641sh
(2.60), 543sh (3.03), 493sh (3.20), 432 (3.47), 405sh (3.72); 1H NMR
(300 MHz, CS2/CDCl3 3:1): d� 7.66/7.41 (AA'BB'-System, 8 H;
H(C2',C3',C6',C7'), H(C1',C4',C5', C8')), 2.83 (s, 6H; 2CH3); FAB-MS
(NPOE): m/z (%): 928.9 (4), 927.9 (7), 926.9 (8), 925.94 (6) [M]� , 721.9 (67),
720.9 (100), 719.7 (96) [C60]� .


2',3',6',7'-Tetramethyl-9',10'-dihydro-[9,10]-ethano-anthraceno-[11',12':1,2]-
[5,6]fullerene-C60 (8): C60 (1; 30.0 mg, 0.042 mmol) and 2,3,6,7-tetrameth-
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ylanthracene (19.5 mg, 0.084 mmol) were dissolved completely by using
ultrasound in CS2 (10 mL). The flask with the concentrated solution of the
reactants was covered with aluminum foil. The mixture was left to react at
room temperature for 31 d and the products were purified by chromatog-
raphy on a silica gel column (130 g silica gel H, L : 30 cm, Æ 4 cm) using a
3:1 mixture CS2/hexane as mobile phase. After eluting 1, fractions
containing the pure monoadduct 8 could be collected, followed by fractions
containing the anthracene derivative and more polar products (mostly
bisadducts). All pure chromatographic fractions of 1 or 8 were combined,
the solvents were removed using a rotatory evaporator (35 8C bath
temperature) and the residues were dried with high vacuum (18 h, 30 8C).
Thus, 1 (9.4 mg, 13 mmol, 31.3%) and 8 (22.2 mg, 0.023 mmol, 56%) were
obtained as chromatographically pure solids. For further analysis a sample
of the solid monoadduct 8 was dissolved in CS2 (about 1 mL) and 1,2-
dichlorobenzene (10 mL) and the flask was covered with a pierced
aluminum foil and was stored in the dark in an desiccator charged with
pentane. Needle-shaped crystals of 8 formed in the course of seven days.
TLC: Rf� 0.89; m.p. > 180 8C (decomp); UV/Vis (CHCl3, 0.136 mm): lmax


(log e)� 707 (2.56), 642sh (2.56), 543sh (3.04), 481sh (3.20), 435 (3.58),
408sh (3.73); 1H NMR (300 MHz, CS2/CDCl3 3:1): d� 7.44 (s, 4 H;
H(C1',C4',C5',C8')), 5.58 (s, 2 H; H(C9',C10')), 2.38 (s, 12H; 4CH3,
H(C2',C3',C6',C7')).


2',6'-Di-tert-butyl-9',10'-dihydro-[9,10]-ethanoanthraceno-[11',12':1,2]-
[5,6]fullerene-C60 (rac-9): C60 (1; 30.0 mg, 0.042 mmol) and 2,6-di-tert-
butylanthracene (4.18 mg, 0.084 mmol) were dissolved completely in CS2


(10 mL) by using ultrasound at room temperature. The reaction mixture
was left to react at room temperature for 31 d and then it was worked up, as
described above for the preparation of 8. Thus, 1 (11.9 mg, 16.5 mmol,
39.7 %) and rac-9 (18.0 mg, 18 mmol, 43 %) were obtained as chromato-
graphically pure solids. For further analysis a sample of the solid
monoadduct rac-9 was recrystallized, as described above for the prepara-
tion of 8. Needle-shaped crystals of rac-9 formed in the course of several
days. TLC: Rf� 0.90; m.p. >180 8C (decomp); UV/Vis (CHCl3, 0.122 mm):
lmax (log e)� 708 (2.69), 642sh (2.69), 546 sh (3.15), 459sh (3.38), 434 (3.67),
407sh (3.82); 1H NMR (300 MHz, CS2/CDCl3 3:1): d� 7.71 (d, J� 2.2 Hz,
2H; H(C1',C5')), 7.62 (d, J� 8.1 Hz, 2H; H(C4',C8')) 7.42 (dd, J� 2.2,
8.1 Hz 2 H; H(C3',C7')), 5.68 (s, 2 H; H(C9',C10'), 1.42 (s, 18H; 6 CH3);
13C NMR (75 MHz, CS2/CDCl3 3:1): d� 155.28 (C3-C60, C4a',C4b',-
C8a',C8b',C2',C6'), 155.12, 149.28, 146.82, 145.71, 145.47, 144.75, 144.69,
144.63, 143.96, 143.93, 142.44, 142.25, 141.86, 141.61, 141.34, 141.03, 140.92,
139.24, 139.21, 138.25, 136.43, 124.67 (C1',C3',C4',C5',C7',C8'), 123.25,
122.09, 72.07 (C1,C2), 57.90 (C9',C10'), 34.03 (C(CH3)), 31.02 (CH3); FAB-
MS (NPOE): m/z (%): 1012.2 (10), 1011.2 (13), 1010.2 (6) [M]� , 721.7 (58),
720.7 (100), 719.7 (99) [C60]� .


Thermolytic decomposition of monoadducts of [60]fullerene and anthra-
cenes in the solid state and preparation of antipodal bisadducts


Thermolysis of crystalline 3 : Di{9',10'-dihydro-[9,10]-ethanoanthraceno-
[11',12':1,2;11'',12'':55,60]}-[5,6]fullerene-C60 (2): A melting point capillary
was charged with crystalline monoadduct 3 (9.8 mg, 10.8 mmol), which was
then evacuated and sealed. The sealed tube was inserted into the heated
bath of a Büchi melting point apparatus and heated at 180 8C for 10 min.
The cooled melting point capillary was wiped clean, opened and inserted
into a flask, where it was crushed mechanically. The solids were dissolved in
CS2 (40 mL) with the help of ultrasound and the solution then was
concentrated to about 15 mL. The dissolved reaction mixture was then
applied to a chromatographic column with silica gel H (120 g, L : 40 cm, Æ
3 cm) and was separated into the main components, 1 and 2. The
chromatographically pure fractions were collected and united. Thus, 1
(3.7 mg, 5.1 mmol, 47.6 %) and 2 (5.6 mg, 51 mmol, 48%) were isolated as
dark solids. For spectral analysis and the purpose of obtaining single
crystals for X-ray analysis, the antipodal bisadduct 2 (6.8 mg) was dissolved
in CS2 (10 mL), 1,2-dichlorobenzene (1 mL) was added and the flask was
loosely closed with a plug of cotton wool, and stored in the dark for several
days. After this time, the supernatant was almost colorless and 2 had
separated out as dark crystals. For spectral analysis the crystalline bisadduct
2 was washed with pentane and dried at high vacuum at room temperature.
TLC: Rf� 0.54; m.p. >190 8C (decomp); UV/Vis (CS2, 0.151 mm): lmax (log
e)� 675sh (2.60), 627sh (2.86), 503 (3.98), 469 (3.46), 440sh (3.78), 426sh
(3.88); UV/Vis (CHCl3, 0.076 mm): lmax (log e)� 665sh (2.86), 610sh (3.00),
498 (3.76), 464 (3.40), 432sh (3.63), 377sh (4.02), 320 (4.49); 1H NMR
(500 MHz, CS2/CDCl3 3:1): d� 7.79 (m, 4 H) (cf. ref. [19b]), 7.47 (m, 4H),


6.04 (s, 4 H); 13C NMR (125.7 MHz, CS2/CDCl3 3:1; �2,4 mm Cr(acac)3):
d� 153.8 (9s) (cf. ref. [19b]), 147.1, 145.3, 145.2, 144.2, 141.8, 141.7, 140.5,
137.3, 127.2 (d), 125.8 (d), 70.3 (s), 58.5 (d); FT-IR (KBr): nÄ � 2920s, 2849m,
2361m, 2342m, 1468m, 1458m, 1424w, 1261w, 1215w, 1109w, 1095w, 1078w,
1022w, 758s, 731m, 702s, 667w, 640w, 588m, 532w, 522m; FAB-MS (NOBA):
m/z (%): 1079.3 (9), 1078.3 (10), 1077.3 (12), 1076.3 (9) [M]� , 721.1 (100),
720.1 (96) [C60]� .


Thermolysis of crystalline rac-4 : Di{1'-methyl-9',10'-dihydro-[9,10]-etha-
noanthraceno-[11',12':1,2; 11'',12'':55,60]}-[5,6]fullerene-C60 (10): A melting
point capillary was charged with crystalline monoadduct rac-4 (5.0 mg,
5.5 mmol) and sealed. The sealed tube was inserted into the heated bath of a
Büchi melting point apparatus and was heated at 180 8C for 10 min. After
work-up as described above (thermolysis of 3), the dissolved reaction
mixture was separated by chromatography on a column with silica gel H
(80 g) into the main components, 1 and 10. The chromatographically pure
fractions were collected and united. Thus, 1 (1.7 mg, 2.4 mmol, 43 %) and 2
(2.6 mg, 2.4 mmol, 43 %) were isolated as dark solids. For spectral analysis, a
sample of the antipodal bisadduct 10 was dried at high vacuum at room
temperature. TLC: Rf� 0.69; m.p. >180 8C (decomp); UV/Vis (CS2,
0.103 mm): lmax (log e)� 678sh (2.69), 618sh (2.99), 502 (4.07), 468 (3.57),
438sh (3.89), 427sh (3.98); 1H NMR (500 MHz, CS2/CDCl3 3:1): d� 7.79 (t,
4H; H(C5',C8')), 7.65 (d, 2H; H(C4')), 7.48 (m, 4 H; H(C6',C7')), 7.36 (t,
2H; H(C3')), 7.31 (m, 2H; H(C2')), 6.29 (s, 2 H; H(C9')), 6.02 (s, 2H;
H(C10')), 2.72 (s, 6 H, 2 CH3); FAB-MS (NOBA): m/z (%): 1106.2 (9),
1105.2 (16), 1104.2 (8) [M]� , 913.9 (9), 912.9 (12), 911.9 (7) [Mÿ (C15H12)]� ,
721.7 (53), 720.7 (100), 719.7 (75) [C60]� .


Thermolysis of 6 in the solid state : Crude di{9'-methyl-9',10'-dihydro-
[9,10]-ethanoanthraceno-[11',12':1,2;11'',12'':55,60]}-[5,6]fullerene-C60 (11):
A melting point capillary was charged with solid monoadduct 6 (5.0 mg,
(0.0055 mmol) and sealed. The sealed tube was inserted into the heated
bath of a Büchi melting point apparatus and heated at 180 8C for 10 min.
The cooled melting point capillary was wiped clean, opened and its solid
contents were dropped into a flask, where the solids were rapidly dissolved
in CS2 (about 2 mL) with the help of ultrasound. The dissolved reaction
mixture was rapidly analyzed by TLC: 1 (Rf� 0.8, ca. 45%), 11 (Rf� 0.68,
ca. 45%), and traces 6 (Rf� 0.75, ca. 10 %). The Vis spectrum of the isolate
(in CS2) showed pronounced maxima at 501 nm and at 466 nm (of 6), as
well as a broad, weak maximum near 607 nm (of 1). A 300 MHz 1H NMR
spectrum (CS2/CDCl3 3:1, room temperature), exhibited major signals of a
1:1 mixture of 11 a/11b, minor signals of 6 and 9-methylanthracene (with
relative integrals of methyl group signals 29:1.2:0.2, respectively): signals
assigned to 11a/11b (with relative integrals 3:1:4:4): 7.78/7.48 (AA'BB'-
system, H(C2', C3',C6',C7'), H(C1',C4',C5',C8')), 6.079/6.073 (2s,
H(CA10',CB10')), 2.927/2.921 (2s, 2 CH3). For FAB-mass spectral analysis
the crude sample of the antipodal bisadduct 11 was first dried at high
vacuum at room temperature. FAB-MS (NPOE): m/z (%): 1106.2 (3),
1105.1 (4), 1104.1 (2) [M]� , 912.9 (4) [MÿC15H12�H]� , 721.7 (52), 720.7
(100), 719.7 (99) [C60]� .


Thermolysis of crystalline 7: Crude di{9',10'-dimethyl-9',10'-dihydro-[9,10]-
ethanoanthraceno-[11',12':1,2;11'',12'':55,60]}-[5,6]fullerene-C60 (12): A
melting point capillary was charged with crystalline monoadduct 7
(5.0 mg, 0.0054 mmol) and sealed. The sealed tube was inserted into the
heated bath of a Büchi melting point apparatus and was heated at 180 8C for
10 min. After work-up as described above (thermolysis of 6) the dissolved
reaction mixture was rapidly analyzed by TLC: 1 (Rf� 0.8, ca. 45 %), 12
(Rf� 0.65, ca. 45 %), an anthracene (Rf� 0.7) and 7 (Rf� 0.75, ca.10 %). A
Vis spectrum of the isolate (in CS2) exhibited a sharp maximum at 500 nm
and two weaker signals at 467 and 607 nm. A 200 MHz 1H NMR spectrum
(CS2/CDCl3 3:1, room temperature) had the signals compatible with a
�2.5:1:0.4 mixture of 12, 7 (singlet at d� 2.83) and 9,10-dimethylanthra-
cene (singlet at d� 3.08); signals assigned to 12 : 7.75/7.47 (AA'BB'-system,
H(C2',C3', C6',C7'), H(C1',C4',C5',C8')), 2.95 (s, CH3). For FAB-mass
spectral analysis the crude sample of the antipodal bisadduct 12 from a
related experiment was first dried at high vacuum at room temperature.
FAB-MS (NPOE): 1133.2 (4), 1132.2 (2) [M]� , 926.9 (9) [MÿC16H14�H]� ,
721.7 (54), 720.7 (100), 719.7 (99) [C60]� .


Thermolysis of crystalline rac-5 : A melting point capillary was charged
with crystalline monoadduct rac-5 (3.0 mg, 3.3 mmol) and sealed. The
sealed tube was inserted into the heated bath of a Büchi melting point
apparatus and heated at 200 8C for 10 min. After work-up as described
above (thermolysis of 6) the dissolved reaction mixture was analyzed by
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TLC (CS2/hexane 3:1) and by recording its UV/Vis spectrum. The TLC
indicated about 80% conversion and presence of 1 (Rf� 0.8) and
2-methylanthracene (Rf� 0.7), but another spot, as expected for an
antipodal or any other bisadduct (of 1 and 2-methylanthracene) was
missing. Likewise, the Vis spectrum exhibited the characteristics of 1, but a
maximum near 500 nm, as expected for an antipodal bisadduct 2, was not
discernible.


Corresponding thermolysis experiment with rac-5, carried out either at
180 8C for 10 min (about 10% conversion) or at 240 8C for 10 min (100 %
conversion), indicated formation of 1 and 2-methylanthracene, but other
products were not formed in significant amounts.


Thermolysis of crystalline 8 : In experiments carried out as described above
(rac-5), crystalline monoadduct 8 (5.0 mg, 5.2 mmol) was thermolyzed in the
solid state at 200 8C for 10 min. Analysis of the reaction mixture (which was
dissolved in CS2) by TLC (CS2/hexane 3:1) and by UV/Vis spectroscopy,
indicated about 90 % conversion and presence of 1 (Rf� 0.8) and 2,3,6,7-
tetramethylanthracene (Rf� 0.73), but spectral or chromatographic prop-
erties, as expected for an antipodal or any other bisadduct (of 1 and 2,3,6,7-
tetramethylanthracene) were missing. Corresponding thermolysis experi-
ment with 8, carried out either at 180 8C for 10 min (about 15 % conversion)
or at 240 8C for 10 min (100 % conversion), indicated formation of 1 and
2,3,6,7-tetramethylanthracene, but other products were not formed in
significant amounts.


Thermolysis of crystalline rac-9 : In experiments carried out as described
above (rac-5), crystalline monoadduct rac-9 (5.0 mg, 0.0049 mmol) was
thermolyzed in the solid state at 180 8C for 10 min. Analysis by TLC (CS2/
hexane 3:1) and by Vis spectroscopy of the reaction mixture (dissolved in
about 5 mL of CS2), indicated complete conversion and presence of 1 (Rf�
0.8) and 2,6-di-tert-butylanthracene (Rf� 0.75), but spectral or chromato-
graphic evidence, as expected for an antipodal or another bisadduct (of 1
and 2,3,6,7-tetramethylanthracene) was missing.


Exploratory control experiments : Preparation and thermolysis of 1:1
cocrystals of fullerene 1 and antipodal bisadduct 2 : A solution of fullerene 1
(4.2 mg, 0.0058 mmol) in 1,2-dichlorobenzene (1.9 mL, in a small crystal-
lizing dish) was mixed into a solution of antipodal bisadduct 2 (6.3 mg,
0.0058 mmol) in CS2 (7.5 mL). The crystallizing dish containing the
homogeneous mixture was covered with aluminum foil and was stored
for six days at 0 8C with protection from light in an desiccator charged with
pentane (100 mL). After that time, black crystals formed. The nearly
colorless supernatant was removed and the homogeneous cocrystallizate
was washed with pentane and dried at high vacuum. As described in the
section for the preparation of 2, the cocrystals (2.1 mg) were heated in a
sealed and evacuated melting point capillary and were heated at 180 8C for
10 min. The product mixture was completely dissolved in CS2 to be
analyzed as follows: i) TLC indicated the presence of 1 and 2 (about 1:1)
and traces of monoadduct 3 ; ii) a 500 MHz 1H NMR spectrum showed the
signals of the antipodal bisadduct 2 (singlet at d� 6.00) and also indicated
the presence of a small amount of monoadduct 3 (singlet at d� 5.72), with
relative intensities 15.5:0.6 (�0.5). Anthracene could not be detected. The
data are consistent with the presence of about 48 % of each of the starting
materials (1 and 2) and about 4% of monoadduct 3.


Thermolysis of crystalline antipodal bisadduct 2 : A sample of crystalline 2
(2.3 mg) was heated to 180 8C for 10 min and analyzed as described above.
A 500 MHz 1H NMR spectrum of the heated sample showed the signals of
the antipodal bisadduct 2 (singlet at d� 6.00) and indicated the presence of
anthracene (signals in the aromatic region) and again a small amount of
monoadduct 3 (singlet at d� 5.72), with relative amounts of 2, 3 and
anthracene of about 90:5:15 (�3). A consistent product analysis was also
provided by TLC, which allowed the additional detection of about 10% of
free fullerene 1.


Thermolysis of monoadduct 3 in solution : In a sealed glass ampoule an
argon saturated solution of monoadduct 3 (1.8 mg) in 1,2-dichlorobenzene
(1.8 mL) was heated to 180 8C for 105 s (experiment A) or for 2.5 min
(experiment B). The reaction vessel was then cooled with ice externally,
opened and the reaction mixture was analyzed by TLC The solvent
was then removed under high vacuum and the residue dissolved in
CS2/deuterochloroform 2.5:1, to be analyzed by a 500 MHz 1H NMR
spectrum. While only fullerene 1 and anthracene could be detected as
reaction products from experiment B, the NMR spectrum of reaction
mixture A indicated anthracene (about 90%), about 10% of 3 (singlet at


about d� 5.7) and about 3% of the antipodal bisadduct 2 (singlet at about
d� 6.0).
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Constructing Conformationally Constrained Macrobicyclic Musks


Philip Kraft* and Riccardo Cadalbert[a]


Abstract: To investigate the structure ±
odor correlation of musks, (12R)-12-
methyl-13-tridecanolide (1), a macrocy-
clic musk, and 13-tridecanolide, its non-
musky demethyl analogue, were confor-
mationally constrained by introduction
of methylene bridges between C-3 and
C-8 or C-9. These [7.5.1]- and [8.4.1]-
macrobicycles were synthesized starting
from bicyclo[5.3.1]undec-8-en-9-one (3)
and bicyclo[4.3.1]dec-7-en-8-one (8), re-
spectively, by a sequence consisting of
catalytic hydrogenation, a-alkylation


with a TBS-protected (tert-butyldimeth-
ylsilyl) hydroxy halide, acid-catalyzed
cyclization, oxidative cleavage of the
formed enol ether double bond, and
subsequent reduction of the carbonyl
group via its tosylhydrazone. The com-
pound (1R,6R,9R)-(�)-6-methyl-4-oxa-


bicyclo[7.5.1]pentadecan-3-one (22) was
found to possess the most pronounced
musk odor, and this was rationalized by
a superposition analysis with the poly-
cyclic aromatic musk odorant (4S,7R)-
Galaxolide (2). In its (1S,6R,9S)-(�)-
stereoisomer 23 as well as in (1S,6R,
10R)-(�)-6-methyl-4-oxabicyclo[8.4.1]-
pentadecan-3-one (18) the (6R)-methyl
group seems to hinder the interaction
with the musk receptor, while the de-
methyl compounds 7 and 12 showed
only very faint odors.


Keywords: conformation analysis ´
fragrances ´ macrocycles ´
molecular modeling ´ structure ±
activity relationships


Introduction


One of the most important problems in the design of
macrocyclic musks is their conformational flexibility. It is
certainly true that in this substance class an inexpensive
synthesis is as important for commercial success as the odor
characteristics,[1±4] yet for more intense compounds one can
afford more complex synthetic approaches. Knowledge of the
active conformations of these compounds would obviously
facilitate the design of new potent macrocylic musk odorants.
Furthermore, this knowledge could explain the odor similar-
ities of macrocyclic and polycyclic musks,[5] and enable the
creation of new classes of musk odorants, for example, linear
aliphatic compounds,[1] which might turn out to be much
cheaper to produce than the parent macrocyclic compounds.
However, nothing is known about the active conformers of
macrocyclic musk odorants.


To obtain some information about the active conformations
of macrocycles their conformational freedom must be re-
stricted, and this can be best achieved by introducing bridges,
that is, by constructing macrobicycles. Methylene bridges
seem to be ideally suited since they effectively confine the
compounds to a few energetically different conformers and
they do not increase the molecular weight too much. We chose


(12R)-(�)-12-methyl-13-tridecanolide (1), a natural constitu-
ent of Angelica root oil,[6] Angelica archangelica L., as the
target molecule for the introduction of methylene bridges.
This compound (1) possesses a clean musk odor accompanied
by strong sandalwood accents and a slight fruity undertone of
pear,[7] while its enantiomer differs unambiguously with a
more camphoraceous, animal-like musk note, and 13-trideca-
nolide is not musky at all.[8] The conformation of the 14-
membered ring as well as the configuration of the methyl-
bearing carbon atom are therefore crucial for its odor
characteristics. This and its low molecular weight, which
allows the introduction of bridges without exceeding the mass
boundaries of macrocyclic musk odorants (ca. 286 u),[9] make
(12R)-(�)-12-methyl-13-tridecanolide (1) especially suitable
for conformation ± odor correlation studies.


Conformational considerations : Compounds with 14-mem-
bered rings are the conformationally most restricted amongst
the medium and large rings, and they exist largely in a [3434]
rectangular diamond-lattice conformation.[10] X-ray crystallo-
graphic studies of cyclotetradecane,[11] cyclotetradecanone,[12]


cyclotetradecane oxime,[13] 1,3,8,10-tetraoxacyclotetradec-
ane,[14] and 13-tridecanolide[15] prove the preference for the
[3434] conformation as lowest-energy conformer. A recent
conformation analysis of methyl-substituted 14-membered
macrocycles by DNMR (Dynamic Nuclear Magnetic Reso-
nance) spectroscopy also confirmed the preference for [3434]
conformations in solution.[16]
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Überlandstrasse 138, 8600 Dübendorf (Switzerland)
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Figure 1 shows the six lowest-energy conformations of
(12R)-12-methyl-13-tridecanolide (1) as calculated by a Low-
Mode molecular mechanics search with MacroModel 7.0 with


Figure 1. The six lowest-energy conformers of (12R)-(�)-12-methyl-13-
tridecanolide (1).


the MM3* force field.[17] The conformations are designated
according to the Dale system[10] with the extension of Clyne
and Weiler,[16] which marks the oxa-position. The [3434]-1
conformation was found to be at the global energy minimum;
however, the energy gap to the first [3344] conformer is just
0.43 kcal molÿ1. While the shape and relative position of the
12-methyl group of the [3434]-1 and the [3344]-1 conformer
are quite similar, the other [3434] conformers are rather


different, especially with regard to the odor-determining
(12R)-methyl group.


The odor of the conformationally constrained polycyclic
musk odorant Galaxolide (2, Scheme 1) is also strongly
determined by the configuration of the methyl-bearing C-4


Scheme 1. The musk odorants (12R)-(�)-12-methyl-13-tridecanolide (1)
and (4S,7R)-(ÿ)-Galaxolide (2), and the synthesis of (1R*,9R*)-4-oxabi-
cyclo[7.5.1]pentadecan-3-one (7).


carbon atom. The (4S)-(ÿ)-isomers of Galaxolide are about
400 times stronger than the (4R)-(�)-isomers that only
possess very faint musk tonalities and were even considered
odorless by some perfumers.[5] To mimic the shape of polycylic
musk odorants like 2, and to restrict the conformational
freedom of 1, we planned to introduce a methylene bridge
between C-3 and C-8 or C-9 of 1 to construct bicyclo[7.5.1]-
and bicyclo[8.4.1]-macrolides. In addition, we wanted to study
the influence of the (12R)-methyl group, so the 12-demethyl
analogues 7 (Figure 2) and 12 were first on our agenda.


Figure 2. ORTEP view of the crystal structure of 7, thermal ellipsoids at
30% probability level.


Abstract in German: Um die Struktur-Geruchs-Zusammen-
hänge von Moschuskörpern zu untersuchen, wurden (12R)-12-
Methyl-13-tridecanolid (1) ± ein makrocyclischer Moschus-
Riechstoff ± und 13-Tridecanolid ± sein nicht moschusartig
riechendes Demethyl-Analogon ± durch Einführen von Me-
thylenbrücken zwischen C-3 und C-8 sowie C-9 in ihrer
konformativen Beweglichkeit eingeschränkt. Diese [7.5.1]- und
[8.4.1]-makrobicyclischen Systeme wurden ausgehend von
Bicyclo[5.3.1]undec-8-en-9-on (3) bzw. Bicyclo[4.3.1]dec-7-
en-8-on (8) über eine Sequenz aus katalytischer Hydrierung, a-
Alkylierung mit einem TBS-geschützten Hydroxy-Halogenid,
säurekatalysierter Cyclisierung, oxidativer Spaltung der ent-
standenen Enolether-Doppelbindung und anschlieûender Re-
duktion der Carbonylgruppe über ihr Tosylhydrazon synthe-
tisiert. (1R,6R,9R)-(�)-6-Methyl-4-oxabicyclo[7.5.1]pentade-
can-3-on (22) zeigte den ausgeprägtesten Moschus-Charakter
und dies lieû sich durch Analyse der Überlagerungsstruktur mit
dem polycyclischen aromatischen Moschus-Riechstoff
(4S,7R)-Galaxolid (2) erklären. Bei seinem (1S,6R,9S)-(�)-
Stereoisomer 23 sowie beim (1S,6R,10R)-(�)-6-Methyl-4-oxa-
bicyclo[8.4.1]pentadecan-3-on (18) scheint die (6R)-Methyl-
gruppe die Wechselwirkung mit dem Moschus-Rezeptor ste-
risch zu behindern, während die Demethyl-Verbindungen 7
und 12 überhaupt nur einen sehr schwachen Geruch besitzen.
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Syntheses, Results, and Discussion


Bicyclo[7.5.1]- and bicyclo[8.4.1]-macrolides should be acces-
sible by ring enlargement of bicyclo[5.3.1]undecan-9-one (4)
and bicyclo[4.3.1]decan-8-one (9) with bifunctional C3- and
C4-building blocks,[7, 18] respectively. The starting materials,
the bicyclic enones 3 and 8, were prepared by Michael
addition of ethyl acetoacetate to cycloalk-2-en-1-ones, intra-
molecular aldol condensation, and subsequent decarboxyl-
ation.[19, 20] In the case of 8 (Scheme 2), an additional demeth-


Scheme 2. Synthesis of (1R*,10S*)-4-oxabicyclo[8.4.1]-pentadecan-3-one
(12).


oxylation step by treatment with boronic acid in refluxing
xylene is necessary.[20, 21] The required cycloalk-2-en-1-ones
were synthesized from the corresponding cycloalkanes by a
bromination/debromination procedure.[22]


The bridgehead a,b-unsaturated ketone 3 has often served
as a model substrate for mechanistic studies,[23] and, as was
proven by X-ray crystallography of a semicarbazone,[24] can be
catalytically hydrogenated to provide the diaxially linked
(1R*,7S*)-bicyclo[5.3.1]-undecan-9-one (4). We isolated 4 in
70 % yield by heterogenous hydrogenation of 3 with a
palladium on carbon catalyst, and independently proved its
relative (1R*,7S*)-configuration by a NOESY experiment
(crosspeaks from 11-Ha to 3- and 5-Hax). Likewise we
established the diaxially linked (1R*,6S*)-configuration of 9
(crosspeaks from 10-Ha to 7- and 9-Hax as well as from 10-Hb


to 3- and 4-Hax), which we obtained in 88 % yield by catalytic
hydrogenation of 8. Bicyclo[4.3.1]decan-8-one (9) was also
prepared by Momose and Muraoka,[25] who started from the
condensation product of N-cycloheptenylpyrrolidine and
2-benzoyl-1,3-dichloropropane; however, the reported melt-
ing point of 26 ± 29 8C[25] deviates significantly from the one we
found (136.0 ± 137.5 8C).


The lithium enolates of the bicycloalkanones 4 and 9 were
then alkylated with (tert-butyldimethyl)-(3-iodo-propoxy)-
silane and (tert-butyldimethyl)-(4-iodobutoxy)silane, respec-
tively, which were synthesized from the corresponding
hydroxy esters by protection of the hydroxy group, reduction
of the ester moiety with DIBAH (diisobutylaluminum hy-
dride), and iodination of the resulting hydroxy group.[7, 18] The
alkylation products 5 and 10 were both isolated by flash
chromatography in 42 % yield, and then cyclized to the
intermediate tricyclic dihydropyran and tetrahydrooxepine


systems, respectively, by refluxing in anhydrous tetrachloro-
methane in the presence of Amberlyst 15 and a molecular
sieve (4 �). These rather harsh conditions were necessary,
because the TBSO-butylbicyclodecanone 10 did not cyclize to
the corresponding tetrahydrooxepine under the standard
reaction conditions, that is, stirring in a suspension of
Amberlyst 15 in dichloromethane at room temperature.[7, 18]


Without isolation, the enol ether double bonds of the
intermediate tricycles were then cleaved by Sharpless cata-
lytic ruthenium tetroxide oxidation[26] to provide as main
products the oxolactones 6 and 11 in 31 % and 41 % overall
yield, respectively. Astonishingly, as was revealed by the
X-ray crystal structure of 11 (Figure 3), one bridgehead of the


Figure 3. ORTEP view of the crystal structure of 11, thermal ellipsoids at
30% probability level.


methylene bridge of 10 epimerized during the course of this
reaction; and thus, the less-strained (1R*,10R*)-configured
4-oxabicyclo[8.4.1]pentadeca-3,9-dione (11) was isolated as
the main product. This was not the case for the transformation
of 5 into the oxolactone 6 ; and by reduction of its tosylhy-
drazone with catecholborane[27] the (1R*,9R*)-configured
crystalline 4-oxabicyclo[7.5.1]pentadecan-3-one (7) was ob-
tained in 51 % yield, an X-ray structure of which is shown in
Figure 2. In an analogous manner, 11 was reduced to the
(1R*,10S*)-configured 4-oxabicyclo[8.4.1]pentadecan-3-one (12),
and the odor of both target molecules 7 and 12 was evaluated.


Next, we wanted to synthesize the (6R)-methyl derivatives
of 6 and 12, since this methyl group had such a crucial
influence on the odor of (12R)-12-methyl-13-tridecanolide (1,
vide infra). The required chiral building block 15 for the
synthesis of the (6R)-methyl derivative 16 was prepared from
(3R)-methyl-3-carboxybutanoate (13, Tokyo Kasei Kogyo,
>98 % ee) by reduction with the borane ± dimethyl sulfide
complex, protection of the resulting hydroxy group as a tert-
butyldimethylsilyl (TBS) ether, reduction of the ester moiety
with DIBAH, and subsequent iodination (Scheme 3).[28] The
starting material, halfester 13 is produced from enantiomeri-
cally pure (R)-(�)-methylsuccinic acid, which can be obtained
by microbial transformation of squalene.[29] The synthesis of
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Scheme 3. Enantioselective synthesis of (1S,6R,10R)-(�)-6-methyl-4-oxa-
bicyclo[8.4.1]pentadecan-3-one (18) by ring enlargement with the chiral
building block 15.


(2S)-(�)-(tert-butyldimethyl)-(3-iodo-2-methylpropoxy)silane
(>98 % ee), the building block for the synthesis of 22 and 23,
is described in ref. [7].


Alkylation of 4 and 9 with these chiral building blocks gave
16 and 19 in 38 % and 42 % yield, respectively, (Scheme 4),
which were then subjected to the extended cyclization
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Scheme 4. Syntheses of the enantiomerically pure 6-methyl-4-oxabicy-
clo[7.5.1]pentadecan-3-ones 22 and 23.


sequence to provide, after isolation by flash chromatography,
as main products the crystalline oxolactones 17 (54%) and 20
(30 %) as well as 21 (33 %). Reduction was again accom-
plished via the corresponding tosylhydrazones to furnish the
target molecules 18, 22, and 23.


As in the case of 12, the bridgehead atom C-10 of 18
epimerized during the course of the cyclization, and a
(1S,6R,10R)-configuration was assigned for 18 by X-ray
crystallography (Figure 4). The configurations of 22 and 23
were determined from the X-ray crystal structures of the
corresponding oxolactones 20 (Figure 5) and 21 (Figure 6),
and as in the case of 7 the relative configuration of the
methylene-bridge atoms of 4 was retained throughout the
reaction sequence. So the bridgehead atoms of the oxabicy-
clo[7.5.1]pentadecan-3-ones 7, 22, and 23 have like-configura-
tion, while the bridgeheads of the oxabicyclo[8.4.1]pentade-


Figure 4. ORTEP view of the crystal structure of 18, thermal ellipsoids at
30% probability level.


Figure 5. ORTEP view of the crystal structure of 20, thermal ellipsoids at
30% probability level.


Figure 6. ORTEP view of the crystal structure of 21, thermal ellipsoids at
30% probability level.


can-3-ones 12 and 18 have unlike-configuration. Though
completely unintended, this makes the overall shapes of the
target molecules resemble each other even more closely
(Figure 7), and thus simplifies the structure ± odor correlation.
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Figure 7. Superposition of the X-ray crystal structures of 7 with like-
configured bridgeheads and 18 with unlike-configured bridgeheads.


Olfactory properties and Conclusion


Because the target molecules 7, 12, 18, 22, and 23 are
conformationally constrained we did not expect them to be
more musky than the parent compound (12R)-12-methyl-13-
tridecanolide (1), which also shows a strong sandalwood
inflection. In addition, the conformations of macrocycles can
also alter by the interaction with the receptor and they thus
can adapt much more during the receptor interaction than the
rigid macrobicycles described in this paper. Therefore, we
were looking rather for the beginning of a musk tonality than
for a sheer musk note.


The compound (12R)-12-methyl-13-tridecanolide (1) was
deliberately selected as the parent compound, since it is just at
the beginning of the molecular dimensions of musk odorants
and consequently depends critically on structural variations;
this makes it especially suitable for structure ± odor inves-
tigations. Like 13-tridecanolide, the demethyl compounds 7
and 12 were expected to be devoid of any musk character, and
indeed both are extremely weak odorants; however, both
possess a slight, very faint undertone of musk. Besides, 7 is
mainly woody ± ambery, and 12 is anisic ± fruity ± ambery.


The most powerful odorant of this series is 18, but it does
not possess any musky facets. Instead, it emanates a cedar-
wood-type, woody ± ambery scent with animal-like nuances.
The most typical musk note is present in 22 with its powerful
fresh odor that, in addition to its musky aspects, is also anisic,
fruity, and ambery. Its stereoisomer 23 is weaker than 22, and
mainly reminiscent of sawdust and hot iron; yet, to some
perfumers it was also reminiscent of musk. So in summary, we
found the following order of succession for the muskiness of
the investigated macrobicycles: 22> 23� 12> 7� 18. With
regard to the odor intensity, the following order was observed:
18> 22> 23� 12> 7.


In the most musky compound 22 (Figures 5 and 8), the
(6R)-methyl group is situated at a gauche corner in such a way
that it elongates the edge of the ester moiety. Thereby, it
imitates a larger ring system and also superimposes better
with (4S,7R)-Galaxolide (2, Figure 8), while the (6R)-methyl
group of the [8.4.1]-macrobicycle 18 (Figure 4 and 8) pro-
trudes beyond the dimensions of (4S,7R)-Galaxolide (2,
Figure 8). This could result in steric hindrance with the musk
receptor, and could explain why the substance does not smell


Figure 8. Superposition of 18 and 22 on the X-ray crystal structure of
(4S,7R)-Galaxolide (2, ref. [5]).


musky at all. Also in 23, the (6R)-methyl group stands out
from the ester edge, and furthermore the molecule is not as
planar as 22. Both features increase the steric hindrance, and
could explain the odor differences in relation to 22, partic-
ularly the severely diminished musk character.


The weak odor characteristics of 7 and 12, finally, demon-
strate the importance of the (6R)-methyl substituent. Their
character, which is faintly reminiscent of musk odorants, may
result from some shape similarity to (4S,7R)-Galaxolide (2),
even without methyl substitution. However, their molecular
dimensions seem too small to produce a typical musk odor.


In conclusion, we saw that we could rationalize the
observed olfactory properties of the conformationally con-
strained compounds 7, 12, 18, 22, and 23 to some extent with
the aid of the superposition analysis with (4S,7R)-Galaxolide
(2). The macrobicycles 7, 12, 18, 22, and 23 provide some
insight into the molecular dimensions of the binding site of the
musk receptor, and this is likely to be the same receptor as
that for the polycyclic aromatic musk 2. However, it of course
cannot be excluded that other conformers of 1 also play an
important role; the role can even be a much more important
one than that of 22, which corresponds to a [12425]-
conformation of 1, or more roughly a [2435]-conformation
that, according to Dale,[10] is energetically about 8 kcal molÿ1


above the [3434]-conformation of 14-membered rings.


Experimental Section


1. General information : All reactions were performed under nitrogen using
reagents and solvents (puriss. or purum) from Fluka without further
purification. IR: Bruker VECTOR 22/Harrick SplitPea micro ATR, Si.
NMR: Bruker AVANCE DPX-400, Bruker AVANCE DPX-700, TMS int. ,
CDCl3. MS: Finnigan MAT 95, HP Chemstation 6890 GC/5973 Mass
Sensitive Detector. Polarimetry: Perkin-Elmer 241, CHCl3. FC: Merck
Kieselgel 60 (particle size 40 ± 63 mm). TLC: Merck Kieselgel 60 F254


(particle size 5 ± 20 mm, layer thickness 250 mm on glass, 5 cm� 10 cm),
PMA spray soln. for TLC, Merck 1.00480.0100. Melting points: Büchi
Melting Point B545 (uncorrected). Elemental analyses: F. Hoffmann-La
Roche, Basel, PRPI-S. X-ray: F. Hoffmann-La Roche, Basel, PRBT;
SiemensP4 diffractometer, SHELX-97.
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The bicycloalkenones 3 and 8 were prepared according to the procedures of
Gioia et al.[19] and House et al. ,[20] respectively. The hydroxy iodides were
prepared from the corresponding hydroxy esters according to the method
described in ref. [7, 18]. Compound (3R)-methyl-3-carboxybutanoate (13,
>98 % ee) was purchased from Tokyo Kasei Kogyo C1461, and methyl
(2S)-(�)-methyl-3-hydroxy-2-propanoate (>98 % ee) from Fluka 55412.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-148 829
(11), CCDC-148 828 (20), CCDC-148 830 (21), CCDC-142 427 (7), and
CCDC-142 428 (18). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


2. Hydrogenations: general procedure : Pd/C (10 %, 1 mol %) was added to
a solution of the bicycloalkenone (166 mmol) in EtOAc (150 mL). After
vigorous stirring for 7 h under a H2 atmosphere at room temperature, the
catalyst was removed by vacuum filtration through a pad of Celite. The
solvent was evaporated under reduced pressure, and the residue purified by
silica gelFC.


(1R*,7S*)-Bicyclo[5.3.1]undecan-9-one (4): Scale 547 mmol (89.9 g of 3),
yield 70 % (63.8 g of 4), Rf� 0.47 (pentane/Et2O, 4:1), colorless liquid;
1H NMR (400 MHz): d� 2.62 (dd, J� 12, 6 Hz, 2 H; 8-,10-Ha), 2.29 (m, 2H;
1-,7-H), 2.20 (dt, J� 13, 2 Hz, 1H; 11-Ha), 2.17 (d, J� 12 Hz, 2H; 8-,10-Hb),
1.89 ± 1.72 (m, 6 H; 2-Ha-6-Ha, 11-Hb), 1.31 (m, 2 H; 3-,5-Hb), 1.16 (m, 1H;
4-Hb), 1.11 (m, 2H; 2-,6-Hb); NOESY (400 MHz, RT): d� d� 2.20� 1.31
(dt�m, 11-Ha� 3-,5-Hax, [1R*,7S*]); 13C NMR (400 MHz): d� 212.03 (s,
C-9), 48.35 (2t, C-8,-10), 35.58 (2d, C-1,-7), 32.39 (2t, C-2,-6), 30.88 (t, C-4),
26.51 (t, C-11), 24.95 (2t, C-3,-5); SELINQUATE (selective INADE-
QUATE) (35.58 MHz, RT, C-1,-7): d� 48.35 (C-8,-10), 32.39 (2t, C-2,-6),
26.51 (t, C-11); IR (ATR, attenuated total reflection): nÄ � 1706 (n C�O),
1474, 1476, 1421 cmÿ1 (d CH2); MS (70 eV): m/z (%): 166 (16) [M]� , 151
(2), 137 (2), 123 (6), 109 (13), 95 (100), 81 (25), 67 (23) [CnH2nÿ5O]� .


(1R*,6S*)-Bicyclo[4.3.1]decan-8-one (9): Scale 166 mmol (30.4 g of 8),
yield 88% (22.2 g of 9), Rf� 0.33 (pentane/Et2O, 4:1), white crystals, M.p.
136.0 ± 137.5 8C; 1H NMR (400 MHz): d� 2.66 (m, 2H; 1-,6-H), 2.53 (dd,
J� 14, 7 Hz, 2 H; 7-,9-Ha), 2.19 (dt, J� 14, 1 Hz, 2H; 7-,9-Hb), 2.02 (dt, J�
14, 5 Hz, 1 H; 10-Ha), 1.85 (dt, J� 14, 2 Hz, 1 H; 10-Hb), 1.78 ± 1.72 (m, 2H;
2-,5-Ha), 1.56 ± 1.35 (m, 6H; 2-,5-Hb,3-,4-H2); NOESY (400 MHz, RT): d�
d� 2.53� 2.02 (dd� dt, 7-,9-Hax� 10-Ha, [1R*,6S*]), 1.85� 1.51 (dt�m,
10-Hb� 3-,4-Hax, [1R*,6S*]); 13C NMR (400 MHz): d� 213.14 (s, C-8),
48.26 (2t, C-7,-9), 34.94 (2t, C-2,-5), 34.48 (2d, C-1,-6), 30.98 (t, C-10), 25.79
(2t, C-3,-4); IR (ATR): nÄ � 1712 (n C�O), 1457, 1416 cmÿ1 (d CH2); MS
(70 eV): m/z (%): 152 (31) [M]� , 137 (3), 123 (4) [CnH2nÿ5O]� , 108 (54)
[C8H12]� , 95 (100), 81 (39), 67 (39) [CnH2nÿ5O]� .


3. Alkylations: general procedure : Under N2, a solution of LDA (lithium
diisopropylamide) was prepared by addition of a BuLi solution (1.6m) in
hexane (165 mmol) to iPr2NH (165 mmol) in anhydrous DMPU/THF (1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone/THF, 2:1, 450 mL) at
ÿ78 8C and subsequent stirring at 0 8C for 30 min. At ÿ78 8C, the
bicycloalkanone (112 mmol) was added, after further stirring for 1 h at
the same temperature by the dropwise addition of the protected hydroxy
iodide (115 mmol) in anhydrous THF (100 mL). The cooling bath was then
removed, and the reaction mixture stirred at room temperature for 40 h;
then it was poured into Et2O/water (1:1, 2 L). The aqueous layer was
extracted twice with Et2O (500 mL), and the combined organic solutions
were concentrated by using a rotary evaporator. The resulting residue was
purified by silica gel FC.


(1R*,7S*)-8-[3'-(tert-Butyldimethylsiloxy)propyl]bicyclo[5.3.1]undecan-9-
one (5): Scale 25 mmol (4.13 g of 4), yield 42% (3.52 g of 5), Rf� 0.29
(pentane/Et2O, 10:1), colorless liquid; 1H NMR (400 MHz): d� 3.75 (� ,
J� 6 Hz, 1H; 3'-Ha), 3.65 (� , J� 6 Hz, 1H; 3'-Hb), 2.63 ± 1.09 (m, 21H;
1-H-11-H2, 1'-,2'-H2), 0.90 (s, 9 H; CMe3), 0.07 (s, 6 H; SiMe2); 13C NMR
(400 MHz): d� 212.20 (2s, C-9), 57.83 (d, C-8), 48.47 (t, C-10), 41.72 (d,
C-7), 35.97 (d, C-1), 35.68 (t, C-2), 35.35 (t, C-2'), 32.49 (t, C-6), 30.98, 30.76
(t, C-4), 26.63 (t, C-11), 25.92 (q, CMe3), 25.06, 24.77 (t, C-3,-5), 22.00 (t,
C-1'), 18.23 (s, SiCMe3), ÿ5.38, ÿ5.48 (2q, SiMe2), main diastereomer; IR
(neat): nÄ � 837, 1103 (n SiÿOC), 1708 (n C�O), 777 (n OÿSiÿCH3), 1256 (n


CÿOSi), 1473 cmÿ1 (d CH3); MS (70 eV): m/z (%): 338 (1) [M]� , 323 (2)
[MÿCH3]� , 281 (100) [MÿC4H9]� , 253 (4) [MÿC4H9ÿCO]� , 189 (17)
[C13H17O]� , 145 (53) [C11H13]� , 75 (88) [SiMe2OH]� .


(1R*,6S*)-7-[4'-(tert-Butyldimethylsiloxy)butyl]bicyclo[4.3.1]decan-8-one
(10): Scale 48 mmol (7.32 g of 9), yield 42 % (6.50 g of 10), Rf� 0.43
(pentane/Et2O, 9:1), colorless liquid; 1H NMR (400 MHz): d� 3.57 (dd,
J� 7, 2 Hz, 1H; 4'-Ha), 3.54 (br d, J� 7 Hz, 1H; 4'-Hb), 2.64 ± 1.23 (m, 21H;
1-H-10-H2, 1'-H2-3'-H2), 0.85, 0.84 (2s, 9H; CMe3), 0.01, 0.00 (2s, 6H;
SiMe2); 13C NMR (400 MHz): d� 216.41, 213.76 (2s, C-8), 62.88, 62.68 (2t,
C-4'), 57.68, 54.73 (2d, C-7), 48.60, 45.21 (2t, C-9), 39.67, 38.79 (2d, C-6),
36.10, 34.52 (2d, C-1), 35.97, 35.37, 35.03 (3t, C-2,-5), 32.96, 32.87, 32.80,
32.42 (4t, C-3',-10), 28.00, 27.11 (2t, C-1'), 26.11, 25.95, 25.59, 25.30 (4t, C-3,-4),
25.78 (q, CMe3), 23.77, 23.39 (2t, C-2'), 18.14, 18.13 (2s, SiCMe3), ÿ5.44,
ÿ5.47 (2q, SiMe2); IR (neat): nÄ � 1709 (n C�O), 836, 1101 (n SiÿOC), 776
(n OÿSiÿCH3), 1255 (n CÿOSi), 1460 cmÿ1 (d CH3); MS (70 eV): m/z (%):
338 (1) [M]� , 323 (2) [MÿCH3]� , 281 (100) [MÿC4H9]� , 239 (16) [Mÿ
C4H9ÿC2H2O]� , 159 (29) [C12H15]� , 95 (41) [C7H11]� , 75 (88) [SiMe2OH]� .


(1RS,6SR,3'R)-(ÿ )-7-[4'-(tert-Butyldimethylsiloxy)-3'-methylbutyl]bicyclo-
[4.3.1]decan-8-one (16): Scale 112 mmol (17.0 g of 9), yield 38 % (14.9 g of
16), Rf� 0.63 (pentane/Et2O, 9:1), colorless liquid; [a]22


D �ÿ9.4, [a]22
546�


ÿ11.7 (c� 1.95 in CHCl3); 1H NMR (400 MHz): d� 3.40 (dd, J� 9, 6 Hz,
1H; 4'-Ha), 3.36 (dd, J� 9, 6 Hz, 1 H; 4'-Hb), 2.56 ± 1.29 (m, 20 H; 1-H-10-
H2, 1'-H2-3'-H), 0.86 (s, 9H; CMe3), 0.86 (d, J� 7 Hz, 3H; 3'-Me), 0.00 (s,
6H; SiMe2); 13C NMR (400 MHz): d� 213.98 (s, C-8), 67.88 (t, C-4'), 55.20
(d, C-7), 48.64 (t, C-9), 38.80 (d, C-6), 36.10 (d, C-1), 35.92 (d, C-3'), 35.34,
33.00, 30.67 (3t, C-2,-5,-10), 27.99 (t, C-1'), 26.11, 25.30 (2t, C-3,-4), 25.79 (q,
CMe3), 23.26 (t, C-2'), 18.16 (s, SiCMe3), 16.77 (q, 3'-Me), ÿ5.51 (q, SiMe2),
main diastereoisomer; IR (ATR): nÄ � 835, 1090 (n SiÿOC), 774 (n


OÿSiÿCH3), 1708 (n C�O), 1250 (n CÿOSi), 1461 cmÿ1 (d CH3); MS
(70 eV): m/z (%): 352 (1) [M]� , 337 (2) [MÿCH3]� , 295 (88) [MÿC4H9]� ,
239 (59) [MÿC6H13Si]� , 221 (3) [MÿC6H13SiÿH2O]� , 145 (25) [C11H13]� ,
95 (40) [C7H11]� , 75 (100) [SiMe2OH]� .


(1RS,7SR,2'R)-(� )-8-[3'-(tert-Butyldimethylsiloxy)-2'-methylpropyl]bicyclo-
[5.3.1]undecan-9-one (19): Scale 90 mmol (15.0 g of 4), yield 42 % (13.2 g of
19), Rf� 0.65 (pentane/Et2O, 4:1), colorless liquid; [a]22


D ��10.1, [a]22
546�


�12.2 (c� 2.00 in CHCl3); 1H NMR (400 MHz): d� 3.46 ± 3.28 (m, 2H; 3'-
H2), 2.78 ± 1.10 (m, 20H; 1-H-11-H2, 1'-H2,2'-H), 0.86, 0.83, 0.81, 0.79 (4s,
9H; CMe3), 0.86, 0.79, 0.77, 0.75 (4d, J� 7 Hz, 3 H; 2'-Me), 0.00/0.00/ÿ 0.01
(3s, 6 H; SiMe2); 13C NMR (400 MHz): d� 215.90, 215.60, 213.05, 212.79
(4s, C-9), 68.71, 68.49, 67.90, 67.04 (4t, C-3'), 55.43, 55.37, 52.97, 52.87 (4d,
C-8), 48.79, 48.74, 44.76, 44.51 (4t, C-10), 41.42, 40.82, 39.58, 39.56 (4d, C-7),
36.77, 36.64, 36.09, 35.81 (4d, C-1), 33.93, 33.69, 32.69, 32.57 (4d, C-2'),
35.88, 35.11, 33.30, 33.09 (4t, C-6), 32.41, 32.37, 32.28, 32.22 (4t, C-2), 31.08,
31.02, 31.00, 31.00 (4t, C-4), 30.03, 28.96, 28.31, 28.27, 27.13, 26.96 (6t, C-11,-
1'), 25.80, 25.78, 25.75, 25.74 (4q, CMe3), 24.97, 24.85, 24.71, 24.66, 24.57,
24.53, 21.95, 21.70 (8t, C-3,-5), 18.17, 18.15, 18.11, 18.10 (4s, SiCMe3), 17.42,
16.76, 16.66, 15.99 (4q, 2'-Me), ÿ5.55 (q, SiMe2); IR (ATR): nÄ � 835, 1093
(n SiÿOC), 775 (n OÿSiÿCH3), 1705 (n C�O), 1251 (n CÿOSi), 1472 cmÿ1 (d


CH3); MS (70 eV): m/z (%): 352 (1) [M]� , 337 (1) [MÿCH3]� , 295 (31)
[MÿC4H9]� , 277 (3) [MÿC4H9ÿH2O]� , 239 (4) [MÿC6H13Si]� , 221 (2)
[MÿC6H13SiÿH2O]� , 159 (20) [C12H15]� , 107 (26) [C8H11]� , 95 (35)
[C7H11]� , 75 (100) [SiMe2OH]� .


4. Oxolactones: general procedure : Activated molecular sieve UOP (4 �,
4.0 g) was added at room temperature under N2 to a stirred solution of the
w-(tert-butyldimethylsiloxy)alkylbicycloalkanone (40 mmol) in dry CCl4


(140 mL). After the addition of Amberlyst 15 (4.0 g), the reaction mixture
was refluxed for 4 h. The solid reagents were then filtered off, and MeCN
(50 mL), water (90 mL), and NaIO4 (350 mmol) as well as RuCl3 ´ 3H2O
(1.70 mmol) were added in turn to the filtrate. The resulting mixture was
stirred at room temperature for 2 h, and then poured into CH2Cl2/water
(1:1, 800 mL). The aqueous layer was extracted three times with CH2Cl2,
and the organic solutions were combined and concentrated with a rotary
evaporator. The crude product was purified by silica gel FC.


(1R*,9S*)-4-Oxabicyclo[7.5.1]pentadeca-3,8-dione (6): Scale 10.2 mmol
(3.46 g of 5), yield 31% (0.76 g of 6), Rf� 0.23 (pentane/Et2O, 10:1),
colorless crystals, M.p. 87.5 ± 89.2 8C; 1H NMR (400 MHz): d� 4.66 (td, J�
10, 4 Hz, 1H; 5-Ha), 3.88 (dd, J� 10, 4 Hz, 1 H; 5-Hb), 2.67 (m, 2 H; 2-H2),
2.48 ± 1.18 (m, 18 H; 1-,9-H, 6-H2-15-H2); 13C NMR (400 MHz): d� 213.36
(s, C-8), 173.01 (s, C-3), 64.22 (t, C-5), 52.91 (d, C-9), 40.32 (t, C-2), 36.99 (t,
C-7), 35.85 (d, C-1), 34.11 (t, C-14), 31.53 (t, C-12), 25.59 (t, C-11), 25.43 (t,
C-10), 25.05 (t, C-13), 24.24 (t, C-15), 23.82 (t, C-6); IR (KBr): nÄ � 1724 (n


C�OO), 1150 (n CÿC(�O)ÿO, asym.), 1701 (n C�O), 1474 cmÿ1 (d CH2);
MS (70 eV): m/z (%): 238 (20) [M]� , 220 (4) [MÿH2O]� , 210 (6) [Mÿ
CO]� , 179 (19) [MÿC2H3O]� , 152 (27) [C10H16O]� , 137 (12), 123 (21), 109
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(100), 81 (54), 67 (69) [CnH2nÿ3]� , 96 (79) [C7H12]� , 41 (57) [C3H5]� ;
elemental analysis calcd (%) for C14H22O3 (238.3): C 70.56, H 9.30; found C
70.42, H 9.24.


(1R*,10R*)-4-Oxabicyclo[8.4.1]pentadeca-3,9-dione (11): Scale 19 mmol
(6.45 g of 10), yield 41 % (1.85 g of 11), Rf� 0.26 (pentane/Et2O, 4:1),
colorless crystals, M.p. 41.7 ± 42.8 8C; 1H NMR (400 MHz): d� 4.27 (ddd,
J� 11, 9, 2 Hz, 1 H; 5-Ha), 3.95 (ddd, J� 11, 8, 2 Hz, 1H; 5-Hb), 2.94 (ddd,
J� 18, 12, 3 Hz, 1 H; 8-Ha), 2.73 (ddd, J� 18, 8, 3 Hz, 1 H; 8-Hb), 2.26 ± 1.06
(m, 18H; 1-,10-H, 2-,6-,7-H2, 11-H2-15-H2); 13C NMR (400 MHz): d�
211.53 (s, C-9), 171.82 (s, C-3), 65.12 (t, C-5), 48.33 (d, C-10), 42.49 (t,
C-2), 37.85 (t, C-8), 36.74 (t, C-14), 35.73 (t, C-15), 30.76 (d, C-1), 29.94 (t,
C-13), 26.52, 25.65, 23.76 (3t, C-6,-11,-12), 20.93 (t, C-7); IR (ATR): nÄ �
1728 (n C�OO), 1709 (n C�O), 1246 (n CÿOÿC, asym.), 1029 (n CÿOÿC,
sym.), 1468 cmÿ1 (d CH2); MS (70 eV): m/z (%): 238 (5) [M]� , 220 (2) [Mÿ
H2O]� , 210 (4) [MÿCO]� , 192 (15) [MÿH2OÿCO]� , 151 (17)
[C10H15O]� , 138 (21) [C9H14O]� , 111 (24) [C8H15]� , 101 (33) [C7H17]� , 94
(100) [C7H10]� , 81 (32) [C6H9]� , 67 (41) [C5H7]� , 55 (52) [C4H7]� , 41 (47)
[C3H5]� ; crystal data and structure refinement: Empirical formula
C14H22O3, molecular mass 238.32, crystal dimensions 0.7� 0.7� 0.6 mm,
temperature 150 K, wavelength 0.71073 �, monoclinic crystal system,
space group P21/c, unit cell dimensions a� 11.965(2) �, b� 9.926(2) �, c�
10.826(2) �, a� 908, b� 99.43(3)8, g� 908, V� 1268.2(4) �3, Z� 4, 1�
1.248 mg mÿ3, m(MoKa)� 0.086 mmÿ1, F(000) 520, q range 2.68 ± 25.848,
limiting indices ÿ14� h� 13, ÿ12�k� 12, ÿ13� l� 10, total reflections
collected 6571, symmetry-independent reflections 2382, Rint� 0.1124,
refinement full-matrix least squares on F 2, data 2382, parameters 154,
goodness-of-fit on F 2 1.055, final R indices [I> 2s(I)] R1� 0.0564, wR2�
0.1440, R indices (all data) R1� 0.0642, wR2� 0.1496, D1 (max, min)�
0.358,ÿ0.258 e �3; CCDC-148 829 (see Section 1); elemental analysis calcd
(%) for C14H22O3 (238.3): C 70.56, H 9.30; found C 70.55, H 9.30.


(1RS,6R,10RS)-(� )-6-Methyl-4-oxabicyclo[8.4.1]pentadeca-3,9-dione (17):
Scale 21 mmol (7.40 g of 16), yield 54 % (2.86 g of 17), Rf� 0.24 (pentane/
Et2O, 9:1), colorless crystals, M.p. 34.8 ± 36.0 8C; [a]22


D ��7.7, [a]22
546��9.4


(c� 1.94 in CHCl3); 1H NMR (400 MHz): d� 4.54 (ddd, J� 11, 3, 2 Hz,
5-Ha), 3.91 (ddd, J� 11, 2, 1 Hz, 5-Ha), 3.84 (dd, J� 11, 10 Hz, 5-Hb), 3.34
(dd, J� 11, 11 Hz, 5-Hb), 3.11 (ddd, J� 19, 14, 4 Hz, 8-Ha), 2.75 (ddd, J� 19,
9, 1 Hz, 8-Ha), 2.72 (ddd, J� 18, 10, 2 Hz, 8-Hb), 2.71 (m, 10-H), 2.46 (ddd,
J� 18, 10, 2 Hz, 2 H; 8-Hb), 2.27 ± 1.40 (m, 17 H; 1-,6-,10-H,2-,7-,11-,12-,13-,
14-,15-H2), 0.92, 0.93 (2d, J� 7 Hz, 3 H; 6-Me); 13C NMR (400 MHz): d�
211.74, 211.52 (2s, C-9), 171.76, 171.71 (2s, C-3), 70.55, 69.76 (2t, C-5), 48.87,
47.95 (2d, C-10), 42.70, 42.43 (2t, C-2), 39.75, 37.39, 36.25, 36.11, 36.07, 35.57,
30.13, 29.69, 29.66, 29.17 (10t, C-7,-8,-11,-14,-15), 34.19, 30.82, 30.55, 28.69
(4d, C-1,-6), 26.66, 26.47, 24.06, 23.62 (4t, C-12,-13), 18.81, 18.50 (2q, 6-Me);
IR (ATR): nÄ � 1728, 1715 (n C�OO), 1700 (n C�O), 1245 (n CÿOÿC,
asym.), 1007 (n CÿOÿC, sym.), 1458, 1468 cmÿ1 (d CH2); MS (70 eV): m/z
(%): 252 (6) [M]� , 234 (1) [MÿH2O]� , 224 (2) [MÿCO]� , 206 (10) [Mÿ
H2OÿCO]� , 183 (13) [MÿC5H9]� , 165 (20) [MÿC5H11O]� , 138 (34)
[MÿC6H10O2]� , 125 (30) [C9H17]� , 115 (29) [C7H15O]� , 94 (100) [C7H10]� ,
55 (60) [C4H7]� , 41 (55) [C3H5]� ; elemental analysis calcd (%) for C15H24O3


(252.4): C 71.39, H 9.59; found C 71.33, H 9.50.


(1R,6R,9S)-(� )-6-Methyl-4-oxabicyclo[7.5.1]pentadeca-3,8-dione (20):
Scale 40 mmol (14.1 g of 19), yield 30% (3.06 g of 20), Rf� 0.37
(pentane/Et2O, 4:1), colorless crystals, M.p. 122 8C; [a]22


D ��69.3, [a]22
546�


�85.8 (c� 2.01 in CHCl3); 1H NMR (400 MHz): d� 4.29 (dd, J� 12, 10 Hz,
1H; 5-Ha), 3.77 (dd, J� 10, 5 Hz, 1H; 5-Hb), 2.89 (m, 1H; 6-H), 2.61 (dd,
J� 17, 3 Hz, 1 H; 7-Ha), 2.38 (m, 1H; 9-H), 2.37 ± 2.30 (m, 2 H; 2-,15-Ha),
2.14 (m, 1H; 1-H), 2.06 (t, J� 12 Hz, 1H; 2-Hb), 2.03 ± 1.77 (m, 8 H; 10-,11-,
12-,13-,14-Ha, 7-,10-,15-Hb), 1.37 ± 1.32 (m, 3 H; 12-,13-,14-Hb), 1.21 (m, 1H;
11-Hb), 0.94 (d, J� 7 Hz, 3 H; 6-Me); 13C NMR (400 MHz): d� 212.58 (s,
C-8), 172.63 (s, C-3), 69.21 (t, C-5), 52.95 (d, C-9), 45.76 (t, C-7), 40.25 (t,
C-2), 35.94 (d, C-1), 34.19 (t, C-14), 31.39 (t, C-12), 29.81 (d, C-6), 25.58 (t,
C-11), 25.24 (t, C-10), 24.92 (t, C-13), 24.10 (t, C-15), 15.91 (q, 6-Me),
assignments by SELINQUATE experiments at d� 31.4, 34.2, 35.9, 53.0; IR
(ATR): nÄ � 1151, 1125 (n CÿOÿC, asym.), 1704 (n C�O), 1734, 1776 (n


C�OO), 1031, 1000 cmÿ1 (n CÿOÿC, sym.); MS (70 eV): m/z (%): 252 (8)
[M]� , 234 (1) [MÿH2O]� , 224 (2) [MÿCO]� , 193 (7) [MÿH2Oÿ 2CO]� ,
152 (37) [C10H16O]� , 123 (14) [C9H15]� , 109 (100) [C8H13]� , 95 (66)
[C7H11]� , 67 (65) [C5H7]� , 55 (66) [C4H7]� , 41 (78) [C3H5]� ; crystal data and
structure refinement: Empirical formula C15H24O3, molecular mass 252.34,
crystal dimensions 0.9� 0.15� 0.01 mm, temperature 150 K, wavelength
0.71073 �, monoclinic crystal system, space group P21, unit cell dimensions


a� 10.484(2) �, b� 6.5030(13) �, c� 10.996(2) �, a� 908, b� 111.16(3)8,
g� 908, V� 699.1(2) �3, Z� 2, 1� 1.199 mg mÿ3, m(MoKa)� 0.082 mmÿ1,
F(000) 276, q range 1.99 ± 22.228, limiting indices ÿ9� h� 11, ÿ6� k� 6,
ÿ11� l� 11, total reflections collected 2784, symmetry-independent
reflections 1645, Rint� 0.2094, refinement full-matrix least squares on F 2,
data 1645, parameters 163, goodness-of-fit on F 2 0.955, final R indices [I>
2s(I)] R1� 0.0689, wR2� 0.1650, R indices (all data) R1� 0.0919, wR2�
0.1752, D1 (max, min)� 0.308,ÿ0.245 e �3; CCDC-148 828 (see Section 1);
elemental analysis calcd (%) for C15H24O3 (252.4): C 71.39, H 9.59; found C
71.21, H 9.48.


(1S,6R,9R)-(ÿ )-6-Methyl-4-oxabicyclo[7.5.1]pentadeca-3,8-dione (21):
Scale 40 mmol (14.1 g of 19), yield 33% (3.36 g of 21), Rf� 0.25
(pentane/Et2O, 4:1), colorless crystals, M.p. 55.2 ± 57.6 8C; [a]22


D �ÿ18.8,
[a]22


546�ÿ25.0 (c� 2.07 in CHCl3); 1H NMR (400 MHz): d� 4.19 (dd, J�
10, 3 Hz, 1H; 5-Ha), 4.03 (dd, J� 10, 10 Hz, 1H; 5-Hb), 2.85 ± 1.31 (m, 19H;
1-,6-,9-H, 2-,7-,10-,11-,12-,13-,14-,15-H2), 1.01 (d, J� 8 Hz, 3H; 6-Me);
13C NMR (400 MHz): d� 214.68 (s, C-8), 172.41 (s, C-3), 69.20 (t, C-5),
53.19 (d, C-9), 48.53, 44.61 (2t, C-7,-2), 40.16 (d, C-1), 38.02, 37.00 (2t, C-12,-
14), 32.95, 31.85 (2t, C-11,-13), 30.70 (d, C-6), 28.46, 27.15 (2t, C-10,-15),
18.04 (q, 6-Me); IR (ATR): nÄ � 1729 (n C�OO), 1238, 1213, 1190 (n


CÿOÿC, asym.), 1676 (n C�O), 997 cmÿ1 (n CÿOÿC, sym.); MS (70 eV):
m/z (%): 252 (4) [M]� , 234 (1) [MÿH2O]� , 224 (2) [MÿCO]� , 193 (2)
[MÿH2Oÿ 2CO]� , 152 (37) [C10H16O]� , 123 (12) [C9H15]� , 109 (100)
[C8H13]� , 95 (62) [C7H11]� , 67 (66) [C5H7]� , 55 (68) [C4H7]� , 41 (78)
[C3H5]� ; crystal data and structure refinement: Empirical formula
C15H24O3, molecular mass 252.34, crystal dimensions 0.5� 0.4� 0.25 mm,
temperature 150 K, wavelength 0.71073 �, orthorhombic crystal system,
space group P212121, unit cell dimensions a� 17.706(4) �, b� 12.621(3) �,
c� 6.1342(12) �, a� 908, b� 908, g� 908, V� 1370.8(5) �3, Z� 4, 1�
1.223 mg mÿ3, m(MoKa)� 0.083 mmÿ1, F(000) 552, q range 1.98 ± 25.848,
limiting indices ÿ20�h� 21, ÿ14� k� 15, ÿ7� l� 7, total reflections
collected 15 258, symmetry-independent reflections 2617, Rint� 0.1805,
refinement full-matrix least squares on F 2, data 2617, parameters 164,
goodness-of-fit on F 2 0.999, final R indices [I> 2s(I)] R1� 0.0525, wR2�
0.1178, R indices (all data) R1� 0.0590, wR2� 0.1203, D1 (max, min)�
0.327,ÿ0.180 e �3; CCDC-148 830 (see Section 1); elemental analysis calcd
(%) for C15H24O3 (252.4): C 71.39, H 9.59; found C 71.28, H 9.46.


5. Target molecules: general procedure : A solution of the bicyclic keto
lactone (2.52 mmol) and 4-toluenesulfonohydrazide (2.77 mmol) in MeOH
(15 mL) was refluxed under N2 for 50 min. The solvent was removed by
using a rotary evaporator, the crude product was dried on a high-vacuum
line for 15 h, and then dissolved in anhydrous CHCl3 (12 mL). At 0 8C
under N2, a catecholborane solution (1m) in MePh (5.52 mmol) was
injected, and the reaction mixture was stirred for 2 h at this temperature
prior to quenching by addition of anhydrous MeOH (0.7 mL). After a
further 10 min. of stirring at 0 8C, NaOAc ´ 3 H2O (2.77 mmol) and DMSO
(1.2 mL) were added, and the mixture was heated to reflux for 1 h. The
reaction mixture was then poured into Et2O/water (1:1, 120 mL), and the
organic layer was separated, washed with water (2� 50 mL), dried with
Na2SO4, and concentrated under reduced pressure. Purification of the
crude products by FC furnished the odoriferous target molecules.


(1R*,9R*)-4-Oxabicyclo[7.5.1]pentadecan-3-one (7): Scale 2.52 mmol
(0.60 g of 6), yield 51% (0.29 g of 7), Rf� 0.41 (pentane/Et2O, 19:1),
colorless crystals, M.p. 47.6 8C; odor description: very weak, woody,
ambery, with a slight, very faint undertone of musk; 1H NMR
(400 MHz): d� 4.58 (ddd, J� 11, 11, 3 Hz, 1 H; 5-Ha), 3.92 (dd, J� 11,
4 Hz, 1H; 5-Hb), 2.42 (dd, J� 15, 4 Hz, 1H; 2-Ha), 2.18 (dd, J� 15, 13 Hz,
1H; 2-Hb), 2.07 (m, 1H; 11-Ha), 1.94 (m, 3 H; 1-,12-,13-Ha), 1.73 ± 1.59 (m,
5H; 7-,9-,10-Ha, 6-H2), 1.50 ± 1.02 (m, 11 H; 7-,10-,11-,12-,13-Hb, 8-,14-,15-
H2); 13C NMR (400 MHz): d� 173.42 (s, C-3), 64.55 (t, C-5), 45.34 (t, C-2),
41.19 (t, C-10), 40.59 (d, C-9), 38.31 (d, C-1), 37.75 (t, C-14), 36.86, 36.76 (2t,
C-8,-15), 31.90 (t, C-13), 29.58 (t, C-11), 27.79 (t, C-12), 25.76 (t, C-6), 20.81
(t, C-7); IR (KBr): nÄ � 1730, 1718 (n C�OO), 1245, 1276 (n CÿOÿC, asym.),
1182 (n CÿC(�O)ÿO), 1473, 1447 (d CH2), 996, 973 cmÿ1 (n CÿOÿC, sym.);
MS (70 eV): m/z (%): 224 (16) [M]� , 206 (22) [MÿH2O]� , 196 (7) [Mÿ
CO]� , 182 (32) [MÿC2H2O]� , 180 (36) [MÿCO2]� , 164 (19) [Mÿ
C2H2OÿH2O]� , 136 (50) [C10H16]� , 109 (62), 95 (67), 81 (94), 67 (100)
[CnH2nÿ3]� , 55 (89) [C4H7]� , 41 (88) [C3H5]� ; crystal data and structure
refinement: Empirical formula C14H24O2, molecular mass 224.33, crystal
dimensions 0.25� 0.25� 0.1 mm, temperature 293(2) K, wavelength
0.71073 �, monoclinic crystal system, space group P21/c, unit cell dimen-
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sions a� 5.2340(10) �, b� 31.298(6) �, c� 8.2440(16) �, a� 908, b�
102.55(3)8, g� 908, V� 1318.2(4) �3, Z� 4, 1� 1.130 mgmÿ3, m(MoKa)�
0.073 mmÿ1, F(000) 496, q range 2.60 ± 25.908, limiting indices ÿ6� h� 6,
ÿ38� k� 38, ÿ9� l� 9, total reflections collected 10086, symmetry-
independent reflections 2517, Rint� 0.0309, refinement full-matrix least
squares on F 2, data 2517, parameters 146, goodness-of-fit on F 2 1.021, final
R indices [I> 2s(I)] R1� 0.0439, wR2� 0.1074, R indices (all data) R1�
0.0610, wR2� 0.1172, D1 (max, min)� 0.182, ÿ0.095 e�3; CCDC-142 427
(see Section 1); elemental analysis calcd (%) for C14H24O2 (224.3): C 74.95,
H 10.78; found C 74.73, H 10.66.


(1R*,10S*)-4-Oxabicyclo[8.4.1]pentadecan-3-one (12): Scale 5.17 mmol
(1.23 g of 11), yield 24 % (0.28 g of 12), Rf� 0.43 (pentane/Et2O, 19:1),
colorless liquid; odor description: very weak, slight and very faint musk
tonality, anisic, fruity; quite close to 22 but much weaker; 1H NMR
(400 MHz): d� 4.28 (dd, J� 11, 11 Hz, 1H; 5-Ha), 4.02 (dd, J� 11, 6 Hz,
1H; 5-Hb), 2.33 (dd, J� 15, 4 Hz, 1H; 2-Ha), 2.17 (dd, J� 15, 12 Hz, 1H;
2-Hb), 2.00 ± 1.80 (m, 4H; 1-,6-,11-,13-Ha), 1.71 (m, 1H; 6-Hb), 1.64 ± 1.30
(m, 12H; 9-,10-,14-Ha, 13-Hb, 7-,8-,12-,15-H2), 1.05 ± 0.98 (m, 3H; 9-,11-,14-
Hb); 13C NMR (400 MHz): d� 172.70 (s, C-3), 64.74 (t, C-5), 43.14 (t, C-2),
36.99 (t, C-14), 36.05 (t, C-11), 34.27 (t, C-15), 34.22 (d, C-10), 31.12 (t, C-9),
30.59 (t, C-13), 29.87 (d, C-1), 26.41 (t, C-7), 24.79 (t, C-12), 23.99 (t, C-6),
23.12 (t, C-8), assignments by 2D-NMR experiments; IR (ATR): nÄ � 1730
(n C�OO), 1246 (n CÿOÿC, asym.), 998 (n CÿOÿC, sym.), 1471 cmÿ1 (d


CH2); MS (70 eV): m/z (%): 224 (2) [M]� , 206 (2) [MÿH2O]� , 182 (14)
[MÿC2H2O]� , 164 (29) [MÿC2H2OÿH2O]� , 138 (30) [C10H18]� , 108 (35)
[C8H12]� , 95 (93), 81 (55), 67 (70) [CnH2nÿ3]� , 55 (74) [C4H7]� , 41 (100)
[C3H5]� ; elemental analysis calcd (%) for C14H24O2 (224.3): C 74.95, H
10.78; found C 74.93, H 10.86.


(1S,6R,10R)-(� )-6-Methyl-4-oxabicyclo[8.4.1]pentadecan-3-one (18):
Scale 8.72 mmol (2.20 g of 17), yield 32 % (674 mg of 18), Rf� 0.45
(pentane/Et2O, 19:1), colorless crystals, M.p. 31.9 8C; odor description: very
powerful, woody, cedarwood, ambery, slightly animal-like; [a]22


D ��6.0,
[a]22


546��9.1 (c� 0.73 in CHCl3); 1H NMR (700 MHz): d� 4.05 (dd, J� 11,
10 Hz, 1 H; 5-Ha), 3.81 (br d, J� 11 Hz, 1H; 5-Hb), 2.33 (dd, J� 16, 4 Hz,
1H; 2-Ha), 2.18 (dd, J� 16, 12 Hz, 1 H; 2-Hb), 2.17 (m, 1H; 6-H), 1.96 (m,
1H; 1-H), 1.87 (m, 1H; 11-Ha), 1.82 (m, 1 H; 13-Ha), 1.62 ± 1.56 (m, 2 H; 12-
,14-Ha), 1.55 ± 1.48 (m, 4H; 7-,9-,15-Ha, 10-H), 1.45 ± 1.35 (m, 3H; 8-Ha,12-
,15-Hb), 1.30 ± 1.23 (m, 3 H; 7-,8-,13-Hb), 1.14 (dddd, J� 13, 12, 12, 5 Hz,
1H; 14-Hb), 1.08 (dddd, J� 13, 11, 8, 4 Hz, 1 H; 9-Hb), 0.97 (m, 1H; 11-Hb),
0.91 (d, J� 7 Hz, 3 H; 6-Me); 13C NMR (700 MHz): d� 172.49 (s, C-3),
69.91 (t, C-5), 43.12 (t, C-2), 36.90 (t, C-14), 36.09 (t, C-11), 35.70 (t, C-7),
34.21 (t, C-15), 34.10 (d, C-10), 31.81 (t, C-9), 30.52 (t, C-13), 29.72 (d, C-1),
28.98 (d, C-6), 24.71 (t, C-12), 23.43 (t, C-8), 19.22 (q, 6-Me), assignments by
2D-NMR experiments; IR (ATR): nÄ � 1724 (n C�OO), 1263, 1281 (n


CÿOÿC, asym.), 993 (n CÿOÿC, sym.), 1472, 1454 (d CH2), 1375 cmÿ1 (d


CH3); MS (70 eV): m/z (%): 238 (2) [M]� , 220 (3) [MÿH2O]� , 196 (10)
[MÿC2H2O]� , 178 (40) [MÿC3H8O]� , 138 (39) [MÿC6H12O]� , 122 (39)
[MÿC6H12O2]� , 108 (58) [C8H12]� , 95 (100) [C7H11]� , 81 (76) [C6H9]� , 41
(77) [C3H5]� ; crystal data and structure refinement: Empirical formula
C15H26O2, molecular mass 238.36, crystal dimensions 0.2� 0.1� 0.04 mm,
temperature 150(2) K, wavelength 0.71073 �, monoclinic crystal system,
space group P21, unit cell dimensions a� 10.664(2) �, b� 5.6180(11) �,
c� 12.023(2) �, a� 908, b� 100.77(3)8, g� 908, V� 707.6(2) �3, Z� 2, 1�
1.119 mg mÿ3, m(MoKa)� 0.072 mmÿ1, F(000) 264, q range 1.72 ± 22.248,
limiting indices ÿ11� h� 11, ÿ5� k� 5, ÿ10� l� 12, total reflections
collected 2052, symmetry-independent reflections 1485, Rint� 0.0632,
refinement full-matrix least squares on F 2, data 1485, parameters 154,
goodness-of-fit on F 2 0.862, final R indices [I> 2s(I)] R1� 0.0473, wR2�
0.1081, R indices (all data) R1� 0.0722, wR2� 0.1160, D1 (max, min)�
0.168,ÿ0.158 e �3; CCDC-142 428 (see Section 1); elemental analysis calcd
(%) for C15H26O2 (238.4): C 75.58, H 11.00; found C 75.50, H 11.01.


(1R,6R,9R)-(� )-6-Methyl-4-oxabicyclo[7.5.1]pentadecan-3-one (22): Scale
4.36 mmol (1.10 g of 20), yield 9% (90 mg of 22), Rf� 0.45 (pentane/Et2O,
19:1), colorless liquid; odor description: powerful, fresh, musky, anisic,
fruity, ambery; [a]22


D ��16.2, [a]22
546��19.2 (c� 1.99 in CHCl3); 1H NMR


(400 MHz): d� 4.62 (dd, J� 10, 4 Hz, 1H; 5-Ha), 3.37 (dd, J� 10, 10 Hz,
1H; 5-Hb), 2.42 ± 1.21 (m, 21 H; 1-H, 2-H2, 6-Hÿ 15-H2), 0.92 (d, J� 7 Hz,
3H; 6-Me); 13C NMR (400 MHz): d� 173.65 (s, C-3), 70.04 (t, C-5), 45.31
(d, C-9), 44.10 (t, C-2), 40.64 (t, C-10), 40.53 (d, C-1), 38.72, 37.98, 37.44 (3t,
C-13 ± C-15), 34.71 (d, C-6), 32.89 (t, C-8), 30.25, 30.10 (2t, C-7,-11), 27.64 (t,
C-12), 18.32 (q, 6-Me); IR (ATR): nÄ � 1734 (n C�OO), 1147, 1215 (n


CÿOÿC, asym.), 1014 (n CÿOÿC, sym.), 1474 (d CH2), 1373 cmÿ1 (d CH3);
MS (70 eV): m/z (%): 238 (2) [M]� , 220 (7) [MÿH2O]� , 194 (15) [Mÿ
CO2]� , 178 (14) [MÿC3H8O]� , 151 (31) [C11H19]� , 122 (26) [C9H14]� , 109
(57), 95 (73), 81 (86), 67 (83) [CnH2nÿ3]� , 55 (95) [C4H7]� , 41 (100) [C3H5]� ;
elemental analysis calcd (%) for C15H26O2 (238.4): C 75.58, H 10.99; found
C 75.28, H 10.88.


(1S,6R,9S)-(� )-6-Methyl-4-oxabicyclo[7.5.1]pentadecan-3-one (23): Scale
7.62 mmol (1.92 g of 21), yield 39 % (0.71 g of 23), Rf� 0.37 (pentane/Et2O,
19:1); odor description: relatively weak, reminiscent of sawdust and hot
iron, to some perfumers musky; [a]22


D ��37.4, [a]22
546��44.3 (c� 2.09 in


CHCl3); 1H NMR (400 MHz): d� 4.20 (dd, J� 12, 11 Hz, 1 H; 5-Ha), 3.80
(dd, J� 12, 4 Hz, 1H; 5-Hb), 2.39 (dd, J� 15, 4 Hz, 1H; 2-Ha), 2.18 (dd, J�
15, 12 Hz, 1H; 2-Hb), 2.08 (m, 1H; 11-Ha), 1.95 ± 1.91 (m, 4H; 1-,6-,12-,13-
Ha), 1.62 ± 1.26 (m, 9 H; 7-,9-,10-,15-Ha, 11-,12-,13-Hb, 14-H2), 1.25 ± 1.05
(m, 5H; 7-,10-,15-Hb, 8-H2), 0.91 (t, J� 7 Hz, 3H; 6-Me); 13C NMR
(400 MHz): d� 173.14 (s, C-3), 69.54 (t, C-5), 45.19 (t, C-2), 41.23 (t, C-10),
41.16 (d, C-9), 38.60 (d, C-1), 37.79 (t, C-14), 36.54 (t, C-15), 35.80 (t, C-8),
32.10 (t, C-13), 31.28 (d, C-6), 29.96 (t, C-7), 29.55 (t, C-11), 27.73 (t, C-12),
18.66 (q, 6-Me), assignments by an INADEQUATE (Incredible Natural
Abundance Double-QUAntum Transfer Experiment) experiment; IR
(ATR): nÄ � 1733 (n C�OO), 1240, 1285 (n CÿOÿC, asym.), 1012 (n


CÿOÿC, sym.), 1449, 1474 (d CH2), 1371 cmÿ1 (d CH3); MS (70 eV): m/z
(%): 238 (2) [M]� , 220 (7) [MÿH2O]� , 194 (15) [MÿCO2]� , 178 (12) [Mÿ
C3H8O]� , 152 (22) [C11H20]� , 122 (21) [C9H14]� , 109 (41), 95 (49), 81 (62), 67
(66) [CnH2nÿ3]� , 55 (85) [C4H7]� , 41 (100) [C3H5]� ; elemental analysis calcd
(%) for C15H26O2 (238.4): C 75.58, H 10.99; found C 75.81, H 10.89.
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Comparative Investigation of Ruthenium-Based Metathesis Catalysts Bearing
N-Heterocyclic Carbene (NHC) Ligands


Alois Fürstner,* Lutz Ackermann, Barbara Gabor, Richard Goddard,
Christian W. Lehmann, Richard Mynott, Frank Stelzer, and Oliver R. Thiel[a]


Abstract: Exchange of one PCy3 unit of
the classical Grubbs catalyst 1 by N-het-
erocyclic carbene (NHC) ligands leads
to ªsecond-generationº metathesis cata-
lysts of superior reactivity and increased
stability. Several complexes of this type
have been prepared and fully character-
ized, six of them by X-ray crystallogra-
phy. These include the unique chelate
complexes 13 and 14 in which the NHC-
and the Ru�CR entities are tethered to
form a metallacycle. A particularly fa-
vorable design feature is that the reac-


tivity of such catalysts can be easily
adjusted by changing the electronic and
steric properties of the NHC ligands.
The catalytic activity also strongly de-
pends on the solvent used; NMR inves-
tigations provide a tentative explanation
of this effect. Applications of the ªsec-
ond-generationº catalysts to ring closing


alkene metathesis and intramolecular
enyne cycloisomerization reactions pro-
vide insights into their catalytic perform-
ance. From these comparative studies it
is deduced that no single catalyst is
optimal for different types of applica-
tions. The search for the most reactive
catalyst for a specific transformation is
facilitated by IR thermography allowing
a rapid and semi-quantitative ranking
among a given set of catalysts.


Keywords: carbenes ´ imidazol-2-
ylidenes ´ IR thermography ´ meta-
thesis ´ ruthenium


Introduction


The seminal discovery of
Grubbs that ruthenium car-
bene complexes of type 1 con-
stitute well defined and highly
efficient metathesis pre-cata-
lysts tolerating an array of
functional groups has triggered an avalanche of interest in
this transformation.[1, 2] This groundbreaking development has
inspired many studies aiming at improving access to these
exceedingly useful reagents,[3] at gaining a deeper under-
standing of their mechanism of action,[4] at developing
equipotent alternatives,[5] and at designing catalysts with an
even better application profile.[6] In this context it is notable
that three independent and almost simultaneous publications
on ªsecond-generationº metathesis catalysts report com-
plexes in which one of the PCy3 groups of 1 is replaced by
an N-heterocyclic carbene (NHC).[7±9] NHCs are particularly
strong s-donor- but very poor p-acceptor ligands which show


little tendency to dissociate from the metal center.[10] Since
they can be easily endowed with sterically demanding
substituents on their N-atoms, they are able to stabilize the
catalytically relevant intermediates by electronic and steric
means against uni- as well as bimolecular decomposition
pathways. These properties translate into catalysts of greatly
improved reactivity as well as higher stability which outper-
form the parent-complex 1 in many cases. Successful appli-
cations to the formation of tetrasubstituted cycloalkenes,[8, 9]


to ring closing- and cross metathesis reactions of acryl-
ates,[11, 12] to cyclizations of conformationally handicapped
dienes and various natural product syntheses highlight this
notion.[13, 14] Therefore, it is reasonable to anticipate that
NHC-containing ruthenium complexes will set new standards
in this still rapidly expanding field.


The studies on NHC-containing catalysts reported so far,
however, gravitate toward complexes 2 and 3 bearing
identical substituents on both N-atoms of their saturated or
unsaturated NHC rings.[15] Herein we report a more compre-
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hensive investigation on the preparation, structure, and
reactivity of such ªsecond-generationº metathesis catalysts
including complexes with symmetrically or unsymmetrically
substituted NHC entities, as well as with chelating carbene
ligands, respectively. It will be demonstrated that the resulting
pool of catalysts can be assessed in parallel by IR thermog-
raphy, thus enabling a rapid selection of the optimal
catalyst(s) for a given transformation. Finally, preparative
applications to a representative set of metathesis reactions
and a detailed study on enyne metathesis provide insights into
the specificities of these powerful new tools.


Results and Discussion


Preparation of the catalysts : Although the synthesis of the
required imidazolium salts,[16] the N-heterocyclic carbenes
derived thereof,[16±18] and the ruthenium complexes[7±9] is
straightforward when following literature routes, some com-
ments are necessary. The symmetrical imidazolium salts 4
(Scheme 1) are obtained by condensation of the correspond-
ing amine, glyoxal and a C-1 synthon (paraformaldehyde,
HC(OEt)3 or ClCH2OEt) as previously described,[16±18] where-
as the unsymmetrically substituted derivatives 7 (Scheme 2)
used in this study are prepared by quarternization of N-
mesitylimidazole (6).[19]


Deprotonation of 4 with tBuOK[20] in THF affords the
corresponding free carbenes 5 which can be isolated and
stored at low temperature under Ar for several weeks
(Schemes 1 and 2). The chloro-substituted carbene 5 c is
obtained on treatment of 5 a with CCl4 as outlined by
Arduengo et al.[17a]


Exposure of the parent Grubbs complex 1 to one of the
N-heterocyclic carbenes 5 a ± c (1.1 ± 1.3 equiv) in toluene at
ambient temperature affords the desired catalysts
(Scheme 3).[7±9] Only in the case of the more sterically
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Scheme 3.


hindered derivative 10 must the reaction be carried out at
50 8C to ensure a reasonable rate. In most cases, the replace-
ment of one PCy3 unit of 1 by the NHC can be conveniently
monitored by TLC using n-hexane/ethyl acetate (4:1) as the
eluent. Complexes 2, 9, and 10 thus formed can either be
purified by repeated washing with pentane, or, preferentially,
by routine flash chromatography on silica gel. They are
thermally stable, rather inert towards oxygen and moisture,
and can be stored for extended periods of time without any
appreciable loss of reactivity.


The preparation of complex 11 follows the same route and
is particularly straightforward since the required ligand, that is
1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene,[21] is
commercially available. Reaction with the Grubbs catalyst 1
in toluene at ambient temperature furnishes the desired
substitution product 11 in 72 % yield. In crystalline form this
compound can be stored under Ar for several weeks, but when


kept in chlorinated solvents it decomposes
rapidly to as yet unidentified products. The
significantly lower stability of 11 in solution as
compared to the other members of this series is a
limiting factor for its preparative utility (see
below).


It is important to note that the procedure
described above involving the isolation of the
free N-heterocyclic carbenes as a separate step is
generally preferred over a more user-friendly
ªin situº method recently outlined in the liter-
ature in which all ingredients, that is the
imidazolium salt, complex 1 and tBuOK, are
mixed together and reacted in n-hexane.[22] For
example, if applied to the synthesis of 10 this
one-pot procedure produces significant amounts
of by-products thus making the isolation of the
desired complex quite difficult. According to IR
and NMR spectroscopic data, at least one of the
contaminants is a ruthenium hydride species
which may be responsible for side reactions (see
below). Despite of this inconvenience, the ªin
situº protocol was chosen to prepare the olefinic
complexes 12 a ± c in order to minimize possible
side reactions between the carbene center and
the alkene groups in the lateral chains of the
NHC derivatives 8 a ± c formed from 7 a ± c and
tBuOK.[21b]
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The unique ability of complexes 12 a ± c to metathesize their
own ligands lays the ground for the preparation of compounds
13 and 14 in which the N-heterocyclic carbene and the
ªregularº carbene unit Ru�CHR are tethered to form a
metallacycle. Specifically, heating a solution of complex 12 b
in refluxing pentane or toluene (80 8C) affords chelate 13 in
75 % isolated yield; the course of the reaction can again be
monitored by TLC. The shorter homologue 14 is prepared
analogously starting from complex 12 a as the precursor. The
design of these species is based on the idea that they might be
able to regenerate themselves after the productive metathesis
is over and the substrate in solution has been quantitatively
consumed.
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Additional unsymmetrically substituted NHC complexes
displaying further structural variations are the silylether
derivative 15 and complex 16 incorporating a perfluoroalkyl
chain.[23]
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Structure : The crystal structures of 9, 10, 11, 13, 14, and 15
have been determined (Figure 1 ± 6), and allow us to look for


Figure 1. Molecular structure of complex 9, anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms omitted for
clarity.


Figure 2. Molecular structure of complex 10, anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms omitted for
clarity.


Figure 3. Molecular structure of complex 11, anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms omitted for
clarity.
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Figure 4. Molecular structure of complex 13, anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms omitted for
clarity.


Figure 5. Molecular structure of complex 14, anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms omitted for
clarity.


Figure 6. Molecular structure of complex 15, anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms omitted for
clarity.


correlations between the catalytic activity and structural
properties of this class of compounds. Two related structures
published by others (i.e. , X-ray structures of complex 2[7a] and
a polymorph of complex 10[15c]) have been included to extend
the basis of this comparison.


In all structures the RuII center is pentacoordinate; its
geometry lies between the idealized forms of a trigonal
bipyramid and a square pyramid and is closer to the latter. In
all cases the two chlorine ligands are trans-oriented in the
basal plane of the square pyramid, with the phosphorus atoms
and the imidazolyl carbene carbon atom occupying the
remaining corners. The benzylidene carbene ligand always
occupies the apical position.


A number of interatomic bond and contact parameters
have been extracted from the structures for a more detailed
comparison. These parameters are the averaged Ru-
ligand distances, the Cl-Ru-Cl bond angle, the P-Ru-imida-
zolyl bond angle, the rms deviation of these four ligands
from a least-squares plane, and the distance of the Ru
atom from this plane (Table 1). The dihedral angle between
the Cl-Ru-Cl and the carbene double bond (Ru�CPh) is
also given. A dihedral angle of 08 corresponds to an
orientation in which the p orbitals are perpendicular to the
Cl-Ru-Cl plane.


The overall geometries of 9, 10, 11, 13, 14, and 15 are
surprisingly similar in the sense that all PCy3 ligands adopt
approximately the same conformation with respect to the
RuÿP bond. The NHC ligand is always co-planar with the
carbene and in the case of asymmetrically substituted NHCs
(11, 13, 14, and 15) no rotamer disorder around the CÿRu
bond has been observed in the crystal.[24] While the tethered
carbenes 13 and 14 force the mesitylene group to the side of
the chlorines (Figure 4 and 5), the mesitylene group in 15 is
oriented towards the benzylidene (Figure 6). The distance
between the mesitylene and the benzylidene ring is 3.44 � and
both rings are co-planar within 7.98. This p ± p interaction is
preserved to some extent in solution (see below) and can also
be observed in the triazol complex 11 (Figure 3), although in
this case the benzylidene adopts a rather different orientation
as can be seen from Table 1. The angle between the N-phenyl
and the benzylidene ring is 14.08 and the distance between the
two rings is 3.31 �. Similar p ± p interactions are found in the
other molecules (with the exception of the polymorph of 10 c
reported by Nolan) and are all well within the range observed
for aromatic stacking.[25] Although the observed preservation
of molecular conformational detail throughout the range of
compounds studied suggests only a small influence of crystal
packing, two points must be noted. In the crystal structure of
11 the phenyl ring attached to C2 in the triazol is disordered
(Figure 3), which might explain the different orientation of
the benzylidene.


Secondly and more importantly Nolan et al. report for 10 a
different polymorph (i.e. , 10 c)[15c] with rather different
molecular shape. A closer inspection of the crystal packing
of 10 a, b prepared in our laboratory reveals Cl ´ ´ ´ H contacts
of 2.7 and 2.8 � between Cl2 and H2 (one of the hydrogen
atoms in the imidazolyl ring) linked through a 21 screw-axis in
both independent molecules. In contrast, structure 10 c does
not feature this interaction.[15c] If viewed along the crystallo-
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graphic b axis the differences between the two polymorphic
forms of 10 a, b are most prominent. In the polymorph 10 c
reported by Nolan the molecules form clearly separated
stacks along the b direction. Molecules related by symmetry
interact with these stacks by intersecting one cyclohexyl ring,
employing a 21 screw-axis passing through the ring (Figure 7).
In 10 a, b prepared in our laboratory a completely different
picture is seen. Viewed along the b axis (which is almost
1.5 times as long as in 10 c) the two independent molecules
arrange in a one-up/one-down fashion, with a large degree of


overlap (Figure 8). This results in a zig-zag chain along the b
direction which is held together by the H ´ ´ ´ Cl interactions
described above. The crystal packing also reveals the for-
mation of two channels parallel to the b axis. A larger
diameter one is centered at x� 0.5, z� 0.5, and a smaller one
at x� 0, z� 0. Those channels are filled with disordered
solvent molecules (pentane).


The superposition of these three molecules of 10 a ± c shown
in Figure 9 compared with the superposition of the six
remaining ruthenium(ii) carbenes (Figure 10) reveals the


Table 1. Selected bond parameters of the RuII coordination sphere for 9, 10a, b, 11, 13, 14, 15 and the previously reported 2[7a] and 10c.[15c]


Compound 11 10a 10 b 10 c[15c] 9 2[7a] 15 13 14


<RuÿCl> 2.349(3) 2.373(4) 2.373(4) 2.3914(7) 2.3876(11) 2.388(3) 2.4581(5)[d] 2.3973(16) 2.3848(8)
RuÿP 2.440(3) 2.390(4) 2.381(4) 2.4554(1) 2.4160(12) 2.419(3) 2.4231(7) 2.4214(17) 2.4020(8)
RuÿC 2.085(9) 2.049(12) 2.067(8) 2.088(2) 2.092(5) 2.069(11) 2.056(3) 2.091(6) 2.076(3)
Ru�C 1.819(10) 1.795(11) 1.840(13) 1.817(3) 1.846(5) 1.841(11) 1.835(3) 1.806(6) 1.812(3)
Cl-Ru-Cl 156.94(10) 168.75(13) 168.04(15) 170.42(2) 169.43(4) 168.62(12) 165.240(18) 174.14(6) 168.20(3)
C-Ru-P 171.8(3) 164.0(4) 162.1(3) 164.60(1) 163.89(12) 163.2(3) 161.91(7) 165.99(18) 170.98(8)
a [8][a] 46.0 15.4 17.4 38.7 15.0 18.0 16.5 26.6 51.3
d[b] [�] 0.32 0.26 0.29 0.23 0.26 0.28 0.33 0.08 0.21
planarity[c] 0.15 0.04 0.05 0.06 0.05 0.04 0.02 0.04 0.03


[a] Dihedral angle between the planes Cl-Ru-Cl and CÿC�Ru. [b] Distance of the Ru atom from the least-squares plane formed by the two chlorine atoms, P
and the imidazolyl carbene carbon atom. [c] Root-mean-square deviation of the four atoms under [b] from the least-squares-plane. [d] The unexpectedly
long averaged RuÿCl bond is due to the fact that 19% of Cl1 and 35% of Cl2 are disordered with Br.


Figure 7. Stereoview of the crystal packing of complex 10 c viewed along the b axis, c axis vertical.


Figure 8. Stereoview of the crystal packing of complex 10a, b viewed along the b axis, c axis vertical.
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unusual orientation of the PCy3. All cyclohexyl rings in the
polymorph 10 c reported by Nolan are rotated and the ring
oriented gauche to the two chlorine atoms now adopts a
conformation where the ring plane is parallel to the RuÿP


axis. In all the other molecules
of this series, this ring plane is
perpendicular. This observation
is in agreement with the larger
Cl-Ru-Cl bond angle and the
longer RuÿCl bond distances,
compared with 10 a and 10 b. It
cannot be ruled out that the
different molecular conforma-
tion of 10 c results from the
more dense packing (1�
1.279 Mg mÿ3) compared with
the polymorph of 10 a, b pre-
pared in Mülheim (1�
1.179 Mg mÿ3).


A direct correlation between
the benzylideneÿRu bond dis-
tance or the dihedral angle be-
tween the double bond and the
Cl-Ru-Cl plane and any other
geometrical parameter is not
given. This leads to the conclu-
sion that more complex elec-
tronic interactions, in particular
the nature of the NHC ligand
and the ªregularº carbene li-
gand, are responsible for the
geometric interactions. This is
in agreement with the more
trigonal bipyramidal geometry
of the triazolyl complex 11 (Fig-
ure 3) which is not present in the
other molecules. At the other
end of the series is the chelate
complex 13 where the carbene
lacks the possibility of delocal-
izing the metalÿcarbon bond
into the phenyl ring (Figure 4).
Complex 13 is also the repre-
sentative which resembles most
closely octahedral geometry,
with the Ru atom in the plane
of the two chlorines, the phos-
phorus atom and the imidazolyl
carbon atom. The closely related
chelate complex 14, which has a
four carbon bridge instead of
five carbon atoms in 13, adopts a
geometry reflecting the steric
strain caused by the shorter
tether. Hence, the carbene bond
is rotated by 51.38 out of the Cl-
Ru-Cl plane and the NHC li-
gand is twisted by 248 out of the
C1-Ru-C7 plane (Figure 5).


Finally, it is worth mentioning that the substitution of the
hydrogens of C4 and C5 of the imidazol ring with chlorine in 9
appears to have no effect on the geometry of the molecule.
Thus, the structure of complex 9 in the solid (Figure 1) and


Figure 9. Superposition of the polymorphs of complex 10 using the following color code: 10a (cyan), 10b
(mauve), 10c[15c] (orange).


Figure 10. Superposition of ªsecond-generationº metathesis catalysts bearing NHC ligands. Color code:
Complex 9 (yellow), complex 10 (green), complex 11 (white), complex 13 (magenta), complex 14 (cyan),
complex 15 (white).
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that of the unsubstituted complex 2 reported by Nolan[7a] are
virtually identical.


NMR investigationsÐPossible explanation for the pro-
nounced solvent dependence of the catalytic activity of
complex 2 : The X-ray structures discussed above suggest that
the p ± p stacking between the benzylidene carbene unit and
the N-aryl substituents on the NHC residues constitutes a
strongly conserved structural element in all the second-
generation metathesis catalysts described herein. It is of
interest to see if this electronic interaction is also operative in
solution because it may affect the reactivity of the benzyli-
dene carbene which, in turn, determines the rate of initiation
of a metathesis reaction.


Careful analysis of the NMR spectra of complex 2 in
CD2Cl2 confirm that the rotation of the NHC ligand around
the CÿRu bond is restricted, as has already been report-
ed.[24, 26] More importantly,
however, the spectra also re-
veal that the rotation of the
mesityl substituents around the
CÿN bond is hindered. Two
broadened signals are ob-
served in the 600 MHz
1H NMR spectrum of the me-
sityl protons in CD2Cl2. When
the spectra are recorded in
C6D6, however, these signals
have coalesced, thus showing
that the barrier is lower. Line shape analysis allows one to
estimate that the exchange rate is�480 sÿ1 in CD2Cl2 whereas
it is �2000 sÿ1 in C6D6, corresponding to an enthalpy differ-
ence for the rotational barrier of�3.5� 0.4 kJ molÿ1 at 300 K.


Competing interactions of the N-mesityl group with the
aromatic solvent molecules will reduce the stabilizing effect of
the intramolecular p ± p stacking with the benzylidene
substituent and therefore account for the observed greater
conformational freedom. It is tempting to assume that this
effect explains
i) why complex 2 is much more reactive in toluene than in


CH2Cl2 or ClCH2CH2Cl solution,[28a]


ii) why this positive influence of toluene is observed only for
complexes bearing N-aryl substituents, whereas the activ-
ity of analogues with N-alkyl groups on their NHC ligands
is usually higher in chlorinated media,[9a] and


iii) why the effect is more pronounced in complex 2 than in
complex 10 in which the motion of the larger isopropyl
residues on the arene disturb the stabilizing p ± p stacking
as can be deduced from a lower rotational barrier around
the CÿN bond.


Complexes with ªsaturatedº NHC ligands and the isolation of
a hydridic by-product : In order to provide a more compre-
hensive picture, we have also prepared complexes 3[8b] and 17
bearing ªsaturatedº NHC units and have compared their
catalytic performance with that of their ªunsaturatedº con-
geners 2 and 10, respectively. It has recently been claimed that
ªsaturatedº NHCs endow the metal center with an even
higher reactivity.[8b, 27]
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Their synthesis was achieved according to the method
outlined by Grubbs et al.[8b] through a-elimination of the
corresponding 2-tert-butoxy-4,5-dihydroimidazole precursors.
This procedure works as described for compound 3 ; we
noticed, however, that increased steric bulk of the N-sub-
stituents leads to a deviation from the regular reaction
pathway and results in the formation of a hydridic by-product
in addition to the desired complex 17 (Scheme 4). A by-


product was obtained in pure form by crystallization and was
identified as (PCy3)2Ru(H)2Cl2 (18). Although we could not
directly localize the hydrogen atoms in the X-ray structure of
this complex (see below), an absorption band in the IR
spectrum (nÄ � 1906 cmÿ1) and a characteristic high field signal
in the 1H NMR spectrum (d�ÿ24.38) unequivocally indicate
the presence of hydride ligands. The formation of this species
under conditions used for the preparation of catalyst 17 may
explain why in some cases the isomerization of the olefinic
double bonds of the substrate can compete with productive
RCM.[28] This undesirable pathway is likely to be caused by
small amounts of metal hydride species formed by decom-
position of or by impurities in the metathesis catalysts.


cis ± trans Stereoisomerism in (PCy3)2Ru(H)2Cl2 : The molec-
ular structure of 18 (Figure 11) reveals an octahedral geom-
etry with a trans arrangement of the phosphine groups. The
ruthenium atom is situated on a crystallographic inversion
center. The presence of two hydrogen atoms in the complex
that could not be located in difference Fourier maps has been
deduced from spectroscopic data (see above). Complex 18 is
the second known crystal structure of a dihydro-dichloro-
bis(phosphine)-ruthenium(iv) complex. The first example,
(PiPr3)2Ru(H)2Cl2 (19) described by Werner et al.,[29] how-
ever, is a distorted square antiprism. Chaudret et al.[30] report
spectroscopic data and theoretical results for the analogous
tricyclohexylphosphine complex (PCy3)2Ru(H)2Cl2 (20)Ða
compound having the same composition as complex 18
described hereinÐwhich are in agreement with the molecular
point group symmetry of 19.
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Figure 11. Molecular structure of complex 18, anisotropic displacement
parameters are drawn at 50 % probability, hydrogen atoms omitted for
clarity.


While the steric requirements of the two different phos-
phine groups in 18 and 19 are certainly substantially different,
this does not explain the different geometries of the two
complexes. The formation of 18 by a yet unknown mechanism
starts from square pyramidal 1 and thereby leads to the trans-
octahedral complex.[31] Complexes 19 and 20 on the other
hand are formed from CHCl3 and Ru(H2)2(H)2(PR3)2, a
precursor which has already the co-ordinated hydrogen
molecule in place to yield the cis-geometry of the resulting
products. These entirely different syntheses routes may
explain why the hydride complex (PCy3)2Ru(H)2Cl2 exists in
the two distinct diastereomeric forms 18 and 20.


Comparative investigation of ªsecond-generationº metathesis
catalysts : With this panel of NHC-containing ruthenium
complexes in hand, we studied their catalytic activity in a
representative set of metathesis reactions, focussing our
efforts on rather demanding cases.[32]


One of them concerns the formation of the tetrasubstituted
cycloalkene 22 a, b which is beyond reach of 1. As can be seen
from Table 2, all NHC-containing complexes effect the
cyclization of 21 a (X�NTs) to 22 a, although appreciable
differences must be noticed. Thus, the triazol-5-ylidene
containing catalyst 11 provides a satisfactory yield of 80 %
in just 2 h. Prolonged stirring, however, does not lead to
further conversion, most likely because of the limited lifetime
of complex 11 in solution. In contrast, the N-mesityl
substituted complex 2 is active over much longer periods,
thereby leading to an almost quantitative formation (95 %) of
the desired product 22 a. Substitution of the backbone of its
NHC ligand with two chlorine atoms has surprisingly little
effect on the reactivity of the resulting complex 9, whereas the
increased steric bulk of the N-substitutents as in 10 turned out
to be disadvantageous. All unsymmetrically substituted NHC
complexes 12, 15, and 16 are able to effect the cyclization of
21 a to 22 a. However, the catalytic activity of the homologous
series 12 a ± c shows a significant dependence of the reactivity
on the tether length between the alkene entity and the metal
core. This effect is likely related to their different capacity to
form chelate complexes such as 13 and 14 in situ and is subject
to further investigation in this laboratory.


The analogous malonate derivative 21 b (X�C(COOEt)2)
is more reluctant toward cyclization. Entries 10 ± 12 show that
the corresponding cycloalkene 22 b is formed in moderate
yields only; in this particular case complex 3[8b, 27] bearing the
saturated NHC is by no means superior to the other catalysts
tested.


Care, however, must be taken in generalizing reactivity
trends. This becomes clear by comparing the results discussed
above with those obtained in the macrocyclization of diene 23
to the musk-odored lactone 24[33] (Table 3). Whereas complex
10 with the most crowded NHC was clearly inferior to 2 in the
formation of the five-membered product 22 (Table 2, entries 1
and 3), it performs better than 2 in this particular macro-
cyclization (Table 3, entries 1 and 3). The E/Z-ratio of the
resulting product 24, however, is largely unaffected by the
choice of the catalyst.


Table 2. Comparison of the reactivity of different NHC complexes in the
cyclization of diene 21 to cycloalkene 22. All reactions have been
performed with 5 mol % of the catalyst in toluene at 80 8C unless stated
otherwise.


X


X
see Table 2


21a: X = NTs


21b: X = C(COOEt)2


22a,b


Substrate Catalyst t [h] Yield [%][a]


1 21a 2 24 95
2 21a 9 3 85[c]


3 21a 10 24 69[b]


4 21a 11 2 80
5 21a 12 a 24 22
6 21a 12 b 24 48
7 21a 12 c 24 78
8 21a 15 24 75[c]


9 21a 16 24 54[c]


10 21b 2 24 47[c]


11 21b 10 24 37[c]


12 21b 3 24 31[d,e]


[a] Isolated Yield unless stated otherwise. [b] In refluxing CH2Cl2. [c] GC
Yield. [d] Ref. [8b]. [e] Determined by NMR.


Table 3. Comparison of the reactivity of different NHC complexes in the
cyclization of diene 23 to cycloalkene 24. All reactions have been
performed with 2.5 mol % of the catalyst in refluxing CH2Cl2.


O


O


O


O


24
23


see Table 3


Catalyst t [h] GC Yield [%] E/Z


1 2 3 83 3.4
2 9 5 71 3.4
3 10 1 84 3.4
4 11 5 78 3.3
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Another stringent test is the formation of the 14-membered
ring lactone 27 containing a trisubstituted double bond. This
product is far beyond reach of the parent Grubbs catalyst 1,
which effects only a homo-dimerization of 25 at the least
substituted site with formation of an acyclic dimer 26 (Table 4,
entry 1). All NHC-containing catalysts, in contrast, furnish the
desired macrocycle 27 in good yields (entries 2 ± 5).[34] Entry 5
reveals that complex 3[8b, 27] containing the ªsaturatedº NHC
ligand gives similar results as its ªunsaturatedº congeners.


Enyne cycloisomerization reactions provide another ex-
cellent forum for evaluating differential reactivity. As in the
formation of the tetrasubstituted dihydropyrrole 22 a, com-
plex 2 and its chloro-substituted analogue 9 are almost
indistinguishable in their activity toward enyne 28 a (Table 5,
entries 1 and 2). It is remarkable, however, that the triazolyl-
substituted complex 11 is unable to effect the cycloisomeriza-


tion of this rather congested substrate (Table 5, entry 4),
although it is presently not clear to which extent this failure is
due to the limited stability of the complex in solution and/or to
an inherent lack of reactivity toward this particular substrate.
The less congested enyne 28 b reacts with exceptional ease
particularly if complex 10 is used as the catalyst. Note that this
preparative result matches the conclusions reached by the IR-
thermographic assay method outlined below.


Taken together, the examples described above unambigu-
ously demonstrate that generalizations concerning
the catalytic potency have to be met with caution.
More subtle effects including the influence of the
solvent on the reactivity of differently substituted
ruthenium complexes are operative that cannot be
fully rationalized based on our still limited under-
standing of the mode of action of such ªsecond-
generationº catalysts.


Enyne metathesis of sterically demanding sub-
strates : Having identified complexes 2 and 9 as
excellent tools for enyne metathesis, we extended
this investigation to a diverse set of sterically
demanding substrates since previous studies on
inter- as well as intramolecular enyne metathesis
reactions deal mainly with unhindered cases.[35, 36]


The results compiled in Table 6 illustrate the
remarkably wide scope of this type of reaction.
Thus, substitutents at the propargylic site are nicely
accommodated and do not lower the yields (en-
tries 1 ± 8). Terminal as well as internal alkynes can
be employed. Various degrees of substitution of the
alkene entities are tolerated and even trisubstituted
olefins are found to undergo efficient cycloisomeri-


zation in the presence of complex 2, thereby transferring a
dimethylmethylidene unit (cf. 32! 33, 44! 45). Note that the
reactions depicted in entries 2 and 4 lead to the formation of
tetrasubstituted alkenes. Catalyst 2 also allows six-membered
rings to be formed (entries 9 and 15) and even the seven-
membered heterocycle 49 is obtained in excellent yield.[37] The
formation of the related product 55, despite in somewhat
lower yield, is particularly noteworthy as the required
substrate 54 is an electron deficient and highly conjugated
alkyne derivative. To the best of our knowledge, compounds
of this type have not yet been used in enyne metathesis
reactions mediated by metal carbene complexes.[38]


Catalyst screening by IR thermographyÐThe enyne meta-
thesis case : Recent investigations have demonstrated that
high precision IR thermography is a useful tool for the rapid
screening of homogeneous and heterogeneous catalysts in
parallel.[39, 40] When applied to RCM, this method allowed the
catalytic activity to be correlated with the heat uptake from
the medium as monitored by the appearance of ªcold spotsº
which are caused, at least in part, by the vaporization of
ethylene formed during the reaction.[41] In contrast to RCM,
enyne metathesis does not produce any gaseous by-product;
therefore it was of interest to study whether this analytical
technique can be used to monitor this type of transformation
or not.


Table 4. Comparison of the reactivity of different NHC complexes in the conversion of
diene 25 to dimer 26 or the cyclic monomer 27. All reactions have been performed in
refluxing CH2Cl2.


O


O


O


O


O


O


O


O


see Table 4


272625


Catalyst [mol %] t [h] Product [% Yield]


1 1 (10 %) 17 26 (79)[a]


2 2 (10 %) 38 27 (65)[b]


3 9 (6%) 80 27 (60)[b]


4 10 (6%) 40 27 (57)[b]


5 3 (6%) 40 27 (57)[b]


[a] Isolated Yield. [b] GC Yield.


Table 5. Comparison of the reactivity of different NHC complexes in the
cycloisomerization of enyne 28 to diene 29. All reactions have been
performed with 5 mol % of the catalyst in toluene at 80 8C unless stated
otherwise.


R


O Ph
Ph


O


R


Ph
Ph


29a,b28b: R = H


see Table 5


28a: R = Me


Substrate Catalyst t GC Yield [%]


1 28 a 2 18 h 75
2 28 a 9 18 h 74
3 28 a 10 17 h 58
4 28 a 11 24 h < 5
5 28 b 2 60 min 85[a]


6 28 b 10 5 min 88[a]


[a] Isolated yield.
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In order to do so, seven wells of a microtiter
plate were charged with 40 mL of 0.05m sol-
utions of catalysts 1, 2, 3, 9, 10, 11, and 56[5i, 42] in
toluene (this corresponds to � 0.6 mol % of
catalyst per substrate). Once they are thermo-


Ru


PCy3


Cl
Cl


PCy3 Ph


56


statically set to 30 8C, enyne 28 b (80 mL, ther-
mostatted to 30 8C) was added and the course of
the reaction was monitored by the IR camera
mounted above the well plate by taking pictures
every three seconds. Figure 12 shows the pic-
tures after 9, 51, and 60 s which can be analyzed
using the inserted temperature/color code.


Several remarkable features immediately
become apparent. Most notable is the tremen-
dous exothermicity of this reaction (Scheme 5)
when catalyzed by complexes 3 or 10, causing
an increase in temperature (DTmax) of almost
�35 8C. This outcome is in striking contrast to
the slight endothermicity of DTmax � ÿ 1 8C
previously observed during RCM.[41] As is
clearly visible, this strong evolution of heat
even affects the temperature profile of the
adjacent wells. Moreover, as the temperature
quickly falls off in the thermographs recorded
after this very short reaction time, it can be
concluded that the transformation of enyne 28 b
to diene 29 b is almost finished after only 1 min.
This interpretation was confirmed by TLC
control, showing no residual starting material
but only the essentially quantitative formation
of product 29 b after 1 min. Finally, Figure 12
shows that complexes 3 and 10 are roughly
equipotent in terms of TOF and are superior to
all other catalysts screened in this assay.


A ranking among the remaining catalysts was
achieved in a second experiment choosing a
narrower temperature window that makes more
subtle effects visible. Five vials located suffi-
ciently far apart to minimize mutual heat trans-
fer through the microtiter plate (see above)
were charged with the respective catalyst sol-
utions and enyne 28 b as described above and
the course of the reaction was followed by IR
thermography using a higher precision mode. A
prototype picture taken after 210 s (Figure 13)
shows that the reaction is well underway if
catalysts 9 or 2 are used, while the others clearly
stay behind.


Table 6. Cycloisomerization reactions of variously substituted enynes. All reactions were
catalyzed by complex 2 (1 mol %) in toluene at 80 8C unless stated otherwise.


Substrate Product t [h] Yield [%]


1 1 85 (R�H)
2 18 75 (R�Me)[a]


3 0.3 80 (R�H)
4 1.5 67 (R�Me)


5 2.5 77


6 0.3 93 (R�Me)
7 20 87 (R�Ph)[a]


8 1 75[a]


9 1 81[b]


10 0.5 97[a]


11 0.5 81 (R�H)[a]


12 12 67 (R�Me)[a]


13 0.5 89 (R�H)[a]


14 16 20 (R�COOMe)


15 14 66[a]


16 1.5 81[a]


17 1 89[a]


18 1.5 89


19 4 42[a]


[a] Using 5 mol % of the catalyst. [b] Under reflux in CH2Cl2; the product was also
characterized in form of the cycloadduct prepared by Diels ± Alder reaction of diene 39
with dimethyl acetylenedicarboxylate under reflux in toluene (4 h), cf. Experimental Section.
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Figure 12. IR-thermographic screening of the enyne metathesis depicted
in Scheme 5 catalyzed by complexes 1, 2, 3, 9, 10, 11 and 56. Top: after 9 s;
middle: after 51 s; bottom: after 60 s.


Taken together, these two simple
IR-thermographic experiments al-
low the set of ruthenium-based
metathesis catalysts to be ranked
according to their individual initia-
tion rates of enyne metathesis (3�
10� 9� 2> 1� 11� 56). Note that
i) this order is in good qualitative


agreement with the results com-
piled in Table 5 (cf. entries 5 and
6) and


ii) even the seemingly ªlessº reac-
tive complexes such as 9 or 2 still
effect the transformation within
just a few minutes.


O Ph


Ph
O Ph


Ph


28b 29b


catalyst (0.6 mol%)


toluene


Scheme 5.


These experiments demonstrate that IR thermography is a
convenient and reliable analytical technique for estimating
the potency of metathesis catalysts semi-quantitatively. It
should be stressed, however, that this assay only screens for
reactivity ; the fastest catalyst, though, does not necessarily
provide the highest chemical yield (cf. Table 5). Among other
things, the lifetime of the propagating species in solution, that
can vary significantly among the series of catalysts screened,
also affects the yield obtained. This illustrates that several
complementary methods for high throughput screening which
allow different preparatively relevant parameters to be
assessed are necessary before ªcombinatorialº catalysis will
become a mature field.[40]


Conclusion


The data reported in this paper witness the superiority of
NHC containing ªsecond-generationº metathesis catalysts as
compared to parent-complex 1. Equally noteworthy is the fact
that different NHC ligands turned out to be optimal for
different applications; this shows that no single catalyst
outperforms all others in all possible applications. This
reinforces the notion that our present understanding of the
subtle influences of the substrate on the outcome of a
metathesis event is immature and that great care must be
taken when generalizing the results obtained from single
experiments or a narrow set of test reactions.[32]


Experimental Section


General : All reactions were carried out under Ar in pre-dried glassware
using Schlenk techniques. The solvents were dried by distillation over the
following drying agents and were transferred under Ar: toluene (Na/K
alloy), CH2Cl2 (P4O10), Et2O (Mg/anthracene), MeOH (Mg), n-pentane,


Figure 13. IR-thermographic image recorded over a narrower temperature range (cf. color code) of the
enyne metathesis depicted in Scheme 5 catalyzed by complexes 1, 2, 9, and 11 and 56 after 210 s. The wells
containing the catalyst solutions are sufficiently far apart to minimize mutual heat transfer, compare text.
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n-hexane (Na/K). Flash chromatography: Merck silica gel 60 (230 ±
400 mesh). NMR: Spectra were recorded on Bruker AC 200, AMX 300,
DPX 300 or DMX 600 spectrometers in the solvents indicated; chemical
shifts (d) are given in ppm relative to TMS, coupling constants (J) in Hz.
IR: Nicolet Magna 750 FT-IR, wavenumbers in cmÿ1. MS (EI): Finnigan
MAT 8200 (70 eV), HR-MS: Finnigan MAT 95. Elemental analyses:
Dornis & Kolbe, Mülheim. Equipment for high precision IR thermogra-
phy: Inframetrics Thermacam (Inframetrics Inc., North Billerica, MA,
USA) using the Therma GRAM95 (Inframetrics Inc.) and Dynamite
software (Thermoteknix Systems Ltd., Mount Pleasant, Cambridge, UK)
for data processing and management. All commercially available substrates
were used as received.


Novel imidazolium salts
Compound 7a (X�Br): N-Mesitylimidazole (6 ; 1.03 g, 5.56 mmol) and
5-bromo-pent-1-ene (0.83 g, 5.57 mmol) were heated under reflux in
toluene (15 mL) for 16 h. Et2O (30 mL) was added and the suspension
filtered. Washing of the precipitate with Et2O and drying afforded
compound 7a (1.53 g, 82%) as a colorless solid. 1H NMR (CD2Cl2,
300 MHz): d� 10.54 (s, 1H), 7.89 (s, 1H), 7.28 (s, 1H), 7.04 (s, 2H), 5.84 (m,
1H), 5.07 (d, J� 19.0 Hz, 1H), 5.02 (d, J� 11.1 Hz, 1H), 4.63 (t, J� 6.6 Hz,
2H), 2.34 (s, 3H), 2.30 ± 2.00 (m, 4H), 2.08 (s, 6H); 13C NMR (CD2Cl2,
75 MHz): d� 141.3, 138.3, 136.5, 134.3, 130.8, 129.7, 123.3, 115.9, 49.6, 30.1,
29.5, 20.8, 17.4; IR: nÄ � 3087, 3065, 2972, 1641, 1605, 1564, 1548, 1450, 1371,
1205, 1159, 1074, 1039, 991, 919, 892, 866, 780, 673 cmÿ1; MS (ESI): m/z :
255.2 [MÿBr]� ; elemental analysis calcd for C17H23BrN2 (335.29): C 60.90,
H 6.91, N 8.36; found C 61.05, H 7.06, N 8.22.


Compound 7b (X�Br): N-Mesitylimidazole (6 ; 1.10 g, 5.89 mmol) and
6-bromo-hex-1-ene (95 % pure, 1.12 g, 6.51 mmol) were heated under
reflux in toluene (20 mL) for 21 h. Et2O (50 mL) was added and the
suspension was extracted with H2O (3� 50 mL). The aqueous phase was
washed with Et2O (3� 50 mL), the solvent was evaporated and the residue
dissolved in CH2Cl2 (150 mL). Drying over Na2SO4 and evaporating of the
solvent afforded compound 7 b (1.42 g, 69 %) as a colorless solid. 1H NMR
(CD2Cl2, 300 MHz): d� 10.48 (s, 1H), 7.87 (s, 1H), 7.28 (s, 1H), 7.04 (s, 2H),
5.78 (ddt, J� 17.0, 10.3, 6.7 Hz, 1 H), 5.03 (dq, J� 17.0, 1.8 Hz, 1H), 4.96
(dm, J� 10.3 Hz, 1 H), 4.63 (t, J� 7.2 Hz, 2H), 2.34 (s, 3 H), 2.20 ± 2.05 (m,
2H), 2.07 (s, 6 H), 2.05 ± 1.90 (m, 2 H), 1.55 ± 1.40 (m, 2 H); 13C NMR
(CD2Cl2, 75 MHz): d� 141.2, 138.1, 137.9, 134.3, 130.8, 129.7, 123.3, 122.9,
115.0, 49.9, 32.8, 29.7, 25.2, 20.8, 17.4; IR: nÄ � 3031, 2973, 2930, 2858, 1639,
1608, 1563, 1544, 1486, 1457, 1379, 1204, 1161, 1068, 1036, 995, 907, 855, 758,
671, 638 cmÿ1; MS (ESI): m/z : 269.3 [MÿBr]� ; elemental analysis calcd
(%) for C18H25BrN2 (349.31): C 61.89, H 7.21, N 8.02; found C 61.76, H 7.28,
N 7.94.


Compound 7c (X�Br): N-Mesitylimidazole (6 ; 1.13 g, 6.06 mmol) and
8-bromo-oct-1-ene (1.16 g, 6.06 mmol) were heated under reflux in toluene
(15 mL) for 16 h. Et2O (30 mL) was added and the suspension filtered.
Washing with Et2O and drying of the residue in vacuo afforded compound
7c (1.40 g, 61%) as a colorless solid. 1H NMR (CD2Cl2, 300 MHz): d�
10.54 (t, J� 1.5 Hz, 1 H), 7.84 (t, J� 1.9 Hz, 1H), 7.28 (t, J� 1.9 Hz, 1H),
7.04 (s, 2 H), 5.79 (ddt, J� 17.2, 10.2, 6.7 Hz, 1H), 4.98 (dm, J� 17.2 Hz,
1H), 4.91 (dm, J� 10.2 Hz, 1 H), 4.61 (t, J� 7.2 Hz, 2 H), 2.34 (s, 3 H), 2.08
(s, 6H), 2.05 ± 1.95 (m, 4H), 1.45 ± 1.30 (m, 6H); 13C NMR (CD2Cl2,
75 MHz): d� 141.2, 138.9, 138.2, 134.3, 130.8, 129.7, 123.3, 122.8, 114.1, 50.1,
33.5, 30.3, 28.6, 28.4, 25.9, 20.8, 17.4; IR: nÄ � 3058, 2974, 2929, 2850, 1639,
1608, 1564, 1543, 1486, 1460, 1379, 1203, 1157, 1065, 905, 854, 822, 662,
634 cmÿ1; MS (ESI): m/z : 297.2 [MÿBr]� ; elemental analysis calcd for
C20H29BrN2 (377.37): C 63.66, H 7.75, N 7.42; found C 63.48, H 7.82, N 7.35.


Compound 7 d (X�Br): N-Mesitylimidazole (6 ; 0.78 g, 4.17 mmol) and (2-
bromo-ethoxy)-tert-butyl-dimethyl-silane (1.00 g, 4.17 mmol) were heated
under reflux in toluene (15 mL) for 16 h. Et2O (30 mL) was added and the
suspension was extracted with H2O (3� 50 mL). The aqueous phase was
washed with Et2O (3� 50 mL). The solvent was evaporated and the residue
dissolved in CH2Cl2 (20 mL). Drying over Na2SO4 and evaporating of the
solvent afforded compound 7d (0.50 g, 28 %) as a colorless solid. 1H NMR
(CD2Cl2, 300 MHz): d� 10.31 (s, 1H), 7.86 (s, 1H), 7.22 (s, 1H), 7.05 (s, 2H),
4.82 (t, J� 4.7 Hz, 2H), 4.09 (t, J� 4.7 Hz, 2H), 2.35 (s, 3 H), 2.08 (s, 6H),
0.87 (s, 9H), 0.06 (s, 6 H); 13C NMR (CD2Cl2, 75 MHz): d� 141.3, 138.1,
134.4, 130.8, 129.7, 124.0, 122.4, 62.1, 52.5, 25.6, 20.8, 18.0, 17.4, ÿ5.8; IR:
nÄ � 3034, 2955, 2927, 2855, 1609, 1566, 1547, 1487, 1471, 1447, 1385, 1362,
1259, 1203, 1164, 1110, 1067, 1036, 1007, 937, 829, 812, 780, 731, 668,
640 cmÿ1; MS (ESI): m/z : 345.2 [MÿBr]� ; elemental analysis calcd for


C20H33BrN2OSi (425.48): C 56.46, H 7.82, N 6.58; found: C 56.23, H 8.06,
N 6.98.
Compound 7 e (X� I): N-Mesitylimidazole (6 ; 1.29 g, 6.90 mmol) and
1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodo-octane (3.31 g, 6.98 mmol)
were heated under reflux in toluene (20 mL) for 4 d. Evaporation of the
solvent and crystallization (THF/methyl tert-butylether) of the residue
afforded compound 7e (3.50 g, 77%) as a pale yellow solid. 1H NMR
(CD2Cl2, 300 MHz): d� 10.12 (s, 1 H), 8.07 (s, 1H), 7.28 (s, 1 H), 7.06 (s,
2H), 5.13 (t, J� 6.3 Hz, 2H), 3.07 (tt, J� 18.6, 6.2 Hz, 2H), 2.36 (s, 3H),
2.08 (s, 6H); 13C NMR (CD2Cl2, 75 MHz): d� 141.7, 137.9, 134.3, 130.5,
129.8, 123.7, 123.4, 122.0 ± 105.0 (m, CFx), 43.1 (t, J� 21.3 Hz), 20.9, 17.5;
IR: nÄ � 3120, 3008, 1610, 1566, 1551, 1319, 1236, 1206, 1144, 1121, 1079, 853,
747, 708 cmÿ1; MS (ESI): m/z : 1193 [2Mÿ I]� , 533 [Mÿ I]� ; elemental
analysis calcd for C20H18F13IN2 (660.25): C 36.38, H 2.75, N 4.24; found: C
36.32, H 2.81, N 4.21.


Metathesis pre-catalysts : Where assignments of the signals [based on
COSY, DEPT and 2D 1H,13C-chemical shift correlated spectra (HSQC and
HMBC)] are given, they are unambiguous and refer to the arbitrary
numbering schemes shown in the inset.
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Complex 2 : Complex 1 (4.60 g, 5.59 mmol) and carbene 5a (2.43 g,
7.98 mmol) were stirred in toluene (100 mL) under Ar at room temperature
for 1 h. The solvent was evaporated and n-pentane (100 mL) was added.
The precipitate was filtered off, washed with n-pentane and dried in vacuo
to afford complex 2 (3.58 g, 76%) as a violet solid. 1H NMR (CD2Cl2,
600 MHz): d� 19.40 (s, 1 H, 1-H), 8.90 (br, 1 H, 3a-H), 7.40 (t, J� 7.3 Hz,
1H, 5-H), 7.15 (br, 1 H, 3b-H), 7.13 (t, 2 H, 4-H), 7.05 (s, 2H, 10-H), 6.99 (s,
2H, 7-H, 7'-H'), 6.75 (br, 1 H, 10'-H), 5.95 (br, 1H, 10'-H), 2.43 (br, 6H, 12-
H), 2.35 (s, 3 H, 13-H), 2.21 (m, 3H, 20-H), 2.20 (br, 3 H, 12'-H), 1.96 (s, 3H,
13'-H), 1.90 (m, 3 H, 12'-H), 1.53 (m, 3H, 23eq-H), 1.51 (m, 6 H, 22eq-H),
1.39 (m, 6 H, 21eq-H), 1.03 (m, 9H, 22ax-H, 23ax-H), 0.93 (m, 6H, 21ax-H);
13C NMR (CD2Cl2, 151 MHz): d� 295.3 (d, JCH� 147 Hz, C-1), 189.7 (s,
JCP� 83.0 Hz, C-6), 152.1 (s, C-2), 139.5 (s, C-11), 138.8 (s, C-11'), 138.3 (s,
C-9), 137.1 (s, C-8'), 136.4 (s, C-9'), 135.9 (s, C-8), 129.7 (d, JCH� 157 Hz,
C-10), 129.0 (d, C-10'), 128.2 (d, JCH� 158 Hz, C-5), 128.1 (d, C-4), 125.2 (d,
1JCH� 196 Hz, 2JCH� 12 Hz, JCP� 2.8 Hz, C-7), 124.7 (d, 1JCH� 196 Hz,
2JCH� 12 Hz, JCP� 1.6 Hz), 31.9 (d, 1JCH� 127 Hz, JCP� 17 Hz, C-7', C-20),
29.5 (t, 1JCH� 129 Hz, C-21), 28.2 (t, 1JCH� 128 Hz, JCP� 10 Hz, C-22), 26.7
(t, 1JCH� 127 Hz, C-23), 21.3 (q, 1JCH� 127 Hz, C-13), 21.1 (q, 1JCH�
126 Hz, C-13'), 19.7 (q, 1JCH� 128 Hz, C-12), 18.4 (q, 1JCH� 127 Hz,
C-12'); 31P NMR (CD2Cl2, 243 MHz): d� 31.9.
1H NMR (C6D6, 600 MHz): d� 19.92 (s, 1H, 1-H), 9.30 (br, 1H, H-3), 7.40
(br, 1 H, H-3), 7.16 (t, 1 H, J� 7.3 Hz, 5-H), 6.99 (m, 2H, 4-H), 6.91 (s, 2H,
10-H), 6.23 (d, J� 1.8 Hz, 1 H, 7'-H), 6.20 (dd, 1 H, J7,7'� 1.8 Hz, J7,P�
0.8 Hz, 7-H), 6.20 (br, 2 H, H-10'), 2.65 (br, 6H, 12-H), 2.51 (dt, 3H,
J20,P� 11.2, J20,21ax� 9.6 Hz, 20-H), 2.22 (br, 6H, 12'-H), 2.20 (s, 3H, 13-H),
1.85 (s, 3H, 13'-H), 1.66 (br, 6 H, H-21eq), 1.57 (m, 6H, H-22eq), 1.54 (d, J�
12.6 Hz, 3 H, H-23eq), 1.14 (m, 12 H, H-21ax, H-22ax), 1.06 (m, 3H, H-23ax);
13C NMR (C6D6, 151 MHz): d� 295.4 (d, JCH� 148 Hz, C-1), 190.7 (s, JCP�
83.6 Hz, C-6), 152.4 (s, C-2), 139.0 (s, C-11), 138.5 (s, C-9), 138.3 (s, C-11'),
137.3 (s, C-8'), 136.5 (s, C-9'), 136.1 (s, C-8), 129.7 (d, JCH� 157 Hz, C-10),
128.9 (d, C-10'), 128.0 (m, C-4), 127.8 (d, C-5), 124.6 (d, 1JCH� 196 Hz,
2JCH� 12 Hz, JCP� 2.8 Hz, C-7), 124.1 (d, 1JCH� 196 Hz, 2JCH� 12 Hz, JCP�
1.5 Hz, C-7'), 32.1 (d, 1JCH� 126 Hz, JCP� 17 Hz, C-20), 29.7 (t, 1JCH�
128 Hz, C-21), 28.2 (t, 1JCH� 124 Hz, JCP� 10 Hz, C-22), 26.6 (t, 1JCH�
128 Hz, C-23), 21.2 (q, 1JCH� 126 Hz, C-13), 21.0 (q, 1JCH� 126 Hz,
C-13'), 20.1 (q, 1JCH� 128 Hz, C-12), 18.7 (q, 1JCH� 129 Hz, C-12'); 31P
NMR (C6D6, 243 MHz): d� 31.8; IR: nÄ �3165, 3131, 2921, 2849, 1608,
1570, 1485, 1445, 1314, 1264, 1242, 1174, 1037, 1005, 898, 848, 740, 701,
686 cmÿ1.
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Complex 9 : Complex 1 (402 mg, 0.49 mmol) and carbene 5c (241 mg,
0.65 mmol) were stirred in toluene (25 mL) under Ar at room temperature
for 1 h. The solvent was evaporated and n-pentane (10 mL) was added. The
precipitate formed was filtered off, washed with n-pentane and dried in
vacuo affording complex 9 (387 mg, 87%) as a violet-brownish solid.
Alternatively the purification can be performed by flash chromatography
(n-pentane/Et2O 4:1! 2:1) affording 9 in 79% yield. 1H NMR (CD2Cl2,
600 MHz): d� 19.39 (s, 1H, 1-H), 8.90 (br, 1H, 3a-H), 7.43 (t, 1H, J�
7.3 Hz, 5-H), 7.15 (t, 2 H, J� 7.6 Hz, 4-H), 7.10 (br, 1H, 3b-H), 7.09 (s, 1H,
10-H), 6.80 (br, 1 H, 10'-H), 5.95 (br, 1 H, 10'-H), 2.41 (br, 6H, 12-H), 2.38
(s, 3 H, 13-H), 2.19 (m, 3 H, 20-H), 2.18 (br, 3 H, 12'-H), 1.97 (s, 3H, 13'-H),
1.87 (br, 3H, 12'-H), 1.53 (m, 3 H, 23eq-H), 1.51 (m, 6H, 22eq-H), 1.37 (m,
6H, 21eq-H), 1.03 (m, 9H, 22ax-H, 23ax-H), 0.91 (m, 6 H, 21ax-H);
13C NMR (CD2Cl2, 151 MHz): d� 298.0 (d, 1JCH� 148 Hz, JCP� 9 Hz, C-1),
192.7 (s, 1JCP� 85.2 Hz, C-6), 152.1 (s, C-2), 140.8 (s, C-11), 140.0 (s, C-11'),
139.2 (s, C-9'), 137.1 (s, C-9), 134.1 (s, C-8'), 132.4 (s, C-8), 130.0 (d, 1JCH�
158 Hz, C-10), 129.2 (d, 1JCH� 156 Hz, C-10'), 128.7 (d, 1JCH� 129 Hz, C-5),
128.2 (d, C-4), 119.3 (s, JCP� 2.3 Hz, C-7'), 119.1 (s, JCP� 4.1 Hz, C-7), 31.9
(d, 1JCH� 129 Hz, JCP� 17.5 Hz, C-20), 29.5 (t, 1JCH� 128 Hz, C-21), 28.1 (t,
1JCH� 128 Hz, JCP� 10.0 Hz, C-22), 26.5 (t, 1JCH� 126 Hz, C-23), 21.4 (q,
1JCH� 127 Hz, C-13), 21.2 (q, 1JCH� 127 Hz, C-13'), 19.8 (q, 1JCH� 128 Hz,
C-12), 18.5 (q, 1JCH� 127 Hz, C-12'); 31P NMR (CD2Cl2, 243 MHz): d�
31.7; IR: nÄ � 3052, 2927, 2847, 1608, 1568, 1559, 1523, 1483, 1444, 1357, 1294,
1244, 1174, 1037, 899, 854, 818, 747, 734 cmÿ1; MS (ESI): m/z : 881.5 [Mÿ
Cl]� ; elemental analysis calcd for C46H61Cl4N2PRu (915.86): C 60.33, H
6.71, N 3.06; found C 60.19, H 6.65, N 3.12.
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Complex 10 : Complex 1 (485 mg, 0.59 mmol) and carbene 5b (275 mg,
0.71 mmol) were stirred in toluene (30 mL) under Ar at 50 8C for 2 h. The
solvent was evaporated and n-pentane (10 mL) was added. The precipitate
formed was filtered off at ÿ78 8C, washed with n-pentane (ÿ78 8C) and
dried in vacuo affording product 10 (450 mg, 82 %) as a violet solid.
Alternatively, the purification of the crude product can be achieved by flash
chromatography (n-pentane/Et2O 4:1), affording complex 9 (376 mg, 69%)
as a violet solid. 1H NMR (CD2Cl2, 600 MHz): d� 19.62 (s, 1H, 1-H), 7.98
(br, 2 H, 3-H), 7.50 (t, J� 7.6 Hz, 1 H, 11-H), 7.40 (d, J� 7.7 Hz, 2H, 10-H),
7.33 (tt, J� 7.3, 1.1 Hz, 1 H, 5-H), 7.10 (s, 1H, 7-H), 7.05 (s, 1H, 7'-H), 7.05 (s,
2H, 4-H), 6.84 (t, 1 H, J� 7.5 Hz, 11'-H), 6.79 (m, 2 H, 10'-H), 3.55 (sept,
2H, J� 6.6 Hz, 12-H), 3.10 (m, 2H, 12'-H), 2.11 (m, 3H, 20-H), 1.50 ± 1.45
(m, 9H, 22eq-H, 23eq-H), 1.40 (d, 6 H, J� 6.6 Hz, 13-H), 1.37 (m, 6H, 21eq-
H), 1.29 (d, 6 H, 13'-H), 1.08 (d, 6 H, J� 6.8 Hz, 14-H), 1.00 ± 0.95 (m, 15H,
21ax-H, 22ax-H, 23ax-H), 0.95 (d, 6H, J� 7.1 H, 14'-Hz); 13C NMR
(CD2Cl2, 151 MHz): d� 296.7 (d, 1JCH� 148 Hz, JCP� 9 Hz, C-1), 190.3 (s,
JCP� 83.8 Hz, C-6), 151.6 (s, C-2), 148.7 (s, C-9), 146.2 (s, C-9'), 137.6 (s,
C-8'), 136.0 (s, C-8), 131.6 (d, 1JCH� 132 Hz, C-3), 131.3 (d, 1JCH� 160 Hz,
C-11), 130.0 (d, 1JCH� 159 Hz, C-11'), 128.2 (d, 1JCH� 158 Hz, C-5), 128.0
(d, 1JCH� 159 Hz, C-4), 126.3 (d, 1JCH� 197 Hz, C-7), 126.1 (d, 1JCH�
196 Hz, C-7'), 124.2 (d, 1JCH� 160 Hz, C-10), 123.7 (d, 1JCH� 158 Hz,
C-10'), 32.2 (d, 1JCH� 126 Hz, JCP� 17 Hz, C-20), 29.5 (t, 1JCH� 128 Hz,
C-21), 29.2 (d, C-12), 28.2 (d, C-12'), 28.1 (t, 1JCH� 127 Hz, JCP� 10 Hz,
C-22), 26.9 (q, C-14), 26.6 (t, 1JCH� 124 Hz, C-23), 26.3 (q, 1JCH� 126 Hz,
C-14'), 22.9 (q, 1JCH� 125 Hz, C-13), 22.3 (q, 1JCH� 125 Hz, C-13');


31P NMR (CD2Cl2, 243 MHz): d� 29.8; IR: nÄ � 3166, 3123, 3093, 3060,
2962, 2925, 2962, 2849, 1590, 1569, 1445, 1321, 1305, 1173, 1117, 897, 847, 757,
739, 686 cmÿ1; MS (ESI): m/z : 895.7 [MÿCl]� ; elemental analysis calcd for
C52H75Cl2N2PRu (931.13): C 67.08, H 8.12, N 3.01; found C 67.05, H 8.20, N
2.96.


Complex 11: Complex 1 (307 mg, 0.37 mmol) and commercially available
1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene (96 %, 128 mg,
0.41 mmol)[21] were stirred in toluene (15 mL) under Ar at room temper-
ature for 1 h. The solvent was evaporated and the residue was purified by
flash chromatography (n-hexane/Et2O 4:1! 2:1! 1:1) affording complex
11 (269 mg, 86%) as a brown solid. 1H NMR (CD2Cl2, 600 MHz): d� 19.57
(d, 1 H, JHP� 8.2 Hz, Ru�CH), 19.38 (d, 1 H, JHP� 6.3 Hz, Ru�CH), 8.21 (d,
1H, J� 8.4 Hz, o-Ph), 7.90 ± 7.80 (br, 1H), 7.85 (d, J� 7.0 Hz, 1H, o-Ph), 7.71
(t, 1 H, 7.5 Hz, m-Ph), 7.59 (t, J� 6.8 Hz, 1 H, m-Ph), 7.57 (m, 1H, p-Ph), 7.55
(m, 1 H), 7.50 ± 7.38 (m, 4H), 7.33 ± 7.25 (m, 2H), 7.19 (t, 1 H, J� 8.2 Hz, m-
Ph), 7.16 (m, 1H, o-Ph), 7.10 (m, 1 H), 7.08 ± 7.02 (m, 1 H), 7.06 (m, 1H), 7.00
(m, 1H), 6.85 (br, 1H), 2.11 (m, 3 H, PCy3), 1.70 ± 1.50 (m, 15 H, PCy3-Heq),
1.35 ± 1.00 (m, 15H, PCy3-Hax); 13C NMR (CD2Cl2, 150 MHz): d� 291.9
(Ru�CH), 192.6 (JCP� 88.6 Hz, Ru�CN2), 191.0 (JCP� 92.4 Hz, Ru�CN2),
154.7 (JCP� 2.8 Hz), 153.8 (JCP� 3.4 Hz), 151.1, 150.9, 142.4, 141.6, 33.0
(JCP� 16.3 Hz, PCH), 32.9 (JCP� 16.1 Hz,PCH), 29.3, 29.3, 28.0 (JCP�
9.7 Hz), 28.0 (JCP� 9.9 Hz), 26.6, 26.6; 31P NMR (CD2Cl2, 243 MHz): d�
24.3, 23.5; IR (KBr): nÄ � 3063, 2923, 2849, 1595, 1554, 1495, 1445, 1370,
1201, 1176, 1128, 916, 885, 846, 817, 760, 694, 687 cmÿ1; MS (ESI): m/z : 804.2
[MÿCl]� ; elemental analysis calcd for C45H54Cl2N3PRu (839.89): C 64.35,
H 6.48, N 5.00; found: C 64.51, H 6.55, N 4.94.


Complex 12a : The imidazolium salt 7 a (316 mg, 0.94 mmol), KOtBu
(94 mg, 0.88 mmol) and complex 1 (646 mg, 0.79 mmol) were stirred in
toluene (40 mL) for 3 h under Ar at room temperature. The suspension was
filtered and the solvent evaporated in vacuo. Flash chromatography (n-
pentane/Et2O 4:1 ! CH2Cl2/Et2O 4:1) afforded complex 12a (263 mg,
42%) as a red solid. 1H NMR (CD2Cl2, 200 MHz): d� 19.22 (s, 1 H), 7.87
(br, 2H), 7.50 ± 7.35 (m, 1H), 7.30 ± 7.20 (m, 1 H), 7.13 (t, 2 H, J� 7.5 Hz),
6.85 (d, 1H, J� 1.9 Hz), 6.40 ± 6.20 (br, 2 H), 5.97 (m, 1 H, J� 17.1, 10.4 Hz),
5.15 (m, 1 H, J� 17 Hz), 5.08 (m, 1H, J� 10.4 Hz), 4.72 (t, 2H, J� 7 Hz),
2.40 ± 2.25 (m, 3 H), 2.34 (s, 3H), 2.25 ± 2.10 (m, 2H), 1.93 (s, 6H), 1.95 ± 1.85
(m, 2H), 1.80 ± 1.50 (m, 15H), 1.45 ± 1.00 (m, 15 H); 31P NMR (CD2Cl2,
81 MHz): d� 34.0; IR: nÄ � 3161, 3124, 2925, 2849, 1639, 1608, 1589, 1490,
1445, 1408, 1238, 1173, 1005, 895, 737, 687 cmÿ1; MS (ESI): m/z : 795.5 [M]� ,
761.5 [MÿCl]� ; elemental analysis calcd for C42H61Cl2N2PRu (796.91): C
63.30, H 7.72, N 3.52; found C 63.26, H 7.66, N 3.48.


Complex 12 b : Imidazolium salt 7b (162 mg, 0.42 mmol), KOtBu (53 mg,
0.47 mmol) and complex 1 (328 mg, 0.40 mmol) were stirred in toluene
(25 mL) for 3 h at room temperature under Ar. The suspension was filtered
and the solvent was evaporated. Flash chromatography (n-pentane/Et2O
4:1 ! CH2Cl2/Et2O 4:1) afforded complex 12 b (132 mg, 41%) as a red
solid. 1H NMR (CD2Cl2, 200 MHz): d� 19.23 (s, 1H), 7.86 (br, 2H), 7.42 (t,
1H, J� 7.1 Hz), 7.27 (s, 1H), 7.13 (t, 2 H, J� 7.8 Hz), 6.84 (s, 1H), 6.40 ± 6.20
(br, 2H), 5.89 (ddt, 1H, J� 17.1, 10.4, 6.7 Hz), 5.08 (dm, 1H, J� 17.1 Hz),
5.02 (dm, 1H, J� 10.3 Hz), 4.70 (t, 2 H, J� 7.5 Hz), 2.40 ± 2.15 (m, 5H), 2.34
(s, 3 H), 2.00 ± 1.80 (m, 2H), 1.93 (s, 6 H), 1.80 ± 1.50 (m, 15 H), 1.45 ± 1.00 (m,
17H); 31P NMR (CD2Cl2, 81 MHz): d� 34.2; IR: nÄ � 3161, 3123, 3096,
2925, 2849, 1640, 1490, 1445, 1409, 1240, 1173, 1004, 913, 895, 847, 741,
687 cmÿ1; MS (ESI): m/z : 775.5 [MÿCl]� ; elemental analysis calcd for
C43H63Cl2N2PRu (810.93): C 63.69, H 7.83, N 3.45; found C 63.78, H 7.89, N
3.42.


Complex 12c : Imidazolium salt 7c (172 mg, 0.46 mmol), KOtBu (51 mg,
0.46 mmol) and complex 1 (281 mg, 0.34 mmol) were stirred in toluene
(20 mL) for 1.5 h at room temperature under Ar. The suspension was
filtered and the solvent was evaporated. Flash chromatography (n-pentane/
Et2O 4:1) afforded 12c (115 mg, 40%) as a red solid. 1H NMR (CD2Cl2,
200 MHz): d� 19.24 (s, 1H), 7.84 (br, 2 H), 7.42 (t, 1 H, J� 7.2 Hz), 7.30 ±
7.20 (br, 1 H), 7.12 (t, 2 H, J� 7.5 Hz), 6.84 (s, 1H), 6.40 ± 6.20 (br, 2 H), 5.85
(ddt, 1 H, J� 17.1, 10.4, 6.7 Hz), 5.02 (dm, 1H, J� 17.1 Hz), 4.90 (dm, 1H,
J� 10.4 Hz), 4.68 (t, 2H, J� 7.7 Hz), 2.40 ± 1.00 (m, 43H), 2.34 (s, 3 H), 1.93
(s, 6H); 31P NMR (CD2Cl2, 81 MHz): d� 34.1; IR: nÄ � 3160, 3123, 3092,
3056, 2925, 2850, 1640, 1609, 1589, 569, 1489, 1446, 1173, 1004, 913, 896, 847,
741, 687 cmÿ1; MS (ESI): m/z : 803.3 [MÿCl]� ; elemental analysis calcd for
C45H67Cl2N2PRu (838.99): C 64.42, H 8.05, N 3.34; found C 64.56, H 8.14, N
3.42.
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Complex 13 : Complex 12 b (30 mg, 0.04 mmol) was heated under reflux in
n-pentane (70 mL) for 1 h. The suspension was filtered and the solvent was
slowly evaporated affording complex 13 (20 mg, 77 %) as a brown
crystalline solid. 1H NMR (CD2Cl2, 200 MHz): d� 20.22 (dt, 1 H, J� 9.8,
4.9 Hz), 7.08 (dm, 1 H, J� 1.8 Hz), 6.99 (s, 2H), 6.83 (s, 1 H), 3.56 (tm, 2H,
J� 4.9 Hz), 2.93 (m, 2H), 2.35 ± 2.10 (m, 5H), 2.33 (s, 3 H), 2.27 (s, 6H),
1.85 ± 1.60 (m, 17 H), 1.55 ± 1.10 (m, 15H); 31P NMR (CD2Cl2, 81 MHz): d�
29.1; IR: nÄ � 3123, 2924, 2852, 1609, 1569, 1485, 1462, 1448, 1405, 1387, 1160,
885, 852, 733, 698 cmÿ1; MS (ESI): m/z : 706.3 [M]� ; elemental analysis
calcd for C35H55Cl2N2PRu (706.78): C 59.48, H 7.84, N 3.96; found C 59.36,
H 7.88, N 4.02.
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Complex 14 : Complex 12 a (25 mg, 0.03 mmol) was heated under reflux in
n-hexane (50 mL) for 45 min. The suspension was filtered and the filtrate
was slowly evaporated affording chelate complex 14 (17 mg, 78%) as a
brown crystalline solid. 1H NMR (CD2Cl2, 600 MHz): d� 19.55 (dt, 1H,
1-H, 3J1,P� 13.6 Hz, 3J1,2� 6.3 Hz), 7.08 (dd, 1H, 6-H, 3J6,7� 1.8 Hz, 3J6,P�
0.7 Hz), 7.00 (s, 2H, 10-H), 6.84 (dd, dd, 7-H, 1H, 3J7,6� 1.8 Hz, 3J7,P�
0.9 Hz), 3.83 (dd, 2H, 4-H, 3J > 6.3 Hz, 3J < 6.3 Hz), 3.58 (q, 2 H, 2-H,
3J2,1� 6.6 Hz (d), 3J2,3� 6.6 Hz (t)), 2.32 (s, 3 H, 13-H), 2.30 (m, 2H, 3-H),
2.22 (s, 6 H, 12-H), 2.18 (m, 3H, 14-H), 1.81 (m, 6H, 15eq-H), 1.72 (m, 6H,
16eq-H), 1.66 (m, 3 H, 17eq-H), 1.51 (m, 6 H, 15ax-H), 1.19 (m, 3H, 17ax-
H), 1.16 (m, 6H, 22ax-H); 13C NMR (CD2Cl2, 150 MHz): d� 334.4 (JCP�
159.3 Hz, C-1), 183.1 (JCP� 109.4 Hz, C-5), 138.4 (C-11), 137.0 (C-8), 136.8
(C-9), 129.0 (C-10), 122.5 (JCP� 3.2 Hz, C-6*), 122.2 (JCP� 3.1 Hz, C-7*),
57.4 (C-2), 47.9 (C-4), 32.7 (JCP� 15.0 Hz, C-14), 29.9 (C-15), 28.8 (JCP�
9.8 Hz,C-16), 26.7 (C-17), 24.1 (C-3), 21.0 (C-13), 19.3 (C-12); 31P NMR
(CD2Cl2, 243 MHz): d� 22.8; IR: nÄ � 3124, 2921, 2850, 1609, 1562, 1487,
1446, 1407, 1259, 1172, 1005, 888, 851, 730, 700 cmÿ1; MS (ESI): m/z : 657.3
[MÿCl]� ; elemental analysis calcd for C34H53Cl2N2PRu (692.76): C 58.95,
H 7.71, N 4.04; found C 59.11, H 7.65, N 4.01.


Complex 15 : Imidazolium salt 7d (170 mg, 0.40 mmol), KOtBu (45 mg,
0.40 mmol) and complex 1 (270 mg, 0.33 mmol) were stirred in toluene
(25 mL) for 4 h at room temperature under Ar. The suspension was filtered
and the filtrate was evaporated. Flash chromatography (n-pentane/Et2O
4:1) of the crude product thus obtained afforded complex 15 (109 mg,
37%) as a violet solid. 1H NMR (CD2Cl2, 200 MHz): d� 19.16 (s, 1 H), 7.86
(br, 2H), 7.50 ± 7.25 (m, 1 H), 7.41 (t, 1H, J� 7.1 Hz), 7.12 (t, 2H, J� 7.8 Hz),
6.80 (m, 1 H), 6.30 (m, 2 H), 4.83 (t, 2H, J� 4.6 Hz), 4.35 (t, 2H, J� 4.6 Hz),
2.45 ± 2.05 (m, 3 H), 2.34 (s, 3H), 1.92 (s, 6H), 1.90 ± 1.50 (m, 15H), 1.45 ±
1.05 (m, 15 H), 0.94 (s, 6H), 0.09 (s, 6 H); 31P NMR (CD2Cl2, 81 MHz): d�
35.4; IR: nÄ � 3167, 3129, 3100, 3055, 2925, 2850, 1907, 1609, 1471, 1462, 1445,
1250, 1232, 1118, 1074, 894, 847, 829, 779 cmÿ1; MS (ESI): m/z : 851 [Mÿ
Cl]� ; elemental analysis calcd for C45H71Cl2N2OPRuSi (887.10): C 60.93, H
8.07, N 3.16; found C 61.11, H 8.13, N 3.11.
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Complex 16 : Imidazolium salt 7 e (300 mg, 0.45 mmol), KOtBu (51 mg,
0.46 mmol) and complex 1 (281 mg, 0.34 mmol) were stirred in toluene
(20 mL) for 1.5 h at room temperature. The suspension was filtered, the
filtrate was evaporated and the residue purified by flash chromatography
(n-pentane/Et2O 4:1!CH2Cl2) to afford complex 16 (155 mg, 42%) as a
violet solid. 1H NMR (CD2Cl2, 300 MHz): d� 19.21 (s, 1H, 1-H), 7.82 (br,
2H, 3-H), 7.44 (t, 1 H, J� 7.3 Hz, 5-H), 7.26 (s, 1 H, 9-H), 7.14 (t, 2 H, J�
7.7 Hz, 4-H), 6.87 (d, 1 H, J� 1.9 Hz, 8-H), 6.31 (br, 2 H, 19-H), 5.04 (t, 2H,
J� 7.0 Hz, 9-H), 3.18 (tt, 2 H, J� 19.5, 7.0 Hz, 7-H), 2.35 (s, 3 H, 21-H),


2.30 ± 2.15 (m, 3H), 1.91 (s, 6H, 22-H), 1.80 ± 1.60 (m, 15H), 1.50 ± 1.10 (m,
15H); 31P NMR (CD2Cl2, 81 MHz): d� 32.3; 19F NMR (CD2Cl2,
282 MHz): d�ÿ81.1 (t, 3 F, 3JFF� 8.7 Hz, F-16), ÿ113.1 (br, 2 F), ÿ121.9
(br, 2F), ÿ122.9 (br, 2F), ÿ123.5 (br, 2 F), ÿ126.3 (br, 2 F); IR: nÄ � 3170,
3130, 3099, 3076, 3060, 2928, 2852, 1611, 1588, 1571, 1490, 1448, 1348, 1239,
1194, 1145, 1122, 1078, 1025, 895, 848, 743, 689 cmÿ1; MS (ESI): m/z : 1039.6
[MÿCl]� ; elemental analysis calcd for C45H56Cl2F13N2PRu (1074.87): C
50.28, H 5.25, N 2.61; found C 50.21, H 5.34, N 2.56.


Complex 17: A solution of KOtBu (117 mg, 1.04 mmol) in THF (20 mL)
was slowly added at ambient temperature under Ar to a solution of 2-tert-
butoxy-1,3-bis(2,6-di-isopropylphenyl)-4,5-dihydro-imidazole (437 mg,
1.02 mmol) in THF (20 mL). The suspension was stirred at room temper-
ature for 2 h and added to a solution of complex 1 (545 mg, 0.66 mmol) in
toluene (40 mL). The reaction mixture was stirred for 30 min at 80 8C and
the solvent evaporated in vacuo. Washing of the residue at room temper-
ature with anhydrous methanol (4� 10 mL) and drying in vacuo afforded
product 17 (412 mg, 67 %) as a violet-brownish solid. 1H NMR (CD2Cl2,
200 MHz): d� 19.44 (s, 1H, 1-H), 7.92 (br d, 2H, J� 6.8 Hz, 3-H), 7.45 ± 7.25
(m, 5 H), 7.03 (t, 2 H, J� 7.9 Hz, 4-H), 6.75 (s, 2 H, 12-H), 4.13 (m, 2 H, 12'-
H), 4.06 ± 3.87 (m, 4H, 7-H, 7'-H), 3.52 (sept., 2H, J� 6.9 Hz, 12-H), 2.15 ±
2.00 (m, 3 H), 1.50 ± 1.40 (m, 9 H), 1.48 (d, 6H, J� 6.5 Hz), 1.36 (d, 6 H, J�
6.6 Hz), 1.35 ± 1.30 (m, 6 H), 1.21 (d, 6H, J� 6.9 Hz), 1.11 (d, 6H, J�
6.9 Hz), 1.00 ± 0.90 (m, 15 H); 31P NMR (CD2Cl2, 81 MHz): d� 27.1; IR:
nÄ � 3063, 2963, 2924, 2848, 1901, 1587, 1462, 1445, 1406, 1382, 1265, 1234,
1172, 1005, 894, 847, 803, 758, 736, 687 cmÿ1; MS (ESI): m/z : calcd for
C52H77Cl2N2PRu: 933.15; found: 897.6 [MÿCl]� ; HR-MS: calcd: 897.4551;
found: 897.4574.


Enyne metathesis reactionsÐRepresentative procedure. Synthesis of 3-(2-
methyl-propenyl)-1-(toluene-4-sulfonyl)-2,5-dihydro-1H-pyrrole (45 a,
R�H): A solution of enyne 44a (R�H, 55.5 mg, 0.2 mmol) and complex
2 (8.4 mg, 0.01 mmol) in toluene (20 mL) was stirred at 80 8C for 30 min.
The solvent was evaporated and the residue purified by flash chromatog-
raphy (hexanes/ethyl acetate 4:1) affording product 45a as a colorless solid
(49.4 mg, 89%). 1H NMR (300 MHz, CDCl3): d� 7.70 (AA'XX', 2H), 7.28
(AA'XX', 2H), 5.58 (s, 1 H), 5.35 (s, 1 H), 4.24 ± 4.17 (m, 2 H), 4.15 ± 4.08 (m,
2H), 2.37 (s, 3H), 1.75 (s, 3H), 1.72 (s, 3 H); 13C NMR (75.5 MHz, CDCl3):
d� 143.4, 137.9, 136.3, 134.2, 129.7, 127.4, 120.9, 118.0, 56.2, 54.5, 27.2, 21.5,
19.9; IR (KBr): nÄ � 3120, 3065, 2965, 2914, 2843, 1639, 1624, 1595, 1492,
1477, 1452, 1343, 1324, 1302, 1291, 1211, 1162, 1122, 1096, 1069, 1016, 997,
853, 835, 817, 738, 708, 670, 603, 551, 526 cmÿ1; MS (EI): m/z (%): 277 (27)
[M]� , 155 (9), 122 (100), 106 (32), 91 (51), 80 (54), 65 (18), 55 (12), 41 (14);
HR-MS (EI): calcd: C15H19NO2S: 277.1137, found: 277.1132.


2,2-Diphenyl-3-vinyl-2,5-dihydro-furan (29 a, R�H): 1H NMR (CDCl3,
300 MHz): d� 7.35 ± 7.22 (m, 10 H), 6.23 (ddm, 1H, J� 17.8, 11.2 Hz), 6.16
(m, 1 H), 5.31 (dm, 1 H, J� 17.8 Hz), 5.09 (dm, 1H, J� 11.2 Hz), 4.77 (s,
2H); 13C NMR (CDCl3, 75 MHz): d� 143.7, 143.3, 129.8, 127.9, 127.9, 127.4,
124.9, 117.5, 94.5, 73.2; IR (film): nÄ � 3084, 2977, 2945, 2838, 1642, 1597,
1490, 1446, 1064, 990, 912, 758, 699 cmÿ1; MS (EI): m/z (%): 248 (38) [M]� ,
230 (9), 205 (16), 171 (100), 143 (13), 128 (24), 115 (19), 105 (44), 91 (30), 77
(32); HR-MS: calcd: 248.1201; found: 248.1206.


4-Methyl-2,2-diphenyl-3-vinyl-2,5-dihydro-furan (29 b, R�Me): 1H NMR
(CDCl3, 200 MHz): d� 7.50 ± 7.15 (m, 10H), 6.31 (dd, 1 H, J� 17.8,
11.5 Hz), 5.14 (d, 1 H, J� 11.5 Hz), 5.02 (d, 1H, J� 17.8 Hz), 4.68 (s, 2H),
1.90 (s, 3H); 13C NMR (CDCl3, 50 MHz): d� 143.9, 135.4, 135.2, 128.8,
128.0, 127.7, 127.3, 117.9, 96.1, 77.1, 11.1; IR (film): nÄ � 3085, 3058, 3024, 2980,
2936, 2913, 2855, 2827, 1653, 1600, 1490, 1446, 1378, 1057, 991, 907, 759,
700 cmÿ1; MS (EI): m/z (%): 262 (22) [M]� , 247 (5), 229 (8), 205 (14), 185
(100), 165 (10), 129 (11), 115 (12), 105 (45), 91 (23), 77 (35); HR-MS: calcd:
262.1358; found: 262.1360.


2-Methyl-2-phenyl-3-vinyl-2,5-dihydro-furan (31 a, R�H): 1H NMR
(CD2Cl2, 300 MHz): d� 7.40 ± 7.24 (m, 5 H), 6.22 (ddm, 1H, J� 17.9,
11.2 Hz), 6.00 (m, 1H), 5.07 (dm, 1H, J� 17.9 Hz), 5.00 (dm, 1H, J�
11.2 Hz), 4.73 (s, 2H), 1.76 (s, 3H); 13C NMR (CD2Cl2, 75 MHz): d�
145.3, 145.1, 129.5, 128.5, 127.7, 126.5, 124.9, 116.9, 90.0, 73.5, 24.5; IR
(film): nÄ � 3087, 2977, 2838, 1645, 1593, 1493, 1446, 1069, 989, 912, 764,
698 cmÿ1; MS (EI): m/z (%): 186 (10) [M]� , 171 (100), 153 (8), 143 (35), 128
(31), 115 (17), 109 (14), 105 (7), 91 (7), 77 (20), 51 (13), 43 (18).


2,4-Dimethyl-2-phenyl-3-vinyl-2,5-dihydro-furan (31 b, R�Me): 1H NMR
(CDCl3, 200 MHz): d� 7.55 ± 7.25 (m, 5H), 6.39 (ddm, 1H, J� 17.4,
11.5 Hz), 5.11 (dm, 1H, J� 11.5 Hz), 5.05 (dm, 1 H, J� 17.4 Hz),
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4.76 ± 4.74 (m, 2H), 1.93 (s, 3 H), 1.89 (s, 3H); 13C NMR (CDCl3, 50 MHz):
d� 145.7, 136.8, 134.4, 128.4, 127.8, 127.5, 126.6, 116.1, 91.6, 77.4, 24.4, 10.7;
IR (film): nÄ � 3088, 3059, 3026, 2978, 2933, 2856, 2827, 1658, 1601, 1494,
1446, 1037, 990, 909, 764, 698 cmÿ1; MS (EI): m/z (%): 200 (5) [M]� , 185
(100), 167 (6), 157 (9), 143 (30), 129 (22), 115 (12), 105 (18), 91 (13), 77 (26),
43 (45); HR-MS: calcd: 200.1201; found: 200.1205.


2-Methyl-2-phenyl-3-(2-methyl-prop-2-enyl)-2,5-dihydro-furan (33):
1H NMR (CDCl3, 200 MHz): d� 7.55 ± 7.10 (m, 5 H), 5.71 (s, 1 H), 5.32
(m, 1H), 4.85 (s, 2H), 1.80 (s, 3H), 1.77 (s, 3H), 1.67 (s, 3H); 13C NMR
(CDCl3, 50 MHz): d� 145.3, 143.1, 139.4, 128.0, 127.0, 125.7, 120.8, 116.4,
91.2, 74.0, 26.9, 25.0, 20.1; IR (film): nÄ � 3086, 2974, 2929, 2837, 1649, 1601,
1493, 1446, 1378, 1071, 763, 698 cmÿ1; MS (EI): m/z (%): 214 (18) [M]� , 199
(100), 181 (18), 171 (28), 157 (10), 157 (10), 143 (20), 129 (18), 115 (13), 105
(35), 91 (24), 79 (82), 51 (15), 43 (36); HR-MS: calcd: 214.1358, found:
214.1366.


3-Isopropenyl-2-methyl-2-phenyl-2,5-dihydro-furan (35 a, R�Me):
1H NMR (CD2Cl2, 300 MHz): d� 7.50 ± 7.38 (m, 2 H), 7.35 ± 7.25 (m, 3H),
6.05 (s, 1H), 4.82 (s, 1H), 4.72 (s, 2 H), 4.54 (s, 1H), 1.91 (s, 3H), 1.83 (s,
3H); 13C NMR (CD2Cl2, 75 MHz): d� 146.7, 145.3, 136.0, 128.4, 127.6,
126.7, 124.9, 115.2, 90.3, 73.1, 24.4, 22.5; IR (film): nÄ � 3087, 3060, 2976, 2836,
1635, 1495, 1447, 1371, 1251, 1237, 1073, 1044, 895, 764, 698 cmÿ1; MS (EI):
m/z (%): 200 (66) [M]� , 185 (100), 167 (20), 157 (81), 143 (20), 142 (30), 141
(18), 129 (27), 128 (19), 115 (16), 105 (27), 79 (39), 77 (29), 51 (11), 43 (28);
HR-MS: calcd: 200.1201, found: 200.1202.


2-Methyl-2-phenyl-3-(1-phenyl-vinyl)-2,5-dihydro-furan (35 b, R�Ph):
1H NMR (CD2Cl2, 300 MHz): d � 7.48 ± 7.45 (m, 2 H), 7.37 ± 7.26 (m,
8H), 5.80 (t, J� 1.9 Hz, 1H), 5.03 (s, 1 H), 4.81 (s, 1H), 4.75 (d, J� 1.9 Hz,
2H), 1.87 (s, 3H); 13C NMR (CD2Cl2, 75.5 MHz): d � 146.2, 145.2, 142.9,
142.5, 128.5, 128.4, 128.3, 128.0, 127.8, 127.7, 126.6, 116.6, 90.8, 73.4, 24.6; IR
(neat): nÄ � 3083, 3057, 3027, 2978, 2983, 2840, 1720, 1659, 1599, 1573, 1493,
1445, 1370, 1336, 1235, 1183, 1129, 1096, 1071, 1054, 1027, 953, 905, 865, 819,
777, 765, 699, 629, 594, 562, 530 cmÿ1; MS (EI): m/z (%): 262 (71) [M]� , 247
(100), 229 (25), 219 (69), 204 (20), 185 (13), 171 (13), 155 (4), 141 (89), 128
(15), 115 (44), 103 (77), 91 (49), 77 (52), 63 (8), 51 (19), 43 (32); HR-MS
(EI): calcd for C19H18O: 262.1358, found: 262.1357.


2,2,2',2'-Tetramethyl-2,5,2',5'-tetrahydro-[3,3']bifuranyl (37): 1H NMR
(CD2Cl2, 300 MHz): d� 5.76 (s, 2 H), 4.57 (s, 4 H), 1.39 (s, 12 H);
13C NMR (CD2Cl2, 75 MHz): d� 139.3, 122.6, 88.8, 72.3, 27.4; IR (KBr):
nÄ � 3091, 1970, 1836, 1638, 1459, 1364, 1272, 1195, 1145, 1074, 806, 761 cmÿ1;
MS (EI): m/z (%): 194 (27) [M]� , 179 (100), 135 (31), 121 (26), 109 (11), 107
(13), 93 (26), 91 (20), 78 (29), 55 (11), 43 (84); HR-MS: calcd: 194.1307,
found: 194.1308.


4-Isopropenyl-3,6-dihydro-2H-pyran (39): 1H NMR (300 MHz, CD2Cl2):
d� 5.82 (m, 1 H), 4.99 (m, 1 H), 4.91 (m, 1 H), 4.22 (m, 2 H), 3.79 (t, J�
5.5 Hz, 2H), 2.28 (m, 2H), 1.90 (m, 3H); 13C NMR (75 MHz, CD2Cl2): d�
142.8, 134.7, 123.2, 110.7, 66.0, 64.7, 26.1, 20.0; MS (EI): m/z (%): 125 (5),
124 (67) [M]� , 123 (5), 110 (7), 109 (100), 95 (14), 93 (7), 91 (12), 83 (26), 81
(45), 79 (37), 77 (26), 67 (46), 65 (14), 55 (41), 53 (32), 52 (6), 51 (16), 43
(13), 41 (35), 39 (44), 29 (13), 27 (27). Due to the lability of this diene, the
product was subjected to a Diels ± Alder reaction with dimethyl acety-
lenedicarboxylate (toluene, 4 h, reflux) to afford the corresponding cyclo-
adduct (76 % over both steps) which gave the following spectroscopic and
analytical data: m.p. 140 ± 142 8C; 1H NMR (300 MHz, CD2Cl2): d� 4.00
(dd, J� 10.2, 4.2 Hz, 2 H), 3.73 (s, 3H), 3.72 (s, 3H), 3.33 ± 3.19 (m, 2H),
3.07 (t, J� 10.4 Hz, 1 H), 2.99 (d, J� 7.2 Hz, 1H), 2.86 (m, 1H), 2.58 (m,
1H), 2.07 (m, 1H), 1.69 (s, 3 H); 13C NMR (75 MHz, CD2Cl2): d� 168.4,
167.8, 133.9, 132.4, 126.0, 120.8, 72.4, 69.5, 52.4, 52.3, 41.7, 33.8, 30.3, 17.5;
IR: nÄ � 2996, 2970, 2951, 2906, 2871, 2849, 1730, 1714, 1655, 1440, 1406,
1376, 1280, 1271, 1243, 1227, 1188, 1154, 1124, 1102, 1083, 1068, 1024, 968,
911, 898, 839, 790, 759, 666 cmÿ1; MS (EI): m/z (%): 267 (3), 266 (22) [M]� ,
235 (27), 234 (39), 219 (35), 205 (12), 204 (34), 203 (12), 191 (12), 190 (29),
189 (10), 178 (13), 177 (100), 175 (10), 146 (12), 145 (39), 133 (10), 118 (16),
117 (22), 115 (19), 105 (12), 103 (11), 91 (25), 77 (13), 59 (22), 45 (12); HR-
MS (EI): calcd for C14H18O5: 266.1154, found: 266.1153; elemental analysis
calcd for C14H18O5 (266.29): C 63.15, H 6.81; found C 63.22, H 6.77.


3-Isopropenyl-1-(toluene-4-sulfonyl)-2,5-dihydro-1H-pyrrole (41):
1H NMR (CDCl3, 300 MHz): d � 7.71 (AA'XX', 2 H), 7.29 (AA'XX',
2H), 6.32 (dd, J� 17.7, 10.8 Hz, 1H), 5.56 (s, 1 H), 4.95 (s, 1H), 4.74 (s, 1H),
4.24 ± 4.15 (m, 4H), 2.39 (s, 3H), 1.82 (s, 3H); 13C NMR (CDCl3,
75.5 MHz): d � 143.3, 139.2, 136.5, 134.1, 129.8, 127.4, 120.6, 114.5, 55.5,


54.3, 21.5, 19.9; IR (KBr): nÄ � 3088, 2958, 2921, 2840, 1641, 1606, 1596, 1492,
1475, 1457, 1344, 1305, 1290, 1253, 1164, 1100, 1071, 1016, 987, 895, 833, 816,
709, 672, 619, 575, 549 cmÿ1; MS (EI): m/z (%): 263 (46) [M]� , 222 (9), 155
(16), 108 (100), 91 (53), 81 (40), 65 (20), 53 (8), 41 (17); HR-MS (EI): calcd
for C14H17NO2S: 263.0980, found: 263.0974.


3-Styryl-1-(toluene-4-sulfonyl)-2,5-dihydro-1H-pyrrole (43 a, R�H,
E :Z� 3.4 :1): 1H NMR (300 MHz, CD2Cl2): d� [E-isomer] 7.75 (AA'XX',
2H), 7.41 ± 7.22 (m, 7H), 6.81 (dd, J� 16.5, 0.6 Hz, 1 H), 6.37 (d, J� 16.4 Hz,
1H), 5.71 (m, 1 H), 4.32 (m, 2H), 4.21 (m, 2 H), 2.42 (s, 3H); d� [Z-isomer]
7.56 (AA'XX', 2H), 7.41 ± 7.22 (m, 5H), 7.12 (m, 2 H), 6.59 (d, J� 12.0 Hz,
1H), 6.14 (m, 1H), 5.63 (m, 1 H), 4.04 (m, 2 H), 3.70 (m, 2H), 2.44 (s, 3H);
13C NMR (75 MHz, CD2Cl2): d� [E-isomer] 144.1, 137.6, 136.8, 134.3, 131.6,
130.2, 129.0, 128.4, 127.8, 126.8, 124.0, 121.8, 55.6, 54.1, 21.6; d� [Z-isomer,
where resolved] 144.1, 137.8, 136.4, 134.0, 132.3, 130.1, 128.9, 128.3, 127.9,
126.0, 123.7, 55.3, 54.6, 21.6; IR: nÄ � 3026, 2922, 2899, 2832, 1596, 1492, 1461,
1450, 1398, 1379, 1345, 1302, 1291, 1263, 1208, 1183, 1163, 1106, 1072, 1016,
985, 960, 828, 812, 792, 752, 722, 708, 693, 670, 603, 572, 546, 529 cmÿ1; MS
(EI): m/z (%): 326 (8), 325 (31) [M]� , 171 (13), 170 (100), 169 (66), 168 (55),
167 (12), 155 (12), 154 (12), 153 (53), 143 (44), 142 (11), 141 (29), 128 (35),
115 (31), 92 (27), 91 (90), 65 (35), 42 (12), 39 (13); HR-MS (EI): calcd for
C19H19NO2S: 325.1137, found: 325.1131; elemental analysis calcd for
C19H19NO2S (325.43): C 70.12; H 5.89; N 4.30; found C 69.94; H 6.11; N
4.06.


3-(1-Methyl-2-phenyl-vinyl)-1-(toluene-4-sulfonyl)-2,5-dihydro-1H-pyr-
role (43 b, R�Me, E :Z� 2 :1): 1H NMR (300 MHz, CD2Cl2): d� [E-
isomer] 7.75 (AA'XX', 2 H), 7.44 ± 7.20 (m, 7 H), 6.32 (s, 1H), 5.73 (m, 1H),
4.37 (m, 2 H), 4.22 (m, 2 H), 2.43 (s, 3H), 1.99 (d, J� 0.9 Hz, 3 H); d� [Z-
isomer] 7.54 (AA'XX', 2H), 7.44 ± 7.20 (m, 5 H), 7.06 (m, 2H), 6.48 (s, 1H),
5.58 (m, 1H), 4.11 ± 4.03 (m, 2H), 3.75 ± 3.71 (m, 2 H), 2.45 (s, 3H), 1.94 (d,
3H, J� 1.4 Hz); 13C NMR (75 MHz, CD2Cl2): d� [E-isomer] d� 144.1,
140.9, 137.5, 134.2, 130.7, 130.2, 129.6, 128.5, 127.8, 127.3, 123.6, 121.0, 55.9,
54.8, 21.6, 15.3; d� [Z-isomer] 144.0, 139.0, 138.2, 133.9, 131.0, 130.0, 129.0,
128.9, 128.3, 127.3, 125.8, 122.6, 55.5, 54.9, 24.3, 19.3; IR: nÄ � 3056, 3025,
2950, 2919, 2856, 1597, 1492, 1473, 1444, 1399, 1345, 1305, 1290, 1165, 1099,
1070, 1018, 991, 919, 834, 816, 792, 754, 706, 668, 605, 575, 550 cmÿ1; MS
(EI): m/z (%): 340 (16), 339 (66) [M]� , 185 (14), 184 (100), 183 (55), 182
(56), 169 (16), 168 (47), 167 (73), 157 (43), 156 (34), 155 (34), 143 (11), 142
(21), 141 (22), 129 (23), 128 (15), 115 (28), 106 (11), 92 (10), 91 (84), 65 (18),
42 (16); HR-MS (EI): calcd for C20H21NO2S: 339.1293, found: 339.1292;
elemental analysis calcd for C20H21NO2S (339.46): C 70.77, H 6.24, N 4.13;
found: C 70.58, H 6.30, N 4.06.


3-Methyl-2-[1-(toluene-4-sulfonyl)-2,5-dihydro-1H-pyrrol-3-yl]-but-2-eno-
ic acid methyl ester (45 b, R�CO2Me): 1H NMR (300 MHz, CD2Cl2): d�
7.71 (AA'XX', 2 H), 7.35 (AA'XX', 2H), 5.38 (m, 1H), 4.16 (m, 2 H), 4.12
(m, 2 H), 3.60 (s, 3H), 2.43 (s, 3H), 2.01 (s, 3 H), 1.69 (s, 3 H); 13C NMR
(75 MHz, CD2Cl2): d� 167.3, 149.7, 144.1, 135.9, 134.5, 130.1, 127.8, 124.3,
122.5, 57.1, 55.6, 51.7, 23.6, 22.7, 21.6; IR: nÄ � 3065, 3028, 2989, 2950, 2918,
2867, 1717, 1620, 1598, 1494, 1434, 1399, 1372, 1346, 1306, 1285, 1223, 1163,
1093, 1017, 1007, 985, 921, 885, 816, 777, 760, 709, 669, 603, 549 cmÿ1; MS
(EI): m/z (%): 336 (7), 335 (35) [M]� , 180 (24), 148 (27), 121 (11), 120 (100),
93 (15), 91 (39), 77 (11), 65 (12); HR-MS (EI): calcd for C17H21NO4S:
335.1191, found: 335.1194; elemental analysis calcd for C17H21NO4S
(335.42): C 60.87, H 6.31, N 4.18; found C 60.94, H 6.26, N 4.10.


5-Isopropenyl-1-(toluene-4-sulfonyl)-1,2,3,6-tetrahydro-pyridine (47):
1H NMR (CDCl3, 300 MHz): d � 7.67 (AA'XX', 2 H), 7.29 (AA'XX',
2H), 5.87 ± 5.81 (m, 1H), 4.85 (s, 1 H), 4.82 (s, 1 H), 3.77 ± 3.72 (m, 2H), 3.13
(d, J� 5.8 Hz, 2H), 2.39 (s, 3 H), 2.33 ± 2.26 (m, 2 H), 1.82 (m, 3H); 13C NMR
(CDCl3, 75.5 MHz): d � 143.5, 140.5, 133.5, 133.0, 129.6, 127.6, 122.3,
110.4, 45.0, 42.3, 25.5, 21.5, 20.5; IR (KBr): nÄ � 3061, 2961, 2925, 2865, 1716,
1642, 1597, 1569, 1494, 1458, 1382, 1364, 1341, 1306, 1241, 1165, 1101, 1018,
970, 899, 816, 770, 744, 658, 564, 548 cmÿ1; MS (EI): m/z (%): 277 (9) [M]� ,
262 (6), 236 (2), 155 (15), 121 (68), 106 (21), 95 (61), 79 (100), 65 (24), 55
(14), 41 (21).


3-Isopropenyl-1-(toluene-4-sulfonyl)-2,5,6,7-tetrahydro-1H-azepine (49):
1H NMR (CDCl3, 300 MHz): d � 7.64 (AA'XX', 2 H), 7.24 (AA'XX',
2H), 5.87 (t, J� 6.2 Hz, 1 H), 5.11 (s, 1 H), 4.93 (s, 1 H), 4.06 (s, 2 H), 3.39 (t,
J� 6.1 Hz, 2H), 2.39 (s, 3H), 2.26 ± 2.18 (m, 2H), 1.83 (d, J� 0.8 Hz, 3H),
1.75 ± 1.66 (m, 2H); 13C NMR (CDCl3, 75.5 MHz): d � 142.9, 142.3, 139.1,
136.4, 129.7, 129.4, 127.1, 111.7, 50.5, 46.9, 26.4, 26.3, 21.4, 21.3; IR (KBr):
nÄ � 3047, 2936, 2852, 1698, 1641, 1599, 1494, 1455, 1337, 1305, 1266, 1240,
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1160, 1094, 1044, 1018, 928, 906, 881, 816, 737, 708, 657, 596, 548 cmÿ1; MS
(EI): m/z (%): 291 (28) [M]� , 276 (5), 263 (1), 248 (12), 224 (14), 184 (11),
155 (40), 136 (100), 120 (20), 107 (26), 91 (73), 79 (25), 65 (22), 55 (10), 41
(28); HR-MS (EI): calcd for C16H21NO2S: 291.1293, found: 291.1295.


1-(4-{1-[1-(Toluene-4-sulfonyl)-2,5-dihydro-1H-pyrrol-3-yl]-vinyl}-phen-
yl)-ethanone (51): 1H NMR (CD2Cl2, 300 MHz): d � 7.90 (AA'XX', 2H),
7.74 (AA'XX', 2H), 7.37 (AA'XX', 2 H), 7.31 (AA'XX', 2 H), 5.47 ± 5.43 (m,
1H), 5.24 (s, 1H), 5.16 (s, 1H), 4.38 ± 4.32 (m, 2 H), 4.23 ± 4.15 (m, 2H), 2.57
(s, 3 H), 2.35 (s, 3H); 13C NMR (CD2Cl2, 75.5 MHz): d� 197.7, 145.1, 144.2,
142.6, 138.1, 137.0, 134.3, 130.2, 128.8, 128.5, 127.8, 124.8, 117.0, 56.0, 55.1,
26.8, 21.6; IR (neat): nÄ � 3062, 2922, 2854, 1682, 1649, 1604, 1560, 1494,
1427, 1402, 1345, 1306, 1267, 1162, 1097, 1066, 1015, 958, 909, 883, 815, 709,
668, 620, 591, 549 cmÿ1; MS (EI): m/z (%): 367 (58) [M]� , 222 (19); 212 (50),
196 (18), 170 (74), 155 (43), 91 (100), 65 (25), 43 (87).


3-Isopropenyl-cyclopent-3-ene-1,1-dicarboxylic acid diethyl ester (53):
1H NMR (300 MHz, CD2Cl2): d� 5.61 (m, 1 H), 4.95 (s, 1 H), 4.91 (d, J�
0.6 Hz, 1H), 4.17 (q, J� 7.1 Hz, 4H), 3.14 (m, 2H), 3.08 (m, 2 H), 1.91 (s,
3H), 1.24 (t, J� 7.1 Hz, 6H); 13C NMR (75 MHz, CD2Cl2): d� 172.3, 141.8,
139.5, 124.3, 113.3, 61.9, 59.2, 41.4, 40.8, 20.5, 14.2; IR: nÄ � 3089, 3062, 2981,
2939, 2907, 2868, 1733, 1634, 1603, 1445, 1385, 1367, 1250, 1183, 1161, 1119,
1068, 1016, 987, 888, 820, 709 cmÿ1; MS (EI): m/z (%): 253 (4), 252 (22)
[M]� , 207 (10), 179 (31), 178 (100), 150 (13), 133 (20), 119 (21), 106 (18), 105
(48), 91 (40), 79 (14), 77 (13), 29 (53), 27 (12); HR-MS (EI): calcd for
C14H20O4: 252.1362, found: 252.1367; elemental analysis calcd for C14H20O4


(252.31): C 66.65, H 7.99; found C 66.78, H 8.07.


2-(1,3-Dihydro-benzo[c]oxepin-5-yl)-acrylic acid methyl ester (55):
1H NMR (300 MHz, CD2Cl2): d� 7.33 ± 7.27 (m, 3H), 7.16 (m, 1 H), 6.35
(d, J� 1.6 Hz, 1 H), 6.17 (t, J� 5.1 Hz, 1H), 5.85 (d, J� 1.7 Hz, 1H), 4.55 (s,
2H), 4.17 (d, J� 5.1 Hz, 2H), 3.60 (s, 3H); 13C NMR (75 MHz, CD2Cl2):
d� 167.1, 143.1, 140.8, 139.0, 138.5, 130.8, 129.2, 128.2, 128.1, 128.0, 127.9,
70.4, 67.1, 52.2; IR: nÄ � 3099, 3060, 3022, 2994, 2951, 2916, 2856, 1723, 1618,
1572, 1488, 1448, 1436, 1379, 1361, 1320, 1303, 1271, 1235, 1210, 1149, 1113,
1098, 1057, 1041, 985, 953, 898, 881, 860, 830, 812, 775, 761, 735, 714, 610,
594 cmÿ1; MS (EI): m/z (%): 231 (5), 230 (35) [M]� , 202 (20), 197 (11), 187
(20), 186 (10), 171 (14), 170 (26), 169 (34), 155 (12), 153 (31), 144 (13), 143


(96), 142 (53), 141 (100), 139 (16), 129 (26), 128 (81), 127 (18), 115 (67), 91
(12), 89 (12), 77 (10), 63 (14), 51 (10), 39 (12); HR-MS (EI): calcd for
C14H14O3: 230.0943, found: 230.0944; elemental analysis calcd for C14H14O3


(230.26): C 73.03, H 6.13; found C 73.15, H 6.06.


Crystal Data for 9 ± 11 and 13 ± 15, 18 : Single crystals suitable for X-ray
analysis were mounted on glass fibers using perfluoropolyether. X-ray
intensities were measured at 100 K using MoKa (l� 0.71073 �) radiation,
employing either a Nonius KappaCCD system and a rotating anode
generator (11, 14, 15, 18) or a Bruker AXS Smart system equipped with a
sealed tube (9, 10, 13). One hemisphere of data was collected in case of the
SMART system and a two-fold redundancy was aimed for in case of the
KappaCCD system. Integrated intensities including Lorentz and polar-
ization corrections were obtained using the SAINT (Bruker AXS) [SAINT
Ver. 6.01, Bruker AXS Inc. Madison, Wisconsin, USA, 1999] and Denzo-
SMN (Nonius)[44] programs respectively. For further crystal and data
collection details see Table 7.


All crystal structures were solved using the SHELXS-97 [G. M. Sheldrick,
Program for the solution of crystal structures, University of Göttingen,
Germany, 1997] program, either by direct methods (9, 13) or interpretation
of the Patterson function. The function w(F 2


o ÿF 2
c �2 was minimized using


full matrix least-squares refinement implemented in the program
SHELXL-97 [G. M. Sheldrick, Program for the refinement of crystal
structures, University of Göttingen, Germany, 1997]. Atomic positions and
anisotropic displacement parameters were included for all non-hydrogen
atoms, with the exception of 9 (cyclohexane solvent and disordered phenyl
substituent) and 10 (all carbon atoms) where isotropic displacement
parameters were employed. Hydrogen atoms were placed at calculated
positions and were allowed to ride on the corresponding parent atom with
isotropic displacement parameters 1.2 times (1.5 times for methyl) of
the parent atom. A summary of the results is given in
Table 7 (R�S j jFo jÿ jFc j j/S jFo j , wR2� {S[w(F 2


o ÿF 2
c �2]/S [w(F 2


o�2]}1/2,
GoF� {S[w(F 2


o ÿF 2
c �2]/(nÿp)}1/2, with n equals number of reflections and


p equals number of parameters).


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


Table 7. Crystal data and details of the structure determination for 9 ± 11, 13 ± 15 and 18.


9 10 11 13 14 15 18


formula C46H61Cl4N2PRu C57H87Cl2N2PRu C48H60Cl2N3PRu C35H55Cl2N2PRu C34H53Cl2N2PRu C47.5H77Cl2N2OPRuSi C36H68Cl2P2Ru
color brown red-brown black yellow brown dark red yellow
Mw [g molÿ1] 915.81 1003.23 881.93 706.75 692.72 947.15 734.81
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic triclinic triclinic
space group Cc (no. 9) P21/n (no. 14) P21/c (no. 14) P21/c (no. 14) C2/c (no. 15) P1Å (no. 2) P1Å , (no. 2)
a [�] 12.1730(6) 28.3376(9) 18.8745(12) 18.413(2) 40.4367(8) 9.7413(2) 9.705(10)
b [�] 7.9632(18) 14.3007(6) 10.9962(8) 9.9087(11) 9.7598(2) 15.5112(3) 10.121(13)
c [�] 9.7070(5) 29.2250(12) 20.9943(12) 18.759(2) 19.0674(6) 17.8850(3) 10.719(8)
a [8] 65.7930(10) 114.13(4)
b [8] 97.418(2) 107.416(2) 102.700(3) 91.275(4) 117.701(2) 84.8880(10) 108.29(3)
g [8] 80.4940(10) 91.48(5)
V [�3] 4448.3(4) 11300.4(8) 4250.7(5) 3421.7(6) 6662.5(3) 2430.25(8) 897.8(16)
Z 4 8 4 4 8 2 1
1calcd [Mg mÿ3] 1.367 1.179 1.378 1.372 1.381 1.294 1.359
m [mmÿ1] 0.663 0.436 0.570 0.688 0.705 0.939 0.699
F(000) [eÿ] 1912 4288 1848 1488 2912 1001 392
crystal size [mm] 0.26� 0.16� 0.16 0.28� 0.24� 0.21 0.16� 0.08� 0.03 0.54� 0.40� 0.02 0.19� 0.09� 0.09 0.30� 0.13� 0.03 0.25� 0.10� 0.08
q range for 1.77 to 33.178 2.04 to 24.008 2.05 to 27.47 2.17 to 27.49 3.41 to 27.828 3.43 to 33.208 2.23 to 27.568
data collection
refls. collected 24700 36 240 20661 28511 25 497 29616 8293
indep. refls. 10683 15 256 8670 7758 7831 18425 4131
Rint 0.0529 0.2060 0.1780 0.1562 0.0779 0.0732 0.0855
obs. refls. 8175 5291 2847 5524 5907 10943 3369
with I> 2s(I)
compl. to q 33.178/97.6 % 24.008/85.9 % 27.478/88.9 % 27.498/98.6% 27.828/99.1 % 27.508/99.6 % 27.568/99.7 %
data/parameters 10683/490 15 256/599 8670/471 7758/373 7831/382 18425/514 4131/187
GoF 1.018 0.916 0.881 1.051 1.002 0.984 1.122
R [I> 2s(I)] 0.0544 0.0984 0.0780 0.0710 0.0418 0.0603 0.0507
wR2 (all data) 0.1191 0.2880 0.2429 0.2258 0.1059 0.1263 0.1572
flack parameter 0.07(3) ± ± ± ± ± ±
max. diff. peak/hole [e �ÿ3] 1.485/ÿ 0.800 0.824/ÿ 0.886 0.915/ÿ 1.342 2.077/ÿ 5.077 0.812/ÿ 0.461 0.755/ÿ 0.897 1.034/ÿ 2.062
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graphic Data Centre as supplementary publication no. CCDC ± 154 931
(10), CCDC-154 932 (18), CCDC-154 933 (11), CCDC-154 934 (9), CCDC-
154 935 (13), CCDC-154 936 (15) and CCDC-156 357 (14). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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Abstract: A selection of dimeric tetra-
ethynylethenes (TEEs) and perethyn-
ylated expanded radialenes, containing
different donor/acceptor substitution
patterns, have been prepared and fully
characterized. The first X-ray crystal
structure of an expanded [6]radialene,
with twelve peripheral 3,5-di(tert-butyl)-
phenyl substituents, is presented. This
macrocycle, the all-carbon core of which
is isomeric with fullerene C60, adopts a
non-planar, ªchair-likeº conformation.
Also a TEE dimer, carrying N,N-di-
methylaniline donor substituents, has
been subjected to an X-ray crystallo-


graphic analysis. The electronic proper-
ties were studied by UV/Vis spectros-
copy and electrochemistry, providing
fundamental insight into mechanisms
of p-electron delocalization in the acy-
clic and macrocyclic chromophores. Do-
nor or donor ± acceptor-substituted di-
meric TEE derivatives show very strong
absorptions extending over the entire
UV/Vis region; their longest wavelength


absorption bands have high charge-
transfer character. Macrocyclic cross-
conjugation in the expanded radialenes
becomes increasingly efficient with in-
creasing donor ± acceptor polarization.
A dual, strongly solvent-polarity-de-
pendent fluorescence was observed for
a tetrakis(N,N-dimethylaniline)-substi-
tuted dimeric TEE; this interesting
emission behavior is explained by the
twisted intramolecular charge-transfer
(TICT) state model. Donor-substituted
expanded radialenes display huge reso-
nance-enhanced third-order nonlinear
optical coefficients.


Keywords: alkynes ´ conjugation ´
electrochemistry ´ expanded radia-
lenes ´ nonlinear optics


Introduction


Radialenes are a series of all-methylidene-substituted cyclo-
alkanes of molecular formula CnHn (Figure 1) and have
attracted much attention for their unusual structural, elec-
tronic, and materials properties.[1, 2] Much effort has been
devoted to the addition of substituents around the periphery,
such as halogen,[3] cyano, and ester residues,[4] and different
aromatic and heteroaromatic functionalities.[5]


Upon formal insertion of ethynediyl or buta-1,3-diynediyl
moieties into the cyclic radialene framework, the carbon-rich
homologous series of expanded radialenes with the molecular
formulae C2nHn and C3nHn, respectively, are obtained.[6] Such
macrocycles belong to the growing class of perethynylated
cyclic p systems which have attracted high interest as scaffolds
for two and three-dimensional carbon networks.[7]


In earlier work,[6] we have employed suitably functionalized
derivatives of tetraethynylethene (TEE, 3,4-diethynylhex-3-
ene-1,5-diyne) as precursors for macrocyclic oligodiacety-
lenes.[8] Studies have shown that TEE derivatives are attrac-
tive candidates for nonlinear optical (NLO) materials on
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R = Si(iPr)3


Perethynylated expanded radialenes


Figure 1. Progression from radialenes to expanded radialenes. As building
blocks for the construction of expanded radialenes with peripheral
functional groups, tetraethynylethene (TEE) derivatives can be employed.


account of their intrinsic two-dimensional p-electron conju-
gation pathways.[9] Indeed, donor ± acceptor-substituted TEEs
display some of the highest known third-order nonlinearities,
and, in the case of acentricity, also very large second-order
NLO effects. The development of a number of synthetic
strategies for preparing differentially silyl-protected TEEs[10]


provided suitable modules for the construction of the first
series of perethynylated expanded radialenes, 1 a ± c (Fig-
ure 1).[6] Interestingly, the all-carbon cores of these novel
macrocycles can be viewed as isomers of C40 (expanded
[4]radialene 1 a), C50 (expanded [5]radialene 1 b), and C60


(expanded [6]radialene 1 c). Electrochemical studies revealed
strong electron-acceptor properties of these compounds and a
capacity to undergo multiple reduction steps under cyclic
voltammetric conditions.[6b] By introducing p-electron donor
groups into the periphery, we therefore hoped to further
enhance the chromophoric and other physical properties of
the perethynylated expanded radialenes. We were also
interested to explore, whether p-electron delocalization
effects due to macrocyclic cross-conjugation would possibly
manifest themselves more strongly in derivatives with donor ±
acceptor polarization.


Here, we describe the application of acetylenic coupling
reactions[11] to the synthesis of three new series of perethyn-
ylated expanded radialenes featuring peripheral aryl donor
substituents.[12] We include in this investigation the study of
donor/acceptor-functionalized TEE dimers which serve as
model compounds to evaluate macrocyclic cross-conjugation
effects in the expanded radialenes. The physical properties of
these two intriguing classes of compounds are investigated by
1H and 13C NMR spectroscopy, electronic absorption, and
emission spectroscopy, and electrochemistry. We also report
the first X-ray structural characterization of an expanded
radialene as well as the redox properties and third-order
nonlinear optical properties of these unusual macrocycles.


Results and Discussion


Synthesis : A selection of donor/acceptor-substituted TEEs
(such as 2 ± 4) had been previously synthesized by Sonoga-
shira cross-coupling[13] of vinylic dibromides (5 a, b) with
terminal acetylenes.[10b] Selective removal of trimethylsilyl in
the presence of triisopropylsilyl protecting groups, followed
by oxidative coupling under Hay conditions,[14] had provided
TEE dimers, such as 6 ± 8.[10b] The hexakis[triisopropylsilyl]
derivative 9 had also been previously prepared and charac-
terized by X-ray crystallography.[15]
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The 3,5-di(tert-butyl)phenyl-substituted TEEs 10 a, b were
prepared (Scheme 1) by Sonogashira cross-coupling of di-
bromides 5 b, c with an excess of terminal alkyne 11.[16] The
syntheses of the two TEE derivatives could be substantially
optimized relative to a procedure published earlier,[17] which
only provided low yields of about 30 %. The unsymmetrically
protected TEE 10 a was subsequently treated with K2CO3 in
MeOH/THF, thereby removing selectively the SiMe3 group,
and the resulting terminal alkyne was subjected to the Hay
coupling conditions (CuCl, N,N,N',N'-tetramethylethylenedi-
amine (TMEDA), CH2Cl2) to afford dimeric 12. Employing
the same strategy, dimers 13 ± 15 were prepared in high yields
(Scheme 2).


Next, a Hay cross-coupling reaction was carried out by
mixing equal amounts of the two TEEs 2 b and 4 b (Scheme 3).
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Scheme 1. Synthesis of 3,5-di(tert-butyl)phenyl-substituted monomeric
and dimeric TEE derivatives 10a,b and 12. a) CuI, [PdCl2(PPh3)2], THF,
(iPr)2NH or NEt3. b) K2CO3, MeOH/THF. c) CuCl, TMEDA, O2, CH2Cl2,
61% (steps b and c).
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Scheme 2. Synthesis of the donor/acceptor-substituted dimeric TEE
derivatives 13 ± 15. a) K2CO3, MeOH/THF. b) CuCl, TMEDA, O2, CH2Cl2.


Thus, removal of the SiMe3 groups in the two starting
materials, followed by oxidative coupling gave the donor ±
acceptor dimer 16 together with the homocoupled products 13


and 15 in an approximate 2:1:1 ratio. Two fractions were
isolated from column chromatography, the first containing a
mixture of 13 and 16 and the second containing pure 15.
Separation of 13 and 16 was accomplished by preparative
thin-layer chromatography providing the donor ± acceptor
derivative in 36 % yield.


Si(iPr)3
(iPr)3Si


NMe2Me2N


NO2O2N
16 (36%)


2b  +  4b
a) b)


(+ 13 (21%)
and 15 (17%))


Scheme 3. Synthesis of donor ± acceptor-substituted dimeric TEE 16.
a) K2CO3, MeOH/THF. b) CuCl, TMEDA, O2, CH2Cl2.


Removal of the Si(iPr)3 groups in dimer 14 with Bu4NF and
subsequent Hay coupling with p-nitrophenylacetylene gave
dimer 17 featuring an extended, strongly violet-colored
donor ± acceptor chromophore (Scheme 4). The all-donor-
substituted analogue 18 was prepared in a similar way. Large
excesses of the phenylacetylenes were employed in these
cross-coupling reactions in order to avoid homocoupling of
deprotected 14.
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14
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Scheme 4. Synthesis of dimeric TEE derivatives 17 and 18 featuring
extended, perarylated chromophores. a) Bu4NF, THF/H2O. b) R-p-
C6H4C�CH (12 equiv; R�NO2, N(C12H25)2), CuCl, TMEDA, O2, CH2Cl2.


In an attempt to introduce liquid crystallinity, we decided to
prepare TEEs containing mesogenic (4'-cyanobiphenyl-4-
yloxy)undecyl groups.[18] For this purpose, alcohol 19[19] was
converted with CBr4 and PPh3 into bromide 20 which reacted
with p-iodophenol in the presence of NaH to give 21
(Scheme 5). Sonogashira cross-coupling with triisopropyl-
silylacetylene led to 22 which was silyl-deprotected with
Bu4NF to provide terminal alkyne 23. Subsequent cross-
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Scheme 5. Synthesis of TEE 24 with appended mesogenic 11-(4'-cyanobi-
phenyl-4-yloxy)undecyl groups. a) CBr4, PPh3, CH2Cl2, 92%. b) NaH, p-
iodophenol, DMF, 79%. c) CuI, [PdCl2(PPh3)2], iPr3Si-C�CH, Bu4NBr,
THF, iPr2NH, 96%. d) Bu4NF, THF, 93 %. e) CuI, [PdCl2(PPh3)2], 5a,
Bu4NBr, THF, iPr2NH, 84 %.


coupling with vinyl dibromide 5 a afforded TEE 24 in good
yield.


In the following, several series of substituted expanded
[n]radialenes were prepared. Representatives of the donor-
functionalized derivatives 25 a ± d were obtained by two
routes (Scheme 6). In one approach, the two Si(iPr)3 protect-
ing groups of TEE 3 a were removed with Bu4NF and
subsequent Hay coupling under dilute conditions provided
the strongly violet-colored macrocycles 25 a ± d, which were
separated by column chromatography. The expanded [4]radi-
alene 25 b was isolated in highest yield (10 %) whereas the
largest, hexameric cyclic oligomer 25 d was only formed in
trace amounts. The latter could be obtained in somewhat
higher yield by silyl-deprotection of the acyclic dimer 14
followed by Hay coupling. Under these conditions, expanded
[4]radialene 25 b was formed in 11 % and the higher [6]-
homologue 25 d in 3 % yield. In analogy, oxidative macro-
cyclization of silyl-deprotected 24 under Eglinton conditions
(Cu(OAc)2, pyridine/benzene)[20] provided 26 a ± c with later-
ally appended mesogenic groups.


It was hoped that the expanded radialenes 26 a ± c would
display good liquid crystalline properties on account of the
laterally attached mesogenic groups. However, studies on the
major product, cyclic tetramer 26 b, did not reveal such
properties. Differential scanning calorimetry showed a sharp
but very weak peak. Optical polarized microscopy studies
were unsatisfactory as well. One explanation for this negative
result may be that domain effects from the radialene were not
able to transfer because the alkyl spacers are too long.
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Scheme 6. Synthesis of donor-substituted expanded radialenes 25a ± d and
26a ± c. a) Bu4NF, THF. b) CuCl, TMEDA, O2, CH2Cl2. c) Cu(OAc)2, O2,
pyridine/benzene.


Therefore, we prepared related expanded radialenes with
hexyloxy spacers instead of the undecyloxy spacers. Since this
modification did actually not lead to improved properties, the
synthesis and characterization of these modified radialenes
will not be described here. The expanded [5]radialene with the
laterally appended (4'-cyanobiphenyl-4-yloxy)hexyl groups
was an amorphous solid, with a glass transition temperature
(Tg) of 53 8C. It seems that in order to achieve liquid
crystalline phase behavior, further structural modifications
will be necessary, which we have not pursued further in the
present work. In the context of this study, we were mainly
interested in the electronic effects, caused by the attachment
of 4-alkoxyphenyl donor substituents in the periphery of the
electron-accepting all-carbon core in 26 a ± c.


Silyl deprotection of TEE 10 b followed by oxidative
cyclization afforded a red-orange mixture of 3,5-di(tert-
butyl)phenyl-substituted expanded radialenes that was insep-
arable due to the very small polarity difference between
individual compounds (Scheme 7). According to matrix-
assisted laser-desorption-ionization mass spectrometry
(MALDI-TOF MS) in the negative ion mode with a-
cyanocinnamic acid (CCA) as matrix, this mixture contained
the [n]radialenes 27 a ± f with n ranging from 3 to 8 as the
major products in addition to minor quantities of very large
derivatives with n� 9, 10. The base peak in the spectrum
corresponded to the molecular ion of [6]radialene 27 d,
whereas the relative intensities of the peaks assigned to the
very large macrocyclic perimeters (n� 8 ± 10) were less than
2 %. We had previously already observed the formation of
such exceptionally large expanded radialenes with terminal
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Scheme 7. Synthesis of 3,5-di(tert-butyl)phenyl-substituted expanded radi-
alenes 27 b, d, f. a) Bu4NF, THF; b) CuCl, TMEDA, O2, CH2Cl2.


Si(iPr)3 groups and even isolated very small quantities as
stable materials.[6b] In future work, we intend to prepare larger
quantities for full characterization of these compounds
possessing all-carbon cores exceeding 100 C atoms.


Gratifyingly, starting from TEE dimer 12, silyl deprotection
and oxidative cyclization provided a crude mixture of the
expanded [4]-, [6]-, and [8]radialenes 27 b, 27 d, and 27 f which
could be separated by column chromatography (silica gel;
eluent hexane/CH2Cl2 3:1) followed by gravity gel permeation
chromatography (GPC, Bio-Beads S-X1; eluent CH2Cl2)
(Scheme 7). Analytical GPC (TosoHaas TSKgel
G2500HHR column; eluent THF) revealed retention times
of 16.3 min (27 b), 15.8 min (27 d), and 15.4 min (27 f) which,
according to a polystyrene calibration curve,[21] correspond to
compounds with masses of around 2300, 3100, and 3900 Da,
respectively, in relatively good agreement with the calculated
molecular weights (1995.0, 2992.5, and 3990.0 g molÿ1). The
expanded [8]radialene, with a C80 core, is the largest member
of this new class of macrocyclic chromophores prepared so
far.


All TEE dimers are stable compounds. Derivatives 13, 15,
and 16 all form solids at room temperature. Substituting the
methyl groups with dodecyl groups, such as in compound 14,
results in the formation of an oil. The extended dimer 18
forms an oily solid, whereas the related dimer 17 is solid.


The members of the three series of arylated expanded
radialenes all showed very good solubility in organic solvents
such as CH2Cl2 and CHCl3. No special precautions with
respect to stability were required in storing the samples. The
expanded radialenes 27 a ± f displayed, however, a slight light
sensitivity. In order to avoid light-induced decomposition,
their chromatographic workup was carried out in the dark.
The di(dodecylamino)phenyl-substituted expanded radia-
lenes 25 a ± d were isolated as oils, whereas the mesogen-
substituted derivatives 26 a ± c were obtained as solids. The
di(tert-butyl)phenyl-substituted expanded [4]- and [8]radia-


lenes 27 b and 27 f form oily solids, whereas the [6]radialene
derivative 27 d is a solid.


As was noted previously,[6a] MALDI-TOF MS is a powerful
tool for the characterization of the expanded radialenes. The
spectra of pure compounds mainly displayed the molecular
ion as the parent ion with little or no fragmentation being
observed, which allowed an unambiguous assignment of the
molecular composition. However, for the di(tert-butyl)phen-
yl-substituted expanded radialenes, which contain no hetero-
atoms, the signal-to-noise ratios were less good.


The 1H NMR chemical shifts (CHCl3) for the aromatic
protons of some selected donor/acceptor-substituted dimeric
TEEs and expanded radialenes are given in Table 1. An
interesting yet poorly understood effect is revealed by the
comparison of the data for the donor ± acceptor dimer 16 with


those for the all-donor- (13) and all-acceptor-substituted (15)
analogues. The aromatic resonances of one 4-Me2NC6H4 and
one 4-O2NC6H4 moiety in 16 are distinctly upfield shifted (by
0.06 ± 0.11 ppm) whereas the corresponding resonances in the
second set of these substituents in 16 appears at nearly
identical positions (Dd� 0.1 ± 0.2 ppm). Increasing the ex-
panded radialene ring size in the series 25 a ± d results in
increasing upfield shifts of the aromatic protons. This
observation can be explained by the shielding effect of
neighboring aryl groups, which approach each other more
closely in the higher homologues. Iyoda et al. had previously
observed an upfield shift of the phenyl protons in a sterically
crowded octaphenyl[4]radialene.[5c] The signals for the two
nonequivalent tert-butyl groups in 12 (d� 1.29 and 1.33) were
seen to merge into one upfield-shifted signal in the radialenes
27 b, 27 d, and 27 f, positioned at d� 1.17, 1.23, and 1.23,
respectively.


Some selected 13C NMR data for the expanded radialenes
25 a ± c and 27 b, d, f are collected in Table 2.[22] In contrast to
what is usually observed for acetylenic macrocycles possessing
some degree of ring strain,[23] only small shifts are observed for
the 13C(sp) resonances in the expanded radialenes 25 a ± c and
27 b, d, f relative to dimeric TEEs 14 and 12, which is
indicative of low ring strain in the macrocyclic perimeters.
Thus, the resonances of the buta-1,3-diynediyl moieties
appear at similar positions between d� 82 and 88 in all


Table 1. Selected 1H NMR chemical shifts (200 or 500 MHz, CDCl3,
298 K) of aryl protons in mono/dimeric TEEs and expanded radialenes.


Compound ArNR2 d ArNO2 d


2a[a] 6.60 7.38
3a[a] 6.50 7.32
4a[a] 7.63 8.19


13 6.51 6.63 7.38 7.41
14 6.44 6.53 7.33 7.35
15 7.62 7.69 8.09 8.25
16 6.42 6.64 7.32 7.43 7.54 7.67 7.98 8.24
17 6.47 6.57 7.38 7.44 7.66 8.21
25a 6.56 7.41
25b 6.41 7.40
25c 6.31 7.33
25d 6.30 7.28


[a] See ref. [10b].
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derivatives. Remarkably however, one of the exocyclic alkyne
resonances (d� 98.5) in the smaller [3]radialene 25 a is
downfield shifted by more than 10 ppm with respect to the
corresponding resonance in the larger [4]- and [5]radialenes
25 b and 25 c. Also, one of the exocyclic C(sp2) atoms shows a
significant upfield shift upon decreasing the ring size of the
radialene in the 25 a ± c series. Thus, the chemical shift value
changes from d� 121.6 (25 c) to 118.7 (25 b), and to 113.4
(25 a). These data could be indicative of an increase in ring
strain and/or a particular electronic configuration in the
smaller derivative. No significant differences between the IR
spectra of 25 a ± c, nor between those of 27 b, d, f, were
observed. However, the absence of a nÄ(�C-H) stretching band
at about 3300 cmÿ1 confirmed that no terminal acetylenes are
present, in accordance with the macrocyclic structures.


X-ray crystallography : Single crystals of TEE dimer 13
suitable for X-ray crystallographic analysis were obtained by
slow evaporation of a CH2Cl2/CH3CN solution at room
temperature. Compound 13 crystallizes in the orthorhombic
space group Pbca with four molecules in the unit cell. The
structure (Figure 2) reveals that the two alkene double bonds
in 13 adopt the s-trans conformation with respect to the
connecting buta-1,3-diynediyl moiety. This conformational
preference in the solid state has been exclusively observed for
oligo(triacetylene)s containing TEE or (E)-1,2-diethynyl-
ethene (DEE, (E)-hex-3-ene-1,5-diyne) repeat units.[15, 24]


Model examinations reveal that the s-cis conformation of 13
would be destabilized by steric interactions between neigh-
boring aryl groups of the two TEE moieties. However, this
less favorable conformation needs to be adopted by the
related dimers 12 and 14 in the macrocyclization reactions
affording the expanded radialenes, as described above.
Kinetically, this is not problematic since rotations about the
C(sp)ÿC(sp) bonds or C(sp)ÿC(sp2) bonds of the central buta-
1,3-diynediyl spacer have extremely low activation barriers.[25]


The X-ray crystal structure of 13 shows that the two TEE
moieties constitute a plane from which the four aryl groups
are slightly distorted. Bond lengths and bond angles are in the
range expected from previous X-ray crystallographic inves-
tigations (Figure 2; see for example refs. [10a, b, 15b, 24]).


We report here the first X-ray crystal structure analysis
(Figure 3) of an expanded radialene. Single crystals of 27 d
were grown by slow diffusion of hexane into a solution of the


Figure 2. ORTEP plot of 13 ; arbitrary numbering,atomic displacement
parameters obtained at 293 K are drawn at 50 % probability level. Selected
bond lengths [�] and bond angles [8]: C(1)ÿC(1a) 1.384(9), C(1)ÿC(2)
1.193(5), C(2)ÿC(3) 1.419(6), C(3)ÿC(4) 1.358(5), C(3)ÿC(21) 1.435(6),
C(4)ÿC(5) 1.432(6), C(4)ÿC(13) 1.413(6), C(5)ÿC(6) 1.200(5),
C(13)ÿC(14) 1.206(8), C(21)ÿC(22) 1.212(5); C(1a)-C(1)-C(2) 178.9(6),
C(1)-C(2)-C(3) 177.1(5), C(2)-C(3)-C(4) 121.6(4), C(2)-C(3)-C(21)
116.7(4), C(3)-C(4)-C(5) 120.9(4), C(3)-C(4)-C(13) 122.7(4), C(3)-C(21)-
C(22) 177.9(6), C(4)-C(5)-C(6) 176.2(4), C(4)-C(3)-C(21) 121.7(4), C(4)-
C(13)-C(14) 175.5(6), C(5)-C(4)-C(13) 116.4(4).


compound in CDCl3. The compound crystallizes in the
triclinic space group P1Å with one molecule in the unit cell.
The cyclic framework is highly distorted and adopts a chair-
like conformation. Three different views of a chair can be
considered, either by i) a rectangle defined by C(5)-C(10)-
C(5a)-C(10a) and opposite corners C(15a) and C(15) (Fig-
ure 3 b), ii) a rectangle defined by C(5)-C(15a)-C(5a)-C(15)
and opposite corners C(10) and C(10a), or iii) a rectangle
defined by C(15)-C(10)-C(15a)-C(10a) and opposite corners
C(5) and C(5a). The dimensions of these rectangles are in the
range of 10.1 ± 11.2� 6.6 �2, and the average diagonal dis-
tance between C(X) and C(Xa) (X� 5, 10, or 15) is 12.7 �.
The torsional angles in these three chairs are: i) 54.18 [C(15a)-
C(5)-C(10)-C(15)], ii) 54.98 [(C(10)-C(5)-C(15a)-C(10a)],
and iii) 62.68 [C(5a)-C(15)-C(10)-C(5)], the mean value being
57.28. For comparison, the torsional angle in the cyclohexane
chair is 55.18.[26]


de Meijere et al.[27a] have carried out X-ray analyses on
[n]rotanes, perspirocyclopropanated macrocyclic oligodiacet-
ylenes, structurally related to the expanded radialenes, but
with insulating C(sp3) spiro centers separating the buta-1,3-
diynediyl fragments instead of alkene C(sp2) atoms. The
[6]rotane 28 of this family of macrocycles also adopts a chair-
like conformation in the solid state, but with an average
torsional angle of 41.48, it is less puckered. The difference
between these two chair conformations is probably a result of
the different steric requirements of the lateral substituents in
the two systems, that is steric overcrowding of the bulky 1,5-
bis(3,5-di(tert-butyl)phenyl)penta-1,4-diyne-3-ylidene residues
at the six C(sp2) ªcorner atomsº of the macroring enforces a
more puckered chair conformation in 27 d.[28] Another exam-
ple of a chair-formed [6]rotane, persubstituted by ether


Table 2. Selected 13C NMR (50 or 125 MHz, CDCl3, 298 K) resonances of
alkene and alkyne carbon atoms in expanded radialenes and TEE comparison
compounds.


Compound C (alkyne) d C (alkene) d


3a 86.6 99.6 100.7 105.1 112.2 119.5
12 82.3 83.6 85.9 86.9 101.7 102.0 102.3 102.9 115.1 121.4
14 82.4 84.6 87.0 87.5 100.3 102.7 102.9 103.5 110.5 122.5
25a 84.9 87.4 98.5 103.4 113.4 [a]
25b 83.9 87.5 87.9 104.5 110.2 118.7
25c 83.3 84.5 88.0 104.6 109.5 121.6
27b 84.2 86.4 86.6 103.6 113.9 119.0
27d 83.0 83.2 86.6 104.1 114.1 123.2
27 f 82.8 83.3 86.6 104.1 113.9 123.7


[a] Only one resonance observed for the two different alkene C(sp2) atoms.
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Figure 3. a) ORTEP plot of 27 d ; arbitrary numbering, H-atoms are
omitted for clarity. Atomic displacement parameters at 203 K are drawn
at the 20 % probability level. Selected bond lengths [�] and bond angles [8]:
C(1)ÿC(15a) 1.415(9), C(1)ÿC(2) 1.207(8), C(2)ÿC(3) 1.363(9), C(3)ÿC(4)
1.208(8), C(4)ÿC(5) 1.415(8), C(5)ÿC(6) 1.418(8), C(5)ÿC(82) 1.386(7),
C(6)ÿC(7) 1.200(8), C(7)ÿC(8) 1.374(9), C(8)ÿC(9) 1.192(7), C(9)ÿC(10)
1.429(8), C(10)ÿC(33) 1.355(8), C(10)ÿC(11) 1.435(8), C(11)ÿC(12)
1.204(8), C(12)ÿC(13) 1.353(9), C(13)ÿC(14) 1.190(8), C(14)ÿC(15)
1.433(8), C(15)ÿC(16) 1.372(8), C(15)ÿC(1a) 1.415(9), C(16)ÿC(17)
1.431(8), C(16)ÿC(50) 1.389(9), C(17)ÿC(18) 1.193(7), C(50)ÿC(51)
1.174(9); C(1)-C(2)-C(3) 178.6(6), C(2)-C(1)-C(15a) 178.9(7), C(2)-C(3)-
C(4) 179.1(6), C(3)-C(4)-C(5) 175.2(5), C(4)-C(5)-C(82) 121.9(6), C(4)-
C(5)-C(6) 116.0(5), C(5)-C(6)-C(7) 173.4(6), C(6)-C(7)-C(8) 175.1(6),
C(6)-C(5)-C(82) 122.2(5), C(7)-C(8)-C(9) 173.7(7), C(8)-C(9)-C(10)
175.7(6), C(9)-C(10)-C(33) 121.5(5), C(9)-C(10)-C(11) 116.8(5), C(10)-
C(11)-C(12) 178.8(6), C(11)-C(12)-C(13) 179.3(6), C(11)-C(10)-C(33)
121.7(5), C(12)-C(13)-C(14) 179.9(5), C(13)-C(14)-C(15) 177.3(7), C(14)-
C(15)-C(16) 121.4(5), C(14)-C(15)-C(1a) 116.7(5), C(15)-C(16)-C(17)
118.5(5), C(15)-C(16)-C(50) 119.2(5), C(16)-C(17)-C(18) 173.3(6), C(16)-
C(15)-C(1a) 121.8(5), C(16)-C(50)-C(51) 170.1(8), C(17)-C(16)-C(50)
122.2(6); b) view on the chair conformation of the macrocyclic core and
the exocyclic double bonds in the X-ray crystal structure of 27d.


functionalities, was provided by Bunz and co-workers.[27b] It is
also noteworthy that some [6]radialenes adopt a chair-like
conformation as well, as shown by X-ray analysis for
hexaethylidenecyclohexane 29[29a] and dodecamethyl[6]radia-
lene 30[29b] (see Figure 4). However, in the structure of
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Figure 4. [6]Rotane 28[27a] and the two [6]radialenes 29,[29a] and 30[29b] adopt
chair conformations whereas [6]radialene 31[5d] prefers a boat-shaped
geometry in the solid state.


hexakis(4,5-benzo-1,3-dithiol-2-ylidene)cyclohexane (31), the
conformation is boat-shaped.[5d] Another interesting class of
acetylenic macrocycles are the meta-cyclo(phenylethyn-
ylene)s in which the hexamers have nearly planar rings.[30]


The lengths of the triple bonds within the macrocyclic core
of 27 d range from about 1.19 to 1.21 �, those of the
C(sp)ÿC(sp) single bonds from 1.35 to 1.37 �, those of the
C(sp)ÿªcornerº-C(sp2) single bonds from 1.42 to 1.43 �, and
those of the exocyclic double bonds from 1.35 to 1.39 �.
Hence, they are almost identical to the corresponding bond
lengths in the acyclic TEE dimer 13. The buta-1,3-diynediyl
moieties deviate slightly from linearity, as can be seen from
the corresponding bond angles, which vary from ca. 174 to
1808. The [C(sp)-C(sp2)-C(sp)] bond angles at the ªcorner
atomsº vary from 116 to 1178, whereas the corresponding
bond angles at the exocyclic C(sp2) atoms adopt values
between 120 and 1228. The six individual TEE units in 27 d are
almost planar. The maximum distortion occurs in the TEE
sub-unit [C(1a), C(15), C(14), C(16), C(17), C(50)], with
deviations up to 0.03 � from the mean plane. The tert-butyl
groups are highly disordered. For seven groups, two orienta-
tions were refined by constraining the individual groups to
approximately tetrahedral symmetry and bond lengths of
about 1.54 �. In Figure 3, only one orientation is shown for
clarity. A disordered hexane with population parameter (pp)
of about 0.5 is sitting above and below (due to symmetry) the
macrocyclic core (not shown). Moreover, weak electron
density peaks were found in three distinct regions of the
asymmetric unit, resulting probably from three highly disor-
dered hexane molecules (see Experimental Section). In that
respect, it is interesting to compare recent studies of Höger
et al.[31] on rigid phenylacetylene-based macrocycles contain-
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ing flexible alkyl side chains. One such macrocycle was found
to fill its cavity with its own four side chains, with two pointing
above and two below the macroring.


Electronic absorption spectroscopy: The UV/Vis spectral data
in CHCl3 of the TEE dimers and the expanded radialenes
prepared in this study are displayed in Table 3. A joint
discussion of the electronic properties of the two classes of
compounds is justified by the fact that the dimers contain the
3,4,9,10-tetraalkynyl-substituted dodeca-3,9-diene-1,5,7,11-
tetrayne chromophore in a preferred s-trans conformation
(see Figure 2) which, in the enforced s-cis conformation, is
also the longest linearly conjugated p-electron fragment in the
macrocycles. We hoped that comparisons between the two
classes of compounds would reveal particular macrocyclic
effects and enable us to recognize whether macrocyclic cross-
conjugation in the expanded radialenes would possibly lead to
enhanced p-electron delocalization.


As a first important observation, the spectra of the dimeric
TEE derivatives (Figure 5, Table 3) confirm in an impressive
way the previously recognized[32] strong electron-accepting
properties of the central conjugated C20 core with its 16 C(sp)
atoms. Intramolecular charge-transfer (CT) interactions are
nearly equally efficient in the all-donor-substituted dimers
such as 13 and 18 than in the donor ± acceptor-substituted


Figure 5. UV/Vis spectra in CHCl3 of 15 (a), 16 (b), 13 (c), and 17 (d) in
CHCl3.


push ± pull systems such as 16 and 17. The UV/Vis spectra of
these compounds display broad absorption shoulders at lower
energy with end-absorptions extending to 600 nm and beyond.
Such bands are characteristic for intramolecular CT transi-
tions. Protonation of the dialkylaniline groups in these
compounds by treatment of the CHCl3 solutions with a drop
of concentrated HCl resulted in a complete loss of the CT
transitions (Figure 6) and afforded spectra with longest-
wavelength maxima below 500 nm, typical of phenyl (12) or
4-nitrophenyl-substituted (15) dimers. Treatment of the pro-
tonated compounds with aqueous NaOH regenerated the
neutral forms with UV/Vis spectra virtually identical to those
measured before the treatment with acid. These data show
that the dimeric TEE chromophore by itself displays strong


Figure 6. Changes of the UV/Vis absorptions in CHCl3 upon addition of
HCl. a) Pure 13 (ca. 9.4� 10ÿ6m), b) 13�HCl, c) pure 16 (ca. 1.9� 10ÿ5m),
d) 16�HCl, e) pure 17 (ca. 6.9� 10ÿ6m), f) 17�HCl, g) pure 18 (ca. 4.4�
10ÿ6m), h) 18�HCl.


Table 3. Absorption band maxima and molar extinction coefficients in the UV/Vis spectra of donor/acceptor substituted TEE dimers and expanded radialenes in
CHCl3.


Com-
pound


lmax [nm] (e [mÿ1 cmÿ1]) End-abs.
[nm]


12 287 (47 300) 301 (sh, 41100) 359 (sh, 43000) 372 (49 500) 390 (49 300) 421 (41 400) 456 (20 200) 530
13 285 (64 200) 298 (65 100) 453 (82 500) 547 (sh, 32300) 650
14 301 (60 600) 479 (81 500) 565 (sh, 28400) 650
15 349 (70 400) 397 (46 300) 446 (31 000) 483 (sh, 27900) 680
16 304 (54 200) 344 (sh, 45900) 418 (52 600) 477 (sh, 37200) 580 (sh, 16500) 750
17 304 (97 700) 516 (115 000) 633 (sh, 34100) 740
18 316 (98 100) 501 (113 000) 616 (sh, 37700) 750
25a 297 (148 000) 395 (97 200) 516 (172 000) 646 (171 000) 750
25b 301 (111 000) 335 (sh, 85400) 393 (48 100) 429 (sh, 56400) 518 (186 000) 574 (145 000) 609 (sh, 114 000) 636 (sh, 114 000) 750
25c 294 (128 000) 359 (67 700) 517 (234 000) 560 (sh, 162 000) 630 (sh, 64400) 750
25d 290 (142 000) 307 (140 000) 332 (sh, 125 000) 393 (sh, 70700) 514 (232 000) 609 (sh, 77 600) 750
26a 425 (112 000) 479 (100 000) 536 (109 000) 576 (sh, 92700) 630
26b 397 (sh, 79000) 427 (112 000) 504 (189 000) 630
26c 396 (sh, 103 000) 421 (120 000) 490 (135 000) 630
27b 285 (37 400) 298 (37 300) 314 (33 200) 379 (sh, 32900) 399 (37 500) 468 (83 000) 505 (sh, 51 100) 575
27d 255 (101 000) 294 (97 300) 303 (sh, 92700) 376 (sh, 89100) 389 (104 000) 424 (94 900) 445 (97 300) 499 (sh, 60 200) 575
27 f 263 (142 000) 292 (139 000) 304 (sh, 126 000) 373 (sh, 125 000) 388 (148 000) 417 (135 000) 445 (126 000) 508 (sh, 84 600) 575
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electron acceptor properties which are enhanced only weakly
by the addition of 4-nitrophenyl substituents.


The two additional donor/acceptor substituents in the TEE
dimers 13 ± 16, as compared with 6 ± 8,[10b] induce a consid-
erable bathochromic shift of the longest-wavelength absorp-
tion maxima, with the effect of the dialkylaniline donor
substituents again greatly surpassing the effect of the nitro-
phenyl acceptor groups. Thus, the longest-wavelength absorp-
tion maximum shifts from 456 nm (e� 41 600mÿ1 cmÿ1) in the
bis(nitrophenyl)-substituted dimer 7 to 483 nm (sh, e�
27 900mÿ1 cmÿ1) in the tetrakis(nitrophenyl) derivative 15.
Much larger shifts are observed when passing from the
diarylated dimers 6 (486 nm, e� 45 100mÿ1 cmÿ1) and 8
(481 nm, e� 31 300mÿ1 cmÿ1) to the tetraarylated derivatives
13 (547 nm, sh, e� 32 300mÿ1 cmÿ1) and 16 (580 nm, sh, e�
16 500mÿ1 cmÿ1), respectively. The smaller shift (27 nm) ob-
served in the comparison between the all-nitrophenyl deriv-
atives (15 versus 7) reflects the extension of the overall p-
conjugated chromophore, whereas the larger shifts (61 and
99 nm, respectively) seen in the comparison of the dialkylani-
line-substituted dimers (13, 16 versus 6, 8) clearly include
contributions from additional intramolecular donor ± accep-
tor conjugation pathways in the molecule.


Further extension of the chromophores in compounds 17
and 18 leads to a significant bathochromic shift of the longest-
wavelength absorption band as well as of the optical end-
absorption as compared to dimer 14. Thus, the two additional
(4-dialkylaminophenyl)ethynyl residues in 18 generate a
bathochromic shift of 51 nm in the maximum of the lowest-
energy band and of nearly 100 nm in the optical end-
absorption, when compared to 14 (Table 3). In agreement
with the findings discussed above, the spectra of 17, with two
additional (4-nitrophenyl)ethynyl acceptor residues, and 18
do not differ much: the longest wavelength absorption
maxima differ only by 17 nm and the optical end-absorptions
appear at nearly equal wavelength around 740 nm. These data
demonstrate that the chromophoric properties of TEE dimers
are readily tunable: upon suitable functionalization, their
absorption region can be expanded close to the near IR
absorption range.


In previous UV/Vis investigations on the per(silylethyn-
ylated) expanded [3]-, [4]-, and [5]radialenes 1 a ± c, we found
that the optical end-absorption within the entire macrocyclic
series remained almost constant (at �485 nm) and appeared
bathochromically shifted by only �20 nm in comparison to
the end-absorption of TEE dimer 9 (at�465 nm), a model for
the longest linearly conjugated p-electron fragment in the
macrocycles, as explained above.[6b] We concluded from these
findings, that cross-conjugation in the macrocycles was rather
inefficient and that the extent of p-electron delocalization in
the expanded radialenes is mainly limited to the longest
linearly conjugated p-electron fragment. Further support for
such conclusions came from the UV/Vis spectral data in a
series of acyclic cross-conjugated chromophores, the per(silyl-
ethynylated) expanded dendralenes,[15b] in which p-electron
delocalization was also found to extent efficiently only
through the longest linearly conjugated fragment.


Upon introduction of dialkylaniline donor groups into the
periphery of the electron-accepting perethynylated expanded


radialene core in 25 a ± d, dramatic spectral changes are
observed as compared with the series 1 a ± c bearing lateral
silyl groups (Figure 7). Similar to 1 a ± c, the optical end-
absorption in 25 a ± d occurs at nearly the same wavelength


Figure 7. UV/Vis spectra in CHCl3 of TEE dimer 14 (a) and the donor-
substituted expanded radialenes 25 d (b), 25 c (c), 25b (d), and 25a (e).


around 750 nm. The introduction of the donor groups there-
fore shifts the end-absorption in 25 a ± d bathochromically by
about 265 nm when compared to 1 a ± c. When compared to
dimer 14, with an identical longest linearly conjugated p-
electron fragment, the absorption onset is shifted bath-
ochromically by about 100 nm. Particularly remarkable is
the high intensity longest-wavelength absorption maximum in
the spectrum of expanded [3]radialene 25 a (lmax� 646 nm,
e� 171 000mÿ1 cmÿ1); at present, we do not have a good
explanation for the exceptionally high molar extinction
coefficient of this band.


The UV/Vis spectral characteristics of the two other classes
of expanded radialenes, 26 a ± c and 27 b, d, f (Figure 8) are
intermediate between 1 a ± c with peripheral silyl groups and


Figure 8. UV/Vis spectra in CHCl3 of 10 a (a), 12 (b), 27 b (c), 27 d (d), and
27 f (e).


25 a ± d with the strong dialkylaniline donor groups (Table 3).
Again, the end-absorptions for all members of one series are
identical. Changing from 1 a ± c to 27 b, d, f with the modest
3,5-di(tert-butyl)phenyl donor groups in the periphery, the
end-absorption shifts bathochromically by about 90 nm; in
comparison to TEE dimer 12, the absorption onset is shifted
by 45 nm. When the strength of the peripheral aryl donor
groups is increased in 26 a ± c, the end-absorption shifts
bathochromically by about 145 nm (as compared to 1 a ± c).
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In this series, the expanded [3]radialene 26 a again displays the
strongest longest-wavelength absorption maximum.


Both dimeric TEEs and perethynylated expanded radia-
lenes show large bathochromic shifts of their longest wave-
length absorption maxima and the absorption onset when
their electron acceptor all-carbon cores are laterally function-
alized with increasingly strong aryl donor substituents. This is
readily explained by enhanced intramolecular charge-transfer
interactions. In addition, the investigations comprising four
series of compounds clearly demonstrate an additional
macrocyclic p-conjugation effect in the perethynylated ex-
panded radialenes, which increases with the strength of the
peripheral donors. The comparison with the corresponding
dimeric TEEs, featuring the same longest linearly conjugated
p-electron fragments, shows bathochromic shifts of the
absorption onset of 20 nm (1 a ± c versus 9), 45 nm (27 b, d, f
versus 12), and 100 nm (25 a ± d versus 14). The differences
between absorption onsets correspond to shifts in transition
energies of ÿ0.11, ÿ0.18, and ÿ0.25 eV, respectively. These
data indicate that macrocyclic cross-conjugation in the
expanded radialenes becomes increasingly efficient when
going from silyl substituents to electron-donating aryl sub-
stituents. The measured bathochromic shifts are more signifi-
cant than those seen in previous investigations on extended
cross-conjugated chromophores; in particular in acyclic
systems such as the expanded dendralenes, cross-conjugation
effects have been found to be very weak or even non-
existing.[15b, 33] We propose that cross-conjugation and homo-
conjugation-like orbital overlap are more efficient in cyclic
than in acyclic p systems as a result of the greater rigidity of
the cyclic perimeters. We hope to shed further light on the
nature of these donor ± acceptor-enhanced macrocyclic p-
electron delocalization effects with the help of theoretical
calculations.


Electronic emission spectroscopy: The tetrakis(N,N-dimethyl-
aniline)-substituted TEE dimer 13 displays an intense fluo-
rescence emission in solution, and its maximum was found to
be strongly dependent on solvent polarity (Figure 9). In
hexane, a dual fluorescence (lmaxem at 565 nm and 604 nm
(sh); lexc� 450 nm) was observed whereas in more polar


Figure 9. Normalized emission spectra of 13 in different solvents at 20 8C.
The emission maxima measured at the excitation wavelength of 450 nm are
565 and 604 nm (sh) in hexane (a), 593 nm in Et2O (b), 609 nm in CHCl3


(c), 616 nm in THF (d), 627 nm in CH2Cl2 (e), and 675 nm in CH3CN (f).
The additional peak observed around 705 nm in the more polar solvents
(where the fluorescence of 13 becomes weak) is an artifact. [13]� 2� 10ÿ6


M for traces (a ± e) and 8� 10ÿ6m for trace (f).


solvents, a single emission
band appeared which shifted
bathochromically with solvent
polarity. These data are remi-
niscent of the photophysical
behavior of N,N-dimethylani-
line-substituted TEE 28,
which also displayed a dual fluorescence in hexane as well
as a single, strongly solvent-polarity-dependent emission in
more polar solvents. A recent joint experimental and compu-
tational study[32e] suggested that this emission behavior of 28 is
best rationalized by the TICT (twisted intramolecular charge-
transfer) state model, proposed by Grabowski and co-workers
to explain the dual fluorescence in organic donor ± acceptor
compounds.[34, 35] According to this model, the initial excited
state reached upon photoexcitation, with a nearly planar
chromophore, relaxes to a lower-energy TICT state in which
either the dimethylamino or the entire N,N-dimethylanilino
group in 28 takes an orthogonal orientation with respect to the
rigid, planar TEE acceptor moiety. A similar mechanism
could explain the fluorescence behavior of 13, and further
investigations will be conducted to clarify this interesting
phenomenon.


Electrochemistry : The redox properties of the new com-
pounds were examined by cyclic (CV) and steady-state (SSV)
voltammetry in CH2Cl2 with Bu4NPF6 (0.1m) as the support-
ing electrolyte. The redox potentials (versus Fc/Fc� (ferro-
cene/ferricinium couple)) are reported in Table 4 togetherÐ
for comparisonÐwith the previously reported data for TEE
dimers 6, 7,[36] and 9,[6b] and the expanded radialenes 1 a ± c.[6b]


In the series of dimeric TEE derivatives, di(tert-butyl)-
phenyl-substituted 12 gave a one-electron reduction at
ÿ1.50 V occurring on the C20 core, as well as an aryl-centered
one-electron oxidation at �1.08 V. The corresponding HO-
MO ± LUMO gap is equal to 2.58 eV, which is in good
agreement with the HOMO ± LUMO gap of 2.7 eV calculated
from the longest-wavelength absorption at lmax� 456 nm in
the UV/Vis spectrum. TEE dimer 13 is oxidized in two two-
electron steps at �0.37 and �0.54 V, centered on its four
dimethylanilino groups.[37] The reduction at ÿ1.61 V is a
reversible one-electron transfer occurring on the central
carbon core; the same reduction potential was measured for
TEE dimer 6 bearing two dimethylanilino groups. A similar
redox behavior is expectedly found for 14 with four
(H25C12)2NC6H4 groups. The electron-donating dialkylanilino
groups present in 13 and 14 make the first reduction more
difficult by about 100 mV relative to the dimers 9 and 12. The
push ± pull dimer 16 is reduced in two one-electron steps,
centered on the two nitrophenyl groups,[37] which potentials
(ÿ1.35 and ÿ1.28 V) are separated by 70 mV. Similarly, the
oxidation of its two dialkylanilino groups occurs in two
distinct one-electron oxidation steps at�0.45 and�0.56 V. In
the extended chromophore 17, the four dialkylanilino groups
are oxidized in two two-electron steps, similar to 13. The
reduction of the nitrophenyl groups occurs in one two-
electron step at ÿ1.37 V; the peak shape in CV as well as the
slope in SSV, however, clearly indicate that the two nitro
groups behave as independent redox centers. The second one-


(iPr)3Si


(iPr)3Si Si(iPr)3


NMe2


28
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electron reduction occurs at ÿ1.53 V on the central carbon
core.


The expanded radialenes 25 a ± c each underwent two
reversible one-electron reductions with an additional third
irreversible reduction step being observed for the largest
derivative, [5]radialene 25 c. These macrocycles also undergo
reversible oxidation steps centered on the dialkylanilino
groups; the potentials are in the expected range.[37] The
expanded [4]radialene 27 b underwent three well-defined
reduction steps, each one being a reversible one-electron
transfer, and one oxidation step close to the electrolyte
discharge. The expanded [6]radialene 27 d gave four reduction
steps as well as one oxidation step also close to the electrolyte
discharge. The first reduction peak current for 27 d is about
twice the peak current of the forthcoming reduction steps, and
the peak potential difference observed by CV at a scan rate of
0.1 V sÿ1 was equal to 140 mV for the first reduction but only
70 mV for the second and third reduction steps. Analysis of
the peak characteristics of the first reduction step in the cyclic
voltammogram clearly confirmed that this step involves in
fact two overlapping reversible one-electron steps whose
redox potentials are separated by 80 mV. The corresponding
reduction potentials are ÿ1.25 and ÿ1.33 V, respectively. The
two separate electron transfers may occur on two opposite
ªedgesº of the [6]radialene which are far away from each
other. A similar behavior was recently observed in cobalt
grids, in which the first reduction involved two one-electron
steps, only separated by 40 mV, and occurring on two ligands
on opposite boundaries of the molecular grid.[38] The reduc-
tion steps are centered on the perethynylated carbon cores
whereas the oxidation step is presumably centered on a
di(tert-butyl)phenyl group.


No significant difference between the first reduction
potential of expanded [4]radialenes 1 a and 27 b, nor between
expanded [6]radialenes 1 c and 27 d, was observed. However,
the macrocyclic perimeters of the expanded [4]radialenes are
much more readily reduced in the first one-electron reduction
step which may indicate that the conformations of these
radialenes are closer to planarity. The expanded radialenes
25 a ± c are more difficult to reduce owing to the electron-
donating dialkylanilino substituents. Nevertheless, the reduc-
tion of the macrocyclic perimeters remains greatly facilitated
relative to the comparison TEE dimers in all three series.
Thus, large anodic shifts in the first reduction potential are
observed: �170 ± 440 mV for 1 a ± c relative to 9, �210 ±
330 mV for 27 b/d relative to 12, and �240 ± 320 mV for
25 a ± c relative to 14. These data clearly indicate an increased
capacity of the cyclic p-conjugated systems to stabilize radical
anions formed upon electron uptake. This effect can be
understood by the valence-bond description of cross-conju-
gation. Thus, charged resonance formulas in which the cyclic
perimeter contains 4n�2 electrons in a cyclic conjugation
array can be drawn for both the neutral and reduced
macrocycle. However, such formulas are likely to contribute
more to the overall resonance hybrid in the reduced
compounds. Thus, the supposedly planar expanded [3]- and
[4]radialenes should gain a certain degree of aromaticity in
the Hückel sense. The linear TEE dimers cannot benefit in the
same way upon reduction. It is not straightforward to draw


Table 4. Electrochemical data of TEE dimers and expanded radialenes
measured on a glassy carbon electrode in CH2Cl2 (if not otherwise sta-
ted)�0.1m Bu4NPF6. All potentials versus Fc/Fc�.


Compound Cyclic voltammetry[a] Steady state voltammetry
E o[b] DEp


[c] Ep
[d] E1/2


[e] Slope[f]


[V] [mV] [V] [V] [mV]


1a[g] ÿ 1.08 (1 eÿ) 61 ÿ 1.08 68
ÿ 1.28 (1 eÿ) 73 ÿ 1.31 63


1b[g] ÿ 1.35 (1 eÿ) 100 ÿ 1.34 83
ÿ 1.64 (1 eÿ) 80 ÿ 1.65 69


ÿ 1.94
1c[g] ÿ 1.27 (2 eÿ) 95 ÿ 1.29 72


ÿ 1.67 (1 eÿ) 95 further
ÿ 1.81(1 eÿ) 95 reductions
ÿ 1.98 (1 eÿ) 95 not well defined


6 ÿ 1.59 (1 eÿ) 90 ÿ 1.61 70
ÿ 1.93 ÿ 1.95 84


� 0.47 (2 eÿ) 85 � 0.46 82
7 ÿ 1.29 (2 eÿ) 75 ÿ 1.30 50


ÿ 1.45 (1 eÿ) 70 ÿ 1.48 63
ÿ 1.86 (1 eÿ)[h] ÿ 1.88 59


9[g] ÿ 1.52 (1 eÿ) 80 ÿ 1.52 70
ÿ 1.89 (1 eÿ) 70 ÿ 1.88 60


ÿ 2.90 ÿ 2.74 110
12 ÿ 1.50 (1 eÿ) 70 ÿ 1.51 80


ÿ 1.72 (1 eÿ) 80 ÿ 1.75 80
� 1.08 (1 eÿ) 80 � 1.10 70
� 1.19 (1 eÿ) 80 � 1.20 70


13 ÿ 1.61 (1 eÿ) 60 ÿ 1.61 (1 eÿ) 60
ÿ 1.90 100
� 0.37 (2 eÿ) 70 � 0.36 (2 eÿ) 60
� 0.54 (2 eÿ) 60 � 0.57 (2 eÿ) 60


14 ÿ 1.63 91 ÿ 1.63 (1 eÿ) 62
� 0.34 70 � 0.35 (2 eÿ) 52
� 0.60 83 � 0.61 (2 eÿ) 64


16 ÿ 1.28 (1 eÿ) 60 ÿ 1.31 (2 eÿ) 100
ÿ 1.35 (1 eÿ) 60
ÿ 1.49 (1 eÿ) 60 ÿ 1.50 (1 eÿ) 70


ÿ 2.10
� 0.45 (1 eÿ) 60 � 0.44 (1 eÿ) 60


� 0.56 (1 eÿ) � 0.56 (1 eÿ) 50
17 ÿ 1.37 (2 eÿ) 70 ÿ 1.38 (2 eÿ) 60


ÿ 1.53 (1 eÿ) 60 ÿ 1.54 (1 eÿ) 60
ÿ 1.73 (1 eÿ) 70 ÿ 1.77 (1 eÿ) 80


ÿ 2.15
� 0.36 (2 eÿ) 60 � 0.36 (2 eÿ) 60
� 0.57 (2 eÿ) 70 � 0.60 (2 eÿ) 60


25a ÿ 1.30 (1 eÿ) 90 ÿ 1.31 100
ÿ 1.60 (1 eÿ) 100 ÿ 1.64 80
� 0.35 (2 eÿ) 56 � 0.32 63


� 0.68 � 0.63 120
25b ÿ 1.28 (1 eÿ) 65 ÿ 1.31 74


ÿ 1.46 (1 eÿ) 90 ÿ 1.50 56
� 0.32 (2 eÿ) 55 � 0.32 50


� 0.60 109
� 0.80 122


25c ÿ 1.37 (1 eÿ) 60 ÿ 1.39 80
ÿ 1.50 (1 eÿ) 60 ÿ 1.52 57


ÿ 1.71
� 0.30 (2 eÿ) 65 � 0.30 65
� 0.61 (2 eÿ) 126 � 0.70 128


27b ÿ 1.17 (1 eÿ) 70 ÿ 1.17 60
ÿ 1.33 (1 eÿ) 70 ÿ 1.33 60
ÿ 1.71 (1 eÿ) 70 ÿ 1.73 75


� 1.00 (1 eÿ) � 0.99 80
27d ÿ 1.29 (2 eÿ) 140 ÿ 1.30 110


ÿ 1.52 (1 eÿ) 70 ÿ 1.53 70
ÿ 1.68 (1 eÿ) 70 ÿ 1.69 70
ÿ 1.84 (1 eÿ) 80 ÿ 1.88 75


� 1.02 � 1.05 75


[a] Scan rate 0.1 V sÿ1. [b] E o� (Epa�Epc)/2. [c] DEp�EoxÿEred , where sub-
scripts ox and red refer to the conjugated oxidation and reduction steps,
respectively. [d] Peak potential Ep for irreversible electron transfer. [e] Half-
wave potential E1/2 . [f] Slope of the linearized plot of E versus log [I/(Ilimÿ I)].
[g] Solvent: THF; ref. [6b]. [h] Reversible at scan rate > 1 V sÿ1.
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conclusions from these data with regard to the degree of
macrocyclic cross-conjugation in the neutral compounds, as
was suggested in the previous reports.[6, 12] A more detailed
discussion and understanding of these effects will require
high-level theoretical calculations.


Nonlinear optical properties : To investigate the NLO proper-
ties, third-harmonic generation[39] (THG) measurements were
performed and the second hyperpolarizabilities g determined
(Table 5). All measurements were calibrated against fused
silica as the reference using c(3)


fs� 1.62� 10ÿ22 m2 Vÿ2 (1.16�
10ÿ14 esu).[40] The introduction of additional donor or donor


and acceptor groups in the tetrakis-arylated dimers 13 and 16
leads to a pronounced increase in the second hyperpolariz-
ability when compared to the bis-arylated derivatives 6 and
8.[9a] The g values of the expanded radialenes 25 a and 25 b are
huge compared with the values measured for the dimeric
TEEs. Even the calculated macroscopic third-order nonlinear
susceptibility c(3)


100%, which expresses the nonlinearity per
unit volume, yields an increase of about one order of
magnitude. The two expanded radialenes, however, are
strongly absorbing at the third-harmonic frequency
(700 nm). This affords resonantly enhanced g values, and
comparisons with other materials are therefore difficult
without an appropriate dispersion model. Resonance en-
hancement, although to a much lesser extent, also occurred
with some of the dimeric TEE derivatives at a higher
fundamental wavelength (l� 2.1 mm); most of them were
investigated at a lower fundamental wavelength (l�
1.907 mm).


Conclusion


Tetraethynylethene dimers and perethynylated expanded
radialenes have been prepared in good yields by oxidative
acetylenic coupling under Hay conditions. Two protocols for


synthesizing the expanded radialenes were employed: i) cyc-
lization of TEE monomers, allowing isolation of [n]radialenes
with n� 3 ± 5, or ii) cyclization of TEE dimers, allowing
isolation of [n]radialenes with n� 4, 6, or 8. The first X-ray
crystal structure of an expanded radialene was obtained,
revealing that cyclic hexameric 27 d adopts a nonplanar,
ªchair-likeº conformation. The analysis of electronic proper-
ties by UV/Vis spectroscopy led to several fundamental
conclusions: i) Donor or donor ± acceptor-substituted dimeric
TEE derivatives show very strong absorptions extending over
the entire UV/Vis region and their longest-wavelength
absorption bands have high charge-transfer character. ii) The
all-carbon core (C20) of the dimeric TEEs displays strong
electron acceptor properties that are only weakly enhanced
further upon introduction of additional 4-nitrophenyl accept-
or groups. iii) Enhancing the number of N,N-dimethylaniline
donor substituents in the dimeric TEE derivatives leads to a
large bathochromic shift of both longest-wavelength absorp-
tion maxima and absorption onset, as a result of additional
intramolecular donor ± acceptor conjugation pathways that
are created in the molecules. iv) Macrocyclic cross-conjuga-
tion is very efficient in expanded radialenes featuring
peripheral aryl donor substituents. The measured bathochro-
mic shifts of the absorption onset as a result of this
conjugation are much larger than those observed in acyclic
cross-conjugated systems. This can be explained by the greater
rigidity of the cyclic p perimeters, allowing better cross-
conjugative and homoconjugation-like orbital overlap. A dual
fluorescence was observed in hexane for the tetrakis(N,N-
dimethylaniline)-substituted dimeric TEE 13. A large solvent-
polarity-dependent Stokes shift of the fluorescence band is
measured in more polar solvents, and we tentatively explain
this interesting emission behavior with the twisted intra-
molecular charge-transfer (TICT) state model. Electrochem-
ical measurements show that the expanded radialenes are
reduced at anodically shifted potentials relative to the
corresponding dimers, that is, the cyclic cross-conjugated
cores can better accommodate electrons than their linear
counterparts.


This paper clearly demonstrates the importance of devel-
oping novel organic structures with extended p chromo-
phores. Physical investigations of these compounds provide
fundamental new insight into mechanisms of p-electron
delocalization, as shown by the clear demonstration of
donor ± acceptor-enhanced macrocyclic cross-conjugation ef-
fects in this paper. In addition, promising advanced materials
properties are created as demonstrated by the huge third-
order nonlinear optical coefficients of the donor-substituted
perethynylated expanded radialenes 25 a, b and by their
ability to form monolayers at the air/water interface, de-
scribed elsewhere.[12]


Experimental Section


Materials and general methods : Chemicals were purchased from Aldrich
and Fluka and used as received. THF for use in the Sonogashira couplings
was distilled from sodium/benzophenone. All reactions, except from the
Hay couplings, were carried out under an inert atmosphere of Ar or N2 by


Table 5. Results of the third harmonic generation (THG) experiments.[a]


Compound e[b] g g c(3)
100 %/c(3)


fs c(3)
100%


[mÿ1 cmÿ1] [10ÿ36 esu] [10ÿ48 m5 Vÿ2] [10ÿ20 m2 Vÿ2]


6[c, e] 220 780 11 190 3.1
7[c, e] 0 220 3.0 52 0.8
8[c, e] 0 1500 20 350 5.7


13[c] 230 2036 28 519 8.3
14[d, e] 0 1200 16 140 2.2
16[c] 5 900 2243 31 570 9.1
25a[d, e] 27 300 18000 250 2700 43
25b[d, e] 12 400 7000 98 800 13


[a] c(3)
100 % was measured relative to c(3) of fused silica (fs), for which a value of


c(3)
fs� 1.6� 10ÿ22 m2 Vÿ2 (1.16� 10ÿ14 esu) was used. Experimental error: 10%.


c(3)
100%/c(3)


fs and c(3)
100% were calculated using the refractive indices and the


density of the solvent CHCl3. This gives a lower limit of c(3)
100% and is consistent


with our previous publications.[9] [b] Molar extinction coefficient at the third
harmonic wavelength. [c] THG experiments at a wavelength of 1.907 mm; third
harmonic wavelength: 636 nm. [d] THG experiments at a wavelength of
2.1 mm; third harmonic wavelength: 700 nm. [e] Adjusted values from refs. [9a]
and [12], where a value of c(3)


fs� 3.9� 10ÿ22 m2 Vÿ2 was used (conversion factor:
multiplication with 1.6/3.9� 0.41).
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applying a positive pressure of the protecting gas. For the Sonogashira
couplings, solvents were vigorously degassed with Ar in an ultra-sonicator
bath for at least 30 min. For the Hay couplings, the following mixture was
used as ªHay catalystº: CuCl (0.13 g) and N,N,N',N'-tetramethylethylendi-
amine (TMEDA, 0.16 g) in CH2Cl2 (4.5 mL). Evaporation and concen-
tration in vacuo were carried out under water aspirator pressure. Column
chromatographic (CC) purification refers to flash chromatography using
solvent mixture in the given ratio on silica gel 60 (230 ± 400 mesh) or on
SiO2-H. For preparative thin-layer chromatography, silica gel 60 F254 glass
plates were employed. Gravity GPC was performed on Biobeads S-X1 and
the fractions analyzed by an analytical GPC instrument. Analytical GPC
was carried out with Merck Hitachi (LaChrom) equipment (L-7100 pump,
L-7360 column oven, L-7400 UV detector) operated at 40 8C with THF as
solvent, and a flow rate of 1.0 mL minÿ1. Melting points (M.p.) were
measured on a Büchi 510 melting point apparatus and are uncorrected. 1H
and 13C NMR spectra were recorded on a Varian Gemini 200 MHz or a
Bruker 500 MHz spectrometer. Chemical shift values are reported in ppm
relative to residual solvent peaks. IR spectra [cmÿ1] were obtained with a
Nicolet 600 FT-IR spectrometer; signal designations: s� strong, m�me-
dium, w�weak. UV/Vis measurements {lmax [nm] (e [mÿ1 cmÿ1])} were
performed on a CARY 5 UV/Vis NIR spectrophotometer. For the
electronic emission spectroscopy studies, a Spex 1680 0.22m Double
Spectrometer was used. EI mass spectra were recorded on a VG-Tribid
instrument and FAB spectra on a VG-ZAB-2SEQ instrument (matrix:
3-nitrobenzyl alcohol). High-resolution (HR) MALDI spectra were
measured on an IonSpec Fourier Transform (FT) Instrument, using a
two-layer technique (tl), with 2,5-dihydroxybenzoic acid (DHB) in MeOH/
H2O as matrix, and the compound typically dissolved in CH2Cl2. MALDI-
TOF spectra were recorded on a Bruker Reflex instrument, with the
compound dissolved in CH2Cl2, and using as matrix either i) a-cyanocin-
namic acid (CCA, 0.1m in CH3CN/EtOH/H2O 50:45:5), ii) a mixture of
2,4,6-trihydroxyacetophenone (THA, 0.5m in H2O) and diammonium
citrate (0.1m in H2O), or iii) 3-indoleacrylic acid (IAA, 0.02m in THF).
Elementary analyses were done by Mikrolabor des Laboratorium fur
Organische Chemie at ETH Zürich.


Electrochemistry : CH2Cl2 was purchased spectroscopic grade from Merck,
dried over molecular sieves (4 �), and stored under Ar prior to use.
Bu4NPF6 was purchased electrochemical grade from Fluka and used as
received. The electrochemical experiments were carried out at 20� 28 in
CH2Cl2 containing 0.1m Bu4NPF6 in a classical three-electrode cell. The
working electrode was a glassy carbon disk electrode (3 mm in diameter)
used either motionless for CV (0.1 to 10 V sÿ1) or as rotating-disk electrode
for SSV. The auxiliary electrode was a platinum wire and the pseudo
reference electrode used was also a platinum wire. All potentials are
referenced to the ferrocene/ferricinium (Fc/Fc�) couple used as an internal
standard. The accessible range of potentials on the glassy carbon electrode
was �1.4 to ÿ2.4 V versus Fc/Fc� in CH2Cl2. The electrochemical cell was
connected to a computerized multipurpose electrochemical device AU-
TOLAB (Eco Chemie BV, Utrecht, The Netherlands) controlled by the
GPSE software running on a personal computer.


Third-harmonic generation : The laser source was either a pulsed Nd/YAG
laser (l� 1.064 mm, 10 Hz repetition rate, pulse duration of 5 ns) which was
used to pump a H2 gas Raman cell yielding a frequency shifted wavelength
of l� 1.907 mm, or a pulsed holmium laser (2 Hz, 80 ns, 35 mJ) at the
wavelength of l� 2.1 mm. The s-polarized parallel beam was focused onto
the sample with a f� 500 mm lens. Third-harmonic generation measure-
ments were performed by rotating the 1 mm or 0.2 mm thick fused silica
cuvette with the solution parallel to the polarization to generate well
known Maker-fringe interference patterns. The analysis of the Maker-
fringe patterns was done as described in the literature.[41] We used c(3)


fs�
1.62� 10ÿ22 m2 Vÿ2 (1.16� 10ÿ14 esu) as reference for the calibration.[40] A
comparison of measurements of fused silica in vacuum and air allowed all
subsequent measurements to be performed in air. CHCl3 solutions with
initial concentrations of 0.5 to 1.5 weight percent were prepared and later
diluted to four lower concentrations. From the concentration series, the
molecular second hyperpolarizability of the solute molecules was eluci-
dated, and an extrapolation of c(3)


100% for the solid state of the molecules,
employing the refractive indices and density of CHCl3, was calculated.


X-ray crystallography


X-ray crystal structure of 13 : Single crystals were grown by slow
evaporation of a CH2Cl2/CH3CN solution at room temperature. Crystal


size: 0.1� 0.1� 0.1 mm. X-ray crystal data for C70H82N4Si2 (Mr� 1035.6):
orthorhombic, space group Pbca, 1calcd� 1.092 gcmÿ3, Z� 4, a� 15.947(11),
b� 16.133(10), c� 24.494(15) �, V� 6302(7) �3. Data were collected on a
SYNTEX P21 diffractometer, MoKa radiation, 3� 2q� 408, 2939 unique
reflections, T� 293 K. The structure was solved by direct methods
(SHELXTL PLUS)[42] and refined by full-matrix least-squares analysis
using experimental weights (heavy atoms anisotropic, H atoms fixed,
whereby H positions are based on stereochemical considerations). Final
R(F)� 0.057, wR(F 2)� 0.13 for 353 variables and 1893 observed reflections
with I> 2s(I).


X-ray crystal structure of 27d : Single crystals were obtained by slow
diffusion of hexane into a CDCl3 solution at room temperature. Approx-
imate crystal size: 0.25� 0.25� 0.23 mm. X-ray crystal data at 203 K for
(C228H252) ´ (C6H14) [Mr� 3078.5]: triclinic, space group P1Å (no. 2), 1calcd�
0.80 gcmÿ3, Z� 1, a� 15.833(4), b� 20.110(5), c� 21.655(6) �, a�
73.33(2), b� 75.43(2), g� 84.04(2)8, V� 6389(3) �3. Data were collected
on a Nonius CAD4 diffractometer, CuKa radiation, l� 1.5418 �. The
structure was solved by direct methods (SIR92)[43] and refined by full-
matrix least-squares analysis (SHELXL-97)[44] , using an isotropic extinc-
tion correction and w� 1/[s2 (F 2


o ��(0.160P)2�5.90P], where P� (F 2
o�2F 2


c �/
3. The (CH3)3C groups are highly disordered. For three (CH3)3C groups,
two orientations were refined isotropically with atomic population
parameters (pp) of 1�2, for four groups two orientations were refined with
pp of 2�3 and 1�3, respectively, and for five groups only one orientation was
refined anisotropically with pp of 1.0. The disordered (CH3)3C groups were
restrained to approximately tetrahedral symmetry and CÿC bond lengths
of about 1.54 �. In Figure 3a, only one orientation is shown for clarity. The
remaining heavy atoms of 27 d were refined anisotropically (H-atoms
within the ordered skeleton isotropically, whereby H-positions are based on
stereochemical considerations). In addition, a disordered hexane, sitting
above the macrocyclic core was also refined anisotropically with pp of 0.5.
In the final difference-map, 35 weak electron-density peaks between about
0.6 and 0.9 e�ÿ3 were found in three distinct regions of the asymmetric
unit. It is likely that they are due to three highly disordered hexane
molecules. They were not refined but included in the structure factor
calculation as C atoms with pp between 0.2 and 0.5 (Note that with four
hexane molecules in the asymmetric unit, the calculated density would
increase from 0.8 to about 1). Final R(F)� 0.136, wR(F 2)� 0.349 for 1082
parameters, 84 restraints and 9518 reflections with I> 2s(I) and q <50.08.


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-154 967 (13),
155 009 (27 d). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


1-[3,5-Di(tert-butyl)phenyl]-3-{[3,5-di(tert-butyl)phenyl]ethynyl}-4-[(triiso-
propylsilyl)ethynyl]-6-(trimethylsilyl)hex-3-ene-1,5-diyne (10 a): Com-
pounds 5 b (105 mg, 0.227 mmol) and 11 (182 mg, 0.849 mmol) were
dissolved in NEt3 (10 mL) and THF (1 mL), vigorously degassed with Ar.
[PdCl2(PPh3)2] (10 mg, 0.014 mmol) and CuI (7 mg, 0.04 mmol) were added
under a positive pressure of Ar. The mixture was stirred overnight,
whereupon the metal salts were precipitated with hexane and filtered off on
Celite. Concentration in vacuo and CC [silica gel; hexanes, then hexanes/
CH2Cl2 15:1], afforded 10a (119 mg, 72 %) as an orange oil, which turned
into a foam upon drying in vacuo. M.p. 45 ± 46 8C; 1H NMR (200 MHz,
CDCl3): d� 7.43 ± 7.46 (m, 2 H), 7.38 (d, J� 5.4 Hz, 2H), 7.37 (d, J� 5.8 Hz,
2H), 1.32 (s, 36H), 1.10 (s, 21 H), 0.25 (s, 9 H); 13C NMR (50 MHz, CDCl3):
d� 150.9, 150.7, 126.2, 126.1, 123.6, 123.4, 121.8, 119.0, 116.0, 104.3, 103.8,
102.2, 102.0, 100.1, 100.0, 86.3, 85.9, 34.8, 31.3, 18.7, 11.4, ÿ0.11; IR (CCl4):
nÄ � 2965 (s), 2903 (m), 2866 (m), 2191 (w), 2142 (w), 1588 (m), 1476 (w),
1463 (w), 1431 (w), 1394 (w), 1364 (w), 1259 (w), 1248 (m), 1143 (w), 1045
(w), 1017 (w); UV/Vis (CHCl3): 254 (18 300), 275 (sh, 19900), 281 (20 700),
297 (18 400), 365 (30 200), 383 (31 700); HR-MALDI-MS (DHB-tl): m/z
(%): calcd for C50H72Si2: 728.5173; found: 728.5178 [M]� , 751.5068
[M�Na]� ; elemental analysis calcd (%) for C50H72Si2 (729.29): C 82.35, H
9.95; found: C 82.46, H 9.99.


1-[3,5-Di(tert-butyl)phenyl]-3-{[3,5-di(tert-butyl)phenyl]ethynyl}-4-[(tri-
methylsilyl)ethynyl]-6-(trimethylsilyl)hex-3-ene-1,5-diyne (10 b): A solu-
tion of 5 c (1.80 g, 4.76 mmol) and 11 (1.56 g, 7.29 mmol) in NEt3 (80 mL)
was treated with [PdCl2(PPh3)2] (0.080 g, 0.115 mmol) and CuI (0.040 g,
0.211 mmol). After stirring for 24 h under N2, the solvent was removed in
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vacuo. The brown residue was subjected to CC (SiO2-H; hexane), affording
10b (1.70 g, 83%) as an orange solid. M.p. 188 ± 190 8C; 1H NMR
(200 MHz, CDCl3): d� 7.43 (s, 2 H), 7.40 (s, 4 H), 1.33 (s, 36 H), 0.27 (s,
18H); 13C NMR (50 MHz, CDCl3): d� 151.0, 126.3, 123.7, 121.7, 120.3,
115.7, 104.7, 101.7, 100.4, 86.1, 34.8, 31.3, ÿ0.2; IR (neat): nÄ � 2963 (s), 2868
(m), 2192 (m), 2143 (m), 1588 (m), 1476 (w), 1430 (w), 1363 (w), 1249 (m),
1142 (w), 1045 (w), 845 (s), 760 (m); UV/Vis (CHCl3): 273 (sh, 20200), 283
(21 700), 299 (19 200), 367 (30 200), 386 (30 600); EI-MS: m/z (%): 644 (100)
[M]� , 73 (10) [SiCH3]� ; elemental analysis calcd (%) for C44H60Si2 (645.13):
C 81.92, H 9.37; found: C 82.06, H 9.36.


1,12-Bis[3,5-di(tert-butyl)phenyl]-3,10-bis{[3,5-di(tert-butyl)phenyl]ethyn-
yl}-4,9-bis[(triisopropylsilyl)ethynyl]-dodeca-3,9-diene-1,5,7,11-tetrayne
(12): A mixture of 10 a (77 mg, 0.11 mmol) and K2CO3 (13 mg, 0.094 mmol)
in wet MeOH (7 mL) and THF (1.5 mL) was stirred at r.t. for 2 h. Et2O
(100 mL) and H2O (100 mL) were added, and the organic phase was dried
(MgSO4), and concentrated in vacuo. The residue was dissolved in CH2Cl2


(10 mL), whereupon Hay catalyst (2.5 mL) was added, and the mixture was
stirred under air overnight. Evaporation in vacuo and CC (silica gel;
CH2Cl2/hexanes 10:1) afforded 12 (42 mg, 61 %) as an orange oil, which
solidified upon standing. M.p. 93 ± 95 8C; analytical GPC (THF, 40 8C, l�
400 nm): tR� 17.0 min; 1H NMR (200 MHz, CDCl3): d� 7.45 ± 7.43 (m,
6H), 7.41 ± 7.38 (m, 6 H), 1.33 (s, 36H), 1.29 (s, 36H), 1.10/1.09 (2� s, 42H);
13C NMR (50 MHz, CDCl3): d� 151.2, 150.9, 126.6, 126.3, 124.0, 123.8,
121.9, 121.6, 121.4, 115.1, 102.9, 102.3, 102.0, 101.7, 86.9, 85.9, 83.6, 82.3, 34.8,
34.7, 31.3, 18.6, 11.2; IR (CCl4): nÄ � 2965 (s), 2904 (m), 2866 (s), 2359 (w),
2338 (w), 2184 (m), 2138 (w), 1589 (m), 1464 (m), 1434 (m), 1394 (w), 1363
(m); UV/Vis (CHCl3): 287 (47 300), 301 (sh, 41100), 359 (sh, 43000), 372
(49 500), 390 (49 300), 421 (41 400), 456 (20 200); HR-MALDI-MS (DHB-
tl): m/z : calcd for C94H126Si2Na: 1333.9296; found: 1333.9286 [M�Na]� ;
elemental analysis calcd (%) for C94H126Si2 (1312.20): C 86.04, H 9.68;
found: C 86.24, H 9.79.


1,12-Bis[4-(N,N-dimethylamino)phenyl]-3,10-bis{[4-(N,N-dimethylamino)-
phenyl]ethynyl}-4,9-bis[(triisopropylsilyl)ethynyl]-dodeca-3,9-diene-
1,5,7,11-tetrayne (13): A mixture of 2 b (75 mg, 0.13 mmol) and K2CO3


(15 mg, 0.11 mmol) in wet MeOH (7.5 mL) and THF (1.5 mL) was stirred at
r.t. for 2 h. Et2O (100 mL) and H2O (100 mL) were added, and the organic
phase was dried (MgSO4) and concentrated in vacuo. The residue was
dissolved in CH2Cl2 (15 mL), whereupon Hay catalyst (3.5 mL) was added,
and the mixture was stirred under air overnight. Evaporation in vacuo and
CC (silica gel; CH2Cl2/hexanes 2:1) provided 13 (46 mg, 70%) as a dark-red
solid. M.p. 204 ± 205 8C; 1H NMR (200 MHz, CDCl3): d� 7.41 (d, J�
9.0 Hz, 4 H), 7.38 (d, J� 9.0 Hz, 4H), 6.63 (d, J� 9.0 Hz, 4 H), 6.51 (d,
J� 9.0 Hz, 4 H), 3.01 (s, 12H), 2.92 (s, 12H), 1.13 (s, 42H); 13C NMR
(50 MHz, CDCl3): d� 150.5 (one coincident peak), 133.6, 133.3, 122.2,
111.5 (2� ), 111.1, 109.2, 108.9, 103.1, 102.5, 102.4, 100.8, 87.4, 86.9, 84.4,
82.3, 40.1, 40.0, 18.8, 11.4; IR (CCl4): nÄ � 2962 (m), 2944 (m), 2863 (m), 2202
(w), 2171 (m), 2134 (w), 1603 (s), 1524 (s), 1445 (w), 1354 (m), 1262 (w),
1190 (w), 1107 (m); UV/Vis (CHCl3): 285 (64 200), 298 (65 100), 453
(82 500), 547 (sh, 32 300); FAB-MS: m/z : 1036 [M�H]� ; HR-MALDI-MS
(DHB-tl): m/z : calcd for C70H82N4Si2: 1034.6078; found: 1034.6064 [M]� ,
1057.5979 [M�Na]� ; X-ray: see Figure 2.


1,12-Bis[4-(N,N-didodecylamino)phenyl]-3,10-bis{[4-(N,N-didodecylamino)-
phenyl]ethynyl}-4,9-bis[(triisopropylsilyl)ethynyl]-dodeca-3,9-diene-
1,5,7,11-tetrayne (14): A mixture of 3b (36 mg, 0.030 mmol) and K2CO3


(30 mg, 0.22 mmol) in MeOH (5 mL), THF (10 mL), and H2O (ca. five
drops) was stirred at r.t. for 12 h. Et2O (150 mL) was added, and the
mixture was washed with H2O (2� 200 mL) and sat. aq. NaCl solution
(200 mL), dried (MgSO4), and concentrated in vacuo. The residue was
dissolved in CH2Cl2 (15 mL), whereupon Hay catalyst (0.8 mL) was added.
After stirring for 10 h under air, the solvent was removed in vacuo and CC
(silica gel; CH2Cl2/hexanes 4:1) yielded 14 (29 mg, 86%) as a dark-red oil.
1H NMR (200 MHz, CDCl3): d� 7.35 (d, J� 8.9 Hz, 4H), 7.33 (d, J�
8.9 Hz, 4 H), 6.53 (d, J� 8.9 Hz, 4H), 6.44 (d, J� 8.9 Hz, 4H), 3.31 ± 3.16
(m, 16H), 1.54 (s, 16 H), 1.26 (s, 144 H), 1.13 (s, 42H), 0.87 (2� t, J� 5.6 Hz,
24H); 13C NMR (CDCl3): d� 148.6, 133.9, 133.6, 122.5, 111.3, 111.1, 110.5,
108.3, 108.0, 103.5, 102.9, 102.7, 100.3, 87.5, 87.0, 84.6, 82.4, 50.9, 31.9, 29.6,
29.5, 29.3, 29.1, 27.2, 27.1, 22.6, 22.5, 18.7, 18.5, 14.0, 11.3; IR (CCl4): nÄ � 2958
(m), 2926 (s), 2854 (m), 2198 (w), 2168 (m), 2133 (w), 1603 (s), 1519 (s),
1465 (w), 1403 (w), 1368 (w), 1260 (w), 1190 (w), 1109 (m), 1074 (w), 1015
(w); UV/Vis (CHCl3): 301 (60 600), 479 (81 500), 565 (sh, 28 400); FAB-MS:


m/z : 2267 [M�H]� ; elemental analysis calcd (%) for C158H258N4Si2


(2269.98): C 83.60, H 11.46, N 2.47; found: C 83.49, H 11.27, N 2.22.


1,12-Bis(4-nitrophenyl)-3,10-bis[(4-nitrophenyl)ethynyl]-4,9-bis[(triiso-
propylsilyl)ethynyl]-dodeca-3,9-diene-1,5,7,11-tetrayne (15): A mixture of
4b (106 mg, 0.178 mmol) and K2CO3 (10 mg, 0.07 mmol) in wet MeOH
(5 mL) and THF (5 mL) was stirred at r.t. for 2 h. Et2O and H2O were
added and the organic phase was dried (MgSO4) and evaporated to 5 mL.
CH2Cl2 (10 mL) was added, followed by Hay catalyst (2 mL), and the
mixture was stirred for 6 h under air. Evaporation in vacuo and CC (SiO2-
H; hexanes/CHCl3 3:2), afforded 15 (50 mg, 54%) as a dark-orange solid.
M.p. 174 ± 176 8C; 1H NMR (200 MHz, CDCl3): d� 8.25 (d, J� 8.8 Hz,
4H), 8.09 (d, J� 8.8 Hz, 4 H), 7.69 (d, J� 8.8 Hz, 4H), 7.62 (d, J� 8.8 Hz,
4H), 1.12 (s, 42H); 13C NMR (50 MHz, CDCl3): d� 147.9 (two peaks),
147.7, 132.7, 128.6, 128.4, 123.7, 119.7, 118.7, 107.0, 101.3, 98.8, 98.0, 91.0, 90.4,
84.2, 83.5, 18.5, 11.0; IR (CCl4): 2933 (m), 2861 (m), 2189 (w), 2122 (w),
1592 (s), 1517 (s), 1339 (s); UV/Vis (CHCl3): 349 (70 400), 397 (46 300), 446
(31 000), 483 (sh, 27 900); FAB-MS: m/z : 1043 [M�H]� ; elemental analysis
calcd (%) for C62H58N4O8Si2: C 71.38, H 5.60, N 5.37; found: C 71.30, H
5.73, N 5.29.


1-[4-(N,N-dimethylamino)phenyl]-3-{[4-(N,N-dimethylamino)phenyl]-
ethynyl}-12-(4-nitrophenyl)-10-[(4-nitrophenyl)ethynyl]-4,9-bis[(triisoprop-
ylsilyl)ethynyl]-dodeca-3,9-diene-1,5,7,11-tetrayne (16): A mixture of 2b
(33 mg, 0.056 mmol), 4 b (34 mg, 0.057 mmol), and K2CO3 (14 mg,
0.10 mmol) in wet MeOH (7 mL) and THF (1.5 mL) was stirred at r.t. for
2 h. Et2O (50 mL) and H2O (50 mL) were added, and the organic phase was
dried (MgSO4) and concentrated in vacuo. The residue was dissolved in
CH2Cl2 (10 mL), whereupon Hay catalyst (2.7 mL) was added, and the
mixture was stirred under air overnight. Evaporation in vacuo and CC
(silica gel, CH2Cl2/hexanes 2:1) provided a mixture of 13 and 16 (first
fraction) and pure 15 (10 mg, 17%) as a dark orange solid. The mixture of
13 and 16 was separated by preparative thin-layer chromatography (silica
gel; CH2Cl2/hexanes 2:1), affording 13 (12 mg, 21 %) as a dark-red solid
and 16 (21 mg, 36%) as a dark-brown solid. 16 : M.p. >250 8C; 1H NMR
(200 MHz, CDCl3): d� 8.24 (d, J� 9.0 Hz, 2H), 7.98 (d, J� 9.0 Hz, 2H),
7.67 (d, J� 9.0 Hz, 2 H), 7.54 (d, J� 9.0 Hz, 2 H), 7.43 (d, J� 9.0 Hz, 2H),
7.32 (d, J� 9.0 Hz, 2 H), 6.64 (d, J� 9.0 Hz, 2H), 6.42 (d, J� 9.0 Hz, 2H),
3.02 (s, 6 H), 2.90 (s, 6 H), 1.13 (m, 42H); 13C NMR (125 MHz, CDCl3): d�
150.8, 150.5, 147.6, 147.3, 133.5, 132.6, 132.5, 129.0, 128.5, 123.9, 123.6, 123.5,
119.7, 117.8, 111.5 (2� ), 109.9, 108.9, 108.6, 105.8, 104.2, 103.0, 102.5, 101.9,
101.7, 97.9, 97.7, 91.2, 91.0, 87.6, 87.3, 87.1, 85.7, 82.6, 81.0, 40.1, 39.9, 18.7 (�2),
11.4, 11.3; IR (CCl4): nÄ � 2960 (m), 2946 (m), 2893 (w), 2865 (m), 2201 (w),
2166 (m), 1605 (s), 1524 (s), 1464 (w), 1446 (w), 1343 (s), 1261 (m), 1112
(m), 1072 (m), 1014 (m); UV/Vis (CHCl3): 304 (54 200), 344 (sh, 45900),
418 (52 600), 477 (sh, 37200), 580 (sh, 16500); HR-MALDI-MS (DHB-tl):
m/z : calcd for C66H70N4O4Si2: 1038.4936; found: 1038.4938 [M]� .


1,14-Bis[(4-nitrophenyl)]-5,10-bis{3-[4-(N,N-didodecylamino)phenyl]-1-
[(4-(N,N-didodecylamino)phenyl)ethynyl]prop-2-ynylidene}tetradeca-
1,3,6,8,11,13-hexayne (17): A solution of 14 (25 mg, 0.011 mmol) in THF
(16 mL) and H2O (0.9 mL) was treated with a solution of Bu4NF in THF
(1m, 0.9 mL), and the mixture was stirred overnight at r.t. Et2O (200 mL)
was added, and the organic phase was washed with H2O (2� 200 mL),
dried (MgSO4), and concentrated in vacuo. The residue was dissolved in
CH2Cl2 (20 mL), whereupon (4-nitrophenyl)acetylene (19 mg, 0.13 mmol)
and Hay catalyst (2.0 mL) were added. The resulting violet mixture was
stirred under air for 21 h, then concentrated in vacuo at r.t. CC (silica gel;
CH2Cl2/hexane 2:3), followed by crystallization (without heating) from
CH2Cl2/MeOH, gave 17 (16 mg, 65%) as a violet solid. M.p. 77 ± 78 8C;
1H NMR (200 MHz, CDCl3): d� 8.21 (d, J� 9.0 Hz, 4H), 7.66 (d, J�
9.0 Hz, 4H), 7.44 (d, J� 9.0 Hz, 4 H), 7.38 (d, J� 9.0 Hz, 4H), 6.57 (d, J�
9.0 Hz, 4H), 6.47 (d, J� 9.0 Hz, 4H), 3.32 ± 3.16 (m, 16 H), 1.53 (m, 16H),
1.26 (m, 144 H), 0.88/0.87 (2� t, J� 6.0 Hz, 24 H); 13C NMR (125 MHz,
CDCl3): d� 149.0 (2� ), 147.4, 134.2, 134.0, 133.1, 129.1, 125.9, 123.7, 111.3,
111.2, 107.5, 107.3, 106.6, 105.4, 88.2, 87.7, 83.8, 83.3, 83.0, 82.6, 81.2, 79.9,
51.0, 50.9, 31.9 (2� ), 29.7, 29.6 (2� ), 29.5, 29.4, 29.3, 27.3, 27.2, 27.1 (�2),
22.7 (�2), 14.1; IR (CCl4): nÄ � 2957 (m), 2927 (s), 2855 (m), 2162 (s), 1745
(w), 1602 (s), 1522 (s), 1467 (w), 1402 (w), 1368 (m), 1341 (m), 1261 (w),
1216 (w), 1190 (w), 1116 (m); UV/Vis (CHCl3): 304 (97 700), 516 (115 000),
633 (sh, 34100); HR-MALDI-MS (DHB-tl): m/z (%): calcd for
12C155


13CH224N6O4: 2246.7543; found: 2246.7604 (30) [M]� , 2269.7452
(100); elemental analysis calcd (%) for C156H224N6O4 (2247.52): C 83.37,
H 10.05, N 3.74; found: C 83.23, H 10.05, N 3.89.
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1,14-Bis[4-(N,N-didodecylamino)phenyl]-5,10-bis{3-[4-(N,N-didodecyl-
amino)phenyl]-1-[(4-(N,N-didodecylamino)phenyl)ethynyl]prop-2-ynyl-
idene}tetradeca-1,3,6,8,11,13-hexayne (18): A solution of 14 (15 mg,
0.0066 mmol) in THF (10 mL) and H2O (0.5 mL) was treated with a
solution of Bu4NF in THF (1m, 0.6 mL). The mixture was stirred overnight
at r.t. , whereupon 4-(trimethylsilylethynyl)-(N,N-didodecylamino)benzene
(42 mg, 0.080 mmol) and another portion of Bu4NF in THF (1m, 0.2 mL)
were added. After stirring for 8 h, Et2O (150 mL) was added and the
organic phase was washed with H2O (2� 150 mL), dried (MgSO4), and
concentrated in vacuo. The residue was dissolved in CH2Cl2 (15 mL),
whereupon Hay catalyst (ca. 1.2 mL) was added. The resulting violet
mixture was stirred under air for 19 h and then concentrated in vacuo at r.t.
CC (silica gel; CH2Cl2/hexane 1:5!CH2Cl2/hexane 1:1) gave 18 (9 mg,
48%) as an oily solid. 1H NMR (200 MHz, CDCl3): d� 7.45 (d, J� 8.6 Hz,
4H), 7.38 (d, J� 8.8 Hz, 4H), 7.37 (d, J� 8.6 Hz, 4 H), 6.58 ± 6.46 (m, 12H),
3.31 ± 3.16 (m, 24H), 1.54 (s, 24H), 1.26 (br s, 216 H), 0.91 ± 0.84 (m, 36H);
IR (CCl4): nÄ � 2959 (m), 2927 (s), 2855 (m), 2200 (w), 2161 (m), 1745 (w),
1602 (s), 1518 (m), 1467 (w), 1405 (w), 1367 (w), 1262 (m), 1187 (w), 1098
(m), 1017 (m); UV/Vis (CHCl3): 316 (98 100), 501 (113 000), 616 (sh,
37700); HR-MALDI-MS (DHB-tl): m/z (%): calcd for 12C202


13C2H324N6:
2860.5605; found: 2860.5906 (66) [M]� , 2883.5723 (100) [M�Na]� .


4-{4-[(11-Bromoundecyl)oxy]phenyl}benzonitrile (20): A solution of 19[19]


(100 mg, 0.274 mmol) and CBr4 (109 mg, 0.329 mmol) in CH2Cl2 (20 mL)
was treated with PPh3 (86.2 mg, 0.329 mmol). After stirring for 2 h at r.t.,
the solvent was removed in vacuo. The residue was washed with cold
MeOH and dried in vacuo, affording 20 (107 mg, 92%). M.p. 77 ± 78 8C;
1H NMR (200 MHz, CDCl3): d� 7.72/7.66 (2�d, J� 8.4 Hz, 4H), 7.55/7.02
(2�d, J� 8.7 Hz, 4 H), 4.03 (t, J� 6.4 Hz, 2H), 3.43 (t, J� 6.9 Hz, 2H),
2.00 ± 1.80 (m, 4H), 1.60 ± 1.20 (m, 14H); 13C NMR (50 MHz, CDCl3): d�
159.9, 145.3, 132.6, 131.3, 128.4, 127.1, 119.1, 115.1, 110.0, 68.1, 33.9, 32.7,
29.4, 29.3, 29.2, 29.1, 28.6, 28.1, 25.9; IR (KBr): nÄ � 2921 (s), 2848 (s), 2223
(s), 1611 (s), 1473 (s), 1249 (s), 1183 (m), 1038 (m), 834 (s); EI-MS: m/z
(%): 427.2 (32) [M]� , 195.1 (100) [Mÿ (C11H21Br)]� , 178.1 (4) [Mÿ
(C11H22OBr)]� ; elemental analysis calcd (%) for C24H30BrNO (428.41):
C 67.29, H 7.06, N 3.27; found: C 67.30, H 7.22, N 3.11.


4-(4-{[11-(4-Iodophenoxy)undecyl]oxy}phenyl)benzonitrile (21): Com-
pound 20 (100 mg, 0.234 mmol) was added to a solution of 4-iodophenol
(50.0 mg, 0.227 mmol) and NaH (22.4 mg, 0.933 mmol) in DMF (10 mL).
After stirring for 24 h at r.t., the mixture was poured into cold H2O. The
resulting precipitate was filtered, washed (H2O), and dried in vacuo,
affording 21 (102 mg, 79%). M.p. 114 ± 116 8C; 1H NMR (200 MHz,
CDCl3): d� 7.70/7.64 (2� d, J� 8.7 Hz, 4 H), 7.54/7.00 (2� d, J� 8.7 Hz,
4H), 7.54/6.68 (2� d, J� 8.7 Hz, 4 H), 4.01 (t, J� 6.4 Hz, 2H), 3.92 (t, J�
6.4 Hz, 2 H), 1.90 ± 1.70 (m, 4H), 1.60 ± 1.20 (m, 14H); 13C NMR (50 MHz,
CDCl3): d� 159.8, 159.0, 145.2, 138.1, 132.5, 131.2, 128.3, 127.0, 119.1, 116.9,
115.0, 110.0, 82.4, 68.1, 68.0, 29.4, 29.3, 29.2, 29.1, 26.0; IR (KBr): nÄ � 2940
(s), 2855 (m), 2223 (m), 1604 (s), 1493 (s), 1473 (s), 1295 (m), 1256 (s), 1177
(s), 828 (s); EI-MS: m/z (%): 567.1 (92) [M]� , 441.2 (12) [Mÿ I]� , 347.2 (5)
[Mÿ (OC6H4I)]� , 219.9 (41) [Mÿ (NC(C12H8)OC11H21)]� , 195.0 (100)
[Mÿ (IC6H4OC11H21)]� ; HR-EI-MS: m/z : calcd for C30H34INO2:
567.1634; found: 567.1643 [M]� .


4-{4-[(11-{4-[2-(Triisopropylsilyl)ethynyl]phenoxy}undecyl)oxy]phenyl}
benzonitrile (22): Triisopropylsilylacetylene (193 mg, 1.06 mmol), 21
(300 mg, 0.529 mmol), and Bu4NBr (17.7 mg, 54.9 mmol) were added to a
mixture of THF (10 mL) and diisopropylamine (3 mL). The solution was
degassed with Ar, whereupon [PdCl2(PPh3)2] (11.5 mg, 16.4 mmol) and CuI
(17.7 mg, 92.9 mmol) were added. The mixture was stirred for 2 h at r.t.,
then the solvent was removed in vacuo and CC (silica gel; CH2Cl2/hexane
2:1) gave 22 (315 mg, 96%). M.p. 72 ± 73 8C; 1H NMR (200 MHz, CDCl3):
d� 7.70/7.64 (2� d, J� 8.7 Hz, 4H), 7.54/7.00 (2� d, J� 9.1 Hz, 4H), 7.41/
6.82 (2� d, J� 9.1 Hz, 4 H), 4.01 (t, J� 6.2 Hz, 2 H), 3.95 (t, J� 6.2 Hz, 2H),
1.87 ± 1.74 (m, 4H), 1.60 ± 1.20 (m, 14H), 1.13 (s, 21H); 13C NMR (50 MHz,
CDCl3): d� 159.9, 159.3, 145.3, 133.5, 133.4, 132.6, 131.3, 128.4, 127.1 (2� ),
119.1, 115.6, 115.1 (2� ), 114.4, 110.1, 107.3, 88.5, 68.1, 68.0, 31.5, 29.4, 29.3,
29.1, 25.9, 22.5, 18.6, 11.2; IR (KBr): nÄ � 2940 (s), 2921 (s), 2861 (s), 2230
(m), 2157 (m), 1611 (s), 1499 (s), 1479 (s), 1289 (s), 1249 (s), 1183 (s), 828
(s); EI-MS: m/z (%): 621.3 (32) [M]� , 578.3 (100) [Mÿ (C3H7)]� ; elemental
analysis calcd (%) for C41H55NO2Si (621.98): C 79.18, H 8.91, N 2.25; found:
C 78.93, H 8.92, N 2.21.


4-(4-{[11-(4-Ethynylphenoxy)undecyl]oxy}phenyl)benzonitrile (23): A sol-
ution of 22 (200 mg, 0.322 mmol) in wet THF was treated with a solution of


Bu4NF in THF (1m, 0.65 mL). After 1 h, TLC (CH2Cl2) indicated complete
deprotection. The mixture was poured into H2O and extracted with Et2O.
The organic phase was washed with sat. aq. NaCl solution and H2O, dried
(MgSO4), and concentrated in vacuo. CC (silica gel; CH2Cl2) gave 23
(140 mg, 93 %) which was used without further purification due to
instability. M.p. 97 ± 99 8C; 1H NMR (200 MHz, CDCl3): d� 7.70/7.64 (2�
d, J� 8.7 Hz, 4H), 7.53/7.00 (2� d, J� 8.7 Hz, 4H), 7.42/6.83 (2�d, J�
8.7 Hz, 4 H), 4.01 (t, J� 6.6 Hz, 2 H), 3.96 (t, J� 6.6 Hz, 2H), 2.99 (s, 1H),
1.90 ± 1.70 (m, 4 H), 1.52 ± 1.30 (m, 14H); 13C NMR (50 MHz, CDCl3): d�
159.8, 159.5, 145.3, 133.5, 132.5, 131.2, 128.3, 127.0, 119.1, 115.1, 114.4, 113.9,
110.0, 83.7, 75.7, 68.0, 29.5, 29.3, 29.1, 26.0.


4,4'-{1-[2-(Triisopropylsilyl)ethynyl]-3-(triisopropylsilyl)prop-2-ynylidene]-
methylenebis[ethyne-1,2-diyl-4-phenyleneoxyundecamethylenoxy(4-phen-
ylene)]}dibenzonitrile (24): Compounds 5 a (160 mg, 0.298 mmol) and 23
(601 mg, 1.29 mmol) together with Bu4NBr (10.0 mg, 0.0310 mmol) were
added to a mixture of THF (15 mL) and diisopropylamine (5 mL). The
solution was degassed with Ar, whereupon [PdCl2(PPh3)2] (6.40 mg,
9.12 mmol) and CuI (10.0 mg, 52.5 mmol) were added. The mixture was
stirred for 2 h at r.t. and subsequently evaporated in vacuo. CC (silica gel;
CH2Cl2/hexane 1:1) gave 24 (330 mg, 84 %); 1H NMR (400 MHz, CDCl3):
d� 7.68/7.63 (2� d, J� 8.7 Hz, 8 H), 7.52/6.99 (2� d, J� 8.8 Hz, 8H), 7.43/
6.83 (2� d, J� 8.9 Hz, 8 H), 4.00 (t, J� 6.6 Hz, 4 H), 3.97 (t, J� 6.6 Hz, 4H),
1.84 ± 1.74 (m, 8H), 1.52 ± 1.40 (m, 8 H), 1.40 ± 1.25 (m, 20 H), 1.11 (s, 42H);
13C NMR (100 MHz, CDCl3): d� 159.8, 159.7, 159.6, 145.3, 133.4, 133.3,
132.5, 131.2, 128.3, 127.0, 119.8, 118.2, 115.5, 115.1, 114.7, 114.6, 114.5, 114.4
(�2), 110.0, 104.3, 101.1, 98.8, 86.3, 68.2, 68.1, 29.5 (3� ), 29.4, 29.3, 29.2,
29.1, 26.0 (2� ), 18.6, 11.3; IR (KBr): nÄ � 2940 (s), 2927 (s), 2868 (m), 2223
(w), 2190 (w), 2138 (w), 1604 (s), 1512 (s), 1256 (s); FAB-MS: m/z (%):
1315.5 (100) [M�H]� , 1271.5 (94) [Mÿ (C3H7)]� ; elemental analysis calcd
(%) for C88H110N2O4Si2 (1316.02): C 80.32, H 8.42, N 2.13; found: C 80.04,
H 8.52, N 2.10.


5,10,15-Tris{3-[4-(N,N-didodecylamino)phenyl]-1-[(4-(N,N-didodecylami-
no)phenyl)ethynyl]-prop-2-ynylidene}cyclopentadeca-1,3,6,8,11,13-hexayne
(25 a), 5,10,15,20-tetrakis{3-[4-(N,N-didodecylamino)phenyl]-1-[(4-(N,N-
didodecylamino)phenyl)ethynyl]prop-2-ynylidene}cycloicosa-
1,3,6,8,11,13,16,18-octayne (25 b) and 5,10,15,20,25-pentakis{3-[4-(N,N-di-
dodecylamino)phenyl]-1-[(4-(N,N-didodecylamino)phenyl)ethynyl]prop-
2-ynylidene}cyclopentacosa-1,3,6,8,11,13,16,18,21,23-decayne (25 c): A sol-
ution of 3a (0.367 g, 0.284 mmol) in THF (30 mL) was treated with a
solution of Bu4NF in THF (1m, 0.85 mL, 0.85 mmol). After stirring for 24 h,
Et2O (150 mL) was added. The mixture was washed with H2O (4� 30 mL)
and sat. aq. NaCl solution (30 mL). The organic phase was dried (MgSO4),
then reduced to 3 mL. The deprotected TEE was purified by filtration over
a short plug (silica gel; CH2Cl2), the product fraction was reduced to 10 mL,
then treated with a solution of CuCl (0.006 g, 0.061 mmol) and TMEDA
(0.03 mL, 0.202 mmol) in CH2Cl2 (10 mL). The mixture was stirred for 4 h
and then concentrated in vacuo. CC (silica gel; hexane/CH2Cl2 3:1)
provided 25 a (0.0011 g, 8%), 25 b (0.0043 g, 10%), and 25c (0.0032 g, 2%).
25a : Blue oil. Rf �0.5 (silica gel; hexane/CH2Cl2 3:1); 1H NMR (500 MHz,
CDCl3): d� 7.41 (d, J� 9.0 Hz, 12 H), 6.56 (d, J� 9.0 Hz, 12H), 3.27 (t, J�
8.0 Hz, 24 H), 1.57 (m, 24 H), 1.27 (m, 216 H), 0.89 (t, J� 7.0 Hz, 36H);
13C NMR (125 MHz, CDCl3): d� 148.7, 133.3, 113.4, 111.2, 107.8, 103.4,
98.5, 87.4, 84.9, 51.0, 31.9, 29.8, 29.7, 29.6, 29.5, 29.4, 28.9, 27.3, 27.1, 22.7, 14.1;
IR (KBr): nÄ � 2924 (s), 2853 (m), 2192 (w), 2161 (w), 1602 (m), 1522 (w),
1466 (w), 1406 (w), 1364 (w), 1188 (w), 1125 (m); UV/Vis (CHCl3): 297
(148 000), 395 (97 200), 516 (172 000), 646 (171 000); MALDI-TOF-MS
(CCA): m/z (%): calcd for 12C208


13C2H324N6: 2932.6; found: 5860 (17)
[2M]� , 2930 (100) [M]� ; 25b : blue-violet oil. Rf �0.5 (silica gel; hexane/
CH2Cl2 3:1); 1H NMR (500 MHz, CDCl3): d� 7.40 (d, J� 9.0 Hz, 16H),
6.41 (d, J� 9.0 Hz, 16H), 3.15 (t, J� 8.0 Hz, 32 H), 1.54 (m, 32H), 1.27 (m,
288 H), 0.89 (t, J� 7.0 Hz, 48H); 13C NMR (125 MHz, CDCl3): d� 148.6,
133.9, 118.7, 111.2, 110.2, 108.0, 104.5, 87.9, 87.5, 83.9, 53.4, 50.9, 31.9, 31.6,
29.8, 29.7, 29.6, 29.4 (2� ), 27.3, 27.2, 27.1, 22.7, 22.6, 14.1; IR (KBr): nÄ � 2922
(s), 2856 (m), 2200 (w), 2156 (s), 1600 (s), 1522 (s), 1367 (m), 1128 (m); UV/
Vis (CHCl3): 301 (111 000), 335 (sh, 85400), 393 (48 100), 429 (sh, 56400),
518 (186 000), 574 (145 000), 609 (sh, 114 000), 636 (sh, 114 000); MALDI-
TOF-MS (CCA): m/z (%): calcd for 12C277


13C3H432N8: 3910.4; found: 7812
(12) [2M]� , 3908 (100) [M]� ; 25c : violet oil; Rf �0.2 (silica gel; hexane/
CH2Cl2 3:1); 1H NMR (200 MHz, CDCl3): d� 7.33 (d, J� 9.0 Hz, 20H),
6.31 (d, J� 9.0 Hz, 20 H), 3.13 (m, 40 H), 1.55 (m, 40 H), 1.25 (m, 360 H),
0.88 (t, J� 7.0, 60 H); 13C NMR (125 MHz, CDCl3): d� 148.5, 133.9, 121.6,
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111.2, 109.5, 107.8, 104.6, 88.0, 84.5, 83.3, 50.8, 31.9, 29.8, 29.7, 29.6, 29.5,
29.4, 27.2, 27.1, 22.7, 14.1; IR (KBr): nÄ � 2924 (s), 2850 (m), 2194 (w), 2156
(m), 1600 (s), 1519 (s); UV/Vis (CHCl3): 294 (128 000), 359 (67 700), 517
(234 000), 560 (sh, 162 000), 630 (sh, 64 400); MALDI-TOF-MS (CCA): m/z
(%): calcd for 12C347


13C3H540N10: 4887.3; found: 9778 (6) [2 M]� , 4888 (27)
[M]� , 2269 (100); elemental analysis calcd (%) for C350H540N10 (4888.18): C
86.00, H 11.13, N 2.87; found: C 86.03, H 11.04, N 2.65.


5,10,15,20-Tetrakis{3-[4-(N,N-didodecylamino)phenyl]-1-[(4-(N,N-didode-
cylamino)phenyl)ethynyl]prop-2-ynylidene}cycloicosa-1,3,6,8,11,13,16,18-
octayne (25 b) and 5,10,15,20,25,30-Hexakis{3-[4-(N,N-didodecylamino)-
phenyl]-1-[(4-(N,N-didodecylamino)phenyl)ethynyl]prop-2-ynylidene}cy-
clotriaconta-1,3,6,8,11,13,16,18,21,23,26,28-dodecayne (25 d): A solution of
14 (0.028 g, 0.022 mmol) in THF (5 mL) was treated with a solution of
Bu4NF in THF (1m, 0.10 mL, 0.10 mmol). After stirring for 24 at. r.t., Et2O
(150 mL) was added and the mixture was extracted with H2O (4� 30 mL)
and sat. aq. NaCl solution (30 mL). The organic phase was dried (MgSO4),
reduced to 3 mL, and the deprotected compound purified by chromatog-
raphy on a short silica gel column (CH2Cl2). The product fraction was
reduced to 20 mL and then treated with a solution of CuCl (0.060 g,
0.612 mmol) and TMEDA (0.4 mL, 2.69 mmol) in CH2Cl2 (50 mL). The
mixture was stirred for 6 h at r.t. , whereupon the solvent was removed in
vacuo. CC (silica gel; hexane/CH2Cl2 2:1), yielded 25b (0.003 g, 11 %) and
25d (0.001 g, 3 %). 25b : Blue oil. Rf �0.6 (silica gel; hexane/CH2Cl2 2:1);
spectral data as given above; 25d : red-violet oil. Rf� 0.3 (silica gel; hexane/
CH2Cl2 2:1); 1H NMR (500 MHz): d� 7.28 (d, J� 9.0 Hz, 24 H), 6.30 (d,
J� 9.0 Hz, 24H), 3.10 (m, 48H), 1.52 (m, 48H), 1.25 (m, 432 H), 0.86 (t, J�
6.9 Hz, 72H); IR (KBr): nÄ � 2924 (s), 2852 (m), 2192 (w), 2157 (m), 1601
(m), 1522 (w), 1364 (w), 1189 (w), 1123 (w), 1086 (w); UV/Vis (CHCl3): 290
(142 000), 307 (140 000), 332 (sh, 125 000), 393 (sh, 70700), 514 (232 000),
609 (sh, 77 600); MALDI-TOF-MS (CCA): m/z : calcd for 12C416


13C4H648N12:
5865.1; found: 5859 [M]� .


5,10,15-Tris{3-(4-{11-[4-(4-cyanophenyl)phenoxy]undecyloxy}phenyl)-1-
[2-(4-{11-[4-(4-cyanophenyl)phenoxy]undecyloxy}phenyl)ethynyl]prop-2-
ynylidene}cyclopentadeca-1,3,6,8,11,13-hexayne (26 a), 5,10,15,20-tetra-
kis{3-(4-{11-[4-(4-cyanophenyl)phenoxy]undecyloxy}phenyl)-1-[2-(4-{11-
[4-(4-cyanophenyl)phenoxy]undecyloxy}phenyl)ethynyl]prop-2-ynylide-
ne}cycloicosa-1,3,6,8,11,13,16,18-octayne (26 b) and 5,10,15,20,25-penta-
kis{3-(4-{11-[4-(4-cyanophenyl)phenoxy]undecyloxy}phenyl)-1-[2-(4-{11-
[4-(4-cyanophenyl)phenoxy]undecyloxy}phenyl)ethynyl]prop-2-ynylide-
ne}cyclopentacosa-1,3,6,8,11,13,16,18,21,23-decayne (26 c): A solution of 24
(300 mg, 0.228 mmol) in wet THF (15 mL) was treated with a solution of
Bu4NF in THF (1m, 1.15 mL). After 1 h, TLC (silica gel; CH2Cl2/hexane
2:1) indicated complete deprotection. The mixture was poured into water
and then extracted with CH2Cl2 (4� 50 mL). The combined organic phases
were washed with sat. aq. NH4Cl solution (2� 50 mL) and H2O, dried
(MgSO4), and concentrated in vacuo. CC (silica gel; CH2Cl2) gave the bis-
deprotected TEE (188 mg, 82%), which was used without further
purification due to instability. 1H NMR (200 MHz, CDCl3): d� 7.69/7.63
(d, J� 8.7 Hz, 8 H), 7.52/6.99 (d, J� 9.1 Hz, 8 H), 7.47/6.86 (d, J� 9.1 Hz,
8H), 4.00 (t, J� 6.6 Hz, 4H), 3.97 (t, J� 6.6 Hz, 4 H), 3.61 (s, 2H), 1.90 ±
1.70 (m, 8H), 1.50 ± 1.25 (m, 28H). A solution of this compound (72.0 mg,
71.8 mmol) in dry benzene (10 mL) was treated with a solution of Cu(OAc)2


(130 mg, 0.716 mmol) in pyridine/benzene (3:1, 30 mL). After stirring for
24 h under air at r.t., a 30% aq. CuSO4 solution was added. The mixture
was extracted with CH2Cl2, the organic phase was washed with 5 % aq.
NH4OH solution and dried (MgSO4). Gravity GPC (CH2Cl2) gave 26a,
26b, and 26c as deep-reddish-brown solids. 26a : Yield: 3 mg (4%);
analytical GPC (THF, 40 8C, l� 400 nm): tR� 12.23 min; 1H NMR
(200 MHz, CDCl3): d� 7.68/7.62 (2�d, J� 8.7 Hz, 24H), 7.52/6.98 (2� d,
J� 8.7 Hz, 24 H), 7.49/6.87 (2� d, J� 8.7 Hz, 24 H), 3.99 (t, J� 6.6 Hz,
24H), 1.90 ± 1.70 (m, 24 H), 1.50 ± 1.25 (m, 84 H); UV/Vis (CHCl3): 425
(112 000), 479 (100 000), 536 (109 000), 576 (sh, 92700); MALDI-TOF-MS
(IAA, negative ion mode): m/z : calcd for 12C208


13C2H204N6O12: 3003.6;
found: 3003.4 [M]ÿ ; 26b : yield: 40 mg (56 %); analytical GPC (THF, 40 8C,
l� 400 nm): tR� 11.96 min; 1H NMR (200 MHz, CDCl3): d� 7.68/7.62 (2�
d, J� 8.7 Hz, 32H), 7.51/6.98 (2�d, J� 8.7 Hz, 32 H), 7.47/6.76 (2� d, J�
8.7 Hz, 32H), 3.99 (t, J� 6.6 Hz, 16H), 3.89 (t, J� 6.6 Hz, 16H), 1.90 ± 1.65
(m, 32 H), 1.60 ± 1.20 (m, 112 H); 13C NMR (50 MHz, CDCl3): d� 160.5,
159.9, 145.3, 134.0, 132.6, 131.3, 128.4, 127.1, 119.2, 118.9, 115.1, 114.8, 113.9,
113.0, 110.1, 102.8, 87.0, 86.8, 84.1, 68.1, 29.5, 29.3 (2� ), 29.1 (2� ), 26.0,
25.9; IR (KBr): nÄ �2927 (s), 2855 (m), 2230 (w), 2177 (m), 1604 (s), 1519 (s),


1295 (m), 1256 (s), 1177 (m); UV/Vis (CHCl3): 397 (sh, 79 000), 427
(112 000), 504 (189 000); MALDI-TOF-MS (IAA, negative ion mode): m/z :
calcd for 12C277


13C3H272N8O16: 4005.1; found: 4004.3 [M]ÿ ; 26c : yield: 3 mg
(4%); analytical GPC (THF, 40 8C, l� 400 nm): tR� 11.78 min; 1H NMR
(200 MHz, CDCl3): d� 7.67/7.62 (2�d, J� 8.3 Hz, 40H), 7.51/6.97 (2� d,
J� 8.7 Hz, 40 H), 7.39/6.60 (2� d, J� 8.7 Hz, 40 H), 3.99 (t, J� 6.2 Hz,
20H), 3.77 (t, J� 6.2 Hz, 20 H), 1.90 ± 1.65 (m, 40H), 1.50 ± 1.20 (m, 140 H);
UV/Vis (CHCl3): 396 (sh, 103 000), 421 (120 000), 490 (135 000); MALDI-
TOF-MS (IAA, negative ion mode): m/z : calcd for 12C346


13C4H340N10O20:
5006.6; found: 5007.9 [M]ÿ .


Radialenes 27 a ± f : A solution of 10b (0.100 g, 0.155 mmol) in THF (5 mL)
was treated with a solution of Bu4NF in THF (1m, 0.80 mL, 0.80 mmol).
After stirring for 5 min at r.t. , Et2O (150 mL) was added and the mixture
was washed with H2O (4� 30 mL) and sat. aq. NaCl solution (30 mL). The
organic phase was dried (MgSO4) and then concentrated in vacuo. The
residue was filtered through a column (silica gel; hexane/CH2Cl2 2:1). The
solvent was removed and the resulting white solid redissolved in CH2Cl2


(100 mL). A solution of CuCl (0.060 g, 0.612 mmol) and TMEDA (0.4 mL,
2.69 mmol) in CH2Cl2 (50 mL) was added, and the mixture was stirred for
2 h at r.t. The solvent was removed in vacuo and the residue purified on a
short column (silica gel; hexane/CH2Cl2 2:1), affording a mixture of the
expanded radialenes 27 a ± f (0.018 g, 23%) as a red solid. 1H NMR
(200 MHz, CDCl3): d� 7.35 ± 7.44 (m), 1.29 (s), 1.24 (s), 1.19 (s), 1.17 (s); IR
(KBr): nÄ � 2963 (s), 2868 (w), 2180 (m), 1589 (m), 1466 (w), 1431 (w), 1363
(m), 1247 (w), 1101 (w), 877 (m); UV/Vis (CHCl3): 257 (21 700), 296
(22 200), 306 (sh, 20 600), 374 (sh, 20700), 391 (24 200), 423 (20 600), 462
(22 500), 509 (sh, 14 700) [extinction coefficients calculated per one unit of
TEE]; MALDI-TOF-MS (CCA, negative ion mode): m/z (%): 4977 (1)
[M]ÿ ([10]radialene), 4482 (0.2) [M]ÿ ([9]radialene), 3980 (2) [M]ÿ


([8]radialene), 3482 (2) [M]ÿ ([7]radialene), 2989 (8) [M]ÿ ([6]radialene),
2489 (31) [M]ÿ ([5]radialene), 1992 (100) [M]ÿ ([4]radialene), 1494 (76)
[M]ÿ ([3]radialene); elemental analysis calcd (%) for (C38H42)n [(498.75)n]:
C 91.51, H 8.49; found: C 91.37, H 8.47.


5,10,15,20-Tetrakis{3-[3,5-di(tert-butyl)phenyl]-1-[(3,5-di(tert-butyl)phen-
yl)ethynyl]prop-2-ynylidene}cycloicosa-1,3,6,8,11,13,16,18-octayne (27 b),
5,10,15,20,25,30-Hexakis{3-[3,5-di(tert-butyl)phenyl]-1-[(3,5-di(tert-bu-
tyl)phenyl)ethynyl]prop-2-ynylidene}cyclotriaconta-
1,3,6,8,11,13,16,18,21,23,26,28-dodecayne (27 d), and 5,10,15,20,25,30,35,40-
Octakis{3-[3,5-di(tert-butyl)phenyl]-1-[(3,5-di(tert-butyl)phenyl)ethynyl]-
prop-2-ynylidene}cyclotetraconta-1,3,6,8,11,13,16,18,21,23,26,28,31,33-tet-
radecayne (27 f): A solution of 12 (61 mg, 0.046 mmol) in THF (25 mL) and
H2O (1.2 mL) was treated with a solution of Bu4NF in THF (1m, 0.5 mL).
After stirring overnight, Et2O (200 mL) was added and the mixture was
washed with H2O (2� 200 mL). The organic phase was dried (MgSO4) and
then concentrated in vacuo without heating. The residue was redissolved in
CH2Cl2 (170 mL), and a solution of Hay catalyst (1.1 mL) was added. After
stirring for 3.5 h, the solvent was removed in vacuo and the residue purified
on a short column (silica gel; hexanes/CH2Cl2 3:1), affording a mixture of
27b, d, f, together with some higher mass impurities (GPC). The mixture
was separated by gravity GPC (CH2Cl2), providing 27b (4 mg, 9%) as a red
oily solid, 27 d (6 mg, 13 %) as an orange solid, and 27 f (4 mg, 9 %) as a red-
orange oily solid. 27 b : Analytical GPC (THF, 40 8C, l� 400 nm): tR�
16.3 min; 1H NMR (200 MHz, CDCl3): d� 7.35 (s, 24H), 1.17 (s, 144 H);
13C NMR (125 MHz): d� 151.0, 126.4, 124.3, 121.1, 119.0, 113.9, 103.6, 86.6,
86.4, 84.2, 34.7, 31.1; IR (CCl4): nÄ � 2965 (s), 2929 (m), 2905 (w), 2867 (w),
2180 (w), 1589 (w), 1477 (w), 1466 (w), 1449 (w), 1434 (w), 1394 (w), 1363
(w), 1260 (w), 1248 (w), 1152 (w), 1097 (w), 1069 (w), 879 (w); UV/Vis
(CHCl3): 285 (37 400), 298 (37 300), 314 (33 200), 379 (sh, 32 900), 399
(37 500), 468 (83 000), 505 (sh, 51 100); MALDI-TOF-MS (THA/citrate):
m/z : 1993 [M]� ; 27d : analytical GPC (THF, 40 8C, l� 400 nm): tR�
15.8 min; m.p.: decomposing to a black solid at ca. 160 8C, which melts >
250 8C; 1H NMR (200 MHz, CDCl3): d� 7.42 (d, J� 1.7 Hz, 24 H), 7.36 (t,
J� 1.7 Hz, 12 H), 1.23 (s, 216 H); 13C NMR (125 MHz): d� 151.0, 126.6,
124.3, 123.2, 121.1, 114.1, 104.1, 86.6, 83.2, 83.0, 34.7, 31.2; IR (CCl4): nÄ �
2963 (s), 2927 (m), 2904 (w), 2864 (w), 2183 (m), 1588 (w), 1477 (w), 1465
(w), 1449 (w), 1435 (w), 1393 (w), 1363 (w), 1247 (w), 1156 (w), 1098 (w),
877 (w); UV/Vis (CHCl3): 255 (101 000), 294 (97 300), 303 (sh, 92 700), 376
(sh, 89100), 389 (104 000), 424 (94 900), 445 (97 300), 499 (sh, 60200);
MALDI-TOF-MS (CH2Cl2/THA/citrate): m/z : 2993 [M]� , 5986 [2M]� ;
X-ray: see Figure 3; 27 f : analytical GPC (THF, 40 8C, l� 400 nm): tR�
15.4 min; 1H NMR (200 MHz, CDCl3): d� 7.42 (d, J� 1.8 Hz, 32 H), 7.35 (t,
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J� 1.8 Hz, 16H), 1.23 (s, 288 H); 13C NMR (125 MHz): d� 151.1, 126.6,
124.3, 123.7, 121.1, 113.9, 104.1, 86.6, 83.3, 82.8, 34.7, 31.2; IR (CCl4): nÄ �
2963 (s), 2928 (m), 2901 (w), 2866 (w), 2181 (m), 1588 (w), 1476 (w), 1465
(w), 1448 (w), 1435 (w), 1394 (w), 1363 (w), 1260 (w), 1247 (w), 1114 (w),
878 (w); UV/Vis (CHCl3): 263 (142 000), 292 (139 000), 304 (sh, 126 000),
373 (sh, 125 000), 388 (148 000), 417 (135 000), 445 (126 000), 508 (sh,
84600); MALDI-TOF-MS (THA/citrate): m/z : 3990 [M]� .
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Does the Interconversion of Polysulfur Compounds Proceed Via Hypervalent
Intermediates?ÐAn Ab Initio MO Study**


Ralf Steudel,*[a] Yana Steudel,[a] and Karol Miaskiewicz[b]


Abstract: Ab initio MO calculations at
the CCSD(T)/6-311��G(2df,p)//MP2/
6-311��G** level have been carried
out to determine the reaction energies
and Gibbs energies of the homolytic
dissociation of the SÿS bonds in the
chainlike sulfanes H2Sn (n� 2 ± 4). Good
agreement with the experimental data is
observed. At the same level of theory,
the formation of the hypothetical sulfu-
ranes H2S(SH)2, H2S(SSH)2, and S(SH)4


from H2S and the mentioned sulfanes
has been studied. Species of this type
had been proposed as intermediates in
the interconversion reactions of poly-
sulfur compounds (e.g., formation of S7


from S8 and vice versa). The three
sulfuranes serve here as model com-
pounds. On the basis of the Gibbs


energies and activation energies at
298 K, it is shown that the formation of
the three sulfuranes from sulfanes re-
quires too much energy and activation
energy to successfully compete with
homolytic dissociation reactions. In ad-
dition, the formation of the methyl-
substituted sulfurane S(SMe)4 from the
sulfanes Me2S2 and Me2S3 was studied to
elucidate the mechanism of the formal
exchange of sulfur atoms between poly-
sulfane molecules. However, both the
reaction energy of 199 kJ molÿ1 and the
activation energy of 287 kJ molÿ1, calcu-


lated at the MP2/6-31G* level, are much
higher than the homolytic dissociation
energy of the SÿS bonds in chain- and
ringlike polysulfur compounds, such as
Me2S4 (140 kJ molÿ1) and sulfur homo-
cycles (150 kJ molÿ1). Therefore, it is
concluded that the observed intercon-
version reactions of sulfur rings and of
chainlike polysulfanes do not proceed
via sulfurane-type intermediates. In-
stead, these reactions will take place by
a radical chain mechanism at high tem-
peratures, while at temperatures below
100 8C they are most probably initiated
either by traces of nucleophiles that are
present as impurities or by the polar
surface groups usually present on the
walls of the vessels used.


Keywords: ab initio calculations ´
hypervalent compounds ´ sulfur ´
thermodynamics ´ transition states


Introduction


One of the major unsolved problems of sulfur chemistry is the
reaction mechanism of the so-called interconversion reactions
of polysulfur compounds in nonaqueous systems, for example,
the transformation of S8 rings into rings of other sizes which
takes place when orthorhombic cyclooctasulfur (a-S8) is
heated to its melting point (120 8C). After annealing, the
sulfur melt consists of a complex mixture of homocycles with
ring sizes up to at least 30.[1, 2] Another example is the


scrambling of the substituents if two different organic
disulfanes or trisulfanes, such as R2Sm and R'2Sn, are mixed
and heated to result in the formation of the unsymmetrical
species R-Sx-R'. Some of these reactions take place at room
temperature already and indicate a low activation enthalpy.
An example is the decomposition of cyclo-S7 which can be
either synthesized[3] from S2Cl2 and (C5H5)2TiS5 or isolated
from quenched sulfur melts by fractional crystallization.[4]


Solid S7 decomposes at room temperature in the dark within
several hours to a mixture of a-S8 and polymeric insoluble
sulfur (Sm). On heating solid S7, it melts at 39.5 8C and the melt
rapidly polymerizes at temperatures above 60 8C.[5] These
reactions are all accelerated by light, by nucleophiles, and by
strong electrophiles (cations). The light-accelerated reaction
evidently proceeds by a radical chain mechanism since the
formation of sulfur radicals from SÿS bonds on illumination
with UV radiation is well-known.[6] The presence of nucleo-
philes result in displacement reactions with zwitterions as
intermediates, and the base strength of the nucleophile is of
essential importance.[7] In a similar fashion, strong electro-
philes generate ionic or zwitterionic intermediates and initiate
chain reactions. These reactions are discussed in detail below.
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However, the interconversion reactions also take place if such
reagents (catalysts) are seemingly absent and if light is
excluded. Therefore, it was generally believed for a long time
that even the uncatalyzed reactions proceed by a radical
mechanism. However, the thermal generation of radicals from
S7 or S8 requires an activation energy of more than
120 kJ molÿ1,[8] while in the case of dialkyl disulfanes
R-S-S-R �300 kJ molÿ1 is necessary.[9] For this reason, the
room-temperature decomposition of S7 in the dark, for
example, can hardly be a radical chain reaction.


In an attempt to solve this problem we proposed and
extensively discussed a number of alternative reaction path-
ways[10] for the interconversion of sulfur homocycles and
related compounds, such as selenium homocycles, selenium
sulfide heterocycles, chainlike polysulfanes, and mixed sulfur-
selenium chains. The key intermediates in these novel
mechanisms are so-called hypervalent or hypercoordinated
species; in the case of sulfur compounds these are thiosulf-
oxides 1 and sulfuranes 2 (Scheme 1).


Scheme 1. Proposed intermediates for the interconversion of sulfur homo-
cycles, the so-called hypervalent or hypercoordinated species, thiosulf-
oxides 1 and sulfuranes 2.


We originally believed[10] that thiosulfoxides may be formed
by a simple intramolecular isomerization [Eq. (1)] which, of
course, would be endothermic (for reasons of graphical
simplicity we prefer formula I of Scheme 1 although the
actual charge distribution and orbital occupancy is more in
line with formula II).


Several thiosulfoxides are known as pure compounds, for
example F2S�S, which is practically as stable thermodynami-
cally as the chainlike isomer F-S-S-F.[11] Another example is
the thiosulfite 3 which forms colorless crystals the structure of
which was determined by X-ray crystallography.[12]


It was thought that such thiosulfoxides may be nucleophiles
on account of the expected negative charge on the terminal
sulfur atom and may, therefore, be able to attack SÿS bonds to
result in heterolytic cleavage. From such intermediates the
observed products would then originate. Since these ideas


were published,[10] a number of ab initio MO calculations have
been performed with the aim of determining the activation
energy for the thiosulfoxide formation from disulfanes.
Depending on the substituents, the following values were
obtained at 0 K; level of theory given in brackets:


H-S-S-H!H2S�S 210 kJmolÿ1 (MP2/6-311G**//MP2/6-311G**)[13]


Me-S-S-Me!Me2S�S 340 kJmolÿ1 (MP2/6-311G**//MP2/6-311G**)[12]


F-S-S-F!F2S�S 225 kJmolÿ1 (QCISD/6-31G*//MP2/6-31G*),[11a]


and 185 kJmolÿ1


(QCISD(T)/6-31�G**//MP2/6-31G**)[11b]


Cl-S-S-Cl!Cl2S�S 214 kJmolÿ1


(QCISD/6-311�G(3df)//QCISD/6-311G(d))[14]


From this data it is evident that the unimolecular uncata-
lyzed isomerization of disulfanes to thiosulfoxides will not
take place at temperatures below 100 8C and therefore cannot
be responsible for the interconversion reactions discussed
above. The results for dichlorodisulfane S2Cl2 are particularly
interesting since this molecule can serve as a model compound
for a section of a longer sulfur chainlike -S-S-S-S- moiety with
which it is isoelectronic. We therefore conclude that any ring
contraction of, for example, cyclo-S8 into S7�S will be highly
endothermic and prohibited by its high activation energy at
moderate temperatures. In addition, we observed that the
thiosulfoxide 3 is not a strong enough nucleophile to decom-
pose cyclo-S7: if a solution of the two compounds in an
unpolar solvent was stirred at room temperature for several
hours the S7 concentration, as monitored by HPLC analysis,
remained practically unchanged.[15]


The intermediate formation of sulfuranes in the intercon-
version of polysulfanes and sulfur homocycles seemed to be
more likely from the beginning.[10] Our idea was that a sulfur
atom of one molecule would insert into an SÿS bond of
another molecule to form a sulfurane of similar structure to
SF4 which forms pseudotrigonal-bipyramidal molecules with
C2v symmetry. A reaction of this type is allowed by the rules of
orbital symmetry conservation and might be termed as an
oxidative addition [Eq. (2)].


Since sulfuranes such as SF4 are known to undergo a
scrambling of substituents by Berry pseudorotation at room
temperature, the axial and equatorial substituents in species
such as 4 will exchange their positions. A reverse reaction
(reductive elimination) may then result in species which differ
from the starting materials in the number of sulfur atoms. For
example, if S8 inserts into another S8 ring the intermediate
sulfurane spiro-S16 may decompose into cyclo-S7 and cyclo-S9


or into cyclo-S16 depending on the type of ligand coupling
(Scheme 2).
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Scheme 2. Ligand couling reactions of cyclo-S8.


In a similar fashion, different organic trisulfanes if mixed
may scramble their substituents or may interconvert into di-
and tetrasulfanes by the formal exchange of a sulfur atom.[10]


Over the years we and others have presented evidence from
preparative work that this mechanism is able to explain many
reaction products in sulfur and selenium chemistry. For
instance, the heterocycle 1,2-Se2S5 decomposes in solution at
20 8C primarily into SeS5 and 1,2,3-Se3S5 which is easily
explained by the reaction sequence shown in Scheme 3.[16]


Scheme 3. Decomposition of 1,2-Se2S5 in solution.


Since SeÿSe bonds are weaker than SÿS bonds, the
insertion will take place at this bond resulting in a connection
between all four Se atoms from which the observed products
can then be split off. In a similar manner, cyclo-Se7 decom-
poses into cyclo-Se6 and Se8 which can also be explained by
the assumption of a hypervalent selenane intermediate.[17]


Our sulfurane mechanism has been accepted by several
other authors[18] and has even entered monographs[19, 20] and
textbooks,[21] although it has never been demonstrated that
this reaction sequence is thermodynamically possible at
moderate temperatures. To solve this problem by ab initio
MO calculations one has to study the analogous reactions of
small model molecules to allow for a large enough basis set
and corrections for the electron correlation which is necessary


to obtain reliable thermodynamic data on sulfur compounds.
In this sense, some time ago, we calculated the reaction
energies for the formal insertion reaction of H2S into the
central bonds of disulfane, H2S2 [Eq. (3)], and tetrasulfane,
H2S4 [Eq. (4)]. The geometries and reaction energies were
calculated at the MP3/6-31G*//HF/4-31G* level.[22]


The two sulfuranes are characterized by rather long axial
SÿS bonds of 237.7 pm (5 a) and 239.1 pm (6 a), respectively. It
became evident, however, that both reactions are highly
endothermic which prohibits them to proceed at moderate
temperatures. Vibrational wavenumbers were not calculated
at that time. Therefore, neither zero-point energies or thermal
energies and entropies were available nor was it checked that
the calculated geometries correspond to minima on the
potential energy hypersurface. Suspicion in this direction is
indicated since the symmetry of H2S(SH)2 was restricted to
C2v (in analogy to SF4) and the symmetry of H2S(SSH)2 was
restricted to C2 during these calculations. No activation
energies were calculated.


In this work we investigate the formation of sulfuranes
made from H2S, H2S2, H2S3, and H2S4 but on a considerably
higher level of theory than that previously applied. In
addition, we study the reaction mechanism in detail to give
refined geometries, activation energies, and reaction energies
as well as Gibbs energies. Since the competing reactions are
the homolytic dissociation reactions of the sulfanes, we first
studied the formation of sulfur radicals from di-, tri-, and
tetrasulfane at the same level of theory. Thereafter, we
present the results on the sulfurane formation.


Calculation Methods


All calculations were performed with the Gaussian 94[23] and Gaussian 98[24]


program packages, installed on CRAY and PentiumIII computers. The
molecular structures of the binary HxSy species were fully optimized at the
MP2/6-311��G** level of theory which includes the corrections for
valence-electron correlation through second-order Mùller ± Plesset pertur-
bation theory.[25] This level was also used to calculate the natural atomic
charges,[26] vibrational wavenumbers, zero-point and thermal energies,
entropies, and Gibbs energies. Improved energies were obtained by single-
point calculations at the CCSD(T)/6-311��G(2df,p) level for all struc-
tures.[27] The calculations of the open-shell species were carried out using
the unrestricted model (S2� 0.75). The methyl derivatives were fully
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optimized at the MP2/6-31G* level, which was also used to calculate the
NBO atomic charges. The transition states TS 5 and TS 8 are characterized
by one imaginary wavenumber whereas all the vibrational wavenumbers of
the structures of minimal energy were real. The intrinsic reaction
coordinates[28] were calculated at the MP2/6-311G** level in the case of
TS 5 and at the MP2/6-31G* level in the case of TS 8.


Results and Discussion


Homolytic dissociation reactions : As is well-known, the
dissociation energy of SÿS bonds dramatically depends on
the length of the sulfur chain and is highest for the disulfanes.
This can clearly be seen from the energy and enthalpy data
given in Table 1. All thermodynamic results apply to the most


stable conformations of the related molecules. The lower
stability of the tri- and the tetrasulfanes towards homolytic
cleavage is caused by the three-electron two-center p bond
which forms on dissociation into the HSS . radical.[29] This
additional p bond is not present in the sulfane molecules, as
can be seen from the geometrical parameters compiled in
Table 2. The SÿS bond of HSS . is much shorter (198.8 pm)
than the corresponding bonds in the sulfane molecules
(207.8 ± 208.3 pm).


The calculated geometrical data agree well with the
experimental parameters.[30] However, no experimental val-


ues are known for the HSS . radical and for the tetrasulfane,
which probably exists as a mixture of three conformers in the
gas-phase since high-level MO calculations have shown that
the relative energies of the three possible conformations are
quite close to each other with the C1 isomer of motif ��ÿ as
the most stable form.[31] The motif is defined as the order of
signs of the torsional angles along the chain.[29]


The experimental dissociation energies of the SÿS bonds of
H2S2 (280 kJ molÿ1), H2S3 (201 kJ molÿ1), and of the central
bond of H2S4 (140 kJ molÿ1)[9a] are in good agreement with our
reaction energies calculated at 298 K (Table 1). Perfect
agreement between the theoretical and experimental values
has been obtained in the case of H2S2 for which the G2(MP2)
method was employed;[32] however, this method is not
economically suitable for the larger molecules studied in this
work. Owing to the increase in entropy, the Gibbs energies
DGo


298 of these dissociation reactions are considerably lower
than the reaction energies. It will be seen below whether the
sulfurane formation requires a lower energy or not.


Formation of sulfuranes: To model the reaction given above in
Equation (2), we have studied the formal insertion of H2S into
the SÿS bonds of H2S2 and H2S4 and the insertion of H2S3 into
the SÿS bond of H2S2. The structures found for the first two
reactions are depicted in Figure 1; additional geometrical


Figure 1. Structures of the sulfuranes obtained by formal addition of H2S
to H2S2 (structure 5 a) and of H2S to H2S4 (structures 6b and 6c). Structures
5a and 6 b are of C2v symmetry while 6c is of C1 symmetry. Internuclear
distances in pm; for bond and torsion angles, see Table 3.


Table 1. Reaction energies DE and Gibbs free energies DG8 at 0 K and
298 K of the homolytic dissociation reactions of H2Sn molecules (n� 2 ± 4)
and of the formation of sulfuranes (values in kJ molÿ1 ; TS� transition
state)


Reaction DEo DEo


298 DGo


298


H2S2! 2 HS . 259.5 246.5 211.5
H2S3!HS . � HSS . 211.8 200.9 157.3
H2S4! 2 HSS . 168.5 159.4 112.4
H2S � H2S2!H2S(SH)2 163.4 171.8 207.3
H2S � H2S2!TS 5 195.4 197.9 234.7
H2S � H2S4 (C1)!H2S(SSH)2 159.3 169.0 205.9
H2S3 (C2) � H2S2! S(SH)4 155.3 159.4 200.0


Table 2. Geometrical parameters of the chainlike sulfanes H2Sn (n� 1 ± 4)
and of their dissociation products. Internuclear distances in pm, bond
angles and torsion angles in 8 (MP2/6-311��G** data). Experimental data
from reference [30] in parentheses.


HS . HSS . H2S H2S2 H2S3(C2) H2S3(Cs) H2S4(C1)


HÿS 133.8 134.2 133.3 133.4 133.8 133.8 133.8
(133.6) (134.2) (134.4) (134.4)


SÿS ± 198.8 ± 208.3 207.8 207.8 207.5
(205.6) (205.4) (205.3) 207.6


207.8
H-S-H ± ± 92.1 ± ± ± ±


(92.1)
S-S-H ± 101.1 ± 98.1 97.9 98.0 97.3


(97.8) (97.2) (97.4) 98.0
S-S-S ± ± ± ± 107.3 107.3 106.7


(107.0) (106.9) 106.5
S-S-S-H ± ± ± ± 85.4 � 88.6 88.3


(87.7) (90.8) ± 83.4
S-S-S-S ± ± ± ± ± ± ÿ 78.4
H-S-S-H ± ± ± 90.8 ± ± ±


(90.3)
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parameters are given in Table 3. The product 5 a formally
derived from H2S and H2S2 by reaction given above in
Equation (3) is almost identical in structure to the previously
calculated geometry,[22] and it has now been found that this
geometry of C2v symmetry corresponds to a minimum on the
energy hypersurface at the MP2/6-311��G** level (all
vibrational eigenvalues positive). Loos et al. found that
rotation of the SH groups around the SÿS bonds increases
the energy and two more minima of higher energy exist with
one or both SH groups rotated around the SÿS bond(s) by
1808.[33] As in the case of SF4, but in contrast to the structure of
SCl4,[34] the axis of the trigonal bipyramid is bent towards the
equatorial atoms (S-S-S angle� 171.88).


The sulfurane 6 is the result of an addition of H2S to H2S4


[Eq. (4)]; however, this geometry of symmetry C2 is not a
minimum, as previously assumed[22] since it has one negative
vibrational eigenvalue. To indicate the higher level of theory
in the present work, we now use the label 6 b rather than 6 a. If
the symmetry restriction is lifted, structure 6 b changes to the
asymmetrical geometry of 6 c which is 12 kJ molÿ1 more stable
and all the vibrational eigenvalues are positive. The geometry
optimization from 6 b to 6 c took very many steps. Evidently,
the energy hypersurface is rather flat with respect to
variations of the S-S-S-S torsion angles of 6. In contrast to
the other sulfuranes investigated in this work, the SH groups
of 6 c are all on one side of the molecule. It seems that this
conformation is stabilized by an interaction between the
positively charged hydrogen atoms of the equatorial SÿH
bonds and the four negatively charged sulfur atoms formally
originating from the tetrasulfane. Remarkably, the atoms S5,
S1, S2, and S3 are in one plane (torsion angle 0.48) and S4 is
almost in the same plane (torsion angle at the S2ÿS3 bond:
ÿ8.18). The axial S-S-S angle (156.48) is rather small despite
the crowding of four substituents on one side of the molecule.
While the axial SÿS bonds are very long (251 pm), the two
SÿS bonds originating from H2S4 show normal single bond
lengths (206 pm).


The thermodynamic data of these insertion or addition
reactions are listed in Table 1. As can be seen from this data,


the formal insertion into an SÿS bond requires a reaction
energy of �160 kJ molÿ1, regardless of the type of sulfane
which inserts or into which molecule it is inserted. These
reactions have of course a negative reaction entropy and
consequently the Gibbs energy is now higher than the
reaction energy at the same temperature. On the basis of
the DGo


298 data, we conclude that the insertion into the
disulfane molecule is as equally endergonic as the homolytic
dissociation of H2S2 while the insertion into the central bond
of a tetrasulfane molecule (and probably into a trisulfane
also) is much less favorable than the dissociation of that bond!
At slightly elevated temperatures the insertion into a
disulfane becomes more and more unfavorable because of
the entropy term while at the same time the dissociation
becomes more favorable.


So far we have only discussed the thermodynamic equilib-
rium data. However, it was found that the formation of SF4


from SF2 and F2 as well as the formation of SCl4 from SCl2 and
Cl2 requires an additional activation energy.[34] Therefore, we
investigated the reaction coordinates as well as the structure
and relative energy of the transition state of the reaction given
above in Equation (3). Although the formal insertion of a
compound of type SX2 into a homonuclear single bond of
another molecule, such as H2, F2, Cl2, or H2S2 is allowed by
the rules of orbital symmetry conservation, it is not the
reaction path of lowest activation energy. This has first been
shown for the insertion of H2S into H2 with formation of the
simplest sulfurane, SH4,[35] and later for the insertion of SF2


into F2 resulting in SF4.[34] The lowest energy pathway of these
reactions is the nucleophilic attack of SX2 on the X2 molecule
with charge transfer from the sulfur atom into the antibonding
s-orbital of H2 respectively F2 (Scheme 4).


Scheme 4. The lowest energy pathway for the insertion of SX2 into X2.


The terminal atom X of the former X2 molecule (X�H or
F) then moves to the central sulfur atom and the final product
is identical to that expected for a symmetrical insertion
reaction.


To find out whether the addition of H2S to H2S2 would
proceed by a similar mechanism, we studied the correspond-
ing transition state with no symmetry restriction and found
the reaction mechanism to be similar to the addition of SF2 to
F2


[34] and of SCl2 to Cl2.[34] There is no insertion into the SÿS
bond; instead an addition takes place and the sulfur atom of
H2S does not become the hypercoordinate atom in sulfurane
5. The geometry of the transition state (TS 5) of Equation (3)
is shown in Figure 2. The relative energy and enthalpy of TS 5
are given in Table 1.


On the basis of its geometry and its charge distribution, the
nature of TS 5 can be interpreted as an ion pair consisting of
the mercaptosulfonium cation HSSH2


� and a hydrogen sulfide


Table 3. Bond angles [8] and torsion angles [8] of the sulfuranes H2S(SH)2,
H2S(SSH)2, and S(SH)4 as well as the transition state TS 5.


H2S(SH)2 TS 5 H2(SSH)2 H2(SSH)2 S(SH)4


5b 6 b 6c 7a


S1-S2-S3 171.8 165.1 178.9 156.4 178.2
S2-S3-S4 ± ± 94.7 94.5 ±
S2-S1-S5 ± ± 94.7 95.6 ±
H1-S1-H2 96.8 92.5 94.8 95.7 ±
H1-S2-S1 87.3 89.1 90.1 87.9 ±
H1-S2-S3 87.3 82.9 89.1 89.7 ±
H3-S1-S2 89.9 89.8 ± ± 88.6
H3-S-S 89.9 89.8 99.2 99.7 88.6
H4-S-S 89.9 89.8 99.2 100.4 87.9
S5-S1-S2-S3 ± ± 144.0 0.4 ±
S1-S2-S3-S4 ± ± 144.0 ÿ 8.1 ±
H3-S-S-S 180.0 144.6 89.4 90.5 180.0
H4-S-S-S 180.0 133.8 89.4 90.6 180.0
H1-S2-S1-S5 ± ± 168.6 84.9 ±
H1-S2-S3-S4 ± ± 96.7 ÿ 92.2 ±
H2-S2-S3-H4 ÿ 131.5 93.6 ± ± ±
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anion HSÿ with a weak inter-
action between atoms S3 on the
one hand and atoms S2 and H2
on the other hand. Evidently,
because of its lone pair of
electrons in the nonbonding
3pp orbital, the nucleophile
H2S has attacked one of the S
atoms of H2S2 followed by a
shift of hydrogen atom H2 from
S3 to S2 to result in a triangular
arrangement of S3, S2, and H2.
During this process the torsion
angle of H2S2 is continuously
enlarged from 908 in the free
molecule to 157.78 in TS 5. It
also should be mentioned that
atom H2 functions as a bridging
atom during the early stages of
this addition reaction. Remark-


ably, the S-S-S angle stays almost constant at 1658 during the
whole addition reaction until the level of TS 5 is reached.
Interestingly, salts with the cation H3S2


� and its organic
derivatives have been prepared as pure materials (e.g.
[H3S2][AsF6][36] and [Me3S2][SbCl6][37]). The atomic charges
of TS 5 were calculated by a natural bond orbital (NBO)
analysis and are given in Table 4. Atom S3 bears a negative
charge ofÿ0.58 and atoms S2 and H2 have positive charges of
0.32 respectively 0.23 units, which indicates that their inter-
action will be mainly ionic and only partly covalent in nature.
The rather long S3 ´´ ´ S2 distance of 260.6 pm supports this
view, although the van der Waals distance of 350 pm[38] is still
much larger. The S3 ´´ ´ H2 distance amounts to 208.7 pm.


All attempts failed to find any transition state for the
decomposition of the sulfurane 5 b with the symmetry
restricted to C2v, which corresponds to a true elimination of
H2S from the central part of 5 b.


The formation of TS 5 from H2S and H2S2 is highly
endothermic, but less so than the homolytic dissociation of
the SÿS bond of H2S2 (Table 1). However, on the basis of the
Gibbs energies at 298 K, the formation of TS 5 is less
favorable than the dissociation reaction!


It could be argued that the reactions discussed so far are not
suitable to model the reaction of two homocyclic sulfur rings
since it is known that the thermodynamic stability of sulfurane


molecules depends on the electronegativity of the substituents
and that hydrogen is of lower electronegativity than sulfur.
Therefore, we also studied a sulfurane in which the central
atom is connected to four other sulfur atoms. Such a
tetrathiosulfurane is formally obtained by the insertion of
the central atom of H2S3 into the SÿS bond of H2S2 or by a
corresponding addition reaction [Eq. (5)].


We found that the hypothetical tetramercaptosulfurane 7
exists in three conformations (Figure 3) which are of symme-
try Cs (7 a, b) and C1 (7 c). Structure 7 a corresponds to the
minimum of lowest energy. Because of the cis conformation of
the HSSSH unit, the two axial SÿS bonds of 7 a differ
somewhat in length (246.4 and 250.1 pm). The NBO atomic
charges are �0.34 for S2, ÿ0.35 for S1, and ÿ0.49 for S3
(Table 4). The formation of 7 a from the most stable con-
formations of H2S3 and H2S2 requires a reaction energy of only


Figure 3. Structures of three conformations of the tetrathiosulfurane
S(SH)4. The geometries 7a and 7 b are of Cs symmetry while 7 c is of C1


symmetry. Internuclear distances in pm; for bond and torsion angles of the
most stable conformer 7a, see Table 3.


Figure 2. Structure of the tran-
sition state for the addition of
H2S to H2S2 to give the sulfu-
rane H2S(SH)2. Internuclear
distances in pm; for bond and
torsion angles, see Table 3.


Table 4. NBO charges of the atoms in the sulfuranes 5b, 6 c, and 7a as well
as of the transition state TS 5.


5b (C2v) TS 5 6c (C1) 7a (C1)


S1 ÿ 0.46 ÿ 0.29 ÿ 0.32 ÿ 0.35
S2 � 0.43 � 0.32 � 0.36 � 0.34
S3 ÿ 0.46 ÿ 0.58 ÿ 0.32 ÿ 0.49
S4 ± ± ÿ 0.10 � 0.02
S5 ± ± ÿ 0.11 � 0.02
H1 � 0.14 � 0.14 � 0.14 � 0.13
H2 � 0.14 � 0.23 � 0.16 � 0.13
H3 � 0.09 � 0.1 � 0.1 � 0.1
H4 � 0.09 � 0.09 � 0.1 � 0.11
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155.3 kJ molÿ1 at 0 K compared to the 211.8 kJ molÿ1 needed
for the homolytic dissociation of H2S3. However, the Gibbs
energy change for the formation of 7 a according to Equa-
tion (5) is 200.0 kJ molÿ1 at 298 K, while the dissociation of
H2S3 requires only 157.3 kJ molÿ1 (Table 1).


We therefore have to conclude that the insertion into SÿS
bonds is not a reasonable reaction mechanism to explain the
interconversion reactions of polysulfur compounds at moder-
ate temperatures and that the popular and seemingly con-
vincing sulfurane mechanism has to be discarded.


Formation of the methyl-substituted sulfurane S(SMe)4 : It
was shown above that the interaction between H2S and H2S2


to form the sulfurane H2S(SH)2 is characterized by a bridging
hydrogen atom in the transition state. Evidently, this is not a
good model reaction for the interaction between two S7


molecules, for instance. We therefore studied the formation
of the sulfurane S(SMe)4 (8) from the sulfanes Me2S2 and
Me2S3 hoping that the methyl groups would not interfere with
the formation of the new SÿS bonds at the four-coordinate
sulfur atom [Eq. (6)].


Me-S-S-S-Me � Me-S-S-Me ÿ! S(SMe)4 (6)


The geometries of the two starting sulfanes, of the sulfurane
8, and of the transition state TS 8 were optimized at the MP2/
6-31G* level, which was the best we could afford for these
electron-rich systems (21 atoms in 8). C2 symmetry was
assumed for the two sulfanes while the sulfurane 8 was
optimized in C1 symmetry. However, after convergence it also
had assumed a structure of C2 symmetry. The structural data
are presented in Figure 4 and Table 5.


The absolute energies of these species are given in Table 6.
We did not calculate vibrational frequencies at this level;
therefore, the energies have not been corrected for ZPE
contributions (wavenumbers were obtained at the HF/3-21G*
level). The formation of sulfurane 8 from Me2S2 and Me2S3 is
endothermic by 199.0 kJ molÿ1, slightly more so than the
formation of the unsubstituted sulfurane S(SH)4 (7) from H2S3


and H2S2 (155.3 kJ molÿ1; note the different levels of theory!).
The conformation of 8 is in agreement with that of sulfurane
7 b and therefore slightly different from that of the more
stable conformer 7 a, insofar as the two equatorial MeS groups
of 8 are antiparallel to each other while the two corresponding
equatorial HS groups of 7 a are almost parallel (symmetry Cs).
Mutual steric hindrance of the two methyl groups may be the
reason for this conformational difference. Otherwise, the
structure of 8 is quite similar to that of 7 a. In particular, the
axial SÿS bonds are of similar length (244.6 pm in 8 versus
246.4 and 250.1 pm in 7 a). The axial S-S-S angle is slightly
smaller in 8 (166.38) compared to 178.28 in 7 a, which again can
be explained by the steric impact of the methyl groups. The
NBO atomic charges, however, are quite different in 7 a and 8
since the methyl groups withdraw more electrons from the S5


skeleton than the hydrogen atoms in 7 a. The central sulfur
atom of 8 bears a charge of �0.33, the two equatorial S atoms
of �0.19 each and the two axial S atoms of ÿ0.20 units each.
The four carbon atoms are highly negatively charged
(ÿ0.80� 0.02).


Figure 4. Structures of the tetrathiosulfurane S(SMe)4 (8) (C2 symmetry)
and of the transition state for its formation from Me2S2 and Me2S3.
Internuclear distances in pm; for bond and torsion angles, see Table 5.


The structure of the transition state for the addition of
Me2S3 to Me2S2 (TS 8) is also shown in Figure 4; details are
given in Table 5. This structure is characterized by a triangle
of sulfur atoms (S2-S3-S5) formed from the central atom of


Table 5. Bond angles [8] and torsion angles [8] of the sulfurane S(SMe)4 (8)
as well as of the transition state TS 8.


S(SMe)4 (8) TS 8


S1-S2-S3 166.3 144.0
S1-S2-S4 101.2 97.7
S1-S2-S5 87.0 145.2
S4-S2-S5 106.4 94.2
S3-S2-S4 87.0 89.2
S3-S2-S5 101.2 68.4
S2-S5-S3 43.0 53.9
C3-S1-S2 90.8 95.2
C4-S3-S2 90.8 92.0
C1-S4-S2 103.6 100.0
C2-S5-S2 103.6 125.2
C3-S1-S2-S3 13.3 ÿ 92.2
C4-S3-S2-S1 13.3 71.4
C3-S1-S2-S4 ÿ 112.9 168.4
C3-S1-S2-S5 140.9 59.4
C4-S3-S2-S4 140.9 173.5
C4-S3-S2-S5 ÿ 112.9 ÿ 91.6
C1-S4-S2-S1 ÿ 30.1 ÿ 81.0
C1-S4-S2-S3 160.9 134.5
C2-S5-S2-S1 160.9 166.6
C2-S5-S2-S3 ÿ 30.1 ÿ 30.9
C1-S4-S2-S5 60.1 66.3
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the trisulfane and the S atoms of the almost dissociated
disulfane. The SÿS bond lengths within the former trisulfane
molecule are S2ÿS4� 206.4 and S1ÿS2� 213.7 pm while the
SÿS bonds within the triangle are much longer, namely
S2ÿS3� 268.3, S2ÿS5� 280.6, and S3ÿS5� 308.6 pm. These
bond lengths are well below the van der Waals interatomic
distance between neutral sulfur atoms, as in sulfur allotropes
(350 pm).[38] Surprisingly, the NBO atomic charges of the
three sulfur atoms forming the triangle are almost negligible
(0.00 ± 0.08 units). Only S4 bears a slightly larger charge
(0.16). Although the four carbon atoms are all negatively
charged (ÿ0.80 to ÿ0.81) the two MeS groups originating
from the disulfane are practically uncharged (ÿ0.01 and
ÿ0.09). As can be seen from Figure 4, the methyl groups do
not take part directly in the formation of TS 8 from the
starting molecules, in contrast to the hydrogen atoms in TS 5.
Therefore, the reaction given in Equation (6) seems to be
better suited to model the possible interaction between two
sulfur homocycles as discussed in the Introduction.


However, the energy of TS 8 is 88.6 kJ molÿ1 higher than
that of the sulfurane 8 and 287.6 kJ molÿ1 higher than the
combined energies of the starting molecules Me2S2 and Me2S3.
In other words, the activation energy for Equation (6)
amounts to 287.6 kJ molÿ1 (not corrected for ZPE). Since the
homolytic dissociation energy of the SÿS bonds in Me2S3 is
only 226 kJ molÿ1[9a] and is even lower for the central bond in
Me2S4 (142 kJ molÿ1)[9a] as well as for the bonds in cyclo-S8 and
other homocycles,[29] it is evident that a sulfurane of type 8
cannot be regarded as a thermodynamically favorable model
intermediate for the interconversion of sulfur homocycles.


These conclusions apply to the gas phase. However, from
the dipole moments of the reactants in Equation (6), it can be
seen that the components have more or less the same polarity
(Table 6). Therefore, we do not expect that unpolar or slightly
polar solvents change the thermodynamics of this reaction to
such an extent that it becomes a likely pathway for the
interconversion reactions discussed.


Alternative reaction mechanism: It was shown above that the
formation of radicals, thiosulfoxides, and tetrathiosulfuranes
requires too much Gibbs energy to explain the interconver-
sion reactions of polysulfur and polyselenium compounds at
moderate temperatures and in the absence of polar com-
pounds. Therefore, we have to think of a totally different
reaction path. Unfortunately, the exact reaction orders of
most interconversion reactions are unknown owing to the
reversibility of all steps and owing to parallel or consecutive
reactions which make kinetic analyses difficult, if not impos-
sible.


Preparative chemists with some experience in sulfur and/or
selenium chemistry know that the synthesis and character-
ization of polysulfur and polyselenium compounds requires
special precautions regarding the exclusion of nucleophiles
and other catalysts, such as rough surfaces of glassware (e.g.
joints) and silica. Franz FeheÂrÐone of the pioneers of
inorganic sulfur chemistryÐrecommended rinsing the glass-
ware with hot chromic acid, followed by hot pure hydrochloric
acid, and finally by distilled water to remove traces of alkaline
substances from the surface. Furthermore, he recommended
that no traces of ammonia gas should be present in the
atmosphere of rooms in which such compounds are to be
handled.[39] According to our experience, even traces of water
have to be avoided in the reaction mixtures. The best idea
would probably be the use of polyolefin or Teflon containers
to prepare and to store sensitive compounds such as S7 since
we observed that silica gel and alumina as used for chroma-
tography catalyze the conversion of unstable sulfur rings into
S8 in solution at room temperature.[2c]


During almost 40 years of preparative work with sulfur- and
selenium-rich compounds, one of us (R.S.) has observed many
times that the thermal stability of these metastable substances
very much depends on the skills of the particular experimen-
talist which in practice means on the purity of the synthesized
material. Extreme purification of solvents, for example,
substantially increases the lifetime of sensitive compounds
such as S6


[40] and of the above mentioned 1,2-Se2S5 in solution.
The same stabilizing effect is observed if traces of trifluoro-
acetic acid are added to the compound or to its solution.[15]


Reversed-phase HPLC is one of the most successful
analytical techniques for mixtures of polysulfur and polyse-
lenium compounds. Mixtures containing, for example, S7 or
similar species require a polar eluent and normally methanol
is used for this purpose. This solvent has to be distilled from an
acidic drying agent, such as anhydrous magnesium sulfate, to
remove not only water but also the traces of amines, like
MeNH2, Me2NH and Me3N, which are usually present in even
ªvery pureº commercially available methanol as a result of
the synthesis of CH3OH from CO (always contains some N2)
and H2. The acidic agent MgSO4 ´ H2O binds the amines
quantitatively. Only if these precautions are taken can S7 be
determined quantitatively by HPLC. On the basis of all this
experience we believe that most of the interconversion
reactions observed at ambient temperatures are triggered by
traces of nucleophiles or by polar molecules, such as H2O,
which favor the formation of nucleophiles, for example that
given in Equation (7).


2H2O � -S-S-S- ÿ! 2 H2S � SO2 (7)


The HSÿ ion, which originates from H2S by reaction
with water, with amines or with the alkaline surface of silicate
glass is one of the strongest nucleophiles, and reaction of
sulfur dioxide with water forms the strong nucleophile
HSO3


ÿ![6]


Bachrach and Mulhearn[41] have studied the nucleophilic
attack of gaseous HSÿ and MeSÿ ions on di- and trisulfanes,
such as HSSH, MeSSMe, HSSSH and MeSSSMe, by ab initio
MO calculations. These reactions proceed by an addition ±


Table 6. Absolute energies [Hartree] and dipole moments [Debye] of
Me2S2, Me2S3, S(SMe)4 (8) as well as of TS 8 at the MP2/6-31G*//MP2/6-
31G* level of theory.


Species Absolute energy Dipole moment


MeSSMe ÿ 847.75321 2.4
MeSSSMe ÿ 1272.38755 1.5
S(SMe)4 ÿ 2147.06496 1.8
TS 8 ÿ 2147.03123 1.7
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elimination mechanism via transition states and intermedi-
ates, the structures of which are similar to the structure of our
transition state TS 5 with an almost linear arrangement of
three sulfur atoms. The intermediates in these reactions,
therefore, show the characteristic properties of sulfuranes
with rather long axial bonds and considerable charges on the
different sulfur atoms. At the MP2/6-31�G* level, the overall
activation enthalpy is zero since the primary formation of the
ion ± dipole adduct liberates more energy than is required for
the subsequent rearrangement reactions.


In a number of previous publications we have pointed out
that the interconversion of sulfur and selenium rings and
chains can also be understood on the basis of a nucleophilic
attack of an impurity which opens the particular ring or chain
molecule with formation of a zwitterion or of two separate
ions. These in turn will attack a neighboring ring or chain and
trigger a sequence of nucleophilic displacement reactions
which finally lead exactly to the observed products.[42] In the
case of 1,2-Se2S5 a nucleophile (Nu) would open the SeÿSe
bond and the resulting zwitterion would attack the SeÿSe
bond of another molecule to result in a chain of 14 chalcogen
atoms. From this chain the observed product 1,2,3-Se3S5 may
be split off by a head-to-tail cyclization reaction, and the
NuSeS5 residue may then cyclize to give cyclo-SeS5, the other
observed product, and the free nucleophile that will start
another reaction sequence. In other words, the sulfurane
mechanism is not necessary to explain the observed product
distribution (Scheme 5).


Scheme 5. Possible mechanism for the reaction of nucleophile (Nu) with
1,2-Se2S5.


The experimental activation energies of such reactions are
usually in the range of 40 ± 70 kJ molÿ1[43] , thus much smaller
than the homolytic ring-opening energies. For example, the
reaction of diphenyl-o-tolylphosphane (R3P) with the homo-
cycles S6, S7, S8, and S12 in CS2 to give R3PS requires activation
enthalpies of 51, 40, 69, and 46 kJ molÿ1, respectively.[43a]


Similar values have been measured for the reactions of
triphenylphosphane with a number of bis-aryltrisulfanes in
toluene,[43b] and for the reactions of cyanide and sulfite ions
with thiosulfate, trithionate, tetrathionate, and S8 in water.[7a]


The conclusion from the present work is that neutral sulfur
or sulfane molecules will be attacked if traces of polar
molecules or polar groups on the surface of solids are present.
The nucleophilic displacement reaction which then takes
place triggers a sequence of consecutive reactions. At temper-
atures above 100 8C, however, the homolytic dissociation will


become increasingly important since it is strongly favored by
the increase in entropy, although it should be kept in mind
that free radicals have been detected in liquid sulfur only at
temperatures above 170 8C.[44]


Conclusion


We have shown that the addition reactions of divalent sulfur
compounds R-Sn-R to a compound containing at least one
SÿS bond with the formation of a sulfurane are highly
endothermic and endergonic, more so than the competing
homolytic dissociation reactions, which, therefore, will take
place first at a given temperature. However, the homolytic
dissociation enthalpy is too high to explain those intercon-
version reactions of sulfur rings and chains which take place at
moderate temperatures. These reactions are most probably
triggered by either nucleophilic impurities or by the polar
groups which are usually present on the walls of the vessels
used (e.g. glassware) and which act as catalysts.
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Iron Porphyrins as Models of Cytochrome c Oxidase


David Ricard,[a] Maurice L�Her,[b] Philippe Richard,[a] and Bernard Boitrel*[a]


Abstract: A series of iron porphyrins
has been synthesized as models of cyto-
chrome c oxidase; their activity as 4 eÿ


catalysts in the reduction of dioxygen
has been studied at pH 7. These com-
pounds have been obtained by grafting
very different residues onto the same
iron complex, namely tripodal tetraa-
mines, pickets, and straps, in order to
change the environment of the metal
center. In the case of porphyrins bearing
a tripodal cap, the secondary amines
have been alkylated with different sub-
stituents so as to modify the electronic


environment of the distal pocket. Sur-
prisingly, when the iron porphyrin is
functionalized with four identical acryl-
amido pickets, the resulting complex
exhibits biomimetic activity in that it
catalyzes oxygen reduction with almost
no production of hydrogen peroxide.


The crystal structure of the redox-inac-
tive zinc(ii) analogue is reported; this
shows how the metal influences the
spatial arrangement of the four pickets
through axial coordination and hydro-
gen bonding. Even a bis-strapped iron
porphyrin, for which no dimerization or
self-aggregation can occur at the elec-
trode surface, acts as a 4 eÿ catalyst for
O2 reduction. It is thus demonstrated
that at pH close to physiological values,
the iron porphyrin is an intrinsically
efficient catalyst for the reduction of
oxygen to water.


Keywords: cytochrome c oxidase ´
dioxygen activation ´ electrochemis-
try ´ heme proteins ´ model com-
pounds ´ structure ± activity rela-
tionships


Introduction


In nature, the four-electron reduction of dioxygen is effected
by cytochrome c oxidase (CcO). For this reduction process, of
eight protons effectively taken out of the mitochondria
through the membrane, only four are consumed, so that the
enzyme is also referred to as ªproton-pumping oxido-reduc-
taseº.[1] The structure of its active site was unambiguously
elucidated in 1995.[2] However, the role of the copper CuB in
the vicinity of the heme a3 remains a subject of debate.
According to some authors, the Cu center plays an essential
role in the catalytic process so that a model cannot be
regarded as biomimetic unless it includes both an iron
porphyrin and a copper complex. This led to intense activity
in the design and synthesis of many elaborate molecules,
which have been cleverly designed and skillfully made and
which all have two metal coordination sites close to each other


to favor the binding of an O2 molecule.[3] On the other hand,
the possibility that the copper ion does not participate in the
catalytic reduction of O2 has been considered by Rousseau.[4]


The refinement (at 2.35 �) of the structure of the enzyme led
Yoshikawa[5] to almost the same conclusion, even though the
role attributed to copper by these two authors was not exactly
the same. We have previously reported the results of some
experiments on porphyrins capped with a tris(2-aminoethyl)-
amine (tren) motif[6] as functional models for cytochrome c
oxidase; we examined their potential as catalysts for the
electrochemical reduction of O2. These studies showed that
the presence of an intramolecular nitrogen base as a potential
axial ligand for the iron of the heme is not a prerequisite for
the catalytic activity. A surprising finding was that the iron-
only complexes, without copper bound to the tren, proved to
be efficient catalysts for the 4 eÿ reduction of O2. As
cooperativity between the two metals of the enzymatic redox
center in O2 reduction, through the m-bonding of O2, is a
sound hypothesis, we suggested that in a model system
without copper, a hydrogen bond between the O2 molecule
bound to the heme and the protonated secondary amino
groups could favor the 4 eÿ reduction process.


At this point of our study of synthetic models of cyto-
chrome c oxidase (CcO), it appeared crucial to assess the
various hypotheses concerning the redox center and its
efficiency as a catalyst in the reduction of O2. It was important
to know which conditions are essential to drive the reduction
through the 4 eÿ process at a pH close to physiological value.
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The following questions need to be addressed: i) Are the
amino groups of the tren-capped porphyrins involved? ii)
Does the tren tripod structure provide a hydrophobic
environment above the iron porphyrin, favorable to the
binding of O2 and to its reduction? iii) As the moiety
mimicking the heme a3 of the enzyme is an Fe porphyrin, and
as some Co porphyrins, under particular conditions, are
known to be efficient catalysts for the reduction of O2, is iron
essential? These questions prompted the present studies on
alkyl-tren capped, picket, and bis-strapped iron and cobalt
porphyrins. We set out to ascertain whether they are efficient
for the reduction of O2 to H2O and whether they represent
synthetic analogues of the heme a3 active site of CcO.


Results and Discussion


If the amino groups of the tren-capped porphyrins participate
in the O2 activation, through hydrogen bonding between the
protonated amine and O2 bound to the iron porphyrin, then
substituents on the amino groups should significantly influ-
ence the catalytic activity at the surface of an electrode. The
effect of the surrounding environment of the heme has been
precisely studied for cytochrome c models;[7] slight electronic
effects in the distal cage should, of course, substantially affect
the activity of the CcO model catalyst. Of the alkyl-tren
capped porphyrins which have been synthesized to date, two
new complexes have distal structures that differ only in the
nature of the alkyl group grafted onto the amine functions of
the tren[8] (compounds 1 and 2, Scheme 1). Compounds 1 and
2 were prepared by a simple synthetic pathway which has
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Scheme 1. Synthesis of two substituted iron(ii) tren-capped porphyrins.
i) CH2�CHCOCl, NEt3, THF; ii) FeBr2 or CoCl2, 2,6-lutidine, THF, 55 8C,
glove-box; iii) tren, MeOH, 50 8C; iv) BrCH2CO2Et, DBU, THF, 55 8C;
v) CH3COCl, NEt3, THF, 0 8C; vi) benzyl bromide, THF, NEt3.


previously been used to obtain 3, the compound that we will
consider in this work as a reference catalyst for the 4 eÿ


reduction of O2
[9] [actually, at physiological pH, almost no


hydrogen peroxide is produced when 3 is used as a catalyst, an
efficiency comparable with that of [Co2(FTF4)] (FTF4� face-
to-face 4-atom-bridged porphyrin) at low pH].[10] Compounds
1 and 2 were prepared by attaching a tren moiety to the
picket-porphyrins 5 and 6, followed by alkylation of the


Abstract in French: Plusieurs porphyrines de fer ont eÂteÂ
syntheÂtiseÂes comme modeÁles de la cytochrome c oxydase; leur
activiteÂ, en tant que catalyseur de la reÂduction aÁ 4 eÿ de
l�oxygeÁne moleÂculaire a eÂteÂ eÂtudieÂe aÁ pH 7. Ces composeÂs ont
eÂteÂobtenus par greffage de motifs structuraux treÁs diffeÂrents sur
la meÃme porphyrine de fer, afin de changer l�environnement de
celle ci par des teÂtraamines tripodales, des piquets, et des anses.
Dans le cas des porphyrines portant un tripode, les amines
secondaires ont eÂteÂ alkyleÂes par diffeÂrents substituants afin de
modifier l�environnement eÂlectronique de la poche distale. De
façon surprenante, quand la porphyrine de fer est fonctionna-
liseÂe par quatre piquets identiques de type acrylamido, le
complexe obtenu preÂsente une activiteÂ biomimeÂtique, puisqu�il
catalyse la reÂduction de l�oxygeÁne moleÂculaire avec une treÁs
faible production de peroxyde d�hydrogeÁne. La structure
radiocristallographique de l�analogue de zinc(II), eÂlectrochi-
miquement inactif, est deÂcrite; elle montre comment le meÂtal
influence l�arrangement spatial des quatre piquets par l�inter-
meÂdiaire de la coordination axiale et de liaisons hydrogeÁne.
MeÃme une porphyrine de fer aÁ deux anses, pour laquelle
aucune dimeÂrisation ou agreÂgation ne peut avoir lieu aÁ la
surface de l�eÂlectrode, est un catalyseur aÁ 4 eÿ pour la reÂduction
de l�oxygeÁne moleÂculaire. Il est donc deÂmontreÂ qu�aÁ un pH
proche des valeurs physiologiques, la porphyrine de fer, en elle-
meÃme, est un catalyseur efficace pour la reÂduction de l�oxygeÁne
en eau.
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secondary amino groups of 3 and 4, respectively, with ethyl
2-bromoacetate or benzyl bromide; the general procedure for
this synthesis is summarized in Scheme 1. Porphyrin 2 was
prepared with two different goals in mind, the first being to
test the activity of the iron-only complex, in view of the fact
that the iron ± copper analogue is an efficient 4 eÿ cata-
lyst.[3c, 3f] The second goal was to compare it with the iron
complexes 1 and 3, in order to verify whether electronic
effects on the distal cage, due to different substituents on the
amino groups (H-, benzyl, or ethyl acetate), affect the activity
of the catalyst. The compounds were tested as catalysts for O2


reduction by using a rotating ring ± disk electrode (RRDE).
The molecules were adsorbed on the disk electrode, which
was the section of a highly ordered graphite rod, the planes of
graphite being perpendicular to the surface of the electrode
(this is often called an edge-plane graphite electrode, EPGE).
The potential of this modified graphite electrode was scanned
from high to lower values so as to record the voltammogram
for the reduction of O2. Under the experimental conditions
used for these experiments (see Experimental Section), a 2 eÿ


reduction of O2 produced a plateau current of about 350 mA.
The graphite electrode was surrounded by a platinum ring
electrode, the potential of which was set at a fixed value such
that H2O2 eventually produced at the disk was oxidized; when
O2 was completely reduced to H2O2, the ring current reached
a plateau at 175 mA. As illustrated by curve c in Figure 1, the


Figure 1. Rotating ring ± disk voltammograms for O2 reduction; graphite
disk impregnated with 3 (a), 1 (b), 2 (c), 5Fe (d), and 5Co (e) with 1,2-
Me2Im as an exogenous base; pH 6.86; IR and ID� current of the ring and
disk, respectively; ED� electropotential of the disk; Nr� 100 rpm; refer-
ence: SCE; p(O2)� 1 atm; potential of the platinum ring electrode: 0.8 V.
At disk: reduction of O2 to H2O or H2O2. At ring: oxidation of H2O2


produced at disk.


iron-only complex of porphyrin 2 is a 4 eÿ catalyst, even if a
significant amount of H2O2 is produced before the plateau is
reached. This result is particularly important because it
demonstrates that the presence of copper in the distal
coordination site is not essential. The second observation
concerns the reduction overpotential, which is larger for 1
(curve b) and much more important for 2 (curve c) than it is
for 3 (curve a). It seems that alkylation of the secondary
amine by an ethyl acetate group does not significantly modify
the activity of the catalyst, whereas alkylation by a benzyl
group induces a 0.5 V shift of the overpotential. Nevertheless,
both 2 eÿ (catalase-like) and 4 eÿ (CcO-like) mechanisms are
simultaneously operative for 1 and 2. Apparently, the catalyst
is more efficient when it bears secondary amino groups


instead of tertiary amines. However, these results should be
interpreted with caution as the substitution could influence
the adsorption of the catalysts on graphite and, thus, the
number of catalytic sites on the electrode, which would
modify the overpotential.


Based on these observations, it seems reasonable to
consider other structures different from these tren-capped
porphyrins. Could it be possible that a simpler structure,
without the amino groups present in compounds 1 ± 4, might
also induce the four-electron reduction? If so, compound 8,
the milestone picket-fence porphyrin, known to favor the
binding of O2 by creating a hydrophobic distal cage, should be
an active model of CcO.[11] This should also be the case for the
iron complex of the picket porphyrin 5, the precursor of the
capped porphyrin 3. Curve d in Figure 1 indicates that the iron
derivative 5 Fe is a rather effective 4 eÿ catalyst for O2


reduction, just as effective as 3. Surprisingly, 8 exhibits a
predominantly 2 eÿ reduction, as shown by curve g in Figure 2,


Figure 2. Three known porphyrins evaluated as potential catalysts by
rotating ring ± disk voltammetry; 9Fe (h), 9Co (i), bare graphite electrode
(EPGE).


with a disk limiting current even lower than that observed for
[Fe(TPP)(1,2-Me2Im)] (7: TPP� tetraphenylporphyrin, 1,2-
Me2Im� 1,2-dimethylimidazole; curve f, Figure 2). From the
very different behavior of the two picket porphyrins exam-
ined, 5 and 8, we conclude that the picket-fence does not play
a decisive role. However, it has to be noted that the
acrylamido pickets of 5 could adopt a conformation inacces-
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sible to the pivalamido pickets of 8. The crystal structure of
5 Zn, an analogue of 5 Fe with a redox-inactive metal, shows
that the porphyrin is slightly saddle-shaped and that the
coordinated water molecule is stabilized by a hydrogen-bond
network (Figure 3).[12] However, this simple observation is not


Figure 3. ORTEP representation of the solid-state structure of 5 Zn (top:
side view; bottom: apical view; for clarity, ellipsoids are drawn at a 30%
probability level).


supportive of the latter hypothesis. On the other hand, it has
recently been reported that, in the case of the cobalt picket-
fence porphyrin, that is, the cobalt(ii) analogue of 8 with
1-methylimidazole as the fifth ligand instead of 1,2-dimethyl-
imidazole, at low pH, the four bulky pickets seem to hinder
the catalytic activity in the electroreduction of O2.[13]


None of the features that we have carefully examined seems
to be essential for the catalysis of the electroreduction of O2 to
H2O other than the iron porphyrin that mimics the heme a3 of
CcO. Metalloporphyrins other than the iron derivatives are
potential catalysts for O2 reduction; the properties of these
compounds depend on environmental factors such as pH or
their ability to form m-oxo derivatives. For example,
[Fe(TPP)], which is known to be a 4 eÿ catalyst at pH 1,[14] is
not as efficient at pH 6.86 when coordinated by one molecule
of 1,2-dimethylimidazole (compound 7, curve f, Figure 2).[15] It
is for this reason that the catalytic behavior of porphyrin 5 Co
has been investigated. From the comparison of curves d and e
in Figure 1, it is evident that the cobalt derivative becomes a


4 eÿ catalyst only at very negative potentials and produces
much more H2O2 than the iron complex 5 Fe when the O2


reduction starts. It has previously been reported that the
replacement of iron by cobalt in such monometallic systems
leads to loss of the 4 eÿ reduction activity.[16] Consequently, it
seems that for this type of catalyst, iron cannot be replaced by
cobalt, and, hence, is a requisite element. It might be argued
that the 4 eÿ reduction occurs through self-assembly into
dimeric structures on the electrode surface, as has been
demonstrated in several studies.[17] This may happen for all the
4 eÿ catalysts studied in the present work (Scheme 1), by O2


fixation on the side of the porphyrin opposite to the picket-
fence or the tren pocket after decoordination of the proximal
nitrogen base. This possibility also exists for all the functional
models previously described in the literature.[3] For this
reason, compound 9 (Figure 2) has been studied. This
basket-handle porphyrin, initially synthesized by Momenteau
et al. ,[18] has no axial base at all; it is known that this molecule
cannot form a m-oxo derivative and is not oxidized by O2


according to an intermolecular mechanism.[19] From curve h in
Figure 2, it would appear that 9 Fe is a 4 eÿ catalyst as efficient
as 3, with no production of H2O2 at the potential at which the
plateau is reached. Unquestionably, this result indicates that,
at pH 6.86, the reduction of O2 to H2O can be mediated by a
single iron porphyrin and occurs without the formation of any
dimer. The cobalt analogue 9 Co, however, exhibits almost the
same catalytic efficiency as the bare electrode (curve i,
Figure 2), confirming that single cobalt porphyrins can
apparently only act as 4 eÿ active catalysts through self-
assembly on the electrode surface.[17c]


Conclusion


The experiments described herein have clearly established
some facts about the electroreduction of O2 catalyzed by
molecules designed as models of cytochrome c oxidase. The
main target of these studies has been to ascertain the
characteristics of the enzyme that facilitate the 4 eÿ reduction.
The chosen molecules have been tested on graphite elec-
trodes, in contact with an aqueous medium, at pH close to
physiological values. It has clearly been shown that the nature
of the distal structure of the chemical models is not of great
consequence, that a fifth ligand for the iron porphyrin is not
necessary, and that the possibility of the O2 molecule binding
to Fe at one end and to Cu at the other, or to another center
through a hydrogen bond, is not indispensable. Indeed, only
the iron porphyrin itself seems to be essential. It has been
shown that cobalt porphyrins, known for their catalytic
properties in acidic media, are inefficient at this pH. That
an iron porphyrin is an efficient catalyst for O2 reduction at
pH� 7 is not such a trivial result as it might first appear:
through the experiment with the basket-handle iron porphy-
rin, it has been shown that the formation of a m-derivative
(Fe ± O2 ± Fe) is not necessary, and that an Fe ± O2 adduct
could be the intermediate in the 4 eÿ catalytic process.


These results call into question biomimetic models, or more
specifically, on what they can tell us. Our conclusions
regarding the electro-reduction of O2 mediated by molecules
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modeling the behavior of CcO are that an iron porphyrin
adsorbed on an electrode is an intrinsically efficient catalyst
for the reduction. This does not mean that CuB and Tyr244 play
no role in the enzyme. The reduction necessitates that O2


binds to the iron porphyrin and requires electrons and protons
to be delivered rapidly to the O2 complex; these requirements
are apparently fulfilled when an electrode modified by an iron
porphyrin is in contact with an aqueous solution at pH 7.
When O2, H�, and eÿ have to reach the heme a3 of
cytochrome c oxidase, the mechanism should be different
and can be expected to be influenced by the other parts of the
enzyme. The role of CuB in the enzyme needs to be scrutinized
through different experimental approaches. Observations on
any molecule synthesized as a model of an enzyme must be
interpreted carefully, considering both the experiments and
the methodology itself.


Experimental Section


General : 1H NMR spectra were recorded at 500.13 MHz on a Bruker
Avance DRX 500 spectrometer and referenced to the residual proton
signals of the solvents. Mass spectra were measured on an MS/MS
ZABSpec TOF spectrometer at the University of Rennes I (C.R.M.P.O.).
UV/visible spectra were recorded on Varian Cary 1E and Bruker IFS 66
spectrophotometers. All solvents (ACS for analysis) were purchased from
Carlo Erba. THF was distilled from potassium metal; methanol was
distilled from magnesium turnings. CH2Cl2 was used as received. Triethyl-
amine was distilled from CaH2. The starting materials were generally used
as received (Acros, Aldrich) without further purification. All reactions
were performed under argon atmosphere and were monitored by TLC
(silica; CH2Cl2/MeOH). Flash column chromatography was performed on
silica gel (Merck TLC-Kieselgel 60H, 15 mm). Elemental analyses were
obtained on an EA 1108 analyzer from Fisons Instruments.


The diameter of the graphite disk of the RRDE (Pine Instruments) was
6 mm; a bipotentiostat (Solea-Tacussel) was used to control its potential
and maintained the platinum ring potential at 0.8 V so as to detect, through
its oxidation, H2O2 produced by the reduction of O2 at the graphite
electrode. The voltammograms were recorded on a SEFRAM T.2Y xÿ yy
recorder. All the potentials are referred to SCE (KCl satd.). The aqueous
solution in contact with the electrode was buffered at pH 6.86 (0.025m
KH2PO3, 0.025m Na2HPO3) and saturated with O2 at 1 atm. The electrode
was abraded with wet SiC paper (grade600), sonicated in deionized water
for 1 min, washed with water and acetone, and dried. It was then modified
by the catalysts: 10 mL of a solution of the catalyst in CHCl3 or CH2Cl2 was
deposited on the graphite surface and the solvent was evaporated.


The previously known compounds 5, 7, 8, and 9 were prepared as described
in the literature and their identities were confirmed by comparison with the
reported data. Nevertheless, the critical experimental procedure for
obtaining 9 is fully detailed.


a-5,10,15,20-{o-{3,3',3'',3'''-[N,N,N',N''-Tris(2-aminoethyl)amine](N',N''-
diethoxycarbonylmethyl)tetrapropionamido}tetraphenyl}porphyrin (1): In
a 250 mL two-necked round-bottomed flask under argon, compound 3
(200 mg, 0.19 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
(80 mL, 0.76 mmol) were dissolved in freshly distilled THF (100 mL). The
solution was heated to 55 8C, whereupon ethyl 2-bromoacetate (430 mL,
0.38 mmol) was slowly added by means of a syringe. Stirring was
maintained for 24 h, and then the mixture was concentrated to dryness in
vacuo. The residue was redissolved in dichloromethane, and the resulting
solution was washed with 5% aqueous NaOH (2� 10 mL). The organic
phase was concentrated in a rotary evaporator, and the concentrate was
applied to the top of a column of 15 mm silica gel (3� 10 cm). The desired
product was eluted with 1.5 % MeOH/CH2Cl2. After concentration of the
appropriate fraction to dryness, 120 mg of powder was collected (yield
50%). 1H NMR (500 MHz, CDCl3, 50 8C): d� 9.76 (s, 2 H; NHCO), 8.92
(d, 3J(H,H)� 5.0 Hz, 2 H; Hb-pyr), 8.89 (d, 3J(H,H)� 4.7 Hz, 2 H; Hb-pyr),
8.84 (s, 2 H; Hb-pyr), 8.70 (s, 2 H; Hb-pyr), 8.66 (d, 3J(H,H)� 8.5 Hz, 2H;


Harom), 8.57 (d, 3J(H,H)� 8.5 Hz, 2 H; Harom), 8.07 (s, 2H; NHCO), 8.02 (d,
3J(H,H) � 7.5 Hz, 4J(H,H)� 1.0 Hz, 2 H; Harom), 7.86 (t, 3J(H,H)� 8.0 Hz,
4J(H,H)� 1.5 Hz, 2 H; Harom), 7.81 (t, 3J(H,H)� 8.0 Hz, 4J(H,H)� 1.5 Hz,
2H; Harom), 7.52 (m, 4H; Harom), 7.37 (t, 3J(H,H)� 7.5 Hz, 4J(H,H)� 1.0 Hz,
2H; Harom), 3.92 (q, 3J(H,H)� 7.0 Hz, 4H; ÿCH2 ester), 2.58 (d, 2J(H,H)�
16.5 Hz, 2H; CH2), 2.51 (m, 2 H), 2.37 (m, 2 H), 2.12 (m, 4H), 2.01 (m, 2H),
1.86 (m, 2H), 1.70 (m, 4 H), 1.10 (t, 3J(H,H)� 7.5 Hz, 6H; CH3), 0.91 (m,
2H), 0.66 (m, 4H), 0.55 (m, 4H), ÿ1.72 (m, 4H), ÿ2.55 (s, 2H; NHpyr);
13C NMR (125 MHz, [D5]pyridine, 50 8C): d� 171.4, 171.0, 170.7, 137.3,
136.7, 133.7, 131.2, 130.0, 129.6, 124.4, 124.0, 123.6, 123.3, 60.8, 56.0, 52.4,
51.6, 51.3, 51.0, 49.4, 47.5, 35.5, 32.6, 14.3; UV/Vis (CH2Cl2): lmax (e)� 421
(271 100), 514 (16 700), 547 (5100), 588 (6000), 645 nm (2200); MS (FAB):
m/z (%): 1209.9 (100) [MÿH]� ; elemental analysis calcd (%) for
C70H72N12O4: C 69.52, H 6.00, N 13.90; found C 69.21, H 6.07, N 13.81.


Iron complex (1Fe): MS (MALDI/TOF, linear mode): m/z (%): 1263.8
(100) [MÿH]� .


a-5,10,15-{o-{3,3',3''-[N,N',N''-Tris(2-aminoethyl)amine](N,N',N''-tribenz-
yl)tripropionamido}triphenyl}-a-20-(o-acetylamidophenyl)porphyrin (2):
The procedure described above for 1 was applied to 4 by using benzyl
bromide instead of ethyl 2-bromoacetate. The main difference was that the
eluent used had a composition of 2% MeOH/CH2Cl2. Yield: 108 mg
(44 %); 1H NMR (500 MHz, CDCl3, 50 8C): d� 10.13 (s, 1H; NHCO), 9.67
(s, 2H; NHCO), 9.02 (d, 3J(H,H)� 5.0 Hz, 2 H; Hb-pyr), 8.99 (d, 3J(H,H)�
5.0 Hz, 2H; Hb-pyr), 8.92 (d, 3J(H,H)� 5.0 Hz, 2 H; Hb-pyr), 8.71 (d,
3J(H,H)� 5.0 Hz, 2H; Hb-pyr), 8.37 (d, 3J(H,H)� 8.5 Hz, 2H; Harom), 8.18
(d, 3J(H,H)� 8.0 Hz, 1H; Harom), 7.86 ± 7.76 (m, 8H; Harom), 7.51 (t,
3J(H,H)� 7.5 Hz, 4J(H,H)� 1.0 Hz, 4 H; Harom), 7.43 (t, 3J(H,H)� 7.5 Hz,
4J(H,H)� 1.0 Hz, 2 H; Harom), 7.23 ± 7.16 (m, 4H), 7.13 (m, 5 H), 6.82 (d,
3J(H,H)� 7.0 Hz, 3H; Harom), 6.67 (m, 3 H), 2.82 (d, 2J(H,H)� 20.0 Hz, 4H;
ÿCH2 benzyl), 2.41 (d, 2J(H,H)� 15.0 Hz, 2H; ÿCH2 benzyl), 2.02 ± 1.63 (m,
12H; CH2), 1.31 (s, 3 H; CH3), 0.56 (m, 2 H), ÿ0.06 (m, 4H), ÿ1.58 (m,
4H), ÿ2.10 (m, 2H), ÿ2.48 (s, 2H;ÿNHpyr); 13C NMR (125 MHz, CDCl3,
50 8C, DEPT 135): d� 137.9, 136.8, 130.5, 129.7, 129.5, 129.0, 128.8, 128.7,
128.0, 127.8, 126.5, 125.1, 124.3, 123.9 (CH), 58.9, 57.4, 53.0, 50.4, 50.2, 50.0,
49.8, 33.82, 33.44, 30.4 (CH2); UV/Vis (CH2Cl2): lmax (e)� 422 (325 300),
516 (20 800), 550 (8100), 590 (7700), 646 nm (4600); MS (FAB): m/z (%):
1294.6 (100) [M]� ; elemental analysis calcd (%) for C82H78N12O4 ´ H2O: C
74.98, H 6.14, N 12.80; found C 75.03, H 6.01, N 12.62.


Iron complex (2 Fe): MS (MALDI/TOF, linear mode): m/z (%): 1348.96
(100) [M]� .


a-5,10,15,20-{o-{3,3',3'',3'''-[N,N,N',N''-Tris(2-aminoethyl)amine]tetrapro-
pionamido}tetraphenyl}porphyrin (3): Under argon, a 100 mL two-necked
round-bottomed flask was charged with the Michael acceptor 5 (0.45 mmol,
400 mg) and MeOH (40 mL), and the mixture was heated at 55 8C for
45 min. The ligand tren (0.45 mmol, 72 mL) was then directly added by
means of a Hamilton syringe and heating was continued for 48 h. The
mixture was cooled, concentrated, and directly applied to a column of
15 mm silica gel column (5� 20 cm). The desired product was eluted with
4% MeOH/CH2Cl2. After concentration of the appropriate fraction to
dryness, 234 mg of a purple powder was collected (yield 43%). 1H NMR
(500 MHz, [D5]pyridine, 50 8C): d� 11.42 (s, 2H; NHCO), 9.17 (s, 2H;
NHCO), 9.08 (d, 3J(H,H)� 4.5 Hz, 2 H; Hb-pyr), 9.06 (m, 2H; Harom), 9.02 (d,
3J(H,H)� 5.0 Hz, 2 H; Hb-pyr), 8.96 (s, 2 H; Hb-pyr), 8.81 (m, 4 H; Harom,
Hb-pyr), 8.09 (d, 3J(H,H)� 6.5 Hz, 2H; Harom), 7.87 (t, 3J(H,H)� 7.5 Hz, 2H;
Harom), 7.83 (t, 3J(H,H)� 7.5 Hz, 2 H; Harom), 7.77 (d, 3J(H,H)� 7.5 Hz, 2H;
Harom), 7.55 (t, 3J(H,H)� 7.0 Hz, 2 H; Harom), 7.46 (t, 3J(H,H)� 7.0 Hz, 2H;
Harom), 2.35 ± 2.12 (m, 10H), 2.09 ± 1.99 (m, 4 H), 1.86 ± 1.80 (m, 2 H), 1.09
(m, 2H), 0.84 (m, 2 H), 0.70 (m, 2H), 0.47 (m, 2H), 0.01 (m, 2 H),ÿ0.13 (m,
2H), ÿ1.57 (m, 2 H), ÿ2.29 (s, 2H; NHpyr); 13C NMR (125 MHz,
[D5]pyridine, 50 8C): d� 139.0, 137.0, 135.0, 131.4, 131.2, 126.0, 125.0,
124.5, 81.0, 56.0, 50.5, 45.0, 44.8, 43.5, 36.5, 35.5, 34.2, 27.0, 26.8; UV/Vis
(CH2Cl2): lmax (e)� 421 (180 400), 515 (9000), 548 (3100), 588 (3400),
644 nm (1800); HRMS (LSIMS): m/z calcd for C62H61N12O4: 1037.4939
[MÿH]� ; found 1037.4929; elemental analysis calcd (%) for C62H60N12O4 ´
2H2O: C 69.38, H 6.01, N 15.66; found C 68.81, H 5.54, N 15.79.


Iron complex (3Fe): HRMS (LSIMS): m/z calcd for C62H59N12O4Fe:
1091.4132 [MÿH]� ; found 1091.4160.


a-5,10,15-{o-{3,3',3''-[N,N',N''-Tris(2-aminoethyl)amine]tripropionamido}-
triphenyl}-a-20-(o-acetylamidophenyl)porphyrin (4): The previous proce-
dure for 3 was used, but with 6 instead of 5. Yield 37 %; 1H NMR (500 MHz,
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CDCl3, 50 8C): d� 11.31 (s, 1H; NHCO), 10.78 (s, 2 H; NHCO), 8.93 (d,
3J(H,H)� 7.5 Hz, 4J(H,H)� 1.2 Hz, 2H; Harom), 8.91 (d, 3J(H,H)� 5.0 Hz,
2H; Hb-pyr), 8.88 (d, 3J(H,H)� 5.0 Hz, 2 H; Hb-pyr), 8.86 (d, 3J(H,H)�
8.0 Hz, 2 H; Harom), 8.85 (d, 3J(H,H)� 5.0 Hz, 2 H; Hb-pyr), 8.76 (br s, 2H;
Hb-pyr), 7.89 (m, 1 H; Harom), 7.83 ± 7.79 (m, 5H; Harom), 7.67 (d, 3J(H,H)�
7.7 Hz, 4J(H,H)� 1.5 Hz, 2 H; Harom), 7.51 (m, 1 H; Harom), 7.41 ± 7.35 (m,
3H; Harom), 7.27 (s, 1H; NHCO), 2.12 ± 1.95 (m, 12H; CH2), 1.30 (s, 3H;
CH3), 0.95 (m, 2 H; NHtren), 0.71 (m, 2H; CH2 tren), 0.62 (m, 2H; CH2 tren),
0.24 (m, 2 H; CH2 tren), ÿ0.16 (m, 2 H; ÿCH2 tren), ÿ1.04 (m, 2H; CH2 tren),
ÿ1.25 (m, 3H; CH2 tren, NH), ÿ2.53 (s, 2 H; NHpyr); 13C NMR (125 MHz,
CDCl3, 50 8C): d� 171.9, 171.8, 163.2, 139.8, 139.0, 137.2, 136.7, 135.8, 132.2,
131.6, 131.0, 130.3, 130.0, 122.9, 122.7, 122.2, 121.8, 117.5, 117.2, 115.5, 49.6,
47.2, 43.9, 43.3, 42.5, 41.2, 35.4, 34.8, 30.1; UV/Vis (CH2Cl2): lmax (e)� 421
(221 700), 515 (11 800), 552 (3000), 589 (3200), 646 nm (1300); HRMS
(LSIMS): m/z calcd for C61H61N12O4: 1025.4939 [MÿH]� ; found
1025.4915; elemental analysis calcd (%) for C61H60N12O4 ´ H2O: C 70.22,
H 5.99, N 16.12; found C 69.96, H 5.89, N 16.44.


Iron complex (4Fe): HRMS (LSIMS): m/z calcd for C61H59N12O4Fe:
1079.4132 [MÿH]� ; found 1079.4133.


a-5,10,15,20-Tetrakis(o-acrylamidophenyl)porphyrin (5): This compound
was prepared according to the original method.[21]


Iron complex 5Fe : In a glove-box, compound 5 (20 mg) was dissolved in
THF, and the resulting solution was heated at 55 8C. Then, ten drops of 2,6-
lutidine and a fivefold excess of iron(ii) bromide were added. After 5 h, the
mixture was concentrated to dryness, the residue was redissolved in
CH2Cl2, and this solution was filtered through a Celite plug. The filtrate
was then concentrated to dryness once more. The complex was stabilized as
a five-coordinate derivative by the addition of a fifth ligand (1,2-Me2Im).
To ensure that no atropisomerization had occurred, the proton NMR
spectrum of the iron picket-porphyrin 5Fe was recorded in the coordinat-
ing [D5]pyridine, in which a diamagnetic six-coordinate complex is formed.
As expected for a complex possessing C2v symmetry, the 1H NMR spectrum
featured two triplets and two doublets corresponding to the meso aromatic
protons.


5Fe ´ ([D5]Py)2 : 1H NMR (500 MHz, [D5]pyridine, 50 8C): d� 8.82 (d,
3J(H,H)� 7.0 Hz, 4 H; Harom) 8.74 (s, 8 H; Hb-pyr), 8.23 (br s, 4 H; NHCO),
7.98 (d, 3J(H,H)� 7.0 Hz, 4 H), 7.77 (t, 3J(H,H)� 7.5 Hz, 4H; Harom), 7.47 (t,
3J(H,H)� 7.5 Hz, 4H; Harom), 5.90 (d, 3J(H,H)� 17.0 Hz, 4H;ÿCH�), 5.17
(m, 4 H;�CH2), 5.06 (m, 4 H;�CH2); MS (MALDI/TOF, linear mode): m/z
(%): 944.3 [M]� (100).


Cobalt complex 5Co : The cobalt insertion was achieved by following the
same procedure as above, but by using cobalt(ii) chloride. MS (MALDI/
TOF, linear mode): m/z (%): 1043.9 (100) [MÿHÿ 1,2-Me2Im]� .


a-5,10,15-Tris(o-acrylamidophenyl)-a-20-(o-acetylamidophenyl)porphyrin
(6): The atropisomer aaaa of meso-tetra(o-aminophenyl)porphyrin
(TamPP)[20] (1.0 g, 1.48 mmol) was monoacetylated by slowly treating it
with a solution of acetyl chloride (115 mL, 1.1 mmol) in dry THF (500 mL)
over a period of 1 h at 0 8C in the presence of NEt3 (210 mL, 3.0 mmol).
Stirring was maintained for 1 h after the addition, and then the solution was
concentrated to dryness in a rotary evaporator. The resulting powder was
redissolved in dichloromethane, and this solution was washed with 5%
aqueous NaOH (2� 50 mL). The organic phase was concentrated and
applied to the top of a column of 15 mm silica gel (6� 10 cm) that had been
prepared with dichloromethane. The first compound to be eluted (1%
MeOH/CH2Cl2) was residual aaaa-TAPP (323 mg). The desired product
was then eluted with 1.25% MeOH/CH2Cl2 (490 mg, yield 46%). Some
other minor bands attributable to polyacylated products remained on the
column. 1H NMR (500 MHz, CDCl3, 27 8C): d� 8.96 (br s, 4H; Hb-pyr), 8.95
(d, 3J(H,H)� 4.7 Hz, 2 H; Hb-pyr), 8.81 (d, 3J(H,H)� 4.7 Hz, 2 H; Hb-pyr),
8.73 (d, 3J(H,H)� 8.0 Hz, 1H; Harom), 8.01 (d, 3J(H,H)� 7.5 Hz, 1H; Harom),
7.89 (d, 3J(H,H)� 7.5 Hz, 3 H; Harom), 7.86 (t, 3J(H,H)� 8.0 Hz, 1H; Harom),
7.64 (t, 3J(H,H)� 8.0 Hz, 3H; Harom), 7.53 (t, 3J(H,H)� 8.0 Hz, 1H; Harom),
7.22 (t, 3J(H,H)� 7.5 Hz, 3H; Harom), 7.15 (d, 3J(H,H)� 7.5 Hz, 3 H; Harom),
6.82 (s, 1H; NHCO), 3.53 (br s, 6H; NH2), 1.27 (s, 3H; CH3), ÿ2.66 (s, 2H;
NHpyr), MS (FAB): m/z (%): 716.7 (100) [M]�*; elemental analysis calcd
(%) for C46H36N8O ´ 2H2O: C 73.39, H 5.36, N 14.88; found C 73.80, H 4.92,
N 15.10. Derivatization of the three remaining amino groups with acryloyl
chloride in dry THF, according to the original method,[21] led to the picket
porphyrin 6 (yield 63 %). 1H NMR (500 MHz, CDCl3, 50 8C): d� 9.04 (d,
3J(H,H)� 5.0 Hz, 2 H; Hb-pyr), 8.91 (d, 3J(H,H)� 5.0 Hz, 2 H; Hb-pyr), 8.86


(m, 6 H; Hb-pyr , Harom), 8.81 (d, 3J(H,H)� 8.5 Hz, 1 H; Harom), 8.03 (m, 3H;
Harom), 7.92 (t1 � t2 , 3J(H,H)1� 8.5 Hz, 4J(H,H)1� 1.5 Hz, 3J(H,H)2�
7.0 Hz, 4J(H,H)2� 1.5 Hz, 2 H � 1H; Harom), 7.64 (d, 3J(H,H)� 7.0 Hz,
4J(H,H)� 1.5 Hz, 1H; Harom), 7.59 (m, 3H; Harom), 7.27 (t, 3J(H,H)� 7.0 Hz,
4J(H,H)� 1.5 Hz, 1 H; Harom), 7.08 ± 6.97 (m, 4 H), 6.92 (s, 1H; NHCO), 6.74
(d, 3J(H,H)� 8.5 Hz, 1H; Harom), 5.82 (d, 2J(H,H)� 16.5 Hz, 2H; �CH),
5.77 (d, 2J(H,H)� 17.0 Hz 1 H; �CH), 5.19 ± 5.02 (m, 6 H; �CH2), 1.46 (s,
3H; CH3), ÿ2.53 (s, 2 H; NHpyr); 13C NMR (125 MHz, CDCl3, 50 8C): d�
163.7, 163.5, 145.9, 145.5, 138.9, 138.8, 135.4, 135.3, 135.2, 131.1, 131.0, 130.3,
129.0, 128.9, 128.1, 127.6, 127.3, 127.2, 126.9, 123.7, 123.6, 122.0, 117.8, 117.0,
116.8, 115.0, 31.0; MS (FAB): m/z (%): 879.5 (100) [MÿH]� ; elemental
analysis calcd (%) for C55H42N8O4 ´ 2CH2Cl2: C 65.27, H 4.42, N 10.68;
found: C 64.85, H 4.89, N 10.87.


Iron complex 6 Fe : MS (FAB): m/z (%): 932.5 (100) [M]� .


a-5,15:b-10,20-Bis{o-[3,3'-(p-phenylene)dipropionamido]diphenyl}por-
phyrin (9): In a 250 mL two-necked round-bottomed flask under argon,
NEt3 (0.56 mL, 4 mmol) was added to freshly distilled THF (120 mL). The
atropisomer abab of TAPP[18] (674.8 mg, 1 mmol) was dissolved in THF
(20 mL), and this solution was used to charge two 10 mL syringes. A third
syringe was charged with 10 mL of a solution of the diacyl chloride of
benzene-1,4-dipropionic acid (544.2 mg, 2.1 mmol), prepared according to
standard methods. The three syringes were driven by a syringe pump
capable of adding the three 10 mL solutions together over a 15 h period so
as to maintain high-dilution conditions. After the addition, stirring was
maintained for 3 h, and the reaction mixture was concentrated to dryness in
a rotary evaporator. The residue was redissolved in CH2Cl2 and applied to
the top of a silica gel column. The expected bis-strapped porphyrin was
eluted with 2.5% CH2Cl2/MeOH, and the appropriate fraction was
concentrated to dryness (439 mg, yield 42%). 1H NMR (500 MHz, CDCl3,
50 8C): d� 8.92 (s, 8 H; Hb-pyr), 8.37 (d, 3J(H,H)� 7.0 Hz, 4H; Harom), 8.18 (d,
3J(H,H)� 8.0 Hz, 4H; Harom), 7.89 (t, 3J(H,H)� 8.0 Hz, 4J(H,H)� 1.3 Hz,
4H; Harom), 7.68 (t, 3J(H,H)� 7.5 Hz, 4 H; Harom), 5.87 (s, 4H; NHCO), 4.49
(s, 8H; Harom), 1.55 (br s, 8 H; CH2), 1.34 (br s, 8 H; CH2), ÿ2.33 (s, 2H;
NHpyr); MS (MALDI-TOF): m/z (%): 1046.9 [M]� (100 %).


Iron complex 9 Fe : MS (MALDI/TOF, linear mode): m/z (%): 1101.3 [Mÿ
H]� (100).


Cobalt complex 9 Co : MS (MALDI/TOF, linear mode): m/z (%): 1104.3
(100) [MÿH]� .
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Dependence of Enantioselectivity on the Distribution of a Chiral
Hydrogenation Catalyst between an Aqueous and a Micellar Phase:
Investigations Using Pulsed Field Gradient Spin Echo NMR Spectroscopy


Maik Ludwig,[a] Renat Kadyrov,[a] Harald Fiedler,[b] Klaus Haage,*[b] and Rüdiger Selke*[a]


Abstract: The enantioselectivity ob-
tained from rhodium complex catalyzed
hydrogenations conducted in water can
often be increased considerably by the
addition of amphiphiles. At present the
reasons for this increase in selectivity
are not fully understood. The applica-
tion of pulsed field gradient spin echo
NMR (PGSE-NMR) spectroscopy to
determine the average diffusion coeffi-
cients of the catalysts in both known and
novel examples of asymmetric hydro-
genation shows definitively that the
increase in enantioselectivity is coupled
with an aggregation of the catalyst to the
micelles. This aggregation or solubiliza-
tion of the catalyst in the micelles leads
to the formation of a new colloidal phase
in the aqueous solution. This phase has
stronger hydrophobic properties, and
thus the hydrogenation is more compa-
rable to those conducted in a hydro-
phobic or less polar organic solvent. In


the case of anionic amphiphiles, which
form amphiphilic salts with the cationic
catalyst, the embedment of the catalyst
complex into the micelle is generally
complete. The whole hydrogenation
then takes place exclusively inside the
micelles, leading to high enantioselec-
tivity. If the catalyst is not completely
embedded into the micelle, for example
in the cases of nonionic or cationic
surfactant solutions, the solubility of
the substrate plays an important role.
For soluble substrates the hydrogena-
tion of the substrate occurs predomi-
nately in the aqueous phase itself, lead-
ing to very poor enantioselectivities. In
these cases, only the use of a large excess
of amphiphile, far above the critical


micelle concentration (cmc), will lead
to higher enantioselectivities due to a
shift of the equilibrium towards the
micellar bonded forms of catalyst and
substrate. In contrast, poorly soluble
substrates exhibit a high tendency to be
incorporated into micelles, which leads
to much higher enantioselectivities if the
cmc of the surfactant is small enough.
Changes in the cmc of amphiphiles
caused by their aggregation with cata-
lysts could also be estimated. The varia-
tion in selectivity observed for the
catalysts containing seven-membered,
flexible chelate rings is apparently due
to changes in their conformation in the
less polar micellar medium, and this
effect is also seen in organic solvents. As
expected, catalysts containing smaller
chelate rings show this effect to a con-
siderably lower extent since they are
conformationally more rigid.


Keywords: amino acids ´ asymmet-
ric catalysis ´ diffusion ´ hydrogena-
tion ´ micelles ´ NMR spectroscopy


Introduction


Asymmetric hydrogenation of dehydroamino acid derivatives
using chiral rhodium(i) complex catalysts in water commonly
results in enantioselectivities that are lower than those of the
same hydrogenations conducted in an organic solvent.[1±4] This
disadvantage can be overcome by the addition of amphiphilic
substances, even in polymerized form, as was shown by


Oehme et al.[5±9] The ability of added surfactants to increase
the selectivity depends on the type of catalyst employed, and
in particular on the ligand. Chelates with ring sizes of at least
seven are influenced to a larger extent by the addition of
amphiphiles (Table 1). It seems plausible that the conforma-
tional flexibility of the ligand in the chelate structure is a
prerequisite for this effect.[10] Large increases in enantiose-
lectivity (83 to 98 % ee) are possible,[7] or even a change in the
preferred product enantiomer.[4, 11] In a recent example the
enantioselectivity increased from almost zero to 80% ee.[11]


Early on researchers investigated whether this phenomen-
on really depends on the micelle- or vesicle-forming ability of
the amphiphile and where the catalytically active species is
located. Osborn et al.[12] found that sodium bis(2-ethylhex-
yl)sulfosuccinate (AOT) similarly increased the enantioselec-
tivity of imine hydrogenations in organic solvents. This was
not coupled with the reverse micellar structure of AOT, and a
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reliable method for the determination of the catalyst�s
location became of interest. In experiments with chiral
amphiphiles in water Oehme et al.[13] advanced interesting
arguments concerning the location of achiral catalysts in the
region between the chiral head groups and the hydrophobic
tails of micelles formed by the amphiphiles.[14] However, no
quantitative statement was possible about the part of the
catalyst agglomerated to the micelles. Such investigations are
very important since the supramolecular behavior of amphi-
philes may change distinctly in the presence of catalysts or
substrates as well as under the reaction conditions.


The NMR pulsed gradient spin echo (PGSE) method is a
powerful tool for investigating aggregation processes in
complex surfactant systems.[15±17] The PGSE technique ena-
bles the selective and quantitative measurement of the self-
diffusion coefficients (D) of individual components in com-
plex mixtures. This approach has been widely used to study


the diffusion characteristics of different biological[18] and
chemical systems.[19] The technique has also been shown to be
very effective for the investigation of micellization and
solubilization phenomena[20] and was recently applied to
determine molecular diffusion and thus the size of species in
organometallic reactions.[21]


The translational mobility of a compound in solution is
reduced considerably when it becomes incorporated in some
way into a micelle. Diffusion of the micelle and compound
together has the effect that the diffusion coefficient (D) is
reversed proportionally to the size of the aggregated species
(as expressed quantitatively in the Stokes ± Einstein equation
[Eq. (1)], in which r is the radius of the particle and h is the
viscosity).


D� kbT/(6phr) (1)


The observed self-diffusion coefficient (D) of a compound
is a time-averaged value. Therefore, if the diffusion constants
of the pure micelles (Dmic) and of the ªfreeº species (Dfree) are
determined separately, the part (p) of the species agglom-
erated to the micelles can be determined from the observed
average diffusion constant (Dobs) of the species in the mixture
[Eq. (2)].


Dobs� pDmic� (1ÿp)Dfree (2a)


p� (DobsÿDfree)/(DmicÿDfree) (2b)


This is valid under the condition that Dmic of the pure
micelles does not undergo large changes due to inclusion of
low molecular weight compounds and is only an approxima-
tion for the applied large catalyst complexes.


Results and Discussion


We applied mainly rhodium(i) chelates of (R,R)-4,5-bis(di-
phenylphosphinomethyl)-2-(hydroxymethyl)-2-methyl-1,3-di-
oxolane (abbreviated HO-diop) because as a catalyst in water
it led to a particularly distinct increase in selectivity after
addition of amphiphiles.[11] We prepared [Rh(HO-diop)-
(cod)]OTf (cod� cyclooctadiene, OTf� trifluoromethane-
sulfonate) as a precatalyst for the hydrogenation of methyl
2-acetamidoacrylate (aMe) and methyl (Z)-2-acetamidocin-
namate (AMe) (Scheme 1). We usually applied the trifluoro-
methanesulfonate complex instead of the less water-soluble
tetrafluoroborate [Rh(HO-diop)(cod)]BF4


[22] since the solu-
bility of the catalyst is particularly important at low amphi-
phile concentrations. Unless otherwise noted the D values
were measured under hydrogenation conditions.


As already stated, the formation of micelles is thought to be
essential for the enhancement of enantioselectivity.[4±11] In
describing the principal properties of surfactants we must
differentiate between nonionic, anionic, and cationic surfac-
tants as well as between different hydrophobic strengths
(length of the carbon chain), which is related to the critical
micelle concentration (cmc). All of these properties control
the aggregation or micellization behavior in the system.


Abstract in German: Die Enantioselektivität chiraler kationi-
scher Rhodium-Phosphin-Katalysatoren bei Hydrierungen in
Wasser als Lösungsmittel läût sich häufig durch Zusatz von
Amphiphilen erheblich steigern. Dabei sind die ursächlichen
Zusammenhänge oft noch weitgehend unklar. Durch Anwen-
dung der PGSE NMR-Technik zur Bestimmung der mittleren
Diffusionskoeffizienten von Katalysatoren auf bekannte und
neue Beispiele asymmetrischer Hydrierungen lieû sich ein-
deutig klären, daû die Selektivitätszunahme an eine Aggrega-
tion der Katalysatoren mit den Micellen gebunden ist. Diese
Aggregation bzw. Solubilisierung des Katalysators in Micellen
bedeutet die Bildung einer neuen hydrophoben kolloidalen
Phase und ist somit vergleichbar mit der Hydrierung in einem
hydrophoben oder weniger polaren organischen Lösungsmit-
tel. Sie kann, wie im Falle anionischer Amphiphile, die mit dem
Katalysator-Kation amphiphile Komplexsalze bilden, vollstän-
dig sein. Die gesamte Hydrierung findet dann ausschlieûlich im
Micellverband statt. Bei nur teilweise micellarer Bindung der
Katalysatoren, die sich halbquantitativ bestimmen läût, spielt
die Substratlöslichkeit noch eine groûe Rolle. Für gut wasser-
lösliche Substrate können die verbleibenden Anteile an wenig
selektiver Homogenhydrierung in der rein wäûrigen Phase oft
erst durch einen erheblichen Tensidüberschuû weit oberhalb
der ¹Kritischen Micellkonzentrationª (cmc) zurückgedrängt
werden, was durch eine Verschiebung der Gleichgewichte hin
zu den micellar gebundenen Formen von Katalysator und
Substrat verursacht wird. Das steht im Gegensatz zu Befunden
mit wenig wasserlöslichen Substraten, die wegen ihrer erhöhten
Tendenz zur Einbindung in Micellen einen steileren Anstieg
der Enantioselektivität mit Erhöhung der Amphiphilenkon-
zentration zeigen. ¾nderungen der cmc von Amphiphilen
durch die Gegenwart von Katalysatoren lassen sich ebenfalls
bestimmen. Die eigentliche Ursache für die Wandelbarkeit der
Selektivität unserer Katalysatoren mit flexiblem Chelat-Sieben-
ring ist offensichtlich in der Möglichkeit zur ¾nderung ihrer
Konformation durch das weniger polare Medium Micelle zu
sehen, wie sie auch in organischen Lösungsmitteln gefunden
wird. Folgerichtig zeigen Katalysatoren, die infolge engerer
Chelatringe weitgehend konformativ starr sind, nur wesentlich
geringere Effekte.







FULL PAPER R. K. Haage, R. Selke et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3300 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 153300


We began our investigations using the nonionic 1-O-octyl b-
d-glucopyranoside (OGP). Owing to its relatively high cmc of
approximately 0.018 mol Lÿ1 in water,[23] NMR measurements
are possible at concentrations both above and below the cmc.
Under the reaction conditions the D value for OGP decreased
sharply above its cmc, indicating no influence of the catalyst
and the substrate on the cmc of OGP (see Figure 1). Up to this


concentration of OGP, neither the D values of the catalyst nor
the enantiomeric ratio (er) of the hydrogenated product
varied significantly. Above the cmc of OGP, the observed
connection between the D value of OGP, the D value of the
catalyst, and the determined er of the hydrogenation product
clearly indicate the influence of micelle formation on the
enantioselectivity. This effect can be explained as follows. At
concentrations of OGP above its cmc, more and more
micelles are formed, giving a lower average D value for the
amphiphile. At the same time the proportion of the catalyst
agglomerated to the micelle increases, which is, in turn,
indicated by a lower D value of the catalyst. Compared with
pure water, micelles provide a less polar environment for the
agglomerated catalyst, and an increase of ion pairing may be
the consequence, which would also result in a decrease of the
catalyst�s diffusion coefficient D.[21b, c] The higher er (R/S)
value for the hydrogenation products when the reaction is
performed in an organic solvent[22] instead of water is
consistent with the same tendency when the catalyst is
agglomerated with the micelles. The higher the concentration
of the amphiphile, the larger the proportion of the catalyst
influenced by the micelles.


Anionic amphiphiles such as sodium dodecylsulfate (SDS)
lead to a more complicated situation. The precatalyst
precipitates as the dodecylsulfate complex salt [Rh(HO-


diop)(cod)]DS already below
the cmc of SDS in pure water
(0.0081 mol Lÿ1[24]).[11] With in-
creasing amounts of SDS this
precipitate redissolves in the
micellar dispersion as shown
by the constant low diffusion
coefficient (log D�ÿ10.1), in-
dicating complete embedment
of the catalyst into the SDS
micelles (Figure 2). Measure-


Figure 2. Influence of increasing amounts of the amphiphile SDS on
diffusion coefficients (D ; &� catalyst, &� SDS) and the enantiomeric ratio
(er�R/S�*) in the hydrogenation of aMe. Conditions: Precatalyst
[Rh(HO-diop)(cod)]BF4 (2.5� 10ÿ3 mol Lÿ1, aMe (66.7� 10ÿ3 mol Lÿ1) in
D2O under 0.1 MPa argon. The enantioselectivity was determined sepa-
rately with [Rh(HO-diop)(cod)]BF4 (0.67� 10ÿ3 mol Lÿ1)under 0.1 MPa
H2, 25 8C.


ment of the diffusion coefficient of the catalyst is impossible
below 0.007 mol Lÿ1 SDS due to the catalyst�s very low
solubility and consequent limited incorporation into the
colloid.


Although the curves describing the average diffusion
coefficient (D) of the catalyst with the nonionic (OGP,
Figure 1) and anionic (SDS, Figure 2) amphiphiles differ, in
both cases the increase in enantioselectivity is connected to
the aggregation of the catalyst by amphiphiles having a
relatively high cmc. Therefore, we conducted similar experi-
ments using a surfactant with a very low cmc and very high
surface activityÐthe nonionic amphiphile tetradecyldime-
thylphosphine oxide (C14H29Me2PO, cmc� 3.9� 10ÿ5 mol
Lÿ1[25]). As can be seen in Figure 3, the D value of the


Figure 3. Influence of increasing amounts of C14H29Me2PO on the
diffusion coefficients (D ; ¹�aMe, &� catalyst, &� C14H29Me2PO) and
the enantiomeric ratio (er�R/S�*) in the hydrogenation of aMe.
Conditions: [Rh(HO-diop)(cod)]OTf (2.5� 10ÿ3 mol Lÿ1), aMe (66.7�
10ÿ3 mol Lÿ1) in D2O, 0.1 MPa H2, 25 8C. The enantioselectivity was
determined directly from the NMR tubes under hydrogen.


COOMe


NHCOMe


COOMe


NHCOMe
H


R R


O


O P


Rh(cod)


P
H


HOH Ph2


Ph2


H2


precat.


  Substrate    R          Enantioselectivity in water


 aMe          H        8.1 %ee (S);   er =  0.85  (R/S)


 AMe         Ph       1.9 %ee (R);   er =  1.04  (R/S)
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Scheme 1. Asymmetric hydrogenation of methyl 2-acetamidoacrylate (aMe) and (Z)-2-acetamidocinnamate
(AMe) in water.


Figure 1. Influence of increasing amounts of the amphiphile OGP on the
diffusion coefficients (D ; &� catalyst, &�OGP) and the enantiomeric
ratio (er�R/S�*) in the hydrogenation of aMe. Conditions: [Rh(HO-
diop)(cod)]OTf (3� 10ÿ3 mol Lÿ1), aMe (66.7� 10ÿ3 mol Lÿ1) in D2O,
0.1 MPa H2, 25 8C. The er value was determined separately.
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phosphine oxide indicates complete micellization at all
concentrations in the experimental range (higher than
0.001 mol Lÿ1). The enantioselectivity of the aMe hydrogena-
tion, nevertheless, increased only gradually with increasing
amounts of added amphiphile. The catalyst�s degree of
inclusion into the aggregates is indicated by its decreasing
diffusion coefficient (D). Although at low concentration
(0.0017 mol Lÿ1) practically all of the phosphine oxide exists in
micellar association, the level of micelles present in the
reaction mixture is evidently still insufficient to allow
incorporation of much of the catalyst by aggregation. Thus,
in general, and in particular for the highly water-soluble
substrate methyl a-acetamidoacrylate (aMe), the overwhelm-
ing part of the hydrogenation occurs on the large amount of
homogeneously dissolved complex in the aqueous phase. This
leads to a very low enantioselectivity (5.1 % ee (S), er� 0.90),
which is indeed similar to that found for the control reaction
in the absence of an amphiphile. When the same concen-
tration of amphiphile is used for the reaction of the less water-
soluble substrate methyl (Z)-2-acetamido-cinnamate (AMe)
the proportion of hydrogenation by the even somewhat
smaller amount of micelle-bound catalyst confirmable at this
point seems to be much higher (35.8 % ee (R), er� 2.11). This
can be explained at least in part by the increased amount of
the less polar aromatic substrate embedded in the micellar
agglomerate and only to some extent by the generally higher
enantioselectivity found for this substrate in other solvents.
This follows from comparison of the diffusion coefficients (D)
for both substrates shown in Figure 3 and Figure 4.


Figure 4. Influence of increasing amounts of C14H29Me2PO on diffusion
coefficients (D ; ¹�AMe, &� catalyst, &� C14H29Me2PO) and the
enantiomeric ratio (er�R/S�*) in the hydrogenation of AMe. Condi-
tions: see legend of Figure 3.


Most of the AMe substrate is present as a suspension in the
reaction mixture due to its very low solubility. Since only a
very small amount of the AMe substrate is present in the
aqueous phase, very little unselective, purely homogeneous
hydrogenation can take place. Therefore the proportion of
hydrogenation effected by the micelle-bound catalyst be-
comes much larger with increasing phosphine oxide concen-
tration than in the case of the more polar and therefore fully
water-soluble aMe. This is due to the increasing inclusion of
the AMe substrate into the micelles. The result is a curve with
a much higher gradient for the enantiomeric ratio (er) of the
aromatic hydrogenation product even though the relatively
polar catalyst cannot compete as well is not solubilized as well
as the more hydrophobic substrate AMe in micelles (Fig-


ure 4). This is indicated by a measurable smaller decrease of
the diffusion coefficients (D) for the polar catalyst in the
presence of the hydrophobic substrate AMe compared to that
with the more hydrophilic aMe, which is of course particularly
distinct at low concentrations of the amphiphile.


The different behavior of the two substrates can be clearly
seen from Figure 5, where the enantioselectivity er is given as
a function of the proportion (p) of micelle-embedded catalyst.


Figure 5. Influence of the part (p) of the catalyst agglomerated to the
micelles formed by C14H29Me2PO on the er of the hydrogenated products
(Dfree� 4.30� 10ÿ10 m2 sÿ1, Dmic� 0.350� 10ÿ10 m2 sÿ1).


The clear induction period up to p� 40 % for the reaction of
the water-soluble substrate aMe indicates that micellar-based
catalysis competes with purely homogeneous hydrogenation
only when more than 40% of the catalyst is in the agglom-
erated form.


Similar curves with a somewhat lower increase in the er,
particularly for AMe, were found for decyldimethylphosphine
oxide, which is less hydrophobic and has lower surface activity
(cmc� 0.0041 mol Lÿ1)[25] (see Figure 6). Logically, for this


Figure 6. Influence of the agglomerated part (p) of the catalyst embedded
in micelles formed by C10H21Me2PO on the er of the hydrogenated products
(Dfree� 4.3� 10ÿ10 m2 sÿ1, Dmic� 0.348� 10ÿ10 m2 sÿ1).


amphiphile with lower micelle-forming tendency we need a
higher concentration for hydrogenation in the micellar phase.
However, even at the same p value for the complex (p> 60 %)
the enantioselectivity of the embedded catalyst is less than
that obtained for the tetradecyldimethylphosphine oxide,
apparently due to differences in the environment polarity of
the two micelle types.


Cationic amphiphiles such as hexadecyltrimethylammoni-
um hydrogensulfate (cmc� 4.0� 10ÿ4 mol Lÿ1)[34] show re-
markably high activity in hydrogenation experiments.[6] A
steep selectivity increase is found for the hydrogenation of
AMe in the presence of this strongly surface-active amphi-
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phile. An er value of 5.5 was obtained at an amphiphile
concentration of 0.07 mol Lÿ1, whereas separate measure-
ments at this point with the water-soluble aMe showed only a
low er value of 2.5 (see Figure 7). This indicates that the
catalyst is relatively strongly bound (solubilized) to the
micelles, which is similar to the behavior of nonionic
surfactants with strong surface activity (see Figure 3 and


Figure 7. Influence of increasing amounts of C16H33NMe3HSO4 on diffu-
sion coefficients (D ; ¹�AMe, &� catalyst, &� C16H33NMe3HSO4) and
the enantiomeric ratio in the hydrogenations of both AMe and aMe (er�
R/S ; +�AMe, *� aMe). Conditions: [Rh(HO-diop)(cod)]OTf (2.5�
10ÿ3 mol Lÿ1), substrate (66.7� 10ÿ3 mol Lÿ1) in D2O, 0.1 MPa H2, 25 8C.
The enantioselectivity was estimated directly from the NMR tubes under
hydrogen.


Figure 4). This is confirmed by experiments with hexadecyl-
trimethylammonium tosylate, which also shows a large effect
on the enantioselectivity (for AMe: er� 3.6 at 0.033 molLÿ1).


The basic question about the origin of the increase in
selectivity, however, remains. We know that if the catalyst has
a flexible chelate ring, the surrounding solvent molecules have


an enormous influence on the enantioselectivity that the
catalyst can deliver.[10, 22, 26] We believe that the medium acts
on the equilibria of the catalytic species distinguished by
conformation[27] and thereby controls the subsequent Re/Si
equilibria of the intermediate catalyst ± substrate complexes.
The ratio of these Re and Si complexes and the frequently
very large difference in their further reactivity with hydro-
gen[28] could kinetically determine the enantiomeric ratio of
the products. If this is the correct explanation for the solvent
dependence of the enantioselectivity and for the action of
added amphiphiles, then one would expect the effects to be
minimized with catalysts more rigid than our flexible seven-
membered [Rh(HO-diop)]� chelate. Indeed one can see from
Table 1 that conformationally less flexible catalysts containing
a five- or six-membered ring show low relative enantioselec-
tivities Qa/b


[4] in the presence of the amphiphile sodium
dodecylsulfate (SDS). Only one example reaches Qa/b� 1.6;
the average value of QÅ


a/b is 1.0� 0.3. In contrast, this average
increases to QÅ


a/b� 5.5� 1.4 in the experiments with the seven-
membered ring catalysts, with the lowest single value of
Qa/b� 3.3. This result for the anionic amphiphile is particularly
meaningful because SDS binds the cationic complexes
quantitatively, and hence the substrate solubility does not
influence the extent of the increase in selectivity.[7, 11] Only the
substrate in contact with the embedded catalyst may be
hydrogenated. There is no dissolved catalyst for less selective,
homogeneous hydrogenation of the substrate dissolved in
water.


We have, however, seen a similar outcome with neutral
amphiphiles such as Triton X100. Also this amphiphile does
not affect the enantioselectivity of catalysts bearing small


Table 1. Importance of the flexibility of the catalysts� chelate rings and the extent of enantioselectivity change caused by the presence of the amphiphile
sodium dodecylsulfate (SDS, 0.1 mmol) in hydrogenations in water.[a]


Catalyst Number of Substrate[d] t/2 [min] Enantioselectivity [% ee] Qa/b�
ring members without SDS with SDS without SDS with SDS era/erb


[e]


(C6H4NMe2)2


(C6H4NMe2)2


P
Rh+


P
H


H


1[b]


5 AMe 70 5 3.9(R) 2.4(R) 1.0
aH 790 8 6.5(R) 30.5(R) 1.6
AMe > 2600 175 17.6(R) 2.6(R) 0.7


(C6H4NMe2)2


(C6H4NMe2)2


P
Rh+


P
H


H


2[b]


6 aMe 5 2 0.7(S) 10.2(R) 0.8
aH 11 3 38.4(S) 37.5(S) 1.0
AMe 69 4 31.1(S) 10.2(S) 0.7


Qa/b� 1.0�0.3


O


O P


Rh+


P


OH


H


H Ph2


Ph2


3
7 aMe 3 2 8.1(S) 61.6(R) 5.0


aH 13 3 24.9(R) 68.8(R) 3.3
AMe 7 4 1.9(R) 76.5(R) 7.5


O
OPhO


O
PPh 2


Ph2P


HO
HO


Rh+


4[c]
7 aMe 32 3 76.8(S) 95.1(S) 5.2


aH 87 4 78.6(S) 95.9(S) 5.7
AMe 390 6 83.4(S) 97.2(S) 6.4


Qa/b� 5.5�1.4


[a] Reaction conditions: 1 mmol substrate, 0.01 mmol catalyst as a cod-containing BF4 salt, 0.1 mmol SDS, 15 mL H2O, 25 8C, 0.1 MPa. [b] We thank I.
Toth and B. E. Hanson for the gift of these tetrafluoroborate complexes.[29] [c] The experimental values were taken from an earlier publication.[7]


[d] aH� 2-acetamidoacrylic acid; aMe is the corresponding methyl ester; AMe�methyl (Z)-2-acetamidocinnamate. [e] era� enantiomer ratio for the
reaction with SDS, erb� enantiomer ratio for the reaction without SDS.
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rings for all three substrates tested (aMe, aH, AMe, QÅ
a/b�


1.0� 0.04), but has a remarkable effect with the seven-
membered ring chelate derived from our HO-diop (Qa/b


between 2 and 7 dependent on the substrate solubility, see
Table 2). Increasing the amount of this amphiphile from 0.1 to
1.5 mmol has a distinct effect on the selectivity only for fairly
soluble substrates. This is caused by a reduction in the
proportion of purely homogeneous hydrogenation caused by
the stepwise increase of the micellar uptake of the substrate.
Thus, we observe a doubling of the enantiomeric ratio for the
fully water-soluble aMe when a large amount of TritonX100 is
added (1.5 mmol compared to 0.1 mmol). However, such a
large increase in the micelle concentration has an almost
negligible effect on the hydrogenation of (Z)-2-acetamido-
cinnamic acid (AH), the substrate with the lowest water
solubility.


The generality of these results is fairly restricted. Nearly
insoluble and thus kinetically almost unreactive substrates
such as (Z)-2-benzamidocinnamic acid and its methyl ester,
which have a solubility of less than 2 % under the reaction
conditions, show a minor increase in enantioselectivity in the
presence of Triton X100. However, in such cases quantitative
hydrogenation is either impossible or requires an extremely
long time (several days). We assume that the strongly
hydrophobic substrate and the less hydrophobic complex of
the catalyst compete in micellar solubilization. This decreases
the part of the embedded catalyst able to hydrogenate the
micellar-solubilized substrate. This is in contrast to hydro-
genations conducted in the presence of SDS, in which such
nearly insoluble substrates cannot displace the ionic-bonded
catalyst from the micellar phase. Therefore even sparingly
soluble substrates contact more of the quantitatively embed-
ded catalyst and are hydrogenated exclusively in the micellar
phase with high enantioselectivity in moderate times.[7, 11]


Experimental Section


NMR PGSE experiments : The theoretical and practical aspects of the
PGSE NMR experiments have recently been reviewed.[30] The major
practical difficulty in acquiring undistorted high-resolution spectra results
from eddy current effects. Several approaches have been developed to
improve the resolution of the diffusion-ordered two-dimensional NMR
spectra (DOSY). The best accuracy and resolution has been achieved by
incorporating bipolar gradient pulses[31] into the longitudinal eddy current
delay (LED) pulse sequence.[32] The measurements were performed on


Bruker ARX400 spectrometer equipped with a Bruker gradient unit (10 A)
and a 5-mm inverse z gradient probe head with actively shielded gradient
coils. In all NMR experiments the probe temperature was maintained at
300 K by the standard Bruker temperature control unit. The bipolar LED
sequence (LEDbp)[31] was selected to obtain Fourier-transformed spectra
without line-shape distortions. A total of 64 different gradient strengths
from g� 0.016 to 0.471 T mÿ1 were used with eddy-current delay Te� 50 ms,
duration of the gradient pulses d/2� 1 ms, Stejskal ± Tanner diffusion delay
D� 100 ms and pulse separation t� 0.2 ms. After Fourier transformation,
phasing, and polynomial baseline correction the inverse Laplace transform
(ilt) from the DOSY software package [33] was used to determine the
diffusion coefficients. For very weak catalyst signals the diffusion coef-
ficients D were calculated from the slope-normalized signal intensities
(ln Ig/I0) as a function of the gradient strength (g2) as given by Equation (3).


ln Ig/I0�ÿg2 g2 d2 (D ÿd/3ÿ t/2)D (3)


Preparation : [Rh(HO-diop)(cod)]BF4
[22] and [Rh(HO-diop)(cod)]-


C12H25OSO3
[11] were prepared as previously reported.


[Rh(HO-diop)(cod)]OTf: A solution of 165 mg (0.98 mmol) NH4OSO2CF3


in THF (3 mL) was added to a solution of [Rh(HO-diop)(cod)]BF4


(800 mg, 0.98 mmol) in THF (5 mL). The precipitated NH4BF4 was filtered
off and the filtrate reduced to half its volume. The desired complex was
precipitated by addition of ether (20 mL) and then dried in vacuum. Yield
770 mg (90 %).


The amphiphiles used were all commercially available. We prepared only
the phosphine oxides[25] and these were purified by the method of
Lunkenheimer et al.[35]


Hydrogenation of dehydroamino acid derivatives : Hydrogenation experi-
ments were performed as reported earlier.[5, 10] The water was carefully
removed from product solutions containing amphiphiles by using a rotary
evaporator, and the residue was redissolved in methanol suitable for gas
chromatographic or HPLC investigation.
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Direct Monitoring Kinetic Studies of DNA Polymerase Reactions on
a DNA-Immobilized Quartz-Crystal Microbalance


Hisao Matsuno, Kenichi Niikura, and Yoshio Okahata*[a]


Abstract: Catalytic reactions of DNA
polymerase I from E. coli (Klenow frag-
ment, KF) were monitored directly with
a template/primer (40/25- or 75/25-mer)-
immobilized 27-MHz quartz-crystal mi-
crobalance (QCM). The 27-MHz QCM
is a very sensitive mass-measuring de-
vice in aqueous solution, as the frequen-
cy decreases linearly with increasing
mass on the QCM electrode at the
nanogram level. Three steps in polymer-
ase reactions which include 1) binding of
DNA polymerase to the primer on the
QCM (mass increase); 2) elongation of
complementary nucleotides along the


template (mass increase); and 3) release
of the enzyme from the completely
polymerized DNA (mass decrease),
could be monitored continuously from
the time dependencies of QCM frequen-
cy changes. The binding constant (Ka) of
KF to the template/primer DNA was
108mÿ1 (kon� 105mÿ1 sÿ1 and koff�
10ÿ3 sÿ1), and decreased to 106mÿ1


(k'on� 104mÿ1 sÿ1 and k'off� 10ÿ2 sÿ1) for


completely polymerized DNA. This is
due to the 10-fold decrease in binding
rate constant (kon) and 10-fold increase
in dissociation rate constant (koff) for
completed DNA strands. Ka values de-
pended slightly on the template and
primer sequences. The kinetic parame-
ters in the elongation process (kcat and
Km) depended only slightly on the DNA
sequences. The repair process during the
elongation catalyzed by KF could also
be monitored in real time as QCM
frequency changes.


Keywords: DNA replication ´ ki-
netics ´ Klenow fragment ´ quartz-
crystal microbalance


Introduction


Replication and transcription are key processes in the cell.
DNA polymerase is one of the key enzymes responsible for
replication and repair of DNA along the sequence of a
template strand. In genetic engineering, DNA polymerase has
also been used in DNA sequencing. DNA polymerase I is a
multifunctional enzyme involved in the replication and repair
of DNA in vivo. In addition to its polymerase activity, which
catalyzes the template-directed extension of a primer DNA
strand, the enzyme also processes distinct 3'! 5' and 5'! 3'
exonuclease activities on a single 10 kDa polypeptide chain.
The large (Klenow) proteolytic fragment (KF) of DNA
polymerase I[1] has been elucidated by a variety of stereo-
chemical,[2] structural,[3] and enzymatic analyses.[4±9] The KF
has both 5'! 3' polymerase and 3'! 5' exonuclease activities.
The reaction mechanisms of DNA polymerase I and KF have
been extensively studied by Benkovic et al. by the mea-
surement of the accumulation of radioisotope-labeled prod-


ucts as a function of time. This has been achieved by the
combination of gel electrophoresis with a stopped-flow/
quenched-flow technique, and by time-resolved fluores-
cent spectroscopy.[4] These techniques still have some diffi-
culties, despite several improvements, for example, the
requirement of isotope labeling of probes and of special
techniques. To understand the complete enzyme reaction
mechanism, it is more useful to monitor all the reaction steps
such as enzyme binding, elongation along the template, and
release of enzymes from the template in situ with the same
device.


In a preliminary paper, we reported that a 27-MHz quartz-
crystal microbalance (QCM) is a useful tool in the detection
and quantitative analysis of each step in polymerase reactions
in aqueous solution.[10] QCMs are very sensitive mass
measuring devices in air and aqueous solution, and their
resonance frequency has been proved to decrease linearly
with increasing mass on the QCM electrode at a nanogram
level.[11±13] When the template/primer oligonucleotides were
immobilized on a QCM plate, three steps such as 1) polymer-
ase binding to the primer (mass increase); 2) elongation of
complementary nucleotides along the template (mass in-
crease), and release of the enzyme from the completely
polymerized DNA (mass decrease) could be observed con-
tinuously from time dependent frequency changes (see Fig-
ure 1).


[a] Prof. Y. Okahata, H. Matsuno, Dr. K. Niikura
Department of Biomolecular Engineering
Tokyo Institute of Technology, 4259 Nagatsuda
Midori-ku, Yokohama 226-8501 (Japan)
Fax: (�81) 45-924-5836
E-mail : yokahata@bio.titech.ac.jp
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Figure 1. Experimental setup of DNA polymerase (KF) reactions on a
template/primer-immobilized 27 MHz quartz-crystal microbalance (QCM)
in buffer solution.


In this paper, we report pre-
cise kinetic parameters for each
step of polymerase reactions by
a study of the change in the
length and sequences of the
template/primer strand on the
QCM, and change in concen-
trations of monomers and en-
zymes in the solution. In the
binding process of KF to the
template/primer DNAs, the
binding amount (Dm), the bind-
ing (kon) and dissociation rate
constants (koff), and binding
constants (Ka) were obtained.
In the following elongation
step, Michaelis ± Menten pa-
rameters (kcat and Km) for en-
zyme reactions could be ob-
tained. In the release process
of the enzymes from the poly-
merized DNA, the dissociation


(k'off) and rebinding rate constants (k'on), and binding
constants (K'a) were obtained. A repair process of polymerase
KF was also observed from frequency changes. The 27-MHz
QCM used in this study has a sensitivity of 0.6 ngcmÿ2 of mass
change per 1 Hz of frequency decrease. This sensitivity is large
enough to detect the binding of enzyme and the elongation
process. A schematic experimental set-up and a reaction
scheme are shown in Figure 1. Prepared and immobilized
template/primer DNAs are summarized in Figure 2.


Results and Discussion


Figure 3 shows typical frequency changes as a function of time
of the template/primer 1-immobilized QCM with the addition
of Klenow fragment (68 kDa) as a polymerase and/or dATP
and dGTP as complementary monomers in the aqueous solu-
tion. In curve A), the frequency decreased (mass increased)
gradually for approximately 15 min, after the polymerase was
injected initially (7.0 pmolper8 mL of cell), as a result of the slow
binding of polymerase onto the primer (step 1). The binding
amount at equilibrium was 140� 3 ng (2.1 pmol)cmÿ2, and
this indicates that one polymerase binds for approximately
every three template/primer strands, since 6.0 pmol (120�
10 ngcmÿ2) of DNA was immobilized on the QCM. It was
confirmed that the Klenow fragment hardly bound to a simple
single-stranded DNA and also hardly bound to a avidin
surface without DNAs (data not shown). When monomers
(dATP and dGTP) were added in excess at the second injection
point of the curve A) (520 nmol per 8 mL), the mass rapidly
increased within 1 min (step 2, Dm� 28� 3 ngcmÿ2) and then
rapidly decreased to a constant value (step 3, Dm from the
starting point is 30� 5 ng cmÿ2). The increased mass of 30 ng
cmÿ2 (6.0 pmol) corresponds to the immobilized amount


Figure 2. Template/primer structures immobilized on an avidin ± QCM.
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(6.0 pmol) of a single strand of the template 1. The mass de-
crease at step 3 (140� 3 ngcmÿ2) is almost identical to the mass
increase with polymerase binding in step 1 (140� 3 ngcmÿ2).
When a solution of noncomplementary bases of dCTP and
dTTP (instead of complementary monomers) was injected as
the second injection, no changes in the frequency were
observed. Thus, the mass increase at step 2 indicates elon-
gation along the DNA template, and the mass decrease at
step 3 signifies the release of the enzyme from the com-
pletely polymerized DNA. After the release of the bound
enzyme, the final mass increase was consistent with the mass
increase at step 2 [30 ngcmÿ2 (6.0 pmol)] from template
polymerization.


When monomers of dATP and dGTP were added prior to
addition of polymerase (injected at the arrow Figure 3) the
QCM mass simply increased as shown in curve B) and
reached the same mass increase as the curve A). Thus, the
frequency change is consistent with the mass increase owing
to the KF-mediated elongation of DNA on the QCM. This
slow frequency change may reflect the slow binding of
polymerase to the template, since the elongation process
and the release of enzymes may proceed very fast in the
presence of excess monomers.


Each step of these polymerase reactions observed in the
curve A) (binding of polymerase, elongation along the
template, and enzyme release from the newly polymerized
DNA) was studied kinetically with changes in the sequences
of the template/primer strands, polymerase concentrations,
and dNTP monomer concentrations.


The effect of the DNA template/primer sequence and length
on the binding process of the Klenow fragment : The KF
binding to the template/primer (step 1 of the curve A) in
Figure 3) is described by Equation (1). The amount of the
DNA/KF complex formed at time t after injection is given by
Equations (2) ± (4).


DNA�KF )*
kon


koff
DNA/KF (1)


[DNA/KF]t� [DNA/KF]1{1ÿ exp(ÿ t/t)} (2)


Dmt�Dm1{1ÿ exp(ÿ t/t)} (3)


tÿ1�kon[KF]�koff (4)


The relaxation time (t) of KF binding is calculated
from curve fitting the QCM frequency changes at various
KF concentrations. KF binding and dissociation rate con-
stants (kon and koff) could be obtained from the slope and
intercept of the plot of tÿ1 against KF concentration. The
binding constants (Ka) could also be obtained from the ratio
of kon to koff.


Figure 4A shows typical time courses for KF binding to
the template/primer 1 with changes in the KF concentra-
tion. KF-binding amounts increase with the increase in KF
concentrations. Similar time courses with KF concentrations
were observed for the other template/primers shown in
Figure 2; the binding and dissociation rate constants (kon


and koff) were obtained according to Equation (4) (Fig-
ure 4B). The results are summarized in Table 1, together with


Figure 3. Typical time courses of frequency changes of the template/
primer 1-immobilized QCM, responding to the addition of DNA polymer-
ase (KF) and monomers (dATP and dGTP). A): KF was added at first and
then excess monomers were added after the enzyme bound. B): Polymerase
was added in the presence of excess monomers. (10 mm Tris-HCl, pH 7.4,
10mm MgCl2, 40mm KCl, 30 8C, [KF]� 7.0 pmol per 8 mL (0.88 nm),
[dATP/dGTP 4:1]� 520 nmol per 8 mL (65 mm)).


Figure 4. A) Binding behaviors of KF to the template/primer 1 dependent
on the KF concentrations. (10 mm Tris-HCl, pH 7.4, 10mm MgCl2, 40 mm
KCl, 30 8C, [KF]� 0.7 ± 28 pmol in8 mL (0.088 ± 3.5nm)). B) Linear recip-
rocal plots of relaxation time t against KF concentration according to
Equation (4). (*), template/primer 1; *, template/primer 2 ; & template/
primer 3 ; ~ template/primer 4 ; ~, template/primer 5.
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the QCM binding amount (Dm) when KF was injected at
7.0 pmol in 8 mL cell (0.88 nm).


In the case of templates/primers 1 ± 3, the KF binding
amounts (Dm) were almost constant (135 ± 140 ng cmÿ2), and
were found to be independent of the length (15- or 50-mer)
and sequence (TTTTC or CCCCT) of the template. The kon


and koff values were almost the same for templates 1 ± 3. This
indicates that KF binding is independent of the sequence and
length of the DNA template. As an exception, when the
template comprises oligo dG15 5, the QCM Dm value de-
creased to one third (50 ngcmÿ2) and Ka also decreased,
because of the increasing koff value. The continuous oligo dG
chains are known to aggregate in aqueous solution.[14]


Although KF is reported to be negatively affected by
template/primer secondary structure compared with other
polymerases,[15] the aggregated dG15 chains may obstruct the
enzyme binding to the template/primer. Actually, in this case
the subsequent elongation reaction along the template 5
(step 2) could not be observed when an excess of monomers
was added (data not shown).


When template/primer 4 (no GC pairs) was employed, the
Ka value decreases slightly (2.1� 108mÿ1) owing to the slightly
larger koff value compared with templates/primers 1 ± 3.
The QCM Dm value is unchanged. The large molecular
motion and weak hydrogen bonding of AT base pairs at
the primer end compared with those of GC pairs accounts
for this observation. It has been reported that the exonuclease
part of the Klenow fragment binds to the template/primer
with AT rich or mismatched sequences, although the active
polymerase component binds to the regular template/pri-
mer.[16]


Effect of enzyme concentration on the DNA elongation
process : Figure 5A shows the entire reaction process when KF
was added at the first arrow at different concentrations (0.088,
0.17, and 0.88 nm in solution) and excess monomers were
added at the second arrow. The DNA elongation (steep
frequency decreases after the second injection) was approx-
imately 30 ngcmÿ2 independent of KF concentrations. Fig-
ure 5B shows the reaction process when the monomers were
added at different times prior to binding equilibration for KF
(0.88 nm added in the solution). In these cases, the elongation
amounts were also approximately 30 ngcmÿ2 independent of
the time of the monomer additions, and these results


Figure 5. Elongation processes dependent on A) the KF concentration in
the bulk solution (0.088, 0.17, and 0.88 nm), and B) the KF concentration
bound on the template/primer part: A) dNTP monomers added after the
equilibrium of the KF binding. B) dNTP monomers added before the
equilibrium of the KF binding. (10 mm Tris-HCl, pH 7.4, 10mm MgCl2,
40mm KCl, 30 8C). C) Plot of initial elongation rates (n0) just after the
monomer injections against the concentrations of the bound KF on the
template/primer obtained from the mass increase after the KF injection in
A) (*) and the mass increase after the KF injection of B) (*).


indicate that DNA elongation was completed along the
template. The amount of KF bound on the template/primer
and the initial rate (no) of DNA elongation just after enzyme
injection were calculated from the QCM mass increases after
enzyme injection and the slope of the QCM mass increase
observed just after monomer injection in Figure 5A and 5B,
respectively. The no values were plotted against the concen-
tration of bound KF (Figure 5C). The elongation rate
increased linearly with the bound amount of KF on the
DNA template. This indicates clearly that the enzyme
catalyzing the elongation is the bound KF form on the
template, and not KF in bulk solution.


Effect of template/primer sequence and length on the DNA
elongation process : Elongation reactions along the DNA
template (step 2 of the curve A) in Figure 3) were initiated by
addition of complementary monomers (dNTP) after forma-
tion of the DNA/KF complex on the QCM. The elongation


Table 1. Amount of binding (Dm), binding and dissociation rate constants
(kon and koff), and binding constants (Ka) of KF on various template/primer
termini.


Template/
primer[a]


Dm[b]/ngÿ1


[pmol] cmÿ
kon


[c]/106


mÿ1 sÿ1


koff
[c]/


10ÿ3 sÿ1


Ka
[d]/


108mÿ1


1 140 (2.1) 1.0 3.0 3.3
2 135 (2.0) 0.94 3.0 3.1
3 140 (2.1) 0.99 3.1 3.2
4 130 (1.9) 0.87 4.2 2.1
5 50 (0.74) 1.0 4.4 2.3


[a] Sequences are shown in Figure 2. [b] [KF]� 7.0 pmol per 8 mL
(0.88 nm). [c] Obtained from Equations (2) ± (4). [d] Ratio of kon to koff.
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process is expressed simply by the Michaelis ± Menten reac-
tion between the DNA/KF complex and added monomers as
shown in Equations (5) ± (7) where DNA' indicates elongated
DNA.


DNA/KF )*
Km


DNA/KF/dNTP ÿ!kcat DNA'/KF (5)


n0�
kcat�DNA=KF�0�dNTP�


Km � �dNTP�0
(6)


1


n0


� Km


kcat�DNA=KF�0
1


�dNTP� �
1


kcat�DNA=KF�0
(7)


The QCM resonance frequency was defined as the zero
position at the point of addition of monomer solution; the
frequency changes were then recorded with time. When the
initial concentration of DNA/KF was fixed at 13 pm in the
solution (0.24 pmol cmÿ2 on the template 1), the elongation
processes occurred after the injection of various concentra-
tions of dATP/dGTP� 4/1 in the solution (Figure 6A). The
initial elongation rate (n0) increased with the addition of
monomers, and Figure 6B shows the plot of n0 against dNTP
concentrations. From the reciprocal plots (Figure 6C), the
dissociation constants of dNTP monomers (Km) and the
elongation catalytic rate constants (kcat) were obtained from
the slope and intercept [Eq. (7)]. Michaelis ± Menten param-
eters for the template/primer 1 are summarized in Table 2,
together with the elongation amount and the results obtained


for various template/primer structures (2 ± 8). The elongation
amount (Dm) of the template 1 was 28 ng cmÿ2


(6.0 pmol cmÿ2), consistent with the immobilized amount of
DNA template (6.0 pmol). Elongation was shown to be
completed along this template. The QCM Dm value
(83 ngcmÿ2, 5.4 pmol cmÿ2) of the template 2 was three times
greater than for template 1, nearly consistent with its 3.3 times
longer template length. The slightly smaller than expected
value for 2 may be because KF cannot completely elongate
along the long template of 2. The QCM Dm values for the
template/primer strands 3 and 6 were very consistent within
error, and independent of the DNA template sequence. When
the template sequence was comprised of only dT (n� 15- or
50-mer) in 7 and 8, however, the elongation amounts were
smaller than expected. Apparently polymerase KF is not able


Figure 6. A) Time courses elongation processes on the template/primer 1-
immobilized QCM, dependent on monomer concentrations (0.7 ± 350 mm,
dATP/dGTP 4:1). B) Saturation behaviors of initial elongation rates (n0)
against dNTP concentrations. C) Lineweaver ± Burk plots according to
Equation (7) (10 mm Tris-HCl, pH 7.4, 10mm MgCl2, 40mm KCl, 30 8C,
[DNA/KF]0� 13 pm in the solution (0.24 pmol cmÿ2 on the QCM)).


to slip completely along the DNA template because of the
weak hydrogen bonds between AT base pairs at the elonga-
tion part.


When reasonable QCM Dm values were obtained, Km and
kcat values were independent of the sequence and length of the
templates 1 ± 3 and 6. Thus, KF can recognize all dNTP
monomers similarly, and KF readily polymerizes along these
immobilized templates. The molecular recognition of mono-
mers was readily facilitated by the complementary template.


Table 2. Amount of elongation (Dm), dissociation constant of monomers
(Km) and catalytic elongation rate constant (kcat) in the DNA/KF complex
on the QCM.[a]


Template/primer[a] Dm/ng [pmol]cmÿ2 Km/10ÿ6m kcat/sÿ1


1 28 (6.0) 20 10
2 83 (5.4) 22 10
3 26 (5.6) 17 8
5 0 (0) ± ±
6 23 (4.9) 24 9
7 9 (1.9) nd[c] nd[c]


8 12 (2.6) nd[c] nd[c]


[a] [DNA/KF complex]� 13 pm in the solution (0.24 pmol cmÿ2 on the
template/primer). [b] Sequences are shown in Figure 2. [c] Since the
elongation amounts were small, kinetic parameters could not be obtained.
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Benkovic et al. have reported kinetic values of Kd� 200 nm
in the binding process and kcat� 3.8 sÿ1 in the elongation
process for combinations of a very long radioisotope-labeled
dA1000 ´ dT10 template/primer and DNA polymerase I using
rapid quenching gel electrophoresis.[5] Smaller Kd� 5 ± 8 nm
values have been obtained for combinations of short radio-
isotope-labeled templates similar to template 6 and the same
Klenow fragment using both rapid quenching gel electro-
phoresis[6] and time-resolved fluorescent methods.[9] Kinetic
values obtained by our QCM methods compare well with
those obtained by these conventional methods.


Effect of template/primer sequence and length on the KF
dissociation processes : KF dissociation from the elongated
DNA duplexes (step 3 of the curve (A) in Figure 3) were
observed as frequency increases (mass decreases) on the
QCM following the elongation process. The resonance
frequency of the QCM was defined as the zero position at
the time of elongation completion, and the frequency increase
was recorded with time. In Figure 7A, the KF dissociation
process was monitored at different KF concentrations using
the template/primer 1 on the QCM.


Figure 7. A) Release behavior of KF from the completely polymerized
terminus 1 dependent on the bound amount of KF on the template. B)
Linear reciprocal plot of relaxation time (t) against KF concentration
according to Equation (11) (10 mm Tris-HCl, pH 7.4, 10 mm MgCl2, 40 mm
KCl, 30 8C, [KF]� 0.10, 0.13, 0.17, and 0.88 nm added in the solution,
[dNTP]� 14mm).


The dissociation process is described by Equation (8). The
amount of DNA/KF complex left at time t is given by
Equations (9) ± (11).


DNA/KF )*
k'off


k'on


DNA�KF (8)


ÿ [DNA/KF]t�ÿ [DNA/KF]1{1ÿ exp(ÿ t/t')} (9)


ÿDmt�ÿDm1{1ÿ exp(ÿ t/t')} (10)


t'ÿ1�K'on[KF]�k'off (11)


The dissociation and rebinding rate constants (k'off and k'on)
and binding constants (K'a) for the dissociation process could
be obtained similarly to that for step 1. These values were
obtained by changing the template/primer sequences, and the
results are summarized in Table 3. The rebinding rate


constants (k'on) calculated from the slope [Eq. (11)] could
not be obtained precisely because of the very small slope
values observed in step 3 (Figure 7B).


Released amount, dissociation, and rebinding rate con-
stants of KF were also independent of the sequence and
length of templates 1 ± 3 and 6, as well as the binding process
of step 1 (see Table 1). In the case of template/primer 1,
rebinding rate constants (k'on� 0.1� 106mÿ1 sÿ1) in step 3 were
approximately ten times smaller than binding rate constants
(kon� 1� 106mÿ1 sÿ1) in step 1. On the contrary, dissociation
rate constants (k'off� 23� 3� 10ÿ3 sÿ1) in step 3 were approx-
imately seven times larger than dissociation rate constants
(koff� 3.0� 0.5� 10ÿ3 sÿ1) in step 1. As a result, binding
constants (K'a� 0.04� 108mÿ1) of KF to the complete termi-
nus in step 3 were approximately 100 times smaller than those
(Ka� 3� 108mÿ1) for the incomplete terminus in step 1. Thus,
KF has a stronger binding ability to an incomplete terminus of
the template/primer than to the completely polymerized
terminus, and KF can release from the completely polymer-
ized terminus as shown in curve A) in Figure 3. The larger Ka


value for KF to the incomplete terminus is explained by the
larger kon value and the smaller koff value in step 1 compared
with those values for step 3.


Monitoring the repair of mismatched bases by the Klenow
fragment : One important role of DNA polymerase I in vivo is
the repair of DNA strands using the 3'! 5' exonuclease
activity as well as the 5'! 3' polymerase activity.[2] A time


Table 3. Released amount (Dm), dissociation and rebinding rate constants
(k'off and k'on) and binding constants (K'a) of KF from various template/
primer termini.


Template/
primer[a]


Dm[a]/
ngÿ1 [pmol]cmÿ2


kon'[c]/
106mÿ1 sÿ1


koff'[c]/
10ÿ3 sÿ1


Ka'[d]/
108mÿ1


1 140 (2.1) 0.1 23 0.04
2 135 (2.0) 0.1 26 0.03
3 140 (2.1) 0.1 21 0.05
6 135 (2.0) 0.1 25 0.04


[a] Sequences are shown in Figure 2. [b] [DNA/KF complex]� 0.88 nm in
the solution (2.1 pmol cmÿ2 on the template/primer). [c] Obtained from
Equations (9) ± (11). [d] Ratio of k'on to k'off.
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course for QCM frequency changes is shown in Figure 8 when
KF and dATP/dCTP monomers were added to template 9
with a mismatched GG base pair at the KF binding site
(shown by outlined letters in Figure 2).


Figure 8. Time course of frequency changes of the template/primer 9-
immobilized QCM with the mismatched GG base pairs at the KF binding
site, and the response to the addition of 0.88 nm of KF, 65 mm of dATP/
dGTP 4:1 monomers, and then 8.7mm of dCTP monomer. (10 mm Tris-HCl,
pH 7.4, 10 mm MgCl2, 40 mm KCl, 30 8C).


The binding amount of KF to the template/primer 9 was
110 ng cmÿ2, which is smaller than the 135 ± 140 ng cmÿ2


observed with the complementary template/primer end 1 ± 3,
as a result of the GG mismatch bases (see Table 1). In the
presence of only dATP/dGTP monomers that are comple-
mentary to the template sequence, polymerization did not
occur. However, when dCTP was added, the general polymer-
ization and subsequent release of enzyme were both observed
with the usual time course A) in Figure 3. This indicates that
dCTP is required for polymerization of the template 9 in
addition to complementary dATP and dGTP monomers.
Thus, KF removes the mismatched G base from the primer
using the 3'! 5' exonuclease activity, when KF binds to the
template 9, and remains on the template with the free G base.
When only dATP and dGTP monomers were added, KF could
not polymerize along the template because of the lack of the
dCTP monomer that is complementary to the free G base of
the template. When dCTP was added in addition to dATP and
dGTP, the general polymerization proceeds along the tem-
plate 9. This process indicates the repair process of KF with its
intrinsic exonuclease activity.


The effect of Mg2� ions on the KF enzyme reactions : DNA
polymerases generally require divalent metal ions such as
Mg2� ions for enzymatic activities. The role of the Mg2� ions
can be clearly monitored using the QCM method. Figure 9A
shows the time course of frequency changes of the template/
primer 1 in the absence of Mg2� ions in solution (10 mm Tris-
HCl, pH 7.4, 40 mm KCl, 30 8C), after addition of KF and
then dATP/dGTP monomers. In the absence of Mg2� ions,
KF could bind to the template, however, the following
elongation reaction did not proceed even in the presence
of excess monomers. When MgCl2 solution was added at
the third arrow in Figure 9A, the usual elongation and release
of KF could be observed. In Figure 9B, KF was added


Figure 9. Time courses of frequency changes of the primer/template 1-
immobilized QCM, showing the effect of Mg2� ions on polymerization by
KF. A) In the absence of Mg2� in the solution, 0.88 nm of KF and then 65 mm
of dATP/dGTP 4:1 monomers were added at each arrow, and then 25 mm of
MgCl2 was added to initiate the polymerase reaction. B) In the absence of
Mg2� in the solution, both 0.88 nm KF and 65 mm dATP/dGTP 4:1
monomers were first added, and then 25 mm MgCl2 to initiate the
polymerase reaction. (10 mm Tris-HCl, pH 7.4, 40mm KCl, 30 8C).


at the arrow in the presence of monomers without Mg2� ions.
However, only KF binding was observed, with no subsequent
elongation reaction. When MgCl2 solution was added at the
second arrow, the usual elongation and release of KF were
both observed. It was also confirmed that the addition of a
MgCl2 solution did not affect the oscillation. Thus, KF can
bind to the template/primer without Mg2� ions, but cannot
catalyze the elongation reaction. This is very consistent with
the reported general mechanism of DNA and RNA polymer-
ases: the 3'-end OH-group of the primer cannot attack the g-
phosphate group of dNTP without chelation of Mg2� ion to
the b- and g-positions of the base phosphates.[4±9]


Conclusion


We have determined all kinetic parameters for a three-step
DNA polymerization by a Klenow Fragment using a tem-
plate/primer-immobilized 27-MHz QCM: KF binding of the
template/primer with Ka� 108mÿ1 (kon� 105mÿ1sÿ1 and koff�
10ÿ3 sÿ1) independent of both primer and template sequences
(step 1); Michaelis ± Menten parameters of KF in the elonga-
tion process (Km� 10ÿ5m for monomers kcat� 10 sÿ1, and kcat/
Km� 106mÿ1 sÿ1) (step 2), and KF can easily release from the
completed strands with K'a� 106mÿ1 (k'on� 104mÿ1 sÿ1 and
k'off� 10ÿ2 sÿ1) (step 3). This is the first example of investigat-
ing both kinetically and quantitatively the binding, catalysis,
and release processes of DNA polymerase reactions in situ on
the same device.


We believe that the QCM system is highly sensitive in the
detection of in situ enzyme reactions on a DNA strand
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without any labeling. This system will be applied to other
DNA/RNA enzyme reactions such as ligation and restricted
enzyme reactions, and also to many reactions or recognition
processes of biomolecules such as protein ± substrate and
protein ± protein interactions.


Experimental Section


Materials : The Klenow fragment (KF) of DNA polymerase I from
Escherichia coli and dNTP were purchased from TaKaRa, Tokyo. Avidin
from egg white was from Nacalitesque, Kyoto. N-Hydroxysuccinimide and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride were from
DOJINDO, Tokyo. Single-stranded oligonucleotides (template chains) and
biotinylated oligonucleotides (primer chains) were purchased from Sawady
Technology, Tokyo. All other reagents were from Nacalitesque and used
without further purification.


27-MHz QCM and its calibration : A 27-MHz, AT-cut QCM is commer-
cially available from Ukou Electronics, Saitama, Japan. The diameter of its
quartz plate is 8 mm and Au electrodes are deposited on both sides
(diameter: 2.5 mm, area: 4.9 mm2).[10, 12] One side of the quartz crystal was
sealed with silicon rubber, maintaining it in an air environment to avoid
contact with the ionic aqueous solution, while the other is exposed to
aqueous buffer solution. A cased 27-MHz QCM was connected to an
oscillation circuit designed to drive the quartz in aqueous solution (see
Figure 1). The frequency changes were followed by a universal frequency
counter (Hewlett Packard Japan, Tokyo, model 53131A) attached to a
microcomputer system (Macintosh Power Book 170, Apple Japan, Tokyo).
The Sauerbrey�s Equation (12) was obtained for the AT-cut shear mode
QCM[11] where DF is the measured frequency change [Hz], F0 the
fundamental frequency of the QCM [27� 106 Hz], Dm the mass change
[g], A the electrode area [4.9 mm2], 1q the density of quartz [2.65 gcmÿ3],
and mq the shear modulus of quartz [2.95� 1011 dyn cmÿ2]. The noise level of
the 27-MHz QCM was �1 Hz in buffer solution at 30 8C, and the standard
deviation of the frequency was �2 Hz for 2 h in buffer solution at 30 8C.


DF�ÿ 2F 2
0


Am
�����������
1q mq
p Dm (12)


When the QCM is employed in an aqueous solution, Equation (12) cannot
be simply applied due to interfacial liquid properties (i.e., density, viscosity,
elasticity, conductivity, and dielectric constant),[17] thin film viscoelastic-
ity,[17] electrode morphology,[17, 18] and the mechanism of acoustic cou-
pling[19] impact on the QCM oscillation behavior. Therefore, we calibrated
our cased 27-MHz QCM in the aqueous solution (pH 7.9, 10 mm Tris-HCl,
0.2m NaCl, at 20 8C).


A respective amount of polymer solution was cast (0.1 ± 15 mgcmÿ2), or LB
film of lipid monolayers was deposited (0.04 ± 4 mgcmÿ2), or 10 ± 30-mer
oligonucleotides with SS groups were directly immobilized (10 ±
60 ngcmÿ2) on the bare Au electrode side of the cased QCM plate. A
linear relationship was observed between the deposited amount of mass
and the frequency decrease of the QCM both in the air phase and in the
aqueous solution, independent of deposition methods and chemical
compounds. The slope of this curve showed that a frequency decrease of
1 Hz corresponded to a mass increase of 0.61� 0.1 ng cmÿ2 on the QCM
electrode. This means that the Sauerbrey�s Equation can be applied in the
aqueous solution limited to these experimental conditions. When the long
chain ssDNA such as 200 ± 300-mer was immobilized on the QCM,
however, the linear correlation could not be obtained in the aqueous
solution owing to the effect of the flexible conformation of the long DNA
chains on the electrode.


Immobilization of DNA duplexes on a 27-MHz QCM : Oligonucleotide
duplexes were formed by mixing the biotinylated primer (25-mer) and
template (40- or 75-mer) in 200 mm NaCl and 10 mm Tris-HCl, pH 7.8,
boiled for 1 min and then cooled to room temperature over 3 h. The DNA
duplexes prepared are shown in Figure 2. The biotinylated oligonucleotide
duplexes were immobilized on a cleaned Au electrode of the QCM using an
avidin ± biotin method according to previous papers (Figure 1).[10, 12] The


immobilized amounts of 40/25-mer and 75/25-mer oligonucleotide duplexes
were controlled to 120� 1 and 185� 1 ngcmÿ2 (ca. 6.0 pmol cmÿ2),
respectively. These amounts correspond to approximately 15% coverage
of the surface of the Au electrode, and this small coverage provided enough
space for binding of a large enzyme molecule.


Enzyme reactions on a template/primer-immobilized QCM : A template/
primer-immobilized QCM was soaked in aqueous solution (8 mL, 30 8C,
10 mm Tris-HCl, pH 7.4, 10mm MgCl2, 40 mm KCl) and the resonance
frequency of the QCM was defined as zero after equilibrium. Frequency
changes corresponding to the addition of enzyme and/or dNTP monomers
were followed with time. The solution was stirred to avoid any effect of
diffusion of enzyme and monomers, and the stirring did not affect the
stability and magnitude of frequency changes.
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Inhibition of Peroxynitrite-Induced Nitration of Tyrosine by Glutathione in
the Presence of Carbon Dioxide through both Radical Repair and
Peroxynitrate Formation


Michael Kirsch,*[a] Manfred Lehnig,[b] Hans-Gert Korth,[c]


Reiner Sustmann,[c] and Herbert de Groot[a]


Abstract: Peroxynitrite (ONOOÿ/
ONOOH) is assumed to react preferen-
tially with carbon dioxide in vivo to
produce nitrogen dioxide (NO2


.) and
trioxocarbonate(1ÿ ) (CO3


.ÿ) radicals.
We have studied the mechanism by
which glutathione (GSH) inhibits the
NO2


./CO3
.ÿ-mediated formation of 3-ni-


trotyrosine. We found that even low
concentrations of GSH strongly inhibit
peroxynitrite-dependent tyrosine con-
sumption (IC50� 660 mm) as well as 3-ni-
trotyrosine formation (IC50� 265 mm).


From the determination of the level of
oxygen produced or consumed under
various initial conditions, it is inferred
that GSH inhibits peroxynitrite-induced
tyrosine consumption by re-reducing
(repairing) the intermediate tyrosyl rad-
icals. An additional protective pathway
is mediated by the glutathiyl radical


(GS .) through reduction of dioxygen to
superoxide (O2


.ÿ) and reaction with
NO2


. to form peroxynitrate (O2NOOH/
O2NOOÿ), which is largely unreactive
towards tyrosine. Thus, GSH is highly
effective in protecting tyrosine against
an attack by peroxynitrite in the pres-
ence of CO2. Consequently, formation
of 3-nitrotyrosine by freely diffusing
NO2


. radicals is highly unlikely at phys-
iological levels of GSH.


Keywords: antioxidants ´ nitrogen
oxides ´ peroxynitrite ´ radical re-
actions ´ tyrosine nitration


Introduction


Oxoperoxonitrate(1ÿ ) (ONOOÿ) can be formed in vivo
from the diffusion-controlled reaction (k� 3.9 ± 19�
109mÿ1 sÿ1) of superoxide (O2


.ÿ) with nitric oxide (nitrogen
monoxide, .NO).[1, 2] The pathological activity of this anion
and its conjugated acid [hydrogen oxoperoxonitrate(1ÿ ),
peroxynitrous acid, ONOOH], often collectively referred to
as peroxynitrite, is presumably based on its ability to oxidize
protein and non-protein sulfhydryls,[3] membrane phospho-
lipids,[4] low-density lipoproteins,[5] and NAD(P)H.[6] Addition-
ally, peroxynitrite and activated .NO/O2


.ÿ-releasing alveolar
macrophages exhibit nitrating activity.[7] In fact, the formation
of NO2-Tyr[8] is evident in a variety of tissue injuries.[9±12]


Though exhibiting only a modest reactivity towards peroxy-
nitrite [k(peroxynitrite � glutathione)� 1350mÿ1 sÿ1[13]] , glu-
tathione (GSH) is considered to be a major scavenger of
intracellularly operating peroxynitrite[3] due to its high intra-
cellular concentrations (5 ± 10 mm). However, this conclusion
has largely been based on experiments performed in the
absence of CO2. Since the rate of the reaction of CO2


(relevant concentrations in vivo �1.3 mm[14]) with ONOOÿ


clearly exceeds both the rate of reaction of ONOOH with
most biological substrates and the rate of release of free HO.


and NO2
. radicals[15] through homolysis of ONOOH, the


ability of GSH to scavenge ONOOH appears to be irrelevant
under typical physiological conditions. Thus, the role of GSH
as an antioxidant towards peroxynitrite remains an open
question. The reaction of CO2 with ONOOÿ presumably
generates an adduct, 1-carboxylato-2-nitrosodioxidane
(ONOOCO2


ÿ), which fragments with an efficiency of about
30 ± 35 %[16±18] into free CO3


.ÿ[19, 20] and NO2
.[21] radicals. Due


to the fact that i) CO3
.ÿ reacts several orders of magnitude


more rapidly with important biological molecules, such as
tyrosine, tryptophan, ascorbate, and NAD(P)H,[1, 6, 22] than it
does with GSH;[1] and ii) NO2


. only reacts rapidly with the
thiolate form of thiols,[23] GSH (pKa� 9.2), with its limited
scavenging ability, should be rather ineffective in protecting
molecules against radicals released from the putative
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ONOOÿ/CO2 adduct. Indeed, we have recently demonstrated
the inefficiency of GSH in preventing NAD(P)H oxidation by
peroxynitrite.[6] However, ascorbate was, quite unexpectedly,
found to be a more effective antioxidant because it diminished
the oxidative power of peroxynitrite-derived radicals by both
terminating the attacking entities and by re-reducing the
intermediate substrate radical.[24] Additionally, we identified a
novel protection pathway, that is, the intermediate formation
of peroxynitrate from the diffusion-controlled reaction of
NO2


. with O2
.ÿ . In apparent contrast to the inefficiency of


GSH in inhibiting peroxynitrite-dependent oxidation reac-
tions, GSH turned out to be highly effective in inhibiting
peroxynitrite-mediated nitration reactions in the presence of
CO2. In the present paper, we report on these findings and
clarify the underlying mechanism by which GSH exerts its
protective, antioxidative function.


Results


Protective effect of GSH on peroxynitrite-induced formation
of nitrotyrosine : In the absence of CO2, about 70 mm NO2-Tyr
was formed from the reaction of peroxynitrite with tyrosine
(1 mm each) (Table 1). This result is virtually identical to data


from earlier reports.[6, 25] Ascorbate was found to be more
potent than GSH in terms of the amount required to inhibit
peroxynitrite-derived NO2-Tyr formation to half of the
maximum value. These well-known effects[26] are explained
by i) the diffusion-controlled reactions of the HO. radical with
both ascorbate and GSH, ii) the high reactivity of ascorbate
towards both NO2


. and tyrosyl radicals,[1, 27] and iii) the
moderate reactivity of GSH towards ONOOH. Surprisingly,
the presence of CO2 did not suppress the ability of GSH to
inhibit peroxynitrite-dependent nitration reactions (Table 1).
Since a direct reaction of GSH with ONOOH can safely be
neglected in the presence of CO2, we hypothesized that GSH
prevents NO2-Tyr formation by re-reducing the intermediate
tyrosyl radical. Similar effects have been observed with para-
hydroxyphenylacetic acid (p-HPA) and tryptophan as sub-
strates.


Evidence for a glutathione-mediated repair of tyrosyl radi-
cals : The ªrepairº of tyrosyl radicals by GSH can be


rationalized by the following reaction sequence [Eqs. (1) ±
(3)]:


tyrosyl radical � GS(H)! tyrosine � GS . (1)


GS . � GSÿ>GSSG.ÿ (2)


GSSG.ÿ � O2!GSSG � O2
.ÿ (3)


Provided that the prevention of NO2-Tyr formation by GSH
is mediated by this mechanism, peroxynitrite-dependent
tyrosine consumption, in other words NO2-Tyr and dityrosine
formation,[28] can be expected to be inhibited by GSH as well.
To find out whether this is indeed the case, the experiments
with peroxynitrite and tyrosine (1 mm each) in the presence of
CO2 and various GSH concentrations were repeated, and the
reaction solutions were analyzed by capillary zone electro-
phoresis (Figure 1). In the absence of GSH, tyrosine con-


Figure 1. Peroxynitrite (1 mm) was added by vortexing to potassium
phosphate buffer (50 mm, pH 7.5, 0.1 mm DTPA, 37 8C, 25mm/5% HCO3


ÿ/
CO2), which contained tyrosine (1mm) and varying concentrations (0 ±
2mm) of GSH. The remaining tyrosine and the NO2-Tyr formed were
quantified by capillary zone electrophoresis. Each value represents the
mean � standard deviation of three experiments performed in duplicate.


sumption (431.8� 37.4 mm) was about 2.4 times higher than
NO2-Tyr formation (180.5� 11.3 mm) upon addition of peroxy-
nitrite. The yield of NO2-Tyr was in good agreement with the
data obtained from absorbance measurements (Table 1 and
refs. [6, 25]). As expected, GSH was found to effectively
inhibit peroxynitrite-mediated consumption of tyrosine as
well as the formation of NO2-Tyr [Eqs. (1) ± (3)]. In good
accord with the above-mentioned tyrosine/NO2-Tyr ratio, the
IC50 value (IC50� inhibitor concentration necessary to inhibit
the formation of the product half-maximal) for tyrosine
consumption (IC50� 664� 12 mm) was found to be about
2.5 times higher than that for NO2-Tyr formation (IC50�
266� 13 mm). In contrast, ascorbate was found to inhibit both
the peroxynitrite-induced consumption of tyrosine (IC50�
232� 10 mm) and NO2-Tyr formation (IC50� 237� 10 mm)
with the same efficiency. Since GSH reacts with the CO3


.ÿ


radical much more slowly than tyrosine does (see Discussion),
the inhibition of tyrosine consumption by GSH is unlikely to
result from effective trapping of CO3


.ÿ , but instead can be
explained by a GSH-mediated repair function.


Table 1. Effect of ascorbate and glutathione on peroxynitrite-induced
nitrations.


Product presence of yield[a] ASC[b] GSH
HCO3


ÿ/CO2 [mm] IC50 [mm]


3-nitrotyrosine no 71.2� 2.9 180� 10 405� 13
yes 191.6� 3.4 325� 11 350� 15


3-(NO2)-4-HPA no 80.2� 1.7 155� 10 326� 12
yes 191.3� 3.5 340� 11 415� 13


6-nitrotryptophan no 90.7� 3.1 275� 11 390� 13
yes 169.5� 3.3 370� 11 345� 13


[a] In the absence of both ASC and GSH. [b] ASC� ascorbate.







Glutathione 3313 ± 3320
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Consequently, glutathiyl radicals should have been formed
[Eqs. (1) ± (3)] under the aforementioned conditions. Accord-
ingly, after mixing of peroxynitrite with GSH at pH 7.5 in the
presence of both 50 mm HCO3


ÿ and 100 mm DMPO, the
characteristic ESR spectrum of the DMPO-glutathiyl radical
adduct (Figure 2) was observed ªinstantaneouslyº, that is to


Figure 2. ESR spectra were obtained upon incubating DMPO (100 mm),
HCO3


ÿ (50 mm), GSH (10 mm), and peroxynitrite (1mm) in potassium
phosphate buffer (50 mm, pH 7.5) at room temperature. The dotted lines
shows a computer simulation of the spectra. Recording conditions:
microwave frequency, 9.8 GHz; modulation, 0.04 mT; signal gain, 5� 105;
sweep range, 20 mT; sweep time, 4 min.


say within 40 s. The formation
of this DMPO adduct has also
been reported after mixing
peroxynitrite with GSH in the
absence of HCO3


ÿ/CO2.[29] The
experimental ESR spectrum
could be satisfactorily repro-
duced by simulation with the
assumption that two conform-
ers of the DMPO-glutathiyl
radical adduct are present. In
the presence of additional ty-
rosine (1 mm), a virtually identical ESR spectrum was
observed (not shown). Control experiments revealed that
tyrosyl radicals were not trapped by DMPO under these
conditions.


Oxygen can interfere with this system through two path-
ways,[30] either by reversible addition to the glutathiyl radical
and/or, as outlined in Equations (1) ± (3), by reaction with the
GSSG.ÿ radical. Since only the latter reaction generates O2


.ÿ ,
we attempted to identify this intermediate. After the addition
of peroxynitrite (1mm) to a solution containing both GSH
(1 mm) and cytochrome c3� (20 mm) or cytochrome c3� plus
SOD (100 units mLÿ1), 7.9� 0.3 and 6.4� 0.2 mm O2


.ÿ were
found in the absence and in the presence of HCO3


ÿ/CO2,
respectively (average of three experiments performed in
duplicate). Thus, an attack of peroxynitrite, or rather of
peroxynitrite-derived radicals on GSH indeed produces O2


.ÿ .
In the presence of tyrosine, however, the formation of O2


.ÿ


could not be verified (�0.2 mm detection limit). A reason for
this may be a preferred reaction of GS . with the formed
cytochrome c2�,[31] because the amount of GS . should be
increased in the presence of tyrosine. Thus, our probe is
rapidly destroyed by GS . .


To unequivocally prove that GSH saves tyrosine by re-
reducing the tyrosyl radical, we studied whether oxygen
release from 1 mm peroxynitrite was affected by the presence
of tyrosine and GSH, respectively. In the absence of
HCO3


ÿ/CO2, about 172 mm O2 was released from the perox-
ynitrite (Table 2), in excellent agreement with previous
reports.[32±34] With added tyrosine (1 mm), oxygen production
from the same initial amount of peroxynitrite was markedly
reduced to �18 mm O2. The situation changed again dramat-
ically with GSH as an additive. Irrespective of the presence
of tyrosine, O2 production could not be monitored, but rather
most of the atmospheric O2 level (�180 mm) was consumed
then. In the presence of CO2, only around 15 mm O2 was
formed from 1 mm peroxynitrite, and this yield proved to
be insensitive to the presence of tyrosine (1mm). However,
by replacing tyrosine with GSH (1 mm), an O2 uptake of
about 60 mm was evident. Interestingly, the O2 uptake
further increased to around 105 mm when tyrosine was also
present.


Indications for glutathione-derived formation of peroxyni-
trate : The results reported above leave no doubt that GSH is
capable of effectively reconverting the tyrosyl radical into


tyrosine. The question remains as to whether this is also the
mechanism by which 3-nitrotyrosine formation is inhibited by
GSH (remember that the IC50 value for 3-NO2-Tyr is about
2.5 times smaller than that for tyrosine consumption). One
explanation for 3-NO2-Tyr inhibition could be that NO2


.


might be capable of directly reacting with GSH. If this was to
be the case, then NO2


. would be reduced to nitrite, and, hence,
GSH can be expected to initiate an emissive CIDNP effect in
the 15N NMR spectrum of 15NO2


ÿ formed from the freely
diffusing 15NO2


. radicals. This, however, is not observed
(spectrum not shown).


As we could find no evidence of GSH being able to trap
NO2


. , quantum chemical DFT (density functional theory)
calculations were performed with cysteine as a model for
GSH.


These calculations (Table 3) were likewise unsupportive of
the view that the NO2


. radical should effectively attack
cysteine. However, the calculations predicted that an attack of
NO2


. on the thiolate form of cysteine should be energetically
favorable. Therefore, one may suggest that the GSÿ anion
[pKa(GSH)� 9.2] is the species which actually deactivates the
NO2


. radical. To clarify this point, tyrosine was nitrated with


Table 2. Effects of glutathione and tyrosine on O2 formation from peroxynitrite.


Additives (1 mm each) Absence of HCO3
ÿ/CO2 Presence of HCO3


ÿ/CO2


[O2]total
[a] [mm] D[O2][b] [mm] [O2]total [mm] D[O2][b] [mm]


none (atmospheric O2 225.4� 2.9 210.3� 2.8
saturation level)
peroxynitrite 397.2� 9.6 171.8 225.9� 2.7 15.9
peroxynitrite� tyrosine 243.3� 4.8 17.9 225.4� 1.0 15.4
peroxynitrite�GSH 43.9� 12.8 ÿ 181.5 155.1� 5.6 ÿ 60.2
peroxynitrite�GSH� tyrosine 52.1� 14.9 ÿ 173.3 105.1� 5.7 ÿ 105.2


[a] Each value represents the mean � standard deviation of six experiments. [b] [O2](� additive)ÿ [O2](no
additive).
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peroxynitrite (1 mm each) at various pH values (6.5 ± 8) in the
presence of CO2 (Table 4). The yield of NO2-Tyr was found to
be pH-dependent, with a maximum of 192 mm at pH 7.5. This
result is in line with the data obtained by Lemercier et al.[35]


At pH 8, peroxynitrite-mediated NO2-Tyr formation was
found to be inhibited by about 85 % upon addition of 1 mm
GSH. The protective effect exerted by GSH decreased with
decreasing pH value, but around 55 % protection was still
observed at pH 6.5. Since the level of protection at pH 6.5 is
still about 64 % of that at pH 8 and because the GSÿ


concentration at pH 6.5 is only 3 % of that at pH 8, the
GSH-mediated inhibition of peroxynitrite-derived NO2-Tyr
formation cannot be exclusively attributed to the trapping of
NO2


. radicals by GSÿ.
In view of the fact that O2


.ÿ is produced in an environment
in which NO2


. is also an important intermediate, the
formation of peroxynitrate (O2NOOÿ) must be taken into
account, because these radicals react with each other at a
diffusion-controlled rate.[1] Peroxynitrate is then deactivated
by decomposition into NO2


ÿ and O2 (kdec� 0.7 sÿ1).[36] Since


no specific probe for peroxynitrate is presently available, we
checked for the possible intermediacy of this compound by
performing a kinetic simulation (Table 5) with the kinetic
scheme given in Table 6 (see Experimental Section). The


kinetic analysis predicted that under the applied conditions
the NO2


. radical mainly decays (�41 %) through formation of
peroxynitrate, but that other pathways also make significant
contributions to this process (Table 5).


Peroxynitrate has been reported to be in partial equilibrium
with NO2


. and O2
.ÿ ,[37] thus, one might even assume that


O2NOOÿ promotes the action of NO2
. . However, the


equilibrium constant (K� 2.3� 10ÿ10mÿ1)[37] is too low to
generate a significant equilibrium concentration of NO2


. . To
further substantiate whether O2NOOÿ can play a protective
role, the effect of peroxynitrate on both tyrosine consumption
and NO2-Tyr formation was analyzed by capillary zone
electrophoresis. After mixing peroxynitrate (1.57 mm) with
tyrosine (1 mm), NO2-Tyr was not formed above our detection
limit of 8 mm, and the recovery of tyrosine was found to be
96� 1 % (average of three experiments performed in dupli-
cate), irrespective of the presence of CO2. Thus, the NO2


./
O2


.ÿ-mediated formation of O2NOOÿ indeed represents an
additional pathway for the inactivation of NO2


. radicals
towards attack on tyrosine.


Discussion


It has been unequivocally proven by 15N CIDNP experiments
that the peroxynitrite-induced nitration of tyrosine in the
presence of CO2 proceeds via freely diffusing CO3


.ÿ and NO2
.


Table 3. Quantum-chemically calculated reaction energies [kcal molÿ1].


Reaction[a] DREgas phase
298 DREwater


298


PCM IPCM


CysÿSH � NO2
.!CysÿS . � HNO2 10.4 4.2 6.3


CysÿSH � NO2
.!CysÿSH .� � NO2


ÿ 142.7 25.4 27.9
CysÿSÿ � NO2


.!CysÿS . � NO2
ÿ 2.2 ÿ 5.8 ÿ 14.0


[a] Geometries of cysteine (CysÿSH), cysteine thiolate (CysÿSÿ), NO2
. ,


and NO2
ÿ were fully optimized to stationary points using density functional


theory (DFT) with nonlocal corrections (B3LYP) on the 6 ± 31�G(d) basis
set. As these calculations refer only to the conditions in the gas phase,
single-point calculations were performed at the B3LYP/6 ± 31�G(d)//
B3LYP/6 ± 31�G(d) level for water with either the PCM[63] or the IPCM[64]


solvation model.


Table 4. Effects of glutathione and pH on peroxynitrite-induced nitration
of tyrosine in the presence of HCO3


ÿ/CO2.


Peroxynitrite (1 mm) [NO2-Tyr][a] Protection[b] [GSÿ][c]


� additive [mm] [%] [%]


pH 6.5 0.20
none 104.1� 7
GSH(0.5 mm) 66.5� 5 36.1
GSH(1 mm) 47.3� 2 54.6
pH 7.0 0.63
none 127.7� 11
GSH(0.5 mm) 74.3� 7 41.8
GSH(1 mm) 50.2� 2 60.7
pH 7.5 1.96
none 192.1� 6
GSH(0.5 mm) 77.1� 6 59.9
GSH(1 mm) 39.6� 3 79.4
pH 8.0 5.94
none 168.8� 7
GSH(0.5 mm) 55.9� 5 66.9
GSH(1 mm) 25.2� 2 85.1


[a] Each value represents the mean � standard deviation of three
experiments performed in duplicate. [b] Percentage of reduction of NO2-
Tyr yield. [c] Amount of free GSÿ at the particular pH value, calculated
from pKa(GSH)� 9.2.


Table 5. The kinetic analysis of the experimental values, which was
performed with 5� 107 reacting molecules, a fixed pH value of 7.5, and
with the following initial concentrations: [ONOOÿ]0� 1mm, [GSH]0�
1mm, [GSÿ]0� 19.5 mm, [CO2]0� 1.3 mm, and [O2]0� 225 mm.


Reaction Rate
constant


Estimated
contribution of


[mÿ1sÿ1] NO2
. radical decay[a] [%]


NO2
. � GSÿ!NO2


ÿ � GS . 2.4� 108 28.5
NO2


. � O2
.ÿ!O2NOOÿ 4.5� 109 40.9


NO2
. � GSO.!GS(O)ONO 4.5� 109 5.9


2NO2
. (� H2O)[b]!NO2


ÿ � NO3
ÿ 1.0� 103 0.6


NO2
. � CO3


.ÿ!NO3
ÿ � CO2 4.6� 108 3.4


NO2
. � GS .!GSNO2 3.0� 109 20.6


NO2
. � HO.!ONOOH 4.5� 109 0.1


NO2
. � HO.!NO3


ÿ � H� 4.5� 109 0.1


[a] Since various reactions yield NO3
ÿ, the contribution of a particular


pathway of NO2
. decomposition cannot necessarily be estimated from the


product yields. To overcome this disadvantage, each reaction of interest was
assigned as additionally generating one specific generic product, namely
NO2 decay I, NO2 decay II, . . .NO2 decay IX. In the case of N2O4, it was
assumed that 2 NO2 decay V were generated. The sum of NO2 decay I to
NO2 decay IX was found to be 329 mm, that is, the yield of NO2


. from
reaction of 1mm peroxynitrite with carbon dioxide (experimental yield
33%). The contribution of the nine NO2


. decomposition pathways could
then be calculated. For example, the contribution of the GSÿ-derived
pathway, that is, NO2 decay I, of NO2


. deactivation is calculated by: %
contribution (GSÿ)� 100�NO2 decay I/329 mm. [b] This reaction is be-
lieved to involve N2O4.
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radicals,[21, 38] whereby tyrosine should be preferably attacked
by CO3


.ÿwith subsequent recombination of the tyrosyl radical
with NO2


. [Eqs. (4) ± (8)]:


ONOOÿ � CO2!ONOOCO2
ÿ (4)


ONOOCO2
ÿ!CO3


.ÿ � NO2
. (5)


CO3
.ÿ � tyrosine!HCO3


ÿ � tyrosyl radical (6)


NO2
. � tyrosine!NO2


ÿ � tyrosyl radical (7)


NO2
. � tyrosyl radical!NO2-Tyr (8)


Moreover, NO2
. itself should also be able to oxidize


tyrosine, albeit with a somewhat lower rate [k(tyrosine �
NO2


.)� 3.2� 105mÿ1 sÿ1] than oxidation by CO3
.ÿ .[39] In fact,


NO2
. attacks a variety of phenols by such a radical mecha-


nism.[40] Thus, an effective antioxidant should provide two
means of preventing peroxynitrite-mediated nitration of
tyrosine, firstly by scavenging both the CO3


.ÿ and NO2
.


radicals, and, secondly, by regenerating tyrosine through the
re-reduction of tyrosyl radicals. According to the known
reactivity of CO3


.ÿ towards tyrosine (k� 4.7� 107mÿ1 sÿ1)[41]


and GSH (k� 5.3� 106mÿ1 sÿ1),[41] effective prevention of a
CO3


.ÿ attack on tyrosine would only be expected to occur at a
[GSH]/[tyrosine] concentration ratio>10. In marked contrast
to this expectation, however, the GSH concentration found to
be necessary to inhibit tyrosine consumption to half of its
maximum level was only 66 % of that of the concentration of
tyrosine. This fact, in combination with the observation that
the GSH-mediated inhibition of tyrosine consumption (Fig-
ure 1) is accompanied by an enhanced oxygen uptake
(Table 2), is strongly suggestive of a GSH-derived repair
function. In line with this conclusion, Sturgeon et al. also
reported on the ability of GSH to repair tyrosyl radicals
generated by the action of horseradish peroxidase.[42] How-
ever, as GSH was found to inhibit the formation of NO2-Tyr
more effectively than the consumption of tyrosine, the repair
function of GSH cannot be the only protective pathway. Since
ESR trapping experiments showed that GS . radicals are
formed from the reaction of peroxynitrite with GSH, they are
likely to be involved in the deactivation process for NO2


. . We
believe that the GS . radical-derived pathway for deactivation
of NO2


. involves the formation of peroxynitrate, since we
found that peroxynitrate does not attack tyrosine. From our
recent observations that O2


.ÿ traps NO2
. in a peroxynitrite-


containing environment[38] and that peroxynitrate oxidizes
NADH with only low efficiency,[24] it appears very likely that
the intermediate formation of O2NOOÿ/O2NOOH is a
general and effective deactivation mechanism for NO2


. .
However, the situation in vivo is different from that in vitro
in that: i) GSH is rapidly reconverted to the reduced state, ii)
the oxygen concentration is maintained at significantly lower
levels (�40 mm), and iii) high concentrations of Cu,Zn-super-
oxide dismutase are present in the cytosol. Considering these
facts and assuming a reasonable flux of peroxynitrite of
10 mm sÿ1 at pH 7.4,[7] we again applied the kinetic model to
mimic the in vivo situation.[43] Interestingly, under such
conditions, the kinetic model predicts that the NO2


. radicals


Table 6. Kinetic scheme used in the simulation to model the pathways of NO2
.


radical decay in the reaction of glutathione with peroxynitrite in the presence of CO2


at pH 7.5.


Entry Reaction Rate constants Ref.
[mÿ1 sÿ1] or [sÿ1]


1 ONOOÿ�CO2!ONOOCO2
ÿ 5.8� 104 [15]


2 ONOOCO2
ÿ!NO3


ÿ�CO2 6.7� 105 [a]


3 ONOOCO2
ÿ!NO2


.�CO3
.ÿ 3.3� 105 [a]


4 CO3
.ÿ�GSH!GS .�HCO3


ÿ 5.3� 106 [1]
5 GSH (� H2O)!GSÿ�H3O� 63.1 [b]


6 GSÿ�H3O�!GSH�H2O 1.0� 1011 [b]


7 GSÿ�NO2
.!GS .�NO2


ÿ 2.4� 108 [1]
8 GSÿ�CO3


.ÿ!GS .�CO3
2ÿ 7.1� 108 [1]


9 2 GS .!GSSG 5.0� 109 [30]
10 GS .�GSÿ!GSSG.ÿ 6.0� 108 [30]
11 GSSG.ÿ!GS .�GSÿ 1.6� 105 [15]
12 GSSG.ÿ�O2!GSSG�O2


.ÿ 5.0� 109 [30]
13 O2


.ÿ�NO2
.!O2NOOÿ 4.5� 109 [1] (8)


14 O2NOOÿ!O2�NO2
ÿ 0.7 [36]


15 GSH�O2
.ÿ!GSO.�HOÿ 1.0� 103 [65]


16 GS .�O2!GSOO. 2.0� 109 [30]
17 GSOO.!GS .�O2 6.0� 105 [30]
18 GSOO.�GSH!GSO.�GSOH 2.0� 106 [c]


19 2 GSO.!non-radical products 6.0� 107 [c]


20 GSO.�NO2
.!GS(O)ONO 4.5� 109 [d]


21 GS(O)ONO� (H2O)!non-radical products 7.0� 102 [e]


22 HO.�GSH!GS .�H2O 1.3� 1010 [1]
23 HO.�O2


.ÿ!HOÿ�O2 1.1� 1010 [1]
24 HO.�NO2


ÿ!NO2
.�HOÿ 6.0� 109 [1]


25 HO.�GSSG!GSSG.��HOÿ 7.1� 109 [1]
26 HO.�NO2


.!H��NO3
ÿ 4.5� 109 [f]


27 HO.�NO2
.!ONOOH 4.5� 109 [f]


28 2 NO2
.!N2O4 4.5� 108 [66]


29 N2O4! 2NO2
. 6.9� 103 [66]


30 N2O4 (� H2O)!NO2
ÿ�NO3


ÿ� 2H� 1.0� 103 [1]
31 NO2


.�GS .!GSNO2 3.0� 109 [g] (12)
32 NO2


.�CO3
.ÿ!NO3


ÿ�CO2 4.6� 108 [67]
33 CO3


.ÿ�H2O2!CO3
2ÿ�O2


.ÿ� 2 H� 9.8� 105 [68]
34 CO3


.ÿ�O2
.ÿ!CO3


2ÿ�O2 6.5� 108 [1]
35 2 O2


.ÿ (� 2 H�)!H2O2�O2 2.3� 105 [1]
36 O2


.ÿ�Cu2�-SOD!O2�Cu1�-SOD 1.9� 109 [1]
37 O2


.ÿ�Cu1�-SOD (�2H�)!H2O2�Cu2�-SOD 1.9� 109 [h]


38 ONOOÿ�H3O�!ONOOH�H2O 1.0� 1011 [b]


39 ONOOH�H2O!ONOOÿ�H3O� 15 849 [b]


40 ONOOH!NO3
ÿ�H� 0.7 [i]


41 ONOOH!NO2
.�HO. 0.3 [i]


42 ONOOH�GSH!H2O�GSNO2 1350 [13, 69]


[a] These rate constants correspond to the known NO2
./CO3


.ÿ yields of about 33%
and an estimated upper limit of the lifetime of ONOOCO2 of 1 ms.[67] [b] The rate
constants for deprotonation of GSH and ONOOH were calculated from the pKa


values of 9.2 and 6.8, respectively, and from the reasonable assumption that a typical
rate constant for protonation lies in the range of 1 ± 10� 1010mÿ1 sÿ1.[70] [c] The
unknown rate constants for the reactions of GSOO. with GSH and for the self-
reaction of the GSO. radicals were assumed to be similar to the rate constants for
the reaction of 2-mercaptoethanol thiylperoxide with 2-mercaptoethanol[30] and of
the dimerization of tert-butyl sulfinyl radicals,[71] respectively. [d] This reaction and
the corresponding rate constant was suggested by an anonymous referee. We
calculated the thermochemistry of this reaction by using density functional theory at
the B3LYP/6 ± 31�G(d) level of theory as: DRE298�ÿ14.3 kcal molÿ1, DRH298�
ÿ14.8 kcal molÿ1, DRG298�ÿ1.9 kcal molÿ1. [e] The unknown rate constant for
hydrolysis of GS(O)ONO was estimated to be similar to the rate constants for
simple alkyl nitrites.[72] [f] From k(26�27)� 1� 1010mÿ1 sÿ1[66] (26 and 27 refer to the
entry number) and the assumption k(26)/k(27)� 1. [g] The rate constant for the
recombination of the NO2


. radical with the glutathiyl radical was estimated to be
similar to that for the recombination of NO2


. with the tyrosyl radical, that is,
k(NO2


.� tyrosyl radical)� 3� 109mÿ1 sÿ1.[1] [h] Only the rate-limiting step of the
catalysis is known. For the sake of simplicity, the second step was assumed to
proceed at the same rate. [i] These rate constants correspond to the known yield
NO2


./HO. of 28� 2%[18, 73] obtained from peroxynitrous acid homolysis and the
apparent rate constant for the decay of peroxynitrite at 298 K (kexp� 1.2 sÿ1).[2]
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should be almost exclusively deactivated (�98 %) by reaction
with the thiolate form of glutathione (GSÿ). The situation may
be somewhat different in mitochondria, because it is known
that recombinant human Mn-SOD is readily inactivated by
peroxynitrite.[44] For such a situation, in which SOD is not
available, the kinetic simulation predicts that the NO2


.


radicals will be deactivated by reaction with GSÿ as well as
by formation of peroxynitrate with nearly the same efficiency
(53 and 47 %, respectively).


In man, intracellular GSH is present at concentrations of
1 ± 10 mm (see, for example, ref. [45]), whereas the intra-
cellular concentration of ascorbate lies in the range 0.5 ±
2 mm.[46±48] Thus, the GSH concentration can be tenfold
higher than that of ascorbate. At pH 7, the CO3


.ÿ radical
reacts about 260 times more rapidly with ascorbate than with
GSH. Thus, at a [GSH]/[ascorbate] ratio of 10:1, ascorbate
should preferably (>96 %) terminate the CO3


.ÿ radical. On
the other hand, there is evidence that ascorbate may repair
certain substrate radicals faster than GSH.[49] Two research
groups concluded that ascorbate completely outcompetes
GSH in repairing phenoxyl radicals, because both oxygen and
GSH consumption were found to be suppressed in the
presence of ascorbate.[42, 49] However, both groups overlooked
the fact that ascorbate rapidly repairs (reduces) glutathiyl
radicals [k(ascorbate � GS .)� 6� 108mÿ1 sÿ1],[30] and by this
means inhibits both oxygen and GSH consumption. Our data
suggest that GSH is only three times less effective than
ascorbate in inhibiting CO3


.ÿ and NO2
. radical-driven tyrosine


consumption. Thus, at an intracellular [GSH]/[ascorbate]
ratio of 10:1, GSH should make a significant contribution to
the repair of tyrosyl radicals.


In the present study, compared with a (patho)physiological
situation, we employed relatively high peroxynitrite concen-
trations in order to increase the reliability of the quantitative
analysis of tyrosine consumption and NO2-Tyr formation. As
the yield of NO2-Tyr is predominantly determined by the
[peroxynitrite]/[tyrosine] ratio,[28, 50] low steady-state concen-
trations of peroxynitrite may lead to a sizable consumption of
tyrosine, but should not be effective in producing NO2-Tyr.
Because physiological GSH concentrations completely inhibit
both tyrosine consumption as well as NO2-Tyr formation even
at physiologically unrealistic high levels of peroxynitrite, we
conclude that any non-enzymatic pathway for tyrosine con-
sumption in which tyrosyl radicals are involved is highly
unlikely in the presence of such GSH concentrations. It has
been suggested that catalase,[51] Cu,Zn-superoxide dismu-
tase,[52] heme-thiolate,[53] and manganese/iron porphyrins[54]


catalyze peroxynitrite-mediated nitration reactions. However,
to the best of our knowledge, there has as yet been no
conclusive proof that these catalysts induce nitration reactions
in the presence of both CO2 and physiological concentrations
of GSH. Thus, NO2-Tyr formation by the action of freely
diffusing CO3


.ÿ and NO2
. radicals is only possible when GSH


is either not available (e.g. in membranes or in plasma) or if its
concentration is strongly decreased in pathological situations.


Experimental Section
Materials : Catalase from beef liver (EC 1.11.1.6) and copper-zinc super-
oxide dismutase from bovine erythrocytes (EC 1.15.1.1) were obtained


from Roche (Mannheim, Germany). Manganese dioxide, hydrogen per-
oxide, DTPA, GSH, cysteine, and H2O2 were purchased from Sigma
(Deisenhofen, Germany). Ascorbic acid, H3PO4 (supra pure), and HClO4


(supra pure) were obtained from Merck (Darmstadt, Germany). Mixtures
of oxygen 5.0 and nitrogen5.0 (20.5 % O2/79.5 % N2, ªsynthetic airº),
oxygen5.0, nitrogen5.0, and carbon dioxide4.6 (20.5 % O2/74.5 % N2/5 %
CO2) were purchased from Messer-Griessheim (Oberhausen, Germany;
ª5.0º and ª4.6º mean purities of 99.999 % and 99.996 %, respectively).
Peroxynitric acid (O2NOOH) solutions (1.57�0.02 m) were freshly
prepared on a daily basis as recently described elsewhere.[24, 55]


Oxoperoxonitrate(1ÿ ) (0.73m) was prepared by the reaction of isoamyl
nitrite with hydrogen peroxide [0.12 mol isoamyl nitrite, 100 mL H2O2


(1m) plus DTPA (2 mm)] and purified (sixfold extraction with n-hexane,
solvent extraction, removal of excess H2O2 by passage over MnO2,
N2-purging) as described by Uppu and Pryor.[56] The peroxide thus
obtained was divided into 200 mL aliquots and stored in vials (Eppendorf,
Hamburg, Germany) at ÿ79 8C. All other chemicals were of the highest
purity commercially available. The program Chemical Kinetics Simula-
tor 1.01 (CKS) was kindly donated by International Business Machines
Corporation (http://www.almaden.ibm.com/st/msim/).


Solutions : Care was taken to exclude possible contamination by bicarbon-
ate/carbon dioxide and transition metals. So-called ªsynthetic airº was
bubbled (2 Lminÿ1) through doubly-distilled water at room temperature
for 20 min. This water was used in the synthesis of oxoperoxonitrate(1ÿ )
and for all other solutions. Traces of transition metal ions were removed
from the final phosphate buffer solutions (10 mL, 50mm) by gently shaking
with the heavy metal scavenger resin Chelex100 (0.4 g) for 18 h in the dark.
After low-speed centrifugation for 5 min, the solutions were carefully
decanted from the resin. In the course of the resin treatment, the pH
increased by about 0.25 units. Thereafter, the various additives (DTPA,
tyrosine, GSH) were added. The pH was readjusted to 7.5 by the addition of
phosphoric acid (50 mm) at 37 8C and synthetic air or the CO2 mixture was
again bubbled (2 Lminÿ1) through the solutions for 20 min. In the case of
bubbling with the CO2 mixture, the pH had to be readjusted to 7.5 once
more.


Experimental conditions : The experiments with peroxynitrite (2 mL of 0.5m
ONOOÿ in 0.5m NaOH was added to 1 mL of buffer solution) and with
peroxynitric acid (1 mL of 1.57m O2NOOH was added to 1 mL of buffer
solution) were performed in reaction tubes (1.4 mL, Eppendorf, Hamburg,
Germany) by using the drop-tube vortex mixer technique as described
previously.[32] Under HCO3


ÿ/CO2-free conditions, these experiments were
performed in a glove-bag (Roth, Karlsruhe, Germany) under synthetic air.


Determination of peroxynitric acid : The concentration of the peroxynitric
acid stock solution (0.2 mL) was quantified by the amount of O2 released in
100 mm potassium phosphate buffer (1 mL) at pH 11. O2 was determined
polarographically with a Clark-type oxygen electrode (Saur, Reutlingen,
Germany).


Determination of O2
.ÿ : Superoxide radicals were determined by the


modified ferricytochrome c assay of McCord and Fridovich.[57] Peroxyni-
trite (1 mm) was vortexed into the reaction solution in the presence of both
GSH (1mm) and cytochrome c3� (20 mm) and in the absence and presence
of SOD (625 nm� 100 units mLÿ1). GSH was added in excess to prevent
reaction of (residual) peroxynitrite with SOD and the cytochrome c2�


formed. The resulting mixture was kept at 37 8C for 2 min. Cytochrome c2�


formation was quantified by measuring its absorbance at 550 nm (De550�
21000mÿ1 cmÿ1).[58] The difference in cytochrome c reduction in the
presence and absence of SOD was used to calculate the amount of trapped
O2


.ÿ .


Determination of peroxynitrite-driven nitration reactions : Peroxynitrite
(1mm) was vortexed into potassium phosphate buffer solutions (50 mm,
37 8C, pH 7.5) that contained the substrates, namely para-hydroxyphenyl-
acetic acid (p-HPA), tyrosine, or tryptophan (each 1mm), and varying
concentrations of either ascorbate or glutathione (0 ± 1000 mm) in the
absence and in the presence of HCO3


ÿ/CO2 (25 mm/5 %). After vortexing,
the samples were allowed to stand for 2 min. In the case of tryptophan, the
absorbance of 6-nitrotryptophan[59] was detected photometrically at 400 nm
(eM� 5200mÿ1 cmÿ1). With p-HPA and tyrosine as substrates, 0.5 ± 1m
NaOH was added (4:1 v/v, final pH 11 ± 11.5). The final products, that is,
3-nitro-4-hydroxyphenylacetic acid and 3-nitrotyrosine, respectively, were
detected by UV/Vis spectroscopy at 430 nm (eM� 4400mÿ1 cmÿ1)[56] and at







Glutathione 3313 ± 3320


Chem. Eur. J. 2001, 7, No. 15 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3319 $ 17.50+.50/0 3319


428 nm (eM� 4200mÿ1 cmÿ1),[60] respectively. Each value represents the
mean � standard deviation of four experiments performed in duplicate.


Capillary zone electrophoresis measurements : Tyrosine and 3-nitrotyrosine
were quantified on a Beckman P/ACE 5000 apparatus. Separation con-
ditions for tyrosine and NO2-Tyr were as follows: fused silica capillary
(50 cm effective length, 75 mm internal diameter), hydrodynamic injection
for 5 s, temperature 30 8C, voltage 18 kV, normal polarity, UV detection at
214 nm. A mixture of 50 mm sodium phosphate, 25 mm sodium borate, and
50 mm sodium dodecyl sulfate (pH 9.0) was used as the electrolyte system.
To each sample, 0.2 mm of p-hydroxybenzoic acid was added as an internal
standard.


ESR measurements : ESR spectra were recorded at ambient temperature
on a Bruker ESP-300E X-band spectrometer (Bruker, Rheinstetten,
Germany) equipped with a TM110 wide-bore cavity. Solutions were
prepared from 1 mL of buffer solution (pH 7.5) containing HCO3


ÿ (50 m)
and GSH (10 mm). Peroxynitrite (1 mm) was added to each solution by
vortexing as described above. The reaction solutions were quickly trans-
ferred to an aqueous solution quartz cell (Willmad, Buena, N.J., USA). The
first spectra were recorded as soon as possible, that is, within 1 min, and
thereafter at 5 min intervals. Recording conditions: microwave frequency,
9.8 GHz; modulation, 0.04 mT; signal gain, 5� 105; sweep range, 20 mT;
sweep time, 4 min. Simulated spectra were generated using the WinSim
program.[61]


CIDNP measurements : For these experiments, peroxynitrite was gener-
ated in 10 mm NMR tubes by adding H2O2 (1m) to a solution of Na15NO2


(50 mm) in potassium phosphate buffer (300 mm, pH 4.5) in the absence and
in the presence of various additives (50 mm HCO3


ÿ ; 10 or 200 mm GSH).
After mixing, the NMR tubes were quickly transferred to the probe head of
an NMR spectrometer (BRUKER DPX-300) and locked within 1 min
(internal lock: 10 % D2O). The first 15N NMR spectrum was recorded 1 min
or later after mixing the reactants by using single pulses with pulse angles of
908. Subsequent 15N NMR spectra were recorded at intervals of 3 ± 12 min
until no further spectral changes were observed.


Quantum chemical calculations : Density functional theory (DFT) calcu-
lations were carried out with the Gaussian 98W (Revision A.9) suite of
programs.[62] Geometries were fully optimized to stationary points using the
B3LYP method on the 6 ± 31�G(d) basis set. Molecular interactions were
evaluated on the optimized gas-phase geometries with both the PCM[63] and
the IPCM[64] procedures incorporated in Gaussian 98W.


Kinetic analysis : By far the most common computational methods of
numerical simulations of chemical reactions use a deterministic approach,
in other words one in which the time dependencies of the species
concentrations is written as a set of coupled differential equations that are
then numerically integrated in an iterative process. The stochastic
simulation method, which is used in the software package ªChemical
Kinetics Simulator 1.01º applied here, simulates a reaction scheme by using
probabilities for the reaction of the various species derived from the rate
laws of each step in the mechanism. The set of reactions and their
corresponding rate constants used in the kinetic simulation are collected in
Table 6. In order to obtain reliable product yields, the number of molecules
employed must be sufficiently high. In the present kinetic analysis the
simulation was performed by assuming 5 ± 10� 107 reacting molecules.
Increasing the number of reacting molecules by a factor of ten led to
identical results.


Final remark : While this paper was in press, Bonini and Augusto reported
on the peroxynitrite-dependent formation of RSSR .ÿ and RSO. radicals,
respectively.[74]
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Highly Efficient Deacetylation by Use of the Neutral
Organotin Catalyst [tBu2SnOH(Cl)]2


Akihiro Orita, Yuuki Hamada, Takehiko Nakano, Shinji Toyoshima, and Junzo Otera*[a]


Abstract: Deprotection of acetyl esters is effected cleanly by the neutral organotin
catalyst, [tBu2SnOH(Cl)]2. The mildness of the reaction gives rise to great synthetic
versatility and in the process a variety of functional groups are tolerated. Differ-
entiations between primary, secondary, and tertiary alcohols and between acetyl ester
and other esters are feasible. No racemization occurs with chiral acetyl esters.
Exclusive deprotection of primary acetyl esters in carbohydrates and nucleosides is
observed. The crude product thus obtained can be used for further reactions without
purification.


Keywords: acidity ´ catalysts ´ or-
ganometallic compounds ´ protect-
ing groups ´ tin


Introduction


The acetyl ester plays an important role for protection of the
hydroxyl group in organic synthesis.[1] Consequently, numer-
ous methodologies have so far been put forth for the
acetylation of alcohols. In striking contrast, the deprotection
of the acetyl esters is much less studied despite its practical
significance in synthetic processes. It should be carried out
under mild conditions to suppress racemization as well as
decomposition of coexisting functions. Alkaline hydrolysis is
most commonly employed, yet a number of functional groups
are not tolerated in this procedure. Transesterification serves
considerably well to this end.[2] However, this protocol also
requires the use of acidic or basic catalysts in most cases. Thus,
if the transesterification is feasible under milder conditions, it
would be of great synthetic promise.


Previously, we disclosed that 1,3-disubstituted tetraalkyl-
distannoxane catalysts effected smooth transesterification
simply by heating the reaction mixture of the esters in
alcohol.[3] The reaction proceeds under nearly neutral con-
ditions thus allowing various acid- and base-sensitive func-
tions to survive. The catalytic activity of the distannoxane
originates from a template effect induced by unique dimeric
formulation.[4] In this context, we expected the high efficiency
for cationic organotin hydroxide dimers that we had encoun-
tered recently.[5] Surprisingly, however, we have found that a


neutral counterpart is more active than the cationic species.
We report herein the mild and efficient deacetylation of acetyl
esters under the catalysis of the neutral organotin dimer.[6]


Results and Discussion


A variety of organotin clusters shown below were screened in
this study. Dinuclear clusters 1 ± 4 have a hydroxy bridge in
common but are different in the bonding mode of the anionic
ligands. Both 1[7] and 2[5] are neutral due to the covalent
bonding of the chlorine atom and nitrate group although the
tin atoms in the former is five-coordinate while six-coordinate
in the latter due to chelation by the nitrate group. The triflate
3[5] is neutral with six-coordinate tin atoms in the solid state
although it does undergo dissociation into a cationic species
with five-coordinate tin in solution. The tert-butyl derivative
4[5] has a cationic formulation both in the solid state and in
solution. Tetranuclear distannoxane 5[4, 8] is non-ionic whereas
Sn12 cluster 6[9] has a dicationic formulation.


The catalytic activity of various organotin compounds
together with conventional Lewis acids was assessed for
deprotection of 2-phenylethyl acetate (7) with methanol (see
Table 1), the results of which are summarized in Table 1.
Notably, 1 exhibited a greater activity than the others. A
quantitative yield of the alcohol was obtained after 3.5 h with
5 mol % of 1 (entry 1) while distannoxane 5 afforded only a
6 % yield under the same reaction conditions (entry 2). It was
necessary to keep the reaction mixture under refluxing
temperature for 9 h in order to achieve a quantitative yield
with this catalyst (entry 3). The neutral mono-nuclear com-
pounds Bu2SnCl2, BuSnCl3, and Bu2Sn(OAc)2 were less active
(29 %, 21 % and 22 % yields, respectively, after 24 h: en-
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tries 4 ± 6). The dimeric nitrate 2 was also found to be less
active than 1 (entries 7 and 8), probably because the bidentate
nitrate ligand retarded the interaction between the substrate
and the tin center. Other neutral di- or polynuclear organotin
oxides and hydroxide also failed to give satisfactory yields
under the same conditions (entries 9 ± 11).[10] We had sup-
posed that the cationic triflates, 3 and 4, are more active than 1
because of their increased acidity. To our surprise, however,
these triflates were found to be much less active (entries 12 ±
14), and, moreover, the Sn12 dication 6 exhibited virtually no
activity as well (entry 15); this is indicative of a mechanism for
which the Lewis acidity is not necessarily of primary
importance. Consistent with these results, even stronger
Lewis acids were not as effective; various metal triflates
failed to afford quantitative yields after 3.5 h (entries 16, 17,
19, 21-23) and, thus, a prolonged reaction time or higher
catalyst loading was required for satisfactory yields (en-
tries 18, 20 and 24).[11] Both BF3 ´ OEt2 and TfOH were
virtually inactive (entries 25 and 26). Apparently, 1 is unique
because no such high catalytic activity is attained with other
organotin derivatives as well as other Lewis acid compounds
with polynuclear structures or stronger acidity.


The deacetylation can be run in the presence of co-solvent
(Table 2). A variety of solvents are employable (entries 2 ± 6),
yet polar ones such as CH3CN, acetone, and water suppressed
the reaction (entries 7 ± 9). Ethanol can be used as well
instead of methanol although the reactivity is somewhat lower
(entry 10). The yield was decreased with allyl and isopropyl
alcohols and no reaction was observed with 2,2,2-trihalo
ethanols (entries 11 ± 14).


Then, we investigated deacetylation of various acetyl
groups under catalysis of 1 (Table 3). The acetyl groups from
primary alcohols were deprotected smoothly (entries 1 ± 3).
The catalyst concentration could be reduced to a 1 mol %
level though a prolonged reaction time was required (entry 1).
As expected, acid-sensitive substrates were converted to the
parent alcohols without decomposition (entries 4 ± 10). Nota-
bly geranyl acetate 10 did not undergo smooth deacetylation
under standard conditions (entry 4); however, the use of THF
as a co-solvent at 40 8C successfully effected the deacetylation


(entry 5). A unique chemoselectivity was exemplified by
selective deacetylation of a substrate with an ester group, as
for example the methyl ester group stayed intact (entry 11).
However, this outcome involved transesterification of the
original methyl ester with solvent methanol as is evident from


Table 1. Screening of catalysts for deacetylation of 2-phenylethyl acetate.[a]


Ph
OAc


MeOH Ph
OH AcOMecatalyst


7


+


Catalyst Reaction Yield [%][b] Starting
time [h] Material [%][b,c]


1 1 3.5 97 2
2 5 3.5 6 85
3 5 9[d] 96 3
4 Bu2SnCl2 24 29 62
5 BuSnCl3 24 21
6 Bu2Sn(OAc)2 24 22 72
7 2 24 82
8 2 6.5[d] 91
9 Bu2SnO 24 10 85


10 (Bu3Sn)2O 24 0 97
11[e] (Me3SnOH)2 3.5 0 89
12 3 3.5 29 52
13 4 3.5 29 63
14 4 7.5[d] 98
15 6 24 3 92
16 Sc(OTf)3 3.5 40 57
17[e] Sc(OTf)3 3.5 53 41
18 Sc(OTf)3 24 95 2
19 Bi(OTf)3 3.5 54 40
20 Bi(OTf)3 24 91 1
21[e] KOTf 3.5 0 92
22 TMSOTf 3.5 46 50
23[e] TMSOTf 3.5 67 28
24[e] TMSOTf 24 94 0
25[e] BF3 ´ OEt2 24 58 33
26[e] TfOH 24 2


[a] Reaction conditions: catalyst (5.0 mol %); 2-phenylethyl acetate
(1.0 mmol); methanol (5.0 mL), 30 8C. [b] Determined by GC. [c] Starting
material recovered. [d] Under reflux. [e] Catalyst concentration:
10.0 mol %.


Table 2. Deacetylation of 7 catalyzed by 1 in various alcohols and co-
solvents.[a]


Alcohol Co-solvent Reaction Yield [%][b] Starting
time [h] Material [%][b,c]


1 MeOH none 19[d] 93 5
2 MeOH THF 3.5 92 6
3 MeOH Et2O 3.5 95 2
4 MeOH DME 3.5 97 2
5 MeOH hexane 3.5 93 5
6 MeOH toluene 3.5 93 6
7 MeOH CH3CN 3.5 69 29
8 MeOH acetone 3.5 47 46
9 MeOH H2O 3.5[e] 62 33


10 EtOH none 20 96 0
11 allyl alcohol none 24 88 12
12 (CH3)2CHOH none 24 73 0
13 CF3CH2OH none 72 0 94
14 CCl3CH2OH none 72 0 94


[a] Reaction conditions: 1 (5.0 mol %); acetyl ester (1.0 mmol); alcohol
(5.0 mL); co-solvent (5.0 mL); 30 8C. [b] Determined by GC. [c] Starting
material recovered. [d] Catalyst concentration: 1.0 mol %. [e] MeOH
(10 mL) and H2O (100 mL) were added.
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the result of Equation (1), where the ethyl ester was partially
converted to the methyl ester under the same conditions.


EtOOC(CH2)11OAc EtOOC(CH2)11OH MeOOC(CH2)11OH
1 (5 mol %)


MeOH/THF, 
0 °C, 20 h 21 % 60 %


+ (1)


Acetyl groups from secondary alcohols were less reactive
and higher reaction temperatures were needed for quantita-
tive yields (entries 12 ± 20). When the acetyl ester of 8-penta-
decanol (19) was subjected to the reaction, only a 32 % yield
of the alcohol was recovered even at 50 8C (entry 16). The
refluxing conditions increased the yield to some degree but
the concomitant elimination was also accelerated (entry 17).
However, the yield was dramatically improved by adding a
trace amount of water (entry 18). Acetyl groups from the
tertiary alcohols 21 and 22 were resistant towards this
reaction, and elimination occurred under more harsh con-
ditions (entries 21 ± 23). However, a tertiary propargylic


acetate 23 was successfully deprotected (entry 24). Finally,
phenol was smoothly recovered from phenyl acetate (24)
(entry 25).


With these results at hand, we conducted competition
reactions which led to a variety of synthetically useful
differentiations (Scheme 1). Acetyl groups from primary
alcohols were preferentially or exclusively deprotected in
the presence of a secondary or tertiary alcohol derivative. The
high selectivity for an acetyl group from a secondary alcohol
was also attained in competition with a tertiary alcohol
counterpart. In addition, phenyl acetate was predominantly
deprotected over 2-phenylethyl acetate.


H13C6 OAc


Ph
OAc


Ph
OAc


H7C3 C4H9


OAc


Ph
OAc


Ph OAc


C8H17OAc


Ph
OAc


Ph
OAc


OAc


Ph
OH


Ph
OH


Ph OH


Ph
OH


H13C6 OH


Ph
OH


H7C3 C4H9


OH


Ph
OH


OH


C8H17OH


96% (3%)


6% (93%)


94:6


88% (5%)


3% (94%)


97:3


98% (2%)


0% (99%)


100:0


2% (98%)


98:2
87% (11%)


92:8
77% (15%)


7% (83%)


a


b


c


d


e


Scheme 1. Competitive deacetylation of acetyl esters (0.5 mmol each): The
yield was determined by GC. The percentage of unreacted starting
materials is given in parentheses; a) 1 (0.025 mmol), MeOH (5 mL), THF
(5 mL), 0 8C, 30 h; b) 1 (0.025 mmol), MeOH (5 mL), 30 8C, 5 h; c) 1
(0.025 mmol), MeOH (5 mL), 30 8C, 4.5 h; d) 1 (0.05 mmol), MeOH
(2.5 mL), THF (2.5 mL), 50 8C, 48 h; e) 1 (0.05 mmol), MeOH (2.5 mL),
CH3CN (2.5 mL), 0 8C, 1 h.


The applicability of the present protocol to other esters was
also investigated (Table 4). The propionate 25 and acrylate 26
underwent deprotection to some extent while the isobutyrate
27, pivalate 28, and benzoate 29 were virtually inert. Accord-
ingly, the acetyl group could be discriminated from these
esters (Scheme 2). The acetyl groups from the primary alcohol
were deprotected in the presence of 2-phenylethyl pivalate
which survived completely. The corresponding benzoate


Table 3. Deacetylation catalyzed by 1.[a]


Substrate Reation conditions [8C/h] Yield [%][b]


1 PhCH2CH2OAc (7) 30/19[c] 93
2 PhCH2OAc (8) 30/4.5 93[d]


3 C8H17OAc (9) 30/6 93
4 geranyl acetate (10) 30/24 86
5 40/24[e] 97


6
O


OAc
11


30/24 82


7
TBSO OAc


4 12
30/4 93


8 TBSO OAc
7 13


30/5 92


9 THPO OAc
7 14 30/9[c] 91


10
O


O


OAc


15
30/6 97


11 OAcMeOOC
11 16 30/16.5 100


12 PhCH(Me)OAc (17) 30/24 50
13 C6H13CH(Me)OAc (18) 30/24 38
14 50/24 91
15 (C7H15)2CHOAc (19) 30/24 12
16 50/24 32
17 reflux/24 72
18 reflux/48[f] 97


19


OAc


20
30/24 25


20 reflux/12 95
21 PhCH2C(Me)2OAc (21) reflux/24 22
22 C9H19C(Me)2OAc (22) 50/24 3
23 reflux/24 21


24 OAc 23
reflux/24[g] 86


25 phenyl acetate (24) 0/0.5 92


[a] Reaction conditions: 1 (5.0 mol %); acetyl ester (1.0 mmol); MeOH
(5.0 mL). [b] Determined by GC. [c] Catalyst concentration: 1.0 mol %.
[d] Isolated yield. [e] THF (5 mL) was added. [f] H2O (5 mL) was added,
and 1 (10 mol %) was used. [g] Catalyst concentration: 10 mol %.
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C8H17OAc C8H17OH              (93 %)


PhCH(CH3)OAc PhCH(CH3)OH     (91 %)


C8H17OAc
C8H17OH             (94 %)


Ph(CH2)2OCOPh


Ph(CH2)2OCOtBu Ph(CH2)2OCOtBu (100 %)


Ph(CH2)2OCOtBu Ph(CH2)2OCOtBu (98 %)


Ph(CH2)2OCOPh (84 %)


Ph(CH2)2OH         (5 %)


a


b


c


Scheme 2. Discriminative deacetylation of primary acetyl ester: The yield
was determined by GC; a) 1 (0.05 mmol), MeOH, 30 8C, 6 h; b) 1
(0.05 mmol), MeOH, reflux, 24 h; c) 1 (0.05 mmol), MeOH, 30 8C, 24 h.


slightly suffered deprotection in competition with octyl
acetate.[12]


The mildness of the present protocol was also exemplified
by the deacetylation of chiral acetyl esters (S)-17 and (S)-30 of
secondary alcohols and amino alcohols. No racemization was
observed in the product alcohols (Scheme 3).


Ph


OAc


Ph NHAc


OAc


Ph


OH


Ph NHAc


OH


Ph


OAc


Ph NHAc


OAc


(0.5 mmol) 90% 100% ee


(0.5 mmol) 92% 100% ee


(S)-17


(S)-30


a b


c d


Scheme 3. Deacetylation of chiral acetyl esters: a) 1 (0.025 mmol), MeOH
(2.5 mL), reflux, 24 h; b) 1) Ac2O/pyridine; 2) HPLC analysis (Daicel
chiral OD column, iPrOH/hexanes 10%, flow rate 1.0 mL minÿ1); c) 1
(0.025 mmol), MeOH (2.5 mL), THF (2.5 mL), 30 8C, 5.5 h; d) 1) Ac2O/
pyridine; 2) HPLC analysis (Daicel chiral AD column, iPrOH/Hex 10%,
flow rate 1.0 mL minÿ1).


One of the most crucial demands for the acetyl group
protection lies in the carbohydrate chemistry.[13] Table 5 shows
the usefulness of our method for selective cleavage of the
primary acetyl ester. a-d-Glucose pentaacetate 31 underwent
deprotection exclusively at the 6-position (entry 1). This is
quite unique in that only the primary acetyl ester could be
cleaved leaving the secondary acetyl groups intact.[14] More-
over, the anomeric acetyl group is usually cleaved in the
presence of secondary acetyl groups,[15] and no reaction took
place at the anomeric position in the present protocol. It


Table 4. Deprotection of various 2-phenylethyl esters.[a]


Ph
OCOR


Ph
OH


MeOH
RCOOMe


1
+


R Time [h] Yield [%][b]


1 C2H5 (25) 3.5 65
2 CH2�CH (26) 16 78
3 (CH3)2CH (27) 24 16
4 (CH3)3C (28) 24 0
5 C6H5 (29) 24 15


[a] Reaction conditions: 1 (5.0 mol %); 2-phenylethyl ester (1.0 mmol);
methanol (5.0 mL); 30 8C. [b] Determined by GC.


Table 5. Selective deprotection of the primary acetyl ester in various
carbohydrates and nucleosides.[a]


Substrate Reaction Yield Product[c]


[8C/h] [%][b]


1
O


AcO


OAc


OAc
OAc


OAc


31 30/4 88


2 O


AcO


OAc


OAc


32 0/24 81


3
OO


O
O


OAc
O


33
30/24[d] 96


4
O


O
O


OAc
AcO


34 0/24 55


5
O


AcO


OAc


OAc
OMe


OAc


35 20/7 82


6 O


AcO


OAc


OMe


OAc


AcO 36 0/20[d] 88


7
O


AcO


OAc


OAc


OAc
OMe


37 0/24 44


8 O


O
O


H


CCl3


AcO


AcO


OAc
38 0/18 47


O


O
O


H


CCl3


OAcAcO
HO


44


9
O


AcO


OAc


OAc


OAc
SPh


39 30/3 86


10
OOAc


OAc


OAc
AcO SPh


40 30/4 91


11 O


AcO


OAc


OAc


AcO


SPh


41 30/2[d] 85


12
O


AcO


AcO OAc


N


HN


O


O
42


30/24[d] 89


13
O


AcO


AcO OAc


N


N


NHAc


O
43


0/24 77
O


HO


AcO OAc


N


N


NH2


O
45


[a] Reaction conditions: 1 (5.0 mol %); acetyl ester (1.0 mmol); MeOH
(5.0 mL); THF (5.0 mL). [b] Isolated yield of the product with the primary
hydroxyl group. [d] Without THF.
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should be noted, however, that no clean outcome was
obtained with b-d-glucose pentaacetate; this is probably due
to the interaction between the acetyl groups at the anomeric
center and 6-positions. Tri-O-acetyl-d-glucal 32 was some-
what labile under the same conditions but in this case a
satisfactory yield was attained by lowering the reaction
temperature to 0 8C (entry 2). The acetonide in 33 was
completely inert (entry 3), yet a d-xylofuranose derivative
34 gave rise to a lower yield (entry 4). The substitution of the
anomeric acetyl group of a-d-glucose or mannose pentaace-
tate with methoxy group 35 and 36 showed no influence
(entries 5 and 6). Notably, the corresponding b-methoxy
derivative 37, in contrast to the pentaacetate, was deprotected,
though the yield was modest, probably because of suppression
of the acetyl transfer (entry 7). The unique selectivity is
highlighted in entry 8 where solely the primary acetyl ester is
cleaved. The problem at the anomeric position was com-
pletely overcome by use of chemically stable thiosugars. Thus,
the 1-phenylthio derivatives of glucose, galactose, and man-
nose 39 ± 41 underwent smooth deprotection of the primary
acetyl ester even for the b-isomers (entries 9 ± 11). No
epimerization was detected in all cases. Finally, it was revealed
that nucleosides could be successfully employed resulting in
exclusive deprotection of the primary acetyl ester for example
in tri-O-acetyluridine 42 (entry 12). With tetraacetylcytidine
43, both the primary and N-acetyl groups were cleaved
leaving the secondary ones intact (entry 13).


Since the above deacetylation is so clean that the product
could be used for further reaction without purification. Such
advantage was exemplified in two cases. The first example is
the facile preparation of cytidine with two different protective
groups in a selective manner (Scheme 4). Tetraacetylcytidine
43 was deacetylated as already described and the solvents
were evaporated after filtration through a thin pad of silica
gel. Treatment of the residue directly with pivaloyl chloride in
pyridine afforded cytidine with primary and N-pivaloyl
groups together with the secondary acetyl groups in 76 %
overall yield.


O
AcO


AcO OAc


N


N


NHAc


O
O


HO


AcO OAc


N


N


NH2


O
O


PivO


AcO OAc


N


N


NHPiv


O
a


76 %43


b


Scheme 4. Deacetylation of tetraacetylcytidine followed by pivalation:
a) 1 (5 mol %), MeOH/THF, 30 8C, 24 h; b) tBuCOCl, pyridine, RT, 24 h.


The second example is the glycosylation with the crude
deacetylated products (Scheme 5). The crude glucose and
galactose products as obtained above were, upon exposure to
tetra-O-benzoate-a-d-glucopyranosyl bromide in the pres-
ence of AgOTf,[16] efficiently converted to dissacharides 46
and 47. The respective carbohydrate units are installed by
completely different protecting groups. The catalyst utilized in
the deacetylation could be separated by a simple filtration
through a thin pad of silica gel.


O


AcO


OAc


OAc
OAc


HO


O


BzO


OBz


OBz
Br


BzO


O
O


O
O


O


HO


O


BzO


OBz


OBz
Br


BzO O


BzO


OBz


OBz
O


BzO


O
O


O
O


O


O


BzO


OBz


OBz
O


BzO


O


AcO


OAc


OAc
OAc


+


89 % based on the bromide


+


94 % based on the bromide


a


a 47


46


Scheme 5. Glycosylation using crude deacetylated donor (obtained from
1.3 mmol fully protected monosaccharide) and 1.0 mmol bromide):
a) AgOTf (1.3 mmol), tetramethylurea (2.0 mmol), 3 � MS, CH2Cl2, RT,
18 h.


Finally, it should be noted that the simple operation has
another advantage of the present protocols. The catalyst 1 is
stable in the air and thus inert atmosphere is not necessary.
Thus, the reaction is carried out for example in the following
fashion: The methanol solution of an acetyl ester is stirred at
an ambient temperature or 30 8C in the presence of a catalytic
amount of 1. Upon the completion of the reaction, the solvent
is evaporated and the residue is purified by distillation or
column chromatography. The catalyst remains in the reaction
flask or on the silica gel. Thus, no aqueous workup was
required.


In conclusion, 1 has proven to be a highly efficient catalyst
for the deprotection of acetyl esters despite its virtually
neutral character. On the basis of the unique examples
disclosed in this study, the catalyst will find a wide spectrum of
synthetic applications.


Experimental Section


General methods : All reactions of deacylation were carried out in the air,
unless otherwise noted. MeOH and EtOH was distilled from the
corresponding magnesium alkoxide, and kept under molecular sieves
(4 � MS). Allyl alcohol, (CH3)2CHOH, CF3CH2OH, and CCl3CH2OH
were used without any further removal of residual moisture. Tetrahydro-
furan (THF) and Et2O were distilled from sodium/benzophenone. Dime-
thoxyethane (DME), toluene, CH3CN, and acetone were distilled from
CaH2. NMR spectra were recorded at 25 8C on Varian Gemini-300, JEOL
Lambda300 and JEOL Lambda 500 instruments and calibrated with
tetramethylsilane (TMS) as an internal reference. Mass spectra were
recorded on a Jeol MStation JMS-700 spectrometer. GC analysis was
performed on Shimadzu GC17A attached with CBP1 and CBP5 capillary
columns. HPLC analysis was performed on Shimadzu LC-10AS and SPD-
10A UV detector attached with Daicel chiral OD or AD column.
Elemental analyses were performed by the Perkin ± Elmer PE 2400. Silica
gel (Daiso gel IR-60) was used for column chromatography. All the tin
clusters were prepared according to the literature methods: 1,[7] 2,[5] 3,[5] 4,[5]


5[4, 8] and 6.[9] Bu2SnCl2, BuSnCl3, Bu2SnO, (Bu3Sn)2O, (Me3SnOH)2,
Sc(OTf)3, KOTf, TMSOTf, BF3 ´ OEt2, and TfOH were commercially
available. Bu2Sn(OTf)2


[17] and Bi(OTf)3
[18] were prepared according to the
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literature methods. a-d-Glucopyranosyl bromide tetrabenzoate was com-
mercially available.


Preparation of the acetyl esters : Acetyl esters 7 ± 24 were prepared by
acetylation of the corresponding alcohol using Ac2O/pyridine. The starting
alcohols to acetyl esters 7 ± 11, 17, 18, 21, 23, and 24 were commercially
available. Acetyl esters 12, 13, and 15 were prepared from mono-tert-
butyldimethylsilyl-protected butanediol[19] and heptanediol,[20] and aceto-
nide-protected propandiol,[21] respectively. Acetyl ester 14 was accessible
by acetylation of THP-protected heptanediol.[22] Acetyl ester 16 was
prepared by acetylation of methyl 12-hydroxydodecanoate[23] which was
obtained by methyl esterification of 12-hydroxyl acid utilizing trimethylsil-
yldiazomethane in MeOH. Ethyl 12-acetoxydodecanoate[24] was prepared
by acetylation of 12-hydroxyl ester which was derived from hydroxyl acid
by treatments of SOCl2 and ethanol. Acetyl esters 19 and 20 were prepared
by acetylation of pentadecan-8-ol[25] and 1,2,3,4-tetrahydronaphthol[26]


derived by the LiAlH4 reduction of 8-pentadecanone and 1-tetralone.
Acetyl esters 22 was prepared by acetylation of 2-methyl-2-undecanol[27]


which was obtained by the treatment of 2-undecanone with MeMgBr.
2-Phenylethyl esters 25 ± 29 were obtained by the reaction of 2-phenyl-
ethanol with the corresponding acid chloride, respectively, in pyridine in
the presence of dimethylaminopyridine (DMAP). Optically active acetyl
esters (S)-17 and (S)-30 were prepared by acetylation of commercially
available (S)-1-phenylethanol and (S)-2-phenylglycinol with Ac2O in
pyridine. Polyacetyl esters such as 31, 32 and 36 were commercially
available. Other acetyl esters such as 33 ± 35, 37, 38, 42, and 43 were
prepared by acetylation of the corresponding commercially available
pyranose, furanose, and nucleoside with Ac2O in pyridine. 1-Phenylthio-d-
glucopyranoside such as 39, 40, and 41 were prepared from the corre-
sponding pyranose pentaacetate according to the procedure reported
before.[28]


Deacetylation of 2-phenylethyl acetate (7) (Representative procedure):
2-Phenylethyl acetate (7; 82.1 mg, 0.5 mmol), 1 (14.3 mg, 0.025 mmol) and
methanol (5 mL) were added to a round-bottomed flask, and the mixture
was stirred at 30 8C for 3.5 h. After addition of AcOEt, the reaction mixture
was filtered through a thin pad of silica gel, and GC analysis showed the
formation of 2-phenylethanol in 97% yield. All the alcohols produced by
deacetylation in Table 3 are commercially available or reported before. See
the Section of preparation of acetyl esters described above.


Deacetylation of ethyl 12-acetoxydodecanoate with MeOH [Eq. (1)]:
Ethyl 12-acetoxydodecanoate (286.4 mg, 1.0 mmol), 1 (28.6 mg,
0.05 mmol), methanol (5 mL), and THF (5 mL) were added to a round-
bottomed flask, and the mixture was stirred at 0 8C for 20 h. After addition
of AcOEt, the reaction mixture was filtered through a thin pad of silica gel,
and GC analysis showed the formations of ethyl and methyl 12-hydroxy-
dodecanoate in 21% and 60% yield, respectively.


Competitive deacetylation of 2-phenylethyl acetate (7) and (1S)-phenyl-
ethyl acetate (17) (Representative procedure): Acetate 7 (82.1 mg,
5.0 mmol), 17 (82.1 mg, 0.5 mmol), 1 (14.3 mg, 0.025 mmol), THF (5 mL),
and methanol (5 mL) were added to a round-bottomed flask. Then, the
mixture was stirred at 0 8C for 30 h. After addition of AcOEt, the reaction
mixture was filtered through a thin pad of silica gel, and GC analysis
showed the formations of 2- and 1-phenylethanol in 96% and 6 % yield,
respectively.


Deacetylation of (S)-1-phenylethyl acetate [(S)-17] (Representative pro-
cedure): Acetate (S)-17 (82.1 mg, 0.5 mmol), 1 (14.3 mg, 0.025 mmol) and
methanol (2.5 mL) were added to a round-bottomed flask, and the mixture
was heated at reflux for 24 h. After addition of AcOEt, the reaction
mixture was filtered through a thin pad of silica gel, and the filtrate was
concentrated. The crude product was subjected to a column chromatog-
raphy on silica gel to give pure (S)-1-phenylethanol in 90% yield. The
treatment of (S)-1-phenylethanol obtained here with Ac2O (5 mL) and
pyridine (10 mL) gave acetyl ester (S)-17, quantitatively, which showed
100 % ee of optical purity on HPLC analysis (Daicel chiral OD column,
iPrOH/hexanes 10%, flow rate 1.0 mL minÿ1).


Deacetylation of a-d-glucose pentaacetate (31) (Representative proce-
dure): Pentaacetate 31 (390 mg, 1.0 mmol), 1 (28.5 mg, 0.05 mmol), THF
(5 mL) and methanol (5 mL) were added to a round-bottomed flask, and
the mixture was stirred at 30 8C for 4 h. After addition of AcOEt, the
reaction mixture was filtered through a thin pad of silica gel, and the filtrate
was concentrated. The crude product was subjected to a column chroma-


tography on silica gel to give pure 1,2,3,4-tetra-O-acetyl-a-d-glucose[29] in
88% yield. The deacetylated products obtained by treatment of 31,[29] 32,[30]


34,[31] 35,[29] 36,[32] 37,[33] and 41[34] with methanol in the presence of catalyst 1
are reported previously, and the deacetylated pyranose derived from 33 is a
commercially available.


5-Acetyl-a-chlorarose (44): 1H NMR (CDCl3, 25 8C, TMS): d� 6.13 (d, J�
3.8 Hz, 1 H), 5.56 (d, J� 3.1 Hz, 1 H), 5.34 (s, 1H), 5.11 ± 5.06 (m, 1H), 4.93
(dd, J� 3.1, 9.5 Hz, 1 H), 4.68 (d, J� 3.8 Hz, 1H), 4.04 ± 3.70 (m, 2H), 2.08
(s, 3 H), 2.05 (s, 3H), 1.98 ± 1.85 (br, 1H); 13C NMR (CDCl3, 25 8C, TMS):
d� 170.2, 169.3, 107.4, 105.6, 97.0, 85.3, 78.3, 73.9, 69.9, 62.4, 20.9, 20.6;
elemental analysis calcd (%) for C12H15O8Cl3: C 36.62, H 3.84; found C
36.78, H 4.05.


Phenyl 2,3,4-tri-O-acetyl-1-thio-d-glucopyranoside : 1H NMR (CDCl3,
25 8C, TMS): d� 7.51 ± 7.46 (m, 2 H), 7.37 ± 7.30 (m, 3H), 5.27 (t, J�
9.5 Hz, 1 H), 5.03 ± 4.95 (m, 2H), 4.76 (d, J� 10.1 Hz, 1H), 3.77 ± 3.73 (m,
1H), 3.62 ± 3.54 (m, 2H), 2.20 ± 2.17 (br, 1H), 2.09 (s, 3H), 2.04 (s, 3H), 2.00
(s, 3 H); 13C NMR (CDCl3, 25 8C, TMS): d� 170.2, 169.9, 169.3, 132.7, 131.7,
129.0, 128.4, 85.6, 78.2, 73.8, 70.1, 68.4, 61.4, 20.7, 20.6, 20.5; elemental
analysis calcd (%) for C18H22O8S: C 54.26, H 5.57; found C 54.28, H 5.75.


Phenyl 2,3,4-tri-O-acetyl-1-thio-d-galactopyranoside : 1H NMR (CDCl3,
25 8C, TMS): d� 7.46 ± 7.51 (m, 2 H), 7.30 ± 7.37 (m, 3 H), 5.40 (d, J� 3.3 Hz,
1H), 5.28 (t, J� 9.9 Hz, 1H), 5.09 (dd, J� 3.3, 9.9 Hz, 1 H), 4.76 (d, J�
9.9 Hz, 1H), 3.86 ± 3.67 (m, 2 H), 3.60 ± 3.44 (m, 1H), 2.33 ± 2.20 (br, 1H),
2.14 (s, 3H), 2.10 (s, 3 H), 2.00 (s, 3 H); 13C NMR (CDCl3, 25 8C, TMS): d�
171.1, 167.0, 169.5, 132.4, 132.2, 129.0, 128.1, 86.5, 77.3, 72.0, 68.0, 67.5, 60.8,
20.8, 20.7, 20.6; elemental analysis calcd (%) for C18H22O8S: C 54.26, H 5.57;
found C 54.42, H 5.68.


2,3-Diacetyluridine : 1H NMR (CDCl3, 25 8C, TMS): d� 9.40 ± 9.30 (br,
1H), 7.78 (d, J� 8.2 Hz, 1H), 6.08 (m, 1H), 5.80 (d, J� 8.2 Hz, 1H), 5.55 ±
5.42 (m, 2 H), 4.22 (s, 1 H), 4.08 ± 3.67 (m, 2 H), 3.20 ± 3.00 (br, 1 H), 2.14 (s,
3H), 2.09 (s, 3 H); 13C NMR (CDCl3, 25 8C, TMS): d� 170.2, 169.9, 163.7,
150.7, 140.9, 103.1, 87.1, 83.5, 73.0, 71.2, 61.6, 20.6, 20.4; MS (FAB): m/z (%):
329 (14) [M�H]� , 217 (100).


2,3-Diacetylcytidine : 1H NMR ([D6]DMSO, 25 8C, TMS): d� 7.81 (d, J�
7.5 Hz, 1H), 7.30 (br, 2H), 6.01 (d, J� 5.5 Hz, 1 H), 5.75 (d, J� 7.5 Hz, 1H),
5.33 ± 5.27 (m, 2H), 4.08 (d, J� 3.1 Hz, 1 H), 3.66 ± 3.54 (m, 2H), 2.07 (s,
3H), 2.00 (s, 3 H); 13C NMR ([D6]DMSO, 25 8C, TMS): d� 169.7, 169.4,
165.7, 155.0, 141.5, 94.9, 86.7, 82.5, 72.7, 70.8, 60.8, 20.5, 20.3; MS (FAB): m/z
(%): 328 (65) [M�H]� , 217 (100).


Deacetylation of cytidine tetraacetate (43) and the subsequent pivalation
(Representative procedure): Tetraacetate 43 (411 mg, 1.0 mmol), 1
(28.5 mg, 0.05 mmol), THF (5 mL), and methanol (5 mL) were added to
a round-bottomed flask, and the mixture was stirred at 30 8C for 24 h. After
addition of CH2Cl2, the reaction mixture was filtered through a thin pad of
silica gel, and the filtrate was concentrated to give a crude product of 2,3-di-
O-acetylcytidine. To the crude product obtained were added tBuCOCl
(4.0 mmol) and pyridine (5 mL), and the mixture was stirred at rt for 24 h.
After usual aqueous workup (AcOEt/water), the organic layer was dried
and evaporated to give a crude product of the pivalate, which was subjected
to a column chromatography on silica gel to give pure 2',3'-di-O-acetyl-5'-
O,N 6-dipivaloylcytidine in 76% yield.


2',3'-Di-O-acetyl-5'-N 6,O-dipivaloylcytidine : 1H NMR (CDCl3, 25 8C,
TMS): d� 8.18 ± 8.10 (br, 1H), 7.91 (d, J� 7.6 Hz, 1H), 7.48 (d, J� 7.3 Hz,
1H), 6.25 (d, J� 4.6 Hz, 1 H), 5.38 (t, J� 4.9 Hz, 1 H), 5.33 (t, J� 4.9 Hz,
1H), 4.43 (dd, J� 13.1, 3.1 Hz, 2 H), 4.34 (d, J� 10.1 Hz, 1H), 2.12 (s, 3H),
2.11 (s, 3H), 1.29 (s, 9H), 1.26 (s, 9H); 13C NMR (CDCl3, 25 8C, TMS): d�
178.1, 177.8, 169.6, 169.5, 162.5, 154.9, 143.5, 96.8, 87.8, 80.0, 73.9, 69.7, 62.8,
40.3, 38.8, 27.2, 27.0, 20.5; MS (FAB): m/z (%): 496 (90) [M�H]� , 301 (100).


Deacetylation of a-d-glucose pentaacetate (31) and the subsequent
glucosylation (Representative procedure): Pentaacetate 31 (507 mg,
1.3 mmol), 1 (37.1 mg, 0.065 mmol), THF (7 mL) and methanol (7 mL)
were added to a round-bottomed flask, and the mixture was stirred at 30 8C
for 4 h. After addition of AcOEt, the reaction mixture was filtered through
a thin pad of silica gel, and the filtrate was concentrated to give a crude
product of a-d-glucose tetraacetate (484 mg). To another round-bottomed
flask was added molecular sieves 3 � (500 mg), which was heated to 150 8C
under reduced pressure for 3 h. To this flask were added the crude 1,2,3,4-
tetra-O-acetyl-a-d-glucopyranoside obtained above, tetra-O-benzoate-a-
d-glucopyranosyl bromide (660 mg, 1.0 mmol) and CH2Cl2 (5 mL) followed
by tetramethylurea (0.25 mL). After the mixture had been stirred at rt for
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15 min, AgOTf (452 mg, 1.3 mmol) was added. Then, the mixture was
stirred in the dark at rt for 18 h. After addition of CH2Cl2, the reaction
mixture was filtered through a thin pad of celite. The filtrate was washed
with sat. aq. NaHCO3 (�3) and sat. aq. NaCl (�3), and dried over Na2SO4.
After filtration and concentration, the crude product was subjected to a
column chromatography on silica gel to give pure dissacharide in 89%
yield.


2,3,4,6-Tetra-O-benzoyl-a-d-glucopyranosyl-(1! 6)-1,2,3,4-tetra-O-acetyl-
a-d-glucopyranoside (46): 1H NMR (CDCl3, 25 8C, TMS): d� 8.03 (d, J�
7.3 Hz, 2H), 7.96 (d, J� 7.1 Hz, 2H), 7.90 (d, J� 7.1 Hz, 2H), 7.82 (d, J�
7.1 Hz, 2H), 7.58 ± 7.25 (m, 12H), 6.17 (d, J� 3.7 Hz, 1H), 5.90 (t, J�
9.5 Hz, 1H), 5.67 (t, J� 9.5 Hz, 1 H), 5.50 (dd, J� 7.9, 9.5 Hz, 1 H), 5.37
(t, J� 9.9 Hz, 1H), 4.95 ± 4.88 (m, 3H), 4.64 (dd, J� 3.1, 12.1 Hz, 1 H), 4.49
(dd, J� 4.7, 12.1 Hz, 1H), 4.19 ± 4.11 (m, 1 H), 4.09 ± 4.02 (m, 1 H), 3.95 (dd,
J� 2.2, 11.5 Hz, 1 H), 3.67 (dd, J� 6.6, 11.5 Hz, 1H), 1.97 (s, 9 H), 1.94 (s,
3H); 13C NMR (CDCl3, 25 8C, TMS): d� 170.1, 169.5, 169.4, 168.6, 166.1,
165.7, 165.2, 165.1, 133.4, 133.2 (2C), 133.1, 129.7 (2C), 129.6 (2 C), 129.5,
129.1, 128.7, 128.6, 128.4 (2 C), 128.3, 128.2, 101.0, 88.7, 72.7, 72.2, 71.5, 71.2,
69.6, 69.5, 69.2, 68.5, 67.5, 62.9, 20.7, 20.6, 20.5, 20.4; elemental analysis calcd
(%) for C48H46O19: C 62.20, H 5.00; found C 61.97, H 4.92.


2,3,4,6-Tetra-O-benzoyl-a-d-glucopyranosyl-1,2 :3,4-di-O-isopropylidene-
a-d-galactopyranoside (47): 1H NMR (CDCl3, 25 8C, TMS): d� 8.05 ± 8.00
(m, 2H), 7.99 ± 7.95 (m, 2H), 7.92 ± 7.87 (m, 2H), 7.85 ± 7.81 (m, 2 H), 7.58 ±
7.45 (m, 2 H), 7.44 ± 7.25 (m, 10H), 5.90 (t, J� 9.7 Hz, 1H), 5.67 (t, J�
9.5 Hz, 1H), 5.53 (dd, J� 7.9, 9.7 Hz, 1 H), 5.42 (d, J� 5.1 Hz, 1 H), 5.04 (d,
J� 7.9 Hz, 1H), 4.64 (dd, J� 3.1, 12.3 Hz, 1H), 4.49 (dd, J� 5.1, 11.9 Hz,
1H), 4.43 (dd, J� 2.6, 8.0 Hz, 1 H), 4.21 (dd, J� 2.4, 5.0 Hz, 1H), 4.19 ± 4.13
(m, 1 H), 4.10 (d, J� 8.0 Hz, 1 H), 4.02 (dd, J� 3.0, 10.1 Hz, 1H), 3.92 ± 3.80
(m, 2 H), 1.37 (s, 3H), 1.24 (s, 3H), 1.21 (s, 3H), 1.20 (s, 3H); 13C NMR
(CDCl3, 25 8C, TMS): d� 166.2, 165.8, 165.2, 165.1, 133.4, 133.2, 133.0 (2C),
129.9, 129.8, 129.7 (2C), 129.6, 129.3, 128.9, 128.8, 128.5, 128.4, 128.3, 128.2,
109.2, 108.5, 101.2, 96.1, 72.9, 72.1, 71.8, 70.9, 70.5, 70.3, 69.8, 68.3, 67.5, 63.2,
25.9, 25.7, 24.8, 24.2; elemental analysis calcd (%) for C46H46O15: C 65.86, H
5.53; found C 65.84, H 5.64.
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Bis(Amino Acid) Oxalyl Amides as Ambidextrous Gelators of Water and
Organic Solvents: Supramolecular Gels with Temperature Dependent
Assembly/Dissolution Equilibrium


Janja MakarevicÂ,[a] Milan JokicÂ,[a] Berislav PericÂ,[b] Vladislav TomisÏicÂ,[c]


Biserka KojicÂ-ProdicÂ,*[b] and Mladen ZÏ inicÂ*[a]


Abstract: Bis(LeuOH) (1 a), bis-
(ValOH) (2 a) and bis(PhgOH) (5 a)
(Phg denotes (R)-phenylglycine) oxalyl
amides are efficient low molecular
weight organic gelators of various or-
ganic solvents and their mixtures as well
as water, water/DMSO, and water/DMF
mixtures. The organisational motifs in
aqueous gels are dominated primarily by
lipophilic interactions while those in
organic solvents are formed by intermo-
lecular hydrogen bonding. Most of the
gels are thermoreversible and stable for
many months. However, 2 a forms un-
stable gels with organic solvents which
upon ageing transform into variety of
crystalline shapes. For some 1 a/alcohol
gels, a linear correlation between alco-


hol dielectric constants (e) and gel
melting temperatures (Tg) was found.
The 1H NMR and FTIR spectroscopic
investigations of selected gels reveal the
existence of temperature dependent net-
work assembly/dissolution equilibrium.
In the 1H NMR spectra of gels only the
molecules dissolved in entrapped sol-
vent could be observed. By using an
internal standard, the concentration of
dissolved gelator molecules could be
determined. In FTIR spectra, the bands
corresponding to network assembled


and dissolved gelator molecules are
simultaneously present. This enabled
determination of the Kgel values by using
both methods. From the plots of ln Kgel


versus 1/T, the DHgel values of selected
gels have been determined (ÿDHgel in
10 ± 36 kJ molÿ1 range) and found to be
strongly solvent dependent. The DHgel


values determined by 1H NMR and
FTIR spectroscopy are in excellent
agreement. Crystal structures of 2 a and
rac-5 a show the presence of organisa-
tional motifs and intermolecular inter-
actions in agreement with those in gel
fibres elucidated by spectroscopic meth-
ods.


Keywords: amino acids ´ amides ´
gels ´ NMR spectroscopy ´ supra-
molecular chemistry


Introduction


Successful synthesis of organised supramolecular assemblies
is the fundamental step on the way to new materials or
functional supramolecular devices.[1±3] Recent reports on a
variety of low molecular mass organic molecules, capable of


gelatinising various liquids, have attracted considerable
attention.[4] Here, gelation represents a macroscopic manifes-
tation of a molecular self-assembly process. The assembly into
fibrous supramolecular aggregates leads to formation of a gel
network.


However, at the present state of research, it is still hardly
possible to predict gelation on the basis of the constitutional
and conformational characteristics of the molecule. Consid-
ering the structural characteristics of the discovered small
organic gelators, two broad families emerge: a) highly lip-
ophilic gelators, represented by steroidal,[5] anthryl[6] or fatty
acid[7] derivatives, and b) gelators based on amino acid, urea
or other types of functionalities with high hydrogen bonding
potential.[8, 9]


We have reported on the gelation properties of bis(leucine)
(1 a) and bis(phenylglycine) (5 a) oxalyl diamides, which are
among the rare gelators with ambidextrous capability to
gelatinise both the lipophilic organic solvents and water.[10] In
contrast to numerous studies on organic gelators capable of
forming gels with lipophilic solvents, the properties of
ambidextrous gelators have been less explored. Such a study
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may reveal specific organisational motifs that govern gelation
of water or lipophilic organic solvents and may shed more
light on the gelator ± solvent relationship. In this work, we
describe a study on gelation properties of a series of bis(amino
acid) oxalyl amides. Their derivatives with modified terminal
functions (methyl ester, amide) have been also prepared in
order to modulate their water/organic solvent gelation
preferences. The organisational motifs of such ambidextrous
gelator molecules in aqueous and organic gels as well as in the
solid state have been studied by TEM, SEM, FTIR, NMR and
X-ray structure analysis.


Results


Synthesis : A series of bis[Leu, Val, Ile, Phe, Phg (d-phenyl-
glycine), Trp] oxalyl amides 1 a ± 6 a has been prepared by
condensation of the respective amino acid with oxalyl
chloride (biphasic CH2Cl2/water system, aqueous KOH).
The method also enables simultaneous preparation of racemic
and meso-oxalyl amides starting from racemic amino acids.[10]


The methyl ester derivatives 1 b ± 5 b were prepared from the
respective amino acid methyl esters and oxalyl chloride in
dichloromethane. The diamide derivatives 1 c ± 5 c were ob-
tained by ammonolysis of the respective methyl ester
derivatives.


X
N


N
H


O


R H O


H O R H
X


O


(S,S)-1a: R = CH2CH(CH3)2; X = OH


(S,S)-1b: R = CH2CH(CH3)2; X = OCH3


(S,S)-1c: R = CH2CH(CH3)2; X = NH2


(S,S)-3a: R = CH(CH3)CH2CH3; X = OH


(S,S)-3b: R = CH(CH3)CH2CH3; X = OCH3


(S,S)-3c: R = CH(CH3)CH2CH3; X = NH2


(R,R)-5a: R = Ph; X = OH


(R,R)-5b: R = Ph; X = OCH3


(R,R)-5c: R = Ph; X = NH2


(S,S)-2a: R = CH(CH3)2; X = OH


(S,S)-2b: R = CH(CH3)2; X = OCH3


(S,S)-2c: R = CH(CH3)2; X = NH2


(S,S)-4a: R = CH2Ph; X = OH


(S,S)-4b: R = CH2Ph; X = OCH3


(S,S)-4c: R = CH2Ph; X = NH2


(S,S)-6a: R = CH2Indolyl; X = OH


Gelation experiments : The results of gelation experiments
with various solvents and solvent mixtures are given in
Table 1. Gelation efficiency is expressed as the maximal
solvent/gelator molar ratio (Smax) corresponding formally to
the number of solvent molecules immobilised by a single
gelator molecule. Due to insufficient solubility of this type of
compound in most of the common organic solvents except the
most polar solvents, such as DMSO, DMF, MeOH, the
gelation of solvent mixtures was investigated. The gelation
procedure is reminiscent of two-solvent recrystallization in a
way that DMSO, DMF or any other polar solvent as the minor
solubilising component and a second solvent of lower polarity
in excess were used. It was found that most of the examined
gelators are capable of gelatinising some pure solvents and
various solvent mixtures, including water/DMSO and water/
DMF (Table 1). In most cases, thermally reversible gels were
formed. As reported previously, the racemates and meso-
diastereoisomers lack gelation ability.[10] The Leu derivative
1 a gives the most stable gels; if kept in closed tubes the


Abstract in Croatian: Bis(LeuOH) (1a), bis(ValOH) (2a) i
bis(PhgOH) (5a) (Phg oznacÏava (R)-fenilglicin) oksal amidi
su efikasni gelatori male molekulske mase koji geliraju
razlicÏita organska otapala, njihove smjese kao i vodu te smjese
voda/DMSO i voda/DMF. Njihovo ured±enje u hidro- gelskim
mrezÏama prvenstveno odred±uju med±umolekulske lipofilne
interakcije dok je ured±enje u organskim gelovima odred±eno
tvorbom med±umolekulskih vodikovih veza. Gelovi su vecÂinom
termoreverzibilni i stabilni kroz visÏe mjeseci. Med±utim, 2a
tvori nestabilne gelove s organskim otapalima koji starenjem
prelaze u razlicÏite kristalne oblike. Za gelove nekih nizÏih
alkohola s 1a utvrd±eno je da postoji linearna med±uovisnost
dielektricÏne konstante (e) alkohola i temperaturne tocÏke
taljenja gela (Tg). ProucÏavanje gelova 1H NMR i FTIR
spektroskopijom otkriva temperaturno ovisnu ravnotezÏu iz-
med±u gelske mrezÏe i otopine gelatora u gelskoj tekucÂini. NMR
spektar gela odgovara samo molekulama gelatora otopljenim u
gelskoj tekucÂini; upotrebom unutarnjeg standarda mozÏe se
odrediti njegova koncentracija. U FTIR spektrima gela pri-
sutne su istovremeno vrpce gelatora organiziranog u gelskoj
mrezÏi i vrpce gelatora otopljenog u gelskoj tekucÂini. Ovo
omogucÂava odred±ivanje Kgel NMR i FTIR metodama. Iz
linearne ovisnosti lnKgel o 1/T odred±ene su DHgel vrijednosti
nekih gelova (ÿDHgel u rasponu od 10 ± 36 kJ molÿ1) koje
znacÏajno ovise o otapalu. Vrijednosti za DHgel dobivene NMR i
FTIR metodama se potpuno slazÏu. Kristalne strukture 2a i rac-
5a odred±ene rentgenskom strukturnom analizom pokazuju
motive ured±enja i intermolekulske interakcije slicÏne onima u
gelskim nitima koje su utvrd±ene spektroskopskim metodama.


Table 1. Gelation of water/DMSO, water/DMF and other solvents and
solvent mixtures[a] by 10 mg of oxalyl bis(amino acid) derivatives expressed
as maximal solvent/gelator molar ratios (Smax).


Com-
pound


Smax Smax Smax, solvent system (solvent ratio)
H2O/DMSO H2O/DMF
v/v v/v


1a 1278; 434; 1760 water; 556 EtOH; 279, dioxane;
(5.0) (4.0) 156 THF, 113 EtOAc; 150 acetone


1c ng[b] ng 2247 CH2Cl2/MeOH (1.9);
1837 CH2Cl2/acetone (1.1)


2a ng ng 1460 heptane/EtOAc (3.6);
2265 cyclohexane/acetone (9.1);
1231 CHCl3/CH3CN (5.03)


2c ng 2158; 202 DMSO; 194 DMF/ether (2.5)
(5.0)


3a ng ng 225 MeOH/dioxane (4.8); 243 THF;
304 THF/hexane (3.9);
103, CH2Cl2/MeOH (10.4);
262 EtOAc/hexane (3.4)


5a 3540; 1723; 1786 water; 1678 dioxane
(19.0) (11.4)


[a] The following laboratory solvents have been tested for gelation:
heptane, hexane, petroleum ether, cyclohexane, CH2Cl2, CHCl3, Et2O,
THF, dioxane, acetone, EtOAc, EtOH, MeOH. [b] No gelation, crystal-
lisation or dissolution occurred.
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aqueous and EtOH gels remained unchanged for many
months. In contrast to dicarboxylic acid derivatives 1 a ± 3 a
and 5 a the methyl esters 1 b ± 5 b lack gelation of the same
solvent systems. Among the members of the terminal
carboxamide series 1 c ± 5 c only 1 c and 5 c exhibited gelation
while the other members tend to crystallise.


Gelation of alcohols by 1 aÐThe Tg/alcohol dielectric con-
stant correlation : The Leu derivative 1 a gave excellent
thermoreversible gelation of various alcohols (Table 2).
Thermal stabilities of the gels were determined by heating
tube samples in the thermostated bath until tube inversion
showed that the gel had melted.


We found that the Tg values of gels with (C1 ± C6) n-alcohols,
but also of some cyclic and branched C3 ± C6 alcohols, show
linear correlation (r 2 >0.99) with alcohol dielectric constants
(e), being in the range from 13 (1-hexanol) to 32.7 (MeOH)
(Figure 1a). However, for the gels with higher (C7 ± C12)
alcohol homologues e values between 11.75 and 5.82 were
observed as well as no linear Tg/e correlation at all for iBuOH
and 2-methyl-2-butanol gels (Figure 1b); in each case much
lower Tg values than expected were measured on the basis of
their e values.


TEM and SEM investigations : The TEM micrographs of 1 a/
EtOH (Figure 2a) and 1 a/dioxane (not shown) gels show the
presence of very dense networks, the latter consisting of
somewhat thicker fibres than the former. The TEM image of
5 a/DMSO/water gel (Figure 2b) reveals a less dense network
containing straight and interwound fibres of larger diameters.
The smallest fibre diameters found by TEM are in the range
of 10 ± 20 nm.


The Val derivative 2 a represents a special case of this type
of gelators, as it gives unstable gels with organic solvents
which upon ageing transform into a variety of crystalline
shapes. In contrast to other gelators of the same series, 2 a is
soluble in EtOAc and acetone and gives gels upon addition of
the second highly lipophilic solvent such as heptane, hexane,
petroleum ether or cyclohexane to the solution. The 2 a
EtOAc/heptane gel, upon ageing at room temperature, trans-
forms to crystalline fibres and then first to smaller and then
larger crystalline tubes (Figure 3, top left and Figure 1


Figure 1. a) Linear alcohol dielectric constant (e)/gel melting temperature
(Tg, 8C) correlation for some 1 a/alcohol gels. b) e and Tg values of some
higher and branched alcohol gels.


Figure 2. TEM images of selected 1a and 5a gels.


Supporting Information). In another sample of 2 a EtOAc/
heptane gel, besides fibres, crystalline spheres of 40 ± 60 mm
diameter were observed by SEM (Figure 3, top right). From
the acetone/heptane gel, the crystals of 2 a together with
smaller crystalline spheres of 1 ± 3 mm were formed (Figure 1,
Supporting Information). The 2 a acetone/cyclohexane gel,
upon ageing at �4 8C, transforms to long fibres, macrocycles
and catenanes of micrometer-dimensions, observable under
optical microscope with crossed polarizers (Figure 3, bottom
row); the latter shows optical anisotropy of ordered aggre-
gates. The observed transformations were found to be
extremely sensitive to the experimental conditions (compo-
sition of solvent mixture, concentration and temperature
regime), and those leading to formation of crystalline tubes


Table 2. Gelation of alcohols by 1a expressed as maximal solvent/gelator
molar ratio Smax


[a] and Tg values of 0.043 mol dmÿ3 gels.


Solvent Smax Tg [8C] Solvent Smax Tg [8C]


methanol ± < 0 1-hexanol 466 130
ethanol 855 45 cyclohexanol 1350 104
1-propanol 1252 75 1-heptanol 461 102
2-propanol 428 74 1-octanol 297 103
1-butanol 1480 97 1-nonanol 575 103
isobutanol 507 53 1-decanol 560 116
2-butanol 1130 95 1-dodecanol 560 118
2-butenol 862 74 2-phenyl-etanol 1540 138
1-pentanol 292 107 1,4-butanediol 283 86
2-methyl-2-butanol 1069 103 1,2,3-propane-triol 687 54
3-methyl-butanol 614 108


[a] Determined for 10 mg of 1a.
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Figure 3. Top row: SEM images showing various crystalline shapes formed
from 2 a gels. Bottom row: shapes observed under optical microscope with
crossed polarizers.


cannot be controlled at present. Ageing of 2 a EtOAc/
petroleum ether gel produced crystals of good quality for
X-ray analysis; the crystal structure was determined (see the
Section on X-ray analysis).


FTIR investigations of the hydrogen bonding interactions :
Characteristic FTIR bands of selected xerogels are listed in
Table 3. The positions of 1 a- and 5 a-NH, -amide I and
-amide II bands in the xerogels obtained from polar PrOH,
less polar EtOAc/CH2Cl2 and highly polar DMSO/water gels
are in accord with the intermolecular oxalyl amide ± oxalyl
amide hydrogen bonding in gel fibres formed in each medium.
The carboxyl CO stretching bands appear in the 1720 ±
1728 cmÿ1 range which is indicative of the lateral type of
hydrogen bonding found earlier in some polycarboxylic acid
derivatives.[11] Thus, in highly polar water/DMSO or water/
DMF gels as well as in those formed with lipophilic organic
solvents, the organisations in fibres are based on intermolec-
ular hydrogen bonding, involving both the oxalyl amide and
carboxyl groups. The FTIR of diluted (10ÿ3 mol dmÿ3) solu-
tion of 2 a in CH2Cl2 identifies the position of bands belonging
to non-hydrogen bonded functionalities. In the spectrum of
diluted 2 a/dioxane/CH2Cl2 (solvents 1:12) gel the bands of


hydrogen bonded and free functionalities of 2 a are present
simultaneously corresponding to gel network assembled and
dissolved (free or weakly hydrogen bonded) 2 a molecules,
respectively (Table 3).


The temperature dependent FTIR spectra of 2 a/CH3CN/
CHCl3 gel (Tg� 41 8C) were measured in a 26 ± 42 8C temper-
ature range (Figure 4). By temperature increase from 26 8C
(gel; the bands of network assembled (ass.) and dissolved
(diss.) 2 a simultaneously present: nÄ, cmÿ1: 3393 diss. and 3245
ass. NH; 1744 diss. and 1728 ass. CO(OH); 1688 diss. and 1666;
1653 ass. amide I) the bands corresponding to assembled
molecules decrease while those corresponding to dissolved
molecules increase until in the solution spectrum at 42 8C only
the latter bands remain. The presence of several isosbestic
points common for two types of spectroscopically distinguish-
able species at equilibrium can be observed; in this case the
gel network assembly and weakly aggregated 2 a molecules
present in the entrapped solution. The spectral changes are
fully reversible upon cooling of the solution to gel. Using the
concentration of 2 a (ctot) and the intensities of amide I or
carboxylic carbonyl bands belonging to assembled and
dissolved 2 a molecules the DHgel of ÿ29 (�2) kJ molÿ1 was
determined from ln Kd versus 1/T plot (Figure 4, bottom; see
next Section for definitions).


1H NMR investigationsÐDetermination of Kgel and DHgel :
Derivatives 1 a, 2 a and 5 a form gels with some common NMR
solvents, which allowed 1H NMR studies of these gels to be
performed. The bis(ValOH)-derivative 2 a (2.75 mg) forms gel
with the CD3CN (0.1 mL)/CDCl3 (0.5 mL) mixture. The gel
spectrum and the spectrum of the solution obtained by
heating the same sample to 55 8C are very similar (only slight
chemical shift and signal width differences are observable),
except for significantly different intensities of the solvent
signal (non-deuterated residue of CD3CN, d� 1.992). The


Table 3. Characteristic FTIR bands (nÄ, cmÿ1) of selected gels, xerogels and
2a solution.


Xerogel NH CO(OH) Amide I Amide II
solvent[a]


2a 3260 1730 1668 1515
EtOAc/CH2Cl2


1:1
2a[b] 3395; 1731 ± 1723 1690; 1515;
dioxane/CH2Cl2 3250 1670 1505
1:12
2a[c] 3398 1726 1690 1505
CH2Cl2


1a 3300 1728, 1738 1658, 1525
PrOH 1745 1664
1a 3280 1725, 1663 1515
EtOAc 1745
1a 3300 1720, 1658 1515
DMSO/water 1729
5a 3305 1720, 1728 1655 1515
DMSO/water 1736, 1745


[a] Solvent or solvent mixture used for preparation of the gel. [b] Dilute gel
of 2a with simultaneously present bands of network assembled and
dissolved 2a. [c] Dilute (10ÿ3 mol dmÿ3) solution of 2a in CH2Cl2.
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Figure 4. Temperature dependent (26 ± 41 8C) FTIR spectra of 2a/CH3CN/
CHCl3 (2.5:1 v/v) gel. Intensity changes of NH, CO(OH), amide I and
amide II bands by temperature increase are indicated by arrows (top). lnKd


versus 1/T plot used for calulation of DHgel (bottom).


solvent signal intensity in the gel spectrum appears consid-
erably higher than that in the solution spectrum (Figure 2,
Supporting Information); this corresponds to the lower 2 a
concentration in the gel than in the solution. As pointed out
recently,[8d] the signals of the gelator molecules assembled in
the rigid gel network are expected to broaden to the point of
non-observability as a result of long correlation times. There-
fore, the observed gel spectrum should correspond to the 2 a
molecules (or smaller assemblies) dissolved in the entrapped
solvent.[12] The 1H NMR spectra of the gel with the known
total concentration (ctot) of 2 a were recorded at different
temperatures in the presence of the known concentration of
1,1,2,2-tetrachloroethane (d� 6.43) used as internal standard.
By temperature increase, the internal standard to NH and
C*H signal intensity ratios (Ist/IHi) significantly decreased in
accord with the increased concentration of 2 a molecules in


the entraped solvent, apparently formed by dissociation of the
gel network. The changes of the ratio ceased at temperatures
close to Tg (Tg of 44 8C determined by tube inversion method)
(Figure 5a). The curves in Figure 5a confirm the existence of
the temperature dependent equilibrium between the gel
network assembly and 2 a molecules dissolved in the entrap-
ped solvent. The existence of the same assembly/dissolution
equilibrium was also observed by the temperature dependent
FTIR (Figure 4). From the known concentrations of the
internal standard and 2 a (ctot), the concentrations of the
dissolved (cd) and the assembled (ctotÿ cd) gelator molecules
at each temperature can be calculated.


Figure 5. a) Changes of the standard (Cl2CHCHCl2) to Hi intensity ratios
(Ist/IHi) versus temperature:(&) Hi�C*H; (^) Hi�NH. b) Changes of
solvent (CD3CN) to Hi signal intensity ratios (Isol/IHi) with concentration of
2a : C*H (^), NH (~).


We also examined the dependence of the solvent to Hi


intensity ratio (Isol/IHi) on the total 2 a concentration (ctot in the
range of 0.01 ± 0.13 moldmÿ3) covering the solution and gel
phases; at ctot� 0.074 mol dmÿ3, formation of gel was observed
(Figure 5b). At a low concentration range, steep and practi-
cally linear decrease of the Isol/IHi ratio was observed. In the
pre-gelation state (0.02 ± 0.04 moldmÿ3 concentration range)
strong curvature is observed. The latter can be explained by
formation of large gelator assemblies still present in the
solution; the existence of large assemblies diminishes gelator
signal intensities (IHi) due to prolonged correlation times. The
increase of the 2 a concentration above the gelation point
observed at 0.074 moldmÿ3 does not change the Isol/IHi ratio,
and implies a constant concentration of gelator molecules in
the entrapped solvent. The latter suggests that the equilibrium
is determined by cd. Hence, the dissolution and gelation
constants may be defined as Kd� [cd] and Kgel� 1/[cd].
Determination of Kgel (or Kd) by 1H NMR spectroscopy at
different temperatures allows calculation of DHgel (or DHd)
from the ln Kgel versus 1/T plots according to the following
Equation (1):


lnKgel�
ÿDHgel


R
´


1


T
�C (1)


Using this approach,[13] the DHgel values were determined for
1 a/[D6]EtOH, 1 a/D2O/[D6]DMSO [internal standard sodium
3-(trimethylsilyl)-propanesulfonate, d� 0.00 used for D2O
containing gels], 2 a/CD3CN/CDCl3 and 5 a/D2O/DMSO gels.
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Plots of log Kd against 1/T gave satisfactory straight lines (r 2�
0.97 ± 0.99; Figure 6). The DHgel values determined are
collected in Table 4.


Figure 6. Plots of log Kd versus 1/T of the gels (compd., solvent mixture
v/v): (*) 1a/D2O/[D6]DMSO (3.3:1); (^) 1 a/[D6]EtOH; (&) 2a/CD3CN/
CDCl3 (2.5:1); (~) 5 a/D2O/[D6]DMSO (2:1).


Temperature and concentration dependent 1H NMR spectra :
Monitoring of a gelator�s chemical shift changes in 1H NMR
spectra by variation of temperature and concentration can
provide valuable information on
the organisation of dissolved
gelator assemblies[12] present at
equilibrium with the gel network
or those present at pre-gelation
concentrations (defined as con-
centration range lower than the
critical gelation concentration).
The chemical shift changes in the
spectra of 2 a/CD3CN/CDCl3 gel
upon temperature increase are
shown in Figure 7a ± d; the asym-
metric carbon-H (C*H), me-
thine and methyl protons very
slightly shift downfield (Dd�
0.009 ± 0.020 ppm; Figure 7b ± d)
while NH protons of the oxalyl
amide fragments shift upfield
(Dd� 0.020 ppm; Figure 7a).
The opposite direction of
NH shifts (downfield; Dd�
0.040 ppm) was observed by in-
creasing the concentration of 2 a
in the same solvent mixture until
the critical gelation concentra-
tion of 0.074 mol dmÿ3 was
reached (Figure 7e).


Molecular and crystal structures
of 2 a, and (�)-5 a : The crystals
of 2 a were grown directly from
the EtOAc/petroleum ether gel.


The organisation in the crystalline state may shed light on
organisation in gel fibres. Also the organisation in the crystals
of non-gelling (�)-5 a grown from water/DMSO solvent
system may resemble the organisation in fibres of (R,R)-5 a
gel formed with the same mixture of solvents.


Molecular structures of N,N-oxalyl-bis(ValOH) (2 a,
Figure 8), and racemic N,N-oxalyl-bis(PhgOH) [(�)-5 a,


Table 4. DHgel , total gelator concentrations (ctot) and the mol fraction (x)
percentages of the network assembled and dissolved gelator molecules at
20 8C.


Gelator; ctot� 102 x [%] x [%] ÿDHgel
[b]


solvent mol dmÿ3 assembled[a] dissolved[a] [kJ molÿ1]
(solvent ratio v/v)


1a 7.25 80 20 36 (�2)
D2O/[D6]DMSO
(3.3:1)
1a 15.37 38 62 14 (�1)
[D6]EtOH
2a 23.69 51 49 29 (�3)
CD3CN/CDCl3


(2.5:1)
5a 2.25 44 56 10 (�1)
D2O/[D6]DMSO
(2:1)


[a] Calculated for gels at 20 8C at given ctot . The term dissolved denotes
gelator molecules present in the gel liquid detectable by 1H NMR
spectroscopy. [b] Determined from log Kd versus 1/T plots; standard errors
given in parentheses.


Figure 7. Changes of selected 2a chemical shifts (dHi) versusu temperature in 1H NMR spectra of 2a/CD3CN/
CDCl3 gel: a) NH; b) CH; c) CH3; d) C*H (left); e) concentration dependent dNH.
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Figure 8. ORTEP drawing of 2 a with the atom numbering and intra-
molecular hydrogen bonds. Thermal ellipsoids are scaled at 30% proba-
bility.


Figure 9] are defined by a set of torsion angles (Table 5)
assigned analogous to the peptide nomenclature.[16] Their
values are within regions of the Ramachandran diagram (F


versus Y plot). Detected conformational differences of two
amino acid residues within the molecule are caused by
packing effects generated by hydrogen bonding, CH ´ ´ ´ p,
and p ´ ´ ´ p interactions [(�)-5 a].


Figure 9. ORTEP drawing of (�)-5a with the atom numbering and
intramolecular hydrogen bonds. Thermal ellipsoids are scaled at 30%
probability.


The molecular structure of the valine analogue (2 a) reveals
non-planar oxalyl amide bridge. The values of torsion angles
involving this moiety illustrate a deviation: O1�C1ÿC11�O11
is 166.9(2)8 and N1ÿC1ÿC11ÿN11 is 169.2(2)8. According to
the Csp2 hybridisation, the group should be planar as
confirmed in the structure of (�)-5 a and other retropeptides
of this kind.[17±19] The out-of-plane distorsion of carboxamide
groups about C1ÿC11 bond can be explained by their
asymmetrical function in hydrogen bonding (details to be
discussed in the next paragraph).


Crystal packing and hydrogen bonding : The crystal packing of
2 a does not include a solvent. A structural unit is a dimer
formed by the intermolecular N1-H1 ´ ´ ´ O11 hydrogen bonds
between oxalyl amide groups, which built a non-planar ten-
membered ring, defined in the graph-set notation as R 2


2 (10)[20]


(Table 6, Figure 10a). Such dimers are connected by carboxyl
and oxalyl amide groups through hydrogen bonds O3-H3 ´ ´ ´
O11 [C(8)] into two infinite chains forming a double helix
running along a two-fold axis in the direction of c (Fig-
ure 10b). The infinite helixes are interlinked by hydrogen
bonds between carboxyl groups O31-H31 ´ ´ ´ O2 in the plane
perpendicular to the two-fold axis and a three-dimensional
network was obtained (Figure 10c). In addition to intermo-
lecular hydrogen bonds, there are three intramolecular
hydrogen bonds. The atom N11 acts as a proton donor to
two intramolecular hydrogen bonds (N11-H11 ´ ´ ´ O1 and N11-
H11 ´ ´ ´ O21) whereas the amide group of N1 participates in
intramolecular (N1-H1 ´´´ O11) and intermolecular (N1-H1 ´´´
O11[c] in Table 6) hydrogen bonds. Two of these hydrogen
bonds are of a pseudo-C5 type typical of retropeptides.


The crystal structure of rac-5 a reveals the most complex
pattern. The basic building block is a centrosymmetric dimer
(Figure 11a, Table 7) generated by hydrogen bonds between
crystalline water molecules and carboxyl group (O3-H3 ´ ´ ´ O4
and O4-H41 ´ ´ ´ O21). Necessarily, the centrosymmetric ring
structure includes molecules of opposite chirality. The ring
structures are stacked one above the other and connected into
infinite tunnels along the a axis (Figure 11c) through hydro-
gen bonds N1-H1 ´ ´ ´ O1 and N11-H11 ´ ´ ´ O1 of the oxalyl
amide groups (Table 7). These tunnels are occupied by
disordered water molecules. Each of the two intramolecular
hydrogen bonds N11-H11 ´ ´ ´ O1 and N1-H1 ´ ´ ´ O11 of the
oxalyl amide groups generates the pseudo-C5 pattern. Hydro-
gen bonds O3-H3 ´ ´ ´ O4 and O4-H42 ´ ´ ´ O31 (Table 7, Fig-
ure 10c) form an infinite chain [C(13)] along the b axis and
thus connects molecules of the same chirality. Around the
inversion centre two carboxyl groups are involved into a
tandem hydrogen bond, O31-H31 ´ ´ ´ O31 (Table 7) forming a
four-membered ring defined in the graph-set notation as
R 2


2 (4). This hydrogen bond connects layers of opposite
chirality. The packing of this racemic compound is composed
of separated enantiomeric layers which are connected
through hydrogen bonds with water molecules. Hydrophilic
layers are separated by phenyl groups involved in a p ´ ´ ´ p


interactions (interplanar distance of translated phenyl rings
3.327 �). Contribution to weak interactions are from CH ´ ´ ´ p


contacts; molecules related by symmetry inversion operation
realise contact distance of 3.041 � between Cg (C41!C91


Table 5. Selected torsional angles of 2a and (�)-5 a [8].


2 a (�)-5 a


w C11-C1-N1-C2 ÿ 179.3(2) 178.2(1)
C1-C11-N11-C21 176.7(2) 179.4(1)


f C1-N1-C2-C3 ÿ 85.8(2) ÿ 89.6(2)
C11-N11-C21-C31 ÿ 146.4(2) ÿ 146.2(2)


y N1-C2-C3-O3[a] ÿ 74.1(2) 159.8(2)
N11-C21-C31-O31[a] 160.2(2) ÿ 151.7(2)


c N1-C2-C4-C5 175.6(2) 116.4(2)
N11-C21-C41-C51 69.1(3) 47.3(3)


[a] The torsion angles w! c are assigned analogously to the nomenclature
of peptides.[29]







Ambidextrous Gelators 3328 ± 3341


Chem. Eur. J. 2001, 7, No. 15 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3335 $ 17.50+.50/0 3335


Figure 10. a) In the crystal structure of 2a dimers are formed through
hydrogen bonds between the oxalyl amide groups [R 2


2 (10)], a view along a
two-fold axis is shown; b) two infinite chains [C(8)] (shown in light and
dark gray) formed from connected dimers through hydrogen bonds
between carboxylic acid and oxalyl amide groups generate the double
helix running along c ; c) a three-dimensional network is realized
by interlinked double helices by hydrogen bonds between carboxyl
groups.


ring) ´ ´ ´ H7-C7 (C4!C9 ring). Fowler and Lauher[21] recog-
nised the formation of dimers in the racemic crystals around
the centre of symmetry instead of the typical a network
characteristic of enantiomeric species. However, due to the
dislocation of the inversion centre from the plane of oxalyl
amide group, translation operation allows formation of an
infinite a network including molecules of the same chirality,
which are a fragment of b network, as we observed in the
crystal structure of (�)-5 a.


Figure 11. a) A basic building block of the crystal packing of (�)-5a is a
centrosymmetric dimer formed by hydrogen bonds between crystalline
water molecules and carboxyl groups; dimers are connected through
hydrogen bonds between water molecules and carboxyl group forming an
infinite chain of the molecules of the same chirality along b whereas
tandem hydrogen bonds, involving carboxyl groups around the inversion
centre, join molecules of opposite chiralty along c. b) Hydrogen bonds
between oxalyl amide groups, which form an ladder pattern, connect
dimers along a closing channels occupied by disordered water molecules.
c) A spherical presentation of the crystal packing with the holes occupied
by disordered water molecules; residual electron density is shown.


Table 6. Hydrogen bond geometry in the crystal structure of 2a.


D ± H [�] H ´ ´ ´ A [�] D ´ ´ ´ A [�] D-H ´ ´ ´ A [8] Graph-set
descriptor


O3-H3 ´ ´ ´ O11[a] 0.90(4) 1.87(4) 2.738(2) 161(3) C(8)
O31-H31 ´ ´ ´ O2[b] 0.85(4) 1.87(4) 2.675(3) 157(4) C(11)
N1-H1 ´ ´ ´ O11[c] 0.82(3) 2.21(3) 3.017(2) 171(3) R 2


2 (10)
N11-H11 ´ ´ ´ O1 0.82(3) 2.31(3) 2.675(3) 108(3) S(5)
N1-H1 ´ ´ ´ O11 0.82(3) 2.43(3) 2.750(2) 105(2) S(5)
N11-H11 ´ ´ ´ O21 0.82(3) 2.41(3) 2.702(3) 102(3) S(5)


[a] ÿ x, ÿy, ÿ1�z ; [b] ÿ 1�2�x, 1�2ÿ y, 1ÿ z ; [c] ÿ x, ÿy, z. Table 7. Hydrogen bond geometry in the crystal structure of (�)-5 a.


D ± H [�] H ´ ´ ´ A [�] D ´ ´ ´ A [�] D-H ´ ´ ´ A [8] graph-set
descriptor


O3-H3 ´ ´ ´ O4 0.98(4) 1.58(4) 2.556(2) 175(4) D
O4-H41 ´ ´ ´ O21[a] 1.01(4) 1.73(4) 2.736(3) 178(4) D
O4-H42 ´ ´ ´ O31[b] 0.82(4) 2.20(4) 2.850(3) 136(4) D
O31-H31 ´ ´ ´ O31[c] 0.87(8) 1.66(8) 2.477(3) 156(8) R 2


2 (4)
N1-H1 ´ ´ ´ O1[d] 0.86(3) 2.13(3) 2.946(3) 158(2) C(4)
N11-H11 ´ ´ ´ O11[e] 0.85(3) 2.16(3) 2.924(3) 150(2) C(4)
N11-H11 ´ ´ ´ O1 0.85(3) 2.29(3) 2.688(2) 109(2) S(5)
N1-H1 ´ ´ ´ O11 0.86(3) 2.34(3) 2.724(2) 108(2) S(5)


[a] 2ÿ x, 1ÿ y,ÿz ; [b] x,ÿ1�y, z ; [c] 2ÿ x, 2ÿ y,ÿz ; [d] ÿ 1�x, y, z ; [e] 1�x, y, z.
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Discussion


Gelation of water and water
containing solvent mixtures :
Among the bis(amino acid) ox-
alyl amide gelators synthesised
the Leu (1 a) and Phg (5 a)
derivatives exhibited excellent
gelation in water and water/
DMSO or water/DMF mixtures
(Table 1). In comparison to 1 a,
the Val-derivative 2 a and Ile-
derivative 3 a were found un-
able to form gels with water or
any of the examined water
containing solvent mixtures.
Also, in contrast to 5 a, which
efficiently gelatinised water,
the Phe-derivative 4 a and Trp-
derivative 6 a failed to form
gels. Such a structure ± gelation
analysis suggests that gelation
of water containing systems
strongly depends on the type
of lipophilic substituents on
asymmetric carbons, with other
structural fragments being identical for gelling and non-
gelling oxalyl amide derivatives.


In a previous communication[10] we postulated the primary
association of 5 a in water (Figure 12), based on fluorescence
results which confirmed formation of the intermolecularly
Ph ± Ph stacked assemblies of 5 a. The concentration depen-
dent UV spectra (2.5� 10ÿ5 ± 1.1� 10ÿ3 mol dmÿ3 concentra-
tion range of 5 a in water/DMSO 4.8:1 solvent mixture)
revealed strong hypochromicity effects (65%, above 0.4�
10ÿ3 mol dmÿ3) also in accord with formation of Ph ± Ph
stacked associates in solution (Figure 2, Supporting Informa-
tion). The 1H NMR spectra for the 5 a/D2O/DMSO (3:1) gel
are in accord with fluorescence and UV observations; the
analysis of chemical shifts (DdPh and DdC*H) in the temper-
ature dependent spectra revealed deshielding effects with
temperature increase (20 8C, gel, dPh� 7.240 and dC*H� 5.128;
80 8C, solution, dPh� 7.265, dC*H� 5.264); the latter can be
explained by dissociation of Ph ± Ph stacked assemblies
dissolved in the entrapped solvent and being in equilibrium
with the gel network. Thus, the spectroscopic results suggest
the existence of 5 a assemblies formed by Ph ± Ph interactions
both at pre-gelation concentrations and in the solution
entrapped by the gel network. Due to similar gelation
properties, we assume that for 1 a the favourable lipophilic
interactions and hydrophobic effects[22] between isobutyl
groups could stabilise a similar type of association in water
(Figure 12). The FTIR data for 1 a and 5 a xerogels (prepared
from water/DMSO gels; Table 3) show that the intermolec-
ular hydrogen bonding between oxalyl amide and carboxylic
groups also stabilises the assembly of gel fibres. It is well
known that intermolecular hydrogen bonding is highly
disfavoured in water due to strong competitive solvent effects.
However, hydrogen bonds can form in water if sufficiently


large primary associates are formed enabling formation of
many hydrogen bonds possibly in the co-operative manner.
Consequently, the gelation of water by 1 a and 5 a can be
rationalised by the initial formation of elongated primary
assemblies driven by intermolecular lipophilic and p ± p


stacking interactions. Such assemblies may further organise
into fibers or fiber bundles by lateral hydrogen bonding
involving both the oxalyl amide and carboxyl groups (Fig-
ure 12).


It is important to note that the same types of spectroscopi-
cally identified intermolecular interactions that stabilize
fibres of 5 a-hydrogel can be also found in the crystal structure
of non-gelling (�)-5 a (Figure 11). The intermolecular, in
plane hydrogen bonding between oxalyl amide units forms a


network along a axis and the bilayer formed by Ph ± Ph
interactions and carboxylic hydrogen bonding represents the
organisation along the b axis. However, the presence of both
enantiomers allows formation of the centrosymmetric dimers
and the organisation along c axis favourable for crystallisa-
tion. The latter organisation is not possible for single
enantiomer of 5 a which forms gel instead crystallisation in
the same solvent system. It should be noted that the
organisation along the b axis in the crystals of (�)-5 a closely
resembles that in gel fibres of (R,R)-5 a postulated on the basis
of spectroscopic results (Figure 12).


Formation of the primary assemblies in water requires cis-
arrangement of substituents on asymmetric carbons of the
oxalyl amide gelators. Molecular modelling generated the low
energy conformations of 5 a and 1 a (Figure 13) with cis-
arrangement of Ph and isobutyl groups, respectively; the same
arrangement is found in the molecular structure of each
enantiomer of rac-5 a (Figure 9 and 11). The substituents form
sufficiently deep and wide pockets for intermolecular lip-


Figure 12. Schematic presentation of 1 a and 5a organisation in hydrogel fibers based on phenyl stacking and
dispersive and hydrophobic interactions. Thick lines denote oxalyl amide fragments laying in the plane A
perpendicular to the plane of drawing. Intermolecular hydrogen bonding between self-complementary oxalyl
amide units in plane A and lateral hydrogen bonding between carboxylic groups is indicated.
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ophilic (Ph ± Ph and iBu ± iBu) interactions shown schemati-
cally in Figure 12. For the non-gelling 2 a, 3 a, 4 a and meso-5,
the low energy conformations with shallow or partly occupied
pockets (Figure 13) were generated; and for the non-gelling
meso-5 and 4 a further conformations with a trans-arrange-
ment of the substituents were generated. The latter confor-
mations are less favourable for intermolecular lipophilic
interactions compared with those of 1 a and 5 a ; a fact which
explains the lack of water gelation ability of 2 a, 3 a, 4 a and
meso-5.


Figure 13. CPK presentation of low energy conformations and TRIPOS
force field energies of selected gelators and non-gelling derivatives
generated by systematic conformational search using SYBYL molecular
modelling software of TRIPOS Inc.


Gelation of organic solvents : Contrary to highly polar water,
water/DMSO and water/DMF systems, 1 a, 2 a and 3 a showed
similar gelation of lipophilic solvent mixtures (Table 1). This
implies that in lipophilic media the intermolecular hydrogen
bonding, but not lipophilic interactions, dominates the
organisation which leads to formation of gel network. The
FTIR data (Table 3) for the gels with lipophilic solvents are in
accord with this conclusion. The temperature dependent
FTIR of 2 a/CH3CN/CHCl3 gel (Figure 4) as well as temper-
ature and concentration dependent 1H NMR spectra of the
same gel with deuterated solvents (Figure 7) reveal involve-
ment of oxalyl amide and carboxylic groups in intermolecular
hydrogen bonding. Figure 7a shows slight upfield shifts of
oxalyl amide NH protons upon temperature increase of the
gel sample; the effect should correspond to dissociation of
small 2 a assemblies dissolved in the entrapped solution. Also,
the very slight downfield shifts of 2 a-C*H, -methine and


-methyl protons (Figure 7b ± d) by temperature increase
indicate their mutual shielding in the same assemblies. In
the concentration dependent spectra (Figure 7e) the NH
protons are shifted downfield until the critical gelation
concentration of 0.074 moldmÿ3 is reached. Thus, at the pre-
gelation concentrations the assemblies are formed also by
intermolecular hydrogen bonding between oxalyl amide
fragments.


The crystal structure of 2 a (Figure 10) determined from the
crystals directly grown from the EtOAc/petroleum ether gel
shows the existence of intermolecular hydrogen bonding
between oxalyl amide units and carboxylic groups in accord
with FTIR and 1H NMR observations. In the a,b plane the 2 a
dimers formed by out-of-plane hydrogen bonds between
oxalyl amide fragments are connected with other dimers
through COOH ´ ´ ´ O�C-NH hydrogen bonding (Figure 10c).
The organisation along c axis is double helical and presents
the only fibre-like organisation which might be related to that
in gel fibres. Menger[8d] observed double helical organisation
in the crystal structure of dibenzoyl-l-cystine gelator; the
organisation was taken to correspond to that in gel fibres. In
our case, the temperature dependent 1H NMR shifts of 2 a
protons in the gel suggest the presence of small dissolved 2 a
assemblies in equilibrium with the gel network; hence the
organisation in the assemblies should resemble that in gel
fibres. Since the crystallisation starts within the gel, the
crystallisation centres should form in the entrapped solution
involving dissolved assemblies. Consequently, the double
helical organisation found in direction of the c axis may
resemble that in gel fibres. At present, however, there is no
direct experimental evidence for such a conclusion. The fact
that identical intermolecular interactions were found in the
crystal structure and in the gel fibres and that observed double
helical organisation is favourable for the lipophilic EtOAc/
petroleum ether solvent system (possessing most of the polar
groups in the core and iPr groups at the periphery of the
double helix) may be taken as supportive for the above
conslusion.


Linear Tg/e correlation for 1 a/lower n-alcohol gels : The linear
Tg/e correlation revealed for 1 a/C1 ± C6 alcohol gels (Figure 1)
implies that alcohol solvating power has the major influence
on the thermal stability of the gel. Hence, better solubility and
less efficient gel network assembly of 1 a in the alcohols of
higher dielectric contant can be expected. The opposite holds
for alcohols of lower e values where more efficient assembly
and hence the gels with higher Tg values are formed. In accord
with this, for 1 a/[D6]EtOH gel the low DHgel of ÿ14 kJ molÿ1


was determined (Table 4); at room temperature only 38 % of
1 a molecules are assembled in the gel network and 62 % are
dissolved in the entrapped ethanol. The results for 2 a gel with
much less polar CD3CN/CDCl3 solvent mixture, reflect the
influence of solvent polarity on thermal stability of the gel and
give the DHgel of ÿ29 kJ molÿ1.


In contrast to 1 a/(C1 ± C6) alcohol gels, the gels with higher
(C7 ± C10, and C12) alcohols and those with iBuOH and
2-methyl-2-butanol dissobey the Tg/e correlation exhibiting
much lower Tg values than expected from their e values. The
comparison of isobutanol (e� 17.93; Tg� 53 8C) and 1-butanol
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(e� 17.84; Tg� 97 8C) gels appears very instructive. Despite
the close dielectric constants the isobutanol gel showed a
lower Tg by 44 8C than the 1-butanol gel (Table 2). It is likely
that the dispersive interactions between 1 a and iBuOH and
long and foldable alkyl chains of higher n-alcohols enhance
its solubility in these solvents.[23, 24] Estimation of the maxi-
mal pre-gelation concentrations of 1 a in 1-BuOH
(0.003 mgmLÿ1), iBuOH (0.008 mgmLÿ1), n-heptanol and n-
octanol (0.003 mgmLÿ1) support this conclusion. The pre-
gelation concentrations of 1 a in iBuOH is more than twice of
that in 1-BuOH despite the very close e values of the two
alcohols; for n-heptanol (e� 11.75) and n-octanol (e� 10.3)
the pre-gelation concentrations are comparable to 1-BuOH
with a much higher dielectric constant of e� 17.84.


Water versus organic solvent gelation : Gelators 1 a and 5 a
exhibited ambidextrous gelation of highly polar water, water/
DMSO and water/DMF mixtures and of much less polar
organic solvents (Table 1). Described spectroscopic investi-
gations show that the ambidextrous gelation is the result of
different organisation in two media; in water it is governed
mostly by lipophilic interactions and in organic solvents by
intermolecular hydrogen bonding. For 1 a/[D6]EtOH gel the
DHgel of ÿ14 kJ molÿ1 was determined together with only
38 % network assembled and 62 % dissolved 1 a molecules in
the gel at 20 8C; however, for 1 a/water/[D6]DMSO (3.3:1) gel
with much more polar solvent system the DHgel of
ÿ36 kJ molÿ1 and 80 % of assembled 1 a molecules was
determined (Table 4). The latter solvent system is much less
favourable for intermolecular hydrogen bonding between
gelator molecules. Thus, the fact that water/[D6]DMSO gel is
more stable for 22 kJ molÿ1 and that the assembly ± dissolution
equilibrium lies much more on the assembly side despite the
lower total concentration of 1 a clearly points toward lip-
ophilic interactions and hydrophobic effects as the main
stabilising forces in this gel assembly.


Conclusion


Enantiomerically pure bis(amino acid) oxalyl amides 1 a and
5 a exhibit ambidextrous gelling properties of water, water
containing solvent mixtures and lipophilic organic solvent
systems giving stable and thermoreversible gels. Their race-
mates and meso-diastereoisomers lack gelation ability. The
intermolecular lipophilic interactions between substituents on
asymmetric carbons and lateral hydrogen bonding were found
to stabilise network assemblies of aqueous gels. However, in
organic solvent gels, intermolecular hydrogen bonding in-
volving oxalyl amide fragments and carboxylic groups repre-
sents the dominant intermolecular interactions that stabilise
these gel networks. It was found that the 1H NMR spectros-
copy of gels detects the gelator molecules or assemblies
present in the entrapped solvent. The concentration of
dissolved gelator molecules increase by rising sample temper-
ature due to dissociation of a gel network. The same
temperature dependent network assembly ± dissolution equi-
librium is observed by FTIR. Both methods were used for
determination of Kgel and DHgel and give the latter values in


excellent agreement. For 1 a gels with C1 ± C6 alcohols, the
linear Tg/alcohol dielectric constant correlation was found
showing the dominant influence of alcohol polarity on the
thermal stability of a gel. The characteristic intermolecular
interaction patterns existing in gel fibres of aqueous (1 a, 5 a)
and organic solvent (2 a) gels identified by spectroscopic
investigations (1H NMR, FTIR, UV, fluorescence) were also
found in the crystal structures of 2 a and (�)-5 a. The double
helical organisation found in the 2 a crystals grown from
EtOAc/petroleum ether gel may resemble organisation in gel
fibres. Ageing of unstable 2 a/organic solvent gels leads to
formation of various crystalline shapes such as crystalline
tubes, spheres, fibres, macrocycles and catenanes of micro-
meter dimensions. This could be the consequence of crystal-
lisation occurring in the presence of gel network. The
formation of various crystalline forms by crystallisation of
inorganic materials within gels is described in the very recent
review.[25]


Experimental Section


General : Melting points were determined on Kofler stage and are
uncorrected. 1H and 13C NMR spectra were recorded at 300 MHz and
75 MHz, respectively, on a Gemini300 spectrometer (TMS was used as
internal standard). FTIR spectra were recorded on a Perkin ± Elmer
PE 2000. UV/VIS measurements were carried out on a Cary 5 and PU8730
UV/VIS spectrophotometer. Optical rotations were measured on an
optical activity AA-10 automatic polarimetar using the wavelength of
589.3 nm. TLC was performed on silica gel coated Merck 60 F254 silica
plates and column chromatography using 230 ± 240 mesh Merck 60 silica
gel. All chemicals were of the best grade commercially available and were
used without purification. Solvents were purified according to standard
procedures; dry solvents were obtained according to literature methods
and stored over molecular sieves. The following compounds were
previously described in the literature: 4 a,[26] 4b,[28] 5a,[27] 1 b,[29] 2 b[30] and
2a,[30] however, the latter was not fully characterised.


General procedure for preparation of bis(amino acid) oxalyl amides 1a ±
6a : A solution of oxalyl chloride (4.95 mmol) in CH2Cl2 (5 mL) and 4m
aqueous KOH (2.1 mL) were simultaneously added dropwise within 40 min
to a cooled (ÿ10 8C) solution of the corresponding (R)- or (S)-amino acid
(6.6 mmol) in 2m KOH (5 mL). The stirring was continued for 30 min at
0 8C and for another 30 min at room temperature. Organic layer was
separated, and the aqueous layer diluted with H2O (10 mL) and acidified
with 10 %-formic acid (pH 2.5). The solid or gelatinous precipitate formed
was crashed in ultra-sound bath, left to stand at 4 8C for 2 h, filtered, washed
with water and dried under reduced pressure.


N,N'-Oxalyl-bis(LeuOH) (1a): Yield: 85.7 %; m.p. 215 ± 216 8C; [a]20
D �


ÿ13 (c� 1 in DMSO); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 8.60
(d, 3J(H,H)� 8.4 Hz, 2H; NH), 4.20 (dt, 3J(H,H)� 3.0, 8.9 Hz, 2H; C*Ha),
1.75 ± 1.54 (m, 6 H; CHg, CH2b), 0.86/0.88 (2d, 3J(H,H)� 5.1 Hz, 6 H each;
CH3); 13C NMR (75.5 MHz, [D6]DMSO), 20 8C): d� 173.5 (COOH), 159.7
(CONH), 51.4 (C*Ha), 40.2 (CH2b), 24.5 (CHg), 23.1/21.5 (CH3); IR (KBr):
nÄ � 3300 (NH), 1730 (COOH), 1660 (amide I), 1520 (amide II) cmÿ1;
elemental analysis calcd (%) for C14H24N2O6 ´ H2O (334.364): C 50.29, H
7.84, N 8.38; found C 50.54, H 8.03, N 8.58.


N,N'-Oxalyl-bis(ValOH) (2a): Yield: 62.9 %; m.p. 124 ± 125 8C; [a]20
D ��16


(c� 1 in MeOH); 1H NMR (300 MHz, CD3OD, 20 8C): d� 8.55 (d,
3J(H,H)� 8.6 Hz, traces; NH), 4.46 (d, 3J(H,H)� 5.1 Hz, 2 H; C*Ha),
2.42 ± 2.29 (m, 2H; CHb), 1.08/1.07 (2d, 3J(H,H)� 6.8 Hz, each 6H; CH3);
13C NMR (75.5 MHz, CD3OD, 20 8C): d� 174.1 (COOH) 161.5 (CONH),
59.5 (C*Ha), 32.2 (CHb), 19.6/18.4 (CH3); IR (KBr): nÄ � 3290/3130 br (NH),
1728 (COOH), 1660 (amide I), 1525 (amide II) cmÿ1; elemental analysis
calcd (%) for C12H20N2O6 (288.296): C 49.99, H 6.99, N 9.72; found C 50.07,
H 7.20, N 9.84.
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N,N'-Oxalyl-bis(IleOH) (3 a): Yield: 42.6 %; m.p. 139 ± 142 8C (xerogel
from MeOH/diethyl ether); [a]20


D ��40 (c� 0.5 in MeOH); 1H NMR
(300 MHz, [D6]DMSO, 20 8C): d� 8.33 (d, 3J(H,H)� 8.2 Hz, 2 H; NH),
4.09 (dt, 3J(H,H)� 5.7, 8.2 Hz, 2 H; C*Ha), 1.97 ± 1.84 (m, 2 H; CHb), 1.51 ±
1.30/1.22 ± 1.08 (2m, 2 H each; CH2g), 0.88 ± 0.84 (m, 12 H; CH3g, CH3d);
13C NMR (75.5 MHz, CD3OD, 20 8C): d� 175.2 (COOH), 161.4 (CONH),
59.3 (C*Ha), 38.9 (CHb), 26.4 (CH2g), 16.3 (CH3g), 12.1 (CH3d); IR (KBr):
nÄ � 3310 (NH), 1727 (COOH), 1659/1652 (amide I), 1512 (amide II) cmÿ1;
elemental analysis calcd (%) for C14H24N206 ´ H2O (334.364): C 50.29, H
7.84, N 8.38; found C 50.30, H 7.92, N 8.39.


N,N'-Oxalyl-bis(TrpOH) (6a): Yield: 66.9 %; m.p. 224 ± 227 8C; [a]20
D ��95


(c� 1 in DMSO); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 10.85 (s, 2H;
indol-NH), 8.44 (d, 3J(H,H)� 7.75 Hz, 2 H; CONH), 7.48/7.33 (2d,
3J(H,H)� 7.4 Hz, 2 H each; C4'H, C7'H), 7.07 (s, 2H; C2'H), 7.04/6.90 (2 t,
3J(H,H)� 7.4 Hz, 2 H each; C5'H, C6'H), 4.40 (dt, 3J(H,H)� 5.8, 7.8 Hz,
2H; C*Ha), 3.24 (d, 3J(H,H)� 5.8 Hz, 4H; CH2b); 13C NMR (75.5 MHz,
[D6]DMSO), 20 8C): d� 173.0 (COOH), 159.3 (CONH), 136.3, 127.9, 123.8,
121.0, 118.6, 118.5, 111.5/110.2 (Carom), 54.2 (C*Ha), 26.8 (CH2b); IR (KBr):
nÄ � 3408/3300 (NH), 1660/1600 (br) (amide I), 1515 (amide II) cmÿ1;
elemental analysis calcd (%) for C24H22N406 ´ 2H2O (498.48): C 57.82, H
5.26, N 11.24; found C 58.07, H 5.18, N 11.14.


N,N'-Oxalyl-bis(isoleucine methyl ester) (3b): A solution of oxalyl chloride
(0.185 mL, 2.12 mmol) was added to a cooled (0 8C) solution of H-Ile-
OMe ´ HCl (0.802 g 4.41 mmol) and TEA (1.23 mL, 8.82 mmol) in dry
CH2Cl2 (15 mL), and the reaction mixture was stirred at 0 8C for 30 min and
overnight at room temperature. Dichloromethane (10 mL) was added and
the mixture washed with water, aq. AcOH and 5% NaHCO3. Organic layer
was separated, dried (Na2SO4) and the solvent evaporated. Recrystallisa-
tion (CH2Cl2/light petroleum) give the title compound (0.596 g, 81.6%).
M.p. 99 ± 101 8C (from CH2Cl2/diethyl ether); [a]20


D �ÿ12 (c� 0.5 in
MeOH); 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d� 8.98 (d,
3J(H,H)� 9.0 Hz, 2 H; NH), 4.46 (dd, 3J(H,H)� 5.1, 9.0 Hz, 2 H;
C*Ha),3.68 (s, 6H, OCH3), 1.96 ± 1.83 (m, 2 H; CHb), 1.44 ± 1.33 (2m, 2H
each; CH2g), 1.25 ± 1.08/0.87 ± 0.83 (m, 12H; CH3g, CH3); 13C NMR
(75.5 MHz, CDCl3, 20 8C): d� 170.9 (COOMe), 159.0 (CONH), 56.7
(CHa), 52.0 (OCH3), 37.6 (CHb), 24.7 (CH2g), 15.1 (CH3g), 11.1 (CH3); IR
(KBr): nÄ � 3285 (NH), 1753 (COOMe), 1663 (amide I), 1533
(amide II) cmÿ1; elemental analysis calcd (%) for C16H28N2O6 (344.40): C
55.80, H 8.20, N 8.13; found C 55.86, H 8.37, N 8.26.


N,N'-Oxalyl-bis[(R)-phenylglycine methyl ester)] (5b): Following the
procedure described for preparation of 3 b, (R)-H-Phg-OMe ´ HCl
(0.414 g, 2.05 mmol) and oxalyl chloride (0.85 mL, 0.97 mmol) gave 5b
(0.288 g, 76.7 %). M.p. 183 ± 184 8C (from CH2Cl2/light petroleum ether),
[a]20


D ��236 (c� 0.5 in CH2Cl2); 1H NMR (300 MHz, CDCl3, 20 8C, TMS):
d� 8.24 (d, 3J(H,H)� 7.3 Hz, 2 H; NH), 7.35 (s, 10 H; Harom), 5.51 (d,
3J(H,H)� 7.5 Hz, 2 H; C*Ha), 3.75 (s, 6H; OCH3); 13C NMR (75.5 MHz,
CDCl3, 20 8C): d� 169.8 (COOMe), 158.3 (CONH), 136.2, 128.9, 128.7/
127.2 (Carom), 56.5 (CHa), 52.8 (OCH3); IR (KBr): nÄ � 3275 (NH), 1742
(COOMe), 1654 (amide I), 1500 (amide II) cmÿ1; elemental analysis calcd
(%) for C20H20N2O6 (384.382): C 62.49, H 5.24, N 7.29; found C 62.20 H
5.51, N 7.51.


N,N'-Oxalyl-bis(leucylamide) (1c): A solution of 1 b (0.250 g, 0.73 mmol) in
conc. NH3/MeOH (25 mL) was kept for 7 d at 4 8C. The precipitate was
filtered off washed with MeOH and dried under reduced pressure. Yield:
0.163 g, 64.1 %; m.p. 273 ± 276 8C (from DMSO/EtOAc); [a]20


D �ÿ2 (c� 1
in DMSO); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 8.47 (d, 3J(H,H)�
8.8 Hz, 2H; NH), 7.49/7.14 (2 s, 2H each; CONH2), 4.29 (dt, 3J(H,H)� 3.8,
8.8 Hz, 2H; C*Ha), 1.70 ± 1.48 (m, 6H; CH2b, CHg), 0.89/0.88 (2d,
3J(H,H)� 5.4 Hz, 6 H each; CH3); 13C NMR (75.5 MHz, [D6]DMSO),
20 8C): d� 173.4 (CONH2), 159.6 (CONH), 51.6 (CHa), 40.9 (CH2b), 24.5
(CHg), 23.0/21.6 (CH3); IR (KBr): nÄ � 3400, 3280/3210 (NH), 1660 br
(amide I), 1512 (amide II) cmÿ1; elemental analysis calcd (%) for
C14H26N4O4 ´ 2 H2O (350.412): C 47.98, H 8.63, N 15.99; found C 47.99, H
8.57, N 15.79.


N,N'-Oxalyl-bis(valylamide) (2c): A solution of 2b (0.050 g, 0.16 mmol) in
CH2Cl2 (1 mL) and conc. NH3/MeOH (10 mL) was kept for 8 d at room
temperature. The precipitate was filtered off, washed with MeOH and
dried under reduced pressure. Yield: 0.043 g, 95.0 %; m.p. > 330 8C (from
DMF/CH2Cl2); [a]20


D ��37 (c� 0.5 in DMSO); 1H NMR (300 MHz,
[D6]DMSO, 20 8C): d� 8.18 (d, 3J(H,H)� 9.3 Hz, 2 H; NH), 7.61/7.26 (2s,


2H each; CONH2), 4.12 (dd, 3J(H,H)� 6.7, 9.3 Hz, 2H; CHa), 2.06 (sext,
3J(H,H)� 7 Hz, 2 H; CHb), 0.88/0.83 (2d, 3J(H,H)� 6.7 Hz, 6 H each;
CH3g); 13C NMR (75.5 MHz, [D6]DMSO), 20 8C): d� 172.1 (CONH2),
159.4 (CONH), 58.2 (CHa), 30.8 (CHb), 19.3/17.9 (CH3g); IR (KBr): nÄ �
3410, 3280/3210 (NH), 1660/1647 (amide I), 1516 (amide II) cmÿ1; elemen-
tal analysis calcd (%) for C12H22N4O4 (286.328): C 50.33, H 7.74, N 19.57;
found C 50.28, H 7.62, N 19.47.


N,N'-Oxalyl-bis(isoleucylamide) (3c): A solution of 3 b (0.323 g,
0.94 mmol) in conc. NH3/MeOH (30 mL) was kept for 7 d at room
temperature. The precipitate was filtered off washed with MeOH and dried
under reduced pressure. The product partly racemised. Yield: 0.225 g,
77.7 %; m.p. 304 ± 305 8C (from DMSO); [a]20


D ��12 (c� 0.5 in DMSO);
1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 8.21 (d, 3J(H,H)� 9.2 Hz, 2H;
NH), 7.59/7.24 (2s, 2H each; CONH2), 4.14 (dt, 3J(H,H)� 7.3, 9.2 Hz, 2H;
CHa), 1.86 ± 1.77/1.47 ± 1.36/1.10 ± 0.96 (3m, 2H each; CHb, CH2g), 0.87 ±
0.82 (m, 12H; CH3g , CH3); 13C NMR (75.5 MHz, [D6]DMSO), 20 8C): d�
171.8 (CONH2), 159.1 (CONH), 57.3 (CHa), 36.8 (CHb), 24.2 (CH2g), 15.2
(CH3g), 10.7 (CH3); IR (KBr): nÄ � 3410, 3278/3210 (NH), 1680, 1660, 1653/
1645 (amide I), 1516 (amide II) cmÿ1; elemental analysis calcd (%) for
C14H26N4O4 (314.38): C 53.48, H 8.34, N 17.82; found C 53.42, H 8.47, N
17.72.


N,N'-Oxalyl-bis(phenylalanylamide) (4 c): A solution of 4 b (0.346 g,
0.84 mmol) in conc. NH3/MeOH (35 mL) was kept 7 d at 4 8C. The
precipitate was filtered off washed with MeOH and dried under reduced
pressure. Yield: 0.272 g, 84.8 %; m.p. 287 ± 288 8C (from DMF); [a]20


D �ÿ13
(c � 0.5 in DMSO); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 8.24 (d,
3J(H,H)� 8.2 Hz, 2H; NH), 7.46/7.09 (2br s, 2H each; CONH2), 7.22/7.17
(2br s, 10 H; CHarom), 4.49 (br s, 2H; C*Ha), 3.14 ± 2.96 (m, 4H; CH2b);
13C NMR (75.5 MHz, [D6]DMSO), 20 8C): d� 171.8 (CONH2), 159.0
(CONH), 137.3, 129.1, 128.1/126.4 (Carom), 53.9 (CHa), 37.1 (CH2b); IR
(KBr): nÄ � 3454, 3382, 3284/3200 (NH), 1659 (amide I), 1506
(amide II) cmÿ1; elemental analysis calcd (%) for C20H22N4O4 (382.408):
C 62.81, H 5.80, N 14.65; found C 63.06, H 5.99, N 14.57.


(�)-[N,N'-Oxalyl-bis(phenylglycylamide)] (5c): A solution of 5 b (0.370 g,
0.96 mmol) in DMF (5 mL) and conc. NH3/MeOH (35 mL) was kept 14 d at
room temperature. The precipitate was filtered off, washed with MeOH
and dried under reduced pressure. Yield: 0.240 g, 70.4 %; m.p. 301 ± 303 8C
(from DMF/CH2Cl2); The product completely racemised, [a]20


D � 0 (c� 0.5
in DMSO); 1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 8.64 (d, 3J(H,H)�
7.6 Hz, 2 H; NH), 7.81/7.34 (2 s, 2H each; CONH2), 7.43 ± 7.29 (m, 10H;
CHarom), 5.35 (s, 2H; C*Ha); 13C NMR (75.5 MHz, [D6]DMSO), 20 8C): d�
170.8 (CONH2), 158.7 (CONH), 138.3, 128.8, 128.2/127.2 (Carom), 56.2
(C*Ha); IR (KBr): nÄ � 3370, 3268/3188 (NH), 1657 (amide I), 1496 (amide
II) cmÿ1; elemental analysis calcd (%) for C18H18N4O4 (354.356): C 61.01, H
5.12, N 15.81; found C 60.85, H 5.27, N 15.74.


Gelation experiments : The experiments were performed by dissolution of
the weighted amount of a compound (10 mg) in a measured volume of
selected pure solvent or solubilising component. In the first case heating of
the sample is needed to produce dissolution. Cooling to room temperature
produced gels as shown in Table 1. In the second procedure, a measured
volume of a second solvent of lower polarity was added until the gel was
formed. The procedure being reminiscent of two-solvents recrystallisation
is repeated until formation of a loose gel or dissolution is observed.


Estimation of maximal pre-gelation concentration of 1a : To 5 mg of 1a
(exactly weighted), nBuOH, iBuOH, n-heptanol or n-octanol was added in
2 mL volume portions, the suspension heated to boiling and cooled. The
procedure was repeated until the solution of low viscosity instead a gel was
formed at room temperature.


TEM and SEM investigations : Transmision electron micrographs were
negatively stained by osmic acid. JOEL JSM-5800 scanning electron
microscope was used for taking SEM pictures.The frozen gel specimen
(liquid nitrogen) was evaporated by a vacum pump for 5 ± 24 h. The dry
sample was shielded by gold (10 �). The accelerating voltage of SEM was
20 kV.


Molecular modelling : Molecular modelling was performed using the
SYBYL Version 6.3 software of TRIPOS INC. The molecules were
constructed using Builder package and fully minimised. The systematic
conformational search using TRIPOS force field was done by 308 incre-
ment rotations around six bonds (C*-R, R� alkyl or aryl; C*-NH and C*-
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COOH). The lowest energy conformations were selected and fully
minimised.


Crystal structure determination of 2 a and (�)-5 a : For crystallizaton of 2a,
a small beaker containing ethyl acetate solution (60 mgmLÿ1) was
immmersed into a bottle with petroleum ether (40 ± 70 8C) serving as a
reservoir. Slow vapour diffusion of petroleum ether into the solution
induced a gel formation. Over the period of a few days at room
temperature prismatic crystals were grown within a gel. The crystals of
5a were obtained from DMF solution (20mg mLÿ1) using vapour diffusion
from water reservoir at room temperature, over a few days. Data collection
of (�)-5 a was at 100 K whereas for 2 a was at room temperature. The
crystallographic data and details of data collection and refinement have
been listed in Table 8.[31±34] The absorption corrections on intensities of 2a
and (�)-5 a were applied using analytical method [Meulenaer-Tompa]
incorporated into PLATON.[34] l-amino acids were used in synthesis of the
compounds studied and during structure determination chirality was
assigned accordingly. Scattering factors used in the calculations were from


SHELX97.[33] Hydrogen atom positions were calculated on stereochemical
grounds and refined using the SHELX97 riding model. The exceptions
were hydrogen atoms involved in hydrogen bonding; they were located
from the difference Fourier syntheses and refined. The crystal structure of
(�)-5 a includes the solvent molecules. The thermal gravimetric analysis
revealed 2.75 water molecules per one formula unit of 5 a. The amount of
solvent molecules determined experimentally matches the number of
electrons calculated by SQUEEZE option in the program PLATON.[34]


The final R factors and the values of residual electron densities, D1


(Table 7) are given after the applied squeeze option for the structure (�)-
5a. The molecular structures were illustrated by the ORTEPH.[35]


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-146 381 (2a)
and -146 383 [(�)-5 a]. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Diketopiperazine Receptors:
A Novel Class of Highly Selective Receptors for Binding Small Peptides


Helma Wennemers,* Matteo Conza, Matthias Nold, and Philipp Krattiger[a]


Abstract: A novel class of receptors
consisting of a rigid diketopiperazine
backbone and peptidic side chains has
been developed with the use of combi-
natorial chemistry. These diketopipera-
zine receptors interact with peptidic
substrates with high specificity as shown
in combinatorial on-bead assays. The
central diketopiperazine moiety can be


easily obtained from natural 4-hydroxy-
proline and serves as a rigidifying tem-
plate for the peptidic modules which
allow for structural as well as functional


variations. Screenings of several dye-
marked receptor prototypes against an
encoded tripeptide library demonstrat-
ed not only the high binding specificities
of the diketopiperazine receptors to-
wards peptides but also revealed that
small structural changes induce signifi-
cant changes in their binding properties.


Keywords: combinatorial chemistry
´ diketopiperazine ´ molecular rec-
ognition ´ peptides ´ receptors


Introduction


The increasing need for therapeutics and sensors asks for the
development of synthetic receptors recognizing small pep-
tides selectively. Due to the many degrees of freedom of even
simple di- or tripeptides the rational design of receptors for
specific peptide sequences is an extremely challenging task.
During the last decade, combinatorial chemistry has become a
powerful tool for the search of suitable substrates for a given
receptor and vice versa.[1] Using this stochastic approach,
subtle differences in host ± guest interactions have been
disclosed which could have not been predicted by molecular
modelling or found by conventional trial and error. Con-
sequently, receptors capable of binding peptides have been
established.[2±4] In particular, two-armed receptors consisting
of a template with two modules have proven efficient in
binding peptidic substrates.[3, 4] Yet, most of the examined
receptors exhibit drawbacks such as either poor binding
selectivities, rather laborious syntheses or limited possibilities
for tuning the receptor structures. Thus, the need for receptors
with easily variable structures that allow for the selection of a
specific receptor for any desired peptide remains.


Here we introduce a novel class of two-armed receptors and
report the highly selective binding of several structurally


related receptor prototypes to different peptides within a
tripeptide library.


A receptor class containing members capable of binding
any desired peptide selectively should consist of a rigid,
structure-directing backbone as well as functional groups that
allow for the formation of non-covalent interactions such as
hydrogen bonds, ionic and hydrophobic interactions. Further-
more, the receptor structure should offer opportunities for
combinatorial structural and functional variations and should
be accessible by a simple synthesis both in solution and on
solid supports to ultimately permit the generation of a
combinatorial receptor library using the split-and-mix proto-
col.[5]


The novel diketopiperazine receptors depicted in Figure 1
fulfil all of the above-mentioned requirements for a versatile
class of receptors. Herein, the diketopiperazine derived from
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Figure 1. Two-armed diketopiperazine receptors.


4-hydroxyproline provides the rigid backbone and anchor for
the peptidic side chains, that is ªthe armsº. Natural l-, as well
as d-amino acids, can be employed as building blocks for the
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receptor arms as they offer structural and functional variety.
Standard peptide synthesis can be used to assemble these
diketopiperazine receptors which could be easily attached to
solid supports through side chain functional groups of the
amino acids.


Results and Discussion


Since the diketopiperazine receptors are a novel class of
receptors with unknown binding properties, we prepared
several receptor prototypes, marked with dyes, and identical
arms (R1�R5, R2�R6, R3�R7, R3�R7�Ac) in order to
examine their binding properties in on-bead screenings
against a peptide library. As a dye we employed the red
azo-dye Disperse Red 1 since it can be easily attached to the
side chain functionality of an amino acid (such as tyrosine)
and does not bind to peptides itself.[6]


The synthesis of the diketopiperazine template starts from
N-Boc-4-trans-azido-l-proline methyl ester (1) which is read-
ily obtained from commercially available N-Boc-4-cis-hy-
droxyproline methyl ester by a SN2 substitution with NaN3 of
the corresponding mesylate.[7] One portion of the N-Boc-4-
trans-azido-l-proline methyl ester (1) is then hydrolyzed and
transformed into the pentafluorophenyl (Pfp) ester 2 and the
other portion is transformed into the trifluoroacetic acid
(TFA) salt 3. Mixing of 2 and 3 in the presence of Hünig�s base
yields the cyclization precursor 4. N-Boc deprotection with
TFA and addition of Hünig�s base leads to the diketopiper-
azine 5. The reduction of the azide functionalities with
palladium on carbon in the presence of di-tert-butyl-dicar-
bonate (Boc2O) yields the well storable N-Boc-protected
diketopiperazine 6.


The red azo-dye Disperse Red 1 is attached to the phenolic
hydroxy group of N-Boc-l- or d-tyrosine methyl ester 7 a or
7 b, respectively, by a Mitsunobu reaction followed by
conversion of the methyl esters into the Pfp esters to yield
the dye-marked tyrosine derivatives 8 a and 8 b (Scheme 2).


For the assembly of the receptors, the tert-butyl groups of 6
are removed and the resulting diamine is coupled with the
dye-marked Pfp esters of N-Boc-d- or l-tyrosine 8 a or 8 b,
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Scheme 1. Synthesis of the diketopiperazine template 6 : a) i) NaOH,
MeOH, THF, H2O; ii) C6F5OH, EDC, CH2Cl2, 85 %; b) TFA, CH2Cl2,
quant.; c) iPr2NEt, CH2Cl2, 89 %; d) i) TFA, CH2Cl2; ii) iPr2NEt, CH2Cl2,
79%; e) 10% Pd/C, H2, MeOH, Boc2O, 91%.
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Scheme 2. Synthesis of N-Boc-l-Tyr(dye)-OC6F5 8 a : a) Disperse Red 1,
PPh3, DEAD, toluene, 72 %; b) i) NaOH, MeOH, THF, H2O; ii) C6F5OH,
EDC, CH2Cl2, 95%.


respectively. After N-Boc deprotection with HCl the remain-
ing amino acids of the arms are assembled by standard
couplings of N-a-Fmoc-protected amino acids using 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) as the coupling reagent and tris(2-aminoethyl)amine
(TAEA) as the Fmoc deprotection reagent.[8] Acetylation
with acetic anhydride in the presence of triethylamine after
the final Fmoc deprotection leads to the diketopiperazine
receptors 9 ± 13 (Scheme 3).
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Scheme 3. Synthesis of the diketopiperazine receptors 9 ± 13 : a) i) TFA,
CH2Cl2; ii) iPr2NEt, 7, CH2Cl2; b) HCl, MeOH, dioxane; c) iPr2NEt, N-a-
Fmoc-amino acid, EDC, CH2Cl2; d) TAEA, CH2Cl2; e) repetition of c) and
d) ; f) Ac2O, NEt3.


Using this synthesis route five receptor prototypes with
closely related yet distinct structures were prepared. The two
identical arms of each receptor consist of dye-marked l- or d-
Tyr as initial amino acids followed by l-Phe and either l-Asn


Abstract in German: Mit Hilfe von kombinatorischer Chemie
wurde eine neue Klasse von Rezeptoren entwickelt, die aus
einem rigiden Diketopiperazin und peptidischen Seitenketten
bestehen. Diese Diketopiperazin Rezeptoren zeigen in kombi-
natorischen on-bead Screenings, dass sie mit peptidischen
Substraten mit hoher Spezifität wechselwirken. Das zentrale
Diketopiperazin ist aus 4-Hydroxyprolin synthetisch leicht
zugänglich und dient als strukturgebendes Templat für die
peptidischen Seitenketten, die die Einführung von struktureller
als auch funktioneller Vielfalt ermöglichen. Die Screenings
einiger farbstoffmarkierter Rezeptorprototypen gegen eine
kodierte Tripeptidbibliothek zeigten nicht nur, dass die Dike-
topiperazin Rezeptoren Peptide mit hoher Selektivität erken-
nen, sondern auch, dass kleine strukturelle Unterschiede zu
signifikanten ¾nderungen in den Rezeptorbindungseigen-
schaften führen.
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or l-Gln. Thus, the structural differences of the five proto-
types (Figure 2) are as subtle as the opposite stereochemistry
of tyrosine (e.g. 9 and 10) or a single methylene group (e.g. 9
and 12 as well as 11 and 13).
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Figure 2. Diketopiperazine receptor prototypes 9 ± 13.


The dye-marked receptor prototypes were tested for their
peptide binding affinities by screening them against an
encoded resin-bound tripeptide library with the general
structure Ac-AA3-AA2-AA1-NH(CH2)6-CONH-PS. The li-
brary had been synthesized on polystyrene resin by encoded
split synthesis[9] employing 29 l- and d-amino acids at each
position.[10] Thus, the library contained maximally 293� 24 389
different acylated tripeptides. In order to ensure a represen-
tative screening result, an amount corresponding to at least
five theoretical copies of the library were used per assay.[11]


Upon mixing the library with dilute solutions of the
receptors (�20 ± 40 mm) in chloroform and equilibration for
at least 24 hours, several beads picked up the red color of the
receptor in all five assays. The assays of receptor 9 and 13
indicated a particularly high level of binding specificity since
only about 25 beads showed the red color of the receptor cor-
responding to a selectivity of one selected bead out of 5000.
Isolation of the colored beads and analysis of the encoding
electrophoric tag molecules by gas chromatography using
electron capture detection[9] revealed remarkable specifici-
ties: Each of the five structurally similar receptor prototypes
selects for different tripeptides within the library (Table 1).


While receptor 9 exclusively selects peptides containing a
d-His following two hydrophobic d-amino acids, receptor 13
solely chooses peptides with an l-Asn following a hydro-
phobic l- and a hydrophobic d-amino acid. Receptor 10
differing from 9 in the configuration of the tyrosine residue,
selects for sequences with an l-Asn in the middle or
N-terminal position being flanked by a combination of a d-
and l-hydrophobic amino acid. More interestingly, receptors
12 and 11 which differ from 9 and 13 only by a single
methylene group (l-Asn is exchanged by l-Gln and vice
versa) is not only selective for the tripeptides bound by 9 and
13 but also for two different peptide motifs. Thus, the novel
diketopiperazine receptors are not only able to bind to
peptides but small structural changes alter their ligand pattern
to a significant extent.


In order to obtain a measure for the strength of the
observed intermolecular association we determined the bind-
ing affinities of receptors 9 and 12 towards the peptide
selected in the on-bead assay and several non-selected
peptides by solid-phase binding assays.[4] While receptor 9,


which has a strong preference for the peptide Ac-d-Val-d-Val-
d-His, shows an affinity of Ka� 1420� 200mÿ1 (DG�ÿ4.3�
0.1 kcal molÿ1), receptor 12, which also recognizes other
peptides, binds to Ac-d-Val-d-Val-d-His less tightly Ka�
260� 40mÿ1 (DG� -3.3� 0.1 kcal molÿ1). Small modifications
of the ligand peptide such as inverting the stereochemistry of
the central d-Val lead to a considerably decreased binding
affinity of Ka �15mÿ1 (DG �1.5 kcal molÿ1). Thus, our
diketopiperazine receptors are not only highly selective for
certain tripeptides but also show a considerably higher
binding affinity towards the selected peptides as compared
to the non-selected peptides.


To verify that the two-armed motif is the minimal structure
necessary for binding peptides, truncated receptors with only
two amino acids attached to the diketopiperazine 14, a
ªsingle-armº receptor 15 as well as an ªisolated armº 16 were
synthesized and screened against the tripeptide library. Up to
fragment concentrations of 500 mm none of the library beads
turned red, thus, confirming that two arms consisting of three
amino acid residues are crucial for the interactions between
the ligand peptide and the receptor.
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Figure 3. Receptor fragments 14 ± 16.


Conclusion


We have introduced a novel class of receptors which combine
a particularly simple structure with remarkably high binding
selectivities that are very responsive to subtle structural


Table 1. Binding specificities of the receptor prototypes 9 ± 13 for tripep-
tides within the library Ac-AA3-AA2-AA1-NH(CH2)6CONH-PS.


AA3 AA2 AA1 freq. freq.
found [%][a] exp. [%][a]


9 d-Val/d-Ala d-Hph[b] d-His 100 0.04
10 d-Ala/d-Val l-Asn/l-Gln l-Ala/Gly 43 0.03


l-Asn d-Pro l-Hph 57 0.02
11 d-Ala/d-Val l-Hph l-Ser/l-Thr 46 0.08


d-Hph l-Ala l-Gln/l-Asn 23 0.04
d-Hph l-Hph l-Ala 17 0.08


12 d-Ala/d-Val d-Hph d-His 34 0.04
l-Ala/l-Leu l-Gln d-Hph 37 0.04
d-Gln d-Hph d-Val/d-Leu 20 0.04


13 d-Ala/d-Val/d-Leu l-Hph l-Asn 100 0.06


[a] The column frequency found lists the percentage of beads selected in
the receptor binding assay for the indicated peptide sequence. The column
frequency expected lists the expected frequency for the particular tripep-
tide sequence if the beads were picked randomly. The comparison between
the percentage of ªfrequency foundº and ªfrequency expectedº is a
measure for the selectivity level of the receptor. [b] Hph� hydrophobic
amino acid can be either Gly, Ala, Val, Leu or Phe.







Diketopiperazine Receptors 3342 ± 3347


Chem. Eur. J. 2001, 7, No. 15 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3345 $ 17.50+.50/0 3345


modifications. The novel diketopiperazine derived from
natural 4-hydroxyproline has proven an ideal scaffold for
guiding the receptor arms into a conformation providing for
intermolecular binding. The simplicity of the structureÐa
simple octapeptide with the structure-directing central dike-
topiperazineÐallows for an easy synthesis and for structural
and functional variations. Additional diversity can be intro-
duced into the receptor structure by using a diketopiperazine
template with differently functionalized amino groups, there-
fore, allowing for the generation of two different arms. Thus,
the novel diketopiperazine receptors present an ideal scaffold
for the development of selective receptors for a given
substrate that could be used for any application where
selective molecular recognition is a prerequisite for example
for the development of diagnostic sensors, therapeutics or
catalysts.


Experimental Section


General methods : Materials and reagents were of the highest commercially
available grade and used without further purification. Reactions were
monitored by thin-layer chromatography using Merck silica gel 60 F254


covered aluminum plates. Compounds were visualized by UV, ceric
ammonium molybdate (CAM) and ninhydrin. Flash chromatography was
performed using Merck silica gel 60, particle size 40 ± 63 mm. Gel filtrations
were performed on Sephadex LH20 resin purchased from Sigma. 1H and
13C NMR spectra were recorded on a Varian Gemini 300, a Bruker
DPX 400 or a Bruker DPX 500 spectrometer. Chemical shifts are reported
in ppm using CDCl3 as a reference. Infrared spectra were obtained on a
Perkin ± Elmer 1600 series; peaks are reported in cmÿ1. Finnigan MAT
LCQ and TSQ 700 instruments were used for electrospray ionization (ESI)
mass spectrometry. HPLC analysis were carried out on a Nucleosil 100 5
(250� 4.6 mm) from Macherey Nagel. The solid-phase binding assays were
carried out with CHCl3 freshly filtered through aluminum oxide.


N-Boc-trans-4-Azido-l-proline pentafluorophenyl ester (2): N-Boc-trans-
4-Azido-l-proline methyl ester (1)[7] (5.56 g, 20.57 mmol) was dissolved in
THF/MeOH 1:1 (50 mL). After the addition of NaOH (1.23 g, 30.86 mmol)
dissolved in water (5 mL) the mixture was stirred for 1.5 h at room
temperature and then carefully acidified with 1m HCl to pH 4. EtOAc
(200 mL) and water (100 mL) were added and the mixture was extracted
with additional 1m HCl (50 mL). The aqueous layer was extracted with
EtOAc (100 mL), the combined organic layers were washed with brine and
dried over MgSO4. Filtration and evaporation of the solvent at reduced
pressure yielded a white powder which was suspended in CH2Cl2 (10 mL).
Addition of pentafluorophenol (3.98 g, 21.60 mmol) and EDC (5.91 g,
30.85 mmol) yielded a solution which was stirred for 1 h at room temper-
ature and then extracted with water (100 mL) and EtOAc (200 mL). The
aqueous layer was extracted again with EtOAc (100 mL) and the organic
layers were washed with brine and dried over MgSO4. Filtration and
removal of all volatiles at reduced pressure yielded the pentafluorophenyl
ester 2 (7.38 g, 17.49 mmol, 85%) as a white solid. (1H and 13C NMR spectra
show a double set of peaks (�2:1) due to the s-cis and s-trans conformers
around the tertiary carbamate.) 1H NMR (300 MHz, CDCl3, 25 8C): d�
4.71 (m, 1H; Ha), 4.26 (m, 1 H; Hg), 3.77 ± 3.55 (m, 2 H; Hd), 2.61 ± 2.35 (m,
2H; Hb), 1.49/1.46 (2s (2:1), 9 H; tBu); 13C NMR (75.4 MHz, CDCl3,
25 8C): d� 168.5, 168.2, 153.8, 153.2, 142.3, 139.7, 81.8, 81.4, 60.4, 59.3, 58.6,
57.3, 57.2, 51.4, 51.3, 36.7, 35.4, 28.2, 28.0; IR (KBr): nÄ � 3388, 2991, 2100,
1821, 1715, 1519, 1169; ESI-MS: m/z : calcd for C16H25F5N4O4Na: 445
[M�Na]� ; found: 445; elemental analysis calcd (%) for C16H25F5N4O4


(422.3): C 45.51, H 3.58, N 13.27; found: C 45.34, H 3.65, N 12.94.


TFA ´ trans-4-Azido-l-proline methyl ester (3): The N-Boc protected
methyl ester 1 (2.00 g, 7.40 mmol) was dissolved in TFA/CH2Cl2 1:3
(20 mL) and allowed to stir at room temperature for 1.5 h. After removal of
all volatiles at reduced pressure the oily residue was triturated with Et2O
(20 mL) and isolated by decantation followed by removal of all residual
volatiles in vacuo to yield the TFA-salt 3 (2.10 g, 7.40 mmol, quant.) as a


white solid. 1H NMR (300 MHz, CDCl3, 25 8C): d� 9.0 ± 7.0 (broad, 2H;
NH), 4.47 (m, 2H; Ha, Hg), 3.82 (s, 3H; CH3), 3.77 (dd, J� 12.6, 6.0 Hz,
1H; Hd), 3.38 (dd, J� 12.6, 2.9 Hz, 1H; Hd'), 2.45 (m, 2H, Hb, Hb');
13C NMR (75.4 MHz, CDCl3, 25 8C): d� 168.3, 59.3, 58.0, 53.6, 50.3; IR
(KBr): nÄ � 3006, 2112, 1748, 1674; elemental analysis calcd (%) for
C9H11F3N4O4 (284.2): C 33.81, H 3.90, N 19.71; found: C 33.76, H 3.90, N
19.53.


N-Boc-(trans-4-Azido-l-Pro)2-OCH3 (4): The Pfp-ester 2 (3.12 g,
7.40 mmol) was added to the solution of the TFA-salt 3 (2.10 g, 7.40 mmol)
in CH2Cl2 (10 mL) and Hünig�s base (2.68 mL, 14.80 mmol). After stirring
at room temperature for 16 h the mixture was extracted with 0.5m HCl
(100 mL) and EtOAc (150 mL). The aqueous layer was extracted with
EtOAc (2� 100 mL) and the organic layers were washed with brine
(50 mL) and dried over MgSO4. Filtration and evaporation of the solvent at
reduced pressure yielded the crude product which was purified by flash
chromatography on silica gel (gradient of CH2Cl2/MeOH from 100:0 to
100:5) to yield the dipeptide 4 (2.69 g, 6.59 mmol, 89%) as a slowly
solidifying oil. (1H and 13C NMR- spectra show a double set of peaks (�2:1)
due to the s-cis and s-trans conformers around the tertiary amide and
carbamate.) 1H NMR (400 MHz, CDCl3, 25 8C): d� 4.59 ± 4.14 (m, 4H;
Ha, Hg), 3.67/3.66 (2s (2:1), 3 H; CH3), 3.79 ± 3.39 (m, 4 H; Hd), 2.28 ± 1.93
(m, 4H; Hb), 1.37/1.34 (2 s (2:1), 9 H; tBu); 13C NMR (100.5 MHz, CDCl3,
25 8C): d� 171.8, 171.6, 170.8, 170.7, 153.9, 153.1, 80.5, 80.4, 59.6, 59.3, 59.2,
58.7, 57.5, 57.5, 56.3, 56.0, 52.3, 58.3, 51.5, 51.4, 51.3, 51.2, 35.4, 34.7, 34.0, 33.9,
28.1, 28.0; IR (KBr): nÄ � 2977, 2105, 1748, 1698, 1665; ESI-MS: m/z : calcd
for C16H24N8O5Na: 431 [M�Na]� ; found: 431; elemental analysis calcd (%)
for C16H24N8O5 (408.4): C 47.05, H 5.92, N 27.44, O 19.59; found: C 47.18, H
5.90, N 27.07, O 19.33.


Diketopiperazine (5): Dipeptide 4 (2.15 g, 5.26 mmol) was dissolved in
TFA/CH2Cl2 1:3 (20 mL) and allowed to stir at room temperature for 1.5 h.
After removal of all volatiles at reduced pressure the oily residue was
triturated with Et2O (20 mL) to yield a white solid which was isolated by
decantation followed by removal of all residual volatiles in vacuo. The
residue was dissolved in THF (50 mL), Hünig�s base (1.83 mL, 10.53 mmol)
was added and the mixture was stirred at room temperature for 16 h. After
removal of all volatiles at reduced pressure, flash chromatography on silica
gel (gradient of CH2Cl2/MeOH from 100:0 to 100:6) afforded the
diketopiperazine 5 (1.15 g, 4.16 mmol, 79%) as a white solid. 1H NMR
(400 MHz, CDCl3, 25 8C): d� 4.45 (dd, J� 10.2 Hz, 6.7 Hz, 2 H; Ha), 4.34
(ydt, J� 5.1 Hz, 1.4 Hz, 2 H; Hg), 3.70 (dd, J� 12.9 Hz, 5.1 Hz, 2 H; Hd),
3.61 (dd, J� 12.9 Hz, 1.3 Hz, 2 H; Hd'), 2.43 (ddd, J� 15.4 Hz, 6.6 Hz,
1.5 Hz, 2H; Hb), 2.29 (ddd, J� 15.4 Hz, 10.4 Hz, 5.1 Hz, 2H; Hb');
13C NMR (100.5 MHz, CDCl3, 25 8C): d� 166.5, 58.8, 58.7, 50.7, 33.9; IR
(KBr): nÄ � 2948, 2124, 1661, 1437, 1274; elemental analysis calcd (%) for
C10H12N8O2 (276.3): C 43.48, H 4.38, O 11.58; found: C 43.26, H 4.50, O
11.64.


Diketopiperazine (6): Palladium on carbon (10 %, 50 mg) was added to the
solution of the diazide 5 (0.99 g, 3.59 mmol) and Boc2O (2.35 g,
10.76 mmol) in MeOH (20 mL). The black suspension was evacuated,
flushed with hydrogen and allowed to stir for 2 h at room temperature.
After filtration over celite and removal of the solvent at reduced pressure,
the residue was washed with Et2O (50 mL) and purified by flash
chromatography over silica gel (gradient of CH2Cl2/MeOH from 100:0 to
100:5) to afford the diketopiperazine 6 (1.38 g, 3.26 mmol, 91%) as a white
solid. 1H NMR (300 MHz, CDCl3, 25 8C): d� 5.95 (s, 2H; NH), 4.44 (yt,
J� 8.5 Hz, 2H; Ha), 4.22 (m, 2H; Hg), 3.74 (dd, J� 12.8, 6.0 Hz, 2H; Hd),
3.46 (yd, J� 12.8 Hz, 2H; Hd'), 2.30 (m, J� 8.5 Hz, 4H; Hb, Hb'), 1.46 (s,
18H; tBu); 13C NMR (75.4 MHz, CDCl3, 25 8C): d� 166.5, 155.5, 58.6, 51.6,
33.8, 28.1; IR (KBr): nÄ � 3348, 2978, 1706, 1676, 1650, 1528, 1164; ESI-MS:
m/z : calcd for C20H32N4O5Na: 447 [M�Na]� ; found: 447; elemental analysis
calcd (%) for C20H32N4O6 ´ H2O (442.5): C 54.28, H 7.74, N 12.66; found: C
54.42, H 7.70, N 12.57.


N-Boc-l-Tyr(O-Disperse Red)-OPfp (8a): (The d-tyrosine Pfp-ester 8b
was prepared analogously.) N-Boc-l-Tyrosine methyl ester 7a (1.90 g,
6.44 mmol), Disperse Red (2.02 g, 6.44 mmol) and triphenylphosphine
(1.69 g, 6.44 mmol) were dissolved in toluene (130 mL). Diethyl azodicar-
boxylate (1.17 mL, 6.44 mmol) was added dropwise over 15 min and the
mixture was allowed to stir at room temperature for 16 h. After removal of
the solvent at reduced pressure flash chromatography over silica gel
(CH2Cl2 then CH2Cl2/acetone 10:1) afforded N-Boc-l-Tyr(O-Disperse
Red) methyl ester (2.75 g, 4.65 mmol, 72%) as a red solid. 1H NMR







FULL PAPER H. Wennemers et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3346 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 153346


(300 MHz, CDCl3, 25 8C): d� 8.27 (d, J� 9.1 Hz, 2H; arom.), 7.88 (d, J�
9.1 Hz, 4H; arom.), 7.03 (d, J� 8.5 Hz, 2H; arom.), 6.82 (d, J� 8.5 Hz, 2H;
arom.), 6.79 (d, J� 9.2 Hz, 2H; arom.), 5.01 (br d, J� 7.7 Hz, 1H; NH), 4.53
(m, 1 H; Ha), 4.15 (t, J� 5.6 Hz, 2H; CH2), 3.83 (t, J� 5.6 Hz, 2H; CH2),
3.70 (s, 3H; CH3), 3.59 (q, J� 7.0 Hz, 2 H; CH2), 3.02 (m, 2H; CH2), 1.41 (s,
9H; tBu), 1.27 (t, J� 7.0 Hz, 3 H; CH3); 13C NMR (75.4 MHz, CDCl3,
25 8C): d� 172.2, 157.4, 156.6, 154.9, 151.2, 147.2, 143.6, 130.3, 128.4, 126.1,
124.5, 122.5, 114.3, 111.3, 79.7, 65.2, 54.4, 52.0, 49.7, 46.0, 37.3, 28.2, 12.2;
ESI-MS: m/z : calcd for C31H37N5O7Na: 614 [M�Na]� ; found 614.


N-Boc-l-Tyr(O-Disperse Red)-OCH3 (2.20 g, 3.72 mmol) was converted
into the Pfp-ester 8a (2.63 g, 3.53 mmol, 95 %) following the procedure
decribed for the formation of 2. 1H NMR (300 MHz, CDCl3, 25 8C): d�
8.31 (d, J� 9.2 Hz, 2H; arom.), 7.92 (d, J� 9.2 Hz, 2H; arom.), 7.89 (d, J�
9.1 Hz, 2H; arom.), 7.14 (d, J� 8.7 Hz, 2H; arom.), 6.87 (d, J� 8.6 Hz, 2H;
arom.), 6.81 (d, J� 9.1 Hz, 2H; arom.), 4.95 (br d, J� 8.8 Hz, 1H; NH), 4.83
(m, 1 H; Ha), 4.18 (t, J� 5.8 Hz, 2H; CH2), 3.85 (t, J� 5.8 Hz, 2H; CH2),
3.61 (q, J� 7.0 Hz, 2 H; CH2), 3.20 (m, 2H; CH2), 1.43 (s, 9H; tBu), 1.29 (t,
J� 7.0 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3, 25 8C): d� 168.3, 157.9,
156.8, 155.0, 151.3, 147.4, 143.8, 130.5, 127.4, 126.3, 124.7, 122.6, 114.8, 111.4,
80.7, 65.4, 54.5, 49.9, 46.2, 37.0, 28.2, 12.3; ESI-MS: m/z : calcd for
C36H35F5N5O7: 744 [M�H]� ; found: 744.


Synthesis of the receptors (9 ± 13)


Coupling of 7: The tert-butyl-protecting groups of bis-N-Boc-protected
diketopiperazine 6 (50 mg, 0.12 mmol) were removed with TFA/CH2Cl2 1:3
(4 mL) as described for the formation of the TFA-salt 3. The residue was
dissolved in a solution of Hünig�s base (90 mL, 0.47 mmol) in CH2Cl2


(2 mL), the pentafluorophenyl ester 8 a or 8b (193 mg, 0.25 mmol) was
added and the mixture was allowed to stir at room temperature for 16 h.
After a filtration over silica gel (gradient of CH2Cl2/MeOH from 100:0 to
100:5) the diketopiperazine with the attached N-Boc protected tyrosine
was isolated. The red solid was dissolved in MeOH (1 mL) and 4m HCl in
dioxane (2 mL) and allowed to react for 0.5 h. The corresponding HCl salt
was isolated as described for 3.


Coupling of the N-a-Fmoc protected amino acids : The desired N-a-Fmoc
protected amino acid (0.48 mmol) was added along with EDC (92 mg,
0.48 mmol) to the solution of the diamino receptor precursor in CH2Cl2


(max. 1 mL) and the mixture was stirred at room temperature for 30 min.
The mixture was extracted with EtOAc (15 mL) and 0.5m HCl (5 mL), the
aqueous layer was extracted with EtOAc (20 mL) and the organic layers
were washed with brine and dried over Na2SO4. Filtration, removal of the
solvent at reduced pressure and a filtration over silica gel (gradient of
CH2Cl2/MeOH) afforded the N-Fmoc-protected receptor precursor which
was used without further purification.


Fmoc deprotection : The N-Fmoc-protected receptor precursor was dis-
solved in CH2Cl2 (5 mL) followed by addition of tris(2-aminoethyl)amine
(0.45 mL, 3.00 mmol) which caused the formation of a precipitate after 2 ±
5 min. The suspension was stirred at room temperature for 0.5 h and then
first extracted with brine (3� 10 mL) followed by phosphate buffer pH 5.5
(3� 10 mL). The aqueous layers were washed once with CH2Cl2 (10 mL)
the organic layers were dried over MgSO4 to yield the corresponding amine
after removal of all volatiles at reduced pressure.


The coupling and Fmoc deprotection cycle was repeated until the desired
tripeptidic arms were assembled. After the final Fmoc deprotection, the
diamine was dissolved in CH2Cl2 (1 mL) followed by the addition of
triethylamine (0.067 mL, 0.48 mmol) and acetic anhydride (45 mL,
0.48 mmol). After stirring the mixture for 30 min, the acetylated receptor
was purified by flash chromatography (gradient of CH2Cl2/MeOH 100:0 to
100:10) and gel filtration (LH 20, CH2Cl2/MeOH 95:5). Receptors 9 ± 13
were isolated in amounts of 25 ± 40 mg (10 ± 15% from 6).


Receptor (9): 1H NMR (500 MHz, 5% CD3OD in CDCl3, 25 8C): d� 8.17
(d, J� 9.1 Hz, 4H; dye), 7.76 (d, J� 9.1 Hz, 4 H; dye), 7.73 (d, J� 9.3 Hz,
4H; dye), 7.12 ± 6.94 (m, 40H; trityl, Phe), 6.89 (d, J� 8.7 Hz, 4H; Tyr), 6.62
(d, J� 9.3 Hz, 4 H; dye), 6.60 (d, J� 8.7 Hz, 4H; Tyr), 4.31 (dd, J� 8.3 Hz,
5.2 Hz, 2H; Tyr-Ha), 4.12 (dd, J� 9.6 Hz, 5.1 Hz, 2 H; Phe-Ha), 4.17 (yt,
J� 6.6 Hz, 2 H; Asn-Ha), 4.07 (m, 2H; Pro-Hg), 3.91 (yt, J� 8.1 Hz, 2H;
Pro-Ha), 3.85 (t, J� 5.7 Hz, 4H; OCH2CH2N), 3.57 (t, J� 5.7 Hz, 4H;
OCH2CH2N), 3.50 (dd, J� 12.3 Hz, 2.5 Hz, 2 H; Pro-Hd), 3.40 (q, J�
7.1 Hz, 4 H; CH2CH3), 3.02 (dd, J� 12.3 Hz, 4.0 Hz, 2H; Pro-Hd'), 2.91
(dd, J� 14.3 Hz, 5.1 Hz, 2H; Tyr-Hb), 2.75 (dd, J� 14.3 Hz, 8.3 Hz, 2H;
Tyr-Hb'), 2.70 (dd, J� 14.0 Hz, 5.0 Hz, 2H; Phe-Hb), 2.63 (dd, J� 15.2 Hz,


6.6 Hz, 2 H; Asn-Hb), 2.47 (dd, J� 14.0 Hz, 9.6 Hz, 2 H; Phe-Hb'), 2.37 (dd,
J� 15.2 Hz, 6.5 Hz, 2 H; Asn-Hb'), 2.10 (m, 2H; Pro-Hb), 1.85 (m, 2H;
Pro-Hb'), 1.68 (s, 6 H; COCH3), 1.10 (t, J� 7.0 Hz, 6 H; CH2CH3); 13C NMR
(125.6 MHz, 5 % CD3OD in CDCl3, 25 8C): d� 172.4, 171.7, 170.8, 170.6,
169.7, 166.4, 157.2, 156.6, 151.2, 147.0, 143.8, 143.4, 136.0, 130.0, 129.0, 128.7,
128.4, 128.3, 127.6, 126.7, 126.0, 124.4, 122.3, 114.1, 111.2, 70.2, 65.0, 58.3,
54.9, 54.4, 50.8, 49.8, 49.2, 47.2, 45.8, 37.1, 37.0, 35.6, 32.4, 22.0, 11.8; HRMS
(ESI): m/z : calcd for C128H128N20O18: 1117.4931 [M�2 H]2� ; found:
1117.4927.


Receptor (10): 1H NMR (500 MHz, 5% CD3OD in CDCl3, 25 8C): d� 8.27
(d, J� 9.1 Hz, 4H; dye), 7.87 (d, J� 9.1 Hz, 4 H; dye), 7.85 (d, J� 9.1 Hz,
4H; dye), 7.24 ± 7.04 (m, 44H; trityl, Phe, Tyr-2H), 6.75 (d, J� 9.2 Hz, 4H;
dye), 6.71 (d, J� 8.6 Hz, 4H; Tyr), 4.49 (dd, J� 10.3 Hz, 4.0 Hz, 2 H; Tyr-
Ha), 4.32 (dd, J� 8.1 Hz, 5.4 Hz, 2 H; Phe-Ha), 4.16 ± 4.07 (m, 6 H; Pro-
Ha, Pro-Hg, Asn-Ha), 4.06 (t, J� 5.7 Hz, 4H; OCH2CH2N), 3.77 (t, J�
5.7 Hz, 4H; OCH2CH2N), 3.60 (dd, J� 12.6 Hz, 6.4 Hz, 2H; Pro-Hd), 3.54
(q, J� 7.0 Hz, 4H; CH2CH3), 3.23 (dd, J� 14.3 Hz, 4.0 Hz, 2H; Tyr-Hb),
3.01 (br d, J� 12.6 Hz, 2 H; Pro-Hd'), 2.93 (dd, J� 14.0 Hz, 5.4 Hz, 2H;
Phe-Hb), 2.81 (dd, J� 14.1 Hz, 8.2 Hz, 2H; Phe-Hb'), 2.78 ± 2.69 (m, 6H;
Tyr-Hb', Asn-Hb, Asn-Hb'), 2.18 ± 2.11 (m, 4H; Pro-Hb, Pro-Hb'), 1.84 (s,
6H; COCH3), 1.22 (t, J� 7.0 Hz, 6H; CH2CH3); 13C NMR (125.6 MHz, 5%
CD3OD in CDCl3, 25 8C): d� 172.8, 172.1, 171.4, 170.8, 169.9, 166.2, 157.2,
156.8, 151.4, 147.3, 144.1, 143.6, 136.0, 130.2, 130.0, 129.2, 128.6, 128.5, 127.9,
127.1, 127.0, 126.3, 124.7, 114.3, 111.4, 70.1, 65.2, 58.6, 55.2, 54.7, 50.7, 50.7,
49.8, 47.6, 46.1, 37.2, 37.0, 35.6, 33.1, 22.3, 12.2; HRMS (ESI): m/z : calcd for
C128H128N20O18: 1117.4931 [M�2 H]2� ; found: 1117.4935.


Receptor (11): 1H NMR (500 MHz, 5% CD3OD in CDCl3, 25 8C): d� 8.32
(d, J� 9.1 Hz, 4H; dye), 7.91 (d, J� 9.2 Hz, 4 H; dye), 7.89 (d, J� 9.3 Hz,
4H; dye), 7.28 ± 7.14 (m, 36H; trityl, Phe-6 H), 7.04 (d, J� 6.9 Hz, 4H; Phe),
6.81 (d, J� 9.3 Hz, 4H; dye), 6.73 (d, J� 8.8 Hz, 4H; Tyr), 6.70 (d, J�
8.9 Hz, 4H; Tyr), 4.37 (m, 4H; Asn-Ha, Pro-Ha), 4.21 (m, 4 H; Tyr-Ha,
Pro-Hg), 4.12 (t, J� 5.8 Hz, 4 H; OCH2CH2N), 3.98 (yt, J� 7.1 Hz, 2H;
Phe-Ha), 3.83 (t, J� 5.7 Hz, 4 H; OCH2CH2N), 3.60 (q, J� 7.0 Hz, 4H;
CH2CH3), 3.45 (dd, J� 12.4 Hz, 4.5 Hz, 2 H; Pro-Hd), 3.18 (m, 2H; Pro-
Hd'), 2.91 (dd, J� 13.7 Hz, 7.1 Hz, 2H; Phe-Hb), 2.84 (m, 4H; Tyr-Hb, Asn-
Hb), 2.77 (dd, J� 13.7 Hz, 7.1 Hz, 2 H; Phe-Hb'), 2.71 (m, 2 H; Tyr-Hb'),
2.61 (dd, J� 15.4 Hz, 5.3 Hz, 2 H; Asn-Hb'), 2.35 (m, 2 H; Pro-Hb), 2.06 (m,
2H; Pro-Hb'), 1.86 (s, 6H; COCH3), 1.27 (t, J� 7.0 Hz, 6H; CH2CH3);
13C NMR (125.6 MHz, 5 % CD3OD in CDCl3, 25 8C): d� 171.8, 171.5,
170.9, 170.9, 170.3, 166.4, 157.2, 156.7, 151.2, 147.3, 144.2, 143.6, 136.3, 130.3,
129.1, 128.7, 128.5, 127.7, 127.0, 126.9, 126.2, 124.6, 122.5, 114.3, 111.3, 70.5,
65.2, 58.8, 56.4, 54.0, 50.7, 50.6, 49.8, 48.1, 46.1, 37.1, 36.6, 35.1, 33.1, 22.7,
12.2; HRMS (ESI): m/z : calcd for C128H128N20O18: 1117.4931 [M�2 H]2� ;
found: 1117.4945.


Receptor (12): 1H NMR (500 MHz, 5% CD3OD in CDCl3, 25 8C): d� 8.30
(d, J� 9.1 Hz, 4H; dye), 7.87 (d, J� 9.1 Hz, 4 H; dye), 7.83 (d, J� 9.3 Hz,
4H; dye), 7.32 ± 7.09 (m, 44H; trityl, Phe, Tyr-4H), 6.76 (d, J� 8.8 Hz, 4H;
Tyr), 6.72 (d, J� 9.3 Hz, 4 H; dye), 4.63 (dd, J� 11.8 Hz, 3.4 Hz, 2H; Tyr-
Ha), 4.58 (m, 2H; Pro-Hg), 4.52 (dd, J� 10.0 Hz, 7.4 Hz, 2H; Pro-Ha), 4.12
(dd, J� 10.6 Hz, 3.9 Hz, 2H; Phe-Ha), 4.04 (t, J� 5.7 Hz, 4 H;
OCH2CH2N), 3.92 (m, 2 H; Gln-Ha), 3.73 (t, J� 5.7 Hz, 4 H; OCH2CH2N),
3.61 (dd, J� 12.4 Hz, 5.7 Hz, 2 H; Pro-Hd), 3.53 (q, J� 7.1 Hz, 4 H;
CH2CH3), 3.48 (br d, J� 12.4 Hz, 2H; Pro-Hd'), 3.41 (dd, J� 14.3 Hz,
3.3 Hz, 2H; Tyr-Hb), 3.07 (dd, J� 14.3 Hz, 3.8 Hz, 2H; Phe-Hb), 2.79 (dd,
J� 14.3 Hz, 11.8 Hz, 2 H; Tyr-Hb'), 2.52 (dd, J� 14.3 Hz, 10.7 Hz, 2H; Phe-
Hb'), 2.30 (m, 2H; Pro-Hb), 2.15 (m, 2 H; Pro-Hb'), 1.95 (m, 2H; Gln-Hg),
1.75 (m, 4H; Gln-Hg', Gln-Hb), 1.59 (m, 2H; Gln-Hb'), 1.62 (s, 6H;
COCH3), 1.23 (t, J� 7.1 Hz, 6H; CH2CH3); 13C NMR (125.6 MHz, 5%
CD3OD in CDCl3, 25 8C): d� 173.8, 173.5, 172.6, 171.0, 170.4, 167.5, 157.1,
156.7, 151.2, 147.4, 144.2, 143.7, 136.1, 131.1, 130.4, 128.9, 128.7, 128.1, 127.5,
127.2, 126.3, 124.7, 122.6, 114.3, 111.4, 70.9, 65.5, 59.0, 56.4, 55.3, 54.6, 50.5,
49.8, 48.1, 46.1, 36.7, 36.1, 33.9, 32.9, 25.3, 22.9, 12.4; HRMS (ESI): m/z :
calcd for C130H132N20O18 1131.5087: [M�2H]2� ; found: 1131.5085.


Receptor (13): 1H NMR (500 MHz, 5% CD3OD in CDCl3, 25 8C): d� 8.32
(d, J� 9.1 Hz, 4H; dye), 7.91 (d, J� 9.2 Hz, 4 H; dye), 7.89 (d, J� 9.2 Hz,
4H; dye), 7.26 ± 7.16 (m, 36H; trityl, Phe-6 H), 6.97 (d, J� 7.0 Hz, 4H; Phe),
6.82 (d, J� 8.7 Hz, 4H; Tyr), 6.80 (d, J� 9.2 Hz, 4H; dye), 6.71 (d, J�
8.7 Hz, 4 H; Tyr), 4.42 (dd, J� 7.7 Hz, 5.3 Hz, 2H, Tyr-Ha), 4.38 (dd, J�
10.5 Hz, 7.6 Hz, 2H, Pro-Ha), 4.28 (yt, J� 5.7 Hz, 2 H; Pro-Hg), 4.13 (yt,
J� 7.1 Hz, 2H; Gln-Ha), 4.09 (t, J� 5.8 Hz, 4H; OCH2CH2N), 3.87 (yt,
J� 8.4 Hz, 2H; Phe-Ha), 3.81 (t, J� 5.8 Hz, 4H; OCH2CH2N), 3.65 (dd,
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J� 12.9, 5.7 Hz, 2H; Pro-Hd), 3.58 (m, J� 7.1 Hz, 6 H; CH2CH3, Pro-Hd'),
2.94 (dd, J� 14.0, 7.7 Hz, 2 H, Tyr-Hb), 2.82 ± 2.77 (m, 4H; Phe-Hb, Tyr-
Hb'), 2.72 (dd, J� 13.6, 8.4 Hz, 2 H; Phe-Hb'), 2.41 ± 2.35 (m, 4 H; Gln-Hg,
Pro-Hb), 2.31 (m, 2 H; Gln-Hg'), 2.17 (m, 2 H; Pro-Hb'), 1.88 (s, 6H;
COCH3), 1.76 (m, 4 H, Gln-Hb, Gln-Hb'), 1.26 (t, J� 7.1 Hz, 6H; CH2CH3);
13C NMR (125.6 MHz, 5 % CD3OD in CDCl3, 25 8C): d� 173.1, 172.5,
171.8, 171.3 (2�C�O), 166.3, 157.4, 156.8, 151.3, 147.3, 144.3, 143.7, 136.6,
130.4, 129.3, 129.1, 128.7, 128.6, 127.8, 127.0, 126.3, 124.7, 122.6, 114.4, 111.4,
70.5, 65.3, 59.0, 56.6, 54.1, 52.4, 49.6, 49.1, 48.2, 46.1, 36.1, 35.2, 33.6, 32.1,
27.2, 22.5, 12.2; HRMS (ESI): m/z : calcd for C130H132N20O18: 1131.5087
[M�2H]2� ; found 1131.5068.


Receptorfragment (14): 1H NMR (500 MHz, 5% CD3OD in CDCl3, 25 8C):
d� 8.31 (d, J� 9.1 Hz, 4H; dye), 7.91 (d, J� 9.1 Hz, 4H; dye), 7.89 (d, J�
9.3 Hz, 4H; dye), 7.26 ± 7.14 (m, 30H; trityl), 7.01 (d, J� 8.7 Hz, 4H; Tyr),
6.80 (d, J� 9.3 Hz, 4 H; dye), 6.78 (d, J� 8.7 Hz, 4H; Tyr), 4.47 (yt, J�
6.4 Hz, 2 H; Tyr-Ha), 4.44 (yt, J� 5.6 Hz, 2H; Asn-Ha), 4.15 (m, 2H; Pro-
Hg), 4.13 (t, J� 5.8 Hz, 4H; OCH2CH2N), 3.92 (yt, J� 8.3 Hz, 2H; Pro-
Ha), 3.82 (t, J� 5.8 Hz, 4 H; OCH2CH2N), 3.74 (dd, J� 12.4 Hz, 6.8 Hz,
2H; Pro-Hd), 3.60 (q, J� 7.1 Hz, 4H; CH2CH3), 3.07 (dd, J� 14.1 Hz,
6.7 Hz, 2 H; Tyr-Hb), 3.03 (dd, J� 12.4 Hz, 4.2 Hz, 2H; Pro-Hd'), 2.95 (m,
4H; Tyr-Hb', Asn-Hb), 2.55 (dd, J� 15.8 Hz, 5.5 Hz, 2 H; Asn-Hb'), 2.48
(m, 2 H; Pro-Hb), 2.45 (m, 2 H, Pro-Hb'), 1.83 (s, 6H; COCH3), 1.27 (t, J�
7.1 Hz, 6 H; CH2CH3); 13C NMR (125.6 MHz, 5% CD3OD in CDCl3,
25 8C): d� 171.2, 171.0, 170.6, 169.9, 166.0, 157.5, 156.8, 151.3, 147.3, 144.0,
143.7, 130.5, 128.9, 128.6, 128.0, 127.1, 126.3, 124.7, 122.6, 114.5, 111.4, 70.6,
65.4, 58.3, 53.9, 50.4, 50.4, 49.8, 47.3, 46.1, 37.9, 35.6, 32.7, 22.7, 12.2; HRMS
(ESI): m/z : calcd for C110H110N18O16: 1939.8420 [M�H]� ; found: 1939.8405.


Receptorfragment (15): 1H NMR (500 MHz, CDCl3, 25 8C): d� 8.32 (d,
J� 9.1 Hz, 2H; dye), 7.92 (d, J� 9.1 Hz, 2H; dye), 7.90 (d, J� 9.3 Hz, 2H;
dye), 7.33 ± 7.12 (m, 22H; trityl, Phe, Asn-NH, Phe-NH), 7.08 (d, J� 8.6 Hz,
2H; Tyr), 6.87 (d, J� 8.6 Hz, 1H, Pro-NH), 6.80 (m, 1H, Tyr-NH), 6.78 (d,
J� 9.3 Hz, 2 H; dye), 6.75 (d, J� 8.6 Hz, 2H; Tyr), 6.11 (m, 1H, Asn-NH),
4.63 (dd, J� 14.6 Hz, 6.3 Hz, 1 H; Tyr-Ha), 4.47 (m, 1 H; Phe-Ha), 4.40 (dd,
J� 11.6 Hz, 5.6 Hz, 1H; Asn-Ha), 4.30 (yt, J� 4.9 Hz, 1 H; Pro-Hg), 4.15
(m, 2 H; Pro-Ha, Pro'-Hg), 4.08 (t, J� 5.8 Hz, 2 H; OCH2CH2N), 3.78 (t,
J� 5.7 Hz, 2H; OCH2CH2N), 3.71 (yt, J� 8.4 Hz, 1 H; Pro'-Ha), 3.63 (dd,
J� 13.1, 5.1 Hz, 1 H; Pro-Hd), 3.58 (q, J� 7.0 Hz, 2H; CH2CH3), 3.51 (br d,
J� 13.0 Hz, 1 H; Pro-Hd'), 3.46 (m, 1H; Pro'-Hd), 3.16 (dd, J� 16.5,
11.6 Hz, 1 H; Asn-Hb), 3.07 (m, 3H; Phe-Hb, Tyr-Hb, Tyr-Hb'), 2.93 (dd,
J� 14.2 Hz, 7.7 Hz, 1H; Phe-Hb'), 2.88 (dd, J� 13.9 Hz, 3.0 Hz, 1H; Pro'-
Hd'), 2.64 (dd, J� 16.5, 5.5 Hz, 1H; Asn-Hb'), 2.32 (br dd, J� 13.8, 6.7 Hz,
1H; Pro-Hb), 2.22 (ddd, J� 13.8, 10.6, 4.9 Hz, 1 H; Pro-Hb'), 2.04 (m, 2H,
Pro'-Hb, Pro'-Hb'), 1.69 (s, 6H; COCH3), 1.26 (t, J� 7.0 Hz, 6H; CH2CH3);
13C NMR (125.6 MHz, CDCl3, 25 8C): d� 171.5, 171.2, 171.0, 170.7, 169.7,
166.0, 165.5, 157.4, 156.8, 151.3, 147.3, 144.1, 143.7, 135.8, 130.7, 129.3, 128.9,
128.6, 128.0, 127.4, 127.1, 126.3, 124.7, 122.6, 114.4, 111.4, 70.7, 65.2, 58.7, 58.5,
58.3, 54.9, 54.5, 50.6, 50.3, 50.0, 49.8, 47.8, 46.1, 37.3, 37.1, 35.9, 34.0, 33.4, 22.7,
12.3; IR (KBr): nÄ � 3311, 2925, 2105, 1664, 1599, 1133; HRMS (ESI): m/z :
calcd for C69H70N14O10: 1255.5472 [M�H]� ; found 1255.5474.


Ac-l-Phe-l-Asn(Trt)-d-Tyr(dye)-OCH3 (16): 1H NMR (500 MHz, CDCl3,
25 8C): d� 8.32 (d, J� 9.1 Hz, 2H; dye), 7.91 (d, J� 9.1 Hz, 2 H; dye), 7.90
(d, J� 9.1 Hz, 2H; dye), 7.53 (d, J� 7.7 Hz, 1H, Asn-NH), 7.27 ± 7.10 (m,
21H; trityl, Phe, Tyr-NH), 7.03 (d, J� 8.7 Hz, 2H; Tyr), 7.01 (s, 1H, Asn-
NHg), 6.79 (d, J� 9.3 Hz, 2 H; dye), 6.77 (d, J� 8.7 Hz, 2 H; Tyr), 5.90 (d,
J� 6.8 Hz, 1H, Phe-NH), 4.66 (ddd, J� 7.6, 6.2, 3.8 Hz, 1H; Asn-Ha), 4.62
(br ddd, J� 7.9, 5.7, 2.0 Hz, 1H; Tyr-Ha), 4.54 (ddd, J� 6.8, 5.5 Hz, 2.8 Hz,
1H; Phe-Ha), 4.11 (t, J� 5.9 Hz, 2 H; OCH2CH2N), 3.81 (t, J� 5.9 Hz, 2H;
OCH2CH2N), 3.62 (s, 3H, OCH3), 3.59 (q, J� 7.1 Hz, 2H; CH2CH3), 3.07
(dd, J� 10.1, 5.5 Hz, 1 H; Phe-Hb), 3.05 (dd, J� 10.1 Hz, 5.6 Hz, 1H; Tyr-
Hb), 2.92 (dd, J� 15.3, 3.8 Hz, 1H; Asn-Hb), 2.88 (m, 1H, Phe-Hb'), 2.86
(dd, J� 10.1 Hz, 2.0 Hz, 1H; Tyr-Hb'), 2.46 (dd, J� 15.3 Hz, 6.3 Hz, 1H;
Asn-Hb'), 1.80 (s, 6 H; COCH3), 1.27 (t, J� 7.1 Hz, 6 H; CH2CH3); 13C NMR
(125.6 MHz, CDCl3, 25 8C): d� 171.3, 171.3, 170.7, 170.2, 170.0, 157.4, 156.8,
151.3, 147.3, 144.2, 143.7, 136.1, 130.4, 129.0, 128.8, 128.7, 128.6, 127.9, 127.1,
127.0, 126.3, 124.7, 122.6, 114.4, 111.4, 70.1, 65.1, 54.8, 54.2, 52.2, 49.8, 49.7,
46.1, 37.5, 36.9, 22.9, 12.3; ESI-MS: m/z : calcd for C60H60N8O9Na: 1060
[M�Na]� ; found: 1060; elemental analysis calcd (%) for C60H60N8O9


(1037.2): C 69.48, H 5.83, N 10.80, O 13.88; found: C 69.15, H 6.07, N
10.63, O 14.11.


General procedure for the determination of binding constants on the solid
support by UV: An accurately measured amount (ca. 5 mg) of resin-bound
peptide was placed in a 1 mL UV cuvette. The UV cuvette was then
charged with a solution of the receptor in CHCl3, sealed with a teflon
stopper and slightly agitated for 72 h. After this period of time the UV
absorbance did not change anymore. The beads were allowed to float to the
top of the CHCl3 solution before determining the receptor concentration at
equilibrium by UV. For the calculation of the binding constant it was
assumed that all peptides on the resin are able to participate in the binding
process.
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Abstract: The novel neutral gallium
cluster compounds [Ga18R*8] (1) and
[Ga22R*8] (2) are obtained by warming
up a metastable solution of gallium(i)
bromide in THF/C6H5CH3 after addition
of equimolar amounts of supersilyl so-
dium NaR* from ÿ78 8C to room
temperature (R*� SitBu3� supersilyl).
From X-ray structure analyses, the ob-
served arrangements of the 18 and 22 Ga
atoms in 1 and 2, respectively, are


comparable with an 18 atom section of
the b-Ga modification, or show at least
some kind of relationship to a 22 atom
section of the Ga-III modification. This
allows a description of both the clusters
as metalloid. The topology of the Ga


atoms in 2 is also well explained by the
Wade ± Mingos rules as an eightfold
capped closo-Ga14 cluster, whereby the
Ga atoms of Ga14 occupy the center and
the corners of a cuboctahedron with one
Ga3 face replaced by a Ga4 face. Some
concepts are presented about the for-
mation mechanism, the cluster growth,
and the metalloid character of the two
Ga cluster compounds.


Keywords: gallium ´ cluster com-
pounds ´ silicon ´ structure
elucidation


Introduction


The chemistry of low-valent gallium compounds has under-
gone a rapid development. As can be seen in Table 1, apart
from digallanes Ga2R4,[1, 2] gallium cluster compounds of the
type GanRm (R� organyl, silyl, halide amide; neutral or
anionic) with n� 3, 4, 5, 8, 9, 10, 12, 13, 18, 19, 22, 26, or 84
have been synthesized and structurally elucidated.[1, 3±22] The
results demonstrate that the mentioned compounds are
particularly rich in different structures and bonding proper-
ties. The peculiarity of Ga is also reflected in the variety of
structures of elementary gallium: six crystalline modifications
(a-, b-, g-, d-Ga[23] and the high-pressure modifications Ga-II
and Ga-III[24]) have been identified hitherto. They contain
molecular units (e.g., Ga2 in a-gallium) as well as typically
metallic structures (e.g., approximately closest packing of Ga


atoms in the high-pressure Ga-III modification with a [4�8]
coordination of each Ga atom).


The common attempt to explain the Gan topology in GanRm


clusters by means of the Wade ± Mingos rules by counting the
skeleton electrons,[25] which associates the number of elec-
trons with the structure of a cluster, meets with difficulties
especially in the case of large or very large clusters. Then it
appears advisable to describe the topology of the Ga atoms
within GanRm clusters, in addition to this and other interpre-
tations (e.g., jellium model, see below), as a subunit of a
gallium modification. This implies that the clusters are
regarded as intermediates on the way to element formation.
We recently suggested the term metalloid for such clus-
ters.[18, 26]


An impressive verification for the tendency of gallium to
form metalloid (more general: elementoid)[27] structures in
molecular cluster units is, for example, the topology of
[Ga12R10]2ÿ ion (see Table 1). In this ion the corners of an
icosahedron are occupied by 12 Ga atoms similar to d-Ga
(Ga12 icosahedra with common Ga atoms).[23] Deviating from
gallium in the a- to d-modifications, which are, at the very
most, close to a semi-metal, the group homologous elements
aluminum and indium as authentic metals form a quasi
closest, typically metallic packing of metal atoms in their
clusters [Al12R8]ÿ with R�N(SiMe3)2


[26] and In12R8 with R�
SitBu3;[28] these are comparable to [Ga12R10]2ÿ ([Ga12R10]2ÿ!
2 Rÿ � [Ga12R8]) with regard to the number of cluster atoms.
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The discussion of the here presented compounds octasu-
persilyloctadecagallane [Ga18R*8] (1) and octasupersilyldo-
cosagallane [Ga22R*8] (2) (supersilyl� SitBu3�R*) will show
that the different interpretation of cluster structures (Wade ±
Mingos rules, jellium model, regarding as metalloid struc-
tures) are not contradictory but supplementary to each other.


Results and Discussion


Preparation of [Ga18R*8] and [Ga22R*8] (R*� SitBu3): As
described earlier,[19, 29] elementary gallium and gallium(iii)
bromide are finally formed as disproportionation products
already at lower temperatures (ca.ÿ20 8C) when a metastable
solution of gallium(i) bromide GaBr at ÿ78 8C in THF/
toluene is warmed up. We generate these solutions by
quenching the high-temperature species GaBr in the presence
of THF and toluene.[29] However, if this cooled GaBr solution
is warmed up to room temperature after dropwise addition of
an equimolar amount of supersilyl sodium NaR* in THF we
obtain the gallium cluster compounds [Ga18(SitBu3)8]�
[Ga18R*8] (1) and [Ga22(SitBu3)8]� [Ga22R*8] (2) as inter-
mediates of the GaBr disproportionation and superdisilane
tBu3SiÿSitBu3� (R*)2 as byproduct. This reaction is described
formally by the summation Equations (1) and (2):


18GaBr � 18 NaR*! [Ga18R*8] � 18NaBr � 5(R*)2 (1)


22GaBr � 22 NaR*! [Ga22R*8] � 22NaBr � 7(R*)2 (2)


If on the other hand a gallium(i) bromide solution in almost
THF-free toluene is warmed up from ÿ78 8C to room
temperature after dropwise addition of an equimolar amount
of NaR*, the reaction solution contains exclusively the
octadecagallane 1 along with (R*)2, but no docosagallane 2.
We want to mention here that low-valent gallium iodide in
toluene, obtained by ultrasonic treatment of Ga and I2 and
consisting predominantly of Ga2I3� [Ga�]2[Ga2I6


2ÿ][30] does
not give 1 and 2 on addition of NaR*, but react to
decagallanide [Ga10R*6]ÿ and tridecagallanide [Ga13R*6]ÿ


with tetrahedro-tetragallane [Ga4R*4] and superdisilane
(R*)2 as further products.[16] The results indicate that small
changes of the reaction conditions can lead to remarkable
changes in the reaction course.


The volatile components of the reaction solutions contain-
ing 1 and 2 (or only 1) were vaporized in high vacuum and the
residues solved in pentane. After filtering off the insoluble
parts the oligogallanes, 1 and 2 (or only 1) are obtained from
the pentane solutions as black crystals, suitable for X-ray
structure determination .


Structures of [Ga18R*8] and [Ga22R*8] (R*� SitBu3): The
structures of the oligogallanes 1 and 2 in the crystal with
selected bond lenths and angles, determined by X-ray
structure analysis, are shown in Figures 1 and 2 (top views).


Abstract in German: Die neuartigen Gallium-Clusterverbin-
dungen [Ga18R*8] (1) und [Ga22R*8] (2) erhält man durch
Umsetzung einer metastabilen Gallium(i)bromidlösung in
THF/C6H5CH3 mit einer äquimolaren Menge Supersilylnat-
rium NaR* bei ÿ78 8C und anschlieûendem Erwärmen auf
Raumtemperatur (R*� SitBu3� Supersilyl). Die Kristallstruk-
turanalyse zeigt, dass die Anordnungen der 18 bzw. 22
Galliumatome in 1 bzw. 2 vergleichbar sind mit einem Ga18-
Ausschnitt aus der b-Gallium-Modifikation bzw. einem Ga22-
Ausschnitt der Gallium-(III)-Modifikation. Daher bezeichnen
wir beide Cluster als metalloid. Die Topologie der Gallium-
atome in 2 kann mit Hilfe der Wade-Mingos-Regeln als
achtfach überkappter closo-Ga14-Cluster beschrieben werden,
wobei die Ga-Atome von Ga14 das Zentrum und die Ecken
eines Kuboktaeders mit einer Ga4- anstelle einer Ga3-Fläche
besetzen. Bildungsmechanismen, Clusterwachstumsprozesse
und metalloider Charakter der zwei Gallium-Clusterverbin-
dungen werden diskutiert.


Table 1. Formulas, colors, and GaÿGa bond lengths of known neutral,
anionic, and halogen-containing gallium cluster compounds [GanRm]
(n> 2) including the title compounds: R� organyl, silyl, aminyl; D�do-
nor; BL�bond length (mean values).


R/D[a,b] Color Bond length [�] Ref.


[Ga3R4]
. R* dark green 2.54[c] [1]


[Ga3R4]ÿ R* dark blue 2.54 [1]
[Ga3R3]2ÿ DMP dark red 2.44 [3]
[Ga3I5D3] PEt3 yellow 2.46 [4]
[Ga4R4] trisyl dark red 2.69 [5]


trisyl' dark red 2.71 [5]
R' violet 2.59 [6]
R'' violet 2.59 [6]
R* deep violet 2.57 [7]


[Ga4R6] Tip light orange 2.47 [8]
[Ga4R6]2ÿ Tip dark red 2.39 [8]
[Ga4R2]2ÿ Tip* dark red 2.46 [9]
[Ga4R4]2ÿ R* red 2.43 [10]
[Ga4I3R4]ÿ R' yellow 2.53 [11]
[Ga5Cl7D5] Et2O light yellow 2.43 [12]
[(GaR)6] Cp* colorless [d] [13]
[Ga8R6]� R* dark blue 2.51[c] [15c]
[Ga8I8D6] PEt3 orange 2.47 [14]
[Ga8R8]2ÿ Fl orange 2.61 [15a]
[Ga8R6] trisyl black 2.63 [15b]
[Ga9R6]ÿ R' black 2.53 [11]
[Ga9R9] tBu dark green 2.39 [15d]
[Ga10R6] R' dark violet 2.69[e] [16]
[Ga10R6]ÿ R* red 2.67[f] [16]
[Ga12R10]2ÿ Fl dark red 2.64 [17]
[Ga13R6]ÿ R* black 2.54[g] [16]
[Ga18R8] R* black 2.74[h] this work
[Ga19R6]ÿ trisyl black [k] [18]
[Ga22R8] R* black [i,j] this work


R' black [i] [19]
R'' black [i] [20]


[Ga26R8]2ÿ R' black 2.82[k] [21]
[Ga84R20]2ÿ DSA black [m] [22]


[a] R*� SitBu3; R'�Si(SiMe3)3; R''�Ge(SiMe3)3; trisyl�C(SiMe3)3;
trisyl'�C(SiMe2Et)3; Mes� 2,4,6-C6H2Me3; Fl�C13H9� fluorenyl;
DMP� 2,6-C6H3Mes2; DSA� (Me3Si)2N; Cp*�C5Me5; Tip� 2,4,6-
C6H2iPr3; Tip*� 2,6-C6H3Tip2. [b] D� ethers, phosphanes. [c] Mean values
of the shorter GaÿGa bonds. [d] Only very weak GaÿGa contacts 4.07/
4.17 �. [e] Shortest/longest GaÿGa bond lengths 2.540/2.983 �. [f] Short-
est/longest GaÿGa bond lengths 2.453/2.880 �. [g] Shortest/longest GaÿGa
bond lengths 2.400/2.906 �. [h] Shortest/longest GaÿGa bond lengths
2.479/2.944 �. [i] See Table 2. [j] Shortest/longest GaÿGa bond lengths
2.195/3.224 �. [k] Shortest/longest GaÿGa bond lengths 2.609/3.152 �.
[l] Shortest/longest GaÿGa bond lengths 2.44/2.95 �. [m] Shortest/longest
GaÿGa bond lengths 2.34/2.93 �.
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Figure 1. Top: Molecular structure of [Ga18R*8] (1) in the crystal (tBu
groups omitted for clarity). Middle: GaR* part of 1, projected from another
direction than in the top view. Bottom: Section with 18 Ga atoms out of b-
gallium. (In the b-Ga structure each Ga atom has a [2�2�2�2]
coordination with GaÿGa bond lenghts of 2.688/2.766/2.864/2.919 � at
26.4 8C.) Selected bond lengths [�] of 1 in the crystal: Ga1ÿGa2 2.740,
Ga2ÿGa3 2.964, Ga1ÿGa7 2.673, Ga1ÿGa11 2.785, Ga2ÿGa8 2.668,
Ga2ÿGa12 2.928, Ga13ÿGa15 2.471, Ga7ÿGa12 2.944.


The middle views in Figures 1 and 2 contain structural details
of the positions of the Ga and Si atoms of all eight GaR*
groups in 1 and 2 (viewing positions different to those


depicted at the top of each figure). The bottom views in
Figures 1 and 2 are sections of the structures of b-gallium and
gallium-III, respectively.


Figure 2. Top: Molecular structure of [Ga22R*8] (2) in the crystal (tBu
group atoms omitted for clarity). Middle: GaR* part of 2, viewed in
another direction as in the top view. Bottom: Section with 22 Ga atoms out
of gallium-III, exhibiting the relation to the arrangement of the metal
atoms in 2. Selected bond lengths [�] of 2 in the crystal: Ga1ÿGa2 3.116,
Ga1ÿGa8 2.757, Ga1ÿGa14 2.872 .
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According to Figures 1 and 2 (middle views) the eight
gallium atoms of the oligogallanes 1 and 2 that bear supersilyl
goups form an environment of quadratic antiprisms (strongly
distorted in 1) with the (GaR*)8 polyhedrons incorporating 10
or 14 ªnakedº gallium atoms, respectively (see Figures 1 and
2, top views).


According to the previous discussion, the structure of 1 (as
shown in Figure 1, top) can be described as an 18 atom section
of the b-gallium modification. This becomes more evident if
the structures in Figures 1 (middle and bottom) are compared
(see Conclusion).


In the docosagallane 2 there are 13 ªnakedº gallium atoms
which occupy the corners of a Ga-centered cuboctahedron
with one triangular face replaced by a quadrilateral one (see
Figure 2 top). All eight quadrilateral faces are each capped by
a GaR* group. The structure found for 2 is the same as the
structures described in two other examples, namely [Ga22R'8]
(R'� hypersilyl� Si(SiMe3)3) and Ga22R''8 (R''�Ge(SiMe3)3)
(see Table 1). The topological similarity within the gallium
framework of these three [Ga22R8] compounds, which all vary
in their substituents R, becomes evident by comparing their
structural parameters in Table 2. This gives an indication of


electronic properties (e.g., the number of valence electrons in
the cluster core) that are responsible for the occurence of this
specific structure. We recently proposed the jellium model to
interprete the stability of the [Ga22R8] species, because the
number of electrons within the Ga framework is 58 (14�
3�8� 2 for Ga22


8�) corresponding to a stable jellium state.[19]


The Wade ± Mingos rules for counting the skeleton elec-
trons afford an alternative description. In the present case it
can be assumed that the GaR groups contribute two electrons
each and the ªnakedº Ga atoms one electron each to the Ga22


skeleton leading to a sum of 8� 2�14� 1� 30, that is, 2nÿ 14
skeleton electrons (n� number of cluster atoms). According
to the appropriate rules 2n � m cluster electrons with m� 2
leads to closo clusters, whereas when m� 4, 6, 8.. . or m� 0,
ÿ2, ÿ4... closo clusters that are missing one, two, three...
corners or the planes of which are capped onefold, twofold,
threefold... are predicted. Therefore we expect an eightfold
capped closo-Ga14 cluster for Ga22R8 (m�ÿ14). This is
consistent with the actual structure if the gallium-centered
Ga14 polyhedron is introduced as a closo cluster of 14 element
atoms. The high formation tendency of docosagallane
[Ga22R8] is consequently caused by the fact that the com-
pound is based on a closo element cluster which has exactly
the number of quadrilateral planes (eight) that are predicted


by the Wade ± Mingos rules for the eight caps of [Ga22R8]
(GaR caps evidently prefer quadrilateral planes; cf. also
structure of 1).


Although the topology of the Ga atoms in [Ga22R8] is well
explained by the Wade ± Mingos rules this description fails for
larger clusters (see Table 2) and in some cases even for smaller
clusters (see [Ga18R*8] above). As for clusters of the
composition [Ga22R8] (R�R*, R', R''; see Table 2), the Ga14


polyhedron is in fact not found in any known Ga modification,
but the Ga atom in the center indicates at least some kind of
relationship of the Ga atom packing to that in the Ga-III
modification (see Figure 2, bottom) allowing the description
of the cluster as a metalloid structure. The structure principle,
that is, the ªideaº of the element modification is indeed
reflected in the element topology of the cluster compounds,
which can be regarded as intermediates on the way to element
itself.[27]


Conclusion


In connection with the above mentioned discussion two
questions rise: By which mechanisms are the gallium clusters
formed and which factors determine the cluster growth?


The formation mechanism of gallium cluster compounds
from gallium(i) halides GaX and supersilyl sodium NaR* has
not yet been explained in detail. However, our research has
showed that smaller cluster units are evidently primarily
formed by association of GaX and GaR* species, whereby the
latter are obtained by the former by supersilanidation.[1, 31]


These units react with NaR* (>Ga-X � NaR*!>Ga �
NaX � R*; >Ga � NaR*!>Gaÿ � Na� � R*) or
eliminate R* to yield clusters with ªnakedº Ga atoms, which
again by addition of GaX and GaR* grow to larger cluster
units and react with NaR*. The same possibility holds for the
formation of Al, In, or Tl cluster compounds from low-valent
compounds of these elements and NaR* or other sodium
compounds like NaSi(SiMe3)3 and NaN(SiMe3)2 . In one case
even a partially substituted metalloid Al-subhalogenide
cluster was found: [R6Al14X6]2ÿ.[32] In the absence of NaR*,
the clusters (GaX)n, formed by association of GaX, evidently
are reduced in the presence of weak donors like THF at
medium temperatures (ÿ20 8C) by elimination of GaX3 to
gallium. Altogether, all of the above-mentioned reactions
may be responsible for the gallium cluster formation.


For cluster growth the reaction conditions such as the nature
of the low-valent elemental and alkali metal compounds, the
nature of their solvents, and the properties and concentration
of donor molecules present play a primordial role. For
example, from GaBr and NaR* in almost THF-free toluene
only neutral 1 is formed, whereas in THF-containing toluene
solutions neutral 2 is formed in addition (see above). This
points to a lower activity of the carbene analogue species GaX
(gallylene) in the absence of the donor THF, only leading to
the ªsmallº [Ga18R*8] cluster (1), whereas the ªlargerº
[Ga22R*8] cluster (2) is formed in the presence of THF, which
in a way promotes the gallylene reactivity. Nevertheless, the
attack of NaR* on less reactive ªGaIº in THF-containing
toluene leads not only to neutral [Ga4R*4], but also to
differently composed and also negatively charged Ga cluster


Table 2. Comparison of selected bond lengths in [Ga22{Si(CMe3)3}8]�
[Ga22R*8], [Ga22{Si(SiMe3)3}8]� [Ga22R'8], and [Ga22{Ge(SiMe3)3}8]�
[Ga22R''8].


Average distances [Ga22R*8] [Ga22R'8] [Ga22R''8]
[�] between


center to Ga13 shell 2.91 2.94 2.95
GaÿGa within Ga13 shell 2.83 2.87 2.83
Ga13 shell to GaR 2.62 2.67 2.57
Ga to Si/Ge in GaR 2.44 2.43 2.43
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compounds [Ga10R*6]ÿ and [Ga13R*6]ÿ ,[16] in which 4 or 7
ªnakedº gallium atoms are enclosed in a (GaR)6 cage.


The cluster growth certainly stops when its surface is
completely covered by the substituents, because then the
attachment of further small cluster units is sterically impos-
sible. For instance, during thermolysis the digallanyl
[R*2GaÿGaR*] . eliminates R* and leads to the digallanediyl
[R*GaÿGaR*] . . , which dimerizes to the tetrahedro-tetragal-
lane [Ga4R*4]. Here the reaction comes to a temporary stop
(the tetrahedrane is thermally very stable, m.p. 322 8C/
decomp) owing to the ªclosedº ligand shell and cannot easily
be converted to other Ga cluster compounds[1, 7] (in fact,
[Ga4R*4] reacts with Na in THF at 100 8C to [Na2Ga2R*4] ´
2 THF, which itself undergoes further reactions).[10] This
example demonstrates the importance of the properties of
the intermediates for the composition and structures of the
final cluster compounds, that is, the generation of GaR* in the
absence of GaX would not lead to formation of cluster
compounds larger than [Ga4R*4], which in addition contain
ªnakedº Ga atoms.


Finally a further important aspect, namely the metalloid
character of the two Ga cluster compounds, is discussed:
Although both clusters [Ga18R*8] (1) and [Ga22R*8] (2) have
the same number of supersilyl ligands with comparable
separations (distances between adjacent Si atoms ca. 7.70 �)
they enclose gallium clusters with a different number and
arrangement of the gallium atoms. The similarity of the
gallium atom arrangement in 1 with the corresponding
gallium atoms in the semi-metal type b-gallium, or the partial
similarity of the gallium atom arrangement in 2 with the one
in metal type gallium-III, indicates an increasing metalloid
character of the metalloid clusters from 1 to 2.[27] The
concentration of gallium atoms within the (GaR)8 ªcageº is
as expected higher in docosagallane [Ga14(GaR*)8] (2) than in
the octadecagallane [Ga10(GaR*)8] (1), as the gallium-III
modification has a higher density than b-gallium (actually a
pressure of 39 Pa is needed to form gallium-III). To support
this interpretation we have calculated the molecular volumes
for the model compounds [Ga18H8] (1*) and [Ga22H8] (2*):
V(1*)� 538.2; V(2*)� 633.6 �3.[33] The results of this calcu-
lation can be used to calculate the atomic volumes: 29.9 �3 for
1* and 28.8 �3 for 2*; this means a decrease of the volume of
the gallium atoms of 4.7 % from 1* to 2*. A similar volume
contraction of 5.1 % from b-gallium (18.55 �3) to gallium-III
(17.6 �3 ) gives further support to our description of the
topology of 1 and 2 as metalloid structures. [Gan(GaR')8]
species that bear the less bulky hypersilyl ligand R'�
Si(SiMe3)3 evidently lead to a somewhat larger [Ga8R'8] cage
and, therefore, to a pair of clusters Ga14(GaR')8 and
[Ga18(GaR')8]2ÿ richer in gallium (see Table 1). Parallel to
the increase in the number of gallium atoms in the (GaR*)8


cage from 1 to 2 the average oxidation state of gallium
decreases from 0.44 to 0.38, getting closer to the metallic state.


Experimental Section


In all experiments air and moisture were strictly excluded. The preparation
of GaBr in toluene/THF[19] and NaR*[34] followed the descriptions given in
the literature.


Reaction of GaBr in toluene with NaR* in the presence or absence of THF :
GaBr (3.5 mmol) in toluene/THF (8 mL/2 mL) was added to a solution of
NaR* ´ 2THF (4.5 mmol) in THF (30 mL) at ÿ78 8C through a stainless
steel tube, while the mixture was stirred continuously. The dark reaction
solution was allowed to warm up to room temperature. After evaporation
of all volatile components (in oil vacuum) and redissolution of the residue
in C6D6, two kinds of crystals were found within two days at room
temperature. Both kinds of crystals were cube-shaped and sensitive to
oxidation and hydrolysis. The X-ray structure analysis identified them as
[Ga18R*8] (1) and [Ga22R*8] (2) (see Figures 1 and 2).


The exclusive preparation of 1 can be performed by reaction of donor free
Na*R (4.5 mmol) in an almost THF free solution of GaBr (3.5 mmol) in
toluene (8 mL) at ÿ78 8C. After warming up the reaction solution to room
temperature, evaporation of the solvent and redissolution of the residue in
C6D6, black crystals of 1 were formed at room temperature.


X-ray structure analyses of [Ga18R*8] (1) and [Ga22R*8] (2): Crystallo-
graphic data for 1: Ga18Si8C106H222 , crystal dimensions 0.55� 0.4� 0.2 mm,
formula weight 2976.52, triclinic, space group P1Å (No. 2), a� 16.274(3), b�
19.199(4), c� 27.881(6) �, a� 76.55(3)8, b� 85.17(3)8, g� 68.79(3)8, V�
7898(3) �3, Z� 2, 1calcd� 1.252 g cmÿ3, F(000)� 3056, m(Mo)� 3.11 mmÿ1.
The measurement of the reflection intensities was carried out on a STOE
area detector (IPDS) at T� 200(2) K, MoKa radiation l� 0.71073 �,
2qmax� 51.58, 15 674 measured reflections (Rint� 0.0184). The structure was
solved with direct methods (SHELXS-97, G. M. Sheldrick, University of
Göttingen) and refined with F 2 against all independent reflections (14 111)
(SHELXL-97, G. M. Sheldrick, University of Göttingen), 667 parameters;
R1� 0.0651, wR2� 0.1946 for [I> 2s(I)], residual electron density �1.265/
ÿ 0.625 eÿ�ÿ3. Crystallographic data for 2 : Ga22Si8C96H216 , formula weight
3129.25.52, tetragonal, space group P4/n (No. 85), a� 23.3964(16), c�
15.0231(12) �, V� 8223.5(10) �3, Z� 2, 1calcd� 1.264 gcmÿ3, F(000)�
3172, m(Mo)� 3.622 mmÿ1. The measurement of the reflection intensities
was carried out on a STOE area detector (IPDS) at T� 199(2) K, MoKa


radiation l� 0.71073 �, 2qmax� 488, 50 437 measured reflections (Rint�
0.0986). The structure was solved with direct methods (SHELXS-97,
G. M. Sheldrick, University of Göttingen) and refined with F 2 against all
independent reflections (6393, SHELXL-97, G. M. Sheldrick, University of
Göttingen), 316 parameters; R1� 0.0976, wR2� 0.2744 for [I> 2 s(I)],
residual electron density �0.932/ÿ 0.858 eÿ�ÿ3.
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Calixarene ± Poly(dithiophene)-Based Chemically Modified Electrodes
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Abstract: The stepwise synthesis of
cone and partial cone 1,3-bridged n-
propoxy-calix[4]crown ethers (ªmono-
mersº 2 and 3) with an electropolymer-
izable 2,2'-dithiophene-3-yl-hexylene
functionality at the lower rim, is de-
scribed. The potential of 2 and 3 as
sensing agents for alkali metal ions was
investigated by 1H NMR titration ex-
periments with NaSCN and KSCN. The
results obtained have confirmed that the
presence of the heterocyclic subunit
does not affect the well-known size-
selectivity observed with calix[4]crowns.
Monomers 2 and 3 were electropoly-


merized (Pt as a working electrode,
CH2Cl2/CH3CN, Bu4NPF6) to produce
the title chemically modified electrodes
(CMEs). After coating with a PVC
membrane containing a lipophylic cati-
on exchanger, CMEs based on calix[4]-
crown-5 2 b (cone) and 3 b (partial cone)
were tested for the potentiometric rec-
ognition of alkali metal ions in aqueous


solution. In agreement with NMR titra-
tion studies, a satisfactory potentiomet-
ric response in terms of K�/Na� selec-
tivity was obtained only with CME 2 b
(pKK/Na 1.51). The amperometric re-
sponses of PVC-uncoated CMEs were
studied by cyclic voltammetry (CV)
experiments in CH3CN solution. High
Na� selectivity was found with the CME
based on partial cone calix[4]crown-4
3 a, and frequency response analysis
(FRA) measurements support this find-
ing.


Keywords: calixarenes ´ conducting
materials ´ chemically modified
electrodes ´ electrochemistry ´ ion
recognition


Introduction


Calixarene derivatives are nowadays among the most versa-
tile and effective synthetic receptors available for the selective
recognition of ions and neutral molecules.[1] Calixarene-based
receptors have thus emerged as leading sensing agents for the
development of advanced sensory devices (i.e. , ion selective
electrodes, ISEs; chemically modified field effect transistors,
CHEMFETs; ion selective field effect transistors,
ISFETs).[1a, 2] At the same time, the electropolymerization of


pyrroles or thiophenes with suitable pendant functionalities is
currently being employed for the coating of electrode
surfaces.[3] Such electrodes are being extensively studied for
their potential in electrocatalysis,[4] or for their ability to sense
alkali metal ions.[5]


We recently envisaged the possibility of combining the ion-
binding affinities of calix[4]arene crown ethers with the
electronic/redox properties of conducting polymers (CPs),[6]


in order to create new classes of molecular sensors able to
recognize and electrochemically respond to alkali metal ions.
A rational design of these materials requires the presence, on
the calixarene skeleton, of an appropriate moiety which
would easily undergo electrooxidative polymerization directly
providing CPs immobilized on the electrode surface.[7] The
ion-sensing properties of the resulting chemically modified
electrodes (CMEs)[8] could be tuned by varying the confor-
mation of the calixarene platform, the size of the crown ether
bridge, the nature of the substituents at both the upper and
lower rims, and the length of the connecting spacer on the
monomeric precursor.


To this end, we recently designed and synthesized several
conformers of 1,3-bridged calix[4]arene crown ethers 1 (m�
0; p� 2), bearing a potentially electropolymerizable 3-thienyl
functionality at the lower rim.[9] However, early attempts to
electropolymerize monomers 1 under a number of different
conditions, did not produce any CPs on the working electrode,
but only soluble oligomeric oxidized species.[10]
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In order to promote the electropolymerization process and
minimize the steric interactions between the adjacent calix-
arene moieties on the resulting polymer, we have now
modified monomers 1 by replacing the 3-thienyl ethylene
moiety with a 2,2'-dithiophene-3-yl-hexylene functionality. In
this paper we describe the synthesis, structural character-
ization and binding studies of dithiophene-containing cone
and partial cone calix[4]crown ethers 2 and 3 (m� 1, p� 6),
and demonstrate that these monomers undergo electrochem-
ical polymerization to poly(dithiophenes) with pendant
calix[4]arene-crown-ether functionalities. These hybrid mate-
rials behave as useful CMEs for the electrochemical sensing of
alkali metal ions.


Results and Discussion


Cone calix[4]crown ether monomers 2 and partial cone
monomers 3, endowed with a pendant 2,2'-dithiophene-3-yl-
hexylene moiety at the lower rim, were synthesized using the
strategy presented in Scheme 1. Cone precursors 6 were
obtained by reaction of 4[9] with the appropriate oligoethylene
glycol ditosylate and NaH in dry THF to afford cone
calix[4]crown derivatives 5 (71 ± 75 % yield), followed by
selective removal (Pd/C, H2; 1 atm) of the benzyl protecting
group. The Pd-catalyzed hydrogenolysis of 5 to produce 6 is
highly recommended over other methods (i.e. , Me3SiCl[9]),
because the reaction is clean and proceeds smoothly in nearly
quantitative yield. The partial cone precursors 9 were
prepared in reasonable yield (30 ± 38 %) by direct propylation
of 1,3-bridged calix[4]crowns 8[11] with nPrI and Cs2CO3 in
refluxing CH3CN. The final conversion of 6 and 9 into target
cone and partial cone monomers 2 and 3 was accomplished in
good yield (48 ± 70 %) by alkylation with the known[12] 3-(6-
bromohexyl)-2,2'-dithiophene (7) and NaH in dry THF
(Scheme 1). The use of NaH as a base ensured that the
conformation of the precursors was retained upon derivatiza-
tion.


All new compounds were characterized by 1H and 13C NMR
spectroscopy, FAB-MS and elemental analysis. The cone
structures show the expected two AX pattern (Dd >1.2 ppm)
for the bridging methylene protons and two resonances
around d� 31 for the relevant carbons, while their partial
cone counterparts display one AX (Dd� 1.15� 0.07 ppm) and
one AB system (Dd�� 0.05 ppm) for the ArCH2Ar protons,
and two resonances close to d� 31 and 39 for the correspond-
ing carbons. The 1H NMR spectra of 9 and 3 suggest that the
n-propoxy group attached to the inverted phenol residue is
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Scheme 1. Synthesis of monomers 2 and 3. i) oligoethylene glycol
ditosylate, NaH, THF, reflux, 24 h; ii) H2 (1 atm), Pd/C, AcOEt, RT, 4 h;
iii) 3-(6-bromohexyl)-2,2'-dithiophene (7), NaH, THF, reflux, 24 h; iv) n-
PrI, Cs2CO3, CH3CN, reflux, 4.5 ± 22 h.


included inside the hydrophobic cavity generated by the three
remaining aryl rings.


1H NMR titration experiments of 2 and 3 with NaSCN and
KSCN (up to 2 equiv), carried out in CDCl3/CD3OD (1:1 v/v),
showed that the introduction of a 2,2'-dithiophene function-
ality at the lower rim of calixcrowns was not detrimental to
their binding abilities. In agreement with the known size-
selectivity displayed by calixcrowns,[13] calix[4]crown-4 mono-
mers 2 a and 3 a formed 1:1 complexes with NaSCN and did
not bind KSCN at all. Very high Na�/K� selectivity levels,
comparable to those reported by Shinkai for the structurally
related (1,3)-diethoxy-calix[4]crown-4 cone and partial cone
conformers,[11] were therefore expected for 2 a and 3 a. With a
NaSCN/calixcrown-4 molar ratio of 0.5, separate resonances
for the complex and free monomer are simultaneously present
in both cases, which indicates that 2 a and 3 a form strong
complexes with Na� with slow exchange kinetics on the NMR
time-scale.


On the other hand, the larger calix[4]crown-5 derivatives
2 b and 3 b are best adapted for the complexation of K� (slow
exchange rate process on the NMR time-scale), but still allow
the inclusion of the smaller Na� ion. The complexation
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process with Na� is in fast exchange regime with cone 2 b, but
unexpectedly slow with partial cone 3 b. The behavior of 3 b
with Na� ions apparently contrasts with the fast exchange
process previously found for the Na� complexation with the
partial cone conformer of 1,3-bridged di-(a-picolyloxy)-p-tert-
butylcalix[4]crown-5,[13f] and may imply a different coordina-
tion geometry around the Na� ion.


The solution structures of the alkali metal complexes with
monomers 2 and 3 in the stated solvent mixture were inferred
by a scrutiny of the complexation-induced shifts (CIS),
defined as Dd� d[monomer´M�]ÿ d[monomer] in ppm, which are
summarized in Table 1. The remarkable downfield shifts


observed for the aromatic (0.59 ± 0.78 ppm) and tert-butyl
protons (0.28 ± 0.42 ppm) of the alkylated A,C-rings in the
alkali complexes with cone monomers 2 are suggestive of a C2v


symmetry in the free ligands (A,C-rings in roughly parallel
planes), and a pseudo-four-fold C4v symmetry in the com-
plexes (A,C-rings markedly diverging, and B,D-rings holding
the polyether bridge slightly converging upon complexation).
In the complex, the alkali metal ion is believed to be sitting
inside the hydrophilic cavity defined by the crown ether and
phenoxy oxygens, with the calix[4]arene moiety adopting an
almost regular conic shape.


The n-propoxy group attached to the inverted phenol unit
in partial cone monomers 3 proved to be a useful probe for
assessing the binding sites and geometry of their complexes
with alkali metal salts. Undoubtedly the O-nPr substituent
shows a certain propensity to fill the hydrophobic cavity of the
free monomers, as shown by the upfield resonances close to
d� 0.0 (Figure 1, 2, traces a), but upon Na� complexation it
intrudes more deeply inside the calix cup, as evidenced by the
dramatic upfield CIS observed for the b-methylene group in
the Na�� 3 a complex (Dd�ÿ1.25 ppm) (Figure 1c) and to a
much lesser extent in the Na�� 3 b complex (Dd�
ÿ0.32 ppm) (Figure 2b). The overall CIS values observed
for the Na�� 3 a,b complexes (Table 1) are consistent with the
formation of capsular complexes, with the Na� ion bound
inside the hydrophilic crown ether cavity and the n-propoxy
group acting as a stopper from the upper rim side. The
remarkable upfield shift experienced by the b-methylene
protons in the Na�� 3 a complex is suggestive of a strong


participation by the n-propoxy oxygen in the stabilization of
the complex, and consequently the calixarene framework is
believed to approach an almost flat partial cone conforma-
tion. Obviously, the small Na� ion is less tightly bound by the
larger crown-5 derivative 3 b, and a 1H NMR experiment in
which one equivalent of KSCN was added to the preformed
Na�� 3 b complex has shown that the Na� ion can easily be
displaced by the better fitting K� ion (Figure 2c).


A comparison between the CIS values of the n-propoxy
group in Na�� 3 b and K�� 3 b complexes shows that the two
ions have different binding modes. The ion ± dipole interac-
tion of the n-propoxy group with Na� is now overcome by a


more effective cation ± p inter-
action with the softer K� ion,[14]


which pushes the O-nPr group
out of the calix cavity, as evi-
denced by the substantial
downfield shift experienced by
the protons of the inverted n-
propoxy-phenyl residue (Ta-
ble 1 and Figure 2b, c).


The electropolymerization of
2 and 3 on Pt disk electrodes
was achieved by repetitive scan
cyclic voltammetry (RSCV)[3]


under strictly controlled exper-
imental conditions. Unsubsti-
tuted poly(dithiophene) can be
obtained from acetonitrile or
dichloromethane solutions.[6, 15]


However, monomers 2 and 3 are not soluble in neat
acetonitrile, whereas neat dichloromethane readily solubilizes
the oligomers generated in the early stages of the process, thus
preventing the attainment of the critical solubility required
for the electrodeposition. Electropolymerization was there-
fore conducted in CH2Cl2/CH3CN (1:5 v/v) containing 10ÿ1m
Bu4NPF6 as a supporting electrolyte with a silver wire
pseudoreference electrode (EÅ


p ferrocene� 0.40 V). A typical
voltammogram showing the growth of the film from monomer
2 b is depicted in Figure 3. The choice of the window potential
(E� 0.0 ± 1.3 V) and particularly the anodic limit are ex-
tremely critical to obtain film deposition and to avoid over-
oxidation phenomena. The oxidation peak potential of
monomers 2 a and 3 a lies at 1.025 V, whereas 2 b and 3 b
show the peak at 1.035 V. The resulting films were greenish-
blue in color in the oxidized form, and deep red when
reduced. They were soluble in CHCl3 and THF, and insoluble
in CH3CN.


A comparison of the structural features and electrochemical
behavior of monomers 1 ± 3 shows that the replacement of an
alkylthiophene with an alkyldithiophene calixcrown pendant
and an increase in the spacer length favor the electropolyme-
rization/deposition process. This trend closely parallels the
one previously reported for mono- and dithiophene crown-
ether-functionalized monomers.[5b] In that instance, steric
repulsion and/or solubility effects and more importantly the
lowering of the oxidation potential due to the more extended
p-system of the dithiophene moiety were invoked to account
for the electrooxidative polymerization outcome.


Table 1. 1H NMR complexation induced shifts [Dd� d[monomer´M�]ÿ d[monomer] in ppm] of selected protons for
dithienyl calix[4]crown complexes with NaSCN and KSCN in CDCl3/CD3OD (1:1 v/v).


Protons Na�� 2a Na�� 2 b K�� 2b Na�� 3 a Na�� 3b K�� 3 b


tBu (A,C-rings) 0.28 0.35 0.42 0.03, 0.15 0.01, 0.15 0.05, 0.11
tBu (B,D-rings)[a] ÿ 0.11 ÿ 0.15 ÿ 0.24 ÿ 0.04 ÿ 0.05 ÿ 0.09
OCH2CH2CH3 ÿ 0.12 ÿ 0.10 ÿ 0.03 ÿ 0.13 ÿ 0.02 0.51
OCH2CH2CH3 ÿ 0.07 ÿ 0.04 ÿ 0.03 ÿ 1.25 ÿ 0.32 1.07
OCH2CH2CH3


[b] [b] [b] 0.89 1.06 1.25
ArCH2Ar eq 0.32 0.28 0.28 0.27 0.21 0.13
ArCH2Ar ax ÿ 0.03 0.04 0.02 ÿ 0.12 0.04 ÿ 0.09
ArH (A,C-rings) 0.59 0.70 0.78 0.15, 0.37 0.09, 0.33 0.21, 0.38
ArH (B,D-rings) 0.10 0.04 0.06 0.00, 0.13 0.02, 0.05 0.01, ÿ0.09


[a] Aryl rings holding the polyether chain. [b] Not measured, because the relevant protons are buried under the
signals of the crown ether moiety.
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Initial studies on the CMEs 2 b and 3 b for the potentio-
metric recognition of K� ions revealed that the electro-
chemical behavior of the polymeric films was extremely
sensitive to the oxygen dissolved in the tested aqueous
solution. Thus, the films of the CMEs were set into the
reduced form, using an aqueous solution of 10ÿ1m KCl
containing traces of hydrazine, dried, and then coated with a
dibutyl sebacate membrane supported on poly(vinylchloride)
(PVC), in which only potassium tetrakis(4-chlorophenyl)bo-
rate (K(TCPB)) was dissolved. The potentiometric response
of PVC-coated CMEs 2 b and 3 b towards K� ions (KCl) was
measured in the presence of Na� as interfering ions (NaCl).
Their characteristic parameters, shown in Table 2, were


determined by the fixed interference method[16] and calcu-
lated with a non-linear regression on a modified Nicolsky ±
Eisenman Equation[17] [Eq. (1)], where b is the slope (mV/pI),
ak is the activity of the primary ion to which the CME is
reversible, KK,Na is the selectivity constant of the device for K�


vs Na� ions, aNa is the activity of the interfering ion, and x is an
ªapparent activityº present on the electrode at the beginning
of the calibration in the absence of added ions. Equation (1)
allows the simultaneous interpolation of several calibration
curves obtained with different methods and with different
interferent concentrations (see Supporting Information).


E�Econst�b log(aK�KK,Na ´ aNa�x) (1)


The potentiometric values of K�/Na� selectivity shown by
CMEs 2 b and 3 b, albeit moderate, are significantly higher
than those determined, under identical experimental condi-
tions, either by a PVC-coated bare Pt-electrode (pKK,Na�
0.18(0.05)) or a PVC-coated Pt-electrode modified with
unfunctionalized poly(dithiophene) (pKK,Na� 0.20(0.03)).
This experimental evidence rules out the hypothesis that the


Figure 1. Selected regions of the 1H NMR spectra (300 MHz, CDCl3/CD3OD 1:1 v/v, 22 8C) of partial cone monomer 3 a a), and spectral changes upon
addition of 0.5 b) and 1.0 equiv c) of NaSCN. An asterisk indicates residual solvent peak. In the middle trace, a slow exchange rate between the free monomer
and its Na� complex accounts for peak doubling. The upper trace (Na�� 3a complex) provides clear evidence that the Na� ion is tightly encapsulated inside
the ionophoric cavity composed by the four crown ether oxygens and the ethereal oxygens of the lower rim substituents. The complexation induced shifts
(CIS) for the inverted O-nPr group indicate that this substituent intrudes very deeply inside the calix cup, acting as a stopper.


Table 2. Electrochemical parameters for CMEs 2 b and 3 b.[a]


CME Slope [mV/pK] log x logKK,Na


2b 49.3(1.6) ÿ 4.6(0.1) ÿ 1.51(0.06)
3b 59.2(0.7) ÿ 4.4(0.1) ÿ 0.63(0.02)


[a] Standard deviations in parentheses.
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Figure 3. Cyclic voltammograms recorded during the electropolymeriza-
tion of monomer 2b. The polymer was grown on a polished Pt disk
electrode of 1.35 mm radius by cycling the potential between 0.0 and 1.3 V
vs Ag/AgCl at a scan rate of 100 mV sÿ1 of a solution of 2b (10ÿ2m) and
Bu4NPF6 (10ÿ1m) in CH2Cl2/CH3CN (1:5 v/v).


observed selectivity might simply be due to unspecific
interactions between the ion-exchanger (K(TCPB)) and/or
the solvent (dibutyl sebacate) of the PVC membrane and the


analyte ions (K� or Na�) with different charge density, and
confirms that an active role is played by the calixcrown
moieties of the poly(dithiophene) films 2 b and 3 b. Further-
more, the lower selectivity of the partial cone CME 3 b
(pKK,Na� 0.63) with respect to the cone 2 b (pKK,Na� 1.51),
agrees with the results of NMR experiments.


Although the mechanism accounting for the potentiometric
ion recognition of PVC-coated CMEs 3 b and 2 b is not yet
fully understood and deserves further investigation, it is worth
mentioning that, to the best of our knowledge, this is the first
instance in which calixarene ± poly(dithiophene)-based CMEs
have successfully been employed for the recognition of alkali
metal ions in aqueous solution.[18]


The potentiometric behavior of CMEs 2 a and 3 a could not
be studied, as the PVC coating was hampered by the high
solubility of the film in the solvents (THF, DMF, cyclo-
hexanone) commonly used to solubilize PVC.


The amperometric selectivity of PVC-uncoated CMEs 3 a
and 2 b for alkali metal ions was studied in both aqueous and
organic media. Cyclic voltammetry (CV) experiments, per-
formed in monomer-free acetonitrile solutions, showed that
the complexation of alkali metal ions strongly influences the
voltammetric behavior of our electrodes. For instance, in the


Figure 2. The three spectral regions of the 1H NMR spectra (300 MHz, CDCl3/CD3OD 1:1 v/v, 22 8C) of 3 b a), and spectral changes upon addition of
1.0 equiv NaSCN b), and then 1.0 equiv KSCN c). An asterisk indicates residual solvent peak. A comparison of traces b) and c) emphasizes the different
coordination geometry and binding sites around the encapsulated Na� (ion ± dipole interaction with the n-propoxy group) or K� (cation ± p interaction with
the inverted aryl unit) ions.
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case of CME 3 a the anodic peak current (Epa� 1.05 V) of the
cyclic voltammograms recorded in solutions of NaClO4 in
10ÿ1m Bu4NPF6, decreased with the increase of Na� concen-
tration, ranging from 1.0� 10ÿ5 to 2.2� 10ÿ4m (Figure 4). Con-


Figure 4. Cyclic voltammograms (E vs Ag/AgCl) of PVC-uncoated CME
3a (scan rate 50 mV sÿ1) in 10ÿ1m Bu4NPF6/CH3CN solution in the presence
of increasing concentrations of NaClO4 (1.0� 10ÿ5 ± 2.2� 10ÿ4m).


versely, CME 3a was voltammetrically inactive in water, where
no oxidation peak could be detected. The effect of Na� ions
on the CV response of CME 3 a in CH3CN can presumably be
ascribed to the accumulation of positive charges (Na�) in the
calixarene moieties of the polymeric film, which electrostati-
cally hamper the formation of positive charges on the
poly(dithiophene) backbone during the oxidation process.


Figure 5 shows that the amperometric response of calix-
crown-4-based CME 3 a is highly selective for Na� over K�,
NH4


�, and Cs� ions, while Li� ion strongly interferes, as its size
allows it to be included in the crown-4 moiety. Over the same


Figure 5. Correlation plots of anodic peak current vs ion concentration
(Li�, Na�, K�, NH4


�, and Cs�) obtained with CME 3 a at the potential value
of 1.05 V.


concentration range of ion added (as perchlorate salts), the
decrease of the peak current upon addition of Li� and Na�


ions was about ten-fold that caused by K�, NH4
�, and Cs� ions.


A control experiment carried out in an analyte-free solution
did not show, after a number of successive scans, any
appreciable changes in the cyclic voltammograms, thus
confirming that the redox chemistry of CME 3 a is influenced


by the presence of alkali metal ions. Furthermore, since no
amperometric response was obtained for the model CME
based on the unsubstituted poly(dithiophene), the changes in
the electronic properties of CME 3 a induced by Li� and Na�


ions can be attributed to specific host ± guest interactions
between the calixcrown units and the target analyte. Attempts
to free the Na�-containing film 3 a from the bound ions by
rinsing with fresh CH3CN did not restore the original electro-
activity of the CME.


Calixcrown-5-based CME 2 b was amperometrically re-
sponsive to K� ions, but the selectivity over other alkali metal
ions was poor.


The selective recognition of Na� ions by CME 3 a was
further investigated by means of frequency response analysis
(FRA) experiments[19] in the 104 ± 10ÿ1 Hz frequency range at
the open circuit potential, using solutions analogous to those
employed in the amperometric measurements. Nyquist dia-
grams obtained with CME 3 a show how the resistance of the
polymeric film decreases with the increase of Na� ion
concentration (Figure 6). Conversely, the resistance of a


Figure 6. Nyquist diagrams (Z' indicates the real component of the
impedance, and Z'' the imaginary one) recorded with CME 3a by FRA
experiments, showing a progressive decrease in polymer resistance upon
exposure to increasing amounts of Na� ions (NaClO4).


second film based on 3 a was substantially unchanged in the
presence of increasing amounts of K� ions (Figure 7). The
present data demonstrate that drastic changes in the film
resistance are only due to the selective Na� ion recognition by
the calixcrown unit of the CME 3 a.


In conclusion, the present study shows that dithiophene-
substituted calix[4]arene-crown ethers can be conveniently
electropolymerized on Pt disks, regardless of their conforma-
tion and the length of the crown ether chain, to provide ion-
responsive sensory materials with interesting potentialities in
both potentiometric and amperometric recognition of alkali
metal ions. Fine tuning of the calixcrown monomers to
generate new materials with enhanced and/or different
analyte selectivities is currently in progress.
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Figure 7. Nyquist diagrams (Z' indicates the real component of the
impedance, and Z'' the imaginary one) recorded with CME 3a by FRA
experiments in the presence of different amounts of K� ions (KClO4). No
changes in polymer resistance is observed.


Experimental Section


General : Melting points were determined on a Kofler hot stage and are not
corrected. Unless otherwise stated, 1H and 13C NMR spectra were recorded
in CDCl3 (TMS as an internal standard) with a Varian Gemini 300
spectrometer at 300 and 75 MHz, respectively. 13C NMR spectra were
acquired with the APT technique. FAB(�) mass spectra were obtained
with a Finnigan MAT 90 spectrometer, using 3-nitrobenzyl alcohol as a
matrix. TLC was performed on silica gel coated plastic plates (Polygram
SIL G/UV254 , Macherey ± Nagel), and column chromatography (CC) was
carried out with 230 ± 400 mesh, Merck Kieselgel 60 silica gel. All chemicals
were of the best grade commercially available and were used without
purification. Dry solvents were purchased from Fluka. Compounds 4,[9] 7,[12]


8a,[11] 8 b,[13f] and oligoethylene glycol ditosylates[20] were prepared accord-
ing to literature procedures.


Electropolymerizations and voltammetric studies were conducted using the
computerized Autolab PGSTAT 20 potentiostat (Ecochemie, Utrecht, The
Netherlands) connected to a 663 VA Stand (Metrohm, Herisau, Switzer-
land) and controlled by Ecochemie GPES 4.4 software. Polymeric films
were obtained by cycling potential for a number of 25 scans between 0 and
1.3 V in 5� 10ÿ3m monomer and 0.1m Bu4NPF6 solutions. The three-
electrode miniaturized cell (1 mL) was equipped with a platinum disk (r�
1.5 mm) working electrode and a platinum rod counter. All potential values
were measured against a silver/silver chloride pseudoreference electrode
with respect to which the ferrocene system showed an Ep� 0.402 V. FRA
experiments were performed with the same equipment, controlled by
Ecochemie FRA 2.3 software. Potentiometric measurements were carried
out using a Radiometer PHM84 digital potentiometer (Radiometer
Medical A/S, Copenaghen, Denmark). The PVC membrane is analogous
to that previously used for ISEs.[21]


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25-benzyloxya-26,28-(crown-4)a-27-
propoxya-calix[4]arene (5a):[22] A mixture of 4 (0.550 g, 0.704 mmol) and
NaH (0.090 g, 3.75 mmol) in dry THF (40 mL) was heated under reflux for
1.5 h under stirring. Triethylene glycol ditosylate (0.353 g, 0.77 mmol) in dry
THF (10 mL) was then added dropwise over 30 min, and reflux was
continued for additional 20 h. The reaction was quenched by cautious
addition of MeOH (2 mL), and the solvent was evaporated. The residue
was partitioned between acidified water and CH2Cl2. The organic layer was
dried (Na2SO4) and concentrated to leave a solid, which upon recrystal-
lization from CH3CN/CH2Cl2 gave crown-4 5a (0.450 g, 71 %) as colorless
crystals. M.p. >250 8C; 1H NMR: d� 7.57 ± 7.36 (m, 5H), 7.13 (pseudo-s,


4H), 6.49, 6.46 (s, 2 H each), 4.72 (s, 2H), 4.40, 4.38 (d, J� 12.4 Hz, 2H
each), 4.24 ± 4.16 (m, 2H), 4.06 ± 3.87 (m, 6H), 3.70 ± 3.62 (m, 4 H), 3.43 ±
3.35 (m, 2H), 3.12, 3.11 (d, J� 12.4 Hz, 2 H each), 1.94 (sextet, J� 7.4 Hz,
2H), 1.34, 0.83, 0.81 (s, ratio 2:1:1, 36H), 1.03 (t, J� 7.4 Hz, 3H); 13C NMR:
d� 154.7, 152.4, 151.2 (s, Csp2-O), 144.9, 144.3, 143.7 (s, Csp2 tBu), 137.8 (s,
Ph), 135.5, 135.4, 132.0, 131.8 (s, bridgehead-C), 129.9, 128.4, 128.0, 125.6,
125.5, 124.5, 124.3 (d, Ar, Ph), 78.2 (t, OCH2Ph), 77.6 (t, OCH2CH2CH3),
73.6, 70.6, 70.0 (t, OCH2CH2O), 34.1, 33.6, 33.5 (s, C(CH3)3), 31.7, 31.16,
31.10 (q, C(CH3)3), 30.6, 30.4 (t, ArCH2Ar), 23.4 (t, OCH2CH2CH3), 10.7
(q, OCH2CH2CH3); FAB(�) MS: m/z : 895 [MH]� ; elemental analysis calcd
(%) for C60H78O6 (894.6): C 80.50, H 8.78; found: C 80.15, H 8.64.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-(crown-4)a-26-hydroxya-28-
propoxya-calix[4]arene (6a):[22] A suspension of 5a (0.447 g, 0.5 mmol) and
10% Pd/C (50 mg) in AcOEt (25 mL) was stirred for 4 h at room
temperature in the presence of H2 (1 atm). The mixture was filtered
through a bed of celite, and the filtrate was evaporated to dryness to give a
solid. Recrystallization from CHCl3/MeOH gave monohydroxy-crown-4 6a
(0.342 g, 85%). M.p. 218 ± 220 8C; 1H NMR: d� 7.14 (pseudo-s, 4H), 6.64
(s, 2H), 6.62 (s, 1H), 6.41 (s, 2H), 4.60 ± 4.53 (m, 2 H), 4.55, 4.40 (d, J�
12.7 Hz, 2 H each), 3.77 ± 3.69 (m, 2H), 3.75 (t, J� 7.4 Hz, 2 H), 3.22, 3.15 (d,
J� 12.7 Hz, 2H each), 1.97 (sextet, J� 7.4 Hz, 2H), 1.33, 0.96, 0.71 (s, ratio
2:1:1, 36 H), 1.11 (t, J� 7.4 Hz, 3H); 13C NMR: d� 154.2 (�2), 152.2, 147.6
(s, Csp2-O), 145.8 (�2), 144.3 (s, Csp2-tBu, alkylated rings), 142.3 (s, Csp2-tBu,
unalkylated ring), 135.9, 135.2, 131.7, 130.9 (s, bridgehead-C), 126.0, 125.2,
125.0, 123.8 (d, Ar), 77.7 (t, OCH2CH2CH3), 74.6, 71.0, 70.8 (t, OCH2-
CH2O), 34.1 (�2), 33.6, 33.5 (s, C(CH3)3), 31.8 (t, ArCH2Ar), 31.6 (�2),
31.2 (q, C(CH3)3), 31.1 (t, ArCH2Ar), 31.0 (q, C(CH3)3), 23.7 (t,
OCH2CH2CH3), 10.7 (q, OCH2CH2CH3); FAB(�) MS: m/z : 805 [MH]� ;
elemental analysis calcd (%) for C53H72O6 (804.5): C 79.05, H 9.02; found:
C 78.86, H 9.15.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-(crown-5)a-26-hydroxya-28-
propoxya-calix[4]arene (6 b):[22] Pd/C-catalyzed hydrogenolysis of 5 b under
conditions analogous to those described for 5a, afforded monohydroxy-
crown-5 6 b (93 %). The physical and spectral data are coincident with those
reported in the literature.[9]


Propylation of 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-(crown-4)-
26,28-dihydroxycalix[4]arene (8 a): A mixture of crown-4 diol 8 a
(0.686 g, 0.9 mmol) and Cs2CO3 (0.293 g, 0.9 mmol) in dry CH3CN
(25 mL) was refluxed under stirring for 1 h. Then nPrI (0.595 g, 3.5 mmol)
was added and the mixture was heated at reflux. After 6 h, a second portion
of nPrI (0.595 g, 3.5 mmol) was added, and reflux was continued for a total
of 22 h. After cooling, the solvent was evaporated and the residue was
partitioned between 1n HCl and CH2Cl2. The organic layer was washed
with a dilute aqueous Na2S2O3, then with water and dried (Na2SO4). The
crude product obtained by evaporation of the solvent was purified by CC
(silica gel, eluent: hexanes/AcOEt 6:1! 2:1 v/v) to afford 9 a (0.277 g,
38%). M.p. 200 ± 202 8C (CH3CN/CH2Cl2); 1H NMR: d� 7.32 (s, 1H), 7.14,
7.02 (s, 2 H each), 7.17/6.95 (ABq, J� 2.6 Hz, 4H), 4.38/3.30 (AX, J�
12.5 Hz, 4H), 3.97 ± 3.49 (m, 16H), 1.92 (t, J� 7.8 Hz, 2H), 1.42, 1.22, 1.21
(s, ratio 1:2:1, 36 H), 0.05 (sextet, J� 7.8 Hz, 2 H), ÿ0.59 (t, J� 7.4 Hz, 3H);
13C NMR: d� 154.3, 153.0 (�2), 149.4 (s, Csp2-O), 146.0 (�2), 144.1 (s, Csp2-
tBu, alkylated rings), 141.8 (s, Csp2-tBu, unalkylated ring), 134.6, 133.7, 133.2,
129.1 (s, bridgehead-C), 126.5, 125.9, 125.5, 124.2 (d, Ar), 71.3 (t,
OCH2CH2CH3), 72.7, 70.2, 69.3 (t, OCH2CH2O), 39.6 (t, ArCH2Ar), 34.1,
34.0 (�2), 33.8 (s, C(CH3)3), 31.9 (t, ArCH2Ar), 31.8, 31.6, 31.4 (�2) (q,
C(CH3)3), 21.2 (t, OCH2CH2CH3), 8.6 (q, OCH2CH2CH3); FAB(�) MS:
m/z : 805 [MH]� ; elemental analysis calcd (%) for C53H72O6 (804.5):
C 79.05, H 9.02; found: C 79.27, H 8.88.


Propylation of 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-crown-5 ±
26,28-dihydroxycalix[4]arene (8b): A mixture of crown-5 diol 8 b
(1.536 g, 1.9 mmol) and Cs2CO3 (0.620 g, 1.9 mmol) in dry CH3CN
(30 mL) was refluxed under stirring for 1 h. Then nPrI (0.258 g, 1.5 mmol)
in CH3CN (20 mL) was added dropwise and the mixture was heated at
reflux for 4.5 h. After cooling, the solvent was evaporated and the residue
was partitioned between 1n HCl and CH2Cl2. The organic layer was
washed with a dilute aqueous Na2S2O3, then with water and dried
(Na2SO4). The crude product obtained after evaporation of the solvent
was purified by CC (silica gel, hexanes/AcOEt 8:1 v/v) to give colorless
crystals of 9b (0.400 g, 30%). M.p. 238 ± 2408C (MeOH/CH2Cl2); 1H NMR:
d� 7.22, 7.04 (s, 2H each), 7.02 (s, 1 H), 6.98/6.96 (ABq, J� 2.4 Hz, 4H),
4.41/3.20 (AX, J� 12.9 Hz, 4H), 4.12 (dt, J� 10.1, 3.0 Hz, 2 H), 4.00 ± 3.93
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(m, 2 H), 3.86/3.81 (ABq, J� 16.5 Hz, 4 H), 3.78 ± 3.59 (m, 12 H), 2.09 (t, J�
8.2 Hz, 2H), 1.45, 1.28, 1.14 (s, ratio 1:1:2, 36 H), 0.95 (sextet, J� 7.5 Hz,
2H), ÿ0.13 (t, J� 7.4 Hz, 3 H); 13C NMR: d� 154.3, 152.4 (�2), 150.3 (s,
Csp2-O), 145.7 (�2), 143.7 (s, Csp2-tBu, alkylated rings), 141.0 (s, Csp2-tBu,
unalkylated ring), 133.9, 133.7, 133.4, 127.9 (s, bridgehead-C), 127.1, 126.1,
125.9, 124.7 (d, Ar), 73.8, 72.7, 71.3, 70.7, 70.3 (t, OCH2CH2O,
OCH2CH2CH3), 38.9 (t, ArCH2Ar), 34.1, 33.9 (�2), 33.8 (s, C(CH3)3),
31.9, 31.7, 31.2 (�2) (q, C(CH3)3), 30.9 (t, ArCH2Ar), 22.6 (t,
OCH2CH2CH3), 9.1 (q, OCH2CH2CH3); FAB(�) MS: m/z : 849 [MH]� ;
elemental analysis calcd (%) for C55H76O7 (848.5): C 77.79, H 9.02; found: C
77.47, H 8.95.


Alkylation of monopropylated calix[4]crowns with 3''-(6-bromohexyl)-2,2''-
dithiophene (7)


General procedure : A stirred suspension of the appropriate n-propoxy-
calix[4]crown (0.2 mmol) and NaH (14.4 mg, 0.6 mmol) in dry THF
(10 mL) was refluxed for 1 h under inert atmosphere. Then a solution of
7 (72 mg, 0.22 mmol) in THF (10 mL) was added through cannula, and
reflux was continued for 24 h. After cooling, the reaction mixture was
quenched with MeOH (2 mL), and concentrated to dryness. The crude
product was taken up in aqueous ethanol and heated under reflux for 12 ±
48 h. After extraction with CHCl3, the organic layer was dried over
anhydrous Na2SO4 and concentrated. The residue was purified either by
silica gel CC and/or recrystallization from EtOH.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-(crown-4)a-26-{[6-(2,2''-dithio-
phene-3-yl)hexyl]oxy}a-28-propoxya-calix[4]arene (2a):[22] Purified by CC
(AcOEt/MeOH 95:5 v/v); 48% yield; foamy; 1H NMR: d� 7.25 (dd, J�
5.0, 1.3 Hz, 1 H), 7.16 (d, J� 5.1 Hz, 1H), 7.13 (s, 4 H), 7.09 (dd, J� 3.6,
1.3 Hz, 1 H), 7.01 (dd, J� 5.0, 3.6 Hz, 1H), 6.93 (d, J� 5.1 Hz, 1H), 6.47 (s,
4H), 4.38, 4.37 (d, J� 12.4 Hz, 2H each), 4.34, 4.03 (t, J� 6.0 Hz, 4 H each),
3.83 (s, 4 H), 3.70 (t, J� 7.1 Hz, 2H), 3.68 (t, J� 7.2 Hz, 2H), 3.14, 3.13 (d,
J� 12.4 Hz, 2 H each), 2.77 (t, J� 7.7 Hz, 2H), 2.03 ± 1.90 (m, 4H), 1.76 ±
1.40 (m, 4H), 1.34, 0.82 (s, ratio 1:1, 36H), 1.30 (m, 2H), 1.06 (t, J� 7.5 Hz,
3H); 13C NMR: d� 154.6 (�2), 152.3 (�2) (s, Csp2-O), 144.9 (�2), 143.8
(�2) (s, Csp2-tBu), 139.5 (s, ThTh), 135.5 (�2), 131.8 (�2) (s, bridgehead-C),
130.5 (s, ThTh), 129.9, 127.3, 126.0, 125.6 (�2), 125.3, 124.3 (�2), 123.7 (d,
Ar, ThTh), 77.7 (t, OCH2CH2CH3), 75.9 (t, OCH2(CH2)5ThTh), 73.6, 70.9,
70.2 (t, OCH2CH2O), 34.1 (�2), 33.6 (�2) (s, C(CH3)3), 31.7 (�2), 31.1
(�2) (q, C(CH3)3), 30.8, 30.5, 30.3, 29.7, 29.5, 29.1, 26.1 (t,
OCH2(CH2)5ThTh, ArCH2Ar), 23.5 (t, OCH2CH2CH3), 10.8 (q,
OCH2CH2CH3); FAB(�) MS: m/z : 1053 [MH]� ; elemental analysis calcd
(%) for C67H88O6S2 (1052.6): C 76.38, H 8.43, S 6.07; found: C 76.27, H 8.33,
S 5.85.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-(crown-5)a-26-{[6-(2,2''-dithio-
phene-3-yl)hexyl]oxy}a-28-propoxya-calix[4]arene (2 b):[22] Purified by di-
rect recrystallization of the crude reaction mixture; 58% yield. M.p. 173 ±
176 8C (EtOH); 1H NMR: d� 7.26 (dd, J� 5.2, 1.3 Hz, 1 H), 7.16 (d, J�
5.3 Hz, 1 H), 7.11 (s, 4H), 7.09 (dd, J� 3.6, 1.3 Hz, 1 H), 7.03 (dd, J� 5.2,
3.6 Hz, 1H), 6.93 (d, J� 5.3 Hz, 1H), 6.42 (s, 4H), 4.35, 4.34 (d, J� 12.5 Hz,
2H each), 4.30 ± 4.18 (m, 8H), 3.78 ± 3.66 (m, 12 H), 3.13, 3.12 (d, J�
12.5 Hz, 2 H each), 2.77 (t, J� 7.7 Hz, 2 H), 2.01 ± 1.89 (m, 4H), 1.73 ± 1.62
(m, 2 H), 1.53 ± 1.42 (m, 4 H), 1.34, 0.80 (s, ratio 1:1, 36 H), 1.04 (t, J� 7.5 Hz,
3H); 13C NMR: d� 155.0, 152.3 (s, Csp2-O), 144.9 (�2), 143.93, 143.90 (s,
Csp2-tBu), 139.41 (s, ThTh), 135.39, 135.35, 131.7 (�2) (s, bridgehead-C),
130.5 (s, ThTh), 129.8, 127.3, 126.0, 125.5 (�2), 125.3, 124.4 (�2), 123.7 (d,
Ar, ThTh), 77.7 (t, OCH2CH2CH3), 75.9 (t, OCH2(CH2)5ThTh), 72.5, 71.9,
71.2, 70.1 (t, OCH2CH2O), 34.1 (�2), 33.5 (�2) (s, C(CH3)3), 31.7 (�2),
31.1 (�2) (q, C(CH3)3), 31.0 (�3), 30.7, 30.3, 29.0, 26.1 (t,
OCH2(CH2)5ThTh, ArCH2Ar), 23.5 (t, OCH2CH2CH3), 10.7 (q,
OCH2CH2CH3); FAB(�) MS: m/z : 1097 [MH]� ; elemental analysis calcd
(%) for C69H92O7S2 (1096.6): C 75.50, H 8.45, S 5.83; found: C 75.32, H 8.30,
S 5.95.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-(crown-4)a-26-{[6-(2,2''-dithio-
phene-3-yl)hexyl]oxy}a-28-propoxyb-calix[4]arene (3a):[22] Purified by two
subsequent CC (eluent: first column, cyclohexane/AcOEt 9:1 v/v ; second
column, hexanes/AcOEt 4:1 v/v); 64 % yield. M.p. 115 ± 117 8C (EtOH);
1H NMR: d� 7.26 (dd, J� 4.9, 1.1 Hz, 1H), 7.21/6.94 (ABq, J� 2.5 Hz, 4H),
7.15 (d, J� 5.2 Hz, 1 H), 7.09 (s, 2 H), 7.08 (dd, J� 3.6, 1.1 Hz, 1 H), 7.03 (dd,
J� 4.9, 3.6 Hz, 1 H), 6.90 (d, J� 5.2 Hz, 1H), 6.88 (s, 2 H), 4.41/3.23 (AX,
J� 12.1 Hz, 4H), 4.03 (dt, J� 10.2, 6.0 Hz, 2H), 3.87 (pseudo-s, 4 H), 3.80 ±
3.51 (m, 8H), 3.78 (t, J� 7.5 Hz, 2 H), 3.19 (dt, J� 10.2, 6.0 Hz, 2H), 2.73 (t,


J� 7.8 Hz, 2H), 1.90 (t, J� 5.5 Hz, 2H), 1.81 (quin, J� 7.4 Hz, 2H), 1.63
(quin, J� 7.4 Hz, 2 H), 1.44 ± 1.30 (m, 4 H), 1.38, 1.28, 1.08 (s, ratio 1:2:1,
36H), 0.01 ± ÿ 0.10 (m, 5 H); 13C NMR: d� 154.8, 154.1 (�2), 152.8 (s,
Csp2-O), 145.3 (�2), 144.2, 143.9 (s, Csp2-tBu), 139.5 (s, ThTh), 136.1, 133.4,
133.1, 132.6 (s, bridgehead-C), 130.5 (s, ThTh), 129.8, 127.3, 126.1, 126.0,
125.8, 125.5, 125.3, 124.5, 123.7 (d, Ar, ThTh), 76.0 (t, OCH2(CH2)5ThTh),
72.5, 69.9, 69.3 (t, OCH2CH2O), 70.5 (t, OCH2CH2CH3), 38.7 (t, ArCH2Ar),
34.02 (�2), 34.00, 33.9 (s, C(CH3)3), 31.7, 31.6 (�2), 31.3 (q, C(CH3)3), 30.7,
30.4, 29.8, 29.4, 29.0, 25.9 (t, OCH2(CH2)5ThTh, ArCH2Ar), 22.2 (t,
OCH2CH2CH3), 10.1 (q, OCH2CH2CH3); FAB(�) MS: m/z : 1053 [MH]� ;
elemental analysis calcd (%) for C67H88O6S2 (1052.6): C 76.38, H 8.43, S
6.07; found: C 76.11, H 8.36, S 5.94.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-(crown-5)a-26-{[6-(2,2''-bithio-
phene-3-yl)hexyl]oxy}a-28-propoxyb-calix[4]arene (3b):[22] Purified by two
subsequent CC (eluent: first column, cyclohexane/AcOEt 9:1, v/v ; second
column, hexanes/AcOEt 4:1 v/v); 70 % yield. M.p. 125 ± 127 8C (EtOH);
1H NMR: d� 7.27 (dd, J� 5.1, 1.2 Hz, 1 H), 7.19/6.93 (ABq, J� 2.4 Hz, 4H),
7.152 (d, J� 5.2 Hz, 1H), 7.150 (s, 2 H), 7.08 (dd, J� 3.6, 1.2 Hz, 1 H), 7.03
(dd, J� 5.1, 3.6 Hz, 1 H), 6.90 (d, J� 5.2 Hz, 1H), 6.88 (s, 2 H), 4.33/3.20
(AX, J� 12.0 Hz, 4 H), 3.91 ± 3.39 (m, 18H), 3.86 (pseudo-s, 4H), 2.74 (t,
J� 7.6 Hz, 2 H), 1.87 (quint, J� 7.5 Hz, 2H), 1.76 (t, J� 5.8 Hz, 2 H), 1.65
(quint, J� 7.5 Hz, 2 H), 1.43, 1.27, 1.07 (s, ratio 1:2:1, 36H), 1.42 ± 1.30 (m,
4H), ÿ0.02 ± ÿ 0.14 (m, 5H); 13C NMR: d� 154.4, 154.1 (�2), 152.4 (s,
Csp2-O), 145.2, 144.0 (s, Csp2-tBu), 139.3, 133.3 (s, ThTh), 135.9, 133.4, 133.2,
132.6 (s, bridgehead-C), 129.7, 128.8, 127.3, 126.0, 125.9, 125.7, 125.3, 124.8,
123.7 (d, Ar, ThTh), 76.1 (t, OCH2(CH2)5ThTh), 73.7, 71.2, 71.0, 70.5 (t,
OCH2CH2O), 70.8 (t, OCH2CH2CH3), 38.9 (t, ArCH2Ar), 34.0 (�3), 33.8
(s, C(CH3)3), 31.7, 31.6 (�2), 31.3 (q, C(CH3)3), 30.6, 30.3, 30.1, 29.7, 29.0,
25.9 (t, OCH2(CH2)5ThTh, ArCH2Ar), 22.3 (t, OCH2CH2CH3), 10.2 (q,
OCH2CH2CH3); FAB(�) MS: m/z : 1097 [MH]� ; elemental analysis calcd
(%) for C69H92O7S2 (1096.6): C 75.50, H 8.45, S 5.83; found: C 75.33, H 8.36,
S 5.71.
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Enantiospecific Synthesis of the (9S,18R)-Diastereomer of the Leukocyte
Adhesion Inhibitor Cyclamenol A


Marc NazareÂ [b] and Herbert Waldmann*[a]


Abstract: Cyclamenol A is one of the
very few non-carbohydrate and non-
peptide natural products that inhibit
leukocyte adhesion to endothelial cells.
We report on the first enantioselective
total synthesis of the (9S, 18R)-diaste-
reomer of this macrocyclic polyene lac-
tam. Key elements of the synthesis are
i) the synthesis of the required chiral
building blocks by employing readily
accessible building blocks from the chi-
ral pool, that is, (S)-malic acid and (R)-
hydroxyisobutyric acid, ii) assembly of a


linear polyene precursor by means of
Wittig and Horner olefination reactions
as key CÿC bond-forming transforma-
tions, iii) ring closure by means of a
vanadium-mediated pinacolisation reac-
tion and iv) conversion of the generated
cis-diol into a (Z)-olefin to complete the


entire polyene system of the natural
product. Attempts to close the macro-
cyclic ring by a macrolactamisation, a
double Stille coupling or direct olefina-
tion in a McMurry reaction failed.
Crucial to the successful completion of
the synthesis was the correct orchestra-
tion of the final steps. It was necessary to
first deprotect the intermediate formed
after macrocycle formation and to gen-
erate the sensitive heptaene system in
the last step by means of a Corey ±
Hopkins sequence.


Keywords: bioorganic chemistry ´
leukocyte adhesion ´ medicinal
chemistry ´ natural products ´ total
synthesis


Introduction


The transport of leukocytes to the site of injury after
inflammation and tissue infection is facilitated by their
adhesion to endothelial cells.[1] However, over recruitment
of these blood cells can result in the establishment of various
diseases and disorders, and the inhibition of leukocyte
adhesion to endothelial cells has recently received a lot of
interest as a new strategy for the development of anti-
inflammatory agents. This approach may offer entirely new
and alternative opportunities for the treatment of many acute
symptoms such as reperfusion injury, stroke, asthma and
arthritis. For this purpose peptide- and carbohydrate deriva-
tives in particular were developed as inhibitors of the selectin/
sialyl Lewis X interaction.[2] However, non-peptide and non-
carbohydrate natural products have not been investigated
so far.


One of the very few natural products known to inhibit
leukocyte adhesion to endothelial cells[3] is cyclamenol A.[4]


This macrocyclic polyene lactam blocks this process in an ex
vivo model and it completely inhibits adhesion of leukocytes
to arterioles in hamsters (i.e. , in vivo) at very low doses. Its
mode of action and the structural parameters determining its
biological activity, including the absolute configuration of the
two stereogenic centres, are unknown.


In the light of these important and unsolved medicinal and
biological questions, and in order to develop tools for
unravelling the biological activity of cyclamenol A, we have
embarked on a total synthesis of this natural product and
analogues thereof. The purpose of this paper is to report on
the first enantioselective total synthesis of the (9S, 18R)-
diastereomer of cyclamenol A.[5]


Results and Discussion


Planning of the synthesisÐretrosynthetic considerations : In
developing an efficient strategy for a highly convergent route
to the cyclamenol framework, several issues had to be
considered. The unusual new polyene system present in
cyclamenol A displays pronounced acid and base lability. This
is particularly due to the tendency of the allylic hydroxyl
group to be eliminated, with formation of a fully conjugated
octaene system. Thus, after assembly of the entire backbone,
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mild reaction conditions were mandatory. Furthermore, the
results of molecular modelling experiments[6] at the PM3 level
indicated that cyclamenol A has a rigid strained ring system
(Figure 1). The cyclic perimeter of the natural product has a


Figure 1. Structure of the (9S, 18R)-isomer of cyclamenol A as calculated
on the PM3 level.


total of twenty bonds. The overwhelming majority of these are
part of a triene and a tetraene system or of the amide bond,
and display only a low tendency to become tilted out of the
preferred conformation. Thus they form fairly rigid structural
elements. More detailed investigations revealed that the Z
configuration of the C(12)�C(13) double bond is essential to
the stability of the macrocycle.
The corresponding 12E isomer
was calculated to be between
37 kJ molÿ1 (PM3 calculation)
and 50 kJ molÿ1 (MM� calcu-
lation) less stable. Consequent-
ly, it could be expected that, in
spite of the danger of potential
stereolability of the 12Z double
bond, a subsequent isomerisa-
tion was not to be expected. In
addition, even if the E double
bond were formed, it should
isomerise spontaneously to the
more stable Z isomer.[7] The
results of these calculations led
to the notion that one of the key
problems of the entire synthesis
would be the appropriate
choice and timing of the meth-


od and the conditions for closure and full establishment of the
conformationally restricted, rigid polyene system of cyclame-
nol A. We planned to address this problem either by employ-
ing an amide-bond forming reaction in the last step or by
establishing the entire backbone by formation of the
C(12)�C(13) double bond (Scheme 1). For this latter ap-
proach, transition-metal-catalysed transformations like the
Stille coupling, the McMurry reaction and the formation of
pinacols from dialdehydes that allow both ends of the
respective acyclic precursor to be tied together under
template control were thought to be particularly attractive
(Scheme 1).


The absolute configuration of cyclamenol A is not known.
In order to obtain a starting point for the synthesis a search of
the Beilstein CrossFire database was undertaken. It revealed
that in natural products with substructures identical or closely
related to the structural units flanking the stereocentres of
cyclamenol A, the absolute configuration that corresponds to
the (9S, 18R)-diastereomer occurs with pronounced prefer-
ence. Given the possibility of related biosynthetic origin, the
(9S, 18R)-isomer of cyclamenol A was chosen as the target of
the synthesis. We planned to introduce the stereocentres by
employing readily accessible chiral building blocks from the
chiral pool, that is, (S)-malic acid 5 and (R)-hydroxyisobutyric
acid methyl ester 6. For the assembly of the polyene
substructures, Wittig and Horner ± Emmons olefination reac-
tions with phosphonium salts 8 and 9 and phosphonate 10
should serve as decisive synthetic transformations
(Scheme 2). We planned to carry out the coupling of the
resulting advanced intermediates by CÿC bond formation at
C(12) or by amide formation and, finally, the subsequent
crucial ring-forming reaction would be executed vice versa by
macrolactamisation or macrocyclisation by CÿC bond for-
mation at C(12).


The macrolactamisation approach : The synthesis of the
C(12)-C(19) fragment commenced with amino alcohol 12
which is readily accessible from (R)-hydroxyisobutyric acid
methyl ester 6 in two steps[8] (Scheme 3). Subsequent selective
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Scheme 1. Retrosynthetic alternatives for the final ring-closing reaction.
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Scheme 2. Retrosynthetic dissection of cyclamenol A to obtain building
blocks for the assembly of advanced intermediates.


protection of the amine as trifluoroacetamide and oxidation
of the alcohol under Swern conditions yielded the corre-
sponding masked aminoaldehyde, which was employed for
chain elongation by an olefination reaction. Treatment with
deprotonated phosphonium bromide 8[9] gave dienyne 15 in
high yield, however, as a 1:1 mixture of E/Z-diastereomers.
Use of the corresponding Horner ± Emmons reagent 14 led to
a 3:1 mixture of the E and Z olefin. However, the isomers
could be readily separated, and the Z-compound could be
isomerised to the desired E-diastereomer by treating it with
catalytic amounts of iodine. Finally, removal of the TMS
group yielded the desired C(12)-C(19) building block 16.


The synthesis of the C(1)-C(11) unit 21 commenced with
lactol 17 which is readily available from (S)-malic acid 5


(Scheme 4). To this end, the aldehyde, liberated from lactol 17
in equilibrium, was coupled with diazo ketophosphonate 18[11]


to give alkyne 19. Subsequent chain elongation by means of a
Swern ± Wittig sequence by using phosphonium salt 7[12]
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Scheme 4. Synthesis of vinyliodide intermediate 21 from (S)-malic acid 5.
i) 18, K2CO3, MeOH, RT, 80 %; ii) (COCl)2, DMSO, NEt3, iii) 7, nBuLi,
THF, ÿ78 8C to RT, 82%, two steps; iv) PPTS, MeOH, 45 8C,!20b, 88%;
v) Bu3SnH; Pd(PPh3)4, RT, CH2Cl2, then I2, ÿ20 8C, 68 %.


yielded the triply unsaturated methyl ester 20 (E/Z� 4:1).
From 20 the tetrahydropyran (THP) protecting group could
be removed in high yield without dehydration. However,
under these acidic conditions the 9Z isomer gratifyingly
isomerised to the desired E compound. Finally, the alkyne was
subjected to a regio- and stereoselective palladium-catalysed
hydrostannylation reaction[13] and the resulting (E)-vinyl
stannane was converted into (E)-vinyl iodide 21 by means
of metal-halogen exchange. Alkyne 16 and vinyl iodide 21


were then coupled in a Sonoga-
shira reaction to give the com-
plete carbon backbone 22
of cyclamenol (Scheme 5).
Whereas compound 22 proved
to be fairly stable, the polyene
obtained after Z-selective re-
duction of the alkyne with acti-
vated zinc[15] was substantially
more labile. This sensitivity was
even more pronounced for seco
acid 2, which was obtained after
simultaneous removal of the
amino- and carboxy protecting
groups.


Linear congener 2 was then
subjected to a variety of cycli-
sation protocols established for
macrolactonisation and -lac-
tamisation reactions. However,
neither the use of O-(7-azaben-
zotriazol-1-yl)-N,N,N',N'-tetra-


HO OMe
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HO NH2 HO NHTFA
iii)


6 13


TMS
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P(OMe)2


TMS O


16
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14:


v), vi)
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Scheme 3. Synthesis of dienyne 16 from (R)-hydroxyisobutyric acid methyl ester. i) NH3, MeOH, NaCN, 50 8C;
ii) BH3 ´ Me2S, THF, reflux 78 %, two steps; iii) Trifluoro acetic anhydride, CH2Cl2 90%; iv) (COCl)2, DMSO,
NEt3 8, nBuLi, THF, ÿ78 8C to RT, 77 % or 14, LDA, THF, ÿ78 8C, 65%; v) I2(cat.), CH2Cl2, daylight, 80%;
vi) AgNO3, KCN, EtOH/H2O 90%.







FULL PAPER H. Waldmann and M. NazareÂ


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3366 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 153366


OH


OMe


O


I


TFAHN


OH
COOHH2N


OH


OMe


O


TFAHN


NH


HO


O


OR
F


F
F


F


F(PhO)2P N3


O


N N
N


N


O


NMe2


NMe2
N Cl


N N
P


O O


O


Cl


C NN EtMe2NH


Cl


OO


i)


PF6


I


16 21


22


2


1


23


24 25


26 27


ii), iii)


Scheme 5. Attempted synthesis of target compound 1 by macrolactamisa-
tion as final ring-closing step. i) Pd(PhCN)2Cl2, Cul, piperidine, PhH, 87%;
ii) Zn(Cu/Ag), MeOH !22 b, 55%; iii) LiOH, THF/MeOH/H2O, 40%.


methyluronium hexaflurophosphate (HATU) 23,[16] 2-choro-
N-methylpyridinium iodide 24,[17] bis(2-oxo-3-oxazolidinyl)-
phosphinic chloride (BOP-Cl) 25,[18] diphenylphosphoryl
azide (DPPA) 26[19] or the formation of a pentafluorophenyl
ester with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) 27[20a] under different conditions yielded the desired
macrolactam 1. This complete failure of cyclisation by lactam
formation is most likely due to a combination of several
parameters. Firstly, once the entire tetra- and triene system is
established, the cyclisation precursor becomes rather unsta-
ble; this results in degradation. This indicated that the
complete polyene system should only be established in the
very late steps of the synthesis (see below). Secondly, as
subsequent investigations revealed (see also below), trienic
carboxylic acids display only low reactivity and require strong
activating reagents and conditions, a precondition which


might not have been fulfilled by reagents 23 ± 26. Finally, the
12Z-double bond incorporated into seco acid 2 may be
sensitive to isomerisation, and modelling experiments re-
vealed that the corresponding E isomer cannot be cyclised for
geometric reasons.


The double Stille coupling approach : The conclusion from the
failure of the macrolactamisation approach, that the 12Z
double bond should be established as late as possible in the
synthesis and stabilised by the preferred configuration of the
macrocycle (see the results of the calculations described
above), prompted us to investigate a double Stille reaction as
the key transformation. Such a strategy has been successfully
introduced and employed for ring closure by Nicolaou et al.[21]


in the synthesis of rapamycin.
Due to the modular conception of the synthesis plan, the


bis-vinyl iodide precursor 3 was readily accessible from
building blocks whose synthesis had already been established
in the macrolactamisation approach. As shown in Scheme 6,
C(14)-C(19) fragment 30 was synthesised from aminoalcohol
28.[8] Swern oxidation, a stereoselective Wittig reaction with
phosphonium salt 9 and subsequent deprotection of the
acetylene delivered (E)-eneyne 29. This intermediate was
then subjected to a hydrozirconation reaction,[22] and the
organometallic intermediate formed thereby was iodinated to
give the corresponding isomerically homogeneous dienylio-
dide. After removal of the Boc group with TMSOTf buffered
with lutidine, unprotected amine 30 was coupled with acid 31
by using diethylphosphoryl cyanide[20b,c] as coupling reagent.
Acid 31 was obtained by saponification of methyl ester 21
with LiOH (see Experimental Section).


Bis-vinyl iodide 3 obtained by this reaction sequence was
then subjected to the planned Stille coupling with (Z)-1,2-
bis(trimethylstannyl)ethylene[23] (see Scheme 6). However,
under a variety of well-established reaction conditions and
by employing different catalyst systems[24a,b] like Pd2(dba)3/
Ph3As or Pd(PhCN)2Cl2/Ph3As a ring closure could not be
achieved. In these reactions, starting material 3 was com-
pletely consumed but, unfortunately, the olefinic structural
elements were largely destroyed and oligomeric products
were formed.


This failure most likely is due to the sensitivity of the
compounds employed. Furthermore, molecular modelling
experiments indicated that precursor 3 preferably adopts the
S-trans conformation of the amide. In this conformation, the
two vinyl iodide termini point away from each other. In
addition, palladium template control is not usually pro-
nounced,[24c±e] so that under these conditions the required
preorientation of the reacting centres may not be achievable.


The McMurry and pinacolisation approaches : In the light of
the results detailed above for the decisive ring closure
reaction, a transformation was sought that would be charac-
terised by a more pronounced template effect. We resorted to
the McMurry and pinacolisation approaches, for which it is
known that the low-valent metal centres generated in these
transformations strongly precoordinate the aldehyde groups
required. Retrosynthetic analysis identified aminoalcohol 28
and butanetriol 34, which is accessible from (S)-malic acid, as
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Scheme 6. Attempted synthesis of target compound 1 by double Stille
coupling as final ring-closing step. i) (COCl)2, DMSO, Net3; ii) 9, nBuLi,
THF, !28b, 72%, two steps; iii) K2CO3, MeOH, 93 %; iv) Cp2ZrCl2/
LiBEt3H then I2, !29b, 75%; v) TMSOTf, lutidine, 90 %; vi) (EtO)2-
POCN, NEt3, DMF, 74%.


the key building blocks. The key question was whether the
highly unsaturated diallylic alcohol or dialdehyde intermedi-
ate to be generated would be sufficiently stable to allow for
investigation of the planned transformation.


The C(13)-C(19) fragment 33 was built up in a short and
efficient sequence from protected amino alcohol[8] 28
(Scheme 7). Swern oxidation of the primary alcohol and
chain elongation with crotonoyl-phosphonate 10 yielded
doubly unsaturated ester 32, which was reduced to the allylic
alcohol. Removal of the Boc group and extractive workup
with K2CO3 solution gave amino alcohol 33 in high yield. It
was used directly for the subsequent steps.


The C(1)-C(12) fragment was synthesised from selectively
protected butanetriol 34[34] by two successive elongations of


HO NHBoc


NHBocEtO


O


NH2HO


i), ii)


28


32
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iii), iv)


Scheme 7. Synthesis of advanced building block 33 from selectively
protected amino alcohol 28. i) (COCl2), DMSO, NEt3; ii) 10, LDA,
ÿ78 8C to RT, 83% for two steps; iii) DIBAH; CH2Cl2, ÿ78 8C to
ÿ30 8C, !32 b, 90%; iv) TFA/CH2Cl2 3:5, 0 8C, then aq. K2CO3, 84 %.


the carbon chain (Scheme 8). First, the primary alcohol 34 was
converted to the corresponding, unstable aldehyde by Swern
oxidation; this aldehyde was then treated with the ylide, which
had been formed in situ from the phosphonium salt 7 (derived
from sorbic acid) by deprotonation with butyllithium. The diol
obtained after removal of the acetonide from 35 was rather
unstable; thus, it was immediately converted to the bis-
silylether. Then the more labile tert-butyldimethylsilyl ether
of the primary alcohol was cleaved selectively by treatment
with a solution of pyridinium hydrofluoride in a mixture of
pyridine and THF at room temperature. The selectively
unmasked and highly unsaturated alcohol 36 was obtained in
high overall yield. It was then subjected to a one-pot reaction
sequence that included oxidation of the alcohol to the
aldehyde and Wittig reaction with formylmethylenetriphen-
ylphosphonium chloride, 37, in the presence of NEt3. In this
way the need to isolate the very unstable a-alkoxyaldehyde
intermediate was circumvented. The significantly more
stable a,b-unsaturated aldehyde 38 could be isolated in high
yield.


For the amide linkage of the C(1)-C(12) and C(13)-C(19)
fragments, the aldehyde group in 38 had to be reduced, and
the resulting allylic alcohol was masked as a THP ether, which
is orthogonally stable to the TBS ether and the methyl ester in
38. This protection proved to be necessary, since the
unmasked primary alcohol interfered with the subsequent
formation of the amide bond. After saponification of the
methyl ester, the resulting carboxylic acid was preactivated by
treatment with BOP-Cl. The activated intermediate reacted
chemoselectively with amino alcohol 33 to yield the desired
amide in high yield (Scheme 9). Strong preactivation with
BOP-Cl was necessary to achieve a high yield in this step,
since tetraene carboxylic acid 39 is only moderately reactive.
The use of carbodiimide/1-hydroxybenzotriazole (HOBt) or
HATU was not successful or gave markedly lower yields. Next
the THP ether was removed, and the bis-allylic alcohol was
oxidised with perruthenate to give the moderately stable
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Scheme 8. Synthesis of advanced building block 39 from selectively
protected triol 34. i) (COCl)2, DMSO, CH2Cl2, ÿ78 8C, NEt3; ii) 7, nBuLi,
THF, 0 8C to RT, 85% for two steps; iii) TosOH; MeOH, RT, then TBSCl,
imidazole, DMF, !35 b, 82%; iv) HF ´ py, pyridine, THF, RT, 73%;
v) (COCl)2, DMSO, CH2Cl2, ÿ78 8C, NEt3; vi) 37 NEt3, CH2Cl2, RT,
70% for two steps; vii) CeCl3 ´ 7H2O, NaBH4, iPrOH, 0 8C, !38b, 77%;
viii) PPTS, DHP, CH2Cl2, RT, !38 c, 93 %; ix) LiOH ´ H2O, THF/MeOH/
H2O, 72 %.


dialdehyde intermediate 40. Use of the Swern oxidation or
MnO2 was not successful.


Having achieved the crucial intermediate 40, in a first series
of experiments we focussed on the McMurry reaction to
generate the 20-membered macrocycle. Disappointingly, this
direct olefination with the TiCl3 ´ (DME)2 complex together
with potassium,[26a] lithium aluminium hydride,[26b] or a zinc-
copper couple[26c] as reducing reagents, as well as TiCl4 with
zinc,[26d] a zinc-copper couple[26e] or lithium aluminium hy-
dride[26f] together with amine bases was not successful.


As an alternative, a two-step sequence consisting of a
pinacolisation reaction and subsequent olefin formation by
elimination was investigated. However, titanium-mediated
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33


39


25


40


41


42


43


1


iv)


Scheme 9. Synthesis of (9S, 18R)-cyclamenol by means of pinacolisation
and subsequent olefin formation as the key steps. i) 25 NEt3, THF, DMAP
!39 b, 75%; ii) PPTS, iPrOH; 55 8C, !39c, 73%; iii) NMO, nPr4RuO4,
3 � MS, CH2Cl2, RT, 78 %; iv) VCl3 ´ (THF)3, Zn, THF, 12 h, high dilution,
RT, 60%; v) CSCl2, DMAP, CH2Cl2, 0 8C,!41 b, 65%; vi) TBAF, HOAc,
THF, RT, 26 %; vii) 43, Et2O, ÿ20 8C, 20%.


pinacol formation[27] under a variety of reaction conditions
(TiCl4, Mg/Hg, THF; TiCl3 Zn or Mg, TMSCl, tBuOH/THF;
Cp2TiCl2, Zn or Mg, THF) and SmI2-mediated[28] coupling
were not successful either. Finally, vanadium was chosen as
the metal and, after substantial experimentation, the use of
the vanadium reagent [V2Cl3 ´ (THF)6] ´ [Zn2Cl6][29] (prepared
in situ) under high dilution conditions in THF met with
success. These conditions afforded the cyclic pinacol 41 in
60 % yield. Notably, the use of THF as solvent is mandatory; if
CH2Cl2 or CH2Cl2/DMF mixtures were used as solvent,
product formation was not observed. After this crucial step
had been accomplished attention was focussed on finding
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proper and gentle reaction conditions for generating the
sensitive polyene system and for the deprotection of the
secondary alcohol.


For the conversion of the vicinal diol into an olefin, first a
route via the corresponding bis-mesylate was investigatedÐ
without success. As an alternative, the Corey ± Hopkins
method was employed,[30] and to this end, the pinacol was
converted into the thionocarbonate by treatment with thio-
phosgene and 4-dimethylamino pyridine (DMAP). After
chromatographic purification, NMR spectroscopic investiga-
tion permitted the relative configuration of the diol unit to be
assigned. Thus, the 1H NMR spectrum of the O-silylated
thionocarbonate obtained from diol 41 displayed a coupling
constant of 7 Hz for the two CH(OCS) signals of the five-
membered ring. This indicated that the two hydrogen atoms
are cis-oriented (in related compounds coupling constants of
6.5 ± 7.8 Hz are found[31]). In addition, since the planned
subsequent elimination of thionocarbonates to olefins is
known to be a stereospecific syn-elimination, it was clear
that the cis-olefin would be formed.


Crucial to the success of the synthesis was the order in
which the final steps were carried out. Thus, in a first
approach, the final C(12)-C(13) double bond was generated,
and then we attempted to cleave the silyl ether group.
However, once the heptaene is established, protected cycla-
menol A becomes very sensitive to both acid and base.
Attempts to cleave the silyl ether by treatment with NEt3 ´
3 HF[32] in THF, NH4F in methanol, tris(dimethylamino)sulfo-
nium difluorotrimethyl silicate (TASF)[33] in acetonitrile or
DMF, as well as particularly efficient fluoride sources like
TBAF in THF (in the absence or presence of acetic acid) and
HF ´ pyridine in THF or methanol only resulted in decom-
position of the protected intermediate. Finally, the solution
was to reverse the order in which the two last steps were
carried out. First, the silyl protecting group was removed by
treating the protected thionocarbonate with TBAF/AcOH to
give secondary alcohol 42 in moderate yield (Scheme 9). Then
the fragmentation of the thionocarbonate was induced with
trimethyldiazaphospholidine 43[30b] yielding (9S, 18R)-cycla-
menol A.


Comparison of the spectroscopic data recorded for the
synthetic sample with the data obtained for the natural
product clearly proved that the desired cyclic polyene system
had been formed. However, whereas naturally occurring
cyclamenol A[4] displays a specific rotation of [a]20


D ��10008
(c� 0.01 in DMF) we measured a value of [a]20


D ��608 (c�
0.01 in DMF) for the synthetic compound. Thus, the natural
product does not have the (9S,18R)-configuration. We stress,
however, that the enantiomers of the chiral building blocks
are readily available; this implies that the other diastereomers
of the natural product would also be accessible by the route
detailed above.


Conclusion


In conclusion, we have developed a synthesis of the (9S,18R)-
diastereomer of the leukocyte adhesion inhibitor cyclam-
enol A. The synthesis is highly convergent and proceeds with


high efficiency, that is, the longest linear sequence consists of
ten steps and relays the stereogenic centres of the polyene
macrolactam to two building blocks from the chiral pool that
are readily available in both enantiomeric forms. The
flexibility and convergent character of the synthetic route
will give access to all diasteromers of the natural product, as
well as to various analogues with improved stability and
altered biological properties. This synthesis now provides the
opportunity to develop a new class of non-carbohydrate and
non-peptidic inhibitors of leukocyte adhesion to endothelial
cells.


Experimental Section


General Procedures : 1H and 13C NMR spectra were recorded on a Bruker
AC250, AM 400 or DRX 500 spectrometer at room temperature. Mass
spectra and high-resolution mass spectra (HRMS) were measured on a
Finnigan MATMS70 spectrometer. The optical rotation was determined
with a Perkin-Elmer Polarimeter 241.


Materials : All reactions were performed under an argon atmosphere with
freshly distilled and dried solvents. The solvents were dried by standard
methods. Silica gel (40 ± 60 mm) was used for column chromatography.
Commercial reagents were used without further purification.


Numbering of the cyclic compounds : For reasons of the consistency the
numbering of the cyclic compounds starts at the amidic carbonyl group.


N1-[(2S)-3-Hydroxy-2-methylpropyl]-2,2,2-trifluoroacetamide (13): Tri-
fluoroacetic anhydride (2.1 mL, 17 mmol) was carefully added at ÿ10 8C
to a solution of amino alcohol 12[8] (508 mg, 5.7 mmol) and NEt3 (4.6 mL,
33.6 mmol) in CH2Cl2 (20 mL). The reaction mixture was warmed to room
temperature and stirred for 2 h. Then K2HPO4 buffer at pH 7 (20 mL) and
MeOH (20 mL) were added and the mixture was stirred for 1 h. Finally, the
mixture was extracted with CH2Cl2 (3� 50 mL) and the combined organic
layers were dried over Na2SO4. After removal of the solvents under
reduced pressure, the residue was filtered through a plug of silica with
ether/pentane (2:1) to yield a colourless oil. Yield: 947 mg (5.1 mmol),
90%; TLC: Rf� 0.43 (ether); [a]20


D ��3.2 (c� 1.2 in CH2Cl2); 1H NMR
(500 MHz, CDCl3): d� 6.70 (br s, 1 H; NH), 4.35 (dd, 2J� 11 Hz, 3J� 4 Hz,
1H; H-1), 4.24 (dd, 2J� 11 Hz, 3J� 4 Hz, 1H; H-1), 3.41 (m, 1H; H-3), 3.35
(m, 1 H; H-3), 2.27 (sext, 3J� 4 Hz, 1H; H-2), 1.95 (br s, 1H; OH), 1.06 (d,
3J� 7 Hz, 3 H; Me-2); 13C NMR (125.5 MHz, CDCl3): d� 155.3 (q, J�
37 Hz, quart. C, C�O), 117.7 (q, J� 288 Hz, quart. C, CF3), 70.2 (CH2,
C(1)), 42.5 (CH2, C(3)), 32.7 (CH, C(2)), 14.3 (CH3, Me-2).


N1-[(2R,3E,5E)-2-Methyl-8-(1,1,1-trimethylsilyl)-3,5-octadien-7-ynyl]-
2,2,2-trifluoroacetamide (15)
Wittig reaction : A solution of DMSO (1.4 mL, 19 mmol) in CH2Cl2 (5 mL)
was added dropwise at ÿ78 8C to a solution of oxalylchloride (0.9 mL,
9 mmol) in CH2Cl2 (30 mL). After 30 min, a solution of alcohol 13 (1.0 g,
5.7 mmol) in CH2Cl2 (5 mL) was added dropwise, and the reaction mixture
was stirred for 1 h. Finally, NEt3 (3.6 mL, 28 mmol) was added and the
mixture was allowed to warm slowly to 0 8C. After completion of the
reaction (TLC control), water (100 mL) was added, and the organic layer
was separated. The aqueous layer was extracted with CH2Cl2 (2� 50 mL),
and the combined organic layers were dried over Na2SO4. After removal of
the solvent under reduced pressure the crude aldehyde (1 g, 5.7 mmol) was
directly subjected to the following Wittig reaction:


nBuLi (3.4 mL, 8.3 mmol, 2.5m in hexanes) was added dropwise atÿ 78 8C
too a vigorously stirred suspension of phosphonium salt 8[9] (4.1 g,
8.3 mmol) in THF (100 mL). After 10 min, the reaction mixture was
allowed to warm to 0 8C and then cooled again to ÿ78 8C. Then the crude
aldehyde (�5.7 mmol) was slowly added and the reaction mixture was
allowed to warm to room temperature overnight. After removal of the
solvents under reduced pressure, the residue was triturated with ether (6�
100 mL). The solvent of the combined organic layers was removed, and the
residue was then purified by chromatography (cyclohexane/ethyl acetate
4:1) to afford a yellow oil. Yield: 1.3 g (4.3 mmol), 77%. The E/Z isomeric
ratio was determined by comparison of the characteristic 1H NMR signals
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of crude 15 : E/Z� 1:1. Z isomer Z-15 : 6.15 (t, 3J� 11 Hz, H-4), 5.53 (dd,
3J� 11 Hz, 3J� 8 Hz, H-3). E isomer 15 : 6.11 (dd, 3J� 16 Hz, 3J� 10 Hz,
H-4), 5.65 (dd, 3J� 16 Hz, 3J� 10 Hz, H-3).


Horner ± Emmons reaction : A solution of DMSO (0.9 mL, 12 mmol) in
CH2Cl2 (5 mL) was added dropwise at ÿ78 8C to a solution of oxalyl-
chloride (0.56 mL, 5.6 mmol) in CH2Cl2 (20 mL). After 30 min, a solution
of alcohol 13 (600 mg, 3.2 mmol) in CH2Cl2 (5 mL) was added dropwise and
the reaction mixture was allowed to stir for 1 h. Finally, NEt3 (2.2 mL,
17 mmol) was added, and the mixture was allowed to warm slowly to 0 8C.
After completion of the reaction (TLC control), water (100 mL) was
added, and the organic layer was separated. The aqueous layer was
extracted with CH2Cl2 (2� 50 mL), and the combined organic layers were
dried over Na2SO4. After removal of the solvent under reduced pressure,
the crude aldehyde (600 mg, 3.2 mmol) was directly subjected to the
following Horner ± Emmons reaction:


nBuLi (2.4 mL, 6 mmol, 2.5m in hexanes) was added dropwise atÿ78 8C to
a solution of diisopropylamine (0.87 mL, 6.2 mmol) in THF (10 mL). After
30 min at ÿ78 8C, the solution was warmed to 0 8C for 10 min and cooled
again to ÿ78 8C. This lithium diisopropylamide (LDA) solution was
transferred dropwise at ÿ78 8C to a solution of phosphonate 14 (1.5 g,
6 mmol) in THF (70 mL). Within 1 h the reaction mixture was allowed to
warm to ÿ20 8C and then cooled again to ÿ78 8C. The aldehyde
(�3.2 mmol) in THF (8 mL) was added dropwise to this solution, and
the reaction mixture was allowed to warm to ÿ40 8C. After 3 h at this
temperature, the reaction was diluted with ether (20 mL) and quenched by
addition of saturated NH4Cl solution (10 mL). The organic layer was
separated, and the aqueous layer was extracted with ether (3� 30 mL). The
combined organic layers were dried over Na2SO4, and the solvents
removed under reduced pressure. The residue was purified by chromatog-
raphy with cyclohexane/ethyl acetate (4:1) to give a yellow oil. Yield:
636 mg (2.1 mmol), 65%; TLC: Rf (E isomer)� 0.36 (cyclohexane/ethyl
acetate 4:1), Rf (Z isomer)� 0.42 (cyclohexane/ethyl acetate 4:1). The E/Z
isomeric ratio was determined by comparison of the characteristic signals
of crude 15 : E/Z� 3:1. Z isomer Z-15 : 6.15 (t, 3J� 11 Hz, H-4), 5.53 (dd,
3J� 11 Hz, 3J� 8 Hz, H-3). E isomer 15 : 6.11 (dd, 3J� 16 Hz, 3J� 10 Hz,
H-4), 5.65 (dd, 3J� 16 Hz, 3J� 10 Hz, H-3).


Isomerisation : Two crystals of iodine were added to a solution of the E/Z
isomer mixture of 15 (830 mg, 2.7 mmol) in CH2Cl2 (70 mL), and the flask
was exposed to direct sunlight for one day. The solution was then washed
with saturated Na2S2O3 solution (10 mL) and dried over Na2SO4. After
removal of the solvent under reduced pressure, the residue was purified by
chromatography (cyclohexane/ethyl acetate 4:1, Rf� 0.36) to afford a
yellow oil. Yield: 664 mg (2.2 mmol), 80%; [a]20


D ��15.8 (c� 1 in CH2Cl2);
1H NMR (CDCl3, 500 MHz): d� 6.58 (dd, 3J� 16 Hz, 3J� 10 Hz, 1H;
H-5), 6.28 (m, 1 H; NH), 6.11 (dd, 3J� 16 Hz, 3J� 10 Hz, 1 H; H-4), 5.65
(dd, 3J� 16 Hz, 3J� 8 Hz, 1H; H-3), 5.61 (d, 3J� 16 Hz, 1H; H-6), 3.42 (m,
1H; H-1), 3.25 (m, 1 H; H-1), 2.51 (m, 1H; H-2), 1.08 (d, 3J� 7 Hz, 3 H; Me-
2), 0.19 (s, 9 H; SiMe3); 13C NMR (CDCl3, 125.5 MHz): d� 157.3 (q, J�
37 Hz, quart. C, C�O, TFA), 141.8 (CH, C3), 138.1 (CH, C5), 130.4 (CH,
C4), 118.3 (q, J� 283 Hz, quart. C, CF3), 111.2 (CH, C6), 104.0 (quart. C,
C8), 94.5 (quart. C, C(7)), 44.7 (CH2, C(1)), 37.1 (CH, C(2)), 17.2 (CH3, Me-
2), -0.1 (CH3, SiMe3); MS (EI, 70 eV): m/z (%): 303 (13) [M�], 190 (391),
179 (27), 175 (30), 126 (13), 97 (36), 73 (100); HRMS-EI (70 eV): calcd for
C14H20F3NOSi: 303.1266, found: 303.1248.


N1-[(2R,3E,5E)-2-Methyl-3,5-octadien-7-ynyl]-2,2,2-trifluoroacetamide
(16): A solution of AgNO3 (1.8 g, 11 mmol) in a mixture of ethanol (10 mL)
and water (10 mL) was added dropwise at 0 8C to a solution of alkyne 15
(1.1 g, 3.6 mmol) in EtOH (10 mL) and THF (5 mL). The reaction mixture
was stirred for 3 h at room temperature. Finally, a solution of KCN (4.8 g,
74 mmol) in water (10 mL) was added. After 40 min, the reaction mixture
was extracted with ether (3� 100 mL), dried over Na2SO4 and concen-
trated. The residue was purified by chromatography (cyclohexane/ethyl
acetate 4:1, Rf� 0.32) to afford a yellow oil. Yield: 740 mg (3.2 mmol),
90%;[a]20


D ��20.2 (c� 1 in CH2Cl2); 1H NMR (CDCl3, 500 MHz): d� 6.55
(dd, 3J� 16 Hz, 3J� 10 Hz, 1H; H-5), 6.24 (m, 1H; NH), 6.12 (dd, 3J�
16 Hz, 3J� 10 Hz, 1 H; H-4), 5.63 (dd, 3J� 16 Hz, 3J� 8 Hz, 1H; H-3), 5.60
(d, 3J� 16 Hz, 1H; H-6), 3.42 (m, 1 H; H-1), 3.25 (m, 1H; H-1), 2.27 (s, 1H;
H-8), 2.51 (m, 1H; H-2), 1.08 (d, 3J� 7 Hz, 3H; Me-2); 13C NMR (CDCl3,
125.5 MHz): d� 157.1 (q, J� 37 Hz, quart. C, C�O, TFA), 145 (CH, C(8)),
141.2 (CH, C(3)), 138.0 (CH, C(5)), 130.4 (CH, C(4)), 118.3 (q, J� 283 Hz,
quart. C, CF3), 111.2 (CH, C(6)), 96.3 (quart. C, C(7)), 44.6 (CH2, C(1)),


37.5 (CH, C(2)), 17.2 (CH3, Me-2); MS (EI, 70 eV): m/z (%): 231 (18) [M�],
149 (16), 126 (32), 118 (100), 117 (47), 105 (50), 103 (42), 91 (14), 79 (44), 77
(43); HRMS-EI (70 eV): calcd for C11H12F3NO: 231.0871, found: 231.0882.


(3S)-3-(Tetrahydroxy-2H-2-pyranyloxy)tetrahydro-2-furanol[10] (17): Di-
isobutyl aluminium hydride (DIBAH) (17.7 mL; 1m in hexanes, 17.7 mmol)
was slowly added at ÿ78 8C to a solution of (3S)-3-(tetrahydroxy-2H-2-
pyranyloxy)tetrahydro-2-furanone[10] (2.5 g, 13 mmol) in CH2Cl2 (100 mL).
After 3 hour�s stirring, the reaction mixture was quenched by addition of
MeOH (10 mL) and warmed to room temperature. After 1 h, saturated
Na-,K-tartrate solution (20 mL) was added and the mixture was stirred
further until clarification of the phases. The organic layer was separated,
and the aqueous layer was extracted with CH2Cl2 (3� 100 mL). The
combined organic layers were dried over Na2SO4 and concentrated, and the
residue was purified by chromatography (ether/pentane 2:1) giving a
colourless oil. Yield: 2.2 g (12 mmol), 88%; TLC: Rf� 0.26 (cyclohexane/
ethyl acetate 3:2); [a]20


D ��4.7 (c� 1.4 in CH2Cl2); 1H NMR (CDCl3,
250 MHz): d� 5.27 (s, 1H; H-2), 4.65 (m, 1H; OCHO, THP), 4.17 (m, 1H;
H-3), 4.10 (m, 1 H; H-5), 4.00 (t, 3J� 8 Hz, 1 H; H-5), 3.70 (m, 1 H; OCH,
THP), 3.45 (m, 1 H; OCH, THP), 2.68 ± 1.82 (m, 2H; H-4), 1.72 (m, 2H;
THP), 1.47 (m, 4H; THP); MS (EI, 70 eV): m/z (%): 189 (0.1) [M��H],
171 (0.1), 159 (0.2), 140 (0.1), 128 (0.2), 115 (2), 101 (10), 85 (100), 69 (19),
57 (16); HRMS-EI (70 eV): calcd for C9H17O4: 189.1127 found: 189.1144.


(3S)-3-(Tetrahydroxy-2H-2-pyranyloxy)-4-pentyn-1-ol (19): Phosphonate
18[11] (621 mg, 3.2 mmol) was added at room temperature to a suspension of
lactol 17 (400 mg, 2.1 mmol) and K2CO3 (753 mg, 5.4 mmol) in MeOH
(50 mL), and the solution was stirred overnight. The reaction mixture was
then diluted with ether (200 mL), washed with water (30 mL) and finally
dried over Na2SO4. After concentration under reduced pressure, the
residue was purified by chromatography (ether/pentane 2:1, Rf� 0.25) to
give a colourless oil. Yield: 310 mg (1.7 mmol), 80%; [a]20


D �ÿ47.5 (c� 0.3
in CH2Cl2); 1H NMR (CDCl3, 400 MHz): d� 4.87 (s, 1H; OCHO, THP),
4.61 (t, 3J� 6 Hz, 1 H; H-3), 3.85 (t, 3J� 3 Hz, 1 H; OCH, THP), 3.74 (q,
3J� 6 Hz, 2H; H-1), 3.50 (m, 1H; OCH, THP), 2.37 (d, 4J� 2 Hz, 1H;
H-5), 1.96 (m, 2 H; H-2), 1.64 (m, 2 H; THP), 1.50 (m, 4H; THP); 13C NMR
(CDCl3, 100.6 MHz): d� 96.3 (CH, THP), 82.0 (quart. C, C(4)), 73.9 (CH,
C(3)), 63.6 (CH, C(5)), 63.0 (CH2, C(2)), 59.7 (CH2, C(1)), 37.7 (CH2,
THP), 30.4 (CH2, THP), 25.2 (CH2, THP), 19.6 (CH2, THP); MS (EI,
70 eV): m/z (%): 183 (0.6) [M�-H], 153 (2), 150 (3), 149 (70), 109 (31), 102
(10), 85(100), 79 (10); HRMS-EI (70 eV): calcd for C10H15O3: 183.1021
found: 183.1012.


Methyl(2E,4E,6E,9S)-9-(tetrahydroxy-2H-2-pyranyloxy)-2,4,6-undeca-
trien-10-ynoate (20): A solution of DMSO (6.2 mL, 84 mmol) in CH2Cl2


(20 mL) was added dropwise at ÿ78 8C to a solution of oxalylchloride
(4 mL, 40 mmol) in CH2Cl2 (120 mL). After 30 min, a solution of alcohol 19
(4.7 g, 26 mmol) in CH2Cl2 (20 mL) was added dropwise and the reaction
mixture was stirred for 1 h. Finally, NEt3 (16 mL, 127 mmol) was added,
and the mixture was allowed to warm slowly to 08 C. After completion of
the reaction (TLC control), water (100 mL) was added, and the organic
layer was separated. The aqueous layer was extracted with CH2Cl2 (2�
50 mL), and the combined organic layers were dried over Na2SO4. After
removal of the solvent under reduced pressure, the crude aldehyde was
directly subjected to the following Wittig reaction:


nBuLi (15.2 mL, 38 mmol, 2.5m in hexanes) was added dropwise at ÿ78 8C
to a vigorously stirred suspension of phosphonium salt 4[12] (17.5 g,
38 mmol) and di-tert-butylphenol (1 g) in THF (150 mL). After 30 min,
the reaction mixture was allowed to warm to 0 8C and additionally stirred
for 1 h. Then a solution of the crude aldehyde (�26 mmol) in THF (20 mL)
was added, and the reaction mixture was stirred overnight at room
temperature. Finally, the solution was concentrated, and the residue was
triturated with ether (6� 150 mL). Concentration and purification by
chromatography (cyclohexane/ethyl acetate 1:9, Rf� 0.23) gave a yellow
oil. Yield: 6.2 g (21 mmol), 82 %; [a]20


D ��67.0 (c� 0.8 in CH2Cl2). The E/Z
isomer ratio was determined by comparison of the characteristic signals of
the crude product 20 : E/Z� 4:1; Z isomer Z-20 : 6.04 (dd, 3J� 11 Hz, 3J�
5 Hz, H-7); E isomer 20 : 6.18 (dd, 3J� 16 Hz, 3J� 6 Hz, H-7); 1H NMR
(CDCl3, 500 MHz): d� 7.26 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.52 (dd,
3J� 15 Hz, 3J� 10 Hz, 1 H; H-5), 6.22 (m, 1 H; H-4), 6.18 (dd, 3J� 16 Hz,
3J� 6 Hz, 1 H; H-7), 6.01 (m, 1 H; H-6), 5.93 (d, 3J� 16 Hz, 1H; H-2), 4.94
(m, 1H; OCHO, THP), 4.32 (m, 1H; H-9), 4.00 (m, 1 H; OCH, THP), 3.75
(s, 3H; OMe), 3.50 (m, 1H; OCH, THP), 2.63 (m, 1 H; H-8), 2.40 (t, 3J�
7 Hz, 1H; H-8), 2.32 (d, 4J� 2 Hz, 1H; H-11), 1.5 ± 1.9 (m, 6H); 13C NMR
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(CDCl3, 125.5 MHz): d� 167.5 (quart. C, C�O, C(1)), 144.8 (CH, C(3)),
140.6 (CH, C(7)), 134.1 (CH, C(5)), 133.4 (CH, C(6)), 132.7 (CH, C(4)),
130.7 (CH, C(2)), 96.3 (CH, THP), 82.0 (quart. C, C(10)), 73,6 (CH, C(11)),
64.1 (CH2, THP), 63.8 (CH, C(9)), 51.5 (CH3, OMe), 39.1 (CH2, C(8)), 30.9
(CH2, THP), 25.3 (CH2, THP), 19.8 (CH2, THP); MS (EI, 70 eV): m/z (%):
290 (0.5) [M]� , 270 (1)), 259 (0.8), 236 (0.5), 215 (0.8), 188 (67), 152 (20), 85
(100); HRMS-EI (70 eV) calcd for C17H22O4: 290.1518, found: 290.1500.


Methyl(2E,4E,6E,9S)-9-hydroxy-2,4,6-undecatrien-10-ynoate (20 b): Pyr-
idinium p-toluene sulfonate (PPTS) (200 mg, 0.8 mmol) was added to a
solution of THP ether 20 (5.3 g, 18 mmol) in MeOH (70 mL), and the
solution was heated to 45 8C until TLC control indicated complete
conversion. After cooling the solution, NEt3 (0.5 mL) was added, and the
solvents were removed under reduced pressure. Chromatography of the
residue (cyclohexane/ethyl acetate 4:1, Rf� 0.20) gave a yellow oil. Yield:
3.3 g (16 mmol), 88 %; [a]20


D �ÿ16.6 (c� 0.7 in CH2Cl2); 1H NMR (CDCl3,
500 MHz): d� 7.26 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.52 (dd, 3J�
15 Hz, 3J� 10 Hz, 1 H; H-5), 6.20 (d, 3J� 16 Hz, 1H; H-7), 6.18 (dd, 3J�
16 Hz, 3J� 6 Hz, 1H; H-6), 5.93 (dd, 3J� 16 Hz, 3J� 6 Hz, 1H; H-4), 5.67
(d, 3J� 16 Hz, 1 H; H-2), 4.30 (q, 3J� 6 Hz, 1 H; H-9), 3.73 (s, 3 H; OMe),
2.65 (m, 1 H; H-8), 2.53 (t, 3J� 7 Hz, 1 H; H-8), 2.33 (d, 4J� 2 Hz, 1H;
H-11), 2.20 (br s, 1 H; OH); 13C NMR (CDCl3, 125.5 MHz): d� 167.6
(quart. C, C(1)), 144.7 (CH, C(3)), 140.3 (CH, C(7)), 136.7 (CH, C(5)),
133.5 (CH, C(4)), 133.1 (CH, C(6)), 129.3 (CH, C(2)), 84.0 (quart. C,
C(10)), 73.6 (CH, C(11)), 62.1 (CH, C(9)), 51.6 (CH3, OMe), 41.0 (CH2,
C(8)); MS (EI, 70 eV): m/z (%): 206 (3) [M]� , 185 (5), 168 (6), 140 (12), 135
(13), 113 (20), 97 (13), 85 (27), 75 (100), 59 (30), 57 (12); HRMS (70 eV)
calcd for C12H14O3: 206.0943, found: 206.0959.


Methyl(2E,4E,6E,9S)-9-hydroxy-11-iodo-2,4,6,10-undecatetraenoate
(21): Bu3SnH (1.3 mL, 4.7 mmol) was added dropwise at room temperature
to a solution of alkyne 20 b (800 mg, 3.9 mmol) and Pd(PPh3)4 (20 mg,
0.017 mmol) in THF (20 mL). After 3 h, the reaction mixture was cooled to
0 8C, and iodine was added portionwise until a stable, slightly brown-violet
colour persisted. Finally, after 20 min, the solution was diluted with CH2Cl2


(200 mL) and washed with saturated KF solution (2� 30 mL) and saturated
Na2S2O3 solution (2� 30 mL). The organic layer was dried over Na2SO4,
concentrated and chromatographed with exclusion of light (cyclohexane/
ethyl acetate 4:1, Rf� 0.24) to give a yellow oil. Yield: 886 mg (2.6 mmol),
68%; [a]20


D �ÿ9.2 (c� 0.6 in CH2Cl2); 1H NMR (CDCl3, 500 MHz): d�
7.26 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.57 (dd, 3J� 15 Hz, 3J� 7 Hz,
1H; H-10), 6.52 (dd, 3J� 15 Hz, 3J� 6 Hz, 1 H; H-5), 6.38 (d, 3J� 16 Hz,
1H; H-11), 6.25 (d, 3J� 16 Hz, 3J� 7 Hz, 1 H; H-7), 6.23 (dd, 3J� 16 Hz,
3J� 6 Hz, 1 H; H-6), 5.85 (dd, 3J� 16 Hz, 3J� 6 Hz, 1H; H-4), 5.83 (d, 3J�
15 Hz, 1H; H-2), 4.17 (q, 3J� 6 Hz, 1 H; H-9), 3.70 (s, 3H; OMe), 2.43 (m,
1H; H-8), 2.37 (q, 3J� 6 Hz, 1H; H-8), 2.10 (br s, 1H; OH); 13C NMR
(CDCl3, 125.5 MHz): d� 167.6 (quart. C, C�O, C(1)), 147.5 (CH, C(3)),
144.7 (CH, C(10)), 140.3 (CH, C(7)), 133.9 (CH, C(5)), 133.1 (CH, C(6)),
129.0 (CH, C(4)), 120.3 (CH, C(2)), 77.9 (CH, C(11)), 73.6 (CH, C(9)), 51.6
(CH3, OMe), 40.2 (CH2, C(8)); MS (EI, 70 eV): m/z (%): 334 (1)) [M]� , 303
(2), 257 (1), 233 (1), 183 (33), 152 (100), 120 (18), 91 (41), 59 (9); HRMS
(70 eV) calcd for C12H15IO3: 334.0064, found 334.0049.


Methyl(2E,4E,6Z,9S,10E,14E,16E,18R)-9-hydroxy-18-methyl-19-
[(2,2,2-trifluoroacetyl)amino]-2,4,6,10,14,16-nonadecahexaen-12-ynoate
(22): A solution of iodide 21 (700 mg, 2.1 mmol) in benzene (10 mL) and
piperidine (1 mL) was degassed by bubbling argon through for 30 min.
Then, Pd(PhCN)2Cl2 (20 mg, 0.05 mmol), a solution of alkyne 16 (642 mg,
2.6 mmol) in degassed benzene (7 mL) and CuI (40 mg, 0.2 mmol) were
added sequentially. The reaction mixture was stirred for 2 h at room
temperature and then diluted with ether (50 mL). After addition of
saturated NH4Cl solution (20 mL), the aqueous layer was separated and
extracted with ether (3� 100 mL). The combined organic layers were dried
over Na2SO4 and concentrated, and the residue was purified by chroma-
tography (ether/pentane 2:1, Rf� 0.36) to afford a yellow oil. Yield: 796 mg
(1.8 mmol), 87%; [a]20


D �ÿ17.3 (c� 0.8 in CH2Cl2); 1H NMR (CDCl3,
500 MHz): d� 7.25 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.70 (dd, 3J�
15 Hz, 3J� 10 Hz, 1H; H-15), 6.54 (m, 2H; H-5, NH), 6.50 (dd, 3J� 15 Hz,
3J� 6 Hz, 1H; H-14), 6.23 (dd, 3J� 15 Hz, 3J� 6 Hz, 1 H; H-16), 6.18 (dd,
3J� 16 Hz, 3J� 6 Hz, 1 H; H-6), 6.06 (dd, 3J� 15 Hz, 3J� 7 Hz, 1H; H-10),
5.89 (dd, 3J� 16 Hz, 3J� 6 Hz, 1 H; H-4), 5.69 (d, 3J� 15 Hz, 1 H; H-11),
5.67 (d, 3J� 16 Hz, 1 H; H-2), 5.65 (m, 1H; H-7), 5.45 (dd, 3J� 16 Hz, 3J�
6 Hz, 1H; H-17), 4.31 (m, 1 H; H-9), 3.82 (s, 3H; OMe), 3.05 (m, 1H;
H-19), 2.85 (m, 1H; H-19), 2.65 (m, 1H; H-8), 2.53 (t, 3J� 7 Hz, 1 H; H-8),


2.20 (m, 1H; H-18), 2.12 (br s, 1 H; OH), 1.02 (d, 3J� 7 Hz, 3H; Me-18);
13C NMR (CDCl3, 125.5 MHz): d� 167.2 (quart. C, C�O, C(1)), 157.5 (q,
3J� 39 Hz, C�O, TFA), 144.7 (CH, C(3)), 141.9 (CH, C(17)), 140.3 (CH,
C(7)), 138.1 (CH, C(15)), 136.7 (CH, C(5)), 135.5 (CH, C(4)), 135.3 (CH,
C(10)), 133.1 (CH, C(11)), 132.4 (CH, C(6)), 130.4 (CH, C(16)), 129.3 (CH,
C(2)), 117.9 (q, J� 285 Hz, quart. C, CF3), 112.3 (CH, C(14)), 90.1 (quart. C,
C(12)), 89.2 (quart. C, C(13)), 72.4 (CH, C(9)), 51.6 (CH3, OMe), 44.8
(CH2, C(19)), 41.1 (CH2, C(8)), 37.1 (CH, C(18)), 17.3 (CH3, Me-18); MS
(EI, 70 eV): m/z (%): 437 (1) [M]� , 419 (6), 268 (57), 173 (47), 152 (100),
145 (18), 120 (10), 91 (32), 69 (10); HRMS-EI (70 eV): calcd for
C23H26F3NO4: 437.1813 found: 437.1786.


Methyl(2E,4E,6Z,9S,10E,12Z,14E,16E,18R)-9-hydroxyl-18-methyl-19-
[(2,2,2-trifluoroacetyl)amino]-2,4,6,10,12,16-nonadecaheptaenoate (22 b):
A solution of alkyne 22 (233 mg, 0.5 mmol) in MeOH (5 mL) was added
to a suspension of activated Zn (Cu/Ag)[15] in MeOH/water (1:1, 10 mL),
and the reaction mixture was stirred overnight at room temperature. After
dilution with MeOH (30 mL), the suspension was filtered through a pad of
celite. Water (10 mL) and CH2Cl2 (50 mL) were added to the filtrate, and
the aqueous layer was separated and extracted with CH2Cl2 (2� 30 mL).
The combined organic layers were dried over Na2SO4, and, after removal of
the solvents in an air bath at room temperature under reduced pressure, the
residue was purified by chromatography (ether/pentane 2:1, Rf� 0.41) to
give a yellow oil. Yield: 121 mg (0.27 mmol), 55 %; [a]20


D �ÿ12.7 (c� 0.6 in
CH2Cl2); 1H NMR (CDCl3, 500 MHz): d� 7.28 (dd, 3J� 15 Hz, 3J� 10 Hz,
1H; H-3), 6.77 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-15), 6.62 (m, 2 H; NH;
H-5), 6.50 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-14), 6.27 (dd, 3J� 15 Hz, 3J�
6 Hz, 1 H; H-16), 6.23 (dd, 3J� 15 Hz, 3J� 6 Hz 1 H; H-6), 6.13 (dd, 3J�
15 Hz, 3J� 10 Hz, 1 H; H-10), 6.10 (dd, 3J� 11 Hz, 3J� 10 Hz, 1 H; H-12),
5.86 (dd, 3J� 11 Hz, 3J� 10 Hz, 1H; H-13), 5.78 (d, 3J� 15 Hz, 1H; H-4),
5.68 (d, 3J� 15 Hz, 1H; H-2), 5.62 (m, 1 H; H-11), 5.45 (dd, 3J� 15 Hz, 3J�
7 Hz, 1 H; H-7), 5.20 (dd, 3J� 15 Hz, 3J� 7 Hz, 1H; H-17), 4.20 (m, 1H;
H-9), 3.82 (s, 3H; OCH3), 3.05 (m, 1H; H-19), 2.85 (m, 1 H; H-19), 2.40 (m,
2H; H-8), 2.20 (m, 1 H; H-18), 1.02 (d, 3J� 7 Hz, 3 H; Me-18); 13C NMR
(CDCl3, 125.5 MHz): d� 167.0 (quart. C, C�O, C(1)), 157.1 (q, 3J� 40 Hz,
C�O, TFA), 144.7 (CH, C(3)), 141.9 (CH, C(17)), 141.0 (CH, C(7)), 138.5
(CH, C(15)), 136.7 (CH, C(5)), 135.5 (CH, C(4)), 135.3 (CH, C(10)), 132.7
(CH, C(6)), 132.4 (CH, C(11)), 131.0 (CH, C(14)), 130.7 (CH, C(16)), 130.2
(CH, C(12)), 129.3 (CH, C(2)), 129.1 (C(13)), 118.0 (q, J� 280 Hz, quart. C,
CF3), 73.7 (CH, C(9)), 51.6 (CH3, OMe), 44.8 (CH2, C(19)), 41.1 (CH2,
C(8)), 37.1 (CH, C(18)), 17.3 (CH3, Me-18); MS (EI, 70 eV): m/z (%): 439
(0.1) [M]� , 422 (3), 378 (5), 317 (1), 284 (4), 269 (5), 192 (7), 152 (100), 136
(44), 105 (16); HRMS-EI (70 eV) calcd for C23H28F3NO4: 439.1970, found:
439.2001.


tert-Butyl N-[(2R,3 E)-2-methyl-6-(1,1,1-trimethysilyl)-3-hexen-5-ynyl]-
carbamate (28 b): A solution of DMSO (5.6 mL, 77 mmol) in CH2Cl2


(10 mL) was added dropwise at ÿ78 8C to a solution of oxalylchloride
(3.5 mL, 39 mmol) in CH2Cl2 (120 mL). After 30 min, a solution of alcohol
28[8] (4.2 g, 22 mmol) in CH2Cl2 (20 mL) was added dropwise, and the
reaction mixture was stirred for 1 h. Finally, NEt3 (15 mL, 115 mmol) was
added, and the mixture was allowed to warm slowly to 0 8C. After
completion of the reaction (TLC control), water (100 mL) was added and
the organic layer was separated. The aqueous layer was extracted with
CH2Cl2 (2� 100 mL), and the combined organic layers were dried over
Na2SO4. After removal of the solvent under reduced pressure, the crude
aldehyde (4.1 g, 22 mmol) was directly subjected to the following Wittig
reaction.


nBuLi (13.2 mL, 2.5m in hexanes, 33 mmol) was added dropwise at ÿ78 8C
to a vigorously stirred suspension of phosphonium salt 9 (14.9 g, 33 mmol)
in THF (150 mL). After 10 min, the reaction mixture was allowed to warm
to ÿ40 8C, was kept at this temperature for 30 min and was then cooled
again to ÿ78 8C. A solution of the crude aldehyde (5.7 mmol) in THF
(15 mL) was then slowly added, and the reaction mixture was allowed to
warm to room temperature overnight. After removal of the solvents under
reduced pressure, the residue was triturated with diethyl ether (6�
150 mL). The combined organic layers were evaporated to dryness, and
the residue was purified by chromatography (cyclohexane/ethyl acetate
95:5, Rf� 0.14) to afford a pale yellow oil. Yield: 4.4 g (16 mmol), 72%;
[a]20


D ��33.4 (c� 0.3 in CH2Cl2); 1H NMR (500 MHz, CDCl3): d� 6.00
(dd, 3J� 15 Hz, 3J� 8 Hz, 1H; H-3), 5.52 (d, 3J� 15 Hz, 1H; H-4), 4.57
(br s, 1 H; NH), 3.02 (q, 3J� 5 Hz, 1 H; H-1), 2.88 (quin, 3J� 5 Hz, 1H;
H-1), 2.32 (t, 3J� 7 Hz, 1 H; H-2), 1.33 (s, 9H; tBu), 0.92 (d, 3J� 7 Hz, 3H;
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Me-2), 0.16 (s, 9H; SiMe3); 13C NMR (CDCl3, 125.5 MHz): d� 155.9
(quart. C, C�O, Boc), 148.0 (CH, C(3)), 110.3 (CH, C(4)), 103.6 (quart. C,
C(6)), 93.7 (quart. C, C(5)), 79.3 (quart. C, tBu, Boc), 45.2 (CH2, C(1)), 38.2
(CH, C(2)), 28.4 (CH3, tBu, Boc), 17.2 (CH3, Me2), ÿ0.08 (CH3, SiMe3);
MS (EI, 70 eV): m/z (%): 281 (25) [M]� , 225 (52), 224 (55), 210 (10), 208
(10), 181 (18), 166 (10), 152 (22), 102 (21), 72 (58), 57 (100); HRMS-EI
(70 eV) calcd for C15H27NO2Si: 281.1811, found: 281.1821.


tert-Butyl N-[(2R,3E)-2-methyl-3-hexen-5-ynyl]carbamate (29): K2CO3


(5 g) was added to a solution of TMS-acetylene 28b (3.0 g, 14.3 mmol) in
MeOH (80 mL), and the reaction mixture was stirred overnight at room
temperature. After addition of water (50 mL), the solution was extracted
with CH2Cl2 (3� 100 mL), and the combined organic layers were dried
over Na2SO4. Removal of the solvents under reduced pressure and
filtration through a short plug of silica (cyclohexane/ethyl acetate 95:5,
Rf� 0.12) afforded a slightly yellow oil. Yield: 2.8 g (13.2 mmol), 93%;
[a]20


D ��20.2 (c� 0.9 in CH2Cl2); 1H NMR (CDCl3, 500 MHz): d� 6.72
(br s, 1H; NH), 6.00 (dd, 3J� 15 Hz, 3J� 8 Hz, 1H; H-3), 5.40 (d, 3J�
15 Hz, 1H; H-4), 3.06 (q, 3J� 5 Hz, 1 H; H-1), 2.88 (m, 1 H; H-1), 2.74 (d,
2J� 2 Hz, 1 H; H-6), 2.36 (t, 3J� 7 Hz, 1H; H-2), 1.37 (s, 9 H; tBu), 0.92 (d,
3J� 7 Hz, 3H; Me-2); 13C NMR (CDCl3, 125.5 MHz): d� 155.8 (quart. C,
C�O, Boc), 148.5 (CH, C(3)), 109.0 (CH, C(4)), 108.2 (CH, C(6)), 81.6
(quart. C, C(5)), 79.6 (quart. C, tBu, Boc), 45.5 (CH2, C(1)), 37.9 (CH,
C(2)), 28.3 (CH3, tBu, Boc), 17.3 (CH3, Me-2); MS (EI, 70 eV): m/z (%):
153 (30) [Mÿ tBu�H]� , 126 (7), 92 (5), 80 (7), 79 (8), 77 (10), 59 (14), 57
(100), 41 (20); HRMS-EI (70 eV): calcd for C8H11NO2 153.0789, found:
153.0742.


tert-Butyl N-[(2R,3E,5E)-6-iodo-2-methyl-3,5-hexadienyl]carbamate
(29 b): LiBEt3H (2.4 mL, 1m in THF, 2.4 mmol) was added dropwise to a
solution of Cp2ZrCl2 (700 mg, 2.4 mmol) in THF (20 mL) at room
temperature and under exclusion of light. After stirring the mixture for
1 h, alkyne 29 (250 mg, 1.2 mmol) in THF (5 mL) was added and stirring
was continued for a further 2 h. Then the reaction mixture was cooled to
0 8C, and iodine was introduced portionwise until a slight brown colour
persisted. After dilution with CH2Cl2 (200 mL) and washing with saturated
Na2S2O3 solution (2� 20 mL), the organic layer was dried over Na2SO4.
Removal of the solvents under reduced pressure and chromatography
under light exclusion (cyclohexane/ethyl acetate 95:5, Rf� 0.20) gave a pale
yellow oil. Yield: 303 mg (0.9 mmol) 75 %; [a]20


D ��22.4 (c� 1.1 in
CH2Cl2); 1H NMR (CDCl3, 400 MHz): d� 6.95 (dd, 3J� 15 Hz, 3J�
11 Hz, 1H; H-5), 6.21 (d, 3J� 15 Hz, 1 H; H-6), 5.97 (dd, 3J� 15 Hz, 3J�
11 Hz, 1H; H-4), 5.52 (q, 3J� 8 Hz, 1 H; H-3), 4.60 (br s, 1 H; NH), 3.12 (m,
1H; H-1), 2.94 (m, 1 H; H-1), 2.29 (t, 3J� 7 Hz, 1 H; H-2), 1.39 (s, 9H; tBu),
0.97 (d, 3J� 7 Hz, 3 H; Me-2); 13C NMR (CDCl3, 100.6 MHz): d� 155.9
(quart. C, C�O, Boc), 145.1 (CH, C(5)), 138.2 (CH, C(3)), 130.4 (CH, C(4)),
79.2 (quart. C, tBu, Boc), 77.7 (CH, C(6)), 45.7 (CH2, C(1)), 37.4 (CH,
C(2)), 28.4 (CH3, tBu, Boc), 18.0 (CH3, Me-2); MS (EI, 70 eV): m/z (%):
337 (2) [M]� , 281 (43), 264 (3), 220 (25), 207 (2), 154 (9), 93 (28), 57 (100);
HRMS-EI (70 eV): calcd for C12H20INO2: 337.0537, found.: 337.0549.


(2R,3E,5E)-6-Iodo-2-methyl-3,5-hexadien-1-amine (30): (Trimethylsilyl)-
trifluoromethanesulfonate (TMSOTf) (0.4 mL, 2.2 mmol) was added to a
solution of iodide 29 b (250 mg, 0.74 mmol) and 2,6-lutidine (0.32 mL,
2.7 mmol) in CH2Cl2 (10 mL) at 0 8C and under light exclusion. The
reaction mixture was allowed to warm to room temperature, was stirred for
1 h and was then quenched by addition of saturated NH4Cl solution (5 mL)
and saturated KF solution (5 mL). After the mixture had been stirred for
30 min, the aqueous layer was separated and extracted with CH2Cl2 (2�
30 mL). The combined organic layers were dried over Na2SO4, concen-
trated and then filtered through a short plug of silica with ether as solvent
to yield a brown oil: 157 mg, (0.66 mmol), 90 %. The crude amine was
directly subjected to the following amide coupling.


(2E,4E,6E,9S)-9-Hydroxy-11-iodo-2,4,6,10-undecatetraene acid (31):
LiOH monohydrate (126 mg, 3 mmol) was added to a solution of ester 21
(230 mg, 0.7 mmol) in THF/MeOH/water (1:2:2, 10 mL), and the reaction
mixture was stirred overnight under light exclusion. The pH of the solution
was adjusted to 3 by addition of 10% NaH2PO4 solution, the then the
solution was extracted with CH2Cl2 (3� 50 mL). The combined organic
layers were dried over Na2SO4 and concentrated under reduced pressure,
and the residue was filtered through a short plug of silica. The crude acid 31,
yield: 172 mg (54 mmol), 78%, was directly subjected to the following
amide coupling.


N1-[(2R,3E,5E)-6-Iodo-2-methyl-3,5-hexadienyl]-(2E,4E,6E,9S,10E)-9-
hydroxy-11-iodo-2,4,6,10-undecatetraenamide (3): DEPC (0.11 mL,
0.8 mmol) and NEt3 (0.15 mL, 0.9 mmol) were added to a solution of
amine 30 (157 mg, 0.66 mmol) and acid 31 (224 mg, 0.70 mmol) in DMF
(5 mL) under light exclusion and at 0 8C. After being stirred for 2 h at 0 8C,
the reaction mixture was allowed to warm to room temperature overnight.
The solvent was removed under reduced pressure, and the residue was
purified by chromatography under light exclusion (cyclohexane/ethyl
acetate 1:1, Rf� 0.53) to afford a yellow oil. Yield: 263 mg (0.49 mmol),
74%; [a]20


D ��5.3 (c� 0.7 in CH2Cl2); 1H NMR (CDCl3, 500 MHz): d�
7.26 (dd, 3J� 15 Hz, 3J� 11 Hz, 1H; H-3), 6.95 (dd, 3J� 15 Hz, 3J� 11 Hz,
1H; H-5'), 6.57 (dd, 3J� 15 Hz, 3J� 7 Hz, 1H; H-10), 6.52 (dd, 3J� 15 Hz,
3J� 6 Hz, 1H; H-5), 6.38 (d, 3J� 16 Hz, 1 H; H-11), 6.25 (dd, 3J� 16 Hz,
3J� 6 Hz, 1 H; H-7), 6.23 (dd, 3J� 16 Hz, 3J� 6 Hz, 1H; H-6), 6.21 (d, 3J�
15 Hz, 1 H; H-6'), 5.97 (dd, 3J� 15 Hz, 3J� 11 Hz, 1H; H-4'), 5.82 (m, 1H;
H-4), 5.52 (q, 3J� 8 Hz, 1H; H-3'), 5.50 (d, 3J� 15 Hz, 1H; H-2), 4.32 (br s,
NH), 4.17 (q, 3J� 6 Hz, 1 H; H-9), 3.41 (br s, 1H; OH), 3.30 (m, 1H; H-1'),
3.12 (m, 1H; H-1'), 2.43 (m, 2H; H-8), 2.31 (m, 1H; H-2'), 1.02 (d, 3J�
7 Hz, 3 H; Me-2'); 13C NMR (CDCl3, 125.6 MHz): d� 166.1 (quart. C,
C�O, C(1)), 147.5 (CH, C(3)), 145.1 (CH, C(5')), 144.9 (CH, C(10)), 139.4
(CH, C(7)), 137.9 (CH, C(3')), 133.9 (CH, C(5)), 133.3 (CH, C(6)), 130.7
(CH, C(4')), 129.3 (CH, C(4)), 120.4 (CH, C(2)), 78.2 (CH, C(11)), 77.7
(CH, C(6')), 73.6 (CH, C(9)), 44.4 (CH2, C(1')), 39.6 (CH2, C(8)), 37.7 (CH,
C(2')), 18.7 (CH3, Me-2'); MS (EI, 70 eV): m/z (%): 538 (1) [M]� , 491 (1),
411 (2), 357 (1), 303 (10), 254 (18), 220 (7), 183 (15), 127 (100), 91 (34), 43
(8); HRMS-EI (70 eV) calcd for C18H23I2NO2: 538.9816, found: 538.9835.


Ethyl(2E,4E,6R)-7-[(tert-butoxycarbonyl)amino]-6-methyl-2,4-heptadi-
enoate (32): A solution of DMSO (1.1 mL, 15 mmol) in CH2Cl2 (5 mL) was
added dropwise to a solution of oxalylchloride (0.7 mL, 7 mmol) in CH2Cl2


(30 mL) at ÿ78 8C. After 30 min, a solution of alcohol 28 (800 mg,
4.3 mmol) in CH2Cl2 (10 mL) was added dropwise, and the reaction
mixture was stirred for 1 h. Finally, NEt3 (2.7 mL, 21 mmol) was added, and
the mixture was allowed to warm slowly to 0 8C. After completion of the
reaction (TLC control), 100 mL water was added, and the organic layer was
separated. The aqueous layer was extracted with CH2Cl2 (2� 50 mL), and
the combined organic layers were dried over Na2SO4. After removal of the
solvent under reduced pressure, the crude aldehyde (800 mg, 4.3 mmol)
was directly subjected to the following Horner ± Emmons reaction.


nBuLi (3.2 mL, 2.5m in hexanes, 8 mmol) was added dropwise to a solution
of diisopropylamine (1.1 mL, 8 mmol) in THF (20 mL) at ÿ78 8C. After
30 min at ÿ78 8C, the solution was warmed to 0 8C for 10 min and then
cooled again to ÿ78 8C. This LDA solution was transferred dropwise to a
solution of phosphonate 10 (1.8 g, 8 mmol) in THF (80 mL) at ÿ78 8C.
After being stirred for 1 h, the reaction mixture was allowed to warm to
ÿ30 8C for 30 min and was then cooled down to ÿ78 8C again. The
aldehyde (�4.3 mmol) in THF (10 mL) was added dropwise to this
solution, and the mixture was allowed to warm to room temperature over
5 h. The solution was then diluted with ether (50 mL) and quenched by
addition of saturated NH4Cl solution (100 mL). The organic layer was
separated, and the aqueous layer was extracted with ether (3� 150 mL).
The combined organic layers were dried over Na2SO4, and the solvent was
removed under reduced pressure. The residue was purified by chromatog-
raphy (cyclohexane/ethyl acetate 4:1, Rf� 0.42) to afford a yellow oil.
Yield: 1.0 g (3.6 mmol), 83 %; [a]20


D ��16.5 (c� 1.5 in CH2Cl2); 1H NMR
(CDCl3, 500 MHz): d� 7.08 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.05 (dd,
3J� 15 Hz, 3J� 10 Hz, 1H; H-4), 5.83 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-5)
5.65 (d, 3J� 15 Hz, 1H; H-2), 4.90 (br s, 1H; NH), 4.03 (q, 3J� 7 Hz, 2H;
OEt), 2.96 (m, 1H; H-7), 2.88 (m, 1 H; H-7), 2.35 (m, 1H; H-6), 1.40 (s, 9H;
tBu), 1.26 (t, 3J� 7 Hz, 3H; OEt), 0.93 (d, 3J� 7 Hz, 3H; Me-2); 13C NMR
(CDCl3, 125.5 MHz): d� 166.9 (quart. C, C�O, C(1)), 155.7 (quart. C, C�O,
Boc), 146.1 (CH, C(3)), 144.3 (CH, C(5)), 128.0 (CH, C(4)), 119.9 (CH,
C(2)), 78.7 (quart. C, tBu, Boc), 59.9 (CH2, OEt), 44.4 (CH2, C(7)), 37.6
(CH, C(6)), 28.0 (CH3, tBu, Boc), 25.5 (CH3, OEt), 16.9 (CH3, Me-2); MS
(EI, 70 eV): m/z (%): 227 (8) [M-tBu]� , 210 (6), 200 (9), 181 (3), 154 (47),
149 (73), 144 (40), 109 (35), 57 (100); HRMS-EI (70 eV) calcd for
C11H17NO4: 227.1157, found: 227.1149.


tert-ButylN-[(2R,3E,5E)-7-hydroxy-2-methyl-3,5-heptadienyl]carbamate
(32 b): DIBAH (65 mL, 1m in hexanes, 65 mmol) was slowly added to a
solution of ester 32 (7.3 g, 26 mmol) in CH2Cl2 (200 mL) at ÿ78 8C. After
being stirred for 1 h atÿ78 8C, the reaction mixture was allowed to warm to
ÿ30 8C for 2 h and was then quenched by addition of MeOH (20 mL).
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Finally, after the mixture had been stirred for 1 h at room temperature,
saturated Na-, K-tartrate solution (20 mL) was added, and the mixture was
stirred until clarification of the phases. The organic layer was separated,
and the aqueous layer was extracted with CH2Cl2 (3� 150 mL). The
combined organic layers were dried over Na2SO4 and concentrated under
reduced pressure, and the residue was purified by chromatography
(cyclohexane/ethyl acetate 4:1, Rf� 0.23) to give a colourless oil. Yield:
5.6 g (23 mmol), 90 %; [a]20


D ��18.0 (c� 3.4 in CH2Cl2); 1H NMR (CDCl3,
400 MHz): d� 6.18 (dd, 3J� 15 Hz, 3J� 8 Hz, 1 H; H-5), 6.04 (dd, 3J�
15 Hz, 3J� 8 Hz, 1H; H-4), 5.76 (dd, 3J� 15 Hz, 3J� 4 Hz, 1H; H-6), 5.49
(dd, 3J� 15 Hz, 3J� 4 Hz, 1H; H-3), 4.62 (br s, 1H; NH), 4.12 (dd, 3J�
6 Hz, 3J� 2 Hz, 2 H; H-7), 3.09 (q, 3J� 6 Hz, 1H; H-1), 2.93 (m, 1H; H-1),
2.33 (m, 1H; H-2), 2.15 (br s, 1H; OH), 1.40 (s, 9H; tBu), 0.90 (d, 3J� 7 Hz,
3H; Me-2); 13C NMR (CDCl3, 100.6 MHz): d� 156.0 (quart. C, C�O, Boc),
137.3 (CH, C(3)), 131.2 (CH, C(5)), 130.9 (CH, C(6)), 129.8 (CH, C(4)),
79.2 (quart. C, tBu), 63.1 (CH2, C(7)), 46.0 (CH2, C(1)), 37.4 (CH, C(2)),
28.4 (CH3, tBu), 17.0 (CH3, Me-2); MS (EI, 70 eV): m/z (%): 241 (0.3)
[M]� , 185 (3), 184 (0.3), 168 (7), 167 (28), 149 (30), 110 (14), 109 (13), 94
(43), 57 (100), 41 (18); HRMS-EI (70 eV) calcd for C13H23NO3: 241.1678,
found: 241.1694.


(2E,4E,6R)-7-Amino-6-methyl-2,4-heptadien-1-ol (33): Trifluoroacetic
acid (3 mL) was added to a solution of alcohol 32b (336 mg, 1.4 mmol) in
CH2Cl2 (5 mL) at 0 8C. After completion of the reaction (TLC control),
toluene (20 mL) was added, and all the solvents were removed under
reduced pressure. The residue was taken up in MeOH (15 mL), then, after
addition of K2CO3 (2 g), the mixture was stirred for 10 min and then diluted
with water (10 mL) and CH2Cl2 (20 mL). After separation of the organic
layer, the aqueous layer was extracted with CH2Cl2 (1� 20 mL), and the
combined organic layers were dried over Na2SO4. Removal of the solvents
under reduced pressure yielded the free amine as a yellow oil, 168 mg
(1.2 mmol), 84 %, which was directly subjected to the following amide
coupling.


Methyl(2E,4E,6E)-8-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]-2,4,6-octatri-
enoate (35): A solution of DMSO (12 mL, 165 mmol) in CH2Cl2 (20 mL)
was added dropwise to a solution of oxalylchloride (7.8 mL, 78 mmol) in
CH2Cl2 (150 mL) at ÿ78 8C. After 30 min, a solution of alcohol 34 (6 g,
41 mmol) in CH2Cl2 (20 mL) was added dropwise, and the reaction mixture
was stirred for 1 h. Finally, NEt3 (25 mL, 200 mmol) was added, and the
mixture was allowed to warm slowly to 0 8C. After completion of the
reaction (TLC control), the reaction mixture was directly subjected to the
following Wittig reaction.


nBuLi (24 mL, 2.5m in hexanes, 60 mmol) was added dropwise to a
vigorously stirred suspension of phosphonium salt 7[12] (27.5 g, 60 mmol)
and di-tert-butylphenol (1 g) in THF (150 mL) at ÿ78 8C. After 30 min, the
reaction mixture was allowed to warm to 0 8C and additionally stirred for
1 h. Then the crude Swern reaction mixture containing the aldehyde
(�26 mmol) was added, and the suspension was stirred at room temper-
ature overnight. Finally, the solution was concentrated, and the residue was
triturated with diethyl ether (6� 200 mL). Concentration and purification
by chromatography (cyclohexane/ethyl acetate 9:1, Rf� 0.42) gave a yellow
oil. Yield: 8.4 g (34 mmol), 85%; [a]20


D ��5.3 (c� 2.5 in CH2Cl2); 1H NMR
(CDCl3, 400 MHz): d� 7.25 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.55 (dd,
3J� 15 Hz, 3J� 10 Hz, 1H; H-5), 6.28 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-4),
6.24 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-6), 6.20 (dd, 3J� 15 Hz, 3J� 7 Hz,
1H; H-7), 5.86 (d, 3J� 15 Hz, 1H; H-2), 4.15 (dd, 2J� 8 Hz, 3J� 6 Hz, 1H;
H-5'), 4.06 (dd, 2J� 8 Hz, 3J� 6 Hz, 1H; H-5'), 3.67 (s, 3 H; OMe), 3.58 (dd,
3J� 7 Hz, 3J� 2 Hz, 1H; H-4), 2.20 (m, 2H; H-8), 1.44 (s, 3H; CMe), 1.40
(s, 3H; CMe); 13C NMR (CDCl3, 100.5 MHz): d� 164.9 (quart. C, C�O,
C(1)), 142.1 (CH, C(3)), 137.9 (CH, C(7)), 131.8 (CH, C(5)), 129.8 (CH,
C(4)), 126.3 (CH, C(6)), 117.7 (CH, C(2)), 106.6 (quart. C, C(2')), 72.5 (CH,
C(4')), 66.3 (CH2, C(5')), 48.9 (CH3, OMe), 34.7 (CH2, C(8)), 24.3 (CH3,
CMe), 23.0 (CH3, CMe); MS (EI, 70 eV): m/z (%): 252 (1) [M]� , 237 (3),
149 (100), 109 (42), 101 (14), 93 (5), 79 (4); HRMS-EI (70 eV) calcd for
C14H20O4: 252.1361, found: 252.1352.


Methyl(2E,4E,6E,9S)-9,10-di[[1-(tert-butyl)-1,1-dimethylsilyl]oxy]-2,4,6-
decatrienoate (35 b): TosOH (1 g) was added to a solution of isopropyl-
idene acetal 35 (8.4 g, 34 mmol) in MeOH (200 mL), and the solution was
stirred at room temperature overnight. After addition of NEt3 (1 mL), the
solvent was removed under reduced pressure, and the residue was
codistilled with toluene (3� 100 mL). After addition of DMF (25 mL),
imidazole (5.4 g, 80 mmol) and tert-butyldimethylsilyl chloride (TBSCl)


(11.3 g, 75 mmol), the reaction mixture was stirred at room temperature
overnight and finally heated for 4 h to 45 8C. The solution was diluted with
water (200 mL) and diethyl ether (500 mL), and the aqueous layer was
separated and extracted with diethyl ether (1� 200 mL). The combined
organic layers were dried over Na2SO4, concentrated and the residue was
purified by chromatography (cyclohexane/ethyl acetate 9:1, Rf� 0.52) to
afford a yellow oil. Yield: 12.3 g (28 mmol), 82%; [a]20


D �ÿ1.5 (c� 0.8 in
CH2Cl2); 1H NMR (CDCl3, 400 MHz): d� 7.26 (dd, 3J� 15 Hz, 3J� 10 Hz,
1H; H-3), 6.57 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-5), 6.28 (dd, 3J� 15 Hz,
3J� 10 Hz, 1H; H-4), 6.24 (dd, 3J� 15 Hz, 3J� 10 Hz, 1H; H-6), 6.20 (d,
3J� 15 Hz, 3J� 7 Hz, 1H; H-7), 5.86 (d, 3J� 15 Hz, 1H; H-2), 3.73 (s, 3H;
OMe), 3.69 (m, 1 H; H-10), 3.53 (m, 1 H; H-10), 3.42 (m, 1 H; H-9), 2.34 (m,
1H; H-8), 2.20 (q, 3J� 7 Hz, 1 H; H-8), 0.87 (s, 18H; 2 ´ SitBu), 0.05 (s, 12H;
2 ´ SiMe2); 13C NMR (CDCl3, 100.5 MHz): d� 167.6 (quart. C, C�O, C(1)),
145.0 (CH, C(3)), 141.1 (CH, C(7)), 136.7 (CH, C(5)), 132.0 (CH, C(4)),
127.9 (CH, C(6)), 119.6 (CH, C(2)), 72.7 (CH, C(9)), 66.9 (CH2, C(10)), 51.4
(CH3, OMe), 25.8 (CH3, SitBu), 18.3 (quart. C, SitBu), ÿ4.4 (CH3, SiMe),
ÿ5.4 (CH3, SiMe); MS (EI, 70 eV): m/z (%): 440 (0.5) [M]� , 384 (8), 383
(28), 308 (21), 289 (100), 277 (30), 251 (15), 215 (10), 183 (12), 151 (21), 149
(10), 147 (58), 117 (30), 57 (25); HRMS-EI (70 eV) calcd for C23H44O4Si2:
440.2778, found: 440.2760.


Methyl(2E,4E,6E,9S)-9-[[1-(tert-butyl)-1,1-dimethylsilyl]oxy]-2,4,6-deca-
trienoate (36): The HF ´ pyridine complex (2.1 mL, 70 %, 72 mmol fluoride)
was added to a mixture of pyridine (7.5 mL) and THF (40 mL), then this
solution was added to a solution of DiTBS ether 35b (10 g, 23 mmol) in
pyridine (4.5 mL) and THF (30 mL). The reaction mixture was stirred for
20 h. After completion of the reaction (TLC control), the solution was
diluted with diethyl ether (300 mL), washed with 0.5m HCl (3� 100 mL)
and saturated CuSO4 solution (1� 100 mL) and then dried over Na2SO4.
After removal of the solvents, the residue was purified by chromatography
(cyclohexane/ethyl acetate 4:1, Rf� 0.34) to afford a yellow oil. Yield: 5.4 g
(16 mmol), 73%; [a]20


D ��0.2 (c� 0.6 in CH2Cl2); 1H NMR (CDCl3,
400 MHz): d� 7.26 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.55 (dd, 3J�
15 Hz, 3J� 10 Hz, 1H; H-5), 6.28 (dd, 3J� 15 Hz, 3J� 10 Hz, 1H; H-6),
6.24 (d, 3J� 15 Hz, 1H; H-4), 6.20 (d, 3J� 15 Hz, 3J� 7 Hz, 1H; H-7), 5.86
(d, 3J� 15 Hz, 1H; H-2), 3.77 (m, 1H; H-9), 3.71 (s, 3 H; OMe), 3.51 (m,
1H; H-10), 3.46 (m, 1H; H-10), 2.34 (m, 2H; H-8), 2.10 (br s, 1H; OH), 0.87
(s, 9H; SitBu), 0.05 (s, 6 H; SiMe2); 13C NMR (CDCl3, 100.5 MHz): d�
167.5 (quart. C, C�O, C(1)), 144.8 (CH, C(3)), 140.7 (CH, C(7)), 135.4 (CH,
C(5)), 132.3 (CH, C(4)), 128.5 (CH, C(6)), 120.0 (CH, C(2)), 72.3 (CH,
C(9)), 66.0 (CH2, C(10)), 51.5 (CH3, OMe), 39.7 (CH2, C(8)), 25.8 (CH3,
SitBu), 18.0 (quart. C, SitBu), ÿ4.5 (CH3, SiMe), ÿ4.7 (CH3, SiMe); MS
(EI, 70 eV): m/z (%): 269 (11) [Mÿ tBu]� , 217 (11), 175 (12), 131 (13), 117
(100), 75 (62), 59 (11), 57 (4); HRMS-EI (70 eV) calcd for C13H21O4Si:
269.1209 found.: 269.1227.


Methyl(2E,4E,6E,9S,10E)-9-{[1-(tert-butyl)-1,1-dimethylsilyl]oxy}-12-
oxo-2,4,6,10-dodecatetraenoate (38): A solution of DMSO (4 mL,
55 mmol) in CH2Cl2 (10 mL) was added dropwise to a solution of
oxalylchloride (2.6 mL, 29 mmol) in CH2Cl2 (100 mL) at ÿ78 8C. After
30 min, a solution of alcohol 36 (3 g, 9.2 mmol) in CH2Cl2 (20 mL) was
added dropwise, and the reaction mixture was stirred for 1 h. Finally, NEt3


(16 mL, 123 mmol) was added, and the mixture was allowed to warm
slowly to 0 8C. After completion of the reaction (TLC control), formyl-
methylenetriphenyl-phosphonium chloride 37 (7.0 g, 20.4 mmol) was
added, and the reaction mixture was stirred for 20 h at room temperature.
Removal of the solvents, trituration with diethyl ether (6� 100 mL) and
purification by chromatography (cyclohexane/ethyl acetate 9:1, Rf� 0.14)
afforded a bright yellow oil. Yield: 2.2 g (6.3 mmol), 70%; [a]20


D ��14.2
(c� 0.6 in CH2Cl2); 1H NMR (CDCl3, 400 MHz): d� 9.56 (d, 3J� 8 Hz,
1H; H-12), 7.28 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.76 (dd, 3J� 15 Hz,
3J� 6 Hz, 1H; H-10), 6.49 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-5), 6.25 ± 6.17
(m, 4H; H-11, H-4, H-6, H-7), 5.85 (d, 3J� 14 Hz, 1 H; H-2), 4.47 (m, 1H;
H-9), 3.73 (s, 3H; OMe), 2.54 (m, 2H; H-8), 0.89 (s, 9H; SitBu), 0.05 (s, 6H;
SiMe2); 13C NMR (CDCl3, 100.5 MHz): d� 193.3 (CH, C(12), 168.7 (quart.
C, C�O, C(1)), 144.6 (CH, C(3)), 140.2 (CH, C(7)), 133.7 (CH, C(11)),
132.3 (CH, C(4)), 131.0 (CH, C(5)), 129.1 (CH, C(10)), 128.5 (CH, C(6)),
120.4 (CH, C(2)), 71.2 (CH, C(9)), 51.5 (CH3, OMe), 40.9 (CH2, C(8)), 25.7
(CH3, SitBu), 18.1 (quart. C, SitBu), ÿ4.6 (CH3, SiMe), ÿ4.7 (CH3, SiMe).


Methyl(2E,4E,6E,9S,10E)-9-{[1-(tert-butyl)-1,1-dimethylsilyl]oxy}-12-hy-
droxy-2,4,6,10-dodecatetraenoate (38 b): A solution of aldehyde 38 (11.7 g,
34 mmol) in propan-2-ol (20 mL) was added to a solution of CeCl3 ´ 7H2O
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(12.6 g, 34 mmol) in propan-2-ol (200 mL). The mixture was cooled to 0 8C,
and NaBH4 (2.3 g, 60 mmol) was added portionwise to the solution under
vigorous stirring. After 3 h, the reaction was quenched by cautious addition
of iced water (150 mL) and was then extracted with diethyl ether (4�
150 mL). The combined organic layers were dried over Na2SO4, the
solvents were removed under reduced pressure, and the residue was
purified by chromatography (cyclohexane/ethyl acetate 4:1, Rf� 0.24) to
give a bright yellow oil. Yield: 9.1 g (26 mmol), 77%; [a]20


D ��6.5 (c� 0.3
in CH2Cl2); 1H NMR (CDCl3, 400 MHz): d� 7.28 (dd, 3J� 15 Hz, 3J�
10 Hz, 1H; H-3), 6.51 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-5), 6.17 (dd,
3J� 15 Hz, 3J� 10 Hz, 1 H; H-4), 6.10 (dd, 3J� 15 Hz, 3J� 7 Hz, 1H; H-6),
5.90 (dd, 3J� 15 Hz, 3J� 7 Hz, 1H; H-7), 5.82 (d, 3J� 15 Hz, 1H; H-2), 5.67
(m, 2H; H-11, H-10), 4.18 (m, 1H; H-9), 4.13 (d, 3J� 5 Hz, 2 H; H-12), 3.72
(s, 3H; OMe), 2.42 (m, 1 H; H-8), 2.32 (t, 3J� 7 Hz, 1H; H-8), 1.52 (br s,
1H; OH), 0.87 (s, 9H; SitBu), 0.02 (s, 6 H; SiMe2); 13C NMR (CDCl3,
100.5 MHz): d� 167.6 (quart. C, C�O, C(1)), 144.9 (CH, C(3)), 140.9 (CH,
C(7)), 136.0 (CH, C(5)), 134.0 (CH, C(11)), 132.1 (CH, C(4)), 129.0 (CH,
C(10)), 128.3 (CH, C(6)), 119.8 (CH, C(2)), 72.2 (CH, C(9)), 62.9 (CH2,
C(12)), 51.5 (CH3, OMe), 41.9 (CH2, C(8)), 25.8 (CH3, SitBu), 18.2 (quart.
C, SitBu), ÿ4.4 (CH3, SiMe), ÿ4.7 (CH3, SiMe).


Methyl(2E,4E,6E,9S,10E)-9-{[1-(tert-butyl)-1,1-dimethylsilyl]oxy}-12-
(tetrahydroxy-2H-2-pyranyloxy)-2,4,6,10-dodecatetraenoate (38 c): 3,5-Di-
hydro-2 H-pyrane (DHP) (2.2 mL, 2.5 mmol) was added to a solution of
allylic alcohol 38 b (1.7 g, 4.8 mmol) and PPTS (0.2 g, 0.8 mmol) in CH2Cl2


(100 mL), and the reaction mixture was stirred overnight. Then NEt3


(1 mL) was added, and the solvent was removed under reduced pressure.
The residue was purified by chromatography (cyclohexane/ethyl acetate
9:1, Rf� 0.28) to give a yellow oil. Yield: 1.9 g (4.4 mmol), 93%; [a]20


D �
�1.5 (c� 0.5 in CH2Cl2); 1H NMR (CDCl3, 500 MHz): d� 7.28 (dd, 3J�
15 Hz, 3J� 10 Hz, 1H; H-3), 6.49 (dd, 3J� 15 Hz, 3J� 10 Hz, 1H; H-5),
6.17 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-4), 6.13 (dd, 3J� 15 Hz, 3J� 7 Hz,
1H; H-6), 5.89 (d, 3J� 15 Hz, 3J� 7 Hz, 1H; H-7), 5.81 (dd, 3J� 15 Hz,
3J� 7 Hz, 1H; H-2), 5.67 (m, 2H; H-10, H-11), 4.59 (d, 3J� 3 Hz, 1H;
OCHO, THP), 4.17 (m, 1H; H-9), 3.98 (m, 1 H; H-12), 3.83 (t, 3J� 11 Hz,
1H; H-12), 3.71 (s, 3 H; OMe), 3.46 (m, 2 H; OCH, THP), 2.43 (m, 1H;
H-8), 2.31 (t, 3J� 7 Hz, 1H; H-8), 1.80 (m, 1H; THP), 1.72 (m, 1 H; THP),
1.57 (m, 4H; THP), 0.85 (s, 9H; SitBu), 0.02 (s, 6 H; SiMe2); 13C NMR
(CDCl3, 100.5 MHz): d� 167.5 (quart. C, C�O, C(1)), 144.9 (CH, C(3)),
141.0 (CH, C(7)), 136.1 (CH, C(5)), 135.4 (CH, C(11)), 132.0 (CH, C(4)),
129.6 (CH, C(10)), 128.2 (CH, C(6)), 119.8 (CH, C(2)), 97.5 (CH, THP),
72.4 (CH, C(9)), 66.7 (CH2, THP), 62.2 (CH2, C(12)), 51.3 (CH3, OMe),
41.9 (CH2, C(8)), 30.6 (CH2, THP), 25.8 (CH3, SitBu), 25.4 (CH2, THP),
19.5 (CH2, THP), 18.2 (quart. C, SitBu ), ÿ4.4 (CH3, SiMe), ÿ4.7 (CH3,
SiMe).


(2E,4E,6E,9S,10E)-9-{[1-(tert-butyl)-1,1-dimethylsilyl]oxy}-12-(tetrahy-
droxy-2H-2-pyranyloxy)-2,4,6,10-dodecatetraenic acid (39): LiOH mono-
hydrate (143 mg, 3 mmol) was added to a solution of ester 38c (532 mg,
1.2 mmol) in THF/MeOH/water (1:2:2, 10 mL), and the reaction mixture
was stirred overnight. The pH of the solution was then adjusted to 4 by
addition of 10% NaH2PO4 solution, and the solution was extracted with
CH2Cl2 (3� 50 mL). The organic layer was dried over Na2SO4 and
concentrated under reduced pressure, and the residue was filtered with
diethyl ether through a short plug of silica. Yield: 368 g (0.87 mmol), 72%.
The crude acid was directly subjected to the following amide coupling.


N1-[(2R,3E,5E)-7-Hydroxy-2-methyl-3,5-heptadienyl]-
(2E,4E,6E,9S,10E)-9-{[1-(tert-butyl)-1,1-dimethylsilyl]oxy}-12-(tetrahy-
dro-2H-2-pyranyloxy)-2,4,6,10-dodecatetraene amide (39 b): BOP-Cl
(446 mg, 1.8 mmol) and iPr2NEt (0.35 mL, 2 mmol) were added to a
solution of acid 39 (500 mg, 1.2 mmol)Ðwhich had been dried by repeated
codistillation with tolueneÐin THF (10 mL), and the reaction mixture was
stirred at room temperature. After 1.5 h, a solution of amine 33 (211 mg,
1.5 mmol) and DMAP (20 mg) in THF (3 mL) was added dropwise, and the
reaction mixture was stirred overnight. Finally, the solvent was removed
under reduced pressure, and the residue was directly purified by
chromatography (cyclohexane/ethyl acetate 1:1, Rf� 0.35) to afford a
yellow oil. Yield: 491 mg (0.9 mmol), 75%; [a]20


D ��16.3 (c� 0.9 in
CH2Cl2); 1H NMR (CDCl3, 500 MHz): d� 7.21 (dd, 3J� 16 Hz, 3J�
10 Hz, 1H; H-3), 6.47 (dd, 3J� 16 Hz, 3J� 10 Hz, 1 H; H-5), 6.21 (dd,
3J� 16 Hz, 3J� 9 Hz, 1H; H-5'), 6.17 (dd, 3J� 16 Hz, 3J� 9 Hz, 1H; H-4),
6.12 (d, 3J� 15 Hz, 1 H; H-6), 6.09 (d, 3J� 15 Hz, 1H; H-4'), 5.85 (dd, 3J�
15 Hz, 3J� 10 Hz, 1 H; H-7), 5.80 (d, 3J� 16 Hz, 1H; H-2), 5.76 (dd, 3J�


16 Hz, 3J� 10 Hz, 1H , H-6'), 5.69 (m, 1H; H-10), 5.57 (q, 3J� 8 Hz, 1H;
H-11), 5.50 (m, 1H; H-3'), 4.61 (q, 3J� 3 Hz, 1H; OCHO, THP), 4.20 (t,
3J� 3 Hz, 1 H; H-9), 4.18 (m, 2 H; H-7'), 3.98 (m, 1 H; H-12), 3.85 (t, 3J�
11 Hz, 1 H; H-12), 3.49 (m, 1H; OCH, THP), 3.41 (quin, 3J� 6 Hz, 1H;
OCH, THP), 3.11 (m, 1H; H-1'), 2.94 (m, 1 H; H-1'), 2.42 (m, 1H; H-8),
2.33 (m, 1H; H-2'), 2.31 (t, 3J� 7 Hz, 1H; H-8), 1.9 ± 1.5 (m, 6 H; THP), 1.01
(d, 3J� 7 Hz, 1 H; Me-2'), 0.87 (s, 9H; SitBu), 0.02 (s, 6H; SiMe2); 13C NMR
(CDCl3, 125.5 MHz): d� 166.1 (quart. C, C(1)), 141.1 (CH, C(3)), 139.7
(CH, C(7)), 137.3 (CH, C(3')), 135.5 (CH, C(5)), 135.1 (CH, C(11)), 132.2
(CH, C(4)), 131.2 (CH, C(5')), 131.1 (CH, C(6')), 130.0 (CH, C(10)), 129.4
(CH, C(6)), 126.3 (CH,C(4')), 122.8 (CH, C(2)), 97.6 (CH, THP), 72.4 (CH,
C(9)), 66.8 (CH2, THP), 63.3 (CH2, C(7')), 62.3 (CH2, C(12)), 45.2 (CH2,
C(1')), 42.0 (CH2, C(8)), 37.2 (CH, C(2')), 30.6 (CH, THP), 25.5 (CH3,
SitBu), 25.4 (CH2, THP), 19.5 (CH2, THP), 18.2 (quart. C, SitBu), 17.5
(CH3, Me-2'), ÿ4.3 (CH3, SiMe), ÿ4.7 (CH3, SiMe); MS (EI, 70 eV): m/z
(%): 488 (0.5) [Mÿ tBu]� , 435 (0.4), 417 (0.4), 376 (1), 375 (3), 261 (2), 201
(12), 85 (100), 83 (4); HRMS-EI (70 eV) calcd for C27H42NSiO5: 488.2823,
found: 488.2855


N1-[(2R,3E,5E)-7-Hydroxy-2-methyl-3,5-heptadienyl]-(2E,4E,6E,9S,
10E)-9-{[1-(tert-butyl)-1,1-dimethylsilyl]oxy}-12-hydroxy-2,4,6,10-dodeca-
tetraenamide (39 c): PPTS (25 mg, 0.01 mmol) was added to a solution of
THP ether 39 b (300 mg, 0.55 mmol) in propan-2-ol (50 mL), and the
reaction mixture was heated to 55 8C. After completion of the reaction (4 ±
5 h, TLC control), NEt3 (0.25 mL) was added, the solvent was removed
under reduced pressure, and the residue was purified by chromatography
(cyclohexane/ethyl acetate 3:7, Rf� 0.45) to afford a brightly yellow oil.
Yield: 184 mg (0.40 mmol), 73%; [a]20


D ��29.5 (c� 0.9 in CH2Cl2);
1H NMR (CDCl3, 500 MHz): d� 7.20 (dd, 3J� 15 Hz, 3J� 10 Hz, 1H;
H-3), 6.47 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-5), 6.25 (dd, 3J� 15 Hz, 3J�
9 Hz, 1H; H-5'), 6.18 (dd, 3J� 15 Hz, 3J� 9 Hz, 1H; H-4), 6.14 (dd, 3J�
15 Hz, 3J� 6 Hz, 1 H; H-6), 6.10 (d, 3J� 15 Hz, 1 H; H-6'), 6.04 (dd, 3J�
15 Hz, 3J� 6 Hz, 1H; H-4'), 5.87 (dd, 3J� 15 Hz, 3J� 7 Hz, 1H; H-7), 5.80
(d, 3J� 15 Hz, 1H; H-2), 5.75 (m, 1H; H-11), 5.68 (dd, 3J� 15 Hz, 3J�
5 Hz, 1 H; H-10), 5.50 (dd, 3J� 15 Hz, 3J� 4 Hz, 1 H; H-3'), 4.18 (q, 3J�
6 Hz, 1H; H-9), 4.15 (d, 3J� 5 Hz, 2 H; H-12), 4.13 (dd, 3J� 6 Hz, 3J� 2 Hz,
2H; H-7'), 3.09 (q, 3J� 6 Hz, 1 H; H-1'), 2.94 (m, 1H; H-1'), 2.42 (m, 1H;
H-8), 2.33 (m, 1 H; H-2'), 2.30 (t, 3J� 7 Hz, 1 H; H-8), 1.8 ± 1.5 (br m, 2H;
OH), 1.02 (d, 3J� 7 Hz, 3H; Me-2'), 0.87 (s, 9 H; SitBu), 0.02 (s, 6H;
SiMe2); 13C NMR (CDCl3, 125.5 MHz): d� 166.3 (quart. C, C(1)), 141.0
(CH, C(3)), 139.6 (CH, C(7)), 137.1 (CH, C(3')), 134.9 (CH, C(5)), 134.8
(CH, C(11)), 132.2 (CH, C(4)), 131.2 (CH, C(5')), 129.9 (CH, C(4')), 129.0
(CH, C(6)), 128.4 (CH, C(6')), 127.3 (CH, C(10)), 123.0 (CH, C(2)), 72.3
(CH, C(9)), 63.0 (CH2, C(7')), 62.8 (CH2, C(12)), 44.9 (CH2, C(1')), 42.0
(CH2, C(8)), 37.1 (CH, C(2')), 25.8, (CH3, SitBu), 18.2 (quart. C, SitBu), 17.9
(CH3, Me-2'), ÿ4.4 (CH3, SiMe), ÿ4.8 (CH3, SiMe); MS (EI, 70 eV): m/z
(%): 404 (3) [Mÿ tBu]� , 376 (3), 375 (11), 315 (14), 243 (7), 202 (14), 201
(100), 120 (15), 115 (8), 91 (14), 85 (15), 75 (47), 73 (63), 57 (6); HRMS-EI
(70 eV) calcd for C22H37NO4Si: 404.2257, found: 404.2231.


N1-[(2R,3E,5E)-2-Methyl-7-oxo-3,5-heptadienyl]-(2 E,4E,6E,9S,10E)-9-
{[1-(tert-butyl)-1,1-dimethylsilyl]oxy}-12-oxo-2,4,6,10-dodecatetraenamide
(40): nPr4RuO4 (10 mg, 0.03 mmol) was added to a suspension of diol 39 c
(200 mg, 0.44 mmol) in 4-methylmorpholine N-oxide (150 mg, 1.2 mmol)
freshly activated 3 � molecular sieves (60 mg) in CH2Cl2 (5 mL), and the
reaction mixture was stirred at room temperature. After 1 h, the aldehyde
was directly purified by chromatography (cyclohexane/ethyl acetate 1:1,
Rf� 0.53) to afford a lucent yellow oil. Yield: 157 mg (0.34 mmol), 78%;
[a]20


D ��34.1 (c� 0.2 in CH2Cl2); 1H NMR (CDCl3, 400 MHz): d� 9.59 (d,
3J� 8 Hz, 1 H; H-7'), 9.53 (d, 3J� 8 Hz, 1 H; H-12), 7.28 (dd, 3J� 15 Hz,
3J� 10 Hz, 1 H; H-3), 7.06 (dd, 3J� 16 Hz, 3J� 10 Hz, 1H; H-5'), 6.78 (dd,
3J� 15 Hz, 3J� 4 Hz, 1 H; H-10), 6.46 (dd, 3J� 15 Hz, 3J� 7 Hz, 1H; H-5),
6.26 (dd, 3J� 16 Hz, 3J� 10 Hz, 1 H; H-3'), 6.23 ± 6.07 (m, 5H; H-11, H-6,
H-4, H-6', H-4'), 5.87 (dd, 3J� 15 Hz, 3J� 7 Hz, 1 H; H-2), 5.80 (d, 3J�
15 Hz, 1H; H-2), 5.60 (br s 1 H; NH), 4.47 (m, 1H; H-9), 3.42 (q, 3J� 6 Hz,
1H; H-1'), 3.28 (q, 3J� 6 Hz, 1 H; H-1'), 2.55 (m, 1H; H-8), 2.43 (m, 1H;
H-8), 2.31 (m, 1H; H-2'), 1.09 (d, 3J� 7 Hz, 3H; Me-2), 0.89 (s, 9H; SitBu),
0.04 (s, 3H; SiMe), 0.02 (s, 3 H; SiMe); 13C NMR (CDCl3, 100.5 MHz): d�
193.8 (CH, C(7')), 193.4 (CH, C(12)), 166.1 (quart. C, C(1)), 152.0 (CH,
C(5')), 148.6 (CH, C(4')), 141.1 (CH, C(3)), 139.2 (CH, C(7)), 137.5 (CH,
C(3')), 133.9 (CH, C(11)), 132.5 (CH, C(4)), 130.9 (CH, C(5)), 129.0 (CH,
C(10)), 128.7 (CH, C(6)), 123.0 (CH, C(2)), 120.2 (CH, C(6')), 71.2 (CH,
C(9)), 44.5 (CH2, C(1')), 40.9 (CH2, C(8)), 37.9 (CH, C(2')), 25.7 (CH3,
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SitBu), 18.1 (quart. C, SitBu), 17.4 (CH3, Me-2'), ÿ4.7 (CH3, SiMe), ÿ4.9
(CH3, SiMe).


(9S,18R)-10-{[1-(tert-Butyl)-1,1-dimethylsilyl]oxy}-12,13-dihydroxy-18-
methyl-20-aza-2E,4E,6E,12E,14E,16E-cycloicosahexaen-1-one (41):
VCl3 ´ (THF)3 (196 mg, 0.5 mmol) and then THF (60 mL) were added to
zinc (20 mg, 0.3 mmol, <60 mm, >230 mesh ASTM) under strict exclusion
of oxygen and moisture at the transfer. The mixture was then ultra-
sonicated until the solution changed from deep red to turquoise. Under
vigorous stirring, a solution of dialdehyde 40 (100 mg, 0.2 mmol) in THF
(20 mL) was added through a syringe pump over 12 h at room temperature.
After an additional 3 h, the reaction mixture was diluted with CH2Cl2


(20 mL) and saturated Na-,K-tartrate solution (20 mL) and stirred in air for
2 h. The aqueous layer was separated and extracted with CH2Cl2 (3�
50 mL). The combined organic layers were dried over Na2SO4, concen-
trated and purified by chromatography (cyclohexane/ethyl acetate 1:1,
Rf� 0.12) to give a bright yellow oil. Yield: 55 mg (12 mmol), 60 %; [a]20


D �
�48.5 (c� 0.6 in CH2Cl2); 1H NMR (CDCl3, 500 MHz): d� 7.18 (dd, 3J�
15 Hz, 3J� 10 Hz, 1H; H-3), 6.42 (dd, 3J� 15 Hz, 3J� 10 Hz, 1H; H-5),
6.29 (dd, 3J� 15 Hz, 3J� 9 Hz, 1 H; H-15), 6.18 (dd, 3J� 15 Hz, 3J� 9 Hz,
1H; H-4), 6.17 (dd, 3J� 15 Hz, 3J� 6 Hz, 1H; H-6), 6.08 (d, 3J� 15 Hz, 1H;
H-14), 6.02 (dd, 3J� 15 Hz, 3J� 6 Hz, 1 H; H-16), 5.92 (d, 3J� 15 Hz, 1H;
H-7), 5.84 (d, 3J� 15 Hz, 1 H; H-2), 5.80 (m, 1 H; NH), 5.71 (m, 1H; H-11),
5.68 (m, 1 H; H-10), 5.51 (dd, 3J� 15 Hz, 3J� 4 Hz, 1H; H-17), 4.12 (m, 3H;
H-12, H-13, H-9), 3.42 (m, 1H; H-19), 3.30 (m, 1 H; H-8), 3.12 (q, 3J� 6 Hz,
1H; H-19), 2.42 (m, 1 H; H-8), 2.31 (m, 1 H; H-18), 1.5 ± 1.8 (br m, 2 H; OH),
1.02 (d, 3J� 7 Hz, 3H; Me-18), 0.85 (s, 9H; SitBu), 0.02 (s, 6 H; SiMe2);
13C NMR (CDCl3, 125.5 MHz): d� 166.2 (quart. C, C(1)), 141.2 (CH,
C(3)), 139.7 (CH, C(7)), 137.4 (CH, C(17)), 134.1 (CH, C(5)), 134.0 (CH,
C(11)), 133.4 (CH, C(4)), 132.0 (CH, C(15)), 131.1 (CH, C(16)), 129.0 (CH,
C(6)), 128.4 (CH, C(10)), 127.1 (CH, C(14)), 122.9 (CH, C(2)), 76.0 (CH,
C(12)), 76.3 (CH, C(13)), 72.0 (CH, C(9)), 44.9 (CH2, C(19)), 42.5 (CH2,
C(8)), 37.3 (CH, C(18)), 25.6, (CH3, SitBu), 18.2 (quart. C, SitBu), 17.4
(CH3, Me-18), ÿ4.3 (CH3, SiMe), ÿ4.8 (CH3, SiMe); MS (EI, 70 eV): m/z
(%): 402 (5) [Mÿ tBu]� , 368 (3), 329 (47), 277 (58), 215 (30), 202 (84), 201
(64), 135 (89), 95 (56), 75 (100); HRMS (70 eV) calcd for C22H32NO4Si:
402.2100, found: 402.2081.


Derivatisation as triethylsilyl ether : A solution of triethylsilylchloride (7 mL,
0.04 mmol) in CH2Cl2 (0.1 mL) was added to a solution of pinacol 41 (5 mg,
0.01 mmol), NEt3 (9 mL, 0.06 mmol) and DMAP (1 mg) in CH2Cl2 (2 mL)
at 0 8C. The reaction mixture was allowed to warm to room temperature
and stirred for 4 h. After removal of the solvents, the residue was filtered
through a short plug of silica with ether and then examined by mass
spectroscopy. MS (EI, 70 eV): m/z (%): 687 (2) [M]� , 402 (3), 373 (2), 315
(4), 277 (100), 201 (17), 199 (12), 121 (22), 75 (17); HRMS-EI (70 eV) calcd
for C38H69NO4Si3: 687.4535, found: 687.4553.


(9S,18R)-9-{[1-(tert-Butyl)-1,1-dimethylsilyl]oxy}-18-methyl-12,13-(thi-
oxomethylenedioxy)-20-aza-2 E,4E,6E,10E,14E,16E-cycloicosahexaen-1-
one (41 b): A solution of thiophosgene (50 mL, 0.7 mmol) in CH2Cl2


(0.5 mL) was added dropwise to a solution of pinacol 41 (150 mg,
0.32 mmol) and DMAP (146 mg, 1.2 mmol) in CH2Cl2 (4 mL) at 0 8C.
The reaction mixture was stirred for 3 h and then quenched by the addition
of 500 mg silica. After removal of the solvent, the residue was directly
purified by chromatography (CHCl3/MeOH 20:1, Rf� 0.25) to give a
yellow oil. Yield: 104 mg (0.21 mmol), 65 %; [a]20


D ��11.1 (c� 1 in
CH2Cl2); 1H NMR (CDCl3, 500 MHz): d� 7.12 (dd, 3J� 15 Hz, 3J�
10 Hz, 1H; H-3), 6.40 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-5), 6.29 (dd,
3J� 15 Hz, 3J� 9 Hz, 1 H; H-15), 6.18 (dd, 3J� 15 Hz, 3J� 9 Hz, 1H; H-4),
6.17 (dd, 3J� 15 Hz, 3J� 6 Hz, 1 H; H-6), 6.12 (d, 3J� 15 Hz, 1 H; H-14),
6.02 (dd, 3J� 15 Hz, 3J� 6 Hz, 1 H; H-16), 5.92 (d, 3J� 15 Hz, 1 H; H-7),
5.80 (d, 3J� 15 Hz, 1 H; H-2), 5.78 (m, 1H; H-11), 5.62 (m, 1H; H-10), 5.51
(dd, 3J� 15 Hz, 3J� 4 Hz, 1H; H-17), 5.44 (dd, 3J� 7 Hz, 3J� 6 Hz, 1H;
H-12), 5.39 (dd, 3J� 7 Hz, 3J� 4 Hz, 1 H; H-13), 4.10 (m, 1 H; H-9), 3.30 (m,
1H; H-19), 3.12 (q, 3J� 6 Hz, 1H; H-8), 2.40 (m, 1H; H-19), 2.30 (m, 1H;
H-8), 2.27 (m, 1H; H-18), 1.01 (d, 3J� 7 Hz, 3H; Me-18), 0.85 (s, 9H;
SitBu), 0.02 (s, 6H; SiMe2); 13C NMR (CDCl3, 125.5 MHz): d� 183.2
(quart. C, C�S), 166.0 (quart. C, C(1)), 141.0 (CH, C(3)), 138.7 (CH, C(7)),
137.9 (CH, C(17)), 134.2 (CH, C(5)), 134.0 (CH, C(11)), 133.7 (CH, C(4)),
132.1 (CH, C(15)), 130.5 (CH, C(16)), 129.7 (CH, C(6)), 128.0 (CH, C(10)),
127.1 (CH, C(14)), 122.4 (CH, C(2)), 83.1 (CH, C(12)), 82.7 (CH, C(13)),
73.2 (CH, C(9)), 44.9 (CH2, C(19)), 41.5 (CH2, C(8)), 37.1 (CH, C(18)), 25.1
(CH3, SitBu), 18.2 (quart. C, SitBu), 17.6 (CH3, Me-18), ÿ4.1 (CH3, SiMe),


ÿ4.6 (CH3, SiMe); MS (EI, 70 eV): m/z (%): 501 (20) [M]� , 444 (14), 363
(2), 292 (5), 228 (5), 135 (46), 75 (100); HRMS-EI (70 eV) calcd for
C27H39NO4SiS: 501.2369 found: 501.2350.


(9S,18R)-9-Hydroxy-18-methyl-12,13-(thioxomethylenedioxy)-20-aza-
2E,4E,6E,10E,14E,16E-cycloicosahexaen-1-one (42): Acetic acid
(120 mL, 2.1 mmol) and tetra-n-butylammonium fluoride (2 mL, 1m in
THF, 2 mmol) were added to a solution of TBS-ether 41 b (70 mg,
0.14 mmol) in THF (0.5 mL). After being stirred for 2 d at room temper-
ature under exclusion of light, the reaction mixture was concentrated under
reduced pressure, and the residue was purified by chromatography (CHCl3/
MeOH 10:1, Rf� 0.21) to afford a yellow, glutinous oil. Yield: 18 mg
(0.036 mmol), 26%; [a]20


D ��3.9 (c� 0.2 in CH2Cl2); 1H NMR (CDCl3,
500 MHz): d� 7.10 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.44 (dd, 3J�
15 Hz, 3J� 10 Hz, 1H; H-5), 6.29 (m, 1 H; H-15), 6.20 (dd, 3J� 15 Hz, 3J�
9 Hz, 1H; H-4), 6.19 (dd, 3J� 15 Hz, 3J� 6 Hz, 1H; H-6), 6.12 (d, 3J�
15 Hz, 1H; H-14), 6.02 (dd, 3J� 15 Hz, 3J� 6 Hz, 1H; H-16), 5.92 (d, 3J�
15 Hz, 1H; H-7), 5.80 (d, 3J� 15 Hz, 1 H; H-2), 5.78 (m, 1 H; H-11), 5.62 (m,
1H; H-10), 5.51 (m, 1 H; H-17), 5.48 (m, 2 H; H-12, H-13), 4.13 (m, 1H;
H-9), 3.32 (m, 1 H; H-19), 3.15 (q, 3J� 6 Hz, 1 H; H-8), 2.45 (m, 1 H; H-19),
2.34 (m, 1H; H-8), 2.20 (m, 1H; H-18), 1.02 (d, 3J� 7 Hz, 3H; Me-18); MS
(EI, 70 eV): m/z (%): 387 (3) [M]� , 367 (2), 279 (7), 263 (5), 220 (5), 205 (9),
167 (12), 120 (100), 85 (17), 76 (81); HRMS-EI (70 eV) calcd for
C21H25NO4S: 387.1504, found: 387.1540.


(9S,18R)-18-Methyl-20-aza-2E,4E,6E,10E,12Z,14E,16E-cycloicosahep-
taen-1-one (1): 1,2,3-Trimethyldiazaphospholidine 43 (30 mg, 0.22 mmol)
was added to a solution of thionocarbonate 42 (28 mg; 0.072 mmol) in ether
(2 mL) at ÿ20 8C under light exclusion. After 4 h, the reaction was
quenched by addition of MeOH (0.1 mL), and the solvent was removed
under reduced pressure. The residue was directly purified by preparative
TLC (CHCl3/MeOH 9:1, Rf� 0.40) to give a brown solid. Yield: 4.5 mg
(0.014 mmol), 20%; TLC: Rf� 0.37 (cyclohexane/ethyl acetate 1:1, Rf�
0.14 (ether); [a]20


D ��60 (c� 0.01 in DMF); 1H NMR (CDCl3, 500 MHz):
d� 7.20 (dd, 3J� 15 Hz, 3J� 10 Hz, 1 H; H-3), 6.88 (dd, 3J� 15 Hz, 3J�
10 Hz, 1 H; H-5), 6.52 (dd, 3J� 15 Hz, 3J� 10 Hz, 1H; H-15), 6.20 (m, 5H;
H-4, H-12, H-13, H-14, H-16), 6.06 (m, 1H; H-6), 6.02 (m, 1H; H-7), 5.80
(m, 2H; H-10, H-11), 5.52 (dd, 3J� 15 Hz, 3J� 6 Hz, 1H; H-17), 5.41 (d,
3J� 15 Hz, 1 H; H-2), 4.20 (m, 1H; H-9), 3.31 (m, 1 H; H-19), 2.96 (m, 1H;
H-19), 2.40 (m, 1H; H-8), 2.32 (m, 1 H; H-18), 2.24 (m, 1H; H-8), 1.02 (d,
3J� 7 Hz, 3H; Me-18); MS (ESI, pos. mode, MeOH/CHCl3 2:1): 312
[M�H]� ; MS (ESI, neg. mode, MeOH/CHCl3 2:1): 345 [M�Cl]ÿ , 310 [Mÿ
H]ÿ .
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Ab Initio Calculations on the Mechanism of the Oxidation
of the Hydroxymethyl Radical by Molecular Oxygen in the Gas Phase:
A Significant Reaction for Environmental Science


Santiago Olivella,*[a] Josep M. Bofill,[b] and Albert SoleÂ [c]


Abstract: The mechanism of the gas-
phase reaction of .CH2OH�O2 to form
CH2O�HO2


. was studied theoretically
by means of high-level quantum-chem-
ical electronic structure methods
(CASSCF and CCSD(T)). The calcula-
tions indicate that the oxidation of
.CH2OH by O2 is a two-step process
that goes through the peroxy radical
intermediate .OOCH2OH (1), formed
by the barrier-free radical addition of
.CH2OH to O2. The concerted elimina-
tion of HO2


. from 1 is predicted to occur
via a five-membered ringlike transition
structure of Cs symmetry, TS1, which lies
19.6 kcal molÿ1 below the sum of the
energies of the reactants at 0 K. A four-
membered ringlike transition structure
TS2 of Cs symmetry, which lies


13.9 kcal molÿ1 above the energy of the
separated reactants at 0 K, was also
found for the concerted HO2


. elimina-
tion from 1. An analysis of the electronic
structures of TS1 and TS2 indicates that
both modes of concerted HO2


. elimina-
tion from 1 are better described as
internal proton transfers than as intra-
molecular free-radical H-atom abstrac-
tions. The intramolecular 1,4-H-atom
transfer in 1, which yields the alkoxy
radical intermediate HOOCH2O


. , takes
place via a puckered ringlike transition


structure TS3 that lies 13.7 kcal molÿ1


above the energy of the reactants at
0 K. In contrast with earlier studies
suggesting that a direct H-atom abstrac-
tion mechanism might occur at high
temperatures, we could not find any
transition structure for direct H-atom
transfer from the OH group of .CH2OH
to the O2. The observed non-Arrhenius
behavior of the temperature depen-
dence of the rate constant for the gas-
phase oxidation of .CH2OH is ascribed
to the combined effect of the initial
barrier-free formation of the .OO-
CH2OH adduct with a substantial en-
ergy release and the existence of a low-
barrier and two high-barrier pathways
for its decomposition into CH2O and
HO2


. .


Keywords: ab initio calculations ´
atmospheric chemistry ´ hydrogen
transfer ´ radicals ´ reaction mech-
anisms


Introduction


The hydroxymethyl radical ( .CH2OH) has been shown to be
important in the chemistry that occurs in polluted atmos-
pheres as it is a final product of a series of reactions initiated
by the reaction of hydroxyl radical (HO.) with ethylene.[1]


Thus .CH2OH plays a key role in the chemistry of the polluted
stratosphere and troposphere.[2] The principal fate of this
radical under atmospheric conditions is reaction with molec-
ular oxygen (O2, 3Sg


ÿ) to form formaldehyde (CH2O) and
hydroperoxy radical (HO2


.) [Eq. (1)]. This reaction also is


.CH2OH�O2 ÿ! CH2O�HO2
. (1)


important in combustion chemistry (e.g., in methanol
flames).[3] Several groups reported rate constant measure-
ments for reaction (1). DoÂ beÂ et al.,[4] Grotheer et al.,[5] Payne
et al. ,[6] and Nesbitt et al.[7] obtained a rate constant of 9.0�
10ÿ12 cm3 moleculeÿ1 sÿ1 at 298 K, with an estimated overall
uncertainty of �30 %. Grotheer et al.[5b] and Nesbitt et al.[7]


have studied the temperature dependence of the rate constant
for this reaction. A strong non-Arrhenius behavior was
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observed, with the rate constant decreasing below room
temperature and also decreasing slightly above room temper-
ature, with a minimum at �400 ± 450 K. These observations
were explained on the basis of different mechanisms for the
high-temperature and low-temperature reactions.[7]


The lack of an isotope effect on the room temperature rate
constant for the reactions of the .CH2OH and .CH2OD
radicals with molecular oxygen[5b] and the temperature
dependence of the rate constant for the 215 ± 250 K interval[7]


were interpreted as an indication that reaction (1) proceeds
by initial radical addition of .CH2OH to O2 to form the peroxy
radical .OOCH2OH (1) as intermediate [Eq. (2)]. This can
then dissociate back to reactants or undergo an intramolec-
ular 1,4-hydrogen shift, via a five-membered transition state,
to form the alkoxy radical HOOCH2O


. (2) [Eq. (3)], which in
turn readily decomposes to form the observed products CH2O
and HO2


. [Eq. (4)]. In addition to this addition/rearrange-


.CH2OH�O2 ÿ! .OOCH2OH (2)


.OOCH2OH ÿ! HOOCH2O
. (3)


HOOCH2O
. ÿ! CH2O�HO2


. (4)


ment/decomposition pathway, reaction (1) could also occur by
a bimolecular hydrogen abstraction mechanism through
direct transfer of the H atom of the OH group to the
O2.[5b, 7] This would be expected to be important at high
temperatures if there is a substantial activation energy.


Under tropospheric conditions, the above addition/rear-
rangement/decomposition mechanism is generally accepted.[2]


However, it is worth noticing that the radical addition of HO2
.


to CH2O in the gas phase is known to yield the peroxy radical
intermediate 1 [Eq. (5)].[8] By using both MP4 and BAC MP4


CH2O�HO2
. ÿ! .OOCH2OH (5)


(bond additivity correction at MP4 level)/6-31G(d,p) ab initio
calculations at geometries optimized at the UHF/6-31G(d)
level, Evleth et al.[9] have investigated the mechanism of
reaction (5). The first structure encountered on the reaction
path taking CH2O�HO2


. to 1 was a hydrogen-bonded
complex between CH2O and HO2


. , which is formed with a
computed reaction enthalpy at 300 K on the order of
ÿ8 kcal molÿ1 without an activation energy. This CH2O ´´´
HO2


. complex rearranges directly to give the product 1 via a
planar five-membered transition structure involving the
simultaneous addition of the terminal oxygen of HO2


. to the
carbon atom of the CO bond and transfer of a proton to the
oxygen of this same bond. The 300 K barrier for this
rearrangement was predicted to be 1.3 kcal molÿ1 at the
BAC-MP4/6-31G(d,p) level. Evleth et al.[9] also located a
transition structure connecting CH2O�HO2


. to 2. At the
BAC-MP4/6-31G(d,p) level, the 300 K heat of formation of
this transition structure was computed to be 24.6 kcal molÿ1


higher than that computed for the transition structure
connecting the CH2O ´´´ HO2


. complex to 1. Thus it was
concluded that probably no alkoxy radical intermediate 2 is
formed in this reaction. This conclusion calls into question the
validity of the generally accepted addition/rearrangement/
decomposition mechanism [Eq. (2) ± (4)] for reaction (1)
under tropospheric conditions as concerns the intermediacy
of radical 2.


In summary, we feel that there is a need for high-level
quantum-chemical calculations of the potential energy sur-
face (PES) of the .CH2OH�O2 reaction, in order to elucidate
the mechanism by which CH2O and HO2


. are formed and to
ascertain the nature of the transition state involved. For this
purpose, we present the results of our theoretical investiga-
tion. Specifically, we report a complete characterization of
nine stationary points on the ground-state PES of the
.CH2OH�O2 reaction, including predictions of geometric
structures, harmonic vibrational frequencies, absolute entro-
pies, and relative energies of minima and transition structures.
Energy differences between three different stepwise addition/
elimination mechanisms are obtained and rationalized in
terms of the structural features shown by the radical
intermediates and transition structures involved.


Methods and Computational Details


The geometries of the relevant stationary points on the ground-state PES of
the .CH2OH�O2 reaction were initially optimized by using the spin-


Abstract in Catalan: El mecanisme de la reaccioÂ en fase gasosa
.CH2OH�O2 conduint a CH2O�HO2


. va ser estudiat teoÁrica-
ment emprant meÁtodes químico-quaÁntics de caÁlcul de l�estruc-
tura electroÁnica d�alt nivell (CASSCF i CCSD(T)). Els caÁlculs
indiquen que l'oxidacioÂ del .CH2OH pel O2 eÂs un proceÂs en
dues etapes que teÂ lloc a traveÂs de l�intermediari radical peroxi
.OOCH2OH (1), format per l�addicioÂ radicalaÁria del .CH2OH
al O2 sense cap barrera. Es prediu que l'eliminacioÂ concertada
del HO2


. des de 1 teÂ lloc a traveÂs d'una estructura de transicioÂ
de cinc baules de simetria Cs TS1, situada a 19.6 kcal molÿ1 per
sota de la suma de les energies dels reactius a 0 K. Per
l'eliminacioÂ concertada del HO2


. des de 1 tambeÂ es va trobar
una estructura de transicioÂ de quatre baules de simetria Cs TS2,
situada a 13.9 kcal molÿ1 per sobre l'energia dels reactius
separats a 0 K. Una anaÁlisi de l'estructura electroÁnica de TS1 i
TS2 indica que ambdues maneres d'eliminacioÂ del HO2


. des de
1 es descriuen millor com a transfereÁncies protoÁniques internes
que no pas substraccions radicalaÁries intramoleculars de H. La
transfereÁncia intramolecular 1,4 de H a 1, per a donar
l'intermediari radical alcoxi HOOCH2O


. , teÂ lloc a traveÂs de
l'estructura de transicioÂ de tipus anell arrugat TS3, situada a
13.7 kcal molÿ1 per sobre de l'energia dels reactius a 0 K.
Contrariament a estudis anteriors que suggereixen un meca-
nisme de substraccioÂ directa de H a altes temperatures, no es va
trobar cap estructura de transicioÂ per a la transfereÁncia directa
de H des del grup OH del .CH2OH cap el O2. El comporta-
ment no-Arrhenius de la dependeÁncia de la constant de
velocitat amb la temperatura, per l'oxidacioÂ del .CH2OH en
fase gasosa, s�atribueix a un efecte combinat de la formacioÂ de
l�adducte .OOCH2OH sense cap barrera amb un alliberament
d�energia substancial i l'existeÁncia d'un camí de reaccioÂ amb
una barrera baixa i dos camins de reaccioÂ amb barreres altes
per la seva descomposicioÂ en CH2O i HO2


. .
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unrestricted Hartree ± Fock (UHF) version of the self-consistent field
(SCF) molecular orbital (MO) method[10] with the d-polarized split-valence
6-31G(d) basis set[11] employing analytical gradient procedures.[12, 13] All of
these ab initio calculations were performed with the Gaussian 94 program
package.[14]


The UHF wave function of some calculated transition structures (TS3 and
TS4; see Figures 7 and 9) was subjected to serious spin contamination,
indicating strong nondynamic electron correlation effects. One may then
question the reliability of the geometries calculated at the UHF level of
theory for these structures. Consequently, all of the geometries (minima
and saddle points) were reoptimized by use of multiconfiguration SCF
(MCSCF) wave functions of the complete active space (CAS) SCF class[15]


with the d,p-polarized triple split-valence 6-311G(d,p)[16] basis sets with
analytical gradient procedures.[13, 17] The CASs were selected following the
procedure suggested by Anglada and Bofill,[18] based on the fractional
occupation of the natural orbitals generated from the first-order density
matrix calculated from an initial multireference single- and double-
excitation configuration interaction (MRDCI) wave function correlating
all valence electrons. All CASSCF geometry optimizations were carried
out by using the GAMESS system of programs.[19]


All the stationary points were characterized by their harmonic vibrational
frequencies as minima or saddle points. The harmonic vibrational
frequencies were obtained by diagonalizing the mass-weighted Cartesian
force constant matrix calculated analytically at the CASSCF level of theory
with the 6-311G(d,p) basis set by using Gaussian 94. Connections of the
transition structures between designated minima were confirmed by
intrinsic reaction coordinate (IRC)[20] calculations at the CASSCF/6-
311G(d,p) level with the second-order algorithm of Gonzalez and
Schlegel[21] implemented into GAMESS, with a step size of 0.15
bohramu1/2.
With the aim of assessing the performance of current density functional
theory (DFT) for the description of intramolecular free-radical H-atom
abstractions in oxygen-centered radicals, geometries and harmonic vibra-
tional frequencies of the stationary points located on the CASSCF PES
were also calculated. For this we used the spin-unrestricted version of the
Becke three-parameter hybrid functional[22] combined with the Lee, Yang,
and Parr (LYP) correlation functional,[23] designated UB3LYP,[24] employ-
ing the 6-311G(d,p) basis set. Two transition structures (TS2 and TS3)
proved to be problematic for the UB3LYP method. For that reason, we also
calculated the geometries and harmonic vibrational frequencies of the most
relevant stationary points on the CASSCF PES by using second-order
Mùller ± Plesset perturbation theory (MP2)[25] and the configuration
interaction with all single and double excitations (CISD)[26] method, based
on a reference UHF single determinant, designated UMP2 and UCISD,
respectively. Both the UMP2 and UCISD calculations were performed with
core electrons excluded from the correlation treatment (frozen core
approximation), with the 6-311G(d,p) basis set.
To incorporate the effect of dynamic valence-electron correlation on the
relative energy ordering of the stationary points located at the CASSCF/6-
311G(d,p) level, we carried out single-point (frozen core) coupled-
cluster[27] calculations including all single and double excitations, together
with a perturbative treatment of all connected triple excitations[28]


(CCSD(T)), based on a reference UHF single determinant, designated
UCCSD(T). To establish that our results converged with respect to the
basis set, both the UCCSD(T) and UB3LYP calculations were carried out
with the 6-311G(d,p) basis set; the 6-311�G(d,p) basis set[29] (which
includes a single additional diffuse sp shell on heavy atoms only); the
6-311�G(3df,2p) basis set[29] (which includes triple d-polarization and a
single additional f-polarization on heavy atoms and double p-polarization
on hydrogen atoms); and the Dunning correlation-consistent polarized
valence triple-z [10s5p2d1f/4s3p2d1f] basis set for carbon and oxygen, and
[5s2p1d/3s2p1d] for hydrogen, designated cc-pVTZ.[30] Finally, total
energies for the stationary points were also evaluated from partially spin-
adapted CCSD(T) calculations based on a restricted open-shell Hartree ±
Fock reference determinant (RCCSD(T)[31]) to overcome the spin con-
tamination problem in UCCSD(T) wave functions.[32] Unless otherwise
noted, relative energies in the text refer to the RCCSD(T)/cc-pVTZ level
of computation. The UMP2, UCISD, UB3LYP, and UCCSD(T) calcula-
tions were carried out with Gaussian 94, whereas the MOLPRO 98[33]


program package was employed for the RCCSD(T) calculations.
Zero-point vibrational energies (ZPVE) were determined from unscaled
harmonic vibrational frequencies calculated at the CASSCF/6-311G(d,p)


level. Our best total energies at 0 K correspond to the sum of the
RCCSD(T)/cc-pVTZ energy and ZPVE correction. Thermal corrections to
enthalpy, absolute entropies, and Gibbs free-energy values were obtained
assuming ideal gas behavior from the unscaled harmonic frequencies and
moments of inertia by standard methods.[34] A standard pressure of one
atmosphere was used in the absolute entropy calculations.
To examine the characteristics of the bonding and interactions in the most
relevant structures we have also performed an analysis of the electronic
charge density within the framework of the topological theory of atoms in
molecules (AIM)[35] making use of the PROAIM and EXTREME
programs of Bader et al.[36] and the MORPHY 97 program.[37] The first-
order electron density matrix obtained from the CASSCF/6-311G(d,p)
wave function was used in this analysis.


Results and Discussion


Energetics of the oxidation of the hydroxymethyl radical by
molecular oxygen : Figure 1 summarizes the potential energy
profiles calculated at the RCCSD(T)/cc-pTZ�ZPVE level for
the different pathways found on the CASSCF PES for this
reaction. According to Table 1, reaction (1) is predicted to
involve a 0 K energy of reaction (DEr(0 K)) of
ÿ18.8 kcal molÿ1. Inclusion of the thermal correction to
enthalpy (DHc(298 K)) leads to a 298 K enthalpy of reaction
(DHr(298 K)) ofÿ18.7 kcal molÿ1, which is in good agreement
with the value of ÿ18.1� 1.0 kcal molÿ1 obtained from
experimental enthalpies of formation at this temperature.[39]


The UB3LYP/cc-pVTZ calculations (Table 2) predict a
DHr(298 K) of ÿ17.1 kcal molÿ1.


Initial reaction of hydroxymethyl radical with molecular
oxygen : As shown in Figure 1, the first step of the
.CH2OH�O2 (3Sg


ÿ) reaction is the formation of the peroxy
radical 1 without surmounting an energy barrier. This result is
in good general agreement with ab initio quantum-chemical[43]


and DFT[44±46] calculations, which show that the reaction of
methyl radical with O2 (3Sg


ÿ) starts with the formation of
methylperoxy radical CH3OO. with no energy barrier.
Selected geometric parameters of the equilibrium structure
calculated for 1 are shown in Figure 2. At the CCSD(T)/cc-
pVTZ�ZPVE level of computation (Table 1), the formation
of 1 from .CH2OH�O2 is predicted to be exoergic by
32.5 kcal molÿ1. Inclusion of DHc(298 K) leads to a
DHr(298 K) of ÿ33.9 kcal molÿ1. Notably, at the CCSD(T)/
cc-pVTZ�ZPVE level the energy of 1 lies 13.7 kcal molÿ1


below the sum of the energies of CH2O and HO2
. . After


inclusion of DHc(298 K) this energy difference increases to
15.2 kcal molÿ1. The latter value is in reasonable agreement
with the experimental DHr(300 K) of ÿ16.3 kcal molÿ1 re-
ported for reaction (5).[8] Regarding the UB3LYP calculations
(Table 2), we note that at the UB3LYP/cc-pVTZ�ZPVE
level 1 is predicted to lie 30.2 kcal molÿ1 below the sum of the
energies of the reactants .CH2OH�O2 and 13.1 kcal molÿ1


below that of the products CH2O�HO2
. . From the


DH(298 K) given in Table 2, a DHr(298 K) of
ÿ14.5 kcal molÿ1 is obtained for reaction (5). This value is
1.8 kcal molÿ1 higher than the reported experimental
DHr(300 K). Regarding the entropy change at 298 K
(DSr(298 K)) for reaction (5), the values of ÿ38.3 and
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ÿ37.5 eu obtained from the S(298 K) calculated at the
CASSCF (Table S3 in the Supporting Information) and
UB3LYP (Table S6 in the Supporting Information) levels of
theory, respectively, are in reasonable agreement with the
experimental DSr(298 K)�ÿ35 �1.0 eu.[8]


We were not able to locate any transition structure for
direct H-atom transfer from the OH group of .CH2OH to the
O2 leading to CH2O and HO2


. . Thus it appears that the direct
H-atom abstraction mechanism postulated[5b, 7] to be impor-
tant at high temperatures does not occur on the ground state
PES. This result is in sharp contrast with results from recent[47]


high level ab initio calculations on the oxidation of the
methoxy radical (CH3O


.) by O2 (3Sg
ÿ) to generate CH2O and


HO2
. . Using RCCSD(T)/cc-pVTZ energies calculated for


CASSCF/6-311G(d,p)-optimized geometries it was found that
the oxidation of CH3O


. occurs on the 2A'' PES through a
direct H-atom transfer from this radical to the O2 with a
potential energy barrier (DU=) of 3.8 kcal molÿ1. This striking
difference between the two isoelectronic reactions,
.CH2OH�O2 and CH3O


.�O2, is mainly ascribed to the much
larger bond energy of the CÿO bond as compared with that of
the OÿO bond, along with the larger bond energy of the OÿH
bond as compared with that of the CÿH bond.[48]


Concerted HO2
. elimination from peroxy radical 1: We have


found two transition structures, TS1 and TS2 (Figure 2), for
concerted HO2


. elimination from 1. The geometry of TS1 is
close to that of the transition structure reported by Evleth
et al.[9] for the addition of HO2


. to CH2O to form 1. Both TS1
and TS2 have a ringlike structure possessing a symmetry plane


Figure 1. Schematic potential energy profiles showing the most relevant structures concerning the calculated pathways for the oxidation of .CH2OH by O2 to
form CH2O and HO2


. . Relative energy values obtained from CCSD(T)/cc-pVTZ�ZPVE energy calculations at the CASSCF/6 ± 311G(d,p)-optimized
geometries.


Table 1. Calculated relative energies [kcal molÿ1] for various species
through the .CH2OH�O2 reaction using the CASSCF/6 ± 311G(d,p)-
optimized geometries.


Species DU[a] DZPVE[b] DE (0 K) DH (298 K) DG (298 K)


CH2OH .�O2 0.0 0.0 0.0 0.0 0.0
1 ÿ 37.8 5.3 ÿ 32.5 ÿ 33.9 ÿ 22.7
TS1 ÿ 20.9 1.3 ÿ 19.6 ÿ 21.2 ÿ 9.5
TS2 14.9 ÿ 1.0 13.9 12.9 22.7
TS3 13.3 0.4 13.7 11.9 23.9
2 ÿ 18.4 4.2 ÿ 14.2 ÿ 15.4 ÿ 4.5
TS4 2.3 1.8 4.1 3.0 13.6
CX ÿ 27.4 1.7 ÿ 25.7 ÿ 25.8 ÿ 18.1
H2CO�HOO. ÿ 18.5 ÿ 0.3 ÿ 18.8 ÿ 18.7 ÿ 19.0


[a] Relative energy at the RCCSD(T)/cc-pVTZ level. [b] Differential zero-
point vibracional energy corrections obtained from CASSCF/6 ±
311G(d,p)-calculated harmonic vibrational frequencies.


Table 2. Calculated relative energies [kcal molÿ1] for various species
through the .CH2OH�O2 reaction using the UB3LYP/6 ± 311G(d,p)-
optimized geometries


Species DU[a] DZPVE[b] DE (0 K) DH (298 K) DG (298 K)


CH2OH .�O2 0.0 0.0 0.0 0.0 0.0
1 ÿ 35.0 4.8 ÿ 30.2 ÿ 31.6 ÿ 20.6
TS1 ÿ 21.2 0.8 ÿ 20.4 ÿ 22.1 ÿ 10.6
2 ÿ 16.2 2.9 ÿ 13.3 ÿ 14.6 ÿ 3.7
TS4 ÿ 2.8 2.2 ÿ 0.6 ÿ 1.9 8.9
CX ÿ 26.0 2.0 ÿ 24.0 ÿ 24.4 ÿ 15.9
H2CO�HOO. ÿ 16.9 ÿ 0.2 ÿ 17.1 ÿ 17.1 ÿ 17.3


[a] Relative energy at the UB3LYP/cc-pVTZ level. [b] Differential zero-
point vibrational energy corrections obtained from UB3LYP/6 ±
311G(d,p)-calculated harmonic vibrational frequencies.
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Figure 2. Selected parameters (distances [�] and angles [8]) of the
CASSCF/6 ± 311G(d,p)-optimized geometries of the peroxy radical inter-
mediate .OOCH2OH (1) and the transition structure (TS1) for the low-
energy concerted HO2


. elimination from .OOCH2OH, and for the
transition structure (TS2) for the high energy concerted HO2


. elimination
from .OOCH2OH. The UB3LYP/6 ± 311G(d,p) optimized geometric
parameters are given in parentheses.[38] Other angles [8] for 1: C1-O2-H5
109.7 (107.6), O2-C1-O6-O7 ÿ65.8 (ÿ61.0), H5-O2-C1-O6 70.4 (67.0).


(Cs molecular symmetry), the electronic state being 2A''. The
IRC calculations at the CASSCF level of theory with the
6-311G(d,p) basis set showed that both TS1 and TS2 go
backward to the peroxy radical 1, and go forward to give a
hydrogen-bonded [H2CO ´´´ HOO.] complex, CX (Figure 3).


The concerted HO2
. elimination from 1 through TS1 is


predicted to involve a 0 K activation energy (DE=(0 K))
of 12.9 kcal molÿ1 and a 298 K activation free-energy
(DG=(298 K)) of 13.2 kcal molÿ1. However, according to all


Figure 3. Selected parameters (distances [�] and angles [8]) of the
CASSCF/6 ± 311G(d,p)-optimized geometries of the hydrogen-bonded
[H2CO ´´´ HOO.] complex (CX). The UB3LYP/6 ± 311G(d,p) optimized
geometric parameters are given in parentheses.[38]


relative energies (DU, DE, DH, and DG) shown in Table 1,
TS1 lies below the energy of the separated reactants of
reaction (1). Thus the concerted HO2


. elimination from 1,
which takes place through the addition/elimination mecha-
nism via TS1, involves an overall DG=(298 K) of
ÿ9.5 kcal molÿ1. Therefore, the oxidation of .CH2OH by O2


by this reaction pathway is predicted to be a quite feasible
process under atmospheric conditions.


As expected for a concerted HO2
. elimination from 1, TS1


involves the simultaneous breaking of the CÿO bond and
transfer of the hydrogen atom of the OH group to the
terminal oxygen atom of 1. Figure 4 displays the contour plot
of the electronic charge density for TS1 in the Cs symmetry
plane. The presence of bond critical points between atom
pairs C1ÿO6, O2ÿH5, and H5ÿO7 confirms that the breaking
of the C1ÿO6 and O2ÿH5 bonds and the formation of the
H5ÿO7 bond occur in a concerted mode. As noted by Evleth
et al. ,[9] a remarkable feature of TS1 is that it is not of the
ªhydrogen abstraction by radicalsº type. In order to illustrate
this point, Figure 5 shows a diagrammatic representation of
the electronic structure of the reactants, transition structure,
and products for the concerted HO2


. elimination from 1
through TS1. For simplicity 1 is assumed to be a doublet of A''
symmetry, originating from a coupling of the 2A' state of
.CH2OH with the 3Sg


ÿstate of O2. Following the convention of
Goddard et al.[49] we have ignored the core orbitals, 1s for
carbon, 1s and 2s for oxygen, which are tightly bound and
remain relatively unchanged as the atoms are brought
together to form the molecules. The dramatic, qualitative
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Figure 4. Contour plot in the Cs symmetry plane of the CASSCF/6 ±
311G(d,p) electronic charge density of the transition structure TS1. Bond
critical points are denoted by squares. The labels of the nuclei that lie in the
Cs plane are bold and those that do not lie in this plane are open.


difference between TS1 and the transition structures of free-
radical H abstraction processes is that the singly occupied MO
(SOMO) in TS1 is antisymmetric (of a'' symmetry) with
respect to the molecular plane of symmetry, because its
electronic state is 2A'', while the MO of the OÿH bond


implicated in the H-atom transfer is symmetric (of a'
symmetry) with respect this plane. Consequently, in TS1 the
SOMO and the latter MO are orthogonal and do not overlap.
In other words, the H-atom transfer from the OH group to the
OO. group cannot take place through an internal free-radical
H-atom abstraction. From a qualitative point of view, the
primary changes in bonding in TS1 can be described as a
formal shift of the unshared electron pair on the terminal
oxygen atom (O7) to the hydrogen atom of the OH group,
with the simultaneous shift of the electron pair of the OÿH
bond to the carbon and the shift of the electron pair of the
CÿO bond to the corresponding oxygen atom (O6). The odd
electron is initially in the 2p orbital of a'' symmetry on the
terminal oxygen atom and ends up in the 2p orbital of a''
symmetry on the adjacent oxygen atom after the H-atom
transfer. Thus during the course of the reaction the odd
electron remains the same. These electronic features indicate
that the mechanism of the H-atom transfer in 1, which leads to
the concerted HO2


. elimination through TS1, is an internal
proton transfer rather than an intramolecular free-radical


H-atom abstraction.
The main feature of TS2 is


that this transition structure
involves the concerted break-
ing of the CÿO bond and
transfer of the H-atom of the
OH group to the central oxy-
gen atom of 1. Figure 6 dis-
plays the contour plot of the
electronic charge density for
TS2 in the Cs symmetry plane.
The presence of bond critical
points between atom pairs
C1ÿO6, O2ÿH5, and H5ÿO6
confirms that the breaking of
the C1ÿO6 and O2ÿH5 bonds
and the formation of the
H5ÿO6 bond occur in a con-
certed mode. A diagrammatic
representation of the electron-
ic structure of the reactants,
transition structure, and prod-
ucts for the concerted HO2


.


elimination from 1 through
TS2 is given in Figure 5. As
in the case of TS1, the elec-
tronic structure features of
TS2 indicate that the concert-
ed HO2


. elimination from 1
through TS2 is an internal
proton transfer rather than an
intramolecular free-radical
H-atom abstraction. The main
difference between TS1 and


TS2 is that TS1 involves the concerted movement of two
covalent electron pairs (the C1ÿO6 and H5ÿO2 bonds) and
one unshared electron pair (on O7), whereas TS2 implies only
the movement of two covalent electron pairs (the C1ÿO6 and
H5ÿO2 bonds).


Figure 5. Diagrammatic representation of the electronic structures involved in the concerted HO2
. elimination


from 1 through TS1. The 1s orbital of the in-plane hydrogen is represented by , the carbon and oxygen 2p
orbitals are each represented by if in the plane of the paper and by if perpendicular to the plane of the
paper, and the carbon sp hybrids are represented by . Dots indicate the number of electrons in each orbital, tie
lines indicate the coupling of two singly occupied orbitals into a bonding pair, and the curved arrows represent
actual movement of both covalent and unshared electron pairs in reactions.
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Figure 6. Contour plot in the Cs symmetry plane of the CASSCF/6 ±
311G(d,p) electronic charge density of the transition structure TS2. Bond
critical points are denoted by squares. The labels of the nuclei that lie in the
Cs plane are bold and those that do not lie in this plane are open.


At the CASSCF/6-311G(d,p) level, TS2 is calculated to be
34.4 kcal molÿ1 more energetic than TS1 (see Table S1 in the
Supporting Information). This energy difference remains
nearly the same (34.6 kcal molÿ1) at the UCCSD(T)/6-
311G(d,p) level (see Table S2 in the Supporting Information),
indicating that the dynamic valence-electron correlation does
not significantly alter the relative energy of these transition
structures. Furthermore, Table S2 shows that the basis exten-
sion also does not significantly change the relative energies of
TS1 and TS2. At the RCCSD(T)/cc-pVTZ level, TS2 lies
35.8 kcal molÿ1 above TS1. This large energy difference can be
attributed primarily to the expected larger strain energy
shown by the four-membered ringlike transition structure TS2
as compared with the five-membered ringlike transition
structure TS1. According to all relative energies (DU, DE,
DH, and DG) shown in Table 1, TS2 lies above the energy of
the separated reactants of reaction (1). The concerted HO2


.


elimination from 1 via TS2 involves a DG=(298 K) of
45.4 kcal molÿ1. At room temperature, this reaction pathway
cannot compete with the concerted HO2


. elimination from 1
through TS1, which involves a DG=(298 K) of 13.2 kcal molÿ1.
However, the concerted HO2


. elimination from 1 via TS2
would be expected to be important at high temperatures.


The equilibrium geometry and the stabilization energy of
complex CX (see Figure 3) calculated at the levels of theory
used here have been reported recently.[47] Thus, at the
RCCSD(T)/cc-pVTZ level, CX lies 8.9 kcal molÿ1 below the
energy of the isolated products CH2O and HO2


. . Inclusion of
the correction for the basis set superposition effects (BSSE),
calculated with the counterpoise method,[50] leads to a
stabilization energy of CX toward decomposition into CH2O
and HO2


. of 8.1 kcal molÿ1. After addition of the thermal
corrections to enthalpy this stabilization energy is reduced to
6.3 kcal molÿ1 at 298 K. It is worth noting that CX corresponds
to the hydrogen-bonded complex structure optimized at the
UHF/6-31G(d) level, found on the reaction path taking
CH2O�HO2


. to 1, previously reported by Evleth et al.[9]


These authors used the BACMP4/6-31G(d,p) method to
compute a stabilization enthalpy of 8.0 kcal molÿ1 at 300 K
for the formation of this complex.


Stepwise HO2
. elimination from peroxy radical 1: The first


step of this pathway is the H-atom transfer from O2 to O7 in
the peroxy radical 1 to form the alkoxy radical intermediate 2
(see Figure 1). Selected geometric parameters of the equilib-
rium structure calculated for 2 are shown in Figure 7. The
formation of 2 can be viewed as an intramolecular H-atom


Figure 7. Selected parameters (distances [�] and angles [8]) of the
CASSCF/6 ± 311G(d,p)-optimized geometries of the alkoxy radical inter-
mediate HOOCH2O


. (2) and the transition structure (TS3), connecting
.OOCH2OH and HOOCH2O


. . The UB3LYP/6 ± 311G(d,p) optimized
geometric parameters are given in parentheses.[38] Other angles [8] for
TS3 : O2-C1-O6-O7 42.1, H5-O7-O6-C1ÿ34.8, H5-O2-C1-O6ÿ30.7; for 2 :
O6-O7-H5 100.0 (101.0), O2-C1-O6-O7 70.9 (64.6), H5-O7-O6-C1 ÿ107.5,
H5-O2-C1-O6 (ÿ87.6).


abstraction by the radical portion of the terminal oxygen in 1.
At the RCCSD(T)/cc-pVTZ�ZPVE level of computation
this H-atom abstraction is predicted to be endoergic by
18.3 kcal molÿ1. Inclusion of the DHc(298 K) value leads to a
DHr(298 K) value of 18.5 kcal molÿ1 for the reaction 1! 2.
However, the DHr(298 K) value for the global process
.CH2OH�O2! 2 is ÿ15.4 kcal molÿ1. A diagrammatic repre-
sentation of the electronic structure of the reactants, tran-
sition structure, and products for the 1! 2 rearrangement is
given in Figure 8, where the curved semiarrows represent
actual movement of single electrons. On the basis of the
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aforementioned orthogonality between the SOMO and the
OÿH bond in 1, the H-atom transfer from the OH to the OO.


group cannot take place through a planar (Cs symmetry)
transition structure. Consequently, the 1! 2 rearrangement is
found to take place via a puckered (C1 symmetry) ringlike
transition structure, TS3 (Figure 7), this allows overlap
between the 1s orbital of an H-atom of the OH group and
the singly occupied 2p orbital of the terminal O atom. This
H-atom abstraction in 1 leading to 2 through TS3 involves a
DE=(0 K) of 46.2 kcal molÿ1, which is much higher than that
for the proton transfer in 1 that leads to CX through TS1
(DE=(0 K)� 12.9 kcal molÿ1). The main reason of this high
activation energy is the formation of highly strained five-
membered ring in going from 1 to the transition structure TS3.
In fact, it is well known that the oxygen chain has an inherent
tendency to assume a skew geometry in the hydrogen
peroxides (RO2H) in order to diminish lone pair repulsion
between the O atoms.[51] Thus, the O7ÿH5 and O6ÿC1 bonds
in the alkoxy radical intermediate 2, formed after TS3 is
cleared are nearly perpendicular to the C1ÿO6ÿO7 plane,
while in TS3 these bonds are far from being perpendicular to
this plane, as indicated by the H5ÿO7ÿO6ÿC1 and
O2ÿC1ÿO6ÿO7 dihedral angles of ÿ34.88 and 42.18, respec-
tively. Furthermore, in TS3 the O2ÿH5ÿO7 angle of 133.58 is
smaller than that in TS1 (146.58).


The second step of the stepwise HO2
. elimination from 1 is


the simple homolytic cleavage of the CÿO bond in 2, which
leads to the hydrogen-bonded [H2CO ´´´ HOO.] complex CX.
This process is moderately exoergic, DEr(0 K)�
ÿ11.5 kcal molÿ1, and takes place via the transition structure
TS4 (Figure 9) with a DE=(0 K) of 18.3 kcal molÿ1. Since at the
RCCSD(T)/cc-pVTZ�ZPVE level of computation TS3 is
found to lie 27.9 kcal molÿ1 above 2 in energy, it appears that
the alkoxy radical intermediate 2 is a deep minimum on the
PES.


In summary, the stepwise HO2
. elimination from 1 has as


the rate-determining step the formation of the radical
intermediate 2 with a DG=(298 K) value of 46.6 kcal molÿ1.
At room temperature this stepwise mechanism cannot com-
pete with the concerted HO2


. elimination from 1 through TS1,
which involves a DG=(298 K) of 13.2 kcal molÿ1. However, the
stepwise HO2


. elimination from 1 would be expected to be
important at high temperatures.


Comparison of the CASSCF and UB3 LYP calculations :
Overall, the structures calculated with the UB3LYP func-


tional are similar to those opti-
mized at the CASSCF level of
theory. However, importantly
we were able to compute nei-
ther TS2 nor TS3 by employing
the UB3LYP functional with
the 6-311G(d,p) basis set. We
attempted to locate these two
transition structures using as
initial geometry that optimized
at the CASSCF level of theory
with the 6-311G(d,p) basis set.


Figure 9. Selected parameters (distances [�] and angles [8]) of the
CASSCF/6 ± 311G(d,p) optimized geometries of the transition structure
(TS4) for the decomposition of HOOCH2O


. into CH2O and HO2
. . The


UB3LYP/6 ± 311G(d,p)-optimized geometric parameters are given in
parentheses.[38] Other angles [8] for TS4 : O6-O7-H5 101.4 (102.9), O2-C1-
O6-O7 72.3 (80.3), H5-O7-O6-C1 ÿ94.9 (ÿ115.3).


The optimization process led to the previously found tran-
sition structure TS1 in each case. These unexpected results
prompted us to compute TS1, TS2, and TS3 at the UMP2 and
UCISD levels of theory with the 6-311G(d,p) basis set starting
at the corresponding CASSCF/6-311G(d,p) optimized struc-
ture. In each case we obtained a transition structure close to
that computed at the CASSCF level of theory. Therefore, both
the UMP2 and UCISD calculations confirm the existence of
the TS1, TS2, and TS3 transition structures on the ground-
state PES of the .CH2OH�O2 reaction.


Apparently, the DFT calculations based on the UB3LYP
functional correctly describe the electronic structure of the
lowest energy transition structure TS1 but not those of the two
high energy transition structures TS2 and TS3. A similar
failure of the UB3LYP functional was also observed[47] in a
recent theoretical study of the oxidation of CH3O


. by O2, in
which the transition structure for the 1,4-hydrogen shift in
CH3OOO. , which leads to .CH2OOOH, could not be located
with the UB3LYP method despite being computed at the
CASSCF and UCISD levels of theory. Consequently, we
recommend some caution in the use of the UB3LYP func-
tional for computing intramolecular H-atom transfer reac-
tions of free radicals.


Finally, it is worth noting that the relative energies obtained
from the UB3LYP/cc-pVTZ calculations in conjunction with


Figure 8. Diagrammatic representation of the electronic structure of the reactants, transition structure, and
products for 1! 2.
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the UB3LYP/6-311G(d,p) geometries and harmonic vibra-
tional frequencies (Table 2) for the concerted HO2


. elimina-
tion from 1 are in reasonable agreement with those obtained
from the RCCSD(T)/cc-pVTZ calculations based on the
CASSCF/6-311G(d,p) geometries and harmonic vibrational
frequencies (Table 1). In particular, from the DE(0 K) value
given in Table 2 we obtain an activation energy of
9.8 kcal molÿ1 and a reaction energy of 6.2 kcal molÿ1 for the
pathway 1!TS1!CX. These values are 3.1 and
0.6 kcal molÿ1 lower than the DE=(0 K)� 12.9 kcal molÿ1 and
DEr(0 K)� 6.8 kcal molÿ1, respectively, determined from the
DE(0 K) value given in Table 1.


Conclusion


The reaction mechanisms of the hydroxymethyl radical
oxidation by molecular oxygen in the gas-phase were studied
by means of high-level quantum-chemical electronic structure
calculations. The CASSCF method with the 6-311G(d,p) basis
set was used to optimize the geometry of nine stationary
points on the ground-state potential energy reaction surface
and to compute their harmonic vibrational frequencies.
Relative energies were calculated at the CCSD(T) level of
theory with extended basis sets up to cc-pVTZ using the
CASSCF/6-311G(d,p) optimized geometries. The energetics
were further corrected for zero-point and temperature effects.
The calculations indicate that the oxidation of .CH2OH by O2


is a stepwise process starting with the barrier-free formation
of the peroxy radical .OOCH2OH with a DG(298 K) value of
ÿ22.7 kcal molÿ1. In contrast with earlier studies suggesting
that a direct H-atom abstraction mechanism might occur at
high temperatures, we could not find any transition structure
for direct H-atom transfer from the OH group of .CH2OH to
the O2.


Contrary to the generally accepted rearrangement/decom-
position mechanism, the lowest energy pathway connecting
.OOCH2OH with the observed products CH2O and HO2


. is
predicted to be a concerted HO2


. elimination from .OO-
CH2OH through a five-membered ringlike transition struc-
ture TS1 of Cs symmetry with a DG=(298 K) value of
13.2 kcal molÿ1. A higher energy pathway involving a four-
membered ringlike transition structure TS2 of Cs symmetry
with a DG=(298 K) value of 45.4 kcal molÿ1 was also found for
the concerted HO2


. elimination from .OOCH2OH. An
analysis of the electronic structure of TS1 and TS2 indicates
that both modes of concerted HO2


. elimination are better
described as internal proton transfers rather than intramo-
lecular free-radical H-atom abstractions.


The stepwise HO2
. elimination from .OOCH2OH involves


an intramolecular 1,4-H-atom transfer yielding the alkoxy
radical intermediate HOOCH2O


. , which decomposes to form
the products CH2O and HO2


. . The intramolecular 1,4-H-atom
transfer is the rate-determining step and takes place via a
puckered ringlike transition structure TS3 with a DG=(298 K)
of 46.6 kcal molÿ1.


The oxidation of .CH2OH by O2, which takes place through
the addition/elimination mechanism via TS1, is predicted to
involve an overall DG=(298 K) value of ÿ9.5 kcal molÿ1,


whereas the addition/elimination mechanism via TS2 and
the addition/rearrangement/decomposition mechanism via
TS3 are predicted to involve overall DG=(298 K) values of
22.7 and 23.9 kcal molÿ1, respectively. Therefore, it can be
concluded that at low and room temperatures the latter two
reaction pathways cannot compete with the addition/elimi-
nation pathway via TS1. However, the addition/elimination
pathway via TS2 and the addition/rearrangement/decompo-
sition pathway would be expected to be important at high
temperatures.


The observed non-Arrhenius behavior of the rate constant
temperature dependence for the gas-phase oxidation of
.CH2OH might be ascribed to the combined effect of the
initial barrier-free formation of the .OOCH2OH adduct with a
free energy (at 298 K) release of 22.7 kcal molÿ1 and the
existence of a low-barrier and two high-barrier pathways for
its decomposition into the products CH2O and HO2


. . Thus,
the observed decrease of the rate constant below room
temperature and also slightly above room temperature are a
consequence of the initial formation of the vibrationally
excited .OOCH2OH adduct, which can dissociate back to
reactants or undergo concerted HO2


. elimination through a
transition structure (TS1) whose free energy (at 298 K) value
is 9.5 kcal molÿ1 lower than the sum of the free energies of the
separated reactants. At temperatures around 298 K the
apparent rate constant for the HO2


. elimination channel
would be expected to level off and then decrease as the
dissociation back to reactants continued to increase. The fact
that at high temperatures the rate constant is observed to
increase rapidly with increasing temperature suggests that the
HO2


. elimination from .OOCH2OH becomes more compet-
itive with its dissociation back to the reactants because at high
temperatures the HO2


. elimination can also occur through the
high energy transition structures TS2 and TS3.
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Benzoannelated cis,cis,cis,trans-[5.5.5.6]Fenestranes:
Syntheses, Base Lability, and Flattened Molecular Structure of
Strained Epimers of the all-cis Series


Björn Bredenkötter,[a] Ulrich Flörke,[b] and Dietmar Kuck*[a]


Abstract: Tribenzofenestranes possess-
ing the strained cis,cis,cis,trans-[5.5.5.6]-
fenestrane skeleton have been synthe-
sized from cis-2,6-diphenylspiro[cyclo-
hexane-1,2'-indane]-1',3'-diols by two-
fold cyclodehydration, in striking anal-
ogy to the strategy used previously to
construct the stereoisomeric all-cis-tri-
benzo[5.5.5.6]fenestranes from the cor-
responding trans-diphenylspirodiols. In
this manner, both of the parent hydro-
carbons, all-cis-tribenzo[5.5.5.6]fenestrane
3 and cis,cis,cis,trans-tribenzo[5.5.5.6]fe-
nestrane 4, have been made accessible
from the spirodiketones 5 and 6, respec-
tively. The C6-functionalized derivatives
of 4Ðcis,cis,cis,trans-fenestranol 9 and
cis,cis,cis,trans-fenestranone 12Ðwere
prepared through cis-diphenylspirotriol
8 and cis-diphenyldispiroacetaldiol 11,


by using the same strategy. The cis,cis,-
cis,trans-[5.5.5.6]fenestrane framework
readily epimerizes to the more stable
all-cis isomers under basic conditions,
but is stable under neutral or acidic
conditions. For example, cis,cis,cis,trans-
fenestranone 12 yielded all-cis fenes-
trane 3 under Wolff ± Kishner condi-
tions, but cis,cis,cis,trans-isomer 4 under
Clemmensen conditions. Epimerization
was also circumvented by radical-in-
duced desulfurization of fenestrane di-
thiolane 15 with nBu3SnH/AIBN, pro-
ducing 4 in excellent yields. A single-
crystal X-ray structure analysis of 4


revealed that, in accordance with force
field and semi-empirical MO calcula-
tions, the extra strain of the benzoanne-
lated cis,cis,cis,trans-[5.5.5.6]fenestra-
triene framework [Estrain(4)ÿ
Estrain(3)� 46 kJ molÿ1] is due both to
the almost perfect boat conformation of
the six-membered ring and to consider-
able bond angle widening at the central,
non-bridged C4bÿC15dÿC11b unit
(1218). H/D exchange experiments with
the cis,cis,cis,trans hydrocarbon 4 under
basic conditions demonstrated that the
strain-induced epimerization to 3 occurs
through direct deprotonation of the
ªepimericº benzylic bridgehead C7aÿH
bond, which was found to be more acidic
than the two CÿH bonds at the benzhy-
drylic bridgeheads.


Keywords: CÿH acidity ´ cyclode-
hydration ´ fenestranes ´ polycycles
´ strained molecules


Introduction


The carbon framework of [m.n.o.p]fenestranes is defined not
only by the characteristic mutual fusion of their four rings
along all of the four neopentane CÿC bonds in a ªtetrafusoº-
tetracyclic framework,[1] but also by the stereochemistry of its
four peripheral bridgehead atoms.[2] Given the numerous
possibilities offered by varying the ring sizes and the relative
configuration of the bridgeheads, major areas of the potential


of fenestrane chemistry[3] remain unexplored experimental-
ly.[4] As far as the strained stereoisomers of the most stable all-
cis fenestranes are concerned, a few small-ring cis,cis,cis,trans
isomers of the [4.5.5.5]fenestrane series are known, synthe-
sized by photoinduced [2� 2] cycloaddition or by Claisen
rearrangement of suitable precursors.[5±7] However, except for
a particular polycondensed derivative reported recently,[8] no
normal ring [m.n.o.p]fenestranes (m, n, o, p� 5 and/or 6)
containing a trans-fused bicyclic subunit are known exper-
imentally to date.[9] However, extensive computational work
has been published on stereoisomeric [5.5.5.5]fenestranes[2, 3]


and also on [6.6.6.6]fenestranes,[1] demonstrating that the
strain of the trans-bicyclo[3.3.0]octane (fuso-diquinane)
unit[10] and even of the trans-bicyclo[4.3.0]nonane (hydrin-
dane) unit,[11] respectively, is considerably increased by
merging them into a cis,cis,cis,trans-fenestrane skeleton.
Moreover, the calculations point to a sizeable increase in
the non-bridged CÿCÿC bond angles at the central bridge-
head atom of the [5.5.5.5]- (and smaller) fenestrane cores.
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Therefore, fenestranes bearing at least one trans fusion at the
neopentane core have been of considerable interest in the
context of the planar tetracoordinate carbon problem.[12, 13]


Benzoannelated fenestranes[3a] have been shown to be
versatile substrates for exploration of the stereochemistry of
the tetrafuso-tetracyclic framework.[14, 15] A particularly chal-
lenging goal in the [5.5.5.5]fenestrane series is a strained
stereoisomer of all-cis-[5.5.5.5]fenestrindane (1),[14d, 17] in the
form of its cis,cis,cis,trans-isomer 2 (dubbed ªepi-fenestrinda-
neº[3a]). Semi-empirical calculations[3a] suggest a considerable
increase of strain (DEstrain� 148.5 kJ molÿ1) associated with
epimerization of one of the peripheral bridgeheads of 1, thus
generating 2. This parallels the value calculated for the
corresponding [5.5.5.5]fenestratetraenes (DEstrain� 150.2 kJ
molÿ1) and significantly exceeds the increase in strain
previously calculated for the epimerization of a bridgehead
in the saturated [5.5.5.5]fenestranes (DEstrain� 79.9 kJ
molÿ1).[2, 3a, 3d] In this paper, we report on the first examples
of [5.5.5.6]fenestranes possessing a trans-fused central CÿC
bond, including cis,cis,cis,trans-tribenzo[5.5.5.6]fenestrane 4


and several C6-functionalized derivatives.[16] The solid-state
molecular structure of 4 demonstrates some detailed features
of this strained hydrocarbon framework, and H/D exchange
experiments have revealed the enhanced acidity of the
epimeric bridgehead CÿH bond. Although the trans-hydrin-
dene unit in 4, a stereoisomer of the known all-cis-[5.5.5.6]fen-
estrane (3),[14d, 17] is certainly less strained than the related
diquinene unit in 2, the amplification of strain induced by its
incorporation into a [5.5.5.6]fenestrane framework will be-
come obvious.


Results and Discussion


Synthesis and conformation of C6-functionalized cis,cis,cis,-
trans-tribenzo[5.5.5.6]fenestranes : Synthetic access to cis,cis,-
cis,trans-[5.5.5.6]fenestranes is simple. It is, in fact, perplex-
ingly simple, since it follows the same strategy as the synthesis
of the corresponding all-cis isomers, which was based on the
stereochemistry of spirotriketone 5 (Scheme 1).[14d, 17, 18]


Whereas the spatial orientation of both of the phenyl groups
in 5 appeared to be essential to achieve the single-step
construction of the all-cis fenestrane skeleton of 7, use of the
cis-isomer 6 for this purpose seemed to be impossible since, in
this case, both of the phenyl groups point towards the same
oxo-functionalized position (C-1 or C-3) of the indane moiety.
In fact, trans-spirotriones such as 5 are, in general, the
products of kinetic control[19, 20] and formation of the more
thermodynamically stable cis-diarylspirotriones such as 6 has
to be prevented carefully. This prerequisite being fulfilled, the
twofold cyclodehydration of appropriate trans-2,6-diphenyl-


Abstract in German: Tribenzofenestrane mit dem gespannten
cis,cis,cis,trans-[5.5.5.6]Fenestran-Gerüst lassen sich aus cis-
2,6-Diphenylspiro[cyclohexan-1,2'-indan]-1',3'-diolen durch
zweifache Cyclodehydrierung synthetisierenÐin überraschend
einfacher Analogie zu der Strategie, die sich beim Aufbau der
stereoisomeren all-cis-Tribenzo[5.5.5.6]fenestrane aus den ent-
sprechenden trans-Diphenylspirodiolen bewährt hat. So sind
beide Grundkörper, das all-cis-Tribenzo[5.5.5.6]-fenestran 3
und das cis,cis,cis,trans-Tribenzo[5.5.5.6]fenestran 4, aus den
entsprechenden Spirodiketonen 5 bzw. 6 zugänglich. Auf diese
Weise lassen sich auch C6-funktionalisierte Derivate von 4, wie
das cis,cis,cis,trans-Fenestranol 9 und das cis,cis,cis,trans-Fene-
stranon 12, über das cis-Diphenylspirotriol 8 bzw. das cis-
Diphenyldispiroacetaldiol 11 darstellen. Cis,cis,cis,trans-
[5.5.5.6]Fenestrane epimerisieren unter basischen Bedingun-
gen leicht zu den thermodynamisch stabileren all-cis Isomeren;
im neutralen oder sauren Milieu sind sie jedoch beständig. So
führt die Wolff ± Kishner-Reaktion von cis,cis,cis,trans-Fene-
stranon 12 zum all-cis-Fenestran 3, während die Clemmensen-
Reduktion das cis,cis,cis,trans Isomer 4 ergibt. Die Epimerisie-
rung läût sich auch durch Radikal-induzierte Desulfurierung
des Fenestran-Dithiolans 15 mit nBu3SnH/AIBN umgehen,
wobei 4 in hoher Ausbeute entsteht. Die Einkristall-Röntgen-
strukturanalyse von 4 belegt in Übereinstimmung mit Kraft-
feld- und semiempirischen MO-Rechnungen die erhöhte
Spannung des benzoannellierten cis,cis,cis,trans-[5.5.5.6]Fene-
stratrien-Gerüstes [Estrain(4)ÿEstrain(3)� 46 kJ molÿ1] , die
durch die nahezu ideale Boot-Konformation des sechsglied-
rigen Ringes und die beträchtliche Aufweitung des nicht
überbrückten Winkels C4b-C15d-C11b� 1218 am zentralen
Kohlenstoff-Atom hervorgerufen wird. H/D-Austauschexperi-
mente mit dem cis,cis,cis,trans-Kohlenwasserstoff 4 unter
basischen Bedingungen zeigen, dass die Spannungs-induzierte
Epimerisierung zu 3 durch direkte Deprotonierung des
¹epimerenª benzylischen Brückenkopfs C7aÿH erfolgt, der
weitaus acider ist als die CÿH-Bindungen an den beiden
benzhydrylischen Brückenköpfen.
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Scheme 1. Construction of the all-cis-tribenzo[5.5.5.6]fenestrane frame-
work, with the trans-diaryl stereochemistry of 5 as a prerequisite.


spiro[cyclohexan-1,2'-indane]-1',3'-diols derived from 5
proved to be highly efficient (yield >90 %).[3a, 17, 21]


We have now discovered that the cis-diphenylspirotrike-
tone 6 and related compounds represent excellent starting
materials for the synthesis of strained cis,cis,cis,trans-
[5.5.5.6]fenestranes such as 4. As shown in Scheme 2, spiro-
triketone 6 may be reduced directly to a mixture of spirotriols
8, which, under acid catalysis and with a limited reaction time,
give fenestranol 9 in 73 % isolated yield. Interestingly, this
compound represents the 6b-alcohol (see below); the epi-
meric 6a-fenestranol was observed in very minor amounts but
not isolated. Oxidation with CrO3/H2SO4 converted fenestra-
nol 9 into the cis,cis,cis,trans-[5.5.5.6]fenestranone 12 in good
yield. It is noteworthy that the triols 8 were found to be much
more sensitive to decomposition (presumably by further
elimination of water and subsequent oligomerization) than
the corresponding all-cis fenestranol, which essentially per-
sists under the relatively harsh cyclodehydration conditions.[17]


Therefore, the alternative route via ethylene acetal 10 and
dispiroindanediol 11Ðformed as a mixture of stereoisom-
ersÐand final cyclodehydration with concomitant hydrolysis
proved to be more convenient. In this way, fenestrane ketone
12 was obtained from 6 in an overall yield of 80 %. In fact, the
efficiencies of both sequences 6! 12 proved to be similar, and
also about the same as those of the analogous syntheses of the
all-cis isomer of 12.[17]


Spectroscopic analysis of the new tribenzofenestranes 9 and
12 unequivocally confirmed their structures. In particular, the
benzhydrylic protons of ketone 12 were evident as two distinct
singlet resonances in its 1H NMR spectrum, in contrast to the
identical benzhydryl resonances of the all-cis stereoisomer 7.
Clearly, formal inversion of the relative configuration at C7a


Scheme 2. Construction of the cis,cis,cis,trans-fenestrane framework.


reduces the C2 molecular symmetry of 7 to C1 in the case of 12.
The same reduction of symmetry holds for the parent
hydrocarbons 3 (C2) and 4 (C1), as well as for other derivatives
of 4 possessing no additional stereogenic center at C6, such as
1,3-dithiolanes 15 and 16, as is again reflected by NMR
spectroscopy (see below and Experimental Section).


It is also remarkable that reduction of 12 with lithium
aluminum hydride (Scheme 2) produces the same single
diastereomeric fenestranol, 9, that was obtained by cyclo-
dehydration of spirotriol 8. This finding indicates that steric
shielding at the diastereofacial sides of the carbonyl group in
12 is more different than presumed for a half-chair confor-
mation of the cyclohexanone ring, as was found to be present
in 7.[17] In fact, force field and semi-empirical MO calcula-
tions[22] on fenestranol 9 and fenestranone 12 suggest that the
most stable conformers adopt nearly ideal boat conformations
(Figure 1). In the case of fenestranone 12, one of the lateral
indane units efficiently suppresses the hydride transfer to the
b side of the carbonyl group and steric approach control
results in preferential hydride attack at the a side, thus
exclusively generating the 6b-fenestranol with an axial
hydroxy group (Figure 1, part b). Analysis of the vicinal
1H,1H coupling in 9 clearly corroborates the boat conforma-
tion (Figure 1, part c). Among others, the small coupling
constants of JH(4ba),H(5a)� JH(5a),H(6a)� 0 Hz and the extremely
large value of JH(7b),H(7aa)� 14.0 Hz are indicative of this
conformation. The fact that the axial hydroxy group in 9
persists in the thermodynamically less favorable axial (6b)
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Figure 1. a) Stereoview of fenestranol 9, b) its formation by stereo-
controlled attack of AlH4


ÿ at 8, c) 1H,1H coupling within the cyclohexane
ring of 9.


orientation[23] under the relatively harsh acidic conditions
points to the equatorial position of the cyclohexanol func-
tionality in the precursor spirotriol 8 (cf. Scheme 2). Thus, the
C4ÿOH functionality in the spirotriols 8 probably survives the
cyclodehydration process and is translated into the axial
position at C6 of fenestranol 9 without intermediate acid-
induced epimerization. The boat conformation of the cyclo-
hexane ring in the cis,cis,cis,trans-tribenzo[5.5.5.6]fenestranes
suggested by 1H NMR spectroscopy and by calculations was
confirmed by single-crystal X-ray analysis of the parent
hydrocarbon 4 (see below).


Reduction of the base-labile cis,cis,cis,trans-[5.5.5.6]fenes-
trane derivatives : First attempts to remove the carbonyl
functionality from the cis,cis,cis,trans-fenestrane framework of
12 by Wolff ± Kishner reduction failed (Scheme 3). Instead of
the desired cis,cis,cis,trans-[5.5.5.6]fenestrane 4, the all-cis
isomer 3 was formed exclusively. The sensitivity of the
methine group at the C7a bridgehead toward base-catalyzed
epimerization has also been revealed by reduction of hydra-
zone 13 at low temperature.[24] This hydrazone was obtained
from the cis,cis,cis,trans-fenestrane ketone 12 without epime-
rization of the fenestrane skeleton, as shown by a control
experiment starting from the all-cis-[5.5.5.6]fenestrane ketone
(7), which furnished a different hydrazone, 14. The latter
compound was found to exhibit distinct physical and spectro-
scopic properties and the all-cis stereochemistry can be
assigned to it unambiguously. As expected, reduction of 14
also furnished the all-cis fenestrane 3.


The all-cis stereoisomer 3 was also obtained in high yield
from dithioacetalization of the cis,cis,cis,trans- and the all-cis-
[5.5.5.6]fenestranones 12 and 7Ðwhich yielded the two
corresponding diastereomeric spirofenestranes 15 and 16Ð
and subsequent reduction with neutral Raney nickel[25a]


(Scheme 4). These results may be considered advantageous,


Scheme 3. Reduction of the stereoisomeric ketones 7 and 12 through their
hydrazones and concomitant epimerization of the cis,cis,cis,trans-isomer 13
to the all-cis fenestrane 3.


Scheme 4. Reduction of the stereoisomeric ketones 7 and 12 through their
dithioacetals and concomitant epimerization of the cis,cis,cis,trans-isomer
15 to the all cis-fenestrane 3.


since both of the sequences furnish the all-cis-[5.5.5.6]fenes-
trane framework of 3 in good overall yields, rendering control
over the stereochemistry of the starting spirotriketones
superfluous when the all-cis fenestrane skeleton is to be
constructed. Apparently, however, either the strained cis,cis,-
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cis,trans-fenestrane skeleton of fenestranone 12 or its deriv-
atives 13 and 15 are too labile to persist under the basic
reaction conditions so far used in attempting to generate
hydrocarbon 4.[25b]


A straightforward procedure that did allow us to reduce the
carbonyl group of 12 consisted of the radical-induced
reduction of the 1,3-dithiolane 15 with Bu3SnH and AIBN
in benzene[26] (Scheme 5). In this case, no epimerization took


Scheme 5. Synthesis of 4 with retention of the cis,cis,cis,trans stereo-
chemistry.


place and the cis,cis,cis,trans-fenestrane 4 was obtained in
good yield. Not surprisingly, the stereoisomeric dithiolane 16
could also be reduced in a straightforward manner using this
method. Thus, non-basic conditions and the presence of mild
radicals do not induce epimeri-
zation of the strained cis,cis,cis,-
trans-fenestrane skeleton. In
further agreement with these
findings, the strongly acidic me-
dia present during the Clem-
mensen reduction of 12 also
allowed a highly efficient, albeit
tedious, conversion to the cis,-
cis,cis,trans-hydrocarbon 4 with-
out epimerization (Scheme 5).


A classical alternative to the
1,3-dithiolane reduction in-
volved the reduction of the
tosylate 17, which was easily
prepared from fenestranol 9
(Scheme 6). When 17 was sub-
jected to LiAlH4 reduction
in tetrahydrofuran, cis,cis,cis,-
trans-[5.5.5.6]fenestrane 4 was
formed as the major product;
however, the fenestrene 18 (see


below for further evidence) was also generated, as shown by
mass spectrometry and 1H NMR spectroscopy. Attempts to
separate this from 4 by chromatography failed, but hydro-
genation of the mixture over palladium on charcoal[25b]


accomplished this alternative, five-step synthesis of cis,cis,cis,-
trans-tribenzo[5.5.5.6]fenestrane 4 from cis-diphenylspirotri-
ketone 6 in good overall yield.


In view of the presence of additional unsaturation in
cis,cis,cis,trans-tribenzo[5.5.5.6]fenestrenes such as 18, it ap-
peared interesting to perform a directed 1,2-elimination of


Scheme 6. Synthesis of 4 by reduction of 9, via tosylhydrazone 17.


water from cis,cis,cis,trans-fenestranol 9. As reported earlier,
the corresponding C2-symmetrical all-cis fenestranol 22, on
being heated in a dipolar aprotic solvent (HMPT), is
converted to the all-cis-tribenzo[5.5.5.6]fenestrene 23
(Scheme 7, bottom).[17] Similar treatment of the C1-symmet-
rical fenestranol 9 produced a mixture of the three isomeric
[5.5.5.6]fenestranes 18, 19, and 20 in a ratio of 72:21:7, by
1H NMR spectroscopy (Scheme 7, top). Column chromatog-
raphy and additional HPLC yielded the pure isomers in a
ratio of 82:12:6 and enabled structure elucidation to be
accomplished. Remarkably, neither the cis,cis,trans-fused
bridgehead olefin 21 nor the all-cis isomer 23 were formed.


Scheme 7. Formation of tribenzo[5.5.5.6]fenestrenes. (Note that atom numbering depends on the position of the
double bond.)
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The major isomers 18 and 19 both represented D(6,7)
isomers, possessing the unperturbated cis,cis,cis,trans fusion
pattern in the [5.5.5.6]fenestrane framework. According to
force field and semi-empirical MO calculations (Table 1),[22]


18 and 19 have similar strain energies, with a slight preference


(DEstrain�ÿ4.2 kJ molÿ1) for isomer 18, with the double bond
remote from the epimeric, strain-inducing bridgehead C4b.
The relative yields of 18 and 19 apparently reflect their
relative stabilities. However, the minor isomer 20, as the
D(7,7a) isomerÐthat is, a bridgehead olefinÐwas calculated
to be considerably more stable than 18 (DEstrain�
ÿ62.8 kJ molÿ1). Obviously, removal of the proton at the
strain-inducing bridgehead in the course of a formal 1,2-H
shift in 19 is thermodynamically favorable, since it releases the
strain energy from the cis,cis,cis,trans-fenestrane skeleton. In
turn, the bridgehead olefin 21, featuring both a D(7,7a) double
bond and the strain-inducing bridgehead C4b was calculated
to be the least stable isomer
[DEstrain��138.1 kJ molÿ1]
and, accordingly, this isomer
was not formed. Thus, it is
remarkable that the most sta-
ble isomer within the series of
cis,cis,cis,trans-[5.5.5.6]triben-
zofenestrenes is the bridge-
head olefin 19, which, accord-
ing to the calculations, is even
slightly less strained than the
all-cis-[5.5.5.6]tribenzofenes-
trene 23. As well as the rela-
tive strain energies of the five
[5.5.5.6]fenestrenes, the un-
bridged CÿCÿC bond angles
at the central carbon atoms
C15d of these olefins have
been calculated (Table 1).
These geometrical parameters
are discussed below, together
with those relating to the sa-
turated tribenzo[5.5.5.6]fenes-
trane 4.


A straighforward synthesis of cis,cis,cis,trans-[5.5.5.6]fenes-
trane 4 : We have also developed an independent synthesis of
4, which allowed us to circumvent the formation of stereo-
chemically labile C6-functionalized cis,cis,cis,trans-tribenzo-
fenestrane intermediates. To this end, the cyclohexanone
functionality of spirotriketone 6 had to be removed prior to
the cyclodehydration step, to furnish the target hydrocarbon 4
directly. The same strategy has been used previously by
Ten Hoeve and Wynberg in their attempts to synthesize
[6.6.6.6]- and [5.6.6.6]fenestranes.[27] We first tested this route
in experiments aimed at the conversion of trans-spirotrike-
tone 5 into all-cis-[5.5.5.6]fenestrane 3 (Scheme 8). Ironically,
this approach turned out to be non-trivial for the low-strain,
all-cis-fenestrane series. Treatment of 5 with p-toluenesulfon-
yl hydrazide in ethanol followed by reduction of the
tosylhydrazone furnished cis-diphenylspirodiketone 27 in
high yield. The same spirodiketone was obtained, using the
same method but starting from the cis-diphenylspirotriketone
6. In analogy to the partial trans! cis isomerization previ-
ously reported to occur during the conversion of the
corresponding di(5-methylfuryl)spirotriketone,[27] we assume
that epimerization occurs in the first stepÐformation of the
cis-diphenyl tosylhydrazone 26Ðalthough the stereochemis-
try of this compound could not be determined unequivocally.
However, all attempts to suppress the trans! cis isomer-
ization in the stepwise reduction of 5 via an isolated
tosylhydrazone failed.[28]


Retention of the trans orientation in the desired trans-
diphenylspirodione 24 was eventually achieved in a one-pot
procedure, by treating 5 with p-toluenesulfonyl hydrazide,
sodium cyanoborohydride, and p-toluenesulfonic acid in
dimethylformamide/sulfolane[29] (Scheme 8). Subsequent re-
duction of 24 to the corresponding spirodiols 25, which were
obtained as a mixture of stereoisomers, followed by cyclo-
dehydration, furnished the all-cis-tetrabenzo[5.5.5.6]fenes-


Scheme 8. Directed syntheses of all-cis- and cis,cis,cis,trans-fenestranes 3 and 4, featuring prevention of
epimerization.


Table 1. Flattening of the geometry at the central carbon atom and relative
strain energies of the isomeric tribenzo[5.5.5.6]fenestrenes (by AM 1 and
PM 3 calculations).


Compound Upper Lower DEstrain


non-bridged non-bridged [kJ molÿ1]
C-C-C angle [8][a] C-C-C angle [8][a]


AM 1 PM 3 AM 1 PM 3 AM 1 PM3


18 119.3 120.7 119.7 117.9 � 62.8 � 60.7
19 120.6 120.7 117.1 117.2 � 66.9 � 65.7
20 115.5 115.5 112.5 112.2 0 0
21 126.0 124.9 124.8 125.7 � 141.0 � 136.8
23 110.9 110.2 110.3 109.2 � 2.9 � 6.7


[a] C-C-C bond angles at C15d opened to the top and bottom, respectively,
of the structures shown in Scheme 7.
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trane 3 in excellent yield. Selective reduction of cis-diphenyl-
spirotriketone 6 was achieved through tosylhydrazone 26 (see
above), by treatment with sodium borohydride in methanol,
or, alternatively, with catecholborane in trichloromethane,
giving the cis-diphenylspirodione 27 in good yield. Subse-
quent reduction with lithium aluminum hydride furnished
spirodiol 28, again as a mixture of diastereomers. As expected,
in analogy with the behavior of the C4-functionalized cis-
diphenylspirodiols 8 and 11 (Scheme 2), cyclodehydration of
28 furnished the cis,cis,cis,trans-tribenzo[5.5.5.6]fenestrane 4
in excellent yield and with perfect stereospecificity. In view of
our original expectation that the trans orientation of the
phenyl groups would be a conditio sine qua non, it is worth
noting (and also amusing) that the overall yields of the
stereochemically analogous four-step sequences 5! 3 and
6! 4 are almost the same (30 and 28 %, respectively).


Mechanism of the base-induced cis,cis,cis,trans! all-cis epi-
merization : Because of the facile epimerization occurring
during the reduction of fenestranone 12 and its derivatives
under basic conditions, we first suspected that the functional
group at C6 might be responsible for this effect. For example,
a-deprotonation at C7 might induce a transitory heterolytic
cleavage of the C7aÿC15d bond, which could give rise to
epimerization. Alternatively, the formation of a D(6,7) double
bond through enolization might contribute by allylic activa-
tion of the bridgehead C7aÿH bond. In fact, we found that the
cis,cis,cis,trans-fenestranone 12 could be epimerized to the all-
cis isomer 7 by treatment with potassium tert-butoxide in
DMSO at ambient temperature (Scheme 9). This conversion


Scheme 9. Directed epimerization of cis,cis,cis,trans-fenestranone 12.


has proven to be an important tool in the synthesis of
benzoannelated all-cis-fenestranes when the trans-diarylspiro-
triketones are not accessible (cf. Scheme 1).[30] However, the
aforementioned assumptions do not explain all of the
observations reported above. We therefore subjected the
cis,cis,cis,trans-fenestrane hydrocarbon 4 itself (obtained by
the independent syntheses described above) to the basic
conditions existing during Wolff ± Kishner and modified
Wolff ± Kishner reductions.


In fact, when 4 was dissolved in a solution of potassium tert-
butoxide in dimethyl sulfoxide at ambient temperature, the
all-cis-tribenzo[5.5.5.6]fenestrane 3 was formed and isolated
in almost quantitative yield. Thus, the strained hydrocarbon 4
proved to be sufficiently acidic to undergo epimerization after
its formation from the respective cis,cis,cis,trans-fenestrane
derivatives.


Next, we treated both the all-cis- and the cis,cis,cis,trans-
fenestranes 3 and 4 with potassium tert-butoxide in [D6]di-
methyl sulfoxide at ambient temperature (Scheme 10). Start-
ing from 3, all-cis-[11b,15b-D2]tribenzo[5.5.5.6]fenestrane 3 a,


Scheme 10. Selective H/D exchange in isomeric fenestranes.


with two deuterium atoms in the benzhydrylic positions
(D content >97 % as determined by 1H NMR spectroscopy),
was isolated after 2 h in >90 % yield. The same treatment of
the cis,cis,cis,trans isomer 4 furnished another isotopomer of
3, all-cis-[7a,11b,15b-D3]tribenzo-[5.5.5.6]fenestrane (3 b),
again exhibiting complete deuterium incorporation at the
two benzhydrylic bridgeheads but also at one of the benzylic
positions. Obviously, base-induced epimerization of the
benzylic bridgehead C7aÿH of the strained isomer 4 is faster
than the deprotonation/reprotonation sequence involving the
benzhydrylic CÿH bonds of the relatively unstrained all-cis
isomer 3.


This result was clearly confirmed when the cis,cis,cis,trans-
fenestrane 4 was allowed to react with the weaker base
potassium deuteroxide in [O,O-D2]-diethylene glycol at
180 8C; that is, under classical Wolff ± Kishner conditions.
After 3 h, only one of the benzylic bridgehead CÿH bonds had
incorporated deuterium, while none of the benzhydrylic ones
had, and all-cis-[7a-D]tribenzo[5.5.5.6]fenestrane 3 c was iso-
lated as the sole all-cis isotopomer, with an isotopic purity of
>95 % (1H NMR), along with unreacted 4. Forcing conditions
(240 8C, >4 h) were required to convert the all-cis-[D1]
isotopomer 3 c into 3 b (Scheme 10).[31] Thus, H/D exchange
experiments had clearly demonstrated that the CÿH bond at
the epimeric bridgehead C7a of the strained cis,cis,cis,trans-
fenestrane 4 is considerably more kinetically acidic not only
than those at the benzhydrylic bridgeheads in the same
stereoisomer but also than the benzhydrylic CÿH bonds of the
low-strain all-cis-fenestrane 3.
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Molecular structure of cis,cis,cis,trans-tribenzo[5.5.5.6]fenes-
trane 4 : Attempts to obtain single crystals from the all-cis-
tribenzo[5.5.5.6]fenestrane 3 were not successful; fortunately,
however, the cis,cis,cis,trans-isomer 4 furnished beautiful
crystals upon recrystallization from n-hexane/ethyl acetate.
Pertinent crystallographic data and selected geometrical data
are given in Table 2, Table 3, and Table 4.[32] Figure 2 illus-
trates the solid-state molecular structure of 4 as viewed from
the upper (a) face of the fenestrane core; that is, with three
bridgehead hydrogens pointing above the plane.


The solid-state molecular structure of 4 clearly confirms
both the relative configurations at the four peripheral bridge-
heads of the [5.5.5.6]fenestratriene framework and the boat
conformation deduced above for the corresponding fenestra-
nol 9. In fact, the cyclohexane boat in 4 is fused into the
angular triindane skeleton in such a way as to impose a rigid
and nearly perfect boat conformation.[33] As the most
remarkable geometrical parameter, the unbridged CÿCÿC
bond angles at the central carbon atom C15d of 4 are
considerably increased. In particular, aC4b-C15d-C11b is
opened to 120.8(1)8, whereas the other angle, aC7a-C15d-
C15b, is widened to 115.5(1)8 only (Table 3). These values
may be compared to those of the corresponding angles in
fenestrindane 1 (116.58)[14d] and its derivative bearing four
bromine atoms at the bridgehead positions (121.48).[3a, 34]


Hence, taking both angles into account, the cis,cis,cis,trans-
[5.5.5.6]fenestrane skeleton of 4 is more flattened than the all-
cis-[5.5.5.5] congeners such as 1, but significantly less than the
sterically overcrowded fourfold bridgehead derivatives in that
series.


Unfortunately, experimental data for the all-cis-triben-
zo[5.5.5.6]fenestrane 3 are lacking, because the crystals
obtained were not suitable for X-ray analysis. However, as
also shown in Table 3, semi-empirical and force field calcu-
lations satisfactorily reproduced the widening effects found
for 4, PM 3 calculations affording the closest agreement in this
case. On this basis, computation also allowed us to predict that
the all-cis-tribenzo[5.5.5.6]fenestrane 3 would be much less
flattened than the cis,cis,cis,trans-isomer 4, the unbridged
angles of the former isomer being opened by 15 ± 178 less than
those of the latter.


It may be noted that the carbon triad C4a-C15d-C11b
comprising the strongly widened angle does not contain the
strain-inducing bridgehead C7a, an observation that may
appear counterintuitive. Obviously, the extra strain induced
by the attachment of the trimethylene unit at the b position of
C7a, rather than at its a position as in 3, gives rise to bending
of the C4b bridgehead more ªdownwardsº to the fenestrane
mean plane than bending of the C7a bridgehead ªupwardsº
to it.


A more detailed analysis of the geometry of the neopentane
core of 4 reveals that the cis,cis,cis,trans configuration gives
rise to a significant decrease in the sp3 character of the


Table 2. Crystal data and structure refinement for cis,cis,cis,trans-triben-
zo[5.5.5.6]fenestrane 4 (4ba,7aa,11ba,15bb)-5,6,7,7a,11b,15b-hexahydro-
4bH-dibenzo[2,3:4,5]pentaleno[1,6-jk]fluorene.


empirical formula C26H22


formula weight 334.44
T [K] 203(2)
l [�] 0.71073
crystal system monoclinic
space group P2(1)/c
unit cell dimensions a� 9.066(1) �


b� 19.600(2) �
c� 9.930(3) �
a� 908
b� 102.79(2)8
g� 908


V [�3] 1720.7(6)
Z 4
1calcd [Mg mÿ3] 1.291
absorption coefficient [mmÿ1] 0.073
F(000) 712
crystal size [mm3] 0.23� 0.60� 0.25
q range for data collection 2.08 to 26.998
index ranges ÿ 1� h� 11,


ÿ 25� k� 1,
ÿ 12� l� 12


reflections collected 4718
independent reflections 3755 [R(int)� 0.0154]
completeness to q� 26.998 99.9%
absorption correction none
refinement method full-matrix,


least-squares on F 2


data/restraints/parameters 3755/0/236
Goodness-of-fit on F 2 1.056
final R indices [I> 2s(I)] R1� 0.0451, wR2� 0.1070
R indices (all data) R1� 0.0764, wR2� 0.1334
extinction coefficient 0.0159(18)
largest diff. peak and hole 0.253 and ÿ0.181 e �ÿ3


Table 3. Flattening of the geometry at the central carbon atom and relative
strain energies of stereoisomeric tribenzo[5.5.5.6]fenestranes 3 and 4.


Compound Method aC4b-C15d-C11b aC7a-C15d-C15b DEstrain


[8] [8] [kJ molÿ1]


4 X-ray 120.8 115.5 ±
4 AM 1 119.4 117.8 � 49.8


PM 3 120.0 116.5 � 43.5
MM� 118.7 115.8 � 38.1


3 AM 1 110.2 111.7 0
PM 3 108.8 111.1 0
MM� 109.3 112.9 0


Table 4. CÿC Bond distances [pm] and CÿCÿC bond angles [8] at the
peripheral bridgeheads of cis,cis,cis,trans-[5.5.5.6]fenestrane 4, as deter-
mined by single-crystal X-ray structure analysis. The data for the ªstrainedº
bridgehead C7a are given in italics.


Bond distances [pm] Bond angles [8]


C4bÿC15d 156.6(2) C4a-C4b-C5 111.3(1)
C4bÿC4a 151.1(2) C4a-C4b-C15d 105.2(1)
C4bÿC5 155.5(3) C5-C4b-C15d 107.8(1)
C7aÿC15d 153.9(2) C7-C7a-C7b 122.4(1)
C7aÿC7 151.1(2) C7-C7a-C15d 114.0(1)
C7aÿC7b 149.7(2) C7b-C7a-C15d 104.1(1)
C11bÿC15d 156.8(2) C11a-C11b-C1c 107.8(1)
C11bÿC11a 152.8(2) C11a-C11b-C15d 102.6(1)
C11bÿC11c 150.8(2) C11c-C11b-C15d 105.7(1)
C15bÿC15d 157.9(2) C15a-C15b-C15c 111.3(1)
C15bÿC15a 151.6(2) C15a-C15b-C15d 105.3(1)
C15bÿC15c 150.9(2) C15c-C15b-C15d 105.7(1)
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strained bridgehead carbon atom C7a. This is most evident
from the data collected in Table 4. In particular, the average
of the C-C-C bond angles at C7a, namely 113.5(1)8, is
significantly larger than the mean of the corresponding angles
at the other peripheral bridgehead positions, namely 108.1(1)8
for C4b, 105.3(1)8 for C11b, and 107.4(1)8 for C15b. As
expected, effects on the CÿC bond distances within the
fenestrane core are only minor; however, one slight but
significant effect may be noted. Among the four central CÿC
bonds, those involving the peripheral bridgeheads possessing
ªnormalº configuration, namely C4bÿC15d, C11bÿC15d, and
C15bÿC15d, have virtually the same lengths, ranging from
156.6(2) to 157.9(2) pm. In contrast, the bond connecting the
strained bridgehead to the central one and thus involving the
trans ring junction, C7aÿC15d, is significantly shortened: to
153.9(2) pm. The two lateral CÿC bonds at the strained
bridgehead C7a are also shorter than the respective CÿC
bonds at the other benzylic bridgehead C4b: 151.1(2) pm
versus 155.5(3) pm and 149.7(2) pm versus 151.1(2) pm. All
these observations suggest that the hybridization of the C7a
atom is of partial sp2 character.


Also on the basis of the compatibility of the experimental
and computational data, the flattening effects in the triben-
zo[5.5.5.6]fenestrenes 18 ± 21 and 23 may be ascertained by
semi-empirical calculation. The data obtained by AM 1 and
PM 3 calculations (Table 1) clearly reflect the correlation of
strain with the flattening at the central carbon atom and
suggest that, according to the calculations, the synthetically
accessible fenestrenes 18 and 19 are actually somewhat more
flattened than fenestrane 4. The much more highly strained
isomer 21, which was not observed in the experiments, was
calculated to be considerably more flattened than the former
cis,cis,cis,trans isomers. Interestingly, the similarity of strain in
the stereoisomeric bridgehead olefins 20 and 23 is not
reflected in the size of the unbridged angles at the central
carbon atom.


Conclusion


The directed synthesis of ben-
zoannelated cis,cis,cis,trans-
[5.5.5.6]fenestranes has been
achieved by simple condensa-
tion strategies involving acid-
catalyzed, twofold cyclodehy-
dration. The base-lability of
these strained stereoisomers of
the previously described all-cis-
[5.5.5.6]fenestranes is remarka-
ble; it gives rise to facile epi-
merization of the CÿH bond of
the ªinvertedº benzylic bridge-
head, generating the all-cis-
[5.5.5.6]fenestrane skeleton.
The kinetic CÿH acidity of this
bridgehead is higher than that
of the benzhydrylic bridge-
heads, and epimerization oc-
curs through a simple deproto-
nation/reprotonation mecha-


nism at the benzylic bridgehead. Experimental and
computational analysis of the stereochemistry of the cis,cis,-
cis,trans-[5.5.5.6]fenestrane framework has demonstrated the
increased sp2 character of the carbon atom at the inverted
bridgehead and the limited but significant flattening of the
coordination of the central carbon atom. It is obvious from the
results presented here that attempts to construct the highly
strained cis,cis,cis,trans-[5.5.5.5]fenestranes, such as ªepi-fen-
estrindaneº 2, will have to cope with the paradox that
benzoannelation of fenestranes has opened a viable route to
these interesting polycyclic hydrocarbons but that it also
increases their chemical lability in the strained cis,cis,cis,trans-
fused stereoisomers. Thus, experimental efforts to convert
benzoannelated cis,cis,cis,trans-[5.5.5.6]fenestranes to the cis,-
cis,cis,trans-[5.5.5.5]fenestrane congeners represents a true
challenge.


Experimental Section


General procedures : Melting points (uncorrected) Electrothermal melting
point apparatus. IR spectra: Perkin ± Elmer model IR 841. 1H,13C NMR,
1H,1H COSY, and 1H,1H NOESY measurements: Bruker AM 250; TMS (as
internal standard) and Bruker DRX 500 (solvent used as internal stand-
ard). 13C NMR spectra were recorded as broad-band decoupled in
combination with the DEPT or APT technique, respectively. MS and exact
mass measurements: VG Autospec, Fisons, electronic ionization (EI,
70 eV). Perfluorokerosene (PFK) was used as a reference for exact mass
measurements. Combustion analyses: Perkin ± Elmer 240. TLC: silica gel
(Kieselgel 60 F254) on aluminum foils (Merck). Column chromatography:
silica gel (Kieselgel 60, 0.063 ± 0.200 mm, Merck and Machery ± Nagel).


cis-2,6-Diphenyl-1',3'-dihydrospiro[cyclohexane-1,2'-[2H]indene]-1',3',4-
triol (8): A solution of spirotriketone 6 (20.0 g, 52.5 mmol) in dry
tetrahydrofuran (200 mL) was added over 3 h to a stirred suspension of
lithium aluminum hydride (4.2 g, 110 mmol) in dry THF (500 mL). The
mixture was then heated to reflux for 15 h. The major part of the solvent
was then distilled off and replaced by diethyl ether (200 mL). The mixture
was cooled with ice/water, hydrolyzed carefully by adding water, and
extracted several times with diethyl ether. The combined organic layers


Figure 2. X-ray molecular structure (ORTEP plot) of cis,cis,cis,trans-fenestrane 4.
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were dried with sodium sulfate and the solvent was evaporated to give an
oily residue from which a colorless precipitate (16.6 g, 82%) formed upon
addition of chloroform. This material constitutes a mixture of isomers and
may be used directly for cyclodehydration. Repeated crystallization from
chloroform gave a mixture of isomers (m.p. 238 ± 240 8C), from which the
major isomer (ca. 90%) could be identified by NMR spectroscopy:
1H NMR (250 MHz, CDCl3): d �7.39 ± 7.13 (m, 7H), 7.03 ± 6.73 (m, 6H),
6.65 ± 6.63 (m, 1 H), 5.41 (s, 1H), 4.78 (d, J� 8.1 Hz, 1 H), 4.09 (dd, J� 5.0,
10.8 Hz, 1H), 3.39 (dd, J� 3.6, 13.7 Hz, 1 H), 3.36 (dd, J� 2.9, 13.7 Hz, 1H),
3.05 ± 2.90 (m, 1 H), 2.79 (br s, 1 H, -OH), 2.78 ± 2.63 (m, 1 H), 2.38 ± 2.24 (m,
1H), 2.24 (br s, 1 H, -OH), 2.04 ± 1.97 (m, 1H), 1.77 (br s, 1 H, -OH);
13C NMR (62.9 MHz, CDCl3): d �143.2, 142.0, 141.7, 141.3, 130.2, 128.4,
127.6, 127.2, 126.9, 125.4, 121.4, 120.9, 75.2, 74.6, 70.9, 62.6, 48.1, 46.9, 41.0,
38.7; IR (KBr): nÄ � 3542, 3390, 2876, 1493, 1031, 746 cmÿ1; MS (EI, 70 eV):
m/z (%): 386 (16) [M]� , 368 (61), 350 (52), 332 (7), 290 (57), 220 (100), 147
(84), 105 (57), 91 (91); elemental analysis calcd (%) for C26H26O3 (386.50):
C 80.80, H 6.72; found: C 80.77, H 6.78.


(4ba,7aa,11ba,15bb)-5,6,7,7 a,11b,15b-Hexahydro-4H-dibenzo[2,3 :4,5]-
pentaleno[1,6-jk]fluorene-6b-ol (9)


a) By cyclodehydration of 8 : A suspension of spirotriol 8 (20.0 g,
51.6 mmol) in xylene (80 mL) and orthophosphoric acid (85 %, 4.0 mL)
was stirred vigorously and heated to reflux temperature for 3 h in a reaction
vessel equipped with a water separator. The hot solution was carefully
decanted from the oily, brown residue and the solvent was distilled off. The
crude product was recrystallized from ethyl acetate to yield pure 9 (31.2 g,
73%) as a colorless solid. M.p. 228 ± 240 8C (decomp), 1H NMR and 1H,1H-
COSY (250 MHz, CDCl3), 1H,1H-NOESY and 1H,13C-COSY (500 MHz,
CDCl3): d �7.49 ± 7.44 (m, 4H), 7.29 ± 6.99 (m, 8H), 4.44 (s, 1H), 4.40 (s,
1H), 4.27 (ddd, J� 10.1, 5.5, 4.0 Hz, 1H), 3.84 (d, J� 4.1 Hz, 1H), 3.50 (dd,
J� 14.0, 2.6 Hz, 1H), 2.95 (ddd, J� 13.8, 10.1, 2.6 Hz, 1 H), 2.56 (ddd, J�
15.3, 5.5, 4.1 Hz, 1H), 2.28 (d, J� 15.3 Hz, 1 H), 1.42 (ddd, J� 14.0, 13.8,
4.0 Hz, 1 H), 0.95 (br s, 1 H); 13C NMR (62.9 MHz, CDCl3): d� 147.5, 145.8,
144.5, 144.4, 142.6, 127.8, 127.6, 126.9, 126.8, 126.7, 126.4, 125.5, 125.3, 124.5,
123.8, 123.4, 120.9, 68.1, 67.8, 58.8, 56.8, 46.3, 44.4, 36.9, 31.6; IR (KBr): nÄ �
3567, 2890, 1472, 1453, 1446, 1074, 770, 756 cmÿ1; MS (EI, 70 eV): m/z (%):
350 (95) [M]� , 332 (100), 303 (62), 291 (72), 215 (42), 91 (24); elemental
analysis calcd (%) for C26H22O (382.46): C 89.11, H 6.33; found: C 89.18, H
6.55.


b) By reduction of 12 : A mixture of fenestranone 12 (1.00 g, 2.88 mmol)
and lithium aluminum hydride (0.10 g, 2.60 mmol) in THF (350 mL) was
refluxed for 6 h. The reaction mixture was cooled with ice/water, carefully
hydrolyzed with water, and extracted several times with diethyl ether. The
combined organic layers were dried with sodium sulfate and the solvent
was evaporated to give pure 9 (1.00 g, 99%) as a colorless solid. M.p. 231 ±
239 8C (decomp).


cis-3',5'-Diphenyldispiro[1,3-dioxolane-2,1'-cyclohexane-4',2''-[2H]-
indene]-1'',3''-dione (10): In a reaction vessel equipped with a water
separator containing freshly dried molecular sieves (4 �, 15 g), a solution
of spirotriketone 6 (10.2 g, 26.8 mmol), ethylene glycol (1.86 g, 30.0 mmol),
and p-toluenesulfonic acid (50 mg) in dichloromethane (150 mL) was
heated to reflux for 15 h. The solution was washed with aqueous sodium
bicarbonate and water and dried with sodium sulfate, and the solvent was
evaporated to yield dispiroacetal 10 (11.2 g, 99 %) as a colorless powder.
M.p. 262 ± 263 8C; 1H NMR (250 MHz, CDCl3): d� 7.54 ± 7.51 (m, 1H),
7.45 ± 7.31 (m, 3 H), 7.04 ± 6.86 (m, 10 H), 4.04 (s, 4H), 3.78 (dd, J� 3.3,
13.8 Hz, 2H), 3.09, (quasi-t, J� 13.5 Hz, 2 H), 1.94 (dd, J� 2.0, 13.0 Hz,
2H); 13C NMR (62.9 MHz, CDCl3): d� 203.4, 203.2, 142.8, 142.1, 139.1,
134.8, 134.7, 128.5, 128.1, 127.0, 122.1, 121.8, 108.6, 64.7, 64.6, 62.6, 46.8, 36.4;
IR (KBr): nÄ � 2889, 1741, 1696, 1255, 1145, 1073, 765 cmÿ1; MS (EI, 70 eV):
m/z (%): 424 (2) [M]� , 364 (1), 320 (13), 233 (7), 175 (100), 86 (56);
elemental analysis calcd (%) for C28H24O4 (424.50): C 79.23, H 5.70; found:
C 79.35, H 5.94.


cis-3',5'-Diphenyl-1'',3''-dihydrodispiro[1,3-dioxolane-2,1'-cyclohexane-
4',2''-[2H]indene]-1'',3''-diol (11): A solution of dispiroacetal 10 (11.2 g,
26.4 mmol) in dry tetrahydrofuran (350 mL) was added to a suspension of
lithium aluminum hydride (2.0 g, 53.0 mmol) in dry THF (100 mL) and the
mixture was heated to reflux for 4 h. The major part of the solvent (ca.
300 mL) was distilled off and replaced with diethyl ether (150 mL). The
mixture was carefully hydrolyzed by addition of water and extracted
several times with diethyl ether. The combined extracts were dried with


sodium sulfate and the solvent was distilled off to give crude dispirodiole 11
(10.5 g, 93%) as a colorless mixture of two isomers (m.p. 245 ± 248 8C).
Repeated recrystallization from ethyl acetate furnished a mixture of
isomers (m.p. 252 ± 254 8C), from which the major isomer (ca. 90 %) could
be identified by NMR spectroscopy: 1H NMR (250 MHz, CDCl3): d�
7.55 ± 7.52 (m, 2 H), 7.22 ± 7.09 (m, 4 H), 6.97 ± 6.74 (m, 8 H), 5.66 (d, J�
10.0 Hz, 1H), 5.54 (d, J� 9.0 Hz, 1H), 4.04 ± 3.93 (m, 4 H), 3.67 (dt, J� 3.3,
13.8 Hz, 2H), 3.00 (quasi-t, J� 13.3 Hz, 1H), 2.62 (quasi-t, J� 13.8 Hz,
1H), 2.17 (dt, J� 2.6, 13.1 Hz, 1H), 2.14 (d, J� 9.0 Hz, 1 H, OH), 1.90 (dt,
J� 3.1, 13.7 Hz, 1H), 1.11 (d, J� 10.0 Hz, 1 H, OH); 13C NMR (62.9 MHz,
CDCl3): d� 144.5, 143.2, 142.1, 141.6, 131.1, 129.2, 128.8, 127.8, 127.5, 127.4,
126.3, 126.0, 124.5, 122.0, 108.7, 77.8, 77.1, 64.6, 64.5, 58.0, 47.1, 46.3, 40.0,
38.0; IR (KBr): nÄ � 3464, 2934, 2900, 1148, 1090, 1017, 749, 699 cmÿ1; MS
(EI, 70 eV): m/z (%): 428 (11) [M]� , 410 (23), 392 (3), 366 (14), 348 (11),
237 (100), 220 (55), 191 (37), 104 (51), 91 (55), 87 (77); elemental analysis
calcd (%) for C28H28O4 (428.53): C 78.48, H 6.59; found: C 78.66, H 6.50.


(4ba,7aa,11ba,15bb)-4 b,5,7,7a,11b,15 b-Hexahydro-6H-dibenzo-
[2,3 :4,5]pentaleno[1,6-jk]fluorene-6-one (12)


a) By oxidation of fenestranol 9 : A suspension of fenestranol 9 (300 mg,
86 mmol) in freshly distilled acetone (10 mL) was added slowly to a stirred
solution of an excess of chromium trioxide (120 mg, 1.20 mmol) in 2n
sulfuric acid (5.0 mL). The mixture was stirred at ambient temperature
until TLC (n-hexane/ethyl acetate 3:1) indicated the absence of starting
material (ca. 4 h). In some cases, additional reagent and prolongation of the
reaction time were necessary. The solid phase was filtered by suction,
washed several times with water and dried in vacuo to give crude
fenestrane ketone 12 (290 mg, 97 %) as a colorless solid (m.p. 290 ± 294 8C).
Recrystallization from ethyl acetate gave a sample of m.p. 293 ± 296 8C.


b) By cyclodehydration of dispirodiol 11: In a reaction vessel equipped with
a water separator, dispirodiole 11 (10.4 g, 24.3 mmol) and orthophosphoric
acid (85 %, 16 mL) in toluene (600 mL) were heated to reflux for 15 h. The
hot solution was carefully decanted from the oily brown residue, and the
solvent was then distilled off and the residue recrystallized from ethyl
acetate to yield fenestrane ketone 12 (7.33 g, 87%) as a colorless powder.
M.p. 293 ± 297 8C; 1H NMR (250 MHz, CDCl3): d� 7.50 ± 7.47 (m, 1H),
7.41 ± 7.38 (m, 1H), 7.21 ± 7.02 (m, 10H), 4.58 (s, 1H), 4.43 (s, 1 H), 4.28 (dd,
J� 3.4, 14.6 Hz, 1 H), 4.06 (d, J� 5.1 Hz, 1H), 3.38 (dd, J� 6.2, 15.1 Hz,
1H), 2.94 (dd, J� 3.6, 18.6 Hz, 1H), 2.70 (dd, J� 1.8, 15.1 Hz, 1H), 2.27
(dd, J� 14.8, 18.6 Hz, 1H); 13C NMR (62.9 MHz, CDCl3): d� 145.7, 145.1,
144.8, 144.0, 143.8, 141.1, 127.9, 127.8, 127.3, 127.2, 127.1, 126.7, 125.6, 125.1,
124.5, 123.3, 123.2, 121.0, 67.3, 58.8, 56.8, 47.2, 47.0, 44.4, 37.9; IR (KBr): nÄ �
2962, 2901, 1715, 1471, 760, 752, 746 cmÿ1; MS (EI, 70 eV): m/z (%): 348
(100) [M]� , 305 (37), 290 (39); elemental analysis calcd (%) for C26H20O
(348.45): C 89.62, H 5.79; found: C 89.69, H 6.04.


(4ba,7aa,11ba,15bb)-4 b,5,7,7a,11b,15 b-Hexahydro-6H-dibenzo-
[2,3 :4,5]pentaleno[1,6-jk]fluorene-6-one hydrazone (13): A solution of
fenestrane ketone 12 (1.00 g, 2.87 mmol) and hydrazine hydrate (180 mg,
3.59 mmol) in ethanol (70 mL) was heated to reflux temperature for 5 h.
The mixture was cooled at ÿ15 8C overnight. The resulting product was
filtered by suction and recrystallized from ethanol to give hydrazone 13
(0.82 g, 79 %) as colorless crystals. M.p. 174 ± 179 8C (decomp); 1H NMR
(500 MHz, CDCl3): d� 7.47 ± 7.46 (m, 1H), 7.36 ± 7.35 (m, 1 H), 7.19 ± 7.10
(m, 8H), 7.06 ± 7.03 (m, 2 H), 4.74 (br s, 2H, -NH), 4.53 (s, 1 H), 4.36 (s, 1H),
4.09 (dd, J� 3.5, 13.9 Hz, 1H), 3.93 (d, J� 4.8 Hz, 1H), 3.27 (dd, J� 5.1,
14.5 Hz, 1 H), 2.92 (dd, J� 3.1, 17.1 Hz, 1 H), 2.61 (dd, J� 14.6, 1.6 Hz, 1H),
2.15 (quasi-t, J� 14.9, 16.2 Hz, 1 H); 13C NMR (125.8 MHz, CDCl3): d�
151.2, 146.0, 145.7, 144.9, 144.1, 141.6, 127.5, 127.3, 127.0, 126.9, 126.8, 126.5,
125.5, 125.0, 124.5, 123.2, 122.8, 120.9, 67.4, 59.0, 56.4, 45.9, 45.7, 39.2, 24.0;
IR (KBr): nÄ � 3392, 3069, 3023, 2956, 2892, 1473, 1454, 757 cmÿ1; MS (EI,
70 eV): m/z (%): 362 (100) [M]� , 346 (47), 345 (21), 331 (46), 305 (61), 289
(55); exact mass measurement (EI-MS): m/z : calcd for [M]� 362.1783;
found: 362.1783.


(4ba,7ab,11ba,15bb)-4 b,5,7,7 a,11b,15b-Hexahydro-6H-dibenzo-
[2,3 :4,5]pentaleno[1,6-jk]fluorene-6-one hydrazone (14): A solution of
fenestrane ketone 7 (1.00 g, 2.87 mmol) and hydrazine hydrate (180 mg,
3.59 mmol) in ethanol (70 mL) was heated to reflux temperature for 5 h.
The product precipitated over 15 h on standing atÿ15 8C. It was filtered by
suction, washed with a little ethanol, and then recrystallized from ethanol
to give hydrazone 13 (0.73 g, 70%) as a colorless solid. M.p. 337 ± 341 8C
(decomp); 1H NMR (500 MHz, CDCl3): d� 7.38 ± 7.31 (m, 4 H), 7.26 ± 7.17
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(m, 8 H), 5.00 (br s, 2H, -NH), 4.48 (s, 1 H), 4.47 (s, 1 H), 3.58 (t, J� 6.8 Hz,
1H), 3.49 (t, J� 7.1 Hz, 1 H), 2.70 ± 2.57 (m, 4H); 13C NMR (125.8 MHz,
CDCl3): d� 143.6, 143.1, 142.6, 142.4, 142.2, 141.9, 127.4, 127.2, 126.9, 125.3,
125.2, 124.7, 124.6, 124.3, 123.9, 123.8, 67.0, 59.8, 59.0, 58.7, 57.9, 37.5, 35.8;
IR (KBr): nÄ � 3072, 3023, 2881, 1650, 1476, 1457, 1443, 754, 738, 638 cmÿ1;
MS (EI, 70 eV): m/z (%): 362 (10) [M]� , 346 (91), 332 (98), 305 (78), 303
(89), 291 (100), 290 (75), 289 (86), 215 (41); exact mass measurement (EI-
MS): m/z : calcd for [M]� 362.1783; found: 362.1790.


(4b'a,7a'a,11b'a,15b'b)-4 b',5',7',7 a',11 b',15b'-1,3-Dithiolane-2,6'-hexa-
hydro-6'H-dibenzo[2',3':4',5']pentaleno[1',6'-jk]fluorene (15): A mixture of
fenestrane ketone 12 (500 mg, 1.44 mmol), 1,2-ethanedithiol (0.50 mL,
5.94 mmol), BF3 ´ Et2O (50 % BF3, 0.5 mL), and acetic acid (5 mL) was
stirred at ambient temperature for 2 h. The crude product was separated by
filtration, washed with ethanol, and recrystallized from ethyl acetate to give
dithiolane 15 (579 mg, 95%) as a colorless powder. M.p. 268 ± 269 8C;
1H NMR (500 MHz, CDCl3): d� 7.46 ± 7.45 (m, 2H), 7.29 ± 7.23 (m, 3H),
7.15 ± 7.00 (m, 7 H), 4.42 (s, 1H), 4.34 (s, 1H), 3.89 (d, J� 4.1 Hz, 1H), 3.76
(d, J� 13.1 Hz, 1H), 3.29 ± 3.23 (m, 3H), 3.10 ± 3.06 (m, 2 H), 2.99 ± 2.96
(dd, J� 2.2, 13.9 Hz, 1 H), 2.67 (dd, J� 1.8, 15.0 Hz, 1H), 2.26 (t, J�
13.6 Hz, 1 H); 13C NMR (125.8 MHz, CDCl3): d� 145.8, 144.9, 144.4,
144.2, 142.3, 127.7, 126.9, 126.79, 126.75, 126.5, 125.5, 124.5, 123.3, 121.0,
67.5, 64.1, 58.3, 57.3, 45.6, 45.4, 44.1, 42.7, 41.6, 36.2; IR (KBr): nÄ � 2913,
1484, 1477, 1466, 1455, 1445, 1431, 762, 743, 733 cmÿ1; MS (EI, 70 eV): m/z
(%): 424 (8) [M]� , 363 (17), 331 (100), 289 (19), 215 (13); exact mass
measurement (EI-MS): m/z : calcd for [M]� 424.1320; found: 424.1325;
elemental analysis calcd (%) for C28H24S2 (424.62): C 79.20, H 5.70; found:
C 79.10, H 5.60.


(4b'a,7a'b,11b'a,15bb)-4 b',5',7',7a',11 b',15 b'-1,3-Dithiolane-2,6'-penta-
hydro-6'H-dibenzo[2',3':4',5']pentaleno[1',6'-jk]fluorene (16): A mixture of
fenestrane ketone 7 (500 mg, 5.94 mmol), 1,2-ethanedithiol (0.50 mL,
5.94 mmol), BF3 ´ Et2O (50 % BF3, 0.5 mL), and acetic acid (5 mL) was
stirred at ambient temperature for 2 h. The crude product was separated by
filtration, washed with ethanol, and recrystallized from ethyl acetate to
yield dithiolane 16 (522 mg, 85 %) as a colorless powder. M.p. 247 ± 249 8C;
1H NMR (500 MHz, CDCl3): d� 7.37 ± 7.31 (m, 4H), 7.26 ± 7.16 (m, 8H),
4.44 (s, 2H), 3.55 (quasi-t, J� 6.5 Hz, 2H), 3.25 (s, 4 H), 2.51 (dd, J� 6.2,
14.2 Hz, 2H), 2.34 (dd, J� 7.0, 14.2 Hz, 2H); 13C NMR (125.8 MHz,
CDCl3): d� 145.4, 143.4, 142.8, 127.3, 127.2, 126.7, 125.0, 124.6, 124.4, 65.8,
64.8, 59.2, 46.0, 43.3, 38.4; IR (KBr): nÄ � 3021, 2928, 1476, 755 cmÿ1; MS (EI,
70 eV): m/z (%): 424 (34) [M]� , 363 (29), 331 (100), 289 (22), 215 (10); exact
mass measurement (EI-MS): m/z : calcd for [M]� 424.1320; found:
424.1325; elemental analysis calcd (%) for C28H24S2 (424.62): C 79.20, H
5.70; found: C 79.07, H 5.85.


(4ba,7aa,11ba,15bb)-5,6,7,7 a,11b,15b-Hexahydro-4 bH-dibenzo-
[2,3 :4,5]pentaleno[1,6-jk]fluorene-6-yl para-toluenesulfonate (17): Fenes-
tranol 9 (1.00 g, 2.86 mmol) and p-toluenesulfonyl chloride (2.30 g,
12.00 mmol) were dissolved in dry pyridine (20 mL). The solution was
stirred at ambient temperature for 4 h, and then poured into ice/water
(75 mL) and extracted several times with dichloromethane. The combined
organic layers were washed with hydrochloric acid (10 %), aqueous sodium
bicarbonate, and water, and then dried over sodium sulfate. Evaporation of
the solvent and recrystallization of the residue from n-hexane/ethyl acetate
3:1 gave tosylate 17 (1.17 g, 81%) as a colorless solid. M.p. 166 ± 167 8C
(decomp); 1H NMR (500 MHz, CDCl3): d� 7.48 (AA'BB', 2H), 7.42 (d,
J� 7.4 Hz, 1 H), 7.35 (d, J� 7.4 Hz, 1H), 7.48 (AA'BB', 2 H), 7.27 ± 7.02 (m,
9H), 6.98 (d, J� 7.2 Hz, 1H), 5.15 (ddd, J� 5.2, 5.7, 10.4 Hz, 1 H), 4.37 (s,
1H), 4.35 (s, 1 H), 3.80 (d, J� 4.8 Hz, 1H), 3.43 (d, J� 13.9 Hz, 1H), 2.80
(ddd, J� 2.7, 10.5, 10.8 Hz, 1H), 2.49 (dt, J� 5.5, 15.9 Hz, 1H), 2.44 (s, 3H),
2.31 (d, J� 15.8 Hz, 1 H), 1.72 (ddd, J� 14.1, 14.0, 6.0 Hz, 1 H); 13C NMR
(125.8 MHz, CDCl3): d� 145.9, 144.5, 144.1, 144.0, 141.5, 134.5, 129.4, 127.5,
127,2, 127.0, 126.9, 126.7, 126.4, 125.5, 125.4, 124.5, 123.2, 122.9, 120.8, 67.3,
58.8, 56.8, 45.5, 44.0, 34.2, 27.9, 21.6; IR (KBr): nÄ � 2894, 1173, 912, 896,
750 cmÿ1; MS (EI, 70 eV): m/z (%): 504 (3) [M]� , 334 (100), 332 (51), 215
(35), 91 (45); elemental analysis calcd (%) for C33H28O3S (504.65): C 78.54,
H 5.59; found: C 78.39, H 5.74.


Dehydration of fenestranol 9 with HMPT: A solution of fenestranol 9
(500 mg, 1.43 mmol) in hexamethylphosphorous triamide (25 mL) was
stirred and heated at reflux for 18 h. The reaction mixture was allowed to
cool and then poured into water (120 mL). The mixture was extracted with
n-hexane/diethyl ether 10:1, and the organic layer was washed with water
and dried with Na2SO4. Evaporation of the solvent gave a crude product


which contained three isomeric olefins (18 :19 :20) in the ratio of 21:6:2 (as
determined by 1H NMR. Isomer 18 was isolated by column chromatog-
raphy (n-hexane/ethyl acetate 50:1); isomers 19 and 20 were isolated by
HPLC (cyclohexane), yielding 18 (197 mg, 593 mmol, 41%), 19 (28 mg,
84 mmol, 6 %) and 20 (14 mg, 42 mmol, 3 %) as colorless solids.


(4ba,7aa,11bb,15ba)-5,7a,11 b,15 b-Tetrahydro-4bH-dibenzo[2,3 :4,5]-
pentaleno[1,6-jk]fluorene (18): M.p. 222 ± 223 8C; 1H NMR (500 MHz,
CDCl3): d� 7.45 (d, J� 7.4 Hz, 1 H), 7.39 (d, J� 7.3 Hz, 1 H), 7.26 (d, J�
7.6 Hz, 1H), 7.17 ± 7.05 (m, 9H), 5.88 (dd, J� 9.7, 1.7 Hz, 1 H), 5.81 (dd, J�
9.6, 2.6 Hz, 1 H), 4.66 (s, 1H), 4.33 (s, 1 H), 3.87 (dd, J� 12.7, 3.2 Hz, 1H),
2.73 (ddd, J� 16.4, 3.4, 3.2 Hz, 1H), 2.39 (ddd, J� 16.4, 12.6, 1.9 Hz, 1H);
13C NMR (125.8 MHz, CDCl3): d� 147.0, 146.3, 146.1, 145.1, 145.0, 142.0,
136.0, 127.9, 126.72, 126.67, 126.6, 126.1, 125.7, 124.9, 124.2, 124.0, 122.8,
120.8, 63.7, 61.3, 55.5, 54.2, 50.6, 23.9; IR (KBr): nÄ � 3019, 1471, 1453,
768, 745, 727, 698 cmÿ1; MS (EI, 70 eV): m/z (%): 332 (100) [M]� , 331
(10), 317 (11), 304 (16), 303 (25), 302 (13), 291 (12), 289 (13); exact
mass measurement (EI-MS): m/z : calcd for [M]� 332.1565; found:
332.1565.


(4ba,7aa,11ba,15bb)-5,7a,11 b,15 b-Tetrahydro-4 bH-dibenzo[2,3 :4,5]-
pentaleno[1,6-jk]fluorene (19): M.p. 232 8C; 1H NMR (500 MHz, CDCl3):
d� 7.52 (d, J� 6.9 Hz, 1 H), 7.48 ± 7.46 (m, 1H), 7.44 ± 7.42 (m, 1 H), 7.25 ±
7.12 (m, 9H), 6.32 (dd, J� 7.9, 2.8 Hz, 1H), 4.57 (s, 1 H), 4.49 (s, 1 H), 3.78
(d, J� 3.8 Hz, 1 H), 2.20 (dd, J� 12.6, 2.5 Hz, 1H), 2.02 (ddd, J� 12.0, 8.2,
3.8 Hz, 1 H), 1.81 (tdd, J� 12.6, 5.0, 3.8 Hz, 1 H), 1.72 (tt, J� 12.6, 3.1 Hz,
1H); 13C NMR (125.8 MHz, CDCl3): d� 145.8, 145.6, 145.1, 144.9, 144.1,
144.0, 140.3, 127.8, 127.3, 127.1, 127.0, 124.9, 124.3, 124.2, 124.0, 121.9, 120.2,
65.7, 63.1, 60.1, 46.4, 28.7, 26.9, 20.8; IR (KBr): nÄ � 2935, 1479, 1466, 751,
734, 645 cmÿ1; MS (EI, 70 eV): m/z (%) 332 (100) [M]� , 331 (7), 317 (12),
304 (12), 303 (25), 302 (15), 291 (14), 289 (16); elemental analysis calcd (%)
for C26H20 (332.45): C 93.94, H 6.06; found: C 93.59, H 6.27.


(4ba,11ba,15bb)-5,6,11b,15b-Tetrahydro-4 bH-dibenzo[2,3 :4,5]pentale-
no[1,6-jk]fluorene (20): M.p. 202 8C; 1H NMR (500 MHz, CDCl3): d�
7.42 ± 7.40 (m, 2 H), 7.29 ± 7.27 (m, 1H), 7.23 ± 7.13 (m, 9 H), 6.12 (d, J� 9.7,
1H), 5.85 (ddd, J� 10.0, 5.0, 2.5 Hz, 1 H), 4.51 (s, 1H), 4.36 (s, 1 H), 3.76 (s,
1H), 3.25 (t, J� 7.5 Hz, 1H), 2.51 (dt, J� 18.2, 6.3 Hz, 1 H), 2.10 (ddd, J�
18.2, 7.5, 2.5 Hz, 1H); 13C NMR (125.8 MHz, CDCl3): d� 148.0, 146.3,
143.8, 143.7, 142.6, 142.5, 127.6, 127.2, 127.1, 127.0, 126.9, 126.8, 125.5, 124.8,
124.7, 124.6, 124.3, 124.1, 123.4, 65.7, 60.3, 59.3, 45.3, 42.1, 29.2; IR (KBr):
nÄ � 3027, 1474, 1454, 769, 757, 738, 714 cmÿ1; MS (EI, 70 eV): m/z (%): 332
(100) [M]� , 331 (7), 317 (14), 304 (11), 303 (23), 302 (12), 291 (15), 289 (15);
exact mass measurement (EI-MS): m/z : calcd for [M]� 332.1565; found:
332.1573.


trans-2,6-Diphenylspiro[cyclohexane-1,2'-[2H]indene]-1',3'-dione (24):
trans-Diphenylspirotriketone 5 (4.00 g, 10.5 mmol), p-toluenesulfonyl
hydrazide (2.68 g, 14.40 mmol), sodium cyanoborohydride (2.43 g,
46.00 mmol), and p-toluenesulfonic acid (192 mg) were dissolved in
dimethylformamide/sulfolane (1:1, 64 mL) and the mixture was heated to
110 8C for 2.5 h. The hot solution was poured into water (800 mL) with
vigorous stirring. The precipitate formed was filtered by suction, washed
with water, and dissolved in dichloromethane (200 mL). The organic layer
was separated and dried over sodium sulfate. Removal of the solvent gave a
product which was purified by column chromatography (silica gel, n-
hexane/ethyl acetate 3:1) to give trans-diphenylspirodiketone 24 (1.24 g,
32%) as a colorless powder. M.p. 169 ± 170 8C; 1H NMR (500 MHz,
CDCl3): d� 7.51 ± 7.42 (AA'BB', 4H), 7.02 ± 6.97 (m, 8H), 6.95 ± 6.92 (m,
2H), 3.64 (dd, J� 2.9 Hz, J� 12.6, 2 H), 2.71 ± 2.62 (m, 2H), 2.10 ± 2.04 (m,
2H), 1.96 ± 1.90 (m, 2 H); 13C NMR (125.8 MHz, CDCl3): d� 203.8, 142.1,
140.6, 134.8, 128.5, 127.8, 126.5, 121.1, 62.9, 44.7, 23.6, 21.0; IR (KBr): nÄ �
2947, 1732, 1697, 1258, 760, 700 cmÿ1; MS (EI, 70 eV): m/z (%): 366 (79)
[M]� , 275 (94), 235 (100), 91 (75); elemental analysis calcd (%) for
C26H22O2 (366.46): C 85.22, H 6.05; found: C 85.05, H 6.06.


trans-2,6-Diphenylspiro[cyclohexane-1,2'-[2H]indene]-1',3'-diol (25): A
solution of spirodiketone 24 (720 mg, 1.97 mmol) in tetrahydrofuran
(15 mL) was added to a suspension of an excess of lithium aluminum
hydride (0.30 g) in dry THF (20 mL), and the mixture was heated at reflux
for 18 h. A portion (ca. 20 mL) of the solvent was then removed and
replaced by diethyl ether (15 mL). The suspension was carefully hydrolyzed
with water, the colorless precipitate was dissolved by adding 2n hydro-
chloric acid, and the solution was extracted several times with diethyl ether.
The combined organic layers were washed with aqueous sodium bicar-
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bonate and with water and dried over sodium sulfate. Evaporation of the
solvent gave spirodiol 25 (725 mg, 99%) as a colorless powder (m.p. 164 ±
165 8C), which, upon recrystallization from n-hexane/ethyl acetate 3:1, was
obtained as pure, colorless crystals (700 mg, 96%). M.p. 164 ± 165 8C;
1H NMR (500 MHz, CDCl3): d� 7.40 ± 7.38 (m, 4H), 7.10 ± 7.08 (m, 4H),
7.04 ± 7.03 (m, 2H), 6.89 (br s, 4H), 5.30 (s, 2 H), 3.84 ± 3.81 (m, 2H), 2.14 ±
2.08 (m, 2H), 2.04 ± 1.98 (m, 4H), 1.21 (br s, 2 H); 13C NMR (125.8 MHz,
CDCl3): d� 144.3, 142.9, 130.3, 128.0, 127.9, 126.1, 123.6, 78.2, 57.2, 42.5,
29.5, 21.3; IR (KBr): nÄ � 3538, 3434, 3030, 2924, 1450, 1175, 1015, 759, 707,
696 cmÿ1; MS (EI, 70 eV): m/z (%): 370 (3) [M]� , 352 (88), 334 (17), 237
(52), 147 (100), 117 (54), 91 (91); exact mass measurement (EI): m/z : calcd
for [M]� 370.1933; found: 370.1934; elemental analysis calcd (%) for
C26H26O2 (370.50): C 84.29, H 7.07; found: C 84.12, H, 7.05.


cis-2,6-Diphenylspiro[cyclohexane-1,2'-[2H]indene]-1',3'-dione (27)


a) Tosylhydrazone 26 : A mixture of trans-diphenylspirotrione 5 or cis-
diphenylspirotrione 6 (2.00 g, 5.26 mmol in each case), p-toluenesulfonyl
hydrazide (1.17 g, 6.31 mmol), and ethanol (40 mL) was heated at reflux for
3 h. The mixture was allowed to cool and then kept at ÿ15 8C overnight.
The precipitate was filtered by suction, washed, and recrystallized from
ethanol to give a colorless powder (2.52 g, 96%, from 5 and 2.23 g, 88%,
from 6) of m.p. 146 ± 150 8C (decomp).


ba) Reduction of tosylhydrazone 26 with sodium borohydride: Tosylhy-
drazone 26 (200 mg, 413 mmol) was dissolved in methanol (20 mL). Sodium
borohydride (0.5 g) was carefully added in small portions and the mixture
was heated at reflux temperature for 15 h. The suspension was allowed to
cool, 15 mL of water were added, and the mixture was extracted several
times with diethyl ether. The combined extracts were washed with aqueous
sodium bisulfate and with water and then dried over sodium sulfate.
Evaporation of the solvent and recrystallization of the residue from ethanol
gave cis-diphenylspirodiketone 27 (82 mg, 54 %). M.p. 197 ± 199 8C.


bb) Reduction of tosylhydrazone 26 with catecholborane: Tosylhydrazone
26 (1.60 g, 3.30 mmol) was dissolved in dry chloroform (40 mL) at 0 8C. A
solution of catecholborane (1m, 8.0 mL, 8.0 mmol) in tetrahydrofuran was
added under argon and the mixture was stirred at ambient temperature for
5 h. Sodium acetate trihydrate (2.18 g, 16.0 mmol) was added and the
reaction mixture was heated at gentle reflux for 2 h. The solution was
allowed to cool and kept at ambient temperature overnight. The organic
layer was washed with water, aqueous sodium bicarbonate, and again with
water. The solvent was distilled off and the residue was crystallized from
ethanol to give spirodiketone 27 (0.88 g, 73%) as a colorless powder. M.p.
198 ± 199 8C; 1H NMR (500 MHz, CDCl3): d� 7.51 ± 7.50 m, 1H), 7.39-7.31
m, 3H), 7.00 ± 6.99 (m, 4H), 6.95 ± 6.92 (m, 4H), 6.88 ± 6.85 (m, 2 H), 3.34
(dd, J� 3.3, 13.2 Hz, 2H), 2.75 (dq, J� 3.7, 13.2 Hz, 2 H), 2.21 (dt, J� 3.3,
13.4 Hz, 1 H), 1.84 (dq, J� 3.3, 13.4 Hz, 2H), 1.76 (dt, J� 3.7, 13.1 Hz, 1H);
13C NMR (125.8 MHz, CDCl3): d� 203.9, 203.8, 142.9, 141.8, 140.5, 134.7,
134.5, 128.4, 127.9, 126.7, 121.9, 121.7, 63.3, 49.5, 27.3, 26.3; IR (KBr): nÄ �
2926, 1733, 1698, 1254, 766, 701 cmÿ1; MS (EI, 70 eV): m/z (%): 366 (65)
[M]� , 275 (100), 235 (96), 91 (58); exact mass measurement (EI-MS): m/z :
calcd for [M]� 366.1620; found: 366.1626.


cis-2,6-Diphenylspiro[cyclohexane-1,2'-[2H]indene]-1',3'-diol (28): cis-Di-
phenylspirodione 27 (880 mg, 2.40 mmol) was dissolved in dry tetrahydro-
furan (20 mL) and the solution was added to a suspension of lithium
aluminum hydride (0.40 g, 10.5 mmol) in dry THF (20 mL) and heated to
reflux for 24 h. The major part of the solvent was distilled off and replaced
with diethyl ether (15 mL). The mixture was carefully hydrolyzed by adding
ice/water and extracted several times with diethyl ether. The combined
organic layers were dried over sodium sulfate and the solvent was removed.
The oily residue was crystallized from ethanol to give spirodiol 28 (471 mg,
53%) as colorless crystals. M.p. 204 ± 205 8C; 1H NMR (500 MHz, CDCl3):
d� 7.54 ± 7.52 (m, 2 H), 7.22 ± 7.19 (m, 2H), 7.13 ± 7.08 (m, 2H), 6.97 ± 6.95
(m, 1H), 6.90 ± 6.87 (m, 3H), 6.84 ± 6.73 (m, 4H), 5.64 (s, 1 H), 5.52 (s, 1H),
3.28 (dt, J� 13.8, 13.0 Hz, 2H), 2.69 (dq, J� 3.8, 13.0 Hz, 1H), 2.33 (dq, J�
4.2, 13.2 Hz, 1H), 2.12 ± 2.07 (m, 2H), 1.79 (d, J� 14.2 Hz, 1 H), 1.77 ± 1.68
(m, 1H); 13C NMR (125.8 MHz, CDCl3): d� 144.6, 144.4, 143.6, 141.8,
131.0, 128.9, 128.7, 127.73, 127.68, 127.4, 126.1, 126.1, 125.7, 124.5, 121.8,
78.2, 78.0, 58.4, 51.0, 49.7, 31.3, 28.8, 27.6; IR (KBr): nÄ � 3564, 3443,
2929, 1491, 1453, 1101, 1028, 1010, 759, 747 cmÿ1; MS (EI, 70 eV): m/z (%):
370 (1) [M]� , 352 (74), 334 (4), 237 (58), 147 (100), 117 (37), 91 (62); exact
mass measurement (EI-MS): m/z : calcd for [M]� 370.1933; found:
370.1926.


(4ba,7ab,11ba,15bb)-5,6,7,7a,11 b,15b-Hexahydro-4 bH-dibenzo-
[2,3 :4,5]pentaleno[1,6-jk]fluorene (3)[17]


a) By Wolff ± Kishner reduction of fenestranone 12 : A mixture of 12
(140 mg, 400 mmol), triethylene glycol (4.0 mL), hydrazine hydrate (150 ml),
and finely powdered potassium hydroxide (100 mg) was stirred and heated
at 130 8C for 3 h. The temperature was then slowly raised to 180 8C, while
the volatile components were distilled off, and the mixture was kept at this
temperature for a further 2 h. The mixture was allowed to cool, the solid
residue was dissolved in water and the solution was acidified with
hydrochloric acid (10 %) and extracted several times with dichlorome-
thane. The combined organic layers were washed with water and dried with
sodium sulfate. The solvent was removed and the residue was recrystallized
from diethyl ether/tetrahydrofuran 4:1 to give all-cis-fenestrane 3 (98 mg,
73%). M.p. 203 ± 207 8C (204 ± 205 8C).[17]


b) By reduction of dithiolane 15 with Raney nickel: Raney nickel, freshly
prepared from nickel/aluminum alloy (15.0 g) and washed to pH 7.0, was
added to a solution of 15 (580 mg, 1.37 mmol) in 1,4-dioxane (100 mL). The
mixture was heated to reflux for 15 h and after cooling to ambient
temperature the catalyst was filtered off and washed twice with 25 mL
portions of hot 1,4-dioxane. The combined organic solutions were
combined, the solvent was evaporated, and the residue was recrystallized
from ethanol to give all-cis-fenestrane 3 (367 mg, 80 %), m.p. 203 ± 205 8C
(see above).


c) By reduction of dithiolane 16 with Raney nickel: A solution of 16
(920 mg, 2.17 mmol) was reduced by following the procedure described
above for 15, to give all-cis-fenestrane 3 (632 mg, 87 %), m.p. 204 ± 205 8C
(see above).


d) By reduction of dithiolane 16 with Bu3SnH:. Azoisobutyronitrile
(AIBN, 15 mg) and tri(n-butyl)tin hydride (0.40 mL, 1.49 mmol) were
added to a solution of 16 (130 mg, 307 mmol) in dry benzene (15 mL) and
the mixture was refluxed for 5 h. The solvent was distilled off to give an oily
residue, which crystallized within a few hours upon standing. Ethanol
(5 mL) was added and the mixture was stirred at ambient temperature
overnight, during which most of the by-products, such as bis(tributystan-
nyl)ethanedithiolate and bis[tri-(n-butyl)tin] sulfide, dissolved. The re-
maining organotin compounds were separated by column chromatography
(silica gel, n-hexane), and subsequent elution with ethyl acetate gave pure 3
(82 mg, 80%), m.p. 202 ± 205 8C (see above).


e) By cyclodehydration of trans-diphenylspirodiol 25 : In a reaction vessel
equipped with a water separator, spirodiol 25 (300 mg, 811 mmol) and
orthophosphoric acid (85 %, 1.5 g) were refluxed in toluene (40 mL) for
15 h. The hot solution was carefully decanted from the brownish residue,
the solvent was distilled off, and the crude product was recrystallized from
ethanol to yield pure all-cis-fenestrane 3 (244 mg, 90%), m.p. 204 ± 206 8C
(see above).


(4ba,7aa,11ba,15bb)-5,6,7,7 a,11b,15b-Hexahydro-4 bH-dibenzo-
[2,3 :4,5]pentaleno[1,6-jk]fluorene (4)


a) By reduction of tosylate 17: A suspension of 17 (0.60 g, 1.19 mmol) and
lithium aluminum hydride (150 mg, 3.95 mmol) in dry tetrahydrofuran
(90 mL) was heated at reflux for 15 h. The mixture was cooled in ice/water,
carefully hydrolyzed by adding aqueous ammonium chloride, and then
extracted several times with diethyl ether. The combined organic layers
were washed with aqueous sodium thiosulfate (10 %) and dried with
sodium sulfate. The solvent was distilled off and the residue was recrystal-
lized from n-hexane/ethyl acetate 3:1 to yield a colorless solid (337 mg, ca.
85%) which, according to 1H NMR spectroscopy, consisted of a mixture of
hydrocarbons 4 (ca. 85 %) and olefins (ca. 15 %). The mixture (260 mg,
0.78 mmol) was dissolved in dry ethyl acetate/tetrahydrofuran 3:2 (50 mL),
palladium on charcoal (10 %, 20 mg, Merck) was added, and the mixture
was shaken under hydrogen at normal pressure and ambient temperature
for 2 d. The catalyst was removed by filtration, the solvent was evaporated,
and the oily residue was crystallized from ethanol to give 4 (217 mg, 83%)
as colorless needles, m.p. 220 ± 222 8C (see below).


b) By reduction of dithiolane 15 with Bu3SnH: A solution of 15 (130 mg,
307 mmol) was treated according to the procedure described above for the
case of 16. Workup furnished ccct-fenestrane 4 (89 mg, 87 %), m.p. 219 ±
221 8C (see below).


c) By Clemmensen reduction of 12 : Conc. hydrochloric acid (0.4 mL) and
water (12 mL) were added to zinc (8.00 g, 122.4 mmol) and mercury(ii)
chloride (0.80 g, 2.95 mmol). This mixture was stirred for 5 min and the
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excess solution was removed. Conc. hydrochloric acid (8 mL) and ketone
12 (0.4 g, 1.15 mmol), suspended in 1,4-dioxane (50 mL), were then added
and the solution was heated at reflux for 48 h (more reducing agent and a
longer reaction time were sometimes necessary). The solution was cooled
to ambient temperature, poured into water (400 mL) and extracted several
times with diethyl ether. The organic layer was dried with sodium sulfate,
the solvent was distilled off, and the crude product was recrystallized from
ethanol to yield 4 (327 mg, 85%), m.p. 220 ± 221 8C (see below).


d) By cyclodehydration of cis-diphenylspirodiol 28 : In a reaction vessel
equipped with a water separator, spirodiol 28 (300 mg, 811 mmol),
orthophosphoric acid (85 %, 1.5 g) and toluene (40 mL) were heated at
reflux for 24 h. The organic layer was decanted carefully from the oily
residue, the solvent was removed in vacuo, and the solid residue was
recrystallized from ethanol to give fenestrane 4 (222 mg, 82 %) as colorless
needles. M.p. 222 ± 223 8C; 1H NMR (500 MHz, CDCl3): d� 7.45 ± 7.41 (m,
2H), 7.20 ± 7.00 (m, 10H), 4.458 (s, 1H), 4.451 (s, 1H), 3.81 (s, 1H), 3.80 (dd,
J� 4.5 Hz, 1H), 2.37 ± 2.32 (m, 1 H), 2.24 ± 2.21 (m, 1 H), 1.71 ± 1.68 (m,
1H), 1.59 ± 1.53 (m, 2H), 1.09 ± 1.00 (m, 1H); 1H NMR (500 MHz, C6D6):
d� 7.30 (d, J� 7.4 Hz, 1H), 7.18 ± 7.16 (m, 1 H), 7.08 ± 6.99 (m, 8H), 6.93 ±
6.88 (m, 2 H), 4.30 (s, 1 H), 4.13 (s, 1H), 3.50 (d, J� 4.1 Hz, 1H), 3.49 (dd,
J� 13.2, 4.7 Hz, 1 H), 2.03 ± 1.93 (m, 2H), 1.48 ± 1.40 (m, 2H), 1.35 ± 1.27 (m,
1H), 1.08 ± 0.98 (m, 1 H); 13C NMR (125.8 MHz, CDCl3): d� 146.6, 146.3,
145.9, 144.8, 144.7, 143.8, 126.9, 126.8, 126.7, 126.6, 126.4, 126.2, 125.1, 124.6,
124.5, 123.2, 122.8, 120.9, 66.8, 59.7, 56.4, 47.0, 45.3, 28.1, 18.3, 15.4; IR
(KBr): nÄ � 2922, 1468, 1453, 754, 741 cmÿ1; MS (EI, 70 eV): m/z (%): 334
(100) [M]� , 305 (34), 291 (34), 257 (24); exact mass measurement (EI-MS):
m/z : calcd for [M]� 334.1722; found: 334.1722; elemental analysis calcd
(%) for C26H22 (334.47): C 93.37, H 6.63; found: C 93.26, H 6.54.


Base-induced epimerization of fenestranone 12 : A solution of ketone 12
(1.00 g, 2.87 mmol) and potassium tert-butoxide (5.0 g) was stirred in
DMSO (80 mL) at 20 8C for 15 h. The brownish liquid was then poured into
water (500 mL), acidified with 2n hydrochloric acid, and extracted with
trichloromethane. The organic extract was washed with water, saturated
aqueous sodium bicarbonate, and again with water, dried over sodium
sulfate, and concentrated to dryness. The crude product was recrystallized
from EtOH/THF to give the all-cis-fenestranone 7 (739 mg, 74 %) as a
colorless solid, m.p. 283 ± 285 8C. The 1H NMR spectrum was found to be
identical with that of an authentic sample.


H/D exchange experiments


(4ba,7ab,11ba,15bb)-11 b,15b-Dideutero-5,6,7,7a,11b,15 b-hexahydro-
4bH-dibenzo[2,3 :4,5]pentaleno[1,6-jk]fluorene (3a): A mixture of all-cis-
fenestrane 3 (20 mg, 60 mmol), KOtBu (100 mg, 1.04 mmol), and
[D6]DMSO (3 mL) was stirred under argon for 24 h at 20 8C. The reaction
mixture was then poured into water (50 mL) and extracted with dichloro-
methane. The organic layer was dried with sodium sulfate and the solvent
was removed. The product was purified by column chromatography (n-
hexane/ethyl acetate 3:1) to yield 3 a (18.4 mg, 90%) as a colorless solid.
1H NMR (500 MHz, CDCl3): d� 7.37 ± 7.32 (AA'BB' system, 4 H), 7.22 ±
7.15 (m, 8 H), 3.17 (t, J� 6.5 Hz, 1H), 1.90 ± 1.85 (m, 2H), 1.73 ± 1.69 (m,
2H), 1.46 ± 1.43 (m, 2 H); MS (EI, 70 eV): m/z (%): 337 (100) [M]� , 338
(42), 339 (8).


(4ba,7ab,11ba,15bb)-7 a,11b,15 b-Trideutero-5,6,7,7 a,11b,15b-hexa-
hydro-4 bH-dibenzo[2,3 :4,5]pentaleno[1,6-jk]fluorene (3b): This com-
pound was obtained by treating the cis,cis,cis,trans-fenestrane 4 with
KOtBu and [D6]DMSO exactly as described above, to yield 3 b (18.3 mg,
90%). 1H NMR (500 MHz, CDCl3): d� 7.38 ± 7.32 (AA'BB' system, 4H),
7.21 ± 7.16 (m, 8H), 3.17 (t, J� 6.5 Hz, 1 H), 1.91 ± 1.87 (m, 2H), 1.74 ± 1.71
(m, 2 H), 1.46 ± 1.44 (m, 2 H); MS (EI, 70 eV): m/z (%): 337 (100) [M]� , 338
(55), 339 (13).


(4ba,7ab,11ba,15bb)-7 a-Deutero-5,6,7,7a,11 b,15 b-hexahydro-4 bH-di-
benzo[2,3 :4,5]pentaleno[1,6-jk]fluorene (3c): A mixture of 4 (20 mg,
60 mmol), KOD (100 mg, 1.75 mmol), and [O,O'-D2]-diethylene glycol
(4.0 mL) was stirred under argon and heated at 180 8C for 3 h. The reaction
mixture was allowed to cool, then poured into water (50 mL) and extracted
with dichloromethane. The organic layer was dried with sodium sulfate and
the solvent was removed. The product was purified by column chromatog-
raphy (n-hexane/ethyl acetate 3:1), yielding a mixture (19 mg, 90%) of
unreacted 4 and the monodeuterated product 3c in the ratio of 1.2:1.4 (by
1H NMR) as a colorless solid. 1H NMR of 3c (500 MHz, CDCl3): d� 7.37 ±


7.32 (AA'BB' system, 4H), 7.22 ± 7.15 (m, 8H), 4.37 (s, 2 H), 3.17 (t, J�
6.5 Hz, 1 H), 1.90 ± 1.85 (m, 2 H), 1.73 ± 1.69 (m, 2H), 1.46 ± 1.43 (m, 2H).


Crystal structure determination of 4 :[32] Diffraction data were collected on a
Bruker AXS P4 diffractometer at 203 K with w scan, using graphite
monochromated MoKa radiation. Pertinent crystallographic data are
summarized in Table 2. Three standard reflections were periodically
monitored, showing only random deviations. Lp corrections were applied.
A total of 4718 reflections were collected in the range V� 2.08 ± 26.998,
with h�ÿ1 to 11, k�ÿ25 to 1, and l�ÿ 12 to 12, of which 3755
independent reflections (Rint� 0.015) were used for structure determina-
tion. The structure was solved by direct and Fourier methods and refined by
full-matrix, least-squares based on F 2 and 236 parameters. All non-
hydrogen atoms were refined anisotropically, hydrogen atoms were placed
at geometrically calculated positions with U(H)iso� 1.2 (C)iso. Refinement
converged smoothly at R1(I> 2sI)� 0.045, wR2 (all data)� 0.133, S�
1.056, max.(D/s)� 0.000, min/max height in final DF map ÿ0.18/
0.25 e�ÿ3. Programs used: SHELXTL NT V5.1.[35]
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Structural Transformations in a Crystal during the Photochemical Reaction of
2-Benzyl-5-benzylidenecyclopentanone**


Ilona Turowska-Tyrk*[a]


Abstract: The studies presented are the
first example in which the substrate and
product molecules were monitored sep-
arately over many stages during the
chemical reaction progress in a crystal
to understand the reaction path of the
molecules in detail during the whole
transformation. The BBCP, 2-benzyl-5-
benzylidenecyclopentanone, single crys-
tal was irradiated without any destruc-
tion over several steps. After each of
step the X-ray structure with a different
substrate/product ratio and with a dis-


order was determined. The study re-
vealed that the photochemical [2� 2]-
cycloaddition reaction of BBCP in a
crystal does not exhibit cooperative
character and can be regarded as of the
first-order. During the transformation
the product molecules do not adopt the
position of the molecules in the final
pure dimer crystal, but move gradually


and smoothly in this direction. The
movement of the molecules was also
observed for the substrate. This remark-
able behaviour of the product and
reactant molecules bears a rotational
component. The distance between reac-
tion centres of adjacent BBCP substrate
molecules decreases fluently with the
progress of the reaction, but it does not
get smaller than a sum of van der Waals
radii.Keywords: dimerization ´ photo-


reaction ´ solid-state reactions


Introduction


Photochemical reactions in solids, particularly in crystals,
have been a subject of interest for years. In the last decade this
concern even increased, which was related to the develop-
ment of modern materials and advanced technologies. These
reactions obeyed not only topochemical,[1±12] but also non-
topochemical transformations.[12±15] Nevertheless, the photo-
reactions in crystals were examined relatively seldom by
X-ray diffraction techniques. Moreover, the X-ray structure
analysis studies monitoring in detail, step by step, movements
of molecules during photochemical reactions in crystals have
not been published, although this is a very interesting concept.
The X-ray structure analysis is a very powerful method giving
information on atomic coordinates and thermal motions of
atoms in crystals. Furthermore, the revolution in crystallo-
graphic experimental techniques in the Nineties, for example
an introduction of area detectors and new fast data collection
methods[16] for small molecules, opened new possibilities for
observation structural transformations in crystals.


The [2� 2]-photodimerization of BBCP, 2-benzyl-5-benzyl-
idenecyclopentanone, was chosen as the model transforma-
tion in which a cyclobutane ring is formed from two double
C�C bonds in two adjacent molecules in a crystal lattice
(Scheme 1). The reaction is initiated by UV/Vis radiation and


Scheme 1. The equation of the photochemical [2� 2]-cycloaddition reac-
tion of BBCP showing also the labelling scheme for atoms.


proceeds homogenously without crystal destruction that is as
a single-crystal-to-single-crystal transformation, so that the
X-ray structure analysis can be utilized to study this reaction.
In our research the BBCP dimerization was stopped at many
different stages of reaction pathway. After each step the
structure of the resulting crystal containing both the substrate
and the product molecules in a different ratio was determined
(see Experimental Section). The crystal structure of the pure
BBCP monomer and of the pure dimer was analysed ear-
lier.[1, 2]
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Results and Discussion


The structure for one of the steps of the [2� 2]-photodime-
rization of BBCP in a crystal is shown in Figure 1 and the
numbering scheme for atoms is displayed in Scheme 1. Since
both the substrate and the product molecules (in changing
proportions) are present in the crystal during the reaction, the
monomer/dimer disorder is a characteristic feature of the
crystal structures.


Figure 1. The ORTEP diagram of two monomer BBCP molecules
(boundary ellipsoids) and one dimer molecule (filled bonds) in the crystal
for 56 % of the reaction progress. Thermal ellipsoids were drawn at the
15% probability level and hydrogen atoms were omitted for clarity.


An analysis of the amount of dimer in the crystal studied for
two different steps of the reaction progress (i.e. , for 10 and
20 s of irradiation) versus total time which passed from the
irradiation of the crystal revealed that the product quantity is
constant and the reaction does not proceed without UV
irradiation even after many (about twenty) hours. This means
that the [2� 2]-photocycloaddition of BBCP
in crystals does not exhibit cooperative
character as it does in the case of, for
example, 2,5-distyrylpyrazine (DSP).[12±14]


Such a behaviour of the BBCP crystal has
one more very important aspect: its stability
after irradiations enables X-ray data collec-
tions of quality proper for structure deter-
minations (see the Experimental Section).


Figure 2 shows a dependence of the dimer
amount in the BBCP crystal on the irradi-
ation time: The reaction proceeds in a
smooth and exponential way. The function
of the curve is as follows:


D� 100ÿ 86(4)exp[ÿ t/114(11)],


where D is the percentage of the dimer in
the crystal, t is the irradiation time and the
numbers in the parentheses are standard
deviations. The logarithmic dependence for
the monomer content, M, on the irradiation
time is linear and takes the following form:


ln(M)�ÿ 0.0096(7)t� 4.5(1)


with the square of a correlation coefficient
r2� 0.975. These results indicate that the
[2� 2]-photocycloaddition of BBCP in crys-
tals can be regarded as of the first order.


The analysis of the changes of the atomic
coordinates in the mixed crystals, that is
crystals containing both the substrate and


Figure 2. The dependence of the dimer percentage in the crystal, D, on
irradiation time, t with D� 100ÿ 86(4)exp[ÿ t/114(11)] (standard devia-
tions in parentheses).


the product, reveals that during the photoreaction the dimer
molecules do not adopt the position of the molecules in the
pure dimer crystal (i.e. , in the crystal containing only the
product), but move gradually and smoothly towards such a
position. Figure 3 displays changes of z coordinate of C5D and
C13D atoms in the cyclobutane ring and of C14D ± C17D in
the dimer phenyl group (see Scheme 1 for atoms labels). For
clarity the range of the ªz-coordinateº axis is the same for all
a) ± f) plots. It can be observed that peripheral atoms of the
molecule, that is C16D, C17D (and also C18D, not presented
in Figure 3) move more than atoms of the middle part, that is
C5D, C13D, C14D and C15D. Moreover, C13D and C5D shift
in opposite directions. Atoms of the rest part, that is of the


Figure 3. The change of z atomic coordinate of C5D, C13D and C14D ± C17D dimer atoms with
the dimer content in the crystal. All regression equations are of the second-order and squares of
correlation coefficients are in the range of 0.95 ± 0.99 for b) ± f) plots and 0.84 for a).
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benzyl-cyclopentanone fragmentÐnot presented in Figure 3,
travel in the same direction as C5D. Furthermore, atoms of
the border part of this fragment, that is of the benzyl, move
more than those of the cyclopentanone ring. The smallest
atom shift along the z direction is observed for C5D and C13D
(0.02 and ÿ0.07 �, respectively); the biggest is observed for
C10D, C11D in the benzyl fragment (both 0.36 �) and for
C17D in the phenyl ring (ÿ0.32 �). The movements, but less
pronounced and characteristic, are also observed for x and y
coordinates of the atoms of the dimer.


When a change of the c constant with a variation of the
dimer content in the crystal is taken into account, all the
above considerations are still valid. Although the change of
the cell constants during the BBCP photoreaction has already
been published,[1, 17] those studies were only related to


Figure 4. The change of the angle between the best dimer molecule plane
and a) YZ, b) XZ, c) XY planes, and d) the change of the angle between the
cyclobutane and YZ planes during the reaction path that is with the dimer
content in the crystal. The regression equations and squares of
correlation coefficients are as follows: a) d(D,YZ)� 3.2(7) ´ 10ÿ4D 2ÿ
0.08(1)D�90.0(3), r2� 0.986, b) third-order dependence, r2� 0.90,
c) third-order dependence, r2� 0.90, d) d(CB,YZ)� 4(2) ´ 10ÿ4D 2ÿ
0.10(3)D�68(1), r2� 0.91. d : dihedral angle, numbers in parentheses give
standard deviations.


irradiation time but without any details on the substrate/
product content in a crystal.


The behaviour of the product molecules described indicates
that their movement during the reaction exhibits a rotational
component. This rotation on the reaction path is illustrated in
Figure 4. As it can be seen the angle between the best plane of
the product molecule and the (100) plane (that is YZ)
decreases in a smooth and statistically significant way. Similar
relations are shown for (010) and (001) (i.e. , XZ and XY,
respectively) planes. The dependence for the angle between
the cyclobutane ring and (100) plane is also presented. For
clarity the range of the d axis is the same in all cases.


The substrate molecules in the crystal reveal a very similar
behaviour as the product molecules. The monomers also move
gradually on the reaction path and their movements also bear
a rotational component. The angles between the best mono-
mer plane and the (100), (010) and (001) planes are presented
in Figure 5.


Figure 5. The change of the angle between the best monomer molecule
plane and a) YZ, b) XZ and c) XY planes during the reaction path that is
with the dimer content in the crystal. The point for the pure monomer
crystal was calculated on the ground of data taken from ref. [1]. The
regression equations and squares of correlation coefficients are as follows:
a) d(M,YZ)�ÿ0.026(3)D�89.7(2), r2� 0.91, b) d(M,XZ)�ÿ6(3) ´
10ÿ4D 2�46.5(7), r2� 0.89, c) d(M,XY)� 7(3) ´ 10ÿ4D 2�43.5(6), r2� 0.90.
d : dihedral angle, numbers in brackets give standard deviations.


Another remarkable feature of the monomer molecules
performance on the reaction path is reduction of a distance
between reacting atoms C5 and C13'. Figure 6 demonstrates
the change of this distance during the transformation. The
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Figure 6. The change of the C5 ´ ´ ´ C13' distance between two reacting
monomer molecules during the reaction path. C13' means the C13 atom
transformed by symmetry. The distance for the pure monomer crystal was
taken from ref. [1].


dependence is linear and the regression Equation is as
follows:


dist(C5 ´ ´ ´ C13')�ÿ 0.0030(3)D� 4.18(2)


with the square of a correlation coefficient r2� 0.937. It should
be emphasized that the distance analysed does not decrease
below the sum of the van der Waals radii.[18]


Reversal of chemical reactions in crystals is an essential
feature of materials used in advanced technologies.[19] A
homogenous, that is single-crystal-to-single-crystal, thermal
reverse transformation takes place in the case of (E)-2,6-di-
tert-butyl-4-[2-(4-methoxyphenyl)ethenyl]-pyrylium trifluor-
methansulfonate.[3, 19] The X-ray structure analysis processed
for BBCP showed that the dimerization is not reversible in
373 K after 20 h (melting points for the pure monomer and the
pure dimer crystals are 124.5 ± 125.5 8C and 236ÿ 238 8C,
respectively[1]).


Conclusion


The remarkable behavior of the substrate and product
molecules during the photochemical dimerization of BBCP
in a crystal was monitored by the X-ray structure analysis. The
dimer molecules move gradually and fluently to the position
occupied in the pure dimer crystal. Both product and
substrate movements possess a rotational component. The
monomer reaction centres approach each other with the
transformation progress. The reaction examined in a crystal
does not feature cooperative character and can be regarded as
of the first order. The described results were obtained for the
single-crystal-to-single-crystal transformation. In the case of
the reaction with a crystal destruction, the transformation
path may be different.


Experimental Section


General information : All irradiations and X-ray experiments were
performed on the same crystal. The crystal was irradiated in several steps
by an Hg 100 W lamp with a 039FG11-50 glass filter which had a maximum
of transmittance at about 495 nm and a half-intensity width about 230 nm.
After each step of irradiation intensities of reflections were collected by an


area detector (CCD camera) diffractometer and a crystal structure was
determined. The general strategy of data collections used for area-detector
diffractometers was described elsewhere.[16] Due to time demands of the
experiment (it was possible that some cooperative effects could play a
role), extremely fast data collections were performed. For first three
irradiations of the crystal, that is for 10, 20 and 40 s irradiations, the whole
of one data collection took only about 70 minutes. This time was increased
for the crystal after next irradiations to about three hours. The cell
constants were determined on the ground of most collected reflections.[20]


The data were corrected for the Lorentz and polarization effects.[20] The
structures were solved with the SHELXS-86[21] program and refined with
SHELXL-97 (full-matrix least squares on F 2).[22] The substrate/product
disorder was a feature of all mixed crystal structures. The percentage of the
dimer (and of the monomer) in the crystal was determined during the
refinement process. Due to a small number of observed reflections for one
hour data collections, the substrate and product molecules were refined
only isotropically in these cases. For three hours data collections molecules
of both types were treated anisotropically, except of the crystal containing
88 and 96 % of the dimer when the monomer was treated as isotropic. For
all cases hydrogen atoms of both molecules were taken into consideration,
but with some constraints (excluding the 88% and 96% dimer crystal when
only H atoms for the dimer were considered). The disorder was the reason
for using many restraints and constraints of geometrical and thermal
parameters, but their number and type depended on the refinement
demands. The following possibilities from SHELXL-97[22] were applied:
DFIX, FLAT, EADP, EXYZ, AFIX for all the mixed crystals and
additionally ISOR for the 62% and SIMU for the 88% dimer crystal. For
almost all cases the benzyl fragment of the substrate and product molecules
was treated as overlapped. The ORTEP[23] view of two reactant monomer
molecules and one product dimer molecule showing a typical disorder is
presented in Figure 1. Selected experimental data for the crystal are given
in Table 1; crystal description: colourless, crystal size� 0.40� 0.28�
0.14 mm3, crystal system� orthorhombic, space group�Pbca, Z� 8,
F(000)� 1120, 2qmax� 528, l(MoKa)� 0.71073 �, m� 0.07 mmÿ1, T� 293 K.


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-154 255 ±
154 265 for 31 ± 100 % D crystals. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 1. Experimental data.[a]


31 % D 35 % D 41 % D 56 % D 62% D 69% D


a [�] 31.251(7) 31.239(8) 31.250(10) 31.252(6) 31.244(7) 31.243(5)
b [�] 10.764(3) 10.762(3) 10.756(3) 10.768(2) 10.765(2) 10.7714(18)
c [�] 8.7378(17) 8.7345(19) 8.719(2) 8.7208(14) 8.7165(14) 8.7012(12)
V [�3] 2939.3(12) 2936.5(13) 2930.7(14) 2934.7(9) 2931.7(10) 2928.2(8)
1calcd [Mg mÿ3] 1.186 1.187 1.189 1.187 1.189 1.190
measured 6738 6689 6680 6999 6875 6967
reflections
measured indep. 2834 2833 2820 2834 2828 2826
reflections
obs. indep. 589 604 574 1105 1232 1178
reflections
Rint (measured 0.056 0.055 0.053 0.049 0.053 0.046
reflections)
refined 130 130 130 228 225 225
parameters
R1 (obs. 0.084 0.084 0.088 0.085 0.132 0.088
reflections)
wR2 (obs. reflections) 0.252 0.246 0.264 0.258 0.274 0.264
R1 (all data) 0.276 0.273 0.276 0.185 0.226 0.186
wR2 (all data) 0.291 0.282 0.307 0.286 0.295 0.302
1max [e�ÿ3] 0.24 0.21 0.18 0.16 0.20 0.33
1min [e �ÿ3] ÿ 0.22 ÿ 0.19 ÿ 0.19 ÿ 0.13 ÿ 0.15 ÿ 0.22


75 % D 81 % D 88 % D 96 % D 100 % D


a [�] 31.249(5) 31.249(6) 31.268(5) 31.273(5) 31.286(4)
b [�] 10.7741(18) 10.7809(19) 10.7922(18) 10.7985(16) 10.8063(15)
c [�] 8.6874(12) 8.6750(12) 8.6576(11) 8.6382(10) 8.6260(9)
V [�3] 2924.9(8) 2922.5(9) 2921.5(8) 2917.1(7) 2916.3(6)
1calcd [Mg mÿ3] 1.191 1.192 1.193 1.195 1.195
measured 6957 6974 6941 6949 6878
reflections
measured indep. 2822 2819 2820 2815 2810
reflections
obs. indep. 1203 1241 1272 1292 1326
reflections
Rint (measured 0.046 0.044 0.044 0.043 0.043
reflections)
refined 225 225 219 239 182
parameters
R1 (obs. 0.083 0.080 0.074 0.071 0.066
reflections)
wR2 (obs. 0.241 0.241 0.233 0.220 0.188
reflections)
R1 (all data) 0.173 0.166 0.154 0.151 0.140
wR2 (all data) 0.266 0.266 0.255 0.247 0.211
1max [e�ÿ3] 0.17 0.17 0.15 0.29 0.16
1min [e �ÿ3] ÿ 0.14 ÿ 0.14 ÿ 0.14 ÿ 0.17 ÿ 0.13


[a] For the mixed crystal containing n % of the dimer molecules the ªn% Dº abbreviation is used.
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Abstract: Site-selective 1,3-dipolar coupling at the norbornene p-bond of 5,6-di-
methylenenorbornene 1 yields cycloadducts with an end-fused 1,3-diene system
which have been reacted with N�N (or C�C) dienophiles to produce ribbon
molecules, in which the internal diazacyclohexene (or cyclohexene) subunits are
capable of acting as conformational hinges. Direct coupling of 5,6-dimethylene-
norbornene with 1,3,4-oxadiazoles or dual coupling with bis(cyclobutene epoxides)
afforded bis(1,3-dienes) that diastereoselectively react with dienophiles to produce
new, conformationally mobile, molecular tweezers.


Keywords: conformational mobility
´ crown compounds ´ cycloaddition
´ molecular modeling ´ phthalazine
diones


Introduction


Rigid assemblies of defined geometry have many positive
attributes as spacers or hosts for guest complexation, yet it is
often difficult to find ring systems which provide exactly the
correct distances for optimum binding. In an excellent review
on rods and spacers in chemistry, Michl et al.[1] have collated
the different types of s-linked spacers, for which some
representatives, as well as the fused benzenoids, are shown
in Figure 1a. These systems have different repeat units,
ranging from the polyacetylenes at 2.66 � to the para-linked
benzene rings which have repeat units of 4.28 �. Within the
context of using molecular tweezers as hosts for guest
complexation,[2] however, none may be suitable for optimum
complexation with a particular guest, since one may be too
small and the next member may be too big, as illustrated in
principle for the polyacetylene series in Figure 1b. One
solution to this problem is to introduce conformational
mobility into some section(s) of the host frame, thereby
retaining the spacer for gross separation and allowing the
hinges to provide the optimum distances for fine tuning
(Figure 1c). In early work which is pertinent to the present
study, Stoddart et al. have used cyclohexene rings to provide


conformational flexibility. This concept has been used in the
synthesis of beltanes,[3] in which the precursor must attain a
cavity conformation to allow the final cap to be attached
(Figure 1d); indeed the cavity precursors have themselves
been used as host systems.[4] These applications rely on the
conformational flexibility of cyclohexene rings integrated into
an otherwise rigid framework of the alicyclic precursor as an
essential design feature, in order to attain the transition-state
geometry required for belt formation. This same concept has
been employed subsequently in the design of molecular
tweezers using the conformational mobility of the 1,4-
dioxacycloocta-2,6-diene ring (dioxa[2.2]orthocyclophane),[5]


while others have used the conformational flexibility of
carbocyclic variants such as bicyclo[3.3.1]nonanes to form
cavity systems.[6] In other applications, the 4,5-diazacyclohex-
ene ring served a similar role when the carbocyclic frame of a
space-separated bis-glycoluril monomer was required to
adopt a concave geometry in order to allow effective self-
assembly (dimerisation) (Figure 1e) to form ªtennis ballº,
ªsoftballº or similar structures.[7]


Taking this lead, we set out to develop a general synthetic
strategy that could be used to incorporate a cyclohexene (or
diazacyclohexene) ring as part of a fused carbo-alicyclic
[n]polynorbornane frame. Our objective was to provide a
flexibile element (a molecular hinge, Figure 1c) which would
allow conformational movement within the long axis of the
rigid frame, thereby retaining the C2 symmetry of the overall
structure and these became our target molecules.


In this paper, we report on the use of 5,6-dimethylene-
norbornene (DMN, 1)[8, 9] to introduce the molecular hinge as
part of a ªLegoº BLOCK[10±12] approach to the construction
of molecular tweezers (Scheme 1). Alder and co-workers
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offered excellent foresight in their 1957 paper, in which they
reported that DMN (1) reacted with phenylazide (1,3-dipolar
cycloaddition) at the norbornene p-bond and that maleic
anhydride reacted at the 1,3-diene component. This work sets
the stage for the present study, since we have used a two-stage
protocol; the first effectors are introduced as functionalised


norbornane-fused cyclobutene
epoxides in a 1,3-dipolar cyclo-
addition (ACE coupling)[10] on-
to the norbornene p-centre of 1
to form a functionalised
BLOCK 3 with terminal exo-
cyclic dimethylene units. The
second effector group is at-
tached by way of dienophilic
BLOCK 4 in a Diels ± Alder
cycloaddition onto the exocy-
clic 1,3-diene which effects rib-
bon molecule extension, and
concomitantly produces the
conformation hinge via the cy-
clohexene ring formed in the
cycloaddition step. There may
be applications for which it is
beneficial to reverse the order
of cycloaddition. The facial and
diasteroselectivities of both the
1,3-dipolar cycloaddition and
the effect of structure on
Diels ± Alder reaction rates[13]


are well established (Sche-
me 1a), so this allows the pro-
tocol to be used in molecular
design with reliable forecasts of
shape and size.[3, 11, 14]


Results and Discussion


Site-selective addition at the
norbornene p-bond of the title
triene 1: There are several re-
ports on the 1,3-diene reactivi-
ty[14, 15] of 5,6-dimethylenenor-
bornene 1[8] and we have ex-
ploited this property for the
synthesis of aryl-substituted
benzonorbornadienes by the
reaction of activated acetylenes
to DMN 1, followed by dehy-
drogenation of the dihydro-
benzene adducts so formed
(Scheme 4a).[15] In contrast,
there has been essentially no
comment on cycloadditions at
the norbornene p-bond. In the
first phase of this project, we
established that cyclobutene


epoxides reacted site-selectively and exo,exo-stereoselectively
at the norbornene p-bond of DMN 1 to produce end-fused
norbornane 1,3-dienes in 38 ± 87 % yield.[16] Typically, reaction
of DMN 1 with ester-activated[20] cyclobutene epoxide 6
occurred on heating in dichloromethane (sealed tube,
140 8C, two hours) to yield a single adduct 7 (Scheme 2), the


Figure 1. a) Representative spacer units showing the repeat spacer distances for each system (R� effector,
n� integer); b) Diagram illustrating the difficulty in obtaining exact matching between guest and fixed length
hosts (n� integer); c) Diagram showing the advantage of having flexi-armed hosts to fit guest dimensions;
d) Diagram illustrating the role of flexi-armed hosts in belt formation; e) Diagram illustrating the use of flexi-
armed structures in self-assembly to cyclic products.


Scheme 1. a) Facial stereoselectivity for attack at the 2p-alkene (1,3-dipolar) and 4p-diene (Diels ± Alder) sites
of DMN 1; b) Cycloaddition protocols used in the building of the hinged ribbon molecule 5 (E�CO2Me,
X�Y�CH, N).
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structure of which was confirmed by X-ray single-crystal
analysis.[21]


Similar selectivities were observed in the reaction of
DMN 1 with aromatic-fused cyclobutene epoxide 8. The
reaction of fused-norbornene 10 with DMN 1 illustrated the
delivery of the 3,6-di(pyridyl)pyridazine (dpp) ligand by
formation of the ligand-functionalised 1,3-diene 11. The
reaction of epoxide BLOCK 12 demonstrated that the 1,4-
dimethoxynaphthalene functionality could be delivered to the
1,3-diene BLOCK 13, and potentially to the ribbon molecule,
by suitable modification of the aromatic ring. Furthermore,
the fact that the addition could be achieved under photo-
chemical conditions without affecting the diene component
was especially significant as this process was achieved at
ambient, rather than the high temperature (140 8C) required
for the other cycloadditions.


The structures of these adducts were supported by spectro-
analytical data, especially the NOE (Nuclear Overhauser
Effect) exhibited between protons Ha and Hb, which served
to establish the stereochemistry of the coupling process. The
1H NMR spectra of the various 1,3-dienes, like that of the
starting DMN 1, all showed two characteristic finely coupled
vinylic resonances at about d� 5.1 and 4.8, corresponding to
external and internal olefin protons of the exocyclic 1,3-
dienes, respectively.


The potential for the second step in the cycloaddition
strategy has been illustrated by the Diels ± Alder reaction of
activated acetylenes with the 1,3-diene component of DMN 1
to form dihydroaromatics en route to benzonorbornadienes
(Scheme 4 a),[15] and the established use of 5,6-dimethylene-
bicyclo[2.2.2]octanes to couple to C60.[22] However, we have
chosen to employ the highly reactive phthalazine dione 14 in
the second step in the tandem coupling with triene DMN 1
(Scheme 4 b), illustrated by reaction of 14 with the diene 7,
which at room temperature produced the adduct 15 in 96 %
yield. A significant feature of this cycloaddition is that the
resultant adduct contains a tetrahydropyridazine ring that
fuses the two rigid sections of the molecule together.


Accordingly, it has conformational flexibility in that region
and can flip from one boat conformation to the other. This
change in geometry causes significant reorientation of the
alkylated phthalhydrazide component from below the plane
of the carbocyclic molrac, for example, conformation 15 a, to a
position above it, for example, conformation 15 b, in a motion
that resembles the movement of a whale�s tail (Scheme 3).


In determining the topology of the conformational alter-
natives 15 a and 15 b, it should be noted that the stereo-
chemistry of the nitrogen atom has been set as trigonal (sp2


hybridisation) and this is justified by X-ray data reported by
Agmon et al.[23]


Scheme 3. Reaction of the ribbon 1,3-diene 7 with phthalazinedione 14 to
form hinged product 15 and conformational alternatives 15a and 15b
(E�CO2Me).


The advantage of using phthalazine diones as dienophiles in
our tandem cycloaddition protocol is that it provides rapid
entry to compounds containing the octahydro-methanodiaza-
naphthacene ring 22 (Scheme 4d). Using the phthalazine
dione 14 also introduces carbonyl groups as part of the amide
in ring C and ensures planarity of that ring. This cycloaddition


Scheme 2. Thermal and photochemical addition of cyclobutene epoxides to the alkene p-bond of DMN 1. General reaction conditions: thermal, CH2Cl2,
sealed tube, 140 8C, 2 ± 3 h; photochemical, acetone, quartz, 300 nm, RT, 2 h.
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methodology complements work described in recent reports
by Rebek and co-workers[7] who used displacement chemistry
to gain access to the same basic octahydromethano-diaza-
naphthacene ring, except that their system has the amide in
the B-ring of 22. These workers utilise the bent stereo-


chemistry of the tetrahydropyridazine component (ring C in
their case) to achieve the C-shaped topology required for
ªtennis ballº self-assembly processes. Construction of their
C-shaped (or W-shaped or S-shaped) systems is achieved by
dual application of their con-
densation procedure on the ali-
cyclic tetraester 20. As dis-
cussed below, our protocol also
provides access to cavity sys-
tems containing flexible tetra-
hydropyridazine links (ring B in
our case) by employing cyclo-
additions onto dual 1,3-dienes
of type 24 (Scheme 5a). Access
to simpler systems should also
be available by cycloaddition
onto alicyclic tetraene 21[24] for
which carbon dienophilic addi-
tion has been used many times
in the preparation of spacer and
cavity systems.[25]


Preparation and reactions of
molrac dual 1,3-diene sys-
tems 24 : We have investigated


the coupling of two DMN 1 units together through the
norbornene p-bond as a route to space-separated 1,3-diene
systems; this was with the aim of using such dual 1,3-dienes as
the central unit in flexible cavity molecule formation
(Scheme 5b). To this end, DMN 1 was treated with 2,5-


bis(trifluoromethyl)-1,3,4-oxa-
diazole 23 to form the dual 1,3-
diene BLOCK 24. The reaction
was carried out in a sealed tube
with a solution in benzene and
slowly afforded 24 at 85 ± 90 8C;
attempts to speed up the reac-
tion at higher temperature
(120 ± 140 8C) produced only
polymeric material. According-
ly, the dual 1,3-diene 24 was
isolated from the lower temper-
ature cycloaddition (67 % yield
after 24 h) and fully character-
ised.


Reaction of DMN 1 with the
bis-cyclobutene epoxide 25
(Scheme 5a) furnished the
spacer tetraene 26 in excellent
yield (84 %) by site-selective
1,3-dipolar cycloaddition of
DMN 1 at each of the cyclo-
butene epoxide sites. This was a
particularly important result
since there is a whole range of
bis-epoxides available in differ-
ent topologies;[11e, 26] this there-
by opens the way to modify the
distance between the terminal


1,3-diene units and also presents an opportunity to modify
their relative orientation. The structure of 26 was readily
deduced by using 1H NMR spectroscopy, from which the C2v


symmetry was apparent in the spectrum, for example, only a


Scheme 4. a) Formation of a hinged adduct from DMN 1 as an intermediate in the preparation of
benzonorbornadienes; b) The cycloaddition of phthalazinedione with DMN 1 to form the tetracyclic ring
system 16 ; c) The ester, amine condensation route to hinged ribbon molecules containing common ring
system 22 ; d) Doubly functionalised reagents 20 (condensation route) and 21 (cycloaddition route) for dual
coupling protocols.


Scheme 5. a) Preparation of doubly functionalised 1,3-dienes; b) Schematic representation for the preparation of
large ribbon molecules containing two molecular hinges (E�CO2Me).
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single ester methyl resonance was observed; there were two
types of bridge methano groups, the central one a singlet (2 H)
whereas the outer ones were split into a pair of doublets
(typically the inner H is sterically compressed and occurs at
low field d� 2.36, whereas the outer resonance occurs at d�
1.03); a single set of finely coupled vinylic protons and four
other uncoupled methine singlets were also apparent from the
spectrum (ratio 1:2:2:2).


The dual 1,3-dienes 24 and 26 were not stable and under-
went polymerisation when left to stand at room temperature
forming insoluble polymeric solids, which contrasted with the
good stability exhibited by the mono-1,3-dienes 7, 9, 11 and 13.
Cycloaddition reactions needed to be conducted soon after
dual 1,3-diene generation and cycloaddition products were
often contaminated by polymeric by-products.


Formation of molecular tweezers : 1,4-Phthalazinedione 14
was generated by lead tetraacetate oxidation of phthalhydra-
zide 29[27] and trapped in situ with different norbornane
exocyclic 1,3-dienes. The results are summarised in Scheme 6.
Reaction with the simple 1,3-diene 7 gave an almost quanti-


tative yield of the adduct 15. As a result of the instability of
the dual 1,3-dienes 24 and 26, their reactions gave lower yields
of adducts 30 and 31 with phthalazine dione 14, together
with substantial amounts of polymeric by-products. From
the 1H NMR spectra, the products 15, 30, and 31 all
showed, diagnostically, two broadened doublets at d� 4.4 ±
4.9, which correspond to the magnetically nonequivalent
methylene protons of the newly formed tetrahydropyridazine
ring.


With this success, an extension of the method to include
reaction of a functionalised phthalazine dione was pursued
using the benzo-15-crown-5 fused phthalazinedione 33
(Scheme 7). Reaction of dual 1,3-diene 24 with the 15-
crown-5 substituted phthalazine dione 33[28] gave the desired
bis-crown product 34 in good yield (77 %). During the
reaction, ultrasonication was used at the beginning of the
addition of lead tetraacetate in order to improve the reactivity
because the reactant 32 had low solubility in the reaction
media (AcOH/DCM). Like other adducts, the bis-crown ether
34 also showed two diagnostically broadened doublets at d�
4.4 ± 4.9 in the 1H NMR spectrum. In the present study, none


Scheme 6. Examples of mono-adducts, for example, 15, and dual-coupled systems, for example, 30 and 31, available from the Diels ± Alder cycloaddition of
polyalicyclic 1,3-dienes with diaza-dienophiles.


Scheme 7. Application of the coupling technique to the preparation of hinged crown ether 34 and the unexpected failure to produce the higher
polynorbornane analogue 35 (E�CO2Me).
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of the desired bis-crown adduct 35 was obtained in the
reaction of the crown-phthalazine dione 33 with the dual
1,3-diene 26.


Molecular modelling : Molecular modelling (Sybyl) was used
to predict the possible geometrical change for the phthalazine
dione adducts 30 and 31 caused by conformational change in
the tetrahydropyridazine rings (Figure 1). The substituents at
the bridgehead positions were removed from the molecules in
order to simplify the calculations, especially as the separate
mobility of the ester substituents causes problems because of
the possible formation of local minima. For the same reason,
the crown ether rings were not included in these calculations.
The stripped down versions are given numbers within inverted
commas, for example, '30' and '31' to distinguish them from
the actual molecules (Figure 2).


In the A-series, no constraints were placed on the system. In
the resultant optimised geometries, the tetrahydropyridazine
rings have adopted a twist-boat conformation, the pyridazine
dione rings are planar and a U-shaped product is obtained.
The distances between two ends of the molecule are 19.62 �
for '30' and 17.59 � for '31'.


In the B-series, constraints have been placed on the
tetrahydropyridazine ring, such that the CCCC atoms are
coplanar and the CCNN atoms are coplanar; no constraints
are placed on the CCNC atoms. In these cases, the dihydro-
pyridazine ring becomes essentially planar and a U-shaped
product is obtained, which is very similar in many dimensions
to the A-series. The main feature is the near C2v symmetry of
the molecules and separations of the terminal benzene rings
comparable with the unconstrained model (19.56 � for '30';
17.17 � for '31').


When the conformation of the tetrahydropyridazine ring is
constrained into an inward-directed boat conformation (con-
formation C), the two ends of the molecules are brought
towards each other. In '31'C, the termini close to within
6.86 �, which would be too close to accommodate terminally
fused crown ether rings. However, it was very interesting to
note that in the system with the shorter frame, '30'C, the two
ends hold a parallel geometry and should be a good model for
face-to-face bis-crown ether alignment.


In conformation D, the boat configuration of the tetrahy-
dropyridazine rings is bent outwards and the resultant
structures are far different from those conformations with
U-shape geometry. The extended conformations present in


Figure 2. Molecular topologies for ªstripped downº systems '30' and '31' associated with conformational changes in the tetrahydropyridazine ring.
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this topology make them excellent candidates for the
formation of intermolecular sandwich-like compounds using
metal complexation of the crown ethers.


The calculated heats of hydrogenation of the various
conformers indicate that conformers A and B are of the
lowest energy and that conformers C and D, while of similar
energy to one another, are more than 20 Kcal molÿ1 higher in
energy. This indicates that conformers C and D are likely to
be only minor components under equilibrium conditions in
solution. The importance of minor conformations in solution
is demonstrated by the findings of Rebek and his co-workers
for the related bis-glycoluril compounds (see above), where
the presence of conformers of type C is imperative for the
attainment of the C-shaped geometry required to allow
formation of the ªtennis ballº self-assemblies.


Conclusion


The use of 1,3-dipolar cycloadditions at the norbornene p-
bond of 5,6-dimethylenenorbornene 1 combined with Diels ±
Alder cycloaddition at the 1,3-diene site has provided a
versatile route to rigid ribbon frameworks containing a
conformational hinge. Each cycloaddend can carry its own
auxiliary, so the method is extremely versatile and has the
additional features of synthetic brevity and high yields. Dual
application of this strategy has led to a short route to flexible
molecular tweezers.


Experimental Section


General methods : Melting points, which were uncorrected, were obtained
on a Reinhart Micro hot stage melting point apparatus ModelYOSCO
No. 67885. 1H NMR spectra were recorded at 300 or 400 MHz. 13C NMR
spectra were recorded by using an inverse gated sequence at 75.4 MHz.
Unless otherwise stated all data were acquired using solutions in CDCl3


with TMS as an internal standard and are reported on the appropriate
1H NMR d and 13C NMR d scales. Coupling constants are reported in Hz.


Silica gel 60 (230 ± 400 mesh) was used for column chromatography. TLC
was performed on Merck aluminium sheets coated with silica gel 50 F254.
Centrifugal radial chromatography was carried out with a Chromatotron,
Model No. 7924T, using plates (1 mm) coated with silica gel 60F254.


Mass spectra were obtained by EI or PCI (photochemical ionisation) on a
Hewlett Packard 5988A spectrometer or by EI or ESMS (electrospray
mass spectrometry) on a Micromass Platform II single quadripole mass
spectrometer.


(1R,2S,3R,5S,6R,7S)-Dimethyl-4,6-dioxatetracyclo[5.2.1.02,6.03,5]deca-3,5-
dicarboxylate (6): tBuOOH (0.6 mL, 2.28 mmol), followed by a solution of
MeLi in diethyl ether (0.6 mL, 0.95 mmol), was added with stirring to a
stirred solution of dimethyl-tricyclo[4.2.1.02,5]nona-3-ene-3,4-dicarboxyl-
ate[33] (0.20 g, 0.85 mmol) in dry THF (2 mL), which had been cooled to
ÿ78 8C . The solution turned deep yellow and after stirring for 2 h the
temperature was allowed to rise to RT. The reaction mixture was diluted
with CH2Cl2 and washed with saturated aqueous Na2SO3 (5 %), water and
dried over sodium sulfate. Evaporation of solvent yielded an opaque oil,
which was titurated with EtOAc/hexane and recrystallised from CH2Cl2/
ether to yield the title compound 6 (128 mg, 60%) as white needles (m.p.
197 ± 199 8C).
1H NMR (300 MHz, CHCl3, 25 8C, TMS): d� 3.79 (s, 6 H; 2�CH3), 2.72
(br s, 2 H; 2�CH), 2.31 (s, 2H; 2�CH), 1.76 (d, 3J(H,H)� 11 Hz, 1H;
bridge CH2), 1.58 (m, 2H; CH2), 1.34 (d, 3J(H,H)� 11 Hz, 1 H; bridge
CH2), 1.08 (m, 2H; CH2); 13C NMR (100.6 MHz, CDCl3, 25 8C, TMS): d�
165.1, 64.6, 52.9, 50.5, 36.6, 33.7, 28.0; LRMS (PCI, CH4): m/z (%): 253


(100) [M��1], 221 (19), 207 (12), 193 (17), 165 (59); HRMS (EI): m/z (%):
calcd for C13H16O5 252.0998; found 252.0991.


(1R,2S,7R,8S,9R,10S,12R,13S)-Dimethyl-3,5-di(2-pyridyl)-4,5-diaza-11,14-
dioxapentacyclo[6.5.1.02,7.09,13.010,12]tet-
radeca-2,4,6-triene-10,12-dicarboxyl-
ate (10): The cyclobutene diester 36[29]


E�CO2Me, 1.0 g, 2.273 mmol) was
placed in a two-neck flask, fitted with
septum, under a nitrogen atmosphere,
and dissolved in dry THF (20 mL).
The solution was then cooled to
ÿ78 8C using a dry-ice/acetone bath. Anhydrous[30] tBuO2H (1.0 mL,
2.97 mmol, 3m in toluene, 1.25 equivalent) was added using a syringe.
After 5 ± 10 min, MeLi (2.36 mL, 3.30 mmol, 1.4m solution in diethyl ether,
1.4 equivalent) was added using a syringe, which caused the colour to
change. After stirring for an additional 15 ± 20 min, the dry-ice bath was
removed and the solution was stirred at room temperature for three hours.
During that period, the solution became less yellow in colour. Dichloro-
methane was added to the flask and the contents were transferred to a
separating funnel, washed with sodium sulfite (10 %), water and dried
(MgSO4). Removal of the solvent under vacuum yielded the crude
epoxide 10, which was purified by recrystallisation from ethyl acetate
(0.210 g, 27.6 %, m.p. 152 ± 154 8C).
1H NMR (300 MHz, CHCl3, 25 8C, TMS): d� 8.66 (d, 3J(H,H)� 4.0 Hz,
2H), 8.46 (d, J� 8.0 Hz, 2 H), 7.77 (dd, 3J(H,H)� 7.7, 3J(H,H)� 1.6 Hz,
2H), 7.26 (t, J� 6.6 Hz, 2 H), 4.84 (s, 2H), 3.87 (s, 6H), 2.64 (s, 2 H), 2.10 (d,
3J(H,H)� 10.8 Hz, 2H), 1.85 (d, 3J(H,H)� 10.8 Hz, 2 H); 13C NMR
(100.6 MHz, CDCl3, 25 8C, TMS): d� 164.28, 155.10, 152.78, 149.27,
147.41, 136.70, 123.85, 122.69, 65.38, 52.80, 52.50, 48.89, 42.75, 41.59; LRMS
(EI): m/z (%): 456 [M]� (3.9), 272 (100.0), 243 (21.1), 242 (22.6), 153 (48.1),
44 (49.5); HRMS: m/z (%): calcd for C25H2004N4 440.1484; found 440.1485.


General procedure for ACE coupling reactions of 5,6-dimethylenenorbor-
nene 1
a) Thermal route : A solution of the epoxide (0.1 mmol) and 5,6-dimethyl-
enenorbornene 1 (0.1 mmol) in dichloromethane (0.16 mL) was heated in a
sealed tube at 140 8C in an oven for 2 ± 3 h. Purification by chromatotron
(eluted with petrol/EtOAc) followed by recrystallisation provided the
desired adduct.
b) Photochemical route : A solution of epoxide and the dipolarophile in
acetone was irradiated for two hours at 300 nm in a quartz tube, the solvent
removed under vacuum and purified by chromatography or recrystallisa-
tion.


(1SR,2RS,3RS,6SR,7SR,8RS,9RS,10SR,13RS,14SR)-Dimethyl-4,5-bis-
methylene-15-oxahexacyclo[6.6.1.13,6.110,13.02,7.09,14]heptadecane-1,8-dicar-
boxylate (7): The compound was prepared by the reaction of DMN 1 with
epoxide 6 (m.p. 186 ± 189 8C, white rods, EtOAc/petrol, stereochemistry
was confirmed by X-ray single-crystal analysis).[21] The yield was 31 %.
1H NMR (400 MHz, CHCl3, 25 8C, TMS): d� 5.09 (s, 2H), 4.82 (s, 2H), 3.87
(s, 6 H), 2.64 (br s, 2H), 2.43 (dt, J� 10.0, 1.5 Hz, 1 H), 2.26 (d, 3J(H,H)�
1.0 Hz, 2 H), 2.19 (dm, 3J(H,H)� 10.0 Hz, 1 H), 2.06 (br s, 4 H), 1.34 ± 1.42
(m, 2H), 1.03 ± 1.11 (m, 3H), 0.83 (dm, 3J(H,H)� 10.0 Hz, 1 H); 13C NMR
(100.6 MHz, CDCl3, 25 8C, TMS): d� 170.52, 151.25, 101.78, 91.12, 56.48,
55.34, 52.69, 48.25, 38.96, 34.64, 34.60, 29.49; MS (EI, 70 eV): m/z (%): 370
[M]� . (21), 311 (8), 279 (9), 253 (8), 251 (13), 189 (10), 153 (15), 129 (14);
HRMS: m/z (%): calcd for C22H26O5 370.1780; found 370.1781.


(1RS,2RS,3RS,10SR,11SR,12SR,13SR,14SR,17RS,18RS)-Dimethyl-15,16-
bismethylene-19,20-dioxaheptacyclo[10.6.1.13,10.114,7.02,11.04,9.013,18]-
heneicosa-4,6,8-trien-1,12-dicarboxylate (9): The compound was prepared
by the reaction of DMN 1 with epoxide 8[34] (m.p. 250 8C (dec), white solid,
EtOAc/petrol). The yield was 51%.
1H NMR (300 MHz, CHCl3, 25 8C, TMS): d� 7.22 (dd, 3J(H,H)� 5.4,
3.0 Hz, 2 H), 7.12 (dd, 3J(H,H)� 5.4, 3.0 Hz, 2H), 5.22 (s, 2 H), 5.08 (s, 2H),
4.81 (s, 2H), 3.97 (s, 6 H), 2.69 (t, 3J(H,H)� 1.3 Hz, 2H), 2.55 (dt,
3J(H,H)� 10.0, 1.2 Hz, 1H), 2.37 (s, 2H), 2.21 (d, 3J(H,H)� 0.9 Hz, 2H),
1.12 (dm, 3J(H,H)� 10.0 Hz, 1 H); 13C NMR (100.6 MHz, CDCl3, 25 8C,
TMS): d� 170.40, 150.84, 146.05, 127.68, 120.01, 102.17, 89.88, 81.13, 55.54,
55.16, 53.15, 48.22, 34.87; HRMS: m/z (%): calcd for C25H24O6 420.1573;
found 420.1573.


(1SR,2SR,3RS,10SR,11RS,12RS,13SR,14SR)-Dimethyl-15,16-bismethyl-
ene-5,8-di(2-pyridyl)-6,7-diaza-19-oxaheptacyclo[10.6.1.1.3,10.114,17.02,11.04,9.
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013,8]heneicosa-4,6,8-trien-1,12-dicarboxylate (11): The compound was
prepared by the reaction of DMN 1 with epoxide 10 (m.p. 251 8C (dec),
white crystals, EtOAc/petrol). The yield was 66%.
1H NMR (400 MHz, CHCl3, 25 8C, TMS): d� 8.75 (dm, 3J(H,H)� 4.8 Hz,
2H), 8.58 (d, 3J(H,H)� 8.0 Hz, 2H), 7.89 (td, 3J(H,H)� 7.8, 1.8 Hz, 2H),
7.37 (ddd, 3J(H,H)� 7.5, 4.8, 1.0 Hz, 2 H), 5.06 (s, 2 H), 4.80 (s, 2 H), 4.40 (s,
2H), 4.04 (s, 6H), 2.88 (d, 3J(H,H)� 10.1 Hz, 1H), 2.75 (s, 2 H), 2.53 (d,
3J(H,H)� 10.1 Hz, 1H), 2.49 (s, 2H), 2.33 (s, 2 H), 1.38 (d, 3J(H,H)�
10.1 Hz, 1 H), 1.12 (d, J� 10.1 Hz, 1H); HRMS: m/z (%): calcd for
C34H30N4O5 574.2216; found 574.2216.


(1RS,12SR,13RS,14SR,15SR,16SR,19RS,20RS,21RS,22SR)-Dimethyl-
17,18-bismethylene-4,10-dimethoxy-24-oxa-octacyclo[10.10.1.114,21.116,19.
02,11.04,9.013,22.015,20]pentacosa-2,4,6,8,10-pentaen-14,21-dicarboxylate (13):
A solution of epoxide 12 (60 mg, 0.146 mmol) and DMN 1 (160 mg, excess)
in acetone (1 mL) was irradiated at 300 nm in a quartz NMR tube for two
hours. Solvent and excess of DMN 1 were removed under vacuum and the
solid residue was recrystallised from methanol to afford the adduct 13 as a
colourless solid (51 mg, m.p. 291 ± 293 8C). The yield was 66%.
1H NMR (400 MHz, CHCl3, 25 8C, TMS): d� 8.05 ± 8.09 (m, 2H), 7.43 ± 7.46
(m, 2H), 5.08 (s, 2 H), 4.82 (s, 2H), 3.99 (s, 6H), 3.98 (s, 6 H), 3.64 (s, 2H),
2.75 (d, 3J(H,H)� 9.6 Hz, 1 H), 2.71 (s, 2 H), 2.51 (d, 3J(H,H)� 10.0 Hz,
1H), 2.39 (s, 2H), 2.29 (s, 2H), 1.43 (d, 3J(H,H)� 9.6 Hz, 1 H), 1.12 (d,
3J(H,H)� 10.0 Hz, 1 H); 13C NMR (100.6 MHz, CDCl3, 25 8C, TMS): d�
169.9, 150.5, 144.5, 134.7, 128.4, 125.9, 122.6, 101.9, 90.2, 61.8, 55.7, 55.4, 52.8,
47.9, 43.3, 42.3, 34.5; HRMS: m/z (%): calcd for C32H32O7 528.2148; found
528.2138.


(2RS,3RS,6SR,7SR,9RS,10RS,13SR,14SR)-1,8-Bis(trifluoromethyl)-
4,5,11,12-tetramethylene-hexacyclo[6.6.1.13,6.110,13.02,7.09,14]heptadecane
(24): A mixture of 2,5-bis(trifluoromethyl)-1,3,4-oxadiazole[31] (65 mg,
0.314 mmol) and 1 (186 mg, 0.629 mmol) in benzene (0.4 mL) was heated
in a sealed tube in an oven (90 8C) for five days. Concentration of the
resulting solution afforded a gum, which crystallised from methanol to give
the bis-1,3-diene 27 as white crystals (m.p. >400 8C).
1H NMR (400 MHz, CHCl3, 25 8C, TMS): d� 5.11 (s, 4H), 4.85 (s, 4H), 3.09
(br s, 4H), 2.24 (s, 4 H), 2.14 (d, 3J(H,H)� 10.0 Hz, 2H), 1.22 (dm,
3J(H,H)� 10.0 Hz, 2 H); HRMS: m/z (%): calcd for C22H20F6O 414.1418;
found 414.1418.


(2SR,3SR,4RS,5RS,8SR,9SR,10RS,11RS,13SR,14SR,15RS,16RS,19SR,
20SR,21RS,22RS)-Tetramethyl-6,7,17,18-tetramethylene-24,26-dioxadeca-
cyclo[10.10.1.13,10.15,8.114,21.116,19.02,11.04,9.013,22.015,20]-heptacosan-3,10,14,21-
tetracarboxylate (26): The bis-diene 26 was obtained by following the
general thermal ACE coupling procedure, employing a 2:1 ratio of 5,6-
dimethylenenorbornene 1 with bis-epoxide 25[10, 32] (m.p.> 400 8C, white
solid, low solubility in CDCl3 or DMSO). The yield was 84%.
1H NMR (400 MHz, CHCl3-[D6]DMSO (3:1), 25 8C, TMS): d� 5.08 (s,
4H), 4.81 (s, 4 H), 3.85 (s, 12H), 3.82 (s, 4 H), 2.61 (s, 4H), 2.36 (d, J�
9.8 Hz, 2 H), 2.20 (s, 4H), 1.03 (d, 3J(H,H)� 9.3 Hz, 2 H), 0.83 ± 0.95 (m,
4H) (easily polymerised in solution); LRMS (EI, 70 eV): m/z (%): 644
[M]� . (67), 55 (16), 44 (100).


Diels ± Alder reaction of norbornane exocyclic dienes with phthalazine-
dione 16, general procedure : A mixture of norbornane exocyclic diene
(0.1 mmol) and phthalhydrazide (0.15 mmol) in acetic acid (1.4 mL) or
acetic acid/DCM (1.0 mL/0.5 mL) was treated with lead tetraacetate
(0.15 mmol). The mixture was stirred in darkness overnight (to improve
the contact of the reagents, the mixture was ultrasonicated for a few
minutes at the beginning of the reaction). The mixture was filtered through
a plug of supercell and the flask rinsed with DCM. The combined filtrates
were washed with saturated K2CO3 solution, brine and dried (MgSO4).
Concentration gave the solid product, which was further purified by
recrystallisation.


(1RS,16SR,17RS,18SR,19SR,20RS,23SR,24RS,25RS,26SR)-Dimethyl-
4,13-diaza-28-oxa-nonacyclo[14.10.1.118,25.120,23.02,5.04,13.06,11.017,26.019,24]nona-
cosa-2(15),6,8,10-tetraen-5,12-dione-18,25-dicarboxylate (15): The com-
pound was produced from the cycloaddition of phthalazine dione 14 with
diene 7 (m.p. 288 ± 290 8C, white needles, CH2Cl2/MeOH). The yield was
96%.
1H NMR (300 MHz, CHCl3, 25 8C, TMS): d� 8.31 (dd, 3J(H,H)� 5.9,
3.3 Hz, 2H; H7/H10), 7.80 (dd, 3J(H,H)� 5.9, 3.3 Hz, 2 H; H8/H9), 4.77
(dm, 3J(H,H)� 15.6 Hz, 2H; equatorial H3/H14), 4.51 (dm, 3J(H,H)�


15.6 Hz, 2 H; axial H3/H14), 3.89 (s, 6H; 2�COOCH3), 2.79 (s, 2 H; H1/
H16), 2.56 (dm, 3J(H,H)� 9.1 Hz, 1H; 27-Ha), 2.23 (dm, 3J(H,H)� 9.7 Hz,
1H; 29-Ha), 2.21 (s, 2 H; H17/H26), 2.10 (br s, 2 H; H20/H23), 2.06 (s, 2H;
H19/H24), 1.41 (br d, 3J(H,H)� 7.5 Hz, 2H; H21/H22), 1.22 (d, 3J(H,H)�
9.1 Hz, 1 H; 27-Hb), 1.07 (br d, 3J(H,H)� 7.0 Hz, 2H; H21/H22), 0.87 (d,
3J(H,H)� 9.7 Hz, 1 H; 29-Hb), (Ha pointing to oxygen atom and Hb to the
other side); 13C NMR (100.6 MHz, CDCl3, 25 8C, TMS): d� 170.13
(COOCH3), 159.61 (C 5/12), 136.98 (C 2/15), 134.24 (C 8/9), 129.44 (C 6/
11), 128.32 (C 7/10), 89.73 (C 18/25), 56.91 (C 19/24), 55.87 (C 17/26), 52.81
(2�COOCH3), 46.58 (C 1/16), 45.79 (C 3/14), 41.24 (C 27) 38.91 (C 20/23),
34.62 (C 29), 29.47 (C 21/22); HRMS: m/z (%): calcd for C30H30N2O7


530.2053; found 530.2050.


(2RS,3RS,18SR,19SR,21RS,22RS,37SR,38SR)-1,20-Bis(trifluoromethyl)-
6,15,25,34-tetraaza-39-oxadodecacyclo[18.18.1.13,18.122,37.02,10.04,17.06,15.08,13.
021,38.022,36.025,34.027,32]hentetraconta-4(17),8,10,12,23(36),27,29,31-octaen-
7,14,26,33-tetraone (30): The compound was prepared from dual-cyclo-
addition of phthalazine dione 14 with tetraene 24 (m.p.> 350 8C, pale
yellow solid). The yield was 31%.
1H NMR (400 MHz, CHCl3, 25 8C, TMS): d� 8.25 (dd, J� 5.9, 3.3 Hz, 4H),
7.79 (dd, J� 5.9, 3.3 Hz, 4H), 4.77 (dm, 3J(H,H)� 15.7 Hz, 4 H), 4.48 (dm,
3J(H,H)� 15.7 Hz, 4H), 3.26 (br s, 4H), 2.32 (d, 3J(H,H)� 9.9 Hz, 2H),
2.29 (s, 4H), 1.49 (d, 3J(H,H)� 9.9 Hz, 2H).


(2RS,3RS,4RS,5RS,20SR,21SR,22SR,23SR,25RS,26RS,27RS,28RS,43SR,
44SR,45SR,46SR)-Tetramethyl-8,17,31,40-tetraaza-48,50-dioxa-hexadeca-
cyclo[22.22.1.13,22.15,20.126,45.128,43.02,23.04,20.06.19.08,17.019,15.025,46.027,44.029,42.031,40.
033,38]henpentaconta-6(19),10,12,14,29(42),33,35,37-octaen-9-16,32,39-tetra-
one-3,21,25,45-tetracarboxylate (31): The compound was prepared from
dual-cycloaddition of phthalazine dione 14 with tetraene 26 (m.p.> 350 8C,
white solid). The yield was 62%.
1H NMR (400 MHz, CHCl3, 25 8C, TMS): d� 8.28 (dd, J� 5.9, 3.3 Hz, 4H),
7.79 (dd, 3J(H,H)� 5.9, 3.3 Hz, 4H), 4.75 (dm, 3J(H,H)� 15.6 Hz, 4H), 4.47
(dm, 3J(H,H)� 15.6 Hz, 4 H), 3.88 (s, 12H), 2.76 (s, 4H), 2.49 (d, 3J(H,H)�
8.9 Hz, 2 H), 2.14 (s, 4H), 2.06 (s, 2 H), 2.04 (s, 2 H), 1.95 (s, 4 H), 0.87 (d,
3J(H,H)� 8.9 Hz, 2 H).


(2RS,3RS,31SR,32SR,34RS,35RS,63SR,64SR)-1,33-Bis(trifluoromethyl)-
6,28,38,60-tetraaza-11,14,17,20,23,43,46,49,52,55,65-undecaoxa-tetradeca-
cyclo[31.31.1.13,31.135,63.02,32.04,30.06,28.08,26.010,24.034,64.036,62.038,60.040,58.042,56]hep-
tahexaconta-4(30),8,10(24),25,36(62),40,42(56),57-octaen-7,27,39,59-tetra-
one (34): The compound was prepared from dual-cycloaddition of crown
phthalazine dione 33 with tetraene 24 (m.p. 274 ± 276 8C, pale yellow solid).
The yield was 77%.
1H NMR (400 MHz, CHCl3, 25 8C, TMS): d� 7.47 (s, 4 H), 4.73 (dm,
3J(H,H)� 16.2 Hz, 4H), 4.44 (dm, 3J(H,H)� 16.2 Hz, 4 H), 4.22 (m, 8H),
3.92 (m, 8H), 3.73 (m, 16H), 3.25 (br s, 4H), 2.35 (d, 3J(H,H)� 8.4 Hz, 2H),
2.31 (s, 4H), 1.47 (d, 3J(H,H)� 8.4 Hz, 2H).
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