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In the paper by J. Barluenga et al. published in Chem. Eur. J. 2001, 7, 3533, there are errors. As pointed out in the text, the absolute
configuration of carbene complexes 7 was assigned to be R for C-9 on the basis of the X-ray structure of dithiolane derivative 8 g.
Accordingly, Scheme 3 should be depicted as follows for clarity. Additionally, in the Experimental Section the absolute
configuration should be added and/or corrected for several compounds as follows: 7 a±c (8S*,9R*), 7 d (8R*,9R*), 7 j (8R,9R),
8 a,b (8S*,9S*), 8 c (8R*,9S*), 8 d,f,g,h,j (8S,9S), 8 e,i (8R,9S), 9 b (3S*,4S*), 9 c (3S*,4R*), 9 e (3S,4R), 9 f,g,j (3S,4S). The authors
apologize for these mistakes.


Scheme 3. Structural assignments: NOESY crosspeak for compound 9e and absolute configuration for compounds 7 determined by X-ray analysis of 8g.


In the paper by J. J. Schneider et al. published in Chem. Eur. J. 2001, 7, 2888, there is a mistake in Figure 11. The correct figure is
given below. The authors apologize for this error.


Figure 11. EEL spectra: a) core-loss region, and b) C1s low-loss region of CNT fibers compared to HOPG. Upper trace: CNT fibers; lower trace: HOPG. I �
intensity, DE � energy loss.
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Introduction


Motivated by the numerous applications for gels, formed by
dilute solutions of polymers, proteins, and inorganic substan-
ces,[1] the development of new low molecular weight gelators
for organic solvents and investigation of their particular self-
assembly properties have recently received much attention.
They not only gelate various organic solvents but also create
novel networks with fibrous superstructures, which can be
characterised by scanning electron microscopy (SEM) pic-
tures of xerogels.[2±13] The self-assembly of these gelling agents
to fiber-like structures, which entangle to form a three-


dimensional (3D) network, prevents the solvent from flowing
similar to their macromolecular and inorganic counterparts.[14]


Gelators can be classified according to their driving forces for
molecular aggregation into two categories: nonhydrogen-
bond-based gelators and hydrogen-bond-based gelators. Cho-
lesterol derivatives[7±10] are typical examples of the former
group whereas aliphatic amide derivatives[2±5] and saccharide-
containing gelators[9, 15±17] are the main representatives of the
latter group. As general guidelines for the design principles
are accepted: i) the presence of strong self-complementary
and unidirectional interactions to enforce one-dimensional
self-assembly; ii) control of the fiber-solvent interfacial en-
ergy to control solubility and to prevent crystallisation; and
iii) some factor to induce fiber cross-linking for network
formation.[18] Despite the recent achievements elucidating the
molecular prerequisites for gelation ability, the control of this
aggregation phenomena is still a challenging goal. Recent
studies demonstrated that methyl 4,6-O-benzylidene deriva-
tives of monosaccharides are well-suited to study the struc-
tural prerequisites for gelation ability.[17] In gels these mono-
mers establish rigid, strong, and highly directional hydrogen
bonds. Their unique and well-defined molecular architecture
added to the easy accessibility of a wide variety of isomers,
each of which can be obtained as a single enantiomer and
allows systematic studies to connect monomer structure and
gelation ability. No other gelator discovered so far shows such
a variety in its homologues: undoubtely, this mechanistic view
utilising a rich carbohydrate library is one of the largest merits
of sugar-integrated gelators. Here we give a brief description
of their gelation properties and recent results of structural
studies in gel state by small angle X-ray scattering (SAXS).
The concept of unidirectional interactions as prerequisite for
gelation ability is strengthened by correlation of the monomer
structure with the molecular arrangement in single crystal and
gel.


Results and Discussion


Gelation properties : Methyl 4,6-O-benzylidene derivatives of
monosaccharides belong to a well-established class of com-
pounds, though they have yet not been fully explored as
gelators. Also well known to form strong and highly direc-
tional hydrogen bonds, this type of compounds meets the
requirements for systematic studies. Their features are i) un-
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modified 2-OH and 3-OH group; ii) protection of the 1-OH
group by a methyl group; and iii) protected 4-OH and 6-OH
group with a benzylidene group, whereas their different
abilities to gelate solvents are solely due to configurational
isomerism. So far, eleven methyl 4,6-benzylidene derivatives
of the monosaccharides d-glucose, d-mannose, d-allose, d-
altrose, d-galactose, and a-d-idose (1 ± 11) have been inves-
tigated (Scheme 1).


Among the criteria that have to be taken into account when
the monosaccharides derivatives should be classified accord-
ing their ªqualityº as gelators are: i) versatility of gelating
solvents, ii) stability of the gel, including Tgel and other
physico-chemical properties, iii) minimum gelator concentra-
tion (Cmin).


A comparison of the gelation potential for 34 different
solvents reveals the versatility of gelated solvents for the
different methyl 4,6-benzylidene derivatives (Table 1):[17b, d, e]


Among the a-monosaccharides 1, 2, 3, 4, 9, and 11 only the
gluco 1, manno 2, and galacto 9 isomers act as gelators. The
widest variety of solvents is gelled by the a-galacto isomer 9.
The range of gelated solvents covers apolar hydrocarbon
and aromatic solvents (entries 1 ± 8), carbon tetrachloride,
carbon disulfide, diethyl ether, diphenyl ether, n-octanol,
triethylamine, triethylsilane, and tetraethoxysilane. The a-
manno 2 isomer is able to gelate the similar range with the
exception of cyclohexane, benzene, carbon tetrachloride,
diethyl ether, n-octanol, triethylamine, and tetraethoxysi-
lane. Additionally, 2 can gelate water at 3 wt% which is
very uncommon for gelators. Compared with a-galacto


and a-manno isomers, the a-gluco 1 shows a reduced
gelation ability since it gels only benzene, toluene, p-xylene,
carbon tetrachloride, diphenyl ether and tetraethoxysi-
lane.


In contrast, the a-allo- 3, a-altro- 4 and a-idopyranoside 11
tend to be insoluble in or precipitate out of solvents in group I.
Most a-compounds dissolve in the more polar solvents of
group II. On the other hand, among the b-isomers only the
manno 6 and galacto 10 isomers can be considered as gelators.
Both gelate nearly a similar range of solvents as their
anomeric counterparts. In contrast to its a-anomer 9, the b-
anomer 10 forms a partial gel (Gp) in nitrobenzene, ethyl
formate, and methyl acetate but precipitates in diethyl ether
and tetraethoxysilane (9 : both G*). Compared with its
opposite anomer, b-manno 6 exhibits additional gelation
ability for benzene and carbon tetrachloride but no gelation
potential for water. The b-gluco- and allopyranosides (5, 7)
tend to form mainly gel-like solids as denoted by the
numerous ªPSº marks. Similarly, the b-altropyranoside 17
exhibits a low solubility in the major part of the solvents
tested, reflected by the ªPº and ªPSº marks.


In order to compare the gel qualities, the gel ± sol phase
transition temperatures (Tgel) of gels of 1, 2, 6, 9, and 10 in
p-xylene estimated by the oil-bath method are plotted against
the gelator concentration (Figure 1). For the same concen-
tration the Tgel values always appear in the order of: 10> 6> 9
>1> 2. In other solvents similar results are obtained.
Together with the results from Table 1 this confirms the
conclusion that the galacto derivative tends to be more


efficient than the manno deriv-
ative and that the a-anomer is
inferior to the b-anomer. Con-
sequently, a-gluco occupies an
intermediate position between
gelators and non-gelators be-
cause it forms Ps as well as gels.
Therefore, the optimal require-
ments for a compound to be
classified as a gelator are ful-
filled only by methyl 4,6-O-
benzylidene derivatives of d-
mannose and d-galactose.
Compared with other low mo-
lecular weight gelators these
saccharides gelate a broader
range of solvents. Especially,
a-manno 2 reveals highly flex-
ible gelation properties. Few
other gelators are capable to
gelate a broad variety of or-
ganic solvents and water at the
same time.[19] Not only the
variety of solvents but also the
Cmin reveals a further charac-
teristic of sugar-based-gelators.
Methyl 4,6-O-p-nitrobenzyl-
idene-a-d-galactopyranoside
(12) and methyl 4,6-benzyl-
idene-a-d-mannopyranosideScheme 1. Methyl 4,6-O-benzylidene monosaccharides as gelators.
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Figure 1. Plots of Tgel against gelator concentration in p-xylene.


(2) act as ªsupergelatorsº for apolar solvents. Both saccha-
rides can gelate hydrocarbons (n-hexane, n-heptane, n-octane,
n-decane, and cyclohexane) in concentrations around 0.03 ±


0.05 wt/vol %.[17c] Compared with the typical gelator concen-
tration range of 3 ± 15 mm[12c] the Cmin of 0.9 ± 1.22 mm for 12
and 1.77 ± 2.48 mm for 2 represent the lowest concentrations
reported for organic solvents so far. Especially, the drastically
lowered minimum gelation concentration of 12 compared
with its non-p-nitro-analogue 9 opens new perspectives for
certain solvents. Through preparation of further p-nitro-
analogues, lower Cmin might be obtained, which can facilitate
further SAXS investigations since higher diluted systems
provide clearer scattering pattern.


Mode of aggregation : Methyl glycosides of 4,6-O-benzylidene
derivatives of monosaccharides aggregate the solvents
through formation of a hydrogen-bond-based gel network.
The evidence is given by FT-IR and temperature dependent
1H NMR spectroscopy.[17a, b] Due to intermolecular and intra-
molecular hydrogen-bonding interactions, no nÄOH peak for a
free OH group (around 3600 cmÿ1) could be detected for the
solid samples (KBr) of all monosaccharides. In the gel state all
signals are more broadened and the nÄOH values for the OH
groups appear in two groups between 3220 ± 3475 cmÿ1 and
3573 ± 3588 cmÿ1 (0.15 ± 0.60 wt % in toluene) and can there-


Table 1. Organic solvents tested for gelation by 1 ± 11.[a]


Organic solvent 1 2 3 4 9 11 5 6 7 8 10
a-series b-series


group I
1 n-hexane[b] PS* G* P* I* G* P* PS* G* PS* P* G*
2 n-heptane[b] PS* G* P* I* G* P* PS* G* PS* P* G*
3 n-octane[b] PS* G* P P* G* P PS* G* PS* P* G*
4 cyclohexane[b] PS* PS* P P* G* P* PS* G* PS* PS* G*
5 methylcyclohexane[b] PS* G* P PPS* G* P PS* G* PS* P* G*
6 benzene[b] G PS* PPS PPS G* S PS* G* PS PPS G*
7 toluene[b] G* G* PPS PPS G* S PS* G* PS* PS G*
8 p-xylene[b] G* G* PPS PPS G* S PS* G* PS* PS G*
9 nitrobenzene[b] S S S S S S PS S S S Gp


10 carbon tetrachloride[b] G* P P P* G* P PS* G* PS* P G*
11 carbon disulfide[c] P* G* P* P* G* PPS PPS* G* PS* PS G*
12 diethyl ether[b] S* S* P P* G* S* PS* S* P* P* P
13 diphenyl ether[b] G G PPS PPS G* S PS* G PS PPS G*
14 ethyl formate[b] S S S S P S P* S S S Gp
15 methyl acetate[b] S S S S S S PS S S P Gp
16 n-octanol[b] S S S S G S PS P PS P G
17 triethylamine S* S S* S* G P P* S S P G
18 triethylsilane PS* G* P S* Gp P* PS* G* PS* P* G
19 tetraethoxysilane G* S P PPS* G* P P* P P P P
20 water PS G S S S P P* S PS P S
group II
21 1,2-dichloroethane S S S S S S PS* S S P S
22 dichloromethane[b] S S S S S S PS S S P S
23 chloroform S S S S S S PS S S S S
24 ethyl acetate[b] S S S P P S PS S P P S
25 ethyl malonate[b] S S S S S S PS S S S S
26 acetone[b] S S S S S S P S S S S
27 methyl ethyl ketone[b] S S S S S S PS S P P S
28 acetonitrile[b] S S S S S S P S P P S
29 ethanol[b] S S S S S S P P P S S
30 n-propanol[b] P S S S P S PS P P S P
31 n-butanol[b] P S S S S S PS PS PS S P
32 hexanoic acid S S S S P S PS P PS P P
33 acetic anhydride S S S S S S PS S S S S
34 glycerol S S S S S S PS S S S S


[a] 3.0 wt/vol %, *� 1.0 wt/vol %, G� gel, PS� self-supporting precipitate (gel-like solid which is unstable to inversion), PPS� partial self supporting
precipitate, P� precipitation, S� solution, I� insoluble. [b] Dried over molecular sieves 4 �. [c] Dried over anhydrous magnesium sulfate.
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fore be assigned to the intermolecular hydrogen bonds and
free OH groups, respectively. The peak intensity ratio (R) of
hydrogen-bonded OH to free OH abruptly decreases at the
gel ± sol transition temperature (Tgel), indicating that the gel
network is primarily stabilised by intermolecular hydrogen
bonding.[17b]


Additionally, the gels provided by sugar-integrated gelators
offer the unique possibility to probe their thermal stability by
monitoring the change of intermolecular aggregation near the
Tgel region by temperature dependent 1H NMR spectrosco-
py[20] by observing the chemical shift values for dOH.[17b] Due to
the formation of strong intermolecular bonds at Tgel , the
chemical shifts have their maximum downfield values at Tgel .
Since the molecular motion of gelators drastically changes at
Tgel , this phenomenon is reflected by the line broadening
effect in the 1H NMR spectrum.[17b] In the gel phase the mobility
of gelator molecules is significantly suppressed, whereas in the
sol phase it is comparable to that of a homogeneous solution.
Therefore the width of the peak at half its height, d1/2 of the
PhCH methine proton is nearly constant above Tgel , while it
increases with falling temperature below Tgel .


Molecular arrangement in single crystal and gel state : The
above-mentioned results highlight that variations in the
saccharide configuration result in a drastical change of the
gelation properties. In an attempt to elucidate the origin of
these differences, we turned our attention to the molecular
arrangement in a single crystal. The question whether solid-
state properties actually reflect solution properties has lead to
contradictory results in the history of gel research. Crystal
structures of gelator molecules have been scarcely reported
up to now. Weiss et al.[6] proved that the gel fiber morphology
of cholesterylanthrachion-2-carboxylate differs from the mo-
lecular packing of single crystals. For one urea-based hydro-
gen-bonded gelator Feringa[12b] demonstrated that its crystal
structure does not account for low-angle reflections observed
in toluene gels of this compound. Both studies suffer the
disadvantage that each of them is based on only one example.
Moreover, the fact that both investigated compounds showing
polymorphism, limits the significance of the obtained results.
In contrast, a very recent study demonstrated the successful
design of efficient aryl-l-cystine hydrogelators based on the
analysis of the crystalline ªfibrousº molecular orientation of
the non gelator-analogue di(p-toluoyl)-l-cystine.[19a] Since
methyl 4,6-O-benzylidene monosaccharides are not prone to
polymorphism and their organogel fibers are not so ªwetº
with solvent molecules,[6, 8, 10, 21] we expected them to display
more or less crystal-like character, although the organogel
fiber structure is somewhat more disordered than the crystal
structure.[10] This implies, that the X-ray structure can make an
important contribution to explain the mechanism of the
organogel fiber formation.


Since the examined saccharide gelators tend to grow as
needles, only some single crystals suitable for X-ray analysis
have been isolated so far. The crystal structures of 1,[17d] 3,[22]


4,[23] and 11[24] have been determined or are available from the
Cambridge Structural Database. As shown by Hanabusa
et al.[2] and Feringa et al.,[12] amide-based- and urea-based-
gelators tend to form one-dimensional hydrogen-bond arrays.


In the solid state 1 forms one-dimensional zigzag chains, in
which molecules are connected by two hydrogen-bonds using
2-OH and 3-OH (Figure 2). In addition, phenyl groups
positioned at the edge of this one-dimensional chain can
show a p ± p interaction, with the phenyl groups arranged in
other one-dimensional chains. Although this interaction is
weaker than the hydrogen-bonding interaction, it may play an
important role when chains grow up as a bundle. Since these
characteristics of 1 seem to satisfy the prerequisites for a
gelator, these results match with the observed gelation ability
in aromatic solvents, carbon tetrachloride, and tetraethoxy-
silane.


Figure 2. Molecular packing in methyl 4,6-O-benzylidene-a-d-gluco-
pyranoside (1).


Compound 3 (Figure 3) also exhibits a one-dimensional
chain structure. In this case, however, the molecular packing is
supported by only one intermolecular hydrogen bond and the
second one is used for the intramolecular interaction between
the 3-OH and the 1-OMe. Hence, 3 basically satisfies the
primary prerequisite to be one-dimensional. In the gel phase


Figure 3. Molecular packing in methyl 4,6-O-benzylidene-a-d-allopyrano-
side (3).
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where the intermolecular hydrogen-bonding interaction must
compete with solvation, however, the fibrous structure cannot
be as stabilised as that of 1. The instability gives rise to the
disordered structure including free OH groups, the hydrogen
bonds of which eventually result in the formation of three-
dimensional, insoluble aggregates. This situation is reflected
by many P and P* marks for which 1 has G and G* marks.


The crystal structure of compound 4 features saccharide
molecules connected by hydrogen bonds between two OH
groups and the 5-ether oxygen into two-dimensional layers
(Figure 4). As a result, 4, cannot construct a one-dimensional
hydrogen-bonding array. In the crystal of compound 11, on
the other hand, two OH groups are both used to form the
intramolecular hydrogen bonds and no significant intermo-
lecular hydrogen bonding is found in the crystal structure
(Figure 5). This may be called a zero-dimensional hydrogen-
bonding array. As expected, compound 11 is very soluble in
many organic solvents.


Figure 4. Molecular packing in methyl 4,6-O-benzylidene-a-d-altropyra-
noside (4).


Figure 5. Molecular packing in methyl 4,6-O-benzylidene-a-d-idopyrano-
side (11).


Although not fully clear, these results underline that the
molecular arrangement in the single crystal can be relevant
for the ability of monomers to assemble in one-dimensional
aggregates. The concept of unidirectional interactions as
prerequisites for gelation ability is therefore strengthened as
derived from investigations of the affluent saccharide library.


Investigation of the gel structure : To obtain visual insight in
these structures, dry samples of organic gel fibers have been


investigated by SEM.[25] Although in general the observed
three-dimensional fiber network has been ascribed to the gel
structure, the shrinking step induced by the freeze-drying
procedure can result in collapses of the frail three-dimen-
sional network. Thus, SEM might focus on general shapes and
morphologies rather than on absolute quantities such as
diameters, lengths, or topologies. To overcome these prob-
lems, synchrotron small angle X-ray scattering (SAXS), a
powerful method to explore directly the supramolecular
structure, can be used. Since the synchrotron X-ray is almost
106 times stronger than conventional X-rays, it has great a
advantage for diluted systems such as organogels. Terech
et al.[26] analyzed SAXS from different non-sugar-based
organogelators. We measured SAXS with a BL-15A SAXS
station at the Photon Factory High Energy Research Organ-
ization in Japan[27] from the sugar-based organogelators for
the first time.[17e] The typical temperature dependent scatter-
ing profile of 6 (1.5 wt% in p-xylene) displays at 50 8C two
broad peaks at q� 0.018 and 0.11 �ÿ1 (Figure 6). With
increasing temperature (60 8C) the position of these peaks
remains unchanged, however, the intensity of the peak at q�
0.018 �ÿ1 decreases about 50 % and it disappears completely
at 70 8C. Because the sol ± gel transition temperature (Tgel) of
this system was estimated by the oil-bath method to be 70 8C,
this result supports the assumption that this peak can be
assigned to the supramolecular structure of the gel.


Figure 6. Temperature dependence of the SAXS profiles for 6 (1.5 wt % in
p-xylene).


Recently, further investigations carried out at the BL45XU
biophysics beam line at SPring8 in Japan[28] gave an improved
scattering quality for gels of 2, 6, 9, and 10 in p-xylene due to
the higher S/N ratio. The fit of the scattering profiles with a







CONCEPTS S. Shinkai and O. Gronwald


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0720-4334 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 204334


solid cylinder model indicated that all gels consist of fibers
with an approximate diameter of 60 �. For a-manno-saccha-
ride 2 the SAXS investigation provided four peaks. The ratio
of their position gives strong evidence that the cylinders
assemble in a hexagonal packing mode.[29] These results
clearly suggest that organogels of methyl 4,6-O-benzylidene
derivatives of glycosides can be resolved at nanoscopic scale
by SAXS. Current investigations are ongoing to correlate the
molecular structure with the SAXS and SEM results.


Outlook


The aforementioned results clearly demonstrate that methyl
4,6-O-benzylidene monosaccharides serve as excellent library
compounds for the investigation of the gelation phenomenon
based on the formation of hydrogen bonds. Preliminary
results suggest that these compounds provide a possible
correlation of the molecular structure to the different gelation
properties by analysis of the molecular arrangement in single
crystal. Furthermore, structural details of their gel network
can be deduced from the analysis of SAXS data. Both
strategies to approach the gelation phenomenon from a
microscopic and macroscopic viewpoint contribute to a better
understanding of the process how small molecules gelate
solvents. Additional studies of the sugar-integrated gelators
must be useful for the discovery and design of new gelators.
We believe that the saccharide library provided by nature can
be applied further, in particular to the design of molecular
assemblies, such as macrocycles, DNA mimics, monolayers,
bilayer membranes, liquid crystals.
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Introduction


In recent years there has been intense interest in the design
and analysis of synthetic oligomers and polymers that adopt
compact and well-defined folding patterns.[1] One type of well-
organized structure is the helical and multiple helical struc-
tures that are found throughout Nature. These structures
include simple a-helical polypeptides, double-helical nucleic
acids, and the more complex helical protein structures, such as
the microtubules and the protein coat of the tobacco mosaic
virus.[2] Indeed, most of the current effort directed at creating
well-defined structures is inspired by these natural helical
structures and has focused on designing synthetic oligomers
and polymers that fold into helices.[3] Examples of folded,
potentially functionalizable helical structures include b-pep-
tides developed by Gellman et al.[4] and Seebach et al. ,[5] g-
peptides by Hanessian et al.,[6] and peptoid oligomers descri-
bed by Zuckermann, Dill, Cohen and co-workers,[7±9] and
many other foldamers involving unnatural backbones.[10±18] In
addition, Lehn et al. has reported polyheterocyclic strands


that fold into extended helical structures.[19, 20] Moore and co-
workers recently described an approach toward building
nanotubes by designing oligomers that undergo solvent-
driven folding.[21] Experimental data support a helical con-
formation with a tubular cavity for the folded structure.


Despite the progress made so far, the field of unnatural
folding oligomers and polymers is still in its infancy. Few
examples have shown the diversity in structure and function
similar to that exhibited by biological macromolecules, which
are realized from just three backbone constitutions. Nature�s
approach for constructing macromolecules, that is, the build
up of a polymeric backbone from a common repeating unit, is
characterized by very simple and highly efficient chemistry,
which offers synthetic economy while allowing enormous
structural variation through side chain modification.


While the evolution of biological macromolecules has been
restricted by various factors over a very long period of time,
the design of unnatural folding oligomers and polymers is
perhaps limited more by human imagination than by physical
barriers. These folding molecules may find a wide range of
applications in biological and materials sciences. For example,
polymers that fold into structures with nanoscale holes down
the center might function as ion channels in a manner similar
to the peptide antibiotic gramicidin A, as novel conduits for
transporting ions and small molecules ,and as hosts for
separation and catalysis. Polymers that fold into robust
secondary structures also have tremendous potential as
abiotic scaffolds for constructing large, complex molecular
systems reminiscent of proteins.


We have been interested in developing robust folding
motifs based on simple, readily available common repeating
units that can be easily functionalized. Building blocks
allowing stepwise and repetitive synthesis are linked into
unnatural backbones with well-defined secondary structural
preferences that are independent of the side chains. Here the
design of backbone-rigidified oligomers that fold into helices
with tunable nanosized cavities are discussed.


Design Principle


An oligomer with a rigidified backbone can be constructed by
introducing, in addition to the covalent bonds that link the
subunits, at least one additional set of interactions that
minimize conformational freedom. Such an oligomer can be
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viewed as a tape. If a tape is curved, that is, with a crescent
conformation, a short oligomer with such a conformation can
be regarded as an acyclic ªmacrocycleº (Figure 1 a). As the


Figure 1. Oligomers and polymers with rigidified, crescent backbones. a) A
short oligomer can be viewed as a macrocycle. b) When the backbone
reaches a certain length, a helical conformation is adopted. c) A helix of
multiple turns can result from a long oligomer or polymer chain. Changing
the curvature of the backbone leads to the adjustment of the diameter of
the interior cavities in each case.


backbone reaches a certain length, the oligomer should be
forced to adopt a helical conformation in which one end of the
molecule must lie above the other because of crowding
(Figure 1 b). The all-aromatic helicenes[22] in which the second
set of backbone-rigidifying interactions are covalent bonds,
and the oligomers whose backbones are rigidified by localized
intramolecular H-bonds as described by Hamilton et al.[10] and
Lehn et al.,[20] belong to this category. Eventually, polymers
and oligomers with long enough backbones should fold into
helices (Figure 1c).


A helix can be viewed as a tube if it contains a tubular
cavity. In spite of the fact that the majority of unnatural
folding oligomers and polymers reported so far involve helical
structures, few systems have shown interior cavities of any
meaningful sizes. Examples with adjustable interior tubular
cavities have not appeared. Recently, we set about designing
oligomers and polymers that are characterized by not only
folded, helical conformations, but also adjustable interior
cavity sizes and modifiable outside surfaces.


The first generation of our design involved oligoamides
consisting of subunits derived from the readily available
5-amino-2,4-dihydroxybenzoic acid. Such an oligomer should
have an overall crescent backbone: The curved backbone is
forced by the meta-disubstituted benzene ring and the two
intramolecular hydrogen bonds that rigidify each of the amide
linkages in the molecule. A large (�10 �) cavity is created.
As shown in Figure 2, when the number of subunits is equal to
or greater than seven, such an oligomer should be forced to


adopt a helical conformation in which one end of the molecule
lies above the other. An additional stabilizing factor, that is,
an aromatic stacking interaction between the benzene rings,
becomes important for oligomers with more than six or seven
residues. As a result, two driving forces are behind the folding
of the helices: 1) two localized intramolecular hydrogen
bonds that lead to the rigidification of each of the amide
linkages, and 2) an aromatic stacking interaction that further
stabilizes the formed helix. The two driving forces act
cooperatively: The aromatic stacking interaction is possible
because of the curved shape of the backbone; the stacking
interaction in turn helps stabilize the hydrogen bonds by
retaining the helical conformation of the molecule, which
partially shields the intramolecular hydrogen bonds, making
them less accessible to solvent molecules. Since these two
stabilizing factors are associated with the backbone, a robust
helical structural motif that is versatile as well as resilient
toward structural variation of the side groups (OR groups) is
expected. As the length of the backbone increases, the
aromatic stacking interaction is expected to play an increas-
ingly dominant role.


The above subunits can only result in ªmacrocyclesº and
helices with internal diameters of the same size (�10 �),
because the amide linkages on the same benzene ring are meta
to each other. If on some of the subunits the two amide
linkages are para to each other, the internal diameters can be
adjusted. This can be easily achieved by incorporating the
corresponding building blocks into the backbones. Three
examples are shown in Figure 3.


This strategy is very versatile because it allows the adjust-
ment of internal cavities by changing the ratio of the two
(meta and para) types of building blocks. The building blocks
are not limited to the examples described above. Oligomers
and polymers consisting of two different residues, one derived
from a diacid and the other from a diamine (Figure 4) should
also adopt crescent conformations.


These designs are very similar to those shown in Figure 2
and Figure 3, with adjustable internal diameters and an easily
modifiable outside surface. The only difference between the
designs shown in Figure 2 and Figure 3 and that in Figure 4 is
the orientation of the amide linkages. These designs should
facilitate polymer synthesis, which can be carried out by
treating the corresponding diacid chlorides with the diamines.
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Figure 2. Oligoamides with crescent backbones (a). The intramolecular hydrogen bonds minimize the conformational freedom of the backbones. A cavity
with a diameter of about 10 � is created in a ªmacrocycleº (b) and in a helix (c).
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Figure 3. Incorporation of ªparaº building blocks into the backbones of
the ªmacrocyclesº and the helices leads to interior cavities of various sizes.
The composition of each backbone is indicated in parenthesis. m : subunit
with the two amide linkages at meta positions; p : subunit with the two
amide linkages at para positions.
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Figure 4. Alternative designs: Molecules with these backbones should also
adopt crescent conformations.


Discussion


Short oligomers with crescent backbones :[23] Ab initio calcu-
lations indicate that the lowest energy conformation of dimer
1 is planar and contains two strong intramolecular hydrogen


N


O


HO O
H3C CH3


1


bonds that are the components of a three-center hydrogen
bond. Our recent experimental and theoretical work indicates
that the formation of the three-center, hydrogen bond in 1
shows positive cooperativity between the two-center compo-
nents.[23] The existence of the three-center hydrogen bond in 1
and related analogues is confirmed in both the solid state and
in solution. It was found that the folded conformation of 1
existed in the very polar solvent DMSO as well as in
chloroform, which lays the foundation for the design of
oligomers that adopt well-defined conformations in a variety
of environments. Higher homologues of 1 also showed folded,
crescent conformations both in solution and in the solid state.
In both CDCl3 and [D6]DMSO solutions, strong NOEs
between the amide protons and the corresponding adjacent
alkoxy protons were detected by 2D 1H NMR (NOESY)
experiments, which is consistent with folded conformations
rigidified by the three-center hydrogen bonds. Based on 2D
NMR results, the following oligomer 2 was assigned the
crescent conformation as shown. The NOEs are indicated by
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arrows. The hexamer 2, which almost forms a full circle and
thus a nearly closed cavity, can be viewed as a macrocycle with
the amide O atoms pointing inward. A large (ca. 10 � based
on computer modeling) hydrophilic cavity is formed. Such a
cavity may accommodate a variety of metal ions and small
molecules. Crescent conformations are also evident in the
solid state. Figure 5 shows the crystal structure of a dimer, a
trimer, and a tetramer.
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Hollow helices with nanosized cavities :[24] As mentioned
above, oligomers with long enough backbones should fold
into helical conformations due to crowding at the two ends.
However, the crowding may pose a potential problem to the
folding process because it may disrupt the helical conforma-
tion by forcing the backbones to twist to such an extent that
the two ends of the molecule turn away from each other.
Indeed, this scenario was observed in a system described by
Hamilton et al.[10] Another problem may be that, the accretion
of subunits may become increasingly difficult due to steric
hinderance caused by the folded helical conformation.


By adopting a convergent strategy, the symmetrical 9-mer 6
was synthesized by coupling two equivalents of the corre-
sponding tetramer amine with one equivalent of the diacid
using the coupling reagent O-(7-azabenzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium hexafluorophosphate (HA-
TU) in DMF/CHCl3 at elevated temperature. Similar reaction
conditions have recently been successfully applied to the
preparation of 11-mers and higher homologues, indicating
that coupling involving long backbones is not impeded by the
folded conformations. It is possible that, at elevated temper-
ature and in the presence of polar solvents, the folded helical
conformation may ªdenatureº briefly, freeing the reactive
ends of the molecules for further bond formation.


2D 1H NMR (NOESY, in CDCl3) spectroscopy was used to
examine 9-mer 6. Strong NOEs were observed between each
of the amide protons and those of its two adjacent side groups,
which supports the existence of localized, three-center hydro-
gen bonds that rigidify the backbone. As indicated in Figure 6,
additional diagnostic NOE contacts that are consistent with a
helical conformation, which brings the two ends of the
molecule into close proximity, were identified between the
methyl H atoms and the two of the amide protons. No NOE
between the corresponding methyl H atoms and the aromatic
H atom was found in the reference compound 7 which is
roughly equivalent to half of 9-mer 6. The 2D NMR data have
thus provided strong evidence that is consistent with a folded,
helical conformation.


The most conclusive evidence supporting a folded, helical
conformation comes from the crystal structure of the die-
ster 8, a symmetrical 9-mer in which all the R groups are alkyl
chains. Oligomer 8 was prepared by using procedures similar
to those employed for 6. As shown in Figure 7, the molecule
folds into a helical conformation, with the amide O atoms
pointing toward the center of a cavity of approximately 10 �
in diameter. All of the amide protons and the alkoxy O atoms
are involved in forming the three-center, hydrogen bonds
already observed in the shorter oligomers (Figure 5). The side


Figure 5. The crystal structures of crescent oligoamides: a) a dimer; b) a trimer; c) a tetramer. The long alkyl chains are replaced with dummy atoms for
clarity.
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chains (R groups) point radially away from the center of
molecule and are not involved in the folding.


Figure 6. Hydrogen bonds in 6 and 7. NOESY spectroscopy revealed
contacts between each of the amide protons and those of its adjacent R
groups, and between the indicated methyl hydrogen atoms and the
aromatic hydrogen atoms in the 9-mer 6. No NOE was observed between
the corresponding methyl hydrogen atoms and the aromatic hydrogen
atom. These data strongly support a helical conformation for 6.


Figure 7. The crystal structure of 9-mer 8. Both enantiomers exist in the
solid state. The octyl groups are replaced with methyl groups for clarity.


Conclusion


Introduction of localized three-center hydrogen bonds into
the backbones of oligoarylmides leads to a curved conforma-
tion. Consistent with our original design, experimental studies
demonstrate that short oligomers such as the hexamers adopt
a crescent shape, which can be viewed as a ªmacrocycleº with
a 10 � cavity lined with amide O atoms. These ªmacrocyclesº
may be used as a new class of hosts that may bind a variety of
metal ions and small molecules. For oligomers with long
enough backbones, a helical conformation was confirmed by
both NMR spectroscopy and X-ray crystallography. A large
cavity (�10 �) exists at the center of the helix. These results
have thus established the feasibility of the design principles.
The folded conformations are reinforced by the interplay of
multiple factors: 1) the rigidification of backbones by intra-
molecular three-center, hydrogen bonds; 2) the rigidity of the
benzene rings and the amide groups; 3) the trans preference of
the amide bond; 4) the bond angles associated with the
benzene rings and the amide groups, which introduce
curvatures into the backbones, leading to the crescent and
helical conformations; 5) in longer helices, possible stacking
interactions between the benzene rings of adjacent helical
turns. These design principles have opened a new avenue to a
class of nanoporous oligomeric and polymeric materials.
Nanotubes should thus result from the folding of these
oligomers and polymers. Helices with larger cavities are
currently being prepared. In summary, principles and strat-
egies for constructing a class of folding oligomers and
polymers with nanosized cavities have now been established.
Given the current intense interest in synthetic host nanotubes,
these folding ªmacrocyclesº and nanotubes, combined with
other unnatural folding oligomers we have developed,[25±27]


should find numerous applications.
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Synthesis and Thermodynamic Studies of Oligonucleotides Containing
the Two Isomers of Thymine Glycol


Shigenori Iwai*[a, b]


Abstract: Thymine glycol is a major
type of base damage, which is formed
in DNA by reactive oxygen species. I
describe the synthesis of oligonucleoti-
des containing the 5S isomer of thymine
glycol, which was not obtained by the
oxidation of the oligonucleotides. Be-
fore the 5S isomer was synthesized, a
building block without the protection of
the tertiary hydroxy function at the C5
position of thymine glycol was tested by
the use of the previously reported 5R
isomer. In the presence of imidazole,
migration of the silyl group between the
C5 and C6 positions was observed, while
the result of the oligonucleotide syn-


thesis was identical to the case of the
fully protected building block. There-
fore, oligonucleotides containing the
(5S)-thymine glycol were synthesized
with the disilylated building block. In
contrast to the 5R derivative, two
products were detected in the HPLC
analysis of the crude mixture after
deprotection. Analysis by matrix-assist-
ed laser-desorption/ionization time-of-
flight (MALDI-TOF) mass spectrome-


try revealed that the larger peak was the
desired oligonucleotide, and it was
found that the by-product was complete-
ly degraded by a short treatment with
ammonium hydroxide at room temper-
ature. I also report the application of
oligonucleotides containing each isomer
of thymine glycol to thermodynamic
analyses of base-pair formation. The
thermodynamic parameters obtained
for the duplexes containing either the
(5R)- or (5S)-thymine glycol indicated
that the thymine glycol cannot form a
base-pair with any nucleobase, regard-
less of the configuration at the C5
position.


Keywords: chirality ´ DNA damage
´ oligonucleotides ´ solid-phase
synthesis ´ thermodynamics


Introduction


Reactive oxygen species can damage DNA.[1] Thymine glycol
(5,6-dihydro-5,6-dihydroxythymine) is a major type of base
damage that results from the reaction of the base with a
hydroxyl radical generated by ionizing radiation[2] or as a
consequence of aerobic metabolism.[3] While it was reported
that thymine glycol lacks mutagenicity[4] or causes mutations
only at a low frequency,[5] it effectively blocks DNA repli-
cation.[6] This damage is repaired by means of the base-
excision repair pathway initiated by enzymes, such as
endonuclease III[7] and endonuclease VIII,[8] in cells. The
nucleotide-excision repair[9] and the transcription-coupled
repair[10] of this damage have also been shown.


On account of the two chiral carbon atoms at the C5 and C6
positions, there are four possible diastereomers of thymine


glycol, namely (5R,6S), (5R,6R), (5S,6R), and (5S,6S)
(Scheme 1). In solution, however, thymine glycol exists as
either the (5R) cis ± trans pair ((5R,6S) and (5R,6R)) or the
(5S) cis ± trans pair ((5S,6R) and (5S,6S)), as a result of
epimerization at the C6 position.[11] It has been reported that
the 5R and 5S isomers are formed in equal amounts in g-
irradiated DNA,[12] whereas oxidation of thymidine or thymi-
dine-containing oligonucleotides preferentially yields (5R)-
thymine glycol.[13]


Scheme 1. Structures of the two isomers of thymine glycol.


Studies on thymine glycol have been performed on chemi-
cally oxidized oligonucleotides. Although KMnO4 has fre-
quently been used as an oxidizing agent, identification and
purification of the desired product by high-performance
liquid chromatography (HPLC) are extremely difficult,
because KMnO4 oxidation gives various products, even when
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the oligonucleotide is short and contains only one thymine
base.[5, 13b,c, 14] Alternatively, OsO4 can be used; however, the
yield of thymine glycol is very low.[5] The 5R isomer of
thymine glycol is usually obtained by this postsynthetic
oxidation method.[13b,c]


The chemical synthesis of oligonucleotides that uses
phosphoramidite building blocks is superior to the postsyn-
thetic methods for the preparation of modified or damaged
DNA because the sequence and the chain length are not
restricted.[15] This direct incorporation method also has
advantages in large-scale preparations, especially for struc-
tural biology. Matray and Greenberg described the synthesis
of oligonucleotides containing (5R)-5,6-dihydro-5-hydroxy-
thymine, the C6-reduced form of thymine glycol.[16] I recently
reported the synthesis of a building block of (5R)-thymine
glycol and its incorporation into oligonucleotides.[17] This
study was undertaken because the chemical structure and the
alkali lability of thymine glycol were very similar to those of
the (6 ± 4) photoproduct in my previous work.[18] In this paper,
I describe the examination of the silyl protection of the
hydroxy functions of thymine glycol and the synthesis of
oligonucleotides containing the 5S isomer of this damaged
base. The oligonucleotides containing each isomer were used
for thermodynamic studies of duplex formation, in order to
gain insight into the in-vivo effect of thymine glycol.


Results and Discussion


Silyl protection of the hydroxy functions of thymine glycol :
The original synthetic scheme for the (5R,6S)-thymine glycol
building block (5 a), reported in a communication,[17] is shown
in Scheme 2. Thymine glycol has a secondary hydroxy
function at the C6 position, which requires protection in the
oligonucleotide synthesis. The protecting group for this
hydroxy function needs to be intact during chain assembly
and the removal of other protecting groups, and to be
removed in the final step without damaging the thymine
glycol moiety. Consequently, the tert-butyldimethylsilyl
(TBDMS) group, which is generally used for the 2'-protection
in oligoribonucleotide synthesis,[19] was chosen for this pur-
pose. The hydroxy function at the C5 position was simulta-
neously protected when an excess amount of the reagent was
used;[17] however, this tertiary hydroxy does not seem to
require protection, analogous to the (6 ± 4) photoproduct, in
which the tertiary hydroxy group was not protected for the
oligonucleotide synthesis.[18] Therefore, a phosphoramidite
building block of thymine glycol without the protection of the
tertiary hydroxy function was prepared, and its usage in the
oligonucleotide synthesis was tested.


The reaction of 5'- and 3'-protected (5R,6S)-thymidine
glycol ((5R,6S)-5,6-dihydro-5,6-dihydroxythymidine, 2 a) with


Scheme 2. Reagents and conditions: i) OsO4, pyridine, room temperature, 2 h; ii) TBDMS-Cl (5 equiv), imidazole, DMF, 37 8C, 24 h; iii) K2CO3, MeOH,
room temperature, 2 h; iv) [(CH3)2CH]2NP(Cl)OCH2CH2CN, [(CH3)2CH]2NC2H5, THF, room temperature, 30 min.
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1.2 molar equivalents of tert-butyldimethylchlorosilane gave
two monosilylated compounds in the ratio of 4:1. In the
NOESY spectra, both products gave strong crosspeaks
between H6 and the methyl group at the C5 position and
between H6 and H2', which indicated that the two hydroxy
functions were in the cis orientation and that the base moiety
was in the high anti conformation around the glycosyl bond,
respectively. The difference between the two products was
that only the minor product gave crosspeaks between the
butyl proton of the TBDMS group and the aromatic and
methoxy protons of the 4,4'-dimethoxytrityl (DMT) group
protecting the 5'-hydroxy function. These results indicated
that the major and minor products were the O6- and O5-
silylated derivatives (6 a and 6 b in Scheme 3), respectively. It
was unusual that the tertiary hydroxy function was protected
with the TBDMS group so easily. I considered the imidazole
used in the silylation reaction as the cause of this phenom-
enon. Isolated 6 a and 6 b were treated with imidazole
separately, and this treatment caused isomerization of each
compound to a mixture of 6 a and 6 b in the ratio of 4:1, as
determined by 1H NMR spectroscopy. The stability of the
thymine glycol against imidazole was confirmed by the same
treatment of 2 a. I concluded that the TBDMS group was first
introduced to the secondary hydroxy function at the C6
position, and then migrated to the tertiary hydroxy in the
presence of imidazole. Migration of the TBDMS group has
been reported in ribonucleoside[20] and carbohydrate[21] chem-
istry. The preparation of the fully protected thymidine glycol
(3 a) in my previous study[17] must have been enabled by this
migration.


The 3'-hydroxy function of the desired monosilylated
thymidine glycol (6 a) was deprotected and phosphitylated
to give the building block for the oligonucleotide synthesis


(8), as shown in Scheme 3, and a 13-mer, d(ACGCGATg-
ACGCCA), in which Tg represents (5R)-thymine glycol, was
synthesized. Figure 1 shows a comparison of the HPLC
chromatograms of crude mixtures of the 13-mers synthesized


Figure 1. HPLC analysis of the crude mixtures of the 13-mers synthesized
with 5 a (a) and 8 (b).


with the disilylated and monosilylated building blocks (5 a and
8, respectively). The 13-mer synthesized with 5 a has already
been characterized,[17] and the two chromatograms are
identical to each other. This indicates that the protection of
the tertiary hydroxy function is not required for oligonucleo-
tide synthesis by the phosphoramidite chemistry. Considering
the 20 % loss by the silyl migration in the preparation of the
building block, however, the disilylated building block (5 a) is


recommended for the synthesis
of oligonucleotides that contain
thymine glycol.


Synthesis of oligonucleotides
containing (5S)-thymine glycol :
As described previously, (5S,6R)-
thymidine glycol (2 b) was sepa-
rated on silica gel from the
(5R,6S) isomer (2 a) after the
oxidation of the protected thy-
midine with OsO4.[17] Neither of
the isomers gave a NOESY
crosspeak between H6 and H1',
and a strong NOE was detected
between H6 and H2' only in the
case of 2 b. These observations
indicated the (5S,6R) configura-
tion of 2 b, as described by Vaish-
nav et al.[13a] Barvian and Green-
berg have described a diastereo-
selective synthesis of (5S,6R)-
thymidine glycol,[22] but an ad-
vantage of the present method is
that both isomers can be ob-
tained at the same time.


Scheme 3. Reagents and conditions: i) TBDMS-Cl (1.2 equiv), imidazole, DMF, room temperature, 20 h;
ii) K2CO3, MeOH, room temperature, 2 h; iii) [(CH3)2CH]2NP(Cl)OCH2CH2CN, [(CH3)2CH]2NC2H5, THF,
room temperature, 30 min.
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For the reason described above, the disilylated building
block (5 b) was prepared to synthesize oligonucleotides
containing (5S)-thymine glycol. As shown in Scheme 2, the
procedures were the same as those for the (5R,6S) isomer. The
structure of 3 b was analyzed by NOESY again. An NOE
observed between H6 and H1' showed that the conformation
around the glycosyl bond was syn. This is reasonable because
the bulky TBDMS groups must be kept away from the sugar
moiety. As expected, there was a strong crosspeak between
H6 and the methyl group at the C5 position, which indicated
the cis orientation of the two TBDMS-protected hydroxy
functions. The absence of the crosspeaks between H6 and the
methyl proton of the O5-TBDMS group and between the C5
methyl proton and the methyl proton of the O6-TBDMS
group also showed the cis orientation, which indicated that the
configuration of (5S,6R)-thymine glycol was retained. The
fully protected compound (3 b) was converted to the phos-
phoramidite building block (5 b), as shown in Scheme 2.


From 5 b, an 11-mer, d(CGTACTg*CATGC), in which Tg*
represents (5S)-thymine glycol (since the deprotection of
thymine glycol results in the epimerization at the C6
position,[11, 22] I describe the stereochemistry only at the C5
position in the case of deprotected thymine glycol, and (5S)-
thymine glycol means a mixture of the (5S,6R) and (5S,6S)
isomers, which are not separated by HPLC), and a 30-mer,
d(CTCGTCAGCATCTTg*CATCATACAGTCAGTG),
were synthesized. The procedures were the same as those for
the oligonucleotides containing the (5R)-thymine glycol.[17]


For comparison, the Tg 11-mer and the Tg 30-mer, containing
(5R)-thymine glycol, were synthesized. After deprotection
with ammonium hydroxide at room temperature, followed by
treatment with tetrabutylammonium fluoride (TBAF), the
crude mixtures of the Tg and Tg* 11-mers were analyzed by
reversed-phase HPLC. While the Tg 11-mer gave only a single
main peak, two large peaks (peaks 1 and 2 in Figure 2) were
obtained for the Tg* 11-mer. The ratio of the two products
changed, depending on the deprotection methods, as shown in
Figure 2. To designate the desired product, the two products
were isolated by HPLC and analyzed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry. The results are listed in Table 1. This analysis
demonstrated that peak 1 was the desired 11-mer containing
(5S)-thymine glycol. The smaller m/z value obtained for
peak 2 suggested that this byproduct contained 5-hydroxy-5-
methylhydantoin (HMH) instead of thymine glycol, although
the (5S)-thymine glycol in the oligonucleotide was not
converted to HMH by the procedure described for the
released thymine glycol.[23] The difference in the reactivity of
the (5R)- and (5S)-thymine glycols during deprotection may
be attributed to the difference in the spatial arrangement of
their functional groups. Since an analysis of the products by
mass spectrometry is not always possible, I searched for a
simple method to discriminate between the desired product
containing (5S)-thymine glycol and the by-product. Treatment
with ammonium hydroxide at room temperature for 2 h
resulted in the complete conversion of the by-product to a
new product, whereas most of the thymine glycol-containing
oligonucleotide remained intact after the same treatment
(Figure 3). The new product generated from the by-product


Figure 2. HPLC analysis of the crude mixtures of the Tg 11-mer (a) and
the Tg* 11-mer (b, c, and d). The Tg* 11-mer was deprotected with NH4OH
(b), NH3/MeOH (c), or K2CO3/MeOH (d), and the two products (peaks 1
and 2) were isolated for characterization by MALDI-TOF mass spectrom-
etry and by the ammonia treatment.


Table 1. MALDI-TOF MS analysis of the 11-mers.


Oligonucleotide Sequence m/z
observed theoretical[a]


T 11-mer d(CGTACTCATGC) 3287.6 3289.6
Tg 11-mer d(CGTACTgCATGC) 3323.2 3323.6
Tg* 11-mer peak 1 d(CGTACTg*CATGC) 3323.2 3323.6


peak 2 3295.5 3293.6[b]


[a] [MÿH]ÿ. [b] An 11-mer containing 5-hydroxy-5-methylhydantoin


Figure 3. Ammonia treatment of the deprotected oligonucleotides. The Tg
11-mer (a) and the two products of the Tg* 11-mer (b, peak 1; c, peak 2)
were treated with 28% ammonia water at room temperature for 2 h and
analyzed by reversed-phase HPLC. The elution profiles of the untreated
oligonucleotides are shown by broken lines.
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by this treatment was supposed to be an 11-mer in which the
base moiety was decomposed to urea.


A similar result was obtained for the 30-mer (Figure 4).
Since the smaller peak was completely shifted to the other
side of the larger peak by the ammonia treatment, the larger
peak was isolated as the desired product. The presence of
(5S)-thymine glycol in the 30-mer was demonstrated by the
analysis of the nucleoside composition,[14b] as shown in
Figure 5. This analysis also showed that epimerization at the
C5 position of thymine glycol did not occur during the
synthesis and the deprotection of these oligonucleotides.


Thermodynamic analysis of duplex formation : Thermody-
namic analyses are useful to gain insight into the mechanisms
of the damage-induced mutations and the damage recognition
of repair enzymes.[24] The oligonucleotides containing each
isomer of thymine glycol, which were synthesized as described
above, were used for the thermodynamic analyses. Two types
of duplexes were designed, as shown in Table 2. The target
base-pairs are usually placed in the center of a duplex in
thermodynamic studies,[24a] and the first set, d(CGTACX-
CATGC) d(GCATGAGTACG), can be used to yield clues
about the recognition mecha-
nisms of the repair enzymes.
The second set, in which the
damaged base is located at the
5' end of the double-stranded
region, is a model for replica-
tion,[25] and the four normal
bases were placed opposite the
undamaged thymine or each
isomer of the thymine glycol,
to study their base-pair forma-
tion. Although NMR studies
have been reported,[13b,c] the
duplex destabilization cannot
be quantified from the struc-
ture, and the latter type of
duplexes cannot be analyzed
by NMR spectroscopy.


After hybridization of the
two strands, thermal melting
curves, monitored at l�
260 nm, were measured at total
oligonucleotide concentrations
(Ct) varying between 2.0 and
20.0 mm. Thermodynamic pa-
rameters for each duplex were
determined from the Tm data
by the van�t Hoff method, as-
suming a two-state model for
duplex melting (Figure 6).[26]


The results, as well as the Tm


values at Ct� 2.0 mm, are listed
in Table 2. When thymine gly-
col was placed in the center of
the 11-mer duplex, a large
destabilization was observed
compared to the undamaged


Figure 5. Detection of thymidine glycol after enzyme digestion. a) and c) The Tg and Tg* 30-mers were treated
with nuclease P1, phosphodiesterase I, and alkaline phosphatase, and the products were separated by HPLC.
Thymidine glycol in each sample is indicated by an arrow. b) and d) The authentic (5R)- and (5S)-thymidine glycols
were added to the Tg 30-mer and Tg* 30-mer mixtures, respectively, to show the identity. e) Separation of the (5R)-
and (5S)-thymidine glycol was demonstrated by co-injection. The monitoring wavelength was 230 nm in all cases.


Table 2. Thermodynamic parameters of duplex formation.


Duplex Tm
[a] DH8 DS8 DG8 (25 8C) DDG8[b] (25 8C)


[8C] [kcal molÿ1] [cal molÿ1 Kÿ1] [kcal molÿ1] [kcal molÿ1]


5'-CGTACXCATGC-3'
3'-GCATGAGTACG-5'
X�T 44.0 ÿ 79.2� 3.1 ÿ 221� 10 ÿ 13.31� 0.20
X�Tg 24.7 ÿ 67.7� 0.1 ÿ 198� 0 ÿ 8.52� 0.00 4.79� 0.20
X�Tg* 25.1 ÿ 68.3� 0.6 ÿ 200� 2 ÿ 8.60� 0.01 4.71� 0.21
5'-CAXAGCACGAC-3'
3'- YTCGTGCTG-5'
X�T, Y�A 39.8 ÿ 67.3� 2.4 ÿ 186� 8 ÿ 11.76� 0.13
X�T, Y�G 38.1 ÿ 63.3� 2.3 ÿ 175� 7 ÿ 11.21� 0.13
X�T, Y�C 36.0 ÿ 58.7� 0.7 ÿ 161� 2 ÿ 10.72� 0.04
X�T, Y�T 37.0 ÿ 62.2� 0.4 ÿ 172� 1 ÿ 11.01� 0.02
X�Tg, Y�A 37.9 ÿ 61.6� 2.2 ÿ 169� 7 ÿ 11.13� 0.10 0.63� 0.23
X�Tg, Y�G 38.7 ÿ 61.5� 1.5 ÿ 169� 5 ÿ 11.28� 0.07 ÿ 0.07� 0.20
X�Tg, Y�C 36.4 ÿ 58.3� 1.9 ÿ 159� 6 ÿ 10.78� 0.10 ÿ 0.06� 0.14
X�Tg, Y�T 37.4 ÿ 60.4� 1.7 ÿ 166� 6 ÿ 10.99� 0.08 0.02� 0.10
X�Tg*, Y�A 37.7 ÿ 57.5� 0.9 ÿ 156� 3 ÿ 10.94� 0.04 0.82� 0.17
X�Tg*, Y�G 38.6 ÿ 62.9� 1.5 ÿ 173� 5 ÿ 11.36� 0.08 ÿ 0.15� 0.21
X�Tg*, Y�C 36.4 ÿ 59.2� 2.1 ÿ 162� 7 ÿ 10.81� 0.10 ÿ 0.09� 0.14
X�Tg*, Y�T 37.1 ÿ 60.3� 1.2 ÿ 166� 4 ÿ 10.94� 0.05 0.07� 0.07


[a] Ct� 2.0 mm. [b] DG8(Tg)ÿDG8(T)


Figure 4. HPLC analysis of the crude (a and b) and purified (c) Tg* 30-
mer. Deprotection was performed with NH4OH (a) or K2CO3/MeOH (b).
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duplex, regardless of the C5 configuration of the oxidized
base. In the replication model, in which thymine glycol was
located at the end of the double-stranded region, the differ-
ence in the free energy (DG8) for the duplexes with the
correct and mismatched base-pairs was small, as reported
previously,[25] but the correct T ± A pair distinctly showed
stabilization of the duplex (DDG8� 0.55 to 1.04 kcal molÿ1 at
25 8C, compared to the mismatches). When thymine was
replaced by thymine glycol, the absolute values of DG8
obtained for the duplexes containing the thymine glycol ±
adenine pair were reduced to the level of the mismatched
pairs, while those for the other duplexes were not altered. No
obvious difference was observed between the 5R and 5S
isomers of thymine glycol.


As shown by the thermodynamic analysis of the first set of
the duplexes, both (5R)- and (5S)-thymine glycols incorpo-
rated into the center of the duplex greatly reduced the
thermodynamic stability. This observation may seem strange
because the functional groups for base-pair formation are
apparently intact after the oxidation of the thymine base.
However, this result supports the structural features of (5R)-
thymine glycol-containing duplexes studied by NMR spectro-
scopy. In the NMR studies by Bolton and co-workers,[13b,c]


thymine glycol induced a highly localized alteration in the
DNA structure, and the oxidized base as well as the opposite
adenine were reported to be extrahelical. The reduced
transition entropy change (DS8) measured in the present
study for the duplexes containing the Tg ± A and Tg* ± A pairs
may reflect the flexibility of the extrahelical bases. As
described previously,[13b,c] this structural feature may be
recognized by repair proteins. Base-pair formation was not


observed between thymine glycol and any of the four
normal bases when thymine glycol was located at the
end of the duplex. It is possible that this lack of base-
pairing ability, together with the nonplanar structure of
thymine glycol, causes the replication block. It may be
noteworthy that the thermodynamic characteristics, as
well as the reduced thermal stability (DTm), of the
thymine glycol-containing duplexes obtained in this
study are quite similar to those reported for duplexes
containing 3-hydroxy-2-(hydroxymethyl)tetrahydrofur-
an, that is an abasic site analogue.[25b, 27]


Experimental Section


General methods : All solvents and reagents were obtained from
Wako Pure Chemical Industries (Osaka, Japan), except for tert-
butyldimethylchlorosilane (Shin-Etsu Chemical, Tokyo, Japan), (2-
cyanoethyl)-N,N-diisopropylchlorophosphoramidite (Digital Spe-
cialty Chemicals, Ontario, Canada), and TBAF (Tokyo Chemical
Industry, Tokyo, Japan). Reagents for the DNA synthesizer were
purchased from Applied Biosystems Japan (Tokyo, Japan). Nucle-
ase P1 and alkaline phosphatase were purchased from Roche
Diagnostics (Mannheim, Germany), and phosphodiesterase I from
Worthington Biochemical (Lakewood, NJ, USA).


TLC analyses were carried out on Merck silica gel 60 F254 plates,
which were visualized by UV illumination at l� 254 nm and
spraying of an anisaldehyde/sulfuric acid solution, followed by
heating. For column chromatography, either Wakogel C-200 or
C-300 (Wako Pure Chemical Industries) was used. 1H NMR spectra


were measured on a Bruker DPX300 spectrometer, with tetramethylsilane
as the internal standard. COSY and NOESY spectra were used for the
signal assignment and the configuration determination, respectively. 31P
NMR spectra were measured on the same spectrometer at 121.5 MHz, with
trimethyl phosphate as the internal standard. Mass spectra were obtained
on a JEOL HX-110, VG ZAB-HF, or Hitachi M-4000H spectrometer.
HPLC analyses were carried out on a Gilson gradient-type analytical
system equipped with a Waters 996 photodiode array detector. A mBon-
dasphere C18 5 mm 300 � column (3.9� 150 mm, Waters Corporation,
Milford, MA, USA) was used with a linear gradient of acetonitrile (0 ±
10%, 5 ± 13%, and 7 ± 13 % for the 11-, 13-, and 30-mers, respectively) in
0.1m triethylammonium acetate (TEAA, pH 7.0). Anion-exchange HPLC
was performed on a TSK-GEL DEAE-2SW column (4.6� 250 mm, Tosoh
Corporation, Tokyo, Japan), with a linear gradient of ammonium formate
(0.3 ± 0.8m and 0.4 ± 1.0m for the 11- and 30-mers, respectively) in 20%
acetonitrile. MALDI-TOF mass analyses of purified oligonucleotides were
carried out on a PerSeptive Biosystems Voyager Elite spectrometer, with a
mixture of 3-hydroxypicolinic acid and picolinic acid (9:1, w/w) as a matrix.


Compounds containing the (5R,6S)-thymine glycol (2 a, 3 a, 4 a, and 5a)
were prepared as described previously.[17]


5'-O-(4,4'-Dimethoxytrityl)-3'-O-benzoyl-(5S,6R)-5,6-dihydro-5,6-dihy-
droxythymidine (2b): Protected thymidine (1) was oxidized with OsO4 in
pyridine, and 2b was separated from 2a on silica gel, as described
previously.[17] Rf� 0.62 (CHCl3/MeOH 10/1); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 8.0 (d, 3J(H,H)� 7 Hz, 2H; Bz), 7.9 (s, 1 H; NH), 7.6
(t, 3J(H,H)� 7 Hz, 1H; Bz), 7.5 ± 7.2 (m, 11H; Bz, DMT), 6.8 (d, 3J(H,H)�
9 Hz, 4H; DMT), 6.5 (t, 3J(H,H)� 7 Hz, 1H; H1'), 5.7 ± 5.6 (m, 1 H; H3'),
5.0 (s, 1H; H6), 4.3 ± 4.2 (m, 1H; H4'), 3.8 (s, 6 H; OCH3), 3.7 (br, 1H;
5-OH), 3.5 (dd, 3J(H,H)� 11, 4 Hz, 1 H; H5'), 3.4 (dd, 3J(H,H)� 11, 3 Hz,
1H; H5'), 3.3 (br, 1H; 6-OH), 2.5 ± 2.4 (m, 2H; H2', H2''), 1.4 (s, 3H; CH3);
HRMS: (FAB): found: 681.2462 [MÿH]ÿ ; calcd: 681.2448.


5'-O-(4,4'-Dimethoxytrityl)-3'-O-benzoyl-(5S,6R)-5,6-dihydro-5,6-di[(tert-
butyl)dimethylsilyloxy]thymidine (3b): A solution of 5'-O-(4,4'-di-
methoxytrityl)-3'-O-benzoyl-(5S,6R)-5,6-dihydro-5,6-dihydroxythymidine
(2b, 299 mg, 438 mmol), imidazole (298 mg, 4.38 mmol), and tert-butyldi-
methylchlorosilane (330 mg, 2.19 mmol) in N,N-dimethylformamide
(DMF, 2.5 mL) was stirred at 37 8C for 24 h. This mixture was diluted with


Figure 6. Plots of 1/Tm versus lnCt/4 for the duplexes containing thymine glycol.
a) d(CGTACXCATGC) d(GCATGAGTACG) where X�T (*), Tg (~), and Tg*
(!). b), c), and d) d(CAXAGCACGAC) d(GTCGTGCTY) where X�T (b), Tg
(c), and Tg* (d); Y�A (*), G (&), C (~), and T (!).
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chloroform (20 mL) and washed with 0.5m sodium phosphate (pH 5.0). The
organic layer was dried with Na2SO4, and after evaporation and coevapo-
ration with toluene, the residue was chromatographed on silica gel (10 g)
with a step gradient of ethyl acetate in hexane. The product was eluted with
15% ethyl acetate in hexane. Yield: 334 mg (366 mmol, 84 %). Rf� 0.71
(hexane/ethyl acetate 3/2); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
8.0 (d, 3J(H,H)� 7 Hz, 2H; Bz), 7.6 (t, 3J(H,H)� 7 Hz, 1 H; Bz), 7.5 ± 7.4 (m,
4H; Bz, DMT), 7.4 ± 7.2 (m, 7 H; DMT), 7.1 (s, 1 H; NH), 6.8 (d, 3J(H,H)�
9 Hz, 4H; DMT), 5.7 (dd, 3J(H,H)� 8, 5 Hz, 1H; H1'), 5.6 (m, 1 H; H3'),
4.9 (s, 1 H; H6), 4.3 (dd, 3J(H,H)� 8, 5 Hz, 1H; H4'), 3.8 (s, 6 H; OCH3), 3.5
(dd, 3J(H,H)� 10, 5 Hz, 1H; H5'), 3.3 (dd, 3J(H,H)� 10, 5 Hz, 1H; H5'),
2.7 ± 2.6 (m, 1H; H2'), 2.5 ± 2.4 (m, 1 H; H2''), 1.3 (s, 3 H; CH3), 0.9, 0.8 (s,
18H; TBDMS), 0.2 (s, 6 H; TBDMS), 0.1, 0.0 (s, 6H; TBDMS); HRMS:
(FAB): found: 909.4149 [MÿH]ÿ ; calcd: 909.4178.


5'-O-(4,4'-Dimethoxytrityl)-(5S,6R)-5,6-dihydro-5,6-di[(tert-butyl)dimeth-
ylsilyloxy]thymidine (4 b): 5'-O-(4,4'-Dimethoxytrityl)-3'-O-benzoyl-
(5S,6R)-5,6-dihydro-5,6-di[(tert-butyl)dimethylsilyloxy]thymidine (3b,
322 mg, 353 mmol) was dissolved in a 50 mm solution of K2CO3 in methanol
(15 mL). After 2 h, sodium phosphate (0.5m, pH 5.0, 20 mL) was added.
The mixture was extracted with chloroform (30 mL in total). The organic
layer was dried with Na2SO4, and after evaporation, the residue was
chromatographed on silica gel (8 g) with a step gradient of ethyl acetate in
hexane. The product was eluted with 25 ± 30% ethyl acetate in hexane.
Yield: 286 mg (354 mmol, 100 %); Rf� 0.37 (hexane/ethyl acetate 3/2);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.4 (d, 3J(H,H)� 7 Hz, 2H;
DMT), 7.3 ± 7.2 (m, 7 H; DMT), 7.0 (s, 1H; NH), 6.8 (d, 3J(H,H)� 9 Hz, 4H;
DMT), 5.5 (t, 3J(H,H)� 6 Hz, 1H; H1'), 4.8 (s, 1H; H6), 4.5 ± 4.4 (m, 1H;
H3'), 3.9 (dd, 3J(H,H)� 11, 5 Hz, 1 H; H4'), 3.8 (s, 6 H; OCH3), 3.4 (dd,
3J(H,H)� 10, 5 Hz, 1 H; H5'), 3.2 (dd, 3J(H,H)� 10, 6 Hz, 1H; H5'), 2.5 ±
2.3 (m, 2H; H2', H2''), 1.9 (d, 3J(H,H)� 3 Hz, 1 H; 3'-OH), 1.3 (s, 3 H; CH3),
0.9, 0.8 (s, 18H; TBDMS), 0.2 (s, 6 H; TBDMS), 0.1, 0.0 (s, 6H; TBDMS);
HRMS: (FAB): found: 805.3933 [MÿH]ÿ ; calcd: 805.3916.


5'-O-(4,4'-Dimethoxytrityl)-(5S,6R)-5,6-dihydro-5,6-di[(tert-butyl)dimeth-
ylsilyloxy]thymidine 3'-(2-cyanoethyl)-N,N-diisopropylphosphoramidite
(5b): N,N-Diisopropylethylamine (242 mL, 1.39 mmol) and (2-cyanoeth-
yl)-N,N-diisopropylchlorophosphoramidite (155 mL, 696 mmol) were added
to a solution of 5'-O-(4,4'-dimethoxytrityl)-(5S,6R)-5,6-dihydro-5,6-di[(tert-
butyl)dimethylsilyloxy]thymidine (4b, 281 mg, 348 mmol) in tetrahydrofur-
an (THF, 3.5 mL). This mixture was stirred for 30 min, diluted with ethyl
acetate, and washed with 2 % NaHCO3 and water. The organic layer was
dried with Na2SO4, and after evaporation, the residue was chromato-
graphed on silica gel (7 g) with a step gradient of ethyl acetate in hexane
containing 0.1 % pyridine. The product was eluted with 15 % ethyl acetate
in hexane, and after evaporation, the pyridine was removed by coevapora-
tion with acetonitrile. Yield: 215 mg (214 mmol, 61 %); Rf� 0.66, 0.58
(hexane/ethyl acetate 3/2); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
7.9 (s, 1H; NH), 7.5 ± 7.4 (m, 2H; DMT), 7.4 ± 7.2 (m, 7 H; DMT), 6.9 ± 6.8
(m, 4 H; DMT), 5.6 ± 5.5 (m, 1H; H1'), 4.9, 4.8 (s, 1 H; H6), 4.6 ± 4.5 (m, 1H;
H3'), 4.2 ± 4.1 (m, 1H; H4'), 3.9 ± 3.7 (m, 7H; OCH3, OCH2CH2CN� 1�2),
3.7 ± 3.5 (m, 3H; OCH2CH2CN� 1�2, CH(CH3)2), 3.3 ± 3.2 (m, 2 H; H5'), 2.6
(t, 3J(H,H)� 6 Hz, 1 H; OCH2CH2CN� 1�2), 2.4 (t, 3J(H,H)� 6 Hz, 1H;
OCH2CH2CN� 1�2), 2.6 ± 2.3 (m, 2 H; H2', H2''), 1.4, (s, 3 H; CH3), 1.2 ± 1.1
(m, 12H; CH(CH3)2), 0.8 (s, 18H; TBDMS), 0.2 (s, 6 H; TBDMS), 0.1, 0.0
(s, 6 H; TBDMS); 31P NMR (121.5 MHz, CDCl3, 25 8C, trimethyl phos-
phate): d� 147, 146; HRMS: (SI): found: 1005.4992 [MÿH]ÿ ; calcd:
1005.4990.


5'-O-(4,4'-Dimethoxytrityl)-3'-O-benzoyl-(5R,6S)-5,6-dihydro-5-hydroxy-
6-(tert-butyl)dimethylsilyloxythymidine (6 a) and 5'-O-(4,4'-dimethoxytri-
tyl)-3'-O-benzoyl-(5R,6S)-5,6-dihydro-5-(tert-butyl)dimethylsilyloxy-6-hy-
droxythymidine (6b): A solution of 5'-O-(4,4'-dimethoxytrityl)-3'-O-ben-
zoyl-(5R,6S)-5,6-dihydro-5,6-dihydroxythymidine (2a, 2.03 g, 2.97 mmol),
imidazole (485 mg, 7.12 mmol), and tert-butyldimethylchlorosilane
(537 mg, 3.56 mmol) in DMF (10 mL) was stirred at room temperature
for 20 h. This mixture was diluted with chloroform (100 mL) and washed
with 0.5m sodium phosphate (pH 5.0). The organic layer was dried with
Na2SO4, and after evaporation and coevaporation with toluene, the residue
was chromatographed on silica gel (50 g) with a step gradient of ethyl
acetate in hexane. The two isomers were separately eluted out at 25 % ethyl
acetate, and the configurations were determined by the NOESY experi-
ments.


6a : Yield: 988 mg (1.24 mmol, 42 %); Rf� 0.45 (hexane/ethyl acetate 3/2);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 8.0 (d, 3J(H,H)� 7 Hz, 2H;
Bz), 7.8 (s, 1H; NH), 7.6 (t, 3J(H,H)� 7 Hz, 1 H; Bz), 7.5 ± 7.4 (m, 4 H; Bz,
DMT), 7.4 ± 7.2 (m, 7H; DMT), 6.8 (d, 3J(H,H)� 9 Hz, 4 H; DMT), 6.2 (dd,
3J(H,H)� 9, 6 Hz, 1H; H1'), 5.6 ± 5.5 (m, 1 H; H3'), 4.9 (s, 1 H; H6), 4.2 (dd,
3J(H,H)� 8, 5 Hz, 1H; H4'), 3.8 (s, 6 H; OCH3), 3.4 (dd, 3J(H,H)� 10, 5 Hz,
1H; H5'), 3.3 (dd, 3J(H,H)� 10, 5 Hz, 1H; H5'), 3.3 (s, 1H; -OH), 2.4 ± 2.2
(m, 2 H; H2', H2''), 1.4 (s, 3 H; CH3), 0.8 (s, 9 H; TBDMS), 0.1 (s, 3H;
TBDMS), 0.0 (s, 3 H; TBDMS); HRMS: (FAB): found: 795.3311 [MÿH]ÿ ;
calcd: 795.3313.


6b : Yield: 228 mg (0.29 mmol, 10 %); Rf� 0.51 (hexane/ethyl acetate 3/2);
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 8.1 (d, 3J(H,H)� 8 Hz, 2H;
Bz), 7.7 (s, 1H; NH), 7.6 (t, 3J(H,H)� 7 Hz, 1 H; Bz), 7.5 ± 7.4 (m, 4 H; Bz,
DMT), 7.4 ± 7.2 (m, 7H; DMT), 6.8 (d, 3J(H,H)� 9 Hz, 4 H; DMT), 6.4 (dd,
3J(H,H)� 10, 5 Hz, 1 H; H1'), 5.7 (d, 3J(H,H)� 6 Hz, 1H; H3'), 5.1 (s, 1H;
H6), 4.2 (br, 1H; H4'), 3.8 (s, 6H; OCH3), 3.5 (dd, 3J(H,H)� 10, 3 Hz, 1H;
H5'), 3.4 (dd, 3J(H,H)� 10, 3 Hz, 1H; H5'), 3.1 (s, 1H; -OH), 2.8 ± 2.7 (m,
1H; H2'), 2.5 (dd, 3J(H,H)� 14, 5 Hz, 1 H; H2''), 1.5 (s, 3 H; CH3), 0.7 (s,
9H; TBDMS), 0.2 (s, 3H; TBDMS), 0.1 (s, 3H; TBDMS); HRMS: (FAB):
found: 795.3319 [MÿH]ÿ ; calcd: 795.3313.


5'-O-(4,4'-Dimethoxytrityl)-(5R,6S)-5,6-dihydro-5-hydroxy-6-(tert-butyl)-
dimethylsilyloxythymidine (7): 5'-O-(4,4'-Dimethoxytrityl)-3'-O-benzoyl-
(5R,6S)-5,6-dihydro-5-hydroxy-6-(tert-butyl)dimethylsilyloxythymidine
(6a, 988 mg, 1.24 mmol) was dissolved in a 50 mm solution of K2CO3 in
methanol (50 mL). This mixture was stirred for 2 h, and after the solution
was cooled in an ice bath, sodium phosphate (0.5m, pH 5.0, 100 mL) was
added. The mixture was extracted with chloroform (150 mL in total). The
organic layer was dried with Na2SO4, and after evaporation, the residue
was chromatographed on silica gel (20 g) with a step gradient of ethyl
acetate in hexane. The product was eluted with 30 ± 35 % ethyl acetate in
hexane and obtained as a powder by precipitation in hexane (60 mL) from
a chloroform solution (3 mL). Yield: 626 mg (904 mmol, 73 %); Rf� 0.22
(hexane/ethyl acetate 3/2); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
7.4 (d, 3J(H,H)� 7 Hz, 2H; DMT), 7.4 (s, 1 H; NH), 7.3 ± 7.2 (m, 7H; DMT),
6.8 (d, 3J(H,H)� 9 Hz, 4 H; DMT), 6.1 (dd, 3J(H,H)� 8, 7 Hz, 1H; H1'), 4.8
(s, 1H; H6), 4.4 (br, 1H; H3'), 3.9 (dd, 3J(H,H)� 9, 5 Hz, 1 H; H4'), 3.8 (s,
6H; OCH3), 3.4 (dd, 3J(H,H)� 10, 5 Hz, 1H; H5'), 3.3 (s, 1H; -OH), 3.2
(dd, 3J(H,H)� 10, 6 Hz, 1 H; H5'), 2.3 ± 2.1 (m, 2H; H2', H2''), 1.9 (br, 1H;
3'-OH), 1.4 (s, 3 H; CH3), 0.8 (s, 9H; TBDMS), 0.1 (s, 3H; TBDMS), 0.0 (s,
3H; TBDMS); HRMS: (FAB): found: 691.3063 [MÿH]ÿ ; calcd: 691.3051.


5'-O-(4,4'-Dimethoxytrityl)-(5R,6S)-5,6-dihydro-5-hydroxy-6-(tert-butyl)-
dimethylsilyloxythymidine 3'-(2-cyanoethyl)-N,N-diisopropylphosphor-
amidite (8): N,N-Diisopropylethylamine (105 mL, 600 mmol) and (2-cyano-
ethyl)-N,N-diisopropylchlorophosphoramidite (67 mL, 300 mmol) were
added to a solution of 5'-O-(4,4'-dimethoxytrityl)-(5R,6S)-5,6-dihydro-5-
hydroxy-6-(tert-butyl)dimethylsilyloxythymidine (7, 104 mg, 150 mmol) in
THF (1.5 mL). This mixture was stirred for 30 min, diluted with ethyl
acetate, and washed with 2 % NaHCO3 and water. The organic layer was
dried with Na2SO4, and after evaporation, the residue was chromato-
graphed on silica gel (5 g) with a step gradient of ethyl acetate in hexane
containing 0.1 % pyridine. The product was eluted with 30 % ethyl acetate
in hexane, and after evaporation, the pyridine was removed by precip-
itation of the amidite in pentane (10 mL) from a chloroform solution
(0.5 mL). Yield: 116 mg (130 mmol, 87 %); Rf� 0.34 (hexane/ethyl acetate
3/2); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.5 ± 7.2 (m, 10 H; DMT,
NH), 6.9 ± 6.8 (m, 4H; DMT), 6.2 ± 6.1 (m, 1 H; H1'), 4.9, 4.8 (s, 1H; H6),
4.5 ± 4.4 (m, 1 H; H3'), 4.1 ± 4.0 (m, 1H; H4'), 3.8 ± 3.7 (m, 7H; OCH3,
OCH2CH2CN� 1�2), 3.7 ± 3.5 (m, 3 H; OCH2CH2CN� 1�2, CH(CH3)2), 3.3 ±
3.1 (m, 3H; -OH, H5'), 2.6 (t, 3J(H,H)� 7 Hz, 1 H; OCH2CH2CN� 1�2), 2.4
(t, 3J(H,H)� 7 Hz, 1H; OCH2CH2CN� 1�2), 2.3 ± 2.0 (m, 2H; H2', H2''), 1.4
(s, 3 H; CH3), 1.2 ± 1.0 (m, 12H; CH(CH3)2), 0.8 (s, 9H; TBDMS), 0.0 (s,
6H; TBDMS); 31P NMR (121.5 MHz, CDCl3, 25 8C, trimethyl phosphate):
d� 147, 146; HRMS: (FAB): found: 891.4121 [MÿH]ÿ ; calcd: 891.4129.


Oligonucleotide synthesis : Oligonucleotides were synthesized on either a
0.2 or 1.0 mmol scale on an Applied Biosystems Model 394 DNA/RNA
synthesizer. The thymine glycol building blocks (5a, 5b, and 8) were
dissolved in anhydrous acetonitrile at a concentration of 0.1m. Phosphor-
amidites bearing the (4-tert-butylphenoxy)acetyl group for the protection
of the exocyclic amino function were used for dA, dG, and dC. The reaction
time for the coupling of the thymine glycol building blocks was prolonged
to 5 min. After chain assembly and removal of the terminal 5'-DMT group
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on the synthesizer, the solid supports containing the oligonucleotides were
treated with 28 % aqueous ammonia (2 mL) at room temperature for 2 h.
The resulting ammoniac solutions were concentrated to dryness on a rotary
evaporator equipped with a vacuum pump. In the case of the (5S)-thymine
glycol, the solid supports containing the oligonucleotides were treated with
50 mm K2CO3 in methanol (1 mL) at room temperature for 4 h.[28] The
supports were removed by filtration, and the solutions were mixed with
sodium phosphate (0.5m, pH 5.0, 1 mL). After concentration, these
mixtures were passed through a NAP 10 column (Amersham Pharmacia
Biotech, Uppsala, Sweden), and the eluates were concentrated to dryness.
The residues were dissolved in a 1.0m solution of TBAF in THF (0.1 mL),
and the mixtures were left at room temperature. After 16 h, TEAA (0.1m,
pH 7.0, 0.4 mL) was added, and the solutions were desalted on a NAP10
column. For the deprotection of oligonucleotides synthesized on the
1.0 mmol scale, larger volumes of the reagents and NAP 25 columns were
used. The deprotected oligonucleotides were purified by both reversed-
phase and anion-exchange HPLC.


Detection of thymidine glycol in oligonucleotides : Aliquots (0.5 A260 units)
of the purified 30-mers were mixed with nuclease P1 (40 mg) in ammonium
acetate (30 mm, pH 5.3, 400 mL) and incubated at 37 8C. After 20 h, water
(466 mL), Tris-HCl (0.5m, pH 9.0, 100 mL), MgCl2 (1m, 10 mL), phospho-
diesterase I (0.4 units, 4 mL), and alkaline phosphatase (20 units, 20 mL)
were added, and the mixtures were incubated again at 37 8C for 2 h. After
concentration, the products were subjected to HPLC analysis on an Inertsil
ODS-2 column (4.0� 150 mm, GL Sciences, Tokyo, Japan), first by an
isocratic elution with TEAA (0.1m, pH 7.0) for 5 min and then by the use of
an acetonitrile gradient (0 ± 10 %) over a period of 20 min. The elution
profiles, monitored at l� 230 nm, are shown in Figure 5. The authentic
samples of (5R)- and (5S)-thymidine glycols were obtained by deprotection
of 2a and 2b, respectively, with K2CO3/MeOH and then with 80% acetic
acid.


Thermodynamic studies : Duplexes were formed by cooling the solutions of
the two strands (9 nmol) in water (90 mL) from 70 8C to 10 8C, and melting
curves were measured at the total oligonucleotide concentrations (Ct) of
2.00, 3.56, 6.32, 11.2, and 20.0 mm in a buffer (pH 7.0, 350 mL) containing
10 mm sodium phosphate, 100 mm NaCl, and 0.1 mm ethylenediaminetetra-
acetic acid on a Beckman DU-600Tm spectrophotometer. Tm values were
obtained by the two-point average method with the data processing
software supplied by the manufacturer. The reciprocal of Tm was plotted
against ln Ct/4, and the thermodynamic parameters were obtained from the
equations, 1/Tm� (R/DH8)ln Ct/4 � DS8/DH8 and DG8�DH8ÿTDS8, in
which R is the gas constant (� 1.987 cal molÿ1 Kÿ1) and T is the absolute
temperature.[26] The error analysis was carried out as previously reported.[29]
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The Role of Ruthenium and Rhenium Diimine Complexes in Conjugated
Polymers That Exhibit Interesting Opto-Electronic Properties


Po King Ng, Xiong Gong, Suk Hang Chan, Lillian Sze Man Lam, and Wai Kin Chan*[a]


Abstract: This paper reports the syn-
thesis and opto-electronic properties of
different conjugated polymers that con-
tain the diimine complexes of ruthenium
or rhenium. Conjugated poly(phenylene
vinylene)s that contain aromatic 1,3,4-
oxadiazole and 2,2'-bipyridine units on
the main chain were synthesized by the
palladium catalyzed olefinic coupling
reaction. Other types of polymers based
on 1,10-phenanthroline bis(2,2-bipyrid-
yl) ruthenium(ii) or chlorotricarbonyl
rhenium(i) complexes were also synthe-
sized by the same reaction. In general,
these polymers exhibit two absorption
bands due to the p ± p* transition of the
conjugated main chain and the d ± p*
metal-to-ligand charge-transfer transi-
tion of the metal complex. As a result,


the photosensitivity of the polymers
beyond 500 nm was enhanced. Charge-
carrier mobility measurements showed
that the presence of metal complexes
could facilitate the charge-transport
process, and the enhancement in carrier
mobility was dependent on the metal
content in the polymer. In addition, we
have also demonstrated that the ruthe-
nium complex could act as both photo-
sensitizer and light emitter. Photovoltaic
cells were constructed, and they were
subjected to irradiation with a xenon arc
lamp. Under illumination, the short


circuit current and the open circuit
voltage were measured to be
0.05 mA cmÿ2 and 0.35 V, respectively.
The polymers were fabricated into sin-
gle-layer emitting devices, and light
emission was observed when the device
was subjected to forward bias. The
maximum luminance was determined
to be 300 cd mÿ2, and the external quan-
tum efficiency was approximately 0.05
to 0.2 %. Although the efficiency was
relatively low when compared with oth-
er devices based on organic materials,
we have demonstrated the first exam-
ples of using transition metal complexes
for both photovoltaic and light-emitting
applications.


Keywords: luminescence ´ N ligands
´ rhenium ´ ruthenium ´
sensitizers


Introduction


Polymer metal complexes have remarkably specific struc-
tures, in which central metal ions are surrounded by an
enormous polymer chain. They show interesting and impor-
tant characteristics, especially catalytic activities different
from the corresponding ordinary metal complexes of low
molecular weight. Moreover, they also find potential appli-
cations in many important systems such as polymer-coated
electrodes, solar energy conversion, and chemical sensors and
so on.[1] Since the discovery of the first organic light-emitting
poly(p-phenylene vinylene) (PPV),[2] there has been tremen-
dous advancement in this area in terms of material design,
device fabrication, emission wavelength, and performance
improvement in organic polymeric light-emitting diodes
(LED).[3] Besides light-emitting properties, conjugated poly-


mers also demonstrated various interesting electronic and
photonic properties, which are comparable to traditional
inorganic semiconductors. It has been reported that PPVs
have been used as laser materials,[4] photodiodes,[5] and
organic transistors.[6] Most of the opto-electronic polymers
reported to date are based on pure organic conjugated
systems, in which different kinds of functional groups are
attached.[7] Our group has been continuously investigating the
syntheses and properties of some conjugated polymers or
polymer composites that contain ruthenium or rhenium
polypyridine complexes.[8] The complexes were able to
enhance the charge-carrier mobilities of the polymers by
acting as extra charge carriers, and the mobilities were found
to be dependent on the metal complex content. In addition,
these transition metal complexes exhibit interesting electronic
and excited-state properties. As a result, by incorporating
metal complexes into the organic p-conjugated polymers, it is
possible to tune the photosensitivity, charge transport, and
electroluminescence (EL) activities of the resulting polymers.
The use of tris(2,2'-bipyridyl) ruthenium(ii) [Ru(bpy)3]2� or
2,2'-bipyridyl rhenium(i) tricarbonyl complexes and their
derivatives as light absorption or emission sensitizers in
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polymers constitutes one exam-
ple.[9] These d6 transition metal
complexes exhibit characteris-
tic long-lived metal-to-ligand
charge-transfer (MLCT) excit-
ed states, which can undergo
different photochemical or
photophysical processes. The
excited metal complexes may
serve as good energy donors,
electron donors, or electron
acceptors. One of the most
promising potentials of these
complexes is the conversion of
solar radiation into chemical
energy.[10] Conjugated polymers
incorporated with these com-
plexes have been reported in
the literature.[11] It was also
proposed that these complexes
were able to participate in the
charge-transport processes.[8a, 12]


In addition, they exhibit inter-
esting luminescence properties
originated from the MLCT
states. Light-emitting devices
based on ruthenium, rhenium,
or other transition metal complexes have also been con-
structed.[13] It was suggested that by utilizing the emission
from the triplet excited states of transition metal complexes,
the theoretical maximum quantum efficiency of the resulting
light-emitting device could exceed 25 % induced by light
emission from singlet excitons.[14]


In this paper, we describe the synthesis, photosensitization,
and light-emitting properties of a novel type of conjugated
polymers, which contain a tris(2,2'-bipyridyl)ruthenium(ii)
type complex as the photosensitizer and light emitter.
Aromatic oxadiazoles were proposed to be good candidates
for advanced materials and were used in many multilayered
light-emitting devices as electron-transport or hole-blocking
layers.[15] They were used to enhance the electron-carrier
mobility and to facilitate the charge separation after the
photosensitization process. It has been shown that conjugate
polymers with aromatic oxadiazole moieties exhibit improved
light-emitting device performance because of the balanced
charge injections from both electrodes.[16] Our objective is to
investigate the roles played by these metal complexes when
they are incorporated into conjugated polymer systems. This
paper reports the results.


Results and Discussion


Syntheses of monomers and polymers : Ligands 5 and 6 were
synthesized by the reaction between the corresponding 2,2'-
bipyridinedicarbonyl chlorides 3 or 4 and 1-bromo-4-tetrazo-
yl-benzene 2 in excellent yield (Scheme 1).[17] Reaction of the
ligands with the triflate salt of bis(2,2'-bipyridine)ruthe-
nium(ii) afforded monomers 7 or 8 in good yield. We chose


hexafluorophosphate as the counter anion because its salts
have higher solubility than halides in organic solvents, and
they are electrochemically inert such that they do not affect
the electronic or other charge-transport processes in the
polymer. The syntheses of the ruthenium and rhenium
complexes of 3,8-dibromo-1,10-phenanthroline (10 and 11)
are quite straightforward. Complex 11 was prepared
by refluxing the diimine ligand with rhenium penta-
carbonyl chloride in toluene in high yield (Scheme 2).
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Scheme 2. Synthesis of ruthenium and rhenium complexes derived from
3,8-dibromo-1,10-phenanthroline.


Polymerization was carried out by the palladium catalyzed
Heck coupling reaction by using 1,4-divinylbenzene and 1,4-
dibromo-2,5-dioctoxybenzene as the comonomers. We have
employed this reaction in the syntheses of different conju-
gated polymers functionalized with a variety of transition
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Scheme 1. Synthesis of ruthenium complexes with oxadiazole-substituted bipyridine ligands.







FULL PAPER W. K. Chan et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0720-4360 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 204360


metal complexes. By using this reaction, various oxophilic or
electrophilic functional groups were able to survive in the
polymerization reaction. Both the ruthenium and rhenium
complexes were robust in these reactions. No ligand exchange
reaction was observed in any one of these polymers. The metal
content in the polymer can be easily adjusted by changing the
proportion of the monomer metal complexes and other
monomers. Both the oxadiazole based (7 and 8) or phenan-
throline based monomers (10 and 11) yielded polymers in
good yield. For each series of polymers, polymers with
different metal content were synthesized, and the results are
summarized in Tables 1 and 2.


Spectroscopic properties : The 1H NMR spectra of ligand 5,
ruthenium complex 7, and polymer 15 e are shown in Figure 1.
With reference to the NMR spectra of similar bis(2,2'-
bipyridyl)ruthenium complexes,[8a] the NMR spectra of 5
and 7 (Figure 1a and b) clearly agree with their structures. In
Figure 1c, the spectra features of the polymer also agree with
the proposed structure. The signals at approximately d� 8.2 ±
9.4 correspond to the protons on the bipyridyl moieties, while
the peaks at d� 7.5 ± 8.1 are due to the phenylene ± vinylene
units. The peaks at d� 4.2, 1.9, 1.3 ± 1.4, and 0.9 are attributed
to the octoxy side chain. It can also be observed that there are
signals due to the vinyl end groups at d� 5.3, 5.9, and 6.8. By
comparing the integration ratio of these peaks with those of


Figure 1. 1H NMR spectra of a) ligand 5 in CDCl3; b) ruthenium com-
plex 7 in CD3CN; c) polymer 15e in [D7]DMF.


Table 1. Synthesis and physical properties of different ruthenium containing polymers with 1,3,4-oxadiazole-substituted bipyridine ligands.


polymer metal complex
monomer


x y yield [%][a] Td [8C][b] hinh [dL gÿ1][c] mh [10ÿ4 cm2 Vÿ1 sÿ1][d] me [10ÿ4 cm2 Vÿ1 sÿ1][d]


13a 7 0.1 0.9 85 434 0.61 0.47 0.50
13b 7 0.25 0.75 97 416 0.46 0.55 0.57
13c 7 0.35 0.65 84 412 0.52 1.8 3.1
13d 7 0.5 0.5 83 402 0.32 1.5 3.6
13e 7 0.65 0.35 77 401 0.64 4.9 7.9
13 f 7 1 0 79 424 0.71 5.1 8.3
14a 8 0.25 0.75 86 399 0.53 0.21 0.33
14b 8 0.5 0.5 74 394 0.31 0.45 1.5
14c 8 1 0 76 387 0.30 0.64 3.2


[a] Yield after purification by washing with methanol for 2 days. [b] Onset temperature of decomposition determined by TGA under a nitrogen atmosphere.
[c] Inherent viscosity measured in solution in NMP at 30 8C with concentration c� 0.25 g dLÿ1. [d] Charge-carrier mobility measured at an electric field
strength of E� 40 kV cmÿ1.


Table 2. Synthesis and physical properties of different ruthenium or rhenium containing polymers based on 1,10-phenanthroline ligands.


polymer metal complex
monomer


x y yield [%][a] Td [8C][b] hinh [dL gÿ1][c] mh [10ÿ4 cm2 Vÿ1 sÿ1][d] me (10ÿ4 cm2 Vÿ1 sÿ1][d]


15a 10 0.1 0.9 85 392 0.46 0.8 2.1
15b 10 0.2 0.8 87 383 0.44 1.3 2.8
15c 10 0.3 0.7 80 372 0.41 1.3 3.0
15d 10 0.4 0.6 76 371 0.33 1.5 3.3
15e 10 0.5 0.5 75 383 0.40 1.8 3.8
15 f 10 0.6 0.4 70 382 0.34 2.4 4.6
15g 10 1 0 72 392 0.32 3.1 6.5
16a 11 0.1 0.9 86 408 0.38 0.4 1.2
16b 11 0.2 0.8 83 403 0.36 1.0 1.9
16c 11 0.3 0.7 88 410 0.32 1.1 2.4
16d 11 0.5 0.5 87 415 0.40 1.4 2.7
16e 11 0.7 0.3 78 407 0.32 2.1 4.0


[a] Yield after purification by washing with methanol for 2 days. [b] Onset temperature of decomposition determined by TGA under a nitrogen atmosphere.
[c] Inherent viscosities for polymers 15 a ± g were measured in solution in NMP at 30 8C with concentration c� 0.25 gdLÿ1. For polymers 16 a ± e, they were
measured in solution in 1,1,2,2-tetrachloroethane. [d] Charge-carrier mobility measured at an electric field strength of E� 40 kVcmÿ1.
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the methylene units of the alkyl pendant chain, the number
average degree of polymerization was estimated to be
approximately ten, which corresponds to the number average
molecular weight of approximately 12 000. The metal content
in the polymers was estimated by NMR spectra by comparing
the ratio of the protons on the bipyridine units with those of
the methylene units. The monomer fed ratio also agrees well
with the metal content of the resulting polymers. In the FTIR
spectra, all polymers exhibit a characteristic pyridine C�N
stretching band at 1600 cmÿ1. For polymers 13 ± 14
(Scheme 3), the C�N and CÿO stretching bands for the
oxadiazole ring appear at 1576 and 1080 cmÿ1, respectively.
Another absorption band at 831 cmÿ1 is ascribed to the typical
CÿH out-of-plane bending of the 1,4-disubstituted phenylene
units. After the incorporation of the ruthenium complex, a
very strong band is found at 841 cmÿ1 corresponding to the
PÿF stretching of the counter anion. In polymers 16 a ± e,
three strong absorption bands are found at 2015, 1935, and
1892 cmÿ1 corresponding to the CO stretching of the rhenium
carbonyl with a fac configuration. This is strong evidence for
the presence of rhenium complexes on the polymer main
chain. These polymers exhibit modest thermal stabilities, and
their inherent viscosities are in the range of 0.3 ± 0.7 dL gÿ1. It
can be seen that the viscosities of polymers 15 and 16 are
slightly lower than those of polymers 13 and 14. This is due to
the fact that in monomers 10 and 11, the bromo groups are
quite close to the bulky metal complexes that lower the
reactivities of the corresponding monomers. In monomers 7
and 8, the reaction sites for the palladium coupling reaction
are far from the metal center. Nevertheless, optical quality
films were obtained by casting or spin coating techniques from
polymer solutions.


The electronic absorption spectra of some polymers are
shown in Figure 2, Figure 3, and Figure 4. All polymers with
the 2,2'-bipyridyl ruthenium moieties show an intense ab-
sorption band at 290 nm, which is assigned to the p ± p*
intraligand transition of the bipyridine ligand. The intensity of
these peaks increases with increasing metal content in the
polymers (Figures 2 and 3). Another strong and broad
absorption band is found in the region between 410 ±
450 nm. This is attributed to the p ± p* electronic transition
of the conjugated polymer main chain. In general, it was
observed that the absorption maxima of these bands shifted to
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Scheme 3. Synthesis of polymers by palladium catalyzed olefinic
coupling reactions.


Figure 2. UV/Vis absorption spectra of polymers 13 b,d,f in solution
in DMF.


Figure 3. UV/Vis absorption spectra of polymers 15 a,d,g in solution
in DMF.


Figure 4. UV/Vis absorption spectra of polymers 16 b,d,e in solution
in 1,1,2,2-tetrachloroethane.


shorter wavelengths when the metal content was increased.
This is because the bulky metal complexes on the main chain
inhibit an efficient overlapping of the p-orbitals and thus
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increase the transition energies. In addition, the characteristic
d ± p* MLCT transitions of the ruthenium or rhenium
complexes appear as shoulders at approximately 500 nm.
Although the intensity of these MLCT bands increases with
increasing amounts of metal complex, it is difficult to
correlate their intensities to the metal content in the polymers
as a result of the higher absorption coefficient exhibited by
the electronic transition of the p-systems.


Electrochemical properties : The electrochemical properties
of the polymers were studied by cyclic voltammetry (CV).
Figure 5 shows the CV scans of some polymers in different
solvent systems; the systems used depend on the polymer


Figure 5. Cyclic voltammograms of polymers 13 f, 14b, 15g (in DMF/
CH3CN), and 16e (in CH2Cl2). Tetra-n-butylammonium tetrafluoroborate
(0.1m) was used as the supporting electrolyte. Glassy carbon was used as the
working electrode, and the scan rate was 50 mV sÿ1.


solubility. As a result of the low solubility of polymers 13 ± 15
in acetonitrile, we carried out the CV experiments by adding a
few drops of polymer solution in DMF to acetonitrile.
However, the scan range was reduced by this method due to
the presence of DMF. For polymer 16 e, the CV experiments
were carried out in solution in dichloromethane. In the cyclic
voltammogram of polymer 13 f, two irreversible reduction
processes are observed at ÿ0.8 and ÿ0.95 V in the cathodic
scan. These are assigned to the reduction of the polymer main
chain, which is considered to involve the addition of elec-
trons to the polymer (n-doping). Such low reduction potential
may facilitate the transport of electrons in the polymers.
The reduction potentials are significantly lower than those
for other unsubstituted bipyridyl ruthenium complexes as
a result of the presence of the electron-withdrawing oxadia-
zole moieties.[18] In the reverse scan, an anodic peak for
the undoping process corresponding to the removal of an
electron is observed at 0.7 V. In addition, another oxidation
process at 1.25 V is assigned to the metal centered RuIII/II


couple.


For polymer 14 b, the first reduction process is observed at
ÿ0.9 V, which is slightly lower than that in polymer 13 f. This
higher reduction potential is attributed to the 4,4'-disubsti-
tuted bipyridine main chain with less extended conjugation.
Other peaks observed in the cathodic scan originate from the
successive reduction of the ligands. In the reverse scan, a
similar anodic process is observed at approximately 0.8 V. The
phenanthroline based polymers 15 g and 16 e show similar
reduction processes in the cathodic scan, and their reduction
peaks are widely separated.


Charge-transport properties : Our previous work showed that
as a result of the presence of an electron-deficient polymer
main chain and other bipyridyl ligands, the electron-carrier
mobility of the polymers can be enhanced as they act as extra
charge carriers in the charge-transport process.[12] We inves-
tigated the role of the metal complexes in charge-transport
processes by measuring their charge-carrier mobilities from
conventional time-of-flight experiments. The photocurrent
pulse shows a featureless decay, which is characteristic for
dispersive charge transport with non-Gaussian carrier distri-
bution. Drift mobility was calculated according to Equa-
tion (1).


m�L/tTE (1)


In the equation, L is the film thickness, E is the applied field
strength, and tT is the transit time for charge transport. The
electron- and hole-carrier mobilities of the polymers were
determined to be of the order of 10ÿ4 to 10ÿ5 cm2 Vÿ1 sÿ1


(Tables 1 and 2). In general, the charge-carrier mobilities
increase with the metal complex content in the polymers.
These values are significantly higher than those of the phenyl-
substituted or unsubstituted PPVs[19] and polycarbonate
doped with oxadiazole derivatives.[20] The enhancement in
electron-drift mobilities is possibly due to the presence of
oxadiazole moieties in the backbone, as most PPVs are p-type
polymers. The carrier mobilities were found to be temper-
ature dependent, and this indicates a thermally activated
charge-transport process. From the plot of temperature-
dependent charge mobility (Figure 6), the activation energies


Figure 6. Plot of electron-carrier mobility for polymers 13d,f as a function
of temperature under different externally applied electric fields.
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of charge transport were calculated to be approximately 0.1 ±
0.2 eV. Figure 7 shows the plot of electron- and hole-carrier
mobilities of some polymers as a function of electric field
strength. The graph shows a negative slope, which is


Figure 7. Plot of hole- and electron-carrier mobilities for polymers 13 b,c,e
as a function of externally applied electric field at 298 K.


rationalized as the presence of off-diagonal disorder due to
the distribution of distances between molecules in an amor-
phous polymer system. The charge may hop against the field
direction in order to open a faster route for charge transport.
As the applied field is increased, ªbackward jumpsº and these
ªindirect routesº will be inhibited. This process is only
favorable under a low-field condition. As the electric field is
further increased, this effect will reach a maximum, and the
carrier mobilities are dependent on the distortion of the
density of hopping states by the applied field. A turning point
may be observed in the log m versus E1/2 plot. However, when
we increased the electric field further, the polymer films were
subjected to dielectric breakdown due to the ionic species in
the polymer main chain. From these studies, we suggest that
the charge transport could involve inter- or intramolecular
hopping processes between the charge carrying species (i.e.
metal complexes). Because of the relatively high charge-
carrier mobilities, polymers with 5,5'-oxadiazole-substituted
bipyridine were selected for detail studies on opto-electronic
properties.


Photosensitizing properties : There have been several reports
on the use of molecular ruthenium complexes as photo-
sensitizing agents in solar cells or photorefractive materials.[21]


The photosensitivity of the polymers should be enhanced by
the metal complexes beyond 500 nm, at which the conjugated
systems do not absorb. A typical photosensitization process
consists of photoexcitation and charge separation. The
oxadiazole moieties may facilitate the initial hole ± electron
separation because of their affinity for electrons. In order to
study the photosensitivity of the polymer, a simple two-
layered photovoltaic cell with the structure ITO/polymer/C60/
Al was constructed. Polymer 13 f was chosen for studies
because of its high metal content and charge-carrier mo-
bilities. We were not able to prepare a single-layered photo-


voltaic cell consisting of a blend of ruthenium containing
polymer and C60 because the latter is incompatible with the
polymer matrix and is also insoluble in the polar solvent
medium (DMF) used for spin coating. When excited by light,
the charges generated by photoexcitation were separated at
the polymer/C60 interface. Due to the high electron affinity of
C60, the electrons were collected at this layer, and photo-
current was generated as a result. Figure 8a shows the
current ± voltage characteristics of the photodiode in the dark
and under illumination by a xenon arc lamp that simulates
solar radiation with an intensity of 100 mW cmÿ2. Under
illumination, the short circuit current and the open circuit
voltage are approximately 0.05 mA cmÿ2 and 0.35 V, respec-
tively. The conversion efficiency was estimated to be 0.5 %.
Figure 8b shows the photocurrent density of the device under
different light intensity.


Figure 8. a) Current ± voltage characteristics of the ITO/polymer 13 f/C60/
Al device in the dark (solid circles) and under 100 mW cmÿ2 illumination
(open circles); b) A plot of photocurrent response of the device as a
function of irradiated light intensity under a forward bias of 1 V.


Light-emitting properties : Single-layer light-emitting devices
ITO/polymer/Al were constructed and they were subjected to
a dc voltage under a forward bias condition. The origin of light
emission is attributed to the radiative recombination of
exciton states, which are formed by the recombination of
oppositely charged polarons generated by the injection of
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electrons and holes. Table 3 summarizes the light-emitting
properties of some polymers. The PL and EL spectra of some
polymers are shown in Figure 9. It should be noted that the


Figure 9. Photoluminescence and electroluminescence spectra of poly-
mers 13d,f.


polymers consist of two light-emitting groups: the p-conju-
gated system and the metal complex. As a result, they show
very broad emission bands in the yellow-red region that
extend to very long wave-
lengths (>750 nm). For poly-
mer 13 d, both PL and EL spec-
tra show major emission bands
centered at approximately
590 nm, which originates from
the p* ± p emission of the con-
jugated main chain. A small
shoulder due to the emission
from the MLCT states of the
ruthenium complex (p*-d) was
also found at approximately
650 nm. On the other hand,
polymer 13 f has a higher metal
complex content, and its PL
and EL spectra were dominated
by a relatively narrow emission
band centered at 690 nm. No


emission from the polymer main chain was observed. This is
explained by an energy-transfer process between the con-
jugated system and the metal complex. After the conjugated
main chain has been excited, energy is transferred to the
adjacent low-lying MLCT states of the metal complexes.
When the metal complex content increases, this ªquenchingº
process is more efficient, and the luminescence spectra are
dominated by the MLCT emission. A similar energy-transfer
process was also observed in our previously reported con-
jugated polymers based on ruthenium dipyridophenazine
complexes and other systems.[22] The turn-on voltages for the
devices were 6 to 8 V. For the polymer with the highest
ruthenium content (polymer 13 f), the maximum luminance
was determined to be 300 cd mÿ2 at the driving voltage of 28 V.
The external quantum efficiency of the devices was in the
range between 0.05 and 0.2 %. A typical current ± voltage and
luminance ± voltage plot for polymer 13 e is shown in Fig-
ure 10. Despite the relatively short lifetime for these devices
(10 ± 20 min under ambient conditions), the design approach
of these polymers allows us to fine-tune the electronic and
emission properties of the polymers by simply adjusting the
amount of metal complex in the polymer.


Conclusion


Two series of conjugated polymers that were functionalized
with ruthenium or rhenium diimine complexes have been
synthesized. The first series of polymers contains the ruthe-
nium complexes of oxadiazole-substituted 2,2'-bipyridine.
The second type of polymers was derived from the ruthenium
or rhenium complexes of 1,10-phenanthroline. The use of
olefinic coupling reactions allowed the preparation of these
polymers directly from their corresponding monomer metal
complexes. The uniqueness of the electrochemical and
excited-state properties of the complexes was important for
the different opto-electronic processes. From the experimen-
tal studies, it was shown that these complexes were able to act
as photosensitizers, charge-transport species, as well as light
emitters. Their physical properties were dependent on the


Table 3. Performance of some light-emitting devices.


polymer turn-on
voltage [V]


maximum
luminance [cd mÿ2]


external quantum
efficiency [%]


lmax,em


[nm]


13d 8 180 0.08 590, 690[a]


13e 6 220 0.10 710
13 f 6 300 0.10 710
14a 6 100 0.05 600, 700[a]


14b 6 150 0.07 690
15b 6.5 90 0.15 570, 710[a]


15e 7 110 0.17 710
16b 7.5 100 0.20 570, 695[a]


16e 7 130 0.21 700


[a] The emission band appears as a shoulder.


Figure 10. Current ± voltage and luminance ± voltage characteristics of the light-emitting device ITO/poly-
mer 13e/Al.
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metal complex content in the polymers. An energy-transfer
process between the conjugated main chain and the metal
complex moieties was proposed. The investigation of the
excited-state nature of the polymer metal complexes and
energy-transfer processes constitutes another very intriguing
project.


Experimental Section


Materials : All polymerizations were carried out under a nitrogen
atmosphere. N,N-dimethylformamide (DMF) was distilled over CaH2


under reduced pressure. Pyridine was distilled over CaH2. Other common
organic solvents were analytical grade and used as received unless
otherwise stated. Silver trifluoromethanesulfonate, cis-dichlorobis(2,2'-
bipyridine) ruthenium dihydrate, and bromine were purchased from
Aldrich Chemical Co. and used as received. Sodium azide, 4-cyanobromo-
benzene, ammonium chloride, palladium(ii) acetate, tri-o-tolylphosphane,
tri-n-butylamine, and 1,10-phenanthroline monohydrochloride monohy-
drate were purchased from Lancaster Synthesis Ltd. and used as received.
Potassium hexafluorophosphate and rhenium(i) pentacarbonyl chloride
were purchased from Strem Chemical Co. The compounds 2,2'-bipyridine-
5,5-dicarboxylic acid, 2,2'-bipyridine-4,4'-dicarboxylic acid,[23] 3,8-dibromo-
1,10-phenanthroline 9,[24] 1,4-dibromo-2,5-dioctoxybenzene,[25] and 1,4-di-
vinylbenzene[26] were synthesized according to the literature proce-
dures.


Instruments : 1H and 13C NMR spectra (1H NMR 298 K, 13C NMR 298 K)
were collected on a Bruker 300 DPX NMP spectrometer. FTIR spectra
(KBr pellet) were collected on a Bio-RadFTS-7 FTIR spectrometer. UV/
Vis absorption spectra were collected on a HP8453 diode array spectro-
photometer. Mass spectrometry was performed on a high-resolution
Finnigan MAT-95 mass spectrometer. Thermal analyses were performed
on Perkin Elmer DSC7 and TGA7 thermal analyzers. The photolumines-
cence (PL) and electroluminescence (EL) spectra were collected on an
ORIELMS-257 monochromator equipped with an ANDORDV420-BV
charge-coupled device (CCD) detector. Electrochemical experiments were
performed by using a Princeton Applied Research270 potentiostat with a
glassy carbon working electrode and silver/silver chloride reference
electrode. Distilled acetonitrile or dichloromethane were used as solvents,
and tetrabutylammonium tetrafluoroborate (0.1m) was used as the
supporting electrolyte. A small amount of ferrocene was added as an
internal standard.


Synthesis. 1-bromo-4-tetrazoylbenzene 2 : A mixture of 4-cyanobromoben-
zene (1 g, 5.5 mmol), sodium azide (5.7 g, 0.088 mol), ammonium chloride
(4.7 g, 0.088 mol), and dry DMF (40 mL) was stirred and heated under
reflux for 75 h. The cooled solution was added to dilute hydrochloric acid
(150 mL). The precipitate was collected and washed with water and it was
recrystallized with methanol. Yield 1.0 g (81 %).
1H NMR (300 MHz, [D6]DMSO): d� 7.99 (d, J� 8.5 Hz, 2H), 7.84 (d, J�
8.3 Hz, 2 H); 13C NMR (75 MHz, [D6]DMSO): d� 132.4, 128.8, 128.6,
124.6, 123.6; MS (70 eV, EI): m/z (%): 226 [M]� .


5,5'-Bis[2-(4-bromophenyl)-1,3,4-oxadiazoyl]-2,2'-bipyridine 5 : Under a
nitrogen atmosphere, a mixture of 2,2'-bipyridine-5,5'-dicarboxylic acid
(1.14 g, 4.7 mmol) and thionyl chloride (20 mL) was heated under reflux for
24 h. The excess thionyl chloride was removed by distillation. Compound
1-bromo-4-tetrazoylbenzene (2.3 g, 10 mmol) and dry pyridine (90 mL)
were added to the acid chloride formed. The mixture was heated under
reflux for another 50 h. After cooling, the mixture was poured into water,
and the crude product was washed in hot methanol and then dried under
vacuum (2.45 g, 91% yield).
1H NMR (300 MHz, CF3COOD-CDCl3): d� 9.85 (d, J� 1.6 Hz, 2 H), 9.31
(d, J� 8.5 Hz, 2 H), 8.97 (d, J� 8.5 Hz, 2 H), 8.14 (d, J� 8.6 Hz, 4 H), 7.91
(d, J� 8.6 Hz, 4 H); 13C NMR (75 MHz, CF3COOD-CDCl3): d� 169.1,
149.8, 147.0, 143.6, 135.3, 132.4, 130.8, 126.4, 125.3, 122.5, 120.7, 110.0; FTIR
(KBr pellet): nÄ � 1600, 1576 (C�N), 833 cmÿ1 (1,4-disubstituted phen-
ylene); MS (FAB): m/z (%): 602 [M]� ; elemental analysis calcd (%) for
C26H14N6O2Br2 (602.2): C 51.85, H 2.34, N 13.95; found: C 51.90, H 2.42, N
13.95.


4,4'-Bis[2-(4-bromophenyl)-1,3,4-oxadiazoyl]-2,2'-bipyridine 6 : This com-
pound was synthesized according to a similar procedure as for compound 5
except that 2,2'-bipyridine-4,4'-dicarboxylic acid was used instead. Yield
2.5 g (93 %).


1H NMR (300 MHz, CF3COOD-CDCl3): d� 9.66 (d, J� 1.0 Hz, 2 H), 9.29
(d, J� 5.6 Hz, 2 H), 8.72 (d, J� 5.6 Hz, 2 H), 8.15 (d, J� 8.6 Hz, 4 H), 7.89
(d, J� 8.6 Hz, 4 H); 13C NMR (75 MHz, CF3COOD-CDCl3): d� 170.1,
150.1, 149.4, 139.1, 135.6, 132.7, 131.1, 127.0, 123.1, 121.2; FTIR (KBr pellet):
nÄ � 1602, 1574 (C�N), 1075 (CÿO stretching), 835 cmÿ1 (1,4-disubstituted
phenylene); MS (70 eV, EI): m/z (%): 602 [M]� ; elemental analysis calcd
(%) for C26H14N6O2Br2 (602.2): C 51.85, H 2.34, N 13.95; found: C 51.91, H
2.48, N 13.55.


5,5'-Bis[2-(4-bromophenyl)-1,3,4-oxadiazoyl]-2,2'-bipyridine ruthenium(ii)
bis(2,2'-bipyridyl) hexafluorophosphate 7: Under a nitrogen atmosphere,
silver trifluoromethanesulfonate (0.99 g, 3.8 mmol) was added to a solution
of cis-dichlorobis(2,2'-bipyridine)ruthenium dihydrate (1 g, 1.9 mmol) in
acetone (200 mL). The solution was stirred at room temperature for 2 h,
and the silver chloride formed was filtered with a pad of Celite. The filtrate
was evaporated to dryness to give [Ru(bpy)2(acetone)2(SO3CF3)2] (1.37 g,
90% yield). The triflate salt was added to a solution of 5 (2.1 g, 3.4 mmol) in
DMF (6 mL), and the solution was heated at 120 8C for 12 h. The solution
was filtered, and the filtrate was added to an aqueous solution of KPF6. The
product was recrystallized by using a mixture of acetonitrile/diethyl ether
and was collected as a reddish brown solid (1.95 g, 77 % yield).


1H NMR (300 MHz, CD3CN): d� 8.74 (d, J� 8.5 Hz, 2H), 8.68 (d, J�
8.5 Hz, 2 H), 8.60 (d, J� 8.1 Hz, 2H), 8.53 (d, J� 8.1 Hz, 2H), 8.25 ± 8.19
(m, 4 H), 8.05 (t, J� 8.0 Hz, 2 H), 7.90 ± 7.87 (m, 8 H), 7.83 ± 7.80 (m, 4H),
7.55 (t, J� 6.1 Hz, 2H), 7.42 (t, J� 6.1 Hz, 2H); 13C NMR (75 MHz,
CD3CN): d� 165.9, 161.8, 159.3, 158.2, 157.9, 153.4, 153.2, 150.4, 139.4,
139.3, 135.7, 133.8, 129.6, 128.8, 128.7, 127.7, 126.7, 125.6, 125.1, 123.4; FTIR
(KBr pellet): nÄ � 1602, 1559 (C�N), 1081 (CÿO), 844 cmÿ1 (PÿF stretch-
ing); UV/Vis (CH3CN): lmax (e)� 290 (83 000), 360 (62 000), 440 (12 000),
530 nm (5800 dm3 molÿ1 cmÿ1); MS (FAB): m/z (%): 1161 [MÿPF6]� , 1016
[Mÿ 2PF6]� ; elemental analysis calcd (%) for C46H30N10O2Br2RuP2F12


(1304.4): C 42.25, H 2.31, N 10.71; found: C 42.60, H 2.60, N 10.42.


4,4'-Bis[2-(4-bromophenyl)-1,3,4-oxadiazoyl]-2,2'-bipyridine ruthenium(ii)
bis(2,2'-bipyridyl) hexafluorophosphate 8 : The synthetic procedure was
similar to that for 7 except that ligand 6 (1.3 g, 4.7 mmol) was used instead.
Yield 1.7 g (66 %).


1H NMR (300 MHz, CD3CN): d� 8.88 (m, 8H), 8.26 (m, 6 H), 8.05 (d, J�
6.1 Hz, 2H), 7.97 (m, 6H), 7.89 (d, J� 5.4 Hz, 2 H), 7.89 (d, J� 5.4 Hz, 2H),
7.76 (d, J� 5.6 Hz, 2H), 7.59 (t, J� 3.1 Hz, 2 H), 7.53 (t, J� 7.0 Hz, 2H);
13C NMR (75 MHz, CD3CN): d� 166.9, 166.5, 163.1, 159.0, 157.9, 157.7,
154.1, 153.0, 152.7, 149.2, 139.4, 133.8, 133.1, 129.9, 128.9, 128.8, 127.8, 125.5,
125.1, 123.6, 122.4; FTIR (KBr pellet): nÄ � 1600, 1562 (C�N), 1079 (CÿO),
841 cmÿ1 (PÿF stretching); UV/Vis (CH3CN): lmax (e)� 292 (76 000), 360
(14 000), 480 nm (15 000 dm3 molÿ1 cmÿ1); MS (FAB): m/z (%): 1161 [Mÿ
PF6]� , 1016 [Mÿ 2PF6]� ; elemental analysis calcd (%) for C46H30N10O2Br2-


RuP2F12 (1307.6): C 42.25, H 2.31, N 10.71; found: C 42.30, H 2.63, N 10.92.


3,8-Dibromo-1,10-phenanthroline ruthenium(ii) bis(2,2'-bipyridyl) hexa-
fluorophosphate 10 : Under a nitrogen atmosphere, silver trifluorometh-
anesulfonate (0.24 g, 0.96 mmol) was added to a solution of cis-dichloro-
bis(2,2'-bipyridine)ruthenium dihydrate (0.25 g, 0.48 mmol) in acetone
(50 mL). The solution was stirred at room temperature for 2 h, and the
silver chloride formed was filtered with a pad of Celite. After evaporation
of the solvent, the triflate salt [Ru(bpy)2(acetone)2(SO3CF3)2] was added to
a solution of 3,8-dibromo-1,10-phenanthroline 9 (90 mg, 0.28 mmol) in
DMF (3 mL), and the solution was heated at 140 8C for 24 h. The filtered
solution was added to an aqueous solution of KPF6. The product was
recrystallized by using a mixture of acetone/diethyl ether and was collected
as a dark red solid (0.38 g, 75%).


1H NMR (300 MHz, CD3CN): d� 8.84 (d, J� 1.8 Hz, 2H), 8.50 (t, J�
7.5 Hz, 4 H), 8.19 (d, J� 1.2 Hz, 2H), 8.16 ± 7.98 (m, 6H), 7.75 (d, J� 6.1 Hz,
2H), 7.65 (d, J� 5.6 Hz, 2H), 7.42 (t, J� 6.3 Hz, 2 H), 7.27 (t, J� 6.6 Hz,
2H); 13C NMR (75 MHz, CD3CN): d� 158.3, 157.9, 154.6, 153.4, 153.1,
147.1, 140.0, 139.2, 139.1, 132.5, 129.5, 128.7, 128.4, 125.4, 124.2, 122.1; FTIR
(KBr pellet): 1604 (C�N), 841 cmÿ1 (PÿF stretching); UV/Vis (CH3CN):
lmax (e)� 248 (36 000), 292 (54 000), 448 nm (11 000 dm3 molÿ1 cmÿ1); MS
(FAB): m/z (%): 897 [MÿPF6]� , 752 [Mÿ 2PF6]� ; elemental analysis calcd
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(%) for C32H22N6Br2RuP2F12 (1041.4): C 36.91, H 2.13, N 8.07; found: C
37.08, H 2.46, N 8.27.


3,8-Dibromo-1,10-phenanthroline rhenium(i) tricarbonyl chloride 11: Com-
pound 3,8-dibromo-1,10-phenanthroline 9 (40 mg, 0.12 mmol) and rhe-
nium(i) pentacarbonyl chloride (40 mg, 0.12 mmol) were added to toluene
(20 mL) under a nitrogen atmosphere. The solution was heated under
reflux for 2 h. After cooling, the orange-yellow solid was filtered, washed
with toluene and diethyl ether, and dried in vacuum (60 mg, 78% yield).
1H NMR (300 MHz, CDCl3): d� 9.42 (d, J� 1.8 Hz, 2 H), 8.71 (d, J�
1.9 Hz, 2 H), 7.98 (s, 2 H); 13C NMR (75 MHz, CDCl3): d� 157.6, 154.4,
149.3, 146.7, 144.5, 139.9, 132.2, 127.8, 122.1; FTIR (KBr pellet): nÄ � 2015,
1935, 1892 (metal carbonyl CO stretching), 1591 cmÿ1 (C�N); UV/Vis
(CHCl3): lmax (e)� 248 (33 000), 292 (30 000), 335 (17 000), 400 nm
(4,300 dm3 molÿ1 cmÿ1); MS (FAB): m/z (%): 644 [M]� , 613 [MÿCl]� ;
elemental analysis calcd (%) for C15H6N2O3ClBr2Re (643.7): C 27.99, H
0.94, N 4.35; found: C 28.18, H 1.02, N 4.28.


Palladium catalyzed polymerization : The synthesis of polymer 13 d was
performed as in the general procedure. Divinylbenzene 12 (41 mg,
0.315 mmol), ruthenium complex 7 (0.206 g, 0.158 mmol), 1,4-dibromo-
2,5-dioctoxybenzene 11 (78 mg, 0.158 mmol), palladium(ii) acetate (2.8 mg,
4 mol %), and tri-o-tolylphosphane (38 mg, 0.4 equiv) were added to a
25 mL round-bottomed flask under a nitrogen atmosphere. DMF (5 mL)
was added by means of a syringe, and the solution was stirred until all the
solid had dissolved. Tri-n-butylamine (0.22 mL) was added, and the
solution was stirred at 100 8C for 24 h. The solution was poured into
methanol, and the polymer was washed with methanol in a Soxhlet
extractor for 2 days. The polymer was collected as a dark-brown solid.
(0.27 g, 83% yield).


Physical characterization : The polymer films for charge-carrier mobility
measurements were prepared by casting a polymer solution on an indium-
tin-oxide coated glass slide, and the solvent was evaporated slowly. The
typical thickness of the polymer film was approximately 0.5 ± 1.0 mm. A thin
layer of gold electrode (100 ± 120 �) was coated on the polymer film
surface by thermal evaporation under high vacuum (10ÿ6 mbar). The
charge-carrier mobility was determined by the time-of-flight method.[27] A
Laser Science VSL-337 nitrogen laser was used to generate a pulsed laser
source [wavelength� 337.1 nm, pulse energy� 120 mJ, and pulse width full
width at half-maximum (fwhm)� 3 ns]. The transient photocurrent was
monitored by an oscilloscope. The heterojunction photodiode was con-
structed by subliming a layer of C60 (50 nm) onto a polymer film (70 nm)
coated on an ITO glass slide. A layer of aluminum electrode (120 nm) was
coated on the surface by vacuum evaporation. The photocurrent was
measured with a Keithley 238 sourcemeter. An ORIEL xenon arc lamp
(150 W) that simulated solar radiation was used as the light source. The
irradiation light intensity was 100 mW cmÿ2.
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Stable Three-Center Hydrogen Bonding in a Partially Rigidified Structure


RubeÂn D. Parra,[b] Huaqiang Zeng,[a] Jin Zhu,[a] Chong Zheng,[c] Xiao Cheng Zeng,*[b]


and Bing Gong*[a]


Abstract: The three-center hydrogen
bond in diaryl amide 1 was examined
by IR and 1H NMR spectroscopy, X-ray
crystallography, and ab initio calcula-
tions. By comparing 1 with its structural
isomers 2, 3 and 4, and with its con-
formational isomers 1 a ± c, it was found
that the two two-center components of
the three-center interaction reinforce
each other, that is, the enhanced stability
of the three-center hydrogen bond is a


result of positive cooperativity between
the two components. Substituents not
involved in hydrogen bonding have little
effect on the strength of the two- and
three-center hydrogen bonds. To our
knowledge, this is the first three-center


hydrogen-bonding system that has been
shown to exhibit positive cooperativity.
Ab initio calculations of the geometries,
vibrational modes, and 1H NMR chem-
ical shifts also support the experimental
findings. These results have provided a
new insight into the three-center intra-
molecular hydrogen bonding in a parti-
ally rigidified structure and have pro-
vided a reliable motif for designing
stably folded structures.


Keywords: ab initio calculations ´
cooperative phenomena ´ hydrogen
bonds ´ three-center bonds


Introduction


Hydrogen bonding plays an important role in the interaction,
recognition, and conformations of both small and large
molecules.[1] Two-center hydrogen bonds (H-bonds), that
involve one H-bond donor and one acceptor are the most
familiar and have been extensively studied. Three-center
H-bonds, with one donor and two acceptors (XHY type), or
one acceptor and two donors (HXH type), also occur
frequently in the solid-state structures of both small[1c±d, 2]


and biomacromolecules.[1a, 3] Although a vast number of
examples are known in the solid state, three-center H-bonds
have been used mainly to account for the observed exper-
imental facts. In contrast to the tremendous amount of data
available on two-center H-bonds, relatively few model
systems that provide insights on the strength of three-center


H-bonds have appeared. Zimmerman and Murray have
investigated intermolecular three-center hydrogen bonding
in base pairing models and found that two-center H-bonds
were more favorable than three-center ones.[4] Gellman et al.
recently reported intramolecular systems that experimentally
probed the relative energetic merits of two-center versus
three-center H-bonds.[5] By designing depsipeptides that
contain either excess H-bond donors or acceptors, it was
found that there were negative cooperativities between the
two-center components of the three-center hydrogen-bonding
interactions. Bureiko et al. have carried out spectroscopic
studies of three-center H-bonds in solution.[6] The system
investigated includes one intramolecular two-center compo-
nent and another intermolecular two-center component with
added H-bond acceptors. NMR and IR data showed the
formation of the three-center bonds, which were found to lead
to the weakening of the original intramolecular two-center
H-bonds. Rozas et al. have performed ab initio calculations
on intramolecular systems that may form three-center
H-bonds.[7a] Based on electron density critical point calcula-
tions, they concluded that three-center H-bonds are energeti-
cally weaker than regular two-center H-bonds. These previous
theoretical and experimental results seem to suggest that
three-center hydrogen bonding is an unfavorable process. This
is, however, in sharp contrast to the numerous cases of three-
center hydrogen-bonding systems observed, particularly in
the solid state. For example, Martínez-Martínez et al. report-
ed experimental observations on oxamide derivatives whose
predominant conformations were found to be stabilized by
three-center hydrogen-bonding interaction in both solution
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and in the solid state.[8] Although the reported data strongly
imply energetic advantages of the three-center H-bonds over
their two-center components, no comparison that may
provide further insights was made. It is possible that in the
solid state, the existence of three-center H-bonds is enforced
simply by the imbalance of donors and acceptors because of
the interaction energy of other parts of the molecular system.
Another possibility is that three-center hydrogen bonding
itself is energetically favorable. Given appropriate alignment
or confinement, such three-center interactions can readily
form. In many of the model systems probed so far, a three-
center interaction may have become energetically unfavor-
able due to the flexibility of the designed structures.


Indeed, cooperativity is a prominent, but not very well
defined characteristic of multi-center or an array of inter-
linked two-center hydrogen bonding; this is considered as the
enhancement of first hydrogen bond between a donor and an
acceptor when a second hydrogen bond is formed between
one of these two species and a third partner, leading to an
overall stabilized system. Different definitions for coopera-
tivity have been used in the literature.[9] The sum of the non-
additive, many-body energies has been considered as the
energetic contribution of the cooperativity to the stability.[10]


This energy-based definition of cooperativity has been tradi-
tionally used in the discussion of cooperative phenomena in
intermolecular hydrogen-bonded systems.[11] Accordingly,
cooperativity exists when the energy of an array of n
interlinked H-bonds is larger than the sum of n isolated
H-bonds. This non-additive
property arises because the
ability of donor and acceptor
groups to form H-bonds is
further increased by an in-
crease in polarity when the
H-bonds form part of a collec-
tive ensemble. There are two
different mechanisms that can
produce this effect:[9c] 1) func-
tional groups acting simultane-
ously as H-bond donors and
acceptors form extended
chains or rings in which the
individual H-bonds enhance
each other�s strengths by mu-
tual polarization, or 2) charge
flow in suitably polarizable p-
bond systems increases donor
and acceptor strengths. This is sometimes referred to as
resonance-assisted hydrogen bonding.[12] Multi-center or in-
terlinked H-bonds are not always cooperative in a positive
sense. For example, it is usually energetically unfavorable for
an electronegative atom to act as a double H-bond accept-
or.[13] This sort of general weakening is usually referred to as
negative cooperativity.


The effects of cooperativity can also be manifested in
properties other than energetics. For instance, several groups
have shown that a quantitative treatment of cooperativity
effects in inter- and intramolecular H-bonds could be done in
terms of the relative vibrational frequency shifts undergone


by the A-H group involved in hydrogen bonding.[14] Cooper-
ative phenomena have been successfully studied by means of
geometries, dipole moments, vibrational spectra, vibrational
mode intensities, and quadrupole coupling constants.[13] The
cooperative effects manifested in these properties have been
shown to parallel those seen in energetics. The ability to define
and describe cooperativity with parameters other than ener-
getics is particularly important for intramolecular hydrogen-
bonded systems, since the definition and evaluation of
intramolecular interaction energies is by far not evident
owing to the nonexistence of reference systems.[13b] Moreover,
weak intramolecular H-bond interactions are energetically
comparable to conformational and other intramolecular
interactions. Some authors have already shown that
the stability of a conformation containing an intramolecular
H-bond is not necessarily related to the stability of
the H-bond itself.[15] Consequently, no discussion will
be made regarding the energetic contribution to the
stability.


It is desirable that the parameters chosen to investigate
cooperative effects be particularly sensitive to hydrogen
bonding, and less (or not) sensitive to other interactions. In
this study, which includes both experimental and theoretical
aspects, the cooperative effects are described in terms of the
NÿH bond lengths, the NÿH stretching and bending frequen-
cies, and the NÿH 1H NMR chemical shifts.


We recently reported crescent oligoamides whose back-
bones are rigidified by three-center H-bonds.[16a] Amide 1, the


simplest in this series of oligoamides, was found to adopt a
well-defined conformation in both chloroform and the highly
polar dimethyl sulfoxide. The stability of the three-center
H-bond in 1 was confirmed by our preliminary experimental
and theoretical studies. 1H NMR spectroscopy indicated a
significant downfield shift of the NH signal of 1 relative to
those of its structural isomers 2 and 3. Preliminary ab initio
molecular orbital calculations on 1 and its conformational
isomers 1 a ± c showed that 1 was energetically favored over
1 a ± c, with 1 a ± c constrained to planarity.


We decided to carry out detailed theoretical and exper-
imental investigations dealing with all aspects of the three-
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center hydrogen bonding in 1 based on the following
considerations:
1) Although our preliminary data suggested a highly stable


three-center hydrogen-bonding system, the reasons for
such a stability are still not clear.


2) Amide 1 can be compared to its conformational isomers
1 a ± c and to its structural isomers 2 ± 4 at the same time,
which should provide insights into two-center and three-
center hydrogen-bonding interactions.


3) The effect of substituents on the hydrogen-bonding
strength can be probed by comparing 2 to 2', 3 to 3', and
4 to 4'.


4) Amide 1 provides a relatively rigid system for studying
three-center hydrogen bonding.


We believe this relatively rigid system represents a model
with an hydrogen-bonding environment similar to those found
in the solid-state structures and in the interiors of folded
biomacromolecules, in which H-bond donors and acceptors
are partially confined.


We choose to focus on the amide NH groups of 1 and those
of its structural and conformational isomers, since changes in
their bond length, stretching frequencies, and NMR chemical
shifts directly reflect the corresponding changes in hydrogen
bonding. By comparing the hydrogen-bonding stability of 1
with those of its structural and conformational isomers, the
two components of the three-center hydrogen bonding are
found to act cooperatively, leading to an energetically favored
three-center hydrogen-bonding interaction.


Results and Discussion


Experimental studies : The most important experimental
methods available today for detecting hydrogen bonding are
NMR[17] and IR[18] spectroscopy. For an amide group, its NH
signal usually shows a chemical shift to lower field when the
group is hydrogen bonded. The IR frequencies of an amide
NÿH bond are always shifted toward lower frequencies when
the group is hydrogen bonded. IR spectroscopy has an
additional advantage over NMR spectroscopy: partial hydro-
gen bonding, involving some free and some hydrogen-bonded
NH groups, exhibits two peaks in the IR spectrum. Both NMR
and IR methods can distinguish between inter- and intra-
molecular hydrogen bonding, since the intermolecular peaks
show concentration-dependent changes in their intensities or
chemical shifts, while intramolecular peaks are unaffected.


1H NMR and IR measurements were performed in chloro-
form on 1 and its structural isomers 2 ± 4, and on amides 2' ± 4'.
The X-ray crystallographic structures of 1 ± 3 were deter-
mined; these further support the NMR and IR results. These
results clearly indicate the presence of a highly favored three-
center H-bond in 1 (vide infra).


1H NMR measurements : At 1 mm, downfield shifts of the
amide NH signals (independent of concentration) of 1 ± 3
relative to that of 4 (1 mm) were observed. For 4, no change in
the amide H chemical shift was observed from 2 mm to lower
concentrations, indicating the absence of intermolecular
hydrogen bonding at low sample concentrations. The NH


chemical shifts of 1 ± 3 are independent of the concentration in
the range from 0.5 mm to 10 mm, consistent with formation of
intramolecularly hydrogen-bonded rings in these molecules.


Comparison of the data (Table 1) for the differences of the
NH chemical shifts of 1 ± 3 and 4 in chloroform and in DMSO


further revealed the presence of intramolecular H-bonds in
1 ± 3. When the solvent was changed from chloroform to
DMSO, the NH signal of 1 showed the smallest change
(0.07 ppm) and those of 2 and 3, which are expected to be
involved in two-center H-bonds, showed larger changes
(0.37 ppm for 2 and 0.78 ppm for 3) compared with 1.
However, the solvent-related changes in the NH chemical
shifts of amides 2 and 3 become insignificant when compared
to the 2.34 ppm shift of 4, whose amide H atom is completely
exposed to solvent molecules.


In chloroform, relative to 4 (Table 1), amide 1 has the
largest downfield shift (2.98 ppm) of its NH signal; amide 2
exhibits the second largest downfield shift (1.98 ppm), and
amide 3 has the smallest change (0.86 ppm). The NMR data
reveal the relative strength of the H-bonds in 1 ± 3 as: three-
center of 1> two-center of 2> two-center of 3. It needs to be
pointed out that the downfield shift of 1 is larger than those of
2 and 3 combined; this implies a cooperative effect[16b] in the
three-center hydrogen bonding in 1.


Amides 2' ± 4', which can be viewed as being derived from
2 ± 4 by removing the methoxy groups that are not involved in
intramolecular hydrogen bonding, showed NH chemical shifts
that are very similar to those in 2 ± 4 (Table 1). The solvent-
dependent changes in the NH chemical shifts of 2' ± 4' are also
very similar to those of 2 ± 4. These results indicate that,
relative to 1, the chemical shift changes observed in the NH
signals of 2 ± 4 are mostly not due to the changes in the
position of the methoxy substituents. Therefore, the NH
chemical shift of each compound can be viewed as a direct
reflection of its hydrogen-bonding type and strength.


IR measurements : The NÿH stretching frequencies (n) of
amides 1 ± 4 were measured in CHCl3 solution (1 mm) by IR
spectroscopy (Table 1). There is no intermolecular hydrogen
bonding for 4' at this concentration because no new band
corresponding to the NH stretching frequency was observed
from 2 mm to lower concentrations. Similar to the above NMR


Table 1. Measured chemical shifts and stretching frequencies of the NH groups of
amides 1 ± 4 and 2' ± 4'.[a]


4 3 2 1 2' 3' 4'


d(CDCl3) 7.63 8.49 9.61 10.61 9.83 8.56 7.78
(0.00) (0.86) (1.98) (2.98) (2.20) (0.93) (0.15)


d([D3]DMSO) 9.97 9.27 9.98 10.68 10.12 9.43 10.25
(0.00) (ÿ0.70) (ÿ0.01) (0.71) (0.15) (ÿ0.54) (0.28)


Dd[b] 2.34 0.78 0.37 0.07 0.29 0.87 2.47
n 3442 3433 3373 3340 3367 3426 3437


(0) (ÿ9) (ÿ69) (ÿ102) (ÿ75) (ÿ16) (ÿ5)


[a] Values of chemical shifts (d) are in ppm and are relative to that of TMS.
Stretching frequencies (n) are in cmÿ1. Values in parentheses are relative to 4 ; NMR
and IR measurements were carried out at a sample concentration of 1mm. The
spectrum of pure CHCl3 was subtracted in IR measurements. [b] Dd�
d([D6]DMSO)ÿd(CDCl3).
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results, the IR data indicate that 1 ± 3 adopt exclusively the
intramolecularly hydrogen-bonded conformations, since each
compound displays only one NÿH stretching maximum that is
independent of concentration changes (from 1 mm to 10 mm).
The NÿH stretching frequencies of 1 ± 3 are red shifted
relative to 4'. Amide 1 demonstrates the largest shift
(ÿ102 cmÿ1), amide 2 exhibits the second largest shift
(ÿ69 cmÿ1), and amide 3 shows the smallest shift (ÿ9 cmÿ1).
The IR data have provided additional evidences for the
relative strength of the H-bonds in 1 ± 3. The fact that the red
shift of 1 is much larger than those of 2 and 3 combined, again
supports a cooperative effect in the three-center hydrogen
bonding in 1. As shown in Table 1, the NÿH stretching
frequencies of 2' ± 4' are very similar to those of 2 ± 4. The IR
data parallel the above NMR data and clearly indicate that
the changes seen in 2 ± 4 relative to 1 are due to the hydrogen-
bonding environment surrounding each NH group. Thus, the
NÿH stretching frequency of each compound can be used as a
reliable indicator of its hydrogen-bonding type and strength.


Crystal structures : As shown in Figure 1, the crystal structure
of 1 shows an intramolecular three-center interaction; the
NÿH bond is involved in both a five- and six-membered ring
H-bond, leading to a perfectly planar molecule reminiscent of
a typical three-center H-bond.[19] The six-membered ring
H-bond in 2 is preserved in its solid-state structure. Amide 2
adopts a nearly flat conformation due to the presence of this
two-center intramolecular H-bond. The five-membered ring
H-bond in 3, which persists in solution as indicated by IR and
NMR data, is disrupted in the solid state. Instead of forming
an intramolecular H-bond, the NH group of 3 is involved in
intermolecular hydrogen bonding; this indicates the marginal
stability of the five-membered ring H-bond observed in
solution. Positive cooperativity in the three-center hydrogen
bonding in 1 is clearly indicated by these results: the presence
of the six-membered ring component helps the formation of
the five-membered ring component, which would otherwise
be disrupted as shown by the solid-state structure of 3.


Theoretical studies : Computational studies not only can
verify the above experimental results but also provide addi-
tional insights into this novel three-center hydrogen-bonding
system. Furthermore, structures that can not be probed
experimentally, such as the conformational isomers of 1, can
be easily investigated by theoretical methods. We thus
decided to carry out detailed ab initio calculations on amides
1 ± 4 and the conformational isomers 1 a ± c.


To investigate whether positive or negative cooperative
phenomena play a role upon formation of the three-center
H-bond structure 1, we payed particular attention to struc-


Figure 1. a) Crystal structure of 1. The molecule adopts a flat conformation
with a typical 3-centered H-bond. b) Crystal structure of 2. This molecule is
also planar. c) Crystal structure of 3. The molecule is nonplanar. Dihedral
angles are 29.78 (between the amide group and the benzoyl ring) and 34.8o


(between the amide group and the aniline ring). The amide group is
involved in intermolecular hydrogen bonding.


tural and spectral changes relative to the structural isomers
2 ± 4, and conformational isomers (1 a ± c) of 1. Structures 2' ±
4' are also included to explore substituent effects on the
relative strength of the two-center H-bonds. It is important to
note that in previous work the geometries of isomers 1 a ± c
were constrained to be planar;[16a] in this study the planarity
constraint has been removed. The computational results are
summarized in Table 2.


Table 2. Calculated parameters for the NÿH bonds.


4 3 2 1 1a 1b 1 c 2' 3' 4'


nNH
[a] 3480 3485 3437 3423 3455 3474 3467 3433 3483 3482


bNH
[a] 566 599 640 681 508 634 440 648 623 563


rNH
[b] 1.008 1.009 1.011 1.013 1.012 1.011 1.011 1.012 1.009 1.008


dNH
[c] 7.27 8.46 9.80 10.43 9.12 7.92 6.56 9.92 8.56 7.48


[a] Frequencies in cmÿ1; stretching frequencies are scaled by 0.9613;[27] bNH stands for bending mode. [b] Bond lengths in �. [c] dNH is the calculated chemical
shift relative to that of TMS.
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The data in Table 2 show that the NÿH bond lengths are
elongated, relative to the reference geometries, upon forma-
tion of a two-center H-bond. The formation of a three-center
H-bond gives rise to a larger increase of the NÿH bond
lengths. This increase of the NÿH bond lengths can be used as
one index to quantify cooperative effects. The greater DrNÿH


values for structure 1 clearly indicate the existence of sizeable
non-pairwise effects.


The data in Table 2 also show that formation of an H-bond
in 3, 3', and 1 b produces a small blue shift of the NÿH
stretching frequencies. This result suggests that a rather weak
H-bond interaction be involved; this weak H-bond interaction
is expected to occur in a five-membered ring because the
angular geometry is unfavorable.


On the other hand, formation of an H-bond in a six-
membered ring (1 a, 2, 2') produces a sizeable red shift in the
NÿH stretching mode. The stronger interaction of an H-bond
in a six-membered ring relative to that in a five-membered
ring is manifested in the larger DnNÿH frequency shifts
observed in the former. The NÿH stretching mode is further
red shifted in the bifurcated system, indicating that positive
cooperative effects are taking place.


Another important mode of vibration that exhibits coop-
erative effects is the bending NÿH mode (bNH). A study of the
in-plane NÿH bending mode is complicated by its mixing with
other vibrational movements. The NÿH out-of-plane bending
mode, however, presents a less complex situation with spectral
changes that are comparable to those occurring in the NÿH
stretching mode. The data in Table 2 show that a three-center
H-bond produces a much larger blue shift in this mode than
those found in any of the two-center H-bond systems.


Cooperative effects are also evident in the 1H NMR signal
of the proton participating in hydrogen bonding. The data in
Table 2 indicate a shift to lower field upon formation of an
H-bond. The shift is larger when the two-center H-bond is in a
six-membered ring as opposed to a five-membered ring. The
1H NMR chemical shift downfield is larger upon formation of
a three-center H-bond.


The above ab initio results, in combination with the
experimental data, unequivocally demonstrate that positive
cooperativity between the two-center components, rather
than a response to unfavorable contacts in alternative
conformations, is responsible for the observed stability of
the three-center H-bond in 1. While one may argue that the
conformation of 1 is favored because of the unfavorable O to
O repulsion that exists in each of its conformational isomers
1 a ± c, similar stabilization in 1, which is attributed to
cooperativity, is also observed by comparing 1 with its
structural isomers 2 ± 4, and with structures 2' ± 4', which do
not contain any O to O repulsive interactions.


In summary, the three-center H-bond system considered in
this work presents positive cooperative effects as consistently
manifested by increased donor NÿH bond lengths, enhanced
red shifts of the NÿH stretching frequencies, larger blue shifts
of the out-of-plane bending frequencies, and larger downfield
of the 1H NMR chemical shifts. The relative H-bond strength
follows the order three-center> two-center (six-membered
ring)> two-center (five-membered ring); this is consistent
with the conclusion based on experimental results.


A comprehensive ab initio study of cooperative phenomena
in a number of intramolecular hydrogen-bonding systems that
contain the amide motif is currently under way, and the results
will be published elsewhere.


Conclusion


Our results from experimental measurements clearly indicate
that the three-center H-bond is favorable relative to two-
center H-bond interactions. The data presented strongly
suggest that the two components of the three-center inter-
action act cooperatively. This is further confirmed by ab initio
calculations. To the best of our knowledge, this is the first
model system in which positive cooperativity is found in an
intramolecular three-center H-bond. The NÿH chemical shift
and stretching frequency, which are little affected by sub-
stituents that are not involved in hydrogen bonding, are
directly related to the type and strength of the H-bond that is
involved. Therefore, IR and NMR spectroscopy should
provide reliable means for assaying the folding of oligomers
whose backbones are rigidified by the type of three-center
H-bonds seen in 1. Several factors may be responsible for the
observed positive cooperativity: 1) the semi-rigid structure of
1; 2) the reduced electronegativity of the ether O atoms
compared with carbonyl O atoms, which may alleviate
secondary electrostatic interaction that is associated with
many hydrogen-bonded complexes;[18b, 20] and 3) the weak
C-H ´´´ O hydrogen bonding[21] between the amide carbonyl O
and its nearest aromatic H atoms. Such a system helps
rationalize the frequent occurrence of three-center H-bonds
in the crystal structures of small molecules and biomacromo-
lecules. Unlike the three-center hydrogen bonding which was
found to be weaker than two-center hydrogen bonding in
flexible peptide systems,[5] the three-center system described
here is rather robust, which, when combined with proper
structural scaffolds, should serve as a reliable basic folding
unit for designing a variety of unnatural, folded structures.


Experimental Section


Synthesis of amides 1 ± 4, and 2' ± 4': All chemicals were purchased from
Aldrich, Fluka, and Sigma and used as received. The amides were
synthesized by treating a solution of the corresponding alkoxyanilines in
chloroform in the presence of triethylamine with a solution of the
corresponding benzoyl chloride in chloroform at 0 8C. The products gave
satisfactory results on elemental, 1H and 13C NMR analysis.


X-ray crystallography : Several crystals of each compound were indexed on
a Siemens SMART CCD diffractometer by using 40 frames with an
exposure time of 20 seconds per frame. All of them exhibited monoclinic
lattice. One crystal for each compound with good reflection quality was
chosen for data collection, which was carried out at room temperature
(273 K). The total number of reflections collected in the hemisphere of the
reciprocal lattice of the monoclinic cells were 5659, 11 546, and 5701 for
compounds 1, 2, and 3, respectively. The corresponding numbers of unique
reflections (with associated R(int)) were 1870 (0.0326), 3776 (0.0329), and
1828 (0.0321). An empirical absorption correction using the program
SADABS[22] was applied to all observed reflections. The structures were
solved with the direct method by using the SHELXS and SIR97
programs;[22, 23] both programs yielded the same structures. Full-matrix
least-square refinement on F 2 was carried out by using the SHELXTL
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program.[22] The final agreement factors R1, wR2 [I> 2s(I)] are 0.0371,
0.0828 for compound 1, 0.0439, 0.1009 for 2, and 0.0411, 0.0848 for 3. The
final structures were checked for additional symmetry with the MISSYM
algorithm[24] implemented in the PLATON program suite.[25] No additional
symmetry was found. Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publi-
cation no. CCDC-160139, CCDC-160140, and CCDC 160141. 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).


Ab initio calculations : The ab initio calculations were performed using the
Gaussian 98 program package.[26] Geometry optimizations were performed
at the B3LYP/6 ± 311��G(d,p) level. The so optimized geometries were
used to compute harmonic vibrational frequencies at the B3LYP/6 ± 31G(d)
level, and 1H NMR magnetic shielding at the B3LYP/6 ± 311�G(2d,p)
level.
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A Novel Mixed Dimer of a Norephedrine-Derived Chiral Lithium Amide and
2-Lithium-1-methylimidazole, and Catalytic Enantioselective Deprotonation
of Cyclohexene Oxide


Mohamed Amedjkouh, Daniel Pettersen, Sten O. Nilsson Lill, Öjvind Davidsson,
and Per Ahlberg*[a]


Abstract: Improved stereoselectivity
has been obtained by using 2-lithium-1-
methylimidazole, 2, as a replacement for
lithium diisopropylamide (LDA) as a
bulk base in catalytic deprotonations.
The chiral lithium amide 6 of (1R,2S)-N-
methyl-1-phenyl-2-pyrrolidinylpropan-
amine, 5, has been found to deprotonate
cyclohexene oxide 3 in the presence of
compound 2 to yield (S)-cyclohex-2-en-
1-ol, 4, in 96 % ee. Compound 2 is a
carbenoid species conveniently generat-
ed from nBuLi and 1-methylimidazole,


1. The base 2 has also been found to play
a more intimate role in the deprotona-
tion. Investigations by 1H, 6Li and
13C NMR of the 6Li/15N isotopologue 8
of 6 have shown that 6 is homodimeric in
THF and that, in the presence of 2, it
forms a novel heterodimer 10. This


heterodimer is found to be the dominant
reagent in the initial state, rather than
the homodimer of 6. Computational
investigations with PM3 and B3LYP/
6 ± 311�G(d,p) have shown possible
structures of the heterodimers, as well
as the role of THF and 1 in the solvation
of the dimers. The results are in line with
the NMR results. Favoured complexes in
the equilibria between homo- and
heterocomplexes are also reported.


Keywords: asymmetric catalysis ´
chiral lithium amide ´ heterodimer
´ multinuclear (1H, 6Li, 13C) NMR ´
semiempirical calculations


Introduction


Homochiral lithium amides are being developed and used for
highly stereoselective deprotonations of, for example, epox-
ides to yield enantiomers of allylic alcohols[1±3] for use in such
syntheses as those of biologically active compounds.[4±9] Much
remains to be known about the nature of these reagents in
solution. Some have been shown to aggregate to homodimers
and are thus the reagents in the deprotonations.[10±14] There
have been a number of attempts to run stereoselective
deprotonations under catalytic conditions.[15±17] The chiral
lithium amide has been used in catalytic quantities and the
less-reactive lithium diisopropyl amide (LDA) has been used
as a bulk base by which the chiral lithium amide is regenerated
from the chiral amine produced.[18±21] However, under these
conditions the enantioselectivity obtained is usually lower
than that obtained under noncatalytic conditions. The reason


for this is presumably that the competitive, nonstereoselective
deprotonation by LDA yields some racemic product.


To improve the degree of stereoselectivity in catalytic
deprotonations, access to bulk bases that have lower kinetic
basicity than LDA but comparable thermodynamic basicity is
required. In our search for such bases, we made use of
1-methylimidazole, 1, as a precursor. This compound under-
goes carbon deprotonation at the C2 position with, for
example, nBuLi to yield 2-lithium-1-methylimidazole, 2,
which is a carbenoid species (Scheme 1).[22, 23]


Since proton transfer to carbon is usually slower than to
more electronegative atoms, such as nitrogen, compound 2
was expected to show lower kinetic basicity than a nitrogen
base of similar thermodynamic basicity. In THF, we found by
NMR that 2 has a basicity comparable to LDA. As expected,
and in contrast to LDA, compound 2 did not measurably
cause any deprotonation of cyclohexene oxide 3 to yield
cyclohex-2-en-1-ol, 4, even after very long reaction times.
These properties indicated to us that 2 should be useful as a
bulk base in catalytic asymmetric deprotonations.


In this paper, we also report on the advantage of compound
2 as a bulk base and on its more intimate role through the
formation of a reagent heterodimer consisting of a monomer
of 2 and a monomer of a homochiral lithium amide. The
structure of the novel reagent has been elucidated from 1H,
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Scheme 1. Structures of labelled and nonlabelled precursors and their
lithiated counterparts, shown together with homodimers 9 and 11 and the
heterodimer 10.


6Li and 13C NMR spectroscopy. Computational studies have
shown possible structures of the heterodimers as well as the
role of THF and 1 in the solvation of the dimers. Favoured
complexes in the equilibria between homo- and heterocom-
plexes are also reported. Improved enantioselectivity, ob-
tained with the new heterodimer 10, is also reported.


Results and Discussion


Recently, the norephedrine-derived diamine 5 was
synthesised, and the corresponding lithium amide 6 was
found to deprotonate 3 in THF to yield (S)-4 in 93 % ee
(Scheme 2).[24, 25]


Scheme 2. Enantiomerically specific deprotonation of 3.


When this reaction was run under catalytic condi-
tions with a reaction mixture composed of 6 (0.02m),
LDA (0.2m) and 3 (0.1m) in THF at 20 8C, the ee
decreased to 22 %. In contrast, the catalytic reaction
mixture composed of 6 (0.2m), 2 (0.2m) and 3 (0.1m)
gave (S)-4 in 93 % ee, but the reaction was slower than


the one with LDA. That the same ee was obtained as for the
noncatalytic reaction of 6 with 3 suggests that 2 was operating
as predicted. However, the use of the lithium carbenoid 2 in
equimolar amounts to 6 in THF to deprotonate 3 resulted, to
our surprise, in a deprotonation with increased enantioselec-
tivity. Compound (S)-4 was formed in 96 % ee, and this
enantiomeric excess remained constant during the whole
reaction, as shown by chiral GC. This suggests that compound
2 is not functioning just as a bulk base, but is participating
intimately in the deprotonation reaction.


These findings prompted us to investigate the nature of
reagent 6 in the presence and absence of the lithium
carbenoid 2. For this purpose 7, the 15N isotopologue of 5,
and 8, the 6Li/15N isotopologue of 6, were prepared and
studied in [D8]THF by multinuclear NMR spectroscopy. 1H,
6Li and 13C NMR spectra were obtained at different temper-
atures, and selected 1H and 13C NMR chemical shifts are
shown in Table 1.


The 6Li NMR spectrum of 8 at ÿ80 8C mainly showed two
triplets of equal intensity but with different splittings (Fig-
ure 1a). This shows that two different lithium atoms are
present and that each of them is coupled, with the same
coupling constant, to two labelled nitrogens (15N). The
coupling constants (J(6Li,15N)) for the two lithiums were
found to be 5.8 Hz and 3.8 Hz. These results suggest that 6 is
mainly present as homodimer 9 with nonequivalent lithium
atoms in THF, and that one of the lithiums is tricoordinated
while the other is tetracoordinated.[10] Possible structures of 9
that have different nitrogen configurations are shown in
Scheme 3.


Computational studies by PM3 of comparable states of
dimers with and without specific THF solvation show that the
state containing 9 b ´ THF has the lowest enthalpy and, thus,
may be the dimer isomer observed in solution.[24]


Table 1. Assigned 1H and 13C NMR chemical shifts at ÿ80 8C in [D8]THF for selected
atoms in 1, 2, 7, 8 and 10.


1 2 7 8 10
d d d d d


H1 at C1 3.67 3.69
H2 at C2 7.44 ±
H3 at C3 7.03 6.81
H4 at C4 6.85 6.75
C1 33.1 36.0 33.0
C2 139 204 201
C3 130 129 128
C4 121 117 116
C5 35.8 45.3 46.0
C6 67.9 77.4 77.9
C7 143 149 150
C8 67.1 72.6 71.7
C9 52.9 54.3 54.0
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Figure 1. 6Li NMR spectra obtained atÿ80 8C of solutions of 8 in [D8]THF
in the absence and presence of added 1: a) 0.27m 8 ; b) 0.25 equiv of 1
added; c) 0.50 equiv of 1 added; d) 0.75 equiv of 1 added; e) 2.0 equiv of 1
added.


Addition of 0.25 equivalents (equiv) of the imidazole 1 to a
solution of 8 (0.27m) in [D8]THF resulted in dramatic changes
in the 6Li NMR spectrum. The intensity of the two triplets
decreased and new signals, which overlapped the triplets,
appeared (Figure 1b). Further addition of 0.25 equiv of 1 gave
a spectrum that mainly consisted of two doublets of about
equal intensity (Figure 1c). A separate experiment had shown
that the 6Li NMR spectrum of the 6Li-lithiated 1, that is the
6Li isotopologue of 2, only shows a singlet in [D8]THF at
ÿ80 8C (cf. below). Thus, the two doublets formed upon
addition of the 0.5 equiv of 1 together with 1H and 13C NMR
spectra indicate that the lithium amide 8 had deprotonated
the methylimidazole 1 at the 2 carbon to yield the diamine 7,
and that a new type of isotopically labelled dimer 10 had
formed, which was composed of one monomer of 8 and one


Scheme 3. Possible structures of homodimers of 6.


monomer of 6Li-labelled 2. In such a dimer, each 6Li is
coupled to only one 15N. Selected 1H and 13C NMR chemical
shifts of 10 are shown in Table 1. The two doublets shown in
Figure 1c coalesce at ÿ55 8C (DG=


218 K� 11.1� 0.3 kcal molÿ1).
Computationally investigated structures of the heterodimer
10 are displayed in Scheme 4.


Evidently, the heterodimer 10 is more stable than both 11,
the homodimer of 2, and 9, the homodimer of 6. Addition of a
further 0.25 equiv of 1 only resulted in shifts of the doublets to
lower field, since no 8 is available for deprotonation and
heterodimer formation (Figure 1d). The shifts indicate that 1
is solvating the heterodimer. The addition of altogether two
equivalents of 1 shifted the doublets further (Figure 1e); now
the one with the larger coupling constant (J(6Li,15N)� 5.6 Hz)
appeared at lower field than the one with the smaller coupling
constant (J(6Li,15N)� 3.8 Hz).


This novel heterodimer was also prepared by starting with a
solution of 1 (0.27m) in [D8]THF. When an equivalent amount
of nBu[6Li] (about 10m) was added, the 6Li NMR mainly
displayed a singlet (Figure 2a).


1H and 13C NMR spectra showed that this signal is due to
the 6Li-labelled lithium carbenoid 2. After addition of
0.25 equiv of diamine 7, the 6Li NMR spectrum shown in
Figure 2b was obtained; besides the singlet originating from
6Li-labelled 2, it shows the two doublets emanating from the
labelled mixed dimer 10. The measured coupling constants
(J(6Li,15N)) are 5.5 Hz and 4.0 Hz. Evidently, the lithium
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Scheme 4. Possible structures of heterodimers built from a monomer of 6
and a monomer of 2.


Figure 2. 6Li NMR spectra obtained at ÿ80 8C of solutions of 6Li-labelled
2 in [D8]THF in the absence and presence of added 7: a) 0.27m 6Li-labelled
2 ; b) 0.25 equiv of 7 added and c) 0.50 equiv of 7 added.


carbenoid 2 is a strong enough base to deprotonate the
diamine 5 and yield a monomer of lithium amide 6 as part of a
mixed dimer, together with a monomer of 2. The deprotona-
tion of 5 by 2 produces the 1-methylimidazole, 1. The 6Li
NMR chemical shifts indicate that both the heterodimer 10
and the remaining 2 are solvated by 1. The spectrum after
addition of 0.5 equiv of 7 in total displayed essentially only
two doublets (shifted); this showed that only the heterodimer
10 was present (Figure 2c).


The reactivity of 10 is similar to that of 6. Recently, it has
been shown that the rate-limiting transition state in the
deprotonation of 3 by 6 in THF is composed of a dimer of 6
and one molecule of 3.[24] Possibly, the 10-promoted elimi-
nation of 3 is making use of a rate-limiting transition state
built from the heterodimer 10 and one molecule of 3. The
scope and limitations of the above findings in asymmetric
deprotonations are currently being explored. Below, results of
PM3 and DFT (B3LYP/6 ± 311�G(d,p)) investigations of
possible solvated and nonsolvated hetero- and homodimeric
structures together with equilibrium enthalpies are discussed.


Computational investigations : Some of the PM3- and DFT-
calculated structures are shown in Figures 3 ± 6, below. Others
are found in the Supporting Information.


Of the unsolvated heterodimers (Scheme 4), 10 a and 10 c
were found to have the lowest, and almost identical, enthalpy.
These two isomers differ in the orientation of the imidazoloid
ring. In each isomer, the two lithium atoms are part, together
with the carbenoid carbon, the imine nitrogen of the
imidazoloid and the amide nitrogen, of a five-membered ring
in an envelope conformation. LiA bonds to both the amide
nitrogen and the carbenoid carbon, while LiB is bonded both
to the amide and imine nitrogens. LiB also has a long bond (ca.
2.6 �) to the carbenoid carbon (Figure 3). In 10 a, LiB is also
internally coordinated to the pyrrolidine nitrogen, while in
10 c LiA is coordinated to the pyrrolidine nitrogen. Thus in
10 a, one lithium is dicoordinated and the other tetracoordi-
nated, while in 10 c both lithiums are tricoordinated. On
optimising 10 a with DFT, the LiBÿcarbenoid-carbon bond is
elongated from 2.6 � to 2.7 �. In contrast, the other bonds to
Li are shortened, for example the LiAÿamide-nitrogen bond is
shortened by 0.1 �.


Upon specific monosolvation by THF at the PM3 level, the
solvent coordinates preferably to the lithium that is not
internally coordinated to the pyrrolidine nitrogen. In 10 c ´
THF, the long lithiumÿcarbenoid-carbon bond is elongated
(ca. 2.8 �), while in 10 a ´ THF the corresponding CÿLi bond
is almost unchanged (ca. 2.6 �). Compounds 10 a ´ THF and
10 c ´ THF are of similar energy. Specific monosolvation by
1-methylimidazole, 1, has a similar effect on the structure as
found for THF, although the solvation enthalpy is much larger
for 1 (ÿ21 kcal molÿ1) than for THF (ÿ7 kcal molÿ1). The
solvation enthalpies calculated by using B3LYP/6 ± 311�
G(d,p)//PM3 are ÿ14 and ÿ10 kcal molÿ1, respectively. Di-
solvation by THF yields only an additional solvation enthalpy
of about ÿ2 kcal molÿ1 by using PM3 compared with
ÿ6 kcal molÿ1 by DFT. PM3 is known[26±28] to underestimate
solvation enthalpies of ethereal solvents by 3 ± 4 kcal molÿ1, so
taking the entropy of solvation[27, 28] (ca. 5 kcal molÿ1) into
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account as well predicts that the heterodimers are most likely
a mixture of both mono- and disolvated species in THF. Upon
disolvation, it is energetically favourable to break the
coordination to the pyrrolidine nitrogen (Figure 4). For


example, 10 e ± 10 g were found to have more negative
solvation enthalpies than structures that had pyrrolidine
coordination. Several structures were found to be of almost
equal enthalpy (cf. Figure 4 and Supporting Information). The


Figure 3. PM3- and DFT-calculated non- and monosolvated heterodimer structures. Hydrogens are omitted for clarity.
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solvation enthalpy from a second molecule of 1 was calculated
to be ÿ15 kcal molÿ1. To evaluate the PM3-calculated solva-
tion enthalpies for 1, PM3 enthalpies were compared with
single-point energies calculated by using B3LYP/6 ± 311�


G(d,p)//PM3 on the 1-mono- and -disolvated monomers of
CH3Li and NH2Li. It was found that PM3 overestimates the
solvation enthalpy of 1 by 2 ± 8 kcal molÿ1. If an entropy of
solvation of about 5 kcal molÿ1 is assumed, the heterodimers


Figure 4. PM3-calculated THF-disolvated heterodimer structures. Hydrogens are omitted for clarity.
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10 are expected to be essentially completely disolvated by 1 as
long as >2 equiv of 1 are present (Figure 5). DFT, on the
other hand, gives only a second solvation enthalpy of
ÿ3 kcal molÿ1 for 10 e ´ 12. In the PM3-calculated disolvated
structures, the carbenoid carbon is coordinated to only one


lithium. Also, with two solvating molecules of 1, it was found
that breaking the pyrrolidine nitrogen coordination was
energetically favourable. DFT calculations on 10 a ´ 12 and
10 e ´ 12 showed that the isomer without pyrrolidine-nitrogen
coordination was 0.3 kcal molÿ1 more stable. 10 e ´ 12 was


Figure 5. PM3-calculated heterodimer structures disolvated by 1. Hydrogens are omitted for clarity.
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calculated to have the lowest enthalpy also at PM3 level. The
distance from the amine nitrogen to the nearest lithium in
10 e ´ 12 was calculated to be 4.7 �.


PM3 and B3LYP/6 ± 311�G(d,p) optimised structures of
11 are shown in Figure 6. At PM3 level, 11 involves bonding of
Li to both C and N within each monomer. At DFT level, the
Liÿcarbenoid-carbon bond is elongated from 2.4 � (at PM3
level) to about 2.7 �. Other bonds to lithium are shorter at
DFT than at PM3 level. The calculated structure is similar to
the crystal structure of the homodimer (3-lithium-4-tert-butyl-


thiazol-2-ylidene-glycoldimethyl ether)2.[22] The calculated
energy difference between the isomers 11 a and 11 b is almost
equal at both DFT and PM3 levels (0.24 and 0.42 kcal molÿ1,
respectively).


In Scheme 5, some results of the studies of equilibria
between homodimers 9 and 11 and heterodimers 10 with
or without solvation by THF or 1-methylimidazole 1 are
shown. Relative energies have been calculated both at the
PM3//PM3 and at the B3LYP/6 ± 311�G(d,p)//PM3 level
of theory.


Figure 6. PM3- and DFT-calculated structures of homodimers of 6 and 2. The homodimer 9 is monosolvated by THF and disolvated by 1. Hydrogens are
omitted for clarity. 11a and 11b are isomers, and their relative energies are given in kcal molÿ1.
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Of all states in Scheme 5, state K, which involves solvation
of each Li in 10 e by one molecule of 1, is the most stable one
and is used as a reference state. In the equilibrium between
the nonsolvated dimers, state E is favoured over A by
1.7 kcal molÿ1 with PM3 and by 7.1 kcal molÿ1 with DFT. THF
solvation of 11 a and 9 b makes state B 8.9/16.4 kcal molÿ1


more stable than state A (Figure 6). The solvation energies
obtained by solvation by imidazole 1 are larger than for
solvation by THF. Thus, state C is 18.9/4.6 kcal molÿ1 more
stable than B. The most stable state involving the 1-disolvated
homodimers 11 a and 9 a is 2.0/1.5 kcal molÿ1 less stable than
state K. State K is 14.9/3.2 kcal molÿ1 more stable than G with
10 a monosolvated by 1. With the assumption that PM3
overestimates 1 solvation and an estimated solvation entropy
of about 5 kcal molÿ1, 10 is indicated to be preferably
disolvated by 1. State H with the THF-disolvated heterodimer
10 c ´ (THF)2 is 26.7/1.0 kcal molÿ1 higher in enthalpy than K.
This enthalpy difference indicates that 1 will replace THF in
the solvation of the dimers. This prediction agrees with the
NMR observations, in which the lithium signals are shifted
upon addition of 1 to a THF solution of the heterodimer 10.


Conclusion


In summary, we found that the imidazoloid 2 is a strong
enough base to deprotonate the diamine 5 to yield 6, which
forms the mixed dimer 10 with the remaining 2. On the other
hand, interestingly, 6 is found to be able to deprotonate 1 to
yield 2 which forms the heterodimer 10 with the remaining 6.
Evidently, the thermodynamically most stable complex in
solution is the heterodimer 10, and this complex is thus the
new reagent in the enantioselective deprotonation of the
meso-epoxide 3 yielding an enhanced stereoselectivity (96 %
ee).


Computational investigations by PM3 and B3LYP/6 ±
311�G(d,p) have shown possible structures for the hetero-
and homodimers, and the role of THF and 1 in the solvation of
the dimers, in line with the NMR results. Favoured complexes
in the equilibria between homo- and heterocomplexes have
also been calculated.


Experimental Section


General : All syringes and glass vessels
used were dried overnight in a vacuum
oven (50 8C) before being transferred
into a glovebox (Mecaplex GB 80
equipped with a gas-purification sys-
tem that removes oxygen and mois-
ture) under a nitrogen atmosphere.
The typical moisture content was less
than 0.5 ppm. All handling of the
lithium compounds was carried out in
the glovebox with gas-tight syringes.
The solvent used, THF, was distilled
from sodium and benzophenone. The
rearrangements of 3 were performed
in a nitrogen atmosphere. The concen-
tration of the commercially available
nBuLi (ca. 2.5m in hexanes, Acros)
was determined by titration.[24]


[D8]THF was stored over molecular
sieves (4 �) in the glovebox. Com-


pound 1 (Sigma ± Aldrich) was distilled over CaH2. nBu[6Li] was prepared
as previously described.[29] Methyl[15N]amine hydrochloride (98 %� iso-
topic and chemical purity) was purchased from Cambridge Isotope
Laboratories. All GC analyses were run on a chiral stationary-phase
column (CP-Chirasil-DEX CB, 25 m, 0.32 mm) from Chrompack. The
column was held at 95 8C (injector 225 8C, detector 250 8C) with helium
(2 mL minÿ1) as a carrier gas. tR(3)� 3.25 min, tR((S)-4)� 7.45 min, tR((R)-
4)� 7.90 min.


Synthesis of (1R,2S)-N-methyl-1-phenyl-2-pyrrolidinylpropan[15N]amine
7: A modification of a procedure described earlier for the synthesis of 5 was
used for the synthesis of 7.[24, 30] After purification by short-path distillation,
the precursor amino alcohol (2.05 g, 10 mmol) was dissolved in THF under
a nitrogen atmosphere in a flask equipped with septa and cooled to 0 8C in
an ice bath. Triethylamine (4.25 mL, 30 mmol) was added to the stirred
solution, and methanesulfonyl chloride (1.48 mL, 20 mmol) was added
dropwise with a syringe over 20 min while a yellow precipitate formed. The
ice bath was removed and the mixture was stirred for another 1.5 h at RT.
Triethylamine (7.1 mL, 50 mmol) and methyl[15N]amine hydrochloride (1 g,
15 mmol) were added sequentially to the reaction mixture. Upon addition
of water (3 mL), the remaining precipitate dissolved; this resulted in a clear
solution, which was stirred at RT for another 48 h. The aqueous phase was
extracted with diethyl ether (3� 40 mL), and the collected organic layers
were washed with NaHCO3 (10 %, 2� 40 mL) and brine (40 mL). The
organic phase was dried over Na2SO4, and evaporation in vacuum gave a
brownish oil as residue. Distillation at reduced pressure through a Vigreux
column and chromatography (silica gel) starting with dichloromethane
(100 %), then with a gradient up to dichloromethane/methanol (95:5)
yielded the amine 7 as an colourless oil. Yield: 1.43 g, 66% (>99 % NMR,
>99.2 % ee of (1R, 2S)-7, chiral GC); b.p. 65 ± 67 8C / 3� 10ÿ2 mbar;
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.15 ± 7.30 (m, 5 H; Ph), 3.85
(d, J� 3.2 Hz, 1H; PhCHN), 2.54 ± 2.57 (m, 4 H; NCH2), 2.34 (s, 3 H; NMe),
2.26 ± 2.28 (m, J� 3.2 Hz, 1 H; CHN), 1.90 (br s, 1 H; NH), 1.75 ± 1.83 (m,
4H; CH2), 0.80 (d, J� 6.4 Hz, 3H; Me); 13C NMR (125 MHz, [D8]THF,


25 8C): d� 143.3, 128.8, 128.7, 127.2 (Ph), 67.9 (CHN), 67.8 (CHN), 53.0
(NCH2), 35.8 (NHMe), 25.3 (CH2), 13.4 (Me).


NMR, general : All NMR experiments were performed in Wilmad tubes
(5 mm) fitted with a Wilmad/Omnifit Teflon valve assembly (OFV) and a
Teflon/Silicon septum. NMR spectra were recorded on a Varian Unity 500
spectrometer equipped with a 5 mm 1H, 6Li, 13C triple-resonance probe
head, custom built by Nalorac. Measuring frequencies were 499.9 MHz
(1H), 125.7 MHz (13C) and 73.57 MHz (6Li). The 1H and 13C spectra were
referenced to signals from residual protons at C2, and the C2 carbon in the
solvent [D8]THF: d� 1.73 and d� 25.57, respectively. Lithium resonances
were referenced to external 6Li in [6Li]Cl (0.3m) in [D4]MeOH (d� 0.0) in
a separate NMR tube. The typical 908 6Li pulse was 20 ms. The probe
temperature was calibrated by using a methanol thermometer.


Typical NMR experiment : Amine 7 (44 mL, 0.2 mmol) was added to
[D8]THF (700 mL) in an NMR tube. The lithium amide 8 was generated by


Scheme 5. PM3- and DFT-calculated enthalpies in kcal molÿ1 of states in equilibrium involving dimers with
varying degrees of solvation. State K is used as a reference state.







Novel Dimer for Enantioselective Catalysis 4368 ± 4377


Chem. Eur. J. 2001, 7, No. 20 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0720-4377 $ 17.50+.50/0 4377


titration of 7 with nBu[6Li] (ca. 10m, 20 mL) while monitoring the
disappearance of the benzylic proton of 7 at d� 3.8 and the appearance
of the benzylic proton of 8 at d� 4.0 at ÿ80 8C. The 1-methylimidazole, 1,
(4 mL, 0.05 mmol, 0.25 equiv) was added, and the solution was allowed to
equilibrate for 15 minutes before spectra were recorded. 6Li spectra were
recorded with at� 2 s, d1� 18 s and nt� 32.


Typical rearrangement of 3 : Amine 5 (4.4 mL, 0.02 mmol) and 1-methyl-
imidazole 1 (16 mL, 0.20 mmol) were dissolved in THF (880 mL) in a
reaction vessel in the glovebox. After the vessel was transferred from the
glovebox, nBuLi (89 mL, 2.47m in hexanes, 0.22 mmol) was added under
nitrogen. The yellow reaction solution was allowed to equilibrate at
20.00� 0.05 8C for 10 minutes in a thermostat (Heto Birkerùd). The
reaction was started by adding cyclohexene oxide 3 (10 mL, 0.10 mmol) to
the reaction mixture. In order to follow the reaction, samples (50 mL) were
withdrawn from the reaction vessel at different intervals, and diethyl ether
(0.5 mL) was added. The solutions were quenched in saturated NH4Cl
(0.25 mL) and washed with brine (0.25 mL). The samples were analysed by
chiral gas chromatography. The reaction yield of 4 was determined by using
an internal standard relative to 4 at the end of the reaction as previously
described.[24]


Computational details : Geometries were optimised at the PM3 level of
theory.[31±33] In Spartan, the option HHON[34] was used to correct for
hydrogens in close contact.[35, 36] All geometries were characterised as
minima on the potential energy surface by use of the sign of the eigenvalues
of the force-constant matrix obtained from a frequency calculation.
Selected structures were optimised by using B3LYP/6 ± 311�G(d,p)[37±40]


as implemented in Gaussian 98.[41] Reaction energies were calculated at
PM3//PM3, B3LYP/6 ± 311�G(d,p)//PM3, or B3LYP/6 ± 311�G(d,p)//
B3LYP/6 ± 311�G(d,p) levels of theory.
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Synthesis of Cyclo-1,3-dien-5-ynes**


Henning Hopf* and Anke Krüger[a]


Dedicated to Professor Siegfried Hünig on the occasion of his 80th birthday


Abstract: Cyclo-1,3-dien-5-ynes with ring sizes from 10 to 14 (6 a ± e) have been
prepared for the first time by using a five-step synthesis starting from the alkynols
7 a ± e. The final ring-closure was achieved by McMurry coupling of the a,w-
dialdehydes 12 a ± e with the complex TiCl3(DME)1.5. Thermal isomerization of the
cyclodienynes leads to the corresponding benzocycloalkenes, and it has been shown
that the ring size has a considerable influence on the temperature necessary for
thermocylization.


Keywords: alkynes ´ bridged furans
´ cyclodienynes ´ cyclization ´
McMurry coupling


Introduction


The thermal cyclization of hexa-1,3-dien-5-yne (1) to benzene
(3) is the ªdihydro variantº of the celebrated Bergman
cyclization.[2] At temperatures above 200 8C this electrocycli-
zation begins with the formation of isobenzene (2, cyclohexa-
1,2,4-triene),[3] which subsequently stabilizes itself by a hydro-
gen shift process to 3.[4±7] (Scheme 1).


Whereas in the Bergman cyclization of hex-3-en-1,5-diynes
the cycloaromatization requires the ªadditionº of external
hydrogen atoms (which may be furnished either by simple
hydrogen donors, such as cyclohexa-1,4-diene, or also by very
complex ones, such as DNA[2]), the substrate 1 is ªself


Scheme 1. The thermal cyclization of hexa-1,3-dien-5-yne (1) to benzene
(3).


sufficientº, no external hydrogen source being necessary for
its cyclization. Having studied the mechanism of the 1! 3
cyclization in great detail[4, 5] and having, furthermore, used
this process for the synthesis of a number of novel aromatic
hydrocarbons,[5, 8] we became interested in incorporating the
hexa-1,3-dien-5-yne unit into cyclic ring systems. Since the
terminal carbon atoms of 1 have to be joined during the
isomerization step, it appears reasonable to assume that the
interconnection of these positions through a molecular bridge
should facilitate the process. Comparable experiments have
been carried out for the Bergman cyclization, and it has been
shown that the cyclization temperature required can be
reduced significantly (from ca. 200 8C for the parent hydro-
carbon[9] to room temperature for cyclodeca-1,5-diyne-3-ene,
for example[10]). Before we began our preparative efforts to
find a route to the cyclo-1,3-dien-5-ynes, we carried out
semiempirical calculations[11] on the stability of these unsatu-
rated hydrocarbons. According to these estimates, the ring
strain in cyclodeca-1,3-dien-5-yne (C10H12) should be suffi-
ciently low to permit the isolation of this hydrocarbon. In fact,
this compound is the only currently known isolable member
of this series, having been prepared by Hanack and co-
workers many years ago.[12] However, the reaction sequence
published at that time is quite elaborate and not easily
adapted to other ring sizes. In this paper, we report on a
general synthesis of the cyclo-1,3-dien-5-ynes with ring sizes of
between ten and fourteen members, and present exploratory
experiments on their thermal cyclization.


Results and Discussion


Since the base-catalyzed isomerization of hexa-1,5-diyne (4)
to 1 is a very well known process in hydrocarbon chemistryÐit
is in fact the fundamental process of Sondheimer�s annulene
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chemistry[13] and has also been studied extensively from the
mechanistic viewpoint[14]Ðwe initially thought that it should
be effortlessly adaptable to converting cyclo-1,5-diynes 5 into
their conjugated isomers 6. The starting materials 5 are now
readily available, thanks to the synthetic efforts of Gleiter and
co-workers.[15] As a model compound, cycloundeca-1,5-diyne
(5, n� 5) was selected. However, to our surprise, all isomer-
ization reactions, with a large variety of bases and different
conditions, failed.[16] Either the starting cyclodiyne did not
rearrange at all, or isomerization would set in uncontrollably,
leading to a product mixture containing numerous isomer-
ization products that could not be separated. After a series of
other unsuccessful approachesÐincluding inter alia pinacoli-
zation, Barbier and Sonogashira coupling reactions, and ring-
closing metathesis of appropriately functionalized precursor
systems[11]Ðthe sequence summarized in Scheme 2 was finally
successful.


The starting materials were the alkynols 7, all of them
readily available commercially or from propargyl alcohol by
standard treatments. These were first subjected to an acetyl-
ene zipper reaction[17] by using Abrams� method, which
involves treatment of the acetylenic alcohols with lithium
powder and potassium tert-butoxide in 1,3-diaminopropane
(DAP).[18] The advantage of this variant over Brown�s classical
procedure[17] is the improved safety and the consistently good
to excellent yield of the desired terminal alkynols; yields in
the 80 ± 100 % range are typically achieved after purification
by distillation; this permits preparation of the starting
materials on the multigram scale. Subsequent Swern oxida-
tion[19] of 8 a ± e afforded the corresponding aldehydes 9 a ± e,
which could be used without further purification, again in
good yield. However, these intermediates are unstable toward


oxygen and can only be stored for prolonged periods when
kept under argon. The higher homologues of 9 crystallize on
standing in the freezer.


The next step involved chain elongation with the ylide
prepared from the phosphonium salt 10, a process often used
to prepare a,w-unsaturated aldehydes.[20] In contrast to the
procedures reported in the literature, work up was carried out
under neutral conditions to avoid removal of the protecting
group. The yields of the ketals 11, isolated as colorless oils,
were around 80 %, and they were produced as mixtures of E
and Z isomers in ca. 2.5:1 ratios (GC analysis). It was not
possible to separate the diastereomers by preparative gas
chromatography but, when solutions of them in tetrahydro-
furan were treated with aqueous oxalic acid, the deprotected
E aldehydes were generated in a pure state. This observation
was put to use when the derivatives 11 were subjected to a
second chain extension step to give the dialdehydes 12. The
ketals 11 were metallated with butyl lithium in diethyl ether,
and the resulting acetylides were quenched with DMF. Work
up under acidic conditions removed the protecting group and
induced Z!E isomerization, resulting in the formation of the
dialdehydes 12, which, after rapid chromatographic purifica-
tion at low temperature, were obtained as colorless oils. They
could only be stored for a limited time under argon in the
refrigerator and, hence, should be used as quickly as possible.


The synthesis of the desired cyclo-1,3-dien-5-ynes 6 was
finally accomplished by means of a McMurry-type coupling of
12, by using TiCl3(DME)1.5 (DME� dimethoxyethane) as the
titanium source and a zinc/copper couple as the reducing
agent.[21] Whereas 6 a and 6 b were formed even at room
temperature, the higher homologues required boiling DME.
The yields of the cyclodienynes (see Scheme 2) do not show


any particular trend. For the
lower members of the series,
their low thermal stabilities
(see below) and their high vol-
atilities certainly contributed to
a yield reduction. Complete
removal of the solvent was only
possible with heavy losses of
product. We also noted the
formation of higher-molecular-
weight material, but found no
evidence that this was produced
by the formation of dimers or
trimers. The products 6 a ± e
were characterized by the usual
spectroscopic methods as de-
scribed in the Experimental
Section. The assignment of the
(1E,3Z) stereochemistry shown
in Scheme 2 is largely based on
the coupling constants between
the olefinic protons. Whereas
the coupling constants between
the protons at C-3 and C-4
amount to 10.5� 0.5 Hz, con-
stants of 15.8� 0.1 Hz are ob-
served between the protons atScheme 2. The preparation of the cyclodienynes 6.
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C-1 and C-2. Furthermore, the
1H NMR spectrum of (7Z,9E)-
octadeca-7,9-dien-5-yne, an
open-chain model for the cyclo-
dienynes 6, has recently be-
come available.[22] For this di-
enyne, a value of 10.3 Hz was
observed for Jcis and one of
15.4 Hz for Jtrans ; this is in ex-
cellent agreement with the data
for the cyclic hydrocarbons 6.


Over all five steps, the hydro-
carbons 6 could be prepared in
isolated yields between 2 %
(n� 4) and 22 % (n� 8), no
optimization so far having been
attempted. Because of their
trans-configured double bonds,
the dienynes 6 are inherently
chiral. However, attempts to
resolve them on a chiral col-
umn (cyclodextrin)[23] have so
far met with failure. Whether
this is due to a low enantiomer-
ization barrier or to not yet
having found the right resolu-
tion conditions is unknown at
present.


Interestingly, when other
conditions for the McMurry
coupling were applied, differ-
ent results were obtained. For
example, in a qualitative ex-
periment under the conditions
proposed by Lenoir[24] (TiCl4,
Zn powder, pyridine, terahydrofuran), 12 c provided a com-
plex mixture comprising 6 c and two oxygen-containing
compounds. Structures 13 and 14 (Scheme 3) were assigned
to these, largely on the basis of GC/MS analysis. Although
they could not be obtained in pure form, we are confident
about our structure assignment, largely because of the
similarity of their spectroscopic and analytical data to those
of the acetylene 18 (see below). To reduce the complexity of
the product mixture, we replaced 12 c with the more sym-
metrical dialdehyde 15 in a second experiment. In this case the
McMurry coupling provided the corresponding products 16
(2.6 %), 17 (16 %), and 18 (7 %). Again, it was easy to assign a
furan structure to the last product, but the ring positions in
which the bridging alkynyl chain was anchored were not
initially obvious. Comparison with the NMR spectra of model
compounds,[25] however, indicated that structure 18 must be
correct. For the alternative 19 a coupling constant of about
3.4 Hz would be expected for the furan-ring hydrogen atoms,
whereas in 20 it should amount to 0.9 Hz and in 21 to 1.5 Hz.
For 18 a value of 1.8 Hz was observed.


Although no mechanistic studies were undertaken to
elucidate the mechanism of formation of the unexpected
ªfuranophanesº, we believe that the interpretation offered in
Scheme 4 for 18 is reasonable.


The process begins with the formation of radical 22 on the
surface of the activated titanium. This intermediate may be
reduced a second time to provide the corresponding diyl,
which can collapse to the intermediate that, on hydrolysis, will
furnish the diol 17 or the endiyne 16. Alternatively, the radical
centre in 22 may be trapped intramolecularly by the
unreduced ynal function to provide the cyclic radical 23. This
stabilizes itself through a 1,3-hydrogen shift, and the resulting
radical 24$ 25 can undergo terminal ring-closure to 18 by
deoxygenation. It seems likely that the cyclization products
6 c, 13, and 14 are produced by a similar mechanism in the case
of 12 c.


The anticipated thermal cyclizations of the monocyclic
precursor hydrocarbons 6 to the corresponding benzocycloal-
kenes were studied in a series of exploratory experiments by
heating the starting materials in tetradeuterio-ortho-dichloro-
benzene and monitoring the cycloaromatization by 1H NMR
spectroscopy. As shown in Scheme 5Ðand already mentioned
aboveÐthe ten-membered ring system 6 a already begins to
aromatize at room temperature.


As expected, the higher homologues require higher tem-
peratures, a trend that has also been observed in the Bergman
cyclization of cyclic endiynes.[10] For a thorough understanding
of the cyclization process it will now be necessary to


Scheme 3. Furan formation during McMurry coupling of the unsaturated dialdehydes 12 and 15.


Scheme 4. Mechanism of furan formation.
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Scheme 5. Thermal cyclization of the cyclodienynes 6 to the benzocyclo-
alkenes 26.


investigate the kinetics of the reaction. We hope to report on
these results in due course.


Experimental Section


General remarks : All moisture-sensitive reactions were carried out in
flame-dried glassware under nitrogen or argon. When necessary, commer-
cially available reagents and solvents were purified and dried by standard
methods immediately prior to use. IR: Nicolet 320 FT-IR spectrometer.
UV/Vis: HP 8452 A Diode Array spectrophotometer. 1H and 13C NMR:
Bruker AC 200 or Bruker DRX 400 spectrometer at 200.1 and 50.3, or
400.1 and 100.6 MHz, respectively; chemical shifts refer to TMS as internal
standard, while NMR signal assignments were performed with the aid of
COSY and COLOQ experiments. MS: Finnigan MAT 8430. GC/MS: Carlo
Erba HRGC 5160 in combination with a Finnigan 4515 mass spectrometer;
HRMS: Finnigan MAT 8430 with the peak-matching method. Elemental
analyses: Institute of Inorganic and Analytical Chemistry of the Technical
University of Braunschweig. Undec-10-yn-1-ol (8 e) is a commercial
product (Lancaster Synthesis) and was used without further purification.


General procedure for the preparation of the alkynols 8 : Lithium powder
was placed under nitrogen in a three-necked flask, and 1,3-diaminopropane
was added. The mixture was stirred at 80 8C for 2 h; during which the initial
blue color faded and a pale grey suspension was formed. After this had
cooled to RT, potassium tert-butoxide was added, and the mixture was
stirred for 15 min. The alkynol 7 was added and, after 2 h at RT, the orange
reaction mixture was cautiously poured into ice water (50 mL). After
extraction with chloroform (4� 50 mL), the combined organic layers were
washed with water, 10% aq. HCl, satd. NaHCO3 solution, and saturated
brine solution, then dried over sodium sulfate. After removal of the solvent
at reduced pressure, the crude product was purified by distillation.
Although the products 8 have all been described in the literature, the
analytical data are incomplete and were recorded under different
conditions. We have therefore repeated/completed these data for the
whole set of homologous compounds 8.


Hept-6-yn-1-ol (8a): This compound was synthesized according to the
general procedure: Li (0.42 g, 60 mmol), diaminopropane (30 mL), tBuOK
(3.9 g, 35 mmol), and 7 a (1.0 g, 9.0 mmol) provided 8a (0.97 g, 8.66 mmol,
97%). 1H NMR (200 MHz, CDCl3): d� 1.36 ± 1.65 (m, 6H; 2-H, 3-H, 4-H),
1.93 (t, 1H; 4J� 2.6 Hz, 7-H), 2.18 (dt, 3J� 6.7, 4J� 2.6 Hz, 2H; 5-H), 3.62
(t, 3J� 6.3 Hz, 2 H; 1-H); 13C NMR (50.3 MHz, CDCl3): d� 18.3 (C-5), 24.8
(C-3 or C-4), 28.2 (C-3 or C-4), 32.1 (C-2), 62.7 (C-1), 68.3 (C-7), 84.4 (C-6);
IR (film): nÄ � 3300 (vs), 2940 (vs), 2864 (s), 2117 (w), 1433 (m), 1401 (m),
1073 (m), 1052 (m), 626 cmÿ1 (s); UV/Vis (MeCN): lmax(lg e)� 192 (2.49),
220 (0.79), 276 nm (0.65); MS (70 eV, EI): m/z (%): 112 [M]� (2), 97 (14), 93
(11), 83 (17), 79 (100), 67 (31), 55 (59).


Oct-7-yn-1-ol (8 b): This compound was synthesized according to the
general procedure: Li (2.21 g, 0.32 mol), diaminopropane (160 mL),
tBuOK (20.6 g, 0.19 mol), and 7b (5.94 g, 47 mmol) provided 8b (4.87 g,
38.6 mmol, 82%). 1H NMR (200 MHz, CDCl3): d� 1.33 ± 1.54 (m, 8H; 2-H,
3-H, 4-H, 5-H), 1.89 (t, 4J� 2.6 Hz, 1 H; 8-H), 2.01 ± 2.16 (m, 2H; 6-H),
3.52 ± 3.59 (m, 2 H; 1-H); 13C NMR (50.3 MHz, CDCl3): d� 18.3 (C-6), 25.2
(C-5), 28.3 (C-3 or C-4), 28.4 (C-3 or C-4), 32.5 (C-2), 62.7 (C-1), 68.2 (C-8),
84.5 (C-7); IR (film): nÄ � 3348 (s, br), 3301 (vs), 2937 (vs), 2861 (vs), 2117
(w), 1463 (m), 1433 (m), 1328 (m), 1074 (m), 1056 (m), 1033 (m), 1002 (m),


726 (m), 628 cmÿ1 (s); UV/Vis (MeCN): lmax(lg e)� 192 (2.52), 208 (1.72),
226 nm (1.16); MS (70 eV, EI): m/z (%): 125 [MÿH]� (1), 107 (24), 93 (48),
79 (100), 67 (62), 55 (39), 43 (9).


Non-8-yn-1-ol (8 c): This compound was synthesized according to the
general procedure: Li (3.08 g, 0.44 mol), diaminopropane (220 mL),
tBuOK (28.6 g, 0.26 mol), and 7 c (9.16 g, 65.6 mmol) provided 8 c (8.57 g,
61.2 mmol, 94%). 1H NMR (200 MHz, CDCl3): d� 1.20 ± 1.53 (m, 10H;
2-H to 6-H), 1.70 (br s, 1H; OH), 1.88 (t, 4J� 2.7 Hz, 1H; 9-H), 2.12 (dt,
3J� 6.8, 4J� 2.6 Hz, 2H; 7-H), 3.56 (t, 3J� 6.5 Hz, 2H; 1-H); 13C NMR
(50.3 MHz, CDCl3): d� 18.3 (C-7), 25.6 (C-6), 28.3, 28.6, 28.8 (C-3, C-4,
C-5), 32.6 (C-2), 62.8 (C-1), 68.1 (C-9), 84.6 (C-8); IR (film): nÄ � 3350 (s,
br), 3310 (s), 3302(s), 2934 (vs), 2859 (s), 2118 (w), 1464 (w), 1058 (w),
625 cmÿ1 (s); UV/Vis (MeCN): lmax(lg e)� 202 (2.22), 222 (1.76), 244 nm
(1.48); MS (70 eV, EI): m/z (%): 121 [MÿH3O]� (2), 107 (28), 79 (100), 67
(59), 55 (71).


Dec-9-yn-1-ol (8d): This compound was prepared according to the general
procedure: Li (1.54 g, 0.22 mol), diaminopropane (110 mL), tBuOK (14.3 g,
0.13 mol), and 7d (5.05 g, 32.0 mmol) provided 8 d (3.86 g, 25.1 mmol,
76%). 1H NMR (200 MHz, CDCl3): d� 1.22 ± 1.55 (m, 12H; 2-H to 7-H),
1.90 (t, 4J� 2.6 Hz, 1H; 10-H), 2.00 (br s, 1H; OH), 2.14 (dt, 3J� 6.9, 4J�
2.6 Hz, 2 H; 8-H), 3.57 (t, 3J� 6.6 Hz, 2 H; 1-H); 13C NMR (50.3 MHz,
CDCl3): d� 18.3 (C-8), 25.6 (C-7), 28.4, 28.6, 29.0, 29.2 (C-3, C-4, C-5, C-6),
32.7 (C-2), 62.8 (C-1), 68.1 (C-10), 84.7 (C-9); IR (film): nÄ � 3346 (s, br),
3312 (s), 2933 (vs), 2858 (vs), 2118 (w), 1465 (m), 1433 (m), 628 cmÿ1 (s);
UV/Vis (MeCN): lmax(lg e)� 202 (2.04), 214 (1.55), 244 nm (1.26); MS
(70 eV, EI): m/z (%): 155 [M�H]� (1), 121 (11), 107 (18), 93 (56), 79 (100),
67 (80), 55 (88).


General procedure for the preparation of the aldehydes 9 : A solution of
anhydrous DMSO in anhydrous dichloromethane (10 mL) was slowly
added to a solution of oxalyl chloride in anhydrous dichloromethane
(100 mL) at ÿ60 8C. The mixture was stirred for 10 min, and a solution of
the alkynols 8 in anhydrous dichloromethane (20 mL) was added. After this
had been stirred for 30 min at ÿ60 8C, triethylamine was added, and the
reaction mixture was allowed to warm to 0 8C. After addition of diethyl
ether (150 mL) and water (100 mL), the layers were separated, and the
aqueous phase was extracted carefully with diethyl ether (3� 100 mL). The
combined organic layers were washed with 15% aq. HCl, 5 % aq. soda
solution, and saturated brine, then dried with sodium sulfate. After removal
of the solvent in vacuo, the crude product was purified by distillation.
Although the products 9 have all been described in the literature, the
analytical data are incomplete and were recorded under different
conditions. We have therefore repeated/completed these data for the
whole set of homologous compounds 9.


Hept-6-yn-al (9a): This compound was prepared according to the general
procedure: oxalyl chloride (2.1 mL, 23.1 mmol), DMSO (3.6 mL), NEt3


(14 mL, 0.1 mol), and 8 a (2.36 g, 21 mmol) produced 9a (2.29 g, 20.8 mmol,
98%). 1H NMR (200 MHz, CDCl3): d� 1.42 ± 1.77 (m, 4H; 3-H, 4-H), 1.91
(t, 4J� 2.6 Hz, 1 H; 7-H), 2.14 (dt, 3J� 6.8, 4J� 2.6 Hz, 2 H; 5-H), 2.40 (t,
3J� 7.1 Hz, 2 H; 2-H), 9.69 (pseudo s, 1 H; 1-H); 13C NMR (50.3 MHz,
CDCl3): d� 18.1 (C-5), 21.0 (C-3 or C-4), 27.7 (C-3 or C-4), 43.2 (C-2), 68.7
(C-7), 83.7 (C-6), 202.0 (C-1); IR (film): nÄ � 3297 (s), 2943 (s), 2868 (s), 2117
(w), 1712 (vs), 1655 (m), 1649 (m), 1638 (m), 1461 (m), 1433 (m), 1413 (m),
1356 (m), 1331 (m), 1291 (m), 1234 (m), 1198 (m), 1140 (m), 1080 (m),
635 cmÿ1 (s). UV/Vis (MeCN): lmax(lg e)� 192 (2.45), 220 (1.85), 276 nm
(1.07); MS (70 eV, EI): m/z (%): 111 [M�H] � (100), 110 [M]� (15), 109
(46), 93 (76), 83 (48), 79 (26), 77 (16), 67 (57), 55 (60).


Oct-7-yn-al (9 b): This compound was prepared according to the general
procedure: oxalyl chloride (1.5 mL, 16.5 mmol), DMSO (2.5 mL), NEt3


(10 mL, 71.4 mmol), and 8b (1.8 g, 14.3 mmol) provided 9b (1.67 g,
13.5 mmol, 94%). 1H NMR (400 MHz, CDCl3): d� 1.36 ± 1.62 (m, 6H;
3-H, 4-H, 5-H), 1.88 (t, 4J� 2.5 Hz, 1 H; 8-H), 2.13 (dt, 3J� 6.9, 4J� 2.7 Hz,
2H; 6-H), 2.38 (dt, 3J� 7.3, 3J� 1.6 Hz, 2H; 2-H), 9.71 (t, 3J� 1.5 Hz, 1H;
1-H); 13C NMR (100.6 MHz, CDCl3): d� 18.1 (C-6), 21.5 (C-5), 28.0 (C-3 or
C-4), 28.1 (C-3 or C-4), 43.6 (C-2), 68.4 (C-8), 84.1 (C-7), 202.4 (C-1); IR
(film): nÄ � 3298 (s), 2939 (vs), 2862 (s), 2117 (w), 1710 (vs), 1464 (m), 1433
(m), 1412 (m), 1363 (m), 1352 (m), 1270 (m), 1245 (m), 1206 (m), 1176 (m),
1133 (s), 1087 (m), 630 cmÿ1 (s); UV/Vis (MeCN): lmax(lg e)� 192 (2.67),
222 nm (2.39); MS (70 eV, EI): m/z (%): 124 [M]� (7), 109 (10), 101 (20), 95
(72), 80 (100), 67 (35), 60 (35), 55 (83).
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Non-8-yn-al (9c): This compound was prepared according to the general
procedure: oxalyl chloride (2.3 mL, 24.4 mmol), DMSO (3.9 mL), NEt3


(15 mL, 107 mmol), and 8c (3.1 g, 22.1 mmol) provided 9 c (2.94 g,
21.3 mmol, 96 %). 1H NMR (200 MHz, CDCl3): d� 1.27 ± 1.65 (m, 8H;
3-H to 6-H), 1.88 (t, 4J� 2.6 Hz, 1 H; 9-H), 2.12 (dt, 3J� 6.8, 4J� 2.6 Hz,
2H; 7-H), 2.37 (dt, 3J� 7.4, 3J� 1.7 Hz, 2H; 2-H), 9.70 (t, 3J� 1.7 Hz, 1H;
1-H); 13C NMR (50.3 MHz, CDCl3): d� 18.2 (C-7), 21.8 (C-6), 28.1, 28.3,
28.5 (C-3, C-4, C-5), 43.7 (C-2), 68.2 (C-9), 84.4 (C-8), 202.5 (C-1); IR
(film): nÄ � 3299 (s), 2937 (vs), 2861 (s), 2117 (w), 1710 (vs), 1464 (m), 1433
(m), 1401 (m), 1355 (m), 1328 (m), 1296 (m), 1259 (m), 1234 (m), 1172 (m),
1133 (s), 1092 (m), 632 cmÿ1 (s). UV/Vis (MeCN): lmax(lg e)� 192 (2.83),
236 (2.18), 266 nm (1.76); MS (70 eV, EI): m/z (%): 138 [M]� (1), 109 (12),
94 (29), 79 (100), 67 (63), 55 (61).


Dec-9-yn-al (9d): This compound was prepared according to the general
procedure: oxalyl chloride (1.5 mL, 16.5 mmol), DMSO (2.2 mL), NEt3


(9.7 mL. 69 mmol), and 8d (2.2 g, 14.3 mmol) provided 9d (1.87 g,
12.3 mmol, 86%). 1H NMR (200 MHz, CDCl3): d� 1.29 ± 1.65 (m, 10H;
3-H to 7-H), 1.92 (t, 4J� 2.6 Hz, 1 H; 10-H), 2.16 (dt, 3J� 6.9, 4J� 2.6 Hz,
2H; 8-H), 2.40 (dt, 3J� 7.2, 3J� 0.8 Hz, 2 H; 2-H), 9.76 (t, 3J� 0.8 Hz, 1H;
1-H); 13C NMR (50.3 MHz, CDCl3): d� 18.3 (C-8), 22.0 (C-7), 28.3, 28.4,
28.7, 29.0 (C-3 to C-6), 43.8 (C-2), 68.1 (C-10), 84.5 (C-9), 202.7 (C-1); IR
(film): nÄ � 3294 (m), 2935 (vs), 2869 (s), 2117 (w), 1725 (vs), 1465 (m), 1432
(m), 1411 (m), 1391 (m), 723 cmÿ1 (m); UV/Vis (MeCN): lmax(lg e)� 192
(2.59), 222 (1.45), 238 nm (1.24); MS (70 eV, EI): m/z (%): 153 [M�H]�


(42), 135 (91), 107 (40), 97 (63), 81 (68), 67 (100), 55 (80).


Undec-10-yn-al (9e): This compound was prepared according to the
general procedure: oxalyl chloride (4.4 mL, 48.4 mmol), DMSO (7.4 mL),
NEt3 (29.0 mL, 0.21 mol), and 8e (7.0 g, 41.7 mmol) provided 9e (6.04 g,
36.4 mmol, 86%). 1H NMR (200 MHz, CDCl3): d� 1.30 ± 1.63 (m, 12H;
3-H to 8-H), 1.92 (t, 4J� 2.6 Hz, 1 H; 11-H), 2.15 (dt, 3J� 6.9, 4J� 2.6 Hz,
2H; 9-H), 2.40 (dt, 3J� 7.4, 3J� 1 .8 Hz, 2 H; 2-H), 9.72 (t, 3J� 1.8 Hz, 1H;
1-H); 13C NMR (50.3 MHz, CDCl3): d� 18.3 (C-9), 22.0 (C-8), 28.4, 28.6,
28.8, 29.0, 29.1 (C-3 to C-7), 43.8 (C-2), 68.1 (C-11), 84.6 (C-10, 202.7 (C-1);
IR (film): nÄ � 3286 (m), 2934 (vs), 2924 (vs), 2850 (s), 2138 (w), 1726 (vs),
1465 (m), 1363 (m), 1158 (m), 1134 (m), 1128 (m), 1121 (m), 698 (m),
670 cmÿ1 (m); UV/Vis (MeCN): lmax(lg e)� 192 (2.83), 228 (2.47), 256 nm
(1.58); MS (70 eV, EI): m/z (%): 167 [M�H]� (17), 133 (20), 117 (36), 109
(32), 95 (63), 91 (60), 81 (100), 67 (97), 55 (76).


General procedure for the preparation of the 1,3-dioxolanes 11: The
phosphonium salt 10[20] was placed under nitrogen in a three-necked, flame-
dried flask, then anhydrous THF (200 mL) was added. Potassium tert-
butoxide was added to the suspension with ice cooling (color change to
deep yellow), and the mixture was stirred for 30 min. A solution of the
aldehyde 9 in anhydrous THF (50 mL) was added over 20 min, and the
reaction mixture was stirred for 6 h at room temperature. After decom-
position with water (250 mL), the product was isolated by careful
extraction with pentane (5� 100 mL). The organic phases were combined,
reduced to approximately one third of the original volume and passed
through a short silica gel column (removal of the triphenylphosphine
oxide). After the column had been washed with pentane, the solvent was
removed in vacuo, and the remaining brown oil was purified by flash
chromatography on silica gel with pentane/diethyl ether (10:1, v/v); the
products 11 were obtained as colorless oils. For the NMR data only the
signals for the main (E) isomer are given.


(E,Z)-2-Oct-1-en-7-ynyl-[1.3]dioxolane (11 a): This compound was pre-
pared according to the general procedure: 10 (30.3 g, 70.7 mmol), tBuOK
(7.6 g, 68.0 mmol), and 9a (2.9 g, 26.4 mmol) provided 11a (3.37 g,
18.7 mmol, 71 %). 1H NMR (200 MHz, CDCl3): d� 1.52 (m, 4 H; 4-H,
5-H), 1.92 (t, 4J� 2.6 Hz, 1 H; 8-H), 2.08 ± 2.24 (m, 4H; 3-H, 6-H), 3.82 ±
4.06 (m, 4 H; CH2 dioxolane ring), 5.15 ± 5.98 (m, 3H; -OCHO-, 1-H, 2-H);
13C NMR (50.3 MHz, CDCl3): d� 18.1 (C-6), 27.2 (C-3), 27.7, 28.4 (C-4,
C-5), 64.9 (CH2 dioxolane ring), 68.3 (C-8), 84.2 (C-7), 99.1 (-OCHO-),
126.2 (C-1), 136.9 (C-2); IR (film): nÄ � 3290 (s), 2941 (s), 2868 (m), 2115
(w), 2093 (w), 1655 (m), 1455 (m), 1435 (m), 1401 (m), 1377 (m), 1275 (s),
1186 (s), 1082 (s), 1041 (s), 983 (m), 886 (m), 634 cmÿ1 (s); UV/Vis (MeCN):
lmax(lg e)� 208 nm (3.68); MS (70 eV, EI): m/z (%): 180 [M]� (3), 179 (24),
135 (27), 133 (25), 121 (28), 107 (37), 105 (44), 99 (28), 91 (47), 79 (28), 73
(100), 67 (58), 55 (48).


(E,Z)-2-Non-1-en-8-ynyl-[1.3]dioxolane (11 b): This compound was pre-
pared according to the general procedure: 10 (32.2 g, 75.1 mmol), tBuOK


(8.08 g, 72.4 mmol), and 9 b (3.48 g, 28.1 mmol) provided 11 b (4.50 g,
23.2 mmol, 83%). 1H NMR (200 MHz, CDCl3): d� 1.40 ± 1.60 (m, 6H; 4-H,
5-H, 6-H), 1.93 (t, 4J� 2.6 Hz, 1 H; 9-H), 2.13 ± 2.44 (m, 4H; 3-H, 7-H),
3.83 ± 4.04 (m, 4 H; CH2 dioxolane ring), 5.15 ± 5.96 (m, 3H; -OCHO-, 1-H,
2-H); 13C NMR (50.3 MHz, CDCl3): d� 18.3 (C-7), 27.6 (C-3), 28.2 (2
signals), 28.9 (C-4, C-5, C-6), 64.9 (CH2 dioxolane ring), 68.2 (C-9), 84.8
(C-8), 99.2 (-OCHO-), 126.0 (C-1), 137.3 (C-2); IR (film): nÄ � 3290 (m),
2937 (vs), 2888 (s), 2861 (s), 2117 (w), 1463 (m), 1430 (m), 1347 (m), 1224
(s), 1212 (s), 1128 (s), 1102 (s), 1042 (s), 985 (s), 625 cmÿ1 (s); UV/Vis
(MeCN): lmax(lg e)� 192 (3.88), 228 nm (2.08); MS (70 eV, EI): m/z (%):
193 [MÿH]� (3), 179 (4), 155 (22), 137 (4), 125 (8), 113 (47), 99 (100), 86
(14), 79 (10), 73 (32), 69 (12), 55 (12); elemental analysis calcd (%) for
C12H18O2: C 74.19, H 9.34; found C 74.13, H 9.14.


(E,Z)-2-Dec-1-en-9-ynynl-[1.3]dioxolane (11 c): This compound was pre-
pared according to the general procedure: 10 (11.9 g, 27.7 mmol), tBuOK
(3.0 g, 26.9 mmol), and 9 c (1.43 g, 10.4 mmol) provided 11c (1.72 g,
8.27 mmol, 80%). 1H NMR (200 MHz, CDCl3): d� 1.15 ± 1.62 (m, 8H;
4-H to 7-H), 1.91 (t, 4J� 2.5 Hz, 1 H; 10-H), 2.01 ± 2.18 (m, 4H; 3-H, 8-H),
3.83 ± 4.00 (m, 4 H; CH2 dioxolane ring), 5.13 ± 5.98 (m, 3H; -OCHO-, 1-H,
2-H); 13C NMR (50.3 MHz, CDCl3): d� 18.3 (C-8), 27.7 (C-3), 28.3, 28.5,
29.3, 31.9 (C-4 to C-7), 64.9 (CH2 dioxolane ring), 68.1 (C-10), 84.8 (C-9),
99.2 (-OCHO-), 125.9 (C-1), 137.5 (C-2); IR (film): nÄ � 3291 (m), 2934 (vs),
2888 (s), 2859 (s), 2117 (w), 1464 (w), 1430 (w), 1347 (w), 1211 (w), 1127 (s),
1106 (s), 1047 (m), 995 (w), 626 cmÿ1 (m); UV/Vis (MeCN): lmax(lg e)� 192
(3.84), 218 (2.24), 276 nm (2.18); MS (70 eV, EI): m/z (%): 208 [M]� (1), 169
(19), 152 (6), 125 (11), 113 (56), 99 (100), 86 (18), 73 (48), 55 (31); elemental
analysis calcd (%) for C13H20O2: C 74.95, H 9.68; found C 74.38, H 9.76.


(E,Z)-2-Undec-1-en-10-ynyl-[1.3]dioxolane (11 d): This compound was
prepared according to the general procedure: 10 (16.7 g, 38.9 mmol),
tBuOK (4.20 g, 37.6 mmol), and 9 d (2.25 g, 14.8 mmol) provided 11d
(2.86 g, 12.88 mmol, 87%). 1H NMR (200 MHz, CDCl3): d� 1.33 (m, 4H;
6-H, 7-H), 1.42 (m, 4H; 5-H, 8-H), 1.54 (m, 2 H; 4-H), 1.96 (t, 4J� 2.6 Hz,
1H; 11-H), 2.20 (m, 4H; 3-H, 9-H), 3.89 ± 4.08 (m, 4H; CH2 dioxolane
ring), 5.43 ± 5.57 (m, 2 H; -OCHO-, 1-H), 5.78 (dt, 3J� 7.7, 3J� 11.0 Hz, 1H;
2-H); 13C NMR (50.3 MHz, CDCl3): d� 18.3 (C-9), 27.7 (C-3), 28.4 (C-4),
28.5, 28.8, 28.9, 29.3 (C-5 to C-8), 64.9 (CH2 dioxolane ring), 68.0 (C-11),
84.6 (C-10), 99.1 (-OCHO-), 125.7 (C-1), 137.6 (C-2); IR (film): nÄ � 3298
(m), 2932 (vs), 2890 (s), 2117 (w), 1465 (w), 1430 (w), 1347 (w), 1212 (w),
1126 (m), 1108 (m), 1052 (m), 959 (w), 723 cmÿ1 (w); UV/Vis (MeCN):
lmax(lg e)� 192 nm (3.80), 216 (2.09); MS (70 eV, EI): m/z (%): 221 [Mÿ
H]� (5), 179 (6), 155 (5), 125 (9), 113 (47), 99 (100), 93 (25), 81 (83), 79 (42),
73 (41), 55 (70); elemental analysis calcd (%) for C14H22O2: C 75.63, H 9.97;
found C 75.45, H 9.97.


(E,Z)-2-Dodec-1-en-11-ynyl-[1.3]dioxolane (11 e): This compound was
prepared according to the general procedure: 10 (30.3 g, 70.6 mmol),
tBuOK (7.6 g, 68.1 mmol), and 9 e (4.38 g, 26.4 mmol) provided 11e (5.7 g,
24.2 mmol, 92%). 1H NMR (200 MHz, CDCl3): d� 1.28 ± 1.62 (m, 12H;
4-H to 9-H), 1.92 (t, 4J� 2.6 Hz, 1 H; 12-H), 2.04 ± 2.20 (m, 4H; 3-H, 10-H),
3.80 ± 4.07 (m, 4 H; CH2 dioxolane ring), 5.15 ± 5.99 (m, 3H; -OCHO-, 1-H,
2-H); 13C NMR (50.3 MHz, CDCl3): d� 18.3 (C-10), 27.7 (C-3), 28.4, 28.7,
28.9, 29.0, 29.2, 29.4 (C-4 to C-9), 64.9 (CH2 dioxolane ring), 68.0 (C-12),
84.7 (C-11), 99.2 (-OCHO-), 125.8 (C-1), 137.6 (C-2); IR (film): nÄ � 3291
(m), 2929 (vs), 2857 (vs), 2117 (w), 1719 (m), 1465 (m), 1430 (m), 1347 (m),
1210 (m), 1126 (s), 1110 (s), 1057 (s), 996 (m), 958 (s), 722 (m), 625 cmÿ1 (s);
UV/Vis (MeCN): lmax(lg e)� 192 (3.87), 218 nm (2.72); MS (70 eV, EI): m/z
(%): 236 [M]� (2), 193 (8), 179 (6), 155 (14), 125 (10), 113 (45), 99 (100), 73
(27), 55 (8); elemental analysis calcd (%) for C15H24O2: C 76.23, H 10.23;
found C 75.24, H 10.07.


General procedure for the preparation of the dialdehydes 12 : A solution of
the alkyne 11 in anhydrous diethyl ether (200 mL) was placed in a three-
necked flask under nitrogen. A solution of n-butyl lithium (1.6m) in hexane
was added at ÿ50 8C, and the mixture was stirred for 30 min at this
temperature, before being taken down to ÿ70 8C to cause precipitation of
the acetylide. N,N-Dimethylformamide was added in one portion, and the
reaction mixture was allowed to warm to 10ÿ 15 8C, which resulted in
dissolution of the precipitate. After 2 h, the product mixture was hydro-
lyzed with sulfuric acid/ice water, then the two-phase mixture was stirred
vigorously overnight. Neutralization with NaHCo3 solution, separation of
the organic phase, careful extraction of the aqueous phase with diethyl
ether, and drying of the combined organic phase with sodium sulfate
concluded the workup. The solvent was removed by rotary evaporation and
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the remaining yellow oil was purified by column chromatography on silica
gel (pentane/ether� 2:1, v/v). The dialdehydes 12 were obtained as
colorless, unstable oils, which did not give satisfactory elemental analyses.


Dec-2-en-8-ynedial (12 a): This compound was prepared according to the
general procedure: 11a (3.2 g, 17.8 mmol), nBuLi (1.6m, 11.3 mL,
18.1 mmol), DMF (1.64 g, 22.5 mmol), and H2SO4 (96 %, 4.4 g) in ice
water (90 mL) provided 12a (2.07 g, 12.6 mmol, 71%). 1H NMR (200 MHz,
CDCl3): d� 1.58 ± 1.71 (m, 4H; 5-H, 6-H), 2.30 ± 2.47 (m, 4 H; 4-H, 7-H),
6.10 (ddt, 3J� 15.6, 3J� 7.9, 4J� 1.5 Hz, 1 H; 2-H), 6.81 (dt, 3J� 6.7, 3J�
15.6 Hz, 1H; 3-H), 9.15 (t, 5J� 0.8 Hz, 1H; 10-H), 9.48 (d, 3J� 7.9 Hz, 1H;
1-H); 13C NMR (50.3 MHz, CDCl3): d� 18.9 (C-7), 26.8, 26.9 (C-5, C-6),
32.0 (C-4), 81.9 (C-9), 98.0 (C-8), 133.3 (C-2), 157.4 (C-3), 177.0 (C-10),
193.8 (C-1); IR (film): nÄ � 2943 (s), 2866 (s), 2281 (s), 2236 (s), 2203 (s),
1694 (vs), 1691 (vs), 1463 (m), 1418 (s), 1396 (s), 1355 (s), 1286 (s), 1243 (s),
1210 (s), 1138 (s), 1088 (m), 1077 (m), 1021 (m), 981 (s), 905 cmÿ1 (m); UV/
Vis (MeCN): lmax(lg e)� 218 (4.03), 230 (3.86, sh), 244 nm (3.12, sh).


Undec-2-en-9-ynedial (12 b): This compound was prepared according to the
general procedure: 11b (4.4 g, 22.7 mmol), nBuLi (1.6m, 14.7 mL,
23.5 mmol), DMF (2.1 g, 28.8 mmol), and H2SO4 (96 %, 5.0 g) in ice water
(100 mL) provided 12 b (1.66 g, 9.33 mmol, 41 %). 1H NMR (200 MHz,
CDCl3): d� 1.39 ± 1.67 (m, 6H; 5-H, 6-H, 7-H), 2.21 ± 2.62 (m, 4 H; 4-H,
8-H), 5.78 ± 6.16 (m, 1H; 2-H), 6.76 ± 7.10 (m, 1 H; 3-H), 9.14 (t, 5J� 0.8 Hz,
1H; 11-H), 9.46 (d, 3J� 7.9 Hz, 1 H; 1-H); 13C NMR (50.3 MHz, CDCl3):
d� 18.5 (C-8), 27.2 (2 signals), 28.2 (C-5, C-6, C-7), 32.4 (C-4), 81.8 (C-10),
98.7 (C-9), 133.0 (C-2), 158.4 (C-3), 177.2 (C-11), 194.2 (C-1); IR (film): nÄ �
3022 (m), 2937 (vs), 2863 (s), 2281 (w), 2235 (m), 2202 (s), 1692 (vs), 1670
(vs), 1458 (m), 1426 (m), 1390 (m), 1373 (m), 1236 (s), 1168 (m), 1139 (s),
1093 (m), 1072 (m), 1017 (m), 979 (m), 756 cmÿ1 (m); UV/Vis (MeCN):
lmax(lg e)� 218 nm (3.93); MS (70 eV, EI): m/z (%): 178 [M]� (1), 177 (2),
149 (20), 135 (32), 121 (46), 107 (72), 91 (68), 79 (100), 67 (43), 55 (89).


Dodec-2-en-10-ynedial (12 c): This compound was prepared according to
the general procedure: 11c (3.0 g, 14.4 mmol), nBuLi (1.6m, 9.1 mL,
14.6 mmol), DMF (1.33 g, 18.2 mmol), and H2SO4 (96 %, 2.5 g) in ice water
(65 mL) provided 12c (2.39 g, 12.4 mmol, 86 %). 1H NMR (200 MHz,
CDCl3): d� 1.30 ± 1.60 (m, 8 H; 5-H to 8-H), 2.31 (pseudo qd, 3J� 7.1, 3J�
7.1, 4J� 1.5 Hz, 2H; 4-H), 2.38 (dt, 3J� 6.9, 5J� 0.8 Hz, 2H; 9-H), 6.07 (ddt,
3J� 15.7, 3J� 7.9, 4J� 1.5 Hz, 1 H; 2-H), 6.81 (dt, 3J� 6.9, 3J� 15.6, 1H;
3-H), 9.13 (br s, 1H; 12-H), 9.46 (d, 3J� 7.9 Hz, 1 H; 1-H); 13C NMR
(50.3 MHz, CDCl3): d� 19.0 (C-9), 27.3, 27.5, 28.4, 28.5 (C-5 to C-8), 32.5
(C-4), 81.7 (C-10), 98.9 (C-11), 133.0 (C-2), 158.5 (C-3), 177.1 (C-12), 194.0
(C-1); IR (film): nÄ � 2935 (vs), 2860 (s), 2280 (w), 2235 (w), 2201 (s), 1690
(vs), 1670 (vs), 1464 (w), 1448 (s), 1390 (w), 1159 (m), 1138 (m), 978 cmÿ1


(m); UV/Vis (MeCN): lmax(lg e)� 220 (4.14), 248 (3.11, sh), 266 nm (2.78,
sh); MS (70 eV, EI): m/z (%): 193 [M�H]� (5), 192 [M]� (1), 191 (4), 173
(4), 161 (19), 149 (21), 133 (36), 135 (36), 121 (52), 107 (51), 91 (67), 81
(100), 67 (57), 55 (75); HRMS: m/z calcd for C12H16O2 192.1150; found
192.1150.


Tridec-2-en-11-ynedial (12 d): This compound was prepared according to
the general procedure: 11d (2.7 g, 12.2 mmol), nBuLi (1.6m, 7.9 mL,
12.7 mmol), DMF (1.13 g, 15.5 mmol), and H2SO4 (3.0 g, 96%) in ice water
(60 mL) provided 12d (1.57 g, 7.63 mmol, 63 %). 1H NMR (200 MHz,
CDCl3): d� 1.18 ± 1.57 (m, 10H; 5-H to 9-H), 2.22 ± 2.64 (m, 4H; 4-H,
10-H), 5.73 ± 6.15 (m, 1 H; 2-H), 6.55 ± 6.97 (m, 1H; 3-H), 9.15 (t, 5J�
0.8 Hz, 1H; 13-H), 9.48 (d, 3J� 7.9 Hz, 1H; 1-H); 13C NMR (50.3 MHz,
CDCl3): d� 19.0 (C-10), 27.4, 27.7, 28.6, 28.7, 28.9 (C-5 to C-9), 32.6 (C-4),
81.7 (C-12), 99.2 (C-11), 132.9 (C-2), 158.9 (C-3), 177.2 (C-13), 194.3 (C-1);
IR (film): nÄ � 2932 (vs), 2858 (s), 2281 (w), 2235 (m), 2201 (s), 1690 (vs),
1670 (vs), 1465 (m), 1423 (m), 1283 (m), 1235 (m), 1139 (m), 976 cmÿ1 (m);
UV/Vis (MeCN): lmax(lg e)� 222 nm (4.18), 248 (3.03, sh); MS (70 eV, EI):
m/z (%): 205 [MÿH]� (1), 204 (1), 183 (6), 171 (5), 159 (4), 145 (8), 131
(100), 117 (84), 91 (79), 79 (36), 67 (28).


Tetradec-2-en-12-ynedial (12 e): This compound was prepared according to
the general procedure: 11 e (0.52 g, 2.2 mmol), nBuLi (1.6m, 1.4 mL,
2.2 mmol), DMF (0.20 g, 2.76 mmol), and H2SO4 (96 %, 0.4 g) in ice water
(10 mL) provided 12 e (234 mg, 1.06 mmol, 48%). 1H NMR (200 MHz,
CDCl3): d� 1.31 ± 1.83 (m, 12H; 5-H to 10-H), 2.26 ± 2.58 (m, 4 H; 4-H, 11-
H), 6.10 (ddt, 3J� 15.6, 3J� 7.9, 4J� 1.5 Hz, 1 H; 2-H), 6.84 (dt, 3J� 6.8, 3J�
15.6 Hz, 1H; 3-H), 9.16 (t, 5J� 0.8 Hz, 1H; 14-H), 9.50 (d, 3J� 7.9 Hz, 1H;
1-H); 13C NMR (50.3 MHz, CDCl3): d� 19.1 (C-11), 27.4, 27.7, 28.7, 28.8,
29.0, 29.1 (C-5 to C-10), 32.6 (C-4), 81.7 (C-13), 99.2 (C-12), 133.0 (C-2),


158.8 (C-3), 177.2 (C-14), 194.1 (C-1); IR (film): nÄ � 2930 (vs), 2857 (s), 2280
(w), 2236 (w), 2201 (m), 1691 (vs), 1670 (vs), 1466 (m), 1422 (m), 1283 (m),
1231 (m), 1139 (m), 977 cmÿ1 (m); UV/Vis (MeCN): lmax(lg e)� 220 (4.00),
246 nm (3.04, sh).


General procedure for the preparation of the cyclo-1,3-dien-5-ynes 6 : A
flame-dried three-necked flask (1 L) was charged under argon with
TiCl3(DME)1.5 , prepared according to [21], and with a zinc/copper couple.
The two components were mixed thoroughly. Freshly distilled DME was
added, and the mixture was heated under reflux for 5 h, during which time
it turned black. The suspension was cooled to room temperature, and a
solution of the bisaldehyde 12 in DME (20 mL) was added slowly by means
of a motor-driven syringe (ca. 30 h). The reaction mixture was stirred until
the substrate 12 had been consumed completely, while the process was
monitored by GC analysis. After dilution with pentane (250 mL), the
product mixture was filtered through silica gel, and the column was washed
carefully with pentane. The organic solvents were removed in vacuo, and
the remaining oil was purified by preparative thick-layer chromatography
on silica gel with pentane. The cyclodienynes 6 were isolated as colorless
oils. In all cases the volatile products contained varying amounts of solvent
(DME, as shown by 1H NMR analysis); this made the determination of
elemental analyses impossible.


Cyclodeca-1,3-dien-5-yne (6 a): This compound was prepared according to
the general procedure: TiCl3(DME)1.5 (13.0 g, 44.9 mmol), Zn/Cu couple
(17.1 g, 0.27 mol), and 12 a (1.6 g, 9.78 mmol) in DME (220 mL) provided
6a (60 mg, 0.45 mmol, 5%). 1H NMR (200 MHz, CDCl3): d� 1.71 (m, 4H;
8-H, 9-H), 2.10 (m, 2 H; 10-H), 2.18 (m, 2H; 7-H), 5.28 (dm, 3J� 10.2 Hz,
1H; 4-H), 5.53 (dm, 3J� 15.9 Hz, 1H; 2-H), 6.31 (m, 1H; 1-H), 6.41 (dm,
3J� 10.2 Hz, 1H; 3-H); 13C NMR (50.3 MHz, CDCl3): d� 21.9 (C-7), 26.9,
30.8 (C-8, C-9), 33.0 (C-10), 84.1 (C-5), 97.5 (C-6), 112.0 (C-4), 123.1 (C-2),
141.8 (C-1), 142.6 (C-3); IR (film): nÄ � 2934 (vs), 2864 (s), 2251 (w), 2205
(w), 1720 (vs), 1679 (vs), 1449 (m), 1408 (m), 1392 (m), 1351 (m), 1326 (m),
1260 (m), 1232 (m), 1212 (m), 1167 (m), 1140 (m), 1099 (m), 1079 (m), 1031
(m), 1013 (m), 914 (m), 733 (s), 647 cmÿ1 (m); UV/Vis (MeCN): lmax(lg e)�
192 (3.94), 212 (3.52, sh), 226 nm (3.29); MS (GC/MS): m/z (%): 132 [M]�


(80), 115 (24), 104 (100), 91 (65), 78 (17), 65 (16).


Cycloundeca-1,3-dien-5-yne (6 b): This compound was prepared according
to the general procedure: TiCl3(DME)1.5 (5.2 g, 17.9 mmol), Zn/Cu couple
(3.8 g, 58 mmol), and 12b (0.4 g, 2.2 mmol) in DME (220 mL) provided 6b
(121 mg, 0.83 mmol, 38 %). 1H NMR (200 MHz, CDCl3): d� 1.34 (m, 2H;
10-H), 1.49 (m, 2 H; 8-H), 1.60 (m, 2 H; 9-H), 2.08 (m, 2H; 11-H), 2.28 (m,
2H; 7-H), 5.34 (dm, 3J� 10.6 Hz, 1H; 4-H), 5.61 (dm, 3J� 15.7 Hz, 1H;
2-H), 5.87 (m, 1 H; 1-H), 6.33 (dm, 3J� 10.5 Hz, 1H; 3-H); 13C NMR
(50.3 MHz, CDCl3): d� 17.7 (C-7), 22.0 (C-9), 23.9 (C-10), 26.4 (C-8), 32.2
(C-11), 82.8 (C-5), 93.5 (C-6), 111.2 (C-4), 125.6 (C-2), 137.9 (C-1), 140.9
(C-3); IR (film): nÄ � 3018 (m), 2929 (vs), 2860 (s), 2219 (w), 2205 (w), 2170
(w), 1682 (s), 1648 (m), 1456 (m), 1443 (m), 1346 (m), 1018 (m), 968 (m),
921 (m), 765 cmÿ1 (m); UV/Vis (MeCN): lmax(lg e)� 198 (3.77), 242 (3.56),
268 nm (3.52); MS (GC/MS): m/z (%): 146 [M]� (5), 145 (6), 131 (28), 117
(100), 104 (36), 91 (66), 78 (28), 65 (15).


Cyclododeca-1,3-dien-5-yne (6c): This compound was prepared according
to the general procedure: TiCl3(DME)1.5 (11.0 g, 37.9 mmol), Zn/Cu couple
(14.6 g 0.22 mol), and 12 c (1.6 g, 8.33 mmol) in DME (220 mL) provided 6 c
(210 mg, 1.31 mmol, 16%). 1H NMR (200 MHz, CDCl3): d� 1.47 (m, 6H;
8-H, 9-H, 10-H), 1.60 (m, 2 H; 11-H), 2.11 (m, 2H; 12-H), 2.21 (m, 2H;
7-H), 5.34 (d, 3J� 11.0 Hz, 1 H; 4-H), 5.75 (dm, 3J� 15.8 Hz, 1H; 2-H), 6.10
(dm, 3J� 11.0 Hz, 1 H; 3-H), 6.41 (dm, 3J� 15.8 Hz, 1 H; 1-H); 13C NMR
(50.3 MHz, CDCl3): d� 19.7 (C-7), 25.6, 25.7, 27.1, 27.2, 32.4 (C-8 to C-12),
80.7 (C-5), 94.8 (C-6), 108.8 (C-4), 125.1 (C-2), 138.4 (C-1), 138.6 (C-3); IR
(film): nÄ � 2927 (vs), 2858 (s), 2208 (w), 1712 (m), 1683 (m), 1656 (m), 1459
(m), 1445 (m), 1348 (m), 1320 (m), 1132 (m), 1117 (m), 1110 (m), 1091 (m),
1050 (m), 1024 (m), 970 (m), 911 (m), 733 cmÿ1 (m); UV/Vis (MeCN):
lmax(lg e)� 244 (3.54), 264 nm (3.55); MS (GC/MS): m/z (%): 160 [M]� (6),
145 (7), 131 (39), 117 (100), 104 (27), 91 (91), 79 (41), 65 (17).


Cyclotrideca-1,3-dien-5-yne (6d): This compound was prepared according
to the general procedure: TiCl3(DME)1.5 (5.74 g, 19.8 mmol), Zn/Cu couple
(4.19 g, 64 mmol), and 12 d (0.5 g, 2.43 mmol) in DME (150 mL) provided
6d (156 mg, 0.90 mmol, 37 %). 1H NMR (200 MHz, CDCl3): d� 1.13 ± 1.57
(m, 10 H; 8-H to 12-H), 2.13 ± 2.49 (m, 4 H; 7-H, 13-H), 5.22 (dm, 3J�
10.1 Hz, 1 H; 4-H), 5.99 ± 6.85 (m, 3H; 1-H, 2-H, 3-H); 13C NMR
(50.3 MHz, CDCl3): d� 19.9 (C-7), 25.4, 25.7, 26.1, 27.6, 29.1, 30.1 (C-8 to
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C-13), 78.8 (C-5), 98.4 (C-6), 108.4 (C-4), 126.6 (C-2), 135.1 (C-1), 139.2 (C-
3); IR (film): nÄ � 3017 (w), 2931 (vs), 2859 (vs), 2204 (w), 1683 (m), 1645
(m), 1462 (m), 1449 (m), 1347 (m), 1322 (m), 1108 (m), 1080 (m), 1051 (m),
1012 (m), 985 (m), 734 cmÿ1 (m); UV/Vis (MeCN): lmax(lg e)� 264 (3.67),
268 nm (3.87); MS (GC/MS): m/z (%): 174 [M]� (23), 145 (23), 131 (64),
117 (70), 105 (36), 91 (100), 79 (45), 67 (26).


Cyclotetradeca-1,3-dien-5-yne (6e): This compound was prepared accord-
ing to the general procedure: TiCl3(DME)1.5 (0.84 g 2.89 mmol), Zn/Cu
couple (1.12 g, 17.1 mmol), and 12 e (0.14 g, 0.64 mmol) in DME (50 mL)
provided 6e (53 mg, 0.28 mmol, 44%). 1H NMR (200 MHz, CDCl3): d�
1.30 ± 1.66 (m, 12 H; 8-H to 13-H), 2.21 (m, 2 H; 14-H), 2.41 (m, 2 H; 7-H),
5.29 (dm, 3J� 10.4 Hz, 1 H; 4-H), 5.94 (dm, 3J� 15.7 Hz, 1H; 2-H), 6.42 (m,
1H; 3-H), 6.76 (m, 1 H; 1-H); IR (film): nÄ � 2933 (vs), 2929 (vs), 2859 (vs),
2280 (w), 2234 (m), 2203 (m), 1707 (s), 1702 (s), 1695 (s), 1671 (s), 1641 (m),
1462 (m), 1426 (m), 1361 (m), 1322 (m), 1215 (m), 1205 (m), 1137 (m), 1091
(m), 1064 (m), 985 (m), 631 cmÿ1 (m); UV/Vis (MeCN): lmax(lg e)� 194
(4.26), 214 (3.70, sh), 268 nm (3.79); MS (GC/MS): m/z (%): 188 [M]� (36),
145 (28), 131 (42), 117 (57), 105 (43), 91 (100), 79 (44), 67 (22).


McMurry coupling of the dialdehyde 15 under Lenoir conditions :[24]


Anhydrous THF (200 mL) was placed under nitrogen in a flame-dried,
three-necked flask (500 mL), and titanium(iv) chloride (0.93 mL,
8.43 mmol) was added at 0 8C. The color of the solution changed to intense
yellow. Zinc dust (1.01 g, 15.47 mmol) and anhydrous pyridine (0.52 g,
6.63 mol) were added. The color of the initially grey suspension changed to
dark brown within 15 min. A solution of 15 (1.26 g, 6.63 mmol) in
anhydrous THF (90 mL) was added over 4 h, and the reaction mixture
was stirred overnight at room temperature. After hydrolysis with aqueous
potassium carbonate solution (35 mL, 25%), the solid precipitate was
removed by filtration and decomposed by treatment with HCl (2 n,
120 mL). The resulting solution (combined with the mother liquors) was
extracted with pentane, and the organic phases were combined, washed
successively with saturated bicarbonate solution and brine, then dried with
MgSO4. The solvent was removed in vacuo, and the resulting oily product
mixture was separated by column chromatography on silica gel with
pentane/diethyl ether (1:1, v/v) to provide two fractions: a) cyclododeca-
3,11-diyne-1,2-diol (17) as a waxy solid: yield: 240 mg, 16%, 1.25 mmol;
m.p. 25 ± 30 8C; 1H NMR (200 MHz, CDCl3): d� 1.53 (m, 8 H; 6-H to 9-H),
2.20 ± 2.32 (m, 4 H; 5-H, 10-H), 4.33 (m, 2 H; 1-H, 2-H); 13C NMR
(50.3 MHz, CDCl3): d� 18.0 (C-5, C-10), 25.5, 26.2 (C-6 to C-9), 67.7 (C-1,
C-2), 78.7 (C-4, C-11), 87.9 (C-3, C-12); IR (KBr): nÄ � 3389 (vs, br), 2935
(vs), 2857 (s), 2235 (m), 1716 (m), 1711 (m), 1702 (m), 1446 (m), 1432 (m),
1334 (m), 1273 (m), 1268 (m), 1241 (m), 1237 (m), 1161 (m), 1140 (m), 1057
(vs), 1011 (m), 1002 cmÿ1 (m); MS (GC/MS, 70 eV): m/z (%): 192 [M]� (1),
173 (1), 164 (2), 145 (2), 131 (3), 117 (5), 105 (8), 95 (16), 79 (16), 70 (100),
55 (15). b) the 2,3-bridged furan 18 as a colorless oil: yield: 71 mg, 7%,
0.41 mmol; 1H NMR (200 MHz, CDCl3): d� 1.54 ± 1.83 (m, 8 H; 8-H, 9-H,
10-H, 11-H), 2.45 (m, 2H; 7-H or 12-H), 2.60 (m, 2 H; 7-H or 12-H), 6.18 (d,
3J� 1.8 Hz, 1H; 4-H), 7.16 (d, 3J� 1.8 Hz, 1 H; 5-H); 13C NMR (50.3 MHz,
CDCl3): d� 20.1 (C-7), 24.3, 25.1, 25.2, 27.9 (C-8 to C-12), 76.2 (C-5), 101.5
(C-6), 113.4 (C-3), 131.2 (C-2), 133.4 (C-1), 140.8 (C-4); IR (film): nÄ � 2930
(vs), 2906 (s), 2863 (s), 2227 (w), 2215 (w), 1678 (w), 1583 (w), 1085 (m),
740 cmÿ1 (m); MS (70 eV, EI): m/z (%): 174 [M]� (88), 159 (24), 146 (53),
131 (100), 117 (45), 105 (20), 91 (56), 77 (33), 63 (17), 51 (19). The formation
of cyclododeca-3-ene-1,5-diyne (16 ; ca. 2.6 % by GC analysis) was inferred
by comparison of the spectral data with those reported in ref. [10b].


When the same coupling experiment was carried out with 12c in THF at
room temperature, a complex product mixture 13/14 (85:15, GC analysis)
was obtained, which could not be fully characterized. The following
analytical data were obtained: Cyclodeca-3-en-11-yne-1,2-diol (13): GC/
MS (40 eV): m/z (%): 193 [MÿH]� (1), 175 (2), 163 (2), 147 (7), 133 (10),
123 (12), 110 (20), 91 (28), 83 (44), 70 (100), 57 (48), 41 (32), identical to the
spectrum reported in ref. [10]. 4,5,6,7,8,9-Hexahydrocyclodeca[b]furan
(14): 1H NMR (200 MHz, CDCl3): d� 1.17 ± 1.65 (m, 8H; 9-H to 12-H),
1.90 ± 2.07 (m, 2 H; 13-H), 2.10 ± 2.28 (m, 2 H; 8-H), 5.78 ± 5.93 (m, 1H;
7-H), 6.07 ± 6.00 (m, 2H; 4-H, 6-H), 7.16 (d, 3J� 1.8 Hz, 1H; 5-H); 13C NMR
(50.3 MHz, CDCl3): d� 20.8, 23.5, 23.6, 26.1, 28.2 (C-9 to C-13), 31.8 (C-8),
111.0 (C-6), 113.5 (C-4), 119.9 (C-3), 120.9 (C-2), 139.9 (C-5), 141.4 (C-7);
GC/MS (40 eV): m/z (%): 176 [M]� (68), 161 (9), 147 (25), 133 (68), 119
(25), 105 (28), 91 (100), 77 (33), 65 (19), 55 (19). When the reaction was
carried out in THF under reflux, 6 c was obtained in place of the diol 13


(ratio 6 c/14 56:44, GC analysis). Compound 6c was identified by its mass
spectrum, which could be superimposed on that obtained above.


Thermal cyclization of the cyclodienynes 6 : A solution of 6 (10ÿ4m) in
perdeuterated o-dichlorobenzene was placed in an NMR tube under
nitrogen, and the tube was heated in an oil bath at the temperature given in
Scheme 5. Product formation was monitored by 1H NMR spectroscopy, and
the benzocycloalkenes 26 were identified by their NMR spectroscopic data,
with the commercially available 26a (tetralin) used as a reference
compound.
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The Cyclization of Parent and Cyclic Hexa-1,3-dien-5-ynesÐ
A Combined Theoretical and Experimental Study


Matthias Prall,[a] Anke Krüger,[b] Peter R. Schreiner,*[a, c] and Henning Hopf*[b]


Abstract: The thermal cycloisomeriza-
tion of both parent and benzannelated
hexa-1,3-dien-5-yne, as well as of carbo-
cyclic 1,3-dien-5-ynes (ring size 7 ± 14),
was investigated by using pure density
functional theory (DFT) of Becke, Lee,
Yang, and Parr (BLYP) in connection
with the 6 ± 31G* basis set and the
Brueckner doubles coupled-cluster ap-
proach [BCCD(T)] with the cc-pVDZ
basis set for the parent system. The
initial cyclization product is the allenic
cyclohexa-1,2,4-triene (isobenzene),
while the respective biradical is the
transition structure for the enantiomeri-
zation of the two allenes. Two consec-
utive [1,2]-H shifts further transform


isobenzene to benzene. For the benzan-
nelated system, the energetics are quite
similar and the reaction path is the same
with one exception: the intermediate
biradical is not a transition state but a
minimum which is energetically below
isonaphthalene. The cyclization of the
carbocyclic 1,3-dien-5-ynes, which fol-
lows the same reaction path as the
parent system, clearly depends on the
ring size. Like the cyclic enediynes, the
dienynes were found to cyclize to prod-


ucts with reduced ring strain. This is not
possible for the 7- and 8-membered
dienynes, as their cyclization products
are also highly strained. For 9- to 11-
membered carbocycles, all intermedi-
ates, transition states, and products lie
energetically below the parent system;
this indicates a reduced cyclization tem-
perature. All other rings (12- to 14-
membered) have higher barriers. Ex-
ploratory kinetic experiments on the
recently prepared 10- to 14-membered
1,3-dien-5-ynes rings show this tendency,
and 10- and 11-membered rings indeed
cyclize at lower temperatures.


Keywords: ab initio calculations ´
cycloaromatization ´ enynes ´ iso-
benzene ´ macrocycles


Introduction


The thermochemical cyclization of hexa-1,3-dien-5-yne de-
rivatives is of major importance for the synthesis of bowl-
shaped molecules like corannulene 2 (Scheme 1)[1±3] and
semibuckminsterfullerenes.[4] Examining and understanding
the parent reaction in detail will aid in optimizing and
extending these synthetic strategies.


FVP


1 2


E-3 Z-3 4


Scheme 1. Synthesis of bowl-shaped corannulene 2 from hexa-1,3-dien-5-
yne derivative 1, and the thermal cycloisomerization of 3 to 4.


In 1969, Hopf and Musso were able to show that hexa-1,3-
dien-5-yne 3 undergoes a thermal cycloisomerization to give
rise to benzene 4.[5] The reaction starts above 274 8C, at which
point isomerization between E-3 and Z-3 takes place. From a
geometrical point of view, Z-3 was believed to be the species
which readily cyclizes to 4 (Scheme 1).


As 3 posesses the same number of atoms as 4, a hydrogen
shift or rearrangement has to occur prior to or after
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cyclization. Scheme 2 represents the four most likely path-
ways connecting the structures 3 and 4 :
* [1,2]-H-shift leading to the vinylidene carbene 5 (1A') and


then to 4.
* thermal cyclization with rearrangement of the p-system


giving rise to isobenzene (cyclohexa-1,2,4-triene) 6 which
undergoes hydrogen shift to give 4.


* thermal cyclization to the biradical 7 (1A'') and hydrogen
shift to 4.


* addition of a hydrogen radical (8), cyclization, and
subsequent loss of H* to give 4.


H H


HH


H


HH


+H


-H


5 (1A') 6 (C1) 7 (1A'') 8 (C1)


3


4


Scheme 2. Possible pathways for the cycloisomerization of 3 to 4.


Experimental and theoretical studies report that intermedi-
ates 6 or 7 are mainly formed during the cyclization at lower
temperatures (200 ± 400 8C).[6±8] The role of allene 6 and
biradical 7 is, however, unclear.[9, 10] At higher temperatures,
processes including the intermediates 5 and 8 are more
favorable; this is indicated by the increased formation of
pentafulvene as a by-product.[11±15]


With respect to the formation of fullerene-like moieties or
building blocks, the effect of benzannelation on the barriers
and enthalpies of formation is also important. Other groups,
as well as two of the authors, have shown that the barrier of
the corresponding benzannelated enediyne is merely raised,
while the reaction enthalpy is �10 kcal molÿ1 more endother-
mic.[16±20] As the cycloisomerization of 3 is apparently not a
one-step process, like the Bergman reaction, benzannelation
may have a different effect on this reaction.


Another important aspect is the behavior of the dienyne
moiety embedded in a carbocyclic system. The structurally
similar cyclic enediynes 9 a ± f show a correspondence be-
tween ring strain and activation enthalpies.[21, 22] In analogy to
the Bergman reaction of 9 a ± f, at least some of the smaller
strained dienyne carbocycles 11 a ± h are expected to have
lower cyclization barriers (Scheme 3).


The synthesis of cycloocta-1,3-dien-5-yne (11 b) from selen-
adiazol 13 is a first example for cyclic dienynes.[23, 24] Because
of its short lifetime, the highly strained 11 b could only be


Scheme 3. Schematic representation of the enediyne and dienyne carbo-
cycles (9 a ± f, 11a ± h) and their cyclization products (10 a ± f, 12a ± h,
respectively).


detected in traces after thermolysis of 13 at 180 8C, but its
formation could indirectly be deduced by its cycloisomeriza-
tion product benzocyclobutene 12 b (Scheme 4). Besides 11 b,
the only representative of carbocyclic hexa-1,3-dien-5-ynes
ever reported is cyclodeca-1,3-dien-5-yne 11 d ; its NMR
structural assignment, however, is doubtful.[25, 26] Experimen-
tal work on the medium-sized carbocycles 11 still has to be
done to characterize this substance class more accurately.


N
N


Se


13 11b 12b


Scheme 4. Synthesis of nonisolable eight membered dienyne 11 b from
selenadiazol 13 and cyclization product benzocyclobutene 12b.


In the present study, the cycloisomerization of the Z-hexa-
1,3-dien-5-yne parent system 3 to benzene 4 is discussed in
detail, including all possible intermediates and transition
structures. The computational results are compared with
experiment, and conclusions are drawn considering the
involvement of isobenzene 6 or biradical 7. The effect of
benzannelation on the cycloisomerization also is investigated,
and predictions regarding the energetics for this reaction are
made.


In the third part, ring strain effects on the cycloisomeriza-
tion reaction are discussed theoretically on the basis of the
E,Z-hexa-1,3-dien-5-yne carbocycles 11 a ± h and the results
are again compared with experimental data.


Computational methods : All calculations were performed
with Gaussian98[27] by using Becke�s pure gradient-corrected
exchange functional[28, 29] and the Lee ± Yang ± Parr nonlocal
correlation functional[30, 31] (BLYP) with a 6 ± 31G*[32] basis
set. A restricted approach was used for geometry optimiza-
tions, energy evaluations, and frequency analyses of the
closed-shell reactants and transition structures, while the
biradical structures were computed by an unrestricted bro-
ken-spin approach (BS-UBLYP). For the parent and the
benzannelated system, additional single-point energies were
evaluated by using the Brueckner-doubles (BD) coupled-
cluster approach BCCD(T)[33±37] [RBCCD(T) for closed shell,
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UBCCD(T) for open shell spe-
cies] and employing Dunning�s
correlation-consistent valence
double-z (cc-pVDZ) basis
set.[38] All thermal corrections
to obtain enthalpy values are
taken from BLYP/6 ± 31G* fre-
quency calculations. For com-
parison of experimental with
calculated enthalpies for the
parent system, the corrections
for these transition states (TSs)
were taken from frequency
analyses at 623 K (the actual
experimental reaction temper-
ature). The use of a larger basis
set (6 ± 311�G**) for the key
structures of the parent system
raised the barriers by only 1 ±
2 kcal molÿ1. Although DFT is a single-reference method in
the formal sense, it has proven to be quite capable of
describing structures with multireference character, such as
carbenes[39±44] and biradicals.[21, 22, 45±50] The reasons for this are
not entirely clear, but is likely to be due to the fact that the
density may be well described by a single configuration in
many cases. Hence, this makes the use of DFT for biradicals a
case-to-case decision.[20, 47, 51, 52] Based on our and others�
recent experience, the choice of functional/basis set combi-
nation used in the present work seems, therefore, well
justified. We would like to point out that feasible multi-
reference treatments (CASSCF(8,8)/6 ± 31G* and
CASMP2(8,8)/6 ± 31G*) are not significantly better in de-
scribing these types of reactions. For instance, the error in
describing the barrier (7 ± 11 kcal molÿ1) and reaction enthal-
py (2 ± 9 kcal molÿ1) for the well-known Bergman cyclization
is rather large.[53] Higher-level treatments, such as multi-
reference CI, are currently not feasible.[44]


Results and Discussion


Parent system : The parent Z-hexa-1,3-dien-5-yne, 3, can
cycloisomerize along different paths (Scheme 2); at lower
temperatures (200 ± 400 8C), electrocyclic ring closure is
favored (via 6 or 7). Previous work shows that there is a
disagreement regarding the intermediate formed along this
path. The first experimental reports propose isobenzene
structure 6 ;[54] an early AM1 study indicated that biradical 7
is not a ground state but rather a transition structure that
connects the two enantiomeric isobenzene structures (S)-6
and (R)-6 (C1 point group).[55] On the basis of the enthalpies of
formation, the intermediate was suggested to have biradical
structure 7.[6]


A very detailed B3LYP/6 ± 31G* study has now thrown
some light on this dilemma.[56] These computations, which
agree nicely with our own BLYP/6 ± 31G* results, show that
biradical 7 is indeed a transition structure for the enantiomer-
ization of 6. Whereas the B3LYP study concentrates on the
isomerization of 6 to 4, our own study combines this issue with


the respective chemistry of 3. The result is that dienyne 3
cyclizes to isobenzene 6, which racemizes readily via 7
(Scheme 5).


The barrier height between 3 and 6 is 29.2 kcal molÿ1 at
BLYP/6 ± 31G* and 31.7 kcal molÿ1 at the BCCD(T)/cc-
pVDZ level of theory, in good agreement with the exper-
imental result of 30.3 kcal molÿ1 (Table 1). Experimentally,


the formation of the intermediate is 20.4 kcal molÿ1 endother-
mic; this correlates best with the value for biradical 7 (BLYP:
18.5 kcal molÿ1, BCCD(T): 17.1 kcal molÿ1). However, extend-
ed computations with a large number of theoretical levels
(BLYP,[28, 30, 31] G96LYP,[30, 31, 57] BPW91,[28, 58] HF,[59±61] MP2,[62]


and CASSCF(8,8)[63, 64] with a 6 ± 31G* basis set) show that
planar 7 is a TS (NImag� 1), in which the imaginary vector
and IRC calculations indicate movement of the allenic
hydrogen atoms out-of-plane toward a twisted allene. Follow-
ing the path of the dihedral angle of these hydrogens from 08
(7) to 988 (6) by optimizing the rest of the structure with
BLYP/6 ± 31G* and subsequently BCCD(T)/cc-pVDZ sin-
gle-point calculations show the transition-state nature of 7
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Scheme 5. Cyclization of dienyne 3 giving rise to isobenzenes (S)-6 and (R)-6, connected by biradical TS 7.


Table 1. Results of the computed enthalpy values for the cycloisomeriza-
tion of 3 compared with experimental data (all enthalpies in kcal molÿ1).


Structure DRH298/DH=
623 DRH298/DH=


623 Experiment[6]


(BLYP/6 ± 31G*) (BCCD(T)/cc-pVDZ)[a]


3 0.0 0.0 0.0
14 29.2 31.7 30.3


6 12.6 7.9 20.4
7 18.5 17.1


17 38.8 38.4
18 44.1 45.8


40.519 57.4 54.6
20 73.8 75.0
21 19.8 22.0 ±
22 20.6 21.3 ±
23 24.2 21.7 ±
24 21.5 22.6 ±
25 65.3 58.8 ±


4 ÿ 65.1 ÿ 67.9 ÿ 64.9


[a] Thermal corrections taken from the BLYP/6 ± 31G* computations.


z�������}|�������{
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beyond any doubt (Figure 1). The triplet state lies
1.9 kcal molÿ1 above the open shell singlet and is a true
minimum. Additionally, an IRC calculation performed on TS
14 shows the connection between 3 and 6.


This situation is reminiscent of the enantiomerization of
cycloheptatetraene 15 via singlet cycloheptatrienylidene 16
(1A2, Scheme 6).[65±67] The latter carbene may be considered a
one-center biradical, which was long believed to be an
intermediate. It is clear now,
however, that only the triplet is
low-lying and that all low-lying
singlets are transition structures.


In contrast to previous calcu-
lations, we find the biradical TS
7 higher in energy
(5.9 kcal molÿ1 at BLYP or
9.2 kcal molÿ1 at BCCD(T)
above 6 compared with
�2 kcal molÿ1); the racemiza-
tion, however, is still fast.[55, 56]


The difference between theory
and experiment of about
10 kcal molÿ1 remains, and
more experiments on the cycli-
zation of 3 are needed. For the
isomerization of 6 to 4, differ-
ent pathways are possible
(Scheme 7):
1) direct [1,5] hydrogen shift


from the sp3-hybridized car-
bon to the allenic carbon via
transition structure 19.


2) [1,2] hydrogen shift from the
sp3-hybridized carbon via TS
18 leading to biradical inter-
mediate 24 and through a


subsequent [1,4]-H shift via
25 to 4.


3) [1,2] hydrogen shift from the
sp3-hybridized carbon via TS
17 to the allenic carbon
leading to intermediate 21/
22 and through a subsequent
[1,2]-H shift via 23 to 4.


4) [1,2] hydrogen shift of the
allenic hydrogen via TS 20
giving rise to the same inter-
mediate 21/22 and [1,2]-H
shift via 23 to 4.


As noted, path 3 is energetically
most favorable. With a barrier
of 38.8 kcal molÿ1 for BLYP or
38.4 kcal molÿ1 for BCCD(T)
above 3, this path agrees nicely
with the experimental result of
40.5 kcal molÿ1. The barrier of
the perhaps most obvious path,
1, is �16 kcal molÿ1 and that of


H H HH


(R)-15 16 (1A2) (S)-15


Scheme 6. Racemization of cycloheptatetraene 15 via planar cyclohepta-
trienylidene 16.


Figure 1. Singlet (bottom) and triplet (top) energy surface of 6 depending on dihedral angle. All points are
BCCD(T)/cc-pVDZ//BLYP/6 ± 31G* single-point energies.
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Scheme 7. Possible isomerization paths of isobenzene 6 to benzene 4.
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path 4 more than 34 kcal molÿ1 higher than for path 3. The first
barrier of path 2 is only �5 kcal molÿ1 higher than in path 3,
but a second barrier of more than 26 kcal molÿ1 makes this
reaction mode likewise unfavorable.


The structure of intermediate 21/22 is difficult to character-
ize. The BLYP energies favor the biradical 21 over the
carbenoid structure 22, while the BCCD(T) data show that 22
is the ground state. Since the difference in energy is within the
computational error bars, a clear conclusion cannot be drawn.
As the singlet ± triplet separation is only 1.9 kcal molÿ1, a
biradical description of the intermediate seems to be indi-
cated. The intermediate undergoes a second [1,2] hydrogen
shift leading to 4. As the barrier is quite small (BLYP:
4.4 kcal molÿ1 above 21, BCCD(T): 0.4 kcal molÿ1 above 22) it
has not been detected experimentally. The overall experi-
mental exothermicity of the cycloisomerization of 3 to 4
(ÿ64.9 kcal molÿ1) again nicely agrees with the BLYP
(ÿ65.1 kcal molÿ1) and BCCD(T) (ÿ67.9 kcal molÿ1) results.


In summary, we could show that 3 undergoes a thermocyclic
reaction to one of the enantiomeric isobenzene forms 6, which
are interconnected via biradical TS 7. Structure 6 isomerizes
through two subsequent [1,2]-H shifts to benzene along path 3
via the intermediate 21/22. The comparison between exper-
imental and computational data shows that BLYP/6 ± 31G*
and BCCD(T)/cc-pVDZ describe the cycloisomerization of
the parent system under consideration quite well; except for
the 6/7 problem where more computations and experiments
are perhaps needed. The time-saving BLYP DFT method
does an especially good job, therefore it is sensible to use this
method on the large carbocyclic dienynes 11 a ± h and their
cycloisomerization products, for which the more sophisticated
methods are too time-consuming.


Benzannelated system : For the benzannelated system, exper-
imental values are not yet available and, therefore, accurate
predictions for the cyclization of B 3 would be useful
(Scheme 8). The cyclization barrier (BLYP: 32.1 kcal molÿ1,
BCCD(T): 36.4 kcal molÿ1) is only slightly affected by the


Scheme 8. Benzannelated dienyne B3 and cyclization products B 6 and
B7.


benzene ring and lies a little higher in energy than in the
parent system. On the other hand, the effect on the cyclization
product B 6 or B 7 (1A'') is large. In contrast to the parent
system, biradical B 7 is not a TS but a stable structure and lies
below the the allenic structure B 6 (2.5 kcal molÿ1 for BLYP).
One explanation may be that the benzylic p-electron of B 7
can delocalize over a larger system, while B 6 loses its
aromaticity during cyclization by forming a o-quinoide
system. Both structures B 6 and B 7 are higher in energy than
the parent system.


Further isomerization to naphthalene B 4 also occurs
through two consecutive [1,2] hydrogen shifts. The barriers


of the other two pathways are too high in energy to play a role
in the hydrogen transfer. The highest barrier of the two-step
shift (BLYP: 44.1 kcal molÿ1, BCCD(T): 46.0 kcal molÿ1) is
6 kcal molÿ1 above the respective barrier of the parent system
and would require a higher reaction temperature. The
intermediate B 21/B 22 is again a problem (it is a biradical
B 21 at BLYP but a carbene at BCCD(T)). The barrier
between B 21/B 22 and B 4 is very low and cannot be
determined by a cyclization experiment. The overall exother-
micity is a little lower than that of the parent reaction
(�60 kcal molÿ1 vs. �67 kcal molÿ1) because of the aromatic
ring already present in B 3. While 3 gains the full aromatiza-
tion energy on giving rise to 4, B 3 only experiences partial
aromatization energy on building B 4 from the already
aromatic B 3 (Table 2).


Cyclic dienynes : By analogy to enediynes 9 a ± f, the cyclic
dienynes 11 a ± h should be greatly affected by their inherent
ring strain. As known experimentally, nine- and ten-mem-
bered carbocyclic enediynes 9 c and 9 d readily cyclize at room
temperature, while the parent enediyne needs elevated
temperatures (t1/2� 1 h at 155 8C). The reason is the reduction
in ring strain by forming the less-strained cyclization prod-
uct.[18, 21, 22] For similar reasons, the barriers for small cyclic
dienynes 11 should decrease and make the molecules cyclize
at lower temperatures than parent dienyne 3.


The following examination deals with the E,Z-carbocyclic
dienynes 11 a ± h and their cyclization paths that lead to
benzocycloalkenes 12 a ± h because the E,Z species were
synthesized and experimentally investigated. Additionally,
the structures of Z,Z-11 a ± h were computed for comparison.
While 11 a and 11 b are much more stable in the Z,Z- than in
the E,Z-conformation (38.2 and 16.1 kcal molÿ1, respectively),
11 c and 11 d are only slightly more stable in the Z,Z-form (7.7
and 2.9 kcal molÿ1, respectively). In 11 e both isomers have
almost the same energy, while the E,Z-isomer is preferred by
the larger rings 11 f ± h.


The E,Z-isomers 11 a ± h can occur in the cis- or in the trans
form (Scheme 9), with a preference for the former by small
rings and the latter by large. The cyclization to 26 a ± h can, of
course, only start from the cis-conformer. As calculations on
the 14-membered ring 11 h show, the trans conformation is
only 1.4 kcal molÿ1 more stable than the cis-conformation, and


Table 2. Results of the computed enthalpy values of the cycloisomeriza-
tion of B 3 (all enthalpies in kcal molÿ1).


Structure DRH298/DH=
298 DRH298/DH=


298


(BLYP/6 ± 31G*) (BCCD(T)/cc-pVDZ)[a]


B 3 0.0 0.0
B 14 32.1 36.4


B 6 25.3 25.5
B 7 22.8 ±[b]


B 17 44.1 46.0
B 21 20.8 ±[b]


B 22 21.8 20.7
B 23 24.8 22.0


B 4 ÿ 59.3 ÿ 60.1


[a] Thermal corrections taken from the BLYP/6 ± 31G* computations.
[b] Owing to restricted computer power, the open-shell single points could
not be calculated.
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Scheme 9. Structures 11a ± h in cis- and trans conformation.


the barrier for interconversion is only 5.6 kcal molÿ1. Since
11 h has the most stable trans configuration, all other rings
either prefer the cis-conformation or have lower barriers than
11 h. That is, the cis/trans isomerization before the actual
cyclization can be neglected kinetically.


In general, the E,Z-isomers of 11 a ± h initially give rise to
the allenes trans-26 a ± h via transition structures 25 a ± h, while
the Z,Z-isomers of 11 a ± h always lead to cis-26 a ± h. The two
diastereomeric forms of allenes 26 a ± h are connected with
each other by biradical TS 27 a ± h. The trans allenes 26 a ± h
are then transformed through a [1,2]-H shift to intermediates
29 a ± h and through a second [1,2]-H shift further to benzo-
cycloalkenes 12 a ± h (Scheme 10). As the second [1,2]-H shift
has a much lower barrier than the first one, it is not important
kinetically and will therefore only be mentioned in Table 3.


The reactions of seven- and eight-membered dienynes 11 a
and 11 b are special cases and have to be considered
separately from the other carbocycles. Trans allene 26 a
cannot be built from 11 a because of the large strain associated
with the trans configured cyclopropane ring. For the same
reason, TS 27 a cannot be reached. As the reaction to 12 a
would only be possible from trans-26 a this cyclization is not


regarded further. The eight-membered 11 b can, in contrast to
11 a, form a trans allene 26 b, it is, however, highly strained as
well; this makes the barrier of 28.0 kcal molÿ1 and an
endothermicity of 27.8 kcal molÿ1 quite reasonable. The bar-
rier for the first [1,2]-H shift is 37.0 kcal molÿ1; this makes 11 b
a little more reactive than the parent dienyne 3.


The nine-membered dienyne 11 c has a cyclization barrier
of 20.2 kcal molÿ1, and the highest H-shift barrier is
26.7 kcal molÿ1; this renders 11 c much more reactive than 3.
Only the energy of the allene trans-26 c (14.4 kcal molÿ1) is
comparable to that of 6 because of the additional ring strain of
a trans configured five-membered ring in 26 c. The cyclization
barrier of ten-membered 11 d (22.9 kcal molÿ1) is slightly
higher than that of 11 c, while the H-shift barrier is increased
to 34.3 kcal molÿ1: still well below the barriers of 3. Allene
trans-26 d is not much affected by additional ring strain
through the trans configuration, and is therefore lower in
energy than trans-26 c. With an energy of 12.1 kcal molÿ1,
trans-26 d is the lowest-lying of allenes 26. The eleven-
membered 11 e has nearly the same energetics as the parent
system. With 28.1 and 39.5 kcal molÿ1 for the cyclization and
H-shift barriers, respectively, 11 e is only slightly more
reactive than 3. All remaining cyclic dienynes 11 f ± h have


higher barriers and energies
than the parent system, and
are therefore less reactive.


A point worth mentioning is
that apart from 11 a and 11 b,
which suffer from ring strain in
the cyclization products, all bar-
riers and energies increase with
the enlargement of the ring, so
that the potential energy surfa-
ces do not cross each otherÐ
except, as already mentioned,
trans-26 c (Figure 2).


Experimental Results


As reported elsewhere, two of the authors successfully
synthesized a series of cyclo-1,3-dien-5-ynes 11 d ± h.[68] These
compounds can be obtained in overall yields between 2 and
22 % by following a synthetic route with five steps
(Scheme 11); they are colorless, volatile liquids, which are
stable when stored under argon and cooled.


First experiments on the thermocyclization of 11 d ± h have
been carried out. The starting materials were heated in
o-C6D4Cl2, and the thermocyclizations were monitored by
1H NMR spectroscopy. These first studies clearly showed a
correlation between the ring size of the cyclodienyne (and
therefore ring strain) and the cyclization temperature. Cyclo-
deca-1,3-dien-5-yne (11 d) begins to cyclize at room temper-
ature; as expected the higher homologues require higher
cyclization temperatures (Table 4). For cyclotetradeca-1,3-
dien-5-yne, 11 h, no cycloaromatization occurred up to 210 8C
(b.p. of dichlorobenzene).


Exploratory kinetic experiments of these cyclizations gave
preliminary rate constants and activation barriers. The


Scheme 10. Cyclization of cyclic dienynes 11a ± h.


Table 3. Results of the computed enthalpy values of the cycloisomerization of
11a ± h [Gibbs free enthalpies (DG298) in kcal molÿ1].


Ring size 8 9 10 11 12 13 14 Parent
Structure b c d e f g h System


11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 28.0 20.2 22.9 28.1 37.3 38.6 44.5 32.4
trans-26 27.8 14.4 12.1 15.1 20.2 22.4 30.7 14.9
27 ± ± 13.8 24.3 33.5 37.5 42.4 21.1
28 37.0 26.7 34.3 39.5 51.4 56.2 62.1 42.7
29 15.9 9.5 14.5 21.4 29.2 34.8 42.6 21.9
30 23.1 13.0 19.4 24.7 37.7 41.3 45.8 28.0
12 ÿ 65.8 ÿ 76.7 ÿ 70.1 ÿ 64.8 ÿ 49.8 ÿ 47.1 ÿ 43.7 ÿ 62.1
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measurements were carried out in o-C6D4Cl2 and the product/
starting material ratio was calculated from the integrated
1H NMR spectra recorded at different times. Table 5 shows
the results obtained; as expected the data are consistent with a
first-order reaction (see Figure 3). It is important to note
again that the given values represent only approximate
results, and that further work has to be done in order to
allow a detailed discussion of the experimental results.


The experimental results agree well with the computed
cyclization barriers. On the other hand, all computed [1,2]-
shift barriers are apparently too high to allow the formation of
benzocycloalkenes at temperatures lower than 200 8C, in
contrast to our experimental findings; this problem has not
yet been fully solved. One possible explanation is that, in the


cyclic system 11 a ± h, other hy-
drogen shifts can occur that are
not possible in the parent sys-
tem 3 because of the absence of
the aliphatic chain. In order to
give a more satisfactory explan-
ation, additional computational
and experimental work on this
problem must be carried out.


Conclusion


In the present work we exam-
ined the thermal cycloisomeri-
zation of parent and benzannel-
ated carbocyclic hexa-1,3-dien-
5-ynes by employing a density
functional approach and addi-


tional coupled-cluster energy single points for the parent
system. The applicability of the BLYP DFT functional and of
the Brueckner doubles [BCCD(T)] approach is also shown to
work well for these systems.


Figure 3. Kinetic diagram of the thermocyclization of 11 f.


For the cycloisomerization of the parent system 3, both
BLYP and BCCD(T) reproduce the experimental values very
well. The initial step is a cyclization that forms a six-
membered intermediate. It was shown that the formerly
proposed biradical intermediate 7 is a transition structure that
connects the two enantiomeric isobenzenes 6, and that 6 is
indeed a true intermediate. Two consecutive [1,2]-H shifts
transform 6 into benzene 4 ; all other shifts, including the
direct [1,5]-H shift, have much higher barriers and can be
excluded.


Figure 2. Potential energy surface of the cycloisomerization of 11c ± h to 12c ± h via TSs 26c ± h and 29c ± h.


Scheme 11. Synthesis of cyclo-1,3-dien-5-ynes 11 d ± h : a) (COCl)2, DMSO, CH2Cl2, NEt3, ÿ60 8C; b) [1,3]Dioxolan-2-ylmethyltriphenylphosphonium
bromide, tBuKO, THF, RT; c) nBuLi, diethyl ether, ÿ50 8C, DMF, ÿ70 8C, d) TiCl3(DME)1.5 , Zn/Cu, DME, reflux.


Table 4. Minimal cyclization temperatures for 11d ± h.


Substance Tmin [8C]


Cyclodeca-1,3-dien-5-yne 11d RT
Cycloundeca-1,3-dien-5-yne 11e 100
Cyclododeca-1,3-dien-5-yne 11 f 150
Cyclotrideca-1,3-dien-5-yne 11g traces at 210 8C
Cyclotetradeca-1,3-dien-5-yne 11 h no reaction up to 210 8C


Table 5. Results of kinetic experiments for the thermocyclization of
11d ± f.


Substance Ttherm. [8C (K)] 106 k [sÿ1] t1/2 [h]


11d (CDCl3) 40 (313.15) 7.1� 0.3 27.0� 1.0
11e (o-C6D4Cl2) 165 (438.15) 70� 5 2.8� 0.2
11f (o-C6D4Cl2) 165 (438.15) 3.5� 0.1 55.0� 1.5
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The benzannelated system B 3 follows a similar reaction
pattern to 3, except that the barriers are a little higher; this
should result in a higher cyclization temperature. The overall
exothermicity is lower because of the aromatic ring already
present in B 3, and the biradical intermediate B 7 is not a TS
but a minimum, which is energetically below isonaphthalene
B 6. One reason for the latter may be that B 6 loses its
aromaticity on forming a o-quinoide system, while the
benzylic p-electron can delocalize over a larger range in B 7.


To qualitatively understand the effect of ring strain on these
reactions, we computed the cyclization energies of carbocyclic
1,3-dien-5-ynes with ring sizes from 7 to 14 carbons (11 a ± h).
As was found for the cyclic enediynes, the cycloisomerization
of 11 to benzocycloalkenes 12 also clearly depends on the ring
size. The small strained rings 11 a and 11 b produce inter-
mediates with even more ring strain and, therefore, 11 a does
not cyclize while 11 b has barriers comparable to that of the
parent system. The medium rings 11 c ± e benefit from
inherent ring strain as they produce unstrained intermediates
and products; this can be observed in their higher reactivity
compared with 3. With increasing ring size, barriers and
endothermicities increase as well. While nine-membered 11 c
has the lowest cycloisomerization barriers of all cyclic
dienynes 11 (overall barrier: 26.7 kcal molÿ1) eleven-mem-
bered 11 e is hardly lower in energy than parent 3. The large
rings 11 f ± h all have higher barriers and are therefore less
reactive than the parent system 3.


Exploratory kinetic experiments on the recently prepared
10- to 14-membered carbocyclic 1,3-dien-5-ynes 11 d ± h sup-
port the theoretical findings, as 11 d and 11 e truly cyclize at
lower temperatures. However, the rate constants determined
indicate lower overall barriers than computed. This problem
has not been fully resolved yet. The cyclic systems 11 a ± h may
undergo other hydrogen shifts which are not possible in
parent 3, as aliphatic substituents are absent. Additional
computational and experimental work on this problem will be
carried out to give a satisfactory explanation.
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A Hyperpolar, Multichromophoric Cyclodextrin Derivative:
Synthesis, and Linear and Nonlinear Optical Properties


El Djouhar Rekaï,[b] Jean-Bernard Baudin,[b] Ludovic Jullien,*[b] Isabelle Ledoux,[c]


Joseph Zyss,[c] and Mireille Blanchard-Desce*[a]


Abstract: A chiral, highly polar, multi-
chromophoric supermolecule has been
designed by gathering seven push ± pull
chromophores onto a b-cyclodextrin
assembling unit through covalent flexi-
ble linkers. The photophysical and non-
linear optical properties of this muti-
chromophoric conical bundle were in-
vestigated and compared with those of
the monomeric chromophore. The
strongly absorbing multichromophoric


system combines interesting features: it
has a high molecular first-order hyper-
polarisability and a very large dipolar
moment (m� 38 D) which reveal a self-
arrangement of the dipolar chromo-
phores within the supermolecule. The


confinement of the push ± pull chromo-
phores within the nanoscopic bundle
affects their optical properties and pro-
motes interactions: the multichromo-
phoric supermolecule is hypochromical-
ly and hypsochromically shifted with
respect to its monomeric analogue. In
addition, the close proximity promotes
excitonic coupling, as well as excimer
formation phenomena.


Keywords: chromophores ´ cyclo-
dextrins ´ fluorescence ´ nonlinear
optics ´ push ± pull chromophores


Introduction


In the last twenty years, supramolecular chemistry has
emerged as a major field of chemistry, owing to numerous
applications such as selective recognition, ion complexation,
sensing and transport.[1] Among the miscellaneous goals and
strategies, one attractive approach is the design of ªsuper-
moleculesº in which the assembly of several (identical or
complementary) molecular components leads to an improved
or specific function. Such an approach has been particularly
successful in addressing, for instance, efficient electron or
energy transfer.[2, 3]


In the present paper, we have been interested in the design
and study of a supermolecule where seven ªpush ± pullº
chromophores (i.e. molecules that bear electron-donor (D)
and electron-acceptor (A) groups connected through a


p-conjugation path) are gathered by covalent grafting onto
a b-cyclodextrin (b-CD) ring assembling unit. We investigated
how this influences the optical (both linear and nonlinear)
properties of the resulting multichromophoric supermolecule
with respect to its monomeric counterpart.


Cyclodextrins are naturally occurring cyclic oligosaccharide
backbones of widespread use in supramolecular chemistry.[4]


These hollow chiral molecules exhibit interesting structural
features such as characteristic sizes, polyfunctionality and
symmetry, which makes them attractive for many applica-
tions. Cyclodextrins are mostly known for complexing organic
substrates of suitable shape in aqueous solutions. In the last
years, we have been concerned with the design, synthesis and
physicochemical investigations of symmetrically derivatised
cyclodextrins conceived as components for self-assembly in
solution or as artificial antenna mimicking some of the events
of photosynthesis.[5] During the latter studies, different
aromatic chromophores were grafted onto the primary rim
of the b-cyclodextrin to yield multichromophoric systems.[6]


The absorption and emission properties of these bundles of
covalently attached chromophores are sensitive to the mo-
lecular conformation. In fact, the average distance between
individual chromophores is about one nanometer; this allows
interactions involving the chromophores in their fundamental
or their excited states to be revealed.[7]


In this paper, we focus on a multichromophoric b-CD
bearing seven push ± pull chromophores. Such chromophores
exhibit an intramolecular charge transfer (ICT) between
electron-releasing (D) and electron-withdrawing (A) end
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groups in the ground state, so that they have a significant
ground-state dipole. This allows for strong dipolar interac-
tions which can significantly affect both the conformation and
the optical properties of the multichromophoric assembly.
Push ± push molecules are characterised in solution by an
intense absorption band in the UV/visible region which is
associated with an ICT phenomenon. By choosing suitable D
and A groups, high transition dipole moments can be
achieved. By grafting onto b-CD, seven push ± pull chromo-
phores that had higher transition dipoles than those of the
chromophores used in the series of heptachromophoric
cyclodextrin previously studied, we anticipated getting deriv-
atives prone to exhibiting significant changes of their photo-
physical properties as a result of a conformational perturba-
tion and of interactions between the chromophores. In
particular, electronic interactions between the transition
moments of close-packed chromophores within the super-
molecule could allow for Frenkel-exciton-type coupling. A
significant change in the absorption spectrum would then be
observed.[8]


Such multichromophoric supermolecules also are of partic-
ular interest for nonlinear optics (NLO). Molecular NLO has
attracted increasing interest over the past twenty years,[9±10]


owing to numerous applications in various fields such as
telecommunications, optical data storage, information pro-
cessing and microfabrication. Molecular engineering of push ±
pull compounds[11] has been a very active area in recent years
and has led to compounds displaying huge quadratic b[12] and/
or cubic hyperpolarisability.[13] We note that b-cyclodextrin
has also been used as a chiral complexing agent to allow the
creation of second-harmonic generation-active solids through
the formation of inclusion complexes of p-nitroaniline.[14]


Recently, several studies have addressed the potentials of
multichromophoric dipolar systems for NLO. Highly promis-
ing results have been obtained when four push ± pull chro-
mophores are incorporated in calix[4]arenes; this leads to
supermolecules that show intriguing second-order nonlinear-
ities both at the molecular and macroscopic levels.[15] Inter-
esting results have also been obtained with model tris-
chromophoric dipolar compounds built from triphenylcarbi-
nol.[16] Bis-chromophoric systems derived from binaphtyl have
been extensively investigated over recent years.[17] The NLO
properties of these preorganised, bis-dipolar systems have
been shown to be strongly dependent on both the close
proximity of dipolar chromophores and on their relative
orientation. The dihedral angle between subchromophores
plays a significant role. Dendrimers that incorporate numer-
ous chromophores have lately emerged as fascinating sys-
tems.[18] For instance, multichromophoric dendrons that
include up to 15 dipolar chromophores have been designed
and shown to promote coupling enhancement of the molec-
ular hyperpolarisability.[18b]


Results and Discussion


Design : We sought a cyclodextrin derivative that would be
soluble in organic environments and whose photophysical
features could possibly be modified by a change of micro-


environment, such as solvent polarity. Consequently, we
designed derivatives that should be soluble in a wide range
of organic solvents. We focused on the functionalisation of
cycloheptaamylose b-cyclodextrin[19] by seven push ± pull
chromophores bearing a dimethylanilino electron-releasing
moiety connected to a rhodanyl electron-releasing moiety.
Such chromophores were grafted to the primary rim of b-CD
through a short spacer (one methylene unit) by using an ester
linkage. These chromophores show significant molecular
nonlinearity and intense absorption in the visible-blue re-
gion.[20]


Synthesis : The synthesis of the push ± pull chromophore 1-[5-
(4-dimethylamino-benzyliden)-4-oxo-2-thioxo-thiazolidin-3-
yl]-acetic acid (1) bearing a pendant acid moiety was easily
achieved by a Knoevenagel condensation (Scheme 1), under
standard experimental conditions.[12e] Then the reaction
between the per-2,3-O-acetyl-b-cyclodextrin[21] and 1 yielded
the target derivative 2 CD by using previously reported
conditions.[22] For comparison purposes, the model compound
2 M resulting from the condensation of 1 with ethanol was also
synthesised (Scheme 1).


Absorption : Chromophore 2 M and multichromophoric 2 CD
both have a large and intense absorption band in the visible
region, shown in Figure 1. As exemplified in Table 1, both


compounds exhibit positive solvatochromic behaviour: a
bathochromic shift of the absorption band is observed with
increasing solvent polarity. This is typical of an ICT transition
with an increase of dipolar moment upon excitation,[20b, 23]


which results in a larger stabilisation of the more polar excited
state in polar solvents, and consequently in a red shift of the
absorption band.


Comparison of the absorption characteristics of 2 M and
2 CD reveals that the multichromophoric assembly 2 CD
shows definite hypsochromic and hypochromic shifts (see
Table 1) as well as a broadening of the absorption band,
relative to its monomeric counterpart 2 M. Although the


Table 1. Absorption properties of 2M and 2CD in different solvents:
maximum absorption wavelength (lmax), molar extinction coefficient (emax)
and oscillator strength f.


lmax [nm] emax [104mÿ1cmÿ1] f


2M
Cyclohexane 447 4.5 0.64
Toluene 465 4.8 0.68
Chloroform 475 4.4 0.64
DMSO 486 4.7 0.68
2CD [a]


Toluene [b] 436 12.8 2.38
Chloroform 468 15.7 2.87
DMSO 474 19.6 3.78


[a] 2CD is insoluble in cyclohexane. [b] 2 CD is poorly soluble in toluene at
room temperature. The sample was prepared at 80 8C and then cooled to
room temperature.
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mutichromophoric species maintains a very high molar
extinction coefficient (with typical emax values higher than
105mÿ1 cmÿ1), the resulting emax value, as well as the integrated
absorption coefficient (or equivalently the oscillator strength
f), is much smaller than that expected for completely
independent chromophores (i.e. seven times that of 2 M), as
clearly seen from comparison of Figure 1a and b. In addition,
this net hypochromic effect seems more pronounced in apolar
solvents: 2 M presents similar emax and f values in solvents of
different polarities, whereas 2 CD shows increasing emax and f
values with increasing solvent polarity (Table 1).


Such changes of absorption characteristics provide evi-
dence that the gathering and confinement of push ± pull
chromophores within 2 CD results in a modification of their
optical properties as compared with monomeric chromo-
phores in similar solvents. The hypsochromic shift can
originate from several causes including interactions between
individual chromophores within the supermolecule (such as
electrostatic or p ± p cofacial interactions[16d, 24]), excitonic
coupling,[8, 25±26] hindered solvation or aggregation effects.


Oscillator strengths are rather similar for 2 M in the
different solvents investigated. In contrast, lower solvent-
dependent values are observed for 2 CD. The latter observa-
tion strongly supports the idea that other mechanisms than
exciton coupling are also active in 2 CD samples. We note that
the hypsochromic and hypochromic shifts are definitely more
pronounced in toluene with the distinct emergence of a
dominant blue-shifted shoulder at 436 nm. On considering the
structure of 2 CD and the sample preparation in toluene,


which required solvent heating, intra- and intermolecular
aggregation might be considered to account for the pro-
nounced hypochromism observed in that particular case. The
large dipole moment of the multichromophoric bundle 2 CD
(vide infra) should result in strong intermolecular dipolar
interactions and could possibly promote formation of inter-
molecular aggregates. We anticipate such effects to be more
important in solvents of low polarity, such as toluene.


Circular Dichroism : The cyclodextrin backbone is chiral. This
feature is a distinct advantage for NLO and for detecting
excitonic coupling between the individual chromophores
borne by the primary rim of 2 CD. It is usually simple to
detect excitonic coupling in a dimer made of two identical
chromophores from the circular dichroism (CD) spectrum. In
contrast to the absorption spectrum, the CD spectrum
contains two bands of opposite signs.[7] Figure 2 displays the
CD spectra of 2 CD in toluene and dimethysulfoxide, together
with the absorption spectra.[27] Both spectra exhibit a similar
excitonic coupling, as revealed by the comparable intensity of
the CD spectra and excitonic splitting (De(L-R)(max)�
103mÿ1cmÿ1 and Dl� 40 nm), crossing the x axis at 442 nm
in toluene and at 458 nm in dimethylsulfoxide. In the present
system, the quantitative analysis of the experimental data
cannot easily be performed in order to derive a reasonable
estimate of the average conformation of 2 CD. In fact, too
many unknown parameters (e.g. distribution of interchromo-
phoric distances, relative orientations of the chromophores)
control the circular-dichroism spectrum.[7] Finally, the circu-
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Figure 1. UV/Vis absorption spectra of a) 2 M and b) 2 CD. In the latter
case, the molar absorption coefficient was divided by a factor of seven for
comparison purpose. Solvents: cyclohexane (- - - -), toluene (± ±±), chloro-
form (ÐÐ), dimethylsulfoxide (± ´ ± ´ ±).


Figure 2. Circular dichroism spectra (markers) of 2CD in toluene (o) and
dimethylsulfoxide (�). The UV/Vis absorption spectra of 2CD is given for
comparison (toluene: ± ±±, dimethylsulfoxide: ± ´ ± ´ ±).


lar-dichroism spectra suggest that the excitonic coupling
within the bundle of covalently linked chromophores of
2 CD do contribute to the strong perturbation of the 2 CD
absorption spectra compared with the 2 M ones.


Dipole moment : The dipole moments m of the chromophores
2 M and 2 CD were determined from dielectric and refractive
index measurements in solutions of decreasing concentration
of the dipolar molecules in chloroform. From experimental
data, the dipole moment can be inferred by using Equa-
tion (1), equivalent to the Debye equation:


m2� 27kT


4pNAC


�eÿ n2� ÿ �e1 ÿ n2
1�


�e1 � 2� �n2
1 � 2� (1)


in which NA is the Avogadro number, e and n are the dielectric
constant and the refractive index of the solution of concen-
tration C, respectively, and e1 and n1 are the dielectric constant
and the refractive index of the pure solvent. The dipole
moment is determined from the slope of the graph of D� (eÿ
n2)ÿ (e1ÿ n2


1� as a function of C, as C! 0.[28]


Compound 2 CD shows a very large dipole moment
(38.3 D), which is more than four times that of its monomeric
counterpart 2 M (9.3 D). This very large dipole moment
deserves a special comment. Our previous studies, carried out
with several multichromophoric cyclodextrins bearing naph-
thalene units, demonstrated that the individual chromophores
along the cyclodextrin were randomly oriented.[29] Conse-
quently, except for a possible minor contribution resulting
from the small number of chromophores that limits averaging,
the dipole moment of the multichromophoric cyclodextrins
bearing naphthaline units should be close to zero. On the
other hand, in the present multichromophoric cyclodextrin
2 CD, one could imagine that the much larger dipole moment
of the individual chromophores causes a preferential sheaf-
type self-arrangement that leads to a large dipole moment for
the multichromophoric bundle. By using the dipole-moment
values of 2 M and 2 CD, an average tilt angle of 548 can be
derived for each single push ± pull chromophore with respect
to the symmetry axis of the conical cyclodextrin.


Optical nonlinearities : The first hyperpolarisabilities b of
molecules 2 M and 2 CD were determined by using the
Harmonic Light Scattering (HLS) experiment, first intro-
duced by Terhune and Maker.[30] The HLS technique, which is
based on analysis of the incoherent, scattered second har-
monic signal from an isotropic medium, has recently attracted
strong interest for studies addressing octupolar molecular
structures.[31±32] This method also provides the advantage over
the electric-field-induced-second-harmonic (EFISH) tech-
nique of allowing direct measurement of the magnitude of
the first-order hyperpolarisability. As it results from an
incoherent process, the scattered nonlinear intensity I2w can
be expressed as Equation (2):


I2w�G(Nhb2i � N1hb2
1i) (Iw)2 (2)


for a solution with N (or N1) chromophores (solvent
molecules) per mL of solution, where the G coefficient
embodies geometrical factors and experimental correction
terms, and the brackets refer to statistical isotropic orienta-
tional averaging. G evaluation proceeds from the calibration
of the experiment by means of a reference CCl4 solution with���������hb2ip � 0.26� 10ÿ30 esu.
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The
���������hb2ip


value of the solute molecules can be inferred
from the determination of the linear dependence of the
harmonic intensity as a function of the square of the Iw


fundamental intensity for different molecular concentrations.
Measurements were carried out in chloroform with pure
solvent (leading to


���������hb2
1i


p � (0.19� 0.03)� 10ÿ30 esu[33] and
different concentrations of the solute chromophores. HLS
experiments were performed at 1.32 mm in order to locate the
second harmonic signal in the transparency region of the
chromophores and to avoid contamination by two-photon
fluorescence.[34±35]


The experimental HLS results obtained for the reference
chromophore 2 M and the multichromophoric bundle 2 CD
are collected in Table 2. We note that the multichromophoric
molecule 2 CD shows a significant first-order hyperpolaris-
ability that leads to a molecular quadratic nonlinearity more
than three times larger than its monomeric counterpart 2 M.
This confirms that the polar chromophores are not randomly
oriented around the cyclodextrin, but rather self-arranged
within the multichromophoric supermolecule. By using the
b(0) values derived from HLS measurements for 2 M and
2 CD, an average tilt angle of 618 is obtained for the push ± pull
chromophores ICT axis with respect to the axis of the conical
cyclodextrin. This is close to the tilt-angle value derived from
dipole measurements, and suggests that the seven chromo-
phores contribute in a roughly additive way to the non-
linearity of the multichromophoric molecule. On the other
hand, the close proximity of other dipolar chromophores can
affect the individual contribution; this leads to a reduction of
intramolecular charge transfer.[36] We note that such a
reduction of ICT could also be at the origin of the blue-
shifted absorption.[37]


The sheaf-type self-arrangement of the push ± pull chromo-
phores in the multichromophoric cyclodextrin derivative is of
interest for quadratic nonlinear optics. This is clear from the
mb(0) value estimated for the supermolecule 2 CD. The mb(0)
value, which is the relevant molecular figure of merit for the
preparation of poled polymers with large electrooptic coef-
ficients, is more than ten times larger that the experimental
value determined for the benchmark dipolar chromophore
Disperse-Red 1 (450� 10ÿ48 esu)[38] We note that 2 CD leads
to both slightly superior nonlinearity and transparency than
DR1;[39] this suggests that the multichromophoric strategy
may be a promising approach. It remains to validate such an
approach by studying the incorporation of such supermole-
cules into poled-polymers or ordered films.


Fluorescence emission : Figure 3 displays the emission spectra
of both 2 M and 2 CD in chloroform, dimethylsulfoxide and


Figure 3. Corrected fluorescence emission spectra and absorption spectra
of 2 M (ÐÐ) and 2 CD (- - - -) in a) chloroform, b) dimethylsulfoxide and
c) toluene. In each solvent, the emission spectra have been normalised at
the same absorbance for comparison purpose.


toluene, while Table 3 summa-
rises the results. Upon increas-
ing solvent polarity, 2 M fluo-
rescence emission is increased
and becomes red-shifted. The
positive solvatochromism, as
well as the increase of the
Stokes shift with solvent polar-


Table 2. Dipole moment values for molecules 2M and 2CD, and experimental results of HLS experiments
conducted at 1.32 mm in CHCl3 leading to the HLS molecular averaged hyperpolarisability bHLS�


���������hb2ip
.[a]


m lmax bHLS bHLS(0) bzzz bzzz(0) mbzzz(0)
[D] [nm] [10ÿ30 esu] [10ÿ30 esu] [10ÿ30 esu] [10ÿ30 esu] [10ÿ48 esu]


2M 9.3 477 43 19 104 46 427
2CD 38.3 468 143 64 345 154 5920


[a] For typical one-dimensional dipolar chromophores, the dominant component bzzz along the ICT axis is
evaluated from


���������hb2ip
according to bzzz�


������
35=6


p
bHLS.[33] The corresponding static values were calculated by using


the two-level dispersion factor.[42]
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ity (which accounts for the more pronounced solvatochrom-
ism of fluorescence relative to absorption), is consistent with a
significant increase of dipole moment upon excitation, leading
to a highly polar excited state. For such a derivative, an
increase of dipole of about 12 D is expected based on electro-
optical absorption measurements in solution.[20b]


The 2 CD fluorescence emission exhibits both similarities to
and differences from 2 M. The cases of chloroform and
dimethylsulfoxide will be discussed first. In these solvents, the
maxima of 2 CD fluorescence emissions are close to the 2 M
ones. This observation suggests that the solvent shells around
an excited chromophore in 2 CD or an excited 2 M molecule
compare well. Thus, despite the large local chromophore
concentration in 2 CD, no steric hindrance that leads to
constraints on solvent configuration can be observed from
2 CD emissions in chloroform or dimethylsulfoxide. In con-
trast, 2 CD exhibits excimer formation as revealed by the
existence of noticeable tails in the red tail of the emission
spectra when compared with 2 M. Such excimer formation has
already been observed in previous series.[6] It results from the
close proximity of the chromophores in the multichromo-
phoric molecules derived from b-cyclodextrin. The more
pronounced excimer formation in chloroform than in dimeth-
ylsulfoxide can be explained by the lower polarity and
viscosity of the former solvent. Both features should favour
the formation of excited states of chromophore dimers.


The spectrum of 2 CD fluorescence emission in toluene is
striking. It has its maximum at 661 nm, compared with 505 nm
for 2 M. The corresponding red-shift probably results from the
abundant formation of excimers. In addition to the poor
solubility in toluene and the large perturbation of the
absorption spectrum, the latter observation suggests that
these excimers are most probably intermolecular and, at least
partially, preformed. Nevertheless, the absence of any light
scattering from the 2 CD toluene solution indicates that the
aggregates remain smaller than the wavelength of the visible
light. Interestingly, 2 CD emission is the strongest in toluene
despite i) the observed trend for 2 M that should make us
anticipate a low-intensity emission; ii) the excimer formation,
which often leads to fluorescence quenching.


Conclusion


The mutichromophoric bundle obtained by the covalent
linking of seven dipolar chromophores on the primary rim
of a b-cyclodextrin shows intriguing features. The absorption,
circular dichroism and fluorescence investigations reveal that
the confinement of the push ± pull chromophores within the


nanoscopic supermolecule affects their optical properties and
promotes electrostatic/electronic interactions. A blue-shifted
absorption and hypochromic effect is obtained compared with
isolated chromophores in a similar solvent environment. In
addition, excitonic coupling and excimer-formation phenom-
ena are observed.


The very large dipole moment (38 D) and the significant
molecular first-order hyperpolarisability of the multichromo-
phoric bundle indicate a spontaneous self-organisation of the
dipolar chromophores within the supermolecule. Such chiral
hyperpolar multichromophoric assemblies are promising
candidates for nonlinear optics.


Experimental Section


Spectroscopic measurements : All experiments were performed at 25 8C.
The solvents were of spectroscopic grade. The UV/Vis absorption spectra
were recorded on a Kontron Uvikon930 spectrophotometer and the CD
spectra on a Mark V Jobin-Yvon spectrometer. Corrected fluorescence
spectra were obtained with a PTI spectrofluorometer.


Dipole measurements : Dielectric constants were measured by using a
WTW dipolemeter (type DM 01) made of a capacitance cell for liquids and
a capacitance-measurement electronic bridge. From capacitance values of
solutions, we can deduce the dielectric constant after a calibration process
involving various solvents with different dielectric constants. Refractive
indexes in the visible range were measured at 643 nm with a Carl ± Zeiss ±
Abbe refractometer and a Cadmium spectral lamp as the visible source.
Both measurements were performed at 25 8C; the solutions are maintained
at this temperature by using a water flow driven by a thermostatic bath.


NLO measurements : HLS measurements were conducted with a Q-
switched Nd3� :YAG laser emitting pulses of about 40 ns duration at
1.32 mm. These experiments were performed by using solutions of increas-
ing concentration in chloroform for each molecule. The experimental
accuracy ranges between 5 and 10 %.


Synthesis


General Procedures : Microanalyses were performed by the Service de
Microanalyses de l�UniversiteÂ Pierre et Marie Curie (Paris). Melting points
were determined with a Büchi 510 capillary apparatus. 1H and 13C NMR
spectra were recorded at room temperature on Bruker AM 250 or AM 400
spectrometers; chemical shifts are reported in ppm with protonated solvent
as internal reference (1H, CHCl3 in CDCl3 d� 7.27, CHD2SOCD3 in
CD3SOCD3 d� 2.49; 13C, 13CDCl3 in CDCl3 d� 77.0, 13CD3SOCD3 in
CD3SOCD3 d� 39.6); coupling constants J are given in Hz. Mass spectra
(chemical ionisation with NH3 or positive FAB) were performed by the
Service de SpectromeÂtrie de Masse de l�Ecole Normale SupeÂrieure (Paris).
Column chromatography was performed on silica gel 60 (0.040 ± 0.063 mm)
Merck. Analytical or preparative thin-layer chromatography (TLC) was
conducted on Merck silica gel 60 F254 precoated plates. Commercially
available reagents were used as obtained.


Acid 1: A solution of p-dimethylaminobenzaldehyde (2.73 g, 18.3 mmol)
and rhodanine-3-acetic acid (3.50 g, 18.3 mmol) in absolute ethanol
(250 mL) was heated under reflux for 18 h. After cooling, the crystalline
red precipitate was filtered and washed with a little ethanol to yield pure
acid 1 after drying under vacuum. Yield: 4.90 g, 83 %; m.p. 235 8C (lit.[40]


Table 3. Emission properties of 2M and 2 CD in several solvents.


Cyclohexane Toluene Chloroform DMSO
Compound lem (Ir(450))[a] [nm] SS[b] [cmÿ1] lem (Ir(450))[a] [nm] SS[b] [cmÿ1] lem (Ir(450))[a] [nm] SS[b] [cmÿ1] lem (Ir(450))[a] [nm] SS[b] [cmÿ1]


2M ±[c] 505 (0.63) 1700 529 (1.0) 2150 574 (7.2) 3150
2CD ±[d] 661 (2.7)[e] ± 530 (0.8) 2500 572 (1.4) 3600


[a] Absorbance-corrected relative intensity of fluorescence emission after excitation at 450 nm. The absorbance-corrected intensity of 2M in chloroform was
arbitrarily fixed at 1. [b] Stokes shift� 1/lmaxÿ 1/lem. [c] Very weak emission. [d] 2 CD is insoluble in cyclohexane. [e] 2 CD is poorly soluble in toluene at
room temperature. The sample was prepared at 80 8C and then cooled to room temperature.
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235 8C); 1H NMR (250 MHz, [D6]DMSO, 25 8C): d� 2.95 (s, 6H; 2 CH3),
3.25 (br s, 1H; COOH), 4.61 (s, 2 H; CH2), 6.74 (d, 3J(H,H)� 9.0 Hz, 2H;
H-ar), 7.40 (d, 2H, 3J(H,H)� 9.0 Hz, 2 H; H-ar), 7.64 (s, 1 H; HC�);
13C NMR (62.90 MHz, [D6]DMSO, 25 8C): d� 40.0, 45.3, 112.6, 113.7, 120.1,
133.8, 135.7, 152.5, 166.8, 167.6, 192.9.


Monomeric model chromophore 2M : Dicyclohexylcarbodiimide (DCC,
1.09 g, 5.3 mmol) was slowly added to a solution of absolute ethanol
(370 mL, 6.3 mmol), 1 (1.70 g, 5.3 mmol) and 4-(dimethylamino)pyridine
(DMAP; 0.644 g, 5.3 mmol) in anhydrous dichloromethane (100 mL).
After being stirred overnight at room temperature and under protection
from light exposure, the solution was filtered to eliminate the 1,3-
dicyclohexylurea (DCU) formed and then evaporated under reduced
pressure. The crude residue was purified by column chromatography on
silica gel with cyclohexane/ethyl acetate (2:1) to give 2M as red crystals
after recrystallisation in ethanol. Yield: 1.66 g, 90%; m.p. 144ÿ 145 8C;
1H NMR (250 MHz, CDCl3, 25 8C): d� 1.29 (t, 3J(H,H)� 7.2 Hz, 3 H; CH3-
CH2-O), 3.09 (s, 6H; N(CH3)2), 4.23 (q, 2H; CH3-CH2-O), 4.86 (s, 2H;
N-CH2-COO), 6.73 (d, 3J(H,H)� 9.0 Hz, 2 H; H-ar), 7.42 (d, 2 H,
3J(H,H)� 9.0 Hz, 2H; H-ar), 7.72 (s, 1 H; HC�); 13C NMR (62.90 MHz,
CDCl3, 25 8C): d� 14.1, 40.0, 44.9, 61.9, 112.1, 115.3, 120.8, 133.3, 135.4,
152.0, 166.2, 167.4, 193.1. MS (CI/NH3): m/z : 368 [M�NH4]� ; elemental
analysis calcd (%) for C16H18N2O3S2 (350.47): C 54.83, H 5.18, N 7.99;
found: C 54.82, H 5.13, N 8.12.


Heptachromophoric supermolecule 2CD : Dicyclohexylcarbodiimide
(DCC, 629 mg, 3.0 mmol) was slowly added to a solution of 2A, 2B, 2C, 2D,
2E, 2F, 2G, 3A, 3B, 3C, 3D, 3E, 3F, 3G-tetradeca-O-acetyl-b-cyclodextrin (300 mg,
0.17 mmol), 1 (983 mg, 3.0 mmoles, 2.5 eq) and DMAP (372 mg, 3.0 mmol)
in anhydrous dichloromethane (55 mL). After the same work up as for 2M,
the crude residue was purified by chromatography on silica gel with
dichloromethane/gradient of ethanol to give 2CD as orange crystals after
recrystallisation in dichloromethane/ethanol (1:30). Yield: 570 mg, 85%;
m.p. 225 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d� 2.09 (s, 3 H; OAc), 2.16
(s, 3H; OAc), 2.93 (s, 6 H; N(CH3)2), 3.83 (t, 3J(H,H)� 8.1 Hz, 1H; H-4),
4.24 (d, 1 H, 3J(H,H)� 8.1 Hz, 1H; H-5), 4.56 and 4.64 (2d, 2J(H,H)�
11.0 Hz, 2H; N-CH2-COO), 4.83 (d, 2J(H,H)� 16.7 Hz, 1H; H-6b), 4.94
(dd, 3J(H,H)� 8.4 Hz and 3J(H,H)� 3.1 Hz, 1 H; H-2), 4.96 (d, 2J(H,H)�
16.7 Hz, 1 H; H-6a), 5.11 (d, 3J(H,H)� 3.1 Hz, 1 H; H-1); 5.35 (t, 3J(H,H)�
8.4 Hz, 1H; H-3), 6.48 (d, 3J(H,H)� 7.9 Hz, 2 H; H-ar), 7.14 (d, 3J(H,H)�
7.9 Hz, 2 H; H-ar), 7.46 (s, 1 H; HC�); 13C NMR (100.624 MHz, CDCl3,
25 8C): d� 20.8(2), 39.8, 44.6, 63.8, 69.7, 70.1, 71.0(3), 76.8, 97.2, 111.7, 114.2,
120.3, 133.3, 135.6, 151.6, 165.7, 166.8, 169.5, 170.5, 192.6; MS (FAB� ):
m/z : 3854.54 [M�H]� ; elemental analysis calcd (%) for C168H182N14O63S14


(3854.33): C 52.35, H 4.76, N 5.09; found: C 50.68, H 4.65, N 5.02.[41]
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Molecular Motions within Self-Assembled Dimeric Capsules
with Tetraethylammonium Cations as Guest


Myroslav O. Vysotsky,[a] Anca Pop,[a] Frank Broda,[b] Iris Thondorf,[b] and
Volker Böhmer*[a]


Abstract: Hydrogen-bonded, dimeric
capsules of calix[4]arenes substituted at
the wide rim by four urea functions show
unprecedented dynamic features when a
tetraethylammonium cation is included
as a guest. The seam of hydrogen bonds
C�O ´´´ (HN)2C�O in the equatorial
region which holds the two calixarene
counterparts together changes its direc-
tionality fast (at 25 8C), while the dimer
itself is kinetically stable on the NMR
time scale. An energy barrier of DG=�
49.9 kJ molÿ1 (Tc 276 K) was estimated
for this reorientation from variable-
temperature (VT) NMR measurements.
Lowering the temperature to about
ÿ50 8C restricts also the rotation of the
encapsulated tetraethylammonium cat-
ion around a pseudo C2-symmetry axis in


the equatorial plane of the capsule,
while its rotation around the C4 axis is
still fast. As a result of this restriction
two ethyl groups of the tetraethylam-
monium cation point towards the
ªpolesº of the capsule, while the other
pair lies in the ªequatorº region. Varia-
ble-temperature 1H NMR experiments
led to a barrier of DG=� 54.8 kJ molÿ1


(Tc 306 K) for the exchange of these
different ethyl groups. Studies with the
ternary complex formed by a C2v-sym-
metrical tetraurea proved that both
processes, reorientation of the hydrogen


bonds and rotation of the guest, take
place independently. Molecular dynam-
ics simulations suggest that the capsule
is strongly expanded by the larger tet-
raethylammonium cation in comparison
with benzene as guest. Thus, on average
only one NÿH ´´´ O hydrogen bond is
formed per urea function and the inter-
action energy between the two tetraurea
calixarenes is less favorable by about
15 kcal molÿ1. This is overcompensated
by an energy gain of about 36 kcal molÿ1


due to cation ± p interactions. These
results provide a rationale to understand
the high stability of the complex inspite
of the mobility of the hydrogen-bonded
belt.


Keywords: calixarenes ´ conforma-
tion analysis ´ molecular dynamics ´
NMR spectroscopy ´ self-assembly


Introduction


Self-assembly can be used to construct molecular capsules[1, 2]


which are able to include one or two[3] suitable organic
molecules. It may be stated even, that well defined capsules
are not formed without such a suitable guest.[4] Dimeric
capsules based on tetraurea derivatives of calix[4]arene held
together by a seam of 16 hydrogen bonds,[5] have been
characterised mainly by NMR spectroscopy[6] and in one case
also by X-ray analysis.[7] The use of tetraalkylammonium


cations as guests opened the door for an analytical character-
isation by ESI mass spectrometry,[8, 9] but surprisingly such
dimeric capsules with cationic guests have not been studied
thoroughly by NMR spectroscopy.[10]


While tetraureas such as 1 or 2 are C4v-symmetric (as
revealed by their NMR spectra monitored in hydrogen bond
breaking solvents like DMSO), the symmetry of their capsules
is reduced to S8 (or C4 in heterodimers) due to the
directionality of the C�O ´´´ (HN)2C�O hydrogen-bonded
belt. The two meta-coupled doublets thus observed for the
aromatic protons of the calix[4]arene part (separated by about
1.8 ppm) can be considered as the most typical NMR proof for
the dimerisation. EXSY studies with the C2v-symmetrical
tetraurea 3 in benzene led to the conclusion that a reversal of
the directionality does not occur within a dimer but only
through its dissociation/recombination.[11]


It is well known that the encapsulated guest has a strong
influence on the thermodynamic stability of the capsule.[6c, 12]


Recently we could show, that also their kinetic stability is
strongly dependent on the guest, changing for instance by
nearly three orders of magnitude in going from encapsulated
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chloroform to cyclohexane for complexes dissolved in cyclo-
hexane.[13] We now found, that also the internal motions of the
capsule are strongly influenced by the guest. In this article we
describe the unexpected conformational behavior of the
tetraethylammonium complexes of the self-assembled capsu-
les formed by calixarenes 1 ± 3, studied by means of 1H NMR
spectroscopy and molecular dynamics (MD) simulations.


Results and Discussion


NMR studies


In CDCl3 tetraurea 1 is present as a dimer with encapsulated
CDCl3 (Figure 1 a) indicated in the aromatic region by two
strongly separated NH signals at d� 9.3 and 7.0 and two meta-
coupled doublets for the aromatic protons of the calixarene


Figure 1. Section of the 1H NMR spectrum (CDCl3, 400 MHz, 25 8C) of
a) [1 ´ CDCl3 ´ 1], b) [1 ´ Et4N� ´ 1]BF4


ÿ ; (the solvent signal is indicated by an
asterisk).


skeleton at d� 7.6 and 5.9. Saturation of such a solution by
tetraethylammonium tetrafluoroborate leads to a drastic
change of the 1H NMR spectrum of 1 (Figure 1 b). In the
region of d� 9 ± 6 only two sharp signals at d� 9.0 and 6.6
(ratio 1:3) are observed in addition to the two doublets of the
tolyl groups. The down-field signal of one type of urea NH
protons is in agreement with a hydrogen-bonded dimer, but
could be explained also by strong hydrogen bonding to other


acceptors (e.g. the anion). On the other hand, a single signal at
d� 6.6 for the aromatic protons of the calixarene, accidentally
superimposed with the second type of NH protons, is not in
agreement with the typical picture found up to now for
dimeric capsules. Up-field shifted signals for the tetraethyl-
ammonium cation (one broad signal at 0.9 (NCH2) and one
very broad signal at d�ÿ 1.7 (CH3)) may be due to its
encapsulation in a dimer, but could be also explained by its
inclusion into the open cavity of a C4v-symmetrical ªmono-
mericº tetraurea,[14] eventually assisted by additional hydro-
gen bonding of NH groups to the anion (ion-pair complexation).


The integration of these guest signals, hampered by their
broadness, indicated a ratio for 1/Et4N� of 2:1 rather than 1:1,
and an additional proof for the dimeric structure of the
complexes was found by the observation of heterodimers. The
1:1 mixture of ureas 1 and 2 extracted tetraethylammonium
salts in a similar way and additional signals (e.g. two addi-
tional pairs of doublets for ArCH2Ar, two additional broad
triplets for OCH2) are indeed observed in the 1H NMR
spectrum in complete agreement with the heterodimer
[1 ´ Et4N� ´ 2] (Figure 2). This unambiguously proves the


Figure 2. Section of the 1H NMR spectrum (CDCl3, 400 MHz, 25 8C) of
a) [1 �Et4N� � 1]BF4


ÿ ; b) [2 �Et4N� ´ 2]BF4
ÿ ; c) mixture of [1 ´ Et4N� ´ 1]BF4


ÿ,
[2 ´ Et4N� ´ 2]BF4


ÿ and [1 ´ Et4N� ´ 2]BF4
ÿ (signals of free Et4N� ions are


marked by a circle).


existence of dimers which consequently must have apparent
D4d or C4v symmetry (homo- and heterodimers, respectively)
which means that the directionality of their hydrogen-bonded
belt changes rapidly on the NMR time scale. From the
existence of discrete homo- and heterodimers and from
signals observed for uncomplexed Et4N� (d� 3.2 (q, CH2) and
1.2 (t, CH3)), follows, that the capsules themselves are
kinetically stable on the NMR time scale.[15] Therefore, the
inversion of the directionality of the hydrogen bonds must
occur in the present examples within the dimeric capsule and
not through dissociation/recombination as observed before.


Lowering the temperature leads to a splitting of the signals
in the aromatic region, as shown in Figure 3 for the
corresponding complex with Et4N� PF6


ÿ. Most probably, this
splitting is due to the directionality of the hydrogen-bonded
system. The barrier for the exchange of the two directions
(clockwise and counterclockwise when seen from one direc-
tion) was found to be 49.9 kJ molÿ1 (at the coalescence
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Figure 3. Section of the 1H NMR spectrum (CDCl3, 400 MHz) of a)
[1 ´ Et4N� ´ 1]PF6


ÿ, 25 8C; b) [1 ´ Et4N� ´ 1]PF6
ÿ, ÿ55 8C.


temperature Tc� 276 K) which is much lower than in case of
the calixarene urea dimers with neutral organic molecules as
guest, where two meta-coupled doublets were observed up to
100 8C.


As shown in Table 1 the chemical shifts (d values) of the
NH protons are smaller for the [1 ´ Et4N� ´ 1] complexes than
for capsules with chloroform or benzene as guest. This upfield
shift suggests weaker hydrogen bonding, which may be the
reason for the observed rapid change of the directionality of
the cyclic belt of hydrogen bonds (see below).


No changes are observed in the NMR spectrum, if a
solution of 1 in CDCl3 is saturated with a tetrapropyl- or
tetrabutylammonium salt (Pr4N�BF4


ÿ or Bu4N�PF6
ÿ) since


these larger cations evidently cannot be included in a dimeric
capsule. Additional signals appear with Me4N�PF6


ÿ. The
complex spectrum indicates an inclusion of the smaller
tetramethylammonium cation, but the capsules with CDCl3


as guest are not completely replaced.[16, 17]


Temperature dependence was also found for the signals
assigned to the guest.[18] With increasing temperature the two
very broad signals at about d�ÿ0.4 and ÿ3.2 (found for
[1 ´ Et4N� ´ 1]PF6


ÿ at 25 8C) coalesce at 33 8C into one signal at
about d�ÿ1.7, while a temperature decrease leads to a slight
down-field shift of the signal at d�ÿ0.40 followed by an
additional splitting into a pair of signals at about d�ÿ0.25
and ÿ0.30 below Tc� 231 K.[19] At low temperature these
three signals in the high-field region are broad triplets and the
gradient selected COSY spectrum recorded at ÿ55 8C proves
that the signal at d�ÿ3.45 is coupled with two broad signals
at d� 0.34 and 0.42, while the signals at d�ÿ0.25 and ÿ0.30
are coupled with two other signals at d� 1.10 and 0.90. This


coupling pattern as well as the integral intensities at this
temperature leave no doubts that the upfield signals in the
region d� 0 toÿ3.50 really belong to the methyl groups of the
encapsulated Et4N� ion. The big difference in chemical shifts
(d�ÿ0.25/ÿ 0.30 vs. d�ÿ3.5) indicates two very different
environments for the methyl groups of the guest. It can be
understood if one assumes an orientation where two residues
R�Et of the Et4N� ion are within the ªequatorial planeº (the
hydrogen-bonded belt), while the other two point towards the
ªpolesº of the capsule (the p-basic cavity) and hence are much
more shielded by the aromatic rings (see Scheme 1). An


Scheme 1.


energy barrier of 54.8 kJ molÿ1 (Tc� 306 K) is derived for the
exchange R/R' which most probably occurs by rotation
around the pseudo-C2 axis (Scheme 1), while the fourfold
symmetry apparent from the host signals requires a fast
rotation of the guest around the C4 axis connecting the poles.
The two signals observed at very low temperature in the
region of d�ÿ0.3 are explained by the absence of any
symmetry plane through the nitrogen of the Et4N� ion, when
there is a directionality of the hydrogen-bonded system. This
makes the two equatorial ethyl groups different from each
other.


Still more detailed information was obtained from the C2v-
symmetrical calix[4]arene urea 3 which forms chiral dimers,
present in solution, as a mixture of two enantiomers. The
chirality in this case is caused only by the combination of the
two monomers into a dimer while the directionality of the
hydrogen bonds does not lead to additional isomeric struc-
tures, but only to a reduction of the symmetry from D2 to
C2 .[20] Thus, in principle the dimeric structure of the complex
should follow directly from the NMR spectrum .


At 25 8C the NMR spectrum of [3 ´ Et4N� ´ 3]PF6
ÿ (Fig-


ure 4 a) shows four singlets for NH, four doublets for the
aromatic protons of the tolyl residues, one singlet for methoxy
and two singlets for tolyl methyl, and, in agreement with D2


Table 1. Selected 1H NMR data (in ppm) of hydrogen bonds in
[1 ´ guest ´ 1] (CDCl3, 400 MHz).


Complex N-Ha N-Hb


[1 ´ Et4N� ´ 1]BF4
ÿ (25 8C) 8.89 6.62


[1 ´ Et4N� ´ 1]PF6
ÿ (25 8C) 9.04 6.42


[1 ´ Et4N� ´ 1]PF6
ÿ (-55 8C) 9.16 6.42


[1 ´ CDCl3 ´ 1] 9.32 7.01
[1 ´ C6D6 ´ 1] [a] 9.95 7.37
[1 ´ CHCl3 ´ 1][b] 9.49 7.05
[1 ´ C6H6 ´ 1][b] 9.44 6.75


[a] In [D6]benzene. [b] Values in [D12]cyclohexane, taken from ref. [13].
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Figure 4. Section of the 1H NMR spectrum (CDCl3, 400 MHz) of a)
[3 ´ Et4N� ´ 3]PF6


ÿ, 25 8C; b) [3 ´ Et4N� ´ 3]PF6
ÿ, ÿ55 8C (the solvent signal is


indicated by an asterisk).


symmetry,[21] two pairs of doublets for the protons of the
methylene bridges (ArCH2Ar). The aromatic protons of the
calixarene skeleton appear as one broad signal, indicating
again a change in the directionality of the H-bonding system.
The methyl groups of the included Et4N� ion give one up-field
signal at d�ÿ1.8. With decreasing temperature this signal
first (Tc�ÿ2 8C) splits into two broad signals at d�ÿ0.5 and
ÿ3.4 (Figure 5). At lower temperature (Tc�ÿ25 8C) each of
these signals splits again into a pair of broad multiplets
(Figure 5) in agreement with the symmetry of a tetraethyl-
ammonium cation included in a chiral C2-symmetrical dimer.
The multiplicity of these signals is not expressed, but a COSY
spectrum recorded at ÿ55 8C proves that the signal at d�
ÿ3.41, attributed to one of the ªpolarº methyl groups, is
coupled with one broad signal at d� 0.24, while the signal at
d�ÿ3.34, attributed to the other ªpolarº methyl group is
coupled with two signals at d� 0.14 and 0.37, which corre-
spond to two diastereotopic CH2 protons within one ªpolarº
ethyl group. The relative integral intensities of the three
signals at d� 0.37, 0.24, and 0.14 are 1:2:1 (four protons). In a
similar way, the CH3 signal of one ªequatorialº ethyl group at
d�ÿ0.46 is coupled with signals at d� 0.82 and 0.99, while
the one at d�ÿ0.50 is coupled with a signal at d� 0.89.


In the aromatic region (Figure 4 b) four pairs of meta-
coupled doublets can be assigned analogously in the COSY
spectrum, superimposed in the low-field part by the tolyl
signals. There are also eight
signals for NH protons present
in the 1H NMR spectrum at
ÿ55 8C (Figure 4 b), as well as
two singlets for methoxy
groups. All this is entirely in
agreement with the C2 symme-
try of the [3 ´ Et4N� ´ 3]PF6


ÿ


complex at this temperature,
reflecting a directionality of
the hydrogen bonding system
which is frozen on the NMR
time scale.


Figure 6 shows a plot of DG=


versus the coalescence temper-
ature Tc for different signals. It


Figure 5. Section of the guest signals in the 1H NMR spectrum (CDCl3,
400 MHz) of [3 ´ Et4N� ´ 3]PF6


ÿ at different temperatures.


strongly suggests that in fact two different and independent
dynamic processes are observed, namely the inversion of the
directionality of the hydrogen bonded belt (process I) and the
rotation of the tetraethylammonium cation around the
pseudo-C2 axis (process II). Process II is reported by the
ªlarge splittingº of the guest�s methyl groups, while their ªfine
splittingº and the splitting of the host signals is caused by
process I. Of course, the temperature range for DG= is not
large enough to determine accurately DH= and DS= from this
plot. It clearly reveals, however, that one of the values does
not belong to the remaining series.


It is worth to note that the barrier for the reorientation of
the belt of hydrogen bonds is roughly the same for ureas 1 and
3, while the barrier for the rotation of the tetraethylammo-
nium cation decreases from 54.8 kJ molÿ1 (Tc 306 K) (1) to
48.4 kJ molÿ1 (Tc 271 K) (3). This might reflect a higher inner
volume in the case of urea 3 where two pentyl residues of 1
have been replaced by the smaller methyl groups.


There remains the question, why in capsules with ammo-
nium cations (e.g. Et4N�) as guest a rapid change of the
direction of the hydrogen bonds occurs, in contrast to capsules
with neutral guests. Such a process requires rotation around


Figure 6. Energy barriers DG= for the two rearrangement processes I (*) and II (&) versus the coalescence
temperatures Tc of different signals in [3 ´ Et4N� ´ 3]PF6


ÿ.
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the Ar-NH-CO-NH- s bonds and a passage of the negatively
charged carbonyl oxygen through the interior of the capsu-
le.[22] It can be easily understood, that a positively charged
guest can lower the activation barrier for this rotation.


Molecular dynamics


To obtain more detailed information about the structure of
the complexes and to gain a better understanding of their
internal mobility we have performed molecular dynamics
(MD) simulations of the model complex of [5 ´ Et4N� ´ 5] in a
box of chloroform molecules and compared the results with
the respective MD simulations of [5 ´ C6H6 ´ 5].


The volume of the dimeric capsule accessible for a guest
molecule is about 190 ± 200 �3 as estimated from the only
X-ray structure (4 ´ 4) known so far and from molecular
mechanics calculations.[7] While typical solvent guests such as
chloroform (VvdW� 74.5 �3) and benzene (VvdW� 73.5 �3)
occupy about 40 % of the cavity, also the encapsulation of
much larger guests such as camphor (VvdW� 151 �3), myrtenol
(Vvdw� 144.4 �3) or charged ammonium ions such as N-
methylquinuclidinium (Vvdw� 136.2 �3) and tetraethylammo-
nium (Vvdw� 154 �3) is evidently possible.[8, 23]


When the Et4N� ion was docked into the interior of 4 ´ 4 (co-
ordinates taken from the X-ray structure) in the position
anticipated from the experiment (see above) overlapping
areas of the guest�s and host�s van der Waals surfaces in the
equatorial region of the molecular capsule indicated that the
cavity is much too narrow to properly accommodate the guest
molecule. This necessarily means that the structure of the
calixarene capsule containing the Et4N� ion must differ from
those formed with a benzene guest. The extent of this
difference can be deduced from the comparison of several
geometrical characteristics of the two ternary complexes
[5 ´ Et4N� ´ 5] and [5 ´ C6H6 ´ 5] calculated from the MD trajec-
tories (Table 2).


Not unexpectedly, a substantial increase in the size of the
molecular capsule occurs when Et4N� is encapsulated instead
of benzene (Figure 7). The inner volume, calculated from the
average structures of the molecular dynamics runs,[24] increas-
es by almost 20 %. This expansion of the molecular capsule
concerns both, stretching of the ªpole ± poleº distance (Dd�
0.9 �) and the widening of the equator (Dd� 1 �). Compared
to [5 ´ C6H6 ´ 5] the urea residues in [5 ´ Et4N� ´ 5] are drifted
apart from each other which results in an elongation of the
NÿHa ´ ´ ´ O�C distances and even in the disruption of the
weaker[7] NÿHb ´ ´ ´ O�C hydrogen bonds (Scheme 2). The two
calixarene hemispheres of the molecular capsule in [5 ´ Et4N� ´ 5]
are therefore linked together only by a seam of (on average)
7.6 hydrogen bonds between the peripheral NÿH and C�O
groups.


Weaker NÿHa ´ ´ ´ O�C hydrogen bonds in the Et4N� com-
plex are also reflected by the chemical shifts for NH protons


Table 2. Average values for specific geometric parameters of the ternary
complexes; fluctuations in parentheses.


[5 ´ C6H6 ´ 5] [5 ´ Et4N� ´ 5]


cavity volume [�3][a] ca. 190 ca. 224
number of hydrogen bonds[b] 14.0 (1.4) 7.6 (1.9)
extension pole to pole [�][c] 9.6 (0.2) 10.5 (0.2)
extension at the equator [�][d] 11.2 (0.7) 12.2 (0.3)
NÿHa ´ ´ ´ O distance [�] 2.01 (0.2) 2.31 (0.4)
NÿHb ´ ´ ´ O distance [�] 2.45 (0.3) 2.86 (0.5)
inclination of calixarenes [8][e] 4.2 (2.1) 6.3 (6.3)
torsion angle CArÿNHb [8] 13.4 (10.6) 2.1 (12.7)


[a] Estimated from the average structure of the MD run. [b] Calculated
using a cut-off value of 2.7 � for the NH ´´´ O�C distance and of 1358 for
the NÿH ´´´ O angle. [c] Distance of the two centroids of the bridging
methylene carbon atoms. [d] Largest distance between opposite groups
defining the equator of the capsule: the urea carbonyl carbon atoms in the
case of [5 ´ C6H6 ´ 5] and the peripheral nitrogen atoms for [5 ´ Et4N� ´ 5].
[e] Angle between the two mean planes defined by the bridging methylene
carbon atoms.


Figure 7. AMBER-minimized average structures of the MD runs of [5 ´ C6H6 ´ 5] (left) and [5 ´ Et4N� ´ 5] (right). The van der Waals volume is indicated for the
guest, while only the skeleton is shown for the dimeric host. Hydrogen bonds are represented by dashed lines.
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reported in Table 1. No direct values are available for the
benzene complex in CDCl3 (the conditions taken for the
simulation), due to its low kinetic stability, while the values
obtained in C6D6 are generally down-field shifted. However,
the complex with chloroform may be taken for comparison
instead, since in [D12]cyclohexane (the same is true for CDCl3


containing 5 % C6D6) both complexes show nearly the same
value for NÿHa . In principle the same trends are observed for
the chemical shifts of protons NÿHb.


The results of the energy component analyses (Table 3) are
in line with these observations. When Et4N� is accommodated
instead of benzene the interaction energy between the two


calixarene monomers of the capsule is less favourable by
about 13 kcal molÿ1 corresponding to somewhat more than
2 kcal molÿ1 per lacking hydrogen bond. The average energy
of the dimer simultaneously increases by about 20 kcal molÿ1,
thus indicating that in addition to the weakening of the
hydrogen-bonding system also a steric strain of approximately
7 kcal molÿ1 is excerted on the molecular capsule by the bulky
tetraethylammonium cation. The host ± guest interaction is,
however, more favourable by 36 kcal molÿ1 in [5 ´ NEt4


� ´ 5]
than in [5 ´ C6H6 ´ 5] which is sufficient to compensate for the
energy loss resulting from the reorganisation of the capsule.
This large energy gain by encapsulation of the Et4N� guest can
be rationalised by attractive non-covalent forces between the
cation and the extended p-basic cavity of the calixarenes as
well as the negatively charged carbonyl oxygen atoms which
turn toward the cavity (cf. , Table 1).[25]


Conclusion


The results of the MD simulations indicate significant differ-
ences in the properties of calixarene capsules accommodating
either a benzene or a tetraethylammonium guest. While the
former is held together by a seam of (ideally) 16 hydrogen
bonds between the self-complementary urea units around the


equator, in the latter this hydrogen bonding system is
dramatically weakened due to the expansion of the capsule
by encapsulation of the bulky guest but additional ªcation ´´´ pº
interactions provide enough energy to keep the two hemi-
spheres together.[26] It seems therefore that a change in the
directionality of the hydrogen bonding system follows differ-
ent mechanisms in the two ternary complexes: a dissociation/
recombination mechanism[11] when hydrogen bonding is the
main factor for the stability of the capsule, and rotation of the
urea residues within the dimeric structure when nondirec-
tional attractive forces between the calixarene hemispheres
and the guest contribute significantly to the stability of the
assembly.


Preliminary results from potential of mean force (PMF)
calculations[27] suggest that this rotation proceeds preferably
by the passage of the C�O group through the interior of the
capsule while the passage of the NH groups requires a higher
energy. In keeping with these simulation results is the
observation that the experimentally determined energy
barrier for the inversion of the H-bond direction is also
dependent of the anion present. A passage of the NH
hydrogens through the outer sphere of the capsule could be
easily influenced by interactions with the anion. We presently
study this anion influence more in detail.


It may be generally stated that the hydrogen-bonding
system of such tetraurea capsules represents a valuable model
system to study the thermodynamic and kinetic properties of
hydrogen bonds, by far the most frequently used ªtoolº for
self-assembled supramolecular structures in nature.


Experimental Section


NMR studies


CDCl3 (stabilized over silver wool, 99.8 % of deuterium, Fa. Merck) was
used for the spectroscopic studies. The 1H NMR spectra were measured on
a Bruker DRX400 Avance (400.13 MHz) spectrometer. The complexes
used for the variable temperature 1H NMR measurements were prepared
by refluxing a 2:1 mixture of ureas 1 or 3 (50 ± 70 mg) and tetraethyl
ammonium hexafluorophosphate with 5 mL of chloroform (p.a. grade) for
2 h, followed by evaporation and drying in the vacuum of an oil pump.
Variable temperature 1H NMR measurements were conducted at a
complex concentration of 5 mm. Experiments with a slight excess (10 %)
of one of the components, ammonium salt or urea, did not show differences
in the coalescence temperatures, while a larger excess of the ammonium
salt led to measurable deviations. The Gutowsky ± Holm[28] and Arrhenius
equations were used to calculate DG= at coalescence temperatures.


5,11,17,23-Tetra-[N'-tolyl-N-ureido]-25,26,27,28-tetrapentyloxycalix[4]arene
[1 ´ Et4N� ´ 1]BF4


ÿ : 1H NMR (25 8C): d� 8.89 (s, 8H; NH), 7.66 and 7.16
(2�d, 3J� 8.2 Hz, 32 H; ArHtol), 6.62 (s, 24 H; ArHcal� NH), 4.30 and 2.94
(2�d, 2J� 11.7 Hz, 16 H; ArCH2Ar), 3.76 (t, 3J� 8.2 Hz, 16H; OCH2),
2.26 (s, 24H; ArCH3), 1.93 ± 1.89 (m, 16H; CH2), 1.4 ± 1.36 (m, 16H; CH2),


Scheme 2.


Table 3. Average energy components of the ternary complexes (in
kcal molÿ1); fluctuations in parentheses.


[5 ´ C6H6 ´ 5] [5 ´ Et4N� ´ 5]


steric energy of the dimer 142.9 (9.6) 162.3 (10.2)
interaction energy [5 ± 5][a] ÿ 78.2 (2.3) ÿ 65.2 (3.8)
interaction energy [5 ´ guest ´ 5][b] ÿ 20.3 (1.3) ÿ 56.6 (2.8)
interaction energy complex ± solvent ÿ 190.7 (7.3) ÿ 194.5 (7.0)


[a] Interaction energy between the two monomers in the dimeric capsule.
[b] Interaction energy between the guest and the dimeric capsule.
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1.32 ± 1.23 (m, 16 H; CH2), 0.96 (t, 3J� 7.0 Hz, 24H; CH3), 0.92 (br m, 8H;
NCH2*), ÿ1.67 (br m, 12 H; CH3*). Signals of the included guest are
marked by an asterisk.


5,11,17,23-Tetra-[N'-hexyl-N-ureido]-25,26,27,28-tetradecyloxycalix[4]arene
[2 ´ Et4N� ´ 2]BF4


ÿ : 1H NMR (25 8C): d� 6.93 (s, 16 H; ArHcal), 6.76 (s, 8H;
NH), 6.51 (br s, 8H; NH), 4.44 and 3.13 (2� d, 2J� 12.4 Hz, 16H;
ArCH2Ar), 3.79 (t, 3J� 7.2 Hz, 16 H; OCH2), 3.34 (q, 3J� 5.6 Hz, 16H;
NCH2), 1.96 (m, 16 H; CH2), 1.64 (m, 16H; CH2), 1.50 ± 1.00 (m, 176 H;
CH2), 0.91 (br m, 8H; NCH2*), 0.87 (br t, 48H; CH3), ÿ1.70 (br m, 12H;
CH3*).


5,11,17,23-Tetra-[N'-tolyl-N-ureido]-25,26,27,28-tetrapentyloxycalix[4]arene
[1 ´ Et4N� ´ 1]PF6


ÿ : 1H NMR (25 8C): d� 9.04 (s, 8H; NH), 7.73 and 7.24
(2�d, 3J� 8.2 Hz, 32H; ArHtol), 6.62 (br s, 16H; ArHcal), 6.42 (s, 8 H; NH),
4.30 and 2.92 (2� d, 2J� 12.0 Hz, 16H; ArCH2Ar), 3.76 (t, 3J� 8.0 Hz,
16H; OCH2), 2.27 (s, 24 H; ArCH3), 1.94 ± 1.87 (m, 16H; CH2), 1.44 ± 1.35
(m, 16H; CH2), 1.32 ± 1.26 (m, 16H; CH2), 1.11 (br m, 4H; NCH2*), 0.96 (t,
3J� 7.3 Hz, 24H; CH3), 0.8 (br m, 4H; NCH2*), ÿ0.4 (br m, 6 H; CH3*),
ÿ3.2 (br m, 6 H; CH3*); 1H NMR (ÿ55 8C): d� 9.16 (s, 8H; NH), 7.73 and
7.24 (2�d, 3J� 7.2 Hz, 32 H; ArHtol), 7.65 and 5.38 (br s, 16H; ArHcal), 6.42
(s, 8H; NH), 4.21 and 2.89 (2� d, 2J� 10.5 Hz, 16H; ArCH2Ar), 3.76 (br m,
16H; OCH2), 2.25 (s, 24 H; ArCH3), 1.87 (br m, 16H; CH2), 1.33 (m, 16H;
CH2), 1.21 (m, 16H; CH2), 1.10 (br m, 4 H; NCH2*), 0.91 (t, 3J� 7.0 Hz,
24H; CH3), 0.42 and 0.34 (2� br m, 4H; NCH2*), ÿ0.25 and ÿ0.30 (2�br
t, 6 H; CH3*), ÿ3.45(br t, 6H; CH3*).


5,11,17,23-Tetra-[N'-tolyl-N-ureido]-25,27-dimethoxy-26,28-di-pentyloxy-
calix[4]arene [3 ´ Et4N� ´ 3]PF6


ÿ : 1H NMR (25 8C): d� 9.18 (s, 4H; NH),
8.72 (s, 4 H; NH), 7.75 and 7.25 (2� d, 3J� 8.2 Hz, 16 H; ArHtol), 7.68 and
7.18 (2� d, 3J� 8.2 Hz, 16H; ArHtol), 6.82 (br s, 4H; NH), 6.8 ± 6.4 (br s,
16H; ArHcal), 6.20 (s, 4 H; NH), 4.19 and 2.94 (2� d, 2J� 10 Hz, 8H;
ArCH2Ar), 4.19 and 2.91 (2� d, 2J� 11.7 Hz, 8 H; ArCH2Ar), 3.87 (s, 12H;
OCH3), 3.60 ± 3.56 (m, 8H; OCH2), 2.28 (s, 12H; ArCH3), 2.26 (s, 12H;
ArCH3), 1.89 (m, 8H; CH2), 1.65 (m, 8 H; CH2), 1.40 (m, 8H; CH2), 0.95
(t, 3J� 7.3 Hz, 12 H; CH3), 0.70 (br m, 8H; NCH2*), ÿ1.80 (br m, 12H;
CH3*); 1H NMR (ÿ55 8C): d� 9.35 (s, 2H; NH), 9.28 (s, 2 H; NH), 8.93 (s,
2H; NH), 8.82 (s, 2H; NH), 7.8 ± 7.6 (m, 16H; ArHtol), 7.76 and 5.43 (2�br
d, 4H; ArHcal), 7.71 and 5.23 (2�br d, 4 H; ArHcal), 7.62 and 5.67 (2�br d,
4H; ArHcal), 7.43 and 5.02 (2� br d, 4H; ArHcal), 7.3 ± 7.1 (m, 18 H; ArHtol


� NH), 6.54 (s, 2 H; NH), 6.16 (s, 2H; NH), 6.03 (s, 2 H; NH), 4.2 ± 4.00 (m,
8H; ArCH2Ar), 3.86 (s, 6 H; OCH3), 3.81 (s, 6 H; OCH3), 3.5 ± 3.3 (m, 8H;
OCH2), 2.9 ± 2.7 (m, 8H; Ar-CH2-Ar), 2.31 (s, 12 H; ArCH3), 2.27 (s, 6H;
ArCH3), 2.19 (s, 6H; ArCH3), 1.89 (m, 8 H; CH2), 1.33 (m, 16H; CH2), 0.89
(br t, 12 H; CH3), 1.03 ± 0.74 (m, 4 H; NCH2*),0.35 (br m, 1H; NCH2*), 0.24
(br m, 2H; NCH2*), 0.05 (br m, 1H; NCH2*), ÿ0.46 and ÿ0.50 (2� br m,
6H; CH3*), ÿ3.34 and ÿ3.41 (2�br m, 6H; CH3*).


Computational methods


Calixarene model complexes [5 ´ NEt4
� ´ 5] and [5 ´ C6H6 ´ 5] were created by


modification of the crystal structure[7, 29] of 4 ´ 4 using the SYBYL[30]


software suite. Point charges were assigned by the Gasteiger-Marsili
algorithm.[31] The structures where then transferred to the LEaP format of
AMBER 5[32, 33] and solvated in a cubic box of 822 ([5 ´ NEt4


� ´ 5]) and 920
([5 ´ C6H6 ´ 5]) chloroform molecules, respectively. The resulting models
were subjected to 5000 steps of minimisation and subsequently to a 30 ps
belly MD simulation (300 K, 1 bar) to accomplish relaxation of the solvent.


All minimisations and MD simulations were carried out with AMBER 5.
We employed the parm96 parameter set with the following additions.
Chloroform parameters (four-site model) were adopted from the liter-
ature[34] with minor modifications: rvdW(Cl) and rvdW(C) were set to 1.925 and
2.109 �, respectively, and the force constant for the Cl-C-Cl bending term
was set to 70.0 kcal molÿ1 radÿ2. Some missing parameters for the calixarene
were taken from reference [35]. Geometrical parameters for the urea units
(see Supporting Information) were derived from 6 ± 31G**/MP2[36] calcu-
lations on N,N'-dimethylurea and the torsional parameters were estimated
from the ab initio rotational barrier.


The MD simulations were performed at 300 K and 1 bar pressure for 500 ps
with 200 K initial temperature and 1 fs time step. The nonbonding cutoff
was set to 12 �. Temperature coupling was achieved using the Berendsen
algorithm[37] with different scaling for solute and solvent and by setting the
coupling time to 0.5 ps in both cases. The pressure coupling time was set to
1.0 ps. Bonds containing hydrogen were constrained using SHAKE.
Coordinates were recorded every 200 fs for later analysis.
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Synthesis of Streptococcus pneumoniae Type 3 Neoglycoproteins Varying
in Oligosaccharide Chain Length, Loading and Carrier Protein


Dirk J. Lefeber, Johannis P. Kamerling, and Johannes F. G. Vliegenthart*[a]


Abstract: The preparation is described
of a range of neoglycoproteins contain-
ing synthesised fragments of the capsu-
lar polysaccharide of Streptococcus
pneumoniae type 3, that is b-d-GlcpA-
(1! 4)-b-d-Glcp-(1!O)-(CH2)3NH2


(1), b-d-Glcp-(1! 3)-b-d-GlcpA-(1! 4)-
b-d-Glcp-(1!O)-(CH2)3NH2 (2), and
b-d-GlcpA-(1! 4)-b-d-Glcp-(1! 3)-b-
d-GlcpA-(1! 4)-b-d-Glcp-(1!O)-
(CH2)3NH2 (3). A blockwise approach
was developed for the synthesis of the
protected carbohydrate chains, in which


the carboxylic groups were introduced
prior to deprotection by selective oxida-
tion of HO-6 in the presence of HO-4 by
using TEMPO (2,2,6,6-tetramethyl-1-pi-
peridinyloxy radical). After deprotec-
tion, the 3-aminopropyl spacer of the
fragments was elongated with diethyl
squarate (3,4-diethoxy-3-cyclobutene-


1,2-dione) and the elongated oligosac-
charides were conjugated to CRM197


(cross-reacting material of diphtheria
toxin), KLH (keyhole limpet hemocya-
nin) or TT (tetanus toxoid). The result-
ing neoglycoconjugates varied in oligo-
saccharide chain length, oligosaccharide
loading and protein carrier. These well-
defined conjugates are ideal probes for
evaluating the influence of the different
structural parameters in immunological
tests.


Keywords: antigens ´ neoglycocon-
jugate vaccines ´ oligosaccharides ´
oxidation ´ protecting groups


Introduction


The Gram positive bacterium Streptococcus pneumoniae is
one of the most prevalent infectious pathogens, which causes
life-threatening diseases such as meningitis, pneumonia and
otitis media. In the past, these infections could be efficiently
treated with antibiotics. However, death rates have not
declined and furthermore, resistance to pneumococcal strains
is still growing.[1] Immunocompetent people can be protected
efficiently by vaccination with the available 23-valent capsular
polysaccharide (CPS) vaccines.[2] The highest incidence of
pneumococcal infections is, however, in young children, the
elderly and immunocompromised patients. People in these
groups do not benefit from the mentioned vaccines, since they
do not respond adequately to the T-cell independent poly-
saccharides.[3] However, conjugation of carbohydrate antigens
to a protein results in a T-cell dependent neoglycoconjugate
antigen that can give an efficient immune response in the
population at high risk.[4]


Currently, neoglycoconjugate vaccines are in use against
Haemophilus influenzae type b,[5] Neisseria meningitidis


type C,[6] and Streptococcus pneumoniae serotypes.[7] These
neoglycoproteins are prepared by conjugation of isolated
capsular polysaccharides or a mixture of polysaccharide-
derived oligosaccharides to a protein carrier. The polysac-
charide ± protein conjugates have a very complex and unde-
fined structure, whereas the oligosaccharide ± protein conju-
gates contain the carbohydrate as mixtures with respect to
chain length and presented epitope. Especially in the case of a
pneumococcal conjugate vaccine, wherein many serotypes
have to be included, the presence of mixtures complicates the
analysis of the products, which is increasingly important for
product control. The use of synthetic polysaccharide-related
oligosaccharide fragments with a unique structure could help
to solve these problems. Furthermore, it creates the oppor-
tunity for the preparation of tailor-made neoglycoproteins
that can be used for vaccination, for ELISA tests not hindered
by bacterial contamination,[8] and for studying the immune
response at a molecular level. Although synthetic neo-
glycopeptides contain a defined carbohydrate and a defined
peptide part, the use of neoglycoproteins with a defined
carbohydrate part allows a comparison with the currently
used vaccines.


Recent studies with Streptococcus pneumoniae type 6B
neoglycoproteins showed that a synthetic tetrasaccharide
fragment, that is one repeating unit of the 6B CPS, coupled to
KLH was sufficient to generate a protective antibody
response in mice.[9] An overview of the synthetic oligosac-
charides from several serotypes of S. pneumoniae has been
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given by Kamerling,[10] and an overview of well-defined
neoglycoconjugates related to several encapsulated bacteria
by Pozsgay.[11]


To obtain well-defined products for the simplification of
product control, and to investigate the influence of oligosac-
charide chain length, oligosaccharide loading and carrier
protein on the immunogenicity of the neoglycoproteins, here
we present the development of a versatile synthetic route for
the preparation of oligosaccharides related to the CPS of S.
pneumoniae type 3 and their conjugation to a protein in
varying ratios. For the conjugation, the defined coupling
chemistry of diethyl squarate
(3,4-diethoxy-3-cyclobutene-
1,2-dione) was applied, and as
carrier proteins were used
CRM197 (cross-reacting materi-
al of diphtheria toxin) and TT
(tetanus toxoid), which are rel-
evant for human vaccination,
and KLH (keyhole limpet he-
mocyanin), which is suitable for
animal studies.


Results and Discussion


Retrosynthetic strategy : The
CPS of S. pneumoniae type 3
consists of b(1! 3)-linked cel-
lobiuronic acid repeating units.
A route for the synthesis of
small fragments has been reported by Chernyak et al. ,[12]


based on 3,6-lactonisation of glucuronic acid containing
structures to prepare acceptors with a free HO-3 group for
the introduction of the (1! 3)-linkage. However, the yields
for lactonisation and opening of the lactone were moderate in
the synthesis of the disaccharide acceptor and can be expected
to be even lower in the preparation of larger fragments.
During the progress of our work, the synthesis of a protected
disaccharide was described by Garegg et al.[13] In contrast to
these earlier reports, in our approach the carboxylic functions
are introduced in a late stage of the synthetic route by
regioselective oxidation using TEMPO. This approach avoids
elaborate protecting group manipulations and possibly low
yielding coupling steps. Furthermore, the blockwise strategy
employing disaccharide building blocks paves the way for the
versatile preparation of larger fragments.


For the synthesis of the target oligosaccharide fragments 1,
2 and 3 (Figure 1), three monosaccharide building blocks were
designed (see Scheme 1).


Coupling of imidate donor 12 with acceptor 7 or 17 results
in the formation of disaccharide 19 or 22, respectively.
Dechloroacetylation of 22 results in an acceptor for the
synthesis of the tri- and tetrasaccharide fragments. Disacchar-
ide 19 can be deallylated and imidated to obtain a disacchar-
ide donor, which can be coupled with 22 to give 30.
Introduction of the carboxylic groups is achieved by selective
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) mediated ox-
idation of the primary hydroxyl groups after liberation of the


Figure 1. Synthesised oligosaccharide fragments to be coupled to a carrier
protein.


benzylidene protecting groups. This selective oxidation elim-
inates the need for protection of HO-4. After debenzoylation,
the azide can be hydrogenated and the resulting aminopropyl
spacer coupled via diethyl squarate to lysine residues of
CRM197, KLH or TT. The tetrasaccharide acceptor can be
elongated to obtain longer fragments by coupling with the
mentioned disaccharide or other donors.


Synthesis of the saccharide fragments : Monosaccharide
acceptor allyl 2,3,6-tri-O-benzoyl-b-d-glucopyranoside (7)
was prepared as depicted in Scheme 2. Benzoylation of allyl
4,6-O-benzylidene-b-d-glucopyranoside (4)[14] by using ben-
zoyl chloride (!5, 92 %), and subsequent debenzylidenation
with trifluoroacetic acid afforded 6 in a yield of 92 %.
Selective benzoylation of the primary hydroxyl function with
benzoyl imidazole[15] gave monosaccharide acceptor 7 in 95 %
yield.


For the synthesis of imidate donor 12 (Scheme 2), selective
protection of allyl 4,6-O-benzylidene-b-d-glucopyranoside (4)
was attempted. However, several methods, for example, using
stannylene acetals (Bu2SnO),[16] benzoyl chloride at ÿ50 8C,
benzoyl imidazole, heterogeneous catalysis with tetrabutyl-
ammonium iodide and potassium carbonate,[17] or silyla-
tion,[18] failed to give satisfactory isolated yields of compounds
with a protecting group on HO-2 or HO-3. In the related a-
glucoside of 4 the acidity of HO-2 is increased by H-bond
formation with the anomeric oxygen,[19] thereby increasing the
difference in reactivity between HO-2 and HO-3. For this


Scheme 1. Retrosynthetic strategy.
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Scheme 2. Synthesis of the monosaccharide building blocks 7 and 12.
a) PhCOCl, C5H5N, CH2Cl2, 92%; b) CF3COOH, H2O, CH2Cl2, 92%;
c) PhCOCl, imidazole, CH2Cl2, 95 %; d) PhCOCl, imidazole, CH2Cl2,
74%; e) ClAc-Cl, C5H5N, CH2Cl2, 96%; f) i) [(PPh3)3RhICl], CH3C6H5/
EtOH 9:4, ii) NIS, H2O, THF, 77 %; g) Cl3CCN, DBU, CH2Cl2, 93 %.


reason, selective benzoylation of allyl 4,6-O-benzylidene-a-d-
glucopyranoside (8)[20] was performed with benzoyl imidazole,
which resulted in the formation of 9 in a good yield of 74 %.
Subsequent chloroacetylation[21] (!10, 96 %), deallylation by
isomerisation of the double bond with Wilkinson�s catalyst[22]


and removal of the 1-propenyl group with N-iodosuccinimide
and water[23] (!11, 77 %), and trichloroacetimidation[24]


afforded monosaccharide donor 12 (93 %).
Monosaccharide acceptor 17, containing a 3-azidopropyl


spacer, was prepared from 5 (Scheme 3). Deallylation of 5 by


Scheme 3. Synthesis of the monosaccharide building block 17.
a) i) [(PPh3)3RhICl], CH3C6H5/EtOH 5:2, ii) NIS, H2O, THF, 75%;
b) Cl3CCN, DBU, CH2Cl2, 82%; c) 8 % TMSOTf, CH2Cl2, 65 %;
d) CF3COOH, H2O, CH2Cl2, 63%; e) PhCOCl, imidazole, CH2Cl2, 96%.


using Wilkinson�s catalyst and N-iodosuccinimide (!13,
75 %) and subsequent trichloroacetimidation afforded mono-
saccharide donor 14 (82 %).
Coupling of 14 with 3-azido-1-
propanol (18), prepared in 74 %
from 3-bromo-1-propanol by
treatment with sodium azide,
was performed in dichlorome-
thane using 8 % TMSOTf as a
promoter (!15, 65 %). Deben-
zylidenation of 15 by using tri-
fluoroacetic acid (!16, 63 %)
and selective benzoylation of
HO-6 with benzoyl imidazole
afforded acceptor 17 in 96 %
yield.


The preparation of disaccharide donor 21 is presented in
Scheme 4. Coupling of donor 12 with acceptor 7 using 5 %
TMSOTf as a promoter afforded disaccharide 19 in an
excellent yield of 96 %. Deallylation with tris(triphenylphos-
phine)rhodium(i) chloride and N-iodosuccinimide (!20,
70 %) and subsequent trichloroacetimidation gave disacchar-
ide donor 21 (88%).


Scheme 4. Synthesis of disaccharide donor 21. a) 5% TMSOTf, CH2Cl2,
96%; b) i) [(PPh3)3RhICl], DABCO, CH2Cl2/CH3C6H5/EtOH 0.6:9:4,
ii) NIS, H2O, THF, 70%; c) Cl3CCN, DBU, CH2Cl2, 88%.


In Scheme 5, the strategies for the preparation of the
disaccharide acceptor 23 and target disaccharide 1 are shown.
Test-oxidations with TEMPO[25] of monosaccharide 6 showed
that the allyl group was incompatible with the reaction
conditions. Therefore, the 3-azidopropyl spacer was intro-
duced prior to oxidation. Coupling of disaccharide imidate 21
to 3-azido-1-propanol 18 to afford 22 was very troublesome
and gave irreproducible yields of around 50 % due to
orthoester formation (J1,2� 5.1 Hz). Coupling via the glycosyl
bromide, prepared from 20 by reaction with Vilsmeier
reagent,[26] gave similar problems. Alternatively, the synthesis
of disaccharide 22 was achieved by coupling of donor 12 and
the spacer-containing monosaccharide acceptor 17 using 8 %
TMSOTf as a promoter in a yield of 75 %. Subsequent
dechloroacetylation with diazabicyclo[2.2.2]octane (DAB-
CO)[27] gave disaccharide acceptor 23 (98 %).


For the synthesis of the target disaccharide fragment 1, first
23 was debenzylidenated using trifluoroacetic acid (!24,
90 %). Then, selective oxidation by using TEMPO and
aqueous sodium hypochlorite afforded the protected cello-
biuronic acid derivative 25 (85%). 1H NMR analysis after
methylation by using diazomethane proved the identity of the
compound (d� 3.37, COOCH3). Debenzoylation of 25 using
sodium methoxide in methanol at pH 11, followed by hydro-
genation of the azide should give 1. However, using the


Scheme 5. Synthesis of disaccharide acceptor 23 and target disaccharide 1. a) 8 % TMSOTf, CH2Cl2, 78%;
b) 15 equiv DABCO, CH3C6H5/EtOH 1:1, 55 8C, 98%; c) CF3COOH, H2O, CH2Cl2, 90%; d) TEMPO, aqueous
NaOCl, KBr, Bu4NBr, aqueous NaCl, aqueous NaHCO3, CH2Cl2, 85%; e) i) NaOMe, MeOH (pH 11),
ii) NaBH4, 10% Pd/C, H2O, 90%.
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conventional hydrogenolysis method with 10 % Pd/C and
hydrogen, a side product in about 20 % was generated.
1H NMR analysis showed the removal of some of the spacer
signals, but the full identity of the compound could not be
disclosed. When using dithiothreitol and DBU,[28] the same
side-product was formed. Reduction with sodium borohy-
dride and 10 % Pd/C in H2O afforded disaccharide fragment 1
in 90 % yield over two steps with the formation of only small
amounts of the mentioned side-product.


Focusing on target trisaccharide fragment 2, the synthesis of
protected trisaccharide 27 (Scheme 6) was quite troublesome.


Scheme 6. Synthesis of target trisaccharide 2. a) NIS, TfOH, Et2O/CH2Cl2


1:2, 82 %; b) CF3COOH, H2O, CH2Cl2, 70 %; c) TEMPO, aqueous NaOCl,
KBr, Bu4NBr, aqueous NaCl, aqueous NaHCO3, CH2Cl2, 76%; d) i)
NaOMe, MeOH (pH 11), ii) NaBH4, 10% Pd/C, H2O, 89%.


Coupling of 2,3,4,6-tetra-O-acetyl-a-d-glucopyranosyl tri-
chloroacetimidate with 23 using 10 % TMSOTf as a promoter
gave a complex reaction mixture. The use of the correspond-
ing glucosyl bromide or thioglucoside as a donor resulted in
the same complex mixture with one of the main side-products
being the orthoester (J1'',2''� 5.2 Hz). Coupling of 2,3,4,6-tetra-
O-benzoyl-a-d-glucopyranosyl trichloroacetimidate with 23
using 10 % TMSOTf as a promoter gave trisaccharide 27 in
70 % yield. The yield was, however, irreproducible due to the
formation of orthoester and some other side-products. Finally,
the use of ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-b-d-glucopy-
ranoside (26) as donor was found to result in an efficient
glycosylation of 23. Activation with triflic acid and N-
iodosuccinimide gave trisaccharide 27 in a reproducible yield
of 82 %. Debenzylidenation using trifluoroacetic acid (!28,
70 %) and subsequent oxidation of HO-6 using TEMPO and
aqueous sodium hypochlorite gave the protected trisaccharide
fragment 29 (76 %) (1H NMR: d� 3.62, d, J4',5'� 9.3 Hz, 1 H;
H-5'). Deprotection of 29 as described for 25 afforded
trisaccharide fragment 2 in 89 % yield over two steps.


In the synthesis of target tetrasaccharide fragment 3
(Scheme 7), as a first step disaccharide donor 21 was coupled
with disaccharide acceptor 23 using 10 % TMSOTf as a
promoter, resulting in 30 (75 %). Dechloroacetylation of 30
using thiourea (!31, 84 %), followed by debenzylidenation
using trifluoroacetic acid (!32, 70 %), and selective oxida-


Scheme 7. Synthesis of target tetrasaccharide 3. a) 10 % TMSOTf, CH2Cl2,
75%; b) thiourea, EtOH/C5H5N 8:1, 90 8C, 84%; c) CF3COOH, H2O,
CH2Cl2, 70%; d) TEMPO, aqueous NaOCl, KBr, Bu4NBr, aqueous NaCl,
aqueous NaHCO3, CH2Cl2, 65%; e) i) NaOMe, MeOH (pH 11), ii)
NaBH4, 10% Pd/C, H2O, 60%.


tion using TEMPO and aqueous sodium hypochlorite gave 33
in a yield of 65 %. 1H NMR analysis after methylation with
diazomethane showed two singlets at d� 3.39 and 3.34
(COOCH3). Deprotection of 33 as described for 25 gave
tetrasaccharide fragment 3 in 60 % yield over two steps.


In order to make a comparison possible of the immuno-
logical studies of the aimed di-, tri- and tetrasaccharide ±
protein conjugates with relevant blanks, the glucose and
glucuronic acid conjugates were also prepared. To this end,
3-aminopropyl glucopyranoside (35) and 3-aminopropyl glu-
copyranosiduronic acid (37) (Scheme 8) were prepared from
16. Debenzoylation of 16 (!34), followed by reduction of the


Scheme 8. Synthesis of 3-aminopropyl glucopyranoside 35 and 3-amino-
propyl glucopyranosiduronic acid 37. a) NaOMe, MeOH (pH 10);
b) NaBH4, 10 % Pd/C, H2O, 88 %; c) TEMPO, aqueous NaOCl, KBr,
H2O; d) NaBH4, 10% Pd/C, H2O, 80%.


azide with sodium borohydride and 10 % Pd/C in water gave
35 in 88 % over two steps. Oxidation of 34 with TEMPO and
aqueous sodium hypochlorite in water gave 36, which was
purified by conventional acetylation with acetic anhydride
and pyridine, column chromatography, and deacetylation
using sodium methoxide. Glucuronic acid derivative 37 was
obtained after reduction of 36 as described for 34 (80 % over
three steps).


The 1H NMR data of the target saccharide fragments 1 ± 3,
35 and 37, derived from two-dimensional TOCSY and
ROESY measurements, are presented in Table 1.







Oligosaccharides 4411 ± 4421


Chem. Eur. J. 2001, 7, No. 20 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0720-4415 $ 17.50+.50/0 4415


Preparation of the protein conjugates : Studying neoglyco-
conjugates in which only one parameter is varied is important
to understand the different factors that influence the immu-
nogenicity of the conjugates. To this end, focusing on CPS-
related oligosaccharides from S. pneumoniae type 3, neo-
glycoproteins with a different oligosaccharide chain length,
carbohydrate ± protein ratio, and protein carrier have been
prepared.


The saccharide fragments described above were conjugated
to CRM197, TT or KLH, using diethyl squarate as linker
(Figure 2).[29, 30] Elongation of the saccharides with diethyl
squarate was performed in ethanol/0.1m sodium phosphate
(pH 6.9). The reaction products were purified by solid-phase
extraction and coupled to protein in 0.1m sodium borate
buffer at pH 9.5.


CRM197 is a non-toxic product of a single mutation in the
diphtheria toxin gene[31] and exists as a pure and well-defined
protein that is often used as a carrier in human neoglycocon-
jugate vaccines.[32] As can be
seen from the coupling efficien-
cies in Table 2, the yield for the
conjugation of the saccharides
to CRM197 decreases when
charged structures are coupled
(entries 1 and 2), or when the
oligosaccharides become larger
(entries 1, 3, 5, and 8). The
amount of carbohydrate incor-
poration (Table 2) was meas-
ured by MALDI-TOF analysis
(see Figure 3 for some repre-
sentative spectra). It should be
noted that analysis of the


Figure 2. Coupling of saccharide fragments to a protein via diethyl
squarate. a) EtOH/sodium phosphate buffer (0.1m, pH 6.9); b) sodium
borate buffer (0.1m, pH 9.5); CRM197, KLH or TT.


CRM197-conjugates by MALDI-TOF was possible only when
about 10 mm sodium borate buffer was still present in the
sample. Attempts to measure the molecular mass in water
failed.


To investigate the immunological effect of the protein
carrier, two other proteins were coupled with the saccharide
fragments. Tetanus toxoid (TT), prepared by inactivation of
the crude toxin with formalin, is frequently used in human
immunisation studies, and KLH is frequently used for
immunisation studies in animals. The results for the coupling
of the saccharide fragments to TT and KLH are shown in
Table 3. Since TT and KLH are heterogeneous protein
preparations, the carbohydrate loading of these conjugates
could not be derived reliably by MALDI-TOF analysis. This is


Table 1. 500 MHz 1H NMR data of 1, 2, 3, 35, and 37 at 300 K (in ppm).[a]


J1,2 couplings are presented in parentheses.


H-1 H-2 H-3 H-4 H-5 H-6a H-6b


35 4.49 3.29 3.50 3.38 3.48 3.93 3.73
(7.9)


37 4.48 3.33 3.51 3.51 3.72
(7.9)


1 4.51 3.33 3.66 3.61 3.61 3.98 3.81
(7.7)


1' 4.51 3.36 3.52 3.52 3.75
(7.7)


2 4.51 3.33 3.66 3.61 3.61 3.98 3.80
(7.7)


2' 4.54 3.57 3.79 n.d.[b] n.d.
(8.3)


2'' 4.79 3.36 3.51 3.40 3.46 3.92 3.72
(7.7)


3 4.51 3.33 3.65 3.62 n.d. 3.98 3.81
(8.2)


3' 4.54 3.58 3.79 n.d. n.d.
(7.7)


3'' 4.82 3.38 3.68 3.61 n.d. 3.98 3.82
(8.2)


3''' 4.51 3.36 3.52 3.52 3.76
(8.2)


[a] The signals for the 3-aminopropyl spacer are similar for all compounds:
d� 4.03 and 3.84 (OCH2CH2CH2NH2), 3.15 (OCH2CH2CH2NH2), 2.00
(OCH2CH2CH2NH2). [b] n.d.�not determined.


Figure 3. MALDI-TOF spectra of CRM197 and entries 4, 6 and 10 (Table 2).


Table 2. Oligosaccharide loading and coupling efficiency for the conjuga-
tion of 1, 2, 3, 35 and 37 to CRM197.


Entry Glycoconjugate Oligosaccharide Coupling
loading [mol molÿ1] efficiency [%]


1 CRM197 ± 35 8.5 77
2 CRM197 ± 37 6.6 67
3 CRM197 ± 1 3.1 56
4 CRM197 ± 1 6.7 52
5 CRM197 ± 2 4.9 45
6 CRM197 ± 2 6.8 41
7 CRM197 ± 2 12.0 54
8 CRM197 ± 3 2.9 26
9 CRM197 ± 3 6.7 32


10 CRM197 ± 3 8.1 37
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due to their intrinsic heterogeneous nature. Therefore, the
loading was determined by analysis of the carbohydrate
(Dubois)[33] and protein content (Pierce).[34]


In conclusion, we have synthesised a range of neoglyco-
proteins related to S. pneumoniae type 3. The immunological
properties of these well-defined neoglycoconjugates will be
evaluated, in order to gain insight in the structural factors
influencing the immune response of this type of neoglyco-
conjugate vaccines. Preliminary results of the immunisation of
mice with the CRM197-conjugates show that they can induce a
protective immune response.[35]


Experimental Section


General : All chemicals were of reagent grade, and were used without any
further purification. A solution of tetanus toxoid (TT; 6.12 mg mLÿ1) was
obtained from the Dutch National Institute of Health (RIVM, Bilthoven,
The Netherlands); a solution of keyhole limpet hemocyanin (KLH;
50 mgmLÿ1) was obtained from the Eijkman ± Winkler Institute for
Microbiology (Utrecht University, Utrecht, The Netherlands); a solution
of a non-toxic variant of diphtheria toxin (cross-reacting material, CRM197;
61.15 mg mLÿ1) was obtained from Chiron (Siena, Italy). Reactions were
monitored by TLC on plastic silica gel 60 F254 (Merck); after examination
under UV light, compounds were visualised by heating with 10 % (v/v)
ethanolic H2SO4, orcinol (2 mg mLÿ1) in 20% (v/v) methanolic H2SO4, or
ninhydrin (1.5 mgmLÿ1) in BuOH/H2O/HOAc (38:1.75:0.25). In the work-
up procedures of reaction mixtures, organic solutions were washed with
appropriate amounts of the indicated aqueous solutions, then dried
(MgSO4), and concentrated under reduced pressure at 20 ± 40 8C on a
water-bath. Column chromatography was performed on silica gel 60
(Merck, 0.063 ± 0.200 mm). Optical rotations were measured in CHCl3,
unless stated otherwise, with a Perkin ± Elmer 241 polarimeter, using a
10 cm 1 mL cell. 1H NMR spectra in CDCl3 were recorded at 27 8C with a
Bruker AC 300 spectrometer; the dH values are given in ppm relative to the
signal for internal Me4Si (d� 0). 13C (APT, 75 MHz) NMR spectra in
CDCl3 were recorded at 27 8C with a Bruker AC 300 spectrometer;
indicated ppm values for dC are relative to the signal of CDCl3 (d� 76.9).
1H NMR spectra in D2O were recorded at 27 8C with a Bruker AMX 500
spectrometer, and the dH values are given in ppm relative to the signal for
internal acetone (d� 2.225). Two-dimensional TOCSY and ROESY
spectra in D2O were recorded using a Bruker AMX 500 spectrometer
(500 MHz) at 27 8C to assign the spectra of compounds 1, 2, 3, 35 and 37.
Fast-atom-bombardment mass spectrometry (FABMS) was performed on a
JEOL JMS SX/SX 102A four-sector mass spectrometer. Matrix-assisted
laser desorption ionisation time-of-flight (MALDI-TOF) spectra were
obtained on a Voyager-DE mass spectrometer using 2,4-dihydroxybenzoic
acid (DHB) in H2O as a matrix. Elemental analyses were carried out by H.
Kolbe Mikroanalytisches Laboratorium (Mülheim an der Ruhr, Germany).


Allyl 2,3-di-O-benzoyl-4,6-O-benzylidene-b-d-glucopyranoside (5): Ben-
zoyl chloride (10.3 mL, 88.7 mmol) was added dropwise to a solution of
allyl 4,6-O-benzylidene-b-d-glucopyranoside (4)[14] (10.5 g, 34.1 mmol) in
CH2Cl2 (80 mL) and pyridine (10 mL). After 3 h, the mixture was diluted


with CH2Cl2, washed twice with 10 % (w/v) aqueous NaCl, and the organic
layer was dried, filtered, and concentrated. The residue was purified by
column chromatography (CH2Cl2) to obtain 5 as a white solid (16.2 g,
92%). Rf� 0.81 (CH2Cl2/EtOAc 9:1); [a]20


D ��19 (c� 1); 1H NMR
(CDCl3): d� 7.98 ± 7.94, 7.39 ± 7.29 (2m, 15H; PhCH, 2PhCO), 5.84 ± 5.70
(m, 1H; OCH2CH�CH2), 5.79 (t, J2,3� 9.5, J3,4� 9.5 Hz, 1H; H-3), 5.54 (s,
1H; PhCH), 5.51 (dd, J1,2� 7.8 Hz, 1H; H-2), 5.27 ± 5.10 (m, 2H;
OCH2CH�CH2), 4.85 (d, 1 H; H-1), 4.43 (dd, J5,6a� 4.9, J6a,6b� 10.3 Hz,
1H; H-6a), 4.39 ± 4.32, 4.17 ± 4.09 (2m, each 1H; OCH2CH�CH2), 3.94 (t,
J4,5� 9.5 Hz, 1H; H-4), 3.88 (t, J5,6b� 10.3 Hz, 1H; H-6b), 3.69 (ddd, 1H;
H-5); 13C NMR (CDCl3): d� 165.4, 165.0 (2 PhCO), 117.6
(OCH2CH�CH2), 101.3 (PhCH), 100.3 (C-1), 78.7, 72.3, 72.0, 66.5 (C-
2,3,4,5), 70.1 (OCH2CH�CH2), 68.5 (C-6); elemental analysis calcd (%) for
C30H28O8 (516.6): C 69.76, H 5.46; found: C 69.88, H 5.38.


Allyl 2,3-di-O-benzoyl-b-d-glucopyranoside (6): CF3COOH (1.64 mL) and
H2O (0.22 mL) were added to a solution of 5 (1.50 g, 2.90 mmol) in CH2Cl2


(40 mL). The mixture was stirred for 3 h, diluted with CH2Cl2, washed with
10% (w/v) aqueous NaHCO3 (2� ) and 10 % (w/v) aqueous NaCl, and the
organic layer was dried, filtered, and concentrated. The residue was
purified by column chromatography (CH2Cl2/MeOH 98:2) to obtain 6
(1.14 g, 92%). Rf� 0.15 (CH2Cl2/acetone 9:1); [a]20


D ��90 (c� 1); 1H NMR
(CDCl3): d� 7.97 ± 7.94, 7.51 ± 7.26 (2 m, 10H; 2 PhCO), 5.85 ± 5.72 (m, 1H;
OCH2CH�CH2), 5.27 ± 5.10 (m, 2H; OCH2CH�CH2), 4.78 (d, J1,2� 7.7 Hz,
1H; H-1), 4.38 ± 4.31, 4.18 ± 4.11 (2m, each 1 H; OCH2CH�CH2), 3.58 (ddd,
J4,5� 9.6, J5,6a , J5,6b� 3.6, 4.5 Hz, 1H; H-5); 13C NMR (CDCl3): d� 165.2
(2PhCO), 117.6 (OCH2CH�CH2), 99.8 (C-1), 77.3, 75.7, 71.3, 69.9 (C-
2,3,4,5), 70.1 (OCH2CH�CH2), 62.1 (C-6); elemental analysis calcd (%) for
C23H24O8 (428.4): C 64.48, H 5.65; found: C 64.32, H 5.64.


Allyl 2,3,6-tri-O-benzoyl-b-d-glucopyranoside (7): Benzoyl chloride
(0.15 mL, 1.28 mmol) was added dropwise to a solution of imidazole
(0.15 g, 2.2 mmol) in CH2Cl2 (4 mL). The suspension was filtered, and the
filtrate was added dropwise to a solution of 6 (0.50 g, 1.17 mmol) in CH2Cl2


(4 mL). After stirring for 36 h, the mixture was diluted with CH2Cl2,
washed with 10 % (w/v) aqueous NaCl, and the organic layer was dried,
filtered, and concentrated. The crude residue was purified by column
chromatography (CH2Cl2/EtOAc 95:5) to obtain 7 (0.59 g, 95%). Rf� 0.73
(CH2Cl2/EtOAc 9:1); [a]20


D ��63 (c� 1); 1H NMR (CDCl3): d� 8.09 ±
7.94, 7.47 ± 7.33 (2m, 15H; 3PhCO), 5.85 ± 5.72 (m, 1H; OCH2CH�CH2),
5.24 ± 5.07 (m, 2H; OCH2CH�CH2), 4.81 (d, J1,2� 7.6 Hz, 1H; H-1), 4.75
(dd, J5,6b� 4.5, J6a,6b� 12.1 Hz, 1H; H-6b), 4.68 (dd, J5,6a� 2.5 Hz, 1H;
H-6a), 4.38 ± 4.31, 4.18 ± 4.10 (2m, each 1H; OCH2CH�CH2), 3.83 (ddd,
J4,5� 9.7 Hz, 1H; H-5); 13C NMR (CDCl3): d� 167.1, 166.8, 165.1 (3 PhCO),
117.5 (OCH2CH�CH2), 99.6 (C-1), 76.5, 74.3, 71.4, 69.5 (C-2,3,4,5), 69.9
(OCH2CH�CH2), 63.4 (C-6); elemental analysis calcd (%) for C30H28O9


(532.5): C 67.66, H 5.29; found: C 67.53, H 5.20.


Allyl 2-O-benzoyl-4,6-O-benzylidene-a-d-glucopyranoside (9): Benzoyl
chloride (0.68 mL, 5.81 mmol) was added dropwise to a solution of
imidazole (0.80 g, 11.73 mmol) in CH2Cl2 (10 mL). The suspension was
filtered and the filtrate was added dropwise to a solution of allyl 4,6-O-
benzylidene-a-d-glucopyranoside (8)[20] (1.50 g, 4.86 mmol) in CH2Cl2


(9.5 mL). After stirring at boiling under reflux for 36 h, the mixture was
diluted with CH2Cl2, washed with 10% (w/v) aqueous NaCl, and the
organic layer was dried, filtered, and concentrated. The crude residue was
purified by column chromatography, whereby the 2,3-di-O-benzoylated
compound was eluted with toluene/EtOAc 95:5, and 9 with toluene/EtOAc
9:1 (1.48 g, 74%). Rf� 0.61 (toluene/EtOAc 7:3); [a]20


D ��99 (c� 1);
1H NMR (CDCl3): d� 8.09 ± 8.06, 7.56 ± 7.35 (2m, 10H; PhCH, PhCO),
5.87 ± 5.74 (m, 1 H; OCH2CH�CH2), 5.54 (s, 1H; PhCH), 5.30 ± 5.22, 5.15 ±
5.10 (2m, each 1 H; OCH2CH�CH2), 5.20 (d, J1,2� 3.8 Hz, 1H; H-1), 5.04
(dd, J2,3� 9.6 Hz, 1H; H-2), 4.36 (br t, J3,4� 9.4 Hz, 1 H; H-3), 4.29 (dd,
J6a,6b� 10.2, J5,6a� 4.8 Hz, 1 H; H-6a), 3.75 (t, J5,6b� 10.2 Hz, 1H; H-6b),
3.59 (t, 1 H; H-4), 2.68 (s, 1H; HO-2); 13C NMR (CDCl3): d� 166.0
(PhCO), 136.9 (PhCH, quaternary C), 129.4 (PhCO, quaternary C), 117.5
(OCH2CH�CH2), 101.8 (PhCH), 95.8 (C-1), 81.3, 73.8, 68.7, 62.2 (C-2,3,4,5),
68.7, 68.6 (C-6, OCH2CH�CH2); elemental analysis calcd (%) for C23H24O7


(412.4): C 66.98, H 5.86; found:C 67.18, H 5.76.


Allyl 2-O-benzoyl-4,6-O-benzylidene-3-O-chloroacetyl-a-d-glucopyrano-
side (10): Chloroacetyl chloride (70 mL, 0.88 mmol) was added to a cooled
(5 8C) solution of 9 (0.35 g, 0.84 mmol) in CH2Cl2 (30 mL) and pyridine
(1.5 mL). After stirring for 2 h, another portion of chloroacetyl chloride
(35 mL, 0.44 mmol) was added, and stirring was continued for 1 h. Then, the


Table 3. Oligosaccharide loading and coupling efficiency for the conjuga-
tion of 1, 2 and 3 to KLH and TT.


Entry Glycoconjugate Oligosaccharide Coupling
loading [mgmgÿ1] efficiency [%]


1 KLH ± 1 14.1 9
2 KLH ± 2 13.3 15
3 KLH ± 3 24.6 9
4 TT ± 1 31.3 16
5 TT ± 2 23.6 11
6 TT ± 3 22.9 8
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mixture was co-concentrated with toluene, diluted with CH2Cl2, and
washed with 10% (w/v) aqueous NaCl. The organic layer was dried,
filtered, and concentrated. The residue was purified by column chroma-
tography (toluene/EtOAc 95:5) to afford 10 (0.38 g, 96 %). Rf� 0.50
(toluene/EtOAc 9:1); [a]20


D ��104 (c� 1); 1H NMR (CDCl3): d� 8.04 ±
8.02, 7.35 ± 7.48 (2 m, 10H; PhCH, PhCO), 5.88 ± 5.75 (m, 1 H;
OCH2CH�CH2), 5.87 (t, J2,3� 9.9, J3,4� 9.8 Hz, 1H; H-3), 5.54 (s, 1H;
PhCH), 5.31 ± 5.23, 5.16 ± 5.12 (2m, each 1 H; OCH2CH�CH2), 5.28 (d,
J1,2� 3.8 Hz, 1H; H-1), 5.12 (dd, 1H; H-2), 4.33 (dd, J6a,6b� 10.3, J5,6a�
4.8 Hz, 1 H; H-6a), 4.00, 3.94 (2 d, Jgem� 14.8 Hz, each 1 H; ClCH2CO), 3.81
(t, J5,6b� 10.3 Hz, 1H; H-6b), 3.78 (t, J4,5� 9.6 Hz, 1H; H-4); 13C NMR
(CDCl3): d� 166.3, 165.7 (PhCO, ClCH2CO), 136.6 (PhCH, quaternary C),
128.7 (PhCO, quaternary C), 117.8 (OCH2CH�CH2), 101.5 (PhCH), 95.7
(C-1), 78.8, 72.0, 70.8, 62.5 (C-2,3,4,5), 68.7, 68.6 (C-6, OCH2CH�CH2), 40.4
(ClCH2CO); elemental analysis calcd (%) for C25H25ClO8 (488.9): C 61.41,
H 5.15; found: C 61.22, H 5.03.


2-O-Benzoyl-4,6-O-benzylidene-3-O-chloroacetyl-d-glucopyranose (11):
Tris(triphenylphosphine)rhodium(i) chloride (70 mg) was added to a
solution of 10 (0.10 g, 0.21 mmol) in absolute EtOH (20 mL) and toluene
(45 mL). After stirring at boiling under reflux for 2.5 h, TLC (toluene/
EtOAc 9:1) showed the formation of a new spot (Rf� 0.52), and the
mixture was concentrated. The residue was dissolved in THF (18 mL), and
water (2 mL) and NIS (0.13 g) were added. After 20 min, the mixture was
concentrated, diluted with CH2Cl2, washed with 10 % (w/v) aqueous
NaHSO3 (2� ) and 10% (w/v) aqueous NaCl, and the organic layer was
dried, filtered, and concentrated. The crude residue was purified by column
chromatography. Impurities were eluted with toluene/EtOAc 9:1, and 11
was obtained as a light brown syrup by elution with toluene/EtOAc 8:2
(71 mg, 77 %; a/b� 4:1). Rf� 0.29 (toluene/EtOAc 9:1); 1H NMR (CDCl3):
d� 8.04 ± 8.02, 7.46 ± 7.34 (2 m, 10 H; PhCH, PhCO), 5.54 (s, 0.8H; PhCH a),
5.52 (s, 0.2H; PhCH b), 5.88 (t, J2,3� 9.9, J3,4� 9.8 Hz, 1 H; H-3), 5.57 (d,
J1,2� 3.6 Hz, 0.8H; H-1a), 5.19 (dd, J1,2� 7.9 Hz, 0.2H; H-2b), 5.10 (dd,
0.8H; H-2a), 4.92 (d, 0.2H; H-1b), 4.01, 3.95 (2 d, Jgem� 14.8 Hz, each 1H;
ClCH2CO); 13C NMR (CDCl3): d� 166.6, 165.8 (PhCO, ClCH2CO), 136.6
(PhCH, quaternary C), 101.5 (PhCH), 95.8 (C-1a), 90.7 (C-1b), 68.8 (C-6a),
68.3 (C-6b), 40.4 (ClCH2COa), 40.3 (ClCH2COb).


2-O-Benzoyl-4,6-O-benzylidene-3-O-chloroacetyl-a-d-glucopyranosyl tri-
chloroacetimidate (12): Cl3CCN (2.7 mL) and DBU (87 mL) were added to
a solution of 11 (1.06 g, 2.43 mmol) in dry CH2Cl2 (28 mL). After 2 h, the
mixture was concentrated, and the residue was purified by column
chromatography (toluene/EtOAc 95:5) to obtain 12 (1.31 g, 93 %). Rf�
0.49 (toluene/EtOAc 9:1); [a]20


D ��67 (c� 1); 1H NMR (CDCl3): d� 8.60
(s, 1 H; NH), 8.01 ± 7.98, 7.48 ± 7.36 (2m, 10 H; PhCH, PhCO), 6.71 (d, J1,2�
3.8 Hz, 1H; H-1), 5.94 (t, J2,3� 9.9, J3,4� 9.9 Hz, 1H; H-3), 5.59 (s, 1H;
PhCH), 5.40 (dd, 1H; H-2), 4.41 (dd, J5,6a 4.9, J6a,6b� 10.4 Hz, 1H; H-6a),
4.21 (dt, J4,5� 9.9, J5,6b� 10.2 Hz, 1 H; H-5), 4.03, 3.97 (2d, Jgem� 14.8 Hz,
each 1H; ClCH2CO), 3.92 (t, 1 H; H-4), 3.84 (t, 1H; H-6b); 13C NMR
(CDCl3): d� 166.3, 165.3 (PhCO, ClCH2CO), 160.6 (OC(NH)CCl3), 136.3
(PhCH, quaternary C), 101.6 (PhCH), 93.4 (C-1), 78.1, 70.8, 70.5, 65.1 (C-
2,3,4,5), 68.4 (C-6), 40.4 (ClCH2CO); elemental analysis calcd (%) for
C24H21Cl4NO8 (593.1): C 48.59, H 3.56; found: C 48.10, H 3.42.


2,3-Di-O-benzoyl-4,6-O-benzylidene-d-glucopyranose (13): Tris(triphenyl-
phosphine)rhodium(i) chloride (2.1 g) was added to a solution of 5 (3.02 g,
5.84 mmol) in EtOH (100 mL) and toluene (250 mL). After stirring at
boiling under reflux for 3 h, TLC (toluene/EtOAc 8:2) showed the
formation of a new spot (Rf� 0.81), and the mixture was concentrated.
The residue was dissolved in THF (250 mL), and water (30 mL) and NIS
(2.0 g) were added. After 20 min, the mixture was concentrated, diluted
with CH2Cl2, washed with 10% (w/v) aqueous NaHSO3 (2� ) and 10%
(w/v) aqueous NaCl, and the organic layer was dried, filtered, and
concentrated. The crude residue was purified by column chromatography.
Impurities were eluted with toluene/EtOAc 9:1, and 13 was obtained as a
light brown syrup by elution with toluene/EtOAc 8:2 (2.09 g, 75%; a/b�
3:2). Rf� 0.25 (toluene/EtOAc 8:2); 1H NMR (CDCl3): d� 7.99 ± 7.94,
7.45 ± 7.25 (2m, 15 H, PhCH, 2PhCO), 6.14 (t, J2,3� 9.8, J3,4� 9.8 Hz, 0.6H;
H-3a), 5.83 (t, J2,3� 9.6, J3,4� 9.6 Hz, 0.4H; H-3b), 5.66 (d, J1,2� 3.7 Hz,
0.6H; H-1a), 5.54 (s, 0.6 H; PhCH a), 5.49 (s, 0.4H; PhCH b), 5.37 (dd, J1,2�
7.9 Hz, 0.4 H; H-2b), 5.30 (dd, 0.6 H; H-2a), 4.99 (d, 0.4H; H-1b); 13C NMR
(CDCl3): d� 166.0, 165.7 (2 PhCO), 101.4 (PhCHa), 101.3 (PhCHb), 96.1
(C-1a), 91.0 (C-1b), 68.3 (C-6a), 66.6 (C-6b); elemental analysis calcd (%) for
C27H24O8 (476.4): C 68.06, H 5.08; found: C 68.08, H 5.06.


2,3-Di-O-benzoyl-4,6-O-benzylidene-d-glucopyranosyl trichloroacetimi-
date (14): Cl3CCN (4.1 mL) and DBU (0.14 mL) were added at 0 8C to a
solution of 13 (1.82 g, 3.82 mmol) in dry CH2Cl2 (65 mL). After 3 h, the
mixture was concentrated, and the residue was purified by column
chromatography. Impurities were eluted with toluene/EtOAc 95:5, and
14 was obtained by elution with toluene/EtOAc 9:1 (1.88 g, 82%; a/b�
3:2). Rf� 0.68 (toluene/EtOAc 8:2); 1H NMR (CDCl3): d� 8.72 (s, 0.4H;
NH b), 8.60 (s, 0.6 H; NH a), 6.76 (d, J1,2� 3.8 Hz, 0.6H; H-1a), 6.23 (d, J1,2�
7.2 Hz, 0.4H; H-1b), 6.17 (t, J2,3� 9.8, J3,4� 9.9 Hz, 0.6 H; H-3a), 5.84 (dd,
J2,3� 8.2, J3,4� 9.1 Hz, 0.4H; H-3b), 5.75 (t, 0.4H; H-2b), 5.60 (s, 0.6H;
PhCH a), 5.57 (s, 0.4H; PhCH b), 5.56 (dd, 0.6 H; H-2a); 13C NMR (CDCl3):
d� 165.3 (2 PhCO), 160.7 (OC(NH)CCl3), 101.5 (PhCH), 95.5, 93.6 (C-
1a,1b), 68.4 (C-6).


3-Azidopropyl 2,3-di-O-benzoyl-4,6-O-benzylidene-b-d-glucopyranoside
(15): A solution of 3-azido-1-propanol 18 (1.4 g, 14 mmol) and 14 (1.80 g,
2.90 mmol) in dry CH2Cl2 (35 mL), containing 4 � molecular sieves, was
stirred under Ar for 1 h. Then, TMSOTf (42 mL, 0.23 mmol) was
introduced, and after 30 min, the mixture was neutralised with dry
pyridine, filtered over cotton, diluted with CH2Cl2, and washed with 10%
(w/v) aqueous NaCl. The organic layer was dried, filtered, and concen-
trated. The residue was purified by column chromatography (toluene/
EtOAc 95:5) to obtain 15 (1.05 g, 65 %). Rf� 0.70 (toluene/EtOAc 8:2);
[a]20


D ��19 (c� 1); 1H NMR (CDCl3): d� 7.98 ± 7.94, 7.52 ± 7.25 (2m, 15H,
PhCH, 2PhCO), 5.78 (t, J2,3� 9.5, J3,4� 9.5 Hz, 1H; H-3), 5.55 (s, 1H;
PhCH), 5.46 (dd, J1,2� 7.8 Hz, 1 H; H-2), 4.79 (d, 1H; H-1), 4.44 (dd, J6a,6b�
10.3, J5,6a� 4.9 Hz, 1H; H-6a), 3.93 (t, J4,5� 9.6 Hz, 1 H; H-4), 3.88 (t, J5,6b�
10.1 Hz, 1H; H-6b), 3.70 (dt, 1H; H-5), 3.98 (dt, 1H; OCHHCH2CH2N3),
3.61 (ddd, 1H; OCHHCH2CH2N3), 3.29 ± 3.17 (m, 2 H; OCH2CH2CH2N3),
1.83 ± 1.72 (m, 2H; OCH2CH2CH2N3); 13C NMR (CDCl3): d� 136.6
(PhCH, quaternary C), 101.7, 101.4 (PhCH, C-1), 78.7, 72.4, 71.9, 66.6 (C-
2,3,4,5), 68.5 (C-6), 66.7 (OCH2CH2CH2N3), 47.7 (OCH2CH2CH2N3), 28.9
(OCH2CH2CH2N3); elemental analysis calcd (%) for C30H29O8N3 (559.5): C
64.39, H 5.22; found: C 64.25, H 5.27.


3-Azidopropyl 2,3-di-O-benzoyl-b-d-glucopyranoside (16): CF3COOH
(1.0 mL) and H2O (0.16 mL) were added to a solution of 15 (1.24 g,
2.21 mmol) in CH2Cl2 (40 mL). The mixture was stirred for 3 h, diluted with
CH2Cl2, washed with 10% (w/v) aqueous NaHCO3 (2� ) and 10% (w/v)
aqueous NaCl, and the organic layer was dried, filtered, and concentrated.
The residue was purified by column chromatography (CH2Cl2/EtOAc
9:1!CH2Cl2/acetone 6:4) to obtain 16 (0.66 g, 63%). Rf� 0.07 (CH2Cl2/
EtOAc 9:1); [a]20


D ��37 (c� 1); 1H NMR (CDCl3): d� 8.01 ± 7.94, 7.51 ±
7.29 (2m, 10H, 2PhCO), 4.73 (d, J1,2� 7.9 Hz, 1 H; H-1), 3.59 (ddd, 1H;
OCHHCH2CH2N3), 3.33 ± 3.17 (m, 2H; OCH2CH2CH2N3), 1.83 ± 1.73 (m,
2H; OCH2CH2CH2N3); 13C NMR (CDCl3): d� 101.0 (C-1), 77.1, 75.8, 71.3,
69.9 (C-2,3,4,5), 66.3 (OCH2CH2CH2N3), 62.1 (C-6), 47.7
(OCH2CH2CH2N3), 28.9 (OCH2CH2CH2N3); elemental analysis calcd
(%) for C23H25O8N3 (471.4): C 58.59, H 5.34; found: C 58.32, H 5.40.


3-Azidopropyl 2,3,6-tri-O-benzoyl-b-d-glucopyranoside (17): Benzoyl
chloride (0.20 mL, 1.69 mmol) was added dropwise to a solution of
imidazole (0.14 g, 2.11 mmol) in CH2Cl2 (10 mL). The suspension was
filtered, and the filtrate was added dropwise to a solution of 16 (0.66 g,
1.41 mmol) in CH2Cl2 (10 mL). After stirring for 18 h, the mixture was
diluted with CH2Cl2, washed with 10% (w/v) aqueous NaCl, and the
organic layer was dried, filtered, and concentrated. The crude residue was
purified by column chromatography (toluene/EtOAc 95:5) to obtain 17
(0.79 g, 96 %). Rf� 0.41 (toluene/EtOAc 8:2); [a]20


D ��58 (c� 0.8);
1H NMR (CDCl3): d� 8.09 ± 7.93, 7.50 ± 7.30 (2m, 15H, 3PhCO), 5.53
(dd, J2,3� 9.8, J3,4� 8.6 Hz, 1H; H-3), 5.41 (dd, J1,2� 7.8 Hz, 1H; H-2), 4.76
(d, 1H; H-1), 3.61 (ddd, 1H; OCHHCH2CH2N3), 3.26 ± 3.15 (m, 2H;
OCH2CH2CH2N3), 1.85 ± 1.68 (m, 2H; OCH2CH2CH2N3); 13C NMR
(CDCl3): d� 167.0, 166.9, 165.2 (3PhCO), 101.0 (C-1), 76.1, 74.3, 71.4,
69.4 (C-2,3,4,5), 66.4 (OCH2CH2CH2N3), 63.3 (C-6), 47.7
(OCH2CH2CH2N3), 28.8 (OCH2CH2CH2N3); elemental analysis calcd
(%) for C30H29O9N3 (575.5): C 62.60, H 5.08; found: C 62.68, H 5.14.


3-Azido-1-propanol (18): Sodium azide (3.58 g, 55.0 mmol) was added to a
solution of 3-bromo-1-propanol (1.54 g, 11.1 mmol) in DMF (9 mL). After
stirring at boiling under reflux for 36 h, the mixture was filtered, and co-
concentrated with toluene. The residue was diluted with CH2Cl2 and
washed twice with 10 % (w/v) aqueous NaCl. The organic layer was dried,
filtered, and concentrated. An analytically pure sample was obtained by
distillation under reduced pressure (0.83 g, 74%). nD (1.4521, 23 8C); lit[36]
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(1.4569, 28 8C); 1H NMR (CDCl3): d� 3.73 (t, 2H; HOCH2CH2CH2N3),
3.44 (t, 2 H; HOCH2CH2CH2N3), 1.87 ± 1.79 (m, 2H; HOCH2CH2CH2N3);
IR (KBr; liquid film): nÄ � 2100 cmÿ1 (N3).


Allyl (2-O-benzoyl-4,6-O-benzylidene-3-O-chloroacetyl-b-d-glucopyrano-
syl)-(1! 4)-2,3,6-tri-O-benzoyl-b-d-glucopyranoside (19): A solution of 7
(0.42 g, 0.80 mmol) and 12 (0.85 g, 1.43 mmol) in dry CH2Cl2 (13 mL),
containing 4 � molecular sieves, was stirred under Ar for 1 h. Then,
TMSOTf (15 mL, 84 mmol) was added. After 30 min, the mixture was
neutralised with dry pyridine, filtered over cotton, diluted with CH2Cl2, and
washed with 10% (w/v) aqueous NaCl. The organic layer was dried,
filtered, and concentrated. The residue was purified by column chroma-
tography (toluene/EtOAc 95:5) to obtain 19 (0.73 g, 96%). Rf� 0.35
(toluene/EtOAc 9:1); [a]20


D ��29 (c� 1); 1H NMR (CDCl3): d� 8.01 ±
7.91, 7.50 ± 7.25 (2 m, 25 H; PhCH, 4PhCO), 5.77 ± 5.64 (m, 1H;
OCH2CH�CH2), 5.69 (t, J2,3� 9.7 Hz, 1H; H-3), 5.39 (dd, J1,2� 7.8 Hz,
1H; H-2), 5.38 (t, J2',3'� J3',4'� 9.4 Hz, 1H; H-3'), 5.27 (dd, J1',2'� 7.6 Hz, 1H;
H-2'), 5.20 (s, 1 H; PhCH), 5.16 ± 5.10, 5.07 ± 5.03 (2 m, each 1 H;
OCH2CH�CH2), 4.77, 4.71 (2 d, each 1H; H-1,1'), 3.91, 3.85 (2d, Jgem�
14.8 Hz, each 1 H; ClCH2CO); 13C NMR (CDCl3): d� 166.3, 165.6, 165.1
(2C), 164.9 (4 PhCO, ClCH2CO), 136.2 (PhCH, quaternary C), 117.6
(OCH2CH�CH2), 101.5, 101.1, 99.2 (PhCH, C-1,1'), 69.8 (OCH2CH�CH2),
67.3 (C-6'), 62.2 (C-6), 40.2 (ClCH2CO); elemental analysis calcd (%) for
C52H47O16Cl (963.3): C 64.83, H 4.91; found: C 64.59, H 4.97.


(2-O-Benzoyl-4,6-O-benzylidene-3-O-chloroacetyl-b-d-glucopyranosyl)-
(1! 4)-2,3,6-tri-O-benzoyl-d-glucopyranose (20): A catalytic amount of
DABCO and tris(triphenylphosphine)rhodium(i) chloride (0.82 g) were
added to a solution of 19 (0.74 g, 0.78 mmol) in absolute EtOH (20 mL),
toluene (45 mL), and CH2Cl2 (3 mL). After stirring at boiling under reflux
for 2.5 h, TLC (toluene/EtOAc 9:1) showed the formation of a new spot
(Rf� 0.38), and the mixture was concentrated. The residue was dissolved in
THF (55 mL), and water (8 mL) and NIS (0.33 g) were added. After
20 min, the mixture was concentrated, diluted with CH2Cl2, washed with
10% (w/v) aqueous NaHSO3 (2� ) and 10 % (w/v) aqueous NaCl, and the
organic layer was dried, filtered, and concentrated. The crude residue was
purified by column chromatography. Impurities were eluted with toluene/
EtOAc 9:1, and 20 was obtained as a light brown syrup by elution with
toluene/EtOAc 8:2 (0.50 g, 70 %; a/b� 4:1). Rf� 0.29a/0.34b (toluene/
EtOAc 8:2); 1H NMR (CDCl3): d� 8.06 ± 7.93, 7.50 ± 7.31 (2m, 25 H; PhCH,
4PhCO), 6.04 (dd, J2,3� 10.2, J3,4� 9.2 Hz, 0.8 H; H-3a), 5.48 (d, J1,2�
3.5 Hz, 0.8 H; H-1a), 5.42 (t, J2',3'� J3',4'� 9.4 Hz, 1 H; H-3'), 5.30 (dd,
J1',2'� 7.6 Hz, 1 H; H-2'), 5.24 (s, 0.8 H; PhCH a), 5.22 (s, 0.2H; PhCH b), 5.14
(dd, 0.8H; H-2a), 4.89, 4.81 (2 d, J1,2 �7.8 Hz, each 0.2 H; H-1b,1'b), 4.85 (d,
0.8H; H-1'a), 3.93, 3.87 (2d, Jgem� 14.9 Hz, each 1 H; ClCH2CO); 13C NMR
(CDCl3): d� 166.7, 166.4, 165.8, 165.0 (2C) (4PhCO, ClCH2CO), 136.3
(PhCH, quaternary C), 101.6, 101.2 (PhCH, C-1'), 95.4 (C-1b), 90.0 (C-1a),
67.4 (C-6'), 62.0 (C-6), 40.3 (ClCH2CO); elemental analysis calcd (%) for
C49H43O16Cl (923.3): C 63.74, H 4.69; found: C 63.44, H 4.73.


(2-O-Benzoyl-4,6-O-benzylidene-3-O-chloroacetyl-b-d-glucopyranosyl)-
(1! 4)-2,3,6-tri-O-benzoyl-a-d-glucopyranosyl trichloroacetimidate (21):
Cl3CCN (0.60 mL) and DBU (18 mL) were added to a solution of 20 (0.40 g,
0.44 mmol) in dry CH2Cl2 (9 mL). After 2 h, the mixture was concentrated
and the residue was purified by column chromatography (toluene/EtOAc
95:5) to yield 21 (0.41 g, 88 %). Rf� 0.32 (toluene/EtOAc 9:1); 1H NMR
(CDCl3): d� 8.54 (s, 1H; NH), 8.05 ± 7.90, 7.49 ± 7.25 (2m, 25 H; 4PhCO,
PhCH), 6.67 (d, J1,2� 3.7 Hz, 1H; H-1), 6.08 (dd, J2,3� 10.1, J3,4� 8.8 Hz,
1H; H-3), 5.46 (dd, 1H; H-2), 5.41 (t, J2',3'� 9.2 Hz, 1H; H-3'), 5.23 (dd,
J1',2'� 7.6 Hz, 1H; H-2'), 5.28 (s, 1H; PhCH), 4.87 (d, 1H; H-1'), 3.91, 3.85
(2d, Jgem� 14.8 Hz, each 1 H; ClCH2CO); 13C NMR (CDCl3): d� 166.3,
165.4, 165.3, 164.9, 164.8 (4PhCO, ClCH2CO), 160.4 (OC(NH)CCl3), 136.3
(PhCH, quaternary C), 101.7, 101.2 (PhCH, C-1'), 92.8 (C-1), 67.5 (C-6'),
61.6 (C-6), 40.2 (ClCH2CO).


3-Azidopropyl (2-O-benzoyl-4,6-O-benzylidene-3-O-chloroacetyl-b-d-glu-
copyranosyl)-(1! 4)-2,3,6-tri-O-benzoyl-b-d-glucopyranoside (22): A sol-
ution of 12 (0.50 g, 0.84 mmol) and 17 (0.28 g, 0.49 mmol) in dry CH2Cl2


(10 mL), containing 4 � molecular sieves, was stirred under Ar for 1 h.
Then, TMSOTf (11.5 mL, 63 mmol) was added. After 30 min, the mixture
was neutralised with dry pyridine, filtered over cotton, diluted with CH2Cl2,
and washed with 10 % (w/v) aqueous NaCl. The organic layer was dried,
filtered, and concentrated. The residue was purified by column chroma-
tography (toluene/EtOAc 95:5) to obtain 22 (0.38 g, 78%). Rf� 0.39
(toluene/EtOAc 9:1); [a]20


D ��42 (c� 1); 1H NMR (CDCl3): d� 8.06 ±


7.91, 7.48 ± 7.26 (2m, 25H; PhCH, 4PhCO), 5.69 (t, J �9.3 Hz, 1H; H-3),
5.38 (t, J �9.5 Hz, 1 H; H-3'), 5.35, 5.27 (2 dd, J1,2 , J1',2'� 7.6, 7.8 Hz, each
1H; H-2,2'), 5.20 (s, 1H; PhCH), 4.78, 4.65 (2d, each 1H; H-1,1'), 4.07, 3.53
(2 t, J �9.4 Hz, each 1 H; H-4,4'), 3.91, 3.86 (2d, each 1 H; ClCH2CO), 3.16
(dt, 1 H; OCH2CH2CH2N3), 1.77 ± 1.61 (m, 2H; OCH2CH2CH2N3);
13C NMR (CDCl3): d� 166.3, 165.5, 165.1, 164.9, 164.8 (4 PhCO,
ClCH2CO), 136.3 (PhCH, quaternary C), 101.5, 101.2, 100.7 (PhCH,
C-1,1'), 67.4 (C-6'), 66.3 (OCH2CH2CH2N3), 62.1 (C-6), 47.7
(OCH2CH2CH2N3), 40.2 (ClCH2CO), 28.7 (OCH2CH2CH2N3); IR (KBr,
liquid film): nÄ � 2096 cmÿ1 (N3); elemental analysis calcd (%) for
C52H48O16ClN3 (1006.4): C 62.05, H 4.80; found: C 62.15, H 4.86.


3-Azidopropyl (2-O-benzoyl-4,6-O-benzylidene-b-d-glucopyranosyl)-
(1! 4)-2,3,6-tri-O-benzoyl-b-d-glucopyranoside (23): DABCO (0.43 g,
3.8 mmol) was added to a solution of 22 (0.26 g, 0.26 mmol) in toluene
(14 mL) and ethanol (14 mL). After 2.5 h at 55 8C, the mixture was diluted
with CH2Cl2, washed with aqueous 0.05m HCl, and the organic layer was
dried, filtered, and concentrated. The residue was purified by column
chromatography (toluene/EtOAc 9:1) to afford 23 (0.23 g, 98%). Rf� 0.25
(toluene/EtOAc 9:1); [a]20


D ��31 (c� 1); 1H NMR (CDCl3): d� 8.08 ±
7.91, 7.50 ± 7.29 (2m, 25 H; PhCH, 4 PhCO), 5.68 (t, J2,3� 9.8 Hz, 1H;
H-3), 5.36 (dd, J1,2� 7.9 Hz, 1H; H-2), 5.22 (s, 1H; PhCH), 5.17 (dd, J1',2'�
8.0, J2',3'� 9.0 Hz, 1 H; H-2'), 4.67, 4.62 (2 d, each 1H; H-1,1'), 4.05, 3.36 (2 t,
J �9.3 Hz, each 1 H; H-4,4'), 3.87 (t, 1 H; H-3'), 3.19 ± 3.11 (m, 2H;
OCH2CH2CH2N3), 1.74 ± 1.60 (m, 2H; OCH2CH2CH2N3); 13C NMR
(CDCl3): d� 165.8, 165.3, 165.1, 165.0 (4PhCO), 136.6 (PhCH, quaternary
C), 101.5, 101.4, 100.7 (PhCH, C-1,1'), 67.5 (C-6'), 66.3 (OCH2CH2CH2N3),
62.4 (C-6), 47.7 (OCH2CH2CH2N3), 28.7 (OCH2CH2CH2N3); elemental
analysis calcd (%) for C50H47O15N3 (929.9): C 64.58, H 5.09; found: C 64.65,
H 5.20.


3-Azidopropyl (2-O-benzoyl-b-d-glucopyranosyl)-(1! 4)-2,3,6-tri-O-ben-
zoyl-b-d-glucopyranoside (24): CF3COOH (60 mL) and H2O (8 mL) were
added to a solution of 23 (80 mg, 87 mmol) in CH2Cl2 (5 mL). The mixture
was stirred for 3 h, then diluted with CH2Cl2, washed with 10% (w/v)
aqueous NaHCO3 (2� ) and 10 % (w/v) aqueous NaCl, and the organic
layer was dried, filtered, and concentrated. The residue was purified by
column chromatography (toluene/EtOAc 8:2! toluene/EtOAc 6:4) to
obtain 24 (70 mg, 90%). Rf� 0.04 (toluene/EtOAc 6:4); [a]20


D ��28 (c�
1); 1H NMR (CDCl3): d� 8.04 ± 7.90, 7.61 ± 7.32 (2 m, 20H; 4 PhCO), 5.66 (t,
J2,3� 9.7 Hz, 1H; H-3), 5.38 (dd, J1,2� 7.8 Hz, 1H; H-2), 4.97 (dd, J1',2'� 7.8,
J2',3'� 9.5 Hz, 1H; H-2'), 4.67, 4.65 (2 d, each 1H; H-1,1'), 3.52 (ddd, 1H;
OCHHCH2CH2N3), 3.19 ± 3.14 (m, 2H; OCH2CH2CH2N3), 1.79 ± 1.64 (m,
2H; OCH2CH2CH2N3); 13C NMR (CDCl3): d� 165.9 (3C), 165.2
(4PhCO), 100.7 (C-1,1'), 66.4 (OCH2CH2CH2N3), 62.6, 61.3 (C-6,6'), 47.7
(OCH2CH2CH2N3), 28.8 (OCH2CH2CH2N3); elemental analysis calcd (%)
for C43H43O15N3 (841.3): C 61.35, H 5.14; found: C 61.59, H 5.22.


3-Azidopropyl (2-O-benzoyl-b-d-glucopyranosyluronic acid)-(1! 4)-2,3,6-
tri-O-benzoyl-b-d-glucopyranoside (25): A catalytic amount of TEMPO,
and a solution (0.14 mL) of KBr (7.8 mg) and Bu4NBr (10.4 mg) in
saturated aqueous NaHCO3 (1.4 mL) were added to a solution of 24
(65 mg, 0.072 mmol) in CH2Cl2 (0.65 mL). The mixture was stirred
vigorously at 0 8C, when a solution of saturated aqueous NaCl (0.14 mL),
saturated aqueous NaHCO3 (78 mL), and aqueous NaOCl (13 % Cl active;
0.18 mL) was added dropwise. After 45 min, the mixture was acidified with
4m HCl (pH 4), diluted with CH2Cl2, and the organic layer was washed with
10% (w/v) aqueous NaCl, dried, filtered, and concentrated. The residue
was purified by column chromatography. Impurities were eluted with
CH2Cl2/acetone 8:2, and 25 (55 mg, 85%) was eluted with CH2Cl2/acetone/
HOAc 8:2:0.5. Rf� 0.30 (CH2Cl2/acetone/HOAc 8:2:1); 13C NMR
(CDCl3): d� 100.6, 100.4 (C-1,1'), 66.3 (OCH2CH2CH2N3), 62.3 (C-6),
47.6 (OCH2CH2CH2N3), 28.7 (OCH2CH2CH2N3).


A small amount was methylated with diazomethane and acetylated with
Ac2O and pyridine for analysis. 1H NMR (CDCl3): d� 7.94 ± 7.89, 7.50 ± 7.26
(2m, 20 H; 4PhCO), 4.87, 4.65 (2d, J1,2 , J1',2'� 7.4, 7.7 Hz, each 1 H; H-1,1'),
3.73 (d, J4',5'� 9.9 Hz, 1 H; H-5'), 3.37 (s, 3H; COOCH3), 3.16 ± 3.13 (m, 2H;
OCH2CH2CH2N3), 1.93, 1.84 (2s, each 3H; CH3CO), 1.75 ± 1.57 (m, 2H;
OCH2CH2CH2N3); elemental analysis calcd (%) for C48H47O18N3 (953.9): C
60.44, H 4.97; found: C 60.65, H 5.03.


3-Aminopropyl (b-d-glucopyranosyluronic acid)-(1! 4)-b-d-glucopyrano-
side (1): NaOMe was added until pH 11 to a solution of 25 (90 mg,
0.11 mmol) in MeOH (9 mL). After stirring for 1.5 h, TLC (EtOAc/MeOH/
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H2O 12:5:3) showed the formation of a new spot (Rf� 0.37), and the
mixture was neutralised with Dowex H�, filtered, and concentrated. A
solution of the residue in water was washed with CH2Cl2 (3� ), and the
aqueous layer was concentrated. MALDI-TOF analysis of the residue
showed a peak at m/z 462 [M�Na]� . Then, a solution of the residue in 0.1m
NaOH (1.1 mL) was added dropwise to a suspension of 10% Pd/C (2 mg)
and NaBH4 (8.7 mg) in bidistilled water (0.55 mL). After 45 min, when
TLC (EtOAc/MeOH/H2O 12:5:3) showed the formation of a ninhydrin-
positive spot on the baseline, the mixture was acidified with Dowex H�


(pH 4), then loaded on a short column of Dowex 50 W� 2 (H�, 200 ±
400 mesh). After elution of contaminants with water, elution with 1%
NH4OH afforded 1 after concentration and co-concentration with water
(2� ) (39 mg, 90 %). [a]20


D �ÿ92 (c� 0.6, H2O); MS (MALDI-TOF): m/z :
414 [M�H]� , 436 [M�Na]� . For 1H NMR data, see Table 1.


3-Azidopropyl (2,3,4,6-tetra-O-benzoyl-b-d-glucopyranosyl)-(1! 3)-(2-O-
benzoyl-4,6-O-benzylidene-b-d-glucopyranosyl)-(1! 4)-2,3,6-tri-O-ben-
zoyl-b-d-glucopyranoside (27): A solution of 23 (53 mg, 57 mmol) and ethyl
2,3,4,6-tetra-O-benzoyl-1-thio-b-d-glucopyranoside (26 ; 62 mg, 96 mmol) in
dry CH2Cl2 (0.26 mL), containing 4 � molecular sieves, was stirred under
Ar for 30 min at 0 8C. Then, 0.48 mL of a solution of NIS (420 mg,
1.87 mmol) and TfOH (12 mL) in Et2O/CH2Cl2 (1:1) (9.6 mL) was added.
After 5 min, the mixture was neutralised with dry pyridine, filtered over
cotton, diluted with CH2Cl2, and washed with 10 % (w/v) aqueous NaHSO3


(2� ) and 10 % (w/v) aqueous NaCl. The organic layer was dried, filtered,
and concentrated. The residue was purified by column chromatography
(toluene/EtOAc 9:1) to afford 27 (70 mg, 82%). Rf� 0.41 (toluene/EtOAc
85:15); [a]20


D ��27 (c� 1); 1H NMR (CDCl3): d� 5.64, 5.56 (2 t, J2'',3''� 9.3,
J3'',4''� 9.4 Hz, each 1H; H-3'',4''), 5.62 (dd, J2,3� 9.8, J3,4� 9.0 Hz, 1H; H-3),
5.39, 5.31 (2 dd, J1,2 , J1'',2''� 7.8 Hz, each 1 H; H-2,2''), 5.29 (s, 1 H; PhCH),
5.27 (dd, J1',2'� 7.8, J2',3'� 9.0 Hz, 1H; H-2'), 4.91 (d, 1H; H-1''), 4.59, 4.58
(2d, each 1H; H-1,1'), 3.47 (ddd, 1H; OCHHCH2CH2N3), 3.13 (dt, 2H;
OCH2CH2CH2N3), 1.72 ± 1.58 (m, 2H; OCH2CH2CH2N3); 13C NMR
(CDCl3): d� 165.9, 165.1, 164.9, 164.8 (2C), 164.6, 164.0 (2C) (8PhCO),
136.6 (PhCH, quaternary C), 101.5, 101.2, 100.5 (2C) (PhCH, C-1,1',1''),
67.5 (C-6'), 66.3 (OCH2CH2CH2N3), 62.8 (2C) (C-6,6''), 47.7
(OCH2CH2CH2N3), 28.7 (OCH2CH2CH2N3); MS (MALDI-TOF): m/z :
1530 [M�Na]� .


3-Azidopropyl (2,3,4,6-tetra-O-benzoyl-b-d-glucopyranosyl)-(1! 3)-(2-O-
benzoyl-b-d-glucopyranosyl)-(1! 4)-2,3,6-tri-O-benzoyl-b-d-glucopyra-
noside (28): CF3COOH (60 mL) and H2O (8 mL) were added to a solution of
27 (0.13 g, 82 mmol) in CH2Cl2 (5 mL). The mixture was stirred for 3 h,
diluted with CH2Cl2, washed with 10% (w/v) aqueous NaHCO3 (2� ), and
the organic layer was dried, filtered, and concentrated. The residue was
purified by column chromatography (toluene/EtOAc 8:2! toluene/
EtOAc 7:3) to obtain 28 (86 mg, 70%). Rf� 0.37 (toluene/EtOAc 7:3);
[a]20


D ��14 (c� 1); 1H NMR (CDCl3): d� 5.76, 5.54, 5.53 (3 t, J �9.5 Hz,
each 1H; H-3,3'',4''), 5.46 (dd, J1'',2''� 7.9, J2'',3''� 9.8 Hz, 1H; H-2''), 5.35 (dd,
J1,2� 7.7, J2,3� 9.6 Hz, 1H; H-2), 5.14 (dd, J1',2'� 8.0, J2',3'� 9.2 Hz, 1H;
H-2'), 4.81 (d, 1 H; H-1''), 4.56 (d, 1H; H-1), 4.51 (d, 1 H; H-1'), 3.14 (dt,
2H; OCH2CH2CH2N3), 1.75 ± 1.62 (m, 2 H; OCH2CH2CH2N3); 13C NMR
(CDCl3): d� 165.9, 165.5, 165.1 (2 C), 164.9, 164.7, 163.8, 160.2 (8PhCO),
101.5, 100.8 (2C) (C-1,1',1''), 66.3 (OCH2CH2CH2N3), 62.5, 62.2 (2C)
(C-6,6',6''), 47.7 (OCH2CH2CH2N3), 28.8 (OCH2CH2CH2N3); MS (MAL-
DI-TOF): m/z : 1442 [M�Na]� .


3-Azidopropyl (2,3,4,6-tetra-O-benzoyl-b-d-glucopyranosyl)-(1! 3)-(2-O-
benzoyl-b-d-glucopyranosyluronic acid)-(1! 4)-2,3,6-tri-O-benzoyl-b-d-
glucopyranoside (29): TEMPO (catalytic amount), and a solution (70 mL)
of KBr (3.6 mg) and Bu4NBr (4.9 mg) in saturated aqueous NaHCO3


(0.7 mL) were added to a solution of 28 (50 mg, 34 mmol) in CH2Cl2


(0.6 mL). The mixture was stirred vigorously at 0 8C, when a solution of
saturated aqueous NaCl (70 mL), saturated aqueous NaHCO3 (33 mL), and
aqueous NaOCl (13 % Cl active; 90 mL) was added dropwise. After 45 min,
the mixture was acidified with 4m HCl (pH 4), diluted with CH2Cl2, and the
organic layer was washed with 10 % (w/v) aqueous NaCl, dried, filtered,
and concentrated. The residue was purified by column chromatography.
Impurities were eluted with CH2Cl2/acetone (8:2), and 29 (38 mg, 76%)
was eluted with CH2Cl2/acetone/HOAc (8:2:0.5). Rf� 0.65 (CH2Cl2/ace-
tone/HOAc 8:2:1); [a]20


D ��25 (c� 1); 1H NMR (CDCl3): d� 5.76, 5.64,
5.53 (3 t, J2,3� 9.6, J2'',3''� 9.8, J3'',4''� 9.3 Hz, each 1H; H-3,3'',4''), 5.45 (dd,
J1'',2''� 7.9 Hz, 1H; H-2''), 5.27 (dd, J1,2� 7.7 Hz, 1H; H-2), 5.18 (dd, J1',2'�
7.9 Hz, 1H; H-2'), 4.86 (d, 1H; H-1''), 4.68 (d, 1H; H-1'), 4.58 (d, 1 H; H-1),


3.62 (d, J4',5'� 9.3 Hz, 1H; H-5'), 3.12 (dt, 2H; OCH2CH2CH2N3), 1.71 ± 1.59
(m, 2 H; OCH2CH2CH2N3); 13C NMR (CDCl3): d� 169.1 (C-6'), 166.0,
165.7, 165.5, 165.3, 165.1, 164.9, 164.7, 163.8 (8PhCO), 101.4, 100.7, 100.6
(C-1,1',1''), 66.3 (OCH2CH2CH2N3), 62.5, 62.1 (C-6,6''), 47.7
(OCH2CH2CH2N3), 28.8 (OCH2CH2CH2N3); MS (MALDI-TOF): m/z :
1456 [M�Na]� .


3-Aminopropyl (b-d-glucopyranosyl)-(1! 3)-(b-d-glucopyranosyluronic
acid)-(1! 4)-b-d-glucopyranoside (2): NaOMe was added until pH 11 to
a solution of 29 (50 mg, 33 mmol) in MeOH (3 mL). After stirring for 16 h,
TLC (EtOAc/MeOH/H2O 12:5:2) showed the formation of a new spot
(Rf� 0.27), and the mixture was neutralised with Dowex H�, filtered, and
concentrated. A solution of the residue in water was washed with CH2Cl2


(3� ), and the aqueous layer was concentrated. MALDI-TOF analysis of
the residue showed a peak at m/z 624 [M�Na]� . Then, a solution of the
residue in 0.1m NaOH (0.33 mL) was added dropwise to a suspension of
10% Pd/C (0.6 mg) and NaBH4 (2.7 mg) in bidistilled water (0.17 mL).
After 45 min, when TLC (EtOAc/MeOH/H2O 12:5:3) showed the for-
mation of a ninhydrin-positive spot on the baseline, the mixture was
acidified with Dowex H� (pH 4), then loaded on a short column of Dowex
50 W� 2 (H�, 200 ± 400 mesh). After elution of contaminants with water,
elution with 1 % NH4OH afforded 2 (17 mg, 89%), after concentration and
co-concentration with water (2� ). [a]20


D �ÿ18 (c� 0.8, H2O); MS
(MALDI-TOF): m/z : 575 [M�H]� , 597 [M�Na]� . For 1H NMR data,
see Table 1.


3-Azidopropyl (2-O-benzoyl-4,6-O-benzylidene-3-O-chloroacetyl-b-d-glu-
copyranosyl)-(1! 4)-(2,3,6-tri-O-benzoyl-b-d-glucopyranosyl)-(1! 3)-(2-
O-benzoyl-4,6-O-benzylidene-b-d-glucopyranosyl)-(1! 4)-2,3,6-tri-O-
benzoyl-b-d-glucopyranoside (30): A solution of 21 (0.50 g, 0.47 mmol) and
23 (0.27 g, 0.29 mmol) in dry CH2Cl2 (4.4 mL), containing 4 � molecular
sieves, was stirred under Ar for 1 h. Then, TMSOTf (8.5 mL, 47 mmol) was
added. After 15 min, the mixture was neutralised with dry pyridine, filtered
over cotton, diluted with CH2Cl2, and washed with 10% (w/v) aqueous
NaCl. The organic layer was dried, filtered, and concentrated. The residue
was purified by column chromatography (toluene/EtOAc 95:5) to obtain 30
(0.39 g, 75%). Rf� 0.36 (toluene/EtOAc 85:15); [a]20


D ��34 (c� 1);
1H NMR (CDCl3): d� 5.58, 5.40, 5.25 (3 t, J �9.5 Hz, each 1H;
H-3,3'',3'''), 5.17, 5.11 (2 s, each 1H; 2 PhCH), 4.72, 4.55, 4.53, 4.53 (4d, J
�7.7 Hz, each 1H; H-1,1',1'',1'''), 3.87, 3.81 (2d, Jgem� 14.9 Hz, each 1H;
ClCH2CO), 1.79 ± 1.65 (m, 2H; OCH2CH2CH2N3); 13C NMR (CDCl3): d�
136.4, 136.2 (2 PhCH, quaternary C), 101.4 (2C), 101.1 (2C), 100.6, 99.8
(2PhCH, C-1,1',1'',1'''), 67.5, 67.3 (C-6',6'''), 66.3 (OCH2CH2CH2N3), 62.0,
61.9 (C-6,6''), 47.7 (OCH2CH2CH2N3), 40.2 (ClCH2CO), 28.7
(OCH2CH2CH2N3); MS (FAB): m/z : 1834 [M�H]� , 1856 [M�Na]� .


3-Azidopropyl (2-O-benzoyl-4,6-O-benzylidene-b-d-glucopyranosyl)-
(1! 4)-(2,3,6-tri-O-benzoyl-b-d-glucopyranosyl)-(1! 3)-(2-O-benzoyl-
4,6-O-benzylidene-b-d-glucopyranosyl)-(1! 4)-2,3,6-tri-O-benzoyl-b-d-
glucopyranoside (31): Thiourea (50 mg) was added to a solution of 30
(0.39 g, 0.22 mmol) in ethanol (5 mL) and pyridine (0.66 mL). After stirring
for 3 h at 90 8C, the mixture was cooled to room temperature, co-
concentrated with toluene, and the residue was purified by column
chromatography (toluene/EtOAc 95:5! toluene/EtOAc 9:1) to afford 31
(0.32 g, 84 %). Rf� 0.25 (toluene/EtOAc 8:2); [a]20


D ��52 (c� 1); 1H NMR
(CDCl3): d� 5.58, 5.39 (2 t, J�9.5 Hz, each 1H; H-3,3''), 5.17, 5.13 (2s, each
1H; 2PhCH), 4.73, 4.54 (2H), 4.49 (3d, J �7.8 Hz, 4H; H-1,1',1'',1'''), 3.11
(br t, 2 H; OCH2CH2CH2N3), 1.70 ± 1.59 (m, 2H; OCH2CH2CH2N3);
13C NMR (CDCl3): d� 165.9, 165.6, 165.2, 165.1, 164.8 (2C), 164.7, 163.9
(8PhCO), 136.4 (2PhCH, quaternary C), 101.4 (3 C), 101.1, 100.6, 100.0
(2PhCH, C-1,1',1'',1'''), 67.4 (2 C) (C-6',6'''), 66.3 (OCH2CH2CH2N3), 62.1
(2C) (C-6,6''), 47.7 (OCH2CH2CH2N3), 28.7 (OCH2CH2CH2N3); MS
(FAB): m/z : 1758 [M�H]� , 1780 [M�Na]� .


3-Azidopropyl (2-O-benzoyl-b-d-glucopyranosyl)-(1! 4)-(2,3,6-tri-O-
benzoyl-b-d-glucopyranosyl)-(1! 3)-(2-O-benzoyl-b-d-glucopyranosyl)-
(1! 4)-2,3,6-tri-O-benzoyl-b-d-glucopyranoside (32): CF3COOH
(0.12 mL) and H2O (10 mL) were added to a solution of 31 (0.20 g,
0.11 mmol) in CH2Cl2 (6.5 mL). The mixture was stirred for 2.5 h, diluted
with CH2Cl2, washed with 10 % (w/v) aqueous NaHCO3 (2� ) and 10%
(w/v) aqueous NaCl, and the organic layer was dried, filtered, and
concentrated. The residue was purified by column chromatography
(toluene/EtOAc 1:1! toluene/EtOAc 3:7) to obtain 32 (0.12 g, 70%).
Rf� 0.14 (toluene/EtOAc 1:1); [a]20


D ��36 (c� 1); 1H NMR (CDCl3): d�
5.52 (br t, J �9.3 Hz, 2H; H-3,3''), 5.31, 5.29, 5.05, 4.91 (4dd, each 1H;
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H-2,2',2'',2'''), 4.63, 4.61, 4.54, 4.45 (4 d, J �7.5 Hz, each 1 H; H-1,1',1'',1'''),
1.68 ± 1.56 (m, 2H; OCH2CH2CH2N3); 13C NMR (CDCl3): d� 165.9, 165.8,
165.7, 165.1 (2C), 165.0, 164.9, 163.9 (8PhCO), 101.2, 100.7 (2 C), 100.6 (C-
1,1',1'',1'''), 66.3 (OCH2CH2CH2N3), 62.3 (2C), 62.0, 61.3 (C-6,6',6'',6'''), 47.7
(OCH2CH2CH2N3), 28.8 (OCH2CH2CH2N3); MS (FAB): m/z : 1582
[M�H]� , 1604 [M�Na]� .


3-Azidopropyl (2-O-benzoyl-b-d-glucopyranosyluronic acid)-(1! 4)-
(2,3,6-tri-O-benzoyl-b-d-glucopyranosyl)-(1! 3)-(2-O-benzoyl-b-d-gluco-
pyranosyluronic acid)-(1! 4)-2,3,6-tri-O-benzoyl-b-d-glucopyranoside
(33): TEMPO (catalytic amount), and a solution (0.12 mL) of KBr
(6.6 mg) and Bu4NBr (8.7 mg) in saturated aqueous NaHCO3 (1.2 mL)
were added to a solution of 32 (95 mg, 57 mmol) in CH2Cl2 (0.6 mL). The
mixture was stirred vigorously at 0 8C, then a mixture of saturated aqueous
NaCl (0.12 mL), saturated aqueous NaHCO3 (0.06 mL), and aqueous
NaOCl (13 % Cl active; 0.15 mL) was added dropwise. After 45 min, the
mixture was acidified with 4m HCl (pH 4), diluted with CH2Cl2, and the
organic layer was washed with 10 % (w/v) aqueous NaCl, dried, filtered,
and concentrated. The residue was purified by column chromatography.
Impurities were eluted with CH2Cl2/acetone (8:2), and 33 (64 mg, 65%)
was eluted with CH2Cl2/acetone/HOAc (8:2:0.5). Rf� 0.41 (CH2Cl2/ace-
tone/HOAc 8:2:1).


A small sample was methylated with diazomethane for analysis. 1H NMR
(CDCl3): d� 5.56 (br t, J �9.3 Hz, 2H; H-3,3''), 5.36, 5.28, 5.22, 5.13 (4dd,
each 1 H; H-2,2',2'',2'''), 4.84, 4.66, 4.58, 4.54 (4 d, J �7.8 Hz, each 1H;
H-1,1',1'',1'''), 3.39, 3.34 (2s, each 3 H; 2 COOCH3), 3.11 (dt, 2 H;
OCH2CH2CH2N3), 1.68 ± 1.56 (m, 2 H; OCH2CH2CH2N3); MS (MALDI-
TOF): m/z : 1610 [M�H]� , 1632 [M�Na]� .


3-Aminopropyl (b-d-glucopyranosyluronic acid)-(1! 4)-(b-d-glucopyra-
nosyl)-(1! 3)-(b-d-glucopyranosyluronic acid)-(1! 4)-b-d-glucopyrano-
side (3): NaOMe was added until pH 11 to a solution of 33 (75 mg,
43 mmol) in MeOH (3 mL). After stirring for 16 h, TLC (EtOAc/MeOH/
H2O 12:5:3) showed the formation of a new spot (Rf� 0.30), and the
mixture was neutralised with Dowex H�, filtered, and concentrated. A
solution of the residue in water was washed with CH2Cl2 (3� ), and the
aqueous layer was concentrated. MALDI-TOF analysis of the residue
showed a peak at m/z 800 [M�Na]� . Then, a solution of the residue in 0.1m
NaOH (0.43 mL) was added dropwise to a suspension of 10% Pd/C
(0.8 mg) and NaBH4 (3.5 mg) in bidistilled water (0.22 mL). After 45 min,
when TLC (EtOAc/MeOH/H2O 12:5:3) showed the formation of a
ninhydrin-positive spot on the baseline, the mixture was acidified with
Dowex H� (pH 4), then loaded on a short column of Dowex 50 W� 2 (H�,
200 ± 400 mesh). After elution of contaminants with water, elution with 1%
NH4OH afforded 3 after concentration and co-concentration with water
(2� ) (19 mg, 60%). [a]20


D ��124 (c� 0.7, H2O); MS (MALDI-TOF): m/z :
752 [M�H]� , 774 [M�Na]� . For 1H NMR data, see Table 1.


3-Aminopropyl b-d-glucopyranoside (35): NaOMe was added until pH 10
to a solution of 16 (81 mg, 0.12 mmol) in MeOH (3 mL). After stirring for
2 h, when TLC (EtOAc/MeOH/H2O 6:3:1) showed the formation of 34
(Rf� 0.63), the mixture was neutralised with Dowex H�, filtered, and
concentrated. A solution of the residue in water was washed with CH2Cl2


(3� ), then the aqueous layer was concentrated, and a solution of the
residue (crude 34) in 0.1m NaOH (1.1 mL) was added dropwise to a
suspension of 10 % Pd/C (2 mg) and NaBH4 (9.7 mg) in bidistilled water
(0.5 mL). After 45 min, when TLC (EtOAc/MeOH/H2O 12:5:3) showed
the formation of 35 as a ninhydrin-positive spot on the baseline, the mixture
was acidified with Dowex H� (pH 4) and loaded on a short column of
Dowex 50 W� 2 (H�, 200 ± 400 mesh). Contaminants were eluted with
water, and after elution with 1% NH4OH, 35 was obtained after
concentration and co-concentration with water (2� ) (25 mg, 88%).
[a]20


D ��6 (c� 0.2, H2O); MS (MALDI-TOF): m/z : 238 [M�H]� , 260
[M�Na]� . For 1H NMR data, see Table 1.


3-Aminopropyl b-d-glucopyranosiduronic acid (37): TEMPO (0.12 mg)
and KBr (5.6 mg) were added to a cooled solution (5 8C) of 34 (30 mg,
0.11 mmol) in H2O (3 mL). Aqueous NaOCl (13 % Cl active; 0.37 mL) was
brought to pH 10 by addition of 4m HCl and cooled to 5 8C. The two
solutions were combined and pH 10 was maintained by addition of 0.5m
NaOH. After stirring for 3 h at 5 8C, the mixture was neutralised with 4m
HCl and concentrated. Desalting of the mixture could not be achieved by
size-exclusion chromatography. Therefore, the crude residue was acety-
lated by stirring with Ac2O (1 mL) and pyridine (1 mL) for 4 h, and after


concentration, the residue was purified by column chromatography
(toluene/EtOAc 7:3). To a solution of the residue in MeOH (1 mL) and
H2O (0.5 mL) was added 0.5m NaOH until pH 10 was reached. After
stirring overnight, Dowex H� was added until pH 6, and the mixture was
filtered and concentrated to obtain 36. A solution of the residue in 0.1m
NaOH (1 mL) was added dropwise to a suspension of 10% Pd/C (2 mg)
and NaBH4 (8.1 mg) in H2O (0.5 mL). After 30 min, when TLC (EtOAc/
MeOH/H2O 12:5:2) showed the formation of 37 as a ninhydrin-positive
spot on the baseline, the mixture was acidified with Dowex H� (pH 4) and
loaded on a short column of Dowex 50 W� 2 (H�, 200 ± 400 mesh).
Contaminants were eluted with water, and after elution with 1% NH4OH,
37 was obtained after concentration and co-concentration with water (2� )
(22 mg, 80%). [a]20


D �ÿ25 (c� 1, H2O); MS (MALDI-TOF): m/z : 252
[M�H]� , 274 [M�Na]� . For 1H NMR data, see Table 1.


General procedure for the elongation of 1, 2, 3, 35 and 37 with diethyl
squarate : A solution of diethyl squarate (1 mmol) in EtOH (76.2 mL, stock
solution of 24.9 mL diethyl squarate in 12.8 mL EtOH) was added to a
solution of 3-aminopropyl glycoside (1 mmol) in 0.1m sodium phosphate
(40 mL for 35 and 37, 75 mL for 1 ± 3 ; pH 6.9). After stirring for 16 h, EtOH
was evaporated by flushing with N2. To the water layer was added H2O (35,
4 mL) or aqueous HOAc pH 4 (1 ± 3, 37, 6 mL), and the mixture was loaded
on a C18 Bakerbond spe column (500 mg). Rinsing with H2O (10 mL)
eluted the starting material, and elution with MeOH (4 mL) and
evaporation of the solvent by flushing with N2, afforded the pure elongated
fragment that was used for the conjugation reaction.


General procedure for the conjugation of the elongated saccharides to a
protein carrier


CRM197-conjugates : For a targeted oligosaccharide incorporation of about
11 mol molÿ1, the elongated saccharide fragment (�1 mmol) was dissolved
in 0.1m sodium borate buffer (400 mL; pH 9.5), and a solution of CRM197


(61.15 mg mLÿ1; 86 mL, 0.09 mmol) was added. After stirring for two to three
days, the mixture was diluted with H2O to a protein concentration of
1 mgmLÿ1, samples were taken for MALDI-TOF analysis, and the mixture
was dialysed against 50 mm sodium phosphate buffer (pH 7.2). To obtain
different oligosaccharide loadings, the amount of elongated saccharide was
varied. For MALDI-TOF analysis, samples were mixed on the target plate
in a ratio of 1:1 (v/v) with the matrix 3,5-dimethoxy-4-hydroxycinnamic
acid in 30% aqueous CH3CN containing 0.3 % CF3COOH.


KLH-conjugates : The elongated saccharide fragment (�1 mmol) was
dissolved in 0.1m sodium borate buffer (400 mL; pH 9.5), and a solution
of KLH (50 mgmLÿ1; 75 mL for 1, 60 mL for 2, and 40 mL for 3) was added.
After stirring for two to three days, the mixture was diluted with 50 mm
sodium phosphate buffer (pH 7.2) and dialysed against the same buffer.


TT-conjugates : The elongated saccharide fragment (�1 mmol) was dis-
solved in 0.1m sodium borate buffer (300 mL; pH 9.5), and a solution of TT
(6.12 mgmLÿ1; 0.61 mL for 1, 0.49 mL for 2, and 0.33 mL for 3) was added.
The pH was adjusted to 9.5 by addition of 0.1m NaOH. After stirring for
two to three days, the reaction mixture was diluted with 50 mm sodium
phosphate buffer (pH 7.2) and dialysed against the same buffer.


The protein concentrations of all conjugates were determined by the Pierce
assay[34] and the carbohydrate content by MALDI-TOF (CRM197) or
Dubois (KLH and TT) analysis.[33] Coupling efficiencies (Tables 2 and 3)
were expressed as percentage of the targeted incorporation.
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New Approach to the Chemistry of Polysulfides Using
Diphosphanylmethanide Complexes of Manganese(i)


Javier Ruiz,*[a] Mario Ceroni,[a] Oscar V. Quinzani,[b] Víctor Riera,[a] Marilín Vivanco,[a]


Santiago García-Granda,[c] Francisco Van der Maelen,[c] Maurizio Lanfranchi,[d] and
Antonio Tiripicchio[d]


Abstract: The study of the nucleophilic
degradation of S8 by the methanide
complex [Mn(CO)4{(PPh2)2CH}] (2)
has led to the preparation of a unique
class of polysulfide derivatives of formula
[(CO)4Mn{(PPh2)2CÿSnÿC(PPh2)2}-
Mn(CO)4]. The structures of 3 (n� 6), 4
(n� 2), and 7 (n� 1) have been deter-
mined by X-ray crystallography, where-
as those polysulfides with the sulfur
chains S7, S5, S4, and S3 have been
detected by spectroscopic methods. The
polysulfides with n> 2 lose sulfur spon-
taneously, a process that can be accel-
erated by treatment with PPh3 or Na/Hg.


Complexes 3, 4, and 7 were protonated
at the two methanide carbon atoms
to give the cationic dinuclear deriva-
tives [(CO)4Mn{(PPh2)2C(H)ÿSnÿC(H)-
(PPh2)2}Mn(CO)4]2� (8, n� 6; 9, n� 2;
10, n� 1). The 1H NMR spectrum of 9
suggests the existence of intramolecular
CÿH ´´´ S interactions, in agreement with
the X-ray structural determination of
this complex. By treatment of 4 and 7
with one equivalent of HBF4 it is possi-


ble to selectively protonate just one
methanide carbon atom, which allows
the isolation of the mixed cationic
derivatives [(CO)4Mn{(PPh2)2C(H)ÿ
SnÿC(PPh2)2}Mn(CO)4]� (11, n� 2; 6,
n� 1). Additionally, heterometallic
complexes containing a bridging disul-
fide unit, of general formula
[(CO)4Mn{(PPh2)2C(AuPPh3)SÿSC-
(AuPPh3)(PPh2)2}Mn(CO)4]2� (12) and
[(CO)4Mn{(PPh2)2C(H)SÿSC(AuPPh3)-
(PPh2)2}Mn(CO)4]� (13), were prepared
by reaction of 4 and 11, respectively,
with [AuCl(PPh3)] in the presence of
TlPF6.


Keywords: diphosphanylmethanides
´ manganese ´ polysulfides ´ sulfur


Introduction


Polysulfides of general formula RÿSnÿR, also referred to as
substituted polysulfanes, and their cyclic and polymeric
congeners are important compounds that have found appli-


cations in many areas of chemistry. Thus, a plethora of organic
polysulfides are used as coupling agents in rubber vulcan-
ization,[1] and certain polysulfide polymers such as thiokol are
extensively utilized for adhesives, sealants, and insulators,
among other things.[2] Polysulfide-containing molecules are
also of considerable biological importance, as the SÿS bond is
present in a variety of natural products and contributes
significantly to the tertiary structures of many proteins;[3]


polysulfides are also involved in DNA-cleaving processes.[4]


Recently, a number of ferrocenyl polysulfide derivatives,
including polymers, have been prepared and have displayed
interesting electronic and structural features.[5] Some of these
derivatives have been used as chiral ligands for rhodium- and
iridium-catalyzed asymmetric reactions.[6] Metallic polysul-
fides are also of considerable importance, and a rich
coordination chemistry of polysulfido chelate ligands has
been developed.[7]


With all of these precedents the synthesis of new types of
polysulfide-containing molecules, which could open routes to
the study of unexplored chemical behavior and properties of
these materials, appears to be an interesting goal. Herein we
describe the preparation of the unique class of anionic
polysulfides [(PPh2)2CÿSnÿC(PPh2)2]2ÿ coordinated through
the four phosphorus atoms to form dinuclear complexes of
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manganese(i). We have reported, in a preliminary form, that
the diphosphanylmethanide complex [Mn(CO)4{(PPh2)2CH}]
(2) readily reacts with cyclooctasulfur, affording the hexasul-
fur-linked tetraphosphanylbis(methanide) dinuclear deriva-
tive [(CO)4Mn{(PPh2)2CÿS6ÿC(PPh2)2}Mn(CO)4](3).[8] We
now give a detailed account of the nucleophilic degradation
reactions of S8 by 2 and of the further sulfur extrusion
processes involved therein, which afford a number of
polysulfur-bridged dimetallic complexes of general formula
[(CO)4Mn{(PPh2)2CÿSnÿC(PPh2)2}Mn(CO)4] (n� 1 ± 7). We
also describe the controlled protonation reactions of these
bimetallic species at the methanide carbon atoms to give
several complexes containing the new tetraphosphanyl ± poly-
sulfide anionic and neutral ligands [(PPh2)2C(H)ÿSnÿC(PPh2)2]ÿ


and [(PPh2)2C(H)ÿSnÿC(H)(PPh2)2], respectively.


Results and Discussion


Bis(diphosphanylmethanide)polysulfide bridging ligands :
The treatment of a solution of the diphosphanylmethanide
complex 2 in dichloromethane with S8 results in the formation
of 3 and 1, after a few minutes of stirring at room temperature
(Scheme 1).[9] The ratio of the products 3 and 1 in the reaction
mixture is approximately 1:2, regardless of whether a
stoichiometric amount or an excess of S8 is added. Both
complexes were easily separated by column chromatography
on alumina and 3 was finally crystallized from CH2Cl2/hexane,
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Scheme 1. Formation of the dinuclear hexasulfide 3 by reaction of the
methanide complex 2 with S8 and shortening of the S6 chain in 3 to give the
disulfide 4. [Mn]�Mn(CO)4.


resulting in yellow crystals. The structure of 3 determined by
X-ray diffraction is given in Figure 1. Selected bond lengths
and angles are given in Table 1. The complex has approximate
C2 symmetry with the pseudo twofold axis passing through the


Figure 1. The molecular structure of 3 (ORTEP, 30 % probability level).


Abstract in Spanish: El estudio de la degradacioÂn nucleofílica
de S8 por el complejo metanuro [Mn(CO)4{(PPh2)2CH}] (2)
ha conducido a la preparacioÂn de una clase uÂnica de derivados
polisulfuro de foÂrmula [(CO)4Mn{(PPh2)2CÿSnÿC(PPh2)2}-
Mn(CO)4]. Las estructuras de 3 (n� 6), 4 (n� 2) y 7 (n� 1)
han sido determinadas mediante cristalografía de rayos-X,
mientras que los polisulfuros con cadenas de azufre S7, S5, S4 y
S3 han sido detectados mediante mØtodos espectroscoÂpicos.
Para n> 2 estos complejos son inestables y pierden azufre
espontaÂneamente, un proceso que puede ser acelerado
por tratamiento con PPh3 oÂ Na/Hg. Estos polisulfuros
fueron protonados sobre los dos aÂtomos de carbono
metanuro dando los complejos catioÂnicos dinucleares
[(CO)4Mn{(PPh2)2C(H)ÿSnÿC(H)(PPh2)2}Mn(CO)4]2� (8 :
n� 6, 9 : n� 2, 10 : n� 1). El espectro de 1H RMN de 9 es
llamativo sugiriendo la existencia de interacciones intramole-
culares CÿH ´´´ S, en consonancia con la determinacioÂn
estructural de rayos-X para este compuesto. Mediante trata-
miento de 4 y 7 con un equivalente de HBF4 es posible
protonar selectivamente un uÂnico aÂtomo de carbono metanuro
lo que permite aislar los derivados catioÂnicos mixtos
[(CO)4Mn{(PPh2)2C(H)ÿSnÿC(PPh2)2}Mn(CO)4]� (11, n� 2;
6, n� 1). Mediante reaccioÂn de 4 y 11 con [AuCl(PPh3)] en
presencia de TlPF6 se han obtenido ademaÂs complejos
heterometaÂlicos que contienen una unidad disulfuro puente,
de foÂrmula general [(CO)4Mn{(PPh2)2C(AuPPh3)SÿSC-
(AuPPh3)(PPh2)2}Mn(CO)4]2� (12) y [(CO)4Mn{(PPh2)2C-
(H)SÿSC(AuPPh3)(PPh2)2}Mn(CO)4]� (13).


Table 1. Selected bond lengths [�] and angles [8] for 3.


Mn1AÿP1A 2.347(3) Mn1BÿP1B 2.339(3)
Mn1AÿP2A 2.339(2) Mn1BÿP2B 2.355(3)
S1AÿS2A 2.113(4) S1BÿS2B 2.113(4)
S1AÿC5A 1.718(8) S1BÿC5B 1.717(7)
S2AÿS3A 2.054(5) S2BÿS3B 2.053(4)
S3AÿS3B 2.054(4)
P1AÿC5A 1.760(8) P1BÿC5B 1.758(8)
P2AÿC5A 1.750(9) P2BÿC5B 1.761(8)
P1AÿMn1AÿP2A 70.2(1) P1BÿMn1BÿP2B 70.5(1)
P1A-C5A-P2A 100.3(4) P1B-C5B-P2B 100.7(4)
S2A-S1A-C5A 110.0(3) S2B-S1B-C5B 112.8(3)
S1A-S2A-S3A 107.3(2) S1B-S2B-S3B 107.2(2)
S2A-S3A-S3B 107.2(2) S3A-S3B-S2B 106.7(2)
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midpoints of the S1A ´´´´ S1B and S3AÿS3B segments. The
atoms of the two related halves of the molecule are labeled as
A and B, respectively. The S6 unit bridges two complexes 2,
displacing two methanide hydrogen atoms. The structural
features in the two halves are very similar. The octahedral
coordination around the Mn atom involves four terminal
carbonyl groups and two chelating P atoms from the
tetraphosphanylbis(methanide) derivative. The two four-
membered chelate rings are bent, with the two metal atoms
0.367(1) and 0.484(1) � out of the planes formed by the P2CS
fragments, which are almost orthogonal to the CÿSÿS planes.
The two PÿMnÿP bite angles are very small, 70.2(1) and
70.5(1)8, respectively. In the S6 chain the two terminal SÿS
bond lengths are significantly greater than the three internal
ones. The short 3.506(3) � separation between the two
terminal S atoms of the chain is noteworthy. The S atoms
form a six-membered ring with a chair conformation. The
torsion angles starting from S1AÿS2A are: 57.0(2), ÿ87.1(2),
93.8(2), ÿ84.8(2), 56.5(2), and ÿ49.4(2)8. The two bulky
substituents in the ring occupy equatorial positions.


Compound 3 spontaneously loses some sulfur when main-
tained in solution for several days, leading to a mixture of
dinuclear complexes with shorter polysulfur chains. Further-
more, the hexasulfur chain in 3 can be quickly shortened by
different desulfurization processes, such as treatment with
PPh3 or reduction with Na/Hg, which abstract sulfur as SPPh3


and Na2S, respectively (Scheme 1). In each case the final stage
in the reduction of the chain length is the disulfide derivative
4. Although efforts have been made to isolate the other
polysulfide complexes, those corresponding to S5, S4, and S3


chains, we have not been successful because they always
appear as mixtures even if strict control over the reaction
conditions for the chain reduction is maintained. It must be
noted that it is difficult to distinguish between the different
polysulfides by most spectroscopic methods. Thus, in the IR
spectra in CH2Cl2 few changes were observed in the n(CO)
region on going from the hexasulfide 3 to the disulfide 4
(Table 2). In the 31P NMR spectra a very broad signal appears


centered at d� 24.1 for 3, d� 22.1 for 4, and in between for
the mixtures of the other polysulfide derivatives. Spectro-
scopic detection of these polysulfides in the different reaction
mixtures was therefore carried out by mass spectrometry or,
indirectly, by 1H NMR spectroscopy of their protonated
derivatives by observing the signal of the P2C(H)ÿSnÿC(H)P2


protons, as we will see below (see Table 5).
The structure of 4 was also determined by X-ray methods


(Figure 2), allowing a comparison of its structural parameters
with those of the hexasulfide derivative 3. Selected bond
lengths and angles are given in Table 3. The complex has
crystallographic Ci symmetry with the inversion center on the


Figure 2. The molecular structure of 4 (ORTEP, 30% probability level).


midpoint of the SÿS bond. The S2 unit in 4 essentially replaces
the S6 unit of 3, and 4 can be seen as derived from 3 by
cleavage of the two longest SÿS bonds. The octahedral
coordination around the Mn atoms is quite similar to that
found in 3. The two four-membered chelate rings are bent,
with the metal atoms 0.250(4) � out of the plane formed by
the P2CS fragment, which is, as in 3, almost orthogonal to the
CÿSÿS plane. The PÿMnÿP bite angles are 69.8(3)8. The SÿS
bond length (2.177(13) �) is much greater than the longest
ones found in 3. The CÿSÿSÿC fragment is planar with the C
atoms in trans positions. This conformation is rather uncom-
mon, having been found, to our knowledge, in only three
other structures.[10] The closely related diselenide cation
[(PPh3)2CÿSeÿSeÿC(PPh3)2]2� has been described and its
structure determined by X-ray crystallography.[11]


Some mechanistic considerations : Taking into account the
widely admitted mechanism for the nucleophilic degradation
of cyclooctasulfur by bases,[12] it seems reasonable to assume
that the reaction of the diphosphanylmethanide complex 2
with S8 proceeds through the formation of the intermediate
species I which contains an open octasulfur chain (Scheme 2).
Then the attack of a new methanide molecule on I would not
follow the usual behavior, which would lead to the formation
of eight equivalents of the corresponding mercaptide species;
instead the dinuclear hexasulfide derivative 8 should be
formed after the elimination of the S2ÿ


2 ion. Finally, the two
P2C(H)ÿS6ÿC(H)P2 protons in 8 should be transferred to two
additional molecules of 2, resulting in the experimentally
observed 1:2 mixture of 3 and 1. The formation of I must be
the rate-determining step as the 3 :1 ratio is approximately
independent of the amount of S8 added. Although 8 was not


Table 2. Selected spectroscopic data for the neutral polysulfides 3, 4, and 7.


IR[a] n(CO) [cmÿ1] 31P{1H} NMR[b] d


3 2074 (s), 1992 (vs), 1967 (s) 24.1 (br)
4 2070 (s), 1992 (vs), 1963 (s) 22.1 (br)
7 2068 (s), 1987 (vs), 1958 (s) 18.2 (br)


[a] In CH2Cl2. [b] In CD2Cl2.


Table 3. Selected bond lengths [�] and angles [8] for 4.[a]


Mn1ÿP1 2.354(8) Mn1ÿP2 2.361(8)
P1ÿC5 1.74(2) P2ÿC5 1.74(2)
SÿC5 1.71(2) SÿS' 2.177(13)
P1-Mn1-P2 69.8(3) P1-C5-P2 101.3(11)
C5-S-S' 106.0(9)


[a] Symmetry transformations used to generate equivalent atoms: ': ÿx
� 1/2, ÿy� 1/2, ÿz� 1
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Scheme 2. Proposed mechanism for the nucleophilic degradation of S8 by
the methanide complex 2. [Mn]�Mn(CO)4.


detected in the course of this
reaction, it could be prepared in
an independent experiment by
treatment of 3 with acids, as we
will describe in detail below.


In principle, the attack of 2
on I could take place at differ-
ent sulfur atoms in the octasul-
fur chain. However, attack on a
sulfur atom placed in the vicin-
ity of the diphosphane fragment
is not very probable because of
the steric hindrance imposed by
the bulky diphenylphosphanyl
groups. Nucleophilic attack on a sulfur atom near to the
terminal sulfur, which supports the negative charge, is also
unlikely, owing to electronic repulsions. The isolation of the
hexasulfur species 3 in this reaction suggests that attack at the
sixth sulfur atom in I is particularly favored as a compromise
between the steric and electronic limitations. However, a
careful analysis of the crude reaction mixture of 2 and S8 by
mass spectrometry and by 1H NMR spectroscopy of the
corresponding protonated species showed that, although the
hexasulfide derivative 3 is the major product, some of the
pentasulfide, the tetrasulfide and even, to a lesser extent, the
heptasulfide derivatives were also formed (see Table 5). This
means that the hexasulfide complex 3 is not the sole
polysulfide species formed in this reaction, though the
nucleophilic attack of the methanide 2 on the octasulfur
chain seems to be very favored in the sixth position.


The monosulfide case : The dinuclear monosulfide derivative
[(CO)4Mn{(PPh2)2CÿSÿC(PPh2)2}Mn(CO)4] (7) could not be
obtained from the disulfide complex 4, with either PPh3 or
Na/Hg as sulfur the abstractor. Unlike the sulfur extrusion
process from the hexasulfide 3 to form the disulfide 4, in
which two SÿS bonds must be broken in each step, the
formation of the monosulfide 7 would imply not only the
scission of the SÿS bond but also of one SÿC bond, which is


stronger than a single bond, as shown in the X-ray study of this
molecule (SÿC� 1.71(2) �). Moreover, both reduction with
Na and nucleophilic attack by the phosphane on the disulfide
unit, with both sulfur atoms directly bonded to the methanide
carbon atoms, appear to be very unlikely owing to electronic
repulsions. However, although the disulfide complex 4 is
resistant to sulfur extrusion, the SÿS bond can easily be
broken by oxidation reactions to give mononuclear species, as
we have shown in a recent communication.[13] An example is
the reaction of 4 with I2 to give the sulfenyl iodide derivative 5.
We have now found that 5 is a suitable starting material for
the synthesis of the monosulfane dinuclear complex 7
(Scheme 3). Treatment of 5 with one equivalent of 2 gives
the intermediate 6 through a nucleophilic substitution of
iodide by the methanide, which is then deprotonated with
KOH to yield 7. The stretching frequencies of the carbonyl
groups of 7 are slightly lowert than those of the disulfide 4
(Table 2). This follows the general trend observed in this
series of polysulfide derivatives, in which the carbonyl


stretching frequencies are lowered as the sulfur chain length
is reduced. The same trend is followed by the 31P NMR signals
of these complexes (Table 2).


Yellow crystals of 7 were obtained from CH2Cl2/hexane and
its structure was determined by X-ray crystallography (Fig-
ure 3). Two molecules of the complex, labeled A and B,
respectively, were found in the asymmetric unit, and one of
them is shown in Figure 3. A selection of bond lengths and
angles is shown in Table 4. Each molecule has approximate C2


symmetry with the pseudo twofold axis passing through the
central sulfur atom and bisecting the C9ÿS1ÿC10 angle, which
is 113(1)8 and 115(1)8 in the A- and B-labeled complexes,
respectively. Both molecules have very similar structural
features, as can be seen from the other data in Table 4.
Moreover both parts of each molecule have virtually identical
structural parameters too, with only small differences arising
from the fairly disordered phenyl groups.


Proton transfer processes : The [(CO)4Mn{(PPh2)2CÿSnÿC-
(PPh2)2}Mn(CO)4] complexes can be protonated at
the two methanide carbon atoms by treatment with an
excess of HBF4, yielding their cationic derivatives
[(CO)4Mn{(PPh2)2C(H)ÿSnÿ(H)C(PPh2)2}Mn(CO)4]2� (8,
n� 6; 9, n� 2; 10, n� 1) (Scheme 4). The reaction can easily
be reversed by treatment with KOH.
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Scheme 3. Formation of the monosulfide derivative 7 by reaction of 5 with 2. [Mn]�Mn(CO)4.
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Figure 3. The molecular structure of 7 (ORTEP, 50% probability level).
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Scheme 4. Reversible proton transfer processes in 4. [Mn]�Mn(CO)4.


The spectroscopic data for these new complexes are
presented in Table 5. Their IR spectra show a strong shift of
the n(CO) bands toward higher frequencies (40 cmÿ1 on
average) with respect to their neutral precursors. In the
1H NMR spectra the chemical shift of the P2C(H)ÿSnÿC(H)P2


protons proved to be very sensitive to the sulfur chain length,
appearing as a triplet at d� 6.09, 6.99, and 5.70 for 8, 9, and 10,


respectively. This feature allowed us to spectroscopically
characterize the other polysulfide derivatives, corresponding
to the S7, S5, S4, and S3 sulfur chains, present in the different
reaction mixtures (Table 5 and Figure 4). It is noteworthy that


Figure 4. 1H NMR of a mixture of cationic polysulfide complexes of
formula [(CO)4Mn{(PPh2)2C(H)ÿSnÿC(H)(PPh2)2}Mn(CO)4]2� (n� 2 ± 6).


the signals of these protons appear in a narrow range of
frequencies for n� 7 ± 3 (from d� 6.07 to 6.26), whereas in the
disulfide derivative 9 the signal appears at a very high
chemical shift (d� 6.99) dropping sharply to d� 5.70 in the
monosulfide species 10. Also of note is the value of the 2JP,H


coupling constant in 9 (7 Hz), which is significantly smaller
than that corresponding to the other of polysulfides (11 Hz).
The chemical shifts in the 31P NMR spectra of 9 (d� 34.0) and
10 (d� 52.5) are also peculiar and very different to those of
the other polysulfide derivatives, which fall in the range of d�
42 ± 44. To rationalize the above spectroscopic data we suggest
that two weak CÿH ´´´ S interactions may exist between the
P2C(H)ÿSnÿC(H)P2 protons and the b-sulfur atoms of the
sulfur chain (Scheme 5). In fact it has been reported that the
1H NMR signals for protons involved in such hydrogen bonds
usually shift to high frequencies.[14] This interaction is absent
in the monosulfide 10 as it lacks the b-sulfur atoms, causing


Table 4. Selected bond lengths [�] and angles [8] for 7.


Mn1AÿP1A 2.337(10) Mn1BÿP1B 2.358(9)
Mn1AÿP2A 2.347(9) Mn1BÿP2B 2.343(9)
Mn2AÿP3A 2.340(9) Mn2BÿP3B 2.344(10)
Mn2AÿP4A 2.322(10) Mn2BÿP4B 2.336(8)
P1AÿC9A 1.78(3) P1BÿC9B 1.78(2)
P2AÿC9A 1.74(3) P2BÿC9B 1.76(2)
C9AÿS1A 1.77(3) C9BÿS1B 1.77(2)
C10AÿS1A 1.69(3) C10BÿS1B 1.78(3)
P1A-Mn1A-P2A 68.9(3) P1B-Mn1B-P2B 69.9(3)
P3A-Mn1A-P4A 69.2(3) P3B-Mn2B-P4B 69.3(3)
P1A-C9A-P2A 97.9(13) P1B-C9B-P2B 99.0(10)
P3A-C10A-P4A 95.6(15) P3B-C10B-P4B 99.4(14)
C9A-S1A-C10A 112.8(14) C9B-S1B-C10B 115.3(12)


Table 5. Selected spectroscopic data for the cationic polysulfides of formula
[(CO)4Mn{(PPh2)2C(H)ÿSnÿC(H)(PPh2)2}Mn(CO)4]2� and for complexes 6, 11,
12, and 13.


n (complex) IR[a] n(CO) [cmÿ1] 31P{1H} NMR[b] d 1H NMR[b] d (2JP,H)


7 6.07 (t, 11 Hz)
6 (8) 2096 (s), 2037 (m) 44.0 (br) 6.09 (t, 11 Hz)


2014 (vs)
5 6.16 (t, 11 Hz)
4 6.20 (t, 11 Hz)
3 6.26 (t, 11 Hz)
2 (9) 2094 (s), 2036 (m) 34.0 (br) 6.99 (t, 7 Hz)


2011 (vs)
1 (10) 2095 (s), 2035 (m) 52.5 (br) 5.70 (t, 11 Hz)


2012 (vs)
6 2091 (s), 2076 (s) 46.0 (br), 27.0 (br) 5.93 (t, 12 Hz)


2031 (m), 2008 (vs)
1992 (s), 1975 (m)


11 2093 (s), 2077 (s) 41.0 (br), 26.4 (br) 5.77 (t, 11 Hz)
2033 (m), 2010 (vs)
1993 (s), 1974 (m)


12 2090 (s), 2030 (m) 45.0, 44 (br)
2007 (vs)


13 2093 (s), 2031 (m) 41.3 (br), 38.1 6.40 (t, 14 Hz)
2008 (vs)


[a] In CH2Cl2. [b] In CD2Cl2.
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Scheme 5. Schematic representation of the proposed CÿH ´´´ S interac-
tions in 9.


the chemical shift of the protons to lower. In the disulfide 9
the interaction should be stronger than in all other polysulfide
derivatives (as is evidenced by the notably higher chemical
shift of these protons in 9), perhaps owing to a cooperative
effect,[15] as the two proposed CÿH ´´´ S hydrogen bonds are
interconnected (Scheme 5). In order to support this proposi-
tion we carried out an X-ray structural determination on 9.
The structure of the cation is shown in Figure 5 and a selection
of bond lengths and angles is presented in Table 6. Unlike the


Figure 5. Structure of the cation 9 (ORTEP, 50 % probability level).
Phenyl groups have been omitted for clarity.


neutral precursor 4, complex 9 does not have Ci symmetry
because the two tertiary hydrogen atoms break that symmetry
by both pointing towards the same side of the molecule. The
S1 ´´ ´ H10 (3.074(3) �) and S2 ´´´ H9 (3.121(3) �) distances
are not very short but they are comparable to the van der
Waals separation, allowing the existence of weak CÿH ´´´ S
interactions in the solid state as well, in agreement with the
spectroscopic data of this complex in solution. It is also worth
remarking the SÿS bond length of 2.056(4) �, which is much
shorter than the corresponding length in the neutral complex
4 (2.177(13) �).


Very interestingly, complex 9 can be selectively deproto-
nated by treatment with H2O in CH2Cl2 to give the
monocationic dinuclear complex 11, in which the bridging
ligand contains both a diphosphane and a diphosphanylme-
thanide fragment (Scheme 4). This complex was also formed
by reaction of 4 with one equivalent of HBF4. Compound 11
was obtained by both methods in quantitative yield as a pale
yellow solid. The semiprotonated monosulfide derivative 6,


which was previously detected during the synthesis of 7
(Scheme 3), can also be prepared in the same manner as 11.
The formation of these semiprotonated polysulfide deriva-
tives suggests the existence of an electronic connection
between both metallic fragments through the sulfur chain, a
feature which is also evidenced in the infrared spectra of these
complexes (Table 5). Thus, the IR spectrum of 11 in the n(CO)
region consists of two groups of bands, the one at higher
frequencies corresponding to the Mn(CO)4 moiety bonded to
the protonated (PPh2)2C(H)Sÿ fragment of the bridging
ligand (2093, 2033, and 2010 cmÿ1), and the one at lower
frequencies corresponding to the Mn(CO)4 moiety bonded to
the diphosphanylmethanide unit (PPh2)2CSÿ (2077, 1993, and
1974 cmÿ1)(Figure 6). Note that this last group of signals


Figure 6. Monitoring by IR spectroscopy of the controlled protonation
process on 4 to give 11 and 9.


appears at higher frequencies (6 cmÿ1 on average) than those
corresponding to the fully deprotonated complex 4 (2070,
1993, and 1963 cmÿ1), indicating that the first protonation
process on 4 to give 11 induces some electronic changes in the
remaining deprotonated Mn(CO)4(PPh2)2CSÿ fragment, ren-
dering it more difficult to protonate and allowing the isolation
of 11 in a pure form (instead of a statistical mixture of 4, 9, and
11). Curiously, in the IR spectrum of 11 the n(CO) absorptions
corresponding to the protonated fragment appear almost at
the same values than those of the fully protonated derivative 9
(at just 1.5 cmÿ1 lower frequencies on average, see Table 2 and
Table 5), suggesting that the electronic connection through
the diphoshanylmethanide unit is nearly disrupted on proto-
nation.


On the other hand, in parallel reactions to those described
above, it is also possible to introduce a metallic fragment into
the P2CÿSÿSÿCP2 chain of 4. Thus 4 readily reacts with two
equivalents of [AuCl(PPh3)] in the presence of TlPF6 as
chloride abstractor, affording 12 . Similarly, 11 reacts with one
equivalent of [AuCl(PPh3)] under the same conditions to give
the mixed derivative 13. Although we have been unable to
prepare suitable crystals of 12 and 13 for X-ray analysis, their
spectroscopic data (Table 5) are similar to those of the
related complexes [Mn(CO)4{(PPh2)2C(AuPPh3)2}]� and
[Mn(CO)4{(PPh2)2C(H)(AuPPh3)}]� ,[16] suggesting that the
gold atoms in 12 and 13 are directly bonded to the methanide
carbon atoms, though some Au ´´´ S contact can not be


Table 6. Selected bond lengths [�] and angles [8] for 9.


Mn1ÿP1 2.355(3) Mn2ÿP3 2.301(4)
Mn1ÿP2 2.295(4) Mn2ÿP4 2.339(3)
P1ÿC9 1.880(11) P3ÿC10 1.845(10)
P2ÿC9 1.841(11) P4ÿC10 1.893(10)
C9ÿS1 1.824(10) C10ÿS2 1.815(10)
S1ÿS2 2.056(4)
P1-Mn1-P2 71.79(12) P3-Mn2-P4 72.17(12)
P1-C9-P2 94.2(5) P3-C10-P4 94.0(5)
C9-S1-S2 102.4(4) C10-S2-S1 100.8(3)
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excluded. In this regard it has been reported that bis(trithia-
ferrocenophane) derivatives can coordinate transition metal
ions through the polysulfur chains, allowing the synthesis of
remarkable heterometallic species.[17]


Interestingly, the signal of the P2C(H)ÿS2ÿC(AuPPh3)P2


proton in the 1H NMR spectrum of 13 appears 0.60 ppm
lower in frequency than that of the P2C(H)ÿS2ÿC(H)P2


protons in 9, and is near to the range found for the other
cationic polysulfide derivatives (Table 5). This lowering of
frequency could be attributed to the disappearance of the
above mentioned cooperativity in the interaction of those
protons with the disulfide unit.


Conclusion


We have synthesized the unique polysulfide derivatives
[(CO)4Mn{(PPh2)2CÿSnÿC(PPh2)2}Mn(CO)4], in which the
bridging polysulfur chain is linked to carbonyl complexes of
MnI through diphosphanylmethanide units. Although the
polysulfides with n> 2 are unstable toward sulfur extrusion,
the sulfur chain length can be relatively controlled, allowing
the X-ray structural characterization of 3 (n� 6), 4 (n� 2),
and 7 (n� 1), whereas those polysulfides with the S7, S5, S4,
and S3 sulfur chains were spectroscopically detected. The
bridging polysulfidebis(diphosphanylmethanide) ligands con-
tain both electrophilic and nucleophilic centers, a feature
which determines their reactivity. Thus, the central sulfur
atoms of the polysulfur chain behave as electrophiles when
reacting with PPh3 or Na/Hg, whereas the methanide carbon
atoms are nucleophilic, as shown in their reactions with HBF4


or [AuCl(PPh3)].
These results can potentially be extended to the synthesis of


metal-containing polysulfide polymers with interesting prop-
erties such as pH dependent electronic connectivity between
the metal centers. These studies are currently under inves-
tigation.


Experimental Section


General : All reactions were carried out under a nitrogen atmosphere with
the use of Schlenk techniques. Solvents were dried and purified by standard
techniques and distilled under nitrogen prior to use. All reactions were
monitored by IR spectroscopy (Perkin ± Elmer FT 1720-X and Paragon
1000 spectrophotometers). Elemental analyses were performed on a
Perkin ± Elmer 240B elemental analyzer. 1H and 31P NMR spectra were
measured with Bruker AC-300 and AC-200 instruments. Chemical shifts
are given in ppm relative to internal SiMe4 (1H) or external 85 % H3PO4


(31P). FAB-MS spectra were obtained from the University of Oviedo Mass
Spectroscopic Service. The complexes [Mn(CO)4{(Ph2P)2CH}] (2),[16]


[Mn(CO)4{(Ph2P)2CÿSÿI}] (5),[13] and [AuCl(PPh3)][18] were prepared as


described elsewhere. All other reagents were commercially obtained and
used without further purification.


Reaction of 2 with S8 : A solution of [Mn(CO)4{(Ph2P)2CH}] (2) (200 mg,
0.36 mmol) in CH2Cl2 (20 mL) was added dropwise to S8 (29 mg,
0.11 mmol) over 15 min at room temperature with continuous
stirring. The resultant yellow solution was filtered through an
alumina column (activity III) to eliminate the cationic complex 1.
The solvent was evaporated to dryness, yielding a yellow solid
consisting of a mixture of polysulfide complexes of general formula
[(CO)4Mn{(PPh2)2CÿSnÿC(PPh2)2}Mn(CO)4]. MS (FAB): m/z (%): 1324.0
(1) [M�� 2H](n� 7), 1292.0 (5) [M�� 2H](n� 6), 1259.9 (3) [M��
2H](n� 5), 1227.8 (2) [M�� 2H](n� 4), 1195.6 (2) [M�� 2H](n� 3),
1163.6 (2) [M�� 2H](n� 2). The 1H NMR spectra of this mixture, after
protonation with HBF4, did not show signals corresponding to polysulfides
with n� 3 and 2. The crude yellow solid was then chromatographed
through an alumina column (activity III). Elution with CH2Cl2/hexane (1:2
v/v) gave a yellow solid, which was recrystallized by diffusion of hexane
into a CH2Cl2 of the complex, affording yellow crystals of 3 suitable for
X-ray diffraction studies (40 % yield). Elemental analysis calcd (%) for
C58H40Mn2O8P4S6 (1291.1): C 53.96, H 3.12; found: C 54.19, H 3.34.


Compound 4 : A solution of 3 (40 mg, 0.30 mmol) in THF (30 mL) was
added to an excess of sodium amalgam (15 g, 0.8%) at room temperature.
After 30 min of stirring the solvent was removed in vacuo. The residue was
extracted with CH2Cl2 (50 mL), filtered, and evaporated to dryness. The
remaining yellow solid was chromatographed on alumina (activity III)
using hexane, diethyl ether, and CH2Cl2 as eluants. Elution first with
hexane and then with diethyl ether gave mixtures of different polysulfides.
Finally, elution with CH2Cl2/hexane (4:1) afforded 4 as a yellow solid (33 %
yield). Crystals of 4 suitable for X-ray analysis were obtained by slow
diffusion of hexane into a solution of the complex in dichloromethane. MS
(FAB): m/z (%): 1163.6 (25) [M�� 2H]; elemental analysis calcd (%) for
C58H40Mn2O8P4S2 (1162.9): C 59.91, H 3.47; found: C 59.71, H 3.45.


Compound 7: A solution of 2 (50 mg, 0.09 mmol) in CH2Cl2 (5 mL) was
added dropwise to a solution of 5 (64 mg, 0.09 mmol) in CH2Cl2 (9 mL) and
stirred for 30 min. The color of the solution changed from red to yellow. An
excess of KOH (0.40 g, 7.1 mmol) was added and the mixture stirred for
30 min. The solution was filtered through diatomaceous earth and the
solvent evaporated to dryness under vacuum. The yellow residue was
washed with hexane (4� 15 mL). Yield 76%. Crystals of 7 suitable for
X-ray analysis were obtained by slow diffusion of hexane into a solution of
the complex in dichloromethane. Elemental analysis calcd (%) for
C58H40Mn2O8P4S (1130.8): C 61.61, H 3.57; found: C 61.35, H 3.64.


Compound 8-(BF4)2 : Tetrafluoroboric acid/diethyl ether complex (48 mL,
0.28 mmol, 85%) was added to a solution of 3 (150 mg, 0.116 mmol) in
CH2Cl2 (20 mL) at room temperature with continuous stirring. The solution
instantly changed from yellow to colorless. The solvent was then
evaporated to dryness and the residue was washed three times with diethyl
ether (3� 5 mL). The product was recrystallized from CH2Cl2/hexane
(80 % yield). Elemental analysis calcd (%) for C58H42B2F8Mn2O8P4S6


(1466.7): C 47.50, H 2.89; found: C 47.28, H 2.71.


Compound 9-(BF4)2 : The compound was prepared from 4 by following the
same method described for 8-(BF4)2 (92 % yield). Crystals of 9-(ClO4)2


suitable for X-ray analysis were obtained by protonation of 4 with aqueous
HClO4 (70 %) followed by crystallization of the reaction mixture from
CH2Cl2/hexane. Elemental analysis calcd (%) for C58H42B2F8Mn2O8P4S2


(1338.5): C 52.05, H 3.16; found: C 51.87, H 2.97.


Compound 10-(BF4)2 : The compound was prepared from 7 by following the
same method described for 8-(BF4)2 (82 % yield). Elemental analysis calcd
(%) for C58H42B2F8Mn2O8P4S (1306.4): C 53.3, H 3.24; found: C 52.97, H
3.20.


Compound 11-BF4 : A solution of tetrafluoroboric acid/diethyl ether
complex in CH2Cl2 (1.9 mL, 0.019 mmol, 0.01m) was added dropwise to a
solution of 4 (25 mg, 0.019 mmol) in CH2Cl2 (20 mL) at room temperature
with continuous stirring. After 10 min the solution was filtered and the
solvent evaporated to dryness to obtain a pale yellow solid (93 % yield).
Elemental analysis calcd (%) for C58H41BF4Mn2O8P4S2 (1250.6): C 55.70, H
3.30; found: C 55.35, H 3.22.


Compound 6-BF4 : The compound was prepared similarly to 11-BF4 starting
from 7 (91 % yield). Elemental analysis calcd (%) for C58H41BF4Mn2O8P4S
(1218.6): C 57.17, H 3.39; found: C 56.88, H 3.27.
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Compound 12-(PF6)2 : [AuCl(PPh3)] (26 mg, 0.053 mmol) and an excess of
TlPF6 (91 mg, 0.26 mmol) were added to a solution of 4 (30 mg,
0.026 mmol) in CH2Cl2 (8 mL). The mixture was stirred for 12 h. The
solution was then filtered through diatomaceous earth and the solvent
evaporated to dryness under vacuum to afford a yellow solid which was
washed with diethyl ether (90 % yield). Elemental analysis calcd (%) for
C94H70Au2F12Mn2O8P8S2 (2371.3): C 47.61, H 2.98; found: C 47.05, H 3.09.


Compound 13-(PF6)2 : This compound was prepared similarly to 12-(PF6)2


by treating 11-BF4 with one equivalent of [AuCl(PPh3)] and an excess of
TlPF6. The compound was recrystallized from CH2Cl2/hexane (70 %yield).
Elemental analysis calcd (%) for C76H56AuF12Mn2O8P7S2 (1913.1): C 47.72,
H 2.95; found: C 47.90, H 3.08.


X-ray crystallographic study : The preparation of single crystals is described
above for the individual compounds. Crystallographic data of the complex
3 were previously reported.[8] Data collection was carried out on a Siemens
AED diffractometer for 4, an Enraf ± Nonius CAD4 diffractometer for 7
and an Enraf ± Nonius Kappa CCD diffractometer for 9-(ClO4)2. Graphite-
monochromated MoKa radiation (l� 0.71073 �) was used for 4 and 7, and
graphite-monochromated CuKa (l� 1.54184 �) for 9-(ClO4)2. The struc-
tures were solved by direct and Paterson methods, and refined by full-
matrix least-squares methods with the following program packages:
SIR92[19] and SHELXL-97[20] for 4 and DIRDIF92[21] and SHELXL-97[20]


for 7 and 9-(ClO4)2. The presence of disordered CH2Cl2 was detected in
complex 7 as well as rather disordered solvent molecules (five water
molecules, a CH2Cl2, and a perchloric acid molecule) in compound 9-
(ClO4)2. Relevant crystallographic data and details of the refinement for
the three structures are given in Table 7. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-160354 (4), CCDC-160715 (7), and
CCDC-160716 (9-(ClO4)2). Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
(fax: (�44) 1223 ± 336-033; e-mail : deposit@ccdc.cam.ac.uk).
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A Reversible Structural Interconversion Involving [M(H2pdc)2(H2O)2] ´ 2 H2O
(M�Mn, Fe, Co, Ni, Zn, H3pdc� 3,5-pyrazoledicarboxylic acid) and the Role
of A Reactive Intermediate [Co(H2pdc)2]


Long Pan, Nancy Ching, Xiaoying Huang, and Jing Li*[a]


Abstract: A new type of hydrogen
bonded networks [M(H2pdc)2(H2O)2] ´
2 H2O [M�Mn (1), Fe (2), Co (3), Ni
(4), Zn (5); H3pdc� 3,5-pyrazoledicar-
boxylic acid] have been synthesized via
hydrothermal reactions and their struc-
tures have been characterized. Upon a
cooling-heating cycle, these com-
pounds undergo a reversible struc-
tural interconversion process via hydra-
tion-dehydration: [M(H2pdc)2(H2O)2] ´


2 H2O ) *
ÿ4 H2O


�4 H2O
[M(H2pdc)2]. The process


is associated with distinct color changes.
The dehydrated [M(H2pdc)2] (M�Mn,
Fe, Co, Ni, and Zn) are amorphous and


highly reactive. Further chemical reac-
tions of these reactive intermediates
show that they may act as effective
precursors towards assembly of new
supramolecular compounds that may
otherwise be inaccessible by other syn-
thetic routes. An interesting struc-
ture containing an ªopen-boxº mole-
cule [Co4(Hpdc)4(py)12] ´ 4 py ´ 2 H2O ´
2 CH3OH (6) (py� pyridine) has been


isolated by using dehydrated
[Co(H2pdc)2] as the precursor, and its
crystal structure has been analyzed.
Crystal data for 1 ± 6 : monoclinic, space
group P21/c and Z� 2 with a�
10.186(2), b� 12.473(2), c� 6.831(1) �,
b� 108.80(3)8 (1); a� 9.896(2), b�
12.402(2), c� 6.810(1) �, b� 108.15(3)8
(2); a� 9.981(2), b� 12.426(2), c�
6.807(1) �, b� 108.23(3)8 (3); a�
9.896(2), b� 12.402(2), c� 6.810(1) �,
b� 108.15(3)8 (4); a� 10.001(2), b�
12.430(2), c� 6.834(1) �, b� 108.32(3)8
(5); a� 9.9617(1), b� 18.5080(2), c�
28.4786(3) �, b� 93.076(1)8 (6).


Keywords: carboxylate ligands ´ hy-
drogen bonds ´ self-assembly ´
structure elucidation ´ supramolec-
ular chemistry


Introduction


Recent interest in the development of supramolecular net-
works organized and held by means of intermolecular
interactions, such as hydrogen bonding or p ± p interactions,
has attracted tremendous attention due to their fascinating
crystal structures, electronic and optical properties, and
potential applications as molecular devices such as sensors
and indicators.[1] Hydrogen bonding, as the strongest and most
directional intermolecular force, has been intensively inves-
tigated in organic crystalline solids,[2] but is relatively un-
explored in the coordination complexes.[3] In the search
for new functional hydrogen-bonded metal coordination
network structures, we have investigated a divalent metal
3,5-pyrazoledicarboxylate system involving Groups 7 ± 10
and Group 12 metal centers. The ligand, 3,5-pyrazoledi-
carboxylic acid (H3pdc), known both as a multiple proton
donor and acceptor, can use its carboxylate oxygen and


pyrazole nitrogen atoms, which are highly accessible to
metals, to form both monodentate and/or multidentate
MÿO and MÿN bonds. The coordinated structural motifs
thus generated can then readily form hydrogen-bonded
networks.[4±5]


To date, the majority of known supramolecular assemblies
are synthesized by direct reactions of metal salts with various
ligands. Recently, a ªsecondary building blockº approach
introduces an alternative route that uses cluster molecules as
reaction precursors.[6±7] Due to their low solubility in most
common organic or inorganic solvents, very few examples are
known in which coordination compounds themselves are
employed as precursors.[5a] However, when a ligand (or an
ancillary solvent molecule) is removed from a coordination
complex, the metal coordination in the so-formed intermedi-
ate species becomes unsaturated, and the uncoordinated site
becomes highly reactive. These intermediate species can then
be used as reactive precursors for further reactions. Such
reactions often lead to new structures that retain certain
features of the intermediate species and that may not be
accessible by other routes. Herein, we report the hydro-
thermal synthesis and crystal structure of a new type of
hydrogen-bonded network [M(H2pdc)2(H2O)2] ´ 2 H2O, M�


[a] Prof. J. Li, Dr. L. Pan, N. Ching, Dr. X. Huang
Department of Chemistry, Rutgers University
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Mn (1), Fe (2), Co (3), Ni (4) and Zn (5), their reversible
structural interconversion associated with color change, and
the reactions of the dehydrated Co intermediate [Co(H2pdc)2]
with pyridine. A novel compound, [Co4(Hpdc)4(py)12] ´ 4 py ´
2 H2O ´ 2 CH3OH (6), was produced from these reactions.
Attempts of synthesizing 6 by direct reactions of metal salts
and ligands were not successful.


Results and Discussion


The crystal structures of [M(H2pdc)2(H2O)2] ´ 2 H2O (M�
Mn, Fe, Co, Ni, Zn): Five new compounds were synthesized
by stoichiometric mixing of divalent metal salts M(NO3)2/
M'Cl2 (M�Co, Ni, Zn; M'�Mn), H3pdc, and H2O. The
reactions were carried out in 23 mL acid-digestion bombs at
150 8C for three days. For the iron compound, Fe(NH4)2(SO4)2


was used since FeCl2/Fe(NO3)2 as starting material resulted in
an unknown powder. Low pHs were observed in all reactions
(final pH� 1.5 ± 2). Single-phase samples were obtained for
compounds 1, and 3 ± 5 as confirmed by powder X-ray
diffraction (PXRD) analysis, although most yields were not
particularly high due to the complex redox process involved in
the reactions.[8] Orange-yellowish, beige, and powder blue
polycrystalline samples were isolated for Fe, Co, and Ni
phases, respectively. The Mn and Zn compounds were color-
less.


Single-crystal X-ray diffraction analysis on selected crystals
showed that all five compounds 1 ± 5 are isostructural, and
crystallize in the monoclinic crystal system, space group P21/c
(No. 14). The structure contains undulating sheets of
[M(H2pdc)2(H2O)2] ´ 2 H2O. Figure 1 shows a view of structure
3. Within each layer, the metal atoms are located at the
inversion center and are six-coordinate. Each metal center is
bonded to two 3,5-pyrazoledicarboxylate ions at equatorial
positions through the chelating carboxylate oxygen O1 and its
adjacent pyrazole nitrogen N1, with the CoÿO and CoÿN
bond lengths of 2.1062(19) and 2.108(2) �. These bond
lengths are consistent with those found in comparable
structures.[9] In addition, each metal center is also coordinated
to two water molecules at apical positions with a CoÿO bond
length of 2.058(2) �, which is stronger compared to those in
Cu ± pdc compounds of a similar structure.[10] The two H2pdcÿ


ions are attached to the metal centers in a trans manner, each
forming a stable five-membered ring with acute O-Co-N
angles (76.91(8)8).


The corresponding bond lengths of metal with carboxylic
oxygen atoms (MnÿO� 2.179(3), FeÿO� 2.161(2), NiÿO�
2.079(3), ZnÿO� 2.1202(19) �) and with nitrogen atoms
(MnÿN� 2.207(4), FeÿN� 2.139(3), NiÿN� 2.041(4),
ZnÿN� 2.100(2) �) fall in the same range as analogous
chelating MÿO and MÿN bonds.[11] All CÿO, CÿC, and NÿN
bonds, and pyrazole ring angles in the H2pdcÿ (or pdc) ligand
are consistent with those reported previously.[4] As shown in
Figure 1, a two-dimensional network with a rare parquet
(basket weave) pattern[12] is formed through strong hydrogen
bonds between the carboxylate oxygen (O2) and hydrogen
(H1) of the neighboring 3,5-pyrazoledicarboxylate ions
(O4ÿH1 ´´´ O2ii� 2.529(3) �). The building-block of the par-


Figure 1. View of the basket-weave-like, two-dimensional hydrogen-
bonded network of [M(H2pdc)2(H2O)2] ´ 2 H2O, M�Mn (1), Fe (2), Co
(3), Ni (4), and Zn (5) along the c axis. Large cross-shaded circles are metal
atoms, small cross-shaded, open, and partially shaded circles are O, C, and
N atoms, respectively. Large solid circles represent the two solvated water
molecules. Hydrogen bonds are indicated by dotted lines.


quet is a 36-membered H-bonded ring known as graph set
R4


4(36).[13] Two solvated water molecules are found inside each
ring and are held in place through three types of hydrogen
bonds; one formed by its oxygen atom with a protonated
pyrazole nitrogen atom (N2ÿH2 ´´´ O6� 2.707(3) �), and the
other two by the two hydrogen atoms with two different
carboxylic oxygen atoms to give O6ÿH4 ´´´ O3ii� 2.919(3) �
and O6ÿH5 ´´´ O1i� 2.832(3) �. The interlayer interactions
are through hydrogen bonding between the coordinated water
O5 in one sheet and the 3,5-pyrazoledicarboxylic oxygen
atoms O2iii, O3iv in the adjacent sheet with two hydrogen
bonds O5ÿH2 ´´´ O2iii� 2.728(3) and O5ÿH3 ´´´ O3iv�
2.855(3) �. This gives rise to a hydrogen-bonded, undulating,
three-dimensional structure (Figure 2). Selected bond lengths
and angles for all structures are given in Tables 1 and 2. The
hydrogen bonds are listed in Table 3.


The reversible structural interconversion : To assess the
thermal stability of compounds 1 ± 5 and their structural
variation as a function of the temperature, thermogravimetric
analyses (TGA) were performed on single-phase polycrystal-
line samples of 1 and 3 ± 5. For example, the onset of the
weight loss of the four (two solvated and two coordinated)
water molecules in 3 occurred at about 90 8C and completed at
220 8C (obsd 16.4 %, calcd 16.3 %). The loss of the 3,5-
pyrazoledicarboxylate ligands began at about 250 8C. PXRD
on the final residues at 800 8C indicated that the remainder of
the sample was elemental Co with some minor cobalt oxide.
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Similar results were obtained for 1, 4, and 5 and are tabulated
in Table 4.


Some unique and intriguing phenomena were observed
upon heating of 1 ± 5. Figure 3a shows the PXRD pattern of 3
before heating. After heating it under an inert atmosphere to
230 8C, all four water molecules were dissociated from the
sample and the color of the sample changed from the original
beige to violet; this suggests a coordination and geometry
change of the metal center from octahedral to tetrahedral.[14]


The PXRD pattern taken at this point is also shown in
Figure 3b, which clearly reflects that the crystal structure


collapsed and the sample became amorphous. While the long-
range order no longer exists, the local metalÿpdc bonds
remain and were confirmed by the strong characteristic
absorption band for the asymmetric stretching of the carbox-
ylate C�O seen in the FT-IR spectrum, which compared well
with that taken before heating (nas(C�O)� 1640 cmÿ1). The
disappearance of the band at �3537 cmÿ1, which corresponds
to the vibration of the water OÿH bonds, is also in full
agreement with the observation of the water loss from TGA
experiments (Table 4). After the amorphous sample was
placed in the water for 30 minutes, its turned from violet back
to the original beige, and the powder pattern taken at this


Figure 2. View along the a axis showing hydrogen-bonded (wave-like) three-dimensional structure. The interlayer interactions are through hydrogen
bonding between the coordinated water molecules (at apical positions) in one layer and the 3,5-pyrazoledicarboxylate ions in the adjacent layer.


Table 1. Selected bond lengths [�] and angles [8] for 1, 2, 3, 4, and 5.


1(Mn) 2(Fe) 3(Co) 4(Ni) 5(Zn)


MÿO5i 2.152(4) 2.089(3) 2.058(2) 2.047(4) 2.096(2)
MÿO5 2.152(4) 2.089(3) 2.058(2) 2.047(4) 2.096(2)
MÿO1 2.179(3) 2.161(2) 2.1062(19) 2.079(3) 2.1202(19)
MÿO1i 2.179(3) 2.161(2) 2.1062(19) 2.079(3) 2.1202(19)
MÿN1 2.207(4) 2.139(3) 2.108(2) 2.041(4) 2.100(2)
MÿN1i 2.207(4) 2.139(3) 2.108(2) 2.041(4) 2.100(2)
O1ÿC1 1.257(5) 1.247(4) 1.263(3) 1.248(6) 1.249(3)
O2ÿC1 1.250(5) 1.261(4) 1.251(3) 1.262(6) 1.257(3)
O3ÿC5 1.209(5) 1.204(4) 1.207(3) 1.196(6) 1.208(3)
O4ÿC5 1.288(6) 1.302(4) 1.301(3) 1.315(6) 1.302(3)
N1ÿC2 1.333(6) 1.341(4) 1.336(3) 1.351(6) 1.336(3)
N1ÿN2 1.338(5) 1.326(4) 1.327(3) 1.325(5) 1.328(3)
N2ÿC4 1.351(6) 1.351(4) 1.351(3) 1.340(6) 1.350(3)
C1ÿC2 1.489(6) 1.486(5) 1.489(4) 1.494(6) 1.492(4)
C2ÿC3 1.399(6) 1.389(5) 1.400(4) 1.386(6) 1.394(4)
C3ÿC4 1.378(6) 1.378(5) 1.370(4) 1.385(6) 1.371(4)
C4ÿC5 1.473(6) 1.469(5) 1.485(4) 1.461(6) 1.477(4)


O5i-M-O5 180.0 180.0 180.0 180.0 180.0
O5i-M-N1i 91.57(15) 91.00(11) 90.89(9) 90.29(16) 90.89(9)
O5-M-N1i 88.43(15) 89.00(11) 89.11(9) 89.71(16) 89.11(9)
O5i-M-N1 88.43(15) 89.00(11) 89.11(9) 89.71(16) 89.11(9)
O5-M-N1 91.57(15) 91.00(11) 90.89(9) 90.29(16) 90.89(9)
N1-M-N1i 180.0 180.0 180.0 180.0 180.0


O5i-M-O1i 87.08(15) 88.60(11) 88.74(9) 89.67(14) 88.91(9)
O5-M-O1i 92.92(15) 91.40(11) 91.26(9) 90.33(14) 91.09(9)
O1i-M-N1i 73.93(13) 75.50(10) 76.91(8) 78.77(13) 77.30(8)
O1i-M-N1 106.07(13) 104.50(10) 103.09(8) 101.23(13) 102.70(8)
O5i-M-O1 92.92(15) 91.40(11) 91.26(9) 90.33(14) 91.09(9)
O5-M-O1 87.08(15) 88.60(11) 88.74(9) 89.67(15) 88.91(9)
O1-M-N1i 106.07(13) 104.50(10) 103.09(8) 101.23(13) 102.70(8)
O1-M-N1 73.93(13) 75.50(10) 76.91(8) 78.77(13) 77.30(8)
O1-M-O1i 180.0 180.0 180.0 180.0 180.0


[a] Symmetry transformations used to generate equivalent atoms: i ÿx, ÿy � 1,
ÿz.


Table 2. Selected bond lengths [�] and angles [8] for 6.[a]


Co1ÿO8i 2.071(2) O7ÿC10 1.244(4)
Co1ÿO1 2.087(2) O8ÿC10 1.263(4)
Co1ÿN1 2.109(2) O8ÿCo1i 2.071(2)
Co1ÿN7 2.146(3) N1ÿN2 1.338(3)
Co1ÿN6 2.161(3) N1ÿC2 1.341(4)
Co1ÿN5 2.167(3) N2ÿC4 1.356(4)
Co2ÿO4 2.052(2) N3ÿN4 1.338(3)
Co2ÿN3 2.097(3) N3ÿC7 1.341(4)
Co2ÿO5 2.108(2) N4ÿC9 1.352(4)
Co2ÿN10 2.135(3) C1ÿC2 1.496(4)
Co2ÿN9 2.178(3) C2ÿC3 1.399(4)
Co2ÿN8 2.184(3) C3ÿC4 1.377(4)
O1ÿC1 1.277(4) C4ÿC5 1.489(4)
O2ÿC1 1.234(4) C6ÿC7 1.489(4)
O3ÿC5 1.243(4) C7ÿC8 1.395(4)
O4ÿC5 1.261(4) C8ÿC9 1.380(4)
O5ÿC6 1.271(4) C9ÿC10 1.488(4)
O6ÿC6 1.247(4)


O8i-Co1-O1 175.81(8) O4-Co2-N3 100.89(10)
O8i-Co1-N1 98.46(9) O4-Co2-O5 177.94(9)
O1-Co1-N1 77.52(9) N3-Co2-O5 77.10(9)
O8i-Co1-N7 92.06(9) O4-Co2-N10 89.00(10)
O1-Co1-N7 91.99(9) N3-Co2-N10 170.06(11)
N1-Co1-N7 169.38(10) O5-Co2-N10 93.01(10)
O8i-Co1-N6 89.34(10) O4-Co2-N9 90.40(12)
O1-Co1-N6 89.42(10) N3-Co2-N9 89.13(12)
N1-Co1-N6 89.42(11) O5-Co2-N9 89.11(11)
N7-Co1-N6 92.15(11) N10-Co2-N9 91.77(12)
O8i-Co1-N5 89.28(10) O4-Co2-N8 90.58(12)
O1-Co1-N5 91.85(10) N3-Co2-N8 90.89(12)
N1-Co1-N5 89.20(11) O5-Co2-N8 89.92(11)
N7-Co1-N5 89.50(11) N10-Co2-N8 88.04(13)
N6-Co1-N5 177.94(9) N9-Co2-N8 179.00(12)


[a] Symmetry transformations used to generate equivalent atoms: iÿx� 1,
ÿy � 1, ÿz � 1.
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stage (Figure 3c) is in excellent agreement with the original
one shown in Figure 3a. The FT-IR spectrum also showed
reappearance of a strong band at 3537 cmÿ1, indicative of the
returning of water molecules into the structure. Such a
structure recovery process associated with a color change can
be readily repeated through the simple heating ± cooling
cycles described above. Figure 3d gives the PXRD pattern
taken after the same procedure was repeated five times on the
original sample, indicating a very high reversibility. This
reversible structure transformation involving a crystalline and
an amorphous state was also observed for all other com-
pounds. The observations are summarized in Table 4. Note
that the cooling ± heating (hydration ± dehydration) cycles
described here are different from the previously reported
reversible structural transformation between two crystalline
compounds.[15] In the case of the Ni compound (4), the process
was also associated with a color change from powder blue
(before water loss) to green bluish or aquamarine (after water
loss). Evidently, the key to the observed phenomenon is the
ability to break and reform the hydrogen-bonded network,
which in turn results in the change in the metal coordination
geometry.


The reactive intermediate [Co(H2pdc)2] and its reactions : The
dehydrated [M(H2pdc)2] (M�Mn, Fe, Co, Ni, Zn) are highly
reactive as they have unsaturated metal coordination sites. To
probe the reactivity of these intermediate complexes, we
selected [Co(H2pdc)2] as a reactive precursor for reactions
with pyridine, a ligand that is similar in a number of ways to
the water molecule. After being dissolved in methanol,
pyridine was added to the solution. The reactions produced
an interesting new compound 6. An X-ray analysis on 6
revealed a unique ªopen-boxº molecule[16] composed of four
CoII ions that form a square[17±18] and eight apical pyridine
molecules (four above and four below the Co4 plane), as


shown in Figure 4a. The
[Co4(Hpdc)4(py)12] molecule is
illustrated in Figure 4b with the
carbon atoms of apical pyri-
dines omitted for clarity. There
are two types of crystallograph-
ically independent CoII ions.
Each Co1 is six-coordinate. In
the equatorial plane, one
Hpdc2ÿ forms a chelate bond
with the metal through its car-
boxylate oxygen O1 and its
adjacent pyrazole nitrogen N1,
while the second Hpdc2ÿ uses its
carboxylate oxygen O8 to form
a monodentate bond with the
metal (CoÿO8i� 2.071(2) �).
The remaining equatorial posi-
tion is occupied by a pyridine
nitrogen N7 with a CoÿN bond
length of 2.146(3) �. The two
pyridine molecules at the apical
positions bond to the metal
with Co1ÿN5 and Co1ÿN6


Table 3. Selected hydrogen bond lengths [�] and angles [8] for 1, 2, 3, 4, and
5.[a,b]


DÿH ´´´ A 1 2 3 4 5


O4ÿH1 ´´´ O2ii 2.515(5) 2.512(3) 2.529(3) 2.521(5) 2.524(3)
175.5 174.7 174.4 160.0 173.5


N2ÿH6 ´´´ O6 2.713(6) 2.704(4) 2.707(3) 2.710(5) 2.709(3)
160.7 158.6 157.4 163.0 166.3


O6ÿH5 ´´´ O1i 2.891(6) 2.825(4) 2.832(3) 2.801(5) 2.834(3)
161.9 168.6 155.2 166.3 170.1


O6ÿH4 ´´´ O3ii 2.908(6) 2.921(4) 2.919(3) 2.935(5) 2.931(3)
169.0 154.8 169.9 175.9 173.4


O5ÿH3 ´´´ O2iii 2.720(5) 2.703(4) 2.728(3) 2.731(5) 2.732(3)
interÿlayer 163.1 156.6 160.6 145.3 165.7
O5ÿH2 ´´´ O3iv 2.886(5) 2.854(4) 2.855(3) 2.870(5) 2.874(3)
interÿlayer 173.1 166.4 172.9 175.3 164.4


[a] Symmetry transformations used to generate equivalent atoms: iÿx,ÿy� 1,
ÿz ; iiÿx� 1, y� 1/2, ÿz� 1/2; iii x,ÿy� 1/2, z� 1/2; iv xÿ 1, y, z. [b] Bond
length�d(D ´´´ A); bond angle�a(DHA).


Table 4. TGA and FT-IR data on polycrystalline samples of 1, 3 ± 5.[a]


1 3 4 5


T range [8C][b] 90 ± 190 90 ± 220 110 ± 230 80 ± 200
weight-loss (obsd) [%][c] 16.8 16.4 16.5 16.2
weight-loss (calcd) [%][d] 16.5 16.3 16.3 16.1
color (before loss of 4 H2O) white beige powder blue white
color (after loss of 4H2O) white violet green-blue white
state (before loss of 4 H2O) crystalline crystalline crystalline crystalline
state (after loss of 4H2O) amorphous amorphous amorphous amorphous
residue (major, at 800 8C) Mn Co Ni Zn
nas(C�O) [cmÿ1][e] 1653 1640 1645 1635
nO-H(sh) [cmÿ1][e] 3548 3537 3541 3545


[a] No data listed for 2. See ref. [8]. [b] Temperature range for the weight loss of
four water molecules. [c] Observed percentage weight loss of four water
molecules. [d] Calculated percentage weigh loss of four water molecules.
[e] Observed absorption bands for carboxylate C�O (asymmetric stretch) and
water O-H bonds.


Figure 3. PXRD patterns for a) a single-phase polycrystalline sample of 3 ; b) above sample after heated to
230 8C, at which point all four water molecules are dissociated and the sample color changed from beige to violet;
c) sample in b) after placed in water for 30 minutes (the color turned back to beige); and d) sample after repeating
the above procedure a) ± c) five times.
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Figure 4. a) Schematic drawing representing a {Co4(py)8} ªopen-boxº
molecule. X symbolizes a pyridine ring. b) The crystal structure of the
{Co4(Hpdc)4} square unit in 6 with the asymmetric unit labeled. Non-
hydrogen atoms are shown and represented by thermal ellipsoids drawn at
the 50 % probability. Carbon atoms of the apical pyridines are omitted for
clarity.


bond lengths of 2.167(3) and 2.161(3) �, respectively. The
acute angle (O1-Co1-N1) in the five-membered chelate ring is
77.52(9)8, and other angles around Co1 (O-Co1-O, O-Co1-N,
and N-Co1-N) range from 89.28(10) ± 98.46(9)8.


The local coordination geometry around Co2 is very similar
to Co1, with both axial positions taken by two pyridines with
Co2ÿN8 and Co2ÿN9 bond lengths of 2.184(3) and
2.178(3) �, respectively. The equatorial positions of Co2 are
occupied by O5 and N3 in a chelating mode with Co2ÿO5 and
Co2ÿN3 bond lengths of 2.108(2) and 2.097(3) �, respective-
ly. The carboxylate oxygen O4 coordinates to Co2 in a
monodentate fashion with a Co2ÿO4 bond length of
2.052(2) �. The bond angles around Co2 are similar to those
of Co1. However, a notable difference lies in the relative
orientation of the two axial pyridine rings bonded to the two
metals. For Co2, the two pyridine rings make an angle of
�69.98, whereas for Co1, they are approximately parallel
(2.48). Within a Co4 square, each pair of neighboring Co1 ±
Co2 atoms is bridged by a m3-Hpdc ligand. All pyrazole and
pyridine rings at the equatorial positions are within the Co4


plane. The metal ± metal distances within a square are nearly
identical (Co1 ± Co2� 8.67 �, Co1 ± Co2i� 8.70 �). The eight
apical pyridine molecules are nearly perpendicular to the Co4


square, with N5-Co1-N6 and N8-Co2-N9 angles of 177.94(9)
and 179.00(12)8, respectively. A salient feature observed in


this structure is the formation of a unique ªopen-boxº by a
Co4 plane and the eight pyridines perpendicular to this plane
(Figure 4a). Two guest pyridine molecules are encapsulated
between every two adjacent boxes. The dihedral angles
between these guest pyridine planes and the equatorial plane
composed of four metals and four Hpdc2ÿ ligands are 83.408
and 57.438, respectively. Stacking of these ªopen-boxesº gives
rise to a one-dimensional structure as shown in Figure 5. One
group of apical pyridine rings bonded to Co1 is approximately


Figure 5. View along the a axis showing the stacking of the ªopen-boxº
molecules in 6. The encapsulated pyridine guest molecules are also shown.


parallel to a guest pyridine ring, which is encapsulated
between the adjacent open boxes, with the pyridine ± pyri-
dine distance of �3.5 � that is highly subject to p ± p


interactions. Two kinds of hydrogen bonds exist inside the
Co4 square involving pyrazole nitrogen atoms (N2, N4) and
the adjacent carboxylate oxygen atoms (O3, O7), giving
N2ÿH4 ´´´ O3� 2.735 � and N4ÿH5 ´´´ O7� 2.725 �. The
cross-section of the void in the square is 5.58� 5.78 �
(distance between the two carboxylate oxygen atoms at the
opposite sites, see Figure 4b). The dimensions of the box are
estimated to be approximately 9.9� 8.7� 8.7 �. Other guest
species in 6 include another type of pyridine molecule located
between the one-dimensional chains and the solvent mole-
cules (MeOH and H2O).


Conclusion


Hydrothermal reactions of transition metal salts (Mn, Fe, Co,
Ni, Zn) with 3,5-pyrazoledicarboxylic acid have afforded a
new family of coordination complexes with a parquet-
patterned (basket-weave) structure held by hydrogen bonds.
Upon hydration ± dehydration, these compounds undergo a
reversible structure interconversion process through a cool-
ing ± heating cycle. The process is associated with a distinct
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color change (Co, Ni, Fe). To the best of our knowledge, such
a reversible structural interconversion between crystalline
and amorphous states accompanied by color changes has not
been previously reported. In addition, the dehydrated inter-
mediate [M(H2pdc)2] is highly unsaturated and can be used as
a reactive precursor in the synthesis of new compounds with
suitable ligands. An interesting open-box molecule containing
a Co4 square has been isolated. This compound can not be
assembled by direct reactions of metal salts with the ligands.
Continuing investigation of compounds of this type may be
potentially important in the development of new indicators
and sensors, and the continued use of reactive precursors may
provide alternative routes to the assembly of interesting and
unusual structures.


Experimental Section


Materials and instruments : Reagent grade MnCl2, Fe(NH4)2(SO4)2 ´ 6H2O,
Co(NO3)2 ´ 6H2O, Ni(NO3)2 ´ 6H2O, and Zn(NO3)2 ´ 6H2O were purchased
from Fisher and Alfa Aesar. 3,5-Pyrazoledicarboxylic acid monohydrate
(97 %) was purchased from Acros. All chemicals were used as received
without further purification. Thermogravimetric analyses (TGA) were
performed on a computer-controlled TA Instrument TGA 2050 system
under nitrogen flow and with a scan rate of 5 8Cminÿ1. Infrared spectra
were measured from a photoacoustics Model 300 on a Bio-Rad FTS-6000
IR system. Powder X-ray diffraction (PXRD) experiments were performed
on a Rigaku D/M-2200T automated diffraction system at an operating
power of 40 kV/40 mA. The data were recorded at room temperature with
a step size of 0.02 in 2q and a scan speed of 1.78minÿ1. The analysis was
carried out using JADE (windows) software package. The simulated
powder patterns from single crystal data were generated for the phase
identification. All hydrothermal reactions were performed in 23 mLTeflon-
lined stainless steel bombs under autogenous pressure.


Synthesis of [Mn(H2pdc)2(H2O)2] ´ 2 H2O (1): Reaction of MnCl2 (0.0315 g,
0.25 mmol), H3pdc ´ H2O (0.087 g, 0.5 mmol) and deionized water (10 mL)
in the mole ratio of 1:2:2222 at 150 8C for 3 days produced colorless
column-like crystals of 1 in yield of 58.5 % (0.064 g) based on MnII. The
product was washed with water (3� 10 mL) and acetone (3� 10 mL), and
dried in air. The final pH value was 1.5.


Synthesis of [Fe(H2pdc)2(H2O)2] ´ 2 H2O (2): Reaction of Fe(NH4)2(SO4)2 ´
6H2O (0.982 g, 0.25 mmol), H3pdc ´ H2O (0.087 g, 0.5 mmol), and deionized
water (10 mL) in the mole ratio of 1:2:2222 at 150 8C for 3 days yielded
0.062 g of products containing orange-yellow polyhedral crystals of 2
(�20%) and an unknown brown powder. The products were washed with
water (3� 10 mL) and acetone (3� 10 mL), and dried in air. The final pH
value was 2.0.


Synthesis of [Co(H2pdc)2(H2O)2] ´ 2H2O (3): Reaction of Co(NO3)2 ´ 6H2O
(0.0728 g, 0.25 mmol), H3pdc ´ H2O (0.087 g, 0.5 mmol), and deionized
water (10 mL) at 150 8C for 3 days resulted in beige column-like crystals of
3 in high yield (88.8 %, 0.098 g) based on CoII. The product was washed with
water (3� 10 mL) and acetone (3� 10 mL), and dried in air. The final pH
value was 1.5.


Synthesis of [Ni(H2pdc)2(H2O)2] ´ 2H2O (4): Reaction of Ni(NO3)2 ´ 6H2O
(0.0727 g, 0.25 mmol), H3pdc ´ H2O (0.087 g, 0.5 mmol), and deionized
water (10 mL) in the mole ratio of 1:2:2222 at 150 8C for 3 days resulted in
powder blue column-like crystals of 4 in yield of 79.9 % (0.088 g) based on
NiII. The product was washed with water (3� 10 mL) and acetone (3�
10 mL), and dried in air. The final pH value was 1.5.


Synthesis of [Zn(H2pdc)2(H2O)2] ´ 2H2O (5): Reaction of Zn(NO3)2 ´ 6H2O
(0.074 g, 0.25 mmol), H3pdc ´ H2O (0.087 g, 0.5 mmol), and deionized water
(10 mL) in the mole ratio of 1:2:2222 at 150 8C for 3 days generated
colorless polyhedral crystals of 5 in yield of 49.4 % (0.055 g) based on ZnII.
The product was washed with water (3� 10 mL) and acetone (3� 10 mL)
and dried in air. The final pH value was 1.5.


Synthesis of [Co4(Hpdc)4(py)12] ´ 4py ´ 2H2O ´ 2CH3OH (6): After heating
compound 3 (51.89 mg) under nitrogen gas to remove the four water
molecules, a violet powder of [Co(H2pdc)2] (43.27 mg, calcd 43.43 mg) was
collected. The [Co(H2pdc)2] powder (6 mg) was dissolved in methanol
(3 mL) in a vial to give a pale pink solution. Pyridine (2.0 mL) was then


Table 5. Crystallographic data, details of the data collection and structure refinement for 1, 2, 3, 4, 5, and 6.


1 2 3 4 5 6


formula C10H14MnN4O12 C10H14FeN4O12 C10H14CoN4O12 C10H14NiN4O12 C10H14ZnN4O12 C102H100Co4N24O20


Mr 437.19 438.10 441.18 440.96 447.62 2217.78
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
space group P21/c (No.14) P21/c (No.14) P21/c (No.14) P21/c (No.14 P21/c (No.14) P21/c (No.14)
a [�] 10.186(2) 10.023(2) 9.981(2) 9.896(2) 10.001(2) 9.9617(1)
b [�] 12.473(2) 12.432(2) 12.426(2) 12.402(3) 12.430(2) 18.5080(2)
c [�] 6.831(1) 6.813(1) 6.807(1) 6.810(1) 6.834(1) 28.4786(3)
b [8] 108.80(3) 108.42(3) 108.23(3) 108.15(3) 108.32(3) 93.076(1)
V [�3] 821.6(2) 805.4(2) 801.9(2) 794.2(2) 806.5(2) 5243.07(10)
Z 2 2 2 2 2 2
1calcd [gcmÿ3] 1.767 1.806 1.827 1.844 1.843 1.405
m [mmÿ1] 0.879 1.014 1.148 1.300 1.600 0.702
crystal size 0.15� 0.10� 0.10 0.18� 0.15� 0.08 0.45� 0.18� 0.15 0.16� 0.06� 0.03 0.20� 0.18� 0.15 0.48� 0.18� 0.12
T [K] 293(2) 293(2) 293(2) 293(2) 293(2) 220(2)
l [�] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71069
q range [8] 2.11 ± 26.00 2.14 ± 26.01 2.15 ± 25.99 2.17 ± 25.98 2.15 ± 25.97 2.56 ± 25.35
scan mode w-2q w-2q w-2q w w-2q image plate f oscillations
absorption type Y scan Y scan Y scan Y scan Y scan none
min/max transmissions 0.948/1.000 0.962/0.999 0.892/1.000 0.827/1.000 0.933/1.000 none
reflections collected 1748 1710 1705 1692 1711 32 290
independent reflections (Rint) 1618 (0.0345) 1582 (0.0574) 1577 (0.0368) 1565 (0.0385) 1583 (0.0155) 9344 (0.0408)
observed reflections [I> 2 s(I)] 1114 1220 1307 1090 1290 8274
parameters 125 125 125 125 125 678
R1 [I> 2s(I)][a] 0.0542 0.0426 0.0468 0.0500 0.0303 0.0595
wR2[b] 0.1093 0.0863 0.0752 0.0929 0.0649 0.1074
GOF 1.19 1.19 1.06 1.13 1.08 1.11
residual peak/hole [e�ÿ3] 0.49/-0.44 0.89/-0.46 0.50/-0.30 1.18/-0.45 0.52/-0.37 0.41/-0.43


[a] R1�S j jFo jÿ jFc j j/S jFo j . [b] wR2� [S[w(jF 2
o jÿ jF 2


c j )2]/Sw(F 2
o�2]1/2. Weighting: 1, w�1/s2[F 2


o � 2.80 P], where P� (F 2
o � 2F 2


c �/3; 2, w�1/s2(F 2
o �


1.80 P); 3, w�1/s2(F 2
o � 1.80 P); 4, w�1/s2[F 2


o � 3.0 P]; 5, w�1/s2[F 2
o � 1.50 P]; 6, w�1/s2[F 2


o � (0.02 p)2 � 10.0 P].
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added to the open vial. The color of the solution changed to red-pink.
Orange-pink needle crystals of 6 (yield: �25%) were formed after a slow
evaporation of the solution for several days.


X-ray crystallography: Single-crystal structure analyses for compounds 1 ± 5
were performed on an automated Enraf-Nonius CAD4 diffractometer
equipped with graphite monochromatic MoKa radiation. Lattice parame-
ters were obtained from least-squares analyses of 25 computer-centered
reflections with 6.55� q� 13.938 (1), 5.98�q� 13.468 (2), 9.24� q� 14.738
(3), 6.20� q� 14.428 (4), and 8.15� q� 14.768 (5). The data collections for
all crystals were monitored by three standard reflections every four hours.
No decay was observed except the statistic fluctuation. Data collections
were controlled by the CAD4/PC,[19a] the XCAD4-PC[19b] was used for data
reduction. The crystal structure of 6 was determined by single-crystal X-ray
diffraction analysis on an Rigaku R-AXIS IIc area detector employing
graphite monochromatic MoKa radiation. Indexing was performed from a
series of 18 oscillation images with exposures of 400 s per frame. Hemi-
sphere of data were collected using 48 oscillation angles with exposures of
1500 s per frame and a crystal-to-detector distance of 82 mm. Oscillation
images were processed by using bioteX.[20] Raw intensities were corrected
for Lorentz and polarization effects. Direct phase determination and
subsequent difference Fourier map synthesis yielded the positions of all
nonhydrogen atoms, which were subjected to anisotropic refinement.
Hydrogen atoms were located from the difference Fourier map, but were
not refined; their thermal parameters were set equal to 1.2�Ueq of the
parent nonhydrogen atoms. The final full-matrix, least-squares refinement
on F 2 was applied for all observed reflections [I> 2s(I)]. All calculations
were performed by using the SHELX97 software package.[21] Analytic
expressions of atomic scattering factors were employed, and anomalous
dispersion corrections were incorporated.[22] Crystal data and details of the
data collection and structure refinement for 1 ± 6 are listed in Table 5.


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- CCDC
160413 (1), CCDC 160414 (2), CCDC 160415 (3), CCDC 160416 (4),
CCDC 160417 (5), and CCDC 160418 (6). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).
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Coupled Molecular Switches: A Redox-Responsive Ligand and the
Redox-Switched Complexation of Metal Ions
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Abstract: 1,1'-(OC2H4OTos)2-ferrocene
was treated with various diaza-[n]-
crown-m (n/m� 12/4, 15/5, 18/6) to give
three ferrocene cryptands (n/m� 12/4
(FcCrypt), 15/5, 18/6). The complexa-
tion of Group 1 and 2 metal ions by
FcCrypt leads to large shifts in the redox
potentials (up to �500 mV relative to
FcCrypt) and consequently to a drastic
decrease in the binding strength (up to
108) in the ferrocene cryptands. The
redox potential of Fcpda (1,1'-N,N'-bis-
(dipicol-2-ylamino)-3,3',4,4'-tetraphe-
nylferrocene) can be modified reversibly
by complexation of Zn2� (E(Fcdpa)�
ÿ0.13 V, E(Fcdpa-2 Zn�)��0.66 V
and E(Fcdpa-Zn2�)��0.72 V). The
X-ray crystal structure of FcCrypt-Ca-
(ClO4)2 ´ H2O was determined; Ca2� is
coordinated by six oxygen (Ca2�ÿO


238.7, 239.1, 239.5, 242.6, 243.6,
247.7 pm) and two nitrogen donors
(Ca2�ÿN 256.1, 259.2 pm) and displays
a short FeÿCa2� contact (402.7 pm). The
stability constants of FcCrypt-Na�


(lg K� 8.32 in CH3CN) and FcCrypt-
K� (lg K� 4.54 in CH3CN) were deter-
mined. The precise adjustment of com-
plex stability and redox potentials
of Fcdpa, Fcdpa-Zn2�, FcCrypt
(�0.12 V), and FcCrypt-Na�


(�0.395 V) allows coupling of the re-
dox-switchable ferrocene cryptand and
the redox-responsive aminoferrocene.
In a cyclic process starting from a


mixture of Fcdpa�PF6
ÿ and FcCrypt-


Na� the addition of Zn(CF3SO3)2 raises
the redox potential of Fcdpa� to that of
Fcdpa�-Zn2�. This complex oxidizes
FcCrypt-Na�, while the oxidized crypt-
and displays a drastically reduced affin-
ity towards Na�, so that a mixture
containing FcCrypt�, Fcdpa-Zn2�, and
uncoordinated Na� results. The alkali
metal ion is recomplexed after cyclam-
assisted removal of Zn2� from the
Fcdpa-Zn2� complex, since Fcdpa is
oxidized by FcCrypt� with reformation
of FcCrypt-Na�. Thus two independent
chemical processesÐthe complexation/
decomplexation of Zn2� and of Na�Ð
are linked indirectly with mediation by
electron-transfer reactions.


Keywords: electrochemistry ´ elec-
tron transfer ´ molecular devices ´
supramolecular chemistry


Introduction


In 1992 a book with the title ªNanosystemsÐMolecular
Machinery, Manufacturing and Computationº stimulated the
minds of chemists, physicists, and engineers alike.[1] In a
detailed analysis K. E. Drexler explained to chemists how to
build upon their knowledge of bonds and molecules to
manufacture nanotechnological systems, and showed engi-
neers how to scale down their concepts of macroscopic
systems to the level of molecules. Upon reading this book,
however, it quickly emerges that his concept of realizing
sophisticated functions on the scale of molecules appears to
be far beyond the abilities of today�s synthetic chemists.
Nonetheless, chemists and physicists are starting to rise to this
challenge, and terms like molecular switches,[2±14] molecular


wires,[15] molecular ratchets,[16±18] molecular motors,[19] and
molecular machines[20±26] are appearing in the literature.[27]


We are interested in molecular switches in which a
characteristic property of a molecule can be reversibly
switched on or off by changing the redox state of an
organometallic unit that is coupled to a macrocyclic li-
gand.[28±31] Thus, a new property, namely, that of a switch,
emerges, since the coordination of a metal cation is destabi-
lized on oxidation of the redox-active unit, and restabilized on
reduction. Such devices are rather simple, since they have
only a single function. It should be possible to enhance their
performance by integrating several molecules with different
functions. We recently demonstrated that a new level of
complexity can be reached by coupling a molecular switch
with a redox-responsive ligand.[32] A redox-responsive ligand
also consists of a redox-active chelating ligand. However,
upon coordination of a metal ion, the redox properties of the
ligand are reversibly changed, that is, a weak oxidant is
converted into a strong oxidant and vice versa.[33] Conse-
quently we have two types of switches, one which changes its
binding properties towards metal ions on changing the redox
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potential, and another whose redox properties are modified
on binding metal ions; this is basically the same phenomenon,
but viewed under two aspects. This classification is nonethe-
less practical, as in different compounds one or the other
property prevails.


An important feature of such an arrangement is its ability to
link events which are normally completely independent of
each other. Numerous examples of this are found in bio-
chemistry, especially in signal transduction and hormone-
driven processes.[34] Here we describe in some detail the
individual components of such an artificial regulatory system
by using a sequence of two coupled molecular switches and
demonstrate the viability of such a coupled device.


Results and Discussion


The integration of a redox-responsive system and a molecular
switch into a single device requires careful adjustment of the
properties of the individual components. In our case the redox
potentials of the substituted ferrocenes and the binding
affinities of their ligating subcomponents towards metal ions
must be carefully balanced. Furthermore, the switching effect
and the redox response must be optimized, and for this
purpose, it is advantageous to directly attach donor atoms to
the redox-active unit, that is, to the cyclopentadienyl rings of
ferrocene. In such oxygen- or nitrogen-substituted ferrocenes,
for which we have developed efficient synthetic proce-
dures,[35, 36] the oxidation of the ferrocene unit has a very
marked influence on the binding properties of a chelating
ligand,[37] or, vice versa, the coordination of metal ions
strongly alters the redox potential of ferrocene.[38±40]


Beginning with an equimolar mixture of the Na� complex
of FcCrypt and the redox-responsive ligand Fcdpa�PF6


ÿ (top
box in Figure 1), the addition of one equivalent of
Zn(CF3SO3)2 leads to the formation of Fcdpa�-Zn2�. Con-
sequently, Fcdpa� (E�ÿ0.13 V) is converted to the strong
oxidant Fcdpa�-Zn2� (E��0.72 V), which is capable of
quantitatively oxidizing FcCrypt-Na� (E��0.395 V).
FcCrypt� displays a drastically decreased affinity towards


Figure 1. Electron-transfer-mediated regulation of the Na� concentration
by addition of Zn2� salt and removal of Zn2� ions by addition of cyclam (L;
1,4,8,11-tetraazacyclotetradecane). The species displayed in the boxes do
not necessarily correspond to isolated intermediates and mainly serve to
elucidate the reaction sequence.


Na�. Finally the ability of the ferrocene cryptand to bind Na�


can be re-established by simply adding to the reaction mixture
a strong ligand (cyclam) that can remove Zn2� from Fcdpa-
Zn2�, so that Zn2�-cyclam complex is formed. At this point, in
the absence of Zn2�, Fcdpa is a reductant which is oxidized by
FcCrypt� (E��0.12 V) present in solution, and one finally
returns to the beginning (top box in Figure 1), in which
Fcdpa� and FcCrypt-Na� coexist, and the whole process can
be started over again. Hence, the presence of a Zn2� salt
indirectly (with mediation by electron-transfer reactions)
leads to the liberation of Na� ions, and the absence of Zn2� to
the complexation of Na�.


Synthesis of the substituted ferrocenes : The synthesis of
FcCrypt is straightforward (Scheme 1) but differs from that of
the 1,1'2,2'tetraphenyl-substituted analogue reported recent-
ly.[37, 41] In the final step the reaction of tosylate 1 with


Scheme 1. Syntheses of the ferrocene cryptands. Reagents and conditions:
a) TBAF, BrC2H4OH; b) NaH, TsCl; c) N2 ± [12]crown-4, N2 ± [15]crown-5,
or N2 ± [18]crown-6. TBAF� tetrabutylammonium fluoride.


various diaza-[n]-crown-m (n� 12, m� 4; n� 15, m� 5; n�
18, m� 6) in the presence of a templating base (Na2CO3) gives
ferrocene cryptands 2 ± 4. Metal complexes of FcCrypt are
prepared quantitatively by simply mixing the appropriate
alkali or alkaline earth metal triflate with the ligand in
acetonitrile solution.


The aminoferrocene Fcdpa was available from a previous
study;[38] the synthesis of Fcdpa-Zn2� and Fcdpa-2 Zn2�


complexes is straightforward. Fcdpa and FcCrypt can be
oxidized easily with Fc�PF6


ÿ or acetyl-Fc�BF4
ÿ to afford the


salts of Fcdpa� and FcCrypt� (Scheme 2). The oxidized
aminoferrocene Fcdpa� is much more stable than FcCrypt�.


Electrochemistry : FcCrypt and its metal complexes: To a good
approximation, the difference in redox potentials between
FcCrypt and its complexes of Group 1 and 2 metal ions DE�
E(FcCrypt-Mn�)ÿE(FcCrypt) determines the redox switch-
ing effect, which is the ratio of the stability constants Kred and
Kox for the complexation of Mn� by FcCrypt and FcCrypt�.[42]


The redox potentials of ferrocene cryptands 2 ± 4 and their
alkali and alkaline metal ion complexes were determined by
cyclic voltammetry in CH3CN (Table 1). The anodic shift of
the FeII/FeIII redox potential is most pronounced when the size







FULL PAPER H. Plenio et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0720-4440 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 204440


Scheme 2. Oxidation of Fcdpa and FcCrypt to the corresponding ferroce-
nium salts. Fc�� (C5H5)2Fe�.


of the metal ion and that of the cavity are complementary to
each other, which for 2 appears to be the case for metal ions
roughly of the size of Na�, Ca2�, and Sr2�. The larger ferrocene
cryptands 3 and 4 display larger values of DE only with
correspondingly larger cations. For example, the complexes of
2, 3, and 4 with Cs� show a DE of 25, 150, and 165 mV,
respectively, while the DE of K� complexes with the same
ligands are 140, 210, and 185 mV. The DE of Cs� complexes
peak for the largest cryptand 4, while for the medium-sized
K�, the highest shifts in the redox potential are found for the
medium-sized cryptand 3. The DE value of �500 mV on
complexation of Ca2� or Sr2� should lead to a decrease in the
complexation stability constant of about 4� 108 (Dlg K� 8.6)
for Ca2� and Sr2�. In all cases the interaction between the
metal centers is much larger than would be expected for a
simple electrostatic interaction[43±45] (see below).


It is interesting to compare the anodic shifts observed upon
ligation of metal ions by the present ferrocene cryptands with
those described previously by us. These ligands only differ in
having four phenyl rings attached to the ferrocene unit.[37] The
redox-switching effects observed in the ferrocene cryptands
described here are much more pronounced. This was un-
expected, and we believe that in the electron-richer ferro-
cenes described here, the donor ability of the two oxygen
atoms directly attached to the metallocene is increased. This
idea is supported by the fact that the absence of the four
phenyl groups in the ferrocene cryptands 2, 3, and 4, lowers
the redox potential of ferrocene by about 130 mV relative to
the tetraphenylferrocene cryptands.


With regard to the pronounced switching effects, we were
surprised to observe fully reversible electrochemical behavior
for all metal complexes. We therefore investigated the
electrochemistry of FcCrypt-Ca2� and FcCrypt-Sr2� more
closely at scan rates of 5 ± 5000 mVsÿ1. However, in all cases
we only observed a single reversible redox wave at half-wave
potentials corresponding to the oxidation and reduction of the
FcCrypt-Ca2� complex. An EC process, which should occur
once the decomplexation of the metal ion is faster than the
time scale of the electrochemical experiment, was not found.
There appear to be two possible explanations for the
unexpected electrochemical behavior: 1) The decomplexation
of the metal ions is too slow to be observable on the time scale
of the cyclic-voltammetry experiment, which is limited by the
fact that oxidized product diffuses away from the electrode
surface. 2) The metal ion is not fully decoordinated from
FcCrypt, but only changes its location within the macrocycle,
whereby its distance from the iron atom increases; this could
be an extremely fast process. Note that Gokel and Kaifer et al.
already discussed this problem in some detail for other
ferrocene cryptands, which display much smaller redox-
switching effects.[12] It was argued there that the absence of
an EC process is due to a significant remaining complexation
strength of the ferrocene cryptand after oxidation.


Fcdpa-Zn2� and Fcdpa-Co2� complexes : Closer inspection
revealed that the electrochemistry of the redox-responsive
ligand Fcdpa and its Zn2� complexes is much more compli-
cated than anticipated previously.[32] The cyclic voltammo-
gram of Fcdpa (E�ÿ0.13 V) is reversible and straightfor-
ward. For Fcdpa-2 Zn2� the redox potential can be determined
with reasonable accuracy, even though the shape of the curve
and the separation of the two half-waves indicate incomplete
electrochemical reversibility. For a 1/1 stoichiometry of Fcdpa
and Zn2� the CV is less obvious. A substoichiometric situation
is depicted in Figure 2.[46] An EC process appears to generate


Figure 2. Cyclic voltammogram of Fcdpa with 0.8 equiv Zn2� in CH3CN at
ÿ30 8C to illustrate the EC process upon oxidation of the close Fcdpa-Zn2�


isomer.


two species from the initial complex Fcdpa�-Zn2�. One is
Fcdpa, and the other seems to be another Fcdpa-Zn2�


complex.[47] Apparently, two different isomers of Fcdpa-Zn2�


exist. The CV of both species could be determined in
independent CV experiments only approximately: Eqrev�
0.28 and 0.72 V. By using substoichiometric amounts of Zn2�


it is possible to obtain quasireversible redox curves (EaÿEc�
110 mV) for one isomer, while at higher Zn2� concentrations


Table 1. Redox potentials of FcCrypt and its metal complexes in CH3CN at
ambient temperature (scan rate 50 ± 100 mV sÿ1, redox potentials are given
to within �5 mV).


FcCrypt 2 FcCrypt 3 FcCrypt 4
E [V] DE [mV] E [V] DE [mV] E [V] DE [mV]


FcCrypt 0.150 ± 0.165 ± 0.165 ±
� Li� 0.360 � 210 0.315 � 150 0.267 � 100
� Na� 0.395 � 245 0.362 � 200 0.293 � 125
� K� 0.290 � 140 0.375 � 210 0.350 � 185
� Rb� 0.205 � 55 0.378 � 215 0.370 � 205
� Cs� 0.175 � 25 0.315 � 150 0.333 � 165
� Ca2� 0.620 � 470 0.667 � 500 0.360 � 195
� Sr2� 0.620 � 470 0.530 � 365 0.385 � 220
� Ba2� 0.550 � 400 0.555 � 390 0.487 � 325
� H� 0.300 � 150 ± ± ± ±
� 2H� 0.430 � 280 ± ± ± ±







Coupled Molecular Switches 4438 ± 4446


Chem. Eur. J. 2001, 7, No. 20 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0720-4441 $ 17.50+.50/0 4441


(ca. 1.0 ± 1.2 equiv) a quasireversible CV curve (EaÿEc�
100 mV) is observed for the other isomer. Nonetheless, we
are confident that the two Fcdpa-Zn2� complexes differ with
respect to the relative orientation of Zn2� and the ferrocenyl
unit. One isomer presumably has a short FeÿZn2� distance
(Fcdpa ´´ Zn2�), and in the other Fe and Zn2� appear to be well
separated (Fcdpa ´´´ ´ ´ Zn2�). Figure 3 shows two possible
isomers of Fcdpa-Zn2� with their respective redox potentials.


Since the electrochemistry of Fcdpa-Zn2� is very compli-
cated, we tried to obtain more information by investigating
the related Fcdpa-Co2� complexes. Again we observe two
different isomers at slightly different potentials, and the CV
curves are only quasireversible (EaÿEc� 100 mV). Conse-
quently, we now feel more comfortable in considering the
same two types of isomers as for the Zn2� complex. However,
a detailed study of the mechanisms or even calculations are
far beyond the scope of this study. Despite some deficiencies
in understanding the electrochemistry of Fcdpa and Zn2�,
there is little doubt about the most important conclusion: The
1/1 complex Fcdpa-Zn2� is already able to oxidize FcCrypt-
Na�. Consequently, we prefer to use Fcdpa-Zn2� instead of
Fcdpa-2 Zn2�[32] as the redox-responsive component of our
system of coupled molecular switches. In Figure 4 all com-
plexes needed for the coupled molecular devices are arranged
according to their redox potentials, and this proves the
thermodynamic feasibility of this complex system.


UV/Vis spectra of Fcdpa and FcCrypt metal complexes : The
UV/Vis spectra of the d5 and d6 species Fcdpa, Fcdpa�, Fcdpa-
Zn2�, Fcdpa-2 Zn2�, Fcdpa�-Zn2�, and Fcdpa�-2 Zn2� are
shown in Figure 5. Typical for ferrocenes are high-energy
bands around 280 nm corresponding to a p ± p* transition,
while the less intense bands at about 360 and 430 nm are
Laporte forbidden d ± d bands; the spectra of the oxidized
ferrocenes are also normal.[48] The most significant difference
between the spectra of the N- and O-substituted ferrocenes
are the d ± d band extinction coefficients, which are 5 ± 10
times larger in the former.


The large anodic shifts in the ferrocene redox potential
upon coordination of metal ions by FcCrypt prompted us to
investigate whether the coordination of metal ions by FcCrypt
has an effect on the UV/VIS spectra. The following metal
complexes were studied, and the coordination of metal ions
indeed causes small spectral changes in the low-intensity d ± d


Figure 4. Ordering of the redox potentials of Fcdpa, Fcdpa-Zn2�, Fcdpa-
2Zn2�, FcCrypt, and FcCrypt-Na�.


Figure 5. UV/Vis spectra of Fcdpa, Fcdpa-Zn2�, Fcdpa-2Zn2�, Fcdpa�,
Fcdpa�-Zn2�, and Fcdpa�-2Zn2� in CH3CN (c� 10ÿ4 mol dmÿ3).


transition: FcCrypt l� 433.5 nm
(e� 139 dm3 molÿ1 cmÿ1), FcCrypt-
Na� 422.5 (151), FcCrypt-K� 433.5
(155), FcCrypt-Ca2� 417.5 (141),
FcCrypt-Sr2� 424.5 (133), FcCrypt-
Ba2� 435.5 (157), FcCrypt-La3�


423.5 (140), FcCrypt-Y3� 419.5
(145); (c� 10ÿ3 mol dmÿ3 in
CH3CN). The extinction coeffi-
cients are virtually constant
throughout the series of metal
complexes. This implies that the
symmetry of the ferrocene moietyFigure 3. Redox potentials of Fcdpa-Zn2�, Fcdpa-2 Zn2�, Fcdpa-Co2�, and Fcdpa-2Co2�.
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is not perturbed significantly, that is, the cyclopentadienyl
rings retain their coplanar orientation.[49] This is also support-
ed by the solid-state structure of FcCrypt-Ca(ClO4)2, in which
a Cp ± Cp interplanar angle of only 5.68 was found. The
maximum of the d ± d transition, however, is changed upon
coordination of a metal ion, and in most cases a small
hypsochromic shift is observed. Clearly, the energy of the d ± d
splitting is increased, and this can either be caused by a
lowering of the HOMO (a '


1g� energy or by an increase in the
LUMO (e*1g� energy. Explaining this is not easy, but there are
speculations in the literature about possible donor ± acceptor
interactions between filled d orbitals on the iron atom of
ferrocene with other metal atoms near by.[50±53]


X-ray crystal structure of FcCrypt-Ca(ClO4)2 : To better
understand the very large redox switching effects observed
in complexes of FcCrypt we determined the crystal structure
of the Ca2� complex, since for the alkali and alkaline earth
metal ions, the largest anodic redox shift is observed with this
cation.


In the solid state, Ca2� is coordinated by four O atoms with
Ca2�ÿO distances of 238.7(5) ± 243.6(5) pm and two N atoms
(Ca2�ÿN 256.1(8), 259.2(7) pm) of the cryptand (Figure 6).
Two slightly longer Ca2�ÿO distances to the perchlorate
counterion (247.7(19) pm) and a single water molecule
(262.6(6) pm) are also present, and the result is a coordination
number of eight for Ca2�. The metal ion appears to be slightly
too large for the cavity of FcCrypt, since the CaÿO distances
are rather short (cf. [2.2.1]cryptand-Ca2� : CaÿO 249 ±
255 pm).[54]


Figure 6. Crystal structure of FcCrypt-Ca(ClO4)2. Selected bond lengths
and interatomic distances [pm]: CaÿO1 238.7(5), CaÿO2 239.5(6), CaÿO3
239.1(7), CaÿO4 243.6(5), CÿO5 242.6(6), CaÿO11 247.7(19), CaÿN1
256.1(8), CaÿN2 259.2(7), FeÿCa 402.7(6).


The most significant feature in this crystal structure is the
FeÿCa2� distance (402.7 pm), since it should determine the
degree of Coulomb interaction between the metal centers and
contribute to the shift of the ferrocene redox potential.[55]


However, the FeÿCa2� distance in the related ferrocene
cryptate 5 is even shorter (365.8 pm).[56] This difference may
not appear spectacular, but the anodic shift in the redox
potential upon Ca2� complexation is much smaller in this
complex (DE��274 mV)[57] than in FcCrypt-Ca2� (DE�


Scheme 3.


�500 mV). Why is this the case? In most, but not all,[29, 31, 58] of
the ferrocene crown ethers reported previously, the electronic
interaction between the metal centers is mainly electrostatic,
as the donor atoms (site of metal ion complexation) are
separated from the redox-active group by an insulating CH2


group, as in 5. Consequently, a more efficient mechanism must
be operative in complexes of FcCrypt. This can be attributed
to the direct bonding of Ca2� to the two oxygen atoms directly
attached to the ferrocenyl unit, which effectively mediate the
transfer of electron density between the two metal centers.[59]


Stabilities of metal complexes of FcCrypt and Fcdpa : An
important question that influences the coupling of the
molecular switches is whether FcCrypt preferentially coor-
dinates Na� or Zn2�. This was investigated by 1H NMR
spectroscopic competition experiments. All 1H NMR titra-
tions were carried out in CD3CN[60] at concentrations of
10ÿ3 mol Lÿ1. First, we investigated the reaction of
Zn(CF3SO3)2 with FcCrypt, which results in the protonation
of the nitrogen atoms and not in the coordination of the metal
ion. This suggests a low stability of the Zn2� complex of
FcCrypt. In a competition experiment we then determined
which species exist when FcCrypt, Zn(CF3SO3)2, and NaCF3-


SO3 are present in a 1/1/1.5 ratio. The 1H NMR spectrum
shows a mixture of FcCrypt-H� and FcCrypt-Na� (ca. 3/1).
After addition of 0.01 mL of [D5]pyridine (ca. 10 equiv),
FcCrypt-Na� is present exclusively. From these results, we
conclude the following order of stabilities: FcCrypt-H�>
FcCrypt-Na��FcCrypt-Zn2�. However, mixing Fcdpa,
Zn(CF3SO3)2, FcCrypt, and NaCF3SO3 leads to exclusive
formation of the respective metal complexes. The Na�


stability constant of FcCrypt was determined with an ion-
selective electrode to be lgK� 8.32 (in CH3CN; lg K� 6.56 in
CH3OH), which is weaker than that of the[2.2.1]cryptand.[61]


Due to the well-defined cavity, Na� is coordinated with high
selectivity with respect to K� (lg K� 4.54 in CH3CN, 3.26 in
CH3OH). It would have been interesting to also determine the
stability constant of FcCrypt� complexes. Evaluation of
titration experiments with a Na�-selective electrode gave a
lg K< 2 in CH3CN. However, due to the limited stability of the
oxidized ferrocene cryptand in solution, these data are not
very reliable.


The stability constants of Fcdpa-Zn2� (K> 108), Fcdpa-
2 Zn2� (K2� 6� 105), Fcdpa�-Zn2� (K� 7.5� 104), and
Fcdpa�-2Zn2� (K� 2500) in CH3CN were determined by
UV/Vis spectral titrations.[62]


The coupled switches : Titration experiments : Even in a
simplified approach which does not take into account the
complexation of metal ions by cyclam or protonation by
adventitious water, the sheer number of species involved
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(FcCrypt, FcCrypt�, FcCrypt-Na�, FcCrypt�-Na�, Fcdpa,
Fcdpa�, Fcdpa-Zn2�, Fcdpa-2 Zn2�, Fcdpa�-Zn2�, Fcdpa�-
2 Zn2�, Na�, Zn2�) makes it difficult to fully understand the
chemical equilibria and the kinetics of the coupled switches
described here. We therefore did not attempt to quantitatively
evaluate the complete reaction system at a given Zn2�


concentration, but instead restricted ourselves to performing
experiments which unequivocally prove the presence of
certain species in dependence on the actual amount of Zn2�


present in the reaction system. Our understanding of the
reaction sequence is aided by a number of simplifications: The
differences between the redox potentials are always equal to
or larger than 250 mV; hence, the redox reactions are
considered to be quantitative. Based on the association
constants, the complexation of Na� by FcCrypt and that of
Zn2� by Fcdpa and Fcdpa� are also regarded as quantitative.
In the given mixture of reactants, cyclam quantitatively
removes Zn2� from Fcdpa-Zn2�.


The thermodynamic feasibility of coupling the redox
switches displayed in Figure 1 is based on the ordering of
the redox potentials in Figure 3. A 1H NMR titration and a
UV/Vis titration were performed to determine whether the
reactions depicted in Figure 1 actually take place, that is,
whether they are kinetically feasible within a given time
frame. In both experiments a solution of one equivalent of
Zn(CF3SO3)2 in CD3CN (CH3CN) was added stepwise to a
mixture of Fcpda�PF6


ÿ and FcCrypt-Na� in CD3CN
(CH3CN), followed by one equivalent of cyclam. The UV/
Vis experiment is ideal for observing species associated with
Fcdpa and Fcdpa�, but due to the small extinction coefficients
it is not suitable for the detection of species derived from
FcCrypt. For this purpose a 1H NMR titration experiment is
ideal. We found that one equivalent of Zn2� salt is already
sufficient to initiate the reaction sequence depicted in Fig-
ure 1.


In the NMR titration experiment, the 1H NMR spectrum of
the initial mixture of Fcdpa�PF6


ÿ and FcCrypt-NaCF3SO3


shows sharp peaks associated with diamagnetic FcCrpyt-Na�


and broader lines associated with paramagnetic Fcdpa�


(Figure 7). Even Fcdpa� can be identified with some con-
fidence, since its pyridine signals are only slightly broadened


Figure 7. 1H NMR titration experiment of Fcdpa�PF6
ÿ and FcCrypt-


NaCF3SO3 in CD3CN with one equivalent of Zn(CF3SO3)2 in CD3CN (c�
10ÿ4 mol dmÿ3) and one equivalent of cyclam in CDCl3.


in the NMR spectrum. On addition of Zn2� the spectrum
changes, and with one equivalent of Zn2� the signals of
FcCrypt� and Fcdpa-Zn2� can be identified, even though the
signals of the latter are exchange-broadened. After addition
of one equivalent of cyclam, the initial spectrum for a mixture
of FcCrypt-Na� and Fcdpa� reappears.


A UV/Vis titration experiment can be used to identify
Fcdpa-Zn2� and Fcdpa� due to their characteristic spectra,
while the bands of FcCrypt and related species are hidden
under the very intense bands of the aminoferrocene. In this
experiment (Figure 8), Zn(CF3SO3)2 was added stepwise
(0.1 equiv of Zn2� salt per addition), and as can be seen by
comparison with Figure 5, the spectral maxima of the UV/Vis


Figure 8. UV/VIS spectra of the titration of Fcdpa�PF6
ÿ and FcCrypt-


NaCF3SO3 with Zn(CF3SO3)2 in CH3CN (c� 10ÿ4 mol dmÿ3). Arrows
indicate absorptions that decreased during the experiment. The initial
UV/Vis spectrum is that of Fcdpa� ; the final one, after addition of one
equivalent of Zn(CF3SO3)2, is that of Fcdpa-Zn(CF3SO3)2.


spectrum prior to addition of Zn2� largely conforms to the
electronic spectrum of Fcdpa�. On addition of Zn2� the peaks
corresponding to Fcdpa� slowly disappear, and new bands
grow at 275, 305, and 475 nm, which are characteristic of
Fcdpa-Zn2�. After addition of one equivalent of cyclam, the
original UV/Vis spectrum is observed. This sequence of
adding Zn2� salt and cyclam, that is, the complete cycle of
reactions displayed in Figure 1, was repeated up to six times
with a single batch to demonstrate the reversibility of all
reactions involved in the cycle. Indeed, after six consecutive
cycles, the UV/Vis spectrum of the reaction mixture still had
about 75 % of the intensity prior to the first cycle.


Apart from the thermodynamic feasibility of the cycle
described in Figure 1 all of the reactions involved must be fast
enough to permit their complete equilibration within a
reasonable period of time. A first qualitative result of the
hand-mixing titration experiments (UV/Vis or 1H NMR)
concerning the kinetics of the reactions is the absence of any
induction period for complex formation. This was not
surprising, since Zn2� and Na� typically undergo rapid
complexation/decomplexation reactions.[63] Furthermore,
Nelsen et al. and Hupp et al. demonstrated that self-exchange
reactions involving ferrocene/ferrocenium typically are very
fast (on the order of 107 dm3 molÿ1 sÿ1).[64, 65]


We were interested in obtaining at least a qualitative
picture of the dynamics of the sequence of reactions involved,
and therefore investigated the dynamics of the above
reactions by stopped-flow kinetics. To realize pseudo-first-
order conditions, a tenfold excess of Zn(CF3SO3)2 in CH3CN
and a solution of Fcdpa�PF6


ÿ and FcCrypt-NaCF3SO3 in
CH3CN were injected into a stopped-flow cell. However, all
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spectroscopic changes leading to Fcdpa-Zn2� and FcCrypt�


are complete even before the first spectrum is recorded (i.e.,
<10 ms).[66]


Conclusion


Single molecular devices can only accomplish fairly simple
tasks. The integration of several such units into a coupled
device permits the realization of more complex functions
reminiscent of a regulatory event. Two independent chemical
processesÐthe complexation/decomplexation of Zn2� in a
redox-responsive ligand (Fcdpa) and the complexation/de-
complexation of Na� in a redox-switched ligand (FcCrypt)Ð
have been linked in a cyclic and highly reversible process. On
addition of Zn2� to Fcdpa� the complexation of the metal ion
by the aminoferrocene produces the strong oxidizing agent
Fcdpa�-Zn2�, which is able to remove an electron from
FcCrypt-Na� ; this redox event leads to an oxidized ferrocene
cryptand, the ability of which to complex Na� is drastically
reduced; upon removal of Zn2� from its Fcdpa complex by an
even stronger ligand (cyclam), the reducing agent Fcdpa is
produced, which easily loses an electron to FcCrypt� to give
FcCrypt, whose strong binding capacity for Na� is thus
restored. A single cycle is now complete and can be started
over again by addition of Zn2�. Clearly, electron-transfer
reactions mediate between the two separate reactions and tie
the complexation of Zn2� to the decomplexation of Na�, and
vice versa. The energy which drives this process is the
complexation of Zn2� by Fcdpa and its removal by the strong
ligand cyclam.


This may appear to be a complicated procedure for
achieving something simple, namely, the complexation/de-
complexation of Na�. However, we should ask ourselves why
cells also prefer such an indirect and entangled strategy to
perform most of their chemical reactions. A simple answer is
that such complications add flexibility. Any of the intermedi-
ate steps through which two chemical events are coupled may
be inhibited or enhanced by various other chemical or
physical stimuli. It is this apparently simple detail which
infers the capacity to adapt to changing environmental
conditions in a highly flexible manner.


Experimental Section


Commercially available solvents and reagents were purified according to
literature procedures. All reactions were carried out under a nitrogen or
argon atmosphere. Chromatography was performed on silica MN60. NMR
spectra were recorded at 300 K with a Bruker Avance (1H NMR 200 MHz,
13C NMR 50.3 MHz) spectrometer. 1H NMR spectra were referenced to
residual undeuterated solvent, and 13C NMR spectra to the solvent signals:
CDCl3 (d(1H)� 7.26, d(13C)� 77.0), C6D6 (d(1H)� 7.16, d(13C)� 128.0),
CD3CN (d(1H)� 1.93, d(13C)� 1.30). For the purpose of 1H NMR signal
assignment, CpH denotes a proton attached to the sp2 C atom of
cyclopentadiene or to the C atoms of an h5-cyclopentadienyl ring in a
ferrocene. Mass spectra: Finnigan MAT 3800. IR spectra: Bruker IFS-25:
solid materials as KBr tablets. UV/Vis spectra: Jasco V570. Rapid-scan
UV/Vis measurements were performed on a home-built stopped-flow
apparatus and a custom-made diode array from J&M. Elemental analyses:
Mikroanalytisches Laboratorium der Chemischen Laboratorien, Universi-
tät Freiburg. Cyclic voltammetry: The standard electrochemical instru-


mentation consisted of an EG&G 273A-2 potentiostat ± galvanostat. All
cyclic voltammograms were recorded in dry CH3CN under an argon
atmosphere at ambient temperature. A three-electrode configuration was
employed. The working electrode was a Pt disk (diameter 1 mm) sealed in
soft glass with a Pt wire as counterelectrode. The pseudoreference
electrode was an Ag wire. Potentials were calibrated internally against
the formal potential of cobaltocenium perchlorate (ÿ0.94 V vs. Ag/AgCl)
or ferrocene (�0.40 V vs. Ag/AgCl). NBu4PF6 (0.1 mol dmÿ3) was used as
supporting electrolyte. The abbreviation Fc is indiscriminately used for
ferrocene, ferrocenyl, or ferrocenediyl. Starting materials were commer-
cially available or synthesized according to literature procedures:
Fc�BF4


ÿ,[67] FcCOCH3
�PF6


ÿ,[67] diaza-[12]crown-4,[68] Fcdpa,[38] 1,1'-Fc-
(OSiiPr3)2.[37]


1,1'-(OC2H4OH)2-Ferrocene : TBAF ´ 3 H2O (9.45 g, 30 mmol) was added to
a mixture of 1,1'-bis(triisopropylsiloxy)ferrocene (4.4 g, 9.85 mmol), 1-bro-
mo-2-ethanol (13.9 mL, 197 mmol) and K2CO3 (27.1 g, 197 mmol) in
CH3CN (300 mL), and the reaction mixture refluxed overnight. The
solution was filtered, the solvent evaporated, and the crude product
suspended in cyclohexane/ethyl acetate (1/1). This suspension was applied
to silica gel and eluted under argon with cyclohexane/ethyl acetate (1/1) to
remove impurities. The product was eluted with pure ethyl acetate. Yield:
1.6 g (4.80 mmol), 49%, orange powder. 1H NMR (C6D6): d� 2.17 (br, 2H;
OH), 3.28 (m, 8H; CH2), 3.44 (ªtº, J� 2 Hz, 4 H; FcH), 3.75 (ªtº, J� 2 Hz,
4H; FcH); 13C NMR (C6D6): d� 56.75, 61.60, 62.63, 72.47, 127.04; EI-MS:
m/z : 306.


1,1'-(OC2H4OTs)2-Ferrocene : 1,1'-(OC2H4OH)2-Ferrocene (1.6 g,
4.80 mmol) and tosyl chloride 9.15 g (48.0 mmol) were dissolved in CH2Cl2


(300 mL), and the solution was cooled to 0 8C. Freshly powdered KOH
10.75g (192.0 mmol) was added in several portions while holding the
temperature of the reaction mixture at close to 0 8C. The reaction mixture
was stirred for a further 3 h and then poured onto ice (300 g). The organic
and aqueous layers were separated. The aqueous solution was extracted
with CH2Cl2 (2� 50 mL), and the combined organic layers washed with
aqueous NaOH (3� 50 mL) and water (100 mL). Drying over MgSO4,
filtration, and evaporation of the solvent gave a crude product, which was
purified by chromatography (cyclohexane/ethyl acetate 3/2). Yield: 2.86 g
(4.65 mmol), 97%, yellow powder. 1H NMR (C6D6): d� 7.81 (d, J� 8 Hz,
4H; ArH), 6.75 (d, J� 8 Hz, 4 H; ArH), 4.05 (m, 4H; CH2OFc), 3.95 (s,
4H; FcH), 3.69 (s, 4H; FcH), 3.61 (m, 4H; CH2OTs), 1.83 (s, 6H; CH3).
13C NMR (C6D6): d� 21.15, 56.54, 62.82, 68.17, 68.64, 127.71, 128.03, 128.35,
129.93. FD-MS: m/z : 615 [M�] (100 %).


General procedure for the synthesis of the ferrocene cryptands 2 ± 4 : 1,1'-
(OC2H4OTs)2-Ferrocene (1 equiv), diaza crown ether (1 equiv), and base
(10 equiv) were refluxed in CH3CN overnight. The suspension was filtered,
and the solvent evaporated. The crude product was purified by chroma-
tography (ethyl acetate/Et2NH 10/1).


1,1'-(O,O'-Diethoxy(1,7)-4,10-dioxa-1,7-diazacyclododecane)ferrocene (2):
Scale: 1,1'-bis(2-tosylethoxy)ferrocene (500 mg, 0.81 mmol), diaza-
[12]crown-4 (150 mg, 0.81 mmol), Na2CO3 (860 mg, 8.15 mmol). Yield:
245 mg (0.55 mmol) 68 %, orange powder. 1H NMR (CD3CN): d� 2.56 ±
2.67 (m, 4H; NCH2), 2.73 ± 2.89 (m, 8 H; NCH2), 3.50 ± 3.59 (m, 4H;
OCH2), 3.66 ± 3.77 (m, 4H; OCH2), 3.84 (ªtº, J� 1.9 Hz, 4 H; C5H4), 3.92 (t,
J� 7.5 Hz, 4 H; OCH2), 4.09 (ªtº, J� 1.9 Hz, 4H; C5H4). 13C NMR
(CD3CN): d� 55.85, 55.87, 57.03, 62.63, 71.32, 71.44, 128.42; elemental
analysis (%) calcd for C22H32FeN2O4 (444.36): C 59.47, H 7.26, N 6.30;
found: 58.61, H 7.70, N 5.97.


1,1'-(O,O'-Diethoxy(1,7)-4,10,13-trioxa-1,7-diazacyclopentadecane)ferro-
cene (3): Scale: 1,1'-(OC2H4OTs)2-ferrocene (235 mg, 0.38 mmol), diaza-
[15]crown-5 (81 mg, 0.38 mmol), K2CO3 (526 mg, 3.81 mmol). Yield:
112 mg (0.23 mmol), 61%, orange powder. 1H NMR (CDCl3): d� 2.57 ±
2.81 (m, 12 H; NCH2), 3.53 ± 3.61 (m, 12H; OCH2), 3.78 (ªtº, J� 1.9 Hz,
4H; C5H4), 3.86 (t, J� 7.5 Hz, 4H; FcOCH2), 4.01 (ªtº, J� 1.9 Hz, 4H;
C5H4); 13C NMR (CDCl3): d� 55.04, 56.74, 56.90, 62.00, 69.92, 70.08, 70.12,
71.01, 127.27.


1,1'-(O,O'-Diethoxy(1,10)-4,7,13,16-tetraoxa-1,10-diazacyclooctadecane)-
ferrocene (4): Scale: 1,1'-(OC2H4OTs)2-ferrocene (292 mg, 0.47 mmol),
diaza-[18]crown-6 (125 mg, 0.47 mmol), K2CO3 658 mg (4.76 mmol). Yield:
96 mg (0.18 mmol) 38 %, orange powder. 1H NMR (CDCl3): d� 2.72 ± 2.86
(m, 12H; NCH2), 3.56 ± 3.60 (m, 16 H; OCH2), 3.87 (ªtº, J� 1.9 Hz, 4H;
C5H4), 3.99 (t, J� 7.6 Hz, 4H; FcOCH2), 4.12 (ªtº, J� 1.9 Hz, 4H; C5H4);
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13C NMR (CDCl3): d� 54.54, 54.62, 54.86, 62.06, 62.36, 62.66, 69.41, 69.96,
70.87, 71.00, 126.74.


Syntheses of metal complexes of FcCrypt : The alkali and alkaline earth
metal ion complexes of FcCrypt were prepared by mixing stoichiometric
amounts of the ligand and the metal salt in acetonitrile. Evaporation of the
solvent gave the pure metal complexes. FcCrypt-NaClO4: 1H NMR
(CD3CN): d� 2.58 ± 2.87 (m, NCH2, 12H), 3.51 ± 3.63 (m, 8 H; OCH2),
3.74 (t, J� 5.0 Hz, 4 H; OCH2), 3.94 (ªtº, J� 1.9 Hz, 4H; CpH), 4.31 (ªtº,
J� 1.9 Hz, 4H; CpH); 13C NMR (CD3CN): d� 53.31, 56.87, 61.41, 64.81,
67.60, 73.19, 125.77; FcCrypt-Ca(ClO4)2: 1H NMR (CD3CN): d� 2.59 ± 2.92
(m, 12H; NCH2), 3.55 ± 3.75 (m, 8 H; OCH2), 3.78 (t, J� 5.4 Hz, 4H;
FcOCH2), 3.91 (s, 4 H; CpH), 4.34 (s, 4H; CpH); 13C NMR (CD3CN): d�
53.20, 56.92, 62.85, 65.59, 68.99, 75.95, 124.28.


Protonation of FcCrypt : HBF4 (1 or 2 equiv, 50 % in diethyl ether) was
added to one equivalent of FcCrypt in acetonitrile. FcCrypt-H� : 1H NMR
(CD3CN): d� 3.06 ± 3.11 (m, 12H), 3.18 (t, J� 5.6 Hz, CH2N, 4H), 3.68 ±
3.78 (m, OCH2, 8 H), 3.90 (br s, CpH, 4H), 4.06 (t, J� 5.5 Hz, CH2OFc,
4H), 4.9 (br, NH, 1 H). FcCrypt-2H� : 1H NMR (CD3CN): d� 3.54 ± 3.73
(m, 12H), 3.86 ± 4.06 (m, 16 H), 4.25 (br, FcH, 4H), 6.15 (br, NH, 2H).
13C NMR (CD3CN): d� 54.99, 57.92, 58.65, 64.42, 66.25, 126.85.


Synthesis of Fcdpa-Zn(CF3SO3)2 : Stoichiometric amounts of Fcdpa and
Zn(CF3SO3)2 were dissolved in CH3CN and stirred for 5 min. The 1H NMR
of this complex in CD3CN displays very broad signals over a large
temperature range.


Synthesis of Fcdpa-2Zn(CF3SO3)2 : Stoichiometric amounts of Fcdpa and
Zn(CF3SO3)2 were dissolved in CH3CN and stirred for 5 min. After
evaporation of the solvent, the complex can be isolated in quantitative yield
or recrystallized from CH3CN/Et2O to obtain single crystals. 1H NMR
(CD3CN): d� 4.01 ± 4.50 (m, 12 H), 7.20 ± 7.35 (m, ArH, 20H), 7.66 (t, pyH,
4H), 8.17 (t, pyH, 4H), 8.60 (d, pyH, 4H). 13C NMR (CD3CN): d� 59.06,
63.88, 84.78, 112.22, 125.40, 126.27, 128.30, 129.43, 130.81, 136.03, 142.79,
148.77, 156.98; elemental analysis (%) calcd for Fcdpa-2 Zn(CF3SO3)2 ´
4H2O: C62H56F12FeN6O16S4Zn2 (1684.8): C 44.22, H 3.35, N 4.99; found:
C 44.27, H 3.25, N 4.57.


Synthesis of Fcdpa�PF6
ÿ : A mixture of Fcdpa (884 mg, 1.0 mmol) and


Fc�PF6
ÿ (340 mg, 1.02 mmol) in CH2Cl2 (40 mL) was stirred for 30 min. The


volatile substances were evaporated, and the residue washed with diethyl
ether to remove ferrocene. The orange-red residue was recrystallized from
CH3CN. Yield: 649 mg (63 %). The product was stored at ÿ208C.
Elemental analysis (%) calcd for C58H48F6FeN6P (1029.91): C 67.64, H
4.70, N 8.16; found: C 65.66, H 4.83, N 7.68.


FcCrypt�BF4
ÿ was synthesized by adding 1.02 equivalents of acetyl-


Fc�BF4
ÿ to a solution of FcCrypt in CH2Cl2. The solvent was removed


and the residue washed with diethyl ether until the extract was colorless.


Crystal structure analysis :[69] C22H34CaCl2FeN2O13, Mr� 701.35; T�
293(2) K; l� 0.71069 �; monoclinic, space group P21; a� 8.630(2), b�
17.683(4), c� 10.434(2) �, b� 113.15(3)8, V� 1464.1(6) �3; Z� 2; 1calcd�
1.550 Mg mÿ3; m� 0.934 mmÿ1; F(000)� 708; crystal dimensions 0.6� 0.4�
0.2 mm; q range: 2.85 ± 26.08 ; index ranges: h ÿ10/9, k 0/21, l 0/12;
reflections collected/unique: 3116/2958; Rint� 0.0317; completeness to
2q(26.0): 99.4 %; refinement method: full-matrix least-squares on F 2 ;
data/restraints/parameters: 2958/22/368; GOF on F 2 : 1.080; final R indices
(I> 2 s(I)): R1� 0.0599, wR2� 0.1646; R indices (all data): R1� 0.0641,
wR2� 0.1693; absolute structure parameter: ÿ0.04(4); max./min. residual
electron density: �0.729/ÿ 0.459 e �3. The crystal structure of FcCrypt-
Ca(ClO4)2 was solved and refined in the acentric space group P21, including
absolute structure parameters; thus, the choice of enantiomorph was
correct. All non-hydrogen atoms except for the oxygen atoms attached to
the second, uncoordinated perchlorate anion were refined anisotropically.
Both perchlorate ions are disordered; the uncoordinated one was re-
strained to a perfect tetrahedron with equal ClÿO and OÿO distances.
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Octa(m3-selenido)hexarhenium(iii) Complexes Containing Axial
Monodentate Diphosphine or Diphosphine ± Monoxide Ligands


Zhong-Ning Chen, Takashi Yoshimura, Masaaki Abe, Kiyoshi Tsuge, Yoichi Sasaki,*
Shoji Ishizaka, Haeng-Boo Kim, and Noboru Kitamura[a]


Abstract: A series of the octahedral
hexarhenium(iii) complexes containing
a variable number of diphosphine (di-
phos) or diphosphine ± monoxide (di-
phosO) ligands have been prepared by
the substitution of the diphosphine
Ph2P(CH2)nPPh2 (n� 1 to 5) for the
iodide ions in the parent octa-
hedral hexarhenium cluster compound
[Re6Se8I6]3ÿ. The diphosphine Ph2P-
(CH2)nPPh2 ligands adopt an h1-bonding
mode with the Re6(m3-Se)8 core, and the
P donor atom in the pendant arm is
noncoordinated and oxygenated in most
cases. The series of new hexarhenium(iii)


complexes have been well-defined by
1H, 13C, and 31P NMR spectroscopic and
FAB-MS data. Four compounds among
the series were characterized by X-ray
structural determination. Geometrical
isomers were identified by NMR spec-
troscopy as well as by the structural
determinations. The apical ligand sub-
stitution induces significant change in
the redox potentials and the photophys-


ical properties of the Re6(m3-Se)8 core.
The E1/2 value of the reversible process
ReIII


6/ReIII
5ReIV becomes more positive


with the increasing number of the coor-
dinated P donors. The phosphine-sub-
stituted hexarhenium(iii) derivatives are
highly luminescent, with microsecond
scale emissive lifetime at ambient tem-
perature, and the fully substituted
derivatives with the formula [Re6Se8-
(h1-diphosO)6]2� display the strongest
luminescence with the longest emission
lifetimes.


Keywords: cluster compounds ´
luminescence ´ P ligand ´ redox
chemistry ´ rhenium


Introduction


In recent years, much attention has been paid to octahedral
hexametal cluster complexes [M6(m3-E)8L6]qÿ (M� transition
metal, E� chalcogenide or halide, L� axial ligand) with
respect to ligand substitution and redox reactions, photo-
physical properties, and M6(m3-E)8 core-based supramolecular
design.[1] These hexametal cluster cores can be regarded as
giant octahedral centers, and various organic ligands may be
introduced into the apical sites to produce different M6(m3-E)8


core-based derivatives.[2±15] Axial ligand substitution offers an
excellent means to control the chemical and physical proper-
ties by introducing organic ligands.[11d, 13, 14] It also provides the
ways to use the hexametal cores as potential building blocks
for aggregated cluster complexes with higher nuclearity or for
molecular materials with specific function.[4b, 5b, 11a±c, 12d, 15]


Diverse neutral and anionic ligands with various donors, the
former including phosphine,[3, 7, 11] pyridine,[8, 13] and solvent
molecules,[4a, 11b] and the latter embracing cyanide,[4b, 9, 12] alkyl


oxide,[6] and carboxylate,[5] have been introduced into the
apices of hexametal octahedrons.


The hexarhenium cluster complexes [Re6(m3-E)8X6]qÿ (E�
S, Se; L�Cl, Br, I; q� 3, 4)[10] have been developed very
recently, the substitution character of the axial ligands allows
designed synthesis based on the hexarhenium core and the
chemistry of these clusters is more versatile than the other
hexametal complexes. To the best of our knowledge, the
substitution chemistry of bi- or multidentate ligands for the
axial ligand L in [Re6(m3-E)8L6]qÿ (E� S, Se) octahedral
hexametal complexes has not been studied previously.[13b, 14]


Herein we report on the stepwise substitution reactions of the
bidentate diphosphine ligands Ph2P(CH2)nPPh2 (n� 1 ± 5) for
the iodide ions in the parent compound [Re6(m3-Se)8I6]3ÿ (1),
as well as on the preparation of a series of octahedral
hexarhenium derivatives [Re6(m3-E)8I(6ÿm)Lm](3ÿm)ÿ (m� 3 ±
6), in which L is a monodentate diphosphine or a diphos-
phine ± monoxide ligand. We have also prepared the com-
pound containing Ph2P(CH2)6PPh2 with the ªbridge-chelateº
coordination mode around the octahedral hexarhenium
cluster core.[14] The substitution reaction can not only be
controlled in a stepwise manner, but also the substitution
mode (whether monodentate or bridge-chelate) is adjustable
by altering the number of the methylene spacer groups in the
diphosphine Ph2P(CH2)nPPh2. We report herein the detailed
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preparation of the hexarhenium(iii) derivatives containing the
diphosphine Ph2P(CH2)nPPh2 or diphosphine ± monoxide
Ph2P(CH2)nP(O)Ph2 (n� 1 ± 5) in a h1-binding mode, and
their structural and spectroscopic characterization as well as
their redox and photophysical properties.


Results and Discussion


Preparation of the complexes: In general, (Bu4N)3-1 served as
the starting material, but the hexa(acetonitrile) compound
[Re6Se8(MeCN)6](SbF6)2 (1 b-(SbF6)2) was used for the prep-
aration of the hexa(diphosphine ± monooxide) complexes
[Re6Se8(h1-diphosO)6]2ÿ. The precursor cluster compound 1
was isolated in the one-electron oxidized ReIII


5ReIV state due
to its more negative ReIII


6/ReIII
5ReIV redox potential. Under


controlled reaction conditions, the iodide ions in 1 were
replaced by the diphosphine (diphos) Ph2P(CH2)nPPh2 (n� 1,
dppm; n� 2, dppe; n� 3, dppp; n� 4, dppb, n� 5, dpppen,
n� 6, dpph) in a stepwise manner with concomitant reduction
of the central ReIII


5ReIV core to ReIII
6. The derivatives with


the general formula [Re6Se8I6ÿm(h1-diphos or diphosO)m]mÿ4


(m� 3 ± 6; diphosO is diphosphine ± monoxide Ph2P-
(CH2)nPOPh2) when n� 1 ± 5, or [Re6Se8I6ÿ2m(m-dpph)m]2mÿ4


(m� 1 ± 3) when n� 6 have been obtained.[14] The diphos-
phine ligands Ph2P(CH2)nPPh2 adopt two different coordina-
tion modes depending on the number of the methylene
groups. The monodentate coordination mode is utilized for
n� 1 ± 5, where the other P atom in the pendant arm is
generally oxygenated except for the ligand with n� 1, while
the two P donors in the diphosphine ligand Ph2P(CH2)6PPh2


are separated sufficiently to chelate two adjacent rhenium
apices so as to achieve a bridge-chelate mode around the giant
octahedral hexarhenium(iii) cluster core. In the latter case,
four complexes with stable ten-membered metallacycles,
[Re6Se8I4(m-dpph)]2ÿ (2), trans-[Re6Se8I2(m-dpph)2] (3 a), cis-
[Re6Se8I2(m-diphos)2] (3 b) (X-ray structural determination
was reported), [Re6Se8(m-dpph)3](SbF6)2 (4-(SbF6)2) were


isolated. These complexes have been reported previously[14]


and will not be mentioned further in detail in this paper.
As mentioned above, when the diphosphine Ph2P(CH2)n-


PPh2 adopts a h1-bonding mode, the free P donor is oxy-
genated during the preparation procedures except in the case
of n� 1. Attempts to avoid the oxygenation of the P atom in
the dangling arm were unsuccessful under the reaction
conditions with refluxed DMF even after the careful removal
of dioxygen. For the ligand with n� 1, however, the pure
dppm-substituted hexarhenium(iii) derivatives trans-
[Re6Se8I2(h1-dppm)4] (5 a) and cis-[Re6Se8I2(h1-dppm)4] (5 b)
were isolated. The oxygenation of the dangling arm in the
diphosphine was confirmed clearly by 31P NMR spectroscopy;
the chemical shift of the oxygenated P atom occurs at a much
lower field. A strong vibration attributed to the P�O bond
was observed in the IR spectra in the region 1150 ± 1180 cmÿ1.
Moreover, the oxygen atom attached to the P atom of the
dangling arm in the diphosphine ± monoxide was confirmed in
the crystal structure determinations (see below).


Five hexarhenium(iii) derivatives (m� 3 ± 6) (12, 13 a, 13 b,
14, 15) were isolated for the ligand Ph2P(CH2)5POPh2


(Scheme 1). For other diphosphine ± monooxide ligands
Ph2P(CH2)nPOPh2 (n� 2 ± 4), complexes with m� 4 and 6
([Re6Se8I6-m(diphosO)m]mÿ4) were isolated. Both cis and trans
geometrical isomers for m� 4 were obtained for all these
ligands including Ph2PCH2PPh2. It is noteworthy that in each
case the major product was the cis isomer. This is also true for
[Re6Se8I2(m-Ph2P(CH2)6PPh2)2] with bridge-chelate ligands.[14]


For [Re6Se8I3(dpppenO)3]ÿ , only the mer isomer was ob-
tained, although the fac isomer might be formed as a minor
product. Silica gel chromatography has been useful for the
separation of the complexes owing to the variable charge or
difference in polarity of geometric isomers.


Structural characterization: Compounds 5 a, 6 a, 6 b, and 10 a
were characterized by X-ray crystallography. Selected inter-
atomic distances and bond angles are listed in Table 1. The


Scheme 1. Octahedral hexarhenium complexes 12 ± 15, which contain different numbers of dpppenO ligands, showing the bonding mode and geometry of
the dpppenO ligands around the cluster core.
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skeletal interatomic distances ReÿRe, ReÿSe, and ReÿI are
very similar in each of the four compounds. These distances
are also comparable to the corresponding distances of 1 and of
other hexarhenium(iii) complexes with other ligands.[10a, 11, 13]


The ReÿP distances are also similar to those of other
hexarhenium(iii) phosphine complexes.[11]


Complex 5 a is a tetra(dppm)-substituted product resulting
from the displacement of four of the six iodide ions in the
precursor complex 1 by the dppm ligands (Figure 1). The
dppm ligand behaves as an h1-ligand, in which only one of the
P donors is bound to the apex of the hexarhenium(iii)
octahedron. The four monodentate dppm ligands are located
at four of the six apices of the hexarhenium(iii) octahedron;
two oppositely oriented iodide ions remain unsubstituted thus
giving the trans geometrical configuration. The h1-binding


Figure 1. Molecular structure of 5 a (ORTEP drawing; ellipsoids drawn at
50% probability level). Phenyl rings on the phosphorus atoms are omitted
for clarity.


mode of dppm makes 5 a a potential building block for the
design of supramolecular structures, since the noncoordinated
P donor is available for coordination with other metal ions or
metal-containing blocks.


The structures of a pair of trans and cis isomers (6 a and 6 b)
containing four dppeO ligands (n� 2) are depicted in Figure 2
and 3, respectively. The dppeO ligand adopts an h1-bonding
mode, where the O atom is attached distinctly to the P atom of
the dangling arm. The PÿO bond length lies in the range of
1.44 ± 1.49 �. Comparison of the bond lengths (ReÿP and
ReÿI) in the two isomers indicates that the differences are
negligible, demonstrating that the distances are practically
unaffected by the donor atom at the opposite side of the


Figure 2. Molecular structure of 6 a (ORTEP drawing; ellipsoids drawn at
50% probability level). Phenyl rings on the phosphorus atoms are omitted
for clarity.


Table 1. Selected bond lengths [�] and angles [8] for 5a ´ 6H2O, 6a ´ 2 CH2Cl2 ´ 6H2O, 6b ´ CH3OH ´ 6 H2O, and 10 a ´ 12H2O.


5a 6 a 6 b 10a


ReÿRe 2.632(1)-2.648(1) 2.6397(4) ± 2.6461(4) 2.621(1) ± 2.658(1) 2.6346(7) ± 2.6453(5)
av 2.642 2.6425 2.642 2.6424
ReÿSe 2.516(2) ± 2.536(2) 2.5017(8) ± 2.5230(8) 2.494(3) ± 2.539(2) 2.507(2) ± 2.524(2)
av 2.524 2.5153 2.514 2.512
ReÿI 2.765(2) 2.7799(6) 2.763(2), 2.767(2) 2.773(1)
av 2.765
ReÿP 2.486(6), 2.492(5) 2.479(2), 2.484(2) 2.472(5) ± 2.487(5) 2.497(4)
av 2.489 2.482 2.477
Re-Re-Re 89.81(3) ± 90.19(3) 89.96(1) ± 90.04(1) 89.49(3) ± 90.44(4) 89.74(2) ± 90.46(3)
av 90.00 90.00 90.00 90.06
Re-Re-Re 59.63(3) ± 60.23(3) 59.93(1) ± 60.10(1) 59.44(3) ± 60.56(3) 59.75(2) ± 60.15(1)
av 60.00 60.00 60.00 60.04
Re-Se-Re 62.64(5) ± 63.37(5) 63.13(2) ± 63.51(2) 63.54(5) ± 63.69(6) 63.06(5) ± 63.63(4)
av 63.14 63.38 63.39 63.42
Se-Re-Se 175.77(7) ± 176.46(7) 175.42(3) ± 176.29(3) 174.88(7) ± 176.38(7) 175.45(6) ± 176.16(8)
av 176.12 175.84 175.73 175.86
Se-Re-Se 89.38(7) ± 90.47(7) 89.16(3) ± 90.55(3) 88.49(8) ± 91.38(7) 89.06(6) ± 90.81(6)
av 89.94 89.92 89.92 89.93
Se-Re-P 88.1(1) ± 95.6(1) 90.10(5) ± 94.04(5) 86.8(2) ± 96.9(2) 92.2
av 91.9 92.19 92.2 92.1(1)-92.3(1)
Se-Re-I 90.16(6) ± 93.52(5) 90.84(2) ± 92.91(2) 90.28(6) ± 93.79(6) 91.92(4) ± 91.93(4)
av 91.98 91.87 91.97 91.93
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Figure 3. Molecular structure of 6 b (ORTEP drawing; ellipsoids drawn at
50% probability level). Phenyl rings on the phosphorus atoms are omitted
for clarity.


Re6(m3-Se)8 core. Thus, no appreciable structural ªtransº or
ªcisº influence exists for the Re6(m3-Se)8 core.


The molecular structure of 10 a which has relatively long
dangling arms is given in Figure 4. Here again the trans
geometrical structure is clearly confirmed. The orientations of


Figure 4. Molecular structure of 10 a (ORTEP drawing; ellipsoids drawn at
50% probability level). Phenyl rings on the phosphorus atoms are omitted
for clarity.


the dangling arms of the dppbO ligands (n� 4) are interesting.
The dangling arms of the neighboring dppbO ligands are
oriented oppositely, and those of the opposite dppbO ligands
arranged in the same direction so that the extending
directions of the dangling arms for the four dppbO ligands
may be described as an up-down-up-down orientation. This
arrangement (up-down-up-down) is different from that ob-


served in 6 a, where the orientation may be described as up-
up-down-down. Thus, the number of methylene groups affects
the orientations of the dangling arms in the diphosphine ±
monoxide-containing hexarhenium(iii) derivatives in the solid
state.


NMR spectra: 1H NMR signals of the methylene groups of the
hexarhenium(iii) complexes containing the diphosphine or
diphosphine ± monoxide ligands with shorter alkyl chains
(n� 3) were assigned unambiguously. The geometrical iso-
mers were cleraly distinguishable in the 1H NMR spectra. For
the tetra(dppm) complexes 5 a and 5 b, the methylene proton
signal was observed as a single doublet in the trans isomer 5 a,
while signals appeared as a pair of doublets in its cis
counterpart 5 b (in both cases J(P,H) is 7.3 ± 7.8 Hz). Thus, as
expected from the structures, the four dppm ligands are
equivalent in 5 a whereas two nonequivalent groups are
present in 1:1 ratio in 5 b. For the derivatives containing the
diphosphine ± monoxide ligands with n� 2 or 3, each group
of signals for the methylene moieties in the trans isomer is
split into two groups of signals in its corresponding cis
counterpart. However, more complicated multiplets were
observed than with the dppm complexes because of the
existence of both H ± H and P ± H couplings. For the
complexes with longer alkyl chains (n� 4), the signals were
quite complicated.


31P NMR spectra were even more informative with regard
to the identification of the structures and the geometrical
isomers of the hexarhenium(iii) derivatives containing differ-
ent numbers of diphosphine or diphosphine ± monoxide
ligands. The chemical shift of the coordinated phosphorus
atoms in the diphosphine ligands Ph2P(CH2)nPPh2 moved to
slightly higher field than the free ligands. The P signals of the
free arms appeared at considerably lower field after oxygen-
ation. Appreciable P ± P coupling was observed when n� 1 or
2, but disappeared when n� 3. 31P NMR spectra of the
hexarhenium(iii) derivatives containing tetra(dppm) or tet-
ra(dppmO) are illustrated in Figure 5. The chemical shift
d(31P) of the coordinated phosphorus atom (ca. d�ÿ30) is
about 6 ppm more negative than that of the noncoordinated
phosphorus atom (ca. d�ÿ25.5) in the tetra(dppm) hexar-
henium(iii) derivatives 5 a and 5 b. However, if the solutions of


Figure 5. 31P NMR spectra (109.25 MHz, CDCl3) of tetra(dppm)-contain-
ing hexarhenium derivatives before (5a and 5 b) and after (5 a' and 5b') the
oxygenation of dppm: a) 5 a ; b) 5 b ; c) 5a'; d) 5 b'.
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5 a and 5 b in chloroform in the NMR tubes were kept in air
for over one month they changed dramatically, and were
converted to trans-[Re6Se8I2(h1-dppmO)4] (5 a') and cis-[Re6-
Se8I2(h1-dppmO)4] (5 b') derivatives, respectively. As a result
of the oxygenation the d(31P) values of the noncoordinated
phosphorus atoms are shifted to remarkably more positive
values (d� 27). The doublet for each phosphorus atom in the
trans isomers 5 a or 5 a' indicates the evident PÿP coupling (ca.
50 Hz) for the dppm or dppmO ligands. Moreover, each
doublet signal ascribed to the coordinated and free P atoms in
the trans isomers 5 a or 5 a' is split into two sets of signals for
the doublets in the cis isomers 5 b or 5 b'. Thus the geometrical
isomers can clearly be distinguished by 31P NMR regardless of
the oxygenation of the free arms.


Figure 6 shows the 31P NMR spectra of the hexarhenium(iii)
derivatives [Re6Se8I6ÿm(h1-dpppenO)m]mÿ4 (m� 3 ± 6). The
respective chemical shifts of coordinated (ca. d�ÿ30) and
oxygenated free phosphorus (ca. d� 30) atoms are essentially


Figure 6. 31P NMR spectra (109.25 MHz, CDCl3) of the hexarhenium
complexes 12 ± 15 : a) 12; b) 13 a ; c) 13 b ; d) 14-I; e) 15-(SbF6)2.


insensitive to the value of m. As expected from the suggested
structures, the respective signals of the trans-tetra(dpppenO)
isomer 13 a and the hexa(dpppenO) complex 15, are observed
as one set, while those in the mer-tris(dpppenO) complex 12,
the cis-tetra(dpppenO) isomer 13 b, and the penta(dpppenO)
complex 14 are found as two sets.


Although 13C NMR spectra of the hexarhenium(iii) deriv-
atives containing diphosphine or diphosphine ± monoxide
ligands were quite complicated in the region for the phenyl
groups, the signals due to the methylene groups were assigned
unambiguously. A doublet was usually observed for each
methylene carbon atom of the diphosphine Ph2P(CH2)nPPh2


or diphosphine ± monoxide Ph2P(CH2)nP(O)Ph2 in the trans-
tetra(diphos) or trans-tetra(diphosO) hexarhenium(iii) com-
plexes, where a well-resolved P ± C coupling is expected
between the phosphorus and the methylene carbon atoms.
Whereas a single doublet for each methylene carbon atom
was observed in the trans isomer, a pair of doublets was
observed for the cis-tetra(diphos) or cis-tetra(diphosO) com-
plexes as expected from the different geometrical locations of
the axial ligands. Thus, the methylene carbon signals are also
useful for the identification of the geometrical isomers.


Redox chemistry : All the hexarhenium complexes containing
the diphosphine or diphosphine ± monoxide ligands showed a
reversible one-electron wave for the ReIII


6/ReIII
5ReIV process


in their cyclic voltammograms. The redox potentials are listed
in Table 2. Relative to the E1/2 value for 1 (ÿ0.02 V), that for
the diphosphine- or diphosphine ± monoxide-substituted de-
rivatives is much more positive, indicating that the axial ligand


substitution makes the hexarhenium(iii) core less amenable to
oxidation. For the hexarhenium(iii) derivatives [Re6-
Se8I6ÿm(h1-dpppenO)m]mÿ4, the magnitude of the shift in E1/2


to the positive side is in the order 12 (m� 3)< 13 a, 13 b (m�
4)< 14 (m� 5)< 15 (m� 6). Thus the potential evidently
depends on the number of dpppenO ligands. The geometric
isomerism in the hexarhenium(iii) derivatives 13 a and 13 b,
however, does not exert an appreciable influence on the E1/2


value.[13]


Luminescent properties : All the complexes prepared in this
study showed strong luminescence both in the solid state and
in solution. The photophysical parameters are listed in
Table 2. The emission lifetimes for all the hexarhenium(iii)
derivatives are in the microsecond order (2 ± 16 ms) at ambient
temperature. All the P6-substituted species display much
longer lifetimes (tem) and larger quantum yields (fem) than
other derivatives with both iodide ions and P ligands
(Table 2). Among the P6-substituted derivatives, [Re6Se8(h1-
diphosO)6]2� (fem� 0.048 ± 0.061, tem� 10.6 ± 15.4 ms) with the
h1-binding ligands possess a larger fem and longer tem than
those (fem� 0.031, tem� 6.5 ms) of [Re6Se8(m-dpph)3]2� (4)
which has bridge-chelate ligands.[14] There is no significant
change in the photophysical parameters of the hexarheni-


Table 2. Electrochemical and photophysical data of complexes 1 ± 15.


Compound E1/2 [V][a] lem [nm][b] fem tem [ms]


(Bu4N)3-1[c] ÿ 0.02
(Bu4N)2-2[14] � 0.35 787 0.007 2.4
3a[14] � 0.76 777 0.008 2.1
3b[14] � 0.79 790 0.012 3.2
4-(SbF6)2


[14] � 1.06 779 0.031 6.5
5a � 0.72 774 0.010 2.7
5b � 0.74 771 0.0085 3.1
6a � 0.88 777 0.011 4.3
6b � 0.87 777 0.015 3.6
7-(SbF6)2 � 1.10 761 0.061 15.4
8a � 0.86 775 0.008 2.3
8b � 0.86 784 0.011 2.8
9-(SbF6)2 � 1.08 758 0.053 14.6
10a � 0.80 771 0.0094 2.8
10b � 0.81 778 0.014 3.5
11-(SbF6)2 � 1.12 764 0.054 14.7
(Bu4N)-12 � 0.70 788 0.013 2.6
13a � 0.77 802 0.008 3.8
13b � 0.75 801 0.013 2.5
14-I � 0.85 778 0.024 5.3
15-(SbF6)2 � 1.17 761 0.048 10.6


[a] A reversible process. Cyclic voltammograms were recorded at 20 8C for
0.1 mol dmÿ3 (Bu4N)PF6/CH2Cl2 solutions at a scan rate of 100 mV sÿ1.
[b] Excitation wavelength was 355 nm. The corrected emission spectra
were measured in deoxygenated CHCl3 at 298 K. [c] Compound 1 is non-
emissive with the ReIII


5ReIV oxidation state.
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um(iii) derivatives 12 ± 14 (m� 3 ± 5). Also, no apparent
differences are seen in the photophysical properties between
the pairs of geometrical isomers (5 a and 5 b ; 6 a and 6 b ; 8 a
and 8 b ; 10 a and 10 b ; and 13 a and 13 b).


It has been suggested recently that the photoemissive
excited state, derived from the LMCT transition, is largely
localized on the Re6(m3-Se)8 core.[16]


Conclusion


A series of hexarhenium(iii) complexes containing different
numbers of h1-dppm (Ph2PCH2PPh2) or h1-diphosphine ±
monoxide (Ph2P(CH2)nPOPh2; n� 1 ± 5) ligands (L),
[Re6(m3-Se8)I(6ÿm)Lm](4ÿm)ÿ (m� 3 ± 6) have been prepared.
The structures (as well as the geometrical isomerism) of the
hexarhenium(iii) complexes have been well-defined by 1H, 13C
and 31P NMR spectroscopy, and X-ray crystallography. The
difference in the number and type of axial ligands influence
the redox potentials and photophysical properties of the
hexarhenium(iii) clusters. The substitution reactions of the
diphosphine Ph2P(CH2)nPPh2 for the iodide ions in the parent
octahedral hexarhenium cluster [Re6Se8I6]3ÿ 1 described
herein not only offer an excellent route to prepare new
hexarhenium(iii) derivatives with variable structural topolo-
gies, but also provide an efficient means to modulate the
redox and photophysical properties.


Experimental Section


General : All operations were carried out under an argon atmosphere by
means of standard Schlenk technique unless otherwise stated. Bis(di-
phenylphosphanyl)methane (dppm), 1,2-bis(diphenylphosphanyl)ethane
(dppe), 1,3-bis(diphenylphosphanyl)propane (dppp), 1,4-bis(diphenylphos-
phanyl)butane (dppb), 1,5-bis(diphenylphosphanyl)pentane (dpppen), and
1,6-bis(diphenylphosphanyl)hexane (dpph) were available from Aldrich
and used without purification. The parent haxarherium clusters (Bu4N)3-
[Re6Se8I6] ((Bu4N)3-1) and [Re6Se8(MeCN)6](SbF6)2 (1b-(SbF6)2) were
prepared according to the literature methods.[10a, 11b]


trans-[Re6Se8I2(h1-dppm)4] (5a) and cis-[Re6Se8I2(h1-dppm)4] (5b): A
solution of (Bu4N)3-1 (200 mg, 0.062 mmol) and dppm (143 mg,
0.372 mmol) in DMF (20 mL) was refluxed under an argon atmosphere
for 3 h. The solution was concentrated in vacuo to 2 mL and water (30 mL)
was added to precipitate the product. The orange solid was filtered and
dissolved in dichloromethane (3 mL). The solution was chromatographed
on a silica gel column. Complex 5a was eluted with dichloromethane and
isolated as an orange-red solid. Yield, 45 mg (21 %). Complex 5b was
eluted with dichloromethane ± acetonitrile (50:1). Yield, 80 mg (37 %). 5a :
Elemental analysis calcd (%) for C100H88I2P8Se8Re6: C 33.93, H 2.51, I 7.17;
found: C 33.98, H 2.64, I 7.49; FAB-MS: m/z : 3542 [M]� ; 1H NMR
(270.05 MHz, CD2Cl2, 21 8C, TMS): d� 7.35 ± 6.85 (m, 80H; Ph), 3.32 (d,
J(P,H)� 7.6 Hz, 8 H; CH2); 13C NMR (67.8 MHz, CD2Cl2, 21 8C, TMS): d�
137.8 and 137.6 (d, i-Ph), 135.5 and 134.8 (d, i-Ph), 134.0 (d, o-Ph), 133.0 (d,
o-Ph), 128.7 (t, m-Ph), 127.8 (d, p-Ph), 38.0 (d of d, J(P,C)� 36 Hz, CH2);
31P NMR (109.25 MHz, CDCl3, 21 8C): d�ÿ25.5 (d, J(P,P)� 49 Hz,
noncoordinated P), ÿ30.5 (d, J(P,P)� 46 Hz, coordinated P).


5b : Elemental analysis calcd (%) for C100H88I2P8Se8Re6: C 33.93, H 2.51, I
7.17; found: C 33.67, H 2.54, I 7.58; FAB-MS: m/z : 3542 [M]� ; 1H NMR
(270.05 MHz, CD2Cl2, 21 8C, TMS): d� 7.34 ± 6.92 (m, 80H; Ph), 3.45 (d,
J(P,H)� 7.8 Hz, 4H; CH2), 3.28 (d, J(P,H)� 7.3 Hz, 4H; CH2); 13C NMR
(67.8 MHz, CD2Cl2, 21 8C, TMS): d� 137.8 and 137.6 (q, i-Ph), 135.9 and
135.2 (t, i-Ph), 133.9 (q, o-Ph), 132.8 (q, o-Ph), 128.7 (m, m-Ph), 127 (q, p-


Ph), 38.2 (m, CH2); 31P NMR (109.25 MHz, CDCl3, 21 8C): d�ÿ25.0 (d,
J(P,P)� 51 Hz, noncoordinated P), ÿ25.7 (d, J(P,P)� 52 Hz, noncoordi-
nated P), ÿ30.0 (d, J(P,P)� 52 Hz, coordinated P), ÿ30.5 (d, J(P,P)�
52 Hz, coordinated P).


trans-[Re6Se8I2(h1-dppeO)4] (6a) and cis-[Re6Se8I2(h1-dppeO)4] (6b): A
solution of (Bu4N)3-1 (200 mg, 0.062 mmol) and dppe (147 mg, 0.372 mmol)
in DMF (20 mL) was stirred and refluxed in air for 3 h. The solution was
concentrated to 3 mL in vacuo and water (50 mL) was added. An orange
precipitate was filtered, and was dissolved in dichloromethane (3 mL). The
solution was chromatographed on a silica gel column. Complex 6 a was
eluted with dichloromethane as the first band. Yield 26 mg (12 %).
Complex 6b was eluted with dichloromethane as the second band. Yield
72 mg (32 %).


6a : Elemental analysis calcd (%) for C104H96I2O4P8Se8Re6: C 34.13, H 2.64,
I 6.93; found: C 34.49, H 2.82, I 7.30; FAB-MS: m/z : 3662 [M]� ; IR (KBr):
nÄ � 1179 cmÿ1 (P�O); UV/Vis (CH2Cl2): lmax (e)� 325 (16 500), 380 nm
(6600 molÿ1dm3cmÿ1); 1H NMR (270.05 MHz, CD2Cl2, 21 8C, TMS): d�
7.74 ± 7.16 (m, 80H; Ph), 2.86 (m, 8 H; PCH2CH2P(O)), 2.18 (m, 8H;
PCH2CH2P(O)); 13C NMR (67.8 MHz, CDCl3, 23 8C, TMS): d� 137.1 (s,
i-Ph), 136.8 (s, i-Ph), 136.2 (s, i-Ph), 135.3 (s, i-Ph), 133.1 (d, o-Ph), 132.9 (d,
o-Ph), 128.5 (q, m-Ph), 127.9 (d, p-Ph), 34.3 (q, J(P,C)� 29 Hz,
PCH2CH2P(O)), 22.8 (q, J(P,C)� 21 Hz, PCH2CH2P(O)); 31P NMR
(109.25 MHz, CDCl3, 248C): d� 30.9 (d, J(P,P)� 49 Hz, PCH2CH2P(O)),
ÿ30.0 (d, J(P,P)� 49 Hz, PCH2CH2P(O)).


6b : Elemental analysis calcd (%) for C104H96I2O4P8Se8Re6: C 34.13, H 2.64,
I 6.93; found: C 34.56, H 3.01, I 7.41; FAB-MS: m/z : 3662 [M]� ; IR (KBr):
nÄ � 1176 cmÿ1 (P�O); UV/Vis (CH2Cl2): lmax (e)� 325 (13 800), 370 nm
(8400 molÿ1dm3cmÿ1); 1H NMR (270.05 MHz, CD2Cl2, 21 8C, TMS): d�
7.94 ± 6.71 (m, 80H; Ph), 2.94 (m, 4H; PCH2CH2P(O)), 2.58 (m, 4H;
PCH2CH2P(O)), 2.12 (m, 4 H; PCH2CH2P(O)), 1.82 (m, 4 H;
PCH2CH2P(O)); 13C NMR (67.8 MHz, CDCl3, 21 8C, TMS): d� 137.1 (s,
i-Ph), 136.3 (s, i-Ph), 136.2 (s, i-Ph), 135.5 (s, i-Ph), 132.8 (m, o-Ph), 131.1 (m,
o-Ph), 130.2 (q, m-Ph), 128.6 (d, p-Ph), 128.4 (d, p-Ph), 127.9 (q, m-Ph), 30.2
(m, PCH2CH2P(O)), 25.8 (m, PCH2CH2P(O)); 31P NMR (109.25 MHz,
CDCl3, 23.7 8C): d� 31.6 (d, J(P,P)� 46 Hz, PCH2CH2P(O)), 30.8 (d,
J(P,P)� 49 Hz, PCH2CH2P(O)),ÿ27.0 (d, J(P,P)� 49 Hz, PCH2CH2P(O)),
ÿ29.2 (d, J(P,P)� 49 Hz, PCH2CH2P(O)).


[Re6Se8(h1-dppeO)6](SbF6)2 (7-(SbF6)2): A solution of 1 b-(SbF6)2 (100 mg,
0.04 mmol) and dppe (96 mg, 0.24 mmol) in DMF ± chlorobenzene (1:2)
(30 mL) was refluxed with stirring in air for 36 h. The solvent was then
removed in vacuo. The residue was dissolved in dichloromethane (2 mL),
and then transferred to a silica gel column. The product was obtained by
eluting with dichloromethane ± ethanol (30:1). Yield 85 mg (45 %). Ele-
mental analysis calcd (%) for C156H144F12O6P12Sb2Se8Re6: C 39.70, H 3.08;
found: C 39.56, H 3.25; FAB-MS: m/z 4708 [M]� ; IR (KBr): nÄ � 1179 cmÿ1


(P�O); 1H NMR (270.05 MHz, CD2Cl2, 23 8C, TMS): d� 7.51 ± 7.01 (m,
120 H; Ph), 2.48 (m, 12 H; PCH2CH2P(O)), 1.79 (m, 12 H; PCH2CH2P(O));
31P NMR (109.25 MHz, CD2Cl2, 21.5 8C): d� 27.3 (d, J(P,P)� 34 Hz,
PCH2CH2P(O)), ÿ27.8 (d, J(P,P)� 37 Hz, PCH2CH2P(O)).


trans-[Re6Se8I2(h1-dpppO)4] (8a) and cis-[Re6Se8I2(h1-dpppO)]4] (8b): A
solution of (Bu4N)3-1 (200 mg, 0.062 mmol) and dppp (153 mg,
0.372 mmol) in DMF (20 mL) was refluxed in air for 3 h with stirring.
The solution was concentrated in vacuo to 3 mL and water (50 mL) was
added to precipitate the products. The orange residue was collected by
filtration and then dissolved in dichloromethane (3 mL). The solution was
chromatographed on a silica gel column. Complex 8a was eluted with
dichloromethane. Yield 23 mg (10 %). Complex 8 b was eluted with
dichlorometahne ± acetonitrile (50:1). Yield 53 mg (23 %).


8a : Elemental analysis calcd (%) for C108H104I2O4P8Se8Re6: C 34.77, H, 2.81,
I 6.81; found: C 35.03, H 2.89, I 6.64; FAB-MS: m/z : 3718 [M]� ; IR (KBr):
nÄ � 1175 cmÿ1 (P�O); 1H NMR (270.05 MHz, CDCl3, 21 8C, TMS): d�
7.70 ± 7.00 (m, 80H; Ph), 2.58 (m, 8H; PCH2CH2CH2P(O)), 2.13 (m, 8H;
PCH2CH2CH2P(O)), 1.42 (m, 8 H; PCH2CH2CH2P(O)); 13C NMR
(67.8 MHz, CDCl3, 21 8C, TMS): d� 134.9 (s, i-Ph), 134.2 (s, i-Ph), 133.3
(d, o-Ph), 132.6 ± 131.6 (m, o-Ph), 130.4 (m, m-Ph), 128.8 (s, p-Ph), 128.5 (s,
p-Ph), 127.9 (t, m-Ph), 38.7 (d, J(P,C)� 35 Hz, PCH2CH2CH2P(O)),
30.2 (d, J(P,C)� 15 Hz, PCH2CH2CH2(O)), 17.8 (d, J(P,C)� 3 Hz,
PCH2CH2CH2P(O)); 31P NMR (109.25 MHz, CDCl3, 21.5 8C): d� 31.7 (s,
P(CH2)3P(O)), ÿ31.5 (s, P(CH2)3P(O)).
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8b : Elemental analysis calcd (%) for C108H104I2O4P8Se8Re6: C 34.77, H,
2.81, I 6.81; found: C 34.89, H 2.80, I 7.18; FAB-MS: m/z : 3718 [M]� ; IR
(KBr): nÄ � 1173 cmÿ1 (P�O); 1H NMR (270.05 MHz, CDCl3, 21 8C, TMS):
d� 7.59 ± 7.11 (m, 80 H; Ph), 2.76 (m, 4 H; PCH2CH2CH2P(O)), 2.40 (m,
4H; PCH2CH2CH2P(O)), 2.07 (m, 4H; PCH2CH2CH2P(O)), 1.78 (m, 4H;
PCH2CH2CH2P(O)), 1.53 ± 1.32 (m, 8H; PCH2CH2CH2P(O)); 13C NMR
(67.8 MHz, CDCl3, 21 8C, TMS): d� 135.6 (s, i-Ph), 135.0 (d, i-Ph), 134.3 (s,
i-Ph), 133.2 (q, o-Ph), 131.8 (m, o-Ph), 130.4 (m, m-Ph), 129.6 (d, p-Ph),
128.7 (d, p-Ph), 127.9 (t, m-Ph), 38.3 (q, PCH2CH2CH2P(O)), 30.7 (q,
PCH2CH2CH2P(O)), 17.7(d, PCH2CH2CH2P(O)); 31P NMR (109.25 MHz,
CDCl3, 23 8C): d� 32.1 (s, P(CH2)3P(O)), 31.5 (s, P(CH2)3P(O)), ÿ29.9 (s,
P(CH2)3P(O)), ÿ31.0 (s, P(CH2)3P(O)).


[Re6Se8(h1-dpppO)6](SbF6)2 (9-(SbF6)2): The synthetic procedure is the
same as that for 7-(SbF6)2 except that dppp was used instead of dppe. Yield
72%. Elemental analysis calcd (%) for C162H156F12O6P12Sb2Se8Re6 ´
4CH2Cl2: C 38.79, H, 3.22; found: C 38.36, H 3.18; FAB-MS: m/z : 4792
[M]� ; IR (KBr): nÄ � 1179 cmÿ1 (P�O); 31P NMR (109.25 MHz, CD2Cl2,
24 8C): d� 28.1 (s, P(CH2)3P(O)), ÿ30.8 (s, P(CH2)3P(O)).


trans-[Re6Se8I2(h1-dppbO)4] (10 a) and cis-[Re6Se8I2(h1-dppbO)4] (10 b):
The same synthetic procedure as that for 8 a and 8 b was performed except
that dppb was used instead of dppp.


10a : Yield: 12 %. Elemental analysis calcd (%) for C112H112I2O4P8Se8Re6 ´
12H2O: C 33.60, H 3.42, I 6.35; found: C 34.21, H 3.00, I 6.82; FAB-MS:
m/z : 3774 [M]� ; IR (KBr): nÄ � 1185 cmÿ1 (P�O); 13C NMR (67.8 MHz,
CDCl3, 22 8C, TMS): d� 135.5 (s, i-Ph), 134.8 (s, i-Ph), 133.1 (t, o-Ph), 131.5
(t, o-Ph), 130.4 (d, m-Ph), 128.6 (s, p-Ph), 128.4 (s, p-Ph), 127.8 (d, m-Ph),
37.0 (d, 1J(P,C)� 32 Hz, PCH2CH2CH2CH2P(O)), 29.4(d, 1'J(P,C)� 71 Hz,
PCH2CH2CH2CH2P(O)), 26.0 (d, 2J(P,C)� 18 Hz, PCH2CH2CH2-
CH2P(O)), 22.6 (d, 2'J(P,C)� 18 Hz, PCH2CH2CH2CH2P(O)); 31P NMR
(109.25 MHz, CDCl3, 21.5 8C): d� 31.4 (s, P(CH2)4P(O)), ÿ31.7 (s,
P(CH2)4P(O)).


10b : Yield: 28%. Elemental analysis calcd (%) for C112H112I2O4P8Se8Re6 ´
12H2O: C 33.60, H 3.42, I 6.35; found: C 34.27, H, 2.91, I 7.13; FAB-MS:
m/z : 3774 [M]� ; IR (KBr): nÄ � 1183 cmÿ1 (P�O); 13C NMR (67.8 MHz,
CDCl3, 22 8C, TMS): d� 136.5 (s, i-Ph), 135.8 (s, i-Ph), 135.1 (s, i-Ph), 134.4
(s, i-Ph), 133.2 (m, o-Ph), 131.7 (m, o-Ph), 130.5 (q, m-Ph), 128.7 (d, p-Ph),
128.5 (d, p-Ph), 127.8 (t, m-Ph), 37.4 (d of d, 1J(P,C)� 34 Hz,
PCH2CH2CH2CH2P(O)), 30.1 (d of d, 1'J(P,C)� 70 Hz, PCH2CH2-
CH2CH2P(O)), 26.0 (d of d, 2J(P,C)� 18 Hz, PCH2CH2CH2CH2P(O)),
22.8 (d, 2'J(P,C)� 18 Hz, PCH2CH2CH2CH2P(O)); 31P NMR (109.25 MHz,
CDCl3, 21.5 8C): d� 31.9 (s, P(CH2)4P(O)), 31.3 (s, P(CH2)4P(O)),ÿ29.6 (s,
P(CH2)4P(O)), ÿ31.2 (s, P(CH2)4P(O)).


[Re6Se8(h1-dppbO)6](SbF6)2 (11-(SbF6)2): The synthetic procedure was the
same as that for 7-(SbF6)2 except that dppb was used instead of dppe. Yield:
86%. Elemental analysis calcd (%) for C168H168F12O6P12Sb2Se8Re6: C 41.28,
H 3.47; found: C 41.21, H 3.50; FAB-MS: m/z : 4876 [M]� ; IR (KBr): nÄ �
1185 cmÿ1 (P�O); 13C NMR (270.05 MHz, CD2Cl2, 21 8C, TMS): d� 138.7
(s, i-Ph), 134.3 (d, i-Ph), 133.1 (q, o-Ph), 131.6 (q, o-Ph), 130.8 (s, p-Ph),
130.6 (s, p-Ph), 128.8 (m, m-Ph), 37.9 (PCH2CH2CH2CH2P(O)),
30.0 (PCH2CH2CH2CH2P(O)), 26.6 (PCH2CH2CH2CH2P(O)), 23.6
(PCH2CH2CH2CH2P(O)); 31P NMR (109.25 MHz, CD2Cl2, 21.5 8C): d�
27.5 (s, PCH2CH2P(O)), ÿ30.0 (s, PCH2CH2P(O)).


(Bu4N)[Re6Se8I3(h1-dpppenO)3] ((Bu4N)-12): A solution of (Bu4N)3-1
(100 mg, 0.031 mmol) and dpppen (55 mg, 0.124 mmol) in DMF (20 mL)
was heated at 100 8C with stirring for 1 h. The solution was concentrated to
3 mL in vacuo and water (30 mL) was added to precipitate the product. The
red-orange precipitate was collected by filtration, and was dissolved in
dichloromethane (3 mL). The solution was passed through a silica gel
column to obtain (Bu4N)-12. Yield 68 mg (58 %). Elemental analysis calcd
(%) for C168H168F12O6P12Sb2Se8Re6: C 41.21, H 3.50, N 0.37, I 10.15; found:
C 41.56, H 3.62, N 0.45, I 10.02; FAB-MS: m/z : 3743 [M]� ; IR (KBr): nÄ �
1178 cmÿ1 (P�O); 31P NMR (109.25 MHz, CDCl3, 23 8C): d� 32.0 (s,
P(CH2)4P(O)), 31.2 (s, P(CH2)4P(O)), ÿ29.4 (s, P(CH2)4P(O)), ÿ31.1 (s,
P(CH2)4P(O)).


trans-[Re6Se8I2(h1-dpppenO)4] (13 a), cis-[Re6Se8I2(h1-dpppenO)4] (13 b)
and [Re6Se8I(h1-dpppenO)5]I (14-I): A solution of (Bu4N)3-1 (200 mg,
0.062 mmol) and dpppen (169 mg, 0.372 mmol) in DMF (20 mL) was
refluxed in air for 6 h with stirring. The solution was concentrated to 3 mL
in vacuo and water (50 mL) was added to precipitate the products. The red-
orange solid was collected by filtration and dissolved in dichloromethane


(3 mL). Chromatography on a silica gel column gave three bands. Complex
13a was eluted with dichloromethane as the first band. Yield 27 mg (11 %).
Complex 13 b was eluted with dichloromethane ± acetonitrile (100:1) as the
second band. Yield 58 mg (24 %). Complex 14-I was eluted with dichloro-
methane ± acetontrile (4:1) as the third band. Yield 36 mg (14 %).


13a : Elemental analysis calcd (%) for C116H120I2O4P8Se8Re6: C 36.25, H,
3.15, I 6.61; found:C 36.92, H, 3.37, I 6.86; FAB-MS: m/z : 3830 [M]� ; IR
(KBr): nÄ � 1188 cmÿ1 (P�O); 13C NMR (67.8 MHz, CDCl3, 23 8C, TMS):
d� 136.6 (s, i-Ph), 135.5 (s, i-Ph), 133.1 (q, o-Ph), 131.5 (d, o-Ph), 130.5 (d,
m-Ph), 128.6 (s, p-Ph), 128.4 (s, p-Ph), 127.8 (d, m-Ph), 36.9
(d, 1J(P,C)� 30 Hz, PCH2CH2CH2CH2CH2P(O)), 31.5 (d, 1'J(P,C)� 30 Hz,
PCH2CH2CH2 CH2CH2P(O)), 28.6 (d, 2J(P,C)� 7 Hz, PCH2CH2CH2-
CH2CH2P(O)), 23.8 (d, 2'J(P,C)� 7 Hz, PCH2CH2CH2CH2CH2P(O)), 20.8
(s, PCH2CH2CH2CH2CH2P(O)); 31P NMR (109.25 MHz, CDCl3, 21.5 8C):
d� 32.1 (s, P(CH2)5P(O)), ÿ30.7 (s, P(CH2)5P(O)).


13b : Elemental analysis calcd (%) for C116H120I2O4P8Se8Re6: C 36.25, H,
3.15, I 6.61; found: C 36.42, H, 3.17, I 6.43; FAB-MS: m/z : 3830 [M]� ; IR
(KBr): nÄ � 1188 cmÿ1 (P�O); 31P NMR (109.25 MHz, CDCl3, 21.5 8C): d�
32.6 (s, P(CH2)5P(O)), 32.0 (s, P(CH2)5P(O)), ÿ29.9 (s, P(CH2)5P(O)),
ÿ31.0 (s, P(CH2)5P(O)).


14-I: Elemental analysis calcd (%) for C145H150I2O5P10Se8Re6: C 40.51, H
3.52, I 5.91; found: C 40.42, H, 3.37, I 6.23; FAB-MS: m/z : 4286 [M]� ; IR
(KBr): nÄ � 1182 cmÿ1 (P�O); 31P NMR (109.25 MHz, CDCl3, 21.5 8C): d�
31.8 (s, P(CH2)5P(O)), 31.1 (s, P(CH2)5P(O)), ÿ29.7 (s, P(CH2)5P(O)),
ÿ30.8 (s, P(CH2)5P(O)).


[Re6Se8(h1-dpppenO)6](SbF6)2 (15-(SbF6)2): The same procedure as that
for 7-(SbF6)2 was applied except that dpppen was used instead of dppe.
Yield: 83 %. Elemental analysis calcd (%) for C174H180F12O6P12Sb2Se8Re6:
C 42.03, H 3.65; found: C 42.52, H 3.87; FAB-MS: m/z : 4960 [M]� ; 31P
NMR (109.25 MHz, CDCl3, 23.08C): d� 28.2 (s, P(CH2)5P(O)), ÿ30.1 (s,
P(CH2)5P(O)).


Physical measurements : Infrared spectra were recorded on a Hitachi 270 ±
50 infrared spectrophotometer. UV/Vis absorption spectra were obtained
on a Hitachi U-3410 spectrophotometer. Cyclic voltammograms were
recorded by using a BAS-50W potentiostat at 20 8C for 0.1 mol dmÿ3


(Bu4N)PF6/CH2Cl2 solutions at a scan rate of 100 mV sÿ1, with a glassy
carbon working electrode, a platinum coil counter electrode, and a Ag/
AgCl reference electrode. The sample concentration was 1� 10ÿ3 mol
dmÿ3. NMR spectra were obtained on a JEOL JNM-EX 270 spectrometer.
1H NMR spectra (270.05 MHz) and 13C NMR spectra (67.8 MHz) were
referenced to the methyl signals of TMS. 31P NMR spectra (109.25 MHz)
were measured relative to external P(OMe)3, which was set at d��141 at
the temperature quoted. Emission spectra were obtained by using a red-
sensitive photodetector (Hamamatsu PMA-11, model C5966 ± 23) and a
Nd:YAG laser (Continuum Surelite) at 355 nm excitation. The instrumen-
tal responses of the system were corrected by using a software package for
the detector. Lifetime measurements were conducted by using a steak
camera (Hamamatsu C4334) as a detector. The corrected emission spectra
were measured in deoxygenated CHCl3 solutions at 298 K. Integrated
emission quantum yields fem were estimated relative to (Bu4N)2[Mo6Cl14]
(fem� 0.19) as a reference.[17]


X-ray structural determinations : Well-shaped crystals of 5a ´ 6 H2O and
6a ´ 2 CH2Cl2 ´ 6H2O were obtained by diffusing diethyl ether into a solution
of the respective compound in dichloromethane, and those of 6 b ´ CH3OH ´
6H2O and 10a ´ 12H2O were grown by the diffusion of methanol and
acetonitrile, respectively, into solutions of the compounds in chloroform.
Data collections were performed on a Rigaku RAXIS RAPID diffrac-
tometer (equipped with IP detector) with graphite-monochromated MoKa


radiation (l� 0.71069 �) at ÿ100 8C for 5a ´ 6 H2O and 6a ´ 2 CH2Cl2 ´
6H2O and at room temperature for 6 b ´ CH3OH ´ 6H2O and 10a ´ 12H2O
(see Table 3). The data were corrected for Lorentz and polarization effects,
and an absorption correction (y scans) was applied to the data set. The
atomic coordinates of the metal atoms were determined by heavy-atom
Patterson method and the remaining non-hydrogen atoms were located
from successive difference Fourier syntheses. The structures were refined
by full-matrix least-squares technique with anisotropic thermal parameters
for all the non-hydrogen atoms in 6 a ´ 2CH2Cl2 ´ 6 H2O and 6 b ´ CH3OH ´
6H2O and the carbon atoms in 5 a ´ 6H2O and 10a ´ 12 H2O only with
isotropic thermal parameters. Hydrogen atoms were included but not
refined. All calculations were performed by using the TEXSAN program
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package.[18] 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-
159915 (5 a ´ 6H2O), CCDC-159916 (6 a ´ 2CH2Cl2 ´ 6 H2O), CCDC-159917
(6b ´ CH3OH ´ 6 H2O), and CCDC-159918 (10 a ´ 12H2O). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1 EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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Abstract: Chiral, enantiopure aggre-
gates are formed spontaneously by mix-
ing solutions of n-butyllithium with
anisyl fenchols. X-ray crystal analyses
reveal the structures of these aggregates
with different ortho substituents in the
anisyl moieties (X), X�H (1-H), SiMe3


(2-H), tBu (3-H) SiMe2(tBu) (4-H) and
Me (5-H). While the complex of 1-BuLi
shows a 3:1 composition, 2-BuLi, 3-BuLi


and 4-BuLi yield 2:2 stoichiometries.
The aggregate 5-BuLi crystallizes with a
2:4 composition and hence is a deriva-
tive of hexameric n-butyllithium, in
which two trans-situated nBuLi mole-


cules are substituted by lithium fencho-
late moieties. The variety in the synthe-
sized chiral nBuLi aggregates demon-
strates the high propensity of anisyl
fencholates to chirally modify nBuLi.
Variations in the modular ligand struc-
tures by alterations of the ortho-sub-
stituents (X) enable tunings of compo-
sitions and also of enantioselectivities in
nBuLi additions to benzaldehyde.


Keywords: carbanions ´ chirality ´
enantioselectivity ´ lithium ´ struc-
ture elucidation


Introduction


n-Butyllithium (nBuLi) is among the most frequently em-
ployed organometallic reagents, and chiral modifications of
nBuLi offer enormous potential in enantioselective synthe-
ses.[1, 2] Suitable mediators are necessary for efficiently tuning
reactivity and (enantio)selectivity of organolithium com-
pounds.[3, 4] Structural investigations in solution[5] and in the
solide state[1a, g, h, 6] yield precious information about the
nature of chiral organolithium compounds[7] and hence
provide the basis for a rational design of new reagents.[8]


Although quite a few X-ray crystal analyses of achiral nBuLi
complexes are known,[9] there is relatively little structural
information on chirally modified nBuLi species. Williard et al.
reported X-ray crystal structures of n-, sec- and tert-butyl-
lithium complexes with lithium N-isopropyl-O-methylvalino-
late.[6b] Additionally, the group of van Koten characterized a
chiral, but racemic (nBuLi)2 aggregate with lithiated 1-(di-
methylamino)ethyl benzene.[6c] Organozinc fencholates[10] are
efficient catalysts in diethylzinc additions to benzaldehyde
and their modular structures help to explore origins of
reactivities and enantioselectivities.[11] Lithium anisyl fencho-


lates (e.g. 1-Li, 2-Li) exhibit a high propensity to form chiral
aggregates with n-butyllithium.[12, 13]


Especially remarkable is the possibility to tune the binding
modes, the stoichiometries and the enantioselectivities of
these nBuLi aggregates through variation of ortho substitu-
ents (e.g. X�H (1-H), SiMe3 (2-H)) in the anisyl moieties.[12]


The unsubstituted anisyl fenchol system 1-H (Scheme 1)


Scheme 1. Anisyl fenchols and lithium fencholates.


reacts with n-butyllithium to form the aggregate 1-BuLi
(Figure 1), which exhibits a nBuLi:fencholate ratio of 1:3. In
contrast to 1-H, the SiMe3-substituted anisyl fenchol 2-H
(Scheme 1) generates complex 2-BuLi (Figure 2) with a 2:2
stoichiometry, agostic Li-CH2(b) interactions and increased
enantioselectivity in butylation reactions with benzaldehyde
(80 % ee for 2-BuLi, 46 % ee for 1-BuLi ; Scheme 2).[12]


We demonstrate here that, in addition to 1-H (X�H) and
2-H (X�SiMe3), lithium derivatives of the anisyl fenchols 3-H
(X� tBu), 4-H (X� SitBuMe2), and 5-H (X�Me) are able to
aggregate and chirally modify n-butyllithium over a broad
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Figure 1. X-ray crystal structure of 1-BuLi (X�H). Hydrogen atoms are
omitted for clarity, the probability of the thermal elipsoids is 50 %.


Figure 2. X-ray crystal structure of 2-BuLi (X�SiMe3). Hydrogen atoms
are omitted for clarity, the probability of the thermal elipsoids is 50%.


range of ortho substituents (X). X-ray crystal analyses of the
nBuLi anisyl fencholate aggregates show 2:2 ratios for 3-BuLi
and 4-BuLi and, for 4-BuLi, a hitherto unprecedented 2:4
composition (Scheme 2).


Results and Discussion


Reactions of the fenchols 1-H or 2-H with n-butyllithium in
hexanes yield the n-butyllithium complex 1-BuLi[12a] (Fig-


ure 1) or 2-BuLi (Figure 2).[12b] Analogously, the fenchols 3-H,
4-H, and 5-H form colorless precipitates in mixtures of n-
butyllithium solutions in hexanes. Again, the pure lithium
fencholates (3-Li, 4-Li, 5-Li) are not formed, but the lithium
alcoholates generated in situ aggregate with nBuLi and form
crystalline solids. Single crystal analyses yield the X-ray
structures of the n-butyllithium lithium anisyl fencholate
complexes 3-BuLi (Figure 3), 4-BuLi (Figure 4), and 5-BuLi
(Figure 5).


Figure 3. X-ray crystal structure of 3-BuLi (X� tBu). Hydrogen atoms are
omitted for clarity, the probability of the thermal elipsoids is 50 %.


Figure 4. X-ray crystal structure of 4-BuLi (X� SitBuMe2). Hydrogen
atoms are omitted for clarity, the probability of the thermal elipsoids is
50%.


In 3-BuLi, two nBuLi molecules and two lithium fencholate
units (3-Li) form a distorted Li4C2O2 cube (Figure 3). The


structure of 3-BuLi with a tBu
substituent (X) is similar to that
of 2-BuLi (Figure 2) with a
SiMe3 ortho substituent.[12b]


However, the orientations of
the n-butylide groups differ in
2-BuLi and 3-BuLi : In 2-BuLi,
nBu-bridged C ± Li edges are
situated directly over lithium
and oxygen atoms, which orig-
inate from the same lithiumScheme 2. n-Butyllithium anisyl fencholate aggregates.
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Figure 5. X-ray crystal structure of 5-BuLi (X�Me). Hydrogen atoms are
omitted for clarity, the probability of the thermal elipsoids is 50 %.


fencholate fragment (2-Li). In contrast, analogous nBu-
bridged Li ± C edges in 3-BuLi are aligned over Li and O
atoms, which belong to different lithium fencholate units
(3-Li ; Scheme 2).


Aggregate 4-BuLi (Figure 4) also composes of two nBuLi
molecules and two lithium fencholates 4-Li. The orientations
of the n-butylide groups in 4-BuLi are very similar to those in
2-BuLi. The tBu moieties at the silicon atoms in 4-Bu point
away from the (nBuLi)2 unit, while the SiMe2 groups generate
a similar environment at the C2O2Li4 core as the SiMe3 groups
in 2-BuLi (Figure 2).


In the X-ray crystal structure of 5-BuLi, four nBuLi
molecules and two lithium fencholate units (5-Li) form a
Li6C4O2 core, which assembles from two stacked Li3C2O rings
(Figure 5).[14] Hence, 5-BuLi can be regarded as a ªhetero-
analogousº derivative of hexameric n-butyllithium, (nBu-
Li)6:[15] in the (nBuLi)6 aggregate two trans-situated nBuLi
units are replaced by lithium fencholate moieties (5-Li) to
form 5-BuLi (Figure 5).


The appearance of (nBuLi)2 subunits in the 2:2 aggregates
of 2-BuLi, 3-BuLi, and 4-BuLi corresponds to the relatively
frequent formation of (nBuLi)2 moieties in nBuLi complex-
es.[6c, 9a±c] The LiÿC(a) distances in these (nBuLi)2 lithium
fencholates show a clear geometrical differentiation of
(nBuLi)2 subunits relative to the rest of the cubic Li4O2C2


cores: the LiÿC(a) distances are significantly shorter within
the (nBuLi)2 moieties (mean values: 2-BuLi : 2.17 �; 3-BuLi :
2.20 �; 4-BuLi : 2.18 �) than in contacts between (nBuLi)2


and the lithium alkoxide units (mean values: 2-BuLi : 2.45 �;
3-BuLi : 2.45 �; 4-BuLi 2.38 �, Table 1). Much more uniform
LiÿC(a) distances are apparent in the cubic Li4O3C core of
1-BuLi (Table 1). Slightly longer LiÿC(a) distances are found
in 5-BuLi for contacts connecting the two stacked six-
membered Li3OC2 rings (mean value: 2.26 �) than for
LiÿC(a) contacts within the Li3OC2 rings (mean values:
2.19 � and 2.21 �).[16]


No agostic[17] Li-b-CH2 interactions are possible in 1-BuLi,
because lithium ions neighbored to the butylide group are
fourfold coordinated by contacts to the anisyl methoxy groups
(Figure 1). In 2-BuLi, threefold coordinated lithium ions are
able to form agostic interactions with the butylide moieties
(Figure 2). This is apparent from short distances between the
lithium centers and b-CH2 units (LiÿC(b): 2.36 and 2.38 �,
Table 1).[12b] Despite the similar structure of 3-BuLi, analo-
gous LiÿC(b) interactions are less pronounced (LiÿC(b): 2.71
and 2.65 �, Figure 3).[18] In 4-BuLi, however, agostic inter-
actions are again clearly apparent from short LiÿC distances
(LiÿC(b): 2.36 � and 2.37 �). The hetero-hexameric struc-
ture of 5-BuLi exhibits no such short LiÿC(b) contacts
(2.59 �, 2.82 �, Table 1, Figure 5).


The intrinsic steric influence of the ortho substituents (X)
on the geometries of the ligand systems is apparent from two
geometrical distortions: the bending of the methoxy groups
out of the plane of the benzene rings (MeO ± Ar dihedral
angle, Scheme 3) and the torsion angles of the aryl moieties
relative to the fenchane fragment (Fen ± Ar dihedral angle,
Scheme 3).


Scheme 3. Methoxy ± aryl (MeO-Ar) and fenchyl ± aryl (Fen-Ar) dihedral
angles; steric repulsions ($) between X, OMe, and endo-Me are shown.


These intrinsic steric effects of X are clearly apparent in
X-ray crystal structures of fenchols 1 to 5. With increasing
steric demand of the substituents X, the bending of the
methoxy groups out of the aryl planes (MeO ± Ar dihedral
angle) increases in the order X�H (ÿ3.08)< Me (ÿ60.88) <
SiMe3 (ÿ72.48) < tBu (ÿ82.68)[19] < SitBuMe2 (ÿ93.58)
(Table 1). The out-of-benzene-ring-plane bending of the


Table 1. Distances [�] and angles [8] in the X-ray crystal structures of nBuLi lithium fencholate complexes and (in parentheses) of the parent fenchols.


1-BuLi (1-H) 2-BuLi (2-H) 3-BuLi (3-H) 4-BuLi (4-H) 5-BuLi [a] (5-H)


LiÿC(a) 2.195, 2.221, 2.225 2.173, 2.192, 2.450 2.181, 2.207, 2.478, 2.175, 2.180, 2.365, 2.200, 2.210, 2.291,
2.157, 2.172, 2.446 2.129, 2.280, 2.430 2.157, 2.193, 2.396 2.189, 2.211, 2.227


LiÿC(b) ± 2.359, 2.381 2.653, 2.705 2.356, 2.371 2.593, 2.820
LiÿO(Me) 1.982, 1.987, 2.025 1.974, 1.947 1.929, 1.955 1.950, 1.945 1.933
MeO ± Ar angle[b] ÿ 19.4, ÿ19.7, ÿ32.6 ÿ 63.4, ÿ63.7 ÿ 76.1, ÿ75.1 ÿ 70.2, ÿ67.2 ÿ 62.8


(ÿ3.0)[c] (ÿ72.4) (ÿ82.6) (ÿ93.5)[d] (ÿ60.8)
Fen ± Ar angle[b] 51.2, 49.5, 46.6 40.3, 43.6 36.2, 40.5 38.7, 39.2 42.9


(47.2)[c] (33.4) (30.3) (12.1)[d] (42.4)


[a] Crystallographic C2 symmetry. [b] Methoxy ± aryl (MeO-Ar) and fenchyl ± aryl (Fen-Ar) dihedral angles (Scheme 3). [c] Mean value of four independent
molecules. [d] Disordered.
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anisyl methoxy groups leads to repulsive interactions between
methoxy and endo-methyl groups of the fenchane moieties
(Scheme 3). Minimization of this repulsion gives rise to
rotation around the fenchyl-aryl bond (Fen-Ar). Indeed, the
Fen ± Ar dihedral angle decreases as the MeO ± Ar dihedral
angle increases: X�H (47.28) > Me (42.48) > SiMe3 (33.48)
> tBu (30.38)[19] > SitBuMe2 (12.18) (Table 1). Hence, the
steric demand of X indirectly determines the geometry of the
chelating O_O unit of the anisyl fenchols and, for bulky
substituents X, forces an increasingly coplanar arrangement
of the O_O moiety (Scheme 3). In the nBuLi complexes, a
similar increase in the mean value of the MeO ± Aryl dihedral
angles and a decrease in the mean Fen ± Ar angles, respec-
tively, is apparent from the order 1-BuLi (23.98, 50.48), 5-BuLi
(62.88, 42.98), 2-BuLi (63.68, 43.58), 4-BuLi (68.78, 39.08),
3-BuLi (75.68, 38.48) (Table 1).


The intrinsic driving force for the incorporation of LiOR
moieties in Li4C4 clusters and the formation of mixed-anionic
aggregates, like the lithium butylide fencholates, is evaluated
computationally from the equations in Scheme 4 (Table 2).


Scheme 4. LiMe/LiOH replacement energies for cubic Li4OnCm (n� 0, 1,
2, 3, 4; m� 4ÿ n) aggregates (Table 2).


The replacement of organolithium groups (i.e. LiMe) by
LiOH units (as a model for lithium alkoxides) is favored for
all cubic Li4OnCm aggregates (n� 0, 1, 2, 3, 4; m� 4ÿ n). The
high degree of oxido moieties in the aggregates is supported
electrostatically,[20] and cubic Li4O4 clusters are therefore
intrinsically the most favorable (Scheme 4).


Inter-ligand repulsions between SiMe3 groups and endo-
methyl groups of the fenchane moieties were found to be
responsible for the instability of a hypothetical 3:1 aggregate
for X� SiMe3, which preferentially forms the 2:2 complex (2-
BuLi, Figure 2).[12b] The 3:1 composition, however, is more
suitable for X�H in 1-BuLi (Figure 1).[12a] This suggests that
the steric demand of the bulky anisyl fenchane moiety prevents
the formation of pure lithium fencholates, which should be favor-
able according to the equations in Scheme 4,[21] and stimulates
instead the incorporation of the smaller nBuLi fragments to
form the mixed nBuLi lithium fencholate aggregates.


The relative stabilities of mixed lithium fencholate nBuLi
aggregates with 3:1 and 2:2 compositions are evaluated
computationally by the aggregate formation energies for
different ortho substituents X in Schemes 5 and 6 (Table 3).


According to the higher intrinsic stability of the cubic
Li4O3C core (Scheme 4) and due to the small steric demand of
X�H, lithium fencholate 1-Li and nBuLi preferentially form
the 3:1 aggregate 1-BuLi-cmp, cmp� denotes computed to
differentiate from X-ray structures with 173 kcal molÿ1


(Scheme 5), as the complex stabilization energy for the 2:2
species 1-(2:2) is smaller (169 kcal molÿ1, Scheme 6).[22] This
explains the experimental composition of the X-ray crystal
structure 1-BuLi (Figure 1), which corresponds to the com-
puted 1-BuLi-cmp structure.


In contrast to X�H, the bulky ortho substituents (X) tBu,
SiMe3, or SitBuMe2 favor the formation of 2:2 aggregates
(Scheme 6) over the 3:1 compositions (Scheme 5). Steric
effects of the ligands obviously overcompensate the higher
stability of the cubic Li4O3C cores versus the Li4O2C2


arrangements (Scheme 4). While only two ligands surround
the Li4O2C2 core in 2:2 aggregates, three bulky fencholates


Table 2. Total (a. u.� ZPE)[a] and relative [kcalmolÿ1][b] B3LYP/6 ± 31�G*
energies of Li4OnCm aggregates (n� 0, 1, 2, 3, 4, m� 4ÿ n) (Scheme 4).


6 7 8 9 10


total ÿ 189.67513 ÿ 225.69679 ÿ 261.71801 ÿ 297.73723 ÿ 333.75580
relative 0.0 ÿ 14.7 ÿ 29.1 ÿ 42.3 ÿ 55.0


[a] All equilibrium structures were optimized in C1 symmetry, unscaled
zero point energies are included. [b] The relative energies consider LiOH
(a. u. � ZPE: ÿ 83.36976) and LiMe (a. u. � ZPE: ÿ 47.37150), according
to Scheme 4.


Table 3. Total (a. u.� ZPE)[a] and relative [kcal molÿ1][b] B3LYP/6 ± 31G*//ONIOM(B3LYP(6 ± 31�G*): UFF energies for aggregate formation
(Scheme 3 and 4).


Li fencholate a. u. nBuLi aggregates 3:1 a. u./stability [kcal molÿ1] nBuLi aggregates 2:2 a. u./stability [kcal molÿ1]


1-Li ÿ 819.60607 1-BuLi-cmp ÿ 2624.42572/ÿ 172.7 1-(2:2) ÿ 197.14538/ÿ 168.6
2-Li ÿ 1228.27372 2-(3:1) ÿ 3850.37232/ÿ 137.4 2-BuLi-cmp ÿ 2787.45500/ÿ 152.5
3-Li ÿ 976.83801 3-(3:1) ÿ 3096.06385/ÿ 136.5 3-BuLi-cmp ÿ 2284.57385/ÿ 146.4
4-Li ÿ 1346.19695 4-(3:1) ÿ 4204.16198/ÿ 149.9 4-BuLi-cmp ÿ 3023.30591/ÿ 155.3
5-Li ÿ 858.91680 5-(3:1) ÿ 2742.33259/ÿ 156.8 5-(2:2) ÿ 2048.74765/ÿ 156.4


[a] All equilibrium structures were optimized in C1 symmetry and characterized as minima by frequency computations (ONIOM), zero point energies are not
considered for the B3LYP/6 ± 31G* single-point energies. [b] Evaluated with n-butyllithium, a. u.: ÿ 165.33228.
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Scheme 5. Formation and stabilities of mixed lithium fencholate nBuLi
aggregates with 3:1 compositions (B3LYP/6 ± 31G*//ONIOM(B3LYP/6 ±
31�G*:UFF, Table 3). The favored structure, relative to 2:2 aggregates
(see Scheme 6), is highlighted ( ).


Scheme 6. Formation of mixed nBuLi lithium fencholate aggregates with
2:2 compositions (B3LYP/6 ± 31G*//ONIOM(B3LYP/6 ± 31�G*:UFF, Ta-
ble 3). The favored structures, relative to 3:1 aggregates (see Scheme 5),
are highlighted ( ).


have to be arranged at the Li4O3C cubes in 3:1 complexes. The
computed structures 2-(3:1) (Figure 6), 3-(3:1) (Figure 7), and
4-(3:1) (Figure 8) exhibit analogous geometries to 1-BuLi


Figure 6. ONIOM (B3LYP/6 ± 31�G*:UFF)-optimized structure of 2-
(3:1) (X� SiMe3). Hydrogen atoms are omitted for clarity. The shortest
inter-ligand CÿC distances are shown.


Figure 7. ONIOM (B3LYP/6 ± 31�G*:UFF)-optimized structure of 3-
(3:1) (X� tBu). Hydrogen atoms are omitted for clarity. The shortest
inter-ligand CÿC distances are shown.


Figure 8. ONIOM (B3LYP/6 ± 31�G*:UFF)-optimized structure of 4-
(3:1) (X� SitBuMe2). Hydrogen atoms are omitted for clarity. The shortest
inter-ligand CÿC distances are shown.


(Figure 1), but close inter-ligand distances appear between X
substituents and endo-methyl groups of the fenchane moi-
eties. This may account for the decreased stabilities of 3:1
arrangements relative to the 2:2 aggregates (Scheme 5) and
agrees with the experimental formation of the structures 2-
BuLi, 3-BuLi, and 4-BuLi.[23]


For X�Me, very similar complex formation energies of 3:1
and 2:2 aggregates (Scheme 5 and Scheme 6) show that both
developments are possible. Surprisingly, neither of them is
formed experimentally but the 2:4 composition is observed
instead in the X-ray crystal structure of aggregate 5-BuLi.[14]
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Enantioselective additions of n-butyllithium to benzalde-
hyde can be achieved with mixtures of nBuLi and the lithium
fencholates 1-Li to 5-Li (Scheme 7), which form in situ after
mixing an excess of nBuLi with the fenchols 1-H to 5-H.[24]


Scheme 7. Enantioselective nBuLi additions to benzaldehyde, mediated
by lithium fencholates, yielding (R)-1-phenyl-1-pentanol as the major
enantiomer (Table 4).


Increased ratios of lithium fencholates (i.e. 3:1 vs. 1:1) in
mixtures with nBuLi give rise to increased enantioselectivities
in reactions with benzaldehyde for the fencholates 1-Li to 4-
Li. (Table 4). This suggests that higher enantioselectivities can
be achieved with suppressed amounts of ªfreeº nBuLi.[24] For
both 3:1 and 1:1 ratios of lithium fencholates : nBuLi,
enantioselectivities increase with the bulkiness of the sub-
stituent X in the order H < Me < tBu < SiMe3, but are lower
again for SitBuMe2, indicating the best auxiliary structure for
2-Li amongst the studied fencholates (Table 4).


7Li NMR studies in [D8]toluene show two different lithium
ion environments for each of the lithium fencholate n-
butyllithium aggregates 1-BuLi, 2-BuLi, 3-BuLi, 4-BuLi and
5-BuLi. 1H ± 7Li COSY experiments reveal that one of the
chemically different lithium ions is coordinated by methoxy
groups, whilst the other lithium center exhibits no OMe
coordination. This suggests that in nonpolar hydrocarbon
solvents (e.g. toluene) similar structures to those in the solid
state exist (Figures 1 ± 5) and might also be involved in the
enantioselective nBuLi transfer reactions.[25]


Conclusion


Anisyl fencholates with different substituents (X) in ortho-
positions of aryl groups all form mixed aggregates with n-
butyllithium in nonpolar solvents (i.e. hexanes, toluene).
X-ray crystal structures of the lithium fencholate nBuLi
complexes reveal 3:1 (X�H), 2:2 (X� tBu, SiMe3, SitBuMe2)
and 4:2 (X�Me) compositions. Computational studies show


that the formations of mixed aggregates with cubic cores
originate from two competing effects: a) the tendency to form
aggregates with high degrees of alkoxido units in the cubic
cores, and b) inter-ligand repulsions, which prevent the
incorporation of too many bulky alkoxido moieties. To
complete the cubic core structures, smaller n-butyllithium
units are incorporated, yielding the mixed aggregates. Effects
like methoxy group coordination or solvation phenomena
might also be crucial for the origin of the aggregates: a fenchol
with CH2NMe2 instead of the OMe donor group yields no
nBuLi complex[26] and the anisyl fenchol with X�Me yields a
4:2 aggregate. Enantioselectivities in nBuLi additions to
benzaldehyde show that the chiral modular lithium fencho-
lates are suitable mediators for enantioselective CÿC bond
formations. This points to further applications of these
enantiopure mixed-anionic organolithium aggregates in or-
ganic syntheses.


Experimental Section


General : The reactions were carried out under an argon atmosphere
(Schlenk and needle-septum techniques) with dried and degassed solvents.
X-ray crystal analyses were performed on a Bruker Smart CCD diffrac-
tometer with Moka radiation. NMR spectra were recorded on a Bruker
AC300 and DRX500 (1H, 13C chemical shifts referenced to [D8]toluene, 7Li
to LiBr), IR spectra on a Bruker Equinox 55 FT-IR spectrometer, and
optical rotations on a Perkin Elmer P241 machine. GC analyses were
carried out on a Chrompack (CP9001).
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-148412 (3-
H), CCDC-159905 (4-H), CCDC-148411 (5-H), CCDC-148414 (3-BuLi),
CCDC-159906 (4-BuLi), and CCDC-148413 (5-BuLi). 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).


Enantioselective reactions - general procedure : A solution of n-butyllithi-
um (4 or 2 mmol for 3:1 or 1:1 ratios, respectively) in hexane (1.60 m) was
added at room temperature to fenchol (3 (3:1 ratio) or 1 (1:1 ratio) mmol).
After stirring the mixture for 20 min at ÿ78 8C, benzaldehyde (1 mmol)
was added. The reaction mixture was kept for 30 min at ÿ78 8C and then
warmed to room temperature (over 2 h). Hydrolytic workup, separation of
the layers, drying over Na2SO4, and column chromatographic purification
(silica gel, petroleum ether:ethylacetate (9:1)) yielded (R)-1-phenyl-1-
pentanol as the major product (Table 4). Enantioselectivities were
determined by HPLC analyses, DAICEL OB-H, isopropanol:hexane
0.8:99.2. Yields were obtained from GC with hexadecane as the internal
standard.


Synthesis and characterization of 3-H : 2-tert-Butylanisol[27] (12.4 g,
0.076 mol) was added at 0 8C to a mixture of n-butyllithium (50.3 mL,
0.08 mol, 1.60 m solution in hexane) and TMEDA (12.1 mL, 0.08 mol). A
colorless precipitate formed after 12 h stirring at room temperature. (ÿ)-
Fenchone (12.2 mL, 0.076 mol) was slowly added at 0 8C to this suspension,
and the mixture was stirred for two days at room temperature. Hydrolytic
workup, drying and concentration of the organic layer and recrystallization
from pentane yielded colorless 3-H (10.78 g, 0.034 mol, 45 %): m.p. 76 8C;
elemental analysis (%): calcd: C 79.70, H 10.19, O 10.11; found C 79.64, H
10.22, O 10.14. 1H NMR (300 MHz, CDCl3, RT); d� 0.54 (s, 3 H), 1.06 (s,
3H), 1.10 (m, 1 H), 1.13 (s, 3 H), 1.28 (m, 1 H), 1.39 (s, 9H), 1.47 (m, 1H),
1.74 (m, 2 H), 2.28 (m, 1 H), 2.40 (m, 1H), 3.75 (s, 3H), 6.01 (s, 1 H), 6.95
(ªtº, J� 7.9 Hz, 1H) 7.22 (d, J� 7.8 Hz, 1H), 7.39 (d, J� 8.0 Hz, 1H);
13C NMR (75.5 MHz, CDCl3, RT) d� 17.9, 21.8, 23.6, 29.4, 31.9, 33.5, 35.6,
41.8, 46.5, 49.4, 54.3, 65.3, 86.7, 121.7, 126.6, 128.7, 136.3, 142.9, 158.9;
MS(EI): m/z : 316.0 [M�], 233.0 [M�ÿC6H11], 191.0 [M�ÿC9H17]; IR
(KBr): nÄ � 3457 (OH, s), 3074 ± 3002 (aryl, w), 2967 ± 2925 (alkyl, m), 1383,
1362 cmÿ1 (tBu, m); [a]21


Na (hexane)�ÿ99.6; X-ray analysis of 3-H :


Table 4. n-Butyllithium additions to benzaldehyde with lithium fenchola-
te:nBuLi ratios of 1:1 and 3:1 (Scheme 7).[a]


1:1 ratio X % ee[b] Yield[c] 3:1 ratio X % ee[b] Yield[c]


1-Li H 8 73 1-Li H 14 30
2-Li SiMe3 66 86 2-Li SiMe3 76 99
3-Li tBu 55 81 3-Li tBu 62 99
4-Li SitBuMe2 51 84 4-Li SitBuMe2 56 99
5-Li Me 24 76 5-Li Me 28 92


[a] All reactions were performed by mixing fenchols and nBuLi in hexane
solution, yielding the given lithium fencholate:nBuLi ratios. Benzaldehyde
was added at ÿ78 8C, see Experimental Section. [b] Enantioselectivities
were determined by HPLC analyses, DAICEL OB-H, iso-
propanol:hexane� 0.8:99.2. [c] Yields were obtained by GC with hexade-
cane as internal standard.
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SHELXTL V5.10, C21H32O2, Mr� 316.47, T� 200(2) K, l� 0.71073 �,
monoclinic crystal system, space group: P21, Z� 2, a� 7.6760(2), b�
10.9920(3), c� 10.8986(3) �, b� 97.778(1), V� 911.10(4) �3, 1calcd�
1.154 g cmÿ3, collected reflections: 9426, independent reflections: 4147,
observed reflections: 2650 (I> 2s(I)), absorption coefficient m : 0.072 mmÿ1,
Flack parameter: 0.5(16), R values (I> 2s(I)): R1� 0.054, wR2� 0.101,
largest difference peak and hole: 0.14, ÿ0.19 e �ÿ3; goodness-of-fit : 1.03.


Synthesis and characterization of 4-H: Anisol (10.8 g, 0.10 mol) was added
at 0 8C to a mixture of n-butyllithium (68.8 mL, 0.11 mol, 1.60 m solution in
hexane) and TMEDA (16.6 mL, 0.11 mol). A colorless precipitate of
2-lithioanisol formed after stirring for a few minutes. After 3 h, tert-
butyldimethylsilyl chloride (15.1 g, 0.10 mol) in hexane (10 mL) was added
at 0 8C. After the mixture had been stirred for 12 h followed by aqueous
workup, the layers were separated and the organic layer was dried and
concentrated. Distillation yielded o-(tert-butyldimethylsilyl)anisol (9.4 g,
0.042 mol; 42 % yield; b.p. 89 8C at 8.2� 10ÿ2 mbar).


o-(tert-Butyldimethylsilyl)anisol (9.4 g, 0.042 mol) was added at 0 8C to a
mixture of n-butyllithium (28.8 mL, 0.046 mol of a 1.60 m solution in
hexane) and TMEDA (6.9 mL, 0.046 mol). After the reaction mixture had
been stirred for 6 h, (ÿ)-fenchone (6.8 mL, 0.042 mol) was added at 0 8C
and the mixture was stirred for 12 h. Hydrolytic workup and recrystalliza-
tion from pentane yielded 4-H (7.7 g, 0.021 mol, 50%): m.p. 93 8C;
elemental analysis (%) calcd: C 73.74, H 10.22; found: C 73.97, H 10.22.
1H NMR (300 MHz, CDCl3, RT): d� 0.36 (s, 3H), 0.39 (s, 3H), 0.51 (s, 3H),
0.81 (s, 9H), 1.11 (m, 1H), 1.12 (s, 3H), 1.14 (s, 3H), 1.31 (m, 1 H), 1.43 (m,
1H), 1.76 (m, 2 H), 2.29 (m, 1H), 2.43 (m, 1 H) 3.74 (s, 3 H), 5.89 (s, 1H), 7.07
(ªtº, J� 7.5 Hz, 1 H), 7.32 (d, J� 7.2 Hz, 1H), 7.59 (d, J� 8.1 Hz, 1H);
13C NMR (75.5 MHz, CDCl3, RT): d� -3.5, 18.0, 21.8, 23.8, 27.1, 29.6, 33.7,
37.4, 42.0, 46.7, 49.4, 54.0, 66.0, 86.4, 122.1, 130.7, 132.1, 135.1, 135.4, 164.8;
MS(EI): m/z 374.3 [M�], 317.2, [M�ÿC4H9], 249.1 [M�ÿC9H17]; IR (KBr):
nÄ � 3467, 3406 (OH, s), 3059 ± 3000 (aryl, w), 2996 ± 2876 (alkyl, s),
1362 cmÿ1 (tBu, m); [a]21


Na (n-hexane)�ÿ53.5; X-ray analysis of 4-H :
SHELXTL V5.10, C23H38O2Si, Mr� 374.62, T� 200(2) K, l� 0.71073 �,
triclinic crystal system, space group: P1, Z� 2, a� 7.7546(2), b� 11.897, c�
13.1300(3) �, V� 1123.28(4) �3, 1calcd� 1.11 gcmÿ3, reflections collected:
11605, independent reflections: 9538, observed reflections: 5945 (I>
2s(I)), absorption coefficient m : 0.12 mmÿ1, Flack parameter: 0.1(12), R
values (I> 2s(I)): R1� 0.056, wR2� 0.097, largest difference peak and
hole: 0.18, ÿ0.25 e�ÿ3 ; goodness-of-fit : 0.98.


Synthesis and characterization of 5-H: 2-Methylanisol (12.2 g, 0.10 mol)
was added at 0 8C to a mixture of n-butyllithium (68.8 mL, 0.11 mol, 1.60 m
solution in hexane) and TMEDA (16.6 mL, 0.11 mol). A colorless
precipitate formed after stirring for 12 h. (ÿ)-Fenchone (16.1 mL,
0.10 mol) was slowly added at 0 8C to this suspension, and stirred for two
days at room temperature. Hydrolytic workup, drying, concentration of the
organic layer, and removal of residual fenchone in vacuo yielded a
yellowish substance. After recrystallization with pentane, colorless crystals
of 5-H were obtained (15.48 g, 0.056 mol, 56%): m.p. 81 8C; elemental
analysis (%) calcd: C 78.79, H 9.55, O 11.66; found: C 78.76, H 9.53, O 11.71;
1H NMR (300 MHz, CDCl3, RT): d� 0.48 (s, 3H), 1.10 (m, 1H), 1.11 (s,
3H), 1.19 (s, 3H), 1.28 (m, 1H), 1.39 (m, 1H), 1.74 (m, 2 H), 2.27 (m, 1H),
2.30 (s, 3 H), 2.42 (m, 1H), 3.85 (s, 3H), 5.55 (s, 1H), 6.91 (ªtº, J� 7.6 Hz,
1H), 7.00 (d, J� 7.3 Hz, 1 H), 7.36 (d, J� 8.0 Hz, 1H); 13C NMR (75.5 MHz,
CDCl3, RT): d� 17.6, 18.1, 21.7, 24.2, 29.7, 33.5, 41.4, 45.5, 49.6, 53.4, 61.4,
85.9, 122.0, 122.6, 129.8, 130.3, 135.9, 157.8; MS(EI): m/z : 274.1 [M�], 191.0
[M�ÿC6H11], 149.0 [M�ÿC9H17]; IR (KBr): nÄ � 3479 (OH, s), 3113 ± 3060
(aryl, w), 2996 ± 2876 cmÿ1 (alkyl, s); [a]21


Na (n-hexane)�ÿ92.7; X-ray
analysis of 5-H : SHELXTL V5.10, C18H26O2, Mr� 274.39, T� 200(2) K,
l� 0.71073 �, orthorhombic crystal system, space group: P212121, Z� 4,
a� 7.6043(1), b� 10.1176(1), c� 19.9781(1) �, V� 1537.060(17) �3, 1calcd�
1.186 gcmÿ3, reflections collected: 15694, independent reflections: 3528,
observed reflections: 3087 (I> 2s(I)), absorption coefficient m : 0.075 mmÿ1,
Flack parameter: 0.1(12), R values (I> 2s(I)): R1� 0.040, wR2� 0.095,
largest difference peak and hole: 0.20, ÿ0.19 e�ÿ3 ; goodness-of-fit: 1.07.


Characterization of 1-BuLi: For the synthesis, see reference [12a].
Compound 1-BuLi for NMR experiments was obtained after washing an
amorphous precipitate with cold hexane (6� 0.2 mL) in 31% yield.
Decomposition was observed at 204 8C. 1H NMR (500 MHz, [D8]toluene,
ÿ10 8C): d�ÿ0.63 (t, J� 12.4 Hz, 1 H; Ca HH, BuLi), ÿ0.39 (t, J�
13.3 Hz, 1 H; CaHH, BuLi), 0.49 (s, 9H; 3CH3), 0.97 (s, 9 H; 3CH3), 1.27
(s, 9 H; 3CH3), 0.26 ± 2.40 (m, 18H; CH2, ligand; m, 7 H; CH2, CH3, BuLi),


3.68 (s, 9H; 3OCH3), 6.70 (d, J� 8.1 Hz, 3 H; 3H-ortho), 6.80 (ªtº, J�
7.6 Hz, 3H; 3H-diortho), 6.95 (ªtº, J� 7.7 Hz, 3 H; 3H-diortho), 7.53 (d, J�
8.1 Hz, 3H; 3H-ortho); 13C NMR (125 MHz, [D8]toluene,ÿ10 8C): d� 10.0
(Ca-BuLi), 14.3 (CH3-BuLi), 23.1 (CH3), 23.8 (CH3), 25.4 (CH2), 30.8
(CH3), 32.0 (CH2-BuLi), 34.8 (CH2-BuLi), 35.4 (CH2), 41.3 (CH2), 44.5
(Cq), 50.9 (CH), 53.0 (Cq), 56.6 (OCH3), 89.1 (Cq), 114.2 (CAr), 120.8 (CAr),
126.0 (CAr), 129.8 (CAr), 140.2 (CAr), 158.5 (CAr); 7Li NMR (194 MHz,
[D8]toluene, ÿ10 8C): d� 1.06 (coordinated by OCH3), 1.39.


Characterization of 2-BuLi : For the synthesis, see reference [12b].
Compound 2-BuLi for NMR experiments was obtained after washing an
amorphous precipitate with cold hexane (6� 0.2 mL) in 29% yield.
Evolution of gas and decomposition was observed at 100 ± 160 8C.
1H NMR (500 MHz, [D8]toluene, ÿ10 8C): d�ÿ0.97 (m, 2H; CaH2,
BuLi), 0.33 (m, 1H; CbHH, BuLi), 0.49 (s, 9 H; Si(CH3)3), 0.76 (s, 3H; 10-
CH3), 0.80 (t, J� 7.3 Hz, 3H; CH3, BuLi), 0.99 (m, 1 H; CbHH, BuLi), 1.18
(m, 1H; CgHH, BuLi), 1.23 (m, 2H; H6-exo, H7-anti), 1.25 (s, 3 H; 9-CH3),
1.28 (s, 3H; 8-CH3), 1.36 (m, 1H; CgHH, BuLi), 1.53 (m, 1 H; H5-exo), 1.76
(m, 1 H; H5-endo), 1.82 (s, 1H; 4-CH), 2.25 (m, 1 H; H6-endo), 2.39 (d, J�
10.0 Hz, 1 H; H7-syn), 3.86 (s, 3H; OCH3), 6.89 (ªtº, J� 7.4 Hz, 1H;
H-diortho) 7.30 (d, J� 7.2 Hz, 1H; H-ortho), 7.53 (d, J� 7.6 Hz, 1H;
H-ortho); 13C NMR (125 MHz, [D8]toluene, ÿ10 8C): d� 1.30 (Si(CH3)3),
10.7 (Ca-BuLi), 14.4 (CH3-BuLi), 19.2 (CH3), 23.5 (CH3), 24.4 (CH2), 31.3
(CH3), 32.9 (CH2-BuLi), 33.0 (CH2-BuLi), 35.8 (CH2), 41.5 (CH2), 44.0
(Cq), 51.0 (CH), 54.8 (Cq), 64.4 (OCH3), 88.1 (Cq), 121.9 (CAr), 131.1 (CAr),
132.1 (CAr), 134.5 (CAr), 142.0 (CAr), 164.7 (CAr); 7Li NMR (194 MHz,
[D8]toluene, ÿ10 8C): d� 1.08 (coordinated by OCH3), 2.06.


Synthesis and characterization of 3-BuLi : Compound 3-H (0.158 g,
0.5 mmol) was added at RT to nBuLi (0.63 mL, 1.0 mmol of a 1.60 m
solution in hexane). Slow evaporation of the hexane under reduced
pressure yielded 3-BuLi as colorless crystals. Compound 3-BuLi for NMR
experiments was obtained after washing an amorphous precipitate with
cold hexane (6� 0.2 mL) in 12 % yield: m.p. 122 8C; 1H NMR (500 MHz,
[D8]toluene, ÿ10 8C): d�ÿ0.85 (t, J� 12.6 Hz, 1H; CaHH, BuLi), ÿ0.74
(t, 12.9, 1 H; CaHH, BuLi), 0.71 (m, 1 H; CbHH, BuLi), 0.85 (s, 3H; 10-
CH3), 0.89 (t, J� 7.2 Hz, 3H; CH3, BuLi), 1.06 (m, 1H; CbHH, BuLi), 1.19
(m, 2H; H6-exo, H7-anti), 1.24 (s, 3H; 9-CH3), 1.25 (s, 3H; 8-CH3), 1.41 (m,
2H; CgH2, BuLi), 1.51 (m, 1H; H5-exo), 1.56 (s, 9 H; C(CH3)3), 1.73 (m,
1H; H5-endo), 1.83 (s, 1 H; 4-CH), 2.36 (m, 1 H; H6-endo), 2.46 (d, J�
10.1 Hz, 1 H; H7-syn), 3.71 (s, 3H; OCH3), 6.85 (ªtº, J� 7.8 Hz, 1H;
H-diortho), 7.17 (d, J� 7.6 Hz, 1H; H-ortho), 7.38 (d, J� 7.7 Hz, 1H;
H-ortho); 13C NMR (125 MHz, [D8]toluene, ÿ10 8C): d� 11.2 (Ca-BuLi),
14.4 (CH3-BuLi), 19.4 (CH3), 23.0 (CH3), 24.1 (CH2), 31.1 (CH3), 32.7 (CH2-
BuLi), 33.0 (C(CH3)3), 33.3 (CH2-BuLi), 35.7 (C(CH3)3), 36.4 (CH2), 42.1
(CH2), 44.4 (Cq), 51.1 (CH), 55.8 (Cq), 65.9 (OCH3), 89.3 (Cq), 122.2 (CAr),
126.6 (CAr), 128.3 (CAr), 142.5 (CAr), 144.0 (CAr), 158.3 (CAr); 7Li NMR
(194 MHz, [D8]toluene, ÿ10 8C): d� 1.05 (coordinated by OCH3), 2.17;
X-ray crystal analysis of 3-BuLi : SHELXTL V5.10, C50H80Li4O4, Mr�
772.90, T� 200(2) K, l� 0.71073 �, orthorhombic crystal system, space
group: P212121, Z� 4, a� 13.0685(2), b� 13.8204(3), c� 26.1159(6) �, V�
4716.84(17) �3, 1calcd� 1.314 g cmÿ3, reflections collected: 48849, indepen-
dent reflections: 10772, observed reflections: 4613 (I> 2s(I)), absorption
coefficient m : 0.092 mmÿ1, Flack parameter: 1(2), R values (I> 2s(I)): R1�
0.082, wR2� 0.196, largest difference peak and hole: 0.65, ÿ0.29 e �ÿ3 ;
goodness-of-fit : 1.00.


Synthesis and characterization of 4-BuLi: Compound 4 (0.158 g, 0.5 mmol)
was added at RT to nBuLi (0.63 mL, 1.0 mmol of a 1.60 m solution in
hexane), and the mixture was stirred at 25 8C for 5 min. After freezing the
solution to ÿ80 8C, the precipitate formed was dissolved in hot hexane.
Slowly cooling to room temperature yielded 4-BuLi as colorless crystals.
Compound 4-BuLi for NMR experiments was obtained after washing an
amorphous precipitate with cold hexane (6� 0.2 mL) in 57% yield.
Evolution of gas and decomposition was observed at 171 8C. 1H NMR
(500 MHz, [D8]toluene, ÿ10 8C): d�ÿ0.93 (m, 2H; CaH2, BuLi), 0.40 (s,
3H; SiCH3), 0.63 (m, 1H; CbHH, BuLi), 0.71 (s, 3H; SiCH3), 0.80 (s, 3H;
10-CH3), 0.87 (t, J� 7.3 Hz, 3 H; CH3, BuLi), 0.92 (m, 1H; CbHH, BuLi),
1.05 (s, 9H; SiC(CH3)3), 1.26 (m, 2 H; H6-exo, H7-anti), 1.29 (s, 6H; 9-CH3,
8-CH3), 1.35 (m, 2 H; CgH2, BuLi), 1.57 (m, 1H; H5-exo), 1.83 (m, 2H; H5-
endo, 4-CH), 2.32 (m, 1H; H6-endo), 2.41 (d, J� 10.1 Hz, 1H; H7-syn),
3.96 (s, 3H; OCH3), 6.88 (ªtº, J� 7.6 Hz, 1H; H-diortho) 7.36 (d, J� 7.3 Hz,
1H; H-ortho), 7.54 (d, J� 6.9 Hz, 1H; H-ortho); 13C NMR (125 MHz,
[D8]toluene,ÿ10 8C): d�ÿ3.0 (SiCH3),ÿ0.7 (SiCH3), 10.7 (Ca-BuLi), 14.4
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(CH3-BuLi), 18.8 (CH3), 24.4 (CH3), 24.6 (CH2), 28.4 (SiC(CH3)3), 31.2
(CH3), 32.3 (CH2-BuLi), 33.2 (CH2-BuLi), 36.2 (CH2), 37.2 (SiC(CH3)3),
42.0 (CH2), 44.4 (Cq), 51.2 (CH), 55.3 (Cq), 65.1 (OCH3), 88.9 (Cq), 121.6
(CAr), 131.4 (CAr), 134.0 (CAr), 134.5 (CAr), 136.4 (CAr), 164.9 (CAr); 7Li
NMR (194 MHz, [D8]toluene, ÿ10 8C): d� 1.11 (coordinated by OCH3),
2.08; X-ray crystal analysis of 4-BuLi : SHELXTL V5.10, C54H92Li4O4Si2,
Mr� 889.22, T� 200(2) K, l� 0.71073 �, monoclinic crystal system, space
group: C2/c, Z� 8, a� 36.9230(6), b� 13.5888(1), c� 22.4589(3) �, b�
101.248, V� 11052.2(2) �3, 1calcd� 1.07 gcmÿ3, reflections collected:
32985, independent reflections: 4403, observed reflections: 3460 (I>
2s(I)), absorption coefficient m : 0.10 mmÿ1, Flack parameter: 1(2), R
values (I> 2s(I)): R1� 0.082, wR2� 0.195, largest difference peak and
hole: 0.61, ÿ0.39 e �ÿ3 ; goodness-of-fit : 1.13.


Synthesis and characterization of 5-BuLi: Compound 5-H (0.137 g,
0.5 mmol) was added at RT to nBuLi (0.94 mL, 1.5 mmol 1.60 m solution
in hexane). Isothermal diffusion yielded 5-BuLi as colorless crystals.
Compound 5-BuLi for NMR experiments was obtained after washing an
amorphous precipitate with cold hexane (6� 0.2 mL) in 73% yield.
Decomposition was observed at 160 8C. 1H NMR (500 MHz, [D8]toluene,
ÿ10 8C): d�ÿ0.84 (m, 4H; 2CaH2, BuLi), 0.15 (m, 1 H; CbHH, BuLi), 0.58
(m, 1 H; CbHH, BuLi), 0.66 (s, 3 H; 10-CH3), 0.85 (m, 1H; CbHH, BuLi),
0.93 (t, J� 7.2 Hz, 3H; CH3, BuLi), 1.00 (m, 3 H; CH3, BuLi), 1.09 (m, 1H;
CbHH, BuLi), 1.15 (s, 3 H; 9-CH3), 1.17 (m, 2 H; H6-exo, H7-anti), 1.19 (s,
3H; 8-CH3), 1.42 (m, 5H; 2 CgH2, BuLi, H5-exo), 1.64 (m, 1 H; H5-endo),
1.71 (s, 1H; 4-CH), 2.03 (m, 1H; H6-endo), 2.18 (s, 3H; CH3) 2.35 (d, J�
9.2 Hz, 1H; H7-syn), 3.70 (s, 3H; OCH3), 6.77 (ªtº, J� 7.6 Hz, 1H;
H-diortho) 6.81 (d, J� 7.2 Hz, 1 H; H-ortho), 7.34 (d, J� 8.0 Hz, 1H;
H-ortho); 13C NMR (125 MHz, [D8]toluene, ÿ10 8C): d� 10.0 (Ca-BuLi),
13.8 (CH3), 14.1 (CH3-BuLi), 19.1 (CH3), 23.5 (CH3), 25.1 (CH2), 31.2
(CH3Ar), 32.8 (CH2-BuLi), 32.9 (CH2-BuLi), 35.1 (CH2), 41.2 (CH2), 44.1
(Cq), 50.9 (CH), 54.7 (Cq), 62.1 (OCH3), 88.8 (Cq), 122.1 (CAr), 127.5 (CAr),
129.8 (CAr), 130.3 (CAr), 142.6 (CAr), 158.2 (CAr); 7Li NMR (194 MHz,
[D8]toluene,ÿ10 8C): d� 1.02 (coordinated by OCH3), 2.23; X-ray analysis
of 5-BuLi : SHELXTL V5.10, C52H86Li6O4, Mr� 816.85, T� 200(2) K, l�
0.71073 �, tetragonal crystal system, space group: P43212, Z� 4, a�
13.5798(1), b� 13.5798(1), c� 27.2532(4) �, V� 5025.79(9) �3, 1calcd :
1.080 g cmÿ3, reflections collected: 35175, independent reflections: 3499,
observed reflections: 2383 (I> 2s(I)), absorption coefficient: m :
0.063 mmÿ1, Flack parameter: ÿ2(3), R values (I> 2s(I)): R1� 0.077,
wR2� 0.209, largest difference peak and hole: 0.29 and ÿ0.17 e�ÿ3 ;
goodness-of-fit : 1.03.


Computational section : All computed structures were fully optimized by
using the program package GAUSSIAN 98.[28] For the ONIOM[29]


computations, hydrogen atoms were used as linkers between the two
layers. The ªUniversal Force Fieldº (UFF)[30] was employed for alkyl and
aryl moieties and the hybrid density functional method B3LYP/6 ± 31�
G*[31] was used for the polar Li4O3(CH2) and Li4O2(CH2)2 cubic cores
(Scheme 8). All structures were analyzed by frequency computations and
showed no imaginary frequencies. Single point energies of the structures
were computed using the B3LYP/6 ± 31G* method.


Scheme 8. Layers of ONIOM (B3LYP/6 ± 31�G* (bold):UFF) geometry
optimizations.
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Development of Dirhodium(ii)-Catalyzed Generation and Enantioselective
1,3-Dipolar Cycloaddition of Carbonyl Ylides
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Abstract: Catalytic, enantioselective, tandem carbonyl ylide formation/cycloaddi-
tion of 2-diazo-3,6-diketoester 2 with the use of dirhodium tetrakiscarboxylate and
tetrakisbinaphtholphosphate catalysts to give the cycloadducts 3 in good yields and
up to 90 % ee is described.


Keywords: asymmetric catalysis ´
catalysts ´ cycloaddition ´ diazo
compounds ´ rhodium


Introduction


There are currently few methods to achieve catalytic enan-
tioselective 1,3-dipolar cycloadditions, despite the potential
utility of such asymmetric transformations.[1] Carbonyl ylides
are usually non-isolable reactive intermediates whose princi-
pal synthetic uses are in 1,3-dipolar cycloadditions. Of the
various methods for carbonyl ylide formation, the interaction
of a carbene with the oxygen atom of a carbonyl group is
particularly attractive because of its apparent simplicity
(Scheme 1).[2]
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Scheme 1. Carbonyl ylide formation/cycloaddition.


The synthetic utility of free carbenes in such an ylide-
forming process is limited partly by their methods of
generation (thermally, photochemically or under basic con-
ditions), and also by their high reactivity and lack of
selectivity with functionalised organic compounds. It is often


preferable to use metal ± carbene complexes 1 (Scheme 2) in
which the metal, and the ligands with which it is usually
associated, can potentially influence the reactivity of the
carbene. Metal ± carbene complexes are themselves often
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Scheme 2. Metal-catalysed carbonyl ylide formation/cycloaddition.


transient intermediates. One good way of generating metal ±
carbene complexes as intermediates is the reaction of a diazo
(often an a-diazocarbonyl) compound with a metal ± ligand
system (the metal is often rhodium or copper).[3] This process
has been extensively examined in the context of tandem
carbonyl ylide formation/cycloaddition by Ibata and, partic-
ularly, Padwa and has become an important method for the
synthesis of oxacycles.[4] The transformation is attractive
because of the rapid increase in molecular complexity, and
good levels of diastereoselectivity can be observed. One
intriguing question relates to the possibility of achieving an
enantioselective cycloaddition by using a chiral catalyst
(Scheme 2).


Although significant progress has been made in trans-
formations of diazocarbonyl compounds involving enantiose-
lective C�C, CÿH or XÿH (X�N, Si) insertions using chiral,
non-racemic transition metal-based catalysts,[3, 5] at the outset
of our studies there were no reported examples of enantio-
selective, tandem carbonyl ylide formation/cycloaddition.
Unlike enantioselective insertion, in which an intermediate
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metal carbene complex can directly exert an influence on
selectivity, it could be argued that once an ylide is formed the
catalyst is not involved in the subsequent cycloaddition and
asymmetric induction would be unlikely. However, prior to
our work, Padwa and co-workers had observed rhodium(ii)-
catalyst-dependent changes in regiochemistry during intra-
molecular cycloaddition following carbonyl ylide formation.[6]


Also, there were scattered reports of enantioselective rear-
rangements, based on transition-metal catalysis, involving
other types of ylides from diazo compounds, which could also
be interpreted as implying catalyst association with the ylide
during the rearrangement step.[7] In this paper we detail our
studies on the realisation of enantioselective tandem carbonyl
ylide formation/cycloaddition,[8] which have involved the
synthesis and examination of a number of new chiral
rhodium(ii) catalysts to generate cycloadducts in up to
90 % ee in this emerging asymmetric process.


Results and Discussion


Our choice of substrate to examine this chemistry was
influenced by the consideration that asymmetric induction
might depend upon the rate of cycloaddition of a carbonyl
ylide, since a potential requirement for asymmetric induction
could be that cycloaddition is faster than catalyst decomplex-
ation from the ylide. We therefore first examined a 2-diazo-
3,6-diketoester 2 (Scheme 3) designed to undergo intramo-
lecular cycloaddition with a simple terminal alkene, as a
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Scheme 3. Intramolecular carbonyl ylide formation/cycloaddition.


closely related system to 2 (with CO2R�H) had previously
been shown to undergo intramolecular cycloaddition faster
than intermolecular cycloaddition of the ylide with the highly
reactive dipolarophile dimethyl acetylenedicarboxylate
(DMAD).[9] Expected advantages of studying an a-diazo-b-
ketoester of this type were ease of synthesis by diazo transfer,
combined with stability, storage and ease of handling of a
doubly stabilised (by ester and keto groups) diazo substrate,
and ability to vary the ester group. Also, cycloaddition regio-
and (exo-, endo-) stereochemistry would be unambiguous, and
related systems could find utility in the synthesis of bio-
logically active natural product classes.[4]


2-Diazo-3,6-diketoesters 2 (R� alkyl) were prepared ac-
cording to Scheme 4. 4-Oxo-8-nonenoic acid (4) was origi-
nally made (41 %) following the published procedure of
pentenyl Grignard addition to succinic anhydride;[10] however,
a significant amount (ca. 20 %) of 4,4-dipentenyl-g-butyro-
lactone was also observed. The latter compound arose from a
second addition of the Grignard reagent to the intermediate
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Scheme 4. Synthesis of cycloaddition substrate 2. Reagents and condi-
tions: a) tBuLi, CH2�CH(CH2)3I, THF, ÿ78 8C to 25 8C; b) Jones� reagent,
THF, 25 8C; c) carbonyldiimidazole, THF, 0 8C, then Mg(O2CCH2CO2R)2,
THF, 25 8C, then H3O� ; d) 4-(NHAc)C6H4SO2N3, Et3N, MeCN, 25 8C.


ketone followed by ring closure. Due to the inefficiency of this
method, an alternative procedure was devised. A range of
4-ketoalkanoic acids have been prepared by Meyers and co-
workers by alkylation of lithiated 2,3-dihydrofuran followed
by hydrolysis/oxidation with Jones� reagent.[11] Using 5-iodo-
pent-1-ene as the alkylating agent, this two-step procedure
gave keto acid 4 in an improved 68 % yield. Homologation of
the keto acid 4 to 3,6-diketoesters 5 was best achieved by a
modified version of the Masamune procedure (58 ± 92 %),[12]


in which the magnesium salts of monoalkyl malonates were
prepared using Bu2Mg rather than Mg(OEt)2.[13] Diazo trans-
fer then afforded the cycloaddition precursors 2 in good to
excellent yields (70 ± 91 %).


The viability of the substrates 2 to undergo the desired ylide
formation/cycloaddition process was established by treatment
with rhodium(ii) acetate in CH2Cl2 heated under reflux
(60 ± 80 % yields of cycloadducts 3); these racemic cyclo-
adducts were also used for establishing enantiomeric purity
determination assays (vide infra). The use of a copper catalyst
6 ([Cu(MeCN)4]PF6 in combination with a enantiopure
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bisoxazoline ligand), as used by Doyle to affect enantiose-
lective cyclopropanation,[14] and more recently in enantiose-
lective 2,3-sigmatropic rearrangements of oxonium and
iodonium ylides,[15] proceeded only sluggishly in CH2Cl2


heated under reflux overnight to deliver optically inactive
cycloadduct 3 c (25 % yield, 100 % based on recovered 2); the
use of copper-based catalysts was not further pursued. At this
stage, representatives of the known classes of chiral rhodi-
um(ii) catalysts, selected for their varying electronic and steric
properties and ability to induce enantioselectivity in other
diazocarbonyl transformations,[3, 5] were screened with the
cycloaddition substrates 2, generally both in chlorinated and
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(where the catalyst was sufficiently soluble) hydrocarbon
solvents.


Although carboxamidate catalysts might be anticipated to
be somewhat unreactive towards diazo decomposition with
doubly stabilised diazo compounds such as 2, the well-known
commercially available glutamic-acid-derived catalyst
[Rh2{(R)-mepy}4] (7; mepy�methyl 2-pyrrolidine 5-carbox-
ylate anion),[3, 16] the more reactive azetidine-based catalyst
8[17] and the difluorinated catalyst 9[18] all generated cyclo-
adduct 2, albeit with no optical activity. The mandelic-acid-
derived catalysts 10 and 11, were two of the first reported
examples of chiral RhII catalysts,[19, 20] the former generating
the highest levels of asymmetric induction (45 % ee) in a study
by McKervey et al. of enantioselective NÿH insertion.[21] Of
the range of chiral carboxylate catalysts that were screened
(seven examples) in enantioselective SiÿH insertion by Moody
and co-workers, the highest level of enantioselectivity (31% ee)
was obtained with RhII catalyst 12, which is derived from
Mosher�s acid.[22] All three of these oxygenated carboxylate-
ligand-containing catalysts gave the cycloadduct 3 c in gen-
erally high yields, and importantly asymmetric induction was
observed, but at a low level (Table 1, entries 1 ± 6); there was
no significant solvent effect on ee with these catalysts. One
anomalous yield (48 %) was obtained from the use of 10 in
hexane (entry 2); this could result from the poor solubility of
the catalyst in this solvent.


In 1990 Hashimoto, Watanabe and Ikegami published their
first examples of enantioselective CÿH insertion of carbenoid
intermediates derived from a-diazo-b-ketoesters and cata-
lysed by chiral RhII carboxylates, the latter generally prepared
from N-phthaloyl amino acids.[23] Since this initial report, a
series of studies have been described by the Ikegami/
Hashimoto groups developing this approach and demonstrat-
ing the utility of the products.[24] As two of the most impressive
catalysts in terms of enantioselectivity are derived from
phenylalanine and tert-leucine, we selected these catalysts (13
and 14) to be screened in the tandem carbonyl ylide
cyclisation/cycloaddition as representative examples of this
group of RhII complexes; however, they were found to be only
weakly enantioselective (up to 28 % ee, Table 1, entries
7 ± 11).
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Proline-derived catalysts, initially studied by McKervey,[25]


were found by Davies and co-workers to deliver excellent ees
(up to 98 % ee) in a series of cyclopropanations.[26] Examina-
tion of the tandem carbonyl ylide formation/cycloaddition
process with the prolinate catalyst [Rh2{(S)-dosp}4] (15 b ;
dosp�N-(p-dodecylphenyl)sulfonylprolinate) gave only a
low level of enantioselection in CH2Cl2 (Table 1, entry 13).
However, in line with other asymmetric transformations with
15 b,[26] a significant increase in ee was observed in hydro-
carbon solvent (Table 1 entry 14) relative to CH2Cl2. Unlike
most of the catalyts studied, 15 b is fully hydrocarbon soluble,
due to the dodecyl substituent. The partially hydrocarbon
soluble (at 25 8C) catalyst 15 a was not as effective (entry 12).
Davies and co-workers have observed a major effect of ester
group size in asymmetric cyclopropanations that make use of
catalyst 15 b with ester-substituted vinyldiazomethanes (meth-
yl esters giving the highest levels of enantioselectivity).[26]


However, similar ees to those of the tBu-substituted ester 2 c
in hexane were found with the Me- and Et-substituted
2-diazo-3,6-diketoesters 2 a,b (e.g., at room temperature
86 % yield, 48 % ee and 82 % yield, 52 % ee, respectively).
Yields of the cycloadduct 3 c formed by using catalyst 15 b in
hexane steadily improved as the reaction was carried out at
increasing temperatures; however, there was a slight erosion
in ee (entries 15 and 16). Cooling the reaction to 0 8C resulted
in little change in ee or yield (entry 17); below 0 8C yield was
eroded (entry 18) and no cycloadduct was obtained atÿ14 8C.
The Me- and Et-substituted 2-diazo-3,6-diketoesters 2 a,b
showed slightly greater variation of ee with temperature (for
2 a at 69 8C, 96 % yield, 48 % ee and at 0 8C, 65 % yield,
33 % ee ; for 2 b at 69 8C, 90 % yield, 29 % ee and at 0 8C, 63 %
yield, 52 % ee), room temperature being optimal for both
substrates. This led to tBu ester 2 c, rather than the corre-


Table 1. Effect of Rh ± carboxylate catalysts 10 ± 19 in the cycloaddition of
2c.


Entry Catalyst Solvent T [8C] 3c yield [%] 3 c ee [%][a]


1 10 CH2Cl2 25 93 ÿ 11
2 10 hexane 25 48 ÿ 9
3 11 CH2Cl2 25 97 ÿ 16
4 11 hexane 25 92 ÿ 22
5 12 CH2Cl2 25 98 ÿ 17
6 12 hexane 25 95 ÿ 9
7 13 CH2Cl2 25 87 ÿ 28
8 13 hexane 25 55 ÿ 21
9 14 CH2Cl2 25 72 ÿ 23


10 14 hexane 69[b] 86 ÿ 20
11 14 Et2O 25 60 ÿ 14
12 15 a hexane 25 59 38
13 15 b CH2Cl2 25 86 10
14 15 b hexane 25 77 52
15 15 b hexane 43 84 48
16 15 b hexane 69 89 42
17 15 b hexane 0 74 51
18 15 b hexane ÿ 7 55 48
19 16 CH2Cl2 25 81 13
20 16 hexane 25 75 31
21 17 a CH2Cl2 25 43 ÿ 17
22 17 a hexane 25 60 ÿ 34
23 17 b CH2Cl2 25 87 ÿ 16
24 17 b hexane 25 65 ÿ 32
25 18 CH2Cl2 25 71 ÿ 20
26 18 hexane 25 51 ÿ 36
27 19 CH2Cl2 25 55 ÿ 22
28 19 hexane 25 65 ÿ 22


[a] ees were determined after conversion from the tBu ester 3c to the
methyl ester 3 a by hydrolysis/esterification [trifluoroacetic acid (TFA),
CH2Cl2 then MeOH, para-toluenesulfonic acid (p-TSA)] and 1H NMR
analysis of the split methoxy signal using praseodymium tri[3-(heptafluoro-
propylhydroxymethylene)-(�)-camphorate] [Pr(hfc)3]. Negative values
correspond to enrichment in (ÿ)-cycloadduct 3c. [b] No reaction at 25 8C.
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sponding Me and Et esters 2 a,b, being examined in the bulk of
the studies.


With catalyst 15 as an initial lead, modification of the
prolinate framework was probed by an examination of
catalysts 16,[27] 17,[28] 18[29] and 19.[30] A similar solvent
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dependency on ee to that observed with 15 b was found with 16
and 17 (Table 1, entries 19 to 24); ees were better in hydro-
carbon solvent. The ligand in catalyst 18 was originally
designed by Davies to form a conformationally constrained
catalyst with an up-down up-down arrangement of the
arylsulfonyl groups, thus allowing the effect of ligand align-
ment in vinyl ± carbenoid cyclopropanations in polar and
nonpolar solvents to be studied.[29] To the extent that the ees
converge slightly in CH2Cl2 and hexane with ligand 18
(entries 25 and 26) relative to 15 b (entries 13 and 14), then
favourable ligand aligment using 15 b in hexane may also play
a role in the asymmetric dipolar cycloaddition process. Similar
results were obtained in both hexane and CH2Cl2 when 19 was
used as the catalyst (entries 27 and 28). Since the favoured
solvent for 19 in cyclopropanations has been found to be
CH2Cl2,[30] the observation in the present study of identical
enantioselectivities in the two solvents suggests that hexane is
inherently the superior solvent for enantioselective cyclo-
addition with the prolinate-type catalysts, for which 15 b gave
the highest ee.


It was considered important to establish that the ee in the
reaction with these catalysts arises entirely due to the
cycloaddition process and is not affected by possible enan-
tiomer-selective destruction of the cycloadduct 3 by the
catalyst. This was proven by stirring enantioenriched 3 c with
catalyst 15 b in CH2Cl2 or hexane at 25 8C for 12 hours; this
resulted in essentially quantitative recovery of the cyclo-
adduct 3 c, with unchanged ee. The absolute configuration of
the predominant cycloadduct enantiomer (�)-3 c formed by
using a-diazo-b-ketoester 2 c and catalyst 15 b was also
determined, as shown in Scheme 5. Thus, hydrolysis of
cycloadduct 3 c with trifluoroacetic acid (TFA) followed by
esterification with (1S)-endo-(ÿ)-borneol and recrystallisa-
tion gave the major diastereomer borneol ester 20. Conden-
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Scheme 5. Determination of the absolute configuration of cycloadduct
(�)-3 c. Reagents and conditions: a) TFA, CH2Cl2, 25 8C, 1 h; b) i) (ÿ)-
borneol, DMAP, DCC, CH2Cl2, 25 8C, 18 h; ii) recrystallisation from
cyclohexane; c) NH2OH.HCl, NaOAc, MeOH, 25 8C, 15 h; d) 3,5-dinitro-
benzoyl chloride, pyridine, Et2O, 25 8C, 2 h.


sation of the borneol ester 20 with hydroxylamine gave the
oxime 21 and finally reaction with 3,5-dinitrobenzoyl chloride
gave derivative 22 suitable for crystallographic analysis.[31]


During the course of our studies,[8] research groups led by
Doyle,[32] Ibata[33] and Hashimoto[34] reported conceptually
related (but intermolecular) asymmetric carbonyl ylide cyclo-
additions. The asymmetric induction in these cycloadditions
was low (<30 % ee), aside from the work of Hashimoto who
used a-diazoketones with DMAD as the dipolarophile for
which ees up to 92 % were reported (Scheme 6, R1�H, R2�
Ph, absolute sense of predominant asymmetric induction not


CO2MeMeO2C


O
R1 O


CO2Me
MeO2C


R2


R1
O


N2


R2


O


N


O


O


O


O Rh


Rh


iPr


 R1 = H
up to 92% ee


23 25


PhCF3


24


R2 = Ar, Alkyl


4


Scheme 6. Cycloadditions with DMAD.


determined).[34a] Applying the optimised catalyst ± solvent
combination for intermolecular cycloaddition of a-diazoke-
tones with DMAD reported by Hashimoto[34a] (catalyst 24,
PhCF3 as solvent) to 2-diazo-3,6-diketoester 2 c at 25 8C
resulted in only essentially racemic cycloadduct 3 c (90 %
yield, 1 % ee). Furthermore, cycloadduct 25 (R1�CO2Et,
R2�Me)[35] was obtained in only 33 % ee under the same
conditions in the reaction of 2-diazo-3,6-diketoester 23 (R1�
CO2Et, R2�Me)[35] with DMAD [a-diazoketone 23 (R1�H,
R2�Me) gave cycloadduct in 80 % ee].[34a] These last results
indicate that ee is rather sensitive to variation in the electronic
structure of the dipole.


As a maximum ee of 52 % was observed from the screening
of RhII ± carboxylate catalysts (Table 1), it was considered that
an alternative class of catalysts should be investigated. In
seeking to develop more efficient catalysts for asymmetric
carbonyl ylide formation/cycloaddition, we were attracted to
the reports in 1992 by Pirrung[36] and McKervey[37] concerning
binaphtholphosphate (bnp) catalysts [Rh2{(R)-bnp}4] (26) and
[Rh2{(S)-bnp}2(O3CH)2] ´ 5 H2O for diazocarbonyl decompo-
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sition. CÿH insertion and cyclo-
propanation were among the
asymmetric processes investi-
gated (up to 60 % ee). More
recently Müller and co-workers
have included catalyst 26 in
studies of asymmetric aziridina-
tion (up to 73 % ee) and enan-


tioselective allylic amination (31 % ee).[38]


Initial investigation of Pirrung�s structurally well-defined
D4-symmetric catalyst [Rh2{(R)-bnp}4] (26) with 2-diazo-3,6-
diketoester 2 c in hexane at 25 8C gave an immediate improve-
ment in ee of the cycloadduct (�)-3 c (64% ee, Table 2,


entry 1) compared with [Rh2{(S)-dosp}4] (15 b ; 52 % ee), even
though 26 was only partially soluble in hexane at 25 8C.
Interestingly, asymmetric induction was maintained in CH2Cl2


at 25 8C (65 % ee, entry 2); this compares with 10 % ee
previously obtained by using 15 b in CH2Cl2 (Table 1, en-
try 13). Whilst binaphthol catalyst 26 remained soluble in
CH2Cl2 at 0 8C, no improvement in ee was observed (64 %,
Table 2, entry 3). Good solubility was also observed in
benzene at 25 8C, although ee was poor (33 %, entry 4). The
results with binaphthol catalyst 26 prompted a study of the
effects of structural variation of the binaphthyl core on
enantioselectivity.


Substitution at the 3,3'-positions was first examined using
dimethylbinaphthol catalyst 27,[39] which was prepared (79 %)
by an analogous procedure[36] to 26 from [Rh2(OAc)4] by
ligand exchange with the known 3,3'-dimethylbinaphtholhy-
drogen phosphate.[40] However, reaction of [Rh2{(R)-
dmbnp}4] (27; dmbnp� dimethylbinaphtholphosphate)
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with 2-diazo-3,6-diketoester 2 c led to no cycloadduct in
hexane, a very low ee (7%) of (�)-3 c in CH2Cl2 (Table 2,
entry 5) and a poor result in benzene (entry 6), possibly due to
steric congestion at the axial binding sites on the dirhodium
core; this (in CH2Cl2) might also facilitate catalyst release to
give the free ylide for cycloaddition.


Substitution at the 6,6'-positions has been a successful tactic
to alter asymmetric induction with binaphthyl-based cata-
lysts.[41] [Rh2{(R)-dbbnp}4] (28 ; dbbnp� dibromobinaphthol-
phosphate), available from 6,6'-dibromobinaphtholhydrogen
phosphate,[42] induced similar ees to 26 (entries 7 ± 9). The
yield of reaction in hexane (entry 7) was most likely low due
to the common problem of poor catalyst solubility in hexane,
which also resulted in a long reaction time (15 h as opposed to
0.5 h in CH2Cl2). With the primary aim of investigating a more
hydrocarbon-soluble catalyst, 33 was synthesised according to
Scheme 7.
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Scheme 7. Synthesis of catalyst 33. Reagents and conditions:
a) C12H25MgBr, NiCl2, Ph2P(CH2)3PPh2 (1 mol %), Et2O, reflux, 48 h;
b) TMSCl, NaI, MeCN, PhCH3, 40 8C, 2 h (89 %); c) POCl3, pyridine,
25 8C, 1 h, then H2O, NaHCO3; d) [Rh2(OAc)4], PhCl, reflux, 6 h.


The known bis-ether 29[43] was cross-coupled[44] with
commercially available dodecylmagnesium bromide (40 ±
75 %, Scheme 7). Deprotection of the resultant didodecylbis-
ether 30 using TMSI[45] gave diol 31 (89 %). Formation of the
acid 32 (91 %) from the diol 31 under standard conditions
followed by ligand exchange[46] gave [Rh2{(R)-ddbnp}4] (33,
69 %; ddbnp� didodecylbinaphtholphosphate). Although
only a slight rise in the ee of (�)-3 c was noted with 33 in
CH2Cl2 at 25 8C (Table 2, entry 10) relative to 26, the new
catalyst was significantly more effective in hexane (81% ee,
entry 11). Moreover, catalyst solubility and activity were
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Table 2. Effect of binaphtholphosphate-type catalysts 26 ± 28, 33, 36 and 39
in the cycloaddition of 2c.


Entry Catalyst Solvent T [8C] 3c yield [%] 3 c ee [%][a]


1 26 hexane 25 65 64
2 26 CH2Cl2 25 83 65
3 26 CH2Cl2 0 55 64
4 26 benzene 25 55 33
5 27 CH2Cl2 25 50 7
6 27 benzene 25 30 26
7 28 hexane 25 34 66
8 28 CH2Cl2 25 67 58
9 28 CH2Cl2 0 36 61


10 33 CH2Cl2 25 80 68
11 33 hexane 25 76 81
12 33 hexane 0 81 88; 89[b] 88[c]


13 33 hexane ÿ 15 66 90[b]


14 36 CH2Cl2 25 47 55[c]


15 36 hexane 25 65 75[c]


16 36 hexane 0 35 74[c]


17 39 CH2Cl2 25 60 ÿ 59[c]


18 39 hexane 25 66 ÿ 77[c]


19 39 hexane 0 42 ÿ 80[c]


[a] ees determined by using the method described in Table 1, footnote [a].
[b] ees determined on the benzyl oxime ether (O-benzyl hydroxylamine
hydrochloride, NaOAc, MeOH) of the methyl ester by HPLC analysis
(Daicel Chiralpak AD, 10% EtOH/hexane) of the major geometric isomer.
[c] ees determined directly on 3c by GC analysis (CP Chirasil Dex-CD and
Cydex-b (entry 12), 140 8C isotherm). Negative values correspond to
enrichment in (ÿ)-cycloadduct 3 c.
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maintained in hexane at 0 8C and asymmetric induction rose
to give the cycloadduct (�)-3 c in 81 % yield and 89 % ee
(entry 12). A similar ee (90 %) was observed on conducting
the reaction at ÿ15 8C (entry 13), whereas reaction at ÿ30 8C
was very slow and gave a complex product mixture from
which no cycloadduct was isolable.


It was considered important to probe the effect on
enantioselectivity of a smaller ester substituent in the cyclo-
additions with the phosphate catalysts, since they might not
show the same insensitivity to ester variation as the prolinate
catalysts. With [Rh2{(R)-dmbnp}4] (27), reaction with methyl
ester 2 a was examined and the enantioselectivities in CH2Cl2


(4 % ee, 76 % yield) and C6H6 (26 % ee, 73 % yield) were
found to be very similar to those obtained with 2 c (Table 2,
entries 5 and 6). However, reaction of methyl ester 2 a under
catalysis by [Rh2{(R)-ddbnp}4] (33) at 25 8C resulted in a
dramatic decrease in enantioselectivity in both hexane
(20 % ee, 72 % yield) and CH2Cl2 (7 % ee, 77 % yield), relative
to that observed when using precursor 2 c (81 % ee and
68 % ee, respectively, Table 2, entries 10 and 11). This was
further emphasised by a reversal in the predominant sense of
asymmetric induction when C6H6 was used as the solvent with
2 a and 33 at 25 8C (ÿ10 % ee, 57 % yield); this last result is
consistent with the enantioselectivity obtained with 2 a and
the parent catalyst [Rh2{(R)-bnp}4] (26) in C6H6 at 25 8C
(ÿ8 % ee, 70 % yield).


Workers at Schering AG-Berlin have developed the syn-
thesis of bis-steroidal binaphthols, which when incorporated
into catalysts can lead to interesting, and in some cases
increased, enantioselectivity relative to the analogous binaph-
thol-derived catalysts in certain asymmetric transforma-
tions.[47] Construction of a RhII ± phosphate catalyst derived
from a ligand such as 37 (Scheme 8) would result in a complex
with a more substantial steric wall surrounding the axial
binding site at the metal. This appeared attractive in terms of
the potential for modifying enantiocontrol. Furthermore, it
was considered that the alicyclic component should enhance
the solubility in hexane of such a RhII catalyst, relative to
catalyst 26. Thus, bis-isoequilenine scaffolds 34 and 37
(prepared from estrone)[47d] were converted to the novel
catalysts [Rh2{(R,S)-biep}4] (36 ; biep� bisisoequileninephos-
phate) and [Rh2{(S,S)-biep}4] (39), respectively (Scheme 8,
note that the first stereochemical descriptor refers to the axial
configuration and the second to that of the methyl-substituted
stereogenic centres).


In CH2Cl2, both 36 and 39 provide asymmetric induction
inferior to 26 and 33 (Table 2, entries 14 and 17 compared
with 2 and 10). In hexane, the effectiveness of the bis-steroidal
catalysts lie between those of 26 and 33 (entries 15,16 and
18,19 compared with 1 and 11,12). In this solvent, there was a
noticeable difference in catalytic activity between the two bis-
steroidal catalysts (with 36 reaction was complete within
30 minutes at room temperature, whereas 39 requires it 40 to
50 minutes; this compares with 33 requiring 30 minutes at the
same temperature). This may be due to a slight difference in
solubility in hexane between the two diastereomers. Catalyst
39 gives slightly higher asymmetric induction than 36 (en-
tries 17 ± 19 and 14 ± 16). Therefore, as found in other
asymmetric tranformations with this ligand class, the enantio-
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Scheme 8. Synthesis of biep catalysts 36 and 39. Reagents and conditions:
a) POCl3, pyridine, 25 8C, 1 h, then H2O, 25 8C 15 min, then HCl;
b) [Rh2(OAc)4], PhCl, reflux, 5 h.


selectivity depends both on the axial chirality and the
stereogenic centres in the ligand backbone.[47, 48] Also, as in
most (but not all)[47c] previous studies of these ligands, the
predominant sense of asymmetric induction observed in our
work is determined by the element of axial chirality and not
by the stereogenic centres in the ligand structure.


Because the catalyst-free carbonyl ylides in our studies and
the studies by Doyle,[32] Ibata[33] and Hashimoto[34] would be
achiral, the observation of enantioselectivity provides unam-
biguous evidence (assuming no catalyst ± dipolarophile inter-
action) for an enantioselective ylide transformation taking
place via a catalyst-complexed ylide intermediate 40/41 or
dipolar complex 42/43 (for a generalised analysis of the
process see Scheme 9).


In this mechanistic analysis, attack of the metal carbene
complex by the carbonyl group would give initially a catalyst-
complexed ylide species 40/41, in which the catalyst is
attached to the originally carbenic carbon. A recent computa-
tional study by Padwa and co-workers indicates that a
catalyst-complexed carbonyl ylide can be of lower energy
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Scheme 9. Mechanistic analysis.


than its acyclic metal ± carbene complex precursor, and can
also be lower in energy than a free carbonyl ylide and catalyst
([Rh2(O2CH)4] was used in the calculations).[49] Assuming that
during the ensuing cycloaddition the catalyst remains asso-
ciated with the C�O�ÿCÿ part of the ylide, rather than
ligation with a carbonyl group or carbonyl groups, then the
chiral catalyst can only be associated with either face of a
single carbonyl ylide, since (with the exception of Doyles
studies)[32] the ylide is part of a ring. Cycloaddition could then
occur on the opposite face of the ylide to the catalyst as the
catalyst dissociates. In the case of substrate 2 the cyclo-
addition is likely to be a concerted process from dipolar
complex 42/43, because the dipolarophile is a simple unpo-
larised alkene (the situation could be different with DMAD).
If one also assumes for the moment that no cycloaddition
occurs competitively from the catalyst-free ylide 44, then two
suggestions for the origin of the enantioselectivity are as
follows. If the two catalyst-associated ylide isomers do not
interconvert within the timescale of the cycloaddition, then
the enantioselectivity is governed by the preference of the
tethered carbonyl to cyclise to the Re or Si face of the metal ±
carbene complex under the influence of the chiral ligands of
the catalyst. Alternatively, interconversion between the two
catalyst-associated ylide isomers through a dissociation/re-
combination mechanism (dissociation to the acyclic metal ±
carbene complex) could be faster than the rate(s) of cyclo-
addition. This last case describes a Curtin ± Hammett situation
with the relative proportions of the two catalyst-associated
ylides being inconsequential and the enantioselectivity being
determined by the difference in the free energies of the
activation barriers (DDG=) of the two catalyst-associated ylide
isomers for cycloaddition. Regardless of which of these two
processes operates, enantioselectivity could be affected if the
catalyst dissociates from the ylide prior to, or competitively
with, cycloaddition from the catalyst-associated ylide. If


catalyst dissociation is reversible and is fast compared with
the rates of catalyst-associated and catalyst-free cycloaddi-
tions then the relative rates of these cycloadditions will also be
an important factor influencing the level of asymmetric
induction observed.


Conclusion


In summary, our results indicate that dirhodium tetrakisbi-
naphtholphosphate catalysts can be superior to the more
commonly utilised carboxylates and carboxamidates in asym-
metric transformations of diazocarbonyl compounds and
deserve to be more fully investigated.[50] More generally our
studies provide a significant contribution to the emerging
concept that metal-catalysed dipole formation followed by
cycloaddition can be a powerful method for asymmetric
synthesis. Our work described herein (together with Ibata�s
and Hashimoto�s results) suggests that efficient catalyst
control over enantioselectivity (and diastereoselectivity) in
carbonyl ylide cycloadditions can eventually be developed,
although major challenges clearly lie ahead in developing
catalysts that are effective with various ylide types and
substitution patterns, and different dipolarophiles.


Experimental Section


General techniques : All reactions requiring anhydrous conditions were
conducted in flame-dried apparatus under an atmosphere of argon.
Syringes and needles for the transfer of reagents were dried at 140 8C
and allowed to cool in a desiccator over P2O5 before use. Ethers were
distilled from sodium/benzophenone, (chlorinated) hydrocarbons and Et3N
from CaH2. Reactions were monitored by TLC by using commercially
available glass-backed plates, pre-coated with a 0.25 mm layer of silica
containing a fluorescent indicator (Merck). Column chromatography was
carried out on Kieselgel 60 (40 ± 63 mm). Light petroleum refers to the
fraction with b.p. 40 ± 60 8C. [a] values are given in 10ÿ1 deg cm2 gÿ1. IR
spectra were recorded as thin films unless stated otherwise. Peak intensities
are specified as strong (s), medium (m) or weak (w). 1H and 13C NMR
spectra were recorded in CDCl3 unless stated otherwise with a Bruker
AC200, a Varian Gemini 200, a Bruker DPX 400, a Bruker AM 500 or a
Bruker AMX 500 spectrometer (Cq� quaternary C atom). Chemical shifts
are reported relative to CHCl3 [dH� 7.26, dC(central line of t)� 77.0]. Mass
spectra were obtained by the EPSRC National Mass Spectrometry Service
Centre at the University of Swansea by using a Micromass Quattro II low-
resolution triple quadrupole mass spectrometer or, for accurate masses, by
using a Finnigan MAT 900 XLT high-resolution double-focusing mass
spectrometer with tandem ion trap. Chiral stationary phase HPLC was
performed by using a Daicel Chiralpak AD column (4.6 mm� 250 mm) on
a Gilson system with 712 Controller Software and a 118 UV/VIS detector
set at 254 nm. Retention times for major (tRmj) and minor (tRmn)
enantiomers are given in minutes. Chiral gas chromatography was carried
out using a CE Instruments Trace GC (Thermoquest) machine with CP
Chirasil Dex-CD or Cydex-b columns. Retention times for major (tRmj)
and minor (tRmn) enantiomers are given in minutes.


4-Oxo-8-nonenoic acid (4):[10] A stirred solution of 2,3-dihydrofuran
(11.4 mL, 151 mmol) in THF (650 mL) was cooled to ÿ78 8C before
dropwise addition of tBuLi (109 mL of a 1.7m solution in pentane) through
a cannula over 1 h. The solution was warmed to 0 8C for 30 min before
being recooled to ÿ78 8C. A solution of 5-iodo-1-pentene[51] (29.7 g,
151 mmol) in THF (30 mL) was added dropwise through a dropping funnel,
and the resulting solution was warmed to room temperature and then
stirred for 1 h. The reaction mixture was recooled to 0 8C and quenched by
careful addition of saturated aqueous NH4Cl solution (100 mL). The
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aqueous phase was extracted with pentane/Et2O (3� 150 mL, 1:1 v/v) and
the combined organic components were dried (MgSO4) before concen-
tration under reduced pressure until the volume was approximately
500 mL. The solution of alkylated dihydrofuran was stirred and Jones�
reagent[52] (122 mL of a 2.7m aqueous solution) was added dropwise over
90 min. After 18 h the reaction mixture was diluted with Et2O (300 mL)
and H2O (300 mL), and stirred vigorously for 30 min. The aqueous phase
was separated, extracted with Et2O (4� 200 mL) and the combined organic
components were washed with H2O (3� 100 mL) and extracted with 10%
aqueous NaOH solution (3� 200 mL). The combined basic portions were
cooled to 0 8C and acidified to pH 1 with HCl (6n). The cloudy aqueous
component was extracted with CH2Cl2 (4� 200 mL) and the combined
organic components dried (MgSO4). Concentration under reduced pres-
sure gave the keto acid 4 as a white solid (17.5 g, 68% over 2 steps).
1H NMR (400 MHz, CDCl3, 25 8C): d� 1.63 ± 1.70 (m, 2H;
CH2CH2CH�CH2), 2.00 ± 2.06 (m, 2 H; CH2CH�CH2), 2.44 (t, 3J(H,H)�
7.4 Hz, 2H; CH2(CH2)2CH�CH2), 2.58 ± 2.70 (m, 4H; C(O)CH2CH2C(O)),
4.86 ± 4.96 (m, 2 H; CH�CH2), 5.74 (ddt, 3J(H,H)� 17.0, 10.0, 7.0 Hz, 1H;
CH�CH2), 11.58 (br s, 1 H; CO2H); 13C NMR (100 MHz, CDCl3, 25 8C):
d� 22.7, 27.7, 32.9, 36.8, 41.7 (5�CH2), 115.2 (CH�CH2), 137.8 (CH�CH2),
179.0 (CO2H), 208.8 (C�O); IR (KBr): nÄ � 3100 (w, br; OH), 2938 (m; CH),
1712 (s; C�O), 1416 (m), 1248 cmÿ1 (m).


tert-Butyl 3,6-dioxo-10-undecenoate (5 c): Carbonyl diimidazole (3.04 g,
18.75 mmol) was added to a stirred solution of keto acid 4 (2.66 g,
15.63 mmol) in THF (30 mL) at 0 8C. After 15 min at 0 8C the ice bath was
removed and the reaction mixture was allowed to warm to room
temperature for 1 h. In a separate flask, mono-tert-butyl malonate
(6.00 g, 37.46 mmol) was dissolved in THF (100 mL), cooled to ÿ78 8C
and to this was added Bu2Mg (18.80 mL of a 1.0m solution in heptane) by
syringe. The mixture was stirred for 15 min at ÿ78 8C and then for 1 h at
room temperature. The solvent was removed, the residue dissolved in THF
(50 mL) and the acyl imidazolide added through a cannula, rinsing the flask
with a second portion of THF (10 mL). After 18 h the reaction was
quenched by the addition of 10 % aqueous citric acid solution (30 mL), the
layers separated and the aqueous component extracted with Et2O (2�
60 mL). The combined organic components were washed with saturated
aqueous NaHCO3 solution (30 mL) and brine (30 mL), dried (MgSO4) and
concentrated under reduced pressure. The crude product mixture was
purified by column chromatography (light petroleum/Et2O 5:1) to give 3,6-
diketoester 5c as a colourless oil (2.41 g, 58%). Rf � 0.35 (light petroleum/
Et2O 1:1); 1H NMR (500 MHz, CDCl3, 25 8C): d� 1.47 (s, 9H; C(CH3)3),
1.64 ± 1.71 (m, 2 H; CH2CH2CH�CH2), 2.01 ± 2.10 (m, 2 H; CH2CH�CH2),
2.47 (t, 3J(H,H)� 7.4 Hz, 2 H; CH2(CH2)2CH�CH2), 2.69 ± 2.72, 2.80 ± 2.83
(2�m, 2� 2 H; C(O)CH2CH2C(O)), 3.41 (s, 2H; C(O)CH2C(O)), 4.97 ±
5.00 (m, 2H; CH�CH2), 5.76 (ddt, 3J(H,H)� 16.9, 10.1, 6.7 Hz, 1H;
CH�CH2); 13C NMR (125 MHz, CDCl3, 25 8C): d� 27.8 (C(CH3)3), 22.7,
32.9, 36.0, 36.2, 41.7 (5�CH2), 50.5 (C(O)CH2C(O)), 81.8 (C(CH3)3), 115.1
(CH�CH2), 137.8 (CH�CH2), 166.3 (CO2), 201.9, 208.8 (2�C�O); IR: nÄ �
2979 (m; CH), 2936 (m; CH), 1769 (s; C�O), 1737 (s; C�O), 1715 (s; C�O),
1410 (m), 1394 (m), 1339 (m), 1321 (m), 1258 (m), 1153 cmÿ1 (m); MS (CI�):
m/z (%): 286 (38) [M�NH4]� , 240 (38), 230 (100), 186 (70), 109 (20), 52
(56); HRMS: calcd for C15H28O4: 286.2018; found: 286.2018 [M�NH4]� .


tert-Butyl 2-diazo-3,6-dioxo-10-undecenoate (2c): Et3N (1.34 mL,
9.69 mmol) was added to a stirred solution of 3,6-diketoester 5c (2.36 g,
8.81 mmol) and 4-acetamidobenzenesulfonyl azide[53] (2.32 g, 9.69 mmol)
in MeCN (70 mL). After 15 h the reaction mixture was filtered and the
precipitate washed with CH2Cl2 (70 mL). Saturated aqueous NH4Cl
(20 mL) solution was added to the combined organics, the layers were
separated and the aqueous phase extracted with CH2Cl2 (20 mL). The
organic components were washed with brine (20 mL), dried (MgSO4) and
absorbed onto silica. Purification by column chromatography (light
petroleum/Et2O 10:1) gave cycloaddition precursor 2c as a yellow oil
(2.35 g, 91%). Rf� 0.61 (light petroleum/Et2O 1:1); 1H NMR (500 MHz,
CDCl3, 25 8C): d� 1.53 (s, 9H; C(CH3)3), 1.67 ± 1.73 (m, 2H;
CH2CH2CH�CH2), 2.07 (app. q, 3J(H,H)� 7.1 Hz, 2 H; CH2CH�CH2),
2.49 (t, 3J(H,H)� 7.4 Hz, 2 H; CH2(CH2)2CH�CH2), 2.72 ± 2.74, 3.09 ± 3.12
(2�m, 2� 2H; C(O)CH2CH2C(O)), 4.96 ± 5.04 (m, 2 H; CH�CH2), 5.77
(ddt, 3J(H,H)� 16.7, 10.2, 6.7 Hz, 1H; CH�CH2); 13C NMR (125 MHz,
CDCl3, 25 8C): d� 22.7 (CH2CH2CH�CH2), 28.2 (C(CH3)3), 29.6, 33.0,
34.2, 36.1 (4�CH2), 68.0 (CN2), 83.1 (C(CH3)3), 115.1 (CH�CH2), 137.9
(CH�CH2), 160.5 (CO2), 191.5, 209.0 (2�C�O); IR: nÄ � 2969 (m; CH),


2929 (s; CH), 2850 (w; CH), 2132 (s; CN2), 1716 (s; C�O), 1652 (s), 1369 (s),
1312 (s), 1133 cmÿ1 (s); MS (CI� ): m/z (%): 312 (37) [M�NH4]� , 295 (70)
[M�H]� , 286 (37), 284 (35), 256 (100), 239 (48), 230 (31); HRMS: calcd for
C15H23N2O4: 295.1657; found: 295.1658 [M�H]� .


7-Carbo-tert-butoxy-11-oxa-tricyclo[5.3.1.01,5]undecan-8-one (3 c): A RhII


catalyst (0.2 ± 1.0 mol %) was added to a stirred solution of cycloaddition
precursor 2c (approx. 70 mg, 0.24 mmol) in degassed[54] solvent (7 mL) at
the desired temperature. When TLC analysis indicated complete con-
sumption of starting material (0.3 h ± 3 h) the solution was concentrated
under reduced pressure and the crude product mixture purified by column
chromatography (light petroleum/Et2O 8:2) to give the cycloadduct 3c as a
colourless oil. Rf� 0.37 (light petroleum/Et2O 1:1); [a]20


D ��12.1 (c� 1.0 in
CHCl3) (Table 2, entry 13); 1H NMR (500 MHz, CDCl3, 25 8C): d� 1.50 (s,
9H; C(CH3)3), 1.50 ± 1.57 (m, 2H; OCCHaHbCH2CH2CH, OCCH2CH-
CHaHbCH2CH2), 1.67 ± 1.72 (m, 1 H; OCCH2CHaHbCH2CH), 1.83 ± 2.02
(m, 4H; OCCH2CHaHbCH2CH, OCCH2CHCHaHb, C(O)CHaHb, OC-
CHaHbCH), 2.10 ± 2.18 (m, 1H; OCCHaHbCH2CH2CH), 2.44 (app. dt,
2J(H,H)� 12.9 Hz, 3J(H,H)� 8.5 Hz, 1 H; C(O)CH2CHaHb), 2.47 ± 2.59 (m,
4H; CHCHaHbCC(O)CHaHbCHaHbC); 13C NMR (50 MHz, CDCl3, 25 8C):
d� 27.9 (C(CH3)3), 25.1, 33.6, 34.0, 34.3, 36.7, 41.7 (6�CH2), 45.1 (CH),
82.5 (C(CH3)3), 91.5, 93.8 (2�Cq), 167.1 (CO2), 205.2 (C�O); IR: nÄ � 2956
(m; CH), 1744 (s; C�O), 1724 (s; C�O), 1369 (m), 1320 (m), 1151 (m), 1137
(m), 1066 cmÿ1 (m); MS (EI� ): m/z (%): 266 (3) [M]� , 210 (13), 182 (16),
164 (22), 137 (33), 94 (50), 79 (47), 57 (100); HRMS: calcd for C15H22O4:
266.1518; found: 266.1518 [M]� .


GC analysis of 3 c for ee determination : (CP Chirasil Dex-CD, 140 8C
isotherm, 0.5 mL minÿ1, 2 mg mLÿ1), tRmj� 32.4 min; tRmn� 34.8 min.


Transesterification of 3 c to 3a for ee determination : A solution of
cycloadduct 3c (10 ± 60 mg) in CH2Cl2/TFA (10 mL, 9:1 v/v) was stirred at
room temperature for 1 h. The reaction mixture was concentrated under
reduced pressure to yield the cycloadduct carboxylic acid as a white solid
(quant.). para-Toluenesulfonic acid (p-TSA, approx. 10 mg, 0.05 mmol)
was added to a solution of the acid in MeOH (10 mL) and the solution was
heated at reflux for 18 h. The reaction mixture was absorbed onto silica and
purified by column chromatography (light petroleum/Et2O 3:1) to give the
methyl ester 3 a as a white solid (approx. 85% over 2 steps).


Derivatisation as benzyl oxime ether for ee determination : O-Benzylhy-
droxylamine hydrochloride (219 mg, 1.37 mmol) was added to a stirred
solution of methyl ester 3 a (205 mg, 0.92 mmol) and NaOAc (113 mg,
1.37 mmol) in MeOH (5 mL). After 1 h the reaction mixture was absorbed
onto silica and purified by column chromatography (light petroleum/Et2O
10:1) to give the trans benzyl oxime ether as a colourless viscous oil
(263 mg, 87%). HPLC analysis: (hexane/EtOH 90:10, 0.5 mL minÿ1,
2 mgmLÿ1), tRmj� 11.2 min; tRmn� 14.0 min (derived from (�)-3 c).


Tetrakis[(1 S,3S,5S)-2-(4-dodecylbenzenesulfonyl)-2-azabicyclo[3.3.0]oc-
tan-3-carboxylato]dirhodium (16): A solution of 4-(n-dodecyl)benzenesul-
fonyl chloride (780 mg, 2.26 mmol, single isomer) in THF (5 mL) was
added to a stirred solution of (1S,3S,5S)-2-azabicyclo[3.3.0]octane-3-
carboxylic acid hydrochloride salt[55] (334 mg, 1.74 mmol) and Na2CO3


(740 mg, 6.98 mmol) in H2O (10 mL). After 15 h the reaction mixture
was diluted with H2O (100 mL) and Et2O (30 mL), the aqueous phase was
then separated and acidified to pH 1 with conc. HCl. The aqueous solution
was saturated with NaCl and extracted with EtOAc (5� 100 mL). The
combined organic components were dried (MgSO4) and concentrated
under reduced pressure to yield a crude product mixture which was purified
by column chromatography (CH2Cl2/MeOH 19:1) to give the N-arylsul-
fonyl acid as a colourless viscous oil (657 mg, 82 %) which partially
solidifed on storage in the freezer. Rf� 0.37 (CH2Cl2/MeOH 9:1); [a]20


D �
ÿ18.1 (c� 1.0 in CHCl3); 1H NMR (500 MHz, CDCl3, 25 8C): d� 0.87 ±
0.92 (m, 3 H; CH3), 1.22 ± 1.39 (m, 16H), 1.44 ± 1.88 (m, 9 H), 1.95 ± 2.16 (m,
3H), 2.49 ± 2.51 (m, 1 H), 2.69 (t, 3J(H,H)� 7.8 Hz, 2 H), 4.02 ± 4.10 (m, 1H;
CHN), 4.15 ± 4.24 (m, 1H; CHCO2H), 7.36 (m, 2 H; C(Ar, 3/5)H), 7.80 (m,
2H; C(Ar, 2/6)H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 14.0 (CH3),
22.6, 24.3, 29.2, 29.3, 29.4, 29.5, 29.6, 30.9, 31.3, 31.8, 34.3, 35.2 and 35.8
(15�CH2), 43.0 (CH), 63.5 (br, CHN), 67.1 (CHCO2H), 127.9, 129.0 (2�
C(Ar)H), 133.9 and 148.8 (2�Cq(Ar)), 178.0 (br, CO2H); IR: nÄ � 2926 (s;
CH), 2955 (m; CH), 1727 (m; C�O), 1351 (m), 1162 cmÿ1 (m); MS
(APCIÿ ): m/z (%): 463 (23), 462 (100) [MÿH]� , 460 (28), 309 (18), 125
(12); HRMS: calcd for C26H42NO4S: 464.2834; found: 464.2834 [M�H]� .
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[Rh2(OAc)4] (32 mg, 0.07 mmol) was added to a stirred solution of the N-
arylsulfonyl acid (199 mg, 0.43 mmol) in chlorobenzene (50 mL). The
solution was heated under reflux in an apparatus fitted with a soxhlet
extractor containing a thimble of CaCO3 for 6 days, the thimble being
replaced every 2 days. The mixture was concentrated under reduced
pressure and the residue dissolved in CH2Cl2 (20 mL). The solution was
then washed with saturated aqueous NaHCO3 solution (10 mL), dried
(Na2SO4) and concentrated under reduced pressure. The crude product was
purified by column chromatography (light petroleum/Et2O 2:1!Et2O) to
give catalyst 16 as a green solid (32 mg, 23%). An analytical sample of the
bis-H2O adduct was prepared by heating (100 8C) under vacuum
(0.1 mmHg) for 18 h, after which the sample picked up H2O from the
laboratory atmosphere. M.p. 160 ± 162 8C; [a]20


D �ÿ129.0 (c� 0.04 in
CHCl3); 1H NMR (500 MHz, CDCl3, 25 8C): d� 0.88 (t, 3J(H,H)�
6.9 Hz, 12 H; 4�CH3), 1.22 ± 1.48 (m, 80H), 1.50 ± 1.68 (m, 16H), 1.68 ±
1.85 (m, 12 H), 1.98 ± 2.10 (m, 4 H), 2.18 ± 2.38 (m, 4 H), 2.60 ± 2.70 (m, 8H),
3.80 ± 3.90 (m, 4 H; 4�CHN), 4.08 ± 4.22 (m, 4 H; 4�CHCO2), 7.27 (d,
3J(H,H)� 8.0 Hz, 8H; 4�C(Ar, 3/5)H), 7.74 (d, 8 H; 4�C(Ar, 4/6)H);
13C NMR (125 MHz, CDCl3, 25 8C): d� 14.1 (CH3), 22.7, 24.1, 29.3, 29.3,
29.4, 29.5, 29.6, 30.6, 31.1, 31.9, 33.3, 35.7, 35.8 (60�CH2), 42.6 (CH), 64.6,
66.6 (8�CHN), 128.0, 128.7 (C(Ar)H), 135.4, 148.0 (Cq(Ar)), 191.9 (CO2);
IR (KBr): nÄ � 2942 (s; CH), 2854 (m; CH), 1605 (s; CO2), 1418 (m), 1353
(m), 1164 cmÿ1 (s); MS (FAB� , NOBA matrix): m/z (%): 2091 (0.4), 2056
(2.4) [M�H]� , 1781 (0.4), 1746 (6.6), 662 (41), 418 (100); elemental analysis
calcd (%) for C104H164N4O18S4Rh2 ´ 2 H2O: C 59.70, H 7.90, N 2.68; found: C
59.15, H 7.36, N 2.68.


Tetrakis[(1S,3R,4R)-2-(4-dodecylbenzenesulfonyl)-2-azabicyclo[2.2.1]-
heptane-3-carboxylato]dirhodium (17 b): (1S,3R,4R)-2-Azabicyclo[2.2.1]-
heptane-3-carboxylic acid[28] (91 mg, 0.64 mmol) and Na2CO3 (210 mg,
1.93 mmol) was added to a stirred solution of 4(n-dodecyl)benzenesulfonyl
chloride (290 mg, 0.84 mmol) in H2O (5 mL) and THF (2.5 mL). The
solution was stirred at room temperature for 3 days before dilution with
H2O (20 mL). The reaction mixture was acidified to pH 1.5 with conc. HCl
and carefully saturated with NaCl. The mixture was extracted with CH2Cl2


(�3), and the combined organic layers were dried (MgSO4) and
concentrated under reduced pressure. The crude residue was purified by
column chromatography (light petroleum/Et2O 1:1) to give the N-
arylsulfonyl acid as a yellow oil (0.132 g, 46%). [a]20


D ��68.6 (c� 0.7 in
CHCl3); 1H NMR (200 MHz, CDCl3, 25 8C): d� 0.87 (m, 3H; CH3), 1.12 ±
2.08 (m, 26H; ArCH2(CH2)10CH3, NCHCH2CH2CH2CHCHCOOH),
2.60 ± 2.75 (m, 2 H; ArCH2), 2.82 (br s, 1H), 3.93 (br s, 1H), 4.11 (br s,
1H), 7.31 (d, 3J(H,H)� 7.6 Hz, 2H), 7.84 (d, 3J(H,H)� 7.6 Hz, 2 H), 9.04
(br s, 1 H, COOH); 13C NMR (50 MHz, CDCl3, 25 8C): d� 13.9 (CH3), 22.4,
27.4, 28.4, 28.9 ± 29.4, 30.8, 31.7 (12�CH2), 35.6 (CH), 36.2, 43.2 (2�CH2),
60.0, 64.4 (2�CH), 127.8, 129.0 (4�C(Ar)H), 137.0, 148.8 (2�Cq(Ar)),
175.7 (COOH); IR: nÄ � 3270 (s; OH), 2923 (s; CH), 2854 (s; CH), 1725 (m;
C�O), 1597 (w; arC�C), 1466 (w), 1340 (m), 1155 cmÿ1 (m); MS (CI� ):
m/z (%): 467 (50) [M�NH4]� , 450 (31) [M�H]� , 420 (2), 404 (9), 364 (9),
362 (23), 294 (15), 278 (30), 246 (25), 142 (3), 113 (3), 96 (100); HRMS:
calcd for C25H43SN2O4: 467.2944; found: 467.2948 [M�NH4]� .


A stirred solution of the N-arylsulfonyl acid (0.499 g, 1.11 mmol) and
Na4Rh2(CO3)4


[56] (75 mg, 0.14 mmol) in H2O (7.5 mL) was heated at 90 8C
for 1 h, during which time the colour changed from blue to green. The
reaction mixture was cooled and the solvent evaporated under reduced
pressure. The residue was purified by column chromatography (EtOAc) to
give the catalyst 17 b as a green powder (0.121 g, 43%). M.p. 113 8C; [a]20


D �
�175.0 (c� 0.6 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C): d� 0.87 ±
0.90 (m, 12H; 4�CH3), 0.90 ± 1.87 (m, 104 H; 4�ArCH2(CH2)10CH3, 4�
NCHCH2CH2CH2CHCHCOOH), 2.66 ± 2.76 (m, 12 H; 4�CHCHCOO,
4�ArCH2), 3.73 (br s, 4H), 3.93 (br s, 4 H), 7.32 (d, 3J(H,H)� 7.8 Hz, 8H),
7.83 (d, 3J(H,H)� 7.8 Hz, 8H); 13C NMR (100 MHz, CDCl3, 25 8C): d�
14.6 (4�CH3), 23.2, 29.6 ± 30.2 ± 30.3, 31.7, 32.4 (48�CH2), 36.4 (4�CH),
37.4, 44.4 (8�CH2), 59.6, 66.7 (8�CH), 128.3, 129.3 (16�C(Ar)H), 138.5,
148.4 (8�Cq(Ar)), 191.5 (COO); IR (KBr): nÄ � 2924 (s; CH), 2853 (m;
CH), 1601 (m), 1460 (w), 1328 (m), 1156 cmÿ1 (m); MS (FAB� , NOBA
matrix): m/z (%): 2023 (32) [M�Na]� , 2000 (55) [M]� , 1691 (35), 1098 (31),
648 (36), 404 (100).


Tetrakis[(R)-6,6'-dibromo-1,1'-binaphthyl-2,2'-diylphosphate]dirhodium
(28): A round-bottomed flask (25 mL) fitted with a short path distillation
unit was charged with a solution of (R)-6,6'-dibromobinaphtholphosphoric
acid[42] (191 mg, 0.38 mmol) in PhCl (10 mL). [Rh2(OAc)4] (28 mg,


63 mmol) was added and the solution was heated at reflux. The solvent
was distilled from the reaction mixture at a rate of approximately 8 mL hÿ1,
further portions of PhCl (6 mL) were added when an equal volume had
been removed. After 5 h the reaction mixture was concentrated under
reduced pressure and the residue was purified by column chromatography
(CH2Cl2) to give the catalyst 28 as a green solid (144 mg, 100 %). The
catalyst could be further purified by recrystallisation from THF/MeOH. An
analytical sample of the bis-H2O adduct was prepared by heating (100 8C)
under vacuum (0.1 mmHg) for 18 h, after which the sample picked up H2O
from the laboratory atmosphere. M.p. >300 8C (THF/MeOH); [a]20


D �
�20.0 (c� 0.05 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C): d� 7.26
(d, 3J(H,H)� 9.1 Hz, 8 H; 8�OCCCCH), 7.41 (dd, 3J(H,H)� 9.1 Hz,
4J(H,H)� 1.7 Hz, 8 H; 8�OCCCCHCHCBr), 7.56 (d, 3J(H,H)� 8.9 Hz,
8H; 8�OCCH), 7.77 (d, 3J(H,H)� 8.9 Hz, 8H; 8�OCCHCHCCHCBr),
8.06 (d, 4J(H,H)� 1.7 Hz, 8H; 2�BrCCHC); 13C NMR (100 MHz, CDCl3,
25 8C): d� 119.8, 121.4 (16�Cq), 122.2, 128.5, 130.1, 130.5, 130.5 (40�CH),
130.7, 132.9, 147.8 (24�Cq); IR (KBr): nÄ � 1585 (w), 1493 (w), 1324 (w),
1236 (w), 1061 cmÿ1 (s); MS (FAB� , NOBA): m/z (%): 2226 (100)
[M�H]� (4� 79Br and 4� 81Br), 1720 (42), 1215 (32), 1084 (35), data not
available below m/z 800; elemental analysis calcd (%) for
C80H40Br8O16P4Rh2 ´ 2H2O: C 42.48, H 1.96; found: C 42.43, H 2.05.


Tetrakis[(R)-6,6'-didodecyl-1,1'-binaphthyl-2,2'-diylphosphate]dirhodium
[Rh2{(R)-ddbnp}4] (33): [1,3-Bis(diphenylphosphino)propane]NiCl2 (1 mg,
2 mmol) and n-dodecyl magnesium bromide (0.48 mL of a 1.0m solution in
Et2O, 0.48 mmol, Aldrich) was added to a stirred solution of (R)-2,2'-
dibenzyloxy-6,6'-dibromo-1,1'-binaphthyl (29)[43] (100 mg, 0.16 mmol) in
Et2O (5 mL). After heating under reflux for 18 h the solution was cooled to
room temperature. H2O (5 mL) was carefully added followed by HCl (2m,
5 mL); the aqueous phase was then separated and extracted with EtOAc
(3� 10 mL). The combined organic components were washed with brine
(10 mL), dried (MgSO4) and concentrated under reduced pressure. The
crude product mixture was purified by column chromatography (1.5%
Et2O in light petroleum) to give didodecylbisether 30 as a colourless
viscous oil (96 mg, 75 %). Rf� 0.63 (light petroleum/Et2O 2:1); [a]20


D �
�205.7 (c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C): d� 0.90
(t, 3J(H,H)� 6.8 Hz, 6 H; 2�CH3), 1.22 ± 1.41 (m, 36 H; 2� (CH2)9CH3),
1.65 ± 1.72 (m, 4 H; 2�ArCH2CH2), 2.73 (t, 3J(H,H)� 7.7 Hz, 4H; 2�
ArCH2), 5.04 (s, 4 H; 2�OCH2), 6.96 ± 6.98 (m, 4H; 2�OCCCCH, 2�
C(Ar, benzyl)H), 7.08 ± 7.18 (m, 10 H; 2�OCCCHCH, 8�C(Ar, ben-
zyl)H), 7.39 (d, 3J(H,H)� 9 Hz, 2 H; 2�OCCH), 7.66 (br s, 2H; 2�
OCCHCHCCH), 7.87 (d, 3J(H,H)� 9 Hz, 2 H; 2�OCCHCH); 13C NMR
(100 MHz, CDCl3, 25 8C): d� 14.1 (2�CH3), 22.7, 29.4, 20.4, 4� 29.6, 29.7,
31.4, 31.9, 35.9 (22�CH2), 71.3 (2�OCH2), 116.2 (2�CH), 120.9 (2�Cq),
125.5, 126.2, 126.8, 127.2, 127.9, 128.1, 128.6 (18�CH), 129.6, 132.6, 137.7,
138.2, 153.5 (10�Cq); IR: nÄ � 2924 (s; CH), 2853 (m; CH), 1596 (w), 1453
(w), 1272 cmÿ1 (w); MS (EI� ): m/z (%): 803 (5) [M�H]� , 713 (5), 622 (4),
283 (8), 93 (8), 92 (100), 58 (8), 44 (14); HRMS: calcd for C58H74O2:
802.5688; found: 802.5689 [M]� .


NaI (2.13 g, 14.21 mmol) and TMSCl (1.80 mL, 14.21 mmol) was added to a
stirred solution of didodecylbisether 30 (1.14g, 1.42 mmol) in PhCH3


(20 mL) and MeCN (40 mL). The reaction mixture was heated at 40 8C
for 2 h. After cooling to room temperature, H2O (40 mL) was added, the
aqueous phase was then separated and extracted with Et2O (3� 40 mL).
The combined organic components were washed with aqueous Na2S2O3


solution (1m, 60 mL) and brine (60 mL), dried (MgSO4) and concentrated
under reduced pressure. The crude product mixture was purified by column
chromatography (light petroleum/Et2O 10:1) to give diol 31 as a colourless
oil (784 mg, 89%) which solidified on standing. A portion of this product
was further purified by crystallisation from MeCN (deposited as an oil
which then solidifed) to give essentially enantiomerically pure diol 31 (as
determined by HPLC, see below); concentration of the supernatant gave
diol 31 of 92% ee. Rf� 0.16 (light petroleum/Et2O 3:1); m.p. 67 ± 68 8C
(MeCN); [a]20


D �ÿ51.4 (c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3,
25 8C): d� 0.89 (t, 3J(H,H)� 6.8 Hz, 6H; 2�CH3), 1.22 ± 1.41 (m, 36H; 2�
(CH2)9CH3), 1.64 ± 1.71 (m, 4H; 2�ArCH2CH2), 2.73 (t, 3J(H,H)� 7.7 Hz,
4H; 2�ArCH2), 5.00 (s, 2H; 2�OH), 7.10 (d, 3J(H,H)� 8.6 Hz, 2H; 2�
C12H25CCHCH), 7.17 (dd, 3J(H,H)� 8.6 Hz, 4J(H,H)� 1.5 Hz, 2 H; 2�
C12H25CCHCH), 7.35 (d, 3J(H,H)� 8.9 Hz, 2 H; 2�HOCCH), 7.67 (br s,
2H; 2�C12H25CCHC), 7.91 (d, 3J(H,H)� 8.9 Hz, 2 H; HOCCHCH);
13C NMR (100 MHz, CDCl3, 25 8C): d� 14.1 (2�CH3), 22.7, 29.3, 29.4,
29.5, 29.6, 29.6, 29.6, 29.7, 31.4, 31.9, 35.8 (22�CH2), 110.8 (2�Cq), 117.6,
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124.1, 126.8, 129.0 (8�CH), 129.6 (2�Cq), 130.8 (2�CH), 131.7, 138.6,
152.0 (6�Cq); IR (KBr): nÄ � 3431 (m, br; OH), 2920 (s; CH), 2850 (s; CH),
1601 (m), 1218 (w), 1174 (m), 1145 cmÿ1 (m); MS (APCIÿ ): m/z (%): 622
(39), 621 (100) [MÿH]� ; elemental analysis calcd (%) for C44H62O2: C
84.83, H 10.03; found: C 84.60, H 10.27; HPLC analysis: (hexane/EtOH
70:30, 0.5 mL minÿ1, 0.1 mgmLÿ1), tRmj� 7.8 min and tRmn� 9.5 min.


POCl3 (121 mL, 1.30 mmol) was added to a stirred solution of diol 31
(402 mg, 0.65 mmol) in pyridine (3 mL) at room temperature. After 2 h,
H2O (65 mL) and NaHCO3 solution (300 mL) were added in that order,
followed by dropwise addition (due to effervescence) of 5% aqueous
NaHCO3 solution (6.5 mL). The reaction mixture was partitioned between
HCl (2m, 50 mL) and EtOAc (50 mL), the aqueous phase was then
separated and further extracted with EtOAc (2� 40 mL). The combined
organic layers were washed with brine (30 mL), dried (MgSO4) and
concentrated under reduced pressure to give acid 32 as a viscous colourless
oil (394 mg, 89%) that required no further purification. [a]20


D �ÿ266.2 (c�
0.7 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C): d� 0.89 (t, 3J(H,H)�
6.8 Hz, 6 H; 2�CH3), 1.21 ± 1.49 (m, 36H; 2� (CH2)9CH3), 1.60 ± 1.80 (m,
4H; 2�ArCH2CH2), 2.74 ± 2.78 (m, 4H; 2�ArCH2), 7.16 (d, 3J(H,H)�
8.5 Hz, 2H; 2�C12H25CCHCH), 7.33 (d, 3J(H,H)� 8.5 Hz, 2 H; 2�
C12H25CCHCH), 7.50 (d, 3J(H,H)� 8.5 Hz, 2H; 2�OCCH), 7.69 (s, 2H;
2�C12H25CCHC), 7.86 (d, 3J(H,H)� 8.5 Hz, 2H; 2�OCCHCH);
13C NMR (100 MHz, CDCl3, 25 8C): d� 14.1 (2�CH3), 22.7, 29.4, 29.4,
29.5, 29.6, 29.6, 29.7, 29.7, 31.2, 31.9, 35.8 (22�CH2), 120.5 (2�CH), 121.4
(2�Cq), 126.7, 127.0, 128.2, 130.6 (8�CH), 130.6, 132.0, 140.3, 146.3 (8�
Cq); IR: nÄ � 2924 (s; CH), 2853 (m; CH), 1466 (w), 1226 (w), 1028 cmÿ1


(m); MS (CI� ): m/z (%): 704 (25), 703 (45), 702 (100) [M�NH4]� , 685 (22)
[M�H]� ; HRMS: calcd for C44H61O4P: 684.4307; found: 684.4303 [M]� .


A round-bottomed flask (25 mL, B14) fitted with a short path distillation
unit was charged with a solution of acid 32 (360 mg, 0.53 mmol) in PhCl
(8 mL). [Rh2(OAc)4] (39 mg, 0.09 mmol) was added and the solution
heated under reflux. The solvent was distilled from the reaction mixture at
a rate of approximately 7 mL hÿ1; further portions of PhCl (6 mL) were
added when an equal volume had been removed. After 5 h the reaction
mixture was concentrated under reduced pressure and the residue was
purified by column chromatography (light petroleum/Et2O 30:1! 10:1) to
give 33 as a green solid (237 mg, 92%). The product was further purifed by
deposition from hot THF (ca. 1 mL) on addition of MeOH (ca. 2 mL).
After cooling, the supernatant was removed by pipette, the residue washed
with MeOH (3 mL) and dried under vacuum. This was repeated to give the
catalyst 33 as a green foam (182 mg, 69 %). An analytical sample of the bis-
H2O adduct was prepared by heating (100 8C) under vacuum (0.1 mmHg)
for 18 h, after which the sample picked up H2O from the laboratory
atmosphere. M.p. 220 ± 224 8C; [a]20


D ��60.9 (c� 0.03 in CHCl3); 1H NMR
(400 MHz, CDCl3, 25 8C): d� 0.89 (t, 3J(H,H)� 6.7 Hz, 24 H; 8�CH3),
1.21 ± 1.34 (m, 144 H; 8� (CH2)9CH3), 1.68 ± 1.71 (m, 16H; 8�ArCH2CH2),
2.75 (t, 3J(H,H)� 7.5 Hz, 16 H; 8�ArCH2), 7.18 (d, 3J(H,H)� 8.7 Hz, 8H;
8�C12H25CCHCH), 7.43 (d, 3J(H,H)� 8.7 Hz, 8H; 8�C12H25CCHCH),
7.56 (d, 3J(H,H)� 8.9 Hz, 8 H; 8�OCCH), 7.65 (s, 8 H; 8�C12H25CCHC),
7.77 (d, 3J(H,H)� 8.9 Hz, 8 H; 8�OCCHCH); 13C NMR (100 MHz,
CDCl3, 25 8C): d� 14.1 (8�CH3), 22.7, 29.4, 29.4, 29.5, 29.6, 29.6, 29.7,
29.7, 31.2, 31.9, 35.8 (88�CH2), 121.2 (8�CH), 121.6 (8�Cq), 126.7, 127.1,
128.0, 130.4 (32�CH), 130.7, 132.0, 139.9, 147.2 (32�Cq); IR (KBr): nÄ �
2924 (s; CH), 2853 (m; CH), 1591 (w), 1468 (m), 1233 (m), 1205 (m),
1061 cmÿ1 (s); elemental analysis calcd (%) for C176H240O16P4Rh2 ´ 2 H2O: C
71.00, H 8.26; found: C 71.21, H 8.16.


Tetrakis[(R,S)-4,4'-bis(estra-1,3,5(10),6,8-pentaene)-3,3'-diylphosphate]-
dirhodium [Rh2{(R,S)-biep}4] (36): POCl3 (0.113 mL, 1.21 mmol) was
added to a stirred solution of (R,S)-bis-steroid 34[47d] (0.300 g, 0.60 mmol)
in pyridine (2 mL) at room temperature. After 1 h, H2O (0.25 mL) was
added. After 15 minutes, HCl (6n, 3 mL) was added to the residue. After a
further 15 minutes, the precipitate was isolated by filtration and washed
with H2O. Traces of pyridine were removed by dissolving the powder in
CH2Cl2 and washing with Hcl (2m). The organic layer was then dried
(MgSO4), and evaporated under reduced pressure to give acid 35 as a gold
solid (336 mg, 100 %). M.p. >340 8C; [a]20


D �ÿ357.1 (c� 0.28 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C): d� 1.05 (s, 6H; 2�CH3), 1.63 ± 1.93
(m, 14 H; 2�ArCH2CH2, 2�ArCHCHaHb, 2�ArCHCH2CH2 , 2�
ArCHCH2CH2CH2), 2.26 ± 2.32 (m, 2H; 2�ArCHCHaHb), 2.68 ± 2.70
(m, 2H; 2�ArCH), 3.05 ± 3.26 (m, 4 H; 2�ArCH2), 6.39 (br s, 2H, 2�
ArOH), 7.05 (d, 3J(H,H)� 8.7 Hz, 2 H), 7.23 (d, 3J(H,H)� 8.7 Hz, 2H), 7.57


(d, 3J(H,H)� 8.7 Hz, 2 H), 8.17 (d, 3J(H,H)� 9.1 Hz, 2H); 13C NMR
(100 MHz, CDCl3, 25 8C): d� 25.2 (2�CH3), 22.8, 23.6, 31.3, 35.4, 40.9
(10�CH2), 39.2 (2�Cq), 50.7 (2�CH), 119.9 (2�C(Ar)H), 122.1 (2�
Cq(Ar)), 125.1, 126.2, 129.6 (6�C(Ar)H), 130.1, 130.7, 131.2, 137.2, 146.3
(10�Cq(Ar)); IR (KBr): nÄ � 3392 (w, br; OH), 2923 (s; CH), 2864 (m; CH),
1580 (w; arCC), 1505 (w; ArCC), 1473 (w), 1431 (w), 1387 (w), 1235 (s),
1027 cmÿ1 (s); MS (FAB� , NOBA matrix): m/z (%): 587 (100) [M�Na]� ,
564 (68) [M]� , 309 (7), 291 (12), 152 (41), 135 (36); HRMS: calcd for
C36H41NO4P: 582.2773; found: 582.2773 [M�NH4]� .


A round-bottomed flask (25 mL) fitted with a short path distillation unit
was charged with a solution of acid 35 (0.6 g, 1.06 mmol) in PhCl (15 mL).
[Rh2(OAc)4] (78 mg, 0.18 mmol) was added and the solution was heated to
reflux. The solvent was slowly distilled from the reaction mixture and
further portions of PhCl (�6 mL) were added when an equal volume had
been removed. After 5 h, the reaction mixture was concentrated under
reduced pressure and the residue was purified by column chromatography
(light petroleum/CH2Cl2 6:5!CH2Cl2) to give a green solid, which was
suspended in MeOH (5 mL), filtered and air dried to give the catalyst 36 as
a green powder (0.23 g, 53%). M.p. 314 8C; [a]20


D ��118.3 (c� 0.6 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C): d� 1.05 (s, 24 H; 8�CH3),
1.59 ± 1.85 (m, 56H; 8�ArCH2CH2 , 8�ArCHCHaHb, 8�ArCHCH2CH2 ,
8�ArCHCH2CH2CH2), 2.27 ± 2.29 (m, 8 H; 8�ArCHCHaHb), 2.64 ± 2.68
(m, 8H; 8�ArCH), 2.97 ± 3.11 (m, 16 H; 8�ArCH2), 7.02 (d, 3J(H,H)�
9.0 Hz, 8H), 7.28 (d, 3J(H,H)� 9.6 Hz, 8 H), 7.54 (d, 3J(H,H)� 9.0 Hz, 8H),
7.96 (d, 3J(H,H)� 9.2 Hz, 8H); 13C NMR (100 MHz, CDCl3, 25 8C): d�
25.3 (8�CH3), 22.8, 23.5, 31.3, 35.4 and 40.9 (40�CH2), 39.2 (8�Cq), 50.7
(8�CH), 120.8 (8�C(Ar)H), 122.3 (8�Cq(Ar)), 125.3, 125.9, 129.3 (24�
C(Ar)H), 130.0, 130.6, 131.2, 136.7 147.2 (40�Cq(Ar)); 31P NMR
(200 MHz, CDCl3, 25 8C): d� 21.5; IR (KBr): nÄ � 2949 (m; CH), 2866
(m; CH), 1475 (w), 1458 (w), 1388 cmÿ1 (w); MS (FAB� , NOBA matrix):
m/z (%): 2460 (17) [M]� , 1896 (43), 1330 (14), 588 (97), 313 (100).


Tetrakis[(S,S)-4,4'-bis(estra-1,3,5(10),6,8-pentaene)-3,3'-diylphosphate]-
dirhodium [Rh2{(S,S)-biep}4] (39): POCl3 (0.113 mL, 1� 1.645, 1.21 mmol)
was added to a stirred solution of (S,S)-bis-steroid 37[47d] (0.300 g,
0.60 mmol) in pyridine (2 mL) at room temperature. After 1 h, H2O
(0.25 mL) was added. After 15 minutes, HCl (6n, 3 mL) was added to the
residue. After a further 15 minutes, the precipitate was isolated by filtration
and washed with H2O. Traces of pyridine were removed by dissolving the
powder in CH2Cl2 and washing with HCl (2m). The organic solution was
then dried (MgSO4), and the solvent was evaporated under reduced
pressure to give acid 38 as a gold solid (317 mg, 94 %). M.p. > 340 8C;
[a]20


D ��522.7 (c� 1.5 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C): d�
1.15 (s, 6H; 2�CH3), 1.50 ± 1.88 (m, 14H; 2�ArCH2CH2 , 2�ArCH-
CHaHb, 2�ArCHCH2CH2 , 2�ArCHCH2CH2CH2), 2.18 ± 2.25 (m, 2H;
2�ArCHCHaHb), 2.75 ± 2.79 (t, 3J(H,H)� 8.8 Hz, 2H; 2�ArCH), 3.08 ±
3.23 (m, 4H; 2�ArCH2), 7.07 (d, 3J(H,H)� 8.8 Hz, 2 H), 7.22 (d,
3J(H,H)� 8.8 Hz, 2 H), 7.57 (d, 3J(H,H)� 9.0 Hz, 2H), 8.18 (d, 3J(H,H)�
9.2 Hz, 2 H), 9.90 (br s, 2H, 2�ArOH); 13C NMR (100 MHz, CDCl3,
25 8C): d� 26.0 (2�CH3), 22.8, 23.2, 31.6, 35.4, 40.4 (10�CH2), 39.3
(2�Cq), 50.4 (2�CH), 120.0 (2�C(Ar)H), 122.0 (2�Cq(Ar)), 125.1,
126.2, 129.3 (6�C(Ar)H), 130.4, 130.5, 130.9, 137.5 and 146.1 (10�
Cq(Ar)); IR (KBr): nÄ � 3389 (w, br; OH), 2945 (s; CH), 2856 (m; CH),
1580 (w; ArCC), 1506 (w; ArCC), 1471 (w), 1447 (w), 1432 (w), 1382 (w),
1225 (s), 1023 cmÿ1 (s); MS (FAB� , NOBA matrix): m/z (%): 588 (100)
[M�Na]� , 566 (41) [M�H]� , 483 (10), 330 (13), 309 (15), 291 (18), 135 (47);
HRMS: calcd for C36H41NO4P: 582.2773; found: 582.2768 [M�NH4]� .


A round-bottomed flask (25 mL) fitted with a short path distillation unit
was charged with a solution of acid 38 (0.285 g, 0.50 mmol) in PhCl
(15 mL). [Rh2(OAc)4] (37 mg, 0.08 mmol) was added and the solution was
heated under reflux. The solvent was slowly distilled from the reaction
mixture and further portions of PhCl (�6 mL) were added when an equal
volume had been removed. After 5 h, the reaction mixture was concen-
trated under reduced pressure and the residue was purified by column
chromatography (light petroleum/CH2Cl2 6:5!CH2Cl2) to give a green
solid which was suspended in MeOH (5 mL), filtered and air dried to give
catalyst 39 as a green powder (0.165 g, 80 %). M.p. >330 8C; [a]20


D ��111.7
(c� 0.6 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C): d� 1.15 (s, 24H;
8�CH3), 1.54 ± 1.72 (m, 48H; 8�ArCH2CHaHb, 8�ArCHCHaHb, 8�
ArCHCH2CH2 , 8�ArCHCH2CH2CH2), 1.82 ± 1.89 (m, 8H; 8�ArCH2-
CHaHb), 2.25 ± 2.29 (m, 8 H; 8�ArCHCHaHb), 2.77 ± 2.80 (m, 8 H; 8�
ArCH), 3.02 ± 3.19 (m, 16H; 8�ArCH2), 7.10 (d, 3J(H,H)� 8.8 Hz, 8H),
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7.33 (d, 3J(H,H)� 9 Hz, 8 H), 7.58 (d, 3J(H,H)� 9 Hz, 8H), 8.04 (d,
3J(H,H)� 9.5 Hz, 8H); 13C NMR (100 MHz, CDCl3, 25 8C): d� 26.2 (8�
CH3), 22.8, 23.2, 31.7, 35.4, 40.4 (40�CH2), 39.3 (8�Cq), 50.4 (8�CH),
120.9 (8�C(Ar)H), 122.3 (8�Cq(Ar)), 125.2, 125.9, 128.9 (24�C(Ar)H),
130.3, 130.4, 131.0, 137.0, 147.1 (40�Cq(Ar)); 31P NMR (200 MHz, CDCl3,
25 8C): d� 20.9 ; IR (KBr): nÄ � 2949 (m, CH), 2865 (w, CH), 1474 (w), 1451
(w), 1387 cmÿ1 (w); MS (FAB� , NOBA matrix): m/z (%): 2460 (26) [M]� ,
1896 (27), 1328 (73), 588 (97), 521 (100).
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CÿH Activation with Elemental Sulfur: Synthesis of Cyclic Thioureas
from Formaldehyde Aminals and S8


Michael K. Denk,*[a] Shilpi Gupta,[a] John Brownie,[a] Sabiha Tajammul,[a] and
Alan J. Lough[b]


Abstract: The CÿH activation of cyclic
formaldehyde aminals LCH2 (L�RN-
CH2CH2CH2-NR and RNCH2CH2-
NR, R�Me, Et, iPr, tBu, or Ph) with S8


proceeds at unusually low temperatures
(T< 160 8C) and results in the formation
of the respective thioureas LC�S and
H2S. The reaction constitutes a new,
solvent-free method for the synthesis
of thioureas that eliminates the toxic
and highly flammable CS2. For R� tBu,


the ionic carbenium thiocyanates
[LCH]� SCNÿ dominate the product
spectrum and the respective thioureas
are obtained in low yield. The reactivity
of the analogous sulfur and oxygen ring
systems towards S8 was investigated. 1,3-


Dithiolane is cleanly converted into 1,3-
dithiolane-2-thione (S8, 14 d, 190 8C)
and resembles the cyclic formaldehyde
aminals in this respect. 1,3-Dioxolane
(L�OCH2CH2O) is completely inert
towards sulfur even under forceful re-
action conditions (190 8C, 14 d). The
formation of thioureas from aminals
was investigated at the CBS-4 and
B3LYP/6-31G(d) levels of theory.


Keywords: ab initio calculations ´
CÿH activation ´ dehydrogenation
´ sulfur ´ thioureas


Introduction


Thioureas[1, 2] are specialty chemicals with a wide range of
applications. They are used as vulcanization accelerators,[1, 2b]


as bath additives in electroplating processes,[3] and as ana-
lytical reagents.[4] Many thiourea derivatives show in vivo and
in vitro activity against bacteria, fungi, parasitic worms, and
viruses such as the HIV virus.[5] An impressive number of
currently used drugs can be regarded as thiourea derivatives.[6]


Thioureas can show considerable toxicity towards higher
organisms as well, and some thiourea derivatives have been
use as insecticides[7] or rodenticides.[8]


Thiourea and its derivatives find widespread use in the
mining industry where they are employed as flotation aids for
sulfidic ores[9] and as complexing agents for the enrichment of
metals through solid ± liquid and liquid ± liquid extraction
processes.[9] The high affinity of thioureas towards noble
metals is underlined by the fact that thioureas are capable of
dissolving gold or silver in the presence of oxygen. The


leaching of gold and silver by thiourea from a variety of
mineral sources has accordingly been the subject of numerous
studies[10] but, although technically feasible, has so far failed to
replace the environmentally notorious cyanide process that is
still the standard process for the extraction of gold.[10a,b]


Our interest in thioureas arose from our study of the stable
carbenes 4 (Scheme 1) which we obtained in good yields by
the reductive desulfurization of the respective thioureas 6
with potassium.[16, 17]
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Scheme 1. Synthesis of diaminocarbenes 3 and 4 by deprotonation or
reductive desulfurization.
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The corresponding carbenes 3
are more readily obtained through
deprotonation of imidazolium salts
1,[11] which are easily accessible
through the one-pot condensation
reaction of glyoxal, formaldehyde,
and primary amines.[11, 12] Other
diamino carbenium salts such as 2
are less readily accessible[13] and
also tend to give lower yields in the
deprotonation step.[14, 15] Due to
these shortcomings, the reduction
of thioureas is an important alter-
native for the synthesis of the
diaminocarbenes.[16, 17]


Thioureas are typically obtained
from the reaction of amines with
CS2 but the approach is not without
shortcomings. For example, the
synthesis of the cyclic thioureas 6
from the respective ethylenedi-
amines and CS2 gives yields that
decrease with increasing bulk of
the substituents on nitrogen
(Scheme 2). For N,N'-di-tert-butyl-
ethylenediamine, the yields are
inconsistent and often below 10 %.
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Scheme 2. Synthesis of cyclic thioureas 6 from N,N'-disubstituted ethyl-
enediamines and CS2.


Reasons for the often disappointing yields of the CS2 route
are not well documented in the literature but the issue of low
yields has led to the development of improved synthetic
procedures that use the addition of oxidizing agents, partic-
ularly iodine.[18] For the synthesis of the thioureas investigated
in this study, the addition of iodine increases the crude yields
(by a factor of 1.1 to 1.2) but tends to give products of lower
purity. The additional purification steps required more than
offset the increased crude yields.


A promising one-pot reaction, the synthesis of 1,3-diphe-
nylimidazoline-2-thione (6 e) from N,N'-diphenylethylenedi-
amine, triethyl orthoformate, and elemental sulfur, was
reported by Wanzlick et al.[19] The method works well as
described, but we were unsuccessful in extending the ap-
proach to alkyl-substituted diamines.


The above-mentioned difficulties have encouraged us to
investigate the reaction of formaldehyde aminals[20] with
elemental sulfur.[21] We now report the facile conversion of
cyclic formaldehyde aminals,[22] the imidazolidines 7 and the
hexahydropyrimidines 10, into the respective cyclic thioureas
6 and 9 (see Scheme 3).


Results and Discussion


Synthesis and purification: The cyclic formaldehyde aminals 7
and 10 are readily obtained from the respective 1,w-di-
amines[20] and are used without further purification. The onset
of the reaction with S8 (150 8C) is indicated by the evolution of
H2S. Sulfur and most of the aminals are noticeably volatile
under these conditions and, to avoid the loss of sulfur or
aminal, the reactions are best carried out in closed systems.
Standard reflux procedures tend to give lower yields and
impure products. The best yields of thioureas are obtained by
heating the aminal (0.1 mol) and S8 (stoichiometric amount)
to 150 8C for 12 h in a 50 mL stainless steel cylinder (Swage-
lock). Much shorter reaction times are sufficient in most cases,
but a reaction time of 12 h leads to complete conversion even
for aminals with bulky substituents, and does not decrease the
yield for aminals that require shorter reaction times.


The thioureas 6 and 9 are conveniently extracted from the
crude reaction mixtures with methanol. Evaporation of
the solvent gives products that are already pure enough
for the reduction to carbenes.[16, 17] Analytically pure samples
are obtained following a workup procedure outlined in
Scheme 4.


The procedure leads to only minimal losses, and can be
applied to large amounts of crude product (>200 g). Irre-
spective of the substituent R, the thioureas are very soluble in
methanol or dichloromethane. Methanol has a very low
solubility for S8 and is therefore the solvent of choice for the
extraction of the crude reaction mixtures. The absence of S8 in
the crude methanol filtrates was verified by the GC/MS
analysis. Analytically pure samples are obtained by filtration


Scheme 3. Reaction of cyclic aminals (6 a, 7, 10), 1,3-dithiolane and 1,3-dioxolane with S8. For yields based on
amines, see Table 2.
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of the diethyl ether solutions through a short (10 cm) column
of neutral Al2O3, and recrystallization of the evaporated
filtrates from hexanes or diethyl ether (Table 2).


The pure thiocyanate salts 8 and 11 are obtained by
dissolving the crude thiocyanate salt fraction in distilled water
(5 mL per 1 g of crude material) which removes dark brown
impurities as an insoluble fraction. The orange-colored
aqueous solutions are extracted with toluene (5 mL portions)
until the organic layer remains colorless. Slow evaporation of
the aqueous solution gives the pure thiocyanate salts in the
form of large colorless prisms.


Scope of reaction : To test the generality of the reaction, the
analogous oxygen and sulfur ring systems, 1,3-dioxolane and
1,3-dithiolane, were allowed to react with sulfur (see
Scheme 3). 1,3-Dithiolane is cleanly transformed into the
1,3-dithiolane-2-thione and thus reacts analogously to the
aminals, but longer reaction times (2 weeks) and higher


reaction temperatures (180 8C) are required to achieve a
complete conversion.[28] 1,3-Dioxolane is completely inert,
even under more forcing reaction conditions (190 8C, 14 days).


Formation of side products : The lower yields of thioureas
obtained from the aminals 7 d and 10 b are caused by the
formation of the carbenium salts 8 and 11 which are the
unexpected main products in these cases. They are obtained in
spectroscopically pure form (1H NMR spectroscopy) from the
sublimation residues of the crude reaction mixtures and
characterized through their single-crystal X-ray structures
(see below).


Carbenium salts like 8/11 are not formed (IR, NMR) in the
other reactions. Their formation from 7 d and 10 b must be
attributed to the presence of the sterically demanding tBu
substituent.


Variation of the ring size of the aminals is without influence
on the yield or product distribution: the two tert-butyl
substituted aminals 10 b (six-membered ring) and 7 d (five-
membered ring) gave a mixture of the respective carbenium
salts and the thioureas in similar ratios, while the methyl-
substituted 7 a (five-membered ring) and 10 a (six-membered
ring) gave the respective thioureas in similar yields.


GC-MS analysis led to the identification of CS2 and
RÿN�C�S which are present as minor (< 1 %) side products
in all crude reaction mixtures. Due to their high volatility, they
are removed during the evaporation steps outlined in
Scheme 4. Substantial amounts of the diamine, N,N'-di-tert-
butyl-1,3-diaminopropane (12), were isolated from the dehy-
drosulfurization reaction of 10 b, but only traces of the
corresponding diamines were detected (GC-MS) in the other
reactions.


Extended reaction times or elevat-
ed reaction temperatures do not
affect the yield or purity of the
products, except for 7 d, for which
traces of the aromatic dehydrogen-
ation product 5 a were detected after
72 h at 150 ± 160 8C by GC-MS anal-
ysis. The formation of 5 a is due to the
dehydrogenation of 6 d under the
reaction conditions and 5 a could in
fact be obtained on a preparative
scale by heating mixtures of 6 d and
S8 to 190 8C for 100 h (yield >80 %).
Increasing the amount of sulfur be-
yond the stoichiometrically required
0.25 equivalents of S8 does not lead
to any significant changes in the
yields or the product distribution.


Table 1. Solubilities (in g Lÿ1 of pure solvent) of selected thioureas (6, 9)
and carbenium salts (8, 11) at 25 8C.[a)


Hexane Et2O CH3OH Toluene


6a 5 17 90 119
6b 5 240 500 432
6c 40 300 450 520
6d 11 86 58 194
6e 18 84 25 138
8 insol. insol. 250 0.2
9a 6 44 242 370


11 insol. insol. 355 0.3


[a] The values for the solvent used for recrystallization are given in
boldface.
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Scheme 4. Purification of the thioureas (6, 9) and carbenium salts (8, 11) from the crude product obtained from the oxidation of cyclic aminals with S8:. s�
soluble, i� insoluble.


Table 2. Synthesis of cyclic thioureas from diamines: melting points, yields and analytical data.


M. p. [oC] Yield [%][a] Formula Elemental analysis [%]
C H N


6a 110 ± 111 111 ± 112[b] 86 (80) C5H10N2S found: 46.33 7.96 21.50
calcd: 46.12 7.74 21.51


6b 66 ± 67 62 ± 63[b] 87 (74) C7H14N2S found: 53.19 8.75 17.80
62.2[c] calcd: 53.12 8.91 17.70


6c 88 86.4[c] 86 (50) C9H18N2S found: 58.22 9.58 14.93
calcd: 58.01 9.73 15.03


6d 133 ± 18 (19) C11H22N2S found: 62.73 10.24 13.22
calcd: 61.63 10.34 13.06


6e 187 ± 188 187 ± 188[d] 47 (49) C15H14N2S found: 70.60 5.43 11.07
calcd: 70.83 5.54 11.01


9a 78 ± 79 79[b] 91 (80) C6H12N2S found: 50.02 8.92 19.38
calcd: 49.96 8.38 19.42


9b 101 - 6 (0) C12H24N2S found: 63.22 10.73 12.31
calcd: 63.10 10.59 12.26


[a] S8 route, calculated on diamine; for yields based on aminals see Scheme 3. In parentheses: best yields
obtained with the CS2 or CS2/I2 route. [b] Ref. [18b]. [c] Ref. [18a]. [d] Ref. [19].
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The compounds 5 a, 6 d, 8, 11, and 12 were cha-
racterized by single-crystal X-ray diffraction[22±26] and their
structures are given in Figures 1 ± 5.


Figure 1. Molecular structure of (tBuNCH�CHNtBu)C�S (5a) in the solid
state (ORTEP view, thermal ellipsoids are at the 50 % probability level).
Selected bond lengths [pm] and angles [8]: S(1)ÿC(3) 168.8(3), C(3)ÿN(1)
136.4(4), N(1)ÿC(4), 150.3(4), N(1)ÿC(1), 138.2(5), C(1)ÿC(2) 132.1(5),
C(2)ÿN(2) 137.6(4), N(2)ÿC(3) 136.4(4), N(2)ÿC(8) 151.3(4); S(1)-C(3)-
N(1) 127.0(2), S(1)-C(3)-N(2) 127.0(2), N(1)-C(3)-N(2) 105.9(3), C(3)-
N(2)-C(2) 109.3(2), N(2)-C(2)-C(1) 105.9(3), C(2)-C(1)-N(1) 108.6(3).


Figure 2. Molecular structure of (tBuNCH2ÿCH2NtBu)C�S (6 d) in the
solid state (ORTEP view, thermal ellipsoids are at the 50% probability
level). Selected bond lengths [pm] and angles [o]: C(1)ÿS(1) 167.4(4),
C(1)ÿN(2) 135.4(5),C(1)ÿN(5) 135.8(4), N(2)ÿC(6) 148.6(4), N(2)ÿC(3)
145.4(4), C(3)ÿC(4) 148.6(5); S(1)-C(1)-N(2) 125.3(3), S(1)-C(1)-N(5)
125.5(3), N(2)-C(1)-N(5) 109.2(3), C(1)-N(2)-C(6) 126.7(3), C(1)-N(2)-
C(3) 109.5(3), C(3)-N(2)-C(6) 119.4(3).


The short CÿN bond lengths observed for the thioureas
(135 ± 138 pm) and carbenium salts (130 ± 131 pm) imply a
substantial double-bond character. The closest contacts
between the thiocyanate anion and the carbenium cation
observed for 8 and 11 are in excess of 400 pm and rule out
covalent interactions. The disorder observed for 11 was
successfully modeled through a superposition of two envelope
geometries. The nitrogen atoms in the thioureas and the


Figure 3. Molecular structure of [(tBuNCH2ÿCH2NtBu)CÿH]� [SCN]ÿ (8)
in the solid state (ORTEP view, thermal ellipsoids are at the 50%
probability level). Selected bond lengths [pm] and angles [8]: C(1)ÿN(1)
131.3(2), C(1)ÿN(2) 131.4(2), N(1)ÿC(2) 147.3(2), C(2)ÿC(3) 151.7(3),
N(2)ÿC(4) 149.2(2), N(3)ÿC(12) 157.8, N(3) ´´ ´ H(1A) 414.6, C(12)-N(3)-
H(1A) 141.43(05), N(1)-C(1)-N(2) 113.80(16), C(1)-N(1)-C(2) 108.83(15),
N(1)-C(2)-C(3) 102.47(16).


Figure 4. Molecular structure of [(tBuNCH2ÿCH2CH2NtBu)CÿH]�


[SCN]ÿ (11) in the solid state (ORTEP view, thermal ellipsoids are at the
50% probability level). Selected bond lengths [pm] and angles [8]:
C(1)ÿN(1) 130.2(6), N(1)ÿC(2) 149.9(6), N(1)ÿC(4) 146.66(7); C(1)-
N(1)-C(4) 125.1(6), C(1)-N(1)-C(2) 116.0(5), N(1)-C(1)-N(1') 129.5(10),
C(4)-N(1)-C(2) 117.5(4).


carbenium salts are in planar or close to planar environments,
except for 6 d which has slightly pyramidal nitrogen atoms
(sum of nitrogen bond angles� 3538). An interpretation of the
bond lengths in the context of aromatic delocalization in
2-(3H)-imidazole ± thiones (5 a) and related systems has been
discussed recently.[27]


Mechanism and thermochemistry : In principle, CÿH activa-
tion reactions can occur through the insertion of sextet species
into the CÿH bond or through multistep processes that are
initiated by the breaking of the CÿH bond in homolytic
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Figure 5. Molecular structure of tBuNHCH2ÿCH2CH2NHtBu (12) in the
solid state (ORTEP view, thermal ellipsoids are at the 50% probability
level). Selected bond lengths [pm] and angles [8]: N(1)ÿC(1) 146.40(13),
C(1)ÿC(2) 152.34(14), C(2)ÿC(3) 152.23(15), N(1)ÿC(4) 147.88(13); N(1)-
C(1)-C(2) 111.76(9), C(3)-C(2)-C(1) 114.54(9), H(1N)-N(1)-C(1) 111.3(12).


fashion (formation of H .) or in heterolytic fashion (formation
of H� or Hÿ).


The 1,1-elimination of hydrogen from animals to give stable
diaminocarbenes was examined by ab initio methods (see
below) and is endothermic by �25 kcal molÿ1 (formation of
H2) or�14 kcal molÿ1 (formation of H2S) and can be ruled out
as the primary step of the reaction. Future mechanistic studies
will focus on the reactions a ± c (Scheme 5) as the most likely
initial steps of the observed CÿH activation reactions.


An important experimental result for future mechanistic
investigations is the fact that the thioureas 6, 9 and the
carbenium salts 8, 11 cannot be interconverted under the
reaction conditions that lead to their formation. This implies
that the direct hydride abstraction step c (see Scheme 5),
which would explain the formation of the carbenium salts,
cannot be the only operating pathway. Radical cations of
imidazolidines such as [7]� . have been previously studied
by photoelectron spectroscopy.
Their intermediacy would pro-
vide a branching step leading to
carbenium salts (through hy-
drogen abstraction) or thiour-
eas (step d). The operation of
route a or route b is not mu-
tually exclusive and it is diffi-
cult to distinguish between the
two pathways if one relies on
arguments derived from prod-
uct distributions alone.


The observed sequence of
reactivities for imidazolidines,
dioxolanes, and dithiolanes to-
wards S8 correlates well with
the lone pair energies of the
respective heteroelements
(N> S�O), which is in good
agreement with the operation
of the single-electron transfter
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Scheme 5. Elementary steps (a ± f) of the CÿH activation of imidazolidines
by S8.


(SET) oxidation step b as the rate-determining step of the
reaction.


The thermochemistry of the formation of the thioureas
from S8 and aminals was investigated by computational
methods[31, 32] at the B3LYP/6-31G(d)//B3LYP/6-31G(d)[31, 33]


and CBS-4[31, 34] levels of theory (Table 3 and 4, respectively).
Even more accurate thermochemical data can be obtained
from CBS-Q[34] or G2[31, 35] calculations but the use of these
methods is typically restricted to systems with six heavy
atoms.[31] The CBS-4 approach allows the inclusion S8 in the
calculations and was chosen as a good compromise between
high accuracy (mean absolute deviation better than 2 kcal
molÿ1) and speed. B3LYP/6-31G(d)//B3LYP/6-31G(d) ener-
gies have mean absolute deviations of about 8 kcal molÿ1 and
were included for comparison only.


The imidazolidine 7 H (Scheme 6) was chosen as model
compound for the aminals 7 a ± 7 b. The pyramidal geometry
of the nitrogen atoms in 7 H leads to two different isomers


Table 3. Oxidation of aminals with S8. Selected energies (in Hartrees) at the B3LYP/6 ± 31G(d) level.


ZPE Eo E298.15 H298.15 G298.15


S8 0.011762 ÿ 3185.538724 ÿ 3185.527535 ÿ 3185.526590 ÿ 3185.576877
H2 0.010145 ÿ 1.165337 ÿ 1.162976 ÿ 1.162032 ÿ 1.1768
H2S 0.015172 ÿ 399.370264 ÿ 399.367417 ÿ 399.366473 ÿ 399.389832
anti-7H 0.119250 ÿ 228.489610 ÿ 228.484819 ÿ 228.483875 ÿ 228.517424
syn-7H 0.119409 ÿ 228.490046 ÿ 228.485331 ÿ 228.484387 ÿ 228.517766
4H 0.094104 ÿ 227.277607 ÿ 227.272870 ÿ 227.271925 ÿ 227.305075
6H 0.098281 ÿ 625.533207 ÿ 625.527679 ÿ 625.526735 ÿ 625.562662


Table 4. Oxidation of aminals with S8. Selected energies (in Hartrees) at the CBS-4 level.


ZPE Eo E298.15 H298.15 G298.15


S8 0.013977 ÿ 3182.008354 ÿ 3181.997607 ÿ 3181.996663 ÿ 3182.046130
H2 0.010610 ÿ 1.172206 ÿ 1.169845 ÿ 1.168901 ÿ 1.183673
H2S 0.016379 ÿ 398.936720 ÿ 398.933875 ÿ 398.932930 ÿ 398.956239
anti-7H 0.126308 ÿ 228.243185 ÿ 228.238072 ÿ 228.237128 ÿ 228.271617
syn-7H 0.126496 ÿ 228.243956 ÿ 228.238951 ÿ 228.238007 ÿ 228.272219
4H 0.101020 ÿ 227.021839 ÿ 227.017201 ÿ 227.016257 ÿ 227.049401
6H 0.105082 ÿ 624.828427 ÿ 624.822610 ÿ 624.821666 ÿ 624.859111
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Scheme 6. Oxidation of imidazolidines by S8 (reactions g ± k). Reaction
energies DG298.15 at the CBS-4 level and at the B3LYP/6 ± 31G(d) level (in
parentheses).


with syn or anti orientation of the NÿH bonds. The syn isomer
is slightly more stable and was the one used for the
determination of the thermodynamic parameters. The com-
putationally derived free energies indicate that there are in
fact two different reactions that can account for the formation
of thioureas, reaction g, (by-product H2S, DG�
ÿ19.82 kcal molÿ1) and reaction i, (by-product H2, DG�
ÿ9.28 kcal molÿ1).


Reaction i is characterized by a lower stoichiometry in
sulfur and was ruled out experimentally: lowering the amount
of sulfur to the amount required by reaction i leads to 50 %
conversion of the aminal. The abundance of easily accessible
starting materials makes reaction h, the 1,1-elimination of H2


from formaldehyde aminals to give carbenes, a worthwhile
target of synthetic studies. The DG value of �24.6 kcal molÿ1


obtained at the CBS-4 level rules out a direct conversion but
the process could well become feasible by coupling reaction h
with a sufficiently exothermic hydrogenation reaction (Ta-
ble 5).


Carbenes are known to react with sulfur to give thioureas[36]


but, based on the CBS-4 data, their intermediacy in the aminal
oxidation seems unlikely. Even if the endothermic elimination
of hydrogen from the aminal (DG��24.6 kcal molÿ1) is
combined with the formation of H2S (DG�ÿ10.5 kcal molÿ1)
the overall reaction still has a positive DG value of
�14.1 kcal molÿ1. The reaction of diaminocarbenes with S8


has recently been the subject of thermochemical experi-
ments.[36] The experimental value obtained for the reaction of
the analogous N,N'-dimesitylcarbene with S8


[36] (DH�ÿ35�
2 kcal molÿ1) is in very good agreement with the CBS-4 value
that we obtain for the reaction k (DH�ÿ35.03 kcal molÿ1).


The B3LYP/6-31G(d) value (DH�ÿ40.15 kcal molÿ1) sig-
nificantly deviates from this experimental value.


Conclusion


A novel method for the synthesis of tetrasubstituted thioureas
consists of heating cyclic formaldehyde aminals and with S8 to
150 8C. The reaction is simple to perform, does not require
solvents, and gives thioureas in good to excellent yields and
purities. The transformation >CH2!>C�S amounts to a
CÿH activation by S8. The transformation can be carried out
in a similar fashion for the thia analogues of the investigated
aminals (1,3-dithiolanes), while the oxa analogues (1,3-
dioxolanes) were found to be inert towards S8.


Experimental Section


General : Melting points were recorded in sealed capillaries and are
uncorrected. Mass spectra were determined at an ionizing voltage of 40 eV
or 70 eV as indicated. NMR spectra were recorded on Varian Gemini 200
(1H), Bruker 500 MHz (13C), or Varian 400 MHz spectrometers (13C) at
normal spectrometer temperature. The spectra are referenced against
tetramethylsilane (TMS) (1H and 13C, internal). IR spectra were recorded
as nujol mulls on a Nicolet FT Spectrometer. All starting materials were
obtained from Aldrich and used as received. The synthesis of the aminals
and their oxidation with S8 were conducted under an atmosphere of
nitrogen or argon (purity 99.994 or better).[30] Elemental analyses were
performed at Guelph Chemical Laboratories Ltd. (Canada).


Reactions and procedures


Synthesis of N,N'-di-tert-butyl-1,3-propanediamine (12): 1,3-Dibromopro-
pane (100.00 g, 495.3 mmol), tert-butylamine (260 mL, 181.13 g, 2.47 mol),
and distilled water (20 mL) were added together in a 1 L two-necked
round-bottom flask with stirrer and reflux condenser. The clear two-phase
system slowly turned turbid and reached boiling temperature. The reaction
was completed by boiling under reflux overnight. Three portions (3� 20 g)
of NaOH were added to the cold mixture. The upper layer was separated
and the aqueous layer was extracted with diethyl ether (3� 100 mL). The
combined organic extracts were dried by stirring with NaOH (10 g)
overnight. Evaporation of the diethyl ether left shiny white flakes of pure
N,N'-di-tert-butyl-1,3-propylenediamine. Yield 78.3 g (85 %).


1,3-Diphenylimidazolidine (7e): Un-
like the other aminals obtained in this
study, the formation of 7 e required
acid catalysis. Following the procedure
of Wanzlick et al. ,[19] N,N'-diphenyl-
ethylenediamine (3.50 g, 16.5 mmol)
was dissolved in MeOH (100 mL). To
this solution was added paraformalde-
hyde (0.50 g, 16.6 mmol) and a solu-
tion of acetic acid (1.5 mL) in MeOH
(10 mL). The reaction was stirred until


Table 5. Reaction energies (in kcal molÿ1) at the CBS-4 level and at the B3LYP/6 ± 31G(d) level (in italics).


DEo DE298.15 DH298.15 DG298.15


g ÿ 11.99 ÿ 18.04 ÿ 11.34 ÿ 17.50 ÿ 10.93 ÿ 17.05 ÿ 19.82 ÿ 25.42
h � 31.32 � 29.56 � 32.57 � 30.74 � 33.16 � 31.64 � 24.56 � 22.50
i ÿ 3.54 ÿ 10.14 ÿ 2.39 ÿ 9.03 ÿ 1.87 ÿ 8.51 ÿ 9.28 ÿ 15.44
j ÿ 34.85 ÿ 39.70 ÿ 34.95 ÿ 40.08 ÿ 35.03 ÿ 40.15 ÿ 33.84 ÿ 37.95
k ÿ 8.45 ÿ 7.90 ÿ 8.99 ÿ 8.47 ÿ 9.07 ÿ 8.55 ÿ 10.54 ÿ 9.97
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the paraformaldehyde had dissolved. Methanol was removed in vacuo and
the resulting crude material was sublimed at 125 8C/1 Torr (oil bath). Yield
3.00 g (81 %).


Synthesis of imidazolidines 7 and hexahydropyrimidines 10 : In a 100 mL
Schlenk flask, paraformaldehyde (5.00 g, 16.60 mmol) and diethyl ether
(20 mL) were added to the diamine (16.90 mmol). The mixture was stirred
until all of the paraformaldehyde was consumed. The upper layer was
separated and dried over NaOH (1.0 g) for 24 h. Yields 90 ± 100 %.


Synthesis of thioureas from 1,w-diamines and CS2 : CS2 (11.7 mL, 14.8 g,
195 mmol) was added dropwise under external water cooling to a mixture
of the diamine (195 mmol) and pyridine (50 mL). After the strongly
exothermic reaction has ceased, the mixture was boiled to reflux for 24 h
(oil bath 150 8C, gas evolution). Iodine (4.40 g, 17.3 mmol) was added to the
cold reaction mixture and the solution boiled to reflux for an additional
20 h. The pyridine was removed in vacuo, and the resulting brown solid was
extracted with dichloromethane. The dichloromethane solution was
washed with deionized water (3� 20 mL), the dichloromethane evaporated
in vacuo, and the residue sublimed at 1 Torr. Spectroscopic data see below.
Yields: 6 a (80 %), 6 b (74 %), 6 c (50 %), 6 d (19 %), 9 a (80 %), 9 b (<1%).


Reaction of imidazolidines and hexahydropyrimidines with S8 : Sulfur
(1.22 g, 4.75 mmol) was added to the aminal (19.0 mmol) in a Swagelock
50 mL stainless steel cylinder. The vessel was sealed and placed in an oil
bath (150 8C) for 12 h. The cold reaction mixture was extracted with
methanol (3� 10 mL). The combined methanol extracts were filtered and
the methanol was evaporated in vacuo. The thioureas were obtained by
extraction of the solid residue with toluene (2� 10 mL). The toluene
extract was filtered through a short column (length 10 cm , diameter 1 cm)
of neutral Al2O3. Analytically pure samples of the thioureas were obtained
by recrystallization from the solvent indicated in Table 1. The carbenium
salts were isolated by dissolving the toluene-insoluble fraction in water
(5 mL). The resulting orange solution was decanted or filtered from the
brown, insoluble impurities, and extracted with toluene (5 mL portions)
until the organic phase remained colorless. The carbenium thiocyanates
were obtained by slow evaporation of the aqueous phase in the form or
large colorless crystals. Yields of thioureas (6, 9) and carbenium salts (8,
11): 6 a (90 %), 6 b (92 %), 6c (90 %), 6d (19 %) � 8 (80 %), 6 e (49 %), 9a
(91 %), 9b (6 %) � 11 (86 %). For the synthesis of 1,3-diphenylimidazo-
lidine-2-thione (6e), the crude reaction mixture was extracted with
chloroform (3� 10 mL) because 6 e was practically insoluble in MeOH.
The solvent was removed in vacuo and the remaining brown-yellow solid
sublimed at 105 8C/1 Torr. The sublimate consisted of pure N,N'-dipheny-
lethylenediamine (43 %), the brown sublimation residue consisted of
spectroscopically pure 6e (49 %).


Attempted dehydrosulfurization of 1,3-dioxolane : Sulfur (0.68 g,
2.65 mmol) and 1,3-dioxolane (0.79 g, 11.0 mmol) were added together in
a 50 mL Swagelock stainless steel cylinder. The cylinder was sealed and
placed in an oil bath (150 8C) for 72 h. The 1H NMR spectrum of the crude
reaction mixture showed only signals for the starting material (1,3-
dioxolane).


Dehydrosulfurization of 1,3-dithiolane : Sulfur (0.87 g, 3.39 mmol) and 1,3-
dithiolane (1.44 g, 13.6 mmol) were added together in a 50 mL Swagelock
stainless steel cylinder. The cylinder was sealed and placed in an oil bath
(150 8C). After 20 h, a 1H NMR spectrum of the crude reaction mixture
showed only signals of the starting material (90 %) and of 1,3-dithiolane-2-
thione (10 %). Complete conversion was achieved after 100 h at 190 8C.
1H NMR (CDCl3): d� 3.97 (s, 4H; SCH2).


Spectroscopic data


1,3-Dimethylimidazolidine-2-thione (6a): Colorless hexagons, m. p. 110 ±
111 8C (lit. : 111 ± 112 8C[18b]); 1H NMR (200 MHz, C6D6, 25 8C): d� 2.35 (s;
CH2CH2), 2.82 (s; NCH3); 1H NMR (CDCl3): d� 3.13 (s; NCH3), 3.54 (s;
CH2CH2); 13C NMR (400 MHz, C6D6, 25 8C): d� 34.95 (1J(C,H)� 138 Hz;
NCH3), 46.78 (1J(C,H)� 145 Hz; CH2CH2), 184.52 (C�S); 13C NMR
(400 MHz, CDCl3, 25 8C): d� 35.11 (1J(C,H)� 139 Hz; NCH3), 48.33
(1J(C,H)� 145 Hz; CH2CH2), 184.0 (C�S); MS (70 eV) m/z (%): 130
(100) [M]� . , 115 (7), 97 (7), 88 (10), 76 (57), 69 (25), 57 (33); HR-MS: m/z :
130.0564, calcd: 130.0565; fit: 0.3 ppm; IR (NaCl, Nujol): nÄ � 1619 w, 1507 s,
1499 s, 1459 vs, 1451 vs, 1430 s, 1398 m, 1383 s, 1327 vs, 1286 vs, 1223 s, 1202
m, 1134 w, 1116 s, 1068 m, 1017 vw, 959 m, 641 m, 634 m, 626 m, 509 s cmÿ1;
IR (CCl4, CaF2): nÄ � 2931 w, 2868 w, 1504 s, 1469 w, 1441 w, 1398 m, 1342 vs,
1293 m, 1117 s cmÿ1.


1,3-Diethylimidazolidine-2-thione (6b): Long, colorless needles, m. p. 62ÿ
63 8C (lit. : 62ÿ 63 8C[18b]);1H NMR (200 MHz, C6D6, 25 8C): d� 0.87 (t,
3J(H,H)� 7.2 Hz, 6H; NCH2CH3), 2.56 (s, 4 H; CH2CH2), 3.51 (q,
3J(H,H)� 7.2 Hz, 4H; NCH2CH3); 1H NMR (200 MHz, CDCl3, 25 8C):
d� 1.17 (t, 3J(H,H)� 7.3 Hz, 6H; NCH2CH3), 3.54 (s, 4H; CH2CH2), 3.67
(q, 3J(H,H)� 7.3 Hz, 4 H; NCH2CH3); 13C NMR (400 MHz, C6D6, 25 8C):
d� 12.90 (CH3), 45.48 (CH2CH2), 49.05 (NCH2CH3), 183.05 (C�S);
13C NMR (400 MHz, CDCl3, 25 8C): d� 12.00 (CH3), 41.98 (CH2CH2),
45.36 (NCH2CH3), 181.42 (C�S); IR (NaCl, Nujol): nÄ � 1502 vs, 1446 vs,
1431 s, 1352 m, 1334 s, 1278 vs, 1253 m, 1202 w, 1194w, 1129 m, 1111 w, 1073
w, 1067 w, 994 vw, 893 vw, 783 m, 631 m cmÿ1.


1,3-Diisopropylimidazolidine-2-thione (6c): Colorless needles, m. p. 86ÿ
87 8C (lit. : 86.4 8C[18a]); 1H NMR (200 MHz, C6D6, CDCl3, 25 8C): d� 0.91
(d, 3J(H,H)� 6.9 Hz, 12 H; (CH3)2CH), 2.73 (s, 4 H; NCH2), 5.17 (sept,
3J(H,H)� 6.9 Hz, 2H; CH(CH3)2); 1H NMR (200 MHz, CDCl3, 25 8C): d�
1.17 (d, 3J(H,H)� 6.6 Hz, 6H; (CH3)2CH), 3.45 (s, 4 H; NCH2), 4.93 (sept,
3J(H,H)� 6.6 Hz, 2 H; CH(CH3)2); 13C NMR (400 MHz, C6D6, 25 8C): d�
19.12 ((CH3)2CH) 40.38 (CH2CH2), 46.78 (CH(CH3)2), 182.28 (C� S); MS
(70 eV): m/z (%): 186 (100) [M]� . , 171 (40), 143 (30), 129 (68), 111 (13), 101
(13), 83 (33), 70 (21); HR-MS: 186.118530, calcd: 186.1191; fit� 2.9 ppm;
IR (KBr, Nujol): nÄ � 1486 s, 1426 s, 1364 m, 1326 s, 1274 s, 1161 m, 1126 m,
1083 m, 1039 m, 985 w, 955 w, 920 w, 872 w, 803 w, 710 w, 674 w, 639 s, 605 m,
502 m, 456 m, 422 s cmÿ1.


1,3-Di-tert-butylimidazolidine-2-thione (6 d): Colorless octahedra, m. p.
130ÿ 131 8C; 1H NMR (C6D6): d� 1.55 (s, 18 H; C(CH3)3), 2.75 (s, 4H;
NCH2); 1H NMR (200 MHz, CDCl3, 25 8C): d� 1.58 (s, 18 H; C(CH3)3),
3.42 (s, 4 H; NCH2); 13C NMR (400 MHz, C6D6, 25 8C): d� 28.09
(C(CH3)3), 44.22 (NCH2), 56.41 (C(CH3)3), 184.43 (C�S); 13C NMR
(400 MHz, CDCl3, 25 8C): d� 27.93 (C(CH3)3), 44.31 (NCH2), 56.42
(C(CH3)3), 183.13 (C�S); MS (70 eV): m/z (%): 214 (76) [M]� . , 157 (35),
143 (56), 115 (10), 102 (100), 84 (12), 74 (16), 70 (12), 57 (49); IR (NaCl,
Nujol): nÄ � 1655 w, 1630 m, 1365 m, 1315 s, 1264 m, 1199 w, 1119 w, 1033 m,
940 w, 885 vw, 841 vw, 745 w, 722 w, 651 m cmÿ1.


1,3-Diphenylimidazolidine-2-thione (6e): Thin plates, m.p. 124 ± 125;
1H NMR (200 MHz, C6D6, 25 8C): d� 3.05 (s, 4 H; CH2CH2), 7.00 (t,
3J(H,H)� 7.2 Hz, 2 H; para-CH), 7.19 (t, 3J(H,H)� 7.2 Hz; meta-CH), 7.59
(d, 3J(H,H)� 7.8 Hz; ortho-CH); 1H NMR (200 MHz, CDCl3, 25 8C): d�
4.14 (s; CH2CH2), 7.26 (t, 3J(H,H)� 7.6 Hz; para-CH), 7.42 (t, 3J(H,H)�
7.6 Hz; meta-CH), 7.56 (d, 3J(H,H)� 8.0 Hz; ortho-CH); 13C NMR
(400 MHz, CDCl3, 25 8C): d� 42.29 (CH2CH2), 125.36 (meta-CH), 126.52
(ortho-CH), 128.78 (para-CH), 140.76 (ipso-C), 181.17 (C�S); IR (KCl,
Nujol): nÄ � 1598 m, 1581 w, 1499 m, 1423 m, 1395 m, 1342 s, 1289 s, 1271 s,
1080 w, 761 s, 692 s, 562 s cmÿ1.


1,3-Dimethylimidazolidine (7a): Colorless oil; 1H NMR (200 MHz, C6D6,
25 8C): d� 2.20 (s, 6H; NCH3), 2.56 (s, 4H; CH2CH2), 3.18 (s, 2H;
NCH2N); 1H NMR (200 MHz, CDCl3, 25 8C): d� 2.36 (s, 6H; NCH3), 2.76
(s, 4H; CH2CH2), 3.28 (s, 2H; NCH2N); 13C NMR (400 MHz, CDCl3,
25 8C): d� 41.60 (NCH3), 54.67 (CH2CH2), 79.85 (NCH2N); MS (70 eV):
m/z (%): 100 (4) [M]� . , 99 (41), 85 (24), 57 (21), 42 (100), 28 (32), 18 (35);
IR (NaCl, neat): nÄ � 1455 s, 1370 s, 1228 s, 1115 s, 1033 m, 967 w, 921 m, 872
s, 810 s cmÿ1.


1,3-Diethylimidazolidine (7 b): Colorless oil; 1H NMR (200 MHz, C6D6,
25 8C): d� 1.01 (t, 3J(H,H)� 7.4 Hz, 6H; CH3CH2), 2.41 (q, 3J(H,H)�
7.4 Hz, 4H; CH3CH2), 2.61 (s, 4 H; CH2CH2), 3.35 (s, 2H; NCH2N);
1H NMR (200 MHz, CDCl3, 25 8C): d� 1.10 (t, 3J(H,H)� 7.2 Hz, 6H;
CH3CH2), 2.56 (q, 3J(H,H)� 7.2 Hz, 4 H; CH3CH2), 2.80 (s, 4H; CH2CH2),
3.42 (s, 2 H; NCH2N); 13C NMR (400 MHz, C6D6, 25 8C): d� 14.47
(CH3CH2), 49.60 (CH3CH2), 52.55 (CH2CH2), 76.78 (NCH2N); IR (KCl,
neat): nÄ � 3338 w, 2969 s, 2935 s, 2800 s, 1678 s, 1470 m, 1452 m, 1375 m, 1346
m, 1315 w, 1289 m, 1197 m, 1147 m, 1105 m, 1049 w, 961 w, 866 w, 790
w cmÿ1.


1,3-Diisopropylimidazolidine (7 c): Colorless oil; 1H NMR (200 MHz,
C6D6, 25 8C): d� 0.98 (d, 3J(H,H)� 6.3 Hz, 12H; CH(CH3)2), 2.37 (sept,
3J(H,H)� 6.3 Hz, 2H; CH(CH3)2), 2.64 (s, 4 H; CH2CH2), 3.48 (s, 2H;
NCH2N); 1H NMR (200 MHz, CDCl3, 25 8C): d� 1.08 (d, 3J(H,H)�
6.0 Hz, 12 H; CH(CH3)2), 2.51 (sept, 3J(H,H)� 6.0 Hz, 2 H; CH(CH3)2),
2.84 (s, 4 H; CH2CH2), 3.52 (s, NCH2N); 13C NMR (400 MHz, C6D6, 25 8C):
d� 22.04 (CH(CH3)2), 50.73 (CH2CH2), 53.99 (CH(CH3)2), 73.36
(NCH2N); MS (70 eV): m/z (%): 156 (3) [M]� . , 155 (14), 141 (11), 127
(85), 113 (56), 99 (30), 85 (44), 72 (100), 56 (48); IR (KBr, neat): nÄ � 2969 vs,
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2927 s, 2874 m, 2799 s, 2607 m, 1471 m, 1458 m, 1381, s, 1371m, 1327 s, 1200 s,
1118 w, 1089 w, 1032 m, 779 w cmÿ1.


1,3-Di-tert-butylimidazolidine (7d): Colorless oil; 1H NMR (200 MHz,
C6D6, 25 8C): d� 1.09 (s, 18H; C(CH3)3), 2.75 (s, 4H; NCH2CH2), 3.67 (s,
2H; N2CH2); 1H NMR (200 MHz, CDCl3, 25 8C): d� 1.07 (s, 18 H;
C(CH3)3), 2.83 (s, 4 H; CH2CH2), 3.56 (s, 2H; N2CH2); 13C NMR
(400 MHz, C6D6, 25 8C): d� 26.1 (C(CH3)3), 46.0 (CH2CH2), 52.0
(C(CH3)3), 63.3 (N2CH2); MS (70 eV): m/z (%): 184 (15) [M]� . , 183 (97),
127 (30), 113 (100), 98 (8), 84 (30), 71 (89), 57 (28); IR (NaCl, neat): nÄ �
2968 s, 2872 s, 2822 s, 1654 w, 1473 m, 1463 m, 1392 s, 1360 s, 1275 s, 1251 s,
1225 s, 1211 s, 1158 m, 1104 w, 1086 w, 1037 m, 922 w, 861w, 820 m, 743
w cmÿ1.


1,3-Diphenylimidazolidine (7e): Colorless plates, m. p. 127 8C; 1H NMR
(200 MHz, CDCl3, 25 8C): d� 3.66 (s, 4H; CH2CH2), 4.67 (s, 2H; N2CH2),
6.68 (d, 3J(H,H)� 8.1 Hz, 4H; ortho-CH), 6.80 (t, 3J(H,H)� 7.3 Hz, 2H;
para-CH), 7.30 (t, 3J(H,H)� 7.7 Hz, 4H; meta-CH); 13C NMR (400 MHz,
C6D6, 25 8C): d� 46.47 (CH2CH2), 65.85 (N2CH2), 112.44 (ortho-CH),
117.64 (para-CH), 129.36 (meta-CH), 146.41 (ipso-C); MS (70 eV): m/z
(%): 224 (60) [M]� . , 223 (81), 119 (70), 106 (63), 91 (100), 77 (54), 65 (9), 51
(21); IR (NaCl, Nujol): nÄ � 1601 m, 1574 m, 1502 s, 1327 m, 1239 m, 1186 m,
1158 m, 995 m, 868 w, 745 s, 693 s cmÿ1.


1,3-Di-tert-butylimidazolidinium thiocyanate (8): Colorless prisms;
1H NMR (200 MHz, CDCl3, 25 8C): d� 1.52 (s, 18 H; C(CH3)3), 4.11 (s,
4H; NCH2), 8.09 (s, 1 H; CH�); 13C NMR (400 MHz, CDCl3, 25 8C): d�
27.92 (C(CH3)3), 45.37 (NCH2), 56.86 (C(CH3)3), 130.81 (SCN), 152.33
(CH�); IR (NaCl, Nujol): nÄ � 2203 w, 2066 m, 1632 m, 1301 m, 1215 w, 1167
w, 1060 w, 907 s, 888 w, 761 m, 736 s cmÿ1.


1,3-Dimethylhexahydropyrimidine-2-thione (9 a): Colorless platelets, m.p.
76ÿ 77 8C (lit. : 79 8C[18b]); 1H NMR (200 MHz, C6D6, 25 8C): d� 1.03 (q,
3J� 6.2 Hz, 4 H; CH2CH2CH2), 2.43 (t, 3J(H,H)� 6.2 Hz, 4H;
CH2CH2CH2), 3.25 (s, 6H; NCH3); 1H NMR (CDCl3): d� 2.04 (quin,
3J(H,H)� 6.2 Hz, 2H; CH2CH2CH2), 3.38 (t, 3J(H,H)� 6.2 Hz, 4H;
CH2CH2CH2), 3.43 (s, 6H; NCH3); 13C NMR (400 MHz, C6D6, 25 8C):
d� 21.21 (CH2CH2CH2), 43.20 (NCH3), 48.41 (CH2CH2CH2), 180.59
(C�S); MS (40 eV): m/z (%): 144 [M]� . (100), 129 (2), 111 (8), 97 (6), 84
(4), 70 (15), 55 (4), 44 (27), 42 (23), 32 (8), 28 (21); IR (KBr, pellet): nÄ �
2956 s, 2933 s, 2863 s, 1528 s, 1487 m, 1450 m, 1399 m, 1348 s, 1315 s, 1220 m,
1099 m, 1037 m, 933 w, 900 vw, 864 w, 847 w, 638 w, 607 w, 572 w, 495 w, 429
w cmÿ1.


1,3-Di-tert-butylhexahydropyrimidine-2-thione (9b): Colorless prisms;
1H NMR (200 MHz, CDCl3, 25 8C): d� 1.64 (s, C(CH3)3), 2.07 (quin,
3J(H,H)� 7.1 Hz, CH2CH2CH2), 3.16 (t, 3J(H,H)� 7.1 Hz, CH2N);
13C NMR (400 MHz, CDCl3, 25 8C): d� 28.10 (q, 1J(C,H)� 124.2 Hz,
C(CH3)3), 29.36 (CH2CH2CH2), 42.39 (t, 1J(C,H)� 137.6 Hz, NCH2), 52.09
(C(CH3)3), 185.32 (C�S); 15N NMR (500 MHz, CDCl3, 25 8C): d�
ÿ325.13; MS (40 eV): m/z (%): 228 (30), 227 (40), 197 (7), 171 (100), 157
(15), 125 (15), 116 (85), 98 (10), 72 (12), 57 (40), 41 (45); IR (NaCl, Nujol):
nÄ � 1527 s, 1489 w, 1460 s, 1398 m, 1348 s, 1315 s, 1220 m, 1097 w, 864 w cmÿ1.


1,3-Dimethylhexahydropyrimidine (10 a): Colorless oil ; 1H NMR
(200 MHz, C6D6, 25 8C): d� 1.54 (quin, 3J(H,H)� 4.8 Hz, 2H;
CH2CH2CH2), 2.11 (s, 6H; NCH3), 2.25 (t, 3J(H,H)� 4.8 Hz, 4H;
CH2CH2CH2), 2.90 (s, 2H; NCH2N); 1H NMR (200 MHz, CDCl3, 25 8C):
d� 1.70 (quin, 3J(H,H)� 5.6 Hz, 2H; CH2CH2CH2), 2.24 (s, 6 H; NCH3),
2.41 (t, 3J(H,H)� 5.6 Hz, 4 H; CH2CH2CH2), 2.98 (s; NCH2N); 13C NMR
(400 MHz, C6D6, 25 8C): d� 23.43 (CH2CH2CH2), 42.86 (NCH3), 54.22
(CH2CH2CH2), 79.61 (NCH2N); IR (NaCl, neat): nÄ � 3396 br, 2939 s, 2851 s,
2780 s, 2727 s, 2666 m, 2643 m, 2567 w, 2482 vw, 2463 vw, 1655 vw, 1466 s,
1445 s, 1337 w, 1300 m, 1275 s, 1254 w, 1206 m, 1196 m, 1148 s, 1113 s, 1097
m, 1073 s, 1046 s, 987 m, 968 s, 945 m, 915 w, 906 vw, 894 w, 823 m, 783 m ÿ1.


1,3-Di-tert-butylhexahydropyrimidine (10 b): Colorless oil; 1H NMR
(200 MHz, C6D6, 25 8C): d� 1.04 (s, 18 H; C(CH3)3), 1.61 (quin,
3J(H,H)� 5.4 Hz, 2H; CH2CH2CH2), 2.52 (t, 3J(H,H)� 5.4 Hz, 4H;
CH2CH2CH2), 3.44 (s, 4H; NCH2N); 13C NMR (400 MHz, C6D6, 25 8C):
d� 26.83 (C(CH3)3), 29.31 (CH2CH2CH2), 45.99 (NCH2), 53.24 (C(CH3)3),
65.31 (NCH2N); IR (NaCl, neat): nÄ � 3396 w, 2939 s, 2851 s, 2780 s, 2727 s,
2666 m, 2643 m, 2567 w, 2482 vw, 2463 vw, 1655 vw, 1466 s, 1445 s, 1337 w,
1300 m, 1275 s, 1254 w, 1206 m, 1196 m, 1148 s, 1113 s, 1097 m, 1073 s, 1046 s,
987 m, 968 s, 945 m, 915 w, 906 vw, 894 w, 823 m, 783 m ÿ1.


1,3-Di-tert-butylhexahydropyrimidinium thiocyanate (11): Colorless
prisms, m. p. 200 ± 204 8C; 1H NMR (200 MHz, CDCl3, 25 8C): d� 1.52 (s,


18H; C(CH3)3), 2.15 (m, 2 H; CH2CH2CH2), 3.56 (m, 4 H; NCH2), 8.07 (s,
CH�); 13C NMR (400 MHz, CDCl3, 25 8C): d� 19.78 (t, 1J(C,H)�
133.4 Hz, CH2CH2CH2), 27.49 (q, 1J(C,H)� 127.6 Hz, C(CH3)3), 39.77 (t,
1J(C,H)� 144.0 Hz; NCH2), 61.16 (s; C(CH3)3), 130.96 (s; SCN), 146.34 (d,
1J(C,H)� 189.1 Hz; CH�); IR (NaCl, Nujol): nÄ � 2360 m, 2057 s, 1672 s,
1461 s, 1411 m, 1395 m, 1369 s, 1331 s, 1236 s, 1192 s, 1092 m, 1009 m, 980 m,
942 w cmÿ1.


N,N'-Di-tert-butyl-1,3-propanediamine (12): Colorless plates, m. p. 29 8C;
1H NMR (200 MHz, C6D6, 25 8C): d� 0.59 (s, 2 H; NH), 1.03 (s, 18H;
C(CH3)3), 1.52 (quin, 2H; 3J(H,H)� 6.4 Hz, CH2CH2CH2), 2.58 (t,
3J(H,H)� 6.4 Hz, 4 H; NCH2); 1H NMR (200 MHz, CDCl3, 25 8C): d�
1.10 (s, 18H; C(CH3)3), 1.75 (quin, 3J(H,H)� 6.4 Hz, 2 H; CH2CH2CH2),
2.71 (t, 3J(H,H)� 6.4 Hz, 4H; NCH2); 13C NMR (400 MHz, C6D6, 25 8C):
d� 29.42 (C(CH3)3), 32.87 (CH2CH2CH2), 41.52 (NCH2), 50.04 (C(CH3)3).
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Medium Effects on 51V NMR Chemical Shifts: A Density Functional Study


Michael Bühl*[a] and Michele Parrinello[b, c]


Abstract: Car ± Parrinello molecular
dynamics simulations were performed
for [H2VO4]ÿ , [VO2(OH2)4]� , and
[VO(O2)2(OH2)]ÿ in periodic boxes with
30, 28, and 29 water molecules, respec-
tively, employing the BLYP density
functional. On the timescale of the
simulations, up to 2 ps, well-structured
first solvation spheres are discernible for
[H2VO4]ÿ and [VO(O2)2(OH2)]ÿ con-
taining, on average, eight and ten water
molecules, respectively. One of the four


water molecules directly attached to the
metal in [VO2(OH2)4]� is only loosely
bound, and the average coordination
number of vanadium in aqueous VO2


� is
between five and six. 51V chemical shifts
were evaluated at the B3LYP level for


representative snapshots along the tra-
jectories, including the water molecules
of the solvent by means of point charges.
The resulting averaged d(51V) values are
proposed to model the combined effects
of temperature (dynamic averaging) and
solvent (charge polarization). Both ef-
fects are shown to be rather small, of the
order of a few dozen ppm. The observed
shielding of 51V in the bis(peroxo) com-
plex with respect to the vanadate species
is not reproduced computationally.


Keywords: density functional
calculations ´ molecular dynamics ´
NMR spectroscopy ´ solvent effects
´ vanadium


Introduction


Theoretical chemical shifts have found widespread applica-
tion in computational chemistry.[1] With an appropriate
quantum chemical method, the accuracy of the computed d


values, compared with experiments, is typically a few percent
of the total chemical-shift range of the nucleus under scrutiny.
It is frequently observed that the computed chemical shifts are
sensitive to structural details. In this case, comparison of
theoretical and experimental chemical shifts can afford a
structural tool, which has, in favorable cases, been attested a
credibility rivaling that of X-ray crystallography.[2] The usual
procedure involves geometry optimization of the isolated
molecule at an appropriate theoretical level, computation of
the magnetic shieldings for the static molecule in its equili-
brium geometry, and comparison with the NMR experiments
conducted in solution at a certain temperature.[3] In this
procedure it is implicitly assumed that zero-point, temper-
ature, and solvent effects on the chemical shifts are small (or


rather, are very similar for the substrates and the experimen-
tal standard, for which a computation has to be performed as
well).


Rovibrational effects on shielding tensors s can be calcu-
lated exactly when the potential-energy surface and the
shielding tensor surface (i.e. the dependence of s on the
atomic coordinates) are known. In conjunction with a highly
sophisticated theoretical model such as GIAO-CCSD(T) (i.e.
coupled cluster including single, double, and perturbatively
connected triple excitations in a gauge-including atomic
orbital scheme),[4] remarkably accurate shielding values as a
function of temperature can be obtained; these values rival,
and sometimes exceed, the precision of corresponding
experimental results.[5] However, the rigorous calculation of
these rovibrational effects, which involves solving the Schrö-
dinger equation for the nuclear motion, is only feasible for
very small molecules.[6]


Solvent effects on chemical shifts, specifically gas-to-liquid
shifts, are known for a number of species, namely those for
which accurate gas-phase NMR data extrapolated to zero
pressure are available.[7] Typical effects are rather small, and
they range from a few ppm for d(13C) of organic compounds to
approximately Dd(18O)� 30 for water,[8] but they can also be
quite sizeable, for instance, up to approximately Dd(77Se)�
120 for H2Se.[9] Not surprisingly, the magnitude of the effect
tends to increase with the chemical-shift range of the nucleus.


Exceptionally large shift ranges (in some instances exceed-
ing Dd� 10 000) are not uncommon for transition metal
nuclei.[10] Despite constant progress in the determination of
NMR spectra for these formerly exotic nuclei, no experimen-
tal gas-phase data are known for transition metal compounds.
Trends in the metal shifts in solution have been qualitatively
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reproduced computationally for static, isolated molecules by
using appropriate density functionals, in particular, the hybrid
type such as the popular B3LYP combination.[11] In order to
assess potential error margins for the computated d values
that could arise if one neglects thermal and solvation effects, a
simple protocol to estimate such effects is desirable.


For d(51V) of [H2VO4]ÿ (1), a typical vanadate species in
aqueous solution, a deshielding of Dd� 64 has been computed
upon microsolvation with two water molecules (1 ´ 2 H2O).[12]


For a more conclusive estimate of the solvent effect, addi-


tional water molecules would have to be included. Attempts
to optimize correspondingly hydrated (or, in general, solvat-
ed) cluster geometries, however, are compromised by the
large number of possible minima, which would have to be
located. A dynamic treatment would seem to be a promising
approach to this problem, in particular since such an approach
has been used successfully to model the gas-to-liquid shift for
d(18O) in water:[13, 14] in order to describe the liquid, classical
molecular dynamics (MD) simulations have been performed
for large water clusters by using an empirical force field,[15]


and the chemical shifts have then been calculated by using
density functional theory (DFT) for representative snapshots
along the simulated trajectory and have been averaged over
the time of the simulation.[13] Similar results have been
obtained in a recent study that employed snapshots from
periodic, density functional based MD simulations.[14, 16]


For transition metal based compounds such as 1, the
description of the potential-energy surface by a quantum
chemical method is mandatory. The DFT-based Car ± Parri-
nello molecular dynamics (CPMD) method is a well-estab-
lished, cost-efficient MD method that combines approximate
DFT-based energy evaluation with classical dynamic prop-
agation.[17] In keeping with the widespread applicability of
DFT in computational transition metal chemistry,[18] the
excellent performance of CPMD in this field has been amply
demonstrated,[19] as has its ability to simulate liquids and
solutions.[20]


We now present a CPMD study of 1 in aqueous solution as
modeled by using a periodic box with a limited number of
water molecules. Chemical shifts are evaluated for represen-
tative snapshots along the respective trajectories. The same
approach is applied to [VO2(OH2)4]� (2), the usual formula-
tion of aqueous vanadate at low pH, and to [VO(O2)2(OH2)]ÿ


(3), the proposed structure of a typical aqueous peroxovana-
date (see structures 1 ± 3). Interest in peroxovanadate com-
plexes has recently been renewed since some of them have
been shown to be active as insulin mimetics.[21] The simula-
tions reveal interesting details of the coordination sphere
around vanadium and the solvent shell around each complex,
but predict only relatively small effects on the vanadium
chemical shifts.


Computational details : Molecular dynamics simulations were
performed by using the density functional based Car ± Parri-
nello scheme[17] as implemented in the CPMD program.[22]


Gradient-corrected exchange and correlation functionals
according to Becke[23] and Lee, Yang, and Parr[24] (denoted
BLYP) were employed, together with norm-conserving pseu-
dopotentials generated according to the Troullier and Mar-
tins� procedure[25] and transformed into the Kleinman ± By-
lander form.[26] Periodic boundary conditions were imposed
by using cubic supercells with box sizes of 9.5 and 9.8692 � for
the free ions and the ions in aqueous solutions, respectively.
Initial geometries for the latter were generated by substituting
an appropriate number of water molecules in a snapshot from
a well-equilibrated CPMD simulation of liquid water (32 wa-
ter molecules in a box of the same size)[27] with the vanadium
complex. Kohn ± Sham orbitals were expanded in plane waves
up to a kinetic energy cutoff of 80 Ry. In the dynamic
simulations a fictitious electronic mass of 600 a.u. and a time
step of 0.121 fs were used. To increase the simulation time
step, hydrogen was substituted by deuterium. After an
equilibration time of 0.5 ps at 300 K, statistical averages and
snapshots for the NMR calculations were collected from
microcanonical runs 1 ps long. Statistical averages of the
aqueous systems were obtained from 2 ps simulations.


Equilibrium geometries for pristine complexes were ob-
tained by optimizing the forces on all atoms with the CPMD
program by using the setup detailed above (denoted CP-opt).
In addition, geometries were optimized without periodic
boundary conditions and the Gaussian-type orbital basis set I,
that is, an all-electron Wachters� basis, augmented with two
diffuse d and one diffuse p sets for vanadium,[28] and 6-31G*
basis[29] for all other atoms. The BLYP density functional
combination and that according to Becke[23] and Perdew[30]


Abstract in German: Car ± Parrinello-moleküldynamische
Simulationen wurden für [H2VO4]ÿ , [VO2(OH2)4]� und
[VO(O2)2(OH2)]ÿ durchgeführt, und zwar in periodischen
Boxen mit jeweils 30, 28 und 29 Wassermolekülen, und unter
Verwendung des BLYP-Dichtefunktionals. Auf der Zeitskala
der Simulationen, bis 2 ps, lassen sich gut strukturierte erste
Solvathüllen für [H2VO4]ÿ und [VO(O2)2(OH2)]ÿ ausmachen,
die im Durchschnitt 8 bzw. 10 Wassermoleküle enthalten. Eines
der vier Wassermoleküle, die in [VO2(OH2)4]� direkt an das
Metall koordiniert sind, ist nur schwach gebunden; die mittlere
Koordinationszahl des Vanadiums in wässrigem VO2


� liegt
hierbei zwischen fünf und sechs. 51V chemische Verschiebungen
wurden für repräsentative Schnappschüsse entlang der Trajek-
torie auf dem B3LYP-Niveau ermittelt, wobei die Wasser-
moleküle des Solvens in Form von Punktladungen berück-
sichtigt wurden. Die so erhaltenen, gemittelten d(51V)-Werte
sollen die kombinierten Effekte von Temperatur (thermische
Mittelung) und Lösungsmittel (Polarisation) modellieren.
Beide Effekte erweisen sich als vergleichsweise klein und
liegen in der Gröûenordnung einiger Dutzend ppm. Die
beobachtete Abschirmung des 51V-Kerns in dem Bis(peroxo)-
Komplex relativ zu den Vanadat-Spezies wird in den Rech-
nungen nicht wiedergegeben.
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(denoted BP86) were employed, as implemented in the
Gaussian 98 program package.[31]


Magnetic shieldings were computed for equilibrium geo-
metries and for snapshots taken from the MD simulations in
the GIAO[32] (gauge-including atomic orbitals)-B3LYP meth-
od,[33] which employed a medium-sized grid and basis I� , that
is, basis I augmented with one set of diffuse s and p functions
on the ligands. At that level, in conjunction with BP86/I
optimized geometries, 51V chemical shifts have been repro-
duced to within approximately Dd� 100 of their experimental
values.[34] No periodic boundary conditions were imposed in
the chemical-shift calculations, and solvent water molecules
were not included specifically, but in the form of point charges
with values of ÿ0.9313 and �0.4656 for O and H atoms,
respectively, as obtained for a single water molecule from
natural population analysis at the B3LYP/6-31G* level. Test
calculations for 1 ´ 2 H2O have afforded virtually the same
magnetic shielding for vanadium when the two water mole-
cules are included either explicitly or as point charges.
Representative snapshots were taken every 20 fs, and water
molecules from the six adjacent boxes were also included as
point charges. Chemical shifts are reported relative to VOCl3,
optimized, or simulated at the same respective level (s values
at ÿ2319, ÿ2428, and ÿ2346 employed BP86/I, BLYP/I, or
BLYP/CP-opt geometries, andÿ2386 for a CPMD simulation
averaged over 1 ps, see Figure 1).


Figure 1. Absolute 51V magnetic shieldings s [ppm] for several VOCl3


snapshots taken during a 1 ps simulation. Open triangles: raw data; filled
circles: running average (average value up to this point).


Results and Discussion


VOCl3 : Neat VOCl3 is the accepted standard in 51V NMR
spectroscopy.[35] We have not performed a simulation for this
liquid, since this is not essential for the more qualitative
purposes of this study. Besides, the inclusion of a sufficiently
large number of VOCl3 molecules over a long simulation time
would be a formidable task in itself. CPMD simulations were
performed instead for gaseous VOCl3, and the resulting
averaged s value was also used as a reference value for the
solution studies. It should be kept in mind that this procedure
could introduce a systematic error for the computed gas-to-


liquid shifts, and that more attention should be paid to the
trends in the d values between 1, 2, and 3, rather than to their
actual values.


Geometrical data for VOCl3 are summarized in Table 1.
The equilibrium parameters (columns three to five) are very
similar for the various DFT approaches and agree well with
the experimental values deduced by gas-phase electron


diffraction[36] (GED). The mean bond lengths averaged over
a 1 ps CPMD run confirm the expected slight increase with
respect to their equilibrium values (compare the last two
columns in Table 1).


Despite the small average bond-length elongation, large
individual variations occur during the simulations at 300 K, as
reflected in the standard deviations included in Table 1.[37] For
instance, maximum and minimum VÿCl distances of 2.260 and
2.074 �, respectively, are encountered. In view of the large
bond-length/shielding derivatives deduced or computed for
transition metal nuclei,[38] large effects on the computed s


values are to be expected. Indeed, fluctuations over several
hundred ppm are obtained for the snapshots from the
simulation (open triangles in Figure 1). However, the running
average, that is the average over all values up to a given point,
is remarkably constant after approximately 15 snapshots.
The same is found for nearly all the other simulations of this
study, and this result suggests that the simulation time is
sufficient.


The averaged s value is deshielded by 40 ppm with respect
to the equilibrium value.[39] This is a small number compared
with the 51V chemical-shift range (which exceeds 4000 ppm),[35]


and this number reflects the moderate temperature effects
on the (average) bond lengths. Two questions have to
be addressed now: firstly, are the temperature effects on
the magnetic shieldings of other vanadium compounds of
the same order of magnitude, and secondly, how large
is, in relation to the temperature effects, that of the sol-
vent?


[H2VO4]ÿ: Speciation of vanadate(v) in aqueous solution
involves complex equilibria between various mono- and
oligonuclear clusters, and the composition critically depends
on concentration and pH.[40] In dilute solutions at pH 7, the
dominant species is [H2VO4]ÿ (1). d(51V) values of isolated 1
are computed, depending on the computational model, in the


Table 1. Experimental (GED)[a] and computed (DFT) geometrical
parameters[b] of VOCl3.


Level GED BP86/I[c] BLYP/I CP-opt[d] CPMD[e]


Parameter


V�O 1.570(5) 1.579 1.589 1.586 1.587(12)
VÿCl 2.142(2) 2.159 2.178 2.159 2.166(38)
OÿVÿCl 107.6(1) 108.3 108.4 108.4 108.3(44)


[a] Gas-phase electron diffraction, from ref. [36]. [b] Distances in �, angles
in degrees (in parentheses: standard deviation). [c] All-electron orbital
basis, from ref. [34]. [d] Pseudopotentials and plane-wave basis, minimized
with the CPMD program. [e] Average values from a 1 ps simulation at
approximately 300 K.







FULL PAPER M. Bühl and M. Parrinello


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0720-4490 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 204490


range between d�ÿ629 and ÿ691 (see entries two to four in
Table 2). During the 1 ps simulation for the pristine anion,
conformational changes occurred in the VOH moieties:
starting from the equilibrated configuration corresponding
to 1 a (idealized C2 symmetry), both OH groups first rotated
simultaneously about their respective VO axes to afford the
enantiomer of 1 a. Subsequently, one of the OH groups
rotated back to its original position, which resulted in a
configuration corresponding to 1 b (idealized Cs symmetry).
Apparently, these isomers are very similar in energy and are
separated by very low barriers. Little difference in the 51V
chemical shifts is to be expected between 1 a and 1 b (in fact, a
mere Dd� 3 difference is computed at the B3LYP/I� //BP86/
I level). Hence, the time-averaged magnetic shielding will be
governed by the vibrational motion. A deshielding of 14 ppm
is obtained in going from the equilibrium to the averaged s


value. This temperature effect is smaller than that for VOCl3


discussed above, but is certainly of the same order of
magnitude. Since the computed deshielding is larger for the
s value of VOCl3 than for that of 1, the predicted effect on
d(51V) of the latter is a net upfield shift (shielding), Dd�ÿ26
(compare entries CP-opt, d�ÿ691, and CPMD, d�ÿ717 in
Table 2).


During the simulation of 1 in a periodic box with 30 water
molecules, one interconversion from 1 a to 1 b and back was
observed in the initial 0.5 ps equilibration run, but not in the
subsequent 2 ps simulation. The conformational fluxionality
of 1 appears thus to be attenuated by the solvent. Before
discussing the chemical shifts, we will turn to the structure of
the solvation shell around 1.


The two OH moieties in 1 can act as hydrogen-bond donors
to solvent molecules, and all four oxygen atoms can accept
such H-bonds from the surrounding water. In typical hydro-
gen-bonded systems containing OÿH ´´´ O moieties, the O ´´´
O distance is smaller than 3.5 �, and the OH-bond is directed
towards the second oxygen atom such that the OÿHÿO angle
is larger than 140 degrees.[41] Based on these purely geo-
metrical criteria, during the 2 ps simulation the average
number of water molecules coordinated to 1 is around eight


V


O O


OO HH


V


O O


OO HH


1a


−


1b


−


(around seven with O ´´´ O distances smaller than 3.0 �). A
typical configuration is depicted in Figure 2, which illustrates


Figure 2. Representative snapshot of 1 in water that shows eight H-bonded
solvent molecules.


how the two terminal oxygen atoms accept two H-bonds each,
while the two OH moieties are both H-bond donors and
acceptors.


This first solvation shell around 1 is not fixed during the
simulation. Water molecules can be exchanged reversibly
between this shell and the remaining solvent, and at least five
such processes can be detected during the 2 ps simulation
(three in the first ps, in which the snapshots for the NMR
calculations were taken). In Figure 3 such an exchange


Figure 3. Exchange of a water molecule between the first solvation sphere
around 1 and solution as monitored by the O ´´´ H distances between a
vanadate oxygen atom and the protons of the leaving and incoming water
molecules.


process is illustrated by monitoring two O ´´´ HO distances
from simultaneously forming and breaking hydrogen bonds.
A certain near-range order is also apparent from the
computed VO pair correlation function[42] (Figure 4a). Apart
from the two spikes below 2 � corresponding to the two types
of VO-bonds, a shallow maximum is indicated between 3.5
and 4.5 �, part of which is attributable to the first solvation
sphere. That this maximum corresponds to approximately ten
oxygen atoms, rather than eight, must be due to the presence
of additional water molecules within this radius which are,
apparently, not H-bonded to the vanadate. In order to address
the question of a possible second solvation sphere, longer


Table 2. Experimental and computed (GIAO-B3LYP) 51V chemical shifts.


Level of approximation[a] [H2VO4]ÿ VO2
� ´ 4 H2O [VO(O2)2(OH2)]ÿ


1 (2 a) 2b 3


experiment/H2O ÿ 560 ÿ 545 ÿ 692
//BP86/I ÿ 629 (ÿ607) ÿ 656 ÿ 629
//BLYP/I ÿ 672 (ÿ639) ÿ 688 ÿ 636
//CP-opt ÿ 691 (ÿ638) ÿ 664 ÿ 623
//CPMD ÿ 717 ÿ 662 ÿ 564
//CPMD/H2O[b] ÿ 712 ÿ 694 ÿ 655


[a] See footnotes [c] ± [e] in Table 1. [b] Average values from a 1 ps
simulation at approximately 300 K in a periodic water box.
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Figure 4. Solid line: simulated vanadium ± oxygen pair correlation
functions g(r) in aqueous solution of 1, 2, and 3 (top to bottom); dashed:
nO(r)� 1


�
g(r)4pr2dr, which integrates to the total number of oxygen atoms


in a sphere with radius r around vanadium.


simulation times and, in particular, larger boxes would be
required. For the purposes of this study, it is important to note
that with the chosen setup, a hydration shell around 1 is
discernible which is in equilibrium with the surrounding
solvent. The introduction of artifacts due to an arbitrarily
chosen starting point is thus unlikely, and snapshots along the
simulated trajectory should be realistic models for an aqueous
solution.


What is the computed medium effect on the 51V chemical
shift of 1? Interestingly, the s values averaged along a 1 ps
trajectory are almost the same for pristine 1 and for 1 in water,
which affords a predicted gas-to-liquid shift of only Dd��5
(compare CPMD and CPMD/H2O entries in Table 2). A
much larger effect, Dd��64, had been computed on going
from 1 to the microsolvated complex 1 ´ 2 H2O (structures 1 ±
3). Apparently, this large value is an artifact of the tightly


bound cluster structure with its multiply H-bonded water
molecules. No such configurations are encountered in the
actual solvation shell around aqueous 1 (see Figure 2).[43]


The combined effect on d(51V) of a larger number of more
weakly attached water molecules in aqueous 1 is thus smaller
than that of the two, more tightly attached ones in 1 ´ 2 H2O.
When computations were performed for the same snapshots
with and without the point charges representing the solvent,
the final averaged shielding values were the same within
1 ppm. The effect of solvation on d(51V) is thus indirect:
it is the change of geometrical parameters (or their variation
over time) brought about by the solvent that is primarily
responsible for the chemical shifts. The same has been
surmised in other cases, for instance for d(11B) in aqueous
BH3ÿNH3.[44] To be on the safe side, however, point charges
were included in the subsequent chemical-shift evaluations in
water.


In conclusion, the temperature effect on d(51V) of 1 is
computed to be more important than that of the solvent, but
both are small anyway. In order to see if this result is
transferable to other vanadium compounds, we will now
discuss two other typical oxovanadium(v) species.


VO2
� (aq): Lowering the pH of dilute aqueous solutions of


vanadate 1 results in double protonation of the latter, and the
predominant product is usually formulated as VO2


�, which is
believed to be six-coordinated with a cis-VO2


� moiety and
four complexed H2O molecules. Thermodynamic data for the
appropriate protonation equilibria have been taken as
evidence for a corresponding expansion of the coordination
number about vanadium[45] (that is, from four in 1 to six).
Indeed, a minimum can be located for [VO2(OH2)4]� with a
distorted octahedral coordination sphere around the metal
(2 a, Figure 5). When the BP86 geometries are employed,
quite similar d(51V) values (within Dd� 22) are computed for
pristine 1 a and 2 a, in apparent accord with experiments
(Table 2). Use of BLYP geometries results in somewhat more
disparate values (up to d� 53 difference for the CP-opt
structures).


However, pristine 2 a turned out to be unstable in a
molecular dynamic simulation: very rapidly, within the first
0.5 ps equilibration period, one water molecule is expelled
from the coordination sphere of the metal and remains only


Figure 5. Six-coordinated (2a, left) and five-coordinated (2b, right)
hydrated VO2


� complexes, including BP86/I optimized bond lengths [�].
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H-bonded to one of the other water ligands. The resulting
pentacoordinate species VO2(OH2)3


� ´ H2O (2 b) is also a
minimum on the potential-energy surface (see Figure 5) and is
indeed lower in energy than 2 a on all levels considered
(namely by 4.8, 4.4, and 3.9 kcal molÿ1 at the BP86/I, BLYP/I,
and B3LYP/I� //BLYP/I level, respectively). Given the facile
rearrangement from 2 a to 2 b during the unconstrained MD
run, which is indicative of a very low barrier between both,
isolated 2 a should not exist in the gas phase.


The situation in bulk solution could be different, however:
if the fourth water ligand at the vanadium were stabilized by
an inter- rather than an intramolecular hydrogen bond,
hexacoordination could prevail. Indeed, during the 0.5 ps
equilibration time, all four water molecules appeared to
remain coordinated to vanadium, and they performed several
VÿO stretching motions. After an additional 0.2 ps, one H2O
molecule moved away from the complex, up to a V ´´´ O
distance above 3 �, that is, well beyond direct bonding, and
returned to the metal immediately. After another 0.4 ps, the
same ligand moved even farther away, up to 4 �, and returned
approximately 1 ps later. The evolution of the corresponding
VO separation is shown in Figure 6 (together with that for
pristine 2 a).


Figure 6. Variation of the distance between vanadium and the labile water
ligand in 2 over a 2 ps simulation time, including the preceding 0.5 ps
equilibration (dashed: pristine 2; solid: 2 in water box).


Not considering the first 0.5 ps of equilibration, we found
that the 2 ps simulation of 2 in water finds vanadium six-
coordinated for roughly half of the time, and five-coordinated
for the remainder. For a quantitative estimate of the average
coordination number many more reversible dissociation and
association processes would have to be sampled, in other
words much longer simulation times would be necessary. In
any event, the average coordination number will be neither
exactly five nor six, but will assume an intermediate value.
From the VO pair correlation function in Figure 4b integrated
up to VO distances of 2.6 �, a value of 5.5 is obtained for this
average coordination number.


What are the effects of thermal motion and solvent on the
51V chemical shifts of 2? As a result of the instability of free
2 a, the CPMD simulation without solvent actually probes the
temperature effect for pure 2 b. Virtually the same thermal
effect on the 51V magnetic shielding is obtained for 2 b as for


VOCl3, and this has essentially no effect on the computed d


value (compare CP-opt and CPMD entries in Table 2). In
order to estimate the solvent effect on d(51V) of aqueous 2, a
snapshot sampling over a larger simulation time was neces-
sary, as it took somewhat more than 1 ps for the running
average of s to converge. The final result reveals a more
pronounced solvation effect on d(51V), d� 32 (compare
CPMD and CPMD/H2O entries). Incidentally, the observed
shift difference between 1 and 2, Dd��15, is well repro-
duced, both in sign and in magnitude, by the CMPD/H2O
values, Dd��18.


Interestingly, in the early stage of the simulation (approx-
imately 0.3 ps after the equilibration), a proton transfer
occurred from a H2O ligand (cis to a V�O unit) to a water
molecule from the surrounding solvent to afford neutral
[VO(OH)(OH2)3], H-bonded to H3O�. This complex was
stable for less than 0.3 ps after which it reverted back to 2 a.
Only limited conclusions can be drawn from this single event,
but its occurrence is quite consistent with the observation that
cationic, hydrated VO2


� is only stable at high H3O� concen-
trations and undergoes deprotonation when the pH is raised
to 7, eventually affording anionic species.[46] It is reasonable to
assume that the actual deprotonation of 2 happens on a longer
timescale than the 2 ps studied here, so that this simulation in
neutral solution should be a good model for the real system
under acidic conditions.


In summary, the solution structure of 2 is more complicated
than that of 1, since for the former a variable coordination
number of vanadium is revealed. There are indications that
the combined thermal and solvent effects on d(51V) of 1 and 2
are small, Dd� 21 and 32, respectively (compare CP-opt and
CPMD/H2O results in Table 2). Whereas for 1 thermal effects
are more important (see difference between CP-opt and
CPMD entries), the solvent effect is more predominant in the
case of 2 (see CPMD vs. CPMD/H2O entries). At all levels,
the computed 51V chemical shifts of 1 and 2 are too negative
when compared with those from experiments, and absolute
errors can exceed Dd� 150. As mentioned above, these
apparent deviations may at least in part be due to short-
comings in the description of the standard. Nevertheless, the
close similarity (and for the CP-derived results also the
sequence) of both d values is satisfactorily reproduced in the
computations.


[VO(O2)2(OH2)]ÿ: How well are the theoretical approaches
suited to reproduce trends involving larger shift differences?
The 51V nuclei in diperoxovanadate complexes are in general
substantially shielded with respect to those in comparable
vanadate complexes. For instance, d(51V)�ÿ692 is obtained
for the main reaction product of hydrogen peroxide with 1 or
2 (d�ÿ560 and ÿ545, respectively) above pH 4.[40, 47] Under
these conditions, [VO(O2)2]ÿ (aq) is the predominant species,
and a plausible structure for the species in solution has been
put forward based on density functional computations for
[VO(O2)2(OH2)]ÿ (3).[47]


The coordination geometry about vanadium in 3 can be
described as a pentagonal pyramid with an apical V�O group.
Even though there are precedents for such a six-coordinated
species involving the VO(O2)2 fragment in the solid state,[48]
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most complexes with this moiety are seven-coordinated with
an additional donor atom trans to the oxo ligand.[49] Attempts
to locate such a pentagonal bipyramidal structure correspond-
ing to 3 with an additional water ligand bound to vanadium
were unsuccessful, as this additional water molecule was
expelled from the coordination sphere of the metal during
optimization (or equilibration in an MD run) and remained
only H-bonded to a peroxo ligand.


In contrast to the observed upfield shift of d(51V) in going
from 1 to 3, no such increased shielding is computed for the
static optimized structure of 3, irrespective of the level of
geometry optimization. When the BP86/I geometries are
employed, the same chemical shifts are computed for 1 and 3,
and the use of BLYP optimized structures results in a
deshielding of 3 versus 1, that is, the opposite of the trend
found experimentally (Table 2). An additional large (Dd� 60)
upfield shift is found during the 1 ps simulation of pristine 3
(compare CP-opt and CPMD entries in Table 2). This
deshielding is probably related to the dynamics of the
coordinated water molecule in 3, which undergoes large-
amplitude VÿO stretching vibrations. The CP-optimized
VÿO(H2) distance, 2.269 �, is increased to an average of
2.394 � at approximately 300 K, with minimum and maxi-
mum values of 2.041 and 2.769 �, respectively.


From this result one might expect the water ligand in 3 to be
quite labile and readily exchangeable with solvent molecules
in aqueous solution. Quite unexpectedly, the VÿO(H2)
bonding is reinforced during the simulation in water, as
the averaged distance is reduced to 2.082 � (between
1.916 and 2.423 �) in the water box, and no exchange occurs
during the whole 2.5 ps. There is evidence from 51V
NMR studies of 3 and other peroxovanadate complexes that
fast exchange occurs between solvent molecules and ligands
of vanadium.[50] Very likely, this process takes place at
timescales longer than those simulated in the present
study.


As in the case of 1, a distinct hydration sphere can be
discerned for 3. During the final picosecond of the simulation,
the average number of H-bonds between 3 and the solvent is
around ten, according to the geometrical criteria detailed
above. The water ligand in 3 donates two strong hydrogen
bonds to two solvent molecules, whereas the remaining oxo
and peroxo atoms accept one or two H-bonds each from the
surrounding solvent. No water molecule from the solvent is
approaching the potential coordination side trans to the oxo
ligand. According to the VO pair correlation function
integrated up to VO distances of 2.5 � (Figure 4c), the
average coordination number about vanadium is exactly six.


Consistent with the shortening of the VÿO(H2) bond in
going from pristine to aqueous 3, a notable solvation effect is
computed for d(51V), namely an upfield shift of Dd� 91
(compare CPMD and CPMD/H2O data[51] in Table 2). The
combined thermal and solvent effects, that is, the difference
between the CP-opt and CPMD/H2O-derived d values, are
small and are shielding (Dd�ÿ32). Thus, the correct
sequence of 51V resonances of 1 and 3 is not reproduced by
the simulations. The reason for this discrepancy between
theory and experiment is unclear at this point. Further work is
needed to improve the accuracy of the computations. Special


attention should be given to the density functional employed
in the CMPD simulation. The BLYP combination, chosen
because of its good performance in the description of liquid
water,[27] is probably not the best choice for transition metal
complexes.


Conclusion


We have devised a computational protocol for the estimation
of thermal and solvent effects on vanadium chemical shifts in
hydrated oxo and peroxo complexes. To our knowledge, these
are the first computations of dynamically averaged chemical
shifts for a transition metal nucleus. Not surprisingly, thermal
and solvent effects are noticeable when weakly bound ligands
are present and/or flat regions of the potential-energy surface
are involved. Compared with the approximately Dd� 4000
chemical-shift range of 51V, however, the combined changes
brought about by thermal averaging and the solvent are quite
small, and are of the order of a few dozen ppm. At least for d0


vanadium complexes with oxygen donors, these results may
serve as justification for the use of static equilibrium geo-
metries when comparing computed chemical shifts with
solution data at ambient temperature. Further studies should
be performed in order to test if the same holds for other
transition metal compounds as well.


While the small difference in d(51V) values between the
vanadate species 1 and 2 is well reproduced in the dynamic
calculations, the observed shielding of the metal in the
bis(peroxo) complex 3 is not. Since inclusion of thermal and
solvent effects in the computations does not resolve this
discrepancy between theory and experiment, closer attention
should be paid to the performance of DFT-based methods for
d(51V) of peroxovanadium compounds in general.


Possible problems in the NMR computations notwithstand-
ing, the dynamic simulations of the vanadium complexes
reveal interesting details of the coordination geometries and
the solvent shells in aqueous solution. Well-structured hydra-
tion shells are discernible, which are in dynamic equilibrium
with the surrounding solvent on the picosecond timescale.
When, as in 2 or 3, weakly coordinated water ligands are
bound to vanadium, bonding to the metal is strengthened on
going from the pristine complexes to the solution. This change
may affect the average coordination number about the metal
center, which in 2 is raised from 5 in the gas phase to
approximately 5.5 in water. The sensitivity of the equilibrium
d(51V) value to the coordination number and, hence, the
computed solvent effect, is relatively small in this case. In
cases with a more pronounced dependence of the chemical
shifts on the coordination sphere, larger medium effects on
the metal chemical shifts are to be expected.
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Abstract: We describe and characterize
a simple process for the fabrication of
patterned materials on polychlorome-
thylstyrene thin film surfaces under
ambient conditions. Patterned deep
UV exposure (�60 mJ cmÿ2, 193 nm)
efficiently oxidizes the surface CÿCl
bonds of the polymer film, producing
an aldehyde species as the major photo-
product. Reductive amination in the
presence of ammonium ion and cyano-
borohydride reductant selectively con-
verts the aldehyde into an alkylamine,
which leads to an amine reactivity


template on the film surface. The amines
formed are sufficiently reactive to selec-
tively and covalently bind fluorescent
dye or electroless Ni metal to the
template, which results in negative tone
features with micron-scale resolutions
(mask limited) in each case. Spectro-
scopic characterizations of the polymer


surface following the photochemical
transformation, reductive amination,
and grafting steps are presented in
support of the process. A key advantage
of the method is the use of safe solvents,
such as water or simple alcohols, to
effect the reductive amination and graft-
ing reactions. This approach mitigates
waste disposal and associated environ-
mental concerns, increasing the attrac-
tiveness of our method for use with high-
throughput track-line processing equip-
ment.


Keywords: conducting materials ´
immobilization ´ photooxidation ´
polymer thin films ´ surface
chemistry


Introduction


The ability to spatially control polymer surface reactivity
without affecting bulk properties for the selective deposition
of materials, such as metals, ceramics, or other chemical and
biological species, is critically important for microelectronics,
optics, and sensor technologies.[1] Photoresist coatings cur-
rently provide the most common means for pattern definition
on an underlying polymer surface.[2] However, organic
solvents and development residues associated with their use
can pose environmental problems, swell or otherwise distort
the underlying patterned polymer, or inhibit its accessibility
during subsequent reactions.[2, 3] Although direct irradiation of
the polymer surface may induce useful chemical changes,


many polymers lack the high photosensitivity required for
cost effective patterning.[4] This situation has prompted us to
examine polymers containing functional groups more ame-
nable to direct photopatterning at low exposure doses. We
describe here the efficient deep UV photochemistry of the
chloromethylphenyl (CMP) group and illustrate selective
grafting of amine, dye, and metal species to irradiated regions
of the corresponding polychloromethylstyrene (PCMS) films.


Results and Discussion


PCMS and its copolymers have long been exploited as
electron beam and deep UV photoresists due to the radiation
sensitivity of their CÿCl bonds.[5] Work has focused mainly on
optimizing crosslinking reactions of benzyl radicals formed
within the film during exposure to tune photoresist solubility
and plasma etch resistance, with little regard for the surface
chemistry. However, as shown in Figure 1 A, deep UV
irradiation at 193 nm under ambient conditions induces
significant changes in the absorption spectrum and surface
chemistry of a PCMS film. The spectrum prior to exposure
shows a strong absorption band at �200 nm (e� 5�
107 cm2 molÿ1) and shoulder at �220 ± 225 nm characteristic
of the CMP chromophore (solid line; Figure 1 A). The
intensities of these features monotonically decrease and are
accompanied by the growth of a new band at �260 nm with
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Figure 1. UV absorption (A) and IR (B) spectra for PCMS films. See text
for details.


increasing exposure (dotted line; Figure 1 A). X-ray photo-
electron spectroscopy (XPS) of the film shows that the XPS
Cl(2p)/C(1s) ratio decreases from �11 % to �3 % after
irradiation (80 mJ cmÿ2), confirming loss of Cl from the
surface. Analysis of the products photodesorbed from the
PCMS surface by Fourier-transform mass spectrometry dur-
ing exposure indicates that Cl is lost as volatile HCl gas. At the
same time, the sessile water drop contact angle (qw) of the film
drops exponentially with dose from�87� 28 (3s) to�60� 58
(3s) (1/e� 19� 2 mJ cmÿ2) and the XPS O(1s)/C(1s) ratio
increases from< 1 % to�20 %, consistent with the formation
of a more wettable, oxidized surface.


The nature of the surface photoproducts can be ascertained
by examination of the PCMS film by IR spectroscopy
(Figure 1 B). Prior to irradiation, spectrum I exhibits a strong
signal at �1250 cmÿ1 characteristic of the CH2 ± Cl wag in the
PCMS film, together with various C ± C absorptions due to the
aromatic ring in the 1400 ± 1600 cmÿ1 region. However, after
exposure at �80 mJ cmÿ2 in spectrum II, the intensity of the
�1250 cmÿ1 band is reduced, as expected for CÿCl bond
rupture. In addition, a broad bimodal absorption at �1700 ±
1725 cmÿ1 indicative of a carbonyl species is observed. The
1400 ± 1600 cmÿ1 region remains essentially unchanged, con-
sistent with localization of the photochemical changes at the
benzyl carbon sites.[6] Treatment of the irradiated film with an
aqueous NaOH solution (�0.1 mol Lÿ1) in spectrum III leads
to the appearance of new bands at �1569 cmÿ1 and 1397 cmÿ1


and eliminates the high-energy carbonyl component at
�1725 cmÿ1. These new bands are characteristic of symmetric
and antisymmetric carboxylate stretches, respectively, con-
firming the assignment of the band at �1725 cmÿ1 as a
carboxylic acid. The remaining carbonyl component at
�1700 cmÿ1 is consistent with the presence of an aldehyde
co-product, an assignment confirmed by subsequent reactivity
studies described below.


The degree of oxidation and the carboxylic acid/aldehyde
ratio observed depend on the exposure dose and the presence
of oxygen and water during irradiation. As the dose is raised, a


monotonic increase in the carbonyl band intensity is observed.
The fraction of the band attributable to carboxylic acid
simultaneously increases at the expense of the aldehyde
component, consistent with the known abilities of oxygen and
atmospheric ozone (generated during 193 nm exposure) to
oxidize aldehydes to carboxylic acids.[7] The fractional surface
carboxylic acid contributions measured following exposures
of 20, 50, and 80 mJ cmÿ2 are �32� 2, 35� 3, and 40� 3 %,
respectively, suggesting that ozone oxidation provides a
minor, though observable, contribution to the photoproduct
distribution. Extrapolation of these data to zero dose provides
a nascent product distribution of �70� 4 % aldehyde and
�30� 4 % carboxylic acid, suggesting the possibility of multi-
ple photochemical reaction pathways during irradiation.
Analogous results are obtained during irradiation of model
chloromethylphenylsiloxane monolayer films under N2 at-
mosphere, where water is the likely oxygen source. In this
case, however, the amount of carboxylic acid produced is
reduced �60 % relative to levels observed during irradiation
in air, providing a larger fraction of aldehyde at the irradiated
surface. Consequently, irradiation of PCMS films at 193 nm
under ambient or N2 atmosphere produces aldehyde as the
major surface photoproduct, at least for exposure doses
�100 mJ cmÿ2.


The formation of aldehyde and carboxylic acid provides a
convenient means to covalently attach materials to the PCMS
surface, whose CÿCl bonds are relatively inert under ambient,
aqueous reaction conditions. For example, numerous aqueous
methods based on peptide chemistry have been previously
demonstrated for the attachment of amine- or alcohol-
functionalized materials to surface-bound carboxylic acids.[8]


Although fewer options are available, aldehydes are rapidly
and reversibly reacted in aqueous or alcohol solution with
amines to form imines, which can be selectively and irrever-
sibly trapped by reduction to an amine using NaBH3CN (pH
�6).[9]


The possibility of creating a reactive amine group on the
PCMS surface by reductive amination of the aldehyde
photoproduct prompted us to further investigate this reaction
as a means for grafting materials. We first determined an
optimum exposure dose for aldehyde formation on the
surface. PCMS films subjected to various 193 nm exposure
doses were treated with CH3OH or CH3OH/H2O solutions
containing NH4OAc (OAc� acetate) and NaBH3CN (see
Experimental Section) at room temperature. The reduction in
the film UV absorption intensity at �260 nm due to the
aldehyde/carboxylic acid photoproducts was monitored until
no further changes were noted (i.e. , �12 h), indicating that
complete conversion of the available aldehyde to the amine
had occurred. An XPS N(1s) signal at �400 eV confirmed the
presence of amine on each of the reacted irradiated samples.
The increase in XPS N(1s) signal intensity with exposure dose
observed for the samples (Figure 2 A) was described by a
single exponential with 1/e �17� 3 mJ cmÿ2, in good agree-
ment with the oxidation behavior as measured earlier by qw


(i.e., �19� 2 mJ cmÿ2). The N(1s) signal intensity reached a
plateau for doses exceeding �60 mJ cmÿ2, consistent with
maximum conversion of solution-accessible CÿCl bonds to
oxidized products above this dose. Because aldehyde levels
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Figure 2. Dependence of the reductive amination of the surface aldehyde
on exposure dose (A) and reaction time (B). The XPS N(1s)/C(1s) ratio, R,
is fit to the exposure dose D by the function R� 3.76[1ÿ exp(ÿ0.06D)]
with r2� 0.99 in A. The fraction of aldehyde converted to amine F is
determined from UV absorption spectra using the formula F� (AtÿAL)/
(A0ÿAL), where At is the absorbance at 260 nm of the exposed PCMS film
after time t in the NH4OAc/NaBH3CN solution, A0 is the absorbance prior
to amine grafting, and AL is the limiting absorbance at the completion of
the amine grafting reaction. The dependence of F on t is given by the
double exponential of the form F� 0.54[1ÿ exp(ÿ0.086t)]�
0.46[1ÿ exp(ÿ0.008t)] with r2� 0.94. Conditions for each experiment are
discussed in the text.


were reduced at higher doses due to ozone oxidation, the
60 mJ cmÿ2 dose was chosen for the remaining experiments to
maximize aldehyde levels for amine grafting.


Additional insight concerning the amine grafting process
can be obtained by monitoring the time dependence of the
reductive amination reaction for PCMS samples exposed at
60 mJ cmÿ2. The fraction of the aldehyde reacted, as measured
by the decrease in the intensity of the UV absorption at
260 nm, is plotted versus reaction time in Figure 2 B. An initial
rapid conversion of �80 % of the aldehyde to amine is
followed by a much slower conversion of the remaining
aldehyde at longer times. The processes are each first order,
with 1/e �12� 2 min and �120� 25 min, respectively. While
a detailed mechanistic study has not yet been completed, our
preliminary observations are well described by a simple
model involving conversion of the outermost, accessible
aldehyde surface groups to amines during the initial, rapid
step. The protonation of these amines, together with their
ability to control the local structure of hydroxylic solvents
through hydrogen-bonding,[10] suggests the formation of a
steric or electrostatic barrier that impedes the approach of
additional NH4


� species from the solution. Consequently, the
reaction of aldehyde groups buried in underlying solvent-
accessible nanocavities[11] should naturally proceed at a much
slower rate, given the need to transport NH4


� reactant
through the charge and steric barriers formed by the outer
surface amine layer.[12]


The reactivity of the surface amine formed was tested in
conjunction with amine grafting selectivity according to the
scheme shown in Figure 3. UV exposure through a chrome on
fused silica mask contacted with the PCMS film was first


Figure 3. Patterned grafting scheme for PCMS films showing negative
tone fluorescent Cy3.5 dye (red areas; step 3A) patterns and electroless Ni
(light areas; step 3B) patterns. Details for each experiment are presented in
the text.


carried out to create a patterned reactivity template compris-
ing spatially well defined photooxidation (irradiated areas)
and intact CMP (masked areas) regions on the surface (step
1). The surface aldehyde pattern was then transformed to an
amine template by treatment with NH4OAc/NaBH3CN for
�3 h (step 2). In a first test, the amines formed were identified
and their reactivity confirmed by treatment with an aqueous
Cy3.5 dye solution, which selectively and covalently coupled
dye through an amide linkage to the surface amine (step 3A).
Subsequent examination of the surface by fluorescence
microscopy in Figure 3 revealed a red luminescent, negative
tone pattern due to the bound dye corresponding to the line-
space pattern defined by the original mask. The reaction
selectivity, determined by comparing integrated fluorescence
intensities in the dye-coated (irradiated) and background
(masked) portions of the surface, was at least 5:1. Features as
small as �2 mm were adequately printed, consistent with
resolutions achieved elsewhere for patterned polymers using
carboxylate-based dye grafting processes.[8]


As an additional test, the ability of the amine template to
initiate and control deposition of electroless metal was
examined. We have shown previously that alkylamines can
effectively ligate colloidal PdII species, which catalyze electro-
less metal deposition upon reduction to Pd0.[13] Amine surface
templates, which were created using various exposure techni-
ques,[3, 14] provide an efficient means for the selective depo-
sition of patterned metal films using such catalysts. Thus,
treatment of the amine template in Figure 3 with PdII


catalyst,[13a] rather than Cy3.5, selectively binds a PdII colloid
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to the amine. Subsequent reduction in an electroless Ni bath
selectively deposits Ni metal on the catalyzed surface regions
corresponding to the original amine pattern (step 3B). A
negative tone metal image comprising oval structures pre-
pared according to this procedure is shown in Figure 3. Nickel
features as small as �5 mm are resolved in the patterned Ni
film, consistent with the resolution limit of the mask used. In
addition, no spurious metal on the masked PCMS film regions
is observed by optical microscopy, as expected given the high
catalyst binding selectivity (�50:1) routinely observed for our
metallization process.[13]


Conclusion


In conclusion, we have demonstrated the ability to spatially
modify the surface reactivity of PCMS thin films by deep UV
irradiation to allow selective attachment of materials in a
negative tone process, complementing the positive tone
method reported previously.[11] An imaging mechanism is
described in which an aldehyde surface photoproduct formed
during exposure at low UV doses is converted into a reactive
amine capable of selectively binding other materials, such as
dyes or metal, to the surface. Critical features of the process
include environmental compatibility, track-line adaptability,
and versatility.


In particular, the use of safe solvents, such as water or
simple alcohols, to effect the surface grafting reactions
minimizes environmental concerns associated with the use
of organic solvents or acids in such applications.[15] While
further optimization is clearly required, the ability to chemi-
cally bind materials under ambient conditions, coupled with
the use of spin-coated, fast photospeed PCMS films, makes
our approach attractive for use with high-throughput track-
line processing equipment. In addition, the range of reactiv-
ities exhibited by the aldehyde, carboxylic acid, and amine
species available at the PCMS surface using our method
provides the potential for grafting other technologically
relevant materials, such as biomolecules[1b±c, 16] or oxides,[17]


to surfaces, a possibility that we are currently exploring in our
laboratory.


Experimental Section


PCMS (sold under the name ªpolyvinylbenzyl chlorideº with Chemical
Abstract No. 121961 ± 20 ± 4; 60/40 mixture of 3- and 4-isomers; average
Mn� 55000; average Mw� 100 000 (by GPC/malls); Lot #HW-01025EW)
from Aldrich Chemical Co. and Cy3.5 Monofunctional Reactive Dye from
Biological Detection Systems, Inc. were used without further purification.
All other materials were ACS Reagent Grade purity or better and were
used as received. The colloidal PdII electroless catalyst, PD2, was prepared
by the literature method.[13a] NIPOSIT 468B Electroless Ni bath from
Shipley Co. was diluted to 10 % strength with water and used at room
temperature for Ni deposition. IR spectra of the films on Si wafers
(Virginia Semiconductor, Inc.) were obtained in reflection mode using a
Nicolet Magna 750 Series II spectrometer. Details regarding other instru-
ments and procedures used for characterization of the polymer and
metallized surfaces have been described previously.[13]


PCMS films were prepared on hexamethyldisilazane vapor primed (qw�
36� 28) Si wafers or fused silica slides (2.5 cm� 2.5 cm� 0.1 cm; Dell
Optics, Inc.) by spincoating (4000 rpm, 30 s) using a 1 % wt. solution of


PCMS in toluene filtered through a 0.22 mm Teflon filter. Films of thickness
�44� 2 nm, as determined by ellipsometry, were obtained after baking
(90 8C, 30 min).[14e] Flood and patterned 193 nm film exposures were made
using a Questek 2430 ArF excimer laser system operated at low pulse
energies (�2 mJcmÿ2 pulseÿ1) to avoid ablative film desorption as descri-
bed elsewhere.[13d]


Reductive amination reactions were performed[9a] using a freshly prepared
CH3OH or 1:1 v/v CH3OH/H2O solution (pH �6) containing NH4OAc
(�1.9 mol Lÿ1) and NaBH3CN (�0.1 mol Lÿ1). Exposed PCMS films were
immersed in the solution (23� 2 8C) and allowed to stand for various times
as indicated in the text. Treated samples were rinsed copiously with
methanol and water, then dried in a stream of N2 gas (liquid N2 boiloff)
filtered through a 0.2 mm cellulose filter.


For the dye grafting experiment, samples were placed in an aqueous Cy3.5
solution (�2 mg/50 mL, 90 min) in a darkened room at ambient temper-
ature to avoid photolysis of the dye. Samples were rinsed vigorously with
water and dried in the filtered N2 gas stream after the dye treatment. The
samples were immediately examined for evidence of fluorescence due to
bound dye using a Molecular Dynamics Sarastro 2000 confocal microscope
equipped with Nikon OPTIPHOT 2 microscope, Ar ion laser and a Nikon
Model HB10101AF super high pressure Hg lamp. Images were obtained
using an Ex 514 nm excitation filter and Em 540 nm emission filter set.


For metal deposition, samples obtained following reductive amination were
treated using PD2 electroless catalyst (2 min), gently rinsed three times
with water, and immersed in the room temperature electroless Ni bath
(15 ± 20 min). The nickel-plated samples obtained were rinsed with water
and dried in the filtered N2 gas stream. All Ni metallized samples were
examined by optical microscopy to assess the quality and selectivity of the
deposited Ni metal.
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Glass-Forming Binaphthyl Chromophores


Jacek C. Ostrowski, Raymond A. Hudack, Jr., Matthew R. Robinson, Shujun Wang,
and Guillermo C. Bazan*[a]


Abstract: The use of the binaphthyl
framework to synthesize glass-forming
organic chromophores is described. Su-
zuki coupling reactions of racemic 6,6'-
dibromo-2,2'-dialkoxy-1,1'-binaphthyl
with 1,1-diphenyl-2-(4-dihydroxyboron-
phenyl)-ethene using [Pd(dppf)Cl2]
(dppf� 1,1'-bis(diphenylphosphino)fer-
rocene) as the catalyst provide a set of
chromophores with the 4-(2,2'-diphenyl-
vinyl)-1-phenyl group at the 6- and 6'-
positions and a range of groups on the
oxygen atom. Starting with enantiomer-
ically enriched (R)-6,6'-dibromo-2,2'-di-
hexyloxy-1,1'-binaphthyl ((R)-2Hex),
one can obtain (R)-3Hex. Heck cou-
pling reactions of 6,6'-dibromo-2,2'-di-
alkoxy-1,1'-binaphthyl compounds with
styrene provide chromophores of the
type 2,2'-dialkoxy-1,1'-binaphthyl-6,6'-
bis(2-phenyl-vinyl). Starting with enan-


tiomerically enriched (R)-2Hex, one
obtains (R)-4Hex. Molecules of the
type 4 contain two 1-naphthyl-2-phenyl
ethylene chromophores with a pseudo-
orthogonal relationship. Similar proce-
dures can be used to obtain fragments
with more extended conjugation length.
Thus, the Heck coupling reaction of
2Hex with 4-(4'-tert-butylstyryl)styrene,
1-(4'-tert-butylstyryl)-4-(4'-vinylstyryl)-
benzene, and 1-(3',5'-dihexyloxystyryl)-
4-(4'-vinylstyryl)benzene provides
5Hex, 6Hex, and 7Hex, respectively.
DSC measurements and powder diffrac-
tion experiments indicate that the bi-
naphthol chromophores show a resist-


ance to crystallization. In some cases,
considerably different thermal behavior
is observed between enantiomerically
enriched samples and their racemic
counterparts. Increasing the size of the
conjugated fragment on the binaphthol
core leads to materials with higher glass-
transition temperatures and a less pro-
nounced tendency to crystallize. Fluo-
rescence spectroscopy gives evidence of
ªexcimerº-type interactions in the solid
state, except for the chromophores with
4-(2,2'-diphenylvinyl)-1-phenyl groups.
It is possible to obtain amorphous films
of these chromophores directly from
solution, and to fabricate light-emitting
diodes, in which the electroluminescent
layer corresponds to the binaphthyl
chromophore.


Keywords: amorphous materials ´
chromophores ´ electrolumines-
cence ´ fluorescence ´ glasses


Introduction


There is intense current interest in finding well-defined
organic chromophores of intermediate dimensions that form
stable glasses. Much of the motivation derives from the
emerging use of organic materials in new optoelectronic
technologies.[1] Amorphous materials eliminate complications
from grain boundaries and poor metal ± organic interfaces
that are associated with crystalline samples.[2] They also
facilitate simpler manufacturing procedures because of their
ability to form homogeneous films directly from solution.
Conjugated polymers exist that fit these criteria,[3] however
structural imperfections within chains, coupled with the
statistical nature of polymerization reactions,[4] provide ma-
terials that are not as well defined as low mass organic


molecules.[5] Another practical advantage of optical materials
based on small molecules[6] is that they can be purified by
standard organic methodologies.


Attaching long aliphatic side groups around the periphery
of a given chromophore can minimize crystallization.[7]


However, these nonpolarizable groups reduce the charge
transport ability of the bulk material.[3] In the case of light-
emitting diodes (LEDs), the devices need to be operated at
elevated potentials, which lower their lifetime under operat-
ing conditions.[8]


An alternative approach to amorphous organic molecules
that does not resort to using large aliphatic fragments takes
advantage of molecular shapes, which can be considered
ªawkwardº for packing. With this geometrical feature, the
rate of crystallization can be considerably reduced, leading to
supercooled solutions and stable amorphous phases.[9] Rep-
resentative molecular examples include ªstarburstº structures
(Sb), spiro compounds (Sp), and tetrahedral arrangements
(Th) such as those shown below.


Molecules such as 4,4',4''-tris[N-(3-methylphenyl)-N-phen-
ylamino]-triphenylamine[10] (Sb) correspond to an ever-
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growing family of triarylamine-based hole transport materials
that find use in LED fabrication.[11] Spiro-shaped 2,2',7,7'-
tetrakis(biphenyl-4-yl)-9,9'-spirofluorene (Sp) is interesting
because it exhibits amplified spontaneous emission in the
solid state.[12] Whereas tetrakis(tert-butylstyrylstilbenyl)meth-
ane (Th) exhibits a glass-transition temperature, the disty-
rylbenzene components, on their own, are highly crystal-
line.[13, 14] These attributes of the tetrahedral complexes make
them useful for LED applications. In fact, LEDs prepared
using tetrakis(4-(4'-(3'',5''-dihexyloxystyryl)styryl)stilbenyl)-
methane (T-4R-OC6H13) as the electroluminescent layer
exhibit low turn on voltages.[15]


It is noteworthy that the choice of a given framework as a
design principle stems from the intuitive feel of chemists for
the three-dimensional structure of molecules (sometimes
referred to as the molecular topology),[16] and how this
parameter relates to the ability of the collective ensemble to
arrange in a well-ordered fashion.


Consideration of the issues raised above led us to target
binaphthol as a suitable core for synthesizing amorphous
organic chromophores. Three attributes of the structure and
reactivity of binaphthol were compelling. First, as a conse-
quence of the mutual pseudo-orthogonality of the two planar
naphthyl fragments, the molecule can be thought of as
comprising half of a spiro compound.[17, 18] Second, there is a
versatile and well-developed substitution chemistry, which
allows for modifications at the 3,3'- and 6,6'-positions, in
addition to the oxygen substituent.[18] Finally, chiral C2-
symmetric, starting materials are readily available by standard
procedures, which can be used to synthesize enantiomerically
enriched chromophores.[19] Comparison against their racemic
analogues gives insight into how molecular chirality, a
fundamental topological attribute, can frustrate the ability
of the bulk material to crystallize. It should also be noted that
there is considerable recent interest in the study of the


binaphthol framework to create optically coupled chromo-
phore pairs and networks.[20]


In this contribution, we report the synthesis of organic
chromophore pairs that are connected by way of the 6- and 6'-
positions in the binaphthol framework. We show by differ-
ential scanning calorimetry (DSC) analysis, powder diffrac-
tion measurements, and comparison against the monomeric
counterpart that the shape of the binaphthyl molecules indeed
endows the material with resistance toward crystallization.
The effect of chromophore structure and conjugation length,
as well as the size of ether groups, on bulk morphology is
examined.[21] By synthesizing enantiomerically enriched mol-
ecules and comparing their properties against racemic coun-
terparts, we probe the effect of chirality on the ability of the
material to reach a stable amorphous state.[22] Finally, we show
that it is possible to build organic LEDs, in which binaphthol
chromophores are the electroluminescent layer.


Results and Discussion


Synthesis : The compounds in this study were synthesized
starting with 6,6'-dibromo-2,2'-dihydroxy-1,1'-binaphthyl (1),
which is available in 95 % yield from 1,1'-binaphthol.[23, 24]


Treatment of 1 with the appropriate alkyl- or benzylbromide
and K2CO3 in acetone provides the corresponding alkyl[25] and
benzyl[26] derivatives in greater than 90 % yield. The methoxy-
methyl ether (2MOM) was synthesized in 70 % yield by
reaction of 1 in the presence of excess dimethoxymethane
with phosphorous pentoxide.[27] This procedure eliminates the
use of the hazardous alkylating agent methoxymethylchloride.


As shown in Scheme 1, a set of compounds containing the
4-(2,2'-diphenylvinyl)-1-phenyl side group[28] at the 6- and 6'-
positions was readily prepared by Suzuki coupling[29] of the
binaphthyl bromides with 1,1-diphenyl-2-(4-dihydroxyboron-
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Scheme 1. Preparation by Suzuki coupling of a set of compounds with the
4-(2,2'-diphenylvinyl)-1-phenyl side group.


phenyl)-ethene. These reactions used 4 % [Pd(dppf)Cl2]
(dppf� 1,1'-bis(diphenylphosphino)ferrocene) in THF with
saturated aqueous NaHCO3 in yields of 30 ± 60 %. It is
possible to begin with enantiomerically enriched (R)- or (S)-
1,1'-binaphthol (>99 % ee)[30] by using the chiral resolving
agent, (8S,9R)-(ÿ)-N-benzylcinchonidinium. Such a sequence
was carried out for OR�OC6H13, ((R)-3Hex). HPLC analysis
using chiral supports shows that the final enantiomer purity
after resolution of the core and the Suzuki (or Heck, vide
infra) reaction conditions corresponds to 90 ± 80 % ee. High-
temperature conditions bring about the loss of enantiopurity
during the Heck coupling reactions. The series of chromo-
phores with structure 3 (Scheme 1) will be useful when we
examine the effect of the ether side group on Tg.


Chromophores containing 2-phenyl-vinyl side groups at the
C6 and C6' sites, the series 4 in Scheme 2, can be conveniently
obtained by Heck coupling of 2Bu, 2Bz, 2Hex, and 2Me (2Bu,
R�C4H9; 2Bz, R�CH2Ph; 2Hex, R�C6H13; 2MOM, R�
CH2OCH3; 2Me, R�CH3) with styrene. For example, the
reaction of 2Me with six equivalents of styrene in the presence
of 5 % Herrmann�s catalyst[31] and 4.5 equivalents of sodium
acetate in dimethylacetamide
at 140 8C for two days affords,
after workup, 4Me in 42 %
yield. Previous work with tetra-
hedral chromophores showed
that glass-forming tendencies
are reduced with a decrease in
the molecular dimensions of
the chromophore.[32, 33] Thus,
the series 4 is expected to pro-
vide materials with borderline
tendencies.


Three additional molecules
were prepared to examine the
effect of conjugation length and
substituent structure. Use of
4-(4'-tert-butylstyryl)styrene[32]


and 1-(4'-tert-butylstyryl)-4-(4'-


Scheme 2. Preparation of series 4 by Heck coupling of 2Bu, 2Bz, 2Hex,
and 2Me with styrene.


vinylstyryl)benzene[33] instead of styrene, as shown in
Scheme 3, allows for the attachment of groups with longer
conjugation lengths. The syntheses of 5Hex (2,2'-dihexyloxy-
6,6'-bis(4-(4'-tert-butylstyryl)styryl)-1,1'-binaphthyl) and
6Hex (2,2'-dihexyloxy-6,6'-bis(4-(4'-(4''-tert-butylstyryl)sty-
ryl)styryl)-1,1'-binaphthyl) were carried out under an inert
atmosphere. For example, compound 2Hex can be treated
with four equivalents of 4-(4'-tert-butylstyryl)styrene in the
presence of palladium acetate, tetrabutylammonium bromide,
and excess potassium carbonate in dimethylformamide. As
the reaction proceeds, the appearance of strong blue-green
fluorescence is observed when the reaction flask is illumi-
nated by a handheld UV lamp. The product is obtained after
the reaction is run at 80 8C for 2.5 days and is easily separated
from unreacted starting materials by chromatography. In the
synthesis of 6Hex, the product is contaminated by the
monosubstituted species. Separation by chromatography is
complicated due to the low solubility of 6Hex in most organic
solvents. After isolation, 6Hex is photoisomerized to the all-
trans form by irradiating a degassed benzene solution for
45 minutes.


Problems associated with the low solubility of 6Hex
prompted us to synthesize 7Hex (2,2'-dihexyloxy-6,6'-bis-
(4-(4'-(3'',5''-dihexyloxystyryl)styryl)styryl)-1,1'-binaphthyl)


Scheme 3. The syntheses of 5Hex and 6Hex.
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in Scheme 4. The requisite 1-(3',5'-dihexyloxystyryl)-4-(4'-
vinylstyryl)benzene was available from previous studies,[33]


and the reaction conditions were analogous to those described
for 5Hex. As in the other procedures, best results were
obtained when oxygen was rigorously excluded during the
reaction. Compound 7Hex was obtained in 42 % yield and is
freely soluble in common organic solvents.


Model compounds m-3Hex, m-4Hex, m-5Hex, and
m-7Hex, were synthesized to highlight changes in the bulk
morphology of the material upon bringing together two
chromophores through the binaphthol core. These monomer-
ic derivatives contain the hexyloxy functionality, and the
protocols for attaching the arm to 6-bromo-2-hexyloxynaph-
thalene were adapted from those in Schemes 2, 3, and 4.
Attempts of the synthesis of the parent compound for 6Hex
were unsuccessful because 2-hexyloxy-6-(4-(4'-(4''-tert-butyl-
styryl)styryl)styryl)naphthalene is highly insoluble. Interest-
ingly, it was found that all monomers were considerably less
soluble than their dimer counterparts.


Morphology : Powder diffraction analysis of samples from the
3 series revealed no diffraction peaks, consistent with a lack of
long-range order. DSC measurements in the temperature
range 40 to 400 8C only gave evidence of glass transitions. No
melting or crystallization was observed for these compounds,
regardless of sample history. Throughout the studies, the
heating and cooling rates are at 10 8C minÿ1 unless otherwise
indicated. The glass-transition temperature can be tuned by


choice of the alkyl group on the
oxygen atom (Figure 1). The
lowest Tgs correspond to the
hexyl derivatives 3Hex (65 8C),
while the methyl containing
compound 3Me (3Me, R�
CH3) displays the highest Tg


(137 8C). The butyl (3Bu, R�
C4H9, Tg� 85 8C), benzyl (3Bz,
R�CH2Ph, Tg� 90 8C), and
methoxymethyl (3MOM, R�
CH2OCH3, Tg� 108 8C) con-
taining molecules provide inter-
mediate values. Note that there
is little difference between
enantiomerically enriched
(R)-3Hex and racemic
3Hex (3Hex, R�C6H13). Com-
pound m-3Hex shows a sharp
melting point at 163 8C and


Figure 1. DSC data for the 3 series: a) 3Hex ; b) (R)-3Hex ; c) 3Bu ; d) 3Bz ;
e) 3MOM ; f) 3Me.


during the cooling cycle crystallizes at 100 8C. Altogether,
these observations indicate that the binaphthyl framework
can be used to enforce an amorphous morphology and that
the glass-transition temperature, and therefore film stability,
can be controlled by choice of the ether fragment.


Figure 2 shows the DSC traces obtained for (S)-4Bu,
(R)-4Bu, and the racemic compound 4Bu (4Bu, R�C4H9).


As in the case of the 3 series,
there is no evidence that 4Bu
crystallizes, and enantiomeric
purity makes no observable
impact. Analogous data for the
benzyl derivative 4Bz (4Bz,
R�CH2Ph) also shows no evi-
dence for crystalline regions;
however the glass-transition
temperature of the racemic


Scheme 4. The synthesis of 7Hex.
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Figure 2. DSC data for the 4Bu series: a) 4Bu ; b) (R)-Bu ; c) (S)-Bu.


mixture (4Bz, Tg� 71 8C) is slightly higher than that observed
for either the R or S enantiomerically enriched samples
((S)-4Bz, Tg� 55 8C; (R)-4Bz, Tg� 52 8C, Figure 3). Therefore
chirality affects intermolecular interactions within the sample,
and consequently bulk properties.[34]


Figure 3. DSC data for the 4Bz series: a) (R)-4Bz ; b) 4Bz.


For the hexyl derivative 4Hex (4Hex, R�C6H13), there is
considerable difference between the racemic and the enan-
tiomerically enriched materials. The heating curve of ther-
mally annealed 4Hex (Figure 4a) shows a Tg at 21 8C, followed
by crystallization in the 75 ± 100 8C range, and finally a melting
transition at �120 8C. No crystallization is observed when
4Hex is cooled back to room temperature at a rate of
1 8C minÿ1. These transitions are reproducible, even after
repeated cycles. Therefore, compound 4Hex forms a super-
cooled solution at room temperature, but at higher temper-
atures there is sufficient thermal energy to allow


Figure 4. DSC data for 4Hex (a) and (R)-4Hex (b).


relocation of the molecules into a crystalline lattice. In the
case of (R)-4Hex, a Tg similar to that of 4Hex is observed
(Figure 4b). However, 18 ± 20 cooling/heating cycles in the
range 40 to 150 8C failed to give evidence of crystallization
and/or melting. Therefore the enantiomerically enriched 4Hex
resists crystallization more effectively and provides more stable
amorphous materials when compared with the racemic 4Hex.


Examination of the heating trace of 4Me (4Me, R�CH3)
reveals a glass transition at 110 8C, a crystallization point at
157 8C, and a melting transition at 255 8C (Figure 5a). Also
observed is a weak exotherm at 202 8C, which may be due to a


Figure 5. DSC data for 4Me : a) heating cycle; b) cooling cycle.


liquid crystal type transition.[35] The cooling curve, in Fig-
ure 5b at a rate of 1 8C minÿ1, reveals a transition from
isotropic to glassy state at approximately 100 8C. In the
heating trace of (R)-4Me, only a broad melting transition at
260 8C is observed (Figure 6a). During the cooling cycle, a
sharp crystallization transition is observed at 188 8C (Fig-
ure 6b). Similar data are obtained for (S)-4Me. Thus, in
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Figure 6. DSC data for (R)-4Me : a) heating cycle; b) cooling cycle.


contrast to the behavior of the 4Hex compound, enantiomer-
ically enriched samples of 4Me crystallize more readily.


It is possible to investigate the changes in the DSC
characteristics of (R)-4Me as a function of multiple heating/
cooling cycles, and the resulting calorimetry traces are shown
in Figure 7. For these measurements, the heating and cooling
rates were 1 8C minÿ1. In the first scan one observes a Tm at
260 8C. The sample was taken to a maximum temperature of


Figure 7. The DSC traces for (R)-4Me : a) is the third heating cycle; b) is
the fourth heating cycle; c) is the eighth heating cycle; d) is the twelfth
heating cycle; e) is the trace after twenty heating cycles.


300 8C. On the first cooling cycle, the Tc occurs at 188 8C.
During the second cycle, a decrease in both the Tm (258 8C)
and Tc (168 8C) is observed. Subsequent DSC measurements
show a progressive increase in the complexity of the traces.
There is a general decrease in the intensity and temperature of
the original melting transition, and multiple poorly defined
transitions are observed in the temperature range 190 ±
260 8C. Note the appearance of a Tg at 98 8C after four cycles.


In the cooling cycles, crystallization becomes progressively
less pronounced. After 20 cycles, the DSC traces no longer
change and are identical to the data of racemic 4Me in
Figure 6. Therefore, the thermal energy at 300 8C is sufficient
to rotate the two binaphthyl rings in the melt, thereby
racemizing the molecules and changing the morphology of the
sample. It is also interesting to note the complex thermal
transitions observed at intermediate levels of enantiomeric
purity.


The DSC trace of m-4Hex shows a weak crystallization
exotherm at 101 8C, followed by two melting transitions at
119 8C and 150 8C. The first endotherm corresponds to a
transition from solid to a liquid crystal, while the second
suggests a liquid crystal to isotropic transition. The cooling
trace shows similar behavior with an exotherm at 146 8C,
corresponding to the transition to liquid crystal, followed by a
crystallization exotherm at 76 8C.


While m-5Hex shows a melting transition at 229 8C, the
binaphthyl counterpart 5Hex is an amorphous solid with a Tg


at 89 8C (Figure 8). Correspondingly, the powder diffraction
data for m-5Hex show diffraction peaks, while those of 5Hex
indicate an amorphous state. Compound (R)-5Hex shows a
slightly increased Tg (94 8C) relative to 5Hex. DSC analysis
gave no indications of thermal transitions for 6Hex in the
range 30 ± 350 8C, even after thermal annealing.


Figure 8. DSC data for 5Hex series: a) m-5Hex ; b) 5Hex ; c) (R)-5Hex.


Compound m-7Hex melts at a lower temperature (219 8C,
Figure 9) than m-5Hex, probably as a result of the large
aliphatic chains. The properties of 7Hex and (R)-7Hex
(Figure 9) parallel those observed for 4Hex and (R)-4Hex.
In the heating curve, the racemic material crystallizes at 90 8C,
and melts at 150 8C. For (R)-7Hex, only a glass transition is
observed at 71 8C.


Optical properties : Table 1 has the collected spectral data for
the chromophores prepared in this study. Compounds of the
3 series are soluble in a variety of organic solvents, display
absorption maxima at�340 nm, and emit in the blue region of
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Figure 9. DSC data for 7Hex series: a) m-7Hex ; b) (R)-7Hex ; c) 7Hex.


the spectrum. The different alkoxy substituents have no
observable effect on the optical properties. It is possible to
cast thin films directly from solution, and the resulting optical
properties are identical to those recorded in solution (Fig-
ure 10). The lack of intermolecular perturbations in the solid
is a phenomenon that has been noted in other chromophores
of this type and is likely a result of effective insulation from
the environment by the three aryl rings on the olefin unit.[33]


Figure 11 shows that the solution absorbance and emission
spectra of 4Hex are identical to those of (R)-4Hex. Similar


Figure 10. For 3Hex, absorbance and photoluminescence spectra (lexc�
340 nm) in solution (solid lines) and from films (dashed lines).


Figure 11. Absorbance (a) and photoluminescence (b: solution; c: film)
spectra for 4Hex (solid line) and (R)-4Hex (dashed line).


results are obtained for the other compounds in the 4 series.
Film emission is considerably red-shifted, relative to the
solution emission, probably from the formation of excimers or
ground-state complexes in the solid.[36] The emission m-4Hex
in solution is blue-shifted by approximately 22 nm, relative to
that of 4Hex. For 5Hex and m-5Hex in solution, the difference
in emission is less pronounced (Figure 12). Therefore, in-
creasing the conjugation length of the chromophore mini-
mizes the effect of the ªcontactº across the binaphthyl
framework.


Except for the 3 series, the film emission is red-shifted
relative to solution emission (Table 1).[37] There are no
observable changes in the absorption spectra, suggesting that
the red-shift is a result of excimer-type interactions in the
solid.


Electroluminescence : The potential use of binaphthyl-based
organic glasses in device fabrication was examined by
fabrication of LEDs with the binaphthyl bichromophores as


Table 1. Collected optical data.


Compound Absorption
Maximum
[nm]


Absorption
Onset
[nm]


Solution
Emission
Maximum
[nm]


Film
Emission
Maximum
[nm]


3Hex 340 384 452 452
(R)-3Hex 345 384 450 451
3Bz 342 388 449 455
3Bu 345 390 448 450
3MOM 340 387 451 451
3Me 340 391 452 456
m-3Hex 340 384 439 438
4Hex 330 383 398 441
(R)-4Hex 333 384 398 440
(S)-4Hex 333 384 399 465
4Bz 331 383 403 470
(R)-4Bz 333 383 394 465
(S)-4Bz 332 384 397 472
4Bu 333 384 399 472
(R)-4Bu 334 384 400 464
(S)-4Bu 332 385 397 478
4Me 331 383 394 454
(R)-4Me 331 384 395 452
(S)-4Me 331 383 393 450
m-4Hex 328 379 390 419
5Hex 376 420 429 486
(R)-5Hex 375 420 427 472
m-5Hex 374 415 435 465
6Hex 393 444 469 478
7Hex 395 441 471 491
(R)-7Hex 394 441 469 490
m-7Hex 396 442 465 464
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Figure 12. Photoluminescence spectra (lexc� 374 nm) for 5Hex (dashed
line) and m-5Hex (solid line).


the electroluminescent layer. The devices were constructed
according to previously established procedures.[38] These
studies were made from the proof of principle point of view,
and did not include full optimization of the electrode work
function to the orbital energies of the organic materials.[39] We
focused on 5Hex because of its superior solubility, relative to
6Hex, and its lower aliphatic content than the more soluble
7Hex.


Devices were fabricated with the configurations of ITO/
5Hex/Ba/Al, ITO/5Hex/Ca, ITO/PVK/5Hex/Ba/Al, ITO/
PVK/5Hex/Ca, Au/5Hex/Nd, and ITO/PEDT/PVK/5Hex/
Ba/Al, where PVK refers to poly(vinylcarbazole) and PEDT
to poly(ethylenedioxythiophene). Devices without PEDT
showed strictly ohmic behavior, with no light output. How-
ever, devices using PEDT (ITO/PEDT(300 �)/PVK(300 �)/
5Hex/Ba/Al) exhibited modest efficiency (0.1 cd Aÿ1) and low
turn-on voltage (3.5 V, near the HOMO ± LUMO energy
difference), despite minor current leakage prior to turn-on
(see Figure 13). A typical EL (electroluminescence) spectrum
displays a maximum at 503 nm, slightly red-shifted from that
observed from the PL (photoluminescence) (Figure 14).
Substantially more efficient devices should be accessible by
optimization of device architecture.


Conclusion


In summary, we have shown that the molecular topology of
the binaphthyl framework makes it suitable for designing
noncrystallizable organic chromophores. Oxygen substituents
provide a handle to fine-tune glass-transition temperatures.
For a given chromophore, increasing the aliphatic content of
the molecule reduces the glass-transition temperature. Fur-
thermore, for the molecules involved in this study, as the
dimensions of the conjugated fragment decrease, there is an
increased tendency for bulk crystallization.


Molecular chirality emerges from these studies as another
parameter that can be used to control crystallization tenden-


Figure 13. The current density (open circles) and the emission intensity
(solid circles) as a function of bias.


Figure 14. Comparison of PL (a) and EL (b) of the LED in
Figure 13.


cies. At this stage, however, no clear trends have emerged. For
4Hex and 7Hex, the enantiomerically enriched molecules lead
to samples that resist crystallization to a greater extent than
their racemic analogues. The opposite trend is observed for
4Me. Samples of intermediate enantiomeric purity show
complex thermal behavior (Figure 7).


Finally, we have shown that the amorphous features of
5Hex allow the fabrication of LEDs, in which the elec-
troluminescent layer is cast directly from solution. Current
efforts in our group are focused on the optimization of
device performance in a study of how the film quality of
these binaphthyl chromophores depends on molecular
structure.
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Experimental Section


General : All metal-mediated coupling reactions were conducted in oven-
dried glassware under an argon atmosphere. 1H and 13C{1H} NMR spectra
were recorded on a Varian Inova400 NMR spectrometer operating at 400.1
(RT) and 100.6 MHz (RT), respectively. 1H and 13C{1H} NMR spectra were
also recorded on a Varian Inova 500 NMR spectrometer operating at 500.1
(RT) and 125 MHz (RT), respectively. UV/Vis absorption spectra were
recorded by using a Shimadzu UV-2401PC spectrophotometer. Fluores-
cence spectra were measured on a Spex Fluorolog 2 spectrometer in
spectral grade chloroform using 90 degree angle detection for solution
samples and front-face detection for films. High-resolution mass spectrom-
etry was performed by the UC Santa Barbara Mass Spectrometry Lab.
Differential scanning calorimetry data were recorded on a Netzsch
DSC 204. Purity was analyzed on a Shimadzu HPLC equipped with a
photodiode array detector. Optical rotations were done on a Perkin Elmer
Polarimeter 341 with a sodium lamp set at 589 nm. Reagents were obtained
from Aldrich Co. and used as received.


Compounds 2Bz,[26] 2Hex,[24] 2Me,[25] 2MOM,[25] , [27] 1,1-diphenyl-2-(4'-
pinacolatoboronphenyl)-ethene,[33] (4'-tert-butylstyryl)styrene,[32] 1-(4'-tert-
butylstyryl)-4-(4'-vinylstyryl)benzene,[33] and 1-(3',5'-dihexyloxystyryl)-4-
(4'-vinylstyryl)benzene[15] were prepared according to literature proce-
dures.


6,6'-Dibromo-2,2'-dihexyloxy-1,1'-binaphthyl (2Hex): A single-neck round
bottom flask (50 mL), equipped with a magnetic stir bar and reflux
condenser, was charged with 6,6'-dibromo-2,2'-dihydroxy-1,1'-binaphthyl
(l0.5 g, 1.13 mmol, 1.0 equiv)[40] and acetone (7 mL). Potassium carbonate
(0.715 g, 5.52 mmol, 4.6 equiv) and 1-bromohexane (0.825 mL, 5.85 mmol,
5.2 equiv) were added to the solution. The resulting slurry was refluxed
overnight. The mixture was then allowed to cool to room temperature, and
then the solvent was removed in vacuo. After dilution with water, the
aqueous phase was extracted three times with ethyl acetate (25 mL). The
combined organic phases were washed with brine, dried over MgSO4,
filtered, and concentrated to afford 2Hex (0.664 g, 96 %). The 1H NMR
(400 MHz, CDCl3) data matched previous assignment.[24, 40]


(R)-6,6'-Dibromo-2,2'-dihexyloxy-1,1'-binaphthyl ((R)-2Hex): (R)-6,6'-Di-
bromo-2,2'-dihydroxy-1,1'-binaphthyl (1.55 g, 3.5 mmol)[24] was treated
according to the general procedure described above for 2Hex to afford
(R)-2Hex (2.04 g, 95%).


6,6'-Dibromo-2,2'-dibutyloxy-1,1'-binaphthyl (2Bu): 6,6'-Dibromo-2,2'-di-
hydroxy-1,1'-binaphthyl (0.744 g, 1.7 mmol) was treated with 1-bromobu-
tane according to the procedure described above for 2Hex to afford 2Bu
(0.844 g, 91%).
1H NMR (400 MHz, CDCl3): d� 8.01 (d, J� 2.1 Hz, 2H), 7.85 (d, J�
9.1 Hz, 2 H), 7.42 (d, J� 9.1 Hz, 2 H), 7.27 (dd, J1� 9.1 Hz, J2� 2.1 Hz,
2H), 6.98 (d, J� 9.1 Hz, 2H), 3.94 (m, 4H), 1.40 (m, 4 H), 1.00 (m, 4H), 0.67
(t, J� 7.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d� 155.0, 132.8, 130.4,
129.9, 129.6, 128.6, 127.3, 120.2, 117.4, 116.6, 69.4, 31.5, 18.9, 13.8; exact mass
(EI) for [MH]� . calcd for C28H28Br2O2: 554.0456; found: 554.0460.


6-Bromo-2-hexyloxynaphthalene : A round bottom flask (150 mL) was
charged with 6-bromo-2-naphthol (2.09 g, 9.4 mmol, 1 equiv), potassium
hydroxide (12.4 g, 221.1 mmol, 24 equiv), potassium carbonate (10.5 g,
10.6 mmol, 76.3 equiv), 1-bromohexane (7.605 g, 46.1 mmol, 4.9 equiv), and
DMSO (80 mL). The reaction mixture was stirred for 24 hours at room
temperature and then was worked up with water and chloroform. The
chloroform layer was washed three times with water, dried over MgSO4,
filtered, and the solvent was removed under vacuum. The material was
purified by column chromatography (100 % hexanes) to yield 6-bromo-2-
hexyloxynaphthalene (2.35 g, 94% yield).
1H NMR (400 MHz, CDCl3): d� 7.92 (d, J� 2.0 Hz, 1 H), 7.62 (dd, J1�
25.6 Hz, J2� 2.0 Hz, 2H), 7.50 (dd, J1� 8.7 Hz, J2� 2.0 Hz, 1 H), 7.17 (dd,
J1� 8.8 Hz, J2� 2.6 Hz, 4H), 7.09 (d, J� 2.4 Hz, 1H), 4.06 (t, J� 6.6 Hz,
2H), 1.86 (m, 4 H), 1.38 (m, 4 H), 0.94 (m, 3H); 13C NMR (100 MHz,
CDCl3): d� 157.6, 133.3, 130.1, 129.8, 128.6, 128.5, 120.3, 117.1, 106.7, 68.3,
31.8, 29.4, 26.0, 22.8, 14.3; exact mass (FAB, NBA) for [MH]� . calcd for
C15H19BrO: 306.0619; found: 306.0620.


2,2'-Dihexyloxy-6,6'-bis(4-(2,2'-diphenyl-vinyl)-1-phenyl)-1,1'-binaphthyl
(3Hex): A single-neck round bottom flask (100 mL), equipped with a
magnetic stir bar and a rubber septum secured with copper wire, was


charged with 2Hex (0.50 g, 0.82 mmol, 1.0 equiv), 1,1-diphenyl-2-(4-dihy-
droxyboronphenyl)-ethene (0.74 g, 2.4 mmol, 3.0 equiv), [Pd(dppf)Cl2]
(30 mg, 0.04 mmol, 0.05 equiv), and THF (36 mL). Sodium bicarbonate
(sat. aq., 9 mL) was added to the solution. The resulting slurry was sparged
with argon for 15 minutes prior to heating to 75 8C for two days. After
cooling, the reaction was placed under vacuum to remove THF. Water was
added to the resulting solid, and the aqueous phase was extracted three
times with methylene chloride (40 mL). The combined organic phases were
washed with brine, dried over MgSO4, filtered, and concentrated under
vacuum to afford a crude product. The resulting solid was purified by
chromatography on silica gel (35 % CH2Cl2/65% hexanes) to afford 3Hex
(0.40 g, 50%).
1H NMR (400 MHz, CDCl3): d� 8.03 (d, J� 2.0 Hz, 2H), 7.95 (d, J�
8.8 Hz, 2 H), 7.48 (d, J� 8.4 Hz, 4 H), 7.44 (dd, J1� 8.8 Hz, J2� 2.0 Hz,
2H), 7.42 (d, 9.2 Hz, 2 H), 7.32 (m, 20 H), 7.21 (d, J� 8.8 Hz, 2H), 7.11 (d,
J� 8.4 Hz, 4H), 7.02 (s, 2H), 3.96 (m, 4 H), 1.41 (m, 4 H), 0.98 (m, 20H),
0.71 (t, J� 7.2 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d� 154.9, 143.7,
142.7, 140.7, 139.6, 136.3, 135.6, 133.6, 130.6, 130.2, 129.6, 128.9, 128.4, 128.0,
127.8, 127.7, 126.8, 126.2. 125.6, 125.5, 120.6, 116.3. 69.9, 31.5. 29.5, 25.5, 22.7,
14.1; exact mass (FAB, NBA) for [MH]� . calcd for C72H66O2: 962.5063;
found: 962.5109.


2,2'-Dihexyloxy-6,6'-bis(4-(2,2'-diphenyl-vinyl)-1-phenyl)-1,1'-binaphthyl
((R)-3Hex): The procedure described for 3Hex was repeated starting with
(R)-2Hex (0.11 g, 0.18 mmol). After purification by chromatography on
silica gel (35 % CH2Cl2/65 % hexanes), (R)-3Hex (0.11 g, 60 %) was
obtained.


[a]D�ÿ6.0 (c� 0.50 in THF); 1H NMR (400 MHz, CDCl3): d� 8.03 (d,
J� 2.0 Hz, 2H), 7.95 (d, J� 8.8 Hz, 2 H), 7.48 (d, J� 8.4 Hz, 4 H), 7.44 (dd,
J1� 8.8 Hz, J2� 2.0 Hz, 2 H), 7.42 (d, J� 9.2 Hz, 2H), 7.32 (m, 20H), 7.21 (d,
J� 8.8 Hz, 2H), 7.11 (d, J� 8.4 Hz, 4 H), 7.02 (s, 2 H), 3.96 (m, 4 H), 1.41 (m,
4H), 0.98 (m, 20H), 0.71 (t, J� 7.2 Hz, 6 H); 13C NMR (100 MHz, CDCl3):
d� 154.9, 143.7, 142.7, 140.7, 139.6, 136.3, 135.6, 133.6, 130.6, 130.2, 129.6,
128.9, 128.4, 128.0, 127.8, 127.7, 126.8, 126.2, 125.6, 125.5, 120.6, 116.3, 69.9,
31.5, 29.5, 25.5, 22.7, 14.1; exact mass (FAB, NBA) for [MH]� . calcd for
C72H66O2: 962.5063; found: 962.5074.


2,2'-Dibenzyloxy-6,6'-bis(4-(2,2'-diphenyl-vinyl)-1-phenyl)-1,1'-binaphthyl
(3Bz): The reaction described for the synthesis of 3Hex was carried out
starting with 2Bz (0.50 g, 0.80 mmol). After chromatographic separation on
silica (40 % CH2Cl2/60% hexanes), 3Bz (0.33 g, 42 %) was obtained.
1H NMR (400 MHz, CDCl3): d� 8.04 (d, J� 1.6 Hz, 2H), 7.95 (d, J�
8.8 Hz, 2 H), 7.48 (d, J� 8.4 Hz, 4H), 7.46 (m, 2H), 7.43 (d, J� 9.2 Hz,
2H), 7.33 (m, 18H), 7.25 (m, 4H), 7.10 (m, 10 H), 6.99 (m, 6H), 5.07 (s, 4H);
13C NMR (100 MHz, CDCl3): d� 154.5, 143.6, 142.7, 140.7, 139.4, 137.7,
136.4, 135.9, 133.6, 130.6, 130.2, 129.8, 129.0, 128.4, 128.3, 128.0, 127.8, 127.7,
127.5, 126.9, 126.8, 126.3, 125.9, 125.7, 120.7, 116.6, 71.3; exact mass (FAB,
NBA) for [MH]� . calcd for C74H54O2: 974.4124; found: 974.4138; elemental
analysis calcd (%) for C74H54O2 (975.15): C 91.14, H 5.58; found: C 91.62, H
5.39.


2,2'-Dibutyloxy-6,6'-bis(4-(2,2'-diphenyl-vinyl)-1-phenyl)-1,1'-binaphthyl
(3Bu): The reaction described for the synthesis of 3Hex was carried out
starting with 2Bu (0.091 g, 0.164 mmol). After purification by chromatog-
raphy on silica gel (50 % CHCl3/50 % hexanes), 3Bu (0.086 g, 46%) was
obtained.
1H NMR (400 MHz, CDCl3): d� 8.03 (d, J� 2.0 Hz, 2H), 7.96 (d, J�
8.8 Hz, 2 H), 7.48 (d, J� 8.8 Hz, 4 H), 7.44 (dd, J1� 8.8 Hz, J2� 2.0 Hz,
2H), 7.42 (d, J� 9.2 Hz, 2 H), 7.32 (m, 20H), 7.21 (d, J� 8.8 Hz, 2 H), 7.12 (d,
J� 8.8 Hz, 4 H), 7.02 (s, 2 H), 3.96 (m, 4 H), 1.42 (m, 4 H), 1.00 (m, 4 H), 0.66
(t, J� 7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): d� 154.9, 143.7, 142.7,
140.7, 139.06, 136.3, 135.5, 133.6, 130.6, 130.2, 129.6, 129.0, 128.4, 128.0,
127.8, 127.7, 126.8, 126.2, 125.6, 125.5, 120.6, 116.3, 69.6, 31.6, 19.0, 13.8;
exact mass (FAB, NBA) for [MH]� . calcd for C68H58O2: 906.4437; found:
906.4465.


2,2'-Bis(methoxymethoxy)-6,6'-bis(4-(2,2'-diphenyl-vinyl)-1-phenyl)-1,1'-
binaphthyl (3MOM): The reaction described for the synthesis of 3Hex was
carried out starting with 2MOM (0.100 g, 0.188 mmol). After purification
by chromatography on silica gel (60 % CH2Cl2/40% hexanes), 3MOM
(0.065 g, 39%) was obtained.
1H NMR (400 MHz, CDCl3): d� 8.05 (d, J� 1.6 Hz, 2H), 7.98 (d, J�
9.2 Hz, 2H), 7.60 (d, J� 9.2 Hz, 2 H), 7.48 (d, J� 8.0 Hz, 2H), 7.46 (dd,
J1� 8.8 Hz, J2� 2.0 Hz, 2 H), 7.30 (m, 22H), 7.21 (d, J� 8.8 Hz, 2 H), 7.11 (d,
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J� 8.4 Hz, 4 H), 7.01 (s, 2 H), 5.11 (d, J� 6.8 Hz, 2H), 5.00 (d, J� 6.8 Hz,
2H), 3.17 (s, 6H); exact mass (FAB, NBA) for [M]� . calcd for C64H50O4:
882.3709; found: 882.3729.


2,2'-Dimethoxy-6,6'-bis(4-(2,2'-diphenyl-vinyl)-1-phenyl)-1,1'-binaphthyl
(3Me): The procedure for the synthesis of 3Hex was duplicated starting
with 2Me (0.376 g, 0.796 mmol). Purification by chromatography on silica
gel (40 % CH2Cl2/60 % hexanes) gave 3Me (0.278 g, 42%).
1H NMR (400 MHz, CDCl3): d� 8.04 (d, J� 1.8 Hz, 2 H), 8.00 (d, J�
8.9 Hz, 2H), 7.45 (m, 8 H), 7.32 (m, 20H), 7.16 (d, J� 8.9 Hz, 2 H), 7.10 (d,
J� 8.1 Hz, 4H), 7.02 (s, 2H), 3.79 (s, 6 H); 13C NMR (100 MHz, CDCl3):
d� 155.3, 143.6, 142.7, 140.7, 139.4, 136.4, 135.7, 133.4, 130.6, 130.2, 130.0,
129.6, 129.0, 128.4, 128.0, 127.8, 127.7, 126.8, 125.9. 125.8, 119.5, 114.8, 57.1;
exact mass (FAB, NBA) for [MH]� . calcd for C62H46O2: 822.3498; found:
822.3510.


2-Hexyloxy-6-(4'-(2',2''-diphenyl-vinyl)-1'-phenyl)naphthalene (m-3Hex):
The conditions for the synthesis of 3Hex were duplicated starting with
6-bromo-2-hexyloxynaphthalene (0.19 g, 0.62 mmol, 1 equiv), 1,1-diphen-
yl-2-(4'-pinacolatoboronphenyl)-ethene (0.35 g, 0.92 mmol, 1.5 equiv),
[Pd(dppf)Cl2] (0.05 g, 0.06 mmol, 0.1 equiv), sodium bicarbonate (0.84 g,
10 mmol, 16 equiv), THF (8 mL), and water (2.5 mL). The crude material
was purified by chromatography on silica gel (20 % CHCl3/80% hexanes)
to yield of m-3Hex (0.22 g, 72 %).
1H NMR (400 MHz, CDCl3): d� 7.94 (d, J� 1.5 Hz, 1H), 7.76 (d, J�
8.6 Hz, 2 H), 7.68 (dd, J1� 1.8 Hz, J2� 8.6 Hz, 1H), 7.51 (dt, J1� 8.4 Hz,
J2� 1.8 Hz, 2H), 7.43 (m, 10H), 7.15 (m, 4H), 7.04 (s, 1H), 4.10 (t, J�
6.6 Hz, 2H), 1.87 (m, 2H), 1.53 (m, 2H), 1.41 (m, 4H), 0.95 (t, J� 7.1 Hz,
3H); 13C NMR (100 MHz, CDCl3): d� 157.5, 143.6, 142.7, 140.7, 139.5,
136.4, 135.7, 134.0, 130.6, 130.3, 129.8, 129.3, 128.9, 128.4, 127.9, 127.8, 127.7,
127.4, 126.8, 125.8, 125.5, 119.7, 106.5, 68.3, 31.8, 29.4, 26.0, 22.9, 14.3; exact
mass (FAB, NBA) for [MH]� . calcd for C36H34O: 482.2610; found:
482.2603; elemental analysis calcd (%) for C36H34O (482.62): C 89.58, H
7.10; found: C 89.58, H 7.09.


2,2'-Dihexyloxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl (4Hex): A single-
neck round bottom flask (50 mL), equipped with a magnetic stir bar and a
rubber septum secured with copper wire, was charged with 2Hex (70 mg,
0.114 mmol, 1.0 equiv), Herrmann�s catalyst[31] (5 mg, 0.005 mmol,
0.05 equiv), sodium acetate (42 mg, 0.500 mmol, 4.5 equiv), and dimethyl
acetamide (3 mL). The solution was sparged with argon for 15 minutes
prior to addition of styrene (80 mL, 0.685 mmol, 6.0 equiv). The resulting
slurry was heated to 140 8C for two days. After cooling, the reaction was
diluted with water. The aqueous phase was extracted three times with
portions (20 mL) of methylene chloride. The combined organic phases
were washed with brine, dried over MgSO4, filtered, and concentrated to
afford crude product. Purification by chromatography on silica gel (30 %
CH2Cl2/70 % hexanes) gave 4Hex (22 mg, 29 %).
1H NMR (400 MHz, CDCl3): d� 7.94 (d, J� 9.2 Hz, 2 H), 7.89 (s, 2H), 7.54
(d, J� 7.6 Hz, 4H), 7.49 (dd, J1� 8.8 Hz, J2� 1.6 Hz, 2H), 7.41 (d, J�
9.2 Hz, 2H), 7.37 (m, 4 H), 7.26 (m, 4 H), 7.17 (d, J� 8.8 Hz, 2 H), 7.12 (d,
J� 16.4 Hz, 2 H), 3.96 (m, 4 H), 1.42 (m, 4 H), 1.00 (m, 12H), 0.74 (t, J�
7.0 Hz, 6H); 13C NMR (100 MHz, CDCl3): d� 155.0, 137.8, 134.0, 132.7,
129.5, 129.4, 129.2, 128.9, 128.0, 127.6, 126.9, 126.6, 126.1, 124.0, 120.8, 116.2,
69.9, 31.5, 29.5, 25.5, 22.7, 14.2; exact mass (FAB, NBA) for [MH]� . calcd
for C48H50O2: 658.3811; found: 658.3799.


(R)-2,2'-Dihexyloxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl ((R)-4Hex):
The procedure for the synthesis of 4Hex was duplicated starting with
(R)-2Hex (1.20 g, 1.9 mmol). After purification by chromatography on
silica gel (30 % CH2Cl2/70 % hexanes), (R)-4Hex (1.05 g, 81%) was
obtained.


[a]D�ÿ341.5 (c� 0.50 in THF); 1H NMR (400 MHz, CDCl3): d� 7.94 (d,
J� 8.8 Hz, 2 H), 7.89 (s, 2H), 7.54 (d, J� 7.2 Hz, 4 H), 7.49 (dd, J1� 8.8 Hz,
J2� 1.6 Hz, 2 H), 7.41 (d, J� 8.8 Hz, 2H), 7.37 (m, 4H), 7.26 (m, 4H), 7.17
(d, J� 8.8 Hz, 2 H), 7.13 (d, J� 16.4 Hz, 2 H), 3.96 (m, 4H), 1.43 (m, 4H),
1.00 (m, 12 H), 0.74 (t, J� 7.2 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d�
155.0, 137.8, 134.0, 132.7, 129.5, 129.4, 129.2, 128.9, 128.0, 127.6, 126.9, 126.6,
126.1, 124.0, 120.8, 116.2, 69.9, 31.5, 29.5, 25.5, 22.7, 14.2; exact mass (FAB,
NBA) for [MH]� . calcd for C48H50O2: 658.3811; found: 658.3811; elemental
analysis calcd (%) for C48H50O2 (658.86): C 87.67, H 7.36; found: C 87.73, H
7.33.


(R)-2,2'-Dibutyloxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl ((R)-4Bu):
The procedure for the synthesis of 4Hex was duplicated starting with


(R)-2Bu (0.94 g, 1.7 mmol). After purification by chromatography on silica
gel (20 ± 60% CHCl3/80 ± 40% hexanes), (R)-Bu (0.563 g, 55%) was
obtained
1H NMR (400 MHz, CDCl3): d� 7.94 (d, J� 8.8 Hz, 2H), 7.90 (d, J�
1.6 Hz, 2H), 7.55 (d, J� 7.3 Hz, 4 H), 7.50 (dd, J1� 1.8 Hz, J2� 8.8 Hz,
2H), 7.42 (d, J� 8.9 Hz, 2H), 7.37 (dd, J1� 7.5 Hz, J2� 7.8 Hz, 4H), 7.27 (d,
J� 16.3 Hz, 2H), 7.18 (d, J� 8.9 Hz, 2H), 7.14 (d, J� 16.3 Hz, 2H), 3.98 (m,
4H), 1.45 (m, 4H), 1.03 (m, 4 H), 0.68 (t, J� 6.7 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d� 155.03, 137.79, 134.05, 132.61, 129.51, 129.42, 129.15,
128.86, 128.04, 127.58, 126.92, 126.60, 126.12, 123.96, 120.80, 116.16, 69.49,
31.56, 18.96, 13.79; exact mass (FAB, NBA) for [M]� . calcd for C44H42O2:
602.3180; found: 602.3185.


(S)-2,2'-Dibutyloxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl ((S)-4Bu): The
procedure for the synthesis of 4Hex was duplicated starting with (S)-2Bu
(0.9 g, 1.62 mmol). After purification by chromatography on silica gel (20 ±
60% CHCl3/80 ± 40 % hexanes), (S)-4Bu (0.488 g, 50 %) was obtained.


[a]D��346.5 (c� 0.58 in THF); 1H NMR (400 MHz, CDCl3): d� 7.94 (d,
J� 8.8 Hz, 2H), 7.90 (d, J� 1.6 Hz, 2H), 7.55 (d, J� 7.3 Hz, 4 H), 7.50 (dd,
J1� 1.8 Hz, J2� 8.8 Hz, 2 H), 7.42 (d, J� 8.9 Hz, 2H), 7.37 (dd, J1� 7.5 Hz,
J2� 7.8 Hz, 4H), 7.27 (d, J� 16 Hz, 2 H), 7.18 (d, J� 8.9 Hz, 2 H), 7.14 (d,
J� 16.3 Hz, 2 H), 3.98 (m, 4H), 1.45 (m, 4H), 1.03 (m, 4H), 0.68 (t, J�
6.9 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d� 155.03, 137.79, 134.05,
132.61, 129.51, 129.42, 129.15, 128.86, 128.04, 127.58, 126.92, 126.60, 126.12,
123.96, 120.80, 116.16, 69.49, 31.56, 18.96, 13.79; exact mass (FAB, NBA)
for [M]� . calcd for C44H42O2: 602.3180; found: 602.3185.


(R)-2,2'-Dibenzyloxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl ((R)-4Bz):
The procedure for the synthesis of 4Hex was duplicated starting with
(R)-2Bz (1.41 g, 2.26 mmol). After purification by chromatography on
silica gel (30 ± 60 % CHCl3/70 ± 40 % hexanes), (R)-4Bz (0.681 g, 45%) was
obtained.


[a]D�ÿ265.1 (c� 0.31 in THF); 1H NMR (400 MHz, CDCl3): d� 7.94 (d,
J� 8.9 Hz, 2H), 7.92 (d, J� 1.3 Hz, 2H), 7.55 (d, J� 7.3 Hz, 4 H), 7.52 (dd,
J1� 1.9 Hz, J2� 8.9 Hz, 2 H), 7.43 (d, J� 9.1 Hz, 2H), 7.38 (dd, J1� 7.5 Hz,
J2� 7.8 Hz, 4 H), 7.26 (m, 6H), 7.14 (m, 8 H), 7.00 (d, J� 8.1 Hz, 4H), 5.08 (s,
4H); 13C NMR (100 MHz, CDCl3): d� 154.57, 137.73, 137.65, 133.98,
132.99, 129.78, 129.65, 129.02, 128.88, 128.38, 128.32, 127.65, 127.53, 126.96,
126.87, 126.65, 126.16, 124.27, 120.93, 116.45, 71.30; exact mass (FAB, NBA)
for [M]� . calcd for C50H38O2: 670.2864; found: 670.2872; elemental analysis
calcd (%) for C50H38O2 (670.78): C 89.52, H 5.71; found: C 90.15, H 5.72.


(S)-2,2'-Dibenzyloxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl ((S)-4Bz):
The procedure for the synthesis of 4Hex was duplicated starting with
(S)-2Bz (0.78 g, 1.25 mmol). After purification by chromatograpy on silica
gel (30 ± 60% CHCl3/70 ± 40% hexanes), (S)-4Bz (0.418 g, 50% yield) was
obtained.


[a]D��222.4 (c� 0.57 in THF); 1H NMR (400 MHz, CDCl3): d� 7.94 (d,
J� 8.9 Hz, 2H), 7.92 (d, J� 1.3 Hz, 2H), 7.55 (d, J� 7.3 Hz, 4 H), 7.52 (dd,
J1� 1.9 Hz, J2� 8.9 Hz, 2 H), 7.43 (d, J� 9.1 Hz, 2H), 7.38 (dd, J1� 7.5 Hz,
J2� 7.8 Hz, 4 H), 7.26 (m, 6H), 7.14 (m, 8 H), 7.00 (d, J� 8.1 Hz, 4H), 5.08 (s,
4H); 13C NMR (100 MHz, CDCl3): d� 154.57, 137.73, 137.65, 133.98,
132.99, 129.78, 129.65, 129.02, 128.88, 128.38, 128.32, 127.65, 127.53, 126.96,
126.87, 126.65, 126.16, 124.27, 120.93, 116.45, 71.30; exact mass (FAB, NBA)
for [M]� . calcd for C50H38O2: 670.2864; found: 670.2872.


2,2'-Dimethoxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl (4Me): The proce-
dure for the synthesis of 4Hex was duplicated starting with 2Me (2.4 g,
5.08 mmol). After purification by chromatography on silica gel (40 ± 60%
CHCl3/60 ± 40 % hexanes), 4Me (1.105 g, 42%) was obtained.


1H NMR (500 MHz, CDCl3): d� 8.00 (d, J� 9.0 Hz, 2H), 7.90 (d, J�
1.8 Hz, 2H), 7.54 (d, J� 7.0 Hz, 4 H), 7.50 (dd, J1� 8.8 Hz, J2� 1.8 Hz,
2H), 7.47 (d, J� 8.8 Hz, 2 H), 7.40 (m, 4H), 7.26 (m, 4H), 7.14 (d, J� 6.6 Hz,
2H), 7.11 (s, 2H), 3.80 (s, 6H); 13C NMR (125 MHz, CDCl3): d� 155.4,
137.7, 133.8, 132.8, 129.8, 129.6, 129.0, 128.9, 128.2, 127.6, 127.0, 126.6, 125.9,
124.3, 119.8, 114.6, 57.1; exact mass (FAB, NBA) for [MH]� . calcd for
C38H30O2: 518.2246; found: 518.2238.


(R)-2,2'-Dimethoxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl ((R)-4Me):
The procedure for the synthesis of 4Hex was duplicated starting with
(R)-2Me (1.44 g, 3.05 mmol). After purification by chromatography on
silica gel (40 ± 60% CHCl3/60 ± 40 % hexanes), (R)-4Me (0.71 g, 45 %) was
obtained.
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[a]D�ÿ411.9 (c� 0.50 in THF); 1H NMR (500 MHz, CDCl3): d� 8.00 (d,
J� 9.0 Hz, 2H), 7.90 (d, J� 1.8 Hz, 2H), 7.54 (d, J� 7.0 Hz, 4 H), 7.50 (dd,
J1� 8.8 Hz, J2� 1.8 Hz, 2H), 7.47 (d, J� 8.8 Hz, 2H), 7.40 (m, 4 H), 7.26 (m,
4H), 7.14 (d, J� 6.6 Hz, 2H), 7.11 (s, 2H), 3.80 (s, 6H); 13C NMR
(125 MHz, CDCl3): d� 155.4, 137.7, 133.8, 132.8, 129.8, 129.6, 129.0, 128.9,
128.2, 127.6, 127.0, 126.6, 125.9, 124.3, 119.8, 114.6, 57.1; exact mass (FAB,
NBA) for [MH]� . calcd for C38H30O2: 518.2246; found: 518.2238; elemental
analysis calcd (%) for C38H30O2 (518.60): C 87.99, H 5.83; found: C 87.75, H
5.87.


(S)-2,2'-Dimethoxy-6,6'-bis(2-phenyl-vinyl)-1,1'-binaphthyl ((S)-4Me): The
procedure for the synthesis of 4Hex was duplicated starting with (S)-2Me
(0.59 g, 1.25 mmol). After purification by chromatography on silica gel
(40 ± 60% CHCl3/60 ± 40 % hexanes), (S)-4Me (0.259 g, 40%) was ob-
tained.
1H NMR (500 MHz, CDCl3): d� 8.00 (d, J� 9.0 Hz, 2H), 7.90 (d, J�
1.8 Hz, 2H), 7.54 (d, J� 7.0 Hz, 4 H), 7.50 (dd, J1� 8.8 Hz, J2� 1.8 Hz,
2H), 7.47 (d, J� 8.8 Hz, 2 H), 7.40 (m, 4H), 7.26 (m, 4H), 7.14 (d, J� 6.6 Hz,
2H), 7.11 (s, 2H), 3.80 (s, 6H); 13C NMR (125 MHz, CDCl3): d� 155.4,
137.7, 133.8, 132.8, 129.8, 129.6, 129.0, 128.9, 128.2, 127.6, 127.0, 126.6, 125.9,
124.3, 119.8, 114.6, 57.1; exact mass (FAB, NBA) for [MH]� . calcd for
C38H30O2: 518.2246; found: 518.2238.


2-Hexyloxy-6-(2-phenyl-vinyl)naphthalene (m-4Hex): A round bottom
flask (10 mL) was charged with 6-bromo-2-hexyloxynaphthalene (0.23 g,
0.76 mmol, 1 equiv), styrene (0.28 mL, 2.4 mmol, 3.2 equiv), potassium
carbonate (0.49 g, 3.5 mmol, 4.6 equiv), tetrabutylammonium bromide
(0.46 g, 1.4 mmol, 1.9 equiv), palladium acetate (0.03 g, 0.131 mmol,
0.17 equiv), and DMF (5 mL). This reaction mixture was degassed, placed
under argon, and heated to 80 8C. After 2.5 days, the reaction mixture was
worked up with water and chloroform. The chloroform layer was washed
three times with water, dried over MgSO4, filtered, and the solvent was
removed under vacuum. The crude material was purified by chromatog-
raphy on silica gel (20 ± 30 % CHCl3/80 ± 70% hexanes) to yield m-4Hex
(120 mg, 47%).
1H NMR (400 MHz, CDCl3): d� 7.79 (s, 1 H), 7.72 (m, 3 H), 7.56 (d, J�
7.2 Hz, 2H), 7.39 (t, J� 7.5 Hz, 2H), 7.26 (m, 2 H), 7.21 (s, 1 H), 7.15 (m, 2H),
4.08 (t, J� 6.5 Hz, 2H), 1.86 (sext, 2H), 1.52 (m, 2 H), 1.38 (m, 4H), 0.94 (t,
J� 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): d� 157.5, 137.8, 139.5, 132.8,
129.6, 129.2, 129.1, 128.9, 128.1, 127.7, 127.3, 126.7, 126.6, 124.2, 119.6, 106.9,
68.3, 31.8, 29.4, 26.0, 22.8, 14.3; exact mass (FAB, NBA) for [MH]� . calcd
for C24H26O: 330.1984; found: 330.1984; elemental analysis calcd (%) for
C24H26O (330.44): C 87.50, H 7.65; found: C 87.00, H 7.73.


2,2'-Dihexyloxy-6,6'-bis(4-(4'-tert-butylstyryl)styryl)-1,1'-binaphthyl
(5Hex): A round bottom flask (25 mL) was charged with 2Hex (0.125 g,
0.205 mmol, 1 equiv), 4-(4'-tert-butylstyryl)styrene (0.215 g, 0.820 mole,
4 equiv), palladium acetate (0.005 g, 0.021 mmol, 0.1 equiv), potassium
carbonate (0.142 g, 1.03 mmol, 5 equiv), tetrabutylammonium bromide
(0.132 g, 0.410 mmol, 2 equiv), and DMF (5 mL). This slurry was degassed,
placed under argon, and heated to 80 8C for 2.5 days. After cooling, the
slurry was diluted with chloroform (50 mL). This solution was washed three
times with water (50 mL), dried over MgSO4, filtered, and concentrated to
yield a crude product. Purification by column chromatography on silica gel
(20 ± 50% CHCl3/80 ± 50% hexanes), yielded 5Hex (153 mg, 77%).
1H NMR (400 MHz, CDCl3): d� 7.94 (d, J� 8.8 Hz, 2 H), 7.89 (s, 2H), 7.51
(m, 14 H), 7.41 (m, 6 H), 7.28 (d, J� 16 Hz, 2H), 7.18 (d, J� 8.8 Hz, 2H), 7.11
(m, 6H), 3.96 (m, 4 H), 1.35 (m, 22 H), 1.04 (m, 12 H), 0.75 (t, J� 7.2 Hz,
6H); 13C NMR (100 MHz, CDCl3): d� 155.1, 151.0, 137.0, 136.9, 134.8,
134.0, 132.7, 129.6, 129.4, 129.0, 128.4, 127.8, 127.7, 127.0, 126.95, 126.91,
126.4, 126.2, 125.8, 123.9, 120.8, 116.2, 69.8, 34.8, 31.54, 31.50, 29.5, 25.5, 22.7,
14.21; exact mass (FAB, NBA) for [MH]� . calcd for C72H78O2: 974.6002;
found: 974.6009; elemental analysis calcd (%) for C72H78O2 (975.32): C
88.66, H 8.04; found: C 89.35, H 7.89.


(R)-2,2'-Dihexyloxy-6,6'-bis(4-(4'-tert-butylstyryl)styryl)-1,1'-binaphthyl
((R)-5Hex): The procedure for the synthesis of 5Hex was duplicated
starting with (R)-2Hex (0.126 g, 0.205 mmol). After purification by
chromatography on silica gel (20 ± 50 % CHCl3/80 ± 50% hexanes), (R)-
5Hex (139 mg, 68%) was obtained.


[a]D�ÿ403 (c� 0.30 in THF); 1H NMR (400 MHz, CDCl3): d� 7.94 (d,
J� 8.9 Hz, 2 H), 7.90 (s, 2H), 7.56 (m, 14 H), 7.42 (m, 6H), 7.30 (d, J� 16 Hz,
2H), 7.21 (d, J� 8.9 Hz, 2H), 7.12 (m, 6 H), 3.96 (m, 4H), 1.31 (m, 22H),
1.03 (m, 12H), 0.76 (t, J� 7.2 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d�


155.0, 150.9, 137.0, 136.8, 134.8, 134.0, 132.7, 129.6, 129.5, 128.9, 128.4, 127.7,
126.94, 126.90, 126.4, 126.1, 125.8, 123.9, 120.8, 116.1, 69.80, 34.80, 31.53,
31.49, 29.50, 25.50, 22.70, 14.20; exact mass (FAB, NBA) for [MH]� . calcd
for C72H78O2: 974.6002; found: 974.6009.


2-Hexyloxy-6-(4-(4'-tert-butylstyryl)styryl)naphthalene (m-5Hex): The
procedure for the synthesis of m-4Hex was duplicated starting with
2-hexyloxy-6-bromonaphthalene (0.135 g, 0.440 mmol, 1 equiv) and 4-(4'-
tert-butylstyryl)styrene (0.222 g, 0.848 mmol, 1.9 equiv). After purification
by chromatography on silica gel (20 ± 50 % CHCl3/80 ± 50 % hexanes),
m-5Hex (0.229 g, 73%) was obtained.
1H NMR (400 MHz, CDCl3): d� 7.78 (m, 3 H), 7.53 (m, 4H), 7.47 (d, J�
8.3 Hz, 2 H), 7.39 (d, J� 8.6 Hz, 2H), 7.26 (m, 1H), 7.12 (m, 6 H), 4.08 (t, J�
6.7 Hz, 2 H), 1.86 (m, 2 H), 1.53 (m, 2 H), 1.32 (m, 15 H), 0.93 (t, J� 7.2 Hz,
3H); 13C NMR (100 MHz, CDCl3): d� 157.6, 137.0, 134.8, 134.5, 132.8,
129.7, 129.2, 128.9, 128.5, 127.8, 127.7, 127.3, 127.0, 126.9, 126.7, 126.5, 124.2,
119.6, 106.9, 68.3, 34.9, 31.8, 31.5, 29.4, 26.0, 22.8, 14.3; exact mass (FAB,
NBA) for [MH]� . calcd for C36H40O: 488.3079; found: 488.3074.


2,2'-Dihexyloxy-6,6'-bis(4-(4'-(4''-tert-butylstyryl)styryl)styryl)-1,1'-bi-
naphthyl (6Hex): The procedure for the synthesis of 5Hex was duplicated
with 2Hex (0.103 g, 0.17 mmol, 1 equiv) and 1-(4'-tert-butylstyryl)-4-(4'-
vinylstyryl)benzene (0.242 g, 0.66 mmol, 3.9 equiv). After purification by
chromatography on silica gel (40 ± 60% CHCl3/60 ± 40 % hexanes), 6Hex
(15 mg, 8%) was obtained.
1H NMR (400 MHz, CDCl3): d� 7.92 (m, 3H), 7.42 (m, 29H), 7.17 (m,
17H), 3.95 (m, 4H), 1.35 (m, 20H), 1.00 (m, 4H), 0.76 (m, 6 H); 13C NMR
could not be done because the compound was too insoluble; exact mass
(FAB, NBA) for [MH]� . calcd for C88H90O2: 1178.6941; found: 1178.6970.


2,2'-Dihexyloxy-6,6'-bis(4-(4'-(3'',5''-dihexyloxystyryl)-styryl)styryl)-1,1'-
binaphthyl (7Hex): The conditions for the synthesis of 5Hex were
duplicated with 2Hex (0.286 g, 0.467 mmol, 1 equiv), 1-(3',5'-dihexyloxy-
styryl)-4-(4'-vinylstyryl)benzene (0.923 g, 1.82 mmol, 3.9 equiv), palladium
acetate (0.004 g, 0.016 mmol, 0.3 equiv), potassium carbonate (0.355 g,
2.56 mmol, 5.5 equiv), tetrabutylammonium bromide (0.311 g, 0.96 mmol,
2 equiv), and DMF (5 mL). After purification by column chromatography
on silica gel (30 ± 50 % CHCl3/70 ± 50 % hexanes), 7Hex (287 mg, 42%) was
obtained.
1H NMR (400 MHz, CDCl3): d� 7.92 (m, 3 H), 7.52 (m, 16 H), 7.41 (d, 3H),
7.26 (d, 4 H), 7.15 (m, 12H), 6.69 (d, J� 2 Hz, 4 H), 6.39 (t, J� 2.16 Hz, 2H),
3.98 (t, J� 6.5 Hz, 12 H), 1.80 (m, 8H), 1.39 (m, 30 H), 0.98 (m, 22 H), 0.79
(t, J� 7 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d� 160.7, 155.1, 139.4,
137.3, 137.0, 136.8, 136.6, 134.1, 132.7, 129.6, 129.1, 128.9, 128.8, 128.5, 128.2,
127.6, 127.1, 127.0, 126.9, 126.2, 123.9, 120.8, 119.9, 116.2, 107.3, 105.3, 101.2,
69.9, 68.3, 31.8, 31.7, 31.5, 29.5, 29.4, 26.0, 25.9, 25.6, 22.8, 22.7, 14.3, 14.2,
14.1; exact mass (FAB, NBA) for [MH]� . calcd for C104H122O6: 1466.9241;
found: 1466.9280; elemental analysis calcd (%) for C104H122O6 (1467.96): C
85.08, H 8.38; found: C 84.34, H 8.18.


(R)-2,2'-Dihexyloxy-6,6'-bis(4-(4'-(3'',5''-dihexyloxystyryl)-styryl)styryl)-
1,1'-binaphthyl ((R)-7Hex): The procedure for the synthesis of 7Hex was
duplicated with (R)-2Hex (0.099 g, 0.1620 mmol). After purification by
column chromatography on silica gel (30 ± 50% CHCl3/80 ± 50% hexanes),
(R)-7Hex (73 mg, 31%) was obtained.
1H NMR (400 MHz, CDCl3): d� 7.92 (m, 3 H), 7.52 (m, 16 H), 7.41 (d, 3H),
7.30 (s, 4 H), 7.13 (m, 12 H), 6.67 (d, J� 2.1 Hz, 4 H), 6.43 (t, J� 1.9 Hz, 2H),
3.98 (t, J� 6.5 Hz, 12 H), 1.80 (m, 8H), 1.35 (m, 30 H), 0.95 (m, 22 H), 0.74
(t, J� 7.0 Hz, 6H); 13C NMR (100 MHz, CDCl3): d� 160.6, 155.1, 139.4,
137.3, 137.0, 136.8, 136.6, 134.1, 132.7, 129.52, 129.5, 129.2, 128.9, 128.8,
128.4, 128.2, 127.6, 127.0, 126.9, 123.9, 120.8, 116.2, 105.3, 101.2, 94.6, 69.8,
68.3, 31.8, 31.6, 29.9, 29.6, 29.5, 26.0, 25.6, 22.9, 22.7, 14.3, 14.2; exact mass
(FAB, NBA) for [MH]� . calcd for C104H122O6: 1466.9241; found: 1466.9280.


2-Hexyloxy-6-(4-(4'-(3'',5''-dihexyloxystryryl)styryl)styryl)-napthalene
(m-7Hex): The procedure for the synthesis of m-4Hex was duplicated with
6-bromo-2-hexyloxynaphthalene (0.21 g, 0.67 mmol, 1 equiv) and 1-(3',5'-
dihexyloxystyryl)-4-(4'-vinylstyryl)benzene (0.647 g, 1.3 mmol, 1.9 equiv).
After purification by column chromatography on silica gel (40 ± 60%
CHCl3/60 ± 40 % hexanes), m-7Hex (267 mg, 54%) was obtained.
1H NMR (400 MHz, CDCl3): d� 7.78 (s, 1H), 7.72 (m, 3 H), 7.52 (m, 8H),
7.23 (m, 1H), 7.14 (m, 5H), 7.06 (m, 2 H), 6.67 (d, J� 2.0 Hz, 2H), 6.41 (t,
J� 2.0 Hz, 1 H), 4.08 (t, J� 6.6 Hz, 2 H), 3.98 (t, J� 6.6 Hz, 4H), 1.81 (m,
6H), 1.49 (m, 6H), 1.37 (m, 12 H), 0.93 (m, 9 H); 13C NMR (100 MHz,
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CDCl3): d� 160.7, 157.6, 139.4, 137.2, 137.0, 136.8, 136.7, 134.5, 132.8, 129.7,
129.2, 129.0, 128.9, 128.8, 128.4, 128.2, 127.6, 127.4, 127.1, 127.08, 127.04,
126.96, 126.8, 124.2, 119.9, 106.9, 105.3, 101.1, 68.3, 31.8, 29.5, 29.4, 26.0,
25.9, 22.8, 14.3; exact mass (FAB, NBA) for [MH]� . calcd for C52H62O3:
734.4699; found: 734.4727; elemental analysis calcd (%) for C52H62O3


(734.99): C 84.97, H 8.50; found: C 85.73, H 8.37.
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The [2�2]-Photocycloaddition of Aromatic Aldehydes and Ketones to
3,4-Dihydro-2-pyridones: Regioselectivity, Diastereoselectivity, and
Reductive Ring Opening of the Product Oxetanes


Thorsten Bach,* Hermann Bergmann, Harm Brummerhop, Warren Lewis, and
Klaus Harms[a]


Abstract: 3,4-Dihydro-2-pyridones [3,4-
Dihydropyridin-2(1 H)-ones] 6 were
evaluated with respect to their use as
alkene components in stereoselective
PaternoÁ ± Büchi reactions. The parent
compound 6 a was shown to be a versa-
tile synthetic building block that reacted
with various photoexcited aromatic car-
bonyl compounds (benzaldehyde, ben-
zophenone, acetophenone, methyl
phenylglyoxylate, 3-pivaloyloxybenzal-
dehyde) with high regio- and diastereo-
selectivity (51 ± 63 % yield). The prod-
ucts can be subjected to hydrogenolysis,
opening a new and efficient route for the


synthesis of 2-arylmethyl-3-piperidinols.
As examples, the oxetanes 7 a and 8 a
were hydrogenolytically cleaved and
yielded the products 12 (88 %) and 13
(93 %). The ability of compound 6 a to
bind to a chiral lactam host through two
hydrogen bonds was used favorably to
differentiate the enantiotopic faces of its
double bond. In the photocycloaddition


to the chiral aldehyde 15, which was
conducted at ÿ10 8C in toluene, a high
facial diastereoselectivity (>90 % de,
56 % yield) was recorded. The stereo-
selectivity results from a 1:1 association
of dihydropyridone 6 a to the aldehyde.
The 4-substituted dihydropyridones
6 b ± 6 d (R�methyl, isopropyl, phenyl)
were found to be less suited for potential
use in photochemistry. The yields and
facial diastereoselectivities recorded in
their photocycloaddition to benzophe-
none remained low.


Keywords: asymmetric synthesis ´
cycloaddition ´ hydrogen bonds ´
PaternoÁ ± Büchi reactions ´ photo-
chemistry


Introduction


The [2�2]-photocycloaddition of carbonyl compounds to
alkenes, the PaternoÁ ± Büchi reaction, allows the regio- and
stereoselective functionalization of olefinic double bonds.[1, 2]


The simultaneous formation of a CÿC and a CÿO bond makes
the reaction a versatile tool frequently employed in organic
synthesis.[3] Recent interest from our group has centered on
the use of the PaternoÁ ± Büchi reaction for the carbohydrox-
ylation of nitrogen heterocycles.[4, 5] It was shown that N-
alkoxycarbonyl-substituted 2,3-dihydropyrroles (e.g. 1 a) re-
act with aromatic aldehydes to form 6-oxa-2-azabicy-
clo[3.2.0]heptanes (e.g. 2 a), which can be successively cleaved
by hydrogenolysis to yield pyrrolidinols (Scheme 1). This


Scheme 1. PaternoÁ ± Büchi reaction of the N-acylated cyclic enamines 1a
and 1 b and the hydrogenolysis of the product oxetanes 2a and 2b.


method was applied to the synthesis[4b,c] of the naturally
occurring pyrrolidinol alkaloid (�)-preussin, which exhibits
interesting biological properties.[6] Other biologically active
pyrrolidinoles are equally well accessible by this route.[4c] In
an attempt to extend the carbohydroxylation procedure to six-
membered nitrogen heterocycles, we had to realize that the
corresponding N-alkoxycarbonyl tetrahydropyridines react
sluggishly in the PaternoÁ ± Büchi reaction.[4c] The comparison
of compounds 1 in the photocycloadditon to benzaldehyde as
depicted in Scheme 1 illustrates this point. The yield of
isolated 7-oxa-2-azabicyclo[4.2.0]octane 2 b obtained from
compound 1 b was only 17 % as compared to 57 % yield
obtained in the photocycloaddition of the dihydropyrrole 1 a.
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Hydrogenolysis to the desired monocyclic products 3 pro-
ceeded smoothly in both cases.


In the search for other cyclic enamides that may be
employed in possible syntheses of biologically relevant
piperidinols we considered 3,4-dihydro-2-pyridone (6 a,
Scheme 2) to be a useful substrate. The following account
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Scheme 2. Preparation of the 3,4-dihydropyridones 6 from the corre-
sponding diacids 4.


reports on the results of its photocycloaddition to various
aromatic aldehydes and ketones. Its capability to bind to other
lactams through two hydrogen bonds was used favorably for
the association to a chiral aldehyde, and for the differentiation
of its enantiotopic faces in the subsequent photocycloaddi-
tion.[7]


Results and Discussion


Preparation of dihydropyridones : There is ample literature
precedence for the synthesis of 3,4-dihydro-2-pyridones.[8] We
planned to employ the parent compound for photocycloaddi-
tion reactions with various carbonyl compounds and 4-sub-
stituted derivatives for studies regarding facial diastereose-
lectivity. For the preparation of these compounds, the
reduction of glutarimides 5, combined with a subsequent
elimination, was considered to be the most versatile sequence
(Scheme 2). Dihydropyridone 6 a has been previously pre-
pared by this route.[9] Glutarimides were available from
substituted glutaric acids 4 by heating with urea.[10] The
3-substituted glutaric acids 4 b ± 4 d were in turn synthesized
by the procedure of Heathcock et al.[11] To this end, the
corresponding aldehyde RCHO was initially condensed with
ethyl cyanoacetate. A subsequent Michael addition of di-
methyl malonate yielded the direct precursor for the glutaric
acid, which was obtained after acidic hydrolysis and con-
current decarboxylation. The conversion of the acids 4 to the
desired dihydropyridones 6 proceeded cleanly. The results are
summarized in Table 1.


Chemoselectivity, regioselectivity, and simple diastereoselec-
tivity : In a set of experiments with acyclic N-acyl enami-
nes[4a, 12] we had previously employed NH-acidic enamine
substrates. Although they did react fairly well in the photo-
cycloaddition to benzaldehyde the yield and diastereoselec-
tivities were inferior to the results obtained with N-alkylated
derivatives. N-Vinylacetamide proved to be prone to poly-
merization and reacted sluggishly. We were more pleased to
realize that the reaction of benzaldehyde and dihydropyr-
idone (6 a) in acetonitrile turned out to be a clean reaction
that produced the corresponding bicyclic product 7 a in
reasonable yield. As a major side reaction, the photopinaco-
lization of benzaldehyde was observed. An increase in the
dihydropyridone concentration helped to suppress the side
reaction, but we routinely kept the ratio of carbonyl
compound:6 a above 1:2 to facilitate purification of the
product. As a consequence, the reaction time and yields vary
slightly depending on the precise ratio. Some results that were
obtained with various carbonyl substrates are summarized in
Scheme 3 and Table 2.


The formation of regioisomeric products was not observed.
The tendency of photoexcited carbonyl compounds to attack
the more electron-rich position of an enamine substrate has
been previously demonstrated.[12] As a consequence, 7-oxa-2-
azabicyclo[4.2.0]octan-3-ones were formed as major products
from dihydropyridone 6 a. In the case of the benzophenone


Abstract in German: 3,4-Dihydro-2-pyridone [3,4-Dihydro-
pyridin-2(1 H)-one] 6 wurden als Alkenkompenenten in der
PaternoÁ-Büchi-Reaktion getestet. Die Stammverbindung 6a
erwies sich als vielseitiger Synthesebaustein, der mit verschie-
denen photoangeregten aromatischen Carbonylverbindungen
(Benzaldehyd, Benzophenon, Acetophenon, Phenylglyoxyl-
säuremethylester, 3-Pivaloyloxybenzaldehyd) mit hoher Re-
gioselektivität und Diastereoselektivität reagiert (51 ± 63 %
Ausbeute). Die Produktoxetane lassen sich einer Hydrogen-
olyse unterwerfen, was einen neuen und effizienten Synthese-
weg zur Herstellung von 2-Arylmethyl-3-piperidinolen eröff-
net. Beispielhaft wurden die Oxetane 7a und 8a hydrogenoly-
tisch gespalten, wobei die Produkte 12 (88 %) und 13 (93 %)
erhalten werden konnten. Die Fähigkeit von Verbindung 6a,
über zwei Wasserstoffbrücken an einen chiralen Lactamwirt zu
binden, wurde genutzt, um die enantiotopen Seiten ihrer
Doppelbindung zu differenzieren. In der Photocycloaddition
an den chiralen Aldehyd 15, die bei ÿ10 8C in Toluol als
Lösungsmittel durchgeführt wurde, wurde eine hohe faciale
Diastereoselektivität (>90 % de, 56 % Ausbeute) beobachtet.
Die Stereoselektivität resultiert aus einer 1:1-Assoziation des
Dihydropyridons 6a an den Aldehyd. Die 4-substitutierten
Dihydropyridone 6b ± 6d (R�Methyl, iso-Propyl, Phenyl)
erwiesen sich für eine Anwendung in der Photochemie als
weniger gut geeignet. Die Ausbeuten und facialen Diastereo-
selektivitäten, die bei ihren [2�2]-Photocycloadditionen an
Benzophenon gemessen wurden, waren nicht zufriedenstel-
lend.


Table 1. Preparation of the dihydropyridones 6 by cyclization of glutaric
acids 4 and subsequent reduction of glutarimide 5 (cf. Scheme 2).


Entry Acid R Imide Yield[a] [%] Product Yield[a] [%]


1 4a H 5 a 78 6 a 46
2 4b Me 5 b 87 6 b 61
3 4c iPr 5 c 65 6 c 36
4 4d Ph 5 d 58 6 d 68


[a] Yield of isolated product.
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Scheme 3. [2� 2]-Photocycloaddition of various carbonyl compounds with
dihydropyridone 6a.


photocycloadduct 8 a we were able to unequivocally establish
the structure by single crystal X-ray crystallography.[13] The
result of this study is depicted in Figure 1. It shows nicely the
planarity of the oxetane ring and the anticipated cis-con-
nection between the four- and six-membered rings.


Figure 1. A molecule of compound 8a from the crystal unit cell.


If nonsymmetrical carbonyl compounds are employed, an
additional stereogenic center is created in the course of the
photocycloaddition. The simple diastereoselectivity with
regard to this CÿC bond formation is not exceedingly high
but was considered to be sufficient (d.r.� 9/1). The relative
configuration of the major diastereoisomer was elucidated by
1H NOESY experiments (Figure 2). The phenyl group adopts
the sterically more congested endo position relative to the six-
membered ring. The substituents that are located cis in the
oxetane ring show strong (ÐÐ) or medium (- - - -) NOESY
contacts. This stereochemical result has been frequently
encountered in the PaternoÁ ± Büchi reaction of aldehydes
or nonsymmetrical ketones with a-monosubstituted al-
kenes.[4a, 12e, 14] Reasonable explanations to account for the
formation of the endo product have been put forward.[15]
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Figure 2. Major 1H NOE data recorded for compounds 7a, 10a, and 11a.


The subsequent hydrogenolysis of the products 7 a and 8 a
proceeded smoothly and led to the cis-substituted 6-arylalkyl-
5-hydroxy-2-piperidones 12 and 13 (Scheme 4). The hydro-
genolysis of the other products 9 a ± 11 a should be equally
possible, but we did not pursue it. Previous work had shown
that the process is not stereospecific.[16]
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Scheme 4. Hydrogenolysis of the oxetanes 7 a and 8 a.


Hydrogen binding by a chiral aldehyde : A major advantage of
a photochemical reaction is the fact that it does not require an
additional activation by acids or bases. Accordingly, weak
attractions between molecules are not lost in the course of the
reaction and can be employed to control relevant selectivity
parameters. The lactam 6 a can act as a hydrogen donor via its
amide NH group and as hydrogen acceptor through its
carbonyl group. If bound to a chiral aldehyde through
hydrogen bonds, the two enantiotopic faces of the lactam
become diastereotopic and can be diffentiated. It was our goal
to prove this selection principle for the PaternoÁ ± Büchi
reaction as a representative photochemical process. Conse-
quently, we constructed a chiral aldehyde that is capable of
hydrogen binding to lactam 6 a and of discriminating its two
enantiotopic faces. Starting from the known lactam rac-14,[17]


the aldehyde rac-15 was prepared by O-acylation of 3-hy-
droxybenzaldehyde (Scheme 5).


The lactam unit of compound rac-15 should be capable of
binding to compound 6 a and, provided it did so, the photo-
excited aldehyde part would approach the dihydropyridone
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Scheme 5. Preparation of the chiral aldehyde host rac-15.


Table 2. PaternoÁ ± Büchi reaction of 3,4-dihydro-2-pyridone (6a) with
aromatic carbonyl compounds RR1C�O (cf. Scheme 3).


Entry R R1 Time [h][a] Product d. r.[b] Yield[c] [%]


1 Ph H 8 7a 92/8 63
2 Ph Ph 16 8a ± 56
3 3-PivOPh[d] H 10 9a 88/12 54
4 Ph Me 48 10a 90/10 51
5 Ph COOMe 40 11a 90/10 52


[a] Irradition time (entries 1 and 3: l� 300 nm; entries 2, 4, 5: l� 350 nm).
[b] The ratio of diastereoisomers was determined by integration of
appropriate 1H NMR signals. [c] Yield of isolated product. [d] Piv�Piva-
loyl, solvent: benzene.
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6 a only from a single face. In addition, any reaction within the
stoichiometric complex rac-15/6 a should be faster than the
comparable intermolecular reaction of rac-15 and 6 a. The
face selection should consequently be enhanced by a rate
acceleration. Figure 3[18] gives an impression of the face
discrimination provided by the aromatic aldehyde backbone
in compound rac-15. In the crystal, the ester and amide
carbonyl groups of rac-15 are eclipsed.[18] In solution, the
rotation around the CÿC bond C7ÿC13 is certainly free and
the approach of the photoexcited aldehyde to the coordinated
dihydropyridone should not be hampered by any conforma-
tional restriction.


Figure 3. A molecule of compound 15 from the crystal unit cell.


Irradiation experiments of the aldehyde rac-15 in the
presence of alkene 6 a were conducted in different solvents
and at different temperatures.[7] Not surprisingly, there was no
diastereoselection in the polar solvent acetonitrile. The
selectivity was significant in benzene and could be optimized
by running the reaction at ÿ10 8C in toluene as the solvent
(Scheme 6). Under these conditions we could not detect the


Scheme 6. The diastereoselective hydrogen bond mediated PaternoÁ ± Bü-
chi reaction of aldehyde rac-15 and dihydropyridone 6 a.


other diastereoisomer in the crude product mixture by
1H NMR spectroscopy. The detection limit was estimated
conservatively at a comparably large value (5 %) since the
resolution of the relevant signals was not perfect.


The relative configuration of oxetane rac-16 was unambig-
uously proved by single crystal X-ray crystallography.[7] The
preparative investigations were accompanied by NMR titra-
tion experiments conducted at ÿ10 8C in [D8]toluene.[19] The
self-association of compound rac-15 was low (Ka� 24�
1mÿ1),[20] whereas the dihydropyridone 6 a showed a higher
tendency for self association (Ka� 85� 7 mÿ1). By implement-
ing these values, it was possible to determine the equilibrium
constant for the association of 6 a and rac-15 at Ka� 227�
34 mÿ1. The result of the corresponding titration experiment is
depicted in Figure 4. Previous Job plot analysis had revealed a
1/1 stoichiometry for the association complex rac-15/6 a.[7]


Figure 4. NMR titration of compound 15 and dihydropyridone 6a at
ÿ10 8C in toluene.


Reactions of compound rac-15 with enamides that are not
capable of hydrogen binding,[12e] and the reaction of com-
pound 6 a with the N-methylated derivative of rac-15 were
conducted in toluene at ÿ10 8C and were not selective. These
results provide additional proof for the importance of hydro-
gen bonds for a successful face discrimination.


Compound 15 was available in enantiomerically pure form
by conventional resolution. To this end, the racemate rac-15
was N-acylated with (ÿ)-menthyl chloroformate. Separation
of the resulting diastereoisomers by flash chromatography
and acidic cleavage of the carbamate yielded (�)- and (ÿ)-15
in enantiomerically pure forms. The tabulated specific rota-
tions of known 1,5,7-trimethyl-2-oxo-3-azabicyclo[3.3.1]nona-
noic acid derivatives that possess only the lactam unit as chiral
chromophore[21, 22] were employed to assign an absolute
configuration to compound (�)-15. All known derivatives
with (1R,5S,7S) configuration are dextrorotatory whereas
their enantiomers are levorotatory. Consequently, compound
(�)-15 {[a]20


D ��51.8 (c� 1.13, CH2Cl2)} should have the
(1R,5S,7S) configuration as depicted below (Figure 5). Its
photocycloaddition to dihydropyridone 6 a gave the enantio-
merically pure oxetane (ÿ)-16 the purity of which was
checked by HPLC analysis on a chiral column (Chiracel
OD, eluent:hexane/isopropanol� 92/8). The bicyclic oxeta-
no[2,3-b]piperidone fragment could be readily cleaved from
the host by transesterification.
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Figure 5. Tentatively assigned absolute configuration of the enantiomeri-
cally pure compounds (�)-15 and (ÿ)-16.


Despite these encouraging results, we currently have not
pursued the utilization of aldehyde 15 as a chiral auxiliary-
based aldehyde. The study described in this section was
conducted to prove in principle that a control of stereo-
selectivity in intermolecular photochemical reactions is pos-
sible by hydrogen bonds. To the best of our knowledge, we
have provided the first unequivocal evidence for this type of
control. In subsequent experiments, hydrogen bonds have
been employed in enantioselective photochemical reactions.
Chiral host compounds related to compound (�)-15 serve as
templates on which enantioselective intramolecular and
intermolecular photochemical reactions proceed.[23]


Chiral dihydropyridones : Finally, we studied the photocy-
cloaddition reaction of the chiral dihydropyridones 6 b ± 6 d
with benzophenone. The ratio of carbonyl compound to
alkene was 1:1.5 in all experiments. Disappointingly, the facial
diastereoselectivity was found to be low. The two products 8
and 8' were formed in almost equal amounts (Scheme 7). In


Scheme 7. [2�2]-Photocycloaddition of benzophenone with the chiral
dihydropyridones 6b and 6c.


addition, the yields were significantly reduced as compared to
the parent compound 6 a. We assume that the ease of
hydrogen abstraction at the C-4 carbon atom is enhanced by
the substitutent R. The alkyl group R presumably resides in a
pseudoequatorial position that facilitates the attack of the
photoexcited carbonyl compound at the axial hydrogen atom.
The CÿH bond to be cleaved is almost perfectly aligned with
the p bond of the dihydropyridone. This argument is in line
with the fact that no oxetane product formation was observed
with dihydropyridone 6 d (R�Ph). The aromatic substituent
additionally stabilizes a radical in 4-position and hydrogen
abstraction becomes the exclusive reaction pathway. Defined
products derived from compound 6 d could not be isolated.


Although the facial diastereoselectivity in the above
mentioned photocycloaddition was marginal, we made an
attempt to elucidate the relative configuration of the products.
The diastereomeric products 8 b (22 %) and 8 b' (17 %) were
separable by flash chromatography, as were the iso-propyl
substituted products 8 c (18%) and 8 c' (13%). The major
diastereoisomer 8 b gave crystals suitable for X-ray analysis.
The result of the structure elucidation is shown in Figure 6.[24]


Figure 6. A molecule of compound 8 b from the crystal unit cell.


Apparently, the major diastereoisomer is formed by photo-
chemically initiatied OÿC formation from the face opposite to
the methyl group. This effect is not pronounced, however, and
does not increase significantly with increasing bulk of the R
group.


Conclusion


In summary, the parent unsubstituted 3,4-dihydropyridone 6 a
was identified as a useful and versatile substrate for the
PaternoÁ ± Büchi reaction. Its reaction with aldehydes and
ketones serves as a useful entry into multiply substituted
piperidinones and piperidines. The capacity of compound 6 a
to form hydrogen bonds to other lactams was favorably
employed for the differentiation of its enantiotopic faces by a
chiral aldehyde host. The perfect facial diastereoselectivity
(>90 % de) in the conversion of the host 15 and the pyridone
6 a to the oxetane 16 was shown to be effected by hydrogen
bonds. This photocycloaddition represents the first example
for an efficient stereocontrol in intermolecular photochemical
reactions based on hydrogen bonds and paves the way to
further applications of non-covalently chiral hosts in stereo-
selective photochemical reactions. The chiral dihydropyri-
dones 6 b ± 6 d exhibit a lower chemoselectivity in their
reaction with photochemically excited carbonyl compounds.
Product yields in the conversion of 6 b and 6 c with benzo-
phenone were low and the facial diastereoselectivity disap-
pointing. Compound 6 d did not undergo a [2�2]-photo-
cycloaddition. Hydrogen abstraction in 4-position by the
photoexcited carbonyl compound appears to be an efficient
side reaction that cannot be suppressed.
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Experimental Section


General : For general remarks, see ref.[12e]. Abbreviations: P� n-pentane,
TBME� tert-butyl methyl ether. Relevant starting materials 4c, 5 b, 5d, 6a,
rac-14 that were not commercially available were prepared by known
procedures.[9±11, 17]


3-isopropyl glutarimide (5 c): 3-Isopropyl glutaric acid (4c)[11, 25]


(44.7 mmol, 7.79 g) and urea (49.1 mmol, 2.95 g) were mixed without the
addition of a solvent. The mixture was heated for 2 h at 145 8C and for an
additional 20 min at 180 8C. Upon cooling, the crude product mixture was
recrystallized from ethanol. The product 5c was obtained as a white solid.
Yield 4.53 g (29.2 mmol, 65 %); Rf� 0.15 (TBME); m.p. 118 8C; 1H NMR
(200 MHz): d� 8.72 (br s, 1H; NH), 2.65 (dd, 2J� 17.0 Hz, 3J� 4.0 Hz, 2H;
CHHCHCHH), 2.07 (ddd, 2J� 17.0 Hz, 3J� 12.5 Hz, 3J� 1.0 Hz, 2H;
CHHCHCHH), 1.96 ± 1.79 (m, 1 H; CH2CHCH2), 1.65 ± 1.48 (m, 1H;
(CH3)2CH), 0.90 (d, 3J� 6.8 Hz, 6H; CH3CHCH3); 13C NMR (50 MHz):
d� 173.2 (2 C; CONHCO), 36.5 (CH2CHCH2), 35.5 (2 C; CH2CHCH2),
31.3 ((CH3)2CH), 19.2 (2C, (CH3)2CH); IR (film): nÄ � 3200 (m, NH), 3085
(m), 2930 (s), 2870 (m, C-H), 1720 (s, C�O), 1675 (vs), 1395 (m), 1375 (m),
1250 (m), 1150 cmÿ1 (s, C-H); MS (70 eV, EI): m/z (%): 155 (37) [M�], 127
(16) [M�ÿCO], 113 (51) [M�ÿC3H7], 85 (36) [C5H11N�], 43 (100)
[C3H7


�]; elemental analysis calcd (%) for C8H13NO2 (155.19): C 61.91, H
8.44, N 9.03; found: C 61.67, H 8.59, N 9.17.


The known compounds 5b[10] and 5 d[10, 26] were obtained in an analogous
fashion. Yields for the individual steps are provided in Table 1.


(RS)-3,4-Dihydro-4-methyl-2-pyridone (6b): At 0 8C, sodium borohydride
(107 mmol, 2.77 g) was added in portions to a stirred solution of 3-methyl
glutarimide (5 b)[10] (23.6 mmol, 3.00 g) in 100 mL of ethanol. The mixture
was stirred for another 2 h at 0 8C. The pH was subsequently adjusted to 3
by addition of an ethanolic HCl solution (2 m). After 45 min at 0 8C the
mixture was neutralized with ethanolic KOH solution and warmed to room
temperature. The solvent was removed in vacuo and the resulting colorless
solid extracted with dichloromethane (200 mL). After filtration the solvent
was removed and the resulting 6-ethoxy pyridone dissolved in toluene
(150 mL). The solution was refluxed for 7 h to induce the elimination. The
toluene was removed in vacuo and the crude product subsequently purified
by flash chromatography (TBME). The desired product 6b was obtained as
a colorless oil, which solidified upon standing. Yield 1.60 g (14.4 mmol,
61%); Rf� 0.38 (EtOAc); m.p. 62 8C; 1H NMR (200 MHz): d� 8.31 (br s,
1H; NH), 5.99 (ddd, 3J� 7.6 Hz, 3J� 4.5 Hz, 4J� 1.5 Hz, 1H; NCHCH),
4.95 (dd, 3J� 7.6 Hz, 3J� 3.0 Hz, 1H; NCHCH), 2.65 ± 2.45 (m, 2H;
CHCHHCO), 2.24 ± 2.10 (m, 1 H; CHHCO), 1.04 (d, 3J� 6.7 Hz, 3H;
CH3); 13C NMR (50 MHz): d� 171.9 (NCO), 123.7 (NCH), 111.5
(NCHCH), 38.6 (CHCH3), 26.7 (CH2), 20.1 (CH3); IR (film): nÄ � 3256
(m, NH), 2960 (s), 2830 (m, CH), 1730 (vs, C�O), 1690 (vs), 1260 (m), 1230
(m), 1090 (w), 1065 cmÿ1 (m, CH); MS (70 eV, EI): m/z (%): 111 (20) [M�],
55 (73) [C3H3O�], 42 (100) [C2H2O�], 28 (25) [CO�]; elemental analysis
calcd (%) for C6H9NO (111.14): C 64.84, H 8.16, N 12.60; found: C 64.74, H
8.24, N 12.71.


(RS)-3,4-Dihydro-4-isopropyl-2-pyridone (6c): 3-Isopropyl glutarimide
(5c) (3.50 g, 22.6 mmol) was converted into the desired product 6c as
previously described for compound 6b. Yield 1.17 g (8.17 mmol, 36%);
Rf� 0.43 (EtOAc); 1H NMR (200 MHz): d� 8.09 (br s, 1H; NH), 6.02 (dd,
3J� 7.8 Hz, 3J� 4.5 Hz, 1H; NCHCH), 4.93 (dd, 3J� 7.8 Hz, 3J� 3.2 Hz,
1H; NCHCH), 2.50 ± 2.37 (m, 1H; CHCH2CO), 2.32 ± 2.27 (m, 2 H;
CH2CO), 1.66 ± 1.55 (m, 1H; (CH3)2CH), 0.83 (d, 3J� 6.8 Hz, 6 H;
CH3CHCH3); 13C NMR (50 MHz): d� 172.4 (NCO), 124.4 (NCH), 108.0
(NCHCH), 37.9 (CH2CO), 33.8 (CHCH2CO), 31.6 ((CH3)2CH), 19.1 (CH3),
18.9 (CH3). IR (film): nÄ � 3240 (s, NH), 3130 (w), 2960 (s, CH), 2935 (m,
CH), 2875 (m, CH), 1685 (vs, C�O), 1655 (vs), 1465 (m), 1355 cmÿ1 (m,
CH); MS (70 eV, EI): m/z (%): 139 (16) [M�], 96 (100) [C5H6NO�], 41 (18)
[C2H3N�]; HRMS calcd (u) for C8H13NO: 139.0997; found 139.0996.


(RS)-3,4-Dihydro-4-phenyl-2-pyridone (6d): 3-Phenyl glutarimide (5d)
(1.33 g, 7.05 mmol)[10, 26] was converted into the desired product 6 d as
previously described for compound 6b. Yield after purification by flash
chromatography (EtOAc) 837 mg (4.83 mmol, 68 %); Rf� 0.37 (EtOAc);
m.p. 158 8C; 1H NMR (200 MHz): d� 8.28, (s, 1H; NH), 7.30 ± 7.12 (m, 5H;
Ph), 6.15 (ddd, 3J� 7.5 Hz, 3J� 4.5 Hz, 4J� 2.0 Hz, 1 H; NCHCH), 5.12 (dd,
3J� 7.5 Hz, 3J� 3.8 Hz, 1 H; NCHCH), 3.70 ± 3.74 (m, 1 H; CHPh), 2.74
(dd, 2J� 16.3 Hz, 3J� 7.3 Hz, 1 H; CHHCO), 2.54 (dd, 2J� 16.3 Hz, 3J�


9.5 Hz, 1 H; CHHCO); 13C NMR (50 MHz): d� 170.9 (NCO), 142.9
(CAr), 128.8 (2 C; CAr), 126.94 (2 C; CAr), 126.89 (NCH), 125.0 (CAr), 108.9
(NCHCH), 39.0 (CHPh), 38.0 (CH2); IR (film): nÄ � 3195 (m, NH), 3095 (m,
CH), 2930 (m, CH), 1680 (vs, C�O), 1635 (s), 1400 (m), 1360 (m), 1340
(m), 945 (w), 770 (m), 700 cmÿ1 (m, CH); MS (70 eV, EI): m/z (%): 173
(100) [M�], 144 (44), 130 (88), 68 (24), 28 (59) [CO�]; elemental analysis
calcd (%) for C11H11NO (173.21): C 76.28, H 6.40, N 8.09; found: C 75.88, H
6.40, N 7.86.


General irradiation procedure : Irradiation experiments were performed in
a quartz tube. The carbonyl compound (1.0 equiv) and the 3,4-dihydropyr-
idone 6 (1.5 ± 2.0 equiv) were dissolved in an appropriate solvent (Merck
p. a.) under argon. This mixture was irradiated for the indicated period of
time (l� 350 nm: Rayonet RPR 3500 �; l� 300 nm: Rayonet RPR
3000 �). The course of the reaction was monitored by TLC and GLC.
Upon complete conversion of the carbonyl compound, the solvent was
evaporated in vacuo. The diastereoselectivity (d.r.) was determined by
GLC analysis of the crude product. The desired oxetanes were separated in
the course of the subsequent flash chromatography and were obtained as
colorless oils or solids. Relative configurations were determined by
1H NMR spectroscopy (NOE or NOESY experiments) or single-crystal
X-ray analysis.


(1RS,6SR,8RS)-2-Aza-7-oxa-8-phenylbicyclo[4.2.0]octan-3-one (7a): Ac-
cording to the general irradiation procedure, benzaldehyde (208 mg,
200 mL, 1.95 mmol) and 3,4-dihydropyridone 6a[9] (380 mg, 3.90 mmol)
were irradiated in acetonitrile (20 mL) at l� 300 nm for 8 h. The solvent
was removed in vacuo and the residue purified by flash chromatography
(EtOAc). Yield 250 mg (1.23 mmol, 63 %); Rf� 0.11 (EtOAc); m.p. 150 8C;
1H NMR (500 MHz): d� 7.37 ± 7.20 (m, 5 H; HAr), 6.07 (br s, 1H; NH), 5.91
(d, 3J� 6.2 Hz, 1 H; PhCH), 5.37 ± 5.40 (m, 1H; OCH), 4.53 (ddd, 3J�
6.2 Hz, 3J� 6.2 Hz, 3J� 4.3 Hz, 1 H; CHNH), 2.74 (ddd, 2J� 16.8 Hz, 3J�
13.5 Hz, 3J� 5.8 Hz, 1H; CHHCHHCO), 2.35 ± 2.31 (m, 1 H;
CHHCHHCO), 2.23 ± 2.18 (m, 1H; CHHCHHCO), 1.79 ± 1.71 (m, 1H;
CHHCHHCO); NOESY experiment (500 MHz): H(4.53)-H(5.37 ± 5.40)''',
H(4.53)-H(5.91)'', H (5.37 ± 5.40)-H (5.91)'''; 13C NMR (50 MHz): d� 173.4
(s; CO), 136.8 (s; CAr), 129.0 (2C, d; CArH), 128.3 (d; CArH), 125.5 (2 C, d;
CArH), 85.4 (d; PhCH), 74.8 (OCH), 54.5 (CHN), 28.1 (CH2CO), 25.3
(CH2CHO); IR (film): nÄ � 3279 (br s, NH), 2920 (s, CH), 2879 (m, CH),
1665 (s, C�O), 1635 (s), 1485 (m), 1200 (s), 985 (s, COC), 901 (s), 751 (s,
CH), 706 cmÿ1 (s, CH); MS (70 eV, EI): m/z (%): 203 (0.5) [M�], 119 (8), 97
(100) [M�ÿPhCHO], 91 (6) [C7H7


�], 77 (13) [C6H5
�], 69 (78), 54 (21), 43


(22); elemental analysis calcd (%) for C12H12NO2 (203.24): C 70.92, H 6.45,
N 6.89; found: C 70.68, H 6.57, N 6.70.


(1RS,6SR)-2-Aza-8,8-diphenyl-7-oxaazabicyclo[4.2.0]octan-3-one (8a):
According to the general irradiation procedure, benzophenone (380 mg,
2.11 mmol) and 3,4-dihydropyridone 6 a[9] (310 mg, 3.16 mmol) were
irradiated in acetonitrile (20 mL) at l� 350 nm for 16 h. The solvent was
removed in vacuo and the residue purified by flash chromatography
(EtOAc). Yield 316 mg (1.13 mmol, 54 %). Crystals suitable for single-
crystal X-ray analysis were obtained by recrystallization from chloroform.
Rf� 0.21 (EtOAc); m.p. 170 8C; 1H NMR (200 MHz): d� 7.69 ± 7.35 (m,
10H; HAr), 7.18 (br s, 1H; NH), 5.47 (d, 3J� 7.0 Hz, 1H; OCH), 4.88 (dd,
3J� 7.0 Hz, 3J� 4.9 Hz, 1 H; CHN), 2.66 (ddd, 2J� 16.6 Hz, 3J� 13.7 Hz,
3J� 5.1 Hz, 1H; CHHCHHCO), 2.45 ± 2.34 (m, 2 H; CHHCHHCO), 1.91
(ddd, 2J� 14.4 Hz, 3J� 5.1 Hz, 3J� 3.0 Hz, 1 H; CHHCHHCO); 13C NMR
(50 MHz): d� 184.0 (NCO), 128.5, 128.3, 127.4, 127.2, 125.3, 124.8, (12 C;
CArH and CAr), 91.4 (OCPh2), 72.5 (CHO), 59.4 (CHN), 27.8 (CH2CO), 25.2
(CH2CHO); IR (film): nÄ � 3250 (m, NH), 2930 (w, CH), 1680 (vs, C�O),
1625 (s), 1490 (m), 1450 (s), 1200 (m, CH), 990 (m, COC), 770 (m), 750 (m),
705 cmÿ1 (s, CH); MS (70 eV, EI): m/z (%): 279 (0.2) [M�], 183 (71)
[Ph2COH�], 105 (48) [PhCO�], 97 (100) [M�ÿPh2CO], 69 (61)
[C3H3NO�]; HRMS calcd (u) for C18H17NO2: 279.1259; found 279.1265.


3-Pivaloyloxybenzaldehyde : 3-Hydroxybenzaldehyde (3.66 g, 30.0 mmol)
was dissoved in CH2Cl2 (50 mL) and the solution was cooled to 0 8C.
Triethylamine (4.02 g, 5.54 mL, 40.0 mmol) and a catalytic amount of
dimethylaminopyridine (DMAP) were added to the stirred solution.
Pivaloyl chloride (3.98 g, 4.06 mL, 33.0 mmol) was added dropwise. The
mixture was warmed to room temperature and stirred for another 3 h. The
solvent was removed in vacuo and the residue purified by flash
chromatography (P/TBME� 6/1). Yield 5.90 g (28.6 mmol, 95%) of the
desired aldehyde as a colorless oil; Rf� 0.37 (P/TBME� 3/1); 1H NMR
(400 MHz): d� 9.97 (s, 1 H; CHO), 7.74 (virt. dt, 3J� 7.7 Hz, 4J� 1.3 Hz,
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1H; HAr), 7.60 (virt. t, 4J� 1.8 Hz, 1 H; HAr), 7.55 (virt. t, 3J� 7.9 Hz, 1H;
HAr), 7.34 (ddd, 3J� 8.1 Hz, 4J� 2.6 Hz, 4J� 1.1 Hz, 1H; HAr), 1.38 (s, 9H;
C(CH3)3); 13C NMR (125 MHz): d� 191.2 (s; CHO), 176.7 (s; CO), 151.6
(s; CAr), 137.6 (s; CAr), 130.0 (d; CHAr), 127.7 (d; CHAr), 127.2 (d; CHar),
122.0 (d; CHAr), 39.0 (s; C(CH3)3), 27.0 (3C, q; C(CH3)3); IR (film): nÄ �
2976 (m, CH), 1755 (s, C�O), 1700 (s, C�O), 1590 (m), 1480 (m), 1238 (s),
1139 (s), 1109 cmÿ1 (s); MS (70 eV, EI): m/z (%): 206 (2) [M�], 122 (58), 121
(23) [M�ÿCOtBu], 105 (2) [M�ÿOCOtBu], 85 (53) [COtBu�], 77 (4)
[C6H5


�], 65 [C5H5
�], 57 (100) [tBu�], 41 (33); elemental analysis calcd (%)


for C12H14O3 (206.44): C 69.88, H 6.84; found: C 69.63, H 6.87.


2,2-Dimethylpropanoic acid (2-aza-3-oxo-7-oxabicyclo[4.2.0]oct-8-yl)-phen-
yl ester : According to the general irradiation procedure, 3-pivaloyloxy-
benzaldehyde (280 mg, 1.36 mmol) and 3,4-dihydropyridone 6 a[9] (263 mg,
2.72 mmol) were irradiated in benzene (10 mL) at l� 300 nm for 10 h. The
solvent was removed in vacuo and the residue purified by flash
chromatography (EtOAc). Yield: 9a (192 mg, 0.63 mmol; 47%) as a white
solid and its (1RS,6SR,8SR)-diastereoisomer (27 mg, 0.09 mmol; 7%) as an
oil (54 %; d.r.� 88/12).


Major (1RS,6SR,8RS)-diastereoisomer (9 a): Rf� 0.07 (EtOAc); m.p. 55 ±
57 8C; 1H NMR (500 MHz): d� 7.24 (virt. t, 3J� 7.9 Hz, 1H; HAr), 6.85 ±
6.96 (m, 4H; 3 HAr, NH), 5.85 (d, 3J� 6.0 Hz, 1H; ArCH), 5.27 ± 5.30 (m,
1H; ArCHOCH), 4.45 (virt. dt, 3J� 6.2 Hz, 3J� 4.6 Hz, 1 H; CONHCH),
2.63 ± 2.55 (m, 1 H; NHCOCHH), 2.23 ± 2.29 (m, 1H; NHCOCHH), 2.11 ±
2.06 (m, 1H; NHCOCH2CHH), 1.66 ± 1.59 (m, 1 H; NHCOCH2CHH), 1.26
(s, 9H; C(CH3)3); 13C NMR (125 MHz): d� 176.8 (s; CO), 173.4 (s; CO),
151.2 (s; CAr), 138.3 (s; CAr), 129.3 (d; CHAr), 122.1 (d; CHAr), 120.5 (d;
CHAr), 118.2 (d; CHAr), 84.3 (d; ArCHO), 74.5 (d; ArCHOCH), 53.4 (d;
CONHCH), 38.9 (s; C(CH3)3), 27.5 (t; NHCOCH2), 27.0 (q, 3C; C(CH3)3),
24.7 (t; NHCOCH2CH2); IR (film): nÄ � 3391 cmÿ1 (br s, NH), 2964 (s, CH),
1751 (s, C�O), 1669 (s), 1482 (m), 1262 (s), 1100 (vs, b), 801 (s); MS (70 eV,
EI): m/z (%): 303 (<1) [M�], 205 (5), 121 (7), 97 (100) [M�ÿArCHO], 85
(8) [C5H9O�], 77 (3) [C6H5


�], 69 (43), 57 (67) [C4H9
�]; elemental analysis


calcd (%) for C17H21NO4 (303.35): C 67.31, H 6.98, N 4.62; found: C 67.36, H
6.78, N 4.41.


Minor (1RS,6SR,8SR)-diastereoisomer: Rf� 0.22 (EtOAc); 1H NMR
(500 MHz): d� 7.24 (virt. t, 3J� 7.9 Hz, 1H; HAr), 6.90 ± 7.12 (m, 3H;
HAr), 6.59 (br d, 3J� 5.0 Hz, 1H; NH), 5.31 (d, 3J� 4.6 Hz, 1H; ArCH),
5.19 ± 5.23 (m, 1H; ArCHOCH), 4.04 ± 4.08 (m, 1 H; CONHCH), 2.81 ±
2.88 (m, 1 H; NHCOCHH), 2.47 ± 2.62 (m, 1H; NHCOCHH), 2.17 ± 2.22
(m, 1H; NHCOCH2CHH), 1.71 ± 1.79 (m, 1H; NHCOCH2CHH), 1.27 (s,
9H; C(CH3)3); 13C NMR (125 MHz): d� 177.0 (s; CO), 173.8 (s; CO), 151.6
(s; CAr), 142.1 (s; CAr), 129.9 (d; CHAr), 122.0 (d; CHAr), 121.5 (d; CHAr),
118.1 (d; CHAr), 91.1 (d; ArCHO), 76.0 (d; ArCHOCH), 56.3 (d;
CONHCH), 39.1 (s; C(CH3)3), 28.4 (t; NHCOCH2), 27.1 (q, 3C;
C(CH3)3), 26.3 (t; NHCOCH2CH2); IR (film): nÄ � 3379 (br s, NH), 2971
(s, CH), 1752 (s, C�O), 1674 (s, C�O), 1481 (m), 1263 (s), 1114 (s),
806 cmÿ1 (s); MS (70 eV, EI): m/z (%): 303 (<1) [M�], 205 (1), 121 (5), 97
(100) [M�ÿArCHO], 85 (12) [C5H9O�], 77 (4) [C6H5


�], 69 (52), 57 (73)
[C4H9


�]; HRMS calcd (u) for C17H21NO4: 303.1471; found 303.1462.


(1RS,6SR,8RS)-2-Aza-8-methyl-7-oxa-8-phenylbicyclo[4.2.0]octan-3-one
(10 a): According to the general irradiation procedure, acetophenone
(342 mg, 2.83 mmol) and 3,4-dihydropyridone 6 a[9] (413 mg, 4.26 mmol)
were irradiated in acetonitrile (10 mL) at l� 350 nm for 48 h. The solvent
was removed in vacuo and the residue purified by flash chromatography
(EtOAc). Yield: 338 mg (1.44 mmol, 51 %). Rf� 0.11 (EtOAc); 1H NMR
(300 MHz): d� 7.62 (br s, 1 H; NH), 7.36 ± 7.60 (m, 5H; HAr), 5.45 (d, 3J�
6.1 Hz, 1 H; OCH), 4.81 (dd, 3J� 6.8 Hz, 3J� 4.6 Hz, 1H; CHNH), 2.65 ±
2.49 (m, 1H; CHHCO), 2.34 ± 2.25 (m, 2H; CHHCHHCO), 1.91 (s, 3H;
CH3), 1.86 ± 1.79 (m, 1H; CHHCH2CO); 13C NMR (75.5 MHz): d� 173.8
(NCO), 141.6 (CAr), 128.1 (2C; CArH), 126.9 (2 C; CArH), 124.6 (CArH), 90.3
(CPh), 71.4 (OCH), 57.9 (CHNH), 30.0 (CH3), 27.6 (CH2CO), 24.9
(CH2CHO); IR (film): nÄ � 3340 (s, NH), 2970 (m, CH), 2955 (m, CH),
1675 (s, C�O), 1640 (vs), 1480 (m), 1190 (m), 1030 (m), 915 cmÿ1 (m, COC);
MS (70 eV, EI): m/z (%): 199 (0.2) [M�ÿCH3], 121 (6) [PhCOHCH3


�], 97
(100) [M�ÿPhCOCH3], 69 (58) [C3H3NO�], 43 (22) [C3H7


�]. The
compound was not stable at room temperature. A correct elemental
analysis was not obtained.


(1RS,6SR,8RS)-2-Aza-8-methoxycarbonyl-8-phenyl-7-oxabicyclo[4.2.0]-
octan-3-one (11 a): According to the general irradiation procedure, methyl
phenylglyoxylate (760 mg, 4.62 mmol) and 3,4-dihydropyridone 6 a[9]


(680 mg, 7.00 mmol) were irradiated in acetonitrile (10 mL) at l� 350 nm
for 40 h. The solvent was removed in vacuo and the residue purified by flash
chromatography (EtOAc). Yield 951 mg (3.64 mmol, 52%); Rf� 0.32
(EtOAc); m.p. 158 8C; 1H NMR (300 MHz): d� 7.44 ± 7.04 (m, 5H; HAr),
6.56 (d, 3J� 4.4 Hz, 1 H; NH), 5.34 (d, 3J� 6.8 Hz, 1 H; OCH), 4.81 (dd,
3J� 7.3 Hz, 3J� 5.4 Hz, 1H; CHNH), 3.73 (s, 3H; CH3), 2.34 (ddd, 2J�
16.8 Hz, 3J� 14.2 Hz, 3J� 4.7 Hz, 1H; CHHCO), 2.19 ± 2.11 (m, 2 H;
CHHCHHCO), 1.67 (dddd, 2J� 3J� 14.3 Hz, 3J� 5.9 Hz, 3J� 2.9 Hz, 1H;
CHHCH2CO); 13C NMR (50 MHz): d� 173.1 (NCO), 135.7 (CAr), 128.5
(2C; CAr), 125.4 (2C; CAr), 124.6 (CAr), 91.3 (CPh), 74.6 (CHO), 56.3
(CHN), 53.1 (CH3), 27.7 (CH2CO), 24.8 (CH2CHO); IR (film): nÄ � 3325 (s,
NH), 3060 (w), 2950 (m, CH), 1735 (s, C�O), 1670 (vs), 1440 (m), 1435 (m),
1245 (s), 1195 (m), 1025 (m), 910 cmÿ1 (m, CÿO); MS (70 eV, EI): m/z (%):
202 (5) [M�ÿCOOCH3], 105 (20) [C6H5CO�], 97 (100) [M�ÿPhCO-
COOCH3], 77 (13) [C6H5


�], 69 (21) [C3H3NO�]; elemental analysis calcd
(%) for C14H15NO4 (173.21): C 64.36, H 5.79, N 5.36; found: C 64.52, H 5.63,
N 5.79.


(5RS,6RS)-5-Hydroxy-6-phenylmethyl-2-piperidinone (12): Pd(OH)2/C
(20 % [w/w], 42 mg, 0.08 mmol) was added to a solution of oxetane 7a
(95 mg, 0.47 mmol) in methanol (4 mL) and the mixture stirred vigorously
under atmospheric hydrogen pressure for 3 h. The course of the reaction
was monitored by TLC. Upon complete conversion, the catalyst was
removed by filtration and the solvent evaporated in vacuo. Flash
chromatography (EtOAc) yielded 84 mg (88 %) of piperidinone 12 as a
white solid. Rf� 0.50 (EtOAc/MeOH� 2/1); m.p. 136 ± 138 8C; 1H NMR
(500 MHz, [D4]MeOH): d� 7.36 ± 7.20 (m, 5 H; HAr), 3.81 (virt. dt, 3J�
4.9 Hz, 3J� 2.6 Hz, 1 H; CHOH), 3.61 (virt. dt, 3J� 7.6 Hz, 3J� 2.6 Hz,
1H; PhCH2CH), 3.01 (dd, 2J� 13.2 Hz, 3J� 8.2 Hz, 1 H; PhCHH), 2.78 (dd,
2J� 13.2 Hz, 3J� 7.0 Hz, 1H; PhCHH), 2.54 (ddd, 2J� 18.1 Hz, 3J�
11.6 Hz, 3J� 6.9 Hz, 1H; NHCOCHH), 2.26 (ddd, 2J� 18.1 Hz, 3J�
6.8 Hz, 3J� 2.4 Hz, 1 H; NHCOCHH), 1.96 (dddd, 2J� 13.9 Hz, 3J�
6.9 Hz, 3J� 4.9 Hz, 3J� 2.4 Hz, 1H; NHCOCH2CHH), 1.82 (dddd, 2J�
13.9 Hz, 3J� 11.6 Hz, 3J� 6.8 Hz, 3J� 2.2 Hz, 1 H; NHCOCH2CHH);
13C NMR (125 MHz, [D4]MeOH): d� 175.1 (s; CO), 139.1 (s; CAr), 130.8
(d, 2C; CArH), 130.0 (d, 2 C; CArH), 128.0 (d; CArH), 64.2 (d; HOCH), 60.0
(d; PhCH2CH), 38.6 (t; PhCH2), 28.5 (t; NHCOCH2CH2), 27.4 (t;
NHCOCH2); IR (KBr): nÄ � 3278 (m, NH), 3219 (m, NH), 2929 (m, CH),
1654 (s, C�O), 1406 (m), 1056 (m), 729 (m, CH), 703 cmÿ1 (m, CH); MS
(70 eV, EI): m/z (%): 205 (1) [M�], 133 (2), 120 (10), 114 (100) [M�ÿC7H7],
91 (20) [C7H7


�], 86 (15) [114ÿCO], 55 (23) [CH2CHCO�]; elemental
analysis calcd (%) for C12H15NO2 (205.25): C 70.22, H 7.37, N 6.82; found: C
69.97, H 7.13, N 6.67.


(5RS,6RS)-6-Diphenylmethyl-5-hydroxy-2-piperidinone (13): Pd(OH)2/C
(20 % [w/w], 40 mg, 0.10 mmol) was added to a solution of oxetane 8a
(168 mg, 0.60 mmol) in methanol (10 mL) and the mixture stirred
vigorously under atmospheric hydrogen pressure for 3.5 h. The course of
the reaction was monitored by TLC. Upon complete conversion, the
catalyst was removed by filtration and the solvent evaporated in vacuo.
Flash chromatography (TBME) yielded piperidinone 13 (140 mg; 93%) as
a white solid. Rf� 0.42 (EtOAc); m.p. 168 8C; 1H NMR (200 MHz): d�
7.37 ± 7.12 (m, 10 H; 2Ph), 5.09 (br s, 1H; NH), 4.70 (dd, 3J� 7.1 Hz, 3J�
4.3 Hz, 1H; OCH), 4.19 (dd, 3J� 5.8 Hz, 3J� 1.9 Hz, 1 H; CHN), 2.56 (dd,
2J� 16.3 Hz, 3J� 5.5 Hz, 1 H; CHHCO), 2.16 (dd, 2J� 16.3 Hz, 3J� 3.8 Hz,
1H; CHHCO), 2.04 ± 1.94 (m, 1H; CHCH2CO), 1.61 ± 1.47 (m, 1H;
(CH3)2CH), 0.91 (d, 3J� 6.8 Hz, 6H; CH3CHCH3); 13C NMR (50 MHz):
d� 173.0 (NCO), 145.3 (2C; CAr), 130.8 (4C; CArH), 128.5 (4 C; CArH),
125.3 (2C; CArH), 91.4 (OCPh2), 74.7 (OCH), 58.7 (CHNH), 42.8
(CH2CO), 31.2 (CHCH2CO), 28.8 ((CH3)2CH), 20.6 (2C; (CH3)2CH); IR
(film): nÄ � 3230 (s, NH); 3060 (s), 2960 (s), 2930 (s), 2870 (s, CH), 1730 (s,
C�O), 1680 (vs), 1490 (m), 1445 (m), 1275 (m), 1135 (m), 745 (s), 705 cmÿ1


(s, CH); MS (70 eV, EI): m/z (%): 167 (38) [CHPh2
�], 114 (100) [M�ÿ


CHPh2], 28 (22) [CO�].


(1RS,5SR,7SR)-3-Aza-2-oxo-1,5,7-trimethylbicyclo[3.3.1]-7-nonanoic
acid 3-formylphenyl ester (rac-15): Thionyl chloride (2 mL) was added to
the solid acid rac-14[17] (110 mg, 0.49 mmol) under argon. The mixture was
refluxed for 2.5 h and excess thionyl chloride was subsequently removed by
destillation. The crude acid chloride was dried in vacuo. 3-Hydroxybenz-
aldehyde (65 mg, 0.53 mmol) was dissolved in a mixture of THF (5 mL) and
triethylamine (2 mL). After addition of a catalytic amount of DMAP (5 ±
10 mg), a solution of the crude acid chloride in THF (3 mL) was slowly
added to the stirred phenol solution at room temperature. Upon complete
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addition, the solution was stirred for another 18 h. The solvents were
removed in vacuo and the crude product was purified by flash chromatog-
raphy (TBME/P� 3/2). The ester rac-15 was obtained as a white solid.
Yield: 85 mg (0.26 mmol, 53%); Rf� 0.39 (EtOAc); m.p. 49 ± 51 8C;
1H NMR (500 MHz): d� 7.60 (virt. dt, 3J� 7.5 Hz, 4J� 1.3 Hz, 1H; HAr),
7.54 (virt. t, 4J� 1.9 Hz, 1 H; HAr), 7.42 (virt. t, 3J� 7.7 Hz, 1 H; HAr), 7.33
(ddd, 3J� 7.9 Hz, 4J� 2.3 Hz, 4J� 1.3 Hz, 1 H; HAr), 5.63 (br s, 1 H; NH),
3.06 (virt. dt, 2J� 11.7 Hz, 4J� 2.3 Hz, 1 H; NCHH), 2.93 (d, 2J� 11.7 Hz,
1H; NCHH), 2.69 (virt. dt, 2J� 14.2 Hz, 4J� 2.2 Hz, 1 H; CHH), 9.86 (s,
1H; CHO), 2.45 (virt. dt, 2J� 14.2 Hz, 4J� 2.2 Hz, 1H; CHH), 1.67 (virt. dt,
2J� 13.0 Hz, 4J� 2.2 Hz, 1H; CHH), 1.28 (s, 3 H; CH3), 1.20 (dd, 2J�
13.0 Hz, 4J� 2.1 Hz, 1H; CHH), 1.12 (d, 2J� 14.2 Hz, 1 H; CHH), 1.11 (s,
3H; CH3), 1.06 (dd, 2J� 14.2 Hz, 4J� 2.1 Hz, 1 H; CHH), 0.89 (s, 3H; CH3);
13C NMR (125 MHz): d� 191.9 (s; CHO), 176.0 (s; CO), 175.2 (s; CO),
152.0 (s; CAr), 138.0 (s; CAr), 130.5 (d; CArH), 128.5 (d; CArH), 127.2 (d;
CArH), 123.4 (d; CArH), 53.6 (t; NCH2), 46.4 (t; CH2), 45.5 (t; 2C; CH2),
43.3 (s; C), 38.9 (s; C), 31.5 (q; CH3), 31.0 (s; C), 29.2 (q; CH3), 25.3
(q; CH3); IR (film): nÄ � 3198 (m, NH), 3060 (m), 2956 (m, CH), 2924
(m, CH), 1750 (s, C�O), 1699 (s), 1660 (m), 1446 (m), 1458 (m), 1230 (m),
1150 (s), 1074 cmÿ1 (s); MS (70 eV, EI): m/z (%): 208 (100) [M�ÿ
OArCHO], 180 (92) [208ÿCO], 135 (65), 121 (23), 107 (29), 93 (23),
81 (22), 77 (12) [C6H5


�], 70 (22), 67 (12); elemental analysis calcd (%
for C19H23NO4 (329.39): C 69.28, H 7.04, N 4.25; found: C 69.30, H 7.03,
N 4.13.


Resolution of compound 15 : N,N-Diisopropylamine (160 mL, 1.14 mmol)
was dissolved in THF (20 mL) and the solution was cooled ÿ78 8C. n-
Butyllithium (0.60 mL of a 1.53 m solution in n-hexane, 0.92 mmol) was
added dropwise to this solution and the mixture subsequently stirred for
another 1.5 h at ÿ78 8C. A solution of the bicyclic amide rac-15 (250 mg,
0.76 mmol) in THF (15 mL) was added dropwise to the lithium diisopro-
pylamide (LDA) solution within 45 min. After an additional 1 h at ÿ78 8C
(ÿ)-menthyl chloroformate (0.81 mL, 0.835 g, 3.80 mmol) was added
slowly over 45 min. The solution was stirred for another 1 h at ÿ78 8C,
for 1 h at 0 8C and finally for 15 h at room temperature. It was quenched
with a saturated NH4Cl-solution (12 mL) and the mixture was reduced in
vacuo. The residue was partioned between a saturated NaHCO3 solution
(10 mL) and CH2Cl2 (20 mL). The organic layer was removed and the
aqueous layer extracted with CH2Cl2 (4� 20 mL). The combined organic
layers were successively washed with a saturated NaHCO3 solution
(10 mL) and with brine (10 mL). After drying over MgSO4 and filtration,
the solvent was removed in vacuo. The two diastereoisomers were
separated by flash chromatography (TBME/P� 1/6!1/2).


More polar diastereoisomer (89 mg, 0.17 mmol, 23 %): Rf� 0.38 (P/
TBME� 5/1); [a]20


D �ÿ46.3 (c� 0.99 in CH2Cl2); 1H NMR (500 MHz):
d� 10.00 (s, 1H; CHO), 7.73 ± 7.64 (m, 2H; HAr), 7.52 ± 7.42 (m, 2H; HAr),
4.49 (virt. dt, 3J� 10.9 Hz, 3J� 4.3 Hz, 1H; COOCH), 3.79 (dd, 2J�
12.5 Hz, 4J� 2.3 Hz, 1 H; CONCHH), 3.21 (dd, 2J� 12.5 Hz, 4J� 1.7 Hz,
1H; CONHCHH), 2.87 (d, 2J� 14.2 Hz, 1 H; CHH), 2.60 (d, 2J� 14.2 Hz,
1H; CHH), 1.85 (d, 2J� 13.0 Hz, 1H; CHH), 1.78 (dsep, 3J� 7.0 Hz, 3J�
2.8 Hz, 1H; (CH3)2CH), 1.72 ± 1.62 (m, 1H; CH-Menthyl), 1.61 ± 1.53 (m,
2H; CHH-Menthyl, CHH-Menthyl), 1.52 ± 1.47 (m, 1 H; CHH-Menthyl),
1.42 (s, 3H; CH3), 1.35 (dd, 2J� 13.0 Hz, 4J� 2.4 Hz, 1H; CHH), 1.29 (d,
2J� 14.4 Hz, 1H; CHH), 1.28 (s, 3 H; CH3), 1.28 ± 1.21 (m, 1 H; CHH-
Menthyl), 1.21 (dd, 2J� 14.2 Hz, 4J� 1.7 Hz, 1H; CHH), 1.07 (s, 3 H; CH3),
0.95 ± 0.90 (m, 1H; CH-Menthyl), 0.78 (d, 3J� 7.0 Hz, 3 H; CH3-Menthyl),
0.76 ± 0.70 (m, 2H; CHH-Menthyl, CHH-Menthyl), 0.69 (d, 3J� 6.6 Hz,
3H; CH3-Menthyl), 0.64 (d, 3J� 6.9 Hz, 3 H; CH3-Menthyl); 13C NMR
(125 MHz): d� 191.6 (s; CHO), 174.4 (s; CO), 174.3 (s; CO), 152.2 (s; Car),
151.5 (s; NCOO), 137.4 (s; CAr), 129.8 (d; CArH), 128.3 (d; CArH), 126.1 (d;
CArH), 123.6 (d; CArH), 77.0 (d; COOCH), 57.6 (t; CONCH2), 46.5 (d; CH-
Menthyl), 46.0 (t; CH2), 45.8 (t; CH2), 44.2 (t; CH2), 42.7 (s; C), 41.3 (s; C),
40.2 (t; CH2-Menthyl), 34.0 (t; CH2-Menthyl), 31.5 (d; CH-Menthyl), 31.2
(q; CH3), 30.5 (s; C), 29.4 (q; CH3), 26.0 (q; CH3), 25.9 (d; CH-Menthyl),
23.1 (t; CH2-Menthyl), 21.8 (q; CH3-Menthyl), 20.8 (q; CH3-Menthyl), 16.1
(q; CH3-Menthyl); IR (film): nÄ � 2924 (s, CH), 1749 (br s, C�O), 1699 (br s),
1450 (s), 1148 cmÿ1 (m); MS (EI, 70eV): m/z (%): 390 (4) [M�ÿ
OArCHO], 330 (3), 208 (100) [M�H�ÿCOOC10H19], 180 (59) [208 CO],
139 (4) [C10H19


�], 135 (8), 121 (13) [OArCHO�], 95 (23), 83 (41), 77 (2)
[C6H5


�], 69 (18), 65 (3) [C5H5
�], 57 (17), 55 (25).


Less polar diastereoisomer (40 mg, 0.08 mmol, 10 %): Rf� 0.48 (P/
TBME� 5/1); 1H NMR (500 MHz): d� 10.00 (s, 1 H; CHO), 7.71 (d, 3J�


7.4 Hz, 1 H; HAr), 7.65 (s, 1H; HAr), 7.50 ± 7.42 (m, 2 H; HAr), 4.49 (virt. dt,
3J� 10.9 Hz, 3J� 4.3 Hz, 1 H; COOCH), 3.70 (dd, 2J� 12.6 Hz, 4J� 2.1 Hz,
1H; CONCHH), 3.30 (dd, 2J� 12.6 Hz, 4J� 1.5 Hz, 1H; CONHCHH),
2.87 (d, 2J� 14.3 Hz, 1H; CHH), 2.62 (d, 2J� 14.3 Hz, 1H; CHH), 1.92 ±
1.80 (m, 2 H; (CH3)2CH, CHH), 1.42 (s, 3H; CH3), 1.28 (s, 3H; CH3), 1.09 (s,
3H; CH3), 0.79 (d, 3J� 7.2 Hz, 3H; CH3-Menthyl), 0.76 (d, 3J� 6.4 Hz, 3H;
CH3-Menthyl), 1.75 ± 0.50 (m, 11H; 6�CHH-Menthyl, 4�CH-Menthyl,
3�CHH), 0.42 (d, 3J� 6.9 Hz, 3H; CH3-Menthyl); 13C NMR (125 MHz):
d� 191.5 (s; CHO), 174.2 (s; CO), 174.0 (s; CO), 153.0 (s; CAr), 151.6 (s;
NCOO), 137.4 (s; CAr), 129.8 (d; CArH), 128.1 (d; CArH), 126.0 (d; CArH),
123.3 (d; CArH), 76.7 (d; COOCH), 58.1 (t; CONCH2), 46.5 (d; CH-
Menthyl), 46.1 (t; CH2), 45.7 (t; CH2), 44.4 (t; CH2), 42.7 (s; C), 41.4 (s; C),
40.2 (t; CH2-Menthyl), 34.0 (t; CH2-Menthyl), 31.5 (d; CH-Menthyl), 31.2
(q; CH3), 30.5 (s; C), 29.4 (q; CH3), 26.0 (q; CH3), 25.4 (d; CH-Menthyl),
22.8 (t; CH2-Menthyl), 21.9 (q; CH3-Menthyl), 20.9 (q; CH3-Menthyl), 15.5
(q; CH3-Menthyl); MS (70 eV, EI): m/z (%): 390 (2) [M�ÿOArCHO], 330
(1), 208 (100) [M�H�ÿCOOC10H19], 180 (58) [208ÿCO], 139 (5)
[C10H19


�], 135 (8), 121 (12), 95 (34), 83 (69), 77 (2) [C6H5
�], 69 (33), 65


(2) [C5H5
�], 57 (53), 55 (38).


The corresponding N-menthoxycarbonyl amide was treated with neat
trifluoroacetic acid (TFA; 1 mL) under argon (see below for detailed
conditions) and stirred for 15 h at room termperature. Upon complete
conversion water was added to the solution and the aqueous layer was
thoroughly extracted with CH2Cl2. The combined organic layers were
successively washed with a saturated NaHCO3 solution (10 mL) and with
brine (10 mL). After the solution had been dried over MgSO4 and filtered,
the solvent was removed in vacuo.


(�)-(1R,5S,7S)-15 : According to the procedure outlined above, the
more polar diastereoisomer (60 mg, 0.12 mmol) was hydrolyzed. The
crude product was purified by flash chromatography (TBME/P� 1/1).
Yield of (�)-15 (23 mg, 0.07 mmol; 60%). [a]20


D ��51.8 (c� 1.13 in
CH2Cl2).


(ÿ)-(1S,5R,7R)-15 : According to the procedure outlined above, the more
polar diastereoisomer (40 mg, 0.08 mmol) was hydrolyzed. The crude
product was purified by flash chromatography (TBME/P� 1/1). Yield of
(ÿ)-15 (10 mg, 0.03 mmol; 36%). [a]20


D �ÿ52.8 (c� 0.86 in CH2Cl2).


(1RS,5SR,7SR,1�SR,6�RS,8�RS)-3-Aza-2-oxo-1,5,7-trimethylbicyclo-
[3.3.1]-7-nonanoic acid 3-(2'-aza-7'-oxa-3'-oxobicyclo[4.2.0]oct-8�-yl)phen-
yl ester (16): According to the general irradiation procedure, the aldehyde
rac-15 (80 mg, 0.24 mmol) and 3,4-dihydropyridone 6a[9] (48 mg,
0.49 mmol) were irradiated in toluene (20 mL) at l� 300 nm and V�
ÿ10 8C for 4 h. The solvent was removed in vacuo and the residue purified
by flash chromatography (EtOAc). Yield: 58 mg (0.14 mmol, 56 %); Rf�
0.32 (EtOAc/EtOH� 5/1); m.p. 194 ± 196 8C; 1H NMR (500 MHz): d� 8.61
(br s, 1H; NH), 8.00 (br s, 1 H; NH), 7.37 ± 7.10 (m, 3 H; HAr), 6.90 (s, 1H;
HAr), 5.95 (d, 3J� 6.6 Hz, 1H; ArCH), 5.49 ± 5.46 (m, 1H; ArCHOCH),
4.80 (virt. dt, 3J� 7.0 Hz, 3J� 4.3 Hz, 1H; ArCHCH), 3.16 (d, 2J� 12.3 Hz,
1H; NCHH), 2.95 (d, 2J� 12.3 Hz, 1H; NCHH), 2.82 (d, 2J� 14.1 Hz, 1H;
CHH), 2.54 (d, 2J� 14.0 Hz, 1 H; CHH), 2.31 ± 2.26 (m, 1H;
NHCOCHHCH2), 2.11 ± 2.00 (m, 2H; NHCOCHHCHH), 1.74 (d, 2J�
12.8 Hz, 1 H; CHH), 1.66 ± 1.63 (m, 1H; NHCOCH2CHH), 1.36 (s, 3H;
CH3), 1.26 ± 1.20 (m, 2 H; CHH), 1.19 (s, 3H; CH3), 1.07 (dd, 2J� 14.1 Hz,
4J� 1.6 Hz, 1H; CHH), 0.96 (s, 3 H; CH3); 13C NMR (125 MHz): d� 176.8
(s; CO), 175.4 (s; CO), 173.9 (s; CO), 149.8 (s; CAr), 138.7 (s; CAr), 128.6 (d;
CArH), 121.7 (d; CArH), 121.3 (d; CArH), 118.6 (d; CArH), 84.0 (d; ArCHO),
75.7 (d; ArCHOCH), 52.5 (t; NHCH2), 52.0 (d; ArCHCH), 45.9 (t; CH2),
45.4 (t; CH2), 45.1 (t; CH2), 42.5 (s; C), 38.1 (s; C), 30.7 (q; CH3), 30.2 (s; C),
29.0 (q; CH3), 27.5 (t; NHCOCH2CH2), 25.1 (t; NHCOCH2CH2), 25.0 (q;
CH3); IR (film): nÄ � 3217 (s, NH), 2962 (s, CH), 2927 (s, CH), 1754 (s, C�
O), 1669 (vs, b), 1489 (m), 1261 (s), 1096 (s), 801 cmÿ1 (m); MS (70 eV, EI):
m/z (%): 426 (<1) [M�], 330 (85) [M�ÿNHCOC4H5], 288 (3), 208 (95)
[M�ÿOArC6H8NO2], 180 (100) [M�ÿCOOArC6H8NO2], 152 (19), 135
(70), 121 (36), 107 (33), 97 (95) [NHCOC4H6


�], 81 (27), 69 (73), 55 (34);
HRMS calcd (u) for C24H30N2O5: 426.2155; found 426.2163.


(ÿ)-(1R,5S,7S,1'S,6'R,8'R)-(16): In an analogous fashion, the enantio-
merically pure compound (�)-15 was converted into the oxetane (ÿ)-16,
the optical purity of which was proven by HPLC (column: Chiracel OD;
eluent: hexane/isopropanol). [a]20


D �ÿ25.5 (c� 0.55, CH2Cl2).


2-aza-8,8-diphenyl-5-methyl-7-oxabicyclo[4.2.0]octan-3-one (8b/8 b'): Ac-
cording to the general irradiation procedure, benzophenone (248 mg,
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1.36 mmol) and 3,4-dihydropyridone 6 b (228 mg, 2.05 mmol) were irradi-
ated in acetonitrile (10 mL) at l� 350 nm for 11 h. The diastereomeric
ratio in the crude product mixture was determined as 55:45 in favor
of the major diastereoisomer 8b. The solvent was removed in vacuo
and the residue purified by flash chromatography (P/TBME� 1/1).
Compounds 8 b (87 mg, 22%) and 8 b' (69 mg, 17 %) were obtained as
colorless solids.


(1RS,5RS,6SR)-Isomer (8 b): Rf� 0.31 (EtOAc); m.p. 192 8C; 1H NMR
(200 MHz): d� 7.49 ± 7.14 (m, 10H; HAr), 6.61 (d, 3J� 4.3 Hz, 1H; NH),
4.89 (ddd, 3J� 6.8 Hz, 3J� 4J� 2.0 Hz, 1 H; OCH), 4.68 (dd, 3J� 6.8 Hz,
3J� 4.3 Hz, 1 H; CHNH), 2.68 (dd, 2J� 16.4 Hz, 3J� 5.6 Hz, 1 H; CHH),
2.41 ± 2.31 (m, 1H; CHCH3), 2.07 (d, 2J� 16.4 Hz, 1H; CHH), 0.90 (d, 3J�
7.3 Hz, 3 H; CH3); 13C NMR (50 MHz): d� 172.9 (NCO), 145.4 (CAr), 140.9
(CAr), 128.4 (2C, CArH), 128.1 (2C, CArH), 127.2 (2C, CArH), 127.0 (2C,
CArH), 125.2 (CArH), 124.7 (CArH), 91.8 (OCPh2), 76.3 (OCH), 58.2 (CHN),
34.6 (CHCH3), 30.3 (CH2CO), 15.3 (CH3); IR (film): nÄ � 3210 (m, NH),
2960 (m, CH), 1685 (vs, C�O), 1495 (m), 1450 (s), 980 (m), 745 (w),
705 cmÿ1 (m, CH); MS (70 eV, EI): m/z (%): 293 (1) [M�], 111 (72) [M�ÿ
Ph2CO], 105 (50) [PhCO�], 96 (100) [M�ÿPh2CO-CH3].


(1RS,5SR,6SR)-Isomer (8b'): Rf� 0.22 (EtOAc); m.p. >225 8C; 1H NMR
(200 MHz): d� 7.57 (d, 3J� 4.8 Hz, 1 H; NH), 7.46 ± 7.07 (m, 10H; HAr),
5.00 (d, 3J� 7.8 Hz, 1H; OCH), 4.63 (dd, 3J� 7.8 Hz, 3J� 5.0 Hz, 1H;
CHNH), 2.25 ± 1.77 (m, 3 H; CHCH2), 1.07 (d, 3J� 6.8 Hz, 3 H; CH3);
13C NMR (50 MHz): d� 174.3 (NCO), 145.5 (CAr), 140.7 (CAr), 128.4 (2C,
CArH), 128.2 (2C, CArH), 127.3 (2C, CArH), 127.1 (2C, CArH), 125.4 (CArH),
124.8 (CArH), 91.8 (OCPh2), 75.9 (OCH), 58.9 (CHN), 35.5 (CHCH3), 30.5
(CH2CO), 14.6 (CH3); IR (film): nÄ � 3345 (s, NH), 3020 (w), 2960 (m, CH),
1675 (s, C�O), 1635 (vs), 1450 (s), 1315 (m), 990 (m), 945 (m), 750 (m),
705 cmÿ1 (s, CH); MS (70 eV, EI): m/z (%): 183 (10) [Ph2COH�], 111 (79)
[M�ÿPh2CO], 105 (25) [PhCO�], 96 (100) [M�ÿPh2COÿCH3], 68 (30)
[C5H8


�]. The compounds were not stable at room temperature. Correct
elemental analyses were not obtained.


2-Aza-8,8-Diphenyl-5-iso-propyl-7-oxabicyclo[4.2.0]octan-3-one (8c/8 c'):
According to the general irradiation procedure, benzophenone (610 mg,
3.35 mmol) and 3,4-dihydropyridone 6 c (700 mg, 5.03 mmol) were irradi-
ated in acetonitrile (20 mL) at l� 350 nm for 11 h. The diastereomeric
ratio in the crude product mixture was determined as 60:40 in favor
of the major diastereoisomer 8c. The solvent was removed in vacuo
and the residue purified by flash chromatography (P/TBME� 1/1).
Compounds 8c (192 mg, 18%) and 8 c' (138 mg, 13%) were obtained as
colorless solids.


(1RS,5RS,6SR)-Isomer (8 c): Rf� 0.35 (EtOAc); m.p. 185 8C; 1H NMR
(300 MHz): d� 7.50 ± 7.35 (m, 10 H; HAr), 5.49 (br s, 1H; NH), 5.20 (dd, 3J�
3J� 5.6 Hz, 1H; OCH), 4.86 (dd, 3J� 7.3 Hz, 3J� 4.9 Hz, 1H; CHNH), 2.79
(dd, 2J� 17.8 Hz, 3J� 3.7 Hz, 1H; CHHCO), 2.73 (ddd, 2J� 17.8 Hz, 3J�
4J� 1.7 Hz, 1 H; CHHCO), 2.14 ± 2.08 (m, 1 H; CHCH2CO), 1.68 ± 1.45 (m,
1H; (CH3)2CH), 1.08 (d, 3J� 6.8 Hz, 6H; CH3CHCH3); 13C NMR
(75.5 MHz): d� 172.1 (NCO), 144.2 (2C; CAr), 128.6 (4C; CArH), 127.6
(4C; CArH), 125.3 (2C; CArH), 91.4 (OCPh2), 73.8 (OCH), 60.3 (CHNH),
39.9 (CH2CO), 32.1 (CHCH2CO), 28.8 ((CH3)2CH), 20.4 (2 C, (CH3)2CH);
IR (film): nÄ � 3345 (s, NH), 3250 (m), 2960 (m, CH), 1660 (vs, C�O), 1490
(m), 1445 (m), 1275 (m), 1175 (w), 750 (s), 700 cmÿ1 (s, CH); MS (70 eV,
EI): m/z (%): 183 (28) [Ph2CO�], 139 (46) [C8H13O�], 105 (21) [PhCO�], 96
(100) [C5H6NO�], 77 (13) [C6H5


�], 28 (12) [CO�].


(1RS,5SR,6SR)-Isomer (8 c'): Rf� 0.42 (EtOAc); m.p. 168 8C; 1H NMR
(200 MHz): d� 7.37 ± 7.12 (m, 10 H; HAr), 5.09 (br s, 1H; NH), 4.70 (dd, 3J�
7.1 Hz, 3J� 4.3 Hz, 1H; OCH), 4.19 (dd, 3J� 5.8 Hz, 3J� 1.9 Hz, 1H;
CHNH), 2.56 (dd, 2J� 16.3 Hz, 3J� 5.5 Hz, 1 H; CHHCO), 2.16 (dd, 2J�
16.3 Hz, 3J� 3.8 Hz, 1H; CHHCO), 2.04 ± 1.94 (m, 1H; CHCH2CO), 1.61 ±
1.47 (m, 1 H; (CH3)2CH), 0.91 (d, 3J� 6.8 Hz, 6 H; CH3CHCH3); 13C NMR
(50 MHz): d� 173.0 (NCO), 145.3 (2C, CAr), 130.8 (4C, CArH), 128.5 (4C,
CArH), 125.3 (2 C, CArH), 91.4 (OCPh2), 74.7 (OCH), 58.7 (CHNH), 42.8
(CH2CO), 31.2 (CHCH2CO), 28.8 ((CH3)2CH), 20.6 (2C, (CH3)2CH); IR
(film): nÄ � 3230 (s, NH), 3060 (s), 2960 (s), 2930 (s), 2870 (s, C-H), 1730 (m),
1680 (vs, C�O), 1490 (m), 1445 (m), 1275 (m), 1135 (m), 745 (s), 705 cmÿ1


(s, CÿH); MS (70 eV, EI): m/z (%): 279 (8) [M�ÿC3H6], 183 (17)
[Ph2CO�], 139 (29) [C8H13O�], 105 (28) [PhCO�], 96 (100) [C5H6NO�], 77
(7) [C6H5


�], 43 (16) [C3H7
�].


Acknowledgement


This project was supported by the Deutsche Forschungsgemeinschaft (Ba
1372/4 ± 2) and by the Fonds der Chemischen Industrie. We cordially thank
Prof. Craig S. Wilcox (University of Pittsburgh) for making his HOSTEST
program available to us. In addition, we would like to thank Florian
Liesener and Christoph Knoop (undergraduate research participants) for
skillful technical assistance.


[1] a) E. PaternoÁ , G. Chieffi, Gazz. Chim. Ital. 1909, 39-1, 341 ± 361; b) G.
Büchi, C. G. Inman, E. S. Lipinsky, J. Am. Chem. Soc. 1954, 76, 4327 ±
4331.


[2] Reviews: a) J. Mattay, R. Conrads, R. Hoffmann in Methoden der
Organischen Chemie (Houben-Weyl) 4th ed. (Eds.: G. Helmchen,
R. W. Hoffmann, J. Mulzer, E. Schaumann), Thieme, Stuttgart, 1995,
Vol. E21 c, pp. 3133 ± 3178; b) J. A. Porco, S. L. Schreiber in Compre-
hensive Organic Synthesis, Vol. 5 (Ed.: B. Trost), Pergamon, Oxford,
1991, pp. 151 ± 192.


[3] Reviews: a) S. A. Fleming, C. L. Bradford, J. J. Gao in Molecular and
Supramolecular Photochemistry: Organic Photochemistry (Eds.: V.
Ramamurthy, K. S. Schanze), Dekker, New York, 1997, Vol. 1, pp.
187 ± 244; b) T. Bach, Synthesis 1998, 683 ± 703.


[4] a) T. Bach, Angew. Chem. 1996, 108, 976 ± 977; Angew. Chem. Int. Ed.
Engl. 1996, 35, 884 ± 886; b) T. Bach, H. Brummerhop, Angew. Chem.
1998, 110, 3577 ± 3579; Angew. Chem. Int. Ed. Engl. 1998, 37, 3400 ±
3402; c) T. Bach, H. Brummerhop, K. Harms, Chem. Eur. J. 2000, 6,
3838 ± 3848.


[5] Review: T. Bach, Synlett 2000, 1699 ± 1707.
[6] T. V. Achenbach, E. P. Slater, H. Brummerhop, T. Bach, R. Müller,


Antimicrobiol. Agents Chemother. 2000, 44, 2794 ± 2801.
[7] Preliminary communication: T. Bach, H. Bergmann, K. Harms, J. Am.


Chem. Soc. 1999, 121, 10 650 ± 10651.
[8] I. Ojima, A. Korda, W. R. Shay, J. Org. Chem. 1991, 56, 2024 ± 2030


and references therein.
[9] J. C. Hubert, J. B. P. A. Wijnberg, W. N. Speckamp, Tetrahedron 1975,


31, 1437 ± 1441.
[10] G. J. Handley, E. R. Nelson, T. C. Somers, Aust. J. Chem. 1960, 13,


129 ± 144.
[11] P. D. Theisen, C. H. Heathcock, J. Org. Chem. 1993, 58, 142 ± 146.
[12] a) T. Bach, J. Schröder, Tetrahedron Lett. 1997, 38, 3707 ± 3710; b) T.


Bach, J. Schröder, Liebigs Ann. Recueil 1997, 2265 ± 2267; c) T. Bach, J.
Schröder, T. Brandl, J. Hecht, K. Harms, Tetrahedron 1998, 54, 4507 ±
4520; d) J. Schröder, T. Bach, J. Inf. Recording. 1998, 24, 285 ± 288;
e) T. Bach, J. Schröder, J. Org. Chem. 1999, 64, 1265 ± 1273.


[13] a) Crystal data of compound 8 a (hydrogen-bridged dimer with two
molecules of CHCl3, C38H36Cl6N2O4, Mr� 797.39): crystal size 0.60�
0.20� 0.10 mm; triclinic; space group P1Å ; a� 769.90(11), b�
1372.14(19), c� 1883.08(14) pm; a� 89.963(16), b� 80.265(16), g�
76.440(17)8 ; V� 1904.4(4) �3; 1calcd� 1.391 g cmÿ3 ; Z� 2; F(000)�
824, m� 0.493 mmÿ1; Stoe IPDS diffractometer; l� 0.71069 �; w


scan; 6733 reflections (ÿh, �k, � l); Vmax� 25.08 ; 2873 independent
and 1323 observed reflections [Io� 4s(Io)]; 465 refined parameters;
R� 0.0579, wR2� 0.1660; residual electron density 0.302 e�ÿ3 ; direct
methods; hydrogen atoms calculated (NÿH refined). Only the non
overlapping reflections of the main domain of the twinned crystal
have been used. b) Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion nos. CCDC-158028 (8a), CCDC-158026 (15), CCDC-158027
(8b). 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).


[14] a) A. G. Griesbeck, S. Stadtmüller, J. Am. Chem. Soc. 1990, 112,
1281 ± 1283; b) A. G. Griesbeck, S. Stadtmüller, J. Am. Chem. Soc.
1991, 113, 6923 ± 6934.


[15] a) A. G. Griesbeck, H. Mauder, S. Stadtmüller, Acc. Chem. Res. 1994,
27, 70 ± 75; b) A. G. Griesbeck, M. Fiege in Molecular and Supra-
molecular Photochemistry (Eds. V. Ramamurthy, K. S. Schanze),
Dekker, New York, 2000, Vol. 6, 33 ± 100.


[16] T. Bach, Liebigs Ann. 1995, 1045 ± 1053.







Ring Opening of Oxetanes 4512 ± 4521


Chem. Eur. J. 2001, 7, No. 20 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0720-4521 $ 17.50+.50/0 4521


[17] K.-S. Jeong, K. Parris, P. Ballester, J. Rebek Jr., Angew. Chem. 1990,
102, 550 ± 551; Angew. Chem. Int. Ed. Engl. 1990, 29, 555 ± 556.


[18] Crystal data of compound 15 (C19H23NO4, Mr� 329.38): crystal size
0.60� 0.45� 0.36 mm; monoclinic; space group P21/n ; a� 1181(2),
b� 994(1), c� 1608(1) pm; b� 110.4(1)8 ; V� 1772(1) �3; 1calcd�
1.235 g cmÿ3; Z� 4; F(000)� 704; m� 0.702 mmÿ1; Enraf Nonius
CAD4 diffractometer; l� 1.54178 �; w scan; 3333 reflections (ÿh,
�k, � l); Vmax� 65.18 ; 3005 independent and 2512 observed reflec-
tions [Io� 4s(Io)]; 310 refined parameters; R� 0.0576, wR2� 0.1666;
residual electron density 0.266 e�ÿ3 ; direct methods; hydrogen atoms
refined.[13b]


[19] The HOSTEST program was used for determining the association
constants: C. S. Wilcox in Frontiers in Supramolecular Chemistry and
Photochemistry (Eds.: H.-J. Schneider, H. Dürr), VCH, Weinheim,
1991, pp. 123 ± 143.


[20] The given error limits represent the standard deviation obtained from
applying a curve fit program (HOSTEST) to the measured data
points.


[21] J. G. Stack, D. P. Curran, S. V. Geib, J. Rebek Jr., P. Ballester, J. Am.
Chem. Soc. 1992, 114, 7007 ± 7018.


[22] a) H. Bergmann, Ph. D. thesis, Universität Marburg 2001; b) T. Bach,
H. Bergmann, B. Grosch, K. Harms, E. Herdtweck, Synthesis 2001,
1395 ± 1405.


[23] a) T. Bach, H. Bergmann, K. Harms, Angew. Chem. 2000, 112, 2391 ±
2393; Angew. Chem. Int. Ed. Engl. 2000, 39, 2302 ± 2304; b) T. Bach,
H. Bergmann, J. Am. Chem. Soc. 2000, 122, 11 525 ± 11 526; c) T. Bach,
H. Bergmann, K. Harms, Org. Lett. 2001, 3, 601 ± 603; d) T. Bach, T.
Aechtner, B. Neumüller, Chem. Commun. 2001, 607 ± 608.


[24] Crystal data of compound 8b (C19H19NO2, Mr� 293.35): crystal size
0.15� 0.12� 0.06 mm; monoclinic; space group P21/n; a� 1385.7(2),
b� 798.15(8), c� 15.117(2) pm; b� 113.252(15)8 ; V� 1536.1(3) �3;
1calcd� 1.268 g cmÿ3 ; Z� 4; F(000)� 624; m� 0.082 mmÿ1; Stoe IPDS
diffractometer; l� 0.71073 �; w scan; 7863 reflections (ÿh, �k, � l);
Vmax� 26.08 ; 2824 independent and 1081 observed reflections [Io�
4s(Io)]; 275 refined parameters; R� 0.0364, wR2� 0.0579; residual
electron density 0.163 e�ÿ3 ; direct methods; hydrogen atoms refined.


[25] A. J. Irwin, J. B. Jones, J. Am. Chem. Soc. 1977, 99, 556 ± 561.
[26] T. Kinoshita, K. Okamoto, Synthesis 1985, 402 ± 403.


Received: April 17, 2001 [F3205]





