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Introduction


The use of polymeric supports has revolutionized organic
synthesis in the past decade and created a new field known as
combinatorial chemistry.[1] Solid-phase synthesis on modified
polystyrene microbeads, which was originally introduced by
Merrifield,[2] still remains the major focus in this area.[1, 3]


Although highly successful, solid-phase synthesis exhibits a
number of problems due to the heterogeneous nature of
reactions and the low concentration of functional groups
(typically �1.5 mmol substrate per g polymer). In addition,
organic reactions on polystyrene microbeads require the use
of expensive linker systems which can not be copolymerized.
In order to obtain reasonable quantities of final products,
substantial substrate loadings (>1.5 mmol gÿ1) are required,
which are difficult to achieve for most linker systems on
polystyrene microbeads.[4] Hence, the scale-up of solid-phase
reactions usually requires additional solution-phase synthesis
in order to obtain mmol quantities of compound. This concept


article summarizes and compares new developments in the
field of high-loading polymeric supports for organic synthesis.
The two major classes, solid phase polymeric supports and
soluble polymeric supports are further classified by their
polymer topology and will be discussed in due course.


Solid-Phase Polymeric Supports


Conventional solid phase supports : The most frequently used
approach for the synthesis of functionalized solid-phase
supports is the modification of preformed polymers, for
example cross-linked chloromethylated polystyrene microbe-
ads (so-called Merrifield resin). The disadvantage of this
method, however, are the limited versatility of the material
properties[5] and the loading capacity of the final polymeric
support, which is typically lower than that of the original resin
(<1.5 mmol gÿ1). Only in very few cases high-loading Merri-
field resins (4 mmol gÿ1) have been used successfully and the
scale-up of reactions was possible directly on the resin.[6] The
alternate approach, the copolymerization of monomers, which
carry the desired functionality has often been tested in the
ªearly daysº of polymer-supported synthesis and has only
recently become more attractive again.[7] This strategy can be
advantageous because it generates a tailormade functional
polymer. However, most highly functionalized solid supports
employed today are still far from being ideal. In addition this
approach is limited by the number of co-monomers suitable
for radical suspension polymerization and the amount of co-
monomer incorporation. This leads to loading capacities
typically below 3 mmol gÿ1. Another problem of polystyrene-
based solid supports is the poor swelling in highly polar and
protic solvents and hence slow diffusion of reagents into the
beads. In many cases, modification of the unpolar surface with
PEG chains becomes necessary to enhance the solution-phase
character of the reaction, especially for reactions in protic
solvents and water.[8] A disadvantage arising from the grafting
of long PEG chains onto the PS microbead certainly is the
poor loading capacity obtained for the PEGylated resins, such
as TentaGel (�0.3 mmol gÿ1).[9]


High-loading solid-phase supports : In order to increase the
loading capacity of functionalized polystyrene microbeads,
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dendritic groups can be attached onto every functional group
available. Such hybrids of conventional solid supports and
dendrimers have been reported recently by several groups
2 a ± c (Scheme 1).[10] In all cases the dendrimer synthesis was
performed on the bead and the loading capacities increased
considerably (up to 2.8 mmol gÿ1). Another interesting obser-
vation for these hybrid materials is that the swelling charac-
teristics of the microbeads are influenced by the dendritic
groups. Similarly to TentaGel resins swelling in water was
observed, when polar dendrimer groups are attached.[10] Many
applications, such as high-loading supports for catalysts and
combinatorial chemistry have been proposed for these hybrid
materials.[10] For example, rhodium catalysts attached to the
dendritic polymer 2 a have been used in hydroformylation
reactions and showed high reactivities, which was assigned to
the exposure of the ligands in the shell of the dendritic
arms.[10d] Another advantage of these high-loading microbe-
ads for combinatorial chemistry is the high-loading capacity of
each individual bead. Up to 230 nmol per bead (�1 mmol gÿ1)
have been reported, which is sufficient for 1H NMR character-
ization of the product cleaved from a single bead.[10e] The
tedious multistep synthesis of these dendrimer-functionalized
polystyrene resins and the limited chemical stability of the
polyamide dendrimer backbones, however, confine the general
use of these hybrid materials as supports for organic synthesis.


Yet another approach towards high-loading solid-phase
supports is based on cross metathesis between vinyl-substi-
tuted polystyrene microbeads and norbornene derivatives
(Scheme 2).[11] The obtained ªROMP-spheresº 3 possess
loading capacities up to 3 mmol gÿ1, however, their swelling
characteristics are not as good as those of conventional resins.
Nevertheless, the utility of these high-loading supports was
exemplified by a palladium-catalyzed coupling reaction
between a resin bound bromo-benzoate and an aryl zincate
in THF/MeOH 4:1.


The advances and the miniaturization in combinatorial
chemistry require new high-loading solid-phase resins for
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Scheme 2. Synthesis of ªROMP-spheresº 3 as high-loading solid-phase
supports.[11]


single bead reactions and analysis. This need has not yet been
fully satisfied, compared to the market potential of such
materials. It is therefore necessary to improve and simplify the
current approaches towards new high-loading solid-phase
supports. A combination of high-loading soluble polymers
linked to solid-phase resins are currently the most promising
candidates for such hybrid materials.


Soluble Polymeric Supports


Soluble polymeric supports have been proposed since the
early seventies as an alternative to conventional solid-phase
supports.[12, 13] The advantages of soluble polymeric supports
are their high reactivity in solution due to the homogeneous
conditions and their potential for high-loading capacities. In
addition, soluble polymers can be used orthogonallyÐin one
chemical reaction vesselÐwith conventional solid-phase sup-
ports and be separated sequentially.[14] For example, a solid
phase bound alkene has been dihydroxylated with an osmium
catalyst attached to a soluble PEG-polymer. Both polymers
were separated by filtration and subsequent precipitation/
filtration. It has been demonstrated that the soluble polymeric
catalyst can be reused after isolation.[14b] In practice, however,
these soluble polymers have not yet become as popular as
solid-phase supports.[13]


It is generally believed that soluble polymeric supports,
apart from their advantages, are difficult to separate from the
reaction mixture. Therefore it is necessary to briefly summa-


rize the multiple commercially
available techniques for the
separation of soluble polymers
from the reaction mixture, that
is low molecular weight com-
pounds (Table 1).[15] There are
several methods which have
been used for the separation
of macromolecules by size (di-
alysis, membrane filtration, and
preparative SEC).[16] All of
them are suitable for automa-
tion, however, little effort com-
pared with the progress in solid-
phase synthesis has been under-
taken for multiparallel automa-
tion in this area. For efficient
and fast separations by size
homogenous polymeric sup-
ports should have medium mo-
lecular weights (5000 ± 50 000)
and narrow molecular weight
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distributions (<1.5). In addi-
tion, macromolecules with a
more globular (branched)
structure are preferable to a
linear polymer structure.


Other separation techniques
for soluble polymers, such
as precipitation/filtration and
liquid ± liquid phase separation
rely on polymer properties
rather than their molecular
weight. Precipitation is fre-
quently used in polymer chem-
istry to purify the polymer from
low molecular weight impuri-
ties. This method works espe-
cially well, when the polymer is crystalline and the Tg is above
ambient temperature. It has been frequently applied for the
separation of functionalized PEG-supports 4 a, b.[13, 17, 19] Pre-
cipitation, however, is not suitable for multistep syntheses
because often impurities remain trapped in the polymer. In
addition, large solvent volumes are required to perform
quantitative precipitations and hence automation of the
process is difficult. Another relatively simple separation
technique, which is suitable for the separation of organic
molecules from water-soluble polymers is based on liquid ±
liquid phase separation between an organic phase which
contains the cleaved organic product and an aqueous phase
containing the water soluble polymer.[12c, 13, 15] This separation
technique, however, is limited to systems with opposite
solubilities of the components in the two phases.


Linear polymeric supports : The most widely used soluble
polymeric support in organic synthesis is monomethylated
polyethylene glycol (typically MPEG 5000), soluble in many
organic solvents and easily precipitated in nonpolar solvents
(e.g. diethyl ether).[12, 13] Due to the linear topology of this
polyether, it contains only one reactive functionality and
hence exhibits a rather poor loading capacity (0.2 mmol gÿ1).
In order to increase the loading capacity, bifunctional PEGs
endcapped with benzyl ether dendrons 4 a (Figure 1) have
been prepared and used for the synthesis of b-lactams.[17]


Another approach is the coupling of PEG-arms onto a
multifunctional core to give a PEG-star polymer. Such
multiarm PEG-star polymers have been recently introduced
as supports for organic synthesis based on hyperbranched
polyglycerol (see below)[18] and cyclotriphosphazene 4 b.[19]


The advantages of these polyethers are their high chemical
stability and good reactivity of the functional groups in
homogeneous phase. The achieved loading capacities of
polymer 4 a and 4 b (0.8 and 1.0 mmol gÿ1, respectively),
however, are only marginal improvements compared with the
commercially available mono- and bifunctional PEG deriva-
tives.


On the other hand linear polymers, carrying functional
groups on every monomer unit, for example polyvinylalcohol
5, polyacrylic acid, polyacrylamide 6 have also been used as
high-loading supports for organic synthesis.[13] For example
the commercially available polyvinylalcohol (PVA) 5 (Fig-
ure 1) has been used as soluble support for oligonucleotide
synthesis and a loading of up to 10 mmol gÿ1 of mononucleo-
tide was reported, however, polymeric supports with a lower
capacity and better solubility in polar organic solvents
were recommended.[20] In addition, PVA 5 cannot be trans-
formed in high yields into the respective polyacetals upon
reaction with aldehydes or ketones and hence is less suitable
as polymeric support for carbonyl compounds.[21] Other
plausible reasons for the limited use of PVA 5 as soluble
polymeric support are its poor solubility in organic solvents
and the need of harsh reaction condition for functionaliza-
tion.[13]


Another potentially high-loading linear polymeric support
is polyacrylamide 6.[13, 22] It has been used in a soluble
noncross-linked form for the liquid-phase synthesis of oligo-
nucleotides and in the form of cross-linked microbeads for the
enzymatic synthesis of glycopeptides.[23] A limiting factor for
the general use of polyamide supports, however, is their
reduced chemical stability compared with polystyrene or


Table 1. Separation techniques for homogeneous polymeric supports.[16]


Parameter Dialysis Ultra- SEC Precipitation/ Liquid/liquid
filtration filtration phase-separation


separation method hydrodynamic volume hydrodynamic volume hydrodynamic volume solubility solubility
minimum MW of polymer > 1000 gmolÿ1 > 1000 g molÿ1 ± > 3000 gmolÿ1 ±
typical sample volume 10 mL ± 1 L 1 ± 100 mL < 1 mL 1 ± 100 mL 10 mL ± 1 L
commercially available yes yes yes ± ±
suitable for automation yes yes yes no yes
suitable for high-throughput synthesis no yes yes no yes
limitations unsuitable for final


cleavage step
± ± not suitable for


multistep syntheses
different solubilities
required
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Figure 1. Multiarm PEG-supports with functional groups only at the terminal positions 4a,b and high-loading
linear polymers with one functional group per monomer unit 5 ± 7. The given loading capacities correspond to the
respective functional groups (R�H).







CONCEPTS R. Haag


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0330 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 2330


polyethers, especially for reactions with organometallic re-
agents and strong bases.


More recently high-loading ROMP-based polymers have
been introduced as polymer-supported reagents.[24] A
ªROMPGELº 7 containing phosphinoxide sidechains (load-
ing �3.3 mmol gÿ1) has been used as polymer reagent in
Horner ± Emmons reactions (Figure 1). This polymer has a
gel-like behavior when solvated in organic solvents and can be
removed from the reaction mixture by filtration through a
silica cartridge. Other ªROMPGELsº have been used for the
scavenging of amines and hydrazines, as acylation reagent and
for the synthesis of oxadiazoles.[25] A general problem of these
ªROMPGELsº are the tedious preparation of the norbornene
monomers and the sensitivity of the double bonds in the final
polymer towards heat and oxygen.


In general, linear polymeric supports have potentially high
loading capacities, however, their polymer characteristics,
such as solubility and chemical stability as well as their
materials properties are problematic in some cases for broad
application in organic synthesis.


Dendritic and hyperbranched polymeric supports : The dis-
advantages of linear polymers, such as limited solubility in
many organic solvents, gel formation, and problematic
thermal behavior (high melting points and Tgs) in some cases
can be overcome by the use of branched polymer architec-
tures. An extreme in terms of tree-like branching are the
perfectly branched dendrimers.[26] These well-defined macro-
molecules are soluble in many organic solvents (depending on
their end functionalities) and possess a maximum capacity of
functional groups in their periphery. However, the relatively
high price and limited chemical stability of the commercially
available polyamidoamine or polyamine dendrimers might
well be the reasons for their limited use as supports in organic
synthesis.[27] Despite these problems, polyamidoamine den-
drimers have been sucessfully used as high-loading supports in
the synthesis of indoles.[28] The separation of the macro-
molecules from low molecular
weight species was performed
by size-exclusion chromatogra-
phy (SEC, Table 1) in this case.


In contrast to dendrimers,
hyperbranched polymers are
easily available in one reaction
step. They contain dendritic,
linear and terminal monomer
units in their skeleton and
hence can be considered as
intermediates between linear
polymers (degree of branching
DB� 0 %) and dendrimers
(DB� 100 %) with an approx-
imate DB between 40 and
60 %.[29] The potential loading
capacity of these hyper-
branched polymers is similarly
high as for dendrimers (5 ±
14 mmol gÿ1) and some hyper-
branched polymers are even


commercially available.[30] The use of these commercial
materials as supports for organic synthesis, however, is limited
due to the chemical stability of the respective polymer
backbone (e.g. polyamines, polyesters) and the relatively
broad molecular weight distributions (typically >2).


Design of New Hyperbranched and Dendritic
Polymers


A very promising class of high-loading polymeric supports are
dendritic aliphatic polyethers as highly branched analogues of
PEG. Aliphatic polyether dendrimers containing terminal 1,3-
diol 8 and 1,2-diol units 9 have recently been prepared in a
seven- and six-step synthesis, respectively (Figure 2).[31, 32]


They are chemically stable, soluble in many organic solvents,
show good accessibility and reactivity of the functional groups
and possess a high concentration of OH-groups (11 and
14 mmol gÿ1, respectively). However, the general drawback of
any dendrimer is the tedious multistep preparation of higher
generations (molecular weight exceeding 1500 g molÿ1), which
is the lower limit for dialysis and ultrafiltration procedures (cf.
Table 1). For this reason, perfectly branched dendrimers have
mainly been used as supports for valuable transition metal
catalysts with ligands attached to the core[33] and the shell of
the macromolecule.[34] Yet another problem of high-genera-
tion dendrimers appears to be steric hindrance and site ± site
interaction at the outer functional shell.[35] This problem might
be overcome by using randomly branched polymer structures
as supports.


Recently, the controlled synthesis of well-defined hyper-
branched polyglycerols 10 has been achieved, by using both
racemic and enantiomerically pure glycidol monomers
(Scheme 3).[36] These polyether polyols are conveniently
prepared in a one-step synthesis on a multi-gram scale,[37]


and possess molecular weights (Mn) up to 30 000 g molÿ1 with
molecular weight distributions (Mw/Mn) typically below 1.5.[38]
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Figure 2. Dendritic supports based on aliphatic polyether dendrimers containing 1,3-diols 8[31] and 1,2-diols 9
(X� core functionality).[32]
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Due to anionic polymerization mechanism (ring-opening
multibranching polymerization) quantitative polymer yields
are obtained and the molecular weight is controlled by the
monomer/initiator ratio. The dendrimer-like structure of the
hyperbranched polyglycerol 10 is characterized by exactly one
core unit with multiple hydroxyl groups randomly incorpo-
rated as linear (OH groups) and terminal groups (1,2-diols).
The total density of functional groups in polymer 10 is
13.5 mmol OH per g polymer, of which approximately 60 %
(8.2 mmol OH per g) are terminal 1,2-diols. These terminal
diols (see below) can directly be used as linker functionalities
for many applications in organic synthesis.


The complete derivatization of the terminal diols in
polyglycerol 10 (R�H), with for example acetals, leaves
about 40 % of the OH groups unaffected (cf. Scheme 3).
These remaining OH groups might limit the scope of this new
polymeric support for some synthetic applications. For the
preparation of a chemically in-
ert polyether support 10 these
residual OH groups can be
selectively alkylated (R�Me,
Et, Allyl, Bn) by using phase
transfer conditions to obtain
dendritic polymers with exclu-
sively diol linkers.[39] This ap-
proach also permits to intro-
duce a second type of func-
tional groups and tune the
solublity of the polymer in var-
ious organic solvents. In order
to further increase the loading
capacity of the polyglycerol
support the linear glycerol units
can also be converted into ter-
minal 1,2-diols. For this purpose
the hyperbranched polyglycer-
ols 10 (R�H) can be trans-
formed into perfectly branched


structures, designated ªpseudo-
dendrimersº 11 (Scheme 4) by
applying one dendrimer synthe-
sis step (allylation and dihy-
droxylation) subsequent to the
preparation of the hyper-
branched polymer 10.[32] This
strategy increases the capacity
of the terminal 1,2-diol units
from 4.1 mmol gÿ1 for the hy-
perbranched polymer 10 to
7.1 mmol gÿ1 for the pseudo-
dendritic structure 11 and pre-
serves all advantages of the
polyether scaffold. For compar-
ison we have also prepared the
perfectly branched glycerol
dendrimer 9 (DB� 100 %) in a
six-step synthesis, which is mon-
odisperse and possesses only
two types of glycerol units


(dendritic and terminal). As expected, the pseudo-dendritic
polyglycerol shows identical 1H and 13C NMR spectra and
hence must consist of the same structural units.[32] The pseudo-
dendrimer 11, however, is not centrosymmetric and mono-
disperse as required for perfect dendrimers. It still remains an
intriguing question, whether molecular weight distribution
and the topological difference between 9 and 11 lead to
different chemical behavior and materials properties. On the
other hand, for many applications currently discussed for
dendrimersÐespecially as high-loading supports in organic
synthesisÐthese aspects are of minor concern and the easily
available pseudo-dendrimers can be alternatively used.


For a more general application of polyglycerol 10 in organic
synthesis and in order to increase the scope of possible
reactions on this support, the conversion of the hydroxyl
groups into various other linker functionalities by postsyn-
thetic transformations has been explored (Scheme 5).[40, 41] In


Scheme 3. Synthesis of achiral and chiral hyperbranched polyglycerols 10 (R�H).[36] For simplification only a
small fragment of the hyperbranched structure is represented. Exclusively diol-functionalized polyglycerols 10
(R�Me, Et, allyl, Bn) can be prepared by selective synthetic modification.[39] A functional core unit (X� alkene,
NH2, SH) can also be introduced.[36b]
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1 ± 2 synthetic steps after the polymerization several reactive
linker functionalities, such as alkenes, aldehydes, amines,
carbonic acids, and esters are accessible in good yields and
with high-loading. For many applications (see below), how-
ever, the native polyglycerols 10, with ªbuilt-inº diol-linkers,
can be directly used as support and no additional linker
synthesis is required.


Application of Dendritic and Hyperbranched
Polymers in Organic Synthesis


Recently, hyperbranched polymers have been introduced as
soluble supports in organic synthesis.[42, 43, 46] A hyperbranched
polyester support 12 containing 1,3-diols as terminal units was
used for the synthesis of disaccharides (Scheme 6).[42] Theo-


retically, these polyesters have a relative high loading capacity
(8.8 mmol OH per g) but the experimentally achieved loading
with monosaccharides attached to a photo-labile linker 13 was
reduced due to the weight of the linker functionality
(0.8 mmol gÿ1). For better compatibility, the remaining OH
functionalities were converted into acetates. The general use
of this hyperbranched polymer 12 as support is limited due to
the chemical sensitivity of the polyester backbone. In
addition, these commercially available polyesters, have rather
low molecular weights (Mn� 1500 ± 2000), and molecular
weight distributions in the range of Mw/Mn� 2 ± 2.5.[44] This
is especially problematic for the separation by dialysis or
ultrafiltration with a minimum molecular weight cut off
(MWCO) of 1000 g molÿ1 (cf. Table 1).


Dendritic and hyperbranched polyglycerols 10, 11 on the
other hand can be prepared with much higher molecular


weights and narrow molecular
weight distributions (see
above). They are readily solu-
ble in many organic solvents
and can easily be separated
from low molecular weight
compounds by dialysis or ultra-
filtration with a typical MWCO
of 1000 g molÿ1. Due to the high
flexibility of the branches, the
terminal 1,2-diol groups show
excellent accessibility and can
be used directly as linker
groups for various applications
in organic synthesis (Figure 3).
An important application is
the support of carbonyl com-
pounds, because they are pres-
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Scheme 6. The use of hyperbranched polyesters 12, (R� other polymer branches) 13 as homogeneous supports
for the synthesis of disaccharides.[42]
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Figure 3. Potential applications for polymeric supports with 1,2-diols
linkers, as reversible supports for carbonyl compounds 14,[43] reagents
and catalysts. The C2-carbon of the linker is a stereogenic center and can be
used to generate chiral polyglycerol supports (cf. Scheme 3).[36b]


ent in many synthetic building blocks, natural product and
drug molecules. The acetal protection group is stable towards
many reagents from basic to weakly (aprotic) acidic media
and can be cleaved under protic acidic conditions. In addition,
acetal cleavage liberates the carbonyl compound and regen-
erates the diol linker group.


Further advantages of polymeric supports containing 1,2-
diol linkers are their general applicability in organic synthesis,
for example as supports for reagents, ligands, and catalysts
(Figure 3). For example, boronic acids and phosphites can be
easily treated with a diol linker and subsequently be used as
reagents or ligands, respectively. Due to the chelating effect of
a 1,2-diol to oxophilic metals, such as titanium and alumina, it
can also be directly used as ligand. Despite these multiple
advantages 1,2-diols have not yet been widely recognized as
linker groups for polymeric supports and only few examples
have been reported so far.[45]


We have developed several synthetic strategies for the
selective coupling of carbonyl compounds on the terminal 1,2-
diol units of polyglycerols 10, 11.[43] In all cases the polymer
supported acetals 14 were isolated in high yields after
purification by dialysis. The coupling reaction also occurs
with quantitative conversion as demonstrated by 13C NMR
spectroscopy. Acetal cleavage can be performed with a solid
phase acidic ion exchange resin (e.g. DOWEX-50) in aqueous
methanol. The latter clearly demonstrates the orthogonal use
of two polymers (soluble and insoluble) in one reaction
mixture with sequential separation.[14, 43] Various chemical
transformations have been successfully performed on func-
tionalized polymer-bound acetals, such as nucleophilic sub-
stitutions, catalytic CÿC-coupling reactions, selective reduc-
tions, and Wittig-reactions.[43, 45] This demonstrates the general
applicability of polymer supports with 1,2-diol linker groups
for organic synthesis.


Scope and Limitations of High-Loading Polymeric
Supports


Every new polymeric support has to compete with the current
benchmark, the so-called Merrifield resin and its derivatives.
Therefore new high-loading supports must i) be easily
accessible in large quantities, ii) have a loading capacity


>1.5 mmol linker per g polymer, iii) contain reactive groups,
which are conveniently functionalized by standard solution
phase chemistry, iv) be chemically and mechanically stable
and v) be easy to separate by standard laboratory techniques.
For ecological and financial reasons new polymeric supports
should also allow mmol-scale synthesis and the complete
recycling of the support after cleavage of the product.


None of the previously mentioned high-loading supports is
perfect, however, dendritic and highly branched soluble
polymeric supports or hybrids of these with solid-phase resins
are among the most promising candidates to fulfill the
requirements for new high-loading supports in organic syn-
thesis. Such hybrid resins are especially attractive because
they can combine several materials properties and allow the
full characterization of the product by standard analytical
techniques (including 1H NMR!) after cleavage from a single
microbead.


For many synthetic applications new linker systems are
developed, however, in some cases the synthetic effort and
final loading capacity of the polymeric support (due to the
weight gain from the linker) are not considered. The develop-
ment of new high-loading polymeric supports should there-
fore focus on simple and general linker systems, which do not
dramatically decrease the loading capacity of the polymeric
support. ªBuilt-inº linker systems, such as the terminal diol
units in polyglycerol supports 10, 11 require a minimum
synthetic effort and are most efficient.


Another important criterion for high-loading polymeric
supports certainly is the possibility of intramolecular cross-
reactions in these highly functional supports.[4] However, site
isolation in dendritic and hyperbranched polyglycerol deriv-
atives is less problematic due to the randomized 3D-orienta-
tion of the terminal groups as compared to a linear high-
loading polymer, such as PVA 5 and perfectly branched
dendrimers, for example 9 (see above). Nevertheless, it is
necessary to find an optimum between accessibility, flexibility,
and loading of functional groups in these dendrimer-like
polymer scaffolds. In recent work we have shown that the
degree of branching in polyglycerols can be adjusted from 0 ±
100 % by copolymerization with other glycidyl ethers and
postsynthetic modification.[40, 41] By this method the diol-
loading of the polyether support is adjustable from 0 ±
7.1 mmol gÿ1 and can provide an answer to this interesting
question.


Whether or not a new polymeric support is suitable for
general application in organic synthesis can only be deter-
mined by application in diverse chemical syntheses in a
multiparallel fashion. At present we investigate the potential
of these soluble high-loading polyglycerol supports 10, 11 for
application in multistep liquid phase combinatorial syntheses
(LPCS) and for fabrication of new high-loading hybrid
supports.
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Mixed Dimer and Mixed Trimer Complexes of nBuLi and
a Chiral Lithium Amide


Göran Hilmersson* and Birgitta Malmros[a]


Abstract: Multinuclear and multidi-
mensional NMR spectroscopy have
shown that lithium (S)-N-isopropyl-O-
methyl-valinol (1-[6Li]) exists in a mixed
2:1 complex with nBu[6Li], (1-[6Li])2/
nBu[6Li], in non-coordinating solvents
such as hexane or toluene. A 6Li,1H-
HOESY NMR spectrum indicates that
the complex is a cyclic trimer with a
large distance between the di-coordinat-


ed lithium and the carbanion of nBu-
[6Li]. Such arrangements are present in
the solid state as previously reported by
Williard and Sun. The exchange of
lithium atoms within the trimer is slow


at ÿ33 8C. The exchange barrier (DG=)
was determined to be 14.7 kcal molÿ1


from quantitative 6Li,6Li-EXSY spectra.
Addition of diethyl ether results in the
formation of mixed dimers of (1-[6Li])/
nBu[6Li], tetramers of nBu[6Li], and
homodimers (1-[6Li])2. The apparent
equilibrium constant of the mixed dimer
was determined from the 6Li NMR
integrals as K� 7.


Keywords: aggregation ´ NMR
spectroscopy ´ organolithium com-
pounds


Introduction


Organolithium compounds are among the most versatile and
widely used reagents in organic chemistry.[1] New applications
using organolithium reagents and also modifications/improve-
ments of known reaction conditions are steadily under
development. The role of solvent in organolithium chemistry
has been the subject of a number of investigations.[2] Chiral
lithium amides are an important class of compounds devel-
oped for use in asymmetric synthesis.[3] They are used either as
strong bases capable of enantioselective deprotonations or as
chiral ligands that can modify other non-chiral organolithium
reagents.[4] However, knowledge about structures and dynam-
ics of such organolithium reagents is still in its infancy.


There are a few reports on chiral lithium amides and their
mixed complexes with nBu[6Li] studied by multinuclear NMR
spectroscopy.[5] Chiral lithium amides may exist as monomers,
symmetrical solvated dimers, non-symmetrically solvated (C2-
symmetric) dimers, cyclic trimers or ladders.[5, 6] Generally, it
has been found that nBu[6Li] and chiral lithium amides form
mixed dimers in ether solvents. These dimers exist in fast
equilibrium with tetrameric nBu[6Li] and dimeric lithium
amides, see Scheme 1.


The apparent equilibrium constants are not only largely
dependent on the structure of the amides but also on the
solvent.[4] The chiral mixed dimers may be key intermediates
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Scheme 1. Aggregates and equilibrium of chiral lithium amide dimers
nBuLi tetramers and mixed dimers.


in asymmetric alkylation of for example aldehydes in which
the chiral amide induces asymmetry to the alkylating agent. A
large equilibrium constant for the mixed complexes could
pave the way for success in asymmetric synthesis.


Although there are some exceptions to the rule of mixed
dimer formation. Aggregates with four lithiums tetrahedrally
arranged have been observed.[7] We are particularly interested
in the crystal structure of the chiral lithium amide (S)-N-
isopropyl-O-methyl valinol (1-Li) derived from (S)-valinol
described by Williard and Sun.[8] The structure of 1-Li in the
presence of nBuLi was determined with X-ray diffraction
analysis as a mixed trimer, (1-Li)2/nBuLi (Figure 1), and not
the expected mixed dimer. Williard and Sun suggested that if
such trimeric complexes are present they could be responsible
for the asymmetric alkylation reactions. Closely related
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Figure 1. The mixed trimer, (1-Li)2/nBuLi, crystallised from 1-Li and
nBuLi.
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lithium amides have been reported to yield enantioselectiv-
ities over 90 % in the butylation of aldehydes.[5c, 9]


Using variable temperature NMR spectroscopy we now
have studied mixtures of 1-[6Li] and nBu[6Li] in diethyl ether
and toluene solutions.


Experimental Section


General : All glassware was dried overnight in an oven at 120 8C (syringes
were dried at 50 8C in a vacuum oven) before transfer into a glove box
(Mecaplex GB 80 equipped with a gas purification system that removes
oxygen and moisture) containing a nitrogen atmosphere. Typical moisture
content was less than 2 ppm. All manipulations of the lithium compounds
were carried out in the glove box using gas-tight syringes. Ether solvents
were stored and freshly distilled from Deporex (FLUKA) prior to use.
Hexane and toluene were distilled and stored over molecular sieves (5 �)
in the glovebox prior to use. All NMR experiments were performed in
Wilmad (5 mm) tubes fitted with a Wilmad/Omnifit Teflon valve assembly
(OFV) with a silicone septum.


(S)-N-Isopropyl-O-methyl-valinol : The (S)-N-isopropyl-O-methyl-valinol
was prepared according to published procedures: LiAlH4 reduction of d-
valine to d-valinol,[10] methylation by MeI to afford the amino methyl
ether,[11] condensation with acetone to the corresponding imine and finally
reduction using H2/Pd/C in a Parr apparatus at 4 atm.[12]


Preparation of [6Li]-n-butyllithium: This compound was prepared accord-
ing to the literature.[4b]


NMR Spectroscopy: All NMR spectra were recorded using a Varian Unity
500 spectrometer equipped with three channels using a 5 mm 1H, 13C, 6Li
triple resonance probe head, built by the Nalorac Company. Measuring
frequencies were 500 MHz (1H), 125 MHz (13C), and 73 MHz (6Li). The 1H
and 13C NMR spectra were referenced to the solvent [D10]diethyl ether
signals at d� 1.06 (1H, ÿCH3) and d� 15.2 (13C, ÿCH3), respectively.
Lithium spectra were referenced to external 0.3m [6Li]Cl in [D4]MeOH
(d� 0.0). Probe temperatures were measured after 30 min of temperature
equilibrium with a methanol NMR thermometer supplied by Varian.


2D NMR measurements : All 2D spectra were acquired using non-spinning
5 mm tube diameter samples with deuterium field-frequency locking.
Spectra were processed in phase-sensitive mode with square sinebell
weighting both in F1 and F2. For the 6Li,1H-HOESY[13] spectrum the
following parameters were used: spectral window of 1000 Hz (F2� 6Li) and
8000 Hz (F1� 1H); 84 increments and 32 scans per increment in t1; sinebell
weighting in F1 and F2 for the phase sensitive spectrum; 28 ms proton 908
decoupler pulse. For the 6Li,6Li-EXSY spectrum the following parameters
were used: spectral window of 1000 Hz (F1 and F2); 96 increments and 32
scans per increment in t1; one time zero filling in F1 and F2 ; mixing time
Tm� 1 s; no proton decoupling; absolute value data which was processed
with exponential linebroadening without symmetrization.


Computational methods : Due to the considerable size of the aggregates
under investigations we restricted our geometry optimizations to semi-
empirical PM3 calculations.[14] The structures were reoptimized using the
keyword HHon,[15] to eliminate the HH attraction that is typical for the
PM3 method. All geometries were characterized as minimum by calcu-
lation of their frequencies. The calculations were performed using the Titan
program package[16] on a PIII 600 MHz PC.


Results and Discussion


Investigations in non-coordinating solvents (toluene and
hexane): The 13C NMR spectrum of a 2:1 mixture of 1-[6Li]
(0.4m) and nBu[6Li] (0.2m) in [D8]toluene or [D14]hexane at
ÿ80 8C shows only one set of signals for each carbon in 1-[6Li]
and a single set of signals for each carbon in nBu[6Li]. The
signals for nBu[6Li] in the presence of 1-[6Li] are shifted
slightly compared with those of pure nBu[6Li] in toluene; this


indicates that they arise from a mixed complex with 1-[6Li]. In
the 13C NMR spectrum obtained at ÿ80 8C the a-carbon
signal of nBu[6Li] is broad and unresolved in the presence of
1-[6Li].


In contrast, the 6Li NMR spectrum of the toluene solution
displays two signals in a 2:1 intensity ratio at d� 2.24 and d�
2.73, the smaller one significantly broader than the other
(vertical spectrum in Figure 2). The corresponding [D14]hex-
ane solution of nBu[6Li] and 1-[6Li] display the two 6Li signals
at d� 2.88 and d� 3.45. The intensity ratios are concentration


Figure 2. The 6Li,1H-HOESY spectrum of the mixed trimer aggregate
nBu[6Li]/(1-[6Li])2, (0.2m) in [D8]toluene at ÿ90 8C.


independent (0.05 ± 0.4m). Further addition of nBu[6Li] to the
toluene solutions results in additional signals for nBu[6Li],
identical to those observed from authentic nBu[6Li] in
toluene. On the other hand, addition of amine 1 (<0.2 equiv)
did not result in any new signals. An interesting observation is
that the NMR tube contained some precipitated crystals at
ÿ80 8C, possibly from a higher order complex of (1-[6Li]). The
single set of 13C NMR signals and two 6Li signals in a 1:2 ratio
indicate the presence of only one specie. At lower concen-
trations of 1-[6Li], the signals for the various aggregates of
nBu[6Li] in toluene predominate but the 1:2 ratio of the 6Li
NMR signals of the mixed complex was not affected.


A 6Li,1H-HOESY experiment performed at ÿ80 8C on the
mixed complex also showed proximity between the two
lithiums and the protons of nBu[6Li] and 1-[6Li]. The a-
protons of nBu[6Li] showed no heteronuclear Overhauser
effects (NOE) to the lithium which appear at d� 2.73 in the
6Li NMR spectrum. This clearly indicates that this lithium is
not in proximity of the a-protons of the butyl group. These
NMR studies altogether show that the 2:1 mixed trimer (1-
[6Li])2/nBu[6Li] dominates in toluene, which is a non-coordi-
nated solvent. This complex seems to be the solution analogue
of the corresponding solid-state complex of (1-[6Li])2/nBu[6Li]
that Williard and Sun crystallized from hexane.


This complex 1-[6Li])2/nBu[6Li] has a di-coordinated lith-
ium nucleus, which is only coordinated by two amide anions
and no internal coordinated Lewis base(s). Thus, this complex
is a promising candidate for the observation of lithium
interactions with aromatic solvents. So far, only computa-
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tional data and a few X-ray structures are known on phenyl-
lithium interactions between a solvent benzene or toluene and
a lithium cation.[17]


So the question remained as to whether the trimer could be
solvated by a toluene molecule, through a phenyl-lithium
interaction? This was investigated by semi-empirical compu-
tational methods, in particular with the PM3 method.


Full geometry optimization at PM3 level was performed for
various mixed complexes between 1-Li and nBuLi and the
results supported that (1-[6Li])2/nBu[6Li] is the favored
complex in the absence of coordinating solvents. The mixed
dimers (with symmetric as well as non-symmetric internal
coordination) were largely non-favored compared with the
mixed trimer in these calculations. A ladder-type trimer with
an interaction between the a-carbon of the butyl group and
the lithium was also disfavored in the PM3 calculations.
Instead the cyclic trimer with one of the lithium di-coordi-
nated was found to have the lowest energy, see Figure 3. This
is also in agreement with the X-ray analysis and the 2D 6Li,1H-
HOESY-NMR spectroscopic data above.


Figure 3. The geometry optimised (PM3) structure of nBuLi/(1-Li)2.
Hydrogens are omitted for clarity.


To the PM3 geometry optimized trimeric complex was
added a benzene molecule as a lithium ligand, and the
complex was re-optimised. There is enough space for a
benzene molecule to solvate the lithium, but the structure
does not correspond to an energy minimum on the potential
energy surface at the PM3 level of theory. However, since
PM3 may be poor in describing phenyl-lithium interactions
we have also undertaken further studies using NMR on this
issue.


If a toluene molecule solvates the lithium it would give
different 6Li NMR chemical shifts in toluene and hexane.
However, only small differences were observed for the 6Li
signals of (1-[6Li])2/nBu[6Li]. An enhanced determination of a
phenyl-lithium interaction should be obtained from quantita-
tive 6Li,1H-distance measurements using the heteronuclear
NOE build-up rates from 6Li,1H-HOESY spectra.[18] At short
mixing times the NOE is approximately proportional to the


NOE build-up rates (f), which are related to the sixth power of
distance (r) according to Equation (1).


f �6LiÿHA�
f �6LiÿHX� �


r�6LiÿHA�
r�6LiÿHX�


 !6


(1)


Several HOESY spectra (with mixing times of 0.4 ± 1 s) of
(1-[6Li])2/nBu[6Li] (0.2m) in [D14]hexane with 3 equivalents of
non-deuterated toluene per lithium in (1-[6Li])2/nBu[6Li] were
obtained, that is 9 equivalents of toluene per mixed trimer
aggregate. The distance between the lithium and a proton on
the methyl group of toluene was calculated to about 4.6� 1 �
based on the estimated hetero-NOE. From the magnitude of
this value, we conclude that there are no phenyl-lithium
interactions present in the [D14]hexane/[D8]toluene solution
of (1-[6Li])2/nBu[6Li]. The steric requirements of the isoprop-
yl groups of 1-[6Li] are most likely too large for an effective
phenyl-lithium interaction.


The two 6Li NMR signals from (1-[6Li])2/nBu[6Li] were
found to undergo exchange. A 6Li,6Li-EXSY experiment
performed on a solution of (1-[6Li])2/nBu[6Li] at ÿ33 8C
showed strong cross-peaks as a result of a degenerate
lithium ± lithium exchange. Using the D2DNMR program
the observed rate constant was determined from the diagonal
and cross-peak volumes.[19] We derived a kobs� 0.8 sÿ1 for the
observed exchange rate constant. The lithium atoms in
(1-[6Li])2/nBu[6Li] may exchange according to Scheme 2.
The observed exchange rate constant is the sum of the
microscopic forward and reverse rate constants for the
exchange of the di-coordinated lithium with the two identical
methoxy coordinated lithium nuclei, A with B and A with C,
respectively, that is kobs� 2� (k1�kÿ1). Lithium exchange
between the magnetically equivalent sites in B and C is not
observable by NMR. The observed exchange corresponds to a
microscopic rate constant k1� 0.2 sÿ1 at ÿ33 8C. Hence the
activation energy (DG=) was calculated to 61.4 kJ molÿ1 at
ÿ33 8C, a value slightly higher than expected.[20]
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Scheme 2. Possible lithium exchange.


Structures in Et2O : Addition of diethyl ether to the above
mixed trimer in toluene at ÿ90 8C resulted in large spectro-
scopic changes. Both 13C and 1H NMR showed the appearance
of homodimers of the lithium amide, namely (1-[6Li])2, a
mixed dimer between 1-[6Li] and nBu[6Li], namely nBu[6Li]/
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(1-[6Li]) and tetrameric nBu[6Li], namely (nBu[6Li])4. The
13C NMR spectrum shows two sets of signals, accordingly
there are two a-carbon multiplet signals from nBu[6Li]. One
of them, at d� 10.9, is the septet arising from the excess of
tetrameric nBu[6Li] (J� 5.4 Hz) and the other, at d� 11.2, are
from the mixed dimer nBu[6Li]/(1-[6Li]) which splits into a
distorted quintet (J� 8.5 Hz) as a result of the coupling to two
non-equivalent lithium.


In addition, the 6Li NMR spectrum of 1-[6Li] in [D10]Et2O
shows five signals, two of which could be assigned to the
signals from homodimers of the chiral lithium amide,
(1-[6Li])2 ´ Et2O, Figure 4. One of the signals of 1-[6Li])2 ´ E-
t2O is significantly broader than the other. Furthermore,
tetrameric nBu[6Li] gives rise to one signal at d� 1.9. In
addition there are two more signals at d� 2.09 and d� 3.23 (in
a 1:1 ratio) arising from a mixed dimer (1-[6Li])/nBu[6Li]. We
conclude that in agreement with previous findings on similar
lithium amides, 1-[6Li] forms mixed dimers with nBu[6Li] in
Et2O.[12]


Figure 4. 6Li NMR spectra of 1-[6Li] and nBu[6Li] in Et2O at ÿ80 8C.


The apparent equilibrium constant K was estimated
roughly from the 6Li NMR intensities to 7 in favor of the
mixed dimer 1-[6Li]/nBu[6Li]. Figure 5 below shows the PM3
geometry optimized structure of the 1:1 mixed complex
1-[6Li]/nBu[6Li].


Figure 5. Geometry optimised (PM3) structure of (1-Li)/nBuLi in diethyl
ether; lithium coordinating to Et2O and hydrogens have been excluded for
clarity.


On addition of 1 to the previous mixture the concentration
of the lithium amide dimer (1-[6Li])2 increased as expected.
The 13C NMR spectrum shows only one set of signals, assigned
to (1-[6Li])2, the ether ligand exchange is fast on the NMR
time scale at ÿ90 8C.


The two 6Li NMR signals at d� 2.05 and 2.15 in a 1:1
intensity ratio were assigned to the two lithiums from the
lithium amide dimer (1-[6Li])2. The signal at 2.15 is from the
ether solvated lithium in (1-[6Li])2 and the signal at 2.05 is
from the lithium which is internally coordinated by the two
methoxy groups. The 6Li,1H-HOESY spectrum (1-[6Li])2 is
depicted in Figure 6.


Figure 6. The 6Li,1H-HOESY spectrum of (1-[6Li])2, (0.3m) in [D8]toluene
at ÿ85 8C.


Only the 6Li NMR resonance at d� 2.05 shows NOE
(presence of a strong cross-peak) to the methoxy proton signal
at 3.35. This indicates that the dimer is coordinated non-
symmetrically. Addition of non-deuterated Et2O followed by
a new HOESY experiment resulted in a new spectrum with a
strong hetero-NOE cross-peak at the trace of the 6Li signal at
d� 2.15 and the a-protons of Et2O. This cross-peak arises as a
result of the lithium ± Et2O interaction. The full geometry
optimized (PM3) structure of the non-symmetric solvated
dimer of 1-Li, (1-Li)2, is shown in Figure 7.


According to the calculations only one Et2O molecule is
coordinated to the lithium amide dimer.


Figure 7. The geometry optimised structure of the non-symmetric dimethyl
ether (DME) solvated dimer of 1-Li, (1-Li)2 ´ DME. Diethyl ether was
replaced with dimethyl ether in the PM3 calculations. Hydrogens are
omitted for clarity.
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Conclusion


With these results we have added another valid structural type
to the arsenal of various different aggregation states or
complexes for organolithium compounds in solution. It is
particularly interesting to study the asymmetric induction that
the mixed trimer can give rise to in comparison to that of the
mixed dimer. Comparison of the asymmetric induction in
non-coordinated and coordinated solvents is under investiga-
tion and will be published later.
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An Experimental and Theoretical Study of the Basicity
of Tetra-tert-butyltetrahedrane


Rafael Notario,*[d] Obis CastanÄ o,[b] JoseÂ Luis AndreÂs,[c] JoseÂ Elguero,*[a]


Günther Maier,*[e] and Christian Hermann[e]


Abstract: The gas-phase basicity (GB) of tetra-tert-butyltetrahedrane (tBu4THD)
was determined by FT-ICR mass spectrometry and comparison with reference
compounds of known basicity. Its GB, 1035� 10 kJ molÿ1, makes tetra-tert-butyl-
tetrahedrane one of the strongest bases reported so far. Ab initio calculations
[B3LYP/6-31G(d) and B3LYP/6-311�G(d,p)//6-31G(d)] have been carried out in
order to compare the high experimental basicity of tBu4THD with that estimated
theoretically. Both B3LYP/6-31G(d) and QCISD(T) calculations were used to
determine the reaction path which connects the initial tetrahedrane ± ammonium
complex with the final products, protonated cyclobutadiene (CBDH�) and ammonia.


Keywords: ab initio calculations ´
basicity ´ cyclobutadienes ´ strained
molecules ´ superbases ´ tetrahe-
dranes


Introduction


The problem of synthesizing tetrahedrane (THD, see ref. [1]
for the abbreviations used throughout this study) was
recognized more than half a century ago. It stimulated an
intensive search to find a method of preparation from suitable
precursors,[2] and eventually resulted in the isolation and
complete structural characterization of tetra-tert-butyltetra-
hedrane (tBu4THD).[3±5] Although the energy required to
break the CÿC bond of THD is a mere 42 kJ molÿ1 (DZ�P
basis set with electron correlation),[7] as a result of the
enormous angular strain (Estr� 585 kJ molÿ1, HF/6-31G*),[6]


numerous ab initio and semiempirical calculations[2d, 8] con-
sistently indicate high kinetic stability of tetrahedrane in the
absence of other reactants. In tBu4THD and in other recently


prepared, very stable derivatives of tetrahedrane,[9±15] the
above-mentioned lability is circumvented by means of spatial
shielding of the tetrahedrane framework by four bulky groups,
the so-called ªcorset effectº.[2d, 15]


Although high-level theoretical calculations (G2) predicted
THD to be a superbase[16] with a proton affinity (PA) at 298 K
of 1053 kJ molÿ1 (as well as a very strong carbon acid),[17] no
experimental data on the basicity of tetrahedranes existed.
Two properties of tBu4THD relevant for this study have to be
kept in mind: firstly, tBu4THD is higher in energy than tetra-
tert-butylcyclobutadiene (tBu4CBD). NMR experiments al-
lows one to conclude that the amount of tBu4THD in the
thermal equilibrium with tBu4CBD is <1 %; therefore, DG0


should be >10 kJ molÿ1.[5] The transformation of the tetrahe-
drane into the cyclobutadiene has an activation barrier of
DH=� 107� 10 kJ molÿ1.[5] Secondly, tBu4THD forms the
homocyclopropenylium ion tBu4CBDH� upon treatment with
gaseous HCl. The structure of tBu4CBDH� has been deter-
mined (Scheme 1).[2d, 18] This paper will report the experimen-
tal evidence of the tremendous basicity of this compound and
theoretical calculations that will explain the origin of the
observed results.


∆ H+


H


tBu4CBD tBu4THD tBu4CBDH+


1.408 Å


1.524 Å


1.806 Å


Scheme 1. Reactions of tBu4THD.
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Results and Discussion


Experimental results : The gas-phase basicity, GB, of a base B
is formally defined as the standard Gibbs free energy change
according to the reaction given in Equation (1), the corre-
sponding proton affinity, PA, being the standard enthalpy
change for the same reaction.


BH�(g) ÿ! B(g)�H�(g) DG8�GB; DH8�PA (1)


The FT-ICR experiments provide the standard Gibbs free
energy changes, DGB, pertaining to the proton exchange
reaction between B and a reference base, Bref [Eq. (2)]. For
this equilibrium, Equation (3) is valid.


B(g)�BrefH�(g)>BH�(g)�Bref(g) DG8�DGB (2)


DGB�GB(Bref)ÿGB(B)�ÿRT lnKp (3)


The FT-ICR experiments do no lead directly to proton
affinities. The determination of PA therefore requires an
independent estimation of the entropy change of the reaction
given in Equation (1).


Several strong reference bases were used.[19] With
N,N,N',N'-tetramethylguanidine (GB� 997.4 kJ molÿ1) and
weaker bases, tBu4THD behaves as a stronger base and no
equilibrium was reached. In all cases, the peak in the mass
spectra corresponding to protonated tBu4THD (m/z 277) was
the predominant one, and the peak of the corresponding
protonated reference bases disappeared with time, slowly (at
�60 s) in the case of N,N,N',N'-tetramethylguanidine. These
results indicate that tBu4THD is a very strong base in the gas
phase.


To obtain an estimation of the GB of tBu4THD, we used
one of the strongest bases commercially available, 7-methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene, whose basicity was meas-
ured by Gal et al.[20] who found a GB value of
1030.2 kJ molÿ1.[19]


There is a slow proton transfer from the protonated
reference base to tBu4THD; equilibrium is reached within
�15 ± 60 s. An average Kp value of 5.8 was obtained, and from
this a DGB between the reference and tBu4THD of


5.0 kJ molÿ1 resulted, with tBu4THD being a stronger base
than 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene. The gas-
phase basicity of tBu4THD should be 1035� 10 kJ molÿ1. This
GB value establishes tBu4THD as a superbase in the gas
phase.


Computational results and thermodynamic aspects : As we
discussed in our theoretical paper,[16] protonation of THD
does not yield THDH� (which we have now verified to have
no minimum in the potential energy surface) but CBDH�


instead. Likewise, protonation of tBu4THD leads to the
tBu4CBDH� cation (m/z 277). All the calculated stationary
minima are reported in Table 1 and the corresponding energy
profile for the parent system is given in Figure 1.


H


H


1011.9
(990.8)


101.9
(129.2)


1113.8
(1120.0)


1


2


3


4


1


3


4


2


4


1


3
2


+ H+


+ H+


Figure 1. Energy profile for the parent compounds from B3LYP/6-31G(d)
and QCISD(T) calculations (in parentheses). All values are given in
kJmolÿ1.


Note that in Table 1 the comparison of THD and tBu4THD
quantifies the thermodynamic part of the ªcorset effectº.[2d, 15]


Among the parent compounds, CBD is 101.9 kJ molÿ1 more
stable that THD, while the situation seems to be reversed for
the tetra-tert-butyl derivative: tBu4THD is calculated to be


Table 1. Absolute energies [Hartree; 1 Hartree� 2625.50 kJmolÿ1] and relative energies [kJ molÿ1] of the molecules discussed in the text.[a]


Absolute energies B3LYP/6-31G(d) B3LYP/6-311�G(d,p)//6-31G(d) QCISD(T)/6-31G(d)//B3LYP/6-31G(d)


THD ÿ 154.636663 ÿ 154.681029 ÿ 154.156754
CBD ÿ 154.675462 ÿ 154.721129 ÿ 154.205969
CBDH� ÿ 155.060871 ÿ 155.095893 ÿ 154.583324
tBu4THD ÿ 783.683294 ÿ 783.887075
tBu4CBD ÿ 783.680716 ÿ 783.887546
tBu4CBDH� ÿ 784.141692 ÿ 784.340987
NH3 ÿ 56.547948 ÿ 56.372146
NH4


� ÿ 56.893889 ÿ 56.719669


Relative energies
E(THD)ÿE(CBD) 101.9 105.3 129.2
E(THD)ÿE(CBDH�) 1113.8 1089.2 1120.0
E(CBD)ÿE(CBDH�) 1011.9 983.2 990.8
E(tBu4THD)ÿE(tBu4CBD) ÿ 6.8 1.2
E(tBu4THD)ÿE(tBu4CBDH�) 1203.5 1191.7
E(tBu4CBD)ÿE(tBu4CBDH�) 1210.3 1190.5


[a] Since the energy of H� is null, we have not included it in the relative energies.
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6.8 kJ molÿ1 more stable than tBu4CBD at the B3LYP/6-
31G(d) level. This is in contrast to earlier force-field[21] and
semiempirical (MNDO)[22] calculations as well as to exper-
imental findings (see previous discussion).[5] When the
calculations are carried out at the B3LYP/6-311�G(d,p)//6-
31G(d) level, these values become 105.3 and ÿ1.2 kJ molÿ1,
respectively. The latter value agrees fairly well with the
experimental result (� ÿ 10 kJ molÿ1).


The use of QCISD(T)/6-31G(d)//B3LYP/6-31G(d) leads to
a profile (Figure 1, values in parentheses) for the parent
compound, which is similar to that of the B3LYP calculations,
although the difference between CBD and THD is increased
by up to 129.2 kJ molÿ1.


The enthalpies and Gibbs free energies at 298 K obtained
from the B3LYP/6-31G(d) calculations are given in Table 2.
From this data, we can estimate GB values for THD and
tBu4THD to be 1050.9 and 1134.7 kJ molÿ1, respectively. The
calculated gas-phase basicity of tBu4THD is higher than the
experimentally determined GB of 1035� 10 kJ molÿ1. The
corresponding values of the proton affinity for THD and
tBu4THD obtained at the same level of theory are 1080.2 and
1171.2 kJ molÿ1, respectively.


In order to assess the influence of the basis set on the
computed GB and PA values, we have carried out single-point
calculations at the 6-311�G(d,p)//6-31G(d) level which gives
GB values for THD and tBu4THD of 1026.3 and
1122.9 kJ molÿ1, respectively. The calculated GB value for
tBu4THD decreased by �12 kJ molÿ1 and is closer to the
experimental value of 1035� 10 kJ molÿ1. The PA values for
THD and tBu4THD obtained at this level of theory are, 1055.7
and 1159.4 kJ molÿ1, respectively. The PA of THD is very close
to the previously calculated value at the G2 level of
1053 kJ molÿ1.[16]


In conclusion, B3LYP calculations, at the level we have
used, cannot yield absolute GB or PA values. A very large
basis set, prohibitive for molecules of the size of tBu4THD,
should be used. Nevertheless, the theoretical results confirm
that tBu4THD is a superbase in the gas phase.


Mechanistic aspects and transition states : We have studied the
very exothermic reaction between THD and NH4


� in detail.
As can be derived from the B3LYP/6-31G(d) energies given in
Table 1, the energies of the final products (CBDH� and NH3)
are 205.5 kJ molÿ1 below the reactants. Unless there is a
kinetic control, that is, a very high activation barrier, it is
expected that the reaction occurs spontaneously.


The potential surface presents two stationary points, A and
B (Figure 2). The analysis of the frequencies of the harmonic
vibrations shows that A corresponds to a minimum (ion-
induced dipole complex) and B to a transition state (TS 1).
The energy of the transition state is 3.8 kJ molÿ1 above the
minimum and 52.7 kJ molÿ1 below the isolated reactants


Figure 2. Geometries corresponding to B3LYP/6-31G(d) calculations of
the two stationary points: the minimum THD ´´´ NH4


� (A) and the
transition state TS (B).


(THD and NH4
�). This kinetic data, a negative potential


barrier with respect to the isolated reactants and extremely
small with respect to the ion-induced dipole complex, clearly
shows that the protonation of THD by ammonium is a process
which takes place spontaneously with concomitant isomer-
ization to CBD.


When these energies were calculated at the QCISD(T)/6-
31G(d) level, the values were strikingly similar: the exother-
micity, ÿ207.5 kJ molÿ1 (see Table 1), the barrier with regard
to the minimum 2.5 kJ molÿ1, and barrier with regard to the
isolated reactants ÿ48.1 kJ molÿ1. The small difference exist-
ing between the two stationary structures, at both levels of
theory, indicates that the potential surface in this zone of the
reaction path is very flat. Consequently, small energetic
changes are associated with much larger geometric changes.


Table 2. Enthalpies and Gibbs free energies [Hartree; 1 Hartree� 2625.50 kJmolÿ1].


B3LYP/6-31G(d) B3LYP/6-311�G(d,p)//B3LYP/6-31G(d)
Minima H298


[a] G298
[b] H298


[a] G298
[b]


THD ÿ 154.573205 ÿ 154.601960 ÿ 154.617571 ÿ 154.646326
CBD ÿ 154.610715 ÿ 154.639448 ÿ 154.656382 ÿ 154.685115
CBDH� ÿ 154.982285 ÿ 155.012214 ÿ 155.017305 ÿ 155.047232
tBu4THD ÿ 783.152453 ÿ 783.231320 ÿ 783.356233 ÿ 783.435100
tBu4CBD ÿ 783.147653 ÿ 783.222528 ÿ 783.354483 ÿ 783.429358
tBu4CBDH� ÿ 783.596174 ÿ 783.673517 ÿ 783.795469 ÿ 783.872811


[a] Enthalpy values were obtained from the absolute energies and the corresponding ZPE values and thermal corrections, evaluated at the B3LYP/6-31G(d)
level. ZPE values were scaled by the empirical factor 0.9806.[23] [b] Gibbs free energy values were obtained from the enthalpy values and the corresponding
entropy values, evaluated at the B3LYP/6-31G(d) level.
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Geometrically,[24] the most important difference between
the two stationary structures A and B is the relative position
of the ammonium cation with respect to the THD molecule
(Table 3). In the ion-induced dipole complex A, the distance
between ammonium and THD is slightly greater than 2 �
(dCÿH� 2.12 ± 2.15 �), whilst in transition state B, the ammo-
nium has already moved towards one of the THD carbons
(dCÿH� 1.95 and 2.27 �). Therefore, the reaction starts by an
attack of the N�ÿH towards one of the ªedgesº of THD, then
the cation moves towards one of the corners of this edge (TS),
and is followed by proton transfer. That the first step in
protonation occurs on the edge was already known for
tetrahedrane and other cage compounds, such as cubane
and its derivatives.[17, 25]


The ªreaction-path-followingº method[26] showed that after
the TS, the C4ÿC3 bond breaks first, then the proton transfer
starts, and finally the second CÿC bond (C1 ± C2) breaks.


Conclusions


Once tBu4THD is protonated, the resulting cation is very
stable; the basicity of tBu4THD represents a record value. The
experimental value for the gas-phase basicity of tBu4THD is
close to the calculated GB of the parent molecule, THD. In
the case of the model compound, THD, the profile of the
reaction from THD ´´´ NH4


� to CBDH� ´ ´ ´ NH3 has been
explored with ab initio calculations.


Experimental Section


Experimental determination of the gas-phase basicity of tetra-tert-butyl-
tetrahedrane : An improved synthesis of tetra-tert-butyltetrahedrane
(tBu4THD) has been described.[27] The experimental study of its gas-phase
basicity was carried out by means of FT-ICR mass spectrometry[28] with a
modified Bruker CMS 47 mass spectrometer[29] used in previous studies.[30]


A detailed description of the main features of this instrument is given in
references [29, 30a]. The main modifications with respect to the standard
instrument are given in reference [30a] The substantial field strength of its
superconducting magnet, 4.7 T, allows the monitoring of ion ± molecule
reactions for relatively long periods of time, up to 120 s in some cases. A
sufficiently long residence time of the ions in the cell is important whenever
thermalizations of the ions is relevant, as in equilibrium studies.[28f] The ions
are thermalized through collisions with the neutral species and radiation
change with the surroundings.[31]


As in our previous studies,[30] the equilibrium constant, Kp, for the reaction
given in Equation (2) was determined as follows: briefly stated, mixtures of
Bref(g) and tBu4THD(g) of known partial pressures (total pressures in the
range 5� 10ÿ7 to 5� 10ÿ6 mbar) were introduced to the high-vacuum
section of the instrument, and were ionized by electron impact (nominal
ionization energy of 11.5 eV). The corresponding protonated ions were
generated by chemical ionization, the proton sources being the ionic


fragments of Bref. The fact that the constant ratio of the ion intensities
corresponds to the attainment of equilibrium in Equation (2) was proven
by means of double-resonance-like experiments.[30a] The pressure readings
for the neutral reactants, as determined by the Bayard ± Alpert gauge of the
FT-ICR spectrometer, were corrected by means of the gauge sensitivity for
each reactant. The gauge sensitivities relative (Sr) to N2 have been
estimated according to Bartmess and Georgiadis[32] by means of the
average molecular polarizabilities, a(ahc), calculated according to Mill-
er.[33]


Computational details : All energies were calculated with ªdensity func-
tional theoryº (DFT) Becke3-LYP method[34] together with the standard
basis sets 6-31G(d)[35] and 6-311�G(d,p),[36] as implemented in the
Gaussian 98 program.[37] All the reported structures are stationary points
(minima or transition states) on the B3LYP/6-31G* potential energy
surface. To check the B3LYP/6-31G (d) values, single point energy
calculations of the most simple systems (THD, CBD, CBDH�, NH3 and
NH4


�) were carried out at the QCISD(T) level with the same set of base
functions.[38]
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[cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2O]: Synthesis and Complexation Behaviour
of a Novel, Cyclic, Bidentate Lewis Acid and Its Conversion into a
Tin-Containing Fluorosilane with Intermolecular SiÿF ´´´ Sn Bridges[=]
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Dedicated to Professor Herbert Schumann on the occasion of his 65th birthday


Abstract: Acid-catalysed hydrolysis of
[CH2{Sn(Ph2)CH2Si(OiPr)Me2}2] fol-
lowed by subsequent reaction with mer-
curic chloride in acetone afforded the
novel silicon- and tin-containing eight-
membered ring [cyclo-CH2{Sn(Cl2)-
CH2Si(Me2)}2O] in good yield, the crys-
tal structure of which is reported. 119Sn
NMR and X-ray studies indicate that
[cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2O] acts
as a bidentate Lewis acid towards
chloride ions exclusively forming the


1:1 complex [(Ph3P)2N]�[cyclo-CH2-
{Sn(Cl2)CH2Si(Me2)}2OCl]ÿ upon addi-
tion of [(Ph3P)2N]�Clÿ. Also reported
are the synthesis and structure of
[K(dibenzo[18]crown-6)]�[cyclo-
CH2{Sn(Cl2)CH2Si(Me2)}2OF]ÿ , the first
completely characterised organostan-


nate with a C2SnCl2F- substituent pat-
tern. No ring-opening polymerisation
could be achieved for [cyclo-CH2-
{Sn(Cl2)CH2Si(Me2)}2O] or for its per-
phenylated derivative [cyclo-CH2-
{Sn(Ph2)CH2Si(Me2)}2O]. The reaction
of [cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2O]
with Me3O�BF4


ÿ gave the tin-containing
fluorosilane [CH2{Sn(Cl2)CH2Si(F)-
Me2}2], in which the SiÿF bond is
activated by intermolecular SiÿF ´´´ Sn
interactions in the solid state.


Keywords: anion complexation ´
Lewis acids ´ ring-opening reactions
´ silicon ´ tin


Introduction


In recent years the selective complexation of anions and
neutral donor molecules by molecular hosts has been a subject
of growing interest.[1±7] This general concept includes the
synthesis of multidentate Lewis acids in which the active sites
are part of cyclic[8±16] or noncyclic[17±38] structures. Elements
which serve as the Lewis acidic centres in these host molecules
are for instance B,[39±42] Al,[38, 43, 44] In,[30±35] Si,[13, 45±47] Ge,[14]


Sn[8±12, 16±29] and Hg.[15, 37, 38, 48±53] More recently, bidentate Lewis
acids have attracted interest as activators for transition metal
based olefin polymerisation catalysts.[38, 42, 54] Also, com-
pounds showing selectivity towards different anions have
been employed in liquid membranes for the design of ion
sensitive electrodes (ISE).[55] Some time ago, we and others
have shown that the methylene-bridged ditin compound
(PhCl2Sn)2CH2, when incorporated into a polyethylene mem-
brane, exhibits a remarkable selectivity towards phos-


phate.[25, 26] One shortcoming of this type of electrode is its
short lifetime. One possibility to overcome this disadvantage
might be to make the Cl2SnCH2SnCl2-fragment part of a
polymer. In continuation of our studies on tin-based biden-
tate[16, 22±27, 29] and multidentate[28] Lewis acids we report here
on the synthesis and structure of a novel cyclic eight-
membered ditin compound containing a siloxane unit and
on its complexation behaviour towards chloride[27] and
fluoride[56] ions. Also presented are attempts at ring-opening
reactions of this eight-membered ring and its perphenylated
derivative leading, however, to a novel tin-containing fluo-
rosilane.


Results and Discussion


Synthesis and properties of [cyclo-CH2{Sn(Cl2)CH2Si-
(Me2)}2O] (2): The reaction of bis(diphenylfluorostannyl)-
methane[27] with two molar equivalents of Me2(iPrO)-
SiCH2MgCl[57] afforded bis{[(dimethylisopropoxysilyl)-
methyl]diphenylstannyl}methane (1) as a colourless oil in
almost quantitative yield (Scheme 1).


Treatment of [CH2{Sn(Ph2)CH2Si(OiPr)Me2}2] (1) with
diluted sulfuric acid in diethyl ether resulted in a crude
reaction product, the 29Si NMR spectrum (CDCl3) of which
showed two major signals at d� 9.3 (50 %, 2J(117/119Sn,29Si�
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[CH2(SnPh2F)2] [CH2{SnPh2CH2Si(OiPr)Me2}2]


1


i)


Scheme 1. Synthesis of compound 1. i) 2 Me(iPrO)SiCH2MgCl
(ÿ2MgClF).


39 Hz) and 17.5 (35 %, 2J(117/119Sn,29Si� 29 Hz), and two minor
resonances at d� 7.7 and 17.2 (total integral approximately
15 % of the major signals). The 119Sn NMR spectrum of the
same sample displayed major signals at d�ÿ39.4 (50%) and
ÿ40.0 (30 %) and two minor resonances at d�ÿ40.4 and
ÿ40.8 (total integral approximately 20 % of the major
signals). The signals at d� 9.3 (29Si) and ÿ39.4 (119Sn) belong
to the eight-membered ring species [CH2{Sn(Ph2)CH2Si-
(Me2)}O] (5). The signals at d� 17.5 (29Si) and ÿ40.0 (119Sn)
are assigned to the silanol [CH2{Sn(Ph2)CH2Si(OH)Me2}2],
whereas the remaining resonances at d� 7.7 and 17.2 (29Si) and
ÿ40.4 and ÿ40.8 (119Sn) are assigned with caution to the
acyclic derivative [{Me2(HO)SiCH2Sn(Ph2)CH2Sn(Ph2)CH2-
Si(Me2)}2O]. None of these compounds were isolated from
this reaction mixture, but the synthesis and isolation of
compound 5 was achieved and is described below. Treatment
of the crude product in acetone with two molar equivalents of
mercuric chloride per tin provided, after working up, the
eight-membered ring species [CH2{Sn(Cl2)CH2Si(Me2)}O] (2)
in 72 % yield (Scheme 2). From this high yield it is apparent


SnCl2Cl2Sn


Me2Si O SiMe2


2


[CH2{SnPh2CH2Si(OiPr)Me2}2]


1


i), ii)


Scheme 2. Synthesis of the eight-membered ring 2. i) 0.5m H2SO4, Et2O
(ÿ2 iPrOH); ii) 4HgCl2, acetone (ÿ4 PhHgCl).


that both the cyclosiloxane derivative 5 and the open-chain
compound [CH2{Sn(Ph2)CH2Si(OH)Me2}2] are transformed
into the tin-functionalised cyclosiloxane derivative 2. Com-
pound 2 is a colorless crystalline solid that is soluble in
dichloromethane, diethyl ether and benzene, but almost
insoluble in hexane. Cyclic organotin compounds containing
one tin atom and an Si-O-Si structural motif have been
reported.[58, 59]


The molecular structure of 2 is shown in Figure 1. Unit cell
data and refinement details are listed in Table 1. Compound 2
crystallises with two different conformers, which are con-
nected by a weak intermolecular Cl(3) ± Sn(1') contact of
3.684(1) �. The coordination geometry at Sn(1), Sn(2) and
Sn(2') can be best described as a monocapped tetrahedron
([4�1] coordination), with the position of the respective tin
atoms along the path tetrahedron ± trigonal bipyramid given
by the difference of the sum of the equatorial and axial
angles,[60±62] (i.e. , SWeqÿSWax� 17.838 for Sn(1), 26.298 for
Sn(2) and 19.678 for Sn(2'). This configuration is realised by
weak intramolecular Sn(1) ´´ ´ O(1), Sn(2) ´´ ´ O(1) and
Sn(2') ´´ ´ O(1') contacts of 3.559(2), 3.074(2), and 3.184(2) �,
respectively; the approach occurs through the corresponding
tetrahedral face. The intramolecular Sn ´´´ O distances are at
the borderline or shorter than the sum of the van der Waals
radii of tin (2.20 �)[63] and oxygen (1.50 �).[63] Intramolecular
Sn ´´´ ´ O contacts of 2.884(3) ± 3.067(2) � and 2.38(4) � have
been reported for compounds in which the tin and oxygen
atoms are part of four-[64, 65] and five-membered[66, 67] rings,
respectively. The Sn(2) ± Cl(2') distance amounts to
4.232(1) � which is greater than the sum of the van der Waals
radii of tin and chlorine (1.70 �).[63] The Cl(2)-Sn(1)-O(1),
Cl(3)-Sn(2)-O(1), and Cl(3')-Sn(2')-O(1') angles amount to
139.26(4), 167.53(5), and 169.34(5)8, respectively, the devia-
tions of these angles from the ideal value of 1808 being the
result of ring constraints. The Sn(1') atom of the conformer
shown on the right side in Figure 1 exhibits a [4�2]
coordination geometry In other words, two Sn(1') ± C(1'/7')
bonds of 2.116(3) and 2.110(3) � and two intramolecular
Sn(1') ± Cl(1'/2') bonds of 2.3470(9) and 2.341(1) � are
accompanied by one weak intramolecular Sn(1') ´ ´ ´ O(1')
contact of 3.061(2) � and one weak intermolecular
Sn(1') ´´ ´ Cl(3) contact of 3.684(1) � with the last distance
being shorter than the sum of the van der Waals radii of tin
and chlorine.[63] The Cl(1')-Sn(1')-Cl(3) and Cl(2')-Sn(1')-
O(1') angles amount to 173.26(5) and 174.00(3)8, respectively,
the deviations of the angles from the ideal value of 1808 again
being the result of ring constraints. In both conformers of 2,
the intramolecular Sn(1/2) ´´ ´ O(1) and Sn(1'/2') ´ ´ ´ O(1') con-
tacts are associated with Si(1)-O(1)-Si(2) and Si(1')-O(1')-
Si(2') angles of 145.5(2) and 144.9(1)8, respectively, which are
at the lower end of a range of corresponding angles in eight-
membered cyclo-stannasiloxanes that have no such con-
tacts.[68, 69] The Si(1/2) ± O(1) and Si(1'/2') ± O(1') bond lengths
between 1.640(2) and 1.648(2) � are close to standard SiÿO
bond lengths reported in the literature[70±72] and indicate the
intramolecular Sn ´´´ O contact mentioned above to be mainly
electrostatic. Nevertheless, compound 2 is an interesting
model substance for a SiÿO bond activation by an organotin
Lewis acid.


Abstract in German: Aus [CH2{Sn(Ph2)CH2Si(OiPr)Me2}2]
wurde durch säurekatalysierte Hydrolyse und Reaktion mit
Quecksilberchlorid in Aceton der neuartige silicium- und
zinnhaltige Achtring [cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2O] in
guter Ausbeute erhalten und seine Struktur mittels Einkristall-
röntgenstrukturanalyse bestimmt. 119Sn-NMR-Studien und Un-
tersuchungen durch Röntgenstrahlbeugung am Einkristall
zeigen, dass [CH2{Sn(Cl2)CH2Si(Me2)}2O] sich gegenüber
Chloridionen als bidentate Lewis-Säure verhält und mit
[(Ph3P)2N]�Clÿ ausschliesslich unter Bildung des entsprechen-
den 1:1-Komplexes [(Ph3P)2N]�[cyclo-CH2{Sn(Cl2)CH2Si-
(Me2)}2OCl]ÿ reagiert. Ebenfalls berichtet wird über die
Synthese und Struktur von [K(dibenzo[18]Krone-6)]�[cyclo-
CH2{Sn(Cl2)CH2Si(Me2)}2OF]ÿ , dem ersten vollständig cha-
rakterisierten Organostannat mit einem C2SnCl2F-Substitu-
tionsmuster. Weder für [cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2O]
noch für das perphenylierte Derivat [cyclo-CH2{Sn(Ph2)-
CH2Si(Me2)}2O] gelang eine ringöffnende Polymerisation.
Die Reaction von [cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2O] mit
Me3O�BF4


ÿ lieferte das zinnhaltige Organofluorsilan
[CH2{Sn(Cl2)CH2Si(F)Me2}2]. Dieses zeigt im Festkörper
eine Aufweitung der Si-F-Bindung durch intermolekulare
SiÿF ´´´ Sn-Wechselwirkung.
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The side views of the two conformers of 2 are shown in
Figure 2. According to a classification scheme recently


introduced[73] and applied for
eight-membered rings,[68, 69] the
left conformer is a F-type
(000�� 00ÿ ) and the right
conformer is a G-type (00��
00�� ) structure.


From the solid-state struc-
ture of 2, four 119Sn cross-polar-
isation, magic-angle spinning
(CP-MAS) resonances are to
be expexted. Given the similar-
ity of the configurations at
Sn(1') and Sn(2), and at Sn(1)
and Sn(2'), only two resonan-
ces (W1�2� 1500 Hz) are ob-
served at d� 87 and 114. In
CDCl3, however, the tin and
the silicon atoms are equivalent
on the respective NMR time-
scales, and single resonances
are observed at d (29Si)� 14.2
(2J(117/119Sn,29Si)� 56/59 Hz) and
d (119Sn)� 109.0. The spectra
remain virtually the same in
CD2Cl2 at ÿ85 8C. The eight-
membered ring structure of 2 is
retained in solution as was veri-


fied by molecular weight determination (calcd for 2 : M�
554 g molÿ1, found in CH2Cl2: M� 547 g molÿ1).


Figure 1. General view (SHELXTL) of the crystal structure of 2 showing 30 % probability displacement
ellipsoids and the atom numbering scheme. Hydrogen atoms are omitted for clarity. Selected bond lenghts [�]
and angles [8]: Sn(1)ÿCl(1) 2.3437(9), Sn(1)ÿCl(2) 2.335(1), Sn(1)ÿO(1) 3.559(2), Sn(2)ÿCl(3) 2.350(1),
Sn(2)ÿCl(4) 2.3471(9), Sn(2)ÿO(1) 3.074(2), Sn(1')ÿCl(1') 2.3470(9), Sn(1')ÿCl(2') 2.341(1), Sn(1')ÿO(1')
3.061(2), Sn(1')ÿCl(3) 3.684(1), Sn(2')ÿCl(3') 2.339(1), Sn(2')ÿCl(4') 2.3465(9), Sn(2')ÿO(1') 3.184(2), C(1)-
Sn(1)-C(7) 125.0(1), C(1)-Sn(1)-Cl(1) 103.7(1), C(7)-Sn(1)-Cl(1) 107.33(9), C(1)-Sn(1)-Cl(2) 107.6(1), C(7)-
Sn(1)-Cl(2) 109.25(9), Cl(1)-Sn(1)-Cl(2) 101.35(4), Cl(2)-Sn(1)-O(1) 139.26(4), C(1)-Sn(2)-C(2) 131.0(1), C(1)-
Sn(2)-Cl(4) 99.44(9), C(2)-Sn(2)-Cl(4) 109.60(9), C(1)-Sn(2)-Cl(3) 104.0(1), C(2)-Sn(2)-Cl(3) 106.7(1), Cl(4)-
Sn(2)-Cl(3) 103.05(4), Cl(3)-Sn(2)-O(1) 167.53(5), Si(1)-O(1)-Si(2) 145.5(2), C(1')-Sn(1')-C(7') 126.4(1), Cl(1')-
Sn(1')-Cl(2') 101.19(4), Cl(1')-Sn(1')-Cl(3) 174.00(3), Cl(2')-Sn(1')-O(1') 173.26(5), C(1')-Sn(2')-C(2') 126.5(1),
C(1')-Sn(2')-Cl(4') 103.41(9), C(2')-Sn(2')-Cl(4') 106.8(1), C(1')-Sn(2')-Cl(3') 105.55(9), C(2')-Sn(2')-Cl(3')
110.7(1), Cl(4')-Sn(2')-Cl(3') 100.79(4), Cl(3')-Sn(2')-O(1') 169.34(5), Si(1')-O(1')-Si(2') 144.9(1).


Table 1. Crystallographic data for 2, 3, 4 a and 6.


2 3 4 a 6


formula C7H18Cl4OSn2Si2 C44H50Cl7OP2NSn2Si2 C27H43Cl4FO7.5Sn2Si2 K C7H18Cl4F2Sn2Si2


Mw 553.62 1212.60 990.14 575.62
crystal system monoclinic monoclinic triclinic orthorhombic
crystal size [mm] 0.15� 0.10� 0.10 0.20� 0.12� 0.10 0.40� 0.08� 0.08 0.12� 0.10� 0.10
space group P21/c C2/c P1Å Pbcn
a [�] 9.856(1) 43.532(1) 10.198(1) 19.726(1)
b [�] 15.967(1) 9.522(1) 10.590(1) 8.917(1)
c [�] 24.391(1) 33.304(1) 19.993(1) 10.994(1)
a [8] 90 90 83.163(1)
b [8] 99.438(1) 128.904(1) 84.228(1)
g [8] 90 90 69.829(1)
V [Ê3] 3786.5(5) 10 743(1) 2008.2(3) 1933.8(3)
Z 8 8 2 4
1calcd [Mg mÿ3] 1.942 1.499 1.622 1.977
1measd [Mg mÿ3] 1.988(5) 1.514(8) [a] 1.986(26)
m [mmÿ1] 3.312 1.415 1.716 3.257
F(000) 2112 4848 978 1096
q range [8] 3.49 ± 27.48 3.41 ± 27.45 2.95 ± 25.35 3.59 ± 27.48
index ranges ÿ 12� h� 12 ÿ 56� h� 56 ÿ 12� h� 12 ÿ 25�h� 25


ÿ 20� k� 20 ÿ 9� k� 9 ÿ 10� k� 10 ÿ 11�k� 11
ÿ 25� l� 25 ÿ 43� l� 33 ÿ 23� l� 24 ÿ 11� l� 11


reflns measured 47465 69 399 22 975 24918
completeness to qmax 91.7 90.6 92.5 92.6
independent reflns/Rint 7968/0.040 11 136/0.038 6812/0.038 2064/0.030
reflns observed [I> 2 s(I)] 5319 5002 3876 1432
parameters 298 576 412 81
GooF (F2) 0.890 0.866 0.855 0.903
R1 (F) [I> 2 s(I)] 0.0252 0.0349 0.0317 0.0225
wR2 (F2) (all Data) 0.0523 0.0705 0.0675 0.0532
(D/s)max 0.001 0.001 0.001 0.001
largest diff. peak/hole [e�3] 0.372/ÿ 0.723 0.507/ÿ 0.533 0.522/ÿ 0.411 0.391/ÿ 0.566


[a] Not measured.
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Complexation behaviour of [cyclo-CH2{Sn(Cl2)CH2Si-
(Me2)}2O] (2) towards chloride ions : The 119Sn NMR chemical
shifts of the eight-membered ring 2 to which various amounts
of [(Ph3P)2N]�Clÿ have been added (Figure 3) indicate
quantitative formation of the 1:1 complex with the chloride
ion (3, Scheme 3). The pentachlorodistannate derivative 3 was
isolated as a colorless crystalline solid. Interestingly, even
though adduct formation appears to be almost quantitative,
the observation of a single resonance during the course of the
titration indicates a rapid intermolecular exchange of chloride
ions between 2 and 3.


Figure 3. Plot of 119Sn{1H} NMR (111.92 MHz) chemical shift (ppm) versus
molar ratio [(Ph3P)2N]�Clÿ/compound 2 (0.11m solution of 2 in CH2Cl2/
D2Oext).


SnCl2Cl2Sn


Me2Si O SiMe2


SnCl2Cl2Sn


Me2Si O SiMe2


Cl


3


-


[(Ph3P)2N]+


2


i)


Scheme 3. Formation of the chloride complex 3. i) [(Ph3P)2N]�Clÿ.


In a solution of 3 in CDCl3, both tin atoms are pentacoor-
dinate as is evidenced i) by the 119Sn NMR chemical shift of
d�ÿ68.7 being shifted to low-frequency with respect to
compound 2, which contains four-coordinate tin atoms (d�
109.0), ii) by the observation of increased 1J(117/119Sn,13C) and
2J(117/119Sn,1H) couplings of 456/476, 134/140 Hz for SiCH2Sn
and 559/585, 84/88 Hz for SnCH2Sn in comparison with the
corresponding couplings measured for compound 2 (335/351,
115/121 Hz for SiCH2Sn and 370/387, 76/80 Hz for SnCH2Sn)
and iii) by the observation of an increased 2J(117Sn,119Sn)
coupling of 595 Hz for 3 as compared to 419 Hz for 2. The
chloride bridge in 3 is symmetric on the 1H, 13C, 29Si, and 119Sn
NMR timescales (i.e., the methyl groups and methylene
groups as well as the silicon and tin atoms are each


equivalent). The equivalence
at room temperature as well as
at ÿ85 8C of the methyl groups
in the 1H and 13C NMR spectra
indicate the chloride complex 3
to be kinetically labile. Ther-
modynamically, however, com-
plex 3 appears to be rather
stable; the 119Sn NMR chemical


shift (CD2Cl2) is almost temperature independent (d�ÿ72.6
at 22 8C and ÿ74.8 at ÿ85 8C).


The molecular structure of 3 (anionic part) is illustrated in
Figure 4. Unit cell data and refinement details are listed in
Table 1. Compound 3 crystallises with one molar amount of
dichloromethane in the unit cell. The lattice of 3 is composed


Figure 4. General view (SHELXTL) of the anionic part of 3 showing 30%
probability displacement ellipsoids and the atom numbering scheme. The
countercation [(Ph3P)2N]� and the hydrogen atoms are omitted for clarity.
Selected bond lenghts [�] and angles [8]: Sn(1)ÿCl(1) 2.352(1), Sn(1)ÿCl(2)
2.424(1), Sn(1)ÿCl(5) 2.891(1), Sn(1)ÿO(1) 3.449(2), Sn(2)ÿCl(3) 2.358(1),
Sn(2)ÿCl(4) 2.453(1), Sn(2)ÿCl(5) 2.781(1), Sn(2)ÿO(1) 3.280(2), C(1)-
Sn(1)-C(7) 132.6(2), C(1)-Sn(1)-Cl(1) 110.5(1), C(7)-Sn(1)-Cl(1) 112.7(1),
C(1)-Sn(1)-Cl(2) 96.4(1), C(7)-Sn(1)-Cl(2) 98.6(1), Cl(1)-Sn(1)-Cl(2)
94.72(4), Cl(2)-Sn(1)-Cl(5) 174.18(3), Cl(1)-Sn(1)-O(1) 151.71(5), C(1)-
Sn(2)-C(2) 140.4(1), C(1)-Sn(2)-Cl(4) 92.5(1), C(2)-Sn(2)-Cl(4) 95.0(1),
C(1)-Sn(2)-Cl(3) 110.0(1), C(2)-Sn(2)-Cl(3) 107.4(1), Cl(4)-Sn(2)-Cl(3)
97.92(4), Cl(4)-Sn(2)-Cl(5) 169.99(3), Cl(3)-Sn(2)-O(1) 157.11(6), Si(1)-
O(1)-Si(2) 147.2(2).


of discrete [cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2OCl]ÿ anions and
[(Ph3P)2N]� cations, with no significant interionic contacts.
Both tin atoms in the anionic part of 3 exhibit a [5�1]
coordination geometry with a distorted trigonal bipyramid
(SWeqÿSWax� 66.18 for Sn(1) and 72.48 for Sn(2)) with weak
intramolecular Sn(1/2) ´´ ´ O(1) contacts of 3.449(2) and
3.280(2) �, respectively. The axial positions of the trigonal
bipyramid at Sn(1) are occupied by Cl(2) and Cl(5) and at
Sn(2) by Cl(4) and Cl(5). The Sn(1) and Sn(2) atoms are
displaced from the equatorial planes, defined by C(1), C(7)
and Cl(1) for Sn(1) and by C(1), C(2) and Cl(3) for Sn(2), in


Figure 2. Side views of the two conformers of 2.
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the direction of Cl(2) and Cl(4) by 0.255(2) and 0.181(2) �,
respectively. The bond lengths of tin to the equatorial chlorine
atoms (Sn(1) ± Cl(1) 2.352(1), Sn(2) ± Cl(3) 2.358(1) �) are
shorter than those to the axial chlorine atoms (Sn(1) ± Cl(2)
2.424(1), Sn(2) ± Cl(4) 2.453(1) �). The Sn(1)-Cl(5)-Sn(2)
bridge is strongly asymmetric with Sn(1) ± Cl(5) 2.891(1) �
and Sn(2) ± Cl(5) 2.781(1) �. A similar asymmetry was
reported for the Sn-Cl-Sn bridge in the chloride complex of
1,1,5,5,9,9-hexachloro-1,5,9-tristannacyclododecane.[11] The
Si(1)-O(1)-Si(2) angle of 147.2(2)8 is similar to that observed
for compound 2.


Complexation behaviour of [cyclo-CH2{Sn(Cl2)CH2Si-
(Me2)}2O] (2) towards fluoride ions : The reaction of the
eight-membered ring 2 with one molar equivalent of potas-
sium fluoride and dibenzo[18]crown-6 in the presence of air
moisture gave a crude reaction product, the 29Si NMR
spectrum (CDCl3) of which showed three signals at d� 6.2,
8.9 and 31.9 (1J(19F,29Si)� 276 Hz) with an integral ratio of
15:75:10. The signals at d� 6.2 and 8.9 belong to the
hydroxide complex 4 b and the fluoride complex 4 a, respec-
tively. The signal at d� 31.9 reveals the presence of an acyclic
fluorosilane, the identity of which has not been established
yet, but it is different from compound 6 (see below). There are
no signals visible in the 119Sn NMR spectrum at room
temperature. The fluoride complex 4 a was isolated in 56 %
yield by recrystallisation from CH2Cl2/hexane solution as an
adduct with half a molar equivalent of water (Scheme 4).


SnCl2Cl2Sn


Me2Si O SiMe2


SnCl2Cl2Sn


Me2Si O SiMe2


F


4a


-


[K(dibenzo[18]crown-6)]+


2


0.5 H2O


i)


Scheme 4. Formation of the fluoride complex 4 a. i) KF, dibenzo[18]-
crown-6, CH2Cl2, H2O.


The molecular structure of 4 a is illustrated in Figure 5. Unit
cell data and refinement details are listed in Table 1. It is the
first completely characterised fluoride complex of a diorga-
notin dichloride. The lattice of 4 a comprises [cyclo-
CH2{Sn(Cl2)CH2Si(Me2)}2OF]ÿ anions and [K(dibenzo[18]-
crown-6)]� cations that are connected by K(1) ´´´ Cl(1)ÿ,
K(1) ´´ ´ Cl(3)ÿ and K(1) ´´´ F(1) contacts of 3.157(1), 3.444(2),
and 2.905(2) �, respectively. These bond lengths are shorter
than the sum of the van der Waals radii of potassium
(2.80 �)[63] and chlorine (1.70 �) or potassium and fluorine
(1.50 �), respectively. The K(1) atom is coordinated by six
oxygens of the crown ether with K(1) ´´´ O bond lengths of
2.768(3) ± 2.943(3) �. In addition, there is a K(1) ´´´ O(8)
contact of 2.96(2) � of the potassium to the water molecule;
this gives the K(1) a decacoor-
dination (Figure 5). Both tin
atoms exhibit a [5�1] coordina-
tion geometry with a distorted
trigonal bipyramid similar to
that of the related chloride
complex 3 (SWeqÿSWax� 70.08


Figure 5. General view (SHELXTL) of a molecule of 4 a showing 30%
probability displacement ellipsoids and the atom numbering scheme.
Hydrogen atoms are omitted for clarity. Selected bond lenghts [�] and
angles [8]: Sn(1)ÿCl(1) 2.348(1), Sn(1)ÿCl(2) 2.462(1), Sn(1)ÿF(1) 2.225(2),
Sn(1)ÿO(1) 3.391(3), Sn(2)ÿCl(3) 2.349(1), Sn(2)ÿCl(4) 2.450(1),
Sn(2)ÿF(1) 2.271(2), Sn(2)ÿO(1) 3.471(3), K(1)ÿCl(1) 3.157(1),
K(1)ÿCl(3) 3.444(2), K(1)ÿF(1) 2.905(2), K(1)ÿ[O(2)ÿO(7)] 2.768(3)
ÿ2.943(3), K(1)ÿO(8) 2.96(2), C(1)-Sn(1)-C(7) 128.5(2), C(1)-Sn(1)-Cl(1)
111.0(1), C(7)-Sn(1)-Cl(1) 117.3(1), C(1)-Sn(1)-Cl(2) 98.5(1), C(7)-Sn(1)-
Cl(2) 97.6(1), Cl(1)-Sn(1)-Cl(2) 90.67(4), Cl(2)-Sn(1)-F(1) 173.60(7), Cl(1)-
Sn(1)-O(1) 151.82(6), Si(1)-O(1)-Si(2) 159.5(2).


for Sn(1) and 67.08 for Sn(2)) with weak intramolecular
Sn(1/2) ´´ ´ O(1) contacts of 3.391(3) and 3.471(3) �, respec-
tively. The axial positions of the trigonal bipyramid at Sn(1)
are occupied by Cl(2) and F(1) and at Sn(2) by Cl(4) and F(1).
The Sn(1) and Sn(2) atoms are displaced from the equatorial
planes, defined by C(1), C(7) and Cl(1) for Sn(1) and by C(1),
C(2) and Cl(3) for Sn(2), in the direction of Cl(2) and Cl(4) by
0.222(2) and 0.248(2) �, respectively. The bond lengths of tin
to the equatorial chlorine atoms (Sn(1) ± Cl(1) 2.348(1),
Sn(2) ± Cl(3) 2.349(1) �) are shorter than those to the axial
chlorine atoms (Sn(1) ± Cl(2) 2.462(1), Sn(2) ± Cl(4)
2.450(1) �). The Sn(1) ± F(1) ± Sn(2) bridge is asymmetric
with Sn(1) ± F(1) 2.225(2) � and Sn(2) ± F(1) 2.271(2) �. The
Si(1)-O(1)-Si(2) angle amounts to 159.5(2)8 and is signifi-
cantly larger than the corresponding angles in compounds 2
and 3.


In CD2Cl2, the fluoride complex 4 a is in equilibrium with
the hydroxide complex 4 b. (Scheme 5). The ratio of com-
pounds 4 a :4 b is approximately 3:1. Thus, the 29Si and 119Sn
NMR spectra at ÿ85 8C each display two resonances at d�
10.4 and 9.3, and at d�ÿ80.3 (1J(19F,119Sn)� 971 Hz) and
ÿ74.7, respectively. In contrast to the chloride complex 2,
both the fluoride complex 4 a and the hydroxide complex 4 b


SnCl2Cl2Sn


Me2Si O SiMe2


F
SnCl2Cl2Sn


Me2Si O SiMe2


O
H


4a


-


[K(dibenzo[18]crown-6)]+


0.5 H2O


4b


-


[K(dibenzo[18]crown-6)]+


HF


Scheme 5. Equilibrium of 4a and 4b in solution.
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are kinetically inert on the 13C NMR timescale at ÿ90 8C. The
13C NMR spectrum of the same solution as used for recording
the 29Si and 119Sn NMR spectra shows two resonances for the
methyl carbons of 4 a at d� 1.62 and 2.28 and two resonances
for the methyl carbons of 4 b at d� 1.62 and 2.09. That the
signal at d� 1.62 is a superposition of two resonances follows
unambiguously from its higher intensity with respect to the
signal at d� 2.28. The identity of the hydroxide complex 4 b
was further confirmed by adding one molar equivalent of
Bu4NOH ´ 30 H2O to a solution of the eight-membered ring 2
in CD2Cl2. The 29Si and 119Sn NMR spectra at ÿ90 8C of this
solution exhibit the resonances assigned to the anion of 4 b as
mentioned above.


Studies on ring-opening reactions and synthesis of
[CH2{Sn(Cl2)CH2Si(F)Me2}2]: Reaction of compound 2 with
four molar equivalents of phenylmagnesium bromide provid-
ed exclusively 1,1,3,3-tetraphenyl-5,5,7,7-tetramethyl-1,3-di-
stanna-5,7-disila-6-oxacyclooctane (5) as a colorless oil
(Scheme 6). Attempts at cationic ring-opening polymerisa-
tion[74±77] of 2 using para-toluenesulfonic acid or concentrated


SnPh2Ph2Sn


Me2Si O SiMe2


SnCl2Cl2Sn


Me2Si O SiMe2


52


i)


Scheme 6. Synthesis of the cyclic compound 5. i) 4 PhMgBr (ÿ4 MgBrCl).


sulfuric acid as catalyst, or at anionic ring-opening polymer-
isation of 5 by using KOSiMe3 or KOtBu were both
unsuccessful. Reactions were carried out neat (for 2 and 5)
by heating the sample up to 180 8C as well as in acetone (for 2)
or in toluene (for 2 and 5) under
reflux conditions. The results
reveal the high thermodynamic
stability of these eight-mem-
bered ring compounds 2 and 5.


On the other hand, the reac-
tion of the tetrachloro-substi-
tuted derivative 2 with
Me3O�BF4


ÿ gave under ring-
opening and regioselective fluo-
rination bis{dichloro[(dimeth-
ylfluorosilyl)methyl]stannyl}-
methane (6) in almost quanti-
tative yield (Scheme 7).
Compound 6 is a colorless solid
which has good solubility in
chlorinated solvents and diethyl
ether; it is one of the very few
examples of molecules with
both halide functionalised tin
and silicon sites.[78]


The crystal structure of 6 is
illustrated in Figure 6. Unit cell
data and refinement details are
listed in Table 1. Both tin atoms
in the molecular structure of 6
are equivalent and exhibit a


SnCl2Cl2Sn


Me2Si O SiMe2


[CH2{Sn(Cl2)CH2Si(F)Me2}2]


2


6


i)


Scheme 7. Synthesis of the acyclic fluorosilane 6. i) Me3O�BF4
ÿ (ÿMe2O,


ÿMeF, ÿ 1�3 B2O3, ÿ 1�3 BF3).


[4�2] coordination geometry, that is, two Sn(1)ÿC(1/2) bonds
of 2.122(2) and 2.108(3) �, and two Sn(1)ÿCl(1/2) bonds of
2.3428(9) and 2.3508(8) � are accompanied by two intermo-
lecular Sn(1) ´´ ´ F(1B/1C) contacts of 3.051(2) and 3.022(2) �.
The two last bond lengths are shorter than the sums of the
van der Waals radii of tin (2.20 �) and fluorine (1.50 �). The
deviation from an ideal octahedral configuration is especially
manifested by the C(1)-Sn(1)-C(2) angle of 125.8(1)8, which is
in between the ideal cis (908) and trans (1808) angles. The
Cl(1)-Sn(1)-F(1C) and Cl(2)-Sn(1)-F(1B) angles amount to
175.43(4) and 176.61(3)8, with only little deviation from the
ideal value of 1808. As a result of the intermolecular Sn(1) ´´ ´
F(1B/1Cc) contacts, compound 6 has a one-dimensional
polymeric structure in the solid state with alternating
SnCSiFSnCSiF eight-membered rings and SnFSnFC-bicyclo-
pentane fragments. The Si(1)ÿF(1) bond of 1.625(2) � is not
significantly affected by these intermolecular Sn ´´´ F contacts;
this indicates its low polarisability. That the intermolecular
Sn ´´´ F contacts are weak and have only little influence on the
electronic situation at the tin atom is also reflected by the
119Sn CP-MAS resonance at d� 80, which is only slightly
shifted to low frequency with respect to the signal at d� 106.7
observed in solution.


In solution, compound 6 is monomeric and the tin atoms are
essentially tetracoordinated. This is verified by molecular


Figure 6. General view (SHELXTL) of a molecule of 6 and of its supramolecular structure showing 30%
probability displacement ellipsoids and the atom numbering Scheme (Symmetry transformations used to
generate equivalent atoms: A�ÿx�1, y,ÿz�0.5; B� x,ÿy, z�0.5; C�ÿx�1,ÿy,ÿz). Hydrogen are omitted
for clarity. Selected bond lengths [�] and angles [8]: Sn(1)ÿCl(1) 2.3428(9), Sn(1)ÿCl(2) 2.3508(8), Sn(1)ÿF(1B)
3.051(2), Sn(1)ÿF(1C) 3.022(2), Si(1)ÿF(1) 1.625(2), Cl(1)-Sn(1)-F(1C) 175.43(4), Cl(2)-Sn(1)-F(1B) 176.61(3),
C(1)-Sn(1)-C(2) 125.8(1).







Cyclic, Bidentate Lewis Acids 347 ± 355


Chem. Eur. J. 2001, 7, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0353 $ 17.50+.50/0 353


weight determination and the 119Sn NMR chemical shift
mentioned above. The latter is close to the value of d� 118
observed for the related derivative [CH2{Sn(Cl2)-
CH2SiMe3}2][27] and typical for tetracoordinated diorganotin
dichlorides.[79]


Conclusion


Linking together two organotin moities in a cyclic structure
results in a new bidentate Lewis acid. This structural motif
containing tin moieties and a disiloxane unit is easily
accessible by a two-step hydrolysis/functionalisation reaction.
Although no ring-opening polymerisation could be achieved
with the particular compounds reported in this paper, the class
of cyclic compounds that contains both tin and SiÿOÿSi units
represents potential precursors for polymers serving as multi-
dentate Lewis acidic hosts. We are currently extending our
studies to di-, tri-, and polymethylene-bridged ditin com-
pounds.


Experimental Section


General methods : All reactions were carried out under an atmosphere of
dry argon. The solvents were purified by distillation from appropriate
drying agents under argon. Mercuric chloride, bis(triphenylphosphoran-
ylidene)ammonium chloride, dibenzo[18]crown-6, bromobenzene and
trimethyloxonium tetrafluoroborate were commercial products. Bis-
(diphenylfluorostannyl)methane[27] and (chloromethyl)dimethylisopropoxy-
silane[80] were synthesised according to literature methods. The density of
the crystals was measured by using a Micromeritics Accu Pyc 1330.
Elemental analyses were performed on a LECO-CHNS-932 analyser, and
mass spectrometry was performed using a Finnigan MAT8200. Molecular
weights were measured using a Knaur osmometer.


NMR spectroscopy : NMR spectra were recorded on Bruker DRX 400 and
DPX 300 (in case of 19F) FT NMR spectrometers with broad-band
decoupling of 13C at 100.63 MHz, 19F at 282.40 MHz, 29Si at 79.49 MHz
and 119Sn at 111.92 and 149.21 MHz by using internal deuterium lock. 1H,
13C, 19F, 29Si and 119Sn NMR chemical shifts d are given in ppm, and are
referenced against external Me4Si (1H, 13C, 29Si), CFCl3 (19F) and Me4Sn
(119Sn). The complexes for NMR investigations were generally prepared in
situ.


Crystallography : Crystals of [cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2O] (2) were
grown from a CH2Cl2/hexane/pentane solution at 5 8C, of [(Ph3P)2N]�-
[cyclo-CH2[Sn(Cl2)CH2Si(Me2)]2OCl]ÿ (3) and of [K(dibenzo[18]crown-
6)]�[cyclo-CH2[Sn(Cl2)CH2Si(Me2)]2OCl]ÿ ´ 0.5H2O (4a) from a CH2Cl2/
hexane solution at 5 8C, and of CH2[Sn(Cl2)CH2Si(F)Me2]2 (6) from a
benzene solution at 5 8C. Intensity data for the colorless crystals were
collected on a Nonius Kappa CCD diffractometer with graphite-mono-
chromated MoKa radiation. The data collection covered almost the whole
sphere of reciprocal space with 360 frames through w rotation (Dw� 18) at
two times 10 s for 2, two times 20 s for 3 and 4a and two times 30 s for 6 per
frame. The crystal-to-detector distance was 2.8 cm (2, 3) and 3.0 cm (4 a, 6)
with a detector-q-offset of 58. Crystal decay was monitored by repeating the
initial frames at the end of data collection. Upon analysis the duplicate
reflections there was no indication for any decay. The structures were
solved by direct methods SHELXS97[81] and successive difference Fourier
syntheses. Refinement applied full-matrix least-squares methods
SHELXL97.[82] The H atoms were placed in geometrically calculated
positions by using a riding model and refined with a common isotropic
temperature factor for different CÿH types (CÿHprim. 0.96 �, CÿHsec.


0.97 �, Uiso 0.099(2) �2 (2), Uiso 0.146(5) �2 (3), Uiso 0.106(3) �2 (4a), Uiso


0.090(4) �2 (6); CarylÿH 0.93 � (3), CarylÿH 0.93 � (4 a), Uiso 0.113(3) �2 (3),
Uiso 0.128(8) �2 (4 a)). For compound 3 the occupany of the disordered
phenyl rings were refined at 0.437(13) (C(55), C(56)), 0.563(13) (C(55'),


C(56')), 0.508(7) (C(65), C(66)) and 0.492(7) (C(65'), C(66')). Atomic
scattering factors for neutral atoms and real and imaginary dispersion terms
were taken from the literature.[83] The figures were created by
SHELXTL.[84] Crystallographic data are given in Table 1. Crystallographic
data (excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-144295 (2), 144296 (3), 144297 (4a),
and 144298 (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).


Bis{[(dimethylisopropoxysilyl)methyl]diphenylstannyl}methane, [CH2{Sn-
(Ph2)CH2Si(OiPr)Me2}2] (1): A solution of Me2(iPrO)SiCH2MgCl (70 mL,
33.5 mmol) in THF, which was prepared from Me2(iPrO)SiCH2Cl and
magnesium turnings, was added dropwise to a suspension of bis(diphenyl-
fluorostannyl)methane (10.00 g, 16.7 mmol) in THF (70 mL) at 0 8C. The
reaction mixture was stirred at room temperature for 15 h before removing
the solvent in vacuo. Hexane (100 mL) was added to the residue and after
stirring thoroughly the mixture was filtered; the procedure was repeated
three times. The solvent was removed in vacuo to give 1 (13.62 g,
16.6 mmol, 99%) as a colorless oil. 1H NMR (CDCl3): d� 0.05 (s,
1J(13C,1H)� 121 Hz, 12 H; SiCH3), 0.22 (s, 1J(13C,1H)� 117 Hz,
2J(117/119Sn,1H)� 74/77 Hz, 4 H; SiCH2Sn), 0.84 (s, 1J(13C,1H)� 119 Hz,
2J(117/119Sn,1H)� 62 Hz, 2 H; SnCH2Sn), 1.15 (d, 1J(13C,1H)� 125 Hz,
3J(1H,1H)� 6 Hz, 12H; CCH3), 3.97 (sept, 1J(13C,1H)� 138 Hz,
3J(1H,1H)� 6 Hz, 2H; OCH), 7.37 (m, 12 H; Hm/Hp), 7.52 (m, 3J(117/119Sn,1H)
� 47 Hz, 8H; Ho); 13C{1H} NMR (CDCl3): d�ÿ13.58 (s, 1J(117/119Sn,13C)�
274/287 Hz; SnCH2Sn), ÿ3.17 (s, 1J(117/119Sn,13C)� 246/257 Hz, 1J(29Si,13C)
� 58 Hz; SiCH2Sn), 1.14 (s, 1J(29Si,13C)� 58 Hz, 3J(117/119Sn,13C)� 10 Hz;
SiCH3), 25.75 (s, 3J(29Si,13C)� 17 Hz; CCH3), 64.58 (s; OCH), 127.97 (s,
3J(117/119Sn,13C)� 49 Hz; Cm), 128.33 (s, 4J(117/119Sn,13C)� 11 Hz; Cp), 136.60
(s, 2J(117/119Sn,13C)� 38 Hz; Co), 141.35 (s, 1J(117/119Sn,13C)� 467/488 Hz,
3J(117/119Sn,13C)� 12 Hz; Ci); 29Si{1H} NMR (CDCl3): d� 14.7 (s, 1J(13CH3/
13CH2,29Si)� 59 Hz, 2J(117/119Sn,29Si)� 19 Hz); 119Sn{1H} NMR (CDCl3): d�
ÿ38.3 (s, 1J(13Ci,119Sn)� 489 Hz, 1J(Sn13CH2,119Sn)� 288 Hz, 2J(117Sn,119Sn)
� 239 Hz, 2J(13Co,119Sn)� 40 Hz, 3J(13Cm,119Sn)� 47 Hz); elemental analysis
calcd (%) for C37H52O2Sn2Si2 (822.41): C 54.03, H 6.37; found: C 53.50, H
6.40.


1,1,3,3-Tetrachloro-5,5,7,7-tetramethyl-5,7-disila-1,3-distanna-6-oxacyclo-
octane, [cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2O] (2): Diluted sulfuric acid
(0.5m) was added to a solution of 1 (13.30 g, 16.2 mmol) in diethyl ether
(300 mL) and the resulting mixture was heated at reflux for 40 h. After
phase separation, the organic phase was washed with water (100 mL) and
the solvent removed in vacuo. A solution of mercuric chloride (17.56 g,
64.7 mmol) in acetone (80 mL) was added dropwise to a solution of the
residue in acetone (80 mL) at 0 8C. The resulting suspension was stirred at
room temperature for 14 h before removing the PhHgCl by filtration. After
evaporating the filtrate in vacuo, the residue was suspended in hot hexane
(100 mL). The suspension was filtered, the filtrate collected, and the
procedure repeated with another 100 mL of hot hexane. The combined
filtrates were allowed to stand overnight at 5 8C to give 2 (6.43 g, 11.6 mmol,
72%) as a colorless solid. M.p. 107 ± 109 8C; 1H NMR (CDCl3): d� 0.31
(s, 1J(13C,1H)� 120 Hz, 12H; CH3), 1.21 (s, 1J(13C,1H)� 127 Hz,
2J(117/119Sn,1H)� 115/121 Hz, 4 H; SiCH2Sn), 1.70 (s, 1J(13C,1H)� 137 Hz,
2J(117/119Sn,1H)� 76/80 Hz, 2 H; SnCH2Sn); 13C{1H} NMR (CDCl3): d� 2.67
(s, 1J(29Si,13C)� 61 Hz, 3J(117/119Sn,13C)� 22 Hz; CH3), 13.89 (s, 1J(117/119Sn,13C)
� 335/351 Hz, 1J(29Si,13C)� 55 Hz; SiCH2Sn), 16.91 (s, 1J(117/119Sn,13C)�
370/387 Hz; SnCH2Sn); 29Si{1H} NMR (CDCl3): d� 14.2 (s, 2J(117/119Sn,
29Si)� 56/59 Hz); 119Sn{1H} NMR (CDCl3): d� 109.0 (s, 2J(117Sn,119Sn)
� 419 Hz); 119Sn{1H} CP-MAS NMR: d� 87, 114; elemental analysis calcd
(%) for C7H18Cl4OSn2Si2 (553.62): C 15.19, H 3.28; found: C 15.15, H 3.30;
MS (70 eV, EI): m/z (%): 59 (11.83) [CH3OSi]� , 73 (11.29) [C2H5OSi]� , 117
(11.59) [C3H9OSi2]� , 131 (52.65) [C4H11OSi2]� , 539 (100.00) [MÿCH3]� ;
Mol. wt. (VPO, CH2Cl2): 547 (calcd: 554).


Bis(triphenylphosphoranylidene)ammonium (m2-chloro)-1,1,3,3-tetrachlo-
ro-5,5,7,7-tetramethyl-5,7-disila-1,3-distanna-6-oxacyclooctane,
[(Ph3P)2N]�[cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2OCl]ÿ (3): Bis(triphenyl-
phosphoranylidene)ammonium chloride (207 mg, 0.36 mmol) was added
to a solution of 2 (200 mg, 0.36 mmol) in CH2Cl2 (10 mL). The mixture was
stirred at room temperature for 10 min and the solvent removed in vacuo to
give 3 (407 mg, 0.36 mmol, 100 %) as a colorless solid. M.p. 121 ± 124 8C;
1H NMR (CDCl3): d� 0.21 (s, 1J(13C,1H)� 119 Hz, 12H; CH3), 1.12 (s,
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1J(13C,1H)� 126 Hz, 2J(117/119Sn,1H)� 134/140 Hz, 4H; SiCH2Sn), 2.36 (s,
1J(13C,1H)� 136 Hz, 2J(117/119Sn,1H)� 84/88 Hz, 2H; SnCH2Sn), 7.38 ± 7.64
(m, 30H; PhP); 13C{1H} NMR (CDCl3): d� 2.75 (s, 1J(29Si,13C)� 60 Hz,
3J(117/119Sn,13C)� 31 Hz; CH3), 22.18 (s, 1J(117/119Sn,13C)� 456/476 Hz,
1J(29Si,13C)� 56 Hz; SiCH2Sn), 37.83 (s, 1J(117/119Sn,13C)� 559/585 Hz;
SnCH2Sn), 126.54 ± 133.58 (4 signals with 31P couplings; PhP); 29Si{1H}
NMR (CDCl3): d� 9.8 (s, 1J(13CH3 ± 29Si)� 60 Hz, 2J(117/119Sn,29Si)�
54 Hz); 119Sn{1H} NMR (CDCl3): d�ÿ68.7 (s, 1J(Sn13CH2,119Sn)�
595 Hz, 1J(Si13CH2,119Sn)� 474 Hz, 2J(117Sn,119Sn)� 633 Hz); elemental
analysis calcd (%) for C44H50Cl7OP2NSn2Si2 (1212.60, 3 ´ CH2Cl2): C
43.58, H 4.16, N 1.16; found: C 43.50, H 4.40, N 1.10. Crystal structure
determination shows one molar equivalent of CH2Cl2 which is supported by
1H NMR spectroscopy (d� 5.22 (s, 2 H; CH2Cl2)).


Potassium(dibenzo[18]crown-6) (m2-fluoro)-1,1,3,3-tetrachloro-5,5,7,7-tet-
ramethyl-5,7-disila-1,3-distanna-6-oxacyclooctane, [K(dibenzo[18]crown-
6)]�[cyclo-CH2{Sn(Cl2)CH2Si(Me2)}2OF]ÿ (4): Dibenzo[18]crown-6
(139 mg, 0.39 mmol) and potassium fluoride (22 mg, 0.39 mmol) were
added to a solution of 2 (213 mg, 0.39 mmol) in CH2Cl2 (10 mL). The
mixture was stirred at room temperature for 14 h in order to dissolve the
potassium fluoride. The solvent was then removed in vacuo, leaving a crude
product which was recrystallised from CH2Cl2/hexane (1:1) in the presence
of air moisture to give 4 a ´ 0.5H2O (210 mg, 0.21 mmol, 56%) as a colorless
solid of m.p. 189 ± 190 8C. The ratio in solution of compounds 4a :4b is
approximately 3:1. 1H NMR (CD2Cl2, 188 K): d� 0.06 (s, 6 H; 4a, CH3),
0.11 (s, 6H; 4a, CH3), 0.27 (s, 12H; 4b, CH3), 1.55 (s, 4 H; 4 b, SiCH2Sn),
1.58 (d, 3J(19F,1H)� 14 Hz, 4H; 4 a, SiCH2Sn), 2.04 (d, 3J(19F,1H)� 12 Hz,
2H; 4a, SnCH2Sn), 2.16 (s, 2H; 4b, SnCH2Sn), 4.00 (m, 16 H; OCH2), 6.88
(m; HAr), 6.92 (m; HAr); 13C{1H} NMR (CD2Cl2, 188 K): d� 1.62 (s,
1J(29Si,13C)� 63 Hz; 4a/4 b, CH3), 2.09 (s; 4b, CH3), 2.28 (s, 1J(29Si,13C)�
63 Hz; 4 a, CH3), 16.05 (d, 1J(117/119Sn,13C)� 465/484 Hz, 2J(19F,13C)� 11 Hz;
4a, SiCH2Sn), 21.31 (s; 4b, SiCH2Sn), 26.18 (d, 2J(19F,13C)� 49 Hz; 4a,
SnCH2Sn), 36.89 (s; 4b, SnCH2Sn), 65.70 (s; OCH2), 68.80 (s; OCH2),
110.45 (s; CAr), 120.80 (s; CAr), 145.75 (s; CAr); 29Si{1H} NMR (CD2Cl2,
188 K): d� 9.3 (s; 4b), 10.4 (s; 4a); 119Sn{1H} NMR (CD2Cl2, 188 K): d�
ÿ80.3 (d, 1J(19F,119Sn)� 971 Hz; 4a), ÿ74.7 (s; 4 b); IR (KBr): nÄ �
3428 cmÿ1 (OÿH); elemental analysis calcd (%) for C27H43Cl4FO7.5Sn2Si2K
(990.14, 4 ´ 0.5 H2O): C 32.75, H 4.38; found: C 32.90, H 4.20. The crystal
structure determination shows half a molar equivalent of H2O.


5,5,7,7-Tetramethyl-1,1,3,3-tetraphenyl-5,7-disila-1,3-distanna-6-oxacyclo-
octane, [cyclo-CH2{Sn(Ph2)CH2Si(Me2)}2O] (5): A solution of phenyl-
magnesium bromide (0.470m 15.4 mL, 7.24 mmol) in diethyl ether, which
was prepared from bromobenzene (1.57 g, 10.0 mmol) and magnesium
turnings (0.36 g, 15 mmol), was added dropwise to a solution of 2 (1.00 g,
1.81 mmol) in diethyl ether (50 mL) at 0 8C The reaction mixture was
stirred at room temperature for 15 h before removing the solvent in vacuo.
Hexane (50 mL) was added to the residue and after stirring thoroughly, the
mixture was filtered; this procedure was repeated twice. The solvent was
removed in vacuo to give 5 (1.29 g, 1.79 mmol, 99%) as a colorless oil.
1H NMR (CDCl3): d� 0.12 (s, 1J(13C,1H)� 119 Hz, 12H; CH3), 0.28 (s,
1J(13C,1H)� 119 Hz, 2J(117/119Sn,1H)� 73/76 Hz, 4 H; SiCH2Sn), 0.74 (s,
1J(13C,1H)� 126 Hz, 2J(117/119Sn,1H)� 60/63 Hz, 2 H; SnCH2Sn), 7.31 (m,
12H; Hm/Hp), 7.47 (m, 3J(117/119Sn,1H)� 46 Hz, 8 H; Ho); 13C{1H} NMR
(CDCl3): d�ÿ15.42 (s, 1J(117/119Sn,13C)� 289/302 Hz; SnCH2Sn), ÿ2.66
(s, 1J(117/119Sn,13C)� 251/263 Hz, 1J(29Si,13C)� 60 Hz; SiCH2Sn), 3.25
(s, 1J(29Si,13C)� 59 Hz, 3J(117/119Sn,13C)� 14 Hz; CH3), 128.11 (s,
3J(117/119Sn,13C)� 47 Hz; Cm), 128.36 (s, 4J(117/119Sn,13C)� 11 Hz; Cp),
136.17 (s, 2J(117/119Sn,13C)� 38 Hz; Co), 142.31 (s, 1J(117/119Sn,13C)� 455/476
Hz, 3J(117/119Sn,13C)� 16 Hz; Ci); 29Si{1H} NMR (CDCl3): d� 9.3 (s,
1J(13CH3/13CH2,29Si)� 59 Hz, 2J(117/119Sn,29Si)� 39 Hz); 119Sn{1H} NMR
(CDCl3): d�ÿ39.1 (s, 1J(13Ci,119Sn)� 477 Hz, 1J(Sn13CH2,119Sn)� 301 Hz,
1J(Si13CH2,119Sn)� 262 Hz, 2J(117Sn,119Sn)� 233 Hz, 2J(29Si,119Sn)� 39 Hz);
elemental analysis calcd (%) for C31H38OSn2Si2 (720.23): C 51.69, H 5.32;
found: C 51.90, H 5.40; MS (70 eV, EI): m/z (%): 643 (100.00) [MÿPh]� ,
705 (2.66) [MÿCH3]� .


Bis{dichloro[(dimethylfluorosilyl)methyl]stannyl}methane, [CH2{Sn(Cl2)-
CH2Si(F)Me2}2] (6): Trimethyloxonium tetrafluoroborate (83 mg,
0.56 mmol) was added to a solution of 2 (310 mg, 0.56 mmol) in toluene
(10 mL). The reaction mixture was stirred at room temperature for 3 d
before removing the resulting B2O3 by filtration. The solvent was removed
in vacuo to give 6 (319 mg, 0.56 mmol, 99 %) as a colorless solid. M.p. 86 8C;
1H NMR (CDCl3): d� 0.43 (d, 1J(13C,1H)� 120 Hz, 3J(19F,1H)� 7 Hz,


12H; CH3), 1.21 (d, 1J(13C,1H)� 124 Hz, 2J(117/119Sn,1H)� 107/112 Hz,
3J(19F,1H)� 8 Hz, 4 H; SiCH2Sn), 1.80 (s, 1J(13C,1H)� 139 Hz,
2J(117/119Sn,1H)� 69/72 Hz, 2 H; SnCH2Sn); 13C{1H} NMR (C6D6): d� 1.04
(d, 1J(29Si,13C)� 63 Hz, 2J(19F,13C)� 15 Hz, 3J(117/119Sn,13C)� 19 Hz; CH3),
12.90 (d, 1J(117/119Sn,13C)� 356/374 Hz, 1J(29Si,13C)� 53 Hz, 2J(19F,13C)�
18 Hz; SiCH2Sn), 18.55 (s, 1J(117/119Sn,13C)� 388/407 Hz; SnCH2Sn);
19F{1H} NMR (CD2Cl2): d�ÿ141.5 (s, 1J(29Si,19F)� 277 Hz, 3J(117/119Sn,19F)
� 94 Hz); 29Si{1H} NMR (C6D6) d� 31.4 (d, 1J(19F,29Si)� 277 Hz,
1J(13CH3,29Si)� 63 Hz, 1J(13CH2,29Si)� 51 Hz, 2J(117/119Sn,29Si)� 41 Hz);
119Sn{1H} NMR (C6D6): d� 106.7 (d, 1J(Sn13CH2,119Sn)� 405 Hz,
1J(Si13CH2,119Sn)� 369 Hz, 3J(19F,119Sn)� 93 Hz); 119Sn{1H} CP-MAS
NMR: d� 80; elemental analysis calcd (%) for C7H18Cl4F2Sn2Si2 (575.62):
C 14.61, H 3.15; found: C 14.60, H 3.30; MS (70 eV, EI): m/z (%): 77 (18.11)
[C2H6FSi]� , 260 (23.99) [C3H8Cl2SnSi]� , 485 (100.00), [MÿCH2(CH3)2-
SiF]� , 561 (29.11) [MÿCH3]� ; Mol. wt. (VPO, CH2Cl2): 554 (calcd: 576).
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The 2-Naphthylmethyl (NAP) Group in Carbohydrate Synthesis:
First Total Synthesis of the GlyCAM-1 Oligosaccharide Structures


Jie Xia, James L. Alderfer, Conrad. F. Piskorz, and Khushi L. Matta*[a]


Abstract: Total syntheses of the Gly-
CAM-1 (glycosylation-dependent cell
adhesion molecule-1) oligosaccharide
structures: {a-NeuAc-(2! 3)-b-Gal-
(1! 4)-[a-Fuc-(1! 3)]-b-(6-O-SO3Na)-
GlcNAc-(1! 6)}-[a-NeuAc-(2! 3)-b-
Gal-(1! 3)]-a-GalNAc-OMe (1) and
{a-NeuAc-(2! 3)-b-Gal-(1! 4)-[a-Fuc-
(1! 3)]-b-GlcNAc-(1! 6)}-[a-NeuAc-
(2! 3)-b-Gal-(1! 3)]-a-GalNAc-OMe
(2) through a novel sialyl Lewisx tetra-
saccharide donor are described. Em-
ploying sequential glycosylation strat-
egy, the starting trisaccharide was
regio- and stereoselectively constructed
through coupling of a disaccharide imi-


date with the monosaccharide acceptor
phenyl-6-O-naphthylmethyl-2-deoxy-2-
phthalimido-1-thio-b-d-glucopyranoside
with TMSOTf as a catalyst without
affecting the SPh group. The novel sialyl
Lewisx tetrasaccharide donor 3 was then
obtained by a-l-fucosylation of trisac-
charide acceptor with the 2,3,4-tri-O-
benzyl-1-thio-b-l-fucoside donor. The
structure of the novel sialyl Lewisx


tetrasaccharide was established by a


combination of 2D DQF-COSY and
2D ROESY experiments. Target oligo-
saccharides 1 and 2 were eventually
constructed through heptasaccharide
which was obtained by regioselective
assembly of advanced sialyl Lewisx tet-
rasaccharide donor 3 and a sialylated
trisaccharide acceptor in a predictable
and controlled manner. Finally, target
heptasaccharides 1 and 2 were fully
characterized by 2D DQF-COSY, 2D
ROESY, HSQC, HMBC experiments
and FAB mass spectroscopy.Keywords: glycosylations ´ oligo-


saccharides ´ protecting groups ´
total synthesis


Introduction


Glycoproteins and glycolipids are major components of the
outer surface of eukaryotic cells and play a vital role in many
fundamental biological processes such as, viral, bacterial, and
parasitic infections, immune defense, and inflammation.[1]


There is tremendous interest in structural studies of the
sulfated oligosaccharide chains of O-linked mucin glycopro-
teins, such as, CF respiratory mucin,[2] colonic tumor associ-
ated glycoproteins,[3] and the natural ligands for selectins.[4]


Therefore, the chemical synthesis of well defined oligosac-
charides still receives much attention.[5] A sulfate group has
been reported to be located at the C-6' position of Gal or C-6
position of GlcNAc in the sialyl LewisX moiety O-linked to
the C-6 position of GalNAc (Figure 1).


Synthesis of this type of functional oligosaccharide struc-
tures requires a special protecting group which should have
several features, including i) highly selective removal in the
presence of O-benzyl groups, ii) stable in a variety of strong


Figure 1. Core structure of GLYCAM-1.


Lewis acid and bases or even in strong acids and bases, iii) and
an electron-donor group instead an electron-withdrawing
group. These requirements could be provided by introduction
of the 2-naphthylmethyl (NAP) group because it is stable in
variety of acid and base conditions and can be removed by 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) with high
selectivity in the presence of benzyl groups.[6]


Classic strategies for oligosaccharide assembly are involved
in the manipulation of the protecting groups between each
glycosylation step. Such a manipulation is a consequence of
increased linearity and inefficiency of oligosaccharide assem-
bly. In order to increase assembly efficiency of complex
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oligosaccharides by avoiding
various unnecessary manipula-
tions of each glycosylation step,
several strategies of glycosyla-
tion have been developed for
synthesis of such complex oli-
gosaccharides. First, utilization
of highly regio- and stereose-
lective glycosylation of partially
or unprotected acceptors[7]


based on differences in reactiv-
ity of the hydroxyl groups fol-
lowed by analysis of structures
using modern 2D NMR techni-
ques.[8] Second, use of one-pot
sequential glycosylation.[9]


Third, employing two-direc-
tional glycosylation which ex-
ploits both the differences in
the reactivities of an anomeric
leaving group and the subtle
control of nucleophilicities of
sugar hydroxyl groups.[10] The
major purpose of these strat-
egies is to overcome the tradi-
tional, tedious multi-step pro-
tection/deprotection schemes
and provide an easier route for
the synthesis of complex, bio-
logically active oligosaccharide
molecules. Herein we utilize
these approaches combined
with the recently introduced
2-naphthylmethyl (NAP) group to efficiently perform the
first total syntheses of highly complex oligosaccharides 1 and
2, representative of the carbohydrate structures in Gly-
CAM-1[4, 11] (Scheme 1).


Scheme 1. Target structure of sialylated and sulfated oligosaccharides.


Results and Discussion


The GlyCAM-1 carbohydrate structures 1 and 2 are challeng-
ing synthetic targets because they require incorporating two
a-(2! 3)-sialic acid residues, recognized as one of the most


difficult problems in synthetic carbohydrate chemistry. Se-
quential sialylation of the bulky acceptors 9 and 10 was
attempted, but produced unsatisfactory amounts of heptasac-
charide 11 due to a very poor yield for the sialylation of
acceptor 10 (Scheme 2). The disappointing result led to a
revised synthetic route which proved successful in later
manipulations.


The retrosynthetic analyses of two heptasaccharide deriv-
atives 1 and 2 are outlined in Scheme 3. This scheme relies on
an approach which involves glycosylation at the 6-position of
trisaccharide acceptor 13 with a new sialyl Lewisx donor 12. In
turn, this donor 12 can be constructed by a sequential
glycosylation route, starting from monosaccharide building
blocks 3, 16, 17, and 18. The use of three different leaving
groups (imidate, SMe, and SPh) which exhibit different
reactivities in different coupling reactions facilitate the direct
glycosylation by monosaccharide acceptor 3 without requiring
additional steps for activation of its reactive anomeric
center.[12] The synthetic route commences with synthesis of
the tetrasaccharide 12. Construction of novel intermediate 12
is performed through highly regio- and stereoselective
glycosylation steps outlined in Schemes 4 and 5.


Starting from known 21, compound 22 is obtained in high
yield (89%) in a one-pot, two-step procedure. Selective
protection of the primary hydroxyl group of 22 is accom-
plished by treatment with pivaloyl chloride in dry pyridine at 0


Scheme 2. The first pathway attempted to disialylated heptasaccharide 11.
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to 25 8C, giving compound 23 in
good yield (78 %). Monosac-
charide acceptor 16 is obtained
in excellent yield (90 %) by
treatment of its precursor 23
with 60 % HOAc at 60 to 65 8C
for 1.5 h.


The next reaction is regio-
and stereoselective sialylation
of acceptor 16. This type of a-
sialylation has been considered
to be one of the most difficult
types of O-glycosylation to be
performed selectively. The dif-
ficulty results from the unique
structural features of sialic acid:
i) it exists solely as 2a-glycoside
which is less favored in a stereo-
electronic sense than the corre-
sponding 2b-glycoside, and
ii) the C-2 carbon, to which
sugar residues must be attached
in glycosylation reactions, is
quaternary and carries an elec-
tron-withdrawing carboxylate
group. Moreover, the lack of a
participating functionality at
C-3 complicates the control of
the stereoselectivity of glycosy-
lation. Therefore, there are a
number of approaches which
have been investigated in order
to address this problem.[13] The
new sialic donor 17, which was
prepared according to protocol
reported by Boons and co-
worker,[14c] is a synthetic sialyl
donor with defined configura-
tion (determined by X-ray anal-
ysis). Because the C-3 position
lacks participating functionali-
ty, it is important to use a
defined configuration of donor
17 to avoid the complication of
control of the stereoselectivi-
ty[15] of glycosylation. Addition-
ally, sialyl donor 17 affords
several advantages: i) it is rela-
tive inexpensive to prepare,
ii) it is quite reactive during
glycosylation, iii) a b-configura-
tion of compound 17 is easily
obtained by crystallization from
anhydrous diethyl ether after
column chromatography, and
iv) the glycal is dramatically
reduced by the trivial addition
of the N-acetyl group.[14c, 20] It
is reasonable that this donor is


Scheme 4. a) (CH3)C(OCH3)2, CSA, RT, 12 h, then, Et3N/CH3OH/H2O, reflux, 48 h, 89 %; b) Piv-Cl/pyridine, 0
to 25 8C, 24 h, 78 %; c) 60% HOAc, 60 to 65 8C, 1.5 h, 90%; d) NIS/TfOH, CH3CN/CH2Cl2 1:1, 3 � MS, ÿ65 to
45 8C, 4 h, 66%; e) Ac2O/pyridine 1:1, DMAP, RT, 12 h, 81%; f) Pd/C (10 %), H2, RT, 6 h, 84 %; g) CCl3CN, DBU,
CH2Cl2, 0 8C, 2 h, 96%.


Scheme 3. Retrosynthetic analyses of the target oligosaccharides 1 and 2.
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Scheme 5. a) TMSOTf, CH2Cl2, 4 � MS, ÿ40 to ÿ45 8C, N2, 1.5 h, 87%;
b) Ac2O/pyridine 1:1, DMAP, RT, 12 h, 88%; c) 18, CuBr2/nBu4NBr,
ClCH2CH2Cl/DMF 5:1, 65 h, 92%.


thechoice. Total regio- and stereoselective sialylation of HO-3
of the galactose residue in acceptor 16 with donor 17 was
accomplished because of the higher nucleophilicity of HO-3
compared with HO-2 and HO-4 of the same galactose residue,
and employment of a defined configuration of sialyl donor 17.
The acetylation of 24 with Ac2O/pyridine 1:1 was performed
at room temperature in the presence of a catalytic amount of
DMAP, providing the disaccharide 25 (see Experimental
Section, Figure 2).


The (2! 3)-linkage of 25 is deduced from a weak NOE
cross peak between H-3 of the galactose residue and H-3a of
the sialic acid residue,[16] and further confirmed by observa-
tion of a cross peak between Ha-3 and Cb-2 in HMBC
spectrum. The a-configuration of the glycoside of 25 is
assigned according to literature methods,[17] and further
confirmed by observation of a strong cross peak between
Hb-3a and Cb-1 in HMBC spectrum of 25 because the a-
sialoside has a larger heteronuclear coupling constant[17b]


(3JC-1,H-3a) than the b-sialoside.
The disaccharide imidate 27 is obtained by the standard


procedure from 26 in good yield in two steps (Scheme 4). As
illustrated in Scheme 5, the donor 27 and acceptor 3 are
designed to take advantage of the differences in the reactivity
of their leaving groups. Successful regioselective glycosylation
of the 4-hydroxyl group of diol 3 with the disaccharide imidate
27 is achieved by the Schmidt glycosylation procedure,[18]


using TMSOTf as a catalyst without affecting the SPh group
of 3 ; this in turn affords the trisaccharide 14 in excellent yield
(87 %). A strong NOE cross peak between Hb-1 and Ha-4 of
trisaccharide 14 is indicative of a (1! 4) linkage of the


glycoside. b-Configuration of the glycoside is confirmed by
the presentation of a larger coupling constant of 3J1b,2b�
7.9 Hz. The trisaccharide acceptor 14 was fucosylated with
methyl 2,3,4-tri-O-benzyl-thio-b-l-fucoside (18) catalyzed by
CuBr2/nBu4NBr[19] to afford the desired sialyl Lewisx donor 12
in almost quantitative yield (92 %). The structure of tetrasac-
charide 12 is established by a combination of 2D DQF-COSY
and 2D ROESY experiments. a-Fucopyranoside of tetrasac-
charide 12 is indicated by a small coupling constant of 3J1,2�
3.1 Hz), which is characteristic feature for 1,2-cis fucopyrano-
side (see Experimental Section, Figures 3 ± 4).


Target oligosaccharide 1 is constructed as outlined in
Scheme 6. Due to the much higher reactivity of the primary
hydroxyl group in acceptor 13, glycosylation of HO-6 of 13[20]


with donor 12 is performed[21] with total regioselectivity under
controlled reaction conditions, resulting in the formation of
one glycosylation product. Thus, heptasaccharide 30 was
obtained in good yield (67 %). The b-(1! 6)-linkage of
oligosaccharide 30 is confirmed through observation of NOEs


Scheme 6. a) NIS/TfOH,ÿ65 toÿ60 8C, 1.5 h, 67%; b) Ac2O/pyridine 1:1,
RT, 12 h, 80%; c) DDQ, CH2Cl2/CH3OH 4:1:H2O:trace, 16 h, 73 %;
d) SO3/pyridine, pyridine, 0 to 5 8C, 9 h, 78 %; e) Pd/C 10%, H2, RT, 6 h;
f) Ac2O/pyridine 1:1, RT, DMAP, RT, 12 h, 85 % for e) ± f); g) LiI, pyridine,
120 to 125 8C, 8 ± 10 h; h) CH3OH/NH2-NH2 ´ H2O 5:1, 80 to 85 8C, 4 ± 5 h,
then, Ac2O/pyridine 1:1, RT, 12 h; i) 1m, CH3ONa/CH3OH, H2O/CH3OH,
RT, 12 h, 25%.
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cross peaks between H-6a, H-6b of N-acetylgalactosamine
residue and H-1 of N-phthalimido protected glucosamine
residue of oligosaccharide 30. Therefore, oligosaccharide 30 is
regio- and stereoselectively constructed in a predictable and
controlled manner. Compound 31 is treated with Ac2O/
pyridine 1:1 and catalytic amounts of DMAP to give
acetylated 31 in good yield (80%). Removal of the 2-naph-
thylmethyl (NAP) protecting group from 31 is affected by
treatment with DDQ. Noteworthy the removal of the NAP
protecting group from 31 warrants carefully controlled
conditions because of acidic liability of tribenzyl fucose
residue, which was reported by Kunz and co-workers.[22] A
larger excess of DDQ and longer reaction time will lead to the
loss of tribenzyl fucose residue. Conversion of 32 into 33 is
obtained by treatment of 32 in pyridine with SO3 ´ pyridine.
Compound 33 is subsequently converted into 34 in two steps:
a) removal of the methyl group from the carboxyl group with
lithium iodide in refluxing pyridine under N2 atmosphere and
b) removal of the N-phthalimido group with methanol/NH2-
NH2 ´ H2O 5:1, followed by Ac2O/pyridine 1:1 treatment
in the presence of catalytic amounts of DMAP. Finally,
O-deacetylation of compound 34 with 1m sodium methoxide
in methanol/water solution at room temperature give
1. The structure and purity of 1 (see Figure 5) are established
by two dimensional 1H ± 1H homonuclear correlations (DQF-
COSY and ROESY), 13C ± 1H heteronuclear correla-
tions (HSQC, HMBC) experiments and FAB mass spectros-
copy.


The final route to target oligosaccharide 2 is outlined in
Scheme 7. Compound 31 was treated with Pd/C (10 %) in a
mixture of dichloromethane/methanol 1.5:1 under hydrogen
atmosphere, which results in the removal of the benzyl and
2-naphthylmethyl (NAP) protecting groups. Compound was
then acetylated with Ac2O/pyridine 1:1 in the presence of
catalytic amounts of DMAP at room temperature for over-
night to give compound 35 in 94 % yield in two steps. A similar
procedure was used for deprotection of 35, to obtain target
oligosaccharide 2 (as described for 1). Thus, removal of the
methyl group, removal of the N-phthalimido group, acetyla-
tion, and O-de-acetylation produced target oligosaccharide 2
in 33 % yield in three steps. The structure and purity of 2 was
established by two dimensional 1H ± 1H homonuclear corre-
lation (DQF-COSY and ROESY), 13C NMR and FAB mass
spectroscopy.


Conclusion


In summary, we describe a concise and efficient pathway for
total synthesis of the GlyCAM-1 oligosaccharides 1 ± 2
through a novel sialyl Lewisx donor 12 which was efficiently
constructed in only nine steps from monosaccharide building
block 3 and sialyl donors 12, 27, and 29. These sialyl donors
will be very useful for synthesis of oligosaccharides[23]


containing a-Neu5Ac-(2! 3)-b-Gal-(1! 4)-GlcNAc frag-
ment. Our strategy is based on the newly introduced
2-naphthylmethyl (NAP) group which can be easily removed
by our methodology.


Scheme 7. a) Pd/C (10 %), H2, RT, 6 h; b) Ac2O/pyridine 1:1, RT, 12 h,
94% in two steps; c) LiI, pyridine, 120 to 125 8C, 8 ± 10 h; d) NH2-NH2 ´
H2O/MeOH 1:5, 80 to 85 8C, 4 ± 5 h; then Ac2O/pyridine 1:1, DMAP, RT,
12 h; e) 1m CH3ONa/CH3OH, H2O/CH3OH, RT, 12 h, 33%.


Experimental Section


General procedures : TLC was conducted on glass plates, precoated with
0.25 mm layer of silica gel 60 F-254 (Analtech GHLF uniplates); the
components were located either by exposure to UV light or by spraying
with a solution of 10 % H2SO4, 0.2 % p-anisaldehyde in ethanol solution.
Solutions were concentrated under reduced pressure. The silica gel used for
column chromatography was Baker Analyzed (60 ± 200 mesh). Optical
rotations were measured at 25 8C with Perkin ± Elmer 241 polarimeter. [a]D


values are given in 10ÿ1 deg cm2 gÿ1. 1H NMR spectra were recorded at
303 K with either a Bruker AM-400 (400 MHz) or AMX-600 (600 MHz)
spectrometer. The values of d (ppm) are given relative to the signal (d� 0)
for internal Me4Si for solutions in CDCl3, CD2Cl2, CD3OD. 13C NMR
spectra were recorded at 303 K with a Bruker AM-400 (100.6 MHz)
spectrometer using the signals for CDCl3 (d� 77.0), CD2Cl2 (d� 54.15),
CD3OD (d� 49.15), [D6]acetone (d� 206.0 or 29.8) as references. First-
order chemical shifts and coupling constants (J/ Hz) were obtained from
one-dimensional spectra and assignments of protons resonance were based
on 2D DQF 1H ± 1H COSY, 2D ROESY. Two-dimensional double-
quantum filtered phase sensitive 1H ± 1H correlated spectra (DQF 1H ± 1H
COSY), rotating-frame nuclear overhauser enhancement spectroscopy
(ROESY) (mixing time tm� 400 ms) were recorded at 303 K using a
Bruker AM-400 (400 MHz) spectrometer and a Bruker AMX-600
(600 MHz) spectrometer. Heteronuclear single quantum correlation
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(HSQC)[24] and heteronuclear multiple bond correlation (HMBC)[25]


experiments were obtained on the AMX-600 spectrometer. All samples
submitted for elemental analyses were dried under vacuum over P2O5 at
room temperature. Elemental analyses were carried out by Robertson
Laboratory, Madison, New Jersey. p-Toluenesulfonic acid monohydrate (p-
TsOH ´ H2O) was treated by co-evaporated with dry acetonitrile for three
times at 80 8C. Methylene chloride, acetonitrile, methanol, benzene, DMF
were kept dry over 4 � MS, pyridine was redistilled over potassium
hydroxide; nitromethane was freshly distilled over P2O5.


Phenyl (6-O-pivaloyl-2,3,4-tri-O-acetyl-b-dd-galactopyranosyl)-(1! 4)-
(2,3,4-tri-O-benzyl-a-ll-fucopyranosyl)-2-deoxy-6-O-naphthylmethyl-2-
phthalimido-1-thio-b-dd-glucopyranoside (4):[26] 1H NMR (CDCl3,
600 MHz): d� 7.93 ± 7.87 (m, 4H; ArH), 7.70 ± 7.60 (m, 3 H; ArH), 7.56 ±
7.44 (m, 4H; ArH), 7.40 ± 7.36 (m, 3 H; ArH), 7.28 ± 7.16 (m, 14 H; ArH),
6.98 ± 6.92 (m, 3 H; ArH), 5.48 (d, J� 7.8 Hz, 1H; Ha-1), 5.21 (d, J� 2.8 Hz,
1H; Hc-4), 5.05 (dd, 1H; Hb-2), 4.95 (d, Jgem� 11.6 Hz, 1H; OCHAr, ABq),
4.87 (dd, J� 3.6, 10.4 Hz, 1 H; Hb-3), 4.82 ± 4.80 (m, J1,2� 3.3 Hz, 2H;
OCHAr, Hc-1), 4.79 (d, J1,2� 7.6 Hz, 1 H; Hb-1), 4.74 ± 4.70 (m, 2 H; Ha-3,
OCHAr, ABq), 4.68 ± 4.60 (m, 2H; Hc-5, Jgem� 11.8 Hz, OCHAr, ABq),
4.36 (t, J� 10.4 Hz, 1H; Ha-2), 4.26 (dd, 4 H; 2OCH2Ar), 4.18 (t, J� 9.2 Hz,
1H; Ha-4), 4.07 (dd, 1H; Hb-6b), 4.00 ± 3.84 (m, 4H; Hb-6a, Ha-6b, Ha-6a,
Hc-3), 3.80 (dd, 1 H; Hc-2), 3.76 ± 3.60 (m, 3H; Hc-4, Ha-5, Hb-5), 1.94 (s, 3H;
Ac), 1.92 (s, 6 H; 2 Ac), 1.20 (d, J� 6.4 Hz, 3 H; CHc


3), 1.16 (s, 9 H; tBu);
13C NMR (CDCl3, 100.6 MHz): d� 170.09 (C�O), 169.94 (C�O), 168.89
(C�O), 138.84, 138.35, 135.49, 134.42, 133.43, 133.25, 132.65, 131.89, 129.04,
128.70, 128.38, 128.34, 128.27, 128.19, 128.15, 128.09, 128.03, 127.99, 127.61,
127.42, 127.34, 127.17, 126.80, 126.49, 126.21, 126.01, 123.84, 99.77, 97.85,
84.53, 79.95, 79.77, 75.29, 74.75, 74.40, 73.88, 73.83, 73.19, 72.52, 71.20, 70.60,
69.20, 68.05, 66.90, 66.74, 60.30, 55.76, 20.80 (3Ac), 20.67 (Ac), 16.89 (CH3);
elemental analysis calcd (%) for C75H79O19NS ´ H2O: C 66.80, H 5.90, N
1.04, S 2.38; found C 66.33, H 6.02, N 0.70, S 2.24.


Phenyl (6-O-pivaloyl-b-dd-galactopyranosyl)-(1! 4)-(2,3,4-tri-O-benzyl-a-
ll-fucopyranosyl)-2-deoxy-6-O-naphthylmethyl-2-phthalimido-1-thio-b-dd-
glucopyranoside (5): To a cold (ÿ10 to ÿ5 8C) solution of compound 4
(2.28 g, 1.71 mmol) in a mixture of dichloromethane/methanol (40 mL, 1:1)
was added dropwise 1m sodium methanoxide/methanol solution until the
pH of the solution was adjusted to 10 and stirred at the same temperature
for 45 min. The reaction mixture was neutralized with acetic acid and
concentrated. The crude product was applied to a column of silica gel and
eluted with dichloromethane/methanol 20:1 to give pure compound 5
(1.65 g, 80%) as an amorphous solid. [a]25


D �� 10.2 (c� 0.54 in chloro-
form); 1H NMR (CD3OD, 400 MHz): d� 7.89 ± 7.84 (m, 6 H; ArH), 7.56 ±
7.54 (m, 1H; ArH), 7.50 ± 7.46 (m, 2 H; ArH), 7.39 ± 7.37 (m, 2 H; ArH),
7.19 ± 7.10 (m, 18H; ArH), 6.93 ± 6.92 (m, 2 H; ArH), 5.50 (d, J1,2� 10.8 Hz,
1H; Ha-1), 4.87 (d, Jgem� 11.6 Hz, 1 H; OCHAr), 4.77 (d, J� 6.8 Hz, 1H),
4.75 ± 4.72 (m, 2H), 4.68 ± 4.62 (m, 2H), 4.53 (d, Jgem� 11.2, 1 H; OCHAr),
4.49 ± 4.44 (m, 2 H), 4.34 (t, J� 10.8 Hz, 1H), 4.26 ± 4.10 (m, 7 H), 3.98 ± 3.93
(m, 2H), 3.79 ± 3.74 (m, 2 H), 3.65 ± 3.60 (m, 2H), 3.53 ± 3.49 (t, J� 8.4 Hz,
1H), 3.45 ± 3.43 (m, 1H), 3.28 ± 3.25 (m, 1H), 1.16 (s, 9H; tBu), 1.13 (d, J�
6.4 Hz, 3H; CH3); 13C NMR (CD3OD, 100.6 MHz): d� 170.50 (C�O),
135.88, 133.64, 130.14, 129.39, 129.22, 129.19, 129.13, 128.89, 128.81, 128.55,
128.50, 128.33, 128.26, 127.67, 127.33, 127.10, 103.63, 99.85, 85.84, 81.22,
80.66, 79.80, 76.56, 76.38, 76.24, 76.01, 75.06, 74.53, 73.97, 73.79, 73.40, 72.58,
69.80, 69.70, 68.48, 64.71, 57.10, 27.99 (CH3), 17.11 (CH3); elemental analysis
calcd (%) for C69H73O16NS: C 68.81, H 6.11, N 1.16; found C 68.25, H 6.21,
N 1.11.


Phenyl (6-O-pivaloyl-3,4-di-O-isopropylidene-b-dd-galactopyranosyl)-(1! 4)-
(2,3,4-tri-O-benzyl-a-ll-fucopyranosyl)-2-deoxy-6-O-naphthylmethyl-2-
phthalimido-1-thio-b-dd-glucopyranoside (6): A solution of compound 5
(1.16 g, 0.97 mmol), 2,2-dimethoxylpropane (18 mL), and camphor sulfonic
acid (CSA, 73 mg) was stirred for 1 h at room temperature. The reaction
mixture was neutralized with triethylamine and concentrated. The crude
product was applied to a short column of silica gel eluted with dichloro-
methane/acetone 30:1 to give pure compound 6 (1.02 g, 85%) as an
amorphous solid. 1H NMR (CD3OD, 600 MHz): d� 7.90 ± 7.87 (m, 4H;
ArH), 7.68 ± 7.60 (m, 3H; ArH), 7.57 ± 7.40 (m, 5H; ArH), 7.26 ± 7.15 (m,
17H; ArH), 7.02 ± 7.00 (m, 2H; ArH), 5.57 (d, J1,2� 10.0 Hz, 1H; Ha-1), 4.93
(d, Jgem� 11.6 Hz, 1 H; OCHAPh, ABq), 4.78 (d, Jgem� 11.0 Hz, 1H;
OCHA'Ph, ABq), 4.73 ± 4.64 (m, 3H; Hc-1; OCHBPh, Ha-3), 4.62 (dd,
2H; OCH2C10H7, ABq), 4.57 (d, Jgem� 12.3 Hz, 1H; OCHB'Ph, ABq), 4.46
(t, 1 H; Ha-2), 4.41 (d, J1,2� 7.8 Hz, 1H; Hb-1), 4.38 ± 4.19 (m, 5 H; Hc-5, Hb-


6b, Hb-6a, Ha-4, Hc-2), 4.05 (dd, 1 H; Ha-6b), 3.98 (dd, 1H; Ha-6a), 3.91 (d,
1H; OCH''B-Ph, ABq), 3.83 (dd, 1H; Hc-3), 3.80 ± 3.70 (m, 5H; Hb-4, Ha-5,
Hb-5, Hb-3), 3.47 (d, 1H; Hc-4), 3.33 ± 3.31 (m, 1H; Hb-2), 1.35 (s, 3H; CH3),
1.24 ± 1.20 (m, 12H; tBu, CH3), 1.04 (d, J� 6.7 Hz, 3H; CHc


3); 13C NMR
(CD3OD, 100.6 MHz): d� 170.30 (C�O), 140.24, 135.99, 134.23, 130.44,
129.88, 129.70, 129.68, 129.55, 129.51, 129.28, 129.22, 129.11, 129.09, 128.94,
128.81, 128.76, 128.70, 128.61, 128.43, 127.81, 127.59, 125.06, 125.00, 124.96,
108.35, 102.62, 100.91, 85.85, 81.18, 80.97, 79.66, 76.44, 76.38, 76.17, 75.04,
74.86, 74.56, 74.34, 74.08, 72.43, 69.95, 68.98, 64.85, 58.35, 39.77, 29.16, 28.55,
27.06, 16.83 (CH3); elemental analysis calcd (%) for C72H77O16NS: C 69.49,
H 6.24, N 1.13, S 2.58; found C 68.75, H 6.35, N 1.13, S 2.61.


Methyl (6-O-pivaloyl-2,3,4-tri-O-acetyl-b-dd-galactopyranosyl)-(1! 3)-[(6-
O-pivaloyl-3,4-O-isopropylidene-b-dd-galactopyranosyl)-(1! 4)-[(2,3,4-tri-
O-benzyl-a-ll-fucopyranosyl)-(1! 3)]-2-deoxy-6-O-naphthylmethyl-2-
phthalimido-b-dd-glucopyranosyl)-(1! 6)]-2-acetamido-2-deoxy-a-dd-gal-
actopyranoside (8): A solution of compound 6 (1.03 g, 0.82 mmol),
compound 7[7j] (500 mg, 0.82 mmol), and N-iodosuccinimide (NIS,
554 mg, 2.46 mmol) in dry dichloromethane (8 mL) containing 4 � MS
(9 g) was stirred for 2 h at ÿ70 to ÿ65 8C under N2 atmosphere.
Trifluoromethanesulfonic acid (70 mL) in dry dichloromethane (0.5 mL)
was added dropwise at ÿ65 to ÿ60 8C and stirred at that temperature for
1 h. The reaction mixture was neutralized with sat. NaHCO3 aqueous
solution. The solids were filtered off and the organic layer was washed with
sat. NaHCO3 aqueous solution, 10 % Na2S2O3, dried (Na2SO4) and
concentrated to a crude residue, which was applied to a column of silica
gel and eluted with dichloromethane/acetone 30:1 to give pure compound 8
(450 mg, 32 %) as an amorphous solid. 1H NMR (CD3OD, 600 MHz): d�
7.88 ± 7.84 (m, 4 H; ArH), 7.53 ± 7.48 (m, 6H; ArH), 7.28 ± 7.13 (m, 16H;
ArH), 5.34 ± 5.32 (m, 2H; ArH), 5.16 ± 5.14 (m, 2 H), 4.97 ± 4.95 (m, 2H),
4.75 (d, Jgem� 12.6 Hz, 1 H; OCHPh), 4.77 (d, J� 2.8 Hz, 1 H), 4.67 ± 4.64
(m, 2H), 4.50 ± 4.44 (m, 2H), 4.40 ± 4.00 (m, 12 H), 4.00 ± 3.80 (m, 6H),
3.70 ± 3.50 (m, 10H), 3.35 (t, 1 H), 2.87 (s, 3 H; OCH3), 2.17, 2.04, 1.96, 1.92
(4s, 4� 3 H; 4 Ac), 1.34, 1.28 (2s, 2� 3H; 2CH3), 1.21, 1.16 (2 s, 2� 9H;
2 tBu), 1.02 (d, J� 6.4 Hz, 3 H; CHe


3); 13C NMR (CD3OD, 100.6 MHz): d�
178.40 (C�O), 178.20 (C�O), 174.26 (C�O), 170.29 (C�O), 169.75 (C�O),
169.58 (C�O), 139.10, 138.92, 138.50, 134.05, 133.17, 128.50, 128.34, 128.17,
127.92, 127.87, 127.43, 127.33, 127.19, 126.51, 126.46, 126.25, 110.02, 101.85,
100.00, 99.25, 99.15, 98.40, 79.42, 78.99, 78.14, 77.88, 75.58, 75.17, 74.93,
74.87, 74.83, 73.92, 73.74, 73.07, 72.80, 72.64, 70.97, 70.90, 70.76, 68.95, 68.83,
68.76, 67.15, 66.86, 61.20, 56.28, 54.39, 47.87, 27.38 (3 CH3), 27.21 (3 CH3),
23.57 (NAc), 20.87 (Ac), 20.82 (Ac), 20.74 (Ac), 16.90 (CH3); elemental
analysis calcd (%) for C92H111O31N2: C 63.47, H 6.43, N 1.61; found C 63.44,
H 6.55, N 1.85.


Benzyl b-dd-galactopyranoside (21): 1H NMR (CD3OD, 400 MHz): d�
7.60 ± 7.40 (m, 2H; ArH), 7.40 ± 7.20 (m, 3 H; ArH), 4.85 (d, Jgem� 12.4 Hz,
1H; OCHAPh, ABq), 4.65 (d, Jgem� 12.6 Hz, 1H; OCHBPh, ABq), 4.32 (d,
J1,2� 7.8 Hz, 1H; H-1), 3.88 (d, J� 2.8 Hz, 1 H; H-4), 3.85 ± 3.70 (m, 2H;
H-2, H-3), 3.60 (t, 1 H; H-5), 3.55 ± 3.40 (m, 2H; H-6a, H-6b); 13C NMR
(CD3OD, 100.6 MHz): d� 144.40, 134.42, 134.38, 133.81, 109.14 (C-1),
81.96, 80.23, 79.79, 76.90, 75.56, 67.77.


Benzyl 3,4-O-isopropylidene-b-dd-galactopyranoside (22): (�)-CSA
(210 mg) was added to a solution of benzyl b-d-galactopyranoside (21)
(8.52 g, 31.8 mmol) in 2,2-dimethoxypropane (269 mL) and the solution
was stirred overnight at room temperature. The reaction mixture was
treated with triethylamine (0.92 mL) and concentrated to a residue, which
was then dissolved in a mixture of methanol/water 10:1 (270 mL) and
refluxed for 48 h. The reaction mixture was concentrated to a residue,
which was applied to a column of silica gel eluted with hexane/ethyl acetate
1:1 to give a pure compound 22 (8.7 g, 89 %) as an amorphous solid. Rf�
0.49 (CH2Cl2/MeOH 30:1); 1H NMR ([D6]acetone, 400 MHz): d� 6.85 ±
6.60 (m, 5 H; ArH), 4.31 (d, Jgem� 11.8 Hz, 1 H; OCHAPh, ABq), 4.04 (d,
Jgem� 11.8 Hz, 1 H; OCHBPh, ABq), 3.76 (d, J� 3.7 Hz, 1 H; H-4), 3.71 (d,
J1,2� 8.2 Hz, 1H; H-1), 3.64 (dd, 1H; H-2), 3.46 (dd, 1 H; H-3), 3.32 ± 3.12
(m, 2 H; H-6a, H-6b), 2.92 ± 2.88 (m, 1 H; H-5), 0.83, 0.68 (2s, 2� 3H;
2CH3); 13C NMR ([D6]acetone, 100.6 MHz): d� 139.10, 128.96, 128.64,
128.21, 109.88 (ketal carbon), 102.83 (C-1), 80.65, 80.60, 74.85, 74.66, 74.16,
62.40, 28.47 (CH3), 26.11 (CH3); elemental analysis calcd (%) for C16H22O6:
C 61.93, H 7.15; found C 61.95, H 6.93.


Benzyl 3,4-O-isopropylidene-6-O-pivaloyl-b-dd-galactopyranoside (23):
Pivaloyl chloride (2.6 mL, 20.69 mmol) was added dropwise to a cold (ice
bath) solution of compound 22 (6.10 g, 19.81 mmol) in dry pyridine (65 mL)
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was added dropwise and reaction mixture was stirred at 0 to 25 8C for 12 h.
The reaction mixture was concentrated to a crude residue, which was
applied to a column of silica gel eluted with hexane/ethyl acetate 4:1 to give
a pure compound 23 (6.02 g, 77%) as an amorphous solid. Rf� 0.71
(hexane/EtOAc 1:1); 1H NMR (CDCl3, 400 MHz): d� 7.40 ± 7.20 (m, 5H;
ArH), 4.92 (d, Jgem� 11.6 Hz, 1H; OCHAPh, ABq), 4.60 (d, Jgem� 11.6 Hz,
1H; OCHBPh, ABq), 4.38 (dd, 1 H; H-2), 4.24 (d, J1,2� 8.4 Hz, 1H; H-1),
4.12 (dd, 1H), 4.06 (dd, 1H), 3.99 (ddd, 1 H), 3.63 (ddd, 1 H), 1.57 (s, 3H;
CH3), 1.33 (s, 3H; CH3), 1.24 (s, 9 H; tBu); 13C NMR (CDCl3, 100.6 MHz):
d� 178.85 (C�O), 136.86, 128.77, 128.53, 128.37, 110.62 (ketal carbon),
100.94 (C-1), 78.96, 73.80, 73.61, 71.32, 70.70, 63.38, 39.00, 28.27 (CH3), 27.37
(3CH3), 26.46 (CH3); elemental analysis calcd (%) for C21H30O7: C 63.94, H
7.67; found C 64.08, H 7.56.


Benzyl 6-O-pivaloyl-b-dd-galactopyranoside (16): Compound 23 (7.0 g,
7.86 mmol) was dissolved in 60 % aqueous acetic acid and stirred at 60 to
65 8C for 1.5 h. The solution was then concentrated under reduced pressure.
The crude residue was applied to a short column of silica gel and eluted
with hexane/ethyl acetate 1:1 to give a pure compound 16 (5.64 g, 90%) as
an amorphous solid. Rf� 0.13 (hexane/EtOAc 1:1); 1H NMR (CD3OD,
400 MHz): d� 7.41 ± 7.39 (m, 2 H; ArH), 7.34 ± 7.26 (m, 3H; ArH), 4.87 (d,
Jgem� 11.9 Hz, 1 H; OCHAPh, ABq), 4.65 (d, Jgem� 11.5 Hz, 1H; OCHBPh,
ABq), 4.34 (dd, 1 H; H-6b), 4.31 (d, J1,2� 7.3 Hz, 1 H; H-1), 4.22 (dd, J� 4.8,
10.7 Hz, 1 H; H-6a), 3.81 (d, J� 3.1 Hz, 1H; H-4), 3.72 (dd, 1H), 3.59 (dd,
1H), 3.48 (dd, 1H), 1.22 (s, 9H; tBu); 13C NMR (CDCl3, 100.6 MHz): d�
184.90 (C�O), 144.10, 129.43, 129.33, 128.87, 103.89 (C-1), 74.91, 74.17,
72.56, 71.84, 70.43, 64.92, 32.69, 27.70 (CH3); elemental analysis calcd (%)
for C18H26O7: C 61.00, H 7.41; found C 60.99, H 7.41.


Benzyl [methyl (N-acetyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-
dd-glycero-a-dd-galacto-non-a-ulopyranosy)onate]-(2! 3)-6-O-pivaloyl-
2,4-di-O-acetyl-b-dd-galactopyranoside (25): A solution of compound 17
(4.65 g, 7.44 mmol), compound 16 (2.38 g, 6.76 mmol) and N-iodosuccini-
mide (NIS, 5.0 g, 22.2 mmol) in dry dichloromethane/acetonitrile 1:1
(132 mL) containing 3 � MS (15 g) was stirred at ÿ65 to ÿ60 8C for 2 h
under N2 atmosphere. Trifluoromethanesulfonic acid (TfOH) (645 mL) in
dry acetonitrile (2 mL) was added dropwise and stirred at ÿ65 to ÿ40 8C
for 2 h. Additional portion of compound 17 (2.0 g) was added again and the
stirring was continued at the same temperature for total 4 h. The mixture
was neutralized with sodium bicarbonate solution. The solids were filtered
off and the organic layer was washed with saturated sodium bicarbonate
solution, 10 % Na2S2O3, water, dried (Na2SO4) and concentrated to a crude
residue. The residue was then applied to column of silica gel and eluted
with dichloromethane/methanol 50:1 to give a pure compound 24 (66 %) as
an amorphous solid. The compound 24 (2.5 g, 2.88 mmol) was then treated
with Ac2O/pyridine 1:1 in the presence of catalytic amounts of DMAP


overnight at room temperature. The mixture was concentrated to a crude
residue, which was passed through a column of silica gel and eluted with
dichloromethane/methanol 30:1 to give a pure compound 25 (2.22 g, 81%)
as an amorphous solid. Rf� 0.67 (CH2Cl2/CH3OH 30:1); 1H NMR (CDCl3,
400 MHz): d � 7.40 ± 7.20 (m, 5 H; ArH), 5.60 ± 5.52 (m, 1H; Hb-4), 5.46 ±
5.45 (m, 1 H; Hb-8), 5.17 (dd, J� 8.7, 8.5 Hz, 1 H; Hb-7), 5.11 ± 5.06 (m, 2H;
Ha-2, Ha-4), 4.93 ± 4.90 (d, Jgem� 12.2 Hz, 1 H; OCHAPh, ABq), 4.73 (d,
J1,2� 7.8 Hz, 1H; Ha-1), 4.67 ± 4.62 (m, 2 H; Ha-3, OCHBPh), 4.59 (dd, J�
10.5, 10.6 Hz, 1H; Hb-6), 4.32 ± 4.24 (m, 2H; Hb-5, Hb-9b), 4.19 (dd, 1 H; Ha-
6b), 4.04 ± 3.97 (m, 2H; Ha-6a, Hb-9a), 3.92 ± 3.84 (m, 4H; Ha-5, COOCH3),
2.67 (dd, J� 5.5, 12.7 Hz, 1 H; Hb-3e), 2.35, 2.29 (2 s, 2� 3H; 2NAc), 2.17,
2.15, 2.09, 2.04, 1.99, 1.94 (6s, 6� 3 H; 6 Ac), 1.61 (t, J� 12.4 Hz, 1 H; Hb-
3a), 1.21 (s, 9H; tBu); 13C NMR (CDCl3, 100.6 MHz) d� 177.79 (C�O),
174.23 (C�O), 173.74 (C�O), 170.64 (C�O), 170.60 (C�O), 170.34 (C�O),
168.80 (C�O), 168.10 (C�O), 137.63, 128.44, 127.80, 127.71, 100.63 (Ca-1),
96.84 (Cb-2), 71.84, 71.26, 70.51, 70.33, 69.58, 67.91, 67.53, 67.24 (2C), 62.32,
61.00, 56.20, 53.10, 38.60, 28.22, 27.24, 26.83, 21.56 (Ac), 21.16 (Ac), 21.08
(Ac), 20.86 (Ac); elemental analysis calcd (%) for C44H59O22N: C 55.40, H
6.23, N 1.47; found C 55.40, H 6.20, N 1.32.


[Methyl (N-acetyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-glycero-
a-dd-galacto-2-nonulopyranosyl)onate]-(2! 3)-6-O-pivaloyl-2,4-di-O-ace-
tyl-b-dd-galactopyranosyl trichloroacetimidate (27): A solution of com-
pound 25 (1.59 g, 1.67 mmol), Pd/C (10 %) (1.59 g) in a mixture of
dichloromethane/methanol 4:1 (20 mL) was stirred for 24 h under H2


atmosphere at room temperature. The solids were filtered off and the
solution was concentrated to a residue, which was applied to a short column
of silica gel eluted with dichloromethane/methanol 40:1 to give a pure
compound 26 (1.29 g). To a cold (ice bath) solution of compound 26
(447 mg, 0.52 mmol) and trichloroacetonitrile (600 mL) in dry dichloro-
methane (8 mL) was added dropwise DBU (16 mL) and stirred for 2 h at the
same temperature. The mixture was concentrated to a crude residue. The
crude residue was passed through a short column of silica gel and eluted
with hexane/ethyl acetate 1:1 to give a pure compound 27 (500 mg, 96 %) as
amorphous solid. Rf� 0.26 (hexane/ethyl acetate 1:1); 1H NMR (CDCl3,
400 MHz): d� 8.64 (s, 1H; NHCCCl3), 5.90 (d, J1,2� 7.8 Hz, 1 H; Ha-1, b-
form), 5.60 ± 5.40 (m, 2 H; Hb-4, Hb-8), 5.25 (dd, 1H; Ha-2), 5.15 ± 5.00 (m,
2H; Hb-7, Ha-4), 4.75 (dd, 1H; Ha-3), 4.55 (dd, 1H; Hb-6), 4.35 ± 4.20 (m,
2H; Hb-5, Hb-9b), 4.20 ± 4.00 (m, 3H; Ha-6b, Ha-5, Ha-6a), 3.95 (dd, 1 H; Hb-
9a), 3.88 (s, 3H; COOCH3), 2.65 (dd, J� 4.4, 12.6 Hz, 1 H; Hb-3e), 2.33, 2.25
(s, 3H; Ac), 2.15 (s, 6 H; 2Ac), 2.08 (s, 3 H; Ac), 2.00 (s, 6H; 2 Ac), 1.95 (s,
3H; Ac), 1.81 (t, Jgem� 12.4 Hz, 1 H; Hb-3a), 1.15 (s, 9H; tBu); 13C NMR
(CDCl3, 100.6 MHz): d� 174.24 (C�O), 173.82 (C�O), 170.76 (C�O),
170.34 (C�O), 170.13 (C�O), 170.02 (C�O), 169.57 (C�O), 169.10 (C�O),
161.32 (C�O), 96.95 (Cb-2), 96.42 (Ca-1), 71.66, 71.52, 69.72, 69.31, 68.00,


Figure 2. 600 MHz 1H NMR spectrum of disaccharide 25 in CDCl3 at 303.0 K.
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67.33, 67.28, 62.62, 60.65, 56.19, 53.21, 38.62, 28.30, 27.26 (3CH3), 26.92,
21.67 (Ac), 21.12 (Ac), 21.08 (Ac), 20.93 (Ac); elemental analysis calcd (%)
for C39H53O22N2Cl3: C 46.46, H 5.30; found C 45.59, H 5.01.


Phenyl [methyl (N-acetyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-
glycero-a-dd-galacto-2-nonulopyranosyl)onate]-(2! 3)-(6-O-pivaloyl-2,4-
di-O-acetyl-b-dd-galacto-pyranosyl)-(1! 4)-2-deoxy-6-O-naphthylmethyl-
2-phthalimido-1-thio-b-dd-glucopyranoside (14): A solution of compound
27 (683 mg, 0.68 mmol), and compound 3 (351 mg, 0.65 mmol) in dry
dichloromethane (10 ± 15 mL) containg 4 � MS (12 g) was stirred for 2 h at
ÿ45 to ÿ40 8C under N2 atmosphere. TMSOTf (37 mL) in dry dichloro-
methane (0.5 mL) was added dropwise and stirred for 1.5 h at the same
temperature. The reaction mixture was then neutralized with NaHCO3.
The solids were filtered off and the organic layer was washed with sat.
NaHCO3 solution, dried (Na2SO4) and concentrated. The crude residue
was passed through a short column of silica gel and eluted with dichloro-
methane/methanol 40:1 to give a pure compound 14 (420 mg, 87%) as an
amorphous solid. Rf� 0.45 (CH2Cl2/MeOH 40:1); 1H NMR (CDCl3,
400 MHz): d� 7.89 ± 7.72 (m, 7H; ArH), 7.49 ± 7.43 (m, 4 H; ArH), 7.17 ±
7.12 (m, 5H; ArH), 5.65 (d, J1,2� 10.4 Hz, 1 H; Ha-1), 5.54 ± 5.49 (m, 2 H; Hc-
4, Hc-8), 5.12 (dd, J� 2.0, 8.8 Hz, 1H; Hc-7), 5.05 ± 4.98 (m, 2 H; Hb-2, Hb-4),
4.81 ± 4.78 (m, 3H; Hb-1, J1,2� 7.9 Hz, OCH2C10H7), 4.70 (dd, J� 2.8, 9.9 Hz,
1H; Hb-3), 4.57 (dd, J� 2.0, 10.3 Hz, 1H; Hc-6), 4.47 (ddd, 1 H; Ha-3),
4.32 ± 4.21 (m, 3H; Hc-5, Ha-2, Hc-9b), 4.05 ± 3.86 (m, 9H; Hb-6b, Hb-5, Hb-
6a, Ha-6b, Ha-6a, Hc-9a, COOCH3), 3.82 (dd, 1 H; Ha-5), 3.66 (t, 1 H; Ha-4),
2.63 (dd, J� 5.5, 12.2 Hz, 1H; Hc-3e), 2.34, 2.28, 2.16, 2.13, 2.05, 1.97, 1.94,
1.93 (8s, 8� 3H; 8 Ac), 1.58 (t, Jgem� 12.2 Hz, 1 H; Hc-3a), 1.12 (s, 9H; tBu);
13C NMR (CDCl3, 100.6 MHz): d� 178.00 (C�O), 174.19 (C�O), 173.79
(C�O), 170.66 (C�O), 170.11 (C�O), 170.01 (C�O), 169.74 (C�O), 168.07
(C�O), 136.25, 134.23, 133.54, 129.03, 128.24, 128.13, 128.03, 127.90, 126.34,
126.16, 125.99, 125.87, 123.78, 123.48, 101.83 (Cb-1), 96.95 (Cc-2), 83.47 (Ca-
1), 82.58, 78.80, 73.92, 71.57, 71.38, 71.34, 70.32, 69.75, 69.23, 67.91, 67.55,
67.36, 67.21, 62.52, 62.12, 56.10, 55.24, 53.30, 38.61, 28.29 (Ac), 27.01 (CH3),
26.94 (Ac), 21.62 (Ac), 21.16 (Ac), 21.03 (Ac), 20.95 (Ac), 20.93 (Ac), 20.79
(Ac); elemental analysis calcd (%) for C68H78O27N2S ´ H2O: C 58.11, H 5.73,
N 1.99, S 2.28; found C 57.79, H 5.60, N 1.94, S 2.26.


Trisaccharide 29 : Compound 14 (25 mg, 2.88 mmol) was treated with Ac2O/
pyridine 1:1 (3 mL) in the presence of DMAP (2 mg) and stirred overnight
at room temperature. The mixture was concentrated to a crude residue,
which was passed through a short column of silica gel and eluted with
dichloromethane/n-C3H7OH 30:1 to give a pure compound 29 in quanti-
tative yield as an amorphous solid. 1H NMR (CDCl3, 600 MHz): d � 7.90 ±
7.80 (m, 6H; ArH), 7.74 ± 7.70 (m, 3 H; ArH), 7.56 ± 7.42 (m, 4 H; ArH),
7.22 ± 7.12 (m, 3 H; ArH), 5.82 ± 5.78 (t, J� 9.1 Hz, 1H; Ha-3), 5.75 (d, J1,2�
10.8 Hz, 1H; Ha-1), 5.60 ± 5.50 (m, 2H; Hc-4, Hc-8), 5.13 (dd, J� 2.0, 9.3 Hz,
1H; Hc-7), 4.98 (d, J� 2.5 Hz, 1 H; Hb-4), 4.93 (dd, 1H; Hb-2), 4.87 ± 4.82 (d,
J1,2� 7.4 Hz, 1 H; Hb-1), 4.78 (dd, 2 H; OCH2C10H7), 4.63 (dd, J� 3.4,
9.8 Hz, 1H; Hb-3), 4.55 (dd, J� 2.1, 10.3 Hz, 1H; Hc-6), 4.32 ± 4.22 (m, 3H;
Hc-5, Hc-9b, Ha-2), 4.16 ± 4.02 (m, 2H; Hb-6b, Ha-4), 3.99 ± 3.78 (m, 9 H; Hc-
9a, Ha-6b, Ha-6a, COOCH3, Hb-6a, Hb-5, Ha-5), 2.64 (dd, J� 5.3, 10.0 Hz,
1H; Hc-3e), 2.34, 2.27 (2s, 2� 3 H; 2Ac), 2.17 (s, 6 H; 2Ac), 2.01, 2.00, 1.99,
1.96, 1.84 (5s, 5� 3H; 5 Ac), 1.56 (t, J� 13.0 Hz, 1H; Hc-3a), 1.16 (s, 9H;
tBu); 13C NMR (CDCl3, 100.6 MHz): d� 178.05 (C�O), 174.29 (C�O),
173.60 (C�O), 170.67 (C�O), 170.60 (C�O), 170.11 (C�O), 170.01 (C�O),
169.84 (C�O), 168.09 (C�O), 136.35, 134.21, 133.40, 129.03, 128.34, 128.13,
128.05, 127.93, 126.35, 126.18, 125.99, 123.88, 123.79, 123.58, 101.85, 96.96,
84.47, 82.58, 78.85, 73.93, 71.50, 71.38, 71.36, 70.33, 69.78, 69.33, 67.80, 67.55,
67.38, 67.23, 62.53, 62.42, 56.11, 55.25, 53.31, 38.81, 28.30 (Ac), 27.05 (Ac),
26.96 (Ac), 21.63 (Ac), 21.18 (Ac), 21.03 (Ac), 20.96 (Ac), 20.94 (Ac), 20.80
(Ac); elemental analysis calcd (%) for C70H80O28N2S: C 58.82, H 5.64, N
1.96, S 2.24; found C 58.55, H 5.50, N 1.96, S 2.24.


Tetrasaccharide 12 : A solution of compound 14 (831 mg, 0.60 mmol),
methyl 2,3,4,-tri-O-benzyl-1-thio-b-l-fucoside 18 (1.11g, 5.6 mmol), and n-
tetrabutylamonium bromide (774 mg, 2.4 mmol) in dry 1,2-dichloroethane/
DMF 5:1 (12 mL) containing 4 � MS (8 g) were stirred for 2 h at room
temperature under N2 atmosphere. CuBr2 (534 mg, 2.4 mmol) was added
and the stirring was continued at the same temperature for 48 h. Additional
portion of donor 18 (560 mg) and CuBr2 (267 mg) was added and stirred at
room temperature for 65 h total. The solids were filtered off and the
organic layer was washed with sat. NaHCO3 solution, water, dried
(Na2SO4) and concentrated. The crude residue was passed through a
column of silica gel and eluted with hexane/ethyl acetate 1:1 to give a pure


compound 12 (1.0 g, 92%) as an amorphous solid. Rf� 0.48 (hexane/ethyl
acetate 1:1); 1H NMR ([D7]DMF, 600 MHz): d� 7.84 ± 7.60 (m, 8H; ArH),
7.52 ± 7.36 (m, 6 H; ArH), 7.12 ± 7.00 (m, 17H; ArH), 5.57 ± 5.50 (m, 3H; Hc-
8, Hc-4, Ha-1, J1,2� 10.9 Hz), 5.19 (dd, J� 2.3, 9.5 Hz, 1H; Hc-7), 5.00 (d, J�
3.8 Hz, 1 H; Hb-4), 4.97 (d, J1,2� 9.1 Hz, 1 H; Hb-1), 4.91 (dd, 1 H; Hb-2),
4.87 ± 4.85 (m, 2H; OCHAr, Hd-1), 4.82 ± 4.65 (m, 5H; OCHAr, Ha-3,
OCHAr, Hb-3, Hd-5), 4.62 (dd, 2H; OCH2Ar, ABq), 4.59 ± 4.47 (m, 3 H; Hc-
9b, OCHAr, Ha-2), 4.41 (d, Jgem� 12.1 Hz, 1H; OCHAr, ABq), 4.33 ± 4.17
(m, 4 H; Hc-9a, OCHAr, Hc-6, Ha-4), 4.09 (dd, 1H; Hc-5), 4.04 ± 3.95 (m,
4H; Ha-6b, Hb-6b, Hb-5, Ha-6a), 3.92 ± 3.78 (m, 6 H; Hd-3, Hb-6a, COOCH3,
Hd-2), 3.80 (dd, 1 H; Hd-2), 3.70 (dd, 1H; Ha-5), 3.62 (d, J� 2.8 Hz, 1H; Hd-
4), 2.60 (dd, J� 4.9, 12.3 Hz, 1 H; Hc-3e), 2.35, 2.28, 2.22, 2.10, 1.98, 1.97,
1.96, 1.79 (8s, 8� 3 H; 8 Ac), 1.58 (t, J� 11.0 Hz, 1 H; Hc-3a), 1.25 (d, J�
6.7 Hz, 3H; CHd


3), 1.10 (s, 9H; tBu); 13C NMR (CDCl3, 100.6 MHz): d �
177.31 (C�O), 174.24 (C�O), 173.81 (C�O), 170.74 (C�O), 170.38 (C�O),
170.13 (C�O), 169.86 (C�O), 169.27 (C�O), 167.99 (C�O), 139.17, 138.88,
138.56, 136.17, 134.31, 133.47, 133.03, 132.51, 128.94, 128.31, 128.25, 128.23,
128.10, 128.04, 127.83, 127.81, 127.51, 127.29, 127.18, 127.03, 126.12, 125.94,
125.81, 125.67, 123.82, 99.79, 97.54, 96.79 (Cc-2), 84.07 (Ca-1), 80.02, 79.89,
77.69, 74.88, 74.79, 74.41, 73.60, 73.05, 73.03, 72.50, 71.90, 70.74, 70.35, 69.49,
68.47, 67.37, 67.30 (2C), 67.00, 66.65, 62.14, 60.12, 56.05, 55.60, 53.05, 38.65
[C(CH3)3], 38.55 [(CH2)c], 28.29 (Ac), 27.13 (CH3), 26.94 (Ac), 21.52 (Ac),
21.22 (Ac), 21.07 (Ac), 20.88 (Ac), 20.75 (Ac), 16.92 (CHd


3); elemental
analysis calcd (%) for C95H106O31N2S: C 63.25, H 5.92, N 1.55, S 1.78; found
C 63.17, H 6.40, N 1.40, S 1.70.


Heptsaccharide 30 : A solution of compound 12 (420 mg, 0.23 mmol),
compound 13 (240 mg, 0.22 mmol), and NIS (156 mg, 0.69 mmol) in dry
dichloromethane (10 mL) containing 4 � MS (10 ± 12 g) was stirred for 2 h
at ÿ80 to ÿ75 8C under N2 atmosphere. TfOH (35 mL) in dry dichloro-
methane (0.5 mL) was added dropwise at ÿ65 to ÿ60 8C and stirred at the
same temperature for 2 h. The reaction mixture was neutralized with sat.
NaHCO3 aqueous solution. The solids were filtered off and the organic
layer was washed with sat. NaHCO3 aqueous solution, 10% Na2S2O3, dried
(Na2SO4) and concentrated. The crude residue was applied to a column of
silica gel and eluted with dichloromethane/methanol 40:1 to give a pure
compound 30 (420 mg, 67 %) as an amorphous solid. Rf �0.48 (CH2Cl2/
MeOH 25:1); 1H NMR (CDCl3, 600 MHz): d� 7.88 ± 7.80 (m, 4H; ArH),
7.66 ± 7.40 (m, 7H; ArH), 7.24 ± 7.00 (m, 15 H; ArH), 6.04 (d, J� 8.6 Hz, 1H;
NHAc), 5.61 ± 5.54 (m, 4H; Hc-4, Hg-4, Hc-8, Hg-8), 5.18 (dd, J� 1.7, 9.1 Hz,
1H; Hg-7), 5.12 ± 5.08 (m, 2 H; Hd-1, Hc-7), 5.08 ± 4.89 (m, 6H; He-1, He-4,
Hb-4, Hb-2, He-2, OCHAAr), 4.86 (d, J 1,2� 3.1 Hz, 1H; Hf-1), 4.82 ± 4.75 (m,
3H; OCHA'Ar, Hd-3, OCHBAr), 4.71 ± 4.54 (m, 9H; He-3, Hf-5, OCHA''Ar,
OCHB''Ar, Hb-1, Hg-6, OCHB'Ar, Hc-6, Hb-3), 4.45 ± 4.36 (m, 2 H;
OCHA'''Ar, Hd-2), 4.34 ± 4.19 (m, 8H; Ha-2, Hg-5, Hd-4, Hc-5, OCHB'''Ar,
Ha-1, Hg-9b, Hc-9b), 4.10 ± 3.80 (m, 21 H; Hc-9a, Hd-6b, Hd-6a, COOCH3,
COOCH3, Ha-3, Hf-3, Ha-4, Hg-9a, Hb-6a, He-6a, Hb-5, He-5, Hf-2), 3.70 ±
3.58 (m, 3H; Hd-5, Ha-5, Hf-4), 2.81 (s, 3 H; OCH3), 2.63 ± 2.59 (m, 2 H; Hg-
3e, Hc-3e), 2.35, 2.34 (2s, 2� 3H; 2 Ac), 2.28 (s, 6H; 2Ac), 2.24, 2.21, 2.16,
2.06, 2.05, 2.04, 2.03, 2.02, 2.01, 1.97 (10 s, 10� 3H; 10Ac), 1.94 (s, 6H;
2Ac), 1.93, 1.90, 1.78 (3s, 3� 3 H; 3 Ac), 1.63 ± 1.57 (m, 2 H; Hc-3a, Hg-3a),
1.24 (d, J� 5.8 Hz, 3H; CHf


3), 1.13, 1.09 (2s, 2� 9H; 2 tBu); 13C NMR
(CDCl3, 100.6 MHz): d� 177.64 (C�O), 177.26 (C�O), 174.23 (C�O),
174.09 (C�O), 173.76 (C�O), 171.43 (C�O), 171.15 (C�O), 170.62 (C�O),
170.23 (C�O), 170.18 (C�O), 170.11(C�O), 170.05 (C�O), 169.87 (C�O),
169.85 (C�O), 169.74 (C�O), 169.71 (C�O), 169.23 (C�O), 167.93 (C�O),
139.23, 138.90, 138.36, 136.23, 133.45, 132.96, 128.26, 128.21, 128.19, 128.03,
127.97, 127.90, 127.77, 127.43, 127.19, 127.11, 126.99, 125.99, 125.72, 125.66,
125.58, 102.57, 99.56, 99.00, 98.09, 97.18, 96.75, 96.61, 79.86, 78.54, 77.65,
75.58, 74.62, 74.32, 72.97, 72.66, 72.47, 72.12, 71.88, 71.44, 70.79, 70.73, 70.60,
70.26, 69.43, 69.34, 69.28, 69.17, 68.60, 68.40, 67.40, 67.34, 67.28 (2 C), 67.22,
67.04, 66.99, 66.91, 66.49, 63.10, 62.15, 60.76, 60.12, 56.61, 56.06, 55.80, 54.32,
53.12, 52.98, 48.17, 38.65, 38.63, 38.53, 38.30, 28.25 (2 Ac), 27.15 (3 CH3),
27.06 (3CH3), 26.94 (Ac), 26.89 (Ac), 23.26 (Ac), 21.56 (Ac), 21.40 (Ac),
21.20 (Ac), 21.14 (Ac), 21.07 (Ac), 20.86 (Ac), 20.84 (Ac), 20.81 (Ac), 20.72
(Ac), 16.91 (CH3); elemental analysis calcd (%) for C135H168O58N4: C 58.43,
H 6.10, N 2.02; found C 58.47, H 6.18, N 1.97.


Heptasaccharide 31: Compound 30 (310 mg, 0.11 mmol) was treated
overnight at room temperature with Ac2O/pyridine 1:1 (10 mL) in the
presence of catalytic amounts of DMAP (5 mg). The reaction mixture was
concentrated to a crude residue, which was passed through a short column
of silica gel and eluted with dichloromethane/methanol 30:1 to give a pure
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compound 31 (248 mg, 80 %) as an amorphous solid. Rf� 0.49 (CH2Cl2/
MeOH 30:1); 1H NMR (CDCl3, 600 MHz): d � 7.86 ± 7.80 (m, 5H; ArH),
7.68 ± 7.60 (m, 3H; ArH), 7.48 ± 7.40 (m, 4 H; ArH), 7.30 ± 7.00 (m, 14H), 5.96
(d, J� 8.8 Hz, 1H; NHAc), 5.60 ± 5.47 (m, 4H; Hc-4, Hg-4, Hc-8, Hg-8), 5.24
(d, J� 3.2 Hz, 1H; Ha-4), 5.18 (dd, J� 5.6, J7,8� 8.9 Hz, 1 H; Hc-7), 5.12 (dd,
J� 2.8, J7,8� 8.9 Hz, 1 H; Hg-7), 5.07 (d, J1,2� 7.4 Hz, 1H; Hd-1), 5.03 ± 4.98
(m, 2H; He-1, He-4), 4.96 (d, J �3.3 Hz, 1H; Hb-4), 4.94 ± 4.84 (m, 4 H; He-
2, OCHAAr, Hb-2, Hf-1), 4.81 ± 4.75 (m, 2H; OCHA'Ar, OCHBAr), 4.74 ±
4.46 (m, 10H; Hd-3, He-3, Hf-5, OCHA''Ar, OCHB''Ar, Hb-1, Hc-6, Hg-6,
OCHB'Ar, Hb-3), 4.42 ± 4.06 (m, 10H; OCHA'''Ar, Hd-2, Hc-5, Hg-5, Ha-2,
Ha-1, Hd-4, OCHB'''Ar, Hc-9b, Hg-9b), 4.05 ± 3.72 (m, 21 H; Hg-9a, Hb-6b,
Hd-6b, Hd-6a, He-6b, He-6a, Hb-6a, Ha-6b, Hf-3, Hc-9a, COOCH3,
COOCH3, He-5, Hb-5, Hf-2, Ha-5, Ha-3), 3.62 ± 3.56 (m, 2H; Hf-4, Hd-5),


3.25 (t, 1H; Ha-6a), 2.82 (s, 3 H;
OCH3), 2.64 ± 2.57 (m, 2H; Hc-3e,
Hg-3e), 2.35 (s, 3 H; Ac), 2.34 (s, 3H;
Ac), 2.28, 2.24, 2.19, 2.14, 2.06 (5 s, 3�
3H; 3Ac), 2.03 (s, 6H; 2 Ac), 2.02 (s,
6H; 2Ac), 2.01, 1.96, 1.94 (3s, 3� 3H;
3Ac), 1.93 (s, 6 H; 2 Ac), 1.83 (s, 3H;
Ac), 1.62 ± 1.52 (m, 2H; Hc-3a, Hg-3a),
1.24 (d, J� 6.9 Hz, 3 H; CHf


3), 1.11,
1.10 (2s, 2� 9H; 2 tBu); 13C NMR
(CDCl3, 100.6 MHz): d� 177.35
(C�O), 174.29 (C�O), 174.19 (C�O),
174.04 (C�O), 171.24 (C�O), 171.03
(C�O), 170.60 (C�O), 170.48 (C�O),
170.37 (C�O), 170.23 (C�O), 170.10
(C�O), 170.04 (C�O), 169.94 (C�O),
169.92 (C�O), 169.23 (C�O), 168.06
(C�O), 139.37, 139.08, 138.56, 136.35,
134.15, 128.32, 128.24, 128.15, 128.10,
128.04, 127.88, 127.50, 127.22, 127.18,
127.12, 126.07, 125.98, 125.80, 125.73,
101.70, 99.71, 99.05, 98.25, 97.41, 96.95,
96.80, 79.96, 78.04, 75.98, 75.87, 75.05,
74.80, 74.49, 74.29, 73.27, 72.83, 72.65,
72.56, 72.05, 71.74, 70.96, 70.50, 70.33,
70.13, 69.73, 69.62, 69.42, 68.76, 68.55,
67.50 (3C), 67.30 (3 C), 67.24 (3 C),
66.66, 62.93, 62.34, 60.58, 60.35, 56.57,


56.29, 56.10, 54.65, 53.10, 53.03, 49.22, 38.73, 38.54, 28.26 (Ac), 27.21
(3CH3), 27.18 (3CH3), 26.87 (Ac), 23.38 (Ac), 21.56 (Ac), 21.43 (Ac), 21.25
(Ac), 21.23 (Ac), 21.14 (Ac), 21.10 (Ac), 21.02 (Ac), 20.89 (Ac), 20.86 (Ac),
20.77 (Ac), 16.98 (CHf


3); elemental analysis calcd (%) for C137H170O59N4:
C 58.42, H 6.08, N 1.99; found C 58.52, H 5.74, N 1.76.


Heptasaccharide 33 : DDQ (22 mg, 0.098 mmol) was added to a solution of
compound 31 (180 mg, 0.065 mmol) in a mixture of dichloromethane/
methanol/water 4:1:trace (6 mL). The reaction mixture was stirred for 16 h
at room temperature and concentrated. The crude residue was taken in
dichloromethane and washed with sat. NaHCO3 aqueous solution (3�
50 mL), water, dried (Na2SO4), and concentrated to a crude residue, which
was applied to short column of silica gel and eluted with dichloromethane/


Figure 3. 400 MHz 1H NMR spectrum of compound 12 at 303.0 K ([D7]DMF and H2O).


Figure 4. 600 MHz 2D DQF-COSY spectrum of tetrasaccharide 12 at 303.0 K.
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methanol 30:1 to give a pure compound 32 (73 %). To a cold (ice bath)
solution of compound 32 (292 mg, 0.11 mmol) in dry pyridine (3 ± 4 mL),
was added SO3 ´ pyridine complex (27 mg, 0.17 mmol) and stirred at 0 to
25 8C for 4 h. An additional portion of SO3 ´ pyridine complex (50 mg) was
added and stirred at the same temperature for a total of 9 h. The reaction
mixture was quenched with methanol (50 mL) and concentrated to a crude
residue, which was treated with Amberlite IR 120 (Na�) cation exchange
resin in methanol at room temperature for 4 h. The solid was filtered off
and the organic layer was concentrated. The mixture was applied to a short
column of silica gel and eluted with dichloromethane/methanol 20:1 to give
a pure compound 33 (255 mg, 78 %) as an amorphous solid. Rf� 0.24
(CH2Cl2/MeOH 20:1); 1H NMR (CD3OD, 600 MHz): d� 7.86 ± 7.80
(m, 4H; ArH), 7.68 ± 7.60 (m, 2H; ArH), 7.48 ± 7.40 (m, 3H; ArH), 7.30 ±
7.00 (m, 10 H; ArH), 5.61 ± 5.48 (m, 4 H; Hc-4, Hg-4, Hc-8, Hg-8), 5.24 (d, J�
3.0 Hz, 1 H; Ha-4), 5.18 (dd, J� 2.3, 8.9 Hz, 1 H; Hc-7), 5.12 (dd, J� 2.8,
8.9 Hz, 1H; Hg-7), 5.08 (d, J1,2� 7.4 Hz, 1H; Hd-1), 5.03 ± 4.98 (m, 2 H; He-1,
He-4), 4.96 (d, J �3.3 Hz, 1H; Hb-4), 4.94 ± 4.84 (m, 4H; He-2, OCHAAr,
Hb-2, Hf-1), 4.81 ± 4.75 (m, 2H; OCHA'Ar, OCHBAr), 4.74 ± 4.46 (m, 10H;
Hd-3, He-3, Hf-5, OCHA''Ar, OCHB''Ar, Hb-1, Hc-6, Hg-6, OCHB'Ar, Hb-3),
4.45 ± 4.10 (m, 8H; Hd-2, Hc-5, Hg-5, Ha-2, Ha-1, Hd-4, Hc-9b, Hg-9b), 4.09 ±
3.72 (m, 21 H; Hg-9a, Hb-6b, Hd-6b, Hd-6a, He-6b, He-6a, Hb-6a, Ha-6b, Hf-3,
Hc-9a, COOCH3, COOCH3, He-5, Hb-5, Hf-2, Ha-5, Ha-3), 3.62 ± 3.56 (m,
2H; Hf-4, Hd-5), 3.25 (t, 1H; Ha-6a), 2.83 (s, 3H; OCH3), 2.64 ± 2.57 (m, 2H;
Hc-3e, Hg-3e), 2.35, 2.34, 2.28, 2.25, 2.20, 2.15, 2.05 (7s, 7� 3 H; 7 Ac), 2.04
(s, 6H; 2 Ac), 2.02 (s, 6H; 2 Ac), 2.01, 1.98, 1.95 (3 s, 3� 3 H; 3Ac), 1.93 (s,
6H; 2Ac), 1.84 (s, 3 H; Ac), 1.62 ± 1.52 (m, 2 H; Hc-3a, Hg-3a), 1.24 (d, J�
6.9 Hz, 3 H; CHf


3), 1.11, 1.10 (2s, 2� 9H; 2 tBu); 13C NMR (CD3OD,
100.6 MHz): d�177.85 (C�O), 174.29 (C�O), 174.19 (C�O), 174.05 (C�O),
172.24 (C�O), 171.03 (C�O), 170.61 (C�O), 170.48 (C�O), 170.37 (C�O),
170.25 (C�O), 170.10 (C�O), 170.08 (C�O), 169.93 (C�O), 169.90 (C�O),
169.23 (C�O), 168.06 (C�O), 139.32, 139.08, 134.15, 128.35, 128.24, 128.15,
128.11, 127.50, 127.22, 127.18, 127.12, 126.07, 125.95, 125.80, 125.73, 101.75,
99.73, 99.05, 98.35, 97.41, 96.95, 96.80, 79.96, 78.04, 75.98, 75.87, 75.05, 74.80,
74.49, 74.29, 73.27, 72.83, 72.65, 72.56, 72.05, 71.74, 70.96, 70.50, 70.33, 70.13,
69.73, 69.62, 69.42, 68.76, 68.55, 67.50 (3C), 67.30, 67.24, 66.67, 62.93, 62.34,
60.55, 60.35, 56.57, 56.39, 56.10, 54.65, 53.10, 53.03, 49.22, 38.73, 38.54, 28.26
(Ac), 27.21 (3CH3), 27.18 (3CH3), 26.87 (Ac), 23.38 (Ac), 21.56 (Ac), 21.43
(Ac), 21.25 (Ac), 21.23 (Ac), 21.14 (Ac), 21.11 (Ac), 21.02 (Ac), 20.89 (Ac),
20.76 (Ac), 20.75 (Ac), 16.98 (CHf


3); elemental analysis calcd (%) for
C126H161O62N4SNa: C 54.46, H 5.84, N 2.02; found C 54.40, H 6.15, N 1.98.


Heptasaccharide 34 : A solution of compound 33 (195 mg, 71 mmol), Pd/
C(10 %) (195 mg) in dry dichloromethane/methanol 1.5:1 (10 mL) was
stirred for 7.5 h at room temperature under H2 atmosphere. The solid was
filtered off and organic layer was concentrated. The crude residue was
treated with Ac2O/pyridine 1:1 (10 mL) in the presence of catalytic


amounts of DMAP (5 mg) at room temperature overnight. The reaction
mixture was concentrated and passed through a short column of silica gel
and eluted with dichloromethane/methanol 20:1 to give a pure compound
34 (160 mg, 87 %) as an amorphous solid. 1H NMR (CD3OD, 600 MHz):
d� 8.00 ± 7.80 (m, 4H; ArH), 5.62 ± 5.52 (m, 2 H; Hc-4, Hg-4), 5.51 ± 5.45 (m,
1H; Hc-8), 5.43 ± 5.39 (m, 1 H; Hg-8), 5.28 (d, J� 2.7 Hz,1 H; Hf-4), 5.24 (d,
J� 3.0 Hz, 1 H; Ha-4), 5.19 (dd, J� 7.8 Hz, 1H; Hc-7), 5.17 ± 5.09 (m, 2H;
Hg-7, Hf-5), 5.08 ± 5.05 (m, 2H; J1,2� 9.2 Hz, Hd-1), 5.05 ± 4.95 (m, 3H; Hf-
3), 4.81 (d, J1,2� 4.5 Hz, 1 H; Hf-1), 4.80 ± 4.56 (m, 4 H; Hf-2, Hc-6, Hg-9b,
Hg-6), 4.45 ± 4.00 (m, 9 H; Hd-6b, Hg-5, Hd-6a, Hc-9b, Hg-6, Hc-5, Ha-1, Hd-2),
4.00 ± 3.78 (m, 12 H; Ha-6b, Hc-9a, Ha-3, Ha-3, He-6a, Hd-4, Ha-6b), 3.40 ±
3.30 (m, 1 H; Ha-6a), 3.00 (s, 3H; OCH3), 2.62 ± 2.55 (m, 2H; Hc-3e, Hg-3e),
2.35, 2.34, 2.36, 2.33, 2.30 (5 s, 5� 3 H; 5 NAc), 2.23, 2.20, 2.15, 2.10, 2.08 (5 s,
5� 3H; 5Ac), 2.05 (s, 9 H; 3 Ac), 2.03, 2.02, 1.99, 1.97, 1.95, 1.94, 1.87 (7 s,
7� 3H; 7Ac), 1.84 (t, J� 12.4 Hz, 1H; Hc-3a), 1.47 (t, J� 11.7 Hz, 1 H; Hg-
3a), 1.27, 1.19 (2s, 2� 9H; 2 tBu), 1.15 (d, J� 7.2 Hz, 3H; CHf


3); 13C NMR
(CD3OD, 100.6 MHz): d� 179.73 (C�O), 179.32 (C�O), 176.79 (C�O),
176.50 (C�O), 176.33 (C�O), 176.09 (C�O), 173.16 (C�O), 172.89 (C�O),
172.81 (C�O), 172.78 (C�O), 172.64 (C�O), 172.39 (C�O), 172.35 (C�O),
172.18 (C�O), 172.14 (C�O), 172.03 (C�O), 171.85 (C�O), 171.75 (C�O),
171.71 (C�O), 171.66 (C�O), 169.63 (C�O), 169.54 (C�O), 136.05, 124.84,
102.83, 101.91, 100.61, 100.08, 99.72, 98.29, 96.72, 77.63, 75.80, 75.32, 73.26,
73.11, 73.00, 72.95, 71.88, 71.65, 71.63, 71.56, 71.42, 71.05, 70.74, 70.13, 69.89,
69.55, 69.13, 68.80, 68.53, 68.42, 68.31, 67.05, 65.81, 63.62, 63.47, 63.01, 61.84,
58.56, 58.04, 57.34, 55.80, 53.91, 53.85, 50.63, 39.83, 38.88, 28.45 (NAc), 28.35
(NAc), 28.09 (3 CH3), 27.82 (3 CH3), 27.12 (NAc), 26.53 (NAc), 23.30
(NAc), 21.98 (Ac), 21.94 (Ac), 21.81(Ac), 21.61 (Ac), 21.45 (Ac), 21.23
(Ac), 21.21 (Ac), 21.11 (Ac), 21.01 (Ac), 20.92 (Ac), 20.89 (Ac), 20.81 (Ac),
20.77 (Ac), 20.67 (Ac), 20.62 (Ac), 16.63 (CHf


3), FABMS (positive ion
mode): for C111H149O65N4SNa: 2633.7; found: 2656.8 [M�Na]� .


Heptasaccharide 1: Lithium iodide (968 mg) was added to a solution of
compound 34 (160 mg) in dry pyridine (8 mL). The reaction mixture was
refluxed at 120 to 125 8C for 8.5 h under N2 atmosphere. The dark yellow
solution was then evaporated to dryness and co-evaporated with toluene to
a corresponding carboxylic acid as dark yellow amorphous solid which was
directly used for next reaction. A solution of the above in methanol
(15 mL), was treated with NH2-NH2 ´ H2O solution (3 mL) for 4 h at 80 to
85 8C, the reaction mixture was concentrated and co-evaporated with
toluene then acetylated with Ac2O/pyridine 1:1 in the presence of catalytic
amount of DMAP at room temperature overnight. The acetylated mixture
was concentrated and passed through a short column of silica gel and eluted
with dichloromethane/methanol to give a bright film. To a solution of this
bright yellow film in methanol/water 1:1 (3 mL) was added a catalytic
amount of 1m sodium methoxide solution (200 mL) and stirred at room
temperature for 24 h. The mixture was then concentrated under reduced


Figure 5. 600 MHz 1H NMR spectrum of compound 1 (D2O) at 303.0 K.







FULL PAPER K. L. Matta et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0366 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 2366


pressure. The crude mixture was then applied to a short column of silica gel
and eluted with n-C3H7OH/HOAc/H2O 1:1:1 to give a pure compound 1
(15 mg) in total 25 % yield. Rf� 0.24 (n-C3H7OH/HOAc/H2O 1:1:1);
1H NMR (D2O, 600 MHz): d� 5.11 (d, J1,2� 3.9 Hz, 1 H; Hf-1), 4.81 ± 4.76
(m, 2H; Hf-5, Ha-1, J1,2� 3.3 Hz), 4.62 (d, J1,2� 8.3 Hz, 1H; He-1), 4.59 (d,
J1,2� 9.0 Hz, 1H; Hd-1), 4.52 (d, J1,2� 8.3 Hz, 1 H; Hb-1), 4.38 ± 4.32 (dd,
2H; Hd-6b, Hd-6a, sulfated position), 4.30 (dd, J� 3.2, 10.0 Hz, 1H; Ha-2),
4.20 (d, J� 2.3 Hz, 1 H; Ha-4), 4.10 ± 3.96 (m, 4H; He-3, Hb-3, Ha-5, Hd-4,
Ha-3), 3.95 ± 3.56 (m, 32H; He-4, Hd-2, Hb-4, Hf-3, Hf-4, Hf-2), 3.56 ± 3.49 (m,
2H; He-2, Hb-2), 3.36 (s, 3H; OCH3), 2.77 ± 2.72 (m, 2H; Hc-3e, Hg-3e),
2.05, 2.03, 2.00, 1.92 (4s, 4� 3H; 4 Ac), 1.83 ± 1.75 (ddd, 2H; Hc-3a, Hg-3a),
1.17 (d, J� 6.6 Hz, 3H; CHf


3); 13C NMR (D2O,150 MHz): (HSQC and
HMBC) d� 174.20 (C�O), 174.10 (C�O), 173.55 (C�O), 172.70 (C�O),
172.48 (C�O), 172.30 (C�O), 103.29 (Cb-1), 100.47 (Cd-1), 100.05 (Ce-1),
98.67 (Cg-2), 98.53 (Cc-2), 97.38 (Cf-1), 96.99 (Ca-1), 75.85, 75.77, 74.92,
74.53, 74.20, 73.93, 73.34, 73.26, 71.49, 71.41, 71.36, 71.23, 70.48, 70.35, 69.90,
69.23, 67.99, 67.85, 67.78, 67.73, 67.36, 66.91, 66.68, 66.44, 66.07, 65.99, 65.25
(Ce-5), 64.48 (Cd-6), 61.09, 61.00, 60.00, 59.48, 54.42, 53.53, 50.33, 50.26,
47.11 (Ca-2), 38.30, 23.10, 23.00 22.38, 22.10, 16.30 (CHe


3); FABMS (positive
ion mode): m/z : calcd for C57H93O44N4SNa: 1592; found 1591 [MÿH]� .


Heptasaccharide 35 : A solution of compound 31 (310 mg, 71 mmol), and
Pd/C (10 %) (310 mg) in dry dichloromethane/methanol 1.5:1 (10 mL) was
stirred for 6 h at room temperature under H2 atmosphere. The solid was
filtered off and organic layer was concentrated to a crude residue, which
was treated with Ac2O/pyridine 1:1 (10 mL) in the presence of catalytic
amounts of DMAP (5 mg) overnight at room temperature. The reaction
mixture was concentrated. The residue was passed through a short column
of silica gel and eluted with dichloromethane/methanol 20:1 to give a pure
compound 35 (267 mg, 94 %) as an amorphous solid. Rf� 0.49 (CH2Cl2/
MeOH 30:1); 1H NMR (CDCl3, 600 MHz): d � 7.84 ± 7.66 (m, 4H; ArH),
6.00 (d, J� 8.8 Hz, 1 H; NHAc), 5.62 ± 5.48 (m, 4 H; Hg-4, Hg-8, Hc-4, Hc-8),
5.27 (d, J� 3.2 Hz, 1 H; Hf-4), 5.23 (dd, J� 2.3, 8.9 Hz, 1H; Hc-7), 5.14 (d,
J� 3.1 Hz, 1 H; Ha-4), 5.08 (dd, 1H; Hf-3), 5.05 (dd, J� 2.8, 9.3 Hz, 1 H; Hg-
7), 5.02 ± 5.01 (m, 2H; Hf-5, He-4), 5.05 (d, J1,2� 7.6 Hz, 1H; Hd-1), 4.93 (d,
J� 2.8 Hz, 1 H; Hb-4), 4.90 ± 4.81 (m, 3 H; Hf-1, He-2, Hb-2), 4.79 (dd, 1H;
Hf-2), 4.74 (d, J� 7.8 Hz, 1H; He-1), 4.73 (t, 1H; Hd-3), 4.63 (dd, 1 H; He-3),
4.60 ± 4.55 (m, 3 H; Hg-6, Hb-1, Hc-6), 4.51 (dd, 1 H; Hb-3), 4.46 ± 4.44 (m,
1H), 4.44 ± 4.23 (m, 5 H; Hc-5, Hg-5, Hg-9b, Hc-9b, Ha-2), 4.22 (d, J� 2.9 Hz,
1H; Ha-1), 4.19 ± 4.10 (m, 4H; Hc-9a, Hd-6b, Hd-6a, Hd-2), 4.03 (t, 1 H; Hd-
4), 3.92 ± 3.70 (m, 14 H; He-6b, Ha-6b, Hb-5, COOCH3, COOCH3, He-5, Hg-
9a, Hb-6b, He-6a, Hb-6a), 3.25 (t, 1H; Ha-6a), 2.82 (s, 3 H; OCH3), 2.64 ± 2.58
(m, 2H; Hc-3e, Hg-3e), 2.38 (s, 3H; NAc), 2.34 (s, 3H; Ac), 2.30, 2.26, 2.24
(3s, 3� 3 H; 3 NAc), 2.20, 2.16, 2.14 (3s, 3� 3H; 3Ac), 2.09 (s, 6H; 2Ac),
2.07 (s, 9 H; 3Ac), 2.04 (s, 6 H; 2Ac), 2.02, 2.01, 1.99 (3 s, 3� 3H; 3 Ac), 1.93
(s, 6H; 2Ac), 1.88 (s, 3H; Ac), 1.62 ± 1.52 (m, 2H; Hc-3a, Hg-3a), 1.23 (d,
J� 6.9 Hz, 3 H; CHf


3), 1.11, 1.10 (2s, 9 H; 2 tBu); 13C NMR (CDCl3,
100.6 MHz): d� 177.48 (C�O), 174.30 (C�O), 174.04 (C�O), 171.23 (C�O),
170.63 (C�O), 170.58 (C�O), 170.38 (C�O), 170.25 (C�O), 170.15 (C�O),
170.04 (C�O), 169.94 (C�O), 169.92 (C�O), 169.25 (C�O), 168.36 (C�O),
139.34, 139.08, 128.25, 128.24, 128.15, 128.10, 101.71, 99.78, 99.05, 98.26,
97.42, 96.96, 96.81, 79.91, 78.03, 75.91, 75.88, 75.06, 74.81, 74.50, 74.30, 73.27,
72.81, 72.66, 72.57, 72.05, 71.74, 70.95, 70.51, 70.32, 70.13, 69.73, 69.62, 69.43,
68.76, 68.56, 67.53, 67.31, 67.25, 66.67, 62.94, 62.35, 60.59, 60.36, 56.58, 56.30,
56.11, 54.66, 53.12, 53.04, 49.22, 38.74, 38.55, 28.27 (Ac), 27.22 (CH3), 27.19
(CH3), 26.88 (Ac), 23.39 (Ac), 21.54 (Ac), 21.44 (Ac), 21.26 (Ac), 21.25
(Ac), 21.15 (Ac), 21.11 (Ac), 21.03 (Ac), 20.89 (Ac), 20.87 (Ac), 20.78 (Ac),
16.90 (CHf


3); elemental analysis calcd (%) for C113H152O63N4: C 52.27, H
5.95, N 2.18; found C 52.05, H 5.74, N 1.81.


Heptasaccharide 2 : Lithium iodide (200 mg) was added to a solution of
compound 35 (89 mg) in dry pyridine (2 mL). The reaction mixture was
refluxed at 120 to 125 8C for 8.5 h under N2 atmosphere. The dark yellow
solution was evaporated to dryness, co-evaporated with toluene to a
corresponding carboxylic acid as dark yellow amorphous solid which was
directly used for next reaction. A solution of the above in methanol (5 mL)
was treated with NH2-NH2 ´ H2O (1 mL) and stirred for 4 h at 80 to 85 8C.
The reaction mixture was concentrated, co-evaporated with toluene then
acetylated with Ac2O/pyridine 1:1 in the presence of catalytic amount of
DMAP at room temperature for overnight. The acetylated mixture was
concentrated and passed through a short column of silica gel and eluted
with dichloromethane/methanol 10:1 to give a bright film 36. Compound 36
in methanol/water (1 mL) was treated with a catalytic amount of 1m sodium


methoxide solution (50 mL) at room temperature for 24 h. The reaction
mixture was then concentrated under reduced pressure to give a crude
residue, which was applied to a short column of silica gel and eluted with n-
C3H7OH/HOAc/H2O 1:1:1 to give a pure compound 2 (4.5 mg) in total
33% yield. Rf� 0.24 (n-C3H7OH/HOAc/H2O 1:1:1); 1H NMR (D2O,
600 MHz): d� 5.10 (d, J1,2� 3.2 Hz, 1H; Hf-1), 4.82 ± 4.77 (m, 2H; Hf-5,
Ha-1, J1,2� 3.4 Hz), 4.61 (d, J1,2� 8.6 Hz, 1 H; He-1), 4.59 (d, J1,2� 8.8 Hz,
1H; Hd-1), 4.53 (d, J1,2� 8.4 Hz, 1 H; Hb-1), 4.30 (dd, J� 3.2, 10.0 Hz, 1H;
Ha-2), 4.20 (d, J� 2.8 Hz, 1H; Ha-4), 4.11 ± 3.96 (m, 4H; He-3, Hb-3, Ha-5,
Hd-4, Ha-3), 3.95 ± 3.56 (m, 34H; He-4, Hd-2, Hb-4, Hf-3, Hf-4, Hf-2), 3.55 ±
3.48 (m, 2H; He-2, Hb-2), 3.35 (s, 3 H; OCH3), 2.78 ± 2.72 (m, 2H; Hc-3e, Hg-
3e), 2.04, 2.02, 2.00, 1.93 (4s, 4� 3H; 4 Ac), 1.85 ± 1.74 (ddd, 2 H; Hc-3a, Hg-
3a), 1.17 (d, J� 6.7 Hz, 3H; CHf


3); FABMS (positive ion mode): m/z : calcd
for C57H94O41N4: 1490 [M]� ; found 1491 [M�H]� .
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Highly Efficient Synthesis of Linear Pyrrole Oligomers
by Twofold Heck Reactions


Lutz F. Tietze,* Georg Kettschau, Ulrich Heuschert, and Gero Nordmann[a]


Abstract: The twofold Heck reaction of the vinylpyrroles 3 a and 3 b with the
iodobenzenes 4 a ± c led to the linear pyrrole oligomers 5, 6, and 7. The synthesis of
both symmetrical and unsymmetrical oligomers, such as 10 a and 10 b, was also
accomplished by a Heck reaction of 8 and 9 and by a Heck reaction of 3 a and 11
followed by a Wittig reaction and a second Heck reaction with 8. The pentacyclic
oligomers 14 and 19 were prepared by a twofold Heck reaction of 13 with 4 and by a
twofold Heck reaction of 15 with 16 followed by a Wittig reaction and a twofold
Heck reaction with 8.


Keywords: Heck reactions ´ palla-
dium ´ polypyrroles ´ pyrroles ´
Wittig reactions


Introduction


Linear oligomeric pyrroles are key building blocks in biosyn-
thesis[1] and are also of interest for the synthesis of novel
macrocycles.[2] This may be exemplified by the linear tetra-
meric pyrromethane hydroxymethylbilane 1 being the pre-
cursor of the porphyrins such as heme 2 (Scheme 1), the
chlorophylls and vitamin B12.[1]
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Scheme 1. Hydroxymethylbilane 1 and heme 2.


Further, polypyrroles in their oxidized form are of interest as
organic conductors and LED materials.[3] In recent years p-
conjugated oligomers of defined structure gained more and
more interest due to their inherent electronic and optical


properties.[4] Today this class of compounds represents a
research field of its own. While there has been substantial
progress in the synthesis of other types of p-conjugated
oligomers,[5] straightforward synthesis of higher linear oligom-
ers of pyrrole remains challenging.[6] Recently we reported on
novel linear oligopyrroles.[7] Herein we describe the efficient
synthesis of oligopyrroles 5, 6, 7, 10, 14, and 19 being
connected by divinylbenzene units using twofold Heck
reactions.[8]


Results and Discussion


For the synthesis of the linear 2-divinylbenzene-1,3-bis-
pyrroles 5, 6 and 7, N-Boc-vinylpyrroles 3 a and 3 b[7] were
treated with meta-[9] , para-, and ortho-diiodobenzene in the
presence of catalytic amounts of palladium (see Scheme 2). A
major problem in the transformations of 3 b was the control of
regioselectivity at the vinyl group. Thus, reaction of 3 b under
the usual reaction conditions gave a mixture of constitutional
isomers. However, by employing silver acetate as base only
the linear products were obtained. Silver phosphate and silver
carbonate proved to be less effective for this purpose.
Reaction of 3 b with m-diiodobenzene 4 a provided 5 b with
33 % yield, reaction of 3 b with p-diiodobenzene 4 b gave 6 b
with 28 % yield and that of 3 b with o-diiodobenzene 4 c led to
7 b in only 10 % yield. The lower yield of the reaction of 4 c
with o-substitution is in accord with the increased steric
hindrance at the reaction centers compared with 4 a and 4 b. In
the transformations of 3 a the linear oligomers were obtained
in the absence of a silver salt. Moreover, for these reactions it
was in some cases appropriate to use triethylamine as solvent
to obtain good results. Reaction of 3 a with 4 a gave 5 a in 48 %
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Scheme 2. Synthesis of the tricyclic compounds 5 ± 7.


yield, that of 3 a with 4 b oligomer 6 a in 37 % yield and that of
3 a with 4 c compound 7 a in 47 % yield. The decreased
regioselectivity under normal conditions and the lower yield
in the reaction of 3 b is probably due to a strong 1,3-allylic
strain[10] in the transition state leading to 5 ± 7 due to the
methyl group at C-3 of the pyrrole moiety of 3 b. Such a 1,3-
allylic strain has recently been shown by us to be of
importance in the cyclisation of hydroxymethylbilane.[1f] The
improvement of the regioselectivity in the reaction of 3 b by
addition of silver salt can be explained by the intermediate
formation of a Pd� species which would generally increase the
reactivity and also lower the steric interaction of the Pd
attacked to a-position of the vinyl group in 3 b. However,
electronic effects may also have some influence. Thus,
Hallberg and others[11] showed that electron rich palladium
species favor an a-arylation.


For the formation of oligomers of type 5 ± 7 a second
approach is also feasible, namely the use of a divinylbenzene
and an iodopyrrole. This is exemplified by the preparation of
the p-substituted system 10 b (see Scheme 3) from 8[12] and
9.[13] Reaction of 8 and 9 in the presence of catalytic amounts
of palladium led to 10 b in 35 % yield. Here and in some other
reactions, especially when using iodopyrroles, the presence of
triphenylphosphane is not suitable since decomposition may
occur. This effect has been recognized by us for several
different transformations. For the preparation of unsymmet-
rical oligomers we have also developed a stepwise approach in
which first a Pd-catalyzed reaction of a vinylpyrrole 3 a with p-
iodobenzaldehyde (11)[14] leads to the pyrrole derivative 12.
Wittig reaction gives the corresponding vinylbenzenepyrrole
13, which now can react in a second Heck reaction with the
iodopyrrole 8 to give 10 in 20 % yield over three steps.


The vinyl derivative 13 could also be subjected to a twofold
Heck reaction with m-diiodobenzene (4). This transformation
gave the pentacyclic oligomer 14 in 77 % yield which contains
two pyrrole and three divinylbenzene moieties (Scheme 4).


Of particular interest for the synthesis of higher linear
oligomeric pyrroles is the 2,5-diiodopyrrole derivative 15,
which is easily accessible from the corresponding dibromo
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Scheme 3. Synthesis of the tricyclic compounds 10a and 10b.
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Scheme 4. Synthesis of 14.


derivative by halogen metal exchange with nBuLi and
quenching with iodine.[15] The 2,5-dibromopyrrole can be
obtained from pyrrole itself through bromination followed by
protection with di-tert-butyldicarbonate according to the
protocol of Cava[15] in 83 % yield. While the 2,5-dibromopyr-
role derivative is usually not sufficiently reactive in Heck
reactions, 15 undergoes Pd-catalyzed CÿC bond formation
with several acceptor substituted alkenes, for example acrylic
acid esters or p-vinylbenzaldehyde (16) (Scheme 5).[16] Two-
fold Heck reaction of 15 with 16 led to the pyrrole derivative
17, which gave the bisvinyl derivative 18 using a twofold Wittig
reaction. Compound 18 reacts with the iodopyrrole 8 again in
a twofold Heck reaction to give the red pentacyclic oligomer
19 in 28 % yield.


The structures of the newly formed oligopyrroles were
determined mainly by NMR spectroscopy. The spectra are
rather simple due to the symmetry of the molecules. As an
example the 1H NMR spectrum of 19 is discussed in detail.
The hydrogens at the four double bonds resonate as a doublet







FULL PAPER L. F. Tietze et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0370 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 2370


N


Boc


CHO


II


NEtO2C N CO2Et


Boc


O O
N


Boc


N


Boc


N
Boc


Boc


N IEtO2C


Boc


2+


Pd0, 2


15 16


17


18


19


8


, 28%


2'''


1'''


2'''


1'''


2'


1' 1'


2'


Ph3P=CH2, 62%


Pd0, 67%


Scheme 5. Synthesis of 19.


at d� 6.79 with J� 16.5 Hz for the 1'''-H, at d� 6.93 with J�
16.0 Hz for the 2'-H, at d� 7.65 with J� 16.5 Hz for the 2'''-H
and at d� 7.86 with J� 16.0 Hz for the 1'-H. The large
coupling constants of J� 16.0 and 16.5 Hz confirm that all
double bonds have an (E)-configuration. The hydrogens at
the central pyrrole unit and the arenes resonate as singlets at
d� 6.55 and d� 7.40, respectively. For the methyl groups at
the pyrrole units singlets at d� 1.93 and 2.20 are observed.
The UV/Vis spectrum documents the extended p-conjugated
system with lmax� 431 nm and log e� 4.858.


Conclusion


The combination of several Heck reactions as well as of Wittig
and Heck reactions allows a simple and highly efficient access
to linear p-conjugated oligomeric pyrrole derivatives. Here
the synthesis of defined oligomers with up to five arene and
pyrrole units connected by C�C-double bonds is described.
However, the approach could also be employed for the
synthesis of higher oligomers.


Experimental Section


All reactions were performed under nitrogen or argon atmosphere in
flame-dried flasks, and the reactants were introduced by syringe. All
solvents were dried by standard methods. Solvents used in Pd-catalyzed
reactions were degassed by pump and freeze methodology. All reagents
obtained from commercial sources were used without further purification.


TLC chromatography was performed on aluminum precoated silica gel SIL
G/UV254 plates (Macherey ± Nagel GmbH), and silica gel 32 ± 63 (0.032 ±
0.064 mm) (Macherey ± Nagel GmbH) was used for column chromatogra-
phy(eluent 1: light petroleum/EtOAc 15:1; eluent 2: 10:1; eluent 3: 4:1;
eluent 4: 15:1� 1 % NEt3; eluent 5: 10:1� 1% NEt3; eluent 6: 4:1� 1%
NEt3). UV/Vis spectra (lmax [nm], log e) were recorded in CH3CN on a
Mettler Lambda 2 spectrometer. IR spectra were recorded as KBr pellets
or as films on a Bruker IFS 25 or Vector 22 spectrometer. 1H and 13C NMR
spectra were recorded on a Varian XL200, VXR 200, and VXR 500 or a
Bruker AM 300 with tetramethylsilane (TMS) as internal standard in
CDCl3 or [D6]benzene. Multiplicities of 13C NMR peaks were determined
with the APT pulse sequence. Mass spectra were measured at 70 eV on a
Varian MAT 311A, high-resolution mass spectra on a Varian MAT 731
instrument. Melting points are measured on a Mettler FP 61.


General procedure I. Wittig reaction : nBuLi (1.1 mol equiv, 2.1m solution
in n-hexane) was added dropwise at 0 8C to a stirred suspension of methyl
triphenylphosphonium iodide (1.2 mol equiv) in THF (10 mL per mmol
aldehyde). Stirring was continued for 2 h at 0 8C and the aldehyde
(1.0 equiv) in THF was added dropwise to the solution at ÿ78 8C. After
stirring for 15 min at this temperature the solution was warmed to room
temperature and stirred for additional 30 min. The reaction was quenched
by adding water, then the organic layer was separated and the aqueous
layer extracted with Et2O (3� ). The combined organic layers were washed
with water and brine, dried over Na2SO4, and evaporated in vacuo. The
obtained crude product was purified by column chromatography.


General procedure II. Heck reaction with pyrroles


Variant a : A stirred suspension of potassium acetate (4.0 mol equiv) and
tetrapropylammonium bromide (1.0 mol equiv) in DMF (20 mL per mmol
substrate) was degassed by freeze and pump methodology. Palladium
acetate (5 mol %), triphenylphosphane (10 mol %) and the substrates were
added. The vigorously stirred reaction mixture was slowly heated to the
indicated temperature. After complete transformation (TLC) the reaction
mixture was cooled to room temperature and water (20 mL per mmol
substrate) and Et2O (40 mL per mmol substrate) were added. The aqueous
layer was extracted with Et2O (3� ). The combined organic phases were
washed with water and brine, dried over Na2SO4, and evaporated in vacuo.
The obtained crude products were purified by column chromatography.


Variant b : The reaction was performed in the absence of triphenylphos-
phane.


Variant c : The reaction was performed in the presence of silver acetate
(4.0 mol equiv) instead of potassium acetate and tetrapropylammonium
bromide.


Variant d : The reaction was performed in the presence of triethylamine
instead of potassium acetate and tetrapropylammonium bromide. For this
purpose triethylamine was degassed in a pressure flask by bubbling argon
through for 0.5 h and after addition of palladium acetate (5 mol %),
triphenylphosphane (10 mol %) and the substrates the reaction mixture
was degassed for another 10 min.


(E,E)-1,3-Bis-[2''-(1''''-tert-butoxycarbonyl-[1''''H]-pyrrol-2''''-yl)-vinyl]-ben-
zene (5a): According to general procedure IId the vinylpyrrole 3 a (293 mg,
1.50 mmol, 1.3 equiv) was reacted with 1,3-diiodobenzene 4 a (165 mg,
500 mmol, 1.0 equiv) for 24h at 90 8C. Column chromatography (20 g silica
gel, eluent 2) afforded 5a (111 mg, 241 mmol, 48%) as a yellow oil. tR� 0.40
(eluent 2); IR (KBr): nÄ � 3004, 2978, 2932 (CÿH), 1742 (C�O), 1624, 1594,
1552 (C�C), 958 cmÿ1 (CÿH, (E)-alkene); UV (CH3CN): lmax (log e)�
237.5 (4.280), 330.0 nm (4.574); 1H NMR (500 MHz, C6D6): d� 1.29 (s,
18H, C(CH3)3), 6.13 (t, J� 3.5 Hz, 2H, 4''-H), 6.53 (ddd, J� 3.5, 2.0, 1.0 Hz,
2H, 3''-H), 6.93 (d, J� 16.5 Hz, 2 H, 1'-H), 7.11 (t, J� 7.5 Hz, 1 H, 5-H), 7.33
(dd, J� 7.5, 2.0 Hz, 2H, 4-H, 6-H), 7.37 (dd, J� 3.5, 2.0 Hz, 2 H, 5''-H), 7.67
(br s, 1H, 2-H), 8.14 (d, J� 16.5 Hz, 2 H, 2'-H); 13C NMR (50.3 MHz,
CDCl3): d� 28.0 (C(CH3)3), 83.8 (C(CH3)3), 110.8 (C-4''), 111.1 (C-3''),
119.8 (C-2'), 122.2 (C-5''), 124.5 (C-2), 125.2 (C-4, C-6), 128.0 (C-1'), 128.8
(C-5), 134.3 (C-2''), 137.9 (C-1, C-3), 149.4 (C�O); MS (70 eV): m/z (%):
460 (37) [M]� , 360 (15) [MÿCO2C4H8]� , 348 (28) [Mÿ 2�C4H8]� , 304
(41) [MÿCO2C4H8ÿC4H8]� , 260 (100) [Mÿ 2�CO2C4H8]� , 57 (13)
[C4H9]� ; C28H32N2O4 (460.6): calcd C 73.02, H 7.00; found C 73.06, H 6.97.


(E,E)-1,3-Bis-[2''-(1''''-tert-butoxycarbonyl-3'''',4''''-dimethyl-[1''''H]-pyrrol-2''''-
yl)-vinyl]-benzene (5b): According to general procedure IIc the vinyl-
pyrrole 3b (277 mg, 1.25 mmol, 1.3 equiv) was treated with 1,3-diiodoben-
zene 4a (165 mg, 500 mmol, 1.0 equiv) for 4 h at 90 8C. Column chromatog-







Pyrrole Oligomers 368 ± 373


Chem. Eur. J. 2001, 7, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0371 $ 17.50+.50/0 371


raphy (10 g silica gel, eluent 1) afforded 5b (85.0 mg, 165 mmol, 33 %) as a
pale yellow oil. tR� 0.48 (eluent 1); IR (KBr): nÄ � 2978, 2932 (CÿH), 1734
(C�O), 1626, 1594, 1578, 1520 (C�C), 960 cmÿ1 (CÿH, (E)-alkene); UV
(CH3CN): lmax (log e)� 242.5 (4.314), 327.5 nm (4.527); 1H NMR
(300 MHz, [D6]DMSO): d� 1.53 (s, 18 H, C(CH3)3), 1.96 (s, 6H, 4-CH3),
2.10 (s, 6 H, 3-CH3), 6.64 (d, J� 16.5 Hz, 2H, 1'-H), 7.07 (s, 2H, 5''-H), 7.31 ±
7.42 (m, 3H, 4-H, 5-H, 6-H), 7.53 (d, J� 16.5 Hz, 2H, 2'-H), 7.61 (br s, 1H,
2-H); 13C NMR (50.3 MHz, CDCl3): d� 10.38, 11.38 (3-CH3, 4-CH3), 28.11
(C(CH3)3), 82.97 (C(CH3)3), 118.4 (C-5''), 120.7 (C-2'), 122.2, 122.7 (C-3'',
C-4''), 124.3 (C-2), 124.8 (C-4, C-6), 128.8 (C-5), 129.4 (C-2''), 129.7 (C-1'),
138.2 (C-1, C-3), 149.5 (C�O); MS (70 eV): m/z (%): 516 (23) [M]� , 416
(16) [MÿCO2C4H8]� , 316 (100) [Mÿ 2�CO2C4H8]� , 57 (41) [C4H9]� ;
C32H40N2O4 (516.7): HMRS calcd 516.2988; found 516.2988.


(E,E)-1,4-Bis-[2''-(1''''-tert-butoxycarbonyl-[1''''H]-pyrrol-2''''-yl)-vinyl]-ben-
zene (6a): According to general procedure IIa the vinylpyrrole 3 a (483 mg,
2.50 mmol, 1.3 equiv) was reacted with 1,4-diiodobenzene (4 b, 330 mg,
1.00 mmol, 1.0 equiv) for 20 h at 70 8C. Column chromatography (40 g silica
gel, eluent 2) afforded 6a (170 mg, 369 mmol, 37 %) as yellow crystals. M.p.
>180 8C (dec); tR� 0.40 (eluent 2); IR (KBr): nÄ � 3004, 2980, 2932 (CÿH),
1738 (C�O), 1620, 1652, 1510 (C�C), 958 cmÿ1 (CÿH, (E)-alkene); UV
(CH3CN): lmax (log e)� 197.0 (4.532), 244.5 (4.138), 377.0 nm (4.685);
1H NMR (300 MHz, CDCl3): d� 1.63 (s, 18H, C(CH3)3), 6.19 (t, J� 3.5 Hz,
2H, 4''-H), 6.56 (m, 2 H, 3''-H), 6.87 (d, J� 16.5 Hz, 2H, 1'-H), 7.28 (dd, J�
3.5, 1.5 Hz, 2H, 5'-H), 7.44 (s, 4 H, Ph-H), 7.75 (d, J� 16.5 Hz, 2H, 2'-H);
13C NMR (50.3 MHz, CDCl3): d� 28.0 (C(CH3)3), 83.8 (C(CH3)3), 110.7 (C-
4''), 111.1 (C-3''), 119.3 (C-2'), 122.2 (C-5''), 126.6 (C-2, C-3, C-5, C-6), 127.8
(C-1'), 134.4 (C-2''), 136.7 (C-1, C-4), 149.4 (C�O); MS (70 eV): m/z (%):
460 (30) [M]� , 404 (8) [MÿC4H8]� , 360 (12) [MÿCO2C4H8]� , 348 (100)
[Mÿ 2�C4H8]� , 304 (37) [MÿCO2C4H8ÿC4H8]� , 259 (31) [Mÿ
CO2C4H8ÿCO2C4H9]� , 57 (13) [C4H9]� ; C28H32N2O4 (460.6): calcd C
73.02, H 7.00; found C 73.08, H 7.04.


(E,E)-1,4-Bis-[2''-(1''''-tert-butoxycarbonyl-3'''',4''''-dimethyl-[1''''H]-pyrrol-2''''-
yl)-vinyl]-benzene (6b): According to general procedure IIc vinylpyrrole
3b (277 mg, 1.25 mmol, 1.3 equiv) was treated with 1,4-diiodobenzene (4b,
165 mg, 500 mmol, 1.0 equiv) for 4 h at 90 8C. Column chromatography
(eluent 2) afforded 6 b (72.3 mg, 139 mmol, 28 %) as yellow crystals. M.p.
>200 8C (dec); tr� 0.49 (eluent 1); IR (KBr): nÄ � 3002, 2974, 2926 (CÿH),
1720 (C�O), 1628, 1566, 1506 (C�C), 960 cmÿ1 (CÿH, (E)-alkene); UV
(CH2Cl2): lmax (log e)� 251.0 (4.122), 372.5 nm (4.536); 1H NMR
(200 MHz, CDCl3): d� 1.58 (s, 18 H, C(CH3)3), 2.00 (s, 6 H, 4''-CH3), 2.15
(s, 6 H, 3''-CH3), 6.59 (d, J� 16.5 Hz, 2 H, 1'-H), 7.04 (s, 2H, 5'-H), 7.44 (s,
4H, Ph-H), 7.56 (d, J� 16.5 Hz, 2H, 2'-H); 13C NMR (50.3 MHz, CDCl3):
d� 10.37, 11.36 (3''-CH3, 4''-CH3), 28.16 (C(CH3)3), 83.00 (C(CH3)3), 118.4
(C-5''), 120.1 (C-2'), 122.2, 122.7 (C-3, C-4), 126.3 (C-2, C-3, C-5, C-6), 129.4
(C-1'), 129.4 (C-2''), 136.9 (C-1, C-4), 149.5 (C�O); MS (70 eV): m/z (%):
516 (72) [M]� , 404 (99) [Mÿ 2�C4H8]� , 315 (100) [MÿCO2C4H8ÿ
CO2C4H9]� , 57 (13) [C4H9]� ; C32H40N2O4 (516.7): HMRS calcd 516.2988;
found 516.2988.


(E,E)-1,2-Bis-[2''-(1''''-tert-butoxycarbonyl-[1''''H]-pyrrol-2''''-yl)-vinyl]-ben-
zene (7a): According to general procedure IId the vinylpyrrole 3 a (483 mg,
2.50 mmol, 1.3 equiv) was treated with 1,2-diiodobenzene (4c, 330 mg,
1.00 mmol, 1.0 equiv) for 20 h at 90 8C. Column chromatography (eluent 2)
afforded 7a (216 mg, 469 mmol, 47%) as a yellow oil. tR� 0.39 (eluent 2);
IR (neat): nÄ � 2978, 2932, 2866 (CÿH), 1742 (C�O), 1616, 1548 (C�C),
958 cmÿ1 (CÿH, (E)-alkene); UV (CH3CN): lmax (log e)� 311.0 nm (3.981);
1H NMR (200 MHz, C6D6): d� 1.29 (s, 18 H, C(CH3)3), 6.08 (t, J� 3.5 Hz,
2H, 4''-H), 6.50 (m, 2 H, 3''-H), 7.05 (dd, J� 6.0, 3.5 Hz, 2 H, 4-H, 5-H), 7.34
(dd, J� 3.5, 1.5 Hz, 2 H, 5''-H), 7.48 (d, J� 16.0 Hz, 2H, 1'-H), 7.65 (dd, J�
6.0, 3.5 Hz, 2H, 3-H, 6-H), 8.03 (d, J� 16.0 Hz, 2H, 2'-H); 13C NMR
(50.3 MHz, CDCl3): d� 28.02 (C(CH3)3), 83.84 (C(CH3)3), 110.9, 111.0
(C-3'', C-4''), 121.8 (C-2'), 122.2 (C-5''), 125.9, 126.4, 127.4 (C-3, C-4, C-5,
C-6, C-1'), 134.6, 135.8 (C-1, C-2, C-2''), 149.4 (C�O); MS (70 eV): m/z (%):
460 (44) [M]� , 404 (11) [MÿC4H8]� , 348 (36) [Mÿ 2�C4H8]� , 304 (17)
[MÿCO2C4H8ÿC4H8]� , 259 (26) [MÿCO2C4H8ÿCO2C4H9]� , 193 (27),
180 (32), 57 (13) [C4H9]; C28H32N2O4 (460.6): calcd C 73.02, H 7.00; found
C 73.00, H 7.00.


(E,E)-1,2-Bis-[2''-(1''''-tert-butoxycarbonyl-3'''',4''''-dimethyl-[1''''H]-pyrrol-2''''-
yl)-vinyl]-benzene (7b): According to general procedure IIc vinyl pyrrole
3b (553 mg, 2.50 mmol, 1.3 equiv) was treated with 1,2-diiodobenzene (4c,
330 mg, 1.00 mmol, 1.0 equiv) for 5 h at 90 8C. Column chromatography
(10 g silica gel, eluent 1) afforded 7 b (52.4 mg, 101 mmol, 10 %) as a yellow


oil. tR� 0.48 (eluent 1); IR (KBr): nÄ � 2980, 2930, 2862 (CÿH), 1732 (C�O),
1600, 1524 (C�C), 962 cmÿ1 (CÿH, (E)-alkene); UV (CH3CN): lmax (log
e)� 251.0 nm (4.202), 313.0 (4.345), 341.0 (4.284); 1H NMR (200 MHz,
C6D6): d� 1.32 (s, 18H, C(CH3)3), 1.85 (s, 6 H, 4''-CH3), 2.07 (s, 6 H, 3''-
CH3), 7.09 (dd, J� 6.0, 3.5 Hz, 2 H, 4-H, 5-H), 7.20 (s, 2 H, 5''-H), 7.27 (d, J�
16.5 Hz, 2H, 1'-H), 7.82 (dd, J� 6.0, 3.5 Hz, 2H, 3-H, 6-H), 7.95 (d, J�
16.5 Hz, 2 H, 2'-H); 13C NMR (50.3 MHz, CDCl3): d� 10.36, 11.46 (3''-CH3,
4''-CH3), 28.09 (C(CH3)3), 82.96 (C(CH3)3), 118.3 (C-5''), 122.1 (C-3''), 122.3
(C-2'), 122.5 (C-4''), 125.9, 127.1, 127.2 (C-3, C-4, C-5, C-6, C-1'), 129.7 (C-
2''), 135.9 (C-1, C-2), 149.4 (C�O); MS (70 eV): m/z (%): 516 (41) [M]� , 416
(14) [MÿCO2C4H8]� , 315 (46) [MÿCO2C4H8ÿCO2C4H9]� , 123 (40)
[C8H13N]� , 57 (100) [C4H9]� ; C32H40N2O4 (516.7): HMRS calcd 516.2988;
found 516.2988.


(E,E)-1,4-Bis-[2''-(1''''-tert-butoxycarbonyl-3'''',4''''-dimethyl-5''''-ethoxycarbon-
yl-[1H]-pyrrol-2''''-yl)-vinyl]-benzene (10 b): According to general proce-
dure IIb the iodopyrrole 8 (708 mg, 1.80 mmol, 1.5 equiv) was treated with
1,4-divinylbenzene (9, 78.4 mg, 600 mmol, 1.0 equiv) for 2 h at 75 8C.
Column chromatography (10 g silica gel, eluent 5) afforded 10b (137 mg,
207 mmol, 35%) as yellow crystals. M.p. 170 8C; tR� 0.47 (eluent 3); IR
(KBr): nÄ � 2980, 2936, 2906 (CÿH), 1746 (carbamate-C�O), 1692 (ester-
C�O), 1564, 1512 (C�C), 960 cmÿ1 (CÿH, (E)-alkene); UV (CH3CN): lmax


(log e)� 191.0 (4.481), 227.0 (4.144), 377.5 (4.688), 379.5 nm (4.688);
1H NMR (200 MHz, CDCl3): d� 1.37 (t, J� 7.0 Hz, 6H, CO2CH2CH3), 1.58
(s, 18H, C(CH3)3), 2.16 (s, 6 H, 4-CH3), 2.23 (s, 6H, 3-CH3), 4.33 (q, J�
7.0 Hz, 4 H, CO2CH2CH3), 6.76 (d, J� 17.0 Hz, 2 H, 1'-H), 7.31 (d, J�
17.0 Hz, 2H, 2'-H), 7.45 (s, 4 H, Ph-H); 13C NMR (50.3 MHz, CDCl3): d�
10.4 (3''-CH3), 11.0 (4''-CH3), 14.4 (CO2CH2CH3), 27.7 (C(CH3)3), 60.5
(CO2CH2CH3), 84.5 (C(CH3)3), 117.9 (C-2'), 120.4, 121.7 (C-3'', C-4''), 126.7
(C-2, C-3, C-5, C-6), 130.2 (C-5''), 132.3 (C-1'), 132.8 (C-2''); 136.8 (C-1,
C-6), 149.9 (carbamate-C�O), 161.7 (ester-C�O); MS (70 eV): m/z (%):
661 (2) [M]� , 561 (7) [MÿCO2C4H8]� , 460 (100) [MÿCO2C4H8ÿ
CO2C4H9]� , 413 (12) [Mÿ 2�CO2C4H9ÿOC2H5]� ; C38H48N2O8 (660.8):
calcd C 69.07, H 7.32; found C 68.90, H 7.25.


2-[(E)-2''-(4''''-Formylphenyl)-vinyl]-[1H]-1-N-tert-butyloxycarbonyl-pyrrol
(12): According to general procedure IIa the vinylpyrrole 3a (212 mg,
1.10 mmol, 1.1 equiv) was treated with 4-iodobenzaldehyde (11, 232 mg,
1.00 mmol, 1.0 equiv) for 4 h at 90 8C. Column chromatography (20 g silica
gel, eluent 2) afforded 12 (140 mg, 471 mmol, 47%) as a yellow oil. tR� 0.34
(eluent 2); IR (neat): nÄ � 2980, 2934, 2842, 2732 (CÿH), 1742 (carbamate-
C�O), 1696 (aldehyde-C�O), 1598, 1564 (C�C), 962 cmÿ1 (CÿH, (E)-
alkene); UV (CH3CN): lmax (log e)� 194.0 (4.472), 251.5 (4.042), 360.5 nm
(4.346); 1H NMR (200 MHz, C6D6): d� 1.29 (s, 9H, C(CH3)3), 6.10 (t, J�
3.5 Hz, 1 H, 4-H), 6.52 (m, 1H, 3-H), 6.77 (d, J� 16.5 Hz, 1 H, 2'-H), 7.26 (d,
J� 8.5 Hz, 2H, 2''-H, 6''-H), 7.32 (dd, J� 3.5, 1.5 Hz, 1H, 5-H), 7.52 (d, J�
8.5 Hz, 2 H, 3''-H, 5''-H), 8.17 (d, J� 16.5 Hz, 1H, 1'-H), 9.66 (s, 1H, CHO);
13C NMR (50.3 MHz, CDCl3): d� 27.84 (C(CH3)3), 83.97 (C(CH3)3), 111.2,
111.8 (C-3, C-4), 122.8 (C-1'), 122.9 (C-5), 126.2 (C-2'), 126.4 (C-2'', C-6''),
129.9 (C-3'', C-5''), 133.5, 134.8 (C-2, C-4''), 143.6 (C-1''), 149.1 (carbamate-
C�O), 191.2 (aldehyde-C�O); MS (70 eV): m/z (%): 297 (24) [M]� , 241
(100) [MÿC4H8]� , 197 (61) [MÿCO2C4H8]� , 168 (33) [MÿCO2C4H8ÿ
CHO]� , 57 (78) [C4H9]� ; C18H19NO3 (297.4): calcd C 72.71, H 6.44; found C
72.84, H 6.55.


2-[(E)-2''-(4''''-Vinylphenyl)-vinyl]-[1H]-1-N-tert-butyloxycarbonyl-pyrrol
(13): According to general procedure I aldehyde 12 (2.12 g, 7.13 mmol) was
subjected to a Wittig reaction. Column chromatography (100 g silica gel,
eluent 4) afforded compound 13 (1.51 g, 5.11 mmol, 72%) as a pale yellow
solid. M.p. 77 8C; tR� 0.57 (eluent 2); IR (KBr): nÄ � 3040, 3002, 2976, 2932
(CÿH), 1744 (C�O), 1622, 1602, 1550, 1508 (C�C), 966 cmÿ1 (CÿH, (E)-
alkene); UV (CH3CN): lmax (log e)� 197.0 (4.502), 240.5 (4.019), 344.5 nm
(4.494); 1H NMR (300 MHz, CDCl3): d� 1.62 (s, 9 H, C(CH3)3), 5.23 (dd,
J� 11.0, 1.0 Hz, 1H, trans�CH2), 5.74 (dd, J� 18.0, 1.0 Hz, 1H, cis�CH2),
6.19 (t, J� 3.5 Hz, 1H, 4-H), 6.56 (m, 1H, 3-H), 6.70 (dd, J� 18.0, 11.0 Hz,
1H, CH�CH2), 6.87 (d, J� 16.5 Hz, 1 H, 2'-H), 7.28 (dd, J� 3.5, 1.5 Hz,
1H, 5-H), 7.37, 7.43 (AA'BB'-system, J� 8.0 Hz, 4 H, Ph-H), 7.76 (d, J�
16.5 Hz, 1H, 1'-H); 13C NMR (50.3 MHz, CDCl3): d� 28.0 (C(CH3)3), 83.8
(C(CH3)3), 110.7 (C-4), 111.1 (C-3), 113.4 (CH�CH2), 119.7 (C-1'), 122.3
(C-5), 126.4 (C-2'', C-3'', C-5'', C-6''), 127.7 (C-2'), 134.3 (C-2), 136.4
(CH�CH2), 137.2 (C-1'', C-4''), 149.4 (C�O); MS (70 eV): m/z (%): 295 (16)
[M]� , 239 (100) [MÿC4H8]� , 195 (42) [MÿCO2C4H8]� , 57 (32) [C4H9]� ;
C19H21NO2 (295.4): HMRS calcd 295.1572; found 295.1572.
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1-[(E)-2''-(1''''-tert-Butoxycarbonyl-3'''',4''''-dimethyl-5''''-ethoxycarbonyl-
[1''''H]-pyrrol-2-yl)-vinyl]-4-[(E)-2''''''-(1''''''''-tert-butoxycarbonyl-[1''''''''H]-pyr-
rol-2''''''''-yl)-vinyl]-benzene (10 a): According to general procedure IIa the
compound 13 (118 mg, 400 mmol, 1.0 equiv) was treated with the iodopyr-
role (8, 189 mg, 480 mmol, 1.2 equiv) for 2.5 h at 90 8C. Column chromatog-
raphy (10 g silica gel, eluent 5) afforded 10a (133 mg, 237 mmol, 59 %) as a
yellow solid. M.p. 131 8C; tR� 0.31 (eluent 2); IR (KBr): nÄ � 3002, 2976,
2932 (CÿH), 1744 (carbamate-C�O), 1668 (ester-C�O), 1624, 1596, 1546,
1512 (C�C), 972, 960 cmÿ1 (CÿH, (E)-alkene); UV (CH3CN): lmax (log e)�
242.5 (4.169), 377.0 (4.732), 379.5 nm (4.722); 1H NMR (500 MHz, CDCl3):
d� 1.37 (t, J� 7.0 Hz, 3 H, CO2CH2CH3), 1.56 (s, 9H, C(CH3)3''), 1.63 (s,
9H, C(CH3)3''''), 2.14 (s, 3 H, 4''-CH3), 2.21 (s, 3 H 3''-CH3), 4.33 (q, J�
7.0 Hz, 2 H, CO2CH2CH3), 6.20 (t, J� 3.5 Hz, 1H, 4''''-H), 6.57 (m, 1H, 3''''-
H), 6.76 (d, J� 16.5 Hz, 1H, 1'-H), 6.89 (d, J� 16.5 Hz, 1H, 1'''-H), 7.28 (d,
J� 16.5 Hz, 1 H, 2'-H), 7.29 (dd, J� 3.5, 1.5 Hz, 1 H, 5''''-H), 7.43, 7.46
(AA'BB'-system, J� 8.5 Hz, 4H, Ph-H), 7.78 (d, J� 16.5 Hz, 1 H, 2'''-H);
13C NMR (50.3 MHz, CDCl3): d� 10.4 (3''-CH3), 11.0 (4''-CH3), 14.4
(CO2CH2CH3), 27.7 (C(CH3)3''), 28.1 (C(CH3)3''''), 60.5 (CO2CH2CH3), 83.9
(C(CH3)3''''), 84.4 (C(CH3)3''), 110.8 (C-4''''), 111.2 (C-3''''), 117.5 (C-2'),
119.7 (C-2'''), 120.3, 121.6 (C-3'', C-4''), 122.3 (C-5''''), 126.58, 126.63 (C-2,
C-3, C-5, C-6), 127.6 (C-1'''), 130.2 (C-5''), 132.5 (C-1'), 132.9 (C-2''), 134.3
(C-2''''), 136.2, 137.3 (C-1, C-4), 149.5 (1''''-carbamate-C�O), 149.9 (1''-
carbamate-C�O), 161.7 (ester-C�O); MS (70 eV): m/z (%): 561 (24) [M]� ,
461 (16) [MÿCO2C4H8]� , 404 (9) [MÿCO2C4H8ÿC4H9]� , 360 (100) [Mÿ
CO2C4H8ÿCO2C4H9]� , 313 (40) [Mÿ 2�CO2C4H9ÿOC2H5]� , 56 (55)
[C4H8]� , 41 (87) [C3H5]� ; C33H40N2O6 (560.7): calcd C 70.69, H 7.19; found
C 70.61, H 7.33.


(E,E)-1,3-Bis-[2''-(4''''-((E)-2''''''-(1''''''''-tert-butoxycarbonyl-[1''''''''H]-pyrrol-2''''''''-
yl)-vinyl)-phenyl)-vinyl]-benzene (14): According to general procedure
IIb, 13 (443 mg, 1.50 mmol, 1.5 equiv) was treated with 1,3-diiodobenzene
(4, 165 mg, 500 mmol, 1.0 equiv) for 3 h at 70 8C. Extraction was performed
with CH2Cl2. Column filtration (silica gel, CHCl3) of the poorly soluble
residue gave an orange solid, which for further purification was absorbed
on silica gel (40 g silica gel). After the silica gel was washed with light
petroleum/EtOAc 10:1 to 1:1, 14 was eluated with warm CHCl3 to give an
orange solid (257 mg, 387 mmol, 77%) after evaporation in vacuo. M.p.
>200 8C (dec); tR� 0.29 (eluent 2); IR (KBr): nÄ � 3078, 3024, 2978, 2932
(CÿH), 1740 (C�O), 1618, 1590, 1510 (C�C), 960 cmÿ1(CÿH, (E)-alkene);
UV (CH2Cl2): lmax (log e)� 246.0 (4.412), 377.5 (4.967), 379.5 nm (4.967);
1H NMR (500 MHz, CDCl3): d� 1.64 (s, 18H, C(CH3)3), 6.20 (t, J� 3.5 Hz,
2H, 4''''-H), 6.58 (ddd, J� 3.5, 1.5, 1.0 Hz, 2 H, 3''''-H), 6.90 (d, J� 16.0 Hz,
2H, 1'''-H), 7.14, 7.15 (AB-system, J� 16.5 Hz, 1'-H, 2'-H), 7.29 (dd, J� 3.5,
1.5 Hz, 5''''-H), 7.36 (dd, J� 8.0, 6.5 Hz, 1H, 5-H), 7.41 ± 7.44 (m, 2H, 4-H,
6-H), 7.49, 7.51 (AA'BB'-system, J� 8.0 Hz, 8 H, Ph-H), 7.66 (s, 1H, 2-H),
7.79 (d, J� 16.0 Hz, 2H, 2'''-H); 13C NMR (75.5 MHz, CDCl3): d� 28.2
(C(CH3)3), 83.9 (C(CH3)3), 110.9, 111.2 (C-3'''', C-4''''), 119.9 (C-2'''), 122.4
(C-5''''), 124.8 (C-2), 125.7 (C-4, C-6), 126.8, 126.9 (C-2'', C-3'', C-5'', C-6''),
127.8, 128.3, 128.9 (C-1', C-2', C-1'''), 129.0 (C-5), 134.6 (C-2''''), 136.5, 137.4,
138.0 (C-1, C-3, C-1'', C-4''); MS (DCI, NH3): m/z (%): 666 (100) [M�H]� ,
667 (40) [M�2 H]� , 683 (4) [M�NH4]� ; C44H44N2O4 (664.84): calcd C 79.49,
H 6.67; found C 79.50, H 6.67.


(E,E)-2,5-Bis-[2''-(4''''-formylphenyl)-vinyl]-[1H]-1-N-tert-butyloxycarbon-
yl-pyrrol (17): According to general procedure IIb 4-vinylbenzaldehyde 16
(792 mg, 6.0 mmol, 2.0 equiv) was treated with the diiodopyrrole 15
(692 mg, 1.50 mol, 1.0 equiv) for 2 h at 60 8C. Extraction was performed
with CH2Cl2. Column filtration (15 g deactivated silica gel, CH2Cl2) of the
crude reaction mixture was followed by recrystallisation from CH2Cl2/light
petroleum to yield 17 (417 mg, 975 mmol, 67%) as orange crystals. M.p.
>170 8C (dec); tR� 0.25 (light petroleum/EtOAc 4:1); IR (KBr): nÄ � 3030,
3004, 2974, 2934, 2822, 2728 (CÿH), 1734 (carbamate-C�O), 1690
(aldehyde-C�O), 1592, 1562 (C�C), 960 cmÿ1 (CÿH, (E)-alkene); UV
(CH3CN): lmax (log e)� 195.0 (4.632), 264.0 (4.299), 419.0 nm (4.684);
1H NMR (200 MHz, CDCl3): d� 1.69 (s, 9H, C(CH3)3), 6.67 (s, 2H, 3-H,
4-H), 6.93 (d, J� 16.5 Hz, 2 H, 2'-H), 7.59 (d, J� 8.0 Hz, 4 H, 2''-H, 6''-H),
7.73 (d, J� 16.5 Hz, 2 H, 1'-H), 7.85 (d, J� 8.0 Hz, 4 H, 3''-H, 5''-H), 9.99 (s,
2H, CHO); 13C NMR (50.3 MHz, CDCl3): d� 28.2 (C(CH3)3), 85.3
(C(CH3)3), 112.2 (C-3, C-4), 123.0 (C-1'), 126.5 (C-2'', C-6''), 126.7 (C-2'),
130.2 (C-3'', C-5''), 135.0, 135.6 (C-2, C-5, C-4''), 143.5 (carbamate-C�O),
191.4 (aldehyde-C�O); MS (70 eV): m/z (%): 427 (24) [M]� , 371 (100)
[MÿC4H8]� , 327 (77) [MÿCO2C4H8]� , 57 (21) [C4H9]� ; C27H25NO4


(427.5): calcd C 75.86, H 5.89; found C 75.86, H 5.92.


(E,E)-2,5-Bis-[2''-(4''''-vinylphenyl)-vinyl]-[1H]-1-N-tert-butyloxycarbonyl-
pyrrol (18): According to general procedure I the dialdehyde 17 (480 mg,
1.12 mmol) was transformed to the corresponding divinyl compound. Due
to the poor solubility of the substrate it was added as a solution in CH2Cl2.
After warming to room temperature the reaction mixture was stirred for
1.5 h. Column chromatography (20 g silica gel, eluent 6) and subsequent
crystallisation from light petroleum/EtOAc afforded 18 (294 mg, 694 mmol,
62%) as an orange solid. M.p. 161 8C; tR� 0.66 (eluent 2); IR (KBr): nÄ �
3078, 3002, 2978, 2932 (CÿH), 1746 (C�O), 1620, 1596, 1552, 1506 (C�C),
960 cmÿ1 (CÿH, (E)-alkene); UV (CH3CN): lmax (log e)� 198.5 (4.701),
267.0 (4.355), 399.5 nm (4.722); 1H NMR (200 MHz, CDCl3): d� 1.66
(C(CH3)3), 5.27 (dd, J� 11.0, 0.5 Hz, 2 H, trans�CH2), 5.75 (dd, J� 17.5,
0.5 Hz, 2 H, cis�CH2), 6.57 (s, 2 H, 3-H, 4-H), 6.71 (dd, J� 17.5, 11.0 Hz, 2H,
CH�CH2), 6.86 (d, J� 16.5 Hz, 2 H, 2'-H), 7.27 (AA'BB'-system, J� 8.0 Hz,
4H, Ph-H), 7.53 (d, J� 16.5 Hz, 2H, 1'-H); 13C NMR (50.3 MHz, CDCl3):
d� 28.2 (C(CH3)3), 84.6 (C(CH3)3), 111.0 (C-3, C-4), 113.4 (CH�CH2),
119.9 (C-1'), 126.3, 126.5 (C-2'', C-3'', C-5'', C-6''), 127.3 (C-2'), 135.6 (C-2,
C-5), 136.4 (CH�CH2), 136.5, 137.2 (C-1'', C-4''), 150.0 (C�O); MS (70 eV):
m/z (%): 423 (26) [M]� , 367 (100) [MÿC4H8]� , 323 (94) [MÿCO2C4H8]� ,
57 (24) [C4H9]� ; C29H29NO4 (423.6): calcd C 82.24, H 6.90; found C 82.11, H
6.83.


(E,E)-2,5-Bis-[2''-(4''''-((E)-2''''''-(1''''''''-tert-butoxycarbonyl-5''''''''-ethoxycarbon-
yl-3'''''''',4''''''''-dimethyl-[1''''''''H]-pyrrol-2''''''''-yl)-vinyl)-phenyl)-vinyl]-[1H]-1-N-
tert-butyloxycarbonyl-pyrrol (19): According to general procedure IIb the
compound 18 (169 mg, 400 mmol, 1.0 equiv) was treated with the iodopyrrole
8 (472 mg, 400 mmol, 1.0 equiv) for 2 h at 75 8C. Column chromatography
(10 g silica gel, eluent 5) and recrystallisation from Et2O afforded 19
(107 mg, 112 mol, 28%) as red crystals. M.p. 163 8C; tR� 0.41 (eluent 3); IR
(KBr): nÄ � 3076, 2978, 2934 (CÿH), 1742 (carbamate-C�O), 1704 (ester-
C�O), 1618, 1594, 1556, 1510 (C�C), 954 cmÿ1 (CÿH, (E)-alkene); UV
(CH3CN): lmax (log e)� 197.0 (4.657), 251.0 (4.282), 328.0 (4.265), 431.0 nm
(4.858); 1H NMR (300 MHz, C6D6): d� 1.08 (t, J� 7.0 Hz, 6 H,
CO2CH2CH3), 1.34 (s, 9H, C(CH3)3, 1.46 (s, 18H, C(CH3)3''''), 1.93 (s,
6H, 4''''-CH3), 2.20 (s, 6H, 3''''-CH3), 4.17 (q, J� 7.0 Hz, 4 H, CO2CH2CH3),
6.55 (s, 2H, 3-H, 4-H), 6.79 (d, J� 16.5 Hz, 2 H, 1'''-H), 6.93 (d, J� 16.0 Hz,
2H, 2'-H), 7.40 (s, 8H, Ph-H), 7.65 (d, J� 16.5 Hz, 2H, 2'''-H), 7.86 (d, J�
16.0 Hz, 2 H, 1'-H); 13C NMR (75.5 MHz, CDCl3): d� 10.44 (3''''-CH3),
10.97 (4''''-CH3), 14.42 (CO2CH2CH3), 27.66 (C(CH3)3''''), 28.23 (C(CH3)3),
60.49 (CO2CH2CH3), 84.45 (C(CH3)3''''), 84.75 (C(CH3)3), 111.1 (C-3, C-4),
117.6 (C-2'''), 120.0 (C-1'), 120.4, 121.6 (C-3'''', C-4''''), 126.6, 126.7 (C-2'',
C-3'', C-5'', C-6''), 127.3 (C-2'), 130.3 (C-5''''), 132.5 (C-1'''), 133.0 (C-2''''),
135.7 (C-2, C-5), 136.3, 137.3 (C-1'', C-4''), 149.4 (1''''-carbamate-C�O),
150.1 (1-carbamate-C�O), 161.7 (ester-C�O); MS (FAB, positive): m/z
(%): 953 (100) [M]� , 897 (8) [MÿC4H8]� , 854 (20) [MÿCO2C4H8�H]� ,
754 (13) [Mÿ 2�CO2C4H8�H]� , 697 (7) [Mÿ 2�CO2C4H8ÿC4H8]� , 653
(93) [Mÿ 3�CO2C4H8]� , 607 (14) [Mÿ 2�CO2C4H8ÿCO2C4H9ÿ
OC2H5]� , 560 (9) [Mÿ 3�CO2C4H9ÿ 2�OC2H5]� ; C57H67N3O10 (954.2):
calcd C 71.75, H 7.08; found C 71.90, H 7.00.
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Reactivity of Calix-Tetrapyrrole SmII and SmIII Complexes with Acetylene:
Isolation of an ªN-Confusedº Calix-Tetrapyrrole Ring


Tiffany DubeÂ, Jingwen Guan, Sandro Gambarotta,* and Glenn P. A. Yap[a]


Abstract: The nature of the substituents
present on the calix-tetrapyrrole tetra-
anion ligand {[R2C(C4H2N)]4}4ÿ (R�
{ÿ(CH2)5ÿ}0.5 , Et) determines the type
of reactivity of the corresponding SmII


compounds with acetylene. With R�
{ÿ(CH2)5ÿ}0.5 , dehydrogenation occurred
to yield the nearly colorless dinuclear
diacetylide complex [{{[ÿ(CH2)5ÿ]4-cal-
ix-tetrapyrrole}SmIII}2(m-C2Li4)] ´ THF
as the only detectable reaction product.
Conversely, with R�Et, acetylene cou-
pling in addition to dehydrogenation


resulted in the formation of a dimeric
butatrienediyl enolate derivative [{(Et8-
calix-tetrapyrrole)SmIII{Li[Li(thf)]2(m3-
OCH�CH2)}}2(m,h2,h'2-HC�C�C�CH)].
Reaction of the trivalent hydride [(Et8-
calix-tetrapyrrole)(thf)SmIII{(m-H)[Li-
(thf)}]2 or of the terminally bonded
methyl derivative [(Et8-calix-tetrapyrrole)-


(CH3)SmIII{[Li(thf)]2[Li(thf)2](m3-Cl)}]
with acetylene resulted in a mixture of
the carbide [{(Et8-calix-tetrapyrrole)-
SmIII}2(m-C2Li4)] ´ Et2O with the dimeri-
zation product [{(Et8-calix-tetrapyrrole)-
SmIII{Li[Li(thf)]2(m3-OCH�CH2)}}2-
(m,h2,h'2-HC�C�C�CH)]. The same re-
action also yielded a third product, a
trivalent complex [{(Et8-calix-tetrapyr-
role*)SmIII[Li(thf)2]}2], in which the
macrocycle was isomerized by shifting
the ring attachment of one of the four
pyrrole rings.


Keywords: alkyne ligands ´ coordi-
nation chemistry ´ macrocycles ´
samarium


Introduction


The coordination chemistry of divalent samarium supported
by Cp-based ligand systems is characterized by a series of
remarkable reactions[1] in which the electrons necessary for
these transformations are typically provided by the cooper-
ative attack of two or more divalent samarium centers on the
same substrate.[1] It is thus surprising that, given the unique-
ness of this chemistry and the potential provided by these
systems, information about the reactivity of divalent com-
plexes based on ligand systems other than Cp derivatives
remains so scarce.


As part of our efforts to develop the chemistry of divalent
samarium with alternative ligand systems, we have been
investigating the behavior of divalent samarium complexes
with polypyrrole anions. The results have so far been
encouraging. Four novel dinitrogen complexes have been
isolated and characterized by using di- and tetrapyrrole
ligands.[2, 3] The calix-tetrapyrrole ligand in particular has
proven to be rather versatile, since it has allowed the
encapsulation of dinitrogen into a Sm2Li4 octahedral cage.[4]


In addition, the sole example in lanthanide chemistry of


reversible fixation of ethylene[5] has also been obtained with
this ligand system.


A few years ago, Evans et al. described the preparation and
characterization of [{(C5Me5)2Sm(thf)}]2(m-h1:h1-C2)] obtained
upon reaction of samarocene with acetylene. This species
contains a C2 unit bridging the two samarium centers in an
end-on fashion.[6] We were particularly attracted by this
strange reaction since the C2 moiety is isoelectronic with N2,
and thus it may provide an interesting and convenient model
for studying the remarkable complexity of factors which
promote the fixation and reduction of dinitrogen. One of the
objectives was an assessment of the role of the lithium cations,
invariably retained within the calix-tetrapyrrole frame, which,
similar to the case of dinitrogen reduction,[3, 4] could perhaps
play an important role in acetylene activation.


We describe in this paper the reactivity of both SmII and
SmIII calix-tetrapyrrole complexes with acetylene as well as a
rare example of ring isomerization closely reminiscent of the
so-called N-confused systems reported in a few cases in
porphyrin chemistry.


Experimental Section


All reactions were performed under an inert atmosphere of a nitrogen
filled drybox or by using standard Schlenk-type glassware in combination
with a nitrogen vacuum line. Solvents were dried by passing them through a
column of Al2O3 under an inert atmosphere prior to use, degassed in vacuo,
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and transferred and stored under inert atmosphere. [(Et8-calix-tetrapyrro-
le)(CH3)SmIII{[Li(thf)]2[Li(thf)2](m3-Cl)}],[7] [(Et8-calix-tetrapyrrole)(thf)-
SmIII{(m-H)[Li(thf)]2}] ´ 3 THF,[7] [{(Et8-calix-tetrapyrrole)(Et2O)}SmII{[Li-
(thf)2][Li(thf)]2(m3-OCH�CH2)}] (1b),[5] and [{[ÿ(CH2)5ÿ]4-calix-tetrapyr-
role}[Li(thf)]4][3, 8] were prepared according to literature procedures. High-
purity acetylene (Matheson) was used as received. [D8]THF was dried over
Na/K alloy, vacuum-transferred into ampoules, and stored under nitrogen
prior to use. NMR spectra were recorded on a Varian Gemini 200 and on a
Bruker AMX-500 spectrometer using vacuum sealed NMR tubes prepared
inside a drybox. Infrared spectra were recorded on a Mattson 3000 FTIR
instrument from Nujol mulls prepared inside the drybox. Magnetic
susceptibility measurements were carried out at room temperature with a
Gouy balance (Johnson Matthey). Magnetic moments were calculated by
following standard methods[9a] and corrections for underlying diamagnet-
ism were applied to the data.[9b] Elemental analyses were carried out using a
Perkin ± Elmer Series II CHN/O 2400 analyzer.


[{[ÿ(CH2)5ÿ]4-Calix-tetrapyrrole}(thf)SmII{Li2[(Li(thf)](m3-OCH�CH2)}]
(1a): A suspension of [SmCl3(thf)3] (10.3 g, 21.8 mmol) in THF (150 mL) at
ÿ78 8C and under Ar was treated with equivalent amount of [{[ÿ(CH2)5ÿ]4-
calix-tetrapyrrole}[Li(thf)]4] (19.5 g, 21.8 mmol). The mixture was warmed
to room temperature and stirred overnight. A slight excess of finely
subdivided Li foil (0.2 g, 22 mmol) was added to the resulting clear solution
and stirring was continued under Ar for 36 h. The resulting dark green
suspension was evaporated to dryness. The solid residue was gently heated
in vacuo for one hour. The dark green residue was washed with two
portions of ether and then re-dissolved in toluene (100 mL). The solution
was filtered to eliminate small amount of insoluble light colored residue,
concentrated to small volume and allowed to stand at room temperature
for 2 d. Dark red crystals of 1 a (8.5 g, 9.5 mmol, 43%) were obtained.
Elemental analysis calcd (%) for C50H67Li3N4O3Sm (943.25): C 63.66, H
7.16, N 5.94; found: C 63.22, H 7.96, N 5.92; IR (Nujol) nÄ � 1446(vs),
1365(vs), 1343(s), 1286(s), 1272(s), 1260(s), 1235(m, br), 1186(s), 1134(s),
1106(s, sh), 1042(vs, br), 990(m, br), 969(w), 931(w), 917(w), 902(vs, br),
877(vs, sh), 832(s, sh), 796(s, sh), 769(vs), 755(vs), 737(vs), 670(w), 584 cmÿ1


(w); meff� 3.57 mB.


[{{[ÿ(CH2)5ÿ]4-Calix-tetrapyrrole}SmIII}2(m-C2Li4)] ´ Et2O (2 a): Dark red
crystals of 1a (4.3 g, 4.6 mmol) were dissolved in hexane (100 mL) and the
resulting dark green solution was exposed to acetylene (1 atm, RT). The
color immediately turned purple then gradually light yellow over a 20 min
period. Pale yellow 2 a separated as a fine, microcrystalline solid upon
standing for 3 h at room temperature (1.5 g, 0.9 mmol, 39 %). Crystals
suitable for X-ray were grown at room temperature by layering a
concentrated solution of 2 a in THF with a small amount of diethyl ether
and hexane. IR (Nujol): nÄ � 3088(w), 2731(w), 2664(w), 1658(w), 1564(w),
1344(s), 1309(m), 1290(s), 1267(s), 1235(s), 1136(m), 1070(s), 1050(s),
983(w), 932(w), 898(s), 876(s), 831(m), 777(s), 735(s), 688(m), 582 cmÿ1


(m); elemental analysis calcd (%) for C86H106Li4N8OSm2 (1595.25): C 64.70,
H 6.69, N 7.03; found: C 64.02, H 6.36, N 6.91; meff� 2.37 mB. A similar
experiment was carried out in a closed flask connected to the Toepler
pump. A solution of 1 a (0.900 g, 0.96 mmol) in toluene (25 mL) was frozen
with liquid N2. Two equivalents of acetylene were condensed into the flask
which was sealed and allowed to reach room temperature. When the
reaction was completed, the solution was frozen. The non-condensable gas
was passed through two traps cooled with liquid N2 and compressed with a
Toepler pump into a calibrated container. Hydrogen gas was recovered in
94% of the expected amount and identified by GC using an instrument
equipped with a thermal conductivity detector and a column of molecular
sieves.


Reaction of [(Et8-calix-tetrapyrrole)(thf)SmIII(m-H)[Li(thf)]2] with ace-
tylene : Isolation of [{(Et8-calix-tetrapyrrole)SmIII}2(m-C2Li4)] ´ Et2O (2b)
and [{(Et8-calix-tetrapyrrole)SmIII{Li[Li(thf)]2(m3-OCH�CH2)}}2(m,h2,h''2-
HC�C�C�CH)] (3b): A stirred solution of [(Et8-calix-tetrapyrrole)(thf)-
SmIII{(m-H)[Li(thf)]2}] (2.5 g, 2.2 mmol) in THF (50 mL) was saturated with
acetylene (1 atm, RT). After 30 min, the resulting purple-red solution was
evaporated to dryness and the residue was extracted with diethyl ether
(100 mL). After standing for 24 h at room temperature red crystals of 3b
(0.6 g, 0.35 mmol, 32%) separated (see below for characterization). The
mother liquor was concentrated, filtered and allowed to stand at ÿ30 8C,
upon which colorless crystals of [{(Et8-calix-tetrapyrrole)Sm}2(m-C2Li4)] ´
Et2O (2 b) (1.0 g, 0.6 mmol, 54%) were obtained. Elemental analysis calcd
(%) for C78H106Li4N8OSm2 (1500.32): C 62.44, H 7.12, N 7.47; found: 62.42,


H 7.37, N 7.16; IR (Nujol): nÄ � 3083(w), 2736(w), 2610(w), 1660(w),
1578(w), 1360(s), 1323(m), 1281(s), 1270(s), 1155(m), 1075(s), 1030(s),
965(w), 933(w), 895(m), 855(s), 830(m), 760(m), 730(s), 680 cmÿ1 (m);
1H NMR (500 MHz, [D8]THF, 23 8C, TMS): d� 6.20 (br d, 8 H, pyrrole
ring), 5.96 (br d, 8 H, pyrrole ring), 4.56 (br m, 4 H, CH2), 3.58 (m, 8H, CH2),
3.25 (q, 4H, CH2 ether), 3.17 (br q, 4 H, CH2), 2.17 (br s, 12H, CH3), 2.02
(br q, 8 H, CH2), 1.95 (br q, 8H, CH2), 1.75 (br s, 24 H, CH3), 1.10 (t, 6H,
-O-CH3), 0.65 (pseudo t, 12H, CH3); 13C NMR (125.72 MHz, [D8]THF,
23 8C): d� 105.45, 92.05 (CH pyrrole), 10.63, 8.81, 27.73 (-O-CH3 groups),
34.24, 28.63, 26.01 (-O-CH2- groups), 28.13, 8.41 (CH2, CH3, ether), 189.98,
135.08 (ring quaternary C atoms); meff� 2.45 mB.


[{(Et8-calix-tetrapyrrole)SmIII{Li[Li(thf)]2(m3-OCH�CH2)}}2(m3 ,h2,h''2-
HC�C�C�CH)] (3b): Method A : The exposure of a solution of [{(Et8-
calix-tetrapyrrole)(Et2O)}SmII{[Li(thf)]2[Li(thf)2](m3-OCH�CH2}] (1b)
(1.3 g, 1.2 mmol) in diethyl ether (100 mL) to acetylene (1 atm, RT)
instantly turned the color to purple-red. After standing at room temper-
ature for 2 d cherry-red crystals of 3 b separated (0.8 g, 0.4 mmol, 66%). IR
(Nujol): nÄ � 3072(w), 2722(w), 1589(w), 1539(m), 1324(s), 1286(w), 1260(s),
1244(s), 1208(w), 1152(m), 1132(m), 1104(m), 1041(s), 971(m), 922(m),
889(s), 835(s), 781(s), 747(s), 672 cmÿ1 (w); elemental analysis calcd (%) for
C96H136Li6N8O6Sm2 (1840.47): C 62.64, H 7.45, N 6.09; found: C 62.44, H
7.56, N 5.93; 1H NMR (500 MHz, [D8]THF, 23 8C, TMS): d� 6.31 (s, 16H,
pyrrole), 4.55 (br s, 2 H, CH butatrienyl), 4.35 (br m, 8H, CH2), 3.35 (br s,
16H, coordinated thf), 2.30 (br m, 8 H, CH2), 2.25 (br m, 24 H, CH3), 2.12
(br m, 8 H, CH2), 1.35 (br s, 16 H, coordinated thf), 1.01 (br m, 8H, CH2),
0.10 (br m, 24H, CH3), ÿ4.59 (br s, 4H, enolate), ÿ15.98 (br s, 2H,
enolate); 13C NMR (125.72 MHz, [D8]THF, 23 8C): d� 96.19 (CH pyrrole),
25.31, 27.28 (CH2 thf), 10.14, 30.19 (CH3, CH2 of four ethyl groups), 7.81,
28.19 (CH3, CH2 of four ethyl groups), 100.53 (CH butatrienedyil group),
169.23, 150.51, 98.79, 49.50 (quaternary C atoms), 2.5, ÿ7.32 (enolate);
meff� 2.54 mB.


Method B : A solution of [(Et8-calix-tetrapyrrole)(CH3)SmIII{[Li(thf)]2-
[Li(thf)](m3-Cl)}] (2.5 g, 2.4 mmol) in THF (100 mL) was exposed to
acetylene (1 atm, RT) causing a color change to purple-red. After stirring
the solution for 2 h at room temperature, the solvent was evaporated to
dryness and the residue extracted with diethyl ether (100 mL). After
filtration to remove a small amount of insoluble solid, the solution was
allowed to stand at room temperature. After 24 h a mixture of 3 b as well as
2b separated. After fractional separation from ether, the two products were
identified on the basis of their analytical, spectroscopic and crystallo-
graphic properties.


[{(Et8-calix-tetrapyrrole*)SmIII[Li(thf)2]}2] (4b): The mother liquor of the
above preparation (Method A) was allowed to stand at room temperature
for 7 d resulting in the separation of large, bright yellow crystals of 4b
(0.15 g, 0.09 mmol, 15 %). Elemental analysis calcd (%) for C88H128Li2-
N8O4Sm2 (1672.53): C 63.04, H 7.69, N 6.68; found: C 63.42, H 7.97, N 6.76;
IR (Nujol): nÄ � 3080(w), 2730(w), 2600(w), 1640(w), 1568(w), 1340(s),
1300(m), 1295(s), 1260(s), 1125(m), 1075(s), 1030(s), 980(w), 930(w), 895(s),
875(s), 830(m), 770(s), 730(s), 688 cmÿ1 (m); 1H NMR (500 MHz, [D8]THF,
23 8C, TMS): d� 6.95 (s, 2 H, CH pyrrole), 6.37 (s, 4H, CH pyrrole), 5.95
(br s, 12 H, CH3 ethyl), 5.81 (s, 2H, CH pyrrole), 5.03 (s, 4 H, CH pyrrole),
4.67 (s, 2H, CH pyrrole), 4.07 (s, 2H, CH pyrrole), 3.59 (br s, 16H, CH2 thf),
3.40 (q, 2 H, CH2 ethyl), 2.44 (br q, 2H, CH2 ethyl), 2.13 (q, 8H, CH2 ethyl),
1.73 (br s, 16H, CH2 thf), 1.50 (q, 2 H, CH2 ethyl), 1.41 (t, 12H, CH3 ethyl),
1.06 (tt, 6H, CH3 ethyl), 0.78 (br q, 2 H, CH2 ethyl), 0.62 (q, 8H, CH2 ethyl),
0.61 (q, 2 H, CH2 ethyl), 0.60 (q, 4 H, CH2 ethyl), 0.52 (br q, 2H, CH2 ethyl),
0.09 (t, 6 H, CH3 ethyl), ÿ1.53 (br s, 6H, CH3 ethyl), ÿ4.56 (br s, 6H, CH3


ethyl); 13C NMR (125.72 MHz, [D8]THF, 23 8C): d� 10.69, 9.75, 9.55, 9.21,
8.84, 8.30, 7.90, 7.04 (CH3-CH2-), 28.73, 30.99 (-CH2-CH2-), 105.44, 99.81
(CH pyrrole), 50.77 (quaternary C ring), 68.22, 26.38 (CH2 thf). Quaternary
carbon atoms of pyrrole could not be located. meff� 2.57 mB.


X-ray diffraction studies : Suitable crystals were selected, mounted on thin,
glass fibres using paraffin oil and cooled to the data collection temperature.
Data were collected on a Bruker AX SMART 1 k CCD diffractometer
using 0.38 w-scans at 0, 90, and 1808 in f. Unit-cell parameters were
determined from 60 data frames collected at different sections of the Ewald
sphere. Semiempirical absorption corrections based on equivalent reflec-
tions were applied.[10]


Systematic absences in the diffraction data and unit-cell parameters were
uniquely consistent with the reported space group. The structures were
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solved by direct methods, completed with difference Fourier syntheses and
refined with full-matrix least-squares procedures based on F 2. A molecule
of cocrystallized diethyl ether solvent was located in 2a. The compound
molecule of 4b and two symmetry-unique compound molecules of 3b were
located at inversion centers. All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were treated as
idealized contributions. All scattering factors and anomalous dispersion
factors are contained in the SHEXTL 5.03 program library (Sheldrick,
1997, WI). Crystal data are summarized in Table 1 while relevant bond
lengths and angles are given in Table 2.


Compound 1a : The crystal structure consists of discrete monomeric units.
The samarium atom is surrounded by a calix-tetrapyrrole ligand which
adopted the characteristic basketlike conformation[5, 7] (Figure 1). Similar


to the case of the previously reported 1b,[5] the coordination geometry
around the samarium atom is distorted pseudo trigonal bipyramidal with
two nitrogen atoms of two s-bonded pyrrole rings (SmÿN3 2.628(6),
SmÿN4 2.861(6) �) and the oxygen atom of a coordinated solvent
molecule (SmÿO3 2.630(6) �) defining the equatorial plane (O3-Sm-N3
143.83(19)8, O3-Sm-N4 120.67(19)8, N3-Sm-N4 73.28(18)8). Two centroids
of the p-bonded pyrrole rings are on the axial positions. Three lithium
atoms, bridged by the oxygen (Li1ÿO2 1.871(16), Li2ÿO2 1.826(16),
Li3ÿO2 1.933(14) �) of one enolate group (O2ÿC41 1.425(8), C41ÿC42
1.326(14) �, O2-C41-C42 122.1(9)8), are placed on the opposite side of the
ligand with respect to that occupied by the samarium atom. Two of the
three lithium atoms are p-bonded to different portions of the same pyrrole
ring (Li1ÿC23 2.410(19), Li1ÿC24 2.275(18), Li3ÿC21 2.666(16), Li3ÿC22
2.758(17) �) and each s-bonded to the N atom of another pyrrole ring


Table 1. Crystal data and structure analysis results.[a]


1a 2 a 3b 4b


formula C50H67Li3N4O3Sm C86H106Li4N8OSm2 C96H136Li6N8O6Sm2 C88H128Li2N8O4Sm2


Mw 943.25 1596.25 1840.47 1672.53
space group P21/c P21/c P21/c P21/n
a [�] 20.780(3) 12.645(3) 20.351(3) 14.070(4)
b [�] 18.755(3) 30.089(7) 22.207(3) 14.752(4)
c [�] 12.126(2) 20.604(5) 20.972(3) 21.220(6)
b [8] 99.509(2) 106.372(4) 97.927(3) 106.298(5)
V [�3] 4661(1) 7522(3) 9387(2) 4228(2)
Z 4 4 4 2
radiation MoKa [�] 0.71073 0.71073 0.71073 0.71073
T [K] 203(2) 203 203 203
1calcd [gcmÿ3] 1.344 1.410 1.302 1.314
mcalcd [cmÿ1] 1.304 1.598 1.293 1.428
F000 1960 3288 3832 1740
R[a] 0.0597 0.0451 0.0413 0.0544
wR2[b] 0.1434 0.1148 0.0981 0.887
G.o.F 1.040 1.004 1.048 1.007


[a] R�SF0ÿFc/SF0 . [b] wR� [(S(F0ÿFc)2/SwF 2
0 �]1/2.


Table 2. Selected bond lengths [�] and angles [8].


1a 2a 3b 4 b


SmÿN1 2.601(6) Sm1ÿC81 2.559(8) Sm1ÿC38 2.426(7) SmÿN1 2.781(6)
SmÿN3 2.628(6) C81ÿC82 1.224(10) Sm1ÿC37 2.734(7) SmÿC1 2.777(7)
SmÿO3 2.630(6) Sm2ÿC82 2.578(8) Sm1ÿC37A 3.076(7) SmÿC2 2.854(6)
SmÿN4 2.861(6) C81ÿLi1 2.530(15) Sm1ÿN1 2.518(5) SmÿC3 2.825(7)
SmÿC31 2.907(7) C81ÿLi2 2.292(15) Sm1ÿN2 2.765(5) SmÿC4 2.796(7)
SmÿC32 2.954(7) C81ÿLi3 2.521(16) Sm1ÿC10 2.802(6) SmÿN2 2.458(6)
SmÿC33 2.952(8) C81ÿLi4 2.344(14) Sm1ÿC11 2.850(6) SmÿN4 2.455(6)
SmÿC34 2.912(7) C82ÿLi1 2.353(15) Sm1ÿC12 2.853(6) SmÿN3 2.659(6)
Li1ÿN4 2.039(15) C82ÿLi2 2.504(15) Sm1ÿC13 2.820(6) SmÿN1A 2.479(5)
Li1ÿC24 2.275(18) C82ÿLi3 2.270(16) C39ÿC40 1.436(10) LiÿN3 1.985(14)
Li1ÿC23 2.410(19) C82ÿLi4 2.526(15) O1ÿC39 1.406(8) N1A-Sm-N2 99.49(19)
Li3ÿC22 2.758(17) Sm1ÿN1 2.660(6) C37ÿC38 1.295(9) N1A-Sm-N4 129.8(2)
Li3ÿC21 2.666(16) Sm1ÿN2 2.371(6) C37ÿC37A 1.298(14) N2-Sm-N4 130.66(19)
Li3ÿN2 2.080(15) Sm1ÿC1 2.702(7) C38-C37-C37A 155.0(10)
Li2ÿN1 2.152(16) Sm1ÿC2 2.774(7) O1-C39-C40 117.2(7)
Li2ÿC1 2.167(17) Sm1-C3 2.778(7) N1-Sm1-N3 119.22(17)
Li2ÿC2 2.242(17) Sm1ÿC4 2.707(7)
Li2ÿC3 2.248(18) Li1ÿN8 2.099(15)
Li2ÿC4 2.177(17) Li1ÿC32 2.385(15)
Li1ÿO2 1.871(16) Li1ÿC33 2.360(15)
Li2ÿO2 1.826(16) Sm1ÿC81-C82 179.3(7)
Li3ÿO2 1.933(14) Sm2ÿC82-C81 178.7(7)
O2ÿC41 1.425(8) C81-Li1-C82 28.7(3)
C41ÿC42 1.326(14) C81-Li2-C82 29.1(3)
O2-C41-C42 122.1(9) C81-Li3-C82 29.0(3)
N1-Sm-N3 121.22(18) C81-Li4-C82 28.8(3)
N1-Sm-O3 94.94(19) Li2-C81-Li4 169.0(6)
N3-Sm-O3 143.83(19) Li1-C81-Li4 87.2(5)
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(Li1ÿN4 2.039(15), Li3ÿN2 2.080(15) �). The third lithium is p-bonded in a
rather symmetric manner to the fourth pyrrole ring (Li2ÿN1 2.152(16),
Li2ÿC4 2.177(17), Li2ÿC3 2.248(18), Li2ÿC2 2.242(17), Li2ÿC1
2.167(17) �). As mentioned above, the structure of this complex is very
similar to that of 1b except for a lower degree of solvation of the lithium
cations and the presence of one molecule of THF (instead of diethyl ether)
directly bonded to the samarium atom. The most significant structural
difference between the two compounds arises from the rather severe
bending of the Oenolate-Sm-Othf vector (O2-Sm-O3 150.4(2)8), since the
corresponding Oenolate-Sm-OEt2O vector in complex 1 b is nearly linear.[5]


Compound 2 a : The complex is dinuclear with two calix-tetrapyrrole Sm
units bridged by a C2Li4 fragment. The calix-tetrapyrrole ligand surrounds
the samarium atom by adopting the characteristic basket-like conformation
providing a distorted pseudo-trigonal bipyramidal coordination geometry
to the metal center (Figure 2). Two centroids of two p-bonded pyrrole rings,
together with a carbon atom from the bridging carbide, define the
equatorial plane. The other two nitrogen atoms of two s-bonded pyrroles
are located on the axial positions (N2-Sm1-N3 88.14(19)8, N5-Sm2-N7
163.5(2)8, N1-Sm1-C81 74.1(2)8, N5-Sm2-C82 81.2(2)8). The dinuclear
structure is held together by a nearly linear C2 unit (Sm1-C81-C82
179.3(7)8 ; C81-C82-Sm2 178.7(7)8), which bridges the two samarium atoms
in an end-on fashion. The CÿC bond length (C81ÿC82 1.224(10) �) agrees
well with that observed in other lanthanide carbide complexes[6, 11] and is
only slightly longer than that determined in free acetylene (1.205 �).[12] The
SmÿC bond lengths (Sm1ÿC81 2.559(8), Sm2ÿC82 2.578(8) �) are, within
error limits, similar to those observed in terminally bonded and alkyl
bridged Sm complexes of the same ligand system.[7, 13] The four lithium
cations are located in the region between the two Sm(calix-tetrapyrrole)
units forming a flattened tetrahedron bisected by the Sm-CC-Sm vector.
The lithium atoms are asymmetrically
side-on connected to the two carbon
atoms of the C2 unit forming both
short and long LiÿC bond lengths
(Li1ÿC82 2.353(15), Li1ÿC81
2.530(15), Li2ÿC81 2.292(15),
Li2ÿC82 2.504(15) �). In addition,
they are also connected to the pyrrole
rings of two separate Sm(calix-tetra-
pyrrrole) units (Li3ÿN6 2.082(16),
Li2ÿN3 2.080(14), Li1ÿN8
2.099(15) �) by both s- and p-inter-
actions.


Compound 3b : The complex is a
symmetry-generated dimer with each
samarium atom surrounded by one
calix-tetrapyrrole ligand (Figure 3).
The macrocycle ligand adopts the
usual conformation by arranging the
four pyrrole rings in both s- and p-


bonding fashions around the samarium center (Sm1ÿN1 2.518(5), Sm1ÿN2
2.765(5), Sm1ÿC10 2.802(6), Sm1ÿC11 2.850(6), Sm1ÿC12 2.853(6),
Sm1ÿC13 2.820(6) �). On the opposite side of the cavities defined by
each of the calix-tetrapyrroles, three lithium atoms, all bridged by an
enolate fragment (C39ÿC40 1.436(10), O1ÿC39 1.406(8) �), are either s or
p-bonded (Li3ÿC22 2.137(18), Li2ÿN2 1.985(13) �) to the pyrrole rings of
the ligand. One C4H2 moiety is located between the two metal centers,
holding together the dinuclear structure. Similar to the molecular
structures of [(Cp*2M)2(m-RC4R)] (M�La, R�Ph,[14] M� Sm, R�Ph,[15]


M�La, R�Me,[16] M�Ce, R� tBu[16]) the four bridging carbon atoms are
coplanar with the two Sm atoms (C37ÿC38 1.295(9), C37ÿC37A
1.298(14) �). Samarium is primarily bound to the terminal carbon atom
of the C4 bridge (Sm1ÿC38 2.426(7), Sm1ÿC37 2.734(7) �). The SmÿC
bond lengths fall, within the estimated standard deviations, in the range of
those found for analogous lanthanide species with substituted alkynes.[14, 16]


Similar to other compounds of this type, and in contrast to the dilithiated
butatrienediyl,[17] the bridging C4 fragment is bent (C38-C37-C37A
155.0(10)8). This may be attributed to secondary interactions between
samarium and the internal carbon atoms of the C4 bridge (Sm1ÿC37A
3.076(7) �), the sum of the ionic radii of which are within those expected
for a SmÿC bond. The crystal structure was of sufficient quality to locate
and refine the hydrogen atoms attached to the coordinated butatrienediyl
group. The hydrogen atoms attached to each terminal carbon are located
trans to one another in the SmC4 plane and point in the opposite direction
with respect to the neighboring samarium atom.


Compound 4 b : The complex is also dinuclear and is formed by two
identical [(Et8-calix-tetrapyrrole)Sm[Li(thf)2]] units in which one of the
pyrrole rings has undergone a a! b migration of the alkyl chain (Figure 4).


Figure 1. Partial thermal ellipsoid plot of 1a. Thermal ellipsoids are drawn
at the 30% probability level. Figure 2. Thermal ellipsoid plot of 2 a. Thermal ellipsoids are drawn at the


30% probability level. Cyclohexyl rings were omitted for clarity.


Figure 3. Thermal ellipsoid plot of 3 b. Thermal ellipsoids are drawn at the 30% probability level. Ethyl groups
were omitted for clarity.
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The reorganized macrocycle adopts the usual geometry with two of the four
pyrrole rings in a p-coordination bonding mode with respect to Sm, while
the other two are connected to samarium through SmÿN s-bonds [Sm1ÿN3
2.659(6), Sm1ÿN1 2.781(6), Sm1ÿN1A 2.479(5) �]. The nitrogen atom of
the ªconfusedº pyrrole is bonded to the samarium atom of a second
identical unit, thus assembling the dinuclear structure. Two lithium cations
located trans to one another and at opposite ends of the molecule are each
s-bonded to the N atom of one pyrrole ring (LiÿN3 1.985(14) �), which is
in turn p-bonded to samarium. Two molecules of THF complete the
coordination environment of each trigonal planar lithium.


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-140 254 (1a),
140 583 (2a), 140 584 (3 b), 114 589 (4 b). 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).


Results and Discussion


Reaction of [SmIIICl3(thf)3] with
an equivalent amount of crys-
talline [{[(ÿ(CH2)5ÿ]4-calix-tet-
rapyrrole}[Li(thf)]4],[8] followed
by reduction with Li under Ar
and crystallization from toluene,
afforded a dark green solution
from which dark red crystals of
the divalent samarium complex
[{[ÿ(CH2)5ÿ}4-calix-tetrapyrro-
le)}(thf)SmII{Li2[Li(thf)](m3-
OCH�CH2)}] (1a) were isolated.
Unfortunately, the NMR spec-
tra were uninformative due to a
combination of line broadening
and extensive overlap. The pres-
ence of the lithium enolate
moiety, probably arising from
THF cleavage, is in line with the
finding previously reported for
this family of green SmII deriv-
atives.[5] The red color of 1 a is


in sharp contrast with the dark green of the octaethyl
derivative 1 b, which possesses a closely related structure.[5]


The possibility that 1 a might be in fact a trivalent Sm hydride,
as it might be suggested by the rather severe bending of the
Oenolate-Sm-Othf vector (the corresponding Oenolate-Sm-Oether


vector of 1 b is nearly linear), is ruled out by the value of
the magnetic moment in solid state which agrees rather well
with that of the green 1 b.[5] Moreover, upon redissolving red
single crystals of 1 a in both toluene and THF, dark green
solutions were formed. At this stage, it is tempting to suggest
that the anomalous color of 1 a observed in solid state is
probably associated with both the lower degree of solvation of
the alkali cation and consequent enhancement of p-interaction
with the pyrrole rings, and/or with the structural distortion
which in turn can be ascribed to solid state packing effects.


Both 1 a and 1 b react with acetylene. The exposure of a
dark emerald green solution of 1 a in hexane to an excess of
acetylene gas resulted in a sudden color change to dark
purple. However, upon a period of minutes at room temper-
ature the solution discolored to give a pale yellow solution
from which nearly colorless crystals of a new complex
[{{[ÿ(CH2)5ÿ]4-calix-tetrapyrrole}SmIII}2(m-C2Li4)] ´ Et2O (2 a)
separated (Scheme 1). The formation of the trivalent 2 a
implies the one-electron oxidation of two SmII starting
complexes. Accordingly, the reaction is accompanied by
evolution of nearly half an equivalent of H2 gas per samarium
atom (96 % of the expected amount assuming 100 % con-
version was collected, measured and identified with Toepler
pump/GC combined experiments).


The structure of 2 a, as revealed by an X-ray diffraction
analysis has some interesting structural analogies with the


Figure 4. Thermal ellipsoid plot of 4 b. Thermal ellipsoids are drawn at the
30% probability level. Ethyl groups were omitted for clarity.


Scheme 1. Synthesis of 2a and 3 b ; organic substituents (either Et or ÿ(CH2)5ÿ) and thf coordintated to the Li
atoms have been omitted for clarity.
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encapsulated dinitrogen complex[4] of the same ligand system.
Even in this case, the C2 unit is encapsulated within a Sm2Li4


cluster. Different from N2, however, the C2 unit is placed end-
on with respect to the two Sm centers and side-on with respect
to the four lithium cations, which define a flattened tetrahe-
dron rather than a square plane. The side-on arrangement of
the four lithium cations around the C2 unit is curiously
asymmetric and is in striking contrast to the symmetry of the
Sm2Li4N2 cluster. Also in contrast to the encapsulated
dinitrogen complex, the CÿC bond length is very short and
is indicative of minimal extent of acetylene reduction. The
light color of 2 a, as well as magnetic susceptibility data (meff�
2.37 mB per dimer) also confirms the presence of two trivalent
Sm centers and are consistent with the presence of an intact
CÿC triple bond.


A reaction carried out under identical conditions but with
the ethyl derivative [{(Et8-calix-tetrapyrrole)(Et2O)}SmII-
{[Li(thf)]2[Li(thf)2](m3-OCH�CH2)}][5] (1 b) also resulted in
an instant color change from green to dark purple-red. In this
case, however, an intense light-red color persisted and cherry-
red crystals of a new compound formulated as [{[(Et8-calix-
tetrapyrrole)SmIII{Li[Li(thf)]2(m3-OCH�CH2)}}2(m,h2,h'2-HC�
C�C�CH)] (3 b) were isolated in good yield and analytically
pure form from diethyl ether (Scheme 1). The complex
formally arises from the coupling of two acetylene molecules
and release of H2 (93 % of the stoichiometric amount was
recovered with a Toepler pump from the reaction mixture).


Surprisingly, the two reactions proceeded selectively to-
wards the formation of compounds 2 a and 3 b regardless of
variations in solvent or temperature. In either case, it was not
possible to isolate the purple intermediate even by carrying
out reactions at ÿ78 8C, nor did we observe evidence for the
presence of other compounds in the reaction mixtures.
Neither 2 a nor 3 b showed signs of reactivity with H2, while
both were found to be stable at 70 8C for a few days.


Considering the close steric and electronic similarity
between the two calix-tetrapyrrole ligands, the only explan-
ation for the diversity of the reaction pathways relies on
kinetic factors. We tentatively propose that the formation of
the two compounds results
from two different reaction
pathways (dehydrogenation
versus coupling) of the same
intermediate. Evidently the na-
ture of the substituents plays an
important role in modifying the
activation energies of the two
competitive processes, thus de-
termining in the end the nature
of the final product. The situa-
tion is closely reminiscent of the
behavior of the same divalent
samarium compounds with eth-
ylene[5] to the extent that the
degree of reversibility of ethyl-
ene fixation is extremely sensi-
tive to the nature of the ligand
substituents. Whereas labile fix-
ation always occurred when


R� {ÿ(CH2)5ÿ}0.5 , more robust ethylene complexation were
observed when R�Et.


The formation of an intense purple color observed during
the first minutes of the reaction time clearly indicates the
formation of an intermediate species. Quenching of the purple
solution by addition of D2O did not give appreciable amount
of DH; this suggests that the purple intermediate is perhaps a
simple coordination adduct and not an hydride as we initially
thought. In an attempt to gain insight on the nature of other
important reaction intermediates, we have explored the
reactivity of the recently prepared trivalent samarium hydride
and alkyl calix-tetrapyrrole derivatives[7] with acetylene.
Treatment of either [(Et8-calix-tetrapyrrole)(thf)SmIII{(m-H)-
[Li(thf)]2}] or [(Et8-calix-tetrapyrrole)(CH3)SmIII{[Li(thf)]2-
[Li(thf)2](m3-Cl)}] with H-C�C-H resulted in rapid reactions
from which similar mixtures of the two complexes in similar
ratios, the colorless [{(Et8-calix-tetrapyrrole)SmIII}2(m-Li4C2)]
(2 b) and the bright-red [{(Et8-calix-tetrapyrrole)SmIII{Li-
[Li(thf)]2(m3-OCH�CH2)}}2(m,h2,h'2-HC�C�C�CH)] (3b), were
obtained in crystalline form (Scheme 2). Even in this case the
reaction was very sensitive to the nature of the ligand
substituents. Similar to the case of the reaction of SmII


complexes with acetylene, the formation of 3 b, which results
from partial dehydrogenation and dimerization of two
acetylene molecules, was observed only in the case where
R�Et.


Similar to the case of 1 a, the 1H NMR spectrum of 2 a was
uninformative due to line broadness and extensive signal
overlap. Conversely, the line sharpness and separation made
possible a complete assignment of the spectral features of the
ethyl derivatives. In the case of 2 b, the 1H NMR spectrum
showed two rather broad signals reminiscent of poorly solved
doublets, which arise from the pyrrole CÿH groups. The
presence of two non-equivalent rings is consistent with the
solid state crystal structure showing two p-bonded and two s-
bonded pyrrole rings. The eight ethyl substituents attached to
the ring featured three distinct sets of resonances. The four
ethyl groups pointing away from the molecular core generate
one set, while the other four pointing inward form two distinct


Scheme 2. Synthesis of 2 b and 3b ; ethyl groups and thf coordintated to the Li atoms have been omitted for
clarity.
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sets. Each set of signals is characterized by a diastereotopic
CH2 group featuring two widely separated signals appearing
either as pseudo-quadruplets or multiplets. The methyl groups
feature instead broad singlets. A rather sharp pseudo-triplet
was observed only in the case of one group of two ethyl
groups. This non-equivalency of the eight ethyl groups and the
enhanced diastereotopism of the CH2 groups is very strange.
The molecule has an idealized C2v symmetry, thus the
methylene protons, which comprise an AB spin system,
should provide eight resonances of 2 H each. Similarly, four
resonances of 6 H each should be expected for the methyl
groups. The fact that we observed five methylene resonances
in the ratio 2:2:4:4:4 may be attributed to accidental line
overlap or to the fact that the molecule undergoes some
motion at that particular temperature. Temperature variation
gave a complex spectral modification indicative of fluxional
behavior, but the complete interpretation is still not possible
at this stage. Although we are unable to provide a non-
speculative explanation of this behavior, we observe that it is a
recurrent feature among trivalent samarium compounds of
this particular ligand system.[5] The 1H NMR spectrum of 3 b
showed only one pyrrole signal and only two sets of ethyl
groups each consisting of three broad multiplets, one for the
methyl groups and one for each of the two diastereotopic
methylene hydrogens.


The fact that the same products obtained from the reaction
of the divalent samarium compounds with acetylene were also
obtained by using SmIII precursors is in agreement with the
idea that a trivalent Sm-hydride might be involved in the
reactivity of divalent samarium with acetylene. However, the
formation of 3 b from the trivalent SmÿR [R�H, CH3]
implies the presence of Li(enolate). In contrast to the SmII


reagents, this moiety is absent in the samarium hydride and
methyl starting compounds. The Li(enolate) unit typically
arises from THF cleavage achieved through either radical or
anionic attack on the THF a-hydrogen or b-carbon atoms
(Scheme 3). Both processes afford, in addition to the enolate
anion, a mixture of ethylene/H2 or ethane, respectively. These
products are found rather frequently altogether as a result of
lack of selectivity in reaction mixtures in which THF cleavage
occurs. The THF cleavage process also may be favored by the
coordination of Lewis acids to the oxygen atom. Evidently the
trivalent SmÿR [R�H, Me] compounds used in this work
cannot be responsible per se for the formation of the two
enolate anions present in 3 b, since both are stable in THF for
a few days even at higher temperatures. The process leading to
the formation of 2 also cannot be responsible, since the two


Scheme 3. Lithium enolate generated by either radical of anionic reaction
mechanism.


lithium atoms present in the structure of the Sm ± R reagents
must be retained in the structure of 2 a, b and therefore
cannot be made available for the THF cleavage process. Thus,
the presence of the enolate fragment in 3 b implies that
another product must be formed during the reaction with
acetylene. In other words, the reaction must necessarily lead
to the formation of another species in which both the hydride
(or alkyl group) and the lithium cation are devoted to form
Li(enolate).


A third product (4 b) was isolated in low yield (7 %) from
the mother liquor of the reaction of [(Et8-calix-tetrapyrro-
le)(thf)SmIII{(m-H)[Li(thf)]2}] with acetylene (Scheme 4). Its
structure, as indicated by X-ray analysis (Figure 4), is unique
in the sense that the ligand has undergone of a a! b


migration of the alkyl chain. The 1H NMR spectrum is
characterized by the expected high asymmetry as reflecting
from the solid state structure. The eight C-H protons of the
four pyrrole rings form six rather broad singlets. The ethyl
groups form four sets of ligands ascribed to four, two, one, and
one ethyl groups, respectively. Even in this case, each set of
signals formed by each ethyl group features two diastereo-
topic hydrogens for the ethyl methylene group. The methyl
groups formed six separate resonances.


The reorganized calix-tetrapyrrole macrocyle of 4 b has
been recently prepared by Sessler[18b] and it is reminiscent of
the ªN-confusedº porphyrins[19] isolated by Furuta[20] and
Latos et al.;[21] the rational synthesis was achieved more
recently by Dolphin et al.[22] Given the low yield, the
possibility that the presence of the N-confused calix-tetra-
pyrrole may be caused in this case by adventitious (yet
reproducible) carrying on from the original ligand prepara-
tion cannot be completely excluded. However, it should be
reiterated that 4 b was isolated after four subsequent reac-
tions, and purification of three different precursors. Thus,


Scheme 4. Complexation of 4 b.
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assuming that the formation of 4 b is indeed triggered by the
reaction with acetylene, questions arise about the factors that
promoted the isomerization of the macrocycle with conse-
quent assembly of the dinuclear structure. At this stage we
cannot offer a detailed explanation for the formation of 4 b.
However, the possibility that the rearrangement could be
triggered by reversible attack on the pyrrole b-hydrogen by
one strongly basic function (perhaps a vinyl formed through
the insertion of acetylene into the SmÿH bond) followed by
chain shifting can be confidently ruled out. The recently
characterized trivalent [(calix-tetrapyrrole)Sm-vinyl] com-
plex, isostructural with the methyl derivative used in this
work, rather produces a SmII species upon room temperature
thermal decomposition.[7] Thus, we can only observe at this
stage that the formation of 4 b from the hydride samarium
complex during the reaction with acetylene implies the formal
dissociation of a LiH unit followed by ring reorganization. A
ªLiRº [R�H, alkyl] unit is precisely what is necessary for the
cleavage of a THF molecule and the formation of the
Li(enolate) present in 3 b, as well as balancing the overall
stoichiometry of the reaction.
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Two-Dimensional [TIn2] Polyanions in BaTIn2 (T�Rh, Pd, Ir, Pt)Ð
The Collapse of the Three-Dimensional Indium Polyanion of BaIn2


Rolf-Dieter Hoffmann and Rainer Pöttgen*[a]


Abstract: The title compounds were
prepared from the elements by reactions
in sealed tantalum tubes in a high-
frequency furnace. The four compounds
were investigated by X-ray diffraction
both on powders and single crystals, and
the structures of the rhodium and plat-
inum compounds were refined from
single-crystal data: Cmcm, a� 447.68(8),
b� 1131.1(2), c� 805.6(2) pm, wR2�
0.0561, 354 F 2 values for BaRhIn2; a�
452.06(8), b� 1162.4(2), c� 801.5(1) pm,


wR2� 0.1427, 362 F 2 values, for BaPtIn2:
with 16 variables for each refinement.
The structures are isopointal to MgCu-
Al2 and can be considered to be a
transition metal (T) filled CaIn2 type,
in which the indium atoms form a
distorted network like hexagonal dia-


mond (lonsdaleite). The indium sub-
structure is cut apart in BaTIn2 and
resembles together with the transition
metal atoms a two-dimensional polyan-
ion rather than a three-dimensional
polyanion as found in the compounds
CaTIn2, CaTSn2, and SrTIn2. Semiem-
pirical band structure calculations sup-
port the assumption of a two-dimen-
sional polyanion in which the strongest
interactions are found for the TÿIn
contacts.


Keywords: barium ´ chemical bond-
ing ´ indium ´ polyanions ´ structure
elucidation


Introduction


The crystal structure and chemical bonding of the alkaline
earth indides and stannides CaTIn2 (T�Ni, Cu, Rh, Pd, Ir, Pt,
Au),[1±4] CaTSn2 (T�Rh, Pd, Ir),[5] and SrTIn2 (T�Rh, Pd, Ir,
Pt)[6] have been investigated intensively in recent years. From
a purely geometrical point of view, these structures may be
derived from the Re3B type[7] by an ordered arrangement of
the alkaline earth and indium atoms on the rhenium site,
while the transition metal atoms take the boron position. This
is actually the MgCuAl2 type.[8]


As emphasized previously,[4±6] the crystal-chemical descrip-
tion of the CaTIn2 and SrTIn2 compounds as transition metal
filled variants of the Zintl phases CaIn2


[9] and SrIn2
[9] is more


appropriate. The transition metal atoms tend to fill their d
bands and hence they partially oxidize the indium networks to
meet their electronic requirements. This is especially true for
the isotypic stannides CaTSn2.[5] This oxidation results in a
modulation of the InÿIn distances within the indium network
depending on the electron count of the transition metal.[4±6]


The indium atoms and the transition metal atoms build three-
dimensional [TIn2] polyanions, and the resulting distorted


pentagonal channels in these networks are filled by calcium or
strontium atoms.


Within the series of the binary indides a structural switch
occurs in going from SrIn2


[9] to BaIn2.[10, 11] While SrIn2 still
crystallizes with the hexagonal CaIn2-type structure, BaIn2


adopts the orthorhombic KHg2
[12] (CeCu2


[13]) type with larger
cavities for the barium cations. Nevertheless, the new com-
pounds BaTIn2 (T�Rh, Pd, Ir, Pt) reported here are
transition metal filled versions of a CaIn2-type BaIn2 sub-
structure. The size requirements are solved in a way that the
large barium atoms cut the three-dimensional indium network
of BaIn2 and we observe now two-dimensional [TIn2] poly-
anions which are separated by barium cations.


Experimental Section


Synthesis : Starting materials for the preparation of BaTIn2 (T�Rh, Pd, Ir,
Pt) were barium rods (Johnson Matthey, >99.9 %), rhodium, palladium,
iridium, platinum powder (Degussa, 200 mesh, >99.9 %), and indium tear
drops (Johnson Matthey, >99.9 %). The large barium rods were cut into
small pieces under paraffin oil and subsequently washed with n-hexane.
The paraffin oil and n-hexane were dried over sodium wire. The compact
barium pieces were stored in Schlenk tubes under argon prior to the
reactions. The argon was purified over titanium sponge (900 K), silica gel,
and molecular sieves.


The barium pieces (about 500 mg) were subsequently mixed with the noble
metal and indium pieces in the ideal 1:1:2 atomic ratio and sealed in
tantalum tubes (about 1 cm3) under an argon pressure of about 800 mbar.[14]


The tantalum tubes were put in a water-cooled quartz glass sample
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chamber of a high-frequency furnace (Kontron Roto-Melt, 1.2 kW) under
flowing argon.[15] They were first heated for two minutes with the maximum
power output (about 1500 K) and subsequently annealed at about 900 K for
another four hours. The tubes were finally quenched by radiative heat loss
within the water-cooled sample chamber. The reaction between the three
elements was visible by a short glowing of the tubes. After the annealing
procedures the light-gray samples could readily be separated from the
tantalum tubes. No reactions of the samples with the tubes could be
detected. The samples are slightly moisture sensitive as compact buttons
and highly moisture sensitive as fine-grained powders. Single crystals
exhibit metallic luster.


The hydrolysis behavior can be attributed to the presence of a two-
dimensional polyanion in BaTIn2 in contrast to the three-dimensional
polyanion in CaTIn2,[1±4] CaTSn2,[5] and SrTIn2.[6] The latter compounds are
all stable in moist air. One can assume that water attacks the barium layers
more easily, because of the two-dimensional character of the polyanion. A
similar hydrolysis behavior has been found for Sr2Rh2In3 which also has a
pronounced two-dimensional polyanion.[16] The shape of the BaTIn2


crystals mirrors the two-dimensional character of the polyanion, too. The
calcium and strontium compounds have a more globular shape, but crystals
of BaTIn2 grow in the form of very thin platelets which can be cleaved
easily. This is consistent with the many crystals found of extremely poor
quality and extensive diffuse streaks in the reciprocal lattice especially for
BaPdIn2 and BaIrIn2. The isotypic stannide BaRhSn2 displays even poorer
crystallinity.[17]


Energy-dispersive analyses revealed in all cases the ideal composition of
1:1:2. No impurity elements heavier than sodium could be detected.


X-ray investigations: Guinier powder patterns of the samples were
recorded with CuKa1 radiation using a-quartz (a� 491.30, c� 540.46 pm)
as an internal standard. The orthorhombic lattice constants (see Table 1)
were obtained from least-squares fits of the Guinier data. To ensure correct
indexing the observed patterns were compared with calculated ones[18]


taking the atomic positions from the structure refinements. To calculate the
powder pattern correctly for BaIrIn2 and BaPdIn2, the atomic positions of


BaRhIn2 and BaPtIn2 were used, respectively. In all cases the lattice
constants determined from the powders and the single crystals agreed well.
Single crystal intensity data were collected at room temperature by use of a
four-circle diffractometer (CAD4) with graphite-monochromated MoKa


radiation (l� 0.71073 pm) and a scintillation counter with pulse height
discrimination. The scans were performed in the w/2q mode. Empirical
absorption corrections were applied on the basis of psi-scan data.


Electronic structure calculations: Three-dimensional semiempirical band
structure calculations for BaRhIn2 and BaPtIn2 were based on an extended
Hückel Hamiltonian.[19, 20] All exchange integrals, orbital exponents and
weighting coefficients are listed in Table 2. Charge iterations have been
carried out. The eigenvalue problem was solved in reciprocal space at 144 k
points within the irreducible wedge of the Brillouin zone by using the
YAeHMOP code.[21]


Results and Discussion


Lattice parameters: Already the trend in volume of the unit
cells (Figure 1) reveals a discontinuity when the metallic
single bond radii are compared.[22] One would expect that the


Figure 1. Volumes of the unit cells of some RTIn2 compounds (R�Ca, Sr,
Ba, Eu, Gd, Yb) which are isopointal with the MgCuAl2-type structure.
Note, that only half the volume is plotted for CaRhIn2 and CaIrIn2.


Rh(Ir) compound should have a larger volume than the
Pd(Pt) compound, but only the b lattice parameter follows the
course of the radii (Table 1). For the lattice parameter a and
the volume one finds that BaPtIn2 has smaller values than the
BaPdIn2 compound. A complete reversal of this behavior is
observed when the c lattice parameter is considered. The
order is Pt-Pd-Ir-Rh which is in contrast to the order of the
metallic single bond radii[22] and the radii for coordination
number 12[23] for Rh, Pd, Ir, and Pt of 125.2, 128.3, 126.5, and
129.5 pm and of 134.5, 137.6, 135.7, and 138.7 pm, respectively.
Thus, the lattice parameters show a remarkable anisotropic
behavior. This is associated with the fact that the indium
substructure is modified quite significantly depending on the
electron count of the transition metal. At the same time the
polyanion formed by the transition metal and indium atoms
contracts in the a and c direction, while it stretches in the b
direction. This is different in gold-containing compounds such
as CaAuIn2,[3] EuAuIn2,[24] and YbAuIn2.[25]


The size restrictions implied by the alkaline earth elements
calcium, strontium, and barium lead to interesting features.
MgCuAl2-type compounds are formed with strontium for Rh,
Pd, Ir, and Pt, but the smaller calcium atoms cause the
formation of a different structure type for Rh and Ir; that is
the CaRhIn2-type.[4] Half the volume of CaRhIn2 and CaIrIn2


Abstract in German: Die Titelverbindungen wurden durch
Reaktion der Elemente in geschlossenen Tantalampullen in
einem Hochfrequenzofen hergestellt und röntgenographisch an
Pulvern und Einkristallen charakterisiert. Die Strukturen der
Rhodium- und Platinverbindung wurden verfeinert : Cmcm,
a� 447.68(8), b� 1131.1(2), c� 805.6(2) pm, wR2� 0.0561,
354 F2 Werte für BaRhIn2 und a� 452.06(8), b� 1162.4(2),
c� 801,5(1) pm, wR2� 0.1427, 362 F2 Werte für BaPtIn2 mit
jeweils 16 Variablen. Die Strukturen sind punktlagengleich zu
MgCuAl2 und können als ein mit Übergangsmetall gefülltes
CaIn2 aufgefasst werden, in dem die Indium Atome ein
verzerrtes Netzwerk bilden wie in hexagonalem Diamant
(Lonsdaleit). Die Indium Substruktur ist aufgebrochen und
bildet zusammen mit den Übergangsmetall Atomen ein zwei-
dimensional unendliches Polyanion im Gegensatz zu einem
drei-dimensionalen Polyanion in den Verbindungen CaTIn2,
CaTSn2 und SrTIn2. Semi-empirische Bandstrukturrechnun-
gen sind im Einklang mit einem zweidimensionalen Polyanion,
in dem die stärksten Wechselwirkungen für die T-In Kontakte
gefunden wurden.


Table 1. Lattice parameters of orthorhombic barium compounds BaTIn2


(T�Rh, Pd, Ir, Pt).


Compound a (pm) b (pm) c (pm) V (nm3)


BaRhIn2 447.68(8) 1131.1(2) 805.6(2) 0.4079
BaPdIn2 457.39(8) 1153.4(4) 803.4(1) 0.4238
BaIrIn2 443.41(8) 1150.7(2) 806.4(1) 0.4115
BaPtIn2 452.06(8) 1162.4(2) 801.5(1) 0.4212
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fits very well into the trend observed with respect to the
volume of the MgCuAl2-type compounds (Figure 1). Yet the
large barium atoms force the structure to expand which is not
done in an isotropic way (see above).


Structure refinements : Platelet-like single crystals of BaRhIn2


and BaPtIn2 were isolated from the annealed samples by
mechanical fragmentation and were examined by Buerger
precession photographs in order to establish both symmetry
and suitability for intensity data collection. The photographs
showed C-centered orthorhombic cells with Laue symmetry
mmm. The extinction conditions were compatible with space
group Cmcm in agreement with all previous investigations.[3, 4]


All relevant crystallographic data and experimental details for
the data collections are listed in Table 3.


The atomic parameters of SrRhIn2
[6] were taken as starting


values, and the structures were successfully refined using
SHELXL-97 (full-matrix least-squares on F 2)[26] with aniso-
tropic atomic displacement parameters for all atoms. Final
difference Fourier syntheses revealed no significant residual


peaks (see Table 1). The highest
residual density of 6.74 e �ÿ3 in
BaPtIn2 was too close to the
platinum position (70 pm) and
most likely resulted from an
incomplete absorption correc-
tion. The elevated wR2 value
for BaPtIn2 may be attributed
to some deterioration during
the data collection and the
lesser quality of the single crys-
tal used for the structure refine-
ment. The positional parame-
ters and interatomic distances
of the two refinements are list-
ed in Tables 4 and 5, respective-
ly. Listings of the observed and
calculated structure factors are
available; further details on the
crystal structure investigations
may be obtained from the Fa-
chinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax:


Table 2. Crystal data and structure refinements for BaRhIn2 and BaPtIn2.


empirical formula BaRhIn2 BaPtIn2


molar mass [g molÿ1] 469.89 562.07
crystal system orthorhombic orthorhombic
space group Cmcm (no. 63) Cmcm (no. 63)
Pearson symbol oC16 oC16
Z 4 4
unit cell dimensions Table 1 Table 1
calculated density [g cmÿ3] 7.65 8.86
crystal size [mm3] 15� 25� 40 10� 25� 35
transmission ratio [max/min] 1.56 2.35
absorption coefficient [mmÿ1] 24.4 52.9
F(000) 796 928
q range for data collection 28 to 308 28 to 308
range in hkl ÿ 6� k� 0, �15, �11 ÿ 2� k� 6, �16, ÿ11� l� 1
total no. reflections 1168 730
independent reflections 354 (Rint� 0.0461) 362 (Rint� 0.0295)
reflections with I> 2s(I) 308 (Rsigma� 0.0305) 312 (Rsigma� 0.0307)
data/restraints/parameters 354/0/16 362/0/16
goodness-of-fit on F 2 1.134 1.120
final R indices [I> 2s(I)]
R1 0.0209 0.0522
wR2 0.0527 0.1292
R indices (all data)
R1 0.0288 0.0610
wR2 0.0561 0.1427
extinction coefficient 0.0007(2) 0.0012(5)
largest diff. peak and hole [e �ÿ3] 1.84 and ÿ1.88 6.74 and ÿ9.71


Table 3. Extended Hückel parameters.


Atom Orbital Hii (eV) x1 c1 x2 c2


Ba 6s ÿ 4.760 1.263
6p ÿ 2.640 1.263


Rh 5s ÿ 8.090 2.135
5p ÿ 4.570 2.100
4d ÿ 12.500 4.290 0.581 1.970 0.569


Pt 6s ÿ 9.077 2.554
6p ÿ 5.475 2.554
5d ÿ 12.590 6.013 0.633 2.696 0.551


In 5s ÿ 12.600 1.903
5p ÿ 6.190 1.677


Table 4. Atomic coordinates and isotropic displacement parameters [pm2]
for BaRhIn2 and BaPtIn2.


Atom Wyckoff x y z Ueq
[a]


position


BaRhIn2


Ba 4c 0 0.05236(5) 1/4 104(2)
Rh 4c 0 0.78407(7) 1/4 96(2)
In 8f 0 0.33582(4) 0.05514(5) 97(2)
BaPtIn2


Ba 4c 0 0.0526(1) 1/4 117(5)
Pt 4c 0 0.77635(8) 1/4 95(4)
In 8f 0 0.3366(1) 0.0565(2) 104(5)


[a] Ueq is defined as one third of the trace of the orthogonalized Uij tensor.


Table 5. Interatomic distances [pm], calculated with the lattice parameters
taken from X-ray powder data of BaRhIn2 and BaPtIn2. All distances
within the first coordination sphere are listed. Standard deviations are all
equal or less than 0.2 pm.


BaRhIn2 BaPtIn2


Ba: 1 Rh 303.5 Ba: 1 Pt 321.1
2 Rh 344.7 2 Pt 344.6
4 In 355.7 4 In 357.9
2 In 357.0 2 In 364.7
4 In 367.1 4 In 371.7
2 Ba 419.9 2 Ba 419.0


Rh: 4 In 279.6 Pt: 2 In 278.6
2 In 280.7 4 In 282.9
1 Ba 303.5 1 Ba 321.1
2 Ba 344.7 2 Ba 344.6


In: 2 Rh 279.6 In: 1 Pt 278.6
1 Rh 280.7 2 Pt 282.9
2 In 309.3 1 In 310.1
1 In 314.0 2 In 315.9
2 Ba 355.7 2 Ba 357.9
1 Ba 357.0 1 Ba 364.7
2 Ba 367.1 2 Ba 371.7
1 In 381.9 1 In 390.6
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(�49) 7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on
quoting the depository numbers CSD-411229 (BaRhIn2) and
CSD-411228 (BaPtIn2).


Crystal chemistry and chemical bonding : The new ternary
compounds BaTIn2 (T�Rh, Pd, Ir, Pt) are isopointal[27, 28] to
the MgCuAl2 structure. CaTIn2 (T�Pd, Pt, Au) and SrTIn2


(T�Rh, Pd, Ir, Pt) crystallize also with the MgCuAl2-type
structure and can be described as transition metal filled
variants of the Zintl phases CaIn2 or SrIn2. Thus a one-step
symmetry reduction from the hexagonal space group P63/mmc
of CaIn2 to Cmcm of orthorhombic AETIn2 (AE�Ca, Sr, Ba)
can be applied. Cutouts of these structures are shown in
Figure 2. The indium substructures have the same topology as
hexagonal diamond[27] (lonsdaleite). The four-connected in-
dium network implies an Inÿ according to the Zintl ± Klemm
concept. The InÿIn distances within the indium network
strongly depend on the size of the cations and on the electron
count of the transition metal.[4±6] With barium as the least
electronegative component they also resemble a series with
the largest possible cation (except radium) at the magnesium
position. The volume of the compounds with the 2� cations
europium and ytterbium is similar to that of the strontium and
calcium compounds,[24, 25] respectively (Figure 1).


The near-neighbor environments in the compounds
AETIn2 do not change very much within the series AE�
Ca, Sr, and Ba despite the increasing atomic size. The
lengthening of the b lattice parameter, of course, leads to
rather strong distortions. The discussion of the coordination
spheres is exemplified by using BaPtIn2. The barium atoms
have the coordination number 13 (10 In�3 Pt). The average
BaÿPt distance of 337 pm is longer than the sum of Pauling�s
single bond radii of 328 pm, but is still shorter than the sum of
the radii for coordination number 12 (363 pm). The BaÿIn
distances show the same tendencies. Even though the BaÿPt
and BaÿIn distances are quite long, one still has to assume
that bonding BaÿPt and BaÿIn interactions exist. Both
contacts are weak, but they are essential for the linkage of
the polyanion in the b direction.


The transition metals have coordination number 9 (6 In�3
Ba). Four indium and two barium atoms form a trigonal prism
which is augmented by two indium and one barium atom on
the rectangular faces. The indium atoms have coordination
number 11 (5 Ba, 3 Pt, 3 In).


The shortest distances occur for the PtÿIn contacts (av
281 pm) and these agree well with the sum of Pauling�s single
bond radii of 279 pm. This is an overall trend for the series
AETIn2 (A�Ca, Sr, Ba; T�Rh, Pd, Ir, Pt) and supports the
assumption of rather rigid transition metal indium contacts.
The size of the barium atoms puts a large tension on the
polyanion as is expressed by the interatomic distances
(Table 5). This has significant consequences for the polyan-
ions formed by the transition metal and indium atoms, but has
an even greater influence on the pseudohexagonal indium
network. The structure does not simply expand isotropically
in going from calcium and strontium to barium: In order to
maintain an optimized [TIn2] polyanion, the increasing space
requirement of calcium, strontium, and barium is counter-
acted by gradually breaking apart the indium network by the
lengthening of the InÿIn distance which is approximately
parallel to the b axis. Thus, the three-dimensional polyanion is
transformed to a mere two-dimensional polyanion (Figure 3).


Figure 3. The two-dimensional polyanions [Rh2In3] and [PtIn2] in the
structures of Sr2Rh2In3 (left) and BaPtIn2 (right). Large gray, medium open,
and black filled circles represent Sr(Ba), Rh(Pt), and In, respectively.


Figure 2. Cutouts of AEIn2 (AE�Ca, Sr, Ba) and AEPtIn2 structures. Large grey, medium open, and black filled circles represent AE, platinum and indium,
respectively. Selected bond lengths within the indium networks are given in pm.
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Simultaneously, the TÿIn contacts remain close to the
respective sum of Pauling�s single bond radii. Thus, the
contacts between the transition metal and indium are
predominant in the structure. A similar two-dimensional
polyanion was recently observed in the compound
Sr2Rh2In3.[16] The volume change (Figure 1) reflects this
anisotropic indiumÿindium distance modulation. Owing to
the anisotropic behavior the ratios of the axes are quite
different from those of the MgCuAl2-type structure, and the
structure of BaTIn2 is better referred to as being isopointal to
MgCuAl2 rather than isotypic.[27, 28]


Semiempirical band structure calculations were carried out
to investigate the [TIn2] polyanions and the indium substruc-
tures in greater detail. The DOS (density of states) curves of
BaRhIn2 and BaPtIn2 are very similar to those obtained for
the other MgCuAl2-type indides and stannides (CaTIn2,
CaTSn2, SrTIn2). Narrow low-lying transition metal d bands
which are localized around ÿ10 to ÿ13 eV (Figure 4) are
characteristic of these structures. The indium states spread out
over the whole energy range. The contributions of the cations
(calcium, strontium, barium) are negligible below the Fermi
level leading to the formulation Ba2�[TIn2]2ÿ. This is also
supported by the gross Mulliken charges (Table 6). By
comparing the DOS of the binary BaIn2


[11] with that of
BaRhIn2 and BaPtIn2, one finds the gap closed and the Fermi
level decreased as can be expected considering the insertion
of transition metal atoms.


Some words of caution seem to be appropriate at this point.
The electronic structures of these barium compounds, espe-
cially those with platinum and iridium as the transition metal
component are certainly influenced by relativistic effects
which might affect the overlap populations and the Mulliken
charges. Nevertheless, in a recent paper[3] we investigated the
CaTIn2 (T�Pd, Pt, Au) structures both by extended Hückel
and ab initio TB-LMTO-ASA band structure calculations. It
turned out that the electronic structure is qualitatively the
same considering the tendencies in chemical bonding. We can
thus discuss a qualitative bonding scheme for the series of
isotypic BaTIn2 compounds on the basis of the extended
Hückel results.


The insertion of transition metals corresponds to an at least
partial oxidation of the indium substructure. This is also
suggested by the course of the absolute electronegativities
according to Pearson[30] (barium 2.4 eV, platinum 5.6 eV, and
indium 3.1 eV). Thus, the d orbitals of the transition metals
are filled. By analyzing the semiempirical crystal orbital
overlap populations (COOP, Figure 4 and Table 6) it is
revealed that electron density is transferred from the implied
Inÿ to the transition metal atoms, as is apparent from the large
positive overlap population for the platinum ± indium and
indium ± indium contacts (upper right hand corner of Fig-
ure 4.) It is notable that these COOP curves still show bonding
contributions above the Fermi level. However, it seems
unlikely that these states might be filled, because at the same
time antibonding In ± In states will be filled (middle part of
Figure 4) which belong to the InÿIn bonds within the
puckered indium hexagons (Figure 2).


The difference in bond strength of the four InÿIn contacts
in BaPtIn2 is seen by analyzing the COOP curves for the long


Figure 4. Total and projected density-of-states (DOS) curves for BaRhIn2


and BaPtIn2 and selected crystal orbital overlap population (COOP) curves
for BaRhIn2, BaPtIn2, and BaIn2. The rhodium and platinum contributions
are shaded. The integrated values for the overlap population per bond up to
the Fermi level (dotted line) and the corresponding distances are given.


InÿIn distance of 391 pm in comparison to the shorter InÿIn
interactions within the two-dimensional [TIn2] polyanion. The
integrated overlap population is significantly smaller (Ta-
ble 6). Even though the indium substructure is stretched along
the b direction, the COOP curves of the three different InÿIn
contacts still look very much like those of binary BaIn2


[11]


(lower part of Figure 4). One difference, however, is the lower
Fermi level in the ternary compounds which lets these
antibonding states lie above the Fermi level. One might think
of the BaIn2 structure as a compromise between an environ-
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ment large enough for the barium atoms and the formation of
a pseudo-hexagonal indium sublattice at the cost of the
occupancy of antibonding states.


One draw back of the extended Hückel calculation might
be the fact that the structures of the series CaTIn2, SrTIn2,
and BaTIn2 become more ionic. This makes the value of the
overlap populations for the InÿIn contacts in BaIn2 very
large.[11] In the ternary compounds, however, this effect is not
observed, but still one can assume that the large polarizability
of barium in comparison to calcium and strontium may be
held responsible for the formation of a two-dimensional
polyanion. The relatively low polarizability of calcium in
CaRhIn2 and CaIrIn2,[4] however, leads to a complex three-
dimensional polyanionic network. The strontium compounds
of the MgCuAl2-type structure, on the other hand, resemble
the best compromise for an optimized polyanion and a
diamond-like indium substructure. The tendency toward a
two-dimensional polyanion, however, is already present if one
compares the increase of the ªinterlayerº InÿIn distance of
312 pm for CaPtIn2, 342 pm for SrPtIn2, and 391 pm for
BaPtIn2 (Figure 2).


One may speculate about the existence of a low-temper-
ature form of BaTIn2 which should be derived from the
orthorhombic KHg2-type BaIn2 rather than from the hexag-
onal CaIn2 type. But it is more probable that a high-pressure
form of BaIn2 with the hexagonal CaIn2 type might exist with
a more isotropic structure and a compressed diamond-like
indium network with more regular tetrahedra.
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Table 6. Net charges (q) and crystal orbital overlap (OP) populations for
BaRhIn2 and BaPtIn2 as obtained from the extended Hückel calculations. T
denotes the respective transition metal. The InÿIn bond lengths are given
in parentheses for each overlap population.


Parameter BaRhIn2 BaPtIn2


q (Ba) � 2.04 � 1.98
q (T) ÿ 2.06 ÿ 1.82
q (In) � 0.01 ÿ 0.08
OP (BaÿT) ÿ 0.039 ÿ 0.034
OP (BaÿIn) ÿ 0.023 ÿ 0.017
OP (TÿIn) � 0.358 � 0.381
OP (InÿIn) � 0.365 � 0.410


(309 pm) (310 pm)
OP (InÿIn) � 0.389 � 0.357


(314 pm) (316 pm)
OP (InÿIn) � 0.239 � 0.221


(382 pm) (391 pm)
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Abstract: Lipophilic guanosine deriva-
tives act as self-assembled ionophores.
In the presence of alkali metal ions in
organic solvents, these G derivatives can
form tubular polymeric structures. The
molecular aggregates formed by 3',5'-
didecanoyl-2'-deoxyguanosine (1) have
been characterised by SANS and NMR
spectroscopy. The polymer is structured
as a pile of stacked G quartets held


together by the alkali metal ions that
occupy the column�s central channel.
The deoxyribose moieties, with their
alkyl substituents, surround the stacked
G quartets, and the nucleoside�s long-


chain alkyl tails are in intimate contact
with the organic solvent. In this poly-
meric structure, there is an amazing
regularity in the rotamers around the
glycosidic bond within each G quartet
and in the repeat sequence of the G
quartets along the columns. In hydro-
carbon solvents, these columnar aggre-
gates form lyomesophases of the choles-
teric and hexagonal types.


Keywords: guanine ´ nucleobases ´
liquid crystals ´ neutron scattering ´
supramolecular chemistry


Introduction


Guanylic acids and guanine-rich oligonucleotides form liquid
crystalline phases of both the cholesteric and hexagonal types
in water.[1] The building blocks for these phases are columnar
aggregates based on the guanine quartet (G quartet). The G
quartet is formed by the self-assembly of four guanine bases, a
process that is templated by alkali metal ions such as K�. We
recently reported that lipophilic deoxyguanosine derivatives
are able to extract alkali metal ions from water into an organic


solvent. This phase transfer of salt occurs via the formation of
supramolecular complexes wherein each cation is surrounded
by two lipophilic G quartets and coordinated to 8 oxygen
atoms (Figure 1). Depending on the experimental conditions,
either discrete octamers, G8 ± K�, or polymeric aggregates,
(G)n ± (K�)m, can be formed upon coordination of K� ions by
the G quartets.[2±4] The structure of the K�-bound octamer,
18 ´ KPic, formed by 3',5'-didecanoyl-2'-deoxyguanosine 1 and


K� picrate (KPic) in CHCl3 has been characterised by NMR
spectroscopy. In solution, the two G quartets that sandwich
the K� cation adopt a twisted head-to-tail arrangement.[5]


Furthermore, the conformations around the glycosidic bonds
within the octamer, 18 ´ KPic, are quite unique: one G quartet
has an unusual all-syn conformation, while the glycosidic
bonds in the other G quartet are all of the anti type.[3]
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The crystal structure of the K� picrate complex of G
derivative 2 confirms what was found in solution for the dG
derivative 1. In the solid state, a K� cation is sandwiched
between two G quartets that are arranged in a head-to-tail
orientation. Again, the glycosidic torsion angles are homoge-
neous within each G quartet.[6] Thus, both solution and solid-
state studies indicate that discrete G8 octamers can be formed
in a diastereospecific manner. As described below, these
lipophilic G derivatives can form even higher ordered
polymeric structures in organic solvents.


Self-assembly of low molecular weight building blocks into
noncovalent, polymeric nanostructures has attracted consid-
erable interest. This attention has been primarily driven by
the demonstration that self-assembly is ideally suited for the
construction of devices on a molecular scale.[7, 8] As mentioned
above, the G-quartet motif is particularly attractive for self-
assembly. One of our continuing goals is to utilise the self-
assembly of lipophilic G derivatives to build functional
nanostructures. Our recent findings have been encouraging.
For example, cation-induced aggregation of lipophilic G


derivatives gives soluble poly-
mers that display enantioselec-
tive discrimination towards
binding chiral anions.[4] Also,
stacked lipophilic G quartets
formed from G 2 in organic
solvents constitute a simple and
attractive model for a self-as-
sembled ion channel.[6] Finally,
we have shown that lipophilic G
derivatives can also form un-
usual chiral liquid crystals,
again based on the columnar
stacking of individual G quar-
tets.


Because of their potential
importance in providing new
nanostructures, it is crucial that
we develop strategies for char-
acterising the structure of these


G-aggregates. In contrast to our detailed NMR and X-ray
studies on the smaller G8 ± K� octamers, structural character-
isation of the organic-soluble G-quartet polymers has relied
solely on the 4:1 G to K� picrate stoichiometry observed after
alkali metal picrate extraction by the lipophilic G derivatives.
In this paper, we report the characterisation of G-quartet
aggregates using both small-angle neutron scattering (SANS)
and NMR spectroscopy. Furthermore, the formation of
cholesteric and hexagonal lyomesophases by 1 is observed
in hydrocarbon solvents.


Results and Discussion


SANS study : Two different guanosine samples, obtained upon
CDCl3 extraction of potassium picrate from aqueous solutions
of different salt concentrations, were studied by SANS (the
details of the SANS data treatment are described in the
Appendix). For the two samples, the nominal molar ratios of
G 1 and K� picrate in the organic phase, [G]/[K], were about
8:1 and 4:1, respectively. The 8:1 ratio corresponds to 1 K� ion
per 2 G quartets for the first sample, and the 4:1 ratio
corresponds to 1 K� ion per G quartet for the second sample.
Under the same extraction conditions, previous 1H NMR
measurements in chlorinated organic solvents showed either
the octamer, 18 ´ KPic, made by two assembled G quartets, or
the polymer (14 ´ KPic)n, made by repeated G-quartet stack-
ing. The relative ratios of octamer 18 ´ KPic and polymer (14 ´
KPic)n depended on the amount of K� that was extracted from
the aqueous solution into the organic phase.[2, 3]


Figure 2 shows the SANS profiles obtained from the
samples containing the smaller ([G]/[K]� 8, Figure 2a) and
the higher ([G]/[K]� 4, Figure 2b) amounts of KPic in solution.
Both profiles show an intense signal characterised by a pro-
nounced and well-defined second peak around Q� 0.24 �ÿ1


(Q is the scattering vector, see Experimental Section).
The SANS profiles were analysed by means of the global


fitting procedure discussed in the Appendix,[9, 10] by consider-
ing as particle models cylinders of length L with a central core


Abstract in Italian: Derivati lipofili della guanosina agiscono
come ionofori autoassemblanti. In presenza di ioni di metalli
alcalini questi derivati possono formare, in solventi organici,
strutture polimeriche tubulari. Gli aggregati molecolari formati
dalla 3',5'-didecanoil-2'-desossiguanosina 1 sono stati caratte-
rizzati mediante SANS e spettroscopia NMR. La struttura del
polimero eÁ costituita da una pila di G-quartetti sovrapposti
tenuta assieme dagli ioni dei metalli alcalini che occupano il
canale centrale della colonna. Le unitaÁ di desossiribosio, con i
loro sostituenti alchilici, circondano i G-quartetti impilati e le
code alchiliche a lunga catena del nucleoside entrano in intimo
contatto con il solvente organico. In questa struttura polimerica
c�eÁ una impressionante regolaritaÁ di distribuzione dei rotameri
(attorno al legame glicosidico) all�interno di ogni singolo
G-quartetto e nella sequenza di ripetizione dei G-quartetti
lungo le colonne. In solventi idrocarburici, questi aggregati
colonnari formano liomesofasi di tipo colesterico ed esagonale.


Figure 1. The G quartet (A) and a sketch of the octameric G8 ´ K� (B) and polymeric (G4 ´ K�)n (C) aggregates.
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Figure 2. Small angle neutron scattering from the samples containing
a) 1 K� ion per 2 G quartets and b) 1 K� ion per G quartet. The lines
correspond to the best fit to the data (see text for details).


of radius Rin and scattering length density 1in, and a concentric
shell of thickness RextÿRin of different scattering density 1ext


[see Equation (4)].
In particular, best fits were obtained considering the


coexistence of two families of cylindrical particles, with the
same two-level scattering densities and radial dimensions, but
different lengths L : short cylinders (oligomers, with no< 20)
and freely rotating in the space, and long cylinders (polymers,
with np> 20) preferentially oriented in a plane parallel to the
cell walls (see Appendix).


The internal and external radii obtained from the global fit
are Rin� 12.6� 0.5 �, Rext� 20.1� 0.5 �, in good agreement
with the dimensions expected for the G quartet�s molecular
structure, while the unique concentration results NG quartet�
(4.4� 0.2)� 1016 cmÿ3.


For the sample that nominally contains 1 K� ion per 2 G
quartets, the best fit parameters show that the fraction of
quartets combined as short oligomers is f� 0.87� 0.06. This f
value means that, under these conditions, approximately 85 %
of the G derivative 1 is assembled into small oligomers, while
only 15 % of the aggregate is in the polymeric form. The fitted
maxima and the standard deviations of the gaussian distribu-
tions of lengths are no� 2, np� 20 and so� 3, sp� 8, for the
oligomeric and the polymeric forms, respectively. This result
clearly indicates that the condition [G]/[K]� 8 leads to the
preferential formation of short aggregates mainly composed
of two G quartets, while the long cylinders, which form in
small quantity, show a large polydispersity in length.


For the sample prepared with a nominal concentration of
1 K� ion per G quartet, the quality of the fit is found to be
independent on the oligomer fraction in the range f� 0 ± 0.5,
while the fit becomes very bad at higher f values. In practice,
the data are very well reproduced considering that almost all
the G quartets would be assembled as polymers. In this
condition, the parameters of the gaussian length distribution


are np� 20 and sp� 1, indicating that the polymeric forms
have quite constant length.


The present SANS data then show the facile self-assembly
of derivative 1 in CDCl3 in the presence of KPic. The particles
show dimensions that fully agree with the association of
guanosine derivatives to give G quartets and the further
formation of self-assembled species that are composed of at
least two G quartets. Moreover, as was the case in our
previous NMR studies,[2] a clear dependence of the self-
assembly process on the amount of K� ions present in the
organic solvent is evident from this SANS analysis. At the
nominal concentration of 1 K� ion per 2 G quartets, self-
assembly of the lipophilic guanosine derivative 1 preferen-
tially leads to short oligomeric aggregates widely distributed
as to length (no� 2, so� 3). Polymers are also present in
solution, but their concentration is quite low (f� 0.87). In
contrast, when 1 K� ion per G quartet is present in solution,
the formation of longer columns is favoured and, from SAXS
data, there is no clear evidence that a fraction of G quartets is
still assembled in short particles.


NMR study : NMR spectroscopy was also used to characterise
the polymeric aggregate formed by G 1 and K� cations in
organic solvents. Slow dissolution of potassium picrate into a
CDCl3 solution of 1 generates significant changes in the
1H NMR spectrum. The presence of the alkali metal ion
induces the splitting of each original signal into two different
resonances. As described in our previous paper, the original
NMR signals for G 1 gradually disappear and eventually
result in the formation of a self-assembled octamer, 18 ´ KPic.[3]


The octamer is stable in solution as long as the [G]/[K] ratio of
8:1 is maintained. However, with the decrease of the [G]/[K]
ratio from 8:1 upon further dissolution of K� picrate, addi-
tional variations in the 1H NMR spectrum are observed. Thus,
upon addition of excess K� picrate to G 1 the NMR spectrum
slowly changes over one week to give new sets of signals,
indicating complete formation of a new G aggregate in
solution. The stoichiometry of this new self-assembled species
was determined as [G]/[K]� 4 by relative integration of the
1H NMR signals for picrate and G 1. Both the 1H and
13C NMR spectra for this new aggregated species showed
three sets of signals in a 1:1:1 ratio (see Figure 3). Each NMR
peak was assigned and correlated by using a combination of
1H ± 1H NOESY, 1H ± 1H TOCSY and 1H ± 13C HMBC data
(Tables 1 and 2).


Figure 3. A region of the 400 MHz 1H NMR spectrum at ÿ5 8C of a
0.08 mol Lÿ1 solution of 1 in the presence of KPic (0.02 mol Lÿ1). Labels a,
s1 and s2 refer to signals due to anti, syn1, and syn2 conformers, respectively
(see text).
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As previously observed for the 18 ´ KPic octamer, the
existence of distinct sets of two amino proton signals
separated by more than 4 ppm and the presence of intermo-
lecular H8 ± NH(2) NOEs indicate that the new polymeric
species is assembled from G quartets.[3, 11] The stoichiometry
of [G]/[K]� 4 is fully consistent with the columnar polymeric
aggregate (14 ´ KPic)n formed by stacked G quartets that are
held together by cation coordination. The structure of
(14 ´ KPic)n in CDCl3 resembles the columnar structures that
are proposed to explain the aggregation of G derivatives in
water.[1]


The presence of three sets of signals that do not inter-
convert on the NMR chemical shift time scale and the specific
1H ± 1H NOEs indicate that G 1 residues within (14 ´ KPic)n


adopt three different conformations in solution. The specific
conformational isomers are one anti rotamer and two differ-
ent syn conformers. These conformers are characterised by
their different NOE cross-peak intensities between H(8) and
the sugar protons (with 100 ± 300 ms mixing times).[12] The anti
isomer, whose O(4')-C(1')-N(9)-C(4) dihedral angle c is
typically in the ÿ180� 908 range, is characterised by strong
H(8) ± H(2') NOEs and medium intensity NOEs for H(8) ±
H(1'), H(8) ± H(2''), H(8) ± H(5',5''). The syn isomers (c� 0�
908) are distinguished by their strong H(8) ± H(1') NOEs. A
qualitative evaluation of NOE cross-peak intensities suggests


that the existence of the two distinct syn rotamers is primarily
due to two factors: a) different sugar puckers for the syn
isomers, apparent from the distinct H(1') ± H(2',2'') NOESY
and TOCSY cross-peaks, and b) a different dihedral angle
around the glycosidic C(1') ± N(9) bond angle for the two syn
isomers. The c value is approximately 308 and 508 for the syn1
and syn2 isomers, respectively, while the anti isomer has a c


value in the range ÿ120� 108.
The (14 ´ KPic)n aggregate is stable over a temperature


range of approximately 100 8C. The 1H NMR spectra recorded
at different temperatures show small chemical shift changes
for the exchangeable protons NH(1) and NH(2), indicating
strong hydrogen bonding (Table 3). The NH(1) signals
detected at d� 10.72 and 10.73 at 208C invert their relative
position below room temperature, while the third NH(1)
signal (d� 11.3) moves towards higher frequencies faster than
the other two NH(1) signals do at low temperatures. Although
they are broad at room temperature, the signals for the three
hydrogen-bonded NH(2) protons are sharp and well-sepa-
rated at ÿ58C. Finally, one of the non-hydrogen-bonded
NH(2) peaks undergoes the largest temperature-dependent
change in chemical shift (over 0.5 ppm)


To determine the identity of the different conformational
isomers within each G quartet in (14 ´ KPic)n we followed the
procedure previously used to determine the G-quartet


Table 1. 1H NMR chemical shifts for (14 ´ KPic)n in CDCl3 at room temperature.


1H NH(1) NH(2)A NH(2)B H(8) H(1') H(2') H(2'') H(3') H(4') H(5')/H(5'')[a]


syn1 10.73 8.70 4.05 7.60 ± 7.62[b] 6.43 2.92 2.18 5.37 4.31 4.07; 4.82 ± 4.85[b]


syn2 10.72 8.93 4.86 7.67 ± 7.69[b] 6.06 3.60 2.64 5.71 4.23 3.99; 4.47
anti 11.36 9.00 4.76 7.64 6.23 2.68 2.41 5.46 4.11 4.15 ± 4.20[b] ; 4.41


[a] Not assigned. [b] For spectra measured at different times there is a small chemical shift difference.


Table 2. 13C NMR chemical shifts for (14 ´ KPic)n in CDCl3 at room temperature.


13C C(2)[a] C(4) C(5) C(6)[a] C(8) C(1') C(2') C(3') C(4') C(5')


syn1 151.00 116.04 139.50 85.61 37.39 73.18 81.60 65.88
syn2 152.39 115.50 141.07 86.70 37.02 76.32 81.35 63.52
anti 151.47 115.16 134.51 82.19 37.02 75.62 82.12 62.94


152.75, 152.17, 152.03 159.91, 159.83, 159.27


[a] Not assigned.


Table 3. Temperature dependence for the imino NH(1) and amino NH(2) proton chemical shifts.


T [8C] NH(1) NH(2)A NH(2)B NH(1) NH(2)A NH(2)B NH(1) NH(2)A NH(2)B
anti anti anti syn1 syn1 syn1 syn2 syn2 syn2


50 11.32 ± ± 10.75 ± ± 10.66 ± ±
40 11.33 ± ± 10.74 8.67 10.68 ± ±
30 11.35 ± 4.78 10.74 8.69 4.06[a] 10.69 8.91 4.76
20 11.36 9.00 4.76 10.73 8.70 4.05[a] 10.72 8.93 4.86
10 11.38 9.05 4.76 10.73 8.73 10.73 8.96 5.07


0 11.39 9.07 4.75 10.73 8.75 10.75 8.96 5.17
ÿ 5 11.40 9.09 4.75 10.73 8.76 4.04[a] 10.76 8.97 5.21
ÿ 10 11.40 9.10 4.74 10.73 8.76 10.76 8.97 5.25
ÿ 20 11.42 9.14 4.72 10.73 8.79 10.77 8.96 5.32
ÿ 30 11.42 9.16 4.72 10.74 8.81 10.77 8.94 5.35
ÿ 40 11.44 9.18 4.72 10.74 8.85 10.74 8.96 5.40
ÿ 45 11.44 9.20 4.70 10.75 8.86 10.75 8.96 5.42


[a] Obtained from NOESY spectra at 30, 20 and ÿ5 8C.
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structures in octamer 18 ´ KPic.[3] In that report, the geometry
of each G quartet was established on the basis of 1H ± 13C
HMBC and 1H ± 1H NOESY experiments. For 18 ´ KPic, one of
the G quartets was ªall-antiº while the other quartet was ªall-
synº. In the present work, we needed to correlate three sets of
exchangeable protons NH(1) and NH(2) for (14 ´ KPic)n. This
was achieved by recording a 1H ± 13C HMBC spectrum at
30 8C to correlate H(8) with its corresponding NH(1) signals
by 3JCH coupling to C(5) for the three different rotamers
(Figure 4). Although the three H(8) signals (d� 7.61, 7.63,


Figure 4. Top: the scheme of correlation between H(8) and NH(1) by 3J
coupling to C(5). Bottom: a region of the 13C ± 1H HMBC spectrum
recorded at 30 8C of 1 (0.08 mol Lÿ1) in the presence of KPic (0.02 mol Lÿ1).


7.68) and two of the NH(1) peaks (10.68, 10.72) are very close
in chemical shift at 308C, the assignments were unambiguous
because the C(5) signals are so well resolved at that temper-
ature. The C(5) resonances were assigned on the basis of their
3JC(5),H(8) correlations with the anti-H(8), syn1-H(8) and syn2-
H(8) protons. In this way the anti-NH(1), syn1-NH(1) and
syn2-NH(1) were readily determined by means of 3JC(5),NH(1)


coupling constants. Finally, the hydrogen-bonded and non-
hydrogen-bonded NH(2) signals were assigned by their strong
intramolecular NOEs with NH(1).[3, 11]


Once the various conformers were completely character-
ised, their arrangement into a G-quartet structure was shown


by the NOE cross-peaks between H(8) of one molecule and
the NH(2) protons of a neighbouring G 1 base. NOESY
spectra at ÿ58C, a temperature at which the the hydrogen-
bonded NH(2) signals for the three rotamers are well
resolved, revealed intraquartet H(8) ± NH(2) NOEs between
conformational isomers of the same type (Figure 5). This key


Figure 5. Top: the intraquartet NH(2) ± H(8) NOE in a G quartet. Bottom:
a region of the 2 D NOESY NMR spectrum recorded at ÿ5 8C of 1
(0.08 mol Lÿ1) in the presence of KPic (0.02 mol Lÿ1).


observation means that each set of 1H NMR signals corre-
sponds to a unique G quartet composed of 4 molecules of the
same conformation. Like the 18 ´ KPic octamer, each G
quartet within the (14 ´ KPic)n polymer is homogeneous in
terms of its rotamer composition.


The 2 D NMR data for (14 ´ KPic)n is consistent with a
structure composed of three distinct G quartets displaying an
all-anti (A), an all-syn1 (S1) and an all-syn2 (S2) arrangement.
The G polymer is then a repetition of a dodecamer building
block composed from these three different types of stacked G
quartets. The previously described octamer 18 ´ Kpic[3] pre-
sumably represents the first step of aggregation. Disregarding
the stacking polarity, there are three possible arrangements of
three quartets into a dodecamer. These relative arrangements
are symbolised as AS1S2 , AS2S1 and S1AS2 . The analysis of
NOESY spectra is most consistent with the AS1S2 arrange-
ment, as interquartet NOEs listed in Table 4 correlate some A
resonances with S1 resonances and correlate S1 signals with
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those from S2. The other two models can be excluded owing to
the lack of A-S2 NOEs.


In addition, interquartet NOEs are important for revealing
the relative stereochemical orientation of the three G
quartets. Each G quartet has two diastereotopic faces, a so-
called head and a tail.[5] In principle, eight (23) different
relative orientations of the G quartets are possible for the
AS1S2 arrangement. Analysis of the NOEs correlating some
protons from the A quartet with the S1 tetramer (entries 1 ± 5
in Table 4) confirms that the AS1S2 dodecamer is derived from
the AS1 octamer, whose structure is an all-anti G quartet
stacked on an all-syn G quartet in a head-to-tail arrangement.
In particular, the first three entries in Table 4 have already
been observed in the NMR study of the relative orientation of
the all-anti (A) and the all-syn (S) quartets in the 18 ´ KPic
octamer. In that study, the presence of these interquartet
NOEs excluded the possibility of other arrangements[3] such
as A(head) ± S(head); A(tail) ± S(head); A(tail) ± S(tail).
Therefore, the analysis is restricted to the two models:
A(head) ± S1(tail)/S1(head) ± S2(tail) and A(head) ± S1(tail)/
S1(head) ± S2(head). All the observed NOE effects are more
consistent with the former model.


The interquartet NOEs are also very useful in determining
the stacking model for the polymer, that is the self-association
pattern of dodecamers. The lack of interactions connecting
protons from the A and S2 G quartets suggests a dodecamer
repetition sequence of the type [AS1S2][S2S1A][AS1S2]-
[S2S1A][AS1S2] , wherein two all-anti quartets and two all-
syn2 quartets are close together, arranged respectively in a
tail-to-tail and in a head-to-head orientation (Figure 6).


If chloroform is removed from the solution of the polymeric
aggregate and replaced with either hexane or heptane, a
viscous liquid is obtained. Starting from a concentration of ca.
6 % (w/w) this liquid becomes birefringent and displays
textures typical of lyotropic cholesteric phases. A columnar
hexagonal phase is observed at higher concentration (from 16
to ca 40 % w/w). The full characterisation of these liquid
crystalline phases will be reported in a separate paper.[13]


Figure 6. A cartoon of the structure of the columnar aggregate. The three
different tetramers A, S1 and S2 are represented in different colours and the
two enantiotopic faces of the G quartets are labelled H (head) and T (tail).


Conclusion


The stereochemical regularity of these columnar polymeric G
aggregates is truly amazing. The modified nucleoside 1 must
contain all the structural information necessary to drive self-
assembly towards the highly ordered polymeric structure
schematised in Figure 6 The heterocyclic base contains the
cause of the G-quartet formation,[14] namely the two H-bond
donors NH(1) and NH(2) and the two H-bond acceptors CO
and N(7). The CO groups are also involved in the crucial
coordination of the alkali metal ions.[6] The sugar�s chirality
then dictates the chirality transfer to the pile of G quartets.
These stacked G quartets are not in register, but are rotated
by ca. 308 to generate a helical structure.[6] The sugar and the
C(3'), C(5') ester groups must also help control the glycosidic
bond stereochemistry and the subsequent self-association,
probably by steric effects. The fact that the ribo G derivative
with the same decanoyl ester groups at C(2'), C(3') and C(5')
self-assembles to give only an octamer, even with excess KPic
present, supports the importance of steric factors in the self-
assembly process.[15]


Appendix


SANS data analysis : The macroscopic differential coherent scattering
cross-section dS/dW(Q) (see definitions in the Experimental Part) of a
system composed of noninteracting monodisperse randomly oriented
particles is given by Equation (1), where Np is the particle number density
and P(Q) is the particle form factor. P(Q) depends on the size, shape and
internal features of the scattering particles.


d
P


dW
(Q)�NpP(Q) (1)


According to the present aggregation model[2] and the chemical compo-
sition, the scattering particles are expected to be cylinders of length L and
radius Rext, made up of two shells of different scattering length density. The
inner cylinder, with radius Rin of about 10 ± 12 �, contains the deoxygua-


Table 4. Interquartet NOEs for the two dodecamer models (mixing time 200 ms).


NOE Intensity A(head) ± S1(tail)/
S1(head) ± S2(tail)


A(head) ± S1(tail)/
S1(head) ± S2(head)


1 antiH(8) ± syn1H(5')[a] strong � �
2 antiH(8) ± syn1H(5'')[a] medium � �
3 syn1H(8) ± antiH(1')[a] medium � �
4 antiNH(1) ± syn1NH(1)[b] weak[c] � �
5 syn1H(8) ± antiH(1') medium � �
6 antiH(8) ± syn1H(3')[b] medium ? ?
7 syn1H(8) ± syn2H(3')[b] weak � ÿ
8 syn1H(8) ± syn2H(5') strong � ÿ
9 syn1H(8) ± syn2H(5'') medium � ÿ


10 syn2H(8) ± syn1H(1')[b] weak � � strong
11 syn2H(8) ± syn1H(2') strong � not strong
12 syn2H(8) ± syn1H(2'') medium � �
13 syn2H(8) ± syn1H(3') weak[b] � ÿ
[a] The interquartet NOEs are typical only of an octamer all-syn all-anti in a head-
to-tail arrangement.[3] [b] These interactions are detected at mixing times 400 ±
500 ms. [c] A ROESY experiment (mixing time 100 ms) established that the
observed interquartet NOEs were due to through-space magnetisation transfer, and
not due to chemical exchange between imino protons.
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nosine core, while the outer shell (of thickness of about 10 �) contains the
lipophilic tails. From the chemical structure and the molecular volumes,
scattering length densities of 1in� 4.23� 1010 cmÿ2 and 1ext�ÿ0.423�
1010 cmÿ2 have been calculated. The CDCl3 scattering length density is
10� 6.33� 1010 cmÿ2. On the basis of this model, detailed information on
the size and shape of the scattering particles can be obtained by comparing
the experimentally observed scattering curve to the form factor calculated
for a particular particle structure or for a mixture of known structures. In
the present case, for the oligomeric forms (indicated with the subscript o)
the Po(Q) has been modelled as the square of the cylinder axial factor and
of the cross-section factor averaged over all possible orientations as
Equation (2)[9, 10] , where Equation 3 holds. J1 is the first-order Bessel


Po(Q)�
Zp=2


0


[2pL
sin ��QL cos g�=2�
�QL cos g


F(Q,g)]2 sin gdg (2)


F(Q,g)� (1extÿ 10)R2
ext


J1�QRextsin g�
QRextsin g


� (1inÿ1ext)R2
in


J1�QRinsin g�
QRinsin g


(3)


function and g is the angle between the scattering vector Q and the longest
axis of the cylinder. In these equations, L is related to n times the distance
between two G quartets (assumed to be 3.4 �, as observed in lyotropic
liquid crystalline phases of guanosine derivatives).[1] In the particular case
where the cylinders are quite long and thus can show a preferred
orientation around g� 0 (i.e. parallel to the cell walls), the axial factor
sin [(QLcosg)/2]/[(QLcosg)/2] in Equation (4) goes to zero rapidly, except
when cos g is so small that it compensates for the largeness of L.[10] As a
consequence, for long, oriented cylinders (polymeric forms indicated with


p), Equation (4) holds, where F(Q,p/2) is defined in Equation (5).


Pp(Q)� 4p2L2F 2 (Q,p/2) (4)


F(Q,p/2)� (1extÿ10)R2
ext


J1�QRext�
QRext


� (1inÿ 1ext)R2
in


J1�QRin�
QRin


(5)


In our case, the self-assembly process led to oligomeric (short cylinders,
no< 20) or to polymeric (long cylinders, np> 20) species according to the
amount of alkali metal ions present in the chlorinated organic solvent.[2]


The SANS curve analysis was then performed assuming the presence in the
organic solution of the two families of particles, disordered oligomers and
oriented polymers. Therefore, using NG quartets to indicate the number density
of tetramers in solution and f to indicate the fraction of G quartets
assembled as oligomers, the scattering intensity was modelled according to
Equation (6), where the symbol h. . .i indicates an average over a gaussian"


d
P


dW


#
mod


(Q)�NG quartets


"
f


*
Po�Q�


no


+
� (1ÿ f)


*
Pp�Q�


np


+#
�A0 (6)


distribution of the cylinder length L� 3.4n �. In this equation, A0 is a
constant background, which mainly takes into account the incoherent
scattering.
The two SANS curves were analysed using a global fit procedure[16] based
on Equation (6) assuming common values for Rext, Rin and NG quartets but
distinct values for f and A0 and for the gaussian maxima and widths (no, so


and np, sp, for the oligomeric and polymeric forms, respectively).


Experimental Section


Synthesis of 2 : Decanoic acid (0.24 g, 1.39 mmol) and 1-adamantanecar-
bonyl chloride (0.25 g, 1.26 mmol) in 8 mL dry acetonitrile were stirred for
2 h under argon in the presence of freshly distilled triethylamine (0.6 mL,
4.3 mmol). Vacuum-dried 2'-deoxyguanosine (0.15 g, 0.52 mmol) and
DMAP (0.015 g 0.12 mmol) were then added and the resulting suspension
was stirred overnight at room temperature. TLC on silica gel (CH2Cl2/
MeOH 95:5) showed essentially complete conversion of the starting
guanosine. The suspension was then filtered and the precipitate was washed
subsequently with acetonitrile, ethanol, Millipore grade water and aceto-
nitrile. The white solid thus obtained was analytically pure 1 (94 % c.y.).[2]


Before use this material was recrystallised from absolute ethanol.


SANS experiments : The small angle neutron scattering experiments were
carried out at the Laboratoire Leon Brillouin (Saclay, France) with the


small-angle diffractometer PAXE, which is located on a cold neutron guide
of the Orphee reactor. The samples were measured at room temperature
(ca. 20 8C) in 2 mm thick quartz cells. The neutron wavelength l used was
4.15 � and the sample to 2D-detector distances were 1.5 m and 5.0 m; this
allows us to investigate a scattering Q range between 0.02 and 0.35 �ÿ1,
where the modulus of the scattering vector Q is defined as 4p sinq/l, with 2q


the scattering angle.


The raw data were corrected for electronic noise and sample-holder signal
by measurement of an empty quartz cell. Since the scattering is isotropic,
the data were radially averaged to improve statistics. The scattered
intensities have been converted into absolute units (dS/dW, in cmÿ1) by a
direct determination of the incident flux.[17]


NMR experiments : The samples were prepared as follows: solutions were
prepared by dissolving 40 mg (0.069 mmol) of 1 and 4.6 mg (0.017 mmol) of
KPic in 1 mL of CDCl3 stored over molecular sieves (4 �). The samples
were sonicated for several hours, in order to ensure complete dissolution of
potassium picrate. NOESY and HETCOR data were recorded on a Varian
Gemini 300 (300 MHz) instrument; HMBC and TOCSY spectra were
recorded on a Varian Mercury 400 (400 MHz) spectrometer; 1H and 13C
spectra were collected at different temperatures on both the instruments;
d(H) values are reported in ppm from the solvent peak in CDCl3 solutions.


The NOESY experiments were recorded at ÿ5, 20 and 308C with mixing
times 50 ± 500 ms in the phase-sensitive mode. The data were collected
using a 908 pulse width of 12 ms and a spectral width 4500 Hz. Altogether,
8 repetitions were collected for 256 time increments. The relaxation delay
was 2.5 s.
The instrumental settings for the HETCOR experiment were: spectral
width 3873 Hz and pulse width 12 ms (908 flip angle) for 1H, spectral width
14405 Hz and pulse width 12 ms (908 flip angle) for 13C. A total of
4096 scans were collected for 48 time increments. The relaxation delay was
2 s.


The HMBC data were collected with the sample nonspinning at 308C using
a 908 pulse width of 13.5 ms for 1H and 12.5 ms for 13C. The spectral width
was 5394 Hz in the F2 dimension (1H) and 19 157 Hz in the F1 dimension
(13C). A total of 48 repetitions were collected for 1024 time increments. The
relaxation delay was 2 s.


The TOCSYexperiment was conducted in the phase-sensitive mode using a
908 pulse width of 13.5 ms and a spectral width of 5060 Hz in each
dimension. The relaxation delay was 1.5 s and the mixing time was 100 ms.
A total of 4 repetitions were collected for 128 time increments.
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Determination of Absolute Configuration of (p-Allyl)Palladium Complexes
by NMR Spectroscopy and Stereoselective Complexation


Adolf Gogoll,* Charlotte Johansson, Andreas AxeÂn, and Helena Grennberg[a]


Abstract: The chiral chelating ligand N,N'-bis(phenylethyl)bispidine (1) forms a rigid
cavity which accommodates (p-allyl)palladium species with high selectivity. In the
resulting complex, the absolute configuration of the p-allyl ligand can be determined
by the detection in NMR spectra of a few unambiguous interligand NOEs. Dynamic
processes involving the p-allyl ligand can be investigated. Depending on the
analytical target, ligand (S,S)-1 or (R,R)-1 may be used.


Keywords: absolute configuration ´
allyl ligands ´ chelates ´ chiral
resolution ´ NMR spectroscopy ´
palladium


Introduction


(p-Allyl)palladium complexes are important intermediates in
organometallic synthesis. They have attracted a great deal of
interest because they allow the enantioselective formation of
CÿC bonds through allylic alkylation.[1] Therefore, the
structural characterization of these compounds is of general
interest, in particular when a chiral auxiliary ligand is present.
Although the occurrence of enantiomeric p-allyl ligands, and
their effects on NMR spectra, was recognized in the earliest
investigations, their absolute configuration was not deter-
mined at that time.[2] Current investigations focused on their
synthetic use mostly employ meso-p-allyl ligands together
with chiral auxiliary ligands.[1] On the other hand, the absolute
configuration of a few p-palladium complexes has been
determined.[3] Because of their dynamic behavior, (p-allyl)Pd
complexes are more challenging, even if their static structure
is simple.


The chloro dimers of chiral p-allyl ligands show a broad-
ening, and sometimes a splitting, of 13C NMR signals, since
several diastereomeric species are present (Scheme 1).[4] This
effect disappears when the dimers are converted into mono-
mers by the addition of achiral, chelating nitrogen ligands
such as bipyridyl.


Here we present a method for determining the absolute
configuration of chiral p-allyl ligands by using an auxiliary
ligand in a straightforward NMR investigation and relying on
the presence of a few key NOEs. In particular, assumptions
about conformer equilibria, quantitative comparisons of NOE
sizes, or time consuming computations are not involved.


Scheme 1. Species present in a sample of racemic [4-acetoxy-(1,2,3-h3)-
cyclohexenyl]palladium (4).


Results


Auxiliary ligand : 3,7-(1'-Phenylethyl)-3,7-diazabicyclo[3.3.1]-
nonane (1) was used as auxiliary ligand. Based on our previous
structural work with bispidine derivatives,[5] we expected this
ligand to form complexes with a tight chiral cavity for the (p-
allyl)palladium unit. As can be shown by simple model building,
in these complexes, steric interactions between the ligands
should allow only one particular orientation of the phenyl-
ethyl groups (Figure 1). We have previously observed similar
conformational restrictions with 1,5-dimethyl-3,7-(diphenyl)-
3,7-diazabicyclo[3.3.1]nonan-9-one as a ªmolecular brakeº
ligand that could hinder rotation about a CÿC single bond.[5b]


Ligand 1 was obtained by an improved literature synthesis
that avoids the use of hydrazine (Scheme 2),[6] to yield (S,S)-1
or its enantiomer (R,R)-1 in 38 % yield from (S)- or (R)-1-
phenylethyl amine, respectively.


Complete signal assignment and conformational analysis of
the free ligand was achieved by NMR spectroscopy as
described previously.[7±9] The results are summarized in Fig-
ure 2 and indicate that the phenyl group is oriented toward
the unoccupied space at the ªbottomº of the molecule.


[a] Ass. Prof. Dr. A. Gogoll, C. Johansson, Dr. A. AxeÂn,
Ass. Prof. Dr. H. Grennberg
Uppsala University, Department of Organic Chemistry
Box 531, 751 21 Uppsala (Sweden)
Fax: (�46) 18-512524
E-mail : adolf@kemi.uu.se
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Figure 1. Steric characteristics of ligand 1.


Complexation studies : The suitability with auxiliary ligand 1
was tested in complexes with (p-allyl)Pd units of increasing
steric demands; these contained nonchiral, acyclic chiral,
conformationally flexible cyclic chiral, and rigid cyclic chiral
p-allyl ligands.


Complex with (1,3-h3-propenyl)palladium (2), [2 ´ (S,S)-1]:
This small ligand allows quick mapping of the chiral cavity,
because only one conformation of the p-allyl ligand can exist.
As expected, only one complex, with five nonequivalent p-
allyl protons, is observed. The protons in the two halves of the
auxiliary ligand 1 are nonequivalent with respect to the
orientation of the p-allyl ligand when dynamic processes are
slow on the NMR timescale (below ÿ10 8C with a 400 MHz
instrument). The presence of the p-allyl ligand forces the
phenylethyl moieties of the bispidine ligand 1 into a con-


formation in which the phenyl groups point to the ªsidesº
(Figure 3), thus providing a maximum space for the (p-
allyl)Pd unit. This is confirmed by interligand NOEs with the
aliphatic phenylethyl protons.


Figure 3. Interligand NOEs observed in [2 ´ (S,S)-1].


Dynamic processes : Of the several dynamic processes that
occur in (p-allyl)Pd complexes,[1a] apparent p-allyl rotation


(Figure 4) often has the most
pronounced effect on the ap-
pearance of the spectra. In the
complex [2 ´ (S,S)-1], the p-allyl
proton signals are not affected
owing to the C2 symmetry of 1.
Protons in the two halves of the
auxiliary ligand 1 that face either
the base or the top (position H2,
see Figure 3) of the p-allyl
group, exchange between two
positions. The free energy of
activation for apparent p-allyl
rotation is DG=


c � 58 kJ molÿ1.
Exchange of syn- and anti


protons on C1/C3 through a p ±
s ± p rearrangement is too slow
at room temperature to affect
the spectra, but can be detected
by saturation transfer. Exchange
of the coordination faces would
result in pairwise exchange be-
tween the two trans and the two
cis protons,[1a] but is not ob-
served. Addition of Pd0, which
should increase the rate of this
process, has no effect.


Scheme 2. Synthesis of 1. a) (CH2O)n, KOH, EtOH. b) LiAlH4, THF. c) I2, Pred, 120 8C, PhCH(NH2)CH3,
toluene.


Figure 2. Solution conformation and numbering scheme for 1.


Figure 4. Apparent p-allyl rotation in complex [2 ´ (S,S)-1].
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Complex with (1,3-h3-butenyl)palladium (3), [3 ´ (S,S)-1]: This
is the simplest possible model of a chiral (p-allyl)palladium
unit, in which the chirality of the auxiliary ligand 1 is put into
use.


Addition of the auxiliary ligand (S,S)-1 to the racemic
chloro dimer results in the formation of a mixture of
diastereomeric complexes [Eq. (1)]: [(2S,3S)-3 ´ (S,S)-1] and
[(2R,3R)-3 ´ (S,S)-1]. The latter undergoes a syn ± anti isomer-
ization at C3 of the p-allyl ligand within hours, presumably
because of the strong steric interaction between the ligands.
This results in a mixture of two diastereomeric complexes,
that is {(S,S)-1 ´ [(2S,3S)-(3-syn)(1,3-h3-butenyl)palladium]},
[(2S,3S)-3 ´ (S,S)-1], and {(S,S)-1 ´ [(2R,3S)-(3-anti)(1,3-h3-bu-
tenyl)palladium]}, [(2R,3S)-3 ´ (S,S)-1]. Structural assignment
was achieved by analysis of multiplet structure and NOEs.
The syn and anti isomers were distinguished by the coupling
constants between H2 and H3 (syn isomer: 11.2 Hz, anti
isomer: 7.6 Hz), and by the NOE between H2 and either Me3
(syn isomer) or H3 (anti isomer). Orientation of the (1,3-h3-
butenyl) ligand towards (S,S)-1 was indicated by interligand
NOEs. The following observations are summarized in Fig-
ures 5 and 6, which also show the relative orientation of the
ligands. In the complex with the syn isomer, NOEs were
observed between H1syn and both Me13 and H12 in the
phenylethyl group, and between H3 of the p-allyl group and
Me11. In the complex with the anti isomer, the p-allyl H1syn


showed an NOE with the methine proton H10, whereas the
H1anti showed an NOE with the methyl group Me11. In this
complex, NOE peaks are observed between the H3 of the p-
allyl group and both Me13 and H12.


Evidently, the syn ± anti isomerization is triggered by the
very restricted cavity provided by the auxiliary ligand and
which has to accommodate the p-allyl ligand. Whereas syn-
(2S,3S)-3 fits nicely, the methyl group of its enantiomer syn-
(2R,3R)-3 would bump into the phenylethyl methyl group,
which is avoided by conversion to the anti isomer (Scheme 3).


Ligand-induced syn ± anti isomerizations of (p-allyl)palla-
dium species have been used for preparative purposes with
bipyridyl and related heteroaromatic ligands and with varying
success.[10] The anti effect of these auxiliary ligands was,
however, usually less pronounced. Presumably these flat
ligands cannot provide an equally well-defined cavity, and,
therefore, ligand interaction is reduced by a distortion of the
complex in which one ligand is bending out of the metal
coordination plane. In other complexes, steric interaction
between ligands has resulted in rotation of the p-allyl ligand
about the ligand ± metal axis.[11] This is not possible with
bispidine derivatives. The present results also relate to recent
work by Osborn in which steric interactions were used to
explain the stereoselectivity of allylic alkylations.[12]


Figure 5. Interligand NOEs observed in [(2S,3S)-3 ´ (S,S)-1].


Figure 6. Interligand NOEs observed in [(2R,3S)-3 ´ (S,S)-1].


Scheme 3. Formation of the anti isomer of 3 due to steric interaction with 1.


(1)
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Dynamic processes : In a static mixture, both diastereomers
should show one set of signals for the p-allyl ligand and one
set of signals for the auxiliary ligand. This is observed at low
temperatures (ca. ÿ308C). At higher temperatures, the
spectra are affected by the apparent p-allyl rotation (Fig-
ure 7),[13] in a way that corresponds to the observations with


Figure 7. Apparent p-allyl rotation in complex [syn-3 ´ (S,S)-1].


the propenyl ligand, 2. For each diastereomer, this process
reduces the number of signals from the auxiliary ligand, but
has no effect on the p-allyl proton signals, owing to the C2


symmetry of the auxiliary ligand. This is also observed for the
two diastereomeric complexes. For example, the two methine-
proton quartets of each diastereomer exchange with each
other, but with different activation energies. For the syn
isomer, DG=� 64.6 kJ molÿ1, whereas for the anti isomer a
slightly higher value DG=� 67.2 kJ molÿ1 was observed. This is
much higher than the value for the propenyl complex of
58 kJ molÿ1, but might be due, in part, to the different
counterions which had to be used (2 : CF3SO3


ÿ, 3 : BF4
ÿ).


Exchange of coordination face of the p-allyl ligand[1a] would
result in an exchange between the syn and the anti forms of


the (1,3-h3-butenyl) ligand in the complex 3 ´ 1. This was not
observed. Exchange of syn and anti protons on C1 through a
p ± s ± p rearrangement is likely to occur at higher temper-
atures, but does not affect the chirality of the ligand, and was
not investigated.


(4-Acetoxy-1,2,3-h3-cyclohexenyl)palladium (4): The 1H NMR
spectra of the racemate 4 (cf. Scheme 1), prepared from 1,3-
cyclohexadiene,[14] revealed the presence of two separate
complexes [(R)-4 ´ (S,S)-1] and [(S)-4 ´ (S,S)-1], which have
well-resolved signals (Figure 8). From this diastereomeric
mixture, the former component with R configuration at C4
could be separated by crystallization.


Following a complete signal assignment by routine NMR
methods (see Experimental Section), absolute configurations
were assigned by using interligand NOEs between protons in
the chiral phenylethyl groups of (S,S)-1 and H4 at the chiral
center C4 of the p-allyl ligand. The cyclohexenyl ring is most
likely to occupy a chairlike conformation (Figure 9) with the
acetoxy substituent in a pseudoequatorial position.[15]


Figure 9. Structurally significant interligand NOEs in the complexes
formed from (S,S)-1 and the two enantiomers of 4.


In [(R)-4 ´ (S,S)-1], for which the isomerically pure material
could be isolated, an NOE is observed between a methine
proton of the phenylethyl group and H4. This is possible only
if the configuration at C4 is R. In the case of [(S)-4 ´ (S,S)-1],
an NOE is observed between one methyl group of (S,S)-1 and


Figure 8. 1H NMR spectra (400 MHz, CDCl3, ÿ50 8C, phenyl region not shown) for (4): a) [(R)-4 ´ (S,S)-1] isomer and b) chlorodimer of 4.
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H4 in the p-allyl ligand instead. Inspection of a molecular
model reveals that these groups are only in the vicinity of each
other if the configuration at C4 in the p-allyl ligand is S
(Figure 9). Hence, one single NOE is sufficient to deduce the
stereochemistry of 4. Note that the orientation of the phenyl-
ethyl groups is the same as in the propenyl and butenyl
complexes, that is, ligand 1 provides the same cavity for this
larger p-allyl ligand.


1-(S)-2-methylene-6,6-dimethyl-bicyclo-[3.1.1]hept-2,3,10-h3-
enyl)palladium [(S)-5]: Complexes were formed between (S)-
5 (prepared from (1S)-b-pinene)[16] and the two ligands (S,S)-1
and (R,R)-1. This seemed to be a good test of the method
because the absolute stereochemistry of the p-allyl ligand is
known. Interestingly, only (S,S)-1 formed a stable complex,
while (R,R)-1 only showed a very weak complexation.


All proton signals in the complex [(S)-5 ´ (S,S)-1] were
assigned by standard procedures (see Experimental Section).
Complexation is indicated by the appearance of two sets of
aliphatic phenylethyl proton signals, that is, Me11�H10 and
Me13�H12 (Figure 10). In this situation, for the complex


Figure 10. Structurally significant interligand NOEs in the complex
formed from (S)-5 and (S,S)-1. The structure of the unstable complex
formed from (R,R)-1 is also shown.


with the (S,S)-ligand, a geometry is obtained in which NOE
peaks are observed between H10a and both the H12 proton
and the Me13 group, but not for H10b. On the other side, an
NOE peak is seen between H10 and H4a and between Me11
and H3. This latter effect would not be possible in the complex
formed with the (R,R)-ligand.


Formation of the complex with (R,R)-1 is disfavored
because of the strong steric interactions that would be
required to accommodate the methyl group on the C4 side


(indicated by an arrow in Figure 10). In contrast to the
complex of (1,3-h3-butenyl)palladium (2), (S)-5 can not avoid
this steric interaction by syn ± anti isomerization. This shows
the enantioselectivity of ligand 1.


Comparing the complexes between 1 and the (p-allyl)pal-
ladium species 5 or 4, it should be noted that apparent p-allyl
rotation is slow for [(S)-5 ´ (S,S)-1]; this is indicated by the
observation of separate signals for both sides of the bispidine
ligands at room temperature. Corresponding behavior has
previously been observed in complexes with N,N'-dibenzyl
bispidine derivatives.[5a] On the other hand, for the complexes
with 4, this movement of the two ligands relative to each other
had to be frozen out, indicating a stronger steric interaction
for 5 than for 4.


Discussion


The chiral bispidine derivative 1 allows straightforward
determination of the absolute configuration of (p-allyl)Pd
complexes. Another property of general interest is the strong
steric interaction between the two organic ligands in its
complexes, which may enforce isomerization of the p-allyl
ligand (e.g. 3) or facilitate isolation of the diastereomeric
complexes (e.g. 4). Investigation of the complexes by NMR
spectroscopy provides structural information in a straightfor-
ward way. Only NOEs of easily located ligand signals, and the
methyl and methine ºantennaeº (Figure 11), are required. A
full assignment of the bispidine backbone protons is not
necessary, although it has been provided here. The rigidity of 1
also makes computations of complex geometries unnecessary,
and simple model building is sufficient.[17] For the present
purpose, this ligand therefore has advantages compared with
other types of chiral ligands used with (p-allyl)Pd complexes.
In early investigations of simple (p-allyl)palladium complexes
with the chiral ligand phenylethyl amine, no interligand NOEs
were observed.[2c] Ligands such as 2,2'bis(diphenylphosphi-
no)-1,1'-binaphthyl (BINAP) and bis(diphenylphosphino)bu-
tane (Chiraphos)[1d±f] have been used for synthetic purposes,
but in these, the chiral centers are further away from the metal
than in 1 (Scheme 4). Moreover, these ligands direct two
equal groups (e.g. phenyl) toward the p-allyl unit, as
compared with the methyl and methine antennae of 1. In
addition, 1 possesses the rigid bispidine skeleton, whereas a
more flexible backbone is present in chiraphos or other
acyclic diphenylethane derivatives. Recently, ligands with C1


symmetry have become increasingly popular for synthetic
applications,[1e, f] but they result in more complicated NMR
spectra than those observed for the complexes of 1, which
have C2 symmetry.[18]


Complexes with the chiral ligand sparteine (Scheme 4),
which is structurally related to 1 by having the same back-
bone, have been investigated.[1h] The disadvantages of spar-
teine for analytical purposes are its low symmetry, which
results in complicated spectra, and its lack of large substitu-
ents that would protrude toward the p-allyl ligand. It should
be noted that complexes of 1 are unreactive in, for example,
allylic alkylations; this may also be attributed to the strong
steric interactions between the organic ligands.
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Scheme 4. Chiral chelating ligands.


Conclusion


The (S,S)- and (R,R)-enantiomers of the chiral bispidine
derivative 1 form complexes with (p-allyl)palladium species
with high stereoselectivity. In the 1H NMR spectra of the
resulting complexes, signals of ºantennaº protons are easily
identified. Interligand NOEs involving these protons allow
the absolute stereochemistry of the (p-allyl)palladium com-
plex to be quickly and unambiguously determined. Compu-
tations of the complex geometry are not required. It should be
possible to extend this application to other substrates, where
alternative methods do not always produce reliable results.[19]


Experimental Section


General experimental details : 1H and 13C NMR spectra were recorded for
CDCl3 solutions at 400 and 100.6 MHz, respectively. Chemical shifts are
reported in ppm referenced to TMS through the solvent signal (1H: CHCl3


at d� 7.26, CHD2OD at d� 3.30, 13C: CDCl3 at d� 77.0, CD3OD at d�
49.0). NMR signals were assigned from P.E.COSY,[20] HSQC,[21] HSBC,[22]


NOESY[23] , ROESY[24] and NOE difference spectra.[25] For NOESY and


ROESY experiments, mixing times
between 0.5 s and 1.2 s were used.
Mass spectra were recorded on a
Thermoquest GCQ instrument in EI
mode at 70 eV. Infrared spectra were
recorded on a Perkin ± Elmer 1600
FTIR spectrometer. Progress of the
reactions was followed by TLC on
Merck precoated silica gel 60-F254


plates. For column chromatography,
Merck Kieselgel 60 (230 ± 400 mesh)
was used. All melting points reported
are uncorrected. Commercially avail-
able chemicals were used as pur-
chased. Unless stated otherwise, com-
plexes were formed by adding the
chloro dimer of the (p-allyl)palladium
complex and silver trifluoromethane
sulfonate to chloroform (2 mL). The
mixture was stirred under a nitrogen
atmosphere for 1 min and then an
equimolar amount, relative to palla-
dium, of ligand 1 was added. After
10 min of stirring the mixture was
filtered or centrifuged. Diethyl ether
or cyclohexane was added to the clear
solution to initiate precipitation, fol-
lowed by storage of the mixture at
ÿ20 8C. The precipitate was collected
and dried in vacuo. Because of the
straightforward method of the prepa-
ration, elemental analyses were not
performed. Free energies of activation
were calculated from signal coales-
cence in NMR spectra (DG=


c �, or by
full line-shape analysis (DG=) by using
gNMR v. 4.1.0 (Cherwell Scientific).


Propane-1,1,3,3-tetracarboxylic acid tetramethylester (7):[26] The literature
procedure was used with modifications. Paraformaldehyde (1.1 g, 36 mmol)
and dimethylmalonate (6 ; 19.1 g, 144 mmol) were heated to 70 8C and
KOH in ethanol (10 %, ten drops) was added. The temperature was
increased to 95 8C and the heating was continued for 15 h. After cooling,
the product was extracted with benzene/water (200 mL, 1:1; then benzene
2� 50 mL) that was acidified to pH 3 with aq. HCl. The water phase was re-
extracted with benzene and the combined organic phases were concen-
trated in vacuo. Excess dimethyl malonate was distilled off through a short
column under reduced pressure (130 8C, 5 mm Hg). Cooling yielded white
crystals, (8.93 g, 90 %). M.p. 40 ± 42 8C; 1H NMR (400 MHz, CDCl3, 25 8C):
d� 3.70 (s, 12 H; CH3), 3.49 (t, J(H,H)� 7.5 Hz, 2 H; CH), 2.46 (t, J(H,H)�
7.5 Hz, 2H; CH2); 13C NMR (100.6 MHz, CDCl3, 25 8C): d� 168.8, 52.7,
48.9, 27.3; IR (KBr) nÄ � 2990, 1750, 1450, 1320 cmÿ1.


1,5-Dihydroxy-2,4-di(hydroxymethyl)pentane (8):[26] LiAlH4 (2.66 g,
70 mmol) was dissolved in dry THF (50 mL) and cooled in an ice bath.
Compound 7 (8.28 g, 30 mmol) dissolved in dry THF (50 mL) was added
drop by drop to the stirred LiAlH4 solution, by means of a dropping funnel.
After completion of the addition (ca. 30 min), stirring was continued for
30 min while keeping the temperature at 0 8C, followed by 5 h of heating
under reflux. The reaction mixture was cooled in ice, and water (5 mL) was
added, followed by aq. NaOH (15 %, 5 mL) and water (10 mL). Stirring
was continued for 30 min at 0 8C, and the reaction mixture was then filtered.
The solid was collected and extracted for 24 h in a Soxhlet apparatus with
THF (300 mL) as solvent. The THF was removed under reduced pressure
yielding off-white crystals, (1.82 g, 28%). M.p. 130 8C (Lit: 129 ± 130 8C);
1H NMR (400 MHz, CD3OD, 25 8C): d� 3.54 (m, 8 H; CH2O), 1.71 (m, 2H;
CH) 1.25 (t, J(H,H)� 7.0 Hz, 2 H; CH2); 13C NMR (100.6 MHz, CD3OD,
25 8C): d� 62.9, 40.7, 26.3; IR (KBr) nÄ � 3317, 2934, 1560, 1507, 1474 cmÿ1.


1,5-Diiodo-2,4-(diiodomethyl)pentane (9):[27] Red phosphorus (1.55 g,
50 mmol) and iodine (19.03 g, 150 mmol) were mixed and stirred at
100 8C for 1 h. Compound 8 (1.3 g, 6.13 mmol) was added in small portions,
and the mixture was stirred at 120 8C for 4 h. The reaction mixture was
cooled in an ice bath, and water (20 mL) was added and the mixture was


Figure 11. 1H NMR spectra (400 MHz) of complexes [2 ´ (S,S)-1] (CDCl3, ÿ40 8C; top) and [3 ´ (S,S)-1]
([D6]acetone, ÿ30 8C; bottom).
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stirred at 0 8C for 1 h. The mixture was filtered and the solid was washed
with water followed by acetone. The resulting crystals were recrystallized
from carbon tetrachloride giving slightly yellow crystals that were dried
under vacuum, (1.84 g, 50 %). M.p. 103 8C (Lit: 103 ± 103.5 8C); 1H NMR
(400 MHz, CDCl3, 25 8C): d� 3.67 (dd, J(H,H)� 10.1, 4.1 Hz, 4 H; CH2I),
3.18 (dd, J(H,H)� 10.1, 6.2 Hz, 4H; CH2I), 1.51 (t, J(H,H)� 6.7 Hz, 2H;
CH2), 1.38 (m, 2 H; CH); 13C NMR (100.6 MHz, CDCl3, 25 8C): d� 39.2,
37.8, 13.0; IR(KBr) nÄ � 1560, 1381, 916, 722 cmÿ1.


(S,S)-3,7-Bis(1''-phenylethyl)-3,7-diazabicyclo[3.3.1]nonane ([(S,S)-1]):
Compound 9 (1.8 g, 3 mmol) and (S)-1-phenylethyl amine [(S)-10] were
mixed in toluene (25 mL) and refluxed for 60 h under a nitrogen
atmosphere. After cooling, the reaction mixture was extracted with aq.
NaOH (10 %). The aqueous phase was re-extracted with toluene, and the
solvent of the combined organic phases was removed under reduced
pressure. The resulting oil was purified by bulb-to-bulb distillation followed
by column chromatography (pentane/diethyl ether/triethyl amine 9:9:2).
Removal of solvents under reduced pressure yielded 1 as a clear oil (0.38 g,
38%).[6a] 1H NMR (400 MHz, CDCl3, 25 8C): d� 7.50 (m, 4 H; Phortho), 7.32
(m, 4 H; Phmeta), 7.23 (tt, J(H,H)� 7.3, 1.4 Hz, 2 H; Phpara), 3.25 (q, J(H,H)�
6.7 Hz, 2 H; H10), 2.93 (dd, J(H,H)� 10.5, 2.7 Hz, 2H; H2,6eq), 2.72 (dd,
J(H,H)� 10.5, 2.7 Hz, 2H; CH4,8eq), 2.32 (dd, J(H,H)� 10.5, 3.9 Hz, 2H;
H2,6ax), 2.22 (dd, J(H,H)� 10.5, 3.9 Hz, 2 H; H4,8ax), 1.84 (m, 2 H; H1, H5),
1.48 (t, J(H,H)� 3.3 Hz, 2H; H9), 1.34 (d, J(H,H)� 6.7 Hz, CH311);
13C NMR (100.6 MHz, CDCl3, 25 8C): d� 146.5, 128.0, 127.6, 126.3, 65.4,
56.4, 54.2, 31.2, 30.1, 20.8; IR (CDCl3 solution) nÄ � 3010, 2748, 2248, 1600,
1490, 1450 cmÿ1.


(R,R)-3,7-Bis(1''-phenylethyl)-3,7-diazabicyclo[3.3.1]nonane ([(R,R)-1]):
This compound was prepared according to the procedure for the
preparation of (S,S)-1, but with (R)-1-phenylethyl amine [(R)-10].


Bis[(1,2,3-h3-propenyl)palladium chloride]Ðchlorodimer of 2 : This com-
pound was prepared according to literature procedures.[28]


[(S,S)-3,7-Bis(1''-phenylethyl)-3,7-diazabicyclo[3.3.1]nonane)-[(1,2,3-h3-
propenyl)palladium] trifluoromethanesulfonate] ([2 ´ (S,S)-1]): This com-
pound was prepared from the chlorodimer of 2 and (S,S)-1. 1H NMR
(400 MHz, CDCl3, ÿ40 8C): d� 7.37 ± 7.31 (m, 10 H; Ph), 6.13 (m, 1H; H2),
4.50 (q, J(H,H)� 6.4 Hz, 1H; H12), 4.43 (q, J(H,H)� 6.7 Hz, 1H; H10),
3.90 (m, 1H; H4eq), 3.89 (m, 1H; H1'syn), 3.77 (d, J(H,H)� 13.3 Hz, 1H;
H1'anti), 3.73 (m, 1H; H6eq), 3.55 (d, J(H,H)� 6.6 Hz, 1 H; H1syn), 3.35 (d,
J(H,H)� 11.6 Hz, 1 H; H1anti), 3.34 (m, 1 H; H8eq), 3.21 (m, 1 H; H2eq), 2.89
(m, 1 H; H4ax), 2.73 (m, 1H; H8ax), 2.33 (m, 1H; H6ax), 2.24 (m, 1H; H2ax),
2.14 (m, 1H; H5,1), 2.00 (m, 1H; H5,1), 1.84 (d, J(H,H)� 6.7 Hz, 3H;
CH311), 1.71 (d, J(H,H)� 6.4 Hz, 3H; CH313), 1.16 (m, 2 H; CH29).


Bis[(1,2,3-h3-butenyl)palladium chloride]Ðchlorodimer of 3 :[29] PdCl2


(1.45 g, 8.2 mmol) and NaCl (1.0 g, 17.1 mmol) were suspended in a
mixture of methanol (25 mL) and water (3 mL). The suspension was heated
until the solution became dark red and all the salts were dissolved.
3-Chlorobut-1-ene (5.0 mL, 50 mmol) was added in one portion. Carbon
monoxide was passed through the solution, and a yellow solid started to
precipitate. After 10 min, water (100 mL) was added until the salts were
dissolved. The solution was extracted with chloroform (3� 100 mL). The
organic phase was dried over Na2SO4 and evaporated. The crude product
was recrystallized from acetone/pentane (1:1) yielding a yellow solid (3 ´
Cl)2 (1.29 g, 80%). 1H NMR (400 MHz, CDCl3, 25 8C): d� 5.29 (dddd,
J(H,H)� 0.7, 6.8, 11.2, 11.9 Hz, 1 H; H2), 3.91 (mqd, J(H,H)� 0.9, 6.3,
11.2 Hz, 1 H; H3), 3.89 (dd, J(H,H)� 0.9, 6.8 Hz, 1H; H1syn), 2.82 (ddd,
J(H,H)� 0.9, 0.9, 11.9 Hz, 1 H; H1anti), 1.34 (dd, J(H,H)� 0.7, 6.3 Hz, 3H;
CH3).


[(S,S)-3,7-Bis(1''-phenylethyl)-3,7-diazabicyclo[3.3.1]nonane)(1,2,3-h3)-bu-
tenyl palladium tetrafluoroborate] ([3 ´ (S,S)-1]): The chlorodimer of 3
(19.6 mg, 100 mmol of monomer) and AgBF4 (19.5 mg, 100 mmol) were
dissolved in [D6]acetone. After 10 min of stirring at room temperature
under argon, silver chloride was removed by centrifugation. This solution
was then added to ligand (S,S)-1 (33.5 mg, 100 mmol), stirred for 10 min
under argon, and subjected to NMR investigation. Equimolar mixture of
two isomers: [(2S,3S)-3 ´ (S,S)-1]: 1H NMR (400 MHz, [D6]acetone,
ÿ30 8C): d� 7.2 ± 7.6 (m, 10 H; Ph), 5.8 ± 6.0 (m, 1 H; H2butenyl), 4.61 (q,
J(H,H)� 6.9 Hz, 3 H; H12), 4.26 (q, J(H,H)� 6.9 Hz, 3H; H10), 4.03 (m,
1H; H1syn), 3.90 (m, 1 H; H4eq), 3.80 (m, 1H; H1anti), 3.69 (m, 1 H; H3butenyl),
3.65 (m, 1H; H6eq), 3.41 (m, 1 H; H8eq), 3.19 (m, 1 H; H2eq), 3.08 (m, 1H;
H4ax), 2.85 (m, 1 H; H8ax), 2.38 (m, 1 H; H6ax), 2.28 (m, 1 H; H2ax) 2.14 (m,


1H; H5), 2.01 (m, 1 H; H1), 1.90 (d, J(H,H)� 6.9 Hz, 3 H; CH311), 1.75 (d,
J(H,H)� 6.9 Hz, 3H; CH313), 1.27 (d, J(H,H)� 6.8 Hz, 3 H; CH3 butenyl),
1.08(m, 2H; CH29); [(2R,3S)-3 ´ (S,S)-1], 1H NMR (400 MHz, [D6]acetone,
ÿ30 8C): d� 7.2 ± 7.6 (m, 10 H; Ph), 5.9 ± 6.0 (m, 1H; H2butenyl), 4.85 (m, 1H;
H3butenyl), 4.71 (q, J(H,H)� 6.9 Hz, 1 H; H10), 4.50 (q, J(H,H)� 6.9 Hz,
1H; H12), 3.83 (m, 1 H; H4eq), 3.73 (m, 1H; H1syn), 3.52 (m, 1H; H1anti),
3.47 (m, 1H; H6eq), 3.45 (m, 1 H; H8eq), 3.23 (m, 1 H; H2eq), 3.05 (m, 1H;
H4ax), 2.88 (m, 1 H; H8ax), 2.42 (m, 1 H; H6ax), 2.23 (m, 1 H; H2ax), 2.16 (m,
1H; H5), 2.00 (m, 1 H; H1), 1.92 (d, J(H,H)� 6.9 Hz, 3 H; CH311), 1.77 (d,
J(H,H)� 6.9 Hz, 3H; CH313), 1.42 (d, J(H,H)� 6.8 Hz, 3 H; CH3 butenyl),
1.11 (m, 2H; CH29).


trans-Bis[(4-acetoxy-(1,2,3-h3)-cyclohexenyl)palladium chloride]Ðchloro-
dimer of 4 : This compound was prepared from cyclohexadiene.[14]


[(S,S)-3,7-Bis(1''-phenylethyl)-3,7-diazabicyclo[3.3.1]nonane]{trans-{[4-
acetoxy-(1,2,3-h3)-cyclohexenyl]palladium} trifluoromethanesulfonate}
([4 ´ (S,S)-1]): The chlorodimer of 4 ; 14.1 mg, 25 mmol) and silver trifluoro-
methanesulfonate (14.2 mg, 55 mmol) were added to chloroform (3 mL).
After 10 min of stirring at room temperature, the solution was centrifuged
until all the silver chloride was removed from the solution. This solution
was then mixed with (S,S)-1 (16.7 mg, 50 mmol) dissolved in chloroform
(1 mL). After 5 min of stirring, the solvent amount was reduced to
approximately 1 mL. Diethyl ether was added to initiate precipitation of
the complex, followed by storage of the mixture at ÿ20 8C over night.
(20 mg, 54 %). Further crystallizations of this mixture of diastereomeric
complexes yielded [(R)-4 ´ (S,S)-1] in its pure form, (8 mg, 22%). 1H NMR
(400 MHz, CDCl3, 25 8C): d� 7.50 ± 7.35 (m, 10 H; Ph), 6.21 (dd, J(H,H)�
6.1 Hz, 6.1, 1H; H2allyl), 5.01 (dd, J(H,H)� 6.6, 2.1 Hz, 1H; H4allyl), 4.79 (q,
J(H,H)� 6.6 Hz, 1H; H12), 4.66 (q, J(H,H)� 6.6 Hz, 1H; H10) 4.55 (m,
1H; H1allyl), 4.55 (m, 1H; H3allyl), 3.74 (d, J(H,H)� 12.8 Hz, 1 H; H8eq), 3.60
(d, J(H,H)� 12.8 Hz, 1H; H2eq), 3.47 (d, J(H,H)� 12.8 Hz, 1 H; H4eq), 3.43
(d, J(H,H)� 12.8 Hz, 1H; H6eq), 3.23 (d, J(H,H)� 12.8 Hz, 1H; H8ax), 2.84
(d, J(H,H)� 12.8 Hz, 1H; H4ax), 2.59 (d, J(H,H)� 12.8 Hz, 1H; H2ax), 2.44
(d, J(H,H)� 12.8 Hz, 1 H; H6ax), 2.26 (s, 1H; H1 in 1), 2.17 (s, 1 H; H5 in 1),
2.07 (s, 3 H; OAc), 2.02 (m, 1H; H5eq allyl), 2.06 (m, 1H; H6ax allyl), 1.87 (m,
1H; H6eq allyl), 1.81 (d, J(H,H)� 6.6 Hz, 3H; CH313), 1.74 (d, J(H,H)�
6.6 Hz, 3H; CH311), 1.34 (d, J(H,H)� 13.8 Hz, 1H; H9), 1.26 (d, J(H,H)�
13.8 Hz, 1H; H9), 1.28 (m, 1H, H5ax allyl) ; IR (KBr) nÄ � 3031, 1726, 1602,
1555 cmÿ1.
[(S)-4 ´ (S,S)-1] (in a 1:1 mixture with [(R)-4 ´ (S,S)-1]): 1H NMR (400 MHz,
CDCl3, 25 8C): d� 7.50 ± 7.30 (m, 10 H; Ph), 6.17 (dd, J(H,H)� 6.6, 6.6 Hz,
1H; H2allyl), 5.13 (dd, J(H,H)� 6.6, 2.1 Hz, 1 H; H4allyl), 4.78 (m, 1H;
H1allyl), 4.77 (q, J(H,H)� 6.6 Hz, 1 H; H10), 4.38 (q, J(H,H)� 6.6 Hz, 1H;
H12), 4.05 (dd, J(H,H)� 6.6, 2.1, 1H; H3allyl), 3.78 (d, J(H,H)� 12.8 Hz,
1H; H8eq), 3.61 (d, J(H,H)� 12.8 Hz, 1 H; H2eq), 3.48 (d, J(H,H)� 12.8 Hz,
1H; H6eq), 3.44 (d, J(H,H)� 12.8 Hz, 1 H; H4eq), 3.24 (d, J(H,H)� 12.8 Hz,
1H; H8ax), 2.76 (d, J(H,H)� 12.8 Hz, 1H; H4ax), 3.60 (d, J(H,H)� 12.8 Hz,
1H; H2ax), 2.46 (d, J(H,H)� 12.8 Hz, 1 H; H6ax), 2.22 (s, 1H; H1 in 1), 2.22
(m, 1 H; H5eq allyl), 2.03 (s, 3H; OAc), 1.73 (d, J(H,H)� 6.6 Hz, 3H; CH311),
1.50 (d, J(H,H)� 6.6 Hz, 3H; CH313), 1.40 (m, 1 H; H5axallyl), 1.34 (d,
J(H,H)� 13.8 Hz, 1H; H9), 1.22 (d, J(H,H)� 13.8 Hz, 1 H; H9) (protons
on C6 and H5 in 1 obscured); IR (KBr) nÄ � 3031, 1726, 1602, 1555 cmÿ1.


Bis[2-methylene-6,6-dimethylbicyclo[3.1.1]hept-(2,3,10-h3)-enyl)palladi-
um chloride]Ðchlorodimer of (S)-5 : This compound was prepared from b-
pinene.[16]


[(S,S)-3,7-Bis(1''-phenylethyl)-3,7-diazabicyclo[3.3.1]nonane]{[2-methyl-
ene-6,6-dimethylbicyclo[3.1.1]hept-(2,3,10-h3)-enyl]palladium trifluoro-
methanesulfonate} ([(S)-5 ´ (S,S)-1]): The chlorodimer of (S)-5 (13.9 mg,
25 mmol) and silver trifluoromethane sulfonate (14.2 mg, 55 mmol) were
added to chloroform (3 mL). After 10 min of stirring at room temperature,
the solution was centrifuged until all the silver chloride was removed from
the solution. This solution was then mixed with (S,S)-1 (16.7 mg, 50 mmol)
dissolved in chloroform (1 mL). After 5 min of stirring, the solvent amount
was reduced to approximately 1 mL. Diethyl ether was added to initiate
precipitation of the complex, followed by storage of the mixture at ÿ20 8C
over night; this yielded a colorless oil (17 mg, 59 %). 1H NMR (400 MHz,
CDCl3, 25 8C): d� 7.40 ± 7.30 (m,10 H; Ph), 4.46 (q, J(H,H)� 6.6 Hz, 1H;
H10), 4.20 (s, 1 H; H10b), 4.19 (d, J(H,H)� 11.8 Hz, 1H; H4eq), 4.14 (q,
J(H,H)� 6.6 Hz, 1H; H12), 3.92 (d, J(H,H)� 11.8 Hz, 1 H; H6eq), 3.90 (br s,
1H, H3), 3.65 (s, 1 H; H10a), 3.23 (d, J(H,H)� 11.8 Hz, H8eq), 2.98 (dd
J(H,H) � 11.8, 3.5 Hz, 1H; H4ax), 2.86 (d, J(H,H) � 11.8 Hz, 1 H; H2eq),
2.85 (m, 1H; H7b), 2.82 (d, J(H,H) � 11.8 Hz, 1H; H8ax), 2.51 (m, 1H;
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H1), 2.43 (dd, J(H,H)� 11.8, 3.5 Hz, 1 H; H2ax), 2.39 (dd, J(H,H)� 11.8,
3.5 Hz, 1H; H6ax), 2.26 (m, 1H; H5), 2.16 (br s, 1H; H5 in 1), 1.99 (br s, 1H;
H1 in 1), 1.90 (d, J(H,H)� 6.6 Hz, 3 H; CH313), 1.85 (m, 1H; H7a), 1.80 (m,
1H; H4b), 1.65 (d, J(H,H) � 6.6 Hz, 3H; CH311), 1.43 (m, 1H; H4a), 1.42
(s, 3 H; CH38), 1.15 (s, 2H; CH29 in 1), 1.06 (s, 3H; CH39); IR (KBr) nÄ �
3010, 1569, 1494, 1425 cmÿ1
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The Symmetry-Broken Formalism Applied to the Electronic Structure of
an Iminosemiquinone Copper(ii) Catalyst:
A Key to the Qualitative Understanding of Its Reactivity


Vinzenz Bachler,* Phalguni Chaudhuri, and Karl Wieghardt[a]


Abstract: A concise outline of the
known derivation of the singlet ± triplet
energy-gap equations within the sym-
metry-broken wavefunction framework
is given. They allow a computation of
the singlet ± triplet energy gap for mol-
ecules that exhibit a weak antiferromag-
netic coupling of electrons. The accuracy
of the equations is assessed by compu-
tation of the singlet ± triplet gaps in
model Na2 molecules. Various antiferro-
magnetic coupling strengths are simu-
lated by the use of different NaÿNa
bond lengths in the computations. The
singlet ± triplet energy gaps obtained
with the different equations are com-
pared with the gaps computed with the
more accurate coupled-cluster methods.
Subsequently, the equations are applied


to an iminosemiquinone copper(ii) com-
plex found previously to have remark-
able catalytic properties. The applica-
tion is performed by employing wave-
function equations but with quantities
computed within the density functional
framework. The electronic ground state
of this complex is computed to be a
singlet state, which is also the experi-
mental finding. Moreover, the experi-
mental geometry and the singlet ± triplet
gap are reasonably reproduced by the


computation. A straightforward method
to determine the magnetic orbitals is
suggested and applied. We illustrate that
the form of the magnetic orbitals indi-
cates in a qualitative manner that hydro-
gen-atom abstraction should be a major
reaction pathway of the iminosemiqui-
none copper(ii) complex. Hydrogen-
atom abstraction has been suggested
previously to be the rate-determining
step in a catalytic process initiated by the
iminosemiquinone copper(ii) complex.
The results support the notion that the
form of the magnetic orbitals might be a
qualitative indicator for the reactivity of
molecules that exhibit weak antiferro-
magnetic coupling.


Keywords: antiferromagnetic cou-
pling ´ copper ´ density functional
calculations ´ magnetic proper-
ties ´ radicals ´ symmetry-broken
formalism


Introduction


Recently, the iminosemiquinone copper(ii) complex [CuII(L2)-
(NEt)3] (1) was synthesized.[1] A remarkable feature of 1 is its
ability to selectively transform primary alcohols, except
CH3OH, in the presence of O2 to aldehydes and H2O2.[1]


The authors propose the mech-
anism given in Scheme 1 for
this catalytic process, in which
(L3)3ÿ represents the one-elec-
tron reduced, diamagnetic form
of the radical (L2)2ÿ. In this
mechanism the rate-determin-
ing step is a hydrogen-atom
abstraction from the a-carbon
atom of the alcohol, bonded as


an alcoholate to the copper atom. The remarkable reactivity
of complex 1 is supplemented by interesting magnetic proper-
ties. The temperature-dependent magnetic moments of 1 were
fitted to the Heisenberg Hamiltonian H�ÿ2 JSCu ´ SLig (SCu�
SLig� 1�2) and an exchange coupling constant of J�ÿ137 cmÿ1


was determined, indicative of a singlet ground state of 1. Thus,
a rather small singlet ± triplet gap exists in complex 1. At low
temperatures, the electronic singlet state prevails.[1] At
ambient temperatures, however, the triplet state is populat-
ed.[1] The observed small singlet ± triplet gap indicates that a
weak antiferromagnetic coupling operates in complex 1.


The computation of the electronic properties of such
complexes is, in general, a difficult problem. Electronic
wavefunctions are needed which allow electrons of opposite
spins to become localized in different spatial regions of the
molecule.[2] Thus, a careful treatment of the electron corre-
lation is mandatory in the description of the electronic
properties of these molecules. Staemmler and co-workers
employed the coupled electron pair approximation in a high-
quality ab initio approach to compute the coupling constants
J.[3] Several oxo-bridged CrIII, VIII, and TiIII complexes that
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Scheme 1. The proposed catalytic cycle[1] for the oxidation of alcohols with
catalyst 1. Notice the rate-determining hydrogen-atom abstraction step.


exhibit a weak antiferromagnetic coupling were treated.[3] The
computed J values are in good agreement with the values
obtained from magnetic measurements.[3] .Staemmler and co-


workers also treated the magnetic exchange coupling in
chlorine-bridged binuclear CoII complexes.[4] A characteristic
feature of their work is that spin-orbit coupling and Zeeman
splitting is explicitly considered in the computations.[4] More-
over, the temperature dependence of the magnetic suscepti-
bilities is computed.[4] A much less rigorous but simpler
theoretical procedure to treat molecules with a weak anti-
ferromagnetic coupling is the symmetry-broken formalism
introduced by Noodleman and co-workers.[5] This approach
has been successfully applied not only in the wavefunction,[6]


but also in the framework of density functional theory
(DFT).[7]


In this paper, we first outline the known derivation of the
approximate equations for a singlet ± triplet gap in the
formalism of broken symmetry. Then, we apply the equations
to the molecule Na2 in which the bond has been elongated by
various amounts. By the use of this simple scheme, we
simulate antiferromagnetic couplings of different strengths.
We assess the accuracy of the approximate singlet ± triplet gap
equations by comparison with results obtained from accurate
ab initio methods. The major objective of this paper, however,
is to understand qualitatively the electronic properties of
complex 1. We pursue this aim by application of the
symmetry-broken wavefunction formalism; however, we
employ quantities derived from density functional calcula-
tions.


Results and Discussion


A simple derivation of the symmetry-broken formalism for
molecules that exhibit a weak antiferromagnetic coupling


Restricted and unrestricted MO Slater determinants : Consider
a molecule in its singlet ground state: in most standard
quantum chemical procedures, a closed-shell, restricted
Hartree ± Fock (RHF) Slater determinant serves as a first-
order approximation to compute this electronic state. This
wavefunction is subsequently improved by consideration of
electron correlation in the computation. The restricted closed-
shell RHF Slater determinant is restricted because the a and b


electrons of an electron pair occupy not different but the same
molecular orbitals (MOs) in the Slater determinant. Conse-
quently, the spin-coupled electrons of an electron pair are
forced to occupy the same spatial regions in a molecule. Thus,
the RHF Slater determinant is a good first-order approxima-
tion for molecules that exhibit a strong antiferromagnetic
coupling. Such a coupling operates in the majority of organic
molecules. Many transition metal complexes, however, exhibit
a weak antiferromagnetic coupling. This often implies that
two weakly coupled electrons with a and b spin occupy
different spatial regions in a molecule. Noodleman suggested
that for this type of transition metal complex the electronic
wavefunction is well approximated by the unrestricted
Hartree ± Fock (UHF) Slater determinant.[5] The character-
istic feature of a UHF Slater determinant is that the space
parts of a and b-spin orbitals can be different.[8] If a weak
antiferromagnetic coupling operates, the UHF Slater deter-
minant leads to an energy which is lower than the energy for


Abstract in German: Die bekannte Ableitung von Formeln für
die Singulett ± Triplett Energieaufspaltung im symmetriegebro-
chenen Wellenfunktionsformalismus wird zusammengefaût.
Die Formeln erlauben die Singulett ± Triplet Energieaufspal-
tung für Moleküle zu berechnen deren Elektronen schwach
antiferromagnetisch gekoppelt sind. Die Genauigkeit der
Formeln für unterschiedliche Kopplungstärken wird überprüft.
Dies geschieht durch die Berechnung der Singulett ± Triplett
Energieaufspaltung in Na2 Molekülen mit unterschiedlichen
Na ± Na Bindungslängen und einem Vergleich mit genaueren
Singulett ± Triplett Energieaufspaltungen, die mit Coupled-
Cluster Methoden berechnet wurden. Anschlieûend werden
die Formeln auf einen Iminosemichinon Kupfer(ii) Komplex
angewendet, der bemerkenswerte katalytische Eigenschaften
besitzt. In Übereinstimmung mit dem Experiment, wird der
electronische Grundzustand als ein Singulett Zustand berech-
net. Die experimentelle Geometrie und die Singulett ± Triplett
Energieaufspaltung werden durch die Rechnung vernünftig
wiedergegeben. Ein einfaches Verfahren zur Bestimmung der
magnetischen Orbitale wird vorgeschlagen und angewendet.
Die Form der magnetischen Orbitale zeigt qualitative an, daû
Wasserstoffatomabstraktion ein Hauptreaktionsweg des Imi-
nosemichinon Kupfer(ii) Komplexes sein sollte. Die Ergebnisse
unterstützen die Vorstellung, daû die Form der magnetischen
Orbitale ein qualitativer Indikator für die Reaktivität von
Molekülen mit schwacher antiferromagnetischer Kopplung
sein könnte.
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the corresponding RHF Slater determinant. Noodleman
designates such a UHF Slater determinant as the symmetry-
broken wavefunction for a transition metal complex.[9] .The
symmetry is broken because the MOs in the UHF Slater
determinant do not necessarily transform as the irreducible
representations of the point group of the transition metal
complex. Moreover, the spin symmetry is broken because the
UHF Slater determinant does not describe a pure spin state[10]


but a state of mixed spin. Nevertheless, Noodleman showed
that from such a symmetry-broken wavefunction one can
obtain equations to compute the singlet ± triplet energy
splittings in transition metal complexes that exhibit a weak
antiferromagnetic coupling.[11] .


Three equations for the singlet ± triplet energy splitting : Con-
sider the symmetry-broken wavefunction YUHF


b , computed by
means of the unrestricted Hartree ± Fock (UHF) method.[8]


Such a YUHF
b is not an eigenfunction of the total spin operator


S2, a finding which is valid for any UHF Slater determinant.[10]


Nevertheless, one can expand YUHF
b into a set of Fi which are


eigenfunctions of the molecular Hamiltonian H[12] and of S2


[Eq. (1)].[13]


YUHF
b �


XN


i�1


ciFi (1)


Amos and Hall have shown that a UHF Slater determinant,
with a spin quantum number of about Si� n, contains only Fi


whose spin multiplicities 2 Si�1 are determined by Si� n, Si�
n�1, Si� n�2, and so forth.[14] Thus, for a YUHF


b whose major
component has a spin quantum number of Sb� 0, the sum in
Equation (1) ranges only over those FiS for which Si� 0, Si�
1, Si� 2, . . . holds. For a definite number of electrons, this set of
Si gives rise to the spin multiplicities recorded in the vertical
line of the spin-branching diagram.[15] The symmetry-broken
YUHF


b is an eigenfunction of the Sz spin operator with
eigenvalue Ms� 0. Consequently, only Fi appear in the sum
of Equation (1) for which Ms� 0 holds. The variational energy
EUHF


b is the expectation value of YUHF
b over the molecular


Hamiltonian H. By means of Equation (1) and utilization of
the properties that the Fi are orthonormal and eigenfunctions
of H with eigenvalue Ei, we obtain Equation (2) for EUHF


b .[16]


EUHF
b �hYUHF


b jH jYUHF
b i� c2


s Es�c2
t Et�


XN


i


'c2
i Ei (2)


Here, Es and Et are the exact energies of the singlet ground
state and of the first excited triplet state, respectively. The
corresponding expansion coefficients are designated by cs and
ct . The prime at the summation in Equation (2) symbolizes
that contributions for the singlet ground state and for the first
excited triplet state are omitted. Thus, the energy EUHF


b for the
symmetry-broken electronic state is a linear combination of
the exact energies of the various electronic states with spin
multiplicities other than singlet.[16] Equation (2) leads imme-
diately to a simple expression for the exact singlet ground
state energy Es [Eq. (3)]:


Es�
EUHF


b ÿ
XN


i


'c2
i Ei ÿ c2


t Et


c2
s


(3)


This formula is of interest for a computation of the singlet
ground state energy, provided a symmetry-broken UHF
wavefunction can be found. This concept has been pursued
by Ovchinnikov and Labanowski[17] who neglected the sum in
Equation (3) and used a variationally determined Et to
compute an approximate Es. They calculated its dependence
from the bending and stretching vibrational modes for the
molecules CH2 and O2, respectively.[17] Wittbrod and Schlegel
also applied the simplified Equation (3) to compute the
potential energy curves for the hydrogen fluoride and the
C ± H dissociation of methane.[18] They conclude that the
qualitative behavior of these curves is incorrect relative to
more exact potential energy curves.[18] Subtraction of Et from
both sides of Equation (3) gives an exact equation for the
singlet ± triplet splitting [Eq. (4)]:


EsÿEt�
EUHF


b ÿ
XN


i


'c2
i Ei ÿ �c2


s � c2
t �Et


c2
s


(4)


From the normalization of YUHF
b and Equation (1) we


derive Equation (5). By substitution of Equation (5) into
Equation (4), we obtain an equation for the exact singlet ±
triplet gap, namely Equation (6).


c2
s�c2


t � 1ÿ
XN


i


'c2
i


(5)


EsÿEt�
EUHF


b ÿ Et �
XN


i


'c2
i �Et ÿ Ei�


c2
s


(6)


An approximate EsÿEt can be derived from Equation (6)
by making the following assumptions: i) The spin contami-
nation of YUHF


b by electronic states higher than the first
excited triplet state is negligible. ii) The energy differences
EtÿEi on the right hand side of Equation (6) are small.
iii) The exact triplet energy Et in the numerator of Equa-
tion (6) is approximated by the variational energy EÄ


t obtained
by means of the restricted open-shell Hartree ± Fock
(ROSHF) method. Assumption (i) implies small expansion
coefficients ci for electronic states higher than the first exited
triplet state. The smallness of these ci was verified for several
molecules.[19] Condition (ii) should be operative in transition
metal complexes which frequently exhibit a dense spacing of
electronic states. This is in contrast to the majority of organic
molecules. Conditions (i) and (ii) imply that for a treatment of
transition metal complexes the sum in Equation (6) can be
neglected. By the use of assumptions (i) ± (iii) we obtain from
Equation (6) an approximate equation for the singlet ± triplet
energy splitting, namely Equation (7):


EsÿEt�
EUHF


b ÿ ~
Et


c2
s


(7)


In many transition metal complexes assumption (ii) holds
and we can suppose that Equation (7) is adequate for the
treatment of those compounds. In order to apply Equa-
tion (7), we have to determine c2


s . For this purpose we
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consider the expectation value over the spin operator S2


computed with YUHF
b . By the use of Equation (1) and


neglecting contributions from electronic states higher than
the first excited triplet state, we can write Equation (8):


hYUHF
b jS2 jYUHF


b i� c2
s Ss(Ss�1)�c2


t St(St�1) (8)


By neglecting those electronic states also in the normal-
ization condition for YUHF


b , we obtain Equation (9):


c2
s�c2


t � 1 (9)


In Equation (8) it is assumed that the symmetry-broken
electronic state is a mixture of the singlet ground state and the
first excited triplet state. Therefore, Ss� 0 and St� 1 hold. By
combining Equations (8) and (9), we obtain Equation (10) for
c2


s and substitution of Equation (10) into Equation (7) leads to
Equation (11).


c2
s � 1ÿhY


UHF
b jS2jY UHF


b i
2


(10)


EsÿEt�
2�EUHF


b ÿ ~
Et�


2ÿ hY UHF
b jS2jY UHF


b i (11)


This formula for the singlet triplet energy splitting has been
obtained and applied by Ovchinikov and Labanowski.[20]


Adamo et al. derived the same equation, which they applied
to the magnetic exchange interaction in copper(ii) m2-azido-
bridged complexes.[21] One can assume that the spin polar-
ization of the inner electrons can be neglected and only one a


and one b orbital are nonorthogonal. This idea has already
been pursued by Malrieu and co-workers.[22] . They obtained a
simplified Equation (11) in which the square of the overlap of
the magnetic orbitals appears instead of hYUHF


b j S2 jYUHF
b i.


Malrieu and co-workers investigated model cases, such as
H-He-H, as well as dinuclear copper complexes.[22] We can
specify Equation (11) for the case of a weak antiferromag-
netic coupling. For such a coupling, YUHF


b should comprise
nearly equal parts of singlet and triplet wavefunctions.
Therefore hYUHF


b j S2 jYUHF
b i� 1 holds and Equation (11)


yields Equation (12) for the singlet ± triplet gap:


EsÿEt� 2(EUHF
b ÿEÄ


t) (12)


This equation has been derived by Noodleman[11] and has
been extensively applied in the past.[6, 7] .In most applications
EÄ


t is the high-spin energy computed with the UHF wave-
function, which is not an eigenfunction of the spin operator S2.
Hart et al. have pointed out that the ferromagnetic, the
superexchange, and the ligand spin-polarization parts are
contained in the exchange coupling constant provided the
high-spin energy is derived from a spin-pure wavefunction.[6c]


Moreover, for several model compounds, the most accurate
exchange coupling constants were obtained by means of
ROSHF energies for the high-spin state.[6c] Therefore, we
employed the ROSHF triplet energy for EÄ


t to ensure that the
three important contributions are contained in Equations (11)


and (12). In the limit of a strong antiferromagnetic coupling,
hYUHF


b j S2 jYUHF
b i� 0 holds and one obtains Equation (13)


from Equation (11):


EsÿEt�EUHF
b ÿEÄ


t (13)


Thus, Equation (11) is a general formula for the singlet ±
triplet energy gap which holds for the whole range of
antiferromagnetic coupling strengths.[20, 21] In the following
section we assess the accuracy of Equations (11) ± (13) by
treating Na2 molecules with elongated bonds. These model
systems serve as a tool to simulate antiferromagnetic cou-
plings of different strengths.


Applied computational methods for the model Na2 mole-
cules : All computations for Na2 were performed by means of
the Gaussian 98 suite of ab initio programs[23] and we used the
standard 6-311G* Gaussian basis sets.[24] Thus, the valence
orbitals of the Na atoms are of approximate triple-zeta quality
and d polarization functions are provided.[24] We performed
RHF calculations for the singlet ground state of Na2


molecules in which various bond lengths are assumed and
we obtained the total energies ERHF


s . Subsequently, the
stability of the RHF Slater determinant with respect to a
symmetry-broken UHF solution was investigated. This was
carried out by means of the formalism proposed by Seeger
and Pople[25] which is referenced in Gaussian 98 by the
keyword STABLE. We modified STABLE by the option
OPT. This initiates the program to find the energy EUHF


b for
the UHF Slater determinant YUHF


b that describes the symme-
try-broken electronic state.[23] The quantity EÄ


t in Equa-
tions (11) ± (13) was derived by performing ROHF calcula-
tions for the first excited triplet state. For an assessment of the
accuracy of Equations (11) ± (13), accurate singlet ± triplet
energy differences are needed. They were obtained by means
of the coupled-cluster method.[26] Single and double excita-
tions and an estimate for triple excitations (CCSD(T)) were
included.[26] We computed the energy ECCSD�T�


s of the singlet
ground state and the energy ECCSD�T�


s of the first excited triplet
state. The expectation values hYUHF


b j S2 jYUHF
b i for the spin


operator S2 are routinely computed and printed out by the
Gaussian 98 program.[23] The approximate singlet ± triplet gap
Equations (11) ± (13) were obtained within the wavefunction
framework. However, we applied them to the iminosemiqui-
none copper(ii) complex 1 in the density functional theory
(DFT) formalism, as described below. For this purpose we
also employed Equations (11) ± (13); however, we used quan-
tities EUHF


b and EÄ
t computed by means of the B3LYP DFT


procedure.[27] Therefore, it is of interest to assess the accuracy
of Equations (11) ± (13) by applying them within the B3LYP
DFT framework. We performed B3LYP calculations for the
singlet ground state of Na2 molecules with various bond
lengths. This produced the corresponding energies EB3LYP


s .
Subsequently, the stability of the singlet solution with respect
to a symmetry-broken solution was investigated. This was
carried out by means of the formalism developed by
Bauernschmitt and Ahlrichs,[28] as implemented in Gaussian
98.[23] If the singlet B3LYP solution is unstable, the program
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finds the symmetry-broken B3LYP solution, which yields the
energy EUB3LYP


b . Thus, our adopted computational scheme is
very similar to the procedure applied by Gäfenstein et al. who
investigated the Bergman reaction by means of DFT compu-
tations.[29] The restricted DFT solution for the transition state
was found to be unstable.[29] An unrestricted symmetry-
broken DFT solution exists which is of lower energy than the
restricted one.[29] This finding is a consequence of the singlet
diradical character of the transition state.[29] The stability of
the restricted DFT solution as a function of the various
exchange correlation functionals has been carefully dis-
cussed.[29] For the approximate energy EÄ


t of the first excited
triplet state, we employed EROB3LYP


t computed by means of the
restricted open-shell formalism.


The accuracy of the approximate singlet ± triplet energy gap
equations


The symmetry-broken wavefunction formalism : We have
applied Equations (11) ± (13) to Na2 molecules with NaÿNa
bond lengths that are significantly longer than the exper-
imental bond length of 3.078 �.[30] By elongation of the Na ±
Na bond we simulate different antiferromagnetic coupling
strengths between the 3s electrons of the Na atoms which
form the s bond. The computational results are recorded in
Table 1. The data given in Entries 1 and 2 of Table 1 show that
for all bond lengths, EUHF


b is lower than ERHF
s . This finding


illustrates the well-known deficiency of the RHF Slater
determinant. It does not describe the correct homolytic bond
breaking of the NaÿNa bond, but a heterolytic bond breaking
that leads to the high-energy products Naÿ and Na�. The
energy differences EUHF


b ÿERHF
s are slightly larger for the


longer bond lengths considered. The finding that all EUHF
b are


lower than ERHF
s indicates that a weak antiferromagnetic


coupling operates in the distorted Na2 molecules. In Entries 4
and 5 we have given the coupled-cluster energies ECCSD�T�


t and
ECCSD�T�


s for the triplet and singlet state, respectively. Interest-
ingly, the ECCSD�T�


t values are close to the quantities EROHF
t


given in Entry 3. This agreement shows that EROHF
t , desig-


nated by EÄ
t in Equations (11) ± (13), is a rather good


approximation to the exact triplet energy Et . In Entry 6 we
give the energy differences ECCSD�T�


s ÿECCSD�T�
t which serve as


reference singlet ± triplet energy gaps. The singlet ± triplet
gaps obtained with the spin-corrected Equation (11) are given
in Entry 8. We realize that over the whole range of coupling
strengths, simulated Equation (11) performs with a uniform
accuracy of about 62 %. A less uniform performance should
hold for Equations (12) and (13), which describe the weak and
strong antiferromagnetic coupling regimes, respectively.
However, Entry 9 illustrates that Equation (12) also behaves
uniformly over the whole range of coupling strengths, and an
average accuracy of about 73 % is achieved. As expected,
Equation (13) (Entry 10) behaves slightly better in the strong
antiferromagnetic coupling case. For the largest distance of
6.0 �, the smallest singlet ± triplet energy difference of
302.4 cmÿ1 is computed. For this energy gap the spin-corrected
Equation (11) and correspondingly the Noodleman equation
[Eq. (12)] are quite accurate (73 %). At this largest distance,
hYUHF


b j S2 jYUHF
b i is close to unity (Entry 11). This indicates


that YUHF
b can be considered as an equal mixture of singlet


and triplet spin states. This finding might justify neglecting the
higher spin multiplicities in Equations (6) and (8). The rather
good performance of Equation (12) for a weak antiferromag-
netic coupling is in agreement with the results already found
by Hart et al.[6c] These authors performed configuration-
interaction calculations to obtain the exchange coupling
constants J for the model compounds H-He-H, [H-F-H]ÿ ,
and the molecule Cl4Ti2O. To simulate various antiferromag-
netic coupling strengths, they also varied definite bond lengths
in the molecules. Their constants J are the energy-gap values
of Equation (12) but divided by two. The singlet ± triplet gaps,
obtained from accurate computations, are best reproduced by
Equation (12), provided the ROHF energies for the high-spin
state are employed.[6c] Our results are also substantiated by
recent work of Ruiz et al. who computed singlet ± triplet gaps
for various dinuclear transition-metal complexes.[31] If a
symmetry-broken UHF wavefunction is applied, Equa-
tion (11) produces gaps which are in agreement with the
observed exchange coupling constants (see Table II in
ref. [31]).


The wavefunction formalism applied with density functional
quantities : Our B3LYP[27] results for the Na2 molecules with
elongated bonds are given in Table 2. For all distances, the


Table 1. The singlet ± triplet gaps computed by means of Equations (11) ± (13) for Na2 molecules with various bond lengths. The different bond lengths
simulate antiferromagnetic couplings of various strengths. Gaps obtained from coupled-cluster computations serve as a reference. At all coupling strengths,
the spin-corrected Equations (11) and (12) perform with an almost uniform accuracy. As expected, Equation (13) performs slightly better in the strong
antiferromagnetic coupling regime.


Entry Quantity RNa±Na� 3.5 � RNa±Na� 4.0 � RNa±Na� 5.0 � RNa±Na� 6.0 �


1 ERHF
s ÿ 323.689657 ÿ 323.683167 ÿ 323.665965 ÿ 323.650500


2 EUHF
b ÿ 323.695047 ÿ 323.694582 ÿ 323.692806 ÿ 323.692111


3 EROHF
t ÿ 323.683151 ÿ 323.687727 ÿ 323.690873 ÿ 323.691601


4 ECCSD�T�
t ÿ 323.686358 ÿ 323.690344 ÿ 323.692373 ÿ 323.692380


5 ECCSD�T�
s ÿ 323.714863 ÿ 323.709183 ÿ 323.698502 ÿ 323.693758


6 ECCSD�T�
s ÿECCSD�T�


t ÿ 0.028505 ÿ 0.018839 ÿ 0.006129 ÿ 0.001378
7 ERHF


s ÿEROHF
t ÿ 0.006506 0.004560 � 0.024908 � 0.041101


8 Equation (11) ÿ 0.016906 (59.3 %) ÿ 0.011065 (58.7 %) ÿ 0.003616 (59.0 %) ÿ 0.001003 (72.8 %)
9 Equation (12) ÿ 0.023792 (83.5 %) ÿ 0.013710 (72.8 %) ÿ 0.003866 (63.1) ÿ 0.001020 (74 %)


10 Equation (13) ÿ 0.011896 (41.7 %) ÿ 0.006855 (36.4 %) ÿ 0.001933 (31.5 %) ÿ 0.000510 (37.0 %)
11 hYUHF


b j S2 jYUHF
b i 0.5927 0.7610 0.9310 0.9827
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energies EUB3LYP
b (Entry 2) are lower than the energies EB3LYP


s


(Entry 1). Thus the symmetry-broken solution describes a
system that exhibits a weak antiferromagnetic coupling. The
energies EROB3LYP


t and EUB3LYP
t for the first excited triplet state


are given in Entries 3 and 4. They were computed by means of
the restricted and unrestricted open-shell formalism, respec-
tively. We realize that the EROB3LYP


t and the EUB3LYP
t values are


almost identical. This finding supports the notion that the use
of the restricted or the unrestricted EÄ


t entering Equa-
tions (11) ± (13) might not be decisive to obtain reasonable
singlet ± triplet gaps. The singlet ± triplet gaps computed with
the coupled-cluster method are given in Entry 5. Again, they
serve as reference energies for an assessment of the accuracy
of Equations (11) ± (13). At the limit of a weak coupling, the
general Equation (11) as well as the specified Equation (12)
should hold. The data given in Entries 6 and 7, however,
confirm the known result[21, 32] that Equations (11) and (12)
produce singlet ± triplet gaps which are too large by approx-
imately a factor of two (230 % and 244 %). One reason for the
insufficient accuracy of the spin-corrected Equation (11)
might be that a Slater determinant YUHF


b composed of
Kohn ± Sham orbitals is used to compute hYUHF


b j S2 jYUHF
b i.


Such a method has been questioned by Gräfenstein et al.,[29]


and they suggest an alternative method to compute the spin
contamination in unrestricted DFT computations.[29] . At the
smaller distance of 4.5 �, a stronger antiferromagnetic
coupling operates and Equation (13) should hold as well as
the general Equation (11). Indeed, Equations (11) and (13)
produce singlet ± triplet gaps with good accuracy (119 % and
95 %). Moreover, we observe that the strong coupling
Equation (13) produces reasonable singlet ± triplet gaps for
the whole range of coupling strengths. Ruiz et al. used this
strong coupling equation to obtain exchange coupling con-
stants which are in good agreement with experimental
values.[33] However, this agreement seems to arise from a
cancellation of errors, as pointed out by Caballol et al.[34]


Theoretical results for the iminosemiquinone copper(iiii)
complex


Applied computational method : We are primarily interested in
a qualitative understanding of the interesting reactivity of
complex 1. For this purpose, we considered model compound


1'' in which the tert-butyl and ethyl groups are replaced by
hydrogens. All computations of 1'' were performed by means
of the Gaussian 98 suite of ab initio programs[23] implemented
on an Origin 2000[35] We performed B3LYP[27] DFT calcula-
tions in which Becke�s hybrid exchange functional (B3) and
the correlation functional of Lee, Yang, and Parr (LYP) are
combined. Moreover, BP86 computations were performed by
the use of Becke�s density gradient-corrected exchange
potential (B)[36] and Perdew�s correlation functional
(P86).[37] All calculations were performed with a pseudopo-
tential for the copper atom combined with the corresponding
basis sets, as suggested by Preuss and co-workers.[38] The
pseudopotential and the basis sets were referenced by the
Gaussian keyword SDD. With a reasonable starting geometry
for 1'', we performed restricted BP86 and B3LYP computa-
tions for the singlet ground state. Subsequently, the restricted
solutions were tested with respect to instabilities by means of
the procedure developed by Bauernschmitt and Ahlrichs.[28]


This method has been referenced in Gaussion98 by the use of
the modified keyword STABLE�OPT. The restricted sol-
utions were found to be unstable at the starting geometry and
unrestricted solutions, with a lower energy than the restricted
ones, were found by the program. This indicates that in 1'' a
weak antiferromagnetic coupling operates and the symmetry-
broken formalism[5±7] can be applied. We used the symmetry-
broken DFT solutions as a starting guess to find the optimized
geometries for the symmetry-broken electronic state of 1''.
Subsequently, vibrational frequency calculations were per-
formed to check for the presence of minima on the potential
energy surfaces.


With the B3LYP-optimized geometry of 1'', the energy
for the unrestricted symmetry-broken solution was
ÿ921.180598 a.u. and the restricted solution had an energy
of ÿ921.142642 a.u. (Table 3). The lower energy of the
symmetry-broken solution shows that a weak antiferromag-
netic spin-coupling operates in 1''. The corresponding expect-
ation value over the total spin operator S2 is 1.0163. Therefore,
the symmetry-broken solution at the optimized B3LYP
geometry seems to be an almost equal mixture of a singlet
and a triplet state. The singlet ± triplet gap Equations (11) ±
(13) were derived in the wavefunction framework; however,
we applied them to 1'' in the density functional framework.
We used for EUHF


b the unrestricted B3LYP energy of the


Table 2. The singlet ± triplet gaps computed by means of Equations (11) ± (13) for Na2 molecules with various bond lengths. Quantities used in
Equations (11) ± (13) were obtained from B3LYP computations. The different bond lengths simulate antiferromagnetic couplings of various strengths. In the
case of the weakest antiferromagnetic coupling, Equations (11) and (12) produce singlet ± triplet gaps which are too large by a factor of �2. In the case of a
strong antiferromagnetic coupling, Equations (11) and (13) lead to quite accurate gaps. Over the whole range of coupling strengths, the strong coupling
Equation (13) yields gaps with reasonable accuracy. This arises from a cancellation of errors.[34]


Entry Quantity RNa±Na� 4.5 � RNa±Na� 5.0 � RNa±Na� 5.5 � RNa±Na� 6.0 �


1 EB3LYP
s ÿ 324.582291 ÿ 324.575223 ÿ 324.569338 ÿ 324.564658


2 EUB3LYP
b ÿ 324.583098 ÿ 324.578676 ÿ 324.576150 ÿ 324.574791


3 EROB3LYP
t ÿ 324.572403 ÿ 324.572849 ÿ 324.573023 ÿ 324.573112


4 EUB3LYP
t ÿ 324.572413 ÿ 324.572860 ÿ 324.573034 ÿ 324.573123


5 ECCSD�T�
s ÿECCSD�T�


t ÿ 0.011283 ÿ 0.006129 ÿ 0.003040 ÿ 0.001378
6 Equation (11) ÿ 0.013384 (119 %) ÿ 0.009001 (147 %) ÿ 0.005502 (181 %) ÿ 0.003164 (230 %)
7 Equation (12) ÿ 0.021390 (190 %) ÿ 0.011654 (190 %) ÿ 0.006254 (206 %) ÿ 0.003358 (244 %)
8 Equation (13) ÿ 0.010695 (95 %) ÿ 0.005827 (95 %) ÿ 0.003127 (103 %) ÿ 0.001679 (122 %)
9 hYUB3LYP


b jS2 jYUB3LYP
b i 0.4018 0.7065 0.8633 0.9387
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symmetry-broken electronic state of 1''. For EÄ
t we applied the


restricted open-shell B3LYP energy of the first excited triplet
state of 1''.


The crystal structure analysis indicates that 1 is nonplanar.[1]


The nonplanarity is reproduced by the BP86 DFT procedure,
whereas the B3LYP DFT method indicates a planar geometry.
Both schemes, however, yield similar bond lengths. The
B3LYP scheme produces a reasonable singlet ± triplet energy
gap (see the section on the ªoverall magnetic propertiesº)
which is too large when the BP86 procedure is employed.
Therefore, we used B3LYP to obtain the singlet ± triplet
energy splittings, but BP86 to compute the geometry of 1''. The
good performance of the BP86 procedure to compute geom-
etries of transition metal compounds has already been
recognized by Jonas and Thiel:[39] they computed geometries
and vibrational frequencies for transition metal carbonyls that
are in excellent agreement with experiment.[39]


The computed geometry : The BP86-optimized bond lengths
and angles of model complex 1'' are given in Figure 1 and
Table 4. The computed bond lengths of 1'' are in qualitative


agreement with the experimental bond lengths of 1.[1] In
particular, the bond length alternation found experimentally
in the phenyl rings of 1 is reasonably reproduced by the
computation. The ring carbon ± carbon bonds in 1'' can be
partitioned into two sets located on the left-hand side or the
right-hand side of an assumed mirror plane that is perpen-
dicular to the molecular plane. Any bond in one set
corresponds to a bond in the other set, and both correspond-
ing bond lengths are computed to be almost equal. In the
crystal structure of 1, however, the experimental bond lengths
of the corresponding bonds seem to be different (Figure 1).
This might be induced by the presence of the tert-butyl and the
ethyl substituents in 1 and/or crystal packing effects. The
copper atom in complex 1'' was found to be slightly out of the
plane spanned by the nitrogen atoms N(2) and N(25) and the
oxygen atoms O(13) and O(24).[1] The position of the Cu atom
is compatible with a small distortion from the square-planar
geometry towards a tetrahedral geometry. This is reflected by
the computed bond angles N(2)-Cu(1)-N(25) and O(24)-
Cu(1)-O(13), which are close to the experimental angles
(Table 4).[1] The two phenyl rings were computed to be almost
coplanar. In the crystal, however, there is angle of 26.58
between the two planes of the phenyl rings.[40]


The overall magnetic properties :
A major objective in this work
is to determine the spin multi-
plicity of the electronic ground
state of 1''. Relevant energy
quantities are given in Table 3.
They are computed at the opti-
mized geometry calculated for
the symmetry-broken electron-
ic state. The optimized geome-
try of 1'' and the energy quanti-
ties have been derived in the
B3LYP framework. The unre-
stricted energy EUB3LYP


b for the
symmetry-broken electronic
state is the lowest energy. The
energy EROB3LYP


t , computed
within the restricted open-shell
approach, locates the triplet
state slightly above the symme-
try-broken electronic state.
When the restricted formalism
is applied, a significantly higher
energy, ERB3LYP


s , is obtained for


Table 3. The singlet ± triplet gap computed for model complex 1''. Equa-
tion (13) almost reproduces the experimental value of 274 cmÿ1. The
general spin-corrected Equation (11) seems to be less accurate in the
density functional framework. The singlet ± triplet gap obtained from the
restricted spin-pure DFT calculations is much too large. Moreover, an
unobserved triplet ground state is predicted.


Method E [a.u.] EsÿEt [cmÿ1]


EUB3LYP
b


� ÿ 921.180598
ÿ 224 [Eq. (13)]; ÿ457 [Eq. (11)]


EROB3LYP
t ÿ 921.179573


8105
ERB3LYP


s


�
ÿ 921.142642


Figure 1. A comparison between the BP86-computed bond lengths for model complex 1'' and the experimental
bond lengths for 1[1] given in parentheses. The calculated bond lengths are in agreement with the experimental
bond lengths. In particular, the pronounced alternation in the bond lengths within the rings is reproduced. The
computation leads, however, to equal bond lengths for the bonds which are interrelated by a mirror plane
assumed to be perpendicular to the molecular plane. This seems to be at variance with experiment. The
nonplanarity of the Cu moiety of 1, however, is reasonably reproduced.


Table 4. Selected theoretical (BP86) bond angles of model complex 1'' and
experimental bond angles of 1.[1]


Angle BP86 [8] Experiment [8]


N(2)-Cu(1)-O(24) 85.9 83.8
O(13)-Cu(1)-O(24) 160.7 159.7
O(24)-Cu(1)-N(25) 95.8 96.1
N(2)-Cu(1)-O(13) 85.9 83.3
N(2)-Cu(1)-N(25) 164.1 168.3
O(13)-Cu(1)-N(25) 96.9 99.7
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the singlet ground state. The
symmetry-broken formalism
predicts that 1'' should have a
singlet ground state (Table 3),
which is in agreement with
experiment.[1] We used Equa-
tion (13) to obtain a singlet ±
triplet gap of 224 cmÿ1 for 1''.
This value is close to the exper-
imental value of 274 cmÿ1 de-
rived by fitting the tempera-
ture-dependent magnetic mo-
ments of 1 to the theoretical
curve based on the Heisenberg
Hamiltonian.[1] By the use of
the computed S2 expectation
value of 1.0163, we derived
from the spin-corrected Equa-
tion (11) a singlet ± triplet gap
of 457 cmÿ1. Thus, in spite of the
fact that Equation (11) ac-
counts for spin contamination,
it seems to be less accurate than
Equation (13). This finding
agrees with our above results
for the Na2 molecules with elongated bonds. The UHF results
in Table 1 illustrate that Equation (11) is more accurate than
Equation (13). However, within the B3LYP framework,
Equation (13) produces more accurate singlet ± triplet gaps
than Equation (11). This difference in the behavior of the
UHF and B3LYP schemes is also in agreement with the work
of Ruiz et al.[31] A spin-corrected formula that is similar to
Equation (11), yields rather accurate exchange coupling
constants for the model system H-He-H in the UHF frame-
work. In the B3LYP scheme, however, a strong coupling
formula similar to Equation (13) yields more accurate cou-
pling constants.[31] The good performance of Equation (13)
may arise from a cancellation of errors, as pointed out by
Caballol et al.[34] The energy difference ERB3LYP


s ÿEROB3LYP
t ,


computed in the restricted density functional formalism,
produces a gap of 8105 cmÿ1 which is too large. Moreover, the
electronic ground state of 1 should be a triplet state which is at
variance with experiment.[1] By employing the minimized
nonplanar BP86 geometry and the corresponding energy
quantities, the correct singlet spin multiplicity for the elec-
tronic ground state is predicted. However, Equation (13)
yields a gap of 2420 cmÿ1, which is also too large. An even
larger gap of 2968 cmÿ1 is obtained when Equation (11) is
employed. Nevertheless, our results are further evidence that
molecules that exhibit a weak antiferromagnetic coupling can
be reasonably treated by means of the symmetry-broken
formalism applied in the B3LYP framework.


The spin-density distribution that results from the symmetry-
broken solution : In the following we consider the atomic spin
densities for the symmetry-broken electronic state, although
we know that they are without a physical meaning.[41] Never-
theless, it is of interest to illustrate how details of this spin-
density distribution can serve to obtain qualitative informa-


tion on the character of the magnetic orbitals. In Figure 2 we
present the Mulliken spin populations[23] for the atoms of 1'', as
derived from the symmetry-broken B3LYP solution comput-
ed with the UB3LYP-optimized geometry. The symmetry-
broken solution implies that positive and negative spin
densities appear but they add up to zero. We can identify a-
and b-spin densities by positive and negative spin-density
values, respectively. Thus, Figure 2 shows that a large amount
of a electrons is localized at the copper atom. In contrast, a
large b-spin density is situated at the nitrogen atom N(2).
These findings suggest that an antiferromagnetic coupling
between the copper atom and the iminosemiquinone ligand is
mediated by the imino nitrogen atom N(2) (Figure 2). It is
instructive to consider the gross orbital spin-density popula-
tion[23] at the copper atom and the next nearest atoms involved
in coordination.[42] The spin density in the copper dx2�y2 atomic
orbital (AO) is 0.6543, which is close to the value given in
Figure 2. In our computations, the xy plane is the molecular
plane. Therefore, we conclude that the a electrons at the
copper atom are s electrons. A negative spin density of
ÿ0.2392 is situated in the pz AO of the N(2) atom and a
positive spin density of 0.0875 is located in the py AO.
Therefore, the b and a electrons at the N(2) atom are p and s


electrons, respectively. At the oxygen atoms O(13) and O(24),
small and almost equal amounts of a and b electrons are
present which are of s and p type, respectively. A small
amount of s electrons with a spin is located at the nitrogen
atom N(25). Thus, the gross orbital spin-density pop-
ulations lead to two conclusions: Firstly, the a electrons are
s electrons and they are mainly localized at the copper atom
as well as at the contact atoms N(2), O(13), O(24), and N(25).
Secondly, the b electrons are p electrons and they are
delocalized over the atoms N(2), O(13), and O(24) of the
iminosemiquinone ligand. In the following we illustrate that


Figure 2. The Mulliken spin-density distribution for the symmetry-broken electronic state of 1'' that exhibits an
overall spin density of zero. However, large local spin densities of opposite sign appear at the copper atom and the
iminosemiquinone nitrogen. The antiferromagnetic coupling between these two atoms seems to dominate the
antiferromagnetic coupling in 1''.
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these conclusions are also supported by the form of the
magnetic orbitals.


The magnetic orbitals : In the section above on ªoverall
magnetic propertiesº, we outlined that the symmetry-broken
formalism applied in the B3LYP density functional frame-
work indicates the correct singlet spin multiplicity for the
ground state of 1. Moreover, the computed singlet ± triplet
energy gap is in reasonable agreement with the experimental
value. In this section we suggest and apply a simple method
for the determination of those MOs which are occupied by
electrons involved in a weak antiferromagnetic spin coupling.


Consider two electrons with opposite spins: a strong
antiferromagnetic coupling is exhibited, provided the two
electrons closely approach each other. This can occur in cases
in which the two electrons have the option to occupy the same
spatial regions of a molecule. They occupy the same regions of
space when the two electrons are located in one MO. In other
words, a strong antiferromagnetic coupling operates when the
forms of the a- and b-spin orbitals are identical. This situation
is imposed in the closed-shell restricted MO procedures in
which two electrons of opposite spin occupy the same MO.
This restriction is appropriate for the majority of organic
compounds that exhibit a strong antiferromagnetic coupling
between two electrons which form a bond. However, in order
to treat a weak antiferromagnetic coupling, the adopted
wavefunction should permit the a and b electrons to become
located in a and b MOs whose forms can be different. These
MOs can be localized in different parts of the molecule. This
local character of the MOs is the basis of the valence-bond
configuration-interaction model to describe the electronic
properties of transition metal dimers.[43] The symmetry-
broken UHF wavefunction has the flexibility to describe a
weak antiferromagnetic coupling of electron spins. However,
not all electrons in the UHF wavefunction are weakly
coupled. A strong antiferromagnetic coupling should exist
between those a and b electrons that are located in MOs of
similar shape. Thus, the forms of the a and b MOs of the UHF
wavefunction should be an indicator for differentiating
between strongly and weakly spin-coupled electrons. In the
following, we consider the symmetry-broken electronic state
of 1'' at the B3LYP-optimized geometry. The DFT computa-
tion produces 66 a and 66 b Kohn ± Sham MOs which are
singly occupied. Our aim is to single out the magnetic orbitals
from the two MO sets. The weak antiferromagnetic coupling
of the electrons in the magnetic MOs implies that they should
be found in the high-energy range of a and b MOs. Therefore,
we examined only the a and b MOs with numbers from 35 up
to 66. We plotted the orbitals of this range[44] and we inspected
their forms. For nearly any a MO one finds a matching b MO
whose form is very similar. Moreover, the two matching MOs
are close in energy. Therefore, we can assume that such a pair
of similar MOs is occupied by two electrons that exhibit a
strong antiferromagnetic coupling. Only a-MO 64 and b-
MO 66 do not match, and their forms are given in Figure 3. We
see a-MO 64 is located in the molecular plane of 1''. It has
significant d character at the copper atom; however, it is
mainly localized at the nitrogen and the oxygen atoms of the
iminosemiquinone ligand. It can be characterized as a Cu


Figure 3. The two magnetic orbitals of the model compound 1''. Both
orbitals are singly occupied with electrons of opposite spin. The orbitals are
preferentially localized at the iminosemiquinone ligand and they are of s


and p type. Because of their different spatial orientation, the antiferro-
magnetic coupling between the two electrons is only weak. e is the energy
of the singly occupied molecular orbital.


dx2ÿy2 orbital with a significant contribution of the s orbitals of
the contact atoms. The b-MO 66, however, is a p MO localized
preferentially at the iminosemiquinone ligand. Thus, the MOs
depicted in Figure 3 are different in form, and a weak
antiferromagnetic coupling exists between the electrons
localized in these MOs. If this reasoning is accepted, the
MOs of Figure 3 are the magnetic orbitals[45] of model
complex 1''. They characterize 1'' as a singlet diradical and
only a small energy is required to invert the spins that lead to
the triplet state.


Form of the magnetic orbitals and reactivity : In the previous
section we identified the B3LYP magnetic orbitals of model
complex 1''. In this section we use the form of the magnetic
orbitals to obtain some qualitative information on the
reactivity of 1''. Figure 3 shows the magnetic a orbital
(MO 64) is preferentially localized at the imino nitrogen and
the two carbonyl oxygens of the iminosemiquinone ligand.
The copper d orbital and the sp orbital of the attached NH3


group contribute to a lesser extent. The magnetic b orbital
(MO 66) is a p orbital preferentially localized at the imino-
semiquinone ligand. In the following, we are interested in
those spatial regions of 1'' in which the weakly coupled a and b


electrons prefer to be simultaneously localized. For this
purpose, we consider the two-electron density function
1ab(1,2) that arises from a Slater determinant Y(1,2) com-
posed of the two magnetic MOs fa and fb. By the use of such
a simple one-determinantal wavefunction, 1ab(1,2) is entirely
determined by the two one-electron density functions 1a and
1b.[46] Therefore, we can write Equation (14):


1ab(1,2)� �Y(1,2)Y(1,2)ds(1)ds(2)� 1a(1)1b(2)�fa(1)2fb(2)2�
[fa(1)fb(2)]2 (14)


The integration is performed over the two spin variables
s(1) and s(2).[46] We see, 1ab(1,2) should have large functional
values in those spatial regions in which the two-electron
product function fa(1)fb(2) is large. These are the regions in
which fa and fb have large functional values. In Figure 4 we
have schematically represented the spatial regions where fa


and fb are large. Thus, the spatial regions in which to
simultaneously find the two weakly spin-coupled electrons are
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near the carbonyl and the N ± C groups of the iminosemiqui-
none ligand. This small distance between the weakly spin-
coupled electrons implies that the two-electron exchange
integral over the magnetic orbitals[6c] should be large. There-
fore, one should expect that the ferromagnetic contribution[6c]


to the exchange coupling constant is large. As indicated by
Figure 4, the b and a electrons are localized out and in the
molecular plane, respectively. Furthermore, we realize that
the two MO occupations resemble the MO occupation
pattern used to qualitatively describe the singlet excited
n ± p* states of the carbonyl (R2C�O) and of the imino
(R2C�NH) groups.[47] Thus, for the singlet ground state of
model complex 1'', which exhibits a weak antiferromagnetic
coupling, the n ± p* state photochemistries of the R2C�O and
of the R2C�NH groups should be relevant. One of the
efficient photoreactions of the n ± p* excited R2C�O group is
hydrogen-atom abstraction from molecules which are hydro-
gen-atom donors.[48] Hydrogen-atom abstraction occurs from
the triplet[49] and singlet[50] excited n ± p* states. Photochem-
ical hydrogen-atom abstractions for the isoelectronic R2�NH
group were also observed.[51] The n ± p* state of the R2�NH
group, however, seems not to be the reactive electronic state
and reactions are less efficient.[52] The electron in the magnetic
p orbital of 1'' is higher in energy than the electron in the
magnetic s orbital (Figure 3). The high energy of the p


electron implies that 1'' should be rather reactive. One possible
reaction pathway is to abstract a nearby hydrogen atom with
an electron of opposite spin. In this way the weakly coupled p


electron succeeds in becoming paired in a newly formed s


bond. Thus, the form and the energy of the magnetic p orbital
(Figure 3) suggests that hydrogen-atom migration towards the
iminosemiquinone ligand is an important reaction pathway
for complex 1. Probably, hydrogen-atom migration towards
the carbonyl oxygen of the iminosemiquinone ligand prevails.
Hydrogen-atom abstraction is the reaction proposed to be
rate determining in the aerobic oxidation of alcohols cata-
lyzed by complex 1 (Scheme 1).[1] This proposal has been
experimentally substantiated by a pronounced kinetic isotope
effect on the overall rate constants k for the oxidation process.
If the a hydrogens of the benzyl alcohol are selectively
replaced by deuterium, a kH/kD ratio of eight was deter-


mined.[1] This shows that the a


hydrogens of the benzyl alcohol
are involved in the rate-deter-
mining hydrogen-atom abstrac-
tion.[1] We find that this notion
is also supported by the form of
the magnetic orbitals.


Properties of the triplet state : In
the previous section we ob-
tained results for model com-
plex 1'' that are based on the
electronic properties of the
B3LYP symmetry-broken elec-
tronic state. A simple scheme
was applied to determine mag-
netic orbitals occupied by elec-
trons that exhibit a weak anti-


ferromagnetic coupling. The form of these orbitals supports
the qualitative conclusion that the carbonyl groups of the
ligand are prone to performing hydrogen-atom abstraction.
The experiment indicates that the electronic ground state of 1
is a singlet state.[1] The exchange coupling constant of J�
ÿ137 cmÿ1, however, indicates that during a chemical reac-
tion, the lowest triplet state of 1 is easily accessible. Thus, for a
qualitative understanding of the reactivity of 1 it is mandatory
to analyze the lowest triplet state as well. Table 1 shows that
for the model Na2 molecules the restricted open-shell energies
for the lowest triplet state EROHF


t are very close to the coupled-
cluster energies ECCSD�T�


t . Therefore, we can hope that the
lowest triplet state of complex 1'' is also well described by the
restricted open-shell DFT approach. We used the ROB3LYP/
SDD level[23] of theory to optimize the geometry of the lowest
triplet state of 1''. The calculated bond lengths for the triplet
state are very similar to the bond lengths calculated for the
symmetry-broken electronic state. This finding shows that
unpairing the weakly coupled electrons in the singlet state has
only a marginal effect on the electron distribution that
determines the geometry. The overall spin density, however,
is strongly affected. This is reflected by the atomic Mulliken
spin-density distribution[23] for the triplet state as (Figure 5).
The largest spin density is computed for the copper atom.
Appreciable values are also found at the nitrogen and the two
carbonyl oxygens of the iminosemiquinone ligand. In the
restricted open-shell formalism the spin densities for the
triplet state are determined by the two singly occupied MOs
that carry electrons of parallel spin. These MOs are the a


orbitals 66 and 67 depicted in Figure 6. We realize that their
forms are virtually identical to the forms of the magnetic
orbitals for the symmetry-broken electronic state (Figure 3).
Even their relative energetic ordering is similar. These
findings illustrate that on moving from the symmetry-broken
electronic state to the first excited triplet state only one spin is
inverted. The space parts of the magnetic orbitals, however,
should remain the same for the symmetry-broken formalism
and for the first excited triplet state. The similarity of the
orbitals shown in Figures 3 and 6 confirms that we identified
the correct magnetic orbitals. Moreover, from Figure 6 one
can conclude that the spatial regions for simultaneously


Figure 4. Spatial regions in the iminosemiquinone ligand in which the two weakly coupled electrons prefer to be
located simultaneously. These regions are determined by the form of the magnetic orbitals. The electronic
structures around the oxygen and nitrogen atoms resemble the electronic structures of the n ± p* states of the
carbonyl and the imino groups, respectively.
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Figure 6. The two singly occupied orbitals for the lowest triplet state of
model complex 1''. Their form is almost identical to the form of the
magnetic orbitals for the symmetry-broken electronic state (Figure 3). This
similarity supports the notion that the exchange coupling in 1'' can be
qualitatively rationalized by means of the two magnetic orbitals depicted in
Figure 3. e is the energy of the singly occupied molecular orbital.


finding two electrons with a spins are identical to the regions
in which two electrons with opposite spin can be found
(Figure 4). These regions are situated in a fashion that
simulates a triplet n ± p* excitation. Such excitations of the
carbonyl groups are known to induce hydrogen-atom abstrac-
tions.[48] Because of the longer lifetimes of the triplet states
they are more efficient for hydrogen-atom abstractions than
singlet states.[50] In complex 1 both electronic states are easily
accessible, as indicated by the small singlet ± triplet gap of
274 cmÿ1. In the organic photochemistry both electronic states
are found to induce hydrogen-atom abstraction. Therefore,
this reaction pathway should be important. Our qualitative
theoretical analysis supports the proposal[1] that hydrogen-
atom abstraction is the rate-determining step in the catalytic
oxidation of alcohols (Scheme 1).


Conclusions


We have applied the symmetry-broken formalism[5] to eluci-
date the electronic structure of the iminosemiquinone cop-


per(ii) catalyst 1. A character-
istic feature of our analysis is
that we applied analytic formu-
las derived within the unre-
stricted Hartree ± Fock scheme,
but applied energies computed
within the unrestricted DFT
framework.[7] Moreover, the
unrestricted Kohn ± Sham orbi-
tals were used as a substitute for
the UHF MOs. As in previous
work,[7] this methodology also
leads to the correct singlet spin
multiplicity of 1''. Moreover, the
observed singlet ± triplet energy
gap was reasonably repro-
duced, provided the B3LYP
density functional scheme is
applied. We were particularly
interested in the determination
of the two magnetic orbitals
which are singly occupied by
two electrons that exhibit a


weak antiferromagnetic coupling. We determined the mag-
netic orbitals by pursuing the notion that the shape of these
orbitals should be different. This difference in shape prevents
the close approach of the two spin-coupled electrons to one
another to result in a weak antiferromagnetic coupling. The
shape argument leads to a simple method to distinguish
between MOs carrying strongly or weakly spin-coupled
electrons. On inspection of the forms of the occupied
unrestricted Kohn ± Sham orbitals, we find that almost any a


orbital matches a b orbital in form and energy. Those orbital
pairs contain electrons, which exhibit a strong antiferromag-
netic coupling. The only exception are the two magnetic
orbitals represented in Figure 3. The a(b) orbital does not find
a matching partner in the set of the occupied b(a) orbitals and
this implies a weak antiferromagnetic coupling between the
spins of the electrons in the magnetic orbitals. Consequently,
atoms in a molecule that carry those unpaired spins are prone
to reactions which lead to a more effective spin pairing.
Guided by the form of the magnetic orbitals, we determined
qualitatively that such a reaction of 1'' can be a hydrogen-atom
abstraction. This finding corroborates the suggestion of
Wieghardt and co-workers that a hydrogen-atom abstraction
reaction for 1 should be the rate-determining step in the
catalytic cycle given in Scheme 1.[1] Our theoretical results
support the notion that the form of the magnetic orbitals
might be a qualitative tool for the prediction of the reactivity
of compounds that exhibit a weak antiferromagnetic coupling.
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Enhanced Reactivity of 2-Rhodaoxetanes through
a Labile Acetonitrile Ligand
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Abstract: New cationic, square-planar,
ethene complexes [(Rbpa)RhI(C2H4)]�


[2 a]� ± [2 c]� (Rbpa� N-alkyl-N,N-
di(2-pyridylmethyl)amine; [2 a]�: alkyl
�R�Me; [2 b]�: R� Bu; [2 c]�: R�
Bz) have been selectively oxygenated in
acetonitrile by aqueous hydrogen per-
oxide to 2-rhoda(iii)oxetanes with a
labile acetonitrile ligand, [(Rbpa)RhIII-
(k2-C,O-CH2CH2Oÿ)(MeCN)]� , [3a]� ±
[3 c]� . The rate of elimination of acetal-


dehyde from [(Rbpa)RhIII(k2-C,O-CH2-
CH2Oÿ)(MeCN)]� increases in the order
R�Me<R�Bu<R�Bz. Elimination
of acetaldehyde from [(Bzbpa)RhIII(k2-
C,O-CH2CH2O)(MeCN)]� [3 c]� , in the
presence of ethene results in re-


generation of ethene complex [(Bzbpa)-
RhI(C2H4)]� [2 c]� , and closes a catalytic
cycle. In the presence of Z,Z-1,5-cyclo-
octadiene (cod) the corresponding cod
complex [(Bzbpa)RhI(cod)]� [6c]� is
formed. Further oxidation of [3 c]� by
H2O2 results in the transient formyl-
methyl-hydroxy complex [(Bzbpa)-
RhIII(OH){k1-C-CH2C(O)H}]� [5 c]� .


Keywords: alkene ligands ´ metal-
laoxetanes ´ N ligands ´ oxygen-
ations ´ rhodium


Introduction


Transition metal catalysed selective oxidation of olefins is of
great interest, both in bulk- and in fine-chemical synthesis.
Mechanistic proposals for catalytic olefin oxidation with the
atom-efficient oxidants dioxygen or hydrogen peroxide are
often controversial.


Compared with other transition metals, rhodium and
iridium complexes have gained relatively little attention in
oxidation chemistry. Nevertheless, their catalytic activity in
olefin oxidation by dioxygen or hydroperoxide has been
demonstrated and reviewed.[1±3] The mechanistic picture of
rhodium-catalysed olefin oxidation is complicated. In oxy-
genation of olefins by dioxygen five-membered peroxome-
tallacyclic k2-C,O-b-peroxyalkylrhodium(iii) species (3-rhoda-
1,2-dioxolanes)[1, 4, 5a, 6a, 7] as well as noncyclic k1-C-b-hydro-
peroxyalkylrhodium(iii) species[8] have been proposed as
initial intermediates. In co-oxygenation of olefins and phos-
phanes, five-membered peroxometallacyclic k2-C,O-b-peroxy-


alkyl rhodium(iii) species have been proposed to contract to
four-membered oxometallacyclic k2-C,O-b-oxyalkylrhodiu-
m(iii) species (2-rhodaoxetanes) by oxygen-atom transfer to
phosphane.[1, 4, 5] In some early work, olefin oxidation by
peroxorhodium and -iridium complexes was shown to proceed
by free-radical pathways.[2, 4, 5, 9] .


In an attempt to gain a better mechanistic insight into
rhodium catalysed oxidation of olefins we are investigating
the stoichiometric oxidation of
rhodium(i)-coordinated olefins
by O2 and H2O2. We previously
described the oxidation of
[RhI(ethene)]� by H2O2 to
2-rhoda(iii)oxetanes (1-oxa-2-
rhoda(iii)cyclobutanes) [1 a]�


and [1 b]� .[10]


Stabilisation of the 2-rho-
daoxetane fragment by the rel-
atively rigid �N4� ligands TPA
(TPA� tris(pyridin-2-ylmethyl)amine) and MeTPA gave us a
first opportunity to study 2-rhodaoxetane reactivity.[10±12]


However, for 2-rhodaoxetane moieties to be of synthetic
use, their reactivity will have to be increased considerably. We
now report the oxidation of the new ethene complexes
[(Rbpa)RhI(ethene)]� (Rbpa� N-alkyl-N,N-di(2-pyridylme-
thyl)amine; alkyl�R�Me, Bu, Bz). Reaction of these �N3�
ligand complexes with aqueous H2O2 in acetonitrile results in
the formation of the 2-oxyethyl complexes [(Rbpa)RhIII-
(k2-C,O-CH2CH2Oÿ)(MeCN)]� . In these, the 2-rhodaoxetane
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fragment is stabilised by the �N3� ligand and one molecule of
acetonitrile. Because of the lability of the coordinated
acetonitrile, these acetonitrile-stabilised �N3�-2-rhodaox-
etanes prove to be significantly more reactive than the
corresponding �N4�-2-rhodaoxetanes [1 a]� and [1 b]� .


Results and Discussion


Synthesis of [(Rbpa)RhI(ethene)]�: We synthesised the cat-
ionic complexes [(Mebpa)RhI(C2H4)]� ([2 a]�), [(Bubpa)RhI-
(C2H4)]� ([2 b]�), and [(Bzbpa)RhI(C2H4)]� ([2 c]�) by the
route shown in Scheme 1. Stirring of [{(C2H4)2Rh(m-Cl)}2]


Scheme 1. Preparation of [RhI(ethene)] complexes [2 a]� ± [2 c]� .


with the ligands Mebpa, Bubpa, or Bzbpa in MeOH atÿ78 8C
afforded solutions of [2 a]Cl, [2 b]Cl, and [2 c]Cl, respectively.
The cations [2 a]� , [2 b]� and [2 c]� were isolated as BPh4 salts
by precipitation with NaBPh4.


The 1H and 13C NMR data of [2 a]� ± [2 c]� show signals for
two equivalent pyridine groups. Compared with the free
ligands, the Py-H6 signals in the 1H NMR spectrum have
shifted almost 1.0 ppm upfield as a result of anisotropic
shielding by the coordinated ethene fragment (e.g. Bubpa:
d� 8.5, [2 b]�: d� 7.5). The diastereotopic protons of the two
equivalent NCH2Py groups give rise to two AB-type doublets.
In the 1H and 13C NMR spectra of [2 a]� ± [2 c]� , the ethene
fragment is observed as a broad singlet at room temperature.
The fluxionality of ethene in the �N3�-ligand complexes
[2 a]� ± [2 c]� parallels that in the �NP2�-ligand complex
[(pnp)RhI(C2H4)]� (pnp� 2,6-bis(diphenylphosphanylmeth-
yl)pyridine).[13a]


The 1H NOE patterns of both [2 b]� and [2 c]� are
characteristic for the mer coordination mode of the Bubpa
and Bzbpa ligands; clear NOE contacts are observed between
the Py-H6 and the ethene protons. Furthermore, clear NOE
contacts are observed between NCaH2 ([2 b]�: NCH2Pr; [2 c]�:
NCH2Ph) and the equatorial NCH2Py protons[13b] (one of the
two AB-type doublets). The latter also show NOE contacts
with the Py-H3 protons. The axial NCH2Py protons[13b] (the
other AB-type doublet) do not show NOE contacts with
either NCaH2 or Py-H3.


Oxidation of [(Rbpa)RhI(ethene)]� to 2-rhodaoxetanes : The
complexes [2 a]� ± [2 c]� are air-sensitive. As shown by
1H NMR spectroscopy, ready displacement of ethylene by
O2 in acetone or acetonitrile results in a complex mixture of


compounds. Treatment of acetone solutions of [2 a]BPh4,
[2 b]BPh4, and [2 c]BPh4 with aqueous H2O2 at room temper-
ature also results a complex mixture of oxidation products.
However, in acetonitrile selective and instantaneous oxida-
tion of [2 a]� ± [2 c]� by H2O2 is observed. 1H NMR spectros-
copy indicates the formation of the 2-rhodaoxetanes [3 a]� ±
[3 c]� in nearly quantitative yield. They were isolated as
[3 a]BPh4, [3 b]BPh4, and [3 c]BPh4 by precipitation with
diethyl ether (Scheme 2).


Scheme 2. Oxidation of ethene complexes to acetonitrile-stabilized �N3�-2-
rhodaoxetanes.


The 1H and 13C NMR data of the rhodium(iii) complexes
[3 a]� ± [3 c]� indicate two equivalent pyridyl fragments, as in
the starting rhodium(i) complexes [2 a]� ± [2 c]� . The Py-H6
signals of the 2-rhodaoxetanes [3 a]� ± [3 c]� have undergone
the expected downfield coordination shift relative to those of
the free ligands. Signals indicative of the 2-rhodaoxetane
fragment RhIII(k2-C,O,-CH2CH2Oÿ) are clearly observed in
the 1H-NMR spectra of [3 a]� ± [3 c]� . In all three complexes
RhCH2CH2O is observed as a triplet, whereas RhCH2CH2O is
observed as a doublet of triplets due to coupling with the
rhodium center. In the 13C NMR spectrum of [3 a]� ,
RhCH2CH2O and RhCH2CH2O show a 1J and 2J rhodium
coupling, respectively. Chemical shifts and coupling constants
are summarised in Table 1. Other NMR data for [3 a]� ± [3 c]�


are very similar to those of the �N4�-2-rhodaoxetanes [1 a]� and
[1 b]� .[10c]


Complex [3 a]� was fully characterised by 1H and 13C NMR,
1H-NOESY, C,H,N analysis, and FAB and ESI mass spec-
trometry. The instability of [3 b]� and [3 c]� prevented their
CHN-analysis and their further characterisation by 13C NMR
spectroscopy and 1H-NOESY at room temperature. In the 1H
NOESY spectrum of [3 a]� clear NOE contacts are observed
between the Py-H6 protons and RhCH2CH2O, indicating that
CH2 is oriented trans to the tertiary amine nitrogen (Namine


Me �.
Other NOE contacts similar to those for ethene complex
[2 b]� are indicative of the mer coordination mode of the
Mebpa ligand in [3 a]� .


Decomposition of the 2-rhodaoxetanes in solution : The
acetonitrile adducts of the �N3�-rhodaoxetanes, [3 a]� ± [3 c]� ,
are much less stable than the corresponding �N4�-rhodaox-
etanes [1 a]� and [1 b]� , as shown by 1H NMR spectroscopy. In
CD2Cl2, [3 a]� ± [3 c]� eliminate acetaldehyde at room temper-
ature, as indicated by the gradual appearance of 1H NMR
signals at d� 9.7 (q, 3J(H,H)� 2.9 Hz, 1 H; CH3C(O)H) and







FULL PAPER A. W. Gal et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0418 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 2418


d� 2.1 (d, 3J(H,H)� 2.9 Hz, 3 H; CH3C(O)H). The methyl
homologue [3 a]� is the least reactive (20% elimination of
acetaldehyde in 20 h), the benzyl homologue [3 c]� is the most
reactive (quantitative elimination of acetaldehyde in 2 h). In
CD3CN, [3 a]� is stable, whereas [3 c]� eliminates acetalde-
hyde at a much lower rate than in CD2Cl2 (20% elimination in
2 h). Addition of a few drops of CD3CN to [3 c]BPh4 in CD2Cl2


results in rapid substitution of CH3CN by CD3CN and slows
down the elimination of acetaldehyde.


Elimination of acetaldehyde from [3 a]� ± [3 c]� in CD2Cl2


generates a complex mixture of Rbpa ± rhodium complexes.
However, in the presence of ethene or (Z,Z)-1,5-cycloocta-
diene (cod), 2-rhodaoxetane [3 c]� is converted to the ethene
complex [2 c]� or the cod complex [6c]�[10d] in nearly
quantitative yield (Scheme 3).


Decomposition of the 2-rhodaoxetanes in the gas phase :
Solutions of [3 a]BPh4 or [3 c]BPh4 generated in situ by dis-
solving [2 a]BPh4 or [2 c]BPh4 in acetonitrile in the presence
of H2O2, were injected into an ESI-MS spectrometer. Signals
for [(Rbpa)Rh(C2H4O)(MeCN)]� were clearly observed at
m/z 401 (R�Me) and at m/z
477 (R�Bz).(Scheme 4). For
both R�Me and R�Bz, daugh-
ter-ion spectra (MS/MS) of
[(Rbpa)Rh(C2H4O)(MeCN)]�


showed signals corresponding
to [(Rbpa)Rh(C2H4O)]� , indi-
cating loss of MeCN (41), and
[(Rbpa)Rh]� , indicating loss
of CH3CN and C2H4O (44).
Daughter-ion spectra of the
[(Rbpa)Rh(C2H4O)]� ions
showed loss of C2H4O. No direct
loss of C2H4O from [(Rbpa)-
Rh(C2H4O)(MeCN)]� was ob-
served (Scheme 4).


The above observations indi-
cate that, in the gas-phase, dis-
sociation of MeCN precedes
elimination of C2H4O. It seems
reasonable to assume that the


Scheme 3. Elimination of acetaldehyde in the presence of ethene or cod;
formation of an ethene or a cod complex.


observed elimination of C2H4O is elimination of acetalde-
hyde, as is the case in solution.


Further oxidation of 2-rhodaoxetane [3 c]� with H2O2 :
1H NMR spectroscopy shows that in acetonitrile the 2-rho-
daoxetanes [3 a]� and [3 b]� are relatively stable towards an
excess of H2O2 (10 mol molÿ1). Remarkably, [3 c]� no longer
eliminates acetaldehyde (vide supra) but instead converts to
the transient formylmethyl ± hydroxy species [(Bzbpa)RhIII-
(OH)(k1-C-CH2CH(O))(MeCN)]� ([5 c]� , Scheme 5), identi-
fied by 1H NMR spectroscopy and ESI mass spectrometry.
According to 1H NMR spectroscopy (d� 3.37 (dd, 3J(H,H)�
5.3 Hz, 2J(Rh,H)� 2.9 Hz, 2 H; RhCH2C(O)H) and d� 10.3
(t, 3J(H,H)� 5.3 Hz, 1 H; RhCH2C(O)H)), [5 c]� reached its
maximum intensity after approximately 4 h. After 12 h, the
1H NMR signals of [5 c]� had disappeared, and a complex
mixture of Bzbpa rhodium complexes was observed. The rate


Scheme 4. Fragmentation of [3 a]� and [3 c]� in the gas phase (ESI-MS).


Table 1. Chemical shifts (d) and coupling constants (J, [Hz]) of the
2-rhodaoxetane fragments.


[1a]� [b] [1b]� [b] [3 a]� [c] [3 b]� [c] [3 c]� [c]


1H NMR[a]


d (RhCH2CH2Oÿ) 2.25 2.35 2.21 2.20 2.29
2J(Rh,H) 2.4 2.6 2.4 2.3 2.5


d RhCH2CH2Oÿ) 4.98 4.80 4.76 4.65 4.74
3J(H,H) 7.5 0.6 7.5 7.5 7.5


13C NMR[b]


d (RhCH2CH2Oÿ) 1.3 2.5 ÿ1.4 ± ±
1J(Rh,C) 18.4 8.0 16.5


d (RhCH2CH2Oÿ) 78.7 0.6 80.5 ± ±
2J(Rh,C) 4.0 4.2 3.7


[a] 1H NMR: CD2Cl2. [b] 13C NMR: [D6]acetone. [c] 13C NMR: CD2Cl2.


Scheme 5. Oxidation of 2-rhodaoxetane [3 c]� to formylmethyl ± hydroxy complex [5c]� .







2-Rhodaoxetanes 416 ± 422


Chem. Eur. J. 2001, 7, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0419 $ 17.50+.50/0 419


of formation of [5 c]� roughly equalled the rate of elimination
of acetaldehyde from [3 c]� in the absence of H2O2.


Further evidence for the formation of [5 c]� comes from
ESI-MS: dissolution of [2 c]BPh4 in acetonitrile in the
presence of an excess of 35 % aqueous H2O2 results in
oxidation to [3 c]� (indicated by a signal at m/z 477), followed
by slow oxidation to [5 c]� (indicated by a transient signal at
m/z 493). A daughter-ion spectrum (MS/MS) of m/z 493
showed a signal at m/z 452 (indicating loss of MeCN) and a
signal at m/z 434 (indicating loss of both MeCN and H2O),
consistent with formulation of [5 c]� as a formylmethyl ± hy-
droxy complex.


Elimination of acetaldehyde : The observed elimination of
acetaldehyde from [3 c]� , and the accompanying formation of
ethene complex [2 c]� in the presence of ethene (Scheme 3),
show that the RhI oxidation state is accessible from a
2-rhoda(iii)oxetane, even with ªhardº, non-p-acceptor, nitro-
gen donor ligands.


Our 1H NMR studies of the acetonitrile-stabilised �N3�-2-
rhodaoxetanes [3 a]� ± [3 c]� reveal ready elimination of
acetaldehyde at room temperature, whereas such elimination
from the �N4�-2-rhodaoxetanes [1 a]� and [1 b]� requires
temperatures in excess of 80 oC. The change from the non-
labile �N4� ligand system in [1 a]� and [1 b]� to the more labile
MeCN/�N3� ligand system in [3 a]� ± [3 c]� clearly increases the
reactivity of the 2-rhodaoxetane fragment.


The observed suppression of acetaldehyde elimination
from [3 c]� in CD2Cl2 upon addition of acetonitrile (vide
supra) suggests elimination of acetaldehyde in solution from a
coordinatively unsaturated 16-electron rhodium(iii) species,
which we propose to be [(Rbpa)RhIII(k2-C,O-CH2CH2Oÿ)]� ,
[4 c]�(Scheme 4). This formation of [4 c]� through dissociation
of acetonitrile would be analogous to that observed in the gas
phase by ESI-MS. Generation of a species through dissocia-
tion of a 2-methyl pyridyl arm of Bzbpa, through heterolytic
dissociation of the 2-rhodaoxetane RhÿO bond[14] , or through
dissociation of the 2-rhodaoxetane RhÿO bond after proto-
nation of the rhodaoxetane oxygen[10c, 15] are all considered
less likely. In the presence of ethene, the 14-electron species
[(Bzbpa)Rh]� formed upon acetaldehyde elimination from
[4 c]� is trapped as the 16-electron ethene complex
[(Bzbpa)RhI(C2H4)]� [2 c]� (Scheme 3).


For the elimination of acetaldehyde from [4 c]� it seems
reasonable to propose formation a cis-formylmethylhydrido-
rhodium(iii) complex via a b-hydride shift and reductive
elimination of a CÿH bond (Scheme 6).


In accord with this mechanism, a cis-formylmethylhydri-
doiridium(iii) complex has been obtained by reaction of
ethylene oxide with [IrI(C8H14)(PMe3)3(Cl)].[14a] The proposed
b-hydride shift in [4 c]� (Scheme 7) requires a prior mer ± fac
rearrangement of the Bzbpa ligand to generate a cis-C, cis-O
vacant site. The b-hydride shift to this site (Scheme 7) would
be analogous to that in the formation of a p-allyl-hydridoiri-
dium(iii) complex from the irida(iii)cyclobutane [Cp*IrIII(k2-
C,C-CH2CH2CH2)(dmso)] (dmso� dimethyl sulfoxide) upon
dissociation of a cis,cis-dmso ligand.[17]


The steric hindrance at Namine
R of Rbpa in [(Rbpa)RhIII(k2-


C,O-CH2CH2Oÿ)(MeCN)]� increases in the order R�


Scheme 6. Proposed formylmethyl ± hydrido intermediate in elimination
of acetaldehyde and oxidation to formylmethyl ± hydroxide complex.


Scheme 7. b-Hydride shift to cis-C, cis-O vacant site.


Me<R�Bu<R�Bz.The rate of acetaldehyde elimination
from [(Rbpa)RhIII(k2-C,O-CH2CH2Oÿ)(MeCN)]� follows the
same order. This could reflect the steric influence of R on the
dissociation of acetonitrile, but could also reflect a steric
influence of R on the rate of reductive elimination of
acetaldehyde from the resulting unsaturated 2-rhodaoxetane
[(Rbpa)RhIII(k2-C,O-CH2CH2Oÿ)]�: the increasingly hin-
dered coordination of Namine


R to RhIII on going from R�Me
to R�Bu to R�Bz reduces the effective donor capacity of
Namine


R
[10d] and thereby increases the rate of elimination of


acetaldehyde.


Elimination of acetaldehyde versus oxidation by H2O2 : In
acetonitrile the rate at which [3 c]� eliminates acetaldehyde is
comparable to its rate of oxidation by H2O2. Complex [3 a]�


does not eliminate acetaldehyde in acetonitrile and is not
oxidised by H2O2. Therefore, it is tempting to assume that
elimination of acetaldehyde from [3 c]� and oxidation of [3 c]�


to the formylmethyl ± hydroxide complex [5 c]� proceed via
one and the same cis-formylmethyl ± hydrido intermediate
(Scheme 6). Whereas acetaldehyde results from reductive
elimination of a CÿH bond, formylmethyl ± hydroxy complex
[5 c]� results from oxidation of the formylmethyl ± hydrido
intermediate by H2O2.


Conclusion


Selective oxidation of [RhI(ethene)]� by H2O2 to stable
2-rhoda(iii)oxetanes is not limited to [(�N4� ligand) RhI(eth-
ene)]� . In acetonitrile the complexes [(�N3� ligand)RhI(eth-
ene)]� have been selectively oxidised to labile acetonitrile
adducts of the corresponding �N3�-rhodaoxetanes. The rate of
elimination of acetaldehyde from these adducts is found to be
significantly higher than for the corresponding �N4�-rhodaox-
etanes.


The elimination of acetaldehyde is proposed to involve
generation of a vacant site through dissociation of acetoni-
trile, followed by a b-hydride shift from the k2-C,O-2-oxyethyl
fragment to the RhIII center of the 2-rhodaoxetane moiety.
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The reactivity of [3 a]� ± [3 c]� strongly depends on the Rbpa
ligand: the rate of acetaldehyde elimination increases in the
order R�Me<Bu<Bz, probably for steric reasons.


The most labile 2-rhodaoxetane, [3 c]� , is further oxidised
by H2O2 in acetonitrile to the transient formylmethyl ± hy-
droxy complex [5 c]� . Such reactivity is not observed for [3 a]�


and [3 b]� . We propose that elimination of acetaldehyde from
[3 c]� , and oxidation of [3 c]� to formylmethyl ± hydroxy
complex [5 c]� , proceed via the same cis-formylmethylhydrido
intermediate.


The generation of ethene complex [2 c]� upon decomposi-
tion of 2-rhodaoxetane [3 c]� in CH2Cl2, in the presence of
ethene, closes a catalytic cycle (Scheme 8). However, we did


Scheme 8. Catalytic oxidation of ethene to acetaldehyde.


not find any indications for ªone-potº catalytic behaviour of
[3 c]� in the presence of H2O2 and ethene in any of the solvents
tried. Probably the ªnakedº [(Bzbpa)RhI]� that results from
reductive elimination reacts faster with H2O2 than with
ethene, poisoning the potential catalyst. Another reason for
the failure of [3 c]� to catalytically generate acetaldehyde
from ethene could be the further oxidation of [3 c]� by H2O2 to
formylmethyl ± hydroxy complex [5 c]� .


Our attempts to oxygenate the newly prepared ethene
complexes with O2 failed as the olefin was displaced by the
incoming O2. In closing a catalytic cycle for oxygenation of
ethene by H2O2 we have, however, unequivocally demon-
strated the conversion of a 2-rhoda(iii)oxetane and ethene to a
rhodium(i)ethene complex and acetaldehyde. This is the final
step in the mechanistic scheme proposed for rhodium
catalysed co-oxygenation of olefins and phosphanes, which
involves contraction of a five-membered peroxometallacyclic
b-peroxyalkylrhodium(iii) intermediate to a four-membered
oxometallacyclic b-oxyalkylrhodium(iii) intermediate by
atom transfer to phosphane as a prior step.[4] Recently the
conversion of [(bpa)RhI(cod)]� (bpa�N,N-di(2-pyridylme-
thyl)amine)[10d] and [(P3O9)IrI(cod)]2ÿ ; P3O9


3ÿ� trimetaphos-
phate)[11a] to corresponding 2-metallaoxetanes, through mono-
oxygenation of one of the coordinated cod double bonds by


O2, has been reported. Together with our present results,
these findings prompt us to search for N donor ligands that
would allow isolation of peroxygenated or oxygenated
intermediates in the reaction of Rh(ethene)]� or [Rh-
(propene)]� with O2.


Experimental Section


General : All procedures were performed under N2 using standard Schlenk
techniques. Solvents (p.a.) were deoxygenated by bubbling through a
stream of N2 or by the freeze-pump-thaw method. The temperature
indication of room temperature corresponds to approximately 20 oC. NMR
experiments were carried out on a Bruker DPX200 (200 MHz and 50 MHz
for 1H and 13C respectively), a Bruker AC300 (300 MHz and 75 MHz for 1H
and 13C respectively), and a Bruker AM-500 (500 MHz and 125 MHz for 1H
and 13C, respectively). Solvent shift reference for 1H NMR spectroscopy:
[D6]acetone: dH� 2.05, CD3CN dH� 1.98, CD2Cl2 dH� 5.31. For 13C NMR:
[D6]acetone dC� 29.50, CD3CN dC� 1.28, CD2Cl2 dC� 54.20. Elemental
analyses (C,H,N) were carried out on a Carlo Erba NCSO-analyser. Fast
atom bombardment (FAB) ionisation mass spectra were recorded on a VG
7070 mass spectrometer. Electrospray ionisation (ESI) mass spectra were
performed on a slightly modified Finnigan MAT TSQ7000 electrospray
tandem mass spectrometer described in our previous reports on the gas-
phase chemistry of [CpIrIII(PMe3)(CH3)]�[18] and [O�MnV(salen)]� (salen
�N,N'-bis(salicylidene)-4,5-dimethylphenylenediamine dianion)[19] (octo-
pole, quadrupole, octopole, quadrupole setup). The first octopole was fitted
with an open cylindrical sheet around the rods into which a collision gas
could be bled for thermalisation or reaction pressures up to 20 mTorr.
Daughter-ion spectra were recorded in daughter-ion mode; that is, the first
quadrupole is used to mass select ions of a single mass, which are then
collided with target gas in the second octopole. The second quadrupole is
operated in scanning mode and serves to detect the ionic collision
fragments. The incoming ions were thermalised in the first octopole with
argon at a pressure of �10 mTorr and at a temperature of 70 8C. The tube
lens was typically operated at 70 V (referenced to m/z 500).
[{(C2H4)2Rh(m-Cl)}2] was prepared according to a literature procedure.[20]


The synthesis and characterisation of the ligands Bubpa and Bzbpa, and
compound [(Bzbpa)RhI(cod)]PF6, [6c]PF6, have been described previous-
ly.[10d] All other chemicals are commercially available and were used
without further purification, unless stated otherwise.


N-methyl-N,N-di(2-pyridylmethyl)amine (Mebpa): bpa (1.01 g, 5.09 mmol)
and methyl iodide (0.74 g, 5.21 mmol) were dissolved in acetonitrile
(100 mL). Na2CO3 (approximately 10 g) was added. The solution was
refluxed for 3 d under a nitrogen atmosphere. Subsequently, the Na2CO3


was removed by filtration, and the solvent was evaporated under vacuum.
The resulting oil was stirred for 1 h in a mixture of water and Na2CO3. The
mixture was extracted with diethyl ether. The combined diethyl ether
layers were evaporated and a red oil was obtained. The product was
purified by chromatography on a silica column with 10% methanol in
chloroform. 1H NMR (200.13 MHz, CDCl3, 300 K): d� 8.56 (dq,
3J(H,H)� 4.7 Hz, 2 H; Py-H6), 7.67 (m, 2 H; Py-H4), 7.53 (m, 2 H; Py-
H3), 7.17 (m, 2 H; Py-H5), 3.79 (s, 4H; N-CH2-Py), 2.33 (s, 3 H; N-CH3);
13C{1H} NMR (50.32 MHz, CDCl3, 300 K): d� 159.0 (Py-C2), 148.8 (Py-
C6), 136.2 (Py-C4), 122.8 (Py-C3), 121.8 (Py-C5), 63.4 (NÿCH2ÿPy), 42.5
(NÿCH3); FAB�-MS (m/z): 213 [M]� , 198 [MÿCH3]� .


(h2-Ethene)(k3-N-methyl-N,N-di(2-pyridylmethyl)amine)rhodium(ii) tetra-
phenylborate ([2 a]BPh4): [{(C2H4)2RhI(m2-Cl)}2] (0.22 g, 1.11 mmol) was
added to a solution of Mebpa (0.24 g, 1.11 mmol) in methanol (50 mL).
After stirring for 1 h at ÿ78 8C, NaBPh4 (0.18 g, 1.11 mmol) was added. A
yellow powder precipitated which was collected by filtration. The product
was washed with methanol and dried under vacuum, yielding 0.85 g (77 %).
1H NMR (200.13 MHz, [D6]acetone, 300 K): d� 7.92 (dt, 3J(H,H)� 7.8 Hz,
3J(H,H)� 7.8 Hz, 4J(H,H)� 1.5 Hz, 2H; Py-H4), 7.66 (dddd, 3J(H,H)�
5.6 Hz, 4J(H,H)� 1.5 Hz, J� 1.5 Hz, J� 0.6 Hz, 2H; Py-H6), 7.50 (dd, br,
3J(H,H)� 7.8 Hz, J� 0.4 Hz, 2 H; Py-H3), 7.4 ± 7.3 (m, 2H; Py-H5), 7.34 (m,
8H; BAr-H2), 6.93 (t, 3J(H,H)� 7.4 Hz, 8 H; BAr-H3), 6.77 (t, 3J(H,H)�
7.4 Hz, 4H; BAr-H4), 5.00 (d[AB], 3J(H,H)� 15.7 Hz, 2 H; NCH2Py), 4.36
(dd[AB], 3J(H,H)� 15.7 Hz, 3J(Rh,H)� 1.3 Hz; NCH2Py), 3.48 (s, 4H;
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CH2�CH2), 2.92 (s, 3 H, NCH3); 13C{1H} NMR (50.32 MHz, [D6]acetone,
300 K): d� 165.4 (q, 1J(B,C)� 49.6 Hz; BAr-C1), 165.1 (Py-C2), 150.2 (Py-
C6), 138.9 (Py-C4), 125.9 (Py-C3), 124.3 (Py-C5), 137.5 (BAr-C2), 126.5
(BAr-C3), 122.8 (BAr-C4), 67.6 (NCH2Py), 57.7 (br, CH2�CH2), 47.33
(NCH3); FAB�-MS: (m/z): 344 [M]� , 316 [MÿC2H4]� , 300 [MÿC2H4ÿ
CH3ÿH]� ; elemental analysis (%) calcd for C39H39N3BRh: C 70.60, H 5.93,
N 6.33; found: C 70.65, H 5.81, N 6.23.


(h2-Ethene)-(k3-N-butyl-N,N-di(2-pyridylmethyl)amine)rhodium(ii) tetra-
phenylborate ([2b]BPh4): [{(C2H4)2RhI(m2-Cl)}2] (0,76 g, 3.92 mmol) was
added to a solution of Bubpa (1.00 g, 3.92 mmol) in methanol (50 mL).
After stirring for 1 h at ÿ78 8C, NaBPh4 (1.33 g, 3.92 mmol) was added. A
yellow powder precipitated, which was collected by filtration, washed with
methanol, and dried under vacuum, yieding 2.10 g (76 %). 1H NMR
(200.13 MHz, [D6]acetone, 298 K): d� 7.97 (ddd, 3J(H,H)� 7.7 Hz,
3J(H,H)� 7.7 Hz, 4J(H,H)� 1.6 Hz, 2H; Py-H4), 7.70 (dddd, 3J(H,H)�
5.6 Hz, 3J(H,H)� 1.6 Hz, J� 1.6 Hz, J� 0.7 Hz, 2H; Py-H6), 7.57 (dd,
3J(H,H)� 7.7 Hz, 2H; Py-H3), 7.5 ± 7.4 (m, 2H; Py-H5), 7.37 (m, 8H; BAr-
H2), 6.95 (t, 3J(H,H)� 7.4 Hz, 8H; BAr-H3), 6.80 (t, 3J(H,H)� 7.4 Hz, 4H;
BAr-H4), 5.13 (d[AB], 2J(H,H)� 16.1 Hz, 2H; N-CHHPy), 4.60 (dd[AB],
2J(H,H)� 16.1 Hz, 3J(Rh,H)� 1.3 Hz, 2 H; NCH2Py), 3.51 (s, br, 4H;
CH2�CH2), 3.13 (m, 2H; NCH2CH2CH2CH3), 1.81 (m, 2H;
NCH2CH2CH2CH3), 1.39 (m, 2 H; NCH2CH2CH2CH3), 0.79 (t, 3J(H,H)�
7.37 Hz, 3 H; NCH2CH2CH2CH3); 13C{1H} NMR (50.32 MHz, [D6]acetone,
300 K): d� 165.4 (Py-C2), 164.9 (q 1J(C,B)� 49.6 Hz; BAr-C1), 149.4 (Py-
C6), 138.5 (Py-C4), 137.0 (BAr-C2), 126.1 (BAr-C3), 125.3 (Py-C3), 123.1
(Py-C5), 122.3 (BAr-C4), 66.6 (NCH2Py), 62.8 (NCH2CH2CH2CH3), 56.7
(br, CH2�CH2), 31.3 (NCH2CH2CH2CH3), 21.2 (NCH2CH2CH2CH3), 13.9
(NCH2CH2CH2CH3); FAB�-MS (m/z): 386 [M]� , 356 [MÿC2H4ÿ 2H]� ,
329 [MÿBu]� , 300 [MÿC2H4ÿBuÿH]� ; elemental analysis (%) calcd
for C42H45N3BRh: C 71.50, H 6.43, N 5.96; found: C 71.40, H 6.13, N 6.05.


(h2-Ethene)-(k3-N-benzyl-N,N-di(2-pyridylmethyl)amine)rhodium(ii) tetra-
phenylborate ([2c]BPh4): [2c]BPh4 was prepared by a procedure similar to
those of [2 a]BPh4 and [2b]BPh4, using the ligand Bzbpa. The yield was
0.60 g (78 %). 1H NMR (200.13 MHz, [D6]acetone, 298 K): d� 8.03 (m,
3J(H,H)� 7.6 Hz, 2H; Ph-H2), 7.79 (ddd, 3J(H,H)� 7.8 Hz, 3J(H,H)�
7.8 Hz, 4J(H,H)� 1.5 Hz, 2 H; Py-H4), 7.51 (dddd, 3J(H,H)� 5.7 Hz,
4J(H,H)� 1.5 Hz, J� 1.5 Hz, J� 0.7 Hz, 2H; Py-H6), 7.30 ± 7.00 (m, 5H;
Py-H3, Ph-H3, and Ph-H4), 7.36 (m, 8H; BAr-H2), 7.22 (m, 2 H; Py-H5),
6.95 (t, 3J(H,H)� 7.4 Hz, 8 H; BAr-H3), 6.78 (t, 3J(H,H)� 7.4 Hz, 4H; BAr-
H4), 5.08 (d[AB], 2J(H,H)� 15.8 Hz, 2 H; NCH2Py), 4.64 (dd[AB],
2J(H,H)� 15.8 Hz, 3J(Rh,H)� 1.2 Hz, 2H; NCH2Py), 4.32 (s, 2 H;
NCH2Ph), 3.39 (s, br, 4 H; CH2�CH2); 13C{1H} NMR (75.47 MHz,
[D6]acetone, 298 K): d� 156.2 (Py-C2), 155.9 (q, 1J(B,C)� 49.5 Hz; BAr-
C1), 140.1 (Py-C6), 129.1 (Py-C4), 128.0 (BAr-C2), 124.8 (Ph-C1), 124.6
(Ph-C2), 120.5 (Ph-C3), 119.75 (Ph-C4), 117.1 (BAr-C3), 115.9 (Py-C3),
114.2 (Py-C5), 113.2 (BAr-C4), 57.6 (NCH2Py), 57.3 (NCH2Ph), The
CH2�CH2 signal is too broad to be observed; FAB�-MS (m/z): 420 [M]� ,
391 [MÿC2H4ÿH]� , 300 [MÿC2H4ÿBzÿH]� ; elemental analysis (%)
calcd for C45H43N3BRh: C 73.08, H 5.86, N 5.68; found: C 73.40, H 5.98, N
5.81.


(k2-O,C-2-Oxyethyl)(k3-N-methyl-N,N-di(2-pyridylmethyl)amine)rhodium(iiiiii)
tetraphenylborate ([3 a]BPh4): [2a]BPh4 (0.24 g) was dissolved in a mixture
of aqueous H2O2 (0.1 mL 35%) and acetonitrile (5 mL). The solution was
stirred for 1 h. Subsequently diethyl ether (50 mL) was added. A pale
yellow powder precipitated, which was filtered and dried under vacuum
pressure, yielding 0.15 g (61 %); 1H NMR (200.13 MHz, CD2Cl2, 300 K):
d� 8.71 (d, 3J(H,H)� 5.3 Hz, 2H; Py-H6), 7.88 (ddd, 3J(H,H)� 7.7 Hz,
3J(H,H)� 7.7 Hz, 4J(H,H)� 1.5 Hz, 2H; Py-H4), 7.6 ± 7.3 (m, 4 H; Py-H3
and Py-H5), 7.32 (m, 8H; BAr-H2), 6.99 (t, 3J(H,H)� 7.4 Hz, 8H; BAr-H3),
6.84 (t , 3J(H,H)� 7.4 Hz, 4H; BAr-H4), 4.76 (m, 4H; RhCH2CH2O and
NCH2Py), 4.13 (d[AB], 2J(H,H)� 15.0 Hz, 2H; NCH2Py), 2.65 (s, 3H;
NCH3), 2.21 (dt, 3J(H,H)� 7.5 Hz, 2J(Rh,H)� 2.4 Hz, 2H; RhCH2CH2O),
1.73 (s, NCCH3); 13C{1H} NMR (50.32 MHz, CD2Cl2�drop CD3CN,
300 K): d� 165.2 (Py-C2), 164.6 (q, 1J(B,C)� 49.0 Hz; BAr-C1), 152.6
(Py-C6), 139.65 (Py-C4), 136.6 (BAr-C2), 126.4 (BAr-C3), 126.2 (Py-C3),
124.7 (Py-C5), 122.8 (BAr-C4), 80.5 (d, 3J(Rh,H)� 3.7 Hz; RhCH2CH2O),
65.82 (s, 2 C; NCH2Py), 46.2 (s, 1C; NCH3), 3.60 (RhNCCH3), ÿ1.38 (d,
2J(Rh,H)� 16.5 Hz, RhCH2CH2O), the Rh-NCCH3 signal was not ob-
served; FAB�-MS (m/z): 401 [M]� , 374 [MÿCH3CN]� , 316 [MÿCH3CNÿ
C2H4O]� ; elemental analysis (%) calcd for C41H42N4OBRh: C 68.35, H
5.88, N 7.78; found: C 68.20 H 5.76 N 7.76.


(k2-O,C-2-Oxyethyl)(k3-N-butyl-N,N-di(2-pyridylmethyl)amine)rhodium(iiiiii)
tetraphenylborate ([3b]BPh4): [3 b]BPh4 was prepared by a procedure
similar to that for [3 a]BPh4, using [2b]BPh4. 1H NMR (200.13 MHz,
CD2Cl2, 300 K): d� 8.66 (d, 3J(H,H)� 5.3 Hz, 2 H; Py-H6), 7.84 (ddd,
3J(H,H)� 7.8 Hz, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.6 Hz, 2 H; Py-H4), 7.5 ± 7.3
(m, 4H; Py-H3 and Py-H5), 7.33 (m, 8 H; BAr-H2), 7.00 (t, 3J(H,H)�
7.4 Hz, 8H; BAr-H3), 6.85 (t, 3J(H,H)� 7.4 Hz, 4H; BAr-H4), 4.65 (m,
4H; NCH2Py and RhCH2CH2O), 4.29 (d{AB], 2J(H,H)� 15.0 Hz, 2H;
NCH2Py), 2.84 (m, 2 H; NCH2CH2CH2CH3), 2.22 (dt, 3J(H,H)� 7.5 Hz,
2J(Rh,H)� 2.3 Hz, 2H; RhCH2CH2O), 1.70 (m, 2H; NCH2CH2CH2CH3),
1.63 (s, 3 H; RhNCCH3), 1.44 (m, 2H; NCH2CH2CH2CH3), 0.83 (t,
3J(H,H)� 7.2 Hz, 3H; NCH2CH2CH2CH3).


(k2-O,C-2-Oxyethyl)(k3-N-benzyl-N,N-di(2-pyridylmethyl)amine)rhodium(iiiiii)
tetraphenylborate ([3c]BPh4): [3 c]BPh4 was prepared by a procedure
similar to that for [3 a]BPh4, using [2c]BPh4. The only difference is that the
reaction was performed at a temperature of ÿ20 8C. The yield was 35%.
1H NMR (200.13 MHz, CD2Cl2, 298 K): d� 8.74 (d, 3J(H,H)� 5.6 Hz, 2H;
Py-H6), 7.92 (ddd, 3J(H,H)� 7.8 Hz, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.4 Hz,
2H; Py-H4), 7.6 ± 7.4 (m, 4H; Py-H5 and Py-H3), 7.0 ± 7.5 (m, 5H; Ph), 7.29
(m, 8H; BAr-H2), 6.96 (t, 3J(H,H)� 7.4 Hz, 8 H; BAr-H3), 6.82 (t,
3J(H,H)� 7.4 Hz, 4 H; BAr-H4), 4.74 (t, 3J(H,H)� 7.5 Hz, 2 H;
RhCH2CH2O), 4.45 (d[AB], 2J(H,H)� 16.6 Hz, 2 H; NCH2Py), 4.39
(d[AB], 2J(H,H)� 16.6 Hz, 2 H; NCH2Py), 3.86 (s, 2H; NCH2Bz), 2.29
(dt, 3J(H,H)� 7.5 Hz, 2J(Rh,H)� 2.5 Hz, 2 H; RhCH2CH2O), 1.65 (s, 3H;
CH3CN); FAB�-MS (m/z): 477 [M]� , 391 [MÿC2H4OÿCH3CNÿH]� .


[1] L. I. SimaÂndi, Catalytic Activation of Dioxygen by Metal Complexes,
Kluwer Academic Publishers, Dordrecht, 1992.


[2] a) D. H. R. Barton, The Activation of Dioxygen and Homogeneous
Catalytic Oxidation, Plenum Press, New York, 1993 ; b) R.H Holm,
Chem. Rev. 1987, 87, 1401; c) R. S. Drago, Coord. Chem. Rev. 1992, 117,
185; d) R. A. Sheldon, J. Dakka, Catal. Today 1994, 19, 215; e) R. S.
Drago, R. H. Beer, Inorg. Chim. Acta 1992, 198 ± 200, 359; f) T. G.
Spiro, Metal Ion Activation of Dioxygen, Wiley, New York, 1980 ;
g) R. A. Sheldon, J. K. Kochi, Metal Catalyzed Oxidations of Organic
Compounds, Academic press, New York, 1981; h) I. I. Moiseev, J. Mol.
Cat. A.: Chem 1997, 127, 1; i) G. Strukul, Angew. Chem. 1998, 110,
1256; Angew. Chem. Int. Ed. 1998, 37, 1198; j) E. I. Becker, M. Tsutsui,
Organometallic Reactions, Vol. 3, Wiley, New York, 1972 ; k) H.
Mimoun in Comprehensive Coordination Chemistry, Vol. 6 (Ed.: G.
Wilkinson), 1987, Chapter 61; l) K. A. Jùrgensen, Chem. Rev. 1989, 89,
431; m) J. A. Moulijn, P. W. N. M. van Leeuwen, R. A. van Santen,
Catalysis, An Integrated Approach to Homogeneous, Heterogeneous,
and Industrial Catalysis, Elsevier, Amsterdam, 1993.


[3] a) R. S. Dickson, Homogeneous Catalysis with Compounds of Rho-
dium and Iridium, D. Reidel, Dordrecht, 1985, Chapter 5; b) E. S.
Gore in Chemistry of the Platinum Group Metals: Recent Develop-
ments ; Studies in Inorganic Chemistry, vol. 11 (Ed.: F. R. Hartley),
Elsevier, Amsterdam, 1991, Chapter 8; c) J. T. Groves in Metal Ion
Activation of Dioxygen (Ed.: T. G. Spiro), Wiley, 1980.


[4] G.Read, J. Mol. Catal. 1988, 44,15.
[5] a) H. Mimoun, Pure Appl. Chem. 1981, 53, 2389; b) F. Di Furia, G.


Modena, Pure Appl. Chem. 1982, 54, 1853; c) O. Bortolini, F. Di Furia,
G. Modena, R. Seraglia, J. Mol. Catal. 1984, 22, 313; d) K. Takao, Y.
Fujiwara, T. Imanaka, S. Teranishi, Bull. Chem. Soc. Jpn. 1970, 43,
1153; e) K. Takao, M. Wayaku, Y. Fujiwara, T. Imanaka, S. Teranishi,
Bull. Chem. Soc. Jpn. 1970, 43, 3898; f) C. Dudley, G. Read,
Tetrahedron Lett. 1972, 5273; g) G. Read, P. J. C. Walker, J. Chem.
Soc. Dalton Trans. 1977, 883; h) L. Carlton, G. Read, M. Urgelles, J.
Chem. Soc. Chem. Commun. 1983, 586; i) G. Read, M. Urgelles, J.
Chem. Soc. Dalton Trans. 1985, 1591.


[6] a) H. Mimoun, M. M. P. Machirant, I. S. de Roch, J. Am. Chem. Soc.
1978, 100, 5437; b) J. Dahlman, E. Hoft, Oxid. Commun. 1982, 405.


[7] F. Igersheim, H. Mimoun, Nouv. J. Chim. 1980, 4, 161.
[8] a) R. S. Drago, A. Zuzich, E. D. Nyberg, J. Am. Chem. Soc. 1985, 107,


2898; b) M. A. Atlay, M. Preece, G. Strukul, B. R. James, J. Chem. Soc.
Chem. Commun. 1982, 406; c) M. Faraj, J. Martin, C. Martin, J-M.
Bregeault, J. Mol. Catal. 1985, 31, 57; d) M. Bresan, F. Morandi, A.
Morvillo, P. Rigo, J. Organomet. Chem. 1985, 208, 139.







FULL PAPER A. W. Gal et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0422 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 2422


[9] a) J. E. Lyons, J. O. Turner, Tetrahedron Lett. 1972, 2903; b) J. E.
Lyons, J. O. Turner, J. Org. Chem. 1972, 37, 2881; c) A. Fusi, R. Ugo, F.
Fox, A. Pasini, S. Cenini, J. Organomet. Chem. 1971, 26, 417.


[10] a) B. de Bruin, M. J. Boerakker, J. J. J. M. Donners, B. E. C. Chris-
tiaans, P. P. J. Schlebos, R. de Gelder, J. J. M. Smits, A. L. Spek, A. W.
Gal, Angew. Chem. 1997, 109, 2153; Angew. Chem. Int. Ed. Engl. 1997,
36, 2064; b) B. de Bruin, M. J. Boerakker, R.de Gelder, J. J. M. Smits,
A. W. Gal, Angew. Chem. 1999, 111, 118; Angew. Chem. Int. Ed. Engl.
1999, 38, 219; c) B. de Bruin, M. J. Boerakker, J. A. W. Verhagen, R.
de Gelder, J. M. M. Smits, A. W. Gal, Chem. Eur. J. 2000, 6, 298; d) B.
de Bruin, J.A Brands, J. J. J. M. Donners, M. P. J. Donners, R.
de Gelder, J. M. M. Smits, A. W. Spek, A. W. Gal, Chem. Eur. J.
1999, 5, 2921.


[11] The few isolated 2-metallaoxetanes known are all stabilised by various
substituents. Consequently, it is difficult to deduce the intrinsic
reactivity of the unsubstituted 2-metallaoxetane moiety from these
substituted examples: a) V. W. Day, W. G. Klemperer, S. P. Lockledge,
D. J. Main, J. Am. Chem. Soc. 1990, 112, 2031; b) A. A. Zlota, F.
Frolow, D. Milstein, J. Am. Chem. Soc. 1990, 112, 6411; c) M. J.
Calhorda, A. M. GalvaÄo, C. Ünaleroglu, A. A. Zlota, F. Frolow, D.
Milstein, Organometallics 1993, 12, 3316; d) D. P. Klein, J. C. Hayes,
R. G. Bergman, J. Am. Chem. Soc. 1988, 110, 3704; e) J. C. Hartwig,
R. G. Bergman, R. A. Andersen, Organometallics 1991, 10, 3344;
f) J. C. Hartwig, R. G. Bergman, R. A. Andersen, J. Am. Chem. Soc.
1990, 112, 3234; g) S. Baba, T. Ogura, S. Kawaguchi, H. Tokunan, Y.
Kai, N. Kashi, J. Chem. Soc., Chem. Commun. 1972, 910; h) L.
Pandolfo, G. Paiaro, G. Valle, P. Ganis, Gazz. Chim. Ital. 1985, 115, 65;
i) W. A. Herrmann, U. Küsthardt, A. Schäfer, E. Herdtweck, Angew.
Chem. 1986, 98, 818; Angew. Chem. Int. Ed. Engl. 1986, 25, 817; j) R.
Schlodder, J. A. Ibers, M. Lenarda, M. Graziani, J. Am. Chem. Soc.


1974, 96, 6893; k) M. Lenarda, N. B. Pahor, M. Calligaris, M. Graziani,
L. Randaccio, J. Chem. Soc., Dalton Trans. 1978, 279.


[12] For an overview of 2-metallaoxetane reactivity, see: K. A. Jùrgensen,
B. Schiùtt, Chem. Rev. 1990, 90, 1483.


[13] a) C. Hahn, J. Sieler, R. Taube, Chem. Ber./Requeil 1997, 130, 939;
b) for equatorial and axial NCH2Py protons, see X-ray structure of
[(MeTPA)Rh(ethene)]� in ref. [1c].


[14] a) D. Milstein, J. C. Calabrese, J. Am. Chem. Soc. 1982, 104, 3773;
b) D. Milstein, Acc. Chem. Res. 1984, 17, 221; c) D. Milstein, J. Am.
Chem. Soc. 1982, 104, 5227.


[15] Generation of a vacant site through dissociation of the RhÿO bond
would be facilitated by protonation.[10c] However, this seems unlikely
for CH2Cl2 solutions of [3 c]BPh4, as BPh4


ÿ would scavenge traces of
acid.[16] .


[16] H. Nishida, N. Takada, M. Yoshimura, T. Sonoda, H. Kobayashi, Bull.
Chem. Soc. Jpn. 1984, 57, 2600, and references therein.


[17] J. Van den Broeke, O. J. Wielinga, P. Sloet tot Everloo, J. Wakefield,
Newsletter and Abstracts 216th ACS National Meeting Boston MA,
August 23 ± 27, 1998. No 097.


[18] a) C. Hinderling, D. Feichtinger, D. A. Plattner, P. Chen, J. Am. Chem.
Soc. 1997, 119, 10793; b) C. Hinderling, D. A. Plattner, P. Chen,
Angew. Chem. 1997, 109, 272; Angew. Chem. Int. Ed. Engl. 1997, 36,
243.


[19] a) D. Feichtinger, D. A. Plattner, Angew. Chem. 1997, 109, 1796;
Angew. Chem. Int. Ed. Engl. 1997, 36, 1718; b) D. A. Plattner, D.
Feichtinger, J. El-Bahraoui, O. Wiest, Int. J. Mass Spectrom. in press.


[20] R. Cramer, J. A. McCleverty, J. Bray, Inorg. Synth. 1990, 28, 86.


Received: March 27, 2000
Revised version: July 6, 2000 [F2385]








The Configurational Stability of an Enantioenriched a-Thiobenzyllithium
Derivative and the Stereochemical Course of Its Electrophilic Substitution
Reactions; Synthesis of Enantiomerically Pure, Tertiary Benzylic Thiols[1, 2]


Oliver Stratmann,[a] Bernd Kaiser,[a] Roland Fröhlich,[a, b]


Oliver Meyer,[a, b] and Dieter Hoppe*[a]


Dedicated to Professor Richard Neidlein on the occasion of his 70th birthday


Abstract: The lithium compound (S)-7, formed by deprotonation of the (S)-S-1-
phenylethyl thiocarbamate (S)-10, is configurationally stable at ÿ70 8C. Even at
elevated temperatures it racemizes only very slowly. It represents the first essentially
enantiopure a-thiocarbanion derivative and can be utilized in asymmetric synthesis.
Most electrophiles (except proton acids) add to (S)-7 with complete stereoinversion.
Cleavage of the substitution products leads to practically enantiopure, tertiary
1-phenylalkanethiols.


Keywords: asymmetric synthesis ´
chirality ´ carbanions ´ electrophilic
substitution ´ thiocarbanions


Introduction


Chiral, non-racemic, a-heterosubstituted organolithium com-
pounds have become important tools in enantioselective
synthesis.[3] If the metal-bearing carbon atom is the sole source
of chiral information and if no chiral additive, such as (ÿ)-
sparteine,[4] is present in a preceding step, the configurational
stability of the carbanionic intermediates is the essential
precondition for their utilization in asymmetric synthesis.
Configurationally stable 1-(alkoxymethoxy)alkyllithium de-
rivatives 1 a (Scheme 1) have been known since 1980,[5] and in
1986 it was recognized that N,N-dialkylcarbamoyloxy groups
enhance the configurational stability of chiral 1-oxyallyllithi-
um[6] (1 b), -benzyllithium[7] (1 c), and, generally, -alkyllithi-
um[8] (1 d) derivatives by chelation. The carbamoyloxy group
also causes high kinetic acidities by binding the lithium base in
a preceding step of the deprotonation reaction.[6] A few N-
Boc-a-aminoalkyllithium derivatives, such as the pyrrolidine
2 a and allylamines 3, behave similarly.[9] N-Alkyl derivatives,
as for example 2 b, generally exhibit high configurational
stability, but these cannot be generated by direct deprotona-
tion (Scheme 1).[10]


Scheme 1. Structures of chiral lithium compounds 1 ± 7.


There is a striking contrast between the reported configura-
tional lability of a-thioalkyllithium derivatives such as type 4
(Scheme 1) and the related oxygen and nitrogen compounds.
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From reactivity and NMR studies with samples of racemic
compounds of type 4, it seems that a rapid interconversion of
the enantiomers (the enantiomerization) takes place even at
ÿ78 8C or below.[11, 12] Even the (ÿ)-sparteine complex 5 a,
which is stabilized by a chelating carbamoyl residue, epimer-
izes rapidly under these conditions.[13] However, the partially
enantioenriched a-trimethylsilyl derivatives 5 b did not suffer
racemization; they constitute the first example of an optically
active a-thioalkyllithium derivative.[14] Evidence has been
accumulated from the work of R. W. Hoffmann et al. and H. J.
Reich et al. that the mechanism of racemization here is
different from that of other chiral organolithium com-
pounds.[12, 15] The rate-determining step is not the separation
of the ion pair, but the torsion of the hyperconjugated SÿC
bond in the thio substituent. The rate of this torsion is
decreased by increasing bulk in the vicinity of the sulfur atom.
On the basis of this assumption we prepared the benzyllithium
compound 7, which had a remarkable configurational stabil-
ity.[1] This concept, very recently, also led to the first example
of an enantioenriched a-thioallyllithium compound 6.[16]


Information on the stereochemical course of substitution
reactions in chiral a-thio-substituted lithium compounds is
very scarce; therefore we investigated compound 7 in that
respect.


Results and Discussion


Deprotonation and configurational stability : (R)-1-Phenyl-
ethanol [(R)-8] of more than 99 % enantiomeric purity[17] ,
prepared by enzymatic kinetic resolution of the racemic
acetate,[18, 7b] was converted into the corresponding thiol (S)-9
(>99 % ee) by a Mitsunobu reaction[19] with thioacetic acid,
followed by hydride reduction of the intermediate (S)-S-alkyl
thioacetate (Scheme 2). It is important to carry out all


Scheme 2. a) Diisopropyl azodicarboxylate (DIAD), PPh3, MeCOSH
(THF), 70 %; b) LiAlH4 (Et2O), 98%; c) NaH, CbyCl (THF), 95%;
d) sBuLi, TMEDA (Et2O); e) ElX (For El see Table 1).


reactions with strict exclusion of air under argon in order to
avoid the formation of the corresponding disulfide, which it is
essential to remove (see below). Acylation of (S)-9 with
2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyl chloride by the
sodium hydride method[20] provided the thiocarbamate (S)-10.


The deprotonation of (S)-10 in diethyl ether with sec-
butyllithium (1.25 equiv) in the presence of N,N,N',N'-tetra-
methylethylenediamine (TMEDA, 1.5 equiv) was complete


within 1 h at ÿ78 8C. The reaction mixture was usually stirred
for 2 h below ÿ70 8C and the corresponding electrophile was
added in excess to form the products ent-11/11 in good yields
(standard conditions). Practically complete deprotonation
was confirmed by trapping the carbanionic intermediate with
DOCH3 to produce 11 a in 94 % yield and with 90 % d content
(Table 1, entry 1). After the solution of (S)-7 had been stored
for 2 h at ÿ78 8C and quenched with methanol, 95 % of the
starting material (S)-10 was isolated without any decrease in
enantiomeric purity.[21] Complete retention is also observed
for experiments performed with a 3m solution of acetic acid in
diethyl ether as reprotonating reagent. However, in a few
experiments, lower ee values (down to 57 % retention) were
measured. Though the reasons are not transparent, we assume
that TMEDA ´ HOAc is the active proton source to a certain
extent. This assumption is based on a control experiment with
a solution of the preformed adduct TMEDA ´ HOAc in
diethyl ether, which yielded 98 % (S)-10 with partial retention
(77 % ee).


Even when the reaction mixture had been stirred for 12 min
at 1 8C before quenching below ÿ70 8C, we obtained (S)-10
with �99 % ee (yield 92 %; Table 2, entry 1). The methoxy-
carbonylation (to form ent-11 b, Table 2, entries 2 and 3), or
acetylation (ent-11 c, Table 2, entry 5) of the previously
warmed carbanionic intermediate (S)-7 led to similar results.
These experiments are evidence of the unprecedentedly high
configurational stability of the lithium compound (S)-7.[22]


Even at 0 8C the half-time of enantiomerization has a
magnitude of several hours. We were not able to determine
the exact rate of racemization since the decomposition
proceeds faster than racemization (Table 2, entries 3 and 6).
Further, the decomposition products seem to catalyse the
process (Table 2, entry 4).


However, at the beginning of our work, we were unable to
confirm these results in control experiments. When using new
batches of the thiocarbamate (S)-10 or of sec-butyllithium
solutions, we often obtained products with decreased enan-
tiomeric excesses and yields until we noticed the following
preconditions for optimal results: (S)-10 has to be completely
free of disulfide; furthermore, only clear solutions of sec-
butyllithium (in cyclohexane or cyclohexane/hexane 92:8)
qualify. Otherwise the sec-butyllithium solutions have to be
filtered through Celite under argon before use. We assume
that ether-soluble lithium salts (e.g. lithium alcoholates or
thiolates) cause a partial racemization by a lithium ± lithium
substitution step with inversion of the configuration.


Acylations : The reaction of (S)-7 with methyl chloroformate
under standard conditions furnished the methyl ester ent-11 b
with �99 % ee (Table 1, entry 2). Use of carbon dioxide as
electrophile, followed by esterification with diazomethane,
furnished the same product (entry 3). The absolute config-
uration of ent-11 b was proved to be R by means of X-ray
crystal structure analysis[23] (Figure 1). Similarly several acid
chlorides reacted with complete stereoinversion to yield the
(R)-ketones ent-11 c ± g (entries 4, 6, 8, 9, and 11). Evidence
for the correct stereochemical assignment of ent-11 d (Fig-
ure 2), ent-11 e (Figure 3), and ent-11 g (Figure 4) is drawn
from the same X-ray technique.[23]
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Table 1. Substitution of (S)-7 by various electrophiles (Scheme 1).


Entry Product[a] ent-11/11 El Electrophile Yield [%] e.r.[b] ent-11 :11 % ee[b] [a]D
[c] m.p. [8C]


1 a D[d] MeOD 99 < 1:99 > 99 (S) ÿ 129.1 94
2 b CO2Me ClCO2Me 98 > 99:1 > 99 (R) ÿ 26.0 113
3 b CO2Me CO2


[e] 99 > 99:1 > 99 (R) ÿ 25.8 114
4 c C(�O)Me MeC(�O)Cl 95 > 99:1 > 99 (R) ÿ 22.5 65
5 c C(�O)Me [MeC(�O)]2O 88 20:80 60 (S) � 13.7 ±
6 d C(�O)Et EtC(�O)Cl 97 > 99:1 > 99 (R) ÿ 17.9 73
7 d C(�O)Et [EtC(�O)]2O 99 22:78 55 (S) � 9.4 ±
8 e C(�O)iPr iPrCOCl 92 > 99:1 > 99 (R) ÿ 42.4 84
9 f C(�O)tBu tBuCOCl 83 > 99:1 > 99 (R) ÿ 68.5 64


10 f C(�O)tBu [tBuC(�O)]2O 46 > 99:1 > 99 (R) ÿ 68.4 ±
11 g C(�O)Ph PhCOCl 92 � 99:1 > 98 (R) � 116.6 124
12 h CH(OH)Me MeCHO 69 > 99:1[f] > 99 (R) ÿ 68.3 oil
13 i CH(OH)Et EtCHO 89 � 99:1[f] � 98 (R) ÿ 61.9 oil
14 j CH(OH)iPr iPrCHO 99 98:2[f] 96 (R) ÿ 82.6 oil
15 k CH(OH)tBu tBuCHO 59 > 99:1[f] > 99 (R) ÿ 120.3 80
16 l CH(OH)Ph PhCHO 89 > 99:1[f] > 99 (R) ÿ 48.2 84
17 m C(OH)Me2 Me2C�O 58 81:19 62 (R) ÿ 52.1 oil
18 n C(OH)Ph2 Ph2C�O 51 84:16[g] 68 (R) ÿ 35.0 110
19 o CH2CH3 CH3CH2I 90 > 98:2 97 (S) ÿ 30.3 90
20 p CH2CH2CH3 CH3CH2CH2I 89 [h] [h] (S) ÿ 48.1 ±
21 q CH2(CH2)4CH3 CH3(CH2)4CH2I 69 > 99:1 > 99 (S) ÿ 38.4 oil
22 r CH2CH�CH2 CH2�CHCH2Br 90 [h] [h] (S) ÿ 25.2 91
23 s CH2Ph PhCH2Br 95 [h] [h] (S) ÿ 29.4 76
24 t SiMe3 Me3SiCl 90 � 99:1 > 98 (R) ÿ 90.7 76


[a] All products were obtained analytically pure (C� 0.4 %, H� 0.3 %, N� 0.3%). [b] For the method of determination see ref. [21]. [c] Measured with c�
0.88 to 1.76 g (100 mL)ÿ1 in CH2Cl2 at room temperature (18 to 27 8C); for details see Experimental Section. [d] Protonation of (S)-7 with MeOH leads to (S)-
10 (98 % yield,>99 % ee). Though protonation with HOAc also results in the formation of (S)-10 with 98 % yield and>99 % ee, in a few control experiments
lower ee values were observed. Because of the supposed participation of TMEDA ´ HOAc in the protonation reaction we performed an experiment using a
premixed solution of TMEDA and HOAc in diethyl ether that gave (S)-10 in 99% yield and with 77% ee. [e] Work-up without neutralizing, followed by
esterification of the carboxylic acid with diazomethane. [f] Determined at the stage of the corresponding ketone ent-11 c ± g after Swern oxidation. [g] The
absolute configuration was not proved independently; (partial) inversion was deduced, analogous to all other carbonyl additions. [h] The enantiomeric ratio
was not determined.


Table 2. Warming experiments with the anionic intermediate (S)-7.


Entry Product El Electrophile Warming conditions Yield [%] e.r. % ee[b] [a]D
[a]


1 10 H MeOH 12 min (0 8C) 92 > 99: 1 � 99 (R) ÿ 128.6
2 ent-11b CO2Me ClCO2Me 3 min (0 8C) 98 > 99: 1 > 99 (R) ÿ 25.5
3 ent-11b CO2Me ClCO2Me 63 min (0 8C) 58 86:14 73 (R) ÿ 18.5
4 ent-11b CO2Me ClCO2Me 125 min (0 8C) 32 57:43 13 (R) ÿ 2.6
5 ent-11c C(�O)Me MeC(�O)Cl 6 min (0 8C) 89 > 99: 1 > 99 (R) ÿ 21.8
6 ent-11c C(�O)Me MeC(�O)Cl 4 min (17 8C) 44 � 98: 2 � 96 (R) ÿ 21.6


[a] Measured with c� 0.88 to 1.34 g (100 mL)ÿ1 in CH2Cl2 at room temperature (21 to 25 8C). [b] For the method of determination see ref. [21].


Figure 1. X-ray crystal structure of ent-11b. Figure 2. X-ray crystal structure of ent-11 d.
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Figure 3. X-ray crystal structure of ent-11 e.


Figure 4. X-ray crystal structure of ent-11 g.


The exhaustive Grignard reactions of the ester ent-11 b,
with known R configuration, and the ketone ent-11 c both
result in the formation of the alcohol ent-11 m. The enolate of
the acetylation product ent-11 c (�99 % ee) was completely
alkylated with methyl iodide and furnished the tert-butyl
ketone ent-11 f (�99 % ee). With these additional correlation
experiments the absolute configuration is proved to be R for
ent-11 c, ent-11 m, and ent-11 f (Scheme 3).


Scheme 3. a) MeMgI (Et2O), 47%; b) MeMgI (Et2O), 65 %; c) 1. LDA, 2.
MeI (THF), 21% isolated.


For acylations with acid anhydrides, surprisingly, only the
reaction of pivalic acid anhydride resulted in complete
stereoinversion to yield ent-11 f (Table 1, entry 10), whereas
acetic and propionic acid anhydride gave rise to the products
11 c (entry 5, 60 % ee) and 11 d (entry 7, 55 % ee) with partial
retention. No plausible explanation for these two exceptions
is obvious. In the view of stereoinverting addition reactions of
the appropriate aldehydes and acid chlorides we do not see
convincing reasons for the attack of the electrophile on the
front face of the carbanionic center owing to a lithium ±
electrophile interaction. The reactions of (S)-7 with ethyl
acetate and propionate were too slow for a meaningful
stereochemical study.


Aldehyde additions : The reaction of aldehydes with the
lithium compound (S)-7, generated under standard conditions,
proceeds smoothly, giving rise to mixtures of the epimeric syn/
anti alcohols ent-11 h/h'' ± ent-11 l/l'' with high stereospecificity
(96 ± > 99 % ee) and complete inversion, but without signifi-
cant diastereoselection concerning the carbonyl group
(Scheme 4; Table 1, entries 12 ± 16, Table 3). The epimers


Scheme 4. Swern oxidation to give ent-11c ± g.


could not be separated, and were converted to the known
corresponding ketones ent-11 c ± ent-11 g by Swern oxida-
tion[24] (Scheme 4).


The relative configurations of the aldehyde adducts were
deduced from 1H NMR and 13C NMR spectroscopic data.
Apart from accepted empirical rules concerning the chemical
shifts of the OH group (1H NMR[25]) and the benzylic methyl


Table 3. Ratios of syn/anti alcohols ent-11 and characteristic NMR data
(Scheme 4).


Product syn :anti 1H NMR [d] 13C NMR [d]
ent-11/11 OH 1-CH3 2-H 1-CH3 C-2


h 52:48 syn 5.66 1.81 4.60 21.7 74.5
anti 3.69 2.00 4.27 23.0 74.2


i 41:59 syn 5.31 1.85 4.27 22.4 77.0
anti 3.47 2.00 3.94 25.2 76.8


j 41:59 syn 5.59 1.95 4.37 21.6 ± 26.0 82.3
anti 3.74 2.05 3.92 21.1 ± 25.5 82.0


k 43:57 syn 5.52 2.06 4.33 21.8 84.4
anti 4.11 2.12 4.05 27.9 83.6


l 42:58 syn 6.52 1.45 ± 1.64 5.49 23.0 ± 26.0 81.1
anti 4.31 2.05 5.24 23.0 ± 26.0 80.9
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group (1-CH3, 13C NMR[26]) some additional proof was
collected as shown in Table 3. Whereas the 1H NMR criteria
for 1-CH3


[27, 28] and 2-H[28] coincide with results from inves-
tigations of the appropriate O-benzylcarbamates, the
13C NMR regularity concerning C-2 was firstly found for the
series of thiocarbamates ent-11 h/h'' ± ent-11 l/l''.


Ketone additions : The addition of acetone to the solution of
(S)-7 and stirring of the resulting reaction mixture for 16 h at
ÿ78 8C afforded the tertiary alcohol ent-1 1m in 58 % yield
with 62 % ee (inversion). The R configuration of ent-11 m was
established by converting the ester ent-11 b into alcohol ent-
11 m by exhaustive methyl Grignard addition (Scheme 3).
Similarly, benzophenone yielded the diphenylcarbinol ent-
11 n (yield 51 %, 68 % ee). Several attempts to phenylate the
ester ent-11 b only afforded the ketone ent-11 g, whereas ent-
11 g added to neither phenylmagnesium bromide nor phenyl-
lithium.


During the reaction with benzophenone, the color of the
reaction mixture first changed to blue and then through green
to yellow. This leads to the conclusion that the addition
proceeds via a radical pair formed by single-electron transfer
(SET)[29] which results in a partially racemized product.
Although the ketyl radical formed from acetone is less
stabilized, a SET might also be involved in this case.


Alkylation and silylation : The alkylation of (S)-7 with ethyl,
propyl, and hexyl iodide smoothly yielded the corresponding
tertiary thiocarbamates ent-11 o, ent-11 p, and ent-11 q, re-
spectively (Table 1; entries 19 ± 21). Allyl and benzyl bromide
gave products ent-11 r and ent-11 s (Table 1, entries 22 and 23).
Complete stereospecificity was proved strictly for the hex-
ylation (>99 % ee) and ethylation (97 % op compared with a
previously prepared sample[30]). Since ent-11 o, ent-11 r, and
ent-11 s furnished enantiomerically pure crystalline samples
with excellent enantiopol parameters (max. 0.03� 0.03), a
very high enantiomeric purity can be concluded directly from
the X-ray crystal structure analysis (Figure 5, Figure 6, and


Figure 5. X-ray crystal structure of ent-11 o.


Figure 7).[23] Hydrogenation of a sample of the allylation
product ent-11 r afforded the propyl derivative ent-11 p with
the same optical purity as the original sample of ent-11 p
(Scheme 5, Table 1, entry 20) within an experimental error of


Figure 6. X-ray crystal structure of ent-11 r.


Figure 7. X-ray crystal structure of ent-11s.


Scheme 5. a) H2, Pd/C (MeOH), 84 %.


approx. 3 %. Thus all alkylation reactions proceed with strict
stereoinversion.


Trimethylsilylation led to the enantiomerically pure silane
ent-11 t in 90 % yield and with complete inversion (>98 % ee ;
Table 1, entry 24). The absolute configuration of ent-11 t was
confirmed by X-ray crystal structure analysis (Figure 8).[23]


Stereochemical course : Compared with that of the known a-
thioalkyllithium compounds, the configurational stability of
the lithium complex (S)-7 is surprisingly high. Nevertheless
this fact qualitatively fits the mechanistic model outlined by
R. W. Hoffmann and H. J. Reich.[15] Whereas the oxygen
analogue (R)-1 c adds to aliphatic aldehydes with total
stereoretention[27] , (S)-7 reacts with alkanals with complete
stereoinversion. Only for protonation by methanol or acetic
acid do both lithium compounds join in stereoretention. We
suggest that in benzyllithium compounds two features support
the electrophilic attack at the face occupied by the lithium
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Figure 8. X-ray crystal structure of ent-11 t.


cation: strong interaction of the lithium cation with the
incoming electrophile,[7b] which is expected to occur with
methanol or acetic acid, and increasing pyramidalization of
the carbanionic center.[7d, 7e] Further theoretical investigations
might uncover the reasons for the increased tendency of the a-
thio-substituted benzyllithium derivatives to undergo stereo-
inverting electrophilic substitution.


Cleavage of the substituted thiocarbamates ent-11: The
oxazolidine moiety Cby was selected in order to provide
rigorous protection of the carbonyl group against nucleophilic
attack while being sensitive to acidic conditions.[8, 3a] Under
acid catalysis acetone is removed from the cyclic aminoacetal
group in ent-11 to yield the b-hydroxyalkyl thiourethanes ent-
12 (Scheme 6, Methods a ± c). Refluxing these intermediates
in a suspension of potassium carbonate in methanol liberates
the thiols ent-13 (Scheme 6, Method d). By forming the
oxazolidinone 14, the b-hydroxy group plays an active role


Scheme 6. For El and yields see Table 4; a) Method a: MeSO3H (MeOH),
reflux; b) Method b: Amberlyst 15 (MeOH), reflux; c) Method c: 1,3-
propanedithiol, Amberlyst 15 (CH2Cl2), r.t. ; d) Method d: K2CO3


(MeOH), reflux; e) Method e: 6m HCl, reflux; f) Method f: DIBALH
(hexane/toluene), ÿ78 to 0 8C; g) Method g: LiAlH4 (THF), reflux.


in this cleavage reaction. In contrast to the conversion of
appropriate benzyl carbamates to tertiary alcohols (O for S in
ent-11),[27] partial racemization does not occur. As long as the
starting material does not carry reducible functionalities, a
one-step deprotection procedure can be applied by stirring
ent-11 with a large excess of diisobutylaluminum hydride
(DIBALH)[31] at low temperature (Scheme 6, Method f).
Refluxing the thiocarbamates ent-11 in 6m HCl leads directly
to the thiols ent-13, too (Scheme 6, Method e).


Even when the methyl ester ent-11 a is refluxed with a large
excess of LiAlH4 in THF (Scheme 6, Method g), the oxazol-
idine carbonyl group remains unchanged and the primary
alcohol ent-15 is isolated with high yield. However, DIBALH
(10 mol equiv) reduces both carbonyl groups to yield thiol
alcohol ent-16 when ent-11 a is subjected to the conditions of
Method f (Scheme 6, Table 4).


Altogether, the reaction sequence provides an easy route to
highly enantioenriched tertiary benzyl thiols. These com-
pounds cannot be prepared by SN2 substitution reactions
starting from optically active tertiary benzyl alcohols.


Conclusion


We have demonstrated that the lithium compound (S)-7,
derived from the optically active secondary S-benzyl mono-
thiocarbamate (S)-10, exhibits surprisingly high configura-
tional stability. The substitution by most electrophiles pro-
ceeds with strict stereoinversion. On the basis of the facile
deblocking of the protected thio group, a predictable route to
highly enantiomerically enriched tertiary thiols was devel-
oped, which will most likely be applicable to further benzylic
and related substrates.


Experimental Section


General methods : 1H and 13C NMR spectra were recorded on a Bruker
ARX 300, AM 360, or AMX 400 instrument at 300, 360, or 400 MHz and
75.5, 90, and 100 MHz, respectively. Chemical shifts are reported in relation
to Me4Si as internal standard. IR spectra were registered on a Perkin ±
Elmer 298 spectrometer; only the strongest bands are given. Optical
rotations were obtained with a Perkin ± Elmer 241 polarimeter and are
specified in units of 8mL dmÿ1 gÿ1. Melting points were measured on a
Mettler FP 61 apparatus and are uncorrected. The Mikroanalytische
Abteilung des Organisch-Chemischen Institutes der Universität Münster
performed the elementary analyses on a Heraeus CHN-O-Rapid. All yields
are given with reference to neat products purified by flash column
chromatography[32] on silica gel (Merck, 60 ± 200 mesh). Solvents and
reagents were distilled and, if necessary, dried prior to use. Diethyl ether
was freshly distilled from Na/benzophenone, THF from K/benzophenone,
and CH2Cl2 from CaH2. Commercial samples of N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA), triethylamine (NEt3), dimethyl sulfoxide
(DMSO), and trimethylsilyl chloride (Me3SiCl) were dried by distillation
from CaH2. Solutions of sec-butyllithium were received as a 1.4m solution
in cyclohexane/hexane (92:8) or in cyclohexane and usually had to be
filtered through Celite before use to separate from solid impurities. MeMgI
was prepared from MeI and Mg in diethyl ether. The concentration of all
solutions of organolithium and -magnesium compounds was measured by
titration.[33] The ee values of the carbamates 10 and 11 were determined by
1H NMR spectroscopy.[21] Isomer ratios of diastereomeric mixtures were
derived from suitable 1H NMR or GC integrals (Hewlett Packard HP 5890
II chromatograph with a 25 m HP1 column or Hewlett Packard HP 6890 II
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chromatograph with a 25 m HP 1701 column). All numbers in the
spectroscopic data follow Scheme 6 (beginning with C-2 in the group El).


(ÿ)-(S)-1-Phenylethanethiol [(S)-9]: A pale yellow precipitate was formed
by dropwise addition of diisopropyl azodicarboxylate (9.70 mL, 10.1 g,
50.0 mmol) to an ice-cooled solution of triphenylphosphine (13.2 g,
50.0 mmol) in anhydrous THF (80 mL) under argon. The solidifying
mixture was stirred continuously while it was warmed to room temperature.
A solution of (R)-1-phenylethanol[18] (4.64 g, 40.0 mmol, 99% ee) and
thioacetic acid (5.70 mL, 6.09 g, 80.0 mmol) in THF (30 mL) was injected.
The reaction mixture was stirred for 3 h at room temperature and changed
from yellow to green and finally orange before the solvent was evaporated
in vacuo. The yellow slurry was suspended and stirred in 100 mL of hexanes
until a yellow solid formed. The complete separation from the solid by-
products required two filtrations through 20 g silica gel and elution with
hexanes. The concentrated crude thioacetate was purified by flash
chromatography on silica gel (Et2O/hexanes, 1:40).


An ice-cooled solution of the purified thioacetate {[a]20
D �ÿ291.3, c� 1.72


in CH2Cl2, >99% ee} in anhydrous diethyl ether (8 mL) was added
dropwise to a suspension of LiAlH4 (774 mg, 20.4 mmol) in diethyl ether
(90 mL) under argon. After 2 h of refluxing the reaction mixture was
carefully treated with 2m aqueous HCl (30 mL) at 0 8C. The organic layer
was separated and the aqueous solution extracted with diethyl ether (4�
20 mL). The combined organic layers were stirred over solid NaHCO3/
Na2SO4. Evaporation of the solvent and flash chromatography of the crude
product on silica gel (hexanes) afforded thiol (S)-9 (3.75 g, 27.1 mmol,
68%) as a pale yellow oil.


Intermediate (ÿ)-(S)-S-(1-phenylethyl) thioacetate : [a]25
D �ÿ291.3 (c�


1.72 in CH2Cl2); >99% ee [see (S)-10]; 1H NMR (300 MHz, CDCl3): d�
1.65 (d, 3 H, 1-CH3), 2.29 (s, 3H, 2'-H3), 4.74 (q, 1H, 1-H), 7.20 ± 7.37 (m, 5H,
2''-H, 3''-H, 4''-H), 3J1-H,1-CH3


� 7.2 Hz; 13C NMR (75 MHz, CDCl3): d� 24.4
(q, 1-CH3), 30.0 (q, C-2'), 43.4 (d, C-1), 127.2 (d, C-4''), 128.6, 129.4 (d, C-2'',
C-3''), 144.9 (s, C-1''), 194.9 (s, C-1'); IR (film): nÄ (cmÿ1)� 1680 (C�O);
C10H12OS (180.27): calcd C 66.63, H 6.71, found C 66.40, H 6.95.


Data for (ÿ)-(S)-1-phenylethanethiol [(S)-9]: [a]25
D �ÿ88.7 (c� 0.63 in abs.


EtOH); >99% ee [see (S)-10]; 1H NMR (300 MHz, CDCl3): d� 1.67 (dd,
3H, 1-CH3), 1.98 (dq, 1H, SH), 4.23 (qd, 1 H, 1-H), 7.18 ± 7.44 (m, 5H, 2''-H,


3''-H, 4''-H), 3J1-H,1-CH3
� 6.9 Hz, 3J1-H,SH� 5.3 Hz, 4JSH,1-CH3


� 0.5 Hz; IR
(film): no strong bands.


(ÿ)-(S)-S-Phenylethyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-thiocarboxy-
late [(S)-10]: A solution of thiol (S)-9 (2.19 g, 15.8 mmol) in anhydrous
THF (8.0 mL) was added dropwise to an ice-cooled suspension of sodium
hydride (760 mg, 19.0 mmol, 60% in mineral oil) in THF (30 mL). The
reaction mixture was stirred for 30 min at room temperature. 2,2,4,4-
Tetramethyl-1,3-oxazolidine-3-carbonyl chloride[20] (3.32 g, 17.4 mmol) in
THF (6 mL) was added and the solution was refluxed for 3 h. The reaction
mixture was allowed to cool to room temperature and poured into a
mixture of Et2O and 2m aqueous HCl (30 mL each). The organic layer was
separated and the aqueous solution was extracted with Et2O (3� 30 mL).
The combined extracts were stirred over solid Na2SO4/NaHCO3. The crude
product was recrystallized several times from diethyl ether and the
remaining mother liquor was purified by flash chromatography on silica
gel (Et2O/hexanes, 1:4). The combined yield was 4.50 g (15.3 mmol, 97%).
[a]24


D �ÿ129.3 (c� 1.44 in CH2Cl2);>99 % ee [1H NMR, 300 MHz, CDCl3,
40 mol % (�)-Eu(hfc)3: 5'-H2, Dd� 0.03 ppm at d� 4.1, (R):(S)< 1:466);
m.p.: 96 8C; 1H NMR (300 MHz, CDCl3): d� 1.45 ± 1.64 (m, 12 H, 2'-CH3,
4'-CH3), 1.70 (d, 3 H, 1-CH3), 3.72 (s, 2 H, 5'-H2), 4.79 (q, 1H, 1-H), 7.20 ±
7.40 (m, 5H, 2''-H, 3''-H, 4''-H), 3J1-H,1-CH3


� 6.9 Hz; 13C NMR (75 MHz,
CDCl3): d� 23.0 (1-CH3), 24.8, 25.8 (2'-CH3, 4'-CH3), 44.0 (C-1), 60.9 (C-
4'), 76.7 (C-5'), 97.3 (C-2'), 127.0 (C-4''), 127.4, 129.0 (C-2'', C-3''), 143.0 (C-
1''), 163.2 (SÿCÿN); IR (KBr): nÄ (cmÿ1)� 1610 (C�O); GC-MS (EI, 70 eV):
m/z (%)� 293 (6) [M�], 278 (2) [MÿCH3


�], 238 (1) [MÿC4H7
�], 189 (2)


[HSCby�], 174 (3) [HSCbyÿCH3
�], 156 (48) [Cby�], 105 (46) [C8H9


�], 98
(34) [C5H8NO��CbyÿC3H6O�], 91 (34) [C7H7


�], 77 (10) [C6H5
�], 59


(100) [C3H7O�], 55 (32) [C4H7
�], 42 (12) [C3H6


�]; GC-MS (CI, NH3): m/z
(%)� 311 (4) [M�NH4


�], 294 (100) [M�H�], 293 (5) [M�], 236 (6)
[M�HÿC3H6O�], 188 (6) [SCby�], 156 (13) [Cby�]; C16H23NO2S (293.43):
calcd C 65.49, H 7.90, N 4.77, found C 65.58, H 8.18, N 4.91.


Deprotonation reactions


Standard conditions : Under argon, thiocarbamate (S)-10 (293 mg,
1.00 mmol) and TMEDA (174 mg, 1.50 mmol) were dissolved in anhydrous
diethyl ether (10.0 mL) and cooled to ÿ78 8C (dry ice/acetone). At this
temperature salt-free sec-butyllithium solution (1.25 mmol, ca. 1.3m in
cyclohexane or in cyclohexane/hexane, 92:8) was added. After 2 h of


Table 4. Cleavage experiments with the thiocarbamates 10 and ent-11.


Entry Product Substrate Method, conditions El Yield [%] % ee[a] [a]D
[b] M.p. [8C]


1 (S)-12u (S)-10 a, reflux, 3.0 h H 93 � 99 ÿ 173.0 oil
2 ent-12 b ent-11 b a, r.t., 8 d CO2Me 95 > 99 ÿ 23.8 128
3 rac-12 o rac-11 o a, reflux, 3.0 h CH2CH3 67 ± ± oil
4 rac-12 p rac-11 p a, r.t., 13 d CH2CH2CH3 58 ± ± oil
5 (S)-12u (S)-10 b, CH2Cl2, reflux, 1.5 h H 87 � 98 ÿ 169.6 oil
6 ent-12 b ent-11 b b, Et2O, reflux, 2.0 h CO2Me 90 > 99 ÿ 23.4 oil
7 ent-12 f ent-11 f b, MeOH, r.t., 40 h C(�O)tBu 92 > 99 ÿ 98.9 oil
8 rac-12 m rac-11 m b, Et2O, r.t., 10 d C(OH)Me2 86 ± ± oil
9 rac-12 q rac-11 q b, Et2O/MeOH, r.t., 7 d CH2(CH2)4CH3 92 ± ± oil


10 ent-12 o ent-11 o b, Et2O/MeOH, r.t., 6 d CH2CH3 86 97[c] ÿ 48.1 oil
11 ent-12 t ent-11 t b, MeOH, r.t., 3 d SiMe3 94 � 98[c] ÿ 103.8 oil
12 rac-12 u rac-10 c, CH2Cl2, r.t., 18 h H 88 ± ± oil
13 ent-12 d ent-11 d c, r.t. , 14 h C(�O)Et 95 > 99[c] ÿ 49.4 83
14 ent-12 e ent-11 e c, r.t. , 38 h C(�O)iPr 98 > 99[c] ÿ 97.1 109
15 ent-12 g ent-11 g c, r.t. , 14 h C(�O)Ph 79 � 98[c] � 73.2 oil
22 (S)-9 (S)-12u d, reflux, 13 h H 82 97[d] ÿ 86.4 (EtOH) oil
23 ent-13 e ent-12 e d, r.t. , 2 d C(�O)iPr 97 > 99[c] ÿ 78.8 oil
21 ent-13 s ent-11 s e, reflux, 21.0 h CH2Ph[e] 96 ± ÿ 31.1 oil
16 (S)-9 (S)-10 f,[f] ÿ78 8C, 14.0 h H 70 > 99[d] ÿ 89.6 (EtOH) oil
17 ent-13 s ent-11 s f,[f] ÿ78! 208C, 17.0 h CH2Ph[e] 83 ± ÿ 29.5 oil
18 ent-13 t ent-11 t f,[g] ÿ78 8C, 16.0 h SiMe3 80 � 98[c] ÿ 247.2 oil
19 ent-16 ent-11 b f,[f] ÿ78 8C, 18.0 h CH2OH,[h] CO2Me[i] 84 > 99[c] ÿ 31.8 106[j]


20 ent-16 ent-15 f,[g] ÿ78! 208C, 20.0 h CH2OH 88 > 99[c] ÿ 31.2 ±
24 ent-15 ent-11 b g, THF, reflux, 6.0 h CH2OH,[h] CO2Me[i] 83 > 99 ÿ 22.1 101


[a] For the method of determination see ref. [21]. [b] Measured with c� 0.36 to 1.60 g (100 mL)ÿ1 in CH2Cl2 at room temperature (18 to 25 8C). [c] Not
determined; deduced from the ee value of the starting material. [d] Deduced from the optical purity of the thiol (S)-9 compared to samples of the starting
material (S)-9 (Scheme 2). [e] The measured spectroscopic data correspond to those given for rac-13 s.[35] [f] Work-up with 2m aqueous HCl and subsequent
ethereal extraction. [g] Work-up analogous to the procedure of Fieser.[34] [h] El in product. [i] El in substrate. [j] Melting includes partial decomposition.
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stirring, the electrophile (1.1 ± 3.0 mmol) was injected and the reaction
mixture was stirred for another 2 to 16 hours. The cold solution was poured
into a mixture of diethyl ether and 2m aqueous HCl (10 mL each). The
aqueous layer was extracted three times with diethyl ether. After drying
and neutralizing the combined ethereal layers with solid Na2SO4/NaHCO3,
the crude product ent-11/11 was purified by flash chromatography on silica
gel with Et2O/hexanes (1:1 ± 1:4) as eluent.


Warming experiments : After lithiation and 1 h of stirring at ÿ78 8C (see
above) the reaction mixture was warmed to 0 8C (internal thermometer) in
an ice/water bath over 2 to 5 min, kept at this temperature for 10 min, and
cooled toÿ78 8C with a dry ice/acetone bath over a period of about 10 min.
The electrophile was added and the reaction mixture was worked up as
described above.


(ÿ)-(S)-S-1-Deutero-1-phenylethyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-
thiocarboxylate (11 a): [a]22


D �ÿ129.1 (c� 1.24 in CH2Cl2); 90 % D (GC-
MS, CI, NH3); �99 % ee [1H NMR, 300 MHz, CDCl3, 53 mol % (�)-
Eu(hfc)3: 5'-H2, Dd� 0.01 ppm at d� 4.2, (R):(S)< 1:218]; m.p.: 94 8C;
1H NMR (300 MHz, CDCl3): d� 1.45, 1.50, 1.62, 1.62 (s, 12H, 2'-CH3, 4'-
CH3), 1.69 (s, 3 H, 1-CH3), 3.73 (s, 2 H, 5'-H2), 7.25 ± 7.40 (m, 5 H, 2''-H, 3''-H,
4''-H); 13C NMR (75 MHz, CDCl3): d� 23.0, 24.8 (q, 2'-CH3, 4'-CH3), 25.8
(q, 1-CH3), 44.2 (s, C-1), 61.1 (s, C-4'), 76.7 (t, C-5'), 96.7 (s, C-2'), 127.1,
128.5 (d, C-2''C-3''), 127.4 (d, C-4''), 142.9 (s, C-1''), 163.2 (s, C�O); IR
(KBr): nÄ (cmÿ1)� 1615 (C�O); C16H22DNO2S (294.44): calcd C 65.27,
(H�D) 8.22, N 4.76; found C 65.55, (H�D) 7.97, N 4.85.


Methyl (ÿ)-(R)-2-phenyl-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbon-
ylthio)propionate (ent-11b): [a]21


D �ÿ26.0 (c� 1.05 in CH2Cl2 with ElX�
ClCOOMe), [a]21


D �ÿ25.8 (c� 1.05 in CH2Cl2 with ElX�CO2); >99% ee
[1H NMR, 300 MHz, CDCl3, 22 mol % (�)-Eu(hfc)3: OCH3, Dd�
0.04 ppm at d� 4.2, (S):(R)< 1:175]; m.p.: 113 8C; 1H NMR (300 MHz,
CDCl3): d� 1.48, 1.64 (s, 12H, 2'-CH3, 4'-CH3), 2.18 (s, 3 H, 1-CH3), 3.75 (s,
2H, 5'-H2), 3.76 (s, 3 H, O-CH3), 7.26 ± 7.55 (m, 5 H, 2''-H, 3''-H, 4''-H);
13C NMR (75 MHz, CDCl3): d� 24.8, 25.6 (q, 2'-CH3, 4'-CH3), 28.9 (q, 1-
CH3), 52.9 (q, O-CH3), 58.4 (s, C-1), 60.9 (s, C-4'), 76.8 (t, C-5'), 97.8 (s, C-
2'), 127.0, 128.6 (d, C-2'', C-3''), 128.1 (d, C-4''), 138.8 (s, C-1''), 162.2 (s,
SC�O), 173.1 (s, OC�O); IR (KBr): nÄ (cmÿ1)� 1710 (OC�O), 1615
(SC�O); C18H25NO4S (351.47): calcd C 61.51, H 7.17, N 3.99; found C 61.79,
H 7.31, N 4.27.


(ÿ)-(R)-3-Phenyl-3-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonylthio)-
2-butanone (ent-11c): [a]22


D �ÿ22.5 (c� 1.17 in CH2Cl2); >99 % ee
[1H NMR, 300 MHz, CDCl3, 17 mol % (�)-Pr(hfc)3: 3-H3, Dd� 0.02 ppm
at d� 1.7, (R):(S)> 191:1 and 1-CH3, Dd� 0.03 ppm at d� 1.5, (S):(R)<
1:205] or [1H NMR, 300 MHz, CDCl3, 15 mol % (�)-Eu(hfc)3: 3-H3, Dd�
0.02 ppm at d� 2.6, (S):(R)< 1:182 and 1-CH3, Dd� 0.01 ppm at d� 2.3,
(R):(S)> 194:1]; m.p.: 65 8C; 1H NMR (300 MHz, CDCl3): d� 1.53 (s, 6H,
4'-CH3), 1.64 (s, 6 H, 2'-CH3), 2.07 (s, 3H, 1-CH3), 2.28 (s, 3 H, 3-H3), 3.71 (s,
2H, 5'-H2), 7.24 ± 7.60 (m, 5 H, 2''-H, 3''-H, 4''-H), 13C NMR (75 MHz,
CDCl3): d� 22.8, 23.2 (q, C-3, 1-CH3), 23.7, 24.8 (q, 2'-CH3, 4'-CH3), 57.0 (s,
C-1), 62.8 (s, C-4'), 74.8 (t, C-5'), 96.0 (s, C-2'), 125.0, 126.9 (d, C-2'', C-3''),
126.0 (d, C-4''), 136.8 (s, C-1''), 160.0 (s, SC�O), 203.1 (s, C-2); IR (KBr): nÄ


(cmÿ1)� 1695 (CC�O), 1620 (SC�O); GC-MS (EI, 70 eV): m/z (%)� 335
(6) [M�], 293 (66) [MÿCH3CO�], 278 (6) [MÿCH3COÿCH3


�], 189 (8)
[SCby�], 156 (100) [Cby�], 147 (18) [C10H11O��Mÿ SCby�], 98 (44)
[C5H8NO��CbyÿC3H6O�], 59 (90) [C3H7O�]; GC-MS (CI, NH3): m/z
(%)� 336 (100) [M�H�], 293 (3) [MÿCH3CO�], 156 (5) [Cby�];
C18H25NO3S (335.47): calcd C 64.45, H 7.52, N 4.18; found C 64.10, H
7.55, N 4.39.


(ÿ)-(R)-2-Phenyl-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonylthio)-
3-pentanone (ent-11d): [a]21


D �ÿ17.9 (c� 1.20 in CH2Cl2); >99% ee
[1H NMR, 300 MHz, CDCl3, 28 mol % (�)-Eu(hfc)3: 1-CH3, Dd�
0.03 ppm at d� 2.4, (R):(S)> 426:1]; m.p.: 73 8C; 1H NMR (300 MHz,
CDCl3): d� 1.01 (dd, 3 H, 4-H3), 1.52, 1.54 (s, 6H, 4'-CH3), 1.63 (s, 6H, 2'-
CH3), 2.08 (s, 3H, 1-CH3), 2.55 (dq, 1 H, 3-Ha), 2.73 (dq, 1H, 3-Hb), 3.76 (s,
2H, 5'-H2), 7.26 ± 7.33 (m, 5 H, 2''-H, 3''-H, 4''-H), 3J3-Ha,4-H3


� 7.3 Hz,
3J3-Hb,4-H3


� 7.3 Hz, 2J3-Ha,3-Hb
� 17.5 Hz; 13C NMR (75 MHz, CDCl3): d� 9.4


(q, C-4), 25.3, 26.3, 27.1, 27.3 (q, 2'-CH3, 4'-CH3), 30.9 (t, C-3), 31.0 (q,
1-CH3), 61.6 (s, C-4'), 65.2 (s, C-1), 77.1 (t, C-5'), 98.3 (s, C-2'), 127.4, 129.2
(d, C-2'', C-3''), 128.3 (d, C-4''), 139.6 (s, C-1''), 162.5 (s, SC�O), 208.5 (s,
C-2); IR (film): nÄ (cmÿ1)� 1710 (CC�O), 1620 (SC�O); C19H27NO3S
(349.49): calcd C 65.30, H 7.79, N 4.01; found C 65.55, H 7.88, N 4.10.


(ÿ)-(R)-4-Methyl-2-phenyl-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-car-
bonylthio)-3-pentanone (ent-11e): [a]20


D �ÿ42.4 (c� 1.56 in CH2Cl2);
>99 % ee [1H NMR, 300 MHz, CDCl3, 28 mol % (�)-Eu(hfc)3: 5'-H2,
Dd� 0.08 ppm at d� 3.3, (S):(R)< 1:167]; m.p.: 84 8C; 1H NMR (300 MHz,
CDCl3): d� 0.76 (d, 3H, 4a-H3), 0.97 (d, 3H, 4b-H3), 1.52, 1.55, 1.59, 1.62 (s,
12H, 2'-CH3, 4'-CH3), 2.15 (s, 3H, 1-CH3), 3.20 (sept, 1H, 3-H), 3.75 (s, 2H,
5'-H2), 7.24 ± 7.50 (m, 5H, 2''-H, 3''-H, 4''-H), 3J3-H,4a-H3


� 6.7 Hz, 3J3-H,4b-H3
�


6.7 Hz; 13C NMR (75 MHz, CDCl3): d� 21.0, 22.0, 25.2, 25.5, 26.1, 26.3, 26.4
(q, 1-CH3, C-4a, C-4b, 2'-CH3, 4'-CH3), 36.9 (d, C-3), 62.1 (s, C-4'), 65.5 (s,
C-1), 77.4 (t, C-5'), 97.2 (s, C-2'), 127.7, 128.9 (d, C-2'', C-3''), 128.2 (d, C-4''),
138.9 (s, C-1''), 162.1 (s, SC�O), 211.4 (s, C-2); IR (film): nÄ (cmÿ1)� 1710
(CC�O), 1630 (SC�O); GC-MS (EI, 70 eV): m/z (%)� 363 (5) [M�], 293
(10) [MÿC3H7CO�], 278 (2) [MÿC3H7COÿCH3


�], 156 (100) [Cby�], 105
(10) [C8H9


�], 98 (30) [CbyÿC3H6O�], 59 (86) [C3H7O�]; C20H29NO3S
(363.52): calcd C 66.08, H 8.04, N 3.85; found C 65.90, H 8.10, N 3.93.


(ÿ)-(R)-4,4-Dimethyl-2-phenyl-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-
carbonylthio)-3-pentanone (ent-11 f): [a]22


D �ÿ68.5 (c� 0.92 in CH2Cl2);
>99 % ee [1H NMR, 300 MHz, CDCl3, 61 mol % (�)-Pr(hfc)3: 5'-H2, Dd�
0.08 ppm at d� 3.3, (S):(R)< 1:215]; m.p.: 64 8C; 1H NMR (300 MHz,
CDCl3): d� 1.07 (s, 9H, 3-CH3), 1.52, 1.54, 1.61, 1.63 (s, 12 H, 2'-CH3, 4'-
CH3), 2.16 (s, 3 H, 1-CH3), 3.75 (s, 2H, 5'-H2), 7.26 ± 7.34 (m, 5H, 2''-H, 3''-H,
4''-H); 13C NMR (75 MHz, CDCl3): d� 24.9, 25.1, 25.8, 29.0, 29.0 (q, 1-CH3,
2'-CH3, 4'-CH3), 29.7 (q, 3-CH3), 46.0 (s, C-3), 61.0 (s, C-4'), 65.4 (s, C-1),
76.6 (t, C-5'), 97.7 (s, C-2'), 126.7, 128.6 (d, C-2'', C-3''), 127.5 (d, C-4''), 139.5
(s, C-1''), 161.6 (s, SC�O), 209.7 (s, C-2); IR (KBr): nÄ (cmÿ1)� 1695
(CC�O), 1625 (SC�O); C21H31NO3S (377.55): calcd C 66.81, H 8.28, N 3.71;
found C 66.68, H 8.21, N 3.96.


(�)-(R)-S-(1-Benzoyl-1-phenylethyl)-(2,2,4,4-tetramethyl-1,3-oxazolidine-
3-carbonylthiocarboxylate) (ent-11g): [a]24


D ��116.6 (c� 1.68 in CH2Cl2);
>98 % ee [1H NMR, 360 MHz, CDCl3, 20 mol % (�)-Eu(hfc)3: 1-CH3,
Dd� 0.04 ppm at d� 2.2, (R):(S)> 126:1]; m.p.: 124 8C; 1H NMR
(300 MHz, CDCl3): d� 1.23 ± 1.44 (4s, 12 H, 2'-CH3, 4'-CH3), 2.16 (s, 3H,
1-CH3), 3.58 (d, 1 H, 5'-Ha), 3.62 (d, 1 H, 5'-Hb), 7.16 ± 7.61 (m, 10 H, 4-H,
5-H, 6-H, 2''-H, 3''-H, 4''-H), 2J5'-Ha,5'-Hb


� 8.7 Hz; 13C NMR (75 MHz,
CDCl3): d� 24.3 ± 25.7 (q, 2'-CH3, 4'-CH3), 31.2 (q, 1-CH3), 60.8 (s, C-4'),
63.6 (s, C-1), 76.6 (t, C-5'), 97.6 (s, C-2'), 126.6, 127.0 (d, C-2'', C-3''), 127.8 (d,
C-4''), 129.0, 129.8 (d, C-4, C-5), 130.9 (d, C-6), 136.4 (s, C-1''), 140.0 (s,
C-3), 161.1 (s, SC�O), 199.4 (s, PhC�O); IR (KBr): nÄ (cmÿ1)� 1670
(CC�O), 1620 (SC�O); C23H27NO3S (397.54): calcd C 69.49, H 6.74, N 3.52;
found C 69.32, H 6.81, N 3.67.


(2R,3R)- and (2S,3R)-3-Phenyl-3-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-
carbonylthio)-2-butanol (ent-11h/h''): [a]21


D �ÿ68.3 (c� 1.26 in CH2Cl2,
syn-11h :anti-11h� 52:48, 99 % ee after Swern oxidation); IR (film): nÄ


(cmÿ1)� 3300 (OÿH), 1625, 1595 (C�O); C18H27NO3S (337.48): calcd C
64.06, H 8.06, N 4.15, found C 64.21, H 8.31, N 4.17; syn-11 h (major
diastereomer): 1H NMR (300 MHz, CDCl3): d� 1.00 (d, 3H, 3-H3), 1.47,
1.48, 1.57, 1.57 (s, 12 H, 2'-CH3, 4'-CH3), 1.81 (s, 3 H, 1-CH3), 3.73 (s, 2 H, 5'-
H2), 4.60 (dq, 1 H, 2-H), 5.66 (d, 1 H, OH), 7.21 ± 7.62 (m, 5H, 2''-H, 3''-H,
4''-H), 3J3-H3,2-H� 6.2 Hz, 3J2-H,OH� 2.2 Hz; 13C NMR (75 MHz, CDCl3): d�
19.0 (q, C-3), 21.7 (q, 1-CH3), 25.0, 26.0 (q, 2'-CH3, 4'-CH3), 61.8 (s, C-4'),
64.4 (s, C-1), 74.5 (d, C-2), 76.6 (t, C-5'), 98.4 (s, C-2'), 127.0, 128.7 (d, C-2'',
C-3''), 127.8 (d, C-4''), 143.1 (s, C-1''), 165.1 (s, C�O); anti-11 h (minor
diastereomer): 1H NMR (300 MHz, CDCl3): d� 1.15 (d, 3H, 3-H3), 1.45,
1.51, 1.55, 1.62 (s, 12 H, 2'-CH3, 4'-CH3), 2.00 (s, 3H, 1-CH3), 3.69 (s, 1H,
OH), 3.72 (s, 2 H, 5'-H2), 4.27 (q, 1 H, 2-H), 7.21 ± 7.62 (m, 5H, 2''-H, 3''-H,
4''-H), 3J3-H3,2-H� 6.4 Hz; 13C NMR (75 MHz, CDCl3): d� 19.6 (q, C-3), 23.0
(q, 1-CH3), 24.3, 25.7 (q, 2'-CH3, 4'-CH3), 62.1 (s, C-4'), 63.7 (s, C-1), 74.2 (d,
C-2), 76.9 (t, C-5'), 97.2 (s, C-2'), 127.5, 128.5 (d, C-2'', C-3''), 127.6 (d, C-4''),
142.6 (s, C-1''), 163.9 (s, C�O).


(2R,3R)- and (2R,3S)-2-Phenyl-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-
carbonylthio)-3-pentanol (ent-11 i/i''): [a]22


D �ÿ61.9 (c� 1.62 in CH2Cl2,
syn-11 i :anti-11 i� 41:59, �98% ee after Swern oxidation); IR (film): nÄ


(cmÿ1)� 3450, 3320 (OÿH), 1610, 1595 (C�O); C19H29NO3S (351.51): calcd
C 64.92, H 8.32, N 3.98, found C 64.91, H 8.34, N 3.80; anti-11 i (major
diastereomer): 1H NMR (360 MHz, CDCl3): d� 0.90 ± 1.03 (m, 3 H, 4-H3),
1.12 ± 1.26 (m, 1 H, 3-Ha), 1.44, 1.51, 1.56, 1.56 (s, 12 H, 2'-CH3, 4'-CH3),
superimposed: 1.48 ± 1.57 (m, 1H, 3-Hb), 2.00 (s, 3 H, 1-CH3), 3.47 (d, 1H,
OH), 3.73 (s, 2H, 5'-H2), 3.94 (ddd, 1 H, 2-H), 7.21 ± 7.60 (m, 5H, 2''-H, 3''-H,
4''-H), 3J2-H,OH� 6.0 Hz, 3J2-H,3-Ha


� 10.2 Hz, 3J2-H,3-Hb
� 1.9 Hz, the correct


assignment of 1H NMR signals was aided by H,H-COSY; 13C NMR
(75 MHz, CDCl3): d� 11.1 (q, C-4), 25.2 (q, 1-CH3), 26.0, 26.4, 28.2, 29.2 (q,
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2'-CH3, 4'-CH3), 26.0 (t, C-3), 62.6 (s, C-4'), 65.6 (s, C-1), 76.8 (t, C-5'), 81.2
(d, C-2), 94.4 (s, C-2'), 128.9, 129.3 (d, C-2'', C-3''), 129.2 (d, C-4''), 144.5 (s,
C-1''), 165.0 (s, C�O); syn-11 i (minor diastereomer): 1H NMR 360 MHz,
CDCl3): d� 0.90 ± 1.03 (m, 3 H, 4-H3), 1.07 ± 1.18 (m, 1 H, 3-Ha), 1.21 ± 1.34
(m, 1 H, 3-Hb), 1.45, 1.47, 1.55, 1.62 (s, 12 H, 2'-CH3, 4'-CH3), 1.85 (s, 3H,
1-CH3), 3.71 (s, 2H, 5'-H2), 4.27 (ddd, 1H, 2-H), 5.31 (d, 1H, OH), 7.21 ±
7.60 (m, 5H, 2''-H, 3''-H, 4''-H), 3J2-H,OH� 2.4 Hz, 3J2-H,3-Ha


� 9.9 Hz,
3J2-H,3-Hb


� 2.2 Hz; 13C NMR (75 MHz, CDCl3): d� 11.7 (q, C-4), 22.4
(q, 1-CH3), 25.6, 26.4, 26.7, 27.3 (q, 2'-CH3, 4'-CH3), 25.8 (t, C-3), 62.6
(s, C-4'), 65.4 (s, C-1), 77.0 (t, C-5'), 81.1 (d, C-2), 94.2 (s, C-2'), 127.5, 128.3
(d, C-2'', C-3''), 128.0 (d, C-4''), 143.9 (s, C-1''), 165.1 (s, C�O).


(2R,3S)- and (2R,3R)-4-Methyl-2-phenyl-2-(2,2,4,4-tetramethyl-1,3-oxazo-
lidine-3-carbonylthio)-3-pentanol (ent-11 j/j''): [a]21


D �ÿ82.6 (c� 1.76 in
CH2Cl2, syn-11j :anti-11j� 41:59, 96% ee after Swern oxidation); IR
(film): nÄ (cmÿ1)� 3300 (OÿH), 1625, 1595 (C�O); C20H31NO3S (365.54):
calcd C 65.72, H 8.55, N 3.83, found C 65.70, H 8.48, N 3.61; anti-11j (major
diastereomer): 1H NMR (300 MHz, CDCl3): d� 0.74 (d, 3H, 4a-H3), 0.86
(d, 3 H, 4b-H3), 1.48, 1.51, 1.60, 1.60 (s, 12 H, 2'-CH3, 4'-CH3), 1.84 (dqq, 1H,
3-H), 2.05 (s, 3H, 1-CH3), 3.73 (s, 2H, 5'-H2), 3.74 (d, 1 H, OH), 3.92 (dd,
1H, 2-H), 7.22 ± 7.62 (m, 5 H, 2''-H, 3''-H, 4''-H), 3J2-H,OH� 3.3 Hz, 3J2-H,3-H�
6.4 Hz, 3J3-H,4a-H3


� 6.9 Hz, 3J3-H,4b-H3
� 6.7 Hz; 13C NMR (75 MHz, CDCl3):


d� 14.1, 17.2 (q, C-4a, C-4b), 21.1, 23.0, 23.2, 25.4, 25.5 (q, 1-CH3, 2'-CH3,
4'-CH3), 30.1 (d, C-3), 60.8 (s, C-4'), 63.8 (s, C-1), 76.6 (t, C-5'), 82.0 (d, C-2),
97.7 (s, C-2'), 127.1, 128.4 (d, C-2'', C-3''), 127.5 (d, C-4''), 142.7 (s, C-1''),
164.8 (s, C�O); syn-11 j (minor diastereomer): 1H NMR (300 MHz,
CDCl3): d� 0.82 (d, 3 H, 4a-H3), 0.85 (d, 3 H, 4b-H3), 1.27 (m, 1H, 3-H),
1.42, 1.44, 1.55, 1.63 (s, 12H, 2'-CH3, 4'-CH3), 1.95 (s, 3 H, 1-CH3), 3.70
(s, 2H, 5'-H2), 4.37 (dd, 1H, 2-H), 5.59 (d, 1 H, OH), 7.22 ± 7.62 (m, 5H,
2''-H, 3''-H, 4''-H), 3J2-H,OH� 3.0 Hz, 3J2-H,3-H� 3.0 Hz, 3J3-H,4a-H3


� 6.9 Hz,
3J3-H,4b-H3


� 6.9 Hz; 13C NMR (75 MHz, CDCl3): d� 16.8, 17.2 (q, C-4a,
C-4b), 21.6, 22.7, 23.8, 25.7, 26.0 (q, 1-CH3, 2'-CH3, 4'-CH3), 30.7 (d, C-3),
60.8 (s, C-4'), 65.0 (s, C-1), 76.6 (t, C-5'), 82.3 (d, C-2), 97.7 (s, C-2'), 126.6,
128.0 (d, C-2'', C-3''), 127.3 (d, C-4''), 143.0 (s, C-1''), 165.4 (s, C�O).


(2R,3S)- and (2R,3R)-4,4-Dimethyl-2-phenyl-2-(2,2,4,4-tetramethyl-1,3-
oxazolidine-3-carbonylthio)-3-pentanol (ent-11k/k''): [a]20


D �ÿ120.3 (c�
0.88 in CH2Cl2, syn-11k :anti-11k� 43:57,>99% ee after Swern oxidation);
m.p.: 80 8C; IR (KBr): nÄ (cmÿ1)� 3450 (OÿH), 1600 (C�O); C21H33NO3S
(379.56): calcd C 66.45, H 8.76, N 3.69, found C 66.42, H 8.87, N 3.85; anti-
11k (major diastereomer): 1H NMR (300 MHz, CDCl3): d� 0.80 (s, 9H,
3-CH3), 1.50, 1.52, 1.60, 1.65 (s, 12 H, 2'-CH3, 4'-CH3), 2.12 (s, 3 H, 1-CH3),
3.74 (s, 2 H, 5'-H2), 4.05 (s, 1H, 2-H), 4.11 (s, 1H, OH), 7.21 ± 7.33, 7.60 ± 7.63
(m, 5 H, 2''-H, 3''-H, 4''-H); 13C NMR (75 MHz, CDCl3): d� 24.6, 25.5, 25.8,
26.1 (q, 2'-CH3, 4'-CH3), 27.9 (q, 1-CH3), 28.5 (q, 3-CH3), 37.5 (s, C-3), 62.3
(s, C-4'), 64.9 (s, C-1), 76.7 (t, C-5'), 83.6 (d, C-2), 97.8 (s, C-2'), 127.1 (d,
C-4''), 127.7, 127.9 (d, C-2'', C-3''), 143.3 (s, C-1''), 164.0 (s, C�O); syn-11k
(minor diastereomer): 1H NMR (300 MHz, CDCl3): d� 0.76 (s, 9H,
3-CH3), 1.36, 1.42, 1.51, 1.58 (s, 12 H, 2'-CH3, 4'-CH3), 2.06 (s, 3H, 1-CH3),
3.68 (s, 2 H, 5'-H2), 4.33 (s, 1H, 2-H), 5.52 (s, 1H, OH), 7.21 ± 7.33, 7.60 ± 7.63
(m, 5 H, 2''-H, 3''-H, 4''-H); 13C NMR (75 MHz, CDCl3): d� 21.8 (q,
1-CH3), 25.0, 26.4, 28.2, 28.3 (q, 2'-CH3, 4'-CH3), 29.0 (q, 3-CH3), 38.3 (s,
C-3), 62.3 (s, C-4'), 67.2 (s, C-1), 76.9 (t, C-5'), 84.4 (d, C-2), 97.9 (s, C-2'),
126.7 (d, C-4''), 127.3, 128.2 (d, C-2'', C-3''), 144.0 (s, C-1''), 165.8 (s, C�O).


(1R,2R)- and (1S,2R)-1,2-Diphenyl-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-
3-carbonylthio)-1-propanol (ent-11 l/l''): [a]22


D �ÿ48.2 (c� 1.15 in CH2Cl2,
syn-11 l :anti-11 l� 42:58, �99 % ee after Swern oxidation); m.p.: 84 8C; IR
(KBr): nÄ (cmÿ1)� 3450 (OÿH), 1610 (C�O); C23H29NO3S (399.55): calcd C
69.14, H 7.32, N 3.51, found C 69.23, H 7.48, N 3.71; anti-11 l (major
diastereomer): 1H NMR (300 MHz, CDCl3): d� 1.46, 1.50, 1.59, 1.65 (s,
12H, 2'-CH3, 4'-CH3), 2.05 (s, 3H, 1-CH3), 3.73 (s, 2 H, 5'-H2), 4.31 (d, 1H,
OH), 5.24 (d, 1 H, 2-H), 6.91 ± 7.51 (m, 10 H, 4-H, 5-H, 6-H, 2''-H, 3''-H, 4''-
H), 3J2-H,OH� 2.6 Hz; 13C NMR (75 MHz, CDCl3): d� 23.0 ± 26.4 (q, 1-CH3,
2'-CH3, 4'-CH3), 62.3 (s, C-4'), 64.6 (s, C-1), 77.0 (t, C-5'), 80.9 (d, C-2), 98.2
(s, C-2'), 127.5 ± 128.8 (d, C-4, C-5, C-6, C-2'', C-3'', C-4''), 140.2, 141.6 (s,
C-3, C-1''), 164.1 (s, C�O); syn-11 l (minor diastereomer): 1H NMR
(300 MHz, CDCl3): d� 1.45, 1.50, 1.56, 1.61, 1.64 (s, 15 H, 1-CH3, 2'-CH3, 4'-
CH3), 3.73 (s, 2H, 5'-H2), 5.49 (d, 1H, 2-H), 6.52 (d, 1 H, OH), 6.91 ± 7.51 (m,
10H, 4-H, 5-H, 6-H, 2''-H, 3''-H, 4''-H), 3J2-H,OH� 2.6 Hz; 13C NMR
(75 MHz, CDCl3): d� 23.0 ± 26.4 (q, 1-CH3, 2'-CH3, 4'-CH3), 62.1 (s,
C-4'), 63.5 (s, C-1), 77.8 (t, C-5'), 81.1 (d, C-2), 98.2 (s, C-2'), 127.5 ± 128.8 (d,
C-4, C-5, C-6, C-2'', C-3'', C-4''), 141.1, 143.4 (s, C-3, C-1''), 166.4 (s, C�O).


(ÿ)-(R)-2-Methyl-3-phenyl-3-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-car-
bonylthio)-2-butanol (ent-11m): [a]22


D �ÿ52.1 (c� 1.12 in CH2Cl2); 62% ee
[1H NMR, 300 MHz, CDCl3, 35 mol % (�)-Pr(hfc)3: 5'-H2, Dd� 0.03 ppm
at d� 4.1, (R):(S)� 4.2:1.0]; 1H NMR (300 MHz, CDCl3): d� 1.02, 1.42 (s,
6H, 2-CH3), 1.49, 1.51, 1.57, 1.62 (s, 12 H, 2'-CH3, 4'-CH3), 2.10 (s, 3H,
1-CH3), 3.74 (s, 2 H, 5'-H2), 4.67 (s, 1 H, OH), 7.21 ± 7.62 (m, 5H, 2''-H, 3''-H,
4''-H); 13C NMR (75 MHz, CDCl3): d� 23.8, 25.0, 25.6, 26.0, 26.2, 27.2, 27.8
(q, 1-CH3, 2-CH3, 2'-CH3, 4'-CH3), 65.2, 65.6, 67.2 (s, C-1, C-2, C-4'), 75.1 (t,
C-5'), 99.7 (s, C-2'), 126.6 (d, C-4''), 127.8, 127.9 (d, C-2'', C-3''), 142.8 (s,
C-1''), 163.8 (s, C�O); IR (film): nÄ (cmÿ1)� 3300 (OÿH), 1625, 1585 (C�O);
C19H29NO3S (351.51): calcd C 64.92, H 8.32, N 3.98; found C 64.89, H 8.60,
N 3.90.


(ÿ)-(R)-1,1,2-Triphenyl-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyl-
thio)-1-propanol (ent-11n): [a]21


D �ÿ35.0 (c� 1.20 in CH2Cl2); 68% ee
[1H NMR, 300 MHz, CDCl3, 63 mol % (�)-Pr(hfc)3: Carom-H, Dd�
0.07 ppm at d� 5.9, (R):(S)� 5.2:1.0]; m.p.: 110 8C; 1H NMR (300 MHz,
CDCl3): d� 1.40, 1.40, 1.51, 1.55 (s, 12H, 2'-CH3, 4'-CH3), 2.11 (s, 3H,
1-CH3), 3.69 (s, 2H, 5'-H2), 6.96 (s, 1 H, OH), 7.06 ± 7.81 (m, 15H, 4-H, 5-H,
6-H, 2''-H, 3''-H, 4''-H); 13C NMR (75 MHz, CDCl3): d� 25.0, 25.5, 25.9,
26.0, 26.1 (q, 1-CH3, 2'-CH3, 4'-CH3), 62.4 (s, C-4'), 69.6 (s, C-1), 77.1 (t,
C-5'), 83.4 (s, C-2), 98.7 (s, C-2'), 127.1, 127.2, 128.7, 129.3, 130.0, 130.1 (d,
C-4a, C-4b, C-5a, C-5b, C-2'', C-3''), 127.6, 130.4, 132.8 (d, C-6a, C-6b, C-4''),
142.3, 144.9, 145.3 (s, C-3a, C-3b, C-1''), 165.3 (s, C�O); IR (KBr): nÄ


(cmÿ1)� 3450 (OÿH), 1595 (C�O); C29H33NO3S (475.65): calcd C 73.23, H
6.99, N 2.94; found C 72.86, H 7.10, N 2.71.


(ÿ)-(S)-S-1-Methyl-1-phenylpropyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-
thiocarboxylate (ent-11 o): [a]23


D �ÿ30.3 (c� 1.12 in CH2Cl2, 97% op); ee
not determined; m.p.: 90 8C; 1H NMR (300 MHz, CDCl3): d� 0.79 (dd, 3H,
3-H3), 1.44, 1.57 (s, 12H, 2'-CH3, 4'-CH3), 1.97 (s, 3H, 1-CH3), 2.14 (dq, 1H,
2-Ha), 2.29 (dq, 1 H, 2-Hb), 3.68 (s, 2H, 5'-H2), 7.10 ± 7.54 (m, 5H, 2''-H, 3''-
H, 4''-H), 3J3-H3,2-Ha


� 7.4 Hz, 3J3-H3,2-Hb
� 7.4 Hz, 2J2-Ha,2-Ha


� 13.8 Hz; 13C NMR
(75 MHz, CDCl3): d� 9.6 (q, C-3), 24.6, 25.4, 25.8, 26.1, 26.3 (q, 1-CH3, 2'-
CH3, 4'-CH3), 35.5 (t, C-2), 56.9 (s, C-1), 69.4 (s, C-4'), 77.2 (t, C-5'), 97.0 (s,
C-2'), 126.7 (d, C-4''), 127.3, 128.2 (d, C-2'', C-3''), 144.1 (s, C-1''), 162.0 (s,
C�O); IR (KBr): nÄ (cmÿ1)� 1605 (C�O); C18H27NO2S (321.48): calcd C
67.25, H 8.47, N 4.36; found C 67.24, H 8.41, N 4.56.


(ÿ)-(S)-S-1-Methyl-1-phenylbutyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-
thiocarboxylate (ent-11 p): [a]20


D �ÿ48.1 (c� 1.26 in CH2Cl2); ee not
determined; 1H NMR (300 MHz, CDCl3): d� 0.85 (dd, 3 H, 4-H3), 1.00 ±
1.40 (m, 2H, 3-H2), 1.43, 1.47, 1.51, 1.57 (s, 12 H, 2'-CH3, 4'-CH3), 2.00 (s, 3H,
1-CH3), superimposed: 2.00 ± 2.10 (ddd, 1H, 2-Ha), 2.15 ± 2.26 (ddd, 1H,
2-Hb), 3.68 (s, 2H, 5'-H2), 7.15 ± 7.54 (m, 5 H, 2''-H, 3''-H, 4''-H), 3J2-Ha,3-Ha


�
4.5 Hz, 3J2-Ha,3-Hb


� 7.4 Hz, 3J2-Hb,3-Ha
� 7.1 Hz, 3J2-Hb,3-Hb


� 4.8 Hz, 3J3-Ha,4-H3
�


7.2 Hz, 3J3-Hb,4-H3
� 7.2 Hz, 2J2-Ha,2-Hb


� 13.6 Hz; 13C NMR (75 MHz, CDCl3):
d� 14.7 (q, C-4), 18.4 (t, C-3), 24.3, 25.2, 25.4, 26.1, 26.4 (q, 1-CH3, 2'-CH3,
4'-CH3), 45.3 (t, C-2), 57.3 (s, C-1), 61.3 (s, C-4'), 72.2 (t, C-5'), 97.7 (s, C-2'),
126.2 (d, C-4''), 126.7, 127.8 (d, C-2'', C-3''), 145.3 (s, C-1''), 162.9 (s, C�O);
IR (film): nÄ (cmÿ1)� 1625 (C�O); C19H29NO2S (335.51): calcd C 68.02, H
8.71, N 4.17; found C 67.78, H 8.48, N 4.28.


(ÿ)-(S)-S-1-Methyl-1-phenylheptyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-
thiocarboxylate (ent-11 q): [a]20


D �ÿ38.4 (c� 1.60 in CH2Cl2); >99% ee
[1H NMR, 300 MHz, CDCl3, 90 mol % (�)-Pr(hfc)3: 5'-H2, Dd� 0.008 ppm
at d� 3.5, (S):(R)> 590:1]; 1H NMR (300 MHz, CDCl3): d� 0.84 (dd, 3H,
7-H3), 1.07 ± 1.31 (m, 10H, 2-H2, 3-H2, 4-H2, 5-H2, 6-H2), 1.44, 1.47, 1.51, 1.57
(s, 12H, 2'-CH3, 4'-CH3), 1.99 (s, 3H, 1-CH3), 3.69 (s, 2H, 5'-H2), 7.15 ± 7.54
(m, 5H, 2''-H, 3''-H, 4''-H), 3J7-H3,6-Ha


� 6.9 Hz, 3J7-H3,6-Hb
� 6.9 Hz; 13C NMR


(75 MHz, CDCl3): d� 14.0 (q, C-7), 22.6, 24.6 (t, C-3, C-6), 24.8, 25.0, 25.7,
25.9, 26.0 (q, 1-CH3, 2'-CH3, 4'-CH3), 29.6, 31.6 (t, C-4, C-5), 42.5 (t, C-2),
56.9 (s, C-1), 60.9 (s, C-4'), 76.6 (t, C-5'), 97.3 (s, C-2'), 126.2 (d, C-4''), 126.8,
127.8 (d, C-2'', C-3''), 145.4 (s, C-1''), 163.0 (s, C�O); IR (film): nÄ (cmÿ1)�
1630 (C�O); C22H35NO2S (377.59): calcd C 70.00, H 9.34, N 3.71; found C
70.01, H 9.48, N 3.90.


(ÿ)-(S)-S-1-Methyl-1-phenylbut-3-enyl 2,2,4,4-tetramethyl-1,3-oxazoli-
dine-3-thiocarboxylate (ent-11r): [a]21


D �ÿ25.2 (c� 1.08 in CH2Cl2); ee
not determined; m.p.: 91 8C; 1H NMR (300 MHz, CDCl3): d� 1.44, 1.46,
1.54, 1.56 (s, 12H, 2'-CH3, 4'-CH3), 1.93 (s, 3 H, 1-CH3), 2.90 (dddd, 1H,
2-Ha), 3.08 (dddd, 1 H, 2-Hb), 3.69 (s, 5'-H2), 4.98 ± 5.10 (m, 2 H, 4-H2), 5.62
(m, 1H, 3-H), 6.88 ± 7.63 (m, 5 H, 2''-H, 3''-H, 4''-H), 4J2-Ha,4-H� 1.2 Hz,
4J2-Hb,4-H� 1.0 Hz, 3J2-Ha,3-H� 7.6 Hz, 3J2-Hb,3-H� 6.7 Hz, 3J3-H,4-Hb


� 16.9 Hz,
3J3-H,4-Ha


� 9.3 Hz, 2J2-Ha,2-Hb
� 14.1 Hz, 2J4-Ha,4-Hb


� 2.1 Hz; 13C NMR (90 MHz,
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CDCl3): d� 24.2, 24.4, 25.0, 25.7, 26.2 (q, 1-CH3, 2'-CH3, 4'-CH3), 44.0 (t,
C-2), 55.9 (s, C-1), 65.8 (s, C-4'), 77.2 (t, C-5'), 95.2 (s, C-2'), 118.1 (t, C-4),
126.5, 127.9 (d, C-2'', C-3''), 126.8 (d, C-4''), 133.9 (d, C-3), 145.1 (s, C-1''),
162.8 (s, C�O); IR (film): nÄ (cmÿ1)� 1620 (C�O); C19H27NO2S (333.49):
calcd C 68.43, H 8.17, N 4.20; found C 68.32, H 7.94, N 3.97.


(ÿ)-(S)-S-1-Methyl-1,2-diphenylethyl 2,2,4,4-tetramethyl-1,3-oxazolidine-
3-thiocarboxylate (ent-11s): [a]20


D �ÿ29.4 (c� 1.04 in CH2Cl2); ee not
determined; m.p.: 76 8C; 1H NMR (300 MHz, CDCl3): d� 1.46 ± 1.58 (4s,
12H, 2'-CH3, 4'-CH3), 1.90 (s, 3H, 1-CH3), 3.38 (d, 1H, 1-CHa), 3.60 (d, 1H,
1-CHb), 3.70 (s, 2H, 5'-H2), 6.82 ± 7.49 (m, 10 H, 2''-H, 3''-H, 4''-H, 4-H, 5-H,
6-H), 2J1-Ha,1-Hb


� 8.7 Hz; 13C NMR (75 MHz, CDCl3): d� 24.8, 25.0 (q,
2'-CH3, 4'-CH3), 25.7 (q, 1-CH3), 48.0 (t, 1-CH2), 57.2 (s, C-1), 61.3 (s, C-4'),
76.8 (t, C-5'), 97.1 (s, C-2'), 125.0 ± 131.0 (d, C-4, C-5, C-6, C-2'', C-3'', C-4''),
137.0, 144.9 (s, C-3, C-1''), 162.8 (s, C�O), IR (KBr): nÄ (cmÿ1)� 1610 (C�O);
GC-MS (CI, NH3): m/z (%)� 410 (2) [M�NH3


�], 384 (66) [M�H�], 293
(4) [M�HÿC7H7


�], 212 (44) [MÿCby�], 195 (100) [Mÿ SCby�], 190 (32)
[HSCby�H�], 156 (35) [Cby�], C23H29NO2S (383.55): calcd C 72.02, H 7.62,
N 3.65; found C 72.11, H 7.58, N 3.67.


(ÿ)-(R)-S-1-Phenyl-1-trimethylsilylethyl 1-(2,2,4,4-tetramethyl-1,3-oxazoli-
dine-3-thiocarboxylate) (ent-11 t): [a]25


D �ÿ90.7 (c� 1.12 in CH2Cl2);
>98 % ee [1H NMR, 300 MHz, CDCl3, 56 mol % (�)-Pr(hfc)3: 1-CH3,
Dd� 0.005 ppm at d� 2.0, (S):(R)� 1:123]; m.p.: 76 8C; 1H NMR
(300 MHz, CDCl3): d� 0.01 (s, 9H, Si-CH3), 1.46, 1.48, 1.55, 1.60 (s, 12H,
2'-CH3, 4'-CH3), 2.07 (s, 3 H, 1-CH3), 3.71 (s, 2 H, 5'-H2), 7.08 ± 7.44 (m, 5H,
2''-H, 3''-H, 4''-H); 13C NMR (75 MHz, CDCl3): d�ÿ1.0 (q, Si-CH3), 25.2
(q, 1-CH3), 27.3, 27.5, 28.1, 28.3 (q, 2'-CH3, 4'-CH3), 45.9 (s, C-1), 63.3 (s,
C-4'), 79.3 (t, C-5'), 99.9 (s, C-2'), 126.9 (d, C-4''), 128.8, 130.1 (d, C-2'',
C-3''), 147.2 (s, C-1''), 165.0 (s, C�O); IR (KBr): nÄ (cmÿ1)� 1640 (C�O);
C19H31NO2SSi (365.61): calcd C 62.43, H 8.56, N 3.83; found C 62.70, H 8.30,
N 4.07.


Stereochemical correlations


Swern oxidation of the alcohols ent-11 h/h'' ± ent-11 l/l'' (for detailed results
see Scheme 4): Oxalyl chloride (0.050 mL, 0.55 mmol) and then dimethyl
sulfoxide (0.090 mL, 1.1 mmol) were added to dry CH2Cl2 (2.5 mL) at
ÿ78 8C and mixed for 15 min. The solution of the secondary alcohol
(0.5 mmol) in CH2Cl2 (1.5 mL) was added dropwise. The reaction mixture
was stirred at ÿ78 8C for another 40 min. Then triethylamine (0.35 mL,
0.25 g, 2.5 mmol) was added and after a few minutes the reaction mixture
was allowed to warm to room temperature. The addition of water (5 mL)
was followed by extraction of the aqueous phase with CH2Cl2 (3� 5 mL).
The combined organic layers were dried over MgSO4 and purified by flash
chromatography on silica gel (Et2O/hexanes, 1:2 or 1:4).


Ent-11 f by methylation of the enolate of ent-11c : At ÿ78 8C and in the
presence of triphenylmethane (ca. 1 mg), diisopropylamine (143 mg,
1.41 mmol) in anhydrous THF (4.0 mL) was treated with n-butyllithium
solution (1.00 mL, 1.44 mmol, 1.44m in hexanes). While the solution was
allowed to warm to 0 8C over a period of 2 h its color turned to deep red. At
ÿ20 8C a solution of ketone ent-11c (122 mg, 0.36 mmol,�99% ee) in THF
(3.0 mL) was added. Over 3 h the reaction mixture was warmed to 22 8C
and methyl iodide (0.60 mL, 1.0 g, 10 mmol) was added. After the reaction
mixture had been heated to 50 8C for an additional 2 h, it was poured into a
mixture of diethyl ether and 2m aqueous HCl (10 mL each). The aqueous
layer was extracted three times with diethyl ether. The combined organic
layers were treated with solid Na2SO4/NaHCO3 and the crude product was
purified by flash chromatography on silica gel with Et2O/hexanes (1:4). The
completely methylated ketone ent-11 f (26 mg, 0.07 mmol, 21%) was
isolated with �99% ee {[a]23


D �ÿ66.2, c� 0.50 in CH2Cl2, �99 % ee, 97%
op}.


Ent-11m by reductive methylation of the carbonyl compounds ent-11 b and
ent-11c : A solution of the ester ent-11 b (53 mg, 0.15 mmol) in dry diethyl
ether (2 mL) was added dropwise to a suspension of MeMgI (0.24 mL,
1.67m, 0.40 mmol) in dry diethyl ether (3 mL). After the reaction mixture
had been refluxed for 2 h, aqueous HCl (2m, 5 mL) was added. The
aqueous phase was extracted with diethyl ether and the combined organic
layers were dried with solid Na2SO4/NaHCO3. Flash chromatography on
silica gel with Et2O/hexanes (1:2) yielded the alcohol ent-11 m {24 mg,
0.07 mmol, 47 %, [a]26


D �ÿ82.9, c� 0.55 in CH2Cl2, 98 % ee}. In the same
way the ketone ent-11 c (135 mg, 0.40 mmol) was transformed to the
alcohol ent-11m {90 mg, 0.26 mmol, 65%, [a]26


D �ÿ81.4, c� 1.02 in CH2Cl2,
98% ee} by means of MeMgI (0.30 mL, 1.67m, 0.50 mmol).


Ent-11p by catalytic hydrogenation of ent-11 r : Pd/C (308 mg, 10% Pd) was
suspended in a solution of the thiocarbamate ent-11 r (90 mg, 0.27 mmol) in
MeOH (5 mL) and stirred under hydrogen for two weeks at room
temperature. The hydrogenation catalyst was separated by filtration
through MgSO4. Flash chromatography of the crude product on silica gel
with Et2O/hexanes (1:2) yielded ent-11p {76 mg, 0.23 mmol, 84 %, [a]23


D �
ÿ49.7, c� 1.41 in CH2Cl2, � 100 % op}.


Acidic cleavage of the thiocarbamates ent-11 to form b-hydroxythioure-
thanes ent-12 (Methods a, b, and c):


Method a : Methanesulfonic acid (3 drops) and MeOH (0.5 mL) were
added to a solution of thiocarbamate ent-11 (0.5 mmol) in diethyl ether
(5.0 mL). The reaction mixture was refluxed for a few hours or stirred at
room temperature for several days (see Table 4) before conversion was
complete. The solvent was evaporated in vacuo and the residue was
purified by flash chromatography on silica gel with Et2O/hexanes (1:1 ± 1:2)
to yield the product ent-12.


Method b : The solution of thiocarbamate ent-11 (0.5 mmol) in MeOH
(5 mL) was slowly stirred with Amberlyst 15 (approx. 40 mg). After approx
4 d at room temperature or 2 h refluxing the suspension was filtered and the
solvent was evaporated in vacuo. The residue was transferred onto a flash
chromatography column (silica gel) and the product ent-12 was eluted with
Et2O/hexanes (1:1 ± 1:2). The same transformation succeeded when pure
diethyl ether, diethyl ether/methanol (approx. 4:1), or dichloromethane
were used as solvents.


Method c : The thiocarbamate ent-11 (0.5 mmol) and 1,3-propanedithiol
(0.10 mL, 0.11 g, 1.0 mmol) were added to the suspension of Amberlyst 15
(approx. 40 mg) in CH2Cl2 (2 mL) at room temperature. The reaction
mixture was slowly stirred overnight and used for the flash chromatography
of the product ent-12 on silica gel (Et2O/hexanes, 1:1 ± 1:2) without further
work-up. The use of 1,2-ethanedithiol instead of 1,3-propanedithiol
resulted in slightly lowered yields. The same sample of cationic ion
exchanger could be used for several batches without perceptible decrease
of activity in methods b and c.


Methyl (ÿ)-(R)-S-2-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonyl-
thio]-2-phenylpropanoate (ent-12 b): Method a : [a]20


D �ÿ23.8 (c� 1.60 in
CH2Cl2); >99% ee [1H NMR, 300 MHz, CDCl3, 28 mol % (�)-Eu(hfc)3:
1-CH3, Dd� 0.08 ppm at d� 2.5, (S):(R)< 1:204]; m.p.: 128 8C; Method b :
[a]20


D �ÿ23.4 (c� 1.35 in CH2Cl2, >99 % ee); m.p.: 128 8C. 1H NMR
(300 MHz, CDCl3): d� 1.19, 1.22 (s, 6H, 4'-CH3), 2.08 (s, 3 H, 1-CH3), 3.04
(s, 1H, NH), 3.49 (d, 1 H, 5'-Ha), 3.55 (d, 1 H, 5'-Hb), 3.81 (s, 3H, O-CH3),
5.81 (s, 1 H, OH), 7.26 ± 7.50 (m, 5 H, 2''-H, 3''-H, 4''-H), 2J5'-Ha,5'-Hb


� 11.8 Hz;
13C NMR (75 MHz, CDCl3): d� 24.0, 24.3 (q, 4'-CH3), 27.0 (q, 1-CH3), 53.3
(q, OÿCH3), 57.6, 59.1 (s, C-1, C-4'), 69.7 (t, C-5'), 126.8, 128.7 (d, C-2'',
C-3''), 128.2 (d, C-4''), 139.1 (s, C-1''), 165.7 (s, SÿC�O), 173.5 (s, C-2); IR
(KBr): nÄ (cmÿ1)� 3500, 3300 (OÿH, NÿH), 1720 (CC�O), 1650 (SC�O);
C15H21NO4S (311.40): calcd C 57.86, H 6.80, N 4.50; found C 58.10, H 6.94,
N 4.38.


(ÿ)-(R)-S-2-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-2-
phenyl-3-pentanone (ent-12d): [a]19


D �ÿ49.4 (c� 1.07 in CH2Cl2); >99%
ee (concluded from the substrate ent-11d); m.p.: 84 8C; 1H NMR (300 MHz
and 360 MHz, CDCl3): d� 1.00 (dd, 3 H, 4-H3), 1.25, 1.26 (s, 6H, 4'-CH3),
2.07 (s, 3 H, 1-CH3), 2.53 (dq, 1H, 3-Ha), superimposed: 2.61 (dq, 1 H, 3-Hb),
2.98 (s, 1H, NH), 3.52 (d, 1 H, 5'-Ha), 3.57 (d, 1 H, 5'-Hb), 5.67 (s, 1 H, OH),
7.25 ± 7.40 (m, 5H, 2''-H, 3''-H, 4''-H), 3J3-Ha,4-H3


� 7.1 Hz, 3J3-Hb,4-H3
� 7.2 Hz,


2J3-Ha,3-Hb
� 17.7 Hz, 2J5'-Ha,5'-Hb


� 11.4 Hz; 13C NMR (90 MHz, CDCl3): d� 9.3
(q, C-4), 24.7, 24.7 (q, 4'-CH3), 26.7 (q, 1-CH3), 31.3 (t, C-3), 58.0 (s, C-1),
65.3 (s, C-4'), 70.1 (t, C-5'), 127.3, 129.3 (d, C-2'', C-3''), 128.5 (d, C-4''), 139.3
(s, C-1''), 165.9 (s, SÿC�O), 208.6 (s, C-2); IR (KBr): nÄ (cmÿ1)� 3480, 3310
(OÿH, NÿH), 1690 (CC�O), 1640 (SC�O); C16H23NO3S (309.43): calcd C
62.11, H 7.49, N 4.53; found C 62.05, H 7.39, N 4.38.


(ÿ)-(R)-S-2-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-4-
methyl-2-phenyl-3-pentanone (ent-12e): [a]19


D �ÿ97.1 (c� 1.22 in CH2Cl2,
>99 % ee (concluded from the substrate ent-11e); m.p.: 106 8C; 1H NMR
(300 MHz, CDCl3): d� 0.89 (d, 3 H, 4a-H3), 0.95 (d, 3H, 4b-H3), 1.23, 1.25
(s, 6H, 4'-CH3), 2.15 (s, 3H, 1-CH3), 2.35 (s, 1H, NH), 3.03 (sept, 1H, 3-H),
3.50 (d, 1H, 5'-Ha), 3.55 (d, 1 H, 5'-Hb), 5.71 (s, 1H, OH), 7.15 ± 7.44 (m, 5H,
2''-H, 3''-H, 4''-H), 3J3-H,4a-H3


� 6.7 Hz, 3J3-H,4b-H3
� 6.7 Hz, 2J5'-Ha,5'-Hb


�
11.4 Hz; 13C NMR (75 MHz, CDCl3): d� 20.8, 21.3 (q, C-4a, C-4b), 24.1,
24.2 (q, 4'-CH3), 25.2 (q, 1-CH3), 35.7 (d, C-3), 57.5 (s, C-1), 65.8 (s, C-4'),
69.6 (t, C-5'), 127.4, 128.7 (d, C-2'', C-3''), 128.2 (d, C-4''), 138.2 (s, C-1''),







D. Hoppe et al. 423 ± 435


Chem. Eur. J. 2001, 7, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0433 $ 17.50+.50/0 433


165.2 (s, SÿC�O), 211.1 (s, C-2); IR (KBr): nÄ (cmÿ1)� 3440, 3310 (OÿH,
NÿH), 1700 (CC�O), 1650 (SC�O); C17H25NO3S (323.46): calcd C 63.13, H
7.79, N 4.33; found C 63.12, H 7.79, N 4.06.


(ÿ)-(R)-4,4-Dimethyl-2-[N-(2-hydroxy-1,1-dimethylethyl)-aminocarbon-
ylthio]-2-phenyl-3-pentanone (ent-12 f): [a]22


D �ÿ98.9 (c� 0.77 in CH2Cl2);
>99 % ee [1H NMR, 300 MHz, CDCl3, 31 mol % (�)-Eu(hfc)3: 1-CH3,
Dd� 0.02 ppm at d� 2.6, (S):(R)< 1:185]; m.p.: 133 8C; 1H NMR
(300 MHz, CDCl3): d� 1.06 (s, 9 H, 3-CH3), 1.23, 1.26 (s, 6H, 4'-CH3),
2.23 (s, 3H, 1-CH3), 3.12 (s, 1 H, NH), 3.50 (d, 1H, 5'-Ha), 3.55 (d, 1 H, 5'-
Hb), 5.66 (s, 1 H, OH), 7.24 ± 7.37 (m, 5 H, 2''-H, 3''-H, 4''-H), 2J5'-Ha,5'-Hb


�
11.4 Hz; 13C NMR (75 MHz, CDCl3): d� 24.5 (q, 4'-CH3), 27.3 (q, 1-CH3),
29.8 (q, 3-CH3), 46.3 (s, C-3), 57.7 (s, C-1), 67.2 (s, C-4'), 70.0 (t, C-5'), 127.2,
129.0 (d, C-2'', C-3''), 128.2 (d, C-4''), 139.5 (s, C-1''), 165.7 (s, SÿC�O),
210.6 (s, C-2); IR (KBr): nÄ (cmÿ1)� 3500, 3320 (OÿH, NÿH), 1670 (CC�O),
1630 (SC�O); C18H27NO3S (337.48): calcd C 64.06, H 8.06, N 4.15; found C
64.41, H 8.11, N 4.01.


(ÿ)-(R)-S-1-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-1,2-di-
phenyl-1-propanone (ent-12g): [a]19


D ��73.2 (c� 0.53 in CH2Cl2,>98% ee
(concluded from the substrate ent-11g); 1H NMR (300 MHz, CDCl3): d�
1.13, 1.16 (s, 6 H, 4'-CH3), 2.18 (s, 3 H, 1-CH3), 2.66 (s, 1H, NH), 3.37 (d, 1H,
5'-Ha), 3.49 (d, 1H, 5'-Hb), 5.34 (s, 1H, OH), 7.12 ± 7.41, 7.54 ± 7.56 (m, 10H,
4-H, 5-H, 6-H, 2''-H, 3''-H, 4''-H), 2J5'-Ha,5'-Hb


� 11.5 Hz; 13C NMR (75 MHz,
CDCl3): d� 24.0, 24.3 (q, 4'-CH3), 29.7 (q, 1-CH3), 57.5 (s, C-1), 64.2 (s,
C-4'), 69.3 (t, C-5'), 126.7, 127.6, 129.1, 129.8 (d, C-4, C-5, C-2'', C-3''), 128.1,
131.5 (d, C-6, C-4''), 136.5, 140.2 (s, C-3, C-1''), 164.9 (s, SÿC�O), 198.8 (s,
C-2); IR (film):nÄ (cmÿ1)� 3460, 3320 (OÿH, NÿH), 1715 (CC�O), 1670
(SC�O); MS (EI, 70 eV): m/z (%)� 357 (0.1) [M�], 339 (1) [MÿH2O�],
242 (5) [Mÿ 14�], 210 (3) [Mÿ 14ÿ S�]; C20H23NO3S (357.47): calcd C
67.20, H 6.49, N 3.92; found C 67.47, H 6.49, N 3.56.


rac-S-3-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-2-methyl-
3-phenyl-2-pentanol (rac-12 m): 1H NMR (300 MHz, CDCl3): d� 1.15, 1.17,
1.20, 1.31 (s, 12 H, 2-CH3, 4'-CH3), 2.10 (s, 3 H, 1-CH3), 3.09 (s, 2 H, OH,
NH), 3.42 (d, 1H, 5'-Ha), 3.46 (d, 1H, 5'-Hb), 5.56 (s, 1H, OH), 7.24 ± 7.36,
7.61 ± 7.64 (m, 5H, 2''-H, 3''-H, 4''-H), 2J5'-Ha,5'-Hb


� 11.7 Hz; 13C NMR
(75 MHz, CDCl3): d� 23.8, 24.0, 24.2, 26.6, 26.8 (q, 1-CH3, 2-CH3, 4'-
CH3), 57.4 (s, C-1), 66.2, 69.6 (s, C-2, C-4'), 75.6 (t, C-5'), 127.3 (d, C-4''),
128.0, 128.5 (d, C-2'', C-3''), 142.0 (s, C-1''), 166.9 (s, C�O); IR (film): nÄ


(cmÿ1)� 3360, 3200 (OÿH, NÿH), 1635 (C�O); C16H25NO3S (311.45): calcd
C 61.70, H 8.09, N 4.49; found C 61.79, H 7.88, N 4.09.


(ÿ)-(S)-S-2-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-2-phenyl-
butane (ent-12 o): [a]19


D �ÿ48.1 (c� 0.56 in CH2Cl2); 97% ee (concluded
from the substrate ent-11 o); 1H NMR (300 MHz, CDCl3): d� 0.80 (dd, 3H,
3-H3), 1.10, 1.12 (s, 6H, 4'-CH3), 1.93 (s, 3H, 1-CH3), 2.09 (dq, 1H, 2-Ha),
superimposed: 2.15 (dq, 1 H, 2-Hb), 2.71 (s, 1H, NH), 3.40 (d, 1H, 5'-Ha),
3.45 (d, 1H, 5'-Hb), 5.18 (s, 1 H, OH), 7.18 ± 7.37, 7.52 ± 7.56 (m, 5 H, 2''-H,
3''-H, 4''-H), 3J2-Ha,3-H3


� 7.4 Hz, 3J2-Hb,3-H3
� 7.4 Hz, 2J2-Ha,2-Hb


� 13.8 Hz,
2J5'-Ha,5'-Hb


� 11.4 Hz; 13C NMR (75 MHz, CDCl3): d� 9.0 (q, C-3), 24.2,
24.4 (q, 4'-CH3), 25.4 (t, C-2), 35.5 (q, 1-CH3), 56.7, 57.3 (s, C-1, C-4'), 69.8 (t,
C-5'), 127.0 (d, C-4''), 127.1, 128.3 (d, C-2'', C-3''), 144.2 (s, C-1''), 166.7 (s,
C�O); IR (film): nÄ (cmÿ1)� 3360, 3290 (OÿH, NÿH), 1640 (C�O); MS (EI,
70 eV): m/z (%)� 281 (3) [M�], 250 (2) [MÿCH2OH�], 166 (10) [Mÿ
14�], 133 (100) [Mÿ 14ÿ SH�], 105 (11) [C8H9


�], 91 (91) [C7H7
�], 77 (8)


[C6H5
�], 57 (15) [C4H9


�], 55 (28) [C4H7
�]; HR-MS (EI, 70 eV): calcd for


C15H23NO2S [M�] 281.1450; found 281.1463.


rac-S-2-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-2-phenyl-
pentane (rac-12 p): 1H NMR (300 MHz, CDCl3): d� 0.85 (dd, 3H, 4-H3),
0.95 ± 1.50 (m, 2H, 3-H2), superimposed: 1.10, 1.11 (s, 6 H, 4'-CH3), 1.96 (s,
3H, 1-CH3), 1.98 ± 2.14 (m, 2 H, 2-H2), 3.16 (s, 1 H, NH), 3.40 (d, 1 H, 5'-Ha),
3.45 (d, 1H, 5'-Hb), 5.18 (s, 1 H, OH), 7.20 ± 7.55 (m, 5H, 2''-H, 3''-H, 4''-H),
3J3-Ha,4-H3


� 7.4 Hz, 3J3-Hb,4-H3
� 7.4 Hz, 2J5'-Ha,5'-Hb


� 11.4 Hz; 13C NMR
(75 MHz, CDCl3): d� 14.3 (q, C-4), 17.9 (t, C-3), 24.2, 24.4 (q, 4'-CH3),
26.0 (q, 1-CH3), 45.2 (t, C-2), 56.3, 57.3 (s, C-1, C-4'), 69.8 (t, C-5'), 126.9 (d,
C-4''), 127.0, 128.3 (d, C-2'', C-3''), 144.5 (s, C-1''), 166.7 (s, C�O); IR (film):
nÄ (cmÿ1)� 3390, 3260 (OÿH, NÿH), 1655 (C�O); GC-MS (EI, 70 eV): m/z
(%)� 295 (5) [M�], 264 (4) [MÿCH2OH�]; GC-MS (CI, NH3): m/z (%)�
296 (4) [M�H�], 164 (7) [C10H12S�], 147 (24) [C11H15


�], 133 (100)
[M�NH4ÿC11H15S�], 116 (76) [MÿC11H15S�]; C16H25NO2S (295.44): calcd
C 65.05, H 8.53, N 4.74; found C 65.07, H 8.78, N 4.95.


rac-S-2-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-2-phenyl-
octane (rac-12 q): 1H NMR (300 MHz, CDCl3): d� 0.84 (t, 3H, 7-H3), 1.10,


1.11 (s, 6H, 4'-CH3), 1.22 ± 1.34 (m, 10H, 2-H2, 3-H2, 4-H2, 5-H2, 6-H2), 1.95
(s, 3H, 1-CH3), 2.87 (s, 1 H, NH), 3.39 (d, 1H, 5'-Ha), 3.44 (d, 1 H, 5'-Hb),
5.19 (s, 1H, OH), 7.17 ± 7.35, 7.52 ± 7.55 (m, 5H, 2''-H, 3''-H, 4''-H),
3J7-H3,6-H2


� 6.7 Hz, 2J5'-Ha,5'-Hb
� 11.5 Hz; 13C NMR (75 MHz, CDCl3): d�


14.0 (q, C-7), 22.6, 24.4, 26.0 (q, 1-CH3, 4'-CH3), 27.5, 28.9, 29.5, 31.6, 37.0
(t, C-2, C-3, C-4, C-5, C-6), 56.3, 57.3 (s, C-1, C-4'), 69.8 (t, C-5'), 127.0, 128.3
(d, C-2'', C-3''), 127.6 (d, C-4''), 144.5 (s, C-1''), 166.7 (s, C�O); IR (film): nÄ


(cmÿ1)� 3360, 3280 (OÿH, NÿH), 1640 (C�O); GC-MS (EI, 70 eV): m/z
(%)� 337 (2) [M�], 253 (2) [MÿC6H12


�], 222 (4) [Mÿ 14�], 189 (48) [Mÿ
C5H10NO2S�], 105 (100) [C8H9


�], 91 (69) [C7H7
�]; HR-MS (EI, 70 eV):


calcd for C19H31NO2S [M�] 337.2076, found 337.2073; C19H31NO2S (337.53):
calcd C 67.61, H 9.26, N 4.15; found C 67.28, H 9.17, N 4.25.


(ÿ)-(R)-S-1-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-1-
phenyl-1-trimethylsilylethane (ent-12 t): [a]20


D �ÿ103.8 (c� 1.89 in
CH2Cl2); �98 % ee (concluded from the substrate ent-11 t); 1H NMR
(300 MHz, CDCl3): d� 0.02 (s, 9H, SiÿCH3), 0.96, 1.03 (s, 6H, 4'-CH3), 2.02
(s, 3H, 1-CH3), 2.51 (s, 1 H, NH), 3.36 (d, 1H, 5'-Ha), 3.41 (d, 1 H, 5'-Hb),
5.04 (s, 1H, OH), 7.14 ± 7.36, 7.46 ± 7.52 (m, 5H, 2''-H, 3''-H, 4''-H),
2J5'-Ha,5'-Hb


� 11.4 Hz; 13C NMR (75 MHz, CDCl3): d�ÿ3.7 (q, SiÿCH3),
23.2, 24.2, 24.4 (q, 1-CH3, 4'-CH3), 57.4 (s, C-1), 65.8 (s, C-4'), 69.8 (t, C-5'),
127.2, 128.6 (d, C-2'', C-3''), 128.4 (d, C-4''), 143.0 (s, C-1''), 167.0 (s, C�O);
IR (film): nÄ (cmÿ1)� 3360, 3290 (OÿH, NÿH), 1640 (C�O); C16H27NO2SSi
(325.54): calcd C 59.03 H 8.36 N 4.30; found C 58.87 H 8.39 N 4.31.


(ÿ)-(S)-S-1-[N-(2-Hydroxy-1,1-dimethylethyl)-aminocarbonylthio]-1-phenyl-
ethane (ent-12u):


Method a : [a]20
D �ÿ173.0 (c� 1.41 in CH2Cl2); �99% ee [1H NMR,


300 MHz, CDCl3, 4 mol % (�)-Pr(hfc)3: 1-CH3, Dd� 0.006 ppm at d� 1.5,
(R):(S)< 1:154]; m.p.: 89 8C;


Method b : [a]20
D �ÿ169.6 (c� 1.10 in CH2Cl2, �98% ee); 1H NMR


(300 MHz and 360 MHz, CDCl3): d� 1.26, 1.27 (s, 6 H, 4'-CH3), 1.67 (d,
3H, 1-CH3), 3.50 (s, 1 H, NH), 3.53 (s, 2H, 5'-H2), 4.65 (q, 1H, 1-H), 5.58 (s,
1H, OH), 7.20 ± 7.37 (m, 5H, 2''-H, 3''-H, 4''-H), 3J1-H,1-CH3


� 7.2 Hz; 13C NMR
(90 MHz, CDCl3): d� 22.9 (q, 1-CH3), 24.1, 24.2 (q, 4'-CH3), 44.1 (d, C-1),
57.2 (s, C-4'), 69.8 (t, C-5'), 127.1, 128.5 (d, C-2'', C-3''), 127.2 (d, C-4''), 142.9
(s, C-1''), 166.9 (s, C�O); IR (KBr): nÄ (cmÿ1)� 3250 (OÿH, NÿH), 1635
(C�O); C13H19NO2S (253.37): calcd C 61.63, H 7.56, N 5.55; found C 61.89,
H 7.57, N 5.70.


Deblocking of b-hydroxythiourethanes ent-12 to thiols ent-13 :


Method d : Under argon, K2CO3 (124 mg, 0.9 mmol) was added to a
solution of the hydroxythiourethane ent-12 (0.3 mmol) in MeOH (3 mL).
The reaction mixture was refluxed for approx. 4 h (or alternatively stirred
at room temperature for 2 d) and transferred directly onto the silica gel
column for flash chromatography without intermediate work-up. Elution
with Et2O/hexanes (1:1) yielded the thiol ent-13.


(ÿ)-(R)-2-Thio-4-methyl-2-phenylpentan-3-one (ent-13 e):


Method d : [a]21
D �ÿ78.8 (c� 0.42 in CH2Cl2; >99% ee (concluded from


the substrate ent-11e); 1H NMR (300 MHz, CDCl3): d� 0.84 (d, 3H,
4a-H3), 1.12 (d, 3H, 4b-H3), 1.88 (s, 3H, 1-CH3), 2.20 (s, 1H, SH), 2.83
(sept, 1 H, 3-H), 7.19 ± 7.44 (m, 5 H, 2''-H, 3''-H, 4''-H), 3J3-H,4a-H3


� 6.7 Hz,
3J3-H,4b-H3


� 6.7 Hz; 13C NMR (75 MHz, CDCl3): d� 21.3, 22.3 (q, C-4a,
C-4b), 29.3 (q, 1-CH3), 36.1 (d, C-3), 59.9 (s, C-1), 126.8, 128.6 (d, C-2'',
C-3''), 127.9 (d, C-4''), 140.4 (s, C-1''), 211.5 (s, C-2); IR (film): nÄ (cmÿ1)�
1690 (C�O), 690 (CÿS); MS (EI, 70 eV): m/z (%)� 208 (4) [M�], 207 (10)
[MÿH�], 175 (81) [Mÿ SH�], 105 (100) [C8H9


�], 91 (72) [C7H7
�], 77 (31)


[C6H5
�], 71 (53) [C3H7CO�]; HR-MS (EI, 70 eV): calcd for C12H15OS [Mÿ


H�] 207.0840, found 207.0838.


Thiols 9, ent-13, and ent-16 (methods e and f):


Method e : Under argon atmosphere the thiocarbamate ent-11 (0.5 mmol)
was refluxed in 6m aqueous HCl (5.0 mL) for 7 h. The reaction mixture was
cooled to room temperature and poured into diethyl ether (20 mL). The
aqueous phase was quickly extracted with diethyl ether. The combined
organic layers were dried with solid Na2SO4/NaHCO3 under argon and
carefully liberated from the solvent at reduced pressure. The crude product
was purified by flash chromatography on silica gel with Et2O/hexanes (1:1)
to yield the thiol ent-13.


Method f : DIBALH (1.0m, 5.0 mL, 5.0 mmol) in hexanes was added to a
solution of the thiocarbamate ent-11 (0.5 mmol) in toluene (5.0 mL) at
ÿ78 8C and the reaction mixture was stirred overnight. By watching the
decreasing intensity of the carbonyl band due to the thiocarbamoyl moiety
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near 1620 cmÿ1, one can easily follow the reaction progress by IR
spectroscopy. If required the solution might be warmed to room temper-
ature. Following a procedure of Fieser,[34] the reaction mixture was treated
with i) water (0.8 mL), ii) NaOH (15 %, 0.8 mL), and iii) water (2.4 mL)
with several minutes of stirring in between. The coarse-grained aluminum
salts were filtered off and the solvent was carefully evaporated at reduced
pressure. Subsequent flash chromatography on silica gel (Et2O/hexanes,
1:1 ± 1:4) yielded the thiol ent-13. Alternatively, an acidic work-up with 2m
aqueous HCl can be chosen. In this case the aluminum salts were dissolved
by addition of approx. 20 ± 30 mL HCl. The ethereal extraction was
followed by drying and neutralization with solid Na2SO4/NaHCO3 and flash
chromatography as noted above.


(ÿ)-(R)-1,2-Diphenyl-2-propanethiol (ent-13 s):


Method e : [a]25
D �ÿ31.1 (c� 0.80 in CH2Cl2). Method f : [a]25


D �ÿ29.5 (c�
0.98 in CH2Cl2); ee value not determined; spectroscopic data correspond to
ref. [35].


(ÿ)-(R)-1-Phenyl-1-trimethylsilyl-ethanethiol (ent-13 t): Method f : [a]21
D �


ÿ247.2 (c� 0.80 in CH2Cl2); �98 % ee (concluded from the substrate ent-
11t); 1H NMR (300 MHz, CDCl3): d� 0.02 (s, 9 H, SiÿCH3), 1.83 (s, 3H,
1-CH3), 2.60 (s, 1 H, SH), 7.10 ± 7.44 (m, 5H, 2''-H, 3''-H, 4''-H); 13C NMR
(75 MHz, CDCl3): d�ÿ3.6 (q, Si-CH3), 27.8 (q, 1-CH3), 50.4 (s, C-1), 125.2
(d, C-4''), 126.8, 127.7 (d, C-2'', C-3''), 146.4 (s, C-1''); IR (film): nÄ (cmÿ1)�
690 (CÿS); MS (EI, 70 eV): m/z (%)� 209 (42) [MÿH�], 105 (100)
[C8H9


�], 91 (9) [C7H7
�], 77 (19) [C6H5


�], 73 (48) [Si(CH3)3
�]; HR-MS (EI,


70 eV): calcd for C11H17SSi [MÿH�] 209.0820, found m/z� 209.0827;
C11H18SSi (210.41): calcd C 62.79, H 8.62, found C 63.07, H 8.41.


(ÿ)-(R)-2-Thio-2-phenyl-1-propanol (ent-16):


Method f (substrate ent-11a): [a]20
D �ÿ31.8 (c� 0.36 in CH2Cl2); >99% ee


(concluded from the substrate ent-11 a); m.p.: 106 8C. Method f (substrate
ent-15): [a]20


D �ÿ31.2 (c� 0.48 in CH2Cl2); >99% ee (concluded from the
substrate ent-15); 1H NMR (300 MHz, CDCl3): d� 1.77 (s, 3H, 1-CH3), 2.05
(s, 2H, OH, SH), 3.80 (d, 1H, 2-Ha), 3.86 (d, 1 H, 2-Hb), 7.23 ± 7.55 (m, 5H,
2''-H, 3''-H, 4''-H), 2J2-Ha,2-Hb


� 11.2 Hz; 13C NMR (75 MHz, CDCl3): d� 28.4
(q, 1-CH3), 52.2 (s, C-1), 73.3 (t, C-2), 126.8, 128.9 (d, C-2'', C-3''), 127.7 (d,
C-4''), 144.2 (s, C-1''); IR (film): nÄ (cmÿ1)� 3330 (OÿH), 690 (CÿS); GC-
MS (CI, NH3): m/z (%)� 186 (100) [M�NH4


�], 168 (5) [M�], 137 (42)
[MÿCH2OH�]; C9H12OS (168.26): calcd C 64.25, H 7.19, found C 64.31, H
7.48.


Reduction of the ester ent-11b to the alcohol ent-15 with LiAlH4


(Method g):


Method g; (ÿ)-(R)-S-2-hydroxy-1-methyl-1-phenylethyl 2,2,4,4-tetrameth-
yl-1,3-oxazolidine-3-thiocarboxylate (ent-15): A solution of the methyl
ester ent-11 b (204 mg, 0.58 mmol,�99% ee) in dry Et2O (8 mL) was added
to a suspension of LiAlH4 (104 mg, 2.7 mmol) in Et2O (20 mL) and
refluxed for 10 h. The reaction mixture was cooled to 0 8C and poured into
2m aqueous HCl (20 mL). The aqueous layer was extracted with diethyl
ether (3� 20 mL). The ethereal layers were dried and neutralized by means
of solid Na2SO4/NaHCO3. Flash chromatography on silica gel (Et2O/
hexanes, 1:1) provided the alcohol ent-15 as a colorless solid with 93 % yield
and �99 % ee. [a]21


D �ÿ22.1 (c� 1.09 in CH2Cl2); >99% ee [1H NMR,
300 MHz, CDCl3, 15 mol % (�)-Eu(hfc)3: 1-CH3, Dd� 0.06 ppm at d� 2.7,
(S):(R)< 1:608]; m.p.: 101 8C; 1H NMR (300 MHz, CDCl3): d� 1.45, 1.49,
1.54, 1.59 (s, 12 H, 2'-CH3, 4'-CH3), 1.82 (s, 3 H, 1-CH3), 3.72 (s, 2H, 5'-H2),
3.97 (dd, 1 H, 2-Ha), 4.41 (dd, 1H, 2-Hb), 4.71 (m, 1 H, OH), 7.22 ± 7.59 (m,
5H, 2''-H, 3''-H, 4''-H), 3J2-Ha,OH� 3.5 Hz, 3J2-Hb,OH� 3.0 Hz, 2J2-Ha,2-Hb


�
11.4 Hz; 13C NMR (75 MHz, CDCl3): d� 24.9, 25.0 (q, 2'-CH3, 4'-CH3),
25.6 (q, 1-CH3), 59.4 (s, C-1), 61.6 (s, C-4'), 71.5 (t, C-2), 76.6 (t, C-5'), 98.0 (s,
C-2'), 126.6, 128.4 (d, C-2'', C-3''), 127.3 (d, C-4''), 142.7 (s, C-1''), 164.2 (s,
C�O); IR (KBr): nÄ (cmÿ1)� 3500 (OÿH), 1610 (C�O); GC-MS (CI, NH3):
m/z (%)� 324 (100) [M�H�], 293 (6) [M�HÿCH2OH�], 190 (6)
[HSCby�H�], 156 (4) [Cby�]; C17H25NO3S (323.45): calcd C 63.13, H
7.79, N 4.33, found C 63.35, H 7.65, N 4.32.
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Stirring Effects on the Spontaneous Formation of Chirality in the
Homoassociation of Diprotonated meso-Tetraphenylsulfonato Porphyrins


Raimon Rubires, Joan-Anton Farrera, and Josep M. RiboÂ *[a]


Abstract: Homoassociates of the achi-
ral title porphyrins in acid solutions
show spontaneous symmetry breaking,
which can be detected by circular di-
chroism (CD). The CD spectra are due
to differential scattering and differential
absorption contributions, the relative
significance of which is related to the
shape and size of the homoassociate.
When an earlier model, designed for the
association of these diprotonated por-
phyrins (J aggregates with the geometry
of stepped sheets of intramolecular-
stabilised zwitterions), was applied to


an exciton-coupling point-dipole ap-
proximation, the folding of the one-
dimensional homoassociates explained
the CD signals detected. An effect of the
vortex direction, caused by stirring or
rotary evaporation, upon the exciton
chirality sign was detected. In the case of
H2TPPS3, the number of experiments


performed gave a statistical significance
to this effect. This vortex effect can be
attributed to enhancement of the chi-
rality fluctuations that originate in the
diffusion-limited aggregation to high-
molecular-weight homoassociates. In
this sense, the phenomenon could be
general for supramolecular systems that
are obtained under kinetic control, and
its detection would be possible when
inherent chiral chromophores were be-
ing generated in the association process.


Keywords: aggregation ´ asymmet-
ric amplification ´ chirality ´ circular
dichroism ´ exciton coupling ´ por-
phyrinoids


Introduction


Chiral-symmetry-breaking processes can be detected in the
formation of heterophases. In some cases, autocatalysis leads
to high enantiomeric excesses; for example, in the crystal-
lisation of sodium chlorate, 1,1'-binaphthyl and some amino
acids.[1] In such cases, stirring affects the growth of the parent
nucleation centres and the chain transmission; this leads to
the formation of new nucleation centres and can thus enhance
the enantiomeric-excess values.


Forty years ago, it was reported that the J aggregates of
achiral cyanine dyes show induced circular dichroism (CD).[2]


In 1976, Hondo and Hada reported that the J aggregates of
1,1'-diethyl-2,2'-cyanine iodide or chloride show induced CD,
the sign of which depends on the direction of stirring.[3]


However, later reports criticised this finding and attributed
the CD detected in the cyanine aggregates to linear dichroism
(LD) contributions.[4] A recent paper has reported sponta-


neous chirality in the formation of J aggregates of achiral
benzoimidocyanines and the authors concluded that LD does
not contribute to CD.[5]


Since it is accepted that aggregation and self-assembly play
an important role in the origin of life,[6] the little attention
generated by these reports on the CD of amphiphilic J
aggregates is surprising. They could be used as models for the
symmetry-breaking processes that lead to optically active
systems in primitive biosphere models. Furthermore, the
optical properties of the J aggregates of these dyes suggest
potential applications for their chiral phases.


Ohno et al. have reported the detection of stirring-induced
CD in J-aggregate solutions of the diprotonated tetrasodium
salts of meso-tetrakis(4-sulfonatophenyl)porphyrin.[7] How-
ever, these results are difficult to reproduce and to interpret.
Here we report the spontaneous formation of chirality and
that the CD spectra are not only due to differential-
absorption contributions. We studied the nature of the
detected CD for all 4-sulfonato-substituted tetraphenylpor-
phyrins, their relation to the structure of these aggregates and
the effects of stirring during sample preparation on the CD
spectra.


The structure of the J aggregates of the water-soluble
diprotonated porphyrins tested (see Figure 1) arises from the
intermolecular association between the positively charged
porphyrin ring and negatively charged sulfonato groups; this
results in the formation of ªpolymerisedº zwitterions.[8] The
quasiplanar structure of the diprotonated porphyrin and the
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with the first series of experiments (91) on H2TPPS4-f, H2TPPS4,
H2TPPS3 H2TPPS2O and H2TPPS2A. Tables with the chirality signs at
the BH, BJ and Q bands of all compounds and experiments. Example of
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deformation of the porphyrin ring, with two opposed NH
groups above and below the porphyrin plane, facilitate this
homoassociation. These J aggregates give UV/Vis spectra with
strong, red-shifted B (Soret) and Q bands[7±9] of �488 nm and
705 nm, respectively (called here the BJ and Q bands).
Moreover, at high degrees of association, a blue-shifted B
band also appears at �420 nm (called here the BH band) due
to H aggregation.


Results and Discussion


Fresh, unstirred solutions of homoassociates of the diproton-
ated porphyrins, prepared by acidification of the free base
porphryrins (see Experimental Section), only showed weak


CD signals, if any. However, after a few hours, CD signals
were detected at the wavelengths corresponding to the
absorption maxima of the homoassociates. The intensity of
the CD signals increased over time. This increase was very
strong during the first few days, but after 2 ± 3 months showed
asymptotic behaviour. For the same porphyrin, the ellipticity
values of old unstirred solutions were about one order of
magnitude higher than those of 3 ± 7 day-old unstirred sol-
utions (see, for example, Figure 2a). In these solutions, the
increase in ellipticity occurred together with an increase in
homoassociate at the expense of nonassociated porphyrin.
The high increase in ellipticity and the disappearance of
nonassociated monomer (�435 nm) are shown in Figure 2a.


After approximately two weeks, the magnetically stirred
solutions showed ellipticity values of the same order as three-
month-old unstirred solutions (see, for example, Figure 2b).
Here the ellipticity increase cannot be attributed simply to the
increase in homoassociate, as it can for the unstirred solutions,
since the stirring maintains the amount of homoassociate at
the same order of magnitude.


This type of experiment has the difficulty that the acid-
ification is performed in relatively highly concentrated
solutions, so that aggregation occurs suddenly, that is, to a
large extent and in an uncontrolled manner. To overcome this,
we have performed other types of experiments, in which
acidification was performed in very dilute solutions so that
aggregation did not occur, and these solutions were then
concentrate by rotary evaporation (see Experimental Sec-
tion). The rotary evaporated solutions show ellipticity values
of the same order as old, unstirred solutions and, once they
have been allowed to stand, they only showed small changes,
if any, in their CD spectra. The rotary evaporation method for
preparation of homoassociates allows experiments to be
performed in which the effect of stirring on the formation of
chirality is shown. Figure 2c shows that the ellipticity values of
a recently prepared concentrated solution (20 mL) of
H2TPPS4-f increase following dilution (to 500 mL) and rotary
evaporation back to 20� 2 mL (see Experimental Section).


Comparison of the ellipticity values of porphyrins shows an
order according to the number of 4-sulfonatophenyl substitu-
ents (Figure 3). Probably, the degrees of freedom for inter-
molecular interactions between the sulfonato groups and the


Abstract in Catalan: En solucions àcides, aquestes porfirines
aquirals formen homoassociats que presenten trencament de
simetria espontani, el qual hom detecta per DC. Els espectres
de DC soÂn deguts al conjunt de contribucions de dispersioÂ
diferencial i d�absorcioÂ diferencial, la importància relativa de
les quals dep�n de la mida i forma dels homoassociats. Segons
un model publicat anteriorment per a l�associacioÂ d�aquestes
porfirines diprotonades, llurs J agregats soÂn zwitterions
estabilitzats intermolecularment per formacioÂ de tires de
porfirines escalonades. L�aplicacioÂ de l�aproximacioÂ punt-
dipol del model d�acoblament excitoÁnic a aquestes estructures
explica el DC per la formacioÂ de colzes en els homoassociats
monodimensionals lineals. Agitant o rotoevaporant hom
detecta un efecte de la direccioÂ del voÁrtex en el signe de la
quiralitat. En el cas de H2TPPS3 el nombre d�experiments
efectuats doÁna significat estadístic a l�efecte observat. Aquest
efecte de la direccioÂ del vortex podria esser atribuïble a una
amplificacioÂ de les fluctuacions de quiralitat que es produeixen
durant l�agregacioÂ limitada per difussioÂ cap a homoassociats
d�alt pes molecular. En aquest cas, el fenoÁmen podria ser
general en la formacioÂ sota control cin�tic d�homoassociats
d�alt pes molecular, i detectar-lo fora possible quan, com en el
cas que hom presenta, els cromoÁfors generats en el procØs
d�associacioÂ fossin inherenment quirals


Figure 1. Meso-sulfonatophenyl porphyrins. The angle between the ªpolymerisedº chain alignment and the porphyrin plane is shown right.
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Figure 3. Box diagram of the module of the ellipticity ([V]) values for
stirred (magnetically and rotary evaporated) solutions of diprotonated
meso-sulfonatophenyl porphyrins (see also Table S1 in the Supporting
Information). The ellipticity values are those of the most intense signal (BJ


transition) and are calculated on the basis of the total porphyrin
concentration.


central dicationic ring influence the degree of formation of
chirality.


With respect to the results previously reported for TPPS4
[7]


these experiments show two principal differences: a) in some
cases, the CD signals did not correspond to bisignate dichroic
peaks and b) the correspondence between stirring or rotary
evaporation direction and the chirality sign was very low. For
some compounds, in particular for H2TPPS4, a nonstatiscal
distribution of the chirality signs was detected even for the
unstirred solutions (see Supporting Information).


Types of CD signals : The CD signal for the B transition of the
J aggregate (BJ� 488 nm)[10] was more intense than the other


signals, that is the Q band (Q� 705 nm) and the B band of the
H aggregates (BH� 420 nm). H2TPPS4-f, H2TPPS4, and
H2TPPS3 gave a similar pattern of CD spectra, and only very
weak CD signals, if any, were detected at the wavelength
corresponding to their monomer transitions (Figures 2 and 4).
This suggests that the supramolecular structure of these
homoassociates does not incorporate a monomer.[11] In
contrast, the CD spectra of H2TPPS2A and, to a certain
extent, those of H2TPPS2O can only be interpreted by
assuming that the monomer B transition is also CD active
and that the broad pattern of their signals is different from
those of the other diprotonated porphyrins (see Figure 4).


A comparison of the CD spectra reveals that two types of
signal were detected: a) bisignate bands that cross the
wavelength of the corresponding Q-, BJ- or BH-band absorp-
tion maxima at zero ellipticity and b) single absorption bands
with maxima at these wavelengths (Figure 5). In many
experiments the CD signals reflect the varying contribution
of each band type.


The single CD bands often appear in solutions with a high
degree of association and their intensity could be related to an
increase in aggregation. This points to CD spectra with
variable contributions of differential absorption and differ-
ential scattering.[12] The differential scattering contribution to
CD has been extensively discussed in the case of biopolymers
and biological organelles.[13] Bisignate CD bands are caused
by the differential absorption of two near-to-degenerate
transitions.[14] The differential-scattering contribution of these
degenerate transitions gives a single CD band, because both
transitions contribute with the same sign.[13c] Comparison of
CD spectra (�300) reveals the ellipticity sign of the differ-
ential scattering with respect to those of the differential-
absorption contribution. According to the accepted nomen


Figure 2. CD (top) and UV/Vis (bottom) spectra of unstirred and stirred solutions of the title porphyrins: a) unstirred H2TPPS3: ( ´ ´ ´ ´ ´ ) freshly prepared,
(- - - -) after 2 days, (±± ±) after 7 days, (ÐÐ) after 2 months. b) ACW magnetically stirred H2TPPS4: (- - - -) after 4 days, (±± ±) after 20 days, (ÐÐ) after
1 month. c) ACW rotary evaporated H2TPPS4-f: (±± ±) freshly unstirred solution, (ÐÐ) after dilution to 500 mL and rotary evaporation to the initial volume.
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Figure 5. The sign relationship between differential scattering, differential
absorbance and exciton chirality for the BH, BJ and Q transitions


clature of positive exciton chi-
rality for negative short wave-
length and positive long wave-
length Cotton effects, and vice
versa,[14b,c] the results show
that, for the BJ and Q transi-
tions, a negative differential-
scattering ellipticity contribu-
tion corresponds to positive
exciton chirality and, in the
case of the H transition, a
positive differential-scattering
contribution corresponds to a
positive exciton chirality, and
vice versa (see Figure 5).


The relative signs of the
exciton chirality for the BH,
BJ and Q transitions were the
same, with only a few excep-
tions in which the CD spectra
changed to all three bands
having the same chirality sign
when solutions were left to
stand (see example in the
Supporting Information). This
is discussed below in relation
to the chromophore interac-
tion and the structure of the
homoassociate.


Comparison of the CD spec-
tra for the same compound
reveals differences that cannot
be attributed to different
enantiomeric excesses. Rather
it shows the different relative
contributions from differential
scattering and differential ab-
sorption and also different rel-
ative intensities between tran-
sitions. That is, comparison of
CD spectra of reversed signs
shows that the molecules from
which corresponding spectra
were generated were never


enantiomeric to each other. This is the expected result for a
large, random, chiral, supramolecular structure obtained
through a diffusion-limited process; the exact mirror image
(virtual enantiomer) can never be obtained.[15] With respect
to the definitions of chirality for these systems that are
given by the authors of ref. [15], the handedness reported
here corresponds to the ªnatural enantiomersº. CD spectra
can come from a ªracemicº mixture of natural enan-
tiomers with different size and shape. For example, in a 1:1
mixture of natural enantiomers, one with dominating differ-
ential scattering and the other with dominating differ-
ential absorption, the CD will not be zero. In three ex-
periments (see Supporting Information) we detected CD
spectra, which can be understood according this explan-
ation.


Figure 4. CD (top) and UV/Vis (bottom) spectra of stirred solutions: a) H2TPPS4 [(�)-exciton chirality at the
three transitions]. b) rotary evaporated H2TPPS3: dominating differential scattering contribution for the BJ and Q
transitions: (- - - -) CW rotary evaporated with (ÿ)-exciton chirality for the three transitions, (ÐÐ) ACW with
(�)-exciton chirality for the three transitions. c) ACW rotary evaporated H2TPPS2O: (�)-exciton chirality at the
three transitionsÐdominating differential scattering contribution at the BJ transition, low CD induction at the
monomer B transition. d) H2TPPS2A showing dominating differential scattering at the BH transition and CD
induction for the monomer: (- - - -) unstirred, (ÐÐ) CW rotary evaporated.
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The relationship between stirring direction and chirality sign :
In a first series of experiments, the direction of stirring did not
have any significance to the sign of the induced chirality with
respect to the unstirred solutions (except for H2TPPS3, for
which see Supporting Information). In some compounds, this
could be attributed to an inadequate number of experiments.
However, in the case of H2TPPS4, in contrast with previously
reported results,[7] the negative exciton-chirality sign could
not be obtained even with a relatively high number of
experiments (27). Furthermore, for this compound, the
ellipticity values of stirred and nonstirred solutions were also
of the same order.


Unstirred solutions of H2TPPS3 showed a distribution (5/4)
of the sign of the exciton chirality that agrees with that
expected for spontaneous induction. The stirring experiments
show chirality signs 5(�)/4(ÿ) for the clockwise (CW)
direction and 8(�)/2(ÿ) for the anticlockwise (ACW) direc-
tion. However, when we submitted some of these solutions to
a second rotary evaporation, that is, fresh dilution and rotary
evaporation in the same direction as for the first rotary
evaporation, the significance of the ACW stirring was
maintained [5(�)/1(ÿ) to 4(�)/2(ÿ)] and the CW stirring
resulted in a change of the chirality sign [4(�)/3(ÿ) to 1(�)/
6(ÿ)]. This suggests that there is a stirring-direction effect on
the chirality sign; CW for (ÿ) and ACW for (�).


Therefore, we performed a second series of experiments in
order to detect the effect of the stirring direction on the
chirality sign. We took as our target the case of H2TPPS3. We
did not take into account the compounds H2TPPS4,
H2TPPS2A, H2TPPS2O and H2TPPS4-f: H2TPPS4, because we
assumed that other chirality induction effects were acting;
H2TPPS2A because of its CD spectra, and probably the
structure of its J aggregate,[8b] which show significant differ-
ences from those of the other tested diprotonated porphyrins;
H2TPPS2O and H2TPPS2A because the hydrophobic phenyl
groups also give intermolecular association[8b] (which prob-
ably results in the formation of micelles including ªmono-
mericº porphyrin, as suggested by their CD spectra); and
H2TPPS4-f because of the dif-
ferent equilibria implied in the
formation of the homoassociate
(H2SO4 segregation compared
to NaCl segregation for the rest
of the diprotonated porphyr-
ins). We performed some of
the experiments by applying
simultaneous parallel rotary
evaporations in both rotation
directions. Here, the effect of
CW compared with ACW ro-
tary evaporation was more evi-
dent than in experiments not
performed in simultaneous par-
allel mode. This suggests that
many unidentified experimen-
tal factors influence the forma-
tion of chirality and remained
uncontrolled under our exper-
imental conditions. When the


experiments were performed in simultaneous parallel mode
and by the same operator, the differences between these
unidentified factors decreased. We identified one of the
experimental factors that influence the chirality in the final
volume of the rotary evaporated solutions. Owing to the large
initial volume, the final volume (20 mL in a 1 L round bottom
flask) was only estimated. In spite of the fact that an
additional control was performed (UV/Vis spectra of the
final solution) a difference of �2 mL was unavoidable. Below
14 mL, the viscosity of the sample and the small amount of
solution cause a change in the vortex of the solution from
being in the same direction as the rotary evaporator rotation
to a more complex movement that basically corresponds to its
being in the opposite direction to the rotation of the flask.[16]


The effect of this change in the vortex was studied in
experiments where rotary evaporation was performed to
�25 mL, then, after recording its CD spectra, the same
solution was rotary evaporated to 10� 2 mL. In all these
experiments (5), which led to a marked increase in homo-
association as a consequence of the increased concentration, a
decrease in the ellipticity of the BJ transition was recorded
(see, for example Figure 6a). In one experiment (see Fig-
ure 6b), even the exciton-chirality sign for BJ changed besides
the change to dominating differential scattering for BH. This
effect of the change of the vortex (on going from 25 mL to
10 mL by rotary evaporation) is clear for fresh solutions but
not for old ones. Old, unstirred solutions (>3 months old) did
not show significant changes in the CD spectra when they
were subjected to the above experiment.


We could also detect that the addition of a higher ratio of
sulfuric acid (see Experimental Section) results, at least for
H2TPPS3, in a better correlation between vortex direction and
chirality sign.


A series of experiments on H2TPPS3 in sulfuric acid were
conducted in which the effect of change of vortex direction
was avoided by rotary evaporation down to a slightly higher
final volume. These resulted in a high significance of the
stirring direction with respect to the chirality sign (see Table 1


Figure 6. CD (top) and UV/Vis (bottom) spectra showing the effect of rotary evaporation to below the volume
limit where the vortex of the solution changes direction: a) ACW rotary evaporated H2TPPS3 solution. b) CW
rotary evaporated H2TPPS3 solution. (ÐÐ) 30 mL final volume, (- - - -) 12 mL final volume.
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and Figure 7 ). The expected chirality sign was obtained in
80 % of the first rotary evaporation experiments and in 93 %
of the second, that is, in 87 % of the whole set of experiments.
This illustrates how the experiments could be optimised to
obtain high correlation between chirality sign and vortex
direction. Since the addition of acid and NaCl was not
necessary for the second rotary evaporation, effects, other
than those caused by stirring, on the symmetry breaking (such
as the history of the free base sample) probably disappear.


These results point towards a relationship between stirring
and the formation of chirality, which is not easy to detect as
other effects can induce a change in the chirality sign of the
symmetry-breaking process.


In the case of H2TPPS4 (see Supporting Information), the
clear deviation of its symmetry breaking from statistical
behaviour must be related to some uncontrolled induction
effect. We performed second rotary evaporation experiments
for six pairs [CW 6(�) and ACW 6(�)] of H2TPPS4 solutions.
The results were 1(�)/5(ÿ) for CW stirring and 5(�)/1(ÿ) for
ACW stirring. This confirms that the stirring direction has an
induction effect on the chirality sign, but that there are also
other induction effects. These induction effects could be
caused by, for example: a) chiral effects in the preparation of
the sample, b) the history of the sample and c) chiral
contamination originating in the laboratory. We believe that
the first and third reasons can be ruled out, because different
vessels and slightly different procedures were tested but no
significant differences were detected. With respect to the
history of the sample, it is significant that the free bases also
aggregate. In fact, TPPS2O and TPPS2A give, respectively, J and
H homoassociates that, in some cases, have CD spectra.[17]


However, in the case of the free base TPPS4 we did not detect
CD spectra under several different sets of experimental
conditions. With respect to chiral contamination, we verified
the absence of optically active substances, but the presence of
contamination by low-UV/Vis-absorbing chiral objects, such
as bacteria or traces of biopolymers, cannot be ruled out. The
detection by CD of chiral heteroassociates of soluble por-
phyrins, such as those described here, with DNA and
polypeptides has been reported.[18] In these cases, the CD is
induced through the perturbation of the monomeric chromo-
phore in association with a chiral matrix; however, in our case,
it would be due to induction during the process of obtaining a


Figure 7. Point-dipole approximations of the exciton coupling models of
two interacting porphyrin rings in edge-to-edge and face-to-face arrange-
ments for several orientations of the degenerate pairs of transition dipole
moments: (ÐÐ) allowed transitions, (- - - -) forbidden transitions.


high-molecular-weight chiral homoassociate (CD is detected
for the homoassociate-absorbing bands), that is, to induction
caused by traces of a chiral contaminant when a chiral
supramolecular structure of the homoassociate is generated.
Chiral heteroaggregates of H2TPPS4 with a-helical polyglu-
tamic acid (1:10) have been described and show similar CD
spectra that those described here.[19]


We performed 18 experiments with H2TPPS4, the solutions
of which were obtained from a TPPS4 sample prepared by
following a different synthetic work-up from that used for the
first series of experiments. In this case, the results point to
statistical symmetry breaking for the unstirred solutions


Table 1. Sign of the CD exciton chirality for the BJ transition[a] in rotary
evaporated solutions of H2TPPS3. The experimental conditions of this series of
experiments differ from those of first series of experiments (see Supporting
Information) in that the second rotary evaporation experiments were per-
formed after dilution to the initial conditions.


CW ACW Totals Unstirred
� nd ÿ � nd ÿ � nd ÿ


first evaporation 5 0 15 18 0 3 41
second evaporation 1 0 19 19 0 2 41


6 0 7
totals 6 0 34 37 0 5 82 6 0 7


[a] � (ÿ) is for a bisignate signal ÿ /0/� (� /0/ÿ ), on going from low to higher
wavelenghts, or for the corresponding differential scattering contribution; nd is
for CD not detected. Measurements were performed 48 h after preparation of
the solution.
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[2(�)/2(ÿ)] and to sign induction for the rotary evaporated
solutions of 4(�)/3(ÿ) for CW stirring and 6(�)/1(0) for ACW
stirring. The current preparation of TPPS4


[8b] involves filtra-
tion through infusorial earth (Celite 535). This was avoided in
this new work-up and suggests that contamination with
infusorial earth induces chirality. This contamination was
not present in the other porphyrins because, in spite of being
obtained by following the same work-up as for TPPS4, they
were submitted to a final purification by column chromatog-
raphy. This was not necessary for TPPS4.


However, when we attribute an induction effect to the
infusorial earth contamination, we attribute the induction to
chiral objects rather than to chiral molecular systems. A chiral
object would act at the mesoscale level. If we assume that the
formation of chiral supramolecular aggregates of the diproto-
nated porphyrins tested here occurs through kinetically
controlled processes, that is, the diffusion-limited formation
of large random structures,[15] then symmetry breaking is
possible. However, the weak chiral forces that act during
stirring or growth upon chiral objects, must act upon these
kinetically controlled processes.[6b, 20] We believe that this is
only possibility at the mesoscale level.


Probably, the chirality detected corresponds to a low
enantiomeric excess of chiral chromophores, but CD is
detected because of the strong rotational strengths of the
inherent chiral chromophores. Thus, a model of an inherent
chromophore that is in agreement with the previously
proposed structure of the homoassociates[8c] and the results
reported here would explain the CD detected.


Structure of the homoassociates versus choromophore cou-
pling : The exciton-coupling model in its simple exciton point-
dipole form[14] has been used by many authors to relate the
UV/Vis spectra of porphyrin dimers, oligomers and hetero-
dimers to their structure.[21] Although, in the case of porphyr-
ins, it has been claimed that the transition-monopole treat-
ment gives better predictions than the point-dipole treat-
ment,[22] we assume that the
intense spectral shifts caused
by the aggregation of the por-
phyrins reported here ensure
that a simple model would be
sufficient for a qualitative ex-
planation.


The B band of porphyrins
shows two degenerate perpen-
dicular transitions Bx and By


(with the porphyrin plane as
xy plane). According to Gou-
terman�s four-orbital porphyrin
model, these transitions are
aligned with the opposite nitro-
gen atoms.[23] When we consid-
ered the case of porphyrin di-
merisation with porphyrin
planes parallel to each other:
an edge-to-edge (J-aggregate-
like) or a face-to-face (H-ag-
gregate-like) dimer, there were


three possible orientations of the pairs of transition dipoles
(Figure 7). In the case of the face-to-face dimer, all possible
relative orientations of the transition dipole result in two
degenerate, allowed blue-shifted transitions. This agrees with
the experimental CD spectra of the BH band (bisignate
differential-absorption contributions). However, for edge-to-
edge dimerisation only the C2h ± C2v arrangement, which
corresponds to the geometrical arrangement of the J aggre-
gates,[7, 8] is in agreement with the experimental CD spectra of
the BJ absorption, that is, two degenerate bands for the
allowed red-shifted transition.


However, this dimer model does not account for the
chirality of system. Therefore, the same arguments as for the
dimer should be applied to J-oligomers of similar geometry. A
collective exciton-coupling model cannot be applied to these
one-dimensional homoassociates; the chromophore interac-
tion between neighbours is much more intense than the rest of
the interactions. In the case of the one-dimensional 1808
association (Figure 8), the interactions between neighbouring
rings (1-to-2) must be higher than the 1-to-3 interactions,
because of the dependence of the interaction energy on Rÿ3


(Figure 7). According to the geometry of the association,[8]


and assuming standard interatomic distances (R12� 10 � and
R13� 20 �), the 1-to-2 interaction is eight times higher than
the 1-to-3 interaction. The 1-to-4 interactions are two orders
of magnitude smaller than 1-to-2 interactions. The one-
dimensional 1808 chromophore interaction model can then
be approximated to a porphyrin that only interacts with its
two neighbouring porphyrins.


The J homoassociation can also show 908 folding due to
structural defects in the supramolecular assembly or, as in the
case of H2TPPS2A, because linear 1808 arrangements are not
possible. The 908 folding shows P, M chirality (Figure 8)
because of the angle of 158 ± 208 between the chain alignment
and the porphyrin plane (see Figure 1). The CD detected in
the BJ and Q transitions could be attributed to this folding.
However, this model only agrees with the experimental data


Figure 8. Porphyrin association at 1808 and 908. The latter shows P, M chirality due to the angle between the
chain alignment and the porphyrin plane.
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when the absorption spectra of the 1808 and the 908 arrange-
ments are very similar, because all diprotonated meso-
sulfonatophenyl porphyrins, irrespective of the relative posi-
tions of their sulfonatophenyl substituents, show similar UV/
Vis absorption;[8b] differences between compounds are only
detected in the width of the absorption bands.


The corner ring of a 908 fold, according to the model used in
Figure 7 and for the C2h ± C2v arrangement, has the same 1-to-2
and 1-to-3 interactions as the 1808 arrangement. In conse-
quence, no significant differences in the energy of the BJ


transition could be expected between the central ring of a 1808
arrangement and the corner ring of a 908 folding. However, in
the 908 folding, the two porphyrin rings lying near to a
ªcornerº porphyrin will show a different 1-to-3 interaction
from that of a 1808 arrangement. The calculation shows that
this interaction would only result in a small energy split of the
Bx and By bands of the BJ absorption.[24] Figure 9 illustrates the


Figure 9. UV/Vis absorption spectra of H2TPPS2O (ÐÐ) and H2TPPS2A


(- - - -) in water (2 � 10ÿ5 mol Lÿ1). The differences in the width of the B
absorption bands could be attributed to the presence of 908 folding in the J
aggregates.


differences between the absorption spectra of H2TPPS2O,
which would show a smaller proportion of 908 folding, and
H2TPPS2A, which must be aggregated through 908 folding.
The broadening of the band towards low energies agrees with
the proposed model. In this sense, it is significant that the
width of the BJ absorption band of all diprotonated porphyrins
was not dependent solely on the concentration, pH, and so on,
but also on the previous stirring process and the history of the
solution.


The explanation for the CD of the BH band is more
speculative, because the geometry of the H stacking is not
known. However, folding of shifted H aggregates would result
in chirality (Figure 8).[25]


In conclusion, we can explain the CD reported here by
assuming the presence of two exciton chirality axes (H and J)
in the supramolecular structure due to the folding of the one-
dimensional H and J aggregates. The exciton chirality rule,
which relates the torsion angle (� or ÿ ) or helicity (P or M)
of two electric-dipole transition moments to the sign of the
differential absorption pair of CD Cotton effects, gives a
� (ÿ) exciton chirality for � (ÿ) or P (M) sign. Normally the
experimentally detected exciton-chirality signs were the same
for both axes. However, for H2TPPS3 and H2TPPS4, alter-
nated signs between the BH and the BJ and Q transition were
detected in some cases (12 out of 263 experiments). These


samples were obtained by rotary evaporation, but ageing or
dilution and stirring resulted in the reversal of the H chirality
sign, that is, to the same sign as the J chirality (see Supporting
Information). This points to a more stable structure with
torsion angles of the same sign in both chiral axes. Torsion
angles of different sign in the J and the H direction imply
steric hindrance effects.[26]


Differential scattering contributions versus structure of the
homoassociate : When the distance between the interacting
transition dipole moments is short in relation to the absorp-
tion wavelength, the sign of the differential scattering (sLÿ sR)
depends on the chirality characterised by the relative
orientations of the transition dipole moments and the distance
vector between centres.[13c] The different relation, for the BH


and the BJ or Q transition, between the signs of the differ-
ential scattering and the absorption chirality accounts for the
presence of two highly differentiated chirality axes; this
agrees with their attribution to the J and H directions of
association.


The differential-scattering contribution to CD gives infor-
mation on the structure of the homoassociates at a higher
scale level than that obtained from the differential absorption
contribution. Resonance-enhanced scattering and, conse-
quently, differential scattering arise from the alignment
between polarisibilities and the growth direction of the
aggregate.[12] The relation between absorption and scattering
depends on the relation between their cross sections. In the
case of self-assembly that results in spheres,[12b] the absorption
would be proportional to the volume of the sphere, but the
scattering would be proportional to the square of the volume;
an increase in the sphere volume would, therefore, result in a
greater increase in the scattering. For nonspherical homo-
associates, the scattering would be higher when the volume
increase occurred in the direction of the transition polarisi-
bility. Then, the detection of differential scattering at the BH


or BJ transitions would be a consequence of the increase in
volume in the direction of the H or J homoassociation. This
accounts for some of the differences between porphyrins in
their CD spectra; the significance of the contribution of the
differential scattering versus differential absorption would
depend on the size and shape of the homoassociate. Ageing of
the solutions in permanently magnetically stirred conditions
normally results in an increase in differential scattering
contributions; this can be explained by an increase in the
growth selectivity in the direction of the preferred associa-
tion.[7, 8]


The homoassociates of H2TPPS2O, H2TPPS4 and H2TPPS3


are rodlike aggregates, as inferred from depolarised fluores-
cence studies.[7, 8] Due to the interplay of opposed and
adjacent sulfonato groups we should expect J homoassociates
with less 908 folding and, consequently, greater differences
between the long axis (1808 alignment between rings) and the
short axis (908 alignment) of the rodlike aggregates in the
order H2TPPS2O>H2TPPS4, H2TPPS3. This agrees with the
significance of the detected differential-scattering contribu-
tions (Table S1 in the Supporting Information corresponds to
experiments with dominating-scattering contributions at the
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BJ transition of 10/10, 14/27 and 12/29 for H2TPPS2O, H2TPPS4


and H2TPPS3, respectively.)
With respect to the BH transition in the CD spectra in which


differential scattering is dominant, the differential absorption
contribution reveals the role of the hydrophobic phenyl
substituents and the relative position of the 4-sulfonatophenyl
substituents. (Note: not all experiments result in the detection
of CD for this transition.) The ratio of experiments that give
dominating differential scattering for the BH transition to
experiments in which the CD contribution of this transition
was 3/27, 4/29, 0/10 and 7/19 for H2TPPS4, H2TPPS3,
H2TPPS2O and H2TPPS2A, respectively (see Supporting In-
formation). The high proportion of BH differential scattering
for H2TPPS2A agrees with the expected structure of the
homoassociate, in which J-self-assembly (alternating 908
folding) is hindered by the substitution pattern.


Conclusion


The diprotonated porphyrins tested undergo a spontaneous
symmetry-breaking process on forming homoassociates. In
some cases, there was induction of chiralityÐas detected by a
high bias from the statistical distribution of the chirality sign.
We identified one of the effects that induces chirality as being
the vortex direction of stirring. In this respect, we obtained
highly significant results for H2TPPS3 after optimisation of the
stirring/evaporation conditions. This suggests that similar
significant relations could be obtained for the rest of the
porphyrins that were tested. In the case of H2TPPS4, the
results suggest that microscopic chiral objects (infusorial
earth) also induce chirality in the spontaneous symmetry
breaking.


We can rule out the possibility that the weak stirring forces
cause energy differences between enantiomers. The chiral
vortex can only act at the mesoscale level, that is, upon the
kinetically controlled growth of the supramolecular structure.
Our results suggest the enhancing effect of stirring upon
spontaneous symmetry-breaking processes in the diffusion-
limited generation of the high-molecular-weight homoasso-
ciates. The intermolecular interactions which resulted in the
generation of the chiral cromophore also corresponded to
weak forces that are enhanced by cooperativity. These results
are, therefore, an example of how weak cooperative forces at
molecular level, that is, the forces acting in supramolecular
chemistry, can be influenced by weak external forces. There is
an indirect effect of the weak forces caused by stirring on the
shape of the homoassociates; this can be detected through the
contributions of the differential scattering at the H and J
chirality axes. For example, there was a general trend that the
change of stirring direction resulted in a decrease in the
differential scattering contributions of the BJ transition and an
increase in the BH transition; see, for example, Figure 6. This
points to an effect of the vortex direction on the growth of the
H and J chirality axes. We would expect a chiral self-
assembling object moving in a vortex to show preferred
growth and diminishing directions.


We believe that all these stirring effects belong to the same
type as those recently described in the preparation of


millimetre scale objects obtained by weak interactions
between ªmonomericº pieces.[27]


On the basis of thermodynamic reasoning, when the
concentration in a solution of one-dimensional, 1808 homo-
associates increases, stacking of the chains parallel to each
other must occur.[28] Assuming that the detected chirality is
due to the folding of one-dimensional homoassociates, when
folding occurs (as consequence of the substitution pattern on
the porphyrin or as a structural defect) there is probably an
autocatalytic effect on the direction of folding of the
neighbouring chains; folding of the other chains in the same
direction would result in better stacking of the homoasso-
ciates. This raises fluctuations in the chirality,[15, 29] and stirring
would have an effect on the amplification of these fluctua-
tions.


The results reported here suggest that, in supramolecular
self-assembly to high-molecular-weight associates, that is,
where diffusion-limited growth often occurs, symmetry break-
ing could be a general phenomenon; this could be chirally
induced by weak forces. In this sense, it is significant that
symmetry-breaking processes have been observed in the
formation of liquid phases, monolayers, and so on.[30] These
results, and previously reported results on J aggregates of
cyanine dyes, would be a consequence of their easy detection
through CD, because of the formation of inherent chiral
chromophores, which have huge rotational strengths but are
probably present in low proportion with respect to the
nonchiral associates.


Experimental Section


The sodium salts of the meso-sulfonatophenyl porphyrins shown in Figure 1
were prepared and purified as described elsewhere.[8b] The purity of the
samples was assessed by HPLC analysis.[8b, 9d] Solutions of the diprotonated
porphyrins, except in the case of H2TPPS4-f, were obtained by acidification
with HCl or H2SO4 (see below) of the sodium salts of the porphyrin free
bases. H2TPPS4-f solutions, that is, bis(hydrogensulfate) diprotonated
TPPS4 (metal-cation free), were obtained as a suspension in water (�5%
w/v) by sulfonation of TPPS4 with concentrated H2SO4, in the same way as
for the preparation of TPPS4 but that the crude of the reaction was
repeatedly washed and centrifuged (3000� g) to pH 2.0. Elemental
analysis showed the presence of two moles of sulfate (or hydrogen sulfate)
per mole of porphyrin. The diprotonated porphyrin solutions, aggregated
or not, are stable for months and can be reversibly converted to their free
bases.
UV/Vis spectra were recorded in a Cary ± Varian 5E instrument. These
spectra were used to estimate the degree of aggregation.[7±9]


Circular Dichroism (CD) and Optical Rotatory Dispersion (ORD)
measurements were performed on a Jasco J720 instrument (Pockels�
cell).[31, 32] In order to avoid orientation of the aggregates along the walls
of the recipient, only long-path cuvettes (1 to 5 cm) were used for the
measurements. All solutions gave the same CD spectra when they were
recorded by performing a 908 rotation of the cuvette around the incident
light. Response times of 2 s were used in all measurements. No significant
changes were observed on decreasing the distance between the cuvette and
the detector. ORD measurements of the samples that were performed with
this instrument gave signals that were in agreement with those expected for
the CD signals and did not show significant differences with the measure-
ments obtained with a deviation angle polarimeter (Perkin-Elmer 251MC).
Solutions in which the formation of large aggregates was seen gave
irreproducible CD spectra. This can be attributed to the fluctuating LD
contributions of large mesoscopic aggregates. Coarse filtration resulted in
stable CD recordings,[33] which did not change with time as a result of
previous shaking of the CD cuvette.
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There was only partial formation of homoassociates in the CD solutions
studied. This is due to the compromise between visually homogeneous
solutions, sufficient homoassociates and low light absorption (Abs< 1.5).
In order to avoid differences in the association due to differences in the
ionic strength, NaCl (biopolymer free, Sigma) was added to the solutions
(except in the case of H2TPPS4-f). For the CD tests three types of solution
were tested: a) magnetically stirred, b) unstirred and c) rotary evaporated
solutions.


Magnetically stirred solutions : A solution of the free base (19 mL, 1.25�
10ÿ5m), which had been previously sonicated for 30 min, was stirred
magnetically at 600� 50 rpm in one spin direction in a flat bottomed
cylinder (2.6 cm in diameter with a 1 cm long magnetic stirrer) either
clockwise or anti-clockwise, as observed from the top of the cylinder, and
NaCl was added slowly (12 h) to give a final concentration of 0.6m. HCl
(1 mL, 0.3m) was then added slowly. The solution was stirred continuously.


Rotary evaporated solutions: experiments in Table S1 of the Supporting
Information : A solution of free base porphyrin (5 mL, 1� 10ÿ5m),
previously sonicated for 30 min, was diluted to 500 mL in a one litre round
bottom flask; NaCl (0.7 g, 2.4� 10ÿ2m) and H2SO4 (8.3 mL, 96 %) were
added. Rotary evaporation to a final volume of 20� 2 mL was performed in
a 55 8C bath at 600� 50 rpm in one spin direction (CW or ACW), 25 Torr.
Some samples were subjected to a second rotary evaporation process after
dilution of the concentrate solution to 500 mL.


Rotary evaporated solutions: experiments in Table 1: The same experi-
ments as above were carried out with H2SO4 (14 mL, 96 %) and rotary
evaporating to a final volume of 25� 2 mL.


Unstirred solutions : These were prepared in the same way as the
magnetically stirred solutions but without stirring.
These experiments were performed in five different rotary evaporators and
in different one litre round bottom flasks. The results of these experiments
are shown in Table 1 and in the Supporting Information. Moreover, the
chiral induced solutions were observed over time or subjected to additional
experiments.
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Abstract: A series of redox-responsive
ligands that associate the electroactive
tetrathiafulvalene core with polyether
subunits of various lengths has been
synthesized. X-ray structures are pro-
vided for each of the free ligands. The
requisite structural criteria for reaching
switchable ligands are satisfied for the
largest macrocycles, that is, planarity of
the 1,1',3,3'-tetrathiafulvalene (TTF) p


system and correctly oriented coordi-


nating atoms. The ability of these ligands
to recognize various metal cations as a
function of the cavity size has been
investigated by various techniques
(LSIMS, 1H NMR, and UV/Vis spectros-
copy, cyclic voltammetry). These sys-
tems exhibit an unprecedented high


coordination ability among TTF crown
ethers. Their switchable ligating proper-
ties have been confirmed by cyclic
voltammetry, and metal-cation complex-
ation has been illustrated by X-ray
structures of three of the corresponding
metal complexes (Pb2�, Sr2�, and Ba2�).
Solid-state structures of these complexes
display original packing modes with
channel-like arrangements.


Keywords: crown compounds ´ cy-
clic voltammetry ´ O ligands ´ solid-
state structures ´ tetrathiafulvalenes


Introduction


In the case of a switchable ligand, recognition of a given guest
compound is accompanied by a physico-chemical response
(e.g. photo- or electrochemical). On the other hand, the
binding constant of the host ± guest complex may be modified
by setting the same physical stimulus externally.[1] In this
context, redox-responsive ligands have been widely explored,


owing to their ability to give an electrochemical response
upon complexation of a suitable guest molecule. In the case of
metal-cation coordination, most complexes are built from the
covalent association of a ligating subunit with an electroactive
core, with the ferrocene moiety as the prototype.[1, 2] The
strongly p-donating tetrathiafulvalene (TTF) core has recent-
ly appeared at the forefront of this topic,[3] as a result of its
ability to allow sequential formation of two stable oxidized
states (TTF.� and TTF2�). Indeed, since the control of the
association constants in redox-responsive ligands is essentially
governed by electrostatic interactions, the tetrathiafulvalene
moiety offers a unique opportunity to monitor not only the
binding (neutral TTF) but also the progressive release of the
metal cation (TTF.� and then TTF2�).


These TTF-based macrocycles can be classified under
model A or model B families, depending on the grafting sites
of the crown and TTF subunits.


Although most of the fused crown TTFs so far described are
of model A, very few metal complexation studies have been
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carried out on these systems. When performed, these studies
reveal, in the better cases, a limited electrochemical response,
which is furthermore observed only in the presence of a large
excess of metal cation. Such behavior may be explained by a
low metal-binding ability and/or by a lack of communication
between complexing and redox subunits.


On the other hand, the biggest HOMO coefficients of the
TTF core are mainly located on the central S2C�CS2 frag-
ment.[4] Therefore, model B receptors, whose complexing
cavity is located in close spatial proximity to the TTF center,
should be more appropriate for enhancing through-space
interactions between a guest cation and the electroactive core.


Nevertheless, none of the crown TTFs I, which are built
according to model B, displays satisfactory binding abilities.[5a]


The main reason for this limitation is again structural, since
the lateral polyether chains are presumably too short in these
cases to give a suitable cavity size for accepting a guest
compound. Moreover, the strain imposed by a short linker
induces severe bending of the TTF p system,[5a] and leads to
the loss of the two reversible one-electron redox processes
classically encountered for a free TTF unit. Another limi-
tation of the study of compounds I comes from the synthetic
pathway, since yields through the coupling route dramatically
decrease for increasing chain length. Thus, the largest
receptor Ic (n� 3) was originally obtained in a very low yield
(<1 %); this precluded any metal binding study.[5a]


We recently made a preliminary report on the efficiency of
crown ether TTF 3 in electrochemically sensing a barium
cation.[3d] Here, we report on the synthesis of a series of
polyoxaethylene-fused TTF receptors 1 ± 3 that are designed
to optimize the communication between the complexing and
electroactive subunits (i.e. , model B) and that incorporate
long, flexible, lateral chains. An X-ray structural determina-
tion is provided for each of the receptors 1, 2, and 3, and their
ability to recognize various metal cations as a function of their
cavity size has been investigated by various techniques
(LSIMS, 1H NMR, and UV/Vis spectroscopy, cyclic voltam-


metry). Furthermore, X-ray structural determinations of the
corresponding metal complexes (Pb2�, Sr2�, and Ba2�) are
provided in three cases.


Results and Discussion


Compounds 1 ± 3 were prepared under high dilution condi-
tions in DMF from the [1�1] cyclocondensation of the 2,6-
bis(2-cyanoethylsulfanyl)-3,7-bis(methylthio)tetrathiafulva-
lene (4)[6] with w-diiodopentaethyleneglycol (5)[7] in the
presence of cesium hydroxide (Scheme 1). Thanks to this
synthetic strategy, compounds 1 ± 3 have been obtained in
satisfactory yields, irrespective of the chain length (1: 50 %, 2 :
50 %, 3 : 55 %). Ligands 1, 2, and 3 were obtained as Z/E
isomeric mixtures whose relative amounts were 40:60, 80:20,
and 90:10 respectively (as shown by 1H NMR spectroscopy in
CDCl3).


Scheme 1. a) DMF, CsOH, MeOH.


It is noteworthy that leaving the Z/E mixtures of the
complexes in solution (CDCl3, 20 8C, in the dark) for some
days leads to new thermodynamic proportions, presumably
through protonation of the central fulvalene C�C bond.[8] This
isomerization can be monitored by 1H NMR spectroscopy.
Equilibrium is reached in a few days with new Z/E ratios of:
80:20 (1), 70:30 (2), and 70:30 (3). These values are in
agreement with PM3 semiempirical calculations in which the
geometry was optimized to obtain the total energy of each
isomer (ET). In compound 1, the Z isomer was found to be
significantly more stable than the E isomer: DET�
5.3 kcal molÿ1. As expected, these calculations show that
increasing the chain length tends to decrease the DET value
between both isomers (2 : DET� 2.6 kcal molÿ1, 3 : DET�
1.8 kcal molÿ1). Interestingly enough, pure (Z)-2 could be
obtained by fractional crystallization of the Z/E mixture
(CH2Cl2/CH3OH 1:9), even though no satisfactory chromato-
graphic conditions could be found for efficient separation of
the diastereoisomeric mixtures. Hence, we observed that
CDCl3 solutions of (Z)-2 on the one hand and a mixture
enriched with the (E)-2 isomer (silica gel chromatography) on
the other, both converge to the same thermodynamic ratio
(Z/E 70:30) within a few days in the dark (Figure 1).


The structures of the crown TTFs 1 ± 3 were established by
two-dimensional NMR spectroscopy (DQF COSY, HMQC,
HMBC). In the case of the macrocycle (E)-1, which has the
shortest lateral chain of the series, the two protons of each


Abstract in French: Une famille de ligands Ølectrochimique-
ment controÃlØs, associant le cúur Ølectroactif tØtrathiafulval�ne
aux unitØs polyØthers complexantes de diffØrentes longueurs, a
ØtØ synthØtisØe. Les structures RX de chacun des ligands libres
ont ØtØ rØsolues et rØpondent, pour les plus grands d�entre-eux,
aux crit�res requis pour la modulation redox de la constante de
complexation: planØitØ du syst�me-p et atomes coordonnants
correctement orientØs vers le centre de la cavitØ. Leur aptitude à
reconnaître des cations mØtalliques variØs en fonction de la
taille de la cavitØ a ØtØ ØtudiØe par diffØrentes techniques
(LSIMS, RMN 1H, UV/Vis, voltampØromØtrie cyclique); ces
syst�mes disposent de propriØtØs complexantes supØrieures à
celles des ligands TTF-couronnes dØjà dØcrits. Leur aptitude à
moduler la complexation a ØtØ confirmØe par voltampØromØtrie
cyclique et enfin, la coordination de cations mØtalliques est
illustrØe par les structures à l�Øtat solide de trois complexes
correspondants (Pb2�, Sr2� and Ba2�). Les structures de ces
complexes montrent des modes d�empilements originaux sous
la forme de canaux.
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Figure 1. Z/E isomerization of compound 2 monitored by 1H NMR
(CDCl3): a) (Z)-2, b) [(Z)-2/(E)-2]� (70:30), c) [(Z)-2/(E)-2]� (45/55).


methylene group of the SCH2CH2O fragments are not
identical and give rise to an AA'BB' system (see Experimen-
tal Section). This observation is in accordance with the
expected low conformational mobility of the polyether bridge
in (E)-1 as compared with (Z)-1, for which the corresponding
protons are identical; this results in two triplets. Macrocycle
(E)-2 behaves similarly to (E)-1, whereas these protons
become equivalent in (E)-3, as expected from the higher
internal mobility in the longer polyether chain.


The molecular structures of compounds 1 ± 3 were con-
firmed by high resolution mass spectrometry and elemental
analyses as well as by X-ray structural determinations in the
case of (E)-1, (Z)-2, and (Z)-3 (Figure 2 and Table 1). Single
crystals were obtained by slow diffusion of pentane vapors on
dichloromethanic solutions of the corresponding Z/E mix-
tures. They were obtained as orange-red crystals, this is to be
expected for TTF derivatives with a good p delocalization, in
contrast to the colorless crystals obtained in the case of the
highly distorted TTF derivatives I.[5a]


As previously mentioned, the degree of planarity of the
TTF core is a structural parameter of crucial importance in
maintaining the redox properties (two reversible one-electron


processes) and, therefore, constitutes a prerequisite for
reaching efficient electrochemically responsive ligands of
the TTF family.


The bending angle (q) of the TTF skeleton is defined as the
average angle between the line C1�C2 on the one hand, and
the plane incorporating S1, S2, C4, and C3 (or S3, S4, C6, and
C5) on the other. Values of q for (E)-1, (Z)-2, and (Z)-3, as
well as those of compounds I for comparison, are given in
Table 2.


Though it incorporates an additional CH2CH2O fragment,
macrocycle (Z)-2 has a similar q value to (E)-1. On the other
hand, the lengthening of the lateral polyether chain in going
from (Z)-2 to (Z)-3 results in a marked decrease of the
bending degree, with the TTF skeleton becoming quasi-planar
in (Z)-3 (q� 5.18). This results in a significant improvement
compared with the value observed for compound Ib (q� 348),
which corresponds to the largest model B crown-TTF
assembly for which X-ray data are available.[5a, 9] Such a
structural feature constitutes a crucial prerequisite, since the
lack of conjugation in a nonplanar TTF skeleton leads to a
lowering of the p-donating ability; this may even lead to the
disappearance of the electrochemical reversibility (as in the
case in I a). This, of course, is incompatible with redox-sensing
purposes. Indeed, we found that 1 ± 3 exhibit the two classical
reversible one-electron redox processes of TTF derivatives.
The oxidation peak potentials of cage compounds 1 ± 3 are
nearly identical (Table 2) and are in the same range as those
observed for the parent tetramethylsulfanyl TTF when
recorded under similar conditions (Eox


1 � 0.52 V, Eox
2 �


0.76 V). Thus, MO calculations (PM3 method), which use
the crystallographic data sets for (E)-1, (Z)-2, and (Z)-3,
confirm these results, since all three macrocycles have similar
HOMO energies (Table 2).


Another salient effect of the incorporation of long poly-
ether chains in (Z)-2 or (Z)-3 lies in the large and flexible
cavities used for complexation purposes that show appropri-
ate orientation of the oxygen lone pairs toward the center of
the cavity. In accordance with their relative number of
CH2CH2O fragments, these cavities have dimensions of
approximately 6.8� 6.5 � in the case of (Z)-2 and 7.8�
8.4 � for (Z)-3.[10] Corey ± Pauling ± Kultun models showed
that the Z isomers of 1 ± 3 display the more suitable cavity
geometries for complexation purposes. However, owing to the
above-mentioned Z/E isomerization in solution, all complex-


Figure 2. X-ray molecular structures of left: (E)-1, center: (Z)-2, right: (Z)-3.
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ation studies were performed on diastereoisomeric mixtures.
Whereas no cation coordination properties were found for the
smaller TTF cage 1 whatever the investigation methods used
(MS, 1H NMR spectroscopy, cyclic voltammetry), evidence


for metal-cation recognition of hosts 2 and 3 initially came
from LSIMS studies.


The addition of increasing amounts of Sr(ClO4)2 to crown
ether 2 resulted in the formation of a 1:1 complex (m/z 749
[(Z)-2-Sr(ClO4)]� , 848 [(Z)-2-Sr(ClO4)2]�) in the mass spec-
trum (nitro benzyl alcohol; mNBA). In contrast, no significant
evidence of complexation was noticed in the presence of other
metallic cations of Groups 1 or 2. The Sr2� binding affinity of
(Z)-2 was evaluated by measuring the peak intensity of the
host ± guest complex (m/z 749), normalized to the m/z 307
peak of the mNBA matrix, with a progressive increase in the
metal concentration.[3c, 3d, 11] Figure 3 shows a plot of the


Figure 3. LSI MS (NBA matrix) titration of ligand 2 (C� 0.05 mol Lÿ1)
with Sr(ClO4)2.


complex concentration as a function of the amount of metallic
cation added. A plateau is observed for an excess of added
Sr2�. This plateau corresponds to a concentration of about
0.040 mol Lÿ1 of complex or to 80 % of the total amount of
crown ether TTF 2 (Z�E). This result, along with the 80:20
(Z/E) ratio determined for receptor 2 (NMR spectrocopy),
confirms that Sr2� is trapped by the Z isomer only. Calculation


Table 1. Crystallographic data for free ligands (E)-1, (Z)-2, and (Z)-3 and corresponding complexes.


(E)-1 (Z)-2 (Z)-3 [(Z)-2-Pb][(ClO4)2] ´
CD3CN ´ H2O


[(Z)-2-Sr][(ClO4)2] ´
CD3CN ´ H2O


[(Z)-3-Ba][(CF3SO3)2] ´
CD3CN ´ 2 H2O


Formula C16H22O3S8 C18H26O4S8 C20H30O5S8 C20H31NO13Cl2S8Pb C20H31NO13Cl2S8Sr C24H37NO13F6S10Ba
Mw [Da] 518.86 562.92 606.97 1028.08 908.50 1119.53
color orange yellow red brown brown brown
crystal system monoclinic monoclinic triclinic triclinic triclinic monoclinic
Z (P21/c)/4 (P21/c)/4 (P1)/2 (P1)/2 (P1)/2 (C2/c)/8
T [K] 293 293 293 293 293 293
a [�] 11.609(4) 13.114(3) 9.087(6) 8.389(5) 8.42(2) 45.66(1)
b [�] 13.37(1) 23.621(6) 11.637(7) 12.684(4) 12.70(1) 8.897(5)
c [�] 15.300(7) 8.143(3) 14.370(8) 17.481(7) 17.44(5) 23.124(8)
a [8] 90 90 65.54(3) 88.06(3) 87.8(1) 90
b [8] 105.82(2) 90.28(2) 82.32(5) 78.43(4) 78.6(2) 105.54(4)
g [8] 90 90 84.18(6) 88.36(3) 87.8(1) 90
V [�3] 2284(3) 2522(2) 1368(1) 1820(4) 1828(8) 9050(10)
1calcd [g cmÿ3] 1.32 1.48 1.47 1.88 ± 1.64
m [cmÿ1] 5.8 7.03 6.55 53.1 ± 13.95
2qmax 20 25 23 25 ± 21
reflections 2333 4559 3727 6344 ± 5354
independent reflns 1393 1868 1665 3542 ± 2062
[I> 3s(I)]
parameters 244 271 298 406 ± 301
R/Rw (jF j )[a] 0.062/0.080 0.053/0.070 0.056/0.077 0.060/0.092 ± 0.103/0.118
D1(max/min) [eÿ / �ÿ3] 0.83/ÿ 0.90 1.56/ÿ 1.08 1.06/ÿ 0.71 4.9/ÿ 1.33 ± 2.43/ÿ 2.33


[a] R�
P �jFoj ÿ ZkjFcj�P jFoj


Rw�
P


w
1


2�jFoj ÿ ZkjFcj�P
w


1


2jFoj


Table 2. Oxidation potentials and bending angles obtained from X-ray
data.


q [deg][a] HO [eV][b] Eox
1


[c] Eox
2


[c]


(E)-1 25.6 ÿ 8.18 0.50 0.72


(Z)-2 26.5 ÿ 8.11 0.52 0.75


(Z)-3 5.1 ÿ 8.12 0.53 0.73


Ia[5] 52 ÿ 9.02 1.26[d] ±


Ib[5] 34 ÿ 8.74 0.41[d] 0.73[d]


[a] TTF skeleton bending angle. [b] PM3 from X-ray data. [c] Peak
potentials for compounds 1 ± 3 : CH2Cl2/CH3CN (1:1), Bu4NPF6


(0.1 mol Lÿ1), 100 mV sÿ1, vs Ag/AgCl. [d] 1,1,2-trichloroethane, Bu4NClO4


(0.1 mol Lÿ1) 120 mV sÿ1, vs Ag/AgCl.[5b]
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of the binding constant was carried out with a curve-fitting
program, and gave a logK8 value of 2.8 for the (Z)-2-Sr2�


complex.
As expected, the metal-binding properties of these systems


are dependent on their cavity size, as shown by the strong
affinity of ligand 3 for Ba2� (i.e., the following element in the
alkaline-earth group: m/z 843 [(Z)-3-Ba(ClO4)]� , 942 [(Z)-3-
Ba(ClO4)2]� ; logK8� 3.5, mNBA).[3d]


This observation is confirmed by 1H NMR titration experi-
ments carried out on cages 2 and 3 in the presence of various
metallic cations. Thus, the complexation ability of receptor 2
in the presence of Sr2� could be evidenced by 1H NMR
spectroscopy by addition of Sr(ClO4)2 to a solution of the
ligand in CDCl3/CD3CN (1:1). This study shows the crown
ether methylene protons of (Z)-2 (d� 3.56) to be shifted to
lower field; this indicates that complexation takes place with
the polyether fragment. Receptor 2 exhibits similar behavior
in the presence of Pb(ClO4)2, an expected result when the
very close Sr2� and Pb2� ionic radii values are considered.[12]


The resulting titration curves (Figure 4) reach a plateau for
about one equivalent of added cation relative to (Z)-2.


Figure 4. 1H NMR titration curve of the perturbation of the CH2O protons
of ligand 2 on addition of Pb2�.


Analysis of these data with the program EQNMR[13]


suggested that the crown ether recognition site of (Z)-2 forms
a 1:1 complex with the strontium and lead cations, with
stability constant values of K8� 103.4 (Sr2�) and K8� 103.7


(Pb2�).
Addition of Ba(CF3SO3)2 to a solution of ligand 3 in CDCl3/


CD3CN (1:1) resulted in an even higher K8 value of 104.2


(NMR spectroscopy), which corresponds to the highest
association constant so far observed with a TTF-based ligand.
Accordingly, the good affinity of 3 for the barium cation was
demonstrated by UV/Vis spectroscopy (CH2Cl2/CH3CN 1:1),
as shown in Figure 5. The isosbestic points at 322 and 382 nm
provide alternative evidence for a 1:1 complex, and determi-
nation of the association constant by the Benesi ± Hildebrand
method[14] gave K8� 104.1 (r� 0.999).


Finally, the recognition properties of the redox-active
receptors 1 ± 3 were evaluated by cyclic voltammetry (CV)
and square wave CV with the same medium (CH2Cl2/CH3CN
1:1). Whereas no perturbation of the CV of crown TTF 1 was
observed upon addition of Group 1 or 2 cations, significant
modifications of the CVs of 2 and 3 could be observed upon
addition of Sr2� or Pb2� cations, in the case of 2, and Ba2�


Figure 5. Absorption spectra of 3 (2.5� 10ÿ4 mol Lÿ1 in CH2Cl2/CH3CN
1:1) in the presence of increasing amounts of Ba2�.


cations, in the case of 3. This provides a further indication for
the good complexation selectivity of these receptors.


Addition of a controlled amount of M(ClO4)2 (M� Sr or
Pb) to a solution of cage TTF 2 in CH2Cl2/CH3CN (1:1) with
Bu4NPF6 (0.1 mol Lÿ1) caused substantial positive shifts
(DE� 45 and 60 mV respectively) of the first oxidation
potential (Eox


1 �, whereas Eox
2 remained unchanged (Figure 6,


top).
A more important Eox


1 shift was observed on adding
Ba(CF3SO3)2 to receptor 3 (D Eox


1 � 100 mV). In this case, a
clearly distinguishable, new reversible wave appeared under
thin layer cyclic voltammetry conditions; this indicates the
stability of the barium complex thus formed (Figure 7).


The reason why the first oxidation wave is shifted to more
anodic potentials is interpreted as being a result of the
electrostatic inductive effect of the metal bound to crown
ether withdrawing the electron density from the TTF moiety.
Of course, the binding constants are expected to be lower in
the radical-cation states than for neutral ligands, due to the
TTF radical cation charge being in close proximity to the
metallic cation.


On the other hand, the dicationic state of the TTF core is
reached at a constant Eox


2 value, irrespective of the amount of
metal cation added. This behavior can be explained by the
expulsion of the metal cation from the cavity, owing to the
increased repulsive electrostatic interaction with the doubly
charged TTF moiety. Therefore, the present TTF ligands
appear very attractive when compared with related ferrocene-
based redox-responsive ligands, for which the monocharged,
oxidized form does not allow full control of the metal-cation-
expulsion process.


Interestingly, the Eox
1 shifts reach a limit when approx-


imately stoichiometric amounts of Sr2� or Pb2� (or Ba2�) are
added to receptors 2 (or 3). This result provides further
evidence for the high stability of the 1:1 complexes and is in
marked contrast to observations previously made on crown
ether TTF derivatives for which a 250-fold excess of added
metallic cation was necessary to get saturation of the
system.[3a, b]


Electrochemical modulation of the binding properties of
ligands 2 and 3 was evaluated by the DIGISIM 2.1�
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Figure 6. Experimental (top) and simulated (bottom) cyclic voltammo-
grams of compound 2 in the presence of increasing amounts of Pb2�. The
simulated data were fitted to experimental results for 2 (10ÿ3 mol Lÿ1 in
CH2Cl2/CH3CN 1:1) at 293 K and 100 mV sÿ1. All simulations were carried
out with the same set of parameters, except for the Pb2� equivalent
concentration, which was changed according to the experimental voltam-
mograms. Charge transfer parameters: ks� 10ÿ2 cm sÿ1 (free ligand 2), ks�
0.1� 10ÿ2 cm sÿ1 (2-Pb complex), a� 0.5. Chemical reaction parameters:
K8� 4250 Lmolÿ1, ko


f � 106 Lmolÿ1 sÿ1, and K .�� 50 L molÿ1, k.�
f �


106 Lmolÿ1 sÿ1. Diffusion coefficient: D� 1.1� 10ÿ5 cm2 sÿ1.


simulation program (BAS Inc.)[15] on the basis of a square
scheme (see Figure 6, bottom).


The binding constant values of the different complexes are
given in Table 3 as a function of the oxidation state of the
electroactive TTF core in ligands 1 ± 3 (K8, K .� , and K�� for
TTF8, TTF.� , and TTF2�, respectively).


As expected, the binding constants are clearly dependent
on the oxidation state of the redox-active TTF core. Hence,
we found remarkably high K8 values for the three complexes
when compared with other TTF-based receptors described
in the literature. An excellent convergence is found for the
K8 values of a given complex ([2-Pb]2� : K8� 103.6; [2-Sr]2� :


Figure 7. Thin-layer cyclic voltammetry of ligand 3 (10ÿ3 mol Lÿ1) in the
presence of increasing amounts of Ba2�. CH2Cl2/CH3CN 1:1, Bu4NPF6


(0.5 mol Lÿ1), v� 2 mV sÿ1, electrode diameter� 5 mm.


K8� 103.4; [3-Ba]2� : K8� 104.2), though they have been
determined from techniques as different as 1H NMR and
UV/Vis spectroscopy, and cyclic voltammetry (Table 3); this
underlines the complementarity of these methods, provided
that the experiments are carried out in similar media.


Finally, slow diffusion of pentane vapors onto the above
mentioned NMR titration solutions afforded crystals of the
corresponding metal complexes (i.e. [(Z)-2-Pb]2�, [(Z)-2-
Sr]2�, and [(Z)-3-Ba]2�). X-ray structural determinations
revealed the following stoichiometries: [(Z)-2-M][(ClO4)2] ´
CD3CN ´ H2O (M� Sr, Pb) (Figure 8) and [(Z)-3-Ba][(CF3-


SO3)2] ´ CD3CN ´ 2 H2O[3d] (Table 1). To the best of our knowl-
edge, these are the only known examples of TTF-ligand ±
metal complexes for which X-ray data are available. Though
poorly resolved, the [(Z)-2-Sr]2� complex appears isostruc-
tural to the corresponding lead complex [(Z)-2-Pb]2� as a
result of the almost identical ionic radii of octacoordinated
Sr2� and Pb2� (RSr


2�� 0.126 nm, RPb
2�� 0.129 nm).[12]


In both cases, [(Z)-2-Pb]2� and [(Z)-3-Ba]2�, the metallic
cation is located in the center of the cavity. Interatomic bond
lengths for the octa- and decacoordinated Pb2� and Ba2�


complexes are given in Table 4.
Whereas only a minor modification of the bending of the


TTF skeleton is observed in the complex [(Z)-2-Pb][(ClO4)2] ´
CD3CN ´ H2O (q� 24.38) compared with the free ligand (Z)-2
(q� 26.58), coordination of the barium cation in (Z)-3 induces
a significant change (q� 5.18 in (Z)-3, and q� 29.68 in the
complex).


Both Pb and Ba complexes crystallize according to a
centrosymmetric arrangement. Interestingly, they give rise to


Table 3. Association constants (K8, K .� , K2�) for ligands 2 and 3 in the
presence of metal cations.


1H NMR[a] UV/Vis[b] CV[b] LSIMS (mNBA)
K8 K8 K8 K .� K2� K8


2 Sr2� 103.4 ± 103.4 102.1 0 102.8


2 Pb2� 103.7 ± 103.6 101.7 0 ±
3 Ba2� 104.2 104.1 104.3 102.4 0 103.5


[a] CDCl3/CD3CN, 1:1. [b] CH2Cl2/CH3CN, 1:1.
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packing modes in which the TTF core and the polyether
subunit are stacked in a segregated way, in a channel-like
arrangement with the cation in the center (Figure 9, Fig-


Figure 9. Stacking mode of [(Z)-2-Pb][(ClO4)2] ´ CD3CN ´ H2O: top: view
along the a axis; bottom: interplanar contacts.


ure 10). The TTF planes are
located face to face in the Pb
complex with an interplanar
distance of 3.55 �, that is, a
shorter distance than twice the
van der Waals radius of the sul-
fur atom (2rvdw� 3.60 �). Sim-
ilarly short SÿS intermolecular
distances (3.52 � and 3.57 �)
are found for the barium com-
plex, in which the TTF molec-
ular planes in the electroactive
layer are tilted away from each
other with an angle of 458 along
the b axis (Figure 10). There-


Figure 10. Intermolecular distances in [(Z)-3-Ba][(CF3SO3)2] ´ CD3CN ´
2H2O.


fore, this complex is obtained as a two-dimensional array in
which electroactive (TTF) layers are separated by coordinat-
ing crown ether ones. This stacking mode is of great interest in
connection with organic materials derived from the TTF
family, for which it is well established that solid-state electro-
conductive properties are closely dependent on the overlaps
between TTF units.[16] Additionally, great efforts are currently
being devoted to the preparation of hybrid TTF materials that
combine magnetism and conductivity.[17] In this context, the
new metal ± TTF-ligand complexes described here offer a
unique opportunity in materials science, and preparation of
similar complexes that associate transition metal cations with
unpaired spins to an oxidized TTF ligand is in progress.


In conclusion, we have synthesized a series of TTF-based
ligands that exhibit high coordination properties compared
with previous systems of this family, both in terms of
selectivity (correlated to their respective cavity sizes) and in
terms of association-constant values. Their switchable ligating
properties have been confirmed by cyclic voltammetry, and,
finally, metal-cation complexation has been illustrated by the
solid-state structures of three metal complexes.


Figure 8. X-ray molecular structures of left: [(Z)-2-Pb][(ClO4)2] ´ CD3CN ´ H2O; and right: [(Z)-3-Ba][(CF3-


SO3)2] ´ CD3CN ´ 2 H2O.


Table 4. Coordination bond lengths [�] in [(Z)-2-Pb][(ClO4)2] ´ CD3CN ´ H2O
and [(Z)-3-Ba][(CF3SO3)2] ´ CD3CN ´ 2H2O


[(Z)-2-Pb][(ClO4)2] ´ CD3CN ´ H2O [(Z)-3-Ba][(CF3SO3)2 ´ CD3CN ´ 2H2O


PbÿO1 2.62(1) BaÿO1 2.91(2)
PbÿO2 2.54(1) BaÿO2 2.88(2)
PbÿO3 2.63(1) BaÿO3 2.88(2)
PbÿO4 2.64(1) BaÿO4 2.93(3)
PbÿO6 2.80(2) BaÿO5 2.92(2)
PbÿO12 2.85(1) BaÿO7 2.74(3)
PbÿO13 2.39(1) BaÿO11 2.72(2)
PbÿN 2.76(2) BaÿO12 2.87(3)


BaÿO13 2.80(3)
BaÿN 2.99(3)
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Experimental Section


NMR spectra were recorded on a Bruker Advance DRX 500 spectrometer
operating at 500 MHz and 125.7 MHz for 1H and 13C, respectively. d values
are given in ppm (relative to TMS) and J values in Hz. 1H NMR titration
experiments were carried out as follows (constant temperature: 22 8C):
seven NMR tubes were each filled with 15.0 mg of the ligand and an
adequate amount of M2� (i.e., 0, 0.25, 0.5, 0.75, 1, 2, and 5 equiv
respectively), the total volume was then adjusted to 1 mL with CD3CN/
CDCl3 (1:1 v/v). This solvent mixture proved to be the best compromise to
solubilize both constituents (crown TTF and metal). Mass spectra were
recorded on a VG-Autospec (Micromass, UK). EI mass spectra were
obtained at 70 eV and accurate mass measurements were performed at
10000 resolution (peak width at 5% height) with PFK (perfluorokerosene)
as internal reference. LSI mass spectra were obtained by using the standard
Cs� gun operated at 30 kV. For the determination of absolute binding
constants, the spectra of solutions of 2 or 3 in NBA (2 mL, 0.05m) which
contained variable concentrations of Sr(ClO4)2 or Ba(ClO4)2, respectively,
were recorded. Electrochemical experiments were carried out with a
PAR 273 Potentiostat-Galvanostat in a three-electrode single-compart-
ment cell equipped with platinum microelectrodes of area 7.85� 10ÿ3 cm2, a
platinum-wire counter electrode, and a Ag/AgCl reference electrode.
Cyclic voltammetry was performed in methylene chloride/acetonitrile (1:1
v/v) solutions (SDS, HPLC grade), which contained tetrabutylammonium
hexafluorophosphate (0.10m ; Fluka). Solutions were deaerated by argon
bubbling prior to each experiment which was run under an inert
atmosphere.


Synthetic procedure : (E,Z)-3,6(7)-bis(methylsulfanyl)-2,7(6)-(4,7,10-tri-
oxa-1,13-dithiatridecane-1,13-diyl) tetrathiafulvalene (1): A solution of
cesium hydroxide (0.37 g, 2.2 mmol) in methanol (10 mL) was added at
room temperature and under nitrogen to a stirred solution of compound 4
(0.466 g, 1 mmol) in dry DMF (50 mL). After stirring for 15 min, the
resulting mixture and a solution of 1,11-diiodo-3,6,9-trioxaundecane (5a ;
0.414g, 1 mmol) in DMF (60 mL) were transferred separately under
nitrogen into two syringes that were connected to a perfusor pump. The
solutions were then added simultaneously and very slowly (5 mL h) under
nitrogen and at room temperature into a round bottom flask containing
DMF (200 mL). When addition was complete (12 h), the mixture was
allowed to stir for three additional hours. The solvents were then
evaporated in vaccuo. The oil obtained was dissolved in methylene
chloride (50 mL), washed with water (3� 50 mL), and dried over sodium
sulfate. After evaporation, the residue was purified by chromatography on
a silica gel column (methylene chloride/ethyl acetate 9:1). Evaporation of
the solvents and precipitation in methanol afforded pure 1 as a bright
orange solid. Yield: 0.26g, 50%; (Z)-1/(E)-1� 2:3 (determined by
1H NMR); 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 3.81 (m, 2H;
SCH2CHaO, E), 3.65 (t, 4 H; SCH2CH2O, Z), 3.58 (m, 2H; SCH2CHbO, E),
3.49 (m, 8H; OCH2CH2O, Z), 3.46 ± 3.33 (m, 8H; OCH2CH2O, E), 3.18 (m,
2H; SCHa, E), 2.93 (t, 4H; SCH2, Z), 2.72 (m, 2H; SCHb, E), 2.41 (s, 6H;
SCH3, E), 2.38 (s, 6 H; SCH3, Z); 13C NMR (125.7 MHz, CDCl3, 25 8C,
TMS): d� 131.8 (E), 130.1 (Z), 127.8 (Z), 126.8 (E), 114.8 (E), 113.2 (Z),
75.5 (E), 72.9 (Z), 72.4 (E), 71.7 (E), 71.6 (Z), 36.6 (E), 36.2 (Z), 20.3 (Z),
20.2 (E); MS (EI): [M]� calcd: 517.9335; found: 517.9347; elemental
analysis calcd (%) for C16H22O3S8: C 37.07, H 4.28, O 9.26, S 49.38; found C
37.12, H 4.29, O 9.54, S 49.66.


[E,Z]-3,6(7)-bis(methylsulfanyl)-2,7(6)-(4,7,10,13-tetraoxa-1,16-dithiahexa-
decane-1,16-diyl) tetrathiafulvalene (2): Crown ether TTF 2 was synthe-
sized in a similar way to compound 1, by using a solution of 1,14-diiodo-
3,6,9,12-tetraoxatetradecane (5b). Compound 2 was obtained as a bright
orange solid. Yield: 0.28g, 50%; (Z)-2/(E)-2� 4:1 (determined by
1H NMR); 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 3.80 (m, 2H;
SCH2CHaO, E), 3.57 (m, 2H; SCH2CHbO, E), 3.55 (s, 16 H; CH2O, Z),
3.55 ± 3.48 (m, 12H; CH2O, E), 3.18 (m, 2H; SCHa, E), 2.98 (t, 4H; SCH2,
Z), 2.75 (m, 2H; SCHb, E), 2.46 (s, 6 H; SCH3, Z), 2.44 (s, 6H; SCH3, E);
13C NMR (125.7 MHz, CDCl3, 25 8C, TMS): d� 131.4 (Z�E), 126.5 (Z�
E), 112.7 (Z), 112.0 (E), 72.2 (E), 72.1 (E), 71.9 (Z�E), 71.8 (Z), 71.4 (Z),
36.5 (E), 36.2 (Z), 20.2 (Z), 20.1 (E); MS (EI): [M]� calcd: 561.9597; found:
561.9605; elemental analysis calcd (%) for C18H26O4S8: C 38.44, H 4.66, O
11.39, S 45.52; found C 37.99, H 4.65, O 11.36, S 44.80.


(E,Z)-3,6(7)-bis(methylsulfanyl)-2,7(6)-(4,7,10,13,16-pentanoxa-1,19-di-
thianonadecane-1,19-diyl) tetrathiafulvalene (3).[3d] Crown ether TTF 3 was
synthesized in a similar way to compound 1, by using a solution of 1,17-
diiodo-3,6,9,12,15-pentaoxaheptadecane (5 c). Compound 3 was obtained
as a bright orange solid. Yield: 0.28g, 50 %; (Z)-3/(E)-3� 9:1 (determined
by 1H NMR); 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 3.65 ± 3.54 (m,
20H; CH2O, E), 3.58 (s, 20H; CH2O, Z), 2.93 (t, 4 H; SCH2, Z), 2.91 (m,
4H; SCH2, E), 2.41 (s, 6H; SCH3, E), 2.40 (s, 6 H; SCH3, Z); 13C NMR
(125.7 MHz, CDCl3, 25 8C, TMS): d� 132.4 (E), 131.6 (Z), 126.2 (E), 125.8
(Z), 112.5 (E), 112.2 (Z), 72.0 (E), 71.9 (Z), 71.85 (Z), 71.8 (Z), 71.73 (E),
71.72 (E), 71.71 (E), 71.7 (Z�E), 71.2 (Z), 36.5 (E), 36.3 (Z), 20.2 (Z�E);
MS (EI): [M]� calcd: 605.9859; found: 605.9840; elemental analysis calcd
(%) for C20H30O5S8: C 39.60, H 4.99, O 13.25, S 42.21; found C 39.27, H 4.87,
O 13.54, S 42.60.


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-143693,
CCDC-143694, CCDC-143695. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: (�44) 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).
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Preparation and Reactions of Stannylated Amino Acids
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Dedicated to Prof. R. Neidlein on the occasion of his 70th birthday


Abstract: Hydrostannations of propargylic glycine esters with the new hydrostan-
nation catalyst [Mo(CO)3(CNtBu)3] (MoBI3) gave rise to a-stannylated allylic esters
in good yield and with high regioselectivity. The chelate Claisen rearrangements of
these esters allow the syntheses of g,d-unsaturated amino acids with a vinylstannane
moiety in the side chain. The amino acids obtained can be further modified by cross-
coupling with various types of electrophiles.


Keywords: amino acids ´ cross-cou-
pling ´ hydrostannation ´ molybde-
num ´ rearrangement


Introduction


g,d-Unsaturated amino acids are of great interest, not only as
naturally occurring nonproteinogenic amino acids, such as the
isoleucine antagonist cyclopentenylglycine[1] and the anti-
biotic furanomycine,[2] but also as important intermediates for
the synthesis of complex amino acids.[3] Therefore, various
approaches to the synthesis of this class of amino acids have
been described.[4]


During our studies towards the syntheses of unnatural
amino acids we were able to develop a new variation of the
ester enolate Claisen rearrangement which is especially
suitable for allylic esters of amino acids. Deprotonation of
N-protected amino acid allylic esters with lithium diisopro-
pylamide (LDA) at ÿ78 8C, and subsequent addition of a
metal salt (MXn), presumably results in the formation of a
chelated metal enolate (Scheme 1), which undergoes Claisen


Scheme 1. a) 2.2 equiv LDA, 1.2 equiv MXn.


rearrangement upon warming to room temperature, giving
rise to unsaturated amino acids.[5] Due to the fixed enolate
geometry the rearrangement proceeds with a high degree of


syn-selectivity independent of the protecting group (PG)
used. This protocol is suitable for various types of allylic and
even propargylic esters.[6] Furthermore, chiral amino acids can
be obtained through rearrangement and chirality transfer
from enantiomerically pure allylic esters,[7] or in the presence
of chiral ligands.[8]


Very recently we developed an alternative approach
towards this class of unsaturated amino acids through
palladium-catalyzed allylic alkylation. We have observed that
such chelated ester enolates of amino acids are efficient
nucleophiles in palladium-catalyzed allylations (Scheme 2).[9]


Scheme 2. a) 2.5 equiv LHMDS, 1.1 equiv ZnCl2, 1 mol % [allylPdCl]2,
4.5 mol % PPh3, THF, ÿ78 8C!RT.


Besides the generally used soft nucleophiles, such as malo-
nates, only a few examples using nonstabilized enolates, such
as those of ketones[10] or esters,[11] are described in the
literature so far. Therefore, these chelated enolates consid-
erably enlarge the spectrum of potential nucleophiles. If
optically active allylic carbonates are used as substrates, the
chirality is transferred completely into the amino acid
obtained.[12] The anti-products are obtained in a highly
diastereoselective fashion, and therefore these two protocols
complement each other in an ideal way.


A slight drawback of these procedures results from the fact,
that each side chain introduced requires the corresponding
allylic alcohol, which has to be prepared first. Therefore, we
are interested in developing suitable reactions to allow further
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modification of the allylic side chain. Besides heterofunction-
alizations,[13] CÿC couplings are especially interesting from
this point of view. Several examples are reported in the
literature so far, in particular, modifications of terminal
double bonds. Besides inter-[14] and intramolecular[15] meta-
theses, Heck-type couplings can also be carried out.[16]


Applying this reaction to our rearrangement products, we
obtained good results, especially with a-alkylated amino
acids.[17] However, optically active allylglycine derivatives
showed partial racemization depending on the protecting
group used. This epimerization is evidently due to the
relatively drastic conditions of the Heck reaction.[18] These
couplings are also limited to substitutions on the sterically
least hindered side of terminal double bonds.


For these reasons, we focused our investigations on another
valuable approach, the Stille coupling reactions.[19] Since these
reactions take place under rather mild conditions and are
tolerant of a wide variety of functional groups this method-
ology is especially suitable for side chain modifications.[20] The
required amino acids, bearing a vinylstannane side chain,
should be accessible through a Claisen rearrangement from
the corresponding a-stannylated esters. In turn, these could be
obtained by esterification of the amino acids with the
stannylated allylic alcohols, or through hydrostannation of
propargylic esters (Scheme 3). Alternatively the stannylated


Scheme 3. Retrosynthetic approach.


amino acid should also be accessible through palladium-
catalyzed allylation directly from a stannylated allylic carbo-
nate (or acetate). This building block, bearing two reactive
centers, can be extremely useful. The vinylstannane subunit
should allow coupling with electrophiles under Stille condi-
tions, and the allyl ester moiety should be suitable for Pd-
catalyzed allylic alkylations, allowing nucleophilic substitu-
tions at the terminal allylic position. The stannylated sub-
strates should be accessible through hydrostannation, and
therefore this transformation plays a significant role in the
whole reaction sequence. This is especially true because the
regioselectivity of the tin hydride addition to the triple bond is
the product determining step. For our approach, only the a-
stannylated allylic alcohols or esters are interesting as only
they give rise to the desired vinylstannane side chain.


Results and Discussion


Synthesis of stannylated allylic esters : Our studies on the
synthesis of the required stannylated allylic esters began with
the hydrostannation of propargylic alcohol (1) under different
reaction conditions (Scheme 4). Two differing procedures are


Scheme 4. a) 1.2 equiv DCC, 10 mol % DMAP, CH2Cl2, ÿ20 8C!RT
(82 %).


common for this purpose: the radical and the catalytic
pathway. Following the pioneering work of Leusink et al.,[21]


radical tin hydride additions to acetylenic bonds have been
extensively used.[22] Applying this procedure to the hydro-
stannation of propargylic alcohols provides a mixture of all
three possible isomers. In this case the product distribution
depends not only on the substrate but also on the reaction
conditions used.[23] Unfortunately, the desired a-substituted
compound 2 was only obtained as a minor product, the b-
stannylated allylic alcohol 3 a was obtained preferentially, as
an E/Z-isomeric mixture.[24]


The regioisomers were separated by flash column chroma-
tography, giving pure (E)-3 and an inseparable mixture of 2
and (Z)-3.[25] Therefore, we also examined the metal-catalyzed
version using [Pd(COD)Cl2] as a catalyst. The catalytically
active Pd0-complex is probably formed in situ through
reduction of the palladium(ii) species by the tin hydride.[26]


In accordance with the reaction mechanism, the hydrostan-
nation proceeded with clean syn-addition,[27] giving rise to 2
and (E)-3 with a slight preference for the required a-product
2. Flash chromatography furnished the pure regioisomers,
which were coupled with benzyloxycarbonyl (Cbz)-glycine,
using the Steglich protocol,[28] to give rise to the stannylated
allylic esters 4 a and 6 a, respectively, in high yields. The
regioselectivity in the hydrostannation step towards the a-
product was acceptable in this case, although the selectivities
obtained with other, sterically more hindered propargylic
alcohols, such as 3-butyn-2-ol, are worse.[27] Therefore, from a
synthetic point of view, only the hydrostannation of 1 is useful
for this purpose, especially because the purification of the
stannylated products is often not a trivial issue.[29]
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For these reasons we also investigated the hydrostannation
of propargylic esters 5 (Scheme 5). This approach should give
direct access to the required esters 4, and should reduce the


Scheme 5. Hydrostannation of propargylic esters.


number of stannylated intermediates. Again, under radical
reaction conditions, a mixture of all possible isomers was
formed, containing (Z)-isomer 7 as the major product
(Table 1). Because only a small amount of the desired ester


4 was obtained, we also applied the palladium-catalyzed
methodology to these substrates. However, no hydrostannat-
ed products were obtained, and cleavage of the ester moiety
was the only reaction observed. Fortunately, besides palla-
dium complexes, other transitions metals can also be used as
catalysts; for example rhodium[30] or molybdenum com-
plexes.[26] Indeed, hydrostannation of ester 5 a in the presence
of Wilkinson�s catalyst (1 mol %) gave the required ester 4 a
with acceptable yield and selectivity. Even better results were
obtained with a new hydrostannation catalyst,[31] developed in
our laboratory. [Mo(CO)3(CNtBu)3] (MoBI3), easily obtained
by ligand exchange from [Mo(CO)6],[32] proved to be a highly
efficient catalyst for regioselective hydrostannations for
various types of alkynes. In all examples investigated so far,
the tin moiety was transferred preferentially to the sterically
more hindered position of the triple bond. With this catalyst,
we observed excellent a-regioselectivity in the reaction of 5 a,
and the sterically more hindered derivative 5 b as well.[33] With
the last substrate an even higher yield was obtained. When
traces of hydroquinone were added to the reaction mixture
(to suppress competitive radical reactions) the syn-addition
products were formed exclusively.


After we successfully applied our methodolody to glycine
esters, we transferred the optimized reaction conditions
towards the hydrostannation of propargylic acetate (8 a) and
carbonate (8 b) (Scheme 6). Both substrates gave the desired


Scheme 6. a) 3 equiv Bu3SnH, 2 mol % MoBI3, THF, 50 8C, 4 h.


a-stannylated products 9 in very high yields as single
regioisomers.[34] Fortunately, these compounds are stable
towards protodestannylation, which allows purification by
flash column chromatography without decomposition, and
explains the high yields obtained.


Syntheses of stannylated amino acid esters : With the stanny-
lated allylic esters in hand, we firstly investigated the chelate
Claisen rearrangement[35] of the a-stannylated esters 4 a and
4 b (Scheme 7). Deprotonation of these esters with excess


Scheme 7. a) 3.5 equiv LDA, 1.2 equiv ZnCl2, THF, ÿ78 8C!RT.
b) CH2N2.


LDA at ÿ78 8C in the presence of ZnCl2, resulted in a clean
rearrangement when the reaction mixture was warmed to
room temperature. In the rearrangement of 4b, the product with
(E)-olefin geometry (10 b) was obtained nearly exclusively
(less than 5 % of (Z)-olefin); this can be explained by the
rearrangement occurring via a chairlike transition state.[36]


The reaction mixture was quenched with 1n KHSO4 solution
(no protodestannylation was observed during this workup
procedure) and the crude amino acids were converted into the
corresponding methyl esters 10 with diazomethane. In gen-
eral, these esters can be used directly for further modifications
without purification. In contrast to the stannylated allylic
acetates and carbonates 9, these stannylated amino acids (and
esters) are sensitive toward protodestannylation, and decom-
pose during flash chromatography, even in the presence of
triethylamine. Although the crude product was obtained nearly
quantitatively, the yield, especially of the substituted deriva-
tive 10 b, dropped to around 50 % after chromatography.


In the alternative approach towards these stannylated
amino acid derivatives we investigated the palladium-cata-
lyzed allylic alkylation of two different protected glycine
esters 11 using the carbonate 9 b as an allylic substrate
(Scheme 8).[37] Both derivatives gave the desired products in a


Scheme 8. a 1) 2.5 equiv LDA, 1.1 equiv ZnCl2, THF, ÿ78 8C; 2) 0.8 equiv
9b, 1% [allylPdCl]2, 4.5% PPh3, ÿ78 8C!RT.


Table 1. Hydrostannation of propargylic esters 5.


Reaction conditions substrate yield [%] 4 :6 :7


AIBN, CCl4, 60 8C, 15 h 5 a 67 12:26:62
[Pd(COD)Cl2], THF, RT, 1 h 5 a ± ±
[Rh(PPh3)3Cl], THF, 60 8C, 15 h 5 a 57 81:19:0
MoBI3, THF, 50 8C, 5 h 5 a 70 95:5:0
MoBI3, THF, 50 8C, 6 h 5 b 85 92:8:0
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very clean reaction and reasonable to good isolated yields.
Best results were obtained if the chelated enolates were used,
and the allylic carbonate 9 b was consumed completely. In
these cases, the highly unpolar amino acid esters were
separated from the starting materials 11 by rapid column
chromatography (silica gel, 2 % triethylamine added to the
solvent).


Stille couplings with stannylated amino acid esters : The
stannylated amino acid esters 10 were subjected to cross-
coupling reactions with various types of electrophiles
(Scheme 9 and Scheme 10). In those cases, where the crude
rearrangement product was used, the yields (in brackets) are
overall yields for both steps: Claisen rearrangement and
cross-coupling reaction.


We began our investigations with the coupling of ester 10 a
with bromobenzene (Scheme 9). Instead of [Pd(PPh3)4],
which was originally used as catalyst by Stille et al., we chose
[Pd2(dba)3] ´ CHCl3 as a palladium source and AsPh3 as ligand.


Scheme 9. a) 3 equiv PhBr, 2.5 mol % [Pd2(dba)3] ´ CHCl3, 20 mol %
AsPh3, THF, 65 8C, 20 h (59 %). b) 3 equiv PhBr, 2.5 mol % [Pd2(dba)3] ´
CHCl3, 20 mol % AsPh3, toluene, 90 8C, 20 h.


As shown by Farina et al., this combination is significantly
superior in cross-coupling reactions, in comparison to phos-
phine containing catalysts.[38] It is proposed that a p-complex,
between the metal and the stannylated double bond, is
involved in the transmetallation, the rate determining step of
the catalytic cycle. Ligands such as AsPh3, which readily
dissociate from PdII and allow ready formation of this p-
complex, are those which produce the fastest coupling rates.
However, even with this reactive catalyst, the reaction was
rather sluggish. After 20 h at 65 8C, the coupling product was
obtained as a mixture of three regioisomers. Besides the
expected ipso substitution product 13 a, the d-regioisomers
(E)-14 a and (Z)-14 a, resulting from cine substitution, were
also obtained. This is in good agreement with the observations
made by Crisp and Glink with similar substrates.[20] Unfortu-
nately, the regioisomers could not be separated by chroma-
tography. The product ratio was determined by HPLC and
NMR spectroscopy, which was also used to identify the


Scheme 10. a) 3 equiv BnBr, 2.5 mol % [Pd2(dba)3] ´ CHCl3, 20 mol %
AsPh3, THF, 20 h. b) 3 equiv allylBr, 2.5 mol % [Pd2(dba)3] ´ CHCl3,
20 mol % AsPh3, toluene, 60 8C, 20 h. c) o-Br-BnBr, 2.5 mol %
[Pd2(dba)3] ´ CHCl3, 20 mol % AsPh3, 20 h. d) 1.05 equiv BzCl, 2.5 mol %
[allylPdCl]2, MeCN. e) 1.05 equiv AcCl, 2.5 mol % [allylPdCl]2, MeCN, RT,
10 min. f) 1.1 equiv ClCOOAll, 2.5 mol % [allylPdCl]2, MeCN, RT, 10 min.


compounds in the reaction mixture. The three isomers were
easily characterized by the vinylic proton signals in their
1H NMR spectra. In the major isomer 13 a the terminal
olefinic protons gave two singlets at d� 5.30 and 5.35. For the
(E)-isomer a doublet of triplets (d� 6.06, J� 15.8, 7.3 Hz) and
a doublet (d� 6.47, J� 15.8 Hz) were observed, whilst the
(Z)-isomer gave a multiplet (d� 5.60) for the g-proton and a
doublet (d� 6.61, J� 11.4 Hz) for the d-proton.


cine Substitution of vinyl stannanes during Stille couplings
is a general problem of this reaction, and occurs preferentially
during aryl couplings, especially if sterically hindered stan-
nanes are used. In this cases, the rate of transmetallation
might be rather slow. The formation of the cine product
probably results from a Heck reaction between the terminal
alkene position of 10 a and the electrophile, followed by a
palladium-catalyzed loss of tributyltin bromide.[39] If this is
true, one might expect that these side reactions should be
suppressed if substituted derivatives such as 10 b are subjected
to the same conditions. In this case, the competitive Heck
coupling should also be retarded for steric reasons. Indeed, no
cine products were obtained in the reaction of this substrate,
but in addition, the desired ipso substitution was noticeably
retarded, and therefore the reaction was carried out in toluene
at higher temperature. The product was obtained in about
50 % yield from the purified ester 10 b, and in 31 % (overall
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yield for both steps) if the crude rearrangement product was
used directly.


Significantly higher reactivities and selectivities (no cine
products at all) were obtained with allyl and benzyl bromides.
For example, ester 10 a reacted readily with benzyl bromide at
room temperature, and after stirring overnight the coupling
product 15 a was obtained in high yield (Scheme 10). In the
coupling of ester 10 b the reaction mixture was warmed to
60 8C to ensure completion. The same reaction conditions
were used for the reaction with allyl bromide as well, and the
allylated product 16 b was obtained in comparable yield.
Because of the higher reactivity of the benzylic halides in
comparison to the aryl halides, we also investigated the
reaction of o-bromobenzyl bromide with our stannylated
esters. In principle this substrate has two reactive centers, but,
as expected, reaction occurred exclusively at the more
reactive benzylic position, giving rise to the brominated
products 17. Subsequent Heck reaction was not observed
under the reaction conditions used.


Good reactivities were also observed with acyl halides such
as benzoyl chloride or acetyl chloride.[40] These reactions can
be carried out in acetone or, even better, acetonitrile without
additional ligands. Probably these polar solvents can coor-
dinate to the palladium complexes formed during the reaction,
keeping them in solution.[41] Surprisingly, the reaction of 10 a
with benzoyl chloride (Scheme 10) gave comparable yields in
both solvents, while the same reaction with acetyl chloride
proceeded only in acetonitrile. In the reactions of 10 a, the
products were formed in a few minutes. After this time the
reaction had to be complete, otherwise it stopped, because
palladium(00) precipitated from the reaction mixture. Obvi-
ously, the coordinating effects of the solvents are not very
strong. This fact might explain the somewhat lower yields
obtained with substrate 10 b, which generally reacted more
slowly in comparison to 10 a. The amino acids 18 and 19
obtained in these acylation reactions are interesting substrates
for further modifications, for example through Michael addi-
tions. In contrast, the analogous reaction with allyl chlorofor-
mate does not provide the expected allylic ester, but the
allylated product 16 b by decarboxylation. The yield obtained
was comparable to that from the reaction with allyl bromide,
which was discussed earlier. This reaction probably proceeds
via a p-allyl palladium intermediate, formed from the chloro-
formate.


In all reactions described so far, the stannylated amino acid
esters reacted as nucleophiles with several types of electro-
philic coupling partners. However, this concept for side chain
modification is not limited to this approach; it can also be
carried out vice versa. Thus, when ester 10 a was subjected to a
metal halogen exchange with iodine,[25] the corresponding
amino acid 20, with a ªvinyliodideº side chain, was obtained in
nearly quantitative yield (Scheme 11). By this procedure, the
original nucleophile is converted into an electrophile, which
can now be coupled with, for example, other vinylstannanes.
Unfortunately we were not able to couple our two amino acid
esters 10 a and 20 to afford the corresponding dimer, probably
for steric reasons. Pleasingly, however, with the terminal
stannane (E)-3, the coupling product 21 was obtained in good
yield.


Scheme 11. a) 1.1 equiv I2, CHCl3, RT. b) (E)-3, [(MeCN)2PdCl2], DMF,
80 8C, 2 h.


Conclusion


In summary, we have shown that MoBI3 is an efficient catalyst
for the regioselective hydrostannation of propargylic esters
and carbonates. a-Stannylated amino acid allyl esters ob-
tained by this protocol can be subjected to chelate Claisen
rearrangements, giving rise to the corresponding amino acids.
These amino acids, bearing a ªvinylstannaneº side chain are
suitable substrates for subsequent Stille couplings. Therefore,
this sequence provides a flexible strategy for the synthesis of
unnatural, highly functionalized amino acids. Further appli-
cations are currently under investigation.


Experimental Section


General remarks : All reactions were carried out in oven-dried glassware
(80 8C) under argon. All solvents were dried before use. THF and toluene
were distilled from sodium/benzophenone, dichloromethane, acetonitrile,
and diisopropylamine from calcium hydride. LDA solutions were prepared
from freshly distilled diisopropylamine and commercially available n-
butyllithium solution (15 % in hexane) in THF at ÿ20 8C directly before
use. The starting materials and the products were purified by flash column
chromatography on silica gel (32 ± 63 mm). Mixtures of ethyl acetate and
petrol ether (40 ± 60 8C) were generally used as eluents. 1% Triethylamine
was added to the solvent if stannylated compounds were subjected towards
flash chromatography. TLC: commercially precoated Polygram SIL-G/UV
254 plates (Macherey ± Nagel). Visualization was accomplished with UV
light, iodine, and potassium permanganate solution. 1H and 13C NMR
spectroscopy: Bruker AC 300 spectrometer. Isomeric ratios were deter-
mined by NMR and/or analytical HPLC using a Knauer Eurosphere
column (250� 4 mm, Si80, 5 mm, flow: 2 mlminÿ1) and a Knauer UV
detector. Bu3SnH, [Pd(MeCN)2Cl2] and [allylPdCl]2 were purchased from
Fluka, [Rh(PPh3)3Cl] from Aldrich, [Pd2(dba)3] ´ CHCl3,[42] [Pd(COD)-
Cl2][43] and were prepared according to the literature.


General procedure for esterifications : Dicyclohexylcarbodiimide (DCC)
(2.46 g, 12 mmol) and 4-dimethylaminopyridine (DMAP) (125 mg,
1 mmol) were added to a solution of the alcohol (10 mmol) in methylene
chloride (30 mL) at 0 8C. The clear solution was cooled to ÿ20 8C, before
Cbz-glycine (2.10 g, 10 mmol) was added after 5 min. The mixture was
allowed to warm to room temperature overnight. After filtration of the
precipitate, the organic phase was extracted with 1n KHSO4 solution, sat.
NaHCO3 solution and brine. The organic layer was dried over Na2SO4 and
evaporation of the solvent gave crude ester which was purified by flash
chromatography.


Radical hydrostannations : The alkyne (1 mmol) was dissolved in a Schlenk
tube under argon in CCl4 (1 mL). Bu3SnH (0.8 mL 3 mmol) and AIBN
(20 mg) were added and the mixture was warmed to 60 8C for 15 h. After
cooling to room temperature, the reaction mixture was subjected to flash
chromatography. Excess of Bu3SnH was removed using hexane as an
eluent. The stannylated products were obtained using hexanes/ethyl
acetate containing 1% triethylamine as eluent. The isomeric ratios
observed are given in Table 1.


Palladium-catalyzed hydrostannation : Propargyl alcohol (1) (1.58 g,
28.2 mmol), [Pd(COD)Cl2] (14 mg, 50 mmol), and triphenylphosphine
(26 mg, 0.1 mmol) were dissolved in THF (2.5 mL) in a Schlenk tube
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under argon. Bu3SnH (9 g, 33.2 mmol) was added slowly during 30 min at
0 8C. The mixture was allowed to warm to room temperature after further
10 min and was subjected to flash chromatography.


Rhodium-catalyzed hydrostannations : The alkyne (1 mmol) was dissolved
in a Schlenk tube under argon in THF (1 mL). Bu3SnH (0.8 mL, 3 mmol)
and [Rh(PPh3)3Cl] (9 mg, 10 mmol) were added and the mixture was
warmed to 60 8C for 15 h. After cooling to room temperature, the reaction
mixture was subjected to flash chromatography.


MoBI3-catalyzed hydrostannations : The alkyne (1 mmol), hydroquinone
(10 mg), and [Mo(CO)3(CNtBu)3] (MoBI3) (8.6 mg, 20 mmol) were dis-
solved in a Schlenk tube under argon in THF (1 mL). Bu3SnH (0.8 mL,
3 mmol) was added slowly and the mixture was warmed to 55 8C until all
starting material was consumed. After cooling to room temperature, the
reaction mixture was subjected to flash chromatography.


Stannylated ester 4 a : Ester 4a was obtained in a 20 mmol scale from the
stannylated alcohol 2[23] using the general procedure for esterifications in
82% yield. The MoBI3-catalyzed hydrostannation of propargylic ester 5a
was carried out in a 5 mmol scale. The crude product was purified by flash
column chromatography (hexanes/ethyl acetate/NEt3 84:15:1) giving rise
to ester 4a as a pale yellow oil (70 %). Rf : 0.39 (hexanes/ethyl acetate
85:15); 1H NMR (300 MHz, CDCl3): d� 7.34 (m, 5H; Har), 5.86 (d, J�
1.8 Hz, 1H; C�CHtrans, J(Sn,H)� 120 Hz), 5.29 (d, J� 1.9 Hz, 1H; C�CHcis,
J(Sn,H)� 59 Hz), 5.27 (br s, 1H; NH), 5.12 (s, 2H; PhCH2), 4.79 (s, 2H;
OCH2, J(Sn,H)� 28 Hz), 4.00 (d, J� 5.2 Hz, 2 H; NCH2), 1.53 ± 1.43 (m,
6H; SnCH2), 1.36 ± 1.26 (m, 6H; CH2CH3), 0.97 ± 0.85 (m, 15H; CH2, CH3);
13C NMR (75 MHz, CDCl3): d� 169.5 (CO), 156.1 (NCO), 148.2 (C�CSn),
136.2, 128.5, 128.2, 128.1 (Car), 126.0 (C�C), 71.9 (OCH2), 67.1 (PhCH2),
42.8 (NCH2), 28.9 (CH2CH3, J(Sn,C)� 20 Hz), 27.3 (CH2, J(Sn,C)�
58 Hz), 13.6 (CH3), 9.6 (SnCH2, J(Sn,C)� 335 Hz); elemental analysis
calcd (%) for C25H41NO4Sn (538.3): C 55.78, H 7.68, N 2.60; found C 55.71,
H 7.73, N 2.51.


Stannylated ester 4 b : Ester 4 b was obtained in a 10 mmol scale from ester
5b through MoBI3-catalyzed hydrostannation as a pale yellow oil (85 %).
Rf : 0.44 (hexanes/ethyl acetate 85:15); 1H NMR (300 MHz, CDCl3): d�
7.33 (m, 5 H; Har), 5.80 (s, 1H; C�CHtrans, J(Sn,H)� 125 Hz), 5.51 (q, J�
7.0 Hz, 1 H; OCH), 5.26 (br s, 1 H; NH), 5.22 (s, 1H; C�CHcis, J(Sn,H)�
75 Hz), 5.11 (s, 2H; PhCH2), 3.97 (dd, J� 12.8, 5.5 Hz, 1 H; NCH), 3.93 (dd,
J� 12.9, 5.3 Hz, 1H; NCH), 1.50 ± 1.43 (m, 6 H; SnCH2), 1.36 ± 1.24 (m, 6H;
CH2CH3), 0.92 ± 0.85 (m, 18H; CH2, CH3); 13C NMR (75 MHz, CDCl3):
d� 169.0 (CO), 156.1 (NCO), 154.3 (C�CSn), 136.2, 128.5, 128.15, 128.07
(Car), 125.1 (C�C J(Sn,C)� 19 Hz), 79.0 (OCH), 67.0 (PhCH2), 43.0
(NCH2), 29.0 (CH2CH3, J(Sn,C)� 20 Hz), 27.3 (CH2, J(Sn,C)� 44 Hz),
21.5 (CH3), 13.6 (CH3), 10.1 (SnCH2, J(Sn,C)� 334 Hz); elemental analysis
calcd (%) for C26H43NO4Sn (552.3): C 56.54, H 7.85, N 2.54; found C 56.59,
H 7.92, N 2.52.


Propargyl N-(benzyloxycarbonyl)glycinate (5a): Ester 5 a was obtained in a
40 mmol scale from propargylic alcohol and Cbz-glycine using the general
procedure for esterifications in 87% yield. Crystallization from ether/
petrol ether gave colorless crystals. M.p. 78 ± 79 8C; Rf : 0.54 (hexanes/ethyl
acetate 1:1); 1H NMR (300 MHz, CDCl3): d� 7.33 (m, 5H; Har), 5.35 (br s,
1H; NH), 5.11 (s, 2 H; PhCH2), 4.73 (d, J� 2.2 Hz, 2 H; OCH2), 4.00 (d, J�
5.7 Hz, 2H; NCH2), 2.49 (t, J� 2.4 Hz, 1 H; C�CH); 13C NMR (75 MHz,
CDCl3): d� 169.2 (CO), 156.1 (NCO), 135.9, 128.3, 128.1, 127.9 (Car), 76.7
(C�CH), 75.4 (C�CH), 67.0 (PhCH2), 52.6 (OCH2), 42.4 (NCH2);
elemental analysis calcd (%) for C13H13NO4 (247.2): C 63.15, H 5.30, N
5.67; found C 63.22, H 5.28, N 5.66.


Ester 5 b : Ester 5 b was obtained in a 40 mmol scale from 3-butyne-2-ol and
Cbz-glycine using the general procedure for esterifications in 81 % yield.
The crude product was purified by flash chromatography (hexanes/ethyl
acetate 8:2) giving rise to a pale yellow oil. Rf : 0.49 (hexanes/ethyl acetate
1: 1); 1H NMR (300 MHz, CDCl3): d� 7.33 (m, 5H; Har), 5.46 (qd, J� 6.7,
2.0 Hz, 1 H; OCH), 5.31 (br s, 1 H; NH), 5.11 (s, 2 H; PhCH2), 3.99 (dd, J�
13.0, 5.8 Hz, 1H; NCH), 3.96 (dd, J� 12.9, 5.5 Hz, 1H; NCH), 2.46 (d, J�
2.1 Hz, 1H; C�CH), 1.50 (d, J� 6.7 Hz, 3 H; CH3); 13C NMR (75 MHz,
CDCl3): d� 168.8 (CO), 156.0 (NCO), 136.0, 128.3, 128.0, 127.9 (Car), 81.2
(C�CH), 73.4 (C�CH), 66.9 (PhCH2), 61.0 (OCH), 42.6 (NCH2), 20.9
(CH3); elemental analysis calcd (%) for C14H15NO4 (261.3): C 64.35, H 5.79,
N 5.36; found C 64.25, H 5.60, N 5.33.


Stannylated ester 6 a : Ester 6a was obtained in a 10 mmol scale from the
stannylated alcohol (E)-3 using the general procedure for esterifications in


92% yield. Ester 6a was also formed as the minor product in the rhodium-
(1 mmol) and molybdenum (5 mmol) catalyzed reaction. Rf : 0.31 (hexanes/
ethyl acetate 85:15); 1H NMR (300 MHz, CDCl3): d� 7.35 (m, 5H; Har),
6.29 (d, J� 18.8 Hz, 1H; C�CHSn, J(Sn,H)� 57 Hz), 6.02 (dt, J� 19.2,
5.3 Hz, 1 H; CH�CH, J(Sn,H)� 72 Hz), 5.26 (br s, 1 H; NH), 5.11 (s, 2H;
PhCH2), 4.66 (d, J� 4.9 Hz, 2H; OCH2), 3.94 (d, J� 4.9 Hz, 2 H; NCH2),
1.55 ± 1.44 (m, 6 H; SnCH2), 1.39 ± 1.26 (m, 6 H; CH2CH3), 0.96 ± 0.87 (m,
15H; CH2, CH3); 13C NMR (75 MHz, CDCl3): d� 171.7 (CO), 158.3
(NCO), 148.9 (C�C), 142.6 (C�C), 138.3, 130.6, 130.3, 130.2 (Car), 74.0
(OCH2), 68.9 (PhCH2), 45.5 (NCH2), 31.1 (CH2CH3, J(Sn,C)� 20 Hz), 29.1
(CH2, J(Sn,C)� 59 Hz), 15.8 (CH3), 11.7 (SnCH2, J(Sn,C)� 332 Hz);
elemental analysis calcd (%) for C25H41NO4Sn (538.3): C 55.78, H 7.68, N
2.60; found C 55.87, H 7.76, N 2.56.


Stannylated ester 7a : Ester 7a was obtained in a 5 mmol scale as the major
product through radical hydrostannation of ester 5a. Flash chromatog-
raphy (hexanes/ethyl acetate/NEt3 84:15:1) gave a inseparable mixture of
4a and 7a (total 50 %). Rf : 0.39 (hexanes/ethyl acetate 85:15); 1H NMR
(300 MHz, CDCl3): d� 7.37 (m, 5H; Har), 6.60 (dt, J� 12.9, 6.6 Hz, 1H;
CH2CH�C), 6.27 (d, J� 12.9 Hz, C�CHSn), 5.32 (br s, 1H, NH), 5.14 (s,
2H; PhCH2), 4.59 (d, J� 6.6 Hz, 2H; OCH2), 4.01 (d, J� 5.5 Hz, 2H;
NCH2), 1.55 ± 1.43 (m, 6H; SnCH2), 1.39 ± 1.26 (m, 6 H; CH2CH3), 0.99 ±
0.88 (m, 15H; CH2, CH3); 13C NMR (75 MHz, CDCl3): d� 169.7 (CO),
156.2 (NCO), 140.8 (C�C), 136.5 (C�C), 136.2, 128.5, 128.2, 128.1 (Car), 68.2
(OCH2), 67.1 (PhCH2), 42.8 (NCH2), 30.0 (CH2CH3, J(Sn,C)� 21 Hz), 27.3
(CH2, J(Sn,C)� 55 Hz), 13.6 (CH3), 10.4 (SnCH2, J(Sn,C)� 337 Hz);
elemental analysis calcd (%) for C25H41NO4Sn (538.3) (mixture 4a/7 a): C
55.78, H 7.68, N 2.60; found C 55.60, H 7.55, N 2.53.


2-Tributylstannyl-allyl acetate (9 a): Ester 9a was obtained through MoBI3-
catalyzed hydrostannation of ester 8 a (617 mg, 6.30 mmol). Flash chroma-
tography (hexanes/ethyl acetate/NEt3 95:4:1) provided ester 9 a (2.225 g,
5.72 mmol, 91 %). Rf : 0.46 (hexanes/ethyl acetate 95:5); 1H NMR
(300 MHz, CDCl3): d� 5.85 (m, 1H; C�CHtrans, J(Sn,H)� 121 Hz), 5.28
(m, 1 H; C�CHcis, J(Sn,H)� 60 Hz), 4.69 (m, 2H; OCH2, J(Sn,H)� 31 Hz),
2.05 (s, 3H; COCH3), 1.63 ± 1.40 (m, 6 H; SnCH2), 1.35 ± 1.23 (m, 6H;
CH2CH3), 1.10 ± 0.84 (m, 15H; CH2, CH3); 13C NMR (75 MHz, CDCl3):
d� 170.3 (CO), 148.9 (C�CSn), 125.5 (C�CSn), 71.0 (OCH2), 28.9
(CH2CH3), 27.1 (CH2), 20.7 (COCH3), 13.4 (CH3), 9.3 (SnCH2); elemental
analysis calcd (%) for C17H34O2Sn (389.1): C 52.48, H 8.74; found C 52.23,
H 8.78.


Methyl (2-tributylstannyl-allyl) carbonate (9b): Ester 9b was obtained
through MoBI3-catalyzed hydrostannation of ester 8b (250 mg,
2.19 mmol). Flash chromatography (hexanes/ethyl acetate/NEt3 98:1:1)
provided ester 9b (750 mg, 1.86 mmol, 85%). Rf : 0.36 (hexanes/ethyl
acetate 98:2); 1H NMR (300 MHz, CDCl3): d� 5.89 (m, 1H; C�CHtrans,
J(Sn,H)� 112 Hz), 5.29 (m, 1H; C�CHcis, J(Sn,H)� 59 Hz), 4.75 (m, 2H;
OCH2, J(Sn,H)� 28 Hz), 3.76 (s, 3H; OCH3), 1.57 ± 1.39 (m, 6 H; SnCH2),
1.34 ± 1.22 (m, 6 H; CH2CH3), 1.08 ± 0.81 (m, 15 H; CH2, CH3); 13C NMR
(75 MHz, CDCl3): d� 155.4 (CO), 148.5 (C�CSn), 125.5 (C�CSn), 74.1
(OCH2), 54.4 (OCH3), 28.7 (CH2CH3), 27.0 (CH2), 13.4 (CH3), 9.4 (SnCH2);
elemental analysis calcd (%) for C17H34O3Sn (405.1): C 50.40, H 8.45; found
C 50.35, H 8.46.


General procedure for chelate Claisen rearrangements : A freshly prepared
LDA solution (2.5 mmol) in THF (7 mL) was added under argon to a
stirred solution of the stannylated allylic ester 4 (1 mmol) and ZnCl2


(1.1 mmol) in dry THF at ÿ78 8C. The mixture was allowed to warm to
room temperature overnight. The resulting clear solution was diluted with
ether and hydrolyzed with 1n KHSO4 solution. After separation of the
aqueous layer, the organic layer was dried (Na2SO4) and the solvent was
removed in vacuo. The crude product was treated with a solution of
diazomethane in ether. The esters 10 obtained were purified by flash
chromatography on silica gel (hexanes/ethyl acetate/NEt3 90:9:1). In
general, they can directly be used for subsequent cross-coupling reactions.


General procedure for palladium-catalyzed allylic alkylations : The pro-
tected amino acid ester 11 (1 mmol) was dissolved in THF (4 mL). At
ÿ78 8C a freshly prepared solution of lithium 1,1,1,3,3,3-hexamethyldisila-
zane (LHMDS) (2.5 mmol) in THF (2 mL) was added. After 30 min at
ÿ78 8C, a solution of ZnCl2 (1.1 mmol) in THF (5 mL) was added under
vigorous stirring. After additional 30 min a solution of [allylPdCl]2


(1 mol %), PPh3 (4.5 mol %), and the corresponding allylic ester
(0.80 mmol) in THF (3 mL) was added. The solution was stirred and
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warmed up to room temperature overnight. Subsequently, the solution was
diluted with diethyl ether and hydrolyzed with 1n KHSO4 solution. The
aqueous phase was extracted twice with diethyl ether, and the combined
organic phases were dried over anhydrous Na2SO4. After evaporation of
the solvent the crude product was purified by silica gel column chromatog-
raphy (hexanes/ethyl acetate/NEt3 90:9:1).


Stannylated amino acid ester 10 a : Ester 10 a was obtained from 4 a (3.23 g,
6.0 mmol) following the general procedure for chelate Claisen rearrange-
ments (2.32 g, 4.2 mmol, 70 %) after flash chromatography (hexanes/ethyl
acetate/NEt3 90:8:2). Alternatively, ester 10 a was also prepared from 9b
(86 mg, 0.21 mmol) according to the general procedure for palladium-
catalyzed allylic alkylations (49 mg, 0.089 mmol, 42 %). Rf : 0.34 (hexanes/
ethyl acetate 85:15); 1H NMR (300 MHz, CDCl3): d� 7.34 (m, 5H; Har),
5.72 (s, 1 H; C�CHtrans, J(Sn,H)� 119 Hz), 5.24 (s, 1H; C�CHcis, J(Sn,H)�
57 Hz), 5.06 (m, 1H; NH), 5.09 (s, 2 H; PhCH2), 4.34 (dd, J� 8.3, 4.9 Hz,
1H; NCH), 3.74 (s, 3 H; OCH3), 2.80 (dd, J� 14.3, 4.5 Hz, 1H; CH2CSn),
2.50 (dd, J� 14.0, 9.0 Hz, 1 H; CH2CSn), 1.51 ± 1.43 (m, 6 H; SnCH2), 1.34 ±
1.27 (m, 6 H; CH2CH3), 0.96 ± 0.86 (m, 15H; CH2, CH3); 13C NMR
(75 MHz, CDCl3): d� 170.9 (CO), 153.9 (NCO), 148.0 (C�CSn), 134.4
(Car), 127.5 (C�CH2), 126.7, 126.3 (Car), 65.2 (PhCH2), 51.9 (NCH), 50.4
(OCH3), 41.7 (CH2), 27.2 (CH2CH3, J(Sn,C)� 20 Hz), 25.6 (CH2,
J(Sn,C)� 57 Hz), 11.9 (CH3), 7.9 (SnCH2, J(Sn,C)� 332 Hz); elemental
analysis calcd (%) for C26H43NO4Sn (552.3): C 56.54, H 7.85, N 2.54; found
C 56.52, H 7.85, N 2.51.


Stannylated amino acid ester 10 b : Ester 10 b was obtained from 4b
(630 mg, 1.14 mmol) following the general procedure for chelate Claisen
rearrangements (316 mg, 0.56 mmol, 49 %) after flash chromatography. Rf :
0.32 (hexanes/ethyl acetate 85:15); 1H NMR (300 MHz, CDCl3): d� 7.32
(m, 5 H; Har), 6.09 (q, J� 6.5 Hz, 1H; C�CH, J(Sn,H)� 123 Hz), 5.06 (s,
2H; PhCH2), 5.00 (d, J� 7.4 Hz, 1H; NH), 4.21 (ddd, J� 9.2, 7.4, 5.1 Hz,
1H; NCH), 3.70 (s, 3 H; OCH3), 2.69 (dd, J� 13.6, 4.8 Hz, 1H; CH2CSn),
2.38 (dd, J� 13.6, 9.2 Hz, 1 H; CH2CSn), 1.67 (d, J� 6.4 Hz, 3H;
C�CHCH3), 1.49 ± 1.41 (m, 6 H; SnCH2), 1.35 ± 1.18 (m, 6H; CH2CH3),
0.98 ± 0.84 (m, 15 H; CH2, CH3); 13C NMR (75 MHz, CDCl3): d� 172.7
(CO), 155.5 (NCO), 139.0 (C�C), 138.8 (C�C), 136.1, 128.3, 127.9 (Car), 66.7
(PhCH2), 53.9 (NCH), 51.9 (OCH3), 43.1 (CH2CSn), 28.8 (CH2CH3,
J(Sn,C)� 29 Hz), 27.2 (CH2, J(Sn,C)� 59 Hz), 19.8 (CHCH3), 13.4
(CH2CH3), 9.9 (SnCH2, J(Sn,C)� 326 Hz); elemental analysis calcd (%) for
C27H45NO4Sn (566.4): C 57.26, H 8.01, N 2.47; found C 57.07, H 8.07, N 2.45.


Stannylated amino acid ester 12 : Ester 12 was obtained from 9b (83 mg,
0.205 mmol) following the general procedure for palladium-catalyzed allylic
alkylations (100 mg, 0.180 mmol, 88 %) after flash chromatography. Rf : 0.26
(hexanes/ethyl acetate 98:2); 1H NMR (300 MHz, CDCl3): d� 6.52 (d, J�
6.0 Hz, 1 H; NH), 5.70 (s, 1H; C�CH, J(Sn,H)� 127 Hz), 5.25 (s, 1H;
C�CH, J(Sn,H)� 57 Hz), 4.36 (m, 1H; NCH), 2.85 (dd, J� 14.2, 9.1 Hz,
1H; CH2CSn), 2.49 (dd, J� 14.1, 9.4 Hz, 1H; CH2CSn), 1.55 ± 1.42 (m, 6H;
SnCH2), 1.49 (s, 9 H; CCH3), 1.36 ± 1.23 (m, 6 H; CH2CH3), 0.96 ± 0.81 (m,
15H; CH2, CH3); 13C NMR (75 MHz, CDCl3): d� 169.4 (CO), 156.1 (q,
J(Sn,C)� 37 Hz, CF3CO), 149.0 (C�CSn), 129.0 (C�CH2), 115.5 (q,
J(Sn,C)� 285 Hz, CF3), 82.8 (OCCH3), 52.4 (NCH), 43.5 (CH2CSn), 28.7
(CH2CH3, J(Sn,C)� 20 Hz), 27.7 (CCH3), 27.1 (CH2, J(Sn,C)� 57 Hz), 13.4
(CH2CH3), 9.9 (SnCH2, J(Sn,C)� 327 Hz); elemental analysis calcd (%) for
C23H42F3NO3Sn (555.9): C 49.66, H 7.61, N 2.52; found C 49.94, H 7.72, N 2.62.


General procedure for Stille coupling reactions using [Pd2(dba)3] ´ CHCl3


as catalyst : The stannylated ester 10 (1 mmol) was placed in a Schlenk tube
under argon, before the corresponding halide (3 mmol) was added in THF
or toluene (5 mL). The catalyst was added as a solution of [Pd2(dba)3] ´
CHCl3 (25 mg, 25 mmol, 5 mol %) and triphenylarsine (68 mg, 226 mmol)
in THF (3 mL) or toluene, respectively. The reaction mixture was heated to
60 8C (THF) or 90 8C (toluene) for about 20 h. After cooling to room
temperature, saturated KF solution (5 mL) was added, and the mixture was
stirred for further 15 h, before diethyl ether (30 mL) was added. The
aqueous layer was separated and the organic layer was washed with H2O
(15 mL). The combined aqueous layers were extracted with diethyl ether
(10 mL). The combined organic layers were evaporated to dryness, and the
residue obtained was dissolved in ethyl acetate. The insoluble tributyltin
fluoride was filtered off, the solvent was removed in vacuo, and the crude
product was purified by flash chromatography.


Methyl 2-(benzyloxycarbonyl)amino-4-phenyl-4-pentenoate (13 a): Cou-
pling product 13 a was obtained from 10a (55 mg, 0.1 mmol) and


bromobenzene (32 mL, 0.3 mmol) following the general procedure for
[Pd2(dba)3] ´ CHCl3 catalyzed reactions at 60 8C using THF as solvent. The
crude product was purified by flash chromatography (hexanes/ethyl acetate
9:1) giving rise to a pale yellow oil (20 mg, 59 mmol, 59%), which was a
inseparable mixture of 13a and the isomers 14a. Rf : 0.49 (hexanes/ethyl
acetate 8:2). 13 a : 1H NMR (300 MHz, CDCl3): d� 7.40 ± 7.20 (m, 10H;
Har), 5.35 (s, 1 H; C�CH), 5.30 (s, 1H; C�CH), 5.22 (d, J� 8.5 Hz, 1H;
NH), 5.10 (s, 2 H; PhCH2), 4.47 (m, 1H; NCH), 3.55 (s, 3H; OCH3), 3.07,
(dd, J� 14.0, 4.4 Hz, 1 H; CH2), 2.98 (dd, J� 14.0, 7.0 Hz, 1H; CH2);
13C NMR (75 MHz, CDCl3): d� 172.1 (CO), 155.5 (NCO), 143.7 (C�C),
140.4, 136.3, 128.5, 128.4, 128.13, 128.08, 127.9, 126.3 (Car), 116.6 (C�C), 66.9
(PhCH2), 53.0 (NCH), 52.0 (OCH3), 38.1 (CH2). (E)-14 a : 1H NMR
(selected signals): d� 6.47 (d, J� 15.8 Hz, 1H; PhCH�C), 6.06 (dt, J� 15.8,
7.3 Hz, 1H; CH2CH�C); (Z)-14 a : 1H NMR (selected signals): d� 6.61 (d,
J� 11.4 Hz, 1 H; PhCH�C), 5.60 (m, 1H; CH2CH�C); HRMS (FAB):
C20H21NO4 [M]� (mixture 13 a/14a): calcd 339.1471; found 339.1473; MS
(FAB): m/z (%): 339 (2.5), 280 (3.3), 188 (20.3).


Methyl 2-(benzyloxycarbonyl)amino-4-phenyl-4(Z)-hexenoate (13 b):
Coupling product 13b was obtained from purified (or crude) 10b
(283 mg, 0.5 mmol) and bromobenzene (0.16 mL, 1.5 mmol) following the
general procedure for [Pd2(dba)3] ´ CHCl3 catalyzed reactions at 90 8C using
toluene as a solvent. The crude product was purified by flash chromatog-
raphy (hexanes/ethyl acetate 8:2) giving rise to 13b (86 mg, 0.245 mmol,
49%) (55 mg, 1.55 mmol, 31% from the crude product) as a pale yellow oil.
Rf : 0.32 (hexanes/ethyl acetate 8: 2); 1H NMR (300 MHz, CDCl3): d� 7.34
(m, 9 H; Har), 7.09 (d, J� 7.5 Hz, 1 H; Har), 5.50 (q, J� 6.3 Hz, 1H;
C�CHCH3), 5.24 (d, J� 7.1 Hz, 1H; NH), 5.09 (s, 2H; PhCH2), 4.39 (dt, J�
7.9, 5.8 Hz, 1 H; NCH), 3.72 (s, 3 H; OCH3), 2.45 (br s, 2 H; CH2), 1.64 (d,
J� 6.3 Hz, 3H; CHCH3); 13C NMR (75 MHz, CDCl3): d� 172.1 (CO),
155.5 (NCO), 136.1 (Car), 130.0 (C�CH), 128.5, 128.3, 128.1, 127.93, 127.87,
127.5, 125.6 (Car), 124.1 (C�CH), 66.7 (PhCH2), 53.4 (NCH), 52.0 (OCH3),
35.3 (CH2), 17.7 (CHCH3); HRMS (FAB): C21H23NO4 [M]�: calcd 354.1705;
found 354.1726.


Methyl 4-benzyl-2-(benzyloxycarbonyl)amino-4-pentenoate (15 a): Cou-
pling product 15a was obtained from 10 a (359 mg, 0.65 mmol) and benzyl
bromide (0.23 mL, 2 mmol) following the general procedure for
[Pd2(dba)3] ´ CHCl3 catalyzed reactions using THF as a solvent. The
reaction mixture was stirred overnight at room temperature and was
heated 1 h to 60 8C for completion. The crude product was purified by flash
chromatography (hexanes/ethyl acetate 9:1) giving rise to 15 a (186 mg,
0.53 mmol, 81 %) as a pale yellow oil. Rf : 0.31 (hexanes/ethyl acetate 8: 2);
1H NMR (300 MHz, CDCl3): d� 7.40 ± 7.14 (m, Har), 5.19 (d, J� 7.7 Hz, 1H;
NH), 5.13 (d, J� 12.4 Hz, 1 H; PhCH2O), 5.08 (d, J� 12.3 Hz, 1H; PhCH2),
4.89 (s, 1 H; C�CH2), 4.85 (s, 1H; C�CH2), 4.52 (ddd, J� 8.3, 8.2, 5.6 Hz,
1H; NCH), 3.71 (s, 3 H; OCH3), 3.34 (s, 2H; PhCH2), 2.51 (dd, J� 14.2,
5.3 Hz, 1 H; CH2C�C), 2.32 (dd, J� 14.2, 8.6 Hz, 1H; CH2C�C); 13C NMR
(75 MHz, CDCl3): d� 172.4 (CO), 155.5 (NCO), 143.4 (Car), 138.5
(C�CH2), 136.1, 128.8, 128.3, 128.2, 127.9, 127.8, 126.1 (Car), 115.4 (C�CH2),
66.8 (PhCH2), 52.1 (NCH), 52.0 (OCH3), 42.0, 38.1 (CH2); C21H23NO4


(353.4): calcd C 71.37, H 6.56, N 3.96; found C 70.99, H 6.60, N 3.74; HRMS
(FAB): C21H23NO4 [M�H]�: calcd 354.1705; found 354.1680.


Methyl 4-benzyl-2-(benzyloxycarbonyl)amino-4-hexenoate (15 b): Cou-
pling product 15b was obtained from 10b (566 mg, 1 mmol) and benzyl
bromide (0.36 mL, 3 mmol) following the general procedure for
[Pd2(dba)3] ´ CHCl3 catalyzed reactions at 60 8C in THF. The crude product
was purified by flash chromatography (hexanes/ethyl acetate 8:2) giving
rise to 15b (280 mg, 0.76 mmol, 76 %) as a pale yellow oil. Rf : 0.28
(hexanes/ethyl acetate 8:2); 1H NMR (300 MHz, CDCl3): d� 7.34 ± 7.12 (m,
Har), 5.46 (q, J� 6.7 Hz, 1 H; C�CH), 5.07 ± 5.13 (m, 1 H; NH), 5.12 (d, J�
12.2 Hz, 1H; PhCH2O), 5.06 (d, J� 12.3 Hz, 1 H; PhCH2), 4.41 (ddd, J�
8.3, 8.2, 5.4 Hz, 1H; NCH), 3.68 (s, 3H; OCH3), 3.43 (d, J� 15.2 Hz, 1H;
PhCH2), 3.34 (d, J� 15.1 Hz, 1H; PhCH2), 2.43 (dd, J� 13.9, 5.0 Hz, 1H;
CH2), 2.20 (dd, J� 14.0, 8.8 Hz, 1H; CH2), 1.72 (d, J� 6.7 Hz, 3 H; CH3);
13C NMR (75 MHz, CDCl3): d� 172.6 (CO), 155.5 (NCO), 139.0, 136.1
(Car), 133.4 (C�CH), 128.3, 128.2, 128.2, 127.93, 127.86, 125.9 (Car), 124.9
(C�CH), 66.7 (PhCH2), 52.3 (NCH), 51.9 (OCH3), 39.1, 34.8 (CH2), 13.6
(CH3); elemental analysis calcd (%) for C22H25O4N (367.4): C 71.91, H 6.86,
N 3.81; found C 71.81, H 6.86, N 3.76.


Methyl 4-allyl-2-(benzyloxycarbonyl)amino-4-hexenoate (16 b): Coupling
product 16b was obtained from 10b (283 mg, 0.5 mmol) and allyl bromide
(0.13 mL, 1.5 mmol) following the general procedure for [Pd2(dba)3] ´
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CHCl3 catalyzed reactions at 60 8C in THF. The crude product was purified
by flash chromatography (hexanes/ethyl acetate 8:2) giving rise to 16b
(114 mg, 0.36 mmol, 72%) as a pale yellow oil. Rf : 0.32 (hexanes/ethyl
acetate 8:2); 1H NMR (300 MHz, CDCl3): d� 7.33 (m, 5H; Har), 5.66 (ddt,
J� 16.3, 9.9, 6.6 Hz, 1 H; CH�CH2), 5.34 (q, J� 6.7 Hz, 1H; C�CHCH3),
5.14 (m, 1H; NH), 5.10 (d, J� 12.4 Hz, 1 H; PhCH2), 5.05 (d, J� 12.2 Hz,
1H; PhCH2), 5.01 ± 5.10 (m, 2H; CH�CH2), 4.39 (ddd, J� 8.3, 8.2, 5.4 Hz,
1H; NCH), 3.71 (s, 3 H; OCH3), 2.76 (d, J� 6.3 Hz, 2H; CH2CH�C), 2.51
(dd, J� 13.8, 5.2 Hz, 1 H; CH2), 2.27 (dd, J� 13.9, 8.8 Hz, 1 H; CH2), 1.57
(d, J� 6.7 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3): d� 172.68 (CO),
155.52 (NCO), 136.13 (Car), 134.85 (CH�CH2), 132.16 (C�CH), 128.28,
127.92, 127.84 (Car), 124.68 (C�CH), 115.61 (CH�CH2), 66.70 (PhCH2),
52.29 (NCH), 52.00 (OCH3), 39.52, 33.52 (CH2), 13.16 (CH3); elemental
analysis calcd (%) for C18H23NO4 (317.4): C 68.12, H 7.30, N 4.41; found C
67.71, H 7.32, N 4.35; HRMS (FAB): C18H23NO4 [M�H]�: calcd 318.1705;
found 318.1712.


Methyl 2-(benzyloxycarbonyl)amino-4-(o-bromobenzyl)-4-pentenoate
(17 a): Coupling product 17a was obtained from 10 a (220 mg, 0.4 mmol)
and o-bromobenzyl bromide (100 mg, 0.4 mmol) following the general
procedure for [Pd2(dba)3] ´ CHCl3 catalyzed reactions in THF. The reaction
mixture was refluxed for 5 h. The crude product was purified by flash
chromatography (hexanes/ethyl acetate 9:1) giving rise to 17 a
(101 mg,0.23 mmol, 58%) as a pale yellow oil. Rf : 0.37 (hexanes/ethyl
acetate 8:2); 1H NMR (300 MHz, CDCl3): d� 7.42 ± 7.20 (m, 9 H; Har), 5.21
(d, J� 8.1 Hz, 1H; NH), 5.13 (d, J� 12.1 Hz, 1 H; PhCH2O), 5.10 (d, J�
12.1 Hz, 1H; PhCH2O), 4.90 (s, 1 H; C�CH2), 4.86 (s, 1 H; C�CH2), 4.53
(ddd, J� 8.5, 8.1, 5.5 Hz, 1 H; NCH), 3.72 (s, 3H; OCH3), 3.35 (s, 2H;
PhCH2), 2.52 (dd, J� 14.3, 5.5 Hz, 1H; CH2), 2.32 (dd, J� 14.3, 8.5 Hz, 1H;
CH2); 13C NMR (75 MHz, CDCl3): d� 172.7 (CO), 155.8 (NCO), 143.6
(C�CH), 138.7, 136.1 (Car), 129.1, 128.6, 128.5, 128.2, 126.4 (Car), 115.7
(C�CH2), 67.0 (PhCH2), 52.3 (NCH), 52.0 (OCH3), 42.2, 38.4 (CH2);
HRMS (FAB): C21H23


81BrNO4 [M�H]�: calcd 434.0790; found 434.0770.


Methyl 4-allyl-2-(benzyloxycarbonyl)amino-4-hexenoate (17 b): Coupling
product 17b was obtained from crude 10b (181 mg, 0.32 mmol) and o-
bromobenzyl bromide (240 mg, 0.96 mmol) following the general proce-
dure for [Pd2(dba)3] ´ CHCl3 catalyzed reactions at 90 8C in toluene. The
crude product was purified by flash chromatography (hexanes/ethyl acetate
8:2) giving rise to 17b (53 mg, 0.12 mmol, 37%) as a pale yellow oil. Rf : 0.26
(hexanes/ethyl acetate 8:2); 1H NMR (300 MHz, CDCl3): d� 7.53 (d, J�
7.7 Hz, 1H; Har), 7.29 ± 7.40 (m, 5H; Har), 7.22 ± 7.02 (m, 3 H; Har), 5.56 (q,
J� 6.8 Hz, 1H; C�CH), 5.25 (d, J� 7.4 Hz, 1 H; NH), 5.12 (d, J� 12.3 Hz,
1H; PhCH2O), 5.06 (d, J� 12.3 Hz, 1 H; PhCH2O), 4.42 (ddd, J� 9.2, 8.5,
4.4 Hz, 1 H; NCH), 3.73 (s, 1 H; PhCH2), 3.68 (s, 3H; OCH3), 3.50 (s, 1H;
PhCH2), 2.44 (dd, J� 13.6, 4.5 Hz, 1H; CH2), 2.21 (dd, J� 14.3, 8.8 Hz, 1H;
CH2), 1.65 (d, J� 6.7 Hz, 3 H; CH3); 13C NMR (75 MHz, CDCl3): d� 172.7
(CO), 155.5 (NCO), 137.9, 136.1, 132.63 (Car), 131.9 (C�CH), 129.4, 128.3,
127.9, 127.9, 127.6, 127.2, 126.3 (Car), 124.9 (C�CH), 66.7 (PhCH2O), 52.5
(NCH), 52.0 (OCH3), 39.4, 35.2 (CH2), 13.6 (CH3); elemental analysis calcd
(%) for C22H24NO4Br (446.34): C 59.20, H 5.42, N 3.14; found C 59.34, H
5.67, N 2.93.


Methyl 4-benzoyl-2-(benzyloxycarbonyl)amino-4-pentenoate (18 a): Ester
10a (220 mg; 0.4 mmol) and benzoyl chloride (58 mg; 0.42 mmol) were
dissolved in acetonitrile (2 mL) under argon. [AllylPdCl]2 (4.0 mg,
11 mmol) was added to the solution, which immediately turned yellow.
After 30 s the mixture turned black from precipitated palladium(00). TLC
control showed complete consumption of 10 a. A saturated solution of KF
in H2O (10 mL) was added, and the mixture was vigorously stirred
overnight. The solution was extracted twice with diethyl ether and the
combined organic layers were washed with H2O. After drying (Na2SO4) and
evaporation of the solvent, the crude product obtained was dissolved in
ethyl acetate. The precipitated tin fluoride was filtered off and the residue
obtained after evaporation of the solvent was purified by flash chromatog-
raphy (hexanes/ethyl acetate 85:15) to yield a colorless oil (130 mg,
0.35 mmol, 88 %). Rf : 0.17 (hexanes/ethyl acetate 8:2); 1H NMR (300 MHz,
CDCl3): d� 7.69 (d, J� 7.4 Hz, 2 H; Har), 7.53 (m, 1 H; Har), 7.43 (t, J�
7.4 Hz, 2H; Har), 7.34 ± 7.26 (m, 5H; Har), 5.97 (s, 1H; C�CH2), 5.74 (s, 1H;
C�CH2), 5.71 (d, J� 8.1 Hz, 1 H; NH), 5.08 (d, J� 12.1 Hz, 1 H; PhCH2),
5.05 (d, J� 12.1 Hz, 1 H; PhCH2), 4.53 (m, 1 H; NCH), 3.70 (s, 3 H; OCH3),
3.02 (dd, J� 13.8, 5.5 Hz, 1 H; CH2), 2.90 (dd, J� 13.8, 8.0 Hz, 1 H; CH2);
13C NMR (75 MHz, CDCl3): d� 197.4 (ArCO), 172.0 (CO), 155.8 (NCO),
143.0 (C�CH2), 137.2, 136.4, 132.1 (Car), 130.2 (C�CH2), 129.6, 128.5, 128.2,


120.1, 128.0 (Car), 66.9 (PhCH2), 53.7 (NCH), 52.4 (OCH3), 34.8 (CH2);
elemental analysis calcd (%) for C21H21NO5 (367.4): C 68.65, H 5.76, N 3.81;
found C 68.47, H 5.85, N 3.69.


Methyl 4-benzoyl-2-(benzyloxycarbonyl)amino-4-hexenoate (18 b): The
crude ester 10a (283 mg, 0.5 mmol) and benzoyl chloride (73 mg,
0.52 mmol) were dissolved in acetonitrile (2 mL) under argon. [AllylPdCl]2


(4.0 mg, 11 mmol) was added to the solution, and the reaction mixture was
heated to 60 8C for 1 h. The solution was cooled to room temperature,
before a saturated solution of KF in H2O (5 mL) was added. After stirring
overnight the workup was carried as described for 18a. Flash chromato-
graphy (hexanes/ethyl acetate 8:2) provided 18b (100 mg, 0.26 mmol,
52%) as a colorless oil. Rf : 0.12 (hexanes/ethyl acetate 8:2); 1H NMR
(300 MHz, CDCl3): d� 7.82 (dd, J� 8.3, 1.4 Hz, 2H; Har), 7.53 (td, J� 7.4,
1.4 Hz, 1H; Har), 7.41 (dd, J� 7.7, 7.3 Hz, 2H; Har), 7.29 (m, 5H; Har), 5.95
(q, J� 7.2 Hz, 1 H; C�CH), 5.64 (d, J� 7.5 Hz, 1H; NH), 5.01 (s, 2H;
PhCH2), 4.44 (ddd, J� 7.3, 7.2, 5.7 Hz, 1 H; NCH), 3.64 (s, 3 H; OCH3), 2.88
(dd, J� 14.1, 5.2 Hz, 1 H; CH2), 2.78 (dd, J� 14.5, 7.0 Hz, 1 H; CH2), 1.47 (d,
J� 7.2 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3): d� 198.9 (ArCO), 171.6
(CO), 155.5 (NCO), 136.9, 136.1 (Car), 135.2 (C�CH), 133.1 (Car), 132.8
(C�CH), 129.0, 128.5, 128.2, 127.83, 127.76 (Car), 66.6 (PhCH2), 53.8 (NCH),
52.0 (OCH3), 37.1 (CH2), 16.0 (CH3); HRMS (FAB): C22H23NO5 [M�H]�:
calcd 382.1655; found 382.1669.


Methyl 4-acetyl-2-(benzyloxycarbonyl)amino-4-pentenoate (19 a): Ester
10a (220 mg, 0.4 mmol) and acetyl chloride (32 mg, 0.42 mmol) were
dissolved in acetonitrile (1 mL) under argon. [AllylPdCl]2 (4.0 mg,
11 mmol) was added to the solution, which turned black after 30 s. Usual
workup and purification of the crude product by flash chromatography
(hexanes/ethyl acetate 8:2) yielded 19 a (84 mg, 0.28 mmol, 70%) as a
colorless oil. Rf : 0.08 (hexanes/ethyl acetate 8:2); 1H NMR (300 MHz,
CDCl3): d� 7.35 ± 7.33 (m, 5 H; Har), 6.06 (s, 1 H; C�CH2), 5.86 (s, 1H;
C�CH2), 5.50 (d, J� 7.9 Hz, 1 H; NH), 5.08 (d, J� 12.2 Hz, 1 H; PhCH2),
5.06 (d, J� 12.2 Hz, 1 H; PhCH2), 4.44 (m, 1 H; NCH), 3.72 (s, 3 H; OCH3),
2.81 (dd, J� 13.6, 4.9 Hz, 1 H; CH2), 2.63 (dd, J� 13.6, 8.2 Hz, 1 H; CH2),
2.30 (s, 3H; CH3); 13C NMR (75 MHz, CDCl3): d� 199.5 (CH3CO), 172.1
(CO), 155.7 (NCO), 144.1 (C�CH2), 136.4 (Car), 128.7 (C�CH2), 128.5,
128.1, 128.1 (Car), 66.9 (PhCH2), 53.5 (NCH), 52.4 (OCH3), 33.7 (CH2), 25.5
(CH3); elemental analysis calcd (%) for C16H19NO4 (305.3): C 62.94, H 6.27,
N 4.59; found C 62.66, H 6.29, N 4.47.


Methyl 2-(benzyloxycarbonyl)amino-4-iodo-4-pentenoate (20): Iodine (80 mg,
0.31 mmol), dissolved in CHCl3 (1 mL), was added to a solution of 10a
(166 mg, 0.3 mmol) in CHCl3 (0.5 mL). After 1 h saturated KF solution
(2 mL) and ethyl acetate (10 mL) were added. After vigorous stirring for
2 h the aqueous layer was removed and the organic layer was filtrated and
dried (Na2SO4). After evaporation of the solvent, the crude product was
purified by flash chromatography (hexanes/ethyl acetate 9:1). to yield a
pale yellow oil (110 mg, 0.28 mmol, 94%). Rf : 0.32 (hexanes/ethyl acetate
8:2); 1H NMR (300 MHz, CDCl3): d� 7.37 ± 7.33 (m, 5H; Har), 6.10 (d, J�
0.7 Hz, 1 H; C�CH2), 5.84 (d, J� 0.8 Hz, 1 H; C�CH2), 5.34 (d, J� 7.7 Hz,
1H; NH), 5.13 (s, 2H; PhCH2), 4.58 (m, 1H; NCH), 3.78 (s, 3H; OCH3),
3.01 (dd, J� 14.6, 4.8 Hz, 1 H; CH2), 2.84 (dd, J� 14.6, 7.7 Hz, 1H; CH2);
13C NMR (75 MHz, CDCl3): d� 171.3 (CO), 155.6 (NCO), 136.2 (Car),
129.8 (C�CH2), 128.5, 128.2, 128.1 (Car), 102.8 (C�CH2), 69.1 (PhCH2), 53.3
(NCH), 52.6 (OCH3), 47.2 (CH2); elemental analysis calcd (%) for
C14H16INO4 (388.2): C 43.21, H 4.14, N 3.60; found C 43.38, H 4.15, N 3.51.


Methyl 2-(benzyloxycarbonyl)amino-7-hydroxy-4-methylene-5-hepte-
noate (21): [(MeCN)2PdCl2] (1.0 mg, 4 mmol, 5 mol %) was added to a
solution of (E)-3 (28 mg, 80 mmol) and 20 (31 mg, 80 mmol) in DMF (1 mL)
under argon. The mixture was heated to 80 8C for 2 h, followed by the usual
workup. The crude product was purified by flash chromatography
(hexanes/ethyl acetate 1:1) giving rise to 21 (19 mg, 60 mmol, 75 %) as a
pale yellow oil. Rf : 0.26 (hexanes/ethyl acetate 1:1); 1H NMR (300 MHz,
CDCl3): d� 7.36 ± 7.26 (m, 5H; Har), 6.24 (d, J� 15.8 Hz, 1 H; CCH�CH),
5.92 (dt, J� 15.8, 5.5 Hz, 1H; CH2CH�C), 5.24 (d, J� 5.1 Hz, 1H; NH),
5.11 (s, 1 H; C�CH2), 5.09 (s, 2 H; PhCH2), 4.98 (s, 1 H; C�CH2), 4.55 (m,
1H; NCH), 4.20 (d, J� 5.5 Hz, 2H; CH2OH), 3.73 (s, 3H; OCH3), 2.78 (dd,
J� 14.0, 5.8 Hz, 1 H; CH2), 2.58 (dd, J� 14.0, 7.5 Hz, 1H; CH2), 1.96 (br s,
1H; OH); 13C NMR (75 MHz, CDCl3): d� 172.4 (CO), 155.7 (NCO), 140.1
(C�CH2), 136.2, 131.9, 128.5, 128.2, 128.1 (Car, CH�CH), 119.0 (C�CH2),
67.0 (PhCH2), 63.4 (CH2OH), 52.9 (NCH), 52.3 (OCH3), 35.5 (CH2);
elemental analysis calcd (%) for C17H21NO5 (319.4): C 63.94, H 6.63, N
4.39; found C 63.68, H 6.58, N 4.33.
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Palladium-Catalyzed Amination of Aryl Bromides and Aryl Triflates
Using Diphosphane Ligands: A Kinetic Study


Yannick Guari, Gino P. F. van Strijdonck, Maarten D. K. Boele, Joost N. H. Reek,
Paul C. J. Kamer, and Piet W. N. M. van Leeuwen*[a]


Abstract: [Pd(PÿOÿP)(Ar)]� complexes with ligands that have wide bite angles are
active catalysts for the coupling of aniline derivatives with aryl triflates. Kinetic
studies show that for these systems a fast equilibrium that involves coordination of
the amine precedes the deprotonation, which is the rate-limiting step of the reaction.
This reaction is faster for compounds with a smaller PÿPdÿP angle. When halide salts
are present, the base sodium tert-butoxide is activated and adds to the palladium
complex. This rate-limiting step is preceded by a fast equilibrium that involves
decoordination of the halide. The initial reaction rate is faster for compounds with a
larger PÿPdÿP angle. This is due to the closer proximity of the oxygen to the Pd
center, and this assists in the dissociation of the halide.


Keywords: amination ´ homoge-
neous catalysis ´ kinetics ´ palladi-
um ´ phosphanes


Introduction


During the past five years, extensive research devoted to the
development of palladium-catalyzed carbon-nitrogen bond
formation has led to efficient systems that offer considerable
advantages over the classical methods (i.e. nonactivated
substrates can be used, and neither highly polar solvents nor
severe reaction conditions are required).[1] In the search for
ligands that provide more active catalysts, improvements have
recently been made by using bidentate phosphane,[2] amino-
phosphane,[3] and bulky electron-rich phosphane[4] ligands.
The elegant work of both Hartwig and Buchwald has
elucidated part of the mechanism of the amination reactions.
These studies focused on monophosphane Pd species and cis
chelating diphosphane Pd species by using catalysts prepared
in situ.


Possible catalytic pathways for the amination of aryl halides
are depicted in Scheme 1. The catalytic cycle starts with the
oxidative addition of an aryl halide to [Pd(PÿP)]0 to give


complex [Pd(PP)(Ar)(X)] (1) (step I). This complex can react
with sodium tert-butoxide to form complex 3. The formation
of [Pd(PP)(OR)(Ar)] (3) could proceed either by an associa-
tive or a dissociative (steps II and III) pathway. Since a
hemilabile terdentate ligand stabilizes the cationic intermedi-
ate 2, the dissociative mechanism could be preferred with the
use of a potentially terdentate ligand. Reaction of 3 with the
amine (step IV) will give the amido complex 5. Reductive
elimination of the product (step V) will regenerate the active
intermediate 6.


Alternatively, complex [Pd(PP)(Ar)]� (2) could react with
the amine (step III') to afford complex 4. Deprotonation by
the base (step IV') will afford the amido complex 5, which
again will undergo reductive elimination. If the neutral
complex 1 reacts with the amine, a similar pathway can be
obtained that involves a neutral pentacoordinated Pd(amine)
species and an anionic pentacoordinated amido complex.
Oxidative addition of aryl triflates will directly lead to the
formation of cationic complex 2.


Hartwig proposed a catalytic cycle for cis chelating
diphosphane Pd catalysts in the amination of aryl halides.[5]


In this catalytic cycle, oxidative addition of an aryl halide to
[Pd(PÿP)]0 (step I) gives complex 1, [Pd(PP)(Ar)(X)]. Suc-
cessive reactions with base (step II) and amine (step III) lead
to amido complex 5, after which reductive elimination of
ArNRR' regenerates [Pd(PÿP)]0 (6). An alternative route,
suggested by Buchwald, is based on the reaction of the amine
with [Pd(PP)(Ar)(X)] (1) to afford a pentacoordinate com-
plex followed by deprotonation by the base to form the amido
complex.[6]
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We previously described the use of the ligand Xantphos
(9,9-dimethyl-4,6-bis(diphenylphosphano)xanthene, e) in the
palladium-catalyzed amination of aryl bromides.[7] With
Pd(OAc)2 as the Pd source, this system establishes the
efficient and selective coupling of aryl bromides with primary
aliphatic amines, anilines, and cyclic secondary amines. The
use of DPEphos (bis[2-(diphenylphosphano)phenyl]ether, a)
as a ligand was reported to be less general and less efficient
than other Xantphos-type ligands (see Scheme 2).


Y


X


PPh2 PPh2


R R


Fe PPh2
PPh2


Ph2P PPh2


ligand = a-f


ligand = g-j


Scheme 2. Structures of phosphane ligands: a�DPEphos, X�H,H, Y�
O, and R�H; b�Homoxantphos, X�CH2CH2, Y�O, and R�H; c�
Sixantphos, X� Si(CH3)2, Y�O, and R�H; d�Thixantphos, X�S, Y�
O, and R�CH3; e�Xantphos, X�C(CH3)2, Y�O, and R�H; f�
Thioxantphos, X�C(CH3)2, Y� S, and R�H; g� dppf; h� dppe; i�
PPh3; j�P(o-tolyl)3.


Recently, we have prepared a series of [palladium(ii)-
(p-C6H4CN)] complexes with different diphosphane ligands
(see Scheme 3). They have been fully characterized and
details will be presented elsewhere.[8]


The structures of complexes 1 a, b, and g show a chelating
phosphane that accommodates a common cis coordination
mode.[9] Complexes 1 c ± e, however, show a trans coordina-
tion mode. We assume that the oxygen is forced into proximity
of the Pd center by the trans coordination mode of the
phosphane groups, and this leads to a weak PdÿO interaction.
In solution, compounds 1 c ± e show a cis/trans isomerization.
Furthermore, cationic complexes [Pd(PP)(p-C6H4CN)]� 2 c ± f
have been synthesized and fully characterized. These com-
plexes adopt an almost square planar geometry around the
metal center with the ligand acting as a ªpincerº, and the
phosphane groups are in trans orientation, and the oxygen


atom is coordinated to the met-
al center. Isolation of cis com-
plexes 2''a, b, and g required
acetonitrile.


In order to interpret the li-
gand effects and to determine
the origin of the difference in
performance found for DPE-
phos and Xantphos ligands in
the palladium-catalyzed amina-
tion reaction, we used com-
plexes 1 and 2 in an amination
reaction. A kinetic study was
performed to gain further in-
sight into the details of the
catalytic cycle.


Results


As a model reaction we used the coupling of 2-methoxyaniline
(o-anisidine) with bromobenzene and phenyl triflate. Sodium
tert-butoxide was used as a base and toluene as a solvent.
Since it is known that dba (dibenzylidene acetone) can
interfere with the oxidative addition[10] and we wanted to
exclude any rate effect of the formation of a catalytic species
from a precatalyst (e.g. reduction of PdII to Pd0), we used
compounds 1 and 2, as proposed intermediates of the catalytic
cycle, rather than using in situ prepared catalysts from
[Pd2(dba)3] or Pd(OAc)2 and ligand.


Catalysis with neutral complexes (1): In Table 1, the results for
the arylation of 2-methoxyaniline catalyzed by compounds 1
at room temperature are shown. In all reactions, only the
monoarylated product was observed. Under these reaction
conditions, the PdII compounds with ligating monophos-
phanes (entry 8 and 9) show no conversion. Also for
[Pd(dppe)(Ar)(Br)] (1,2-bis(diphenylphosphano)ethane) (1h),
no activity was observed (entry 7). The compounds with the
ligands enforcing a cis coordination mode gave low conver-
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sions (entries 1, 2, and 6), whereas the complexes with wide
PÿPdÿP angles showed excellent conversions after one hour
under these very mild conditions. The observed reaction rates
for these ligands follow the order c< d< e.


Catalysis with cationic complexes (2): In Table 2, the results of
the reaction between 2-methoxyaniline and phenyl triflate
catalyzed by the cationic complexes 2 are presented. The
trend observed for the reaction rate with the neutral
complexes is reversed. Compound 2 f, which only exists in
the cationic form due to the strong coordination of the soft
sulfur atom,[8] is not active in the amination reaction under the
conditions tested.


The conversion of phenyl triflate is higher than the
conversion of the amine and the product yield. This is due
to reaction of sodium tert-butoxide with phenyl triflate that
forms sodium phenoxide and butyl triflate. This butanolysis
reaction has been observed before.[12] This cleavage of triflates
can be avoided by the slow addition of the aryl triflate or the
use of a non-nucleophilic base. The latter solution, however, is
not generally applicable, since for some aminations, the
reaction only proceeds when sodium tert-butoxide is used.
Since under standard conditions the butanolysis reaction is
slower than the amination reaction (less than 3 % after six
minutes), the kinetics of the cationic reaction is only
influenced at high conversions.


The cationic complexes [Pd(PP)(Ar)(CH3CN)]� (2'')
showed no conversion in the amination reaction under the
conditions employed. In general, addition of acetonitrile to
amination reaction mixtures inhibits the formation of product.


Effect of halide salts : Since during the reaction of bromo-
benzene with 2-methoxyaniline sodium bromide is formed, we
tested the effect of the halide salt concentration on the activity
of compound 2 e in the amination of phenyl triflate. Table 3
shows that the activity of the catalyst in the model reaction is
largely dependent on the concentration of halides present. In
general, the initial activity was higher when halide salt was


added. At higher salt concentrations, the initial reaction rate
slowed down again. The effect was most prominent for the use
of bromide. The values found for the yield after one hour were
obscured by the drop in base concentration due to the
butanolysis reaction.


The halide salt concentration has a dramatic effect on
the reaction rate and kinetics of the amination of bromo-
benzene. Figure 1 shows a nonlinear first-order plot of the aryl
halide concentration in the reaction with 2-methoxyaniline
catalyzed by 1 e. From these results, it is clear that the reaction
rate actually increases during the course of the reaction.
Addition of an excess of tetrabutylammonium bromide
(50 equivalents relative to complex 1 e) provided a linear
first-order plot.


Kinetic experiments : Since the data for the amination of
phenyl triflate were obscured by the cleavage reaction, we
were not able to analyze the reaction profile. To be able to
determine the rate-limiting step, we performed some single-
point kinetic experiments. The observed initial rate constants,
kini , for reactions with different initial concentrations of PdII


complex, 2-methoxyaniline, bromobenzene or phenyl triflate,
and sodium tert-butoxide were determined. The concentration
of the other reactants was kept constant by using them in large
excess.


Neutral complexes : Kinetic data for the reaction between
2-methoxyaniline and bromobenzene catalyzed by complex-
es 1 a and 1 e were obtained by monitoring the formation of
product by GC. Since complex 1 a is not very active at 25 8C,
the reactions were performed at 40 8C.


The observed initial rate constant is independent of the
concentration of 2-methoxyaniline (0.09 ± 0.74m) and the


Table 1. Catalytic amination of bromobenzene at 25 8C with complexes 1.[a]


complex TOFini
[b]


[mol molÿ1 hÿ1]
conversion[c]


[%]
natural bite angle[d]


1 1a 22 3 102
2 1b 27 11 102
3 1c 80 40 109
4 1d 86 47 110
5 1e 140 96 111
6 1g 0 1 96
7 1h 0 0 85
8 1 i[e] 0 0 ±
9 1j[f] 0 0 ±


[a] Conditions: see Experimental Section. [b] TOFini is the amount of
product formed per mol Pd per hour after six minutes. [c] Based on
bromobenzene (o-anisidine and product yield give similar results) after 1 h.
[d] Values taken from ref. [11]. For a recent review about bite angles, see
ref. [11]. [e] [Pd(PPh3)2(p-C6H4CN)(Br)] was used. [f] Dimeric compound
[Pd(P(o-tolyl)3)(p-C6H4CN)(m-Br)]2 was used.


Table 2. Amination of phenyl triflate at 25 8C with complexes 2.[a]


complex TOFini
[b] [mol molÿ1 hÿ1] conversion[c] [%] yield [%]


1 2 c 222 76 50
2 2 d 200 66 44
3 2 e 160 50 35
4 2 f 0 0 0


[a] Conditions: see Experimental Section. [b] TOFini is the amount of
product formed per mol Pd per hour after six minutes. [c] Based on phenyl
triflate after 1 h.


Table 3. The effect of added halide salts in the amination of phenyl triflate
at 25 8C with complex 2e.[a]


[additive] [mm] TOFini
[b] [mol molÿ1 hÿ1] yield[c] [%]


1 no 160 35
2 3.9 (NaCl) 290 59
3 27.4 (NaCl) 257 42
4 165.6 (NaCl) 260 76
5 0.5 (Bu4NBr) 384 79
6 2.0 (Bu4NBr) 355 67
7 29.4 (Bu4NBr) 640 68
8 200 (Bu4NBr) 624 49
9 0.8 (Bu4NI) 169 72


10 2.5 (Bu4NI) 224 75
11 47 (Bu4NI) 238 77
12 276 (Bu4NI) 208 74


[a] Conditions: see Experimental Section. [b] TOFini is the amount of
product formed per mol Pd per hour after six minutes. [c] Based on phenyl
triflate after 1 h.
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Figure 1. Plot of concentration versus time for the reaction of 2-methoxy-
aniline with bromobenzene catalyzed by complex 1e (top) and first-order
plot of the decay of bromobenzene with Brÿ (50 equiv) and without
additional Bu4NBr (bottom).


concentration of bromobenzene (0.23 ± 0.62m). Figure 2
shows the linear dependence of kini on the sodium tert-
butoxide concentration (0 ± 0.65m). The reaction rate increas-
es approximately linearly with the square root of the


Figure 2. Plot of the kini
[a] versus [NaOtBu] for the reaction of 2-methoxy-


aniline with bromobenzene in toluene at 313 K catalyzed by complexes 1e
and 1 a.[b] [a] Measured after six minutes. [b] For experimental details: see
Experimental Section.


palladium concentration (0 ± 6.77 mm, see Figure 3). No for-
mation of palladium black was observed under the conditions
used.


Figure 3. Plot of the rate[a] versus [Pd]1/2 with [1e] and [1a] for the reaction
of 2-methoxyaniline with bromobenzene in toluene at 313 K.[b] [a] rate�
d[product]/dt, measured after six minutes. [b] For experimental details : see
Experimental Section.


Effect of halide : Kinetic experiments with 1 e as the catalyst in
the presence of 50 equivalents of tetrabutylammonium bro-
mide (in relation to palladium) showed a first-order depen-
dency on the palladium concentration (0 ± 4.15 mm, T� 298 K,
see Figure 4).


Figure 4. Plot of the rate[a] versus [Pd] for the reaction of 2-methoxyaniline
with bromobenzene in toluene at 298 K catalyzed by 1e in presence of
50 equivalents of tetrabutylammonium bromide.[b] [a] rate� d[product]/dt,
measured after six minutes. [b] For experimental details : see Experimental
Section.


Cationic complexes : With complex 2 e, the reaction rate
increases linearly with the palladium concentration (0 ±
4 mm, see Figure 5). This reaction shows an approximate
first-order in 2-methoxyaniline and sodium tert-butoxide (see
Figure 6), but the reaction rate is independent of the aryl
triflate concentration.


NMR experiments : In the 31P{1H}NMR spectrum of
[Pd(Xantphos)(p-C6H4CN)(Br)] (1 e) in chloroform, a singlet
was observed at d� 9.4, whereas the cationic compound
[Pd(Xantphos)(p-C6H4CN)]OTf (2 e) showed a singlet at d�
18.2. A mixture of 1 e and 2 e resulted in a broad peak between
d� 9.4 and 18.2. At lower temperatures (190 K), these peaks
decoalesced to their initial positions. Addition of an excess of
sodium tert-butoxide to this mixture gave rise to a signal at







Palladium-Catalyzed Amination of Aryl Bromides and Aryl Triflates 475 ± 482


Chem. Eur. J. 2001, 7, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0479 $ 17.50+.50/0 479


Figure 5. Plot of the rate[a] versus [Pd] for the coupling of 2-methoxyani-
line with phenyltrifluoromethane sulfonate in toluene at 298 K catalyzed
by 2e.[b] [a] rate� d[product]/dt, measured after six minutes. [b] For
experimental details : see Experimental Section.


Figure 6. Plots of kini
[a] versus [NaOtBu] and [o-anisidine] for the coupling


of o-anisidine with phenyltrifluoromethane sulfonate in toluene at 298 K
catalyzed by 2e.[b] [a] Measured after six minutes. [b] For experimental
details : see Experimental Section.


d� 3.8. This signal was also observed when 1 e was reacted
with tert-butoxide.


We studied the reaction by NMR spectroscopy under
catalytic conditions to observe the resting state of the catalyst.
To this end, a substoichiometric amount of sodium tert-
butoxide was used in the reaction of 2-methoxyaniline with
bromobenzene, with 1 e as the catalyst. At low temperatures,
two broad signals at d� 9.4 and 19.8 can be observed in
31P{1H}NMR spectroscopy (see Figure 7). When the reaction
takes place (at higher temperatures), these signals are still
observed. Once the base had been consumed and the coupling
reaction stopped, only the signal at d� 9.4 was observed.


Figure 7. 31P{1H}NMR spectra of a mixture of complex 1 e, bromobenzene,
2-methoxyaniline, and sodium tert-butoxide in [D8]toluene recorded
successively at a) 193 K, b) 273 K, c) 353 K, and d) 233 K.


Discussion


From the kinetic results, obtained with the cationic com-
plexes 2 and the neutral complexes 1, we can conclude that
the reaction pathway shifts to a different mechanism when
halide salts are present.


Hartwig et al. have reported the synthesis of palladium(ii)-
amido complexes and showed that for the CÿN bond forming
reductive elimination of monomeric phosphane ligated com-
plexes two competing pathways are operative.[13] Cis chelated
complexes of diphosphanes like dppf (1,1'-bis(diphenylphos-
phano)ferrocene) eliminate the product amine directly from a
four-coordinate [PdII(PP)(amido)(aryl)] complex. The kinetic
data obtained in this study show that the reductive elimination
is not the rate-limiting step, since the reaction rate shows a
first-order dependence in base.


Recently, Buchwald reported that with Pd(OAc)2/BINAP
(2,2'-bis(diphenylphosphano)-1,1'-binaphthyl) as precatalyst,
the oxidative addition is the rate-limiting step.[6c] From the
presented results (kini is independent of [bromobenzene] or
[phenyl triflate]), however, we can conclude that by using our
system the oxidative addition is not the rate-limiting step
either. A similar result has been observed in a kinetic study
dedicated to the palladium-catalyzed arylation of alkenes.[14]


Catalysis with cationic complexes (2): For the cationic
compounds 2 we found the rate law expressed in Equa-
tion (1).


v� k[2][NaOtBu][o-NH2C6H4OCH3] (1)


This equation is consistent with a mechanism in which the
cationic starting compound (2) is in fast equilibrium with
compound 4. In the rate-limiting step, this compound is then
deprotonated by the base to give compound 5 (see Scheme 4).


O Pd
P


P
P Pd


NH2


P
P Pd


NH


P


2 4


tBuO-


5


+
+


Scheme 4. Rate-limiting part of a proposed mechanism for the amination
of aryl triflates.


Subsequently, the proposed pathway of reductive elimination
and oxidative addition to give compound 2 is followed (see
Scheme 1). The presented kinetic data, however, do not
distinguish this pathway from a mechanism in which a
pentacoordinated species [Pd(PP)(Ar)(amine)(OtBu)] is in-
volved. An alternative explanation for the observed rate law
would be a relatively slow reductive elimination from com-
pound 5, preceded by a fast equilibrium between 2, 4, and 5.
Since reductive elimination is faster with increasing bite angle,
the observed bite angle[11] dependence (see Table 2) is not in
agreement with this latter alternative mechanism.


Going from a smaller bite angle (ligand c) to a larger bite
angle (ligand e), the rate of the reaction decreases. We have
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shown previously that compounds 1 exist as a mixture of cis
and trans isomers in fast equilibrium.[8] Compounds with a
larger natural bite angle prefer the trans isomer, whereas
ligands with a smaller natural bite angle have a preference for
the cis isomer. Ligands with a larger bite angle stabilize
compounds 2, and thus they shift the equilibrium between 2
and 4 towards the inactive intermediate 2. Compound 2 f, with
a strongly coordinating sulfur atom, shows no activity, since
the amine is not capable of replacing the sulfur. When
acetonitrile is added to the reaction mixture, it inhibits amine
coordination, and this results in a lower reaction rate.


With the monodentate tris(o-tolyl)phosphane ligand, a
neutral Pd(amine) complex (viz. [Pd(P)(Br)(Ar)(amine)])
analogous to cationic complex 4 has been observed.[13] Coor-
dination to palladium enhances the NÿH acidity and after
deprotonation, the anionic compound [Pd(P)(Br)(Ar)-
(amido)]ÿ was formed.[15]


Catalysis with neutral complexes (1): In contrast to the
cationic complexes 2, the use of neutral complexes 1 in the
amination of bromobenzene shows that the reaction rate is
independent of the amine concentration. From this we might
conclude that the reaction follows a different pathway.
Furthermore, at low conversion and thus low bromide
concentration, the reaction rate shows a dependency on
the palladium concentration which is of broken order (see
Figure 3). At higher bromide concentrations, first-order
dependence on the palladium concentration is recovered
(see Figure 4).


High halide concentration : The kinetic data can be explained
by the reaction sequence depicted in Scheme 5, if we consider
a fast equilibrium that involves decoordination of the
bromide. This equilibrium precedes the addition of the base,
which is the rate-limiting step (k2), as shown in Scheme 5.
Buchwald and co-workers have reported a series of cis-
[Pd(PP)(OR)(Ar)] analogues of 3, and this shows that these
compounds are stable.[16]
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O Pd


P


P
P Pd


P
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1
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k2


2


+
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3


Scheme 5. Proposed equilibrium between neutral compounds 1 and cat-
ionic compounds 2 in the amination of aryl bromides.


This dissociative mechanism gives the rate law expressed in
Equation (2).


v� k1k2�1��NaOtBu�
kÿ1�Br-� (2)


To verify the reaction sequence of Scheme 5, we carried out
kinetic experiments with 1 e as the catalyst in the presence of
50 equivalents of tetrabutylammonium bromide (with respect
to the palladium concentration). Under these conditions, the
rate law given in Equation (2) can be expressed as in


Equation (3), and this confirms the obtained first-order for
the palladium concentration (Figure 4).


v� k[1][NaOtBu] (3)


The mechanism depicted in Scheme 5 gives, according to
Equation (2), a lower reaction rate at higher bromide
concentrations. With cis chelating diphosphane Pd complexes,
prepared in situ, the amination of aryl triflates was reported to
be inhibited by added halides.[12]


Table 3 shows, however, that in this study halide salts
accelerate the reaction dramatically. This effect levels off at
higher halide concentrations. At even higher halide salt
concentrations, the reaction is somewhat inhibited. These
results can be explained in terms of two effects: an inhibitive
effect as expected from Equation (2), and an accelerating
effect due to the increased polarity of the solvent. Sodium tert-
butoxide is likely to exist as a tight ion pair in toluene.[17]


Addition of a salt could disrupt this ion pair, and this leaves a
more activated butoxide. This effect is comparable to the rate
enhancement obtained with addition of crown ether[18] and
the higher activity of sodium tert-butoxide compared with
lithium tert-butoxide.[19] The butoxide is activated and reacts
with the cationic species to form the butoxide complex.
Furthermore, addition of a salt increases the solvent polarity.
This more polar solvent might shift the equilibrium towards
the reactive, cationic species 2.


The NMR spectra under catalytic conditions show the
presence of starting material 1 e (d� 9.4), in exchange with
cationic species (2 e). These results demonstrate that com-
plexes 2 are true intermediates in the catalytic cycle. The
reaction product of [Pd(PP)(Ar)(Br)] with sodium tert-
butoxide, probably intermediate [Pd(PP)(Ar)(OtBu)] (3),
could not be observed under catalytic conditions. This is as
expected when this compound is formed in the rate-limiting
step.


Low halide concentration : At low bromide concentration, the
reaction rate shows a positive, broken, order in [Pd], a first
order in sodium tert-butoxide, and a zeroth order in both
2-methoxyaniline and bromobenzene. The observed depen-
dence on the palladium concentration might suggest that
multiple equilibria, for example, between a dimeric species as
the resting state and a monomeric species, which is the active
intermediate, exist. From NMR spectroscopy, however, we
can conclude that probably Pd dimers are not involved as the
resting state, since under catalytic conditions only complex-
es 1 e and 2 e are observed.


As can be seen from this rate law, the halide formed in the
initial stage of the reaction will retard the rate of catalysis.
This decelerating effect will be more pronounced for more
active systems, which generate free halide at a higher initial
rate. Thus, experiments with high Pd loadings will give lower
TOFinis, and therefore a broken order in [Pd] will be observed.
At the same time, an increasing halide concentration will
activate the base, as explained above. Therefore, at low halide
concentrations opposing rate effects exist, which obscure the
kinetics.
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Additionally, at low halide concentration the reaction might
also proceed by the alternative, cationic pathway (vide supra).
As a result, the two routes can be operative simultaneously,
and this results in complicated (i.e. nonunity order) kinetics
with respect to [Pd]. However, since no dependence on amine
concentration is observed, the role of the latter possibility is
uncertain.


Bite angle effect : At low bromide concentrations, the initial
reaction is faster for compounds with a larger PÿPdÿP angle.
This is due to the closer proximity of the oxygen to the Pd
center; this assists the dissociation of the bromide and thus
forces the equilibrium more to the active compounds 2.
Therefore, a higher concentration of complex 2 results in a
higher overall reaction rate.


Conclusion


A series of cationic and neutral [Pd(PP)(Ar)] complexes has
been synthesized and used as catalysts in the amination of aryl
triflates and aryl bromides. Kinetic studies show that for the
cationic complexes, the rate-limiting step is the deprotonation
of an Pd(amine) complex to form an amido complex. The
amine complex is formed in a fast equilibrium from the
starting cationic complex. In this reaction, the reaction rate is
enhanced by smaller bite angles.


In the presence of halide salts, the sodium tert-butoxide is
activated, and this results in a change of the reaction. The
alternative pathway proceeds by the rate-determining forma-
tion of the Pd(alkoxide) complexes 3. At higher concentra-
tions of halides, the rate-enhancing effect of the salt levels off.
This is due to a shift of the fast equilibrium between the active
cationic species 2 and the inactive neutral compound 1
towards the latter, inactive species.


The higher rates obtained for complexes that contain
ligands with larger bite angles can be correlated with a higher
concentration of the corresponding active species 2. Such an
effect can be attributed to an additional driving force due to
the ability of Xantphos to act as a terdentate ligand.


Experimental Section


General remarks : All reactions were carried out under a nitrogen
atmosphere using standard Schlenk techniques. All solvents were freshly
distilled from standard drying agents under nitrogen before use. Phenyl
triflate, bromobenzene, and o-anisidine were distilled before use. Sodium
tert-butoxide, tetrabutyl ammonium bromide, tetrabutyl ammonium iodide,
and sodium chloride were used as received.
31P NMR spectra (121.5 MHz, external 85 % H3PO4, CDCl3) were recorded
with a Bruker AMX-300 spectrometer. The product distribution was
measured with an Interscience Mega2 apparatus equipped with a DB1
column (length 30 m, inner diameter 0.32 mm, film thickness 3.0 mm) and
an FID detector.


The preparation and full characterization of the complexes will be
described elsewhere.[8]


Catalysis : In a typical experiment, a Schlenk vessel, fitted with a septum
and a magnetic stirring bar, was charged under nitrogen with the
appropriate complex (0.0049 mmol), toluene (2 mL), decane (104 mL,
1 mmol) as internal standard, 2-methoxyaniline (135 mL, 1.2 mmol), and


bromobenzene (1.0 mmol) or phenyl triflate (1.0 mmol). When appropri-
ate, tetrabutyl ammonium bromide, tetrabutyl ammonium iodide, or
sodium chloride was added. The temperature was kept at 25 8C. Then,
NaOtBu (135 mg, 1.4 mmol) was added (t� 0). The reaction was monitored
by taking samples from the reaction mixture at specific intervals. Each
sample was diluted with diethylether, washed with water, and the resulting
organic fraction was analyzed by gas chromatography.


Kinetic studies : The kinetic studies were performed under the same
conditions as described for the catalysis experiments, and the initial
concentrations of one reagent were varied at a time. The total volume of
the reaction was kept constant at 2.5 mL by adjusting the amount of
toluene added.


NMR experiment : A frozen solution of complex 1 e (20 mg, 0.023 mmol),
bromobenzene (157 mg, 1.0 mmol), 2-methoxyaniline (148 mg, 1.2 mmol),
and sodium tert-butoxide (55.5 mg, 0.6 mmol) in [D8]toluene (2 mL) was
allowed to melt before introduction in the NMR probe.
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Energetics of CÿCl, CÿBr, and CÿI Bonds in Haloacetic Acids:
Enthalpies of Formation of XCH2COOH (X�Cl, Br, I)
Compounds and the Carboxymethyl Radical
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Abstract: The standard molar enthal-
pies of formation of chloro-, bromo-,
and iodoacetic acids in the crystalline
state, at 298.15 K, were determined as
DfH o


m(C2H3O2Cl, cr a)�ÿ (509.74�
0.49) kJ molÿ1, DfH o


m(C2H3O2Br, cr I)�
ÿ (466.98� 1.08) kJ molÿ1, and
DfH o


m (C2H3O2I, cr)�ÿ (415.44�
1.53) kJ molÿ1, respectively, by rotating-
bomb combustion calorimetry. Vapor
pressure versus temperature measure-
ments by the Knudsen effusion method
led to DsubH o


m(C2H3O2Cl)� (82.19�
0.92) kJ molÿ1, DsubH o


m(C2H3O2Br)�
(83.50� 2.95) kJ molÿ1, and DsubH o


m-


(C2H3O2I)� (86.47� 1.02) kJ molÿ1, at
298.15 K. From the obtained DfH o


m(cr)
and DsubH o


m values it was pos-
sible to derive DfH o


m(C2H3O2Cl, g)�
ÿ (427.55� 1.04) kJ molÿ1, DfH o


m


(C2H3O2Br, g)�ÿ (383.48� 3.14)
kJmolÿ1, and DfH o


m(C2H3O2I, g)�
ÿ (328.97� 1.84) kJ molÿ1. These data,
taken with a published value of the


enthalpy of formation of acetic acid, and
the enthalpy of formation of the carboxy-
methyl radical, DfH o


m(CH2COOH, g)�
ÿ (238� 2) kJ molÿ1, obtained from
density functional theory calcula-
tions, led to DH o(HÿCH2COOH)�
(412.8� 3.2) kJ molÿ1, DH o(Clÿ
CH2COOH)� (310.9� 2.2) kJ molÿ1,
DH o(BrÿCH2COOH)� (257.4�
3.7) kJmolÿ1, and DH o(IÿCH2COOH)
� (197.8� 2.7) kJ molÿ1. A discussion of
the CÿX bonding energetics in
XCH2COOH, CH3X, C2H5X, C2H3X,
and C6H5X (X�H, Cl, Br, I) com-
pounds is presented.


Keywords: bond disssociation en-
thalpy ´ density functional calcula-
tions ´ haloacetic acids ´ heats of
formation ´ thermochemistry


Introduction


The considerable importance of chloro-, bromo-, and iodo-
acetic acids in organic synthesis is mainly associated with
reactions involving the cleavage of the carbonÿhalogen


bonds.[1] The ease of substitution of the halogen atoms is also
the major factor in the industrial applications of the haloacetic
acids.[2] Chloroacetic acid is the most industrially significant of
the three. It is used, for example, in the manufacture of
carboxymethyl celulose, carboxymethyl starch, and herbi-
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cides.[2] Surprisingly, the available data on the energetics of
these compounds are very scarce and, in particular, no
information exists on the carbonÿhalogen ªbond strengthsº.
Only the enthalpy of formation of chloroacetic acid in the
crystalline state has been determined,[3] and the measurement
was made by static bomb combustion calorimetry which, in
principle, does not yield reliable results for chlorine-contain-
ing organic compounds.[4] Other available data such as proton
affinities,[5] gas-phase basicities,[5] and acidities in solution,[6]


are essentially related to the ÿCOOH group. This led us to
determine the CÿCl, CÿBr, and CÿI bond dissociation
enthalpies in the chloro-, bromo-, and iodoacetic acids by
combining the results of rotating-bomb combustion calorim-
etry, heat capacity, and Knudsen effusion measurements, with
data from density functional theory calculations.


Results and Discussion


Heat capacities and enthalpies of fusion : Differential scan-
ning calorimetry (DSC) measurements of the heat capacities
of chloro-, bromo-, and iodoacetic acids in the crystalline
state, at 298.15 K, led to: C o


p;m(C2H3O2Cl, cr)� (106.7�
2.0) JKÿ1 molÿ1, C o


p;m(C2H3O2Br, cr)� (107.4� 1.2) JKÿ1 molÿ1,
and C o


p;m(C2H3O2I, cr)� (119.2� 2.7) J Kÿ1 molÿ1. The uncer-
tainties quoted represent twice the mean deviation of three
independent determinations. The corresponding gas phase
heat capacities were derived from density functional theory
calculations using the B3LYP/6-311�G(d,p) level of theory
in the case of chloro- and bromoacetic acids, and B3PW91/3-
21G in the case of iodoacetic acid. The results obtained are:
C o


p;m(C2H3O2Cl, g)� 78.3 J Kÿ1 molÿ1, C o
p;m(C2H3O2Br, g)�


79.9 J Kÿ1 molÿ1, and C o
p;m(C2H3O2I, g)� 81.0 J Kÿ1 molÿ1. The


heat capacities of chloro- and bromoacetic acids were also
calculated at the B3PW91/3-21G level leading to
79.1 J Kÿ1 molÿ1 and 79.7 J Kÿ1 molÿ1, respectively. These re-
sults are very similar to those obtained at the higher B3LYP/6-
311�G(d,p) level suggesting that the value of the gas phase
heat capacity of iodoacetic acid indicated above should also
be reliable.


The heat capacity of crystalline chloroacetic acid, at
298.15 K, proposed in this work (106.7� 2.0 J Kÿ1 molÿ1), is
considerably different from the average value of
144 J Kÿ1 molÿ1, in the range 288 ± 318 K, reported by Picker-
ing.[5, 7, 8] Note, however, that accuracy of this result was
classified as poor in the critical compilation by Domalski and
Hearing.[8] A large discrepancy is also observed between the
gas phase heat capacity of chloroacetic acid at 298.15 K,
obtained in this work (78.3 J Kÿ1 molÿ1) and the corresponding
value of 136.02 J Kÿ1 molÿ1 recommended in the literature.[9]


This latter value, which was also judged to have low accuracy
by Frenkel et al.,[9] seems too high, since it is greater than the
experimental heat capacity of chloroacetic acid in the
crystalline state indicated above.


The enthalpies of fusion of the acids were also mea-
sured by DSC as DfusH o


m(C2H3O2Cl)� (16.3� 0.4) kJ molÿ1,
DfusH o


m(C2H3O2Br)� (13.9� 0.3) kJ molÿ1, and DfusH o
m-


(C2H3O2I)� (15.5� 0.7) kJ molÿ1. The obtained values corre-
spond to the temperatures of fusion Tfus� (334.8� 0.3) K,


Tfus� (319.2� 0.7) K, and Tfus� (355.1� 0.1) K, respectively,
measured at the onset of each DSC peak. The uncertainties
quoted for DfusH o


m and Tfus represent twice the standard
deviation of the mean of six independent determinations in
the case of chloroacetic acid and four determinations in the
case of bromo- and iodoacetic acids. The enthalpy of fusion of
chloroacetic acid obtained in this work is significantly differ-
ent from the value DfusH o


m(C2H3O2Cl)� 12.3 kJ molÿ1, report-
ed in the literature at Tfus� 334.4 K.[10]


To our knowledge, no heat capacity and enthalpy of fusion
data have been published for bromo- and iodoacetic acids
previously to this work.


Knudsen effusion measurements : The vapor pressures, p, of
chloro-, bromo-, and iodoacetic acids (given as Supporting
Information) were obtained by Knudsen effusion experi-
ments. The values of p were calculated from Equations (1)
and (2),[11] where m is the mass loss during the time t, A�
3.991� 10ÿ3 cm2, l� 2.09� 10ÿ3 cm, and r� 3.564� 10ÿ2 cm
are the area, the thickness, and the radius of the effusion hole,


p� m


At


2pRT


M


� �1=2 8r � 3l


8r


� �
2l


2l� 0:48r


� �
(1)


l� kT���
2
p


ps2p
(2)


M is the molar mass of the compound, R is the gas constant, T
is the absolute temperature and l is the mean free path given
by Equation (2).[12] Here k represents the Boltzmann constant
and s the collision diameter. The collision diameters of
chloro- and bromoacetic acids were estimated as 5.28�
10ÿ8 cm and 5.39� 10ÿ8 cm, respectively, from projections of
the corresponding molecular structures[13] in the x, y, and z
planes. The van der Waals radii of the carbon, hydrogen, and
halogen atoms were taken into account in the calculation.[14] A
collision diameter of 5.50� 10ÿ8 cm was calculated by the
same procedure for iodoacetic acid with a hypothetical
structure obtained by replacing Cl by I in the chloroacetic
acid structure. Since the mean free path in Equation (2) is
pressure dependent, an iterative method was used to obtain
the vapor pressure of the compounds by Equations (1) and
(2). As a first approximation, p was calculated by ignoring the
l dependent term in Equation (1). The result obtained was
subsequently used to derive l from Equation (2). The
calculated mean free path was introduced in Equation (1)
and a second p value was calculated. The iteration was
continued until the difference between successive values of p
was smaller than 10ÿ8 Pa.


The vapor pressure data were fitted to Equation (3):[15]


ln p� a� b


T
(3)


leading to the results in Table 1. The enthalpies of sublimation
of chloro-, bromo-, and iodoacetic acids at Tm (the average of
the highest and lowest temperatures of the range covered in
each series of experiments) are given by DsubH o


m�ÿRb. The
corresponding values at 298.15 K were derived from Equa-
tion (4):


DsubH o
m(298.15 K)�DsubH o


m(Tm)�DsubC o
p;m(298.15 KÿTm) (4)
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where the DsubC o
p;m�C o


p;m(g)ÿC o
p;m(cr) data were calculated


from the heat capacities of the gaseous and solid compounds
at 298.15 K, referred to above. The uncertainties quoted for a,
b, and DsubH o


m include Student�s factor for 95 % confidence
level (t� 2.365 for chloro- and bromoacetic acids and t� 2.447
for iodoacetic acid).[16]


Combustion calorimetry : Detailed results of the combustion
calorimetric experiments are given as Supporting Information
and led to the standard molar energies (DCU o


m� and enthalpies
of combustion (DCH o


m� of the acids, at 298.15 K (Table 2).
These values refer to the reactions:


C2H3O2Cl (cr)�3�2O2 (g)� 599 H2O (l)! 2CO2 (g)�HCl ´ 600 H2O (l) (5)


C2H3O2Br (cr)� 3�2O2 (g)� 599 H2O (l)! 2CO2 (g)�HBr ´ 600 H2O (l) (6)


C2H3O2I (cr)� 7�4O2 (g)! 2 CO2 (g)� 3�2H2O (l)� 1�2I2 (cr) (7)


where the uncertainties quoted represent twice the over-all
standard deviation of the mean and include the contributions
from the calibration with benzoic acid and from the
energy of combustion of the auxiliary oil.[17] From the DCH o


m


values indicated above and DfH o
m(CO2, g)�ÿ (393.51�


0.13) kJ molÿ1,[18] DfH o
m(H2O, l)�ÿ (285.830�


0.040) kJ molÿ1,[18] DfH o
m(HCl ´ 600 H2O, l)�


ÿ166.619 kJ molÿ1,[19] and DfH o
m(HBr ´ 600 H2O, l)�


ÿ120.924 kJ molÿ1,[19] it was possible to derive the standard
molar enthalpies of formation of the acids in the crystalline
state indicated in Table 2. Also included in this table are the
corresponding enthalpies of formation in the gaseous state,


which were calculated from the DfH o
m(cr) values and the


enthalpies of sublimation in Table 1. As mentioned in the
Introduction, only the enthalpy of formation of chloroacetic
acid in the crystalline state had been previously measured by
Smith et al.[3] The value reported by these authors,
DfH o


m(C2H3O2Cl, cr)�ÿ (510.5� 8.3) kJ molÿ1,[3, 20] despite
its large uncertainty interval, is in good agreement with
DfH o


m(C2H3O2Cl, cr)�ÿ (509.74� 0.49) kJ molÿ1 obtained in
this work.


DFT calculations : The standard enthalpy of formation of the
CH2COOH radical was estimated according to the following


procedure. First, the enthalpy of the isodesmic and isogyric
reaction (8) (DrH o


m� was computed for X�H, Cl, Br, and I
(Table 3). Second, Equation (9) was used to derive


XCH2COOH(g)�C2H5(g)!CH2COOH(g)�C2H5X(g) (8)


DfH o
m(CH2COOH, g)�DrH o


mÿDfH o
m(C2H5X, g)�DfH o


m(C2H5, g)
�DfH o


m(XCH2COOH, g)
(9)


DfH o
m(CH2COOH, g) from each theoretical result for that


reaction enthalpy, by using the enthalpy of formation data for
the gaseous haloacetic acids in Table 2 and DfH o


m(CH3COOH,
g)�ÿ432.8� 2.5 kJ molÿ1,[20] DfH o


m(C2H6, g)�ÿ83.8�
0.3 kJ molÿ1,[20] DfH o


m(C2H5, g)� 119� 2 kJ molÿ1,[21]


DfH o
m(C2H5Cl, g)�ÿ112.1� 1.1 kJ molÿ1,[20] DfH o


m(C2H5Br,
g)�ÿ61.9� 1.6 kJ molÿ1,[20] and DfH o


m(C2H5I, g)�ÿ8.1�
2.2 kJ molÿ1.[20] The results are collected in Table 4.


It is noted in Table 3 that the B3PW91 and the B3LYP
functionals lead to similar DrH o


m values for each X, partic-
ularly when the two larger basis sets were used. On the other
hand, Table 4 shows that the values of DfH o


m(CH2COOH,
g) obtained from the several DrH o


m results (Table 3) and the
corresponding experimental enthalpy of formation data are in
excellent agreement. This supports the reliability of the DFT
results and indicates a very good thermodynamic consistency
between the theoretical reaction enthalpies and the exper-
imental standard enthalpy of formation data. The selected
value for DfH o


m(CH2COOH, g) of ÿ (238.0� 2.0) kJ molÿ1 is a
weighed average of the results in Table 4. It is in excellent
agreement with early ab initio results by Yu et al. ,[22]


ÿ (239.5� 9.3) kJ molÿ1 and ÿ243.8 kJ molÿ1, and by Leroy
et al.[23] , ÿ238.7 kJ molÿ1. It is also in good agreement with a
result obtained from flowing afterglow experiments by
Wenthold and Squires,[24] ÿ (248.9� 12.1) kJ molÿ1 and with


Table 1. Values of the constants in Equation (3) and enthalpies of sublimation of chloro-, bromo-, and iodoacetic acids.


Compound Tm/K a ÿ b DsubH o
m(Tm)/kJ molÿ1 DsubH o


m(298.15 K)/kJ molÿ1


C2H3O2Cl 281.95 35.494� 0.392 9940.54� 110.15 82.65� 0.92 82.19� 0.92
C2H3O2Br 280.32 35.773� 1.268 10102.07� 354.99 83.99� 2.95 83.50� 2.95
C2H3O2I 279.13 35.106� 0.438 10488.02� 122.68 87.20� 1.02 86.47� 1.02


Table 2. Standard molar energies and enthalpies of combustion, and
enthalpies of formation of chloro-, bromo-, and iodoacetic acids, at
298.15 K. Data in kJ molÿ1.


Compound ÿDCU o
m ÿDCH o


m ÿDfH o
m(cr) ÿDfH o


m(g)


C2H3O2Cl 728.49� 0.41 729.73� 0.41 509.74� 0.49 427.55� 1.04
C2H3O2Br 728.03� 1.05 726.79� 1.05 466.98� 1.08 383.48� 3.14
C2H3O2I 796.61� 1.51 800.33� 1.51 415.44� 1.53 328.97� 1.84


Table 3. Theoretically calculated enthalpies of reaction (8) at 298.15 K.


Method ÿDrH o
m/kJmolÿ1


X�H X�Cl X�Br X� I


B3PW91/3-21G 3.6 44.6 36.5 31.3
B3PW91/6-31G(d,p) 11.8 38.7 36.1
B3PW91/6-311�G(d,p) 8.2 38.2 35.9
B3LYP/6-311�G(d,p) 9.8 40.3 37.2


Table 4. Calculated values for the standard enthalpy of formation of
CH2COOH at 298.15 K.


Method ÿDfH o
m(CH2COOH, g)/kJ molÿ1


X�H X�Cl X�Br X� I


B3PW91/3-21G 233.6 241.1 239.1 233.2
B3PW91/6-31G(d,p) 241.8 235.2 238.7
B3PW91/6-311�G(d,p) 238.2 234.7 238.5
B3LYP/6-311�G(d,p) 239.8 236.8 239.8
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an estimate by Orlov et al.,[25] ÿ243.1 kJ molÿ1. However, our
calculated result for DfH o


m(CH2COOH, g) disagrees with an
electron-impact value obtained by Holmes et al. ,[26]


ÿ (257.7� 12.6) kJ molÿ1.


XÿCH2COOH bond dissociation enthalpies : Our selec-
tion for DfH o


m(CH2COOH, g), ÿ (238.0� 2.0) kJ molÿ1,
together with the enthalpies of formation of H
(217.998� 0.006 kJ molÿ1),[18] Cl (121.301� 0.008 kJ molÿ1),[18]


Br (111.87� 0.12 kJ molÿ1),[18] I (106.76� 0.04 kJ molÿ1),[18]


and DfH o
m(XCH2COOH, g) (X�H, Cl, Br, I), yield


the following CÿX bond dissociation enthalpies at
298.15 K: DH o(HÿCH2COOH)� (412.8� 3.2) kJ molÿ1,
DH o(ClÿCH2COOH)� (310.9� 2.2) kJ molÿ1,
DH o(BrÿCH2COOH)� (257.4� 3.7) kJ molÿ1, and
DH o(IÿCH2COOH)� (197.8� 2.7) kJ molÿ1. These values
are compared in Table 5 with the corresponding CÿX bond
dissociation enthalpies in XCH3, XC2H5, XC2H3,
and XC6H5, which were calculated from literature
data.[18, 20, 21, 27, 28]


Plots of DH o(RÿX) versus DH o(HÿX) (X�Cl, Br, I;
R�CH3, C2H5, C2H3, C6H5, and CH2COOH), ob-
tained from the DH o(RÿX) data in Table 5 and
DH o(HÿCl)� (432.61� 0.10) kJ molÿ1, DH o(HÿBr)�
(366.16� 0.20) kJmolÿ1, and DH o(HÿI)� (298.11�
0.11) kJmolÿ1, calculated from literature data,[18] are shown
in Figure 1. The various lines have similar slopes (0.84 for R�
CH2COOH, 0.83 for R�CH3, 0.88 for R�C2H5, 0.77 for


Figure 1. RÿX bond dissociation enthalpies (from Table 5) versus the
corresponding HÿX bond dissociation enthalpies for X�Cl, Br, I and R�
CH3, C2H5, C2H3, C6H5, and CH2COOH.


R�C2H3, and 0.95 for R�C6H5) and correlation coefficients
higher than 0.999. This type of representations have been used
by us[29] and others[30±32] to estimate thermochemical data and
to evidence interesting aspects of the bonding energetics in a
variety of organic, inorganic, and organometallic molecules.
Three subsets of lines can be distinguished in Figure 1: a) R�
C2H3 and C6H5; b) R�CH3 and C2H5; and c) R�
CH2COOH. The decrease of DH o(RÿX) from subset a) to
b) reflects the change in hybridization of the carbon involved
in the formation of the RÿX bond. The sp2 carbons forming
the XÿC2H3 and XÿC6H5 bonds have a higher s character than
the sp3 carbons involved in the XÿCH3 and XÿC2H5 bonds,
and it is well-known that the CÿX bond dissociation
enthalpies increase with increasing carbon s character.[33]


The additional decrease of DH o(XÿR) from subsets b) to c)
may be due to the fact that the formation of the carboxy-
methyl radical upon breaking of the CÿX bond involves a
larger relaxation energy than the formation of the methyl or
ethyl radicals. Similar arguments can be used to explain the
trends observed in Table 5 for DH o(RÿH).


Interestingly the major qualitative trends exhibited by the
carbon halogen bond dissociation enthalpies in Table 5 and
Figure 1 can also be predicted based on Pauling�s electro-
static ± covalent model.[34] Applying Pauling�s arithmetic
mean expression to both RÿX and HÿX yields:


DH o(RÿX)�DH o�RÿR� �DH o�XÿX�
2


� 96.232 (cRÿ cX)2 (10)


DH o(HÿX)�DH o�HÿH� �DH o�XÿX�
2


� 96.232 (cHÿ cX)2 (11)


where cH, cX, and cR are the electronegativities of H, X, and
R, respectively. Subtraction of Equation (11) from Equa-
tion (10) leads to:


DH o(RÿX)�DH o(HÿX)�DH o�RÿR� ÿDH o�HÿH�
2


� 96.232 [(cRÿ cX)2ÿ (cHÿ cX)2]
(12)


As shown in Figure 2, there is a good linear correlation
between the experimental DH o(RÿX) values in Table 5 and
the corresponding DH o(RÿX)calcd values calculated
from Equation (12), by using DH o(HÿH)� 435.996�
0.008 kJ molÿ1, DH o(HÿX), and the DH o(RÿR) and elec-


Figure 2. Experimental RÿX bond dissociation enthalpies (from Table 5),
DH o(RÿX), versus the corresponding values calculated from Equa-
tion (12), DH o(RÿX)calcd , for X�Cl, Br, I, and R�CH3, C2H5, C2H3,
C6H5, and CH2COOH.


Table 5. RÿX bond dissociation enthalpies in kJmolÿ1. Pauling electronegativities[a]


of the R and X fragments are given in parentheses.


X
R H (2.25) Cl (3.10) Br (2.95) I (2.74) R


CH2COOH (2.74) 412.8� 3.2 310.9� 2.2 257.4� 3.7 197.8� 2.7 342.7� 4.3
CH3 (2.31) 438.8� 0.6 349.6� 0.6 293.7� 1.4 238.8� 1.5 376.6� 0.6
C2H5 (2.32) 420.8� 2.0 352.4� 2.3 292.8� 2.6 233.9� 3.0 363.7� 2.9
C2H3 (2.43) 465.1� 3.3 383.7� 3.5 332.3� 3.8 489.2� 4.8
C6H5 (2.49) 465.5� 3.5 399.4� 1.7 336.6� 4.4 272.0� 6.8 478.8� 5.1


[a] From ref. [35, 36].
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tronegativity[35, 36] data given in Table 5, respectively. The line
in Figure 2 corresponds to Equation (13):


DH o(RÿX)� (0.926� 0.037) DH o(RÿX)calcdÿ (5.14� 12.61) (13)


with a regression coefficient of 0.99. The average error in the
estimation of DH o(RÿX) from Equation (13) is 6.4 kJ molÿ1.


It is finally noted that the differences DH o(XÿCH3)ÿ
DH o(XÿCH2COOH) and DH o(XÿC2H5)ÿDH o-
(XÿCH2COOH) in Table 5 are smaller for X�H than for
X� halogen. This is consistent with the predicted variation in
the ionic character of the RÿX bonds based on the differences
in the electronegativities of the R and X fragments. According
to Pauling�s covalent ± electrostatic model, bonds are
strengthened by an increase of their ionic character. While
the ionic character of the HÿCH2COOH bond is much larger
than the ionic character of the HÿCH3 and HÿC2H5 bonds
(jcHÿcCH2COOH j�0.49, jcHÿcCH3


j�0.06, jcHÿcC2H5
j�0.07),


the opposite is observed for the XÿCH2COOH,
XÿCH3, and XÿC2H5 bonds when X�Cl, Br, or I
(jcClÿcCH2COOH j�0.36, jcClÿcCH3


j�0.79, jcClÿcC2H5
j�0.78;


jcBrÿcCH2COOH j�0.21, jcBrÿcCH3
j�0.64, jcBrÿcC2H5


j�0.63;
jcIÿcCH2COOH j�0.00, jcIÿcCH3


j�0.43, jcIÿcC2H5
j�0.42).


Experimental Section


General : 1H NMR spectra were obtained on a Varian Gemini (200 MHz)
instrument for chloroacetic acid and a Bruker AMX (400 MHz) for bromo-
and iodoacetic acid, using CDCl3 solutions at ambient temperature.
Chemical shifts relative to TMS were calculated using CHCl3 as an internal
standard. IR spectra were recorded on a Perkin ± Elmer PE 1720 using KBr
pellets. X-ray powder diffractrograms were recorded in a Philips PW1050/
25 diffractometer with a nickel-filtered CuKa radiation (l� 1.54178 �)
equipped with a proportional counter. Melting temperatures and enthal-
pies of melting where determined in a Setaram DSC 121 Differential
Scanning Calorimeter at a scan rate of 2 K minÿ1. The samples were sealed
inside aluminium crucibles and argon was used as the purging gas.


Materials


a-Chloroacetic acid : Chloroacetic acid (Merck, p.a.) was recrystallized
from diethyl ether and sublimed at a temperature of 298 K and a pressure
of 10 Pa. The obtained sample (a phase) was kept in a Schlenk tube under
argon prior to combustion. The phase identification and phase purity were
checked by X-ray powder diffraction (main reflections: 18.5, 23.9, 25.7, 27.9,
37.5, 39.0, 47.48, 2q).[13a] Tfus� (334.8� 0.3) K (average of six measure-
ments); IR (KBr): nÄ � 3008, 2959 (CÿH), 1733 (C�O), 1418, 1407,
1394 cmÿ1 (OÿH); elemental analysis calcd (%) for C2H3O2Cl: C 25.4, H
3.0; found C 25.1, H 3.0 (average of two measurements); 1H NMR
(200 MHz, CDCl3): d� 4.12 (s, 2-H), 11.84 (s, 1-H).


Bromoacetic acid (form I): Bromoacetic acid (Merck, p.a.) was recrystal-
lized from diethyl ether and sublimed at a temperature of 292 K and a
pressure of 10 Pa. The obtained sample (form I) was kept in a Schlenk tube
under argon prior to combustion. The phase identification and phase purity
were checked by X-ray powder diffraction (main reflections: 7.4, 22.4, 23.5,
25.3, 26.0, 27.1, 30.0, 31.1, 35.5, 37.8, 43.28, 2q).[13b] Tfus� (319.2� 0.7) K
(average of four measurements); IR (KBr): nÄ � 3035, 2962 (CÿH), 1726
(C�O), 1403 cmÿ1 (OÿH); elemental analysis calcd (%) for C2H3O2Br: C
17.3, H 2.1; found C 17.2, H 2.3 (average of three measurements); 1H NMR
(400 MHz, CDCl3): d� 4.15 (s, 2-H).


Iodoacetic acid : Iodoacetic acid (Merck, p.a.) was recrystallized from
diethyl ether and sublimed at a temperature of 291 K and a pressure of
10 Pa. The obtained sample was kept in a Schlenk tube under argon prior to
combustion. The main reflections found in the X-ray powder diffractogram
are: 7.5, 21.7, 22.5, 23.7, 25.8, 27.2, 30.1, 38.0, 42.48, 2q. Tfus� (355.1� 0.1) K
(average of four measurements); IR (KBr): nÄ � 3051 (CÿH), 1686 (C�O),


1427, 1391 cmÿ1 (OÿH); elemental analysis calcd (%) for C2H3O2I: C 25.4,
H 3.0; found C 25.1, H 3.0 (average of two measurements); 1H NMR
(400 MHz, CDCl3): d� 3.72 (s, 2-H).


Heat capacity and enthalpy of fusion measurements : The temperatures and
enthalpies of fusion, and the solid state heat capacities of chloro-, bromo-,
and iodoacetic acids were measured with a Setaram DSC 121 differential
scanning calorimeter. The mass of sample used was about 10 mg in the
enthalpy of fusion and about 90 ± 110 mg in heat capacity measurements. In
all experiments the samples were sealed in aluminium crucibles and studied
at a scan rate of 2 Kminÿ1, using argon as the purging gas. The experimental
method and the data handling procedure used in the heat capacity
determinations were previously described.[37] The temperature and heat
flux scales of the calorimeter were calibrated by determining the temper-
atures and enthalpies of fusion of the following standard substances:
benzoic acid (B.D.H. thermochemical standard), indium (Perkin ± Elmer,
99.999 %), tin (Goodfellow, SN006110, 99.995 %), lead (Goodfellow,
PB006100, 99.999 %), and zinc (Perkin ± Elmer, 99.999 %).


Knudsen effusion measurements : The enthalpies of sublimation of chloro-,
bromo-, and iodoacetic acids were determined with the Knudsen effusion
apparatus and operating procedure previously described.[38] The temper-
ature of the water bath was controlled to �0.01 K with a Haake ED
Unitherm thermostat using a Haake EK12 cryostat as the heat sink. The
temperature of the Knudsen cell was measured with a Tecnisis 100 W


platinum resistance thermometer (Pt 100) calibrated against a Hewlett ±
Packard (HP2804A) quartz thermometer. The Pt 100 sensor was embedded
in the bronze block containing the Knudsen cell and was connected in a
four wire configuration to a Keithley 2000 multimeter. The average of all
temperature readings acquired in a constant 10 s interval was stored in the
buffer memory of the multimeter. The mean value of the total number of
readings accumulated in the buffer during a run was used as the
temperature of the experiment. The mass loss from the sample was
determined by weighing the cell to �10ÿ5 g with a Mettler AT 201 balance.


Combustion calorimetry : The isoperibol rotating-bomb combustion calo-
rimeter used in this work has been described previously.[39] The bomb with a
volume of 0.258 dm3 was of stainless steel lined with platinum; all the
internal fittings were made from platinum. The sample container was a
platinum crucible supported by a platinum ring inside the bomb. The total
mass of the crucible and the ring was about 11.7 g. In a typical experiment, a
pellet of the sample and the n-hexadecane (Aldrich, Gold Label) used as
combustion aid, were weighted inside the crucible in a Mettler AE 240
balance with a precision of �10ÿ5 g. A platinum wire of diameter 0.05 mm
(Goodfellow, mass fraction: 0.9999) was fastened between the ignition
electrodes. A cotton thread fuse of empirical formula CH1.686O0.843 was
weighted with a precision of �10ÿ5 g and tied to the platinum wire. The
crucible was adjusted to the bomb head and the cotton thread fuse was
placed in contact with the sample, without touching the crucible walls. In
the case of chloro- and bromoacetic acids, 20 cm3 and 25 cm3, respectively,
of a 0.09016 mol dmÿ3 As2O3 aqueous solution were placed inside the bomb.
The presence of the arsenious oxide solution insured that all X2 (X�Cl,
Br) formed in the combustion was reduced to aqueous HX.[4a,d, 40, 41] Since
mixtures of X2 and HX of variable composition are always formed in the
combustion of chlorine or bromine organic compounds this method
enabled to simplify the analysis of the final state.[4a] In the experiments
with iodoacetic acid the bomb contained 10 cm3 of a 0.909 mol dmÿ3 KI
aqueous solution to achieve a quantitative conversion of the I2 formed in
the combustion to I3


ÿ(aq).[42] Although only elemental iodine is found in
the combustion products of organoiodine compounds,[4a] the use of the
potassium iodide solution eliminates the uncertainty in the determination
of the final state due to the distribution of I2 among solid, aqueous, and
gaseous phases.[42] After the introduction of the bomb solution, the bomb
was closed and purged twice by charging it with oxygen at a pressure of
1.01 MPa and then venting the overpressure. The bomb was then charged
with oxygen at a pressure of 3.04 MPa and transferred to the inside of the
calorimeter proper. The electrical connections of the firing circuit were
attached to the bomb head, and the calorimeter proper was filled with an
amount of distilled water as close as possible to the average mass of water
used in calibration experiments (5217.0 g). The water added to the
calorimeter proper in each experiment was weighed to �0.1 g in a Mettler
PC 8000 balance. Calorimeter temperatures were measured to �10ÿ4 K
using a Hewlett ± Packard (HP2804A) quartz thermometer. The duration
of the fore, main, and after periods was about 20 minutes each. Discharge
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of a 1400 mF capacitor through the platinum wire referred to above ignited
the cotton thread fuse and subsequently the sample. For each experiment
the ignition temperature was chosen so that the final temperature would be
close to 298.15 K. The rotation of the bomb was started when the
temperature rise of the main period reached about 0.63 of its total value,
and was continued throughout the experiment. It has been shown that by
adopting this procedure, the frictional work due to the rotation of the bomb
is automatically accounted for in the calculation of the adiabatic temper-
ature rise.[43] The HNO3 formed from traces of atmospheric N2 remaining
inside the bomb was analyzed by the Devarda�s alloy method.[44] The extent
of the reactions of the elemental halogens formed in the combustions with
the arsenious oxide or potassium iodate solutions were found by titrating
the final bomb solutions with sodium thiosulphate (0.100 mol dmÿ3).[44] A
small residue of carbon was found in the crucible at the end of some of the
experiments. The mass of this residue was determined as follows. The
crucible containing the residue was dried for about 5 min with a hair dryer,
cooled to room temperature inside a desiccator, and weighed. After heating
it with a Bunsen burner flame to eliminate the residue, the crucible was
transferred to the desiccator, and weighed a second time. The mass of
residue formed in the experiment was taken as the mass difference between
the first and second weighings.


DFT calculations : The calculations reported in this study have been carried
out with the Gaussian-94/DFT program.[45] The geometries have been fully
optimized and the total energies were calculated using the Becke�s three-
parameter hybrid method[46] with the Perdew and Wang PW91[47] correla-
tion functional (B3PW91) and the Lee, Yang, and Parr LYP[48] correlation
functional (B3LYP). The basis set were the 3-21G[49] , 6-31G(d,p),[50] and
6-311�G(d,p).[51] Total energies (E) were calculated from Equation (14):


E�VNN�H core�Vee�EX[1]ÿEC[1] (14)


where VNN is the nuclear-nuclear interaction, H core is a mono-electronic
contribution to the total energy, including electron kinetic and electron ±
nuclear interaction energies, and Vee is the coulombic interaction between
the electrons. EX[1] and EC[1] are the exchange and correlation energies,
functionals of the electronic density 1. All the total energies, given as
Supporting Information, were corrected with the zero-point vibrational
energies calculated at the same theoretical level.
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A New Type of Calixarene: Octahydroxypyridine[4]arenes


Thorsten Gerkensmeier,[b] Jochen Mattay,*[a] and Christian Näther[c]


Abstract: A new type of calixarene has been synthesised. Like resorcinol and a
number of resorcinol derivatives, 2,6-dihydroxypyridine has been proven to form
cyclic tetramers in moderate yields with a number of aliphatic and two aromatic
aldehydes in acidic media. The problem of the formation of configurational isomers
can be reduced by increasing the reaction temperature and time. With electron-rich
aromatic aldehydes, 2,6-dihydroxypyridine unexpectedly yields deep-coloured acyclic
quinoid systems. The octahydroxypyridine[4]arenes may have a high potential as
receptors for molecular recognition and self organisation.


Keywords: calixarenes ´ molecular
container ´ pyridines ´ supramolecu-
lar chemistry


Introduction


In recent years, calixarenes have attracted much attention,
which is documented in the large number of publications
dealing with this class of compounds. Their accessibility and
structural features made them the target of numerous
complexation and inclusion studies. The most popular types
of calixarene are obtained from 4-tert-butylphenol and form-
aldehyde, or from resorcinol derivatives and aldehydes except
formaldehyde. In calixarene chemistry, pyridines play a
negligible role. Unlike resorcinol or phenols, pyridines are
not easily attacked by electrophilic reagents and therefore do
not form cyclic oligomeric compounds with aldehydes. How-
ever, a few examples for the preparation of pyridino-
calixarenes through alternative pathways have been reported.
The first successful synthesis was performed by Newcome[1] by
the dimerisation of pyridine dimers and later by Kral[2] by the
carbene addition of the easily accessible calix[4]pyrroles. The
bridging of the calixarene occurs at the 2- and 6-positions of
the pyridine, thus the nitrogen is on the lower rim. With the
aim of expanding the cavity of the calixarene by reversible
complexation with suitable organic partner molecules, we
planned to place the functionalisation on the upper rim.


Since unsubstituted pyridine is not sufficiently reactive at
the 3- and 5-positions, activating substituents such as hydroxyl
groups are required. In conclusion, the 2,6-dihydroxypyridine
should be suitable for cyclisation experiments. Its similarity to
resorcinol is evident, but it is also capable of forming
tautomers which may not react as desired. Already in the
sixties, Katritzky and Spinner discussed solvent and substitu-
tion effects on the contributions of the five possible tautomers
of 2,6-dihydroxypyridine, namely 6-hydroxy-2(1H)-pyridi-
none (I) 2,6-dihydroxypyridine (II), 6-hydroxy-2(3 H)-pyridi-
none (III), 6-hydroxy-2(5H)-pyridinone (IV) and 2,6(1H;
3 H)-pyridinedione (V).[3] . They found that the hydroxypyr-


idone I is the predominant tautomer in water, ethanol and
DMSO, while in dioxane the tautomer V is favoured and up to
13 % of the dihydroxypyridine II could be detected. In most
cases, tautomers III and IV appear only in trace amounts, or
could not be detected at all. For that reason, 2,6-dihydroxy-


[a] Prof. Dr. J. Mattay
Organische Chemie I, Fakultät für Chemie, Universität Bielefeld
Postfach 100131, 33501 Bielefeld (Germany)
Fax: (�49) 521-106-6417
E-mail : mattay@uni-bielefeld.de


[b] Dr. T. Gerkensmeier
Institut für Organische Chemie
Christian-Albrechts-Universität zu Kiel
Olshausenstrasse 40, 24116 Kiel (Germany)


[c] Dr. C. Näther
Institut für Anorganische Chemie
Christian-Albrechts-Universität zu Kiel
Olshausenstrasse 40, 24116 Kiel (Germany)


FULL PAPER


Chem. Eur. J. 2001, 7, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0465 $ 17.50+.50/0 465







FULL PAPER J. Mattay et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0466 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 2466


pyridine also features pyrimidine-base mimics. The bases, for
example thymine or uracil, are known to form strong hydro-
gen-bonded complexes with complementary molecules. The
pyridone tautomers may therefore be useful for the prepara-
tion and study of hydrogen-bonded complexes.


In this paper, unless otherwise stated, the term dihydroxy-
pyridine is used for all isomers and substructures, ignoring the
actual distribution of tautomers.


Results and Discussion


First attempts : A common method for the synthesis of
resorc[4]arenes is the condensation of resorcinol and alde-
hydes in aqueous acidic media. Similar reaction conditions
should lead to protonated and, therefore, unreactive 2,6-
dihydroxypyridine. Nevertheless, reactions with electrophiles
such as nitronium, diazonium cations, chlorine, and even b-
ketoesters to yield 8-aza-7-hydroxy-4-alkylcoumarins under
acidic conditions were reported. This is indicative of the fact
that there is sufficient reactivity for electrophilic agents at the
3- and 5-positions.[4] Our first approach using ethanol and
concentrated hydrochloric acid as solvent was not very
successful. Depending on the aldehyde, we obtained amor-
phous and frequently less-soluble, colourless, bright yellow or
orange compounds that quickly decomposed. However, for
the condensation products of the aliphatic aldehydes from
pentanal to dodecanal, the molecular masses of the cyclic
tetramers were found by means of MALDI mass spectrom-
etry. The complex signals in the NMR spectra of the more
apolar and therefore soluble products suggested that a
mixture of different configurational and/or conformational
isomers of the cyclic tetramers were present. As a conse-
quence, the formation of the calixarenes works in principle,
although pure products were not obtained as was the case in
many other calixarene-formation reactions (see Scheme 1 and
Table 1: in the following we use the term octahydroxypyri-
dine[4]arene rather than 5,11,17,23-tetraazaresorc[4]arene in
order to highlight the unique feature of this new type of
calixarene).


2,6-Dihydroxypyridine and 3-methylbutanalÐoctahydroxy-
tetraisobutylpyridine[4]arene : Based on the first promising
results, we tried to force the mechanism of formation by


adjusting the conditions of the thermodynamically controlled
reactions. Therefore, prolonged heating for seven days was
expected to eliminate the thermodynamically less stable
isomers in favour of the rccc isomer, which is expected to be
the thermodynamically more stable cyclic compound. We
attempted to cyclise 3-methylbutanal with dihydroxypyridine
in this way, but isomeric mixtures were still found. The
obtained material revealed only the molecular peak of the
cyclic tetramer in the MALDI spectra, but the NMR spectra
demonstrated that the product still consisted of a mixture of
isomers. The macrocycles are poorly soluble in most organic
solvents except for DMF, DMSO and THF, hence most
nonmacrocyclic impurities can easily be removed by washing
the raw product with ethanol and acetone. The acidic proper-
ties of the amphoteric 2,6-dihydroxypyridines are responsible
for their sensitivity towards bases. Basic solutions of pyri-
dine[4]arenes are quickly oxidised when exposed to air. The
following experiments showed that the separation of the
diastereomers is not easy. For example, crystallisation from
THF/water yielded a crystalline mixture of the same compo-
sition. Also, separation by HPLC on Si-60 silica gel with
mixtures of ethyl acetate and cyclohexane, as well as on RP18-
material with THF and water, failed owing to strong tailing
effects. The raw product was therefore converted into the
benzoyl derivative in order to obtain more apolar compounds
that could then be separated by column chromatography.


Table 1. Survey of the prepared pyridine[4]arenes 1 ± 5, 8 and 9 and methylidenepyridinones 6 and 7. R in both cases denotes the substituent of the aldehyde.


R Compound Isolated yield [%] Notes[a]


2'-methylpropyl rctt-1 4 (2 steps) i), identified as perbenzoylated rctt isomer, X-ray crystal structure
2'-methylpropyl rcct-1 25 (2 steps) i), identified as perbenzoylated rcct isomer
2'-methylpropyl rccc-1 11 (2 steps) i), identified as perbenzoylated rccc isomer, X-ray crystal structure
2'-methylpropyl 2 72 ii), rccc isomer, X-ray crystal structure
n-butyl 3 55 ii)
methyl 4 39 (2 steps) ii), identified as perbenzoylated rccc isomer, X-ray crystal structure
n-undecyl 5 47 ii), rccc isomer
4ÿ -nitrophenyl 8 49 (2 steps) ii), X-ray-crystal-structure of the peracetylated rctt isomer
phenyl 9 25 (2 steps) ii), rccc isomer
2'-thienyl 6 93 i), for the structure see Scheme 7
4'-octyloxyphenyl 7 91 ii), for the structure see Scheme 7


[a] Cyclisation conditions: i) solvent: hydrochloric acid, water, ethanol; reflux. ii) solvent: hydrochloric acid, glycol monoisopropyl ether; reflux. For detailed
information see the Experimental Section.


Scheme 1. Acid-catalyzed synthesis of 4,6,10,12,16,18,22,24-octahydroxy-
2,8,14,20-tetra-R-pyridine[4]arene VI from 2,6-dihydroxypyridine and
aldehydes.
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Three distinct fractions were isolated and identified. The first
fraction contained the rctt isomer 1 (Scheme 2) in 4 % overall
yield and revealed C2h symmetry in the NMR spectra. As
opposed to the NMR spectrum of the rccc isomer with C4v


symmetry, all the observed signals of the rctt isomer are


Scheme 2. 4,6,10,12,16,18,22,24-Octakis(benzoyloxy)-2,8,14,20-tetraisobu-
tylpyridine[4]arene (rctt-1) and a schematic representation of the rctt
isomer in its chair-conformation (benzoyloxy substituents, hydrogen atoms,
except for methine protons, and double bonds are omitted for clarity).


doubled except for signals for the diarylmethine protons.
Instead of the triplet, a doublet of doublets is observed, a
consequence of the different chemical environments of the
neighbouring protons of the methylene moiety. Suitable
crystals for X-ray analysis were grown by the slow evapo-
ration of chloroform/ethanol and the structural assignment
was confirmed (Figure 1).


The third fraction of 1 contained the rccc isomer
(Scheme 3) isolated in 12 % overall yield. Coalescence effects
broaden all the signals in the 1H NMR spectrum, and even the


Figure 1. Top (above) and side view (below) of the X-ray crystal-structure
of rctt-4,6,10,12,16,18,22,24-octakis(benzoyloxy)-2,8,14,20-tetraisobutyl-
pyridine[4]arene (1).


Scheme 3. Schematic representation of rccc-2,8,14,20-tetraisobutylpyri-
dine[4]arene 1 (the benzoyloxy substituents in the 4,6,10,12,16,18,22,24-
positions and the hydrogen atoms are omitted, and double bonds are not
displayed).


13C NMR spectrum shows broad resonances for the pyridine
carbon atoms, while all the other carbon atoms are well
resolved. However, the C4v symmetry is clearly exhibited in
high-temperature measurements at 80 8C. The exact mass
determination gave satisfactory results. Crystals were grown
from chloroform and ethanol, but the quality was too low for a
crystal-structure determination.


The main product was found in the second fraction in 25 %
overall yield. Owing to tailing effects of the previous fraction,
its isolation required a second purification step by column
chromatography. By comparison to the other isomers of the
perbenzoylated tetraisobutylpyridine[4]arenes, mass spectro-
metric analysis also showed the formation of the perbenzo-
ylated macrocycle. On the other hand, the multiplicities of all
the resonances observed in the 1H and 13C NMR spectra are
quite complicated. The exact assignment of all resonances has
not been achieved, but the important features are discussed.
The benzoyloxy substituents are the most complicated
moieties, since numerous signals are hidden in overlapping
bands. Ten carbon signals are observed for the pyridine
systems, indicating that two groups are chemically equivalent
at a time. Two-dimensional HSQC and HMBC 1H,13C-
coupling experiments revealed that these pyridine groups
are adjacent. The isobutyl substituents show equal signal
patterns for each hydrogen and carbon atom, all in a 2:1:1
ratio. This symmetry is in accordance with the rcct isomer of 1
(Scheme 4) and allows two residues to be chemically equiv-
alent. Furthermore, the two equal isobutyl moieties bear
distinguishable methyl groups and methylene hydrogens.
These properties can only be possessed by a rcct-configured
calixarene that features a molecular conformation with


Scheme 4. Schematic representation of rcct-tetraisobutylpyridine[4]arene
1 (benzoyloxy moieties are omitted and the hydrogen atoms, except for the
methine protons, and double bonds are not displayed for clarity). The
symmetry plane is shown as a dotted line.
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a symmetry plane perpendicular to the calixarene plane which
crosses the two chemically different isobutyl groups (Scheme 4).


Interestingly, resorc[4]arenes usually do not tend to form
this isomer in large quantities, althought exceptions to the rule
are known.[5] Since it is not the thermodynamically most
stable compound, prolonged heating of the reaction mixture
at higher temperatures should lead to better yields of the rccc
isomer. Glycol monoisopropyl ether has been explored for the
cyclisation, because it dissolves the reagents, is quite stable to
high concentrations of hydrochloric acid and allows the
reaction mixture to reach a temperature of about 145 8C. In
addition, the desired product should be insoluble in this
solvent. In fact, heating a mixture of 2,6-dihydroxypyridine
hydrochloride and 3-methylbutanal in glycol monoisopropyl
ether and hydrochloric acid for 7 ± 10 days produced the rccc
isomer 2 in a moderate yield. In some cases, the 1H NMR
spectra showed traces of configurational isomers or tauto-
mers. Recrystallisation from THF and water gave single
crystals suitable for X-ray crystallography (Figure 2). In


Figure 2. X-ray crystal structure of rccc-4,6,10,12,16,18,22,24-octahydroxy-
2,8,14,20-tetraisobutylpyridine[4]arene (2) and its head-to-head dimer.


contrast to many rccc-resorc[4]arenes which favour the boat
conformation, the pyridine[4]arene has a perfect cone con-
formation. Unlike the benzoyloxypyridine[4]arenes 1, the
octahydroxypyridine[4]arene 2 does not show the typical


pyridine geometry: The CÿNÿC angle of the octahydroxypyr-
idine group is 120.68, whereas in the benzoyloxypyridine
moiety it is 115.88 ; The CÿN bond lengths are 136 pm and
132 pm. This may be explained by the influence of the
pyridone tautomer. The analysis also shows the formation of a
calixarene dimer. Two calixarenes are orientated upper rim to
upper rim, establishing 12 hydrogen bonds. The two pyri-
dine[4]arenes are twisted about 308 along the z axis to
optimise the strength of the hydrogen bonding. The dimer
does not appear to be very stable. Neither MALDI mass
spectrometry nor vapour-pressure osmometry in THF at 30 8C
supports the existence of the dimeric container rather than the
monomeric molecules.


In general, self-assembling systems have attracted much
attention in recent years[6] and specially modified calixarenes
have been prepared to explore their aggregation behaviour.[7]


Similar to our results (Figure 2) mostly dimer formations were
observed,[7b,c, 8] but occasionally large hexameric aggregates
were also found both in the solid state and in solution.[9] This
structure is another example of calixarene dimers, which may
have potential in the controlled formation of dimeric molec-
ular containers.


2,6-Dihydroxypyridine and n-alkanalsÐfurther examples of
octahydroxypyridine[4]arenes : n-Pentanal also yielded the
rccc-configured octahydroxypyridine[4]arene 3 (Scheme 5)


Scheme 5. Schematic representation of rccc isomer of pyridine[4]arene 3
obtained from the acidic condensation of 2,6-dihydroxypyridine and n-
pentanal. Double bonds, hydroxy and acetoxy groups, as well as hydrogen
atoms, except for methine protons, are omitted.


under comparable conditions. There was a small amount of
configurational isomers or tautomers present, indicated by
two additional small signals in the aromatic region of the
1H NMR spectrum, and by another triplet for the methine
proton. These signals could be diminished by the addition of
trifluoroacetic acid (TFA) or by heating. This pyridine[4]ar-
ene crystallised as needles from hot DMSO and is the most
polar yet soluble calixarene that we explored. Aldehydes with
shorter alkyl chains led to insoluble materials. In order to
check the formation of rccc isomers in the case of unsub-
stituted or short-chain alkanals, the same procedure was first
applied to formaldehyde and ethanal as described above for
the synthesis of the more soluble perbenzoylated octahydroxy-
pyridine[4]arene 1. Attempts with formaldehyde gave rise to
an insoluble, amorphous, colourless powder that could not be
analyzed by means of NMR spectroscopy or by MALDI mass
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spectrometry. The raw product of the cyclisation step with
ethanal was perbenzoylated and crystallised from chloroform/
ethanol. The colourless, crystalline substance showed the mass
of the expected benzoylated cyclic tetramer 4. The NMR
spectra were complicated by coalescence effects both in 1H
and 13C NMR measurements, similar to those found with
compound rccc-1. High-temperature 1H NMR spectroscopy
confirmed the rccc-configuration of 4 and the crystal-structure
analysis was the final proof (Figure 3).


Figure 3. Top (above) and side view (below) of the X-ray crystal structure
of rccc-4,6,10,12,16,18,22,24-octakis(benzoyloxy)-2,8,14,20-tetramethylpyr-
idine[4]arene (4).


The applicability of the cy-
clisation procedure in glycol
monoisopropyl ether was also
examined for very apolar long-
chain aldehydes. n-Dodecanal
yielded a waxlike clot of con-
densation products. Trituration
with acetone and crystallisation
of the remaining solid from
chloroform and ethanol yielded
a pale yellow, crystalline solid
in 47 % yield. Spectroscopic
data showed the formation
of the rccc-octahydroxytetra-
undecylpyridine[4]arene 5
(Scheme 6). The 13C NMR
spectrum revealed interesting
details about the tautomers ex-


isting in solution. Altogether eight aromatic signals were
recorded in chloroform. Three were hardly detectable, and
five main peaks of large intensity were observed. Considering
Spinner�s and Katritzky�s work,[3] the symmetry and the
chemical shifts of the spectrum, it seemed reasonable to assign
the five main peaks to the pyridone tautomer. The decreased
symmetry of the pyridone had no effect on the aliphatic
region, which is crowded with overlapping resonances.
Although it is difficult to assign all the individual signals,
the terminal ethyl and the methine moiety can easily be
identified. These resonances are singlets, indicating that the
molecule retains the C4 symmetry evidently caused by the fast
interchange of pyridone-pyridol tautomers and by their
orientation. The three small peaks probably belong to the
pyridinediol tautomer. The intensity of these resonances
increases on addition of trifluoroacetic acid to a solution of 5
in chloroform, and in very polar solvents such as [D6]DMSO
the pyridol bands are dominant. A similar effect can be
observed in the 1H NMR spectra. Shoulders or additional
peaks of low intensity can be found around the aromatic and
the methine signals, especially in apolar solvents such as
chloroform and tetrachloroethane. However, they decrease in
intensity or even disappear upon heating and addition of acid.


2,6-Dihydroxypyridine and aromatic aldehydesÐscope and
limitation : Aromatic aldehydes were also employed in the
condensation process. Depending on the nature of the
aldehyde, colourless, yellow or even orange materials were
obtained. These compounds were nearly insoluble in all
common solvents (even in DMSO and DMF) and decom-
posed within hours or days. 4-Cyano-, 4-methyl- and 4-acet-
amidobenzaldehyde and 2-, 3- and 4-pyridinecarboxaldehyde
were subjected to the cyclisation procedure, but no proof for
the formation of cyclic tetramers was found. 4-Octyloxyben-
zaldehyde and thiophene-2-carboxaldehyde were exceptions,
since they led to bright yellow, stable precipitates that were
isolated and fully characterised as products 6 and 7, respec-
tively (Scheme 7). The analysis showed, that the main


Scheme 7. Condensation of 2,6-dihydroxypyridine with electron-rich ar-
omatic aldehydes and formation of quinoid pyridone structures.


products of the reactions contained two methylidenepyridi-
none substructures, which are remarkably stable considering
the harsh conditions of their formation. The reason for this
unexpected stability could result from the comparably elec-
tron-rich alkyloxyphenyl or thiophene substituent. The E


Scheme 6. Schematic repre-
sentation of rccc isomers of
pyridine[4]arene 5 obtained
from the acidic condensation
of 2,6-dihydroxypyridine and n-
dodecanal. Double bonds, hy-
droxy and acetoxy groups, as
well as hydrogen atoms, except
for methine protons, are omit-
ted.
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configuration of the methide structure was confirmed by
NOESY experiments. The orientation of the double bonds in
the pyridinone system and the position of the hydroxyl groups
cannot be deduced from the present analytical data.


Attempts to crystallise both compounds were not success-
ful. In the case of 6, the structure appears to be unstable. Upon
heating in DMF or DMSO, a number of new, unassigned, well-
resolved resonances appeared in the 1H NMR spectrum at
d� 11.43, 11.46, 8.14, 8.13, 8.11, 7.99, 7.82, 7.80, 7.54, 7.57, 7.29,
7.26, 7.24, 7.11 and 7.02, all in a 1:1 ratio, while the other signals
of 6 decreased. Similar effects were observed on addition of
TFA. This process was not visible in the mass spectra, because
only the mass of the parent condensate 6 was found. Storage
of the compound for days under vacuum reversed this effect.
These results suggest, that the observed ªdecompositionº
might be a reversible rearrangement. Although the deep
colour suggests the presence of quinoid moieties, a structure
comparable with 6 or 7 does not apply to the other
condensation products of aromatic aldehydes and 2,6-dihy-
droxypyridine. Neither mass spectrometry nor 1H NMR
spectroscopy could confirm the dimeric methylidenepyridone
or the calixarene structures. When the more reactive 4-nitro-
benzaldehyde was used in the cyclisation reaction, glistening,
pale yellow leaves of low solubility were obtained. In order to
improve the solubility in apolar media, peracetylation was
performed. The product of this reaction (compound 8) was
sufficiently soluble to complete the characterisation, and
single crystals were isolated from chloroform which were
subjected to X-ray analysis. In accordance with NMR
spectroscopic and mass spectrometric data, 8 was found to
be the peracetylated cyclic calixarene tetramer of the
condensation of 2,6-dihydroxypyridine and 4-nitrobenzalde-
hyde. Similar to resorc[4]arenes, the rctt isomer adopts a chair
conformation (Figure 4).


The reaction of benzaldehyde led to a brown, insoluble
precipitate under cyclisation conditions. Acetylation afforded
an insoluble residue as the main product, which decomposed
upon heating in DMSO to give a blue solution and some
chloroform-soluble, colourless, crystalline material, which was
fully characterised. The spectra showed that the peracetylated
rccc isomer of the tetraphenylpyridine[4]arene 9 (Scheme 8)


was obtained in 25 % overall
yield. This is quite unusual,
since aromatic aldehydes prefer
to form the rctt configuration
with C2h symmetry.


General features : The pyri-
dine[4]arenes are generally
crystalline, stable compounds
at room temperature, sensitive
only to bases and to exposure to
direct sunlight. Since the calix-
arenes are probably isolated as
hydrochlorides from the reac-
tion mixture, their solubility in
organic solvents, except for
DMF and DMSO, is mostly
low. Long-chain aldehydes led


Figure 4. Top (above) and side view (below) of the X-ray crystal structure
of rctt-4,6,10,12,16,18,22,24-octakis(acetoxy)-2,8,14,20-(p-nitrophenyl)pyr-
idine[4]arene (8).


to pyridine[4]arenes soluble in chloroform and other apolar
media. When dried under vacuum for days, the solubility and
the NMR spectra changed, probably owing to the loss of
hydrochloric acid and a to change in the distribution of
tautomeric structures. The use of DMSO as solvent favoured
the pyridol tautomer, which may exist in a protonated or
unprotonated state, while apolar pyridinarenes favoured the
pyridone tautomer in chloroform. Elemental analyses were
also performed, but as is the case with many other calixarenes,
the pyridine[4]arenes presented here did not easily crystallise
solvent-free.


The most important feature of these calixarenes may be
their ability to form aggregates and complexes. We are
currently pursuing the ability of the pyridine[4]arenes to bind
metal cations and anions. Earlier attempts with strongly
hydrogen-bonded complexes were performed with comple-
mentary molecules. Our first choice was 2,6-diaminopyridine.
When hot solutions of 5 and 2,6-diaminopyridine in toluene
were mixed, an instant precipitation of a colourless, amor-
phous substance was observed. This compound may be a
complex, but the nature of the binding is yet unknown, since it
was insoluble and unstable and turned into a black solid upon
storage over a few hours. In order to keep the complex in
solution, more apolar and soluble complexation partners


Scheme 8. Schematic repre-
sentation of the rccc isomer of
pyridine[4]arene 9 obtained
from the acidic condensation
of 2,6-dihydroxypyridine and
benzaldehyde. Double bonds,
hydroxy and acetoxy groups,
as well as hydrogen atoms, ex-
cept for methine protons, are
omitted.
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should be applied. Among these are Reinhoudt�s diamino-
diazinecalix[4]arenes, [8e, f] 2-aminonaphthyridines, guanines,
melamine derivatives and many others. These topics are still


under investigation, but pre-
liminary results have already
been achieved.


In the case of 10, a mixture
with 5 in hot toluene yielded a
clear, viscous solution upon
cooling to 5 8C. An important
feature of this gel was its de-
pendence on the ratio of the
complex partners. Rheologic


experiments revealed a thixotropic behaviour, and freeze-
fracture transmission electron microscopy will be applied to
this system and the results will be published soon.[10]


Conclusion


These results open a pathway to a new type of calixarene
based on the acidic condensation of 2,6-dihydroxypyridine
and aldehydes. The reactivity of 2,6-dihydroxypyridine is
lower than that of resorcinol or 2-hydroxyresorcinol, so
harsher conditions must be applied, but the cyclisation
reactions are, in principle, comparable. Mixtures of configura-
tional isomers of cyclic tetramers were found, unless the
conditions favoured the thermodynamically stable rccc iso-
mer by prolonged heating at elevated temperatures. Aliphatic
aldehydes were converted into the rccc-shaped calixarenes.
Aromatic aldehydes were less suitable for the cyclisation.
Unstable, coloured compounds were frequently obtained. In
the case of the less reactive 4-octyloxybenzaldehyde and
thiophene carboxaldehyde a bright yellow product was
isolated and identified as methylidenepyridinones 6 and 7,
respectively, which were quite stable. When the reactive
4-nitrobenzaldehyde was used, a rctt-configured, nearly
insoluble calixarene isomer was found. Benzaldehyde yielded
the rccc isomer as well as some less soluble materials. The
calixarenes derived from aromatic aldehydes are even less
soluble than their aliphatic relatives, therefore derivatisation
is necessary in order to perform analyses and for further
utilisation. The ability of the dihydroxypyridines to form
tautomers depends on the solvent, the temperature and
acidity of the medium, as well as on their amphoteric
properties. The identification was therefore complicated since
they were monitored by NMR spectroscopic techniques.
Further functionalisation and the use of the tautomerism of
2,6-dihydroxypyridine derivatives may offer a route to
strongly hydrogen-bonded complexes with a view to larger
defined aggregates. One example was inadvertently found in
the X-ray crystal structure of the octahydroxytetraisobutyl-
pyridine[4]arene 2. This is a further molecular container based
on calixarenes. We are currently studying the complexation
behaviour of these octahydroxypyridine[4]arenes, which may
lead to new materials of interesting macroscopic properties.


Experimental Section


General : All solvents used were of p.a. quality or were purified by
distillation. Chloroform was distilled over CaCl2, and THF over LiAlH4.
All melting points were determined on a Büchi B-540 and are uncorrected.
The 1H NMR spectra were measured on a Bruker AC 200 (200.13 MHz) or
an ARX 300 (300.13 Mhz) spectrometer, and the 13C NMR on a Bruker
AC 200 (50.32 MHz), an ARX 300 (75.47 MHz) or a DRX 500
(125.77 Mhz) spectrometer. MALDI-TOF spectra were recorded on a
Lazarus III DE by Dr. H. Luftmann, University of Münster, ionisation by
N2-Laser 337 nm, 3 ns pulse, 16 kV, 1 m flight-distance. ESI-MS was
performed on a Finnigan TSQ 7000 triple-quadrupole tandem mass
spectrometer with electron-spray ionisation. Exact mass determination
was measured on a Bruker FTMS 4.7T BioApexII and on a Finnigan
MAT 8200. UV measurements were conducted on a Perkin ± Elmer
Lambda14 spectrometer and IR spectra were recorded on a Perkin ±
Elmer Paragon1000 FT-IR (s� strong, m�medium, w�weak, br�
broad) spectrometer. Merck Si-60 DC plates were used for TLC experi-
ments. 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-143792
(Compound 1), CCDC-143791 (Compound 2), CCDC-143790 (Compound
4) and CCDC-143793 (Compound 8). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Preparation of rctt-1, rccc-1 and rcct-1: A solution of 2,6-dihydroxypyridine
hydrochloride (6.00 g, 40.8 mmol) in ethanol (30 mL), water (30 mL) and
hydrochloric acid (conc., 15 mL) was added dropwise to 3-methyl-1-
butanal (3.51 g, 4.38 mL, 40.8 mmol) at RT under argon. After addition of
the aldehyde, the mixture was heated at reflux for 5 d. The reaction was
cooled to RT, the colourless precipitate was separated, washed with ethanol
and acetone, and dried under vacuum. The remaining solid (6.70 g, 92%)
was a colourless powder, which was soluble in DMF, DMSO, and THF, and
consisted of at least three diastereomers. MALDI-TOF-MS (matrix a-
cyano-4-hydroxycinnamic acid, cations): m/z: 717 [M]� ; 739 [M�Na]� . The
mixture of diastereomers (1.50 g, 2.09 mmol) was heated at reflux for 3 h in
benzoyl chloride (10 mL) and pyridine (3 mL), and then cautiously
hydrolysed with water at RT. The precipitated benzoic acid was removed
by washing with hot water. The residue was collected on a Buchner funnel,
washed with ethanol and dried under vacuum. The reaction yielded the
perbenzoylated raw product (2.70 g, 89 %) as a grey powder, which was
soluble in chloroform. Absorption on silica gel Si-60 and elution with
cyclohexane/ethyl acetate (4:1) gave three fractions.


Fraction 1: rctt-4,6,10,12,16,18,22,24-octakis(benzoyloxy)-2,8,14,20-tetra-
isobutylpyridine[4]arene (rctt-1): The compound was recrystallised from
chloroform/ethanol. Slow evaporation yielded single crystals (120 mg, 4%)
suitable for X-ray crystal structure analysis. Rf� 0.48 (cyclohexane/ethyl
acetate 4:1); m.p. 311 ± 312 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d� 0.60
(d, 3J� 6.5 Hz, 12H; CH3), 0.89 (d, 3J� 6.5 Hz, 12 H; CH3), 1.46 (br m, 4H;
CH2CH(CH3)2), 1.55 ± 1.67 (m, 8 H; CH2), 4.56 (dd, 3J� 12, 3 Hz, 4H;
(Ar)2CH), 6.81 (s, 2H; CHpyridine), 7.34 (br t, 8H; CHar,meta), 7.54 (br m, 12H;
CHar,meta,para), 7.65 (m, 4H; CHar, para), 7.73 (dd, 3J� 8.4, 1.3 Hz, 8H;
CHar,ortho), 8.04 (dd, 3J� 7.7, 1.4 Hz, 8 H; CHar,ortho), 8.08 (s, 2 H; CHpyridine);
13C NMR (75 MHz, CDCl3, 25 8C): d� 20.81 (CH3), 23.8 (CH3), 25.78
(CH3CHCH3), 35.47 (CH(CH3)2), 42.99 (CH2), 126.39 (Cpyridine,meta), 128.25
(Cpyridine,meta), 128.37 (CHphenyl,meta), 128.60 (CC�O), 128.64 (CHphenyl,meta),
130.17 (CHphenyl,ortho), 130.31 (CC�O), 130.57 (CHphenyl,ortho), 133.74
(CHphenyl,para), 134.09 (CHphenyl,para), 138.57 (CHpyridine), 140.35 (CHpyridine),
152.17 (NCO), 154.95 (NCO), 163.84 (C�O), 164.35 (C�O); UV/Vis
(CH2Cl2, 8.8� 10ÿ6 mol Lÿ1): lmax (log(Io/I))� 232 (1.143), 271 nm (0.430);
IR: nÄ � 3448 (br s, NÿH), 3078 (w, CHar), 2957 (m, CH), 1749 (s, C�O), 1583
(m, C�C), 1452 (m), 1432 (m), 1238 (s), 1216 (s, CÿO), 1175 (m), 1154 (m),
1127 (w), 1084 (s, CÿO), 1052 (s), 1023 (m), 704 cmÿ1 (s, CHar,monosubst) ;
MALDI-TOF-MS (matrix 2,5-dihydroxybenzoic acid, cations): m/z : 1550
[M]� , 1572 [M�Na]� , 1588 [M�K]� ; exact mass calcd for C96H85N4O16:
1549.5961; found 1549.5952. X-ray crystal-structure analysis (rctt-1):
formula C96H84N4O16 ´ 4CHCl3 ´ 0.5C2H5OH, a� 13.003(1), b� 13.473(1),
c� 17.150 (1) �, a� 67.19 (1), b� 87.58 (1), g� 66.44 (1)8, V�
2516.0(4) �3, T� 180 K, 1calcd� 1.353 gcmÿ3, m� 0.4 mmÿ1, triclinic, space
group P1Å (No. 2), Z� 1, STOE imaging plate diffraction system, l(MoKa)�
0.71073 �, 19698 measured reflections in the range of 48� 2W� 488, 7476
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independent reflections used for refinement and 5739 reflections with I�
2s(I). Structure solution was performed using SHELXS-86. Structure
refinement against F 2 using SHELXL-93. 623 refined parameters, R for all
reflections with I� 2s(I)� 0.0797, wR2 for all reflections� 0.2488, GoF�
1.047, residual electron density: 0.58/ÿ 0.97 e �ÿ3, All non-hydrogen atoms
were refined by using anisotropic displacement parameters. The hydrogen
atoms were positioned with idealised geometry and refined with isotropic
displacement parameters by using the riding model. The solvent molecules
are disordered and were refined using a split model.


Fraction 2: rcct-4,6,10,12,16,18,22,24-octakis(benzoyloxy)-2,8,14,20-tetra-
isobutylpyridine[4]arene (rcct-1): The compound was purified twice by
chromatography and recrystallised from chloroform/ethanol. Yield: 740 mg
(25 %); Rf� 0.42 (cyclohexane/ethylacetate 4:1); m.p. 204 ± 208 8C;
1H NMR (500 MHz, CDCl3, 25 8C): d� 0.73 (d, 3J� 6.7 Hz, 6H; CH3),
0.74 (d, 3J� 6.7 Hz, 6 H; CH3), 0.84 (d, 3J� 6.6 Hz, 6 H; CH3), 0.89 (d, 3J�
6.7 Hz, 6H; CH3), 1.45 (m, 1 H; (CH3)2CH), 1.50 (m, 1H; (CH3)2CH), 1.62
(m, 2 H; (CH3)2CH), 1.66 (t, 3J� 7.2 Hz, 2H; CH2), 1.94 (ddd, 2J� 14.4 Hz,
3J� 5.8, 8.5 Hz, 2 H; CH2), 2.04 (ddd, 2J� 15.2 Hz, 3J� 5.1, 9.8 Hz, 2H;
CH2), 2.05 (dd, 3J� 8.5 Hz, 8.6 Hz, 2 H; CH2), 4.46 (dd, 3J� 7.7, 7.7 Hz, 1H;
Ar2CH), 4.49 (dd, 3J� 5.9 Hz, 9.6 Hz, 2 H; Ar2CH), 4.70 (t, 3J� 8.0 Hz, 1H;
Ar2CH), 7.21 (s, 2H; CHpyridine), 7.27, 7.32, 7.52, 7.52, 7.55, 7.64, 7.77, 7.83, 7.84,
8.10 (m, 40 H; CHbenzoyl), 8.18 (s, 2 H; CHpyridine); 13C NMR (500 MHz,
CDCl3, 25 8C): d� 21.85 (CH3), 22.31 (CH3), 22.32 (CH3), 22.90 (CH3),
25.61 (CH3CH), 25.81 (CH3CH), 25.92 (CH3CH), 33.47 (Ar2CH), 34.55
(Ar2CH), 37.04 (Ar2CH), 43.43 (CH2), 43.44 (CH2), 44.39 (CH2), 128.46,
128.49, 128.50, 128.66 (CHphenyl,meta), 130.22, 130.39, 130.45, 130.66
(CHphenyl,meta), 133.07, 133.71, 133.71, 134.02 (CHphenyl,para), 164.10, 164.18,
164.53, 164.57 (C�O); UV/Vis (CH2Cl2, 1.2� 10ÿ5 mol Lÿ1): lmax (log(Io/
I))� 235 (1.46), 272 nm (0.470); IR: nÄ � 3448 (br s, NÿH), 3063 (w, CHar),
2956 (m, CH), 2868 (m, CH), 1748 (s, C�O), 1600 (m, C�C), 1582 (m, C�C),
1492 (w), 1452 (m), 1433 (m), 1387 (w), 1368 (w), 1238 (s), 1217 (s, CÿO),
1176 (m), 1154 (m), 1128 (w), 1081 (s, CÿO), 1050 (s), 1022 (m), 865 (w), 796
(w), 704 cmÿ1 (s, CHar,monosubst); MALDI-TOF-MS (matrix 2,5-dihydroxy-
benzoic acid, cations): m/z : 1550 [M]� , 1572 [M�Na]� ; exact mass calcd for
C96H85N4O16: 1549.5961; found 1549.5957.


Fraction 3: rccc-4,6,10,12,16,18,22,24-octakis(benzoyloxy)-2,8,14,20-tetra-
isobutylpyridine[4]arene (rccc-1): As for the compounds isolated from
fractions 1 and 2, compound rccc-1 was crystallised from chloroform/
ethanol. Crystals were obtained in this way (340 mg, 11%), but gave poor
results in the X-ray crystal structure determination. Rf� 0.35 (cyclohexane/
ethyl acetate 4:1); m.p. 350 ± 352 8C (chloroform/ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 0.60 ± 0.95 (br, 24H; CH3), 1.30 ± 2.30(br,
12H; CH2CH(CH3)2), 4.56 (t, 3J� 7.4 Hz, 4 H; (Ar)2CH), 7.25 ± 8.10 (br m,
11H; CHaromatic) ; 1H NMR (200 MHz, CD2Cl4, 70 8C): d� 0.85 (d, 3J�
6.4 Hz, 24H; CH3), 1.61 (m, 4H; CH(CH3)2), 1.99 (t, 3J� 6.7 Hz, CH2),
4.62 (t, 3J� 7.4 Hz, (Ar)2CH), 7.43 (t, 3J� 7.5 Hz, 16H; CHphenyl,meta), 7.53 (s,
4H; CHpyridine), 7.64 (t, 3J� 7.4 Hz, CHphenyl,para), 7.90 (d, 3J� 7.3 Hz, 16H;
CHphenyl,ortho); 13C NMR (75 MHz, CDCl3, 25 8C): d� 164.0 (C�O), �153
(br, NCO), �138 (br, CHpyridine), 133.8 (CHphenyl,meta), �132 (br, Cpyridine,meta),
130.6 (CHphenyl,para), 128.2 (Cphenyl,q , CHphenyl,ortho), 43.4 (Ar2CH), 34.9 (CH2),
26.9 (CH(CH3)2), 25.8 (CH3); UV/Vis (CH2Cl2, 9.0� 10ÿ5 mol Lÿ1): lmax


(log(Io/I))� 233 (1.50), 271 nm (0.433); IR: nÄ � 3448 (br s, N�ÿH), 3076 (w,
CHar), 2957 (m, CH), 1749 (s, C�O), 1583 (m, C�C), 1452 (m), 1432 (m),
1238 (s), 1216 (s, CÿO), 1175 (m), 1154 (m), 1127 (w), 1085 (s, CÿO), 1052
(s), 1023 (m), 704 cmÿ1 (s, CHar,monosubst) ; MALDI-TOF-MS (matrix 2,5-
dihydroxybenzoic acid, cations): m/z : 1550 [M]� , 1572 [M�Na]� ; 1588
[M�K]� ; exact mass calcd for C96H85N4O16: 1549.5961; found 1549.5954.
710 mg were collected as mixed fractions of rctt-1 and rcct-1 and rcct-1 and
rccc-1, both containing predominantly rcct-1.


Preparation of rccc-4,6,10,12,16,18,22,24-octahydroxy-2,8,14,20-tetraisobu-
tylpyridine[4]arene (2): 3-Methyl-1-butanal (5.85 g, 7.30 mL, 68.0 mmol)
was added dropwise to a solution of 2,6-dihydroxypyridine hydrochloride
(10.0 g, 68.0 mmol) in glycol monoisopropyl ether (50 mL) and hydro-
chloric acid (conc., 25 mL). The reaction mixture was heated at reflux for
10 d under argon. After 20 h, the product began to precipitate. After
cooling to RT, the precipitate was filtered off, washed with water, ethanol
and acetone, and dried under vacuum. The raw material yielded a yellowish
powder (11 g) which could be crystallised from THF/acetone to give a
crystalline colourless powder. One batch of the product was dissolved in
THF/water and allowed to evaporate slowly over a period of one week to
give some single crystals for X-ray crystal structure analysis. Another


sample was benzoylated and the product gave the same analytical data as
fraction 3 of the preceding experiment containing rccc-2. Yield: 8.90 g
(72 %); m.p. 243 ± 245 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d� 0.96 (d,
3J� 6.5 Hz, 24H; CH3), 1.44 (m, 12H; CH(CH3)2), 2.05 (t, 3J� 7.0 Hz, 8H;
CH2), 4.13 (t, 3J� 7.8 Hz, (Ar)2CH), 7.61 (s, 4H; CHaromatic), 12.6 (br, 1H;
OH); 13C NMR (75 MHz, CDCl3, 25 8C): d� 158.3 (NCO), 136.8
(CHpyridine), 116.7 (Cpyridine,meta), 67.0, 30.9 (Ar2CH), 25.9 (CH2), 25.1, 22.5
(CH3); UV/Vis (CH2Cl2, 9.0� 10ÿ5 mol Lÿ1): lmax (log(Io/I))� 341 (0.72),
244 nm (0.20); IR: nÄ � 3440 (br m, NÿH, OÿH), 2955 (m, CH), 1632 (s,
C�O), 1586 (s, C�C), 1466 (m), 1367 (w), 1297 (m), 1209 (w), 870 (br m),
606 (w), 533 cmÿ1 (w); MALDI-TOF-MS (matrix 2,5-dihydroxybenzoic
acid, cations): m/z : 717 [M]� , 738 [M�Na]� ; exact mass calcd for
C40H53N4O8: 717.38634; found 717.38578. X-ray crystal-structure analysis
of 2 : formula C40H52N4O8 ´ (CH3)2CO ´ 1.5 (CH2)4O, a� 22.197(2), b�
15.790(1), c� 28.780(3) �, b� 106.79(1)8, V� 9657(2) �3, T� 180 K,
1calcd� 1.215 g cmÿ3, m� 0.09 mmÿ1, monoclinic, space group P21/c
(No. 14), Z� 8, STOE imaging plate diffraction system, l(MoKa)�
0.71073 �), 41 983 measured reflections in the range of 48� 2q� 458,
12150 independent reflections used for refinement and 9500 reflections
with I� 2s(I). Structure solution was performed using SHELXS-86.
Structure refinement against F 2 using SHELXL-93. 1151 refined param-
eters, R for all reflections with I� 2s(I)� 0.0840, wR2 for all reflections�
0.2514, GoF� 1.054, residual electron density: 0.62/0.45 e �ÿ3. All non-
hydrogen atoms, except some of the atoms of the solvent molecules, were
refined by using anisotropic displacement parameters. The hydrogen atoms
were positioned with idealised geometry and refined with isotropic
displacement parameters by using the riding model. Some of the isopropyl
groups and some of the solvent molecules are disordered and were refined
with isotropic displacement parameters using a split model.


Synthesis of rccc-4,6,10,12,16,18,22,24-octahydroxy-2,8,14,20-tetra-n-butyl-
pyridine[4]arene (3): 2,6-Dihydroxypyridine (2.00 g, 13.6 mmol) in glycol
monoisopropyl ether (10 mL) and hydrochloric acid (conc., 5 mL) was
added dropwise to distilled n-pentanal (1.17 g, 1.45 mL, 13.6 mmol) and
heated at reflux under argon for 7 d. The product began to precipitate after
24 h. After cooling to RT, the oily side-products were dissolved in acetone
(50 mL). The remaining solid was filtered off, washed with acetone and
recrystallised from DMSO to give pale yellow, glistening needles (1.35 g,
55%). M.p. 250 ± 252 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d� 0.89 (t,
3J� 7.19 Hz, 12 H; CH3), 1.1 ± 1.5 (m, 16H; CH2), 2.1 ± 2.35 (m, 8H;
CHCH2), 3.99 (t, 3J� 7.36 Hz, 4 H; CHmethine), 7.61 (s, 4 H; CHpyridine), 12.5
(br s, 4H; NH); 13C NMR (75 MHz, CDCl3, 25 8C): d� 14.1 (CH3), 22.1
(CH2CH3), 29.1 (CH2CH2CH2), 29.9 ((CH3)2CH), 33.0 (Ar2CH), 56.5, 116.5
(Cmeta), 136.5 (CHpyridine), 158.3 (COH); MALDI-TOF-MS (matrix 2,5-
dihydroxybenzoic acid, cations): m/z : 718 [M�H]� , 740 [M�Na]� ; exact
mass: calcd for C40H53N4O8: 717.3864; found 717.3858; elemental analysis
calcd (%) for C40H52N4O8 ´ 1DMSO: C 63.37, H 7.47, N 7.04; found C 62.65,
H 7.42, N 6.74.


Preparation of rccc-4,6,10,12,16,18,22,24-octakis(benzoyloxy)-2,8,14,20-
tetramethylpyridine[4]arene (4): A suspension of 2,6-dihydroxypyridine
(2.00 g, 13.6 mmol) in glycol monoisopropyl ether (10 mL) and hydro-
chloric acid (5 mL) was mixed with distilled ethanal (0.600 g, 0.760 mL) and
heated at 50 8C for 5 h and then at reflux for 7 d under argon. (The
apparatus was closed with a balloon to avoid losses of the aldehyde). Within
20 h, a colourless precipitate formed. After cooling to RT, the solid was
collected and washed with acetone to leave a colourless powder of low
solubility (1.01 g, 54%). M.p. 282 ± 284 8C. A sample of the raw material
(1.00 g, 1.82 mmol), benzoyl chloride (10 mL) and distilled pyridine (2 mL)
were heated at reflux for 2 h. After cooling to RT, water (40 mL) was added
and the mixture was stirred until the organic layer had dissolved. The solid
was separated and triturated three times with hot ethanol (20 mL). The
residue was dried and recrystallised from chloroform/ethanol to yield
colourless, crystalline plates (1.68 g, 39%), which were soluble in THF,
acetone and chloroform and insoluble in ethanol and cyclohexane. M.p.
400 8C (decomp); 1H NMR (500 MHz, CDCl3, 25 8C): d� 8.30 ± 7.25 (br,
44H; Har.), 4.54 (q, 3J� 7.1 Hz, 4 H; CHCH3), 1.70 (d, 3J� 7.4 Hz, 12H;
CH3); 1H NMR (200 MHz, DMSO, 80 8C): d� 1.78 (d, 3J� 7.2 Hz, 12H;
CH3), 4.45 (q, 3J� 7.2 Hz, 16H; CHCH3), 7.53 (t, 3J� 7.2 Hz, 8 H;
CHphenyl,meta), 7.65 ± 7.85 (m, 24H; CHphenyl,ortho,para), 7.94 (s, 4H; CHpyridine);
13C NMR (75 MHz, CDCl3, 25 8C): d� 164.0 (C�O), �157 (br, NCO),
�138 (br, CHpyridine), 133.8 (CHphenyl,meta), �132 (br, Cpyridine,meta), 130.6
(CHphenyl,para), 128.4 (Cphenyl,q , CHphenyl,ortho), 32.0 (Ar2CH), 20.4 (CH3);
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MALDI-TOF-MS (matrix 2,5-dihydroxybenzoic acid): m/z : 1420 [M�K]� ,
1403 [M�Na]� , 1382 [M�H]� , 1381 [M]� ; elemental analysis calcd (%) for
C84H60N4O16 ´ 2EtOH: C 71.1, H 4.93, N 3.80; found C 71.9, H 5.09, N 3.64.
X-ray crystal structure analysis: formula C84H60N4O16 ´ 1.5CHCl3, a�
21.775(1), b� 11.861(1), c� 31.461(2) �, b� 99.48(1) 8, V� 8014.9(8) �3,
T� 180 K, 1calcd� 1.293 g cmÿ3, m� 0.23 mmÿ1, monoclinic, space group P21/
n (No. 14), Z� 4, STOE imaging plate diffraction system, l(MoKa)�
0.71073 �, 31970 measured reflections in the range of 48� 2q� 458,
10304 independent reflections used for refinement and 7798 reflections
with I� 2s(I). Structure solution was performed using SHELXS-86.
Structure refinement against F 2 using SHELXL-93. 1040 refined param-
eters, R for all reflections with I� 2s(I)� 0.0694, wR2 for all reflections�
0.2231, GoF� 1.071, residual electron density: 0.80/ÿ 0.81 e�ÿ3, All non-
hydrogen atoms, except some of the atoms of the solvent molecules, were
refined by using anisotropic displacement parameters. The hydrogen atoms
were positioned with idealised geometry and refined with isotropic
displacement parameters by using the riding model. One of the solvent
molecules is disordered and was refined isotropically by using a split model.


Preparation of rccc-4,6,10,12,16,18,22,24-octahydroxy-2,8,14,20-tetra-n-un-
decylpyridine[4]arene (5): A suspension of 2,6-dihydroxypyridine hydro-
chloride (8.00 g, 54.4 mmol) in glycol monoisopropyl ether (40 mL) and
hydrochloric acid (conc., 20 mL) was mixed with n-dodecanal (10.0 g,
54.4 mmol) and heated at reflux for 7 d under argon. After the solution had
cleared, a wax-like, yellow to reddish mass began to precipitate within 5 h.
The raw product was filtered off after cooling, taken up in acetone
(250 mL) and treated with ultra-sound for 30 min. The resulting amor-
phous, pale yellow powder was separated, washed with acetone and
ethanol, and dried. Recrystallisation from chloroform and ethanol afforded
pale yellow leafy crystals (7.15 g, 47%). M.p. 170 ± 172 8C; 1H NMR
(500 MHz, CDCl3, CF3COOD, 25 8C): d� 0.89 (t, 3J� 7.1 Hz, 12H; CH3),
1.10 ± 1.50 (m, 72 H; CH2), 2.14 (dt, 3J� 8.0, 7.2 Hz, 8 H; CHCH2CH2), 4.27
(t, 3J� 8.1 Hz, 4 H; CHmethine), 7.44 (s, 4H; CHpyridine); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 14.1 (CH3), 22.1 (CH2CH3), 27.7 (CHCH2), 29.4, 29.55,
29.63, 29.70, 29.73, 29.75, 31.94 (CH2partialoverlap), 109.8 (COHC), 117.0
(CCOHpyridinediol tautomer), 136.1 (CHpyridinediol tautomer), 124.0 (C�OC), 153.5
(COH), 157.8 (COHpyridinediol tautomer), 163.3 (C�O); ESI-MS (toluene/
methanol): m/z (%):� 1109.8 [M]� (100), 1167.9 (8), 1184.9 (5); MALDI-
TOF-MS (matrix 2,5-dihydroxybenzoic acid, cations): m/z : 1109 [M]� ;
exact mass calcd for C68H109N4O8: 1109.8246; found 1109.8238; UV/Vis
(CH2Cl2, 1.5� 10ÿ5 mol Lÿ1): lmax (log(Io/I))� 240 (0.241), 328 nm (0.677);
IR: nÄ � 3458 (br m, NÿH), 3116 (br w, CHar), 2923 (s, CH), 2851 (s, CH),
1633 (s, C�O), 1593 (m, C�C), 1466 (m), 1400 (w), 1370 (w), 1303 (m, OH),
1211 (w), 867 (m, CH), 608 (w), 538 cmÿ1 (w).


Preparation of rctt-4,6,10,12,16,18,22,24-octakis(acetoxy)-2,8,14,20-tetra-
(4'',4'''',4'''''',4''''''''nitrophenyl)pyridine[4]arene (8): 2,6-Dihydroxypyridine hy-
drochloride (2.00 g, 13.6 mmol) was dissolved in glycol monoisopropyl
ether (10 mL) and hydrochloric acid (conc., 5 mL), mixed with 4-nitro-
benzaldehyde (2.05 g, 13.6 mmol) and heated at reflux for 7 d under argon.
After 4 h, a yellowish-grey solid began to precipitate. After cooling to RT
the substance was collected, dispersed in hot acetone, filtered off and dried
under vacuum to give a reddish, insoluble powder (2.67 g). The raw
material was heated at reflux in acetic anhydride (20 mL) and N,N-
dimethylaminopyridine (10 mg) for 3 h. The suspension did not clear
throughout the experiment. After cooling, the reaction mixture was
carefully dissolved in ethanol and a pale yellow, shimmering solid (2.20 g,
49%) was separated. Although still poorly soluble, a few mg could be
dissolved in hot chloroform. Slow evaporation of the solvent gave crystals
suitable for X-ray crystal-structural analysis. M.p. >340 8C (decomp);
1H NMR (300 MHz, CDCl3, 25 8C): d� 2.16 (s, 12H; CH3), 2.22 (s, 12H;
CH3), 5.59 (s, 4H; (Ar)2CH), 6.32 (s, 2 H; CHpyridine), 6.71 (s, 2H; CHpyridine),
6.96 (d, 3J� 6.8 Hz, 8H; CHmeta), 7.96 (d, 3J� 6.8 Hz, 8H; CHortho);
13C NMR (75 MHz, CDCl3, 25 8C): d� 20.74 (CH3), 43.46 ((Ar)2CH),
123.85 (Car,ortho), 125.84 (CHpyridine), 126.75 (CHpyridine), 129.59 (Car,meta),
141.71 (Cpyridine), 143.20 (Cpyridine), 144.49 (Car,para), 147.19 (CÿNO2), 153.69
(NCO), 153.81 (NCO), 167.62 (C�O), 168.64 (C�O); UV/Vis (CH2Cl2,
7.6� 10ÿ6 mol Lÿ1). lmax (log(Io/I)): 272 nm (0.977). IR: nÄ � 3448 (br s,
N�ÿH), 3078 (w, CHar), 1775 (s, C�O), 1606 (m, C�C), 1581 (s, C�C), 1518
(s, C�C), 1436 (s), 1371 (s), 1353 (s, NÿO), 1310 (m), 1249 (w), 1168 (s,
CÿO), 1075 (s, CÿO), 1010 (m), 951 (w), 938 (w), 889 (m), 863 (m), 837 (m,
CHar,1,4 disubst.), 733 (w), 586 (w), 480 cmÿ1 (w); ESI-MS (DMF, cations): m/z :
1313.28 [M]� , 1330.31 [M�NH4]� , 1335.23 [M�Na]� , 1351.23 [M�K]� ;


elemental analysis calcd (%) for C64H48N8O24: C 58.5, H 3.68, N 8.54; found
C 58.0, H 3.64, N 8.36. X-ray crystal-structure analysis of 8 : formula
C64H48N8O24 ´ 2CHCl3, a� 14.088(1), b� 17.122(1), c� 15.756(1) �, b�
112.66(1)8, V� 3507.3(4) �3, T� 180 K, 1calcd� 1.469 g cmÿ3, m�
0.33 mmÿ1, monoclinic, space group P21/n (No. 14), Z� 2, STOE imaging
plate diffraction system, l(MoKa)� 0.71073 �, 13 006 measured reflections
in the range of 48� 2q� 528, 6303 independent reflections used for
refinement and 4979 reflections with I� 2s(I). Structure solution was
performed using SHELXS-86. Structure refinement against F 2 using
SHELXL-93. 483 refined parameters, R for all reflections with I�
2s(I)� 0.0433, wR2 for all reflections� 0.1169, GoF� 0 1.032, residual
electron density: 0.41/ÿ 0.42 e�ÿ3, All non-hydrogen atoms, except some
of the atoms of the solvent molecules, were refined by using anisotropic
displacement parameters. The hydrogen atoms were positioned with
idealised geometry and refined with isotropic displacement parameters
by using the riding model. One of the solvent molecules is disordered and
was refined by using a split model.


Preparation of rccc-4,6,10,12,16,18,22,24-octakis(acetoxy)-2,8,14,20-tetra-
phenylpyridine[4]arene (9): A slurry of dihydroxypyridine hydrochloride
(2.50 g, 16.9 mmol), distilled benzaldehyde (1.80 g, 1.72 mL, 16.9 mmol),
and conc. hydrochloric acid (4 mL) in glycol monoisopropyl ether (10 mL)
was heated at reflux under argon for 48 h. After 1 h, a white substance
began to precipitate. The reaction mixture was cooled to RT, and the
residue was collected, washed with water and acetone to leave a grey
material (3.64 g) which was almost insoluble in all tested solvents (water,
ethanol, THF, dioxane, chloroform, toluene, pentane, DMF, DMSO). A
sample of the raw material (700 mg) was heated at reflux in acetic
anhydride (5 mL) and N,N-dimethylaminopyridine (10 mg) for 6 h under
argon. The suspension did not clear during the reaction. After cooling to
RT, the reaction mixture was carefully dissolved in with a small amount of
ethanol and then poured into ethanol (50 mL). The solid was filtered off,
washed with ethanol and then extracted with hot chloroform (3� 20 mL).
The combined chloroform solutions were evaporated to dryness to leave a
yellowish solid that could be recrystallised from chloroform/ethanol to
yield small, pale yellow scales (227 mg, 25 %). M.p. 323 ± 324 8C (decomp);
1H NMR (300 MHz, CDCl3, 25 8C): d� 7.14 (m, 3H; CHphenyl), 6.69 (m, 2H;
CHphenyl), 6.54 (t, 6J� 0.64 Hz, 1H; CHpyridine), 5.39 (s, 1H; CHmethine), 2.09
(br, 6 H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 167.9 (C�O), 153.2
(NCO), 138.5 (Cpyridine,meta), 128.8 (CHphenyl,meta), 128.1 (Cpyridine,meta), 127.4
(CHphenyl,para), 126.9 (Cphenyl,q , CHphenyl,ortho), 44.0 (Ar2CH), 20.6 (CH3); UV/
Vis (CH2Cl2, 8.8� 10ÿ6 mol Lÿ1): l (log(Io/I))� 275 (0.380), 268 (0.345),
263 nm (0.278); IR: nÄ � 3448 (br s, N�ÿH), 3050 (w, CHar), 1778 (s, C�O),
1581 (m, C�C), 1496 (w), 1434 (m), 1370 (m), 1230 (w), 1168 (s, CÿO), 1071
(s, CÿO), 1010 (m), 1023 (m), 953 (w), 899 (w), 874 (w), 703 (w), 587 cmÿ1


(w); MS (EI, 70 eV, cations): m/z (%): 1091 [MÿAc�H]� (3), 1051 [Mÿ
2Ac�H�H]� (19), 1009 [Mÿ 3Ac�2H�H]� (26), 966 [Mÿ
4Ac�3 H�H]� (20), 924 [Mÿ 5Ac�4 H�H]� (17), 882 [Mÿ
6Ac�5 H�H]� (20); 840 [Mÿ 7 Ac�6H�H]� (13), 797 [Mÿ
8Ac�7 H�H]� (26), 685 (13), 486 (76), 440 (71), 398 [Mÿ
8Ac�6 H�2 H]� (100), 380 (22), 352 (34), 328 (45), 325 (15), 288 (63),
241 (63), 215 (28), 198 (62), 154 (24), 152 (37), 135 (27), 125 (26), 115 (76);
MS (CI, 70 eV, isobutyl chloride, cations): m/z (%): 1134 [M�H]� (3), 531
(2), 487 (6), 441 (8), 332 (6), 290 (36); 242 (76); 200 (63); 153 (100); 113
(17); 72 (12); elemental analysis calcd (%) for C64H52N4O16 ´ 2 CH3COOH:
C 65.17, H 4.83, N 4.47; found C 64.82, H 4.83, N 4.83.


Synthesis of 6-hydroxy-5-{{6-hydroxy-5-{(E)-[4-(octyloxy)phenyl]methyl-
idene}-2-oxo-2,5-dihydro-3-pyridinyl}[4-(octyloxy)phenyl]methyl}-3-{(E)-
[4-(octyloxy)phenyl]methylidene}-2(3H)-pyridinone (7): A solution of 2,6-
dihydroxypyridine hydrochloride (5.00 g, 34.0 mmol) in glycol monoiso-
propyl ether (20 mL) and hydrochloric acid (conc., 10 mL) was added
dropwise to 4-octyloxybenzaldehyde (7.97 g, 34.0 mmol) at RT and then
heated at reflux under argon for 24 h. A bright yellow precipitate formed
some minutes after the addition of the aldehyde. After cooling to RT,
acetone (50 mL) was added. The solid was filtered off and washed with
acetone and ethanol. Recrystallisation from chloroform/ethanol afforded a
bright yellow solid (6.70 g, 91%), which was soluble in chloroform, less
soluble in acetone, and insoluble in cyclohexane and ethanol. M.p 244 ±
245 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d� 0.88 (t, 3J� 7.2 Hz, 3H;
CH3 mid), 0.89 (t, 3J� 7.2 Hz, 6 H; CH3), 1.24 ± 1.38 (m, 24H; 12CH2), 1.41 ±
1.48 (m, 6H; 3CH2(CH2)2O), 1.74 ± 1.82 (m, 6 H; CH2CH2O), 3.95 (t, 3J�
6.4 Hz, 4H; 2CH2O), 3.96 (t, 3J� 6.3 Hz, 2 H; CH2Omid), 5.58 (s, 1H;
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CHmethine), 6.82 (d, 3J� 8.9 Hz, 4H; CHphenyl,ortho), 6.89 (d, 3J� 8.8 Hz, 2H;
CHphenyl,ortho,mid), 7.10 (dd, 3J� 8.8 Hz, 6J� 0.5 Hz, 2H; CHphenyl,meta,mid),
7.24 ± 7.27 (m, 4H; CHphenyl,meta), 7.26 (t, 3J� 1.0 Hz, 2 H; CHpyridine), 8.05 (s,
2H; CHmethylidene), 8.39 (s, 2 H; NH/OH); 13C NMR (125 MHz, CDCl3,
25 8C): d� 14.1 (CH3), 22.7 (CH2), 26.0 (CH2), 26.1 (CH2), 29.1 (CH2), 29.2
(CH2), 29.26 (CH2), 29.3 (CH2), 29.4 (CH2), 31.81 (CH2CH2Omid), 31.84
(CH2CH2O), 43.9 (CHmethine), 68.2 (CH2Omid), 68.4 (CH2O), 114.9
(CHphenyl,ortho,mid), 115.1 (CHphenyl,ortho), 121.7 (Cq), 126.2 (Cq), 129.7
(CHphenyl,meta,mid), 130.4 (Cq), 132.3 (Cq), 133.1 (CHphenyl,meta), 135.9
(CHpyridine), 147.0 (Cmethide), 158.3 (Cq,pyridine), 161.93 (Cq,pyridine), 163.80
(COH), 164.39 (C�O); UV/Vis (CH2Cl2, 2.5� 10ÿ5 mol Lÿ1): lmax


(log(Io/I))� 233 (0.91), 255 (0.98), 284 (0.0.31), 393 nm (1.58). IR: nÄ �
3163.9 (m, NH/OH), 3061.0 (m, CHpyridone, CHmethid), 2923.4 (s, CH2,
CH3), 2853.5 (s, CH2, CH3), 1690.2 (s, C�O), 1664.1 (s, NH), 1594.0
(m, C�Car), 1574.1 (s, C�Car), 1555.9 (s, C�Car), 1508.5 (s), 1467.1 (w),
1420.1 (m), 1378.3 (m), 1306.6 (w), 1258.5 (s, CÿO), 1176.5 (s), 1022.7 (w),
828.7 (s, CHar), 724.3 (w), 564.5 (m), 531.6 cmÿ1 (m); MALDI-MS (matrix
2,5-dihydroxybenzoic acid): m/z :� 871 [M�H]� , 893 [M�Na]� , 909
[M�K]� ; exact mass calcd for C55H70N2O7: 870.51831; found 870.51810;
exact mass calcd for C54


13CH70N2O7: 871.52167, found 871.52120.


Synthesis of 6-hydroxy-5-{{6-hydroxy-2-oxo-5-[(E)-2-thienylmethylidene]-
2,5-dihydro-3-pyridinyl}(2-thienyl)methyl}-3-[(E)-2-thienylmethylidene]-
2(3 H)-pyridinone (6): A solution of dihydroxypyridine hydrochloride
(2.00 g, 13.6 mmol) and thiophene-2-carboxaldehyde (1.50 g, 13.5 mmol) in
ethanol (20 mL) and hydrochloric acid (conc., 10 mL) was heated at reflux
under nitrogen. Within 1 h, an orange precipitate began to form. After 6 h,
the reaction mixture was filtered while still hot, and the remaining solid was
washed with ethanol and dried under vacuum to yield a fine, yellow powder
(3.20 g, 93%). M.p. 314 ± 316 8C (decomp); 1H NMR (300 MHz,
[D6]DMSO, 25 8C): d� 11.55 (s, 2H; OH), 8.17 (s, 2 H; CHpyridinone), 7.98
(dt, 3J� 5.1, 1.1 Hz, 2H; CHthiophene), 7.85 (dt, 3J� 3.4, 1.1 Hz, 2 H;
CHthiophene), 7.67 (t, 4J� 0.9 Hz, 2H; CHmethide), 7.56 (dd, 3J� 5.1, 1.2 Hz,
1H; CHthiophene,mid), 7.25 (dd, 3J� 5.1 Hz, 3.7 Hz, 2H; CHthiophene), 7.12
(dd, 3J� 5.1, 3.5 Hz, 1H; CHthiophene,mid), 7.06 (dt, 3J� 3.4, 1.1 Hz, 1H;
CHthiophene,mid), 5.83 (s, 1 H; CHaliphatic,mid); 13C NMR (75 MHz, [D6]DMSO,
25 8C): d� 164.1 (C�O), 163.8 (COH), 141.9 (C thiophene), 139.6 (Cpyridinone),
139.2 (Cthiophene,mid), 137.4 (Cpyridinone), 137.0 (CHpyridinone), 136.9 (CHthiophene),
135.4 (CHmethide), 133.1 (CHthiophene), 128.8 (CHthiophene), 127.7 (CHthiophene,mid),
127.2 (CHthiophene,mid), 126.1 (CHthiophene,mid), 119.8 (Cpyridinone); UV/Vis
(acetone, 3.6� 10ÿ5 mol Lÿ1): lmax (log(Io/I))� 384 nm (1.19); IR: nÄ � 3440
(br s, NH/OH), 3177 (m), 3062 (m, CHar), 1673 (s, C�O) 1617 (m), 1565 (m,
C�C), 1433 (m), 1378 (m), 1317 (m), 1236 (m), 1211 (m), 1052 (w), 844 (w),
715 (m), 579 (w), 552 (w), 542 (w), 518 cmÿ1 (w); MS (CI, isobutane,
cations): m/z (%): 505.0 [M�H]� (74), 302.0 (79), 206.0 (100); MS (EI,
70 eV, cations): m/z (%): 504.0 [M]� (100), 301 (17), 205 (11), 121 (55);
exact mass calcd for C25H16N2O4S3: 504.02722; found 504.02690; exact mass
calcd for C24


13CH16N2O4S3: 505.03058; found 505.03060.
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The Facile Preparation of Weakly Coordinating Anions: Structure and
Characterisation of Silverpolyfluoroalkoxyaluminates AgAl(ORF)4,
Calculation of the Alkoxide Ion Affinity


Ingo Krossing*[a]


Abstract: Purified LiAlH4 reacts with
fluorinated alcohols HORF to give
LiAl(ORF)4 (RF�ÿCH(CF3)2, 2 a ;
ÿC(CH3)(CF3)2, 2 b ; ÿC(CF3)3, 2 c) in
77 to 90 % yield. The crude lithium
aluminates LiAl(ORF)4 react metatheti-
cally with AgF to give the silver alumi-
nates AgAl(ORF)4 (RF�ÿCH(CF3)2,
3 a ; ÿC(CH3)(CF3)2, 3 b ; ÿC(CF3)3, 3 c)
in almost quantitative yield. The solid-
state structures of solvated 3 a ± c
showed that the silver cation is only
weakly coordinated (CN(Ag)� 6 ± 10;
CN� coordination number) by the sol-
vent and/or weak cation ± anion contacts
AgÿX (X�O, F, Cl, C). The strength of
the AgÿX contacts of 3 a ± c was ana-
lysed by Brown�s bond-valence method
and then compared with other silver
salts of weakly coordinating anions
(WCAs), for example [CB11H6Cl6]ÿ and


[M(OTeF5)n]ÿ (M�B, Sb, n� 4, 6).
Based on this quantitative picture we
showed that the Al{OC(CF3)3}4


ÿ anion is
one of the most weakly coordinating
anions known. Moreover, the AgAl-
(ORF)4 species are certainly the easiest
WCAs to access preparatively (20 g in
two days), additionally at low cost. The
AlÿO bond length of Al(ORF)4


ÿ is
shortest in the sterically congested
Al{OC(CF3)3}4


ÿ anionÐwhich is stable
in H2O and aqueous HNO3 (35
weight%)Ðand indicates a strong and
highly polar AlÿO bond that is resistant
towards heterolytic alkoxide ion ab-
straction. This observation was support-


ed by a series of HF-DFT calculations of
ORÿ, Al(OR)3 and Al(OR)4


ÿ at the
MPW1PW91 and B3LYP levels (R�
CH3, CF3, C(CF3)3). The alkoxide ion
affinity (AIA) is highest for R�CF3


(AIA� 384� 9 kJ molÿ1) and R�
C(CF3)3 (AIA� 390� 3 kJ molÿ1), but
lowest for R�CH3 (AIA� 363�
7 kJ molÿ1). The gaseous Al(ORF)4


ÿ


anions are stable against the action of
the strong Lewis acid AlF3 (g) by 88.5�
2.5 (RF�CF3) and 63� 12 kJ molÿ1


(RF�C(CF3)3), while Al(OCH3)4
ÿ de-


composes with ÿ91� 2 kJ molÿ1. There-
fore the presented fluorinated alumi-
nates Al(ORF)4


ÿ appear to be ideal
candidates when large and resistant
WCAs are needed, for example, in
cationic homogenous catalysis, for high-
ly electrophilic cations or for weak
cationic Lewis acid/base complexes.


Keywords: ab initio calulations ´
alkoxides ´ aluminum ´ lithium ´
silver ´ weakly coordinating anions


Introduction


The stabilisation of highly electrophilic metal- and nonmetal
cations as well as weak Lewis acid base complexes of metal
cations is commonly achieved by replacing the normal
counterion by a large and weakly coordinating anion
(WCA).[1, 2] Consequently much work has been dedicated to
the syntheses of new WCAs with a focus on the tailoring of
cationic transition metal polymerisation catalysts.[1c, 3] Other
recent uses of WCAs include attempts to prepare a free R3Si�


silylium ion,[4] the generation of stable fullerene cations,[5] the
protonation of very weak bases (e.g., benzene),[1a] the
formation of stable [Ag(CO)]� complexes,[6] the synthesis of


a tricoodinated [R2Al(Do)]� cation (Do� donor)[7] and the
crystallisation of a binary silver-selenium complex of the
weakly basic metastable Se6 allotrope.[8] Several types of
WCAs have now been established: halogenated and trifluoro-
methylated carboranes [CB11XnH12ÿn]ÿ (n� 1 ± 12, X�F, Cl,
Br, I, CH3, CF3),[9] polyfluorinated tetraarylborates B(ArF)4


ÿ


(ArF�C6F5, C6H3(CF3)2)[3b, 10] and tetra-[11, 12] and hexatef-
latometallates M(OTeF5)n


ÿ (n� 4, M�B; n� 6, M�As, Sb,
Bi, Nb).[13, 14] A recent development is the use of poly- (and
per-) fluorinated alkoxy ligands ORF that prevent CÿH bond
activation and produce a smooth nonadhesive surface of the
anion, that is, in Al{OC(Ph)(CF3)2}4


ÿ,[15] Al(OC6F5)4
ÿ,[16]


Nb(OC6F5)6
ÿ[16] and Nb{OC(H)(CF3)2}6


ÿ.[15] Only scarce struc-
tural information about MIAl(ORF)4 is available; however,
additional very recent work on the coordinating abilities of
these aluminates as well as two solid-state structures are given
in Strauss�s succeeding paper in this issue.[22] Some of the most
promising compounds, for example, LiAl{OC(CF3)3}4, are
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nearly insoluble in weakly basic solvents such as CH2Cl2,
toluene or hexane (as observed by the author) at room
temperature. It is known that silver salts are more soluble than
their lithium counterparts. Moreover, silver salts of WCAs are
commonly used in metathesis reactions and, therefore, we
decided to investigate the chemistry of the silver polyfluoro-
alkoxyaluminates AgAl(ORF)4 [ORF�OCH(CF3)2 (HFIP),
OC(Me)(CF3)2 (HFTB), OC(CF3)3 (PFTB)]. Herein we
present the facile high-yield synthesis and characterisation
of several AgAl(ORF)4 species and discuss the coordination
chemistry of their silver cation towards weakly basic solvents,
that is, toluene, CH2Cl2, 1,2-Cl2C2H4 and 1,3-(CF3)2C6H4.


Results


Syntheses : Two possible routes to AgAl(ORF)4 species were
checked. The pathway as shown in Equations (1a) ± (1c)
involves the synthesis of a donor free trisalkoxyalane
Al(ORF)3 (which are usually dimeric Al2(OR)6 species, e.g.,
R� tBu).[17c] However, when ªAlH3ºÐgenerated in situ from
AlCl3 and LiAlH4 in Et2O at ÿ78 8CÐwas treated with
HOÿC(H)(CF3)2 [Eq. (1a)] the rapid formation of the mono-
meric ether adduct Al(hfip)3(OEt2) (1-OEt2; HFIP�
OCH(CF3)2), as a distillable liquid, was observed. The
compound 1-OEt2 was briefly noted in an earlier publication;
however, no characterisation was given.[18] All attempts to
remove the coordinated solvent by heat and exposure to a
dynamic vacuum only led to a distillation at 65 ± 70 8C and
1.5� 10ÿ2 mbar. A 70 eV EI-MS of 1-OEt2 did not show the
molecular ion nor the [Al(hfip)3]� peak, but the preferential
loss of F, CF3 or OC(H)(CF3)2 that appeared in 1.9, 16.7 and
75.8 % relative intensity and implies that 1 is a strong Lewis
acid and that 1-OEt2 prefers other decomposition pathways
rather than the loss of OEt2. In earlier work[18] it was shown by
NMR spectroscopy that Al(hfip)3 coordinates two additional
ethylenediamine molecules to give a pentacoordinate Al
center. This parallels recent observations made for the
homologous compound In(hftb)3 (HFTB�OC(CH3)(CF3)2),
which is only isolable as a donor adduct and can coordinate up
to three additional pyridine ligands.[19] To avoid the use of the
coordinating solvent (OEt2), one equivalent of AlMe3 in
heptane was added to HOÿC(H)(CF3)2 (3 equiv) in toluene at
60 8C [Eq. (1a)], but this only gave an intensely red-violet
solution. Removal of all volatiles gave a dark oil, the NMR
spectra of which indicated the partial decomposition of the
HFIP ligand (AlÿF bond formation?). Efforts to separate the
obtained mixture failed. Another difficulty arose from the
attempted preparation of [{Ag(hfip)}n] by reacting Me3SiÿH-
FIP with AgF [Eq. (1b)].


AlR3�3HORF!Al(ORF)3�3 RÿH (R�H,Me) (1a)


RFOÿSiMe3�AgF! 1/n[{AgORF}n]�Me3SiF (1b)


Al(ORF)3(OEt2)�1/n[{MORF}n]!MAl(ORF)4(OEt2) (M�Li, Ag) (1c)


All reactions led to a dark brown inseparable mixture of
products, which is likely to be due to the known instability of


the silver-oxygen bond. However, reaction of Al(hfip)3(OEt2)
(1-OEt2) with donor free LiÿOC(H)(CF3)2Ðprepared from
HOÿOC(H)(CF3)2 and nBuLi in hexaneÐaccording to Equa-
tion (1c) led to the formation of LiAl(hfip)4(OEt2) (2 a-OEt2).
Compound 2 a-OEt2 gave simple NMR spectra in the
presence of diethyl ether that suggest the occurrence as an
ion pair [Li(OEt2)4]�[Al(hfip)4]ÿ in solution. However, re-
cording the NMR spectra in pure CDCl3 showed an aggre-
gation, an interpretation of which is given in Equation (2).


(2)


Upon heating to 60 8C the two separate lines at d7Li
(25 8C)�ÿ0.6 and ÿ0.9 coalesced and collapsed to a broad
single line at d7Li (60 8C)�ÿ0.8. Similarly the two separate
OC(H)(CF3)2 lines at d1H (25 8C)� 4.57 and 4.68 coalesce at
60 8C giving one signal at d1H (60 8C)� 4.59. Comparison with
the dimeric solid-state structure of 2 a[22] and with the solid-
state structure of an isolated [Li{Al(hfip)4}2] complex pre-
sented in the succeeding publication[22] supports the interpre-
tation given in Equation (2). All attempts to remove the
coordinated molecule of OEt2 by heat and exposure to a
dynamic vacuum failed (150 8C, 1� 10ÿ3 mbar). Therefore the
synthesis of AgAl(ORF)4 species according to Equations (3a)
and (3b) was investigated.


LiAlH4�4HORF!LiAl(ORF)4�4 H2 (3a)


LiAl(ORF)4�AgF!AgAl(ORF)4�LiF (3b)


Previous studies showed that the reaction in Equation (3a)
is capable of yielding all the desired LiAl(ORF)4 spe-
cies,[15a, 20, 22] and initially best results were reported by using
two equivalents of HORF and one equivalent of LiAlH4 in
F-113 (Cl2FCÿCF2Cl) as a solvent.[21] However, this stoichi-
ometry appeared unusual and might be due to the use of an
inactive commercially available LiAlH4 starting material. To
avoid these problems the LiAlH4 was purified by dissolution
in OEt2, filtration and removal of all volatiles at 80 8C and 5�
10ÿ3 mbar (constant weight). Utilising this LiAlH4, four
equivalents of HORF and heating the suspension under reflux
in toluene led to the lithium aluminates LiAl(hfip)4 (2 a),
LiAl(hftb)4 (2 b) and LiAl(pftb)4 (2 c) (HFIP�OCH(CF3)2;
HFTB�OC(CH3)(CF3)2; PFTB�OC(CF3)3), which are
scarecly soluble at room temperature, in 77 to 90 % yield.
The advantage of using purified LiAlH4 was very recently
confirmed by S. Strauss et al. ;[22] however, for 2 a a higher yield
of 94 % is reported by using F-113 as a solvent.[22] Compounds
2 a ± c can be purified by sublimation at about 150 8C and 1�
10ÿ3 mbar, but already the crude product was sufficient for the
following metathesis reaction with an excess of AgF (about
1.3 ± 2.0 mol) to give the respective silver aluminates
[Eq. (3b)]. Mixtures of AgF and 2 c in toluene or CH2Br2


alone did not lead to a reaction, while the combination of both
(various compositions) led to a species which was NMR
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spectroscopically assigned as [Ag(CH2Br2)(C7H8)][Al(pftb)4].
The synthesis of AgAl(ORF)4 species was more easily
achieved with ultrasonic enhancement and utilising either of
CH2Cl2, 1,2-Cl2C2H4 or 1,3-(CF3)2C6H4 as a solvent. CH2Cl2 is
especially convenient as a solvent, since the starting materials
LiAl(ORF)4 and AgF are almost insoluble in CH2Cl2 at
ambient temperature, while the silver compounds are highly
soluble. Reaction (3b) led to the silver aluminates [Ag-
(C7H8)2Al(hfip)4] (3 a-(C7H8)2), [Ag(C2H4Cl2)2Al(hfip)4] (3 a-
(C2H4Cl2)2), [Ag(CH2Cl2)Al(hftb)4] (3 b-CH2Cl2), [Ag(CH2-
Cl2)Al(pftb)4] (3 c-CH2Cl2), [Ag(C2H4Cl2)3][Al(pftb)4] (3 c-
(C2H4Cl2)3) and [Ag{C6H4(CF3)}2Al(pftb)4] (3 c-C6H4(CF3)2),
in about 95 % yield. Recrystallisation of 3 a from toluene gave
crystals at low temperatures and mounting these crystals on a
diffractometer while keeping the temperature below ÿ10 8C
showed them to be 3 a-(C7H8)2. Reaction of 3 b-CH2Cl2 with
trace amounts of water gave the Al-O-Al bridged [Ag-
(CH2Cl2)]2[O{Al(hftb)3}2] (4), only characterised by its X-ray
crystal structure [Eq. (4)].


2 [Ag(CH2Cl2)Al(hftb)4]�H2O!
[{Ag(CH2Cl2)}2][O{Al(hftb)3}2]�2HO(HFTB) (4)


However, in contrast to Al(hfip)4
ÿ and Al(hftb)4


ÿ, the
Al(pftb)4


ÿ anion (silver and lithium salts)Ðincorporating the
most acidic parent fluorinated alcohol HOC(CF3)3 employed
[pKa� 5.4, vs 9.3 (HFIP) and 9.6 (hftb)][22]Ðis stable in water
as shown by a 27Al NMR spectrum of this anion in water
recorded seven days after dissolution; only one line at d27Al�
33.9 (six coordinate aluminium, i.e., Al(OH2)6


3�, appears at
about d� 0) was observed. Moreover it was impossible to
determine the aluminium contents of spectroscopically pure
salts of the Al(pftb)4


ÿ anion hydrolised with aqueous HNO3


(35 weight %) by back titration with ZnSO4 and EDTA (six
attempts); this strongly suggests the stability of this anion in
half concentrated aqueous HNO3.


Crystal structures : Details of the crystallographic studies are
listed in Table 6 in the Experimental Section. The structural
parameters of all silver aluminates are only described in this
section and will be analysed in the succeeding paragraph.


[Ag(C7H8)2Al(hfip)4] (3a-(C7H8)2): Two independent mole-
cules of 3 a-(C7H8)2 are found within the triclinic unit cell of
this compound (space group P1Å) which only differ with
respect to the position of the methyl groups of the two
bidentate coordinated toluene molecules per silver atom (see
Figure 1). The silver cation has a 6�2 coordination formed by
four AgÿC contacts at 2.363(5) to 2.647(6) �, two AgÿO
contacts at 2.541(3) to 2.715(3) � and two weak AgÿF
contacts at 3.377(6) to 3.505(7) �. The orientation of the
Ag(C7H8)2 moieties is reminiscent to a sandwich complex.
Two sets of AlÿO bond lengths are found in the anion:
d(AlÿOdi)� 1.718(3) � (average, dicoordinate) and
d(AlÿOtri)� 1.751(3) � (average, tricoordinate). The coordi-
nation of the aluminium atom is distorted tetrahedral as can
be seen from the range of the O-AlÿO bond angles of 96.9(1)
to 115.7(1)8.


Figure 1. Solid-state structure of the [Ag(C7H8)2Al(hfip)4] (3 a-(C7H8)2).
Only one of the two independent molecules is shown. Since the main
difference between the two molecules is found in the primary coordination
environment of the silver atoms, drawings of both cations are shown.
Thermal ellipsoids were drawn at the 25 % probability level, fluorine atoms
(in dark grey) were drawn as circles with an arbitrary size. Selected bond
lengths [�] and bond angles [8]: Ag1ÿO1 2.596(2), Ag1ÿO3 2.599(2),
Ag2ÿO12 2.541(2), Ag2ÿO13 2.715(2), Ag1ÿC65 2.363(5), Ag1ÿC52
2.435(6), Ag1ÿC53 2.593(6), Ag1ÿC66 2.647(6), Ag2ÿC83 2.416(4),
Ag2ÿC76 2.469(5), Ag2ÿC75 2.484(5), Ag2ÿC82 2.496(4), Ag1ÿF6
3.374(6), Ag1ÿF14 3.482(6), Ag2ÿF117 3.397(6), Ag2ÿF124 3.505(6),
Al1ÿO1 1.757(3), Al1ÿO2 1.715(3), Al1ÿO3 1.753(3), Al1ÿO4 1.725(2),
Al2ÿO11 1.713(3), Al2ÿO12 1.746(3), Al2ÿO13 1.746(3), Al2ÿO14
1.718(3), d(CÿO) 1.379 (average); Al1-O1-C1 127.1(2), Al1-O2-C4
133.0(2), Al1-O3-C7 129.0(2), Al1-O4-C10 143.8(2), Al2-O11-C101
153.8(2), Al2-O12-C104 128.5(2), Al2-O13-C107 127.5(2), Al2-O14-C110
126.7(2).


[Ag(C2H4Cl2)2Al(hfip)4] (3a-(C2H4Cl2)2): The molecular
compound 3 a-(C2H4Cl2)2 crystallises in the monoclinic space
group P21/c (Z� 4, see Figure 2). The silver ion is coordinated
by two oxygen atoms of the anion at 2.492(2) and 2.576(2) �
and four chlorine atoms of two chelating C2H4Cl2 solvent
molecules at 2.7408(13) to 2.8260(12) �. The local coordina-
tion environment of the Ag� ion is distorted octahedral. There
are no AgÿF contacts below 3.353(2) �; however, the Ag� ion
resides in a ªholeº formed by two oxygen atoms and four CF3


groups, while the hydrogen atoms of the HFIP ligands point
away from the Ag� ion. Two sets of AlÿO bond lengths are
observed: for the dicoordinate oxygen atoms d(AlÿOdi)�
1.726(2) � (average) and for the tricoordinate oxygen atoms
d(AlÿOtri)� 1.751(2) � (average). In the coordinated di-
chloroethane molecules, the CÿCl bond lengths range from
1.750(5) to 1.828(5) �, which is close to the value found in
gaseous 1,2-C2H4Cl2 (1.790 �).[28] Four interionic hydrogen
bonds between the hydrogen atoms of the dichloroethane
ligands and the aluminate ion are found at d(HÿF)� 2.333(5),
2.661(5), 2.762(5) and 2.851(5) � (sum of F and H van der
Waals radii : 2.90 �).
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Figure 2. Solid-state structure of the [Ag(C2H4Cl2)2Al(hfip)4] (3 a-
(C2H4Cl2)2). Thermal ellipsoids were drawn at the 25% probability level,
all hydrogen atoms were omitted for clarity, fluorine atoms (in grey) and
carbon atoms (in white) were drawn as circles with an arbitrary size.
Selected bond lengths [�] and bond angles [8]: Ag1ÿO1 2.492(2), Ag1ÿO2
2.576(2), Ag1ÿCl1 2.7408(13), Ag1ÿCl3 2.7505(12), Ag1ÿCl4 2.8203(12),
Ag1ÿCl2 2.8260(12), Al1ÿO4 1.724(2), Al1ÿO3 1.727(2), Al1ÿO2 1.744(2),
Al1ÿO1 1.758(2), d(CÿO) 1.384 (average); Al1-O1-C1 124.3(2), Al1-O2-
C4 129.4(2), Al1-O3-C7 137.7(2), Al1-O4-C10 128.6(2), O1-Al1-O2
97.46(10), Al1-O1-Ag1 101.31(8), Al1-O2-Ag1 98.59(9).


[Ag(CH2Cl2)Al(hftb)4] (3b-CH2Cl2): Figure 3 shows a repre-
sentation of the solid-state structure of the [Ag(CH2Cl2)-
Al(hftb)4] molecule. Compound 3 b-CH2Cl2 crystallises in the
monoclinic space group P21/n with four molecules in the unit
cell. The silver atom in 3 b-CH2Cl2 is eight coordinate and has
a distorted dodecahedral ligation sphere. Ag1 has two AgÿO
contacts at 2.377(5) and 2.386(4) �, four AgÿF contacts at
2.849(11) to 2.931(10) � from the aluminate anion and two
chlorine atoms at d(AgÿCl)� 2.613(2) and 2.874(3) � from
the unsymmetrically chelating CH2Cl2 molecule. The CF3


groups of the two HFTB ligands coordinating to the silver
atom (e.g., those incorporating O1 and O2) point towards
Ag1, while the methyl groups reside at the back side


Figure 3. Molecular structure of [Ag(CH2Cl2)Al(hftb)4] (3b-CH2Cl2) in
the solid state. Thermal ellipsoids are drawn at the 25 % probability level.
Selected bond lengths [�] and bond angles [8]: Ag1ÿO2 2.377(5), Ag1ÿO1
2.386(4), Ag1ÿCl1 2.613(2), Ag1ÿCl2 2.874(4), Ag1ÿF2 2.857(10), Ag1ÿF4
2.931(11), Ag1ÿF9 2.924(10), Ag1ÿF11 2.849(11), Al1ÿO1 1.763(5), Al1ÿO2
1.768(5), Al1ÿO3 1.712(4), Al1ÿO4 1.717(5), Cl1ÿC 1.738(1), Cl2ÿC
1.663(11), d(CÿO) 1.387(6)� 0.010 (average), O1-Ag1-O2 65.2(2), Al1-
O1-Ag1 100.0(1), Al1-O2-Ag1 100.1(1), O1-Al1-O2 93.2(2), Al1-O1-C1
138.0(4), Al1-O2-C5 137.6(4), Al1-O3-C9 143.8(4), Al1-O4-C13 141.9(4).


with no contact to Ag1. Two distinct AlÿO bond lengths and
Al-O-C bond angles are found around the di- and tricoordi-
nate oxygen atoms of the aluminate ion in 3 b-CH2Cl2:
d(AlÿOdi)� 1.715(5) �< d(AlÿOtri)� 1.766(5) � (average)
and (Al-Odi-C)� 142.9(4)> (Al-Otri-C)� 137.8(4) (average).
The coordination of the aluminium atom is distorted tetrahe-
dral as can be seen from the range of the O-Al-O bond angles
of 93.2(2) to 116.6(2)8.


[Ag(C2H4Cl2)3][Al(pftb)4] (3c-(C2H4Cl2)3): Compound 3 c-
(C2H4Cl2)3 crystallises in the orthorhombic space group
P212121 with four molecules in the unit cell; a view of the
asymmetric unit is shown in Figure 4. In contrast to the
molecular solid-state structures of 2 a, 3 b-(CH2Cl2), 3 b-
[C6H4(CF3)2] and 4, compound 3 c-(C2H4Cl2)3 is a salt and
consists of discrete [Ag(C2H4Cl2)3]� cations and [Al(pftb)4]ÿ


anions that adopt a distorted CsCl structure. The Ag atom of
the [Ag(C2H4Cl2)3]� cation is hexacoordinate with six AgÿCl
contacts to the bidentate 1,2-Cl2C2H4 ligands, in which the
chlorine atoms form an irregular coordination polyhedron.
The bond lengths d(AgÿCl) range from 2.694(2) to 2.788(2) �
and with an average value of 2.742 �. The shortest interionic
contact to Ag1 is found at 4.319 � (to Cl2') and is purely
nonbonding, while in the comparable [Ag(CH2Cl2)3]2-
[Ti(OTeF5)6]2 and [Ag(CH2Br2)3][Sb(OTeF5)6] complexes ad-
ditional weak AgÿF contacts are present at 3.029(8) and
3.033(6) � (Ti) or 3.196(7) � (Sb).[14] Cl1 has one ClÿF
contact at 3.249 �, which is below the sum of the fluorine and
chlorine van der Waals radii of 3.30 �, and Cl3 and Cl5 have
three weak ClÿF contacts at 3.34 (to Cl3), 3.41 (to Cl3) and
3.43 � (to Cl5). The [Ag(C2H4Cl2)3]� cations are connected by
five weak ClÿCl' contacts at 3.504 ± 3.796 �, which is about
the sum of the isotropic Cl van der Waals radii of 3.60 �, and
form a chain (see Figure 4, right). The CÿCl bond lenghts in
the cation range from 1.703(10) to 1.815(7) � and are longest
for Cl1 (1.815(7) �) and Cl2 (1.780(6) �), which both exhibit
three ClÿCl' contacts. Shorter CÿCl bond lengths of 1.738 �
(average) are found for Cl3, Cl4, Cl5 and Cl6, which only have
one weak Cl-Cl' contact. The AlÿO bond lengths and Al-O-C
bond angles in the aluminate ion are equal and average to
1.725� 0.011 � and 149.5� 1.48. The coordination around the
aluminium atom is almost tetrahedral and the O-Al-O bond
angles range from 106.5(2) to 114.8(2)8.


[Ag{C6H4(CF3)2}Al(pftb)4] (3c-C6H4(CF3)2): A representa-
tion of the solid-state structure of 3 c-C6H4(CF3)2 (monoclinic,
space group P21/c, Z� 4) is shown in Figure 5. The silver atom
in the molecule 3 c-C6H4(CF3)2 is h3-coordinated by the
carbon atoms of the electron poor 1,3-(CF3)2C6H4 molecule
(d(AgÿC)� 2.496(8) to 3.005(8) �) and also has several weak
AgÿO and AgÿF contacts; the coordination number of silver
is ten. The two AgÿO contacts are 2.558(5) and 2.581(7) �
and the five AgÿF contacts range from 2.436(9) to 3.026(8) �.
The silver atom resides in position just off centre of the
triangular face of the Al(pftb)4


ÿ tetrahedron (i.e. , the face
spanned by the ligands incorporating O2, O3 and O4). The
AlÿO bond lengths and Al-O-C bond angles in the aluminate
range from 1.684(5) to 1.769(4) � and 147.0(4) to 166.9(5)8.
The shorter AlÿO bond lengths are associated with wide
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Figure 5. Solid-state structure of [Ag{C6H4(CF3)2}Al(pftb)4] (3 c-
C6H4(CF3)2)). Thermal ellipsoids are drawn at the 25% probability level,
all hydrogen atoms are omitted for clarity, all fluorine and carbon atoms are
shown as small isotropic circles of an arbitrary scale. Selected bond lengths
[�] and bond angles [8]: Ag1ÿC20 2.496(8), Ag1ÿC21 2.596(7), Ag1ÿC25
3.005(8), Ag1ÿO2 2.558(5), Ag1ÿO4 2.581(7), Ag1ÿF29 2.436(9), Ag1ÿF10
2.722(8), Ag1ÿF16 2.928(9), Ag1ÿF20 2.943(9), Ag1ÿF25 3.026(8), Al1ÿO1
1.684(5), Al1ÿO2 1.769(4), Al1ÿO3 1.702(5), Al1ÿO4 1.759(5), Al1-O1-C1
166.9(5), Al1-O2-C5 147.0(4), Al1-O3-C9 166.7(6), Al1-O4-C13 152.5(5).


Al-O-C bond angles and vice versa, that is, d(Al1ÿO1)�
1.684(5) � and Al1-O1-C1 �166.9(5)8, d(Al1ÿO3)�
1.702(5) and Al1-O3-C9� 166.7(6)8. The geometry around
the Al atom is distorted tetrahedral as shown by the range of
the O-Al-O bond angles of 97.6(3) to 117.7(3)8.


[Ag(CH2Cl2)]2[O{Al(pftb)3}2] (4): Compound 4 crystallises in
the monoclinic space group C2/c (Z� 4) and was only
characterised by its X-ray crystal structure (shown in Fig-


ure 6). The molecule of 4 formally consists of an Al-O-Al
bridged aluminate dianion [O{Al(pftb)3}2]2ÿ and two formally
single-positive cations [Ag(h1-CH2Cl2)]� , which enforce an
almost ecliptic conformation of the two Al(OR)3 units
(torsion angle O1-Al1-Al1A-O3A 25.7(3)8) with weak con-
tact of the two silver atoms at d(Ag1ÿAg1A)� 3.504(2) �
(Ag1-O4-Ag1A 83.8(3)8).[23] The silver atoms are eight
coordinate with three AgÿO contacts at 2.417(3) to
2.629(3) �, one bond to a Cl atom of the monodentate
CH2Cl2 ligand at 2.654(3) � and four weak AgÿF contacts at
2.876(6) to 3.104(7) � (see Figure 6, bottom). The two
Al(OR)3 units in 4 are linked by an almost linear Al-O-Al
bridge (Al1-O4-Al1A� 174.5(3)8), for which the deviation
from linearity points towards the centre of the Ag1ÿAg1A
vector and, therefore, may be caused by electrostatic Cou-
lomb attraction between the (formally) Ag� cations and the
O2ÿ dianion. The AlÿO bond length (Al-O-C bond angle) of
the dicoordinate oxygen atom O2 is shorter (wider) than that
of the tricoordinate O1 and O3 atoms, that is, d(Al1ÿO2)�
1.727(3) �, Al1-O2-C5� 147.8(3), while d(AlÿO) (Al-O-C)
around O1 and O3 average to 1.787� 0.012 � (136.9� 1.98).
The CÿCl bond lengths of the coordinated Cl1 atom is 0.009 �
longer than that of the noncoordinate Cl2 atom (1.756(7) vs.
1.747(8) �).


Ab initio computations : To obtain thermochemical data, in
order to calculate the alkoxide ion affinity and to assess the
stability of gaseous Al(OR)4


ÿ versus the strong Lewis acid
AlF3(g), we optimised the geometries of fluorinated and
nonfluorinated species ORÿ, Al(OR)3, Al(OR)4


ÿ, F3AlÿORÿ


and AlF3 at the B3LYP/TZV and MPW1PW91/TZV levels
(OR�OCH3, OCF3). The larger species with the PTFB
(OC(CF3)3) ligand were only optimised at the more affordable


Figure 4. Solid-state structure of [Ag(C2H4Cl2)3][Al(pftb)4] (3 c-(C2H4Cl2)3). All hydrogen atoms are omitted for clarity and the thermal ellipsoids are drawn
at the 25% probability level. In the structure on the right the carbon atoms are drawn as circles with an arbitrary scale. Selected bond lengths [�] and bond
angles [8]: Ag1ÿCl1 2.694(2), Ag1ÿCl2 2.788(2), Ag1ÿCl3 2.774(2), Ag1ÿCl4 2.717(2), Ag1ÿCl5 2.720(2), Ag1ÿCl6 2.756(2), Al1ÿO1 1.736(3), Al1ÿO2
1.722(3), Al1ÿO3 1.714(3), Al1ÿO4 1.727(3), Cl1ÿC 1.815(7), Cl2ÿC 1.780(6), Cl3ÿC 1.756(7), Cl4ÿC 1.762(9), Cl5ÿC 1.703(10), Cl6ÿC 1.732(10), d(CÿO)
1.343(3)� 0.012 (average), Al1-O1-C1 148.1(3), Al1-O2-C5 149.1(3), Al1-O3-C9 151.7(3), Al1-O4-C13 149.1(3).
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Figure 6. Molecular structure of [Ag(CH2Cl2)]2[O{Al{OC(Me)(CF3)2}3}2]
(4) in the solid state. Thermal ellipsoids are drawn at the 25 % probability
level. All hydrogen atoms are omitted for clarity, all fluorine and carbon
atoms in the structure on the left are shown as isotropic small circles of an
arbitrary scale. Selected bond lengths [�] and bond angles [8]: Ag1ÿO1
2.522(3), Ag1ÿO3 2.417(3), Ag1ÿO4 2.629(3), Ag1ÿCl1 2.654(2), Ag1ÿF2
3.104(7), Ag1ÿF5 2.876(6), Ag1ÿF14 2.930(7), Ag1ÿF18 3.078(7), Al1ÿO1
1.775(3), Al1ÿO2 1.727(3), Al1ÿO3 1.798(3), Al1ÿO4 1.730(1), Cl1ÿC
1.756(7), Cl2ÿC 1.747(8), Ag1ÿAg1A 3.504(2), Ag1-O4-Ag1A 83.8(3), Cl1-
C-Cl2 112.5(4), Al1-O4-Al1A 174.5(3), Al1-O1-C1 138.3(3), Al1-O2-C5
147.8(3), Al1-O3-C9 135.0(2).


MPWPW91/SVP level. The structural parameters of all the
calculated minimum geometries are collected in Table 1,
Figure 7 and in ref. [24, 25].


The geometries calculated at the B3LYP and MPW1PW91
levels and with the TZV basis set are very similar and agree
within 0.014 � and 3.98 ; the largest differences were found for
the Al(OCH3)3 alane. The quality of the calculated aluminate
structures is established by comparison with the experimental
Al(OR)4


ÿ geometries given in Table 2 (vide infra) and both
are in good agreement. Experimental and computed alumi-
nate structures show that the AlÿO and CÿO bond lengths are
shorter and the Al-O-C bond angles are larger for species with
fluorinated OR ligands and vice versa. The geometry of the
alane Al(pftb)3 was initially optimised in C3h symmetry;
however, the computation did not converge. Lowering the
symmetry to C1 led to the minimum geometry shown in
Figure 7.


The electron-deficient aluminium atom in Al(pftb)3 is
stabilised by two contacts at 2.115 and 2.143 � to fluorine


Figure 7. Calculated geometry of Al(pftb)3 at the MPWPW91/SVP level.
Fluorine atoms are shown as black, carbon atoms as white, oxygen atoms as
light grey and the aluminium atom as dark grey shaded circle(s). Selected
bond lengths are given in � and bond angles in degrees.


atoms of the PFTB ligands and the respective CÿF bonds are
elongated by about 0.1 �. This stabilisation is geometrically
only feasible for the larger and more flexible PFTB ligand and
was, therefore, not observed for the smaller Al(OR)3 (OR�
OCH3, OCF3) molecules. The Al(OR)3 alane geometries may
be compared with d(AlÿO)� 1.647 � found on average in
Al(OAr)3 (Ar� 2,6-tBu2-4-MeC6H2)[33] or to d(AlÿO)�
1.696(2) � and Al-O-C� 158.4(2)8 observed in the electroni-
cally comparable Al(Odipp)(tmp)2 molecule (tmp� 2,2,6,6-
tetramethylpiperidino, dipp� 2,6-diisopropylphenyl).[37] Ex-
perimental geometries of tricoordinate alanes Al(OR)3 only
substituted by aliphatic alkoxide ligands are, to the best of our
knowledge, unknown. Due to the short CÿO bond lengths and
relatively long CÿF bond lengths, the OCF3


ÿ anion has been
the focus of several experimental and computational inves-
tigations[26] and shall not be discussed in here. However, the
CÿO and CÿF bond lengths in [{(CH3)2N}3S]�[OCF3]ÿ ,[26c] the
only well-ordered crystal structure of an OCF3


ÿ salt known to
date, are 1.227 and 1.397 �, respectively, and may be
compared with our calculated values of 1.229 (1.228) � and
1.487 (1.468) � at the B3LYP (MPW1PW91) levels. As
noticed earlier,[27] MPW1PW91 gives geometries closer to
experimental data than B3LYP; however, here the differences
are small.


Discussion


Molecular or salt structures of Ag(L)Al(ORF)4Ðenergetic
considerations : A question that presents itself is as to why 3 a-
(C2H4Cl2)2, 3 b-CH2Cl2 and 3 c-C6H4(CF3)2 form a molecular
lattice but 3 c-(C2H4Cl2)3 is a salt. Al(ORF)4


ÿ is an anion and
thus may be expected to always form a saltlike structure. A
part of the answer is given by the polarity of the solvents
employed for crystallisation which follows: 1,3-(CF3)2C6H4


(e� 5.98)<CH2Cl2 (e� 8.93)< 1,2-Cl2C2H4 (e� 10.42) (e�
dielectric constant).[28] Crystals of the salt 3 c-(C2H4Cl2)3 were
grown in the solvent with the highest polarity which provides
the highest degree of stabilisation to the ion pair. In the less
polar solvents CH2Cl2 and 1,3-(CF3)2C6H4 the crystallisation
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of molecular species is preferred. However, 3a-(C2H4Cl2)2 also
is a molecular species, but here the Al(hfip)4 anion is more
basic than the Al(pftb)4 anion (vide infra) and, therefore,
coordination is preferred. To gain insight in the energetics of
this process, we constructed the following Born ± Fajans ±
Haber cycle (see Scheme 1), which enabled us to derive
limits for the gas-phase enthalpies of the reaction Ag(L)Al-


Scheme 1. Born ± Fajans ± Haber cycle for the estimation of DrH of the
reaction Ag(L)Al(ORF)4! [Ag(L)]�[Al(ORF)4]ÿ .


(ORF)4!Ag(L)��Al;(ORF)4
ÿ.


The lattice potential enthalpies
of the salts[29, 30] and the sublima-
tion enthalpies of the molecular
solids[31] were estimated.


DrH(s) in Scheme 1 is posi-
tive for the molecular species
3 b-CH2Cl2 and 3 c-(C6H4-
(CF3)2), but negative for the
salt 3 c-(C2H4Cl2)3. With the
estimated sublimation enthal-
pies[31] and lattice potential en-
thalpies[29] we derive the follow-
ing limits for the gaseous heats
of reactions in Scheme 1:
DrH(g)� 123 kJ molÿ1 (3 a-
(C2H4Cl2)2), DrH(g)� 144 kJ
molÿ1 (3 b-CH2Cl2), DrH(g)�
39 kJ molÿ1 (3 c-(C6H4(CF3)2))
and DrH(g)� 8 kJ molÿ1 (3 c-
(C2H4Cl2)3). This shows that
the silver ion in 3 c-(C2H4Cl2)3


is saturated by the six AgÿCl
contacts, but that the additional
Ag� ± anion interactions stabi-
lise the molecular species 3 a-
(C2H4Cl2)2, 3 b-CH2Cl2 and 3 c-
[C6H4(CF3)2] by at least 123,
144 and 39 kJ molÿ1, respec-
tively.


AlÿO bond lengths in the
Al(ORF)4 anions: does the in-
creasing steric demand of the
ORF ligand lead to weaker
AlÿO bonds?: The fluorination
of the parent alcohol�s ROH of
the ORF ligands should have to
two opposing effects: a) the
ORF ligand is more electroneg-
ative than the non fluorinated
precursor OR and this leads to
highly polar AlÿO bonds.


b) The steric requirement of the fluorinated alkoxy ligands
is higher than that of the non substituted parent alcohol and
the strain associated with the AlÿO bond formation should,
therefore, lead to a weakening of the AlÿO bonds. Typical
terminal AlÿO bonds range from 1.57 � in O�AlÿX (X�F,
Cl),[32] to 1.647 � (av.) in monomeric Al(OAr)3 (Ar� 2,6-
tBu2-4-MeC6H2),[33] 1.690 � (av.) in [Al(OtBu)3]2


[17] and
1.742 � (av.) in Al(OR)4


ÿ (R� iPr[34] or 2,6-iPr2C6H3
[35]).


Aluminates R'xAl(OR)4ÿx
ÿ (x� 0 ± 2) with OÿE (E�Li, Na,


H) contacts exhibit shorter AlÿO bond lengths to the
dicoordinate oxygen atoms (1.713� 0.026 �) and longer
distances to the tricoordinate oxygen atoms (1.778�
0.017 �) (average of twelve crystal structures in
refs. [15, 36, 37]). The average AlÿO distances and average
Al-O-C bond angles of several aluminates Al(OR)4


ÿ are
collected in Table 2.


Table 1. Structural parameters and total atomic energies of all computed species ORÿ, Al(OR)3, Al(OR)4
ÿ and


F3AlÿORÿ.


Symmetry Level d(AlÿO) d(CÿO) Al-O-C Total energy[a]


[�] [�] [8] [au]


Al(OCH3)4
ÿ S4 B3LYP 1.783 1.418 131.4 ÿ 703.41016


MPW1PW91 1.776 1.408 131.2 ÿ 703.24698
Al(OCH3)3 C3h B3LYP 1.692 1.422 151.7 ÿ 588.12406


MPW1PW91 1.681 1.408 155.6 ÿ 587.99639
OCH3


ÿ C3v B3LYP ± 1.379 ± ÿ 115.15057
MPW1PW91 ± 1.372 ± ÿ 115.10980


F3AlÿOCH3
ÿ Cs B3LYP 1.746 1.411 139.1 ÿ 657.64487


MPW1PW91 1.739 1.401 139.3 ÿ 657.50585


Al(OCF3)4
ÿ S4 B3LYP 1.738 1.283 180.0 ÿ 1894.92390


MPW1PW91 1.732 1.281 180.0 ÿ 1894.49466
Al(OCF3)3 C3h B3LYP 1.676 1.319 179.0 ÿ 1481.68497


MPW1PW91 1.671 1.314 179.1 ÿ 1481.35797
OCF3


ÿ C3v B3LYP ± 1.229 ± ÿ 413.09629
MPW1PW91 ± 1.228 ± ÿ 412.98696


F3AlÿOCF3
ÿ Cs B3LYP 1.771 1.270 178.0 ÿ 955.52969


MPW1PW91 1.761 1.268 180.0 ÿ 955.32338


Al(pftb)4
ÿ S4 B3LYP 1.765[b] 1.348[b] 149.4[b] ÿ 4748.43466


MPW1PW91 1.765[b] 1.348[b] 149.4[b] ÿ 4747.31331
Al(pftb)3 C1 B3LYP [c] [c] [c] ÿ 3621.80125


MPW1PW91 [c] [c] [c] ÿ 3620.96025
PFTBÿ C3v B3LYP ± 1.292[b] ± ÿ 1126.48591


MPW1PW91 ± 1.292[b] ± ÿ 1126.20355
F3AlÿPFTBÿ C1 B3LYP 1.810[b] 1.340[b] 141.1[b] ÿ 1668.85282


MPW1PW91 1.810[b] 1.340[b] 141.1[b] ÿ 1668.47984


[a] Energies are only given at the highest level of theory employed, that is, those obtained with the 6 ± 311�G
(2df,2p) basis set for OR�OCH3, OCF3 and the TZV basis set for PFTB. [b] MPWPW91/SVP geometry. [c] See
Figure 7.


Table 2. Average EÿO (E�Al, C) bond lengths and average Al-O-C bond angles in various aluminates
Al(OR)4


ÿ.


d(AlÿO) [�] (AlÿO-C) [8] d(CÿO) Ref.


2a 1.746� 0.056 134.6 1.406� 0.020 [22]
Al(OiPr)4


ÿ 1.743� 0.020 126.5 1.455� 0.006 [34]
ROAl(Oidipp)3


ÿ [a] 1.742� 0.008 138.5 1.402� 0.005 [35]
3b-CH2Cl2 1.740� 0.028 140.3 1.387� 0.010 this work
Al{O(2,6tBu2Ph)}2(OBu)2


ÿ 1.740� 0.026 145.1 1.388� 0.036 [36]
3a-(C2H4Cl2)2 1.738� 0.020 130.0 1.384� 0.010 this work
3a-(C7H8)2 1.734� 0.023 133.7 1.379� 0.021 this work
Al{OC(Ph)(CF3)2}4


ÿ 1.730� 0.043 158.2 1.379� 0.013 [15a) ]
3b-C6H4(CF3)2 1.728� 0.042 158.3 1.355� 0.011 this work
3c-(C2H4Cl2)3 1.725� 0.011 149.5 1.343� 0.012 this work


[a] RO�O(CH2)4N(Me2)Et�.
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Although the steric requirement of the OC(CF3)3 ligand
introduces strain on the AlÿO bond, the average AlÿO bond
lengths of the Al[OC(CF3)3]4


ÿ anion with the bulkiest
alkoxide ligand are the shortest of all the distances shown in
Table 2. A general relationship between the average Al-O-C
bond angle and the average AlÿO and CÿO distance is
observed such that wide average Al-O-C bond angles
correspond to shorter average AlÿO and CÿO bond distances
and vice versa. This is attributed to a highly ionic AlÿO bond
that allows to adopt a bonding position that is independent of
preferential orbital orientations as expected for a predom-
inantly covalent AlÿO bond. The higher the polarity of the
AlÿO bond the larger is the Coulomb contribution to the
bond energy and the more easily follows the Al-O-C bond
angle the steric requirements of the ligand.


The stability of the Al(ORF)4
ÿ anionÐexperimental consid-


erations and computation of the alkoxide ion affinity : An
important property of a weakly coordinating anion (WCA) is
its stability versus ligand abstraction, which determines its
usefulness to act as a counterion for a highly reactive cation.
Ligand abstraction reactions were reported for several WCAs
and include those of the B{C6H3(CF3)2}4


ÿ,[38a] B(C6F5)4
ÿ,[38b,c]


B(OTeF5)4
ÿ,[12] and CB11H6Cl6


ÿ.[39] As a rule, the stronger the
corresponding Lewis acid of a given WCA, the more stable
this anion will be against ligand abstraction. For the
Al(ORF)4


ÿ anions, we showed Al(hfip)3 in 1 a to be a strong
Lewis acid so that the base OEt2 was not released from 1 a
even with heat and vacuum or in the mass spectrometer (see
above). Moreover, the Al(ORF)4


ÿ ions exhibit short AlÿO
bond lengths and wide Al-O-C bond angles, which are
indicative of a highly polar AlÿO bond that is resistant
against heterolytic cleavage, for example, against alkoxide ion
abstraction.


For the fluoride-based anions MFn
ÿ (M�B, As, Sb, Pt,. . . ;


n� 4, 6) the fluoride ion affinity (FIA) of many species was
determined experimentally and computationally as a quanti-
tative measure of the stability of a given anion[30, 40] and,
therefore, the computation of a similar property, the alkoxide
ion affinity (AIA) of the Al(OR)4


ÿ ion, was performed
according to Equation (5).


Al(OR)3(g)�ORÿ(g)!Al(OR)4
ÿ(g) OR�OCH3, OCF3, OC(CF3)3 (5)


The OCF3 ligand served as a model for the larger OC(CF3)3


ligand (replace CF3 by F) and could be examined with higher
accuracy than the rather large OC(CF3)3 species. To test the
influence of the fluorination of the alkoxide ligands on the
AIA we also calculated the AIA of the nonfluorinated
methoxy derivative. The calculated AIAs, are given in
Table 3. [As for the FIA:[40] By definition the AIA always
has a positive value, although the constituting reaction is
highly exothermic (and thus a negative value would be
expected)].


The computed AIAs of the Al(OR)4
ÿ ions in Table 3 range


from 356 to 393 kJ molÿ1 and the values calculated by B3LYP
and MPW1PW91 agree within 18 kJ molÿ1. As anticipated, the
fluorination increases the AIA by 21 to 23 kJ molÿ1. The AIA
of 390� 3 and 384� 9 kJ molÿ1 of Al{OC(CF3)3}3 and


Al(OCF3)3 may then be compared with the FIA of AsF5


which is in a similar range (430 kJ molÿ1 [2, 40]). A more
chemical answer to the stability of the Al(OR)4


ÿ anions is
given by the following isodesmic reaction [Eq. (6)]:[41, 42]


Al(OR)4
ÿ(g)�AlF3(g)!Al(OR)3(g)�F3AlORÿ(g)


OR�OCH3, OCF3, OC(CF3)3 (6)


Gaseous AlF3 is one of the strongest Lewis acids known
[FIA AlF3(g)� 481 kJmolÿ1, cf. FIA AsF5(g)� 430 kJmolÿ1[40])
and, therefore, the calculated reaction energies DrU [Eq. (6)]
provide information as to whether the Al(OR)4


ÿ anion would
decompose in the presence of this very strong acid or not
(given in Table 4).


Both levels of theory agree within 4 to 24 kJ molÿ1 on DrU
[Eq. (6)]. In reaction (6), the effect of fluorination showed
strongly and Al(OCF3)4


ÿ and Al{OC(CF3)3}4
ÿ were calculated


to be stable against the action of gaseous AlF3 by 88.5� 2.5
and 63� 12 kJ molÿ1, while the non-fluorinated Al(OCH3)4


ÿ


was calculated to decompose (DrU�ÿ91� kJ molÿ1). This
implies that Al(OCF3)3 and Al{OC(CF3)3}3 are are two of the
strongest neutral Lewis acids known and shows that fluorina-
tion stabilises the Al(ORF)4


ÿ anions greatly versus heterolytic
alkoxide ion abstraction making them suitable candidates to
act as counterions of highly electrophilic cations.


Al(ORF)4
ÿ as a WCAÐa comparison with known WCAs :


Several solid-state structures of silver salts of WCAs are
known. This allows the analysis of the strengths of the
coordinating abilities of the Al(ORF)4


ÿ anions [ORF�OC-
(Me)(CF3)2 (HFTB), OC(CF3)3 (PFTB)] towards the Ag�


cation in comparison to other WCAs, especially to the


Table 3. Calculated AIAs [according to Eq. (5)].


Species Level[a] AIA [kJ molÿ1]


Al(OCH3)3 B3LYP 356
MPW1PW91 370


Al(OCF3)3 B3LYP 375
MPW1PW91 393


Al(pftb)3 B3LYP 387
MPW1PW91 393


[a] The calculated AIAs are only given at the highest level of theory
employed, that is, those obtained with the 6 ± 311�G(2df,2p) basis set for
OR�OCH3, OCF3 and the TZV basis set for PFTB.


Table 4. Calculated reaction energies DrU [Eq. (6)].


OR Level[a] DrU [kJ molÿ1]


OCH3 B3LYP ÿ 93
MPW1PW91 ÿ 89


OCF3 B3LYP � 86
MPW1PW91 � 91


PFTB B3LYP � 75
MPW1PW91 � 51


[a] The calculated DrU are only given at the highest level of theory
employed, that is, those obtained with the 6 ± 311�G (2df,2p) basis set for
OR�OCH3, OCF3 and the TZV basis set for PFTB.
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CB11H6Cl6
ÿ anion which currently claims the title ªleast


coordinating anionº.[1a] Univalent Ag� compounds have
coordination numbers (CNs) that range from two in
Ag(CN)2


ÿ to nine in Ag{B(OTeF5)}4. Higher CNs are
generally attributed to a more ionic bonding situation in
which fewer strong bonds are exchanged for a series of weak
secondary bonds.[43] In this respect the bonding situation of
the silver atom in all the newly prepared compounds
Ag(L)Al(ORF)4 is highly ionic as seen from the range of the
silver CNs of six to ten, which are comparable to those found
for Ag(p-xylene)CB11H6Cl6 (5 ; CN� 6),[9a] Ag(C6H6)2-
CB9H7F2 (8 ; CN� 7),[9d] [Ag(CH2Cl2)3]2Ti(OTeF5)6 (6 ; CN�
8)[14] and AgB(OTeF5)4 (7; CN� 9)[12] (see Table 5). Another
qualitative observation is the ability of WCAs to stabilise
complexes with weakly basic solvents, for example, CH2Cl2 or
arenes. Only if the interaction of the anion with the Ag�


cation is weaker than complex formation with the solvent are
compounds containing Ag(L)x


� cations (L�weakly basic
solvent, x� 1 ± 3) stable in the solid state. All of the newly
prepared silver aluminates coordinate at least one solvent
molecule; this shows that the Al(ORF)4


ÿ anion is weakly
coordinating. To put this qualitative picture on a more
quantitative basis we calculated the strengths (s) of each
contact AgÿX (X�O, F, Cl, C) of all compounds Ag(L)-
Al(ORF)4 as well as those found in 5 ± 8 by Brown�s bond-
valence method.[44] The atomic valence of the Ag� cation is
one and, therefore, the addition of all the bond valences s of
the contacts to the Ag� cation which are below the sum of the
respective van der Waals radii is expected to give a value close
to unity (usually within �5 %).[44] Truly weakly coordinating
anions should only give low values of s as an indication that no
stronger coordination site remains in the anion. The lengths
d(AgÿX) [in �] and strengths s [in valence units (vu)] of the
AgÿX contacts (X�O, F, Cl, C) of all newly prepared


compounds Ag(L)Al(ORF)4 as well as those calculated for 5 ±
8 are presented in Table 5.


The strengths of the AgÿX contacts in Table 5 range from
s� 0.03 to 0.25 vu and all silver compounds have contacts of
similar magnitude. The addition of all bond valences of each
individual compound in Table 5 gives values from 0.93 to 1.06,
which is close to the expected value and is a proof of the
validity of the approach chosen. The strongest contacts of all
compounds Ag(L)Al(ORF)4, except 3 c-(C6H4(CF3)2), are
formed towards the solvent molecule and not towards the
anion, for example towards carbon in 3 a-(C7H8)2 (0.23 vu),
towards chlorine in 3 a-(C2H4Cl2)2 (0.17 vu), 3 b-CH2Cl2


(0.25 vu), 3 c-(C2H4Cl2)3 (0.19 vu) and 4 (0.22 vu). In 3 c-
(C6H4(CF3)2) the strongest contact is to a fluorine atom
(0.21 vu) and the two AgÿO contacts are comparatively weak
(0.12 and 0.13 vu). Compounds 6 and 8 also exhibit the
strongest contacts towards the coordinated solvent molecule,
but the CB11H6Cl6


ÿ anion in 5 forms the strongest contact
from a chlorine atom of the anion towards the silver cation
(0.23 vu). However, the two AgÿC contacts of 5 to the
coordinated molecule of p-xylene are only slightly weaker
(0.19 and 0.17 vu) than the AgÿCl contact. This shows that the
coordination ability of the newly prepared Al(ORF)4


ÿ anions
towards the Ag� cation is as low as in other established WCAs
in 5 ± 8 ; this encourages us to further investigate the chemistry
of these aluminates towards various highly electrophilic
cations.


Table 5 shows that the basicity of the Al(ORF)4
ÿ anions has


following order: Al(hftb)4
ÿ>Al(hfip)4


ÿ>Al(pftb)4
ÿ. The


line width of the quadrupolar nucleus 27Al (I� 5/2) is very
sensitive to a distortion of the local symmetry and, therefore,
the same conclusion as from Table 5 can be drawn from the
line widths of the 27Al NMR spectra of 3 a ± c : increased
coordination of the cation by the more basic anion leads to


Table 5. Bond lengths [in �] and strengths (s) [in valency units vu] of AgÿX contacts (X�O, F, Cl, C) in several silver compounds containing WCAs. tol� toluene
1,3-Bis� 1,3-(CF3)2C6H4, 1,2-Di� 1,2-Cl2C2H4.


3a-(C7H8)2 (s) 3a-(C2H4Cl2)2 (s) 3 b-CH2Cl2 (s) 4 (s) 3 c-C6H4(CF3)2 (s) 3c-(C2H4Cl2)3 (s) 5[9a] (s) 6[14] (s) 7[12] (s) 8[9d] (s)


CN 8 6 8 8 10 6 6 8 9 7
AgÿO 2.569(0.13) 2.492(0.16) 2.377(0.23) 2.417(0.20) 2.558(0.13) 2.501(0.16) AgÿH


2.657(0.10) 2.576(0.13) 2.386(0.22) 2.522(0.15) 2.581(0.12) 2.601(0.12) 2.09(0.19)
2.629(0.11) 2.756(0.08) 2.10(0.18)


AgÿF 3.385(0.03) 2.849(0.09) 2.876(0.08) 2.436(0.21) 3.029(0.06) 2.644(0.14) 3.19(0.04)
3.493(0.02) 2.857(0.08) 2.930(0.07) 2.722(0.11) 3.033(0.06) 2.717(0.12)


2.924(0.07) 3.078(0.05) 2.928(0.07) 2.730(0.11)
2.931(0.07) 3.104(0.05) 2.943(0.07) 2.773(0.10)


3.026(0.06) 2.824(0.09)
3.017(0.06)


AgÿCl 2.741(0.17) 2.613(0.25) 2.654(0.22) 2.694 0.19 2.640(0.23) 2.656(0.22)
2.751(0.16) 2.874(0.11) 2.717 0.18 2.679(0.20) 2.702(0.19)
2.820(0.13) 2.720 0.18 2.873(0.11) 2.719(0.18)
2.826(0.13) 2.756 0.16 2.926(0.10) 2.856(0.12)


2.774 0.15 3.030(0.07)
2.778 0.15 3.049(0.17)


AgÿC 2.390(0.23) 2.496(0.16) 2.481(0.17) 2.47(0.18)
2.452(0.19) 2.596(0.12) 2.506(0.16) 2.49(0.17)
2.538(0.14) 3.005(0.03) 2.52(0.15)
2.572(0.13) 2.65(0.10)


Sum of s 0.97 [a] 1.01 0.93 1.06 1.01 0.97 0.95 0.97 1.00


[a] Four comparatively strong H ± F hydrogen bonds of the C2H4Cl2 molecules to the anion complete the contacts (v.s.) and, therefore, the sum of the AgÿX valency
units s only add up to 0.71 vu.
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broader lines. The line widths follow the same ordering as
above and are 270> 255> 41 Hz (average values) for the
silver species and 620> 230> 130 Hz for the lithium com-
pounds. In the succeeding paper in this issue S. H. Strauss
et al. conclude to the same order of basicity, based on several
physical measurements.[22]


Conclusion


The facile, high-yield syntheses of several silver salts of
weakly coordinating anions AgAl(ORF)4 [ORF�OC(H)-
(CF3)2 (HFIP), OC(CH3)(CF3)2 (HFTB), OC(CF3)3 (PFTB)]
was achieved. The fluorination of the alkoxy ligands lead to a
considerable strengthening of the AlÿO bond as shown by an
analysis of experimental and computational data. Strain
introduced by the sterically more demanding PFTB ligand
did not affect the AlÿO bond length; on the contrary, the
Al(pftb)4


ÿ anion has the shortest average AlÿO bond lengths.
Moreover the Al(pftb)4


ÿ anion is stable in water and aqueous
HNO3 (35 weight%). By HF-DFT calculations, we showed
that the gaseous Al(OCF3)4


ÿ and Al(pftb)4
ÿ anions are stable


in the presence of the very strong Lewis acid AlF3(g) by
88.5� 2.5 and 63� 12 kJ molÿ1. This indicates that the parent
Lewis acids, Al(OCF3)3(g) and Al(pftb)3, are two of the
strongest neutral Lewis acids known to date; the latter may
also be accessible on a preparative scale. The Al(ORF)4


ÿ


anions coordinate very weakly to the silver cation and the
basicity decreases according to: Al(hftb)4


ÿ>Al(hfip)4
ÿ>


Al(pftb)4
ÿ. The Al(pftb)4


ÿ anion is one of the most weakly
coordinating anions known to date and is comparable with
CB11H6Cl6


ÿ, which currently claims the title ªleast coordinat-
ing anionº.[1a] However, in contrast to the latter salt,
AgAl(ORF)4 can easily be made in 20 g batches within two
days. Moreover, H(HFIP) is cheap and therefore the
Al(hfip)4


ÿ anion should be of great interest for many
applications, for example, cationic homogenous catalysis.
The data presented here, suggest that the Al(ORF)4


ÿ anions
are robust WCAs that may be introduced for the stabilisation
of highly electrophilic cations. Silver metathesis reactions
appear to be suitable for many purposes; however, special
cations may need special strategies for ionisation, see for
example, the silylium ion problem.[1a, 4, 45] Preliminary inves-
tigations showed that the Al(ORF)4


ÿ anions presented here
also stabilise the Ph3C� cation, but this will be subject to
future communication.


Experimental Section


All manipulations were performed using standard Schlenk or dry-box
techniques in an atmosphere of purified dinitrogen or argon (H2O and
O2< 1 ppm). All solvents were rigorously dried by standard procedures,
distilled, degassed prior to use and stored under N2. NMR spectra were
recorded on a Bruker AC250 spectrometer and referenced against external
SiMe4 (1H, 13C), aqueous LiCl (7Li), Cl3CF (19F), aqueous AlCl3 (27Al) and
85% H3PO4 (31P). Raman spectra were recorded on a BrukerIFS 66v
spectrometer equipped with the Raman module FRA106 in sealed melting
point capillaries. Mass spectra were recoreded on a Finnigan MAT711
spectrometer at 70 eV. Elemental analyses were performed by the
analytical laboratory of the institute. Melting points were determined in
sealed capillaries with a heating rate of 48minÿ1 and melting points are
given uncorrected.


Al(hfip)3(OEt2) (1 a-OEt2): A cooled (ÿ78 8C) solution of LiAlH4 in OEt2


(45.0 mL, 0.311m, 14.0 mmol) was quickly added to a cooled (ÿ78 8C)
solution of freshly sublimed AlCl3 (0.62 g, 4.7 mmol) in of Oet2 (80 mL).
The resulting clear solution was stirred for two minutes and then pure,
liquid H(HFIP) (9.40 g, 5.89 mL, 55.9 mmol) was added over 10 min
(strong gas evolution). The mixture was slowly warmed to ambient
temperature (12 h) and all volatiles were removed in vacuo (3� 10ÿ2 mbar)
leaving a colourless oil. Pentane (70 mL) was added and the resulting
suspension was filtered. All volatiles were removed from the filtrate and
the remaining colourless oil was distilled in a static vacuum giving a
colourless liquid (d� 1.492 g mLÿ1) of 1a-OEt2. Yield: 8.84 g (90 %); b.p.
65 ± 70 8C (1.5� 10ÿ2 mbar); 1H NMR (250 MHz, C6D6, 25 8C): d� 0.91 (t,
6H; CH3), 3.61 (q, 4 H; CH2), 4.50 (sept, 3J(H,F)� 5.9 Hz, 3 H; CH);
13C NMR (63 MHz, C6D6, 25 8C): d� 13.2 (s, CH3), 70.9 (s, CH2), 71.9 (sept,
2J(C,F)� 33.3 Hz; OÿC), 123.5 (q, J(C,F)� 283.4 Hz; CF3); 19F NMR
(235 MHz, C6D6, 25 8C): d�ÿ77.55 (d, 3J(F,H)� 5.8 Hz; CF3); 27Al NMR
(78 MHz, C6D6, 25 8C): d� 54.5 (s, n1/2� 1370 Hz); MS (70 eV): m/z (%):�
582 (1.92) [MÿF]� , 532 (16.74) [MÿCF3]� , 435 (75.76) [Mÿ
OC(H)(CF3)2]� , 139 (100) [F2AlÿOEt2]� .


LiAl(hfip)4(OEt2) (2 a-OEt2): Liquid 1a-OEt2 (1.11 g, 0.75 mL, 1.85 mmol)
was added to solid LiHFIP[46] (0.32 g, 1.85 mmol), and the resulting
suspension was treated for one hour with ultrasound at 40 8C to give a clear
colourless liquid. This liquid was heated in a dynamic vacuum (2 ± 3 h, 1�
10ÿ2 mbar) to about 150 8C, after which the liquid crystallised upon storage
at ambient temperature. Yield: 1.43 g, 100 %; 1H NMR (300 MHz, C6D6,
25 8C): d� 0.91 (t, CH3), 1.12 (br, CH3), 2.92 (q, CH2), 3.38 (br, CH2), 4.57
(sept, 3J(H,F)� 5.6 Hz; CH), 4.68 (br, CH); 1H NMR (300 MHz, C6D6,
60 8C): d� 0.88 (t, 6 H; CH3), 3.10 (q, 4H; CH2), 4.59 (sept, 3J(H,F)�
5.6 Hz; CH); 7Li NMR (117 MHz, C6D6, 25 8C): d�ÿ0.6 (s, 1 Li), ÿ0.9
(s, 1 Li); 7Li NMR (117 MHz, C6D6, 60 8C): d�ÿ0.8 (n1/2� 330 Hz);
13C NMR (63 MHz, C6D6, 25 8C): d� 13.8 (s, CH3), 66.7 (s, CH2), 71.5 (sept,
OÿC, 2J(C,F)� 33.3 Hz), 123.2 (q, J(C,F)� 283.5 Hz; CF3); 27Al NMR
(78 MHz, C6D6, 25 8C): d� 57.1 (s, n1/2� 770 Hz).


General procedure for the synthesis of LiAl(ORF)4 [ORF�OCH(CF3)2


(hfip), OC(CH3)(CF3)2 (HFTB), OC(CF3)3 (PFTB)]: A solution of LiAlH4


in Et2O (containing 5 to 20 mmol LiAlH4) was transfered into a Schlenk
vessel. All volatiles were removed in vacuo (2 ± 3 h, 5� 10ÿ3 mbar) until a
constant weight was achieved (by increasing the temperature to about
80 8C). This purified LiAlH4 was suspended in toluene (about 70 mL) and
the alcohol HOÿRF (4.1 equiv) was added at 0 8C temperature (1 h, gas
evolution). The mixture was heated to reflux over night when a clear
solution had formed. Cooling this solution for one hour to ÿ20 8C lead to
the precipitation of colourless LiAl(ORF)4. The supernatant solution was
decanted and all the volatiles of the remaining solid were removed in vacuo
(1 h, 5� 10ÿ2 mbar) yielding 66 to 80% crude LiAl(ORF)4. This crude
material was sufficient for the succeeding preparation of AgAl(ORF)4;
however, it may be purified by sublimation at about 150 8C and 5�
10ÿ2 mbar.


LiAl(hfip)4 (2a): LiAlH4 (1.675 g, 44.10 mmol), H(HFIP) (30.38 g,
19.95 mL, 180.81 mmol); yield of crude [sublimed] material: 27.86 (90 %)
[25.63 g (83 %)]; m.p. 120 ± 125 8C; 1H NMR (250 MHz, CDCl3/5 %THF,
25 8C): d� 4.19 (sept, 3J(H,F)� 6.2 Hz; CH); 7Li NMR (117 MHz, CDCl3/
5%THF, 25 8C): d�ÿ1.1; 13C NMR (63 MHz, CDCl3/5%THF, 25 8C): d�
70.4 (sept, OÿC, 2J(C,F)� 32.3 Hz), 122.7 (q, CF3, J(C,F)� 285.0 Hz); 27Al
NMR (78 MHz, CDCl3/5%THF, 25 8C): d� 59.9 (s, n1/2� 230 Hz); FT-
Raman: nÄ (%)� 2955 (100), 1390 (15), 1295 (10), 1200 (11), 1129 (4), 1098
(7), 855 (82), 766 (28), 750 (18), 730 (7), 703 (10), 689 (9), 533 (16), 523 (15),
484 (4), 330 (41), 298 (10), 218 (13), 120 cmÿ1 (8).


LiAl(hftb)4 (2b): LiAlH4 (0.66 g, 17.4 mmol), H(HFTB) (13.03 g, 10.0 mL,
71.6 mmol); yield of crude [sublimed] material: 10.60 g (80 %) [10.20 g
(77 %)]; m.p. 42 ± 45 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d� 1.57 (s,
CH3); 7Li NMR (117 MHz, CDCl3, 25 8C): d�ÿ1.0; 13C NMR (63 MHz,
CDCl3, 25 8C): d� 17.2 (s, CH3), 75.8 (sept, 2J(C,F)� 29.6 Hz; OÿC), 124.1
(q, J(C,F)� 287.4 Hz; CF3); 27Al NMR (78 MHz, CDCl3, 25 8C): d� 46.6 (s,
n1/2� 620 Hz); FT-Raman: nÄ (%)� 2964 (32), 2862 (100), 774 (15), 543 (33),
332 (5), 247 cmÿ1 (4).


LiAl(pftb)4 (2 c): LiAlH4 (0.53 g, 14.0 mmol), HOC(CF3)3 (13.52 g, 8.0 mL,
57.3 mmol); yield of crude [sublimed] material: 10.50 g (77 %) [9.03 g
(66 %)]; m.p. 145 ± 150 8C; 7Li NMR (117 MHz, CDCl3, 25 8C): d�ÿ0.9;
13C NMR (63 MHz, CDCl3, 25 8C): d� 120.9 (q, J(C,F)� 292.8 Hz; CF3);
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19F NMR (235 MHz, CDCl3, 25 8C): d�ÿ76.9 (s, CF3); 27Al NMR
(78 MHz, CDCl3, 25 8C): d� 33.8 (s, n1/2� 130 Hz); FT-Raman: nÄ (%)�
801 (70), 745 (90), 571 (25), 538 (40), 326 (100), 234 cmÿ1 (20).


General procedure for the synthesis of AgAl(ORF)4 [ORF�OCH(CF3)2


(HFIP), OC(CH3)(CF3)2 (HFTB), OC(CF3)3 (PFTB)]: The crude LiAl-
(ORF)4 (5 to 20 mmol) and an about 1.3 to 2.0 molar excess of AgF were
mixed in a two-bulb fritplate vessel equipped with J. Young valves. After
the addition of about CH2Cl2 (30 mL) the suspension was placed in an
ultrasonic bath at 40 8C (12 h). Filtration and removal of the volatiles in
vacuo (5� 10ÿ3 mbar) afforded the colourless, highly soluble CH2Cl2


adducts of AgAl(hftb)4 and AgAl(pftb)4, and unsolvated AgAl(hfip)4 in
almost quantitative yield. Replacing CH2Cl2 by 1,2-Cl2C2H4 or 1,3-
(CF3)2C6H4 gave the respective solvent adducts of AgAl(pftb)4. We
attempted to record FT-Raman spectra of all silver species; however, the
samples decomposed in the Laser beam even at very low laser power.


AgAl(hfip)4 (3a): Compound 2a (11.41 g, 16.3 mmol), AgF (3.40 g,
27.9 mmol); yield: 12.17 g (93 %); m.p. 155 ± 160 8C (decomp); 1H NMR
(250 MHz, CDCl3, 25 8C): d� 4.48 (sept, 3J(H,F)� 5.5 Hz; CH); 13C NMR
(63 MHz, CDCl3, 25 8C): d� 75.9 (sept, 2J(C,F)� 32.9 Hz; OÿC), 122.1 (q,
J(C,F)� 283.1 Hz; CF3); 27Al NMR (78 MHz, CDCl3, 25 8C): d� 58.0 (s,
n1/2� 255 Hz); elemental analysis calcd (%) for C12H4AgAlF24O4 (803.01):
C 17.95, H 0.50, Al 3.4; found C 18.14, H 0.69, Al 3.3.


[Ag(CH2Cl2)Al(hftb)4] (3 b-CH2Cl2): Compound 2 b (10.20 g, 13.5 mmol),
AgF (2.02 g, 15.9 mmol); yield: 11.81 g (93 %) m.p. 137 ± 145 8C (decomp);
1H NMR (250 MHz, CDCl3, 25 8C): d� 1.59 (s, CH3, 12 H), 5.29 (s, CH2Cl2,
2H); 13C NMR (63 MHz, CDCl3, 25 8C): d� 17.7 (s, CH3), 75.9 (sept,
2J(C,F)� 29.7 Hz; OÿC), 123.8 (q, J(C,F)� 288.2 Hz; CF3); 27Al NMR
(78 MHz, CDCl3, 25 8C): d� 45.2 (s, n1/2� 270 Hz); elemental analysis calcd
(%) for C17H14AgAlCl2F24O4 (944.05): Ag 11.4, Al 2.9; found Ag 11.9, Al
2.6.


[Ag(CH2Cl2)Al(pftb)4] (3 c-CH2Cl2): Compound 2 c (4.75 g, 4.9 mmol),
AgF (1.09 g, 8.6 mmol); yield: 5.40 g (95 %); m.p. 97 ± 100 8C (decomp);
1H NMR (250 MHz, CDCl3, 25 8C): d� 5.34 (s, CH2Cl2); 13C NMR
(63 MHz, CDCl3, 25 8C): d� 54.0 (s, CH2Cl2), 121.2 (q, J(C,F)� 292.8 Hz;
CF3); 27Al NMR (78 MHz, CDCl3, 25 8C): d� 34.1 (s, n1/2� 39 Hz);


elemental analysis calcd (%) for C17H2AgAlCl2F36O4 (1159.96): C 17.60,
H 0.17; found C 16.82, H 0.02.


[Ag{C6H4(CF3)2}Al(pftb)4] (3c-C6H4(CF3)2): Compound 2 c (4.80 g,
4.9 mmol), AgF (1.25 g, 9.9 mmol); yield: 5.63 g (97 %) of m.p. 87 ± 92 8C
(decomp); 1H NMR (250 MHz, CDCl3, 25 8C): d� 7.63 (t, 1 H), 7.83 (d,
2H), 7.86 (s, 1H); 13C NMR (63 MHz, CDCl3, 25 8C): d� 121.8 (q, J(C,F)�
292.9 Hz; OC(CF3)3), 122.9 (sept, 3J(C,F)� 3.8 Hz; Ar-C2), 123.9 (q,
J(C,F)� 272.5 Hz; Ar-CF3), 129.1 (s, Ar-C4,6), 130.1 (s, Ar-C5), 132.0 (q,
2J(C,F)� 33.5 Hz; Ar-C1,3); 27Al NMR (78 MHz, CDCl3, 25 8C): d� 34.1
(s, n1/2� 42 Hz); elemental analysis calcd (%) for C24H4AgAlF42O4


(1289.14): C 22.36, H 0.31, Ag 8.4; found C 20.89, H 0.64, Ag 9.0.


X-ray crystal structure determinations : Data collection for X-ray structure
determinations were performed on a STOE STADI4 four circle or a STOE
IPDS diffractometer with graphite-monochromated MoKa (0.71073 �)
radiation. Single crystals were mounted in perfluoroether oil on top of a
glass fiber and then brought into the cold stream of a low temperature
device so that the oil solidified. All calculations were performed on PC�s
using the Siemens SHELX 93 software package. The structures were solved
by the Patterson heavy atom method and successive interpretation of the
difference Fourier maps, followed by least-squares refinement. All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms were
included in the refinement in calculated positions by a riding model using
fixed isotropic parameters. Relevant data concerning crystallographic data,
data collection and refinement details are compiled in Table 6. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-146439 ± 146444. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).


Computational details : All calculations have been performed by using the
Gaussian 98[47] suite of programs. The geometries of the species related to
Al(OR)4


ÿ (OR�OCH3, OCF3) were fully optimised at the MPW1PW91/
TZV[48, 49] and B3LYP/TZV[50, 51] levels, while those with OR�OC(CF3)3


were only optimised at the less expensive MPWPW91/SVP[49, 52] level. Due


Table 6. Crystallographic details of 3a-(C2H4Cl2)2, 3b-CH2Cl2, 3c-(C2H4Cl2)3, 3 c-C6H4(CF3)2 and 4.


3 a*(C7H8)2 3a-(C2H4Cl2)2 3 b-CH2Cl2 3 c-(C2H4Cl2)3 3c-C6H4(CF3)2 4


crystal size [mm] 0.2� 0.5� 0.5 0.4� 0.5� 0.5 0.4� 0.5� 0.5 0.3� 0.3� 0.4 0.5� 0.4� 0.4 0.5� 0.5� 0.7
crystal system triclinic monoclinic monoclinic orthorhombic monoclinic monoclinic
space group P1Å P21/c P21/n P212121 P21/c C2/c
a [�] 10.983(2) 10.232(2) 11.814(2) 11.775(2) 12.008(2) 22.880(5)
b [�] 14.841(3) 15.482(3) 15.698(3) 18.725(4) 16.216(3) 11.712(2)
c [�] 22.436(5) 20.794(4) 16.720(3) 19.512(4) 20.092(4) 20.229(4)
a [8] 97.42(3) 90.00 90.00 90.00 90.00 90.00
b [8] 93.90(3) 94.28(3) 98.16(3) 90.00 104.10(3) 115.29(3)
g [8] 101.91(3) 90.00 90.00 90.00 90.00 90.00
V [�3] 3531.6(12) 3284.6(11) 3069.4(11) 4302.1(15) 3794.7(13) 4901.4(17)
Z 2 4 4 4 4 4
1calcd [Mg mÿ3] 1.857 2.024 2.043 2.118 2.256 2.090
m [mmÿ1] 0.755 1.128 1.031 1.051 0.979 1.231
abs. corr. numerical numerical semiempirical numerical numerical numerical
Imin/Imax. 0.635/0.762 0.581/0.665 0.521/0.662 0.782/0.913 0.621/0.869 0.685/0.816
F(000) 1936 1936 1832 2648 2472 2984
index range ÿ 13�h� 13 ÿ 12�h� 12 ÿ 14� h� 10 ÿ 14�h� 14 ÿ 14� h� 14 ÿ 27� h� 21


ÿ 18�k� 13 ÿ 18�k� 18 0� k� 18 ÿ 22�k� 23 0�k� 23 ÿ 13� k� 0
ÿ 21� l� 27 ÿ 24� l� 25 0� l� 19 ÿ 23� l� 23 0� l� 23 ÿ 24� l� 21


max. 2 q [8] 51.84 51.98 50.00 51.84 51.62 50.04
T [K] 180 190 203 200 200 223
unique reflns 10286 6242 5065 8325 7218 4307
observed reflns [I> 4 s(I)] 8550 5064 3154 7453 3987 3828
parameters 1013 451 446 632 724 348
weighting scheme[a] x/y 0.1096 0.0575/2.1566 0.0439/9.7553 0.0993/1.5952 0.1955/12.5305 0.0684/14.8580
GOOF 1.096 1.044 1.233 1.042 1.155 1.097
final R [I> 4 s(I)] 0.0426 0.0390 0.0559 0.0491 0.1026 0.0424
final wR2 0.1320 0.1025 0.1127 0.1342 0.2899 0.1145
largest residual peak [e �3] 0.848 0.849 0.910 0.743 0.805 0.738


[a]wÿ1� s2F 2
o� (xP)2�yP ; P� (F 2


o�2 F 2
c �/3.
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to the large size of the systems, frequency calculations were not performed
and consequently zero-point energies were not included; however, the
errors associated with this procedure are expected to be small due to error
cancellation, especially in the isodesmic reactions [Eq. (6)].[41] Energies
given (OR�OCH3, OCF3) were computed at the MPW1PW91/6 ± 311�
G(2df,2p)//MPW1PW91/TZV and B3LYP/6 ± 311�G(2df,2p)//B3LYP/
TZV levels, while those of the species with OR�OC(CF3)3 were obtained
at the less expensive MPW1PW91/TZV//MPWPW91/SVP and B3LYP/
TZV//MPWPW91/SVP levels. However, we found that for OR�OCF3 the
difference between the energies obtained with the TZV and the larger 6 ±
311�G(2df,2p) basis set was less than 21 kJmolÿ1 and therefore we expect
the energies calculated for the species with OR�OC(CF3)3 to be correct
within an error of a similar size.
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Gold Complexes with Dithiothiophene Ligands:
A Metal Based on a Neutral Molecule
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Abstract: The gold complexes n-Bu4N-
[Au(a-tpdt)2] (5), n-Bu4N[Au(dtpdt)2]
(4) and n-Bu4N[Au(tpdt)2] (6) based on
new dithiothiophene ligands (a-tpdt�
2,3-thiophenedithiolate, dtpdt� 2,3-
dihydro-5,6-thiophenedithiolate and
tpdt� 3,4-thiophenedithiolate) have
been prepared and characterised. These
gold(iii) complexes are diamagnetic, but
they can be oxidised with iodine to the
paramagnetic compounds [Au(a-tpdt)2]


(8), [Au(dtpdt)2] (7) and n-Bu4N-
[{Au(tpdt)2}n�2] (9), which were isolated
as fine powders and which exhibit para-
magnetic susceptibilities that are almost
temperature independent with room
temperature values of 2.5� 10ÿ4, 2.0�


10ÿ4 and 5� 10ÿ4 emu molÿ1, respective-
ly. Interestingly, the neutral complex
[Au(a-tpdt)2] (8) as a polycrystalline
sample displays the properties of a
metallic system with a room temper-
ature electrical conductivity of 6 S cmÿ1


and a thermoelectric power of
5.5 mV Kÿ1; this is the first time that this
metallic property has been observed in a
molecular system based on a neutral
species.


Keywords: conducting materials ´
coordination chemistry ´ gold ´
magnetic properties ´ S ligands


Introduction


Since the first discovery of metallic behaviour in the organic
compound TTF-TCNQ, TTF-based donors have been widely
used as building blocks for the preparation of molecular
conducting and superconducting materials.[1] Square-planar
transition metal complexes with dithiolene ligands can be
viewed as the inorganic analogues of TTF donors, in which the
transition metal replaces the central C�C bond of TTF. The
metal bis(dithiolene) complexes can exhibit several oxidation
states and a diversity of coordination geometries.[2] Most
often, they act as anionic counterions (formal metal oxidation
state iii) in charge-transfer solids with a variety of donors. In


some cases, these metal complexes act as passive counterions
that can be dia- or paramagnetic, depending on the metal,[3]


but in other cases, they are directly responsible for metallic[4]


or even superconducting properties[5, 6] as in [Ni(dmit)2] salts
(dmit� 4,5-dimercapto-1,3-dithiole-2-dithione). Monoanion-
ic gold bis(dithiolene) complexes can, in general, be reduced
to paramagnetic dianionic species[7, 8, 9] or, in some cases, can
be oxidised to neutral radicaloid species.[10, 11, 12] Higher
oxidation states in gold and other transition metal bis(dithio-
lene) complexes have also been observed.[13, 14]


In recent years, several new TTF-based donors have been
reported which are fused with thiophene type rings, such as
BET-TTF and DT-TTF, and were used with success in the


preparation of different molecular conductors.[15] In the
charge transfer salts of these donors, the additional thiophene
sulfur atom in the periphery of the donors allows extra
intermolecular S ´´ ´ S contacts that control the crystal struc-
ture and the resulting electronic properties.


To the best of our knowledge, the transition metal
bis(dithiothiophene) compounds, analogous to donors in
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which the central C�C bond is replaced by a transition metal,
have not been previously obtained. Herein we report the use
of ketones 1 and 2 and thione 3, precursors for the synthesis of
thiophene substituted TTF donors,[16, 17] in the preparation the
corresponding gold(iii) complexes 4, 5 and 6 (Scheme 1).
Ketone 1[17] and thione 3[16] were previously known as
precursors for the synthesis of the organic donors BET-TTF
and DT-TTF, respectively. However, aromatised ketone 2 has
not been previously reported. The oxidation of compounds 4,
5 and 6 to the paramagnetic complexes 7, 8 and 9, and the
study of all the compounds is also reported herein. The most
interesting compound is complex 8, since it shows an excep-
tionally large conductivity with metallic character; it is one of
the very few conducting compounds based on neutral
molecules, and the first that shows metallic transport proper-
ties (Scheme 1).


These gold complexes are the first members of an entirely
new family of compounds based on dithiothiophene ligands
with different transition metals. These will be reported in
subsequent studies.


Results and Discussion


The syntheses of gold complexes 4, 5 and 6 were performed
following a general common procedure (Scheme 1). The
thiophenedithiolate ligands were obtained in solution from
the corresponding ketones 1[17] and 2 or thione 3,[16] by
hydrolytic cleavage with potassium methoxide in methanol.
These ligands were treated immediately without intermediate
isolation with potassium tetrachloroaurate to give the gold(iii)
complexes that precipitated as green-yellow (4), red (5), or
brown-yellow (6) tetrabutylammonium salts after treatment
with n-Bu4NBr. The precipitates were washed with methanol
and purified by recrystallisation in acetone/isopropyl alcohol


to give air-stable crystals. Final yields are in the range of 50 ±
70 %. Although not exhaustively tested, the same yields are
obtained when either the ketones or the corresponding
thiones are used. Elemental analysis results indicate a 1:1
stoichiometry for the n-Bu4N salts of the gold(iii) complexes
as confirmed by X-ray crystal structure determination for
complexes 4 and 6.


Ketone 2 was obtained for the first time and in quantitative
yield by aromatisation of 1 by refluxing with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) in toluene.


Upon oxidation of the gold(iii) complexes 4 and 5 with
iodine, the corresponding neutral gold(IV) complexes
[Au(dtpdt)2] (7) and [Au(a-tpdt)2] (8) were obtained as an
almost insoluble dark fine powder. Due to the very low
solubility of the neutral complexes in virtually all solvents
tested, with exception of nitrobenzene in which it is only
slightly soluble, it was not possible to grow single crystals for
X-ray structure determination. In the case of n-Bu4N-
[Au(tpdt)2] (6) only a partial oxidation by iodine was
achieved as indicated by the elemental analysis obtained of
the final product. Elemental analysis gave results that varied
slightly from preparation to preparation, but were consistent
with a stoichiometry close to n-Bu4N[{Au(tpdt)2}n�2] (9). The
small deviations are ascribed to coprecipitation of impurities.
This product is also very insoluble in all common solvents with
the exception of nitrobenzene in which it is only slightly
soluble.


The different oxidation behaviour of the gold bis(thio-
phenedithiolate) complexes is consistent with electrochemical
studies. Cyclic voltammetry of n-Bu4N[Au(a-tpdt)2] in di-
chloromethane shows a pair of asymmetric redox waves,
typical of the formation of an insoluble product, at (0.356,
0.556 V) 0.456 V versus Ag/AgCl that correspond to the
couple [Au(a-tpdt)2]ÿ/[Au(a-tpdt)2]. At lower potentials
there is a pair of reversible waves centred at ÿ1.162 V that


Scheme 1. Preparation of gold complexes 4 ± 9.
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correspond to the couple [Au(a-tpdt)2]2ÿ/[Au(a-tpdt)2]ÿ . For
n-Bu4N[Au(tpdt)2], the reversible waves that correspond to
the [Au(tpdt)2]2ÿ/[Au(tpdt)2]ÿ couple are observed at
ÿ0.900 V; at 0.754 V, a wave is observed whose peak intensity
is approximately 50 % of the previous one and which
corresponds to a partial oxidation of the complex, possibly
the couple 2 [Au(tpdt)2]ÿ/[Au(tpdt)2]2


ÿ. At higher potentials, a
third irreversible wave is observed at 1.319 V and is ascribed
to the full oxidation of the complex to the neutral species. For
[Au(dtpdt)2], the irreversible redox waves ascribed to the
couple [Au(dtpdt)2]ÿ/[Au(dtpdt)2] are observed at the lower
values of (0.122, 0.380 V) 0.201 V versus Ag/AgCl. This low
oxidation potential is consistent with the observed instability
of n-Bu4N[Au(dtpdt)2] solutions that slowly form a dark
precipitate upon exposure to air.


Oxidation potentials of the studied complexes show an
increasing facility to obtain the neutral species when the
ligands are changed from tpdt to a-tpdt to dtpdt. Clearly the
aromatic ligands a-tpdt and tpdt stabilise the anionic species.
All of these complexes exhibit very low oxidation potentials
when compared with more simple bis(dithiolene) complexes,
such as [Au(mnt)2][2a] (mnt� 1,2-dicyanoethylene-1,2-dithio-
late) in which the neutral species is not as stable. The
oxidation potentials of these dithiothiophene complexes from
the monoanionic to the neutral species are comparable to
those of other gold complexes with more extended aromatic
ligands, such as [Au(bdt)2] (�0.86 V)[12] and [Au(dddt)2]
(�0.41 V),[10] for which the neutral species were also isolated
(bdt� benzeno-1,2-dithiolate and dddt� 5,6-dihydro-1,4-di-
thiin-2,3-dithiolate).


Despite the fact that well-formed single crystals were
obtained for the tetrabutylammonium salts 4, 5 and 6, owing
to severe twinning problems in the crystals of compound 5, the
crystal structure could be solved only for salts 4 and 6.


In both complexes, the bond lengths in the thiophenic ring
are close to those found in the corresponding TTF-based
donors.[16b, 18] The AuÿS bond lengths observed in these
complexes, with an average value of 2.319 � (see Table 1),
are in the upper range of values reported for other gold(iii)
dithiolates[15d, 19] that extend from 2.29 to 2.34 � with an
average of 2.305 �.


By contrast, the [Au(dtpdt)2] anion in 4 is significantly
nonplanar and has only a trans configuration in the crystal
(Figure 1), which is also the preferred configuration for the
corresponding donor BET-TTF.[16a, 17]


The nonplanarity of the [Au(dtpdt)2] anion in 4 is denoted
by the dihedral angle of 162.868 between the average plane of
the two ligands. Additionally, there is a slight tetrahedral
distortion of the four coordinating sulfur atoms that deviate
by �0.14 � from the average plane that contains the metal.
These distortions are certainly due to the CÿH ´´´ S hydrogen
bonds that are formed by all sulphur atoms except S(6) (see
Table 2) and by the strong S(6) ´´ ´ S(6)* interactions which
twist the two ligands in oposite directions (see Figure 2 and
the discussion of crystal packing below).


The [Au(tpdt)2] anion in 6 is almost planar with a very small
boat-type distortion (Figure 3). The gold atom and the four
coordinating sulphur atoms S(1) ± S(4) are coplanar within
experimental error, with deviations smaller than 0.008 �. The


Figure 1. ORTEP views and atomic numbering scheme of [Au(dtpdt)2]ÿ


(4) with thermal ellipsoids at 40% probability level.


only significant nonplanar deviations in the complex are those
of the remaining sulphur atoms S(5) and S(6) that deviate
from the average plane by 0.14 and 0.31 �, respectively.


The crystal structure of 4 is made up of zig-zag chains of
[Au(dtpdt)2] along the c axis; these are connected by short
(3.473 �) S(6) ´´ ´ S(6)* contacts (Figure 4).


The channels between the zig-zag chains of the anions are
occupied by tetra-n-butyl ammonium (TBA) cations that are


Table 1. Selected bond lengths [�] for compounds 4 and 6.


6 4


Au(1)ÿS(1) 2.315(5) 2.321(3))
Au(1)ÿS(2) 2.303(5) 2.319(2)
Au(1)ÿS(3) 2.305(5) 2.324(2)
Au(1)ÿS(4) 2.321(5) 2.321(3)
S(1)ÿC(1) 1.75(3) 1.76 (1)
S(2)ÿC(2) 1.78(2) 1.73(1)
S(3)ÿC(3) 1.75(3) 1.74 (1)
S(4)ÿC(4) 1.74(2) 1.74 (1)
S(5)ÿC(5) 1.70(2)
S(5)ÿC(6) 1.72(3) 1.78(2)
S(5)ÿC(2) 1.75(1)
S(6)ÿC(7) 1.74(2) 1.79 (1)
S(6)ÿC(8) 1.71(3)
S(6)ÿC(3) 1.776(9)
C(1)ÿC(2) 1.43(3) 1.33(1)
C(1)ÿC(5) 1.33(3) 1.58 (1)
C(2)ÿC(6) 1.35(3)
C(3)ÿC(4) 1.45(3) 1.32 (1)
C(3)ÿC(7) 1.32(3)
C(4)ÿC(8) 1.36(3) 1.62(1)
C(5)ÿC(6) 1.41(2)
C(7)ÿC(8) 1.49(2)


Table 2. Hydrogen bonds and short contacts in the crystal structure of
compound 4.


d [�] Angle [8]


C(12)ÿH(12a) ´´ ´ S(1) 2.986 149.71
C(31)ÿH(31a) ´´ ´ S(1) 3.028 163.98
C(41)ÿH(41a) ´´ ´ S(2) 2.953 168.57
C(34)ÿH(34b) ´´ ´ S(3) 3.024 126.27
C(22)ÿH(22b) ´´ ´ S(4) 2.856 148.30
C(11)ÿH(11b) ´´ ´ S(5) 2.965 173.94
S(6) ´ ´ ´ S(6)* 3.473 ±
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Figure 2. View of the [Au(dtpdt)2]ÿ anion in 4 showing its distortion and
the CÿH ´´´ S bonds with surrounding cations.


Figure 3. ORTEP views and atomic numbering scheme of [Au(tpdt)2]ÿ (6)
with thermal ellipsoids at 40% probability level.


Figure 4. Zigzag chains of [Au(dtpdt)2]ÿ anions in 4 emphasizing the short
S(6) ´ ´ ´ S(6)* contacts.


strongly held by a charge-assisted CÿHd� ´ ´ ´ Sdÿ hydrogen-
bond system with H ´´´ S distances that range from 2.856 to
3.028 � (see Table 2). It should be noted that, certainly due to
these hydrogen bonds, the packing of the complex in the
crystal structure of compound 4 (Figure 5) does not show any
orientational disorder as was observed in the corresponding
donor BET-TTF.[16a, 17]


The structure of 6 consists of alternating layers of tetrabu-
tylammonium cations and [Au(tpdt)2] anions which are
parallel to the ab plane (Figure 6).


The anion layers are composed of parallel chains of gold
dithiolate units connected by short (3.470 �) contacts be-


Figure 5. View of the crystal structure of 4 with the cations between the
anion chains.


Figure 6. Anion layer in 6 emphasizing the short S(5) ´´ ´ S(6)* contacts and
the C(7)ÿH(7) ´´ ´ S(2) hydrogen bonds responsible for the two-dimensional
network.


tween the terminal sulphur atoms S(5) ´´ ´ S(6)*. These chains
are connected in layers by strong C(7)ÿH(7) ´´´ S(2) hydrogen
bonds (Figure 7, Table 3).


Figure 7. View of the crystal structure of 6 along the b axis.
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Adjacent anionic layers exhibit a chain orientation that is
perpendicular to one another due to the 43 screw axis along c.
Hydrogen bonds that involve all internal coordinating sulphur
atoms and S(5) in the dithiolate as well as the inner ethylenic
groups of n-Bu4N from the adjacent cationic layers on both
sides were observed to exist (Figure 8).


Figure 8. Hydrogen bonds between the anion of 6 and neighbouring
cations.


It is worth noting that the two-dimensional structure of the
anionic layer observed in compound 6 no longer exists in
compound 4, due to the change of the position of the sulphur
atom in the thiophenic ring.


As was expected for gold(iii) with a d8 configuration in a
square-planar coordination, the anionic complexes are dia-
magnetic. However, the oxi-
dised species are paramagnetic.
Powder samples of the neutral
complexes 7 and 8 have EPR
signals; for compound 7 these
are visible only below 200 K. At
10 K, the spectra of these com-
pounds show a structure that
corresponds to a rhombic ani-
sotropy with the values of g1�
1.942, g2� 2.008, g3� 2.055 for
[Au(a-tpdt)2] (8) and g1� 1.973,
g2� 2.013, g3� 2.044 for
[Au(dtpdt)2] (7). The spectrum
of n-Bu4N[{Au(tpdt)2}n�2] (9)
also shows an EPR signal, al-
ready visible at room temper-
ature at g� 2.010 with no re-
solved structure and a linewidth


of 13.5 G; this indicates either the coexistence of AuIV and
AuIII or an intermediate AuIII±IV oxidation state. This linewidth
at low temperatures is much narrower than those of other
neutral complexes (40 G and 103 G for 8 and 7, respectively),
thus the existence of more isolated AuIV species diluted in
AuIII species is supported (Figure 9). This is further supported
by visible-NIR spectra, which contain no indications of the
charge-transfer bands that are typical of mixed valence
species.


Figure 9. EPR spectra at 10 K of polycrystalline samples of a) [Au(a-
tpdt)2] (8), b) [Au(dtpdt)2] (7) and c) n-Bu4N[{Au(tpdt)2}n�2] (9).


Static magnetic susceptibility measurements of these three
compounds in the temperature range 4 ± 300 K (Figure 10)
confirm the paramagnetic behaviour of these compounds.
However, the paramagnetic susceptibility, calculated from the
raw measurements after correction for the diamagnetism
estimated from tabulated Pascal constants, is rather small;
2.0� 10ÿ4, 2.5� 10ÿ4 and 5� 10ÿ4 emu molÿ1 at room temper-
ature for compounds 7, 8 and 9, respectively. Particularly in
the case of compound 8, the small paramagnetic susceptibility
is almost independent of the temperature over a wide


Table 3. Hydrogen bonds and short contacts in the crystal structure of
compund 6.


d [�] Angle [8]


C(21)ÿH(21b) ´ ´ ´ S(1) 2.918 159.42
C(31)ÿH(31b) ´ ´ ´ S(2) 2.982 171.68
C(7)ÿH(7) ´ ´ ´ S(2) 2.930 131.91
C(41)ÿH(41a) ´ ´ ´ S(3) 3.020 157.75
C(11)ÿH(11b) ´ ´ ´ S(4) 3.049 153.99
C(43)ÿH(43b) ´ ´ ´ S(5) 3.031 121.28
C(14)ÿH(14a) ´ ´ ´ S(5) 3.042 163.04
S(5) ´ ´ ´ S(6)* 3.470 ±


Figure 10. Temperature dependence of the paramagnetic susceptibility, cP, of compounds 7 (*), 8 (&) and 9 (~).
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temperature range, which for this compound extends down to
10 K with a negligible Curie tail. This behaviour is reminiscent
of the Pauli paramagnetic susceptibility of metallic systems.
On the other hand, the larger value of susceptibility for
compound 9 as well as the temperature dependent behaviour
also supports the existence of isolated AuIV species in this
compound (Figure 10).


The insolubility of these neutral compounds makes the
preparation of crystals of sufficient size very difficult and
prevented any single-crystal transport measurements from
being carried out with these compounds. However, four-probe
electrical conductivity measurements were performed in
compressed powder pellets. These measurements of the
polycrystalline samples were expected to be dominated by
interparticle resistance and possibly be further enhanced by
anisotropy effects. Based on empirical evidence from meas-
urements in many different molecular conductors, the elec-
trical conductivity in powder samples is expected to be
typically between 10ÿ2 and 10ÿ3 times smaller than that
observed in single crystals along their most conductive
axis.


Electrical conductivity data at room temperature in these
powder samples have values of the order 10ÿ9 S cmÿ1 for
compound 9, 3.3� 10ÿ6 Scmÿ1 for 7, and 6 S cmÿ1 for 8. Taking
into account the usual difference between single-crystal and
powder data, this last value is exceptionally large and
probably places compound 8 among the molecular metals
with the highest electrical conductivity. The temperature-
dependent electrical conductivity, s(T), data of this com-
pound (Figure 11) decrease upon cooling as is expected for a


Figure 11. Electrical conductivity, s, of a polycrystalline sample of 8 as a
function of temperature.


polycrystalline sample due to the interparticle resistance
effects. The temperature dependence of the electrical con-
ductivity does not present a simple activation energy; the
values of d lns/d (1/T) are quite small and range from
19.5 meV at room temperature to 3.5 meV at 20 K, a typical
behaviour for a mixture of hopping and interparticle-tunnel-
ling processes.


At variance with electrical conductivity, thermopower, a
zero-electrical-current measurement, probes the intrinsic
properties of the material, because it is not so sensitive to
the intercrystalline boundaries. Thermopower data in a
compressed pellet of compound 8 (Figure 12) have very small


Figure 12. Absolute thermoelectric power of a polycrystalline sample of 8
as a function of temperature.


values over the entire temperature range of 15 ± 300 K, with a
maximum of 5.5 mV Kÿ1 at room temperature. Thermopower
values decrease upon cooling and cross zero at approximtely
190 K, and reach a minimum ofÿ0.6 mV Kÿ1 at approximately
120 K. Below this temperature, the values decrease almost
linearly with decreasing temperature and approach zero. Not
only is the small magnitude of the thermopower data typical
of a metal, but its temperature dependence, approaching zero
upon cooling at lower temperatures with a linear behaviour
between 100 K and 20 K, is also clearly indicative of a system
with the Fermi level lying in a continuum of states.


Despite the absence of single-crystal data, the magnetic
susceptibility, electrical conductivity and thermoelectric pow-
er data indicate that compound 8 is a metal in the range of
15 ± 300 K. To the best of our knowledge, this is the first
molecular material based on a neutral species that has high
electrical conductivity and metallic properties. A renewed
interest in the synthesis of molecular conductors that are
based on neutral species has recently made progress. The few
successful examples of conductors based on neutral species[20]


are semiconductors and the highest conductivity reported was
obtained for a single crystal of a Ni complex[20b] that exhibited
a conductivity of 7 Scmÿ1 at room temperature, approximate-
ly the same value as was observed in a powder compacted
sample of compound 8. To date, all known metals based on
molecules are charge-transfer compounds for which the
electrical conductivity is due to partially filled bands that
originate from partially oxidised donors and/or partially
reduced acceptors.


In the absence of a crystal structure, it is difficult to
speculate further about the electronic structure and the origin
of the metallic properties that were observed in compound 8.
However, most of the metallic properties of this compound
are probably due to an energy overlap of the bands that
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originate from the nonmixing of the fully occupied HOMO
and singly occupied molecular SOMO orbital and thus lead to
a semimetal with nonintegral band filling.


Conclusion


In conclusion, we have prepared and characterised new
gold(iii) complexes that are based on thiophenedithiolate
ligands. These sulphur-rich ligands can stabilise higher oxida-
tion states of the complexes; the air-stable neutral para-
magnetic species was isolated for [Au(a-tpdt)2] (8) and
[Au(dtpdt)2] (7), for the tpdt ligand only n-Bu4N-
[{Au(tpdt)2}n�2] (9) could be obtained. The neutral complex
[Au(a-tpdt)2] (8), characterised as a polycrystalline sample,
exhibits the properties typical of a metal and was observed for
the first time in a molecular system based on a neutral species.


These gold bis(thiophenedithiolate) complexes open the
way to the synthesis of a larger family of new complexes based
on different transition metals which will be reported in
subsequent papers. These complexes provide useful building
blocks with high potential for preparing interesting and novel
conducting and magnetic materials.


Experimental Section


General : All procedures were performed under the exclusion of air in
nitrogen or argon (CV) unless stated otherwise. All solvents were purified
following standard procedures. Thieno[3,4-d]-1,3-dithiol-2-thione (3) was
prepared by an analogous procedure to that in ref. [16a]. 5,6-Dihydrothi-
eno[2,3-d]-1,3-dithiol-2-one (1) was synthesised as previously described.[17]


Other chemicals were commercially obtained and used without further
purification. Column chromatography was carried out using silica gel
(0.063 ± 0.2 mm) from SDS. UV/Vis spectra were recorded on a Cary 5G
spectrophotometer (Varian). IR spectra were obtained on a Perkin
Elmer 577 spectrophotometer. 1H NMR spectra were recorded on a
Brucker Aspect 3000 (300 MHz for 1H) and CD2Cl2 was used as the solvent,
TMS was the internal reference. MALDI mass spectra were obtained in
time-of-flight negative linear mode on a Kratus Kompact Maldi 2K probe
(KRATOS Analytical) that was operated with pulsed extraction of the ions.
Cyclic voltammetry data were obtained using a EG&G PAR 263 A
potentiostat galvanostat with a cell equipped with a double KCl (3m)
bridge. The measurements were performed at room temperature in
dichloromethane that contained n-Bu4PF6 as the supporting electrolyte,
with a scan rate of 100 mV sÿ1, platinum wire working- and counter-
electrodes and a Ag/AgCl reference electrode.
Table5,6-Thieno[2,3-d]-1,3-dithiol-2-one (2): A solution of 5,6-dihydro-
thieno[2,3-d]-1,3-dithiol-2-one (1, 0.686 g, 3.9 mmol) and DDQ (1.869 g,
8.2 mmol) in toluene (25 mL) was stirred for 3 h at 120 8C. After removal of
the solvent by evaporation, the product was purified by column chroma-
tography by using n-hexane/ethyl acetate (10:1) as eluent (Rf� 0.62).
Crystallisation in hexanes afforded the pure product as white needles in
quantitative yield. M.p: 79.5 8C; FT IR (KBr): nÄ � 370 (w), 400 (m), 455
(m), 695 (s), 775 (s), 840 (m), 911 (m), 1080 (w), 1060 (w), 1340 (w), 1370
(w), 1608 (s), 1640 (s), 1685 (m, C�O), 3070 cmÿ1 (w, CÿH arom);
elemental analysis calcd (%) for C5H4OS3: C 34.46, H 1.16, S 55.20; found C
34.10, H 1.01, S 55.10; 1H NMR (CD2Cl2): d� 7.87 (d, 1 H), 7.42 (d, 1H);
MS: m/z (%): 173.90 (100) [M]ÿ .
TableTetrabutylammonium salt of gold(iiiiii) bis(2,3-dihydro-5,6-thiophene-
dithiolate), n-Bu4N[Au(dtpdt)2] (4): Ligand 1 (100 mg, 5.7� 10ÿ4 mol) was
added to a solution of potassium methoxide in methanol (10 mL, 2m) while
stirring. The resulting yellow solution was filtered and added to a solution
of potassium tetrachloroaurate (107.7 mg, 2.9� 10ÿ4 mol) in methanol
(2 ml), which became a green mixture. The inorganic precipitate was
removed by filtration and the liquor added to a solution of tetrabutylam-


monium bromide (91.9 mg, 2.9� 10ÿ4 mol) in acetone (1 mL); a yellow-
green precipitate was formed. The solid was filtered and recrystallised in
acetone/isopropyl alcohol 3 :1 to afford green-yellow needles. Stirring was
maintained in all steps only until no visible modification was observed. The
best crystals, which were suitable for X-ray crystal measurements, were
obtained from crystallisation in acetonitrile. Yield: 50 %; m.p. 95.2 ±
96.2 8C; FT IR (KBr): nÄ � 350 (m, AuÿS), 730 (m, CH2ÿSÿCH2), 960 (m),
1370 (m), 1430(m), 1450 (m), 1480 (m), 1560 (w), 2800 ± 2950 cmÿ1 (br,
CÿH aliph); elemental analysis calcd (%) for C24H44NS6Au: C 39.17, H 6.03,
N 1.90, S 26.20; found C 39.07, H 6.52, N 1.99, S 26.07; UV/Vis (CH3CN):
lmax� 585, 882 nm; MS: m/z (%): 493.8 (100) [M]ÿ .


Gold(iivv) 2,3-dihydro-5,6-thiophenedithiolate, [Au(dtpdt)2] (7): A solution
of iodine (15.4 mg, 6.15� 10ÿ2 mmol) in acetone (2 mL) was added
dropwise to a solution of 4 (89.5 mg, 1.23� 10ÿ1 mmol) in acetone
(2 mL). The resulting dark precipitate was isolated by centrifugation,
washed with acetone and dried in vacuo. Yield 28%; FT IR(KBr): nÄ � 1070
(m), 1325 (m), 1400 (w), 1600 cmÿ1 (w); elemental analysis calcd (%) for
C8H8S6Au: C 19.47, H 1.63, S 38.98; found C 19.42, H 1.58, S 37.98; EPR:
g1� 1.973, g2� 2.013, g3� 2.044; MS: m/z (%): 493.2 (100) [M]ÿ .
Tetrabutylammonium salt of gold(iiiiii) bis(2,3-thiophenedithiolate), n-Bu4-


N[Au(a-tpdt)2] (5): The compound was prepared by using the same
method described for 4. The initial reactant was 5,6-thieno[2,3-d]-1,3-
dithiol-2-one (2). The product was obtained as red plates. Yield 68%; m.p.
140.8 ± 141.4 8C; IR(KBr): nÄ � 345 (m, AuÿS), 595 (s), 680 (s), 690 (s),
870(s), 1370 (s), 1390(s), 1475(s), 2800 ± 2950 (br, CÿH aliph), 3000 ±
3100 cmÿ1 (br, CÿH arom); elemental analysis calcd (%) for C24H40NAuS6:
C 39.38, H 5.51, N 1.91, S 26.28; found C 39.77, H 4.67, N 1.97, S 26.45;
UV/Vis (CH3CN): lmax� 540, 857 nm; MS: m/z (%): 489 (100) [M]ÿ .
Gold(IIVV) 2,3-thiophenedithiolate, [Au(a-tpdt)2], (8): By using starting
material 5 and following the same procedure for 7, the neutral species was
obtained as a fine dark powder. Yield 74 %; IR (KBr): no visible bands;
elemental analysis calcd (%) for C8H4S6Au: C 19.63, H 0.82, S 39.30; found
C 19.07, H 0.85, S 39.02; EPR: g1� 1.942, g2� 2.008, g3� 2.055; MS: m/z
(%): 489.2 (100) [M]ÿ , 146.3 (49) [C4H2S4].


Tetrabutylammonium salt of gold(iiiiii) bis(3,4-thiophenedithiolate), n-Bu4N-
[Au(tpdt)2] (6): The compound was prepared from thieno[3,4-d]-1,3-
dithiol-2-thione (3) by following the same method described for 4. The
product was obtained as brown-yellow plates. Yield 53 %; m.p. 198.5 ±
198.7 8C. IR (KBr): nÄ � 345 (m, AuÿS), 625 (m, CÿS), 750 (s), 825 (s),
1305(s), 1470 (m), 1600(w), 2800 ± 2950 (br, CÿH aliph), 3000 ± 3100 cmÿ1


(br, CÿH arom); UV/Vis (CH3CN): lmax� 434, 645 nm; elemental analysis
calcd (%) for C24H40NS6Au: C 39.38, H 5.21, N 1.91, S 26.28; found C 39.24,
H 5.46, N 1.89, S 26.74; MS: m/z (%): 489.0 (48) [M]ÿ , 145.7 (100) [C4H2S3].


Tetrabutylammonium salt of bis(gold(IIVV) bis(3,4-thiophenedithiolate), n-
Bu4N[{Au(tpdt)2}n�2] (9): Using starting material 6 and following the same
procedure for 7. Yield 51 %; IR (KBr): nÄ � 345 (AuÿS), 803 (w), 878 (w),
1127 (m), 1191 (m), 1282(s), 1359 (m), 1379 (s), 1459 (s), 1662 (br, w),
2870 ± 2960 (s) (CÿH aliph), 3087 cmÿ1 (w) (CÿH arom); elemental analysis
calcd (%) for C32H44NS12Au2: C 31.47, H 3.63, N 1.15, S 31.50; found C 34.05,
H 3.68, N 0.78, S 33.84; EPR: g� 2.010; MS: m/z (%) 489.7 (100) [M]ÿ .


EPR spectroscopy: EPR spectra in the temperature range of 4 ± 300 K were
obtained with an X-Band Bruker ESP 300E spectrometer equipped with a
microwave bridge ER041XK, a rectangular cavity operating in T102 mode,
a Bruker variable-temperature unit and an Oxford ESR-900 cryostat and a
field controller ER 032M system. The modulation amplitude was kept
significantly below the linewidth and the microwave power significantly
below saturation.


Magnetic susceptibility measurements : Magnetic susceptibility measure-
ments in the temperature range of 2 ± 300 K were performed by using a
longitudinal Faraday system (Oxford Instruments) with a 7 T super-
conducting magnet, under a magnetic field of 2 T and forward and reverse
field gradients of 5 T mÿ1. Polycrystalline samples (10 ± 15 mg) were placed
inside a previously calibrated thin-wall Teflon bucket. The force was
measured with a microbalance (Sartorius S3D-V). Under these conditions,
the magnetisation was found to be proportional to the applied magnetic
field.


Electrical transport measurements : Electrical conductivity and thermo-
electric power measurements of compressed pellets of the polycrystalline
material were performed in the range 20 ± 320 K, using a measurement cell
attached to the cold stage of a closed cycle helium refrigerator. In the first
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step, the thermopower was measured by using a slow ac (ca. 10ÿ2 Hz)
technique,[21] by attaching two 60 mm diameter 99.99 % pure Au wires
(Goodfellow Metals), thermally anchored to two quartz reservoirs, with
platinum paint (Demetron 308A) to the extremities of an elongated sample
as in a previously described apparatus,[22] controlled by a computer.[23] The
oscillating thermal gradient was kept below 1 K and was measured with a
differential Au-0.05 at.% Fe versus chromel thermocouple. The sample
temperature was measured by a previously calibrated thermocouple of the
same type. The absolute thermoelectric power of the sample was obtained
after correction for the absolute thermopower of the Au leads, by using the
data of Huebner.[24]


In the second step, electrical resistivity measurements of the same sample
were performed using a four-probe technique. Two additional Au wires
were placed on the sample in order to achieve a quadruple in-line contact
configuration. Measurements were done by imposing a current of 1 mA at
low frequency (77 Hz) through the sample and measuring the voltage drop
with a lock-in amplifier.


X-ray crystallographic study : The crystal structures were solved by direct
methods (programs SHELXS97 and SHELXL97[27] for 4, and
SHELXS86[28] and SHELXL93[29] for 6). Non-hydrogen atoms were refined
anisotropically, hydrogen atoms were placed in idealised positions and
allowed to be refined, while riding on the parent C atom. The absolute
structure determination of complex 6 was done in space group P43, which
gave the correct Flack parameter 0.07(6). Refinement in P41 space group
was also tried, but observed to be the wrong one due to the high Flack
parameter 0.91(6) and higher R1 (0.0626) and wR2 (0.1644) parameters.
Further details of the crystal structure determination are given in Table 4.
Graphical representations were prepared by using ORTEPIII[25] (Fig-
ures 1 and 3) and SCHAKAL 97.[26] Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited in the Cambridge Crystallographic Data Centre as supplemen-
tary publication no. CCDC 138358 and CCDC 138357 for compounds
n-Bu4N[Au(tpdt)2] (6) and n-Bu4N[Au(dtpdt)2] (4), respectively. Copies of


the data can be obtained free of charge upon application to the director of
CCDC, 12 Union Road, Cambridge CB12 1EZ, UK (Fax : (�44) 1223-336-
033, e-mail : deposit@ccdc.cam.ac.uk).
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crystal size [mm] 0.76� 0.38� 0.42 0.72� 0.18� 0.18
crystal system tetragonal monoclinic
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space group P43 P21/c
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parameters 291 289
R (observed reflections) 0.0572 0.0440
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Development of Analogues of 1a,25-Dihydroxyvitamin D3 with Biased Side
Chain Orientation: Methylated Des-C,D-Homo Analogues


Stefan GabrieÈ ls,[a] Dirk Van Haver,[a] Maurits Vandewalle,[a] Pierre De Clercq,*[a]


Annemieke Verstuyf,[b] and Roger Bouillon[b]


Abstract: The discovery that 1a,25-dihydroxyvitamin D3 is effective in the inhibition
of cellular proliferation and in the induction of cellular differentiation has led to a
search for analogues in which these activities and the classical calcemic activity of this
hormone are separated. In this context, the synthesis and biological evaluation are
reported of the three stereoisomeric CD-ring modified structural analogues in order
to enforce a particular and different orientation of the 25-hydroxylated side chain.
Comparison of the results of the biological evaluation and conformational analysis of
the side chain suggests one defined and ªactiveº geometry.


Keywords: structure ± activity rela-
tionships ´ terpenoids ´ vitamin D3


Introduction


The last decade has witnessed a very active search for
analogues of 1a,25-dihydroxyvitamin D3 (1, further abbrevi-
ated as 1,25(OH)2D3), the hormonally active form of vita-
min D.[1] Next to its classical calciotropic activity,[2]


1,25(OH)2D3 (1) has been shown to possess immunosuppres-
sive activity,[3] to inhibit cellular proliferation, and induce
cellular differentiation.[4] Its therapeutic value in the treat-
ment of certain cancers and skin diseases is, however, limited
since effective doses provoke calcemic side effects such as
hypercalcemia, hypercaliuria, and bone decalcification. This
has stimulated the development of analogues of the natural
hormone in which the calcemic activity and the antiprolifer-
ative and/or prodifferentiating activities are separated.[5] In
this context various successful structural modifications have
already been introduced, such as 19-nor,[6] 22-oxa,[7] 23-yne,[8]


20-epi (2),[9] 1-hydroxymethyl[10] derivatives, and combina-
tions thereof. Whereas the above modifications are located in
the flexible parts of the molecule, that is the side chain and the


A-ring, our laboratory has focussed on the development of
analogues in recent years that vary in the structure of the
central CD-ring system.[11] A typical example is analogue 3,
the structure of which is characterized by the absence of the
six-membered C-ring and by the presence of an enlarged
D-ring, that is a formal 8,9-seco-9,11-bis-nor-15-homo deriv-
ative.[11f] For the sake of simplicity and clarity we will further
use ª6D analoguesº as descriptive term. Furthermore, the
carbon atoms of the modified vitamin D skeleton will be
referred to according to the conventional steroid numbering.
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The comparison of some relevant biological activities for
compounds 1 ± 3 shown in Table 1 illustrates the possibility of
discrimination of the various actions of vitamin D. It is hereby
striking how with similar affinities for the vitamin D receptor
(VDR), the 20-epimer 2 is several orders of magnitude more
potent than the natural hormone 1 both in prodifferentiating
and calcemic activity,[12] whereas 6D analogue 3 is much less
calcemic. The higher activity of 2 compared with 1 can be
associated with different orientations of the side chain (see
below).


Results and Discussion


The present study fits into a project aiming at the develop-
ment of analogues possessing side chains with biased spatial
orientations. In particular 6D-analogues 4 are presented here
so that, depending on the relative orientation of the methyl
substituents at C13 and C16, the side chain at C17 would
adopt different and distinct conformations. The three selected
configurations a, b, and c constrain the mobility in the
segment C17-C20-C22 in a way that is further illustrated in
Figure 1. For each of these configurations the preferred


Figure 1. Preferred orientation of the side chain in the three series a, b, and
c following the analysis of diamond-lattice type conformations in the
segment C13-C17-C20-C22; black circles correspond to positions that, if
occupied by a backbone carbon atom, would generate a syn-pentane
interaction.


conformation(s) is (are) shown on the basis of: 1) a chair
conformation for the six-membered D-ring possessing the two
larger substituents on C14 and C17 in equatorial position; 2)
the four-carbon C17-C20-C22-C23 chain adopting conforma-
tions in which steric interactions are minimized, in particular
in which syn-pentane interactions are avoided.[13] Since all
segments, cyclic and acyclic, are considered to adopt mini-
mum energy staggered conformations, relevant geometries
can be generated on a diammond lattice (shown as dotted
lines).[14] Black circles further indicate positions on the lattice
that, if occupied by a carbon atom of the backbone chain, that
is C22 in relation to the (C17, C20)-bond rotation and C23
(shown as R) in relation to the (C20, C22)-bond rotation,
would generate a destabilizing syn-pentane interaction; the
penalty of occupying such position has been evaluated at 7 ±
9 kJ molÿ1.[15] On this exclusion basis, and referring to the
torsion angles C13-C17-C20-C22/C17-C20-C22-C23, the pre-
ferred side chain conformations correspond in the a-series to a
(g�/a)-conformation,[16] in the b-series to a (a/a)- or (a/g�)-
conformation, and in the c-series to a (gÿ/a)- or (gÿ/gÿ)-
conformation, where a, g�, and gÿ designate the three
possible staggered geometries that correspond to backbone
dihedral angles of 1808, �608, and ÿ608, respectively. The
reason why these three particular side chain orientations were
selected will become clear in the Discussion.


Synthesis : The enantioselective preparation of analogues 4 a,
4 b, and 4 c is outlined in the Schemes 1, 3, 5, and 6. In
Scheme 1 the conversion of the chiral pool monoterpene (R)-
(ÿ)-carvone (5) into the three cyclohexanone derivatives 7 a,
7 b, and 7 c is described in which the desired stereochemistry at
C13, C14, and C16 is established. The introduction of the
ethoxycarbonylmethyl substituent (cf. 13), which will further
serve as a handle for the construction of the desired side chain,
with concomittant formation of the required C17 stereo-
center, is outlined in Scheme 3.


The final conversion of esters 13 into the corresponding
analogues 4 a, 4 b, and 4 c, following a common sequence in the
three series a, b, and c, is shown in Schemes 5 and 6. Key-


Table 1. Selected biological activities of 1 ± 3.[a]


Binding Differentiation Calcium


Entry VDR(pig) DBP (human) HL-60 Ca serum (mice)


1 100 100 100 100
2 88 0.2 3000 800
3 125 80 90 4


[a] The activities are presented as relative values, the reference value of
1,25(OH)2D3 (1) being defined as 100 %. Further details about the
methodology are given in the Experimental Section.
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Scheme 1. Synthesis of diastereomeric ketones 7a ± c. a) LDA, THF; MeI,
DMPU. b) NaOMe, MeOH/THF. c) Na2S2O4, Adogen 464, NaHCO3,
toluene/H2O.


features of the latter sequence involve i) the attachment of the
remaining portion of the side chain through nucleophilic
alkynyl substitution followed by hydrogenation of the triple
bond (cf. 18 to 20 in Scheme 5), and ii) the attachment of the
seco-B,A-ring part (cf. 25) in a Horner ± Wittig reaction of
aldehyde 24 (Scheme 6).[17] We further note that out of the
eleven steps of this sequence (13 to 4), six (!) are somehow
involved in the conversion of the 2-propenyl group into the
required aldehyde function. These steps became necessary as
a consequence of: i) the deliberate choice of introducing the
side chain via the above alkynyl pathway since thus 22-yne
analogues also become available; ii) the unexpected obser-
vation that the Horner coupling failed at the methyl ketone
stage (cf. 21).


The introduction of the methyl group at C13 involves a
classical alkylation reaction on (R)-(ÿ)-carvone (5) which led
to a separable 1:1 mixture of 6 a and 6 b.[18] The configurational
assignment of both isomers at this stage follows from the
observation that isomerization in base (sodium methoxi-
de)[18b] leads to an equilibrium mixture in favor of the more
stable isomer 6 a (6 a :6 b� 9:1).[19] Further conjugate reduc-
tion of 6 a and 6 b with sodium dithionite under phase-transfer
conditions led to mixtures of ketones 7 in which the
diastereomers 7 a and 7 c, respectively, predominate.[20] The
confirmation of the configuration of the three required
ketones 7 a, 7 b, and 7 c convincingly follows from inspection
of the 1H NMR spectral data; the most relevant of which are
summarized in Table 2. The relative disposition of the two


methyl groups in the three series involving chair cyclohex-
anones with the large 2-propenyl group in equatorial position
is substantiated by the magnitude of the vicinal coupling
constants (individual or as a sum) of H13 and H16, with the
most indicative coupling with the methyl substituent (>7.0 Hz
for an axial Me,<7.0 Hz for an equatorial Me).[21] Presumably,
the preferred formation of ketones 7 a (from 6 a) and 7 c (from
6 b) is the result of kinetic control.[22] In particular proton
addition to the enol (or enolate anion) that is obtained upon
the conjugate hydride addition determines the configuration
at C16. In both cases the stereoelectronically preferred
perpendicular addition would occur from the b-face. Indeed,
as shown in Scheme 2, in the case of 6 a unhindred b-
protonation at C16 can occur on the preferred half-chair enol
conformation; in the case of 6 b perpendicular protonation on
the more stable half-chair enol conformation would also occur
from the b-face. In any event, the followed reaction pathway
allows for obtaining the three required cyclohexanones in
sufficient amount for further conversion to the desired
analogues.


Scheme 2. Possible explanation for the preferred formation of 7 a and 7 c
upon conjugate reduction of 6a and 6 b.


Table 2. Relevant 1H NMR spectral data of diastereomeric ketones 7a, 7b,
and 7 c.[a]


H13 H16


Entry d J(13,14) J(13,Me) SJexptl d J(16,15) J(16,Me) SJexptl


7a 2.37 12.1 6.5 29.6 2.42 12.8, 5.6 6.4 37.1
7b 2.57 10.3 6.7 29.2 2.57 [b] 7.2 30.3
7c 2.70 � 5 7.3 26.5 2.59 12.7, 6.4 6.4 38.2


[a] Determined by double irradiation of methyl groups located on C13 and
C16; coupling constants [Hz]. [b] Could not be determined due to
overlapping signals.
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The introduction of the ethoxycarbonylmethyl substituent
with the required configuration at C17 (cf. 13) is performed in
two stages (Scheme 3): Attachment of the two-carbon chain
as a,b-unsaturated ester (8 a, 11 b, and 12 c, respectively),


Scheme 3. Synthesis of diastereomeric esters 13a ± c. a) Ethoxyethynyl-
MgBr, toluene/THF; dil. H2SO4, THF. b) AcCl, PhNMe2, CHCl3.
c) KOtBu, tBuOH. d) Li, liq. NH3, tBuOH, Et2O.


followed by dissolving metal reduction to afford esters 13 a,
13 b and 13 c, respectively.[23] Whereas the direct Peterson
olefination proved unsuccessful,[24] a two-stage process in-
volving addition of the Grignard derivative derived from
ethoxyethyne, followed by sulfuric acid hydrolysis, afforded
the required unsaturated derivatives.[25] In the case of 7 a this
reaction led to a separable 1:1 mixture of the desired
unsaturated ester 8 a (as an unseparable E,Z-mixture) and
the tertiary alcohol 9 a. Elimination of the latter through
subsequent formation of the corresponding acetate 10 a led to
a further portion of 8 a.[26] In contrast to the a-series, reaction


of 7 b and 7 c led directly to the desired unsaturated ester
derivatives in a single isomeric form, that is E-11 b and Z-12 c.
Again the configurational assignment of both compounds
rests on the detailed analysis of the relevant 1H NMR spectral
data shown in Table 3.[27] It is symptomatic how in both cases
the ester group has lodged itself in the open space that is
available through the axial arrangement of one of the methyl
groups.


The subsequent conjugate reduction of the a,b-unsaturated
esters 13 proved quite instructive. Indeed, whereas in each
series the lithium/liquid ammonia reduction led selectively to
the more stable diastereomer, that is 13 a, 13 b, and 13 c, the
magnesium in methanol reduction afforded a mixture of 13
and 14 in each case as the two possible stereoisomers at C17
(Scheme 4). The latter observations are in line with the result


Scheme 4. Conjugate reduction of unsaturated esters 8a, 11b, and 12 c
with magnesium in methanol.


that has been obtained in the past upon reduction of a similar
substrate.[23] This repeated lack of stereoselectivity somehow
throws a shadow on the general usefulness of the magnesium/
methanol conjugate reduction reaction of a,b-unsaturated
esters.[28] On the other hand, the availability of the C17
isomeric esters 14 in the three series a, b, and c, even as
inseparable mixtures with the corresponding isomers 13,
turned out to be very useful in the context of the structural
determination of 13 a, 13 b, and 13 c. Careful analysis of the 1H
COSY NMR spectra of the mixtures of 13 and 14 allowed the
distinction between the two C17 isomeric series, in particular
on the basis of the magnitude of the sum of the vicinal


Table 3. Relevant 1H NMR spectral data of diastereomeric unsaturated
esters 11b and 12c.[a]


H13 H16


Entry d J(13,Me) SJexptl d J(16,Me) SJexptl


11b 2.42 6.5 30 4.16 7.2 [b]
12c 4.39 7.3 26 2.44 6.5 37


[a] Determined through double irradiation of the methyl group located on
C13 and C16; coupling constants [Hz]. [b] Could not be determined due to
overlapping signals (COOCH2CH3).
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coupling constant values of H17, which turns out to be larger
in the isomers 13 which are characterized by the preferred cis-
diequatorial orientation of the two larger substituents at C14
an C17 (Figure 2). The similarity between the signals observed
for the CH2COOEt moiety in the b- and c-series is striking
and fully in accord with the pseudo-enantiomeric relationship
that one may identify between the two series.


Figure 2. Relevant 1H NMR spectral data of the diastereomeric esters
13a ± c and 14a ± c : chemical shifts (d) and vicinal coupling constant values
in parentheses [Hz]; assignments aided by H,H-COSY. R� isopropenyl.


The sequence followed for the further conversion of esters
13 a, 13 b, and 13 c into the corresponding ketones 21 a, 21 b,
and 21 c is described in detail for the a-series (Scheme 5).
After reduction of ester 13 a to the corresponding alcohol 15 a,
the oxidative cleavage (ozone in dichloromethane/metha-
nol)[29] of the propenyl double bond led to ketone 16 a. After
protection of the carbonyl through acetalisation to 17 a and
conversion of the alcohol to the corresponding tosylate 18 a,
substitution with the sodium salt of 2-methyl-3-butyn-2-ol,
protected as ethoxyethyl ether, afforded alkyne 19 a in good
yields.[30] Catalytic hydrogenation to 20 a followed by acid
hydrolysis led to methyl ketone 21 a.


The final conversion of the methyl ketones 21 a, 21 b, and
21 c into the vitamin D analogues 4 a, 4 b, and 4 c is outlined in
Scheme 6. The transformation of ketone 21 into the required
aldehyde 24 for subsequent attachment of the seco-B,A-ring
portion of the vitamin D molecule involved three steps: 1) the
electrochemical oxidation of 21 into ester 22,[31] 2) lithium
aluminumhydride reduction to 23, and 3) oxidation with
pyridinium chlorochromate supported on alumina to 24.[32]


The first step is the electrochemical variant of the classical
bromoform reaction: two platinum electrodes are immersed
in a solution of ketone 21 and sodium bromide as the
electrolyte in methanol and submitted to a 20 ± 30 V tension.
For reasons that remain unclear, in the a-series the yield was


Scheme 5. Synthesis of ketone 21a. a) LAH, THF. b) O3, CH2Cl2/MeOH,
ÿ40 8C. c) HO(CH)2OH, HC(OMe)3, pTsOH. d) pTsCl, CH2Cl2, Et3N,
DMAP. e) NaH, DMSO; OEE-protected 2-methyl-3-butyn-2-ol, DMSO.
f) 5 % Rh/Al2O3, H2, EtOAc. g) PPTS, acetone/H2O.


Scheme 6. Synthesis of vitamin D analogues 4a, 4b, and 4c. a) NaBr,
MeOH, Pt-electrode, 20 ± 30 V. b) LAH, THF. c) PCC, CH2Cl2. d) nBuLi,
25, THF; TBAF.


deceivingly low: 28 % for 22 a, compared with 46 % for 22 b,
and 76 % for 22 c. As shown in Table 4 analysis of the signal
observed for H14 in the 1H NMR spectrum of the ester
derivatives 22 allows for the confirmation of the configura-
tional assignment in the series of three. Finally, treatment of
the aldehydes 24 a, 24 b, and 24 c with the anion derived from
the known phosphine oxide 25,[33] followed by in situ silylether
deprotection with tetrabutylammonium fluoride (TBAF), led
to the analogues 4 a, 4 b, and 4 c in fair yields.


Following the above sequence isomerization at C14 is in
principle possible at several stages (cf. formation of 16, 17, 21,







1a,25-Dihydroxyvitamin D3 Analogues 520 ± 532


Chem. Eur. J. 2001, 7, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0702-0525 $ 17.50+.50/0 525


22, 24, and even 4). Nevertheless it is assumed that, at least
from 21 onward, the more stable diastereomer will predom-
inate. As expected, calculations performed on the methyl
ester 22 indicate the shown (14R)-stereoisomer to be the more
stable epimer in each series.[34] This is further substantiated by
the 1H NMR spectral data shown in Table 4.


Biological evaluation : The biological evaluation of analogues
4 a ± c includes the determination of 1) the binding affinity for
the porcine intestinal VDR, 2) the antiproliferative activity in
vitro on breast cancer MCF-7 cell, 3) the cell-differentiating
activity in vitro on a leukemic HL-60 cell line, and 4) the
calcemic activity in vivo in vitamin D-replete normal NMRI
mice. Results are shown in Table 5.


The 6D-analogue 4 a displayed 20 % of the VDR affinity
compared with 1,25(OH)2D3 (100 % binding, Table 5). The
two epimers 4 b and 4 c demonstrated only 2 % of the affinity
for the VDR. The 6D-analogue 4 a has equipotent prodiffer-
entiating activity when compared with the activity of
1,25(OH)2D3 on HL-60 cells while this analogue was two
times more potent in the inhibition of the proliferation of
MCF-7 cells. Epimers 4 b and 4 c were less potent in the
inhibition of the MCF-7 cell proliferation or the stimulation of
the HL-60 cell differentiation compared with 1,25(OH)2D3


whereas both analogues had poor calcemic effects in vivo
(<0.25 % compared with 1,25(OH)2D3).


Conformational analysis : Vitamin D activity is normally
expressed via a genomic pathway:[35] The hormone binds with


the intracellular vitamin D receptor (VDR) so as to regulate
gene transcription and synthesis of new proteins that are more
directly responsible for the biological response. In view of this
mechanism the geometry of the VDR-1,25(OH)2D3 complex
is crucial. Until recently,[36] no precise information about the
active shape of the hormone was known because of problems
encountered in obtaining a detailed crystal structure of the
liganded nuclear receptor (see below).[37] Therefore indirect
means had to be developed. The determination of the active
shape of the vitamin D hormone is intrinsically difficult
because of its flexible nature. Indeed, flexible ligands are
known to undergo substantial distortions away from their
preferred geometry in order to achieve optimal binding with
the receptor.[38] Since a greater preorganization of the active
geometry is expected to result in enhanced binding, it is
logical to conceive analogues that are characterized by
reduced mobility in the flexible parts of the molecule. With
regard to the side chain this may consist in constraining one or
several of the rotatable carbonÿcarbon bonds along the C17 ±
C25 chain. Whereas this goal can be achieved by unsaturated
moieties within the side chain,[8] a more subtle way may
consist in changing the substitution pattern in this part of the
molecule. The present work has been performed in this
particular context.


Central in this and related work is the use of conformational
maps to describe the preferred geometries of the side chain.
The concept of dot maps in this area was first introduced by
Okamura and Midland.[39] In this approach force field
calculations are performed so as to generate within a given
energy window all possible local minimum energy conforma-
tions that the side chain may adopt. The orientation in space
of each found conformation is further defined by a dot that
corresponds to the position of the 25-oxygen atom in that
particular conformation. Subsequently, volume maps have
been used in our laboratory in order to optimize the visual-
ization aspect of the procedure.[40] Volume maps correspond-
ing to the side chain conformations of 4 a ± c are presented in
Figure 3. Note that these have been generated for model
derivatives that lack the A-ring. Three different views are
shown: next to the classical top and front views, a view
analogous to the one used in Figure 1 has been included. From
inspection of Figure 1 it is readily apparent that with each
configuration a, b, and c fit a specific and different side chain
orientation. To a fair extent the latter also correspond nicely
with those deduced via the exclusion procedure that is
illustrated in Figure 1. Prior to this work four conformation-
ally restricted 22-methyl substituted analogues of
1a,25(OH)2D3 (1), diastereomeric at C20 and C22, have been
studied by Yamada et al. , with the aim to study the three-
dimensional structure of vitamin D that is involved in the
binding to the receptor.[41] Interestingly, one among those was
found to possess a markedly higher binding affinity for the
VDR; moreover, the same diastereomer was substantially
more potent than the natural hormone 1 in inducing differ-
entiation of HL-60 cells. In a more recent study dealing with
structure ± function relationships related to the orientation of
the side chain, the same group identified particular regions in
which the preferred orientation of the 25-hydroxy group
would correspond to the increased cell-differentiating


Table 4. Relevant 1H NMR spectral data of diastereomeric esters 22 a ± c (R�
4-hydroxy-4-methylpentyl).[a]


H14 H13 H16


Entry d m Jvic d(Me) J(H13,Me) d(Me) J(H16,Me)


22a 2.03 td 11.6, 11.6, 3.1 0.81[b] 6.4 0.89[b] 6.4
22b 2.00 td 11.5, 11.5, 3.9 0.82 6.3 0.85 7.1
22c 2.41 dt 11.0, 4.8, 4.19 0.69 7.1 0.85 6.4


[a] Coupling constants in Hz. [b] Data of the methyl ketone 21a.


Table 5. Selected biological activities of 4a ± c.[a]


Binding Cell differentiation Calcium
and proliferation


Entry VDR(pig) HL-60 MCF-7 Ca serum (mice)


1 100 100 100 100
4a 20 90 200 4
4b 2 9 30 < 0.25
4c 2 8 70 < 0.25


[a] The activities are presented as relative values, the reference value of
1,25(OH)2D3 (1) being defined as 100 %. Further details about the
methodology are given in the Experimental Section.
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potency.[42] Following this active space group concept five
main regions designated as A, G, EG, EA, and F were
identified. With this study a correlation was proposed
between the cell-differentiating potency of numerous ana-
logues and the conformational space occupied by the
vitamin D side chain. As an important result it was observed
that the preferred side chain orientations of almost all potent
analogues were distributed
among the EA region.
These different regions are vi-
sualized in Figure 4. Note how
within the same representation
are combined the side chain
mappings of 1a,25(OH)2D3


(yellow) and 20-epimer 2 (blue).
Further a superposition with


the so-called relative activity
volume (red) is shown in this
representation. The latter is
generated so that, among a pair
of epimeric analogues possess-
ing very different activities
(ideally a very active and an
inactive compound), a sphere
is created that contains the


lowest possible mole fraction
of the side chain conformations
of the less active analogue, but
at the same time contains the
highest possible mole fraction
of the conformations of the
more active of the pair.[43] The
relative activity volume shown
was generated on the basis of
the conformational profiles of
the most and least active dia-
stereomers among the four 22-
methyl substituted analogues
developed by Yamada. The ap-
plied procedure has been de-
scribed in detail.[40] Also includ-
ed in Figure 4 is the location of
the 25-hydroxy group (green)
of the conformation of the nat-
ural ligand when bound to the
receptor. This important infor-
mation has become recently
available through the high-res-
olution crystal structure of the
complex between the VDR li-
gand binding domain and
1,25(OH)2D3.[36] This study
shows the three-dimensional
arrangement of the ligand-
binding pocket around
1,25(OH)2D3 and reveals in
particular that the elongated
ligand occupies only 56 % of
the accessible volume of the


VDR cavity. Obviously, the results of these different con-
formational studies shown in Figure 4 are overlaid so as to
allow for a relative spatial comparison.


Finally, the side chain mappings corresponding to the
analogues 4 a, 4 b, and 4 c following Yamada�s view are shown
in Figure 5, also including the above relative activity volume.
The occupation of this volume by the 25-hydroxy group of the


Figure 3. Volume maps representing the conformational behavior of the side chain of truncated models of 6D
analogues 4a, 4 b, and 4 c (middle, top and bottom line, respectively) in three different viewing directions: top
(left), front (middle), and side (right). Colored spheres indicate positions of O25; total energy window:
20 kJmolÿ1.


Figure 4. Volume maps representing the conformational behavior of the side chain of 1,25(OH)2D3 (1) (yellow)
and its 20-epimer (2) (cyan) with the indicated regions A, G, EG, EA, and F following ref. [41]; the viewing
direction is given in the stereoscopic view. Relative activity volume (red) following ref. [40] . Position of 25-oxygen
in receptor-bound conformation (green) according to ref. [36].
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Figure 5. Volume maps representing the conformational behavior of the
side chain of 6D analogues 4a (middle), 4 b (top), and 4c (bottom) with
inclusion of the relative activity volume (red) according to ref. [40];
direction of view similar to the one used in Figure 4.


side chain was calculated to correspond to 63 %, 6 %, and 5 %
for 4 a, 4 b, and 4 c. Interestingly the biological activity of the
6D-analogue 3 is quite similar to the one observed for 4 a, in
particular the differentiation of HL-60 cells and calcemic
activity are identical.[11g] Furthermore, the conformational
profile of the side chain 3 is analogous to the one calculated
for 4 a ; in particular the occupation of the same relative
activity volume by the 25-hydroxy group of 3 corresponds to
69 %. This further confirms the existence of a (qualitative)
correlation between side chain orientation and cell-differ-
entiating potency.


The structure of 4 is peculiar in that, when compared with
1,25(OH)2D3, it lacks several atoms such as one methyl group
at C13, the methyl group at C20, and a substantial part of the
C-ring and possesses two extra carbon atoms in the D-ring.
Yet, these important structural changes in the central part of
the molecule do not prevent binding to the receptor. Whereas
these changes may be responsible for the observed diminished
calcemic activity, it is interesting to note how the cell
differentiation activity can, in a first approximation, be
regulated by the orientation of the side chain. These


observations certainly warrant the continuation of the search
for analogues that would feature an even more pronounced
discrimination in activity.


Experimental Section


Synthesis : Thin-layer chromatography was performed on Merck silica gel
60F-254 TLC plates. All products were purified by flash chromatography
(Merck silica gel 60F254) or HPLC: Waters 4000, Kontron 420/422. [a]20


D


(CHCl3): Perkin ± Elmer 241. IR (NaBr): Perkin ± Elmer 1600 series.
1H NMR (CDCl3): 500 MHz, Bruker AN-500 (internal TMS as reference).
13C NMR (CDCl3): 50 MHz, Varian Gemini-200 (with DEPT program).
MS: Finnigan 4000 or Hewlett ± Packard 5988A.


Conjugate reduction of (5R,6S)-2,6-dimethyl-5-isopropenyl-2-cyclohexe-
none (6a) and (5R,6R)-2,6-dimethyl-5-isopropenyl-2-cyclohexenone (6 b):
A mixture of cyclohexenone 6 a (2.91 g, 17.72 mmol), sodium bicarbonate
(26.8 g), and phase-transfer catalyst (Adogen 464, 0.96 g, 5.31 mmol) in
toluene (220 mL) and water (220 mL) was stirred vigorously under
nitrogen. Sodium dithionite (27.76 g, 159.45 mmol) was added and the
mixture heated under reflux for 2 h. After cooling, the aqueous layer was
separated and extracted with diethyl ether. The combined organic extracts
were washed with water, dried, and the solvent removed in vacuo. After
column chromatography on silica gel and further separation by HPLC
(hexane/diethyl ether 85:15) ketones 7 a (2.35 g, 80%) and 7b (0.52 g,
18%) were obtained as colorless oils. In exactly the same way the reduction
of cyclohexenone 6b afforded ketone 7 c (70 % isolated yield).


Compound 7a : Rf� 0.43 (pentane/acetone 98:2); [a]20
D �ÿ2.5 (c� 0.85,


CHCl3); IR (NaBr): nÄ � 2927, 1712, 1644, 1454, 1376, 1317, 1180, 1132, 980,
946, 892 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.78 (m, 1H), 4.75 (m, 1H),
2.42 (ddq, 1H, J� 12.8, 5.6, 6.4 Hz), 2.37 (dq, 1H, J� 12.1 Hz, 6.5 Hz),
�2.08 (m, 2 H), 1.85 (qd, 1 H, J� 12.9, 3.8 Hz), 1.73 (ABq, 1 H, J� 13.5,
3.4 Hz), 1.70 (s, 3 H), 1.38 (ABq, 1H, J� 13.1, 3.8 Hz), 1.02 (d, 3 H, J�
6.4 Hz), 0.90 (d, 3H, J� 6.5 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d�
214.0 (C�O), 146.2 (C�), 112.1 (CH2�), 55.6 (CH), 47.5 (CH), 45.1 (CH),
35.5 (CH2), 31.4 (CH2), 18.0 (CH3), 14.6 (CH3), 11.9 (CH3); MS: m/z : (%):
166 [M]� , 164 (100), 149 (32), 135 (23), 121 (28), 107 (37), 91 (43), 77 (27),
69 (46), 43 (64).


Compound 7b : Rf� 0.40 (pentane/acetone 98:2); [a]20
D ��92.7 (c� 1.03,


CHCl3); IR (NaBr): nÄ � 2933, 1708, 1646, 1456, 1374, 1231, 959, 892 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 4.79 (m, 1H), 4.72 (br s, 1H), 2.57 (dq, 1H,
J� 10.3, 6.7 Hz), 2.57 (m, 1H), 2.13 (td, 1 H, J� 10.2, 4.0 Hz), �1.90 (m,
2H), 1.73 ± 1.57 (m, 2H), 1.71 (s, 3H), 1.18 (d, 3H, J� 7.2 Hz), 0.96 (d, 3H,
J� 6.7 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d� 216.4 (C�O), 145.9
(C�), 111.8 (CH2�), 53.1 (CH), 43.4 (CH), 43.1 (CH), 31.0 (CH2), 25.0
(CH2), 18.4 (CH3), 16.4 (CH3), 12.7 (CH3); MS: m/z (%): 166 (35) [M]� , 151
(15), 139 (1), 137 (10), 123 (23), 109 (54), 95 (43), 81 (100), 67 (81), 55 (79),
41 (84).


Compound 7c : Rf� 0.39 (pentane/acetone 98:2); [a]20
D �ÿ1.2 (c� 1.07,


CHCl3); 1H NMR (500 MHz, CDCl3): d� 4.90 (s, 1H), 4.73 (s, 1H), 2.70
(m, 1 H, SJ� 26.5 Hz), 2.59 (ddq, 1H, J� 12.7, 6.4, 6.4 Hz), 2.39 (m, 1H),
2.07 (m, 1H), 1.90 (qd, 1 H, J� 13.0, 3.7 Hz), 1.68 (m, 1H), 1.67 (s, 3H), 1.30
(qd, 1 H, J� 13.0, 3.7 Hz), 1.02 (d, 3 H, J� 6.5 Hz), 0.95 (d, 3H, J� 7.3 Hz);
13C NMR/DEPT (50 MHz, CDCl3): d� 216.7 (C�O), 145.2 (C�), 111.2
(CH2�), 48.3 (CH), 46.7 (CH), 40.0 (CH), 34.3 (CH2), 23.7 (CH2), 22.1
(CH3), 14.5 (CH3), 11.8 (CH3).


Ethyl [(2S,3R,6R)-2,6-dimethyl-3-isopropenylcyclohexylidene]acetate
(8a): Ethoxyethyne (0.33 mL, 2.35 mmol) and toluene (2 mL) were added
0 8C to a solution of ethylmagnesium bromide (1.98 mL, 1.99 mmol) in
tetrahydrofuran (3 mL). After raising the temperature to 60 8C a solution of
ketone 7a (0.3 g, 1.80 mmol) in toluene (0.8 mmol) was added; the reaction
mixture was further heated under reflux for 2 h and then poured into ice-
water. The organic phase was separated after addition of ammonium
chloride and the aqueous phase was extracted with diethyl ether. The
organic phases were combined, washed with water, and concentrated in
vacuo. The obtained residue was further dissolved in tetrahydrofuran
(42 mL) and treated with 10% sulfuric acid (0.9 mL). After stirring for
10 h, the solution was concentrated in vacuo and the residue extracted with
diethyl ether. The combined ether phases were washed with water and
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dried (MgSO4). After filtration and concentration in vacuo, the residue was
purified by column chromatography and HPLC (pentane/acetone 98:2 to
95:5) to afford ester 8 a (0.189 g, 44 %) and alcohol 9a (0.221 g, 48%).


Compound 8a (inseparable mixture of E/Z 55:45): Rf� 0.33 (pentane/
diethyl ether 98:2); IR (NaBr): nÄ � 2934, 1713, 1631, 1454, 1383, 1221, 1195,
1166, 1150, 1099, 1037, 891, 869 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 5.68
(s, 1 H), 5.65 (s, 1 H), 4.78 (m, 2 H), 4.70 (m, 2H); MS: m/z (%): 236 (3)
[M]� , 221 (4), 207 (3), 193 (75), 165 (30), 154 (31), 121 (38), 107 (34), 81
(46), 77 (46), 41 (100); C15H24O2 (236.35): calcd C 76.2, H 10.2; found C
76.15, H 10.23.


Compound 9a : Rf� 0.26 (pentane/diethyl ether 92:8); [a]20
D ��22.2 (c�


1.19, CHCl3); IR (NaBr): nÄ � 3550, 2927, 1715, 1645, 1443, 1374, 1301, 1197,
1096, 1032, 966, 888 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 4.71 (br s, 1H),
4.70 (br s, 1 H), �4.14 (m, 2H), 2.57 (s, 2H), 2.12 (td, 1 H, J� 11.8, 3.5 Hz),
1.61 (s, 3H), 1.60 ± 1.35 (m, 7H), 1.27 (t, 3 H, J� 7.1 Hz), 0.95 (d, 3 H, J�
6.6 Hz), 0.86 (d, 3H, J� 6.7 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d�
172.5 (C�O), 149.0 (C�), 111.2 (CH2�), 74.6 (CÿO), 60.4 (CH2ÿO), 47.7
(CH), 41.3 (CH), 40.8 (CH2), 39.7 (CH), 31.8 (CH2), 30.0 (CH2), 18.4 (CH3),
16.0 (CH3), 14.1 (CH3), 12.5 (CH3); MS: m/z (%): 254 (3) [M]� , 236 (15),
208 (8), 197 (19), 170 (23), 144 (44), 123 (26), 109 (36), 82 (56), 69 (84), 55
(100); C15H26O3 (254.37): calcd C 70.8, H 10.3; found C 70.72, H 10.28.


Compound 10a : A solution of alcohol 9 a (0.336 g, 1.32 mmol), N,N-
dimethylaniline (8.6 mL, 68.12 mmol), and acetyl chloride (1.86 mL,
26.22 mmol) in chloroform (13 mL) was heated at reflux for 24 h. The
resulting solution was diluted with water and acidified with hydrochloric
acid. After extraction with diethyl ether, the organic phase was dried
(MgSO4), filtered, and concentrated in vacuo. Column chromatography
and HPLC (pentane/acetone 99:1) afforded acetate 10 a (0.279 g, 71%).
Rf� 0.27 (pentane/acetone 99:1); [a]20


D ��28.3 (c� 1.16, CHCl3); 1H NMR
(500 MHz, CDCl3): d� 4.70 (m, 2 H), 4.12 (m, 2H), 3.54 (AB, 1H, J�
15.1 Hz), 3.44 (AB, 1 H, J� 15.1 Hz), 2.15 (td, 1H, J� 11.6, 3.6 Hz), 2.04 (s,
3H), 1.93 (m, 1H), 1.84 (dq, 1H, J� 11.3, 6.7 Hz), 1.60 (s, 3H), 1.56 ± 1.40
(m, 4H), 1.24 (t, 3 H, J� 7.1 Hz), 1.02 (d, 3H, J� 6.8 Hz), 0.90 (d, 3 H, J�
6.7 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d� 170.5 (C�O), 148.4 (C�),
111.4 (CH2�), 88.0 (C-O), 60.1 (CH2-O), 47.8 (CH), 40.6 (CH), 39.1 (CH),
37.9 (CH2), 31.5 (CH2), 39.9 (CH2), 22.2 (CH3), 18.1 (CH3), 17.2 (CH3), 14.1
(CH3), 13.6 (CH3); C17H28O4 (296.40): calcd C 68.9, H 9.5; found C 69.01, H
9.46.


Conversion of 10 a to 8 a : A solution of the acetate 10a (0.241 g,
0.813 mmol) in a 1m solution of potassium tert-butoxide in tert-butanol
(1 mL) was stirred for 24 h at 25 8C. After extraction with diethyl ether, the
organic phase was dried (MgSO4), filtered, and concentrated in vacuo.
HPLC (pentane/diethyl ether 98:2) afforded 8a (0.146 g, 76%).


Ethyl [(E,2S,3R,6S)-2,6-dimethyl-3-isopropenylcyclohexylidene]acetate
(11b): Treatment of ketone 7b (0.80 g) with the Grignard derivative derived
from ethoxyethyne, followed by acid hydrolysis, as described for the
conversion of 7 a to 8 a, afforded 11 b (70 %). Rf� 0.36 (pentane/diethyl
ether 98:2); [a]20


D �ÿ12.1 (c� 0.97, CHCl3); IR (NaBr): nÄ � 2931, 1716,
1639, 1458, 1376, 1300, 1243, 1186, 1157, 1038, 890 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 5.59 (s, 1H), 4.73 ± 4.70 (m, 2H), 4.16 (m, 1H),
4.15 (m, 2 H), 2.42 (m, 1 H),�1.82 (m, 2 H), 1.70 (s, 3H), 1.65 ± 1.42 (m, 3H),
1.29 (t, 3 H, J� 7.1 Hz), 1.16 (d, 3H, J� 7.2 Hz), 0.92 (d, 3H, J� 6.5 Hz);
13C NMR/DEPT (50 MHz, CDCl3): d� 170.2 (C�O), 167.0 (C�), 148.0
(C�), 111.5 (CH2�), 111.3 (CH�), 59.5 (CH2-O), 55.4 (CH), 35.3 (CH), 32.5
(CH2), 30.8 (CH), 26.3 (CH2), 18.5 (CH3), 18.2 (CH3), 15.3 (CH3), 14.3
(CH3); MS: m/z (%): 236 (3) [M]� , 221 (5), 193 (90), 191 (19), 165 (21), 147
(24), 133 (26), 121 (28), 107 (35), 81 (48), 67 (46), 41 (100); C15H24O2


(236.35): calcd C 76.2, H 10.2; found C 76.09, H 10.17.


Ethyl [(Z,2R,3R,6R)-2,6-dimethyl-3-isopropenylcyclohexylidene]acetate
(12c): Treatment of ketone 7c (0.50 g) with the Grignard derivative derived
from ethoxyethyne, followed by acid hydrolysis, as described for the
conversion of 7a to 8 a, afforded 12 c (51 %). Rf� 0.33 (pentane/diethyl
ether 99:1); [a]20


D �ÿ78.7 (c� 1.14, CHCl3); IR (NaBr): nÄ � 2933, 1716,
1637, 1458, 1374, 1201, 1152, 1037, 889 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 5.58 (s, 1H), 4.83 (m, 1 H), 4.66 (s, 1 H), 4.39 (qd, 1H, J� 7.1, 4.4 Hz),
4.16 (m, 2 H), 2.44 (1H, SJ� 37 Hz), 2.08 (m, 1H), 1.91 (dq, 1 H, J� 12.8,
3.0 Hz), 1.78 (qd, 1 H, J� 13.1, 3.9 Hz), 1.76 (s, 3 H), 1.56 (m, 1 H), 1.29 (t,
3H, J� 7.2 Hz), 1.11 (qd, 1H, J� 12.8, 3.8 Hz), 1.03 (d, 3 H, J� 6.5 Hz), 0.87
(d, 3H, J� 7.3 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d� 170.8 (C�O),
167.2 (C�), 147.3 (C�), 110.5 (CH�), 110.1 (CH2�), 59.6 (CH2-O), 48.0


(CH), 36.4 (CH2), 33.3 (CH), 32.6 (CH), 24.1 (CH2), 22.4 (CH3), 18.2 (CH3),
14.4 (CH3), 13.0 (CH3); MS: m/z (%): 236 (3) [M]� , 221 (9), 207 (3), 193
(65), 165 (20), 154 (100), 121 (49), 107 (60), 81 (56), 69 (56), 41 (83).


Metal reduction of the a,b-unsaturated esters 8 a, 11 b, and 12c with lithium
in liquid ammonia : A solution of ester 8 a (0.435 g, 1.84 mmol) in diethyl
ether (11 mL) and tert-butanol (0.14 mL) was added dropwise to a solution
of lithium (0.037 g, 5.34 mmol) in liquid ammonia (100 mL, distilled from
sodium in the presence of FeCl3). After stirring for 20 min the reaction
mixture was quenched with ammonium chloride. After further stirring for
30 min, the ammonia was evaporated and the residue extracted with diethyl
ether. The organic phase was dried (MgSO4) and concentrated in vacuo.
Column chromatography and HPLC (hexane/ethyl acetate 96:4) afforded
ester 13a (0.408 g, 93%). In the same manner unsaturated esters 11b
(0.746 g) and 12 c (0.650 g) afforded pure 13b (82 %) and 13c (68 %),
respectively.


Compound 13a : Rf� 0.37 (pentane/diethyl ether 98:2); [a]20
D ��18.3 (c�


1.00, CHCl3); IR (NaBr): nÄ � 2924, 1732, 1450, 1373, 1157, 1039, 885 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 4.68 (m, 2H), 4.12 (m, 2H), 2.42 (d, 2H,
J� 4.5 Hz), �1.70 (m, 2 H), 1.61 (s, 3 H), 1.55 ± 1.18 (m, 5H), 1.25 (t, 3H,
J� 7.1 Hz), 1.10 (m, 1 H), 0.93 (d, 3H, J� 6.4 Hz), 0.83 (d, 3H, J� 6.4 Hz);
13C NMR/DEPT (50 MHz, CDCl3): d� 173.6 (C�O), 149.4 (C�), 110.7
(CH2�),60.0 (CH2-O), 53.6 (CH), 47.5 (CH), 38.1 (CH), 36.6 (CH), 36.1
(CH2), 35.5 (CH2), 32.0 (CH2), 20.6 (CH3), 18.7 (CH3), 17.3 (CH3), 14.2
(CH3); MS: m/z (%): 238 (12) [M]� , 223 (3), 195 (28), 192 (5), 164 (9), 150
(80), 135 (38), 109 (56), 95 (75), 82 (98), 67 (77), 41 (100); C15H26O2


(238.37): calcd C 75.6, H 11.0; found C 75.57, H 10.91.


Compound 13b : Rf� 0.33 (pentane/diethyl ether 98:2); [a]20
D ��35.8 (c�


0.93, CHCl3); IR (NaBr): nÄ � 2929, 1737, 1644, 1452, 1382, 1253, 1207, 1160,
1126, 1034, 888 cmÿ1; 1H NMR (500 MHz, CDCl3): d�� 4.69 (m, 2H), 4.12
(m, 2 H), 2.49 (dd, 1 H, J� 14.8, 5.7 Hz), 2.10 (dd, 1H, J� 14.8, 9.0 Hz), 1.87
(m, 1H), 1.77 (m, 1H, SJ� 30 Hz), 1.80 ± 1.30 (m, 6 H), 1.63 (s, 3 H), 1.25 (t,
3H, J� 7.1 Hz), 0.90 (d, 3H, J� 7.2 Hz), 0.75 (d, 3 H, J� 6.5 Hz); 13C NMR/
DEPT (50 MHz, CDCl3): d� 173.9 (C�O), 149.2 (C�), 110.9 (CH2�), 60.1
(CH2-O), 53.9 (CH), 43.7 (CH), 37.5 (CH2), 32.9 (CH2), 32.4 (CH), 31.2
(CH), 26.2 (CH2), 18.7 (CH3), 16.9 (CH3), 14.2 (CH3), 12.6 (CH3); MS: m/z
(%): 238 (23) [M]� , 209 (3), 195 (35), 175 (12), 150 (100), 127 (68), 109 (62),
95 (96), 67 (70), 41 (74); C15H26O2 (238.37): calcd C 75.6, H 11.0; found C
75.62, H 11.02.


Compound 13c : Rf� 0.31 (pentane/diethyl ether 98:2); [a]20
D �ÿ60.5 (c�


1.36, CHCl3); IR (NaBr): nÄ � 2926, 1736, 1644, 1444, 1373, 1334, 1302, 1270,
1251, 1189, 1159, 1126, 1032, 887 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
4.77 (m, 1H), 4.57 (s, 1H), 4.16 (q, 2H, J� 7.1 Hz), 2.47 (dd, 1H, J� 14.9,
5.9 Hz), 2.12 (dd, 1 H, J� 14.9, 8.7 Hz), 2.00 (m, 2H), 1.77 ± 1.00 (m, 6H),
1.67 (s, 3 H), 1.25 (t, 3 H, J� 7.1 Hz), 0.84 (d, 3H, J� 6.5 Hz), 0.61 (d, 3H,
J� 7.1 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d� 174.0 (C�O), 148.0
(C�), 109.5 (CH2�), 60.2 (CH2-O), 48.2 (CH), 45.3 (CH), 37.6 (CH2), 35.8
(CH2), 33.5 (CH), 30.7 (CH), 24.1 (CH2), 22.4 (CH3), 19.0 (CH3), 14.3
(CH3), 6.9 (CH3); MS: m/z (%): 238 (13) [M]� , 208 (1), 195 (32), 169 (13),
150 (79), 135 (36), 109 (92), 82 (98), 67 (100), 55 (46); C15H26O2 (238.37):
calcd C 75.6, H 11.0; found C 75.43, H 11.19.


Reduction of a,b-unsaturated esters 8 a, 11 b, and 12 c : Magnesium powder
(0.012 g, 0.494 mmol) was added to a solution of the ester 8a (0.050 g,
0.212 mmol) in dry methanol (2 mL). After consumption of the magnesium
(ca. 45 min) a second portion was added. This process was repeated twice
(total amount Mg: 0.048 g, 1.976 mmol). After cooling of the mixture,
acetic acid (0.23 mL) was added, followed by water (1 mL). The reaction
mixture was extracted with diethyl ether. The combined organic phases
were washed with water and dried (MgSO4). Column chromatography and
HPLC (hexane/ethyl acetate 97:3) afforded a mixture of 13a and 14 a (8:3,
84%). In the same way the reduction of 11 b (0.050 g) and 12c (0.050 g)
afforded mixtures of 13 b and 14b (1:1, 79%) and 13c and 14c (1:1, 77%),
respectively.


Relevant spectral data for 14a (as mixture with 13 a): 1H NMR (500 MHz,
CDCl3): d� 4.68 (m, 2 H), 4.12 (m, 2H), 2.28 (quintet, 1H, J� 4.5 Hz), 2.17
(d, 2 H, J� 5.5 Hz), 1.61 (s, 3H), 1.25 (t, 3H, J� 7.2 Hz), 0.86 (d, 3H, J�
6.9 Hz), 0.75 (d, 3H, J� 6.7 Hz).


For 14b (as a mixture with 13b): 1H NMR (500 MHz, CDCl3): d� 4.70 (m,
2H), 4.12 (m, 2 H), 2.37 (ABd, 1H, J� 15.2, 5.4 Hz), 2.30 (ABd, 1H, J�
15.2, 9.1 Hz), 1.63 (s, 3 H), 1.25 (t, 3H, J� 7.2 Hz), 1.04 (d, 3H, J� 7.1 Hz),
0.77 (d, 3H, J� 7.2 Hz).
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For 14c (as a mixture with 13 c): 1H NMR (500 MHz, CDCl3): d� 4.77
(m, 1H), 4.57 (m, 1H), 4.14 (m, 2 H), 2.42 (ABd, 1 H, J� 14.8, 5.2 Hz), 2.32
(ABd, 1H, J� 14.8, 9.7 Hz), 1.66 (s, 3H), 1.25 (t, 3H, J� 7.1 Hz), 0.84 (d,
3H, J� 6.5 Hz), 0.80 (d, 3 H, J� 7.2 Hz).


2-[(1S,2R,3R,6R)-3-Isopropenyl-2,6-dimethylcyclohexyl] ethanol (15 a): A
solution of ester 13a (0.354 g, 1.48 mmol) in THF (2 mL) was added at 0 8C
to a solution of lithium aluminumhydride (0.113 g, 2.98 mmol) in tetrahy-
drofuran (3 mL). After stirring for 3 h at 25 8C, the reaction mixture was
quenched at 0 8C by the successive addition of water (0.113 mL), 15%
aqueous hydroxide solution (0.113 mL), and water (0.340 mL). After
filtration over a silica gel pad, the filtrate was concentrated in vacuo.
Column chromatography and HPLC (pentane/acetone 9:1) afforded
alcohol 15a (0.283 g, 97%). Rf� 0.33 (pentane/acetone 9:1); [a]20


D �
�15.4, (c� 1.04, CHCl3); IR (NaBr): nÄ � 3336, 2921, 1447, 1376, 1042,
886 cmÿ1; 1H NMR (500 MHz, CDCl3): d�� 4.67 (m, 2 H), 3.64 (t, 2 H, J�
7.9 Hz), 1.76 (td, 2H, J� 8.0, 3.7 Hz), �1.68 (m, 2H), 1.61 (s, 3 H), 1.53 (dq,
1H, J� 13.0, 3.4 Hz), 1.35 (qd, 1 H, J� 12.8, 3.5 Hz), 1.30 ± 1.15 (m, 3H),
1.04 (qd, 1H, J� 12.6, 3.5 Hz), 0.94 (d, 3 H, J� 6.5 Hz), 0.83 (d, 3H, J�
6.4 Hz), 0.66 (tt, 1H, J� 10.6, 3.6 Hz); 13C NMR/DEPT (50 MHz, CDCl3):
d� 149.5 (C�), 110.6 (CH2�), 60.7 (CH2-O), 53.9 (CH), 47.4 (CH), 37.6
(CH), 36.2 (CH), 35.7 (CH2), 33.2 (CH2), 32.1 (CH2), 20.6 (CH3), 18.7
(CH3), 17.3 (CH3); MS: m/z (%): 196 (4) [M]� , 181 (5), 163 (1), 153 (13), 137
(9), 135 (6), 121 (7), 109 (31), 95 (42), 82 (100), 67 (43), 55 (39), 41 (35);
C13H24O (196.33): calcd C 79.6, H 12.3; found C 79.52, H 12.37.


1-[(1R,2R,3S,4R)-3-(2-Hydroxyethyl)-2,4-dimethylcyclohexyl]ethanone
(16 a): A stream of ozone was passed through a solution of alkene 15a
(0.050 g, 0.255 mmol) in dichloromethane (1.4 mL) and methanol (1.1 mL)
at ÿ40 8C until persistance of a blue color. After passing of nitrogen
through the solution dimethylsulfide (0.112 mL, 1.528 mL) was added
dropwise atÿ20 8C and the resulting mixture was stirred overnight at 25 8C.
After concentration in vacuo, the residue was dissolved in ether and the
organic phase washed with water and brine. After drying (MgSO4) and
concentration in vacuo purification of the residue by column chromatog-
raphy and HPLC (pentane/acetone 84:16) afforded ketone 16a (45 mg,
89%). M.p. 42 8C; Rf� 0.29 (pentane/acetone 84:16); [a]20


D �ÿ0.3 (c� 1.26,
CHCl3); IR (NaBr): nÄ � 3406, 2924, 1704, 1448, 1362, 1246, 1168, 1042 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 3.64 (br t, 2H, J� 7 Hz), 2.16 (m, 1H),
2.13 (s, 3H), 1.75 ± 1.00 (m, 9 H), 0.94 (d, 3 H, J� 6.4 Hz), 0.86 (d, 3H, J�
6.4 Hz), 0.70 (tt, 1H, J� 10.8, 3.7 Hz); 13C NMR/DEPT (50 MHz, CDCl3):
d� 213.5 (C�O), 60.4 (CH2-O), 59.4 (CH), 46.6 (CH), 36.8 (CH), 35.7
(CH), 35.0 (CH2), 32.4 (CH2), 29.4 (CH2), 29.3 (CH3), 20.4 (CH3), 17.9
(CH3); MS: m/z (%): 198 (5) [M]� , 180 (3), 165 (15), 153 (3), 137 (13), 109
(30), 95 (52), 81 (58), 69 (43), 43 (100); C12H22O2 (198.31): calcd C 72.68, H
11.18; found C 72.63, H 11.16.


2-[(1S,2R,3R,6R)-2,6-Dimethyl-3-(2-methyl-[1,3]-dioxolan-2-yl)cyclohex-
yl]ethanol (17 a): A solution of the methylketone 16a (0.330 g,
1.664 mmol), trimethylorthoformate (0.330 mL, 3.013 mmol), and p-tolue-
nesulfonic acid (0.017 g, 0.089 mmol) in 1,2-ethanediol (0.985 mL,
17.654 mmol) was stirred at 25 8C for 24 h. The reaction mixture was
quenched with an aqueous solution of sodium bicarbonate. After stirring
for a further 5 min the mixture was extracted with diethyl ether. The
combined extracts were concentrated in vacuo. Column chromatography
and HPLC (pentane/acetone 83:47) afforded acetal 17 a (0.335 g, 83%).
M.p. 30 8C; Rf� 0.38 (pentane/acetone 85:15); [a]20


D �ÿ2.1 (c� 1.06,
CHCl3); IR (NaBr): nÄ � 3307, 2880, 1591, 1478, 1455, 1379, 1304, 1210,
1120, 1078, 1038, 950 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 3.97 (q, 1H,
J� 6.5 Hz), 3.90 (dt, 1 H, J� 6.8, 7.2 Hz), 3.84 (m, 2H), 3.62 (m, 2H), 1.96
(dq, 1H, J� 12.6, 3.1 Hz), �1.74 (m, 3H), 1.24 ± 1.14 (m, 5H), 1.22 (s, 3H),
1.07 (d, 3H, J� 6.0 Hz), 1.00 (m, 1H), 0.93 (d, 3 H, J� 6.4 Hz), 0.62 (tt, 1H,
J� 10.2, 3.6 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d� 112.3 (O-C-O),
64.2 (CH2-O), 63.1 (CH2-O), 60.8 (CH2-O), 51.1 (CH), 47.7 (CH), 38.0
(CH), 36.5 (CH), 35.5 (2�CH2), 28.4 (CH2), 20.8 (CH3), 19.3 (CH3), 17.5
(CH3); MS: m/z (%): 227 (1), 165 (1), 135 (1), 99 (2), 87 (100), 67 (3), 43
(19); C14H26O3 (242.36): calcd C 69.4, H 10.8; found C 69.07, H 10.98.


2-[(1S,2R,3R,6R)-2,6-Dimethyl-3-(2-methyl-[1,3]-dioxolan-2-yl)cyclohex-
yl]ethyl toluene-4-sulfonate (18 a): Triethylamine (0.13 mL, 0.957 mmol), a
solution of p-toluenesulfonyl chloride (0.091 g, 0.479 mmol) in dichloro-
methane (0.5 mL) and a trace amount of 4-dimethylaminopyridine were
added at 0 8C to a solution of alcohol 17 a (0.059 g, 0.239 mmol) in
dichloromethane (1.7 mL). After stirring for 20 h at 25 8C the reaction
mixture was concentrated to half its volume and filtered. The filtrate was


further concentrated and the residue purified by column chromatography
and HPLC (pentane/acetone 9:1) to afford tosylate 18 a (0.092 g, 97%).
Rf� 0.36 (pentane/acetone 9:1); [a]20


D ��2.9 (c� 0.98, CHCl3); IR (NaBr):
nÄ � 2879, 1456, 1362, 1177, 1097, 1040, 954, 815, 668 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 7.77 (d, 2H, J� 8.2 Hz), 7.37 (d, 2 H, J� 8.1 Hz),
4.00 (t, 2H, J� 7.9 Hz), 3.93 (q, 1 H, J� 6.5 Hz), 3.85 (m, 1H), 3.80 (m, 2H),
2.43 (s, 3H), 1.92 (m, 1H), 1.85 ± 0.90 (m, 8H), 1.15 (s, 3H), 0.92 (d, 3 H, J�
6.3 Hz), 0.80 (d, 3H, J� 6.4 Hz), 0.60 (tt, 1 H, J� 10.6, 3.5 Hz); 13C NMR/
DEPT (50 MHz, CDCl3): d� 144.6 (Ar-C), 133.2 (Ar-C), 129.7 (2�Ar-
CH), 127.9 (2�Ar-CH), 112.0 (O-C-O), 68.7 (CH2-O), 64.2 (CH2-O), 63.0
(CH2-O), 51.1 (CH), 47.4 (CH), 37.6 (CH), 36.0 (CH), 35.3 (CH2), 28.9
(CH2), 28.3 (CH2), 21.5 (CH3), 20.5 (CH3), 19.2 (CH3), 17.3 (CH3); MS: m/z
(%): 381 (1), 155 (1), 87 (100), 43 (13); C21H32O5S (396.54): calcd C 63.6, H
8.1; found C 63.45, H 8.32.


2-[(1S,2R,3R,4R)-3-[5-(1-Ethoxyethoxy)-5-methylhex-3-ynyl]-2,4-dime-
thylcyclohexyl-2-methyl-[1,3]-dioxolane (19 a): A suspension of sodium
hydride (60 % dispersion in mineral oil, 0.079 g, 1.967 mmol) in dimethyl-
sulfoxide (2 mL) was stirred for 90 min at 65 8C. The resulting mixture was
cooled, and treated with 3-(1-ethoxyethoxy)-3-methyl-1-butyne (0.310 g,
1.967 mmol) and after 5 min with a solution of tosylate 18a (0.078 g,
0.197 mmol) in dimethylsulfoxide (0.3 mL) and tetrahydrofuran (0.3 mL).
After stirring for 2 h, the reaction mixture was poured into an ice-cold
saturated solution of ammonium chloride. After extraction with ether, the
organic phase was dried (MgSO4) and concentrated in vacuo. Purification
of the residue by column chromatography and HPLC (pentane/acetone
97:3) afforded alkyne 19a (0.058 g, 77%). Rf� 0.31 (pentane/acetone 97:3);
IR (NaBr): nÄ � 2981, 1456, 1378, 1250, 1158, 1117, 1079, 1040, 976 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 5.08 (q, 1H, J� 5.1 Hz), 3.95 (q, 1 H, J�
6.6 Hz), 3.88 (m, 1 H), 3.82 (m, 2H), 3.68 (dq, 1H, J� 9.2, 7.1 Hz), 3.48 (dq,
1H, J� 9.3, 7.1 Hz), 2.10 (t, 2 H, J� 8.3 Hz), 1.95 (m, 1H), 1.75 ± 1.00 (m,
8H), 1.47 (s, 3 H), 1.40 (s, 3H), 1.31 (d, 3H, J� 5.2 Hz), 1.20 (s, 3H), 1.17 (t,
3H, J� 7.1 Hz), 1.07 (d, 3H, J� 6.1 Hz), 0.89 (d, 3 H, J� 6.4 Hz), 0.70 (tt,
1H, J� 10.2, 3.1 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d� 112.2 (O-C-
O), 96.2 (O-CH-O), 85.2 (C�), 82.2 (C�), 70.2 (C-O), 65.2 (CH2-O), 63.0
(CH2-O), 60.7 (CH2-O), 51.0 (CH), 49.5 (CH), 36.7 (CH), 35.4 (CH2), 35.0
(CH), 30.7 (CH3), 30.3 (CH3), 28.5 (CH2), 28.4 (CH2), 22.4 (CH3), 20.7
(CH3), 19.2 (CH3), 17.3 (CH3), 15.3 (CH3), 14.3 (CH3); MS: m/z (%): 365
(1), 307 (2), 229 (2), 203 (1), 87 (100), 73 (16).


2-[(1S,2R,3S,4R)-3-[5-(1-Ethoxyethoxy)-5-methylhexyl]-2,4-dimethylcy-
clohexyl-2-methyl-[1,3]-dioxolane (20 a): 5% Rhodium on aluminum oxide
(0.048 g) was added to a solution of alkyne 19a (0.053 g, 0.139 mmol) in
ethyl acetate (5.3 mL). The suspension was hydrogenated, filtered through
a short pad of silica gel and the filtrate concentrated in vacuo. The residue
was purified by column chromatography and HPLC (pentane/acetone
98:2) to afford 20a (0.040 g, 75 %). Rf� 0.31 (pentane/acetone 98:2); IR
(NaBr): nÄ � 2936, 1446, 1378, 1207, 1123, 1087, 1034, 973, 865 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 4.87 (q, 1H, J� 5.2 Hz), 3.95 (q, 1H, J� 6.6 Hz),
3.89 (q, 1 H, J� 6.8 Hz), 3.83 (m, 2H), 3.53 (dq, 1H, J� 8.8, 7.1 Hz), 3.45
(dq, 1H, J� 8.8, 7.1 Hz), 1.94 (m, 1 H), 1.69 (m, 1 H), 1.35 ± 1.00 (m, 13H),
1.26 (d, 3 H, J� 5.3 Hz), 1.21 (s, 3 H), 1.19 (s, 3H), 1.17 (s, 3 H), 1.16 (t, 3H,
J� 6.9 Hz), 1.00 (d, 3 H, J� 6.0 Hz), 0.86 (d, 3H, J� 6.4 Hz), 0.65 (tt, 1H,
J� 10.0 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d� 112.5 (O-C-O), 93.6
(O-CH-O), 75.7 (C-O), 64.3 (CH2-O), 63.1 (CH2-O), 58.7 (CH2-O), 51.1
(CH), 50.1 (CH), 42.2 (CH2), 36.8 (CH), 35.7 (CH2), 35.1 (CH), 28.9 (CH2),
28.7 (CH2), 26.5 (CH3), 26.3 (CH3), 25.0 (CH2), 24.9 (CH2), 22.0 (CH3), 20.8
(CH3), 19.2 (CH3), 17.3 (CH3), 15.5 (CH3); MS: m/z (%): 369 (1), 295 (5),
233 (1), 131 (5), 109 (3), 87 (100), 73 (48), 43 (22); C23H44O4 (384.60): calcd
C 71.8, H 11.5; found C 71.66, H 11.94.


1-[(1R,2R,3S,4R)-3-[5-Hydroxy-5-methylhexyl)-2,4-dimethylcyclohexyl]-
ethanone (21 a): A solution of acetal 20 a (0.039 g, 0.101 mmol) in acetone
(3.9 mL) containing a trace amount of pyridinium p-toluenesulfonate and a
few drops of water was heated at reflux for 20 h. After cooling, the solution
was concentrated in vacuo, the residue was dissolved in diethyl ether and
washed with a saturated sodium bicarbonate solution and brine. After
drying (MgSO4) and concentration the residue was purified by column
chromatography and HPLC (pentane/acetone 85:15) to afford 21a
(0.025 g, 92 %). Rf� 0.45 (pentane/acetone 86:14); [a]20


D ��5.5 (c� 1.05,
CHCl3); IR (NaBr): nÄ � 3421, 2931, 1707, 1458, 1376, 1205, 1170, 904 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 2.17 (m, 1 H), 2.12 (s, 3 H), 1.74 (m, 2H),
1.61 ± 1.20 (m, 12 H), 1.20 (s, 2� 3H), 1.20 (s, 3H), 1.04 (qd, 1 H, J� 13.2,
3.5 Hz), 0.89 (d, 3 H, J� 6.5 Hz), 0.81 (d, 3 H, J� 6.4 Hz), 0.71 (tt, 1 H, J�
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10.7, 3.5 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d� 213.7 (C�O), 71.0 (C-
O), 59.5 (CH), 48.8 (CH), 43.9 (CH2), 35.6 (CH), 35.1 (CH2), 34.3 (CH),
29.5 (CH2), 29.3 (3�CH3), 28.1 (CH2), 25.2 (CH2), 24.4 (CH2), 20.3 (CH3),
17.7 (CH3); MS: m/z (%): 250 (5), 232 (2), 207 (9), 177 (3), 152 (6), 137 (6),
109 (26), 95 (28), 69 (32), 43 (100); C17H32O2 (268.44): calcd C 76.1, H 12.0;
found C 75.18, H 12.31. In a similar procedure compounds 21 b and 21 c
were obtained.


Compound 21b : Rf� 0.40 (pentane/acetone 87:13); [a]20
D ��39.2 (c� 0.76,


CHCl3); IR (NaBr): nÄ � 2933, 1705 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
2.12 (m, 1 H), 2.12 (s, 3H), 1.93 (m, 1 H), 1.68 ± 0.94 (m, 15H), 1.20 (s, 3H),
1.20 (s, 3H), 0.83 (d, 3H, J� 7.2 Hz), 0.78 (d, 3 H, J� 6.4 Hz); 13C NMR/
DEPT (50 MHz, CDCl3): d� 213.2 (C�O), 84.8 (C�), 82.7 (C�), 65.1 (C-
O), 59.1 (CH), 48.2 (CH), 35.4 (CH), 34.8 (CH2), 34.2 (CH), 31.5 (2�CH3),
29.3 (CH3, CH2), 27.3 (CH2), 20.2 (CH3), 17.8 (CH3), 14.0 (CH2); MS: m/z
(%): 249 (10), 203 (3), 161 (5), 133 (8), 107 (11), 95 (17), 43 (100).


Compound 21c : Rf� 0.36 (pentane/acetone 85:15); [a]20
D �ÿ105.2 (c�


1.05, CHCl3); IR (NaBr): nÄ � 3431, 2938, 1705, 1464, 1377, 1356, 1197,
905 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 2.40 (dt, 1H, J� 11.5, 4.1 Hz),
2.34 (m, 1 H), 2.12 (s, 3H), 1.70 (dq, 1 H, J� 13.2, 3.5 Hz), 1.65 ± 0.10 (m,
13H), 1.22 (s, 3H), 1.22 (s, 3 H), 0.92 (qd, 1 H, J� 12.8, 5.2 Hz), 0.85 (d, 3H,
J� 6.4 Hz), 0.62 (d, 3 H, J� 7.1 Hz); 13C NMR/DEPT (50 MHz, CDCl3):
d� 211.8 (C�O), 70.8 (C-O), 56.0 (CH), 47.7 (CH), 43.8 (CH2), 35.0 (CH2),
31.7 (CH), 30.6 (CH), 29.9 (CH2), 29.2 (2�CH3), 28.1 (CH3), 27.4 (CH2),
24.7 (CH2), 21.0 (CH2), 20.2 (CH3), 7.7 (CH3); MS: m/z (%): 250 (3), 235
(2), 207 (9), 195 (3), 165 (3), 152 (5), 123 (9), 109 (17), 87 (64), 69 (45), 43
(100).


Electrochemical oxidation of ketones 21a, 21b, and 21c : The electro-
chemical oxidation was performed in an undivided cell equipped with two
platinum electrodes under magnetic stirring at 0 8C (external cooling). A
solution of methyl ketone 21 a (0.090 g, 0.335 mmol) and sodium bromide
(0.069 g, 0.671 mmol) in methanol (3 mL) was brought under a tension of
20 ± 30 V for 45 min. The reaction mixture was concentrated in vacuo and
extracted with diethyl ether. The combined organic phases were washed
with water, dried (MgSO4) and concentrated in vacuo. Column chroma-
tography and HPLC (pentane/acetone 88:12) afforded methyl ester 22a
(0.027 g, 28%). Similarly methyl ketones 21b (0.042 g ) and 21 c (0.100 g)
led to the corresponding esters 22 b (46 %) and 22 c (76 %).


Compound 22a : Rf� 0.31 (pentane/acetone 9:1); [a]20
D �ÿ13.9 (c� 0.64,


CHCl3); IR (NaBr): nÄ � 3395, 2932, 1737, 1456, 1380, 1256, 1195, 1141 cmÿ1;
1H NMR (500 MHz, CDCl3): d� 3.67 (s, 3H), 2.03 (td, 1H, J� 11.6,
3.1 Hz), 1.81 (dq, 1H, J� 12.9, 3.2 Hz), 1.71 (dq, 1 H, J� 13.3, 3.2 Hz),
1.65 ± 0.95 (m, 13 H), 1.2 (s, 3 H), 1.20 (s, 3 H), 0.89 (m, 6H), 0.71 (tt, 1 H, J�
10.7 Hz); 13C NMR (50 MHz, CDCl3): d� 176.9, 70.9, 51.8, 51.2, 48.6, 43.8,
36.1, 34.7, 34.0, 29.9, 29.7, 29.1, 28.1, 25.0, 24.2, 20.2, 17.7; MS: m/z (%): 269
(15), 266 (29), 253 (13), 237 (19), 226 (58), 219 (10), 206 (38), 191 (33), 169
(18), 151 (18), 137 (41), 126 (38), 123 (20), 109 (92), 95 (41), 81 (37), 69 (47),
59 (100), 43 (48).


Compound 22b : Rf� 0.25 (pentane/acetone 9:1); [a]20
D ��14.2 (c� 0.90,


CHCl3); IR (NaBr): nÄ � 3417, 2935, 1738, 1454, 1381, 1257, 1196, 1168, 1144,
1021, 909 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 3.67 (s, 3 H), 2.00 (td, 1H,
J� 11.5, 3.9 Hz), 1.93 (m, 1H), 1.70 ± 0.90 (m, 15 H), 1.21 (s, 2� 3 H), 0.85
(d, 3H, J� 7.1 Hz), 0.82 (d, 3H, J� 6.3 Hz); 13C NMR/DEPT (50 MHz,
CDCl3): d� 17ss7.0 (C�O), 71.0 (C-O), 52.2 (CH), 51.3 (CH3-O), 45.2
(CH), 44.0 (CH2), 32.7 (CH), 32.5 (CH2), 29.8 (CH2), 29.2 (2�CH3), 28.7
(CH), 27.4 (CH2), 24.7 (CH2), 24.2 (CH2), 18.0 (CH3), 12.1 (CH3); MS: m/z
(%): 266 (3), 226 (5), 206 (6), 167 (5), 137 (7), 109 (30), 95 (16), 59 (100).


Compound 22c : Rf� 0.27 (pentane/acetone 9:1); [a]20
D �ÿ51.0 (c� 0.82,


CHCl3); IR (NaBr): nÄ � 3413, 2936, 1735, 1458, 1379, 1204, 1133, 1021,
908 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 3.67 (s, 3H), 2.41 (dt, 1 H, J�
11.0, 4.8 Hz), 2.30 (m, 1 H, SJ� 28 Hz), 1.75 ± 0.90 (m, 15 H), 1.21 (s, 3H),
1.21 (s, 3H), 0.85 (d, 3H, J� 6.4 Hz), 0.69 (d, 3H, J� 7.1 Hz); 13C NMR/
DEPT (50 MHz, CDCl3): d� 175.8 (C�O), 71.0 (C-O), 51.4 (CH3-O), 48.0
(CH), 47.3 (CH), 44.0 (CH2), 35.2 (CH2), 32.1 (CH), 30.5 (CH), 30.0 (CH2),
29.2 (2�CH3), 27.4 (CH2), 24.8 (CH2), 21.9 (CH2), 20.2 (CH3), 8.1 (CH3);
MS: m/z (%): 266 (8), 237 (3), 226 (6), 191 (12), 170 (3), 167 (9), 137 (15),
109 (28), 95 (23), 81 (37), 59 (100).


Conversion of esters 22 a, 22b, and 22c into the corresponding aldehydes
24a, 24b, and 24c : Esters 22 a, 22 b, and 22c were reduced with lithium
aluminumhydride in tetrahydrofuran to the corresponding alcohols, as
described for the conversion of ester 13a into primary alcohol 15a, to


afford alcohols 23a (99 %), 23 b (52 %), and 23c (41 %), respectively. A
suspension of alcohol 23 a (5.5 mg, 0.022 mmol) and pyridinium chloro-
chromate on aluminum oxide (0.070 g, 0.327 mmol) in dichloromethane
(0.55 mL) was stirred for 5 h. After filtration and washing of the precipitate
with diethyl ether, the ether phase was concentrated in vacuo and the
residue purified by column chromatography and HPLC (pentane/acetone
9:1) to afford aldehyde 24a (3 mg, 55%). In the same way were obtained
24b (66 %) and 24 c (55 %).


Compound 24a : Rf� 0.27 (pentane/acetone 88:12); IR (NaBr): nÄ � 2930,
1718 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 9.51 (d, 1 H, J� 4.1 Hz), 1.98
(tt, 1H, J� 11.6 Hz), 1.80 ± 0.80 (m, 15 H), 1.21 (s, 3 H), 1.21 (s, 3 H), 0.90 (d,
3H, J� 6.5 Hz), 0.76 (tt, 1H, J� 10.6, 3.4 Hz).


Compound 24b : Rf� 0.24 (pentane/acetone 9:1); IR (NaBr): nÄ � 2933,
1726 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 9.51 (d, 1 H, J� 4.0 Hz), 1.95
(m, 2H), 1.70 ± 1.05 (m, 15 H), 1.20 (s, 3 H), 1.20 (s, 3 H), 0.89 (d, 3H, J�
6.4 Hz), 0.84 (d, 3 H, J� 7.2 Hz); 13C NMR/DEPT (50 MHz, CDCl3): d�
205.4 (C�O), 71.0 (C-O), 57.8 (CH), 44.9 (CH), 44.0 (CH2), 30.1 (CH), 29.5
(CH2), 29.3 (2�CH3), 28.4 (CH), 27.5 (CH2), 24.7 (CH2), 20.5 (CH2), 18.2
(CH3), 12.2 (CH3); MS: m/z (%): 237 (3), 191 (3), 179 (1), 153 (3), 137 (5),
125 (5), 109 (27), 81 (17), 59 (100), 43 (31).


Compound 24c : Rf� 0.31 (pentane/acetone 9:1); IR (NaBr): nÄ � 3398,
2934, 1723, 1462, 1377, 1159, 908 cmÿ1; 1H NMR (500 MHz, CDCl3): d�
9.67 (s, 1 H), 2.45 (m, 1 H, SJ� 28 Hz), 2.29 (dt, 1H, J� 12.6, 3.6 Hz), 1.74
(m, 2 H), 1.60 ± 1.05 (m, 12 H), 1.22 (s, 3H), 1.22 (s, 3 H), 0.97 (qd, 1 H, J�
12.8, 3.4 Hz), 0.87 (d, 3H, J� 7.0 Hz), 0.70 (d, 3 H, J� 7.1 Hz); MS: m/z
(%): 236 (3), 207 (2), 191 (2), 165 (3), 139 (3), 123 (5), 95 (21), 69 (15), 59
(100).


Wittig ± Horner coupling reaction of aldehydes 24a, 24b, and 24c with
phosphine oxide 25 : n-Butyllithium (0.041 mL, 2.5m hexanes, 0.104 mmol)
was added dropwise at ÿ78 8C to a solution of phosphine oxide 25 (0.060 g,
0.104 mmol) in dry tetrahydrofuran (0.42 mL). After stirring for 20 min a
solution of aldehyde 24a (0.004 g, 0.016 mmol) in tetrahydrofuran
(1.05 mL) was added very slowly to the deep red reaction mixture. After
stirring for 3 h at ÿ78 8C, the reaction mixture was warmed slowly to 0 8C.
After stirring for a few minutes exposed to air (the reaction mixture turned
to yellow), the mixture was directly loaded on a silica gel column (pentane/
ether 7:3). The crude product was dissolved in tetrahydrofuran (1.75 mL)
and treated with tetrabutylammonium fluoride (0.35 mL, 1m THF). After
stirring overnight at 25 8C, the mixture was concentrated in vacuo and the
residue purified by column chromatography and HPLC (pentane/acetone
7:3) to afford analogue 4a (4.6 mg, 57 %). In the same way aldehydes 24b
and 24c were converted into analogues 4 b (57 %) and 4 c (49 %),
respectively.


Compound 4a : Rf� 0.29 (pentane/acetone 7:3); IR (NaBr): nÄ � 3395, 2929,
1450, 1378, 1048, 970, 908, 735 cmÿ1; UV (MeOH): lmax� 209, 250 nm;
1H NMR (500 MHz, CDCl3): d� 6.33 (dd, 1 H, J� 15.2, 10.8 Hz), 6.03 (d,
1H, J� 10.7 Hz), 5.52 (dd, 1H, J� 15.3, 8.9 Hz), 5.30 (s, 1H), 5.00 (s, 1H),
4.44 (m, 1 H), 4.21 (m, 1H), 2.57 (dd, 1 H, J� 13.1, 9.8 Hz), 2.26 (dd, 1H,
J� 13.1, 7.5 Hz), 2.00 ± 0.95 (m, 20H), 1.20 (s, 3 H), 1.20 (s, 3H), 0.87 (d, 3H,
J� 6.4 Hz), 0.82 (d, 3H, J� 6.4 Hz), 0.67 (m, 1H); MS: m/z (%): 372 (3),
351 (21), 319 (3), 303 (9), 273 (3), 225 (7), 199 (45), 183 (19), 135 (36), 105
(36), 77 (55), 43 (100).


Compound 4b : Rf� 0.30 (pentane/acetone 7:3); IR (NaBr): nÄ � 3354,
2912 cmÿ1; UV (MeOH): lmax� 209, 248 nm; 1H NMR (500 MHz, CDCl3):
d� 6.32 (dd, 1H, J� 15.2, 10.9 Hz), 6.03 (d, 1H, J� 10.8 Hz), 5.53 (dd, 1H,
J� 15.2, 9.0 Hz), 5.31 (s, 1 H), 4.99 (s, 1H), 4.43 (br s, 1H), 4.21 (br s, 1H),
2.57 (dd, 1 H, J� 13.4, 3.6 Hz), 2.26 (dd, 1H, J� 13.0, 7.4 Hz), 2.00 ± 0.90 (m,
21H), 1.21 (s, 3 H), 1.21 (s, 3 H), 0.81 (d, 3 H, J� 7.2 Hz), 0.82 (d, 3H, J�
6.0 Hz); MS: m/z (%): 372 (5), 354 (3), 336 (3), 255 (1), 191 (3), 166 (9), 148
(66), 109 (44), 95 (50), 43 (100).


Compound 4c : Rf� 0.25 (pentane/acetone 7:3); IR (NaBr): nÄ � 3339, 2930,
1455, 1380, 1057, 976, 908 cmÿ1; UV (MeOH): lmax� 207, 247 nm; 1H NMR
(500 MHz, CDCl3): d� 6.34 (dd, 1H, J� 15.3, 10.8 Hz), 6.05 (d, 1 H, J�
10.8 Hz), 5.74 (dd, 1H, J� 15.4, 6.7 Hz), 5.31 (br s, 1 H), 5.01 (br s, 1H), 4.44
(m, 1 H), 4.22 (m, 1H), 2.57 (dd, 1 H, J� 13.3, 3.4 Hz), 2.27 (dd, 1 H, J�
13.3, 6.9 Hz), 2.14 (m, 1 H), 2.00 ± 0.95 (m, 18 H), 1.85 (m, 1H), 1.66 (dq, 1H,
J� 13.1, 3.4 Hz), 1.21 (s, 3H), 1.21 (s, 3 H), 0.84 (d, 3 H, J� 6.4 Hz), 0.66 (d,
3H, J� 7.1 Hz); MS: m/z (%): 372 (5), 354 (2), 314 (1), 278 (1), 255 (1), 223
(1), 207 (3), 166 (12), 148 (50), 109 (51), 91 (48), 43 (100).
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Conformational analysis and molecular modeling : Conformational analysis
of the side chain of compounds 4a, 4b, and 4c was carried out using the
MacroModel molecular modeling program of Still[44] run on a Digital
VAXstation 4000 ± 90A or SiliconGraphics Octane. Molecular mechanics
calculations were carried out on model compounds in which the A-ring and
diene system up to C6 were replaced by a H atom. Rotations with 608
increments were applied to the rotatable CÿC bonds of the side chain,
while the 25-OH was rotated with increments of 1208. The starting
conformations thus generated were minimized using the MM2* force field
implementation of MacroModel and the conformations within 20 kJ molÿ1


of the minimum energy form were retained. Using a PC computer program
all conformations of each compound were then overlaid using C13 as
common origin (x, y, z� 0), C14 was positioned in the y,z plane (x� 0) and
the 18-position was made to coincide with the positive y axis (x, z� 0). A
line drawing was generated of the minimum energy conformation and the
position of O25 in each of the local energy minima within the given energy
window was represented by a ball to obtain the volume maps shown in
Figures 3, 4, and 5.


Biological evaluation : Compound 2 (MC 1288) was a kind gift of L.
Binderup (Leo Pharmaceuticals, Ballerup, Denmark).


Binding studies : The affinity of the 6D-analogues of 1,25(OH)2D3 to the
vitamin D receptor was evaluated in their ability to compete with
[3H]1,25(OH)2D3 for binding to high speed supernatant from intestinal
mucosa homogenates obtained from normal pigs as described previous-
ly.[11g] The relative affinity of the analogues was calculated from their
concentration needed to displace 50 % of [3H]1,25(OH)2D3 from its
receptor compared with the activity of 1,25(OH)2D3.


MCF-7 proliferation assay : The human breast carcinoma (MCF-7) cell line
was obtained from the American Tissue Culture Company (Rockville,
MD). The antiproliferative activity of 1,25(OH)2D3 or 6D analogues on
MCF-7 cells was assessed by evaluating [3H]thymidine incorporation. Cells
were seeded in 96-well plates (7500 cells per well) and 1 mCi [methyl-
3H]thymidine (ICN Biomedicals, Costa Mesa, CA) was added 72 h after the
initiation of treatment. Cells were semi-automatically harvested after an
additional 6 h of incubation on filter plates only retaining incorporated
thymidine (GF/C Filter and Filtermate Universal Harvester, Packard
Instrument, Meriden, CT). Counting was performed using a microplate
scintillation counter (Topcount, Packard).


Differentiation of HL-60 cells : The human promyelocytic leukemia cell
line (HL-60) was obtained from the American Tissue Culture Company
(Rockville, MD). HL-60 cells were seeded at 4� 104 cells mLÿ1 in 25 cm2


Falcon tissue chambers using RPMI 1640 medium supplemented with 20%
fetal calf serum (Sera-Lab, W. Sussex, UK) and gentamycin (50 mg mLÿ1;
Gibco, Roskilde, Denmark). 1,25(OH)2D3, analogues, or vehicle were
added the day after plating. After 4 d of culture, differentiation was
measured by using the NBT reduction assay as described previously.[45]


In vivo studies : NMRI mice were obtained from the Proefdierencentrum of
Leuven (Belgium) and fed on a vitamin D-replete diet (0.2 % calcium, 1%
phosphate, 2000 U vitamin D kgÿ1; Hope Farms, Woerden, The Nether-
lands). The hypercalcemic effect of the 6D analogues was tested in NMRI
mice by daily subcutaneous injection of 1,25(OH)2D3, its analogues or the
solvent during seven consecutive days, using serum calcium concentration
as parameter.
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Relative Lewis Basicities of Six Al(ORF)4
ÿ Superweak Anions and the


Structures of LiAl{OCH(CF3)2}4 and [1-Et-3-Me-1,3-C3H3N2]-
[Li{Al{OCH(CF3)2}4}2]


Svetlana M. Ivanova, Benjamin G. Nolan, Yoshihiro Kobayashi, Susie M. Miller,
Oren P. Anderson, and Steven H. Strauss*[a]


Abstract: The relative Lewis basicities
of six Al(ORF)4


ÿ ions, Al{OC(CH3)-
(CF3)2}4


ÿ, Al{OC(CF3)3}4
ÿ, Al{OCPh-


(CF3)2}4
ÿ, Al{OC{4-C6H4(tBu)}(CF3)2}4


ÿ,
Al{OC(Cy)(CF3)2}4


ÿ, and Al{OCPh2-
(CF3)}4


ÿ, have been determined by
measuring their relative coordinating
abilities towards Li� in dichlorome-


thane. The relative Li� Lewis basicities
of the Al(ORF)4


ÿ ions are linearly re-
lated to the aqueous pKa values of the
corresponding parent HORF fluoroalco-


hols. The Lewis basicity of Al{OCH-
(CF3)2}4


ÿ could not be measured because
two of these anions can coordinate to
one Li� cation. The structures of LiAl-
{OCH(CF3)2}4 and [1-Et-3-Me-1,3-C3-
H3N2][Li{Al{OCH(CF3)2}4}2] were de-
termined.


Keywords: alkoxides ´ aluminum ´
basicity ´ Lewis acids ´ lithium


Introduction


The synthesis and applications of superweak anions[1, 2] that
are thermally, chemically, and electrochemically robust has
been an active endeavor in many laboratories during the past
decade.[2, 3] One relatively new class of superweak anions is
based on monodentate polyfluoroalkoxide and -aryloxide
substituents and includes B{OCH(CF3)2}4


ÿ,[4] Al{OCR-
(CF3)2}4


ÿ (R�H,[5±9] CH3,[5±9] Cy,[8, 9] Ph,[5, 7±9] 4-C6H4CH3,[8, 9]


4-C6H4(tBu),[8, 9] CF3,[4, 5, 8, 9]) Al{OCPh2(CF3)}4
ÿ,[8, 9] Al(OC6-


F5)4
ÿ,[11] Nb(OC6F5)6


ÿ,[11] and Nb{OCH(CF3)2}6
ÿ.[12] The lith-


ium salt of the Al{OCPh(CF3)2}4
ÿ ion is an active Lewis acid


catalyst in toluene for the 1,4-conjugate addition of silyl
ketene acetals to a,b-unsaturated carbonyls and for the direct
substitution of allylic acetates by silyl ketene acetals.[10] In
addition, a solution of LiAl{OC(CF3)3}4 in 1,2-dimethoxy-
ethane (DME; 0.01m) has a direct current (dc) conductivity
that is nearly 100 times higher than a solution of LiCF3SO3 in
DME (0.01m).[13]


We are investigating the relative Lewis basicities of
Al(ORF)4


ÿ superweak ions and the relative Lewis acidities


of LiAl(ORF)4 compounds. In this paper, we report the
relative Lewis basicities of six Al(ORF)4


ÿ ions, Al(hftb)4
ÿ,


Al(pftb)4
ÿ, Al(hfpp)4


ÿ, Al(hfBupp)4
ÿ, Al(hfcp)4


ÿ, and Al-
(dpte)4


ÿ (HFTBÿ�OC(CH3)(CF3)2
ÿ ; PFTBÿ�OC(CF3)3


ÿ ;
HFPPÿ�OCPh(CF3)2


ÿ ; HFBuPPÿ�OC{4-C6H4(tBu)}-
(CF3)2


ÿ ; HFCPÿ�OC(Cy)(CF3)2
ÿ ; DPTEÿ�OCPh2(CF3)ÿ).


The measurement of the relative Lewis basicity of Al(hfip)4
ÿ


was not possible because, unlike the other six Al(ORF)4
ÿ


examined in this study, two Al(hfip)4
ÿ can simultaneously


coordinate to one Li� cation (HFIPÿ�OCH(CF3)2
ÿ). In the


course of investigating this anomaly, the structures of
LiAl(hfip)4 and [EMI][Li{Al(hfip)4}2] were determined
(EMI�� 1-Et-3-Me-1,3-C3H3N2


�).


Experimental Section


Materials and reagents : All preparations and physical measurements were
carried out with rigorous exclusion of air and water. Schlenk or glovebox
techniques were employed, with purified nitrogen, helium, or argon used
when an inert atmosphere was required. All reagents and solvents were
reagent grade or better. The compounds N(nBu)4Cl (Aldrich, �99%) and
[EMI]Cl (Aldrich, �98%) were used as received. The compound LiAlH4


(Aldrich) was recrystallized from diethyl ether and stored in a Vacuum
Atmospheres glovebox. The polyfluoroalcohols H(HFIP), H(HFPP)
(Central Glass), H(HFTB) (Fluorochem USA), and H(PFTB) (Fluoro-
chem USA) were dried over activated 4 � molecular sieves and vacuum
distilled. The polyfluoroalcohols H(HFCP), H(DPTE), and H(HFBuPP)
were prepared and dried by literature procedures.[8] Distilled water was
purified and deionized (to 18 MW) with a Barnstead Nanopure purification
system. The following solvents were purified by distillation under nitrogen
or under vacuum from the indicated drying agent: benzene (Na); hexanes
(Na); diethyl ether (Na); 1,1,2-C3Cl3F3 (P2O5); acetonitrile (P2O5);
dimethylsulfoxide (activated 13X molecular sieves); dichloromethane


[a] Prof. S. H. Strauss, Dr. S. M. Ivanova, B. G. Nolan, Y. Kobayashi,
S. M. Miller, Prof. O. P. Anderson
Department of Chemistry, Colorado State University
Ft. Collins, CO 80523 (USA)
Fax: (�1)970-491-1801
E-mail : strauss@chem.colostate.edu


Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author. Figure
S-1, Figure S-2, and Figure S-3 are crystallographic numbering schemes
for [EMI][Li(Al(hfip)4)2] and LiAl(hfip)4. Figure S-4 and Figure S-5
are 1H NMR spectra. Table S-1 lists bond valence parameters.
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(P2O5); [D2]dichloromethane (Cambridge, >99 % D; P2O5), hexafluoro-
benzene (P2O5). The compounds LiAl(hftb)4, LiAl(pftb)4, LiAl(hfpp)4,
LiAl(hfBupp)4, LiAl(hfcp)4, and LiAl(dpte)4 were prepared by literature
procedures.[5±8]


Preparation of LiAl(hfip)4 : The compound LiAl(hfip)4 was prepared by
treating a suspension of LiAlH4 (0.552 g, 14.5 mmol) in 1,1,2-C2Cl3F3


(100 mL) at 0 8C with a solution of HOCH(CF3)2 (12.2 g, 72.6 mmol) in
1,1,2-C2Cl3F3 (20 mL). The solution was added dropwise over 10 min and
was vigorously stirred at 0 8C for 18 h and at 25 8C for an additional six days.
After this time, all volatiles were removed under vacuum from the reaction
mixture, leaving 9.6 g of the white microcrystalline compound LiAl(hfip)4


(94 % yield). NMR spectral data for this compound are listed in Table 1.
The purity of the compound, �99%, was judged by the absence of 1H and
19F NMR resonances and mass spectral peaks due to likely impurities such
as AlHn(hfip)4ÿn


ÿ (n� 1,2,3), AlF(hfip)3
ÿ, and Al(OH)(hfip)3


ÿ.


Preparation of [EMI][Al(hfip)4]: The compound [EMI][Al(hfip)4] was
prepared by mixing LiAl(hfip)4 (0.101 g, 0.143 mmol) and [EMI]Cl
(0.021 g, 0.14 mmol) in dichloromethane (20 mL) for 18 h at 25 8C. The
resulting suspension was filtered through Celite and solvent was removed
under vacuum, leaving 0.094 g of the white microcrystalline solid
[EMI][Al(hfip)4] (82 % yield). NMR spectral data for this compound are
listed in Table 1.


Preparation of [N(nBu)4][Al(ORF)4]: The compounds [N(nBu)4]-
[Al(ORF)4] were prepared by mixing any one of six LiAl(ORF)4 compounds
with an equimolar amount of N(nBu)4Cl in dichloromethane. Of the seven
LiAl(ORF)4 compounds used in this study, only LiAl(hfBupp)4 was not
converted to the N(nBu)4


� salt. The resulting suspensions (LiCl is not
soluble in dichloromethane) were filtered through Celite and solvent was
removed under vacuum, leaving white microcrystalline solids. In a typical
reaction, LiAl(hfpp)4 (0.200 g, 0.199 mmol) and N(nBu)4Cl (0.055g,
0.199 mmol) were stirred in dichloromethane for 24 h at 25 8C. After
filtration and vacuum drying for 4 h, 0.23 g of the white microcrystalline
solid [N(nBu)4][Al(hfpp)4] was isolated (95 % yield). A 7Li NMR spectrum
of the solid did not show the presence of unreacted LiAl(hfpp)4. The signal/
noise ratio of this NMR experiment limits the amount of undetected
LiAl(hfpp)4 in the sample of [N(nBu)4][Al(hfpp)4] to �1 %. NMR spectral
data for this compound and for the other five [N(nBu)4][Al(ORF)4]
compounds that were prepared are listed in Table 1.


Physical measurements : NMR spectra were recorded by using a Varian
Inova-300 spectrometer operating at the indicated frequencies and with the
indicated chemical shift standards: 1H, 300.1 MHz, internal CHDCl2 (d�
5.32); 7Li, 116.6 MHz, external 1m aqueous LiNO3 (d� 0); 19F, 282.4 MHz,
internal C6F6 (d��ÿ162.59). Negative-ion electrospray mass spectra were
recorded using a Fisons VG Quattro-SQ mass spectrometer with a cone
voltage of 20 V.


Determination of acid dissociation constants : Acid dissociation constants
(pKa values) of the polyfluoroalcohols H(PFTB), H(HFPP) and H(HFCP)
were determined by potentiometric titration in water with 0.1m NaOH
using an Orion model 720A pH meter and an Orion Ross hydrogen-ion
electrode. Our measured pKa value for H(PFTB), 5.4, is in agreement with
the literature value.[14] Our measured pKa values for H(HFPP) and
H(HFCP) are 8.8 and 10.3, respectively. The pKa values for H(HFIP)
and H(HFTB), 9.3 and 9.6, respectively, were taken from the literature.[14]


No recognizable end point was observed in the titration of H(DPTE). The
low aqueous solubility of H(HFBuPP) prevented the measurement of its
pKa value in water. Instead, the apparent pKa value in 60:40 (v/v) DMSO/
H2O was determined as described in the literature (DMSO�dimethyl-
sulfoxide).[15] A plot of 60:40 (v/v) DMSO/H2O pKa values versus aqueous
pKa values for several fluoroalcohols is shown in Figure 1. Using this
method, we determined the aqueous pKa value of H(HFBuPP) to be 9.3.


Figure 1. Plot of aqueous vs 60:40 (v/v) DMSO/H2O pKa values. The
straight line is a linear least-squares fit to the data. Abbreviations:
H(PFTB)�HOC(CF3)3; H(HFPP)�HOCPh(CF3)2; H(HFIP)�
HOCH(CF3)2; H(HFTB)�HOCMe(CF3)2; H(TFE)�HOCH2CF3.


Conductivity measurements : Solution conductivities were measured at
25 8C in a helium-filled Vacuum Atmospheres glovebox with a Yellow
Springs Instrument Model 31A conductance bridge and a Model 3403 cell
that was calibrated for inverted use (cell constant k� 0.998 cmÿ1).
Solutions were prepared in the glovebox by adding acetonitrile to weighed
samples in 3 mL volumetric flasks. The conductivity of the acetonitrile used
was determined to be less than or equal to 1 mScmÿ1. The variations in


conductivity for a given compound for
replicate samples for a given batch of
compound and for different batches of
compound were no more than �2%.


X-ray crystallography : Crystals of
LiAl(hfip)4 were grown from a 10:1
(v/v) solution of benzene and hexa-
fluorobenzene at 25 8C. Crystals of
[EMI][Li{Al(hfip)4}2] were grown by
slow diffusion of hexanes into a satu-
rated dichloromethane solution of an
equimolar mixture of [EMI][Al-
(hfip)4] and Li(Al(hfip)4 at 25 8C. In
both cases, a suitable crystal was
examined under an argon atmosphere
and was placed in the cold nitrogen
stream of the low-temperature LT-2
unit of a Siemens SMART CCD
diffractometer system. The diffraction
data collection and subsequent struc-
tural computations were performed
using the crystallographic software
supplied by Siemens[16] or by Professor
G. M. Sheldrick.[17] Lorentz and polar-
ization corrections were applied to the


Table 1. 1H, 7Li, and 19F NMR data for Al(ORF)4
ÿ ions.[a]


d(1H) d(7Li) d(19F)


LiAl(hfip)4 4.54 (sp, JHF� 5.6 Hz) ÿ 1.34 ÿ 76.93
[TBA][Al(hfip)4] 4.49 (sp, JHF� 5.6 Hz) ÿ 77.26
[EMI][Al(hfip)4] 4.58 (sp, JHF� 5.9 Hz)
LiAl(hftb)4 1.50 ÿ 1.38 ÿ 79.77
[TBA][Al(hftb)4] 1.50 ÿ 79.83
LiAl(pftb)4


[b] ÿ 75.22
[TBA][Al(pftb)4] ÿ 75.64
LiAl(hfcp)4


[c] ÿ 1.14 ÿ 72.51
[TBA][Al(hfcp)4] [c] ÿ 72.07
LiAl(hfpp)4 7.71(d), 7.39(m), 7.22(m) ÿ 0.80 ÿ 75.30
[TBA][Al(hfpp)4] 7.76(d), 7.32(m), 7.18(m) ÿ 74.70
LiAl(dpte)4 7.26(m), 7.08(m) ÿ 1.42 ÿ 72.61
[TBA][Al(dpte)4] 7.26(d), 7.12(m), 6.99(m) ÿ 72.35
LiAl(hfBupp)4 7.65(d), 7.25(d), 1.25 ÿ 0.82 ÿ 75.32


[a] All spectra recorded in [D2]dichloromethane at 25 8C. All resonances were singlets or unresolved multiplets
unless otherwise indicated. HFIP�OCH(CF3)2, HFTB�OC(CH3)(CF3)2, PFTB�OC(CF3)3, HFCP�
OC(Cy)(CF3)2, HFPP�OCPh(CF3)2, DPTE�OCPh2(CF3), HFBuPP�OC(4-C6H4(tBu))(CF3)2, TBA��
N(nBu)4


�, EMI�� 1-Et-3-Me-1,3-C3H3N2
�, sp� septet, d�doublet, m� second-order multiplet. [b] This d(7Li)


value could not be determined because LiAl(pftb)4 is only sparingly soluble in [D2]dichloromethane.
[c] This NMR spectrum is included in the Supporting Information.
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data. Details of the crystallographic experiments and subsequent compu-
tations are listed in Table 2.[18, 19] The structures were solved by direct
methods and were refined using full-matrix least-squares procedures on F 2


for all data. Non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were placed in calculated positions. Selected interatomic bond
lengths and angles are listed in Table 3 and Table 4. Crystallographic data


(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-145394 (EMI� salt) and CCDC-
145395 (LiAl(hfip)4). 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).


Results and Discussion


pKa values of the HORF polyfluoroalcohols : As discussed in
the Experimental Section, the aqueous pKa values of
H(HFIP), H(HFTB), and H(PFTB) were known. We deter-


mined the aqueous pKa values of
H(HFPP) and H(HFCP) for the
first time. We determined the 60:40
(v/v) DMSO/H2O pKa value of
H(HFBuPP) for the first time and
derived the aqueous pKa of this
alcohol using the graph shown in
Figure 1. We could not determine
the pKa value of H(DPTE) in either
solvent system. However, we can
estimate its aqueous pKa value by
assuming the linearity of substitu-
ent effects in two different series of
fluoroalcohols. In the first series,
the CF3/Ph substitution
H(PFTB)!H(HFPP) changes the
aqueous pKa from 5.4 to 8.8, a
change of �3.4 pKa units. There-
fore, the second CF3/Ph substitu-
tion H(HFPP)!H(DPTE) should
change the pKa again by�3.4 units,
from 8.8 to 12.2. In the second
series, the H/Ph substitution
H(HFIP)!H(HFPP) changes the
pKa from 9.3 to 8.8, a change of
ÿ0.5 pKa units. Therefore, the dou-
ble 2 H/2 Ph substitution
HOCH2CF3 (pKa� 12.8[14])!
H(DPTE) should change the pKa


by ÿ1.0 units, from 12.8 to 11.8. As
a result of this substituent analysis,
we estimate the aqueous pKa value
of H(DPTE) to be �12.


Table 2. Details of the X-ray diffraction study of LiAl(hfip)4 and [EMI][Li{Al(hfip)4}2].[a]


LiAl(hfip)4 [EMI][Li{Al(hfip)4}2]


formula C12H4AlF24LiO4 C30H19Al2F48LiN2O8


Mw [g molÿ1] 702.07 1508.37
T [K] 170 169
space group P1 P21/c
a [�] 10.1184(7) 14.5455(1)
b [�] 10.5213(7) 48.3469(8)
c [�] 11.6461(8) 16.5474(2)
a [8] 76.587(1) 90.000
b [8] 80.479(1) 113.887(1)
g [8] 65.032(1) 90.000
V [�3] 1,090.1(1) 10,639.7(2)
Z 2 8
1calcd [gcmÿ3] 2.139 1.883
dimensions [mm] 0.40� 0.20� 0.18 0.30� 0.38� 0.40
m [cmÿ1] 3.19 2.70
F(000) 680 5904
q range [8] 1.80 to 28.30 1.41 to 28.30
index range ÿ 11� h� 13 ÿ 19� h� 19


ÿ 14� k� 13 ÿ 64� k� 64
ÿ 14� l� 15 ÿ 21� l� 21


reflections collected 7230 67 198
independent reflections 4997 25 205
refinement method [b] [b]


data/restraints/parameters 4997/0/380 25 205/0/1 640
goodness-of-fit on F 2 1.019 0.955
final R indices [I> 2s(I)] R1� 0.0520 R1� 0.0977


wR2� 0.1213 wR2� 0.1595
R indices (all data) R1� 0.0822 R1� 0.3223


wR2� 0.1413 wR2� 0.2387
extinction coefficient 0.003(1) 0.00000(5)
largest difference peak/hole [e �3] 0.408/ÿ 0.427 0.355/ÿ 0.302


[a] EMI�� 1-Et-3-Me-1,3-C3H3N2
�. [b] Full-matrix least-squares on F 2.


Table 3. Selected bond lengths [�] and angles [8]for one of the two nearly
identical Li{Al(hfip)4}2


ÿ ions in the structure of [EMI][Li{Al(hfip)4}2].[a]


Li1ÿO1 2.06(1) Li1ÿO2 2.05(1)
Li1ÿO5 2.04(1) Li1ÿO6 2.02(1)
Li1ÿF7 2.83(1) Li1ÿF1 2.82(1)
Li1ÿF25 2.80(1) Li1ÿF31 2.66(1)
Al1ÿO1 1.775(4) Al1ÿO2 1.774(4)
Al1ÿO3 1.722(4) Al1ÿO4 1.712(5)
Al2ÿO5 1.763(4) Al2ÿO6 1.777(4)
Al2ÿO7 1.714(4) Al2ÿO8 1.722(5)


O1-Li1-O2 78.0(4) O1-Li1-O5 138.6(6)
O1-Li1-O6 117.8(5) O2-Li1-O5 112.5(5)
O2-Li1-O6 142.8(6) O5-Li1-O6 78.8(4)


[a] EMI�� 1-Et-3-Me-1,3-C3H3N2
�, HFIP�OCH(CF3)2.


Table 4. Selected bond lengths [�] and angles [8] for LiAl(hfip)4.[a]


LiÿO1 2.089(5) LiÿO2 2.166(6)
LiÿO2' 2.533(6) LiÿO4' 2.016(5)
LiÿF1 3.327(6) LiÿF3 2.366(6)
LiÿF11 3.055(6) LiÿF9' 2.414(6)
LiÿF19' 3.181(6) LiÿF20' 2.798(6)
AlÿO1 1.758(2) AlÿO2 1.771(2)
AlÿO3 1.690(2) AlÿO4 1.766(2)


O3-Al-O1 111.1(1) O3-Al-O4 112.1(1)
O1-Al-O4 112.41(9) O3-Al-O2 127.1(1)
O1-Al-O2 94.49(9) O4-Al-O2 98.17(9)
O1-Li-O2 75.0(2) O1-Li-O2' 89.9(3)
O1-Li-O4' 160.4(3) O2-Li-O2' 82.0(3)
O2-Li-O4' 97.5(2) O2'-Li-O4' 146.8(3)
F1-Li-F3 39.9(3) F1-Li-F11 56.5(3)
F1-Li-F9' 113.4(3) F1-Li-F19' 102.5(3)
F1-Li-F20' 77.5(3) F3-Li-F11 82.5(3)
F3-Li-F9' 79.2(3) F3-Li-F19' 68.8(3)
F3-Li-F20' 64.7(3) F11-Li-F9' 157.2(3)
F11-Li-F19' 97.2(3) F11-Li-F20' 56.4(3)
F9'-Li-F19' 63.4(3) F9'-Li-F20' 103.0(3)
F19'-Li-F20' 40.9(3)


[a] HFIP�OCH(CF3)2.
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Relative Lewis basicities of Al(ORF)4
ÿ ions : One of the most


important properties of a superweak anion is its Lewis basicity
with respect to the cation of interest. Several methods of
measuring or estimating the ªcoordinating abilityº of weakly
coordinating anions have been proposed.[2, 3] Most, if not all,
of these methods have limitations.[3] One of the most evident
limitations is the choice of reference cationic Lewis acid
(LA�), because each Lewis acid has a unique set of steric and
electronic properties that govern the position of the equili-
brium shown in Equation (1) (Xÿ and Yÿ are two anions
whose Lewis basicities are being compared).


LAÿX�Yÿ>LAÿY�Xÿ (1)


We chose Li� as the reference Lewis acid for this study
because it is the next most sterically innocent Lewis acid
cation after H� and because it forms stable, multidentate
complexes with Al(ORF)4


ÿ ions in low dielectric solvents, in
which the Li� cation coordinates to two polyfluoroalkoxide
oxygen atoms and to a number of fluorine atoms,[4, 6±10] as
shown in Figure 2 for LiAl(hfpp)4.[7, 10] This was essential


Figure 2. Structure of LiAl{OCPh(CF3)2}4, showing the trigonal-prismatic
LiO2F4 coordination sphere. The unlabeled open spheres are carbon atoms
and the unlabeled highlighted spheres are fluorine atoms. Hydrogen atoms
have been omitted for clarity.


because we wanted to measure the relative Lewis basicities of
Al(ORF)4


ÿ ions at their most basic sites, their four oxygen
atoms. Subsequent studies from our laboratory will examine
sterically more demanding Lewis acid cations, which might
only be able to coordinate to the fluorine atoms or other
substituents on the periphery of the anions.


We chose N(nBu)4
� salts of the Al(ORF)4


ÿ ions as the
source of ªfreeº Al(ORF)4


ÿ and [D2]dichloromethane as the
solvent because it has an optimum combination of low
dielectric constant (9.1 at 20 8C) and low donor number
(�0).[20] The version of the generic equilibrium [i.e., Eq. (1)]
that was used for this study is given in Equation (2).


LiAl(hfpp)4�Al(ORF)4
ÿ>LiAl(ORF)4�Al(hfpp)4


ÿ (2)


The equilibrium quotient is given by K� [LiAl(ORF)4]-
[Al(hfpp)4


ÿ]/[LiAl(hfpp)4][Al(ORF)4
ÿ] and is defined in this


study as the Lewis basicity of Al(ORF)4
ÿ relative to


Al(hfpp)4
ÿ with respect to the Lewis acid Li�. Therefore, a


small K value denotes a low Lewis basicity. Note that this
definition is based on the assumption that ion pairing
interactions between N(nBu)4


� and the different Al(ORF)4
ÿ


ions are constant and do not affect the magnitude of K.
We monitored the positions of the equilibria represented


above by 19F NMR spectroscopy. It was previously shown that
the 19F NMR spectrum of LiAl(hfpp)4 in [D14]methylcyclo-
hexane at 25 8C is consistent with a single fluorine-atom
environment.[10] This observation, plus the observed average
J(7Li19F) value of 2.4 Hz, indicated a rapid intramolecular
exchange of all 24 fluorine atoms under these conditions.[10]


We have now found that the fluorine atoms in LiAl(hfpp)4


also exhibit rapid intramolecular exchange in [D2]dichloro-
methane at 25 8C, although the J(7Li19F) value was sufficiently
small that the 1:1:1:1 quartet was not resolved. However, the
width of the 19F resonance became significantly more narrow
upon 7Li decoupling; it changed from 6.35 Hz with no
decoupling to 4.95 Hz with broad-band 7Li decoupling. (In
addition, the 7Li NMR spectrum of LiAl(hfpp)4 in [D2]di-
chloromethane at 25 8C showed a single resonance, the width
of which changed from 12.75 Hz to 5.09 Hz upon broad-band
19F decoupling.) Cooling the solution to ÿ70 8C did not result
in a slow-exchange spectrum that would be consistent with a
structure similar to that shown in Figure 2. These results,
along with the lack of resonances due to free Li� or free
Al(hfpp)4


ÿ, indicate that the extent of dissociation of
LiAl(hfpp)4 into its constituent ions in dichloromethane
solution is less than or equal to 1 %. We suspect that the
same is true for the other LiAl(ORF)4 compounds used in this
study.


In contrast to the lack of intermolecular exchange of Li�


and Al(hfpp)4
ÿ ions solution of LiAl(hfpp)4 in dichloro-


methane, the 19F NMR spectrum of an equimolar mixture of
LiAl(hfpp)4 and [N(nBu)4][Al(hfpp)4] in [D2]dichlorome-
thane at 25 8C revealed rapid intermolecular exchange of free
and Li�-coordinated Al(hfpp)4


ÿ ions. At this temperature, the
mixture exhibited only one resonance, d�ÿ75.00, which is
the average of the d values for the individual compounds (see
Table 1). When the sample was cooled to ÿ70 8C, two signals
for the individual compounds were observed, as shown in
Figure 3 (the d values for individual samples of LiAl(hfpp)4


Figure 3. 19F NMR spectrum (CD2Cl2) of an equimolar mixture of
LiAl(hfpp)4 and [N(nBu)4][Al(hfpp)4] at ÿ70 8C. Note that the linewidth
of the LiAl(hfpp)4 resonance is slightly larger than for the
[N(nBu)4][Al(hfpp)4] resonance. The small peak marked with an asterisk
is an impurity.
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and [N(nBu)4][Al(hfpp)4] at ÿ70 8C are ÿ76.12 and ÿ75.70,
respectively). Since any dissociation of LiAl(hfpp)4 into free
ions at 25 8C is much slower than the exchange rate observed
for the mixture at 25 8C, we propose that the exchange of free
and coordinated Al(hfpp)4


ÿ ions occurs by an associative
mechanism such as the one shown in Scheme 1. As will be
discussed below, the proposed Li(Al(ORF)4)2


ÿ intermediate
was observed in solution and isolated in the solid state in the
case of ORF�HFIP.


Scheme 1. Proposed mechanism of exchange of free and Li�-coordinated
Al(ORF)4


ÿ ions in dichloromethane solution. The idealized symmetry of
the Li(Al(ORF)4)2


ÿ ion is D2h or D2d.


A typical Lewis basicity determination consisted of exam-
ining the 19F NMR spectrum of an equimolar mixture of
LiAl(hfpp)4 and the N(nBu)4


� salt of a different Al(ORF)4
ÿ


ion in [D2]dichloromethane at 25 8C. Due to the rapid
intermolecular exchange, only two 19F signals were observed
for the four species involved in the equilibrium shown in
Equation (2), one signal for free and coordinated Al(hfpp)4


ÿ


and one signal for free and coordinated Al(ORF)4
ÿ. The


equilibrium quotient, K, was determined from the d values of
the two observed resonances using Equations (3) and (4),[21] in
which N is the mole fraction of the indicated species.


d(hfpp)obs�N(Al(hfpp)4
ÿ)d(Al(ORF)4


ÿ)�
N(LiAl(ORF)4)d(LiAl(ORF)4) (3)


d(ORF)obs�N(Al(ORF)4
ÿ)d(Al(ORF)4


ÿ)�
N(LiAl(ORF)4)d(LiAl(ORF)4) (4)


In some cases, mixtures of [N(nBu)4][Al(hfpp)4] and
LiAl(ORF)4 were also studied so that the equilibrium would
be approached from the other direction. The same K values
were observed regardless of the direction of the approach to
equilibrium. When the 19F d value of a particular Al(ORF)4


ÿ


ion was close to that of Al(hfpp)4
ÿ, a different mixture of


compounds was used and K values were determined from
ratios of the measured equilibrium quotients.


The K values (i.e. , the relative Lewis basicities) for six of
the seven Al(ORF)4


ÿ ions examined in this study were
determined in this manner. For Al(pftb)4


ÿ and Al(dpte)4
ÿ,


the equilibria represented by Equation (2) were so far to the
left and right, respectively, that only upper and lower limits for


K of 0.001 and 1 000, respectively, could be determined. For
reasons that will be discussed in the next section, the K value
for Al(hfip)4


ÿ could not be determined. The six K values are
listed in Table 5, which also lists the aqueous pKa values of the
corresponding fluoroalcohols, the formula-unit volumes of


four of the seven LiAl(ORF)4 compounds, and the conductiv-
ities of the seven LiAl(ORF)4 compounds in acetonitrile.
There is no correlation between K and the formula-unit
volume (i.e., between K and the size of the Al(ORF)4


ÿ ion).
However, there is a strong, nearly linear correlation between
K and the Brùnsted basicity of the corresponding ORF


ÿ


alkoxide ion, as shown in Figure 4. The order of increasing


Figure 4. Plot of log K for the exchange reaction
LiAl(hfpp)4�Al(ORF)4


ÿ>LiAl(ORF)4�Al(hfpp)4
ÿ versus aqueous pKa


value for the corresponding parent fluoroalcohol. The log K values for
Al(pftb)4


ÿ and Al(dpte)4
ÿ represent upper and lower limits, respectively.


The straight line is a linear least-squares fit to the four central data points.
Note that log K is defined as 0 for the Al(hfpp)4


ÿ ion.


Lewis basicity is Al(pftb)4
ÿ<Al(hfpp)4


ÿ<Al(hfBupp)4
ÿ�


Al(hftb)4
ÿ<Al(hfcp)4


ÿ<Al(dpte)4
ÿ. These results indicate


that the relative Lewis basicities of these six Al(ORF)4
ÿ for


Table 5. Equilibrium quotients, pKa values, formula unit volumes, and
conductivites.


ORF
[a] K[b] pKa


of HORF
[c]


Formula unit
volume


Conduc-
tivity


of LiAl(ORF)4


[�][d]


of LiAl(ORF)4


[mS cmÿ1][e]


PFTB � 0.001 5.4 0.927
HFPP 1 8.8 977.0 0.883
HFBuPP 11 9.3 0.786
HFTB 17 9.6 1.02
HFCP 50 10.3 1047 0.883
DPTE � 1� 103 � 12 1196 0.750
HFIP 9.3 545.0 1.02
TFE 12.8


[a] PFTB�OC(CF3)3, HFPP�OCPh(CF3)2, HFBuPP�OC{4-C6H4-
(tBu)}(CF3)2, HFTB�OC(CH3)(CF3)2, HFCP�OC(Cy)(CF3)2, DPTE�
OCPh2(CF3), HFIP�OCH(CF3)2, TFE�OCH2CF3. [b] Equilibrium quo-
tient for the reaction of LiAl(hfpp)4�Al(ORF)4


ÿ>LiAl(ORF)4�
Al(hfpp)4


ÿ ([D2]dichloromethane, 25 8C). [c] Aqueous pKa value. [d] From
X.ray structure determinations. [e] Conductivity of solutions in acetonitrile
(0.01m).
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Li� in dichloromethane depend only on the corresponding
Brùnsted basicities of the parent fluoroalkoxides and not on
the steric properties of the various substituents on the
fluoroalkoxides. In an important related study, Krossing
proved that the Al(pftb)4


ÿ ion is a weaker Lewis base than
the Al(hfip)4


ÿ ion for Ag� by showing that the equilibrium in
Equation (5) lies to the right for Al(hfip)4


ÿ but lies to the left
for Al(pftb)4


ÿ (L� 1,2-C2H4Cl2).[5]


[Ag(L)3]�[Al(ORF)4]ÿ(s)> [Ag(L)2{Al(ORF)4}](s)�L(l) (5)
ionic compound molecular compound


no AgÿO(Al) bonds two AgÿO bonds


On the basis of an analysis of 27Al NMR line widths,
Krossing also concluded that the order of basicity towards
either Ag� or Li� in [D]chloroform is Al(pftb)4


ÿ<Al-
(hfip)4


ÿ<Al(hftb)4
ÿ.[5]


The conductivites of solutions of the seven LiAl(ORF)4


compounds in acetonitrile (0.01m) are listed in Table 5. There
is no correlation between anion basicity in dichloromethane
and Li� salt conductivity in acetonitrile (ACN). The equilibria
that govern conductivity are given in Equation (6) (all species
are solvated by acetonitrile, ACN).


LiAl(ORF)4 )*
ACN


[Li(ACN)4Al(ORF)4] )*
ACN


Li(ACN)4
��Al(ORF)4


ÿ


(6)


The coordinating ability of Al(ORF)4
ÿ (i.e., the Lewis


basicity of Al(ORF)4
ÿ) only affects the position of the first


equilibrium in Equation (6); the position of the second
equilibrium is related to the ion pairing ability of Al(ORF)4


ÿ,
not its coordinating ability. In addition, conductivity depends
on cation and anion mobilities and on solution viscosity, which
almost certainly vary as a function of the aluminate RF groups,
because these groups have very different sizes. Therefore, we
conclude that the measurement of solution conductivities of
simple salts of weakly coordinating anions is an imperfect way
to gauge the relative Lewis basicities of anions.


The Li{Al(hfip)4}2
ÿ aggregate ion : It was not possible to


determine the Lewis basicity of Al(hfip)4
ÿ by the 19F NMR


procedure described above. The 19F NMR d value of the
exchange-averaged resonance was not the simple mole-
fraction-weighted average of the d values for LiAl(hfip)4


and [N(nBu)4][Al(hfip)4], in contrast to the behavior of
mixtures of the other Al(ORF)4


ÿ compounds. Instead of
decreasing monotonically from d ÿ76.93 to d ÿ77.26, the
observed d value first increased until the mole ratio of the two
compounds was �0.8 and then decreased, as shown in
Figure 5. In addition, the 7Li NMR resonance for mixtures
of LiAl(hfip)4 and [N(nBu)4][Al(hfip)4] did not have the same
d value as the compound LiAl(hfip)4 itself, again in contrast to
the behavior of mixtures of the other Al(ORF)4


ÿ compounds.
Furthermore, the 7Li NMR d value changed when the ratio of
the two compounds was changed.


The NMR behavior described above requires the formation
of at least one new complex containing the Al(hfip)4


ÿ ion
which has a 19F NMR d value more positive than ÿ76.93.
Since the oxygen atoms in the Al(hfip)4


ÿ ion should be


Figure 5. 19F NMR d value (CD2Cl2, 25 8C) versus [N(n-Bu)4][Al(hfip)4]/
LiAl(hfip)4 mole ratio for mixtures of [N(nBu)4][Al(hfip)4] and LiAl-
(hfip)4. The curve is the weighted-average d value for these two compounds
versus the mole ratio. The data clearly indicate that at least one new HFIP-
containing species has formed and is in rapid exchange with both
LiAl(hfip)4 and the free Al(hfip)4


ÿ ion.


sterically more accessible than the oxygen atoms of the six
other Al(ORF)4


ÿ ions, we propose that the new species formed
in solution is the Li{Al(hfip)4}2


ÿ aggregate ion. This ion has
the same composition as the proposed intermediate for
associative exchange of Al(ORF)4


ÿ ions depicted in Scheme 1.
The important difference is that the concentration of
Li{Al(hfip)4}2


ÿ is significant when equimolar amounts of
LiAl(hfip)4 and [N(nBu)4][Al(hfip)4] are present in dichloro-
methane, whereas the concentrations of the other six
Li{Al(ORF)4}2


ÿ aggregate ions are so low that they cannot
be detected by NMR spectroscopy. A similar aggregated
species with a Li{Al(hfip)4}2


ÿ core was proposed by Krossing
to explain variable-temperature 7Li NMR results for LiAl-
(hfip)4 dissolved in [D]chloroform containing diethyl ether.[5]


We isolated the Li{Al(hfip)4}2
ÿ aggregate ion in the solid


state as its EMI� salt. The structure of one of the two nearly
identical anions is shown in Figure 6 (the structures of the two
nearly identical cations are normal). Selected bond lengths
and angles are listed in Table 3. The structure of the anion,
which has no crystallographic symmetry but which has
idealized D2d symmetry, consists of a central Li� cation
bonded to four oxygen atoms, two from each of its Al(hfip)4


ÿ


ions. The Al1-Li1-Al2 angle is greater than 1748. The
Li� cation is also bonded to four fluorine atoms, each
one from four different CF3 groups, forming five-membered
Li-F-C-C-O chelate rings.


Each of the two Al(hfip)4
ÿ ions in the aggregate anion


complex acts as a tetradentate O2F2 chelating ligand. The
Li1ÿO bond lengths range from 2.03(1) to 2.05(1) �. The
Li1ÿF bond lengths are more than 30 % longer and range
from 2.77(2) to 2.82(2) �. The next shortest LiÿF contact
is>3.5 �. The LiO4F4 coordination sphere for Li1, two views
of which are shown in Figure 6, can be described as a distorted
square antiprism, which is a common geometry for eight-
coordinate Li� ions.[22] The O1-F1-O6-F31 and O2-F7-O5-F25
least-squares planes are coplanar to within 0.11 �. The
dihedral angle between these two planes is only 18. The Li1
atom is 1.16 � from the centroid of the former plane and
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Figure 6. Drawing of one of the two nearly identical Li(Al(hfip)4)2
ÿ ions in


the structure of [EMI][Li{Al{OCH(CF3)2}4}2] and two views of the LiO4F4


coordination sphere (50 % probability ellipsoids; hydrogen atoms omitted
for clarity). Selected bond lengths (�): Li1ÿO1, 2.06(1); Li1ÿO2, 2.05(1);
Li1ÿO5, 2.04(1); Li1ÿO6, 2.02(1); Li1ÿF7,2.83(1); Li1ÿF1, 2.82(1);
Li1ÿF25, 2.80(1); Li1ÿF31, 2.66(1).


1.23 � from the centroid of the latter plane. The centroid-Li1-
centroid angle is 1768.


The four LiÿF bonds in each Li{Al(hfip)4}2
ÿ ion, although


clearly weaker than the four LiÿO bonds, are still significant
as far as the sums of the lithium bond valences for the two
Li{Al(hfip)4}2


ÿ ions, 1.00� 0.01, is concerned (since the
valence of lithium is �1, the sum of lithium bond valences
should be within a few percent of 1.00).[23] The sum of the LiÿF
bond valences is 20 % of the total in each of the two
Li{Al(hfip)4}2


ÿ ions (tables of bond valences for the com-
pounds discussed in this paper are given in the Supporting
Information). There are no fluorine atoms in the structure of
LiNb(OEt)6, which contains four LiÿO bonds in a D2d-
distorted tetrahedral array and with an average LiÿO bond
length of 1.94(3) �.[24] There are no other bonds to the Li� ion.
In this case, the four LiÿO bonds are shorter than the four
LiÿO bonds in Li{Al(hfip)4}2


ÿ and, not surprisingly, the sum of
LiÿO bond valences in LiNb(OEt)6 is 0.98. In the recent
report of the structure of the related anionic species
Li{Nb(OC6F5)6}2


ÿ,[11] the authors described the lithium coor-
dination sphere as square-planar, which, if true, would be
unique for a LiO4 coordination unit.[22] We have found that the
sum of the four LiÿO bond valences for Li{Nb(OC6F5)6}2


ÿ is
only 0.80. Therefore, we suspect that the Li{Nb(OC6F5)6}2


ÿ ion
also contains LiÿF interactions not mentioned by the authors.
An analysis of their structural results revealed four such LiÿF
interactions, two at 2.614(4) � and two at 3.159(4) �, giving a
sum of LiÿF bond valences of 0.19 and a total lithium bond
valence sum of 0.99 (the sum of van der Waals radii for
lithium and fluorine is �3.3 �[25]). Therefore, the lithium


coordination sphere in Li{Nb(OC6F5)6}2
ÿ is best represented


as LiO4F4, the same as in the Li{Al(hfip)4}2
ÿ ion.


Structure of LiAl(hfip)4 : In related work that has been or that
will be published elsewhere, we have determined the struc-
tures of LiAl(hfpp)4,[7, 10] LiAl(hfcp)4,[9] LiAl(dpte)4,[9] and
LiAl{OC(4-C5H4CH3)(CF3)2}4.[8] Each of these compounds
has two, and only two, LiÿO(Al) bonds in addition to a
number of longer, but important, LiÿF bonds. The structure of
the Li{Al(hfip)4}2


ÿ ion suggested that a different structural
motif might be possible for LiAl(hfip)4, and we have now
found this to be the case. The structure of LiAl(hfip)4 is shown
in Figure 7. Selected bond lengths and angles are listed in


Figure 7. Drawing of the centrosymmetric [{LiAl{OCH(CF3)2}4}2] dimer in
the structure of LiAl{OCH(CF3)2}4 and two views of the lithium coordi-
nation sphere (50 % probability ellipsoids; hydrogen atoms omitted for
clarity). Selected bond lengths (�): LiÿO1, 2.089(5); LiÿO2, 2.166(6);
LiÿO2', 2.533(6); LiÿO4', 2.016(5); LiÿF1, 3.327(6); LiÿF3, 2.366(6);
LiÿF11, 3.055(6); LiÿF9', 2.414(6); LiÿF19', 3.181(6); LiÿF20', 2.798(6).


Table 4. The structure of this compound consists of centro-
symmetric dinuclear molecules composed of two Li� and two
tetrahedral Al(hfip)4


ÿ ions. Each Al(hfip)4
ÿ ion donates three


of its four oxygen atoms to the Li� cations, one each to the two
Li� cations and a third that bridges the two Li� cations
forming a planar Li2O2 core. Each Li� cation is also bonded to
six fluorine atoms from four different CF3 groups. The sums of
LiÿO and LiÿF bond valences are 0.64 and 0.32, respectively.
Therefore, the LiÿF bond valences contribute 33 % of the
total lithium bond valence sum, which is 0.96. As expected,
the AlO4 core is distorted from a tetrahedral geometry. Since
O3 does not bond to the Li� ions, the AlÿO3 bond length,
1.690(2) �, is considerably shorter than the other three AlÿO
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bonds, which range from 1.758(2) to 1.771(2) �. The O1-Al-
O2 and O2-Al-O4 bond angles are 94.49(9) and 98.17(9)8. The
other four O-Al-O angles range from 111.1(1) to 127.0(1)8.
The LiO4F6 coordination sphere, shown in Figure 7, is much
less symmetric than the LiO4F4 coordination spheres in the
Li{Al(hfip)4}2


ÿ and Li{Nb(OC6F5)6}2
ÿ ions. The four oxygen


ligands occupy one hemisphere and the six fluorine ligands
occupy the other hemisphere. The LiÿO1, LiÿO2, LiÿO2', and
LiÿO4' bond lengths are 2.089(5), 2.166(6), 2.533(6), and
2.016(5) �, respectively. The LiÿF bond lengths range from
2.366(6) to 3.327(6) � (the next shortest LiÿF length is
>3.5 �). Ignoring the two longest LiÿF bonds, each of which
has a bond valence of less than 3 % of the total, the remaining
LiO4F4 coordination sphere can be described as a highly
distorted square antiprism. A view of the truncated LiO4F4


coordination sphere is also shown in Figure 7. The four-atom
least-squares planes indicated by the dashed lines in Figure 7
are much less planar than in the Li{Al(hfip)4}2


ÿ ion, and the
two planes make a dihedral angle of 158. By comparing the
lower-right drawings in Figure 6 and Figure 7, one can clearly
envision that the hypothetical transformation 2 [LiAl-
(hfip)4]2(s)�EMI�(g)! [EMI][Li{Al(hfip)4}2](s)�Li�(g)
would require only a modest amount of coordination-sphere
rearrangement around the remaining Li� ion. Furthermore,
by comparing the upper drawings in Figure 6 and Figure 7, one
can understand why these structures would be destabilized if
the HFIP substituents were exchanged for any of the other,
sterically more demanding, ORF substituents.
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Self-Assembly of Multinuclear Coordination Species with Chiral Bipyridine
Ligands: Silver Complexes of 5,6-CHIRAGEN(o,m,p-xylidene) Ligands and
Equilibrium Behaviour in Solution
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Abstract: The complexation reactions
between Ag� and a series of enantiopure
ligands belonging to the CHIRAGEN
(from CHIRAlity GENerator) family
(L1, L2, L 3, based on (ÿ)-5,6-pinene
bipyridine) have been studied in solu-
tion. It has been shown that the length of
the bridge plays a fundamental role in
the self-assembly processes leading to
different compounds: mononuclear
complexes (with L 3), mixtures of poly-
nuclear complexes (with L2) and circu-
lar helicates (with L 1). Although the
absolute configuration of the chiral
centres in all three ligands is the same,
the metal-centred chirality of L3 (D) is


inverted with respect to that in the other
two complexes with L 1 and L 2 (L). The
metal configuration is thus opposite in
the mononuclear complex with respect
to the polynuclear species. Detailed
thermodynamic studies were carried
out for the Ag� and L 1 ligand system
by 1H and 109Ag NMR spectroscopy (as
a function of concentration, tempera-
ture and pressure). At low temperature
and high pressure, the [Ag6L 16]6� hexa-


nuclear circular helicate forms a tetra-
nuclear circular helicate [Ag4L 14]4� :
2 [Ag6L16]6�> 3 [Ag4L14]4�. The ther-
modynamics parameters, obtained by
temperature and pressure variation,
have the following values: K298� (8.7�
0.7)� 10ÿ5 mol kgÿ1, DH8�ÿ15.65�
0.8 kJ molÿ1, DS8�ÿ130.2�
3 Jmolÿ1 Kÿ1 and DV0(256 K)�ÿ160�
12 cm3 molÿ1. The reaction volume cal-
culated according to Connolly�s method
indicates that the calculated structure of
[Ag4L14]4� is plausible. Both the signs
and large magnitudes of DS8 and DV8
are counterintuitive, yet can be under-
stood by modelling methods.


Keywords: helical structures ´ N
ligands ´ NMR spectroscopy ´ silver
´ thermodynamics


Introduction


Self-assembly of coordination species has recently attracted
much attention.[1] Ag� represents a labile coordination centre
that often yields well-defined species in such reactions.
Helicates[2±5] have been preferred target objects in these
reactions, because of their interesting properties[6±8] or for the
further construction of special architectures, for example,
molecular knots.[9, 10] Both prevalent coordination geometries
of metal centres, tetrahedral (T-4) and octahedral (OC-6), can


give rise to helical structures. Since helicates are intrinsically
chiral objects, it is an especially interesting challenge to select
self-assembling systems that yield helicates in a predeter-
mined configuration. We have recently shown that the family
of CHIRAGEN (from CHIRAlity GENerator) ligands 4,5-
CHIRAGEN(m-xylidene), based on (ÿ)-4,5-pinene bipyri-
dine, yields configurationally predetermined triple-stranded
helicates with octahedral coordination centres.[11] From reac-
tion with tetrahedral metal centres (Ag�), the sterically more
demanding 5,6-CHIRAGENs (Scheme 1) yield a variety of
helical architectures depending on the geometry of the bridge.
Three of these helical structures have been elucidated in the
solid state by X-ray diffraction.[12, 13]


Solution behaviour of enantiopure helicates[14] has been
studied in several cases. Yet thermodynamic parameters were
not determined. The solid composition of [Ag6L16](PF6)6,
which can be crystallized, has been shown to contain a 6�
charged cation of a unique circular monostranded helicate
with predetermined chirality (Figure 1).


Of special interest is the problem whether the self-assembly
of a distinct species is already accomplished in solution, or
whether it is a solid-state property of the particular compo-
sition of matter. In the present publication, we report the
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results of detailed investigations of the solution behaviour of
the circular helicates as well as the complexation studies of
newly reported ligands, the 5,6-CHIRAGEN(xyliden) series.
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5,6-CHIRAGEN ligands


Scheme 1.


Figure 1. X-ray structure of the cation [Ag6L16]6�.[12]


Results and Discussion


The synthesis of the various ligands that are representatives of
the 5,6-CHIRAGEN family, based on (ÿ)-5,6-pinene bipyr-
idine, is straightforward.[15, 16] The silver complexes of L 1, L 2
and L3 are obtained quantitatively by the reaction of a 1:1
mixture of AgPF6 in CH3CN and the ligand dissolved in
CHCl3.


Influence of the bridge : One of the interesting aspects of the
CHIRAGEN ligand family is its variability in terms of
geometry of the bridging unit. In the present case this means
that all three isomers para, meta and ortho-xyliden can be
used. The main emphasis was given to the investigations on
the self-assembly of the para-xylidene-bridged ligand (L1),
the only one for which a crystal structure analysis could be
carried out showing the presence of a circular monostranded
helicate.


The ES-MS spectrum indicates formation of polynuclear
species with L 2. The most abundant species corresponds to
the dinuclear complex [Ag2L 22]2�, but signals of lower


Abstract in French: Les rØactions de complexation entre
l�argent(i) et une sØrie de ligands ØnantiomØriquement purs
(L1, L2 et L3) appartenant à la famille des CHIRAGEN, ont
ØtØ ØtudiØes en solution. Il a ØtØ dØmontrØ que la longueur du
pont joue un roÃle fondamental dans les processus d�auto-
assemblage en conduisant à la formation de diffØrents compo-
sØs: complexe mononuclØaire (avec L3), mØlange de com-
plexes polynuclØaires (avec L2) et hØlicates circulaires (avec
L1). Bien que la configuration absolue des centres chiraux des
trois ligands soit la meÃme, le centre de chiralitØ du complexe
formØ avec L3 (D), situØ sur le mØtal, est inversØ par rapport à
ceux des complexes formØs avec L1 et L2 (L). La configura-
tion du mØtal pour le complexe mononuclØaire est par
consØquent, opposØe à celles des esp�ces polynuclØaires. Des
Øtudes thermodynamiques dØtaillØes en RMN 1H et 109Ag
(variation de concentration, de tempØrature et de pression) ont
ØtØ menØes sur le syst�me impliquant Ag� avec le ligand L1.
Les rØsultats obtenus dØmontrent que le complexe [Ag6L16]6�


forme à basse tempØrature et à haute pression l�hØlicate
tØtranuclØaire circulaire [Ag4L14]4� selon l�Øquilibre:
2[Ag6L16]6�> 3[Ag4L14]4�. Les param�tres thermodyna-
miques suivants ont ØtØ obtenus à tempØrature et pression
variable: K298� (8.7� 0.7) 10ÿ5 molkgÿ1, DH8�ÿ15.65�
0.8 kJ molÿ1, DS8�ÿ130.2� 3 J molÿ1 Kÿ1 et DV0(256 K)�
ÿ160� 12 cm3 molÿ1. Le volume de rØaction calculØ suivant
la mØthode de Connolly, montre que la structure calculØe pour
[Ag4L14]4� est vraisemblable. Le signe tout comme les grandes
valeurs de l�entropie et du volume de rØaction sont inattendus,
mais explicables par la modØlisation.


Abstract in Romanian: Au fost studiate în solutËie reactËiile de
complexare între Ag� sËi trei liganzi enantiopuri (L1, L2, L3)
de tip CHIRAGEN. S-a araÏtat caÏ lungimea puntËii are un rol
esentËial în procesele de autoasamblare, conducaÃnd la compusËi
diferitËi : complecsËi mononucleari (cu L3), amestecuri de
complecsËi polinucleari (cu L2) sËi helicatËi circulari (cu L1).
DesËi configuratËia absolutaÏ a centrilor chirali din cei trei liganzi
este aceeasËi, chiralitatea la centrul metalic în cazul compusËilor
lui L3 (D) este inversataÏ comparativ cu cea din complecsËii cu
liganzii L2 si L3 (D). Studii termodinamice detaliate au fost
efectuate în cazul sistemului contËinaÃnd Ag� sËi ligandul L1,
utilizaÃnd 1H RMN sËi 109Ag RMN în functËie de concentratËie,
temperaturaÏ sËi presiune. S-a constatat caÏ helicatul circular
hexanuclear [Ag6L16]6� formeazaÏ la temperaturaÏ joasaÏ sËi
presiune ridicataÏ helicatul circular tetranuclear [Ag4L14]4�, asËa
cum o arataÏ echilibrul: 2 [Ag6L16]6�> 3 [Ag4L14]4�. Parame-
trii termodinamici obtËinutËi prin variatËia temperaturii sËi a
presiunii au valorile: K298� (8.7� 0.7)10ÿ5 mol gÿ1, DH8�
ÿ15.65� 0.8 J molÿ1, DS8�ÿ130.2� 3 Jmolÿ1 Kÿ1 sËi DV8
(256 K)�ÿ160� 12 cm3 molÿ1. Volumul de reactËie obtËinut
prin metoda Connolly arataÏ caÏ structura calculataÏ pentru
[Ag4L14]4� este plauzibilaÏ. Semnul, ca sËi valorile mari ale
entropiei sËi ale volumului de reactËie sunt neasËteptate dar pot fi
explicate prin modelizare.
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intensity corresponding to [Ag3L 23]3� and [Ag5L25]5� were
detected (see Experimental Section). At room temperature
broad signals are observed in the 1H NMR spectrum. At lower
temperatures (below 253 K) a large number of narrow signals
are observed, an indication of a distribution of several
complex species. Ligand L3 shows a completely different
behaviour to that of L1 and L 2. The ES-MS spectrum reveals
mainly the presence of the mononuclear complex [AgL3]� .
Its 1H NMR spectrum is well resolved at all temperatures (see
Supporting Information). The C2 symmetry of the ligand is
preserved upon complexation (the number of signals is half
the number of proton in the 1H NMR spectrum). Molecular
models (Figure 2) show that L 3 can easily occupy all four
ligand sites of a tetrahedrally coordinated Ag� centre, thus
yielding a complex [AgL 3]� that is related to the mononu-
clear complex obtained with the 5,6-CHIRAGEN[0] (ligand
without bridge).[17]


Figure 2. Chem 3D model of the mononuclear complex [AgL3]� .


The CD spectra of the three complexes (Figure 3) have
opposite signs (De> 0 for L 1 and L 2, while De< 0 for L 3 at
ca. 315 nm) of the two exciton coupled p ± p* transitions in the
bpy moieties. Considering that the chirality of the metal
centres determined by X-ray in the complex with L1 was L,
we assume that the same L chirality of the metal centres is
present also in the complexes with L 2, and that it is D in the
mononuclear species with L 3. The chirality of the metal
centre in complexes with L3 is in accordance with that
determined for the sterically related ligand, 5,6-CHIRA-
GEN[0], and measured by X-ray diffraction.[17]


Equilibrium behaviour : It has already been reported that for
the circular helicate [Ag6(L1)6](PF6)6, all signals of the
aromatic protons are shifted with respect to the free ligand
and some of them are also broadened significantly at room
temperature.[12] Lowering the temperature (down to 233 K in
CD3CN) shows further broadening of the NMR signals


Figure 3. CD spectra of the complexes of Ag� with L1 (ÐÐ), L2 (*Ð*Ð*)
and L3 (****) at 298.1 K.


leading eventually to a splitting into two sets of signals of
unequal intensity. This behaviour was attributed to the
existence of two rapidly exchanging species in solution.


To clarify this observation we have investigated silver
helicate solutions by 1H NMR spectroscopy as a function of
concentration of Ag� and [Ag6L 16]6�, of temperature and
pressure, as well as by 109Ag NMR spectrscopy.


Addition of Ag� to the solution of [Ag6L 16]6� (up to ca. ten
equivalents) was performed at room temperature, and after
five minutes at 298 K, spectra were recorded at 223 K. This
treatment did not lead to any observable change in the
relative proportions and chemical shifts of both species in the
1H NMR spectrum. After addition of ca. ten equivalents of
Ag�, solubility problems occurred and no experiment could
be performed. This is a strong indication that the ratio
between Ag� and L1 is the same in both species in
equilibrium.


To elucidate the nature of this equilibrium, we measured
1H NMR spectra as a function of total concentration of
[Ag6L 16]6� at 243 K. At this temperature the two singlets
(Figure 4, zoom d� 5 ± 6) due to the H20, H24 protons in the


Figure 4. 400 MHz 1H NMR spectra of a [Ag6L16](PF6)6 in CD3CN at
253 K from a concentration CAg6L 16


of 1.16� 10ÿ2 to 3.46� 10ÿ5 mol kgÿ1.
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para-xylydene bridge, are conveniently separated and were
used to obtain the best model for the equilibrium. The shifts,
line-widths and relative intensities were obtained from two
Lorentzian fitting procedures by using NMRICMA pro-
gram.[18]


A systematic search for equilibria of the type
n[AgmL 1m]m�>m[AgnL 1n]n�, by using the relative concen-
tration values from the NMR spectra obtained at different
total concentrations yielded n� 4, m� 6 as the only numbers
for which Q is a constant, Q� [[AgnL 1n]n�]m/[[AgmL 1m]m�]n


Therefore the model for which the equilibrium value was
constant (Table 1) for all concentration dependence experi-
ments is given by Equation (1) and the equilibrium constant
by Equation (2).


2 [Ag6L 16]6�> 3[Ag4L14]4� (1)


K� [[Ag4L 14]4�]3/[[Ag6L 16]6�]2 (2)


In Equation (2) [[Ag6L 16]6�]�XAg6L16
CAg6L16


and
[Ag4L 14]4�� (6/4)XAg4L14


CAg6L16
(XAg6L16


: mole fraction of the
H20, H24 protons signal of the [Ag6L 16]6� species; XAg4L14


:
mole fraction of the H20, H24 protons signal of the
[Ag4L 14]4� species; CAg6L16


: total concentration of dissolved
[Ag6L 16](PF6)6).


Log Q is constant within experimental error (within a range
of �5 %). Log Q values below a total concentration of about
4� 10ÿ4 mol kgÿ1 show a systematic deviation and some very
broad signals of the free ligand are observed in solution. At
high dilution the values tend to become significantly lower,
indicating a further dissociation of the polynuclear complexes.
ES-MS spectra show beside the hexanuclear and tetranuclear
species also fragments formed through succesive loss of
[AgL1]� as well as PF6


ÿ groups.
At low temperature (221 K in CD3CN, 51 mg complex in


1.34 g CD3CN), the 109Ag NMR spectrum (Figure 5) shows
two singlets at d� 224 ([Ag6L 16]6�) and d� 249 ([Ag4L 14]4�)
relative to a AgNO3 solution (2m, external reference). The
relative proportions of these peaks are (77� 3) % and (23�
3) % for the d� 224 and 249 signals, respectively. In the 109Ag
NMR spectra there is a very small shift difference, which
reflects similar structural features. Even solutions of different
concentrations of the same species, for example, AgNO3,
give similar shift differences as reported by Popov et al.[19] The
corresponding log K value (ÿ3.28� 0.22 mol kgÿ1) is in


Figure 5. 27.94 MHz 109Ag NMR spectrum of a [Ag6L 16](PF6)6 at 221 K
(CAg6L16


� 4.45� 10ÿ2 mol kgÿ1, 51 mg in 1.34 g CD3CN), repetition delay:
50 s, number of scans: 1024, sweep width: 125 KHz, line broadening: 3 Hz.


a good agreement with data obtained from the temperature
variation.


If we increase the temperature by 7 K, the number of scans
must be doubled to obtain a spectrum owing to unfavourable
longitudinal relaxation rate at higher temperature. At room
temperature, no signal is observed except for the reference.
The addition of free Ag� does not affect the relative
concentration of the two species in equilibrium. This result
is in good agreement with the proposed equilibrium model.


The temperature dependence of the 1H NMR spectra was
measured from 218 K up to 298 K in CD3CN in order to
obtain the thermodynamic parameters DH8 and DS8 of the
equilibrium in Equation (1). The intensity of the signal
assigned to the minor species [Ag4L 14]4� decreases reversibly
with increasing temperature. Both signals show an expected
viscosity-related decrease in line-width up to 240 K. Above
this temperature, both of the signals start to broaden; this
could be due to an intermolecular exchange of the metal
helicates with, for example, traces of free ligand, but no
kinetic data could be extracted. However, the shape of the
signals of both helicates can easily be fitted, up to 270 K
leading to the temperature dependence of K (Table 2).


In addition to the proton signals of the aromatic bridge, all
other helicate signals show a similar reversible variable
temperature dependence. The equilibrium constants were
least squares fitted to Equation (3) leading to the following
values: K298� (8.7� 0.7)� 10ÿ5 mol kgÿ1, DH8�ÿ15.65�
0.8 kJ molÿ1 and DS8�ÿ130.2� 3 J molÿ1 Kÿ1.


lnK��DS8/RÿDH8/(RT) (3)


Table 1. Proton mole fractions X and equilibrium constant K as a function
of dilution[a] in CD3CN at 243 K.


Dilution CAg6L16
XAg6L 16


XAg4L14
log K[b]


[mol kgÿ1] [�0.03] [�0.03]


1.0 1.16� 10ÿ2 0.80 0.20 ÿ 3.31� 0.18
1.8 6.37� 10ÿ3 0.76 0.24 ÿ 3.29� 0.14
4.9 2.39� 10ÿ3 0.68 0.32 ÿ 3.24� 0.09


12.6 9.27� 10ÿ4 0.61 0.39 ÿ 3.30� 0.06
22.4 5.19� 10ÿ4 0.53 0.47 ÿ 3.19� 0.04
29.0 4.01� 10ÿ4 0.47 0.53 ÿ 3.04� 0.02
37.4 3.11� 10ÿ4 0.45 0.55 ÿ 3.06� 0.01
82.6 1.41� 10ÿ4 0.37 0.63 ÿ 3.06� 0.01


[a] mAg6L16
� 27.4 mg in 0.459 g CD3CN. [b] K� [[Ag4L 14]4�]3/[[Ag6L16]6�]2.


Table 2. Proton mole fractions X and equilibrium constant K as a function of
temperature in CD3CN (CAg6L16


� 5.57� 10ÿ3 mol kgÿ1).[a]


T 1/T 1/T2 (Ag6L 16) 1/T2 (Ag4L14) XAg6L16
XAg4L 14


log K[b]


[K] [10ÿ3 Kÿ1] [sÿ1] [sÿ1] [�0.03] [�0.03]


270.1 3.70 24.0 79.3 0.82 0.18 ÿ 3.78� 0.20
258.2 3.87 13.7 41.1 0.80 0.20 ÿ 3.61� 0.17
250.9 3.98 11.9 22.4 0.80 0.20 ÿ 3.60� 0.17
236.6 4.22 10.8 15.2 0.76 0.24 ÿ 3.32� 0.14
233.0 4.29 11.7 14.8 0.75 0.25 ÿ 3.30� 0.13
228.4 4.38 12.1 14.4 0.74 0.26 ÿ 3.23� 0.12
218.0 4.58 16.8 20.6 0.71 0.29 ÿ 3.06� 0.11


[a] mAg6L16
� 13.9 mg in 0.4857 g CD3CN. [b] K� [[Ag4L 14]4�]3/[[Ag6L16]6�]2.
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1H NMR pressure-dependence experiments were per-
formed at 256.4 K in order to determine the reaction volume
DV8. Figure 6 shows the pressure effect on the equilibrium in
Equation (1). Because this effect is remarkably large, a small


Figure 6. a) Variable pressure 400 MHz NMR spectra of a [Ag6L16](PF6)6


at 256.4 K (13.4 mg in 1.40 g CD3CN). b) Representation of partial NMR
spectra in the d range 5.2 to 6.3. c) The ln K pressure dependence at
256.4 K. The data points represent experimental values, while the
calculated function is given as a solid line.


pressure range (75 MPa) was sufficient to obtain the reaction
volume DV8 with good accuracy. The pressure-dependence
data were least-squares fitted (Figure 6c) by using Equa-
tion (4), in which K0 is the equilibrium constant at zero
pressure, DV8 the reaction volume and Db8 the compressi-
bility coefficient.


lnKp� ln K0ÿ (DV8P/RT)� (Db8P2/RT) (4)


The obtained molar reaction volume DV8 is ÿ160� 12
cm3molÿ1 with K256


0 � (2.8� 0.2)� 10ÿ3 molkgÿ1 and Db8�
ÿ (4.0� 0.6)10ÿ3 cm3 molÿ1 MPaÿ1. This surprising result
shows that the entropy decreases for a reaction in which the
numbers of molecules increases and the volume decreases
when going from two hexamers to three tetramers. In order to
understand this unexpected result and to better visualize this
phenomenon, we carried out model calculations. If we
consider the chemical reaction in solution [Eq. (1)], we can
define the reaction volume DV8 by Equation (5).


DV8�ÿRT (@ lnK/@P)T�SV8productsÿSV8reactants (5)


With our system Equation (5) becomes Equation (6).


DV8� 3 V8Ag4L 14
ÿ 2V8Ag6L16


(6)


The X-ray structure for [Ag6L16]6� is well known and its
volume can be estimated in order to deduce the [Ag4L14]4�


volume from the reaction volume. The structure of [Ag4L14]4�


was minimised by using X-ray the bond lengths and con-
straints of [Ag6L 16]6�.


A series of Connolly�s volumes for each structure was
calculated by varying the probe radius in the range of 0 to
3.0 �. Values of 1.4 ± 1.6 � are usually used to mimic water
solvent.[20] Water can be considered as a spherical molecule,
but this is not the case for CH3CN. We have no accurate
information of the acetonitrile solvation pattern of these
complexes. Acetonitrile can interact with its N- or alkyl-tail
and can stack by dipole ± dipole interaction. It is difficult to
define a unique value of rprobe for CH3CN, so we calculated
volumes with rprobe varying from 0.0 to 3.0 �. The lower
(�1.0 �), middle (�2.0 �) and higher (�2.5 �) values of the
rprobe correspond to N-tail, alkyl-tail and stacking interactions,
respectively. When rprobe is zero, the volume is defined inside
the van der Waals surface.


Connolly�s molecular volumes of tetramer and hexamer
complexes are shown in Figure 7 (top left and top right,
respectively). These calculations give the same order of
magnitude for reaction volume as the experimentally ob-
served ones, an indication that the calculated structure of
[Ag4L 14]4� is plausible. The macroscopic molar volume
increases from 1417 to 1990 cm3 molÿ1 for the tetramer and
from 2117 to 3173 cm3 molÿ1 for the hexamer when rprobe is
varied in the range from 0 ± 3.0 �. The reaction volume, equal
to 3 V8Ag4L14


ÿ 2 V8Ag6L16
, was determined with the volume


series of rprobe values and with the van der Waals volumes. The
reaction volume calculated with Connolly�s method varies
non-monotonically with a maximum value of �117 and a
minimum of ÿ375 cm3 molÿ1. When we calculate the ratio
3V8Ag4L14


/2V8Ag6L16
, we observe that this variation corresponds


to a variation between 1.02 and 0.94 of the volume ratio. The
observed reaction volume (ÿ160� 12 cm3 molÿ1) is the sum of
the two contributions: the difference in the intrinsic molar
volume of three tetramers and two hexamers and the differ-
ence in the solvation contribution of these species. Our
modelling results show that the solvation contribution can
have either sign, and it is therefore not possible to decide at
this point conclusively which of the two contributions is the
value of the observed reaction volume. The latter is large
when compared with known reaction volumes in coordination
chemistry,[21] but is closer to the values found for systems
including proteins.[21, 22]


Conclusion


We have shown that related ligands could be tuned by using
small variations in the structure of the subunits (the bridge) in
order to vary their behaviour in self-assembly processes. We
have also combined experimental data with theoretical
calculations in order to describe an equilibrium system of
enantiomerically pure circular helicates. The tetrameric
species is entropically disfavoured, but is enthalpically
favoured at low temperature. The DS8 value is counter-
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intuitive, but the pressure-dependence measurement was very
useful in confirming the entropy sign from isobaric inves-
tigations.


Experimental Section


Computational methods : All volume calculations were run with MSI-
Cerius2 Version 3.8 package on an SGI indigo2 workstation by using the
Connolly method.[23] Details are available in the Supporting Information.
All commercial chemicals were of best available grade and used without
further purification. The ligand (ÿ)-5,6-pinene bipyridine was prepared
according to published procedures.[15] All NMR spectra were recorded on
DPX 600, 500 or 400 Bruker spectrometers at 27.94 MHz (109Ag),
500.0 MHz (1H) and 400.13 MHz (1H) respectively. The 1H chemical shift
was referred to TMS and measured with respect to CH3CN (d� 1.9) as an
internal reference. CH3CN was used as homogeneity reference. AgNO3 was
also employed as a shift and homogeneity reference for 109Ag NMR
experiments. The numbering scheme is given below. 1H NMR study was
performed with the following parameters: over a frequency range of


5.5 KHz, 16 K data points were ac-
quired at a pulse length of 4.2 ms. A
larger frequency range of 27.2 KHz
was used for 109Ag NMR to collect
240 K data points with a pulse length
of 20 ms and an exponential line broad-
ening of 3 Hz was subtracted in the
data analysis. Bruker B-VT 1000 tem-
perature control units were used to
stabilise the temperature, which was


measured (�0.5 K) by a technical
substitution.[24] The high-pressure liq-
uid NMR spectra were recorded with a
home-built, narrow-bore, high-resolu-
tion probehead.[25, 26] The probehead
was thermostated with a fluid circu-
lated in a double helix outside of the
vessel. ES-MS measurements: the
complexes were analysed in positive
mode on an API III triple quadrupole
mass spectrometer (PE Sciex, Con-
cord, Toronto, Canada) equipped with
an ion spray (pneumatically- assisted
electrospray) source (IS-MS). The
complexes were dissolved in acetoni-
trile at a concentration of 5 mg mLÿ1


and infused into the MS at a flow rate
between 5 and 10 mLminÿ1. The spec-
tra were recorded under low up-front
declustering or collision induced dis-
sociation conditions, typically DV�
10 V between the orifice and the first
quadrupole of the mass spectrometer.
Electronic spectra were measured us-
ing a Perkin ± Elmer Lambda 40. CD
spectra were recorded in a Jasco J-715
spectropolarimeter and the results are
given in De [mÿ1 cmÿ1].


Ligand syntheses : In a typical proce-
dure, a Schlenk flask was charged
under inert atmosphere (argon) with
freshly distilled THF (15 mL) and
cooled down to ÿ20 8C (isopropyl
alcohol bath). Diisopropylamine
(0.34 mL, 2.4 mmol) followed by n-bu-
tyllithium (1.6m in hexane, 1.35 mL,
2.2 mmol) were added by syringe. The
temperature was increased to 0 8C and
the solution was stirred for ten min-
utes at this temperature. After cooling


to ÿ40 8C, (ÿ)-5,6-pinene bipyridine (0.5 g, 2 mmol) dissolved in dried
THF (7 mL) was added dropwise (30 minutes). The dark blue solution was
stirred at ÿ40 8C for 2 hours. Then, a solution of the corresponding a,a'-
dibromoxylyl compound (264 mg, 1 mmol) in THF was added slowly
(30 minutes). The decolored solution was stirred at room temperature for
one hour. Then, the reaction was quenched with water (1 mL). The THF
was removed, more water was added and the mixture was extracted with
CH2Cl2. The organic phase was dried (MgSO4) and filtered. The brown-
yellow residue was purified by column chromatography using as eluant
Hexane/EtOAc/TEA� 3:1:0.1. Rf� 0.38, yield: 84 % for L 2 and Hexane/
EtAc/TEA� 2:1:0.1, Rf� 0.4, yield: 75 % for L 3.


Ligand L2 : 1HÿNMR (CDCl3, 300 MHz): d� 8.64 (ddd, 3J1,2� 4.8 Hz,
4J1,3� 1.8 Hz, 5J1,4� 0.8 Hz, 2 H; H1), 8.46 (d, 3J4,3� 8.0 Hz, 2H; H4), 8.12
(d, 3J7,8� 7.7 Hz, 2H; H7), 7.79 (ddd, 3J3, 4� 8 Hz, 3J3, 2� 7.4 Hz, 2H; H3),
7.35 (d, 3J8,7� 7.7 Hz, 2 H; H8), 7.26 (s, 1 H; H20), 7.23 (m, 3H; H2, H23),
7.17 (d, 3J24, 23� 8.2 Hz, 2 H; H24), 3.85 (dd, 2J18b,18a� 13.6 Hz, 3J18b,13�
3.7 Hz, 2 H; H18b), 3.40 (ddd, 3J13,18b� 3.7 Hz, 3J13,18a� 11.0 Hz, 3J13,12�
3 Hz, 2H; H13), 2.80 (dd, 3J10,15b� 5.5 Hz, 4J10,12� 5.5 Hz, 2 H; H10), 2.72
(dd, 2J18a,18b� 13.6 Hz, 3J18a,13� 11 Hz, 2H; H18a), 2.56 (ddd, 3J15b,10�
5.5 Hz, 3J15b,12� 5.5 Hz, 2J15b,15a� 9.6 H, 2H; H15b), 2.16 (ddd, 3J12,15b�
5.5 Hz, 4J12,10� 5.5 Hz, 3J12,13� 3 Hz, 2H; H12), 1.45 (d, 2J15a,15b� 9.6 Hz,
2H; H15a), 1.34 (s, 6 H; H17), 0.63 (s, 6 H; H16); 13C NMR (CDCl3,
75.44 MHz): d� 158.74 (q), 156.88 (q), 153.33 (q), 149.06 (C1), 142.30 (q),
141.16 (q), 136.79 (C3), 133.75 (C8), 130.24 (C20), 128.23 (C23), 126.97
(C24), 123.11 (C2), 120.90 (C4), 118.05 (C7), 47.00 (C10), 46.34 (C13), 42.71
(C12), 41.20 (q, C11), 38.78 (C18), 28.35 (C15), 26.40 (C17), 20.95 (C16);
MS (FAB, m-nitrobenzyl alcohol): m/z (%): 603.3 (80) [M]� , 249.2 (85)
[MÿC17H17N2]� , 207.2 (100); UV/Vis (0.378 mg in 25 mL CH2Cl2): lmax


(e)� 228 (15 700), 250 (19 500), 256 (20 000), 296 (36 000), 313 nm (26 300,
sh); elemental analysis calcd (%) for C42H42N4 ´ 0.75 H2O: C 81.85, H 7.11, N
9.09; found: C 81.66, H 7.33, N 8.50.


Figure 7. Top: View of the Connolly�s molecular surface (in dots; left: [Ag4L 14]4� ; right: [Ag6L16]6�) for rprobe


value equal to 1.4 �. Bottom: Calculated molecular volume of the tetramer (open circle), of the hexamer (solid
circle) and the reaction volume (solid square) as a function of the spherical probe radius (rprobe) over the range 0 to
3.0 �.
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Ligand L 3 : 1H NMR (CDCl3, 300 MHz): d� 8.55 (d, 3J1,2� 4.8 Hz,2 H;
H1), 8.26 (d, 3J4,3� 8.0 Hz, 2 H; H4), 8.12 (d, 3J7,8� 7.7 Hz, 2 H; H7), 7.44
(ddd, 3J3,4� 8 Hz, 3J3,2� 7.5 Hz, 4J3,1� 1.8 Hz, 2 H; H3), 7.35 (m, 2H; H24),
7.30 (d, 3J8,7� 7.7 Hz, 2H; H8), 7.23 (m, 2 H; H23), 7.13 (dd, 3J2,1� 4.8 Hz,
3J2,3� 7.4 Hz, 2H; H2), 3.96 (dd, 2J18b,18a� 14.0 Hz, 3J18b,13� 3.3 Hz, 2H;
H18b), 3.47 (d, 3J13,18a� 10.7 Hz, 2 H; H13), 2.97 (dd, 2J18a,18b� 14.0 Hz,
3J18a,13� 10.7 Hz, 2H; H18a), 2.76 (dd, 3J10,15b� 5.6 Hz, 4J10,12� 5.6 Hz, 2H;
H10), 2.52 (ddd, 3J15b,10� 5.6 Hz, 3J15b,12� 5.6 Hz, 2J15b,15a� 9.7 Hz, 2H;
H15b), 2.16 (ddd, 3J12,15b� 5.6 Hz, 4J12,10� 5.6 Hz, 2H; H12), 1.50 (d,
2J15a,15b� 9.7 Hz, 2H; H15a), 1.32 (s, 6H; H17), 0.61 (s, 6H; H16);
13C NMR (CDCl3, 75.44 MHz): d� 159.20 (q), 156.88 (q), 149.23 (q),
149.03 (C1), 142.72 (q), 140.31 (q), 137.12 (C3), 133.97 (C8), 130.67 (C24),
126.22 (C23), 123.40 (C2), 121.27 (C4), 118.21 (C7), 47.29 (C10), 46.13
(C13), 43.26 (C12), 41.58 (q, C11), 35.77 (C18), 29.26 (C15), 26.70 (C17),
21.30 (C16); MS(EI): m/z (%): 603 (3) [M�H]� , 602 (8) [M]� , 353 (10)
[MÿC17H17N2]� , 249 (45) [MÿC25H25N2]� , 233 (21) [MÿC26H29N2]� , 221
(38) [MÿC27H29N2]� , 207 (100) [MÿC28H31N2]� , 104 (37) [Mÿ
C34H34N4]� , 78 (22) [py]� ; UV/Vis (25 8C, 0.37 mg in 25 mL CH2Cl2): lmax


(e)� 228 (15 000), 250 (19 500), 256 (20 000), 296 (36 000), 314 nm (26 000,
sh); elemental analysis calcd (%) for C42H42N4 ´ 0.3H2O: C 82.94, H 7.06, N
9.21; found: C 82.92, H 7.37, N 8.85.


Complex syntheses : The ligand (62.1 mg, 0.1 mmol) dissolved in acetoni-
trile/chloroform 5:1 (10 mL) was added rapidly under inert atmosphere
(Ar) to a solution containing AgPF6 (25.3 mg, 0.1 mmol, Fluka) in CH3CN
(5 mL). The resulting colorless solution was stirred for few minutes, and
after the removal of the solvents, a white powder was obtained that was
dried under high vacuum and analysed. The analytical data of the silver
complex with L 1 were published in ref. [12].


Silver(ii)-L 3 complex : 1H NMR (CD3CN, 300 MHz, 25 8C): d� 8.16 (d,
3J1,2� 8.5 Hz, 2H; H1), 8.10 (d, 3J7,8� 8.0 Hz, 2H; H7), 7.86 (m, 4H; H3,
H4), 7.74 (d, 3J8, 7� 8.0 Hz, 2H; H8), 7.17 (m, 4H; H2, H24), 7.04 (m, 2H;
H23), 4.43 (d, 2J18b,18a� 13.5, 2 H; H18b), 3.63 (d, 2J13,18b� 13.0 Hz, 2H;
H13), 3.02 (dd, 4J10,12� 5.7 Hz, 3J10,15b� 5.7 Hz, 2 H; H10), 2.80 (dd,
2J18a,18b� 13.5 Hz, 2H; H18a), 2.70 (ddd, 2J15b,15a� 10.2 Hz, 3J15b,12� 5.0 Hz,
3J15b,10� 5.0 Hz, 2H; H15b), 1.93 (m, 2H; H12), 1.76 (d, 2J15a,15b� 10.2 Hz,
2H; H15a), 1.37 (s, 6 H; H17), 0.67 (s, 6H; H16); 13C NMR (CD3CN,
75.44 MHz, 25 8C): d� 161.4 (q), 153.6 (q), 151.7 (q), 150.1 (C2 or C24),
145.9 (q), 139.5 (C2 or C24), 137.7 (q), 137.2 (C8), 132.9 (C4), 127.5 (C3 or
C23), 125.7 (C3 or C23), 123.1 (C1), 121.6 (C7), 47.2 (C10), 46.7 (C13), 43.8
(C18), 41.7 (q, C11), 36.6 (C12), 28.0 (C15), 26.2 (C17), 21.0 (C16); UV/Vis
(CH3CN, 2.9� 10ÿ4m [AgL3]� , 0.1 cm): lmax (e)� 259 (19 000), 305 nm
(26 000); CD (CH3CN, 2.9� 10ÿ4m [AgL3]� , 0.1 cm): l (De)� 231 (ÿ9),
292 (�9), 315 nm (�61); MS(ES) (5� 10ÿ3m): m/z (%): 711.2 (100)
[AgL3]� , 1565.4 (10) [Ag2L 32PF6]� , 605.1 (3) [L3]� ; elemental analysis
calcd (%) for AgC42H42N4PF6: C 58.96, H 4.95, N 6.55; found C 59.25, H
5.25, N 6.25.


Silver(ii)-L 2 complex : 1H NMR: (CD3CN, 300 MHz, 25 8C; large but
distinguishable bands at room temperature): d� 8.5 (2 H), 8.1 (2H), 7.9
(4H), 7.6 (2 H), 7.45 (2H), 6.4 (1H), 6.2 (3H), 3.75 (d, 2H), 3.1 (2H), 2.9
(2H), 2.35 (4H), 1.6 (2 H), 1.2 (8H), 0.45 (6H); a multitude (ªforestº) of
peaks are observed at ÿ40 8C; UV/Vis (CH3CN, 1.17� 10ÿ4m [AgL2]� ,
0.1 cm): lmax (e)� 254 (22 000), 299 (29 000), 306 nm (27 000, sh); CD
(CH3CN, 1.17� 10ÿ4m [AgL 2]� , 0.1 cm): l (De)� 227 (ÿ13), 282 (ÿ7),
314 nm (�26); MS(ES) (5� 10ÿ3m): m/z (%): 711.2 (100) [AgnL2n]n�,
1566.5 (20) [Ag2L 22PF6]� ; other signals of intensity lower than 5%: 924.7
[Ag5L25PF6]4�, 1281.2 [Ag5L 25(PF6)2]3�, 2421.7 [Ag3L23(PF6)2]� ; elemental
analysis calcd (%) for AgC42H42N4PF6 ´ 0.5H2O: C 58.34, H 5.01, N 6.48;
found C 58.3, H 5.06, N 6.18.
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