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Introduction


The design of enantioselective Lewis acid catalyzed reactions
is currently under intense scrutiny.[1] Several parameters
factor into the design of an enantioselective Lewis acid
catalyzed reaction: the nature of the Lewis acid, the nature of
the chiral ligand, and the nature of additives and solvent all
play important roles, and offer opportunities for the optimi-


zation of a reaction. The majority of recent research has
focused on developing new and improved chiral ligands.
Alternative methods for stereocontrol and enantioselectivity
enhancement have also been devised by careful manipulation
of the Lewis acid-chiral ligand complex. The most notable of
these approaches are 1) autocatalysis,[2] 2) metal-geometry-
induced ligand-asymmetry,[3] 3) asymmetric activation of
racemic as well as conformationally flexible ligands,[4] and
4) chiral poisoning.[5]


Another component of an asymmetric transformation is the
substrate itself and its nature can also play a key role. For
instance, the Diels ±Alder reactions of N-alkenoyl-1,3-oxazo-
lidin-2-ones with dienes has been thoroughly examined and
very high levels of enantioselectivity have been achieved with
different types of Lewis acids.[6] The 1,3-oxazolidinone
auxiliary enables chelation of the metal catalyst by the two
carbonyl groups, resulting in a rigid, well-defined conforma-
tion of the reactive intermediate complex.[7] The selective face
shielding required for enantioselectivity is exclusively pro-
vided by the chiral Lewis acid, so naturally optimizing the
chiral ligand is the normal way to enhance selectivity.
Excellent results have been obtained with relatively sophis-
ticated chiral ligand systems that provide increased levels of
steric extension in order to efficiently shield one face of the
reaction center. However, the design and optimization of
ligands is often time consuming.


Recently, we have launched a program to design alternative
achiral templates[8] that differ from oxazolidinones in that
they can participate actively in stereoinduction by indirectly
relaying and amplifying the stereoinduction originally pro-
vided by the chiral Lewis acid. Three desirable outcomes
could result: 1) for a given ligand, the modified template will
amplify enantioselectivity; 2) for a given ligand, the modified
template will reverse the sense of stereoselectivity, and 3) that
useful levels of enantioselectivity will be possible even when
relatively small and/or cheap chiral ligands are used.


Davies has recently introduced the term ™chiral relay∫ in
chiral auxiliary controlled reactions.[9] Davies× strategy is
based on the use of conformationally flexible protecting
groups that are inserted between the stereogenic center and
the prochiral reactive center. Due to steric interactions with
the stereogenic center, the conformationally mobile group
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adopts a defined conformation that shields efficiently one face
of the reaction center. By this process, the stereochemical
information is relayed and even amplified, thus enabling
efficient control of diastereoselectivity. In Davies× ™chiral
relay∫, the chiral source is embedded in the auxiliary, and thus
must be built into the substrate itself and cannot be used
catalytically.


The approach we have chosen differs fromDavies× in that in
our relay network, asymmetry originates with a chiral Lewis
acid, but is then relayed/amplified via an achiral template.
While the auxiliary must be built into the substrate, the fact
that asymmetry originates external to the substrate makes
possible the use of only catalytic quantities of the chiral source
in order to achieve enantioselectivity. This approach has
already been reported in the literature but not clearly
recognized as a general concept. In this review, we would
like to put together reports from the literature using this
approach in a conscious or unconscious way and to define
general strategies that can be used to efficiently enhance the
stereochemical control of chiral Lewis acid-catalyzed reac-
tions.


The essence of this strategy is that the chiral Lewis acid
would effectively convert an achiral template into a chiral
nonracemic template (or chiral auxiliary).[10] A general scheme
summarizing the whole process is depicted in Figure 1. In an


Figure 1. General scheme for chiral relay in Lewis acid promoted
reactions. The term achiral template is used in a broad sense that includes
rapidly interconverting enantiomeric groups (conformational enantio-
mers).


ideal case, the role of the Lewis acid would be to induce and
control the asymmetry of the template and participate
minimally in the control of the reaction selectivity. In real
cases, both the chiral auxiliary and the chiral Lewis acid will
influence the face selectivity at the reactive unit; thus the
stereochemical impact of the chiral Lewis acid and the chiral
template may be either matched or mismatched. If the
template is structured so that it ™matches∫ the Lewis acid, the
result will be amplification of enantioselectivity. In a ™mis-


matched∫ case in which the chiral template dominates over
the chiral Lewis acid, the sense of selectivity will be reversed
relative to that caused by the chiral Lewis acid alone.


The transfer of chirality from the ligand to the template can
follow one of two strategies: 1) the complexation locks a
conformationally labile template into a chiral conformation;
or 2) selective complexation of an enantiotopic group gen-
erates a new stereogenic unit (axis or center). Examples
following these two strategies are described below.


Conformationally Labile Templates


Pyrazolidinones 1 were investigated by Sibi and co-workers as
alternatives to oxazolidinones for enantioselective Diels ±
Alder reactions of crotonate derivatives (Figure 2).[11] The
tetrahedral N(1) atom inverts rapidly; however, in the
presence of a chiral Lewis acid, it should preferentially exist
in one of the two possible asymmetric conformations 2 or 3.
Since the N(1) stereogenic center is relatively close to the
reaction center, it was expected that it would strongly
influence the stereoselectivity of the cycloaddition. The data
presented in Figure 2 for reactions with cyclopentadiene in
the presence of copper(��) triflate-bisoxazoline [Equation (1)]
confirm this: The enantioselectivity for the major endo adduct
correlates directly with the size of the relay group, going from
a low 8% ee with R�H to 92% ee with R� 1-naphthyl-CH2.
Interestingly, under similar reaction conditions, the 3-croton-
yl-oxazolidin-2-one derivative gave the cycloadduct in only
23% ee. The low selectivities with R�H and with oxazoli-


Figure 2. 1-Alkylpyrazolidin-3-one as active template form copper(��)
catalyzed enantioselective Diels ±Alder reactions.
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dinone as template show that the chiral Lewis acid alone is not
sufficient to give efficient face shielding, but that the relay
group R in the template is necessary. These results are best
explained by a square planar model relative to copper(��)
(model A).


Enantioselectivity amplification using chiral relay tem-
plates has been demonstrated by Sibi and Liu in conjugate
amine additions to enoates [Equation (2), Figure 3].[12] The
conjugate addition of N-methoxybenzylhydroxylamine to
enoates 11 in the presence of chiral Lewis acids proceeds
with good chemical efficiency and enantioselectivity depend-
ing on the template (Figure 3). For example, reaction of the


Figure 3. Conjugate amine additions using relay templates. For clarity, the
OTf (� OSO2CF3) group in model B is represented as single green atom.


non-relay pyrrolidinone template 10 gave the product iso-
xazolidinone 7 in modest ee using either catalyst 8 or 9 at 0 �C.
It is interesting to note that the configuration of the product is
reversed when catalyst 8 and 9 are used although the ligands
have the same C-4 stereochemistry. In contrast to reaction
with the non-relay template, the two chiral relay templates (11
and 12) gave much higher levels of selectivity at 0 �C using
either catalyst 8 or 9. This clearly demonstrates that one can
make improvements in selectivity by a mere change in the
template. The enantioselectivity amplification using the relay
templates is more evident at lower temperatures where high
selectivity can be obtained at �25 �C. Tentative models
accounting for the reversal in face selectivity using catalysts


8 and 9 are presented in models B (tetrahedral magnesium
atom) and C (square pyramidal zinc atom).


A different strategy has been examined by Renaud using
4-substituted 1,3-benzoxazol-2-(3H)-ones 13 as templates for
Diels ±Alder reaction of acrylate derivatives (Figure 4).[13]


Under chelation control with a chiral Lewis acid, the acryloyl


Figure 4. 4-Substituted-1,3-benzoxazol-2-(3H)-ones as active achiral tem-
plate for enantioselective Diels ±Alder reactions.


group cannot be coplanar with the aromatic ring and is
strongly twisted, so two diastereomeric conformers 14 and 15
are generated. They differ by the absolute configuration of the
axis of chirality in the template, with the result that the R
group is either on the Si or Re side of the acrylate. By varying
the substituent at C(4) of the 1,3-benzoxazol-2-(3H)-ones, the
shielding of the acryloyl moiety is changed with a strong
influence on the stereochemical outcome of the reaction
[Equation (3)]. A dramatic inversion of the absolute config-
uration of the major endo product was observed on going
from the nonsubstituted system (R�H) to the alkylated
systems (R�Me, Bn). The stereochemical results are ration-
alized by the models D and E based on tetrahedral magne-
sium(��) complexes. When R�H, the chiral axis is in such a
configuration that the Si face is less shielded (model D). But a
methyl substituent strongly shields the Si face so that the
major product instead arises from attack on the Re face of the
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acryloyl moiety. This example represents at the moment the
only case where a chiral relay effect has led to a reversal of the
stereochemical outcome of an enantioselective reaction.


These recent examples of conformationally labile templates
participating in chiral relay demonstrate the validity of this
approach. However, they represent just three examples out of
many possibilities; we anticipate that many other such
systems will be developed.


Selective Complexation of Enantiotopic Groups


In the above examples, a chiral Lewis acid could selectively
lock one of two conformations for an otherwise conforma-
tionally labile template. An alternative situation is when the
Lewis acid chooses between two otherwise enantiotopic
coordination sites: In the presence of a chiral Lewis acid,
two carbonyls which are otherwise enantiotopic become
diastereotopic. Likewise sulfone or sulfonamide oxygens
become diastereotopic in the presence of a chiral Lewis acid,
and even sulfide or ether lone pairs become diastereotopic
and can be coordinated selectively. Several examples are
known in which selective complexation of enantiotopic
groups serves to relay stereochemistry from the chiral Lewis
acid to a reaction center. With the exception of the work of
Corey,[14] Toru[15] and Hiroi,[16] the importance of the stereo-
genic relay unit has not been clearly identified and examined.


N-Arylmaleimides : In pioneering work, Corey has reported a
highly enantioselective Diels ±Alder reaction of ortho-sub-
stituted N-arylmaleimides 21 (Figure 5).[14] When the ortho
substituent is not a hydrogen atom, the two carbonyl groups of
the maleimide are enantiotopic. Upon complexation with a
chiral Lewis acid, the two diastereomeric complexes 19 and 20
are generated due to the presence of a novel axis of chirality.
Increasing the size of the ortho substituent has a very positive
effect on the enantioselectivity that can be interpreted as the
cumulative effect of ligand control and chiral relay [Equa-
tion (4)]. Indeed, as shown in model F, the tert-butyl group (R
in model F) strongly shields one face of the maleimide.


Sulfonamides : The sulfur center of sulfonamides 26 is
prochiral (Figure 6). By selective complexation of one of the
two enantiotopic oxygen atoms, the sulfur becomes a new
asymmetric center. For instance, following chelation with a
chiral Lewis acid, N-sulfonyl carboxamides are converted to
the diastereomeric complexes 33 and 34. Hiroi has taken
advantage of this property of sulfonamide to devise enantio-
selective radical allylation and cyclization reactions [Figure 6,
Equations (5) and (6)].[16] In the allylation process, the size of
the carbon residue R on the sulfonamide strongly influences
the stereochemical outcome, with ee×s rising from 5% (R�
Me) to 50% (R�Tol) when the Lewis acid generated from
titanium tetraisopropoxide and the TADDOL 27 is used. The
level of enantioselectivity was dependent on the chiral Lewis
acid employed. By changing the Lewis acid to magnesium
triflate and using a different ligand, �-hydroxysulfoxide 28, an
ee of 83% was obtained in the allylation reaction.


Figure 5. Generation of a chiral axis during enantioselective Diels ±Alder
reactions of N-arylmaleimides.


Figure 6. Enantioselective radical allylation and cyclization of N-sulfonyl-
carboxamides.
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Similar results were obtained for the cyclization reaction
[Equation (6)]. Quasi racemic products are obtained with
both the N-phenyl and the N-methanesulfonyl moiety. How-
ever, the N-(p-toluenesulfonyl) group gave moderate enan-
tioselectivities up to 77% ee under optimized conditions. The
model G has been proposed to rationalize this result. Prefer-
ential attack is occurring anti to the p-toluenesulfonyl group
and is mainly controlled by the chiral sulfur atom (model G).
When there is no asymmetric sulfur, or when the R group on
the asymmetric sulfur is too small to afford face shielding, the
selectivity is low.


J˘rgensen has recently reported enantioselective aza-
Diels ±Alder reactions of sulfonyl imines catalyzed by a
copper(�)-(p-Tol)-BINAP complex (Figure 7).[17] Interestingly,
the use of a p-toluenesulfonyl group on nitrogen led to a
reversal of the stereochemical outcome relative to the simple
N-phenyl derivative [Equation (7)]. The importance of the
chiral sulfur atom is shown in the putative model H, with
major attack occuring anti to the p-tolyl group.[18] No attempt
to vary the nature of the aryl substituent at the sulfur atom has
been made and it is therefore difficult to quantify the role of
the chiral relay in this process.


Figure 7. Aza-Diels ±Alder reactions of N-sulfonylimines.


In a recent report on enantioselective H-atom transfer
reactions, Sibi and Sausker have demonstrated the effective
use of achiral sultam templates (Figure 8).[19] The addition of
nucleophilic radicals to sultam derived enoate 38 using the
catalyst 39 followed by enantioselective H-atom transfer gave
40 in high enantioselectivity [Equation (8)]. In contrast,
nucleophilic radical addition to the corresponding lactam 41
using catalyst 39 were less successful and the enantioselectiv-
ity for the product was very low [Equation (9)]. These results
demonstrate the importance of the tetrahedral sulfone moiety
for achieving high selectivity. In reactions with the two
different templates, the working hypothesis is that the
rotamer geometry of the chiral Lewis acid complexed
substrate is the key stereo determinant in the H-atom transfer
step. Model I, in which the sultam is used, accounts for the
observed face selectivity. The tetrahedral nature of the
sulfone allows for complexation of one of the enantiotopic
oxygens allowing for better rotamer control of the �-
substituted acrylate. The poor reactivity and selectivity
observed with the lactam template has been rationalized
using Model J in which the trigonal nature of the carbonyl
makes rotamer control difficult.


Figure 8. Enantioselective H-atom transfer using sultam templates.


Sulfones : A chiral relay based on the same principle as the
one presented for the sulfonamides has been reported with
sulfones. Complexation of one oxygen of the sulfone 44
generates a new chiral center, so when the Lewis acid is chiral
it gives the diastereomeric complexes 45 and 46 (Figure 9).
Toru has applied this principle to devise enantioselective
radical addition-allylation reactions of vinyl sulfones.[15] The
best results were obtained with 2-(1-benzylbenzimidazolyl)
sulfones [Equation (10)] and the results are explained by the
model K where chelation by a zinc atom efficiently shields the
Re face and allows the Si face free for the radical allylation to
occur.


Wada and Kanemasa have reported hetero Diels ±Alder[20]


and Diels ±Alder[21] reactions of alkenyl phenylsulfonylmeth-
yl ketones catalyzed by titanium TADDOLlates [Figure 10,
Equations (11) and (12)]. Very high levels of enantioselectiv-
ity have been achieved. The complex intermediate L, con-
taining a chiral mono-complexed sulfonyl group in which the
phenyl group on sulfur provides face shielding, has been
postulated. In this case also, only the phenylsulfonyl deriva-
tive has been examined and the importance of the chiral relay
is not clearly quantified.


Sulfides : Unsymmetrical sulfides can also be used in a chiral
relay strategy. Selective complexation with one of the two
enantiotopic lone pairs on sulfur makes the sulfur center
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Figure 9. Enantioselective allylation and cyclization of 1-sulfonyl radicals.


Figure 10. Hetero-Diels ±Alder and Diels ±Alder reactions of alkenyl
phenylsulfonyl ketones.


asymmetric. This is shown in Figure 11 for the 2-alkylthio-
acrylates 56, which give diastereomeric complexes 54 and 55
upon complexation with a chiral Lewis acid. In this particular
case, the newly created chiral center is very near the reaction
center so stereoinduction from the sulfur should be important.
For the cycloaddition depicted in Equation (13), Aggarwal
has reported that going from a methanethio to a benzenethio
brings a significant enhancement of the enantioselectivity.[22]


The results are consistent with modelM, in which the sulfur is
complexed such that the phenyl group points away from the
phenyl groups on the chiral ligand, and in which preferential
attack occurs anti to the phenyl group at sulfur. This


Figure 11. Diels ±Alder reaction of 2-phenylthioacrylate.


represents an example where the stereocenter in the ligand
and in the relay group appear to be ™mismatched∫, but in
which the relay group dominates the outcome at the reaction
center.


Conclusion


We have attempted in this account to show different examples
of enantioselective reactions demonstrating that by proper
choice of the substrate, it is possible to convey stereochemical
information from the Lewis acid to the reaction center via a
chiral relay. This opens a possible route by which high levels of
enantioselectivity may be reached, perhaps without requiring
complex chiral ligands. If the relay center provides ample face
shielding, the only requirement for the chiral ligand would be
that it should be able to discriminate between diastereotopic
Lewis acid-substrate complexes. Practical applications of this
strategy is certainly going to be important since in Lewis acid
catalyzed reactions, catalyst loading is usually important (5 ±
30 mol% in most cases) and recovery of the catalysts is often
difficult due to their sensitivity to hydrolysis. One of the major
advantages of the relay approach will be in enantioselectivity
amplification. The approach should be of great utility when
one needs improvement in selectivity from 70% ee range to
�90% ee or situations where one needs to conduct the
reactions at a more practical temperature. Chiral relay will
clearly not be limited to the cases presented in this account
and novel systems allowing efficient relay will be investigated
by us and by others.
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Introduction


Dendrimers have attracted increased attention among various
scientific communities in the last fifteen years.[1] This interest
is mainly related to the capability of dendritic architectures to
generate specific properties, as a result of their unique
molecular structures. For example, a dendritic framework
can surround active core molecules, thus creating specific site-
isolated microenvironments capable of affecting the proper-
ties of the core itself.[2] The multiplication of functional groups
at the periphery of a dendritic structure also provides several
advantages. For example, the dendrimer surface can be used
as a platform for amplification of substrate binding[3] or as an
antenna for light-harvesting.[4] Furthermore dendrimers can


be used as traps for small molecules or ions with the aim of
releasing them where needed (e.g. in biological tissues)[5] or
improving their properties (e.g. luminescence).[6]


Fullerenes possess electronic and photophysical proper-
ties[7] which make them natural candidates for the preparation
of functional dendrimers.[8±10] In a previous concept article,[9]


we have shown that C60 is a versatile building block for
dendrimer chemistry. We have also highlighted specific
advantages brought about by the encapsulation of a fullerene
moiety in the middle of a dendritic structure for the
preparation of thin ordered films or in the design of liquid
crystalline derivatives.[9, 10] In the present paper, the use of the
fullerene sphere as a photoactive core unit will be empha-
sized.


A Fullerene Core To Probe Dendritic Shielding
Effects


Dendrimers with a fullerene core appear to be appealing
candidates to demonstrate the shielding effects resulting from
the presence of the surrounding dendritic shell.[11, 12] Effec-
tively, the lifetime of the first triplet excited state of fullerene
derivatives is sensitive to the solvent.[12] Therefore, lifetime
measurements in different solvents can be used to evaluate
the degree of isolation of the central C60 moiety from external
contacts. With this idea in mind, we have prepared two series
of fullerodendrimers (Figure 1).[12] In the design of these
compounds, it was decided to attach poly(aryl ether) dendritic
branches terminated with peripheral triethyleneglycol chains
to obtain derivatives soluble in a wide range of solvents.[13]


The synthetic approach to prepare compounds 1 ± 4 relies
upon the 1,3-dipolar cycloaddition[14] of the dendritic azo-
methine ylides generated in situ from the corresponding
aldehydes and N-methylglycine. Dendrimers 5 ± 8[15] have
been obtained by taking advantage of the versatile regiose-
lective reaction developed in the group of Diederich,[16] which
led to macrocyclic bis-adducts of C60 by a cyclization reaction
at the C sphere with bis-malonate derivatives in a double
Bingel cyclopropanation.[17]


The photophysical properties of 1 ± 8 have been studied in
different solvents (PhMe, CH2Cl2 and CH3CN). The lifetimes
of the lowest triplet excited states are summarized in Table 1.
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For both series of dendrimers interesting trends can be
obtained from the analysis of triplet lifetimes in air-equili-
brated solutions (Table 1).[12] A steady increase of lifetimes is
found by increasing the dendrimers size in all solvents,
suggesting that the dendritic wedges are able to shield, at
least partially, the fullerene core from external contacts with
the solvent and from quenchers such as molecular oxygen. For
compounds 1 ± 4, the increase is particularly marked in polar
CH3CN, where a better shielding of the fullerene chromo-
phore is expected as a consequence of a tighter contact
between the strongly nonpolar fullerene unit and the external
dendritic wedges; in this case a 45% lifetime prolongation is
found in passing from 2 to 4 (23% and 28% only for PhCH3


and CH2Cl2, respectively). It must be emphasized that the
triplet lifetimes of 4 in the three solvents are rather different
from each other, likely reflecting specific solvent-fullerene
interactions that affect excited state deactivation rates. This
suggests that, albeit a dendritic effect is evidenced, even the
largest wedge is not able to provide a complete shielding of


the central fulleropyrrolidine core in 4.[12] The latter hypoth-
esis was confirmed by computational studies. As shown in
Figure 2, the calculated structure of 4 reveals that the
dendritic shell is unable to completely cover the fullerene
core (it must be noted that the calculations have been
performed in the absence of solvent, our aim being only to
estimate the possible degree of isolation). In contrast, the
triplet lifetimes of 8[15] in the three solvents lead towards a
similar value; this suggests that the fullerene core is in a
similar environment whatever the nature of the solvent is. In
other words the C60 unit is, to a large extent, not surrounded
by solvent molecules but substantially buried in the middle of
the dendritic structure which is capable of creating a specific
site-isolated microenvironment around the fullerene moiety.
The latter hypothesis is quite reasonable based on the
calculated structure of 8 (Figure 2) showing that the dendritic
branches are able to fully cover the central fullerene core.


The dendritic effect evidenced for 1 ± 8 might be useful to
optimize the optical limiting properties characteristic of
fullerene derivatives. Effectively, the intensity dependent
absorption of fullerenes originates from larger absorption
cross sections of excited states compared with that of the
ground state,[18] therefore the increased triplet lifetime
observed for the largest fullerodendrimers may allow for an
effective limitation on a longer time scale. For practical
applications, the use of solid devices is largely preferred to
solutions and inclusion of fullerene derivatives in sol ± gel
glasses has shown interesting perspectives.[19] However, faster
de-excitation dynamics and reduced triplet yields are typically
observed for fullerene-doped sol ± gel glasses when compared
to solutions.[20] The latter observations are mainly explained
by two factors: i) perturbation of the molecular energy levels
due to the interactions with the sol ± gel matrix and ii) inter-
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Figure 1. Fullerodendrimers 1 ± 8.


Table 1. Lifetime of the first triplet excited state of 1 ± 8 in air equilibrated
solutions determined by transient absorption at room temperature.


Compound � [ns] � [ns] � [ns]
in PhMe in CH2Cl2 in CH3CN


1 279 598 ±[a]


2 304 643 330
3 318 732 412
4 374 827 605
5 288 611 314
6 317 742 380
7 448 873 581
8 877 1103 1068


[a] Not soluble in this solvent.
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Figure 2. Calculated structure of fullerodendrimers 4 (top) and 8 (bottom).


actions between neighboring fullerene spheres due to aggre-
gation.[20] Therefore, the encapsulation of the C60 core
evidenced by the photophysical studies for both series of
fullerodendrimers might also be useful to prevent such
undesirable effects. The incorporation of fullerodendrimers
1 ± 8 in sol ± gel glasses has been easily achieved by soaking
mesoporous silica glasses with a solution of 1 ± 8.[12] For the
largest compounds, the resulting samples only contain well-
dispersed fullerodendrimer molecules. Preliminary measure-
ments on the resulting doped samples have revealed efficient
optical limiting properties[12] and further studies are underway
in order to determine the influence of the dendritic branches
on the optical limiting behaviour of these composite materials.


Fullerodendrimers allow also an evaluation of the accessi-
bility of the C60 core unit by studying bimolecular deactivation
of its excited states by external quenchers. Recently Ito,
Komatsu and co-workers have used this approach to inves-
tigate a series of fullerodendrimers (9 ± 11) in which Fre¬chet-
type dendrons have been connected to a fullerene moiety via
an acetylene linker (Figure 3).[11] Both energy and electron
transfer quenchers have been employed to show that the
quenching rates of the fullerene triplet state are decreased as
a function of the size of the dendrimer shell. These results
further demonstrate that fullerene is an excellent functional
group to probe the accessibility of a dendrimer core by
external molecules.


Light Harvesting Dendrimers with a Fullerene Core


The fullerene C60 is also an attractive functional core for the
preparation of light harvesting dendrimers. Effectively, its
first singlet and triplet excited-states are relatively low in
energy and photoinduced energy transfer events have been
evidenced in some fullerene-based dyads.[21] In particular,
photophysical investigations of some fulleropyrrolidine de-
rivatives substituted with oligophenylenevinylene (OPV)
moieties revealed a very efficient singlet ± singlet OPV�C60


photoinduced energy transfer.[22] Based on this observation,
dendrimers 12 ± 14 with a fullerene core and peripheral OPV
subunits (Figure 4) have been prepared.[23]


The photophysical properties of fullerodendrimers 12 ± 14
have been investigated in CH2Cl2 solutions. Upon excitation
at the OPV band maximum, dramatic quenching of OPV
fluorescence is observed for all fullerodendrimers. This is
attributed to an OPV�C60 singlet-singlet energy transfer
process.[23] At 394 nm (corresponding to OPV band maxima)
the molar absorptivities (�) of these fullerodendrimers are
95800 for 12, 134800 for 13 and 255100��1 cm�1 for 14. Since
the � of the ubiquitous N-methyl-fulleropyrrolidine at 394 nm


H


OO O


OO


O


H


OO O


OO


O


O


O


O


O O


O


O


O


H


OO O


OO


O


O


O


O


O O


O


O


O


OO


O


O


O


O


O O O O


O


O


O


O


OO


9


10


11


Figure 3. Fullerodendrimers 9 ± 11.
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is only 7600 a remarkable light harvesting capability of the
peripheral units relative to the central core is evidenced along
the series.


More recently, we have succeeded in the preparation of the
next generation compound 15 (Figure 5) for which the molar
absorptivity is about 450000��1 cm�1.[24] The photophysical
properties of 15 have not been yet investigated in detail ;
however, preliminary measurements in CH2Cl2 have revealed
a strong quenching of the OPV fluorescence upon excitation
at the OPV band maximum suggesting that the dendritic


wedge is still capable of chan-
neling the absorbed energy to
the fullerene core.


Related compounds have
been reported by Martin, Gul-
di, and co-workers.[25] The end-
capping of the dendritic spacer
with dibutylaniline units yield-
ed the multicomponent photo-
active system 16 in which the
dendritic wedge plays at the
same time the role of an anten-
na capable of channeling the
absorbed energy to the fuller-
ene core and of an electron
donating unit (Figure 6). Photo-
physical investigations in ben-
zonitrile solution have shown
that, upon photoexcitation, ef-
ficient and fast energy transfer
takes place from the initially
excited antenna moiety to the
fullerene core. This process
populates the lowest fullerene
singlet excited state which is
able to promote electron trans-
fer from the dendritic unit to
the fullerene core. For 16, rela-
tive to 12 ± 14, the charge sepa-
rated state is significantly lower
in energy than the fullerene
singlet, as a result of the in-
creased donating ability of the
terminal dialkylaniline units.
Therefore, the electron transfer
is thermodynamically possible
in 16 after the initial energy
transfer event.


Langa and co-workers[26]


have prepared fullerodendri-
mer 17 in which the phenyl-
enevinylene dendritic wedge is
connected to a pyrazolino[60]-
fullerene core rather than to a
fulleropyrrolidine one as for
12 ± 16 (Figure 6). Preliminary
photophysical investigations
suggest that the efficient energy
transfer from the excited an-


tenna moiety to the pyrazolino[60]fullerene core is followed
by an electron transfer involving the fullerene moiety and the
pyrazoline N atom.


Conclusion


Owing to their special photophysical properties, fullerene
derivatives are good candidates for evidencing dendritic
effects. In particular, we have shown that the triplet lifetimes
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Figure 6. Fullerodendrimers 16 and 17.


of a C60 core can be used to evaluate its degree of isolation
from external contacts. In addition, the protective effect
observed for fullerodendrimers 4 and 8 might be useful for
optical limiting applications. On the other hand, the fullerene
core can act as a terminal energy receptor in dendrimer-based
light-harvesting systems. When the fullerodendrimer is fur-
ther functionalized with a suitable electron donor, it may
exhibit the essential features of an artificial photosynthetic
system where an initial photoinduced energy transfer from the
antenna to the C60 core can be followed by electron transfer.
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Abstract: Five silver(�) double salts con-
taining embedded acetylenediide,
[Ag([12]crown-4)2][Ag10(C2)(CF3CO2)9-
([12]crown-4)2(H2O)3] ¥H2O (2), [Ag2C2 ¥
5AgCF3CO2 ¥ (benzo[15]crown-5) ¥
2H2O] ¥ 0.5H2O (3), [Ag4([18]crown-6)4-
(H2O)3][Ag18(C2)3(CF3CO2)16(H2O)2.5] ¥
2.5H2O (4), [Ag2C2 ¥ 6AgC2F5CO2 ¥
2([15]crown-5)]2 (5), and [(Ag2C2)2 ¥
(AgC2F5CO2)9 ¥ ([18]crown-6)2 ¥ (H2O)3.5] ¥
H2O (6), have been isolated by varying
the types of crown ethers and anions
employed. Single-crystal X-ray analysis
has shown that complex 2 is composed


of winding anionic chains with sand-
wiched [Ag([12]crown-4)2]� ions accom-
modated in the concave cavities be-
tween them. In 3, silver(�) double cages
each sandwiched by a couple of ben-
zo[15]crown-5 ligands are linked by
{Ag2(CF3CO2)2} bridges to form a one-
dimensional structure. For 4, an anionic
silver column is generated through fu-


sion of two kinds of silver polyhedra
(triangulated dodecahedron and bicap-
ped trigonal antiprism), and the charge
balance is provided by aqua-ligated
[Ag([18]crown-6)]� ions. Complex 5 is
a centrosymmetric hexadecanuclear su-
permolecule composed of two [(�5-
[15]crown-5)2(C2@Ag7)(�-C2F5CO2)5]
moieties connected through a {Ag2(C2F5-
CO2)2} bridge. Compound 6 is a discrete
supermolecule containing an asymmet-
ric (C2)2@Ag13 cluster core capped by
two [18]crown-6 ligands in �3-�5 and �4-
�6 ligation modes.


Keywords: acetylide ¥ carboxylato
complexes ¥ cluster compounds ¥
crown compounds ¥ silver


Introduction


Silver acetylide, Ag2C2, was first prepared as an insoluble
white powder by Berthelot in 1866,[1] but its composition was
not cleared up until Stadler×s analytical identification in
1938.[2] The structure of Ag2C2 is still unknown due to its
highly explosive nature and insolubility in common solvents.
Most of the early investigations (late 1800s and early 1900s)
dealt with the utilization of silver acetylide compounds as
detonators. Over a half century ago, it was found that a series
of double salts with the stoichiometric formula nAg2C2 ¥
mAgX could be prepared by passing acetylene into an
aqueous solution of a soluble silver salt AgX, for example,
AgNO3, until saturation is reached, or by dissolving silver
acetylide in a concentrated aqueous solution of AgX.[3]


The first structural report of a double salt of silver acetylide,
Ag2C2 ¥ 6AgNO3,[4] in 1954 revealed a rhombohedral silver
cage with an encapsulated acetylide dianion (C2


2�, IUPAC
name acetylenediide) . However, the dumbbell-like C2


2�


moiety was wrongly orientated in the unit cell ; refinement


of the structure in 1990 showed that the dianion is disordered
about a crystallographic threefold axis.[5]


Since 1998, a wide range of double/multiple salts of silver
containing silver acetylide as a component have been
synthesized and characterized in our laboratory.[6] In addition,
a series of ternary alkali metal silver acetylides MAgC2 (M�
Li, Na, K, Rb, Cs) has been reported.[7] Recently, we
developed a strategy using crown ethers to function as
blocking groups or terminal stoppers to install protective
cordons around the polyhedral C2@Agn (n� 6) moiety so that
the isolation of low-dimensional supramolecular entities can
be achieved.[8] Judging from the host ± guest complementarity
of AgI with crown ethers,[9] their mutual interaction should be
rather weak owing to poor affinity between the soft cation and
hard oxygen donor. In fact, only a few silver(�)/crown ether
complexes have been reported.[10] Accordingly, crown ethers
are not expected to affect the initial assembly of C2@Agn, but
to act as weak capping ligands to provide ancillary ligation to
the polyhedral silver cage.
Recently, by introducing [15]crown-5 into silver acetylide-


containing systems to prevent catenation and interlinkage of
the silver polyhedra, we obtained a discrete silver(�) aggregate
[Ag2C2 ¥ 6AgCF3CO2 ¥ 2([15]crown-5) ¥H2O]2 ¥H2O (1).[8] A
natural follow-up is to study the influence of size of various
crown ethers on the assembly process of the silver(�)
aggregates each containing an embedded acetylenediide.


[a] Prof. T. C. W. Mak, Dr. Q.-M. Wang
Department of Chemistry
The Chinese University of Hong Kong
Shatin, New Territories, Hong Kong SAR (P. R. China)
Fax: (�852)26035057
E-mail : tcwmak@cuhk.edu.hk
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Furthermore, the effect of different co-existing anions is also a
factor to be investigated. Herein we report the structural
diversity of five new silver(�) aggregates: [Ag([12]-
crown-4)2][Ag10(C2)(CF3CO2)9([12]crown-4)2(H2O)3] ¥H2O (2),
[Ag2C2 ¥ 5AgCF3CO2 ¥ (benzo[15]crown-5) ¥ 2H2O] ¥ 0.5H2O
(3), [Ag4([18]crown-6)4(H2O)3][Ag18(C2)3(CF3CO2)16(H2O)2.5] ¥
2.5H2O (4), [Ag2C2 ¥ 6AgC2F5CO2 ¥ 2([15]crown-5)]2 (5), and
[(Ag2C2)2 ¥ (AgC2F5CO2)9 ¥ ([18]crown-6)2 ¥ (H2O)3.5] ¥H2O (6),
which are generated by varying the types of crown ethers and
perfluorocarboxylato anions used in the synthesis.


Results and Discussion


As described in our recent communication,[8] Ag2C2 readily
dissolves in a concentrated aqueous solution of silver trifluoro-
acetate to form polyhedral species of the type [C2@Agn](n�2)�


(n� 6). Introduction of a crown ether then affects the
assembly process of these species during crystallization. The
preparative procedure is shown in Scheme 1. From the same


Scheme 1.


silver(�) starting materials, various crystalline double salts
have been isolated under the structure-directing influence of
different crown ethers: [12]crown-4, [15]crown-5, benzo[15]-
crown-5, and [18]crown-6. It is noteworthy that new aspects of
structural diversity are observed in not only the crystal
structures, but also the specific geometries of the silver cages.
Since the discovery of the first crown ethers by Pedersen,[11]


their cation-binding behavior has been extensively stud-
ied.[12, 13] The cation-binding properties of crown ethers
generally depend on three factors: 1) size compatibility
between ring cavity and guest cation, 2) nature of ligating
interactions, and 3) three-dimensional ligand topologies. Sil-
ver(�) is too large to fit into the cavities of [12]crown-4 and
[15]crown-5, and thus sandwiched structures are expected to


form. Although the size of silver(�) is about right for the cavity
of [18]crown-6, mutual interaction is weak so that binding
between them may be flexible.
The molecular structure of [Ag2C2 ¥ 6AgCF3CO2 ¥


2([15]crown-5) ¥H2O]2 ¥H2O (1), as depicted previously,[8] is
a centrosymmetric hexadecanuclear supermolecule composed
of two [(�5-[15]crown-5)2(C2@Ag7)(�-CF3CO2)5(H2O)] moi-
eties that are connected through a central {Ag2(CF3CO2)2}
bridge, of which a simplified illustration is shown in Scheme 2.
With the ancillary ligation of [15]crown-5, complex 1 easily
forms a crystalline solid in good yield.


Scheme 2.


When a smaller crown ether ([12]crown-4) is employed in
place of [15]crown-5, not only are the sandwiched units
retained, but additional host ± guest interaction also occurs in
the crystal structure of compound 2, which is composed of a
[Ag([12]crown-4)2]� ion and a [C2@Ag8([12]crown-4)2-
(CF3CO2)7]� moiety. The structure of [Ag([12]crown-4)2]� ,
which occupies a site of symmetrym, is shown in Figure 1; one
[12]crown-4 ligand is disordered over two equally populated


Figure 1. The sandwich structure of cation [Ag([12]crown-4)2]� , which
occupies a site of symmetry m, in [Ag([12]crown-4)2][Ag10(C2)(CF3-


CO2)9([12]crown-4)2(H2O)3] ¥H2O (2). One [12]crown-4 ligand is disor-
dered over two equally populated sets of atomic positions (shown in the
right figure), and only one set is presented.


sets of atomic positions. The coordination geometry at Ag8 is
a distorted square antiprism formed by eight oxygen atoms of
two [12]crown-4 ligands, whose square faces are twisted by
about 31.5� from the eclipsed conformation; this is very
similar to that (�30�) found in [Ag([12]crown-4)2][AsF6].[10a]


The Ag�O(crown) distances in the range 2.426 ± 2.649 ä
bracket the average value of 2.57 ä in [Ag([12]crown-
4)2][AsF6].
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The fundamental building unit of 2 is shown in Figure 2.
The silver cage enclosing an acetylenediide is in the shape of a
triangulated dodecahedron, which possesses a mirror plane
that cuts through the Ag1, Ag2, Ag3, Ag4, C1, and C2 atoms.
Atom sets Ag1-Ag2-Ag3-Ag4 and Ag5-Ag6-Ag6a-Ag5a are


Figure 2. The triangulated dodecahedral silver cage with two capping
[12]crown-4 ligands in 2. The left [12]crown-4 ligand also exhibits disorder
in a pattern similar to that in the last figure. The silver atoms are drawn as
thermal ellipsoids at the 35% probability level. Selected bond lengths [ä]:
C1�C2 1.18(1), C1�Ag1 2.38(1), C1�Ag4 2.25(1), C1�Ag5 2.673(4),
C1�Ag6 2.201(7), C2�Ag1 2.57(1), C2�Ag2 2.18(1), C2�Ag3 2.21(1),
C2�Ag5 2.407(1). Symmetry code: a) x, 1.5 � y, z.


thus each exactly coplanar, and the planes are perpendicular
to each other (dihedral angle 90.0�). One acetylenediide
moiety is encapsulated in the cage. The C�C bond length
(1.18(1) ä) indicates that the C2


2� species retains its triple
bond character.[7, 14, 15] This is consistent with the case of
previously reported silver acetylide-containing compounds.[16]


The present C2
2� ion is bound to all eight silver(�) atoms at


Ag�C� 2.18(1) ± 2.673(4) ä. The Ag ¥ ¥ ¥Ag distances lie in the
range 2.854(1) ± 3.320(1) ä, which are suggestive of signifi-
cant argentophilic interactions.[17] The Ag2 and Ag4 atoms
are each capped by one [12]crown-4 crown ether. There are
seven trifluoroacetato ligands that bridge some of the
Ag ¥ ¥ ¥Ag edges of the polyhedron to form an ionic
moiety [C2@Ag8([12]crown-4)2-
(CF3CO2)7]� . These moieties
are connected through the
[Ag2(CF3CO2)2] (involving
atom type Ag7) linkages to
generate a winding, snake-like
anionic chain. The [Ag([12]-
crown-4)2]� ions occupy the
concave cavities in the inter-
chain region (Figure 3).
When benzo[15]crown-5 in-


stead of [15]crown-5 was used
in the reaction, neutral com-
pound 3 crystallized as the
product. The steric influence
of the benzene ring along with
the anticipated silver(�) ± aro-
matic interaction[18] affect the
assembly process, leading to the
formation of a one-dimensional
polymeric structure containing
a double-cage fundamental


Figure 3. Crystal structure of 2. Disordered crown ethers are each shown
as a superposition of two sets of atomic positions. F atoms have been
omitted for clarity.


unit. As shown in Figure 4 (left), this double cage can be
viewed as two monocapped trigonal prisms sharing an
Ag1�Ag1a edge. The geometry of the monocapped trigonal
prism is shown in Figure 4 (right). Silver atom set Ag2-Ag3-
Ag4-Ag1a-Ag5-Ag6 comprises a distorted trigonal prism with
Ag1 capping the rectangular face Ag1a-Ag2-Ag4-Ag5. One
C2


2� species is encapsulated in this silver cage. Ag4 is
coordinated by all five oxygen atoms of the benzo[15]-
crown-5 ligand with bond lengths in the range 2.391 ± 2.788 ä.
Besides this, the double cage is further stabilized by the
silver ± aromatic interaction in the �2 mode, with Ag3�C013�
2.930 ä and Ag3�C014� 3.084 ä. Although the Ag�C dis-
tances fall in the margin of significant Ag ±C interaction,[19]


statistical analysis has demonstrated that these longer con-
tacts can be considered as weak interactions.[20] Each sand-
wiched double cage is linked to neighboring ones by
{Ag2(CF3CO2)2} bridges to form a one-dimensional structure,
as illustrated in Figure 5.
When [18]crown-6 was employed in the reaction, complex 4


was isolated; this compound contains four independent
[Ag([18]crown-6)]� ions and one [Ag18(C2)3(CF3CO2)16-


Figure 4. Left: Sandwiched double cage in [Ag2C2 ¥ 5AgCF3CO2 ¥ (benzo[15]crown-5) ¥ 2H2O] ¥ 0.5H2O (3). The
silver atoms are drawn as thermal ellipsoids at the 30% probability level, and the other atoms are represented by
spheres. Right: Half of the double cage showing bonding interactions between the acetylenediide species and its
surrounding silver(�) atoms. Ag ¥ ¥ ¥Ag distances (longer than 3.4 ä) are represented by broken open lines. Selected
bond lengths [ä]: C1�C2 1.221(9), C1�Ag1 2.233(6), C1�Ag2 2.296(6), C1�Ag4 2.157(6), C1�Ag5 2.380(6),
C1�Ag1a 2.693(6), C2�Ag1a 3.530(6), C2�Ag2 2.578(7), C2�Ag3 2.172(7), C2�Ag5 2.481(7), C2�Ag6 2.205(7).
Symmetry code: a) 1� x, �y, 1� z.
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Figure 5. Chain structure in 3, generated from sandwiched double cages
connected by {Ag2(CF3CO2)2} bridges. The silver atoms are drawn as
thermal ellipsoids at the 35% probability level. Fluorine and hydrogen
atoms have been omitted for clarity.


(H2O)2.5]4� moiety in the asymmetric unit. Unlike 1 ± 3, the
anionic silver(�) aggregate has no [18]crown-6 component. The
cationic part is composed of silver atoms each coordinated by
a �4-[18]crown-6 ligand (taking Ag�O distances below 2.8 ä
as effective binding) and an additional aqua ligand in three of
the four cases (Figure 6). The weak AgI�[18]crown-6 inter-
action is indicated by the longer Ag�O distances in the range
2.449 ± 3.116 ä. The [Ag([18]crown-6)]� ions pack in stacks to
induce the formation of an anionic column along the a
direction (Figure 7).
A similar situation has been found in the mixed-valence


silver(�,��) complex [AgII(tmc)(BF4)][AgI6(C2)(CF3CO2)5-
(H2O)] ¥H2O (tmc� 1,4,8,11-tetramethyl-1,4,8,11-tetraazacy-
clotetradecane),[21] in which [AgII(tmc)(BF4)]�� constitutes a


Figure 6. Structure of a [Ag([18]crown-6)(H2O)]� ion in [Ag4([18]crown-
6)4(H2O)3][Ag18(C2)3(CF3CO2)16(H2O)2.5] ¥ 2.5H2O (4). Aqua ligation ap-
pears in three of the four independent crown-complexed silver cations.


Figure 7. Molecular packing of 4. The bonds between Ag atoms and the
encapsulated C2


2� are not shown, and Fatoms have been omitted for clarity.


cationic column and no macrocyclic ligation occurs in the
anionic zigzag chain constructed from edge-sharing of silver(�)
triangulated dodecahedra each enclosing a C2


2� species.
The silver column in 4 is generated through edge-sharing of


two kinds of silver polyhedra. Two silver cages (A and C) are
each in the shape of a triangulated dodecahedron and the
third (cage B) is a bicapped trigonal antiprism, and thus the
ratio of the former type to the latter is 2:1 (Figure 8). For cage
A, atom sets Ag1-Ag2-Ag3-Ag4 and Ag5-Ag6-Ag7-Ag8 are
each coplanar within 0.018 and 0.203 ä, respectively, making
a dihedral angle of 94.6�. For cage C, atom sets Ag15-Ag16-
Ag17-Ag18 and Ag14-Ag13-Ag5a-Ag6a are each coplanar
within 0.026 and 0.058 ä, respectively, making a dihedral
angle of 92.5�. For cage B, atom sets Ag7-Ag9-Ag10 and
Ag11-Ag12-Ag13 make up a trigonal antiprism, and Ag8 and
Ag14 each cap one triangular face. For cages A and C, each
encapsulated C2


2� species is bound to all eight silver(�) atoms
at Ag�C� 2.17(1) ± 2.70(1) ä and 2.216(8) ± 2.632(9) ä, re-
spectively. The C2


2� unit in cage B is ligated to seven silver
atoms with � interactions except Ag8, and the shorter Ag�C
lengths at 2.12(1) ± 2.430(9) ä can be attributed to the
absence of � bonding. The Ag ¥ ¥ ¥Ag distances of the three
silver polyhedra lie in the range 2.759(1) ± 3.319(1) ä. The
silver polyhedra are connected to one another in the
ABCABC. . . pattern, sharing edges of the type Ag5-Ag6,
Ag7-Ag8 and Ag13-Ag14 to from the silver column.
Another factor we considered is the bulkiness of the


hydrophobic group of the silver salt used to react with silver
acetylide. Repeating the same procedure for the preparation
of 1, but by replacing trifluoroacetate with pentafluoropropi-
onate, complex 5was obtained. Its molecular structure is quite
similar to that of 1, being also a centrosymmetric hexadeca-
nuclear supermolecule containing two sandwiched units. Each
unit takes the shape of a pentagonal bipyramid, but there is no
significant lateral shift of the two apices (Ag6 and Ag7), in
contrast to the case in 1. Each edge of the equatorial pentagon
is bridged by one pentafluoropropionate ligand, and both Ag6
and Ag7 atoms are each capped by one �5-[15]crown-5 ligand.
Two [(�5-[15]crown-5)2(C2@Ag7)(�-C2F5CO2)5] moieties are
connected through a central {Ag2(C2F5CO2)2} bridge to form a
centrosymmetric hexadecanuclear supermolecule, as illustrat-
ed in Figure 9. The Ag ¥ ¥ ¥Ag distance in the {Ag2(C2F5CO2)2}
bridge is 2.875(1) ä, which is slightly longer than the
corresponding value of 2.830(1) ä for {Ag2(CF3CO2)2} in 1.
In the case of 5, the bulkiness of the C2F5CO2


� ion does not
affect the resulting molecular structure, which bears a marked
resemblance to that of 1. However, when C2F5CO2


� was used
in place of CF3CO2


� in the preparation of 4, to our surprise
[18]crown-6 functions as a multidentate ligand to generate
isolated silver(�) centers. The resulting compound 6 is a
discrete supermolecule containing an asymmetric Ag13 cluster
core, which is derived from the fusion of two types of silver
polyhedra: a monocapped trigonal prism (A) and a bicapped
trigonal antiprism (B), each enclosing an acetylenediide
moiety (Figure 10). For cage A, the triangular faces Ag1-
Ag2-Ag3 and Ag4-Ag5-Ag6 make a dihedral angle of 10.7�,
and Ag7 caps the rectangular face Ag2-Ag3-Ag6-Ag5. For
cage B, atom sets Ag7-Ag8-Ag12 and Ag10-Ag9-Ag11 form
two triangular faces making a dihedral angle of 3.7�. Atoms
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Figure 9. Centrosymmetric molecular structure of [Ag2C2 ¥ 6AgC2F5CO2 ¥
2([15]crown-5)]2 (5): two sandwiched C2@Ag7 units and the central
{Ag2(CF3CO2)2} bridge are linked by four �3-CF3CO2


� ligands. The silver
atoms are drawn as thermal ellipsoids at the 35% probability level. F and H
atoms have been omitted for clarity.


Figure 10. Cluster core of complex [(Ag2C2)2 ¥ (AgC2F5CO2)9 ¥ ([18]crown-
6)2 ¥ (H2O)3.5] ¥H2O 6. Selected bond lengths [ä]: C1�C2 1.16(1), C1�Ag1
2.22(1), C1�Ag2 2.276(9), C1�Ag3 2.122(9), C1�Ag6 2.63(1), C2�Ag2
2.61(1), C2�Ag4 2.24(1), C2�Ag5 2.14(1), C2�Ag6 2.371(9), C2�Ag7
2.65(1); C3�C4 1.12(1), C3�Ag7 2.66(1), C3�Ag8 2.15(1), C3�Ag9 2.33(1),
C3�Ag10 2.536(9), C4�Ag10 2.283(9), C4�Ag11 2.170(8), C4�Ag12
2.275(9), C4�Ag13 2.404(9).


Ag6 and Ag13 cap the rectan-
gular faces Ag7-Ag8-Ag9-Ag10
and Ag8-Ag9-Ag11-Ag12, re-
spectively. Cages A and B share
an edge Ag6 ±Ag7 to form an
asymmetric silver double cage.
Another notable feature of 6


is that the capping [18]crown-6
ligands adopt two kinds of quite
different ligation modes: �3-�5


and �4-�6 (Figure 11). The man-
ifestation of these novel coordi-
nation modes may be attributed
to the conformational flexibility
of [18]crown-6 and the argento-
philic, agglomerative tendency
of silver(�).[17] A perspective view
of this supermolecule is shown
in Figure 12.
It is noteworthy that with the


employment of the bulkier pen-
tafluoropropionate, discrete su-
permolecules are formed with
ancillary ligation of either
[15]crown-5 or [18]crown-6. This
is consistent with the finding in a
previous example Ag2C2 ¥
9C2F5CO2Ag ¥ 3MeCN ¥H2O,
which is also a discrete high-
nuclearity cluster with acetoni-
trile as a terminal ligand.[22]


Figure 11. Two kinds of coordination modes, �4-�6 (left) and �3-�5 (right),
displayed by [18]crown-6 in 6. Large circles: silver; medium-sized circles:
oxygen, small circles: carbon; black circles: C2


2� species.


Conclusion


The loose coordination between crown ethers and silver(�)
provides flexibility to the aggregation of the C2@Agn compo-
nent with perfluorocarboxylates. In the present work, depen-
ding on the size of selected crown ethers, quite different
crystal structures and silver polyhedral geometries are ob-
tained. Besides the structural aspects, this work demonstrates
that there is general applicability of the aforementioned
synthetic strategy, and it is also evident that the extension
from crown ethers to other macrocyclic ligands as protective
cordons is worthy of further investigation.


Figure 8. Trianglulated dodecahedra (A and C) and bicapped trigonal antiprism B (the capping atoms are Ag8
and Ag14) in 4. Atoms are drawn as 30% thermal ellipsoids. Ag ¥ ¥ ¥Ag distances (longer than 3.4 ä) are
represented by broken open lines. Selected bond lengths [ä]: C1�C2 1.16(1), C1�Ag1 2.59(1), C1�Ag2 2.169(9),
C1�Ag3 2.26(1), C1�Ag5 2.57(1), C1�Ag8 2.42(1), C2�Ag1 2.393(9), C2�Ag4 2.358(9), C2�Ag6 2.267(9),
C2�Ag7 2.251(8), C2�Ag8 2.635(9); C3�C4 1.20(1), C3�Ag7 2.341(9), C3�Ag9 2.12(1), C3�Ag10 2.136(9),
C4�Ag11 2.29(1), C4�Ag12 2.28(1), C4�Ag13 2.430(9), C4�Ag14 2.18(1); C5�C6 1.20(1), C5�Ag13 2.289(8),
C5�Ag15 2.352(8), C5�Ag18 2.363(8), C5�Ag5a 2.216(8), C5�Ag6a 2.549(8), C6�Ag15 2.510(8), C6�Ag16
2.214(9), C6�Ag17 2.183(8), C6�Ag18 2.632(9), C6�Ag6a 2.517(8). Symmetry code: a) 1 � x, y, z.
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Figure 12. Perspective view of supermolecule 6. F atoms have been
omitted for clarity. The silver atoms are drawn as thermal ellipsoids at
the 35% probability level. Open circles: oxygen; cross-hatched circles:
aqua ligands; black circles: C2


2� species; side-hatched small circles: other
carbon atoms.


Experimental Section


General : Ag2C2 was prepared as described previously,[6] and other
chemicals were used as purchased. CAUTION : thoroughly dried Ag2C2


detonates easily upon mechanical shock and heating, and only a small
quantity should be used in any chemical reaction. Excess amounts can be
disposed in alkaline solution by slow decomposition.


Preparation of [Ag([12]crown-4)2][Ag10(C2)(CF3CO2)9([12]crown-
4)2(H2O)3] ¥ H2O (2): Ag2C2 was added to a solution of AgCF3CO2


(0.663 g, 3 mmol) in water (1 mL) in a plastic beaker with stirring until
saturated. The excess amount of Ag2C2 was filtered off, and a few drops of
[12]crown-4 ether (42 mg) were added to the filtrate. The resulting
suspension was transferred to a thick-walled glass tube. The tube was
subsequently flame-sealed and kept in a furnace at 115 �CC for 6 h, and
then cooled down to room temperature at 6�h�1. Colorless platelike crystals
of 2 were isolated in over 50% yield. Elemental analysis calcd (%) for
C52H72Ag11F27O38 (3004.67): C 20.79, H 2.42; found: C 20.65, H 2.34.


Preparation of [Ag2C2 ¥ 5AgCF3CO2 ¥ (benzo[15]crown-5) ¥ (H2O)2] ¥
0.5H2O (3): Ag2C2 was added to a solution of AgCF3CO2 (0.663 g, 3 mmol)
in water (1 mL) in a plastic beaker with stirring until saturated. The excess
amount of Ag2C2 was filtered off, and benzo[15]crown-5 (45 mg) dissolved
in hot ethanol (1 mL) was added to the filtrate. The resulting solution was
allowed to stand without disturbance, and colorless rhombic plates of 3
were obtained in good yield (over 80%) after several hours. Elemental
analysis calcd (%) for C26H25Ag7F15O17.5 (1657.55): C 18.84, H 1.52; found: C
19.09, H 1.65.


Preparation of [Ag4([18]crown-6)4(H2O)3][Ag18(C2)3(CF3CO2)16 ¥
(H2O)2.5] ¥ 2.5H2O (4): Ag2C2 was added to a solution of AgCF3CO2


(0.663 g, 3 mmol) in water (1 mL) in a plastic beaker with stirring until
saturated. The excess amount of Ag2C2 was filtered off, [18]crown-6
(50 mg) was added and dissolved in the filtrate. The resulting solution was
allowed to stand without disturbance, and colorless needle-like crystals of 4
were obtained in over 50% yield after several hours. Elemental analysis
calcd (%) for C82H112Ag22F48O64 (5454.90): C 18.94, H 2.07; found: C 18.93,
H 1.76.


Preparation of [Ag2C2 ¥ 6AgC2F5CO2 ¥ 2([15]crown-5)]2 (5): Ag2C2 was
added to a solution of AgC2F5CO2 (0.544 g, 2 mmol) and AgBF4 (0.389 g,
2 mmol) in water (1 mL) in a plastic beaker with stirring until saturated.
The excess amount of Ag2C2 was filtered off, and [15]crown-5 (45 mg) was
added to the filtrate. The resulting suspension was transferred to a thick-
walled glass tube. The tube was subsequently flame-sealed and kept in a
furnace at 115 �C for 6 h, and then cooled down to room temperature at
6�h�1. Colorless blocklike crystals of 5 were isolated in good yield (�80%).
Elemental analysis calcd (%) for C80H80Ag16F60O44 (4611.36): C 20.84, H
1.75; found: C 20.54, H 1.76.


Preparation of [(Ag2C2)2 ¥ (AgC2F5CO2)9 ¥ ([18]crown-6)2 ¥ (H2O)3.5] ¥ H2O
(6): Ag2C2 was added to a solution of AgC2F5CO2 (0.544 g, 2 mmol) and
AgBF4 (0.389 g, 2 mmol) in water (1 mL) in a plastic beaker with stirring
until saturated. The excess amount of Ag2C2 was filtered off, and
[18]crown-6 (60 mg) was added to the filtrate. A white precipitate was
deposited, which was allowed to stand still without filtration. The
precipitate changed to colorless blocklike crystals of 6 after several days.
Yield, about 40%. Elemental analysis calcd (%) for C55H57Ag13F45O34.5


(3527.32): C 18.73, H 1.63; found: C 18.32, H 1.32.


X-ray crystallography : Data collection was performed at 293 Kon a Bruker
SMART 1000 CCD diffractometer (�� 0.71073 ä) using frames of
oscillation range 0.3�, with 1.5�� �� 28�. An white empirical absorption
correction was applied by using the SADABS program.[23] The structures
were solved by direct methods, and non-hydrogen atoms were located from
difference-Fourier maps. For 2, 3, 5, and 6, all non-hydrogen atoms were
refined anisotropically by full-matrix least-squares on F 2 using the
SHELXTL program.[24] Part of the atoms of [18]crown-6 in 4 were refined


Table 1. Crystal data for complexes 2 ± 6.


2 3 4 5 6


formula C52H72Ag11 F27O38 C26H25Ag7F15O17.5 C86H112Ag22F48O64 C80H80Ag16F60O44 C55H57Ag13F45O34.5


crystal system orthorhombic triclinic triclinic monoclinic triclinic
space group Pnma (No.62 ) P1≈ (No. 2) P1≈ (No. 2) P21/c (No. 14) P1≈ (No. 2)
a [ä] 44.306(7) 13.359(2) 12.020(1) 24.374(1) 13.6133(8)
b [ä] 17.503(3) 14.059(2) 18.864(2) 10.8682(6) 14.0308(8)
c [ä] 10.977(2) 14.651(2) 35.036(4) 26.314(1) 25.705(2)
� [�] 90 115.240(2) 92.932(2) 90 82.508(1)
� [�] 90 101.703(3) 98.728(2) 107.207(1) 82.859(1)
� [�] 90 108.588(2) 105.632(2) 90 83.756(1)
V [ä3] 8513(2) 2167.1(5) 7526(2) 6658.6(6) 4808.7(5)
Z 4 2 2 2 2
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
� [mm�1] 2.614 3.228 2.932 2.452 2.744
	calcd [gcm�3] 2.344 2.540 2.407 2.300 2.436
reflections collected 56620 12068 51366 43881 32546
unique reflections 10701 9502 35792 15962 22713
data [I� 2�(I)] 5207 6485 18814 7299 11573
parameters 707 596 1665 902 1334
R1 (obs) 0.0510 0.0463 0.0633 0.0465 0.0640
wR2 (all data) 0.1599 0.1379 0.2034 0.1535 0.2114
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isotropically. Some of the aqua or water oxygen atoms in 2, 3, 4, and 6 have
half occupancies. The crystal data and details of refinement are given in
Table 1.


CCDC-193509 (2), CCDC-193510 (3), CCDC-193511 (4), CCDC-193512
(5), and CCDC-193513 (6) contain the supplementary crystallographic data
for the structures reported in this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/cont/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).
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A Fluorescent Sensor for 2,3-Bisphosphoglycerate Using a
Europium Tetra-N-oxide Bis-bipyridine Complex for
Both Binding and Signaling Purposes


Michael D. Best and Eric V. Anslyn*[a]


Abstract: Host 1 was designed and
synthesized as a fluorescent sensor for
2,3-bisphosphoglycerate (BPG, 3). The
design features a tris-functionalized trie-
thylbenzene core to preorganize binding
groups. The three cationic moieties, a
tetra-N-oxide bipyridine ± europium
complex and two ammonium groups,
were included to complement the three
anionic functionalities on the guest.
Beyond acting as a binding site, the


europium complex was used to signal
binding of the guest through modifica-
tion of the charge transfer emission. A
1:1 complex with BPG was determined
in 50% methanol/acetonitrile with a Ka


of 6.7� 105 mol�1 by monitoring the


reduction of the fluorescence signal
upon guest addition. In the titration of
related glycolytic intermediates lacking
a second phosphate (4 ± 6) into host 1,
2:1 host to guest binding was observed.
Similarly, control compound 2, which
lacks the ammonium groups, binds BPG
and 4 ± 6 in a 2:1 fashion. Also, phenyl-
phosphate 7 binds to host 1 in a 1:1
stoichiometry with a Ka over three times
less than 3.


Keywords: bipyridines ¥ europium
¥ host ± guest systems ¥ lanthanide ¥
receptors ¥ sensors


Introduction


2,3-Bisphosphoglycerate (BPG, 3) is a glycolytic intermediate
formed in the interconversion between 3-phosphoglycerate
(3-PG, 4) and 2-phosphoglycerate (2-PG, 5) by phosphogly-
cerate mutase.[1] BPG plays an important role in the
regulation of oxygen transport by binding to hemoglobin
and decreasing its affinity for oxygen.[2] As a result, inherited
diseases exist in which abnor-
mal concentrations of BPG
lead to altered levels of oxygen
transport.[3] Also, fetal hemo-
globin has been found to ex-
hibit higher oxygen affinity
than adult hemoglobin due to
a lower binding affinity to-
wards BPG.[4] This has been
attributed to a different N-ter-
minal sequence on the �-chain
of hemoglobin F.[5] BPG has
been previously detected
through the use of HPLC[6]


and enzymatic assays.[7] In de-
veloping a fluorescent sensor


for BPG, we sought to benefit from the sensitivity of
fluorescent measurements, and to eventually develop a
resin-bound sensor for incorporation into a multiple compo-
nent sensing ensemble for the analysis of complex mixtures.[8]


Complexes between europium and bipyridine-derived
macrocyclic structures have been the subject of extensive
investigation, particularly due to their photophysical proper-
ties.[9] The excitation of the complex leads to multiple charge


transfer emission signals with line-like properties. However,
the fluorescence of the complex is often unstable in aqueous
solution due to non-radiative decay into vibrational states of
ligated waters. As a result, much work has focused on the
development of cage-like bipyridine-based ligands to shield
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the europium from solvent and thus
increase emission intensity.[10] Due to
the increased affinity of N-oxidized
bipyridine ligands towards europi-
um[11] , macrocyclic ligands for euro-
pium have also been developed con-
taining these subunits.[12] Furthermore,
polypyridine ± europium complexes
and other derivatives of lanthanides
have been used for the fluorescent
detection of anions and other analy-
tes.[13]


The core design of host 1 is based on
the tris-functionalized triethylbenzene
scaffold. Due to steric repulsions be-
tween adjacent benzylic substituents,
this structure preferably adopts a stag-
gered conformation, placing the three
binding groups towards the same face
of the benzene ring, effectively forming
a binding cavity.[14] We have used this
scaffold to develop receptors for the detection of citrate[15] ,
tartrate,[16] and gallate-like molecules[17] for the analysis of
sports drinks, grape-derived beverages, and scotch whiskies,
respectively. Other applications of this scaffold have been
recently reviewed.[18] For host 1, a tetra-N-oxide bipyridine
group was included to form a stable complex with europium.
The europium and ammonium groups were used to provide
three cationic groups for binding of the three complementary
anionic groups on the BPG.


Results and Discussion


Synthesis :The synthetic scheme for host 1 begins with
6-chloromethyl-2,2�-bipyridine (8, Scheme 1).[19] This was
allowed to react with sodium tosylamide leading to 9.[20] Next,


the tosyl group was removed with sulfuric acid in the
formation of 10. Following this, monomethylsuccinate (11)
was coupled to the free amine of 10, yielding 12. Here,
succinate was installed as a linker to increase the flexibility of
the bipyridine ligands by distancing them from the relatively
bulky triethylbenzene core. Succinate was specifically used as
a linker such that all nitrogens were incorporated within
amides to avoid their oxidation upon bipyridine N-oxidation
later in the synthesis. Next, the methyl ester of 11 was
hydrolyzed to afford 13.
In the preparation of the triethylbenzene scaffold towards


host 1, two of the amines of tris(aminomethyl) structure 14[15]


were protected with tert-butyloxycarbonyl (Boc) groups,
yielding 15 (Scheme 2). This was then coupled to carboxylate
13 using a standard peptide coupling protocol in the formation
of 16. Next, the bipyridines were oxidized using m-chloro-
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perbenzoic acid to afford compound 17. Finally, deprotection
of the Boc groups with trifluoroacetic acid followed by anion-
exchange chromatography yielded ligand 18. Europium com-
plex 1 was then obtained by reaction of 18 with europium
acetate hydrate and was characterized by the [1�OAc]�
peaks atm/z 1017 and 1019 in the ESI-MS. Control compound
2, which lacks the triethylbenzene scaffold and ammonium
groups of 1, was synthesized using the same strategy. Here, 12
was oxidized to 19, which was then metallated to obtain model
compound 2 (Scheme 3).


CH2Cl2
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N O
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Scheme 3. Synthesis of model 2.


Photophysical studies : The absorbance spectra of host 1
exhibited a �max of 260 nm for the complex. Upon exciting at
this wavelength in methanolic solution, a fluorescence spectra
was obtained which agreed with previous reports of the
photophysical properties of similar bipyridine-N-oxide euro-
pium complexes.[12] This spectra features six line-like emission
peaks at 577, 590, the largest peak at 610, 650, 690 and 699 nm.
When the solvent was changed to greater than 5% water/
methanol solutions, though, the fluorescence signal was
completely quenched. However, with less than 5% water in
the solvent, we were able to obtain reproducible results in the
titration experiments.
Upon addition of 2,3-bisphosphoglycerate (3) to host 1 in


methanol, a decrease in the fluorescent signals of the complex
was observed. This was repeated with small percentages of
water to ensure that hydrates on the guests were not the cause
of the emission changes. In the titrations of 1 with BPG in
methanol, the inflection point of mole ratio plots were at
0.5 equivalents of added guest and the data could not be fit to
a 1:1 binding isotherm. This indicated that the host ± guest
complex which was formed in this solvent system consists of
two hosts bound to one guest. Our hypothesis was that this
stoichiometry might occur because the ammoniums of host 1
were not involved in complexation, and thus BPG binds the
europiums of two separate hosts. As a result, we decided to
decrease the polarity of the solvent to minimize the competi-
tion for hydrogen bonding and electrostatic interactions and
thus drive potential interactions between BPG and the
ammoniums of 1.
Upon changing to 50% or less methanol in acetonitrile, the


fluorescence decrease upon BPG addition to 1 fit a 1:1
binding curve. Also, in these solvents, the inflection of mol
ratio plots consistently occurred at one equivalent of added
guest, illustrating a discrete change in the binding mode. To
obtain a 1-BPG binding constant in 50% methanol/acetoni-
trile, several titrations were performed, the average of which


yielded a Ka of 6.7� 105 mol�1 (� 10%). A representative
example of the fluorescence change upon BPG addition,
along with the corresponding binding isotherm and 1:1 curve
fit are illustrated in Figures 1 and 2, respectively.


Figure 1. Fluorescence modulation upon introduction of BPG to 1.


Figure 2. Binding isotherm and curve fit for 1-BPG.


In addition to this fluorescence change, a very small shift in
the excitation spectra of host 1 was observed upon addition of
3 (Figure 3). The presence of an isosbestic point in this shift
was further evidence for the formation of a 1:1 complex in this
solvent system.We also titrated BPG into control compound 2
in this solvent system, in which 2:1 host to guest binding was
observed. This result indicates the importance of the ammo-
nium groups of host 1 in the 1:1 complexation of BPG under
these conditions as the removal of these groups causes the
system to undergo this change in binding mode. Based on
these results, a suggested binding mode for BPG in the
complex (20) is presented in Scheme 4.
Next, we attempted titrations of other glycolysis intermedi-


ates: 3-phosphoglycerate (3-PG, 4), 2-phosphoglycerate (2-
PG, 5), and phosphoenolpyruvate (PEP, 6). Titrations of
solutions of each of these compounds into solutions of 1 and 2
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Figure 3. Shift in absorbance spectra of 1 with BPG addition.


in solvent systems ranging from 10%methanol in acetonitrile
to 100% methanol were performed. In all of these experi-
ments, the inflection points in mol ratio plots pointed to the
association of two hosts to one guest molecule. These results
suggest that the extra phosphate on BPG is instrumental in
forming a 1:1 complex with host 1, the only guest from this
group which forms a 1:1 complex. Any potential selectivity for
BPG over 4 through 6 could not be directly quantified,
though, due to the change in binding mode of the analytes.
The titration of phenylphosphate (7) was also performed.


The data involving the change in emission upon introduction
of 7 to host 1 in 50%methanol/acetonitrile could be fit to a 1:1
binding curve as was anticipated due to the presence of only
one phosphate binding group. The Ka of this association was
determined to be 2.0� 105 mol�1 (� 10%), a little more than
three times less than that of the 1-BPG complex. These data
suggest a strong interaction of phosphates with themetal center
of 1, with only a small increase in affinity for BPG due to
interactions with the ammonium groups. Results from the titra-
tions of each guest in 50% methanol in acetonitrile are summa-
rized in Table 1. Therefore the ammoniums in 1 influence the
binding stoichiometry but hardly influence the binding affinity.


Conclusion


Host 1 forms a 1:1 complex with 2,3-bisphosphoglycerate in
50% methanol/acetonitrile, while the removal of the ammo-


niums to model 2 leads to 2:1 host to guest binding. This shows
that the ammoniums of 1 play an important role in the binding
of BPG in a 1:1 stoichiometry. Related glycolytic intermedi-
ates which lack the second phosphate undergo 2:1 host to
guest binding, similar to 2-BPG, most likely because they do
not interact with the ammoniums of 1. Phenylphosphate, with


only one phosphate binding
site, exhibits decreased affinity
to the host, again probably due
to the lack of interaction with
the ammoniums of 1. Thus,
BPG showed the highest affin-
ity towards 1 and was the only
guest of the glycolytic inter-
mediates to undergo 1:1 bind-
ing. However, problems with
the host include the inability
to detect binding in � 5%
aqueous solutions due to


quenching, and an inability to dramatically increase the
affinity for BPG by changing the binding site functional
groups.
Currently, we are attempting to develop other techniques


for the detection of 1-BPG binding in water, circumventing
the quenching of the europium fluorescence in this solvent.


Experimental Section


General : Methanol was heated under reflux over magnesium, tetrahydro-
fuan over sodium and benzophenone, and triethylamine and dichloro-
methane over calcium hydride, and distilled when noted. NMR tubes were
dried in an oven at 125 �C for at least 24 hours prior to use. Products were
placed under high vacuum overnight before spectra and masses were
obtained. Starting materials were generally purchased from Aldrich. 1H
and 13C NMR spectra were collected at 300 and 75 MHz, respectively, on a
Varian Unity Plus spectrometer. High resolution mass spectra were
recorded on a Finnigan VG analytical ZAB2-E spectrometer.


N,N-Bis-(6-(2,2�-bipyridyl)methyl)-N-tosylamine (9): 6-Chloromethyl-2,2�-
bipyridine (8, 2.29 g, 11.1 mmol) was dissolved in N,N�-dimethylformamide
(75 mL) in a flame dried 250 mL round-bottomed flask. Sodium tosylamide
(1.08 g, 5.57 mmol) and potassium carbonate (2.31 g, 16.7 mmol) were then
added and the reaction heated to 100 �C for 6 h. The solvent was removed
through rotary evaporation and high vacuum pumping. Next, the crude was
dissolved in dichloromethane (100 mL) and washed with water (3�
100 mL). The organic layer was then dried with magnesium sulfate, filtered
and the solvent removed by rotary evaporation and a high vacuum pump.
The crude material was purified using column chromatography (silica gel,
70% ethyl acetate/hexanes). This yielded 9 as a white solid (2.04 g, 72%).
M.p. 112 ± 114 �C; 1H NMR (300 MHz, CDCl3): �� 8.56 (d, 2H, J�
4.5 Hz), 8.10 (m, 4H), 7.62 (m, 6H), 7.31 (d, 2H, J� 7.8 Hz), 7.18 (m,
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Scheme 4. Hypothetical binding of BPG to host 1 based on titration evidence.


Table 1. Host ± guest and model ± guest titration results in 50% MeOH/
MeCN.


Guest Ka with host 1 (�105��1) Result with host 2


2,3-BPG (3) 6.7[a] [b]


3-PG (4) [b] [b]


2-PG (5) [b] [b]


PEP (6) ×[b] [b]


phenylphosphate (7) 2.0[a] [d]


acetate [c] [d]


[a] � 15%. [b] Undergoes 2 to 1 host-to-guest binding. [c] No change in
emission spectra observed. [d] Not attempted.
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2H), 7.06 (d, 2H, J� 8.1 Hz), 4.73 (s, 4H), 2.19 (s, 3H); 13C NMR (75 MHz,
CDCl3): �� 155.24, 155.09, 154.74, 148.43, 142.62, 136.85, 136.56, 136.06,
128.97, 126.63, 123.11, 122.09, 120.52, 118.96, 53.23, 20.79; HRMS-CI� :m/z :
calcd for C29H26N5O2S: 508.1807; found: 508.1808.


N,N-Bis-(6-(2,2�-bipyridyl)methyl)amine (10): Compound 9 (1.54 g,
3.0 mmol) was dissolved in 90% sulfuric acid (40 mL) in a 250 mL
round-bottom flask. This was heated to 120 �C for 2 h under a condenser.
After cooling to room temperature, the reaction was brought to pH 10
through addition of 1� sodium hydroxide, followed by concentrated
ammonium hydroxide to yield a white precipitate. The solution was
extracted with dichloromethane (3� 200 mL), after which the extracts
were combined, dried with magnesium sulfate, filtered and the solvent
removed by rotary evaporation and a high vacuum pump. This yielded 10 as
a brown oil (1.02 g, 95%). 1H NMR (300 MHz, CDCl3): �� 8.65 (d, 2H,
J� 4.8 Hz), 8.46 (d, 2H, J� 8.1 Hz), 8.25 (d, 2H, J� 7.8 Hz), 7.87 ± 7.69 (m,
4H), 7.35 (d, 2H, J� 7.5 Hz), 7.27 (t, 2H, J� 6.3 Hz), 4.09 (s, 4H), 3.22 (s,
1H); 13C NMR (300 MHz, CDCl3): �� 158.81, 155.96, 155.23, 148.82,
137.03, 136.48, 123.33, 121.99, 120.92, 118.94, 54.40; HRMS-CI� : m/z : calcd
for C22H20N5: 354.1719; found: 354.1712.


Methyl-3-[N,N-bis-(6-(2,2�-bipyridyl)methyl)carbamoyl] propanoate (12):
Dicyclohexylcarbodiimide (527 mg, 2.55 mmol), hydroxybenzotriazole
(345 mg, 2.55 mmol) and monomethyl succinate (337 mg, 2.55 mmol) were
dissolved in 5 mL of distilled dichloromethane in a flame dried 100 mL
round-bottom flask. This was allowed to stir at 0 �C under an argon balloon
for 30 minutes. Compound 11 (752 mg, 2.13 mmol) was separately dis-
solved in 20 mL of distilled dichloromethane and then added to the
reaction flask. The reaction mixture was allowed to stir at 0 �C for
30 minutes and then at room temperature for 6 h. Next, the crude material
was directly added to a silica gel column and purified using gradient elution
from 1 to 3% methanol/dichloromethane. This afforded 12 as a white solid
(963 mg, 97%). M.p. 88 ± 90�C; 1H NMR (300 MHz, CDCl3): �� 8.59 (t,
2H, J� 4.2 Hz), 8.18 ± 8.36 (m, 4H), 7.71 (m, 4H), 7.30 ± 7.17 (m, 4H), 4.78
(s, 2H), 4.76 (s, 2H), 3.53 (s, 3H), 2.79 ± 2.62 (m, 4H); 13C NMR (300 MHz,
CDCl3): �� 173.35, 172.28, 156.56, 155.92, 155.82, 155.61, 155.49, 155.21,
148.92, 148.87, 137.59, 137.40, 136.76, 136.57, 123.68, 123.43, 122.18, 121.00,
120.91, 119.52, 119.28, 52.99, 51.63, 51.53, 29.07, 28.08; HRMS-CI� : m/z :
calcd for C27H26N5O3: 468.2036; found: 468.2032.


3-[N,N-Bis-(6-(2,2�-bipyridyl)methyl)carbamoyl] propanoate (13): Com-
pound 12 (765 mg, 1.64 mmol) was dissolved in methanol (25 mL) and 1�
KOH (25 mL) in a 250 mL round-bottomed flask. The reaction was heated
to 90 �C for 5 h. The solvent was then removed through rotary evaporation
and a high vacuum pump to afford an orange oil. The crude material was
then dissolved in chloroform, dried with magnesium sulfate, filtered and
the solvent removed. Purification was performed using column chroma-
tography on silica gel with 20% ammonia sat. methanol/dichloromethane
as eluant, yielding 13 as a brown solid (740 mg, 95%). M.p. 66 ± 68�C;
1H NMR (300 MHz, CDCl3): �� 8.48 (s, 2H), 8.21 (d, 1H, J� 8.1 Hz), 8.06
(t, 2H, J� 8.1 Hz), 7.93 (d, 2H, J� 8.1 Hz), 7.63 ± 7.47 (m, 4H), 7.09 ± 7.07
(m, 4H), 4.67 (s, 2H), 4.62 (s, 2H), 2.68 (s, 2H), 2.43 (s, 2H); 13C NMR
(300 MHz, CDCl3): �� 177.55, 173.83, 156.59, 155.90, 155.80, 155.57, 155.23,
149.00, 148.96, 137.77, 137.64, 137.05, 136.86, 123.83, 123.60, 122.39, 121.24,
121.18, 119.71, 119.53, 53.16, 51.69, 50.54, 30.68, 28.78; HRMS-CI� : m/z :
calcd for C26H24N5O3: 454.1880; found: 454.1871.


1,3-Bis[N-((tert-butoxy)carbonyl)aminomethyl]-5-(aminomethyl)-2,4,6-
triethylbenzene (15): 1,3,5-Tris(aminomethyl)-2,4,6-triethylbenzene (14,
8.85 g, 35.5 mmol) was dissolved in distilled dichloromethane (300 mL) in
a 1 L round-bottomed flask and was placed under nitrogen. Boc2O (8.53 g,
39.1 mmol) was dissolved in distilled dichloromethane (150 mL) and placed
under nitrogen in an addition funnel on the reaction flask. This solution was
dropped into the reaction slowly over 2 h. Upon addition, the solution
turned cloudy. The solvent was removed by rotary evaporation after 21 h,
and the resulting milky white solid was purified by column chromatography
(silica gel, gradiant elution from 1% to 30% ammonia sat. methanol/
dichloromethane). TLC analysis of the fractions was performed using
ninhydrin spray, which stained the otherwise unidentifiable spots of the
amine products. The first band yielded the tris-Boc protected compound as
a white solid after evaporation (1.47 g, 8%). The next band was the bis-Boc
protected amine (15), a white fluffy solid (3.62 g, 23%), and the third band
afforded the mono-Boc protected product also as a white, fluffy solid
(2.65 g, 21%). The unreacted amine was then removed using 30%
ammonia sat. methanol/dichloromethane, and obtained as a yellow solid


(3.52 g, 40%). M.p. 142 ± 144�C; 1H NMR (300 MHz, CDCl3) (free based
compound): �� 4.48 (s, 2H), 4.26 (s, 4H), 3.79 (s, 2H), 2.68 (q, 6H, J�
7.5 Hz), 1.37 (s, 18H), 1.13 (t, 9H, J� 7.5 Hz); 13C NMR (75 MHz, CDCl3):
�� 155.16, 142.38, 142.28, 136.91, 131.96, 78.97, 39.09, 38.49, 28.11, 22.55,
22.40, 16.36, 16.23; HRMS-CI� : m/z : calcd for C25H44N3O4: 450.3332;
found: 450.3332.


1-[(3-(N,N-Bis-(6-(2,2�-bipyridyl)methyl)carbamoyl)propamoyl)amino-
methyl]-3,5-bis[N-((tert-butoxy)carbonyl)aminomethyl]-2,4,6-triethylben-
zene (16): Compound 15 was free based by addition of dichloromethane
and concentrated ammonium hydroxide, extraction of the dichlorome-
thane, washing of the aqueous layer, combination of the organic layers,
drying and solvent removal. After placement on the high vacuum pump
overnight, this compound (483 mg, 1.08 mmol) was dissolved in distilled
dichloromethane (20 mL) in a 100 mL round-bottomed flask. The flask was
then cooled to 0�C and placed under argon. To this was added 13 (493 mg,
1.08 mmol), dicyclohexylcarbodiimide (270 mg, 1.29 mmol) and hydroxy-
benzotriazole (177 mg, 1.29 mmol). The reaction was then warmed to room
temperature and stirred for 14 hours. Solvent removal yielded a brown oil,
which was purified by column chromatography over silica gel with gradient
elution from 0.5 to 1.5% methanol/dichloromethane. This yielded 16 as a
yellow solid (965 mg, 97%). M.p. 108 ± 112�C; 1H NMR (300 MHz,
CDCl3): �� 8.55 (d, 2H, J� 4.8 Hz), 8.29 ± 8.13 (m, 4H), 7.75 ± 7.61 (m,
4H), 7.25 ± 7.14 (m, 4H), 6.25 (s, 1H), 4.83 (s, 2H), 4.76 (s, 2H), 4.62 (s, 2H),
4.33 (s, 2H), 4.21 (s, 4H), 2.97 (t, 2H, J� 6.0 Hz), 2.69 ± 2.55 (m, 8H), 1.08
(s, 18H), 1.05 ± 1.03 (m, 9H); 13C NMR (300 MHz, CDCl3): �� 173.06,
171.95, 157.11, 156.42, 155.87, 155.63, 155.40, 155.23, 148.85, 143.49, 137.64,
137.41, 136.85, 136.68, 132.06, 131.67, 123.68, 123.50, 121.96, 121.11, 121.03,
120.99, 119.66, 119.39, 79.19, 33.65, 31.26, 29.44, 28.92, 53.27, 53.03, 51.48,
38.53, 37.84, 28.20, 22.63, 16.17; HRMS-CI� : m/z : calcd for C51H65N8O6:
885.5027; found: 885.5028.


1-[(3-(N,N-Bis-(6-(2,2�-bipyridyl-1,1�-dioxide)methyl)carbamoyl)propa-
moyl)aminomethyl]-3,5-bis-[N-((tert-butoxy)carbonyl)aminomethyl]-
2,4,6-triethylbenzene (17): Compound 16 (167 mg, 188 �mol) was dissolved
in chloroform (2 mL) in a 50 mL round-bottomed flask, which was then
placed at 0�C. m-Chloroperbenzoic acid (233 mg, 943 �mol) was dissolved
in chloroform (3 mL) and added to the reaction mixture. The reaction flask
was then brought to room temperature with stirring for 3 h. A second
portion of mCPBA (233 mg, 43 �mol) was dissolved in chloroform (3 mL)
and added to the reaction, followed by stirring for 17 more hours. Following
solvent removal by rotary evaporation, the crude mixture was purified
through column chromatography over silica gel. Here, methanol (1 L) was
passed through the column to elute all biproducts. Then, ammonia
saturated methanol (1 L) was used to remove 17 (123 mg, 69%). M.p.
173 ± 175�C; 1H NMR (300 MHz, CDCl3): �� 8.26 (s, 2H), 7.50 ± 7.30 (m,
12H), 5.87 (s, 1H), 4.99 (s, 2H), 4.86 (s, 2H), 4.54 (s, 2H), 4.40 (s, 2H), 4.31
(s, 4H), 2.87 (t, 2H, J� 6.0 Hz), 2.64 (m, 6H), 2.48 (t, 2H, J� 6.0 Hz), 1.39
(s, 18H), 1.11 (m, 9H); 13C NMR (300 MHz, CDCl3): �� 173.56, 171.59,
155.28, 147.56, 146.84, 143.67, 142.83, 142.74, 142.52, 142.39, 139.81, 132.32,
131.88, 128.12, 127.03, 126.57, 126.41, 126.28, 125.21, 125.02, 124.95, 124.83,
48.52, 45.76, 38.64, 37.96, 30.73, 30.19, 28.29, 25.03, 22.78, 16.34; HRMS-
CI� : m/z : calcd for C51H65N8O10: 949.4824; found: 949.4827.


1-[(3-(N,N-Bis-(6-(2,2�-bipyridyl-1,1�-dioxide)methyl)carbamoyl)propa-
moyl)aminomethyl]-3,5-bis(aminomethyl)-2,4,6-triethylbenzene bis(acetic
acid) salt (18): Compound 17 (140 mg, 148 �mol) was dissolved in distilled
dichloromethane (2 mL) and trifluoroacetic acid (2 mL). The reaction was
stirred for 3 h, at which time solvent removal yielded an orange oil. The
crude was then run down an Amberlite IRA-400 (Cl�) anion exchange
column which had been treated with ammonium acetate. The resulting salt
was lyophilized and then redissolved in water and lyophilized twice more to
yield 18 as a brown solid (122 mg, 95%). M.p. �200�C; 1H NMR
(300 MHz, CD3OD): �� 8.36 (s, 2H), 7.62 ± 7.48 (m, 13H), 4.97 (s, 2H), 4.74
(s, 2H), 4.35 (s, 2H), 3.98 (s, 4H), 3.21 (s, 4H), 2.91 ± 2.44 (m, 6H), 1.80 (s,
6H), 1.07 (m, 9H); 13C NMR (300 MHz, CDCl3): �� 176.07, 174.37, 161.35,
160.83, 160.31, 159.79, 150.52, 149.35, 147.56, 145.95, 144.43, 144.25, 143.92,
141.73, 141.56, 134.36, 133.90, 132.81, 131.68, 130.97, 130.64, 129.68,
129.56, 129.04, 127.84, 122.52, 118.72, 114.92, 111.11, 38.59, 37.84, 31.35,
29.25, 24.18, 16.29; HRMS-CI� : m/z : calcd for C41H49N8O6: 749.3775;
found: 749.3784.


1-[(3-(N,N-Bis-(6-(2,2�-bipyridyl-1,1�-dioxide)methyl)carbamoyl)propa-
moyl)aminomethyl]-3,5-bis(aminomethyl)-2,4,6-triethylbenzene bis(acetic
acid) europium(���) trisacetate (1): Compound 18 (26.7 mg, 30.8 �mol)
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was placed in a 50 mL round-bottomed flask and dissolved in spectroscopic
grade methanol (5 mL). Europium acetate hexahydrate (13.4 mg,
30.8 �mol) was then added and the solution heated to 60�C
under a condenser for 3 h. Following the reaction, the mixture was
diluted into a stock solution and used for studies without further
purification.


Methyl-3-[N,N-bis-(6-(2,2�-bipyridyl-1,1�-dioxide)methyl)carbamoyl]pro-
panoate (19): Structure 12 (183 mg, 391 �mol) was dissolved in chloroform
(2 mL) in a 100 mL round-bottomed flask, which was placed at 0�C. m-
Chloroperbenzoic acid (482 mg, 1.96 mmol) was then dissolved in chloro-
form (3 mL) and added to the reaction flask through a syringe. The reaction
was stirred at 0�C for 15 min and then at room temperature for 4 h. At this
point, the reaction was returned to 0�C, and another portion of mCPBA
(482 mg, 1.96 mmol) dissolved in chloroform (5 mL) was added. After
15 minutes, the reaction was again allowed to warm to room temperature,
and was then allowed to stir for 15 h. Next, the reaction was directly loaded
onto a silica gel column. First, the m-CPBA and resultant meta-chloro-
benzoic acid were removed using 100% methanol as eluant. This was
followed by the removal of the methyl-3-(N,N-bis-(6-(2,2�-bipyridyl-1,1�-
dioxide)carbamoyl))propanoate using 25% ammonia saturated methanol/
dichloromethane as eluant. The product 19 was obtained as a light yellow
solid (208 mg, 97%). M.p. 115 ± 117�C; 1H NMR (300 MHz, CDCl3): ��
8.27 (t, 2H, J� 6.0 Hz), 7.50 ± 7.28 (m, 12H), 4.97 (s, 2H), 4.87 (s, 2H),
3.65 (s, 3H), 2.82 (t, 2H, J� 6.0 Hz), 2.67 (t, 2H, 6.0 Hz); 13C NMR
(300 MHz, CDCl3): �� 173.35, 173.10, 147.57, 146.92, 142.87, 142.48, 139.96,
139.90, 128.18, 127.06, 126.61, 126.45, 125.53, 124.95, 124.91, 124.81, 51.75,
48.55, 45.71, 28.84, 27.88; HRMS-CI� :m/z : calcd for C27H26N5O7: 532.1832;
found: 532.1840.


Methyl-3-[(N,N-bis-(6-(2,2�-bipyridyl-1,1�-dioxide)methyl)carbamoyl)pro-
panoate] europium(���) trisacetate (2): Molecule 19 (26.0 mg, 48.7 �mol)
was dissolved in spectroscopic grade methanol (5 mL) in a 50 mL round-
bottomed flask. To this was added europium acetate hexahydrate (21.4 mg,
48.7 �mol). The reaction was heated to 70�C under a condenser. Following
this, the solution was diluted into a stock solution and used for studies
without further purification. MS-ESI� [2�OAc]�: found: 800, 802; MS-
FAB� [2�OAc]�: found: 800, 802; HRMS-FAB� : m/z : calcd for
C31H31N5O11Eu: 802.1233; found: 802.1223.


Titrations of guests into host 1 and model 2 : Two solutions were freshly
made for each titration, the cuvette solution consisting of only host, and the
titrant having the same concentration of host with a concentration of guest
four to five times larger. The cuvette solution was formed by adding an
unbuffered host stock solution (100 �L) and diluting with 5m� tris-buffer
(4.9 mL), which was adjusted to pH 7.4 through methoxide addition, and
spectroscopic grade acetonitrile (5 mL). Thus, the final solution contained
5.52n� host and 2.45m� buffer in 50% methanol/acetonitrile. The guest
solution contained 100 �L of the host as well, plus, in the case of BPG,
700 �L of guest buffered to pH 7.4 with 5mM tris in methanol, 4.3 mL of
5 m� Tris-buffered methanol and acetonitrile (5 mL). The resulting guest
solution contained 5.52n� host, 22.9n� BPG and 2.45 m� tris buffer in
50% methanol/acetonitrile. Titrations were performed by adding the host
solution (2 mL) to a quartz cuvette and adding guest solution (50 �L) for
each point, leading to a first addition [BPG]/[host] ratio of around 0.1.
Titrations were carried out to around three equivalents of guest. Binding
affinities were calculated through curve fitting of the changes in fluo-
rescence. This was performed through iterative manipulation of the binding
constant and change in molar absorptivity until the best fit of the data with
the theoretical curve was recorded.
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Fine Tuning of Photophysical Properties of meso ±meso-Linked
ZnII ±Diporphyrins by Dihedral Angle Control
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Hyun Sun Cho,[b] Dongho Kim,*[b] Yoichi Matsuzaki,[c] Atsushi Nogami,[c] and
Kazuyoshi Tanaka[d]


Introduction


Over the last two decades, considerable efforts have been
devoted to the synthesis of covalently linked diporphyrins as a


minimum functional unit for catalysts for the four-electron
reduction of oxygen,[1] photosynthetic reaction centers
(RC×s), and light harvesting complexes (LHC×s).[2±6] With
these diporphyrins, tuning and optimization of intramolecular
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Abstract: A series of meso ±meso-
linked diporphyrins Sn strapped with a
dioxymethylene group of various length
were synthesized by intramolecular AgI-
promoted coupling of dioxymethylene-
bridged diporphyrins Bn, for n� 10, 8, 6,
5, 4, 3, 2, and 1. Shortening of the strap
length causes a gradual decrease in the
dihedral angle between the porphyrins
and increasing distortion of porphyrin
ring, as suggested by MM2 calculations
and 1H NMR studies. This trend has
been also suggested by X-ray crystallo-
graphic studies on the corresponding
CuII complexes of nonstrapped dipor-
phyrin 2Cu, and strapped diporphyrins
S8Cu, S4Cu, and S2Cu. The absorption
spectrum of relatively unconstrained
diporphyrins S10 strapped with a long
chain exhibits split Soret bands at 414
and 447 nm and weak Q(0,0)- and prom-
inent Q(1,0)-bands, both of which are
similar to those of nonstrapped dipor-
phyrin 2. Shortening of the strap length
causes systematic changes in the absorp-


tion spectra, in which the intensities of
the split Soret bands decrease, the
absorption bands at about 400 nm and
� 460 nm increase in intensity, and a
prominent one-band feature of a
Q-band is changed to a distinct two-
band feature with concurrent progres-
sive red-shifts of the lowest Q(0,0)-band.
The fluorescence spectra also exhibit
systematic changes, roughly reflecting
the changes of the absorption spectra.
The strapped diporphyrins Sn are all
chiral and have been separated into
enantiomers over a chiral column. The
CD spectra of the optically active Sn
display two Cotton effects at 430 ± 450
and at about 400 nm with the opposite
signs. The latter effect can be explained
in terms of oblique arrangement of m�1
and m�2 dipole moments, while the


former effect cannot be accunted for
within a framework of the exction cou-
pling theory. The resonance Raman
(RR) spectra taken for excitation at
457.9 nm are variable among Sn, while
the RR spectra taken for excitation at
488.0 nm are constant throughout the Sn
series. These photophysical properties
can be explained in terms of INDO/S-
SCI calculations, which have revealed
charge transfer (CT) transitions acci-
dentally located close in energy to the
excitonic Soret transitions. This feature
arises from a close proximity of the two
porphyrins in meso ±meso-linked dipor-
phyrins. In addition to the gradual red-
shift of the exciton split Soret band, the
calculations predict that the high-energy
absorption band at about 400 nm, the
lower energy Cotton effect, and the RR
spectra taken for excitation at 457.9 nm
are due to the CT states which are
intensified upon a decrease in the dihe-
dral angle.
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spectroscopy ¥ porphyrinoids ¥
structure elucidation ¥ zinc


[a] Prof. A. Osuka, Dr. N. Yoshida, T. Ishizuka
Department of Chemistry
Graduate School of Science
Kyoto University
and Core Research for Evolutional Science and Technology (CREST)
of Japan Science and Technology Corporation (JST)
Kyoto 606-8502 (Japan)
Fax: (�81)75-753-3970
E-mail : osuka@kuchem.kyoto-u.ac.jp


[b] Prof. D. Kim, Dr. D. H. Jeong, H. S. Cho
Department of Chemistry, Yonsei University
Seoul 120-749 (Korea)


[c] Y. Matsuzaki, Dr. A. Nogami
Japan Advanced Technology Research Laboratories
Nippon Steel Corporation, 20-1 Shintomi, Futtsu
Chiba 293-8511 (Japan)


[d] Prof. K. Tanaka
Department of Molecular Engineering
Graduate School of Engineering, Kyoto University
Sakyo-ku, Kyoto 606-8501 (Japan)


Supporting information for this article is available on the WWWunder
http://www.chemeuj.org or from the author: Structural parameters of
strapped free base diporphyrins calcualted byMM2, 500 MHz 1H NMR
spectra of 2, S8, S6, S4, S2, and S1 in aromatic region, emission spectra of
2 and Sn at 77 K in 2-methyltetrahydrofuran, and the CD spectra of
opically pure Sn.







58±75


Chem. Eur. J. 2003, 9, No. 1 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0059 $ 20.00+.50/0 59


electron- and/or energy-transfer processes have been exam-
ined by varying the interporphyrin distance, orientation, and
the electronic property of a bridge.[4±7] Whereas the distance
dependence has been rather actively examined to reveal the
electronic-exchange-mediating ability of a bridge,[5] the ori-
entation dependence remains only poorly explored, mostly
due to synthetic difficulties of models pertinent for such a
purpose.[6, 7] We have reported the orientation-dependent
exciton coupling of ZnII diporphyrins bridged by naphthalene
spacers,[8a] which were also useful for the examination of the
geometry dependence of intramolecular energy- and electron-
transfer procress.[9] In recent years, the large molecular
coefficients of the Soret band in ZnII porphyrins have been
used as a tool for the determination of the absolute stereo-
chemistry of chiral molecules owing to effective exciton-
coupled circular dichroism.[10]


Recently, we found that AgI-salt-promoted oxidation of a
5,15-diaryl ZnII porphyrin led to the synthesis of a meso ±
meso-linked diporphyrin, in which the Soret band is largely
split by exciton coupling owing to a large oscillator strength
and a short 8.35 ä center-to-center distance between the two
porphyrins.[11, 12] It has been further revealed that this coupling
reaction can be extended effectively to higher discrete
oligomers (the longest one reported is a 128-mer), all of
which display the absorption spectra that can be qualitatively
accounted for in terms of the exciton coupling theory.[11d,g, 13]


These arrays may be potentially interesting as an optical wire,
in that 1) they are linear rod-like shape, 2) the close proximity
of the two porphyrins provides large electronic interactions
and enables efficient energy transfer along the array, and
further 3) a discrete array with defined molecular length
determined by the number of porphyrins can be easily
prepared.[11d]


Another key feature of this system is an orthogonal
conformation of the neighboring porphyrins; this provides
good solubilities of the arrays, possibly preventing � ±�
stacking. This is quite important in the manipulation of very
long arrays. In addition, the orthogonal conformation disrupts
interporphyrin �-conjugation, hence enabling a very rapid
state-to-state energy- or electron-transfer process with avoid-
ance of electronic full delocalization, even in the very
proximate situation. Actually we have observed a rapid
energy transfer in ameso ±meso-linked zincII/free-base hybrid
diporphyrin with a rate of 0.56 ps�1.[14]


With these backgrounds, systematic control of the dihedral
angle of themeso ±meso-coupled diporphyrins is an intriguing
challenge, since it may offer a fine tuning of electronic
interactions between the two porphyrins; this may eventually
result in control of intramolecular excitation-energy- and
electron-transfer processes. The electronic interaction be-
tween the meso ±meso-linked diporphyrins is considered to
be minimum at 90� dihedral angle. Therefore, tilting of a
porphyrin ring from 90� to �90� causes a symmetry change
from D2d to D2 with a simultaneous increase in the electronic
interactions between the porphyrins; this may, in turn,
influence the absorption and fluorescence properties depen-
ding on the degree of induced enhancement of the electronic
interactions. When the electronic interaction is large enough
to give rise to full delocalization of the diporphyrin orbitals, a


state-to-state energy- or electron-transfer may become no
longer feasible.
In this paper, we report the synthesis, X-ray structures, and


optical and electrochemical characterizations of a series of
strapped meso ±meso-linked diporphyrins in which the dihe-
dral angle of the diporphyrins is systematically changed by
introducing a dioxymethylene strap varying the number of
carbon atoms (n� 10, 8, 6, 5, 4, 3, 2, and 1; see Scheme 1)


Scheme 1. Ar� 3,5-di-tert-butylphenyl; n� 10, 8, 6, 5, 4, 3, 2, and 1 for Bn


and Sn.


between the two porphyrins, with a particular concern on the
dependence of the absorption spectra of strapped ZnII


diporphyrins upon the dihedral angle.[15] In the last part, the
molecular orbitals of the strapped diporphyrins have been
investigated on the basis of the INDO/S calculation to provide
a rational explanation for the dihedral angle dependence of
the absorption spectra.


Results


Synthesis : Decamethylene-1,10-dioxy-bridged diporphyrin
B10 was prepared in 86% isolated yield by Williamson
reaction of 5-(3,5-di-tert-butylphenyl)-15-(3-hydroxyphenyl)-
porphyrin (1) with 1,10-dibromodecane (K2CO3, acetone) in
acetone followed by zinc insertion. Similar reactions of 1 with
longer dihaloalkanes (n� 8, 6, 5, 4, and 3) gave bridged dimers
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B8, B6 , B5, B4, and B3 in good yields (61 ± 92%), while the
reactions with shorter dihaloalkanes (n� 2 and 1) gave
bridged dimers B2 and B1 only in poor yields (Table 1). In
the preparation of B2, elimination side product 3 was formed


in a substantial amount and the poor solubility of B2 made its
separation further difficult. The similar elimination product 4
was also formed in the preparation of B3. The reaction of 1
with dibromomethane was quite slow, but the product B1 was
easily separated owing to the absence of an elimination side
product. In the meantime, we found that the use of dipolar
DMFas solvent improved the yields ofB2 andB1. With a set of
Bn (n� 10, 8, 6, 5, 4, 3, 2, and 1) in hand, we examined their
intramolecular AgI-promoted meso ±meso coupling reaction.
To suppress the intermolecular coupling, the reaction of Bn


was carried out at about 10�4� concentration, rather dilute
conditions in comparison with the concentration (about 2�
10�3�) used for the intermolecular coupling reactions.[11] The
reaction of B10 with AgPF6 gave strapped diporphyrin S10 in
68% yields along with the recovery of B10 (17%) and higher
oligomers (about 10%) after preparative GPC and silica gel
column chromatography. Similarly the reactions of B8, B6, B5,
and B4 afforded strapped diporphyrins S8, S6, S5, and S4,
respectively, in 60 ± 65% isolated yields. It is worth mention-
ing that diporphyrins S3 ± S1, bearing short straps, were
similarly synthesized in moderate yields by the same AgI-
promoted oxidation despite large strains. As described later,
S1 is most easily oxidized due to its low one-electron oxidation
potential and thus quite prone to undergo further coupling.
Therefore, in the synthesis of S1, we used more dilute
conditions (4� 10�5�) in order to suppress further coupling.
Recycling preparative GPC was found to be more convenient
than usual chromatography over a silica gel column owing to
large differences in exclusion volumes between Bn and Sn.
Under the standard conditions, most of the strapped dipor-
phyrins were stable except the most distorted diporphyrin S1,
which decomposed slowly even at low temperature as
revealed in the change in its absorption spectrum. Therefore,
all the characterizations of S1 were done with a fresh sample.


Estimation of diporphyrin strucrures in solution : Structures of
the nonstrapped diporphyrin 2 and the strapped diporphyrins
S10 ±S1 have been estimated by MM2 calculations. With a


decrease in the strap length, it is apparent that the torsional
strain becomes increased, also giving rise to deformation of
porphyrin ring. It has been calculated that the strain is initially
accommodated by a decrease in the dihedral angle between
the two porphyrins (�S and �NS, in which the suscripts S and
NS indicate the strapped and nonstrapped sides, respectively),
but eventually becomes too severe for such an accommoda-
tion. Then such a large distortion affects other structural
parameters including the mean planar deviations (�), the
bending angles of the meso ±meso bond with respect to C10 ±
C20 or C10� ±C20� (�), the bending angle of C21 ±C24 with respect
to C5 ±C15 (�), the tilting angle of meso-aryl group with
respect to the porphyrin plane (�S and �NS,), and the meso ±
meso bond length (�) (Supporting Information; for the
numbering of carbon atoms, see Figure 3 below). The
calculations have indicated that the porphyrin rings in 2, S10,
and S8 are almost flat with negligible mean plane deviations
and arranged roughly in a perpendicular manner with the
dihedral angles of 87�, 94�, and 90�, respectively. For the
diporphyrins with shorter straps, the dihedral angles have
been calculated as follows: 80� (S6), 77� (S5), 71� (S4), 48� (S3),
42� (S2), and 36� (S1). Along with these decreases in the
dihedral angles, the structural parameters have been calcu-
lated to deviate largely from those of 2, suggesting the
increasing distortions. A rotational barrier around the meso ±
meso linkage has been also calculated for simplemeso ±meso-
linked diporphyrin; this indicates that there is a relatively
shallow energy minimum around 90�, but the barrier increases
sharply with a decrease in the dihedral angle, preventing a full
rotation, in line with our recent finding that the enantiomers
of meso ±meso-linked diprophyrin formed from 5,15-substi-
tuted ZnII porphyrins were thermally stable.[16] We have also
calculated the structures of strapped diporphyrins by the
B3LYP hybrid density-functional theory, which also predicts a
shallow energy minimum around 90� of the dihedral angle.


1H NMR spectra : The 1H NMR spectra of the diporphyrins
were measured in CDCl3 and the chemical shifts of the
aromatic protons are listed in Table 2. Assignments have been
made on the basis of full 2D-ROESY measurements and the
designations of the protons are indicated in Figure 1. The
nonstrapped diporphyrin 2 has a signal at �� 10.39 ppm for
H1 and four �-proton signals at �� 9.49 (H3), 9.18 (H2), 8.74
(H6), and 8.12 ppm (H7), of which the chemical shifts of the
outer ones (H2 and H3) are almost the same as those of a


Table 1. Syntheses of Bn and Sn.[a]


n Bn Sn
1,�-dihaloalkane Product (Yield [%]) Product (Yield [%])


10 Br(CH2)10Br B10 (86)[b] S10 (68)
8 I(CH2)8I B8 (82)[b] S8 (65)
6 I(CH2)6I B6 (83)[b] S6 (60)
5 Br(CH2)5Br B5 (70)[b] S5 (43)
4 Br(CH2)4Br B4 (92)[b] S4 (63)
3 Br(CH2)3Br B3 (61)[b] S3 (38)
2 Br(CH2)2Br B2 (13)[b]


Br(CH2)2Br B2 (40)[c] S2 (35)
1 BrCH2Br B1 (12)[b]


BrCH2Br B1 (84)[c] S1 (20)


[a] Numbers in the parentheses are the isolated yields of products. [b] In
acetone. [c] In DMF.


Table 2. 1H NMR chemical shifts of porphyrin peripheral protons in 2 and
S10 ± S1 in CDCl3.


Outer Inner
H1 H2 H3 H4 H5 H6 H7 H8 H9


2 10.39 9.18 9.49 ± ± 8.74 8.12 ± ±
S10 10.39 9.21 9.50 9.49 9.20 8.79 8.30 7.95 8.70
S8 10.39 9.26 9.51 9.50 9.21 8.83 8.42 7.87 8.66
S6 10.37 9.33 9.50 9.50 9.21 8.89 8.61 7.71 8.62
S5 10.36 9.38 9.50 9.50 9.23 8.98 8.55 7.60 8.85
S4 10.36 9.43 9.51 9.50 9.25 9.08 9.22 7.18 8.46
S3 10.33 9.44 9.48 9.48 9.23 9.12 9.48 6.90 8.34
S2 10.32 9.45 9.49 9.49 9.24 9.24 9.91 6.32 8.10
S1 10.31 9.49 9.49 9.49 9.23 9.26 10.08 6.12 8.13
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Figure 1. Definitions of proton position numbers of a) 2 and b) Sn in
1H NMR spectra. tert-Butyl groups on phenyl groups are omitted for clarity.


monomeric 5,15-diaryl ZnII porphyrin, while the inner ones
(H6 and H7) exhibit upfield shifts owing to the ring current
effect of the adjacent porphyrin. The peripheral protons of the
strapped diporphyrins (S10 ± S1) appear as a singlet for H1 and
eight doublets for the �-protons (H2 ±H9). While the outer �-
protons (H2 ±H5) andmeso-proton H1 are scarcely affected by
changes in the strap length, the inner �-protons (H6 ±H9) show
contrasting shifts. Namely, with a decrease in the strap length,
the �-protons at the strap-side (H8 and H9) are upfield shifted
and those at the nonstrapped side (H6 and H7) are downfield
shifted. Of these, the H8 and H7 protons, which lie adjacent to
the meso ±meso linkage, exhibit the largest upfield and
downfield shifts, respectively; this probably reflects a change
in the influence of the neighboring porphyrin ring current,
which is sensitive to the dihedral angle between the two
porphyrins. This feature, which is enhanced upon the decrease
of the strap length, cannot be explained only by symmetric
tilting of the two porphyrins, but also by invoking bending of
the meso ±meso linkages with respect to C10 ±C20 and C10� ±
C20� connecting axes. This bending causes the shift of H8 and
H7 locations to more shielding and deshielding regions,
respectively. Similar features are noted for H9 and H2 and
for H10 and H11, but with less magnitude. In both cases, the
bisecting phenyl group exerts additional increasing shielding
and deshielding effects, respectively, upon the decrease in the
strap length. The distortion of the porphyrin ring would
increase upon the decrease of the strap, but the fact that the
meso-protons (H1) and the outer �-protons (at the non-
strapped side) of S10-S1 appear almost at the same chemical
shifts of 2 indicate that a porphyrin ring current is not
seriously affected by the introduction of a short strap, even in
the case of S1, in solution.


X-ray structures of strapped CuII diporphyrins : In spite of
strenuous attempts, X-ray quality crystals were not obtained
for the strapped ZnII diporphyrins.[17] Instead, the crystals
suitable for X-ray analysis were obtained for CuII complexes
of nonstrapped diporphyrin and several strapped diporphyr-
ins. The X-ray structures of 2Cu, S8Cu, S4Cu, and S2Cu, which
provide useful structural information on the corresponding
ZnII diporphyrins, are shown in Figures 2 ± 5. Selected struc-
tural parameters are listed in Tables 3 and 4.


Figure 2. X-ray crystal structure of 2Cu. Hydrogen atoms and solvents
were omitted for clarity.


The X-ray structure of 2Cu shows two quite planar
porphyrin rings with the mean planar deviation (�) of
0.004 ä connected in a perpendicular manner (�S� 86�and
�NS� 89�) with a meso ±meso bond length (�) of 1.51 ä and a
Cu ±Cu distance of 8.34 ä (Figure 2). The X-ray structure of
S8Cu exhibits two different ruffled porphyrin rings (�� 0.33
and 0.35 ä) connected with dihedral angles of �S� 64.9� and
�NS� 80�. Themeso ±meso bond length is 1.50 ä and the Cu ±
Cu distance is 8.40 ä. Small but distinct distortions are
apparent from large � values as well as somewhat enhanced �
and � values (Table 3). In the crystals of S4Cu and S2Cu, two
different diporphyrin structures are found, packed in a pair-
wise manner. In both cases, the two structures have different
structural parameters; we call a structure with a large dihedral
angle an A structure and one with a small dihedral angle a B
structure. In the case of S4Cu, the A structure exhibits �� 0.65
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Figure 3. X-ray crystal structure of S8Cu. Hydrogen atoms and solvents
were omitted for clarity.


Figure 4. X-ray crystal structure of S4Cu (structures A and B; see text).
Hydrogen atoms and solvents were omitted for clarity.


Figure 5. X-ray crystal structure of S2Cu (structures A and B; see text).
Hydrogen atoms and solvents were omitted for clarity.


and 0.72 ä, �S� 60.8�, �NS� 67.5�, and �� 1.53 ä, and the B
structure exhibits �� 0.61 and 0.70 ä, �S� 53.2�, �NS� 58.8�,
and �� 1.47 ä. The A and B structures have the similar mean
plane deviations (�), which are larger than those of 2Cu and
S8Cu, but differ in the meso ±meso bond length (�), which is
longer in A and shorter in B in comparison with that of the
nonstrapped 2Cu. In the crystal of S2Cu, the A structure
exhibits �� 0.46 and 1.30 ä, �S� 50.6�, �NS� 59.4�, and ��
1.52 ä, and the B structure exhibits �� 0.15 and 1.64 ä, �S�
50.3�, �NS� 55.0�, and �� 1.48 ä. The structural differences
between the two porphyrins in S2Cu are larger compared with
those in S4Cu, particularly with respect to the mean plane
deviation. Namely, one porphyrin is relatively flat and the
other is severely distorted with a large � value. There is a
similar trend that the meso ±meso bond length in the
diporphyrin conformer with a smaller dihedral angle (B
structure) is shorter than that in the other conformer (A
structure), but the difference in dihedral angles between the
two structures is smaller in comparison with S4Cu. It is likely
that these solid-state structures are brought about as a
consequence of combined influences of the distortions
imposed by a short strap and crystal packing forces. Overall,
the solid-state structural features of the strapped diporphyrins
are consistent with the solution structures calculated by the
MM2 method.


Oxidation potentials : The one-electron oxidation potentials
of Sn were examined by cyclic voltammetry in DMF. Further
coupling reactivity of these meso ±meso-linked diporphyrins
at free meso-positions upon the one-electron oxidation
conditions[11, 18] precluded a clear detection of the relevant
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oxidation potentials. However the one-electron oxidation
potentials have been recorded by using the differential pulse
voltammetry method and the results are summarized in
Table 5. The one-electron oxidation potentials of Sn become
gradually lower with a decrease in the strap length. To
examine the dihedral angle dependence on the oxidation
potentials in a clearer manner, we prepared meso-triaryl-


substituted strapped diporphyrins S�8, S�4, and S�2 (see
Scheme 1) that have no further coupling reactivity. The
observed first (Eox1) and second (Eox2) oxidation potentials
have been assigned as split first oxidation waves (one electron
per porphyrin) judging from the data of other electronically
coupled diporphyrins. The difference potential, �E�Eox2�
Eox1 increased upon decrease in the strap length, indicating
that the effect of a hole at one ZnII porphyrin for the
neighboring ZnII porphyrin increases in this order.


UV-visible absorption spectra : The electronic absorption
spectra of 2 and S10 ± S1 in CH2Cl2 are shown in Figure 6,
and the numerical data are summarized in Table 6. The
diporphyrin S10 exhibits split Soret bands at 414 and 447 nm,
which are similar to those of 2, except for a slight broadening.
In going from S10 to S1, the absorption spectra exhibit
systematic changes both in the B- and Q-band regions. The
intensities of the split Soret bands around 415 and 450 nm
decrease and the absorption bands at ca. 400 and�460 nm are
intensified, particularly in S3, S2, and S1. In the absorption
spectrum of the most planar S1, three distinct bands are
observed at 395, 424, and 478 nm in the Soret band region.
Along with these changes, the Q-bands display systematic
changes including a change from a prominent Q(1,0)-band at


Table 3. Structural parameters of X-ray crystal structures.


Compound �S �NS �S �NS � � � � Cu ±Cu[c]


2Cu[a] 86 89 64, 81 ± 0.050 1.500 0.4 0.5, 0.7 8.338
S8Cu[a] 65 80 66, 83 62, 69 0.328, 0.350 1.504 0.5, 0.6 3.4, 6.7 8.402
S4Cu[a] (A) 61 68 52, 53 65, 75 0.645, 0.717 1.525 1.0, 2.0 3.0, 5.8 8.378
S4Cu[a] (B) 53 59 58, 58 55, 78 0.604, 0.699 1.474 1.0, 2.2 4.2, 4.2 8.415
S2Cu[b] (A) 51 59 47, 52 55, 72 0.464, 1.297 1.516 1.6, 4.2 1.4, 9.6 8.266
S2Cu[b] (B) 50 55 48, 68 59, 76 0.152, 1.640 1.491 3.5, 4.0 3.5, 4.0 8.251


[a] At room temperature in capillary. [b] At 123 K. [c] Distance between two Cu atoms [ä].


Table 4. Crystal data and structure refinement of 2Cu, S8Cu, S4Cu, and S2Cu.


2Cu S8Cu S4Cu S2Cu


formula C96H102N8Cu2 ¥ 2C2H6O ¥ 3H2O C88H84N8O2Cu2 ¥ 5C6H6 C84H75N8O2Cu2 ¥ 0.5CH2Cl2 ¥ CH4O ¥H2O C82H72N8O2Cu2 ¥ 3C7H8


Mr 1653.26 1803.34 1448.18 1605.04
T [K] 296 296 296 123
crystal system monoclinic triclinic triclinic triclinic
space group C2/c P1≈ P1≈ P1≈


a [ä] 33.181(2) 18.396(2) 20.2162(2) 12.1232(1)
b [ä] 17.673(1) 18.895(2) 25.7703(6) 20.0051(6)
c [ä] 18.300(2) 18.145(1) 18.5239(2) 35.2829(3)
� [�] 90 117.298(4) 104.035(2) 91.975(3)
� [�] 116.849(2) 108.585(6) 95.242(1) 94.9120(1)
� [�] 90 98.164(8) 107.654(3) 97.415(3)
V [ä] 9574.0(1) 4992(1) 8778.4(3) 8445.3(2)
Z 4 2 4 4
�calcd [gcm3] 1.141 1.200 1.096 1.262
	 [cm�1] 4.97 4.81 5.63 5.60
F(000) 3480.00 1904.00 3032.00 3376.00
crystal size [mm3] 0.60� 0.40� 0.40 0.40� 0.15� 0.10 1.0� 0.30� 0.20 0.60� 0.20� 0.10
2�max [�] 55.0 54.9 55.0 55.0
observed reflections 5086 6848 10296 12789
total reflections 11151 20199 32495 23091
parameters 422 1004 1513 1774
absorpn correction empirical
R1 [I� 3
(I)] 0.095 0.098 0.128 0.097
wR2 [I� 3
(I)] 0.112 0.116 0.165 0.119
GOF 5.420 0.660 1.000 0.750


Table 5. Oxidation potentials in DMF [V; vs ferrocene/ferrocenium ion].


Compound Eox1 Eox2 �Eox[a]


1 0.33
2 0.32
S10 0.33
S8 0.32
S6 0.31
S4 0.30
S3 0.28
S2 0.27
S1 0.22
ZnTPP 0.37 ± ±
2� 0.31 0.45 0.14
S�8 0.31 0.45 0.14
S�4 0.29 0.45 0.16
S�2 0.26 0.43 0.17


[a] �Eox�Eox2�Eox1.
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552 nm and a weak Q(0,0)-band at 589 nm in S10 to distinct
Q(2,0)- and Q(1,0)-bands at 540 and 572 nm, and a weak
Q(0,0)-band at 625 nm in S1. It is noted here that there is a
shoulder at the high-energy side of the Q(1,0)-band of 2 and
S10, which is in the same position at 539 nm as the Q(1,0)-band
of a monomer. Nearly at the same position, the Q(2,0)-band
appears for all Sn. Therefore it is conceivable that Q(2,0)-
bands are insensitive to the change in the dihedral angle,
whereas both Q(1,0)- and Q(0,0)-bands are sensitive to the
dihedral angle and shift to the low-energy side upon a
decrease in the strap length, thus enabling the observation of
the distinct Q(2,0)-band in S3 ± S1.


Fluorescence spectra : The fluorescence spectra of 2 and Sn in
CH2Cl2 are shown in Figure 7 and the numerical data are
listed in Table 7. The nonstrapped diporphyrin 2 displays the
fluorescence spectrum with a peak at 650 nm and a shoulder
around 600 nm. As is the case for the absorption spectra, the


strapped diporphyrin S10 exhibits a fluorescence spectrum that
is similar to that of 2. Along with the decrease in the strap
length, the fluorescence spectra of Sn display systematic
changes; namely, the fluorescence bands begin to merge into a
single band and are shifted gradually to longer wavelength,
roughly representing mirror images of the respective absorp-
tion Q(0,0)-bands. The fluorescence positions are almost the
same in S10 ± S3, but those of S2 and S1 exhibit a distinct red-
shift. The fluorescence quantum yields were determined in
THF with reference to the value (�F� 0.03) reported for
[ZnII(tpp)] (tpp� 5,10,15,20-tetraphenylporphinate) in ben-
zene.[19] Interestingly, the fluorescence quantum yield increas-
es from S10 (�F� 0.031) to S3 (�F� 0.051) and decreases from
S3 to S1 (�F� 0.036).
We also measured the emission spectra at 77 K in 2-meth-


yltetrahydrofuran (MTHF) matrix (Supporting Information).
Under these conditions, the fluorescence spectra of 2, S10, S8,
and S6 are similar in shape, featuring a small band around


Figure 6. UV-visible absorption spectra of 2 and Sn in CH2Cl2.


Table 6. Data from absorption and CD spectra in CH2Cl2.


Absorption spectra CD spectra
Soret �max (log) Q �max (log ) �max (�)


2[a] 414 (5.44), 447 (5.36) 552 (4.76), 589 (3.88) 399 (21.3), 417 (�39.8), 445 (9.3)
S10 414 (5.41), 447 (5.33) 553 (4.72), 589 (3.82) 398 (252.6), 416 (�933.2), 448 (134.0)
S8 415 (5.39), 447 (5.29) 554 (4.68), 591 (3.83) 398 (425.5), 417 (�1291.4), 448 (248.8)
S6 416 (5.39), 448 (5.29) 555 (4.70), 592 (3.81) 397 (502.5), 418 (�1841.6), 448 (274.2)
S5 417 (5.35), 450 (5.21) 538 (4.46), 559 (4.67), 595 (3.83) 394 (526.2), 419 (�1852.8), 453 (293.1)
S4 419 (5.30), 451 (5.16) 538 (4.44), 560 (4.64), 596 (3.74) 394 (555.5), 420 (�2211.4), 454 (312.4)
S3 420 (5.28), 469 (5.14) 538 (4.47), 564 (4.62), 611 (3.59) 392 (374.5), 422 (�1535.1), 466 (208.9)
S2 399 (5.18), 422 (5.25), 473 (5.16) 539 (4.53), 566 (4.61), 625 (3.66) 392 (243.2), 423 (�1066.1), 468 (142.1)
S1 395 (5.05), 424 (5.11), 478 (5.05) 540 (4.40), 572 (4.48), 625 (3.62) 392 (51.5), 425 (�224.8), 470 (39.0)
[a] CD data correspond to a nonstrapped chiral diporphyrin, see ref. [13].
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603 ± 620 nm and a large band around 660 nm, while the
fluorescence spectra of S5, S4, S3, S2, and S1 exhibit large bands
at 618 ± 552 nm and small bands at 660 ± 707 nm. Upon the
decrease in the strap length, the relative intensity of the
fluorescence band at lower energy side decreases and the
fluorescence bands display a progressive red-shift in a
systematic manner. At 77 K, the phosphorescence emissions
from the lowest triplet excited state (T1 state) are observed for
all the strapped diporphyrins under the anaerobic conditions,
and are also red-shifted upon the decrease in the strap length
with less magnitude compared with a shift in the fluorescence
(Table 7).


CD spectra : The strapped diporphyrins are chiral and have
been all separated into the optically active enatiomers
through a chiral HPLC column. The separated enantiomers
are stable and do not racemize at room temperature.[16] The
two isolated enantiomers display the opposite Cotton effects
as shown for S10 in Figure 8. There is no significant Cotton
effect in the Q-band region. The CD spectrum of the fast
eluting isomer, S10(A) exhibited Cotton effects, positive at
446 nm, negative at 416 nm, and positive at 398 nm. We
interpreted these CD spectra as a superposition of two


bisignate split Cotton effects
with opposite signs. In the case
of S10(A), the first Cotton effect
around 430 nm is positive and
the second one around 405 nm
is negative, and thus the nega-
tive band at 416 nm has the
largest intensity. Figure 8 also
show selected CD spectra of
S4(A) and S1(A) (the CD spec-
tra for all compounds are given
in the Supporting Information;
the numerical data are listed in
Table 6). As the strap length is
shortened, the first bisignate
Cotton effect is red-shifted,
while the second one remains
at the nearly same position. The
CD intensities also change with
the strap length, curiously the
largest for S4 in every band.
These CD spectra provide im-
portant information on the ab-
sorption properties of the strap-
ped diporphyrins, which will be
discussed below.


Resonance Raman spectra :
The resonance Raman (RR)
spectra of Sn×s (n� 1, 2, 3, 4, 8
and 10) and 2 are shown in
Figure 9. The 457.9 and
488.0 nm Ar� ion laser lines


Figure 7. Fluorescence spectra of 2 and Sn in CH2Cl2.


Table 7. Data from fluorescence and phosphorescence spectra.[a]


�F
[b] (CH2Cl2) �F


[c] (THF) �F
[b] (2-MTHF) �F


[d] (2-MTHF) �P
[d] (2-MTHF)


2 610,[e] 650 0.025 625,[e] 657 603, 662 771
S10 595,[e] 610,[e] 649 0.031 625,[e] 657 607, 660 767
S8 620,[e] 652 0.036 631, 659 610, 661 771
S6 626, 654 0.043 635, 658 609, 661 770
S5 626, 657 0.041 639 618, 671 775
S4 628, 659 0.051 641 622, 672 778
S3 637 0.055 651 637, 689 785
S2 658 0.045 657 642, 696 793
S1 658 0.036 666 652, 707 799


[a] Taken for excitation at the respective Soret bands (414 ± 424 nm). [b] At room temperature. [c] Fluorescence
quantum yield at room temperature. [d] At 77 K. [e] Shoulder.


Figure 8. Absorption (upper) and CD spectra (bottom) of 2�(A), S10(A),
S10(B), S4(A), and S2(A) in CH2Cl2.
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were selected as Raman excitation lines in order to elucidate
charge transfer and excitonic nature of the absorption bands
in 430 ± 500 nm region. The RR spectrum of S10 by photo-
excitation with the 457.9 nm laser line is similar to that of 2,
exhibiting the dominant enhancement of the Raman bands at
1545, 1352, 1291, 1184, 1070, 1005, 384, and 221 cm�1 and the
triple bands at around 666 cm�1. They all correspond to the
totally symmetric A1 modes under the D2d symmetry point
group of the orthogonal porphyrin dimer 2. The Raman bands
at 1545, 1352, 1070, 1005, and 386 cm�1 in the RR spectrum of
S10 correspond to the �2, �4, �9, �6, and �8 modes of the
porphyrin monomer; these are the totally symmetric A1g


modes.[20] The Raman bands at 1291, 1184, and 221 cm�1


correspond to the �27, �51, and �35 modes of the porphyrin
monomer. In going from S10 to S1, however, the Raman
enhancement pattern shows the following systematic changes.
The Raman bands at 1023, 1440, 1490, and 1519 cm�1 become
gradually stronger and the low-frequency bands such as the �8
mode at about 387 cm�1 lose their intensities. The RR spectra
of Sn×s by photoexcitation with the 488.0 nm laser line reveal
different features from those by photoexcitation with the
457.9 nm laser line, in that they all show nearly the identical
enhancement pattern of the RR modes, except for a large
enhancement of the low-frequency modes below 500 cm�1


with the decrease of the strap length. Most prominent Raman
bands are the totally symmetric modes spanning the A1


symmetry under the D2d point group of the orthogonal
porphyrin dimer 2, as for the RR spectrum of S10 by
photoexcitation with the 457.9 nm laser line.
A slight shift in vibrational frequency is observed for some


Raman bands such as the �2 and �35 modes. The �2 mode
intrinsically involves the phenyl in-plane vibrational mode in
the porphyrin monomer,[20a] and the �35 mode involves the Cm
phenyl motions in the orthogonal porphyrin dimer 2.[20b]


These frequency shifts are considered as reflecting the
structural tension, especially in phenyl linkage strapping two
porphyrins, enforced by the shortened strap length in going
from S10 to S1 as indicated from the MM2 calculations and
X-ray structures. The RR enhancement of the low-frequency
modes below 400 cm�1 in going from S10 to S1 is worth noting.
Previously we observed the similar RR enhancement in the
low-frequency region by resonance excitation at the low-
energy excitonic Soret band as the length of the orthogonal
porphyrin arrays increased.[20b] This feature along with the
invariant RR enhancement pattern from S10 to S1 by the
488.0 nm laser line excitation allows us to assign the 478 nm
absorption band of S1 as the excitonic band. To understand the
RR spectral changes by the 457.9 nm laser line excitation, we
need to consider several aspects. The low-energy Soret band
of S10 at 447 nm appears to shift to red up to 479 nm as the
strap length becomes short, but a careful look of the
absorption bands for S4 reveals clearly two bands slightly


Figure 9. Resonance Raman spectra of Sn and 2 in THF with 457.9 nm excitation (left column), and those of Sn with 488.0 nm excitation (right column). The
Raman bands from THF solvent were subtracted.







Strapped Porphyrins 58±75


Chem. Eur. J. 2003, 9, No. 1 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0067 $ 20.00+.50/0 67


overlapping with each other. Thus, even if the oscillator
strength is small, it is regarded that the higher energy band
still remains at around 450 nm and the lower energy band is
shifted to red with gaining intensity. As previously noted, a
slight charge-transfer character of the low-energy Soret band
of 2was revealed by the electronic absorption spectrum,[21] the
absorption band at around 450 nm is attributed to the charge-
transfer band, since the red-shifted absorption band at around
480 nm has strong excitonic nature. Thus, the RR bands that
are enhanced only by the 457.9 nm laser line excitation are
believed to arise from the charge-transfer character. The
following theoretical study predicts the existence of the
charge-transfer band (CTy) and the excitonic band (Bx) in the
spectral region from 450 to 480 nm, in which the former is less
sensitive to the dihedral angle and the latter is much more
sensitive.


Discussion


Although many strapped porphyrins have been prepared, our
strategy is unique, in that the electronic coupling of porphyr-
ins in meso ±meso-coupled diporphyrins has been tuned by
introducing a strap of varying length between the meta-
positions of the 5-meso-aryl substituents, yet still keeping the
center-to-center distance of the diporphyrins nearly constant.
In the meso ±meso-linked ZnII-diporphyrins, it is anticipated
that the electronic interactions between the porphyrins should
be a minimum at the strict perpendicular conformation and
can be enhanced upon tilting a dihedral angle from 90�. It is
also anticipated that the electronic coupling should be larger
in the S2 state than in the S1 state, since the transition dipole
moments involved have larger oscillator strength in the
former excited state.
The AgI-promoted coupling reaction has been demonstrat-


ed quite effective for the preparation of the strapped meso ±
meso-coupled diporphyrins with variable dihedral angles. It is
worthwhile to note that considerably distorted strapped
diporphyrins such as S3 and S2 with short straps have been
successfully prepared by this coupling reaction; the even more
distorted strapped diprphyrin S1, which has been shown to be
thermally unstable and gradually decomposes, can be also
prepared by this reaction.
As suggested from MM2 calculations and also from more


elaborated calculation with B3LYP hybrid density-functional
theory, nonstrapped meso ±meso-linked diporphyrins like 2
seem conformationally rather flexible at a dihedral angle near
90�. Such a conformational flexibility may be common for the
meso ±meso-linked diporphyrins strapped by a longer chain,
but not for those strapped by a shorter chain. In addition, the
introduction of a short strap causes the deformation of a
porphyrin ring; this complicates the system, since it would be
very difficult to consider these two effects separately. The
structural deformation accompanied by a decrease in the strap
length has been also noted in the X-ray crystal structures.
Structural distortions have been known to alter the optical
and electrochemical properties of porphyrins.[22] However, as
noted above, the observation that the meso-proton and the
peripheral �-protons appear at almost the same chemical


shifts in their 1H NMR spectra indicates that a porphyrin ring
current is not seriously affected by the deformations induced
by this structural perturbation. Therefore, regardless of the
conformational flexibility and the resultant structural defor-
mation, which are variable for each meso ±meso-linked
strapped diporphyrin, it may be justified to discuss the
systematic changes of the absorption spectra in terms of the
averaged dihedral angle. This assumption has been supported
by the facts that the 1H NMR data and the crystal structures of
the corresponding CuII complexes show a systematic decrease
in the dihedral angle, reflecting a decrease in the strap length,
roughly in line with the MM2 calculations
As shown in Figure 6, the strapped diporphyrins S10 ±S1


exhibit systematic changes in the electronic absorption
spectra. In the first instance, we have attempted to explain
these spectral changes in terms of the exciton coupling theory,
in which the molecular orbitals of the porphyrin are localized
on each porphyrin and the spectral changes are induced only
by the Coulombic interactions of the relevant transition
dipole moments. The absorption spectrum of 2 may be
explained by considering Figure 10a, in which the transition
dipole moments, m�1, m�1, m�2, and m�2, are placed in a
perpendicular conformation of the diporphyrin. The inter-
action of m�1 and m�2 should be zero, leaving the absorption
band at the same position of the Soret band of the porphyrin
monomer, while the interaction of m1 and m�2 should lead to
dipole-allowed m�1�m�2 transition and dipole-forbidden
m�1�m�2 transition, thus giving rise to a red-shifted Soret
transition. This consideration can explain successfully the
absorption spectra of a series of higher meso ±meso-linked
porphyrins.[11, 12a] In the case of a dihedral angle less than 90�
(Figure 9b), the exciton coupling of m�1 and m�2 should be
non-zero, making both m�1�m�2 and m�1�m�2 transitions
dipole-allowed. The simple calculation predicts that m�1�
m�2 transition should be higher in energy than m�1�m�2
transition by 2 �m�1 �m�2 � cos�/R3 (R is the center-to-center
distance) and that the oscillator strength of the former should
be larger than that of the latter. This seems to explain the
splitting of the high-energy Soret band to two intense bands,
for instance in the case of S1 at 395 and 424 nm, but their
actual relative band intensities are opposite to that of the
above simple prediction. More seriously, in the exciton
coupling framework, the dipole-allowed m�1�m�2 transition
should appear at the same position for all the strapped
diporohyrins, since the Coulombic interaction between m�1�
m�2 should be independent of the dihedral angle. This is not
the case, since the intensity of the original red-shifted Soret
band is decreased and the lowest Soret band is progressively
shifted to the low-energy side upon the decrease in the strap
length.
The CD spectra of the strapped diporphyrins suggest the


presence of two Cotton effects. One is around at 400 nm and
the other is around 420 ± 440 nm. The Cotton effects at 400 nm
can be assigned to the coupling of m�1 and m�2, since the two
transition dipole moments are held in a chiral oblique
geometry. As described above, the amplitudes of the Cotton
effects are intensified from S10 to S4, and then attenuated from
S4 to S1. The present systematic dependence of the observable
�max upon the dihedral angle (�) seems to be consistent with
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simple calculation reported by Mason et al., in which the
observable �max of 9,9�-bianthryl derivatives was predicted to
be the largest at about �� 65 ± 70�.[23] On the other hand, the
explanation of the Cotton effects at 420 ± 440 nm is not
straightforward within the framework of the exciton coupling,
which does not include any intersubunit transition. One
possibility is the coupling of m�1 and m�2 in a bent arrange-
ment, which may be assessed by the parameter �. This can
explain the opposite signs of the Cotton effects for the high-
and low-energy sides. The bending is indeed true as judged
from the determined X-ray crystal structures of S8, S4, and S2.
However, m�1 and m�2 are arranged nearly in a linear fashion
with small � values, which is quite unfavorable for the Cotton
effects. Therefore, the observed comparable intensities of the
two Cotton effects are difficult to explain solely by invoking
the exciton coupling theory. Another possibility may be the
presence of optical transitions over two porphyrin orbitals
(intersubunit transitions), such as charge-transfer (CT) tran-
sitions, in this region. This consideration is likely to be
consistent with the recent results on the electronic absorption
spectra ofmeso ±meso-linked diporphyrin doped in a PMMA
polymer film; this indicates that there is a substantial change
in electric dipole moment upon the transition at the split,
lower energy Soret band.[21]


Molecular orbital (MO) considerations : To understand the
absorption spectra of the strapped diporphyrins, we started
with a simple quantum chemistry consideration[24, 25] and
proceeded to more sophisticated calculations as described in
the following. Initially, the strapped diporphyrins are modeled
as a dimer of a simple unsubstituted porphin subunit with a
variable dihedral angle (�) between the meso ±meso linkage


as schematically displayed in Figure 10. All the geometries
were optimized by using the B3LYP hybrid density-functional
theory as implemented in the Gaussian 98 suite of pro-
grams;[26] the use of more convenient Hartree ±Fock theory is
not acceptable, since it is known to artificially favor a bond-
alternating geometry for porphyrins.[27] The basis set used was
the 6-31G[28] set for carbon, nitrogen, and hydrogen atoms,
and Huzinaga×s (14s8p5d) set contracted to [5s3p2d] for Zn.[29]


The structures of the monomer and orthogonal diporphyrin
were fully optimized under D4h and D2d symmetrical con-
straints, respectively, and have been calculated to gain the
minimum-energy structures by performing the normal vibra-
tional-mode analysis. For the diporphyrins that have � less
than 90�, all the geometrical parameters except � were
optimized assuming D2 symmetry. As shown in Figure 11, the
energy minimum is rather shallow around 90�, but the B3LYP
total energy starts to increase significantly at around ��
60�probably due to the increasing steric repulsion between
the peripheral �-hydrogens adjacent to the meso ±meso
linkage. It is noteworthy that this repulsion also induces
significant distortion in the porphyrin planes as displayed in
Figure 11.
The absorption spectra of the model diporphyrins have


been calculated by the single excited configuration interaction
(SCI) method on the basis of the intermediate neglect of
differential overlap model for spectroscopy (INDO/S) Ham-
iltonian.[30] The two-center Coulomb interactions were eval-
uated by the Nishimoto ±Mataga formula.[31] Note that all the
one-electron levels are considered in the SCI expansion
taking advantage of the molecularD2 symmetry to reduce the
size of the Hamiltonian matrix. The Cartesian coordinate
system in the SCI calculation is defined as shown in Figure 11,


Figure 10. Schematic representations of the transition dipole moments of a) orthogonal diporphyrin and b) oblique diporphyrin.
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Figure 11. B3LYP-calculated torsional potential energy for the unsubsti-
tuted diporphyrin. The molecular structure is schematically represented in
the top corner with the axis indication. The optimized structure (�� 40�) is
shown in the bottom corner.


in which the x, y, and z axes are set to coincide with theC2 axes
of the D2 point group. On the basis of SCI excited states, the
linear absorption spectrum Im�(�) was calculated by the
standard sum-over-states formula[32] assuming a lifetime
broadening of 0.1 eV for all the excited states.
The excited states of the diporphyrins have been charac-


terized by utilizing the atomic-orbital (AO) representation of
the transition density matrix [Eq. (1)]:[33]


�rs��e � a	ras � g
 (1)


in which a	r creates an electron at the rth AO, e represents
the SCI excited state, and g is the Hartree ± Fock ground state.
The probability of simultaneously finding an electron at r and
a hole at s is represented by Prs� �2rs/2, in which the
orthonormalization of AOs are assumed in the present
scheme ensures


�
r�s
Prs� 1 We define the interunit charge-


transfer probability by Equation (2) in which I(J) represents
one porphyrin subunit in a dimer.


PCT�
�


I�J


�


r� I


�


s� J
Prs (2)


One-electron structure : The energy levels of the frontier
eight orbitals (the highest four occupied and the lowest four
unoccupied) for the diporphyrins obtained from INDO/S
calculations are depicted in Figure 12 and the molecular
orbitals (MOs) for the case of �� 60� are displayed in
Figure 13. As can be seen, these eight orbitals are formed by
combinations of monomer×s four frontier orbitals,[34] which
are also shown in Figure 13. A decrease in � leads to a splitting
of the degenerate e levels into the b3 and b2 levels along with
their bonding and anti-bonding nature with respect to the � ±
� conjugation at themeso ±meso linkage. It is to be noted here
that the a1 and b1 levels are split even at �� 90�, while their �
dependence is less significant than that for the b2 and the b3
levels; the meso ±meso conjugation does not affect their


Figure 12. INDO/S-calculated energy level of the frontier eight orbitals
versus inter-ring torsional angle of unsubstituted diporphyrin. The sym-
metry notation is that of D4h for monomer and D2d (D2) for orthogonal
(nonorthogonal) dimer.


Figure 13. Frontier orbitals in monomer and dimer (�� 60�). The situation
of � ±� overlap between �- or �-carbons in the adjacent porphyrin units are
schematically shown for HOMO-1 (in-phase) and HOMO (out-of-phase).


energy levels, since the a1 and b1 MOs have nodes on the
connecting meso-carbons. The splitting of the a1 and b1 levels
can be explained in terms of through-space weak �-electron
delocalization mediated by the non-zero overlap between �-
atomic orbitals on either the �- or �-carbons of the adjacent
porphyrin units (Figure 13); this kind of � interaction can be
regarded as in-phase and out-of-phase combinations for the a1
and b1 levels, respectively, within a range of �. For the b2 and
b3 MOs, such interactions are canceled out at �� 90�, whereas
they compete with the electronic conjugation through the
direct meso ±meso connection at �� 90�. It is also noted that
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the energy splitting between bonding and anti-bonding
orbitals is larger in the occupied space than in the unoccupied
space.


Orthogonal diporphyrins : The calculated transition proper-
ties for the lowest 16 excited states of the orthogonal
diporphyrin are listed in Table 8 together with their character-
istics in terms of intersubunit charge-transfer probability
(PCT) calculated by Equation (2). The states arising from
monomer×s Q and B bands are designated by Qi and Bi,
respectively, where i (�x, y, z) stands for the orientation of the
transition dipole moment as indicated by the present calcu-
lation (i� 0 for a dipole-forbidden state). We note that the
degenerate By and Bz are close in energy to the B band of a
monomer, which was calculated to be 3.22 eV, and the Bx and
B0 are split into low- and high-energy sides, respectively. This
situation is consistent with the exciton-coupling theory as
evidenced by the essentially local excitation (LE) character of
the Bi states as indicated by their PCT values (Table 8). The
relatively large CT contribution to the Bx band, which is
caused by the above mentioned through-space, indirect �


conjugation, would be responsible for the overestimation of
the energy separation between the Bx and By (Bz) bands
(calculated 0.32eV vs. observed 0.23 eV for S10). In this
context, we point out a significant influence of meso-phenyl
substituents on the electronic structure of excited states, since
the energy separation has been calculated to be 0.28 eV for
the meso-phenyl substituted diporphyrin.
On the other hand, all the Q states have more clear LE


character than the B states. The quite small (0.01 eV) energy
separation calculated for the Qx andQy (Qz) states leads to the
assignment of the Q(0,0)-band (2.1 eV for S10) as a super-
position of these transitions and supports the vibronic nature
for the shoulder (Q(2,0)-band) observed on the high-energy
side of the Q(1,0)-band.
In an energy range close to the B bands, we find eight


charge-transfer (CT) states, which, together with the LE (Qi


and Bi) states, form a complete set of 16 eigenstates resulting
from one-electron excitations within eight orbitals. As can be
seen from their PCT values, the mixing of LE and CT character
in the excited states is minimized for the orthogonal
diporphyrin due to nearly prohibited �-electron delocaliza-
tion between the porphyrin subunits. For the description of
these CT states, it is convenient to utilize the monomer×s four
orbitals localized in each subunit; these turn out to be basis
functions for the C2v subgroup of D2d group. In terms of the
transitions between these monomer MOs, the electronic
wavefunctions of CT states (basis functions for both D2d


group and D2 sub-group) are represented by Equa-
tions (3a) ± (3d):


�(CT0,CTx)� [�(a1uL� egyR)��(a1uR� egyL)]/21/2 (3a)


�(CTy,CTz)� [�(a1uL� egxR)��(a1uR� egxL)]/21/2 (3b)


�(CT �
0, CT �


x�� [�(a2uL� egxR)��(a2uR� egxL)]/21/2 (3c)


�(CT �
y, CT �


z�� [�(a2uL� egyR)��(a2uR� egyL)]/21/2 (3d)


in which the superscripts L and R denote the left and right
subunits, respectively, and the correspondence of � combi-
nations of � to the D2d (D2) representation listed in Table 8
depends on the signs of the basis MOs. Although the CT �


x state
is dipole-forbidden in D2d system, it becomes dipole-allowed
by symmetry lowering to D2 as � deviates from 90�. It is
noteworthy that for each direction of electron transfer (L�R
or R�L), the above four configurations belong to different
C2v representations, which prohibit the configuration inter-
action among �s of Equations (3a) ± (3d). The slight lifting of
degeneracy for the CT0 ±CTx pair is due to the indirect �
conjugation, while the degeneracy of the CT0� ±CTx� pair is
retained under the �-electron approximation and lifted by the
interaction with � electrons.
The energy levels of the CT states should strongly depend


on the intersubunit distance (the center-to-center distance of
the two porphyrins), since the Coulomb attraction between
electron and hole constitutes an important stabilizing fac-
tor.[24] In this regard, it is interesting to note that the energies
of the CTi and CT �


i states are roughly similar to those of the Bi
states. This feature, which is quite specific to themeso ±meso-
linked diporphyrin, is caused by the situation that the two


Table 8. Transition properties and electronic structures of the lowest 16
singlet excited states of meso ±meso-linked porphyrin dimers, as obtained
from INDO/S-SCI calculations.


State D2d D2 �E
[eV][a]


f[b] PCT
[%][c]


W8


[%][d]


�� 90�
Qx B2 B1 1.81 0.102 2.1 96.7
Qy E B2 1.82 0.031 1.6 96.7
Qz E B3 1.82 0.031 1.6 96.7
Q0 A1 A1 1.83 0 0.9 96.6
Bx B2 B1 2.85 3.799 19.0 95.4
CTy E B2 2.87 0.087 92.3 93.8
CTz E B3 2.87 0.087 92.3 93.8
CT0 A1 A1 3.01 0 99.1 98.5
CTx B2 B1 3.07 0.590 81.0 97.5
CT �


x A2 B1 3.14 0 95.9 89.5
CT �


0 B1 A1 3.14 0 95.9 89.5
By E B2 3.17 1.885 10.8 93.7
Bz E B3 3.17 1.885 10.8 93.7
CT �


y E B2 3.34 0.090 92.7 96.3
CT �


z E B3 3.34 0.090 92.7 96.3
B0 A1 A1 3.37 0 1.1 89.2


�� 60�
Qx B1 1.76 0.071 5.7 96.8
Qy B2 1.77 0.045 6.1 96.8
Qz B3 1.81 0.024 2.6 96.7
Q0 A1 1.83 0 2.2 96.5
Bx B1 2.70 3.631 33.0 94.4
CTz B3 2.80 0.063 86.0 92.7
CTy B2 2.82 0.266 84.3 93.4
CT0 A1 2.97 0 97.2 98.1
CTx B1 3.03 0.119 89.9 97.0
Bz B3 3.05 0.812 26.1 93.0
CT �


0 A1 3.09 0 86.2 89.4
By B2 3.12 1.706 42.6 94.3
CT �


x B1 3.33 0.792 64.7 89.9
CT �


z B3 3.36 0.173 74.7 92.8
B0 A1 3.39 0 7.6 88.0
CT �


y B2 3.46 0.768 42.7 68.0


[a] Excitation energy. [b] Oscillator strength. [c] Interunit charge-transfer
probability [Eq. (2)]. [d] Total contribution of transitions within eight
orbitals to the SCI wavefunction.
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porphyrins are located in a close proximity of the center-to-
center distance of only 8.35 ä. In addition, the calculation has
predicted that no CT state has sufficient oscillator strength to
introduce any additional feature to the absorption spectrum
of the orthogonal diporphyrin; this is dominated by the
intense Bx and By (Bz) bands (Figure 14).


Figure 14. INDO/S-SCI simulated linear absorption spectra of diporphyr-
ins on the basis of B3LYP optimized structures (solid curve); the vertical
line indicates the oscillator strength (f) of each excited state. The spectra
shown by dashed line are obtained for the dimers with undistorted
porphyrin rings (i.e. the geometry optimized at �� 90�).


Not orthogonal diporphyrins : The INDO/S-SCI-simulated
linear absorption spectra for the dimers of �� 90�are
displayed in Figure 14 (solid line) and the transition proper-
ties of the lowest 16 excited states for a diporphyrin with ��
60� are listed in Table 8 (the notation of excited states,
following that of the orthogonal diporphyrin, has been done
on the basis of main contributions to their SCI expansions). In
these calculated spectra, experimentally observed features
mentioned above are well reproduced. To reveal the influence
of ring distortion, we have also performed INDO/S-SCI
calculations for the dimers composed of flat porphyrin
subunits whose geometries are obtained by changing only �


in the optimized geometry of orthogonal dimer. The results
are plotted by dotted lines in Figure 14. We note the spectral
change is caused essentially by the dihedral angle, while the


ring distortion enhances the red-shift of the Bx band and
makes more clear the absorption on the high-energy side of
the By band.
The symmetry lowering from D2d to D2 lifts the degeneracy


of excited states. The splitting of the By ±Bz pair follows the
exciton coupling scheme with the By carrying more intensity
and lying at the high-energy side (Figure 14). However, their
energy separation is so small (0.07 eV at �� 60�) that they
would merge into a single band that probably corresponds to
an intense peak around 420 nm in the S3, S2, and S1 spectra.
On the other hand, as shown in Figure 14, we find that the


absorption appearing on the high-energy side of the By band
(about 400 nm in the S3, S2, and S1 spectra) is formed by a
superposition of the CT �


x and CT �
y transitions. As shown in


Table 8, these states show remarkable enhancement in their
oscillator strengths and the CT �


x is significantly blue-shifted at
�� 60�relative to the case of �� 90�. In this context, it is
worthwhile to point out that the ring distortion enhances the
blue-shift of the CT �


x; this may be responsible for the more
pronounced peak calculated for the ring-distorted geometry
(Figure 14).
In the energy region between the Bx and By bands, we note


that the oscillator strength of the CTy state is significantly
enhanced, while that of the CTx state is attenuated upon a
decrease in the dihedral angle. In addition, the associated red-
shifts of these CT states are less prominent relative to that of
the Bx band. Therefore, the above-mentioned RR bands that
are enhanced only by the 457.9 nm excitation are considered
to arise from the CTy state. The observed Cotton effects at
longer wavelength can be similarly explained in terms of the
CTy state, which has been calculated to be slightly red-shifted
upon a decrease in �.
The above mentioned intensification of the CTy, CT �


x, and
CT �


y states can be ascribed to the enhanced LE character in
their electronic structures (Table 8). Moreover, this situation
can be regarded as a result of configuration mixing between
these charge-transfer states and Bi (i� x, y) states caused by
the increased meso ±meso � conjugation, since the CT
contribution is significantly enhanced in the latter.
In contrast to the case of By ±Bz pair, the calculation


predicts that the Qy shifts to the low-energy side of the Qz as �
deviates from 90�. Then, the red-shifted Q(0,0)-band observed
for Sn would be assigned to a superposition of the Qx and the
Qy transitions. Note that, in contrast to the B states, all of the
Q states retain their LE character, even for the twisted
geometries. This would be due to their energy separation from
the CT states that prohibits efficient configuration interac-
tions among them.
This calculation has shown that the red-shifts of the Qx (Qy),


Bx, and By bands, in going from �� 90� to 60�, are 0.05 (0.05),
0.15, and 0.05 eV, respectively. These values are in a good
agreement with the corresponding values of 0.12, 0.18, and
0.08 eV obtained from the S10 and S2 spectra (�S� 65�and
�NS� 73�in the X-ray structure of S2).
The more significant red-shift of the Bx band relative to


those for the Qx, Qy, and By bands can be explained on the
basis of the one-electron structure of dimer (Figure 13) and
the SCI expansion of each excited state (Table 9). For the Bx
band, the contribution of b2� b3 transition increases, while
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that of b3� b2 decreases as � deviates from 90�. This trend is
consistent with the red-shift of the Bx band, since the one-
electron transition energy for the former is lowered while that
for the latter is raised. Although a similar situation is observed
for the SCI expansion of the Qx band, it is not so remarkable
as the case of the Bx band. For the Qy and By bands, the net
increase in the overall contribution of energy-lowering
transitions is much smaller than that for the Bx band.
On the basis of the present calculation, the low-energy


Soret bands for S10, S8, and S6 (ca. 450 nm) and the 470 ±
480 nm absorption bands for S2 and S1 are assigned to the
Bx state, which is essentially of excitonic nature as revealed by
the calculation. In addition, the calculation has predicted that
the CTy state is located just on the high-energy side of the Bx
state, and the red-shift of the former is less significant relative
to the latter. Then, the 450 ± 460 nm absoption feature for S2
and S1 can be assigned to the CTy state; the contribution of the
CTy should be negligible as compared with that of the intense
Bx band for dimers with longer strap length. However, these
assignments can not be applied to the two-band nature clearly
observed for S4, for which the high-energy component is more
intense than the low-energy one in contradiction to the
predicted relationship between the Bx and CTy states. To
explain this absorption feature, it might be required to take
account of the actual structure of the strapped diporphyrin
including the distribution of dihedral angle in solution.
As discussed above, the INDO/S-SCI calculation has been


used to predict several CT transitions, some of which are
accidentally located in energy close to the excitonic transi-
tions, including the Bx, By, and Bz bands. This unique situation
is evidently caused by the close proximity of the directly
linked porphyrins. The INDO/S calculation has also predicted
the significant contribution of several CT states (especially


the CT �
x and CT �


y� to the spectral change caused by the
shortening of the strap length in Sn. The simple exciton
coupling theory is insufficient to explain even qualitatively the
photophysical properties of Sn. In this respect, the INDO/S
calculation is quite complementary, successfully addressing
the unique photophysical properties of Sn.


Conclusion


A series of the meso ±meso-linked strapped diporphyrins Sn
with various strap lengths was effectively synthesized by the
intramolecular AgI-promoted coupling of the bridged dipor-
phyrins Bn in dilute conditions. It has been shown that the
dihedral angles between the diporphyrins can be set in a
predictable manner by introducing a strap of variable length
and the electronic interactions between the two porphyrins
are increased upon the decrease of the dihedral angle as
revealed by the absorption, fluorescence, and CD spectra, and
the one-electron oxidation potentials. Hence, this system
offers a nice set of diporphyrins with variable electronic
interactions and a constant center-to-center distance; this is
promising for the energy- and electron-transfer studies, which
are now actively in progress in our laboratory.


Experimental Section


All reagents or solvents were of the commercial reagent grade and were
used without further purification except where noted. Dry CH2Cl2 and
CHCl3 were obtained by refluxing and distilling over CaH2. 1H NMR
spectra were recorded in CDCl3 on a JEOLALPHA-500 spectrometer, and
chemical shifts were represented as � values in ppm relative to the internal
standard of CHCl3 (7.260 ppm). UV-visible absorption spectra were
recorded on a Shimadzu UV-2400PC spectrometer. Steady-state fluores-
cence emission spectra were recorded on a Shimadzu RF-5300PC
spectrometer. CD spectra were recorded on a JASCO J-720 spectrometer.
Mass spectra were recorded on a JEOL HX-110 spectrometer, by using
positive-FAB ionization method (accelerating voltage 10 kV) with a
3-nitrobenzylalcohol matrix. Redox potentials were measured by cyclic
voltammetry or differential pulse voltammetry on a BAS electrochemical
analyzer model 660. The ground-state RR spectra of the porphyrin arrays
were obtained by photoexcitation using 457.9 and 488.0 nm lines from a
continuous wave Ar ion laser (Coherent INNOVA 90). Raman scattering
signals were collected in 90� scattering geometry and detected by a 1-m
double monochromator (ISA Jobin-Yvon U-1000) equipped with a
thermoelectrically cooled photomultiplier tube (Hamamatsu R943 ± 02).
The Raman spectra were recorded on a single pass spectrometer (ISA
Jobin-Yvon HR640) with a gated intensified charge-coupled device (ICCD,
Princeton Instruments IRY700) detector and a pulse generator (Princeton
Instruments FG100). X-ray crystallography was performed on a Rigaku-
Raxis imaging plate system (�� 0.7107). Gel permeation chromatography
(GPC) and high-pressure liquid chromatography (HPLC) was performed
on JAIGEL 2.5HA, 3HA, and 4HA columns with a JASCO HPLC system
by using multiwavelength detector MD-915. Separation of enantiomers was
performed on an analytical Sumichiral OA4400 column with a Shimadzu
HPLC system with a multiwavelength detector SPD-M10AVP. Preparative
GPCwas carried out on a gravity column filled with BioRad Bio-Beads SX-
1. Preparative separations were performed by silica gel flash column
chromatography (Merck Kieselgel 60H Art.7736) and silica gel gravity
column chromatography (Wako gel C-200).


5-(3,5-Di-tert-butylphenyl)-15-(3-methoxyphenyl)porphyrin : A solution of
dipyrromethane (458 mg, 3.1 mmol), 3,5-di-tert-butylbenzaldehyde
(330 mg, 1.6 mmol), and m-anisaldehyde (1.6 mmol) in dry CH2Cl2
(600 mL) was stirred under with N2 for 15 min. Trifluoroacetic acid


Table 9. Dependence of the SCI expansion coefficients for the singlet
excited states on the interunit torsion angle � of the meso ±meso-linked
porphyrin dimers.


State Transition � [�]


90 80 70 60 50
Qx �E[a] 1.81 1.80 1.79 1.76 1.73


b1� a1 � 0.63 � 0.63 � 0.63 � 0.64 � 0.65
a1� b1 � 0.47 � 0.47 � 0.45 � 0.44 � 0.41
b2� b3 0.42 0.45 0.48 0.51 0.53
b3� b2 0.42 0.38 0.35 0.33 0.30


Qy �E 1.82 1.81 1.79 1.77 1.74
b1� b3 � 0.60 � 0.61 � 0.63 � 0.65 � 0.67
a1� b2 � 0.49 � 0.47 � 0.44 � 0.42 � 0.39
b2� a1 � 0.45 � 0.47 � 0.49 � 0.50 � 0.51
b3� b1 � 0.41 � 0.39 � 0.37 � 0.34 � 0.32


Bx �E 2.85 2.82 2.77 2.70 2.63
b1� a1 0.64 0.62 0.59 0.58 0.59
a1� b1 0.06 0.09 0.12 0.14 0.13
b2� b3 0.52 0.68 0.74 0.76 0.76
b3� b2 0.52 0.32 0.19 0.13 0.09


By �E 3.17 3.16 3.14 3.12 3.09
b1� b3 0.25 0.22 0.19 0.15 0.12
a1� b2 0.58 0.57 0.58 0.61 0.64
b2� a1 � 0.64 � 0.74 � 0.76 � 0.74 � 0.71
b3� b1 � 0.35 � 0.15 � 0.02 0.05 0.09


[a] Excitation energy in eV.
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(0.15 mL, 2 mmol) was added to the solution by syringe, the flask was
shielded from light, and the solution was stirred for 1 h at room temper-
ature. o-Chloranil (0.98 g, 4 mmol) was added, and the solution was stirred
for an additional 30 min. The mixture was directly passed through an
alumina column and evaporated. Porphyrin products were separated by a
silica gel chromatography with CH2Cl2/hexane (1:1) as an eluent. The
target porphyrin product was obtained after recrystallization from CH2Cl2/
methanol in 18% yield: 1H NMR (CDCl3): �� 10.32 (s, 2H), 9.41 (d, J�
5 Hz, 2H) , 9.40 (d, J� 5 Hz, 2H), 9.15 (d, J� 5 Hz, 2H), 9.14 (d, J� 5 Hz,
2H), 8.16 (s, 2H), 7.90 (d, J� 3 Hz, 1H), 7.86 (s, 2H), 7.71 (t, J� 8 Hz, 1H),
7.38 (dd, J� 3, 9 Hz, 1H), 4.03 (s, 3H), 1.59 (s, 18H),�3.04 ppm (brd, 2H);
FAB HRMS: m/z calcd for C41H40N4O 604.3202; found: 604.3289.


5-(3,5-Di-tert-butylphenyl)-15-(3-hydroxyphenyl)porphyrin (1): A solution
of 5-(3,5-di-tert-butylphenyl)-15-(3-methoxyphenyl)porphyrin (300 mg,
0.50 mmol) in dry CH2Cl2 (60 mL) was cooled to 0�C under Ar. A solution
of BBr3 (2.0 mL, 7.6 mmol) in dry CH2Cl2 (10 mL) was added dropwise over
10 min. The mixture was allowed to warm slowly to room temperature and
was stirred for 5 h, poured into water, and extracted with CH2Cl2; the
combined organic extracts were washed successively with water, NaHCO3


solution, and water, and dried over anhydrous Na2SO4 and evaporated. The
product porphyrin was purified by silica gel column chromatography with
CHCl3 as an eluent. Compound 1 was obtained after recrystallization from
CH2Cl2/hexane in 96% yield (285 mg): 1H NMR (CDCl3): �� 10.30 (s,
2H), 9.39 (d, J� 4 Hz, 2H), 9.37 (d, J� 5 Hz, 2H), 9.14 (d, J� 4 Hz, 2H),
9.10 (d, J� 5 Hz, 2H), 8.15 (d, J� 2 Hz, 2H), 7.86 (t, J� 2 Hz, 1H), 7.85 (d,
J� 7 Hz, 1H), 7.68 (br s, 1H), 7.64 (t, J� 8 Hz, 1H), 7.27 (d, J� 3 Hz, 1H),
5.15 (br s, 1H), 1.59 (s, 18H),�3.07 ppm (br s, 2H); FABHRMS:m/z calcd
for C40H38N4O 590.3046; found: 590.3102,.


General procedure for the preparation of Bn : Anhydrous K2CO3 was
stirred and heated under reduced pressure overnight and then cooled to
room temperature under argon. A solution of 1 and dibromoalkane in dry
acetone or dry DMF was then added. The resultant mixture was heated to
reflux under argon for between 3 h and 2d. The reaction mixture was
poured into water and extracted with CH2Cl2. The combined extracts were
washed with water, dried over Na2SO4, and evaporated. The product was
purified by silica gel flash column chromatography with CH2Cl2/hexane
(1:1) as an eluent. Zinc(��) metallation was quantitatively carried out by
stirring a solution of diporphyrin in CH2Cl2 in the presence of Zn(OAc)2.


Decamethylene-1,10-dioxy-bridged ZnII diporphyrin B10 : Diporphyrin B10
was prepared from the reaction of 1 (145 mg, 0.24 mmol) and 1,10-
dibromodecane (18 �L, 0.08 mmol) in dry acetone (20 mL) in the presence
of anhydrous K2CO3 (277 mg, 2.0 mmol) in 86% yield (149 mg): 1H NMR
(CDCl3): �� 10.21 (s, 4H), 9.40 (d, J� 5 Hz, 4H), 9.34 (d, J� 5 Hz, 4H),
9.22 (d, J� 5 Hz, 4H), 9.13 (d, J� 5 Hz, 4H), 8.18 (t, J� 3 Hz, 4H), 7.88 (t,
J� 2 Hz, 2H), 7.79 (d, J� 7 Hz, 2H), 7.77 (s, 2H), 7.63 (t, J� 8 Hz, 2H), 7.28
(dd, J� 3, 8 Hz, 2H), 4.09 (t, J� 7 Hz, 4H), 1.84 (m, 4H), 1.61 and 1.60 (s,
18H), 1.47 (m, 4H), 1.34 (m, 4H), 0.92 ppm (m, 4H); FAB HRMS: m/z
calcd for C90H90N8O2Zn2: 1442.5770; found: 1442.5830; UV/Vis (CH2Cl2):
�max� 409, 537, 570 nm; fluorescence (CH2Cl2, �ex� 409 nm): �em� 576,
628 nm.


Octamethylene-1,8-dioxy-bridged ZnII diporphyrin B8 : Diporphyrin B8 was
prepared from the reaction of 1 (120 mg, 0.20 mmol) and 1,8-dibromooc-
tane (20 �L, 0.10 mmol) in dry acetone (20 mL) in the presence of
anhydrous K2CO3 (277 mg, 2.0 mmol) in 82% yield (116 mg): 1H NMR
(CDCl3): �� 10.25 (s, 4H), 9.41 (d, J� 5 Hz, 4H), 9.36 (d, J� 4 Hz, 4H),
9.19 (d, J� 5 Hz, 4H), 9.14 (d, J� 5 Hz, 4H), 8.14 (t, J� 3 Hz, 4H), 7.85 (t,
J� 2 Hz, 2H), 7.82 (d, J� 2 Hz, 2H), 7.79 (d, J� 7 Hz, 2H), 7.62 (t, J�
8 Hz, 2H), 7.30 (dd, J� 3, 8 Hz, 2H), 4.14 (t, J� 7 Hz, 4H), 1.88 (m, 4H),
1.6 ± 1.5 (m, 8H), 1.58 (s, 18H), 1.57 ppm (s, 18H); FAB HRMS: m/z calcd
for C88H86N8O2Zn2: 1414.5457; found: 1414.5503; UV/Vis (CH2Cl2):�max�
409, 534, 574 nm; fluorescence (CH2Cl2, �ex� 409 nm): �em� 576, 628 nm.
Hexamethylene-1,6-dioxy-bridged ZnII diporphyrin B6 : Diporphyrin B6
was prepared from the reaction of 1 (122 mg, 0.20 mmol) and 1,6-
dibromohexane (16 �L, 0.10 mmol) in dry acetone (20 mL) in the presence
of anhydrous K2CO3 (280 mg, 2.0 mmol) in 83% yield (119 mg): 1H NMR
(CDCl3): �� 10.25 (s, 4H), 9.41 (d, J� 5 Hz, 4H), 9.36 (d, J� 4 Hz, 4H),
9.19 (d, J� 4 Hz, 4H), 9.15 (d, J� 5 Hz, 4H), 8.14 (t, J� 3 Hz, 4H), 7.85 (s,
2H), 7.82 (s, 2H), 7.79 (d, J� 8 Hz, 2H), 7.62 (t, J� 8 Hz, 2H), 7.33 (dd, J�
3, 8 Hz, 2H), 4.20 (t, J� 7 Hz, 4H), 1.96 (m, 4H), 1.67 (m, 4H), 1.57 ppm (s,
36H); FAB HRMS: m/z calcd for C86H82N8O2Zn2: 1386.5144; found:


1386.5072; UV/Vis (CH2Cl2): �max� 409, 537, 572 nm; fluorescence
(CH2Cl2, �ex� 409 nm): �em� 578, 627 nm.
Pentamethylene-1,5-dioxy-bridged ZnII diporphyrin B5 : Diporphyrin B5
was prepared from the reaction of 1 (50 mg 85 �mol) and 1,5-dibromohex-
ane (5.8 �L, 42 �mol) in dry acetone (5 mL) in the presence of anhydrous
K2CO3 (120 mg, 0.87 mmol) in 70% yield (41 mg): 1H NMR (CDCl3): ��
10.22 (s, 4H), 9.39 (d, J� 5 Hz, 4H), 9.34 (d, J� 4 Hz, 4H), 9.19 (d, J�
5 Hz, 4H), 9.15 (d, J� 5 Hz, 4H), 8.14 (t, J� 3 Hz, 4H), 7.86 (s, 2H), 7.83 (s,
2H), 7.79 (d, J� 8 Hz, 2H), 7.63 (t, J� 8 Hz, 2H), 7.33 (dd, J� 3, 8 Hz, 2H),
4.23 (t, J� 7 Hz, 4H), 2.02 (m, 4H), 1.82 (m, 2H), 1.58 ppm (s, 36H); FAB
HRMS: m/z calcd for C86H82N8O2Zn2: 1372.4987; found: 1372.5109; UV/
Vis (CH2Cl2): �max� 408, 537, 572 nm; fluorescence (CH2Cl2, �ex� 408 nm):
�em� 576, 629 nm.
Tetramethylene-1,4-dioxy-bridged ZnII diporphyrin B4 : Diporphyrin B4
was prepared from the reaction of 1 (140 mg, 0.24 mmol) and 1,4-
dibromobutane (14 �L, 0.12mmol) in dry acetone (20 mL) in the presence
of anhydrous K2CO3 (328 mg, 2.3mmol) in 92% yield (150 mg): 1H NMR
(CDCl3): �� 10.21 (s, 4H), 9.38 (d, J� 5 Hz, 4H), 9.33 (d, J� 5 Hz, 4H),
9.18 (d, J� 4 Hz, 4H), 9.16 (d, J� 4 Hz, 4H), 8.14 (br s, 2H), 8.12 (br s, 2H),
7.87 (br s, 2H), 7.84 (br s, 2H), 7.82 (d, J� 8 Hz, 2H), 7.63 (t, J� 8 Hz, 2H),
7.36 (dd, J� 2, 8 Hz, 2H), 4.33 (br s, 4H), 2.19 (br s, 4H), 1.57 ppm (s, 36H);
FAB HRMS: m/z calcd for C84H78N8O2Zn2: 1358.4831; found: 1358.4869;
UV/Vis (CH2Cl2): �max� 408, 536, 571 nm; fluorescence (CH2Cl2, �ex�
408 nm): �em� 577, 628 nm.
Trimethylene-1,3-dioxy-bridged ZnII diporphyrin B3 : The reaction of 1
(139 mg, 0.24 mmol) and 1,3-dibromopropane (12 �L, 0.12 mmol) in dry
acetone (10 mL) in the presence of anhydrous K2CO3 (345 mg, 2.4 mmol)
gave B3 (98 mg, 61%) and 4 (32 mg, 21%). B3 : 1H NMR (CDCl3): �� 10.09
(s, 4H), 9.33 (d, J� 5 Hz, 4H), 9.24 (d, J� 5 Hz, 4H), 9.17 (d, J� 4 Hz,
4H), 9.12 (d, J� 4 Hz, 4H), 8.17 (brs, 2H), 8.11 (br s, 2H), 7.90 (br s, 2H),
7.86 (br s, 2H), 7.79 (d, J� 8 Hz, 2H), 7.63 (t, J� 8 Hz, 2H), 7.36 (d, J�
8 Hz, 2H), 4.47 (t, J� 6 Hz, 4H), 2.48 (m, 2H), 1.59 (s, 18H), 1.57 ppm (s,
18H); FAB HRMS: m/z calcd for C83H76N8O2Zn2: 1344.4674; found:
1344.4612; UV/Vis (CH2Cl2): �max� 408, 537, 574 nm; fluorescence
(CH2Cl2, �ex� 408 nm): �em� 576, 628 nm.
5-(3,5-Di-tert-butylphenyl)-15-(3,1-propenoxyphenyl)porphyrin (4):
1H NMR (CDCl3): �� 10.31 (s, 2H), 9.40 (d, J� 5 Hz, 2H), 9.39 (d, J�
5 Hz, 2H), 9.13 (d, J� 5 Hz, 2H), 9.12 (d, J� 5 Hz, 2H), 7.88 (d, J� 10Hz,
1H), 7.88 (br s, 1H), 7.85 (t, J� 2Hz, 1H), 7.70 (t, J� 8 Hz, 2H), 7.39 (dd,
J� 2, 8 Hz, 2H), 6.19 (m, 1H), 5.53 (d, J� 1, 17 Hz, 1H), 5.37 (t, J�
1,10 Hz, 1H), 4.78 (d, 2H), 1.58 (s, 18H), �3.06 ppm (br s, 2H); FAB MS:
m/z calcd for C43H42N4O: 630.34; found: 630.31; UV/Vis (CH2Cl2): �max�
408, 538, 575, 632 nm; fluorescence (CH2Cl2, �ex� 408 nm): �em� 632,
695 nm.


Dimethylene-1,2-dioxy-bridged ZnII diporphyrin B2 : Diporphyrin B2 was
prepared from the reaction of 1 (140 mg, 0.24 mmol) and 1,2-dibromo-
ethane (34 �L, 0.39 mmol) in dry DMF (10 mL) in the presence of
anhydrous K2CO3 (345 mg, 2.4 mmol) in 40% yield (62 mg): 1H NMR
(CDCl3): �� 10.05 (s, 4H), 9.31 (d, J� 5 Hz, 4H), 9.20 (d, J� 4 Hz, 4H),
9.16 (d, J� 5 Hz, 4H), 9.12 (d, J� 5 Hz, 4H), 8.17 (br s, 2H), 8.08 (br s, 2H),
7.99 (br s, 2H), 7.85 (br s, 2H), 7.82 (d, J� 8 Hz, 2H), 7.67 (t, J� 8 Hz, 2H),
7.46 (dd, J� 2, 8 Hz, 2H), 4.69 (s, 4H), 1.59 (s, 18H), 1.56 ppm (s, 18H);
FAB HRMS: m/z calcd for C82H74N8O2Zn2: 1330.4518; found: 1330.4537;
UV/Vis (CH2Cl2): �max� 407, 536, 572 nm; fluorescence (CH2Cl2, �ex�
408 nm): �em� 576, 627 nm.
3,5-Di-tert-butylphenyl)-15-(3-vinyloxyphenyl)porphyrin (3): The reaction
of 1 (139 mg, 0.24 mmol) and 1,2-dibromoethane (12 �L, 0.12 mmol) in dry
acetone (10 mL) in the presence of anhydrous K2CO3 (345 mg, 2.4 mmol)
for 24 h gave 3 in 10% yield (10 mg) at 16% conversion of 1. Only a trace
amount of B2 was detected in this reaction. 3 : 1H NMR (CDCl3): �� 10.32
(s, 2H), 9.41 (d, J� 5 Hz, 2H), 9.40 (d, J� 5 Hz, 2H), 9.14 (d, J� 5 Hz,
2H), 9.10 (d, J� 5 Hz, 2H), 8.14 (d, J� 2 Hz, 2H), 8.01 (d, J� 7 Hz, 1H),
7.95 (br s, 1H), 7.85 (t, J� 2Hz, 1H), 7.75 (t, J� 8 Hz, 1H), 7.48 (dd, J� 2,
8 Hz, 1H), 6.95 (dd, J� 6, 14 Hz, 1H), 4.96 (dd, J� 1, 15 Hz, 1H), 4.54 (dd,
J� 1, 5 Hz, 1H), 1.58 (s, 18H), �3.06 ppm (br s, 2H); FAB MS: m/z calcd
for C42H40N4O: 616.32; found: 617; UV/Vis (CH2Cl2): �max� 408, 538, 575,
632 nm; fluorescence (CH2Cl2, �ex� 408 nm): �em� 632, 695 nm.
Methylene-1,1-dioxy-bridged ZnII diporphyrin B1: Diporphyrin B1 was
prepared from the reaction of 1 (100 mg, 0.17 mmol) and dibromomethane
(19 �L, 0.27 mmol) in dry DMF (10 mL) in the presence of anhydrous
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K2CO3 (244 mg, 1.7 mmol) in 84% yield (95 mg): 1H NMR (CDCl3): ��
9.76 (s, 4H), 9.17 (d, J� 5 Hz, 4H), 9.11 (d, J� 4 Hz, 4H), 9.04 (d, J� 5 Hz,
4H), 8.97 (d, J� 5 Hz, 4H), 8.29 (br s, 2H), 8.28 (br s, 2H), 7.96 (br s, 2H),
7.84 (br s, 2H), 7.81 (d, J� 8 Hz, 2H), 7.71 (t, J� 8 Hz, 2H), 7.32 (d, J�
8 Hz, 2H), 6.25 (s, 4H), 1.62 (s, 18H), 1.56 ppm (s, 18H); FAB HRMS:m/z
calcd for C82H72N8O2Zn2: 1316.4361; found: 1316.4358; UV/Vis (CH2Cl2):
�max� 407, 412 (shoulder), 536, 572 nm; fluorescence (CH2Cl2, �ex�
408 nm): �em� 576, 627 nm.
General procedure for preparation of Sn : A flask containing a solution of
Bn in CHCl3 was covered with foil, and a solution of AgPF6 in CH3CN
(0.13m�) was added. After stirring for 2 h, the reaction mixture was
washed with water and brine, and was dried over anhydrous Na2SO4. A
solution of Zn(OAc)2 in methanol (1 ± 2 mL) was added, and the resulting
solution was stirred at room temperature for 1 h. Then the reaction mixture
was again washed with water and brine, and dried over anhydrous Na2SO4,
and evaporated. The product separation was performed on a preparative
GPC (BioRad Bio-Beads SX-1 packed in toluene). The first and second
fractions contained meso ±meso-coupled higher oligomers and the last one
contained Sn and Bn, which was separated by recycling GPC-HPLC with
CHCl3 as an eluent. Themeso ±meso-strapped diporphyrin Sn was obtained
after recrystallization from CH2Cl2/hexane.


Decamethylene-1,10-dioxy-strapped meso ±meso ± linked ZnII diporphyrin
S10 : Diporphyrin B10 (60, mg 42 �mol) in CHCl3 (450 mL) gave dimer S10 by
the general method in 68% yield (41 mg): 1H NMR (CDCl3): �� 10.39 (s,
2H), 9.50 (d, J� 5 Hz, 2H), 9.49 (d, J� 4 Hz, 2H), 9.21 (d, J� 5 Hz, 2H),
9.21 (d, J� 4 Hz, 2H), 8.79 (d, J� 5 Hz, 2H), 8.70 (d, J� 5 Hz, 2H), 8.30 (d,
J� 5 Hz, 2H), 8.20 (t, J� 2 Hz, 2H), 8.05 (t, J� 2 Hz, 2H), 7.95 (d, J�
5 Hz, 2H), 7.90 (d, J� 8 Hz, 2H), 7.74 (d, J� 2 Hz, 2H), 7.73 (t, J� 2 Hz,
2H), 7.57 (t, J� 8 Hz, 2H), 7.20 (dd, J� 3, 9 Hz, 2H), 4.12 (m, 2H), 4.09 (m,
2H), 1.76 (m, 4H), 1.49 (s, 18H), 1.44 (s, 18H), 1.31 ± 1.34 (m, 8H),
0.92 ppm (m, 4H); FAB HRMS: m/z calcd for C90H88N8O2Zn2: 1440.5613;
found: 1440.5520; UV/Vis (CH2Cl2): �max (log)� 414 (5.41), 447 (5.33),
553 nm (4.72); fluorescence (CH2Cl2, �ex� 414 nm): �em� 651 nm.
Octamethylene-1,8-dioxy-strapped meso ±meso-linked ZnII diporphyrin
S8 : Diporphyrin B8 (4,0 mg 28 �mol) in CHCl3 (200 mL) gave dimer S8 by
the general method in 65% yield (26 mg): 1H NMR (CDCl3): �� 10.39 (s,
2H), 9.51 (d, J� 4 Hz, 2H), 9.50 (d, J� 4 Hz, 2H), 9.26 (d, J� 5 Hz, 2H),
9.21 (d, J� 4 Hz, 2H), 8.84 (d, J� 5 Hz, 2H), 8.66 (d, J� 5 Hz, 2H), 8.43 (d,
J� 4 Hz, 2H), 8.24 (s, 2H), 8.04 (s, 2H), 7.96 (d, J� 8 Hz, 2H), 7.86 (d, J�
5 Hz, 2H), 7.74 (t, J� 3 Hz, 2H), 7.60 (t, J� 8 Hz, 2H), 7.22 (dd, J� 2, 8Hz,
2H), 4.09 (m, 2H), 4.02 (m, 2H), 1.79 (m, 4H), 1.6 ± 1.4 (m, 8H), 1.53 ppm
(s, 36H); FAB HRMS: m/z calcd for C88H84N8O2Zn2: 1412.5300; found:
1412.5232; UV/Vis (CH2Cl2): �max (log)� 415 (5.39), 447 (5.29), 554 nm
(4.68); fluorescence (CH2Cl2, �ex� 415 nm): �em� 623, 652 nm.
Hexamethylene-1,6-dioxy-strapped meso ±meso-linked ZnII diporphyrin
S6 : Diporphyrin B6 (40 mg, 29 �mol) in CHCl3 (200 mL) gave dimer S6 by
the general method in 60% yield (24 mg): 1H NMR (CDCl3): �� 10.37 (s,
2H), 9.50 (d, J� 5 Hz, 4H), 9.33 (d, J� 5 Hz, 2H), 9.21 (d, J� 5 Hz, 2H),
8.89 (d, J� 5 Hz, 2H), 8.62 (d, J� 5 Hz, 2H), 8.61 (d, J� 5 Hz, 2H), 8.28
(br s, 2H), 8.06 (d, J� 6 Hz, 2H), 7.76 (br s, 2H), 7.74 (br s, 2H), 7.71 (d, J�
5 Hz, 2H), 7.64 (t, J� 8 Hz, 2H), 7.24 (dd, J� 3, 8 Hz, 2H), 4.07 (m, 2H),
3.99 (m, 2H), 1.88 (m, 4H), 1.6 ± 1.5 (m, 4H), 1.56 (s, 18H), 1.44 ppm (s,
18H); FAB HRMS: m/z calcd for C86H80N8O2Zn2: 1384.4987; found:
1384.4910; UV/Vis (CH2Cl2): �max (log)� 416 (5.39), 448 (5.29), 555 nm
(4.70); fluorescence (CH2Cl2, �ex� 416 nm): �em� 628, 654 nm.
Pentamethylene-1,5-dioxy-strapped meso ±meso-linked ZnII diporphyrin
S5 : Diporphyrin B5 (20 mg, 60 �mol) in CHCl3 (200 mL) gave dimer S5 by
the general method in 43% yield (26 mg): 1H NMR (CDCl3): �� 10.36 (s,
2H), 9.50 (d, J� 5 Hz, 4H), 9.38 (d, J� 5 Hz, 2H), 9.23 (d, J� 5 Hz, 2H),
8.98 (d, J� 5 Hz, 2H), 8.85 (d, J� 5 Hz, 2H,), 8.55 (d, J� 5 Hz, 2H), 8.37
(br s, 2H), 8.15 (d, J� 8 Hz, 2H), 8.03 (br s, 2H), 7.79 (br s, 2H), 7.67 (t, J�
8 Hz, 2H), 7.65 (br s, 2H), 7.60 (d, J� 5 Hz, 2H), 7.22 (dd, J� 2, 8 Hz, 2H),
4.20 (m, 2H), 4.03 (m, 2H), 1.97(m, 2H), 1.88 (m, 2H), 1.61 (s, 18H), 1.59
(m, 2H), 1.46 ppm (s, 18H); FAB HRMS: m/z calcd for C85H78N8O2Zn2:
1370.4831; found: 1370.4916; UV/Vis (CH2Cl2): �max (log)� 417 (5.35),
450 (5.21), 537, 559 nm (4.67); fluorescence (CH2Cl2, �ex� 417 nm): �em�
626, 657 nm.


Tetramethylene-1,4-dioxy-strapped meso ±meso ± linked ZnII diporphyrin
S4 : Diporphyrin B4 (40 mg 29 �mol) in CHCl3 (300 mL) gave dimer S4 by
the general method in 63% yield (25 mg): 1H NMR (CDCl3): �� 10.36 (s,


2H), 9.51 (d, J� 5 Hz, 2H), 9.50 (d, J� 5 Hz, 2H), 9.43 (d, J� 5 Hz, 2H),
9.25 (d, J� 5 Hz, 2H), 9.22 (d, J� 5 Hz, 2H), 9.08 (d, J� 5 Hz, 2H), 8.45 (d,
J� 5 Hz, 2H), 8.38 (br s, 2H), 8.15 (d, J� 7 Hz, 2H), 8.08 (br s, 2H), 7.81
(br s, 2H), 7.67 (t, J� 8 Hz, 2H), 7.65 (br s, 2H), 7.25 (dd, J� 3, 8 Hz, 2H),
7.18 (d, J� 5 Hz, 2H), 4.14 (m, 2H), 3.94 (m, 2H), 2.17 (m, 2H), 2.03 (m,
2H), 1.62 (s, 18H), 1.47 ppm (s, 18H); FAB HRMS: m/z calcd for
C84H76N8O2Zn2: 1356.4674; found: 1356.4752; UV/Vis (CH2Cl2): �max
(log)� 419 (5.30), 451 (5.16), 538 (4.44), 560 nm (4.64); fluorescence
(CH2Cl2, �ex� 419 nm): �em� 628, 659 nm.
Trimethylene-1,3-dioxy-strapped meso ±meso-linked ZnII diporphyrin S3 :
Diporphyrin B3 (40 mg 30 �mol) in CHCl3 (300 mL) gave dimer S3 by the
general method in 38% yield (15 mg): 1H NMR (CDCl3): �� 10.33 (s, 2H),
9.48 (d, J� 4 Hz, 6H), 9.44 (d, J� 5 Hz, 2H), 9.23 (d, J� 5 Hz, 2H), 9.13 (d,
J� 5 Hz, 2H), 8.44 (br s, 2H), 8.34 (d, J� 5 Hz, 2H), 8.31 (d, J� 7 Hz, 2H),
8.03 (br s, 2H), 7.82 (br s, 2H), 7.72 (t, J� 8 Hz, 2H), 7.50 (br s, 2H), 7.25 (dd,
J� 2, 8 Hz, 2H), 6.90 (d, J� 5 Hz, 2H), 4.57 (m, 2H), 4.13 (m, 2H), 2.46 (m,
2H), 1.65 (s, 18H), 1.47 ppm (s, 18H); FAB HRMS: m/z calcd for
C83H74N8O2Zn2: 1342.4518; found: 1342.4493; UV/Vis (CH2Cl2): �max
(log)� 420 (5.28), 469 (5.14), 538 (4.47), 564 nm (4.62); fluorescence
(CH2Cl2, �ex� 420 nm): �em� 636 nm.
Dimethylene-1,2-dioxy-strapped meso ±meso-linked ZnII diporphyrin S2 :
Diporphyrin B2 (20 mg 15 �mol) in CHCl3 (200 mL) gave dimer S2 by the
general method in 35% yield (7 mg): 1H NMR (CDCl3): �� 10.32 (s, 2H),
9.91 (d, J� 4 Hz, 2H), 9.49 (d, J� 5 Hz, 4H), 9.46 (d, J� 5 Hz, 2H), 9.24 (d,
J� 4 Hz, 2H), 9.23 (d, J� 5 Hz, 2H), 8.44 (br s, 2H), 8.27 (d, J� 8 Hz, 2H),
8.10 (br s, 2H), 8.10 (d, J� 5 Hz, 2H), 7.85 (br s, 2H), 7.69 (t, J� 8 Hz, 2H),
7.48 (br s, 2H), 7.25 (dd, J� 2, 8 Hz, 2H), 6.32 (d, J� 5 Hz, 2H), 4.73 (m,
2H), 4.39 (m, 2H), 1.67 (s, 18H), 1.51 ppm (s, 18H); FABHRMS:m/z calcd
for C82H72N8O2Zn2: 1328.4361; found: 1328.4423; UV/Vis (CH2Cl2): �max
(log)� 399 (5.18), 422 (5.25), 473 (5.16), 539 (4.53), 566 nm (4.61);
fluorescence (CH2Cl2, �ex� 422 nm): �em� 648 nm.
Methylene-1,1-dioxy-strapped meso ±meso-linked ZnII diporphyrin S1:
Diporphyrin B1 (40 mg 15 �mol) in CHCl3 (800 mL) gave dimer S1 by the
general method in 20% yield (8 mg): 1H NMR (CDCl3): �� 10.31 (s, 2H),
10.08 (d, J� 4 Hz, 2H), 9.48 (br s, 6H), 9.26 (d, J� 5 Hz, 2H), 9.23 (d, J�
4 Hz, 2H), 8.55 (d, J� 8 Hz, 2H), 8.46 (brd, 2H), 8.13 (d, J� 4 Hz, 2H),
8.08 (br s, 2H), 7.87 (br s, 2H), 7.82 (t, J� 8 Hz, 2H), 7.51 (br s, 2H), 7.43 (d,
J� 8 Hz, 2H), 6.12 (d, J� 5 Hz, 2H), 5.98 (s, 2H), 1.69 (s, 18H), 1.51 ppm
(s, 18H); FAB HRMS: m/z calcd for C81H70N8O2Zn2: 1314.4205; found:
1314.4388; UV/Vis (CH2Cl2): �max� 395, 424, 478, 540, 572 nm; fluores-
cence (CH2Cl2, �ex� 424 nm): �em� 658 nm.
CCDC-188525 (2Cu), CCDC-188526 (S8Cu), CCDC-188527 (S4Cu), and
CCDC-188528 (S2Cu) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).
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Electron-Transfer Chemistry of the Iron ±Molybdenum Cofactor of
Nitrogenase: Delocalized and Localized Reduced States of FeMoco which
Allow Binding of Carbon Monoxide to Iron and Molybdenum


Christopher J. Pickett,*[a] Kylie A. Vincent,[b] Saad K. Ibrahim,[a] Carol A. Gormal,[a]
Barry E. Smith,[a] and Stephen P. Best*[b]


Abstract: The electron-transfer chemis-
try of the isolated iron ± molybdenum
cofactor of nitrogenase (FeMoco) has
been studied by electrochemical and
spectroelectrochemical methods. Two
interconverting forms of the cofactor
arise from a redox-linked ligand isomer-
ism at the terminal iron atom; this is
attributed to rotamerism of an anionic
N-methyl formamide ligand bound at
this site. FeMoco in its EPR-silent
oxidised state is shown to undergo three
successive one-electron transfer steps.
We argue that the first and second redox
processes are associated with electron-
transfer delocalised over the iron ± sul-


fur core of the cofactor, whilst the third
irreversible process is localised on mo-
lybdenum. This is strongly reinforced by
spectroelectrochemical studies under
12CO and 13CO which reveal two inde-
pendent carbon monoxide binding sites
that are specifically associated with the
second (iron core) and third (molybde-
num) electron-transfer processes and
which give rise to terminal �(12CO)


bands at 1885 and 1920 cm�1 respective-
ly. Moreover, in parallel with earlier
studies on the enzyme system, it is
shown that at low CO concentration,
carbon monoxide binds to the cofactor
in bridging modes, with �(CO) bands at
1835 and 1808 cm�1 that are intercon-
verted by single-electron transfer. Impor-
tantly we show that the contentious over-
all 2e difference in the assignment of the
metal oxidation levels in the resting state
of the enzyme-bound cofactor, arising
from analysis of 57Fe ENDOR and Mˆss-
bauer data, can be resolved in the light of
the electron-transfer chemistry of the
isolated cofactor described herein.


Keywords: bridging ligands ¥ cofac-
tors ¥ electrochemistry ¥ IR
spectroscopy ¥ nitrogen fixation ¥
nitrogenases


Introduction


Integration of substrate binding with electron and proton
transfer at an {Fe7S9Mo} cluster confined within a protein is
the essence of a key biological process, nitrogen fixation.[1]


The structure of this cluster (the M centre) within the
crystalline resting-state nitrogenase MoFe protein has been
established by Rees and co-workers and is represented in
Figure 1.[2] However, the site and mode of binding of
molecular nitrogen to the cluster and the mechanism of its
subsequent reduction to ammonia are unknown. Consequent-
ly, there has been considerable scope for speculation on how
nitrogenase works with diverse mechanisms postulated from
chemical and theoretical studies on model[3, 4] and in silico[5]


Figure 1. View of the M centre in the MoFe protein of A. vinelandii
nitrogenase from X-ray crystallographic data of Rees et al. as first reported
in 1992.[2]


systems. A very recent high-resolution structure of the MoFe
protein of nitrogenase from Azotobacter vinelandii has led to
a revision of the nature of the M centre: it is suggested that an
interstitial N atom (or possibly C or O) is contained within the
central 6Fe3S cavity, octahedrally coordinated by the Fe
atoms. The presence of this light atom clearly disposes of the
peculiar unsaturation of the six ™trigonal∫ iron atoms and is
most likely a structural element cross-linking the atoms of the
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trigonal prism to give a robust structure.[6] Key questions such
as the oxidation states of the metal atoms in the cluster and
the net charge it bears in the resting or other states remain
controversial as discussed below. There are as yet really no
synthetic systems that adequately model structure and
function of the enzyme, although the capacity of abiological
mononuclear Mo or W systems to convert dinitrogen to
ammonia under ambient conditions is well established;[3, 7]


chemical precedent for a carboxylate ligand functioning as a
leaving group to unmask a dinitrogen binding site has been
demonstrated,[8] and N�N bond cleavage reactions at dinu-
clear metal sulfur centres described.[9]


The M centre is ligated at the terminal Fe atom by a
cysteinyl ligand and at the terminal Mo by a histidine ligand
(Figure 1).[2] Rupturing this ligation allows extraction into N-
methyl formamide (NMF) of the cofactor, FeMoco, which has
the ability to restore nitrogen-fixing activity to a mutant
protein devoid of the cluster.[10] Comparison between the
EXAFS, EPR and Mˆssbauer spectroscopy of isolated
FeMoco and that of the native protein, together with
analytical data, indicate that the {Fe7S9Mo} cluster core is
conserved in the extracted cofactor and that it retains the
chelating homocitrate ligand (Figure 2).[11]
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Figure 2. Schematic structure of isolated FeMoco. The interstitial light
atom X is N (or possibly C or O) according to a recent high-resolution
MoFe protein crystallographic analysis.[6]


Protocols for obtaining NMF solutions of FeMoco at ca.
1 m� concentration from the MoFe protein of nitrogenase in
sufficient quantity are now well established. This has provided
the opportunity for a wide range of direct chemical, spectro-
scopic, kinetic and electrochemical studies of the cofactor;
these complement studies on the whole enzyme system and
are beginning to provide some insights into how exogenous
ligands, substrates and inhibitors interact with the isolated
cluster.[12±15]


In this paper we describe aspects of the electrochemistry of
FeMoco isolated from wild-type Klebsiella pneumoniae nitro-
genase. Seminal work on the electrochemistry of FeMoco from
Azotobacter vinlandii was described several years ago by
Schultz and co-workers,[16] and we take their studies as our
starting point. As expected from crystallographic data,[17]


FeMoco isolated from either K. pneumoniae or A. vinlandii
has indistiguishable spectroscopic and electrochemical proper-
ties.


Results and Discussion


Herein the S� 3/2 semireduced and EPR silent one-electron
oxidised states of the extracted cofactor are abbreviated as
FeMocosemired and FeMocoox, respectively; other accessible
redox states are correspondingly superscripted in the text. In


the discussion, the corresponding states of FeMoco in the
enzyme (the M centre) are designated Msemired, Mox and so
forth. In the text, successive reduction processes of FeMocoox


are labelled I, II, and III, and electrochemical parameters
such as the formal potential Eo� and peak current ip associated
with these processes are accordingly superscripted, fop
example, IEo�.


The state of ligation of FeMoco : The protein cysteinyl and
histidine ligands are de-coordinated from FeMoco when it is
extracted from the protein into NMF. The question arises as to
the nature of the exogenous ligands that coordinate to the
terminal iron atom (Feterm) and of those that occupy the
capping Mo coordination sites of the isolated cofactor.


The terminal iron site : Earlier IR studies indicate that the N-
deprotonated NMF anion ligates the terminal Fe atom,[18]


whereas sulfur K X-ray absorption edge studies (XANES)
have led to the proposal that Feterm is ligated by a thiosulfate
ligand.[19]


Figure 3 (lower trace) shows the cyclic voltammetric
behaviour of FeMocoox in the potential domain which
encompasses the primary reduction process that gen-
erates the FeMocosemired system. The system displays two


Figure 3. Lower trace: Cyclic voltammetry of a solution of FeMocoox in
NMF at a vitreous carbon electrode recorded at 50 mV s�1 over a potential
range encompassing the primary reduction process, showing two redox-
dependent isomer forms of FeMocoox/semired. Upper trace: Primary and
secondary reductions of FeMoco(SPh)ox at 300 mV s�1. The double-headed
arrows represent one-electron currents based on Iip red.


major redox active forms. The scan rate dependence of the
voltammetry confirms that the redox couples are intercon-
verted in dynamic equilibria as observed by Schultz and co-
workers.[20] The difference in potential between the two redox
couples is relatively small (90 mV); this is indicative of
geometric or linkage isomerism rather than gross structural
change. The structural integrity of the {Fe7S9Mo} core upon
extraction of the cofactor indicates that the redox isomer-
isation is associated with one or other of the exogenous ligand
sites. The redox isomerism collapses when one equivalent of
thiophenolate anion is added to the system and it is replaced
by a single reversible one-electron process, with Eo� close to
that of the high-potential isomeric couple.[8, 12] Cysteine
methyl ester similarly causes the collapse of the redox
isomerism.
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The natural ligation of the Feterm in the MoFe protein of
nitrogenase is the thiolate group of a cysteinyl residue, and
EXAFS studies of the isolated cofactor are concordant with
thiolates similarly binding to Feterm.[21] Clearly the loss of the
redox-linked isomerism on addition of a thiol is directly
related to the nature of the exogenous ligand at Feterm.
Thiolate coordination and substitution of the exogenous
ligand at Feterm leading to a single redox active form of the
cofactor is paralleled by the sharpening of the broad EPR
spectrum of FeMocosemired upon the addition of thiols.[11] If the
exogenous ligand binds in two different ways to Feterm, then
displacement of this ligand by thiolate will directly lead to the
loss of isomerism. It will be shown below that this provides an
explanation for the thiolate effect on the redox chemistry.


Replacing the exogenous ligand at Feterm by thiophenolate
has only a small effect on the redox potential of the primary
FeMocoox/semired couple; it is shifted approximately 30 mV
positive relative to the primary redox potential of the isomer
system. This can be set against observations obtained by Holm
and co-workers on synthetic clusters:[22] replacement of a
monodentate neutral ligand by an anionic ligand at the unique
iron centre in site-differentiated Fe4S4 clusters that possess a
tripodal thiolate ligand results in a large shift in the redox
potential of the {Fe4S4}3�/2� couple to more negative values.
For example, substituting the neutral ligands imidazole,
4-dimethylpyridine or tri-alkylphosphines by ethanethiolate
shifts Eo� potentials negative by more than 300 mV.[13]


Thus the small positive shift of Eo� observed upon replacing
the exogenous ligand at Feterm by an anionic thiolate ligand
is inconsistent with substitution of a neutral donor ligand
(for example, the solvent, NMF) by an anion. Rather,
the shift suggests the substituted exogenous ligand is also
anionic.


The redox-linked isomerism is associated with interconverting
monodentate/bidentate ligation : Given that isomerism occurs
at Feterm, the question arises as to what type of anionic
exogenous ligand might lead to the observed redox inter-
conversions. Orme-Johnson and co-workers have reported
solution and solid-film FTIR spectra of FeMocosemired that are
consistent with an N-bound anionic NMeCHO group ligating
the cluster and have suggested that base-treated NMF is
effective in extracting FeMoco from denatured protein,
because the N-deprotonated form of the solvent coordinates
to FeMoco as an anionic ligand (displacing cysteine).[18] We
have shown that certain metal complexes with N-bound
anionic amide ligands display two distinct redox couples with
Eo� values differing by about 120 mV.[23] This arises because
two rotameric forms exist, one with the amide oxygen atom
deployed towards the metal centre (amide ligand in the cis
conformation) the other with it deployed away (trans amide
conformation).[23] The significant activation energy for rota-
tion about the N�C amide bond, approximately 20 kJ mol�1,
ensures interconversion of rotamers is relatively slow and thus
allows observation of two redox couples at low temperature.
As would be expected, the couple with the more negative
redox potential has the oxygen atom deployed toward the
metal centre (cis amide configuration), whilst that with the
more positive Eo potential adopts the trans amide arrange-


ment. The equilibrium distribution of the isomers depends
upon the redox state of the complex with reduction favouring
rotation of the donor oxygen atom away from the metal
centre.[23]


The FeMocoox/semired isomer system shows some parallel with
this rotamer redox chemistry. Firstly, the difference in redox
potential for the two FeMocoox/semired isomers is about 90 mV.
Secondly, the FeMocosemired isomer with the more positive Eo�
is the more stable of the two forms (Figure 3). Thus one
plausible interpretation of the electrochemical behaviour of
FeMoco is that the exogenous anionic ligand bound at Feterm is
the amide anion [NMeCHO]� ,[18] with the redox isomerism
arising from interconverting ligand cis ± trans forms, as
observed in the amide complexes (Scheme 1).


Set against this interpretation there is some dispute as to the
necessity of using base-treated NMF to extract FeMoco.[24]


Other solvents such as DMF can apparently be utilised
provided that alkylammonium salts are present, although
there are no published electrochemical data on FeMoco
extracted in this fashion. Analysis by sulfur K-edge XANES
has led to the suggestion that Feterm is ligated by [SSO3]2�. The
thiosulfate ligand is presumed to originate from the decom-
position of dithionite ([O2SSO2]2�), which is used to protect
the cofactor from oxygen damage during its extraction from
the MoFe protein.[19] Thiosulfate can behave as a mono- or
bidentate ligand,[25] and, hence, there is the alternate possi-
bility that redox isomerism is associated with interconverting
�1/�2 coordination modes of thiosulfate rather than the
suggested amide rotamerism.


Addition of Na2[SSO3] has no effect on the cyclic voltam-
metry of FeMoco in NMF. Either thiosulfate does not displace
an exogenous ligand at Feterm or the exogenous ligand is
thiosulfate. To test the propensity for thiosulfate to behave as
a thiol ligand towards Fe atoms in synthetic clusters, we have
examined its behaviour with [Fe4S4Cl4]2�. This cluster reacts
rapidly and quantitatively with PhS� in MeCN to give
[Fe4S4(SPh)4]2�, a substitution that can be observed by cyclic
voltammetry by the replacement of the [Fe4S4Cl4]2�/3� couple
by the [Fe4S4(SPh)4]2�/3� couple which occurs at a more
negative potential. In contrast, addition of an excess of
[NBu4]2[SSO3] under the same conditions (vitreous carbon;
MeCN 0.2�, [NBu4][BF4]) leaves the [Fe4S4Cl4]2�/3� couple
unaffected and no new redox couple appears. Evidently
thiosulfate moiety does not substitute chloride ligands in a
synthetic cluster that possesses a similar Fe coordination
environment to that of Feterm. In contrast, Na[MeNCHO] does
react with [Fe4S4Cl4]2�, although this leads to cluster degra-
dation.[26]


We have also qualitatively examined the effect of acid and
base on the native FeMoco system. We find that the redox-
linked interconversion is not suppressed on treatment of the
system with KOtBu. As the acid concentration is enhanced,
the potential of the second isomerism process is shifted to
more positive values. This is fully consistent with shifting the
equilibrium constants for the interconversion of the ox and
red isomeric pairs towards the trans,exo C�O form; notably
the redox equilibria of the model rotamer system are
correspondingly sensitive to interactions of the exo carbonyl
with solvent and ions, including protons.[23]
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In summary, redox isomerism at Feterm is most likely
associated with anionic NMF rather than thiosulfate, protic
or other interactions.[27]


The molybdenum site : In the enzyme, the molybdenum atom
of FeMoco is bound to the protein through a ligating donor
ligand, histidine.[2] This is most likely replaced by a labile
NMF ligand in the extracted cofactor. The coordination of
other ligands to the molybdenum site of FeMoco have been
studied by monitoring the kinetics of PhS� substitution at
Feterm of FeMocosemired.[28] Imidazole has only a minor effect on
the kinetics of PhS� substitution, consistent with replacement
of NMF at the remote Mo site upon imidazole binding.
Support for the binding of imidazole at Mo comes from
comparison of analogous kinetic data for the native cofactor
and that of FeMocosemired obtained from a nifV� mutant in
which citrate rather than homocitrate is bound to Mo.[14, 29]


Reduced states of FeMoco : Figure 3 (upper trace) shows the
well-defined cyclic voltammetry of the FeMoco(SPh)ox/semired/red


electron-transfer series in NMF recorded at 300 mV s�1. The
peak current at fixed scan rate for the FeMoco(SPh)ox/semired


couple Iip provides an internal one-electron standard for the
apparent number of electrons transfered in other redox steps
of FeMoco (napparent). Thus the ratio IIip/Iip gives IInapparent� 1.1
at 300 mV s�1, consistent with two successive single-electron-
transfer steps. The uncompensated peak-potential separations


for the two successive reductions are essentially identical
(�E� 70 mV at 50 mV s�1, 19 �C), again concordant with one-
electron steps. As expected, at slower scan-rates IInapparent


increases as the timescale allows reoxidation by protons at
50 mV s�1, Iinapparent� 1.5; however, this does not affect the
ratio Iipox/Iipred � 1.0, because FeMoco(SPh)semired is regenerat-
ed.


There is a large separation of �Eo� �630 mV between the
redox potentials for the FeMoco(SPh)ox/semired couple (Fig-
ure 3, process I) and FeMoco(SPh)semired/red couple (Figure 3,
process II). Large values of �E are indicative of strong
electronic interactions between redox orbitals as observed in
synthetic cubane clusters.[30] The first and second FeMoco
redox processes are consistent with successive addition of
electrons to a delocalised cluster assembly (Scheme 2).


A hitherto unobserved third reduction, process III, is
unmasked by thiophenolate modification of the cofactor,
Figure 3. For the native cofactor, processes II and III are
unresolved and at slow scan rates II,IIInapparent becomes large as
FeMoco engages in electrocatalysis of proton reduction to
dihydrogen.[12] Thiophenolate coordination evidently shifts
the redox potential of process II to a more positive value,
thereby uncoupling the electrocatalysis (Figure 3). The value
of IIInapparent is 1.1 at 50 mV s�1 and approximately 0.7 at
300 mV s�1. The fact that reduction process III occurs at a
potential less than 150 mV negative of process II shows that
the redox orbital involved is insulated from the effect of
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Scheme 1. Redox-linked isomerism at the terminal iron-site of FeMoco. The cis ± trans isomerism of the N-methyl formamide ligand explains the occurrence
of two redox processes with bidentate coordination disfavoured in the semireduced state.
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charge addition at the FeMoco(SPh)semired/red level. This is also
consistent with the irreversibility of process III leaving the
ratios IIipox/IIipred and Iipox/Iipred unperturbed. We therefore
attribute III to a redox orbital localised on molybdenum
(Scheme 2).


Imidazole is expected to coordinate to FeMoco in the same
fashion as histidine in nitrogenase, that is, at the Mo site, and
kinetic evidence for this has been discussed.[28, 29] Whereas the
addition of one equivalent of thiophenolate has a dramatic
effect on the electrochemistry of the native cofactor, stoi-
chiometric concentrations of imidazole have no discernible
effect on the overall cyclic voltammetry. At higher concen-
trations of the ligand (25 equivalents) the isomerism process
at the FeMocoox/semired level remains unaffected showing that
imidazole does not bind at Feterm at these oxidation levels to a
measurable extent (Figure 4). However the subsequent re-
duction steps II and III are better resolved although both
remain irreversible.


Hoffman and co-workers
have assigned the oxidation
states of the cofactor metal
atoms in the semireduced (S�
3/2) form of the MoFe protein
as {5FeII.(FeIII�FeII pair).MoIV}
on the basis of EPR and EN-
DOR studies of CO-modified
forms.[31] This analysis is sup-
ported by a recent DFT study
by Lovell et al.[32] If this assign-
ment is correct, then reversibly
generating the FeMoco(SPh)red


form of the cofactor would
correspond to accessing an all-
ferrous state with the further
irreversible one-electron reduc-
tion generating a localised MoIII


level. However, M¸nck et al.[33]


assign the formal oxidation
states of Msemired as {4FeII.3FeIII.-
MoIV} and this differs by two
electrons from the earlier as-
signment.[31] In addition, these
workers have also suggested
that the generation of a MoIII


centre occurs during enzyme
turnover on the basis of 57Fe
Mˆssbauer/rapid freeze data.
They argue that the small dif-
ference of 0.02 mm s�1 for the
isomer shift values, �average, be-
tween the semireduced
(Msemired) and an (integer spin)
reduced state (Mred) indicates
that an electron has been added
to molybdenum on accessing
the Mred (turnover) state. In
contrast, radiolytic reduction
of the MoFe protein in a syn-
chrotron X-ray beam also gen-


erates an integer spin, reduced state which M¸nck et al.
designate as MI; however, in this case, reduction is thought to
involve Fe rather than Mo.[33]


Figure 4. Cyclic voltammetry of FeMocoox at 50 mV s�1 (––); after
addition of 75 molar equivalents of imidazole (����).
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Scheme 2. Accessing reduced states of FeMoco. Processes I and II are separated by a large I,II�E indicative of
strongly interacting redox orbitals and are therefore associated with reduction of the iron core; the corresponding
separation II,III�E is relatively small consistent with process III being a localised Mo-centred reduction.
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The reductive electrochemistry of FeMoco(SPh)ox is con-
sistent with two successive electron transfers delocalised over
the core iron ± sulfur framework and a further localised
reduction on the Mo centre. The relatively small difference
in reduction potentials for accessing the FeMoco(SPh)red and
FeMoco(SPh)red�1e levels may have resonance with the
observations on the protein by M¸nck et al.[33] that both iron
and molybdenum based reductions are accessible.


The assignment of core iron and molybdenum localised
reductions for the cofactor is further reinforced by the
observation that processes II and III lead to the ™independ-
ent∫ binding of carbon monoxide at two distinct types of
redox site, as described below. The vexing question of
oxidation states with the two-electron difference between
assignments for Msemired as interpreted by the groups of
Hoffman,[31] and M¸nck,[33] is addressed below in the light of
the CO interactions with FeMoco.


Interaction of FeMoco with carbon monoxide : Dinitrogen,
the natural substrate of nitrogenase is a �-acid ligand and can
bind in a terminal fashion by � donation to the metal and back
donation from metal d orbitals into N2 �* antibonding
orbitals. We have examined the electrochemical/spectroelec-
trochemical response of FeMoco under argon and dinitrogen,
but have been unable to detect any differences in behaviour of
the systems at dinitrogen pressures up to 20 atm. This
contrasts sharply with the considerable modification of the
redox behaviour of FeMoco that is observed in the presence
of carbon monoxide,[8] which has similar, but stronger, �-
donor/�-acceptor properties to that of terminally bound
dinitrogen as now discussed.


Electrochemistry of FeMocoox under carbon monoxide : The
primary reduction, process I, of the cofactor in its native or
thiophenolate modified form is unaffected by CO. This is
concordant with spectroscopic observations on the whole
enzyme system, thus FTIR and EPR data show that CO does
not bind to the resting state Msemired level of the native
protein.[1, 34]


The key effect is observed on accessing the more reduced
states: processes II and III become well resolved under CO at
one atmosphere with IIip substantially enhanced. Importantly,
new product oxidation peaks are clearly evident, that is,
processes IV and V in Figure 5a,b. Reversing the scan at
�1.4 V gives rise to these peaks; holding at �1.4 V for several
seconds prior to scan reversal leads to their build up and to a
decrease of IIIip (Figure 5a,d). Peaks IVand Vare not observed
on reversal at �1.25 V unless the potential is first held for
several seconds (Figure 5d,e). This observation is consistent
with oxidation of CO-bound intermediates by protons until
the concentration of H� is sufficiently depleted in the
diffusion layer to allow detection of product species. Bulk
electrolysis and FTIR spectroscopy experiments, which are
discussed below support this interpretation.


One equivalent of thiophenol collapses the redox isomer-
ism process to a single reversible one-electron response, as
observed under dinitrogen, but otherwise has little effect on
the voltammetry of FeMoco under CO (Figure 5b). Clearly,
Feterm is not involved in binding carbon monoxide. The


Figure 5. Cyclic voltammetry of FeMocoox after saturation of the NMF
solution with CO at 1 atm, a) 50 mV s�1; b) as for a) but after addition of
1 molar equivalent of thiophenol; c) as for a) but after addition of 75 molar
equivalents of imidazole; d) 200 mV s�1 after holding the electrode at
�1.40 V (––) or �1.25 V (����); e) at 200 mV s�1 with a switching
potential at �1.25 V. Scan f) was recorded at higher CO pressure, 19 atm at
50 mV s�1.


thiophenolate-modified form provides for a comparison of
the peak currents of steps I and II ; from this it is evident that
the latter approaches a two-electron-process under carbon
monoxide (Figure 5b). At higher concentrations of thiophe-
nol, catalysis of proton reduction competes with CO binding,
processes II and III merge and the product peaks IVand Vare
suppressed (data not shown).


The effect of increasing the carbon monoxide concentration
on the redox chemistry was probed by cyclic voltammetry
under CO at about 19 atm. There is a dramatic enhancement
of process III with a shift in IIIEp to a more positive potential,
consistent with fast following chemistry at high CO concen-
tration (Figure 5f). The value of IIInapparent (50 mV s�1) increas-
es from 1.0 at 1 atm to 2.2 at 19 atm. Evidently at least four
electrons can be transferred overall to FeMocosemired at a
moderate pressure of CO. The product peaks, processes IV
and V, are suppressed, the significance of which becomes
apparent below.


Imidazole at high concentration only marginally perturbs
the cyclic voltammetry under CO. Small negative shifts in the
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oxidation potentials of process III and V and a slight positive
shift in process II are observed (Figure 5c).


Controlled potential electrolysis on the thiophenolate
modified cofactor was performed at �1.28 V under CO at
1 atm. The current decays in a four-phase fashion to about
40 % of its initial value after the passage of approximately
4 Fmol�1 of FeMocoox


, and thereafter only slowly with
increasing charge passed (Figure 6). In the initial phase a


Figure 6. Controlled potential electrolysis of FeMocoox at vitreous carbon
cathode held at �1.28 V versus SCE. The plot shows the cell current
(constant stirring rate) versus the total charge passed.


the current rapidly decays towards a one-electron process
consistent with bulk formation of FeMocosemired. This is
followed by a slower reduction phase b, which probably
involves both proton turnover and CO binding at the
FeMocored level until the acidity falls sufficiently for buildup
of the three-electron-reduced carbonyl product, phase c,
compare with Figure 5d,e. Slow reoxidation of the latter by
protons would account for the observed plateau current in the
final phase d. In support of this we find that interruption of
the electrolysis after the passage of 4.5 Fmol�1, and examina-
tion by voltammetry, reveals the formation of the product
associated with process V (Figure 7). However, the voltam-
metric product peak is not persistent and is lost after several
seconds with reformation of FeMocosemired.


In summary, these electrochemical results clearly show that
carbon monoxide interacts with the cofactor on accessing


Figure 7. Cyclic voltammetry of the catholyte after reduction of FeMocoox


showing formation of carbonyl species which gives rise to oxidation
process V. The solid line shows the response before electrolysis, the broken
line the response recorded immediately after passage of 4.5 F; the product
peak V disappears after several seconds.


FeMocored and further reduced levels. Thus the initial
interaction of CO with FeMocored leads to a second electron
transfer that is reversible and occurs at a potential Eo��
�1.05 V (process IV), which is close to that of the
FeMocosemired/red couple. At high CO concentration the en-
hanced current associated with process III is indicative of a
further interaction with CO and also corresponds to the
transfer of an additional electron (Figure 5d). Again it would
appear that we are looking at electron-transfer chemistry
associated with two essentially independent types of site, one
associated with core iron atoms and the other associated with
molybdenum, as we have observed in the absence of CO
(compare with Scheme 2). Binding of CO at both types of site
promotes further electron transfer, as is generally character-
istic of reductive chemistry of transition metals under CO.
Thus up to four electrons can be formally transferred to
FeMocosemired under moderate pressures of CO.


In order to more fully understand how CO interacts with
reduced states of FeMoco we have investigated the FTIR
spectroelectrochemistry of the system. This provides addi-
tional evidence that strongly supports reductive generation of
two electronically distinct types of binding site associated with
processes II and III. Importantly, it is shown that a bridging
CO intermediate is formed at low CO conctration (Schemes 3
and 4).


FTIR thin-layer spectroelectrochemistry of FeMocoox under
carbon monoxide : At low CO concentrations, FTIR spec-
troelectrochemistry encompassing reduction process II at
about �1.2 V shows the generation of a CO-bound inter-
mediate with �(CO) at 1808 cm�1 (Figure 8a). This low-
wavenumber, low-intensity absorption is attributed to the
generation of a CO-bridged intermediate[35] on accessing
FeMocored under CO limiting conditions (Scheme 3). Reox-
idation at a potential more positive than that of process IV
leads to the formation of an intermediate with �(CO) at
1835 cm�1 (Figure 8a, Scheme 3). Importantly, it is possible to
identify experimental conditions that confirm that the
1835 cm�1 band is generated as an intermediate following
reduction of FeMocosemired on the way to formation of the
1808 cm�1 band. Thus under lower CO concentrations and at
short reduction time, a species with �(CO) close to 1835 cm�1


is detected as an intermediate preceding the formation of the
1808 cm�1 species (Figure 8c), consistent with the initial
binding of CO to FeMocored (Scheme 3). Thus we can
associate process IV in the voltammetry under CO at 1 atm.
with the one-electron redox interconversion of the bridged
species and the irreversible process V with a further one-
electron oxidation regenerating FeMocosemired.


The difference ��(CO) of about 30 cm�1 between the
carbonyl bands of the one-electron redox-pair is evidently
small. It has a parallel in the small values for ��(CO) of
approximately 20 cm�1 observed for both terminal and bridg-
ing �(CO) upon successive one-electron addition to high-
nuclearity platinum carbonyl clusters, as described by Dahl,
Weaver et al.[36] in the context of the Stark effect.


At higher CO concentrations (7 atm CO) the 1808 cm�1


band is suppressed and intense absorptions are observed at
1920 cm�1 and 1885 cm�1. This parallels the enhancement of
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Scheme 3. Formation of bridged CO intermediates. Reduction of FeMoco that encompasses process II at low CO concentration leads to the formation of
bridged CO intermediates, which are related by single-electron transfer.
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lower energy.
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Figure 8. IR differential absorption spectra recorded during reduction and
reoxidation of FeMocoox under a carbon monoxide atmosphere at 4 atm
prior to equilibration of the gas in the NMF cofactor solution. In a), the
single scans shown are recorded at 1.2 s time intervals from 0 to 46 seconds
following application of potential steps from �0.35 V (red) to �1.2 V
(blue) back to �0.35 V (red). Curves fitted to the �(CO) bands in spectra
recorded following the reduction step (green) and the reoxidation step
(yellow) are superimposed on the original data. The band profiles from
spectra recorded at about 10 s following the reduction and at 2.4 s following
the reoxidation are expanded in b) to highlight the shift in wavenumber
that accompanies reoxidation. The spectra in c) are averaged over
100 scans recorded at lower CO concentration (shorter equilibration time)
at 12 s and at 24 s following a potential step from �0.35 to �1.2 V.


process III in the voltammetry and the suppression of
processes IV and V (Figure 5f). The broad band at
1885 cm�1 grows in first at �1.2 V (process II) and can be
attributed to replacement of the CO bridge by terminal CO
ligands (Figure 9a). At a potential of �1.4 V (process III) the
1920 cm�1 band grows in more rapidly, (Figure 9c). It is
important to emphasise that the relative intensity of the bands
change with time and potential with the higher energy band
generated more rapidly at the more negative reduction
potential. Furthermore, there is no significant transmission
of electronic influence between the two types of centre: the
growth of the 1920 cm�1 band does not perturb the position of
the 1885 cm�1 band. This reinforces the interpretation that
chemistry associated with process II ({6FeS7}-based) is essen-
tially insulated from that involving process III (Mo-based).
The results strongly support two independent types of CO
binding site: one that is accessed under moderate CO
pressures by reduction of the delocalised Fe core at the more
positive potential giving rise to the 1885 cm�1 band, and one
that is localised at the Mo centre and leads to the growth of
the higher energy 1920 cm�1 band at the more negative
potential (Scheme 4).


Thin-layer FTIR spectroelectrochemistry of FeMocoox


under isotopically labelled 13CO unambiguously confirms
that bands observed under 12CO (natural abundance) arise
from carbon monoxide bound to reduced states of FeMoco.
The bridging 12CO band observed at 1808 cm�1 is shifted to
1778 cm�1 (calcd 1768 cm�1) and the terminal bands at


Figure 9. IR differential absorption spectra recorded following reduction
of FeMocoox under a carbon monoxide atmosphere at 7 atm after
equilibration of the gas in the NMF solution. Each spectrum is the average
of 10 scans recorded over a period of 13 s: a) following reduction of
FeMoco at �1.2 V; b) reduction at �1.4 V under 13CO; c) at 60 s after
switching the electrode potential to i) � 1.0 V ii) � 1.2 V and iii) � 1.4 V.


1920 cm�1 and 1885 cm�1 are shifted to 1880 cm�1 (calcd
1878 cm�1) and 1843 cm�1 (calcd 1843 cm�1), as shown in
Figure 9b.


Consistent with the cyclic voltammetry, the �(CO) bands
were unperturbed by generation of the thiophenolate form of
the cofactor by addition of one equivalent of thiophenol.
However, the binding of CO to the core Fe sites is inhibited by
using excess PhSH as a weak proton source. In the presence of
the thiol at 100 m� concentration the band at 1920 cm�1


rapidly develops, but that at 1885 cm�1 is suppressed (Fig-
ure 10a). If the potential is held for a prolonged period at
�1.4 V then the proton concentration in the thin-layer cell is
depleted and the 1885 cm�1 band increases in intensity
(Figure 10a). This again emphasises the independence of the
two types of site. The reason for suppression of the iron-based
carbonyl band by protons must lie with a competition with CO
for the reduced iron core site(s) and reoxidation of the
reduced carbonyl species by protons (Scheme 4).


Figure 10b shows that the band that we associate with CO
binding to molybdenum (CO binding to Fe suppressed by
thiophenol) at 1920 cm�1 is split into two bands at 1930 and
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1910 cm�1 in the presence of imidazole at high concentration
(50 m�). This may be explained by displacement of NMF at
the Mo site by imidazole, for which two binding modes are
possible: the electron donating ability of this ligand and hence
the position of �(CO) bands will depend on whether or not the
�CH2CH2COO� arm of homocitrate forms hydrogen bonds
with the imidazole NH group.[29]


Hoffman and co-workers have proposed, on the basis of
EPR and ENDOR studies, that under turnover conditions the
M centre of nitrogenase initially binds CO in a bridging mode
between two iron atoms.[31] At higher carbon monoxide
concentrations they propose that an additional CO binds to
the M centre with a rearrangement to give a single terminal
carbonyl ligand on two adjacent iron atoms. These results on
the enzyme closely parallel those we have observed for the
isolated cofactor when accessing the FeMocored level. Hoff-
man et al. suggest that the M centre in either the bridging or
terminal CO-ligated states is at the same oxidation level as
Msemired. Their argument for this is that CO bound to the M
centre in terminal or bridging modes can be pumped off and
this restores the spectroscopically well-defined EPR signal of
Msemired.[31] Against this, however, is the observation that
carbon monoxide will not directly bind to the resting state
Msemired level. Our observations on FeMoco unequivocally
show that the primary CO interaction with the cofactor
requires accessing the FeMocored level. That Msemired is
produced on removal of CO may be no more than a
consequence of reoxidation of a more reduced level of the
M centre by protons, which has a parallel with the instability
of species detected under CO during bulk reduction of the
isolated cofactor.


Taking the studies on isolated FeMoco and those on the M
centre in the enzyme by Hoffmann, M¸nck and their co-


workers together, we now sug-
gest that the differing interpre-
tation of redox states of Msemired


can be rationalised by CO bind-
ing to iron atoms of the cofactor
centre at a level two-electrons
reduced from the semireduced
level with Msemired. With the
warning that an interstitial light
atom may require revision of
the interpretation of both
Mˆssbauer and EPR/ENDOR
results, we suggest that Msemired


and FeMocosemired are com-
prised nominally of the metal
atoms in the redox states
{4FeII.3FeIII.MoIV}, as indicated
in Schemes 2 ± 4. Here we note
that a synthetic trigonal-bipyr-
amidal mononuclear FeII ± mono-
carbonyl complex possessing a
{Fe3SN} core has an �(CO)
band at 1885 cm�1 and that
higher oxidation state MoII


and MoIII - carbonyls are not
intrinsically unstable.[37, 38]


We have shown that the bridging carbonyl species detected
at 1808 and 1835 cm�1 are related by a single-electron transfer.
Oxidation of the terminally bound CO species can also lead to
higher frequency �(CO) modes. For example oxidation that
encompasses process V leads to depletion of the 1885 cm�1


band and the growth of a new band at 1960 cm�1. Stopped-
flow FTIR studies of the binding of carbon monoxide to Mo ±
nitrogenase under turnover conditions have been reported.[34]


At low CO concentrations a band at 1904 cm�1 is observed; at
higher CO concentrations bands appear at 1958, 1936, 1906
and 1880 cm�1. These bands broadly fall into the frequency
range of our observations on FeMoco and are undoubtedly
associated with terminal CO.


Conclusion


Here we summarise the main conclusions from this study.
1) Redox-linked isomerism is associated with the terminal


(capping) iron site, and this probably involves monoden-
tate/bidentate interconversion of N-methylformamide
bound as an anion at Feterm. Replacing this anion with
PhS� or other monodentate thiols switches off the isomer-
ism (Scheme 1).


2) FeMoco(SPh)ox undergoes two successive one-electron
reduction processes the first of which is fully reversible at
moderate scan rates, the second of which is reversible at
fast scan rates. The magnitude of �E of 630 mV separating
IIEp and IIIEp of processes I and II is indicative of successive
electron transfer to the delocalised {6FeS7} sub-cluster
system.


3) A hitherto unrecognised further reduction process III is
resolved by thiophenolate coordination at Feterm. This


Figure 10. IR differential absorption spectra recorded under the same conditions as Figure 9; a) reduction of
FeMoco at �1.4 V under a carbon monoxide atmosphere in the presence of a large excess of HSPh (�100 m�)
over a period of i) 0 ± 80 s and ii) 80 ± 160 s following the potential step; conditions as for a), but after addition of a
large excess of imidazole (ca. 50 m�), 0 ± 160 s following reduction. The inset in b) shows a fit to the trace recorded
at about 200 s following reduction (performed by using Grams-based routines implemented within BioRad
WinIR software).







FULL PAPER C. J. Pickett, S. P. Best et al.


¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0901-0086 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 186


irreversible electron transfer occurs at a potential close to
that of IIEp, indicative of a process localised at the Mo
centre.


4) Reduction under carbon monoxide that encompasses
process II at low CO concentration gives a bridging CO
intermediate (�(CO)� 1808 cm�1), which reversibly oxi-
dises in a one-electron step to give a bridging species with
�(CO)� 1835 cm�1. At higher CO concentrations the
bridging carbonyl species is converted to a product with
terminally bound CO groups with �(CO)� 1885 cm�1.
Given that process II is based on the {6FeS7} framework,
CO interactions on accessing the FeMocored level are most
likely, therefore, to involve binding to Fe. This is in parallel
with the observations of Hoffmann that bridging and
terminal binding of CO occurs between or at two
neighbouring core Fe atoms during turnover of the
enzyme.


5) Reduction under carbon monoxide that encompasses
process III leads to the independent growth of a terminal
CO band at �(CO)� 1920 cm�1 without measurable per-
turbation of the lower wavenumber band at �(CO)�
1885 cm�1. This shows that there is no vibrational coupling
between the two types of CO binding centre and,
importantly, there is no significant transmission of elec-
tronic influence between the two types of centre. This
reinforces the interpretation that chemistry associated
with process II ({6FeS7}-based) is essentially insulated
from that involving process III (Mo-based).


6) Taking these studies on isolated FeMoco and those on the
M centre in the enzyme by Hoffmann, M¸nck and their
respective co-workers together, we suggest that the differ-
ing interpretation of redox states of Msemired can be
rationalised by CO binding to iron atoms of the cofactor
centre at a level two-electrons reduced from the semi-
reduced level, with Msemired comprised nominally of the
metal atoms in the redox states {4FeII.3FeIII.MoIV}. It must
be noted that no account is taken of an interstitial light
atom in assigning this formalism. However, the interpre-
tation of the isomer shifts obtained from Mˆssbauer
measurements[34] is more straightforward if the central
six iron atoms have distorted tetrahedral, rather than
trigonal, coordination. Thus the revision of the structure
strengthens the {4FeII.3FeIII.MoIV} oxidation state assign-
ment of Msemired and, hence, the conclusion that the high-
and low-concentration CO forms are two-electron-re-
duced beyond Msemired.


Experimental Section


FeMoco preparation and assay : The nitrogenase MoFe protein was isolated
from wild-type K. pneumoniae M5a1, and FeMoco was extracted into NMF
containing water (ca. 2%), phosphate buffer and sodium dithionite, by
using minor modifications of the methods described previously,[39] and
concentrated in vacuo to about 1 m� (based on Mo determination,
Southern Analytical, Brighton, UK). The integrity of isolated FeMoco
was confirmed by C2H2 reduction activity in an enzyme reconstitution assay
(activity �275 units mol�1 atom Mo), by EPR spectroscopy (Bruker ER
200 D-SRC, 4 K) and by cyclic voltammetry.


Materials : Imidazole and thiophenol (Aldrich) were used without further
purification. NMF (Fluka) was distilled from anhydrous sodium carbonate
and stored under N2. Carbon monoxide and 13CO (99.2 atom % 13CO) were
supplied by BOC (UK) and Trace Sciences International, Ontario
(Canada), respectively.


Electrochemistry : Electrochemical measurements were performed by
using a potentiostat Type DT 2101 and waveform generator PPRI (Hi-
Tek Instruments, UK) and carried out in a glove box maintained at �1 ppm
O2 (Alvic Scientific Containment Systems, UK). The cell consisted of a
small open vial fitted with a vitreous carbon working electrode (area
0.070 cm2), a platinum wire auxiliary electrode and a saturated calomel
reference electrode (SCE). The minimum working volume of the cell was
175 �L. The vitreous carbon electrode was polished with a 0.015 �m
alumina slurry in ethanol prior to use.


High-pressure (19 atm) cyclic voltammetric measurements were made in a
three-electrode cell contained within a Parr Instrument stainless steel
bomb modified with electrical breakthroughs. All manipulations including
filling the cell, assembly of the bomb, pressurisation and running of
voltammograms were performed in the inert atmosphere glove box.


FTIR spectroelectrochemistry : The IR spectroelectrochemical cell was
based on the standard absorption/reflection methodology, in which the
interrogating radiation passes through the thin film of solution trapped
between a transmitting window (CaF2) and a highly polished working
electrode.[40] The cell body was constructed so as to permit the application
of moderate gas pressures (7 atm) to the solution under examination.
Typically the thickness of the film of solution trapped between the vitreous
carbon working electrode and the CaF2 window was approximately 10 ±
20 �m. Whereas vitreous carbon has about 50 % of the reflectivity of
platinum, the lower reflectivity of the former material is more than
compensated for by its superior electrochemical properties, particularly its
wider negative potential window. Platinum foil auxiliary and silver wire
pseudoreference electrodes were contained within the sample space where
a minimum volume of 50 �L was required to establish electrical contact
between the three electrodes. Only a very small fraction of the bulk
solution (ca. 0.1 �L) was subject to electrolysis at the working electrode in
any one experiment allowing multiple experiments to be performed by
exchanging the solution in the film. The FeMoco solution was transferred
into the cell in a glove box and the cell transferred to the FTIR
spectrometer (BioRad FTS60 and FTS 175C), where it was attached to
the gas transfer lines. Equilibration of the gas and NMF phases in the cell
without agitation took about 20 minutes. This allowed the qualitative effect
of low concentrations of CO on the spectroelectrochemistry to be
measured in the pre-equilibration period without compromising the
integrity of cell by working at lower pressures.
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Convenient Syntheses of Fluorous Aryl Iodides and Hypervalent Iodine
Compounds: ArI(L)n Reagents That Are Recoverable by Simple Liquid/
Liquid Biphase Workups, and Applications in Oxidations of Hydroquinones


Christian Rocaboy and John A. Gladysz*[a]


Abstract: Iodinations of the ortho,
meta, and para fluorous arenes (Rf8CH2-
CH2CH2)2C6H4 (Rf8� (CF2)7CF3) with
I2/H5IO6 in AcOH/H2SO4/H2O give 3,4-
(Rf8CH2CH2CH2)2C6H3I (5) and the
analogous 2,4- (6) and 2,5- (7) isomers,
respectively. Spectroscopic yields are
�90%, but 5 and 7 must be separated
by chromatography from by-products
(yields isolated: 70%, 97%, 61%). Re-
action of 1,3,5-(Rf8CH2CH2CH2)3C6H3
with PhI(OAc)2/I2 gives 2,4,6-
(Rf8CH2CH2CH2)3C6H2I (8) on multi-
gram scales in 97% yield. The CF3C6F11/


toluene partition coefficients of 5 ± 8
(24 �C: 69.5:30.5 (5), 74.7:25.3 (6),
73.9:26.1 (7), 98.0:2.0 (8)) are lower
than those of the precursors, but
CF3C6F11/MeOH gives higher values
(97.0:3.0 (5), 98.6:1.4 (6), 98.0:2.0 (7),
�99.3:� 0.3 (8)). Reactions of 5 ± 8 with
excess NaBO3 in AcOH yield the corre-
sponding ArI(OAc)2 species 9 ± 12 (9,


85% as a 90:10 9/5mixture; 10, 97%; 11,
95%; 12, 93% as a 95:5 12/8 mixture).
These rapidly oxidize 1,4-hydroquinones
in MeOH. Subsequent additions of
CF3C6F11 give liquid biphase systems.
Solvent removal from the CF3C6F11
phases gives 5 ± 8 in �99 ± 98% yields,
and solvent removal from the MeOH
phases gives the quinone products, nor-
mally in �99 ± 95% yields. The recov-
ered compounds 5 ± 8 are easily reoxi-
dized to 9 ± 12 and used again.


Keywords: fluorine ¥ hypervalent
iodine ¥ oxidations ¥ quinones ¥
recycling


Introduction


Over the past eight years, many new compounds with high
affinities for perfluoroalkane and perfluorodialkyl ether
(™fluorous∫) solvents have been synthesized.[1±3] This has
been prompted by the development of ™fluorous biphase
chemistry∫,[1] which as most frequently implemented exploits
the markedly temperature-dependent miscibilities of organic
and fluorous solvents. At room temperature, most combina-
tions give two phases.[4] However, with moderate heating, one
phase is obtained. Reactions can be conducted under
homogeneous conditions at the high-temperature limit.
Organic products and fluorous catalysts or by-products can
be separated under liquid/liquid biphase conditions at the
low-temperature limit.
High fluorous phase affinities are achieved by appending


sufficient numbers of ™pony tails∫ of the formula
(CH2)m(CF2)n�1CF3, herein abbreviated as (CH2)mRfn . The
(CH2)m or ™spacer∫ segment partially insulates the reactive


site from the electronegative Rfn groups.[5] More recently,
many such compounds have been found to exhibit little or no
solubility in organic solvents at room temperature, but
significant solubility at elevated temperatures. Thus, reactions
can be conducted under homogeneous conditions at the high-
temperature limit, and the fluorous material recovered by a
simple solid/liquid phase separation at the low-temperature
limit.[6, 7] This variant renders a fluorous solvent unnecessary.
Aryl iodides are extremely versatile synthetic organic


building blocks.[8] They are also precursors to a variety of
exceedingly useful and extensively applied hypervalent iodine
reagents.[9±14] Unfortunately, the latter produce a stoichiomet-
ric amount of an aryl iodide or similar waste product. These
have seldom been recycled, apparently for lack of a conven-
ient protocol. This represents a distinct disadvantage from the
standpoint of ™green∫ chemistry, which is playing an increas-
ingly important role in process design.[15] Over the last few
years, several immobilization strategies have been described,
as further detailed below.[16] All of these feature polystyrene
or silica supports, and the intrinsic advantages and disadvan-
tages associated with insoluble reagents and heterogeneous
reaction conditions.
We thought that fluorous aryl iodide species that could be


utilized under homogeneous conditions and recovered as
described above would provide valuable complements to
these methodologies. Interestingly, no aryl iodides with high
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fluorous phase affinities have so far been reported. We[17] and
several other groups[18] have described simple fluorous aryl
bromides such as p-BrC6H4(CH2)mRfn (m/n� 2/6, 2/8, 3/8),
and used these as precursors to a variety of other fluorous
molecules. However, compounds that contain only one pony
tail per aromatic[4, 18, 20] or heteroaromatic[20, 21] ring exhibit
low fluorous phase affinities.
As shown in Scheme 1, we have found that benzenoid


di- and trialdehydes undergo efficient Wittig reactions
with the ylide derived from the phosphonium salt


H O


Rf8 Rf8


n = 1, 2, 3;  Rf8 = (CF2)7CF3


n n n
(b)(a)


Scheme 1. Syntheses of fluorous arenes. a) [Ph3PCH2CH2Rf8]� I�, K2CO3,
p-dioxane/H2O, 95 �C; b) 10% Pd/C, 1 atm H2, EtOH/CF3C6H5.


[Ph3PCH2CH2Rf8]� I�.[19] Subsequent hydrogenation leads to
fluorous benzene derivatives with two to three pony tails and
three methylene spacers. As summarized in Table 1, these
exhibit CF3C6F11/toluene partition coefficients of about 91:9
for two pony tails, and �99:� 1 for three pony tails. We
therefore set out to attempt the iodination of these fluorous
arenes, to elaborate the resulting aryl iodides to fluorous
hypervalent iodine compounds, to apply the later in oxidation
reactions, and to efficiently recover and reuse the fluorous by-
products. The successful realization of all of these objectives is
described below.


Results


Fluorous aryl iodides: As shown in Scheme 2, the doubly
pony-tailed fluorous arenes (Rf8CH2CH2CH2)2C6H4 (1, 1,2-; 2,
1,3-; 3, 1,4-) were iodinated by using a standard procedure
involving periodic acid (H5IO6) and iodine in a mixture of
aqueous acetic and sulfuric acid.[8] Reactions were highly
regioselective. Nonetheless, in most cases small quantities of
alternative isomers or diiodides formed (�10%), as assayed
by 1H NMR spectra of the crude reaction mixtures. For
example, the ortho-substituted arene 1 gave the iodide 3,4-
(Rf8CH2CH2CH2)2C6H3I (5) as the major product (�90%), as
evidenced by the 1H NMR coupling pattern of the aromatic
protons. However, signals consistent with the 2,3-regioisomer
(5�), the only other possible monoiodide, could also be
detected (see Experimental Section). Other signals were
consistent with one of the diiodide by-products shown in
Scheme 2 (A, A�). Iodide 5 could be isolated in pure form in


Table 1. Summary of relevant partition coefficients (24 �C).


Analyte CF3C6F11:toluene CF3C6F11:MeOH


Rf8CH2CH2CH2C6H5 49.5:50.5[a]


1 1,2-(Rf8CH2CH2CH2)2C6H4 91.2:8.8[a]


2 1,3-(Rf8CH2CH2CH2)2C6H4 90.7:9.3[a]


3 1,4-(Rf8CH2CH2CH2)2C6H4 91.1:8.9[a]


4 1,3,5-(Rf8CH2CH2CH2)3C6H3 � 99.7:� 0.3[a]


1,2-(Rf6CH2CH2CH2)2C6H4 73.7:26.3[a]


1,2-(Rf10CH2CH2CH2)2C6H4 97.4:2.6[a]


5 3,4-(Rf8CH2CH2CH2)2C6H3I 69.5:30.5[b] 97.0:3.0[b]


6 2,4-(Rf8CH2CH2CH2)2C6H3I 74.7:25.3[b] 98.6:1.4[b]


7 2,5-(Rf8CH2CH2CH2)2C6H3I 73.9:26.1[b] 98.0:2.0[b]


8 2,4,6-(Rf8CH2CH2CH2)3C6H2I 98.0:2.0[b] � 99.7:� 0.3[b]


Rf8CH2CH2CH2I 50.7:49.3[a]


Rf8CH�CH2 93.5:6.5[c]


[a] See reference [19]. [b] This work. [c] See reference [20].
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a), 85 °C
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b), 60 °C


70%
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Scheme 2. Syntheses of fluorous iodoarenes and (diacetoxyiodo)arenes. a) I2, H5IO6, AcOH/H2SO4/H2O; b) I2, PhI(OAc)2, AcOEt; c) NaBO3 ¥H2O,
AcOH, 65 �C.
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70% yield, but a rather tedious column chromatography was
necessary.
In contrast, the meta-substituted arene 2 gave only a single


iodide, 2,4-(Rf8CH2CH2CH2)2C6H3I (6), the structure of which
followed from the six distinct aryl 13C NMR signals. It could
easily be isolated in 97% yield, and no by-products were
observed. The para-substituted arene 3 can give only one
monoiodide, 2,5-(Rf8CH2CH2CH2)2C6H3I (7), and spectro-
scopic yields were �90%. However, 1H NMR signals
consistent with a diiodide by-product were also detected.
These could also be removed chromatographically, although
again at some sacrifice with respect to the final yield (61%).
When iodinations of the triply pony-tailed fluorous arene


1,3,5-(Rf8CH2CH2CH2)3C6H3 (4) were attempted under
similar conditions, the expected product 2,4,6-
(Rf8CH2CH2CH2)3C6H2I (8) was usually obtained. However,
the degree of conversion was not very reproducible. There-
fore, an alternative protocol involving (diacetoxyiodo)ben-
zene (PhI(OAc)2) and iodine in ethyl acetate was evaluat-
ed.[8, 22] As shown in Scheme 2, this gave 8 in high yields on
multigram scales. Surprisingly, this recipe gave inferior results
when applied to 1 ± 3.
The fluorous aryl iodides 5 ± 8, and all other new com-


pounds below, were characterized by microanalysis and 1H
and 13C NMR spectroscopy. Each was rather low-melting (ca.
37, 65, 91, and 80 �C), and differential scanning calorimetry
(DSC) showed no other phase transitions. At room temper-
ature, 5 ± 8 were soluble in fluorinated solvents such as
CF3C6F11 and CF3C6H5, and many organic solvents with
moderate polarities (pentane, hexanes, toluene, diethyl ether,
THF, CH2Cl2, CHCl3). They were sparingly soluble in
acetone, even less soluble in EtOH and acetonitrile, and
nearly insoluble in MeOH and acetic acid. Iodide 7, which has
two pony tails in a para relationship, was the least soluble in
the series, analogous to the trend with 1 ± 3.[19]


The CF3C6F11/toluene partition coefficients of 5 ± 8 were
determined by GC as detailed in the Experimental Section.
These reflect relative as opposed to absolute solubilities, and
are summarized in Table 1. For reasons apparent below,
measurements were also made with a second solvent system,
CF3C6F11/MeOH. Trends are analyzed in the Discussion
section.


Fluorous (diacetoxyiodo)arenes : Hypervalent iodine com-
pounds of the formula ArI(O2CR)2 are easily prepared by
oxidations of aryl iodides. One convenient procedure utilizes
the inexpensive reagent sodium perborate (NaBO3) in acetic
acid.[23±25] Although mechanistic questions remain, it has been
suggested that this oxidation involves peracetic acid, gener-
ated in situ.[25] Thus, reactions are typically conducted at 40 �C
or less to minimize any independent thermal decomposition
of the peracid, and further reactions of products. However,
the fluorous aryl iodides 5 ± 8 were insoluble under these
conditions, and no reactions occurred in mixed acetic acid/
CHCl3 solvent systems.
Interestingly, the aryl iodides 5 ± 8 were soluble in acetic


acid at 65 �C. Hence, 65 �C acetic acid solutions of 5 ± 8 were
treated with excesses of NaBO3 ¥H2O. As shown in Scheme 2,
the expected (diacetoxyiodo)arenes (Rf8CH2CH2CH2)n-


C6H5-nI(OAc)2 (9 ± 12) formed in high yields. The reactions
of 6 and 7 required only 5 ± 7 h, and simple aqueous workups
gave 10 and 11 as analytically pure yellowish and white solids
in 95 ± 97% yields.
For some reason, the oxidations of 5 and 8 to 9 and 12 could


only be taken to 90 ± 95% completion. Longer reaction times
ultimately gave lower conversions, suggesting some type of
reductive decomposition pathway. Commercial peracetic acid
(39% in acetic acid) gave little or no reaction with 8 under a
variety of conditions (30 equivalents; acetic acid, 65 �C or 2:1
v/v CHCl3/acetic acid, 40 �C). Accordingly, 9 could only be
isolated in 85% yield as an oily mixture of 9 and 5 (ca. 90:10).
Similarly, 12 was isolated as a white solid in 93% yield as a
mixture of 12 and 8 (ca. 95:5). Attempted crystallization from
hexanes or CHCl3 (�20 �C) did not remove residual 8.
However, analytically pure 12 could be isolated on small
scales by filtration through Celite with acetic acid. This
exploits the extremely low solubility of 8 in acetic acid at room
temperature.
The (diacetoxyiodo)arenes 9 ± 12 exhibited good solubil-


ities in common fluorous and organic solvents such as
CF3C6F11, CF3C6F5, CF3C6H5, hexane,diethyl ether, THF,
CH2Cl2, CHCl3, and acetone. They were also slightly soluble
in EtOH, MeOH, and acetic acid. Each was stable in air at
room temperature for weeks, and no special care was required
for handling. The structural assignments were supported by
the NMR, IR, and microanalytical data. For example, IR
spectra showed a diagnostic band for the acetoxy group (�� �
1648 ± 1652 cm�1 (C�O)). Since 9 ± 12 were not volatile
enough for GC analyses, no partition coefficients were
determined. However, they are expected to be more polar
and less fluorophilic than the aryl iodides 5 ± 8.


Hydroquinone oxidations and fluorous aryl iodide recycling :
Applications for the preceding compounds were sought. Both
(diacetoxyiodo)benzene and its trifluoroacetoxy analogue are
frequently used for the oxidation of hydroquinones to
quinones, and related transformations.[9, 10, 26] However, the
phenyl iodide coproduct is normally discarded. Accordingly,
analogous reactions with 9 ± 12 were investigated. Three
hydroquinones–1,4-hydroquinone (13a), 2,3,5-trimethyl-1,4-
hydroquinone (13b), and 2,6-di(tert-butyl)-1,4-hydroquinone
(13c)–were selected for study, as summarized in Table 2.
The hydroquinones 13a ± c were dissolved in MeOH at


room temperature and treated either with 1.0 equivalent of 10
or 11, or 1.2 equivalents of 9 or 12. The slight excesses of 9 and
12 were intended to compensate for the residual aryl iodide.
Despite the modest solubilities of 9 ± 12 in MeOH, the
heterogeneous mixture rapidly turned yellow, diagnostic of
the quinones 14a ± c. However, white solids remained,
consistent with the low solubilities of the aryl iodide
coproducts 5 ± 8. After 2 ± 3 h, the fluorous solvent CF3C6F11
was added to give MeOH/CF3C6F11 liquid/liquid biphase
systems. These steps are represented graphically in Scheme 3.
The lower fluorous layer was colorless, and from the


partition coefficients in Table 1 was presumed to contain
nearly all of the aryl iodides 5 ± 8. The upper organic layer was
yellow, and from the partition coefficients of other polar
organic molecules[4] was presumed to contain all of the
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quinones 14a ± c. The phases were separated and rinsed, and
solvents were removed under reduced pressure. As shown in
Table 2, this gave the quinones 14a ± c in (with a single
exception) �99 ± 95% yields, and the aryl iodides 5 ± 8 in
�99-98% yields (based upon the amount of 9 ± 12 employed).
No by-products or impurities were detected by 1H NMR
spectroscopy.
The easiest doubly pony-tailed (diacetoxyiodo)arene to


obtain in analytically pure form, 10, was used with each of the
hydroquinones 13a ± c (entries 2, 4, 6 in Table 2). The aryl
iodide recovered in entry 2, 6, was reoxidized to 10 as in
Scheme 2. This sample was directly used in a second oxidation
of 13a, at the original loading and with comparable results
(Table 2, entry 3). The (diacetoxyiodo)arenes 9 (Table 2, entry
1) and 12 (Table 2, entry 7) appear similarly effective,
although here the slight excesses employed must be kept in
mind. Only 11 gave an incomplete oxidation of hydroquinone
to quinone. Although we have no simple explanation for this


reproducible effect, it may in some way be connected to the
lower solubility of this series of compounds noted above.


Discussion


Syntheses and physical properties of fluorous ArI(L)n com-
pounds : Scheme 2 shows that fluorous aryl iodides with high
fluorous phase affinities can be prepared in good to excellent
yields from the corresponding fluorous arenes. Overall, only
three straightforward steps from commercially available
benzenoid aldehydes are required (Scheme 1 and 2). Two of
the new iodides, 6 and 8, are easily obtained in pure form on
multigram scales. However, as emphasized previously,[6b, 17, 28]


the most important consideration in the synthesis of fluorous
molecules is not the number of steps but the ease of
purification and/or avoidance of by-products. The other new
iodides, 5 and 7, are difficult to separate from what should be
trivial amounts of isomers or diiodides.
Analogous mixtures with methyl or ethyl in place of the


Rf8CH2CH2CH2 moieties would not present extraordinary
separation challenges. In our view, the pony tails bring about a
™leveling effect∫ with regard to the polarity properties
commonly exploited in chromatographic purifications. Fur-
thermore, since all by-products have the same spatial relation-
ship of pony tails, chromatography on fluorous silica gel[29]


would not be effective either. Another handicap is that
fluorous molecules are intrinsically less prone to crystallize. In
related efforts, we have made repeated attempts to efficiently
convert the arene Rf8CH2CH2CH2C6H5 to the singly pony-
tailed para-substituted iodide 4-Rf8CH2CH2CH2C6H4I.[30, 31]


However, we have been unable to devise a user-friendly
separation from the ortho isomer and/or unreacted arene.
Under the conditions in Scheme 2, a 72:28 para/orthomixture
forms, and four preparative columns are needed to obtain a
34% yield of pure material.[31, 32]


The oxidations of 5 ± 8 to (diacetoxyiodo)arenes 8 ± 12
(Scheme 2) can be effected in high yields with cheap, readily
available materials. Although two products, 8 and 12, are for
some reason always obtained with small amounts of starting
aryl iodide, this is of no consequence with respect to most
subsequent chemistry, such as the applications in Table 2. It is


Table 2. Oxidations of hydroquinones 13 to benzoquinones 14.


(Rf8(CH2)3)n


I(OAc)2


R1 R2


R1


OHHO


(Rf8(CH2)3)n


R1 R2


R1


OO


I


MeOH, RT
+ +


14a-c


9-12 5-8


a  R1 = R2 = H
b  R1 = R2 = Me
c  R1 = tBu, R2 = H13a-c


(- 2 AcOH)


Entry ArI(OAc)2 Hydroquinone Quinone (%)[a] Aryl iodide (%)[a]


1 9[b] 13a 14a (95) 5 (98)
2 10[c] 13a 14a (98) 6 (100)
3 10[c,d] 13a 14a (98) 6 (99)
4 10[c] 13b 14b (100) 6 (100)
5 11[c] 13b 14b (65)[e] 7 (98)
6 10[c] 13c 14c (96) 6 (100)
7 12[b] 13c 14c (95) 8 (100)


[a] Yields of isolated materials pure by 1H NMR (�95%) spectroscopy.
[b] 1.2 equiv; yield of recovered aryl iodide based upon this quantity.
[c] 1.0 equiv. [d] The reaction was conducted with 10 that had been
regenerated from 6 from the reaction in entry 2. [e] 65:35 14b/11 mixture,
as assayed by 1H NMR spectroscopy.


Scheme 3. Schematic diagram of reaction conditions for Table 2.
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also likely that the isomers or diiodides that accompany the
formation of 5 and 7 could be ™carried along∫ with no negative
effect. However, the ease of purification of 6 and 8 renders the
corresponding (diacetoxyiodo)arenes 10 and 12 the most
attractive candidates for further study and use. The latter has
the advantage of a higher fluorous phase affinity. While 8 ± 12
represent the first hypervalent iodine compounds with
fluorous aryl moieties, there is an extensive literature of such
species with fluorous alkyl moieties.[9, 33] These also represent
attractive candidates for recyclable oxidizing agents.
Interestingly, the oxidation protocol in Scheme 2 fails when


applied to perfluoroalkyl-substituted aryl iodides,[23] illustrat-
ing the importance of the insulating (CH2)3 spacer units in 5 ±
8. However, the triply pony-tailed fluorous triarylphosphine
P(p-C6H4CH2CH2CH2Rf8)3 remains less basic than PPh3, as
assayed by the IR �CO value of an iridium adduct.[17] Hence,
the inductive effect of the perfluoralkyl segment can be
transmitted through many connecting atoms.[5] We suggest
that the basicities of 5 ± 8 are decreased by a comparable
amount relative to phenyl iodide. This would also render 9 ±
12 slightly stronger oxidants than (diacetoxyiodo)benzene.
Table 1 shows that when an iodide substituent is added to a


fluorous arene, the fluorous phase affinity decreases. This is
an expected consequence of the increased polarity and
polarizability.[4] In fact, an aliphatic iodo group has an effect
very similar to that of a phenyl group, as evidenced by the
CF3C6F11/toluene partition coefficients of Rf8CH2CH2CH2I
and Rf8CH2CH2CH2C6H5 (ca. 50:50). Related fluorohydro-
carbons, such as Rf8CH�CH2, give higher values (ca. 94:6).[20]
Thus, in a CF3C6F11/toluene biphase system, the doubly pony-
tailed iodides 5 ± 7 would give significant leaching (ca. 70 ±
75:30 ± 25). The two with ortho pony tails (6,7) have slightly
higher partition coefficients, and it would be of interest to
know the value for the 2,6 isomer.
Importantly, the triply pony-tailed iodide 8maintains a high


CF3C6F11/toluene partition coefficient (98:2). Furthermore,
when toluene is replaced by the much more polar solvent
MeOH, the partition coefficients of 5 ± 8 increase dramati-
cally. Now the doubly pony-tailed iodides show excellent
retention (ca. 98:2), and no leaching of 8 can be detected
(�0.3%). This is a logical consequence of the higher polarity
of MeOH, and the low absolute solubility of 5 ± 8 in MeOH.
Longer perfluoroalkyl groups also increase partition coeffi-
cients, as illustrated by 1,2-(Rf10CH2CH2CH2)2C6H4 in Table 1.
Hence, the Rf10 homologs of 5 ± 8 would exhibit still higher
fluorophilicities.


Oxidations of hydroquinones; fluorous liquid/liquid biphase
recycling : The simplicity and effectiveness of the hydro-
quinone oxidations in Table 2 and Scheme 3, and the ease of
separation of the quinone product and fluorous aryl iodide
coproduct, hardly need to be emphasized. The reactivities of
9 ± 12 are comparable to those of (diacetoxyiodo)benzene[26]


and related (diacetoxyiodo)heteroarenes.[27] It is noteworthy
that a fluorous solvent is not required during the reaction.
Rather, liquid/liquid biphase conditions are used only for
product isolation and coproduct recycling.
In this regard, there is a cost incentive to develop recycling


strategies for fluorous catalysts and reagents that avoid the


use of fluorous solvents. As noted in the introduction, solid/
liquid phase separations involving insoluble or thermomor-
phic fluorous species are attracting increasing attention.[6, 7]


Given that 5 ± 8 have very low solubilities in the reaction
solvent, MeOH, a solid/liquid phase separation at the stage of
the middle panel in Scheme 3 would recover a high fraction of
the aryl iodide. However, due to the obvious need for very
high efficiencies in recycling, we believe that this approach
would be best evaluated with analogs with longer perfluor-
oalkyl groups. These always confer lower solubilities,[34] and
based upon trends noted above, the Rf10 analogue of 7 would
constitute a particularly attractive candidate.
Nonetheless, liquid/liquid biphase protocols are preferred


for many types of applications. A possible second-generation
improvement would be to extend the preceding chemistry to
hypervalent iodine compounds derived from fluorous carbox-
ylic acids. Many [bis(trifluoroacetoxy)iodo]arenes have been
previously applied in oxidations. Furthermore, such a
(Rf8CH2CH2CH2)nC6H5-nI(O2CRfn�)2 species would generate
its ™own fluorous liquid phase∫ by virtue of the two
equivalents of the fluorous carboxylic acid HO2CRfn liber-
ated. It might also be possible to directly regenerate the
(Rf8CH2CH2CH2)nC6H5-nI(O2CRfn�)2 species by the simple
addition of NaBO3 or another suitable oxidant.
Another important question is how the protocols in Table 2


and Scheme 3 compare with those involving other recoverable
hypervalent iodine reagents. Examples of the insoluble,
polymer-supported species noted in the introduction are
depicted in Scheme 4.[16] In general, these systems also give
both high yields and reactivities. Excellent results with regard
to recovery, reoxidation, and reuse have been reported in
most cases. However, there are also shortcomings, as can be
found with any recycling method.


PS I(OAc)2 PS I(O2CCF3)2


PS
H
N


O
I(OAc)2


PS I(OH)(OTs) PS IC CR


OTs


PS O


I
O


O


HO O
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O


O


O
I


HO O
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+
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Scheme 4. Other recyclable hypervalent iodine reagents.


Those that have been noted for such polymer-supported
reagents include nonlinear kinetic behavior, unequal distri-
bution and/or access of active sites to the reaction media,
solvation problems associated with the nature of the support,
reactivity differences associated with subtle variations in
polymer backbones, altered stereoselectivities, ease of mon-
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itoring as compared to homogeneous systems, and synthetic
difficulties in transferring standard organic reactions to the
solid phase.[35] For example, reagent B in Scheme 4 was
prepared by the iodination of polystyrene with I2/I2O5/
H2SO4.[14a,b] Thus, regioisomers and diiodinated arenes can
be expected, analogously to the crude reaction mixtures in
Scheme 2.
To be even-handed, various shortcomings have also been


noted for fluorous methodologies. These include fluorous
solvent cost, fluorous solvent leaching, and environmental
persistence.[4] Accordingly, we view the value of this work–
which has resulted in the first aryl iodides that are easily
recoverable under liquid/liquid biphase conditions–as lying
in the expansion of the portfolio of recovery methods. The
protocols represented in Scheme 4 are complementary to
those in Table 2 and Scheme 3, and the specific application
will often dictate the optimal approach. In any event, the
chemical community now has a much broader palette of
strategies to choose from.


Conclusion


This study has described efficient syntheses of the first series
of fluorous aryl iodides (5 ± 8) and hypervalent iodine com-
pounds (9 ± 12). The former constitute exceedingly useful
synthons for other fluorous compounds, and the latter
represent forerunners of what should be a wide variety of
synthetically useful and easily recoverable iodine-containing
fluorous reagents. The applicability of 9 ± 12 to the oxidation
of hydroquinones has been demonstrated, and workups under
fluorous biphase conditions give very high yields of quinones
(organic phase), and fluorous aryl iodides (fluorous phase)
that can be efficiently recycled. There are also tantalizing
possibilities for other recovery strategies, and the continued
development of this area of fluorous chemistry can be
confidently predicted.


Experimental Section


General : All reactions were conducted under N2 unless noted. Chemicals
were treated as follows: THF, diethyl ether, toluene, hexanes, distilled from
Na/benzophenone; MeOH, distilled from Mg; CF3C6H5 (Aldrich),
CF3C6F11, CF3C6F5 (2�Oakwood or ABCR), distilled from P2O5; CDCl3,
[D6]acetone (Cambridge Isotope or Aldrich), other ™reagent grade∫
solvents, H5IO6, PhI(OAc)2, NaBO3 ¥H2O (3�Oakwood or Aldrich), 1,4-
hydroquinone, 2,3,5-trimethyl-1,4-hydroquinone, 2,6-di(tert-butyl)-1,4-hy-
droquinone (3�Acros), used as received. NMR spectra were recorded on
standard Jeol or Bruker 400 MHz FT spectrometers at ambient probe
temperatures and referenced as follows: 1H, residual internal CHCl3 (��
7.27 ppm) or [D5]acetone (�� 2.05 ppm); 13C, internal CDCl3 (��
77.2 ppm) or [D6]acetone (�� 29.6 ppm). IR spectra were measured on
an ASI React-IR spectrometer. Gas chromatography was conducted on a
ThermoQuest Trace GC 2000 instrument. DSC data were recorded with a
Mettler-Toledo DSC821 instrument and treated by standard methods.[36]


Elemental analyses were conducted with a Carlo Erba EA1110 instrument.


3,4-(Rf8CH2CH2CH2)2C6H3I (5): A round-bottom flask was charged with
1,2-(Rf8CH2CH2CH2)2C6H4 (1;[19] 2.200 g, 2.203 mmol), I2 (2.237 g,
8.814 mmol), H5IO6 (2.010 g, 8.814 mmol), acetic acid (20 mL), H2SO4
(0.60 mL), and water (4 mL). The sample was stirred for 18 h at 85 �C.
Then H5IO6 (1.005 g, 4.409 mmol) was added and the sample stirred for


12 h at 85 �C. Sublimed I2 was periodically redissolved by swirling the flask.
The mixture was allowed to cool to room temperature, and was extracted
with CH2Cl2 (50 mL). Saturated aqueous Na2S2O3 was added to the purple
extract with vigorous stirring (50 mL), and the mixture became colorless.
The aqueous phase was extracted again with CH2Cl2 (30 mL), and the
combined organic phases were dried (MgSO4). The solvent was removed by
rotary evaporation to give a slightly colored oil. A series of preparative
silica gel columns (3 ± 6 depending upon scale; pentane elution) gave 5 as a
colorless oil that solidified upon standing (1.726 g, 1.535 mmol, 70%). M. p.
37 �C (capillary), 35.9 �C (DSC); elemental analysis (%) calcd for
C28H15F34I: C 29.91, H 1.34; found: C 29.68, H 1.30; NMR (CDCl3):
1H NMR: �� 1.84 ± 1.92 (m; 2CH2CH2CF2), 2.09 ± 2.18 (m; 2CH2CF2),
2.64, 2.66 (2 t, 3JH,H� 8 Hz; 2ArCH2), 6.91 (d, 3JH,H� 8 Hz; 1H of C6H3),
7.51 (d, 4JH,H� 2 Hz; 1H of C6H3), 7.52 ppm (dd, 3JH,H� 8 Hz, 4JH,H� 2 Hz;
1H of C6H3); 13C{1H} NMR (partial): �� 21.9, 22.1 (2s; 2CH2CH2CF2),
30.7, 30.8 (2 t, 2JC,F� 22 Hz; 2CH2CF2), 31.7, 31.8 (2 s; 2ArCH2), 92.1,[37]
131.4, 136.1, 138.4, 138.5, 141.4 ppm (6s; C6H3). Prior to chromatography,
the following minor 1H signals were also present (see text and Scheme 2):
5�: 1H NMR: �� 2.74, 2.86 (2 t, 3JH,H� 8 Hz; 2ArCH2), 6.87 (t, 3JH,H� 8 Hz;
1H of C6H3), 7.14 (d, 4JH,H� 2 Hz; 1H of C6H3), 7.74 ppm (d, 3JH,H� 8 Hz;
1H of C6H3); A or A� (tentative assignment): 1H NMR��� 2.60 (t,
3JH,H� 8 Hz; 2ArCH2), 7.66 ppm (s; C6H2).[38]
2,4-(Rf8CH2CH2CH2)2C6H3I (6): The procedure for 5 was repeated at 75 �C
with 1,3-(Rf8CH2CH2CH2)2C6H4 (2 ;[19] 0.772 g, 0.773 mmol), I2 (0.647 g,
2.500 mmol), H5IO6 (0.660 g, 2.895 mmol), acetic acid (5.00 mL), H2SO4
(0.20 mL), and water (1.00 mL). An identical workup (only one preparative
column required) gave 6 as a colorless oil that solidified upon standing
(0.844 g, 0.750 mmol, 97%). M. p. 65 �C (capillary), 66.1 �C (DSC);
elemental analysis (%) calcd for C28H15F34I: C 29.91, H 1.34; found: C
30.30, H 1.45; 1H NMR (CDCl3): �� 1.86 ± 1.99 (m; 2CH2CH2CF2), 2.01 ±
2.18 (m; 2CH2CF2), 2.63, 2.79 (2 t, 3JH,H� 8 Hz; 2ArCH2), 6.73 (dd, 3JH,H�
8 Hz, 4JH,H� 2 Hz; 1H of C6H3), 7.00 (d, 4JH,H� 2 Hz; 1H of C6H3), 7.23 ppm
(d, 3JH,H� 8 Hz; 1H of C6H3); 13C{1H} NMR (partial): �� 20.9, 21.8 (2s;
2CH2CH2CF2), 30.3, 30.4 (2 t, 2JC,F� 22 Hz; 2CH2CF2), 34.5, 39.8 (2s;
2ArCH2), 97.7,[37] 128.7, 129.7, 140.1, 141.5, 143.8 ppm (6s; C6H3).


2,5-(Rf8CH2CH2CH2)2C6H3I (7): The procedure for 5 was repeated at 90 �C
with 1,4-(Rf8CH2CH2CH2)2C6H4 (3 ;[19] 6.47 g, 6.48 mmol), I2 (6.71 g,
25.92 mmol), H5IO6 (5.91 g, 25.92 mmol), acetic acid (80 mL), H2SO4
(2.40 mL), and water (16 mL). After 24 h, more H5IO6 (2.95 g, 12.94 mmol)
was added, and the mixture was stirred an additional 24 h at 90 �C. An
identical workup gave 7 as a white solid (4.42 g, 3.93 mmol, 61%). M. p.
91 �C (capillary), 89.6 �C (DSC); elemental analysis (%) calcd for
C28H15F34I: C 29.91, H 1.34; found: C 29.91, H 1.76; 1H NMR (CDCl3):
�� 1.86 ± 1.96 (m; 2CH2CH2CF2), 2.01 ± 2.23 (m; 2CH2CF2), 2.64, 2.79 (2 t,
3JH,H� 8 Hz; 2ArCH2), 7.11 (d, 3JH,H� 8 Hz; 1H of C6H3), 7.13 (d, 3JH,H�
8 Hz; 1H of C6H3), 7.68 ppm (s; 1H of C6H3); 13C{1H} NMR (partial): ��
21.0, 21.9 (2s; 2CH2CH2CF2), 30.4, 30.5 (2 t, 2JC,F� 22 Hz; 2CH2CF2), 34.0,
39.5 (2s, 2ArCH2), 100.8,[37] 128.8, 129.5, 139.7, 141.1, 141.6 ppm (6s; C6H3).
Prior to chromatography, minor 1H signals tentatively assigned to a
diiodide were also present (see text): �� 2.73 (t, 3JH,H� 8 Hz; 2ArCH2),
7.64 ppm (s; C6H2).


2,4,6-(Rf8CH2CH2CH2)3C6H2I (8): A round-bottom flask was charged with
1,3,5-(Rf8CH2CH2CH2)3C6H3 (4 ;[19] 1.957 g, 1.341 mmol), I2 (1.042 g,
4.025 mmol), PhI(OAc)2 (1.296 g, 4.025 mmol), and ethyl acetate
(15 mL), sealed with a septum, covered totally with aluminum foil, and
immersed in an oil bath at 60 �C. The mixture was stirred for 24 h, allowed
to cool to room temperature, and poured onto a saturated aqueous solution
of Na2S2O3 (50 mL). The reaction flask was rinsed twice with diethyl ether
(2� 25 mL) into the aqueous phase. The mixture was vigorously stirred
until colorless. The organic phase was separated and dried (MgSO4).
Solvent was removed by rotary evaporation to give a yellowish oil. Most of
the phenyl iodide coproduct was removed by oil pump vacuum, leaving a
yellowish solid. Column chromatography (silica gel, hexanes elution) gave
8 as a white solid (2.056 g, 1.297 mmol, 97%). M. p. 80 �C (capillary),
83.1 �C (DSC); elemental analysis (%) calcd for C39H20F51I: C 29.56, H 1.27;
found: C 29.87, H 1.41; 1H NMR (CDCl3/CF3C6F5, 9:1 v/v): �� 1.92 ± 2.16
(m; 3CH2CH2CF2), 2.66 (t, 3JH,H� 8 Hz; ArCH2), 2.88 (t, 3JH,H� 8 Hz,
2ArCH2), 6.90 ppm (s; C6H2); 13C{1H} NMR (partial): �� 21.0 (s;
2CH2CH2CF2), 21.8 (s; CH2CH2CF2), 30.3 (t, 2JC,F� 22 Hz; CH2CF2), 30.5
(t, 2JC,F� 22 Hz; 2CH2CF2), 34.3 (s; ArCH2), 41.3 (s; 2ArCH2), 104.3,[37]
127.9, 141.3, 145.2 ppm (4s; C6H2).
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3,4-(Rf8CH2CH2CH2)2C6H3I(OAc)2 (9): A Schlenk flask was charged with 5
(0.270 g, 0.240 mmol) and acetic acid (4.00 mL) and placed in a 65 �C oil
bath. The mixture was stirred to dissolve 5, and NaBO3 ¥H2O (0.239 g,
2.401 mmol) was added portionwise over the course of 0.5 h. The flask was
sealed with a septum and the mixture stirred under nitrogen (5 h; TLC
showed the disappearance of 5). Water (25 mL) and CHCl3 (25 mL) were
added. The organic phase was removed and the aqueous solution again
extracted with CHCl3 (2� 25 mL). The combined organic extracts were
dried (MgSO4). The solvent was removed by rotary evaporation and further
dried under oil pump vacuum to give 9 as a light brown oil (0.282 g,
0.227 mmol, 85%) that contained ca. 10% residual 5 (see text). 1H NMR
(CDCl3): �� 1.94 ± 2.21 (m; 2CH2CH2CF2), 2.00 (s; 2CH3), 2.79, 2.80 (2 t,
3JH,H� 8 Hz; 2ArCH2), 7.30 (d, 3JH,H� 8 Hz; 1H of C6H3), 7.90 (s; 1H of
C6H3), 7.91 ppm (d, 3JH,H� 8 Hz; 1H of C6H3); 13C{1H} NMR (partial): ��
20.4 (s; 2CH3), 21.7, 21.9 (2s, 2CH2CH2CF2), 30.7, 30.9 (2 t, 2JC,F� 22 Hz,
2CH2CF2), 32.0 (s; 2ArCH2), 119.8,[37] 131.8, 133.5, 135.7, 142.1, 143.3 (6s;
C6H3), 176.6 ppm (s, 2C�O); IR (thin film): �� � 1648 cm�1 (C�O).
2,4-(Rf8CH2CH2CH2)2C6H3I(OAc)2 (10): Compound 6 (0.265 g,
0.235 mmol), NaBO3 ¥H2O (0.235 g, 2.357 mmol), and acetic acid
(4.00 mL) were combined in a procedure analogous to that given for 9. A
similar workup gave 10 as a yellowish solid (0.283 g, 0.227 mmol, 97%).
M. p. 68 ± 69 �C (capillary), 67.5 �C (DSC); elemental analysis (%) calcd for
C32H21F34IO4: C 30.94, H 1.70; found: C 30.74, H 1.84; 1H NMR (CDCl3):
�� 1.92 ± 2.19 (m; 2CH2CH2CF2), 1.98 (s; 2CH3), 2.79, 3.07 (2 t, 3JH,H�
8 Hz; 2ArCH2), 7.15 (dd, 3JH,H� 8 Hz, 4JH,H� 2 Hz; 1H of C6H3), 7.31 (d,
4JH,H� 2 Hz; 1H of C6H3), 8.17 ppm (d, 3JH,H� 8 Hz; 1H of C6H3); 13C{1H}
NMR (partial): �� 20.2 (s; 2CH3), 21.6, 21.8 (2 s; 2CH2CH2CF2), 30.4, 30.5
(2 t, 2JC,F� 22 Hz; 2CH2CF2), 35.0, 38.4 (2s; 2ArCH2), 125.1,[37] 129.6, 130.1,
138.6, 143.2, 146.6 (6s; C6H3), 176.9 ppm (s; 2C�O); IR (thin film): �� �
1648 cm�1 (C�O).
2,5-(Rf8CH2CH2CH2)2C6H3I(OAc)2 (11): Compound 7 (0.208 g,
0.185 mmol), NaBO3 ¥H2O (0.369 g, 3.70 mmol), and acetic acid
(8.00 mL) were combined in a procedure analogous to that given for 9. A
similar workup gave 11 as a white solid (0.218 g, 0.175 mmol, 95%). M. p.
102 ± 104 �C (capillary), 102.7 �C (DSC); elemental analysis (%) calcd for
C32H21F34IO4: C 30.94, H 1.70; found: C 30.70, H 1.81; 1H NMR (CDCl3):
�� 1.84 ± 2.19 (m; 2CH2CH2CF2), 2.00 (s, 2CH3), 2.80, 3.06 (2 t, 3JH,H�
8 Hz; 2ArCH2), 7.43 (d, 3JH,H� 8 Hz; 1H of C6H3), 7.46 (d, 4JH,H� 8 Hz; 1H
of C6H3), 8.07 (s; 1H of C6H3); 13C{1H} NMR (partial): �� 20.2 (s; 2CH3),
21.7, 21.8 (2s; 2CH2CH2CF2), 30.3, 30.5 (2 t, 2JC,F� 22 Hz; 2CH2CF2), 34.3,
38.1 (2 s; 2ArCH2), 127.1,[37] 130.1, 133.1, 137.8, 140.7, 142.3 (6s, C6H3), 176.6
(s; 2C�O); IR (thin film): �� � 1652 cm�1 (C�O).
2,4,6-(Rf8CH2CH2CH2)3C6H2I(OAc)2 (12): Compound 8 (1.70 g,
1.075 mmol), NaBO3 ¥H2O (2.14 g, 21.5 mmol), and acetic acid
(35.00 mL) were combined in a procedure analogous to that given for 9.
A similar workup gave 12 as a white solid (1.79 g, 1.05 mmol, 93%) that
contained about 5% residual 8 (see text). To obtain an analytical sample,
about 0.200 g was placed at the top of a 10� 2 cm Celite column, which was
eluted with acetic acid. The initial fractions contained pure 12. M. p. 89 ±
90 �C (capillary), 88.5 �C (DSC); elemental analysis (%) calcd for
C43H26F51IO4: C 30.33, H 1.54; found: C 30.33, H 1.88; 1H NMR (CDCl3):
�� 1.94 (s; 2CH3), 1.94 ± 2.21 (m; 3CH2CH2CF2), 2.79 (t, 3JH,H� 8 Hz;
ArCH2), 3.14 (t, 3JH,H� 8 Hz; 2ArCH2), 7.20 ppm (s; C6H2); 13C{1H} NMR
(partial): �� 20.1 (s; 2CH3), 21.1 (s, CH2CH2CF2), 21.8 (s; 2CH2CH2CF2),
30.5 (t, 2JC,F� 22 Hz; 3CH2CF2), 34.8 (s; ArCH2), 40.0 (s; 2ArCH2),
128.4,[37] 131.1, 144.6, 146.4 (4s; C6H2), 176.7 ppm (s; 2C�O); IR (thin film):
�� � 1648 cm�1 (C�O).
Oxidations of hydroquinones : A Schlenk flask was charged with hydro-
quinones 13a ± c (Table 2; 0.243 ± 0.608 mmol) and (diacetoxyiodo)arenes
9 ± 12 (10 and 11, 1.0:1.0 mol ratio; 9 and 12, 1.0:1.2 mol ratio). Freshly
distilled MeOH (5.00 ± 8.00 mL) was added with stirring. The suspension
quickly turned light yellow. After 2 ± 3 h, CF3C6F11 (5.00 ± 10.00 mL) was
added, giving a liquid/liquid biphase system with all species dissolved. The
upper yellow MeOH phase was carefully removed via syringe, and the
fluorous phase extracted with MeOH (2� 2.00 mL). The combined MeOH
solutions were extracted with CF3C6F11 (2.00 mL). The solvents were
removed from the combined MeOH solutions and combined CF3C6F11
solutions by rotary evaporation to give the quinones 14a ± c and aryl
iodides 5 ± 8 that were pure by 1H NMR spectroscopy (�95%). Yields are
summarized in Table 2, and additional data are as follows.


1,4-Benzoquinone (14a): 1H NMR ([D6]acetone): �� 6.83 ppm (s; 4CH�);
13C{1H} NMR: �� 151.1 (s; 4CH�), 188.1 ppm (s; 2C�O); IR (thin film):
�� � 1645 cm�1 (C�O).
2,3,5-Trimethyl-1,4-benzoquinone (14b): 1H NMR ([D6]acetone):[27] ��
1.95 (d, 4JH,H� 1.6 Hz; CH3), 1.99 (s; 2CH3), 6.58 ppm (q, 4JH,H� 1.6 Hz;
CH�); 13C{1H} NMR: �� 11.9, 12.2, 15.7 (3s; 3CH3), 133.5 (s; CH�), 141.1,
141.3, 146.0 (3s; 3CCH3), 187.7, 188.1 ppm (2s, 2C�O); IR (thin film): �� �
1645 cm�1 (C�O).
2,6-Di(tert-butyl)-1,4-benzoquinone (14c): 1H NMR ([D6]acetone):[27] ��
1.26 (s; 6CH3), 6.47 (s; 2CH�); 13C{1H} NMR� 29.0 (s; 6CH3), 34.9 (s;
2C(CH3)3), 134.0 (s; 2CH�), 154.5 (s; 2CC(CH3)3), 188.8 ppm (s; 2C�O);
IR (thin film): �� � 1645 cm�1 (C�O).
Partition coefficients : The following is representative. A 10 mL vial was
charged with 5 (0.0156 g, 0.0138 mmol), CF3C6F11 (2.000 mL), and MeOH
(2.000 mL), fitted with a mininert valve, vigorously shaken (2 min), and
immersed (cap-level) in an oil bath at 35 �C. After 12 h, the bath was
removed. After 12 ± 24 h, a 0.500 mL aliquot of each layer was added to
0.250 mL of a standard 0.0244� solution of eicosane in hexane. The
samples were diluted with ether and GC analysis (average of 7 ± 8
injections) showed that 0.00325 mmol of 5 was in the CF3C6F11 aliquot
and 0.000101 mmol in the MeOH aliquot (97.0:3.0; a 2.000/0.500 scale
factor gives a total mass recovery of 0.0150 g, 97%).
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The Final Steps of the Oppolzer Cyclization: Mechanism of the Insertion of
Alkenes into Allylpalladium(��) Complexes


Diego J. Ca¬rdenas,[a] Manuel AlcamÌ,[b] Fernando CossÌo,[c] MarÌa Me¬ndez,[a] and
Antonio M. Echavarren*[a]


Abstract: We report here the results of
a computational study on the the mech-
anism of the Oppolzer cyclization. These
results lead us to conclude that the
insertion of olefins in Pd ± allyl com-
plexes probably takes place directly
from the �3-allyl species. The presence
of a phosphane ligand in the reagents


plays the role of enhancing the electron
density on the Pd atom; this makes the
alkene moiety more reactive towards


insertion by back-donation from the
metal. The results also indicate that the
configuration of the new stereogenic
centers is fixed in the insertion of the
alkene into the (�3-allyl)palladium spe-
cies.


Keywords: allylation ¥ carbocycles
¥ density functional calculations ¥
insertion ¥ palladium


Introduction


The palladium-catalyzed intramolecular reaction of allyl
acetates with alkenes developed by Oppolzer is a powerful
method for the formation of five- and six-membered carbo-
cycles- and heterocycles.[1, 2] By analogy with the lithium- and
magnesium-ene reactions,[1] the palladium-catalyzed process
was originally suggested to take place by the pericyclic-type
pathway outlined in Scheme 1.[1, 2] Accordingly, the allyl
carboxylate I was proposed to react with a Pd0 complex to
form the (�1-allyl)palladium(��) complex II, which then under-
goes a palladium-ene reaction to give III. A �-hydride
elimination would then produce 1,4-diene IV (R�H) or a
1,5-diene of type V if the elimination takes place through the
side chain R.[1, 2] Dienes of type V can also be obtained by the
intramolecular palladium-catalyzed transmetalation of allyl
carboxylates with allylstannanes.[3]


R


PdIILn


R


PdIILnR


OX


I


IV (R = H)


V (R = Me)


II


III


Pd0Ln


- PdII-H
or


Scheme 1.


As a result of mechanistic work directed at the determi-
nation of the key intermediates in the Oppolzer reaction, we
found that this cyclization proceeds through cationic (�3-
allyl)(�2-alkene)palladium(��) complexes.[4] Thus, complexes,
such as 2a and 2b, obtained from allyl trifluoroacetate 1 and a
Pd0 complex with PPh3 as the ligand, undergo intramolecular
insertion to give carbocycles 3a and 3b (Scheme 2). A related
cationic complex 2c with an aqua ligand failed to undergo the
insertion reaction. Similarly, neutral (�3-allyl)(�2-alkene)pal-
ladium(��) complexes with trifluoroacetato or chloro ligands
2d,e did not undergo the intramolecular insertion reaction. A
complex similar to 2a, but with the bulky phosphane PCy3 as
the ligand, also led to smooth cyclization, while P(o-Tol)3,
AsPh3, P(OPh)3, P(O-iPr)3, and P(OMe)3 led to slower and/
or less efficient cyclizations. On the other hand, diphosphanes
or phenanthroline-type ligands led to palladium complexes
that were not productive intermediates under both stoichio-
metric and catalytic conditions.[4]
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These results led to a reformulation of the catalytic cycle for
the Oppolzer cyclization (Scheme 3). Thus, allylic carbox-
ylates I oxidatively add to [Pd0Ln] to form complexesVI, which
are in equilibrium with neutral (VII) and cationic (VIII)
(�3-allyl)palladium(��) complexes. Cationic complexes VIII
then undergo intramolecular insertion, probably to give
coordinatively unsaturated complexes IX, which finally give
cycles IV or V by �-hydride elimination.
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Scheme 3.


Cationic (�3-allyl)palladium complexes[5] have also been
shown to be key intermediates in the intermolecular insertion
of alkenes into (�3-allyl)palladium complexes.[6] Thus, Keim
found that ethylene was inserted under mild conditions into
complexes of this type that bear hemilabile P,O ligands.[6a]


Similarly, Brookhart demonstrated that ethylene and methyl
acrylate reacted with cationic (�3-allyl)(PR3)palladium com-
plexes (R�Cy, nBu) to give insertion products.[6b]


However, all these experimental results do not rigorously
exclude the involvement of (�1-allyl)palladium species,[7]


formed from VIII by coordination with an additional ligand,
as intermediates in the insertion of the alkene. Indeed, the
intermolecular insertion of strained alkenes, such as norbor-
nene, into (�3-allyl)palladium hexafluoroacetylacetonate was
proposed to proceed through (�1-allyl)palladium intermedi-
ates.[8] In addition, the actual role played by the monodentate
phosphane ligands in the insertion process was not under-
stood.


With regards to the stereoselectivity of the C�C bond-
forming step, the Oppolzer cyclization is known to favor
formation of the more stable trans-dialkenyl five-membered
cycles of type V in most cases.[1, 9] In this context, the other
issue that remains to be addressed is the question of the
reversibility of the C�C bonding event, since it has been
proposed by Oppolzer that the formation of certain cycles
might be under thermodynamic control.[1] Thus, the cycliza-
tion of malonate 4 gave a 1:1.7 mixture of cis 5a and trans 5b
carbocycles after 5 h by the use of 5 mol% of [Pd(PPh3)4] as
the catalyst, while increasing the reaction time to 24 h and the
loading of catalyst to 10% led to a 1:9 ratio of cis to trans
stereoisomers (Scheme 4).[10] This apparent isomerization of
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E


E
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E


E


EHOAc, 75°C
+


time (h) yield (%)   ratio 5a/5b


5 67 36 : 64


24 52 10 : 90


E = CO2Me 5a4 (3:2 E/Z) 5b


Scheme 4.


cis 5a to more stable trans 5b was explained as the result of a
Cope rearrangement catalyzed by Pd0, and proceeding
through bis(�3-allyl)palladium complex 6. It is important to
remark that this proposal is mechanistically quite different
from the well-known PdII-catalyzed Cope-type rearrangement
of 1,5-dienes.[11] In fact, the only precedent for the proposal of
intermediates of type 6 in the isomerization of 1,5-dienes can
be found in the recent finding by Yamamoto of such a
transformation on substrates that bear electron-withdrawing
groups, which facilitate their oxidative addition-type reaction
to Pd0.[12]


Because of the central role played by allylpalladium
organometallic chemistry in current organic synthesis[13, 14]


we decided to examine the insertion step in the Oppolzer
cyclization in detail by means of high-level computational
methods. We also address the question of the possible
isomerization of cis and trans dienes of type V, because of
its importance with regards to stereocontrol in the Oppolzer
carbocyclization and heterocyclization reactions.


Computational Methods


The calculations were performed with the GAUSSIAN98 series of
programs.[15] The geometries of all complexes were optimized at the DFT
level with the B3LYP hybrid functional.[16] The standard 6-31G(d) basis set
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was used for C, H, O, and Cl and the LANL2DZ relativistic pseudopo-
tential was used for Pd. Harmonic frequencies were calculated at the same
level of theory to characterize the stationary points and to determine the
zero-point energies (ZPE). Intrinsic reaction coordinate calculations (IRC)
were performed to ensure that the transition states found for the insertion
reaction from (�1-allyl)palladium complexes actually connect the proposed
reagents and products. Final energies were optimized, including ZPE
energies scaled by the empirical factor of 0.9806.[17]


The bonding characteristics of the different local minima were analyzed by
means of two different partition techniques: 1) the atoms in molecules
(AIM) theory of Bader[18] and 2) the natural bond orbital (NBO) analysis
of Weinhold et al.[19] The first approach is based on a topological analysis of
the electron charge density, �(r) and its Laplacian�2�(r). More specifically,
we have located the so-called bond critical points (bcp), that is, points at
which �(r) is minimum along the bond path and maximum in the other two
directions. These points are associated with the positions of the chemical
bonds. Then, at the bcp, �(r) presents one positive curvature (l3) and two
negative ones (l1, l2). The ellipticity (e), defined as e� l1/l2� 1, permits the
characterization of the double or single character of the bond.[18] Charge
concentration/depletion have been examined by means of the energy
density H(r), as introduced by Cremer et al.[20] In a similar fashion to
�2�(r), negative values ofH(r) are associated with covalent linkages, while
positive values are usually associated with closed-shell interactions. The
advantage of the use of H(r) is that there are no exceptions to this
interpretation when highly electronegative atoms (such as O) are involved
in the bond. The NBO technique permits the description of the different
bonds of the system in terms of the natural hybrid orbitals centered on each
atom and also provides useful information on the charge distribution of the
system.


The role of the solvation by CHCl3 and MeCN was studied by means of the
polarizable continuum model (PCM) of Tomasi.[21] Both single-point
calculations on the structure optimized in the gas phase and reoptimization
in the presence of solvent were performed on model cases.


Results and Discussion


To study the mechanism of the insertion step, we performed
density functional theory (DFT) calculations with the B3LYP
hybrid.[16] Two different families of complexes: [PdII-
(�3-allyl)(�2-ethylene)] complexes (Xa ±d) and [PdII(�1-allyl)-
(�2-ethylene)] complexes (XIa ±d) (Scheme 5) were used as
models for the reagents in the insertion reaction. In complexes
XIa ± d, only the cis arrangement between the reacting allyl
and alkene moieties was considered. The insertion products
were also studied, including tricoordinate species (XIIa ± d)
and square-planar tetracoordinate ones (XIIIa ± d)
(Scheme 5). PH3 was used as a model for phosphane ligands.


Insertion from (�3-allyl)palladium complexes : The formation
of the insertion products XIIa ± c directly from �3-allyl
complexes Xa ± c was shown to be slightly endothermic for
the PH3 and H2O derivatives (0.2 kcalmol�1) and exothermic
for the chloride complex (�6.4 kcalmol�1, Schemes 6 and 7).
The corresponding transition states were located for all cases.
The activation energy is significantly lower for the PH3


complexes (22.5 kcalmol�1) than for the chloride and aqua
derivatives (28.2 and 30.6 kcalmol�1, respectively), in agree-
ment with the experimental conclusions.[4]


ComplexesXa± c show the usual structure for (�3-allyl)PdII


derivatives (Figure 1). The Pd�C(allyl) bond lengths are
different depending on the ligand (PH3, Cl, or H2O). As
expected, PH3 exerts a higher trans influence relative to Cl�


and H2O (2.284, 2.214, and 2.130 ä for the Pd�C bond trans to
the ligand in Xb, Xc, and Xa, respectively) (Figure 1). No
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Scheme 6. Insertion pathways from aqua complex Xa. The values in
parentheses correspond to the activation energies.


critical point was found in these complexes between Pd and
the central allyl carbon, and only a ring critical point exists in
that region. This is at variance with the results reported for
(�3-allyl)Pd complexes containing two equivalent ligands.[24a]


The asymmetry of the structures considered in the present
work can explain this difference. The most conspicuous
feature of Figure 1 is that the ethylene ligand presents a
different arrangement in the PH3 complex. Thus, in Xa and
Xc, the alkene lies perpendicular to the coordination plane,
whereas in Xb both carbon atoms are coplanar to the Pd and
P atoms. Both planar and perpendicular structures for the
coordination of alkenes to d8 metals have been observed.[22, 23]
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In our case, stable structures could not be found for either
planar Xa or Xc or for perpendicular Xb (Figure 1).


The direct insertion reaction from these complexes would
give rise to tricoordinate complexesXIIa ± c, respectively. The
PH3, Cl, and H2O ligands lie trans to the alkene fragment
(Figure 2). This type of tricoordinate 14-electron PdII com-
plexes are not easily formed by dissociation from tetracoor-
dinate square-planar species; however, they have been
proposed as intermediates in several reactions[24] in which
they may be formed by mechanisms different from ligand
dissociation, as in this case. Although the reactions of
complexes Xa,b to XIIa,b are slightly endothermic


(0.2 kcalmol�1) (Schemes 6
and 7, and Figure 3), the fast
incorporation of a ligand in the
vacant coordination site (XII to
XIII in Schemes 5 ± 7), leads to
a global exothermic process.


Late transition states (TS) for
the insertion reactions from
Xa ± c (XIVa ± c) have been
observed for the three cases.
The ethylene carbons lie in the
coordination plane. NBO anal-
ysis shows that C�C bonds have
already been formed and that a
single bond critical point exists
between the allyl ligand and the
metal (Figure 4).


In complex Xb, the alkene is
coplanar to the coordination
plane of the allyl, being there-
fore closer to the TS geometry
than aqua and chloride com-
plexes Xa ± c. An analysis of
the electron density of Xa ± c
shows that, in complex Xa,
only one bond critical point
between ethylene and palladi-
um exists, suggesting that there
is no significant back-bonding
from Pd to the alkene. On the
other hand, in Xb, two bond
critical points between the eth-
ylene and Pd were located (Fig-
ure 1). These points correspond
to two different Pd�C bonds
with each of the alkene carbons,
a situation that takes place
when the metal fragment is
relatively electron-rich. The
greater �-donor character of
the phosphane with respect to
water accounts for the fact that
natural charge on Pd is lower in
Xb than in Xa (0.47 and 0.60,
respectively). The C�C bond in


Figure 1. Molecular structures of (�3-allyl)palladium complexes Xa ± c showing relevant bond lengths [ä]. Dots
between atoms represent the bond critical points found by analysis of the electron density.


Figure 2. Molecular structures of the tricoordinate insertion products XIIa ± c showing relevant bond lengths
[ä]. Dots between atoms represent the bond critical points found by analysis of the electron density.
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Scheme 7. Insertion pathways from phosphane complex Xb. The values in parentheses correspond to the
activation energies.


Figure 3. Energy profiles for the insertion reaction of (�3-allyl)palladium
complexes.
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the coordinated ethylene also reveals these differences: the
C�C bond length is slightly longer in Xb than in Xa (1.368 vs.
1.365 ä), and there is a slight loss of double-bond character
reflected in a lower ellipticity at the bond critical point (0.248
vs. 0.255) and in the deviation of ethylene atoms from
planarity (H-C-C-H dihedral angle of 165.5 vs. 169.2�),
leading to some degree of palladacyclopropane character in
complex Xb.


NBO analysis (Table 1) gives a similar but more quantita-
tive view of the charge distribution inside the complexes. Two
conformations (coplanar or perpendicular) of the ethylene
group with respect the allyl have been considered. As indicate
above, for each complex, only one of them is a real minimum
on the potential-energy surface (PES); the second one was
obtained by fixing the geometry corresponding to the mini-
mum and rotating the ethylene group by 90o. It can be seen
that the planar position of the ethylene group favors the
electronic charge transfer towards this group in all cases.
Moreover, in agreement with the orbital analysis of similar Pt
complexes,[25] the increase of electronic charge is the conse-
quence of a better back-donation from a Pd orbital towards
the �-antibonding orbital of ethylene, while the population of
the �-bonding orbital of ethylene is not much affected by the
conformation of the group (Table 1). The NBO analysis also
permits the identification of those orbitals with the strongest
interaction with the �-antibonding orbital of ethylene. In all
cases, the most important interaction corresponds to the
charge transfer from a lone pair on the Pd atom towards the �-
antibonding orbital of ethylene. Table 1 also reveals that, in


complexes Xa and Xc, the
back-donation from Pd to eth-
ylene is more important when
the ethylene fragment is in a
planar conformation, even
though this is not the preferred
one. The reason why the higher
back-donation does not lead to
a stabilization of the complex in
these cases can be understood
by looking at the origin of the
charge. In complex Xa and Xc,
the charge on the ligand (H2O
or Cl) is practically the same,


independent of the conformation of the ethylene group. The
extra charge transferred to ethylene comes from the allyl
group. In the case of complex Xb, there is a larger charge
transfer; however, more importantly, most of the charge
comes from the PH3 ligand, as expected on account of the
lower electronegativity of phosphorus and the higher donor
character of PH3. The second-order perturbation analysis also
reflects these differences, since in the case of complexes Xa
and Xc, in the planar conformation there is an important
charge transfer from a Pd ± allyl �-orbital toward the �-
antibonding orbital of ethylene. This interaction is five times
smaller in the case of complex Xb. Therefore, in the case of
complexes Xa and Xc, a coplanar conformation of the
ethylene group will reinforce the Pd ± ethylene interaction,
but it will also induce a depopulation of the allyl group and a
weakening of the Pd ± allyl interaction so that the overall
effect is a destabilization of the complex with respect the
perpendicular conformation.


It has to be noted that in complex Xc, AIM analysis shows
the existence of two bond critical points between Pd and
ethylene (see Figure 1); this reflects a donation to the �-
antibonding orbital of ethylene similar to that of complex Xb,
even though the ethylene is in a perpendicular position in
complex Xc. NBO analysis shows that the population of the �-
antibonding orbital is similar in both cases; however, in complex
Xc, the large back-donation from Pd is a consequence of the
neutral character of the complex. The rotation of ethylene to a
planar position will further increase this back-donation, but it
will deplete the allyl group and not the Cl ligand.


Figure 4. Transition states of the insertion reaction from (�3-allyl)palladium complexes showing relevant bond
lengths [ä].


Table 1. NBO population analysis for complexes Xa, Xb, Xc, and Xd. Orbital interactions have been evaluated by means of a second-order perturbational
analysis of the Fock matrix.


Complex Ethylene conformation Total charge Orbital population Orbital interactions [kcalmol�1]
Pd allyl ethylene ligand � (C�C) �* (C�C)


Xa coplanar 0.591 0.201 0.103 0.106 1.783 0.118 Pd��* (13.5)
�(Pd-allyl)��* (9.7)


perpendicular (minimum) 0.599 0.180 0.120 0.102 1.793 0.086 Pd��* (14.4)
Xb coplanar (minimum) 0.446 0.183 0.081 0.290 1.789 0.132 Pd��* (14.4)


�(Pd-allyl)��* (2.5)
perpendicular 0.467 0.142 0.117 0.274 1.803 0.084 Pd��* (14.0)


Xc coplanar 0.558 0.041 0.022 � 0.622 1.819 0.158 Pd��* (15.8)
�(Pd-allyl)��* (10.5)


perpendicular (minimum) 0.582 � 0.018 0.064 � 0.628 1.812 0.114 Pd��* (17.6)
Xd coplanar (minimum) 0.569 0.205 0.091 0.135 1.803 0.105 Pd��* (13.8)


�(Pd-allyl)��* (1.1)
perpendicular 0.556 0.212 0.112 0.120 1.815 0.080 Pd��* (14.6)
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A closer look at the electron density of the cationic
complexes Xa ± b reveals further details. The different charge
distribution between Xa and Xb is not only manifested in the
C�C alkene bond length, but also in a larger charge
delocalization in the alkene ± allyl region in complex Xb, as
it can be visualize in Figure 5. This figure also shows the �-
donor character of the phosphane,[26] for which the Pd�P bond
region presents only negative values of the energy density (i.e.
covalent character) in contrast to the Pd�O bond in Xa, in
which a region of positive values of the energy density is found
that corresponds to an interaction with higher ionic character.


Similar analysis of the corresponding transition states does
not show significant differences in the structure and charge
distributions among complexesXIV. As mentioned above, the
new bond is already formed (Figure 4), and the Pd atom
becomes linked to the central
allyl carbon atom and to the
terminal atom in the alkene.
All these results lead to the
conclusion that the differences
found in the energy barriers
are mainly caused by the fa-
vorable conformation in the
initial reagent Xb, with the
alkene ligand placed on the
coordination plane. In addi-
tion, the higher trans influence
of PH3 weakens the Cethylene


�Pd bond in the starting com-


plex that is cleaved in the insertion process, and makes it
structurally closer to the transition state. In conclusion, Xb is
more similar in structure, charge distribution, (and energy) to
the corresponding TS than in the case of the aqua and chloride
complexes Xa and Xc.


On the other hand, a recent work suggests that (�3-
allyl)bis(alkene)palladium complexes also readily undergo
insertion reactions.[27] We decided to study complexXd[28] as a
model of such derivatives. Figure 6 shows different arrange-
ments for both ethylene ligands. Two Pd�C bond critical
points have been found for the ligand perpendicular to the
coordination plane, which acts as a �-acceptor as well as a
spectator ligand with a considerable trans influence. The
other coordinated alkene shows the suitable conformation
for the insertion process. The reaction is exothermic


Figure 5. Energy density (H(r)) plots for a) Xa and b) Xb corresponding to the coordination planes. Solid and dashed lines correspond to positive and
negative values of H(r), respectively.


Figure 6. Stationary points for the insertion reactions of the chloride derivatives Xd ±XIId showing relevant
bond lengths [ä] and bond critical points.
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(�3.1 kcalmol�1) and has an activation energy similar to that
calculated for the PH3 derivatives (22.7 kcalmol�1), which is
in agreement with the observed reactivity.[27]


A summary of the energy profiles for the insertion of
ethylene into �3-allyl�Pd are represented in Figure 3 as a
function of the spectator ligand L.


Insertion from (�1-allyl)palladium complexes : Coordination
of an additional ligand to (�3-allyl)Pd complexes may trans-
form these derivatives into the (�1-allyl)Pd (i.e. �-allyl)
species. In order to analyze the possible reaction paths,
geometries were optimized for model complexes XIa ±d, the
corresponding insertion products XIIIa ± d, and the transition
states connecting both types of complexes (XVa ± d) (Fig-
ure 7). We were able to compare the energetics of the
insertion processes starting from �-allyl or �-allyl species.


The inclusion of a water molecule as a second ligand with
the formation of the �1-allyl complexes was found to be
exothermic for Xa and slightly endothermic for Xb


Figure 7. Molecular structures of the representative stationary points for
the insertion from (�1-allyl)palladium complexes. Relevant bond lengths
[ä] and angles [�] are given in parentheses. Dots between atoms represent
the bond critical points found by analysis of the electron density.


(Schemes 6 and 7). However, it is important to note that, in
the case of the interaction of Xa with H2O, two different
products were found:XIa, in which the water molecule enters
as a ligand and the �1-allyl complex is formed, and a second
complex Xa ¥ H2O in which water is hydrogen-bonded to the
aqua ligand and stabilizes the complex by 12.1 kcalmol�1


(Figure 8). Similarly, the interaction of Xb with water can


Figure 8. Molecular structures of XIa and Xa ¥ H2O.


lead to complex XIc or to a solvation complex, which is more
stable by 4.6 kcalmol�1. In the case of structure XIb, all our
attempts to optimize evolved without activation barrier
toward the solvation complex. When PH3 is included as a
second ligand in Xb to give XId, the reaction is endothermic
(Scheme 7); however, more importantly, replacement of the
olefin by the additional PH3 to give complex XVI[28]


(Scheme 5) is calculated to be an exothermic process by
�6.5 kcalmol�1.[29] Therefore, bidentate phosphanes are ex-
pected to displace the coordinated alkene and to inhibit the
reaction, as observed experimentally.[4]


The transition states XV connecting complexes �1-allyl
complexes XI and insertion XIII were located and are shown
in Figure 7. Interestingly, these structures are different from
the usually proposed metallo-ene-type reaction mechanism.
Both the terminal and the central carbons of the allyl ligand
interact with the ethylene fragment. Starting from XI, the
reaction can be envisaged as the shift of the Pd along the
alkene to reinforce the �-Pd�C bond with one of the ethylene
carbons, which becomes appreciably pyramidalized. This
incipient carbocation is stabilized by the C�C � bond of the
allyl. In contrast, the other olefinic carbon shows less
distortion compared to the reagent and interacts with the �


electrons of the allyl C�C double bond. Analysis of the
electron density shows a bond critical point between the �-
cloud of the allylic C�C double bond and the olefinic carbon
in all cases (Figure 7). It is interesting to note that this point is
not at the same distance from both allylic carbons and its
position depends on the ligands around Pd. In transition state
XVa, the interaction mainly corresponds to the central allyl
carbon, which gives a cationic character of a terminal atom.
This character diminishes upon substitution of H2O by PH3


(XVb and XVd) to give more electron-rich metal fragments,
and the critical point shifts to the terminal carbon, resulting in
stabilization of the corresponding transition state. The angle
between the terminal carbon of the ethylene, the bond critical
point, and the central allyl carbon is related to the �-C�C
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bond that is being formed: the lower the value of the angle,
the lower is the associated energy barrier.


Although these reactions (Schemes 6 and 7) are signifi-
cantly exothermic, they present activation energies higher
than those corresponding to the insertion of the alkene into
the �3-allyl derivatives. This strongly suggests direct insertion
from these complexes. The lowest barrier corresponds to the
monophosphane derivative Xb, followed by Xa, and the
diphosphane complex XId. This result further supports the
insertion from the �3-complexes, since, as it has been
mentioned before, bidentate phosphanes would displace the
olefin ligand rather than generate �1-species, thus inhibiting
the insertion step. Again, the reactivity is enhanced by the
increase of the electron density on the metal.


Since the complexes involved in these reactions have
cationic character, we performed calculations that included
solvent effects. Thus, the formation of Xa and Xb, and
transition states XIVa and XIVb were recalculated in CHCl3
and MeCN (dielectric constants 4.9 and 36.6, respectively).[30]


The activation barriers differ by less than 2.5 kcalmol�1 (less
than 7%) compared to the above-mentioned results. This
indicates that the solvent effects are not relevant in this case.


Isomerization of the final 1,5-dienes promoted by Pd0 : The
intramolecular insertion in complexes Xa and Xb is a slightly
endothermic process. This suggests that, under the appropri-
ate conditions, the formation of the C�C bond might be under
thermodynamic control. However, coordination of a molecule
of the solvent or an addition of phosphane may give
complexes of type XIIIb and XIIId, respectively, in an
exothermic process. In fact, in certain cases, the Oppolzer
cyclization has been shown to be stereospecific with regard to
the configuration of the alkene of the starting material.[9a]


A different equilibration process might operate in the
proposed isomerization of 1,6-dienes of type V, whose final
configuration might be thermodynamically controlled by
means of a Pd0-catalyzed Cope-type transformation through
a bis(�3-allyl)palladium complex of type 6 (Scheme 4).[10] To
test this hypothesis, we decided to study the behavior of pure
cis disulfone 7a[31] in the presence of Pd0.


The synthesis of 7a was carried out by taking advantage of
the cis-stereoselectivity of the palladium-catalyzed reaction of
alkenyl allyl acetates, such as 8, with organozinc reagents.[32]


Thus, the reaction of 8 with Et2Zn in the presence of
[Pd(PPh3)4] as the catalyst, followed by iodolysis of the
resulting alkylzinc species gave 9 (61%) (Scheme 8).[32] This
iodide was homologated in four steps via nitrile 10,[33]


aldehyde 11, and alcohol 12, to give iodide 13. Finally,
elimination via the o-nitrophenylselenoxide[34] afforded pure
cis-sulfone 7a.


Disulfone 7a was recovered unchanged when heated with
10% mol equivalents of [Pd(PPh3)4] in HOAc at 75 �C for
17 h, typical conditions for the Oppolzer cyclization.[1, 2]


Similarly, no isomerization was observed with [Pd2(dba)3] ¥
dba (5 mol%; dba� dibenzylideneacetone), PPh3 (10 mol%),
and LiCl (10 equiv) in aqueous DMF (80 �C, 17 h).[35]


This result contradicts the proposal advanced for the
result of Scheme 4.[10] Indeed, when the total isolated
yields for 4a/4b are taken into account, the result of the
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Scheme 8. Reagents and conditions: a) 61% (Ref. [32]); b) NaCN, DMF,
60 �C (90%); c) iBu2AlH (1.1 equiv), THF, �78 to 23 �C; aq. HCl (83%);
d) NaBH4, THF, 23 �C (99%); e) i) MsCl (1 equiv), Et3N (1 equiv),
CH2Cl2, 23 �C; ii) LiI (1.5 equiv), acetone, 40 �C (80%); f) o-
O2NC6H4SeCN (1 equiv), NaBH4 (3 equiv), DMF, 23 �C; H2O2 (excess),
23 �C (78%).


first entry translates to a 24% yield of cis 5a and 43% yield
of trans 5b. The reaction at longer reaction times and higher
catalyst loading, gives a 5% yield of 5a and a 47% yield
of 5b. Hence, the increase of selectivity in that cyclization
reaction can also be explained by the selective decomposition
of 5a at longer reaction times. Indeed, we have observed
the slow decomposition of related substrates after they have
been heated for long reaction times in the presence of Pd
catalysts.


Conclusion


The computational study led us to conclude that the insertion
of olefins in Pd ± allyl complexes probably takes place directly
from the �3-allyl species. There is no need to propose a
previous formation of �1-allyl complexes. Therefore, this study
supports the mechanism for the Oppolzer reaction outlined in
Scheme 3. The presence of a phosphane ligand in the reagents
plays the role of enhancing the electron density on the Pd
atom; this makes the alkene moiety more reactive towards
insertion by back-donation from the metal. A better back-
donation from the metal, without affecting the charge density
of the allyl group, favors a coplanar conformation of the allyl
and alkene groups and the higher reactivity of the alkene
moiety towards insertion. The use of bidentate phosphanes
prevents the insertion from taking place, since the olefin is
displaced from the coordination sphere, leading to a [Pd(�3-
allyl)(diphosphane)] complex as the stable species. The
alternative reaction path by way of �1-allyl complexes implies
higher energy barriers. The transition states involved in these
pathways differ from the proposed metallo-ene process,
because significant bonding also takes place with the central
carbon of the allyl even though the formation of the C�C
bond proceeds through the terminus of the allyl ligand. An
additional alkene ligand has an enhancement effect similar to
that of PH3.
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No isomerization of a cis-1,2-divinyl derivative to the more
stable trans isomer was observed under typical conditions for
Pd-catalyzed cyclizations. This result excludes equilibration of
the final 1,5-dienes of type V by a Cope-type process, which
indicates that the configuration of the new stereogenic centers
is fixed in the insertion of the alkene into the (�3-allyl)palla-
dium species (VIII� IX in Scheme 3).


The overall mechanistic picture for the Oppolzer cycliza-
tion of allyl carboxylates is therefore consistent with that
shown in Scheme 3.


Experimental Section


Iodide 9 was prepared from 8 (Scheme 8) according to the described
procedure.[2e]


cis-2-[3,3-(Bisphenylsulfonyl)-5-ethenyl]cyclopentylacetonitrile (10): A
solution of iodide 9 (1.60 g, 3.31 mmol) and KCN (323 mg, 4.96 mmol) in
DMF (20 mL) was stirred for 14 h at 60 �C. The reaction mixture was
diluted with Et2O and washed 3 times with HCl (10%), dried over MgSO4,
and evaporated. The residue was purified by column chromatography to
give known 10 (1.80 g, 90%) as a white solid. M.p. 148 ± 150 �C (lit. :[2e]


157 �C); 1H NMR (300 MHz, CDCl3): �� 8.13 ± 8.04 (m, 4H), 7.79 ± 7.72 (m,
2H), 7.68 ± 7.59 (m, 4H), 5.76 (ddd, J� 17.0, 10.4, 4.8 Hz, 1H), 5.19 (d, J�
10.4 Hz, 1H), 5.14 (ddd, J� 17.0, 1.3, 1.2 Hz, 1H), 3.11 ± 3.05 (m, 1H),
2.85 ± 2.55 (m, 5H), 2.47 ± 2.28 ppm (m, 2H); 13C NMR (75 MHz, CDCl3):
�� 136.20, 135.44, 134.95, 134.63, 131.43, 128.92, 118.88, 92.96, 46.101,
39.88, 36.23, 35.42, 18.60 ppm.


cis-2-[3,3-(Bisphenylsulfonyl)-5-ethenyl]cyclopentylethanal (11): DibalH
(1� in hexanes, 1.70 mL, 1.70 mmol) was added to a solution of nitrile 10
(622 mg, 150 mmol) in THF (30 mL) at �78 �C. The mixture was slowly
warmed to 23 �C, and the solution was stirred 14 h at this temperature. The
reaction mixture was then quenched with 10% HCl and extracted with
Et2O. The organic layer was washed once with HCl (10%) and once with
brine, dried over MgSO4, and evaporated. The residue was purified by
column chromatography (EtOAc/hexane 3:7) to give 11 (520 mg, 83%) as
a white solid. M.p. 135 ± 137 �C; 1H NMR (300 MHz, CDCl3): �� 9.72 (s,
1H), 8.09 ± 8.04 (m, 4H), 7.75 ± 7.62 (m, 2H), 7.61 ± 7.57 (m, 4H), 5.75 (ddd,
J� 17.0, 10.1, 8.5 Hz, 1H), 5.06 (dd, J� 10.1, 1.6 Hz, 1H), 4.19 (db, J�
17.0 Hz, 1H), 3.03 ± 2.96 (m, 1H), 2.87 (dt, J� 14.9, 7.3 Hz, 1H), 2.74 (dd,
J� 15.6, 6.9 Hz, 1H), 2.73 ± 2.68 (m, 1H), 2.53 (d, J� 7.7 Hz, 2H), 2.51 (dd,
J� 15.7, 6.9 Hz, 1H), 2.45 ppm (dd, J� 15.4, 7.8 Hz, 1H); 13C NMR
(CDCl3, 75 MHz): �� 200.69, 136.71, 136.48, 135.74, 134.65, 134.56, 131.38,
131.22, 128.76, 128.68, 117.27, 93.48, 46.07, 44.59, 36.67, 36.61, 36.14 ppm;
elemental analysis calcd (%) for C21H22O5S2: C 60.27, H 5.30, S 15.32;
found: C 59.99, H 5.69, S 14.61.


cis-1,1-(Bisphenylsulfonyl)-3-ethenyl-4-(2-hydroxyethyl)cyclopentane
(12): A solution of aldehyde 11 (200 mg, 0.47 mmol) and NaBH4 (18 mg,
0.47 mmol) in THF (20 mL) was stirred for 4 h at 23 �C. The reaction
mixture was quenched with H2O and extracted with Et2O. The organic
layer was dried over MgSO4, and the solvent was removed under reduced
pressure to give 12 as colorless oil (195 mg, 99%). 1H NMR (300 MHz,
CDCl3): �� 8.04 ± 7.96 (m, 4H), 7.66 ± 7.61 (m, 2H), 7.59 ± 7.46 (m, 2H), 5.70
(ddd, J� 16.8, 10.2, 9.5 Hz, 1H), 5.03 (brd, J� 10.2 Hz, 1H), 4.94 (brd, J�
16.8 Hz, 1H), 3.55 (t, J� 6.5 Hz, 2H), 2.87 (m, 1H), 2.77 (dd, J� 15.6,
7.6 Hz, 1H), 2.55 ± 2.30 (m, 4H), 1.68 (br s, 1H, OH), 1.58 (m, 1H), 1.48
ppm (m, 1H); 13C NMR (CDCl3, 75 MHz): �� 137.15, 136.87, 135.93,
134.56, 134.45, 131.33, 131.24, 128.70, 128.62, 116.46, 93.84, 61.27, 48.83,
39.52, 36.81, 36.67, 33.02 ppm; FAB�-HRMS calcd for C21H25O5S2 [M��H]:
421.1143; found: 421.1141.


cis-1,1-(Bisphenylsulfonyl)-3-ethenyl-4-(2-iodoethyl)cyclopentane (13):
Et3N (69 �L, 0.76 mmol) and methanesulfonyl chloride (59 �L, 0.76 mmol)
were added to a solution of alcohol 12 (321 mg, 0.76 mmol) in CH2Cl2
(20 mL) at 0 �C. The mixture was stirred for 2 h at 23 �C, and then the
CH2Cl2 was removed under reduced pressure. LiI (153 mg, 1.14 mmol) and
acetone (20 mL) were added, and the mixture was stirred overnight at
40 �C. The reaction mixture was extracted with Et2O, washed with H2O, and
dried over MgSO4. The residue was purified by column chromatography


(hexane/EtOAc 8:2) to give 13 (320 mg, 80%) as a pale yellow solid. M.p.
100 ± 102 �C; 1H NMR (300 MHz, CDCl3): �� 8.12 ± 8.02 (m, 4H), 7.78 ±
7.56 (m, 6H), 5.82 (ddd, J� 16.7, 10.2, 9.2 Hz, 1H), 5.06 (dd, J� 10.2,
2.2 Hz, 1H), 5.03 (dd, J� 16.7, 2.2 Hz, 1H), 3.54 (dt, J� 11.3, 6.5 Hz, 1H),
3.47 (dt, J� 11.3, 6.5 Hz, 1H), 3.04 ± 2.87 (m, 1H), 2.80 (dd, J� 15.0, 7.3 Hz,
1H), 2.66 ± 2.40 (m, 3H), 1.87 ± 1.65 ppm (m, 2H); 13C NMR (CDCl3,
75 MHz): �� 136.82, 136.74, 134.72, 134.59, 131.38, 131.29, 128.84, 128.71,
116.96, 93.59, 46.34, 43.51, 36.95, 35.81, 34.03, 32.97, 4.27 ppm; EI-HMRS
calcd for C21H23IO4S2: 530.0082; found: 530.0074.


cis-1,1-(Bisphenylsulfonyl)-3,4-diethenylcyclopentane (7a): A solution of
o-NO2C6H4SeCN (90 mg, 0.27 mmol) and NaBH4 (30 mg, 0.80 mmol) in
DMF (4 mL) was stirred for 3 h at 23 �C and then cooled to 0 �C. A solution
of the iodide 13 (140 mg, 0.27 mmol) in DMF (3 mL) was added, and the
mixture was stirred at 23 �C for 19 h. The mixture was cooled to 0 �C, and
H2O2 (30%, 5 mL) was added. The color of the reaction changed from red
to yellow. The mixture was stirred at 23 �C for 6 h. After usual extractive
work-up (Et2O), the residue was purified by chromatography (hexane/
EtOAc 7:3) to give 7a as a white solid (85 mg, 78%). M.p. 78 ± 80 �C;
1H NMR (300 MHz, CDCl3): �� 8.07 (brd, J� 7.3 Hz, 4H), 7.71 (m, 2H),
7.60 (m, 4H), 5.71 (ddd, J� 16.9, 10.5, 8.1 Hz, 2H), 5.01 (dd, J� 10.5,
1.6 Hz, 2H), 4.97 (dd, J� 16.9, 1.6 Hz, 2H), 3.01 (td, J� 13.0, 8.1 Hz, 2H),
2.67 (dd, J� 15.4, 7.3 Hz, 2H), 2.58 ppm (dd, J� 15.8, 7.3 Hz, 2H);
13C NMR (CDCl3, 75 MHz): �� 137.38, 136.07, 134.64, 134.51, 131.38,
131.32, 128.76, 128.68, 116.21, 93.87, 47.41, 36.92 ppm; FAB�-HRMS calcd
for C21H22O4S2 [M��H]: 408.1037; found: 408.1028.


trans 7b :[34b] This isomer showed distinct 1H NMR signals for the alkenyl
hydrogens: �� 5.57 (ddd, J� 17.1, 10.3, 6.9 Hz, 2H), 5.05 (dd, J� 10.3,
1.5 Hz, 2H), 4.99 ppm (dd, J� 17.1, 1.5 Hz, 2H).
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Mechanism of Dioxygen Cleavage in Tetrahydrobiopterin-Dependent Amino
Acid Hydroxylases


Arianna Bassan,* Margareta R. A. Blomberg, and Per E. M. Siegbahn[a]


Abstract: The reaction mechanism for
the formation of the hydroxylating in-
termediate in aromatic amino acid hy-
droxylases (i.e., phenylalanine hydroxy-
lase, tyrosine hydroxylase, tryptophan
hydroxylase) was investigated by means
of hybrid density functional theory.
These enzymes use molecular oxygen
to hydroxylate both the tetrahydrobiop-
terin cofactor and the aromatic amino
acid. A mechanism is proposed in which
dioxygen forms a bridging bond be-


tween the cofactor and iron. The prod-
uct is an iron(��) ± peroxy ± pterin inter-
mediate, and iron was found to be
essential for the catalysis of this step.
No stable intermediates involving a
pterin radical cation and a superoxide


ion O2
� were found on the reaction


pathway. Heterolysis of the O�O bond
in the iron(��) ± peroxy ± pterin inter-
mediate is promoted by one of the water
molecules coordinated to iron and re-
leases hydroxypterin and the high-valent
iron oxo species FeIV�O, which can carry
out subsequent hydroxylation of aro-
matic rings. In the proposed mechanism,
the formation of the bridging C�O bond
is rate-limiting in the formation of
FeIV�O.


Keywords: density functional
calculations ¥ enzyme catalysis ¥
O�O activation ¥ hydroxylation ¥
reaction mechanisms


Introduction


Tetrahydrobiopterin-dependent hydroxylases form a family of
non-heme oxygen-activating iron enzymes that catalyze
hydroxylation of aromatic amino acids.[1±3] Tetrahydrobiop-
terin is an essential cofactor for these metalloproteins, which
comprise phenylalanine hydroxylase (PAH), tyrosine hydrox-
ylase (TyrH), and tryptophan hydroxylase (TrpH). The
functions of these enzymes are shown in Scheme 1.
Phenylalanine hydroxylase, which is mainly located in the


liver and to a less extent in the kidneys, is involved in the rate-
limiting step of phenylalanine catabolism, which passes
through the degradation of phenylalanine to tyrosine.[1]


Deficiency of phenylalanine hydroxylase in the body leads
to phenylketonuria, an inborn error of the metabolism that
causes severe mental retardation.[2] Hydroxylases TyrH and
TrpH are associated with the vital biosynthesis of neuro-
transmitters and hormones. In the nervous system TyrH
converts tyrosine to �-Dopa, from which the catecholamines
dopamine, adrenaline, and noradrenaline are derived. In the
central nervous system TrpH participates in the rate-limiting
step of serotonin synthesis, which starts with the transforma-


Scheme 1. Hydroxylation of aromatic amino acids catalyzed by phenyl-
alanine hydroxylase (PAH), tyrosine hydroxylase (TyrH) and tryptophan
hydroxylase (TrpH).


tion of tryptophan to 5-hydroxytryptophan. Malfunction of
TyrH is believed to correlate to psychological disorders such
as manic-depressive illness, schizophrenia, and Gilles de la
Tourette×s syndrome.[1] Parkinson×s disease has also been
associated with TyrH function. Physiological processes related
to the neurotransmitter serotonin, which is also a precursor of
melatonin, such as the circadian rhythm, are probably
affected by the enzymatic activity of TrpH.[1]


Besides sharing a common task, namely, hydroxylation of
an aromatic ring, pterin-dependent hydroxylases have pro-
nounced mechanistic and structural similarities. The catalytic
cores of these homotetrameric enzymes contain an FeII ion
coordinated by the so-called 2-His-1-carboxylate facial tri-
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ad.[4, 5] The aromatic amino acids also all undergo hydroxyl-
ation by molecular oxygen coupled with two-electron
oxidation of the cofactor (6R)-�-erythro-5,6,7,8-tetrahydro-
biopterin (BH4) to 4a-(S)-hydroxydihydrobiopterin, also
known as pterin 4a-carbinolamine (Scheme 2). Subsequently,
this species evolves to the dehydrated quinoid dihydropterin,
and BH4 is then regenerated by dihydropteridine reductase.[2]


Scheme 2. Hydroxylation of the cofactor and of the aromatic amino acid
catalyzed by phenylalanine hydroxylase (PAH).


Due to the sequential and structural homology and the
resemblance of the chemical transformations occurring in
PAH, TyrH, and TrpH, it is a common belief that these three
enzymes have similar hydroxylation mechanisms.[3] Signifi-
cant progress in the understanding of the activity of the
aromatic amino acid hydroxylases has been acquired mainly
from investigations on PAH because of its stability, but studies
on TyrH have also given important information. Mechanistic
studies show that both the FeII center and the organic cofactor
are required for aromatic hydroxylation to occur. However,
the exact roles of iron and BH4 in the reaction mechanism is
still unclear, with different opinions regarding the activity of
the metal in the formation of the hydroxylating intermediate.
Kinetic studies on TyrH revealed, rather surprisingly, large


18O isotope effects,[6, 7] but no solvent[8] or primary isotope
effect.[9] These observations were interpreted to show a
change in bond order but no cleavage of dioxygen in the
rate-determining step of the enzymatic catalysis.[7, 10] The
magnitude of the isotope effects also led to the conclusion that
the rate-determining step is unlikely to involve formation of
an iron ± oxygen bond. Experiments with alternative or
isotopically labeled substrates suggested that amino acid
hydroxylation is not rate-limiting for PAH and TyrH.[8, 11]


Therefore, at least for these two hydroxylases, the formation
of the hydroxylating intermediate is proposed to be rate-
limiting in catalysis.[12] A recent mechanistic investigation on
TrpH[13] showed that the turnover numbers for PAH and TyrH
are substantially higher than that of TrpH. This observation
has been connected to the specific substrate leading to a
slower hydroxylation step in the case of TrpH, rather than to
slow formation of the hydroxylating intermediate.
The identity of the hydroxylating intermediate therefore


becomes crucial for understanding the catalytic activity of
pterin-dependent hydroxylases. Direct involvement of the
cofactor in the formation of this key intermediate fits the


experimental observation that molecular oxygen is the source
of the oxygen in the oxidized hydroxypterin in PAH.[14] A
peroxy intermediate is therefore likely to be formed during
the catalytic cycle. The other oxygen atom of O2 is incorpo-
rated into the hydroxylated aromatic amino acid.[11]


Steady-state kinetic experiments on TyrH[9] indicated a
sequential mechanism in which pterin binds first, then
dioxygen and the substrate. For PAH allosteric activation of
phenylalanine in the regulatory domain requires phenylala-
nine to bind first, but in the preactivated enzyme a more
random order of substrate binding is observed.[1] Despite the
specific binding order, all three substrates must be bound
before any product is released by pterin hydroxylases.
The similarities of the functional properties of the pterin


enzymes with those of P450-dependent enzymes,[15] which are
also capable of hydroxylating unactivated aromatic C�H
substrates, suggest that the iron atom probably plays a
fundamental role in dioxygen activation. In the generally
accepted mechanism for P450, a high-valent ferryl oxo species
is formed after O�O cleavage of an iron peroxy intermediate.
A mechanism involving a ferryl intermediate was therefore
also proposed for the pterin-dependent hydroxylases, as
shown in Scheme 3.[10, 16, 17]


Scheme 3. Mechanism proposed for the formation of the hydroxylating
intermediate in aromatic amino acid hydroxylases.[17]


In this mechanism dioxygen is activated by the metal center
by formation of an iron ± peroxy ± pterin intermediate. The
specific role played by iron in dioxygen activation is not yet
clear. In fact, the question whether O2 binds in the first
coordination shell of the iron(��) complex or not is still
controversial, because an Fe ±O2 complex has not been
directly observed. Heterolytic O�O cleavage in the iron
peroxy intermediate leads to two products: the high-valent
iron oxo hydroxylating intermediate FeIV�O and the hydroxy-
lated cofactor. The hydroxylation of the amino acid by FeIV�O
concludes the chemical transformations performed in these
enzymes. This mechanism is supported by experiments on
model systems, which showed that a non-heme FeIV�O species
is capable of arene hydroxylation.[18]


The crystal structures of phenylalanine hydroxylase[19] and
tyrosine hydroxylase[20] with pterin bound in the oxidized
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form (7,8-dihydro-�-biopterin, BH2) support the possibility
that an iron ± peroxy ± pterin intermediate is formed. In these
structures the metal center is in the inactive FeIII form, which
is the usual oxidation state of the metal when the enzyme is
isolated and which is prereduced by BH4 to FeII before
enzymatic catalysis starts.[3] A recent high-resolution X-ray
analysis of the FeII form of the binary complex PAH±BH4


detected very small structural changes with respect to the FeIII


form PAH±BH2.[21]


In the crystal structures the cofactor is located in the second
coordination shell of the iron center, � stacking with a phenyl
ring (Phe254 in PAH and Phe300 in TyrH). Figure 1 illustrates
the detailed interactions of pterin at the catalytic site, as


Figure 1. X-ray crystal structure of the catalytic site of PAH.[19]


determined in the structure of a binary complex of PAH with
BH2 at 2.0 ä resolution.[19] A 2-His-1-carboxylate ligation is
provided by Glu330, His285, and His290, and the octahedral
coordination sphere of iron is completed by three water
molecules (W2, W3, W4). The same type of coordination is
also found for PAH without bound pterin.[19] In proximity to
the metal center, tyrosine residue Tyr325 forms a hydrogen
bond with W3. Although this tyrosine residue is highly
conserved in the pterin hydroxylases, its direct involvement in
the catalytic cycle seems to be excluded.[19] The distance
between the iron atom and C4a of pterin is 6.1 ä, while the
carbonyl oxygen atom of pterin is located within hydrogen-
bonding distance of the two water ligands W2 and W3. Water
molecule W2 forms a hydrogen bond with Glu286, which in
turn interacts with N3 of pterin via a mediating water
molecule (W1). Glu286 is essential for a correct functioning
of PAH.[22] A series of hydrogen-bonding interactions be-


tween pterin and other residues were identified in the crystal
structure (Figure 1, where the roles of Leu249 and Gly247 are
highlighted). Mutations of these residues seem to occur in
patients affected by phenylketonuria.[23] A similar structural
arrangement of the active site is found in the crystal structure
solved for TyrH at a resolution of 2.2 ä, in which only two
water ligands were detected, that is, a five-coordinate iron
center.[20] A slightly different structural arrangement was
assigned on the basis of 1H NMR studies[24] on the enzyme-
bound Phe and BH2 with iron still in the FeIII form. The iron
atom and C4a of the cofactor are somewhat closer (4.3 ä),
and the deduced distance between the iron atom and the
carbonyl oxygen atom of pterin seems to place the cofactor in
the first coordination sphere of the metal center.
The catalytically active FeII form of the enzyme was studied


by CD andMCD spectroscopy,[25, 26] which provided a detailed
picture of the electronic structure of the high-spin FeII center
and which supports the coupled mechanism presented in
Scheme 3.[17] The sixfold coordination of the metal atom is
maintained in Phe-bound FeII-PAH and in BH4-bound FeII-
PAH, although a slight perturbation of the geometry at the
metal center is observed with the bound amino acid substrate.
When both the cofactor and the substrate are bound to FeII-
PAH, substantial perturbations are observed in the ligand
field that indicate a change toward fivefold coordination of
the metal atom, which then has one free coordination site for
oxygen activation.
Here, density functional theory (DFT) is employed to


elucidate the role played by the iron site and the cofactor in
the mechanism of pterin hydroxylases. The details of the
chemical transformations leading to the iron oxo hydroxylat-
ing intermediate, as proposed in Scheme 3, were thus
examined for a model derived from the crystal structure of
BH2-bound PAH.[19] The steps involving the formation of the
iron ± peroxy ± pterin intermediate and the subsequent O�O
bond cleavage to give oxidized hydroxypterin and the iron
oxo intermediate are probed.


Methods of Calculation


The reaction mechanism leading to the hydroxylating intermediate in
aromatic amino acid hydroxylases was investigated by DFT methods with
the B3LYP functional,[27] which includes the Becke three-parameter
exchange[28] and the Lee, Yang, and Parr correlation.[29]


Jaguar 4.1[30] was used for geometry optimizations and to explore the
potential energy surfaces. Gaussian 98[31] served to compute molecular
Hessians (second derivatives of the energy with respect to the nuclear
coordinates), through which zero-point corrections and entropy effects
could be evaluated. Since an explicit Hessian is needed in the saddle-point
optimizations, the geometries of the transition states were also determined
with Gaussian 98. An effective core potential[32] was used to describe the
iron atom. In the geometry optimizations all the other atoms were
described by a standard double-zeta basis set, labeled lacvp in Jaguar and
lanl2dz in Gaussian. The lanl2dz basis set was also used to calculate the
molecular Hessians. By optimizing one minimum with the lanl2dz and the
lacvp basis sets, it was checked that the two different basis sets give similar
structures and similar relative energies. The resulting energy difference,
calculated with one of the double-zeta basis sets for the two differently
optimized structures is about 0.5 kcalmol�1.
The final B3LYP energies for the fully optimized structures were evaluated
by using a large basis set with polarization functions on all atoms (labeled
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lacv3p** in Jaguar).[30] The energies reported here are free energies
including zero-point and thermal effects. Thermal effects were evaluated
for a temperature of 298.15 K.
By modeling the solvent as a macroscopic continuum with dielectric
constant � and the solute contained in a cavity of this continuous medium,
long-range solvent effects could be included in the calculation. Specifically,
the self-consistent reaction field method, as implemented in Jaguar[33, 34]


was used to evaluate the solvent corrections by employing the lacvp basis
set. A low dielectric constant (�� 4) was chosen to model the protein
environment together with a probe radius of R� 1.40 ä corresponding to
the water molecule. In general, the description of the solvent as a
continuum is sufficiently accurate to take into account the rather small
effects of the protein environment.[35, 36] However, an important exception
to this occurs for the binding of dioxygen to the metal complex[37] (see
below).
The performance of the B3LYP method has been investigated by using the
G2 benchmark tests[38, 39] on a reference set of molecular properties for
small compounds of first- and second-row elements, which showed that
hybrid DFTmethods perform almost as well as the G2method. The B3LYP
method becomes somewhat less accurate when transition metals are
involved[36] or when transition states are computed. An overall average
error of 3 ± 5 kcalmol�1 is expected for the calculated relative energies
presented here.


Results and Discussion


The formation of the hydroxylating intermediate in pterin-
dependent hydroxylases addressed here mainly follows the
mechanism proposed in Scheme 3. In this scheme the iron
center plays a crucial role in oxygen activation by driving the
chemical reaction toward an iron ± peroxy ± pterin intermedi-
ate. Subsequent O�O cleavage of this species leads to the
high-valent iron oxo intermediate FeIV�O, which should be
capable of hydroxylating aromatic rings.[18] The actual reac-
tion mechanism of FeIV�O with aromatic amino acids has not
yet been probed. The following three subsections describe in
detail the proposed chemical transformations by which the
FeIV�O hydroxylating intermediate is generated. The first
subsection deals with the reactants, the second with the
formation of the iron peroxy intermediate, and the third with
O�O cleavage to give 4a-carbinolamine (hydroxylated pterin)
and the high-valent iron oxo intermediate.
The model employed to investigate the chemical trans-


formations at the active site of aromatic amino acid hydrox-
ylases was based on the crystal structure of phenylalanine
hydroxylase in its binary complex with the cofactor,[19] as
shown in Figure 1. In the model the 2-His-1-carboxylate facial
triad of the iron complex is reduced to two imidazoles and a
formate ion. The cofactor is placed in the second coordination
shell of the iron complex and forms hydrogen bonds to two
water molecules coordinated to the metal atom. Glu286,
represented by a formate ion, is also included in the model,
together with the water moleculeW1, which forms a hydrogen
bond to N3 of the cofactor. Residue Glu286 was included due
to the experimental observation that it might play a critical
role during catalysis.[19, 22] Furthermore, Glu286 and the
bridging water molecule are intended to partially take into
account the strain imposed by the enzyme on the cofactor,
which is otherwise anchored only through the two water
molecules of the iron coordination shell.


Non-heme iron-bound dioxygen : CD/MCD spectroscopic
studies on PAH showed that, when both phenylalanine and
BH4 simultaneously bind at the active site, a structural change
occurs, interpreted as a water molecule leaving the octahedral
coordination shell of the metal center, where ultimately
dioxygen might enter. The optimized five-coordinate struc-
ture in which the vacancy has been created trans to His290 is
shown in Figure 2. Experimental observations indicate that


Figure 2. Optimized structure and spin distribution for the quintet ground
state of the pentacoordinate iron complex with the cofactor in the second
coordination shell.


two of the water molecules are loosely bound to iron (W3, W4
in Figure 1), but it is not known which of these two water
molecules might leave the iron coordination shell.[21] In the
present study W4 was chosen, since this leads to the most
suitable structure for probing the formation of an iron ± per-
oxy ± pterin intermediate. Since a water molecule leaves the
iron coordination shell it might be expected that its binding
energy to the iron complex would be small. However, the
computed binding energy of the water molecule in the six-
coordinate iron complex is actually quite high
(22.5 kcalmol�1). This value does not include any entropy
effect, but even if this were large it could not possibly favor
the complete removal of W4 without a strong compensating
effect. The mechanism of water removal therefore involves a
very strong hydrogen bond between W4 and Glu330, which
favors an almost zero-cost conformational change at the iron
center by placing W4 in the second coordination shell of iron,
which in turn becomes five-coordinate. The calculated energy
difference between the 5(�1)- and six-coordinate structures is
only 3.2 kcalmol�1. This result agrees with recent X-ray
crystallographic data, which suggested that the conformation
of Glu330 might play an important role in oxygen activa-
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tion.[21] SinceW4 is in the second coordination shell during the
formation of the hydroxylating intermediate, it is not believed
to play any role in the reaction and it was therefore removed
from the model (see Figure 2). The total charge of this model
is zero, having an FeII center and two negatively charged
formate groups. The optimized pentacoordinate metal com-
plex adopts a square-pyramidal structure, which is in agree-
ment with the structure proposed on the basis of the CD/
MCD spectroscopic data. The field created by the 2-His-1-
carboxylate facial triad is weak, and the result is a high-spin
quintet ground state with a spin of 3.80 on FeII, which is fairly
typical. The distance of 6.18 ä between the metal ion and the
C4a site of pterin is comparable to the corresponding distance
determined by X-ray crystallography (5.9 ± 6.1[19, 21]).
In analogy with many heme-containing oxygenases which


pass through an FeII dioxygen complex, a vacancy is thus
created where oxygen can be accommodated and activated.
The following section shows that an iron ± peroxy ± pterin
intermediate can be readily formed when dioxygen is allowed
to bind directly to the metal atom. In fact, this is a necessary
condition for dioxygen to be reduced by the cofactor.
Calculating an accurate binding energy for dioxygen to the
five-coordinate metal center is a very difficult task, which was
recently shown to require the use of QM/MM models.[37] A
QM/MM study on dioxygen binding to hemerythrin, a non-
heme iron protein, showed that the resulting free energy is
significantly affected by van der Waals and electrostatic con-
tributions from the protein environment. For O2 binding to
hemerythrin, a correction of about �10 kcalmol�1 originating
from the protein environment almost canceled the pro-
nounced entropy effects due to the trapping of molecular
oxygen by the metal complex. In the present study the binding
of dioxygen to the metal center of pterin-dependent hydroxy-
lases was computed to be endergonic by 10.3 kcalmol�1 (solvent
effects not included) for the model in Figure 2. Here it is
simply assumed that the van der Waals and electrostatic effects
of the protein would essentially cancel this energy, as they do
for hemerythrin, and lead to a binding of dioxygen which is
either exergonic or thermoneutral, or at least not strongly
endergonic. Proof of this will require future QM/MM studies.
The geometrical arrangements of the metal ligands and the


cofactor are not significantly affected by O2 binding. How-
ever, the paramagnetic molecular oxygen changes the total
multiplicity of the iron complex, whose electronic ground
state becomes a septet (M� 7), as shown in Figure 3. This
electronic distribution is explained by considering that the
iron dioxygen complex is formally written as either Fe2�O2 or
Fe3�O2


�, or a resonance hybrid of these two forms. The actual
electronic structure involves partial electron transfer from
iron to oxygen. The spin on iron is 4.07 and the total spin on
dioxygen is 1.53. The superoxide formula Fe3�O2


� gives a
better representation of the quintet state of the iron dioxygen
complex, which lies 5.1 kcalmol�1 above the septet ground


Figure 3. Optimized structure and spin distribution of the ground state
(M� 7) of the iron dioxygen complex.


state. As indicated in Table 1, which compares the two spin
states, the quintet iron dioxygen complex is characterized by
almost one unpaired electron located on dioxygen, with spins
of 0.20 and 0.54 on O1 and O2, respectively. This unpaired
electron density is antiferromagnetically coupled to the five d
electrons of the FeIII ion. The spin on iron of 4.21 shows that
the spin is somewhat delocalized on the ligands, as usual. The
geometrical details of the two different spin states are quite
similar, and both include a hydrogen-bonding interaction
between dioxygen and one of the water ligands (W3).


The iron ± peroxy ± pterin complex : Following the mechanism
in Scheme 3, the next step should be formation of the bridging
iron ± peroxy ± pterin intermediate. The calculations show that
when dioxygen is reduced to peroxide two electrons are
supplied by the pterin cofactor, which thus becomes positively
charged, and iron goes back to its initial FeII oxidation state.
With iron in the FeII state, one positive charge on the cofactor,
one negative charge on Glu286, and two negatively charged
formate ligands, the peroxide species, and Glu330, the
neutrality of the model complex is maintained. The weak
ligand field created by these types of ligands leads to a quintet
ground state for this complex. The potential energy surfaces
were explored for the quintet, triplet, and septet spin states,
and it was found that the reaction path lowest in energy
involves the quintet state. The triplet state, corresponding to a


Table 1. Comparison of geometrical parameters [ä] and spin distributions of the septet and quintet states of the iron(��) dioxygen complex.


d(Fe�O1) d(O1�O2) d(O2�W3) d(Fe�C4a) Spin(Fe) Spin(O1) Spin(O2)


septet (M� 7) 2.24 1.31 1.95 6.06 4.07 0.76 0.77
quintet (M� 5) 2.09 1.36 1.77 5.86 4.21 � 0.20 � 0.54
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low-spin coupling of the unpaired electrons on iron, leads to
an iron ± peroxy ± pterin intermediate substantially higher in
energy than the quintet state. A septet state for the iron ±
peroxy ± pterin intermediate was also investigated. This state
corresponds to FeIII and a radical on the cofactor, which now
becomes neutral. The septet state was found to have no
minimum for a bridging peroxide structure, and it decays to
the original reactants with dioxygen coordinated to iron. This
result, together with the spin distribution obtained for the
quintet state of the iron ± peroxy ± pterin intermediate (see
below), means that involvement in the reaction pathway of an
FeIII�OOR species, which was proposed as a possible
intermediate in the pterin-dependent hydroxylases,[40] is
unlikely.
Hence, the reactant iron dioxygen complex, which has a


septet ground state, first must be excited to its quintet state,
which only costs 5.1 kcalmol�1. This first step is thus spin-
forbidden, but should still be quite fast due to the large spin-
orbit coupling of iron. Once on the quintet potential surface,
the bound dioxygen is ready to carry out the required
oxidation reactions.
As the cofactor approaches the metal center, the iron ±


peroxy ± pterin complex can be generated by attack of
activated O2 on the C4a site of the cofactor. This involves
electron flow from pterin toward dioxygen, and a charge
separation is established due to the electron deficiency
created on the pterin ring. According to the resonance forms
which can be drawn for the peroxy ± pterin intermediate, the
positive charge is mainly distributed on the pyrimidine ring
between N2 and N3, as shown in Figure 4, which also shows
the transition state for dioxygen reduction. This is the
transition state for the formation of the new C4a�O bond.
A stable cationic radical intermediate in which electron


Figure 4. Optimized structure and spin distribution for the quintet
transition state leading to the formation of an iron ± peroxy ± pterin
intermediate. The charge separation, which follows the oxidative reaction
of the cofactor, is highlighted.


transfer from pterin to dioxygen had occurred prior to the
C4a�O bond formation could not be located.
Compared to the quintet form of the metal dioxygen


complex, which was described above as an FeIII superoxide,
the iron in the transition state for C4a�O bond formation is in
the initial FeII oxidation state, as suggested by the spin of 3.77
on the metal atom. The zero spin population on both pterin
and dioxygen indicates that the electron transfer and the
related carbon ± oxygen bond formation are almost complete
at the transition state. This also follows from the bond lengths
of the pterin rings, which indicate that the electronic structure
has changed to that of the product. For example, the C4a�C8a
double bond in the reactant has changed to a single bond, as in
the peroxy-pterin intermediate. Since iron has oxidation state
II in the reactant (i.e., the septet form of the iron dioxygen
complex) and in the iron ± peroxy ± pterin intermediate, it
could be argued that iron seems to be only a spectator during
the oxidation of the cofactor with dioxygen. However, iron is
essential for the oxidation reaction to occur. Calculations
show that a similar mechanism is impossible without the
presence of the metal atom. After activating dioxygen in the
quintet iron dioxygen complex, iron plays a crucial role in
stabilizing the negative charge developing on dioxygen. As
shown by the crystal structure, the hydrophobic pocket in
which the metal complex is situated and the cofactor binds
does not have any positively charged residue which could
perform an analogous task.[19] Interestingly, flavin, a cofactor
which strongly resembles pterin, can be oxidized by dioxygen
in glucose oxidase (GO).[41] However, in this case a charged
histidine residue is available to stabilize the negative charge
developing on dioxygen.[42] In the aromatic amino acid
hydroxylases another role of iron is to catalyze the spin-
forbidden part of the reaction between pterin and the
paramagnetic dioxygen.
The calculated activation energy for the chemical trans-


formation leading to the iron ± peroxy ± pterin complex from
the septet ground state of the bound dioxygen iron complex is
16.6 kcalmol�1. As shown in Figure 5, which presents the
energetics for the entire reaction mechanism, 16.6 kcalmol�1


is also the rate-limiting barrier for formation of the hydroxy-
lating intermediate FeIV�O, since the following transition
state for O�O cleavage lies at a lower energy. Transition-state
theory allows the calculated energetics to be compared with
the experimental Vmax value measured for PAH isolated from
rat liver, which gives an experimental barrier of
15.6 kcalmol�1 (Vmax� 22 s�1 subunit�1[43]). Since in PAH the
slow step in catalysis is the formation of the hydroxylating
intermediate,[12] this experimental value can be directly
compared to that of 16.6 kcalmol�1 calculated here. The
calculated result also confirms the experimental observation
that a change in bond order of dioxygen should occur during
the rate-determining step of the reaction, as shown by the
isotope effects found when labeled O2 was used in kinetic
experiments with tyrosine hydroxylase.[7] In these experi-
ments an average value of 1.0175 was measured. An attempt
was here made to estimate the oxygen-isotope effect by
computing the k/18k ratio, where k and 18k are rate constants
derived on the basis of transition-state theory for O2 and 18O2,
respectively. The calculated ratio of 1.0363 can be expressed
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as a product of zero-point (0.9697) and thermal effects
(1.0687). Interestingly, an inverse isotope effect results if only
the zero-point effects are considered.
The transition state in Figure 4 leads to the iron ± peroxy ±


pterin intermediate shown in Figure 6, which lies
8.0 kcalmol�1 higher in energy than the septet ground state
of the iron dioxygen complex (see Figure 5). In this inter-
mediate iron is still in the FeII state, as indicated by its spin
population of 3.78, with some minor spin density on the
ligands. One of these ligands is the peroxy ± pterin species, for
which the calculated O�O bond length is 1.58 ä and hybrid-
ization of C4a of pterin has changed from sp2 to sp3. For the
further development of the reaction, the hydrogen bond
between one of the two water molecules coordinated to iron
(W3) and the oxygen atom bound to C4a of pterin (O2) is also
important. The water ligand is in fact prepared to become a
proton source for the following formation of the hydroxylated
cofactor 4a-carbinolamine.
In the charge separation established during the oxidation


process of the cofactor, a positive charge is delocalized in the
pyrimidine ring. Pterin could in principle become neutral by
transferring one proton from N2 or N3 to the carboxylate
group of Glu286 via a mediating water molecule (W1).
Investigation of this possible proton transfer indicated that
the protonated peroxy-pterin species is slightly favored over


the neutral pyrimidine ring.
Therefore, heterolysis of the
O�O bond was investigated
for the protonated iron ± per-
oxy ± pterin intermediate.
Note that although Glu286


does not play any significant
role in the reaction mechanism,
its presence in the model is
essential for investigating the
reaction step in which the new
C4a�O bond is formed. Glu286
is not involved directly in the
oxidation reaction, but rather
orients and structurally guides
the cofactor during the forma-
tion of the peroxide species. A
comparison between the X-ray
structure and the optimized
structure of the peroxide inter-
mediate shows that no signifi-
cant changes occur in the first
coordination shell of the metal
atom when the new C4a�O
bond is formed, but redirection
of the cofactor with respect to
the orientation found in the
crystal structure is needed for
the peroxy ± pterin intermedi-
ate to be generated.


O�O cleavage : Heterolytic
cleavage of the O�O bond in
the iron ± peroxy ± pterin inter-


Figure 6. Optimized structure and spin distribution of the iron ± peroxy ±
pterin intermediate, in which the new C4a�O bond has been formed.


Figure 5. Energy diagram for the suggested reaction mechanism for the formation of the hydroxylating
intermediate FeIV�O in aromatic amino acid hydroxylases.
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mediate is the proposed final step leading to the hydroxylated
cofactor and the oxo ferryl species FeIV�O (see Scheme 3). This
species should be capable of inserting an oxygen atom into the
C�Hbond of phenyl rings.[18] As shown in the potential energy
surface of Figure 5, the formation of the hydroxylating
intermediate FeIV�O passes through two steps. The first
involves elongation of the O�O bond toward an intermediate
in which the O�O bond is not yet fully cleaved, while in the
second 4a-carbinolamine is eventually formed. The same two-
step mechanism for O�O cleavage was encountered in similar
systems such as a non-heme biomimetic iron catalyst[44] and in
cytochrome c oxidase.[45] The first transition state (Figure 7)
occurs when the O�O distance is about 1.8 ä and requires a


Figure 7. Optimized structure and spin distribution for the first transition
state in O�O heterolysis.


barrier of 12.8 kcalmol�1 (relative to the initial iron dioxygen
reactant). It then decays to a true minimum lying at
6.5 kcalmol�1 with an O�O distance of 2.16 ä; the geometry
and the spin properties of this intermediate (denoted O�O
intermediate in the following) are quite similar to those of the
transition state (Table 2). During this first step of O�O
heterolysis, the spin on iron increases and reaches 4.05 in the
O�O intermediate. Simultaneously, some new spin appears
on O2, the oxygen atom directly bound to C4a of pterin.
In the second step of the heterolytic cleavage the new O�H


bond of the hydroxylated cofactor is formed. The water ligand
W3, which forms a hydrogen bond to O2 of the iron dioxygen
complex, is prepared to donate a hydrogen atom, as is also
indicated by the very short hydrogen bond (1.59 ä) in the


O�O intermediate. From this intermediate, the protonation of
O2 occurs with hardly any barrier, since the related transition
state (Figure 8) is calculated to lie at 6.5 kcalmol�1, as shown
in the potential energy surface of Figure 5. The calculated
energy difference between this final transition state and the
O�O intermediate is about 2 kcalmol�1, but the solvent,
entropy, and the zero-point effects cancel out any energy
barrier.


Figure 8. Optimized structure and spin distribution for the second
transition state in O�O heterolysis.


A molecular orbital picture can provide a simple interpre-
tation of the changes in the electronic distribution occurring
during heterolytic O�O cleavage. In this picture, the coordi-
nation of the pterin-peroxide species at the metal center can
be conveniently approximated as purely electrostatic, as
suggested by the rather long Fe�O bond length of 2.07 ä
(see Figure 6). To cleave the O�O bond, a � electron is
initially promoted to the empty �* O�O orbital, which implies
that only one � electron will effectively contribute to the O�O
bond. The increase of total spin (� ± �) observed on the iron
atom during the first step of the heterolytic process (Table 2)
suggests that the � electron is supplied by the metal. The �


electron in the antibonding O�O orbital, which leads
effectively to half an O�O bond, explains the minimum
occurring at a long O�O distance and it also accounts for the
spin of �0.35 on O2 in the O�O intermediate. The lowest
excited state of hydrogen peroxide, which has one � electron
in the �* O�O orbital, has a very similar minimum.[46] In the
second step of O�O cleavage another electron, of � spin, must


Table 2. Geometric parameters [ä] and spin distributions for the transition state and the following O�O intermediate in the first step of O�O heterolysis.
d(Fe�O1) d(O1�O2) d(O2�W3) d(O2�C4a) Spin(Fe) Spin(O1) Spin(O2)


transition state 1.85 1.82 1.73 1.44 3.92 0.11 � 0.27
O�O intermediate 1.78 2.16 1.59 1.42 4.05 0 � 0.35
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be promoted to the �* O�O orbital to cleave the O�O bond.
This electron, which is again taken from the metal atom, is
transferred during the formation of the new O�H bond. After
O�O heterolysis and concomitant formation of the hydroxy-
lated cofactor, the high-valent metal ion is generated, which
forms the Fe�O double bond of the oxo ferryl species
(Figure 9).


Figure 9. Optimized structure and spin distribution for the high-valent iron
species FeIV�O, suggested to hydroxylate the aromatic amino acid.


The molecular orbital
picture describing the
Fe�O double bond[47]


(Figure 10) accounts for
the spin distribution on
the iron atom. Two ferro-
magnetically coupled un-
paired electrons occupy
two degenerate �* orbi-
tals, and this results in
localization of one elec-
tron on both the metal
and the oxo group. To-
gether with the original
two unpaired electrons on
the metal atom, a total
spin of about three is then


located on the iron center. The double bond, analogous to that
in the O2 molecule, also explains the short Fe�O bond length
(1.65 ä).
As shown in Figure 5, the hydroxylation of the cofactor is


driven by an exergonicity of 6.3 kcalmol�1. It is noteworthy
that the oxidized pterin is still protonated. The step which
would lead to the unprotonated species could likely occur
through the water molecules present at the active site,[21] but
which are not included in the present model.


Conclusion


Based on the present DFT investigation, a mechanism for the
first part of the catalytic cycle in aromatic amino acid
hydroxylases is proposed (Figure 5), that is, formation of the
hydroxylating intermediate.
Experiments[17] show that the FeII ion present in the active


form of these enzymes is likely to be five-coordinate when the
substrates bind, and it thus offers a free coordination site for
dioxygen activation. The present studies indicate an essential
role of iron at this stage of the reaction, since oxidation of the
tetrahydrobiopterin cofactor can occur only if dioxygen enters
the first coordination shell of iron and binds to the metal
center. From the iron dioxygen complex the first step of
oxygen reduction by the cofactor involves the formation of a
new C4a�O bond to give to an iron(��) ± peroxy ± pterin
intermediate. The analogous reduction of oxygen by the
pterin cofactor, leading to a peroxy ± pterin species without
the involvement of the metal was found to be infeasible. In
this step the presence of iron is thus essential for catalysis, and
it is needed both to activate dioxygen and to stabilize the
negative charge building up on the oxygen atom. No stable
intermediate could be found in which pure electron transfer
from the cofactor to dioxygen has occurred (i.e., a pterin
carbocation radical and a superoxide ion O2


�). The calcula-
tions further show that the rate-limiting step for the formation
of the hydroxylating intermediate corresponds to C�O bond
formation to give the iron(��)-peroxy-pterin intermediate. This
intermediate then evolves by heterolytic O�O bond cleavage
into C4a-hydroxypterin and the high-valent iron oxo species
FeIV�O. The FeIV�O complex, referred to as the hydroxylat-
ing intermediate, is then ready to carry out hydroxylation
of aromatic amino acids in the next part of the catalytic
cycle.[18]
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Could Redox-Switched Binding of a Redox-Active Ligand to a Copper(��)
Centre Drive a Conformational Proton PumpGate? A Synthetic Model Study


Zhicong He, Stephen B. Colbran,* and Donald C. Craig[a]


Abstract: A proposal for a redox-linked
conformational gate to proton translo-
cation–a proton pump gate–based
upon a transition-metal redox-switch-
able hemilabile ligand (RHL) system is
made. Consideration of the require-
ments for such a system reveals copper-
(��) to be the ideal metal centre. To test
the proposal and, thereby, to provide an
artificial proton pump gate, the copper
coordination chemistry of three tris-
(pyridylmethyl)amine (tpa) ligands with
one ™leg∫ (PY*) substituted at the
6-position of the pyridine ring by a
dimethoxyphenyl (L1), a hydroquinone
(H2L2) or a quinone (L3) substituent
has been investigated. Crystal structures
of sp-[Cu(�4N-L1)Cl]Cl ¥ 3H2O (sp�
square pyramidal), sp-[Cu(�3N-H2L2)-
Cl2] and tbp-[Cu(�4N,�O-HL2)][PF6]
(tbp� trigonal bipyramidal) have
been determined. The CuI complexes


[Cu(L)(MeCN)n]� (L�L1, H2L2) dis-
play physicochemical properties consis-
tent with a ™dangling∫ PY* leg; from the
NMR spectra, the barriers to inversion
of the ligand amine donor for the CuI


complexes are estimated to be within
the range of about 30 ± 45 kJmol�1. In
the CuII complexes, coordination of the
PY* leg is finely balanced and critically
depends on the nature of the PY*
substituent and the availability of po-
tential co-ligand(s). For example, tbp-
[Cu(�4N-L1)Cl]� reacts cleanly with Cl�


ions to afford sp-[Cu(�3N-L1)Cl2]; Vis/
NIR spectrophotometric titrations sug-
gest the affinity of tbp-[Cu(�4N-L1)Cl]�


for Cl� ion in dichloromethane is


9.7� 102 and is at least 104-fold greater
than that of tbp-[Cu(�4N-L3)Cl]� . The
complex sp-[Cu(�3N-H2L2)Cl2] has a
™dangling∫ PY* leg, in which an intra-
molecular OH(hydroquinone) ¥¥¥ N(pyr-
idine) hydrogen bond ™ties-up∫ the
pyridyl nitrogen atom, and reacts with
Br˘nsted bases to give tbp-[Cu(�4N,�O-
HL2)]� . Two-electron oxidation of sp-
[Cu(�3N-H2L2)Cl2] is linked to loss of
two protons and a conformational change,
and affords tbp-[Cu(�4N-L3)Cl]� . The
[Cu(�3N-H2L2)Cl2] ± [Cu(�4N-L3)Cl]�


system provides a first demonstration of
the critical step in the proposed proton
pumping cycle, namely a redox-driven
and proton-linked conformational
change. The possible biological rele-
vance of this work to proton pumping
in cytochrome c oxidase is mentioned.


Keywords: bioinorganic chemistry ¥
copper ¥ molecular devices ¥
N ligands ¥ proton transport


Introduction


Proton pumps are remarkable molecular machines capable of
translocating protons across a membrane against a proton
gradient,[1, 2] and are vitally important for all life since the
transmembrane proton gradient created by the proton
pumping proteins of the respiratory or photosynthetic path-
ways drives the synthesis of ATP, the energy currency of all
cells.[3] For example, cytochrome c oxidase, one inspiration for
this study, is respiratory complex IV and uses the free energy
released as oxygen is reduced by electrons supplied from
cytochrome c to pump protons against the proton gradient


across the inner mitochondrial or a bacterial membrane
according to Equation (1).[3, 4] This is the last step in aerobic
respiration and accounts for the vast majority of oxygen
consumed by living organisms.


8H�
in � O2 � 4e�� 4H�


out � 2H2O (1)


The essential components of a proton pump include the
proton-conducting (H�) channels, which convey protons
through the membrane, and the proton pumping ™gate∫, the
vital element that drives the unidirectional translocation of
protons.[2, 3] In real systems, for example proton pumping
membrane proteins such as cytochrome c oxidase, the H�


channels consist of (transient) chains of protonatable amino
acid side chains and bound water molecules along which the
protons can passively hop.[2, 3, 5] The proton pumping gate is
the site where the energy released by a chemical process is
used to drive the proton pumping; that is the proton pump
gate is the element that couples the chemical process to
vectorial proton transport. In cytochrome c oxidase, for
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example, the binuclear heme a3 ¥¥ ¥ CuB catalytic centre for
reduction of oxygen is also believed to be the proton pumping
gate.[6, 7] Although the structure of this centre is known to
atomic resolution[5, 8] and there is much information about the
states and intermediates in the catalytic cycle,[4, 9, 10] how
reduction of oxygen is actually coupled to proton pumping
remains a contentious issue that has occasioned much recent,
robust intellectual debate.[5, 9, 10] Two facts about cytochrome c
oxidase are mentioned here because they influenced this
work: Firstly, one of the three histidine ligands–which one is
unknown–to the CuBI ion in the fully reduced state of
cytochrome c oxidase is more weakly bound than the others
and can be displaced by Cl� ion;[11] secondly, one of the
histidine ligands (His240 in the numbering scheme for the
bovine enzyme) to CuB is covalently linked to a tyrosine
(Tyr244) side chain[5, 8]–the resulting imidazole-phenol co-
factor has recently been shown to be redox-active and is the
donor of one of the four electrons required to cleave oxygen
when it binds the heme a3 ¥¥ ¥ CuB active site.[12] Also essential
to redox-linked proton pumps–those driven by a redox
reaction such as cytochrome c oxidase–are one or more
electron transfer pathways,[13, 14] networks of appropriately
aligned and coupled covalent and hydrogen bonds and
through-space jumps, for delivery of electrons to the catalytic
centre where the redox reaction takes place.
Artificial proton pumps offer exciting prospects for new


technologies for energy conversion and storage.[1, 2] Great
recent progress has been made in the design, synthesis, and
understanding of artificial ion and proton-conducting chan-
nels[15] and of artificial electron-transfer pathways.[14, 16, 17] In
stark contrast, the synthesis and cycling of an artificial proton
pump gate are yet to be demonstrated.[1, 2] Perhaps closest is
the demonstration of proton transport across the lipid bilayer
membranes of artificial vesicles driven by illumination of a


membrane-spanning, artificial photosynthetic triad in the
presence of a lipid-soluble naphthaquinone.[17, 18] These devi-
ces, however, are not proton pumps, but photo-driven
Mitchell loops[3] that rely on diffusion of the lipid-soluble
naphthahydroquinone to transport the protons across the
vesicle membrane. Herein we outline a proposal for a simple
artificial redox-linked proton pump gate and describe our first
attempts to engineer a synthetic chemical system that
demonstrates the concept; the possible biological relevance
of our results is also mentioned.


Concept: transition-metal ±RHL complexes as redox-linked
proton pump gates


Figure 1 diagrammatically depicts a proposal for a proton
pump that has a transition-metal centre bound by a redox-
switchable hemilabile ligand (RHL)[19±22] as the proton pump
gate. RHLs are ligands in which the binding to a metal centre
of one of the donor groups is modulated by a covalently linked
redox centre. The essential features of this proton pump gate
are: 1) the discrete conformations for each redox-state of the
RHL transition-metal centre; 2) the proton-dependent redox
couple as the RHL redox-switch; 3) the fixed orientation for
the RHL± transition-metal assembly, for example within a
membrane protein, with respect to the membrane across
which protons are to be pumped. Inductive withdrawal of
electron density upon oxidation of the RHL redox centre
weakens the binding of the covalently linked donor group
(Lstr�Lwk), and it may be displaced from the metal centre by
other ancillary ligand(s), provided these are available (con-
formation I� conformation II in Figure 1). Reduction of the
ligand redox centre increases the nucleophilicity of the donor
group (Lwk�Lstr) that rebinds to the metal centre (confor-
mation II� conformation I in Figure 1). The concept of


Figure 1. Cartoon of the proposed conformational proton pump cycle highlighting the role of the CuII ±RHL centre as the redox-linked proton pumping
gate. Starting with the metal centre in conformation I (left-side), RHL-centred oxidation releases protons through the exit H� channel and creates a weaker
donor group (Lwk) that is displaced by ancillary ligand(s) and swings away (the dashed arrowmarked ™oxidation stroke∫) so that the CuII ±RHL centre adopts
conformation II (right-side). RHL-centred reduction in conformation II is tightly linked to uptake of protons through the input H� channel and creates a
stronger donor group (Lstr) that moves to rebind the CuII ion (the dashed arrow marked ™reduction stroke∫) thus regenerating I. Protons are only carried by
the RHL during the ™reduction stroke∫, thereby leading to vectorial transport of protons from the input to the exit H� channels. For further details, see the
text.
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RHLs was first demonstrated by ourselves for phosphinoqui-
none/hydroquinone RHLs[19, 20] and byMirkin and co-workers
for ferrocene/ferrocenium-substituted RHLs.[21] As the RHL
redox-switch in the proposed proton pumping gate is a
proton-dependent couple, oxidation and reduction are ac-
companied by proton release and uptake in two discrete
conformational states, one for output and one for input of
electrons and protons. The protons enter and leave the active
centre through two (or more) H� channels. Redox-linked
movement of the hemilabile donor group connects the input
and output H� channels and, since only the reduced state of
the redox-switch carries protons, allows only unidirectional
movement of protons. As depicted the movement of the labile
ligand group is exaggerated, for in a real system proton
tunnelling at comparable energies to electron transfer is
unlikely over distances greater than 0.25 ä.[23] The labile
ligand group, therefore, need only move about 0.3 ä to gate
proton movement, with any remaining distance between input
and exit channels spanned by a (transitory) hydrogen-bonded
chain of protonatable groups (e.g. protein residues or water
molecules) along which protons passively hop. Electrons are
supplied to/from the redox centre by a separate electron
transfer pathway(s), and electron transfer may be coupled to
the movement of one or more protons along an H� channel
(represented in Figure 1 by the crossover of the proton and
electron pathways). Cycling between conformers I and II
leads to vectorial translocation of protons linked to the redox
changes at the RHL± transition-metal centre. An oxidising
substrate could oxidise the redox centre of the ligand, in which
case the electron-transfer pathway need only deliver elec-
trons, and the reduction product(s) of the substrate may be the
ancillary ligand(s) that displaces the oxidised form (Lwk) of the
ligand-donor group in conformer II. The principle remains the
same for any proton-dependent redox couple as the RHL
redox switch.


System requirements and choice of synthetic models


For proof of this concept, we sought to demonstrate for a
synthetic model system, a transition-metal complex of a
proton-dependent RHL, that the ligand redox switch could
control the binding of the hemilabile donor to the metal ion,
with oxidation and reduction of the ligand redox centre
accompanied by proton loss and uptake at different spatial
locations with respect to the metal centre. There are several
requirements for the transition metal and the proton-depend-
ent RHL that led to a target system.
1) The metal ion should exhibit fast exchange reactions so
that the hemilabile donor group can rapidly cycle on/off.
The other RHL donor group(s) should remain strongly
bound to the metal. These conditions lead naturally to CuII


ion. Although CuII ion exhibits the largest formation
constants for the first d series divalent ions (the Irving ±
Williams series),[24] it also exhibits the fastest rates for
transition metal ions because Jahn ±Teller effects lead to
weak binding of ligand(s) along (at least) one axis.[25]


2) The RHL must be flexible and coordination of the ligand
group substituted by the redox-centre to the metal ion
should be finely balanced. In a proton pumping enzyme


this would be dictated by the protein structure. For models,
we targeted copper complexes of new tris(pyridylmethyl)-
amine (tpa) ligands derivatised with proton-dependent
redox centres. There were two reasons for this choice.
Firstly, tpa and derivatives are flexible and usually form
copper complexes exhibiting �4N-coordination, but �3N-
coordination with one pyridyl leg unbound, ™dangling∫
away from the copper centre is also found, especially with
more sterically encumbered pyridyl groups.[26] Secondly,
with a view to later studies of the reactions of CuI


complexes with dioxygen, we noted that copper ± tpa
complexes are commonly used to model the copper
centres in dioxygen binding/utilising copper proteins,[27]


including cytochrome c oxidases,[28] and promote forma-
tion of end-on rather than side-on dioxygen adducts (the
CuB ion in the resting, oxidised state of cytochrome c
oxidase may be bound by end-on peroxide[5]).


3) The RHL redox switch must exhibit a proton-dependent
redox couple that must perturb the binding of a ligand
donor group to the metal centre. Both partners of the (2e�,
2H�) p-quinone ± p-hydroquinone redox couple are sta-
ble[19, 20, 29, 30] and, therefore, the (hydro)quinone group is
an ideal first choice for the RHL redox centre. Direct
attachment of the redox centre to a pyridyl ring of tpa
serves the dual functions of modulation of the binding
ability of the pyridyl ring and providing the steric bulk to
direct binding of this pyridyl ring to along the weak field
axis in a CuII complex. Chloride ion was chosen as the
coligand/counterion, in part, because of the evidence for
Cl� ion displacing a histidine ligand to the CuB centre in
cytochrome c oxidases.[11]


In sum these requirements led us to investigate the copper
coordination chemistry of H2L2, L3 and, for comparison, L1, as
reported herein.


N
N


NN
R


R


H


MeO


OMe


HO


OH


O


O


Ligand


tpa
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H2L2


L3


Results


Syntheses : The ligands L1 and H2L2 were prepared as follows.
1,4-Dimethoxybenzene or 1,4-di(tetrahydropyranyloxy)ben-
zene were treated with 1.1 equivalents of n-butyllithium to
generate the monolithio species that were allowed to react
with tri(isopropyl)boron to give borate intermediates, which
were treated directly in the same pot with 6-bromopyridine-2-
carboxaldehyde under Suzuki coupling conditions to afford
the corresponding 6-aryl-pyridine-2-carboxaldehydes in
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about 70% yield. These were coupled with di(2-pyridylme-
thyl)amine using sodium triacetoxyborohydride.[31] L1 was
obtained in 70% yield and, following treatment with etha-
nol ±HCl (pH 3) to remove the tetrahydropyranyl protecting
groups, H2L2 was obtained in about 60% yield.
The CuII complexes, deep blue [Cu(L1)Cl]Cl (1) and jade-


green [Cu(H2L2)Cl2] (3), crystallised directly from solutions of
the appropriate ligand and CuCl2 ¥ 2H2O in dry methanol (for
1) or dry ethanol (for 3) that were placed under atmospheres
of dry diethyl ether. All procedures and measurements
involving 3 were performed under strictly anaerobic con-
ditions, because solutions of 3 decomposed upon exposure to
oxygen or moisture, but were indefinitely stable in dry,
deoxygenated solvents; attempts to identify the brown
oxidation product(s) obtained upon bubbling dry oxygen
through solutions of 3 were unsuccessful.[32] Treatment of 1
with excess K[PF6] in methanol gave deep indigo-blue
[Cu(L1)Cl][PF6] (2) in near quantitative yield. The blue p-
quinonyl-substituted complex, [Cu(L3)Cl]Cl (4), was obtained
by oxidation of 3. Threemethods were employed: a) treatment
of 3 in acetonitrile solution with two equivalents of
[NH4]2[Ce(NO3)6]; b) treatment of 3 in dichloromethane or
acetone solutions with one equivalent of 2,3-dicyano-5,6-
dichlorobenzoquinone (DDQ); c) exhaustive controlled po-
tential electrolysis of 3 in acetonitrile ± 0.2� [NBu4][PF6] with
the potential poised at �0.47 V, just above that of the anodic
peak for the oxidation of the hydroquinone group in the cyclic
voltammogram of 3 (see below). The characteristic green
colour of solutions of 3 turned to blue as the oxidations to 4
proceeded. The samples of 4 obtained by the three methods
displayed identical spectroscopic properties (see below).
Reaction of 3 in dry methanol with one equivalent of NaOH,
followed by metathesis with K[PF6] gave a dark brown
solution, which afforded lustrous golden-brown crystals of
[Cu(HL2)][PF6] (5) when left to stand under a diethyl ether
atmosphere.
The CuI complexes, [Cu(L1)(MeCN)x][PF6] (6) and


[Cu(H2L2)(MeCN)x][PF6] (7), were prepared by three meth-
ods: a) mixing equivalent amounts of the appropriate ligand
(L1 or H2L2) and [Cu(MeCN)4][PF6] together in acetonitrile
solution; b) reduction of the corresponding CuII complex, 1 or
3, with one equivalent of cobaltocene in acetonitrile;
c) exhaustive controlled potential reductions of 1 in
acetonitrile ± 0.2� [NBu4][PF6], which consumed about
1.0 Faradaymol�1. A controlled potential electrolysis of 3 at
�0.9 V resulted in decomposition and deposition of copper
metal. Likewise, attempts to concentrate solutions containing
7 caused disproportionation/decomposition and a pure solid
sample of this complex was not obtained. Solutions of 6 and,
particularly, 7 were not stable, decomposing rapidly in
chlorinated solvents and more slowly in acetonitrile (within
several hours), and were extremely dioxygen sensitive. Details
of the reactions of 6 and 7, which are not the subject of the
present investigation, will be reported elsewhere.[33] It is
noteworthy, however, that the reaction of 7 in dry acetone
with dioxygen at�90 �C produced a dark-brown intermediate
species that cleanly decomposed upon warming to give 5 in
about 75% yield with hydrogen peroxide detected as a
coproduct.


Crystal structures : The X-ray crystal structure of [Cu(�4N-
L1)Cl]Cl ¥ 3H2O (1 ¥ 3H2O; Figure 2) reveals two independent
but near identical CuII complex ions (A and B), each bound by
the three pyridyl and the amine donor groups of L1 and by a


Figure 2. View of cation A from the crystal structure of [Cu(L1)Cl]Cl ¥
3H2O (1) (10% thermal ellipsoids shown). Key bond lengths [ä] and
angles [�]: CuA�ClA 2.232(3), CuA�N1A 2.351(6), CuA�N2A 1.991(6),
CuA�N3A 1.996(6), CuA�N4A 2.052(8); ClA-CuA-N1A 117.3(2), ClA-
CuA-N2A 96.7(2), ClA-CuA-N3A 94.5(2), ClA-CuA-N4A 162.6(3), N1A-
CuA-N2A 85.9(2), N1A-CuA-N3A 103.0(2), N1A-CuA-N4A 80.1(3),
N2A-CuA-N3A 160.5(3), N2A-CuA-N4A 83.1(3), N3A-CuA-N4A
81.4(3). Data for cation B: CuB-ClB 2.234(3), CuB-N1B 2.362(6), CuB-
N2B 1.994(5), CuB-N3B 2.000(5), CuB-N4B 2.045(7); ClB-CuB-N1B
119.8(2), ClB-CuB-N2B 95.9(2), ClB-CuB-N3B 94.1(2), ClB-CuB-N4B
160.5(3), N1B-CuB-N2B 88.3(2), N1B-CuB-N3B 101.4(2), N1B-CuB-N4B
79.7(3), N2B-CuB-N3B 160.3(3), N2B-CuB-N4B 82.9(3), N3B-CuB-N4B
82.1(3).


chloro coligand. The CuII ions adopt square-pyramidal (sp)
geometries (cation A: �[34]� 0.03; cation B: �� 0.01) with the
bulky aryl-substituted pyridyl (PY*) group directed to the
axial position at an average Cu�N distance of 2.353 ä,
substantially longer than the equatorial Cu�N distances (av
2.030 ä). The Cu�Cl distances are normal and average
2.294 ä. In the crystal structure, the Cl� counterions and the
three water molecules are disordered over four sites, well
isolated from the cations. The only notable inter-cation
interaction in the crystal structure is offset �-stacking at
about 3.5 ä between the dimethoxyphenyl rings of the bulky
PY* legs of the pairs of molecules A and B. The crystal
structure of [Cu(�4N-L1)Cl][PF6] (2), which exhibits sp-
[Cu(�4N-L1)Cl]� ions (�� 0.15) similar to those found for 1,
is reported elsewhere along with those of L1 and seven other
first d-series metal complexes of this ligand.[33]


Immediately apparent from the X-ray crystal structure of 3
(Figure 3) is that the complex is [Cu(�3N-H2L2)Cl2] with the
PY* leg uncoordinated and orientated away from the CuII ion,
its place taken by a second chloro coligand such that the
complex is sp (�� 0.03). An intramolecular hydrogen bond
between the hydroquinonyl 2-OH group and the pyridine N
atom (O1 ¥¥ ¥ N1 2.559 ä) ™ties up∫ the PY* leg. The three
equatorial Cu�N (av 2.022 ä) and the equatorial Cu�Cl
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Figure 3. View of crystal structure of [Cu(H2L2)Cl2] (3) (10% thermal
ellipsoids shown). Key bond lengths [ä] and angles [�]: Cu�Cl1 2.225(1),
Cu�Cl2 2.585(1), Cu�N2 2.011(3), Cu�N3 2.004(3), Cu�N4 2.052(3); Cl1-
Cu-Cl2 106.3(1), Cl1-Cu-N2 97.5(1), Cl1-Cu-N3 97.8(1), Cl1-Cu-N4
160.4(1), Cl2-Cu-N2 92.9(1), Cl2-Cu-N3 91.5(1), Cl2-Cu-N4 93.3(1), N2-
Cu-N3 162.3(1).


(2.225(1) ä) bond lengths are normal and comparable to
those found in 1; in contrast, the axial Cu�Cl bond is longer
(2.582(1) ä). The overall structure of 3 is similar to that of
[Zn(�3N-L1)Cl2],[33] but there are significant differences in the
detail : for example, the ZnII complex exhibits appreciably
longer metal ±N bond lengths (Zn�N av 2.210 ä), near equal
Zn�Cl bond lengths (2.235(1) and 2.244(1) ä), and consid-
erable trigonal distortion about the ZnII centre (�� 0.29).
The crystal structure of 5 (Figure 4) reveals that the 2,5-


hydroquinonyl-substituent of H2L2 binds to the CuII ion as a
2-hydroquinonate O-donor along with the four nitrogen
atoms of the ligand. The [Cu(�4N,�O-HL2)]� ion adopts a
distorted trigonal-bipyramidal (tbp) geometry (�� 0.71) with
the amine N atom and the hydroquinonate O atom in the axial
positions and the three pyridyl groups equatorial. Constrained


Figure 4. View of the cation from the crystal structure of [Cu(HL2)][PF6]
(5) (10% thermal ellipsoids shown). Key bond lengths [ä] and angles [�]:
Cu�O1 1.899(4), Cu�N1 1.978(4), Cu�N2 2.129(5), Cu�N3 2.019(5),
Cu�N4 2.041(4); O1-Cu-N1 94.9(2), O1-Cu-N2 96.1(2), O1-Cu-N3
100.7(2), O1-Cu-N4 175.8(2), N1-Cu-N2 98.1(2), N1-Cu-N3 133.2(2), N1-
Cu-N4 84.8(2), N2-Cu-N3 123.4(2), N2-Cu-N4 79.8(2), N3-Cu-N4 82.5(2).


by the ligand design, the distances from the Cu center to the
donor atoms of the PY* arm (Cu1�O2 1.899(4) ä and
Cu1�N4 1.978(4) ä) are significantly shorter than the other
coordinate bonds. The structure of 5 resembles that of
[CuL4][ClO4] (L4� bis(2-aminoethyl)(2-(4�-nitro-2�-hydroxy-
phenyl)iminoethyl)amine),[35] and analogous �4N,�O-binding
of a phenolate-tpa ligand was recently found in [Fe2(6-(2-
phenolato)-tpa)2(�-O)]2�, although to an octahedral FeIII ion
in this case.[36]


Physicochemical properties


Copper(��) complexes : Emphasis is placed in the following
description on establishing the structures of the complexes in
solution and, where not known from X-ray crystallography, in
the solid-state. All complexes gave correct partial elemental
analyses.


Infrared spectra : Data for selected key bands from FTIR
spectra recorded for the ground (micro)crystalline complexes
in KBr disks are given in Table 1. Free pyridines show two ring


deformation bands at about 1590 ± 1580 and about 1575 ±
1565 cm�1 with the higher energy band shifting to about
1615 ± 1605 cm�1 upon coordination to a metal ion.[37] These
bands are easily distinguished in the FTIR spectra of the
complexes allowing the unambiguous assignment of the
coordination mode of the tpa ligand, Table 1 and, for example,
Figure 6. Also of note, FTIR spectra of 4 in solution and in the
solid show a strong quinonyl carbonyl peak at 1662 cm�1.


Conductivity : Table 2 presents molar electrical conductivity
data obtained for 1.0 m� solutions of the complexes in
anhydrous dichloromethane and in dimethylformamide. In


Table 1. Pyridine-ring deformation band data from the FTIR spectra of
the solid complexes, and the deduced number of pyridine groups bound to
the metal ion.


��PY�PY* [cm�1] No of bound PY


[Cu(L1)Cl]Cl (1) 1608, 1573 3
[Cu(L1)Cl][PF6] (2) 1609, 1581 3
[Cu(H2L2)Cl2] (3) 1608, 1596, 1567 2
[Cu(L3)Cl]Cl (4) 1613, 1564 3
[Cu(HL2)][PF6] (5) 1608, 1567 3
[Cu(L1)][PF6] (6) 1608, 1597, 1577 2
[Zn(L1)Cl2][a] 1605, 1585, 1572 2


[a] Data from reference [33].


Table 2. Molar electrical conductivity values (�10%) for the complexes.
�M [Scm2mol�1]


CH2Cl2 dmf CH3OH


[Cu(L1)Cl]Cl (1) 4 44 [a]


[Cu(L1)Cl][PF6] (2) 24 64 [a]


[Cu(H2L2)Cl2] (3) 6 42 192
[Cu(L3)Cl]Cl (4) 17 47 [a]


[Cu(HL2)][PF6] (5) 22 59 80
[Zn(L1)Cl2] 4[b] 9[b] [a]


[NBu4][PF6] 26 73 96


[a] Not measured. [b] Data from [33].
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dichloromethane, the values
are consistent with 1 and 3
behaving as non-electrolytes,
and 2, 4 and 5 as 1:1 electro-
lytes. This suggests that in di-
chloromethane 1 is [Cu(L1)Cl2],
not [Cu(L1)Cl]�Cl� as found in
the crystal structure, and 4 is
[Cu(L3)Cl]�Cl� rather than
[Cu(L3)Cl2]. In dimethylforma-
mide, the molar conductivities
are consistent with all copper
complexes behaving as 1:1 elec-
trolytes. Thus, in dimethyl-
formamide the dichloride com-
plexes are all [Cu(L)Cl]�Cl� (1:
L�L1; 3 : L�H2L2; 4 : L�L4).
The lower conductivity values,
in both solvents, when Cl� is the
counterion point to (stronger)
ion pairing.


X-band EPR and UV/Vis/NIR
spectra : Salient solution-state
data are presented in Table 3.
EPR spectra of 1 and 3 in
dichloromethane or acetonitrile
at 80 K show typical axial fea-
tures with g�� g�� 2.0 and 	A� 	
 170 ± 180 G indicative for
tetragonally distorted (dx2�y2 ground-state) elongated octahe-
dral or spCuII species in solution,[27, 38] whereas EPR spectra of


2, 4 and 5 in dichloromethane or acetonitrile have a typical
™inverted axial∫ appearance with g�� g� 
 2.0 and 	A� 	

115–110 G� 	A� 	
 85 G indicative for (dz2 ground-state)
tbp species in solution,[27, 38] for example see Figures 5, 6, and
the Supporting Information. The solid samples of 4 (and 5)
display ™inverted axial∫ powder EPR spectra (g�
 2.014�
g� 
 2.0) at 80 K, which reveal 4 (and 5) retains a tbp
coordination geometry in the solid-state. In contrast, pow-
dered samples of microcrystalline 1 ± 3 exhibit rhombic EPR
spectra (g1
 2.2, g2
 2.1, g3
 2.0) at 80 K. UV/Vis/NIR
spectra of 1 ± 4 in dichloromethane or acetonitrile solutions


show intense ligand-centred bands below 350 nm, and weak
d ± d transitions in the Vis/NIR region with profiles[27, 38]


characteristic for sp CuII centres for 1 and 3 and tbp CuII


centres for 2 and 4 (Figure 5
and Figure 6). Spectra of 5 show
intense ligand-centred bands
below 350 nm, and a character-
istic intense, sharp band at
about 400 nm, which was not
observed for the other com-
plexes, along with three weak,
broad shoulders to this at about
520, 660 and 930 nm (see Sup-
porting Information).


Titrations with Cl� ion : Fig-
ure 5c shows Vis/NIR spectra
from a typical titration of 2
(�max� 930 nm) in dichlorome-
thane with [(Ph3P)2N]Cl. An


isosbestic point at 630 nm reveals a direct conversion from
tbp reactant to sp product, 1 (�max� 767 nm), without inter-
mediate species (Scheme 1). A plot of the absorbance change
at 770 nm (�A770) against the ratio of Cl� :2 indicates a single
Cl� ion binds to 2 (two Cl� bind Cu overall), and the chloride
affinity constant [KCl : Eq. (2)] at 295 K is estimated from the


[Cu(L)Cl]� � Cl� �KCl


[Cu(L)Cl2] (L� tpa, L1, L4) (2)


double reciprocal plot of the inverse of the absorbance change
at 735 nm (�A735) against the inverse of the Cl� ion concen-


Figure 5. X-band EPR spectra of [Cu(L1)Cl2] (1) (a) and [Cu(L1)Cl][PF6] (2) (b) in frozen dichloromethane
solution at 80 K. c, d). Titration of [Cu(L1)Cl][PF6] (2, 0.59�) with Cl� ion in dichloromethane at 295 K to afford
[Cu(L1)Cl2] (1): Vis-NIR spectra (c) and the corresponding double-reciprocal plot (�1/�A versus 1/[Cl�]added;
�A� absorbance change at 735 nm) (d).


Table 3. Electronic and X-band EPR spectroscopic data for the CuII complexes.


UV-Vis-NIR (295 K)[a] EPR (80 K)[a]


�max [nm] (� [��1 cm�1])


[Cu(L1)Cl2] (1) 257 (17700), 320 (8000), g� � 2.236, g�� 2.027,
770 (200), 1050 (130) A� � 176 G


[Cu(L1)Cl][PF6] (2) 259 (13800), 311 (5050), g�� 2.235, g� 
2.0,
730 (105), 930 (130) A�� 112 G, A� 
86 G


[Cu(H2L2)Cl2] (3)[b] 253 (16400), 336 (3600), g� � 2.239, g�� 2.025,
720 (130), 855 (120) A� � 171 G


[Cu(L3)Cl]Cl (4) 246 (10500), 265 (9800), g�� 2.228, g� 
 2.0,
730 (100), 900 (130) A�� 113 G, A� 
 85 G


[Cu(HL2)][PF6] (5) 256 (13400), 286 (12000), 410 (4600), g�� 2.200, g� 
 2.0,
520 (550), 650 (270), 1000 (90) A�� 115 G, A� � 84 G


[a] In dichloromethane solution (unless stated otherwise). [b] [Cu(H2L2)Cl2] is poorly soluble in dichloromethane
and the data for this complex are from spectra of anhydrous acetonitrile solutions.
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tration[39] (Figure 5d) to be 9.7� 102. The titration was also
monitored by EPR spectroscopy with the spectrum of 1
replacing that of 2, and a conductiometric titration of 2 with
[(Ph3P)2N]Cl gave an endpoint at 1.0 equivalents, correspond-
ing to formation of the non-electrolyte 1. For comparison,
titrations in dichloromethane of [Cu(tpa)Cl][PF6] and of 4
with [(Ph3P)2N]Cl (up to 20 equivalents) were investigated. In
both cases no reaction was observed–as the increments of
[(Ph3P)2N]Cl were added, the EPR and Vis/NIR spectra of
the solutions remained unchanged whereas the conductivity
of the solutions monotonically increased. From these experi-
ments the chloride binding constants of [Cu(tpa)Cl][PF6] and
4 in dichloromethane [Eq. (2)] are estimated to be both� 0.1.


Formation of 5 from 3 : The
EPR and the UV/Vis/NIR spec-
tra described above for 3 were
only obtained with some diffi-
culty, by using carefully purified
and rigorously dry solvents that
have little Br˘nsted basicity
such as dichloromethane,
chloroform and acetonitrile, in
which the complex was poorly
soluble. The resulting blue-
green solutions were extremely
sensitive to trace amounts of
moisture or other basic impur-
ities, rapidly turning greenish-
yellow to brown and with the
characteristic EPR and UV/Vis/
NIR spectra of 5 (see Support-
ing Information) replacing those
of 3 if, for example, the solutions
were exposed to moisture. Com-
plex 3 was more soluble in
alcohols such as methanol, but
EPR and Vis/NIR spectra of
these solutions show only peaks
for 5. These results highlight the
non-innocence of the hydroqui-
nonyl substituent in 3–in the
sense that it can coordinate to
Cu–with solutions of 3 being
difficult to obtain due to forma-
tion of 5 [Eq. (3): possible bases
include a protonatable solvent
or impurities]. The conductivity
data for 3 and 5 in methanol,
Table 2, are also consistent with
this conclusion. Furthermore, a
preliminary potentiometric ti-
tration of H2L2 and Cu2� ion
[as Cu(ClO4)2] in 95% metha-
nol-water reveals one proton is
lost from the ligand upon com-
plex formation (to give 5) which
is complete above pH 2 with the
value for the stability constant
uncertain but high (log K � 15).


[Cu(�3N-H2L2)Cl2] (3) � base �[Cu(�3N�O-HL2)]� (5) � Hbase� � 2 Cl� (3)


Electrochemistry : In the cyclic voltammograms (CVs) of
complexes 1 and 2 in dichloromethane (see Supporting
Information), the quasi-reversible (�Ep(couple) 
120 ±
160 mV��Ep(Fc��Fc)
 65 mV with the scan rate�
100 mVs�1), one-electron oxidations at �1.02 and �0.86 V,
respectively, are attributed to the dimethoxyphenyl radical
cation/dimethoxyphenyl couple.[40] The CuII ±CuI couples
appear as a cathodic peak at �0.66 V for 1 and at �0.85 V
for 2 with both complexes showing a broad anodic peak at
about �0.5 V in the reverse sweep. The poor electrochemical


Figure 6. a±c) Controlled-potential electrolysis of [Cu(H2L2)Cl2] (3) in acetonitrile ± 0.4� [NBu4][PF6] at
�0.47 V (Pt gauze working electrode) to afford [Cu(L3)Cl]Cl (4): X-band EPR spectra of samples taken before
(a) and after (c) the electrolysis and frozen at 80 K–the asterisks in c) mark peaks for residual 3 (see the text);
b) UV-Vis-NIR spectra before (––) and after electrolysis (- - - -). d) Pyridyl-ring deformation bands from the
FTIR spectra of [Cu(H2L2)Cl2] (3) (––) and isolated [Cu(L3)Cl]Cl (4) (- - - -).
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reversibility of the CuII ± CuI couples is indicative of the
accompanying structural changes being rate-limiting on the
CV time scale.[38, 41] A constant potential electrolysis of 1 at
�0.95 V was a one-electron process and produced 6 (see
above).
Cyclic voltammograms of H2L2 in acetonitrile are typical


for a hydroquinonyl-containing compound and exhibit an
anodic peak (I) at �0.20 V and a cathodic peak (II) at
�0.59 V in the reverse sweep (Figure 7a). Peak I is attributed


Figure 7. Cyclic voltammograms for: a) H2L2; b) [Cu(HL2)][PF6] (5); c and
d) [Cu(H2L2)Cl2] (3). Conditions: acetonitrile ± 0.1� [Bu4N][PF6]; 295 K;
1.0 mm Pt disk working electrode; scan rate� 100 mV s�1.


to the anticipated hydroquinone-centred oxidation[29, 30] of
H2L2 to afford quinone-substituted L3 [Eq. (4)], and peak II to
the reverse reduction process (L3/H��H2L2). Although
these processes are chemically reversible, they are electro-
chemically irreversible because the associated discharge or
uptake of protons changes the local pH at the electrode.[29, 30]


H2L2�L3 � 2H� � 2e� (4)


Figure 7b presents a representative CV for 5 in acetonitrile
and reveals a quasi-reversible oxidation (the III/IV couple) at
�0.15 V (�Ep(III/IV)
 260 mV cf. �Ep(Fc��Fc)
 65 mVat
a scan rate (�)� 100 mVs�1;�Ep(III/IV) increases with v) and
a quasi-reversible reduction (the VI/VII couple) at �1.25 V


[�Ep(VI/VII)
 105 mV at �� 100 mVs�1 and increases with
v). A comparison of the peak heights in the CVs of 2 (1 m�)
and 5 (1 m�), both in acetonitrile, indicates both couples for 5
to be one-electron processes. Hence the reduction is attrib-
uted to a CuII ±CuI couple and the oxidation to a ligand-
centred hydroquinonate ± semiquinonate couple.[29, 30, 42] The
quasi-reversibility of the couples may arise from concomitant
rate-limiting structural changes. Also noteworthy in the CVof
5 is the cathodic ™daughter∫ peak (V) at �0.57 V, which is
found only after scanning through the III/IV couple. The
potentials of peak V and peak II, which corresponds to
reduction of L3/H� in the CVs of H2L2, are very close and,
accordingly, peak V is attributed to the reduction of a CuII


species with a pendant quinone group. Such a species is
expected: protonated semiquinones rapidly disproportion-
ate,[19, 20, 29, 30] and disproportionation of the semiquinonate ±
CuII product of peak III would generate equal amounts of
hydroquinonyl ±CuII (3 or 5) and quinonyl ±CuII species. The
hydroquinonyl ±CuII complexes (3 or 5) would be sponta-
neously oxidised at the potential of their formation (i.e., at all
potentials higher than peak III),[19, 20, 29, 30] and therefore on
the longer time scale of a bulk electrolysis 5 should undergo
an overall two-electron oxidation to a quinonyl ±CuII species.
Consistent with this interpretation, controlled potential
oxidation of 5 at �0.40 V consumed 1.94 Faradaymol�1.
Cyclic voltammograms of 5 in dichloromethane show qual-
itatively the same redox chemistry, but with redox couples at
�0.22 and �1.08 V.
Cyclic voltammograms of 3 in acetonitrile (Figure 7c/d)


reveal peaks III/IV and VI/VII for 5 as well as a quasi-
reversible reduction couple (peaks IX/X) at �0.49 V (�Ep-
(IX/X)
 170 mV at �� 100 mVs�1 and increases with v),
which becomes less chemically reversible when the VI/VII
couple is traversed, and an irreversible oxidation (peak VIII)
at about 0.10 V. Vis/NIR and EPR spectra of the acetonitrile
solutions were recorded prior to and after the CVexperiments
and show only peaks for 3 (Figure 6). The peaks for 5 in the
CVs of 3 therefore suggest that pre-equilibration of 3 and 5
[Eq. (3)] occurs within the time scale of the CV experiment.
Peaks IX/X are attributed to the CuII ±CuI couple for 3 with
the accompanying structural changes being rate-limiting and
leading to the quasi-reversible electrochemical response.
Peak VIII is attributed to the two-electron oxidation antici-
pated for the ™dangling∫ hydroquinone substituent in 3, which
should give the corresponding quinone in a chemically
reversible, but electrochemically irreversible (proton-depend-
ent) process;[20, 29, 30] thus oxidations of 3 (peak VII) and 5
(peak III) should both give quinonyl ±CuII product. Support-
ing these conclusions, controlled potential electrolysis of 3 at
�0.47 V consumed 1.97 Faradaymol�1. Figure 6 depicts EPR
and Vis/NIR spectra recorded prior to and after electrolysis of
3–the spectra reveal 4 to be the electrolysis product
(Scheme 2). The small peaks for a sp species–the axial sub-
spectrum marked by asterisks–in the post-electrolysis EPR
spectrum (Figure 6c) are attributed to residual 3 for two
reasons: 1) They occur at identical magnetic field to peaks in
the spectrum of 3 ; 2) additional Cl� ion did not affect the post-
electrolysis UV/Vis/NIR or EPR spectra (Figure 6b/c), ruling
out that they arise from the addition of Cl� ion to 4 to give a
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sp-quinonyl ±CuII species. Cyclic voltammograms of 4, pro-
duced by the electrolysis of 3, revealed a broad cathodic peak
at about �0.6 V in the forward cathodic sweep attributed to
overlapping of the expected quinone- (L3/H��H2L2)[20, 29, 30]


and copper-(CuII�CuI) centred reduction processes, and in
the reverse anodic sweep peak X and peak VIII as a
™daughter∫ peak. The CV is typical for a basic quinone,
which exhibit a cathodic peak for two-electron reduction of
quinone/H� followed by a ™daughter∫ anodic peak for two-
electron oxidation of the corresponding hydroquinone in the
reverse sweep rather than consecutive one-electron quinone/
semiquinone anion and semiquinone anion/hydroquinone
dianion couples, all due to extreme sensitivity to sub-
equimolar amounts of Br˘nsted acids or hydrogen bond
donors.[30] Controlled potential bulk electrolyses of 4 at
�0.90 V caused decomposition and deposition of copper
metal, a result suggestive for an unstable CuI product, such as
7 (see above), and consistent with the above assignment of the
�0.6 V cathodic peak.
The 2e�, 2H� quinone ± hydroquinone couple may become


electrochemically reversible in a buffered solution.[29, 30] Un-
fortunately, adding a pH-buffer to 3, in aqueous or non-
aqueous solvent, lead to complete conversion to 5 or, at very
low pH (� 2), to decomplexation of H2L2; conditions could
not be found where the 4-3 (hydro)quinone-centred couple
was electrochemically reversible.


Copper(�) complexes


The CuI complexes 6 and 7 were not characterised by
elemental analysis because of their extreme air-sensitivity.
Positive ion ESI-mass spectra show strong peaks correspond-
ing to the [CuL]� molecular ions, at m/z 490.0 (calcd: m/z
490.07) for 6 andm/z 462.0 (calcd:m/z 462.01) for 7. The FTIR
spectrum of solid 6 exhibits three prominent pyridine
deformation bands indicative for an unbound, dangling PY*
leg (Table 1).
The 1H NMR spectra of 6 and 7 show several notable


features. First, distinct coordination shifts (��) for the ligand
protons are observed in the 1H NMR spectra upon forming 6
and 7 (see Supporting Information). Second, the 1H NMR
spectra of the ligands and the complexes show two sharp
methylene singlets, for example at �H(CD3CN)� 4.07 (2H)
and 4.04 ppm (4H) for 6 and at �H(CD3CN)� 4.00 (2H) and
3.92 ppm (4H) for 7, revealing the two 2-pyridylmethyl legs to
be equivalent. However, the methylene protons of these legs


are diastereotopic and should
appear as a pair of AB methyl-
ene doublets as is found in
1H NMR spectra of tpa com-
plexes of substitutionally inert
metal ions such as octahedral
rhodium(���) complexes.[43] The
methylene singlets in the
1H NMR spectra of L1, H2L2, 6
and 7 are accounted for by
rapid inversion of configuration
about the amine nitrogen,
which is typically a low energy


process for ™free∫ amines.[44, 45] The methylene singlets remain
sharp in NMR spectra of 6 recorded down to 260 K; based on
this observation the estimated upper limit for the free energy
barrier to exchange the diastereotopic methylene protons is
about 45 kJmol�1. As a comparison, a variable temperature
300 MHz 1H NMR study of the isoelectronic ZnII complex,
[Zn(L1)Cl2], revealed a pair of AB doublets for the methylene
protons in lower temperature spectra that coalesce
(Tcoalescence� 290 K) to a singlet in higher temperature spectra;
the free energy barrier for intramolecular exchange of the
diastereotopic methylene protons in this ZnII complex is 56�
0.5 kJmol�1.[33]


Third, in the 1H NMR spectra of H2L2 and 7 the hydroxy
peaks appear as a sharp singlet at �H (CD3CN)� 13.77 (H2L2)
and 13.68 ppm (7) and a broad singlet at �H (CD3CN)
 6.6
(H2L2) and 
9.9 ppm (7). The chemical shifts of the sharp
low-field singlets show little concentration dependence in-
dicative for an intramolecular hydrogen bond, which must be
between the ortho-hydroxy group and the pyridyl nitrogen
atom of the PY* leg. This strongly suggests that the PY* leg in
7 is unbound, akin to in the crystal structure of 3 (see above).
Finally, the NMR peaks for 6 and 7 broaden slightly and shift
when Cl� ion was present or was deliberately added (data are
presented in Table S1 in the Supporting Information),
indicative for some association between the CuI centres and
Cl� ion.
In sum, these physicochemical data provide compelling


evidence for a non-coordinated PY* leg in 6 and 7 in the solid
state and in solution. Moreover, rapid inversion of the ligand
configuration in 6 and 7 requires at a minimum dissociation of
one of the three pyridylmethyl legs and the amine nitrogen
atom (Scheme 3). The estimated upper limit of about
45 kJmol�1 for exchange of the diastereotopic methylene
protons in 6 compares with 28� 3 kJ�1 mol for the energy
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barrier to inversion of configuration for dibenzylmethyl-
amine,[45] which also provides an estimate for the lower limit
to the barriers for inversion of configuration in ™free∫ L1 or
™free∫ H2L2. Thus the barriers to amine inversion in 6 and 7
should fall in the range of about 30 ± 45 kJmol�1, which
compares with 56 kJmol�1 for [Zn(L1)Cl2][33] consistent with
the ligand binding to ZnII more strongly than to CuI.


Discussion


Towards the goal of preparing a copper ±RHL system that
provides ™proof-of-concept∫ for our proposal for a redox-
linked conformational proton pump gate operating as depict-
ed in Figure 1, we have prepared a series of copper complexes
of tpa ligands derivatised on one leg (PY*) by dimethox-
yphenyl or (hydro)quinonyl groups. The redox states of the
copper and (hydro)quinonyl centres and the environment
control the geometries of the complexes (see Schemes 1 and
2). The interplay of the following effects is important:
1) Steric interactions introduced by the 6-aryl substitution of
the PY* leg. These are minimised when the complexes
adopt an sp geometry with the PY* leg in the weak-field,
axial position (e.g. the sp-[Cu(�4N-L1)Cl]� ion in the
crystal structures of 1 and 2) over a tbp geometry, and more
so when the PY* leg is unbound
(e.g. sp-[Cu(�3N-H2L2)Cl2] (3))
rather than bound. Intramolec-
ular steric strain leads to hemil-
ability–the fine balance be-
tween binding of the PY* leg
versus Cl� ion–in the 1 ± 2 and
3 ± 4 systems. In contrast, tbp-
[Cu(�4N-tpa)Cl]� is unaffected
by excess Cl� ion. In these
complexes, the particular coor-
dination geometry is unlikely
to significantly influence
whether or not a pyridyl leg
undergoes substitution, be-
cause the ligand exchange re-
actions of five- (and lower[38])
coordinate CuII typically pro-
ceed by associative (A) or as-
sociative interchange (Ia)
mechanisms and exhibit little
dependence on the (sp ± tbp)
coordination geometry.[25]


2) Electrostatic interactions, which
favour coordination of Cl� over
the PY* leg to copper; this
effect is minimised in more
polar/higher dielectric environ-
ments that better solvate ions
and stabilise separation of
charges. For 1, a more polar
medium, for example in the
crystal or in a solvent with a
higher dielectric constant such


as dimethylformamide (�r (20 �C)� 38.3), stabilises sepa-
ration of [Cu(L1)Cl]� and Cl� ions, whereas a less polar
medium, for example in a solvent with a lower dielectric
constant such as dichloromethane (�r (25 �C)� 8.9), pro-
motes coordination of a second chloride coligand to afford
[Cu(�3N-L1)Cl2].


3) Ligand field stabilisation energy (LSFE) which increases
upon binding of a �-acceptor pyridyl over a �-donor
chloride coligand to the d9 CuII ion. A comparison of 1 and
[Zn(L1)Cl2][33] reveals the importance of LFSE: whereas
the crystal structure of 1 shows discrete [Cu(�4N-L1)Cl]�


and Cl� ions, its ZnII congener is [Zn(�3N-L1)Cl2] because
there is no LFSE for the d10 ZnII ion and, in this case,
minimisation of Coulombic and steric interactions leads to
coordination of the second chloride coligand over the
pendant PY* leg regardless of the medium.


4) Perturbation of the donor properties of a ligand by an
attached redox centre : A comparison of tbp-[CuCl(�4N-
L1)]� (2) and tbp-[CuCl(�4N-L3)]� (4), which differ only in
the 6-substituent to PY*, reveals the importance of this
effect. The d ± d band maximum of 2 is about 370 cm�1


lower in energy than that for 4 because conjugation
between the rings of the PY* legs results in L3 being a
stronger field ligand than L1 (Figure 8A). The higher
LFSE for 4 compared to 2 results in tbp-[Cu(�4N-


Figure 8. Redox-switched donor properties for hydroquinone/quinone-pyridine (A) and phenol/phenoxyl
radical-imidazole (B) ligands.
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H2L3)Cl]� for 4 in the solid and in dichloromethane or
acetonitrile, whereas 2 is tbp-[Cu(�4N-L1)Cl]� in dichloro-
methane but sp-[Cu(�4N-L1)Cl]� in the crystal. This in turn
leads to the�104-fold difference in the affinities of the tbp-
[Cu(�4N-L1)Cl]� (from 2) and tbp-[Cu(�4N-L3)Cl]� (from
4) ions for Cl� ion in dichloromethane (see above), and
hence to different structures when Cl� ions are present–2
binds Cl� to give sp-[Cu(�4N-L1)Cl2] (1), whereas 4 does
not.


5) Intramolecular hydrogen bonding, which may ™tie-up∫ the
�-lone pair of a potential ligand group thereby stabilising
™off∫-Cu states (Figure 8A). That 3 is sp-[Cu(�3N-
H2L2)Cl2] in the crystal, whereas 1 crystallises as sp-
[Cu(�4N-L1)Cl]Cl, is attributed to the intramolecular
hydrogen bond within the PY* leg of 3.


6) Oxidation state of copper : CuI, along with other d10 metal
ions, exhibits little preference for one type of donor or one
particular geometry over another, and replacement of one
donor of a tripodal ligand by an ancillary ligand is expected
when this will reduce the repulsive and Coulombic
forces.[41] Hence, the PY* leg is ™dangling∫ in 6 and 7–in
acetonitrile this structure is likely stabilised by solvent
binding to the CuI ion. A number of other CuI complexes
of tpa-like ligands with bulky substituents, akin to in 6 and
7, also exhibit an unbound ligand leg.[26]


7) Availability of additional ligands : Last, and implicit
throughout the previous discussion, potential ancillary
ligands must be available for the substitutionally labile
PY* leg to be displaced from CuII; for example, the
reaction of 2 with Cl� ion to afford 1. The shifts in the
NMR spectra of 6 and 7 when Cl� ion is introduced are
indicative for association of Cl� with the CuI centres.
A redox-driven switch in the conformation of a transition


metal ±RHL system tightly linked to proton uptake or output
is critical to the successful operation of the proton pump gate
proposed in Figure 1. The 3 ± 4 system provides a first
demonstration of this crucial step–the oxidation of 3 to 4 is
linked to output of two protons and a switch of conformation
from �3N- to �4N-bound ligand. Previous demonstrations of
the use of a ligand-centred redox couple to switch the binding
of the ligand to a transition metal centre are all for systems
where the redox centre is directly bonded to the donor atom
of the substitutionally labile group.[19±22] The 3 ± 4 system
clearly demonstrates for the first time that the redox-state of a
redox-centre covalently linked to a heterocyclic N-donor can
control the binding of the N-donor to a metal ion. The results
also illustrate that redox-linked changes to hydrogen bonding
may play an important role in the stabilisation of the different
conformations for the labile, redox-active ligand group.
Although complexes 3 and 4 could not be reversibly
interconverted due to the formation of unstable CuI species
and metal-binding by the hydroquinonyl redox group, the
results provide a solid foundation for future studies toward
artificial proton pumps.
As far as we are aware, a biological proton pump operating


in the simple mode proposed in Figure 1 is yet to be
discovered. Nevertheless, our results may have implications
for biological systems. For instance, the structure-determining
factors delineated in this study will also apply to biological


copper centres with a substitutionally labile ligand. One such
system is the CuB centre in cytochrome c oxidase,[4±13] which
has a substitutionally labile histidine ligand proposed to be
crucial to proton pumping by this enzyme.[6, 9] In this case, the
substitutional lability would result from strain imposed by
protein structure, perhaps with specific hydrogen bonding
interactions between protein residues and the labile histidine
stabilising the ™off∫-copper state, and with the displacement
of the labile histidine requiring ancillary ligands (e.g. Cl� or
OH� ion or water would need to be available to bind CuB) and
more likely for the labile CuB(�) state. In the light of the
present study, the facts that one histidine ligand to CuB is
labile and that during the enzyme cycle the tyrosine ± histidine
ligand to CuB is oxidised with a hydroxide ancillary ligand
simultaneously produced[6, 9, 12] become most intriguing. Argu-
ment based upon the mixing of �/� electrons inherent within
an imidazole[46] and the inter-ring conjugation anticipated for
the tyrosine-histidine cofactor suggests its redox-state should
strongly modulate its metal binding properties (Figure 8B).
The most recent evidence is that there indeed is electronic
delocalisation between the rings of a histidine ± tyrosyl
radical,[47] and we have shown that such inter-ring delocalisa-
tion between a ligand donor and its radical pendant can
significantly alter the reactivity of a (organo-) metal centre.[48]


The binding of the cofactor imidazole to CuB will be
weakened by oxidation of the tyrosine, the converse to found
for the pyridyl-based 3 ± 4 system (Figure 8). Could it be that
redox-triggered dissociation of the tyrosine-histidine cofactor
from CuB is part of the mechanism of the proton pump in
cytochrome c oxidase?[49] Further investigations are needed to
address this important question.


Experimental Section


Physical measurements


Elemental analyses for C, H and N were determined by the Australian
National University Microanalytical Unit. Electrospray ionisation mass
spectra (ESI-MS) were acquired on a VG Quattro mass spectrometer with
a capillary voltage of 4 kV and a cone voltage of 30 V. The solvent system
was 50:50 acetonitrile/water and, depending on the sample, with or without
1% acetic acid. 1H and 13C{1H} NMR spectra were recorded on a Bruker
AC 300F (300 MHz) spectrometer. Electronic spectra of the complexes
were recorded between 220 and 2000 nm on a CARY 5 spectrometer in
the dual beam mode; solution spectra were recorded in sealed 1 cm quartz
cuvettes and solid state spectra were recorded as KBr disks. Solutions
of 3, 4, 6 and 7 were prepared under nitrogen in a M. Braun
glovebox operating with dioxygen and water levels below 2 ppm.
X-band EPR spectra of both frozen solution (at 80 K; liquid nitrogen
dewar) and solid (dispersed in a KBr matrix) samples were recorded using
a Bruker EMX 10 EPR spectrometer. Electrical molar conductivity
measurements were made using an in-house built conductivity bridge
and a YSI model 3403 conductivity cell thermostated at 25 �C. The cell
constant (K) was determined with a standard aqueous solution of KCl
(0.001�). The molar conductivity,�M, of a sample solution was determined
from �m� 1000 K/ cm, where cm is the molar concentration of the complex
(ca. 1 m�).


Cyclic voltammetry measurements were made using a Pine Instrument Co.
AFCBP1 bipotentiostat interfaced to and controlled by a Pentium
computer as previously described in detail elsewhere.[20] Solutions of the
compounds were 1.0 m� in anhydrous dichloromethane, acetonitrile or
dimethylformamide (Aldrich, used as received) with 0.1� tetra-n-butyl-
ammonium hexafluorophosphate. Solutions were deoxygenated by bub-
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bling with high purity nitrogen (presaturated with solvent) and then
blanketed with a cover of nitrogen for the duration of the experiment or,
alternatively, the electrochemical experiments were carried out in the
above M. Braun nitrogen-filled glove-box. Data are reported from cyclic
voltammograms recorded with a 1 mm Pt disk working electrode at a scan
rate of 100 mVs�1. Except where stated otherwise, electrochemical
potentials herein are quoted relative to the ferrocenium ± ferrocene
(FeIII ± FeII) couple measured under the same experimental conditions
(same concentrations, solvent, support electrolyte, electrodes, temperature,
and scan rate).


Preparations


Preparation of bis(2-pyridylmethyl)[6-(2�,5�-dihydroxyphenyl)-2-pyridyl-
methyl]amine (H2L2): The preparation of H2L2 is described. The synthesis
of L1 employed a similar Suzuki coupling reaction, but is more straightfor-
ward and is described elsewhere.[33] Ligand H2L2 could not be obtained by
reaction of L1 with BBr3.


1�,4�-Bis(tetrahydropyranyloxy)benzene : A suspension of 1,4-dihydroxy-
benzene (5.5 g, 50 mmol) in dichloromethane (125 mL) was treated with
dihydropyran (12.6 g, 150 mmol) and pyridinium tosylate (250 mg,
1 mmol). After stirring for 3 h a clear solution was obtained, which was
diluted with diethyl ether (250 mL) and washed with aqueous potassium
hydroxide (20 mL, 5%), until the aqueous layer was colourless. The organic
layer was dried over anhydrous sodium sulfate and the solvent evaporated
to give a white solid (13.8 g, �100%), m.p. 98 ± 99 �C; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 6.97 (s, 4H; Ph), 5.29 (m, 2H; THP), 3.93 (2H, m; THP),
3.58 (2H, m; THP), 1.99 ± 1.96 (m, 2H; THP), 1.85 ± 1.82 (m, 4H; THP),
1.64 ± 1.58 ppm (m, 6H; THP); MS (70 eV): m/z (%): 278 (30) [M�], 194
(10), 110 (100), 85 (65).


6-[2�,5�-Bis(tetrahydropyranyloxy)phenyl]-2-pyridylcarboxaldehyde : A
solution of 1�,4�-bis(tetrahydropyranyloxy)benzene (2.0 g, 7.2 mmol) in
THF (30 mL) was treated with n-butyllithium (3.5 mL (2.5 � in hexane),
8.5 mmol). After 2 h the solution was transferred using a cannula to a
solution of triisopropylborate (3.5 mL, 15 mmol) in THF (5 mL) cooled to
�80 �C. After 30 min, the temperature was allowed to rise to ambient and
stirring was continued for 16 h. Evaporation of the solvent in vacuo gave a
colourless oily residue. This was dissolved in toluene (40 mL), and
6-bromo-2-pyridylcarboxyaldehyde (1.4 g, 7.5 mmol), [Pd(PPh3)4] (0.4 g,
0.35 mmol), methanol (10 mL), and 2� aqueous sodium carbonate (6 mL)
were added. The mixture was heated at reflux for 8 h under nitrogen. After
cooling, dichloromethane (50 mL), 2 � aqueous sodium carbonate solution
(15 mL), and concentrated aqueous ammonia (2 mL) were added. The
mixture was extracted with further dichloromethane, and the organic layer
separated, dried over magnesium sulfate and the solvent removed using a
rotary evaporator. Flash chromatography (silica support; dichloromethane/
petroleum ether 3:1 eluent) of the residue yielded the product aldehyde as
a pale yellow solid (1.6 g, 60%), m.p. 76 ± 77 �C; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 10.15 (s, 1H; CHO), 8.12 (m, 1H; Py), 7.88 (m, 2H; Py),
7.59 (s, 1H; Ph), 7.23 (s, 1H; Ph), 7.11 (s, 1H; Ph), 5.44 (m, 1H; THP), 5.36
(m, 1H; THP), 3.95 (m, 1H; THP), 3.82 (m, 1H; THP), 3.59 (m, 2H; THP),
2.05 (m, 2H; THP), 1.77 (m, 4H; THP), 1.61 ppm (6H, m; THP); IR (KBr
disc): ��� 1735 (C�O) cm�1; MS (70 eV): m/z (%): 386 (2) [M�� 1], 299
(2.5), 215 (100).


Bis(2-pyridylmethyl){6-[2�,5�-bis(tetrahydropyranyloxy)phenyl]-2-pyri-
dylmethyl}amine : 6-[2�,5�-Bis(tetrahydropyranyloxy)phenyl]-2-pyridylcar-
boxaldehyde (1.35 g, 5.1 mmol) and bis(2-pyridylmethyl)amine (1.0 g,
5 mmol) were dissolved in 1,2-dichloroethane (30 mL). Sodium triacetoxy-
borohydride (1.6 g, 7.55 mmol) was added. The solution was stirred
overnight under nitrogen. The reaction was quenched with saturated
aqueous sodium bicarbonate solution. The organic layer was separated,
dried over anhydrous sodium sulfate, and the solvent was removed using a
rotary evaporator to give a clear brown oil (2.35 g, 100%); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 8.55 (d, 2H; Py), 7.72 (m, 6H; Py), 7.64 (m,
1H; Py), 7.50 (m, 1H; Py), 7.25 ± 7.13 (m, 4H; Ph & Py), 7.03 (m, 1H; Ph),
5.39 (m, 1H; THP), 5.30 (m, 1H; THP), 3.94 (m, 4H; CH2), 3.92 (s, 2H;
CH2), 2.05 (m, 2H; THP), 1.77 (m, 4H; THP), 1.61 ppm (m, 6H; THP);
ESI-MS: m/z (%): 566 (10) [M�], 482 (20), 398 (100).


H2L2 : Aqueous 10% hydrochloric acid solution was added dropwise to
bis(2-pyridylmethyl)[6-(2�,5�-di-tetrahydropyranyloxyphenyl)-2-pyridylme-
thyl]amine (2.35 g, 4.15 mmol) in ethanol (40 mL) until pH 3. The solution
was stirred at 55 ± 60 �C for 3 h. The solvent was removed to near dryness on


a rotary evaporator. The residue was extracted with dichloromethane
(100 mL) and the extracts washed with saturated sodium bicarbonate
(40 mL), then water (40 mL), and dried over sodium sulfate. Rotary
evaporation of the solvent yielded a tacky yellow solid, which was
recrystallised from chloroform/hexane to give a yellow powder (1.2 g,
63%), m.p. 198 ± 199 �C; 1H NMR (300 MHz, CDCl3, 25 �C) �� 8.52 (d,
2H; Py), 7.64 (m, 6H; Py), 7.36 (m, 1H; Py), 7.20 (m, 4H; Py), 7.13 (m, 2H;
Ph), 6.90 (m, 1H; Ph), 3.90 (m, 4H; CH2), 3.88 ppm (s, 2H; CH2);
elemental analysis calcd (%) for C24H22N4O2 ¥H2O: C 69.23, H 5.76, N
13.46; found: C 69.74, H 5.45; N 13.26.


[H3L2][ClO4]: [CAUTION : Although no problems were encountered with
this preparation, perchlorate salts are potentially explosive materials and
appropriate precautions should be taken when handling them.] 40%
Aqueous HClO4 was added dropwise to a solution of H2L2 (700 mg,
1.75 mmol) in 5% water in ethanol solution (20 mL) until pH� 3.0. The
yellow solid that precipitated was collected by filtration. Recrystallisation
from ethanol/water gave clear yellow crystals of the product (700 mg,
80%), m.p. 202 ± 203 �C; 1H NMR (300 MHz, [D6]DMSO, 25 �C): �� 8.62
(d, 2H; Py), 7.92 (m, 4H; Py), 7.61 (d, 2H; Py), 7.45 (m, 3H; Py), 7.28 (m,
1H; Ph), 6.76 (m, 2H; Ph), 4.27 (s, 4H; CH2), 4.21 ppm (s, 2H; CH2);
elemental analysis calcd (%) for C24H22N4O2 ¥HClO4 ¥H2O: C 55.76, H
4.84, N 10.84; found: C 55.98, H 4.85, N 10.83.


[Cu(L1)Cl]Cl (1): L1 (102 mg, 0.24 mmol) and CuCl2 ¥ 2H2O (35 mg,
0.2 mmol) were dissolved in methanol (3 mL) and the solution was stirred
for 10 min. Diethyl ether (15 mL) was then added, and the light blue
microcrystalline solid which formed was collected by filtration and then
recrystallized from methanol/diethyl ether to afford the blue crystalline
product (115 mg, 95%), m.p. 194 �C (decomp); X-band EPR (CH2Cl2,
80 K): g� � 2.236, g�� 2.027, A� � 176 G; IR (KBr disc): ��� 3435s, 2942w,
1608s, 1573s, 1498s, 1481m, 1455s, 1432s, 1399m, 1286s, 1206m, 1175w,
1096w, 1041m, 1028s, 890w, 875w, 819m, 801m, 782m, 721w, 655w cm�1; UV/
Vis/NIR (methanol): �max (�)� 259 (14600), 311 (5070), 701 (100), 902 (75);
UV/Vis/NIR (dichloromethane): �max (�)� 257 (17700), 320 (8000), 770
(200), 1050 (130); ESI-MS: m/z (%): 548 (40) {[Cu(L1)(AcO)]�}, 526 (100)
{[Cu(L1)Cl]�}, 489 (10), 427 (2), 245 (10); elemental analysis calcd (%) for
C26H26Cl2CuN4O2 ¥H2O: C 53.94, H 4.87, N 9.68; found: C 54.19, H 4.64, N
9.91.


[Cu(L1)Cl][PF6] (2): A solution of K[PF6] (9.5 mg, 0.052 mmol) in
methanol (2 mL) was added to [Cu(L1)Cl]Cl (28 mg, 0.05 mmol) in
methanol (5 mL). A pale blue precipitate formed which was recrystallised
from dichloromethane/methanol to yield the blue microcrystalline product
(28.4 mg, 85%), m.p. 238 �C (decomp); X-band EPR (powder, 80 K): g1�
2.22 , g2� 2.07, g3� 2.0 (br); X-band EPR (CH2Cl2, 80 K): g�� 2.235, g� �
2.0, A�� 112 G, A� � 86 G; IR (KBr disc): ��� 3445br, 2940br, 1609s,
1581m, 1503s, 1461s, 1445s, 1293m, 1286m, 1265m, 1216s, 1163w, 1044s,
1023m, 876s, 816s, 774m, 557s cm�1; UV/Vis/NIR (dichloromethane): �max
(�)� 259 (13500), 311 (6000), 730 (106), 930 (125); ESI-MS: m/z (%): 526
(100) {[Cu(L1)Cl]�}, 508 (40), 489 (20); elemental analysis calcd (%) for
C26H26N4ClCuF6O2P: C 46.58, H 3.91, N 8.36; found: C 46.19, H 3.86, N
8.30.


[Cu(H2L2)Cl2] (3): Standing the dark green solution produced by mixing
H2L2 (40 mg, 0.1 mmol) and CuCl2 ¥ 2H2O (17 mg, 0.1 mmol) in ethanol
(5 mL) under an atmosphere of diethyl ether gave jade green crystals of the
product (40 mg, 75%), m.p. 201 �C (decomp); X-band EPR (powder, 80 K):
g1� 2.17, g2� 2.13, g3� 2.04; X-band EPR (CH3CN, 80 K): g� � 2.236, g��
2.027, A� � 176 G; IR (KBr disc): ��� 3435s, 3214s, 1608s, 1596s, 1567s,
1492s, 1470s, 1433m 1316m, 1283s, 1211s, 1166w, 1104w, 1052w, 1027m,
993w, 972w, 951w, 874w, 814s, 783s, 770s, 728m, 707m cm�1; UV/Vis/NIR
(acetonitrile): �max (�)� 253 (16400), 336 (3600), 740 (130), 855 (120); ESI-
MS: m/z (%): 460 (100) {[Cu(HL2)]�}; elemental analysis calcd (%) for
C24H22N4Cl2CuO2 ¥ 1.5H2O: C 51.48, H 4.50, N 10.11; found: C 51.59, H 4.67,
N 9.96.


[Cu(L3)Cl]Cl (4): Three methods were employed to prepare this complex.
The EPR, FTIR and UV/Vis/NIR spectral data for the product from each
method were identical.


Method 1. Reaction of [Cu(H2L2)Cl2] with DDQ : A solution of DDQ
(1.08 mL, 49.5 m�) in dichloromethane (2 mL) was slowly added to a
stirred suspension of [Cu(H2L2)Cl2] (30 mg, 0.056 mmol) in dichloro-
methane (5 mL) cooled to �10 �C by an external coolant bath. The
[Cu(H2L2)Cl2] dissolved and an off-white precipitate formed (DDQH2),







FULL PAPER S. B. Colbran et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0128 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 1128


which was removed by filtration through a small pad of filter-aid to give a
clear blue solution. Addition of an equal volume of diethyl ether caused the
blue product to precipitate, which was collected by filtration and dried in
vacuo (22 mg, 73%), m.p. 120 ± 122 �C; X-band EPR (powder, 80 K): g��
2.2 (br), g� � 2.00; X-band EPR (CH2Cl2, 80 K): g�� 2.228, g� � 2.0, A��
112 G, A� � 86 G; IR (KBr disc): ��� 2940s, 1659s, 1613s, 1564s, 1530s,
1455m, 1264s, 1173m, 1078w, 1054w, 1029w, 887m, 857w, 827w, 772m cm�1;
UV/Vis/NIR (CH3CN): �max (�)� 248 (10750), 277 sh (10700), 730 sh (120),
900 (150); UV/Vis/NIR (CH2Cl2): �max (�)� 246 (10500), 265 sh (9800), 730
sh (100), 900 (130); elemental analysis calcd (%) for C24H20N4Cl2CuO2 ¥
H2O: C 52.51, H 4.04, N 10.21; found: C 52.78, H 4.04, N 9.93.


Method 2. Reaction of [Cu(H2L2)Cl2] with cerium(IV) ammonium nitrate :
A solution of (NH4)2Ce(NO3)6 (2.75 mL, 40.8 m�) in acetonitrile was
added dropwise to a suspension of [Cu(H2L2)Cl2] (30 mg, 0.056 mmol) in
acetonitrile (5 mL) cooled to �10 �C. The [Cu(H2L2)Cl2] dissolved afford-
ing a clear solution of [Cu(L3)Cl]Cl, which was used for physical measure-
ments. The spectroscopic data were identical to those for samples of
[Cu(L3)Cl]Cl obtained by method 1 (or 3).


Method 3. Controlled potential oxidation of [Cu(H2L2)Cl2]: This was carried
out in a conventional three-compartment ™H∫-cell adapted so that it could
be loaded and sealed under an inert atmosphere (high purity nitrogen). An
acetonitrile-filled Ag/AgCl quasi-reference electrode (the same as used in
CVexperiments) was placed in the working compartment along with the Pt
gauze (5� 2 cm2) working electrode and a Pt disk mini-electrode for
running CV experiments. The counter electrode was a Pt gauze (4� 2 cm2)
and was separated from the working compartment by two fine-porosity
glass frits. During the electrolysis the solutions in the working compartment
was stirred magnetically with a Teflon-coated stirring bar. Anhydrous
acetonitrile (Aldrich) was used as the solvent, and the concentration of
[Cu(H2L2)Cl2] was 2.0 m� and the support electrolyte was 0.2 �
[NBu4][PF6]. The potential used was �0.47 V and was applied using the
Pine potentiostat. The electrolysis consumed 1.97 Faradaymol�1. Post-
electrolysis electronic and EPR spectra are reproduced in Figure 6 and
reveal that [Cu(L3)Cl]� is produced.


[Cu(HL2)][PF6] (5): [Cu(H2L2)Cl2] (50 mg, 0.093 mmol) was dissolved in
methanol (10 mL) containing NaOH (3.8 mg, 0.095 mmol). A brown
solution formed and K[PF6] (18 mg, 0.1 mmol) in methanol was added to
the aforementioned solution. After 15 min the solvent was removed
yielding a brown solid that was recrystallised from acetone/diethyl ether to
afford golden brown crystals of the product (42 mg, 75%), m.p. 222 �C
(decomp); X-band EPR (powder, 80 K): g�� 2.14 (br), g� � 2.01; X-band
EPR (CH2Cl2, 80 K) g�� 2.20, g� � 2.0, A�� 115 G, A� � 84 G; IR (KBr
disc): ��� 3428m, 3098m, 1608s, 1567m, 1463s, 1443s, 1408s, 1278s, 1219s,
1211s, 1180m, 1140w, 1105w, 1052w,
1020m, 841vs, 814m, 800m, 765s,
559s cm�1; UV/Vis/NIR (CH2Cl2): �max
(�)� 232 (14600), 256 (13400), 286
(12000), 410 (4600), 523 (550), 650
(270), 1000 (90); ESI-MS: m/z (%):
460 (100) {[Cu(HL2)]�}; elemental
analysis calcd (%) for
C24H21N4CuO2F6P: C 47.57, H 3.49, N
9.25; found: C 48.91, H 3.54, N 9.34.


[Cu(L1)][PF6] (6): In a nitrogen-filled
glovebox, L1 (42 mg, 0.1 mmol) was
added to [Cu(MeCN)4][PF6] (37 mg,
0.1 mmol) in CH3CN (10 mL). A clear
yellow solution formed. Removal of
the solvent in vacuo afforded a pale-
yellow solid (60 mg, 95%); 1H NMR
(300 MHz, CD3CN, 25 �C): �� 8.44 (d,
2H; Py), 7.72 (m, 3H; Py), 7.57 (m,
1H; Py), 7.30 (m, 5H; Py), 7.13 (m,
1H; Ph), 6.99 (m, 2H; Ph), 4.04 (s, 2H;
CH2), 3.98 (s, 4H; CH2), 3.74 (s, 3H;
OCH3), 3.66 ppm (s, 3H; OCH3); IR
(KBr disc): ��/ cm�1� 3063s, 1608s,
1597s, 1577s, 1523w, 1493s, 1460m,
1351m, 1322m, 1268 m, 1213s, 1079vs,
1011w, 854w, 818s, 622s; ESI-MS: m/z
(%): 489 (25) {[Cu(L1)]�}, 427 (100).


[Cu(H2L2)][PF6] (7): In a nitrogen-filled glovebox, H2L2 (40 mg, 0.1 mmol)
was added to [Cu(MeCN)4][PF6] (37 mg, 0.1 mmol) in CH3CN (10 mL) to
afford a clear yellow solution containing the product. 1H NMR (300 MHz,
CD3CN, 25 �C): �� 13.68 (s, 1H; OH), 
 9.9 (br s, 1H; OH), 8.50 (d, 2H;
Py), 7.75 ± 7.82 (m, 4H; Py), 7.26 (m, 6H; Py& Ph), 6.82 (m, 2H; Ph), 4.07 (s,
2H; CH2), 3.96 ppm (s, 4H; CH2); ESI-MS: m/z (%): 460 (100)
{[Cu(H2L2)]�}. Attempts to concentrate the solutions containing 7 resulted
in disproportionation evidenced by the precipitation of copper metal and
the solutions turning green due to formation of unidentified CuII species.


Crystallography
Relevant crystal, data collection and refinement data are summarised in
Table 4. CCDC-175018–CCDC-175020 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (�44)1223-336033; or e-mail : deposit@ccdc.cam.ac.uk).
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Guest Binding and Orientation within Open Nanoscale Hosts


Zachary R. Laughrey, Corinne L. D. Gibb, Tangi Senechal, and Bruce C. Gibb*[a]


Abstract: The synthesis of three differ-
ent nanoscale molecular hosts is report-
ed. These cavitands each possess a
highly preorganized cavity with an open
portal (nearly 1 nm wide), by which
guests can enter and egress the cavity.
Additionally, these hosts are deep-func-
tionalized with a crown of weakly acidic
benzal C�H groups which can form a
variety of noncovalent interactions with
guest molecules residing within the cav-
ity. Thirty-one guests were examined for
their propensity to form complexes with
the hosts. Guests that possess halogen
atoms were the strongest binders, sug-
gesting the formation of polydentate


C�H ¥ ¥ ¥X�R hydrogen bonds with the
deep crown of benzal hydrogens. Ex-
change rates between the free and
bound states were noted to be depend-
ent on the size of the guest and the
solvent used to study complexation. In
general, stronger binding and slower
exchange were noted for complexations
carried out in DMSO with highly com-
plementary guests. The orientation of
each guest within the cavity was deter-
mined using either EXSY NMR spec-


troscopy or 1H NMR shift data. Cumu-
latively these results showed that the
principal factors directing orientation
were interactions with the benzal groups
and the type of solvent. Van×t Hoff
analyses of selected complexations were
also carried out. As well as revealing
that all complexations were entropically
unfavorable, these experiments provid-
ed support for guest orientation deter-
minations, and gave an estimation that
the formation of a C�H ¥ ¥ ¥ I�R hydrogen
bond releases between 1 and
1.5 kcalmol�1.Keywords: cavitands ¥ host ± guest


systems ¥ nanostructures


Introduction


The precise orchestration of noncovalent and covalent forces
lies at the heart of enzyme catalysis. One way to begin to
understand this orchestration is enzyme mimicry; the repli-
cation[1] of the active site of the target enzyme using a small
molecule. One facet of an enzyme that is difficult to replicate
is the hydrophobicity of the active site. Active-site walls must
be constructed. One approach is to construct the concave
molecular surface by designing a polymer that will fold into a
predesigned topology.[2, 3] Another is to borrow from Nature
and try and decorate the inner surfaces of a cavity in, for
example, cyclodextrins.[1e] Alternatively, the task can be
approached by building a suitably functionalized molecular


cavity ™brick-by-brick∫. Building up a host with a large
hydrophobic cavity is complicated by the possibility of
molecular collapse. Thus although relatively small rigid
cavities have been built using calixarenes,[4] resorcinarenes,[5]


and cyclotriveratrylenes,[6] there have been relatively few
reports concerning the synthesis of hosts with nanoscale
cavities.[7, 8] Furthermore, although introducing functionality
into small or flexible cavities has been considered for some
time,[9] adding functionality to large, organized cavities is only
just beginning to be addressed.[10]


We describe here the synthesis of nanoscale hosts, the
molecular surfaces of which are woven using only covalent
bonds. This feature helps to endow these molecules with
highly preorganized cavities. Their general design includes an
open portal for guest entry and deep functionalization in the
form of a ™crown∫ of slightly acidic benzal hydrogens situated
6 ä down into the binding pocket. This array is capable of
forming (up to) five centered, or tetrafurcated acceptor type,
hydrogen bonds with guests possessing halogen atoms. Con-
sequently, along with the nature of the solvent, this array is an
important contributor to both guest selection and orientation.


Results and Discussion


Host synthesis : The synthesis of molecular baskets 3 ± 5
(Scheme 1) utilizes the stereoselective bridging of resorcinar-


[a] Prof. B. C. Gibb, Z. R. Laughrey, C. L. D. Gibb, T. Senechal
Department of Chemistry, University of New Orleans
New Orleans LA70148 (USA)
Fax: (�1)504-280-6860
E-mail : bgibb@uno.edu


Supporting information contains 1H NMR, COSY NMR, and NOESY
NMR spectra of the three hosts, EXSY NMR spectra of selected
complexes, a summary of binding protocols, tables of complex-induced
NMR shift data for host 3 binding guests G1 ±G31 in CHCl3, [D8]tol-
uene, and [D6]DMSO, and a brief summary of computational ap-
proaches to conformational flipping in host 4. Supporting information
for this article is available on the WWW under http://www.chemeurj.
org/ or from the author.
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enes, for example, 1, with benzal bromides.[11] Thus, bridging
the phenolic pairs of 1 with 3,5-dibromobenzal bromide[12]


gave key octabromide deep-cavity cavitand (DCC) 2 in 65%
yield (Scheme 1).[11b] This introduction of a second row of
aromatic rings into the resorcinarene scaffold deepens the
cavity of the resorcinarene framework considerably. How-
ever, a lack of preorganization of the benzal bridges results in
these compounds possessing poor hosting properties. One
way to preorganize 2 is to covalently bridge between each of
the aromatic rings in the second row.We selected the Ullmann
aryl ether reaction for this purpose primarily because the
introduction of four resorcinol moieties would afford a high
degree of rigidity to the rim of the resulting cavitand. Initial
attempts at this eightfold reaction using recently developed
catalytic approaches unfortunately proved unsuccessful in our
hands.[13] However, using more classical conditions of pyridine
as solvent, potassium carbonate as base, and copper(��) oxide
as promoter, gave molecular basket 3 in a very satisfying 88%
yield.[7a] Each of the eight new C�O bonds are formed in
greater than 98.5% efficiency. With this success, we consid-
ered other resorcinols that might be amenable to this reaction.
We chose 5-methyl resorcinol and 2-methyl resorcinol; the
former because the methyl groups could potentially alter the
portal size of the resulting basket 4, and the latter because the
resulting basket 5 was anticipated to have different structural
dynamics compared with 3 and 4 (vide infra). Gratifyingly,
reaction of 2 with 5- and 2-methyl resorcinol gave the
respective hosts 4 and 5 in 80% and 88% yields, respectively
(Scheme 1). COSY NMR spectroscopy was necessary for the
full assignment of the protons in hosts 3 ± 5 (see Supporting
information).


Host dynamics : Inspection of models indicated that the third
row of rings in hosts 3 ± 5 have conformational options. Two
(extreme) conformations can be envisaged. For example,
host 3 can theoretically adopt one conformation with all four


rings oriented outwards so as to reveal a deep cavity with a
circular 1 nm wide entrance, or the conformation, in which all
four rings are oriented inwards (Figure 1). In the latter case


Figure 1. The open and closed conformations of molecular basket 3.


the entrance to the cavity is much smaller. Host 4 was
expected to show similar conformation properties. However,
because of the position of the methyl groups, the all-closed
conformation would possess only the smallest of apertures. In
5, the methyl groups were expected to affect the rate of
interconversion between the conformers since during this
process they must pass through a relatively small annulus
(above He in Scheme 2). Furthermore, the open conformer of
5 (methyl groups in) would have a much smaller cavity.
A combination of 2D NOESY NMR for 3 and 5, and 1D


NOE for 4 (solutions of which precipitated over the time
frame of a 2D experiment) revealed the conformational
preferences of these hosts in [D6]DMSO. In each case, a
strong NOE was observed between protons Hf and Hg


(Scheme 2) which suggested an open conformation. In con-
trast there were no cross peaks corresponding to an Hd and Hg


interaction as would be expected in the closed conformation.
Computational work (gas phase) offers support for these
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Scheme 1. The synthesis of molecular baskets 3 ± 5.
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Scheme 2. ™Proton∫ designation in the molecular baskets: 3 (Rc and Rh�
H), 4 (Rc�H, Rh�Me), and 5 (Rc�Me, Rh�H).


findings. Thus, semiempirical
calculations (modified neglect
of diatomic overlap (MNDO))
on both the open and the closed
conformations of each basket[14]


were in line with similar calcu-
lations we had performed ear-
lier on 3.[7c] The heats of for-
mation for the open conforma-
tion of 3, 4, and 5 were
calculated to be 9, 9, and
17 kcalmol�1, respectively, low-
er in energy than their
corresponding closed confor-
mation. These hosts are anan-
comeric.
How large are the energy


barriers between these confor-
mations? Solutions of the hosts
in CD2Cl2 were examined down
to �90 �C for evidence of the decoalescence that would occur
as the conformational flipping slowed to a timescale less than
the NMR timescale. No broadening of signals was apparent
for those protons most likely to be affected by conformational
™freezing∫, that is, Hc, Hf, Hg, and Hh (or the corresponding
methyl groups).[15] This result can be explained either in terms
of the anancomeric nature of the hosts, or that the energy
barrier to flipping each aromatic ring is less than
9 kcalmol�1.[16] Indeed, calculations suggest both these points
are valid for 3 and 4. Thus, for these hosts, the energy barriers
between the conformer with all four rings in a closed
conformation and the conformation, in which one ring adopts
an open position, were both calculated to be 6.5 kcalmol�1


(Supporting information). Although a value of 18 kcalmol�1


was calculated for 5, no decoalescence was observed. Pre-
sumably, the anancomeric nature of 5 precludes observing
decoalescence.
To summarize, these hosts exist primarily in an all-ring open


conformation. However, the stepwise flipping of one ring into
a closed position is a relatively facile process.


Guest selection and orientation : The cavity volumes of 3 and 4
are estimated to be in the region of 280 ä3, while with four
methyl groups pointing into the cavity, the volume of 5 is
estimated to be about 200 ä3. As discussed, these hosts have
fully open and solvated cavities. Hence, it can be expected
that guest binding will be dependent on the solvent.[17]


Inspection of models suggests that quasispherical adaman-


tanes are ideal guests for 3 and 4. Host 5 on the other hand
possesses a cavity that is too small for adamantanes. To build a
binding profile for these two cavity shapes we chose a list of
guests from bromocyclobutane, up to bromocamphor
(Scheme 3). Guest binding induces shifts in several NMR
signals from the host and all of those from the guest. However,
unless noted, we chose the benzal protons Hb to measure
association constants because they underwent large shifts and,
barring the signal from Ha, are well removed from other
signals (Figure 2).


Figure 2. a) Selected region of the 1H NMR spectrum of host 3 in CDCl3;
b) Host 3 complexed with guest G11 in CDCl3. Exchange is slow on the
NMR timescale and allows identification of signals from both free and
bound (*) protons. Proton designations are shown in Scheme 2.


The C4v symmetry of these hosts means that as well as the
strength of association, we also have to be mindful of guest
orientation. In this regard, 2D EXSY 1H NMR spectroscopy
proved useful[18] for those systems, in which exchange was
slow on the NMR timescale. Figure 3 shows part of the 2D
EXSY spectrum of the complex G14@3 in [D6]DMSO, the
observed signal shifts, and a picture derived from a molecular
mechanics calculation of the complex. As is seen with smaller
cavitands, the conical profile to the cavity results in the
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Scheme 3. Guests used in this study.
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general trend that the deeper a proton resides, the more that
proton is shielded. Consequently the most shielded protons
are H3, H4, and the endo protons at positions 5 and 6, while
those least affected reside at the open end of the cavity near
the C4 axis of the host. One particularly striking pair of shifts
is seen for the C6 methylene group. One proton is shifted ��
1.08 ppm upfield, while the other is shifted 2.25 ppm. These
hosts may make useful NMR shift reagents for bicyclics in
general. EXSY NMR spectroscopy was also useful for
determining the orientation of those adamantane guests that
exchanged slowly on the NMR timescale. Upon binding, the
difference between the shifts in the signals from the H2 (see
Scheme 3) and the H4 protons (���H2±H4-trans) revealed the
propensity to bind in a particular manner. Thus for guests
that displayed principally one orientation in the cavity,
���H2±H4-trans was found to be large (� � 1 ppm). However if
a guest did not demonstrate a preferential orientation,
���H2±H4-trans tended towards zero (see Supporting informa-
tion).
Most of the smaller guests underwent exchange faster than


the NMR timescale. For these cases we inferred the orienta-
tion of the guest by comparing the shift in the signal Hb and
relating this to slow exchanging analogues (see Supporting
information). Thus by a combination of EXSYand shift NMR
data we were able to deduce the principal orientation of all
the functionalized guests and monitor how these were
adjusted by solvent changes.


Host properties of basket 3 : Table 1 lists the association
constants of thirty-one guests examined for three different
solvents: [D1]chloroform, [D8]toluene, and [D6]dimethyl sulf-
oxide (DMSO). Some of the data in the first two columns of
this table have been reported previously,[19] but we include
them here to emphasize the trend that, with only one
exception, binding is strongest in DMSO and weakest in
chloroform.


Adamantane (G1) serves as a
reference point for the other
guests investigated. Binding is
nonexistent in CDCl3, around
1.6 kcalmol�1 in ™neutral∫ tol-
uene, and just under
4 kcalmol�1 in DMSO.[20] Upon
binding, there is an upfield shift
in the signal from the Hb pro-
tons. We envisage that G1 is
capable of freely tumbling with-
in the confines of 3. G1 binds
more strongly to 3 than the
series of monofunctionalized
adamantyl guests G2 ±G8.
One important reason why this
is so is that the entropy of
complexation (vide infra) is
larger for G2 ±G8 because
these guests must adopt only
one of two conformations
(functional group ™up∫ or


Figure 3. a) Part of the 2D EXSY NMR spectrum of G14 complexed to basket 3. Cross peaks for protons in the
free and bound state are labeled (see structure). Only the signal for proton H3 in the bound state (H3*) is shown;
b) The calculated shifts in the guest×s signals upon binding; c) a representation of the guest orientation (as
determined by molecular mechanics) demonstrating the correlation between the magnitude of shift with the
position (depth) of each proton in the hydrophobic pocket.


Table 1. Association constants between basket 3 and a variety of guests at
298 K.[a]


Guest CDCl3 [��1] [D8]Toluene [��1] [D6]DMSO [��1]


G1 ± 15 790
G2 ± ±[b] 180
G3 ± ±[b] 310
G4 ± ±[b] 280
G5 ± ± 320
G6 ± ±[b] 520
G7 ± 36 160
G8 ± ± 400
G9 53 310[c] 3600[d]


G10 290 1600 33000[e]


G11 670 4400 140000[e]


G12 78 380[c] 9800
G13 ± ± 97
G14 ± 150 1010
G15 ± 30 280
G16 ± 29 5
G17 ± ± 76
G18 5 24 330
G19 ± ± 13
G20 ± ± 33
G21 ± ± 43
G22 ± 13 180
G23 7 35 580
G24 ± 7 76
G25 ± 17 200
G26 ± ± 9
G27 ± ± 45
G28 ± ± ±
G29 ± ± 9
G30 ± ± 7
G31 ± ± 15


[a] Error within �10% from average of at least three titrations. Except as
noted determinations were made directly using Hb or Hc (see Scheme 2).
The symbol ™ ± ∫ denotes that binding was not observed. [b] Determination
of association constant was not possible (see reference [21]). [c] Determi-
nations were made by subtraction of He fromHa�Hb*. [d] Calculated using
signals from the C2 and C3 positions of the guest (see Scheme 3).
[e] Calculated by a competition experiment with adamantane (see Sup-
porting information).
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™down∫). EXSY NMR spectroscopy demonstrated that G2 ±
G5 bind with their functional groups pointing out of the cavity
(���H2±H4-trans� �1.2 ppm). As was observed for the binding
of G1, these guests all cause an upfield shift (ca. 0.2 ppm) in
the signal from Hb because the hydrocarbon moiety of these
guests is at the base of the cavity. In contrast, guests G6 ±G8
show a gradual, increasing tendency to bind with the func-
tional group down. The ���H2±H4-trans values were �0, �0.2,
and �0.7 ppm, respectively. However, a comparison of the
���H2±H4-trans values in G8@3 demonstrates that the tendency
forG8 to bind halogen down is relatively small compared with
the other haloadamantanes (vide infra).
In toluene, in which the binding ofG2 ±G8 is faster than the


(500 MHz) NMR timescale, a number of differences are
observed. Although binding constants for G2 through to G6
could not be determined,[21] it was still possible to determine
their mode of binding by monitoring shifts in the signal from
Hb. In this solvent, the signal Hb shifted downfield when
guests G2 ±G7 bound, a result that indicates that these guests
bind primarily with the functional group down. To confirm
this, complexes G2@3, G3@3, and G6@3 were examined by
using 1D NOE NMR spectroscopy, under conditions of slow
exchange ([D8]toluene, � 20 �C). These experiments con-
firmed the guest orientations. Thus although G7 binds down
in DMSO and toluene, the preferred orientations of G2 ±G6
can be switched by changing the solvent. Fluoroadamantane
(G8) stands out from the list G2 ±G8 because its small
functional group results in no preferred orientation.
For the other adamantoid guests G9 ±G12, binding is


strong, and only the functional group down orientation is
observed (e.g., ���H2±H4-trans for G11@3��1.95 ppm). The
strength of binding increases as the halogen increases in size
and becomes easier to polarize, to the point that binding of
G11 to 3, in either toluene or DMSO, is 3 kcalmol�1 stronger
than the corresponding value for G1. Although G11 has a
strong dipole moment,[22] this added stability does not appear
to be wholly based on dipole ± dipole interactions. G8 has the
highest dipole of the guests (3.92 debyes)[22] but is not strongly
bound to 3. The X-ray structure of G11@3[7a] is revealing. In
the solid state, the iodine atom of the guest is not situated at
the very base of the cavity. Instead, it is aligned with the crown
of benzal hydrogens such that the guest hovers over a small
cavity. Furthermore, the iodine atom is close to being the
perfect fit for the crown. The distance between the halogen
atom and each hydrogen (3.077 ä) is slightly less than the sum
of the van derWaals radii for I and H (3.35 ä). In other words,
there are four C�H ¥ ¥ ¥X�R interactions in the structure. In
the broadest terms, a hydrogen bond is said to exist when:[23]


1) there is evidence of a bond; 2) there is evidence this bond
sterically involves a hydrogen atom already bonded to
another atom. Thus, G11@3 is stabilized by a five-centered,
or tetrafurcated acceptor type, hydrogen bond. The unusual
nature of these interactions is worthy of further comment.
Hydrogen bonds are made up of a number of individual
components, including electrostatics, polarization, exchange
repulsion, charge transfer, and dispersion, that collectively
form an attractive force.[24] The most familiar hydrogen
bonds[25] are predominantly electrostatic in nature. However
in weak hydrogen bonds,[26] the electrostatic component is


small, and the dispersion term becomes more important. To
date, evidence for these types of hydrogen bonds is limited,[27]


but the primary cause of their controversial nature is that they
have previously only been observed in solid-state structures,
in which it is impossible to determine if they are actually
attractive. The association constants tabulated here therefore
represent the first quantitative glimpse of these types of
hydrogen bonds. A crude estimate that ignores differences in
the entropy change upon bindingG1 andG11 indicates that in
the case of iodonated guests such as G11 there is a
contribution of at least 0.75 kcalmol�1 per C�H ¥ ¥ ¥ I�R
hydrogen bond.
A consideration of the data provided in Table 1 reveals how


quickly the affinity between 3 and the guests drops off as the
guest becomes smaller and/or less complementary to the
shape of the cavity. For example, removing a methylene group
fromG5 (to giveG13) causes a 0.72 kcalmol�1 drop in the free
energy of complexation. Some interesting information can
also be garnered from the bicycles studied. Bromocamphor
derivative G14 (C10H15BrO) binds more weakly to 3 than the
similarly sized G10 (C10H15Br), even though both bind in a
bromine atom down orientation. Models indicate that the
location of the carbonyl group and the overall lower
symmetry of G14 are the principal causes of the weaker
binding. Removal of the bromine atom of G14 means that
camphor (G15) binds much more weakly. In DMSO, EXSY
NMR spectroscopy demonstrates that the bridgehead methyl
group resides in the base of the cavity which results in a
downfield shift of the signal from Hb. The similar downfield
shift in the signal from the benzal protons upon complexing
G15 in toluene suggests a similar mode of binding in this
solvent. Without any methyl groups to pack the base of the
cavity, the binding of norcamphor (G16) is much weaker.
Interestingly G16 is unique among all the guests examined
because it binds more strongly in toluene than in DMSO.
Precisely why this is so remains unknown.
In chloroform or toluene, the binding of smaller molecules


to 3 was so weak that very few of the guests G14 ±G31 bind.
In DMSO however, solvent competition for the cavity
dropped off, and binding for molecules as small as G26 was
observed. The guest series G18, G22, G24, and G26, in which
a methylene group is removed consecutively from each guest,
is illustrative of how quickly the association constants
decrease. The loss of three methylene groups means that the
binding energy ofG26 to 3 is a full 2 kcalmol�1 lower than that
for G18. Finally, the binding of the cyclohexyl deriva-
tives G19 ±G23 revealed both the expected trend, and that a
methyl group results in weaker binding than an isosteric
chlorine atom.


Host properties of basket 4 : We began with an investigation of
the ability of 4 to bind a number of substituted adamantanes
(Table 2). The determined association constants in chloro-
form were very close to those of basket 3. However, it was
evident that binding in toluene and DMSO was stronger. In
these solvents, all the recorded association constants were
significantly greater than those recorded for 3, with the Ka for
G9 binding to 4 double that for host 3. Again, G11 proved to
be the strongest binder (7.3 kcalmol�1). The orientations of
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the guests in host 4 were the same as those observed for
basket 3. Thus irrespective of the solvent, the halogenated
guests always oriented with the halogen down. Likewise, the
cyano group of G7 pointed downwards in toluene, but had a
much smaller propensity to do so in [D6]DMSO (���H2±H4-trans
� � 0.351 ppm). For smaller guests, the general trend ob-
served for complexations to 3 was reproduced, but again
association constants were generally larger. Not all these
differences were statistically significant; however differences
as large as 95% were seen for G23, in which binding is
0.4 kcalmol�1 stronger than it is to 3. Apparently, the remote
methyl groups are capable of influencing the binding of guests
into these cavities.


Host properties of basket 5 : The smaller cavity of 5 resulted in
it being a poor host for adamantanes (Table 3). For this host,


binding was not observed until the relatively small bromocy-
cloheptane (G18) was examined. In this case, and in the others
reported here, the shift in the NMR signal of Hb demonstrated
the expected ™halogen down∫ binding. Models indicate that
G18 cannot fit under the methyl groups of 5. Instead, to form
the C�H ¥ ¥ ¥Br�R hydrogen bonds, the guest must adopt a
conformation that places the bromine substituent in an
equatorial position, while the seven-membered ring must slot
between the methyl groups protruding into the cavity (Fig-
ure 4a). In this ™vertical∫ orientation, the rotation of the guest


Figure 4. a) Space-filling model (generated from MMFF molecular me-
chanics (Spartan)) of bromocycloheptane (G18) binding to host 5 ;
b) Space-filling model of bromocyclopentane (G24) binding to host 5.


around the C4 axis of the host is inhibited by the inward
pointing methyl groups. As a result binding is weak. Although
bromocyclohexane (G22) appears to suffer the same fate, the
binding of G24 appears to be quite different. In the first
instance, the association constant for bromocyclopentane
(G24) is over twenty times that ofG22, while the correspond-
ing iodo derivative G25 was found to bind even more strongly
(3.9 kcalmol�1). Furthermore, for G24 and G25, binding is
slow on the NMR timescale, whereas in the case of the
cycloheptyl and cyclohexyl guests it is fast. This switch
suggests a different mode of binding. Indeed, models indicate
that G24 and G25 are small enough to bind underneath the
rim methyl groups and still bind halogen down (Figure 4b), a
mode of (horizontal) binding which would be promoted by
the fact that halogen substituents in cyclopentyl systems show
a preference for an axial orientation.[28] In this orientation,
most of the protons experience a similar (™equatorial∫)
environment. The exceptions, the H3 and H4 atoms on the
opposite face to that occupied by the halogen atom, are
located in the center of the cavity and facing the open portal.
Hence, guest binding would be expected to lead to approx-
imately two types of proton. EXSY NMR spectroscopy
confirms this. Although it was not possible to assign all the
signals of the guest, it was possible to determine that the signal
from the methine proton shifted ���2.85 ppm and those of
six protons shifted between ���2.20 and �2.32 ppm, while
the signal from two hydrogens underwent only a shift of ��
�1.48 ppm.[29]
Surprisingly the binding of cyclobutane derivative G26 is


both weak and fast on the NMR timescale. Likewise, no
binding was observed with the aromatic guests G30 and G31.
Hence, host 5 is an extremely selective host for halocyclo-
pentanes. With bromocycloalkanes, a methylene group either


Table 2. Association constants between basket 4 and a variety of guests at
298 K.[a]


Guest CDCl3 [��1] [D8]Toluene [��1] [D6]DMSO [M�1)


G1 ± 11 1100
G7 ± 36 200
G8 ± ± 600
G9 56 520[b] 6000[b]


G10 240 2300 45000[c]


G11 740 7000 220000[c]


G12 77 440[b] 17000
G22 ± ± 270
G23 ± ± 1100
G24 ± ± 85
G25 ± ± 380
G28 ± ± ±
G29 ± ± 10
G30 ± ± 8
G31 ± ± 19


[a] Errors are within �10% for an average of at least three titrations, with
the exception of guest G11 binding in DMSO (associated error is �20%
for three titrations). Except as noted determinations were made directly
using Hb or Hc (see Scheme 2). The symbol ™ ± ∫ denotes that binding was
not observed. [b] Determinations were made by subtraction of He from
Ha�Hb*. [c] Calculated by a competition experiment with adamantane
(see Supporting information).


Table 3. Association constants between basket 5 and a variety of guests at
298 K.[a]


Guest [D6]DMSO [��1]


G18 12
G19 10
G22 9
G23 22
G24 500[b]


G25 740[c]


G26 32
G27 5
G28 ±
G29 7
G30 ±
G31 ±


[a] Error within �10% from average of at least three titrations. Determi-
nations were made directly using the signal from proton Hb. The symbol
™ ± ∫ denotes that binding was not observed. [b] Determinations were made
by subtraction of He from free Hb. [c] Determinations were made by
subtraction of He from (bound) Hb*.
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way of the cyclopentyl systemmakes binding less favorable by
either 2.3 or 1.6 kcalmol�1.


Van×t Hoff analysis of selected host ± guest associations :
Tables 4 and 5 present a breakdown of the free energy of
complexation of six adamantyl guests and iodocyclopentane
binding to 3 and 4. All of the host ± guest interactions
monitored displayed a negative entropic change. The approx-
imate nanometer scale dimensions of these hosts suggest that
small solvents could easily solvate the cavity in multiple
numbers. Hence, our initial expectation was for the associa-
tions to be at least in part entropy driven. This is not the case
at all. All complexations are not entropically favorable; this
effect is least in chloroform and greatest in DMSO. Figure 5
graphs these changes for the typical guest G9 binding to 4, and
emphasizes that enthalpy ± entropy compensation as function
of the solvent is observed.[30] The overall negative entropy
values also suggest that the observed trend of stronger binding
in DMSO is not a classic solvophobic effect.[31]


A closer examination of either set of results is illuminating.
As expected, because it can freely tumble in the molecular
cavity, the least entropically unfavorable guest is G1. The
entropy becomes less favorable when the freedom of the guest
is reduced to it spinning on one axis, in one particular
orientation (G9 to G11). Furthermore this effect increases as
the halogen atom increases in size. Assuming that the entropic
component of solvating each haloadamantane is a constant,
these ��S values in the series G9 ±G11 reflect a progressive
constraining of the C3 rotation axis of the guest to the C4 axis
of the host as the halogen atom increases in size. Overall,
these results reveal another level of enthalpy ± entropy


Figure 5. Enthalpy ± entropy trends as a function of solvent forG9 binding
to basket 4.


compensation, this time as a function of the functional group.
Figure 6 graphs the trends for adamantanes binding to 4 in
toluene.
A comparison of the two sets of data allows a more accurate


picture of the strength of C�H ¥ ¥ ¥ I�R hydrogen bonds. The
complexation of adamantane (G1) to 3 (4) results in the
release of 2.7 (3.2) kcalmol�1 enthalpy in ™neutral∫ toluene. In
contrast, when G11 complexes there is an enthalpic stabiliza-
tion of 9.4 (9.8) kcalmol�1. One quarter of this difference
corresponds to approximately 1.7 (1.6) kcalmol�1 per C�H ¥ ¥ ¥
I�R interaction. Thus taking into account the probability that
there will be some synergism, it seems reasonable to conclude
that each hydrogen bond is capable of contributing at least
1 kcalmol�1 of stability.


Table 4. 1H NMR derived thermodynamic parameters for the binding of selected adamantanes to host 3 at 298 K.[a]


Guest CDCl3 [kcalmol�1] [D8]Toluene [kcalmol�1] [D6]DMSO [kcalmol�1]
�G �H T�S �G �H T�S �G �H T�S


G1 ± ± ± � 1.6 � 2.7 � 1.0 � 4.0 � 8.7 � 4.7
G8 ± ± ± ± ± ± � 3.7 � 7.9 � 4.2
G9 � 2.3 � 3.9 � 1.6 � 3.5 � 5.5 � 2.0 � 4.9 � 9.3 � 4.4
G10 � 3.3 � 5.0 � 1.7 � 4.4 � 7.9 � 3.6 ± ± ±
G11 � 3.8 � 7.3 � 3.5 � 5.1 � 9.4 � 4.4 ± ± ±
G12 � 2.6 � 4.3 � 1.7 � 3.6 � 5.7 � 2.1 � 5.5 � 12.0 � 6.5
G25 ± ± ± ± ± ± � 3.2 � 6.8 � 3.6
[a] Errors are within�15% for an average of at least two titrations. For each guest, the thermodynamic values were determined using the same NMR signals
as those used for the determination of the association constants (see Table 1). The symbol ™ ± ∫ denotes that binding was too weak (or too strong) to
determine the respective thermodynamic parameters.


Table 5. 1H NMR derived thermodynamic parameters for the binding of selected adamantanes to host 4 at 298 K.[a]


Guest CDCl3 [kcalmol�1] [D8]Toluene [kcalmol�1] [D6]DMSO [kcalmol�1]
�G �H T�S �G �H T�S �G �H T�S


G1 ± ± ± � 1.6 � 3.2 � 1.6 � 4.2 � 10.1 � 6.0
G8 ± ± ± ± ± ± � 3.8 � 8.9 � 5.1
G9 � 2.5 � 3.7 � 1.2 � 3.6 � 6.3 � 2.8 � 5.1 � 13.0 � 7.9
G10 � 3.4 � 5.8 � 2.4 � 4.6 � 8.2 � 3.6 ± ± ±
G11 � 3.9 � 7.0 � 3.1 � 5.2 � 9.8 � 4.6 ± ± ±
G12 � 2.5 � 5.8 � 3.3 � 3.5 � 7.8 � 4.2 � 5.6 � 13.1 � 7.5
G25 ± ± ± ± ± ± � 3.3 � 10.4 � 7.0
[a] Errors are within �15% for an average of at least two titrations. For each guest the thermodynamic values were determined using the same NMR signals
as those used for the determination of the association constants (see Table 2). The symbol ™ ± ∫ denotes that binding was too weak (or too strong) to
determine the respective thermodynamic parameters.
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Figure 6. Enthalpy ± entropy trends as a function of halogen atom for a
number of substituted adamantanes binding to basket 4 in [D8]toluene.


We also examined the binding of guests G24,G25, andG18
to host 5 to look for further evidence suggesting a different
mode of binding of the cycloheptane and cyclopentane
derivatives. The thermodynamic parameters presented in
Table 6 demonstrate that binding is again entropically un-


favorable. For the cycloheptyl system, the entropic penalty is
similar to those observed for the binding of guests to baskets 3
and 4. However, the entropic cost for binding the cyclopentyl
guests is twice that recorded for the cycloheptyl guest. The
enthalpy changes with the complexation of cyclopentyl
systems are also extremely high. For example, G25 binds to
open host 5 liberating 19 kcalmol�1! The binding enthalpy of
G18 is half that value and more in line with the other systems.
Assuming similar enthalpies and entropies of solvation for
G18 and G24, these differences strongly support the hypoth-
esis that guests G24 and G25 do not bind in the same manner
as G18 (and presumably G22 or G23). Rather cyclopentyl
guests are just the perfect size to slip under the methyl groups
at the rim of 5 and form some intimate contacts with both the
crown of benzal hydrogens and the cavity wall (Figure 4b).


Conclusion


We have detailed the synthesis and binding properties of a
new family of nanoscale molecular hosts. Their highly
preorganized design, combined with a fully open cavity,
allows them to bind a wide variety of guest molecules. Both


the type of guests selected by each host and guest orientation
within the molecular cavities are controlled by a number of
factors including the shape of the cavity, the functionality on
the guest, and the solvent used for complexation. Further-
more, the rigidity of these hosts results in radical differences
in guest binding and orientation, even with closely related
guests. However, the most important influence on guest
selectivity and orientation is the functionality at the base of
the cavity of each host. This crown of benzal hydrogens results
in the preferential binding of halogenated derivatives by the
formation of either bi-, tri-, or tetrafurcated acceptor type
hydrogen bonds, depending on the type of halogen atom
involved. Thus these hosts confirm the attractive nature of
C�H ¥ ¥ ¥X�R hydrogen bonds and indicate the upper limit for
these types of interactions to be 1.5 kcalmol�1.


Experimental Section


General : All reagents and guests were purchased from Aldrich Chemical
Company. Solvents were purchased from EMScience. Deuterated solvents
were purchased from Cambridge Isotopes. Dimethylformamide (DMF)
and dimethylacetamide (DMA) were stored over molecular sieves and
degassed prior to use. Other reagents and guests were used as received. All
reactions were run under a nitrogen atmosphere. Flash chromatography
(silica gel 60 ä, 200 ± 400 mesh; Natland International) was used for
product purification.
1H NMR spectra were recorded on a Varian Unity Inova instrument
(500 MHz, 25 �C). The COSY spectra were run at 298 K using a
homonuclear correlation pulse sequence (COSY macro supplied by
Varian). A phase-sensitive NOE 2D correlation pulse sequence (NOESY
macro supplied by Varian) was used to acquire 2D NOESYand 2D EXSY
spectra. A mixing time of 0.5 s and a relaxation delay of 10 s were used. The
number of t1 increments was 256 or 512, and 8 or 16 scans were
accumulated at 298 K. Before Fourier transformation, a Gaussian apod-
ization constant was applied on both dimensions. MS analysis was
performed with a PerSeptive Biosystems Voyager Elite MALDI-TOF
instrument. Elemental analysis was performed by Atlantic Microlab Inc.
Melting points are uncorrected.


Multigram scale synthesis of 3,5-dibromobenzaldehyde :[11b] The com-
pound 1,3,5-tribromobenzene (30 g, 95 mmol) and anhydrous diethyl ether
(500 mL) were added to a dried flask. After stirring, the solution was
cooled down to �78 �C, and nBuLi (45.4 mL, 95 mmol, 2.1� solution in
hexane) was added dropwise. After this addition, degassed anhydrous
DMF (14.8 mL, 190 mmol) diluted in anhydrous diethyl ether (20 mL) was
added dropwise, and the reaction stirred 1 h at �78 �C. The solution was
then allowed to reach 0 �C and quenched with HCl (10%) until the solution
was acidic. The mixture was partitioned between CHCl3 and water, and the
organic layer isolated. The aqueous layer was washed once with CHCl3, and
the organic layers were combined and dried with anhydrous MgSO4. The
solution was then concentrated under reduced pressure and run through a
silica plug using a CHCl3 mobile phase. Removal of the solvent under
reduced pressure gave a colorless solid that was dried under reduced
pressure for 1 h before the next step. The essentially pure 3,5-dibromo-
benzaldehyde was obtained in 94%.


Multigram scale synthesis of 3,5-dibromobenzal bromide :[11b] The 3,5-
dibromobenzaldehyde (24 g, 90 mmol) was dissolved in dichloromethane
(300 mL). BBr3 (56 mL, 1.8�) in dichloromethane (99 mmol) was added to
this stirring solution. The reaction was stirred at RT for 24 h. The solution
was then run though a silica column using hexane as the mobile phase
(CAUTION, HBr fumes), and the solvent removed under reduced
pressure. The reaction mixture was crystallized from hexane to give an
80% yield of the benzal bromide as large colorless crystals.


Multigram scale synthesis of DCC 2 :[11b] The compound 3,5-dibromobenzal
bromide (18 g, 44 mmol), degassed DMA (200 mL), and 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) (7.27 mL, 388 mmol) were added to a dried
flask. With stirring, octol (5 g, 5.53 mmol) dissolved in DMA (50 mL) was


Table 6. 1H NMR derived thermodynamic parameters for guest complex-
ation to basket 5 at 298 K.[a]


Guest [D6]DMSO [kcalmol�1]
�G �H T�S


G18 � 1.4 � 8.5 � 7.2
G24 � 3.6 � 17.6 � 14.0
G25 � 3.9 � 18.6 � 14.7
[a] Errors are within �15% for an average of at least two titrations. For
each guest the thermodynamic values were determined using the same
NMR signals as those used for the determination of the association
constants (see Table 3).
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added by syringe pump over 64 h. The solution was then heated to 60 �C for
four days. After this time the DMAwas removed under reduced pressure,
the mixture was partitioned between CHCl3 and water, and the organic
layer collected. The aqueous layer was washed twice with CHCl3, and the
organic layers were combined and dried with anhydrous MgSO4. The
solvent was reduced down to about 100 mL under reduced pressure. Silica
gel (ca. 50 mL) was then added to the solution, and the solvent removed
under reduced pressure. The dry silica was loaded on a 100% hexane silica
column, and the excess 3,5 diBr-benzal bromide eluted with 100% hexane.
The product was then eluted with 50% CHCl3/hexane, and the solvent
subsequently removed under reduced pressure. The crude product was then
recrystallized from CHCl3/hexane to give a 64% yield of the cavitand as a
white solid.


Large-scale synthesis of basket 3 :[7a] DCC 2 (1 g, 0.53 mmol), K2CO3


(877 mg, 6.3 mmol), resorcinol (350 mg, 3.18 mmol), and pyridine
(65 mL) were added to a dried flask. Nitrogen was then bubbled through
the solution for five minutes, before CuO (505 mg, 6.3 mmol) was carefully
added. The flask was then fitted with a water condenser, and the stirring
solution heated to reflux (sand bath) for seven days. After this time the
solvent was removed under reduced pressure, and the resulting solid
suspended in chloroform and flushed through a silica plug with CHCl3
(100%). The solvent of the resulting solution was removed under reduced
pressure, and the crude product further purified by column chromatog-
raphy (mobile phase 50% CHCl3/hexane). The product was isolated as a
colorless solid in 78% yield (88% on the 250 mg scale).


Synthesis of basket 4 : DCC 2 (100 mg, 5.30� 10�5 mol) was added to an
oven-dried round bottom flask containing pyridine (24 mL). K2CO3


(146.4 mg, 1.06 mmol) and 5-methyl resorcinol (65.8 mg, 0.53 mmol) were
added to this stirring solution. Nitrogen was bubbled through the mixture
for five minutes, before CuO (84.3 mg, 1.06 mmol) was added, and the
solution was heated to a vigorous reflux (sand bath) and stirred for seven
days. After cooling the solvent was removed under reduced pressure to give
a crude solid mixture that was suspended in CHCl3 and loaded onto a short
silica plug. Flushing with CHCl3 and removal of the solvent of the resulting
colorless solution gave the crude product. Chromatography (1:1 CHCl3/
hexane) and then recrystallization with CHCl3/hexane gave the pure
product 4 as a colorless solid in 88% yield.


m.p.� 250 �C; 1H NMR (500 MHz, CDCl3): �� 2.433 (s, 12H), 2.55 (m,
16H), 4.56 (s, 4H), 4.84 (t, J� 8 Hz, 4H), 6.05 (s, 4H), 6.39 (t, J� 2 Hz,
4H), 6.52 (d, J� 2 Hz, 8H), 6.93 (t, J� 2 Hz, 4H), 7.00 (d, J� 2 Hz, 8H),
7.10 (m, 8H) 7.19 (m, 16H); MS: m/z : [M�Ag�]� calcd 1845; found:
1845.97; elemental analysis calcd (%) for C116H88O16: C 80.17, H 5.10;
found: C 80.05, H 5.17.


Synthesis of basket 5 : DCC 2 (100 mg, 5.30� 10�5 mol) was added to an
oven-dried round bottom flask containing pyridine (24 mL). K2CO3


(146.4 mg, 1.06 mmol) and 2-methyl resorcinol (65.8 mg, 0.53 mmol) were
added to this stirring solution. Nitrogen was bubbled through for five
minutes before CuO (84.3 mg, 1.06 mmol) was added, and the solution was
heated to a vigorous reflux (sand bath) and stirred for 14 days. After
cooling the solvent was removed under reduced pressure to give a crude
solid mixture that was suspended in CHCl3 and loaded onto a short silica
plug. Flushing with CHCl3 and removal of the solvent of the resulting pale
yellow solution gave the crude product. Chromatography (1:1 CHCl3/
hexane) and then recrystallization with CHCl3/hexane gave the pure
product 5 as a colorless solid in 80% yield.


m.p.� 250 �C; 1H NMR (500 MHz, CDCl3): �� 1.64 (s, 12H), 2.53 (m,
16H), 4.50 (s, 4H), 4.81 (t, J� 8 Hz, 4H), 5.93 (s, 4H), 6.48 (d, J� 1 Hz,
8H), 7.04 (s, 4H), 7.09 (m, 8H), 7.14 (s, 4H), 7.20 (m, 20H), 7.40 (t, J� 8 Hz,
4H); MS: m/z : [M�Ag�]� calcd 1845; found: 1845.38; elemental analysis
calcd (%) for C116H88O16 ¥CHCl3: C 75.66, H 4.93; found: C 75.66, H 5.13.
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Formation and Chemical Reactivities of a New Type of Double-Butterfly
[{Fe2(�-CO)(CO)6}2(�-SZS-�)]2� : Synthetic and Structural Studies on Novel
Linear and Macrocyclic Butterfly Fe/E (E� S, Se) Cluster Complexes


Li-Cheng Song,* Hong-Tao Fan, Qing-Mei Hu, Zhi-Yong Yang,
Yi Sun, and Feng-Hua Gong[a]


Abstract: A new type of double-butter-
fly [{Fe2(�-CO)(CO)6}2(�-SZS-�)]2� (3),
a dianion that has two �-CO
ligands, has been synthesized
from dithiol HSZSH (Z� (CH2)4,
CH2(CH2OCH2)1±3CH2), [Fe3(CO)12],
and Et3N in a molar ratio of 1:2:2 at
room temperature. Interestingly, the in
situ reactions of dianions 3 with various
electrophiles affords a series of novel
linear and macrocyclic butterfly Fe/E
(E� S, Se) cluster complexes. For in-
stance, while reactions of 3 with
PhC(O)Cl and Ph2PCl give linear clus-
ters [{Fe2(�-PhCO)(CO)6}2(�-SZS-�)]
(4a,b : Z�CH2(CH2OCH2)2,3CH2) and
[{Fe2(�-Ph2P)(CO)6}2(�-SZS-�)] (5a,b:
Z�CH2(CH2OCH2)2,3CH2), reactions
with CS2 followed by treatment
with monohalides RX or dihalides
X�Y�X give both linear clusters
[{Fe2(�-RCS2)(CO)6}2(�-SZS-�)] (6a ± e:


Z�CH2(CH2OCH2)1,2CH2; R�Me,
PhCH2, FeCp(CO)2) and macrocyclic
clusters [{Fe2(CO)6}2(�-SZS-�)-
(�-CS2YCS2-�)] (7a ± e : Z� (CH2)4,
CH2(CH2OCH2)1±3CH2; Y� (CH2)2±4 ,
1,3,5-Me(CH2)2C6H3, 1,4-(CH2)2C6H4).
In addition, reactions of dianions 3 with
[Fe2(�-S2)(CO)6] followed by treatment
with RX or X�Y�X give linear clusters
[{[Fe2(CO)6]2(�-RS)(�4-S)}2(�-SZS-�)]
(8a ± c : Z�CH2(CH2OCH2)1,2CH2; R�
Me, PhCH2) and macrocyclic clusters
[{[Fe2(CO)6]2(�4-S)}2(�-SYS-�)(�-SZS-�)]
(9a,b : Z�CH2(CH2OCH2)2,3CH2; Y�
(CH2)4), and reactions with SeCl2
afford macrocycles [{Fe2(CO)6}2-
(�4-Se)(�-SZS-�)] (10d : Z�CH2-


(CH2OCH2)3CH2) and [{[Fe2(CO)6]2-
(�4-Se)}2(�-SZS-�)2] (11a ± d : Z�
(CH2)4, CH2(CH2OCH2)1±3CH2). Pro-
duction pathways have been suggested;
these involve initial nucleophilic attacks
by the Fe-centered dianions 3 at the
corresponding electrophiles. All the
products are new and have been char-
acterized by combustion analysis and
spectroscopy, and by X-ray diffraction
techniques for 6c, 7d, 9b, 10d, and 11c
in particular. X-ray diffraction analyses
revealed that the double-butterfly clus-
ter core Fe4S2Se in 10d is severely
distorted in comparison to that in 11c.
In view of the Z chains in 10a ± c being
shorter than the chain in 10d, the double
cluster core Fe4S2Se in 10a ± c would be
expected to be even more severely
distorted, a possible reason for why
10a ± c could not be formed.


Keywords: cluster compounds ¥
iron ¥ macrocycles ¥ structure
elucidation


Introduction


During the last two decades there has been considerable
interest in Fe/E (E� S, Se) cluster complexes, largely due to
the structural novelty, versatility and reactivity of such
materials,[1] as well as their potential applications, for exam-
ple, their use as models for the active sites on non-heme iron
protein ferredoxins[2] and the Fe-only hydrogenases.[3] Among
the Fe/E cluster complexes the butterfly monoanions con-
taining one �-CO ligand, [Fe2(�-RE)(�-CO)(CO)6]� (1) (E�
S, Se)[4±15] and [{Fe2(CO)6}2(�-RS)(�-CO)(�4-S)]� (2),[16] have


been shown to be very useful versatile synthons in the
synthesis of a wide variety of linear butterfly Fe/E cluster
complexes.[4±16] To further develop the chemistry of Fe/E
clusters, we investigated whether the butterfly Fe/S cluster
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dianions containing two �-CO ligands of the type
[{Fe2(�-CO)(CO)6}2(�-SZS-�)]2� (3) could be formed, and if
it could serve as another type of important synthon to give not
only the linear butterfly clusters, but also the butterfly clusters
with unique cyclic structures. In a recent communication,[17]


we preliminarily reported the formation of dianions 3 with
Z�CH2(CH2OCH2)2,3CH2 and their in situ reactions leading
to four macrocyclic butterfly clusters.
In this article we will systematically describe the formation


of the two �-CO-containing double-butterfly cluster dianions
3 with Z� (CH2)4 and CH2(CH2OCH2)1±3CH2, and their in
situ reactions with several types of electrophiles, such as
PhC(O)Cl, Ph2PCl, CS2/monohalides, CS2/dihalides, [Fe2(�-
S2)(CO)6]/monohalides, [Fe2(�-S2)(CO)6]/dihalides, and SeCl2,
which afford a series of new types of novel linear and
macrocyclic butterfly Fe/E cluster complexes. In addition, we
describe the structural characterization of all the synthesized
compounds, and the possible reaction pathways for produc-
tion of these novel linear and macrocyclic cluster complexes.


Results and Discussion


Formation of dianions [{Fe2(�-CO)(CO)6}2(�-SZS-�)]2� (3)
from [Fe3(CO)12], HSZSH and Et3N. Reactions of 3 with
PhC(O)Cl and Ph2PCl leading to linear clusters
[{Fe2(�-PhCO)(CO)6}2(�-SZS-�)](4a,b) and [{Fe2(�-Ph2P)-
(CO)6}2(�-SZS-�)] (5a,b): We found that when a solution
of dithiol HSZSH (Z� (CH2)4, CH2(CH2OCH2)1±3CH2),
Fe3(CO)12 and Et3N in a molar ratio of 1:2:2 in THF was
stirred at room temperature for approximately 0.5 h, the
original green color of the solution changed to deep red. This
indicated the formation of the [Et3NH]� salts of a novel type
of dianion 3. The IR spectra of these deep red solutions
showed an absorption band at approximately �� 1744 cm�1,
characteristic of their �-CO ligands. This is very similar to the
IR spectrum of the solution
containing the [Et3NH]� salt of
monoanion 1 (R�Et) in THF
and exhibits a �-CO absorption
band at �� 1743 cm�1.[4] How-
ever, the intensities of the �-CO
bands displayed by these deep
red solutions were markedly
decreased when these solutions
were exposed to air or refluxed
under N2. For example, when
the solution of 3 with Z�
CH2(CH2OCH2)3CH2 was ex-
posed to air or refluxed under
N2 for 15 min, the original in-
tensity of its �-CO band at
1742 cm�1 decreased by 60 and
70%, respectively. This means
that dianions 3 are very air-
sensitive and thermally unsta-
ble; therefore, we carried out
their reactions in situ and at
room temperature.


We further found that the in situ reactions of the [Et3NH]�


salts of dianions 3 (Z�CH2(CH2OCH2)2,3CH2) with an excess
of benzoyl chloride or one equivalent of diphenylchlorophos-
phine (initially through attack of two molecules of PhC(O)Cl
or Ph2PCl, respectively, at the two iron atoms of dianions 3,
followed by displacement of two �-CO ligands in each of the
intermediates h and k) gave rise to the corresponding linear
double-butterfly cluster complexes [{Fe2(�-PhCO)(CO)6}2-
(�-SZS-�)] (4a,b) and [{Fe2(�-Ph2P)(CO)6}2(�-SZS-�)]
(5a,b) as shown in Scheme 1.
Clusters 4a,b and 5a,b are the first examples of the two �-


Ph2P-containing double-butterfly Fe/S cluster complexes,
although the corresponding single-butterfly Fe/S clusters with
one such ligand, namely [Fe2(�-PhCO)(�-EtS)(CO)6] and
[Fe2(�-Ph2P)(�-EtS)(CO)6], were prepared in 1985.[4] In
addition, the proposed pathways for the formation of 4a,b
and 5a,b shown in Scheme 1 are primarily based on the well-
known chemistry of the single-butterfly monoanions contain-
ing one �-CO ligand [Fe2(�-RE)(�-CO)(CO)6]� (1) (E� S,
Se).[4±15] This general sequence, in which dianions 3 act as iron-
centered nucleophiles, has also served to explain the chem-
istry observed for dianions of type 3 as described below.
Complexes 4a,b and 5a,b have been characterized by
elemental analysis and spectroscopy. The IR spectra of 4a,b
and 5a,b displayed three absorption bands in the range ��
2074 ± 1982 cm�1 for their terminal carbonyls and one absorp-
tion band at approximately �� 1110 cm�1 for their bridged
ether chain functionalities; in addition the spectra of 4a,b
showed one absorption band at �� 1469 cm�1 for their
bridging benzoyl carbonyls.[4] The 13C NMR spectra of 4a,b
exhibited a singlet at �� 289 ppm for their bridging acyl
carbon atoms and the 31P NMR spectra of 5a,b showed a
singlet at �� 142 ppm for their bridging P atoms; these data
are consistent with those single-butterfly cluster complexes
that contain the same cluster cores as 4a,b and 5a,b,
respectively.[4, 18]


Scheme 1.
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In principle, clusters 4a,b and 5a,b may have three con-
formers (Scheme 2) in terms of the type of bonds (axial or
equatorial) by which group Z is attached to the bridged S
atoms in butterfly cluster cores.[19] However, since the


Scheme 2.


1H NMR spectra of the two SCH2 moieties of each Z group in
4a,b and 5a,b showed only one broad singlet at approximately
�� 2.7 ppm, the Z group is most likely attached to the two S
atoms by two equatorial bonds (note that if the Z group is
attached to the two S atoms by two axial bonds, the singlet
would be located at higher field with a chemical shift less than
�� 2 ppm).[20] The fact that 4a,b and 5a,b exist as only one
conformer is also consistent with the 13C NMR spectra of the
bridged acyl carbon atoms in 4a,b and the 13P NMR spectra of
the bridged P atoms in 5a,b as mentioned above. Although
the equatorial ± equatorial (ee) conformers of 4a,b and 5a,b
have not been directly confirmed by their X-ray diffraction
analyses due to lack of suitable crystals (4a,b and 5a,b are
either oils or solids with low melting
points), they have been indirectly
confirmed by X-ray diffraction analy-
ses of the linear and macrocyclic
clusters 6c, 7d, 9b, 10d, and 11c
containing the same type of Z groups
(vide infra).


Reactions of 3 with CS2/organic hal-
ides leading to linear clusters [{Fe2-
(�-RCS2)(CO)6}2(�-SZS-�)] (6a ± e)
and macrocyclic clusters [{Fe2(CO)6}2-
(�-CS2Y-CS2-�)(�-SZS-�)] (7a ± e):
We also found that when an excess
of CS2 was added to the solu-
tions containing dianions 3 (Z�
CH2(CH2OCH2)1±3CH2), followed by
treatment of the [Et3NH]� salts
of another type of dianion
[{Fe2(�-S�C�S�)2(CO)6}2(�-SZS-�)]
(m) with an equivalent or an excess of
organic halides RX and X�Y�X, a
series of linear and macrocyclic clus-
ters [{Fe2(�-RCS2)(CO)6}2(�-SZS-�)]
(6a ± e) and [{Fe2(CO)6}2(�-CS2-Y-
CS2-�)(�-SZS-�)] (7a ± e) were pro-
duced (Scheme 3).
It is noteworthy that the formation


of dianions m from dianions 3 and


CS2 is not unusual, because the reaction of monoanions 1 with
CS2 is known to give the single �-CS2-containing analogues of
m, that is, monoanions [Fe2(CO)6(�-RS)(�-S�CS�)].[21]


In addition, while the yields of linear clusters 6a ± e are
as high as 52 ± 65%, those of macrocyclic clusters 7a ± e are
only 11 ± 16%. These low yields of 7a ± e are probably due to
the complicated competitive reaction between the intra-
molecular ring-closure of intermediate m1 ¥ [Et3NH] (to give
macrocycles 7a ± e) and the intermolecular condensation of
m1 ¥ [Et3NH] (to give linear oligomers m2 ¥ [Et3NH])
(Scheme 4).
Both linear and cyclic clusters 6a ± e and 7a ± e are new and


have been characterized by combustion analysis and spectros-
copy. The IR spectra of these compounds showed several
absorption bands in the range �� 2074 ± 1962 cm�1 for their
terminal carbonyls ligands and one absorption band in the
region �� 1019 ± 1002 cm�1 for their C�S functional groups
coordinated to iron atoms. It is due to such a coordination
mode that the absorption band of the thiocarbonyl C�S
groups in 6a ± e and 7a ± e lies at a much lower frequency than
that of C�S in free CS2 (1533 cm�1) and falls within the
range 1120 ± 860 cm�1 displayed by the coordinated C�S
in some other transition metal complexes.[22] Similar to 4a,b
and 5a,b, the Z group in each of 6a ± e and 7a ± e is most
likely attached to the two bridging S atoms by two equatorial
bonds, since the 1H NMR spectra of the two SCH2 of each Z
group in 6a ± e and 7a ± e showed only one set of signals at ��
2.5 ± 3.1 ppm.[20] Fortunately, this assignment has been con-
firmed by X-ray diffraction analyses for 6c and 7d (vide
infra).


Scheme 3.
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Crystal structures of 6c and 7d : To unambiguously confirm
the structures of linear and cyclic products 6a ± e and 7a ± e,
single-crystal X-ray diffraction analyses for 6c and 7d were
carried out. Table 1 lists their selected bond lengths and
angles, whereas Figures 1 and 2, respectively, display their
molecular structures. Figure 1 shows that 6c is a centrosym-
metrical molecule and it consists of two single-butterfly
cluster cores Fe(1)Fe(2)S(1)S(2)C(7) and Fe(1A)Fe(2A)-


S(1A)S(2A)C(7A), which are
indeed connected by the ether
chain C(11)C(12)O(7)C(13)-
C(13A)O(7A)C(12A)C(11A)
with two equatorial bonds
C(11)�S(1) and C(11A)�S(1A).
All of the twelve carbonyls at-
tached to iron atoms are terminal
and the methyl groups are bond-
ed to S(3) and S(3A) in an endo
mode (namely C(8)�S(3) and
C(8A)�S(3A) lie toward the in-
side of their attached two-butter-
fly subcluster cores, respective-
ly). The thiocarbonyl C(7)�S(2)
and C(7A)�S(2A) groups in


double-butterfly cluster 6c, similar to that of single-butterfly
cluster [Fe2(�-PhSe)(�-PhCH2SC�S)(CO)6],[9] are coordinat-
ed to Fe(1) and Fe(1A), respectively, by � bonds
(Fe(1)�C(7)�Fe(1A)�C(7A)� 1.989(8) ä) with carbene
character[22] and to Fe(2) and Fe(2A), respectively, through
the donation of an unshared electron pair from S(2) or S(2A)
(Fe(2)�S(2)�Fe(2)�S(2A)� 2.270(4) ä). The bond lengths
of the thiocarbonyl C(7)�S(2) and C(7A)�S(2A) extend to
1.667(7) ä from 1.554 ä in free CS2, and are very close to that
found in [Fe2(�-PhSe)(�-PhCH2SC�S)(CO)6] (1.63(1) ä).[9]


Figure 2 shows that the macrocyclic cluster 7d contains two
single-butterfly cluster cores Fe(1)Fe(2)S(2)S(1)C(13) and
Fe(3)Fe(4)S(6)S(5)C(22), which are connected by the ether
chain C(23)C(24)O(13)C(25)C(26)O(14)C(27)C(28) and a
1,4-dithiomethylbenzene group S(3)C(14)C(15)C(16)C(17)-
C(18)C(19)C(20)C(21)S(4); this gives a 23-membered macro-
cycle. Also, it clearly shows that the ether chain is bonded to
S(2) and S(6) of the subcluster cores by equatorial bonds
C(28)�S(2) and C(23)�S(6), whereas the 1,4-dithiomethyl-
benzene group is bound to the subclusters through C(13)�S(3)
and C(22)�S(4) bonds in an endo mode. The dihedral angles
between two butterfly wings in the two subcluster cores are
very close (89.2 and 87.7�, respectively) and each of the twelve
CO ligands bonded to Fe(1), Fe(2), Fe(3), and Fe(4) are
terminal. Although the cavity of the macrocycle is empty, the
gap between two host macrocyclic molecules is filled with one
molecule of MeOH, which was evidently derived from
MeOH-containing solvent used in the crystal growing process.


Reactions of dianions 3 with
[Fe2(�-S2)(CO)6]/organic hal-
ides leading to linear clusters
[{[Fe2(CO)6]2(�-RS)(�4-S)}2-
(�-SZS-�)] (8a ± c) and macro-
cyclic clusters [{[Fe2(CO)6]2-
(�4-S)}2(�-SYS-�)(�-SZS-�)]
(9a,b): When an equivalent of
[Fe2(�-S2)CO)6] was added to
the deep red solution of dianions
3 (Z�CH2(CH2OCH2)1±3CH2),
in THF followed by treatment
of the intermediate [Et3NH]�


salts of dianions [{[Fe2(CO)6]2-


Scheme 4.


Table 1. Selected bond lengths [ä] and angles [�] for 6c and 7d.


Complex 6c
Fe(1)�C(7) 1.989(8) Fe(2)�S(2) 2.270(4)
Fe(1)�S(1) 2.248(3) Fe(1)�C(11) 1.831(10)
Fe(1)�Fe(2) 2.616(3) S(2)�C(7) 1.667(7)
Fe(2)�S(1) 2.235(3) S(3)�C(8) 1.882(12)


C(7)-Fe(1)-S(1) 82.9(2) S(1)-Fe(1)-Fe(2) 54.05(9)
C(7)-Fe(1)-Fe(2) 76.5(2) S(2)-Fe(2)-Fe(1) 77.01(11)
S(1)-Fe(2)-S(2) 83.68(12) Fe(2)-S(1)-Fe(1) 71.41(10)
S(1)-Fe(2)-Fe(1) 54.54(9) S(2)-C(7)-Fe(1) 113.0(4)


Complex 7d
Fe(1)�C(13) 1.999(13) Fe(3)�S(6) 2.252(4)
Fe(1)�S(2) 2.248(4) Fe(3)�Fe(4) 2.615(3)
Fe(2)�S(2) 2.243(3) Fe(4)�S(5) 2.297(3)
S(1)�Fe(2) 2.303(3) S(1)�C(13) 1.646(12)
Fe(1)�Fe(2) 2.618(3) S(3)�C(13) 1.682(12)


C(13)-Fe(1)-S(2) 83.4(3) Fe(2)-S(2)-Fe(1) 71.32(11)
S(2)-Fe(1)-Fe(2) 54.23(10) Fe(4)-S(6)-Fe(3) 71.13(12)
S(1)-Fe(2)-Fe(1) 76.21(11) S(1)-C(13)-S(3) 127.2(8)
S(6)-Fe(3)-Fe(4) 54.29(11) S(1)-C(13)-Fe(1) 113.1(6)
S(5)-Fe(4)-Fe(3) 75.93(10) S(3)-C(13)-Fe(1) 119.5(7)


Figure 1. Molecular structure of 6c.
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(�-S�)(�4-S)}2(�-SZS-�)] (n) with an equivalent or an excess
of organic halides, a series of linear clusters 8a ± c and
macrocyclic clusters 9a,b were obtained (Scheme 5).
It is noteworthy that the novel type of intermediate sulfur-


centered dianions n shown in Scheme 5, similar to their
analogous sulfur-centered monoanions [{Fe2(CO)6}2(�-RS)(�-
S�)(�4-S)],[13] were presumably formed by nucleophilic attack
by the two negatively charged Fe atoms of anions 3 at one of
the S atoms of each [Fe2(�-S2)(CO)6] complex, followed by
further coordination of the two resulting �3-S atoms to
another two Fe atoms and concomitant loss of two �-CO
ligands from intermediate dianions p (Scheme 6).


New clusters 8a ± c and 9a,b
were fully characterized by ele-
mental analysis, and IR and
1H NMR spectroscopic meth-
ods. For example, the IR spec-
tra of all the clusters displayed
several absorption bands in the
range 2098 ± 1985 cm�1 for their
terminal carbonyl ligands and
one band in the region 1121 ±
1109 cm�1 for their ether chain
functionalities. Since such clus-
ter complexes each contain two
�4-S atoms, the Z, R, or Y
groups should be attached to
the bridged �2-S atoms by an
equatorial type of bond, in
order to avoid the strong steric
repulsions between R or Z and


the axially bonded subcluster core on the �4-S atom.[19] This is
in good agreement with their 1H NMR spectra, in which all
the SCH2 and MeS groups showed one set of signals at above
�� 2 ppm.[20] This has also been confirmed by X-ray diffrac-
tion analysis for 9b (vide infra).


Crystal structure of 9b : To confirm further the structures of
8a ± c and 9a,b, a single-crystal X-ray diffraction analysis for
9b was undertaken. The molecular structure of 9b is shown in
Figure 3 and selected bond lengths and angles are presented
in Table 2. As can be seen from Figure 3, 9b is composed of
two double-butterfly cluster cores Fe(1)Fe(2)S(1)S(2)-


Fe(3)Fe(4)S(3) and Fe(5)-
Fe(6)S(4)S(5)Fe(7)Fe(8)S(6)
in which S(2) and S(5) atoms
are �4-S atoms coordinated to
the four corresponding iron
atoms. In addition, while S(1)
and S(4) are bound to C(25)
and C(32) of the ether chain
CH2(CH2OCH2)3CH2, S(3) and
S(6) atoms are bound to C(33)
and C(36) atoms of the butyl-
ene group to form a twenty-
seven-membered macrocycle.
Both the ether chain and the
butylene group are indeed con-
nected to the double clusters by
an equatorial-type bond, which
is necessary to avoid the axial ±
axial repulsions between the
ether chain with the axially
bonded subclusters Fe(3)-
Fe(4)S(2)S(3) and Fe(7)-
Fe(8)S(5)S(6) or the butylene
group with subclusters Fe(1)-
Fe(2)S(1)S(2) and Fe(5)-
Fe(6)S(4)S(5).[19] In addition,
each of the twenty four carbon-
yl groups attached to the eight


Figure 2. Molecular structure of 7d.


Scheme 5.
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Scheme 6.


Figure 3. Molecular structure of 9b.


iron atoms Fe(1) ± Fe(8) are terminal; this is consistent with
the spectroscopic data of 9b.


Reactions of dianions 3 with SeCl2 leading to macrocycles
[{Fe2(CO)6}2{�-SCH2(CH2OCH2)3CH2S-�}(�4-Se)] (10d) and
[{[Fe2(CO)6]2(�4-Se)}2(�-SZS-�)2] (11a ± d): More interest-
ingly, we also found that when a solution containing an
equimolar amount of SeCl2 in THF was added to the solution
of the [Et3NH]� salts of dianions 3 (Z� (CH2)4,
CH2(CH2OCH2)1±3CH2) in THF at �78 �C and the mixture
stirred at this temperature for 0.5 h then at room temperature
for an additional 12 h, the macrocyclic clusters 10d and 11a ±
d were obtained (Scheme 7).


Scheme 7.


It is worth pointing out that for macrocycles of type 10, only
10d (Z�CH2(CH2OCH2)3CH2) was obtained, that is, 10a ± c
(Z� (CH2)4, CH2(CH2OCH2)1,2CH2) were not able to be
produced. Presumably, this is due to the large distortion of the
double-butterfly cluster core Fe4S2Se in 10a ± c and thus the
strains present in these cyclic systems caused by shorter chains
(CH2)4, CH2CH2OCH2CH2, and CH2(CH2OCH2)2CH2 are
too great. In fact, this argument has been supported by X-ray
diffraction analysis for 10d, which showed that the geometry
of the double-butterfly core in 10d is already severely
distorted, even though it has a longer ether chain
CH2(CH2OCH2)3CH2 (vide infra).
A possible pathway accounting for the formation of the two


types of macrocycles 10d and 11a ± d is proposed in Scheme 8,
on the basis of the well-known chemical reactivity of the one
�-CO-containing monoanions 1.[4±15] The first step involves a
nucleophilic attack by one of either the negatively charged
iron atoms of dianions 3 at the selenium in SeCl2 to give
intermediate r. Then, coordination of the lone electron pair of
selenium in r to the neighboring iron followed by loss of
carbon monoxide gives intermediate s. Further repetition of
the two steps mentioned above intramolecularly affords
macrocycle 10d. However, if the two steps, namely the
nucleophilic attack and the loss of carbon monoxide, take
place intermolecularly between two molecules of intermedi-
ate s, then macrocycles 11a ± d will be formed.
These macrocycles 10d and 11a ± d are new and have been


characterized by combustion analysis, and IR and 1H NMR
spectroscopy. The IR spectra of macrocycles 11a ± d showed
three absorption bands in the range �� 2098 ± 1983 cm�1 for
terminal carbonyl ligands, whereas the IR spectrum of
macrocycle 10d displayed many more (seven) absorption
bands in the region �� 2080 ± 1969 cm�1 for terminal carbonyl
ligands, reflecting the two types of macrocycles. In addition,
since the chemical shifts of two SCH2 in 10d and four SCH2 in
11a ±d are in the range �� 2.3 ± 3.0 ppm, the two terminal
CH2 moieties in the Z group are bound to the bridging S atoms
by an equatorial type of bond.[20] In fact, this is consistent with


Table 2. Selected bond lengths [ä] and angles [�] for 9b.


Fe(1)�S(2) 2.243(3) Fe(3)�S(3) 2.262(3)
Fe(1)�S(1) 2.258(4) Fe(3)�Fe(4) 2.537(2)
Fe(1)�Fe(2) 2.542(2) C(25)�S(1) 1.831(13)
Fe(3)�S(2) 2.238(3) S(3)�C(33) 1.822(12)


S(2)-Fe(1)-S(1) 76.93(11) Fe(2)-S(2)-Fe(1) 69.27(10)
S(1)-Fe(1)-Fe(2) 55.68(9) Fe(4)-S(3)-Fe(3) 68.28(9)
S(2)-Fe(3)-S(3) 76.64(11) Fe(6)-S(4)-Fe(5) 68.17(10)
S(3)-Fe(3)-Fe(4) 55.79(9) Fe(6)-S(5)-Fe(8) 133.91(13)
Fe(2)-S(1)-Fe(1) 68.55(11) Fe(6)-S(5)-Fe(5) 69.16(10)
Fe(3)-S(2)-Fe(4) 68.99(10) Fe(8)-S(6)-Fe(7) 68.75(10)
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Scheme 8.


other �4-S and �4-Se-containing butterfly complexes, based on
the same reason described above for 8a ± c and 9a,b. In
addition, this has been also confirmed by X-ray diffraction
analyses for 10d and 11c (vide infra).


Crystal structures of 10d and 11c : To unambiguously confirm
the two types of macrocyclic cluster complexes, X-ray crystal
diffraction studies were performed on complexes 10d and
11c. Selected bond lengths and angles are displayed in Table 3
and the molecular structures are depicted in Figures 4 and 5,
respectively. Figure 4 shows that 10d contains a double-
butterfly cluster core Fe(1)Fe(2)S(1)Se(1)Fe(3)Fe(4)S(2),
which has a spiro type of �4-Se(1) coordinated to its four iron
atoms. In addition, the double cluster core is bridged by an
ether chain through equatorial-type bonds C(13)�S(1) and
C(19)�S(2). While each of the iron atoms is bonded to three
terminal carbonyl ligands, the two sets of three carbonyls
attached to Fe(1) and Fe(2) or Fe(3) and Fe(4) are staggered.
This macrocyclic molecule can be formally regarded as
derived from a previously reported double cluster complex
[{Fe2(�-EtS)(CO)6}2(�4-Se)][11] by substitution of one �-H
atom of each �-Et group with an ether chain CH2OCH2-
CH2OCH2CH2OCH2 group. The existence of the ether chain
CH2(CH2OCH2)3CH2 between S(1) and S(2) in macrocyclic
compound 10d has caused apparent changes in parameters of
the double cluster core Fe4S2Se in [{Fe2(�-EtS)(CO)6}2-
(�4-Se)], for example, the average bond length of the four
Fe�Se bonds in 10d (2.3795 ä) is greater than that in
[{Fe2(�-EtS)(CO)6}2(�4-Se)] (2.3568 ä), the average bond
lengths of the two Fe�Fe bonds in 10d (2.5546 ä) are shorter


Figure 4. Molecular structure of 10d.


than that in [{Fe2(�-EtS)(CO)6}2(�4-Se)] (2.571 ä), and the
average bond angle of two Fe-Se-Fe bond angles in 10d
(64.93�) is smaller than that in [{Fe2(�-EtS)(CO)6}2(�4-Se)]
(66.15�). Cluster 11c is a centrosymetrical molecule and
consists of two double-butterfly cluster cores Fe(1)Fe(2)S(1)-
Se(1)Fe(3)Fe(4)S(2) and Fe(1A)Fe(2A)S(1A)Se(1A)-
Fe(3A)Fe(4A)S(2A), which have two �4-Se atoms, that is,
Se(1) and Se(1A). In addition, the two ether chains
CH2(CH2OCH2)2CH2 are bridged through equatorial-type
bonds C(13)�S(1), C(13A)�S(2A), C(16)�S(2) and
C(16A)�S(1A) to the double cluster cores to form a 26-
membered macrocycle. Interestingly, similar to those descri-
bed above for 10d and [{Fe2(�-EtS)(CO)6}2(�4-Se)],[11] the
geometric parameters of the double-cluster core Fe4S2Se in
11c are different from corresponding those in 10d. For
example, the average bond length of the four Fe�Se bonds in


Table 3. Selected bond lengths [ä] and angles [�] for 10d and 11c.


Complex 10d
Fe(1)�S(1) 2.2651(13) Fe(3)�Se(1) 2.3867(9)
Fe(1)�Fe(2) 2.5557(10) Fe(3)�Fe(4) 2.5535(10)
Fe(2)�S(1) 2.2677(13) Fe(4)�S(2) 2.2768(13)
Fe(3)�S(2) 2.2586(13) Fe(1)�Se(1) 2.3831(10)
Fe(2)�Se(1) 2.3754(9) Fe(4)�Se(1) 2.3729(9)


S(2)-Fe(3)-Se(1) 75.11(3) Se(1)-Fe(4)-Fe(3) 57.82(3)
Se(1)-Fe(1)-Fe(2) 57.37(3) S(1)-Fe(1)-Fe(2) 55.73(4)
S(2)-Fe(4)-Se(1) 75.05(3) Fe(4)-Se(1)-Fe(2) 149.52(3)
S(1)-Fe(1)-Se(1) 74.66(4) Fe(2)-Se(1)-Fe(1) 64.97(2)
S(2)-Fe(4)-Fe(3) 55.40(3) Fe(1)-S(1)-Fe(2) 68.64(4)
Se(1)-Fe(2)-Fe(1) 57.66(3) Fe(1)-Se(1)-Fe(3) 120.95(3)


Complex 11c
Fe(1)�Se(1) 2.3438(13) Fe(1)�S(1) 2.259(2)
Fe(3)�Se(1) 2.3571(13) Fe(1)�Fe(2) 2.5886(14)
Fe(2)�Se(1) 2.3661(13) Fe(2)�S(1) 2.268(2)
Fe(4)�Se(1) 2.3582(12) Fe(3)�S(2) 2.256(2)
Fe(4)�S(2) 2.262(2) Fe(3)�Fe(4) 2.5639(14)


Fe(1)-Se(1)-Fe(3) 136.14(5) Se(1)-Fe(2)-Fe(1) 56.25(4)
Fe(3)-Se(1)-Fe(4) 65.88(4) S(2)-Fe(3)-Se(1) 76.74(6)
Fe(1)-Se(1)-Fe(2) 66.68(4) Se(1)-Fe(3)-Fe(4) 57.08(4)
S(1)-Fe(1)-Se(1) 77.80(5) S(2)-Fe(4)-Se(1) 76.60(6)
S(1)-Fe(1)-Fe(2) 55.29(5) Se(1)-Fe(4)-Fe(3) 57.04(4)
Se(1)-Fe(1)-Fe(2) 57.07(4) S(1)-Fe(2)-Se(1) 77.16(6)
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Figure 5. Molecular structure of 11c.


one double cluster core of 11c (2.3563 ä) is smaller than that
in 10d (2.3795 ä), the average bond length of the corre-
sponding two Fe�Fe bonds in 11c (2.5763 ä) is longer than
that in 10d (2.5546 ä), and the average bond angle of the
corresponding two Fe-Se-Fe bond angles in 11c (66.28�) is
larger than that in 10d (64.93�). It follows that while the
geometry of the double-butterfly cluster core Fe4S2Se in 11c is
essentially not distorted when compared with [{Fe2(�-EtS)-
(CO)6}2(�4-Se)],[11] the geometry of Fe4S2Se in 10d is severely
distorted, evidently due to the presence of short chain
CH2(CH2OCH2)3CH2 group between the two bridged S(1)
and S(2) atoms. So, it is reasonable that we could not obtain
the analogues of 10d, namely 10a ± c, in which the shorter
chains (CH2)4, CH2CH2OCH2CH2 and CH2(CH2OCH2)2CH2


would make the double butterfly cluster core Fe4S2Se too
severely distorted to be formed.


Conclusion


On the basis of our discovery of a new type of double-
butterfly complex, [{Fe2(�-CO)(CO)6}2(�-SZS-�)]2� (Z�
(CH2)4, CH2(CH2OCH2)1±3CH2) (3), which contains two �-
CO ligands, we have performed a series of studies on the
reactions of dianions 3 with several types of electrophiles.
Such reactions can be rationalized in terms of their action as
double iron-centered nucleophiles and may be divided into
three classes according to the type of electrophile employed.
In one class, reactions with the electrophiles having one
leaving group such as PhC(O)Cl or Ph2PCl produced neutral
linear clusters of types [{Fe2(�-PhCO)(CO)6}2(�-SZS-�)] (4)
and [{Fe2(�-Ph2P)(CO)6}2(�-SZS-�)] (5) in which the organic
groups PhC�O and Ph2P replaced the two �-CO ligands. In
the second class, reactions with the electrophiles that have no
leaving group such as CS2 and [Fe2(�-S)2(CO)6] initially gave
the other dianions and finally through subsequent treatment
with mono- and dihalides gave both linear and macrocyclic


clusters [{Fe2(�-RCS2)(CO)6}2(�-SZS-�)] (6), [{Fe2(CO)6}2-
(�-SZS-�)(�-CS2YCS2-�)] (7), [{[Fe2(CO)6]2(�-RS)(�4-S)}2-
(�-SZS-�)] (8), and [{[Fe2(CO)6]2(�4-S)}2(�-SYS-�)-
(�-SZS-�)] (9). The third class involves the reactions of
dianions 3 with the electrophile containing two leaving
groups, that is, SeCl2 to afford neutral macrocyclic clusters
[{Fe2(CO)6}2(�4-Se)(�-SZS-�)] (10) and [{[Fe2(CO)6]2-
(�4-Se)}2(�-SZS-�)2] (11). It is believed that in view of the
novel reactivities of dianions 3 and the unique structures and
properties of the linear and macrocyclic clusters 4 ± 11 (which
can be regarded as special types of acyclic and macrocyclic
cluster crown ethers) this study will play an important role in
further development of both butterfly Fe/E cluster chemis-
try[4±16] and crown ether supramolecular chemistry.[23]


Experimental Section


General comments : All reactions were carried out under an atmosphere of
prepurified nitrogen by using standard Schlenk and vacuum-line
techniques. Tetrahydrofuran (THF) was distilled from Na/benzo-
phenone ketyl under nitrogen. [Fe2(�-S2)(CO)6],[20] [Fe3(CO)12],[24]


HSCH2(CH2OCH2)nCH2SH (n� 1 ± 3),[25, 26] Ph2PCl,[27] 1,3,5-
Me(BrCH2)2C6H3,[28] 1,4-(BrCH2)C6H4,[29] I(CH2)4I,[30] CpFe(CO)2I,[31]


and SeCl2[32] were prepared according to literature procedures. PhC(O)Cl,
CS2, MeI, PhCH2Br, Et3N, and Br(CH2)nBr (n� 2 ± 4) were of commercial
origin and used without further purification. Preparative TLC was carried
out on glass plates (26� 20� 0.25 cm) coated with silica gel H (10 ± 40 �m).
IR spectra were recorded on a Nicolet Magna 560 FTIR or a Bruker
Vector 22 infrared spectrophotometer. 1H (13C, 31P) NMR spectra were
recorded on a Bruker AC-P200 NMR spectrometer. C/H analysis was
performed on an Elementar Vario EL analyzer. Melting points were
determined on a Yanaco MP-500 apparatus and were uncorrected.


Standard in situ preparation of intermediate salts [{Fe2(�-CO)(CO)6}2-
(�-SZS-�)][Et3NH]2 (3[Et3NH]2): A three-necked flask (100 mL) equip-
ped with a magnetic stir-bar, a rubber septum, and a nitrogen inlet tube was
charged with [Fe3(CO)12] (1.00 g, 1.98 mmol), THF (30 mL), HSZSH [Z�
CH2CH2CH2CH2, CH2(CH2OCH2)nCH2(n� 1 ± 3)] (1.0 mmol) and Et3N
(0.28 mL, 2.0 mmol). The mixture was stirred at room temperature for
45 min to give a brown-red solution of the intermediate salts 3 ¥ [Et3NH]2
(ca. 1 mmol), which were utilized immediately in the following prepara-
tions.


Preparation of [{Fe2(�-PhCO)(CO)6}2{�-SCH2(CH2OCH2)2CH2S-�}] (4a):
PhCOCl (0.54 mL, 4.65 mmol) was added to the above-prepared solution
of 3 [Et3NH]2 (Z�CH2(CH2OCH2)2CH2), and the mixture stirred at room
temperature for 20 h. Solvent was removed under reduced pressure. The
residue was subjected to TLC separation using CH2Cl2/petroleum ether (v/
v� 1:2) as eluent. From the main red band 4a was obtained as a red oil.
Yield: 0.301 g, 32%; 1H NMR (200 MHz, CDCl3, TMS): �� 2.85 (br s, 4H;
2SCH2), 3.79 (br s, 8H; 4OCH2), 7.46 ppm (br s, 10H; 2C6H5); 13C NMR
(50 MHz, CDCl3, TMS): �� 38.2 (s; SCH2), 70.5 and 71.6 (2 s; OCH2),
126.9, 127.1, 128.2, 128.5 (all s; C6H5), 133.3 (s; C6H5), 144.4 (s; ipso-C6H5),
207.4, 209.0, 209.3, 209.8, 211.2, 211.9 (all s; Fe�CO), 289.0 ppm (s, acyl
C�O); IR (KBr): �� � 2074, 2032, 1995 (C�O), 1467 (C�O); 1115 cm�1 (C-
O-C); elemental analysis calcd (%) for C32H22Fe4O16S2 (950.0): C 40.46, H
2.34; found C 40.45, H 2.38.


Preparation of [{Fe2(�-PhCO)(CO)6}2{�-SCH2(CH2OCH2)3CH2S-�}] (4b):
The same procedure was followed as for 4a, but 3 [Et3NH]2 (Z�
CH2(CH2OCH2)3CH2) was used instead of 3 [Et3NH]2 (Z�
CH2(CH2OCH2)2CH2). From the main red band 4b was obtained as a red
oil. Yield: 0.318 g, 32%; 1H NMR (200 MHz, CDCl3, TMS): �� 2.80 (br s,
4H; 2SCH2), 3.73 (br s, 12H; 6OCH2), 7.43 ppm (br s, 10H; 2C6H5);
13C NMR (50 MHz, CDCl3, TMS): �� 38.2 (s; SCH2), 70.4 and 71.7 (2s;
OCH2), 127.1, 128.2 (2s; C6H5), 133.3 (s; C6H5), 144.4 (s; ipso C6H5), 208.6,
209.3, 211.2, 211.8, 212.0 (all s; Fe�CO), 289.0 ppm (s; acyl C�O); IR
(KBr): �� � 2074, 2032, 1995 (C�O), 1467 (C�O), 1116 cm�1 (C-O-C);
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elemental analysis calcd (%) for C34H26Fe4O17S2 (994.1): C 41.08, H 2.64;
found C 41.10, H 2.57.


Preparation of [{Fe2(�-Ph2P)Fe2(CO)6}2{�-SCH2(CH2OCH2)2CH2S-�}]
(5a): Ph2PCl (0.45 g, 2.0 mmol) was added to the above-prepared solution
of 3 [Et3NH]2 (Z�CH2(CH2OCH2)2CH2), and the mixture stirred at room
temperature for 20 h. Solvent was removed under reduced pressure. The
residue was subjected to TLC separation using CH2Cl2/petroleum ether (v/
v� 2:3) as eluent. From the main red band 5a was obtained as a red solid.
Yield: 0.564 g, 51%; m.p. 39 ± 40�C; 1H NMR (200 MHz, CDCl3, TMS):
�� 2.66 (br s, 4H; 2SCH2), 3.59 (br s, 8H; 4OCH2), 7.25 ppm (br s, 20H;
4C6H5); 31P NMR (81 MHz, CDCl3, H3PO4): �� 142.3 ppm (s); IR (KBr):
�� � 2059, 2019, 1982 (C�O), 1098 cm�1 (C-O-C); elemental analysis calcd
(%) for C42H32Fe4O14P2S2 (1110.2): C 45.44, H 2.91; found C 45.40, H 3.00.


Preparation of [{Fe2(�-Ph2P)(CO)6}2{�-SCH2(CH2OCH2)3CH2S-�}] (5b):
The same procedure as that for 5a was followed, but 3 [Et3NH]2 (Z�
CH2(CH2OCH2)3CH2) was used instead of 3 [Et3NH]2 (Z�
CH2(CH2OCH2)2CH2). Using CH2Cl2/petroleum ether (v/v� 2:3) as eluent
from the main red band 5bwas obtained as a red solid. Yield: 0.330 g, 29%;
m.p. 44 ± 46�C; 1H NMR (200 MHz, CDCl3, TMS): �� 2.69 (br s, 4H;
2SCH2), 3.59 (br s, 12H; 6OCH2), 7.24 ± 7.52 ppm (m, 20H; 4C6H5); 31P
NMR (81 MHz, CDCl3, H3PO4): �� 142.4 ppm (s); IR (KBr): �� � 2059,
2019, 1982 (C�O), 1099 cm�1 (C-O-C); elemental analysis calcd (%) for
C44H36Fe4O15P2S2 (1154.3): C 45.79, H 3.14; found C 45.60, H 3.17.


Preparation of [{Fe2(�-S�C�SCH3)(CO)6}2(�-SCH2CH2OCH2CH2S-�)]
(6a): CS2 (0.24 mL, 4.0 mmol) was added to the above-prepared solution
of 3 [Et3NH]2 (Z�CH2CH2OCH2CH2), and the mixture stirred at room
temperature for approximately 30 min. CH3I (0.25 mL, 4.0 mmol) was
added, and then the new mixture stirred at room temperature for 12 h.
Solvent was removed under reduced pressure. The residue was subjected to
TLC separation with CH2Cl2/petroleum ether (v/v� 1:3) as eluent. From
the main red band 6a was obtained as a red solid. Yield: 0.510 g, 58%; m.p.
121 ± 124�C; 1H NMR (200 MHz, CDCl3, TMS): �� 2.52 (br s, 6H; 2CH3),
2.81 (br s, 4H; 2SCH2), 3.83 ppm (br s, 4H; 2CH2O); IR (KBr): �� � 2068,
2026, 2002, 1987, 1965(C�O), 1115 (C-O-C), 1019 cm�1 (C�S); elemental
analysis calcd (%) for C20H14Fe4O13S6 (878.1): C 27.36, H 1.61; found C
27.27, H 1.69.


Preparation of [{Fe2(�-S�C�SCH2Ph)(CO)6}2(�-SCH2CH2OCH2CH2S-�)]
(6b): The same procedure as that for 6a was followed, but PhCH2Br
(0.48 mL, 4.0 mmol) was used instead of CH3I. By using CH2Cl2/petroleum
ether (v/v� 1:1) as eluent from the main red band 6b was obtained as a red
solid. Yield: 0.639 g, 62%; m.p. 72 ± 74 �C; 1H NMR (200 MHz, CDCl3,
TMS): �� 2.83 (br s, 4H; 2SCH2), 3.82 (br s, 4H; 2CH2O), 4.28 (br s, 4H;
2CH2Ph), 7.24 ppm (s, 10H; 2C6H5); IR (KBr): �� � 2074, 2018, 1985, 1962
(C�O), 1113 (C-O-C), 1014 cm�1 (C�S); elemental analysis calcd (%) for
C32H22Fe4O13S6 (1030.3): C 37.30, H 2.15; found C 37.45, H 2.30.


Preparation of [{Fe2(�-S�C�SCH3)(CO)6}2{�-SCH2(CH2OCH2)2CH2S-�}]
(6c): The same procedure as that for 6a was followed, but 3 [Et3NH]2
(Z�CH2(CH2OCH2)2CH2) was used instead of 3 [Et3NH]2 (Z�
CH2CH2OCH2CH2). By using CH2Cl2/petroleum ether (v/v� 1:1) as eluent
from the main red band 6c was obtained as a red solid. Yield: 0.561 g, 61%;
m.p. 54 ± 56 �C; 1H NMR (200 MHz, CDCl3, TMS): �� 2.54 (br s, 6H;
2CH3), 2.80 (br s, 4H; 2SCH2), 3.60 ± 3.95 ppm (m, 8H; 4CH2O); IR
(KBr): �� � 2074, 2034, 1985 (C�O), 1113 (C-O-C), 1010 cm�1 (C�S);
elemental analysis calcd (%) for C22H18Fe4O14S6 (922.2): C 28.65, H 1.97;
found C 28.85, H 2.05.


Preparation of [{Fe2(�-S�C�SCH2Ph)(CO)6}2{�-SCH2(CH2OCH2)2CH2S-�}]
(6d): The same procedure as that for 6a was followed, but 3 [Et3NH]2 (Z�
CH2(CH2O CH2)2CH2) and PhCH2Br (0.48 mL, 4.0 mmol) were used
instead of 3 [Et3NH]2 (Z�CH2CH2OCH2CH2) and CH3I, respectively. By
using CH2Cl2/petroleum ether (v/v� 1:1) as eluent from the main red band
6d was obtained as a red solid. Yield: 0.700 g, 65%; m.p. 110 ± 112 �C;
1H NMR (200 MHz, CDCl3, TMS): �� 2.80 (br s, 4H; 2SCH2), 3.70 ± 3.95
(m, 8H; 4CH2O), 4.29 (s, 4H; 2CH2Ph), 7.25 ppm (br s, 10H; 2C6H5); IR
(KBr): �� � 2066, 2026, 2001, 1979 (C�O), 1115 (C-O-C), 1014 cm�1 (C�S);
elemental analysis calcd (%) for C34H26Fe4O14S6 (1074.4): C 38.01, H 2.44;
found C 37.64, H 2.42.


Preparation of [{Fe2(CO)6[�-S�C�SFeCp(CO)2]}2{�-SCH2-
(CH2OCH2)2CH2S-�] (6e): The same procedure as that for 6a was
followed, but 3 [Et3NH]2 (Z�CH2(CH2OCH2)2CH2) and [FeCp(CO)2I]
(0.608 g, 2.0 mmol) were used instead of 3 [Et3NH]2 (Z�


CH2CH2OCH2CH2) and CH3I, respectively. By using CH2Cl2/petroleum
ether (v/v� 2:1) as eluent from the main red band 6e was obtained as a red
solid. Yield: 0.650 g, 52%; m.p. 82 ± 84 �C; 1H NMR (200 MHz, CDCl3,
TMS): �� 2.72 (br s, 4H; 2SCH2), 3.72 (br s, 8H; 4CH2O), 4.96 ppm (s,
10H; 2C5H5); IR (KBr): �� � 2058, 2018, 1977 (C�O), 1121 (C-O-C),
1002 cm�1 (C�S); elemental analysis calcd (%) for C34H22Fe6O18S6 (1246.0):
C 32.77, H 1.78; found C 32.65, H 1.80.


Preparation of [{Fe2(CO)6}2{�-S(CH2)4S-�}{�-S�C�S-1-CH2(3-MeC6H3)-
CH2-5-S�C�S-�}] (7a): CS2 (0.24 mL, 4.0 mmol) was added to the above-
prepared solution of 3 [Et3NH]2 (Z�CH2CH2CH2CH2), and the mixture
stirred at room temperature for approximately 30 min. 1,3,5-
Me(CH2Br)2C6H3 (0.278 g, 1.0 mmol) was added and then the new mixture
stirred at room temperature for 12 h. Solvent was removed under reduced
pressure. The residue was subjected to TLC separation using CH2Cl2/
petroleum ether (v/v� 1:2) as eluent. From the main red band 7a was
obtained as a red solid. Yield: 0.140 g, 15%; m.p. 117 ± 119 �C; 1H NMR
(200 MHz, CDCl3, TMS): �� 2.06 (br s, 4H; CH2CH2), 2.28 (s, 3H; CH3),
2.64 (br s, 4H; 2SCH2), 4.23 (s, 4H; 2CH2Ar), 6.96 ppm (br s, 3H; C6H3);
IR (KBr): �� � 2074, 2026, 1985 (C�O), 1014 cm�1 (C�S); elemental analysis
calcd (%) for C27H18Fe4O12S6 (950.2): C 34.13, H 1.91; found C 33.78, H 1.99.


Preparation of [{Fe2(CO)6}2(�-SCH2CH2OCH2CH2S-�){�-S�C�S-
(CH2)2S�C�S-�}] (7b): The same procedure as that for 7a was followed,
but 3 [Et3NH]2 (Z�CH2CH2OCH2CH2) and BrCH2CH2Br (0.09 mL,
1.0 mmol) were used instead of 3 [Et3NH]2 (Z�CH2CH2CH2CH2) and
1,3,5-Me(CH2Br)2C6H3, respectively. From the main red band 7b was
obtained as a red solid. Yield: 0.110 g, 13%; m.p. 191 �C (decomp);
1H NMR (200 MHz, CDCl3, TMS): �� 1.59 (s, 4H; SCH2CH2S), 2.55 ± 3.10
(m, 4H; 2SCH2), 3.60 ± 4.05 ppm (m, 4H; 2CH2O); IR (KBr): �� � 2064,
2024, 2002, 1979 (C�O), 1120 (C-O-C), 1013 cm�1 (C�S); elemental
analysis calcd (%) for C20H12Fe4O13S6 (876.1): C 27.42, H 1.38; found C
27.75, H 1.40.


Preparation of [{Fe2(CO)6}2{�-SCH2(CH2OCH2)2CH2S-�}{�-S�C�S-
(CH2)3S�C�S-�}] (7 c): The same procedure as that for 7a was followed,
but 3 [Et3NH]2 (Z�CH2 (CH2OCH2)2CH2) and Br(CH2)3Br (0.10 mL,
1.0 mmol) were used instead of 3 [Et3NH]2 (Z�CH2CH2CH2CH2) and
1,3,5-Me(CH2Br)2C6H3, respectively. By using CH2Cl2/petroleum ether
(v/v� 2:1) as eluent from the main red band 7c was obtained as a red solid.
Yield: 0.150 g, 16%; m.p. 135 �C (decomp); 1H NMR (200 MHz, CDCl3,
TMS): �� 1.86 (s, 2H; SCH2CH2CH2S), 2.60 ± 3.05 (m, 8H; 4SCH2), 3.75 ±
4.05 ppm (m, 8H; 4CH2O); IR (KBr): �� � 2074, 2026, 1989, 1970 (C�O),
1105 (C-O-C), 1014 cm�1 (C�S); elemental analysis calcd (%) for
C23H18Fe4O14S6 (934.2): C 29.57, H 1.94; found C 29.28, H 1.89.


Preparation of [{Fe2(CO)6}2{�-SCH2(CH2OCH2)2CH2S-�}{�-S�C�S-1-
CH2C6H4CH2-4-S�C�S-�}] (7d): The same procedure as that for 7a was
followed, but 3 [Et3NH]2 (Z�CH2(CH2OCH2)2CH2) and 1,4-
(BrCH2)2C6H4 (0.26 g, 1.0 mmol) were used instead of 3 [Et3NH]2 (Z�
CH2CH2CH2CH2) and 1,3,5-Me(CH2Br)2C6H3, respectively. By using
CH2Cl2/petroleum ether (v/v� 3:2) as eluent from the main red band 7d
was obtained as a red solid. Yield: 0.144 g, 15%; m.p. 104 ± 106 �C; 1HNMR
(200 MHz, CDCl3, TMS): �� 2.81 (br s, 4H; 2SCH2), 3.72 ± 3.85 (m, 8H;
4CH2O), 4.20 ± 4.45 (m, 4H; 2SCH2Ar), 7.15 ppm (s, 4H; C6H4); IR (KBr):
�� � 2074, 2018, 1981 (C�O), 1105 (C-O-C), 1014 cm�1 (C�S); elemental
analysis calcd (%) for C28H20Fe4O14S6 (996.2): C 33.76, H 2.02; found C
33.68, H 2.05.


Preparation of [{Fe2(CO)6}2{�-SCH2(CH2OCH2)3CH2S-�}{�-S�C�S-
(CH2)4S�C�S-�}] (7e): The same procedure as that for 7a was followed,
but 3 [Et3NH]2 (Z�CH2(CH2OCH2)3CH2) and I(CH2)4I (0.13 mL,
1.0 mmol) were used instead of 3 [Et3NH]2 (Z�CH2CH2CH2CH2) and
1,3,5-Me(CH2Br)2C6H3, respectively. By using CH2Cl2/petroleum ether (v/
v� 2:1) as eluent from the main red band 7e was obtained as a red solid.
Yield: 0.110 g, 11%; m.p. 107 ± 108 �C; 1H NMR (200 MHz, CDCl3, TMS):
�� 1.68 (br s, 4H; SCH2CH2CH2CH2S), 2.80 (br s, 8H; 4SCH2), 3.65 ±
4.05 ppm (m, 12H; 6CH2O); IR (KBr): �� � 2066, 2024, 1993 (C�O), 1107
(C-O-C), 1017 cm�1 (C�S); elemental analysis calcd (%) for
C26H24Fe4O15S6 (992.3): C 31.47, H 2.44; found C 31.79, H 2.30.


Preparation of [{[Fe2(CO)6]2(�-SCH2C6H5)(�4-S)}2(�-SCH2CH2-
OCH2CH2S-�)] (8a): [Fe2(�-S2)(CO)6] (0.688 g, 2.0 mmol) was added to
the above prepared solution of 3 [Et3NH]2 (Z�CH2CH2OCH2CH2), and
the mixture was stirred at room temperature for approximately 2 h. To this
mixture was added PhCH2Br (0.48 mL, 4.0 mmol), and the new mixture
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was stirred at room temperature for 24 h. Solvent was removed under
reduced pressure. The residue was subjected to TLC separation using
CH2Cl2/petroleum ether (v/v� 1:2) as eluent. From the main red band 8a
was obtained as a red solid. Yield: 0.500 g, 32%; m.p. 66 ± 68 �C; 1H NMR
(200 MHz, CDCl3, TMS): �� 2.61 (s, 4H; 2SCH2), 3.55 ± 3.80 (m, 8H;
2CH2O, 2PhCH2), 7.32 ppm (s, 10H; 2C6H5); IR (KBr): �� � 2090, 2034,
1985 (C�O), 1113 cm�1 (C-O-C); elemental analysis calcd (%) for
C42H22Fe8O25S6 (1565.8): C 32.22, H 1.42; found C 32.34, H 1.89.


Preparation of [[Fe2(CO)6]2{(�-SCH3)(�4-S)}2{�-SCH2(CH2OCH2)2CH2-
S-�}] (8b): The same procedure as that for 8a was followed, but 3 [Et3NH]2
(Z�CH2(CH2OCH2)2CH2) and CH3I (0.25 mL, 4.0 mmol) were used
instead of 3 [Et3NH]2 (Z�CH2CH2OCH2CH2) and PhCH2Br, respectively.
By using CH2Cl2/petroleum ether (v/v� 1:1) as eluent from the main red
band 8b was obtained as a red solid. Yield: 0.450 g, 31%; m.p. 66 �C
(decomp); 1H NMR (200 MHz, CDCl3, TMS): �� 2.14 (br s, 6H; 2CH3),
2.62 (br s, 4H; 2SCH2), 3.68 ppm (br s, 8H; 4CH2O); IR (KBr): �� � 2098,
2042, 1989 (C�O), 1109 cm�1 (C-O-C); elemental analysis calcd (%) for
C32H18Fe8O26S6 (1457.7): C 26.37, H 1.24; found C 26.41, H 1.37.


Preparation of [{[Fe2(CO)6]2(�-SCH2C6H5)(�4-S)}2{�-SCH2(CH2OCH2)2-
CH2S-�}] (8c): The same procedure as that for 8a was followed, but
3 [Et3NH]2 (Z�CH2(CH2OCH2)2CH2) was used instead of 3 [Et3NH]2
(Z�CH2CH2OCH2CH2). By using CH2Cl2/petroleum ether (v/v� 1:1) as
eluent from the main red band 8c was obtained as a red solid. Yield:
0.610 g, 38%; m.p. 84 ± 86 �C; 1H NMR (200 MHz, CDCl3, TMS): �� 2.63
(br s, 4H; 2SCH2), 3.65 (br s, 12H; 4CH2O, 2CH2Ph), 7.33 ppm (br s, 10H;
2C6H5); IR (KBr): �� � 2090, 2042, 1985 (C�O), 1109 cm�1 (C-O-C);
elemental analysis calcd (%) for C44H26Fe8O26S6 (1609.9): C 32.83, H 1.63;
found C 32.64, H 1.71.


Preparation of [{[Fe2(CO)6]2(�4-S)}2{�-SCH2(CH2OCH2)2CH2S-�}-
{�-S(CH2)4S-�}] (9a): [Fe2(�-S2)(CO)6] (0.688 g, 2.0 mmol) was added to
the above-prepared solution of 3 [Et3NH]2 (Z�CH2(CH2OCH2)2CH2), and
the mixture stirred at room temperature for approximately 2 h. To this
mixture was added I(CH2)4I (0.13 mL, 1.0 mmol) and the new mixture
stirred for 24 h. Solvent was removed under reduced pressure. The residue
was subjected to TLC separation using CH2Cl2/petroleum ether (v/v� 2:1)
as eluent. From the main red band 9a was obtained as a red solid. Yield:
0.240 g, 16%; m.p. 170 �C (decomp); 1H NMR (200 MHz, CDCl3, TMS):


�� 1.84 (br s, 4H; CH2CH2CH2CH2), 2.30 ± 2.85 (m, 8H; 4SCH2), 3.55 ±
3.85 ppm(m, 8H; 4CH2O); IR (KBr): �� � 2084, 2057, 2034, 1989 (C�O),
1121 cm�1 (C-O-C); elemental analysis calcd (%) for C34H20Fe8O26S6
(1483.7): C 27.52, H 1.36; found C 27.08, H 1.55.


Preparation of [{[Fe2(CO)6]2(�4-S)}2{�-SCH2(CH2OCH2)3CH2S-�}-
{�-S(CH2)4S-�}] (9b): The same procedure as that for 9a was followed,
but 3 [Et3NH]2 (Z�CH2(CH2OCH2)3CH2) was used instead of 3 [Et3NH]2
(Z�CH2(CH2OCH2)2CH2). From the main red band 9b was obtained as a
red solid. Yield: 0.270 g, 18%; m.p. 210 �C (decomp); 1H NMR (200 MHz,
CDCl3, TMS): �� 1.80 ± 2.00 (m, 4H; CH2CH2CH2CH2), 2.40 ± 2.80 (m,
8H; 4SCH2), 3.60 ± 3.83 ppm (m, 12H; 6CH2O); IR (KBr): �� � 2084, 2043,
2033, 1987 (C�O), 1116 cm�1 (C-O-C); elemental analysis calcd (%) for
C36H24Fe8O27S6 (1527.7): C 28.30, H 1.58; found C 27.89, H 1.77.


Preparation of [{[Fe2(CO)6]2(�4-Se)}2{�-S(CH2)4S-�}2] (11a): The above-
prepared solution of 3 [Et3NH]2 (Z�CH2CH2CH2CH2) was cooled to
�78 �C by using an acetone/dry ice bath, and SeCl2 (1 mmol) in THF
(5 mL), prepared from Se powder and SO2Cl2,[32] was added to this
solution. The mixture was stirred for 30 min at �78 �C. After the bath was
removed, the mixture was naturally warmed to room temperature and then
stirred at this temperature for 12 h. Solvent was removed under reduced
pressure and the residue was subjected to TLC separation using CH2Cl2/
petroleum ether (v/v� 1:1) as eluent. From the main red band 11a was
obtained as a red solid. Yield: 0.100 g, 13%; m.p. 120 �C (decomp);
1H NMR (200 MHz, CDCl3, TMS): �� 1.55 ± 1.80 (m, 8H;
2CH2CH2CH2CH2), 2.30 ± 2.70 ppm (m, 8H; 4SCH2); IR (KBr): �� �
2082, 2034, 1985 cm�1 (C�O); elemental analysis calcd (%) for
C32H16Fe8O24S4Se2 (1517.4): C 25.32, H 1.06; found C 25.69, H 1.34.


Preparation of [{[Fe2(CO)6]2(�4-Se)}2(�-SCH2CH2OCH2CH2S-�)2] (11b):
The same procedure as that for 11a was followed, but 3 [Et3NH]2 (Z�
CH2CH2OCH2CH2) was used instead of 3 ¥ [Et3NH]2 (Z�
CH2CH2CH2CH2). From the main red band 11b was obtained as a red
solid. Yield: 0.100 g, 13%; m.p. �300 �C (decomp); 1H NMR (200 MHz,
CDCl3, TMS): �� 2.66 (br s, 8H; 4SCH2), 3.75 ppm (br s, 8H; 4CH2O); IR
(KBr): �� � 2098, 2042, 1989 (C�O), 1109 cm�1 (C-O-C); elemental analysis
calcd (%) for C32H16Fe8O26S4Se2 (1549.3): C 24.80, H 1.04; found C 25.05, H
1.38.


Table 4. Crystal data and structural refinements retails for 6c, 7d, 9b, 10d, and 11c.


6c 7d 9b 10d 11c


formula C22H18Fe4O14S6 ¥ 2H2O C28H20Fe4O14S6 ¥ 0.5CH3OH C36H24Fe8O27S6 ¥ CH2Cl2 ¥ 0.5H2O C20H16Fe4O15S2Se C36H24Fe8O28S4Se2
Mr 958.16 1012.22 1621.65 862.81 1637.51
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
crystal system orthorhombic triclinic triclinic orthorhombic monoclinic
space group Pccn P1≈ P1≈ P212121 P21/n
a [ä] 15.171(7) 8.198(3) 12.643(4) 9.792(3) 9.472(2)
b [ä] 17.177(7) 14.912(6) 15.601(6) 16.490(5) 24.863(6)
c [ä] 15.018(6) 19.402(7) 16.768(6) 19.077(5) 13.144(3)
� [�] 90 104.457(8) 82.643(6) 90 90
� [�] 90 97.953(8) 70.777(6) 90 109.995(4)
� [�] 90 102.998(8) 84.743(7) 90 90
V [ä3] 3913(3) 2189.7(14) 3093.0(18) 3080.5(15) 2909.0(12)
Z 4 2 2 4 2
� [mgm�3] 1.626 1.535 1.741 1.860 1.869
� [mm�1] 1.834 1.641 2.186 3.228 3.411
crystal size [mm] 0.25� 0.20� 0.15 0.25� 0.20� 0.15 0.15� 0.10� 0.05 0.40� 0.40� 0.30 0.20� 0.20� 0.15
F(000) 1928 1018 1614 1704 1608
index ranges � 14� h� 18 � 9�h� 8 � 15�h� 8 � 11� h� 11 � 11�h� 11


� 20� k� 20 � 17�k� 16 � 18�k� 18 � 9� k� 19 � 22�k� 29
� 11� l� 17 � 19� l� 23 � 19� l� 19 � 22� l� 22 � 15� l� 14


scan type 	-2
 	-2
 	-2
 	� 2
 	� 2

relections collected 15225 8935 12328 12816 11980
independent reflections 3404(Rint� 0.2083) 7520(Rint� 0.0581) 10402(Rint� 0.0575) 5437(Rint� 0.0408) 5145(Rint� 0.0585)
2
max [�] 50.06 50.06 50.06 50.06 50.06
data/restraints/parameters 3404/2/226 7520/1/477 10402/12/730 5437/0/380 5145/4/361
R 0.0681 0.0737 0.0688 0.0302 0.0418
Rw 0.1400 0.1197 0.1470 0.0421 0.0878
gooodness of fit 0.888 0.862 0.980 0.928 1.007
largest diff peak/hole [e ä�3] 0.937/� 0.361 0.429/� 0.355 0.769/� 0.561 0.302/� 0.433 0.738/� 0.547
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Preparation of [{[Fe2(CO)6]2(�4-Se)}2{�-SCH2(CH2OCH2)2CH2S-�}2]
(11c): The same procedure as that for 11a was followed, but 3 [Et3NH]2
(Z�CH2(CH2OCH2)2CH2) was used instead of 3 [Et3NH]2 (Z�
CH2CH2CH2CH2). From the main red band 11c was obtained as a red
solid. Yield: 0.160 g, 20%; m.p. �300 �C; 1H NMR (200 MHz, CDCl3,
TMS): �� 2.50 ± 2.85 (m, 8H; 4SCH2), 3.65 ± 3.80 ppm (m, 16H; 8CH2O);
IR (KBr): �� � 2082, 2033, 1988 (C�O), 1105 cm�1 (C-O-C); elemental
analysis calcd (%) for C36H24Fe8O28S4Se2 (1637.5): C 26.40, H 1.48; found C
26.55, H 1.43.


Preparation of [{Fe2(CO)6}2(�4-Se){�-SCH2(CH2OCH2)3CH2S-�}] (10d)
and [{[Fe2(CO)6]2(�4-Se)}2{�-SCH2(CH2OCH2)3CH2S-�}2] (11d): The
same procedure as that for 11a was followed, but 3 [Et3NH]2 (Z�
CH2(CH2OCH2)3CH2) was used instead of 3 [Et3NH]2 (Z�
CH2CH2CH2CH2). By using CH2Cl2/petroleum ether (v/v� 3:2) as eluent
from the first main red band 10d was obtained as a red solid. Yield: 0.070 g,
8%; m.p. �300 �C; 1H NMR (200 MHz, CDCl3, TMS): �� 2.40 ± 2.95 (m,
4H; 2SCH2), 3.45 ± 3.90 ppm (m, 12H; 6CH2O); IR (KBr): �� � 2080, 2032,
2014, 1995, 1985, 1978, 1969 (C�O), 1117 cm�1 (C-O-C); elemental analysis
calcd (%) for C20H16Fe4O15S2Se (862.8): C 27.84, H 1.87; found C 27.74, H
1.51.


From the second main red band 11d was obtained as a red solid. Yield:
0.075 g, 9%; m.p. �300 �C ; 1H NMR (200 MHz, CDCl3, TMS): �� 2.55 ±
2.80 (m, 8H; 4SCH2), 3.58 ± 3.90 pmm (m, 24H; 12CH2O); IR (KBr): �� �
2082, 2031, 1983 (C�O), 1119 cm�1 (C-O-C); elemental analysis calcd (%)
for C40H32Fe8O30S4Se2 (1725.6): C 27.84, H 1.87; found C 27.83, H 1.44.


X-ray crystal structure determinations of 6c, 7d, 9b, 10d, and 11c : Single
crystals of 6c, 7d, 9b, 10d, and 11c suitable for X-ray diffraction analyses
were grown by slow evaporation of their CH2Cl2/hexane solutions for 6c,
9b and 10d, or the MeOH/hexane solution for 7d, or EtOH/hexane
solution for 11c at about 4 �C. Each single crystal was mounted on a glass
fibre in an arbitrary orientation and determined on a Bruker Smart 1000
automated diffractometer equipped with a graphite monochromated
MoK� radiation (�� 0.71073 ä). The structures of 6c, 7d, 9b, 10d, and
11cwere solved by direct methods by using the SHELXTL-97 program and
refined by full-matrix least-squares on F 2. Hydrogen atoms were located by
using the geometric method. All calculations were performed on a Bruker
Smart computer. Details of the crystals, data collections, and structure
refinements are summarized in Table 4.


CCDC 192686, 174357, 174358, 192687, and 192688 contain the supple-
mentary crystallographic data for 6c, 7d, 9b, 10d and 11c, respectively.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or
deposit@ccdc.cam.ac.uk).
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A Family of Group 4 Metal Alkoxo Complexes with an M3(�3-O) Core
Relevant to Ziegler ±Natta Catalyst Intermediates


Jo¬ zef Utko, Szymon Przybylak, Lucjan B. Jerzykiewicz, S¯awomir Szafert, and
Piotr Sobota*[a]


Abstract: Reactions of [Mg(thffo)2] (1)
or [Ca(thffo)2] (2) with ZrCl4 or HfCl4 in
a CH2Cl2/THF/CH3CN mixture give
thermally stable neutral heterobimetal-
lic tetranuclear complexes [M3M�(�x-O)-
(�,�2-thffo)6(Cl)6] (thffo� tetrahydro-
furfuroxide; M/M�/x : 3, Zr/Mg/3; 4, Hf/
Mg/3; 5, Zr/Ca/4; 6, Hf/Ca/4) as color-
less crystals in 75 ± 82% yield. X-ray
diffraction studies show complexes 3 ± 5
to contain oxo-bridged M3 triangles that


are capped by an alkaline earth metal-
containing moiety to form species of C3


symmetry. Reactions of ZrCl4 and HfCl4
with pure tetrahydrofurfuryl alcohol in
EtOH and MeOH provide ionic com-
plexes [M3(�3-O)-


(�,�2-thffo)3(L)3(Cl)6]Cl (M/L: 8, Zr/
EtOH; 9, Hf/EtOH; 10, Zr/MeOH) in
66 ± 79% yield. Complexes 8 ± 10 consist
of M3 triangles that are analogous to
those in 3 ± 6 and possess similar overall
symmetry, as shown by X-ray crystallog-
raphy. Changes in the reaction condi-
tions afforded the asymmetric neutral
dimer [Zr2(�-thffo)2(thffoH)(Cl)6] (7)
and the homometallic [Zr3(�3-O)(�,�2-
thp)3(thf)2(Cl)7] (11).


Keywords: alkoxides ¥ crystal
structures ¥ hafnium ¥
Ziegler ±Natta catalysis ¥ zirconium


Introduction


Research on olefin polymerization catalysts has been domi-
nated in recent decades by metallocene complexes of the early
transition metals which were first introduced to olefin
polymerization more than 40 years ago.[1] Such complexes
activated by methylalumoxane (MAO) form highly active
homogeneous catalysts which produce polymers with narrow
molecular weight distributions. The continual search for novel
catalysts resulted in the development of constrained-geome-
try catalysts[2] and a variety of non-metallocene complexes of
metals across the periodic table.[3] Much interest has been
directed toward Group 4 metal complexes with chelating
di(amido) ligands,[4] imido ligands,[5] N2O2 chelates such as
tetradentate Schiff bases,[6] and others.[7]


Alkoxo complexes have also attracted much attention. Due
to their acid ± base properties they are important in many
organic reactions such as oxidation of alcohols,[8] allylation of
aldehydes,[9] Diels ±Alder reactions,[10] and many others.[11]


They are especially important in enantioselective catalysis,
one of the most important area of synthetic organic chem-
istry.[12] From the olefin polymerization perspective, chelating
phenoxo ligands are the most recognized.[13] For example,


Schaverien described the synthesis and catalytic activity of the
biphenoxide and binaphthoxide series of titanium and zirco-
nium.[13a] These compounds, activated with MAO, polymer-
ized ethylene with an activity of up to 4740 kg of poly-
ethylenemol�1 catalysth�1, which is comparable with that of
various (indenyl)ZrCl2/MAO catalysts.[14]


Intrigued by Schaverien×s and other reports, we have
synthesized several titanium alkoxo species that are
active precatalysts in Z ±N polymerization.[15] Complex I
(Scheme 1) possesses C2 symmetry due to utilization of
2 equiv of bidentate ether-alcohol that coordinates to the
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Scheme 1. Titanium alkoxo complexes: active Z ±N precatalysts.
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metal center in cis fashion. Compound II with a bridging oxo
atom was obtained when crude ligand was used for the
synthesis. Such catalysts supported on MgCl2 and activated
with AlEt3 produce polyethylene with an activity up to
27840 kgmol�1 titaniumh�1.


We have also investigated the interaction of titanium
alkoxides with alkoxo magnesium compounds that are used
as Z ±N catalyst supports.[16] Compound III (Scheme 1)
resulted from the substitution of two tetrahydrofurfuroxo
(thffo) ligands at the two five-coordinate magnesium atoms in
[Mg(thffo)2] by bulky [OTi(dipp)3]� groups (dipp� diiso-
propyl phenolate).


Our attempts to extend this chemistry to other Group 4
metals have interesting mechanistic value since catalysts
based on Zr and Hf complexes with oxo donors exhibit much
lower activities than titanium analogs.[17] Such research also
helps to reveal the role of the components in the supported
high-activity MCl4/MgX2/AlR3/SiO2 (M�Ti, Zr, Hf; X�OR,
Cl) olefin polymerization catalysts, and the mechanism of
procatalyst formation. In the course of our efforts we have
discovered interesting reactions of zirconium and hafnium
chlorides with alkaline earth metal alkoxides. In this paper we
report the syntheses and characterization of several hetero-
and homometallic polynuclear alkoxo Zr and Hf species.


Results and Discussion


Synthesis of [Ca(OR)2]: Preparation of alkoxides [Ca(thffo)2]
(2) and [Ca(ddbfo)2] (2a) (Scheme 2) paralleled the route
developed for the synthesis of [Mg(thffo)2] (1) and
[Mg(ddbfo)2].[16, 18] Direct reaction of Ca with tetrahydrofur-
furyl alcohol (thffoH) or 2,3-dihydro-2,2-dimethyl-7-benzo-
furan alcohol (ddbfoH) in toluene at 100 �C afforded, after
10 ± 12 h, 2 or 2a in 80 ± 88% isolated yields as analytically


pure white powders. Crystallization of 2a from MeOH gave
molecular adduct 2b.


In the solid state 2, 2a, and 2b can be stored at room
temperature for extended periods under dinitrogen without
appreciable decomposition. They are well soluble in CH3CN
and only slightly soluble in CH2Cl2 and toluene. Interestingly,
2 is light-sensitive.


Crystal structure of 2b : On the basis of the crystal structure
analysis of 2b, in the solid state 2 and 2a are presumably
tetrameric species and form open dicubane structures sim-
ilarly to their magnesium analogs.[16] Four Ca atoms form an
almost regular rhombus (Figure 1). There are four �,�2, two
�3 ,�2, and two terminal alkoxo ligands in the complex.


The discrete centrosymmetric molecule of 2b contains two
hexa- and two heptacoordinated calcium atoms. Ca1 and
symmetrically equivalent Ca1a have distorted octahedral
geometry with bent O1-Ca1-O20 (or alternatively O1a-
Ca1a-O20a) angles of 162.39(5)�. The coordination spheres
around Ca2 and Ca2a are distorted pentagonal bipyramids.


It seems clear from the positions of the MeOHmolecules in
2b that in 2 and 2a these sites may remain unoccupied, in
which case we may suspect that two penta- and two
hexacoordinated molecules are present in 2 and 2a similarly
to those in magnesium analogs 1 and [Mg(ddbfo)2]. Interest-
ingly, the pentacoordinated centers in 2 and 2a are probably
located at ™inside∫ calcium centers. The average Ca ±O
distances in 2b are of the same order as in the corresponding
compounds.[19]


Synthesis of [M3M�(�x-O)(�,�2-thffo)6(Cl)6] (M�Zr, Hf ;
M��Mg, Ca ; x� 3, 4): For several purposes we sought an
easy and high-yield method for preparation of mixed metal
polynuclear alkoxides of Zr and Hf. Structural information
from such compounds is interesting, as it can reveal steps in
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Z±N catalyst formation, as indicated in the Introduction.
Thus, MCl4 (M�Zr or Hf) were treated with 1 or 2 at a
slightly elevated temperature in a mixture of CH2Cl2, THF,
and CH3CN (Scheme 3). Presence of CH2Cl2 in the solvent
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Scheme 3. Syntheses of 3 ± 6.


mixture is highly desirable since the insolubility of MgCl2,
which forms as a side-product of the reaction, in CH2Cl2
allows its precipitation and easy separation from the final
product. Workups gave neutral heterobimetallic tetranuclear
complexes [M3M�(�x-O)(�,�2-thffo)6(Cl)6] (M/M�/x : 3, Zr/Mg/
3; 4, Hf/Mg/3; 5, Zr/Ca/4; 6, Hf/Ca/4) as white powders in 75 ±
82% yield. These were stable for months as solids under
dinitrogen and were characterized by IR and 1H NMR
spectroscopy, and X-ray diffraction studies as summarized in
the Experimental Section. They are insoluble in aliphatic and
aromatic hydrocarbons and are well soluble in CH3CN and
THF. Complexes 3 ± 6 also gave correct microanalyses.


As can be concluded from
the reaction pathway a small
excess of 1 or 2 is necessary to
reach the optimum yield of the
final products, because of de-
composition of some thffo�


ligands (even under strictly
anaerobic conditions) to pro-
duce the residual bridging oxo
atom. Such a phenomenon has
abundant literature prece-
dence.[20] Indeed, top yields
were reached when 3 equiv of
MCl4 were treated with
4 equiv of [M�(thffo)2]. Never-
theless, reactions were tried at
different molar ratios (from
1:1 to 1:2) to give analogous
compounds, based on 1HNMR
and X-ray measurements of
the unit cells. Reaction in a
1:1 molar ratio with an addi-
tional amount of free alcohol
gave an oily product, purifica-
tion of which was demanding
and eventually produced a
™problematic∫ result.


The 1H NMR spectra of 3 ± 6 in CD3CN are rather
complicated, because of the high order of the pure tetrahy-
drofurfuryl alcohol spectrum.[21] Spectra are also obscured by
multiple phenomena such as intramolecular bridge/terminal
permutation, which are typical for heterometallic alkoxides.[22]


Moreover, the thffoH utilized in this research was a racemic
mixture of isomers, so the spectra may additionally be
complicated by splittings of the diastereotopic hydrogen atom
signals. Finally there are two different types of thffo� ligands,
as evidenced by the X-ray crystal structures of 3 ± 6 (see
below). One type bridges magnesium and transition metal
atoms and the other links two transition metal atoms. The
complexity of the spectra prevented their detailed analysis but
observation of some multiplets was helpful in revealing
whether a reaction proceeds. These multiplets provided an
informative (although not very convenient) NMR handle. For
example, the multiplets (CD3CN) at �� 4.25 ± 4.50 (3), 4.19 ±
4.48 (4), 3.92 ± 4.20 (5), and 4.27 ± 4.45 (6) were assigned to the
proton that is bonded to the asymmetric carbon of the ligand
ring. These multiplets are shifted downfield relative to free
tetrahydrofurfuryl alcohol. All the other multiplets are also
shifted downfield relative to the signals of the free alcohol.
Bands found in the far-IR are typical of M�Cl and M�O
stretches, proving coordination of alkoxo groups to Zr or Hf
atoms.


Crystal structures of 3 ± 5 : The crystal structures of 3 ± 5
(Table 1) were determined as described in the Experimental
Section. Refinement afforded the structures depicted in
Figures 2 and 3.


Complexes 3 and 4 are isostructural (Figure 2). When the
structures of 3 and 4 were superposed, they overlapped well.


Figure 1. Molecular structure of 2b, with atom numbering scheme. The displacement ellipsoids are drawn at the
50% probability level. The C-bonded H atoms are excluded for clarity. The C atoms are represented by circles of
arbitrary radius. Selected bond lengths [ä]: Ca1 ±O1 2.3430(15), Ca2 ±O2 2.4042(15), Ca1 ±O10 2.2811(14),
Ca1 ±O20 2.3567(13), Ca1 ±O20a 2.3697(14), Ca1 ±O31 2.4078(14), Ca1 ±O30 2.3386(14), Ca2 ±O11 2.7975(15),
Ca2 ±O10 2.3568(14), Ca2 ±O21 2.5379(14), Ca2 ±O20 2.5022(14), Ca2 ±O30a 2.2974(14), Ca2 ±O40 2.2918(14).
Symmetry transformations used to generate equivalent atoms: �x�1, �y�1, �z.
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Both include three seven-coordinated zirconium or hafnium
atoms, each surrounded by two mutually cis terminal chlorine
atoms, three bridging oxo atoms from thffo� ligands, and one
oxygen atom from a substituted tetrahydrofuran ring. The
coordination sphere of each transition metal is completed by a
triply bridging oxo atom which holds the M3 triangle together.
It lies 0.280(3) and 0.254(4) ä above the M3 plane in 3 and 4,
respectively. The Zr±Zr (3.5001(6), 3.4893(7), 3.5009(6) ä;
av. 3.4968 ä) and Hf ±Hf (3.4866(4), 3.4914(5), and
3.4880(6) ä; av. 3.4887 ä) distances far exceed the sums of
their van der Walls radii. The Zr±Cl (av. 2.5101 ä), Hf ±Cl
(av. 2.4983 ä), Zr±O, and Hf ±O distances as well as the
transition metal-centered bond angles are typical.[23, 24] The
magnesium atom in 3 and 4 shows octahedral coordination. In
both species three magnesium sites are occupied by oxygen
atoms of substituted tetrahydrofuran rings. The remaining
three are occupied by alkoxo atoms of three thffo� ligands
that also constitute three bridges between magnesium and
transition metal atoms. All values of the selected bond lengths
and angles in Table 2 fall within the normal range for
magnesium alkoxo species.[25]


The crystal structure of 5 (Figure 3) contains zirconium
atoms with coordination geometry analogous to that in 3 and 4
with Zr±Cl (av. 2.5118 ä), Zr±O, and all bond angles similar
to those of 3. The significant difference between 3/4 and 5 is


the coordination of the alkaline earth metal. The calcium
atom in 5 takes advantage of its bigger ionic radius to
coordinate additionally with the only remaining electron lone
pair of the oxo atom, which now becomes quadruply bridged.
Coordination of Ca to the oxo atom draws the former
0.508(6) ä out of the Zr3 plane. Surprisingly this does not
affect the Zr�Zr bond lengths (3.5212(10), 3.5083(11),
3.5220(11) ä; av. 3.5172 ä).


Syntheses of [Zr2(�,�2-thffo)2(�2-thffoH)(Cl)6] and [M3(�3-O)-
(�,�2-thffo)3(L)3(Cl)6]Cl (M�Zr, Hf; L�EtOH, MeOH):
We attempted to reveal the formation mechanism of 3 ± 6 by
accessing homometallic complexes that were possible pre-
cursors of 3 ± 6. A family of compounds was synthesized by
combining ZrCl4 or HfCl4 with thffoH in noncoordinating
(toluene) and coordinating (EtOH or MeOH) solvents at low
temperature (Scheme 4). Workups followed by recrystalliza-
tion gave analytically pure neutral dimeric 7 in 81% yield and
ionic homopolymetallic 8 ± 10 in 66 ± 79% yield. Complexes
7 ± 10 could be stored under dinitrogen for extended periods
but tolerated only very brief exposure to moisture. They are
all well soluble in toluene and alcohols. Compounds 8 and 9
are not soluble in THF.


The complexes were characterized by IR and 1H NMR
spectroscopy, and X-ray crystallography. The 1H NMR spectra


Table 1. Crystallographic data.


Complex 2b ¥ 2 (CH3OH) ¥
2(CH2Cl2)


2(3) ¥ 5 (CH3CN) 2(4) ¥ 5 (CH3CN) 5 ¥ 2 (CH2Cl2) 7 ¥ 2 (CH2Cl2) 8 2(10) ¥
2C6H5CH3


empirical formula C88H112Ca4-
Cl4O22


C70H123Cl12Mg2-
N5O26Zr6


C70H123Cl12Hf6-
Mg2N5O26


C32H58CaCl10-
O13Zr3


C17H32Cl10-
O6Zr2


C21H45Cl7-
O10Zr3


C50H94Cl14-
O20Zr6


formula weight 1823.90 2472.08 2995.69 1319.02 869.37 979.38 2058.87
T [K] 100.0(5) 100.0(5) 100.0(5) 100.0(5) 100.0(5) 100.0(5) 100.0(5)
� [ä] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system triclinic triclinic triclinic monoclinic triclinic orthorhombic triclinic
space group P1≈ P1≈ P1≈ Cc P1≈ P212121 P1≈


a [ä] 12.204(1) 10.904(1) 10.894(1) 21.544(2) 10.967(2) 11.717(1) 12.991(1)
b [ä] 12.440(1) 12.574(1) 12.568(1) 18.667(2) 12.419(2) 13.911(1) 13.071(1)
c [ä] 17.935(2) 20.183(2) 20.153(2) 13.067(2) 12.839(3) 22.449(2) 23.053(1)
� [�] 89.22(1) 100.11(1) 99.86(1) 90 111.08(3) 90 89.19(1)
� [�] 79.98(1) 100.33(1) 100.22(1) 105.34(1) 101.65(3) 90 82.79(1)
� [�] 61.77(1) 108.88(1) 108.66(1) 90 101.65(3) 90 88.42(1)
V [ä3] 2355.0(4) 2493.5(4) 2494.6(4) 5067.8(11) 1549.9(5) 3659.1(5) 3881.8(4)
Z 1 1 1 4 2 4 2
�calcd [g cm�3] 1.286 1.646 1.994 1.729 1.863 1.778 1.761
� [mm�1] 0.411 1.007 6.618 1.287 1.565 1.394 1.319
F(000) 2064 1254 1446 2656 864 1960 2064
crystal size [mm3] 0.4� 0.3� 0.3 0.3� 0.2� 0.2 0.4� 0.4� 0.05 0.3� 0.2� 0.2 0.5� 0.4� 0.2 0.4� 0.2� 0.2 0.4� 0.2� 0.05
range for data collection [�] 3.3 to 28.6 3.3 to 28.4 3.4 to 28.5 3.3 to 28.7 2.2 to 25.1 3.4 to 28.4 3.2 to 28.6
index ranges (h, k, l) � 15 to 15, � 14 to 14, � 9 to 14, � 27 to 24, 0 to 12, � 15 to 14, � 17 to 16,


� 12 to 16, � 16 to 15, � 16 to 15, � 25 to 23, � 13 to 13, � 18 to 18, � 16 to 17
� 23 to 23 � 26 to 24 � 26 to 26 � 17 to 17 � 14 to 14 � 21 to 29 � 31 to 22


reflections collected 16794 14008 15741 16973 5634 21936 24747
independent reflections 10607 9051 10129 9264 5338 7813 16416
reflections [I� 2�(I)] 7760 8064 9528 7760 4418 7008 9379
data/parameters 10607/582 9051/582 10129/562 9264/542 5338/350 7813/404 16416/837
goodness-of-fit on F 2 1.037 1.036 1.077 1.046 1.054 1.048 0.959
final R indices [I� 2�(I)] R1� 0.0433 R1� 0.0384 R1� 0.0351 R1� 0.0534 R1� 0.0323 R1� 0.0387 R1� 0.0591


wR2� 0.1042 wR2� 0.0688 wR2� 0.0791 wR2� 0.1348 wR2� 0.0922 wR2� 0.0887 wR2� 0.1111
R indices (all data) R1� 0.0654 R1� 0.0494 R1� 0.0391 R1� 0.0630 R1� 0.0450 R1� 0.0457 R1� 0.1224


wR2� 0.1121 wR2� 0.0703 wR2� 0.0811 wR2� 0.1438 wR2� 0.0983 wR2� 0.0917 wR2� 0.1358
�	 (max and min) [eä�3] 0.670 and


�0.822
1.197 and
�0.471


3.109 and
�1.728


1.588 and
�1.295


1.103 and
�0.689


0.665 and
�0.611


0.882 and
�1.083







Ziegler ±Natta Intermediates 181±190


Chem. Eur. J. 2003, 9, No. 1 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0185 $ 20.00+.50/0 185


Figure 2. Molecular structure of 3 (top) and 4 (middle), and superposition
(bottom). Hydrogen atoms and second positions of disordered carbon
atoms are omitted for clarity. The displacement ellipsoids are drawn at the
50% probability level. The C atoms are represented by circles of arbitrary
radius.


of 8 ± 10 showed CH2 spacer multiplets (CD3CN) at �� 3.98,
3.89, and 4.17 (peak centers). These signals are shifted slightly
downfield relative to 3 ± 6. The signals of asymmetric carbon
protons in 8 ± 10 unfortunately overlap with CH2 protons of
the ring.


Figure 3. Molecular structure of 5. Hydrogen atoms and second positions
of disordered carbon atoms are omitted for clarity. The displacement
ellipsoids are drawn at the 50% probability level. The C atoms are
represented by circles of arbitrary radius.


The IR spectra of 8 ± 10 showed typical absorptions for
M�Cl and M�O stretches with similar patterns to 3 ± 6.


Crystal structure of 7: The molecular structure of 7 (Figure 4)
shows a neutral dimeric species with zirconium atoms that
have slightly different coordination spheres. Although both
metals have analogous Cl3O4 pentagonal-bipyramid arrange-
ments, one coordinates two bridging oxo ligands and two
substituted tetrahydrofuran rings while the other coordinates
one molecule of tetrahydrofurfuryl alcohol, apart from two
bridging alkoxo atoms.


The key bond lengths and angles are listed in the Figure 4
caption. The M�Cl bond angles fall within the typical range.
The tetrahydrofurfuroxo bridges are a little asymmetric:
Zr1 ±O11 2.161(3), Zr1 ±O21 2.173(2), Zr2 ±O11 2.115(2),
and Zr2 ±O21 2.124(3) ä. The neutral OH group is
2.262(3) ä from the Zr2 atom. No short hydrogen bonds
were observed in this structure.


Crystal structures of 8 and 10 : The result of solvent exchange
from toluene to ROH is quite surprising. It shows clearly the
magnitude of the role of solvent coordination ability in the
final product composition. An X-ray diffraction study of 8 and
10 showed the complexes to be ionic species with a bulky
monocation comprising three Zr atoms and Cl� as a counter-
ion. Three metal atoms in 8 (Figure 5) and 10 (Figure 6) are
coordinated similarly to those in 3 ± 5. They also form M3


triangles that are held together by an oxo atom which
originates from alcohol decomposition. Compound 10 crys-
tallizes with two molecules in the asymmetric unit.


The transition metals are in a typical pentagonal-bipyramid
arrangement. Each has analogous surroundings consisting of
one �3 bridging oxo atom, two terminal Cl atoms, one oxygen
atom from a substituted tetrahydrofuran ring, two bridging
alkoxo oxygens, and one oxygen atom from coordinated
EtOH (for 8) or MeOH (for 10). In both structures oxo atoms
are above the Zr3 plane, 0.578(4) ä in 8 and 0.586(5) and
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0.592(5) ä above it in 10. This value is close to that for 5 and
much higher than for 3. The Zr±Zr distances of 3.4736(7),
3.4777(7), and 3.4683(7) ä (av. 3.4732 ä) for 8 and 3.4765(10),
3.4732(10), 3.4619(10), 3.4778(10), 3.4816(10), and 3.471(8) ä
(av. 3.4738 ä) for 10 are also far from the bonding range. Zr±
Cl (av. 2.4536 ä for 8 and 2.4584 and 2.7649 ä for 10), Zr ±O,


and all bond angles are typical[22]


and similar to those for 3 and 5.
Some of the geometrical data are
summarized in Table 2. In both
structures the counterion Cl� and
hydroxo group hydrogen atoms of
axial EtOH and MeOH form sev-
eral hydrogen bonds that hold the
Cl� close to the polymetallic cati-
on.


Synthesis and crystal structure of
[Zr3(�3-O)(�,�2-thp)3(thf)2(Cl)7]:
For a deeper understanding of the
influence of solvent polarity/coor-
dination ability on the reaction
pathway and final product forma-
tion, we also studied the reaction
of [Zr(Cl)3(OMe)(MeOH)2] (11)
with tetrahydropyran-2-methanol
(thpH). Compound 11 was ob-
tained in a direct reaction of ZrCl4
with methanol. This high-yielding
synthesis, which was easy to per-
form, gave product which was
possibly oligo- or polymeric and
which was observed to be a very
good starting material for the
syntheses of zirconium alkoxo spe-
cies by ligand exchange. After its
reaction with thpH in a toluene/
MeOH mixture (1:1 molar ratio)
at room temperature (Scheme 5),
workup involving THF recrystalli-
zation afforded a neutral, analyti-
cally pure sample of [Zr3(�3-O)-
(�,�2-thp)3(thf)2(Cl)7] (12) that
could be stored under N2 for
weeks. Complex 12 is insoluble in
aliphatic and aromatic hydrocar-
bons but is easily soluble in THF,
CH3CN, and halogenated solvents.


Both 1H NMR and IR data
showed coordination of the thp�


ligands and the presence of THF
molecules in 12. This was con-
firmed by the X-ray crystal struc-
ture. Unfortunately poor-quality
X-ray data prevented dependable
geometrical analysis of 12 but we
are not expecting any unprece-
dented values here. The molecular
structure of 12 (Scheme 5) consists


of discrete trinuclear molecules that, similarly to 3 ± 6 and 8 ±
10, comprise a �3-O bridged M3 triangle.


Each thp� ligand coordinates with central atoms through
the oxygen atom of the heterocycle and the �2 bridging alkoxo
oxygen atom. Analogously to those in 3, 5, 8, and 10 each Zr
atom is seven-coordinated but interestingly each of these


Table 2. Selected bond lengths [ä] and angles [�] for 3 ± 5, 8, and 10.


3 ; M/M��Zr/Mg 4 ; M/M��Hf/Mg 5 ; M/M��Zr/Ca 8 ; M�Zr 10 ; M�Zr


M1 ±Cl1 2.4967(9) 2.4768(14) 2.491(2) 2.4373(14) 2.441(2)
M1 ±Cl2 2.5139(10) 2.5265(14) 2.526(2) 2.4517(15) 2.479(2)
M2 ±Cl3 2.4962(9) 2.4666(14) 2.512(2) 2.4413(13) 2.426(2)
M2 ±Cl4 2.5317(9) 2.5260(14) 2.529(2) 2.4812(12) 2.477(2)
M3 ±Cl5 2.4846(9) 2.4811(13) 2.486(2) 2.4381(13) 2.432(2)
M3 ±Cl6 2.5376(9) 2.5129(15) 2.527(2) 2.4747(15) 2.495(2)
M1 ±O1 2.035(2) 2.038(4) 2.091(5) 2.090(3) 2.086(4)
M2 ±O1 2.048(2) 2.019(4) 2.096(5) 2.082(3) 2.093(4)
M3 ±O1 2.031(2) 2.034(4) 2.093(5) 2.090(3) 2.084(4)
M1 ±O11 2.155(2) 2.145(4) 2.152(5) 2.123(4) 2.125(4)
M1 ±O30 2.289(2) 2.293(4) 2.338(6) 2.270(3) 2.280(4)
M1 ±O31 2.201(2) 2.173(4) 2.155(5) 2.140(4) 2.144(4)
M1 ±O41 2.083(2) 2.074(4) 2.040(6) ± ±
M2 ±O10 2.306(2) 2.290(4) 2.303(5) 2.260(4) 2.283(4)
M2 ±O11 2.178(2) 2.194(4) 2.171(5) 2.148(3) 2.172(4)
M2 ±O21 2.146(2) 2.160(4) 2.130(5) 2.135(3) 2.144(4)
M2 ±O51 2.086(2) 2.069(4) 2.036(5) ± ±
M3 ±O20 2.305(2) 2.270(4) 2.284(5) 2.276(3) 2.290(4)
M3 ±O21 2.204(2) 2.187(4) 2.170(5) 2.158(3) 2.149(4)
M3 ±O31 2.156(2) 2.146(4) 2.154(5) 2.133(3) 2.127(4)
M3 ±O61 2.082(2) 2.072(4) 2.037(6) ± ±
M1 ±O1E ± ± ± 2.225(4) 2.239(4)
M2 ±O2E ± ± ± 2.226(4) 2.213(5)
M3 ±O3E ± ± ± 2.211(4) 2.216(5)
M� ±O1 2.698(2) 2.717(4) 2.457(6) ± ±
M� ±O40 2.118(3) 2.164(5) 2.359(6) ± ±
M� ±O41 2.078(2) 2.092(4) 2.346(5) ± ±
M� ±O50 2.158(3) 2.136(4) 2.384(5) ± ±
M� ±O51 2.095(2) 2.100(4) 2.330(5) ± ±
M� ±O60 2.129(2) 2.124(4) 2.381(6) ± ±
M� ±O61 2.095(3) 2.082(4) 2.351(5) ± ±
M1 ±M2 3.5001(6) 3.4866(5) 3.5219(11) 3.4731(7) 3.4732(10)
M1 ±M3 3.4893(7) 3.4914(5) 3.5082(11) 3.4780(7) 3.4765(10)
M2 ±M3 3.5009(6) 3.4880(6) 3.5211(10) 3.4678(7) 3.4619(10)
M1 ±M� 3.5953(12) 3.5828(19) 3.5948(17) ± ±
M2 ±M� 3.5987(12) 3.5933(19) 3.5821(18) ± ±
M3 ±M� 3.5992(13) 3.5911(18) 3.6055(17) ± ±
M�-O41-M1 119.54(11) 118.66(19) 109.9(2) ± ±
M�-O51-M2 118.81(11) 119.06(19) 110.1(2) ± ±
M�-O61-M3 118.99(10) 119.66(19) 110.3(2) ± ±
M1-O1-M2 118.01(2) 118.52(18) 114.4(2) 112.98(15) 112.58(19)
M1-O1-M3 118.20(10) 118.07(18) 114.0(2) 112.40(15) 112.8(2)
M2-O1-M3 118.24(10) 118.80(18) 114.4(2) 112.48(13) 111.9(2)
M1-O11-M2 107.77(9) 106.92(16) 109.1(2) 109.05(15) 108.01(18)
M1-O31-M3 106.43(9) 107.87(16) 109.0(2) 108.73(15) 108.8(2)
M2-O21-M3 107.18(9) 106.74(16) 109.9(2) 107.77(13) 107.5(2)
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Scheme 4. Syntheses of 7 ± 10.
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Figure 4. Molecular structure of 7. Hydrogen atoms and second positions
of disordered carbon atoms are omitted for clarity. The displacement
ellipsoids are drawn at the 50% probability level. The C atoms are
represented by circles of arbitrary radius. Selected bond lengths [ä]: Zr1 ±
Cl1 2.4369(11), Zr1 ±Cl2 2.4308(11), Zr1 ±Cl3 2.4664(13), Zr2 ±Cl4
2.4671(13), Zr2 ±Cl5 2.4344(11), Zr2 ±Cl6 2.5164(11), Zr1 ±O11 2.161(3),
Zr1 ±O10 2.232(3), Zr1 ±O21 2.173(2), Zr1 ±O20 2.261(3), Zr2 ±O11
2.115(2), Zr2 ±O21 2.124(3), Zr2 ±O31 2.262(3), Zr2 ±O30 2.256(3).


Figure 5. Molecular structure of 8. Hydrogen atoms and second positions
of disordered carbon atoms are omitted for clarity. The displacement
ellipsoids are drawn at the 50% probability level.


complexes possesses a different ligand arrangement. Zr1 is
surrounded by the �3 oxo atom, one oxygen from the ligand
heterocycle, two �2-bridging alkoxo oxygens, two terminal,
mutually trans, chlorine atoms, and one THF molecule. Zr2
differs from Zr1 in the orientation of the two terminal
chlorine atoms, these being in a mutually cis orientation. In
turn Zr3 lacks a THF molecule, which is replaced by the
additional terminal Cl atom. This causes 12 in the solid state to
lose the C3 symmetry that is typical for the compounds
mentioned earlier.


Figure 6. Molecular structure of 10. The C-bonded H atoms are excluded
for clarity. The displacement ellipsoids are drawn at the 50% probability
level. The C atoms are represented by circles of arbitrary radius.
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Scheme 5. Synthesis of 12.


Summary and Conclusion


Schemes 2 ± 5 summarize highly optimized routes to homo-
and heterometallic polynuclear alkoxo complexes of Zr and
Hf. All the compounds described are of great interest as
model intermediates in Ziegler ±Natta catalysis.


Incorporation of an alkaline earth metal in 3 ± 6 provides
additional information about the possible nature of the
interaction between precatalyst metal centers and the MgCl2
or Mg(OR)2 catalyst support. It is also clear from the data
presented that solvent polarity plays a pivotal role in final
product formation. Small differences in the reaction condi-
tions drive the reaction toward the formation of ionic or
neutral species, as shown in the syntheses of 7 ± 10 and 12.


Recently we described the syntheses of magnesium bisalk-
oxides that form open dicubane structures.[16, 18, 25a, 26] Such
complexes are reactive species and can interact with different
Lewis acids with or without structure retention. These studies
are extended herein to another alkaline earth metal, calcium.
The composition and reactivity of 2 and 2a as well as the
X-ray crystal structure of 2b suggest similar open dicubane
structures for those compounds. Nevertheless, differences in
the coordination preferences of both metals can mean that in
case of thffo� ligand structure assignments are somewhat
provisional although they seem rational. Some of our yet
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unpublished results indicate that, even for magnesium,
agglomeration beyond the tetrameric stage is possible.


When considering the formation mechanism for 3 ± 6, our
results for compounds 8 ± 10 are a good starting point. These
homopolymetallic species are geometrically very interesting.
They all exhibit C3 symmetry, thanks to the syn position of the
three ROH molecules (or alternatively Cl atoms). Another
possible isomer with two ROH molecules syn and one anti is
shown in Scheme 6. Although the repulsion of the ROH
molecules should be lower for such an isomer we saw no sign
of its formation.
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Scheme 6. Possible isomers of complexes 8 ± 10.


Similar symmetry of the metal core in 3 ± 6 and 8 ± 10
suggests that formation of 8 ± 10 might be the first step for
further agglomeration. Scheme 7 shows the possible mecha-
nism of 3 ± 6 formation. We believe that in the first step MCl4
reacts with [M�(thffo)2], terminating the open dicubane
structure. The chlorine atoms in MCl4 are exchanged by
tetrahydrofurfuroxo groups and a dianionic M3 core with free
syn positions is formed. MgCl2 is a side-product of this
reaction. In the next step the syn positions are filled by three
tetrahydrofurfuroxo groups of a bulky Mg2�-containing
moiety for charge balance. From this perspective the dica-
tionic magnesium moiety might be considered as a tripodal
ligand situated at the M3(�3-O) core. The entropy effect might
be a driving force for such reaction.


It is interesting (and important) to note that the formation
of the �3-oxo-bridged M3 subunit is very common. This
structure seems extremely stable. We believe that this stability
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Scheme 7. Possible mechanism of 3 ± 6 formation.


constitutes a major reason why the activity of such compounds
in olefin polymerization is lower than that of titanium alkoxo
species, which (for simple systems, for example, those
containing Ti(OEt)4) prefer motifs other than M3(�3-O).[27] .
Further investigation of 3 ± 6 showed that even with very
strong alkylating agents the structure of the M3 triangle
(including the terminal chlorine atoms) remained untouched,
proving the high stability of the trinuclear core.[28] This
stability prevents any metallic center in such a precatalyst
from being activated (for example, by removal of a chlorine
atom) and became a polymerization center. It has also been
shown that AlMe3 reacts with [Mg(thffo)2] to form a complex
similar to 3 ± 6, namely tetranuclear bimetallic [Al3Mg(�3-O)
(thffo)3(Me)6], which has a tetranuclear Al3(�3-O) core[29]


capped with the magnesium moiety.


Experimental Section


General data : All reactions were conducted under N2 atmospheres.
Chemicals were treated as follows: THF, distilled from CuCl, predried
over NaOH, and then distilled from Na/benzophenone; toluene, distilled
from Na/benzophenone; CH2Cl2, distilled from CaH2 and then P2O5;
hexane, distilled from P2O5; methanol, ethanol, and CH3CN, distilled from
CaH2; tetrahydrofurfuryl alcohol (thffoH, Aldrich), 2,3-dihydro-2,2-di-
methyl-7-benzofuran alcohol (ddbfoH, Aldrich), and tetrahydropyran-2-
methanol (thpH, Aldrich), distilled before use; [Mg(thffo)2], synthesized
and purified as described;[18] ZrCl4 (Lancaster), HfCl4 (Aldrich), and
CD3CN (Cambridge Isotope Laboratories), used as received.


IR spectra were recorded on a Specord M-80 (Karl-Zeiss-Jena) spectrom-
eter. NMR spectra were obtained on a Bruker ESP 300E spectrometer.
Microanalyses were conducted in-house with a ASA-1 (GDR, Karl-Zeiss-
Jena) instrument.


[Ca(thffo)2] (2): A Schlenk flask was charged with metallic calcium (0.75 g,
18.39 mmol), thffoH (3.60 mL, 3.79 g, 37.15 mmol), and toluene (60 mL). It
was refluxed at 100 �C until the evolution of H2 had ceased (10 ± 12 h). The
solution was allowed to cool to room temperature and the white precipitate
was filtered off. The volume was reduced to 20 mL and hexane (40 mL) was
added. The white precipitate was filtered off, washed with hexane (3�
5 mL), and dried by oil pump vacuum to give 2 as a white solid (3.57 g,
14.71 mmol, 80%). Elemental analysis calcd (%) for C10H18CaO4 (242.33):
C 49.56, H 7.49, Ca 16.54; found C 49.66, H 7.50, Ca 16.52.


[Ca(ddbfo)2] (2a): Metallic calcium (0.75 g, 18.39 mmol), ddbfoH
(5.50 mL, 6.05 g, 36.88 mmol), and toluene (60 mL) were combined in a
procedure analogous to that for 2. The identical workup gave 2a as
colorless crystals (5.93 g, 16.18 mmol, 88%). Elemental analysis calcd (%)
for C20H22CaO4 (366.47): C 65.55, H 6.05, Ca 10.94; found C 65.88, H 5.63,
Ca 10.49.


[Ca4(ddbfo)8(MeOH)4] ¥ 2MeOH ¥ 2CH2Cl2 (2b): Compound 2a (2.00 g,
5.45 mmol) was dissolved in a mixture of MeOH (20 mL) and CH2Cl2
(20 mL). The mixture was stirred until a clear solution was obtained.
Solvent was removed in vacuo until an oil was obtained; hexane (30 mL)
was then added. After three weeks colorless crystals of 2b were formed
(1.20 g, 0.66 mmol, 48%). Elemental analysis calcd (%) for C86H112Ca4O22


(1658.13): C 62.30, H 6.81, Ca 9.67; found C 62.12, H 6.85, Ca 9.78.


[Zr3Mg(�3-O)(�,�2-thffo)6(Cl)6] (3): A Schlenk flask was charged with
ZrCl4 (1.86 g, 7.98 mmol), [Mg(thffo)2] (1; 2.50 g, 11.03 mmol), and a
mixture of CH2Cl2 (30 mL), THF (15 mL), and CH3CN (30 mL). The
solution was refluxed for 2 h. After about 20 min the suspension became
clouded. It was cooled and stirred for 12 h at ambient temperature. The
white precipitate formed was filtered off, washed with CH2Cl2 (3� 5 mL)
and dried by oil pump vacuum to give crude 3 (2.47 g, 2.18 mmol, 82%)
which was recrystallized from CH3CN to give, after one week, colorless
crystals of 2(3) ¥ 5CH3CN (2.50 g, 2.02 mmol, 76%).1H NMR (300 MHz,
CD3CN, 20 �C): �� 1.40 ± 1.55 (m), 1.72 ± 2.18 (m), 3.37 ± 3.57 (m), 3.68 ±
3.85 (m), 3.97 ± 4.18 (m), 4.25 ± 4.50 (m), 4.66 ± 4.77 (m), 4.84 ± 4.92 (m); IR
(CsI, Nujol): 
� 220 (vw), 266 (m), 271 (s), 288 (sh), 302 (s), 406 (s), 416 (s),
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439 (m), 468 (m), 525 (m), 545 (vs), 553 (v s), 595 (s), 660 (sh), 680 (vs), 797
(vs), 834 (w), 853 (w), 912 (m), 982 (s), 973 (s), 1032 (v s), 1045 (vs), 1130
(w), 1180 (w) cm�1; elemental analysis calcd (%) for C30H54Cl6MgO13Zr3
(1133.44): C 31.79, H 4.80, Cl 18.77, Mg 2.14, Zr 24.26; found C 31.86, H
4.65, Cl 19.02, Mg 2.15, Zr 24.26.


[Hf3Mg(�3-O)(�,�2-thffo)6(Cl)6] (4): HfCl4 (2.00 g, 6.24 mmol), 1 (1.96 g,
8.63 mmol), and a mixture of CH2Cl2 (30 mL), THF (15 mL), and CH3CN
(30 mL) were combined in a procedure analogous to that for 3. The
identical workup gave 4 as a white powder (2.20 g, 1.58 mmol, 76%).
Crystals were grown from CH3CN to give 2(4) ¥ 5CH3CN (2.15 g,
1.43 mmol, 69%). 1H NMR (300 MHz, CD3CN, 20 �C): �� 1.54 ± 1.63
(m), 1.89 ± 2.10 (m), 3.32 ± 3.51 (m), 3.74 ± 3.90 (m), 4.03 ± 4.12 (m), 4.19 ±
4.48 (m), 4.63 ± 4.77 (m), 4.95 ± 5.03 (m); IR (CsI, Nujol): 
� 228 (vw), 254
(m), 279 (m), 440 (m), 544 (m), 560 (m), 596 (w), 720 (s), 812 (m), 940 (m),
982 (m), 1046 (s), 1076 (s) cm�1; elemental analysis calcd (%) for
C30H54Cl6Hf3MgO13 (1395.24): C 25.83, H 3.90, Cl 15.25, Mg 1.74, Hf
38.38; found C 26.52, H 4.06, Cl 15.42, Mg 1.39, Hf 38.37.


[Zr3Ca(�4-O)(�,�2-thffo)6(Cl)6] (5): ZrCl4 (1.00 g, 4.29 mmol), 2 (1.44 g,
5.93 mmol), and a mixture of CH2Cl2 (30 mL), THF (15 mL), and CH3CN
(30 mL) were combined in a procedure analogous to that for 3. The
identical workup gave 5 as a white powder (1.23 g, 1.07 mmol, 75%).
Crystals grown from CH2Cl2 gave 5 ¥ 2CH2Cl2 (1.26 g, 0.96 mL,
67%).1H NMR (300 MHz, CD3CN, 20 �C): �� 1.53 ± 1.63 (m), 1.75 ± 2.15
(m), 3.34 ± 3.50 (m), 3.64 ± 3.80 (m), 3.92 ± 4.20 (m), 4.25 ± 4.48 (m), 4.63 ±
4.75 (m), 4.96 ± 5.06 (m); IR (CsI, Nujol): 
� 228 (vw), 252 (m), 276 (m),
312 (s), 430 (m), 470 (m), 560 (v s), 600 (s), 642 (s), 666 (s), 700 (m), 732 (s),
816 (s), 922 (s), 940 (s), 984 (v s), 1060 (vs), 1186 (m), 1326 (m) cm�1;
elemental analysis calcd (%) for C30H54CaCl6O13Zr3 (1149.21): C 31.35, H
4.74, Ca 3.49, Cl 18.51, Zr 23.81; found C 30.80, H 4.90, Ca 3.50, Cl 18.72, Zr
23.81. The sample mass was corrected for the presence of 2 equiv of CH2Cl2
per complex molecule in the crystals.


[Hf3Ca(�4-O)(�,�2-thffo)6(Cl)6] (6): HfCl4 (1.00 g, 3.12 mmol), 2 (1.05 g,
4.32 mmol), and a mixture of CH2Cl2 (30 mL), THF (15 mL), and CH3CN
(30 mL) were combined in a procedure analogous to that for 3. The
identical workup gave 6 as a white powder (1.17 g, 0.83 mmol, 80%).
1H NMR (300 MHz, CD3CN, 20 �C): �� 1.50 ± 1.62 (m), 1.72 ± 2.22 (m),
3.35 ± 3.48 (m), 3.60 ± 3.88 (m), 3.92 ± 4.14 (m), 4.27 ± 4.45 (m), 4.64 ± 4.77
(m), 5.05 ± 5.20 (m); IR (CsI, Nujol): 
� 220 (vw), 268 (s), 298 (m), 366
(vw), 418 (m), 438 (m), 566 (s), 592 (s), 654 (vs), 728 (s), 808 (v s), 866 (m),
924 (s), 952 (s), 980 (vs), 1076 (v s), 1184 (m) cm�1; elemental analysis calcd
(%) for C30H54CaCl6Hf3O13 (1411.02): C 25.54, H 3.86, Ca 2.84, Cl 15.08, Hf
37.95; found C 25.42, H 3.70, Cl 15.89, Ca 2.80, Hf 37.97.


[Zr2(�,�2-thffo)2(�2-thffoH)(Cl)6] (7): A Schlenk flask was charged with
ZrCl4 (1.16 g, 5.00 mmol), thffoH (0.48 mL, 0.51 g, 5.00 mmol), and toluene
(60 mL). Evolution of HCl started immediately. The mixture was stirred at
room temperature for about 64 h, then with a vacuum applied until an oil
was formed. Hexane (40 mL) was added to give, after five weeks, colorless
crystals of 7 ¥ 2CH2Cl2 (1.76 g, 2.03 mmol, 81%). Elemental analysis calcd
(%) for C15H28Cl6O6Zr2 (699.55): C 25.75, H 4.03, Cl 30.41, Zr 26.08; found
C 25.70, H 3.98, Cl 30.32, Zr 26.18. The sample mass was corrected for the
presence of 2 equiv CH2Cl2 per complex molecule in the crystals.


[Zr3(�3-O)(�,�2-thffo)3(EtOH)3(Cl)6]Cl (8): A Schlenk flask was charged
with ZrCl4 (1.20 g, 5.15 mmol) and thffoH (0.60 mL, 0.63 g, 6.19 mmol) and
cooled to �80 �C (toluene/N2). A cold (�80 �C) mixture of EtOH (50 mL)
and toluene (10 mL) was added. The resulting suspension was stirred at
room temperature with an applied vacuum until a clear solution was
obtained. Another portion of EtOH (60 mL) and toluene (20 mL) was
added and the mixture was refluxed until the evolution of HCl had ceased
(10 ± 12 h). The volatiles were removed and the resulting white solid was
recrystallized from the mixture of toluene, ethanol, and hexane (2:1:8, by
vol.) to give, after five days, 8 as colorless crystals (1.99 g, 2.03 mmol, 79%).
1H NMR (300 MHz, CD3CN, 20 �C): �� 1.11 (t, 3H; CH3CH2OH), 1.85 (m,
4H; 2,3-HC4H7O), 2.44 (brm, 1H; CH3CH2OH), 3.54 (q, 2H;
CH3CH2OH), 3.98 (m, 2H; CH2), 4.41 ± 4.66 (br, 2H; 4-HC4H7O, 1H;
1-HC4H7O); IR (CsI, Nujol): 
� 216 (w), 228 (w), 292 (s), 322 (v s), 344 (s),
406 (m), 420 (m), 478 (v s), 540 (s), 560 (s), 584 (m), 628 (s), 666 (s), 806 (vs),
866 (s), 918 (vs), 938 (vs), 974 (s), 984 (s), 994 (vs), 1026 (vs), 1042 (s), 1056
(vs), 1088 (m), 3432 (m) cm�1; elemental analysis calcd (%) for
C21H45Cl7O10Zr3 (979.45): C 25.75, H 4.63, Cl 16.34, Zr 27.94; found C
25.68, H 4.62, Cl 16.30, Zr 27.97.


[Hf3(�3-O)(�,�2-thffo)3(EtOH)3(Cl)6]Cl (9): HfCl4 (1.00 g, 3.12 mmol),
thffoH (0.40 mL, 0.42 g, 4.13 mmol), EtOH (50 mL), and toluene
(10 mL) were combined in a procedure analogous to that for 8. The
identical workup gave 9 as colorless crystals (1.47 g, 1.19 mmol, 76%).
1H NMR (300 MHz, CD3CN, 20 �C): �� 1.11 (t, 3H; CH3CH2OH), 1.85 (m,
4H; 2,3-HC4H7O), 2.40 (br, 1H; CH3CH2OH), 3.53 (q, 2H; CH3CH2OH),
3.89 (m, 2H; CH2), 4.41 ± 4.66 (br, 2H; 4-HC4H7O, 1H; 1-HC4H7O); IR
(CsI, Nujol): 
� 219 (w), 228 (w), 295 (s), 320 (vs), 344 (s), 407 (m), 421
(m), 478 (v s), 540 (s), 560 (s), 586 (m), 630 (s), 668 (s), 808 (vs), 868 (s), 920
(vs), 940 (v s), 974 (s), 984 (s), 994 (vs), 1028 (vs), 1044 (s), 1056 (v s), 1088
(m), 3430 (m) cm�1; elemental analysis calcd (%) for C21H45Cl7Hf3O10


(1241.22): C 20.32, H 3.65, Cl 19.49, Hf 43.14; found C 20.41, H 3.60, Cl
19.30, Hf 43.14.


[Zr3(�3 ±O)(�,�2-thffo)3(MeOH)3(Cl)6]Cl (10): ZrCl4 (1.00 g, 4.29 mmol),
thffoH (0.42 mL, 0.44 g, 4.33 mmol), MeOH (50 mL), and toluene (10 mL)
were combined in a procedure analogous to that for 8. The identical
workup gave 10 ¥ C6H5CH3 as colorless crystals (0.97 g, 0.94 mmol, 66%).
1H NMR (300 MHz, CD3CN, 20 �C): �� 1.85 (m, 4H; 2,3-HC4H7O), 2.31 (s,
3H; CH3OH), 3.28 (s, 1H; CH3OH), 4.17 (m, 2H; CH2), 4.54 (br, 2H;
4-HC4H7O, 1H; 1-HC4H7O); IR (CsI, Nujol): 
� 288 (v s), 308 (m), 392
(w), 456 (m), 544 (m), 552 (s), 580 (s), 642 (vs), 724 (m), 808 (v s), 868 (s),
920 (s), 940 (vs), 958 (s), 996 (s), 1024 (v s), 1068 (vs), 1082 (s), 1140 (w),
1192 (w), 1234 (w), 1300 (w) cm�1; elemental analysis calcd (%) for
C18H39Cl7Zr3O10 ¥ C6H5CH3 (1029.47): C 29.17, H 4.60, Cl 24.11, Zr 26.58;
found C 29.05, H 4.50, Cl 25.85, Zr 26.65.


[Zr(Cl)3(OMe)(MeOH)2] (11): ZrCl4 (1.00 g, 4.29 mmol) was dissolved in
cold (�78 �C) methanol (50 mL). Evolution of HCl started immediately
and the gas was removed under vacuum. The mixture was next stirred at
room temperature under an applied vacuum until an oil was formed. Then
MeOH (60 mL) and toluene (30 mL) were added and removal of HCl
under oil pump vacuum was continued until an oil was obtained. This
procedure was repeated three times over a 72 h period. The volume was
then reduced to 20 mL and hexane (40 mL) was added. The white
precipitate was filtered off, washed with hexane (3� 5 mL), and dried
under oil pump vacuum to give crude 10 (1.07 g, 3.65 mmol, 85%) which
was recrystallized from THF to give, after 12 d, colorless crystalline 11
(0.95 g, 3.26 mmol, 76%). IR (CsI, Nujol): 
� 210 (m), 318 (v s), 332 (s),
485 (m), 540 (m), 587 (m), 714 (w), 742 (w), 810 (w), 840 (w), 957 (s), 1137
(m), 3320 (vs) cm�1; elemental analysis calcd (%) for C3H11Cl3O3Zr
(292.70): C 12.31, H 3.79, Cl 36.34, Zr 31.17; found C 12.24, H 3.70, Cl 36.30,
Zr 31.17.


[Zr3(�3-O)(�,�2-thp)3(thf)2(Cl)7] (12): A Schlenk flask was charged with 11
(1.00 g, 3.42 mmol), thpH (3.86 mL, 3.97 g, 3.42 mmol), toluene (50 mL),
andMeOH (10 mL). The mixture was stirred at room temperature until the
evolution of HCl had ceased (10 ± 12 h). The volatiles were removed under
vacuum, and the resulting white solid was dissolved in THF. After two
weeks colorless crystals of 12 were formed (0.93 g, 0.90 mmol, 79%).
1H NMR (300 MHz, CD3CN, 20 �C): �� 1.10 (m, 2H; 4-HC5H9O), 1.65
(brm, 4H; O(CH2)2(CH2)2), 1.70 (m, 4H; 2,3-HC5H9O), 3.50 (m, 2H;
1-HC5H9O), 3.76 (m, 2H; CH2), 3.80 (brm, 4H; O(CH2)2(CH2)2), 4.12 (m,
1H; 5-HC5H9O); IR (CsI, Nujol): 
� 302 (v s), 336 (v s), 452 (s), 494 (vs),
566 (s), 608 (s), 666 (s), 690 (s), 780 (s), 826 (w), 876 (s), 934 (vs), 944 (vs),
954 (s), 1006 (v s), 1060 (vs), 1072 (vs), 1108 (s), 1182 (w), 1206 (m), 1268
(w), 1534 (vw), 1560 (vw) cm�1; elemental analysis calcd (%) for
C26H49Cl7Zr3O9 (1027.50): C 30.39, H 4.81, Cl 24.15, Zr 26.63; found C
31.25, H 5.02, Cl 23.72, Zr 26.63.


X-ray crystallography : Crystal data collection and refinement are sum-
marized in Table 1. Preliminary examinations and intensity data collection
were carried out on a Kuma KM4 �-axis diffractometer with graphite-
monochromated MoK� and with a scintillation counter or CCD camera. All
data were corrected for Lorentz and polarization effects. Data reduction
and analysis were carried out with the Kuma Diffraction programs.[30, 31]


The structures were solved by direct methods[32] and refined by the full-
matrix least-squares method on all F 2 data using the SHELXL97
software.[33] After refinement with isotropic displacement parameters for
all atoms, absorption correction based on least-squares fitted against �Fc ��
�Fo � differences was also applied[34] to the data. Carbon-bonded hydrogen
atoms were included in calculated positions and refined in the riding mode
using SHELXL97 default parameters. Other hydrogen atoms were located
on a difference map and refined isotropically with O±H distances
restrained for 10 and free for 8. All non-hydrogen atoms were refined
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with anisotropic displacement parameters. In the structures of 3, 5, and 7
some chiral carbon atoms were partially disordered and each of them was
refined individually in two positions. In the structure of 8 two ethanol
molecules were also partially disordered. In the structures of 3 and 4 one
CH3CN molecule was refined with a 0.5 occupancy factor. In the structure
of 7 one CH2Cl2 molecule was found disordered.


CCDC-182147 (2b), CCDC-182148 (3), CCDC-182149 (4), CCDC-
182150 (5), CCDC-182151 (7), CCDC-182152 (8), and CCDC-182153
(10) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from CCDC, 12 Union Road, Cambridge CB21EZ,
UK; fax: �441223-336033; or deposit@ccdc.cam.ac.uk).
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How To Turn the Catalytic Asymmetric Hydroboration Reaction
of Vinylarenes into a Recyclable Process


Anna M. Segarra,[a] Ramon Guerrero,[b] Carmen Claver,[a] and Elena Ferna¬ndez*[a]


Abstract: Optically pure rhodium(�)
complexes [Rh(cod)(L�L)]X (cod� cy-
clooctadiene; L�L� (R)-2,2�-bis(diphe-
nylphosphino)1-1�-binaphthyl ((R)-BI-
NAP), (S,S)-2,4-bis(diphenylphosphi-
no)pentane ((S,S)-BDPP), 2-diphenyl-
phosphino-1-(1�-isoquinolyl)naphtha-
lene ((S)-QUINAP); X�BF4, PF6,
SO3CF3, BPh4) were immobilised onto
smectite clays such as montmorilloni-
te K-10 (MK-10) and bentonite (Na�-
M). 19F, 31P and 11B NMR experiments
recorded in CDCl3 during the impreg-
nation process provided evidence that


montmorillonite K-10 may immobilise
ionic metal complexes throughout the
cationic and anionic counterparts. How-
ever, when bentonite was used as the
solid, only the cationic metal complex
was immobilised through cationic ex-
change while the counteranion re-
mained in solution. When we used these
preformed catalytic systems in the hy-


droboration of prochiral vinylarenes, we
obtained high activities and enantiomer-
ic excess with (S)-1-(2-diphenylphosphi-
no-1-naphthyl)isoquinoline-modified
rhodium complexes. These activities and
selectivities are competitive with the
homogeneous counterparts. The signifi-
cant features of this method are the
simple separation and good retention of
the active metal in the solid, which
allows efficient recycling even on expo-
sure to air.


Keywords: asymmetric catalysis ¥
clays ¥ hydroboration ¥ immobilisa-
tion ¥ rhodium


Introduction


The catalytic asymmetric hydroboration reaction has proved
to be one of the most convenient reactions in organic
synthesis. It provides a way of transforming alkenes into
many different types of C*�X and C*�R bonds through the
optically enriched organoboron adduct C*�B. The success of
the global pathway is mainly due to two steps: 1) the efficient
induction of asymmetry in the hydroboration of vinylarenes
by the metal complex modified by chiral ligands to obtain
C*�B, and 2) the consecutive C*�O,[1±9] C*�N[10±12] or
C*�C[13, 14] bond-forming reaction which can be carried out
with total retention of stereochemical integrity (Scheme 1).
Catecholborane also plays a special role in the catalytic
hydroboration reaction. This borane makes the reaction
highly effective, probably because of a combination of its
electronic properties, which favour the B�H addition, and its
steric properties due to its planar configuration when
coordinated to a metal.


When turnover is complete in the catalytic hydroboration
of vinylarenes (to give benzylic boranes) with most rhodium
complexes modified with bidentate chiral ligands, the resting
state of the catalyst decomposes as a result of its instability in
the absence of excess alkene. However, cationic rhodium
complexes modified with polycyclic phosphiranes provide a
more stable resting state that continues hydroborating after
re-addition of alkenes.[15] However, the catalyst×s destruction
cannot be avoided during the workup which provides the
corresponding alcohols, whether this is done with O2/H2O or
with the alkaline H2O2 medium.[15]


Therefore, it is desirable to circumvent catalyst destruction
by separation before workup to guarantee that the catalytic
system remains stable and that it can be reused in new
consecutive hydroboration reactions. The advantages of
immobilising the homogeneous catalyst on a heterogeneous
support are the ease of separation and catalyst recycling
combined with similar activities and selectivities of the
homogeneous systems. Indeed, all these properties become
of great significance for the economic viability of the process,
especially when sophisticated chiral ligands are involved.
Common heterogenisation procedures of chiral rhodium


complexes involve either their covalent grafting to solid
supports such as organic or inorganic solids,[16] or the
dissolution of the precursor in a hydrophilic solvent that is
then adsorbed as a thin layer onto a porous support material
with a hydrophilic surface[16] and heteropoly acids as anchor-
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ing agents.[17] More recently, a new heterogenisation method
based on the three-dimensional entrapment of catalysts by the
electrostatic attraction between a polyelectrolyte and an
oppositely charged catalyst has been reported.[18] However,
although some of these preformed heterogenised catalytic
systems can be efficiently recycled in different enantioselec-
tive catalytic transformations, many have the disadvantage
that their preparation requires multistep syntheses.
Our studies focus on immobilising catalytic systems in clay


structures through absorption or cationic exchange as an easy
and clean alternative to heterogenisation.[19] Indeed, we
recently reported that rhodium complexes immobilised in
clay montmorillonite K-10 can be highly active, selective and
reusable catalysts for the hydroboration reaction of styrene.[20]


Results and Discussion


Preparation and characterisation of the immobilised catalytic
systems : We carried out the immobilisation process of the
organometallic complexes [Rh(cod)(L�L)]X (cod� cyclooc-
tadiene; L�L� (R)-2,2�-bis(diphenylphosphino)1-1�-bi-
naphthyl ((R)-BINAP), (S,S)-2,4-bis(diphenylphosphino)-
pentane ((S,S)-BDPP), 2-diphenylphosphino-1-(1�-isoquino-
lyl)naphthalene ((S)-QUINAP); X�BF4, PF6, SO3CF3,
BPh4) onto the clays montmorillonite K-10 (MK-10) and


bentonite (Na�-M), by the pre-
viously described solvent-im-
pregnation method (Fig-
ure 1).[21]


Coloured solutions of the
ionic complexes in anhydrous
dichloromethane were stirred
with the solid support for 24 h
under nitrogen. The amount of
metal complex adsorbed by the
clay was determined by gravi-
metric analysis in which the
difference between the weights
of the complex before and after
the immobilisation was meas-
ured (Table 1). These data sug-
gest that the amount of rhodi-


um complex [Rh(cod)(R)-BINAP]BF4 (1) adsorbed onto the
clay is highest when the montmorillonite K-10 was predried
for 24 h at 100 �C (referred to as MK-10T) to eliminate any
adsorbed water. However, when the montmorillonite K-10
was preheated to 400 �C, the resulting calcined solid (MK-
10400) did not adsorb more rhodium complex than MK-10T,
probably as a result of the loss of interlamellar water resulting
in layer collapse. Therefore, the dehydroxylation process
during the calcination modifies the residual microporosity and
the values of the BET surface area from 221 m2g�1 for MK-
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Scheme 1. The catalytic asymmetric hydroboration of vinylarenes by catecholborane.
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Figure 1. Structures of organometallic complexes used in the immobilisation process.


Table 1. Amounts of immobilised metal complex 1 on the clays.


Solid[a] Heterogenised mmol complex
catalytic system per g solid[b]


MK-10 1-MK-10 0.055
MK-10T 1-MK-10T 0.084
MK-10400 1-MK-10400 0.058
Na�-MT 1-Na�-MT 0.046
MK-10T 2-MK-10T 0.074
MK-10T 3-MK-10T 0.085
MK-10T 4-MK-10T 0.063
MK-10T 5-MK-10T 0.092
MK-10T 6-MK-10T 0.093


[a] MK-10: commercial montmorillonite K-10; MK-10T: preheated at
100 �C for 24 h; MK-10400: previously calcined at 400 �C for 3 h; Na�-MT:
commercial bentonite preheated at 100 �C for 24 h. [b] Calculated from the
equation [(mg initial complex� mg final complex)/molecular weight
complex]/(g solid� g adsorbed complex).
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10T to 211 m2g�1 for MK-10400.[22] The percentages of rhodium
complexes with other counterions (X�PF6, SO3CF3, BPh4)
adsorbed onto MK-10Twere very similar (Table 1). Conducti-
metric and 19F and 11B NMR analyses of the liquid filtrate
after the impregnation process indicated that the counterions
(BF4, PF6, SO3CF3, BPh4) were not present in the filtrates,
presumably because they were adsorbed on the support.
There was a noticeable difference when preheated bentonite
(Na�-MT) was used as support. Following the same impreg-
nation procedure, the amount of metal complex adsorbed was
only 0.046 mmol1g�1 clay. This data is in agreement with the
lower surface area of Na�-MT (53 m2g�1) relative to MK-10T.
It is known that although both montmorillonite K-10 and
bentonite are the same montmorillonite clay material, they
show significant differences in crystallinity.[23] In fact MK-10 is
prepared from Na�-M by acid treatment, which partially
destroys the bentonite layer structure to produce a disordered
and increased surface area. Also, conductimetric analyses of
the washings from the immobilised catalytic system in
bentonite revealed the presence of ionic species, which
indicate that a mainly cation-exchange process took place
rather than adsorption. The powder X-ray diffraction data
therefore showed an insignificant shift in the (001) diffraction
line on the diffractogram between MK-10Tand 1-MK-10T, but
an increased basal distance from 11.8 ä in Na�-MT to 16 ä in
1-Na�-MT.
We recorded 19F, 31P and 11B NMR spectra in CDCl3 during


the impregnation process. These provided evidence that MK-
10T could adsorb ionic metal complexes throughout the
cationic and anionic counterparts. In contrast, the immobili-
sation of the same complexes into bentonite occurred
throughout only the cationic counterpart by ion exchange.
The 19F NMR spectra of 1 had two singlets at ���154.2 and
�154.3 ppm with an intensity ratio of 1:4, which is consistent
with the isotopic distribution between 19F and 10B and 11B,
respectively (Figure 2b), while the 31P spectra had a doublet at
�� 26.2 ppm (JP�Rh� 145.4 Hz) (Figure 2a). The intensity of
these signals decreases significantly in the 19F and 31P NMR
locked spectra of a slurry in CDCl3 when MK-10T is added
little by little to complex 1 (Figure 3). This is because the
concentration of 1 decreases in solution during the immobi-
lisation process. To ensure that the disappearance of the
signals was not caused by a shimming problem in the presence
of the solid, we carried out the above experiments with the


Figure 2. a) 31P NMR spectrum of 20 mg of 1 in CDCl3� 10 mg of BINAP;
b) 19F NMR spectrum of 20 mg of 1 in CDCl3.


Figure 3. a) 31P NMR spectrum of 20 mg of 1 in CDCl3� 10 mg of
BINAP� 100 mg of MK-10T; b) 19F NMR spectrum of 20 mg of 1 in
CDCl3� 100 mg of MK-10T.


addition of an inert reactant such as BINAP (10 mg). Fig-
ure 2a and Figure 3a show that after the consecutive addition
of MK-10T, the intensity of the doublet (�(31P)� 26.4 ppm)
due to P nuclei from the coordinated BINAP ligand decreases
significantly in comparison with the singlet due to free BINAP
ligand (�(31P)��14.6 ppm). This is in agreement with the
fact that complex 1 is being immobilised onto MK-10T.
Since both nuclei (F and P) were affected in the immobi-


lisation process, we may suggest that the two ionic parts of the
metal complex may interact with montmorillonite K-10
through weak forces such as electrostatic and/or hydrogen-
bonding interactions (Scheme 2). The fact that both the cation
and anion counterparts from the complex seem to be
adsorbed onto the solid implies a new concept which differs
from the other supported hydrogen-bonded catalysts previ-
ously reported in the literature in which immobilisation
mainly takes place in a monodentate way between the
terminal silanols of different types of silica and the oxygen
atom of sulfonate groups from phosphine ligands contained in
the zwitterionic rhodium(�) complexes[24, 25] or from triflate
counteranions of cationic RuII[26] and RhI[25, 27] complexes.
Unfortunately, as the level of loading of the immobilised
complexes was low, we could not confirm the presence of
hydrogen bonding by IR spectroscopy. Therefore, taking into
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Scheme 2. Schematic representation of the proposed interactions between the metal complexes 1 ± 6 and montmorillonite K-10 and bentonite on
immobilisation.
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account the lack of supporting experimental data, we can only
suggest that the nature of the interactions between the solid
and complex 1 could be due to weak forces such as electro-
static and/or hydrogen bonding.
TheMAS 31P NMR spectrum of the grafted complex 1-MK-


10T is shown in Figure 4b and consists on a broad signal
centred at �� 30 ppm. The CP MAS 31P NMR spectrum of
the unsupported complex 1 has a double doublet centred at
�� 28 ppm (Figure 4a). Comparison of the two solid-state
NMR spectra suggests that they are substantially similar and
thus consistent with the immobilisation of the complex onto
montmorillonite K-10.


Figure 4. a) CP MAS 31P NMR spectrum of [Rh(cod)(R)-BINAP]BF4;
b) MAS 31P NMR spectrum of [Rh(cod)(R)-BINAP]BF4-MK-10T. Spin-
ning side bands are denoted by asterisks.


Similar spectroscopic features have been observed during
the immobilisation of [Rh(cod)(R)-BINAP]PF6 (2),
[Rh(cod)(R)-BINAP]SO3CF3 (3) and [Rh(cod)(R)-BI-
NAP]BPh4 (4) onto MK-10T. With 2 ± 4, the intensity of the
signals decreased significantly on the 19F, 31P and 11B NMR
locked spectra of the slurry obtained by consecutively adding
MK-10T to a CDCl3 solution of the complexes. It is note-
worthy that the counteranion BPh4 is also adsorbed onto MK-
10T according to the disappearance of the singlet attributed to
B nuclei in the 11B NMR locked spectra of the slurry obtained
by the consecutive addition of MK-10T to a solution of
complex 4 (Figure 5c and d). The adsorption of lipophilic
counteranions has not been previously observed in analogue
immobilisation processes onto MCM-41 of ionic rhodium
complexes containing BArF (BArF�B[C6H3(CF3)2-3,5]4) as
counteranion.[27]


Figure 5. 31P NMR spectrum of a) 20 mg of 4 in CDCl3; b) slurry of a)�
125 mg of MK-10T. 11B NMR spectrum of c) 20 mg of 4 in CDCl3; d) slurry
of c)� 125 mg of MK-10T.


A remarkable difference was observed between the 19F and
31P NMR experiments carried out during the immobilisation
process of 1 into Na�-MT. While the intensities of the signals
of 31P NMR spectra decrease significantly when Na�-MT is
added (Figure 6c and d), the intensities of the signals in the 19F
NMR spectra did not change throughout the addition (Fig-
ure 6a and b). The reduction of the signals in the 31P spectra


Figure 6. 19F NMR spectrum of a) 20 mg of 1 in CDCl3; b) slurry of a)�
125 mg of Na�-MT. 31P NMR spectrum of c) 20 mg of 1 in CDCl3; d) slurry
of c)� 125 mg of Na�-MT.


during the impregnation process suggests that the cationic
counterpart of complex 1 is no longer in solution. Therefore,
the countercation could be immobilised into the solid through
cation exchange. This agrees with the 19F NMR spectra, in
which the intensity of the signals for F nuclei from BF4� did
not decrease during the impregnation process. This shows that
it might remain mainly in the solution, probably as MBF4 [in
which M is the interlamellar metal cation from Na�-MT


(Na�)], which could exchange with [Rh(cod)(R)-BINAP]�


(Scheme 2).
In conclusion, the mechanisms for grafting the ionic


complexes to MK-10T and Na�-MT are different. In the first
case, we suggest that the kind of interaction between the
countercation and counteranion to MK-10T could be due to
weak forces, such as electrostatic and/or hydrogen bonding,
but in the second case the electrostatic attraction between the
countercation and the bentonite layers could be the signifi-
cant feature of this immobilisation. The different ways in
which these catalysts are entrapped on the clays imply that
there will be differences in the activities and selectivities when
they are used as catalytic systems in the asymmetric hydro-
boration of vinylarenes.


Catalytic asymmetric hydroboration reaction of styrene with
the rhodium-immobilised systems : We studied the potential
of the immobilised systems in the asymmetric hydroboration
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of vinylarenes. We started by examining the catalytic proper-
ties of the model rhodium complex [Rh(cod)(R)-(BI-
NAP)]BF4 (1) adsorbed on commercial montmorilloni-
te MK-10. In the homogeneous hydroboration/oxidation of
vinylarenes, the catalyst precursor 1 provides high yields and
regioselectivities for 1-phenylethanol derivatives, but with
only moderate enantiomeric excesses (Table 2, entry 1).[2]


This behaviour justifies our choice of this catalytic system,
since it may reveal any increase[17, 19c] or decrease in the
stereoselectivity induced by the supported catalyst.


Once the solid-supported catalyst was prepared, it was
tested for a) activity, b) regioselectivity, c) enantioselectivity,
e) resistance to degradation and f) reusability in the hydro-
boration/oxidation of the model substrate styrene (Scheme 3).
To compare the activity and stability of the supported catalyst
with its homogeneous counterpart, we performed the hydro-
boration of styrene under standard conditions: styrene/
catecholborane/Rh� 1:1.1:0.02, THF as solvent, 25 �C, 2 h.
As shown in Table 2, the activity and selectivity of catalyst 1-
MK-10 were lower than those of the homogeneous catalytic
system under the same reaction conditions (Table 2, entries 1
and 2). The significant amount of interlamellar water in
montmorillonite may have favoured the degradation of
catecholborane and/or the transition metal complex. 11B
NMR experiments carried out on MK-10 and catecholborane
over the time scale of the catalytic experiment showed that
the doublet at �(11B)� 26.5 ppm from catecholborane de-


creases in intensity as a new broad signal emerges at �(11B)�
20 ppm, which can be attributed to the catecholboronate acid
formed. However, when the montmorillonite was heated to at
least 100 �C before the immobilization of 1, the activity and
selectivity of the resulting supported catalytic system 1-MK-
10T were similar to those of the homogeneous system. The
supported catalyst was removed by filtration under inert
atmosphere and hydroboration/recycling repeated without
loss of activity or selectivity (Table 2, entry 3). Leaching of the
rhodium complex is not considered because no product was
formed when styrene and catecholborane were added to the
filtrate of the first run. We found significant differences in the
hydroboration/oxidation of styrene when we prepared the
supported catalytic system from the preheated clay bentonite
Na�-MTand complex 1 (Table 2, entry 4). The closed environ-
ment of complex 1 immobilised mainly in the internal surface
of the bentonite may be different to that of complex 1 grafted
onto the external surface of montmorillonite K-10. The low
conversion and selectivity of the branched product may be
related to the restricted diffusion of the substrate, reactant
and product, although the activity is slightly improved in the
second consecutive run.
The MAS 31P NMR spectrum of the solid 1-MK-10T


recovered after two consecutive runs has a broad signal
centred at 30 ppm (Figure 7). If compared with Figure 4a and
b, this is consistent with the permanence of complex 1 or a
closed BINAP-Rh complex involved in the reaction, which is
immobilised onto the MK-10T.


Figure 7. MAS 31P NMR spectrum of 1-MK-10Tafter two consecutive runs.
Spinning side bands are denoted by asterisks.


Influence of the counteranion : In an attempt to rationalise the
catalytic activity exhibited by the supported rhodium complex
1-MK-10T, we decided to extend our study to a wider variety
of cationic rhodium complexes with different counteranions,
such as [Rh(cod)(R)-BINAP]X (X�PF6, SO3CF3 and BPh4)
(Figure 8). We therefore immobilised complexes 2 ± 4 onto


Table 2. Asymmetric hydroboration/oxidation of styrene towards (R)-(�)-
1-phenylethanol catalysed by the immobilised [Rh(cod)(R)-(BI-
NAP)]BF4.[a]


Entry Catalytic Run Yield Branched ee[b]


System [%] [%] [%]


1 1 1 92 99 57
2 1-MK-10 1 41 92 47
3 1-MK-10T 1 96 97 55


2 99 97 60
4 1-Na�-MT 1 26 35 5


2 94 63 35


[a] Standard conditions: styrene/catecholborane/Rh complex� 1:1.1:0.02.
Solvent: THF. T: 25 �C. Time: 2 h. [b] R configuration determined by GC
with chiral column FS-Cyclodex B-IP, 50 m� 0.25 mm.
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Scheme 3. The hydroboration/oxidation of styrene with the solid-supported catalyst.
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Figure 8. Catalytic activity provided by [Rh(cod)(R)-BINAP]BF4 in the
homogeneous and heterogenised hydroboration of styrene (from left to
right: % yield, % branched, % ee)


MK-10T following the same impregnation procedure descri-
bed above.
The immobilised complex 3 was found to provide the same


activity and selectivity as the unsupported complex 3. It also
provided recoverability for at least three consecutive runs in
the hydroboration/oxidation of styrene, which was used as the
test substrate (Figure 9). Additional insight into a slight


Figure 9. Catalytic activity provided by [Rh(cod)(R)-BINAP]SO3CF3 in
the homogeneous and heterogenised hydroboration of styrene (from left to
right: % yield, % branched, % ee)


enhancement of the enantioselectivity by using the triflate
anion is also noteworthy. It has already been reported in the
literature that the presence of anions such as sulfonates
induces enhancements in asymmetric catalysts.[28] The recy-
clability of the immobilised catalytic system 2-MK-10T is also
demonstrated (Figure 10), although selectivity decreased


Figure 10. Catalytic activity provided by [Rh(cod)(R)-BINAP]PF6 in the
homogeneous and heterogenised hydroboration of styrene (from left to
right: % yield, % branched, % ee)


slightly after the third consecutive run. The drop in regio- and
enantioselectivities with this system may be due to the less
stable immobilised catalytic system when the counteranion
PF6� is involved. We observed similar features when the ionic
iridium catalytic system [Ir(cod)(PPh3)2]X (X�PF6 or BF4)
was tested in the hydrogenation of imines.[19a] Even more


striking were the enhanced regio- and enantioselectivities
provided by the immobilised catalytic system 4-MK-10T
relative to its homogeneous counterpart (Figure 11). The
proven tendency of BPh4 to form � complexes and tight ion


Figure 11. Catalytic activity provided by [Rh(cod)(R)-BINAP]BPh4 in the
homogeneous and heterogenised hydroboration of styrene (from left to
right: % yield, % branched, % ee)


pairs[29] might be the cause of the low regio- and enantiose-
lectivities provided by the homogeneous catalytic system 4.
Immobilisation of both the cationic and anionic counterparts
of 4 onto montmorillonite K-10 seems to be beneficial for the
hydroboration reactions, probably because the counteranion
is prevented from coordinating to the metal.[30] However,
although the regio- and enantioselectivities are higher than
with the homogeneous version, they do not reach the
selectivity of the supported catalytic systems in which X�
PF6, SO3CF3 and BF4.


Influence of the ligand : We performed a comprehensive study
of several ligands including (S,S)-BDPP and (S)-QUINAP, to
determine how they affect the hydroboration/oxidation of
styrene. The use of (S,S)-BDPP as chiral ligand can provide
four possible conformers of a six-membered chelate ring when
it is coordinated to a metal.[31] Two of these conformers are
achiral chair conformations with the phenyl rings in an achiral
array, and the other two conformers can adopt chiral �-skew
conformations. We wondered whether immobilising a rho-
dium complex modified with (S,S)-BDPP could favour the
formation of any one of these conformers and modify the low
asymmetric induction provided by the homogeneous catalytic
system. Thus, we carried out the hydroboration/oxidation of
styrene with [Rh(cod)(S,S)-BDPP]BF4 (6) and the grafted
complex 6-MK-10T. There was no significant difference
between the catalytic behaviour of the homogeneous version
and that of the heterogenised version. Activity and regiose-
lectivity of 1-phenylethanol from complex 6 was high, but
enantioselectivity was low and was reproduced with 6-MK-10T
after the second consecutive run (Table 3, entries 1 and 2).
Another interesting ligand which chelates with the metal to


form a six-membered ring is QUINAP. This P�N ligand is less
bulky than its parent ligand BINAP in the region of the
isoquinoline because one of the diphenylphoshinonaphtha-
lene moieties has been replaced. This structural difference in
addition with the electronic features of the P�N ligand explain
why the asymmetric induction is higher with chiral QUINAP
than with chiral BINAP.[7] Other axially chiral P�N ligands
such as PHENAP,[4] 2-Ph-quinazolinap[8] and Pyphos[32] have
been developed over the last few years for use in the
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hydroboration of vinylarenes. However, optimised values for
regioselectivities of the branched product and enantioselec-
tivities were only obtained by using lower reaction temper-
atures. Thus, since the recovered catalytic systems 1-MK-10T
and 6-MK-10T could be reused without loss of activity and
selectivity, we extended the study to the cationic rhodium
complex [Rh(cod)(S)-QUINAP]BF4 (5), which provides the
highest asymmetric induction in the hydroboration of vinyl-
arenes carried out at room temperature.[7] We examined just
four consecutive runs in the hydroboration/oxidation of
styrene with 5-MK-10T (Table 3, entry 4), and from the
second consecutive run the activity, regio- and stereoselectiv-
ities were constant and comparable to those of the homoge-
neous version (Table 3, entry 3). However, the catalytic
system 5-MK-10T seems to need an induction period to reach
the maximum values already achieved by its homogeneous
counterpart. To clarify this point, we stirred the immobilised
catalytic system 5-MK-10T in THF for 2 h. The solid was then
filtered and dried under vacuum before we started the first
run. Figures 12, 13 and 14 show how the activity, regio- and
enantioselectivity, respectively, significantly increased during
the first run. It is noteworthy that the filtrates from the
induction period of 5-MK-10T in THF did not provide any
catalysis.
Another interesting catalytic feature of this system is the


high degree of stability achieved by the resting state of the
catalyst when it was exposed to air. To illustrate this, the solid
5-MK-10T was filtered from the reaction products in air
between the four consecutive runs. Comparable values for
activity, regio- and stereoselectivity are obtained from the


Figure 12. Percentage yield of (S)-1-phenylethanol provided by 5-MK-10T.
With (�) and without (�) induction period.


Figure 13. Percentage regioselectivity of (S)-1-phenylethanol provided by
5-MK-10T. With (�) and without (�) induction period.


Figure 14. Percentage enantioselectivity of (S)-1-phenylethanol provided
by 5-MK-10T. With (�) and without (�) induction period.


third consecutive run and these remained constant after
recycling (Figures 15 and 16). It seems that clay is not only an
appropriate support for recycling the catalyst, but that it also
prevents oxidation or degradation of the catalytic metal
species involved in the hydroboration transformations.


Figure 15. Catalytic activity provided by 5-MK-10T filtered under N2


between the consecutive runs (from left to right: %yield, % branched,
% ee)


Figure 16. Catalytic activity provided by 5-MK-10T filtered under air
between the consecutive runs (from left to right: % yield, % branched, %
ee)


Table 3. Asymmetric hydroboration/oxidation of styrene towards (S)-(�)-
1-phenylethanol catalysed by the immobilised [Rh(cod)(L�L)]BF4.[a]


Entry Catalytic Run Yield Branched ee
System [%] [%] [%][b]


1 6 1 98 98 20
2 6-MK-10T 1 82 87 14


2 97 94 19
3 5 1 99 95 88
4 5-MK-10T 1 51 68 50


2 98 97 89
3 92 97 86
4 98 98 88


[a] Standard conditions: styrene/catecholborane/Rh complex� 1:1.1:0.02.
Solvent: THF. T: 25 �C. Time: 2 h. [b] S configuration determined by GC
with chiral column FS-Cyclodex B-IP, 50 m� 0.25 mm.
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Scope of the recyclable catalytic asymmetric hydroboration
reaction : In a subsequent study, we studied several other
vinylarenes as substrates for the recyclable catalytic asym-
metric reaction with 5-MK-10T as the immobilised catalytic
system following a similar procedure to that described for the
hydroboration of styrene.
We focused on vinylarene substrates, paying particular


attention to those that would highlight how different aryl
substituents and �-substitution would affect reactivity and
enantioselectivity. In each hydroboration reaction, the immo-
bilised catalytic system was recovered for recycling by
filtration. The filtrates were then directly oxidised with
H2O2 to afford the corresponding alcohol. The results are
given in Table 4. When 5-MK-10T was used, the electron-
deficient substrate 4-fluorostyrene produced similar activity,
regio- and enantioselectivity, from the second consecutive
run, to those of the homogeneous system 5 (Table 4, entries 1
and 2). A lower asymmetric induction is obtained in
comparison with the hydroboration/oxidation of styrene,
which agrees with the trends observed with QUINAP and
other P�N ligands for the hydroboration of styrene reactants
with electron-withdrawing substituents.[7, 8, 32] More satisfac-
tory results in terms of regio- and stereoselectivity were
obtained by using electron-releasing aryl substituents on the


styrene substrate. It is known[7] that electron-rich alkenes are
better for achieving maximum stereoselectivity. Therefore,
hydroboration/oxidation of the electron-rich 4-methylstyrene
provided an enantiomeric excess of over 90%, both in the
homogeneous version and in the heterogenised version from
the third consecutive run, remaining constant on recycling
(Table 4, entries 3 and 4). For the electron-withdrawing and
electron-releasing substrates studied, the supported catalytic
system needed an induction period to reproduce the homo-
geneous values, which may be a little longer for 4-methylstyr-
ene. The hydroboration/oxidation of 1,2-dihydronaphthalene
illustrates the effect of an increase in steric demand around
the reaction site. However, enantiomeric excess was highest
with the homogenous catalytic system 5 (ee� 98%) and the
heterogenised system 5-MK-10T (ee� 97%) from the third
consecutive run (Table 4, entries 5 and 6). In addition to these
results, we can also see that the induction period required by
5-MK-10T in the hydroboration of 1,2-dihydronaphthalene is
similar to that of 4-methylstyrene. A likely explanation is that
the more hindered the substrate, the longer the induction
period needed. A similar argument can be found in the
literature to explain why in the homogenous hydroboration of
vinylarenes with [Rh(cod)(L�L)]X, the higher steric demand
of the olefin is more easily accommodated by these less


Table 4. Asymmetric hydroboration/oxidation of vinylarenes towards (S)-(�)-sec-alcohol catalysed by the immobilised [Rh(cod)(S)-QUINAP]BF4.[a]


Entry Catalytic Substrate (S)-(�)-sec- Run Yield Branched ee
system alcohol [%] [%] [%][b]


1 5 1 97 95 78


2 5-MK-10T 1 38 59 40
2 83 89 75
3 92 90 73
4 82 87 67


3 5 1 96 99 91


4 5-MK-10T 1 31 74 70
2 98 97 89
3 92 97 86
4 98 98 88


5 5 1 95 99 98


6 5-MK-10T 1 26 98 54
2 71 95 70
3 95 98 97


7 5 1 92 99 93


8 5-MK-10T 1 5 99 13
2 66 99 87
3 66 99 86
4 64 99 85


[a] Standard conditions: styrene/catecholborane/Rh complex� 1:1.1:0.02. Solvent: THF. T: 25 �C. Time: 2 h. [b] S configuration determined by GC with
chiral column FS-Cyclodex B-IP, 50 m� 0.25 mm.
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sterically demanding ligands.[8] Consistently, the hydrobora-
tion/oxidation of the �-substituted substrate (E)-propenyl-
benzene with 5-MK-10T gave percentages of the branched
product as high as those of its homogeneous counterpart
(99%), but the maximum yield was only 64-66%, which
remained constant on recycling (Table 4, entries 7 and 8).
Again, we noted that increasing the steric demand of the
olefin led to a retardation of the reaction as observed from the
yields.
In all the substrates studied, the catalytic system can be


easily separated from the reaction products and recycled for
at least the four consecutive runs explored; this demonstrates
the scope of this method for recovering and reusing an
efficient catalytic system.


Conclusion


To achieve a well-defined catalytic process, the challenge is to
develop recyclable catalysts that guarantee the expected
activity and selectivity for a reasonable number of consecutive
runs. We have managed to fulfil this goal in the hydro-
boration/oxidation reaction of vinylarenes by preparing
immobilised ionic rhodium complexes by adsorption onto
montmorillonite K-10 and by ionic exchange into bentonite.
The method for preparing the supported catalytic systems is
simple, efficient and can generally be applied to other ionic
complexes. Improved characterisation of the resulting solids
during the impregnation process led us to suggest that the two
ionic counterparts of the complex interact with the clay
montmorillonite K-10 probably through weak hydrogen-
bonded and/or electrostatic forces in a plausible concerted
way. The grafted rhodium complexes exhibit a comparable
activity and selectivity to those of the free catalyst, irrespec-
tive of the counteranion (when X�BF4, PF6, SO3CF3) or
ligand (when L�L� (R)-BINAP, (S,S)-BDPP, (S)-QUINAP).
The tendency of the counteranion BPh4� to coordinate to the
metal in ionic rhodium complexes can be prevented by
immobilising the complex on montmorillonite K-10, which
produces a more active and selective catalytic system than its
homogeneous counterpart. Activities and regio- and stereo-
selectivities are highest with [Rh(cod)(S)-QUINAP]BF4 im-
mobilised in predried montmorillonite K-10, although some
induction period is required to reproduce the optimum values
of the analogue homogeneous catalytic systems. The hetero-
genised chiral catalyst can be separated from the reaction
mixture by simple filtration. Most of the catalyst is recovered
in this way, as leaching of the active species is not detected.
Also, the resting state of the catalyst becomes stable in the
absence of excess alkene and the catalyst can be recycled even
if the solid is exposed to air when it is manipulated between
the consecutive runs. The scope of the reaction with the
supported ionic rhodium complex was efficiently demonstrat-
ed with other p-substituted, �-substituted and bulky styrenes.
The reuse and reproducibility of the catalytic system in this
process makes it viable and practical from economical and
technical perspectives.


Experimental Section


General : All reactions and manipulations were conducted with standard
vacuum-line techniques under an atmosphere of dry nitrogen. All rhodium
organometallic complexes were synthesised by using standard Schlenk
techniques. All organic solvents were purified by usual methods, stored
over molecular sieves (0.4 nm Aldrich) and degassed with a nitrogen flow
before use. The complexes [Rh(�-Cl)(cod)]2,[33] [Rh(cod)2]X,[34, 35]


[Rh(cod)(R)-BINAP]X,[36] [Rh(cod)(S,S)-BDPP]X,[37] [Rh(cod)(S)-QUI-
NAP]X,[7] (X�BF4, PF6, SO3CF3, BPh4) were prepared as previously
reported. These complexes were characterised by elemental analysis, 1H
and 31P NMR, and FTIR spectroscopies. Montmorillonite K-10 (MK-10)
was purchased from Fluka and bentonite Na�-M was purchased as
Majorbenton B from AEB Iberica S.A. Predried clays were obtained as
follows: clay (5 g) in a melting pot was kept in the oven at 100 �C for 24 h.
Calcined montmorillonite K-10 was obtained as described below: MK-10
(5 g) in a melting pot was kept in the oven at 400 �C for 4 h. NMR spectra
were recorded on a Varian Gemini300 and Mercury400 spectrometer.
NMR locked spectra of the slurry in CDCl3 were carried out by consecutive
addition of MK-10T to a solution of the rhodium complexes. Chemical shifts
are reported relative to tetramethylsilane for 1H and 13C, 85% H3PO4 for
31P and BF3 ¥OEt2 for 11B as the external reference. Solid-state 31P NMR
spectra were recorded at room temperature on a Varian Mercury
spectrometer equipped with a 7 mm BB-CP MAS probe at a working
frequency of 161.97 MHz. The spectra were recorded by using the cross-
polarisation pulse sequence at room temperature under magic angle
spinning at a spinning rate of 5.5 kHz. For the unsupported rhodium
complex, the CP MAS 31P NMR spectrum was collected after 200 scans
with a recycle delay of 5 s. The MAS 31P NMR spectrum of the supported
complex was was acquired with 1600 scans and a relaxation delay of 5 s. The
line broadening was set to be 90 Hz for the free complex and 1300 Hz for
the supported complex. 85% H3PO4 was used as the external reference.
Gas chromatographic analyses were performed on a Hewlett-Packar-
d5890 II with a flame ionisation detector equipped with a chiral column FS-
Cyclodex B-IP, 50 m� 0.25 mm. Elemental analysis of organometallic
complexes was carried out on a Carlo-Erba microanalyser. IR spectra
(range 4000 ± 400 cm�1) of KBr discs were recorded on a FTIR Prospect IR
of Midac Corporation spectrometer. Powder X-ray diffraction (XRD)
patterns of the samples were obtained with a SiemensD5000 diffractometer
using nickel-filtered CuK� radiation. XRD analyses of all the samples were
performed in thin films. The patterns were recorded for 2� angles between
3� and 70�. X-ray diffraction was used to determine the basal spacing of the
free supports and the supports with the adsorbed complexes. The basal
spacing of each sample was calculated from the (001) reflection in its X-ray
pattern. This basal spacing was associated with the distance between (001)
layers (d001) and was located at angles (2�) between 5� and 7�. BET surface
areas were calculated from nitrogen adsorption isotherms at 77 K by using
a Micromeritics ASAP 2000 surface analyser and a value of 0.164 nm2 for
the cross section of the nitrogen molecule.


Preparation of the supported complexes: The ionic rhodium and iridium
complexes were immobilised in the following manner: dichloromethane
solutions (5 mL) of each complex (0.2 mmol) were prepared under
nitrogen and added to a suspension of the solid support (MK-10T and
Na�-MT) in deoxygenated dichloromethane (10 mL) and then stirred for
24 h under nitrogen at room temperature. The suspension was filtered off
and the solid was washed with dichloromethane and dried under vacuum.
The amount of metal complex immobilised on the clay was determined by
gravimetric analysis.


Homogeneous catalytic hydroboration/oxidation of styrene : Styrene
(2 mmol) was added to a solution of catalyst (1 mol%) in THF (2 mL)
under nitrogen. The solution was stirred for 5 min and freshly distilled
catecholborane (2 mmol) was then added. The mixture was stirred at
ambient temperature for 2 h and then quenched with EtOH (2 mL).
Workup must be carried out carefully owing to the risk of explosion when
using peroxides with ether and THF. Afterwards, NaOH (2�, 2 mL) and
H2O2 (2 mL) were added and the mixture was stirred for several hours. The
reaction mixture was extracted into Et2O, washed with NaOH (2��, H2O
and saturated brine, dried over MgSO4, and the products were charac-
terised by chromatography.
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Heterogenised catalytic hydroboration/oxidation of styrene : Styrene
(2 mmol) was added to a suspension of supported catalyst (1 mol%
immobilised in 0.5 g of clay) in THF (2 mL) under nitrogen. The solution
was stirred for 5 min and freshly distilled catecholborane (2 mmol) was
then added. The mixture was stirred at ambient temperature for 2 h. The
solution was filtered off under vacuum and the filtrates were then quenched
with EtOH (2 mL). Workup must be carried out carefully due to the risk of
explosion when using peroxides with ether and THF. The quenched filtrates
were treated with NaOH (2�, 2 mL) and H2O2 (2 mL) and the mixture was
stirred for several hours. The mixture was finally extracted into Et2O,
washed with NaOH (2��, H2O and saturated brine and dried over MgSO4.
The products were then characterised by chromatography. The solid that
contained the complex was dried under vacuum for 10 min and introduced
into the Schlenk for another run.
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Mono- and Binuclear Ruthenium Corroles: Synthesis, Spectroscopy,
Electrochemistry, and Structural Characterization


Liliya Simkhovich,[a] Inna Luobeznova,[a] Israel Goldberg,*[b] and Zeev Gross*[a]


Abstract: The aim of this research was
to prepare mononuclear ruthenium cor-
roles, because of the well-documented
potency of analogous porphyrin com-
plexes in catalysis. The syntheses of the
mononuclear nitrosyl complexes
[Ru(tpfc)(NO)] and [Ru(tdcc)(NO)]
(tpfc� trianion of 5,10,15-tris(penta-
fluorophenyl)corrole, tdcc� trianion of
5,10,15-tris(2,6-dichlorophenyl)corrole),
and of the binuclear [{Ru(tpfc)}2]
were achieved by using [{Ru(cod)Cl2}x]
(cod� cyclooctadiene) as the metal


source. The NMR spectra of all three
complexes clearly demonstrate that they
are diamagnetic; this is consistent with a
triple bond between the metal ions in
[{Ru(tpfc)}2] and is expected for classical
{MNO}6 complexes. These features were
further substantiated by the stretching


frequencies of the {MNO} moieties,
electrochemical measurements on all
complexes, and the X-ray crystal
structures of [Ru(tpfc)(NO)] and
[{Ru(tpfc)}2]. A comparison of the spec-
troscopic and structural characteristics
of these new complexes with analogous
iron corroles, as well as with iron and
ruthenium porphyrins, suggests that it
will be hard to obtain mononuclear
ruthenium corroles without �-accepting
ligands.


Keywords: cyclic voltammetry ¥
iron ¥ NMR spectroscopy ¥
porphyrinoids ¥ ruthenium ¥ X-ray
diffraction


Introduction


There has been a remarkable increase in research into
corroles in the last three years.[1±18] This has been made
possible by the introduction of three facile methodologies for
their synthesis: the solvent-free condensation of pyrrole and
aldehydes,[1] the modified Rothemund procedure,[2] and the
dipyrromethane condensation with aldehydes.[3, 4] The revo-
lution that these synthetic procedures initiated may be
appreciated by the fact that while only three corroles
substituted at the three meso-positions of the macrocycle
were known prior to 1999,[5] the current number of such
derivatives approaches 100. Among all these corroles, the
meso-pentafluorophenyl derivative H3(tpfc) (tpfc� trianion
of 5,10,15-tris(pentafluorophenyl)corrole) is by far the most
intensively studied. This single corrole and its derivatives have
been shown to support a large variety of metal ions (Cr,[6]


Mn,[7] Fe,[8] Co,[8a, 9] Rh,[8a,b, 10] Ni,[11] Pd,[11] Cu,[11] Zn,[12] Al,[13]


Ga,[14] Ge,[8b] Sn,[8b] and P[8b]) and many of the complexes have
been fully characterized in several oxidation and coordination
states. Novel features of H3(tpfc) and its metal complexes
include very high fluorescence quantum yield,[13, 14] easily
achieved chirality,[10, 12] potent catalytic activity,[7a,c, 8b, 15] facile
methodologies for further functionalization,[7c, 9, 10, 12, 16] and
selective interactions with tumor cells.[17] Another important
development is the introduction of corroles with meso-aryls
that contain large ortho-phenyl substituents (Cl, CH3).[1a, 3c,d,f]


These derivatives have been demonstrated to affect catalysis by
avoiding the formation of binuclear �-oxo-bridged corroles.[8b]


Ruthenium is one of the most important metals in
catalysis,[19] including porphyrin-based catalysts.[20] Accord-
ingly, this was one of the first metals that we tried to insert into
H3(tpfc). However, all our attempts to achieve the insertion
with [Ru3(CO)15] and [Ru2Cl4(CO)6], which are the metal
precursors that are used for ruthenium porphyrins, failed.
Meanwhile, Guilard and co-workers reported the isolation of
a bis-ruthenium corrole complex with [{Ru(cod)Cl2}2] (cod�
cyclooctadiene) as the metal source.[18] Taking advantage of
these findings, we report here the syntheses of the binuclear
[{Ru(tpfc)}2] and two novel mononuclear nitrosyl complexes,
[Ru(tpfc)(NO)] and [Ru(tdcc)(NO)] (tdcc� trianion of
5,10,15-tris(2,6-dichlorophenyl)corrole) from this metal
source. In addition to the synthetic aspects and several
interesting spectroscopic features, we also present the rich
electrochemistry of all three complexes and the high-reso-
lution X-ray structures of [{Ru(tpfc)}2] and [Ru(tpfc)(NO)].
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Results and Discussion


Synthesis : A major goal of these studies was the preparation
of mononuclear corroles, because of the well-documented
potency of ruthenium porphyrins in catalysis.[21] While these
processes traditionally rely on ruthenium(��)/ruthenium(��)/
ruthenium(��) oxidation states,[22] there is some evidence that
the more potent systems involve ruthenium(���) and ruthe-
nium(�) complexes.[20d, 23] As the main difference between
corroles and porphyrins is that the former stabilize complexes
with one oxidation state than porphyrins,[11] we expected to
obtain ruthenium(���) corroles that would display unique
chemistry. Indeed, we have already demonstrated that iron(���)
corroles are more efficient cyclopropanation catalysts than
iron(���) porphyrins and that the iron(��) complex of H3(tpfc) is
the best catalyst that has been found for aziridination of
olefins by Chloramine-T.[15a,b, 8b]


First, we tried to insert ruthenium into H3(tpfc) with either
[Ru3(CO)15] or [Ru2Cl4(CO)6] as metal source. We examined a
variety of solvents with different polarities and boiling points
(benzene, toluene, pyridine, DMF), but a well-defined
product was not obtained. However, when we employed
[{Ru(cod)Cl2}x], which was introduced by Guilard and co-
workers for the same purpose with a different corrole,[18] the
binuclear complex [{Ru(tpfc)}2]
was isolated in reasonable yield
(50%). Furthermore, TLC
analyses during the reaction
indicated that [{Ru(tpfc)}2] and
an additional complex are pres-
ent in an about 1:1 ratio. Since
this product was likely to be the
desired mononuclear corrole,
we applied the same approach
that produced iron(���) and
cobalt(���) complexes of
H3(tpfc),[8b, 9] that is, addition
of pyridine prior to solvent


evaporation, as eluent additive in the chromatographic step,
and in the recrystallization mixture. However, even material
that had excess of pyridine at all times converted gradually
into a mixture of [{Ru(tpfc)}2] and other unidentified prod-
ucts.


An alternative approach that we considered as suitable for
isolating this apparently very reactive complex was to use NO.
This approach was based on three assumptions: NO will block
at least one metal coordination site, it will reduce the
reactivity of the metal due to its strong trans-effect and
trans-influence, and the resulting nitrosyl complex would be
diamagnetic and, therefore, easy to characterize. This hy-
pothesis proved correct. When TLC analyses indicated that
the free-base corrole was fully consumed, NO gas was
introduced into the hot solution. Any [{Ru(tpfc)}2] that was
already formed was not affected by this treatment (also
independently confirmed on isolated material), but the other
major component (green) in the TLC analysis became red.
The crude reaction mixtures were subjected to column
chromatography and both [{Ru(tpfc)}2] and [Ru(tpfc)(NO)]
were isolated. In the case of H3(tdcc), only [Ru(tdcc)(NO)]
was isolated (Scheme 1). All three complexes have a certian
affinity for additional ligands, as revealed from both spectros-
copy and crystallography.


NMR spectroscopy : Room temperature 1H and 19F NMR
spectra of [{Ru(tpfc)}2], a ruthenium(���) ± ruthenium(���) di-
mer, are shown in Figures 1a and 2a, respectively. The
chemical shifts are similar to those found in diamagnetic
metal complexes of H3(tpfc),[8b] but the 1H and some of the 19F
resonances are broad. There are two possible reasons for this
phenomenon: an equilibrium (or quantum mechanical mix-
ing) between dia- and paramagnetic states or some dynamic
processes. These may be distinguished by the response of the
spectra to measurements at other temperatures. An example
of the former condition was found in Cu(corrole) complexes:
sharp and nonparamagnetically shifted signals at low temper-
atures broaden and shift (by several ppm) as the temperature
is raised.[11] This phenomenon was analyzed as reflecting a
ground state that consists of a square-planar copper(���) ion
(d8, diamagnetic) that is complexed by a closed-shell corrole
trianion, and a low-lying exited state of a CuII corrole
radical.


Abstract in Hebrew:


Scheme 1. Synthesis of mononuclear and binuclear ruthenium corroles.
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Figure 1. 1H NMR spectra of [{Ru(tpfc)}2] in [D8]toluene at a) 25 �C and
b) 100 �C.


Figure 2. 19F NMR spectra of [{Ru(tpfc)}2] in [D8]toluene at a) 25 �C and
b) 100 �C.


If the broad signals were due to some slow rotational or
conformational processes, the signals should actually appear
sharper at higher temperatures. In fact, the sharper resonan-
ces observed in the spectra recorded at 100 �C (Figures 1b and
2b) clearly support the second possibility, that is, that the signal
broadness at lower temperatures is due to a dynamic process
that is slow on the NMR timescale. A reasonable hypothesis is
to attribute it to the mutual rearrangement of the inner Fatoms
from each half of the complex; due to their closeness in space
they should have a significant affect on each other.


Another important piece of information that can be
deduced from the 19F NMR spectrum of [{Ru(tpfc)}2] is that
structure of the complex must contain a C2 symmetry axis.
This is reflected by the fact that the six C6F5 substituents are
divided into two magnetically equivalent groups, which
consist of four and two rings each. There are then only two
possible geometries, C2v and D2h, in which the two individual
N4 coordination cores overlap in a staggered and eclipsed
fashion, respectively. The diamagnetism of [{Ru(tpfc)}2] is
consistent with both geometries, in which the strong d5 ± d5


coupling leads to one �, two �, one �, and one �* bonds, with a
bond order of three (Scheme 2).[24] This is also consistent with
its X-ray structure and electrochemistry, which are discussed
in the later sections.


Scheme 2. Correlation diagram for a RuIII ± RuIII dimer under D4h


symmetry (an analogous diagram holds for lower symmetries as well).


The 1H NMR spectra of [Ru(tpfc)(NO)] and [Ru(tdcc)-
(NO)], which are shown in Figure 3, demonstrate that the
nitrosyl complexes are diamagnetic. This is consistent with the


Figure 3. Top: 1H NMR spectra of [Ru(tpfc)(NO)] (in CDCl3, 400 MHz,
25 �C). Bottom: Partial 1H NMR spectra (resonances of �-pyrrole protons
only) of [Ru(tdcc)(NO)] (in CDCl3, 200 MHz, 25 �C). Numbers indicate J
coupling constant.
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prediction for {MNO}6 complexes and a linear arrangement of
the Ru-N-O moiety. However, the IR spectra of both
complexes and the 19F NMR spectrum of [Ru(tpfc)(NO)]
indicate the presence of more than one species. This suggests
that the isolated complexes contain a variety of ligands trans
to NO, reminiscent of similar findings in neutral (carbonyl)-
ruthenium(��) porphyrins and in positively charged (nitro-
syl)ruthenium porphyrins.[25] This is supported by the obser-
vation that the addition of pyridine or THF to the {RuNO}
complexes in solution leads to significant changes in their
color and electronic spectra. Accordingly, the 19F NMR of
[Ru(tpfc)(NO)] was measured in [D5]pyridine. The spectrum,
shown in Figure 4, shows that only one species is present in
solution, and the different sets of ortho-F atoms are consistent
with the different environment above and below the corrole
plane due to a trans arrangement of NO and pyridine in
[Ru(tpfc)(NO)([D5]py)]. The NO stretching frequencies in
pyridine are 1835 and 1827 cm�1, for [Ru(tpfc)(NO)(py)] and
[Ru(tdcc)(NO)(py)], respectively. These values are signifi-
cantly lower than that of the isoelectronic porphyrin complex
[Ru(tpp)(NO)(py)]� (1879 cm�1; tpp� dianion of 5,10,15,20-
tetraphenylporphyrin), which has more electron-rich meso-


aryl substituents.[26] Still, the values of 1790 and 1783 cm�1 for
[Fe(tpfc)(NO)] and [Fe(tdcc)(NO)], respectively, are more
than 100 cm�1 lower than for analogous porphyrin com-
plexes.[25, 8c] This suggests that while in both cases back-
donation to NO is stronger in metal ions that are chelated by
corroles than by porphyrins, the effect is smaller for ruthe-
nium than for iron. In any case, the linearity of the Ru-N-O
moiety, which is predicted by IR spectroscopy and electron-
counting, was confirmed by the X-ray structure analysis of
[Ru(tpfc)(NO)].


Electrochemistry : The cyclic voltammograms (CVs) of
[Ru(tpfc)(NO)] and [Ru(tdcc)(NO)] are shown in Figures 5
and 6, respectively. One oxidation and two reduction waves
are evident in the CVs of both complexes. The half-wave
potentials of [Ru(tpfc)(NO)] are more positive (easier to
reduce and harder to oxidize) than for [Ru(tdcc)(NO)], as
expected for a corrole with more electron-withdrawing meso-
substituents. Based on a comparison with non-transition-
metal complexes of tpfc, in which the corrole-centered redox
processes occur above 1.0 V and below �1.0 V,[8b] the first
reduction ([Ru(tpfc)(NO)]: E1/2��0.42 V, [Ru(tdcc)(NO)]:
E1/2��0.50 V) and the first oxidation waves ([Ru(tpfc)


Figure 5. Cyclic voltammogram of [Ru(tpfc)(NO)] in 0.05� TBAP/
CH3CN and half-wave potentials of the redox couples. Scan rate:
100 mVs�1.


(NO)]:E1/2� 0.72 V, [Ru(tdcc)-
(NO)]: E1/2� 0.57 V) may be
assigned as reflecting metal-
centered processes. This differs
from the situation in iron nitro-
syl corroles, in which the first
reduction is metal-centered (at
E1/2 of 0.0 and �0.41 V for
[Fe(tpfc)(NO)] and [Fe(oec)-
(NO)] (oec� trianion of
2,3,7,8,12,13,17,18-octaethylcor-
role), respectively), but in


which oxidation takes place on the corrole (at E1/2 of 1.07
and 0.61 V for [Fe(tpfc)(NO)] and [Fe(oec)(NO)], respec-
tively).[27] An additional comparison is with the isoelectronic
porphyrin complexes [Ru(tpp)(NO)(L)]� , in which L� py
or H2O. While these complexes are more easily reduced


Figure 6. Cyclic voltammogram of [Ru(tdcc)(NO)] in 0.05� TBAP/
CH3CN with half wave potentials of the redox couples. Scan rate:
200 mVs�1.


Figure 4. 19F NMR spectra of [Ru(tpfc)(NO)] (in [D5]pyridine, 200 MHz, 25 �C).







Ruthenium Corroles 201±208


Chem. Eur. J. 2003, 9, No. 1 ¹ 2003 WILEY-VCH Verlag GmbH &Co. KGaA, Weinheim 0947-6539/03/0901-0205 $ 20.00+.50/0 205


(E1/2��0.29 V, data for L� py), their oxidation potentials
are higher (E1/2� 1.26 V, data for L�H2O) than those of the
corrole complexes.[26] This demonstrates a unique feature of
corroles as ligands, that is, the destabilization of low-valent
and stabilization of high-valent metal oxidation states.


The electrochemistry of [{Ru(tpfc)}2] is richer, and the CV
is shown in Figure 7. The half-wave potentials of the first three
redox processes (starting with E1/2��1.21 V) are similar to
that of [Ru(tpfc)(NO)], suggesting that the Ru�Ru and the
Ru�NO bonds exert a similar electronic effect on the metal.
A different comparison is with the well-known porphyrin
analogues, [{Ru(tpp)}2] and [{Ru(oep)}2] (oep� dianion of
octaethylporphyrin), which have double bonds between the
RuII ions.[28±30]


Figure 7. Cyclic voltammogram of [{Ru(tpfc)}2] in 0.05� TBAP/CH3CN
with half wave potentials of the redox couples. Scan rate: 100 mVs�1.


Unfortunately, only the electrochemistry of [{Ru(oep)}2]
has been reported.[30] Nevertheless, five electrochemically
reversible one-electron redox couples are evident in both
[{Ru(tpfc)}2] and [{Ru(oep)}2] (in CH2Cl2).[30] Similar to the
assignment given for [{Ru(oep)}2], we propose that the first
reduction and oxidation couples are metal-centered, because
of the relatively low half-wave potentials at �0.48 V and
�0.76 V, respectively. As for the oxidation couple at 1.04 V,
we are unable as yet to assign it to the oxidation of the corrole
or of the metal. The latter assignment would correspond to a
RuIV± RuIV dimer with a bond order of four, but we await the
isolation of the chemically oxidized complex (as was per-
formed for porphyrins) for a definitive answer.[30]


Structural aspects : The molecular structure of [{Ru(tpfc)}2] is
presented in Figure 8. The molecules are located on crystallo-
graphic inversion centers, and the two Ru ± corrole fragments
are structurally identical. The triple Ru�Ru bond, which
forms the center of inversion of the complex, is 2.182 ä; this is
comparable to the bond length in Guilard×s binuclear
ruthenium corrole (2.166 ä)[18] and is significantly shorter
than that of the Ru�Ru double bond (2.408 ä) in the well-
known [Ru(oep)]2 porphyrin complex, or of that in
[{Ru(tpp)}2]� , which has a Ru�Ru bond order of 2.5 and
length of 2.293 ä.[24, 31] In order to minimize the steric
repulsions between the macrocycles, the two corrole units
are oriented in a staggered manner with respect to each other,
so that the C6F5 substituent at C10 of one corrole is placed


Figure 8. Full side-view and partial top-view of the molecular structure of
[{Ru(tpfc)}2] as it exists in the crystal. The ellipsoids represent atomic
displacement parameters at the 50% probability level.


above the free space near the C1�C19 bond of the other
corrole. The aryl substituents at C5 and C15 of the two
corroles are placed one above the other, and to avoid edge ±
edge collision, they are rotated by 17 and 25� from perpen-
dicularity with respect to the corrole macrocycle. The
corresponding dihedral angles between the planes of the aryl
rings and the corrole moiety are 73.0, 78.6, and 65.3�, for the
substituents at C5, C10, and C15, respectively. The aryl arms
interlock the corrole dimer in this ordered conformation
(which is probably the source of the dynamic process in
solution, as discussed previously), unlike the rotationally
disordered Guilard×s complex, which lacks such aryl ™stop-
pers∫.[18] The Ru ion is significantly displaced from the corrole
framework along the axial direction towards the other
ruthenium ion. It deviates by 0.50 ä from the plane of the
four pyrrole nitrogen atoms, if one assumes a square-
pyramidal coordination environment and imparts a domed
conformation to each half of the dimeric species. This also
involves a slight upward rotation of the pyrrole rings with
respect to the mean plane of the corrole macrocycle towards
the metal, the inner N atoms lying on average 0.3 ä above the
mean plane of the carbon-only C19 framework. The benzene
molecules are located near and parallel to the concave surface
of the two corrole rings of the dimers, as also found in
ruthenium porphyrins.[32] The distances of the benzene carbon
atoms that approach the concave surface of the corrole in the
dimer vary from 3.18 ± 3.54 ä from the mean plane of the four
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pyrrole nitrogen atoms and from 2.86 ± 3.24 ä from the mean
plane of the C19 corrole framework. In comparison to other
porphyrin ± metal complexes (Cr, Zn, Mn) these seperations
are much shorter, and indicate a strong � ±� interaction.[33]


The molecular structure of [Ru(tpfc)(NO)], which is shown
in Figure 9, has similar features. The Ru ion is five-coordinate,
and is displaced from the corrole ring towards the axial NO
ligand. In the two independent species occuring in the crystal


Figure 9. Crystal structure of the mononuclear ruthenium-nitrosyl corrole,
[Ru(tpfc)(NO)]. The ellipsoids represent atomic displacement parameters
at the 50% probability level.


it lies 0.54 ä above the plane of the four pyrrole nitrogen
atoms, which in turn are placed an average of 0.2 ä above the
mean plane of the C19 corrole ring. In this domed structure,
the Ru�NO bonds are essentially linear with bond angles of
178.2 and 179.3�. The aryl substituents are aligned in a roughly
perpendicular manner with respect to the corrole macrocycle
(with a single exception). Five of the corresponding dihedral
angles between the aryl and the C19 corrole planes are within
77.3 ± 85.0�, values that are typical of closed-shell corrole
complexes, while the sixth aryl ring is more twisted (64.7�) due
to crystal packing constraints. In both our structures the bond
lengths between Ru and the N-pyrrole atoms that are adjacent
to the C1�C19 bond are slighly shorter than to the other
pyrrole nitrogen atoms, as is commonly observed in structures
of corrole complexes with metal ions.


It is interesting to compare the main features of [Ru(tpfc)-
(NO)] with the recently reported molecular structures of the
iron ± nitrosyl complexes of tpfc and tdcc (see Table 1).[8c] The
metal out-of-plane displacement of ruthenium is almost 0.1 ä
larger than of iron, which is accompanied by larger metal-
�N(corrole) bond lengths in the [Ru(tpfc)(NO)] complex. In
addition, both the average bond lenghts in the M-N-O moiety
of [Ru(tpfc)(NO)] (M�NO: 1.715 ä, N�O: 1.175 ä) are
longer than in [Fe(tpfc)(NO)] (M�NO: 1.643 ä, N�O:


1.165 ä), and are consistent with the fact that ruthenium(���)
is a weaker � acceptor and a stronger � donor than iron(���).
The affinity of the nitrosyl complexes to amines other than
pyridine (such as imidazole) is an issue that will be addressed
in future studies.


Conclusion


We report a method for the preparation of mononuclear
ruthenium corroles that is based on the treatment of reaction
mixtures of triarylcorroles and [{Ru(cod)Cl2}x] with NO(g) .
Novel nitrosyl complexes, [Ru(tpfc)(NO)] and [Ru(tdcc)-
(NO)], were isolated in about 40% yield and characterized by
spectroscopy and electrochemistry. A binuclear [{Ru(tpfc)}2]
complex was also obtained in 50% yield in the absence of
treatment with NO(g). Additional information was obtained
from the molecular structures of [{Ru(tpfc)}2] and [Ru(tpfc)-
(NO)]. The data is consistent with a triple bond between the
metal ions in [{Ru(tpfc)}2] and a linear arrangement of the
M�NO moiety in [Ru(tpfc)(NO)] and [Ru(tdcc)(NO)], as
expected for {MNO}6 complexes. A comparison of the NO
stretching frequencies in the ruthenium- and iron-nitrosyl
corroles with analogous porphyrins shows that in both cases
back-donation to NO is stronger in metal corroles, and that
the effect is smaller for ruthenium than for iron. The metal
out-of-plane displacement in [Ru(tpfc)(NO)] corrole is higher
than in the iron analog [Fe(tpfc)(NO)], and this suggests that
mononuclear ruthenium corroles without �-accepting ligands
will be hard to obtain.


Experimental Section


Physical methods : The 1H NMR and 19F NMR spectra were recorded on a
Bruker AM 200 and Bruker AM 400, operating at 200 and 400 MHz for 1H
and 188 MHz for 19F NMR. Chemical shifts are reported in ppm relative to
residual hydrogen atoms in the deuterated solvents: 7.24, 7.15, and 7.00 ppm
for chloroform, benzene, and toluene, respectively, for 1H NMR spectra
and relative to CFCl3 (�� 0.00 ppm) in 19F NMR spectra. Electronic
spectra were recorded on a HP 8452A diode array spectrophotometer.
Mass Spectrometry was performed on a Finnigan mat TSQ 70 instrument
with isobutane as carrier gas and IR measurements on a FT-IR Bruker
Vector 22.


Redox potentials were determined on substrate (�0.5 m�� in a solution of
n-tetrabutylammonium perchlorate (0.05 �� in acetonitrile by cyclic
voltammetry (CV) at ambient temperatures on a home-made voltammo-
graph under an Ar atmosphere. A three-electrode system was used with a
platinum working electrode, a platinum wire counter electrode, and Ag/


Table 1. Selected parameters for all structurally characterized metal nitrosyl complexes of triarylcorroles.


Complex [Ru(tpfc)(NO)][a] [Fe(tpfc)(NO)][a] [Fe(tdcc)(NO)]


M�N(corrole) bond length range [ä] 1.961 ± 1.999 1.893 ± 1.926 1.898 ± 1.922
meso-aryl-corrole angles [�] 64.7, 77.3 ± 85.0 64.7, 84.5, 81.3, 78.1, 86.2, 77.3 87.8, 82.3, 83.0
M�NO angle [�] 178, 179 177, 178 172
M�NO bond length [ä] 1.712, 1.718 1.639, 1.648(4) 1.641(4)
M out-of-plane displacement [ä][b] 0.54 0.465, 0.464(1) 0.452(2)
NO bond length [ä] 1.173, 1.177 1.164, 1.166 1.169
�� [cm�1] 1827[c] 1790[d] 1783[d]


[a] There are two crystallographically independent corrole species in the asymmetric unit of these structures. [b] Plane defined by the four inner N atoms.
[c] Measured in pyridine, wherein the complex exists as [Ru(tpfc)(NO)(py)]. In non-coordinating solvents and in KBr pellets, more than one NO stretching
frequency was obtained due to the presence of several trans-ligands. [d] KBr pellet.
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AgCl as the reference electrode. The redox potentials are reported versus
the ferrocene/ferrocenium redox couple observed at 0.4 V versus Ag/AgCl.
Other experimental conditions are reported in the legends of the
corresponding spectra.


Materials : TBAP (tetrabutyl ammonium perchlorate: Fluka; recrystallized
three times from absolute ethanol), 2-methoxyethanol (Fluka), CH3CN
(BioLab), triethylamine (Spectrum), [{Ru(cod)Cl2}x] (Aldrich) and deu-
terated solvents (Aldrich and Cambridge Isotopes products) were used as
received.


Synthetic methods : The synthetic details for the preparation of H3(tpfc)
and H3(tdcc) are provided in our previous publications.[1a,b] NO gas was
obtained from the reaction between NaNO2 and H2SO4, purified from NO2


impurities by using a 30% solution of NaOH, and dried by passing through
solid NaOH.


Synthesis of [{Ru(tpfc)}2] and [Ru(tpfc)(NO)] (standard procedure):
Under argon gas, a solution of H3(tpfc) (100 mg, 0.126 mmol) in 2-methox-
yethanol (20 mL) was heated under reflux. Excess [{Ru(cod)Cl2}x] (176 mg,
0.63 mmol) and triethylamine (0.054 mL, 0.38 mmol) were added to the hot
solution in one portion. TLC (silica: n-hexane/dichloromethane, 3:2)
analyses showed that the starting material was fully consumed within about
30 min. A stream of dry NO was bubbled through the hot solution for about
5 min and then replaced by argon. The solvent was evaporated. Purification
and separation of the products was performed by column chromatography
on silica gel with a solvent mixture of n-hexane and dichloromethane.
Solvent ratios of 7:1 and 4:1, respectively, were used to isolate the red-
brown [{Ru(tpfc)}2] (first fraction) and wine-red [Ru(tpfc)(NO)] (second
fraction). Solvent evaporation and recrystallization from CH2Cl2/n-heptane
mixtures resulted in 44 mg (24.6 �mol, 39% yield) of [{Ru(tpfc)}2] and
35 mg (37.8 �mol, 30% yield) of [Ru(tpfc)(NO)]. Dark red diffraction-
quality crystals of [{Ru(tpfc)}2] were obtained from a mixture of benzene
and n-heptane. When the same procedure was applied, without the
introduction of NO, the yield of isolated [{Ru(tpfc)}2] was 50%.


[{Ru(tpfc)}2]: 1H NMR (200 MHz, CDCl3, RT): �� 8.88 (d, 3J(H,H)�
4.28 Hz, 4H), 8.28 (br s, 4H), 8.21 (d, 3J(H,H)� 4.55 Hz, 4H), 8.16 ppm
(br s, 4H); 19F NMR (188 MHz, CDCl3, RT) ���133.10 (br s, 6F; ortho-
F), �137.31 (d, 3J(F,F)� 16.73 Hz, 6F; ortho-F), �152.70 (m, 6F; para-F),
�161.68 (m, 6F;meta-F), �163.102 and�163.70 ppm (br s, 3F� 3F;meta-
F); 19F NMR (188 MHz, [D8]toluene, 100 �C) ���132.57 (d, 3J(F,F)�
23.69 Hz, 2F; ortho-F), �132.90 (d, 3J(F,F)� 23.69 Hz, 4F; ortho-F),
�136.74 (d, 3J(F,F)� 21.06 Hz, 4F; ortho-F), �137.05 (d, 3J(F,F)�
19.93 Hz, 2F; ortho-F), �153.16 (t, 3J(F,F)� 20.49 Hz, 4F; para-F),
�153.54 (t, 3J(F,F)� 20.30 Hz, 2F; para-F), �161.89 (m, 6F; meta-F),
�163.97 (td, 3J(F,F)� 22.94 Hz, 4J(F,F)� 8.08 Hz, 4F; meta-F),
�164.45 ppm (td, 3J(F,F)� 23.12 Hz, 4J(F,F)� 8.08 Hz, 2F; meta-F); UV/
Vis (CH2Cl2): �max (�� 10�4)� 332 (9.86), 398 (7.91), 538 nm (1.60); MS
(DCI�): m/z (%): 1791 (100) [M��H]; MS (DCI�): m/z (%): 1790 (100)
[M�].


[Ru(tpfc)(NO)]: 1H NMR (400 MHz, CDCl3, RT): �� 9.26 (d, 3J(H,H)�
4.50 Hz, 2H), 8.77 (d, 3J(H,H)� 4.44 Hz, 2H), 8.74 (d, 3J(H,H)� 4.38 Hz,
2H), 8.64 ppm (d, 3J(H,H)� 4.75 Hz, 2H); 19F NMR (188 MHz, CDCl3,
RT): ���136.98 (dd, 3J(F,F)� 23.12 Hz, 4J(F,F)� 4.89 Hz, 2F; ortho-F),
�137.25 (dd, 3J(F,F)� 23.69 Hz, 4J(F,F)� 6.02 Hz, 1F; ortho-F), �138.02
(m, 3F; ortho-F), �152.36 (m, 3F; para-F), �161.40 ppm (m, 6F; meta-F);
UV/Vis (CH2Cl2): �max (�� 10�4)� 406 (6.81), 538 nm (1.74); MS (DCI�):
m/z (%): 926 (100) [M��H]; MS (DCI�) m/z (%): 925 (100) [M�]; IR
(pyridine): ��NO� 1835 cm�1.


Synthesis of [Ru(tdcc)(NO)]: This material was prepared by the same
method as described above for [Ru(tpfc)(NO)] (with 100 mg of pure
H3(tdcc)), but a binuclear complex was not obtained. The product was
recrystallized from CH2Cl2/n-hexane mixtures and 35 ± 40% yield (41 ±
46 mg) of red crystals were obtained from repeated syntheses. 1H NMR
(200 MHz, CDCl3, RT): �� 9.09 (d, 3J(H,H)� 4.48 Hz, 2H; �-pyrrole H),
8.55 (d, 3J(H,H)� 4.48 Hz, 2H; �-pyrrole H), 8.48 (d, 3J(H,H)� 4.77 Hz,
2H; �-pyrrole H), 8.34 (d, 3J(H,H)� 4.77 Hz, 2H; �-pyrrole H), 7.80 (td,
3J(H,H)� 7.22 Hz, 4J(H,H)� 2.13 Hz, 3H; para-H of meso-phenyl),
7.68 ppm (m, 6H; meta-H of meso-phenyl); UV/Vis (CH2Cl2): �max (��
10�4)� 408 (2.79), 542 nm (0.7); MS (DCI�): m/z (%): 861 (100) [M�]; IR
(pyridine): ��NO� 1827 cm�1; elemental analysis calcd (%) for [Ru(tdcc)-
(NO)] ¥ py ¥ 2(C6H14)2, C54H50Cl6N6ORu: C 58.28, H 4.53, N 7.55; found C


57.82, H 4.75, N 7.36 (the hexane (�20%) in the solid may be responsible
for the relatively low � values of the complex).


Electrochemistry : Cyclovoltammograms of [{Ru(tpfc)}2], [Ru(tpfc)(NO)],
and [Ru(tdcc)(NO)] were obtained from approximately 0.5m� substrate in
0.05 � TBAP/CH3CN solutions at scan rates of 100 or 200 Vs�1. Those
shown in Figure 5 ± 7 were measured under an argon atmosphere, as in
aerobic solutions only the first reduction and first oxidation waves were
reversible.


X-ray crystallography of [{Ru(tpfc)}2] and [Ru(tpfc)(NO)]: Crystalline
samples of [{Ru(tpfc)}2] and [Ru(tpfc)(NO)] were covered with a thin layer
of light oil and cooled to 110 K in order to minimize both the escape of
volatile crystallization solvents and thermal motion/structural disorder
effects. The intensity data were measured on a Nonius KappaCCD
diffractometer, and corrected for absorption. The structures were solved
by either direct (SIR-97) or Patterson (DIRDIF-96) methods and refined
by full-matrix least-squares method (SHELXL-97). Non-hydrogen atoms
of the corroles were refined anisotropically. The hydrogen atoms were
located in idealized positions, and were refined using a riding model with
fixed thermal parameters (Uij� 1.2Uij for the atom to which they are
bonded). The two corrole compounds co-crystallized with additional guest/
solvent components trapped, and severely disordered, in the lattice. Yet, in
both cases the crystallographic analysis provided an unequivocal descrip-
tion of the respective Ru ± corrole structures.


[{Ru(tpfc)}2]: 2[C37H8F15N4Ru ¥ C6H6], Mr� 1945.30, monoclinic, space
group P21/n, a� 15.9440(2), b� 16.437(3), c� 16.5280(3) ä, ��
110.894(2)�, V� 4046.7(1) ä3, Z� 2, T� 110(2) K, �calcd� 1.596 gcm�3,
�(MoK	)� 0.49 mm�1, 7380 unique reflections to 2
max� 51.4�, 580 refined
parameters, R1� 0.085 for 6269 observed reflections with I� 2�(I); R1�
0.096 (wR2� 0.239) for all unique data. The benzene solvate exhibited
partial rotational disorder (most probably of a dynamic nature), as was best
exhibited by large-amplitude in-plane wagging motion of the C atoms (the
main components of their thermal displacement parameters were 2 ± 3
times larger than those of the corrole ring atoms). The final residual
electron density map revealed several very diffuse peaks (�1 eä�3), which
may represent minute amounts of severely disordered n-heptane solvent
present in the crystal lattice, which could not be modeled. This may be the
reason for the relatively high R factors.


[Ru(tpfc)(NO)]: C37H8F15N5ORu ¥ C7H16, Mr� 1024.75, triclinic, space
group P1≈, a� 7.0670(1), b� 20.0520(4), c� 27.9430(6) ä, 	� 91.87(1),
�� 90.62(1), �� 94.43(1)�, V� 3945.4(1) ä3, Z� 4, T� 110(2) K, �calcd�
1.725 gcm�3, �(MoK	)� 0.51 mm�1, 17312 unique reflections to 2
max�
55.0�, 1132 refined parameters, R1� 0.070 for 12316 observed reflections
with I� 2�(I); R1� 0.109 (wR2� 0.184) for all unique data.
The asymmetric unit consisted of two corrole species, one n-heptane on
general position and two partial heptanes located on, and disordered about
the centers of inversion. These solvent molecules were severely disordered,
and their structure could not be precisely determined.


CCDC 182424 and 182425 contains the supplementary crystallographic
data for the complexes [(Ru(tpfc)]2 and [Ru(tpfc)(NO)], respectively, in
this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK (fax: (�44)1223 ± 336033; or deposit@ccdc.cam.ac.
uk).
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Metal Catalysis inside Polymer Frameworks:
Evaluation of Catalyst Stability and Reusability


Milan Kra¬ lik,*[a] Vieroslav Kratky,[a] Mirco De Rosso,[b] Massimo Tonelli,[c]
Silvano Lora,[d] and Benedetto Corain*[b]


Abstract: The polymer framework of a resin-based catalyst built up with Pd
nanoclusters (ca. 3 nm) dispersed inside the nanoporous domains of a thermally
stable gel-type polyacrylic resin exhibits a good chemical stability under 5 bar H2 at
40 �C for reasonable contact times. Chemical and physico-chemical integrity of the
polymer framework are checked with a variety of instrumental analytical methods.
Catalyst reusability turns out to be quite good.


Keywords: cluster compounds ¥
gel-type resins ¥ metal catalysis ¥
palladium ¥ polymers


Introduction


Metal catalysts built up with metal nanoclusters supported on
functional resins are currently used in a few industrial
processes, which originated from Bayer technology developed
in the Eighties.[1±3]


In spite of the scientific novelty and of potential further
technological breakthroughs, the pertinent scientific and
patent literature appeared to be almost nonexistent at the
beginning of the Nineties. This observation prompted us to
start a long-term project aimed at discovering the scientific
bases of these most promising catalysts.[4±12]


In conventional supported metal catalysts (Figure 1), the
support is typically a ™microstone∫ with defined physical and


Figure 1. Metal catalysis on inorganic supports (top) versus metal catalysis
inside organic polymer frameworks (below).


physico-chemical features, and its chemical ones are control-
lable to some extent. In the case of resin-supported metal
nanoclusters, the support particles are ™microsponges∫, the
physical, physico-chemical, and chemical features of which
can be designed and are controllable in nature.[13, 14]


Thus, reagents involved in a given metal-catalyzed reaction
must be able to enter the microreactor (size selectivity), in
which they will meet a liquid medium (e.g. a mixture of two
different solvents). The composition of the reagents and
solvents may be quite different from that which they exhibit in
the bulk of the reaction medium. Moreover, the kinetics and
the thermodynamics of the catalyzed reaction might be quite
different from those existing in the bulk medium itself,[15] and
even the concentration of the reagents inside the micro-
reactors may be quite different from that existing in the bulk
medium. Consequently, functional resin-supported metal
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catalysts have to be considered as innovative catalysts, in
which the support is able to exert promotion or cocatalytic
actions that are inconceivable in the case of conventional
metal catalysts supported by metal oxides and amorphous
carbon under gas ± liquid conditions. A clear illustration of
this reasoning was recently offered by the highly chemo-
selective hydrogenation of 2-ethylanthraquinone to 2-ethyl-
anthrahydroquinone performed with palladium metal sup-
ported on very lipophilic resins in these laboratories.[16]


In view of the reasonable assumption that metal catalysts
based on functional resins will be useful in the realm of fine
and specialty chemicals[17±22] and that hydrogenation processes
will be their first working arena, overall thermal and chemical
stability under dihydrogen as well as reusability under opera-
tional conditions are to be carefully evaluated.


We designed a set of experiments aimed at relevant
evaluations to be carried out under relatively severe con-
ditions (5 atm H2 at 40 �C for a contact time ca. 50 times
longer than that required for 98% conversion of cyclohexene
1� into cyclohexane (hereafter referred to as ™heavy-duty∫
conditions), [Pdanalytical]� 4 ± 5 m�).


Results


Synthesis and first-level characterization of the catalyst : We
selected as paradigmatic catalyst a resin ±metal composite
from previous work in our laboratories.[23] The selected resin is
a copolymer of N,N-dimethylacrylamide (92 mol%), sulfo-
ethyl methacrylate (4 mol%), and N,N�-methylenebisacryl-
amide (4 mol%) as the cross-linker (SPIM(H)) (Scheme 1)
and was obtained upon �-ray irradiation of the reacting
comonomers at room temperature.[23]


Scheme 1. Sketch showing the primary structure of resin SPIM(H); a� 92,
b� 4; c� 4 in mol%.


Two batches of the resin were synthesized, both able to
incorporate a maximum (theoretical) 2% Pd metal. Polymer-
ization yields are very high, as expected from all previous
work.[23] SPIM(H) undergoes facile ion-exchange of protons
for Pd2� by using Pd(OAc)2 in methanol to give a brown resin
that can be easily transformed into a dark black material
SPIM�Na�/Pd0 upon reduction with NaBH4 in methanol
(Pd� 1.67%) [Eq. (1)].


SPIM(H)� 0.5Pd(OAc)2 ���AcOH SPIM�Pd2�/2
���NaBH4 SPIM�Na�/Pd0/2 (1)


The resin appears to be swellable in n-hexane, toluene,
dichloromethane, methanol, and water (Figure 2); thus it


Figure 2. Bulk expanded volume (BEV) of SPIM(H) in various solvents.


appears to be somewhat amphiphilic in nature, as expected
from previous literature[24] and previous experience in our
laboratories.[14] The good swellability in methanol and the
employment of a relatively high BH4


� concentration let one
predict an even distribution of metal centers in the body of
each resin particle and, consequently, of the metal nano-
clusters.[11, 23] A good semiquantitative confirmation of this
prediction is provided by XRMA analysis (X-ray Microprobe
Analysis) (Figure 3). Notice that metal distribution is sub-
stantially homogeneous, within the limits of an estimated
resolution power of approximately 5 �m. SEM (Scanning
Electron Microscopy) analysis confirms the expected purely
gel-type, nanoporous, nature of SPIM(H) as revealed by high
magnification pictures (the estimated resolution power is ca.
200 nm).


Figure 3. SEM image (top) and XRMA Pd scanning picture (below)
showing palladium distribution through sections of SPIM�Na�/Pd0


particles.
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Second-level characterization of the catalyst: ISEC, ESR,
TGA : The framework nanostructure of resin SPIM(H) and of
composite SPIM�Na�/Pd0 was evaluated with ISEC (Inverse
Steric Exclusion Chromatography)[25, 26] in dichloromethane,
the potency of which analytical technique was often illus-
trated in our work with both gel-type,[6] and macroreticular
resins.[27] The nanomorphology of the gel polymer mass is
depicted either as polymer chain concentration, nm�2 (length
of polymer chain in a unit volume of resin� nm/nm3),[28] or as
™cylindrical pores∫, nm,[28] referring to a chosen number of gel
domains (generally four to six, Figures 4 and Figure 5). It can
be seen that the protonated resin displays an almost mono-
modal nanomorphology characterized by 0.8 nm�2 polymer
chain concentration or 1.5 ± 2.8 nm ™cylindrical pores∫.
SPIM�Na�/Pd0 exhibits an almost perfect monomodal poros-
ity, corresponding to 1.5 nm�2 polymer chain concentration or
1.4 nm ™cylindrical pores∫.


Figure 4. Specific volume (Vd) of resin domains with a certain concen-
tration (cd) of polymer chains; SPIM�Na�/Pd0t denotes the catalyst after
™heavy-duty∫ tests.


Figure 5. Nanomorphology of resin domains expressed as cylindrical pore
gel volumes.


An indirect, but quite reliable and ISEC-related illustration
of nanomorphology and molecular accessibility of SPIM�Na�/
Pd0 is provided by the rotational mobility of TEMPONE
(2,2,6,6-tetramethyl-4-oxo-1-oxypiperidine, Table 1) inside
the swollen polymer framework. It can be seen that TEM-
PONE rotates freely in water or methanol located inside the
swollen polymer framework, and the rotational correlation


time figures fit the known values observed in the bulk solvent.
The � figures 61 ps (in water) and 38 ps (in methanol) reveal
only a moderate reduction of rotational correlation time due
to a cavity effect, and the trend is as expected.[9]


The overall thermal stability of SPIM�Na�/Pd0 was also
checked with a standard TGA (Thermo Gravimetric Analy-
sis) apparatus under dinitrogen (Figure 6).


Figure 6. Relative weight (w/w0) versus temperature (T) of SPIM�Na�/Pd0


catalysts before and after ™heavy duty∫ (solid and dashed lines, repective-
ly).


The polymer framework is thermally stable up to approx-
imately 350 �C after a likely gradual loss of absorbedmethanol
from room temperature to approximately 150 �C. A moderate
loss of weight from 200 to 350 �C is likely to be due to gradual
depolymerization.


Catalytic runs : Conditions and data are given in the legends of
Figure 7, Figure 8 and Figure 9. The conversion curves make
possible the clear evaluation of the time needed by the system
to consume 98% of the substrate. At first, a simple recycling
of the catalyst was investigated at a pressure of 1.7 bar
(Figure 7). These tests reveal a full reusability of the catalyst.
Then, we carried out experiments aimed at a longer exposure
of the catalyst to a reaction environment under more severe
conditions, that is, higher hydrogen pressure (5 bar, Figure 8)
and higher temperature (40 �C, Figure 9). The reaction time
for achieving 98% conversion was multiplied by 50, and the
consequent time range was considered suitable for an
evaluation of physical and chemical stability of the catalyst.
Three batches (500 mg each) of SPIM�Na�/Pd0 were submit-
ted to this test and subsequently analyzed with the same
instrumental methods employed for characterizing the fresh
catalyst.


Table 1. Rotational mobility of TEMPONE in water and methanol[9]


measured in the fresh and treated SPIM�Na�/Pd0 catalyst.


Sample Medium �25 �C� 5%
[ps][a]


aN (G� 0.05)[b] Ea� 0.5
[kJmol�1][c]


SPIM�Na�/Pd0 water 61 15.73 21.8
SPIM�Na�/Pd0 methanol 38 14.93 20.1
SPIM�Na�/Pd0t water 63 15.75 23.1
SPIM�Na�/Pd0t methanol 38 14.94 19.8


[a] Rotational correlation time. [b] Hyperfine coupling constant. [c] Acti-
vation energy in the Arhenius type relationship ��Aexp(�Ea/(RT)).
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Figure 7. Conversion (Xcen) of cyclohexene versus time in four consecutive
runs over SPIM�Na�/Pd0 catalysts at 1.7� 0.05 bar, 40 �C; 1� cyclohexene
and 1� cyclohexane in solution in methanol yielding 2� cyclohexane
solution at 100% conversion of cyclohexene. [Pdanalytical]� 5 molm�3.
250 mg catalyst in 8 mL of the reaction mixture. Catalyst particles size
180 ± 400 �m.


Figure 8. Conversion (Xcen) of cyclohexene versus time in four consecutive
runs over SPIM�Na�/Pd0 catalysts at 5� 0.1 bar, 27 �C; 1� cyclohexene and
1� cyclohexane in solution in methanol yielding 2� cyclohexane solution at
100% conversion of cyclohexene; [Pdanalytical]� 4 molm�3. 129.4 mg cata-
lyst, in 6 mL of the reaction mixture. Catalyst particles size 180 ± 400 �m.


Figure 9. Conversion (Xcen) of cyclohexene versus time in four consecutive
runs over SPIM�Na�/Pd0 catalysts at 5� 0.1 bar, 40 �C; 1� cyclohexene and
1� cyclohexane in solution in methanol yielding 2� cyclohexane solution at
100% conversion of cyclohexene; [Pdanalytical]� 5 molm�3. Particles size
180 ± 400 �m.


Evaluation of framework stability of catalyst SPIM�Na�/Pd0 :
The comparison was carried out on the basis of the following:
a) TGA (Figure 6).
b) ISEC (Figure 4 and Figure 5).
c) ESR (Table 1).


TGA : No noticeable degradation effect can be deduced from
the relevant thermograms.


ISEC : A moderate effect is evident from the slight decrease
of polymer chain concentration due to the increase of
0.37 mLg�1 of 0.8 nm�2 domains and a comparable decrease
of 1.5 nm�2 ones. (Less concentrated domains contribute less
to the average polymer-chain concentration.[26])


ESR : The spectra recorded in methanol and water are typical
of a fast rotation mode of the molecular probe, with no
evidence of TEMPONE absorption by the molecular frame-
work of the catalyst before and after the long hydrogenation
test. Differences in �, Ea, and aN values are very small, if any
(Table 1).


The combination of these techniques strongly suggests that no
marked hydrogenolytic effect has occurred, after a reasonably
long period of time spent by the catalyst under reasonably
severe conditions.


Evaluation of the stability of the metal component: TEM
control of possible sintering effects : Low-resolution TEM
(Transmission Electron Microscopy) pictures are shown in


Figure 10. TEM micrographs of the SPIM�Na�/Pd0 catalysts before (top)
and after ™heavy-duty∫ catalytic tests (below).
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Figure 10. Pd nanoclusters in the used catalyst are apparently
somewhat larger than those in the fresh catalyst (ca. 3 nm) but
they appear still well spaced in the polymer framework. The
appreciable increase of the size and an increase of the size
dispersion are well evident in Figures 10 and 11.


Figure 11. Size distribution of palladium particles before (top) and after
™heavy-duty∫ catalytic tests (below).


A visual impression suggests that some nanoclusters in the
used catalyst are in fact aggregates of smaller ones, but
HRTEM (High-Resolution Transmission Microscopy) pic-
tures (Figure 12) reveal that this is not the case. Nanoclusters
in the used catalyst are well built up nanocrystals, in which the
easily measurable inter-row distance (0.21 nm, Figure 13)
does not change in spite of ™disintegration∫ and reformation
of metal nanoclusters. The value 2.15 nm for ten layers of
atoms is in perfect agreement with that determined by
Yacaman et al.[29] for the hexagonally shaped FCC structure
and �200� planes.


Evaluation of catalyst reusability : As described above,
catalyst SPIM�Na�/Pd0 was subjected to recycling tests
(Figures 7 ± 9) at conditions given in the legends. The catalyst,
after recovery under dihydrogen, appears to be perfectly
reusable in at least four consecutive tests. Since the hydro-
genation process applied for testing of the catalyst×s overall
features appears to be diffusion controlled, the kinetic data
suggest a substantial stability of the polymer framework.
Moreover, the moderate sintering of palladium-metal par-


Figure 12. HRTEM of relatively large Pd nanoclusters before (top) and
after ™heavy-duty∫ test (below).


ticles does not affect the hydrogenation rate that result to be
in fact the same in the fresh and in the ™after heavy-duty∫
catalysts.


Conclusion


A paradigmatic example of a palladium-metal catalyst
supported on a cross-linked gel-type resin reveals that the
polymer framework is well resistant to hydrogenolysis under
conditions corresponding to several consecutive catalytic
experiments with the recycled catalyst. However, an appreci-
able sintering effect is observed also under moderate gas/
liquid phase conditions. The catalyst appears to be, in practice,
very reusable after ambient-conditions runs.
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Figure 13. HRTEM of a Pd nanocluster with indication of distance
between ten layers of atoms in the SPIM�Na�/Pd0 catalyst after ™heavy-
duty∫ test.


Experimental Section


Apparatus : SEM and XRMA: Cambridge Stereoscan250EDXPW9800;
ESR: X-band JEOL JES-RE1X apparatus at 9.2 GHz (modulation
100 KHz) equipped with a variable temperature unit Steler; TGA:
Thermogravimetric System Perkin Elmer VTC91; ISEC: home-assembled
apparatus made available by Dr. K. Jerabek, Institute of Chemical Process
Foundamentals, Czech Academy of Sciences (Prague-Suchdol); TEM:
Jeol2010 with GIF; BEV: 5 mL standard burette fitted with a G3 frit.


Solvents and chemicals : Solvents and chemicals, from various commercial
sources, were of reagent grade and used as received. Methacryloylethyl-
enesulfonate (H� form) (also called 2-sulfoethyl methacrylate, SEMA),
N,N-dimethylacrylamide (DMAA), and N,N�-methylene bisacrylamide
(MBAA) were from Polysciences.


Resins synthesis : In a typical experiment, DMAA (21.31 g, 0.215 mol),
SEMA (1.80 g, 0.00927 mol), and MBAA (1.40 g, 0.00908 mol) were mixed
in a cylindrical glass vessel to give a clear colorless solution that, after
oxygen removal by means of nitrogen bubbling, was subjected to �-
irradiation (60Co) for 18 h, at a distance of 17.1 cm from the source (total
dose was ca. 10 KGy) at room temperature. The solution was transformed
into a transparent pale yellow cylindrical block that was triturated in
methanol, washed with 3� 50 mL methanol, and dried at 70 �C under
approximately 5 mbar pressure. Polymerization yield was 92%. The resin
was fully ground with an IKAA10 impact grinder, sieved to 180 ± 400 �m,
rewashed with 3� 50 mL methanol, and redried as above. Volumetric
acid ± base titration gave approximately 0.42 meq H�/g. Elemental analysis
was quite consistent with the expected composition. Addition of palladium
and reduction of PdII to Pd0 were carried out as described in previous
papers.[5±8] Pd content was found to be 1.67%.


Catalytic tests : They were performed with a homemade pressostatic reactor
described in ref. [5].
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Naphthalene-1,8-diyl Bis(Halogenophosphanes): Novel Syntheses and
Structures of Useful Synthetic Building Blocks


Petr Kilian, Alexandra M. Z. Slawin, and J. Derek Woollins*[a]


Abstract: A series of new bay region
disphospha-functionalised naphthalenes
is reported. The reduction of ylidic
phosphonium phosphoride NapP2Cl6
(1) (Nap� naphthalene-1,8-diyl) with
MeOPCl2 gives the important synthon
Nap(PCl2)2 (2) in nearly quantitative
yield. Reaction of 1 with magnesium
metal affords (NapP2)n (3), which reacts
with Br2 and I2, yielding Nap(PBr2)2 (4)
and Nap(PI)2 (5), respectively. X-ray


structure determinations reveal a twist-
ed geometry of the naphthalene ring in
sterically strained 2 and 4, whilst the
presence of a P�P bond in 5 results in
the release of the steric strain and
generation of the planar NapP2 moiety.


Although the tetrahedral P environ-
ments are severely distorted the �3P��3P
bonding in 5 represents a new type of
P�P bonding environment in 1,8-diphos-
phanaphthalenes. Compounds 1, 4 and 5
each represent the highest coordination,
achievable by direct halogenation. The
new compounds 2 ± 5 were fully charac-
terised by NMR, IR, and Raman spec-
troscopy, mass spectrometry, and ele-
mental analysis.


Keywords: halogens ¥ neighboring-
group effects ¥ phosphorus ¥
strained molecules


Introduction


Naphthalene-based systems have received much attention as
the simplest polycyclic aromatic hydrocarbons that allow
substitution in a bay region (positions 1 and 8 of the
naphthalene ring). If no bonding interaction between the
two substituents is present, substantial steric strain is intro-
duced. This strain can be released in various ways, for example
by protonation–this phenomena
found its use in the area of proton
sponges.[1] Another feature of bay-
substituted naphthalenes–biden-
ticity combined with rigid C3 back-
bone–has found use in the design
of ligands for catalysis.[2]


In the case of 1,8-diphospha
substitution, the synthetic ap-
proach is simplified by the relative
inertness of the P�C bond, which
allows a huge variety of interesting
main group as well as organome-
tallic chemistry to be performed on
phosphorus functionalities. A concise summary of work done
by Schmutzler et al. in the area of 1,8-diphosphinonaphtha-


lenes was published recently.[3] However, the area partially
suffers from lack of readily obtainable, versatile starting
materials, because the principles known from classical orga-
nophosphorus chemistry are not always applicable here. Only
some of the derivatives with anticipated high synthetic
potential have been reported to date, namely Nap(PCl2)2,[4]


Nap[P(OMe)2]2[5] and Nap[P(NR2)2]2 (R�Me, Et)[4, 6]


(Nap� naphthalene-1,8-diyl, Scheme 1). Attempts to prepare


Nap(PH2)2 were repeatedly unsuccessful.[5] A detailed study
of the reaction mechanism for the formation of the most
desirable synthon Nap(PCl2)2 from Nap[P(NR2)2]2 was pub-
lished recently, in which the low overall yields obtained by this
route were explained.[6]


All of the above-named synthons were prepared by using
1,8-dilithionaphthalene as a key precursor. The only other
known method for introducing two phosphorus functionalities
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Scheme 1. Routes to basic synthons in 1,8-diphosphanaphthalene chemistry using 1,8-dilithionaphthalene as
starting compound.
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into positions 1 and 8 of a naphthalene ring selectively was
reported by us; the high-temperature reaction of 1-bromo-
naphthalene and P4S10 yields NapP2S4 (Scheme 2).[7] We have


Scheme 2. Route to NapP2Cl6 (1) via NapP2S4.


used NapP2S4 to generate a range of new heterocycles;[7, 8]


however, the situation described above motivated us to
develop NapP2S4 transformations towards more versatile
synthons than NapP2S4 itself. To fulfill this objective, we have
recently discovered a relatively simple preparation of
NapP2Cl6 (1) by chlorination of NapP2S4 (Scheme 2).[9] The
high synthetic potential of compound 1 will be demonstrated
herein.


Results and Discusssion


Nap(PCl2)2


A new synthetic pathway to 1,8-bis(dichlorophosphino)naph-
thalene 2was designed because of its importance as a versatile
synthetic intermediate for 1,8-diphosphanaphthalenes. The
reaction of 1 with a slight excess of methyldichlorophosphite
(MeOPCl2) in refluxing toluene gives bis(dichlorophosphane)
2 in nearly quantitative yield (Scheme 3). Starting from the
well-established intermediate NapP2S4 the overall yield after
purification steps was 49%.


Tetrachlorophosphoranes RPCl4 are transformed into di-
chlorophosphanes RPCl2 by various reducing agents such as
Hg, Zn, and other metals. Nevertheless, MeOPCl2 seems to be
the reagent of choice; firstly,
the by-products of the reaction
(POCl3 and MeCl) are both
volatile and thus are easily
removed by evaporation in va-
cuo at room temperature; and
secondly, the reaction is not
critically sensitive to a molar
ratio of reactants (excess of
MeOPCl2 does not further react
with 2).


We have shown[9] that two
equilibrium forms of 1 exist in
solution at normal and elevated
temperature; both isomers con-
tain a P�P bond in their struc-
ture (Scheme 4).


A plausible mechanism for
the reaction of 1 with MeOPCl2
involves nucleophilic attack of
the molecular bis(phosphor-
ane) by MeOPCl2, followed by


Scheme 3. Routes to new synthons from NapP2Cl6 (1).


consecutive elimination of MeCl and POCl3 (Scheme 4). The
bonding situation in the bis(phosphorane) structure of 1
suggests that the reaction with another equivalent of reducing
agent (MeOPCl2) might proceed with back formation of the
P�P bond to give the diphosphino product Nap(PCl)2 whose
structure is analogous to that of Nap(PI)2 (5, vide infra);
however, 31P NMR spectroscopy of the reaction mixture after
prolonged heating of 1 with two equivalents of MeOPCl2 in
toluene did not show the presence of any other phosphorus-
containing product than 2.


The purity of 2, after sublimation in vacuo, was assessed by
31P{1H} and 1H NMR spectroscopy, and its identity was


Scheme 4. Equilibrium forms of 1 in solution, and plausible reaction scheme for reaction of 1 with MeOPCl2.
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reconfirmed by X-ray structure determination (vide infra). 31P
and 1H NMR and MS spectra of a sample of 2 prepared by
another route were reported elsewhere,[4] we report the
13C NMR data here.


(NapP2)n


The reaction of organodichlorophosphanes RPCl2 with mag-
nesium metal affords cyclic oligomers of the general formula
(RP)n. In the case of R� aryl, n usually reaches 4 ± 6.[10]


Oligomeric (RP)n reacts with sodium or potassium metal to
afford highly reactive metallated species M(PPh)nM (M�Na,
K),[11] no such species were reported on reaction with
magnesium.


Treatment of 1,2-phenylenebis(diiodophosphane) with two
equivalents of magnesium in THF affords a white micro-
crystalline material, which was insoluble in common organic
solvents. It was characterised by mass spectrometry, 31P-CP-
MAS spectrometry, and by microanalysis. Based predomi-
nately on the highest mass peak found in the EI-MS spectrum,
which corresponds to (C6H4P2)5, a bicyclic pentameric struc-
ture was suggested for this product.[12] On the other hand,
catalytic dehydrocoupling of 1,2-C6H4(PH2)2 affords the
octamer (C6H4P2)8, which contains a P16 macrocycle, as shown
by X-ray structure analysis[13]–although the asymmetric unit
in the crystal consists of two pairs of dimers, its simplest
structural formula can be written as in Figure 1.


Figure 1. Structural formula of the product obtained from the catalytic
dehydrocoupling of 1,2-(PH2)2C6H4.


Despite the importance of oligomeric cyclo-organophos-
phanes suggested by their rich chemistry, no report has been
published on the preparation of the derivative with a
naphthalene-1,8-diyl backbone as the organic group. Thus,
we used the reduction with magnesium metal for its prepa-
ration. The reaction of 1 with three equivalents of magnesium
in THF proceeds in two steps. The first step involving
formation of Nap(PCl2)2 is exothermic and external cooling
was necessary, whilst the formation of a yellow precipitate of
(NapP2)n (3), in the second step, was substantially slower.
After several days no unreacted Mg was present in the stirred
suspension, and the precipitated product 3 was separated by
filtration (Scheme 3). Compound 3 is stable towards water,
but not indefinitely stable to air; a change in colour to pale
yellow occurs after several days exposure. The insolubility of 3
in all common organic solvents complicated its purification
and prevented its characterisation by solution NMR spectro-
scopy and the use of advanced soft ionisation techniques for
measurement of mass spectra.


The 31P{1H} CP-MAS spectrum of 3 consists of one broad
and slightly asymmetric signal (�(31P)��21.8 ppm) with low-


intensity spinning side bands. The low intensity in the side
bands suggests that the phosphorus environment has a
relatively high degree of symmetry, the intense and broad
cross polarisation signal suggests relative rigidity of 3 in the
solid state, but little long-range order.


EI mass spectra of different batches of 1 (sampled neat)
were not always consistent and many unexpected peaks were
present; however, an intense peak atm/z 188 (monomeric unit
C10H6P2) was usually found. Poor ionisation of high-molec-
ular-weight oligomeric material and the resulting relative
amplification of impurity signals explains this inconsistency of
spectra. Use of laser desorption ionisation in combination
with a time-of-flight (TOF) analyser resulted in a highest peak
at m/z 1128, corresponding to the hexamer (C10H6P2)6; the
signals corresponding to the pentamer and the tetramer were
also observed.


In contrast to the mass spectra, IR spectra from various
preparations were very consistent; no intense absorptions
were found in the region of �P-Cl (400 ± 600 cm�1). Similarly C
and H content found by microanalyses in various batches of 3
was quite consistent, though similar to (C6H4P2)5[12] the values
for C were usually 2 ± 4% lower than the theoretical values.


From the spectroscopic and analytical data for 3 shown
above, together with the observed high melting point (above
320 �C), the degree of oligomerisation or structure of 3 (linear/
branched chain or cyclic) cannot be determined. Nevertheless,
the identification of the products of subsequent reactions of 3
with Br2 and I2 (vide infra) unambiguously proves conserva-
tion of the NapP2 moiety in 3, which is likely to be its
monomeric unit. Further, the MS studies show that the
probable minimum degree of oligomerisation is (NapP2)6.


Nap(PBr2)2


Many features of the chemistry of dibromoorganophosphanes
RPBr2 are similar to that of RPCl2. Bromine reacts readily
with (PPh)n as well as PhPBr2 giving phosphorane PhPBr4,
which adopts a PBr5-like ionic structure PhPBr3�Br� in
solution (25% oleum) as well as in the solid state.[14]


Encouraged by the unusual bonding observed in NapP2Cl6
(1),[9] we studied the reaction of 3 with bromine (see
Scheme 3), anticipating that a product of analogous compo-
sition (NapP2Br6) might be prepared, though possibly showing
a different structure.


To test this hypothesis, we attempted the reaction of 3 with
three equivalents of Br2 in 1,2-dichloroethane at elevated
temperature. The 31P NMR spectrum of the mixture after
reaction showed a major singlet at �(31P)� 119 ppm, indicat-
ing that bromination proceeded only to bis(dibromophos-
phane) Nap(PBr2)2 (4) (Scheme 3); no high field signals
assignable to penta- or hexacoordinate phosphorus or tribro-
mophosphonium ion were observed (�(31P)� 23 ppm for
PhPBr3�Br� [14, 15]). The conversion to 4 was nearly quantita-
tive according to 31P{1H} NMR spectroscopy, though it was
only isolated in a moderate yield in the form of orange
crystals. A minor signal for PBr3 at �(31P)� 229 ppm was
observed in the mixture after the reaction, indicating that the
P�C bond was partially cleaved under the conditions used.
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Such low reactivity towards the addition of bromine to
organodibromophosphane is unusual, considering that there
are at least two reasonable structures with the composition
NapP2Br6 available, namely ionic A and ylide B (Figure 2).


Figure 2. Expected structures of the product of the reaction of 3 with
excess of Br2.


An analogue of the bonding situation B (�6P���4P�) was
found in the solid state and in solution for the chloro-congener
1 (in solution it is in equilibrium with the �5P��5P form, see
Scheme 4). If we consider the known structures of PhPX4


(X� halogen), the bromide adopts an ionic PhPBr3�Br�


structure, whereas the chloride
is molecular in both solution
and the solid state. Further-
more, the replacement of chlor-
ine by bromine is expected on
steric grounds to make an ionic
structure A more favourable.
On the other hand, several de-
rivatives with a bonding situa-
tion (�4P�-�3P) equivalent to
structure A were reported recently;[16] however, X-ray inves-
tigations showed no signs of strain relief by a dative P�P�


interaction (the situation shown in structure A�).
In conclusion, the origin of the reluctance of 4 to increase


the P atom(s) coordination number by addition of Br2 could
be the bulkiness of bromine (concomitant with the destabiliz-
ing effect of crowding), as well as differences in P�X bond
strength compared to the chloro congener 1.


With respect to the identification of 4 as the major product
of the reaction, the reaction was repeated with the correct
ratio of reactants (see Experimental Section). Compound 4 is
very air/moisture sensitive, and very soluble in organic
solvents. It was characterised by X-ray structure analysis, 31P,
1H and 13C NMR, spectroscopy, FT-Raman spectroscopy,
mass spectrometry, and the purity was assessed by micro-
analysis.


Nap(PI)2


To complement the series of congeners of naphthalene-1,8-
diyl bis(dihalogenophosphanes), the oxidative addition of
iodine to 3 was studied. Iodides of trivalent phosphorus tend
to dimerise leading to the formation of a P�P bond. For
example, PhPI2 is readily converted into sparingly soluble
diphosphane (PhPI)2 and I2 even in the presence of such weak
nucleophiles as ethers.[17] Addition of iodine to diphosphenes
R�P�P�R leaves the P�P bond intact, resulting in diphos-
phanes R�P(I)�P(I)�R.[18] A tendency to dimerise, though of


a different nature, was also observed with 1,2-bis(diiodophos-
phino)benzene. The intended metathesis reaction of 1,2-
(PCl2)2C6H4 with LiI afforded a bicyclic product (1,2-
C6H4P2I)2 (Scheme 5).[19] Reexamination of the reaction
showed that the bicyclic product is formed in the presence
of water, whilst with strict exclusion of water the correspond-
ing bis(diiodophosphane) 1,2-(PI2)2C6H4 was formed in a good
yield (Scheme 5).[12] The preference of the formation of the
interleaved bicyclic products is a common feature in 1,2-
diphosphabenzene chemistry, presumably as a result of the
quite large, fixed distance between the phosphorus atoms (ca.
3.0 ä). In fact, no 1,2-diphosphabenzene with a direct P�P
bond (bonding P functionalities in position 1 and 2) is known.


Not surprisingly, the reaction of 3 with two equivalents of I2
gave diiododiphosphane 5 as the major product (Scheme 3).
The reaction proceeded very cleanly, only a minor signal of
the side product PI3 (�(31P)� 175 ppm) was observed by 31P
NMR spectroscopy in the mixture after the reaction. No
signal suggesting the formation of Nap(PI2)2, was found.


Substantial steric strain is connected with out-of-plane and
in-plane distortions of phosphorus functionalities in 1,8-


bis(phosphino)naphthalenes Nap(PR2). One of the possibil-
ities for its release is the formation of a direct P�P bond
through the formation of a C3P2 heterocycle. Although it
seems a very favorable arrangement (in contrast to the
situation in 1,2-diphospha-substituted benzenes), up to now
only very few examples containing P�P bonding interactions
were described; the interactions involved were �3P��4P� and
�4P���6P�.[6, 9] The �3P��3P bonding in 5 thus represents a new
type of P�P bonding environment in 1,8-diphosphanaphtha-
lenes. The energy gain, connected with the relaxation of the
distorted geometry in the hypothetic Nap(PI2)2 on trans-
formation to the planar NapP2 scaffolding in Nap(PI)2 in 5,
probably plays an important role in its stabilisation. Com-
pound 5 is less air/moisture sensitive than 4, and it is only
sparingly soluble in organic solvents at room temperature. It
was characterised by X-ray structure analysis, 31P, 1H and
13C NMR spectroscopy, FTIR and FT-Raman spectroscopy,
mass spectrometry, and its purity was assessed by micro-
analysis.


Discussion of NMR spectra


As has been noted earlier, the signal at �(31P)� 135.7 ppm in
Nap(PCl2)2 (2) is substantially shifted upfield in comparison
with the corresponding signal in PhPCl2. (�(31P)� 160 ppm).
This is readily explained by the mutual shielding of the
phosphorus nuclei, arising from the close proximity of the
non-bonding electron pairs in 2.[4] In view of this, the value of


Scheme 5. Halogen exchange reactions of 1,2-(PCl2)2C6H4.
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�(31P)� 118.4 ppm observed in less neighbour-shielded 1,2-
(PCl2)2C6H4 seems to be disputable,[20] especially because in
the series of PhPBr2 (�(31P)� 152 ppm), 1,2-(PBr2)2C6H4


(�(31P)� 136.7 ppm)[21] and Nap(PBr2)2 (4) (�(31P)�
118.9 ppm) the reasonable trend, following the increasing
shielding, was found. In the same manner, a remarkable
upfield shift value in Nap(PI)2 (5) (�(31P)� 21.3 ppm) com-
pared to (PhPI)2 (�(31P)� 45.1 ppm)[17] was observed; the
bicyclic 1,2-(C6H4P2I)2 (Scheme 5) was reported to show an
AA�BB� spin system in the 31P NMR spectra, centered at
37.0 ppm.[19]


13C NMR spectra of various 1,8-bis(diorganophosphino)-
naphthalenes and related systems have been widely dis-
cussed.[5, 16] Virtual triplets dominate the 13C NMR spectra of
these systems. In agreement with that, in the 13C NMR spectra
of 2, 4 and 5, the signals of tertiary carbon and ipso-carbon
nuclei appear as virtual triplets, as the result of significant P,P
couplings present (through-space 4J coupling in 2 and 4 and
much larger through-bond 1J coupling in 5). The small
magnitude of the 1J(P,C) value prevented measurement of
the 1J(P,P) value from 13C satellite subspectra in 31P{1H} NMR
spectra of 2, 4 and 5.


X-ray investigations


The structures of 2, 4 and 5 in the crystal are shown in
Figures 3 ± 5 and Table 1 and 2, and the crystallographic data
are summarised in Table 3.


The asymmetric unit in the crystal structure of 2 contains
two molecules of very similar geometry; the asymmetric unit


Figure 3. Structure of 2 (X�Cl) and 4 (X�Br) in the crystal. In 2, the
asymmetric unit consists of two molecules with approximately the same
geometry.


Figure 4. Structure of 5 in the crystal. The asymmetric unit consists of a
half of the molecule.


Figure 5. Illustration of the extent of naphthalene ring twisting and out of
plane distortions of phosphino groups in a) 2, b) 4 and c) 5. Viewed along
the naphthalene central C10�C5 bond.


in the structure of 4 contains only one molecule. The steric
strain introduced by substitution in the bay region is released
by out-of-plane and in-plane distortions, concomitant with
significant twisting of naphthalene ring in both 2 and 4 (see
central torsion angles of the naphthalene ring in Table 2). As
usual in 1,8-P,P-naphthalenes, the P atoms lie in opposite
directions from the naphthalene least-squares plane. The
displacement of P atoms from this plane range from 0.41 to
0.52 ä in 2, but the out-of-plane distortion is more pro-
nounced in 4, where this displacement is 0.68 and 0.73 ä.
Interestingly, the P1 ¥¥¥ P9 non-bonding distances in 2 and 4
are comparable (2.80 ± 2.81 ä in 2, 2.77 ä in 4); substantially
longer P ¥¥ ¥ P non-bonding distances (2.93 ± 3.07 ä) were
found in 1,8-bis(dialkylphosphino)naphthalenes[22] as
well as in 1,8-bis[bis(dialkylaminophosphino)]naphthalenes
(3.12 ä).[6]


As expected, the differences in geometries of 2 and 4, which
are caused by variation of the bulkiness of their halogeno
substituents, are much more significant than those caused by
packing effects in the two independent molecules in the
asymmetric unit of 2. Although the out-of-plane distortion
somehow complicates the description of the conformation of
PX2 groups in 2 and 4 (idealised conformers are shown in
Figure 6), the conformations of PX2 groups (Figure 5) in 2 and
4 can be regarded as nearly bisecting, with partial (2) and
slight (4) distortion towards eclipsed.


The crystal structure of compound 5 (Figure 4, Table 2)
shows that the molecule in the crystal is highly symmetrical,
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possessing a crystallographic twofold axis, through carbon
atoms C5 and C10, thus the asymmetric unit in 5 consists of
half of the molecule. The naphthalene ring is essentially
planar (mean deviation from planarity 0.02 ä), the P atoms lie
0.11 ä above and below the least-squares plane of the


Figure 6. Idealised conformations of 1,8-bis(dihalophosphino)naphtha-
lenes, molecules viewed along the naphthalene plane.


naphthalene ring (dihedral angle P-C1 ¥¥¥ C1�-P� is 5.2�), with
the five-membered C3P2 ring also very close to planarity. The
in-plane distortion is concomitant with the difference in peri-
separation of the carbon atoms (2.450(5) ä) and the P�P
distance of 2.218(2) ä; the splay angle (2� P-C1-C10 � C1-
C10-C1 �360�) is negative (�7.5�). The P�P (2.218(2) ä)
and P�I (2.498(1) ä) bond lengths are within their usual
ranges (2.22� 0.05 and 2.48� 0.05 ä, respectively); the P�P
distance is comparable, though slightly shortened, to that
found in the Nap[PCl][P(NEt2)2]� ion (2.232(1) ä), which
contains a �3P��4P� moiety.[6] The pseudo-tetrahedral geom-
etry (the fourth site being the phosphorus lone pair) at the
phosphorus atoms is severely distorted, the C-P-P� and I-P-P�
angles are 93.5(1) and 93.40(6)�, respectively.


Conclusion


Non-mixed halogeno derivatives of 1,8-P,P-naphthalenes
demonstrate that the coordination number of the phosphorus
atoms decreases with increasing bulkiness of the halogen
atoms. The maximum coordinated species known for each
halogen are NapP2Cl6 (1), Nap(PBr2)2 (4) and Nap(PI)2 (5);
they do not react further with Cl2, Br2 and I2, respectively. The
route to Nap(PCl2)2 described here represents a new synthetic
pathway for this synthetically very important compound. It
consists of three steps from commercially available materials
1-bromonaphthalene and P4S10. Routes to new synthons
(NapP2)n, Nap(PBr2)2 and Nap(PI)2 are also described, the


Table 1. Comparison of selected bonding, non-bonding and displacement
distances [ä], angles and dihedral angles [�] in 2 (two independent
molecules in asymmetric unit) and 4.


Compound 2 (X�Cl)[a] 4 (X�Br)


P1�X1 2.0695(9), 2.056(1) 2.2737(9)
P1�X2 2.054(1), 2.073(1) 2.2261(9)
P9�X3 2.079(1), 2.065(1) 2.2551(9)
P9�X4 2.056(1), 2.080(1) 2.2253(9)
P1�C1 1.834(3), 1.822(3) 1.835(3)
P9�C9 1.832(3), 1.832(3) 1.825(3)
C1�C10 1.435(4), 1.437(4) 1.426(4)
C9�C10 1.434(4), 1.438(4) 1.437(4)
P1 ¥¥¥ P9 2.798(2), 2.811(1) 2.767(1)
C1 ¥¥¥ C9 2.550(1), 2.553(1) 2.517(1)


out-of-plane displacement
of P atoms


0.52 and �0.49, 0.68
0.46 and �0.41 � 0.73


X1-P1-X2 99.16(4), 99.26(4) 100.26(3)
X3-P9-X4 99.36(4), 98.33(4) 99.74(4)
C1-P1-X1 100.57(8), 100.72(9) 99.9(1)
C1-P1-X2 101.02(9), 100.14(9) 101.8(1)
C9-P9-X3 100.25(8), 101.36(9) 99.6(1)
C9-P9-X4 101.24(9), 101.09(9) 101.9(1)


bay region angles:
C10-C1-P1 118.6(2), 119.1(2) 117.0(2)
C10-C9-P9 118.4(2), 119.7(2) 116.6(2)
C1-C10-C9 125.5(2), 125.3(2) 123.0(3)


splay angle[b] 2.5, 4.1 � 4.0


dihedral and torsion angles in bay region:
P1-C1 ¥¥¥ C9-P9 25.7, 22.4 37.0
P1-C1-C10-C9 15.1(3), 12.9(4) 21.8(4)
P9-C9-C10-C1 14.3(3), 12.9(4) 19.9(4)


central torsion angles of naphthalene ring:
C4-C5-C10-C9 174.1(2), 175.9(2) 171.7(3)
C6-C5-C10-C1 173.4(2), 174.2(2) 171.1(3)
C4-C5-C10-C1 5.7(4), 5.2(4) 7.9(4)
C6-C5-C10-C9 6.7(4), 4.7(4) 9.4(4)


[a] Values after comma are for second of the two independent molecules,
forming asymmetric unit in the structure of 2. [b] Splay angle�P1-C1-
C10 � P9-C9-C10 � C1-C10-C9� 360.


Table 2. Selected bonding, non-bonding and displacement distances [ä],
angles and dihedral angles [�] in 5. Molecule possess crystallographic
twofold axis, the asymmetric unit consists of a half of the molecule.


P�P� 2.218(2) P�I 2.498(1)
P�C1 1.830(4) C1�C10 1.423(5)
C1 ¥¥¥ C1� 2.450(5)


out-of-plane displacement
of P atoms


0.11 and �0.11


P�-P-I 93.40(6) C1-P-I 99.0(1)
C1-P-P� 93.5(1) C1-C10-C1� 118.9(5)
C10-C1-P 116.8(3)


splay angle[a] � 7.5


dihedral and torsion angles in bay region:
P-C1 ¥¥¥ C1�-P� 5.2 P-C1-C10-C1� 2.9(1)


central torsion angles of naphthalene ring:
C4-C5-C10-C1� 178.3(3) C4-C5-C10-C1 1.7(3)


[a] Splay angle� 2�P-C1-C10 � C1-C10-C1�� 360.


Table 3. Crystallographic data for 2, 4 and 5.


Compound 2 4 5


formula C10H6Cl4P2 C10H6Br4P2 C10H6I2P2


crystal habit pale yellow prism orange prism yellow prism
crystal size [mm] 0.18� 0.1� 0.1 0.15� 0.1� 0.1 0.15� 0.1� 0.1
crystal system triclinic monoclinic monoclinic
space group P1≈ P2(1)/n C2/c
a [ä] 9.9892(9) 6.776(1) 12.338(4)
b [ä] 11.535(1) 16.813(3) 8.484(2)
c [ä] 12.130(1) 12.187(2) 12.476(4)
� [�] 100.299(2) 90.00 90.00
� [�] 105.287(1) 97.195(2) 114.688(4)
� [�] 103.376(2) 90.00 90.00
U [ä3] 1268.1(2) 1377.5(4) 1186.6(6)
�calcd 1.728 2.448 2.474
no. of reflections:
measured 6353 5578 2725
independent 3555 1899 804
observed (I� 2�(I)) 2915 1691 766
� [mm�1] 1.152 11.888 5.528
min/max transmission 0.8149/1.0000 0.4195/1.0000 0.7926/1.0000
no. of parameters 290 146 66
R (F 2, all data) 0.0388 0.0357 0.0263
wR (F 2, all data) 0.0708 0.0720 0.0634
max. �� [eä�3] 0.56 0.77 0.53
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synthetic potential of which is clearly evident. Some �space
limitations� of peri-substitution using the NapLi2 synthon were
reported, with regard to the possibility to crowd very bulky
(e.g. two tBu or two N(iPr2) groups on both P atoms in 1,8-
diphosphanaphthalenes.[6] The derivatives described here can
serve as useful starting materials for the preparation of these
highly strained molecules, as well as for a range of other
interesting main-group and organometallic derivatives.


Experimental Section


All experiments were carried out in standard Schlenk glassware with
exclusion of air and moisture. Solvents were dried, purified, and stored
according to common procedures.[23] NapP2S4 was prepared from 1-bro-
monaphthalene and P4S10,[7] NaP2Cl6 (1) was prepared by chlorination of
NapP2S4.[9] All other reagents were obtained commercially. In vacuo refers
to a pressure of �13 Pa. Solution NMR: Bruker Avance 300 and Jeol GSX
270; 85%H3PO4 was used as an external standard in 31P, TMS as internal in
1H and 13C NMR. All measurements were performed at 25 �C. Assignments
of 13C and 1H NMR spectra were made with the help of 1H{31P}, H-H
COSY, H-C HMBC, HSQC and H-P HMQC experiments, vt denotes
virtual triplet. The 31P{1H} CP-MAS spectra were obtained on Varian Unity
Inova spectrometer, University of Durham. Raman and IR: Perkin-Elmer
System 2000; MS: VG Autospec, electron energy 70eV; Bruker Ultraflex
MALDI-TOF, was used for measurement of oligomerisation degree of 3.


Nap(PCl2)2 (2): NapP2Cl6 (1) (1.70 g, 4.24 mmol) and MeOPCl2 (0.5 mL,
5.29 mmol) were heated under reflux in toluene (15 mL) for 3 h. The
resulting solution was evaporated in vacuo to yield pure, pale yellow
crystalline 1 (1.30 g, 93%). Its purity was assessed by 31P, 1H and 13C NMR
spectroscopy. Less pure 1 can be used as the starting material, the resulting
product (impure 2) can be purified by sublimation in vacuo at 140 ± 150 �C,
which gave 2 only slightly contaminated by the cosublimed product of
partial oxidation Nap(POCl2)(PCl2) (assessed by 31P and 1H NMR spetro-
scopy). 1H and 31P NMR data obtained were in agreement with those
published earlier.[4] 13C{1H} NMR (75.5 MHz, CDCl3, for numbering of
atoms see Figure 3): �� 135.7 (vt, 1J(C,P)� 3J(C,P)� 73.5 Hz; C1 and C9),
135.0 (vt, 2J(C,P) � 4J(C,P)� 2.49 Hz; C2 and C8), 133.1 (vt, 4J(C,P) �
4J(C,P)� 1.94 Hz; C4 and C6), 132.6 (t, 2J(C,P)� 36.8 Hz; C10), 131.1 (t,
3J(C,P)� 7.19 Hz; C5), 125.7 ppm (s; C3 and C7).


(NapP2)n (3): Magnesium turnings (0.61g, 25.1 mmol) were added to an
externally cooled (0 �C), stirred suspension of NapP2Cl6 (1) (3.30g,
8.23 mmol) in THF (40 mL). After the first few minutes of exothermic
reaction (formation of Nap(PCl2)2), the mixture was left to heat up to
ambient temperature and was stirred for three days. After this period no
unreacted Mg was observed in the resulting suspension, the solid was
filtered off, washed with degassed water (2� 10 mL), and THF (10 mL),
and dried in vacuo. Compound 3 was obtained as a yellow, very mobile
powder (1.27 g; 82%). M.p. above 320�. Microanalysis showed that the C
content was lower than that calculted for C10H6P2 (60.2 versus 63.8%). IR:
�� � 3046m (�Ar-H), 1551m, 1485s, 1209m, 812vs, 768vs cm�1; Raman (sealed
capillary): �� � 3054m (�Ar-H), 1554vs, 1379vs, 881s, 560m, 505m, 486m, 463m,
416s (�P-P) cm�1; 31P{1H} CP-MAS (121.4 MHz): broad, slightly asymmetric
signal (�(31P)��21.8 ppm) with low-intensity spinning side bands. The
insolubility prevented examination by solution NMR spectroscopy; for EI-
MS data see text; MALDI-TOF MS (positive-mode, no matrix, m/z): 1128
[(C10H6P2)6], 1066 [(C10H6P2)6� 2P], 940 [(C10H6P2)5], 878 [(C10H6P2)5�
2P, base peak], 752 [(C10H6P2)4].


Nap(PBr2)2 (4): A suspension of 3 (0.46 g, 2.45 mmol) and bromine
(0.30 mL, 5.85 mmol) in 1,2-dichloroethane (10 mL) were heated under
reflux for 10 min and the solvent was evaporated in vacuo. The resulting
residue was extracted with hot toluene (15 mL), the extract was concen-
trated to 4 mL and cooled to�20 �C. Precipitated crude 4was recrystallised
from boiling toluene (2 mL) to yield 4 (0.22 g; 18%) as orange crystals,
some of which were suitable for X-ray structure analysis. M.p. 156 ± 158 �C;
elemental analysis calcd (%) for C10H6P2Br4: C 23.7, H 1.2; found C 23.7, H
1.0; Raman (sealed capillary): �� � 3069 and 3038w (�Ar-H), 1550m, 1356m,
870m, 378s (�P-Br), 351vs (�P-Br), 249m, 174m cm�1; NMR (CD2Cl2, for


numbering of atoms see Figure 3): 31P{1H} NMR (121.5 MHz): ��
118.9 ppm (s); 1H NMR (300 MHz): �� 8.72 (m, 2H, 3J(H,H)� 7.3,
4J(H,H)� 1.2 Hz; H2 and H8), 7.99 (m, 2H, 3J(H,H)� 8.3, 4J(H,H)�
1.1Hz; H4 and H6), 7.68 ppm (m, 2H; H3 and H7); 13C{1H} NMR
(75.5 MHz): �� 140.3 (s, C2 and C8), 135.6 (vt, 1J(C,P) � 3J(C,P)�
79.61 Hz; C1 and C9), 135.0 (vt, 4J(C,P) � 4J(C,P)� 1.9 Hz; C4 and C6),
133.0 (t, 3J(C,P) �35 Hz; C10), 132.6 (t, 2J(C,P)� 6.8 Hz; C5), 128.0 ppm
(s, C3 and C7); MS (EI� ): m/z 428 [M��Br], 348 [M� 2Br], 267 [M�
3Br], 188 [C10H6P2, base peak], 157 [C10H6P], 126 [C10H6]; MS (CI� ,
ionizing gas isobutane): m/z 405 [C10H6P2Br2�C4H9], 349 [C10H6P2Br2�
H], 325 [C10H6P2Br�C4H9], 269 [C10H6P2Br�H], 245 [C10H6P2�C4H9],
189 [C10H6P2�H].


Nap(PI)2 (5): A suspension of 3 (0.50 g, 2.66 mmol) and iodine (0.68 g,
2.68 mmol) in chlorobenzene (8 mL) was heated to 120 �C for 10 min and
the solvent was evaporated in vacuo. The resulting solid residue was
washed with hexane (3� 10 mL) and dichloromethane (10 mL) and
recrystallised twice from hot 1,4-dioxane to give 5 (0.59 g; 50%) as a
yellow-orange crystalline mateial. M.p. 218 ± 20 �C (decomp); elemental
analysis calcd (%) for C10H6P2I2: C 27.2, H 1.4; found: C 27.3, H 1.2; IR
(KBr tablet): �� � 1482s, 1198s, 880m, 818vs, 767vs, 482s cm�1; Raman
(sealed capillary): �� � 3055 and 3038w (�Ar-H), 1553m, 1381m, 326vs (�P-I),
242m, 178m cm�1; NMR (CD2Cl2, for numbering of atoms see Figure 4):
31P{1H} NMR (121.5 MHz): �� 21.3 (s) ppm; 1H NMR (300 MHz): �� 8.25
(m, 2H; H2 and H2�), 7.99 (m, 2H, 3J(H,H)� 8.2 Hz; H4 and H4�), 7.59 (m,
2H; H3 and H3�); 13C{1H} NMR (67.9 MHz, due to low solubility not all
quaternary carbons were observed clearly): �� 140.8 (vt, 1J(C,P) �
2J(C,P)� 58.0 Hz; C1 and C1�), 134.5 (vt; C2 and C2�), 131.4 (s; C4 and
C4�), 129.0 (vt; C3 and C3�); MS (EI� ): m/z : 442 [M�], 315 [M� I, base
peak], 188 [C10H6P2], 157 [C10H6P], 126 [C10H6]; MS (CI� , ionizing gas
isobutane): m/z : 499 [M�C4H9], 442 [M�], 315 [M� I], 245 [C10H6P2�
C4H9], 231 [C10H6P2�C3H7], 189 [C10H6P2�H, base peak].


Crystal structure analyses


Data for 2, 4 and 5 were collected at 125 K on a Bruker SMART CCD
diffractometer equipped with Oxford Instruments low temperature attach-
ment, using MoK� radiation (	� 0.71073 ä). Absorption corrections were
performed on the basis of multiple equivalent reflections (SADABS). All
refinements were performed by using SHELXTL (Version 5.10, Bruker
AXS, 1997). CCDC-188739 (2), CCDC-18870 (4) and CCDC-188741 (5)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (�44) 1223 ± 336 ± 033; e-mail :
deposit@ccdc.cam.ac.uk.
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Voltage-Dependent Formation of Anion Channels by Synthetic
Rigid-Rod Push ±Pull �-Barrels


Naomi Sakai,* David Houdebert, and Stefan Matile*[a]


Abstract: Ion channels formed by p-
octiphenyls equipped with amphiphilic,
cationic tripeptide strands and either
with (5) or without (6) axial dipole
moment are described (preliminary
communication: N. Sakai, S. Matile, J.
Am. Chem. Soc. 2002, 124, 1184 ± 1185).
Fluorescence kinetics with variably po-
larized neutral or anionic vesicles, to-
gether with planar bilayer conductance
measurements, reveal voltage depend-
ence with weakly lyotropic anion selec-


tivity, and deactivation by competing
surface potentials of the ion channels
formed by asymmetric 5. In planar
bilayers, 5 forms short-lived, poorly
organized channels–similar to those
produced by �-helical natural antibiot-


ics–capable of transforming into stable,
ohmic p-octiphenyl ™�-barrel∫ ion chan-
nels similar to those of the �99%
homologous but symmetric 6. Fluores-
cence depth quenching and circular
dichroism studies confirm the effect of
membrane potentials in promotion of
the partitioning of 5 (but not 6) into the
bilayers, identifying partitioning as the
voltage-dependent step.


Keywords: antibiotics ¥ ion
channels ¥ membrane potential ¥
molecular recognition ¥
supramolecular chemistry


Introduction


Resistance of pathogenic bacteria to common antibiotics has
intensified scientific interest in natural antibiotics.[1] As these
compounds have not caused resistance despite their long
existence, understanding of their mode of action might be
expected to result in the development of new, resistance-free
antibiotics. It is widely believed that these usually cationic
peptides act by selective ion channel formation in the anionic
and highly polarized bacterial plasma membranes. Interest in
this mechanism of action has, in part, stimulated recent efforts
to expand the structural diversity of voltage-dependent ion
channels from �-helical[2] and �-helical peptide models[3] to
systems with non-peptidic scaffolds.[4, 5] In synthetic ion
channels 1 and 2, the axial macrodipole believed to account
for voltage gating is introduced by asymmetric distribution of
terminal negative charges (Figure 1).[5] The observed macro-
scopic voltage dependence (1)[5a] and the single-channel
current rectification (2)[5b] were explained in terms of pores
formed by parallel self-assembly directed by dominant di-
pole ± potential interactions.
In the uncharged p-octiphenyls 3 and 4, axial asymmetry is


introduced by the presence of � donors X and � acceptors Yat
each end of the rigid-rod scaffold.[6] Push ± pull rods 3 and 4


Figure 1. Voltage-dependent synthetic ion channels constructed from
flexible (1) and semi-rigid (2) anionic bolaamphiphiles and neutral rigid
push ± pull rods (3 and 4).


can function as monomers because the lateral azacrowns act
as unimolecular ion-conducting relays. This characteristic
facilitated the direct correlation of activity and structure in
the bilayer. Although examination of the voltage dependence
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of these push ± pull rods on the structural level provided
valuable insights into the molecular mechanisms of voltage-
gating, the relatively low activity and selectivity led us to
examine other pore-forming motifs. It was envisioned that
voltage-directed parallel self-assembly of rigid push ± pull
rods 5 into push ± pull �-barrels 5���� might result in voltage-
dependent ion channels with the high activity of symmetric
rigid-rod �-barrels[7] and supramolecular amplification of the
selectivity of push ± pull p-octiphenyls (Figure 2).


Figure 2. Structures of rigid push ± pull rod 5 and push ± push rod 6, and
putative suprastructure of parallel �-barrel 5����. Possible atropisomerism in
5/6 is indicated with curved arrows, �-sheets in 5���� are given as arrows
pointing to the C-terminus, amino acid residues (one-letter abbreviation,
G��OCH2CO�) pointing toward the barrel exterior are black on white,
internal residues white on black.


Initial studies in SUVs composed of EYPC with inside-
negative membrane potentials revealed non-linear voltage
and concentration dependence for the formation of tetramer-
ic pores by asymmetric rod 5. Replacement of the methyl-
sulfone � acceptor in 5 by the methoxy � donor in symmetric
rod 6 with nearly identical global structure annihilated the
voltage dependence (Figure 2).[8] Here we report comparative
studies on the activity of push ± pull rod 5 in spherical (SUVs)
and planar EYPC bilayers (BLMs) with the use of the
symmetric homologue 6, melittin,[1b, 9] and gramicidin A[3] as
control channels. Consistent results from both systems reveal
voltage-dependent formation of anion channels by push ± pull
rod 5 in neutral EYPC bilayers. Inconsistency between the
maximal hysteresis found in macroscopic I/V curves and
short-lived single-channel currents in BLMs indicates that
voltage-dependent formation of stable push ± pull �-barrels
5���� occurs through a short-lived suprastructure similar to the
ion channels formed by �-helical peptides. FDQ and CD
performed under comparable conditions with polarized SUVs
consistently show favored partitioning of 5 into bilayers with
inside-negative membrane potentials. These spectroscopic


data support the voltage gating mechanism proposed for
alamethicin,[10] in which the voltage-dependent step is parti-
tioning of the channel-forming molecule into the bilayer.


Results


Activity of rigid push ± pull �-barrels in polarized spherical
EYPC/EYPG bilayers : The activity and selectivity of push ±
pull rod 5 in spherical bilayers were studied by using
uniformly sized (ca. 68 nm) EYPC/EYPG-SUVs containing
an internal, pH-sensitive HPTS label and an external,
potential-sensitive safranin O label (Figure 3).[11] The desired
potassium diffusion potentials were applied by adjustment of
the extravesicular concentration of KCl and subsequent
addition of K�-carrier valinomycin. These Nernst potentials
were verified by the increase in the emission intensity of
safranin O (Figure 4c and d, bottom traces) and quantified
with calibration curves.[8, 12] Subsequent application of a pH
gradient completed the setup for monitoring the decay of pH
gradient and membrane potential simultaneously.


Figure 3. Schematic representation of the assay used to study push ± pull
rod 5 and controls in polarized EYPC/EYPG-SUVs. Solid arrows/bold
ions: favorable antiport with anion- (a, c) and cation-selective (b) pores
(dotted arrows: unfavorable antiport, H� internal HPTS, S� external
safranin O, V� valinomycin; ions at low concentration are omitted for
clarity).


The collapse of pH and K� concentration gradient (i.e.,
membrane potential) was monitored by triple-channel fluo-
rescence kinetics to determine ratiometric changes in emis-
sion intensity of HPTS in two channels (Figure 4c and d, top
traces, one channel not shown) and those of safranin O in the
third channel (Figure 4c and d, bottom traces). By comparing
activities at various Nernst potentials, it was possible to derive
macroscopic activity-potential relationships (Figure 4a
and b).
The results with 5 and 6 (Figure 4a and b, solid) have been


reported previously.[8] In brief, the capacity of 5 (but not 6) to
transport H�/OH� ions across the bilayer was highly voltage-
dependent, with e-fold increase every �30.4 mV (Figure 4a,
solid). The safranin channel, however, showed an almost
unchanged membrane potential during the collapse of pH
gradient mediated by 5 (or 6).[8] This result indicated that
transport of H�/OH� is faster than that of K�, or in other
words, anion-selective OH�/Cl� antiport through pore 5 (and
6, Figure 3a). The fourth-power dependence on monomer
concentration cM at V��180 mV suggested that tetrameric
aggregate 5���� is the active structure (Figure 2).[8]


Here we report that the characteristics of melittin in triple-
channel fluorescence kinetics are quite similar to those
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Figure 4. a) and b) Dependence of activity of p-octiphenyl 5 (a, �),
melittin (a, �), p-octiphenyl 6 (b, �), and gramicidin A (b, �) on membrane
potential V with exponential (a) and linear (b) curve fits; data for 5 and 6
are from ref. [8]. c) and d) Representative original traces for data in a/b,
showing changes in emission intensity of EYPC-SUV entrapped HPTS
(top, �exc� 450 nm, �em 510 nm) and extravesicular safranin O (bottom,
�exc� 522 nm, �em� 581 nm) as a function of time during addition of
safranin O (6 n�), NaOH (5 m�), valinomycin (V, 0.6 ��), sample
[c: melittin (20 n�), d: gramicidin A (0.2 ��)] and excess melittin (lysis,
1 ��). For original traces of 5, see Supporting Information of ref. [8].


reported previously for push ± pull supramolecule 5����. Name-
ly, voltage-dependent collapse of the pH gradient occurred
before membrane depolarization (Figure 4c). Flux experi-
ments at different potentials revealed an e-fold dependence
with �V��17.5 mV (Figure 4a, dotted). These findings
identified the voltage dependence and ion selectivity of
�-helical melittin as being similar to those of the asymmetric
push ± pull rod 5 in polarized SUVs (Figure 4a).
In clear contrast to melittin, gramicidin A caused equally


rapid collapse both of H� and of K� gradients (Figure 4d).
Moreover, almost voltage-independent H�/OH�-transport
activity in spherical bilayers was found for gramicidin A
(Figure 4b, open circles), as expected from conductance
experiments in planar bilayers.[3] These findings identified
the voltage dependence, but not the ion selectivity, of �-helical
gramicidin A as similar to that of the symmetric push ± push
rod 6 in polarized EYPC-SUVs (Figure 4b).
The activity of push ± pull rod 5 was further studied in


polarized EYPC-SUVs (V��180 mV) in the presence of
different external anions X� and cations Mn� (Figures 3c and
5). Replacement of external Na� by Li� or Mg2� did not affect
the activity of push±pull �-barrel 5���� as expected for anion
selectivity (Figure 5b). The decrease in activity of 5 with
external I� � Cl� � OAc� � F� was similar to a Hofmeister
or lyotropic anion selectivity sequence[13] (Figure 5a).
An increase in the fraction of negatively charged lipid


EYPG in mixed EYPG/EYPC-SUVs with an inside-negative
membrane potential of V��180 mV gradually reduced the
activity of push ± pull rod 5 (Figure 6). The identical inten-
sities of safranin O emission in anionic EYPC/EYPG-SUVs
and in neutral EYPC-SUVs showed that this change did not
originate from any influence of symmetric surface potentials


Figure 5. p-Octiphenyl 5 induced changes in emission intensity of HPTS in
polarized EYPC-SUVs (V��180 mV) in the presence of various external
anions (a) and cations (b). External ions (decreasing activity) a): NaI (––),
NaCl (- - - -), NaOAc (�), NaF (�), b): LiCl (––), NaCl (�), and MgCl2
(�). For schematic presentation of the assay, see Figure 3c.


�0 on membrane potential V.[14] Before saturation, the activity
of push ± pull rod 5 in anionic vesicles roughly followed the
fourth-power concentration dependence determined previ-
ously[8] in neutral EYPC-SUVs (Figure 6a). The monomer
concentrations necessary to produce 50% pH-gradient col-
lapse within 100 s (cM(50)) increased exponentially with the
surface potential �0 as calculated by the Gouy ±Chapman
theory (Figure 6b).


Figure 6. Activity of p-octiphenyl 5 with increasing surface potential�0 of
polarized EYPC/EYPG-SUVs (V��180 mV). a) Dependence of activity
on the concentration of 5 in EYPC/EYPG-SUVs containing 0% (�), 10%
(�), 30% (�) and 50% (�) of EYPG with fourth-power fit. b) cM(50) as a
function of �0 with exponential curve fit.


Activity of rigid push ± pull �-barrels in planar EYPC
bilayers: The activity and selectivity of push ± pull rod 5 in
planar bilayers were studied by conventional BLM conduc-
tance experiments. (Note, positive input voltage corresponds
to inside-negative Nernst potentials in EYPC-SUVs.) Appli-
cation of a �20 mVs�1 ramp after cis-addition of rigid push ±
pull rod 5 caused the appearance of exponentially increasing
currents above �100 mV (Figure 7A). Whereas the average
change in macroscopic current with increasing voltage was
fully reproducible, the number and magnitude of discrete
transitions between �100 and �200 mV changed from
experiment to experiment (Figure 7a and b). A macroscopic
I/V curve with minimal contributions from single-molecule
events was used to illustrate an e-fold increase of the
macroscopic current every �26.4 mV (Figure 7b).
Subsequent return from �200 mV to 0 mV with a


�20 mVs�1 ramp occasionally resulted in a roughly linear
decrease in the macroscopic current (Figure 7B). Continu-
ation to negative input voltage induced the disappearance of
conductivity between �50 and �150 mV in discrete transi-
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Figure 7. Macroscopic I/V characteristics of rigid push ± pull rod 5 (1 ��) in
EYPC-BLMs. a) � 20 mVs�1 ramp from A) 0 mV to �200 mV after cis-
addition of 5 followed by one second at �200 mVand a �20 mVs�1 ramp
from B) � 200 mV to �200 mV; C) discrete transition of 0.84 nS; D) dis-
crete transition of 0.66 nS. b) � 20 mVs�1 ramp from 0 mV to �200 mV
(����) with exponential curve fit (––).


tions of various magnitude at inconstant voltage (Figure 7C
and D). The two smallest observed transitions corresponded
to single-channel conductances of 0.66 nS and 0.84 nS (com-
pare Figure 8).


Figure 8. Single-channel characteristics of rigid push ± pull rod 5 (1 �� cis)
in EYPC-BLMs. a) Representative traces between �50 and �150 mV.
b) Po/V curve with exponential fit. c) Illustrative trace for multi-level open
states at �150 mV. d) Illustrative trace for apparent transition from short-
lived to long-lived open states (arrow) at �100 mV.


Optimized experimental conditions were required to obtain
macroscopic I/V curves with complete hysteresis, as in Fig-
ure 8a. Indicative of unfavorable formation of stable ion
channels, it was observed that faster ramps and shorter resting
times atV��200 mV can result in reduced hysteresis. Higher
rod concentrations and longer resting times at V��200 mV,
on the other hand, often caused membrane breakdown.
In single-channel experiments, short-lived multi-level cur-


rents were most frequently observed at high voltage (Fig-
ure 8). The open probability Po increased steeply in e-fold
every �14.4 mV (Figure 8b). The conductance levels of these
short-lived channels (Figure 8a and c) ranged between 0.4 and
0.9 nS, except for occasional bursts at high potential. Al-


though infrequent, opening of long-lived single channels
could be detected (0.7 nS). Its unusual shape, a high-con-
ductance burst as shown in Figure 8a, followed by a slow
decrease, suggested that the formation of long-lived channels
occurs through unstable pores (Figure 8d).
The ion selectivity of rigid push ± pull rods 5 was studied in


EYPC-BLMs by conventional methods based on the appli-
cation of salt gradients between the cis and the trans chamber
(Table 1). Reversal potentials Vr obtained under various KCl
gradients were consistent with anion selectivity of 5. Perme-
ability ratios (PCl�/PK�) of between 2.7 to 3.7 were calculated
by use of the GHK equation (see Experimental Section).
Weak Cl��OAc� selectivity was indicated by PCl�/POAc� � 1.8
obtained from a positive Vr with trans-NaOAc. Almost
negligible F� � OAc� selectivity was indicated by PCl�/PF� �
1.3. Multichannel conductance experiments thus revealed an
overall selectivity sequence Cl� � F� � OAc� � K�.


Activity of symmetric rigid-rod �-barrels in planar EYPC
bilayers: The activity of push ± push rod 6 was studied in
planar bilayers under the conditions used for push ± pull rod 5.
Macroscopic I/V curves showed a nearly linear I/V relation-
ship with very weak hysteresis at high voltage (Figure 9a).
Open channels showed almost infinite lifetime within
�170 mV. Rare single-channel current transitions were only
observed above this critical voltage of V�� 170 mV (Fig-
ure 9b). The single-channel conductance was comparable to
that of long-lived channels seen for asymmetric rod 5 in
multichannel (Figure 7C and D) and occasionally also in
single-channel experiments (Figure 8d).


Figure 9. Macroscopic I/V curve and single-channel characteristics of rigid
push ± push rod 6 (5 �� cis) in EYPC-BLMs. a) Representative 20 mVs�1


ramps, arrows indicate ramps from 0 to high voltage. b) Single-channel
trace at �200 mV.


Table 1. Ion selectivity of rigid push ± pull rod 5 in EYPC-BLMs.


cis c [�] trans c [�] Vr PCl�/PK�/A�


KCl 1.0 KCl 0.5 � 7.1 2.7[a]


KCl 1.0 KCl 0.25 � 14.4 3.0[a]


KCl 0.1 KCl 1.0 � 25.3 3.7[a]


NaCl 1.0 NaOAc 1.0 � 10.7 1.8[b]


NaCl 0.5 NaF 0.5 � 7.8 1.3[c]


[a] PCl�/PK� . [b] PCl�/POAc�. [c] PCl�/PF�.
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Fluorescence depth quenching and circular dichroism: Non-
invasive FDQ experiments with ion channels 5 and 6 are
greatly simplified by the intense blue fluorescence of the
entire p-octiphenyl rod.[4] Previous studies have implied that
two spin-labeled EYPC-SUVs containing either 12-DOXYL-
quenchers Q1 near the middle or interfacial 5-DOXYL-
quenchers Q2 are sufficient for study of the partitioning and
orientation of p-octiphenyl fluorophores in lipid bilayers
under conditions relevant for activity. Comparison of the
quenching efficiency of central Q1 and interfacial Q2 with the
p-octiphenyl emission in unlabeled EYPC-SUVs allows
qualitative differentiation between central (Q1�Q2 efficien-
cy), interfacial (Q1�Q2), and TM rod orientation (Q1�Q2).
At monomer concentrations cM� 250 n�, relatively poor


Q1�Q2 23% quenching was observed with push ± pull rod 5
in spherical bilayers with (filled symbols) and without (open
symbols) inside-negative membrane potential (Figure 10b).
Increasing monomer concentration resulted in increased
efficiency of central Q1 (filled circles) but not interfacial Q2
(filled squares) in polarized membranes. At higher concen-
trations, the same effect was seen in unpolarized membranes.
Interestingly, symmetric push ± push rod 6 showed consistent-
ly weaker partitioning with polarized spherical EYPC-SUVs
than with unpolarized spherical EYPC-SUVs (Figure 10c).
With increasing concentration of 6, a shift in relative
efficiency from (Q1�Q2)- toward (Q1�Q2)-FDQ was ob-
served, similar to that seen with asymmetric 5.


Figure 10. a) Emission spectra of push ± pull rod 5 (500 n�, �exc 320 nm) in
the presence of unlabeled EYPC-SUVs (I0 , solid) and EYPC-SUVs doped
either with 8.9 mol% 5-DOXYL-PC (I, dashed) or with 12-DOXYL-PC (I,
open circles) at V� 0 mV. b) Change in quenching efficiency 1� I/I0 with
increasing concentration of push ± pull 5 with 5-DOXYL-PC (squares) and
12-DOXYL-PC (circles) at V� 0 mV (open symbols) and V��180 mV
(filled symbols). c) As in (b) for push ± push rod 6.


The same influence of membrane potentials on partitioning
was observed by CD spectroscopy. In buffer, the CD spectra
of push ± pull and push ± push rods 5 and 6 each exhibited a
strong positive first Cotton effect around 340 nm (Figure 11a,
solid). Originating from low-energy La transitions in the chiral
p-octiphenyl chromophore, the precise structural basis of this
effect is unknown. The existence of rigid-rod �-barrels 5 and 6
in water can thus be excluded not only as judged from the
non-linear dependence of activity on cM,[8] but also because p-
octiphenyl �-barrels usually give negative first Cotton effects
at 300 ± 330 nm.[15] Such negative first Cotton effects at
310 nm, of very small magnitude, indeed remained after the
addition of an excess of polarized and unpolarized


Figure 11. a) CD spectra of push ± pull rod 5 (10 ��) in the presence of
increasing concentrations of unpolarized EYPC-SUVs (0 m� : ––,
1.65 m� EYPC: ����). b) CD-partitioning isotherms of 5 at V� 0 mV (�)
and V��180 mV (�). c) As in (b) for push ± push rod 6.


EYPC-SUVs, while the strong positive CD Cotton effect at
340 nm nearly vanished (Figure 11a, dotted).
Partitioning isotherms were derived from the changes in


™amplitude∫ ��� of the bisignate low-energy CD Cotton
effects of push ± pull rods 5 induced by EYPC-bilayers (see
Experimental Section). The r/cF curves corroborated the
preferential partitioning of 5 to polarized relative to unpolar-
ized EYPC-SUVs indicated by FDQ (Figure 11b, filled versus
open circles). From the initial slope, apparent partition
coefficients �� 3.8� 104��1 and �� 2.8� 104��1 were calcu-
lated at V��180 mVand V� 0 mV, respectively. Clearly, the
partition coefficients � decreased in both situations with
increasing concentration of free push ± pull rod 5.
Similar CD isotherms were obtained for push ± push rod 6


(�� 3.1� 104��1) in unpolarized EYPC-SUVs (Figure 11b
versus c, open circles). As observed with FDQ, partitioning of
push ± push rod 6 at low concentrations became highly
unfavorable upon application of an inside-negative mem-
brane potential (Figure 11c, filled versus open circles).


Discussion


Planar versus spherical bilayers :[16] The ion channel character-
istics of push ± pull rod 5 and control molecules obtained with
planar and spherical bilayer membranes are summarized in
Table 2. In EYPC-BLMs, voltage-dependent ion-channel
formation, expressed as zg� 0.96, was observed in macro-
scopic I/V curves in the presence of push ± pull rod 5
(Figure 7). In single-channel experiments, this characteristic
was well reflected in the exponential increase in open
probability (Figure 8b), while current rectification[2a, 5b] was


Table 2. Summary of results in SUVs and BLMs.


zg Ion selectivity
Compound BLM SUV BLM SUV


5 0.96,[a] 1.75[b] 0.85[c] Cl� � F��M� [d] Cl��F��M� [e]


melittin 0.95,[f] 1.2,[g] 4[h] 1.50[c] A��M� [f] Cl��M� [c]


6 ohmic[i] ohmic[c] n.d. Cl��M� [j]


gA[k] ohmic[l] ohmic[c] M��A� [l] M��Cl� [c]


[a] Multichannel I(V), Figure 7b. [b] Single-channel Po(V), Figure 8b. [c] Fig-
ure 4. [d] Table 1. [e] Figure 5. [f] Ref. [1b]. [g] Ref. [9b]. [h] Ref. [9f]. [i] Fig-
ure 9a. [j] Same as 5,[8] 6 caused rapid collapse of pH gradient before K�


concentration gradient (not shown). [k] gA�Gramicidin A. [l] Ref. [3a].
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not evident. The difference in gating charges found in
macroscopic I/V and single-channel Po/V curves probably
originated from difficulties in the accurate determination of
low open probabilities.
In contrast to BLM-conductance experiments, studies on


voltage dependence and ion selectivity in SUVs/LUVs are
rare[11, 12b] and sometimes under-appreciated.[2c] The results
obtained both on the voltage dependence and on the ion
selectivity of 5 in SUVs were, however, in quantitative
agreement with those from BLM experiments (Table 2).[16]


Qualitative trends for anion/cation selectivity in spherical
bilayers could already be secured by the same fluorimetric
assay as used to determine potential dependence (Figure 4).
Namely, both the push ± pull rod 5 and the anion-selective
melittin induced faster collapse of OH�/H� than K� gradients,
while cation-selective gramicidin A caused simultaneous
decay of pH and K� gradients (Table 2). The implied anion
selectivity for 5 was corroborated by the influence of external
anions and cations on flux rates (Figures 3c and 5). The results
with different external anions, consistently with insights from
BLMs (Table 1), indicated a weakly lyotropic selectivity
sequence of push ± pull rod 5 in SUVs (Figure 5a). Whereas
the anion selectivity of ion channels formed by 5 in SUVs and
BLMs was as expected for polycationic pores, a lyotropic
selectivity sequence was more surprising because it implied
anion dehydration (i.e. , anion binding to the ammonium
cations of 5) during transmembrane translocation.
The validity of the above studies with push ± pull rod 5 in


polarized SUVs is supported by various results beyond
melittin. For instance, the voltage independence observed in
SUVs for the anion selective, symmetric rod 6[8] was
confirmed by BLM experiments (Figure 9a) and by compar-
ison with gramicidin A (Figure 4b). Moreover, the consistent
voltage dependence of cation-selective tetraazacrown-p-octi-
phenyls 3[6a] and hexaazacrown-p-octiphenyls 4,[6b] as well as
the special situation with proton transporters in polarized
SUVs,[17] have been discussed previously. The overall excel-
lent agreement found between results on voltage dependence
and ion selectivity in BLMs and SUVs is not trivial[2c] and of
great interest because of the marvelous complementarity of
the two model systems.[16] Namely, BLMs provide access to
ion channel characteristics on the macroscopic and especially
the single-molecule levels, whereas SUVs/LUVs are directly
compatible with the structural and thermodynamic studies
required to rationalize function.


Asymmetric versus symmetric rigid-rod �-barrels: In rigid-rod
molecules 5 and 6, 491 out of 492 ± 494 atoms–or 99.4 ±
99.8% of all atoms–are identical (Figure 2). Their activities
in planar and spherical lipid bilayers, however, differ dramat-
ically. This difference is of particular significance. It demon-
strates the importance of the axial dipole not only for the
recognition of polarized membranes but also for the stability
of the supramolecular assembly.


Push ± push rod 6 : In BLMs, symmetric push ± push rod 6
formed stable and large ohmic ion channels compatible with
rigid-rod �-barrel 6				 (Figures 9 and 12). The remarkable
stability of tetramer 6				 was comparable to that reported


previously for hexameric rigid-rod �-barrel 7						 (Figure 12).[7a]


This similarity suggested that removal of the terminal peptide
strands in symmetric p-octiphenyl �-barrel 7						 does not
reduce barrel stability. However, the single-channel con-
ductance of push ± push barrel 6				 was similar to that


Figure 12. Putative suprastructures of symmetric �-barrels 6				 and 7						


(symbols as in Figure 2); see ref. [7] for details on barrel 7						.


of push ± pull barrel 5���� and thus indicative of a tetrameric
suprastructure characterized by fourth-power dependence of
activity on monomer concentration[8] rather than a hexamer
such as 7						 with sixth-power dependence on cM and much
higher single-channel conductance.[7a] This suggested that
formal removal of two terminal peptide strands in hexamer
7						 causes contraction to tetramer 6				. One plausible origin of
this barrel contraction is the reduction of the number of
protonated internal amines of lysine side chains at pH 7.[18] A
more detailed analysis of the overall poorly understood
interdependence of internal charge repulsion, pKa values,
counterion effects, and stability of p-octiphenyl �-barrels with
internal aspartates,[19] histidines,[20] and lysines[7a, 8] is reported
elsewhere.[21]


Ohmic behavior of p-octiphenyl �-barrels 6				 was as
expected from uniform distribution of charges and nullified
amide dipoles in a �-sheet conformation. The weak hysteresis
in the multichannel I/V curves and the reduced stability in
single-channel experiments at V��200 mV suggested that
the formation of ™dipole-free∫ ion channels 6				 (i.e. , the
formation of �-sheets) may be hindered at high voltage
(Figure 9). Experimental support for this speculation was
secured by structural studies in SUVs. Both CD and FDQ
isotherms demonstrated that partitioning of push ± pull rods 6
to EYPC bilayers is strongly reduced by inside-negative
potentials at cM, cF� 1�� (Figures 10c and 11c). Only very
weak partitioning of rod 6 at the membrane/water interface of
polarized SUVs remained at cM� 250 n� (Figure 10c, filled
squares).


Push ± pull rod 5 : In sharp contrast to symmetric p-octiphenyl
6, ion-channel formation by push ± pull rod 5 was voltage-
dependent in BLMs and SUVs (Table 2). Transient, multi-
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level ion channels (Figure 8a, c) as well as stable, ohmic ion
channels (Figures 7B and 8d) were observed. With the
exception of occasional bursts with the former (Figure 8a),
channel conductances were in the range of 0.4 ± 0.9 nS.
Interpretation of the stable channels as parallel �-barrels


5���� was acceptable for the following reasons (Figures 2 and
13). High stability and nearly voltage-independent conduc-
tance were consistent with interdigitating �-sheets. These
channels formed only at high membrane potentials, which
would orient the axial macrodipoles of monomeric push ± pull
rods parallel to each other despite dipole ± dipole repulsion.
Overall electrostatic asymmetry of �-barrels 5���� was evident
as these channels remained open in the presence of con-
structive dipole ± potential interaction (Figure 7B) and closed
with increasingly destructive dipole ± potential interaction
(Figure 7C, D).
Judged from their similar single-channel conductances, the


transient channels observed with push ± pull rod 5 may
represent precursors of parallel �-barrels 5���� (Figure 13).
Reminiscent of �-helix bundles (see below), these �lk-barrels
5�
�
�
� may be imagined as bundles of parallel TM-rods
that lack stabilization from interdigitating �-sheets in
�-barrels 5����. The initial current decrease during the
transition from single transient �lk-barrels 5�
�
�
� to single
stable �-barrels 5���� would then report multiple, slow
conformational changes during peptide interdigitation and
�-sheet formation on the single-molecule level (Figure 8d,
arrow).[22]


Figure 13. Working hypothesis for the action of push ± pull rod 5 at low cM
as a function of increasing membrane potential (V), surface potential (�0),
and monomer concentration (cM). a) Not verified; b) opposite for push ±
push rod 6 ; c) identical for push ± push rod 6 ; d) minimized charge
repulsion between membrane-bound 5 and excess AQ-5 (TM: trans-
membrane, IF: interfacial, CR: central, AQ: aqueous; conformation and
aggregation numbers n are unknown except for 5���� and n� 1 for TM-5/
CR-5).


On the structural level, both CD and FDQ isotherms
demonstrated that partitioning of push ± pull rods 5 to EYPC-
SUVs is facilitated by membrane polarization, particularly at
cM, cF� 1 �� (Figures 10b and 11b). Opposite trends for
symmetric rods 6 (Figures 10c and 11c) supported the view
that dipole ± potential interaction is more significant than
fixed positive charges for the recognition of polarized
membranes.[23] The resulting increase in concentration of the
push ± pull rod in polarized bilayers appears to account mainly
for voltage dependence.[10]


Stabilization of TM rod orientation[24, 25] by dipole ± poten-
tial interaction was not observed directly by FDQ, because the
orientation of asymmetric 5 at low concentrations is TM with
and without membrane potential (Figure 10b). However,
dipole ± potential interactions did prevent the reorientation
from TM-5 to IF-5 (and AQ-5) during membrane polarization
at low concentrations that was observed with push ± push rod
6 (Figure 13). An increase in cM reduced the partition
coefficient � (Figure 11) and caused rod accumulation in the
center of bilayers with and without membrane potential
(Figure 10). Both effects can be explained in terms of
increasing charge repulsion between membrane-bound and
free polycationic rods at elevated concentration (Figure 13).
The mechanism of deactivation of push ± pull rod 5 by


surface potentials was not studied on the structural level. It
can be rationalized either by stronger interfacial binding
along �0 rather than V (Figure 13), by reduced anion
concentration in the vicinity of the channels, or by a
combination of both effects. A summary of all above trends
from structural and functional studies in SUVs and BLMs is
made in the hypothetical mechanism in Figure 13.


p-Octiphenyl �-barrels versus natural �- and �-barrels: The
characteristics of ion channels formed by symmetric rigid-rod
�-barrels such as tetramer 6				 or 7						 are similar to those
formed by natural �-barrels such as porins, �-toxin, and
aerolysin:[26] high stability, large diameter, ohmic behavior at
low voltage, and destabilization by high voltage. Given the
unresolved difficulties in de novo synthesis of �-barrels,
symmetric rigid-rod �-barrels therefore offer unique, facile,
and versatile access to these desirable ion-channel properties.
The key advantage of �-barrels over, for example, �-helical
ion channels such as gramicidin A for practical applications,
the precise positioning of variable functional groups along a
large central channel,[27] is preserved in synthetic p-octiphenyl
�-barrels.
Voltage-dependent formation of short-lived, multi-level


single ion channels, on the other hand, is characteristic for
some neutral and many cationic, transient, presumably
toroidal[28] ™�-barrels∫ and other asymmetric scaffolds. Ex-
amples include melittin,[9e] retromelittin,[9a] magainin 2,[29]


trichotoxins,[9e] oligo(Ala-Aib-Ala-Aib-Ala)s,[2c] asymmetric
gramicidin,[3a] and synthetic bolaamphiphiles.[5a] Further sim-
ilarities between polycationic rigid-rod �lk-barrel 5�
�
�
� and
melittin include gating charge and anion selectivity (Table 2),
decreasing partition coefficient � with increasing monomer
concentration,[9c] thermodynamically unfavorable self-assem-
bly,[9d] and decreasing activity with increasing �0 .[30] The
differences between rigid-rod �lk-barrel 5�
�
�
� and natural







FULL PAPER N. Sakai, D. Houdebert, and S. Matile


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0230 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 1230


�-barrels, however, may be even more interesting: the
voltage-dependent self-assembly of transient �lk-barrels
5�
�
�
� can evolve to stable, oriented, parallel rigid-rod �-
barrels 5���� (Figure 13). Also unlike �-helical dipoles, the
axial dipole moment of rigid, fluorescent p-octiphenyl rods is
not subject to conformational isomerization but can be
chemically ™switched off∫ without global structural change.[4]


In other words, transition from �-barrel- to �-barrel-like ion
channels is possible in the context of the same structural motif,
either in situ (5�
�
�
� versus 5����) or by extremely small
chemical modifications (5�
�
�
� versus 6				).


Conclusion


In planar and spherical lipid bilayers, parallel self-assembly of
transmembrane push ± pull p-octiphenyls 5 into transient ™�lk-
barrel∫ and stable �-barrel anion channels with large interiors
(g �0.7 nS) is facilitated by membrane potentials (zg� 0.85 ±
1.75) and hindered by surface potentials. The characteristics of
�lk-barrels 5�
�
�
� are similar to those of ™�-barrel∫ ion
channels formed by cationic �-helical peptides including
several natural antibiotics. Unlike biological ™�-barrels∫,
however, this voltage-dependent self-assembly a) occurs from
rigid fluorescent rods and b) can continue to afford stable ion
channels 5���� with similarities to symmetric �99%-homolo-
gous 6				 and biological �-barrels such as porins. We conclude
that a single synthetic suprastructural motif made from abiotic
p-octiphenyl rods can be tuned to exhibit the complementary
characteristics of biological �-barrel and �-barrel ion channels
either temporarily or permanently.


Experimental Section


Materials : The syntheses and characterization of 14-methoxy-84-methyl-
sulfonyl-22,33,42,53,62,73-hexakis(Gla-Leu-Lys-Leu-NH2)-p-octiphenyl (5)
and 14,84-bismethoxy-22,33,42,53,62,73-hexakis(Gla-Leu-Lys-Leu-NH2)-p-oc-
tiphenyl (6) were as described.[8] EYPC and EYPG were purchased from
Northern Lipids Inc. (Vancouver, British Columbia, Canada), 5-DOXYL-
PC and 12-DOXYL-PC from Avanti Polar Lipids (Alabaster, AL), HPTS
from Molecular Probes (Eugene, OR), gramicidin A from Calbiochem ±
Novabiochem (San Diego, CA), and melittin, valinomycin, safranin O,
detergents, all salts and buffers of the best grade available from Sigma ±
Aldrich Corp. (St. Louis, MO), and used as received.


Vesicle experiments : Fluorescence spectra were recorded in 1.0 cm cells on
FluoroMax-2 (Jobin Yvon Inc., Edison, NJ) equipped with an injector port,
a stirrer, and a temperature controller (25 �C), CD spectra on a JASCO-710
spectropolarimeter (JASCO Corp., Tokyo, Japan) equipped with a stirrer
and a temperature controller (23 �C).


Vesicle preparation : Uniformly sized (ca. 68 nm) EYPC-SUVs were
prepared by the dialytic cholate removal method as described previously
(Supporting Information of ref. [8] and references therein). The interior of
the resulting EYPC-SUVs (10 m� EYPC) contained 90 �� HPTS, 100 m�
KCl, and 10 m� KmHnPO4, pH 6.4, the exterior 100 m� NaCl and 10 m�
NamHnPO4, pH 6.4. Mixed EYPC/EYPG-SUVs and DOXYL-labeled
EYPC-SUVs were prepared identically from the corresponding mixtures
of EYPC and either EYPG or 5-/12-DOXYL-PC.


Vesicle polarization : EYPC-, EYPC/EYPG-, and DOXYL-PC/EYPC-
SUVs were polarized as described for EYPC-SUVs.[8] The method for
vesicle polarization and depolarization is schematically summarized in
Figure 3. In brief, 50 �L of SUV stock solution (10 m�, final conc. 0.25 m�)
were diluted with 1.95 mL of a mixture of nmL of 100 m� NaCl, 10 m�


NamHnPO4, pH 6.4, and k �L of 100 m� KCl, 10 m� KmHnPO4, pH 6.4,
containing safranin O (6 n�). By assuming external [K�


out] �0 in the SUV
stock solution, n and k were calculated from the Nernst equation for K� :


V [mV]� 59� log(cKout/cKin) (1)


giving:


V�� 180 mV: n� 1.95 mL, k� 1.8 �L,
V�� 160 mV: n� 1.95 mL, k� 3.9 �L,
V�� 150 mV: n� 1.95 mL, k� 5.7 �L,
V�� 140 mV: n� 1.94 mL, k� 8.5 �L,
V�� 100 mV: n� 1.91 mL, k� 40.4 �L,
V�� 50 mV: n� 1.72 mL, k� 284 �L,


and so on. The emission of safranin O was monitored at 581 nm (�exc
522 nm) during addition of base (20 �L of 0.5� NaOH, final 5 m�) and
valinomycin (20 �L of 60 ��, final 0.6 ��). After the addition of
valinomycin, gradual build-up of membrane potential was reflected in
the increase of safranin O emission intensity until saturation was reached
within �100 s. The resulting emission intensity was compared with the
calibration curve to verify the applied membrane potential. The calibration
curve was obtained by plotting the observed fluorescence intensity
(intensity� volume) after successive addition of external K� buffer against
the calculated Nernst potential. Linear correlation was found between�40
and�160 mV.[8, 12a] Extrapolation to k� 0, n� 1.95 mL gaveV��190 mV:
inconsistency with the expected Nernst potential (� � mV) may originate
from residual external K� in the SUV stock solution or be due to
™saturation∫.[12a] According to the safranin O emission, the symmetric
surface potentials in EYPC/EYPG-SUVs[14] did not affect the apparent
membrane potential. To assess ion selectivities (see below), external NaCl
in sodium phosphate buffer was replaced by LiCl, MgCl2, NaOAc, NaI, or
NaF.


Ion transport in polarized vesicles : Transport experiments were initiated by
addition of samples (20 �L of stock solutions, 5 : 0.01 ± 1 m� in MeOH, final
0.1 ± 10 �� ; melittin: 2 �� in water, final 20 n� ; gramicidin A: 20 �� in
DMSO, final 0.2 ��) to polarized SUVs (prepared as above) and
terminated by addition of excess melittin (20 �L of 0.1 m�). Changes in
fluorescence intensities of safranin O (�exc 522 nm, �em 581 nm) and HPTS
(Ia1: �exc 405 nm, �em 510 nm; Ia2: �exc 450 nm, �em 510 nm) were simulta-
neously monitored as a function of time during the SUV polarization and
transport experiment. Precise control of temperature and continuous
stirring during fluorescence kinetics measurements were crucial for
reproducible results.


To minimize the artifactual variations, curves obtained for HPTS channels
were first subjected to ratiometric calibration (It� Ia2/Ia1) and then
normalized by use of


In [%]� (It� I0)/(I�� I0)� 100 (2)


where I0 is It right before sample addition and I� is It after the addition of
excess melittin. Normalized baselines were obtained by the same treatment
of data obtained for each membrane potential without addition of the
samples, and were subtracted from In to give comparable data (Irel).
Dependence on membrane potential was expressed in I100�V curves and
analyzed by exponential and linear curve fit for non-ohmic and ohmic
behavior, respectively (I100 is Irel 100 s after sample addition). Gating
charges zg were calculated by use of


Gvd� c nM exp(zgeV/kT) (3)


whereGvd is the observed activity at I100 , cM is the monomer concentration,
n the number of monomers in an active pore, e the elementary charge, k the
Boltzmann constant, and T the absolute temperature.[2c] Dependence on
surface potential was expressed in I100��0 curves. Surface potentials �0
were calculated by use of the Gouy ±Chapman equation:


� 2� 2000�0�RRT�ci [exp(ziF�0/RT)� 1] (4)


where �0 is the permittivity of free space, �R is the dielectric constant of the
media (�78), R the gas constant, T the absolute temperature, ci and zi the
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concentration (�) and charge of the i-th electrolyte, F the Faraday constant,
and � the charge density approximated by Equation (5)


��� exPG (1� xNa)/AL (5)


where e is the elementary charge, xPG the mole fraction of EYPG, xNa the
molar ratio of bound Na�/lipid (0.6 cNa), and AL the lipid surface area
(68 ä2).[31]


Ion selectivity : Information on anion/cation selectivity could be extracted
from the triple-channel fluorescence kinetics described above with doubly-
labeled polarized EYPC-SUVs, by taking account of the following:


Anion-selective pores:
1) pH gradients collapse more rapidly than K� gradients through fast OH�/
Cl� antiport (Figure 3a).


2) Replacement of external NaCl by MCl (M�K) does not affect
transport rates.


3) Replacement of external NaCl by NaX affects transport rates (Fig-
ure 3c).


Cation-selective pores:
1) pH gradients collapse either simultaneously with or more slowly than
K� gradients (contributions from valinomycin) through K� or H�/Na�


antiport (Figure 3b).
2) Replacement of external NaCl by MCl (M�K) affects transport rates.
3) Replacement of external NaCl by NaX does not affect transport rates;
experimental procedure as above.


Fluorescence depth quenching : As described in ref. [6b], 5- or 12-DOXYL-
PC/EYPC-SUVs (w/w 1:9) were prepared and polarized under conditions
used for transport experiments (see above). Emission intensities (I, �exc at
320 nm) of 5/6 (0.25 ± 1 ��) in DOXYL-PC/EYPC-SUVs (0.25 m�) were
compared to those in EYPC-SUVs (I0) and expressed as quenching
efficiencies (1� I/I0).
CD Spectroscopy : CD Spectra of 5/6 (10 ��) were recorded with increasing
concentrations of EYPC-SUVs prepared and polarized as above. �� values
refer to total p-oligophenyl concentration (cM), cL to total lipid concen-
tration. Changes in CD ™amplitude∫ ������max


1 (at �340 nm)���max
2


(at �310 nm) with increasing lipid/rod molar ratio (cL/cM) were analyzed in
r/cF curves by Equations (6) and (7):


r��cF (6)


where � is the partition coefficient, r� (cM� cF)/cL,[9d] and


cF� cM(��������)/(���0�����) (7)


with ���� as amplitude for saturation and ���0 as amplitude in the
absence of SUVs.


Planar bilayer experiments : BLMs were formed by painting a solution of
EYPC in n-decane (42 mgmL�1) on an aperture (d� 150 �m, pretreated
with the same solution) in a delrin cuvette separating two chambers
containing 1 mL each of 1� KCl and agar bridge connection (1� KCl) to
Ag/AgCl electrodes (Warner Instrument Corp. Hamden, CT). Currents
were recorded at different holding potentials (trans at ground) in a custom-
made Faraday cage, amplified (BC-525c, Warner Instrument Corp.), low-
pass filtered with an 8-pole Bessel filter at 5 kHz (LPF-8, Warner
Instrument Corp.), A-D converted (Digipack 1200-2, Axon Instruments,
Union City, CA), and sampled at 10 kHz by computer (pClamp 8.0, Axon
Instruments). Samples were added to the cis chamber. All the conductance
measurements were performed at room temperature (22� 1 �C). The
overall reliability of the employed system was regularly assessed by use of
alamethicin as a model channel. The conductances of multilevel channels
and voltage dependence were fully reproducible and consistent with the
literature.[32]


The salt gradients applied to determine ion selectivities are summarized in
Table 1. Permeability ratios were calculated from reversal potentials Vr by
use of the equations derived from Goldman ±Hodgin ±Katz voltage
equation:


PCl�/PK� � [aKc� aKtexp(�VrF/RT)]/[aClcexp(�VrF/RT)� aClt] (8)


or


PCl�/PX� � aXt/[aClcexp �VrF/RT)] (9)


where aKc and aKt are the activities of K� in the cis and the trans chambers,
aClc and aClt the same for Cl�, and aXt the same for X�.[33]


Abbreviations and symbols used : AQ, aqueous; BLM, black (planar) lipid
membrane; CD, circular dichroism; cF, free monomer concentration; cM,
monomer concentration; CR, central; DOXYL, 4,4-dimethyl-3-oxazoliny-
loxyl; 5-DOXYL-PC, 1-palmitoyl-2-stearoyl (5-DOXYL)-sn-glycero-3-
phosphocholine; 12-DOXYL-PC, 1-palmitoyl-2-stearoyl (12-DOXYL)-
sn-glycero-3-phosphocholine; EYPC, egg yolk phosphatidylcholine;
EYPG, egg yolk phosphatidylglycerol; FDQ, fluorescence depth quench-
ing; �, partition coefficient; HPTS, 8-hydroxypyrene-1,3,6-trisulfonic acid,
trisodium salt; IF, interfacial; SUV, small unilamellar vesicle; TM, trans-
membrane.
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Abstract: In an aqueous solution at
room temperature, 1,4,8,11-tetraazacy-
clotetradecane-1,8-bis(methylphos-
phonic acid) (H4L1) and Cu�I form a
pentacoordinated (pc) complex, pc-
[Cu(L1)]2�, exhibiting conformation I[*]


of the cyclam ring. At high temperature,
the complex isomerises to a hexacoordi-
nated isomer, trans-O,O-[Cu(L1)]2�,
with a trans-III[*] conformation of the
cyclam ring. In pc-[Cu(L1)]2�, four ring
nitrogen atoms and one phosphonate
oxygen atom are arranged around Cu�I


in a structure that is half-way between a
trigonal bipyramid and a tetragonal
pyramid, with one phosphonic acid
group uncoordinated. In the trans-O,O-
[Cu(L1)]2� isomer, the nitrogen atoms


form a plane and the phosphonic acid
groups are in a mutually trans configu-
ration. A structurally very similar ligand,
4-methyl-1,4,8,11-tetraazacyclotetrade-
cane-1,8-bis(methylphosphonic acid)
(H4L2), forms an analogous pentacoor-
dinated complex, pc-[Cu(L2)]2�, at room
temperature. However, the complex
does not isomerise to the octahedral
complex analogous to trans-O,O-
[Cu(L1)]2�. Because of the high thermo-
dynamic stability of pc-[Cu(L1)]2�,


(log�� 25.40(4), 25 �C, I� 0.1 moldm�3


KNO3) and the formation of protonated
species, Cu�I is fully complexed in acidic
solution (� log [H�]� 3). Acid-assisted
decomplexation of both of the isomers
of [Cu(H2L1)] takes place only after
protonation of both uncoordinated oxy-
gen atoms of each phosphonate moiety
and at least one nitrogen atom of the
cycle. The exceptional kinetic inertness
of both isomers is illustrated by their
half-lives �1/2� 19.7 min for pc-
[Cu(H2L1)] and �1/2 about seven months
for trans-O,O-[Cu(H2L1)] for decom-
plexation in 5� HClO4 at 25 �C. The
mechanism of formation of pc-
[Cu(L1)]2� is similar to those observed
for other macrocyclic complexes.


Keywords: cyclam derivatives ¥
kinetics ¥ macrocyclic ligands ¥
phosphonate ligands ¥ stability
constants


High Thermodynamic Stability and Extraordinary Kinetic Inertness of
Copper(��) Complexes with 1,4,8,11-Tetraazacyclotetradecane-1,8-bis(methyl-
phosphonic acid): Example of a Rare Isomerism between Kinetically Inert
Penta- and Hexacoordinated Copper(��) Complexes


Jan Kotek,[a] Prœemysl Lubal,[b] Petr Hermann,*[a] Ivana CÌsarœova¬ ,[a] Ivan Lukesœ,[a]
Toma¬sœ Godula,[b] Ivona Svobodova¬ ,[b] Petr Ta¬borsky¬,[b] and Josef Havel[b]


Introduction


Polyazamacrocycles with coordinating pendant arms form
very stable complexes with a wide range of metal ions. The
ligands encapsulate metal ions in the macrocyclic cavity and
the complexes often exhibit both thermodynamic and kinetic
stability.[1] Convenient properties of the complexes have been


explored for use in such applications as contrast agents in
magnetic resonance imaging[2] or for the labelling of biological
substances with metal radioisotopes for diagnostic and
therapeutic purposes.[3] For the latter of these uses, a metal
ion is coordinated by a suitable bifunctional ligand, ensuring,
as a result of strong metal binding, no deposition of harmful
radioisotopes in the body, while also allowing conjugation of
the complex to a biomolecule by means of another reactive
group. Biomolecules such as small peptides,[4] monoclonal
antibodies or their fragments,[5] and biotin[6] can be labelled
through a reactive group placed on the macrocycle rim or on a
carbon atom of a pendant arm, as well as directly through an
acetate pendant group with the formation of an amide
functionality.[4, 7]


Of a number of metal ions, Cu�I has attracted the greatest
interest because of the occurrence of several copper isotopes
convenient for use in nuclear medicine; 64Cu or 67Cu are
mostly used. Both of these isotopes (half-life 12.8 h; ��


655 keV; �� 573 keV; � 511 keV and half-life 62 h; �� 577,
484, and 395 keV; � 93 and 185 keV, respectively) can be used
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[*] For classification of the cyclam ring conformation in complexes, see
B. Bosnich, C. K. Poon, M. Tobe, Inorg. Chem. 1965, 4, 1102.
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in diagnosis and radioimmuno-
therapy.[3] Several copper(��)-
containing bioconjugates have
passed some clinical trials.[3a, 8]


The metal chelating units in the
bioconjugates are mostly deriv-
atives of H4dota and H4teta.
Therefore, Cu�I complexes of
the two ligands and their deriv-
atives have been thoroughly
investigated.[9±16]


To find ligands with different properties, investigation of
macrocycles containing methylphosphonic (�CH2�PO3H2)
or methylphosphinic (�CH2�P(R)O2H) groups started sev-
eral years ago.[17±20] Variation of the R group in the phosphinic
acid derivatives leads to a change in the ion selectivity[19, 20]


and other properties of the macrocyclic compounds.[21] Transi-
tion-metal ion complexes of phosphorus acid analogues of
H4dota and H4teta were sparingly investigated with the
exception of H8dotp and H8tetp.[22±24] It was found that these
two ligands contain two very basic ring nitrogen atoms[22, 23]


and are somewhat selective toward large metal ions.[17c] We
studied the influence of the methyl(phenyl)phosphinic acid
pendant arms on the ability of the 12- and 14-membered
tetraazacycles to complex transtion-metal[25, 26] and lanthanide
ions.[27] Our investigation of Cu�I complexes of the ligands
shows their high thermodynamic stability, the reasonable
kinetic inertness of [Cu(H2dotpPh)], and the kinetic lability of
[Cu(H2tetpPh)] in acid-assisted decomplexation.[26] A compar-
ison of complexation properties of macrocycles with acetic
and phosphorus acid pendant arms has been reviewed
recently.[28]


To design hexadentate ligands suitable for the first-row
transtion-metal ions, 1,8-diacetic derivatives of cyclam, H2L4


and H2L5, were synthesized.[29, 30] The ligands form the
expected octahedral complexes
with metal ions; however, the
acetate ligand containing sec-
ondary amine groups (H2L4) is
not stable in aqueous solution,
owing to the easy formation of
tricyclic lactam.[29, 31] The cy-
clam modified with two acetate
pendant arms in positions 1 and
4 was prepared by template
synthesis on Co�II.[32] Other ex-


amples of such hexadentate ligands are 1,11- and 1,8-bis(2-
pyridylmethyl) cyclam derivatives.[33] For these ligands, a
pentacoordinated copper(��) complex with the cyclam ring
conformation of I and octahedral cis-V nickel(��) complexes
were obtained. Bucher et al.[34a,b] recently investigated several
1,8-bis(N,N-dimethylcarbamoyl)methyl and other 1,8-disub-
stituted cyclam derivatives and isolated complexes with I and
trans-III conformations of the cyclam ring. Sterically con-
strained hexadentate ligands with acetate pendants also
exclude the possibility of inner lactam formation.[35] Several
other hexadentate ligands containing acetate,[36] acetami-
de,[34c, 37] or hydroxyalkyl[36c, 38] pendant arms in the 1,8-
positions on the C-substituted cyclam ring were studied. A


majority of the complexes contain a
cyclam ring in the trans-III conforma-
tion. A fully encapsulated Cu�I ion is
present in a complex with an ethylene
cross-bridged cyclam derivative con-
taining two acetate (H2L6) or acet-
amide pendant arms.[39] The structures
of the ligands impose the formation of
complexes with the cis-V ligand con-
formation.[39, 40] The complexes exhibit very high stability both
in vitro and in vivo, however the rate of complexation is very
slow.[40]


We decided to synthesize[41] 1,8-bis(phosphonic acid) de-
rivatives of cyclam in order to overcome the unwanted
formation of lactam rings mentioned above. The ligands, like
other aminoalkylphosphonic acid derivatives, are highly
basic.[41] Therefore, high values of stability constants and high
kinetic inertness, resulting from coordination of all donor
atoms of the ligands, are ex-
pected. As the cyclam skeleton
is very suitable for copper(��),
we present here our results
obtained on copper(��) com-
plexes of 1,4,8,11-tetraazacy-
clotetradecane-1,8-bis(methyl-
phosphonic acid) (H4L1) and
two similar ligands H4L2 and
H4L3. They can be considered as model compounds for the
more complex ligands that could possibly be used in nuclear
medicine. Our studies on cobalt(���)[42] and nickel(��)[43] com-
plexes of this class of ligands have been published.


Results and Discussion


Synthesis and crystal structures : At room temperature, the
H4L1 ligand forms a blue complex with Cu�I, which is easily
crystallised in a diprotonated form. The complex is penta-
coordinated and the denotation ™pc∫ will be used for this
arrangement throughout the text in order to distinguish it
from the high-temperature octahedral form. The crystal
structure of the complex was determined for the 5.5 hydrate
but the bulk was analysed as a lower hydrate; the crystals
slowly lose some water of hydration. Selected bond lengths
and angles are listed in Table 1. The molecular structure of the
complex is shown in Figure 1 together with the atom-
numbering scheme. The unit cell contains two independent
molecules of the complex with only slightly different bonding
parameters. The nitrogen atoms of the ring do not form a
plane and the bonding parameters point to a highly distorted
environment of Cu�I. For pentacoordinated complex species,
the coordination sphere can be considered as a square
pyramid or trigonal bipyramid. We used published criteria
to determine the coordination geometry.[44] The first[44a] is
based on a comparison of basal angles of the polyhedron
giving a parameter of �� 0 for an ideal tetragonal pyramid
and �� 1 for an ideal trigonal bipyramid. Our complex gives
�� 0.492 and �� 0.504 for the two independent molecules.
The other method[44b] compares the dihedral angles of
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Figure 1. Molecular structure of pc-[Cu(H2L1)] (molecule A).


normalized coordination polyhedrons. By analysis using this
approach, we can consider the coordination sphere to be
slightly closer to a trigonal-bipyramidal arrangement. There-
fore, two opposite secondary amine nitrogen atoms and the
oxygen atom of one phosphonate group can be considered to
be in the equatorial plane and two nitrogen atoms bearing
pendant moieties are coordinated in the axial positions. The
Cu�N lengths in the equatorial plane are shorter (Cu1�N4
2.016(2) ä and Cu1�N11 2.005(2) ä) than those in the axial
positions (Cu1�N1 2.077(2) ä and Cu1�N8 2.068(2) ä). The
orientation of the substituents at the nitrogen atoms of the
ring indicates conformation I. One phosphonic acid group is
not coordinated.


One proton is bound to each phosphonate group. The
molecules of the complex are connected by short intermo-
lecular hydrogen bonds (range of donor± acceptor distances
2.51 ± 2.60 ä) between oxygen atoms of the pendant arms. In
addition, the crystal structure is stabilised by a three-dimen-
sional network of other intermolecular hydrogen bonds
between phosphonate groups, hydrate water molecules, and


secondary nitrogen atoms. No intramolecular hydro-
gen bonds similar to those found in structures of
octahedral cis-O,O cobalt(���)[42] or nickel(��)[43] com-
plexes of H4L1 were found.


Comparing the geometry of the coordination
sphere of pc-[Cu(H2L1)] ¥ 5.5H2O with other
N,N�,N��,N���-tetrasubstituted derivatives of the cy-
clam, we can see that conformation I of the cyclam
ring is common for Cu�I complexes. In contrast to
our complex, nitrogen atoms mostly form a plane
below the copper atom and the donor atom of a
pendant arm is usually coordinated in the apical
position of a square pyramid.[45] However, this
arrangement is rather unusual for disubstituted
cyclam derivatives,[1a, 45] though a structure almost
identical to pc-[Cu(H2L1)] was recently observed in
[Cu(L7)]2�.[34b] A comparison of bond lengths and
angles shows identical values except for that of the
Cu�O bond, which is slightly longer in the phos-
phonic acid derivative (2.218(2) ä for Cu1�O11 and
2.146 ä for Cu�O(C)) because of the bulky phos-


phorus atom. A similarly distorted structure was found for a
Cu�I complex of the cyclam derivative bearing 1,11-bis(2-
pyridylmethyl) pendant arms; only one pyridine group was
coordinated as well.[33a] Conformation I is also present in Cu�I


complexes of the N-monoacetate derivative of cyclam with
several methyl groups on its rim.[36c] However, in the N-
monoacetate complex, the coordination around copper(��) is
much closer to a square pyramid with the acetate in the axial
position.


Heating of an aqueous solution of pc-[Cu(H2L1)] leads to
isomerization to a violet thermodynamic product, trans-O,O-
[Cu(H2L1)]. The reaction takes place with a reasonable rate
only at temperatures above 80 �C; the low-temperature
isomer is stable at room temperature (only a very weak spot
of the trans isomer was observed by TLC after an aqueous
solution of pc-[Cu(H2L1)] was left standing at room temper-
ature for six months). Such isomerism is very unusual in
copper(��) chemistry and, to the best of our knowledge, has
only been observed for a few macrocyclic ligands: L7,[34b]


N,N�,N��,N���-tetramethylcyclam (tmc),[46a, 47] and the Curtis
macrocycle.[48] Guilard et al.[34b, 46a] prepared trans complexes
of L7 and tmc by the dropwise addition of a Cu(BF4)2 solution
to a hot, basic, aqueous solution of the ligands. Meyerstein
et al.[47] induced the isomerization of [Cu(tmc)]2� (tmc in
conformation I) by reduction to a CuI complex, which is
conformationally labile, and forms the trans isomer after re-
oxidation. Direct isomerisation of complexes with nitrogen
substituted cyclam-like ligands, as found for pc-[Cu(H2L1)]
giving trans-O,O-[Cu(H2L1)], has not previously been ob-
served.


The trans-O,O-[Cu(L1)]2� complex crystallized in a dipro-
tonated form. Selected bond parameters are listed in Table 1.
The molecular structure of trans-O,O-[Cu(H2L1)] with the
atom-numbering scheme is shown in Figure 2. The molecule is
centrosymmetric with copper(��) in an axially-elongated
octahedral arrangement. Four nitrogen atoms are equatorially
coordinated and lie in a plane, while the oxygen atoms of the
phosphonate groups are trans to each other. The Jahn ±Teller


Table 1. Bond lengths [ä] and bond angles [�] of pc-[Cu(H2L1)] ¥ 5.5H2O (molecule A),
trans-O,O-[Cu(H2L1)] ¥ 2H2O, and pc-[Cu(H2L2)] ¥ 3H2O.


pc-[Cu(H2L1)] ¥ 5.5H2O trans-O,O-[Cu(H2L1)] ¥ 2H2O pc-[Cu(H2L2)] ¥ 3H2O


bond lengths
Cu1�N1 2.077(2) Cu1�O1 2.369(1) Cu1�N1 2.107(2)
Cu1�N4 2.016(2) Cu1�N1 2.084(2) Cu1�N4 2.060(2)
Cu1�N8 2.068(2) Cu1�N4 2.010(2) Cu1�N8 2.101(2)
Cu1�N11 2.005(2) Cu1�N11 2.037(2)
Cu1�O11 2.218(2) Cu1�O11 2.227(2)


angle
N1-Cu1-O11 83.66(7) O1-Cu1-N1 86.34(6) N1-Cu1-O11 84.18(7)
N4-Cu1-N1 86.46(8) O1-Cu1-N4 91.80(6) N4-Cu1-N1 86.49(9)
N4-Cu1-N8 93.84(8) O1-Cu1-N1[a] 93.66(6) N4-Cu1-N8 94.99(9)
N4-Cu1-O11 104.72(8) O1-Cu1-N4[a] 88.20(6) N4-Cu1-O11 106.29(8)
N8-Cu1-N1 178.44(7) O1-Cu1-O1[a] 180 N8-Cu1-N1 178.45(9)
N8-Cu1-O11 94.78(7) N1-Cu1-N4 86.79(7) N8-Cu1-O11 95.82(8)
N11-Cu1-N1 93.20(8) N1-Cu1-N4[a] 93.21(7) N11-Cu1-N1 92.79(9)
N11-Cu1-N4 148.91(8) N1-Cu1-N1[a] 180 N11-Cu1-N4 150.57(9)
N11-Cu1-N8 87.34(7) N4-Cu1-N4[a] 180 N11-Cu1-N8 85.7(1)
N11-Cu1-O11 106.14(8) N11-Cu1-O11 102.89(8)


[a] Symmetry-derived atoms.
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Figure 2. Molecular structure of trans-O,O-[Cu(H2L1)].


distortion of the octahedron along the Cu�O bonds (Cu1�O1
2.369(1) ä) is apparent from a comparison of Cu�N and
Cu�O lengths; the Cu1�N4 (2.010(2) ä) bonds are distinctly
shorter than those of tertiary nitrogen atoms (Cu1�N1
2.084(2) ä) (Table 1). Cyclam is in the most common trans-
III conformation.[45] Each phosphonate group binds one
proton, and two phosphonate moieties of neighbouring
complex molecules form a pair of intermolecular hydrogen
bonds O2�H2 ¥ ¥ ¥O3� and O2��H2� ¥ ¥ ¥O3 (O2 ¥ ¥ ¥O3� distance
2.534(2) ä, angle O2�H2�O3� 169(1)�), resulting in an eight-
membered ring (�P�O�H ¥ ¥ ¥O�P�)2. The complex molecules
connected through the hydrogen bonds form infinite chains
very similar to those found in the structure of trans-O,O-
[Co(HL1)] ¥ 3H2O.[42] Very recently, the same (�P�O�H ¥ ¥ ¥
O�P�)2 rings with almost identical parameters were found
in a Cu�I complex of the phosphonic acid derivative of 1,10-
diaza-18-crown-6.[83] As in the low-temperature isomer, the
crystal structure is stabilized by a three-dimensional network
of additional hydrogen bonds between water molecules,
phosphonate, and secondary
amine groups (range of donor-
acceptor distances 2.844 ±
3.070 ä).


The structure of the trans-
O,O-[Cu(H2L1)] complex can
be compared with Cu�I com-
plexes of other cyclam-like li-
gands with coordinating pend-
ant arms, which have
trans octahedral arrange-
ments.[10b, 11, 31, 34±38] In all cases
except one,[11] the pendant arm
donor atoms are located at the
axial positions of the octahe-
dron. Equatorial Cu�N bond
lengths (Cu1�N4 2.010(2) ä
and Cu1�N1 2.084(2) ä) in


trans-O,O-[Cu(H2L1)] are comparable with those from the
literature (2.01 ± 2.15 ä), as are those for the Cu�O axial
bonds (Cu1�O1 2.369(1) ä and 2.25 ± 2.41 ä, respectively). In
the exception mentioned above,[11] the coordination sphere of
copper(��) in the complex with 6-(4-nitrobenzyl) H4teta
derivative is also octahedral; however, with the cis-N4O2


geometry and two acetate groups uncoordinated. In this case,
two nitrogen atoms bearing the uncoordinated acetate groups
are located in axial positions with elongated Cu�N bonds.


Complexation properties of H4L1 with other metal ions
were investigated, and cobalt(���)[42] and nickel(��)[43] complexes
were prepared and their structures determined. Both of the
metal ions form cis octahedral isomers cis-O,O-[Co(HL1)] and
cis-O,O-[Ni(H2L1)] with a cis-V conformation of the cyclam
ring after reaction at room temperature. The reaction at about
100 �C gave trans-O,O-[Co(HL1)]. Complex cis-O,O-
[Ni(H2L1)] is converted to the trans-O,O-[Ni(H2L1)] isomer
after we heated it in an acid solution for several hours. The
conformation of the azacycle in the trans isomers is trans-III as
expected. The isomerisation of the nickel(��) complexes was
surprising and similar to those observed for the copper(��)
complexes studied here.


To investigate the isomerism of the Cu�I complexes with this
family of ligands, we also prepared Cu�I complexes of H4L2


and H4L3. The ligands have only a minor structural change
substitution of one or two secondary nitrogen atoms with
methyl groups. The crystal structure was determined for pc-
[Cu(H2L2)] ¥ 3H2O. Selected bonding parameters of pc-[Cu-
(H2L2)] ¥ 3H2O are listed in Table 1. The molecular structure
is shown in Figure 3. The structural parameters are very similar
to those found for pc-[Cu(H2L1)] ¥ 5.5H2O. In contrast to
pc-[Cu(H2L1)], the pc-[Cu(H2L2)] and [Cu(H2L3)] complexes
(see below) do not isomerize to the trans-O,O forms under
the same or similar conditions. The nitrogen atoms with
methyl groups are probably resistant to inversion and the
change of conformation of the azacycle can therefore not
occur.


Spectral and electrochemical properties : The trans-O,O-
[Cu(H2L1)] isomer has two d ± d absorptions typical of
tetragonally elongated octahedral Cu�I complexes.[49] The


Figure 3. Molecular structure of pc-[Cu(H2L2)].
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lower-energy absorption occurs at 974 nm (��
90 mol�1dm3cm�1) and is assigned to the dz2 ± dx2�y2 transition.
The visible absorption occurs at 553 nm (��
100 mol�1dm3cm�1) and it is assigned to the dxy, dxz, dyz ±
dx2�y2 transition.[49, 50]


The pc-[Cu(H2L1)] isomer exhibits a similar spectrum with
two absorptions at 970 nm (�� 155 mol�1dm3cm�1) and
596 nm (�� 300 mol�1dm3cm�1), as does pc-[Cu(H2L2)] with
bands at 967 nm (�� 103 mol�1 dm3cm�1) and 653 nm
(�� 217 mol�1dm3cm�1). In the spectrum of [Cu(H2L3)],
the visible absorption is shifted to 687 nm (��
250 mol�1dm3cm�1). The near infrared absorption found
in the spectra indicates coordination in the axial positions
and thus, the structures found in the solid state are
also assumed to be present in solution. The coordination
spheres are stable in the � log [H�] region (0.1 ± 8.5), because
no changes in the character of the d ± d transitions were
observed.


The red shift of the visible transitions on going from the
trans-O,O-[Cu(H2L1)] to pc-[Cu(H2L1)], pc-[Cu(H2L2)], and
[Cu(H2L3)] corresponds to the decreasing ligand field result-
ing from a change in the geometry of the coordination sphere
and the lower basicity of the tertiary nitrogen atoms in H4L3


and H4L2 relative to H4L1; this is analagous to a series of Cu�I


complexes with cyclam and tmc.[51] In the UV region, the
expected charge-transfer (CT) absorptions were observed.
For the trans-O,O-[Cu(H2L1)] isomer, the absorption at
275 nm (�� 6900 mol�1 dm3cm�1) was unchanged in the
� log [H�] region that we studied. In the pc-[Cu(H2L1)]
isomer, the CT transition was split into two bands at 270
and 310 ± 325 nm, and this points to separation of the Cu ±O
and Cu ±N transitions. The intensity of the band at 270 nm
increases from �� 5500 to 7000 mol�1dm3cm�1 with decreas-
ing � log [H�], corresponding to the protonation of one or
more phosphonate groups. Similar changes in the UV/Vis
spectra with � log [H�] change were observed for H4L1


complexes with Co�II and Ni�I.[42, 43]


The pc-[Cu(H2L1)] complex is irreversibly reduced in a two-
electron step to elemental copper at relatively low potential,
Ep��0.57 V (vs. SCE). A similar value was observed for the
one-electron step Cu�I/CuI of [Cu(L7)]2�.[34b] Such two-elec-
tron reduction might be a consequence of amalgam formation
resulting from the use of a mercury electrode. Irreversible
reduction of the high-temperature trans-O,O-[Cu(H2L1)]
isomer to elemental copper takes place at Ep��0.69 V (vs.
SCE). Above the potential of 0 V, Cu� is re-oxidized to Cu�I


and, during repeated scans on the same drop, a new reduction
peak is observed at Ep��0.57 V. It is assigned to the pc-
isomer formed from the free ligand and re-oxidized Cu�I at the
temperature of the CV measurements (Figure S1, Supporting
Information). Peak assignment was confirmed by addition of
pc-[Cu(H2L1)] to the measured solution. This is an additional
verification of the fact that the low-temperature pc-isomer is a
kinetic product of the reaction between Cu�I and H4L1. Very
similar redox potentials for two-electron reduction were
recently observed for [Cu(tmc)]2� complexes the isomer with
configuration I of the cyclam ring is reduced at a potential of
�0.57 V and the trans-III isomer exhibits a potential of
�0.62 V.[47]


Potentiometric studies : Dissociation constants of H4L1 and
the sites of protonation were determined previously.[41] The
first two protonations take place on the secondary amino
groups. The deprotonations are almost simultaneous and,
therefore, only the sum of pK1� pK2� 26.41 was determined.
The subsequent constants pK3� 6.78 and pK4� 5.36 corre-
spond to the monoprotonation of the phosphonate groups.
The protonation is highly influenced by the presence of strong
intramolecular N�H ¥ ¥ ¥O hydrogen bonds[41] and, therefore,
values of pK3 and pK4 are slightly lower then corresponding
constants in other macrocyclic phosphonate ligands. The next
constant (pK5� 1.15) was assigned to protonation at the third
nitrogen atom of the macrocyclic ring (Scheme 1).
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Scheme 1. Protonation scheme of H4L1.


Equilibrium data are shown in Tables 2 and 3. Formation of
the pentacoordinated complex starts in the acidic region and
at � log [H�]� 3 almost all Cu�I is complexed (Figure 4) in
stable species with protonated phosphonate groups (see the
crystal structure). On the basis of comparison of correspond-
ing dissociation constants of the complex (Table 3) and the
free ligand (above), we can assign pKA� 7.05 to protonation
of the uncoordinated phosphonate (the pKA value is not
decreased by the formation of the hydrogen bond in the free
ligand or by coordination in the complex) and pKA� 5.10 to
the protonation of the coordinated phosphonate group.


Complex pc-[Cu(L1)]2� (log�011� 25.40) is more thermo-
dynamically stable than most cyclen and cyclam derivatives
with coordinating pendant arms (Table 3). Higher stability
constants were found for only [Cu(cyclam)]2� and
[Cu(homocyclen)]2�, in which copper(��) is ideally coordinated
in the equatorial plane by four nitrogen atoms. As the ligands
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in Table 3 have very different protonation constants, a better
means for comparison of the binding affinity of the ligands is
the parameter pCu (the negative logarithm of the concen-
tration of free Cu�I), calculated for the systems under identical
conditions (in this case, � log [H�]� 7.4 and M:L� 1:1;
Table 3). The highest values were found for the unsubstituted
macrocycles. The other ligands exhibit similar values within
1.5 orders of magnitude. The relatively low pCu values of the
phosphonate ligands are a consequence of the high basicity of
the ring nitrogen atoms (log�2 , Table 3) and, therefore, the
high proton affinity of the amines. Comparison[28] of the
stability constants of a wide range of Cu�I chelates with amine
ligands containing acetic or phosphinic/phosphonic acid
pendant arms showed that the stability of their Cu�I complexes
is predominantly governed by the overall basicity of the
coordinated nitrogen atoms.


Figure 4. Distribution diagrams for systems with pc-[Cu(L1)]2� (full line)
and trans-[Cu(L1)]2� (dotted line); cL� 0.004 moldm�3, cCu�
0.004 moldm�3.


Unfortunately, there is no direct means to determine the
thermodynamic stability of the high-temperature trans-O,O-
[Cu(L1)]2� isomer. For a reasonable estimation, we used a
technique similar to the method used for other Cu�I-macro-
cyclic complexes.[15a] We left solutions in ampoules to establish
an equilibrium at 90 �C. No low-temperature isomer was
present at the end of equilibration. Then, we measured
� log [H�] of the solutions in the ampoules at 25 �C and
calculated the stability and protonation constants of the trans
isomer. The acid dissociation constants are reliable (see
below) but the value of stability constant (log�� 26.50) of the
fully deprotonated trans-O,O-[Cu(L1)]2� complex is not con-
stant at 25 �C and the real thermodynamic constant would be
higher. Protonation constants determined from the titration
correspond to protonation of the coordinated phosphonate
groups.


Because of the kinetic inertness of both of the complexes,
we tried to find values of their third protonation constants,
which could be of help in the interpretation of kinetic data
(see below). Therefore, we considered the complexes as
simple acids and determined their protonation constants. The
results are presented in Table 2. The values of the first two
constants determined by these acid ± base titrations corre-
spond very well to values obtained from titrations of the
Cu�I-H4L1 system for both of the isomers. It confirms that Cu�I


is fully complexed in the � log [H�] regions corresponding to
those protonations. In pc-[Cu(H3L1)]� , protonation of the


Table 2. Stability and protonation (dissociation) constants of complexes pc-[Cu(H2L1)] and trans-O,O-[Cu(H2L1)] (25 �C; 0.1 moldm�3 KNO3 or
0.1 moldm�3 KCl).


Equilibrium pc-[Cu(H2L1)] trans-O,O-[Cu(H2L1)]
log�[a] pKA log�[b] pKA log�[c] pKA log�[b] pKA


Cu�I�(L1)4�� [Cu(L1)]2� 25.40(4) ± ± ± 26.50(9) ± ± ±
Cu�I�H��(L1)4�� [Cu(HL1)]� 32.45(3) 7.05 ± ± 33.03(8) 6.53 ± ±
[Cu(L1)]2��H�� [Cu(HL1)]� ± ± 7.03(5) 7.03 ± ± 6.39(1) 6.39
Cu�I�2H��(L1)4�� [Cu(H2L1)] 37.55(2) 5.10 ± ± 38.42(4) 5.39 ± ±
[Cu(L1)]2��2H�� [Cu(H2L1)] ± ± 12.18(6) 5.15 ± ± 11.66(1) 5.27
[Cu(L1)]2��3H�� [Cu(H3L1)]� ± ± 13.70(7) 1.52 ± ± 12.87(1) 1.21


[a] log� calculated from titration of Cu�I/H4L1 system (0.1 moldm�3 KNO3). [b] log� calculated from titration of pc- or trans-O,O-[Cu(H2L1)] (0.1 moldm�3


KNO3). [c] log� calculated from titration of Cu�I-H4L1 system as described in Experimental Section (high temperature; 0.1 moldm�3 KCl).


Table 3. Comparison of stability constants of Cu�I with H4L1 and similar
ligands.


Ligand log�2 of ligand log� ([CuL]) pCu[b] Ref.


H4L1 26.41 25.40 (pc) 8.1 this work
26.50 (trans) 8.6 this work


cyclam 21.7 27.2 11.3 [52]


homocyclen[a] 21.0 29.1 12.7 [52]


cyclen[a] 20.2 24.8 10.9 [52]


H4teta 20.70 20.49 9.5 [13a]


H4dota 21.85 22.25 8.9 [13a]


H3do3a[a] 21.95 26.49 8.4 [12c]


H8tetp 26.3 26.6 8.9 [22b]


H8dotp 23.63 25.4 9.0 [22a]


H4tetpPh 19.79 17.19 7.3 [26]


H4dotpPh 18.81 20.37 9.2 [26]


H2L8 21.76 20.85 8.1 [53]


[a] Homocyclen� 1,4,7,10-tetraazacyclotridecane; cyclen� 1,4,7,10-tetra-
azacyclododecane; H3do3a� 1,4,7,10-tetraazacyclododecane-1,4,7-triacet-
ic acid. [b] Calculated for � log [H�]� 7.4 and cM� cL� 0.004 moldm�3.
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uncoordinated phosphonate group is suggested by the higher
value of pK3� 1.52. However, the third proton must be bound
to the oxygen atom of the phosphoryl group (P�O) of the
coordinated phosphonate moiety in trans-O,O-[Cu(H3L1)]� ,
which leads to pK3� 1.21. The value is similar to pK3� 1.15 of
cis-O,O-[Ni(H3L1)]� , in which the P�O group is protonated as
well.[43] Protonation of the phosphonate pendant was also
observed in cis-O,O- and trans-O,O-[Co(H2L1)]� (pK2� 1.74
and 1.87, respectively).[42] Protonation of the phosphoryl
P�O bond seems to be possible in such stable complexes
without complex decomposition. Similar protonated species
are stable even in the solid state and crystal structures
have been determined for several differently protonated
forms of cis-O,O- and trans-O,O-[Ni(HxL1)]Clx�2 ¥ yH2O
(x� 2 ± 4).[43]


Formation kinetics of pc-[Cu(H2L1)]: During the titration
experiments we realized that the complexation kinetics at low
� log [H�] are relatively slow, which permitted us to inves-
tigate the formation kinetics using conventional techniques.
The experiment was arranged under pseudo-first-order con-
ditions with a ten-fold Cu�I excess at � log [H�]� 1 ± 3.1 (the
time course of spectral changes are shown in Figure S2). In
this � log [H�] region, a mixture of penta- ((H5L1)�) and
tetraprotonated (H4L1) ligand species with a very small
amount of the triprotonated ((H3L1)�) form are present in
solution (Figures 4 and S3). In an additional � log [H�] region
(3 ± 5) we studied using the stopped-flow technique, the main
ligand species is (H3L1)� with a small amount of (H2L1)2�. All
of the protonated species can take part in complexation with
Cu�I to form the diprotonated complex [Cu(H2L1)] (the final
complex species in the � log [H�] regions studied, see


Figures 4 and S3). The process-
es are characterised by corre-
sponding rate constants
kfH2L, kfH3L, kfH4L, and kfH5L


(Scheme 2).
It was proved that the for-


mation reaction is first order
with respect to copper, kfobs �
kf2 � [Cu�I]t (where [Cu�I]t is the
total concentration of Cu�I).
Therefore, the formation of
complexes with higher metal-
to-ligand ratios can be exclud-
ed. This is also supported by a


linear dependence logkfobs � nxlog [Cu�I]t � logkf2 with slope
n� 1 (see Supporting Information, Figures S4A and S4B).
The second-order rate constants kfHnL for the protonated
ligand species were fitted as a function of acidity (Figure S4C)
according to Equation (1), in which �i are overall protonation
constants of the ligand.


Several models were tested with the set of reacting species
and the results point to a unique model with three ligand


forms as the reacting species according to Scheme 2. The
corresponding partial rate constants are kfH2L � (1.97�
0.39)� 105��1 s�1, kfH3L � (1.38� 0.18)� 103��1 s�1, and
kfH4L � 0.17� 0.05��1 s�1. From comparison of kfH2L, kfH3L,
and kfH4L (1.97� 105/1.38� 103� 140 and 1380/0.17� 8100) it
is immediately apparent that there are unusually high differ-
ences in the reactivities of the protonated forms of the ligand,
between two and four orders of magnitude. The high contrast
in the reactivity of differently protonated species of macro-
cyclic ligands is well established for the formation of
lanthanide(���) ion complexes with H4dota;[54] however, the
difference is much larger here. It can be explained by taking
into consideration the solution structure of the ligand.[41]


Species H4L1 is protonated on two secondary amine nitrogens
and each phosphonate group is monoprotonated. The depro-
tonated phosphonate oxygen atom is strongly hydrogen
bonded to the protonated amine group. Therefore, the H4L1


ligand species behaves as a diprotonated moiety incapable of
any strong complexation to an external metal ion.[41] After
removal of one proton from the phosphonate group, the group
becomes sufficiently basic to anchor a metal ion and is able to
bring the ion close to the nitrogen atoms, which have a high
affinity for Cu�I. The effect is amplified in diprotonated
species but the difference in the reactivity of (H3L1)� and
(H2L1)2� species is not so high. In addition, the overall charge
of the species also plays a role; the positively charged (H5L1)�


form was found to be completely unreactive under the
conditions employed, mainly because of electrostatic repul-
sion between the ligand species and the metal cation. On the
other hand, the negative charge on the (H3L1)� species can
assist a metal cation in getting into the proximity of the ligand
molecule.


Hence, the mechanism of the complexation is the same as
that given for M�I-H4dota and M�I-H4teta systems,[55] in which
fast formation of a weak complex between M�I and the
pendant acetate arms is followed by a slow transfer to the
macrocyclic cavity. A high dependence of the reactivity of
differently protonated ligand species to Cu�I was recently
observed for cyclam derivatives with additional amine groups
on the cycle rim and the reactivity was along similar lines to
our suggestions above.[56]


Isomerisation kinetics : To obtain more information about the
mechanism of the unusual isomerisation of pc-[Cu(L1)]2� we
examined the kinetics of its conversion to the high-temper-
ature trans isomer. We expected that such isomerisation may
be base-catalyzed (conjugate-base (CB) mechanism) as was
observed in the Ni�I-cyclam system[57a±d] and in some other
complexes of cyclam-like ligands with Cu�I.[48, 58] Surprisingly,
increasing the � log [H�] (in the range of 9.5 ± 13) with NaOH
did not lead to such acceleration of the reaction, which would
have allowed us to follow the process spectrophotometrically.
However, we found that the reaction is highly promoted in the
presence of high concentrations of ammonia. The isomer-


isation kinetics were measured in the temper-
ature 55 ± 73 �C range at total ammonia con-
centrations ranging from 2.0 to 11.0 moldm�3.
No reaction was observed in the absence of
ammonia under the experimental conditions


Cu2+ +


kH5L
f
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[Cu(L)]2-


-(5-x)H+


-(4-x)H+


-(3-x)H+


-(2-x)H+


Scheme 2. Complexation of
Cu�I with H4L1.


kf2 �
kfH2L � �p�2 � �H��2 � kfH3L � �p�3 � �H��3 � kfH4L � �p�4 � �H��4 � kfH5L � �p�5 � �H��5


�n�5


i�2


�p�i � �H��i
(1)
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we used. The absorbance decreases (Figure S5) at 325 nm (pc-
[Cu(L1)]2� absorption maximum) and increases at 282 nm
(trans-O,O-[Cu(L1)]2� absorption maximum) were used for
calculations of kisobs ; the same values of kisobs were obtained
from changes at each of the wavelengths. The isosbestic point
at 305 nm indirectly proves the presence of only two absorb-
ing species. Only two species were also found using capillary-
zone electrophoresis (CZE) to check the course of the
reaction in aqueous solution.[59] The observed pseudo-first
order rate constant kisobs is dependent only on the ammonia
concentration (Equations (2) and (3), Figure S6). As no


kisobs �
k is �K is � �NH3�
1�K is � �NH3�


(2)


kisobs � k is�K is� [NH3]� kisc � [NH3] (3)


spectral changes were observed in the pc-[Cu(L1)]2� solutions,
even at the highest ammonia concentration (11�, room
temperature), the equilibrium constant K is must be much
lower than 0.1 and, therefore, K is� [NH3]t�� 1 ([NH3]t is the
total ammonia concentration), leading to Equation (3). The
time course of the spectral changes for the isomerisation is
depicted in Figure S5, the dependence of kisobs on the ammonia
concentration in Figure S6 and temperature dependence of k is


in Figure S7. Results are given in Table 4.


On the basis of Equation (3), we suggest the mechanism for
the isomerisation shown in Scheme 3. Under the conditions
employed, the pentacoordinated isomer is present as a fully
deprotonated anionic species pc-[Cu(L1)]2� (see Figure 4). At
high concentrations of ammonia, phosphonate groups may be
substituted or interact with NH3 to a very low extent
(intermediate A, Scheme 3). The structure of intermediate
A may be 1) a square-pyramid (conformation I of the ring)
with apical NH3 coordination, as is usually observed for Cu�I


complexes with tetrasubstituted cyclam derivatives[1a, 45] and/
or 2) second-sphere solvation of the whole complex with NH3,
which is bonded to one or more phosphonate moieties or
secondary nitrogen atoms through hydrogen bonds. The
structure of intermediate A is probably closer to the second-
sphere NH3-adduct (with possible significant weakening of
the phosphonate ±metal bond), as no changes were observed
in the UV/Vis spectrum of pc-[Cu(L1)]2� dissolved in aqueous
ammonia. Such a second-sphere adduct slowly isomerizes to


more energetically favorable species with the trans-III con-
formation of the cyclam ring (intermediate B, Scheme 3). The
isomerisation has to proceed by the breaking of two Cu�N
bonds since an inversion must take place on two nitrogen
atoms.
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Scheme 3. Mechanism of isomerisation of pc-[Cu(L1)]2� to trans-O,O-
[Cu(L1)]2�.


The high positive activation enthalpy �H� (94 kJmol�1) as
well as the positive activation entropy �S� (52 kJmol�1)
correspond to the high energy loss and higher disorder owing
to the Cu�N bond dissociation. The high activation energy EA


(97 kJmol�1) is associated mainly with the inversion of the
nitrogen atoms. After conversion to the stable ring confor-
mation, both phosphonate moieties are coordinated to give
the final complex trans-O,O-[Cu(L1)]2�. The isomerisation is
possible because ammonia solvates the negatively charged
coordinated and free phosphonate groups in pc-[Cu(L1)]2�


through stable hydrogen bonds (moreover, the activity of
water is highly reduced in such concentrated ammonia
solutions). On formation of such educts, the electron density
on the phosphonates and, consequently, on the nitrogen atoms
is decreased, and Cu�N bond splitting is easier. Such solvation
of phosphonate moieties can stabilize the intermediate B as
well.


Direct isomerisation of Cu�I complexes with cyclam-like
ligands has been observed;[48, 58] however, in contrast to our
system, the CBmechanism was suggested. The difference may
be explained by the presence of the negatively charged
phosphonate moieties. The literature examples described are
cationic complexes, for which proton dissociation of the N�H
bond in the rate-determining step (the CB mechanism) is
relatively easy. For pc-[Cu(L1)]2�, a double negative charge
makes proton removal very unfavourable. As was mentioned
above, ammonia can highly solvate the phosphonate moieties
and can thus partly compensate for the high negative charge
in intermediate A. However, the common CB mechanism
may also operate in the presence of excess ammonia, as
hydroxide anions may catalyze the nitrogen atom inversion.


Table 4. Kinetic parameters for isomerisation of pc-[Cu(L1)]2� in presence
of ammonia.


T [�C] kisc [��1 s�1] �H� [kJmol�1] �S� [JK�1mol�1] EA [kJmol�1]


55 6.29� 10�6 94� 3 52� 9 97� 3
58 8.73� 10�6


61.5 1.32� 10�5


63 1.35� 10�5


65 1.67� 10�5


68 2.37� 10�5


70 3.05� 10�5


73 3.97� 10�5
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Therefore, hydroxide ions present in
ammonia solutions can then assist
the conversion of intermediate A to
intermediate B. As mentioned
above, a different isomerisation
route, through a conformationally
labile [Cu(tmc)]� complex, was re-
cently observed for the [Cu(tmc)]2�


and [Cu(L7)]2� complexes.[34b, 47] A
non-base-catalyzed isomerisation
mechanism of [Ni(tmc)]2� (from
trans-III to I) has been dis-
cussed;[57e] the isomerisation is high-
ly promoted with strongly coordi-
nating amines by means of partial
replacement of the ring amine
groups by solvent amine molecules.
We tested several amines (Et2NH,
Et3N, pyridine) for a possible cata-
lytic effect on the isomerisation of
pc-[Cu(L1)]2�. At 65 �C and at high
amine concentration in water (1:1
v/v mixtures), the isomerisation was
too slow (TLC control) to be easily
followed by spectroscopic techniques; it was complete after
more then one week. The rate of isomerisation was almost the
same as in basic aqueous solution (NaOH, � log [H�]� 11.5).
In 5% aqueous NH3 under the same conditions, the spot of pc-
isomer disappeared after 20 h. The results confirm the
catalytic effectiveness of ammonia.


Kinetics of the acid-assisted dissociation of pc-[Cu(H2L1)]:
The kinetics of the acid-assisted decomplexation of pc-
[Cu(H2L1)] were investigated in 0 ± 5 moldm�3 HClO4 in
5 moldm�3 (H,Na)ClO4 in the 25 ± 45 �C temperature region.
Application of classic Equation (4) (k0 and k1 are acid-
independent and acid-dependent rate constants, respectively;
K is the corresponding protonation constant), commonly used
in the literature for fitting experimental data of similar
decompositions, leads to a very poor fit.


kobs�
k0 � k1 �K � �H��


1�K � �H�� (4)


The best fit for the rate constant kpcobs under pseudo-first
order conditions in 5 moldm�3 (H,Na)ClO4 corresponds to
Equation (5). The final results are presented in Table 5


kpcobs �
kpc1 �Kpc � �H�� � kpc2 �K pc � �H��2


1�Kpc � �H�� (5)


together with activation parameters obtained from the
dependence of kpcobs on temperature. Figure 5A depicts the
dependence of kpcobs on [H�] at various temperatures and
Figure S8 the time course of spectra of the decomplexation
reaction.


The approach using Equation (5) assumes an equilibrium
protonation step with protonation constant K pc. From similar
systems,[26] it is known that such processes are associated with
the protonations of amines of azacycles. Unfortunately, our
results cannot directly give the number of protons attached to
the complex molecule in the previous protonation steps.
Therefore, we can only estimate the number of protons on the
basis of the following considerations. The pKA values for the
third protonation are about 1.5 for the low-temperature
isomer pc-[Cu(H2L1)] (mostly at the noncoordinated phos-
phonate) and 1.2 for the high-temperature isomer trans-O,O-
[Cu(H2L1)] (at the coordinated phosphonate). Binding of the
fourth proton to pc-[Cu(H3L1)]� to form pc-[Cu(H4L1)]2� is
possible on the formally double bond oxygen atom of the
coordinated phosphonate with pK4 close to the value of 1.2
found for the high-temperature isomer. Such species, proto-
nated on the phosphoryl oxygen atoms, are stable and have
been found in Ni�I complexes of H4L1 even in the solid state.[43]


The value of pK5 for the fifth and decisive protonation step
estimated from the kinetic data is about 0.3 (25 �C, Table 5).
The fifth proton could only be anchored on the uncoordinated


Table 5. Kinetic parameters for acid-assisted decomplexation of pc-[Cu(H2L1)].


Constant T �H� or �H �S� or �S EA


25.0 �C 35.0 �C 45.0 �C [kJmol�1] [JK�1mol�1] [kJmol�1]


kpc1 [s�1] (8.5� 0.3)� 10�4 (2.19� 0.05)� 10�3 (5.3� 0.2)� 10�3 69.5� 0.2 � 70.7� 0.6 72.0� 0.2
kpc2 [��1 s�1] (5.1� 0.6)� 10�5 (1.52� 0.09)� 10�4 (4.4� 0.5)� 10�4 82� 1 � 52� 4 85� 1
K pc [��1] 1.9� 0.1 1.65� 0.07 1.5� 0.1 � 8.3� 0.3 � 22.7� 0.9
log K pc 0.27� 0.03 0.22� 0.02 0.18� 0.04


Figure 5. A) Dependence of kpcobs on concentration of acid at various temperatures; a) 25, b) 35, c) 45 �C.
B) Dependence of Clkpcobs on chloride anion concentration at [H�]� 4.28 moldm�3 and at various temper-
atures; a) 45, b) 50, c) 55 �C. C) Dependence of ktransobs on concentration of acid at various temperatures; a) 42,
b) 50, c) 52, d) 60 �C. D) Dependence of Clktransobs on chloride anion concentration at [H�]� 4.28 moldm�3 and
at various temperatures; a) 55, b) 60, c) 65 �C.
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phosphonate to form �P(OH)3�, on a ring nitrogen atom, or
also on both of these groups together (forming a hydrogen
bond). The negative value of �S (�22.7 JK�1mol�1, Table 5)
indicates the formation of an intramolecular hydrogen bond
between the phosphonate moiety and the �-amino nitrogen
atom (Intermediate C), which has also been observed for
simple aminophosphonic acids.[60] Another explanation may
be a difference in solvation of the protonated and deproto-
nated species. The formation of a hydrogen bond between the
P�OH moiety and the adjacent nitrogen atom is supported[61]


by the observation that the reaction is slightly exothermic
(�8.3 kJmol�1, Table 5). Nevertheless, proton transfer to the
amine and, consequently, destabilization of the Cu�N bond
and formation of [Cu(H5L1)]3� (Intermediate C) is assumed to
be a decisive step in the mechanism (Scheme 4) of the acid-
assisted decomplexation given below. Slow rearrangement of
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Scheme 4. Mechanism of acid-assisted decomplexation of pc-[Cu(H2L1)].


intermediate C leads to intermediate D, which has a hydrogen
bond between the phosphonate group and the nitrogen atom
spanning over the ethylene chain. The presence of such strong
intramolecular hydrogen bonds between the uncoordinated
phosphonate and protonated secondary amine group was
observed in the solid state as well as in a solution of the free
ligand (Scheme 1).[41]


In our previous work,[26] we suggested inclusion of similar
hydrogen bond formation in the mechanism of the acid-
assisted decomplexation of [Cu(H2tetpPh)], in which the
process was characterised by a very negative value of �S�


(�121 Jmol�1 K�1). The value of �S� corresponding to kpc1
(�71 Jmol�1K�1) is more negative than that for kpc2
(�52 Jmol�1K�1) and supports the suggestions mentioned
above. So intermediate D quickly decomposes to final prod-
ucts. Subsequent slow protonation of intermediate C (taking
place on the opposite nitrogen atom) and slow phosphonate
decomplexation (characterised by rate constant kpc2 	 leads to
intermediate E and is followed by fast decomplexation.
Values of �H� for both of the steps (67 and 88 kJmol�1,
respectively) are similar to those found for [Cu(cyclen)]2�


(74 kJmol�1)[59] and [Cu(H2tetpPh)] (46 kJmol�1).[26] After
decomplexation, the final product should be a ligand species
protonated on all nitrogen atoms. This form is present in
strongly acidic solution as follows from the dependence of �H


and �P on � log [H�] for H4L1, H4L2, and H4L3[41] and the
crystal structure of (H6L3)2� ¥ 2Cl� ¥ 4H2O.[63]


Kinetics of the acid-assisted dissociation of trans-[Cu(H2L1)]:
Kinetics of the acid-assisted decomplexation of trans-O,O-
[Cu(H2L1)]2� could not be investigated by conventional
techniques, as the complex dissociation required several
months. Therefore, the acidic solutions (0 ± 5 moldm�3 HClO4


in 5 moldm�3 (H,Na)ClO4) sealed in glass ampoules were
heated in an oven at 42 ± 60 �C. The samples were removed at
such time intervals to cover at least seven half-lives. Depen-
dence of the rate constant ktransobs on [H�] (Figure 5C) was best
fitted using Equation (6).


ktransobs � k
trans
1 �K trans � �H��
1�K trans � �H�� (6)


The final results are listed in Table 6 together with
activation parameters obtained from the dependence of
ktransobs on temperature. Figure S9 depicts the decrease in
intensity of the CT band at 276 nm.


On the basis of the previous discussion on the decomplex-
ation of pc-[Cu(H2L1)], the decomposition of trans-O,O-
[Cu(H2L1)] is possible only after protonation of one or more
of the ring nitrogen atoms. The dissociation constant of the
three-protonated species is known (pK3 1.2) from potentio-
metric measurements, and the third proton is bound to the
oxygen of the P�O group. Analogously to pc-[Cu(H2L1)], the
fourth protonation of trans-O,O-[Cu(H2L1)] is assumed to
take place on the other P�O group. Only the fifth proton is
directed to the nitrogen atom to form intermediate F
(Scheme 5). In contrast to intermediates C ±E in Scheme 4,
intermediate F still has the trans-III ring conformation. In the
rate-determining step, protonation of a nitrogen atom should


Table 6. Kinetic parameters for acid-assisted decomplexation of trans-O,O-[Cu(H2L1)].


Constant T �H� or �H �S� or �S EA


42.0 �C 50.0 �C 52.0 �C 60.0 �C [kJmol�1] [JK�1mol�1] [kJmol�1]


ktrans1 [h�1] (1.2� 0.1)� 10�3 (3.7� 0.4)� 10�3 (4.1� 0.6)� 10�3 (9� 1)� 10�3 95� 7 � 68� 23 98� 7
Ktrans [��1] 6.8� 0.8 6.2� 0.6 5.3� 0.7 4.2� 0.7 � 23� 5 � 58� 15
logKtrans 0.83� 0.05 0.79� 0.04 0.72� 0.06 0.63� 0.07
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induce decoordination of a phosphonate moiety and imme-
diate formation of intermediate G. This is followed by
complex dissociation. In Scheme 5, intermediate G has a
conformation distinct from that of intermediate D in
Scheme 4. However the exceptional slowness of the kinetic
step may be accompanied by inversion on the nitrogen atoms
in addition to phosphonate decomplexation. This conforma-
tional change is supported by the very high activation energy
of the process (EA� 98 kJmol�1, Table 6). In that case,
intermediate G would be identical to intermediate D. The
trans-III ring conformation is thermodynamically the most


stable conformation in metal complexes of cyclam deriva-
tives.[1a, 43] Therefore, the barrier for decomplexation of the
trans isomer is higher than for the pentacoordinated isomer
(Table 5). The acid-assisted decomplexation of the trans
isomer is about 3600 times slower than that of the pentacoor-
dinated complex and the deceleration is caused by the
different conformation of the cycle as well as by the
coordination of the second phosphonate group.


A comparison of kinetic inertness in acid-assisted decom-
plexation is shown for several Cu�I complexes in Table 7. As
apparent from the table, there is only one example of
comparable kinetic inertness among the Cu�I complexes, a
complex of the structurally reinforced cyclam derivative L9.[64]


The complex of ligand H2L6 with two acetate arms may be
kinetically more inert but data on the acid-assisted decom-
plexation were not published.[40] The kinetic inertness of
[Cu(L9)]2� is mainly caused by the nonflexibility of the cycle
as well as by steric hindrance provided by the additional
ethylene bridge. For our complexes, the explanation is partly
different. Similarly, the large phosphonate moieties hinder
access of protons to the nitrogen atoms. However, electrostatic
repulsion is probably more important. Both of the isomers
should be protonated on all phosphonate oxygen atoms at
high [H�] as was discussed above. Such species are highly
positively charged and, therefore, additional protons are
repelled from the species. In accordance with this hypothesis,
chloride ions accelerate (see below) the reactions through the
formation of ion pairs (decreasing the positive charge in an
indirect way) or coordination to the Cu�I ion (a direct way).


Influence of an additional nucleophile on the decomplexation
of [Cu(H2L1)] complexes : Using different mixtures of
(H,Na)(Cl,ClO4) at I� 5.0 moldm�3 led to the acceleration


Table 7. Comparison of kinetic inertness of Cu�I complexes with different macrocyclic ligands in acidic medium ([H�]� 1.0�), [H�]� 0.1� for lower ionic
strength I� 1.0�).


Ligand T [�C] Ionic medium kobs �1/2 Ref.


cyclen 25 5.0� (Na,H)ClO4 2.54� 10�4 s�1 45.5 min [62]


cyclam 25 5.0� (Na,H)NO3 5.52� 10�4 s�1[a] 20.9 min [65]


meso-5,5,7,12,12,14-Me6-cyclam (blue form) 25 5.0� (Na,H)NO3 4.4� 10�4 s�1[a] 26.3 min [66]


rac-5,5,7,12,12,14-Me6-cyclam (blue form) 25 5.0� (Na,H)NO3 1.33� 10�5 s�1[a] 14.5 d [67]


meso-5,5,7,12,12,14-Me6-cyclam (red form) 25 5.0� (Na,H)NO3 4.59� 10�4 s�1[a] 25.2 min [68]


thec-12[b] 25 1.5� (Na,H)NO3 2.81� 10�5 s�1 6.9 h [69]


thec-14 25 1.0� (Na,H)ClO4 3.44 s�1 0.2 s [70]


thec-14 25 1.5� (Na,H)NO3 2.44 s�1 0.3 s [69, 71]


thec-15 25 1.5� (Na,H)NO3 � 18 s [69]


thpc-14 25 1.0� (HClO4�NaCl) 4.01 s�1 0.2 s [72]


H3do3a 25 1.0� (K,H)NO3 5.80� 10�5 s�1 3.3 h [12a]


Hcpta 25 1.0� (K,H)Cl � 24 d [15b]


1,4,8,11-tetraazacyclotetradecane-5,7-dione 25 0.1� (H,K)NO3 19.5 s�1 35.6 ms [73]


1,4,7,10-tetraazacyclotridecane-11,13-dione 25 0.1� (H,K)NO3 304.0 s�1 2.3 ms [74]


H4dotpPh 25 5.0� (Na,H)ClO4 2.12� 10�3 s�1 5.4 min [26]


H4tetpPh 25 0.43� (Na,H)Cl 2.26� 10�2 s�1 30.7 s [26]


L9 40 1� HClO4 � 6 years [64]


pc-[Cu(H2L1)] 25 5.0� (Na,H)ClO4 5.85� 10�4 s�1 19.7 min this work
trans-O,O-[Cu(H2L1)] 42 5.0� (Na,H)ClO4 1.06� 10�3 h�1 27.2 days this work
trans-O,O-[Cu(H2L1)] 25 5.0� (Na,H)ClO4 1.45� 10�4 h�1 6.7 months this work


[a] k2 for the mechanism: [Cu(L)]2�
k1
k�1


[Cu(HL)]3��k2 H4L4��Cu�I. [b] Abbreviations: thec-12�N,N�,N��,N���-tetrakis(2-hydroxyethyl)-1,4,7,10-tetraazacyclo-
dodecane; thec-14�N,N�,N��,N���-tetrakis(2-hydroxyethyl)-1,4,8,11-tetraazacyclotetradecane; thec-15�N,N�,N��,N���-tetrakis(2-hydroxyethyl)-1,4,8,12-tet-
raazacyclopentadecane; thpc-14�N,N�,N��,N���-tetrakis(2-hydroxypropyl)-1,4,8,11-tetraazacyclotetradecane; Hcpta� 1,4,8,11-tetraazacyclotetradecane-1-
(methyl(phenyl-4-carboxylic acid)).
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of acid-assisted decomplexation. Thus, we investigated the
influence of chloride as an external ligand/nucleophile. The
reaction was studied under the same conditions, that is at the
same proton concentration and temperature but in the
presence of Cl� ions. For both of the complexes, the depen-
dences of Clkpcobs and


Clktransobs on [H�] are similar (Figure 5B and
D) and the rate laws are the same as above. However, another
pre-equilibrium and a formation of a mixed chloride complex
must be included into a model mechanism. For equations used
for fitting in the presence of chloride ions, see the Supporting
Information.


It is apparent that the acceleration of the decomplexation in
the presence of Cl� is much more pronounced for the trans-
O,O-[Cu(H2L1)] complex, for which the relative acceleration
(with or without Cl�) is several orders of magnitude higher
(Clktrans1 /ktrans1 � 2680 at 60 �C, see Tables S1 and 6, respectively)
than for the pentacoordinated isomer (Clkpc1 /k


pc
1 � 2, Tables S2


and 5, respectively). Such behaviour accounts for interactions
of Cl� ions with the complexes. There are two possible weak
Cl� interactions with the complex (similar to those suggested
for ammonia in the mechanism of isomerisation; see above):
1) Cl� ± phosphonate group exchange in the first coordination
sphere or 2) an outer-sphere interaction between positively
charged protonated phosphonate and chloride anions through
hydrogen bonds. Such relatively strong P�O�H ¥ ¥ ¥Cl� hydro-
gen bonds were found in the solid state structures of differ-
ently protonated forms of cis-O,O- and trans-O,O-
[Ni(HxL1)]Clx�2 ¥ yH2O (x� 2 ± 4)[43] and may be present in
solution as well. Both of these possibilities cause a destabi-
lization of the phosphonate coordination bond and/or a
decrease in the positive charge on phosphonate moieties,
which enables access to protons (removal of electrostatic
repulsion between protons and positively charged complex
species). It would lead to faster decomplexation as was
observed here, mainly for the trans isomer. This fact is also
supported by a lower activation energy (Ea� 45 kJmol�1 for
the trans isomer, Table S1) in comparison with the non-
catalyzed reaction (Ea� 98 kJmol�1, Table 6). As expected,
the final products of decomplexation in this case are
[CuClx]2�x complexes.[81]


Conclusion


We have prepared two isomers of [Cu(H2L1)] and determined
their structure in the solid state. Complexes of ligands derived
from H4L1 by a sequential attachment of methyl groups at
secondary nitrogen atoms are not able to isomerise in the
same way under similar conditions. On the basis of spectral
parameters, the solid-state structures should be preserved in
aqueous solution as well. On the basis of the values of stability
constants, these complexes are among the most stable Cu�I


complexes. The most striking result is their extraordinary
kinetic inertness, especially that of the octahedral isomer. To
the best of our knowledge, the complex is kinetically the
second most robust Cu�I complex ever known. However, the
sterically constrained cyclam derivative L9 is difficult to
handle, as it acts as a proton sponge[64] and cannot be easily
modified to prepare bifunctional ligands. On the other hand,


complexes of its acetic derivative H2L6 may be even more
kinetically inert and can be modified to obtain bifunctional
ligands, however H2L6 suffers from slow complexation
rate.[39, 40]


The above properties of H4L1 are very promising for the
design of new ligands as carriers for radioisotopes of copper,
owing to their high selectivity for Cu�I in comparison with
other metal ions,[63] fast kinetics of complexation at pH near to
physiological, high hydrophilicity as a consequence of the
presence of phosphonate groups, easy synthesis and modifi-
cation, and, mainly, kinetic inertness. Work in this direction is
under way in our laboratories.


Experimental Section


General : Ligands H4L1, H4L2, and H4L3 were synthesized by a published
method.[41] Hydrates of [CuCl2], [Cu(ClO4)2], and [Cu(NO3)2] were
obtained from Lachema (Czech Republic) and recrystallized from water
before use. The other chemicals were purchased from Fluka or Merck in
the highest purity available and were used as obtained. Most kinetic
experiments were run on an HP 8453A (Hewlett ± Packard) diode-array
spectrophotometer. AUV-300 (Pye ±Unicam) was used for kinetic experi-
ments with of trans-O,O-[Cu(H2L1)] and for UV/Vis characterization
(200 ± 1100 nm) of the complexes (abundance of species present at
particular � log [H�] was estimated from a distribution diagram involving
all complex protonation constants). MALDI/TOF mass spectra were
recorded on a Kratos Kompact MALDI III and Kratos Axima-CFR (both
Shimadzu) in positive-ion mode using 2,5-dihydroxybenzoic acid as a
matrix. Thermogravimetry was done on a TG-750 Statton ±Redcroft
apparatus at 25 ± 300 �C (5 �Cmin�1) in air. Elemental analyses were carried
out at the Institute of Macromolecular Chemistry of the Academy of
Sciences of the Czech republic. Thin-layer chromatography (TLC) was run
on silica gel aluminium-backed sheets (Silufol; Kavalier, Czech Republic)
with propan-2-ol/conc. aq. NH3/water 7:3:3 as a solvent phase. Water used
in physico-chemical measurements was purified with a Milli-Q System
(Millipore).


pc-[Cu(H2L1)] ¥ 5H2O : H4L1 ¥ 4H2O (0.10 g, 0.22 mmol) and [CuCl2] ¥ 2H2O
(0.038 g, 0.23 mmol) were dissolved in water (10 mL) and the solution was
left at room temperature for 2 h. The product was precipitated by slow
addition of acetone. The solid was filtered off and recrystallized from an
aqueous solution by diffusion of acetone vapour. Deep blue leaves of
complex were filtered off, washed with acetone, and dried in air, yielding
0.094 g (85%). Single crystals suitable for diffraction studies were picked
out of the bulk product obtained by recrystallization. Rf� 0.20 (blue spot);
UV/Vis (water): � log [H�]� 3.68 (fresh solution of pure solid pc-
[Cu(H2L1)]): �max (�)��970 (155), 596 (296), 313 (8100), 275sh nm
(7000 mol�1 dm3cm�1); � log [H�]� 9.10 (pure pc-[Cu(L1)]2�): �max (�)�
�967 (168), 583 (342), 325 (7750), 269 nm (5000 mol�1dm3cm�1);
� log [H�]� 0.10 (more protonated species): �max (�)��976 (147), 830sh,
730sh, 609 (175), 310sh (6500), 270 nm (7050 mol�1dm3cm�1); in 25% aq.
NH3: �max (�)��970 (90), 587 nm (244 mol�1dm3cm�1); MALDI/MS:
calcd for C12H28CuN4P2O6: 450.9 [M�H]� , found 447.3; elemental analysis
calcd (%) for C12H28CuN4P2O6 ¥ 5H2O (539.1): C 26.71, H 7.10, N 10.39;
found C 26.83, H 6.85, N 10.31; thermogravimetry: water removal in two
unresolved steps (60 ± 100 �C, �m 4.93%; �1.5H2O) immediately followed
with slow decomposition and quick decomposition above 250 �C.


trans-O,O-[Cu(H2L1)] ¥ 2H2O : H4L1 ¥ 4H2O (0.10 g, 0.22 mmol) and
[CuCl2] ¥ 2H2O(0.038 g, 0.23 mmol) were dissolved in water (10 mL) and
the blue solution was evaporated under vacuum. The residue was dissolved
in water (10 mL) and the solution was refluxed for 20 h. Progress of the
reaction was followed by TLC. The solution was cooled and evaporated
under vacuum to about 2 mL. The suspension was dissolved by addition of
several drops of conc. aq. ammonia and the solution was chromatographed
on Amberlite 50CG (50 mL) with water elution. Some hydrochloric acid
was eluted first followed by the complex. Fractions containing the complex
were evaporated to dryness and the residue was dissolved in boiling water
(5 mL). After cooling to room temperature, the product was precipitated
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by slow addition of acetone. A violet solid was filtered off, washed with
acetone and dried in air, yielding 0.085 g (80%). Violet cubes suitable for
diffraction studies were grown by diffusion of acetone vapour into aqueous
solution. Rf� 0.30 (violet spot); UV/Vis (water): � log [H�] 3.25 (fresh
solution of pure solid trans-O,O-[Cu(H2L1)]): �max (�)��974 (92), 746sh,
553 (88), 275 nm (6900 mol�1dm3cm�1); � log [H�] 8.14 (pure trans-O,O-
[Cu(L1)]2�): �max (�)��974 (115), 740sh, 551 (122), 280 nm
(7100 mol�1 dm3cm�1); � log [H�] 0.10 (more protonated species): �max


(�)��975 (95), 550 (97), 270 nm (8000 mol�1dm3cm�1); MALDI/MS:
calcd for C12H28CuN4P2O6 [M�H]�: 450.9; found 451.4; elemental analysis
calcd (%) for C12H28CuN4P2O6 ¥ 2H2O (485.10): C 29.68, H 6.65, N 11.55;
found C 29.82, H 6.48, N 11.42; thermogravimetry: �m 7.66% (calcd for
2H2O: 7.43%) in the temperature range 90 ± 150 �C; decomposition above
300 �C.


pc-[Cu(H2L2)] ¥ 3H2O : H4L2 ¥ 5.5H2O (0.11 g, 0.22 mmol) and [CuCl2] ¥
2H2O (0.038 g, 0.23 mmol) were dissolved in water (10 mL) and the
solution was left at room temperature for 2 h. The complex was
precipitated by slow addition of acetone. The solid was filtered off and
recrystallized from aqueous solution by diffusion of acetone vapour. Sky
blue needles of the complex were filtered off, washed with acetone and
dried in air, yielding 0.065 g (57%). Single crystals suitable for diffraction
studies were picked out of the bulk product obtained by recrystallization.
Rf� 0.20; UV/Vis (water): � log [H�] 2.95 (fresh solution of pure solid pc-
[Cu(H2L2)]): �ma (�)��967 (103), 653 (217), 322 (6100), 285sh nm
(5200 mol�1 dm3cm�1); MALDI/MS: calcd for C13H30CuN4P2O6 [M�H]�:
464.3; found 464.9; elemental analysis calcd (%) for C13H30CuN4P2O6 ¥
3H2O (517.95): C 30.15, H 7.01, N 10.82; found C 30.50, H 6.91, N 10.52;
thermogravimetry: slow decomposition above 70 �C in unresolved steps,
fast decomposition above 250 �C.


[Cu(H2L3)] ¥ 4H2O : H4L3 ¥ 6H2O (0.10 g, 0.19 mmol) and [CuCl2] ¥ 2H2O
(0.035 g, 0.21 mmol) were dissolved in water (5 mL) and the solution was
evaporated to dryness on a rotavapor. The residue was dissolved in water
(5 mL) and evaporated again and the process was repeated three times.
Finally, the residue was dissolved in water (5 mL) and the complex was


precipitated by slow addition of acetone. The solid was filtered off and
recrystallized from aqueous solution by diffusion of acetone vapour.
Green-blue leaves of complex were filtered off, washed with acetone and
dried in air, yielding 0.075 g (71%). Rf� 0.20; UV/Vis (water): � log [H�]
2.95 (fresh solution of pure solid [Cu(H2L3)]): �max (�)�� 969 (132), 687
(252), 315 nm (6200 mol�1dm3cm�1); MALDI/MS: calcd for C14H32CuN4-
P2O6 [M�H]�: 479.6; found 478.9; elemental analysis calcd (%) for
C14H32CuN4P2O6 ¥ 4H2O (549.99): C 30.57, H 7.33, N 10.19; found C 30.61, H
6.71, N 10.00; thermogravimetry: water removal in two unresolved steps
(�m 8.3% up to 100 �C (�2.5H2O)) followed with slow decomposition (up
to 250 �C) and fast decomposition (�250 �C).


Crystal structure determination : Suitable crystals were mounted on glass
fibres in random orientation with epoxy glue. Using a CAD4 diffractometer
(Enraf ±Nonius), diffraction data for pc-[Cu(H2L1)] ¥ 5.5H2O, trans-O,O-
[Cu(H2L1)] ¥ 2H2O, and pc-[Cu(H2L2)] ¥ 3H2O were collected at 293 K. The
lattice parameters of the compounds were always determined from 25
reflections. The intensities were collected by the �� 2	 scan; three
standard reflections were always measured after 1 h, no decrease of
intensity was observed. A Lorenzian ± polarization correction was used for
all compounds using the JANA 98 program;[75] absorption corrections were
not applied. The structures were solved by direct methods, and refined by
full-matrix least-squares techniques (SIR 92,[76] SHELXL97,[77]). The
hydrogen atoms were found by difference Fourier map and refined
isotropically. In the structure of pc-[Cu(H2L2)] ¥ 3H2O, oxygen atoms of the
uncoordinated phosphonate group are disordered in two staggered
positions with a relative occupancy of 79:21. Crystal data and structure
refinement parameters are listed in Table 8.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-179990
(pc-[Cu(H2L1)] ¥ 5.5H2O), -179991 (trans-O,O-[Cu(H2L1)] ¥ 2H2O), and
-179992 (pc-([Cu(H2L2)] ¥ 3H2O). Copies of the data can be obtained free
of charge from www.ccdc.cam.ac.uk/conts/retrieving.html (or from the


Table 8. Experimental and refinement data for the X-ray diffraction studies of pc-[Cu(H2L1)] ¥ 5.5H2O, trans-O,O-[Cu(H2L1)] ¥ 2H2O and pc-[Cu(H2L2)] ¥
3H2O complexes.[a,b]


Parameters pc-[Cu(H2L1)] ¥ 5.5H2O trans-O,O-[Cu(H2L1)] ¥ 2H2O pc-[Cu(H2L2)] ¥ 3H2O


empirical formula C12H39CuN4O11.5P2 C12H32CuN4O8P2 C13H36CuN4O9P2


Mw 548.95 485.90 517.94
T [K] 293(2) 293(2) 293(2)
crystal system triclinic triclinic monoclinic
space group P1≈ (No. 2) P1≈ (No. 2) P21/c (No. 14)
a [ä] 9.605(5) 8.162(2) 9.4540(4)
b [ä] 14.474(5) 8.2230(10) 15.6240(6)
c [ä] 16.786(5) 9.161(3) 14.3830(4)
� [�] 89.250(5) 112.45(2) 90
� [�] 88.000(5) 104.34(3) 97.199(2)
� [�] 80.140(5) 110.94(2) 90
V [ä3] 2297.7(16) 475.3(2) 2107.75(13)
Z 4 1 4

calcd [gcm�3] 1.587 1.698 1.632
� [ä] 0.71069 0.71069 0.71069
� [mm�1] 1.151 1.367 1.242
	 range of data [�] 1.87 ± 24.01 2.69 ± 24.97 1.93 ± 26.08
F(000) 1160 255 1092
hkl range � 10� h� 10 � 9�h� 9 0�h� 11


0� k� 16 � 9�k� 9 � 19� k� 19
� 19� l� 19 0� l� 10 � 17� l� 17


method of refinement full-matrix least-squares on F 2 full-matrix least-squares on F 2 full-matrix least-squares on F 2


data/restraints/parameters 7213/0/862 1640/0/188 4164/0/435
goodness-of-fit on F 2 1.048 1.095 1.089
final R indices [I� 2�(I)] R1� 0.0295 R1� 0.0203 R1� 0.0361


wR2� 0.0799 wR2� 0.0550 wR2� 0.0850
R indices (all data) R1� 0.0367 R1� 0.0234 R1� 0.0432


wR2� 0.0840 wR2� 0.0564 wR2� 0.0884
largest difference 0.674/� 0.512 0.321/� 0.380 0.545/� 0.484
peak/hole [eä�3]


[a] w�1/[�2(F 2
0 	� (A ¥P)2�B ¥P]; where P� (F 2


0 �2F 2
c 	/3 (SHELXL97).[77] [b] R�� F0�FC  /� FC  ; R�� [�w(F 2


0 �F 2
c 	2/�w(F 2


0 	2]1/2 (SHELXL97).[77]
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Potentiometric titrations : The concentration of a H4L1 stock solution was
determined from the weight of anhydrous sample.[41] The published
protonation constants[41] of the ligand were used for the calculation of the
stability constants of the complexes. Metal stock solutions were prepared
by dissolution of [Cu(NO3)2] ¥ 3H2O or [CuCl2] ¥ 2H2O in water. The metal
content of the solutions was determined by titration with Na2H2edta
solution. A nitric acid solution was prepared by passing aqueous potassium
nitrate solution through a Dowex 50W-8 column in the H� form because of
traces of NO and NO2 present in the concentrated acid. Azeotropic HCl
was used for the preparation of a standard HCl solution. The KOH solution
was standardized against potassium hydrogen phthalate, and HNO3 and
HCl solutions against the KOH solution.


Titrations at 25 �C were carried out in a thermostatted vessel at 25� 0.1 �C,
at an ionic strength I(KNO3)� 0.1 moldm�3 and in the presence of an
excess of HNO3 in the region of� log [H�]� 1.6 ± 11.8 using a PHM 240 pH-
meter, a 2 cm3 Radiometer ABU 900 automatic piston burette and a GK
2401B combined electrode (Radiometer). The initial volume was 5 cm3 and
the concentration of ligand was 0.004 moldm�3. The metal:ligand ratio was
1:1; parallel titrations were carried out five times. Each titration consisted
of about 40 points. An inert atmosphere was ensured by constant passage of
argon saturated with the solvent vapour during measurements. The stability
constants for the Cu�I ±OH� systems included in the calculations and
pKw� 13.78 were taken from ref. [78]. The protonation and stability
constants �pqr are concentration constants and are defined by �pqr�
[HpMqLr]/[H]p� [M]q� [L]r. The constants and the analytical concentra-
tions of titrated complexes were calculated using the OPIUM program.[79]


The program minimizes the criterion of the generalized least squares
method using the calibration functionE�E0� S� log[H�]� jA� [H�]�
jB� (Kw/[H�]), in which the additive term E0 contains standard potentials
of the electrodes used and contributions of inert ions to the liquid-junction
potential; S corresponds to the Nernstian slope, the value of which should
be close to the theoretical value; and the jA� [H�] and jB� [OH�] terms are
contributions of the H� and OH� ions to the liquid-junction potential.
Clearly, jA and jB cause deviation from a linear dependence between E and
� log [H�] only in strong acid and strong alkali solutions. In the titration of
Cu�I-H4L1, it was necessary to wait (to reach a stable � log [H�] reading) for
about 15 min for the first point and about 2.5 min for the next ten points
(� log [H�] � 2.1). Equilibrium was established quickly (�30 s) in less
acidic solutions (� log [H�]� 2.1).


Titrations involving formation of trans-O,O-[Cu(L1)]2� were carried out by
the ™out of cell∫ method. Because of decomposition of the starting and final
complexes in nitrate-containing solutions at high temperatures, the
titrations were done at I(KCl)� 0.1 moldm�3 with a standard HCl solution.
Solutions were prepared under the same conditions as above in ampoules
at room temperature. The ampoules were sealed under argon and placed in
a drying oven at 90� 0.5 �C for 7 d to reach equilibrium (checked using
CZE[59]). The equilibrium was frozen by cooling to room temperature; the
� log [H�] values of the solutions in ampoules were measured at 25.0�
0.1 �C and the constants were calculated as above. Four parallel titrations
were made, each titration consisting of about 30 points.


To find the third protonation constants of the complexes employable for
interpretation of kinetic data, we titrated solutions of the pure complexes
pc-[Cu(H2L1)] or trans-O,O-[Cu(H2L1)] (prepared from solid samples) in
the region of � log [H�]� 1.8 ± 11.8 under the above conditions
(0.1 moldm�3 KNO3, 25 �C). Exact concentrations of the complexes in
the titrated solutions were fitted together with determination of their
protonation constants (OPIUM).[79]


Kinetic measurements : The formation kinetics of pc-[Cu(H2L1)] was
followed under pseudo-first-order conditions (cCu� 4.2 mm, cL�
0.42 mm) in the � log [H�] range of 1 ± 3.1 at 310 nm (I� 0.1 moldm�3


(K,H)Cl, 25 �C) using a diode-array spectrophotometer. The full Cu�I


concentration range used in the measurements was cCu� 1 ± 10 m� (ratio
[M]:[L]� 10:1). In the � log [H�] range of 3 ± 5, the stopped-flow technique
with indicator method was applied.[55] Compared with the standard method
(measurement of absorbance of the evolved complex in buffered solutions)
both methods gave results with satisfactory precision. The measurements
were made on a home-made modular stopped-flow apparatus equipped
with a Hewlett ± Packard 6267BDD power supply, a 100 W tungsten lamp,


and a water UV monochromator with fibre-optics light-guide (Jobin
Yvon).[80]


Isomerization kinetics of pc-[Cu(L1)]2� (ccomplex� 0.20 m�) were deter-
mined at different total ammonia concentrations (2 ± 11 moldm�3) in the
55 ± 75 �C temperature range with no other control of ionic strength.


Dissociation kinetics measurement on pc-[Cu(H2L1)] were performed in
the [H�] range of 0.2 ± 4.7 moldm�3 (ccomplex� 0.28 m�, I� 5.00 moldm�3


(Na,H)ClO4, 25 ± 45 �C (�0.1 �C)). The decomplexation was followed by a
decrease of the intensity of the CT band of pc-[Cu(H2L1)] at 306 nm with
time.


Because of the very long duration of the experiments (months), the
solutions used for the investigation of the acid-assisted decomplexation of
trans-[Cu(H2L1)] were sealed in glass ampoules. Weighed amounts of the
complex were dissolved in an appropriate mixture of HClO4 and NaClO4


standard solutions to give complex concentrations of about 0.3m� at
5.00 moldm�3 (H,Na)ClO4. This solution was divided into ampoules, which
were sealed under argon. A relevant set of ampoules was placed in a drying
oven at the required temperature (42, 50, 52, and 60 �C; �0.5 �C). Samples
were withdrawn regularly and measured over a period up to 7 ± 8 half-lives
(about 30 points). The course of decomplexation was followed by a
decrease in intensity of the CT band of trans-O,O-[Cu(H2L1)] at 276 nm.


Measurements of the dissociation kinetics of both complexes (pc-
[Cu(H2L1)] and trans-[Cu(H2L1)]) in the presence of Cl� ions were
obtained under following experimental conditions: ccomplex� 0.28 m�, I�
5.00 moldm�3 (Na,H)(Cl,ClO4), temperature range 45 ± 65 �C (�0.1 �C),
[H�]� 1 ± 4.3 moldm�3, [Cl�]� 0.2 ± 4.3 moldm�3. All other experimental
details were the same as for measurement without chloride ions.


Data from kinetic experiments were processed by nonlinear regression
using spectrometer software and Excel 97[82] with identical results. All
measured absorbances were corrected for background absorbance (due to
free aqueous Cu�I and/or chlorocopper(��) complexes in the presence of
Cl�).


Electrochemical study : Cyclic voltammetry was performed on a PA4
(LaboratornÌ prœÌstroje, Prague, Czech Republic) in a three-electrode
arrangement with a hanging mercury electrode working electrode,
platinum auxiliary electrode, and saturated calomel reference electrode
at 20 �C. The background electrolyte was 0.1 moldm�3 KNO3 in water. The
scan rate was 100 mVs�1.
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Amination of Benzylic C�H Bonds by Arylazides Catalyzed by
CoII ± Porphyrin Complexes: A Synthetic and Mechanistic Study


Fabio Ragaini,[a] Andrea Penoni,[a] Emma Gallo,[a] Stefano Tollari,[b] Claudia Li Gotti,[a]
Marta Lapadula,[a] Enrica Mangioni,[a] and Sergio Cenini*[a]


Abstract: CoII ± porphyrin complexes
catalyze the reaction of aromatic azides
(ArN3) with hydrocarbons that contain a
benzylic group (ArR1R2CH) to give the
corresponding amines (ArR1R2C�N-
HAr). When at least one of the R
substituents is hydrogen, the catalytic
reaction proceeds further to give the
imine ArRC�NAr in good yields. The
reaction mechanism has been investi-
gated. The reaction proceeds through a
reversible coordination of the arylazide
to the CoII ± porphyrin complex. This
unstable adduct can either react with the


hydrocarbon in the rate-determining
step or decompose by a unimolecular
mechanism to afford a putative ™ni-
trene∫ complex, which reacts with more
azide, but not with the hydrocarbon, to
afford the byproduct diaryldiazene. The
kinetics of the catalytic reaction have
been investigated for a range of azides
and substituted toluenes. Arylazides


with electron-withdrawing substituents
react at a faster rate and a good corre-
lation is found between the log(k) and
the Taft parameters. On the other hand,
an excellent correlation between the
logarithm of the rate for substituted
toluenes relative to that of toluene and a
radical parameter (��JJ� alone was found,
with no significant contribution by polar
parameters. An explanation has been
proposed for this anomalous effect and
for the very high isotopic effect (kH/kD�
14) found.


Keywords: amination ¥ azides ¥
C�H activation ¥ cobalt ¥
porphyrinoids


Introduction


The development of intermolecular nitrogen-atom transfer
reactions catalyzed by metals, such as the amination of
saturated C�H bonds, is a topic of high current interest.[1±10]


Reasonably good results have only been obtained by using
[N(p-tolylsulfonyl)imino]phenyliodinane (PhI�NTs),[1±4]


chloramine-T,[1, 5] and related derivatives as the nitrogen
source. However these compounds can only be obtained
from the corresponding sulfonamides,[7] and, thus, they belong
to a limited family of reagents. Recently, we developed a
methodology for the intermolecular allylic amination of
unactivated olefins by nitroarenes in the presence of CO
and ruthenium complexes as catalysts.[8] However, in these


last reactions only the allylic C�H bond of an olefin could be
functionalized.


Aromatic azides (ArN3) represent a wide class of easily
synthesized compounds. We have recently reported that
porphyrin complexes of cobalt(��) are able to activate aromatic
azides for the amination under mild conditions of allylic C�H
bonds,[9] and we report here that the same catalytic system
also results in the more difficult activation of the C�H bonds
of saturated organic compounds, to give secondary amines
and imines. While the use of porphyrin complexes of
manganese, iron, and ruthenium as catalysts in the amidation
reactions by PhI�NTs has been reported,[2±4] to the best of our
knowledge, porphyrin complexes of cobalt(��) have never been
employed before as catalysts for these reactions with the
exception of the allylic amination of cyclohexene mentioned
before.[9, 10] The use of organic azides as aminating agents
considerably extends the number of nitrogen-containing
organic compounds that can be potentially obtained in
catalytic reactions. Such a reaction has never been reported
before, apart from our preliminary communication on this
topic.[11] It should be also pointed out that although the
condensation of ketones with primary amines is a textbook
route to ketimines, the procedure is sometimes not practical
for the synthesis of aromatic ketimines.[12] Thus other practical
routes to imines are desirable to supplement the classical
condensation pathway.
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Results


Synthetic results : The reaction of hydrocarbons that
contain a benzylic group with para-nitrophenylazide
catalyzed by CoII ± porphyrin derivatives leads to then
formation of the corresponding amines [Eq. (1)]. When at
least one of the R substituents is hydrogen, the catalytic
reaction proceeds further, at least in part, to give the
corresponding imine [Eq. (2)]:


ArR1R2CH�ArN3 ��CoII�porphyrin ArR1R2C�NHAr�N2 (1)


ArRHC�NHAr�ArN3 ��CoII�porphyrin ArRC�NAr�ArNH2�N2 (2)


The reaction given in Equation (2) has been indepen-
dently observed by pre-forming the amines p-
YC6H4NH�CH2Ph and treating them with p-YC6H4N3


(Y�NO2, Cl, OMe) in the presence of the catalyst. The
reaction quantitatively gives one equivalent of imine and
one molecule of p-YC6H4NH2 per equivalent of amine,
while no reaction is observed in the absence of the
catalyst.


Main byproducts of the reaction given in Equation (1)
are the azide-derived aniline and the diarylazo compound.
Other byproducts should be high-boiling materials, since
they could not be identified by gas-chromatography.


The following CoII ± porphyrin complexes were tested
as catalysts: [Co(tpp)] (tpp� dianion of meso-tetraphe-
nylporphyrin), [Co(p-MeOtpp)] (p-MeOtpp � dianion
of meso-tetrakis-4-methoxyphenylporphyrin), [Co-
(p-Cltpp)] (p-Cltpp� dianion of meso-tetrakis-4-chloro-
phenylporphyrin), and [Co(oep)] (oep� dianion of beta-


octaethylporphyrin). The results of a screening of the
reactions of toluene with a series of aryl azides bearing
different substituents in the para position and catalyzed by
several porphyrin complexes is reported in Table 1. The
results obtained with other benzylic compounds are reported
in Table 2.


Note that the stoichiometry in the reactions in Equa-
tions (1) and (2) implies that a maximum yield of 50% can be
obtained with respect to the arylazide when the imine is the
product.


The reaction is sensitive to the nature of the azide
employed. With toluene as substrate, only in the case of p-
cyanophenylazide was the benzylamine observed among the
products (Table 1). In all other cases, the reaction in
Equation (2) was so fast relative to that in Equation (1) that
no benzylamine could be detected at any stage of the reaction.
With all catalysts, electron-withdrawing substituents in the


para position of the aromatic azide generally increased the
yields of the imine, except for the derivatives having the p-
NO2 group, which consistently gave lower selectivities than
expected based on the general trend. It should be noted that
imines with the p-nitro substituent hydrolyses very easily even
during the workup and gas-chromatographic analysis; this at
least partly explains the lower selectivity observed with
respect to that expected based on the high electron-with-
drawing power of the nitro group. If the data for the p-NO2


group are neglected, a fair correlation (0.632�R2� 0.831)
between the imine selectivity and the Hammet � constants is
observed for all catalysts and an even better correlation
(0.721�R2� 0.956) is observed with the �� constants (Fig-
ure 1 and Figures S1 ± S4 in the Supporting Information).
Moreover, the slope of the lines derived from the linear
regression of the selectivity versus �� plots are quite close to
each other (20.9, 21.5, 17.4, and 18.8 for [Co(tpp)], [Co(p-
Cltpp)], [Co(p-MeOtpp)] and [Co(oep)], respectively). It
should be stressed that, on theoretical grounds, no linear
correlation is in general to be expected between a selectivity
value and the � or �� constants. However, the fact that such a
correlation is indeed observed and the similarity of the slopes
for different catalysts has some, at least qualitative, mecha-


Table 1. Amination of toluene by p-XC6H4N3 catalyzed by Co ± porphyrin.[a]


Catalyst X t [h][b] Imine 2 Amine 1 p-XC6H4NH2 Diazene 3
yield [%] [c,d] yield [%] [c] yield [%] [c] yield [%] [c]


[Co(tpp)] NO2 2 23 (2a) ± 28 22 (3a)
[Co(tpp)] OCH3 10 10 (2b) ± 14 25 (3b)
[Co(tpp)] Cl 5 28 (2c) ± 29 18 (3c)
[Co(tpp)] H 11 25.5 (2 h) ± 44.4 18 (3 h)
[Co(tpp)] CH3 12 18 (2g) ± 18 38.6 (3g)
[Co(tpp)] F 5 14.9 (2e) ± 16.9 49.2 (3e)
[Co(tpp)] Br 8 37.2 (2 f) ± 44.4 12.1 (3f)
[Co(tpp)] CN 4 37.0 (2d) ± 43.1 8.7 (3d)
[Co(p-Cltpp)] NO2 2 24 (2a) ± 31 15 (3a)
[Co(p-Cltpp)] OCH3 12 6 (2b) ± 13 29 (3b)
[Co(p-Cltpp)] Cl 2 25 (2c) ± 28 16 (3c)
[Co(p-Cltpp)] H 15 23.8 (2 h) ± 33.4 14.3 (3 h)
[Co(p-Cltpp)] CH3 15 18.7 (2g) ± 27.9 27.2 (3g)
[Co(p-Cltpp)] F 10 27.0 (2e) ± 30.5 30.1 (3e)
[Co(p-Cltpp)] Br 7 26.7 (2 f) ± 43.1 5.7 (3f)
[Co(p-Cltpp)] CN 7 38.0 (2d) 5.8 (1d) 49.0 ± (3d)
[Co(p-MeOtpp)] NO2 3 21 (2a) ± 28 19 (3a)
[Co(p-MeOtpp)] OCH3 11.5 7 (2b) ± 13 20 (3b)
[Co(p-MeOtpp)] Cl 3 35 (2c) ± 36 22 (3c)
[Co(p-MeOtpp)] H 10 21.0 (2 h) ± 39.0 11.2 (3 h)
[Co(p-MeOtpp)] CH3 12.5 18.1 (2g) ± 35.9 20.1 (3g)
[Co(p-MeOtpp)] F 6 24.8 (2e) ± 25.4 37.2 (3e)
[Co(p-MeOtpp)] Br 4 26.6 (2 f) ± 39.4 13.4 (3f)
[Co(p-MeOtpp)] CN 2 30.0 (2d) 6.1 (1d) 48.5 12.1 (3d)
[Co(oep)] NO2 1 19 (2a) ± 23 29 (3a)
[Co(oep)] OCH3 15 3 (2b) ± 10 24 (3b)
[Co(oep)] Cl 4 20 (2c) ± 20 22 (3c)
[Co(oep)] H 11.5 18.2 (2 h) ± 36.1 15.8 (3 h)
[Co(oep)] CH3 13 21.7 (2g) ± 33.0 27.2 (3g)
[Co(oep)] F 5 17.6 (2e) ± 17.6 59 (3e)
[Co(oep)] Br 3.5 25.8 (2 f) ± 32.9 9.7 (3f)
[Co(oep)] CN 2 32.5 (2d) 22.7 (1d) 38.5 2.6 (3d)


[a] Experimental conditions: arylazide� 1.40 mmol, molar ratio arylazide/Co�
100:1, in refluxing toluene (20 mL). [b] Time required to reach the complete
conversion of the azide. [c] Determined by gas-chromatographic analysis. [d] Note
that for the imine the reaction requires two moles of azide per mole of the imine and
thus the maximum yield in imine is 50%.
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nistic implications that will be discussed later, apart from
being a useful predicting tool from a synthetic point of view.
The similarity of these plots also indicates that there is no
statistically significant difference among the results obtained
with the various porphyrins. Thus the identity of the porphyrin
appears to play only a minor role in the reaction.


Figure 1. Imine selectivity [%] versus �� constants of the R groups for the
reactions of toluene with p-RC6H4N3, catalyzed by [Co(tpp)]. See Table 1
for experimental conditions. The line drawn corresponds to the best fit of
the equation: imine selectivity [%]� a��� b (a� 20.9, b� 25.2, R2�
0.759), for all substituents except NO2.


All catalysts gave comparable yields for the imine of
fluorene (Table 2), whereas [Co(p-Cltpp)] gave the highest
yields of amine when isopropylbenzene was used as substrate,
although the time needed to reach a complete conversion of
the aromatic azide was 3.5 times longer than that required
when [Co(tpp)] is used as catalyst. However, it should be
noted that for other substrates different orders of activity/
selectivity were observed for the same catalysts. For these
other substrates, data is insufficient for a statistical treatment,
but it is clear that any generalization is premature.


Steric hindrance lowers the selectivity, but does not prevent
the reaction and with sec-butylbenzene the amine was formed
in 10 ± 15% yield (Table 2). A better yield of 28.3% was
obtained for the cyclohexylbenzene derived amine.


If the amine is the desired product, in those cases in which
the imine is the only or predominant product, the latter can be
reduced in situ by NaBH4 before isolation, as shown, for
example, by the case of the 9,10-dihydroantracene-derived
imine.


Table 2. Catalytic amination of benzylic compounds by p-O2NC6H4N3.


Entry Catalyst Substrate t [h][a] Imine Amine p-Nitroaniline Diazene 3a
yield [%] [b] yield [%] [b] yield [%] [b] yield [%] [b]


1[c] [Co(tpp)] isopropylbenzene 1.5 ± 15.8[d](4) 23[d] 8[d]


2[c] [Co(oep)] isopropylbenzene 6 ± 27.2[d]( 4) 28[d] 14[d]


3[c] [Co(p-MeOtpp)] isopropylbenzene 2 ± 42.3[d](4) 24[d] 5[d]


4[c] [Co(p-Cltpp)] isopropylbenzene 5.5 ± 52.7[d](4) 20[d] 15[d]


5[c] [Co(tpp)] sec-butylbenzene 4 ± 15.0[d](5) 8[d] 21[d]


6[c] [Co(oep)] sec-butylbenzene 5 ± 13.6[d](5) 24[d] 10[d]


7[c] [Co(p-MeOtpp)] sec-butylbenzene 5 ± 10.3[d](5) 23[d] 11[d]


8[c] [Co(p-Cltpp)] sec-butylbenzene 3 ± 12.2[d](5) 40[d] 10[d]


9[c] [Co(tpp)] cyclohexylbenzene 2.5 ± 28.3[d] (6) 42.1[d] 22.8[d]


10[c] [Co(tpp)] ethylbenzene 3 25[e](7) 13[e](8) 29[e] 11[e]


11[c] [Co(oep)] ethylbenzene 1 18[e](7) 22[e](8) 21[e] 11[e]


12[c] [Co(p-MeOtpp)] ethylbenzene 3.5 24[e](7) 22[e](8) 26[e] 10[e]


13[c] [Co(p-Cltpp)] ethylbenzene 4 19[e](7) 25[e] (8) 33[e] 2[e]


14[c] [Co(tpp)] diphenylmethane 3 11.4[e](9) 55.2[e](10) 24[e] ±
15[f] [Co(tpp)] fluorene 6 39.2[d](11) ± 41[d] 12[d]


16[f] [Co(oep)] fluorene 2.5 41.4[d](11) ± 43[d] 4[d]


17[f] [Co(p-MeOtpp)] fluorene 5 36.9[d](11) ± 42[d] 8[d]


18[f] [Co(p-Cltpp)] fluorene 8 38.4[d](11) ± 40[d] 9[d]


19[f] [Co(tpp)] 9,10-Dihydroanthracene 12 32[g](12) ± 46[e] ±


[a] Time required to reach the complete conversion of the aromatic azide. [b] Calculated with respect to converted azide. Note that for the imine the reaction
requires two moles of azide per mole of the imine and thus the maximum selectivity in imine is 50%. [c] Reactions carried out in the substrate as solvent, T�
110 �C with catalyst/azide� 1:100. [d] Determined by flash chromatography. [e] Determined by gas-chromatographic analysis. [f] Reactions carried out in
refluxing benzene, with catalyst/azide/hydrocarbon� 1:100:100. [g] Determined by gas-chromatographic analysis after hydrolysis of the diimine 12 to the
diketone 13. The diimine 12 can be reduced in the same pot to the diamine 14 by NaBH4 (28% total yield).
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The influence of the hydrocarbon concentration on the
selectivity has been investigated by employing toluene and p-
O2NC6H4N3 as substrates, with benzene as a diluting solvent.
The results, reported in Table 3, clearly show that best results
are obtained in neat toluene, and increasing the benzene


fraction at constant total volume decreases the imine (2a)
yield and increases that of the diazene (3a). For these
reactions, the amount of benzaldehyde formed by hydrolysis
of the imine during the reaction or the analysis has also been
measured. Some of these reactions were repeated to follow
the formation of the products as a function of time. In general,
the ratio between the relative formation rates for the different
products is approximately constant through all the reaction,
that is, no product is formed preferentially at the beginning of
the reaction (see Figure S5 in the Supporting Information for
one example).


Since most metal ± porphyrin catalyzed amination reactions
reported up to date afford the sulfonylamide as product, we
also investigated the use of TsN3 and TsN�IPh as aminating
agents. Tosylazide gave a very slow reaction. After 24 hours in
refluxing toluene ([Co(tpp)] as catalyst, experimental con-
ditions as in Table 2), only a 68.5% conversion was observed.
The imine 16 was formed with a 28.2% selectivity, together
with the corresponding saturated amine 15 (21.5%) and
tosylamide (TsNH2, 39.5%). Tosyliminoiodinane was even
less reactive and afforded only trace amounts (as detected by
GC-MS) of benzylic amine and imine; the only product
detected in large amounts was TsNH2.


Mechanistic study : To clarify the mechanism of this reaction
we performed some stoichiometric reactions and a kinetic
study. No reaction is observed between [Co(tpp)] and toluene
or between the azide and toluene alone, even at reflux
temperature. On the other hand, when [Co(tpp)] was treated
with excess p-O2NC6H4N3 at 75 �C in benzene, the diazoarene
p-O2NC6H4N�NC6H4NO2-p was catalytically obtained. When
the same reaction was repeated at a lower temperature in
C6D6, new signals were observed in the 1H NMR spectrum
that cannot be attributed to any know compound, but are
identical to the ones of the product obtained by reaction of
[Co(tpp)] with p-O2NC6H4N�NC6H4NO2-p. Observation of
only one set of resonances for the aryl groups of the
ArN�NAr moiety of this complex indicates that the aromatic


groups of the ™ArN∫ moieties are equivalent, at least on the
1H NMR timescale. An analogous result is observed when
[Co(p-MeOttp)] is used in place of [Co(tpp)]. Examination of
the same reactions by UV-visible spectroscopy also indicates
the identity of the final products when the azide or the diazene
is employed as starting material. At least one complex has
been reported in the literature that has an unsubstituted
diazene (HN�NH) group bridging two ruthenium±porphyrin
moieties.[13] An analogous formulation as [{Co(porphy-
rin)}2(ArN�NAr)] (porphyrin� tpp or p-MeOtpp, Ar� p-
NO2C6H4) would also be consistent with our spectroscopic
data, but all attempts to grow single crystals suitable for X-ray
diffraction always gave the Co ± porphyrin complex without
additional ligands. Thus it is possible that the observed shift in
the signals of the aryldiazene is only due to the proximity of
the paramagnetic cobalt complex, rather than to a true
coordination. If any coordination is present, it must be very
weak, as also indicated by the fact that addition of aryldiazene
to the catalytic reaction mixture does not slow down the
reaction (see later). An analogous outcome was observed
when [Co(tpp)] was treated with p-MeOC6H4N3. With the
sterically bulky azides Ph3CN3 and adamantylazide no reac-
tion was observed. With p-CF3C6H4N3; another reaction
prevailed, leading to fluorine loss from the CF3 group and
formation of a complex that appears to be [Co(tpp)F][14] based
on the spectroscopic data. This reaction was not investigated
further.


It should be noted that the signals due to the porphyrin in
the 1H NMR spectrum are immediately broadened when p-
O2NC6H4N3 or p-MeOC6H4N3 (but not Ph3CN3 or adaman-
tylazide) are added, regaining the original shape after the
azide has been completely consumed. This suggests a rever-
sible interaction of the azide with the cobalt complex.


The reaction of p-O2NC6H4N3 with toluene catalyzed by
Co ± porphyrin complexes is practically suppressed when
carried out in the presence of the spin-trap compound
TEMPO (2,2,6,6-tetramethyl-1-pyperidine-N-oxide). Since
there is no reaction between the Co ± porphyrin complexes
and TEMPO in the absence of the azide, this suggests that the
unpaired spin density of the Co ± porphyrin complex is partly
localized on the azide nitrogen atoms in the intermediate
complex.[15]


A kinetic study was also performed by employing p-
O2NC6H4N3 and toluene as substrates and [Co(tpp)] as
catalyst. The reaction was followed by IR spectroscopy,
monitoring the intensity of the 2120 cm�1 absorption of the
arylazide. All reactions showed an excellent first-order
dependence of the rate on azide concentration (R2� 0.98
for all reactions). The rate was unaffected by the addition of
the products of the reaction (imine, diazene, nitroaniline), an
indication that the observed kinetics is not an effect of
product inhibition; this is known in some cases to afford plots
easily mistaken for first-order behavior in one of the reagents.
The kinetics are also first-order with respect to [Co(tpp)]
(Figure S6, Supporting Information), but shows a saturation
behavior with respect to toluene concentration, the other
solvent being benzene (Figure 2). All kinetic experiments in
this paper were run at 75 �C to avoid boiling of benzene in
those reaction in which it was present.


Table 3. Influence of the toluene concentration on the selectivity of the
amination of toluene by p-O2NC6H4N3 catalyzed by [Co(tpp)].[a]


Toluene Toluene Imine 2a PhCHO p-O2NC6H4NH2 Diazene 3a
[mL] [�] yield [%] [b,c] yield [%] [b] yield [%] [b] yield [%] [b]


3 2.82 12.8 1.8 20.0 67.2
5 4.69 17.1 2.4 28.6 46.8
7 6.57 27.1 3.9 33.6 39.2


10 9.39 29.5 4.5 34.5 36.0


[a] Experimental conditions: arylazide� 0.622 mmol, molar ratio aryla-
zide/Co� 15:1, in toluene/benzene (total volume 10 mL) at 75 �C. Reac-
tions were run up to complete conversion of the azide. [b] Determined by
gas-chromatographic analysis. [c] Note that for the imine the reaction
requires two moles of azide per mole of the imine and thus the maximum
yield in imine is 50%.
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Figure 2. Influence of the toluene concentration on the value of kapp


[s�1��1] in the equation: �d[ArN3]/dt� kapp[[Co(tpp)]][ArN3] (Ar�p-
O2NC6H4�); T� 75 �C. The line drawn corresponds to the best fit for
Equation (6).


When the selectivity was examined as a function of time for
different toluene/benzene mixtures the following observa-
tions were made.
1) The amount of imine and p-nitroaniline grow at the same


rate, in accord with the stoichiometry reported in the
reactions in Equations (1) and (2).


2) The rate of formation of p-O2NC6H4N�NC6H4NO2-p is
proportional to the one of the imine for each reaction,
indicating the same dependency from the azide concen-
tration (for one example see Figure S5, supporting infor-
mation).


3) The rate of formation (and the final selectivity, Table 3,
Figure 3) of imine increases with the toluene concentration
(up to 100% toluene in the solvent mixture), while the one
of the diarylazo compound decreases in the same series,
indicating a common intermediate and a competition for
the formation of the two products.


Figure 3. Influence of the toluene concentration on reaction selectivity.
Selectivity ratio� (imine� aldehyde selectivity)/diazene selectivity. Rele-
vant data are reported in Table 3. The line drawn corresponds to the best fit
for the equation: selectivity ratio�k2[toluene]/2k3 with k2/2k3� 0.108
(R2� 0.965).


Two further kinetic series were measured. In the first,
toluene was kept constant as a substrate, and the reaction rate
for different azides was measured. In the second, differently
para-substituted toluenes were compared, keeping the azide
constant.


As far as the series of the azides is concerned, a fair
correlation was observed between the log of the ratio between
the rate of the amination reaction with the substituted azides
and the rate of the corresponding reaction with phenylazide
and the Hammet � constant (Figure S7, Supporting Informa-
tion), with �� 0.68 (R2� 0.71). Attempts to improve the


correlation quality by performing a dual parameter analysis
introducing also a radical parameter (��JJ, see later) left the R2


value essentially unchanged; however, a better correlation
was observed if the Taft parameters,[16] which allow a separate
description of field and resonance effects, were employed
(Figure 4).[17] The best fit for the equation: log (kArN3


/kPhN3
)�


�F�F� �R�R� c was found for the values �F � 1.086 and
�R � 0.209 (R2� 0.882).


Figure 4. Linear free energy correlation of log(kArN3
/kPhN3


) versus Taft �F


and �R parameters. The best fit for the equation log(kArN3
/kPhN3


)��F�F�
�R�R � c was found for the values �F� 1.086 and �R � 0.209 (R2� 0.882).


For the series of the substituted toluenes, we employed p-
bromophenylazide as the aminating agent, because some of
the imines derived from p-nitrophenylazide hydrolyzed very
easily. However, even with p-bromophenylazide a small
amount of hydrolysis was observed. Since imine hydrolysis
produces the substituted toluene-derived aldehyde and this
aldehyde cannot form in any other way, the total amount of
imine initially formed was obtained by summing the moles of
imine detected by GC with those of the corresponding
aldehyde determined by the same technique. Benzylamine
was not detected in any of the reactions in this series, whereas
p-bromophenyldiazene was always the main byproduct; the
identity of which does not depend on the toluene derivative
employed. Given the nonlinear dependence of the rate on the
toluene concentration, competition reactions were run be-
tween the azide and an equimolar mixture of toluene and a
substituted toluene (Scheme 1).


Scheme 1.
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Since the amount of the two toluenes vary very little during
the reaction, the relative rate was determined by the ratio of
the products, as in Equation (3):


kr� ([substituted imine] � [substituted benzaldehyde])/
([unsubstituted imine] � [benzaldehyde])


(3)


We note that this equation holds because no other toluene-
derived product was obtained except for those mentioned. In
particular, no dibenzyl or other products derived from free-
radical reactions were observed in any case.


No correlation at all is found between the log kr values for
the substrates reported in Scheme 1 and the Hammet � or the
related �� constants. In the literature, it has been reported that
the rates of analogous benzylation reactions by p-toluensul-
fonyliminoiodinane are sensitive to radical stabilization
effects, which are scarcely reproduced by the aforementioned
constants. A good correlation could be obtained[4a,c,f] by either
the use of a parameter called ™total effect∫ (TE),[18] which
takes into accounts both polar and radical effects, or by a
multivariate analysis,[19] in which a constant was employed
that only describes the radical effects (��JJ�, together with the
standard Hammet � (or the modified ��) constant to describe
the polar contribution. In our system, use of the TE parameter
in place of � improved the correlation a bit, which remained
poor; however, an excellent agreement with the experimental
data was obtained by use of the � � ��JJ multivariate
correlation.


Equation (4), with ��JJ � 1.25, �� 0.00961 and c� 0.0322,
describes the experimental values with R2� 0.9887 (Figure 5).


logkr� ��JJ ��JJ � �� � c (4)


Figure 5. Linear free energy correlation of logkr [as defined in Eq. (4)]
versus (��JJ, �). The best fit for the equation logkr� ��jj��JJ � ��� c was
found for the values ��JJ �1.24797 and �� 0.00961 (R2� 0.9887).


The overwhelming importance of the radical parameter is
completely unprecedented. Indeed, the contribution of the
polar parameter is so small (0.8% of that of the radical) that
neglecting it completely (and fitting the data only to ��JJ� gives
an indistinguishably good fit (R2� 0.9885 instead of 0.9887,
with ��JJ � 1.26, Figure S8 in the Supporting Information). This
anomaly will be discussed later.


The isotopic effect on the benzylation reaction was
measured by running a reaction analogous to the preceding
ones, but with deuterated toluene in place of the substituted
toluene. Determination of the relative amounts of deuterated
products was made by integration of the masses of the peaks


observed in the GC-MS spectrum of the solution after the
reaction. The primary isotopic effect determined, kH/kD� 14
is again a value outside the normal range (usually 1 ± 7).


Discussion


Synthetic aspects : In this paper we have reported on a new
reaction strategy for the amination of benzylic C�H bonds,
leading to amines and imines. Although much work has still to
be done before such a strategy will be fully developed, a few
points are worth being evidenced here.


While the synthesis of N-alkylanilines continues to attract
much attention,[20] very few analogues of the N-tertiaryalkyl-
anilines here described have been reported in the literature,[21]


and the synthesis of several of them required several steps and
the use of reagents such as BuLi and PhLi, which are
incompatible with most functional groups.


The synthesis of imines is generally performed by reaction
of amines or other compounds derived from them with
carbonyl compounds. The method gives excellent results in
some cases, but is unsatisfactory in others, most notably in
those in which the amine bears electron-withdrawing sub-
stituents. In contrast, imines of this kind are those for which
the best selectivities are observed with our method. More-
over, our reaction employs the hydrocarbon, rather then the
corresponding carbonyl compound, as a substrate. This point
is likely to make a difference when only the hydrocarbon is
available, since the selective oxidation of a benzylic CH2


group to carbonyl is not an easy reaction.
In situ reduction of imines to the corresponding amines by


NaBH4 and related reagents is widely reported in the
literature and also works well in the present system.


Concerning the substrates containing the tosyl group, there
is no evident reason for the low reactivity of tosylazide under
these conditions. A possible explanation is that one oxygen
atom of the sulfonyl group interacts with the cobalt center in
preference to the azide nitrogen, thus inhibiting the catalytic
reaction. The accumulation of an amount of benzylic amine
much larger than in any reaction with arylazides can be
attributed to the high electron-withdrawing power of the tosyl
group. The fast conversion of the benzylic amine to the imine
is clearly due to the activating power of an electron-rich
heteroatom directly attached to the benzylic carbon on the
reactivity of the remaining C�H bonds. The presence of a
strongly electron-withdrawing tosyl group is expected to
decrease this activation. The very low reactivity of TsN�IPh in
the [Co(tpp)]-catalyzed reaction is surprising, since this
compound is the standard aminating agent in most metal-
catalyzed amination reactions of hydrocarbons. This inactivity
points to a different reaction mechanism for cobalt porphyrins
with respect to the one observed with other metals, in accord
with the following discussion.


Reaction mechanism : It is well known that arylazides
generate free nitrenes upon photochemical activation,[22]


and, when a metal is present, metal-nitrene (imido) inter-
mediates are generally supposed to be formed. However, in
the present case, the kinetic data discount this eventuality. In
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particular, a slow formation of an imido complex followed by
a fast reaction of this complex with toluene would give zero-
order kinetics with respect to toluene. On the other hand, a
fast formation of the imido complex followed by a slow
reaction with toluene would give zero-order kinetics with
respect to the azide. Moreover, in the latter case, the
intermediate complex should be at least spectroscopically
observable in solution during the reaction. None of these
conditions fit the experimental data.


All of the kinetic data, on the other hand, can be explained
by the reaction pathway shown in Scheme 2. Application of


Scheme 2.


the steady-state approximation to the intermediate arylazide-
porphyrin complex leads to Equation (5):


kapp� 2k1(k2[toluene]�k3)/(k2[toluene]�k3� k�1) (5)


which nicely fits the reaction rates observed at different
toluene concentrations, as shown in Figure 2. The fitting
affords the value k1� 2.6� 10�2 s�1��1; however, due to the
form of the equation and number of data points, different
groups of values for k2, k3, and k�1 give equally good fittings
and the obtained values are not reliable.


In Scheme 2, a reversible interaction occurs between
[Co(tpp)] and the arylazide. The equilibrium is shifted
towards the side of the starting materials, in accord with the
fact that the complex is not observable. This complex can
either react with toluene, to afford the benzylamine, or lose
dinitrogen in an unimolecular reaction, to afford another
intermediate, formulated as a true imido complex, that is
responsible for the formation of the aryldiazene in a fast
reaction. Formation of the aryldiazene by reaction of a second
molecule of azide directly with the same azide complex that
reacts with toluene is not consistent with the experimental
data. Indeed, such a scenario would imply a non-first-order
kinetics with respect to the azide for the formation of the
diazene; this would alter the global kinetics observed. More-
over, the concentration of toluene is approximately constant
during the reaction, whereas the one of the azide decreases.
Thus a direct competition of toluene and azide for the same
intermediate would result in a preferential formation of the
aryldiazene at the beginning of the reaction, whereas the
selectivities in aryldiazene and imine are constant during the
reaction (Figure S5, Supporting Information). The constant
selectivity during the reaction also excludes that the benzyl-


amine can be formed both from the azide complex and the
imido complex. Again this would imply a higher selectivity in
aryldiazene at the beginning of the reaction.


The scenario in Scheme 2 implies that the rate of formation
of the imine is proportional to k2[toluene][[Co(tpp)(ArN3)]
and the one of the diazene is proportional to 2k3[[Co-
(tpp)(ArN3)]. Since the concentration of the intermediate is
the same for both reactions, the ratio between the corre-
sponding selectivities will equal the one between the forma-
tion rates. Thus it follows that a linear relation is expected
between the ratio of the two selectivities and the toluene
concentration, as in Equation (6).


Imine selectivity/diazene selectivity�k2[toluene]/2k3 (6)


The results of the experiments run at different toluene
concentrations have been reported in Table 3. Since 2a partly
hydrolyzes even during the analysis, the selectivity of the
initially formed imine is considered to be the sum of the imine
and benzaldehyde selectivities. By plotting the ratio between
the (initial) selectivities in imine and diazene against the
molar concentration of toluene for the data in Table 3 (also
including the origin), a good linear correlation is indeed
observed with k2/2k3� 0.108 and R2� 0.965 (Figure 3). This
further corroborates the kinetic model employed.


It should be noted that, to the best of our knowledge, the
proposal of an arylazide complex as the aminating agent is
unprecedented; however, structurally related N-bound tosyl-
iminoiodinane complexes have been proposed on a kinetic
ground as the active intermediates in both the Mn/salen-
catalyzed sulfimidation of sulfides[23] and in the Mn/porphy-
rin-catalyzed aziridination of olefins.[24] The latter intermedi-
ate was also proposed to be involved in the amidation of
saturated C�H bonds by the same catalytic system, based on
the observation of a peak ascribable to the fragment
[Mn(porphyrin)(PhINTs)]� in the mass spectrum of the
reaction mixture of [Mn(porphyrin)(OH)(MeOH)] with
PhINTs.[3]


More information on the reactivity of the arylazide com-
plexes could be gained by the kinetic experiments run with
different azides and toluenes. Concerning the azides series,
the values obtained for the Hammet and Taft correlation
indicate that the nitrogen atom of the azide acts as an
electrophile in the transition state, which is not surprising. A
fair to good correlation is found even between the imine
selectivities and the � and �� constants. As previously
mentioned, no such a linear correlation is to be expected on
theoretical grounds. However, the fact that it is observed and
the positive slope of both the rate and selectivity correlations
indicate that the arylazides reacting faster are also the ones
affording the highest selectivities. That both rate and selec-
tivity are favored by electron-withdrawing substituents sug-
gests that the rate-determining step is also the product-
determining one. This is in full agreement with the mechanism
proposed in Scheme 2 and the mathematical fitting derived
from it. Indeed, a faster reaction of the arylazide complex with
toluene not only will accelerate the global reaction rate by
increasing k2 , but will also increase the selectivity by increas-
ing the ratio k2/k3. Evidently, k3 is probably also affected by the
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identity of the azide, but it appears to be lesser so than k2. The
close similarity of the slopes of the selectivity versus ��


correlations for different catalysts also strongly indicates
that the reaction mechanism for all the porphyrin complexes is
the same and the validity of Scheme 2 is not limited to
[Co(tpp)].


In contrast to the arylazides series, the result of the fit for
the toluenes series was completely unexpected. As mentioned
before, an excellent correlation was found with a radical
parameter alone, with a statistically insignificant contribution
of a polar parameter. This situation is anomalous, since the
literature data[19] indicate that even in the case of typical
radical reactions (e.g., the hydrogen abstraction by a Br.


radical or by N-bromosuccinimide) a polar contribution is
always present and is generally larger than the radical one.
Interestingly, in three cases that we are aware of in which the
radical parameter has been reported to be larger than the
polar one, the reactions involved are related to the one here
discussed, namely, the amidation of saturated C�H bonds by
PhI�NTs catalyzed by manganese[3] and ruthenium[4f] com-
plexes and the copper-catalyzed aziridination reaction of
substituted styrenes by PhI�NTs.[25] However the difference
among the absolute values of the two parameters was quite
small in all of these cases. It is worth remembering that the
first of these catalytic systems[3] is one of those for which a
metal ± PhINTs complex was proposed as the active aminating
species.


The anomalous importance of radical stabilization effects in
the toluene series is paralleled by the very high isotope effect
(kH/kD� 14). This value is clearly higher even of that
corresponding to the complete loss of the zero-point energy
(about 7 at 25 �C).[26] However, even larger isotopic effects
have been previously observed and attributed to a relevant
role played by the quantum-mechanical tunneling effect in the
reactions under examination.[27] In general, kH/kD� 12 at 25 �C
are considered to be a reliable evidence for tunneling,[27, 28]


and the ratio over which tunneling is indicated decreases with
an increase in temperature (our value of 14 was measured at
75 �C). The quantum-mechanical tunneling effect can be
observed when the reaction involves the transfer of an
hydrogen atom that should pass through a very high energy
barrier. In these cases, the mass of the atom to be transferred
assumes a much greater importance than that the same mass
has on the zero-point energy of the bond to be broken. Thus
an 1H atom can pass the barrier by tunnel effect much more
easily than a deuterium atom will, giving rise to a high
observed isotopic effect, which may even be larger than 50.[29]


All of the reactivity and kinetic data point to the transition
state shown in Figure 6. For a discussion of alternative
coordination modes for the arylazide, see the Supporting
Information.[30] The transition state proposed explains all of
the kinetic data observed, including the unusual ones. Indeed:
1) The nitrogen atom in the �-position with respect to the aryl


ring of the arylazide acts as an electrophile, in accord with
the reactivity order of several azides with respect to the
Hammet and Taft constants of the para substituents.


2) The ™pocket∫ conformation of the arylazide makes steric
hindrance very severe for the incoming toluene molecule
and prohibits a too close approach of the whole molecule.


It must be noted that an increase in the steric hindrance
increases the importance of the quantum-mechanical
tunneling effect in those systems in which it is present.[31]


Using a terminology perhaps not completely rigorous, but
chemically intuitive, we can say that steric hindrance
prevents the reacting molecules from approaching each
other up to the correct distance for the hydrogen-atom
transfer to occur in a ™classical∫ way. Thus the hydrogen
atom has to do a ™long jump∫ that is characterized by a
high-energy barrier, since during the travel it loses most of
the stabilization due to the breaking bond, without gaining
significantly through the new bond formation. This may
well be the case in our system.


3) Apart from the transferred hydrogen atom, the rest of the
toluene molecule remains relatively far from the polar
nitrogen atom. Since the magnitude of charge interactions
depends on the square of the distance, the porphyrin ±
azide moiety will have only a low polarizing effect on the
benzyl group, making charge stabilization on the latter of
negligible importance.


4) In the intermediate arylazide complex, part of the
unpaired spin density of the paramagnetic cobalt(��) center
is likely to be delocalized on the azide ligand. This may
explain the inhibition by the radical trap TEMPO, despite
that fact that an irreversible reaction between the Co ±
porphyrin complex and TEMPO in the absence of any
arylazide is not observed.
The only part of the mechanism for which data is


insufficient to give a complete picture of the intermediates
involved is the one concerning the reaction of the putative
™nitrene∫ intermediate. A speculative explanation of why it
only reacts with more arylazide and not with toluene is given
in the Supporting Information.[32]


Conclusion


In this paper, we have reported on a new catalytic system for
the amination and imination of saturated benzylic C�H bonds
by arylazides. Both the synthetic and mechanistic aspects of
the reaction have been investigated and some unusual
findings have been explained. Yields are in most cases only
moderate; however, alternative synthetic strategies require
the availability of prefunctionalized starting materials or
several steps to reach the same compounds and the total yields
are likely to be even lower.


Figure 6. Proposed transition state for the amination reaction.
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Experimental Section


General procedure : Unless otherwise specified, all reactions and manip-
ulations were performed under an N2 atmosphere by using standard
Schlenk apparatus, cannula techniques, and magnetic stirring. Solvents
were dried and distilled by standard procedures and stored under
dinitrogen. Arylazides,[33] tpp, p-Cltpp, p-MeOtpp[34] and their cobalt
complexes[35] were synthesized by methods reported in the literature. All
other starting materials, including [Co(oep)], were commercial products
and were used as received. Concerning the products, all anilines and
azobenzene (3h) are commercially available. The following products have
been previously reported in the literature and have been characterized by
comparison of their analytical data with the one reported in the literature
or obtained from independently synthesized samples: 1a,[36] 1b,[37] 1c,[38]


1d,[39] 1e,[40] 1 f,[41] 1g,[42] 1h,[43] 2a,[44] 2b,c,[42] 2d,[45] 2e,[46] 2 f,[47] 2g,[42] 2h,[46]


3a,[48] 3b ±d,[49] 3e,[50] 3 f,[49] 3g,[51] 4,[52] 7,[12a, 53] 8,[54] 9,[55] 10,[56] 11,[53b] 12,[57]


15,[58] 16,[59] 17a,[60] 17b,[61] 17c,[62] 17d,[63] 17e,[64] 17 f.[65] In the following, the
1H NMR spectra of some of them are reported when these data were not
available in the literature or when our spectra were of significantly better
quality than those reported. Gas chromatographic analyses were per-
formed on a Dani 8610 capillary gas chromatograph equipped with a
PS 255 column. Ri values (Ri� response factor, relative to naphthalene as
an internal standard) were determined by the use of solutions of known
concentrations of the compounds. GC-MS analyses were performed on a
Shimadzu GCMS-5000 instrument. NMR spectra were recorded on a
Bruker AC 300 FT (300 MHz). IR spectra were recorded on a FTS-7 Bio
Rad FT-IR spectrometer. Elemental analyses and mass spectra were
recorded in the analytical laboratories of Milan University.


Catalytic reactions : A two-necked flask equipped with a side port and a
reflux condenser with a nitrogen inlet on top and kept under N2 was
charged with the solid reagents in a N2 stream and then the liquid reagents
and, if required, the additional solvent was added at RT. The flask was then
heated to the desired temperature by a preheated oil bath. For reactions
run at reflux, the temperature of the oil bath was set ten degrees higher
than the boiling temperature of the solvent. The consumption of the
arylazide was monitored by TLC up to the point in which its spot was no
longer observable and then by IR spectroscopy. The reaction was
considered to be finished when the absorbance of the azide group in the
IR spectrum of the solution measured with a 0.5 mm thick cell was at or
below 0.03. The so-obtained solution was either analyzed by GC or
evaporated to dryness in vacuo and the products separated by flash
chromatography on silica. Reagents amounts and reaction times are given
in the tables.


Data for compound 4 : 1H NMR (300 MHz, CDCl3, TMS): �� 7.94 (d,
3J(H,H)� 8.2 Hz, 2H), 7.44 (d, 3J(H,H)� 7.6 Hz, 2H), 7.37 (dd, 3J(H,H)�
7.6 Hz, 4J(H,H)� 1.9 Hz, 2H), 7.28 (dd, 3J(H,H)� 7.6 Hz, 4J(H,H)� 1.9 Hz,
1H), 6.30 (d, 3J(H,H)� 8.2 Hz, 2H), 5.07 (s, 1H; NH), 1.73 ppm, (s, 6H;
CH3); 13C NMR (300 MHz, CDCl3): �� 168.22, 151.96, 145.78, 132.86,
129.34, 129.22, 127.50, 126.12, 125.68, 30.77 ppm; MS (70 eV, EI): m/z : 256,
241, 195, 119, 91, 77; elemental analysis calcd (%) for C15H16N2O2 (256.3): C
70.29, H 6.29, N 10.93; found: C 70.03, H 6.66, N 10.58.


Data for compound 5 : 1H NMR (300 MHz, CDCl3, TMS): �� 7.90 (d,
3J(H,H)� 8.0 Hz, 2H), 7.40 ± 7.29 (m, 5H), 6.28 (d, 3J(H,H)� 8.0 Hz, 2H),
4.98 (s, 1H; NH), 1.97 (m, 3J(H,H)� 8.2 Hz, 2H; CH2), 1.69 (s, 3H; CH3),
0.85 ppm (t, 3J(H,H)� 7.4 Hz, 3H; CH3); 13C NMR (300 MHz, CDCl3):
�� 152.68, 149.45, 137.25, 130.10, 127.39, 126.27, 126.17, 113.84, 59.81, 36.91,
25.40, 8.55 ppm; MS (CI): m/z : 271 [M��1]; elemental analysis calcd (%)
for C16H18N2O2 (270.3): C 71.09, H 6.71, N 10.36; found: C 71.42, H 6.53, N
10.27.


Data for compound 6 : 1H NMR (300 MHz, CDCl3, TMS): �� 7.92 (d,
3J(H,H)� 7.9 Hz, 2H), 7.46 (m, 2H), 7.31 (m, 3H), 6.31 (d, 3J(H,H)�
7.9 Hz, 2H), 4.96 (s, 1H; NH), 2.28 (m, 2H), 1.94 ± 1.59 (m, 6H),
0.90 ppm (m, 2H); 13C NMR (300 MHz, CDCl3): �� 152.31, 147.05,
138.29, 127.41, 126.98, 126.17, 125.77, 113.93, 58.76, 36.69, 30.11,
22.23 ppm; MS (70 eV, EI): m/z : 296, 253, 159, 91; elemental analysis calcd
(%) for C18H20N2O2 (296.4): C 72.95, H 6.80, N 9.45; found: C 73.08, H 6.45,
N 9.68.


Data for compound 7: 1H NMR (300MHz, CDCl3, TMS): �� 8.26 (d,
3J(H,H)� 8.0 Hz, 2H), 7.35 ± 7.19 (m, 5H), 6.89 (d, 3J(H,H)� 8.0 Hz, 2H),
2.26 ppm (s, 3H; CH3); MS (70 eV, EI): m/z : 240, 225, 207, 179, 163, 117, 76.


Data for compound 8 : 1H NMR (300 MHz, CDCl3, TMS): �� 8.03 (d,
3J(H,H)� 8.0 Hz, 2H), 7.42 ± 7.25 (m, 5H), 6.48 (d, 3J(H,H)� 8.0 Hz, 2H),
4.63 (s, 1H; NH), 4.59 (q, 3J� 6.8 Hz, 1H; CH), 1.58 ppm (d, 3J(H,H)�
6.8 Hz, 3H; CH3); MS (70 eV, EI): m/z : 242, 227, 207, 181, 105, 91, 77.


Data for compound 9 : 1H NMR (300 MHz, CDCl3, TMS): �� 8.03 (d,
3J(H,H)� 8.4 Hz, 2H), 7.76 (m, 2H), 7.54- 7.28 (m, 6H), 7.15 (m, 2H),
6.81 ppm (d, 3J(H,H)� 8.4 Hz, 2H).


Data for compound 10 : 1H NMR (300 MHz, CDCl3, TMS): �� 8.06 (d,
3J(H,H)� 8.2 Hz, 2H), 7.39 ± 7.28 (m, 10H), 6.50 (d, 3J(H,H)� 8.2 Hz, 2H),
5.63 (d, 3J(H,H)� 3.6 Hz, 1H; CH), 5.00 ppm (d, 3J(H,H)� 3.6 Hz, 1H;
NH).


Data for compound 11: 1H NMR (300 MHz, CDCl3, TMS): �� 8.32 (d,
3J(H,H)� 8.2 Hz, 2H), 7.88 (m, 1H), 7.63 (m, 2H), 7.51 (m, 1H), 7.39 (m,
2H), 7.11 (d, 3J(H,H)� 8.2 Hz, 2H), 6.97 (m, 1H), 6.58 ppm (m, 1H);
13C NMR (300 MHz, CDCl3): �� 163.77, 158.40, 144.81, 142.68, 137.37,
135.37, 133.30, 129.74, 126.12, 124.95, 119.38 ppm; MS (CI): m/z : 301
[M��1]; elemental analysis calcd (%) for C19H12N2O2 (300.3): C 75.99, H
4.03, N 9.33; found: C 75.86, H 4.30, N 9.11.


Data for compound 14 : 1H NMR (300 MHz, CDCl3, TMS): �� 8.03 (m,
4H), 7.47 ± 7.28 (m, 8H), 6.62 (m, 4H), 5.63 (s, 2H; NH), 5.28 ppm (s, 2H;
CH); 13C NMR (300 MHz, CDCl3): �� 153.45, 137.03, 136.38, 128.86,
128.25, 127.20, 126.03, 112.60 ppm; MS (CI): m/z : 453 [M��1]; elemental
analysis calcd (%) for C26H20N4O4 (452.5): C 69.02, H 4.46, N 12.38; found:
C 68.78, H 4.13, N 11.97.


Data for compound 17d : 1H NMR (300 MHz, CDCl3, TMS): �� 8.49 (s,
1H), 8.01 (d, 3J(H,H)� 8.2 Hz, 2H), 7.79 (d, 3J(H,H)� 8.2 Hz, 2H), 7.54 (d,
3J(H,H)� 8.6 Hz, 2H), 7.13 ppm (d, 3J(H,H)� 8.6 Hz, 2H).


Data for compound 17e : 1H NMR (300 MHz, CDCl3, TMS): �� 8.41 (s,
1H), 7.91 (m, 2H), 7.53 (d, 3J(H,H)� 8.6 Hz, 2H), 7.18 (m, 2H), 7.09 ppm
(d, 3J(H,H)� 8.6 Hz, 2H).


Data for compound 17 f : 1H NMR (300 MHz, CDCl3, TMS): �� 8.40 (s,
1H), 7.78 (d, 3J(H,H)� 8.4 Hz, 2H), 7.63 (d, 3J(H,H)� 8.4 Hz, 2H), 7.52 (d,
3J(H,H)� 8.6 Hz, 2H), 7.10 ppm (d, 3J(H,H)� 8.6 Hz, 2H).


Kinetic measurements : The catalyst, the azide, and toluene were added in
this order to a Schlenk flask under N2. When required, benzene or a
substituted toluene were added at this point. The flask was capped with a
rubber septum and immediately placed in an oil bath preheated at 75 �C.
The solution was stirred for one minute to dissolve all reagents and 0.2 mL
was withdrawn for IR analysis. The consumption of the azide was followed
by IR spectroscopy (�N3� 2120 cm�1) by withdrawing samples of the
solution at regular times. Since all reactions were run in the presence of a
large excess of toluene, the apparent first-order constants were fitted to the
equation �d[ArN3]/dt� kapp[[Co(tpp)]][ArN3]. The concentration of
[Co(tpp)] was calculated on the exact amount of catalyst weighed in each
run and was considered to remain constant during the reaction.


Stoichiometric reaction of [Co(tpp)] with p-O2NC6H4N3
1H NMR analysis : [Co(tpp)] (10.3 mg, 1.5 10�2 mmol) and p-nitrophenyl-
azide (2.7 mg, 1.5 10�2 mmol) were dissolved in C6D6 (1 mL) at 60 �C. The
consumption of the arylazide was monitored by recording an
NMR spectrum every 5 min. New signals arose in the 1H NMR
(300 MHz, C6D6, 60 �C) spectra at �� 15.64 (br s, 8H), 12.92 (br s, 8H),
9.56 (m, 12H), 7.82 (m, 4H), 7.41 (m, 4H). The 1H NMR spectrum was
identical to that of the product obtained by reaction of [Co(tpp)] (17.3 mg,
2.6 10�2 mmol) with p-nitrophenyldiazene (3.7 mg, 1.3 10�2 mmol) in C6D6


(1 mL) at 60 �C.


UV/Vis analysis : The reaction mixture of [Co(tpp)] (100 mg, 0.15 mmol)
and p-nitrophenylazide (25.7 mg, 0.16 mmol) in benzene (30 mL) was
heated at 80 �C until complete consumption of the arylazide (UV/vis signal
at 312 nm). A new signal at 344 nm was observed. Again the same signal is
observed when [Co(tpp)] and p-nitrophenyldiazene are reacted with each
other.
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Enantioselective Synthesis of Paraconic Acids
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Dedicated to Professor Volker J‰ger on the occasion of his 60th birthday


Abstract: The development of a new method for the enantioselective synthesis of
disubstituted �-butyrolactones is reported. Based on this strategy, the total synthesis
of three paraconic acids, that is (�)-roccellaric acid, (�)-nephrosteranic acid and (�)-
protopraesorediosic acid, and the formal total synthesis of (�)-methylenolactocin
and (�)-protolichesterinic acid is described, which are important because of their
antibiotic and antitumor properties. Key steps of the synthesis are copper(�)-catalyzed
asymmetric cyclopropanations of furans, highly diastereoselective Sakurai allyla-
tions, Lewis acid or Lewis base catalyzed retroaldol/lactonization cascades, and
ruthenium(��)-catalyzed, intermolecular cross metathesis reactions.


Keywords: asymmetric synthesis ¥
lactones ¥ metathesis ¥ natural
products ¥ total synthesis


Introduction


�-Butyrolactones are a most frequently occurring structural
element in organic compounds and are present in about 10%
of all natural products.[1] They are equivalent to 4-hydroxy-
carbonyl compounds (homoaldols),[2] but in comparison to the
vast methodology available for the synthesis of aldol com-
pounds[3] (3-hydroxycarbonyl compounds), there are relative-
ly few asymmetric methods known for their de novo syn-
thesis.[4]


Trisubstituted �-butyrolactones,[5] especially paraconic
acids (� 3-carboxylic acid substituted �-butyrolactones) have
attracted considerable interest because of their antibiotic and
antitumor properties.[6] Therefore a number of syntheses have
been developed leading to these natural products either in
racemic[7] or enantiopure form using starting materials from
the chiral pool,[8] chiral auxiliaries,[9] or applying catalytic
asymmetric methodology.[10] We present here a strategy for
the catalytic asymmetric synthesis of anti-2,3-disubstituted �-
butyrolactones 1 from furancarboxylic methyl esters 2
(Scheme 1) and the subsequent synthesis of a several para-
conic acids.[11]


Vicinal substituted hydroxycyclopropane carboxylates have
been widely recognized as versatile surrogates for acyclic


Scheme 1. Retrosynthetic analysis of paraconic acids.


building blocks.[12] Most relevant to our work, Rei˚ig et al.
have elegantly demonstrated the use of cyclopropanols (rac)-
4 for the synthesis of lactols (rac)-3 as precursors to paraconic
acids (Scheme 2).[13] While in the latter approach all cyclo-
propyl carbon atoms of (rac)-3 end up in the lactol ring, our
synthesis of �-butyrolactones 5 or 6, respectively, is achieved
from the cyclopropanol 7 utilizing two of the cyclopropane
ring carbons while the third atom forms the exocyclic
carboxylic acid function as the decisive structural element
found in all paraconic acids. What makes this strategy
especially attractive is the fact that 7 and consequently 5
and 6 can be readily synthesized in a highly diastereo- and
enantioselective manner in both optical forms from furan-2-
carboxylic ethyl ester using an asymmetric copper-catalyzed
cyclopropanantion as the key step.
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Scheme 2. Cyclopropanols as precursors to �-butyrolactols and �-buty-
rolactones.


Asymmetric cyclopropanation of furans : The copper(�)- or
rhodium(��)-catalyzed cyclopropanation of furans with diazo
esters[14] or diazomethane[15] has been described to yield
2-oxa[3.1.0]bicyclohexenes. We have been able to render this
process asymmetric by treating furans 2 with methyl diazo-
acetate in the presence of catalytic amounts of chiral copper(�)
bisoxazoline complexes[16] (Scheme 3, Table 1). However,
furan 2a proved to be a poor substrate both in terms of yield


Scheme 3. Asymmetric cyclopropanation of 2 with diazoacetates.


as well as selectivity (entry 1). We therefore turned our
attention to substituted furans 2b and 2c following the
precedent set by Anderson et al. for the asymmetric cyclo-
propanation of 2,3-dihydrofurans.[17]


The reaction proceeds regioselectively for furans 2b and
2c ; only the less-substituted double bond was cyclopropa-
nated, as well as diastereoselectively, orienting the ester group
exclusively on the convex face of the bicyclic framework. We
have not been able to detect any of the corresponding endo-
diastereomers or products that would be expected to have
formed by a retro-Claisen rearrangement.[18] The apparent
high diastereoselectivity was somewhat surprising since endo-
products were always observed in the cyclopropanation of 2,3-
dihydrofurans.[17] Last but not least, chiral ligands such as the
bisoxazolines 9[19] or the azabisoxazoline 10[20] promoted the
reaction with high enantioselectivity. The ester group at
2-position of the furan proved to be advantageous compared
to the one in 3-position, both, in terms of yield as well as
enantioselectivity. Thus, 8c-Me (Table 1, entries 4 ± 5, 10 ± 13)
was obtained in up to 94% ee (entry 10), but the best result
was obtained with bisoxazoline 9b, which gave 8c-Et with
91% ee and in good yield (entry 6). Moreover, in contrast to
8c-Me, 8c-Et is a crystalline adduct, which allows isolation of
enantiomerically pure material by a remarkably effective and
single crystallization. Therefore, for large-scale preparation of
8c or (ent)-8c the use of the ligands 9c or its enantiomer (ent)-
9c or 10d, with still good selectivities of 75 ± 85% ee (entries 7,
8, 13), might be advantageous since they are obtained from
inexpensive valine readily available in both enantiomers,
while 9b and 10b are derived from the considerable more
expensive tert-butyl leucine. Thus, 8c-Et or (ent)-8c-Et were
prepared on a 20 ± 60 g scale in the presence of 0.66 mol%
Cu(OTf)2/0.83 mol% 9c or (ent)-9c. Moreover, furan 2c was
readily reisolated by distillation, giving rise to up to 77% yield
of 8c-Et or (ent)-8c-Et based on conversion of 2c. Using tert-
butyl diazoacetate[21] as the carbene source even higher
enantioselectivities can be achieved (cf. entries 7 and 9).
Nevertheless, the preparation of ethyl diazoacetate is more


Abstract in German: Aufbauend auf einer neuen, allgemein
anwendbaren Strategie zur Synthese von disubstituierten �-
Butyrolactonen gelang die enantioselektive Totalsynthese von
drei verschiedenen Paracons‰uren, (�)-Roccellarins‰ure, (�)-
Nephrosteranins‰ure und (�)-Protopraesoridiosins‰ure, sowie
die formale Totalsynthese von (�)-Methylenolactocin und (�)-
Protolichesterins‰ure, die aufgrund ihrer antibiotischen und
Antitumoreigenschaften von Bedeutung sind. Schl¸sselschritte
der Synthesen sind Kupfer-katalysierte, asymmetrische Cyclo-
propanierungen von Furanen, hoch diastereoselektive Sakurai
Allylierungen, Lewiss‰ure- oder basenkatalysierte Retroaldol-
Lactonisierungskaskaden sowie Ruthenium-katalysierte, inter-
molekulare Metathese Reaktionen.


Table 1. Asymmetric cyclopropanation of 2 with diazoacetates.[a]


Entry Furan 2 Diazoaceate Ligand Product Yield[b] Selectivity[c]


R3 [%] [%] ee


1 2a Me 9a 8a-Me 7 51
2 2b Et 9a 8b-Et 27 74
3 2b Et 9b 8b-Et 22 74
4 2c Me 9a 8c-Me 45 69
5 2c Me 9b 8c-Me 55 85
6 2c Et 9b 8c-Et 63 91[f]


7[d] 2c Et 9c 8c-Et 35 (77)[e] 81[f]


8[d] 2c Et (ent)-(9c) (ent)-8c-Et 33 (71)[e] 75[f]


9 2c tBu 9c 8c-tBu 38 95[f]


10 2c Me 10a 8c-Me 23 94
11 2c Me 10b 8c-Me 36 91
12 2c Me 10c 8c-Me 18 91
13 2c Me 10d 8c-Me 31 85


[a] 3 equiv 2c, 1 equiv diazoacetate, 2.0 mol% Cu(OTf)2, 2.5 mol% ligand.
[b] Isolated yield based on diazoacetate. [c] Measured by HPLC. [d] 1 equiv 2c,
1 equiv diazoacetate, 0.66 mol% Cu(OTf)2, 0.83 mol% ligand. [e] Isolated yield
based on conversion of 2c. [f] � 99% ee after single crystallization [isolated yield
53% (entry 6), 32% (entry 7), 29% (entry 8) and 27% (entry 9)].
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convenient[22] especially on large scale making the latter the
reagent of choice for the synthesis of 8c.
The absolute configuration of 8c-Et was unambiguously


proven by X-ray structure analysis (Figure 1);[23] its subse-
quent transformations to paraconic acids have already been


described in the literature.[9, 10]


The configuration of all other
derivatives 8 was assigned by
analogy.
Compound 8c-Et was read-


ily transformed to the cyclo-
propane carbaldehyde 11 by
ozonolysis, followed by reduc-
tive work up (Scheme 4). We
already demonstrated that nu-


cleophiles can selectively be added to (rac)-11, giving the
Felkin ±Anh[24] adduct (rac)-12 with diastereoselectivities of
80:20 to �95:5.[25] It occurred to us that if a retro-aldol
reaction in 12 can be initiated, thus breaking the bond
between C-4 and C-6, �-butyrolactones should be obtained by
lactonization of the hydroxyl group at C-2 with the C-5 carbon
of the ethyl ester group.
Indeed, we were able to develop two different protocols


leading selectively either to 5 or 6 (Schemes 4 and 5, Table 2).
Addition of allylsilanes or silyl enol ethers to 11 catalyzed by
BF3 ¥Et2O resulted in the adducts 12 with diastereoselectiv-
ities�95:5, which were directly converted to the lactones 5 or
6 without the need of isolation. Upon treatment of crude 12
with base the lactones 5 were obtained, having the aldehyde
group available in unprotected form for further synthetic
transformations.
Alternatively, using Otera×s SnIV catalyst[26] 15 in the


presence of ethylene glycol resulted in the smooth formation
of 6, in which saponification to 13 followed by ring opening to
14, acetalization of the aldehyde group and lactonization, all
had taken place in a single step (Scheme 5, Table 2). In all
cases, the diastereomeric ratio of the cyclopropanes 12
(Felkin-Anh/anti-Felkin-Anh at C-2) and the lactones 5 or 6


Scheme 5. Formation of lactones 5 or 6 through retroaldol/lactonization
of 13.


(anti/syn) was identical, which indicates that no epimerization
during the retroaldol/lactonization sequences occurs.
The lactones 5a, b and 6a seemed to be ideal precursors for


the synthesis of a broad variety of the enantiomeric series of
natural occurring paraconic acids.[27]


Most easily, the formal synthesis of (�)-methylenolactocin
(18) was accomplished by hydrogenation of the diene 5b
(Scheme 6) followed by oxidation of the aldehyde with
NaClO2 using the variant introduced by Dalcanale.[28] The
resulting product was recrystallized to remove the minor cis-
diastereomer giving rise to the known carboxylic acid 17 in
diastereomeric and enantiomeric pure form in 86% yield. The
final introduction of an exo-methylene group into 18 to yield
(�)-methylenolactocin (17) had been already reported.[9e]


For the synthesis of paraconic acids being substituted with
alkyl chains of various lengths the lactones 5a or 6a were
employed (Scheme 7). We envisioned that the allyl group
could be used in metathesis reactions to directly introduce the


desired side chains. While ring-
closing metathesis (RCM)[29]


has been widely used in organic
synthesis, there are considera-
bly fewer examples for inter-
molecular reactions,[30] most
likely due to the potential for-
mation of homocoupled dimers
at the expense of the desired
heterocoupled products.
Compound 6a (trans/cis ratio


95:5) was treated with 1-dode-
cene in the presence of Grubb×s
catalyst 23. In order to avoid
the homocoupling of 6a,
1.5 equivalents of the alkene
had to be employed
(Scheme 8). Thus, only the ho-
mocoupling product of 1-dode-
cene was produced as an unpo-
lar, thus readily removable by-


Figure 1. Ortep drawing of
8c-Et.


Scheme 4. Synthesis of lactones 5 or 6 via cyclopropane carbaldehyde 11.
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Scheme 6. Formal synthesis of methylenolactocin (18).


Scheme 7. Retrosynthetic analysis for 19 to 22.


product along with the desired 24 as a 3.5:1 E/Z-mixture. The
latter was without consequence, since the double bond in 24
was subsequently hydrogenated to 25, followed by simulta-
neous cleavage and oxidation of the acetal under acidic
conditions. Compound 26 was obtained in this way as a single
stereoisomer after one recrystallization, which removed the
minor cis-diastereomer. Its structure could be unequivocally
established by X-ray structure analysis (Figure 2).[31] More-
over, 26 was synthesized before and subsequently trans-


Figure 2. Ortep drawing of 26.


formed to (�)-protolichesterinic acid (21)[9d] and to (�)-
roccellaric acid (19) as depicted in Scheme 8.[9c] We were able
to improve the conversion of 26 to 19 (96% yield instead of
55%) by employing NaHMDS (2.2 equiv) and an excess of
methyl iodide.


Scheme 8. Total synthesis of (�)-roccellaric acid (19) and (�)-protoliches-
terinic acid (21).


In an analogous way, (�)-nephrosteranic acid (20) was
synthesized starting from the lactone 5a (Scheme 9). The
unprotected aldehyde group in 5a dictated the use of the
more active metathesis catalyst 27,[32] nevertheless, 28was only
obtained in 45% yield along with 30% recovered starting
material using 1.5 equivalents of 1-decene. Attempts to
improve this yield by using a total of 4 equiv of 1-decene in
the cross metathesis were only moderately successful: In this
case, 28 was isolated in 53% yield along with 27% of
recovered 5a. It should be noted that catalyst 27 gave a much
higher (E)-selectivity in the cross coupling product than 23 (cf.
Scheme 8).
Finally, the first total synthesis of protopraesorediosic acid


(22) was accomplished (Scheme 10) starting with the cross
metathesis of lactone 5a and the alkene 31. The heterocou-
pled alkene 32 was obtained in a clean reaction, although the


Table 2. �-Butyrolactone synthesis 5 or 6 by addition of nucleophiles R1M to 11 followed by retroaldol/lactonization sequence.


Entry Aldehyde R1M Method[a] ROH Lactone Yield [%] trans/cis ratio


1 11-Et A n/a 5a 64 95:5


2 11-Et B n/a 5a 49 95:5


3 11-Et C HOCH2CH2OH 6a 72 95:5


4 11-Et A n/a 5b 66 97:3


5 (rac)-11-Me A n/a (rac)-5c 73 80:20


6 (rac)-11-Me C HOCH2CH2OH (rac)-6b 26 95:5


7 (rac)-11-Me A n/a (rac)-5d 44 96:4


[a] Allylation to 12 : 11 (1.0 equiv), BF3 ¥Et2O (1.0 ± 1.25 equiv), corresponding allylsilanes (1.0 ± 1.25 equiv), CH2Cl2, �78 �C; saponification and ring-
opening to 5 or 6 : method A: Ba(OH)2 ¥ 8H2O (1 equiv), MeOH, 0 �C; method B: NaOMe (1 equiv), MeOH, 0 �C; method C: 15 (0.05 mol%), ROH.
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Scheme 9. Total synthesis of (�)-nephrosteranic acid (20).


Scheme 10. Total synthesis of (�)-protopraesorediosic acid (22).


conversion of 5a was again low. After hydrogenation and
oxidation following the examples outlined above, the ester 34
was saponified to the diacid 35 in high yield. For the final
introduction of the exo-methylene group into a lactone
various methods are known in the literature.[33] In our hands
the procedure described by Greene et al.[33a] worked best to
give 22 in 62% yield.
In conclusion, we have developed an asymmetric synthesis


towards �-butyrolactones using catalytic asymmetric method-
ology in the key step. The utility of this method was
demonstrated in the synthesis of a variety of paraconic acids,
which are obtained in 7 ± 9 steps in overall yields of 7 ± 21%
from inexpensive furan carboxylic methyl ester as starting
material.


Experimental Section


General remarks : Reactions with moisture-sensitive chemicals were
performed under nitrogen in a flame-dried reaction flask. Solvents were


dried by standard methods. Chromatography: Macherey ±Nagel silica gel
(0.03 ± 0.06 mm). Enantiomeric excesses were determined by analytical
HPLC using a ™Chiracel OD-H∫ column (50� 4.6 mm, 10 �m, flow:
1 mLmin�1, 20 �C) and a UV detector at 254 nm. TLC: commercially
precoated silica gel aluminium sheets 60F254 (Merck). Uncorrected melting
point: B¸chi SMP 20. IR: Mattson Genesis series FT-IR, Perkin ±Elmer
298, Bruker IFS 66, �� in cm�1. 1H NMR and 13C NMR: Bruker ARX400,
Avance 300, AC250F, � in ppm, J in Hz. Multiplicities were determined by
DEPT (distortionless enhancement by polarization transfer) measure-
ments. MS: Finnigan MAT 95, Varian MAT 311A. Elemental analysis:
Heraeus CHN-Rapid. XRD: Stoe Imaging Plate System, Siemens Stoe
AED2. Optical rotation: Perkin ±Elmer polarimeter PE 241.


(1S,5R,6S)-2-Oxabicyclo[3.1.0]hex-3-ene-4,6-dicarboxylic 6-ethyl ester-3-
methyl ester (8b-Et): Phenylhydrazine (1 drop) in CH2Cl2 (1 mL) was
added under nitrogen at 0 �C to a mixture of 2b (1.14 g, 9.0 mmol,
3.0 equiv), Cu(OTf)2 (22 mg, 0.06 mmol, 2.0 mol%) and 9b (66 mg,
0.075 mmol, 2.5 mol%). After 5 min, a solution of ethyl diazoacetate
(342 mg, 3.0 mmol, 1 equiv) in dry CH2Cl2 (10 mL) was added slowly with a
syringe pump over 8 h. The reaction mixture was filtered through a short
pad of basic alumina and solvent was evaporated in vacuo. The residue was
purified by chromatography on silica gel (hexanes/ethyl acetate 10:1) to
provide 8b-Et as a pale yellow oil (140 mg, 22%, 74% ee). 1H NMR
(250 MHz, CDCl3): �� 1.14 (ddd, J� 2.9, 1.0, 0.5 Hz, 1H, 6-H), 1.27 (t, J�
7.1 Hz, 3H, CH3), 3.10 (ddd, J� 5.7, 2.9, 0.5 Hz, 1H, 5-H), 3.77 (s, 3H, CH3),
4.15 (q, J� 7.1 Hz, 2H, CH2), 5.02 (ddd, J� 5.7, 1.0, 0.9 Hz, 1H, 1-H), 7.21
(ddd, J� 0.9, 0.6, 0.5 Hz, 1H, 3-H); 13C NMR (62.9 MHz, CDCl3): �� 14.2
(�, CH3), 21.7 (�, C-5), 29.5 (�, C-6), 51.4 (�, CH3), 61.0 (� , CH2), 68.9 (�,
C-1), 156.3 (�, C-3), 164.0 (Cquat , CO), 171.4 (Cquat , CO); IR (film): �� �
3109, 2986, 2957, 1730, 1604, 1031 cm�1; MS (EI, 70 eV): m/z (%): 212.2 (12)
[M�], 184.1 (11), 139.1 (100), 127.1 (16), 126.1 (11), 111.1 (129), 108.1 (18),
107.1 (24), 99.1 (61), 95.1 (13), 83.1 (11), 79.1 (15), 58.1 (16), 43.1 (64), 29.1
(36); elemental analysis calcd (%) for C10H12O5 (212.2): C 56.60, H 5.70;
found C 56.64, H 5.58.


(1S,5S,6S)-(�)-2-Oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylic 6-ethyl ester
3-methyl ester (8c-Et)


Method A : Phenylhydrazine (89 mg, 0.82 mmol, 2.0 mol%) was added
under nitrogen at 0 �C to a mixture of 2c (12.9 mL, 120 mmol, 3 equiv),
Cu(OTf)2 (297 mg, 0.82 mmol, 2.0 mol%) and 9b (303 mg, 1.02 mmol,
2.5 mol%). After 30 min, a solution of ethyl diazoacetate (4.685 g,
41.1 mmol, 1 equiv) in dry CH2Cl2 (70 mL) was added continuously with
a syringe pump over 12 h in four equal amounts. After each addition,
CH2Cl2 was evaporated by passing nitrogen through the flask. Excess of
furan-2-carboxylic methyl ester was evaporated under high vacuum at
room temperature, and the residue was purified by chromatography on
silica gel (hexanes/EE 10:1) to provide 8c-Et as a colorless oil (5.494 g,
63%). Enantiopure product 8c-Et could be obtained by recrystallization
from n-pentane (4.622 g, 53%).


Method B : Phenylhydrazine (241 �L, 2.44 mmol, 0.83 mol%) was added
under nitrogen at 0 �C to a solution of 2c (37.0 g, 0.293 mol, 1.0 equiv),
Cu(OTf)2 (700 mg, 1.94 mmol, 0.66 mol%) and (�)-9c (649 mg, 2.44 mmol,
0.83 mol%). After 20 min, a solution of ethyl diazoacetate (30.6 mL,
0.293 mol, 1.0 equiv) in dry CH2Cl2 (200 mL) was added through a
dropping funnel over 13 h. The reaction mixture was filtered through a
short pad of basic alumina and solvent was evaporated in vacuo.
Unconverted 2c was removed by distillation (5 mbar, b.p. 63 ± 64 �C,
20.0 g, 54%) and the residue was purified by kugelrohr distillation (10�4 ±
10�5 mbar, 88 �C) to provide 8c-Et as a yellowish oil (22.0 g, 35% yield,
77% yield based on conversion of 2c, 81% ee) which after crystallization
from n-pentane appeared as yellowish crystals (20.12 g, 32%, 99% ee). Rf


(PE/EE 5:1)� 0.14; m.p. 42 �C; [�]20D ��272 (c� 1.0, CH2Cl2); 1H NMR
(250 MHz, CDCl3): �� 1.16 (dd, J� 2.7, 1.1 Hz, 1H, 6-H), 1.23 (t, J�
7.1 Hz, 3H, CH3), 2.87 (ddd, J� 5.3, 2.9, 2.7 Hz, 1H, 5-H), 3.78 (s, 3H,
OCH3), 4.12 (q, J� 7.1 Hz, 2H, CH2), 4.97 (dd, J� 5.3, 1.1 Hz, 1H, 1-H),
6.39 (d, J� 2.9 Hz, 1H, 4-H); 13C NMR (62.9 MHz, CDCl3): �� 14.2 (�,
CH3), 21.5 (�, C-6), 31.9 (�, C-5), 52.1 (�, OCH3), 61.0 (� , CH2), 67.5 (�,
C-1), 116.0 (�, C-4), 149.3 (Cquat , C-3), 159.5 (Cquat , CO), 171.7 (Cquat , CO);
IR (KBr): �� � 3118, 2956, 1720, 1617, 1428, 1380, 1297, 1166, 1124, 1041, 954,
831, 725 cm�1; MS (70 eV, EI): m/z (%): 212.1 [M�] (9.8), 153.0 [M��
CO2Me] (11.5), 139.0 [M��CO2Et] (100), 124.9 (24.4), 98.9 (28.6), 96.9
(31.7), 78.9 (11.3), 59.0 (13.5), 52.1 (11.5); elemental analysis calcd (%) for
C10H12O5 (212.2): C 56.60, H 5.70; found C 56.51, H 5.73.
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(1S,5S,6S)-(�)-2-Oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylic 6-tert-butyl
ester 3-methyl ester (8c-tBu): Phenylhydrazine (11.5 �L, 116.77 mmol,
0.83 mol%) was added under nitrogen at 0 �C to a mixture of 2c (1.77 g,
14.07 mmol, 1.0 equiv), Cu(OTf)2 (33.6 mg, 92.85 mmol, 0.66 mol%) and
9c (31.1 mg, 116.77 mmol, 0.83 mol%). After 30 min, a solution of tert-
butyl diazoacetate (2.0 g, 14.07 mmol, 1.0 equiv) in dry CH2Cl2 (30 mL) was
added slowly with a syringe pump over 9 h. The reaction mixture was
filtered through a short pad of basic alumina and solvent was evaporated in
vacuo. The residue was purified by chromatography on silica gel (hexanes/
EE 10:1) to provide 8c-tBu as a yellowish crystals (1.30 g, 38%, 95% ee)
which after crystallization from dichloromethane and n-pentane appeared
as white needle crystals (0.92 g, 27%, �99% ee). Rf (PE/EE 5:1)� 0.16;
m.p. 68 �C; [�]20D ��226 (c� 1.0, CH2Cl2); 1H NMR (250 MHz, CDCl3):
�� 1.08 (dd, J� 2.7, 1.1 Hz, 1.1 Hz, 1H, 6-H), 1.44 (s, 9H, C(CH3)3), 2.79
(ddd, J� 5.3, 2.9, 2.7 Hz, 1H, 5-H), 3.80 (s, 3H, OCH3), 4.90 (dd, J� 5.3,
1.1 Hz, 1H, 1-H), 6.37 (d, J� 2.9 Hz, 1H, 4-H); 13C NMR (62.9 MHz,
CDCl3): �� 22.5 (�, C-6), 28.2 (�, C(CH3)3), 31.6 (�, C-5), 52.1 (�, OCH3),
67.4 (�, C-1), 81.4 (Cquat , C(CH3)3), 116.3 (�, C-4), 149.2 (Cquat , C-3), 159.6
(Cquat , CO), 171.0 (Cquat , CO); IR (KBr): �� � 3056, 2983, 1729, 1698, 1621,
1440, 1384, 1309, 1162, 1110, 1022, 971, 879, 829, 750, 715 cm�1; MS (EI,
70 eV): m/z (%): 240.1 (3.83) [M�], 183.9 (16.8), 166.9 (16.8), 151.9 (11.5),
138.9 (70.8), 124.8 (36.8), 96.9 (39.0), 57.1 (100), 52.1 (14.5), 41.1 (26.6);
elemental analysis calcd (%) for C12H16O5 (240.3): C 59.99, H 6.71; found C
60.04, H 6.76.


(1S,2S,3S)-(�)-Oxalic acid 2-ethoxycarbonyl 3-formyl-cyclopropyl ester
methyl ester (11-Et): A solution of (�)-8c-Et (2.50 g, 11.78 mmol) in dry
CH2Cl2 (125 mL) was cooled to �78 �C and treated with ozone until the
mixture turned blue. Excess ozone was expelled by passing oxygen through
the solution, followed by addition of dimethyl sulfide (4.3 mL, 58.91 mmol,
5.0 equiv). The reaction mixture was allowed to warm to room temperature
and stirring was continued for 24 h. Saturated NaHCO3 (10 mL) was added
and layers were separated. The organic layer was washed with water (2�
10 mL), dried, filtered and evaporated. The residue was recrystallized from
Et2O at �27 �C to yield (�)-11-Et as a colorless solid (2.70 g, 94%). M.p.
52 �C; [�]20D ��37.7 (c� 1.0, CH2Cl2); 1H NMR (250 MHz, CDCl3): ��
1.28 (t, J� 7.1 Hz, 3H, CH2CH3), 2.79 (ddd, J� 7.3, 6.0, 4.0 Hz, 1H, 2-H),
2.90 (dd, J� 6.0, 3.6 Hz, 1H, 3-H), 3.91 (s, 3H, CO2CH3), 4.19 (q, J� 7.1 Hz,
2H, CH2CH3), 4.83 (dd, J� 7.3, 3.6 Hz, 1H, 1-H), 9.45 (d, J� 4.0 Hz, 1H,
CHO); 13C NMR (62.9 MHz, CDCl3): �� 14.1 (�, CH3), 26.4 (�, C-3), 34.9
(�, C-2), 54.0 (�, CO2CH3), 58.9 (�, C-1), 62.0 (� , CO2CH2CH3), 156.6
(Cquat , CO), 156.9 (Cquat , CO), 168.1 (Cquat , CO2CH2CH3), 192.7 (�, CHO);
IR (KBr): �� � 3066, 3015, 2963, 2892, 1785, 1751, 1735, 1706, 1445, 1345,
1313, 1210, 1167, 1086, 1011, 963, 867, 790, 715, 613, 495 cm�1; MS (DCI,
NH3): m/z (%): 262.0 [M��NH4] (100), 176.0 (20), 160.0 (55), 120.9 (15);
elemental analysis calcd (%) for C10H12O7 (244.2): C 49.19, H 4.95; found C
49.22, H 4.99.


(2S/R,3R)-2-Allyl-5-oxotetrahydrofuran-3-carbaldehyde (5a): A solution
of 11-Et (5.00 g, 20.5 mmol) in dry CH2Cl2 (200 mL) was treated with BF3 ¥
Et2O (3.0 mL, 20.5 mmol) at �78 �C. After 10 minutes allyltrimethylsilane
(5.0 mL, 30.75 mmol, 1.5 equiv) was added and stirring was continued for
24 h. The reaction was quenched with saturated NaHCO3 (6.0 mL) and the
mixture was allowed to warm to 0 �C. After separation of the organic layer
and drying with MgSO4, the solvent was evaporated under vacuo to yield
the corresponding alcohol 12a as a colorless oil (5.82 g, 100% crude yield,
dr 95:5). 1H NMR (250 MHz, CDCl3): �� 1.25 (t, J� 7.0 Hz, 3H, CH3),
1.81 ± 1.92 (m, 1H, 2-H), 2.15 (dd, J� 6.2, 2.7 Hz, 1H, 3-H), 2.31 ± 2.51 (m,
4H), 3.70 (ddd, J� 7.3, 7.3, 5.4 Hz, 1H, 1�-H), 3.88 (s, 3H, CO2CH3), 4.13 (q,
J� 7.0 Hz, 2H, CO2CH2CH3), 4.72 (dd, J� 7.5, 2.8 Hz, 1H, 1-H), 5.14 ± 5.22
(m, 2H, 4�-H), 5.76 ± 5. 93 (m, 1H, 3�-H), characteristic signals of the
diastereomer: �� 4.14 (q, J� 7.0 Hz, 2H, CO2CH2CH3), 4.67 (dd, J� 6.9,
3.0 Hz, 1H, 1-H).


Method A : The alcohol 12a (5.78 g, 20.0 mmol) was dissolved in methanol
(200 mL) at 0 �C and treated dropwise with a solution of Ba(OH)2 ¥ 8H2O
(3.15 g, 10.0 mmol, 0.5 equiv) in methanol (200 mL). CH2Cl2 (100 mL) and
H2O (100 mL) were added and the layers were separated. The aqueous
layer was extracted with CH2Cl2 (10� 100 mL). The combined organic
layers were dried, filtered and concentrated in vacuo. Chromatography on
silica gel (hexane/EE 1:1) yielded 5a as a colorless oil (2.02 g, 64%, dr
95:5).


Method B : The alcohol 12a (1.842 g, 6.77 mmol, 1 equiv) was dissolved in
dry methanol (30 mL) at 0 �C and treated dropwise with a suspension of


NaOMe (0.365 g, 6.77 mmol, 1 equiv) in dry methanol (15 mL). After
135 min, the solvent was evaporated under vacuo. The residue was
dissolved in CH2Cl2 (40 mL) and washed with water (2� 20 mL). The
aqueous layer was extracted with CH2Cl2 (5� 30 mL). The combined
organic layers were dried, filtered and concentrated in vacuo. Chromatog-
raphy on silica gel (hexane/EE 1:1) yielded 5a as a colorless oil (0.510 g,
49%, dr 95:5). Rf (hexanes/EE 1:1)� 0.17; [�]20D ��31.7 (c� 1.35 in
CH2Cl2); 1H NMR (250 MHz, CDCl3): �� 2.35 ± 2.59 (m, 2H, 1�-H), 2.71
(dd, J� 18.2, 9.9 Hz, 1H, 3-H), 2.89 (dd, J� 18.2, 7.5 Hz, 1H, 3-H), 3.19
(dddd, J� 10.0, 7.3, 6.0, 1.2 Hz, 1H, 4-H), 4.74 (dd, J� 11.9, 6.2 Hz, 1H,
5-H), 5.10 ± 5.27 (m, 2H, 3�-H), 5.75 (dddd, J� 17.3, 10.0, 7.0, 3.5 Hz, 1H, 2�-
H), 9.69 (d, J� 1.2 Hz, 1H, CHO), characteristic signals of the diaster-
eomer (2R): �� 3.00 (dd, J� 17.7, 5.8 Hz, 1H, 3-H), 9.82 (d, J� 1.7 Hz, 1H,
CHO); IR (film): �� � 3080, 2980, 2939, 2841, 1774, 1727, 1642, 1419, 1359,
1193, 1111, 1000, 924 cm�1; MS (EI, 70 eV): m/z (%): 154.2 (5) [M�], 113.1
(100) [M��C3H5], 85.1 (95), 57.1 (95); elemental analysis calcd (%) for
C8H10O3 (154.2): C 62.33, H 6.54; found: C 62.36, H 6.83.


(2S/R,3R)-(�)-3-Formyl-5-oxo-2-(pentadien-2�,4�-yl)-tetrahydrofuran
(5b): A solution of 11-Et (527 mg, 2.16 mmol, 1.0 equiv) in dry CH2Cl2
(10 mL) was cooled to �78 �C. BF3 ¥Et2O (340 �L, 2.66 mmol, 1.25 equiv)
and 1,3-pentadienyltrimethylsilane (379 mg, 2.66 mmol, 1.25 equiv) were
added through a syringe and the solution was stirred for 12 h at �78 �C.
Saturated NaHCO3 solution (0.4 mL) was added and the mixture was
warmed to 0 �C. After separating the layers the organic layer was dried,
filtered and concentrated in vacuo to yield 12b (762 mg, 2.37 mmol, quant.)
as a colorless oil (dr 97:3). 1H NMR (250 MHz, CDCl3): �� 1.25 (t, J�
7.0 Hz, 3H, CH3), 1.81 ± 1.92 (m, 1H, 2-H), 2.15 (dd, J� 6.2, 2.7 Hz, 1H,
3-H), 2.31 ± 2.51 (m, 4H), 3.70 (ddd, J� 7.3, 7.3, 5.4 Hz, 1H, 1�-H), 3.88 (s,
3H, CO2CH3), 4.13 (q, J� 7.0 Hz, 2H, CO2CH2CH3), 4.72 (dd, J� 7.5,
2.8 Hz, 1H, 1-H), 5.14 ± 5.22 (m, 2H, 4�-H), 5.76 ± 5.93 (m, 1H, 3�-H),
characteristic signals of the diastereomer (2R): �� 4.14 (q, J� 7.0 Hz, 2H,
CO2CH2CH3), 4.67 (dd, J� 6.9, 3.0 Hz, 1H, 1-H); 13C NMR (62.9 MHz,
CDCl3): �� 14.1 (�, CH3), 24.7 (�, C-3), 31.3 (�, C-2), 41.7 (� , C-2�), 53.8
(�, CO2CH3), 58.8 (�, C-1), 61.3 (� , CO2CH2CH3), 67.8 (�, C-1�), 118.8
(� , C-4�), 133.4 (�, C-3�), 157.2 (Cquat , CO), 157.2 (Cquat , CO), 170.6 (Cquat ,
CO2CH3), characteristic signals of the diastereomer (2R): �� 25.1 (�, C-3),
41.3 (� , C-2�), 53.6 (�, CO2CH3), 58.6 (�, C-1), 61.2 (� , CO2CH2CH3), 68.6
(�, C-1�), 118.6 (� , C-4�), 133.5 (�, C-3�).
The alcohol 12b (762 mg) was dissolved in methanol (20 mL) at 0 �C and
treated dropwise with a solution of Ba(OH)2 ¥ 8H2O (340 mg, 1.08 mmol,
0.5 equiv) in methanol (15 mL). Then CH2Cl2 (20 mL) and H2O (20 mL)
were added and layers were separated. The aqueous layer was extracted
with CH2Cl2 (5� 15 mL). The combined organic layers were dried, filtered
and concentrated in vacuo. Chromatography on silica gel (hexanes/EE 1:1)
yielded 5b as a colorless oil (258 mg, 66%, dr 97:3). Rf (hexanes/EE 1:1)�
0.17; 1H NMR (250 MHz, CDCl3): �� 2.56 ± 2.63 (m, 2H, 1�-H), 2.74 (dd,
J� 18.0, 10.0 Hz, 1H, 4-H), 2.92 (dd, J� 18.0, 7.5 Hz, 1H, 4-H), 3.19 (dddd,
J� 10.0, 7.5, 6.2, 1.3 Hz, 1H, 3-H), 4.75 (dd, J� 12.0, 6.0 Hz, 1H, 2-H),
5.04 ± 5.24 (m, 2H, 5�-H), 5.62 (dt, J� 14.4, 7.3 Hz, 1H, 2�-H), 6.12 ± 6.39 (m,
2H, 3�-H, 4�-H), 9.73 (d, J� 1.2 Hz, 1H, CHO), characteristic signals of the
diastereomer (2R): �� 9.84 (d, J� 1.6 Hz, 1H, CHO); 13C NMR
(62.9 MHz, CDCl3): �� 28.9 (� , C-4), 37.9 (� , C-1�), 51.4 (�, C-3), 78.1
(�, C-2), 117.8 (� , C-5�), 125.8 (�, C-2�), 136.1 (�, C-3�), 136.2 (�, C-4�),
173.8 (Cquat , C-5), 197.1 (�, CHO); MS (EI, 70 eV): m/z (%): 180.2 [M�]
(10), 113.1 [M��C5H7] (80), 85.1 (100), 57.1 (90), 29.1 (75); HRMS: calcd
for C10H16NO3: 198.11302 [M��NH4], found: 198.11285.


(2S*/R*,3R*)-3-Formyl-5-oxo-2-(2�-acetoxymethyl-propen-2�-yl)-tetrahy-
drofuran (5c): A solution of (rac)-11-Me (1.150 g, 5.00 mmol, 1 equiv) in
dry CH2Cl2 (25 mL) was cooled to �78 �C. BF3 ¥Et2O (690 �L, 5.50 mmol,
1.1 equiv) and 2-acetoxymethyl allyltrimethylsilane (1.025 g, 5.50 mmol,
1.1 equiv) were added through a syringe and the solution was stirred for
12 h at �78 �C. Saturated NaHCO3 solution (1 mL) was added and the
mixture was warmed to 0 �C. After separating the layers the organic layer
was dried, filtered and concentrated in vacuo to yield 12c as a colorless oil
in quantitative yield (trans/cis 80:20).
1H NMR (250 MHz, CDCl3): �� 1.81 ± 1.91 (m, 1H, 2-H), 2.04 (s, 3H,
CH3), 2.14 (dd, J� 6.1, 2.7 Hz, 1H, 3-H), 2.32 ± 2.44 (m, 2H, 2�-H), 2.89
(br s, 1H, OH), 3.66 (s, 3H, CO2CH3), 3.72 (m, 1H, 1�-H), 3.86 (s, 3H,
CO2CH3), 4.51 (m, 2H, CH2), 4.67 (dd, J� 7.4, 2.7 Hz, 1H, 1-H), 5.05 (m,
1H, 4�-H), 5.13 (m, 1H, 4�-H), characteristic signals of the diastereomer:
�� 1.86 ± 1.96 (m, 1H, 2-H), 2.05 (s, 3H, CH3), 2.17 (dd, J� 6.1, 2.7 Hz, 1H,
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3-H), 3.67 (s, 3H, CO2CH3), 3.87 (s, 3H, CO2CH3), 4.65 (dd, J� 7.4, 2.7 Hz,
1H, 1-H); 13C NMR (62.9 MHz, CDCl3): �� 20.7 (�, CH3), 24.8 (�, C-3),
31.6 (�, C-2), 41.5 (� , C-2�), 52.2 (�, CO2CH3), 53.7 (�, CO2CH3), 58.7 (�,
C-1), 66.5 (� , CH2), 67.4 (�, C-1�), 116.1 (� , C-4�), 140.1 (Cquat , C-3�), 157.0
(Cquat , CO), 157.1 (Cquat , CO), 170.5 (Cquat , CO2CH3), 170.8 (Cquat ,
CO2CH3), characteristic signals of the diastereomer: �� 20.9 (�, CH3),
25.2 (�, C-3), 31.5 (�, C-2), 41.0 (� , C-2�), 52.2 (�, CO2CH3), 53.8 (�,
CO2CH3), 58.4 (�, C-1), 66.9 (� , CH2), 67.8 (�, C-1�), 116.2 (� , C-4�), 157.5
(Cquat , CO), 170.6 (Cquat , CO2CH3), 170.7 (Cquat , CO2CH3); IR (film): �� �
3506, 2957, 1779, 1736, 1442, 1374, 1315, 1234, 1201, 1160, 1028, 980, 915,
860 cm�1; MS (DCI, NH3): m/z (%): 362.2 (100) [M��NH4], 258.1 (69),
200.1 (18); HRMS (DCI): calcd for C15H24NO9: 362.1451 [M��NH4],
found: 362.1438.


The crude product was dissolved in MeOH (50 mL). At 0 �C a solution of
Ba(OH)2 ¥ 8H2O (1.735 g, 5.50 mmol, 1.1 equiv) in MeOH (30 mL) was
added dropwise. Then H2O (50 mL) was added and the mixture was
extracted with CH2Cl2 (10� 30 mL). The combined organic layers were
dried and concentrated in vacuo. Chromatography on silica gel (hexanes/
EE 1:1) yielded 5c as a colorless oil (828 mg, 73%, trans/cis 80:20). Rf (PE/
EE 1:1)� 0.07; 1H NMR (250 MHz, CDCl3): �� 2.08 (s, CH3, 3H), 2.47
(dd, J� 14.7, 6.0 Hz, 1H, 1�-H), 2.61 (dd, J� 14.7, 7.0 Hz, 1H, 1�-H), 2.76
(dd, J� 18.0, 10.0 Hz, 1H, 4-H), 2.90 (dd, J� 17.9, 7.7 Hz, 1H, 4-H), 3.21
(dddd, J� 9.9, 7.7, 6.4, 1.3 Hz, 1H, 3-H), 4.54 (s, 2H, CH2OAc), 4.87 (dd,
J� 13.0, 6.4 Hz, 1H, 2-H), 5.13 (s, 1H, C�CH), 5.25 (s, 1H, C�CH), 9.71 (d,
J� 1.3 Hz, 1H, CHO), characteristic signals of the diastereomer: �� 9.82
(d, J� 1.7 Hz, 1H, CHO); 13C NMR (62.9 MHz, CDCl3): �� 20.8 (�, CH3),
28.9 (� , C-4), 39.0 (� , C-1�), 51.7 (�, C-3), 66.6 (� , CH2OAc), 77.2 (�,
C-2), 117.7 (� , C�CH2), 138.3 (Cquat , C-2�), 170.5 (Cquat , CO), 173.7 (Cquat ,
CO), 197.2 (Cquat , CO), characteristic signals of the diastereomer: �� 28.9
(� , C-4), 66.6 (� , CH2OAc), 117.7 (� , C�CH2), 197.9 (Cquat , CO); IR
(film): �� � 3090, 2938, 1777, 1736, 1655, 1436, 1373, 1233, 1029, 920 cm�1;
MS (EI, 70 eV): m/z (%): 226.2 [M�] (5), 113.1 (40), 85.1 (50), 57.1 (40), 43.1
(100); elemental analysis calcd (%) for C11H14O5 (226.2): C 58.40, H 6.24;
found: C 58.61, H 6.87.


(2S*/R*,3R*)-2-(2-Methylallyl)-5-oxotetrahydrofuran-3-carbaldehyde
(5d): A solution of (rac)-11-Me (500 mg, 2.17 mmol, 1.0 equiv) in dry
CH2Cl2 (11 mL) was cooled to �78 �C. BF3 ¥Et2O (273 �L, 2.17 mmol,
1.0 equiv) and trimethyl-(2-methyl-allyl)-silane (279 mg, 2.17 mmol,
1.0 equiv) were added through a syringe and the solution was stirred for
16 h at �78 �C. Saturated NaHCO3 solution (1.0 mL) was added and the
mixture was warmed to 0 �C. After drying with MgSO4 the reaction mixture
was filtered and concentrated in vacuo to yield the corresponding alcohol
12d as a colorless oil. The alcohol was directly dissolved in methanol
(17 mL) at 0 �C and treated dropwise with a solution of Ba(OH)2 ¥ 8H2O
(720 mg, 2.28 mmol, 1.05 equiv) in methanol (10 mL). CH2Cl2 (20 mL) and
H2O (35 mL) were added and layers were separated. The aqueous layer
was extracted with CH2Cl2 (5� 20 mL). The combined organic layers were
dried, filtered and concentrated in vacuo. Chromatography on silica gel
(hexanes/EE 1:1) yielded 5d as a colorless oil (162 mg, 44%, trans/cis 96:4).
1H NMR (300 MHz, CD3OD): �� 1.79 (s, 3H, CH3), 2.40 (dd, J� 14.1,
7.0 Hz, 1H, CH2-C1�), 2.59 (dd, J� 14.1, 6.5 Hz, 1H, CH2-C1�), 2.76 (dd, J�
18.0, 9.9 Hz, 1H, CH2-C4), 2.92 (ddd, J� 18.0, 7.5, 0.5 Hz, 1H, CH2-C4),
3.22 (dddd, J� 9.9, 7.5, 6.2, 1.2 Hz, 1H, C3-H), 4.79 ± 4.90 (m, 2H, C2-H,
�CH2), 4.95 (s, 1H,�CH2), 9.72 (dd, J� 1.1, 0.5 Hz, 1H, CHO), character-
istic signals of the diastereomer: 9.84 (d, J� 1.7 Hz, CHO); 13C NMR
(75.4 MHz, CD3OD): �� 22.66 (�, CH3), 28.85 (� , CH2), 51.76 (�, CH),
77.50 (�, CH), 115.11 (� , CH2), 139.81 (Cquat), 174.06 (Cquat), 197.51 (�,
CHO), characteristic signals of the diastereomer: 198.28 (�, CHO); IR
(film): �� � 3078, 2937, 2830, 1790, 1779, 1700, 1651, 1446, 144 cm�1; MS
(DCI, NH3): m/z (%): 186.1 (100.0) [M��NH4]; HRMS: calcd for C9H12O3:
168.0786, found 169.0865 [M��H].


(2S*/R*,3R*)-3-(1,3-Dioxolan-2-yl)-5-oxo-2-(propen-2-yl)-tetrahydrofur-
an (6a): A solution of the aldehyde (rac)-11-Me (1.151 g, 5.0 mmol) in dry
CH2Cl2 (25 mL) was treated with BF3 ¥OEt2 (630 �L, 5.0 mmol, 1 equiv) at
�78 �C. After 30 min trimethylallysilane (159 �L, 1.0 mmol, 1 equiv) was
added and stirring continued for 12 h. The reaction was quenched with
saturated NaHCO3 solution (1 mL) and the mixture was allowed to warm
to 0 �C. After drying (MgSO4) the mixture was filtered and concentrated.
The intermediate product was dissolved in benzene, treated with the tin-
catalyst 15 (22 mg, 1 mol%) and ethane-1,2-diol (587 �L, 10.5 mmol,
2.1 equiv) and refluxed with a Dean ± Stark trap for 48 h. Toluene (40 mL)


was added and the mixture was concentrated in vacuo. After chromatog-
raphy on silica gel (hexanes/EE 1:1, 1 vol% NEt3), 6a was obtained as a
pale yellow oil (712 mg, 72%, cis/trans 93:7). Rf (PE/EE 1:1)� 0.34;
1H NMR (250 MHz, CDCl3): �� 2.39 ± 2.67 (m, 5H, 1�-H, 3-H, 4-H), 3.83 ±
4.01 (m, 4H, OCH2CH2O), 4.51 (m, 1H, CH), 4.86 (m, 1H, 2-H), 5.11 ± 5.21
(m, 2H, 3�-H), 5.79 (ddt, J� 16.7, 10.6, 6.9 Hz, 1H, 2�-H), characteristic
signals of the diastereomer: �� 4.06 ± 4.18 (m, 4H, OCH2CH2O), 4.60
(ddd, J� 8.3, 6.7, 5.8 Hz, 1H, 2-H), 4.98 (d, J� 3.7 Hz, 1H, CH), 5.85 (ddt,
J� 7.2, 10.2, 6.7 Hz, 1H, 2�-H); 13C NMR (62.9 MHz, CDCl3): �� 29.6 (� ,
C-4), 39.2 (� , C-1�), 42.5 (�, C-4), 65.4, 65.5 (� , OCH2CH2O), 79.7 (�,
C-2), 103.5 (�, CH), 119.3 (� , C-3�), 132.0 (�, C-2�), 175.9 (Cquat , CO),
characteristic signals of the diastereomer: �� 29.26 (� , CH2), 34.9 (� ,
C-1�), 41.4 (�, C-4), 65.1, 65.6 (� , OCH2CH2O), 80.3 (�, C-2), 101.8 (�,
CH), 118.3 (� , C-3�), 133.2 (�, C-2�); IR (film): �� � 3078, 2953, 2890, 2760,
1782, 1642, 1420, 1356, 1187, 1131, 1025, 994, 945, 922 cm�1; MS (DCI, NH3):
m/z (%): 250.3 [MH�� 3NH3] (10), 233.2 [MH��2NH3] (5), 216.2
[M��NH4] (100); elemental analysis calcd (%) for C10H14O4 (198.2): C
60.59, H 7.12; found: C 60.76, H 7.12.


(2S*/R*,3R*)-3-(1,3-dioxolan-2-yl)-5-oxo-2-(2-oxo-2-phenylethyl)-tetra-
hydrofuran (6b): A solution of (rac)-11-Me (230 mg, 1.0 mmol) in dry
CH2Cl2 (5 mL) was treated with BF3 ¥OEt2 (126 �L, 1.0 mmol, 1 equiv) at
�78 �C. After 30 min 1-phenylvinyl trimethylsilyl ether (226 �L, 1.1 mmol,
1 equiv) was added and stirring continued for 12 h. The reaction was
quenched with saturated NaHCO3 solution (0.2 mL) and the mixture was
allowed to warm to 0 �C. After drying (MgSO4) the mixture was filtered and
concentrated. The intermediate product was dissolved in benzene, treated
with the tin-catalyst 15 (2.4 mg, 0.56 mol%) and ethane-1,2-diol (123 �L,
2.2 mmol, 2.2 equiv) and refluxed with a Dean-Stark trap for 6 h. The
organic layer was washed with saturated NaHCO3 solution (10 mL) and
with H2O (2� 10 mL). The combined aqueous layers were extracted with
Et2O (3� 10 mL). The combined organic layers were dried, filtered and
concentrated at 20 �C. After chromatography on silica gel (hexanes/EE 1:1,
1 vol% NEt3), 6b was obtained as a colorless solid (71 mg, 26%). Rf (PE/
EE 1:1)� 0.21; m.p. 94 ± 95 �C; 1H NMR (250 MHz, CDCl3): �� 2.57 ± 2.80
(m, 3H, 3-H, 4-H), 3.37 (dd, J� 17.4, 5.7 Hz, 1H, 1�-H), 3.49 (dd, J� 17.4,
6.1 Hz, 1H, 1�-H), 3.83 ± 4.03 (m, 4H, OCH2CH2O), 5.01 (d, J� 3.4 Hz, 1H,
CH), 5.08 (dd, J� Hz, 11.2, 5.6 Hz, 1H, 2-H), 7.41 ± 7.51 (m, 2H, Ar-H),
7.55 ± 7.63 (m, 1H, Ar-H), 7.88 ± 7.99 (m, 2H, Ar-H); 13C NMR (62.9 MHz,
CDCl3): �� 29.5 (� , C-4), 43.3 (� , C-1�), 42.4 (� , C-4), 65.3, 65.4 (� ,
OCH2CH2O), 76.3, 76.7 (�, C-2), 103.4 (�, CH), 128.0, 128.7, 133.6, 136.4
(Ar-C), 175.6 (Cquat , CO), 196.2 (C-2�); IR (KBr): �� � 2961, 2882, 2360,
2342, 1769, 1685, 1387, 1196, 1013, 939 cm�1; MS (EI, 70eV): m/z (%): 276.1
(5) [M�], 149.1 (15), 105.1 (70), 73.1 (100); elemental analysis calcd (%) for
C15H16O5 (276.3): C 65.21, H 5.84; found C 65.02, H 5.84.


(2S/R,3R)-(�)-3-Formyl-5-oxo-2-pentyl-tetrahydrofuran (16): A solution
of 5b (134 mg, 0.744 mmol, 1.0 equiv) and Pd/C (40 mg, 5 mol%) in
methanol (10 mL) was stirred under hydrogen atmosphere (1 atm) at RT
for 24 h. After filtration, evaporation of the solvent and chromatography
on silica gel 16 was obtained as a colorless oil in quantitative yield (137 mg,
dr 97:3). Rf (hexanes/EE 1:1)� 0.17; [�]20D ��42.9 (c� 1.1 in CH2Cl2);
1H NMR (250 MHz, CDCl3): �� 0.85 ± 0.92 (m, 3H, CH3), 1.24 ± 1.56 (m,
6H, CH2), 1.65 ± 1.82 (m, 2H, CH2), 2.74 (dd, J� 17.9, 9.9 Hz, 1H, 4-H),
2.91 (dd, J� 17.9, 7.6 Hz, 1H, 4-H), 3.11 (dddd, J� 9.9, 7.6, 6.3, 1.5 Hz, 1H,
3-H), 4.65 (ddd, J� 7.4, 6.3, 5.5 Hz, 1H, 2-H), 9.73 (d, J� 1.5 Hz, 1H,
CHO), characteristic signals of the diastereomer (2R): �� 9.81 (d, J�
2.0 Hz, CHO); 13C NMR (62.9 MHz, CDCl3): �� 13.9 (�, CH3), 22.4 (� ,
CH2), 24.8 (� , CH2), 29.0 (� , C-4), 31.3 (� , CH2), 35.5 (� , C-1�), 52.6 (�,
C-3), 79.1 (�, C-2), 174.1 (Cquat , C-5), 197.3 (�, CHO), characteristic signals
of the diastereomer (2R): �� 80.5 (�, C-2); IR (film): �� � 2933, 2860, 1773,
1665, 1362, 1199 cm�1; MS (EI, 70 eV): m/z (%): 184.2 [M�] (5), 113.1 [M�
C5H11


�] (100), 85.1 (70), 57.1 (60), 43.1 (60), 29.2 (45); elemental analysis
calcd (%) for C10H16O3 (184.2): C 65.19, H 8.75; found: C 64.89, H 8.50.


(2S,3R)-(�)-Tetrahydro-5-oxo-2-pentyl-3-furan carboxylic acid (17): A
solution of KH2PO4 (14 mg, 0.101 mmol) in H2O (0.5 mL), NaClO2


(32 mg, 0.27 mmol, 1.6 equiv) and 30% H2O2 (15 �L) were added at 0 �C
to a solution of 16 (50 mg, 0.169 mmol, 1.0 equiv) in CH3CN (5 mL). The
mixture was stirred for 1.5 h. Then Na2SO3 (80 mg) was added and stirring
was continued for an additional hour. The solution was acidified to pH 2 by
addition of an aqueous solution of 1� KH2SO4 solution. The mixture was
extracted with CH2Cl2 (10� 5 mL), the organic layers were dried and
evaporated at room temperature. After crystallization from ethyl acetate
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17 was obtained as colorless solid (29 mg, 86%). M.p. 105 �C; [�]20D ��52
(c� 0.5 in CHCl3), lit. :[10c] �52 (c� 0.52 in CHCl3); 1H NMR (250 MHz,
CDCl3): �� 0.90 (t, J� 7.1 Hz, 3H, CH3), 1.25 ± 1.58 (m, 6H, CH2), 1.65 ±
1.85 (m, 2H, CH2), 2.83 (dd, J� 17.9, 9.6 Hz, 1H, 4-H), 2.95 (dd, J� 17.9,
8.3 Hz, 1H, 4-H), 3.10 (ddd, J� 9.5, 8.3, 7.1 Hz, 1H, 3-H), 4.63 (ddd, J� 7.6,
7.1, 4.8 Hz, 1H, 2-H), 8.64 (br s, 1H, COOH); 13C NMR (62.9 MHz,
CDCl3): �� 13.9 (�, CH3), 22.4 (� , CH2), 24.8 (� , CH2), 31.3 (� , CH2),
31.9 (� , CH2), 35.3 (� , CH2), 45.4 (�, C-3), 81.9 (�, C-2), 174.6 (Cquat , C-5),
176.4 (Cquat , CO2H); MS (EI, 70 eV): m/z (%): 201.2 [MH�] (2), 182.2
[M��H2O] (5), 129.1 [M��C5H11] (60), 101.1 (100), 55.0 (70).


(E)/(Z)-(4R,5S/R)-(�)-4-[1,3]Dioxolan-2-yl-5-tridec-2-enyl-dihydrofuran-
2-one (24): Compound 5a (327 mg, 1.65 mmol), 1-dodecene (550 �L,
2.48 mmol, 1.5 equiv) and 23 (68 mg, 5 mol%) were given into dry CH2Cl2
(25 mL), refluxed for 8 h and stirred for additional 10 h at 30 �C. After
chromatography on silica gel (hexanes/EE 2:1), 24 was obtained as
colorless oil (317 mg, 57%, dr 95:5, E/Z 3.5:1). Rf (hexanes/EE 1:1)� 0.50;
[�]20D ��13.4 (c� 0.85, CH2Cl2); 1H NMR (250 MHz, CDCl3): �� 0.86 (t,
J� 6.5 Hz, 3H, CH3), 1.23 (br s, 16H, CH2), 1.99 (ddt, J� 7.0, 7.0, 0.4 Hz,
2H, 4�-H), 2.27 ± 2.60 (m, 5H, 1�-H, 3-H, 4-H), 3.81 ± 4.03 (m, 4H,
OCH2CH2O), 4.43 ± 4.57 (m, 1H, CH), 4.86 (dt, J� 2.3, 1.3 Hz, 1H, 5-H),
5.37 (dtt, J� 15.2, 6.9, 1.2 Hz, 1H,�CH-), 5.58 (dtt, J� 15.2, 6.6, 1.2 Hz, 1H,
�CH-), characteristic signals of the diastereomer: �� 4.99 (d, J� 3.6 Hz,
1H, CH), Major diastereomer: 13C NMR (62.9 MHz, CDCl3): �� 14.1 (�,
CH3), 22.7 (� , CH2), 29.16 (� , CH2), 29.26 (� , CH2), 29.32 (� , CH2), 29.47
(� , CH2), 29.51 (� , CH2), 29.60 (� , C-3, CH2), 31.9 (� , CH2), 32.62 (� ,
CH2), 38.0 (� , CH2), 42.2 (�, C-4), 65.3, 65.4 (� , OCH2CH2O), 80.22 (�,
C-5), 103.6 (�, CH), 122.9 (�,�CH-), 135.8 (�,�CH-), 176.1 (Cquat , CO),
characteristic signals of the diastereomer: �� 29.15 (� , CH2), 29.23 (� ,
CH2), 29.9 (� , C-3), 33.7 (� , CH2), 34.9 (� , C-1�), 41.4 (�, C-4), 65.1, 65.6
(� , OCH2CH2O), 80.94 (�, C-5), 101.9 (�, CH), 124.1 (�,�CH-), 134.7 (�,
�CH-), characteristic signals of the diastereomer: �� 27.5 (� , CH2), 29.30
(� , CH2), 29.43 (� , CH2), 29.62 (� , CH2), 32.60 (� , CH2), 42.5 (�, C-4),
80.24 (�, C-5), 122.2 (�, �CH-), 134.4 (�, �CH-), 175.9 (Cquat , CO),
characteristic signals of the diastereomer: �� 80.76 (�, C-5), 123.1 (�,
�CH-); IR (film): �� � 2924, 2853, 1781, 1465, 1421, 1354, 1181, 1133, 1031,
974, 945, 920 cm�1; MS (EI, 70 eV): m/z (%): 338.0 [M�] (1), 210.0 (3), 154.9
(9), 98.9 (4), 82.9 (3), 72.9 (100), 55.0 (6), 45.0 (7), 43.0 (6); elemental
analysis calcd (%) for C20H34O4 (338.5): C 70.97, H 10.12; found: C 70.70, H
10.02.


(4R,5S/R)-(�)-4-[1,3]Dioxolan-2-yl-5-tridecyl-dihydrofuran-2-one (25): A
solution of 24 (280 mg, 0.83 mmol) and Pd/C (50 mg, 5 mol%) in methanol
(50 mL) was stirred under H2 atmosphere at room temperature for 24 h.
After filtration and evaporation of the solvent, 25 was obtained as a
colorless solid (281 mg, quant., dr 95:5). Rf (hexanes/EE 2:1)� 0.30; m.p.
46 �C; [�]20D ��26.5 (c� 1.0, CH2Cl2); 1H NMR (250 MHz, CDCl3): ��
0.86 (t, J� 6.5 Hz, 3H, CH3), 1.25 (br s, 22H, CH2), 1.61 ± 1.72 (m, 2H,
CH2), 2.42 ± 2.69 (m, 3H, 3-H, 4-H), 3.87 ± 4.03 (m, 4H, OCH2CH2O), 4.46
(dt, J� 7.3, 5.0 Hz, 1H, CH), 4.88 (d, J� 4.9 Hz, 1H, 2-H), characteristic
signals of the diastereomer: �� 4.98 (d, J� 3.8 Hz, 1H, CH); 13C NMR
(62.9 MHz, CDCl3): �� 14.1 (�, CH3), 22.7 (� , CH2), 25.6 (� , CH2), 29.25
(� , CH2), 29.33 (� , CH2), 29.43 (� , CH2), 29.51 (� , CH2), 29.63 (� , C-3,
CH2), 29.66 (� , CH2), 31.9 (� , CH2), 35.6 (� , CH2), 43.6 (�, C-4), 65.36,
65.41 (� , OCH2CH2O), 81.0 (�, C-5), 103.6 (�, CH), 176.1 (Cquat , CO),
characteristic signals of the diastereomer: �� 26.3 (� , CH2), 29.35 (� ,
CH2), 29.46 (� , CH2), 29.52 (� , CH2), 29.61 (� , CH2), 29.9 (� , C-3), 31.9
(� , CH2), 41.6 (�, C-4), 65.1, 65.6 (� , OCH2CH2O), 81.4 (�, C-5), 102.1 (�,
CH); IR (KBr): �� � 2919, 2849, 1764, 1466, 1427, 1214, 1153, 1063, 982, 941,
721 cm�1; MS (DCI, NH3): m/z (%): 358.5 [M��NH4] (100), 344.5 [M�]
(2), 136.2 (6); elemental analysis calcd (%) for C20H36O4 (340.5): C 70.55, H
10.66, found: C 70.37, H 10.60.


(2S,3R)-(�)-5-Oxo-2-tridecyltetrahydrofuran-3-carboxylic acid (26): A
solution of the 25 (259 mg, 0.761 mmol) in acetone (10 mL) was treated
with freshly prepared Jones reagent (760 mg CrO3 � 0.75 mL H2SO4 �
1.5 mL H2O) at 0 �C. After 48 h of stirring at 0 �C (TLC), 2-propanol
(10 mL) was added to destroy the excess reagent. The reaction mixture was
diluted with H2O (10 mL) and acetone was removed under reduced
pressure. The residue was extracted with CH2Cl2 (3� 15 mL). The
combined organic layers were concentrated, taken up in ethyl acetate
and washed with H2O (3� 5 mL). The organic layer was dried, filtered and
concentrated. After chromatography on silica gel (CHCl3/EE/HOAc
90:8:2), 26 was obtained as a colorless solid (209 mg, 88%). Rf (CHCl3/


EE/HOAc 90:8:2)� 0.24; m.p. 108 �C, lit. :[9d] 109 ± 111 �C, [�]20D ��40.5
(c� 0.32, CHCl3), lit. :[9d] �41 (c� 0.5, CHCl3); 1H NMR (400 MHz,
CDCl3): �� 0.88 (t, J� 6.7 Hz, 3H, CH3), 1.26 (br s, 18H, CH2), 1.40 ±
1.60 (m, 2H, CH2), 1.72 ± 1.83 (m, 2H, CH2), 2.83 (dd, J� 17.9, 9.6 Hz,
1H, 4-H), 2.95 (dd, J� 17.9, 8.3 Hz, 1H, 4-H), 3.10 (ddd, J� 9.6, 8.3, 7.2 Hz,
1H, 3-H), 4.62 (ddd, J� 7.4, 7.3, 4.8 Hz, 1H, 2-H), 8.64 (br s, 1H, CO2H);
13C NMR (62.9 MHz, CDCl3): �� 14.1 (�, CH3), 22.7 (� , CH2), 25.2 (� ,
CH2), 29.2 (� , CH2), 29.37 (� , CH2), 29.42 (� , CH2), 29.52 (� , CH2), 29.63
(� , CH2), 29.67 (� , CH2), 29.70 (� , CH2), 31.91 (� , CH2), 31.94 (� , CH2),
35.40 (� , CH2), 45.4 (�, C-3), 81.8 (�, C-2), 174.2 (Cquat , CO), 175.9 (Cquat ,
CO).


(2S,3R,4R)-(�)-4-Methyl-5-oxo-2-tridecyltetrahydrofuran-3-carboxylic
acid, roccellaric acid (19): A solution of 26 (20 mg, 0.064 mmol) in dry THF
(1.4 mL) was added to a solution of sodium bis(trimethylsilyl)amide (1� in
THF, 140 �L, 0.140 mmol, 2.2 equiv) at �78 �C under Argon over
30 minutes. The mixture was stirred at �78 �C for 3 h. Methyl iodide
(40 �L, 0.61 mmol, 9.6 equiv) was slowly added and the mixture was stirred
for additional 12 h. The mixture was allowed to warm to �20 �C. 2� HCl
(2 mL) was added, the mixture was extracted with Et2O (5� 2 mL) and the
combined organic layers was washed with saturated Na2SO3 solution and
dried. 27 was obtained as a colorless solid (20 mg, 96%). Rf (CHCl3/EE/
HOAc 90:8:2)� 0.25; m.p. 110 �C, lit. :[8b] 108 �C; [�]20D ��26 (c� 0.5,
CHCl3), lit. :[8b] �26 (c� 1.93, CHCl3); 1H NMR (400 MHz, CDCl3): ��
0.88 (t, J� 6.5 Hz, 3H, CH3), 1.18 ± 1.47 (m, 21H, CH2), 1.37 (d, J� 7.1 Hz,
3H, CH3), 1.48 ± 1.59 (m, 1H, 1�-H), 1.65 ± 1.77 (m, 1H, 1�-H), 1.78 ± 1.88 (m,
1H, 1�-H), 2.70 (dd, J� 11.4, 9.1 Hz, 1H, 3-H), 2.99 (dq, J� 11.4, 7.1 Hz,
1H, 4-H), 4.48 (ddd, J� 9.1, 8.7, 4.1 Hz, 1H, 2-H); 13C NMR (100.6 MHz,
CDCl3): �� 14.1 (�, CH3), 14.5 (�, CH3), 22.7 (� , CH2), 25.3 (� , CH2),
29.22 (� , CH2), 29.34 (� , CH2), 29.38 (� , CH2), 29.50 (� , CH2), 29.60 (� ,
CH2), 29.64 (� , CH2), 29.67 (� , CH2), 31.91 (� , CH2), 34.92 (� , CH2), 39.8
(�, C-3), 53.8 (�, C-4), 79.3 (�, C-2), 175.3 (Cquat , CO), 176.5 (Cquat , CO).


(E)/(Z)-(2S/R,3R)-(�)-5-Oxo-2-undec-2-enyltetrahydrofuran-3-carbalde-
hyde (28): A mixture of 5a (310 mg, 2.01 mmol), 1-decene (800 �L, 95%
purity (Acros), 4.03 mmol, 2.0 equiv) and 27 (51.2 mg, 3 mol%) in dry
CH2Cl2 (40 mL) was heated under reflux for 7 h. Since the TLC showed still
starting material, 27 (34 mg, 2 mol%) and 1-decene (400 �L, 1.0 equiv)
were added and refluxing continued for 23 h. 1-Decene (400 �L, 1.0 equiv)
was added again and refluxing was continued for additional 20 h. After
evaporation of the solvent and chromatography on silica gel (hexanes/EE
1:1), 28 (284 mg, 53%, dr 95:5, E/Z 7:1) as an oil and 5a (85 mg, 27%) [Rf


(hexanes/EE 1:1)� 0.25] were obtained (conversion yield� 73%). Rf


(hexanes/EE 1:1)� 0.36; [�]20D ��13.4 (c� 1.55 in CHCl3); 1H NMR
(250 MHz, CDCl3): �� 0.87 (t, J� 6.5 Hz, 3H, CH3), 1.25 (m, 12H, CH2),
2.01 (ddt, J� 6.9, 6.9, 0.4 Hz, 2H, 4�-H), 2.41 ± 3.23 (m, 5H, 1�-H, 4-H, 3-H),
4.71 (dt, J� 6.1, 2.3, 1H, 2-H), 5.37 (dtt, J� 15.3, 7.0, 1.2 Hz, 1H, �CH-),
5.67 (dtt, J� 15.3, 6.8, 1.2 Hz, 1H,�CH-), 9.71 (d, J� 1.29 Hz 1H,): major
diastereomeric aldehyde (2S); 9.73 (d, J� 1.26 Hz): minor diastereomeric
aldehyde (2R); 13C NMR (62.9 MHz CDCl3): �� 14.05 (�, CH3), 22.65 (� ,
CH2), 28.87 (� , CH2), 29.16 (� , 2C, CH2), 29.24 (� , CH2), 29.39 (� , CH2),
51.25 (�, C-3), 78.54 (�, C-2), 121.75 (�,�CH-), 137.17 (�,�CH-), 174.06
(Cquat), 197.25 (�, -CHO); IR (film): �� � 3427, 2925, 2854, 2360, 1772, 1457,
1363, 1194, 1024, 927 cm�1; HRMS: calcd for C16H26O3: 266.1900, found:
266.1881.


(2S,3R)-(�)-5-Oxo-2-undecyltetrahydrofuran-3-carbaldehyde (29):
1.4 mol% Pd/C (15 mg) was added to a solution of 28 (266 mg, 1 mmol)
in methanol (50 mL) and stirred under hydrogen atmosphere at room
temperature for 24 h. After filtration, evaporation of the solvent and
recrystallization from ethyl acetate 29 was obtained as a viscous oil
(240 mg, 90%). Rf (CHCl3/MeOH 95:5)� 0.35; [�]20D ��24.8 (c� 1.70 in
CHCl3); 1H NMR (250 MHz, CDCl3): �� 0.87 (t, J� 6.5 Hz, 3H, CH3),
1.25 (m, 18H, CH2), 1.62 ± 1.81 (m, 2H, CH2), 2.69 ± 3.15 (m, 3H, 3-H, 4-H),
4.66 (dt, J� 7.0, 6.3 Hz, 1H, 2-H), 9.73 (s, 1H, CHO); 13C NMR (100 MHz):
�� 13.66 (�, CH3), 22.63 (� , CH2), 25.09 (� , CH2), 28.98 (� , CH2), 29.15
(� , CH2), 29.29 (� , CH2), 29.35 (� , CH2), 29.45 (� , CH2), 29.55 (� , CH2),
31.80 (� , CH2), 35.61 (� , CH2), 52.13 (�, C-3)), 78.91 (�, C-2), 174.07
(Cquat), 197.15 (�,-CHO); IR (film): �� � 3418, 2922, 2852, 1731, 1651, 1466,
1417, 1377, 1221, 1103 cm�1; HRMS: calcd for C16H28O3: 268.2000; found:
268.2038.


(2S,3R)-(�)-5-Oxo-2-undecyltetrahydrofuran-3-carboxylic acid (30): A
solution of KH2PO4 (96 mg, 0.72 mmol) in H2O (1 mL), NaClO2 (166 mg,
1.8 mmol) and 30% H2O2 (42 mg) was added at 0 �C to a solution of 29
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(150 mg, 0.56 mmol) in CH3CN (13 mL). The mixture was stirred for 48 h.
Then Na2SO3 (114 mg) was added and stirring was continued for an
additional hour. The solution was acidified to pH 2 by addition of an
aqueous solution of 1� KH2SO4 solution. The mixture was extracted with
CH2Cl2 (200 mL), the organic layers were dried and evaporated at room
temperature. After crystallization from ethyl acetate 30 was obtained as
colorless microcrystals (114.6 mg, 72%). Rf (CHCl3/EE/HOAc 90:8:2)�
0.24; m.p. 121 �C; [�]20D ��47.4 (c� 0.35 in CHCl3); 1H NMR (250 MHz,
CDCl3): �� 0.88 (t, J� 6.5 Hz, 3H, CH3), 1.26 (m, 18H, CH2), 1.66 ± 2.11
(m, 2H, CH2), 2.70 ± 2.90 (m, 2H, 4-H), 3.37 ± 3.40 (m, 1H, 3-H), 4.61 (m,
1H, 2-H); 13C NMR (62.9 MHz, CDCl3): �� 14.65 (�, CH3), 23.56 (� ,
CH2), 26.53 (� , CH2), 30.31 (� , CH2), 30.36 (� , CH2), 30.46 (� , CH2),
30.52 (� , CH2), 30.59 (� , CH2), 30.61 (� , CH2), 32.91 (� , CH2), 34.39 (� ,
CH2), 36.44 (� , CH2), 49.41 (�, C-3), 85.60 (�, C-2), 174.18 (Cquat), 174.86
(Cquat); IR (KBr): �� � 3442, 2922, 2853, 1749, 1599, 1466, 1424, 1236, 1095,
1020 cm�1; HRMS: calcd for C16H28O4 284.200; found: 284.1987.


(2S,3R,4R)-(�)-4-Methyl-5-oxo-2-tridecyltetrahydrofuran-3-carboxylic
acid, nephrosteranic acid (20): A solution of 30 (50 mg, 0.176 mmol) in dry
THF (30 mL) was added to sodium bis(trimethylsilyl)amide (1� solution in
THF, 630 �L, 0.63 mmol, 3.6 equiv) at�78 �C under argon over 30 minutes.
The mixture was stirred at �78 �C for 24 h. Methyliodide (2.71 mmol,
200 �L) was slowly added and the mixture was stirred for additional 24 h.
The mixture was allowed to warm to �20 �C. HCl (1�, 3.1 mL) was added,
the mixture was extracted with Et2O (3� 10 mL) and the organic layer was
washed with brine and dried. 20 was obtained as colorless microcrystals
(47.2 mg, 90%). Rf (CHCl3/ethyl acetate/HOAc 90:80:2)� 0.25; m.p.
109 �C; [�]20D ��27.7 (c� 0.90 in CHCl3), [�]20D ��28.1 (c� 1.02 in
CHCl3);[9b] 1H NMR (400 MHz, CDCl3): �� 0.88 (t, J� 6.5 Hz, 3H,
CH3), 1.20 ± 1.47 (m, 20H, CH2), 1.38 (d, J� 7.1 Hz, 3H, CH3), 2.65 ± 2.75
(m, 1H, 4-H), 2.93 ± 3.08 (m, 1H, 3-H), 4.48 (ddd, J� 9.0, 8.7, 4.2 Hz, 1H,
2-H); 13C NMR (62.9 MHz, CDCl3): �� 14.10 (�, CH3), 14.50 (�, CH3),
22.65 (� , CH2), 25.34 (� , CH2), 29.24 (� , CH2), 29.32 (� , CH2), 29.40 (� ,
CH2), 29.51 (� , CH2), 29.61 (� , CH2), 31.91 (� , CH2), 34.94 (� , CH2),
39.34 (�, C-3), 53.55 (�, C-4), 79.05 (�, C-2), 175.58 (Cquat), 176.66 (Cquat);
IR (KBr): �� � 3456, 2921, 2852, 1748, 1469, 1260, 1201, 1172. 1100, 1026,
802 cm�1; HRMS: calcd for C17H30O4: 298.2100; found: 298.2144.


Tetradec-13-enoic-acid methylester (31): A solution of tetradec-13-enoic
acid (4.17 g, 18.4 mmol) and conc. H2SO4 (1 mL) in MeOH (100 mL) was
refluxed for 12 h. The mixture was concentrated to half of its original
volume, diluted with H2O (250 mL), and the remaining methanol was
evaporated. The mixture was extracted with pentane (500 mL), and the
organic layer was washed with saturated NaHCO3 solution and concen-
trated. After chromatography on silica gel (hexanes/EE 10:1), 31 was
obtained as colorless oil (4.0 g, 90%). Rf (hexanes/EE 1:1)� 0.74; 1H NMR
(250 MHz, CDCl3): �� 1.23 (br s, 16H, CH2), 1.54 ± 1.71 (m, 2H, CH2),
1.97 ± 2.10 (m, 2H, CH2), 2.30 (t, J� 7.6 Hz, 2H, CH2), 3.67 (s, 3H, OCH3),
4.91 (ddt, J� 10.1, 2.3, 1.2 Hz, 1H, 14-H), 4.98 (ddt, J� 17.1, 2.2, 16. Hz, 1H,
14-H), 5.80 (ddt, J� 17.1, 10.1, 6.7 Hz, 1H, 13-H); 13C NMR (100 MHz,
CDCl3): �� 24.92 (� , CH2), 28.91 (� , CH2), 29.10 (� , CH2), 29.11 (� ,
CH2), 29.22 (� , CH2), 29.40 (� , CH2), 29.45 (� , CH2), 29.53 (� , CH2),
33.79 (� , CH2), 34.08 (� , CH2), 51.38 (�, CH3), 114.03 (� , CH2), 139.18 (�,
CH), 174.3 (�, CO); IR (film): �� � 3077, 2926, 2854, 1743, 1641, 1436, 1362,
1247, 1196, 1171, 1117, 994, 909 cm�1; HRMS: calcd for C15H28O2: 249.2100;
found: 240.2089; elemental analysis calcd (%) for C15H28O2 (240.21): C
74.95; H 11.74 found: C 74.89; H 11.82.


(E)/(Z)-(2S/R,3R)-(�)-15-(3-Formyl-5-oxo-tetrahydrofuran-2-yl)-penta-
dec-13-enoic acid methylester (32): Compound 5a (500 mg, 3.25 mmol,
dr� 95:5), 31 (1.0 g, 4.16 mmol, 1.3 equiv) and 27 (75 mg, 2.7 mol%) were
added into dry CH2Cl2 (60 mL) and the resulting soltuion was heated under
reflux for 24 h. After chromatography on silica gel (hexanes/EE 1:1), 30
was obtained as an oil (448 mg, 38%, dr 95:5, E/Z 7:1) and 5a (282 mg,
56%) were recovered (conversion yield� 86%). Rf (hexanes/EE 1:1)�
0.37; [�]20D ��9.5 (c� 2.45 in CHCl3); 1H NMR (250 MHz, CDCl3): ��
1.26 (br s, 16H, CH2), 1.51 ± 1.70 (m, 2H, CH2), 1.94 ± 2.09 (m, 2H, CH2),
2.30 (t, J� 7.4 Hz, 2H, 2�-H), 2.39 ± 2.62 (m, 2H, CH2), 2.71 (dd, J� 17.8,
9.9 Hz, 1H, 4-H), 2.92 (dd, J� 18.0, 7.3 Hz, 1H, 4-H), 3.19 (dddd, J� 9.9,
7.3, 6.0, 1.3 Hz, 1H, 3-H), 3.67 (s, 3H, OCH3), 4.66 ± 4.76 (m, 1H, 3-H),
5.28 ± 5.42 (m, 1H, �CH-), 5.57 ± 5.72 (m, 1H, �CH-), 9.70 (d, J� 1.3 Hz,
1H, -CHO) characteristic signals of the diastereomer (2R): 9.72 (d, J�
1.3 Hz, CHO); 13C NMR (100.6 MHz, CDCl3): �� 24.90 (� , CH2), 24.81
(� , CH2), 28.90 (� , CH2), 29.14 (� , CH2), 29.18 (� , CH2), 29.19 (� , CH2),


29.24 (� , CH2), 29.42 (� , CH2), 29.43 (� , CH2), 29.55 (� , 2C, CH2), 32.63
(� , CH2), 34.12 (� , CH2), 38.09 (� , CH2), 51.23 (�, CH), 51.39 (�, CH3),
78.51 (�, CH), 121.73 (�, �CH), 137.13 (�, �CH), 174.07 (Cquat), 174.33
(Cquat), 197.27 (�, -CHO); IR (film) �� � 3442, 2926, 2854, 1777, 1739, 1594,
1437, 1363, 1196, 1114, 1022, 973 cm�1; MS (EI, 70 eV): m/z (%): 366.2 (2.0)
[M�], 334.1 (15.7), 316.2 (31.0), 113.0 (100.0), 85.0 (65.9); HRMS: calcd
C21H34O5: 366.2406; found: 366.2409 [M�].


(2S,3R)-15-(3-Formyl-5-oxotetrahydrofuran-2-yl)-pentadecanoic methyl
ester (33): Pd/C (57 mg, 5 mol%) was added to a solution of 32 (392 mg,
1.07 mmol) in methanol (40 mL), and stirred under H2 atmosphere at room
temperature for 18 h. After filtration and evaporation of the solvent 33 was
obtained as a colorless oil (347 mg, 88%). 1H NMR (250 MHz, CDCl3):
�� 1.21 ± 1.84 (m, 28H, CH2), 2.30 (t, J� 7.6 Hz, 2H, CH2CO2Me), 2.76
(dd, J� 17.8, 9.9 Hz, 1H, 4-H), 2.92 (dd, J� 17.8, 7.7 Hz, 1H, 4-H), 3.12
(dddd, J� 9.9, 7.7, 6.3, 1.5 Hz, 1H, 3-H), 3.67 (s, 3H, CH3), 4.66 (m, 1H,
2-H), 9.74 (d, J� 1.5 Hz, 1H, CHO); 13C NMR (62.9 MHz, CDCl3): ��
24.97 (� , CH2), 25.15 (� , CH2), 29.03 (� , CH2), 29.16 (� , CH2), 29.19 (� ,
CH2), 29.27 (� , CH2), 29.39 (� , CH2), 29.45 (� , CH2), 29.48 (� , CH2),
29.59 (� , 2C, CH2), 29.61 (� , CH2), 29.62 (� , CH2), 34.14 (� , CH2), 35.58
(� , CH2), 51.47 (�, CH3), 52.57 (�, CH), 79.14 (�, CH), 174.11 (Cquat),
174.43 (Cquat), 197.30 (�, CHO); MS (DCI): m/z (%): 369.3 (29.6) [MH�],
337.2 (100.0, �CH3OH); HRMS: calcd for C21H36O5: 369.2641; found:
369.2640 [M�].


(2S,3R)-(�)-2-(14-Methoxycarbonyl-tetradecyl)-5-oxo-tetrahydrofuran-3-
carboxylic acid (34): A solution of the 33 (309 mg, 0.839 mmol) in acetone
(7 mL) was treated with 2 mL of freshly prepared Jones reagent (2.5 g CrO3


� 3 mL H2SO4 � 25 mL H2O) at 0 �C until the color was presisted. After
7 h of stirring at 0 �C (controlled by TLC), 2-propanol (7 mL) was added to
destroy the excess reagent. The reaction mixture was diluted with H2O
(5 mL) and acetone was removed under reduced pressure. The residue was
extracted with CH2Cl2 (4� 20 mL). The combined organic layers were
washed with brine (30 mL), dried and concentrated in vacuo to give 34 as
colorless solid (311 mg, 96%). Rf (CHCl3/MeOH 9:1)� 0.22; m.p. 120 ±
124 �C; [�]20D ��26.0 (c� 0.75 in CHCl3); 1H NMR (250 Hz, CDCl3): ��
1.25 (br s, 24H, CH2), 1.55 ± 1.82 (m, 2H, 15�-H), 2.3 (t, J� 7.5 Hz, 2H, 2�-H),
2.75 ± 3.14 (m, 3H, 4-H, 3-H), 3.67 (s, 3H, OCH3), 4.56 ± 4.67 (m, 1H, 2-H);
13C NMR (100 MHz, CDCl3): �� 24.90 (� , CH2), 25.10 (� , CH2), 29.09 (� ,
CH2), 29.18 (� , CH2), 29.28 (� , CH2), 29.34 (� , CH2), 29.38 (� , CH2),
29.40 (� , CH2), 29.47 (� , CH2), 29.50 (� , CH2), 29.52 (� , CH2), 29.53 (� ,
CH2), 31.90 (� , CH2), 34.10 (� , CH2), 35.31 (� , CH2), 45.00 (�, CH), 51.27
(�, CH3), 81.75 (�, CH), 174.45 (Cquat), 174.69 (Cquat), 175.71 (Cquat); IR
(film): �� � 3449, 3116, 2921, 2850, 1748, 1464, 1436, 1394, 1358, 1239, 1194,
1171, 1114, 973 cm�1; HRMS: calcd for C21H36O6: 384.2500; found:
383.2428 [M��H].


(2S,3R)-(�)-2-(14-Carboxy-tetradecyl)-5-oxo-tetrahydrofuran-3-carboxyl-
ic acid (35): Compound 34 (100 mg, 0.3 mmol) was added to a mixture of
MeOH (60 mL) and saturated aqueous LiOH solution (10 mL) and the
mixture was stirred for 2 d. The mixture was acidified with 20% HCl
solution and saturated with NaCl (pH� 7). The mixture was extracted with
CH2Cl2 several times (TLC), dried and concentrated to get the crude
product which after chromatography on silica gel (CHCl3/MeOH/AcOH
9:8:2) gave 35 as a colorless solid (91 mg, 94%). Rf (CHCl3/MeOH 9:1)�
0.12; m.p. 128 �C; [�]20D ��15.0 (c� 0.90 in MeOH); 1H NMR (400 MHz,
CDCl3/CD3OD): �� 1.28 (br s, 22H, CH2), 1.59 ± 1.64 (m, 2H, CH2), 1.69 ±
1.88 (m, 2H, CH2), 2.29 (t, J� 7.5 Hz, 2H, 2�-H), 2.81 (dd, J� 17.9, 9.6 Hz,
1H, 4-H), 2.93 (dd, J� 17.9, 8.1 Hz, 1H, 4-H), 3.09 (ddd, J� 9.6, 8.3, 6.9 Hz,
1H, 3-H), 4.62 ± 4.70 (m, 1H, 2-H); 13C NMR (100 MHz, CDCl3/CD3OD):
�� 24.31 (� , CH2), 24.60 (� , CH2), 28.47 (� , CH2), 28.55 (� , CH2), 28.63
(� , CH2), 28.75 (� , CH2), 28.80 (� , CH2), 28.83 (� , CH2), 28.91 (� , 2C,
CH2), 28.94 (� , 2C, CH2), 31.41 (� , CH2), 33.44 (� , CH2), 34.65 (� , CH2),
44.93 (�, CH), 82.32 (�, CH), 172.62 (Cquat), 175.71 (Cquat), 176.10 (Cquat);
IR (film): �� � 3448, 3140, 2921, 2849, 2679, 1747, 1718, 1462, 1436, 1278,
1238, 1194, 1114, 857 cm�1; HRMS: calcd for C20H34O6: 370.2400; found:
369.2281 [M��H].


(2S,3R)-(�)-2-(14-Carboxytetradecyl)-4-methylen-5-oxo-tetrahydrofuran-
3-carbonic acid, (�)-protopraesorediosic acid (22): Magnesium methylcar-
bonate (5.6 mL, 11.28 mmol, 38.0 equiv, 2� in DMF (Stiles reagent)) was
added under argon atmosphere to 35 (110 mg, 0.297 mmol, 1.0 equiv) and
the solution was stirred at 135 �C for 66 h. After cooling CH2Cl2 (35 mL)
was added and the solution was acidified with cold 10% HCl. The aqueous
layer was extracted with CH2Cl2 (4� 30 mL) and the combined organic
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layers were washed with saturated NaCl solution (20 mL), and concen-
trated in vacuo. The residue was treated with 1.85 mL of a freshly prepared
Stock solution (20 mL HOAc, 15 mL 37% formaldehyde in water, 5.2 mL
N-methylaniline and 600 mg NaOAc) and stirred under argon for 2.5 h at
room temperature. Et2O (20 mL) and sat. NaCl solution (10 mL, containing
1 mL conc. HCl) were added and the aqueous layer was extracted with
Et2O (4� 15 mL). The combined organic layers were washed with sat.
NaCl solution (15 mL, containing 10 drops conc. HCl) and aqueous layer
was re-extracted with Et2O (2� 15 mL). The combined organic layers were
dried and the solvent was evaporated. After recrystallization from CHCl3/
pentane 22 was obtained as colorless microcrystals (71 mg, 62%,
0.1856 mmol). Rf (CHCl3/MeOH/HOAc 90:8:2)� 0.25; m.p. 123 �C;
[�]20D ��8.9 (c� 1.12 in MeOH), [�]20D ��9.1 (MeOH) for the enantiom-
er.[34] 1H NMR (250 MHz, CD3OD): �� 1.30 (br s, 24H, CH2), 1.52 ± 1.66
(m, 2H, CH2), 1.68 ± 1.78 (m, 2H, CH2), 2.27 (t, J� 7.4 Hz, 2H, 2�-H), 3.71
(ddd, J� 5.7, 3.0, 2.7 Hz, 1H, 3-H), 4.78 (dt, J� 5.7, 6.4 Hz, 1H, 2-H), 5.99
(d, J� 2.7 Hz, 1H, �CH2), 6.31 (d, J� 3.0 Hz, 1H, �CH2); 13C NMR
(62.9 MHz, CD3OD): �� 26.01 (� , CH2), 26.12 (� , CH2), 30.26 (� , CH2),
30.35 (� , CH2), 30.44 (� , CH2), 30.58 (� , CH2), 30.62 (� , CH2), 30.65 (� ,
CH2), 30.72 (� , CH2), 30.73 (� , CH2), 30.74 (� , CH2), 30.75 (� , CH2),
34.97 (� , CH2), 36.59 (� , CH2), 51.03 (�, CH), 81.29 (�, CH), 125.21 (� ,
�CH2), 135.64 (Cquat), 170.65 (Cquat), 172.58 (Cquat), 177.73 (Cquat); IR (film):
�� � 3442, 2922, 2852, 1744, 1714, 1257 cm�1; HRMS: calcd for C21H34O6:
382.2355 (381.2275 for [M�H�], found: 381.2275.
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Chemistry of Phosphine ±Borane Adducts at Platinum Centers: Synthesis and
Reactivity of PtII Complexes with Phosphinoborane Ligands


Cory A. Jaska,[a] Hendrik Dorn,[a,b] Alan J. Lough,[a] and Ian Manners*[a]


Abstract: Reaction of [Pt(PEt3)3] with
the primary and secondary phosphine ±
borane adducts PhRPH ¥ BH3 (R�H,
Ph) resulted in oxidative addition of a
P�H bond at the Pt0 center to afford the
complexes trans-[PtH(PPhR ¥ BH3)-
(PEt3)2] (1: R�H; 2 : R�Ph). The
products 1 and 2 were characterized by
1H, 11B, 13C, 31P, and 195Pt NMR spectro-
scopy, and the molecular structures were
verified by X-ray crystallography. In
both cases, a trans arrangement of the
hydride ligand with respect to the phos-


phidoborane ligand was observed. When
2 was treated with PhPH2 ¥ BH3, a novel
phosphidoborane ligand-exchange reac-
tion occurred which yielded 1 and
Ph2PH ¥ BH3. Treatment of 2 with one
equivalent of depe (depe� 1,2-bis-
(diethylphosphino)ethane) resulted in
the formation of the complex cis-


[PtH(PPh2 ¥ BH3)(depe)] (3), in which
the hydride ligand and the phosphido-
borane ligand are in a cis arrangement.
Treatment of 3 with PhPH2 ¥ BH3 was
found to result in an exchange of the
phosphidoborane ligands to give the
complex cis-[PtH(PPhH ¥ BH3)(depe)]
(4) and Ph2PH ¥ BH3. Complex 4 was
found to undergo further reaction in the
presence of PhPH2 ¥ BH3 to give meso-
cis-[Pt(PPhH ¥ BH3)2(depe)] (5) and rac-
cis-[Pt(PPhH ¥ BH3)2(depe)] (6).


Keywords: boranes ¥ dehydro-
coupling ¥ hydrides ¥ P ligands ¥
platinum


Introduction


Metal-catalyzed reactions have had an enormous impact in
the area of organic synthesis, whereas the application of
transition metal catalysis to the formation of homonuclear or
heteronuclear bonds between inorganic elements is relatively
unexplored. Facile and convenient catalytic coupling reac-
tions would be key advances in inorganic synthetic method-
ology and would function as important alternatives to classical
reactions, such as salt metathesis. The discovery of catalytic
dehydrocoupling routes to Si�Si bonds in the mid 1980×s[1] and
the application of this methodology to the synthesis of
polysilanes [SiRR�]n generated considerable interest in the
development of new synthetic methods to produce rings,
chains, and macromolecules based on main-group elements.[2]


Subsequently, transition metal-catalyzed dehydropolymeriza-
tion routes to polygermanes[3, 4] [GeRR�]n and polystannanes[5]


[SnRR�]n have been described and the dehydrocoupling
methodology has also been extended to include reactions
which form new P�P,[6] B�Si,[7] Si�P,[8] Si�N[9] Si�C,[10]


Sn�Te[11] and Si�O[12] bonds. Recently, we have reported a


novel catalytic route towards P�B bond formation that
involves the dehydrocoupling of primary or secondary
phosphine ± borane adducts in the presence of late transi-
tion-metal catalysts to afford linear and cyclic oligomeric
species as well as high molecular weight polyphosphinobor-
anes [Eq. (1) ± (3)].[13±17]


Ph2P BH2 Ph2P BH2


PhPH BH2


Ph2PH BH3


Ph2PH BH2 PPh2 BH3


PhPH2 BH3


[M]


90°C


- H2


[M]


120°C


- H2 3
+


4


[M]


90 - 130°C


- H2
n


(1)


(2)


(3)


[M] = Transition Metal Catalyst


As part of our ongoing research into the synthesis and
properties of polymers based on a backbone of alternating
four-coordinate phosphorus and boron atoms, an understand-
ing of the dehydropolymerization mechanism is of consid-
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erable fundamental interest. This knowledge might allow for
the development of more efficient catalysts that could
effectively lower the required temperature and allow access
to higher molecular weight polymers (�30000). Late tran-
sition-metal complexes that operate as dehydropolymeriza-
tion catalysts are quite rare,[5c, 6c, 12, 18, 19] and detailed inves-
tigations into the mechanisms of the corresponding catalytic
cycles have yet to appear in the literature. In contrast, the
dehydropolymerization of silanes and stannanes with Group 4
metallocene complexes has been extensively investigated and
has resulted in the development of more efficient catalysts.


A plausible first step in the catalytic dehydrocoupling of
phosphine ± borane adducts may involve insertion of the
transition metal into either the P�H or B�H bond, followed
by subsequent �-bond metathesis and/or oxidative addition/
reductive elimination steps. Previous studies of late transition
metal-catalyzed hydroboration and hydrophosphination re-
actions have supplied ample precedents for insertion of late
transition metals into both P�H and B�H bonds. For example,
the oxidative addition of P�H bonds of phosphines and
phosphine oxides at Pt0 or Pd0 centers has been reported and
is believed to be a key step in the catalytic hydrophosphina-
tion of alkenes and alkynes.[20] In some cases, potential
intermediate species in the catalytic cycle that contain Pt or
Pd hydrides have been isolated and structurally character-
ized.[21] Insertion of RhI and IrI centers[22] into B�H bonds to
afford metal boryl complexes has also been demonstrated.[23]


More recently, reactions involving Me3P ¥ BH3 and Me3P ¥
BH2BH2 ¥ PMe3 have resulted in B�H bond activation and
led to structurally characterized examples of mononuclear
and dinuclear metal boryl complexes.[24] In addition, �-
borane[25] complexes and �1-borane[26] complexes have also
been reported.


However, there has been no investigation into the oxida-
tive-addition chemistry involving late transition-metal com-
pounds with phosphine ± borane adducts that contain both
P�H and B�H bonds. Thus, to fully investigate the potential
mechanistic pathways that may operate during the transition-
metal-catalyzed P�B bond-formation process, a study of the
coordination chemistry of the adducts bearing both P�H and
B�H bonds is desirable. In this paper,[27] we report full details
of our studies on the reactions of Ph2PH ¥ BH3 and PhPH2 ¥
BH3 with the Pt0 species [Pt(PEt3)3], and include a reactivity
study of the resultant complexes.


Results and Discussion


Formation of trans-[PtH(PPhR ¥BH3)(PEt3)2] (1: R�H; 2:
R�Ph): To investigate the potential oxidative-addition
chemistry of phosphine ± borane adducts bearing both P�H
and B�H bonds with transition metal centers, the primary and
secondary adducts PhRPH ¥ BH3 (R�H, Ph) were reacted
with [Pt(PEt3)3] at 60 �C in toluene. Insertion of the Pt center
into the P�H bond was observed with the formation of the
complexes trans-[PtH(PPhR ¥ BH3)(PEt3)2] (1: R�H; 2 : R�
Ph; [Eq. (4)]). Upon workup and recrystallization from
hexanes, the yields of isolated products for the yellow-orange
complexes 1 and 2 were found to be 23% and 63%,


RPhPH BH3 H Pt


PEt3


PEt3


PPhR BH3


toluene


60°C


- PEt3
(4)+  Pt(PEt3)3


1: R = H
2: R = Ph


respectively. The low yield for 1 may be caused by the
decomposition of the complex when heated for prolonged
periods of time at 60 �C. Unfortunately, the insertion reaction
that produces 1 is much more sluggish than that for complex 2
and requires a longer reaction time (21 h); this may contribute
significantly to the low yields observed. Complex 1 was fully
characterized by 1H, 11B, 13C, 31P, and 195Pt NMR spectroscopy,
mass spectrometry, IR spectroscopy, and by X-ray crystallog-
raphy. The spectroscopic evidence obtained was indicative of
the insertion of a [Pt(PEt3)2] fragment into the P�H bond of
the phosphine ± borane adduct, rather than insertion into the
B�H bond. For example, the 1H-coupled 31P NMR spectrum
of 1 showed two sets of signals: 1) a doublet at �� 17.9 ppm,
which is assigned to the PEt3 ligands attached to Pt that show
coupling to one other phosphorus nucleus (2J(P,P)� 19 Hz) as
well as 195Pt satellites (1J(P,Pt)� 2572 Hz), and 2) a broad
doublet of quartets at ���48.7 assigned to the PPhH ¥ BH3


moiety, which arises from coupling with the quadrupolar
boron nucleus (for 11B, I� 3³2, 1J(P,B)� 55 Hz) and one
adjacent hydrogen substituent (1J(P,H)� 299 Hz), in addition
to 195Pt satellites (1J(P,Pt)� 1440 Hz) (Figure 1a). The 11B
NMR spectrum showed a single broad resonance at ��
�33.2, which is in a region typical for resonances of BH3


adducts of phosphines. The spectrum did not display any
coupling to the phosphorus nucleus, while the 1H-coupled
spectrum did not show any distinguishable coupling to the
three hydride protons; rather it resulted in a broadening of the
signal. The 1H NMR spectrum showed the presence of phenyl
and ethyl groups, as well as a broad doublet at �� 4.39
(1J(H,P)� 299 Hz) assigned to the P-H proton of the phos-
phidoborane ligand. The hydridic B-H protons, which typi-
cally occur as a broad 1:1:1:1 quartet, were obscured by the
signals for the ethyl groups. The key feature of the 1H NMR
spectrum was the low-frequency hydride resonance signal at
���5.74 ppm, which appeared as a doublet of triplets with a
larger coupling to one phosphorus nucleus (2J(H,P)� 125 Hz)
and a smaller coupling to two phosphorus nuclei (2J(H,P)�
15 Hz) as well as 195Pt satellites (1J(H,Pt)� 872 Hz) (Fig-
ure 1b). The 195Pt NMR spectrum displayed a triplet of
doublets of doublets at ���3541 ppm (Figure 1c). This
pattern arises from coupling to the two equivalent PEt3


ligands (1J(Pt,P)� 2573 Hz) as well as coupling to the
phosphorus of the phosphine-borane ligand (1J(Pt,P)�
1462 Hz) and the hydride ligand (1J(Pt,H)� 820 Hz). The
NMR evidence was consistent with the presence of one
substituent (PPhH ¥ BH3) trans and two equivalent substitu-
ents (PEt3) cis to the hydride ligand. The EI mass spectrum
showed a peak at m/z 541, corresponding to the loss of a BH3


group from the parent molecular ion. This type of loss is a
typical feature for phosphine ± borane adducts synthesized in
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Figure 1. NMR spectra of trans-[PtH(PPhH ¥ BH3)(PEt3)2] (1). a) 31P NMR
(PPhH ± BH3 region) (1J(H,P)� 299 Hz, 1J(B,P)� 55 Hz, 1J(Pt,P)�
1440 Hz). b) 1H NMR (hydride region) (2J(H,Pcis)� 15 Hz, 2J(H,Ptrans)�
125 Hz, 1J(Pt,H)� 872 Hz). c) 195Pt NMR (1J(Pt,P)� 2573 Hz, 1J(Pt,P)�
1462 Hz, 1J(Pt,H)� 820 Hz).


our group and is indicative of the relative weakness of the
donor ± acceptor nature of the P�B interaction. The IR
spectrum of 1, taken as a Nujol mull between KBr plates,
shows two medium intensity bands at �� � 2350 and 2022 cm�1,
which correspond to B ± H and Pt ± H stretches, respectively.


Full spectroscopic characterization was also performed for
complex 2, many features of which are similar in nature to
those seen for 1. For example, two signals in the 31P{1H} NMR
spectrum were observed at �� 16.7 (PEt3) and �3.7 ppm
(PPh2 ¥ BH3) along with their 195Pt satellites, while the 11B
NMR spectrum showed a broad signal at ���31.4 ppm.
Again, the most convincing evidence for a trans arrangement


appeared in the hydride region of the 1H NMR spectrum,
which displayed a doublet of triplets at ���6.75 ppm,
flanked by 195Pt satellites. This coupling pattern is character-
istic of the hydride ligand coupling with one phosphorus
nucleus trans and two equivalent phosphorus nuclei cis, as
seen in the case of 1. The 195Pt NMR spectrum showed a signal
at ���3450 ppm with a tdd coupling pattern and approx-
imately the same Pt ± P and Pt ± H coupling constants as those
observed in the 1H and 31P NMR spectra. The mass spectrum
of 2 again shows loss of a BH3 group as the highest m/z peak
(617), while the IR spectrum shows B ± H and Pt ± H stretches
at �� � 2341 and 2009 cm�1, respectively.


X-ray crystallographic analysis of 1 and 2: To confirm the
assigned molecular structures of 1 and 2, single-crystal X-ray
analyses were performed. They were found to be consistent
with the spectroscopic data obtained. The molecular structure
of 1 is shown in Figure 2, bond lengths and angles are given in


Figure 2. Molecular structure of trans-[PtH(PPhH ¥ BH3)(PEt3)2] (1). All
hydrogen atoms bonded to carbon are omitted for clarity. Selected bond
lengths and angles are presented in Table 1.


Table 1. The geometry around the PtII center is distorted
square-planar with trans PEt3 ligands. Unfortunately, it was
not possible to find and resolve the hydride proton during the
X-ray study; however, its presence can be inferred from the
rather large P(3)-Pt(1)-P(2) angle of 168.26(5)�, in addition to
the previously mentioned 1H NMR data. The lengths of


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


Pt(1)�P(1) 2.3477(14) P(2)-Pt(1)-P(3) 168.26(5)
Pt(1)�P(2) 2.2863(13) P(1)-Pt(1)-P(2) 98.87(5)
Pt(1)�P(3) 2.2771(14) P(1)-Pt(1)-P(3) 92.83(5)
P(1)-H(P1) 1.32(6) Pt(1)-P(1)-C(1) 112.00(18)
P(1)�B(1) 1.953(7) Pt(1)-P(1)-B(1) 119.8(2)
P(1)�C(1) 1.829(6) C(1)-P(1)-H(P1) 98(3)
P(2)�C(7) 1.828(5) B(1)-P(1)-C(1) 111.2(3)
P(2)�C(9) 1.824(6) B(1)-P(1)-H(P1) 107(3)
P(2)�C(11) 1.836(5) Pt(1)-P(1)-H(P1) 106(3)
P(3)�C(13) 1.831(6)
P(3)�C(15) 1.820(6)
P(3)�C(17) 1.831(7)
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the bonds Pt(1)�P(2) (2.2863(13) ä) and Pt(1)�P(3)
(2.2771(14) ä) were found to be shorter than the Pt(1)�P(1)
bond (2.3477(14) ä). Interestingly, the P(1)�B(1) bond length
of 1.953(7) ä in 1 is longer than that in the parent adduct
PhPH2 ¥ BH3 (1.924(4) ä).[14] The geometries around phos-
phorus and boron atoms in the phosphidoborane ligand are
approximately tetrahedral, with angles around P(1) varying
from 98(3)� to 119.8(2)�, and angles around B(1) varying from
100(5)� to 118(5)�. Complex 1 is the first structurally
characterized example of a transition metal complex contain-
ing a primary phosphidoborane adduct.


For complex 2 (Figure 3), a structure analogous to that of 1
was found, with similar trends in bond lengths and angles
(Table 2). Two of the ethyl substituents on P(2) (namely


Figure 3. Molecular structure of trans-[PtH(PPh2 ¥ BH3)(PEt3)2] (2). All
hydrogen atoms bonded to carbon are omitted for clarity. Selected bond
lengths and angles are presented in Table 2.


C(13), C(14) and C(15), C(16)) are disordered over two sites
with the ratio of occupancies 0.54/0.46. Again, the hydride
ligand could not be located during the X-ray analysis, but the
wide P(2)-Pt(1)-P(3) angle of 160.22(12)� can be used to infer
its presence. This angle is significantly smaller than that of 1
(168.26(5)�), presumably as a consequence of the greater
steric bulk of a secondary phosphidoborane ligand over a
primary ligand. In order to relieve the steric strain caused by
the two phenyl groups, the two PEt3 ligands are pushed away
from the phosphidoborane ligand, thereby reducing the P(2)-


Pt(1)-P(3) angle. The Pt�P bond lengths were found to follow
the same trend as in 1, with the Pt�PEt3 bond lengths
(2.253(3) ä and 2.256(2) ä) being significantly shorter than
the Pt�(PPh2 ¥ BH3) bond length (2.331(3) ä). The P�B bond
length was found to be 1.925(11) ä.


Transition metal complexes of secondary phosphine ± bor-
ane adducts analogous to 2 are rare, with only two known
cases to date. The first is a tetrahedral iron complex [Fe(�5-
C5Me5)(CO)2(PPh2 ¥ BH3)] synthesized from a nucleophilic
metallation reaction between Na[Fe(CO)2(�5-C5Me5)] and
Ph2PCl, followed by generation of the adduct through treat-
ment with BH3 ¥ THF.[28] The second is a square-planar
palladium complex [Pd(dppp)(C6F5)(PPh2 ¥ BH3)] (dppp�
1,3-bis(diphenylphosphino)propane) synthesized from an
anionic phosphine ± borane adduct K[Ph2P ¥ BH3] and
[Pd(dppp)(C6F5)I].[29] This complex is also a proposed inter-
mediate in the Pd-catalyzed coupling of secondary phosphine-
boranes with aryl halides. In addition, transition-metal com-
plexes containing a secondary phosphidoboratabenzene li-
gand have been synthesized and characterized by X-ray
crystallography; namely, [Fe(�5-C5H5)(CO)2(PPh2 ¥ BC5H5),
[ZrH(�5-C5H5)2(PMe3)(PPh2 ¥ BC5H5), and [Rh(PMe3)3-
(PPh2 ¥ BC5H5)].[30] However, routes to these complexes all
require a nucleophilic substitution step, rather than oxidative
addition of the phosphine ± borane adduct itself. Recently, the
reaction of a transition-metal-complexed phosphine [PH3 ¥
W(CO)5] with [Pt(PPh3)2(C2H4)] has been found to yield
[PtH{PH2-W(CO)5}(PPh3)2], in which insertion of the Pt0


center into the P�H bond of the phosphine has occurred.[31, 32]


Only one other example of oxidative addition to transition
metal centers is known for phosphine ± borane adducts;
however, it involves boron trihalide adducts rather than the
hydridic borane (BH3) adducts.[33] Reaction of trans-
[RhX(CO)(PEt3)2] (X�Br, I) with PH3 ¥ BY3 (Y�Cl, Br)
yields the complexes [RhHX(CO)(PEt3)2(PH2 ¥ BY3)], in
which insertion of the transition metal into a P�H bond has
occurred to yield an octahedral Rh complex. When X�NCS,
reaction with PH3 ¥ BBr3 resulted in the formation of
[RhH(CO)(PH2 ¥ BBr3)2(PEt3)2], in which a bis(phosphidotri-
bromoborane) species is formed. However, because of the
instability of these complexes at room temperature, no
crystals suitable for X-ray analysis could be obtained,


Phosphine ± borane ligand-exchange reaction between 2 and
PhPH2 ¥ BH3 : To further explore the reactivity of complexes 1
and 2, the reaction with the adducts Ph2PH ¥ BH3 and PhPH2 ¥
BH3 was investigated in an attempt to induce P�B bond
formation. The expected product from such a reaction would
be a linear dimer of the type BH3-PPhR-BH2-PPhRH (R�H
or Ph). In the case of R�Ph, the linear dimer has been
synthesized independently by Rh-catalyzed dehydrocoupling
of Ph2PH ¥ BH3.[13, 14] Treatment of 1 with either one equiv-
alent of PhPH2 ¥ BH3 or one equivalent of Ph2PH ¥ BH3 did not
lead to a detectable reaction. Similarly, treatment of 2 with
one equivalent of Ph2PH ¥ BH3 failed to lead to the intended
coupling. However, the reaction of 2 with PhPH2 ¥ BH3


resulted in an exchange of the phosphidoborane ligands and
the formation of 1 and Ph2PH ¥ BH3 [Eq. (5)]. The reaction


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


Pt(1)�P(1) 2.331(3) P(2)-Pt(1)-P(3) 160.22(12)
Pt(1)�P(2) 2.253(3) P(1)-Pt(1)-P(2) 98.72(9)
Pt(1)�P(3) 2.256(2) P(1)-Pt(1)-P(3) 99.10(9)
P(1)�B(1) 1.925(11) Pt(1)-P(1)-C(1) 115.9(4)
P(1)�C(1) 1.757(9) Pt(1)-P(1)-C(7) 109.7(3)
P(1)�C(7) 1.818(8) Pt(1)-P(1)-B(1) 115.2(5)


C(1)-P(1)-B(1) 106.8(6)
C(7)-P(1)-B(1) 109.0(5)
C(1)-P(1)-C(7) 98.9(4)
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was followed by 31P NMR; 100% conversion occurred after
approximately 8 h. A similar reaction was attempted with 2
and tBuPH2 ¥ BH3; however, no exchange of the phosphine ±
borane ligands was observed in this case. A similar type of
exchange reaction has been previously observed by Glueck
and co-workers for terminal PtII phosphido complexes. They
demonstrated that secondary phosphido complexes react with
primary phosphines to yield primary phosphido complexes
and secondary phosphines.[34] The driving force for the
exchange was related to both the relative Pt�P bond strengths
and also steric effects, because bonds to smaller phosphido
ligands are more thermodynamically favored. In this case,
complex 1 is thermodynamically favored because a primary
phosphidoborane ligand is less sterically demanding than
the corresponding secondary phosphidoborane ligand.[35]


Evidence in support of this assertion is apparent in the
crystal structures of 1 and 2, in which the P-Pt-P angle is
decreased by 8� owing to the sterically bulky secondary
complex to result in more distortion of the ideal square-planar
geometry.


Formation of cis-[PtH(PPh2 ¥ BH3)(depe)] (3) from trans-
[PtH(PPh2 ¥ BH3)(PEt3)2] (2): Because the reactions of pri-
mary and secondary phosphine ± borane adducts with the
trans complexes 1 and 2 did not lead to the desired P�B bond
formation by coupling chemis-
try, attempts were made to
synthesize analogues of 1 and
2 with a cis geometry. It was
hoped that P ± B coupling by
means of reductive elimination
might occur more readily from
a cis geometry than from a trans
arrangement. Therefore, che-
lating phosphines were used in
an attempt to create a structure
in which the hydride ligand and
the phosphidoborane ligand are
arranged cis to one another. For
example, 1:1 stoichiometric re-
actions of 2 and bis(diphenyl-
phosphino)methane (dppm) re-
sulted in no detectable reaction,
whereas reaction with 1,2-bis-
(diphenylphosphino)ethane
(dppe) yielded [Pt(dppe)2] and


the reductive elimination product Ph2PH ¥ BH3, as well as
unreacted 2. When a 1:2 stoichiometry of 2 :dppe was used, full
conversion to [Pt(dppe)2] and Ph2PH ¥ BH3 was observed by
31P NMR. However, when a 1:1 mixture of 2 and 1,2-
bis(diethylphosphino)ethane (depe) was allowed to react at
room temperature, displacement of two PEt3 ligands and
binding of the depe ligand to the Pt center was detected by 31P
NMR spectroscopy. Subsequent workup of the reaction
mixture yielded cis-[PtH(PPh2 ¥ BH3)(depe)] (3) as a white
powder in 68% yield [Eq. (6)]. Characterization by multi-
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nuclear NMR spectroscopy was utilized to establish the
structure of 3 and, in addition, an X-ray analysis confirmed
the cis geometry. For example, the 31P{1H} NMR spectrum
showed three sets of signals: 1) a doublet of doublets at ��
63.7, 2) a doublet of doublets at �� 57.9, and 3) a broad
doublet of quartets at ���2.3, all of which had associated
195Pt satellites (Figure 4). This indicated the presence of three
different phosphorus environments, which implies that the
phosphorus nuclei of the depe ligand are nonequivalent and
might be located in a cis/trans arrangement with respect to the
phosphidoborane ligand. The resonance signal at ��
63.7 ppm was assigned to one PEt2 group of the depe ligand
which couples to two other phosphorus nuclei, one arranged
cis (2J(P,Pcis)� 4.5 Hz) and the other arranged trans
(2J(P,Ptrans)� 276 Hz), and also showed 195Pt satellites
(1J(P,Pt)� 2175 Hz). The resonance signal at �� 57.9 ppm
was assigned to the other PEt2 group of the depe ligand with
coupling to two other phosphorus nuclei in a cis arrangement
as indicated by the smaller coupling constants observed


Figure 4. 31P{1H} NMR spectrum of cis-[PtH(PPh2 ¥ BH3)(depe)] (3). For P(a): 2J(P,Pcis)� 4.5 Hz, 2J(P,Ptrans)�
276 Hz, 1J(Pt,P)� 2175 Hz; P(b): 2J(P,Pcis)� 4.5 Hz, 2J(P,Pcis)� 5.1 Hz, 1J(Pt,P)� 1823 Hz; P(c): 2J(P,Ptrans)�
276 Hz, 1J(P,B)� 63 Hz, 1J(Pt,P)� 2094 Hz.
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(2J(P,Pcis)� 4.5 Hz and 5.1 Hz), as well as 195Pt satellites
(1J(P,Pt)� 1823 Hz). The broad doublet of quartets at ��
�2.3 ppm is assigned to the phosphidoborane ligand, for
which coupling to a trans phosphorus (2J(P,Ptrans)� 276 Hz)
gives rise to a doublet, while coupling to the boron yields a
broad quartet (1J(P,B)� 63 Hz) in addition to 195Pt satellites
(1J(P,Pt)� 2094 Hz). Unfortunately, coupling to the other cis
phosphorus (PEt2) was not observed, presumably as a
consequence of the broadness of the signal that is caused by
coupling with the quadrupolar boron nucleus. The 11B NMR
spectrum showed a broad signal at ���32.1 ppm, which is in
the same region as the signals observed for 1 and 2. Again, the
key feature of the 1H NMR spectrum was the low-frequency
hydride resonance at ���1.74 ppm that appeared as a
doublet of doublets of doublets and arose from coupling to
three different phosphorus nuclei. Smaller couplings were
observed for the two cis phosphorus nuclei (2J(H,Pcis)� 6.3 Hz
and 13.7 Hz), a larger coupling to the single trans phosphorus
nucleus (2J(H,Ptrans)� 174 Hz), and to 195Pt (1J(H,Pt)�
988 Hz). All of this NMR evidence suggests the presence of
one trans substituent (PEt2) and two cis substituents (PEt2 and
PPh2 ¥ BH3) with respect to the hydride ligand.


X-ray crystallographic analysis of 3 : To confirm the structure
of 3, a single-crystal X-ray analysis was performed. The
molecular structure of 3 is shown in Figure 5, bond lengths
and angles are given in Table 3. In contrast to structures 1 and
2, the hydride ligand was located during the course of this
study, and was included in the refinement. In a similar manner
to 1 and 2, the geometry around Pt in 3 is distorted square-
planar, with large angles between the trans substituents of
175.0(13)� (P(3)-Pt(1)-H(Pt(1))) and 170.07(4)� (P(1)-Pt(1)-
P(2)). The angles between the cis substituents are all close to
90�, with the bite angle of the depe ligand being 86.00(4)�. The
Pt(1)�H(Pt(1)) bond length was found to be 1.59(4) ä. This is
much longer than the bond length of 1.29(16) ä found in the
structure of cis-[PtH{P(O)Ph2}{PPh2(OH)}(PEt3)], which has
a similar arrangement of three phosphorus and one hydrogen
atom located around the metal center.[21] The Pt�P bond
length of the phosphidoborane ligand was determined to be
2.3170(11) ä, which is slightly shorter than the bond length of
2.331(3) ä found in the structure of 2. The Pt(1)�P(2) and
Pt(1)�P(3) bond lengths of the chelating phosphine were
found to be 2.2589(11) ä and
2.2969(11) ä, respectively. The
longer Pt(1)�P(3) bond length
may arise as a consequence of
the hydride ligand having a
greater trans influence than
the phosphidoborane ligand.
A similar trend in Pt�P bond
lengths was observed in
the crystal structure of cis-
[PtH{P(O)Ph2}{PPh2(OH)}-
(PEt3)].[21] The P(1)�B(1) bond
length of 1.956(5) ä is longer
than that in structure 2


Figure 5. Molecular structure of cis-[PtH(PPh2 ¥ BH3)(depe)] (3). All
hydrogen atoms bonded to carbon are omitted for clarity. Selected bond
lengths and angles are presented in Table 3.


(1.925(11) ä), which also has a secondary phosphidoborane
ligand bearing two phenyl substituents.


Phosphine ± borane ligand-exchange reaction between 3 and
PhPH2 ¥ BH3: The reactivity of 3 with primary and secondary
phosphine ± borane adducts was explored with the hope of
forming a new P�B bond by means of reductive elimination.
When 3 was treated with one equivalent of Ph2PH ¥ BH3, no
reaction was detected in solution by 31P NMR. However,
when 3 was treated with one equivalent of PhPH2 ¥ BH3, an
exchange of the phosphine-borane ligands was observed after
3 h with the formation of the complex cis-[PtH(PPhH ¥
BH3)(depe)] (4) and Ph2PH ¥ BH3 [Eq. (7)]. The 31P NMR
spectrum showed the formation of three new resonances


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


Pt(1)�P(1) 2.3170(11) P(3)-Pt(1)-H(Pt1) 175.0(13)
Pt(1)�P(2) 2.2589(11) P(2)-Pt(1)-P(3) 86.00(4)
Pt(1)�P(3) 2.2969(11) P(1)-Pt(1)-P(2) 170.07(4)
Pt(1)�H(Pt(1)) 1.59(4) P(1)-Pt(1)-P(3) 102.58(4)
P(1)�C(1) 1.830(4) Pt(1)-P(1)-C(7) 111.15(15)
P(1)�C(7) 1.835(4) Pt(1)-P(1)-B(1) 111.27(17)
P(1)�B(1) 1.956(5) Pt(1)-P(1)-C(1) 116.91(14)
C(13)�C(14) 1.524(6)
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assigned to 4 : 1) a broad doublet at ���51.1 ppm (2J(P,P)�
272 Hz) with 195Pt satellites (1J(P,Pt)� 1856 Hz) assigned to
the PhPH ¥ BH3 moiety, 2) a doublet of doublets at ��
56.7 ppm (2J(P,P)� 5.1 Hz and 15.5 Hz) with 195Pt satellites
(1J(P,Pt)� 1762 Hz) assigned to the depe PEt2 group that is cis
to the PPhH ¥ BH3 moiety, and 3) a doublet of doublets at ��
62.4 ppm (2J(P,P)� 5.1 Hz and 272 Hz) with 195Pt satellites
(1J(P,Pt)� 2238 Hz) assigned to the other depe PEt2 group
that is arranged trans to the PPhH ¥ BH3 moiety. The 11B NMR
spectrum of the reaction mixture showed a new resonance at
���34.4 ppm, which is similar to those seen for complexes
1 ± 3. The 1H NMR spectrum showed two distinct resonance
signals associated with 4 : 1) a broad doublet at �� 5.06
(1J(H,P)� 310 Hz) assigned to the PH proton, and 2) a
doublet of multiplets at ���1.88 ppm (2J(H,P)� 171 Hz)
with 195Pt satellites (1J(H,Pt)� 980 Hz) assigned to the
hydride ligand. The coupling pattern of the latter signal
would be expected to be similar to that seen in 3, which occurs
as a doublet of doublet of doublets, arising from a coupling to
two cis and one trans phosphorus nuclei. However, the two cis
couplings are not well-resolved in 4 and result in a doublet of
multiplets instead.


Complex 4 was observed to undergo further reaction with
PhPH2 ¥ BH3 in solution and two new products, 5 and 6, were
detected after 8 h. After 28 h of reaction time, the solution
contained a mixture of complexes 4 (40%), 5 (30%), 6 (30%),
and Ph2PH ¥ BH3 with no further conversion at longer reaction
times. However, reaction of two equivalents of PhPH2 ¥ BH3


with 3 resulted in the quantitative formation of 5 and 6 in a 1:1
ratio after 22 h. An isolated sample of 5 was obtained by
recrystallization and was fully characterized by NMR spec-
troscopy and also single-crystal X-ray diffraction (see below).
The resulting data identified 5 as the (R,S) isomer of cis-
[Pt(PPhH ¥ BH3)2(depe)]. As each phosphorus present in the
phosphidoborane ligands has four unique substituents (Pt, Ph,
B, and H), there are two chiral centers and either meso or rac
forms are expected. The 31P NMR spectrum of 5 showed two
resonance signals associated with the meso form: 1) a broad
doublet at ���40.3 ppm (2J(P,P)� 241 Hz) with 195Pt satel-
lites (1J(P,Pt)� 1717 Hz) assigned to the PhPH ¥ BH3 moiety,
and 2) a multiplet at �� 58.5 ppm with 195Pt satellites
(1J(P,Pt)� 2099 Hz) assigned to the depe ligand. The ob-
served pattern of the multiplet (Figure 6a) occurs as a result
of a non-first order AA�XX� spin system that is due to
the chiral phosphorus centers of the phosphidoborane
moieties. A computer simulation (Figure 6b) was obtained
by fixing the trans coupling constant at 2J(A,X�)� 2J(A�,X)�
230 Hz (as measured from the spectrum) and varying
the cis coupling constants, which refined at 2J(A,X)�
2J(A�,X�)��20 Hz, 2J(X,X�)� 8 Hz and 2J(A,A�)� 0 Hz. It
has been observed that, for spin-simulated 31P NMR spectra
of complexes containing four co-planar phosphorus
nuclei, the cis and trans 2J(P,P) coupling constants are
required to have opposite signs.[36c] The complex cis-
[Pt(�-PPhH)2(Mo(CO)4)(dppe)][36] also has an AA�XX� spin
system that contains two chiral phosphido groups and which
possesses a similar 31P NMR coupling pattern as those
observed for 5 and 6. The 11B NMR spectrum shows a broad
signal at ���37.6 ppm, while the 1H NMR spectrum shows a


Figure 6. a) Selected region (depe) of the 31P{1H} NMR spectrum of (R,S)-
cis-[Pt(PPhH ¥ BH3)2(depe)] (5) along with b) computer simulation of the
AA�XX� spin system with 2J(A,X�)� 2J(A�,X)� 230 Hz, 2J(A,X)�
2J(A�,X�)��20 Hz, 2J(X,X�)� 8 Hz and 2J(A,A�)� 0 Hz. The associated
195Pt satellites are omitted for clarity. Unidentified impurities in the
spectrum are denoted by *.


broad doublet at �� 4.53 ppm (1J(H,P)� 328 Hz) assigned to
the PH proton.


Identification of 5 as the meso form of cis-[Pt(PPhH ¥
BH3)2(depe)] allowed 6 to be assigned as a racemic mixture
of the (R,R) and (S,S) enantiomers. The only spectroscopic
difference between rac-6 andmeso-5 is observed in the 31P{1H}
NMR spectrum: the broad doublet assigned to the phosphi-
doborane moieties was found to be shifted to ���27.5 ppm
(���40.3 for 5) while the multiplet assigned to the depe
ligand occurred at �� 57.6 ppm (�� 58.5 for 5).


Complexes 5 and 6 can also be formed from the reaction of
[(depe)PtCl2] and Li[PPhH ¥ BH3] in CH2Cl2. This route
requires less steps than the aforementioned sequence of
reactions and the only byproduct is LiCl, which is easily
removed by filtration. A second possible route to 4 from the
reaction of the primary complex 1 with depe was also
investigated; however, the only identified products from the
reaction were equal mixtures of complexes 5 and 6. The
presence of 4 in solution could not be detected by 31P NMR,
even as a minor byproduct.
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X-ray crystallographic analysis of 5: The molecular structure
of 5 is shown in Figure 7, bond lengths and angles are given in
Table 4. Disorder in the ethane bridge of the depe ligand was


Figure 7. Molecular structure of (R,S)-cis-[Pt(PPhH ¥ BH3)2(depe)] (5). All
hydrogen atoms bonded to carbon are omitted for clarity. Selected bond
lengths and angles are presented in Table 4.)


observed, with the occupancies of C(1)/C(1*) and C(2)/C(2*)
found to be 0.50/0.50. The hydrogen atoms attached to the
boron and phosphorus atoms of the phosphidoborane moi-
eties were not located and were therefore included in
calculated positions. As in the structures of 1 ± 3, the geometry
around Pt is distorted square-planar with large angles of
175.43(12)� and 174.06(13)� between the trans substituents.
The bite angle of the depe ligand (86.04(13)�) was found to be
nearly identical to the value found for 3 (86.00(4)�). The Pt�P
bond lengths of the phosphidoborane moiety were found to be
consistent with those found for 1, and have values of
2.335(3) ä for Pt(1)�P(3) and 2.354(3) ä for Pt(1)�P(4). In
the absence of a large trans effect from a hydride ligand, the
Pt�P bonds of the depe ligand were found to have equal
lengths of 2.293(3) ä. The P�B bond lengths of the phosphi-
doborane moieties were found to have values of 1.933(17) ä
for P(3)�B(1) and 1.958(17) ä for P(4)�B(2), and are
consistent with the P�B bond lengths found in 1
(1.953(7) ä). The absolute configurations at the chiral phos-
phorus atoms were determined to be (R) for P(3) and (S) for
P(4). Complex 5 represents the first structurally characterized
example of a transition metal complex containing two primary
phosphidoborane ligands.


Mechanism of the formation of 5 and 6: The formation of 5
and 6 from the intermediate complex 4 may result from a


dehydrocoupling reaction between the platinum hydride and
a second equivalent of PhPH2 ¥ BH3. The reaction may
initially involve oxidative addition of the P�H bond of the
adduct to give a PtIV species, followed by reductive elimi-
nation of dihydrogen to generate the disubstituted complexes
5 and 6. However, evidence for a PtIV intermediate was not
detected when the reaction was monitored by NMR spectro-
scopy. This suggests that the process is very fast, although a �-
bond metathesis mechanism involving a four-centered tran-
sition state should also be considered. To the best of our
knowledge, there are no other reactions of this type which
involve mononuclear platinum hydride complexes and either
primary or secondary phosphines or phosphine ± borane
adducts. An analogous reaction in which a dinuclear platinum
hydride complex reacts to form H2 was demonstrated by
Puddephatt et al. The complex [Pt2(�-H)Me6(bu2bpy)2]OTf
(bu2bpy� 4,4�-di-tert-butyl-2,2�-bipyridine, OTf� SO3CF3)
was shown to react with acids, such as HCl, CF3COOH, and
HSPh, to formally generate H2 (not observed) and the
substituted complexes.[37, 38]


Conclusion


Oxidative addition of the P�H bonds of primary and
secondary phosphine ± borane adducts at Pt0 centers has been
found to yield the trans complexes 1 and 2. Subsequent P�B
bond coupling could not be induced by further treatment with
PhPRH ¥ BH3; however, an unusual phosphidoborane ligand-
exchange reaction between 2 and PhPH2 ¥ BH3 to yield 1 and
Ph2PH ¥ BH3 was observed. This exchange process was
dependent upon steric factors. The primary phosphidoborane
PtII complex 1 is thermodynamically favored over the more
sterically hindered secondary complex 2. Addition of a
chelating phosphine (depe) to 2 resulted in the displacement
of the PEt3 ligands to yield complex 3, in which the hydrido
and phosphidoborane ligands are arranged cis to one another.
The only route to the analogous complex 4 found in this work
involves the phosphidoborane ligand-exchange reaction be-
tween 3 and PhPH2 ¥ BH3. Complex 4 undergoes further
reaction with PhPH2 ¥ BH3 to give 5 and 6, which are the meso
and rac forms of the corresponding disubstituted phosphido-
borane complex. Complex 5 represents the first structurally
characterized example of a transition metal complex contain-
ing two primary phosphidoborane ligands. The reaction of 4
with PhPH2 ¥ BH3 can be formally considered a novel dehy-
drocoupling reaction with the formation of H2 and a new Pt�P
bond.


The lack of any detectable P�B bond-formation chemistry
during the reaction of 1 ± 4 with phosphine ± borane adducts
suggests that other mechanisms for the catalytic dehydrocou-
pling chemistry, which do not involve the initial formation of
M�P bonds, may need to be considered. We are now also
exploring the reactivity of phosphine ± borane adducts with
other late transition metal centers and are addressing the
possibility that metal-boryl[23] species may be productively
involved in the catalytic cycle.


Table 4. Selected bond lengths [ä] and angles [�] for 5.


Pt(1)�P(1) 2.293(3) P(1)-Pt(1)-P(2) 86.04(13)
Pt(1)�P(2) 2.293(3) P(1)-Pt(1)-P(3) 91.27(12)
Pt(1)�P(3) 2.335(3) P(1)-Pt(1)-P(4) 174.06(13)
Pt(1)�P(4) 2.354(3) P(2)-Pt(1)-P(3) 175.43(12)
P(3)�B(1) 1.933(17) P(2)-Pt(1)-P(4) 94.00(12)
P(4)�B(2) 1.958(17) P(3)-Pt(1)-P(4) 89.05(12)
P(3)�C(11) 1.832(14)
P(4)�C(17) 1.819(14)
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Experimental Section


General procedures and materials : All reactions and product manipula-
tions were performed under an atmosphere of dry nitrogen by means of
standard Schlenk techniques or in a glovebox under an inert atmosphere.
All solvents were dried over appropriate drying agents, such as Na/
benzophenone (toluene, hexanes, THF) or CaH2 (CH2Cl2), and distilled
prior to use. BH3 ¥ SMe2, BH3 ¥ THF (1� in THF), dppe, dppm, BuLi (1.6�
in hexanes) (Aldrich), PhPH2, Ph2PH, Et3P, depe (Strem Chemicals), as
well as PtCl2 and K2PtCl4 (Pressure Chemical Co.) were purchased and
used as received. Ph2PH ¥ BH3 was prepared by means of a procedure
analogous to that used for PhPH2 ¥ BH3.[39] [Pt(depe)Cl2][40] and
[Pt(PEt3)4][41] were prepared according to literature procedures. [Pt(PEt3)3]
was obtained by heating [Pt(PEt3)4] at 60 �C in vacuo for 16 h.


Equipment : NMR spectra were recorded on either a Varian Gemini
300 MHz or a Varian Unity 400 MHz (13C) spectrometer. Chemical shifts
are reported relative to residual protonated solvent resonances (1H, 13C) or
external standards: BF3 ¥ Et2O (11B), H3PO4 (31P), or K2PtCl6 (195Pt). All
spectra were obtained at room temperature (25 �C) unless otherwise
specified. Mass spectra were obtained with a VG 70 ± 250S mass spec-
trometer operating in the electron impact (EI) mode. Melting point
determinations were performed in sealed capillaries and are uncorrected.
Infrared spectra were recorded on a Nicolet Magna550 FT-IR instrument
as Nujol mulls between KBr plates. Elemental analyses were performed by
Quantitative Technologies Inc., Whitehouse, NJ (USA).


X-ray structural characterization : Crystallographic data and the summary
of data collection and refinement for structures 1, 2, 3, and 5 are presented
in Table 5. Diffraction data were collected on a Nonius Kappa-CCD with
graphite-monochromated MoK� radiation (�� 0.71073 ä). The data were
integrated and scaled with the Denzo-SMN package.[42] The structures were
solved and refined with the SHELXTL-PCV5.1 software package.[43]


Refinement was by full-matrix least-squares on F 2 of all data (negative
intensities included). All molecular structures are presented with thermal
ellipsoids at a 30% probability level. In all structures, hydrogens bonded to
carbon atoms were included in calculated positions and treated as riding


atoms. For structures 1 and 3, the hydrogen atoms attached to boron and
phosphorus or platinum (3) were located and refined with isotropic thermal
parameters. For structures 2 and 5, the hydrogen atoms attached to boron
and phosphorus were located and were included in calculated positions and
treated as riding atoms.


CCDC-1821620 (1), CCDC-189321 (2), CCDC-189322 (3), and CCDC-
189323 (5) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336033; or
deposit@ccdc.cam.uk).


Synthesis of trans-[PtH(PPhH ¥BH3)(PEt3)2] (1): [Pt(PEt3)3] (453 mg,
0.82 mmol) in toluene (15 mL) was added dropwise to a solution of
PhPH2 ¥ BH3 (134 mg, 1.08 mmol) in toluene (10 mL), and the mixture was
heated to 60 �C for 21 h. The solvent was removed under vacuum, and the
oily orange residue extracted with hot hexanes (30 mL) and filtered. The
solvent was removed under vacuum to give a yellow powder. X-ray quality
crystals of 1 were obtained overnight from a hexanes solution at �20 �C.
Yield 106 mg (23%); m.p. 67 ± 68 �C; 1H NMR (300 MHz, CDCl3): ��
7.76 ± 7.70 (m; Ph), 7.26 ± 7.19 (m; Ph), 4.39 (d, 1J(H,P)� 299 Hz; PH), 1.80
(m; CH2), 1.03 (m; CH3), �5.74 ppm (dt, 2J(H,Ptrans)� 125 Hz, 2J(H,Pcis)�
15 Hz, 1J(H,Pt)� 872 Hz; PtH); 11B{1H} NMR (96 MHz, CDCl3): ��
�33.2 ppm (br); 13C{1H} NMR (75 MHz, CDCl3): �� 137.6 (d, 1J(C,P)�
30 Hz; ipso-Ar), 134.6 (d, J(C,P)� 8 Hz; Ar), 128.1 (Ar), 127.6 (d, J(C,P)�
8 Hz; Ar), 19.2 (m; CH2), 8.9 ppm (m; CH3); 31P NMR (121 MHz, CDCl3):
�� 17.9 (d, 2J(P,P)� 19 Hz, 1J(P,Pt)� 2572 Hz; PEt3), �48.7 ppm (brdq,
1J(P,H)� 299 Hz, 1J(P,B)� 55 Hz, 1J(P,Pt)� 1440 Hz; PHPh); 195Pt NMR
(64 MHz, CDCl3): ���3541 ppm (tdd, 1J(Pt,P)� 2573 Hz, 1J(Pt,P)�
1462 Hz, 1J(Pt,H)� 820 Hz); IR (Nujol): �� � 2350 (BH), 2022 (PtH) cm�1;
EI-MS (70 eV): m/z (%): 541 (1) [M�BH3]� , 118 (100) [PEt3]; elemental
analysis calcd (%) for C18H40BP3Pt: C 38.93, H 7.26; found: C 38.95, H 7.17.


Synthesis of trans-[PtH(PPh2 ¥ BH3)(PEt3)2] (2): [Pt(PEt3)3] (243 mg,
0.44 mmol) in toluene (10 mL) was added dropwise to a solution of
Ph2PH ¥ BH3 (88 mg, 0.44 mmol) in toluene (15 mL), and the mixture was
heated to 60 �C for 8 h. The solvent was removed under vacuum, and the
oily orange residue was extracted with hot hexanes (15 mL) and filtered.


Table 5. Crystallographic data and summary of data collection and refinement for structures 1 ± 3 and 5.


1 2 3 5


empirical formula C18H40BP3Pt C24H44BP3Pt C22H38BP3Pt C22H42B2P4Pt
fw 555.31 631.40 601.33 647.15
T [K] 150(1) 293(2) 150(1) 150(1)
� [ä] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic orthorhombic monoclinic orthorhombic
space group C2/c Pna21 P21/c P212121


crystal size [mm] 0.15� 0.15� 0.10 0.25� 0.23� 0.20 0.25� 0.23� 0.20 0.30� 0.13� 0.05
a [ä] 27.1904(13) 18.8758(5) 10.2932(3) 9.2179(5)
b [ä] 9.8355(7) 9.1055(2) 15.3514(4) 17.3840(9)
c [ä] 19.0955(11) 15.9449(4) 16.5890(4) 17.5273(9)
� [�] 90 90 90 90
	 [�] 110.777(3) 90 99.749(1) 90

 [�] 90 90 90 90
V [ä3] 4774.6(5) 2740.51(12) 2583.46(12) 2808.6(3)
Z 8 4 4 4
DC [gcm�3] 1.545 1.530 1.546 1.530
� [mm�1] 6.077 5.304 5.622 5.231
F(000) 2206 1264 1192 1288
� range [�] 2.62 ± 27.51 4.14 ± 26.68 2.55 ± 25.02 3.42 ± 25.01
index ranges 0� h� 35 � 24�h� 23 0� h� 12 � 9�h� 10


0� k� 12 � 11�k� 11 0� k� 18 � 20�k� 20
� 24� l� 23 � 20� l� 20 � 19� l� 19 � 20� l� 20


reflections collected 51791 22765 15075 11095
indexed reflections 5176 5521 4551 4868
Rint 0.063 0.065 0.047 0.0725
GoF on F 2 1.042 1.063 1.060 1.125
R1


[a] [(I� 2�(I)] 0.0387 0.0393 0.0268 0.0554
wR2[b] (all data) 0.0969 0.1055 0.0603 0.1445
peak/hole [eä3] 1.728/� 2.476 1.681/� 1.999 1.335/� 0.937 2.602/� 1.788


[a] R1�� � �F0 �� �FC � �/� �F0 �. [b] wR2� {�[w(F0
2 �FC


2)2]/�[w(F0
2)2]}1/2
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X-ray quality orange crystals of 2 formed overnight at room temperature.
Yield 175 mg (63%); m.p. 113.5 ± 114 �C; 1H NMR (300 MHz, C6D6): ��
8.26 ± 8.14 (m; Ph), 7.26 ± 7.00 (m; Ph), 3.0 ± 1.9 (brq; BH3), 1.48 (m; CH2),
0.93 (m; CH3), �6.75 ppm (dt, 2J(H,Ptrans)� 124 Hz, 2J(H,Pcis)� 17 Hz,
1J(H,Pt)� 805 Hz, PtH); 11B{1H} NMR (96 MHz, C6D6): ���31.4 ppm
(br); 13C{1H} NMR (75 MHz, C6D6): �� 144.8 (d, 1J(C,P)� 27 Hz; ipso-
Ar), 135.1 (m; Ar), 19.9 (m; CH2), 9.3 ppm (m; CH3); 31P{1H} NMR
(121 MHz, C6D6): �� 16.7 (d, 2J(P,P)� 17 Hz, 1J(P,Pt)� 2648 Hz; PEt3),
�3.7 ppm (br, 1J(P,Pt)� 1575 Hz; PPh2); 195Pt NMR (64 MHz, C6D6): ��
�3450 ppm (tdd, 1J(Pt,P)� 2660 Hz, 1J(Pt,P)� 1643 Hz, 1J(Pt,H)�
789 Hz); IR (Nujol): �� � 2341 (BH), 2009 (PtH) cm�1; EI-MS (70 eV):
m/z (%): 617 (21) [M�BH3]� , 62 (100) [H2PEt]; elemental analysis calcd
(%) for C24H44BP3Pt: C 45.65, H 7.02; found: C 45.86, H 6.98.


Exchange reaction between 2 and PhPH2 ¥ BH3 : A solution of PhPH2 ¥ BH3


(6 mg, 0.04 mmol) in C6D6 was added to a solution of 2 (29 mg, 0.04 mmol)
in C6D6 in a 5-mm NMR tube. The reaction was monitored periodically by
31P{1H} NMR spectroscopy. Full conversion to 1 and Ph2PH ¥ BH3 was
achieved after 8 h at room temperature.


Reaction of 2 and dppm : dppm (35 mg, 0.09 mmol) was added to a solution
of 2 (58 mg, 0.09 mmol) in C6D6 in a 5-mm NMR tube. After 2 h at room
temperature, the 31P{1H} NMR spectrum indicated that no reaction had
occurred. A second equivalent of dppm was added (34 mg, 0.09 mmol) and
the 31P{1H} NMR spectrum again showed no reaction.


Reaction of 2 and dppe : dppe (22 mg, 0.06 mmol) in C6D6 was added to a
solution of 2 (35 mg, 0.05 mmol) in C6D6 in a 5-mm NMR tube. After
15 min at room temperature, the 31P{1H} NMR spectrum showed the
presence of [Pt(dppe)2] (�� 31.6 ppm, 1J(Pt,P)� 3729 Hz; literature value
�� 30.2 ppm, 1J(Pt,P)� 3728 Hz),[44] PEt3 (���18.6 ppm) and Ph2PH ¥
BH3 (�� 2.9) as well as unreacted 2. Another equivalent of dppe was
added (23 mg, 0.05 mmol) and the 31P{1H} NMR spectrum showed full
conversion to [Pt(dppe)2], PEt3, and Ph2PH ¥ BH3.


Synthesis of cis-[PtH(PPh2 ¥ BH3)(depe)] (3): depe (33 mg, 0.16 mmol) in
THF (2 mL) was added to a solution of 2 (97 mg, 0.15 mmol) in THF
(5 mL) at room temperature, and the mixture was stirred for 1 h. All
volatiles were removed under vacuum, and the resulting solid was dissolved
in toluene (5 mL) to give a yellow solution and a white powder 3. The
solution was carefully decanted and the powder was washed with toluene
(2� 5 mL) and dried in vacuo overnight. X-ray quality crystals of 3 were
obtained from slow evaporation of a THF solution at room temperature.
Yield 63 mg (68%); m.p. 179 ± 181 �C; 1H NMR (300 MHz, [D8]THF): ��
7.80 ± 7.34 (m; Ph), 7.16 ± 7.08 (m; Ph), 2.0 ± 0.8 (br; BH3), 1.99 ± 1.67 (m;
depe and Et CH2), 1.20 ± 0.83 (m; CH3), �1.74 (ddd, 2J(H,Ptrans)� 174 Hz,
2J(H,Pcis)� 14 Hz, 2J(H,Pcis)� 6.3 Hz, 1J(H,Pt)� 988 Hz; PtH); 11B{1H}
NMR (96 MHz, [D8]THF): ���32.1 ppm (br); 13C{1H} NMR (75 MHz,
[D8]THF): �� 145.0 (d, 1J(C,P)� 32 Hz; ipso-Ar), 135.3 (m; Ar), 128.0
(Ar), 127.7 (Ar), 27.1 ± 26.5 (m; depe CH2), 21.9 ± 19.6 (m; CH2), 10.3 ±
9.3 ppm (m; CH3); 31P{1H} NMR (121 MHz, [D8]THF): �� 63.7 (dd,
2J(P,Pcis)� 4.5 Hz, 2J(P,Ptrans)� 276 Hz, 1J(P,Pt)� 2175 Hz; PEt2), 57.9 (dd,
2J(P,Pcis)� 4.5 Hz, 2J(P,Pcis)� 5.1 Hz, 1J(P,Pt)� 1823 Hz; PEt2), �2.3 ppm
(brdq, 2J(P,Ptrans)� 276 Hz, 1J(P,B)� 63 Hz, 1J(P,Pt� 2094 Hz; PPh2); EI-
MS (70 eV): m/z (%): 587 (100) [M�BH3]� ; elemental analysis calcd (%)
for C22H38BP3Pt: C 43.94, H 6.37; found: C 43.87, H 6.25.


Exchange reaction between 3 and one equivalent of PhPH2 ¥ BH3; synthesis
of cis-[PtH(PPhH ¥BH3)(depe)] (4): A solution of PhPH2 ¥ BH3 (15 mg,
0.12 mmol) in CD2Cl2 was added to a solution of 3 (63 mg, 0.11 mmol) in
CD2Cl2 in a 5-mm NMR tube. The reaction was monitored periodically by
31P, 11B, and 1H NMR. After 3 h at room temperature, the presence of 4 and
Ph2PH ¥ BH3 was detected in the solution.


Ph2PH ¥BH3 : 1H NMR (300 MHz, CD2Cl2): �� 6.33 ppm (dq, 1J(P,H)�
381 Hz, 3J(H,H)� 6.9 Hz; PH); 11B{1H} NMR (96 MHz, CD2Cl2): ��
�40.4 ppm (d, 1J(B,P)� 44 Hz); 31P{1H} NMR (121 MHz, CD2Cl2): ��
1.87 ppm (q, br).


cis-[PtH(PPhH ¥BH3)(depe)] 4 : Selected 1H NMR (300 MHz, CD2Cl2):
�� 5.06 (brd, 1J(P,H)� 310 Hz; PH), �1.88 ppm (dm, 2J(H,Ptrans)�
171 Hz, 1J(H,Pt)� 980 Hz; PtH); 11B{1H} NMR (96 MHz, CD2Cl2): ��
�34.4 ppm (d, 1J(B,P)� 47 Hz); 31P{1H} NMR (121 MHz, CD2Cl2): ��
62.4 (dd, 2J(P,Pcis)� 5.1 Hz, 2J(P,Ptrans)� 272 Hz, 1J(P,Pt)� 2238 Hz; PEt2),
56.7 (dd, 2J(P,Pcis)� 5.1 Hz, 2J(P,Pcis)� 15.5 Hz, 1J(P,Pt)� 1762 Hz; PEt2),
�51.1 ppm (d, 2J(P,Ptrans)� 272 Hz, 1J(P,Pt)� 1856 Hz; PhPH).


After 8 h, the formation of two new products 5 and 6 was observed in the
NMR spectra, in addition to signals associated with complex 4 and
unreacted 3. The reaction was left to proceed for a further 20 h at room
temperature after which time the NMR spectra indicated full conversion of
3 to a mixture of 4 (40%), 5 (30%), and 6 (30%). All attempts to isolate
pure samples of 4 failed.


Exchange reaction between 3 and two equivalents of PhPH2 ¥ BH3;
synthesis of meso-cis-[Pt(PPhH ¥BH3)2(depe)] (5) and rac-cis-
[Pt(PPhH ¥BH3)2(depe)] (6): A solution of PhPH2 ¥ BH3 (16 mg,
0.13 mmol) in CH2Cl2 (2 mL) was added to a solution of 3 (39 mg,
0.06 mmol) in CH2Cl2 (2 mL) at room temperature. After 22 h, the solvent
was removed and the resulting oil was washed with toluene (5 mL) to
remove Ph2PH ¥ BH3. The residue was dissolved in CH2Cl2/hexanes (1:1)
and colorless, X-ray quality crystals of 5 were formed by slow evaporation
at room temperature.


meso-cis-[Pt(PPhH ¥BH3)2(depe)] 5 : Yield was not determined; m.p. 184 ±
185 �C; 1H NMR (300 MHz, CD2Cl2): �� 7.79 ± 7.75 (m; Ph), 7.33 ± 7.31 (m;
Ph), 4.53 (brd, 1J(H,P)� 328 Hz; J PH), 2.28 ± 2.20 (m; CH2), 1.80 (brm,
depe CH2), 1.61 ± 1.51 (m; CH2), 1.18 (m; CH3), 0.80 ppm (m; CH3); 11B{1H}
NMR (96 MHz, CD2Cl2): ���37.6 ppm (br); 13C{1H} NMR (100 MHz,
CD2Cl2): �� 133.2 (d, 1J(C,P)� 40 Hz, ipso-Ar), 135.5 (m; Ar), 129.6 (m;
Ar), 128.3 (m; Ar), 24.5 (m; depe CH2), 19.0 (m; CH2), 9.2 ppm (m; CH3);
31P{1H} NMR (121 MHz, CD2Cl2): �� 58.5 (m; 2J(A,X�)� 2J(A�,X)�
230 Hz, 2J(A,X)� 2J(A�,X�)��20 Hz, 2J(X,X�)� 8 Hz, 2J(A,A�)� 0 Hz,
1J(P,Pt)� 2099 Hz; PEt2), �40.3 (brd, 2J(P,P)� 241 Hz, 1J(P,Pt)� 1717 Hz;
PhPH); EI-MS (70 eV): m/z (%): 617 (4) [(depe)Pt(PPh)2], 541 (4)
[(depe)Pt(PPh)(PH)].


rac-cis-[Pt(PPhH ¥BH3)2(depe)] 6 : 31P{1H} NMR (121 MHz, CD2Cl2): ��
57.6 (m, 2J(A,X�)� 2J(A�,X)� 230 Hz, 2J(A,X)� 2J(A�,X�)��20 Hz,
2J(X,X�)� 8 Hz, 2J(A,A�)� 0 Hz, 1J(P,Pt)� 2119 Hz; PEt2), �27.5 ppm
(brd, 2J(P,P)� 251 Hz, 1J(P,Pt)� 1678 Hz; PhPH).


As 5 and 6 are stereoisomers, there was no difference found in the 1H and
11B NMR or EI-MS. Analysis for a mixture of 5 and 6 calcd (%) for
C22H40BP4Pt: C 40.83, H 6.54; found: C 40.89, H 6.61.


Reaction of [Pt(depe)Cl2] and Li[PPhH ¥BH3]: Li[PPhH ¥ BH3] was
prepared by reacting a solution of PhPH2 ¥ BH3 (20 mg, 0.16 mmol) in
THF (2 mL) with a solution of 1.6� BuLi in hexanes (0.10 mL, 0.16 mmol)
at 0 �C. The mixture was warmed to room temperature, and a solution of
[Pt(depe)Cl2] (38 mg, 0.08 mmol) in THF (2 mL) was added. The mixture
was stirred for 4 h, the volatiles were removed, and the residue was
dissolved in CH2Cl2 and filtered to remove LiCl. The solution was shown by
31P NMR to consist of an equal mixture of 5 and 6.


Reaction of 1 and depe : A solution of depe (29 mg, 0.14 mmol) in THF
(1 mL) was added to a solution of 1 (75 mg, 0.14 mmol) in THF (2 mL) at
room temperature. The mixture was stirred for 1 h and the volatiles were
removed in vacuo. The resulting oil showed a mixture of 5 and 6. Similar
results were obtained if C6D6 was used as a reaction solvent instead of THF.
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Studies on Mimicry of Naturally Occurring Annonaceous Acetogenins:
Non-THF Analogues Leading to Remarkable Selective Cytotoxicity against
Human Tumor Cells
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Hong-Yan Li,[b] Yan Li,[b] Xiao-Guang Chen,[b] and Yu-Lin Wu*[a]


Abstract: A class of structurally simpli-
fied analogues of the naturally occurring
annonaceous acetogenins were devel-
oped, amongst which some non-THF
analogues showed remarkable cytotox-
icities against tumor cell lines, as well as
good selectivity between human tumor
cells and normal cells. The synthetic
routes were significantly shortened be-
cause of the removal of the chiral
centers bearing the THF rings on the
natural templates. This simplification
also provides access to the parallel syn-
thesis of these mimics by a combinato-


rial strategy. The remaining stereogenic
centers at the positions � to the ethereal
links were introduced by the Chiron
approach from the easily accessible
chiral building blocks 6a and/or 6b,
made in turn from �-ascorbic acid or �-
mannitol, while the one in the buteno-
lide segment was taken from �-lactate.


All four diastereomeric non-THF ana-
logues 2a ± 2d showed remarkable ac-
tivity against the HCT-8 cell line, and
better differentiation was found when
testing against the HT-29 cell line. It was
also discovered that both the butenolide
and ethylene glycol subunits play essen-
tial roles in the cytotoxicities against
tumor cell lines, while the 10-substituted
hydroxy group and the absolute config-
uration of methyl group at the buteno-
lide moiety are less important for their
activity.


Keywords: annonaceous aceto-
genins ¥ asymmetric synthesis ¥
cytotoxicity ¥ natural products ¥
structure ± activity relationships


Introduction


Annonaceous acetogenins, a relatively newly discovered class
of natural products found in Annonaceae in the 1980s, have
been attracting worldwide attention because of their potent
biological activities, especially as growth inhibitors[1] of a wide
range of tumor cells. They have been shown[2] to function by
blocking complex I in mitochondria as well as ubiquinone-
linked NADH oxidase in the cells of specific tumor cell lines,
including some multidrug-resistant[3] ones. These features
make the acetogenins potential leads for new antitumor
agents. However, the natural resource is scarce, so the
substantial amounts of enantiomerically pure samples re-
quired for further biological and clinical studies appear to be
attainable only by means of chemical synthesis. All the total
syntheses[4] of annonaceous acetogenins that have so far


appeared in the literature require more than 10 steps, which
makes scaling-up very difficult. A further challenge in the
total synthesis comes from the multiple chiral centers: usually
there are at least five oxygen-linked carbon chiral centers in
the target molecules. Their derivation and the related studies
on structure ± activity relationships are therefore very diffi-
cult. Herein we wish to report a potential solution to the
problem, which relies on structural simplification while
retaining the activity of the acetogenins.


It has been postulated[5] that the acetogenins× antitumor
activities are associated with their ionophoric ability, although
it has also been mentioned in a brief communication that
acetogenins have no ionophoric effects in biological studies
with living cell.[6] In fact, Ca2� complexes of acetogenins have
been detected, and the activity of acetogenins was assumed to
be due to a role in the bioavailability of such cations in the cell
membranes.[7] Besides, it has long been known that bis-THF
annonaceous acetogenins containing more ethereal oxygen
usually are more active than mono-THF annonaceous aceto-
genins, and acetogenins containing free hydroxy groups are
more active than their ether, ester, or ketone counterparts.
Therefore, the hydroxy and ethereal oxygen atoms in the
acetogenins appear to be essential for the biological activities,
and thus the THF rings, especially their ethylene bridge, do
not seem to be necessary for the activities. As a preliminary
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experiment, we synthesized a highly simplified analogue, in
which the THF part of annonaceous acetogenins was replaced
by a diethylene or triethylene glycol unit and all the chiral
centers of the THF region were eliminated. Testing of these
analogues showed activities comparable to those of mono-
THF natural templates.[8] These interesting results greatly
encouraged us to design more new analogues based on this
general consideration. A further means of such a structural
simplification is to remove the ethylene bridge in these THF
rings and reserve the flanking hydroxy groups (Figure 1). This
eliminates only two chiral centers for each THF ring, but still
greatly simplifies the synthesis in comparison with those of the
natural molecules.


Figure 1. Design for simplifying bis-THF natural annonaceous acetogenins
into linear mimics.


As a natural template, the bis-THF annonaceous acetoge-
nin isodesacetyluvaricin (1a) and its isomers could be trans-
formed into the linear[9] mimics 2. Thus four chiral centers will
be removed from the lead molecule. Also, it will greatly
reduce the difficulty encountered in the synthetic endeavors
and promises easier scaling-up in future processes.[10]


Parallel syntheses of all four enantiomerically pure analogues
2 : To explore the potential influence of the configurations of
hydroxy groups on biological activities, the syntheses of all
four possible isomers of the simplified analogue 2 were
planned (Scheme 1). First of all, the three-carbon unit of the
chiral butenolide was removed from the skeleton, which could
be built up by our previously reported methodology from
ethyl lactate.[11] The protected dihydroxy esters 3a ±d could
be further disconnected at the O�C19 bond (numbering
according to bis-THF acetogenins) to give two segments 4
and 5, each containing one chiral center. The R isomers of
compounds 4a and 5a could be transformed to the commonly
available (S)-glyceraldehyde acetonide 6a. Correspondingly,
the S isomers of compounds 4b and 5b could be prepared
from (R)-glyceraldehyde acetonide 6b. Our synthetic proto-
col for all four targets 2a ± d was highly concise, starting from
a pair of enantiomeric glyceraldehyde acetonides through a
simple combination of the two pairs of enantiopure inter-


Scheme 1. The butenolide part of the targets is induced at the last stage of
synthesis and all four precursor methyl esters can be attained from the
combination of 4a,b and 5a,b, which are derived from the corresponding
protected glyceraldehydes 6a or 6b. MOM�methoxymethyl.


mediates 4 and 5, and finally finishing the building of the
chiral butenolides by a reliable sequence of aldol condensa-
tion, lactonization, and dehydration.


The execution of the synthesis has three parts. Generally,
the synthesis included the independent preparations of the
segments 4 and 5, and then combination of both segments to
the target molecules. The synthesis of segment 4b started
from the chiral building block (R)-glyceraldehyde acetonide
(6b) prepared from �-mannitol (Scheme 2). After the chain
extension[12] at the aldehyde 6b by a Wittig reaction followed
by hydrogenation, the acetonide 8b was converted into diol
9b and then condensed with 2-benzyloxyethyl iodide regio-


Scheme 2. Reagents and conditions: a) C8H17CH�PPh3, 90%; b) H2/
EtOH/Pd ± C, 96%; c) HCl/MeOH; d) 1) Bu2SnO/CHCl3/MeOH (10:1:1)/
reflux; 2) CsF/ICH2CH2OBn/DMF, 81% over two steps; e) MOMCl/
iPr2NH/CH2Cl2, 85%; f) Na/NH3 (liq), 97%; g) I2/imidazole/PPh3, 92%.
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selectively via a cyclic stannate intermediate.[13] The secon-
dary hydroxy group of 10b was masked as a methoxymethyl
(MOM) ether and the terminal benzyl protective group was
then removed by Na/NH3 (liquid). The resultant primary
hydroxy group of 12b was transformed into the desired iodide
4b. Following the same reaction sequence, the segment 4a
was synthesized from the (S)-glyceraldehyde acetonide 6a,
which could be prepared from �-ascorbic acid.


The preparation of the other segment, 5, started from cis-
eruic acid (13, Scheme 3). At first, the C�C double bond of 13
was cleaved by ozonization following a literature procedure[14]


to give the hydroxy acid, which was esterified to the


Scheme 3. Reagents and conditions: a) 1) O3/0 ± 5 �C/EtOH/cyclohexane
(1:5); 2) KBH4; 3) MeOH/SOCl2, 87% from 13 ; b) CBr4/PPh3/C6H6, 87%;
c) 1) PPh3; 2) tBuOK, then 6a or 6b ; 3) H2/EtOH/Pd ± C, 67% over three
steps; d) H�/MeOH, 91%.


corresponding methyl ester 14 in methanol in the presence of
SOCl2. Smooth bromination of the hydroxy with CBr4 and
PPh3 provided the bromo ester 15 as the intermediate to the
corresponding phosphonium salt for the following Wittig
reaction in the same pot. Practically, the in situ formation of
phosphonium salt from 15 could be achieved by reaction with
PPh3 without solvents at elevated temperature. The Wittig
olefination with 6a or 6b, hydrogenation of the C�C double
bond and removal of the acetonide protective group led to 5a
or 5b, respectively.


With both segments in hand, the parallel syntheses of these
stereomeric analogues were executed straightforwardly by
combination of these intermediates. By selective etherifica-
tion with dibutyltin oxide and cesium fluoride, both segments
were successfully condensed by a selective ether bond
formation at the primary position. For example compound
3c was obtained from the intermediates 4b and 5b in good
yields (Scheme 4). The newly produced secondary hydroxy
group was then protected as a MOM ether before the chiral
unit of the methylated �-butenolide was introduced by an
aldol strategy. After removal of the THP protective group
with concurrent lactone ring-closure, the �-hydroxy was
converted into its trifluoroacetate and then eliminated quickly
into the methylated �-butenolide in the presence of triethyl-
amine. Finally, the MOM-masked hydroxy groups were
released by acidified methanol to afford the target 2c. Other
target molecules were synthesized in a similar sequence by
choosing appropriate precursors 4 and 5. In short, coupling of


Scheme 4. Reagents and conditions: a) 1) Bu2SnO/CHCl3/MeOH (10:1)/
reflux; 2) CsF/DMF, 54% over two steps; b) MOMCl/iPr2NH/CH2Cl2,
93%; c) 1) LDA/(S)-Me(OTHP)CHCHO; 2) 9% H2SO4/THF; 3)
(F3CCO)2O/NEt3/CH2Cl2, 43%; d) HCl/MeOH, 68%.LDA� lithium dii-
sopropylamide.


4a and 5b led to 2b, reaction of 4b with 5a led to 2d, and
condensation of 4a with 5a yielded 2a.


It is worthy noting that the strategy presented here to
construct the butenolide moiety[15] after the completion of the
chain extension gave much better yields than the one
previously adopted,[16] in which the butenolide unit was
introduced at the earlier stage of synthesis.


Syntheses of (36R)-analogue and (10R)-hydroxy-substituted
analogue of 2c : The successful synthesis of simplified bis-THF
annonaceous acetogenins and their remarkable selective
inhibition effects on tumor cell lines (vide infra) prompted
us to exploit a further structure modification. In this section,
we describe how two more structural modifications based on
the most active analogue 2c were synthesized and inves-
tigated.


The bis-THF annonaceous acetogenin trilobin (19) was
isolated from Asimina triloba in 1995. It shows very potent
cytotoxicity against human tumor cells.[17] Following our
methodology, removal of the ethylene bridges of THF rings
gives a new, analogous (10R)-hydroxylated 2a. Because 2c is
the most potent compound among the series of compounds 2,
the stereochemistry of the analogue was then tuned into the
10R-hydroxylated 2c (20), whose structure is shown in Figure 2.


Reaction of compound 12b with (R)-epichlorohydrin gave
the epoxide 21 in the presence of phase transfer catalyst.
Epoxy opening with monotrimethylsilyl acetylene lithium
followed by TMS deprotection and MOM protection afforded
one segment, 22, of the target molecule. The other segment,
27, was synthesized from methyl undecylenate (23), according
to our previously reported hydrolytic kinetic resolution
method.[18] Treatment of 22 with butyllithium followed by
reaction with 27 in the presence of BF3 etherate at �78 �C
gave the whole skeleton 28 in 53% yield. The triple bond of 28
was selectively reduced by reaction with diimide. Deprotec-
tion of MOM ethers by boron trifluoride and dimethylsulfide
gave the final product 20 (Scheme 5).


The same sequence was applied to the synthesis of the
(36R)-isomer of compound 2c, starting from the same
intermediate 17c. (R)-Me(OTHP)CHCHO was used to yield
the R-methylated �-butenolide and thus finally the target
compound (15S,24S,36R)-2 (30) (Scheme 6).
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Scheme 5. Reagents and conditions: a) 50% NaOH, Bu4NHSO4 (cat),
92.7%; b) 1) (CH3)3SiCCLi, BF3 ¥ Et2O, �78 �C; 2) Bu4NF, THF; 3)
MOMCl, (iPr)2NEt, CH2Cl2, 0 �C ± RT, 66% for three steps; c) 1) LDA/
HMPA, THF, then (S)-Me(OTHP)CHCHO; 2) 9% H2SO4, THF, 81%;
d) m-CPBA, CH2Cl2, 92%; e) (CF3CO)2O, Et3N, CH2Cl2, 0 �C ± RT, 87%;
f) 0.5 mol% (R,R)-salen-CoIII-OAc, 0.5 equiv H2O, 36% for 27; g) nBuLi/
BF3 ¥ Et2O, THF, �78 �C; h) 1) TsNHNH2, NaOAc, DME/H2O, reflux; 2)
BF3 ¥ Et2O, DMS, 64%. HMPA� hexamethylphosphoramide, m-CPBA�
m-chloroperoxybenzoic acid.


Scheme 6. Reagents and conditions: a) 1) LDA; 2) 9% H2SO4/THF; 3)
(F3CCO)2O/NEt3/CH2Cl2, 60%; b) BF3 ¥ Et2O, DMS, 60%.


Biological activity : The synthesized
samples were evaluated with MTT
assays (MTT� 3-(4,5-cimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bro-
mide) for their cytotoxicities against
several human solid tumor cell lines.
The results for all the four compounds
2a ± c showed potent activities (Ta-
ble 1), as well as interesting cell line
selectivity. No activities were found in
the experiments against KB and A2780
cell lines. However, impressive positive
effects were observed with HCT-8, in


which the EC50 values are all on the order of nanomolar. More
interesting results were obtained from the testing with HT-29
cell line: different stereochemistry combinations of the
mimics showed remarkable differences in the activities. In
comparison with the positive control adriamycin, these
analogues were cytotoxic to HCT-8 and HT-29 cells, but
somewhat less so than those of adriamycin. However, they
show selectivity among different cell lines, and no comparable
selectivity was observed in the case of adriamycin.


Two series of compounds with partial structures of com-
pounds 2 were also investigated. One series of compounds is
similar to compounds 2 but for the �-methyl butenolide
subunits, such as compounds 31 (Figure 3). The other is the


Figure 3. Two series of compounds with partial structures of 2 show almost
no cytotoxicity.


�-alkyl or hydroxylated alkyl-substituted derivative of bute-
nolides (3-substituted (5S or 5R)-methyl-2(5H)-furanone).
For example, the chiral center of compounds 32may be S or R
(Figure 3). The corresponding EC50 values for both series
were measured and all were more than 10 �gmL�1. Based on
all the above information, it is clear that both the butenolide
and ethylene glycol subunits are essential structural features
for the cytotoxicity toward tumor cell lines.


The activity studies of (36R)-analogue 30 and (10R)-
hydroxy-substituted analogue 20 have similar selectivities
and cytotoxicities to their parent compound 2c (Table 2), and


Figure 2. The molecular design of 20 uses natural trilobin as the template, removing the ethylene bridge
of THF ring and inverting the configuration of the two flanking hydroxy groups.


Table 1. Biological activity of structures 2 compared with adriamycin.


Compound EC50 [�gmL�1]
KB A2780 HCT-8 HT-29


2a � 1 � 1 0.066 0.272
2b � 1 � 1 0.097 1.12
2c � 1 � 1 0.032 0.11
2d � 1 � 1 0.065 7.83
Adriamycin 0.00289 0.00102 0.00465 0.00098
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the EC50 values of (10R)-hydroxy-substituted analogue 20 are
slightly larger than those of 2c. Since similar EC50 values were
observed for 30 and 2c, the absolute configuration of the
methyl group at the butenolide subunit is not a key point.


Cytotoxicity on the human normal cell HELF has also been
studied. All of our synthetic samples gave negative results,
with an EC50 value over 10 �gmL�1. A preliminary antitumor
assay in mice (Lewis lung cancer) with compound 2c has been
carried out, too. A dose of 10 mgkg�1� 5 times �
20 mgkg�1� 4 times was administered orally and 60% inhib-
ition of tumor was observed compared with the control.
Furthermore, in vivo inhibition of colon cancer is being
studied right now.


Conclusion


In conclusion, a class of structurally simplified analogues of
natural annonaceous acetogenins has been developed. The
synthetic route has been significantly shortened by the
removal of the chiral centers of the THF rings in natural
templates, which opens the way for a parallel synthesis of
stereomeric mimics. The remaining stereogenic centers in
these analogues were derived from easily accessible chiral
building blocks. All four analogues 2 showed remarkable
activity against the HCT-8 cell line, while better differentia-
tion was found when testing them against the HT-29 cell line.


Further synthetic work for the study of the structure ± ac-
tivity relationship is also described in this report. All the
results disclose a very interesting piece of information, namely
that both the butenolide and ethylene glycol subunits play
essential roles in the cytotoxicities against tumor cell lines, in a
way that is not yet clear. Additionally, the hydroxy group
substituted at position 10 and the absolute configuration of
the methyl group at the butenolide moiety are less important
for their activity. Further studies along these general lines are
currently under way in our laboratory, and the results will be
reported in due time.


Experimental Section


Melting points are uncorrected. All NMR spectra were recorded at
300 MHz and 600 MHz (1H NMR) or 75 MHz and 150 MHz (13C NMR) in
CDCl3, respectively. Unless otherwise indicated, chemical shifts are
reported in ppm, and coupling constants (J) are reported in Hertz. Mass
spectra were recorded by EI and ESI modes on HP 59890A and Finnigan
4021 mass spectrometers, and HRMS were measured on a Finnigan MAT
or Finnigan FTMS-2000 mass spectrometer. Optical rotations were
recorded at ambient temperature. Organic solvents (such as didiethyl
ether and THF) were freshly distilled over sodium/benzophenone under
nitrogen. Commercially obtained reagents were used without further


purification. All the reactions were monitored by TLC with GF254 silica-
gel-coated plates. Flash column chromatography was carried out on silica
gel (300 ± 400 mesh) under pressure.


Compound 7b: A mixture of n-bromononane (20.7 g, 100.0 mmol) and
triphenylphosphine (26.2 g, 100.0 mmol) was heated at 140 �C under
nitrogen for 2.5 h. Dry THF (100 mL) and n-butyllithium (100.0 mmol)
were added to the resultant slurry at �20 �C. After the mixture had been
stirred for 0.5 h, (R)-glyceraldehyde acetonide (6b, 13.0 g, 100.0 mmol) was
added to the red solution. After being stirred at room temperature for an
additional 4 h, the reaction was quenched with saturated aqueous NH4Cl
solution. The mixture was extracted with diethyl ether (50 mL� 3). The
combined organic layers were washed with brine, dried over Na2SO4, and
concentrated to yield the crude product, which was further purified by flash
column chromatography with 10:1 petroleum hexanes/acetate as eluent to
give pure product (S)-7b as a colorless oil in 91% yield. 1H NMR
(300 MHz, CDCl3): �� 0.88 (t, J� 6.7 Hz, 3H), 1.27 ± 1.40 (m, 12H), 1.40 (s,
3H), 1.425 (s, 3H), 2.10 (m, 2H), 3.51 (t, J� 8.0 Hz, 1H), 4.06 (dd, J�
6.0 Hz, 8.0 Hz, 1H), 4.84 (dt, J� 6.3 Hz, 8.1 Hz, 1H), 5.40 (t, J� 9.8 Hz,
1H), 5.63 ppm (m, 1H); MS (EI): m/z (%): 240 ([M�], 6.58), 225 (4.11), 195
(1.07), 183 (1.62); elemental analysis calcd (%) for C15H26O2 (238.4): C
74.95, H 11.74; found: C 74.96, H 12.00.


Compound 7a: The preparation was carried out according to the procedure
of (S)-7b but with (S)-glyceraldehyde acetonide 6a as the starting material.
(R)-7a : 1H NMR (300 MHz, CDCl3): �� 0.88 (t, J� 6.6 Hz, 3H), 1.27 ± 1.53
(m, 12H), 1.40 (s, 3H), 1.43 (s, 3H), 2.12 (m, 2H), 3.51 (t, J� 8.1 Hz, 1H),
4.06 (dd, J� 6.1 Hz, 8.0 Hz, 1H), 4.84 (dt, J� 6.2 Hz, 8.1 Hz, 1H), 5.40 (t,
J� 9.8 Hz, 1H), 5.64 (m, 1H); MS (EI): m/z (%): 240 ([M]� , 0.09), 226
(8.14), 313 (2.99), 210 (1.04), 195 (2.14), 183 (8.70), 165 (10.90); elemental
analysis calcd (%) for C15H28O2 (240.4): C 74.95, H 11.74; found: C 74.95, H
11.88.


Compound 8b: A mixture of (S)-7b (12.0 g, 50.0 mmol), palladium on
charcoal (10%, 500 mg), and MeOH (80 mL) containing 0.5% triethyl-
amine was stirred at room temperature for 24 h under hydrogen. After
filtration and removal of the solvent, the residue was purified by column
chromatography on silica gel to afford a waxy solid in 96% yield: [�]20


D �
�15.2 (c� 1.18 in CHCl3); 1H NMR (300 MHz, CDCl3): �� 0.88 (t, J�
7.1 Hz, 3H), 1.20 ± 2.02 (m, 18H), 1.38 (s, 3H), 1.40 (s, 3H), 3.49 (t, J�
7.0 Hz, 1H), 4.04 (m, 2H).


Compound 8a: Hydrogenation of (S)-7a was carried out as for the
procedure of 8b. 8a : [�]20


D ��15.1 (c� 1.11 in CHCl3); 1H NMR
(300 MHz, CDCl3): �� 0.94 (t, J� 6.8 Hz, 3H), 1.20 ± 2.02 (m, 18H), 1.38
(s, 3H), 1.40 (s, 3H), 3.49 (t, J� 7.2 Hz, 1H), 4.05 (m, 2H).


Compound 9b: During the work-up for preparation of compound 8b, the
filtrate was treated with 10% HCl (10 mL) and stirred overnight at room
temperature. The reaction was quenched by adding dilute aqueous NaOH
to pH 7. After removal of the solvent, the residue was extracted with ethyl
acetate. The combined organic layers were dried over MgSO4, concen-
trated and crystallized from ethyl acetate to give (S)-9b (9.5 g, 94%).
[�]20


D ��9.36 (c� 1.1 in CH3OH); IR (film): �� � 3316, 2920, 2851, 1470,
1438 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.88 (t, J� 6.6 Hz, 3H), 1.26 ±
1.88 (m, 18H), 3.43 (m, 1H), 3.65 (t, J� 3.0 Hz, 1H), 3.69 (m, 1H); MS
(EI): m/z (%): 202 ([M]� , 3.09), 185 ([M�OH]� , 1.00), 171 ([M�
CH2OH]� , 11.48); elemental analysis calcd (%) for C12H26O2 (202.3): C
71.23, H 12.95; found: C 70.97, H 12.90.


Compound 9a: The above procedure for 9b was employed. (R)-9a : [�]19
D �


�9.6 (c� 3.54 in CH3OH); IR (KBr): �� � 3713, 3224, 1468, 1076 cm�1;
1H NMR (300 MHz, CDCl3): �� 0.88 (t, J� 6.0 Hz, 3H), 1.26 ± 1.44 (m,
18H), 3.44 (m, 1H), 3.69 (m, 2H); MS (EI): m/z (%): 202 ([M]� , 0.52), 186
(11.20), 171 (12.68), 153 (0.75), 111 (35.20), 97 (100.00); elemental analysis
calcd (%) for C12H26O2 (202.3): C 71.23, H, 12.95; found: C 71.17, H 12.81.


Compound 10b:
Preparation of ethylene glycol monobenzyl ether: Sodium hydride (80%,
15.0 g) was added in portions to a mixture of DMF/MeOH (200 mL, 1:1)
and ethylene glycol (264 g, 4.0 mol). After the mixture had been stirred for
10 h, benzyl bromide (68.4 g, 0.4 mol) was added dropwise. The reaction
mixture was stirred for an additional 10 h and then quenched with 10%
HCl. The mixture was extracted with ethyl acetate. The combined organic
layers were washed with brine, dried over Na2SO4, filtered, and concen-
trated. The residue was distilled under reduced pressure to provide
ethylene glycol monobenzyl ether (52.4 g, 86%). 1H NMR (300 MHz,


Table 2. Biological activity of selected compounds against human cell
lines.


Compound EC50 [�gmL�1]
KB HCT-8 HT-29


20 10 ± 20 � 0.1 0.7
30 � 10 1.4 2.0
2c � 10 0.3 1.5
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CDCl3): �� 3.62 (t, J� 6.6 Hz, 2H), 3.76 (t, J� 6.8 Hz, 2H), 4.58 (s, 2H),
7.33 (m, 5H); MS (EI): m/z (%): 202 ([M]� , 3.09), 185 ([M�OH]� , 1.00),
171 ([M�CH2OH]� , 11.48).


Preparation of 2-iodoethyl benzyl ether: Iodine (43.5 g, 170 mmol) was
added in portions to a solution of ethylene glycol monobenzyl ether (15.2 g,
100.0 mmol), imidazole (20.4 g, 300 mmol) and triphenylphosphine (44.9 g,
170 mmol) in 150 mL of dry benzene over 2 h at 0 �C. MeOH (2.0 mL) was
added to quench the reaction when the starting material could no longer be
detected by TLC. After the reaction mixture had been stirred for 1 h, silica
gel (40 ± 50 g) was added and stirred for an additional 20 min. The mixture
was filtered through a pad of silica gel and the filtrate was concentrated to
afford the iodide (24.2 g, 92%), which was used directly in the next step
without purification. 1H NMR (300 MHz, CDCl3): �� 3.35 (t, J� 6.6 Hz,
2H), 3.72 (t, J� 6.8 Hz, 2H), 4.61 (s, 2H), 7.33 (m, 5H).


Preparation of compound 10b: A suspension of alcohol (S)-9b (2.02 g,
5.0 mmol) and dibutyltin oxide (2.5 g, 10.0 mmol) in CHCl3/MeOH (50 mL,
10:1) was refluxed for 2 h. After the solvents had been removed under
reduced pressure, the residue was dried under high vacuum for 6 h. To this
residue in dry DMF (50 mL) were added 2-iodoethyl benzyl ether (2.9 g,
11.0 mmol) and cesium fluoride (2.4 g) under nitrogen. The reaction
mixture was stirred for 18 h at 50 �C, and then the reaction mixture was
poured into ethyl acetate (40 mL) and brine (200 mL). The mixture was
stirred for 30 min and filtered through a pad of silica gel. The filtrate was
extracted with ethyl acetate, and the combined organic layers were washed
with saturated aqueous NH4Cl and brine, dried over Na2SO4, and
concentrated. The residue was further purified by column chromatography
on silica gel to afford compound 10b (2.73 g, 81%). [�]19


D ��4.08 (c� 10.6
in CHCl3); IR (film): �� � 3426, 3028, 2924, 1100, 702 cm�1; 1H NMR
(600 MHz, CDCl3): �� 0.88 (t, J� 6.9 Hz, 3H), 1.26 ± 1.45 (m, 18H), 2.20
(br s, 1H), 3.31 (t, J� 9.6 Hz, 1H), 3.52 (dd, J� 9.6, 2.4 Hz, 1H), 3.61 ± 3.72
(m, 4H), 3.79 (m, 1H), 4.57 (s, 2H), 7.34 (m, 5H); MS (EI): m/z (%): 337
([M]��1), 149 (21.33), 91 (100.00).


Compound 10a: The procedure followed that for 10b. 10a : [�]20
D ��4.05


(c� 5.83 in CHCl3); IR (film): �� � 3422, 2922, 2854, 1450, 1102 cm�1;
1H NMR (300 MHz, CDCl3): �� 0.88 (t, J� 7.1 Hz, 3H), 1.26 ± 1.51 (m,
18H), 2.35 (s, 1H), 3.30 (t, J� 9.0 Hz, 1H), 3.54 (dd, J� 9.7, 2.6 Hz, 1H),
3.66 ± 3.81 (m, 5H), 4.57 (s, 2H), 7.33 (m, 5H); MS (EI): m/z (%): 336
([M]� , 0.13), 183 (0.59), 166 (3.8), 149 (20.0); elemental analysis calcd (%)
for C21H36O3 (336.5): C 74.95, H 10.78; found: C 74.82, H 10.97.


Compound 11b: Chloromethyl methyl ether (1.5 mL) was added to a
solution of alcohol 10b (1.68 g, 5 mmol) and DIPEA (2.0 mL) in CH2Cl2
(5 mL) at 0 �C. The mixture was stirred at 4 �C overnight and then quenched
with saturated aqueous NH4Cl and extracted with CH2Cl2. The organic
layer was washed with water and brine, and dried over Na2SO4. Removal of
the solvent followed by column chromatography (hexane/EtOAc 10:1)
gave compound 11b (1.62 g, 85%) as a colorless oil. [�]20


D ��13.7 (c� 6.06
in CHCl3); IR (film): �� � 2922, 1448, 1108, 1042 cm�1; 1H NMR (300 MHz,
CDCl3): �� 0.87 (t, J� 6.7 Hz, 3H), 1.22 ± 1.52 (m, 18H), 3.36 (s, 3H), 3.50
(d, J� 5.1 Hz, 2H), 3.62 ± 3.75 (m, 4H), 3.69 (m, 1H), 4.55 (s, 2H), 4.63 (d,
J� 6.8 Hz, 1H), 4.76 (d, J� 6.8 Hz, 1H), 7.32 ppm (m, 5H); MS (EI): m/z
(%): 202 ([M]� , 3.09), 185 ([M�OH], 1.00), 171 ([M�CH2OH], 11.48).


Compound 11a: The same procedure as for 11b was employed. 11a :
[�]20


D ��12.9 (c� 2.87 in CHCl3); IR (film): �� � 2924, 2854, 1454, 1356,
1108, 1044, 922, 738, 700 cm�1; 1H NMR (600 MHz, CDCl3): �� 0.88 (t, J�
6.9 Hz, 3H), 1.260 ± 1.528 (m, 18H), 3.38 (s, 3H), 3.52 (m, 2H), 3.63 ± 3.66
(m, 5H), 4.57 (s, 2H), 4.66 (d, J� 7 Hz, 1H), 4.76 (d, J� 7 Hz, 1H),
7.34 ppm (m, 5H); MS (EI): m/z (%): 380 ([M]� , 0.11), 350 (4.78), 320
(6.95), 227 (22.44), 91 (98.84).


Compound 12b: A solution of 11b (1.90 g) in dry THF (5 mL) was added
dropwise to a solution of lithium/naphthalene (1.0M in THF, 20 mL) at
�25 �C over 15 min. The reaction mixture was stirred at �25 �C for 2 h,
quenched by saturated aqueous NH4Cl, and extracted with ether. The
combined extracts were washed with brine, dried over Na2SO4, filtered and
concentrated. The crude product was purified by column chromatography
on silica gel to give compound 12b (1.21 g, 84% yield): [�]20


D ��9.8 (c� 6.3
in CHCl3); IR (film): �� � 3453, 2926, 2856, 1467, 1215, 1040, 919 cm�1;
1H NMR (300 MHz, CDCl3): �� 0.87 (t, J� 6.6 Hz, 3H), 1.25 (m, 16H),
1.50 (t, J� 6.6 Hz, 2H), 2.21 (br s, 1H), 3.39 (s, 3H), 3.51 (d, J� 4.9 Hz,
2H), 3.58 (dd, J� 8.5, 3.5 Hz, 2H), 3.70 (m, 3H), 4.68 (d, J� 6.8 Hz, 1H),
4.75 ppm (d, J� 6.8 Hz, 1H); MS (EI): m/z (%): 273 ([M�1�H2O]� , 0.03),


259 (0.60), 229 (3.61); elemental analysis calcd (%) for C16H34O4 (290.4): C
66.04, H 11.80; found: C 66.02, H 11.93.


Compound 12a: Compound 12a was obtained from 11a using the
procedure for 12b. 12a : [�]20


D ��9.3 (c� 3.7 in CHCl3); IR (film): �� �
3450, 2926, 2856, 1467, 1131, 1041, 919 cm�1; 1H NMR (300 MHz, CDCl3):
�� 0.86 (t, J� 6.7 Hz, 3H), 1.25 (m, 16H), 1.50 (t, J� 6.6 Hz, 2H), 2.38
(br s, 1H), 3.38 (s, 3H), 3.51 (d, J� 4.9 Hz, 2H), 3.57 (m, 2H), 3.71 (m, 3H),
4.67 (d, J� 7.0 Hz, 1H), 4.74 ppm (d, J� 7.0 Hz, 1H); MS (EI): m/z (%):
290 ([M]� , 0.03), 273 (0.25), 2.59 (14.78), 229 (36.65).


Compound 4b: Iodine (2.18 g, 8.5 mmol) was added in small portions to a
solution of 12b (1.45 g, 5.0 mmol), imidazole (1.02 g, 15 mmol) and
triphenylphosphine (2.35 g, 9 mmol) in dry benzene at 0 �C over 2 h. The
reaction mixture was stirred until TLC indicated complete consumption of
the starting material. MeOH (0.5 mL) was then added into the reaction
mixture. The mixture was stirred for 30 min, silica gel (4 ± 5 g) was added
and the mixture was stirred for a further 20 min. Filtration and concen-
tration of filtrate afforded the iodide 4b (1.68 g, 96%), which was used for
the next step without further purification. Compound 4a was prepared
from 12a according to the same procedure.


Compound 16b:
Preparation of methyl �-hydroxytridecanoate (14): A stream containing O3


was bubbled through a solution of cis-13-docosenoic acid (25 g, 74 mmol) in
the mixture of ethanol (15 mL) and cyclohexane (65 mL) for 4 h at 0 ± 5 �C
till a drop of reaction solution no longer decolorized bromide/acetic acid.
The ozonide solution was then added dropwise to potassium borohydride
(8.2 g, 134 mmol) in MeOH (70 mL) at 0 �C, and the mixture was stirred for
8 h, acidified with 6� HCl to pH 2, and extracted with chloroform. The
combined extracts were dried over Na2SO4 and concentrated under
reduced pressure. Freshly distilled thionyl chloride (30 mL) was added
dropwise to the solution of the residue in methanol (100 mL) at 0 �C; the
reaction mixture was then stirred for 1 h and neutralized with saturated
aqueous NaHCO3 to pH �7.0. After removal of methanol under reduced
pressure, the residue was extracted with ethyl acetate. The combined
extracts were washed with brine, dried over anhydrous Na2SO4, and
concentrated. The crude product was further purified by column chroma-
tography on silica gel to give compound 14 (16.3 g, 90%). M.p. 47 ± 49 �C;
IR (KBr): �� � 3300, 2920, 2851, 1743, 1474, 1179 cm�1; 1H NMR (300 MHz,
CDCl3): �� 1.24 (m, 16H), 1.56 (m, 4H), 2.28 (t, J� 7.6 Hz, 2H), 3.6 (t, J�
6.6 Hz, 2H), 3.64 ppm (s, 3H); MS (EI): m/z (%): 245 ([M�H]� , 3.38), 227
([M�H2O]� , 1.29), 214 (11.27), 195 (6.09).


Preparation of methyl �-bromotridecanoate (15): Carbon tetrabromide
(20.0 g, 60 mmol) was added to a solution of alcohol 14 (12.2 g, 50 mmol) in
dry benzene (40 mL) at room temperature. After being stirred for 20 min,
the solution was cooled to 0 �C, and triphenylphosphine (15.7 g, 60 mmol)
was added. The mixture was stirred for 2 h at room temperature. Petroleum
ether (200 mL) was added. The mixture was filtered through a short pad of
silica gel and the filtrates were concentrated to give the crude product,
which was further purified by column chromatography on silica gel to
provide the pure bromide 15 (14.1 g, 92%); IR (KBr): �� � 2920, 2851, 1737,
1474, 1464, 1214, 1174 cm�1; 1H NMR (300 MHz, CDCl3): �� 1.25 (m,
14H), 1.40 (m, 2H), 1.59 (m, 2H), 1.82 (m, 2H), 2.28 (t, J� 7.6 Hz, 2H),
3.38 (t, J� 6.9 Hz, 2H), 3.64 ppm (s, 3H); MS (EI): m/z (%): 309 ([M�H]� ,
3.90), 307 ([M�H]� , 4.10), 227 (6.74), 263 (7.37), 227 (10.92), 143 (12.20).


Preparation of compound 16b : A mixture of 15 (7.68 g, 25.0 mmol) and
triphenylphosphine (6.55 g, 25.0 mmol) was heated at 80 �C under nitrogen
atmosphere for 5 h. The residue was cooled to 30� 40 �C, and dry THF
(100 mL) was then added. The solution was cooled to �40 ± 50 �C, and
potassium tert-butoxide (3.136 g, 28.0 mmol) was added and stirred for
10 min. (R)-Glyceraldehyde acetonide (6b, 4.0 g, 31.0 mmol) in dry THF
was added to the resultant red solution of ylide at �70 �C, and the mixture
was stirred for 2 h. The reaction was quenched with saturated aqueous
NH4Cl solution and diluted with diethyl ether. The aqueous layer was
extracted with diethyl ether (3� 50 mL), and the combined organic layers
were washed with brine, dried over Na2SO4, and evaporated under reduced
pressure. A solution of the above residue in methanol (20 mL) was
hydrogenated in the presence of 10% palladium on charcoal (100 mg)
overnight. After removal of the catalyst and the solvent, the residue was
purified by flash column chromatography to give the pure product (S)-16b
(54 ± 72%): [�]18


D ��10.25 (c� 3.8 in CHCl3); IR (KBr): �� � 2986, 2916,
2850, 1739, 1476, 1380, 1172 cm�1; 1H NMR (300 MHz, CDCl3): �� 1.25 ±
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1.64 (m, 24H), 1.36 (s, 3H), 1.41 (s, 3H), 2.30 (t, J� 7.6 Hz, 2H), 3.50 (t, J�
7.5 Hz, 1H), 3.67 (s, 3H), 4.04 ppm (m, 2H); MS (EI): m/z (%): 342 ([M]�),
328 ([M�1�CH3]� , 55.39), 313 (2.99), 286 (5.28), 267 (1.57), 254 (15.11);
elemental analysis calcd (%) for C20H38O4 (332.5): C 70.13, H 11.18; found:
C 70.14, H 11.26.


Compound 16a: The above protocol for 16b was adapted by starting with
(S)-glyceraldehyde acetonide 6b. 16a : [�]18


D ��9.82 (c� 3.36 in CHCl3);
IR (KBr): �� � 2986, 2917, 2851, 1739, 1476, 1198, 1172 cm�1; 1H NMR
(300 MHz, CDCl3): �� 1.26 ± 1.62 (m, 24H), 1.36 (s, 3H), 1.41 (s, 3H), 2.30
(t, J� 7.6 Hz, 2H), 3.50 (t, J� 7.5 Hz, 1H), 3.67 (s, 3H), 4.04 ppm (m, 2H);
MS (EI): m/z (%): 342 ([M]� , 3.29), 328 ([M�1�CH3]� , 57.0), 313 (2.08),
286 (5.77), 267 (1.68), 254 (15.98); elemental analysis calcd (%) for
C20H38O4 (332.5): C 70.13, H 11.18; found: C 70.15, H 11.61.


Compound 5b: A solution of compound (S)-16b (3.42 g, 10 mmol) in THF
(30 mL) and 50% acetic acid (30 mL) was stirred for 5 h at 60 �C. The
solvent was removed in vacuum and the crude product was purified by
column chromatography on silica gel to afford diol (S)-5b (2.85 g, 94%).
[�]20


D ��10.6 (c� 10.6 in CHCl3); IR (KBr): �� � 3487, 2918, 2851, 1737,
1472 cm�1; 1H NMR (600 MHz, CDCl3): �� 1.28 (m, 22H), 1.64 (m, 2H),
1.79 (br s, 2H), 2.32 (t, J� 7.2 Hz, 2H), 3.47 (m, 1H), 3.69 (m, 1H), 3.69 (s,
3H), 3.74 ppm (m, 1H).


Compound 5a: Compound 5a was prepared from 16a by the same
procedure as 5b. 5a : [�]20


D ��9.7 (c� 2.51 in CHCl3); IR (KBr) 3487, 2918,
2851, 1737, 1473, 1437 cm�1; 1H NMR (600 MHz, CDCl3): �� 1.28 (m,
22H), 1.64 (m, 2H), 1.81 (br s, 2H), 2.32 (t, J� 7.2 Hz, 2H), 3.47 (m, 1H),
3.69 (m, 1H), 3.70 (s, 3H), 3.73 ppm (m, 1H).


Compound 3c: A suspension of alcohol (S)-5b (1.51 g, 5.0 mmol) and
dibutyltin oxide (1.25 g, 5.0 mmol) in CHCl3/MeOH (50 mL, 10:1) was
refluxed for 2 h. After the solvents were removed under reduced pressure,
the residue was dried under high vacuum for 2 h. To the solution of above
residue in DMF (25 mL) were added iodide (S)-4b (2.1 g, 5.25 mmol) and
cesium fluoride (1.4 g, 9.2 mmol) under nitrogen. After the reaction
mixture was stirred overnight at 40 ± 50 �C, the reaction was quenched by
adding ethyl acetate (40 mL) and brine (200 mL). After being stirred for
30 min, the mixture was filtered through a pad of silica gel. The aqueous
layer was extracted with ethyl acetate, and the combined organic layers
were washed with brine, dried over Na2SO4, and concentrated. The
resultant residue was purified by column chromatography on silica gel to
give (15S,24S)-3c (1.56 g, 54%). [�]20


D ��12.6 (c� 7.7 in CHCl3); IR (film):
�� � 3472, 2924, 2854, 1736, 1464, 1042 cm�1; 1H NMR (600 MHz, CDCl3):
�� 0.88 (t, J� 7.2 Hz, 3H), 1.25 ± 1.48 (m, 38H), 1.52 (m, 2H), 1.67 (m, 2H),
1.94 (br s, 1H), 2.30 (t, J� 7.2 Hz, 2H), 3.30 (t, J� 7.8 Hz, 1H), 3.39 (s, 3H),
3.51 (m, 3H), 3.58 ± 3.66 (m, 4H), 3.66 (s, 3H), 3.71 (m, 1H), 3.77 (m, 1H),
4.66 (d, J� 6.9 Hz, 1H), 4.77 ppm (d, J� 6.9 Hz, 1H); HRMS for
C33H66O7�Na: 597.4700; found: 597.4695.


Compound 3d: The above protocol for 3c was applied to the coupling of
segments 4b and 5a to afford 3d : [�]18


D ��5.9 (c� 0.38 in CHCl3); IR
(film): �� � 3472, 2924, 2854, 1736, 1464, 1112, 1042, 922 cm�1; 1H NMR
(300 MHz, CDCl3): �� 0.87 (t, J� 6.6 Hz, 3H), 1.2 ± 1.7 (m, 42H), 2.30 (t,
J� 7.6 Hz, 2H), 2.40 (br s, 1H), 3.23 ± 3.34 (m, 1H), 3.38 (s, 3H), 3.48 ± 3.56
(m, 3H), 3.6 ± 3.8 (m, 6H), 3.66 (s, 3H), 4.66 (d, J� 6.9 Hz, 1H), 4.77 ppm
(d, J� 6.9 Hz, 1H); HRMS for C33H66O7�Na: 597.4700; found: 597.4707.


Compound 3b: The above protocol for 3c was applied to the coupling of
segments 4a and 5b to afford 3b : [�]20


D ��6.6 (c� 4.6 in CHCl3); IR
(KBr): �� � 2924, 2854,1734, 1364, 1148, 1044, 922, 726 cm�1; 1H NMR
(600 MHz, CDCl3): �� 0.88 (t, J� 6.9 Hz, 3H), 1.25 ± 1.48 (m, 38H), 1.52
(m, 2H), 1.67 (m, 2H), 1.98 (br s, 1H), 2.30 (t, J� 7.6 Hz, 2H), 3.30 (dd, J�
12.6 Hz, 11.4 Hz, 1H), 3.38 (s, 3H), 3.48 ± 3.56 (m, 3H), 3.60 ± 3.8 (m, 4H),
3.66 (s, 3H), 3.71 (m, 1H), 3.78 (m, 1H), 4.66 (d, J� 6.9 Hz, 2H), 4.76 ppm
(d, J� 6.9 Hz, 2H); MS (EI): m/z (%): 555 ([M�1]� , 0.48), 353 (5.08), 309
(20.6), 295 (100.0); HRMS for C33H66O7�Na: 597.4700; found: 597.4693.


Compound 3a: The above protocol for 3c was applied to the coupling of
segments 4a and 5a to afford 3a : [�]20


D ��11.8 (c� 3.2 in CHCl3); IR
(KBr): �� � 3466, 2924, 2854, 1736, 1464, 1112, 1042, 922 cm�1; 1H NMR
(600 MHz, CDCl3): �� 0.88 (t, J� 7.2 Hz, 3H), 1.25 ± 1.48 (m, 38H), 1.53
(m, 2H), 1.62 (m, 2H), 2.30 (t, J� 7.2 Hz, 2H), 3.30 (t, J� 7.8 Hz, 1H), 3.38
(s, 3H), 3.48 ± 3.54 (m, 3H), 3.58 ± 3.78 (m, 6H), 3.67 (s, 3H), 4.66 (d, J�
6.9 Hz, 1H), 4.77 ppm (d, J� 6.9 Hz, 1H); HRMS for C33H66O7�Na:
597.4700; found: 597.4704.


Compound (15S,24S)-17c: MOMCl (1.2 mL, 5.8 mmol) was added to a
mixture of (15S,24S)-3c (1.148 g, 2 mmol) and diisopropyl ethylamine
(3 mL, 17.2 mmol) in dry CH2Cl2 (5 mL) at 0 �C. The mixture was stirred at
room temperature for 12 h, quenched with saturated aqueous NH4Cl, and
extracted with ether. The extracts were washed with brine, dried over
Na2SO4, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel to afford 17c
(0.16 g, 90%) as a colorless oil. [�]20


D ��9.04 (c� 7.9 in CHCl3); 1H NMR
(600 MHz, CDCl3): �� 0.81 (t, J� 7.2 Hz, 3H), 1.18 ± 1.56 (m, 42H), 2.23 (t,
J� 7.2 Hz, 2H), 3.31 (s, 6H), 3.41 ± 3.44 (m, 4H), 3.51 ± 3.57 (m, 4H), 3.60
(s, 3H), 3.62 (quint, J� 6.0 Hz, 2H), 4.59 (d, J� 6.6 Hz, 2H), 4.68 ppm (d,
J� 6.6 Hz, 2H).


Compound 17d: Protection of compound 3d followed the same procedure
for 17c to give 17d : [�]19


D ��6.0 (c� 6.6 in CHCl3); IR (film): �� � 2922,
1750, 1042 cm�1; 1H NMR (600 MHz, CDCl3): �� 0.81 (t, J� 7.2 Hz, 3H),
1.17 ± 1.58 (m, 42H), 2.30 (t, J� 7.2 Hz, 2H), 3.31 (s, 6H), 3.41 ± 3.44 (m,
4H), 3.51 ± 3.56 (m, 4H), 3.60 (s, 3H), 3.60 ± 3.64 (m, 2H), 4.59 (d, J�
6.6 Hz, 2H), 4.69 ppm (d, J� 6.6 Hz, 2H).


Compound 17b: Protection of compound 3b followed the same procedure
for 17c to give 17b : [�]20


D ��5.9 (c� 4.3 in CHCl3); IR (film): �� � 2924,
2854, 1736, 1466, 1110, 1042, 922 cm�1; 1H NMR (600 MHz, CDCl3): ��
0.87 (t, J� 7.2 Hz, 3H), 1.20 ± 1.62 (m, 42H), 2.29 (t, J� 7.2 Hz, 2H), 3.37 (s,
6H), 3.48 ± 3.50 (m, 4H), 3.58 ± 3.63 (m, 4H), 3.66 (s, 3H), 3.66 ± 3.67 (m,
2H), 4.65 (d, J� 6.6 Hz, 2H), 4.76 ppm (d, J� 6.6 Hz, 2H); 13C NMR
(150 MHz, CDCl3): �� 174.257, 96.002, 76.226, 74.115, 70.757, 55.387,
51.350, 34.081, 32.027, 31.885, 29.732, 29.590, 29.420, 29.307, 29.222, 29.123,
25.939, 24.929, 22.649, 14.064 ppm.


Compound 17a: Protection of compound 3a followed the same procedure
for 17c to give 17a : [�]18


D ��8.67 (c� 1.3 in CHCl3); IR (film): �� � 2924,
2854, 1736, 1466, 1042, 922 cm�1; 1H NMR (600 MHz, CDCl3): �� 0.87 (t,
J� 7.2 Hz, 3H), 1.22 ± 1.64 (m, 42H), 2.29 (t, J� 7.2 Hz, 2H), 3.37 (s, 6H),
3.46 ± 3.52 (m, 4H), 3.57 ± 3.63 (m, 4H), 3.66 (s, 3H), 3.66 ± 3.70 (m, 2H),
4.65 (d, J� 6.6 Hz, 2H), 4.75 ppm (d, J� 6.6 Hz, 2H).


Compound (15S,24S,36S)-18c: nBuLi (1.6� in hexane, 1.25 mL, 2 mmol)
was added to a solution of diisopropylamine (0.31 mL, 2.22 mmol) in THF
(9 mL) at 0 �C. The reaction mixture was stirred at 0 �C for 30 min and
cooled to �78 �C. A solution of ester (15S,24S)-17c (0.55 g, 1 mmol) in dry
THF (2.0 mL) was then added. After 30 min, a solution of O-THP-(S)-
lactaldehyde (368 mg, 1.95 mmol) in dry THF (5 mL) was added. The
reaction mixture was stirred for 2 h and then quenched with saturated
aqueous NH4Cl and diluted with diethyl ether. The aqueous layer was
extracted with diethyl ether three times and the combined extracts were
washed with brine, dried over anhydrous Na2SO4 and concentrated under
reduced pressure. A 9% solution of H2SO4 (3.0 mL) was added to the
resultant residue and the mixture was stirred for 48 h. The reaction was
quenched with 10% NaHCO3 and extracted with ether three times. The
extracts were washed with brine, dried over Na2SO4, and concentrated
under reduced pressure. Then (CF3CO)2O (2.0 mL) was added to the
solution of the above crude intermediate in dry CH2Cl2 (5 mL) and Et3N
(3.0 mL) at 0 �C. The mixture was stirred at room temperature for 8 h,
quenched with NaHCO3, and extracted with diethyl ether. The extracts
were washed with brine, dried over MgSO4, filtered, and concentrated
under reduced pressure. Purification by column chromatography on silica
gel (elution with EtOAc/hexane� 5:1 ± 2:1) afforded 18c (272 mg, 43%) as
a yellow oil. IR (film): �� � 2922, 2852, 1750, 1466, 1042, 922 cm�1; 1H NMR
(600 MHz, CDCl3): �� 0.88 (t, J� 7.2 Hz, 3H), 1.22 ± 1.40 (m, 34H), 1.40
(d, J� 6.6 Hz, 3H), 1.48 ± 1.58 (m, 6H) 2.26 (t, J� 7.8 Hz, 2H), 3.38 (s, 6H),
3.48 ± 3.51 (m, 4H), 3.58 ± 3.64 (m, 4H), 3.67 ± 3.71 (m, 2H), 4.65 (d, J�
6.9 Hz, 2H), 4.76 (d, J� 6.9 Hz, 2H), 4.99 (qd, J� 6.6 Hz, 1.2 Hz, 1H),
6.98 ppm (d, J� 1.2 Hz, 1H); 13C NMR (150 MHz, CDCl3): �� 173.885,
148.11, 134.414, 96.059, 77.397, 76.280, 74.162, 71.042, 70.799, 69.225, 55.457,
55.214, 32.058, 31.929, 31.843, 29.768, 29.639, 29.553, 29.339, 29.210, 27.435,
25.489, 25.203, 22.684, 19.235, 14.111 ppm.


Compound 18d: The above protocol for 18c was employed for the
transformation of 17d to 18d : IR (film): �� � 2922, 2852, 1750, 1466, 1042,
922 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.88 (t, J� 7.2 Hz, 3H), 1.2 ± 1.6
(m, 40H), 1.40 (d, J� 6.6 Hz, 3H), 2.26 (t, J� 7.8 Hz, 2H), 3.38 (s, 6H),
3.48 ± 3.70 (m, 10H), 4.66 (d, J� 6.9 Hz, 2H), 4.75 (d, J� 6.9 Hz, 2H), 4.99
(qd, J� 6.6 Hz, 1.2 Hz, 1H), 6.98 ppm (d, J� 1.2 Hz, 1H); 13C NMR
(150 MHz, CDCl3): �� 173.88, 148.81, 134.44, 96.703, 96.059, 77.397, 76.280,
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74.162, 71.042, 70.799, 69.826, 69.225, 55.457, 55.214, 32.058, 31.929, 31.843,
29.768, 29.639, 29.553, 29.339, 29.210, 27.435, 25.489, 25.203, 22.684, 19.235,
14.111 ppm.


Compound 18b: The above protocol for 18c was employed for the
transformation of 17b to 18b : IR (film): �� � 2924, 2854, 1752, 1466, 1112,
1042, 922 cm�1; 1H NMR (600 MHz, CDCl3): �� 0.88 (t, J� 6.9 Hz, 3H),
1.2 ± 1.6 (m, 40H), 1.40 (d, J� 6.6 Hz, 3H), 2.26 (t, J� 7.8 Hz, 2H), 3.38 (s,
6H), 3.5 ± 3.7 (m, 10H), 4.65 (d, J� 6.9 Hz, 2H), 4.76 (d, J� 6.9 Hz, 2H),
4.99 (q, J� 6.6 Hz, 1H), 6.98 ppm (s, 1H).


Compound 18a: The above protocol for 18c was employed for the
transformation of 17a to 18a : IR (film): �� � 2924, 1752, 1466, 1042 cm�1;
1H NMR (600 MHz, CDCl3): �� 0.88 (t, J� 7.2 Hz, 3H), 1.22 ± 1.58 (m,
40H), 1.40 (d, J� 6.6 Hz, 3H), 2.26 (t, J� 7.2 Hz, 2H), 3.38 (s, 6H), 3.46 ±
3.72 (m, 10H), 4.65 (d, J� 6.6 Hz, 2H), 4.76 (d, J� 6.6 Hz, 2H), 4.98 (q, J�
6.6 Hz, 1H), 6.98 ppm (s, 1H).


Compound (15S,24S,36S)-2c: MOM-protected compound 18c (316 mg) in
6� HCl/THF/CH3OH (2:1:2, 15 mL) was stirred for 16 h at room temper-
ature. The reaction mixture was quenched with 10% NaHCO3 and
extracted with ether. The extracts were washed with saturated aqueous
NH4Cl and brine, dried over Na2SO4 and concentrated under reduced
pressure. The crude product was further purified by column chromatog-
raphy on silica gel to afford 2c (186 mg, 68%). [�]18


D ��16.3 (c� 2.17 in
CHCl3); IR (film): �� � 2922, 2852, 1750, 1466, 1042, 922cm�1; 1H NMR
(600 MHz, CDCl3): �� 0.87 (t, J� 7.2 Hz, 3H), 1.20 ± 1.48 (m, 38H), 1.36
(d, J� 7.2 Hz, 3H), 1.53 (quint, J� 7.8 Hz, 2H), 2.26 (t, J� 7.8 Hz, 2H), 2.50
(br s, 2H, OH), 3.31 (dd, J� 9.6 Hz, 8.4 Hz, 2H), 3.52 (dd, J� 9.6 Hz,
10.2 Hz, 2H), 3.61 (m, 4H), 3.75 ± 3.81 (m, 2H), 4.98 (dq, J� 1.2 Hz, 7.2 Hz,
1H), 6.97 ppm (d, J� 1.2 Hz, 1H); 13C NMR (150 MHz, CDCl3): ��
173.88, 148.81, 134.41, 78.11, 76.72, 71.27, 70.49, 34.44, 32.63, 29.85, 29.64,
29.55, 29.34, 29.21, 27.44, 25.49, 25.20, 22.68, 19.24, 14.11 ppm; MS (EI): m/z
(%): 555 ([M�H]� , 2.30), 353 (7.68), 309 (30.67), 295 (100.00); HRMS for
C33H62O6�Na: 577.4438; found: 577.4437.


Compound 2d: The above deprotection procedure was employed for the
transformation of 18d to 2d : [�]20


D ��87.4 (c� 0.35 in CHCl3); 1H NMR
(600 MHz, CDCl3): �� 0.88 (t, J� 6.9 Hz, 3H), 1.20 ± 1.48 (m, 38H), 1.40
(d, J� 6.6 Hz, 3H), 1.55 (quint, J� 7.2 Hz, 2H), 2.15 (br s, 2H, OH), 2.26
(br t, J� 7.8 Hz, 2H), 3.32 (dd, J� 9.6 Hz, 8.4 Hz, 2H), 3.53 (dd, J� 9.6 Hz,
2.4 Hz, 2H), 3.62 ± 3.72 (m, 4H), 3.78 (m, 2H), 4.99 (dq, J� 1.2 Hz, 6.6 Hz,
1H), 6.98 ppm (d, J� 1.2 Hz, 1H); 13C NMR (150 MHz, CD3COCD3): ��
173.936, 150.757, 134.124, 78.016, 76.745, 71.323, 70.621, 70.504, 34.551,
32.651, 30.546, 29.435, 28.222, 26.337, 25.781, 23.341, 19.468, 14.352 ppm;
MS (EI): m/z (%): 555 ([M�H]� , 0.35), 353 (5.21), 309 (21.85), 295
(100.00); MS (FAB): m/z 578 ([M�1�Na]�), 555 ([M�1]�); HRMS for
C33H62O6Na: 577.4438; found: 577.4433.


Compound 2b: The above deprotection procedure was employed for the
transformation of 18b to 2b : [�]20


D ��6.9 (c� 0.40 in CHCl3); IR (KBr):
�� � 3470, 2927, 1748, 1464, 1042, 922 cm�1; 1H NMR (600 MHz, CDCl3):
�� 0.88 (t, J� 6.9 Hz, 3H), 1.20 ± 1.48 (m, 38H), 1.40 (d, J� 6.6 Hz, 3H),
1.55 (quint, J� 7.2 Hz, 2H), 2.15 (br s, 2H, OH), 2.26 (br t, J� 7.8 Hz, 2H),
3.32 (dd, J� 9.6 Hz, 8.4 Hz, 2H), 3.53 (dd, J� 2.4 Hz, 9.6 Hz, 2H), 3.62 ±
3.72 (m, 4H), 3.78 (m, 2H), 4.99 (dq, J� 1.2 Hz, 6.6 Hz, 1H), 6.98 ppm (d,
J� 1.2 Hz, 1H); MS (EI): m/z (%): 555 ([M�1]� , 0.48), 353 (5.08), 323
(0.30), 309 (20.55), 295 (100.00); 13C NMR (150 MHz, CD3COCD3): ��
173.936, 150.757, 134.124, 78.16, 76.745, 71.323, 70.504, 34.551, 34.507,
32.651, 30.545, 29.435, 28.222, 26.337, 25.781, 23.341, 19.468, 14.352 ppm;
HRMS for C33H62O6�Na: 577.4438; found: 577.4445.


Compound 2a: The above deprotection procedure was employed for the
transformation of 18a to 2a : [�]20


D ��3.4 (c� 2.31 in CHCl3); IR (KBr):
�� � 3474, 2922, 1748, 1464, 1108, 1040, 922 cm�1; 1H NMR (600 MHz,
CDCl3): �� 0.88 (t, J� 6.9 Hz, 3H), 1.20 ± 1.50 (m, 38H), 1.40 (d, J� 7.2 Hz,
3H), 1.55 (quint, J� 6.6 Hz, 2H), 2.26 (br t, J� 7.8 Hz, 2H), 3.32 (dd, J�
9.6 Hz, 8.4 Hz, 2H), 3.53 (dd, J� 9.6, 10.2 Hz, 2H), 3.60 ± 3.72(m, 4H),
3.74 ± 3.83 (m, 2H), 4.99 (dq, J� 1.2 Hz, 7.2 Hz, 1H), 6.98 ppm (d, J�
1.2 Hz, 1H); 13C NMR (150 MHz, CD3COCD3): �� 174.259, 151.104,
134.272, 78.224, 75.136, 71.574, 70.297, 33.768, 32.611, 30.399, 29.702, 29.629,
29.584, 29.525, 29.348, 29.201, 27.430, 25.931, 25.708, 23.289, 19.430,
14.339 ppm; MS (EI): m/z (%): 505 ([M�1]� , 0.38), 353 (5.86), 309
(22.75), 295 (100.00), 267 (4.39); HRMS for C33H62O6�Na: 577.4438;
found: 577.4437.


Compound 21: Tetrabutylammonium bisulfate (0.067 g) and aqueous 50%
NaOH solution (2 mL) were added to a stirred mixture of compound 12b
(0.67 g, 4.24 mmol) and (R)-epichlorohydrin (0.36 g). After being stirred
for 22 h at room temperature, the reaction mixture was diluted with ether
(20 mL). The organic layer was washed with saturated NH4Cl and brine,
and dried over Na2SO4. Removal of solvent and purification by column
chromatography gave 21 (0.7 g, 88%). [�]20


D ��8.5 (c� 7.67 in CHCl3); IR
(KBr): �� � 2924, 2853, 1466, 1210, 1043, 920 cm�1; 1H NMR (300 MHz,
CDCl3): �� 0.84 (t, J� 6.6 Hz, 3H), 1.20 ± 1.52 (m, 18H), 2.57 (dd, J�
2.6, Hz, 5.0 Hz, 1H), 2.78 (t, J� 4.5 Hz, 1H), 3.15 (m, 1H), 3.35 (s, 3H),
3.33± 3.78 (m, 9H), 4.62 (d, J� 6.7 Hz, 1H), 4.73 ppm (d, J� 6.7 Hz, 1H);
MS (EI): m/z (%): 346 ([M]�), 306 (38.91), 285 (5.96), 225 (100.00), 207
(13.04), 188 (70.76), 91 (66.07); HRMS (FAB) for C19H38O5�Na: 369.2611;
found: 369.2607.


Compound 22: To a stirred solution of trimethylsilyl acetylene (1.3 mL,
9.16 mmol) in THF (5 mL) at �78 �C were added nBuLi (1.6�, 5.73 mL,
9.16 mmol), BF3 ¥ Et2O (1.24 mL, 9.16 mmol), and compound 21 (1.2 g,
3.5 mmol) in THF (2 mL) successively. After being stirred for 2 h, the
reaction was quenched by adding saturated NaHCO3, and the mixture was
extracted with ether. The combined organic layers were washed with
saturated brine, concentrated and chromatographed to give the acetylene
intermediate. [�]20


D ��7.67 (c� 1.25 in CHCl3); 1H NMR (300 MHz,
CDCl3): �� 0.14 (s, 9H), 0.86 (t, J� 6.9 Hz, 3H), 1.2 ± 1.3 (m, 16H), 1.53
(m, 2H), 2.47 (t, J� 6.9 Hz, 2H), 3.36 (s, 1H), 3.42 ± 3.52 (m, 3H), 3.56 ±
3.66 (m, 6H), 3.92 (m, 1H), 4.65 (d, J� 6.8 Hz, 1H), 4.78 ppm (d, J�
5.5 Hz, 1H); MS (EI): m/z (%): 413 ([M�OCH3]� , 1.68), 363 (0.85), 307
(3.50), 271 (5.61), 227 (6.63), 183 (4.46), 167 (43.55).


Tetrabutylammonium fluoride (1.0�, 3.8 mL) was added to a solution of
the above intermediate in THF (10 mL). The reaction mixture was stirred
for 2 h, diluted with ether and worked up as usual to give the crude terminal
acetylene intermediate. Into the solution of this crude intermediate and
diisopropylethyl amine (2.8 mL) was injected MOMCl (2 mL). After being
stirred for 8 h, the mixture was diluted with ether, washed with water and
with saturated brine, dried over Na2SO4, concentrated, and purified by
column chromatography to give compound 22 in 66% overall yield. [�]20


D �
�9.69 (c� 0.46 in CHCl3); IR (film): �� � 3300, 2925, 1466, 1043, 922 cm�1;
1H NMR (600 MHz, CDCl3): �� 0.90 (t, J� 7.2 Hz, 3H), 1.20 ± 1.62 (m,
18H), 1.98 (t, J� 2 Hz, 1H), 2.38 ± 2.52 (m, 2H), 3.37 (s, 3H), 3.38 (s, 3H),
3.4 ± 3.9 (m, 10H), 4.65 (d, J� 6.9 Hz, 1H), 4.73 (s, 2H), 4.75 ppm (d, J�
6.9 Hz, 1H); HRMS for C23H44O6�Na: 439.3029; found: 439.3024.


Compound 28: In succession, nBuLi (1.6�, 1.375 mL, 2.2 mmol), BF3 ¥ Et2O
(0.3 mL, 2.2 mmol) and 2717 (262 mg, 1.1 mmol) in THF (3 mL) were
added to a stirred solution of compound 22 (922 mg, 2.2 mmol) in THF
(4 mL) at �78 �C over a 20 ± 30-minute interval. After being stirred for 3 h,
the reaction was quenched by adding saturated NaHCO3, and the mixture
was extracted with diethyl ether. The combined organic layers were washed
with saturated brine, dried over MgSO4, concentrated under vacuum, and
purified by column chromatography to afford 28 (350 mg, 51%): [�]20


D �
�10.9 (c� 2.19 in CHCl3); IR (KBr): �� � 3467, 2924, 1753, 1460, 1039,
922 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.88 (t, J� 6.9 Hz, 3H), 1.26 ±
1.60 (m, 30H), 1.41 (d, J� 6.9 Hz, 3H), 2.24 (t, J� 7 Hz, 2H), 2.4 ± 2.6 (m,
4H), 3.39 (s, 3H), 3.41 (s, 3H), 3.3 ± 4.0 (m, 11H), 4.63 (d, J� 6.6 Hz, 1H),
4.7 ± 4.8 (m, 3H), 4.98 (q, J� 6.9 Hz, 1H), 6.99 ppm (d, J� 1.7 Hz, 1H);
13C NMR (75 MHz, CDCl3): �� 14.061, 19.161, 20.982, 22.135, 22.621,
25.110, 25.414, 25.596, 27.341, 27.812, 29.269, 29.405, 29.557, 29.694, 31.849,
31.985, 36.235, 55.434, 70.034, 70.626, 70.868, 72.644, 74.101, 74.708, 76.165,
77.334, 95.895, 134.278, 148.832 ppm; MS (EI): m/z (%): 615 (7.11), 460
(5.57), 225 (66.74), 207 (8.64); HRMS (FAB) for C37H66O9�Na: 677.4599;
found: 677.4603.


Compound 20:A solution of NaOAc (0.88 g, 28 mmol) in H2O (15 mL) was
added dropwise to a solution of 28 (90 mg, 0.138 mmol) and para-
toluenesulfonyl hydrazone (1.77 g, 9.5 mmol) in dimethoxylethane
(15 mL) under reflux over 5 h. The reaction mixture was then cooled to
room temperature and poured into water. The mixture was extracted with
ether and the extracts were washed with brine, dried, and concentrated to
give a crude intermediate. The crude product obtained was then dissolved
into dimethyl sulfide (8 mL), cooled in an ice ± water bath and treated with
BF3 ¥ Et2O (0.78 mL, 6.15 mmol). After being stirred for 30 min, the
reaction mixture was quenched with saturated NaHCO3, and extracted
with ethyl acetate. The combined extracts were washed with water and then
saturated brine, dried, concentrated, and purified by column chromatog-
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raphy to give 20 (50 mg, 64%): [�]20
D ��18.7 (c� 0.57 in CHCl3); IR


(KBr): �� � 3420, 2922, 2852, 1741, 1465, 1325, 1150, 1084 cm�1; 1H NMR
(300 MHz, CDCl3): �� 0.88 (t, J� 6.7 Hz, 3H), 1.26 ± 1.60 (m, 38H), 1.41
(d, J� 6.9 Hz, 3H), 2.27 (dt, J� 1.7 Hz, 6.6 Hz, 2H), 2.86 (br s, 3OH), 3.32
(dt, J� 2.8 Hz, 8.9 Hz, 2H), 3.52 ± 3.73 (m, 7H), 3.79 (m, 2H), 5.01 (dq, J�
1.7 Hz, 6.9 Hz, 1H), 6.99 ppm (d, J� 1.4 Hz, 1H); 13C NMR (75 MHz,
CDCl3): �� 14.128, 19.237, 22.703, 25.185, 25.495, 25.568, 25.633, 27.410,
29.130, 29.281, 29.346, 29.559, 29.584, 29.630, 29.710, 31.924, 32.885, 33.036,
37.346, 37.497, 70.094, 70.315, 70.510, 70.561, 71.736, 75.855, 75.903, 76.614,
134.317, 148.908, 173.895 ppm; MS (EI): m/z : 571 ([M�1]�); HRMS (FAB)
for C33H62O7�Na: 593.4387; found: 593.4397.


Compound 29: A solution of nBuLi in hexane (1.23 mL, 1.6�, 1.96 mmol)
was added to a solution of diisopropylamine (0.41 mL, 2.94 mmol) in THF
(6 mL) at 0 �C. The reaction mixture was stirred at 0 �C for 30 min and
cooled down to �78 �C, and (15S,24S)-17c (0.606 g, 0.981 mmol) in dry
THF (2.0 mL) was then added. After 30 min, O-THP-(R)-lactaldehyde
(232 mg, 1.47 mmol) in dry THF (6 mL) was added. The reaction mixture
was stirred for 2 h, quenched with saturated aqueous NH4Cl and diluted
with diethyl ether. The aqueous layer was extracted with diethyl ether three
times and the combined extracts were washed with brine, dried over
anhydrous Na2SO4, and concentrated under reduced pressure. To the
resultant residue was added 9% H2SO4 (5 mL), and the mixture was stirred
for 48 h, quenched with 10% NaHCO3, and extracted with ether three
times. The extracts were washed with brine, dried over Na2SO4, and
concentrated under reduced pressure. (CF3CO)2O (0.26 mL) was added to
the solution of the above residue in dry CH2Cl2 (5 mL) and Et3N (0.52 mL)
at 0 �C. The reaction mixture was stirred at room temperature for 8 h,
quenched with NaHCO3, and extracted with ether. The extracts were
washed with brine, dried over MgSO4, filtered, and concentrated under
reduced pressure. Purification by column chromatography on silica gel
(EtOAc/hexane� 5:1 to 2:1) afforded 29 (0.378 mg, 60%) as a yellow oil.
[�]20


D ��25.8 (c� 0.39 in CHCl3); IR (film): �� � 2927, 2855, 1760, 1467,
1319, 1145, 1111, 1040, 919 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.89 (t,
J� 6.9 Hz, 3H), 1.21 ± 1.58 (m, 40H), 1.42 (d, J� 6.9 Hz, 3H), 2.28 (t, J�
7.5 Hz, 2H), 3.39 (s, 6H), 3.46 ± 3.76 (m, 10H), 4.67 (d, J� 6.9 Hz, 2H), 4.77
(d, J� 6.9 Hz, 2H), 5.01 (qd, J� 7.1 Hz, 1.5 Hz, 1H), 7.00 ppm (d, J�
1.8 Hz, 1H); 13C NMR (150 MHz, CDCl3): �� 168.129, 148.830, 134.382,
96.677, 96.034, 79.235, 76.607, 76.264, 74.141, 71.030, 70.779, 55.465, 55.220,
32.059, 31.934, 31.835, 29.784, 29.644, 29.559, 29.352, 29.217, 27.443, 25.487,
25.206, 22.702, 19.238, 14.132 ppm; MS (ESI): m/z : 665 ([M�Na]�); HRMS
(ESI) calcd for C37H70O8Na [M�Na]�: 665.4923; found 665.4963.


Compound 30: To a solution of 29 (0.161 g, 0.174 mmol) in dimethyl sulfide
(4 mL) was added BF3 ¥ Et2O (0.47 mL, 3.15 mmol) at 0 �C. The reaction
mixture was stirred at room temperature for 40 min and quenched with
saturated aqueous NaHCO3 (5.4 mL). The mixture was extracted with ethyl
acetate (3� 15 mL), and the extracts were washed with brine, dried over
Na2SO4, and concentrated under reduced pressure. The residue was
purified by column chromatography to afford compound 30 (83 mg, 60%)
as a waxy solid. [�]25


D ��7.7 (c� 0.78 in CHCl3); IR (film): �� � 3506, 3415,
2916, 2850, 1751, 1738, 1655, 1470, 1327, 1141, 1118, 1100, 1031, 909, 881,
720 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.88 (t, J� 6.9 Hz, 3H), 1.19 ±
1.52 (m, 40H), 1.41 (d, J� 6.9 Hz, 3H), 2.26 (t, J� 7.8 Hz, 2H), 3.32 (dd,
J� 8.4, 9.8 Hz, 2H), 3.54 (dd, J� 2.7, 9.9 Hz, 2H), 3.61 ± 3.73 (m, 4H),
3.76 ± 3.83 (m, 2H), 5.00 (dq, J� 1.8, 6.8 Hz, 1H), 6.99 ppm (d, J� 1.5 Hz,
1H); 13C NMR (75 MHz, CDCl3): �� 173.897, 148.837, 134.353, 76.597,
75.901, 70.515, 70.271, 33.019, 31.909, 29.689, 29.606, 29.559, 29.513, 29.327,
29.307, 29.186, 27.413, 25.555, 25.180, 22.687, 19.223, 14.107 ppm; MS (ESI):
m/z : 577 ([M�Na]�); HRMS (ESI) calcd for C33H62O6Na [M�Na]�:
577.4438; found 577.4438.
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Modular Synthesis of Heparin Oligosaccharides


Herna¬n A. Orgueira,[a, b] Alessandra Bartolozzi,[a, c] Peter Schell,[a, d]
Remy E. J. N. Litjens,[a, e] Emma R. Palmacci,[a] and Peter H. Seeberger*[a]


Abstract: A general, modular strategy
for the first completely stereoselective
synthesis of defined heparin oligosac-
charides is described. Six monosacchar-
ide building blocks (four differentially
protected glucosamines, one glucuronic
and one iduronic acid) were utilized to
prepare di- and trisaccharide modules in
a fully selective fashion. Installation of
the �-glucosamine linkage was control-
led by placing a conformational con-
straint on the uronic acid glycosyl ac-
ceptors thereby establishing a new con-


cept for stereochemical control.
Combination of disaccharide modules
to form trans-uronic acid linkages was
completely selective by virtue of C2
participating groups. Coupling reactions
between disaccharide modules exhibited
sequence dependence. While the union
of many glucosamine uronic acid dis-
accharide modules did not meet any


problems, certain sequences proved not
accessible. Elaboration of glucosamine
uronic acid disaccharide building blocks
to trisaccharide modules by addition of
either one additional glucosamine or
uronic acid allowed for stereoselective
access to oligosaccharides as demon-
strated on the example of a hexasac-
charide resembling the ATIII-binding
sequence. Final deprotection and sulfa-
tion yielded the fully synthetic heparin
oligosaccharides.


Keywords: carbohydrates ¥ glycosy-
lation ¥ heparin ¥ oligosaccharides


Introduction


Proteoglycans are complex protein ± carbohydrate assemblies
that consist of a core protein and one or more covalently
attached glycosaminoglycan chains.[1] These linear polysac-
charides range in length from �20 to 200 disaccharide repeat
units, each composed of an amino sugar and an uronic acid
moiety (Scheme 1). Heparin-like glycosaminoglycans
(HLGAGs) are the most acidic naturally occurring biopol-
ymers. These complex polysaccharides, found in the extra
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Scheme 1. Schematic view of heparin.


cellular matrix, play a key role in regulating the biological
activity of several proteins in the coagulation cascade along
with many other processes of biomedical importance includ-
ing growth factor interactions, virus entry, and angiogenesis.[2]


Heparin, isolated from the mast cells of pigs, is currently
produced in multi-ton quantities and used in a variety of
medical applications.[3] Most prominent is the use of heparin
as an anticoagulant in heart disease where it has served as a
therapeutic agent since the late 1930s. The heterogeneity of
heparin results in many severe side effects, making this
inexpensive drug dangerous and necessitates close monitor-
ing.[4]


The heparin-antithrombin III (AT-III) interaction is re-
sponsible for heparin×s anticoagulant activity and is the only
system where the exact sequence of heparin that associates
with the protein has been identified. Extensive structure ±
activity studies using synthetic oligosaccharides[5] as well as
NMR[6] and X-ray crystallography[7] have been performed.
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Based on these studies, a concerted drug development effort
has been undertaken and resulted in the development of a
synthetic pentasaccharide heparin analogue for use in hu-
mans.[8] With the exception of the AT-III ± heparin interac-
tion, the structure and function relationship of HLGAGs is
still very poorly understood due to the complexity and
heterogeneity of these polymers. Defined HLGAG oligosac-
charides constitute valuable molecular tools to gain a detailed
understanding of the sequences of HLGAGs responsible for
binding to a particular protein and modulating its biological
activity.[1] Determination of the structure ± activity relation-
ships of HLGAGs creates an opportunity for the discovery of
novel therapeutic interventions for a host of disease states.


Over the past two decades, a variety of synthetic methods
directed at the preparation of HLGAG oligosaccharides have
been disclosed[9] and heroic total syntheses have resulted in
the assembly of AT-III-binding HLGAG oligosaccharides.[10]


More recently, longer oligosaccharide HLGAG analogues
exhibiting impressive biological activity have been prepared
using simplified syntheses.[11] Still, the procurement of specific
HLGAG sequences required a new total synthesis for each
oligosaccharide.


A modular, highly convergent synthetic approach for the
rapid assembly of defined HLGAG oligosaccharide sequen-
ces and eventually even libraries of defined glycosaminogly-
cans and non-natural analogues would be ideal. Such an
approach requires careful consideration of the many synthetic
challenges presented by the great diversity of native struc-
tures. The sulfation patterns mandate the placement of
specific protecting groups in all positions to carry sulfates
and different protection on hydroxyls that remain unaltered.
The amine portion of the glu-
cosamine component has been
found to be acetylated, sulfated
and found to exist as the free
amine,[12] thus requiring a pro-
tecting group scheme that al-
lows for the differentiation of
this position.


In addition to the installation
of a host of protective groups,
the creation of the glycosidic
linkages making up the back-
bone of HLGAGs poses several
challenges. The use of uronic
acid derivatives as glycosidating
agents has received little atten-
tion[13] and is often circumven-
ted[9b±d, 10b, c] due to the inherent
low reactivity imposed by the
C5 ester. Stereocontrol during
the fashioning of the �-glucos-
amine linkage is difficult as
anchimeric assistance cannot
be exploited, thus resulting in
the formation of mixtures of
glycosides.[9d] Separation of
such anomeric mixtures often
necessitates very difficult chro-


matographic steps. Finally, the preparation of iduronic acid
monosaccharides requires lengthy synthetic procedures. A
successful synthetic strategy will have to find appropriate
solutions to all these challenges, enable high convergency
without compromising generality and ideally provide a
modular approach that can be readily transferred to the
automated solid-phase assembly of defined HLGAG struc-
tures.


Results and Discussion


Synthetic strategy : In contemplating the challenges and
rewards of a synthetic strategy for the rapid assembly of
defined HLGAG oligosaccharide sequences we designed a
modular, highly convergent synthetic plan. A set of four
glucosamine monosaccharide building blocks exhibiting pro-
tecting group patterns representative of the different forms of
sulfation found in native structures will be derived from
glucosamine. Glucuronic and iduronic acid monomers will be
prepared through a common route from diacetone glucose.
Coupling of glucosamine and uronic acid monomers will
furnish a set of disaccharide modules. Introduction of a new
method to control the stereoselectivity of glycosylation
reactions by conformationally constraining the uronic acid
acceptor will render the desired disaccharide modules with
complete selectivity.[14] These disaccharides can be further
modified by protecting group manipulations to allow for
variable substitution of the amino group. A simple two step
elongation cycle involving the union of disaccharide units will
result in larger heparin oligosaccharides (Scheme 2). The
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Scheme 2. Retrosynthetic analysis of a general, modular approach to the preparation of heparin-like
glycosaminoglycans.
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overall scheme can also accom-
modate trisaccharide modules
prepared by coupling of mono-
saccharides and disaccharides.
Established procedures facili-
tate the final stages of the syn-
thesis as removal of temporary
acetate protecting groups fol-
lowed by sulfation of the ex-
posed hydroxyls and final de-
protection followed by N-sulfa-
tion will yield the target
molecules.[9b, c]


Preparation of the monosac-
charide building blocks : The
first challenge to be tackled in
trying to reduce such a general
approach to HLGAG synthesis
to practice is the procurement
of large amounts of differen-
tially protected monosacchar-
ide building blocks. In order to
access large quantities of all
monosaccharides, a convergent
synthesis from inexpensive
starting materials is needed that
can be performed on large scale with a minimal number of
chromatographic steps. While a host of synthetic methods for
the preparation of glucosamine donors had been explored
previously[15] we decided to focus on an approach that allows
access to all glucosamine monomers from common advanced
intermediates. To identify the building blocks most suitable
for installation of the desired �-glucosamine linkage, different
anomeric leaving groups replaced an anomeric silyl ether
during the late stages of the synthesis. A set of glucosamine
building blocks was prepared from glucosamine 1 (Scheme 3).
Conversion of the 2-amino group into the corresponding
azide, necessary for �-selective glycosylations, was followed
by acetylation and anomeric silylation to afford crystalline 2
in 57% yield over four steps.[16] Deacetylation and installation
of the 4,6-benzylidene acetal furnished common precursor 3.
Benzylation of the 3-hydroxyl to fashion 4 or acetylation to
afford 5 was followed by either removal of the 4,6-benzyli-
dene protection and placement of 6-acetates to provide 6 and
7 or selective opening of the benzylidene acetal to furnish 8
and 9. These maneuvers provided access to the skeleton of
glucosamine building blocks containing 4-O-silyl ethers as
temporary protecting groups. The TBS groups will be
removed later during the preparation of oligosaccharides
utilizing disaccharide modules.


With the desired protecting group patterns in place we
turned our attention to the installation of different anomeric
leaving groups. Less reactive glycosyl fluorides 10, 13, and 15,
glycosyl bromide 12 exhibiting intermediate reactivity, and
highly reactive glycosyl trichloroacetimidates 11, 14, 16 and 17
were prepared for couplings with uronic acid acceptors.


In addition to glucosamine units that act as acceptors during
oligosaccharide formation, glucosamine ™cap∫ monosacchar-


ides will be required to mark the non-reducing end of the
target oligosaccharide. A 4-O-benzyl ether was readily
introduced by dibenzylation of diol 18 followed by trans-
formation into glycosyl trichloroacetimidate 20 (Scheme 4).
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Scheme 4. Synthesis of a glucosamine monosaccharide building block as
non-reducing end terminus. a) 1. NaOMe, MeOH; 2. AcCl, collidine,
�40 �C, 93% (two steps); b) BnBr, Ag2O, 4 ä molecular sieves, CH2Cl2,
80%; c) 1. THF, AcOH, TBAF; 2. CCl3CN, DBU, CH2Cl2, 88% (two
steps).


Although we focused our efforts exclusively on cap 20 as a
proof of principle, three other cap building blocks with
different permutations of acetates and benzyl groups can be
synthesized in the same fashion.


After establishing a route for the preparation of glucos-
amine building blocks from a common precursor, a reliable
and efficient path for the synthesis of uronic acid building
blocks was needed. Traditionally, the preparation of iduronic
acid has been particularly difficult since no direct precursor
can be obtained from natural sources.[17] Efficiency, scalability
and the avoidance of excessive chromatography is mandatory
for the procurement of large amounts of these starting
materials. Under this premise, we developed a route to
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Scheme 3. Synthesis of differentially protected glucosamine monosaccharide building blocks. a) 1. TfN3, H2O,
K2CO3, CH2Cl2, MeOH, CuSO4; 2. Ac2O, pyridine, DMAP; 3. NH3, MeOH, THF; 4. TBSCl, imidazole, CH2Cl2,
57% (four steps); b) 1. NaOMe, MeOH; 2. PhCH(OMe)2, pTsOH, CH3CN, 86% (two steps); c) BnBr, Ag2O,
4 ä molecular sieves, CH2Cl2, 95%; d) Ac2O, DMAP, pyridine, 95%; e) 1. TFA (60% aq.), CH2Cl2; 2. AcCl,
collidine, �40 �C; f) TES, TFA, CH2Cl2; g) 1. TBSOTf, lutidine, CH2Cl2; 2. TBAF, AcOH, THF; h) NCCCl3,
DBU, CH2Cl2; i) DAST, CH2Cl2, 0 �C; j) SOBr2, imidazole, THF.
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differentially protected glucuronic acid and iduronic acid
monosaccharides via a common intermediate (Scheme 5).
Commercially available diacetone glucose 21 was converted
to crystalline glucuronic acid furanoside 22 through an eight-
step procedure that was easily scalable to 100 g starting
material and did not require purification of any intermedi-
ates.[18] Access to iduronic acid furanoside 24 was readily
achieved by inversion of the C5 stereocenter of the triflate
derived from 22. Treatment of 22 and 24 with trifluoroacetic
acid resulted in deprotection and formation of the uronic acid
pyranosides 23 and 25.
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Scheme 5. Synthesis of glucuronic acid and iduronic acid monosaccharide
building blocks. a) 1. NaH, BnBr, THF, Bu4NI; 2. aq. HOAc (66%), 40 �C;
3. TBSCl, DMAP, CH2Cl2, pyridine; 4. Ac2O, DMAP, pyridine; 5. HF/
pyridine, THF; 6. TEMPO (cat.), KBr, Bu4NBr, NaHCO3, NaOCl, CH2Cl2/
H2O; 7. 4� NaOH, MeOH; 8. MeI, KHCO3, DMF, 65% (eight steps); b)
TFA (90% aq.), quant; c) 1. Tf2O, pyridine, CH2Cl2; 2. LevONa, DMF,
80 �C, 82% (two steps); d) N2H4, HOAc, pyridine, 91%.


Disaccharide formation–Stereocontrol of glycosylation re-
actions by conformational locking of the glycosyl acceptor :
With both differentially protect-
ed glucosamine as well as glucur-
onic and iduronic monosacchar-
ides at hand, a set of disaccharide
building blocks was to be assem-
bled by creation of an �-glucos-
amine linkage. While trans-gly-
cosidic linkages are readily in-
stalled with complete stereo-
selectivity by virtue of a C2
participating group using a host
of anomeric leaving groups, ster-
eoselective formation of cis-gly-
cosides is generally more difficult
since anchimeric assistance can-
not be exploited.[19]


In order to form �-glucosa-
mine linkages that are ubiquitous
in nature,[20] the C2 amino group
of glucosamine is typically
masked in form of a nonpartici-
pating azide.[9, 21] Anomeric se-
lectivities vary greatly depending
upon the coupling partners in-
volved and often require difficult


separations. Couplings involving C2-azido glucosamine tri-
chloroacetimidate 11 and fluoride donors (10, 15[22]) with
glucuronic acid acceptor 26[22] yielded anomeric mixtures of 27
and 28 (Scheme 6). These results were in agreement with
previous studies involving other glucuronic acid accep-
tors.[10a,c, 23] Interestingly, when the C5 epimer of glucuronic
acid, iduronic acid 29,[17b] served as glycosyl acceptor,
exclusively �-glucosamine linkages were obtained.[5b, 14, 24]


Contrary to findings reported by others,[17b] glycosylation of
29 was not completely regioselective but afforded trisacchar-
ide by concomitant glycosylation of the C2 hydroxyl group.


The marked differences in the stereoselectivity of these
coupling reactions prompted us to investigate how the
observed effect could be harnessed to establish the desired
linkage with complete stereoselectivity. Electronic effects[25]


and conformational constraint[26] of the glycosidating agent
have been utilized to control the stereochemical outcome of
glycosylations. Manipulation of the steric and electronic
nature of the glycosyl acceptor to direct glycosylations had
received less attention.


The conformation of the different acceptors suggested a
possible explanation for the different behavior of glucuronic
and iduronic acid acceptors. Glucuronic acid preferentially
adopts a 4C1 conformation with an equatorial C4 hydroxyl
group. Iduronic acid in contrast adopts either a 1C4 confor-
mation or a skewed boat 2S0 conformation in oligosaccharide
sequences depending upon the substituents on the ring.[27, 28]


In the 1C4 conformation the C4 hydroxyl occupies an axial
position.[19, 29] Apparently, the conformation is responsible for
the observed �-selectivity of glycosylations without anchi-
meric assistance.


Based on these observations we engineered a conforma-
tional constraint into glycosyl acceptors to control the stereo-
chemistry during disaccharide formation (Scheme 7).[14] NMR
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Scheme 6. Synthesis of disaccharides using uronic acid acceptors. a) TBSOTf, CH2Cl2, �78 �C � room
temperature; b) AgClO4, SnCl2, Et2O, 4 ä molecular sieves, 0 �C � room temperature.
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analysis of glucuronic acid (31,
33) carrying cyclic isopropyli-
dene protecting groups re-
vealed a 1C4 conformation as
judged by the coupling con-
stants (J4,5 �3.5 Hz (4C1: J4,5
�8 Hz) and J1,2 �2.7 Hz). Dif-
ferentially protected glucuronic
acid monomers (31, 33) were
prepared from triol 23 by
formation of isopropylidene[30]


or cyclopentylidene[31] acetals
upon reaction with 2-methoxy-
propene or methoxycyclopen-
tene under kinetic control
(Scheme 7). The corresponding
furanoside by-products (32, 34)
were also obtained and were
recycled by cleavage of the
acetal protective group and re-
submission to 1,2-acetal forma-
tion. With conformationally
constrained glucuronic acid ac-
ceptors 31 and 33 in hand, the
stereochemical outcome of the
coupling reactions was investi-
gated (Scheme 8). Both glycosyl trichloroacetimidates (e.g.
11) and glycosyl fluorides (e.g. 10) resulted exclusively in the
formation of �-linked disaccharides 39 and 40 in very good


O


O
O


CO2Me
HO


R
R


BnO


O


O
O


CO2Me
HO


R
R


BnO
O


OH


OBn


OH


OHMeO2C O


O


OBn


OH


MeO2C
O


R
R


O


O


OBn


OH


O


R
R


CO2Me


O
CO2Me


HO
BnO OH


OH +


+


25


31: R = Me (48%)
33: R =


a or b


23


32: R = Me (32%)
34: R =


(57%) (29%)


a or b


35: R = Me (68%)
37: R =


36: R = Me (20%)
38: R =


(56%) (18%)


Scheme 7. Installation of 1,2-acetal protecting groups as molecular locks of
uronic acid monosaccharides. a) 2-methoxypropene, DMF, CSA; b) me-
thoxycyclopentene, DMF, CSA.


yield upon coupling with glucuronic acid acceptors. The
nature of the cyclic protecting group (isopropylidene or
cyclopentylidene) and the anomeric leaving group had no
influence on the selectivity of the coupling reaction. Sub-
sequently, glycosyl trichloroacetimidates were employed in
couplings since they performed slightly better than glycosyl
fluorides and disaccharides 42, 43, 45 ± 47 were formed.


In addition to their use as molecular locks 1,2-acetals are
convenient for differential protection of monosaccharides and
were applied to iduronic acid acceptors. In an analoguos
fashion to glucuronic acid, differentially protected iduronic
acid 35 and 37 were prepared from the triol 25. As expected,
35 and 37 adopted a 1C4 conformation. The corresponding
furanoside by-products 36 and 38 were recycled analogously
to 32 and 34 (Scheme 7). Coupling of glycosyl donors 11, 14,
16 and 17 with iduronic acid acceptors 35 and 37 furnished
disaccharides 48 ± 52 (Scheme 9).


After the cyclic acetal protecting groups served their
purpose, they were readily removed to yield disaccharide
diols 41, 44, 53, and 54 (Schemes 8 and 9). Complete �-
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Scheme 9. Synthesis of disaccharides using ™locked∫ iduronic acid accept-
ors. a) TBSOTf, 4 ä molecular sieves, CH2Cl2, �30 �C � room temper-
ature; b) dichloroacetic acid (60% aq.).
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Scheme 8. Synthesis of disaccharides using ™locked∫ glucuronic acid acceptors. a) TBSOTf, 4 ä molecular sieves,
CH2Cl2,�78 �C � room temperature; b) AgClO4, SnCl2, Et2O, 4 ä molecular sieves, 0 �C� room temperature;
c) dichloroacetic acid (75% aq.); d) dichloroacetic acid (50% aq.); e) TBSOTf, 4 ä molecular sieves, CH2Cl2,
�25 �C � room temperature.
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selectivity of the coupling reac-
tions greatly simplified access
to the nine disaccharide mod-
ules (39, 42, 45 ± 47, 48, 49, 51,
52) needed for heparin assem-
bly and purification of the re-
action products.


After the �-glucosamine
linkages had been stereoselec-
tively formed, the resulting di-
saccharides had to be converted
into competent glycosylating
agents. In accordance with our
modular assembly strategy for
heparin oligosaccharides, dif-
ferent C2 participating groups
had to be introduced in the
uronic acid portion. To account
for the presence of uronic acid
C2 hydroxyl or sulfate groups,
participating protective groups
orthogonal to acetates were
needed. Levulinoyl (Lev),[32] al-
lyloxycarbonate (Alloc),[33] and
monochloroacetate (MCA)[34]


groups were installed in a vari-
ety of disaccharides. These
groups can be replaced by per-
manent benzyl ether protection
at the appropriate stage of the synthesis. The selective
introduction of 2-hydroxyl protective groups was accomplish-
ed via two different routes (Scheme 10). Diacetylation of
disaccharide diols 41 and 44 using monochloroacetyl chloride
and selective cleavage of the anomeric MCA group from 55
and 56 was followed by conversion to the corresponding
glycosyl trichloroacetimidates 57 and 58.[35] For protecting
groups that do not allow for selective anomeric cleavage,
anomeric silylation,[36] protection of the 2-hydroxyl group,
desilylation and preparation of the glycosyl trichloroacetimi-
dates furnished disaccharide modules 64 ± 67. Synthesis of
iduronic acid containing disaccharide modules 70 and 71 were
accomplished from 53 and 54.


Oligosaccharide assembly : Convergent routes to monosac-
charide building blocks and selective �-glucosamine glycoside
formation by conformational locking of uronic acid acceptors
provided ready access to a set of key disaccharide modules.
The use of di- and trisaccharide
building blocks in the assembly
of defined heparin tetra- and
hexasaccharides was the next
goal of our investigation.


Several key issues had to be
addressed to enable our ap-
proach based on the assembly
of di- and trisaccharide mod-
ules. 1) Aversatile reducing end
moiety mimicking the solid-
phase situation and allowing


for further functionalization was identified; 2) uronic acid
glycosyl donors were employed to avoid difficult late stage
oxidations;[9b±d, 10b, c, 24e] 3) products of the modular oligosac-
charide assembly carry protecting group patterns analogous
to previous total syntheses to enable established deprotection
and sulfation protocols.[9b, 10a, 37]


We began oligosaccharide assembly by preparing the
reducing end. n-Pentenyl glycosides served to protect the
reducing terminus during oligosaccharide synthesis mimick-
ing an octenediol linker used in automated solid-phase
oligosaccharide synthesis.[38] Furthermore the n-pentenyl
group can function as glycosidating agent or may be converted
into convenient handles for attachment to proteins or
surfaces.[39] Three reducing end modules (73, 75, and 77) were
obtained by coupling disaccharide glycosyl trichloroacetimi-
dates 64, 57, 65, and n-pentenyl alcohol followed by removal
of the silyl protecting group from the C4 hydroxyl moiety
(Scheme 11).
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Scheme 10. Preparation of uronic acid containing disaccharide building blocks. a) (MCA)2O, CH2Cl2, DMAP,
pyridine; b) BnNH2, Et2O, 0 �C; c) NCCCl3, DBU, CH2Cl2, 0 �C; d) TBSCl, imidazole, CH2Cl2, 0 �C;
e) (LevO)2O, DMAP, CH2Cl2; f) AllocCl, DMAP, CH2Cl2; g) TBAF, HOAc, THF; h) Ac2O, CH2Cl2, DMAP,
pyridine.
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Scheme 11. Synthesis of reducing end disaccharides. a) 4-penten-1-ol, TMSOTf, CH2Cl2, 0 �C; b) HF/pyridine,
HOAc, THF.
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Oligosaccharide assembly using disaccharide modules : Next,
the elongation of heparin oligosaccharide sequences by
combining disaccharide building blocks with reducing end
modules was explored. Coupling of disaccharide donors, 70
and 71, with reducing end modules, 73 and 75, furnished
tetrasaccharides 78 ± 80 in excellent yield. Removal of the silyl
ether protecting group from the C4 hydroxyl group of 78 ± 80
produced tetrasaccharides 81 ± 83 as acceptors for further
elongation (Scheme 12).
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Scheme 12. Synthesis of tetrasaccharides by coupling of two disaccharides.
a) TMSOTf, CH2Cl2, �25 �C; b) HF/pyridine, AcOH, THF.


Encouraged by the success of the couplings between
disaccharides, the preparation of defined heparin hexasac-
charides by addition of a further disaccharide module was
attempted. Disaccharides 58, 66, and 67 containing different
C2 protecting groups, were employed in coupling with the
tetrasaccharides 81 and 82 under a variety of glycosylation
conditions (Scheme 13). The formation of the hexasacchar-
ides 84 and 86 was never detected in appreciable yield. Not
unexpectedly, activation of monochloroacetate protected
donor 58 afforded hexasaccharide orthoester 88. Treatment
of 88 with acid to procure rearranged product 84 did not


succeed.[40] Tetrasaccharide 83 containing a 3-O-benzyl
ether was employed as acceptor to explore if a 3-O-acetate
protecting group was responsible for the failure to
couple. Again, the desired union to form hexasaccharide 87
did not occur. Even benzylation of the 4-hydroxyl group of 81
failed!


To investigate the low reactivity of the C4 hydroxyl group of
the tetrasaccharide acceptors and rationalize the unexpected
results observed during the coupling of di- and tetrasacchar-
ides we performed model coupling experiments involving
acceptors containing the sequence GlcN-IdoA. The reaction
of glucosamine trichloroacetimidate 90 and iduronic acid 35
afforded disaccharide 91. Removal of the isopropylidene
group produced 92 before anomeric silylation, acetylation and
selective removal of the levulinoyl group afforded disacchar-
ide acceptor 93. The coupling between glucuronic acid
trichloroacetimidate 94 and GlcN-IdoA acceptor 93 did not
afford the desired trisaccharide, but rather the starting
materials were recovered (Scheme 14). Similarly, no penta-
saccharide product was obtained when disaccharide donor 97
and trisaccharide 98 where treated under glycosidation
conditions (Scheme 15).


To determine if the 1C4 conformation of the iduronic acid
unit is responsible for the poor coupling behavior of the GlcN-
IdoA sequence, we prepared disaccharide 101 containing a
glucuronic acid locked in the 1C4 conformation (Scheme 15).
Glycosylation of 101 with glucuronic acid trichloroacetimi-
date 94 and iduronic acid trichloroacetimidate 103 afforded
the expected coupling products 102 and 104 in good yield
(Scheme 16). Based on these results, the conformation of the
acceptor itself is not responsible of the low reactivity of the C4
hydroxyl group of GlcN-IdoA. Although we are currently not
able to explain the low reactivity of the C4 hydroxyl group of
the GlcN-IdoA sequence, these results clearly illustrated that
our initial strategy had to be amended to allow for the
incorporation of GlcN-IdoA sequences in the assembly of
bigger structures.


Oligosaccharide assembly using trisaccharide modules : Based
on the observations outlined above, the modular synthesis of
heparin oligosacharides was expanded to draw from di- and
trisaccharide modules to access all possible structures. The
overall strategy remains efficient as the linkage between
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Scheme 13. Attempted synthesis of a hexasaccharide by coupling of tetra- and disaccharides. a) TMSOTf, CH2Cl2, �25 �C.
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glucosamine and iduronic acid can be established selectively
and in high yield.[14] Trisaccharide modules were readily
accessed from the set of disaccharides as exemplified by the
synthesis of 105 and 107 (Scheme 17). The resulting trisac-
charides can be readily converted into glycosyl acceptors (e.g.
106) or glycosylating agents (e.g. 108) for the modular
assembly of oligosaccharides. This approach was successfully
demonstrated for the synthesis of hexasaccharide 109 by
coupling trisaccharide modules 106 and 108 in 62% yield
(Scheme 18).


Sulfation and final deprotection : After establishing a general
synthesis of heparin oligosaccharides based on di- and


trisaccharide modules by pre-
paring tetra- and hexasacchar-
ides, installation of the desired
sulfation patterns had to be
demonstrated. From the outset
of the synthesis acetates
marked positions to be sulfated
and benzyl ethers designated
free hydroxyl groups. Thus, late
stage manipulations could fol-
low precedent from earlier total
syntheses.[9b, 10a±c, 37] Still, the
placement of different C2 pro-
tection groups on uronic acid
donors had to be illustrated.
Tetrasaccharides 81 and 82
served to demonstrate the final
deprotection and sulfation
steps (Scheme 19). Selective re-
moval of the monochloroace-
tate group in 81[41] and levuli-
noyl group in 82[32] was ach-
ieved in high yield. Permanent
protection of the free hydroxyl
group was readily accomplished
by benzylation to furnish 110.
Alternatively, after saponifica-
tion of 111 the unprotected
hydroxyl groups can be sulfated
by reaction with Et3NSO3.[9-
b, 10a±c, 37] Cleavage of all benzyl
ether protective groups and
selective N-sulfation furnished
fully functionalized heparin tet-
rasaccharide 112.[9b, 10a±c]


Conclusion


In summary, we have developed
a general, modular strategy for
the first completely stereoselec-
tive synthesis of defined hepa-
rin oligosaccharides. Di- and
trisaccharide modules were de-
rived from just six monosac-


charide building blocks in a fully selective fashion by placing a
conformational constraint on uronic acid glycosyl acceptors.
We demonstrated a new concept for stereochemical control of
�-glucosamine glycoside formation. Locking the conforma-
tion of the glucuronic acid acceptor allowed for completely
selective preparation of the desired cis-glycosides. This
innovation greatly simplified the key step in the preparation
of disaccharide building blocks. Combination of disaccharide
modules to form trans-uronic acid linkages proved also
completely selective by virtue of C2 participating groups.
Coupling reactions between modules exhibited sequence
dependence. Trisaccharide modules allowed for stereoselec-
tive access to oligosaccharides as demonstrated on the
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example of a hexasaccharide. Final deprotection and sulfation
yielded the fully synthetic heparin oligosaccharides.


Utilizing the synthetic approach presented here, we are now
preparing heparin oligosaccharides to elucidate the exact
structures responsible for protein interactions involved in
growth factor signaling and viral entry. This general strategy is
expected to allow for the synthesis of heparin oligosaccharides
on solid support using a repetitive coupling/deprotection
cycle. The assembly of other classes of glycosaminoglycans of
medical importance such as hyaluronic acid and chondroitin
has come within reach. Investigations in these areas are
currently underway and will be reported in due course.


Experimental Section


General methods : All chemicals used were reagent grade and used as
supplied except where noted otherwise. Anhydrous methanol (MeOH) and
dimethylformamide (DMF) were purchased from Aldrich in SureSeal
bottles. Dichloromethane (CH2Cl2), diethyl ether, toluene and tetrahydro-
furan (THF) were purchased from J. T. Baker (Cycletainer) and passed
through a neutral alumina column prior to use. Pyridine, 2,4,6-collidine,
and acetonitrile (CH3CN) were heated under reflux over calcium hydride
and distilled prior to use. Analytical thin-layer chromatography was
performed on E. Merck silica gel 60 F254 glass plates (0.25 mm).
Compounds were visualized by dipping the plates in a cerium sulfate-
ammonium molybdate solution followed by heating. Liquid column
chromatography was performed using forced flow of the indicated solvent
on Silicycle 230 ± 400 mesh (60 ä pore diameter) silica gel. 1H NMR
spectra were obtained on a Varian VXR-500 (500 MHz) or a Varian-300
(300 MHz) spectrometer and are reported in parts per million (�) relative
to CHCl3 (7.27 ppm). Coupling constants (J) are reported in Hertz.
13C NMR spectra were obtained on a Varian VXR-500 (125 MHz) or a
Varian-300 (75 MHz) spectrometer and are reported in � relative to CDCl3
(77.23 ppm) as an internal reference.


tert-Butyldimethylsilyl 3,4,6-tri-O-acetyl-2-azido-2-deoxy-�-�-glucopyra-
noside (2): Preparation of TfN3 : CH2Cl2 (250 mL) was added to a solution
of NaN3 (59.5 g, 0.92 mol) in water (150 mL) at 0 �C. The mixture was
stirred vigorously and treated with trifluoromethanesulfonic anhydride
(31.0 mL, 0.19 mol) over a period of 3 h at 0 �C. After the complete addition
of trifluoromethanesulfonic anhydride, the reaction mixture was stirred at
0 �C for 2.5 h. The aqueous phase was extracted with CH2Cl2 (2� 100 mL)
and the combined organic layers washed with saturated Na2CO3 and saved
for use in the next step. [Caution : TfN3 is explosive when not in solution!]


CuSO4 (140 mg, 0.88 mmol) and K2CO3 (19.2 g, 0.14 mol) were added to a
solution of glucosamine hydrochloride (1) (20.0 g, 0.092 mol) in water
(300 mL). Methanol (600 mL) was added to the reaction mixture followed
by the addition of the TfN3 solution. Methanol was added until the solution
was homogeneous (�300 mL). The clear blue solution was allowed to stir
for 24 h at room temperature. Glycine (70 g) was added and the reaction
mixture was again allowed to stir for 24 h. The glycine was filtered off and
the solvent was removed in vacuo to afford a brown oil. The oil was taken
up in pyridine (95 mL), cooled to 0 �C and DMAP (�30 mg) and acetic
anhydride (86 mL, 0.91 mol) were added. The solution was stirred for 12 h
at room temperature. The reaction was quenched with saturated NaHCO3


and the aqueous phase was extracted with CH2Cl2 (3� 1000 mL). The
organic phase was dried over MgSO4, filtered and the solvent was removed
in vacuo to yield a brown oil. Warm ethanol was added until the solution
was homogeneous. The resulting solution was cooled to �20 �C and a white
precipitate formed. Cold water was then added, the white precipitate was
filtered and washed with water and cold ethanol to afford 1,3,4,6-tetra-O-
acetyl-2-azido-2-deoxy-�-��glucopyranose (23.8 g, 0.063 mol, 68%) as a
colorless solid. 1H NMR (300 MHz, CDCl3): � �5.55 (d, J� 8.6 Hz, 1H),
5.15 ± 5.00 (m, 2H), 4.31 (dd, J� 4.6, 12.5 Hz, 1H), 4.08 (dd, J� 2.1,
12.5 Hz, 1H), 3.75 (ddd, J� 2.1, 4.4, 6.3 Hz, 1H), 3.65 ± 3.72 (m, 1H), 2.20
(s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 2.04 (s, 3H); IR (thin film): �� � 2959,
2112, 1747 cm�1. Flash chromatography of the mother liquor (hexanes/


EtOAc 7:3) afforded a colorless oil (mixture of �/�) (5.6 g, 0.015 mmol,
17%). The spectral data was in agreement with the reported data.[16b]


1,3,4,6-Tetra-O-acetyl-2-azido-2-deoxy-�/�-�-glucopyranose (30.2 g,
80 mmol) was coevaporated twice with toluene and dissolved in THF and
methanol (7:3, 300 mL). The solution was cooled to 0 �C and gaseous
anhydrous ammonia was bubbled through at a modest rate. After 15 min,
nitrogen was bubbled through the solution to remove excess ammonia and
the solvent was removed in vacuo to afford a brown oil. The residue was
coevaporated twice with toluene and dissolved in CH2Cl2 (150 mL).
Imidazole (10.9 g, 160 mmol) and tert-butyldimethylsilyl chloride (13.3 g,
88 mmol) were added. After 2 h, the mixture was diluted with EtOAc,
washed with water, 1� HCl (2� ) and water. The organic layer was dried
over MgSO4, filtered, and the solvent was removed in vacuo. Crystalliza-
tion from ethanol afforded 2 (29.8 g, 67 mmol, 84%) as colorless crystals.
1H NMR (300 MHz, CDCl3): �� 5.00 ± 4.90 (m, 2H), 4.63 (d, J� 7.6 Hz,
1H), 4.20 (dd, J� 5.9, 12.1 Hz, 1H), 4.09 (dd, J� 2.6, 12.1 Hz, 1H), 3.70 ±
3.64 (m, 1H), 3.48 ± 3.40 (m, 1H), 2.10 (s, 3H), 2.08 (s, 3H), 2.00 (s, 3H),
0.95 (s, 9H), 0.15 (s, 6H). The spectral data was in agreement with the
reported data.[42]


tert-Butyldimethylsilyl 2-azido-4,6-O-benzylidene-2-deoxy-�-�-glucopyra-
noside (3): Compound 2 (36.9 g, 82.8 mmol) was dissolved in methanol
(300 mL) and NaOMe (25% in MeOH, 5.4 mL) was added. After 15 min,
DOWEX-50 acidic resin was added and the mixture was stirred until the
pH reached 6. The DOWEX resin was filtered off and the solvent was
removed in vacuo to afford a yellow oil. The residue was coevaporated
twice with toluene and dissolved in acetonitrile (400 mL). Benzaldehyde
dimethyl acetal (24.8 mL, 165 mmol) and p-toluenesulfonic acid monohy-
drate (400 mg, 2.1 mmol) were added. After stirring overnight at room
temperature, triethylamine (5 mL) was added and the solvents evaporated.
Flash chromatography on silica gel (hexanes/EtOAc 95:5� 9:1) afforded 3
(29.0 g, 71.2 mmol, 86%) as a colorless oil. 1H NMR (300 MHz, CDCl3): �
�7.55 ± 7.45 (m, 2H), 7.45 ± 7.38 (m, 3H), 5.52 (s, 1H), 4.65 (d, J� 7.65 Hz,
1H), 4.29 (dd, J� 4.9, 10.4 Hz, 1H), 3.77 (t, J� 10.1 Hz, 1H), 3.60 ± 3.30 (m,
4H), 2.91 (s, 1H), 1.00 (s, 9H), 0.19 (s, 6H). The spectral data was in
agreement with the reported data.[43]


tert-Butyldimethylsilyl 2-azido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-�-
�-glucopyranoside (4): tert-Butyldimethylsilyl 2-azido-4,6-O-benzylidene-
2-deoxy-�-��glucopyranoside (3 ; 28.1 g, 68.97 mmol) was dissolved in
CH2Cl2 (250 mL). Powdered, freshly activated 4 ä molecular sieves (45 g)
and benzyl bromide (20.5 mL, 172 mmol) were added and the mixture was
stirred for 30 min. Silver(�)oxide (47 g, 203 mmol) was added and the
reaction vessel was covered in aluminum foil to exclude light. After 8 h, the
reaction mixture was filtered through Celite and the filtrate was concen-
trated in vacuo. Flash chromatography on silica (hexanes/EtOAc 50:1)
afforded 4 (32.6 g, 65.5 mmol, 95%) as a colorless solid. 1H NMR
(300 MHz, CDCl3): � �7.60 ± 7.28 (m, 10H), 5.51 (s, 1H), 4.98 (d, J�
11.5 Hz, 1H), 4.84 (d, J� 11.5 Hz, 1H), 4.63 (d, J� 7.5 Hz, 1H), 4.33 (dd,
J� 5.0, 9.4 Hz, 1H), 3.89 ± 3.73 (m, 2H), 3.60 ± 3.35 (m, 3H), 0.98 (s, 9H),
0.17 (s, 6H). The spectral data was in agreement with the reported data.[43]


tert-Butyldimethylsilyl 3-O-acetyl-2-azido-4,6-O-benzylidene-2-deoxy-�-
�-glucopyranoside (5): Compound 3 (9.5 g, 23.3 mmol) was dissolved in
CH2Cl2 (150 mL) and pyridine (21 mL), DMAP (280 mg, 2.3 mmol) and
acetic anhydride (10 mL, 106 mol) were added. The reaction mixture was
stirred overnight, water was added and stirred for 1 h. The organic layer
was extracted with water, 1� HCl, water and saturated NaHCO3. The
organic phase was dried over MgSO4, filtered and the solvent was removed
in vacuo. Flash chromatography on silica gel (hexanes/EtOAc 50:1� 5:1)
afforded 5 (9.96 g, 22.1 mmol, 95%) as a colorless crystalline solid. [�]24D �
�72.1 (c� 0.99, CH2Cl2); IR (thin film): �� � 2111, 1751, 1370, 1222, 1099,
841 cm�1; 1H NMR (300 MHz, CDCl3): ��7.45 ± 7.33 (m, 5H), 5.49 (s, 1H),
5.13 (dd, J� 9.7, 9.9 Hz, 1H), 4.72 (d, J� 7.6 Hz, 1H), 4.31 (dd, J� 4.9,
10.5 Hz, 1H), 3.80 (dd, J� 10.2, 10.3 Hz, 1H), 3.65 (dd, J� 9.4, 9.5 Hz, 1H),
3.49 (ddd, J� 4.9, 9.6, 9.6 Hz, 1H), 3.42 (dd, J� 7.5, 10.1 Hz, 1H), 2.14 (s,
3H), 0.95 (s, 9H), 0.19 (s, 3H), 0.18 (s, 3H); 13C NMR (75 MHz, CDCl3): �
�169.9, 136.9, 129.3, 128.4, 126.3, 101.7, 97.8, 78.9, 71.1, 68.7, 67.4, 66.8, 25.8,
21.2, 18.2, �4.1, �4.9; FAB MS: m/z : calcd for C21H31N3O6Si: 449.1982;
found: 449.1876 [M]� .


tert-Butyldimethylsilyl 6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-�-�-gluco-
pyranoside (6): Compound 4 (32.6 g, 65.5 mmol) was dissolved in CH2Cl2
(1.5 L) and trifluoroacetic acid (60% aq., 54 mL) was added. The resulting
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mixture was stirred vigorously at room temperature for 8.5 h and saturated
NaHCO3 was added carefully. After phase separation, the aqueous layer
was extracted with CH2Cl2. The combined organic layers were dried over
Na2SO4, filtered and the solvents were removed in vacuo. Flash chroma-
tography on silica (hexanes/EtOAc 4:1� 1:1) afforded tert-butyldimethyl-
silyl 2-azido-3-O-benzyl-2-deoxy-�-��glucopyranoside (25 g, 61 mmol,
92%) as a colorless oil. [�]24D ��30.4 (c� 1.00, CH2Cl2); IR (thin film):
�� � 3415, 2110, 1361, 1079 cm�1; 1H NMR (300 MHz, CDCl3): ��7.44 ± 7.30
(m, 5H), 4.97 (d, J� 11.4 Hz, 1H), 4.72 (d, J� 11.4 Hz, 1H), 4.58 (d, J�
7.5 Hz, 1H), 3.84 (dd, J� 3.7, 11.8 Hz, 1H), 3.75 (dd, J� 4.8, 11.8 Hz, 1H),
3.59 (dd, J� 8.7, 9.5 Hz, 1H), 3.36 ± 3.26 (m, 2H), 3.22 (dd, J� 8.6, 9.9 Hz,
1H), 0.96 (s, 9H), 0.19 (s, 3H), 0.18 (s, 3H); 13C NMR (75 MHz, CDCl3): �
�138.2, 128.9, 128.34, 128.26, 97.5, 82.5, 75.3, 75.2, 70.7, 68.5, 62.8, 25.8, 18.1,
�4.0, �4.9; FAB MS: m/z : calcd for C19H31N3O5Si: 409.2033; found:
409.2029 [M]� . The spectral data was in agreement with the reported
data.[44]


Acetyl chloride (4.5 mL, 63.3 mmol) was added dropwise to a solution of
tert-butyldimethylsilyl 2-azido-3-O-benzyl-2-deoxy-�-��glucopyranoside
(25 g, 61 mmol) in 2,4,6-collidine (110 mL) under nitrogen at �40 �C.
After stirring at �40 �C overnight, water was added. The mixture was
poured into EtOAc and extracted with 1� HCl, brine and saturated
NaHCO3. The organic phase was dried over Na2SO4, filtered and the
solvents were removed in vacuo to afford 6 (26.5 g, 58.7 mmol, 96%) as a
colorless solid. [�]24D ��27.1 (c� 1.00, CH2Cl2); IR (thin film): �� � 3482,
2110, 1743, 1255 cm�1; 1H NMR (300 MHz, CDCl3): ��7.43 ± 7.30 (m, 5H),
4.96 (d, J� 11.4 Hz, 1H), 4.73 (d, J� 11.4 Hz, 1H), 4.55 (d, J� 7.6 Hz, 1H),
4.34 ± 4.27 (m, 2H), 3.50 ± 3.38 (m, 2H), 3.33 (dd, J� 7.6, 9.9 Hz, 1H), 3.21
(dd, J� 8.3, 9.9 Hz, 1H), 2.59 ± 2.46 (br s, 1H), 2.09 (s, 3H), 0.96 (s, 9H),
0.18 (s, 6H); 13C NMR (75 MHz, CDCl3): � �171.5, 138.1, 128.8, 128.31,
128.28, 97.4, 82.2, 75.3, 73.8, 70.3, 68.3, 63.5, 25.8, 21.1, 18.3, �4.1, �5.0;
FAB MS: m/z : calcd for C21H33N3O6Si: 451.2138; found: 451.2135 [M]� .


tert-Butyldimethylsilyl 3,6-di-O-acetyl-2-azido-2-deoxy-�-�-glucopyrano-
side (7): Compound 5 (9.5 g, 21.1 mmol) was dissolved in CH2Cl2
(500 mL) and trifluoroacetic acid (60% aq., 17 mL) was added. The
resulting mixture was stirred vigorously at room temperature overnight and
saturated NaHCO3 was added carefully. After phase separation, the
aqueous layer was extracted with CH2Cl2. The combined organic layers
were dried over Na2SO4, filtered and the solvents were removed in vacuo.
Flash chromatography on silica gel (hexanes/EtOAc 4:1� 1:1) afforded
tert-butyldimethylsilyl 3-O-acetyl-2-azido-2-deoxy-�-��glucopyranoside
(7.25 g, 20 mmol, 95%) as a colorless solid. [�]24D ��26.4 (c� 1.00,
CH2Cl2); IR (thin film): �� � 3387, 2112, 1748, 1254 cm�1; 1H NMR
(500 MHz, CDCl3): � �4.77 (dd, J� 9.2, 9.5 Hz, 1H), 4.64 (d, J� 7.6 Hz,
1H), 3.90 (dd, J� 3.7, 11.9 Hz, 1H), 3.81 (dd, J� 4.9, 11.9 Hz, 1H), 3.66 (dd,
J� 9.5, 9.5 Hz, 1H), 3.41 ± 3.36 (m, 1H), 3.34 (dd, J� 7.6, 10.4 Hz, 1H),
3.08 ± 2.92 (br s, 1H), 2.15 ± 1.92 (br s, 1H), 2.19 (s, 3H), 0.94 (s, 9H), 0.174
(s, 3H), 0.168 (s, 3H); 13C NMR (125 MHz, CDCl3) �� 172.2, 97.2, 76.0,
75.8, 70.1, 66.2, 62.6, 25.7, 21.2, 18.1, �4.1, �5.0; FAB MS: m/z : calcd for
C14H27N3O6Si: 361.1669; found: 361.1677 [M]� .


Acetyl chloride (1.5 mL, 21.1 mmol) was added slowly to a solution of tert-
butyldimethylsilyl 3-O-acetyl-2-azido-2-deoxy-�-��glucopyranoside
(7.25 g, 20 mmol) in 2,4,6-collidine (47 mL) under nitrogen at �40 �C.
After stirring at �40 �C overnight, water was added. The mixture was
poured into EtOAc and extracted with 1� HCl, brine and saturated
NaHCO3. The organic phase was dried over Na2SO4, filtered and the
solvents were removed in vacuo. Flash chromatography on silica gel
(hexanes/EtOAc 5:1� 4:1) afforded 7 (7.59 g, 18.8 mmol, 94%) as a
colorless solid. [�]24D ��31.6 (c� 1.00, CH2Cl2); IR (thin film on NaCl): �� �
3459, 2112, 1747, 1233, 1042, 841 cm�1; 1H NMR (300 MHz, CDCl3): �


�4.81 ± 4.74 (m, 1H), 4.62 (d, J� 7.6 Hz, 1H), 4.37 ± 4.31 (m, 2H), 3.75 ±
3.46 (m, 2H), 3.53 (dd, J� 7.7, 10.3 Hz, 1H), 3.13 ± 3.09 (m, 1H), 2.18 (s,
3H), 2.10 (s, 3H), 0.94 (s, 9H), 0.17 (s, 6H); 13C NMR (75 MHz, CDCl3): �
�171.8, 171.5, 97.2, 75.5, 74.3, 69.8, 66.0, 63.4, 25.8, 21.2, 21.1, 18.2, �4.2,
�5.0; FAB MS: m/z : calcd for C16H29N3O7Si: 403.1775; found: 403.1779
[M]� .


tert-Butyldimethylsilyl 2-azido-3,6-di-O-benzyl-2-deoxy-�-�-glucopyrano-
side (8): Compound 4 (3.6 g, 7.24 mmol) and triethylsilane (6.5 mL,
43.4 mmol) were dissolved in anhydrous CH2Cl2 (70 mL) under nitrogen
at 0 �C and trifluoroacetic acid (3.3 mL, 43.4 mmol) was added dropwise
over 5 min. The reaction mixture was slowly warmed to room temperature,
stirred for 5 h and quenched with saturated NaHCO3. After addition of


CH2Cl2 and phase separation, the aqueous phase was extracted with
CH2Cl2. The combined organic phases were dried over MgSO4, filtered and
the solvents were removed in vacuo. Flash chromatography on silica gel
(hexanes/EtOAc 8:1� 6:1) afforded 8 (3.1 g, 6.2 mmol, 85%) as a colorless
oil. [�]24D ��33.9 (c� 1.00, CH2Cl2); IR (thin film): �� � 3472, 2111, 1257,
1113, 1069 cm�1; 1H NMR (300 MHz, CDCl3): ��7.45 ± 7.28 (m, 10H), 4.93
(d, J� 11.4 Hz, 1H), 4.77 (d, J� 11.4 Hz, 1H), 4.61 (d, J� 12.1 Hz, 1H),
4.56 (d, J� 12.1 Hz, 1H), 4.55 (d, J� 7.5 Hz, 1H), 3.73 (d, J� 4.8 Hz, 2H),
3.65 (dd, J� 8.5, 9.7 Hz, 1H), 3.46 ± 3.39 (m, 1H), 3.33 (dd, J� 7.5, 10.0 Hz,
1H), 3.23 (dd, J� 8.5, 10.0 Hz, 1H), 0.95 (s, 9H), 0.18 (s, 6H); 13C NMR
(75 MHz, CDCl3): � �138.3, 137.9, 128.8, 128.6, 128.23, 128.16, 127.9, 127.8,
97.4, 82.5, 75.2, 74.1, 73.9, 72.2, 70.6, 68.3, 25.9, 18.3, �4.0, �5.0; FAB MS:
m/z : calcd for C26H37N3O5Si: 499.2502; found: 499.2513. The spectral data
was in agreement with the reported data.[43]


tert-Butyldimethylsilyl 3-O-acetyl-2-azido-6-O-benzyl-2-deoxy-�-��gluco-
pyranoside (9): Compound 5 (42.0 mg, 0.093 mmol) and triethylsilane
(75 �L, 0.47 mmol) were dissolved in CH2Cl2 (930 �L) under argon at 0 �C
and trifluoroacetic acid (36 �L, 0.47 mmol) was added dropwise over 6 min.
The reaction mixture was slowly warmed to room temperature, stirred for
3 h and quenched with saturated NaHCO3. After addition of CH2Cl2 and
phase separation, the aqueous phase was extracted three times with
CH2Cl2. The combined organic phases were dried over MgSO4, filtered and
the solvents were removed in vacuo. Flash chromatography on silica gel
(hexanes/EtOAc 8:1� 6:1) furnished 9 (38.1 mg, 91%) as a colorless oil.
[�]24D ��21.6 (c� 1.00, CH2Cl2); IR (thin film): �� � 3434, 2111, 1749,
1252 cm�1; 1H NMR (300 MHz, CDCl3): � �7.40 ± 7.28 (m, 5H), 4.80 (dd,
J� 9.1 Hz, 10.3 Hz, 1H), 4.61 (d, J� 7.7 Hz, 1H), 4.61 ± 4.57 (m, 2H), 3.75
(dd, J� 1.6, 4.9 Hz, 1H), 3.69 (ddd, J� 3.5, 9.3, 9.3 Hz, 1H), 3.53 ± 3.45 (m,
1H), 3.36 (dd, J� 7.7, 10.3 Hz, 1H), 3.00 (d, J� 3.7 Hz, 1H), 2.18 (s, 3H),
0.95 (s, 9H), 0.178 (s, 3H), 0.175 (s, 3H); 13C NMR (75 MHz, CDCl3): �
�171.5, 137.7, 128.6, 128.0, 127.8, 97.3, 75.4, 74.4, 73.9, 71.1, 70.3, 66.1, 25.8,
21.3, 18.2, �4.1, �5.0; FAB MS: m/z : calcd for C21H33N3O6Si: 451.2138;
found: 451.2131 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�/�-
�-glucopyranosyl fluoride (10�): tert-Butyldimethylsilyl trifluormethane-
sulfonate (3.4 mL, 14.8 mmol) was added to a solution of compound 6
(5.15 g, 11.4 mmol) and 2,6-lutidine (3.3 mL, 28.3 mmol) in CH2Cl2 (50 mL)
at �20 �C. The reaction was allowed to warm to room temperature and stir
for 1 h. The mixture was poured into EtOAc and the aqueous layer was
extracted with 1� HCl, brine and saturated NaHCO3. The organic layer
was dried over Na2SO4, filtered and the solvents were removed in vacuo.
Flash chromatography on silica gel (hexanes/EtOAc 199:1� 98:2) afford-
ed tert-butyldimethylsilyl 6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldi-
methylsilyl-2-deoxy-�-��glucopyranoside (5.8 g, 10.3 mmol, 90%) as a
colorless oil. [�]24D ��36.1 (c� 1.00, CH2Cl2); IR (thin film): �� � 2110, 1748,
1112 cm�1; 1H NMR (300 MHz, CDCl3): ��7.40 ± 7.28 (m, 5H), 4.93 (d, J�
11.1 Hz, 1H), 4.71 (d, J� 11.1 Hz, 1H), 4.56 (d, J� 7.6 Hz, 1H), 4.42 (dd,
J� 2.2, 11.6 Hz, 1H), 4.07 (dd, J� 6.6, 11.6 Hz, 1H), 3.59 (dd, J� 8.3,
9.5 Hz, 1H), 3.45 (ddd, J� 2.2, 6.6, 9.5 Hz, 1H), 3.34 (dd, J� 7.6, 9.9 Hz,
1H), 3.20 (dd, J� 8.3, 9.9 Hz, 1H), 2.08 (s, 3H), 0.94 (s, 9H), 0.89 (s, 9H),
0.164 (s, 3H), 0.160 (s, 3H), 0.05 (s, 3H), 0.03 (s, 3H); 13C NMR (75 MHz,
CDCl3): � �170.8, 138.4, 128.5, 127.7, 127.6, 97.4, 83.0, 75.2, 74.6, 71.3, 69.2,
63.6, 26.1, 25.8, 21.1, 18.3, �3.5, �4.1, �4.6, �5.0; FAB MS: m/z : calcd for
C27H47N3O6Si2: 565.3003; found: 565.3011 [M]� .


tert-Butyldimethylsilyl 6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldime-
thylsilyl-2-deoxy-�-��glucopyranoside (4.0 g, 7.07 mmol) was dissolved in
THF (60 mL) and cooled to 0 �C. Glacial acetic acid (500 �L, 8.7 mmol) and
TBAF (1� in THF, 8.2 mL, 8.2 mmol) were added simultaneously. After
30 min, the mixture was poured into Et2O (200 mL) and washed three times
with brine. The organic layer was dried over Na2SO4, filtered and the
solvents were removed in vacuo. The residue was coevaporated with
toluene, dissolved in anhydrous THF (20 mL) and cooled to �30 �C. DAST
(1.2 mL, 9.08 mmol) was added dropwise and the mixture was stirred for
5 min at�30 �C and 30 min at room temperature. The reaction mixture was
cooled to �30 �C and anhydrous methanol (500 �L) was added. After
warming to room temperature, the mixture was poured into EtOAc
(300 mL) and washed with saturated NaHCO3, water and brine. The
organic layer was dried over Na2SO4, filtered and the solvents were
removed in vacuo. Flash chromatography on silica gel (hexanes/EtOAc
95:5) afforded a mixture (5:1) of 10� and 10� (3.0 g, 6.62 mmol, 94%) as a
crystalline solid. 10� : 1H NMR (300 MHz, CDCl3): � �7.45 ± 7.28 (m, 5H),
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5.68 (dd, J� 2.7, 52.7, 1H), 4.92 (d, J� 11.0 Hz, 1H), 4.84 (d, J� 11.0 Hz,
1H), 4.45 (dd, J� 1.9, 12.1 Hz, 1H), 4.11 (dd, J� 4.7, 12.1 Hz, 1H), 4.04 ±
3.94 (m, 1H), 3.83 ± 3.71 (m, 2H), 3.74 ± 3.36 (m, 1H), 2.11 (s, 3H), 0.92 (s,
9H), 0.06 (s, 3H), 0.05 (s, 3H); 13C NMR (75 MHz, CDCl3): ��170.7, 137.7,
128.5, 127.8, 127.5, 107.6, 104.6, 80.1, 75.6, 73.14, 73.08, 70.4, 64.3, 64.0, 62.5,
26.1, 21.1, 18.3, �3.4, �4.7. 10� : 1H NMR (300 MHz, CDCl3): ��7.45 ± 7.28
(m, 5H), 5.68 (dd, J� 2.7, 52.7 Hz, 1H), 4.92 (d, J� 11.0 Hz, 1H), 4.84 (d,
J� 11.0 Hz, 1H), 4.45 (dd, J� 1.9, 12.1 Hz, 1H), 4.11 (dd, J� 4.7, 12.1 Hz,
1H), 4.04 ± 3.94 (m, 1H), 3.83 ± 3.71 (m, 2H), 3.74 ± 3.36 (m, 1H), 2.11 (s,
3H), 0.92 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H); 13C NMR (75 MHz, CDCl3): �
�170.7, 137.7, 128.6, 128.5, 128.2, 127.9, 127.6, 109.6, 106.7, 82.4, 82.3, 75.4,
74.8, 74.7, 70.2, 66.6, 66.3, 62.8, 26.0, 21.1, 18.2, �3.5, �4.7.


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�/�-
�-glucopyranosyl trichloroacetimidate (11): tert-Butyldimethylsilyl 6-O-
acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�-��gluco-
pyranoside (1.16 g, 2.05 mmol) was dissolved in anhydrous THF (20 mL)
and cooled to 0 �C. Glacial acetic acid (146 �L, 2.56 mmol) and TBAF (1�
in THF) (2.25 mL, 2.25 mmol) were added simultaneously. After 30 min,
the mixture was poured into Et2O (200 mL) and washed three times with
brine. The organic layer was dried over Na2SO4, filtered and the solvents
were removed in vacuo. The residue was dissolved in CH2Cl2 (50 mL) and
cooled to 0 �C. Trichloroacetonitrile (3.1 mL, 30.9 mmol) and DBU (30 �L,
0.2 mmol) were added and the mixture was stirred for 1 h at 0 �C and
concentrated in vacuo. Flash chromatography on silica gel (hexanes/EtOAc
85:15) afforded a mixture of 11� and 11� (27/73) (1.12 g, 1.88 mmol, 92%)
as a colorless oil. 11� : [�]24D ��118.6 (c� 1.69, CH2Cl2); IR (thin film): �� �
3344, 2954, 2929, 2857, 2110, 1745, 1674, 1255, 1069 cm�1; 1H NMR
(500 MHz, CDCl3): � �8.75 (s, 1H), 7.41 ± 7.28 (m, 5H), 6.44 (d, J� 3.4 Hz,
1H), 4.92 (d, J� 11.3 Hz, 1H), 4.86 (d, J� 11.0 Hz, 1H), 4.40 (dd, J� 12.2,
2.1 Hz, 1H), 4.08 (dd, J� 12.2, 4.6 Hz, 1H), 3.95 ± 3.99 (m, 1H), 3.77 ± 3.82
(m, 2H), 3.66 ± 3.71 (m, 1H), 2.06 (s, 3H), 0.91 (s, 9H), 0.06 (s, 3H), 0.05 (s,
3H); 13C NMR (125 MHz, CDCl3): � �170.8, 160.9, 137.9, 128.5, 127.8,
127.6, 94.8, 80.5, 75.5, 73.3, 70.8, 63.7, 62.7, 26.1, 21.0, 18.2, �3.5, �4.8; FAB
MS: m/z : calcd for C23H33Cl3N4O6Si: 594.1235; found: 594.1219. 11� :
[�]24D ��43.6 (c� 1.11, CH2Cl2); IR (thin film): �� � 3329, 2928, 2857, 2113,
1745, 1676, 1063 cm�1; 1H NMR (500 MHz, CDCl3): � �8.74 (s, 1H), 7.48 ±
7.28 (m, 5H), 5.66 (d, J� 8.2 Hz, 1H), 4.94 (d, J� 11.3 Hz, 1H), 4.79 (d, J�
11.3 Hz, 1H), 4.42 (dd, J� 11.9, 2.4 Hz, 1H), 4.13 (dd, J� 12.2, 4.9 Hz, 1H),
3.77 (dd, J� 9.5, 8.5 Hz, 1H), 3.69 (dd, J� 9.8, 8.2 Hz, 1H), 3.60 (ddd, J�
9.5, 4.9, 2.4 Hz, 1H), 3.36 (dd, J� 9.5, 8.5 Hz, 1H), 2.08 (s, 3H), 0.90 (s, 9H),
0.05 (s, 3H), 0.04 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.9, 161.2,
138.1, 128.6, 127.9, 127.6, 97.1, 83.4, 75.5, 75.4, 70.4, 66.2, 62.8, 26.0, 21.1, 18.2,
�3.5, �4.8; FAB MS: m/z : calcd for C23H33Cl3N4O6Si: 594.1235; found:
594.1222 [M]� .


3,6-Di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-�-�-gluco-
pyranosyl bromide (12): tert-Butyldimethylsilyl trifluoromethanesulfonate
(4.1 mL, 17.9 mmol) was added to a solution of compound 7 (4.70 g,
11.65 mmol) and 2,6-lutidine (3.5 mL, 30 mmol) in CH2Cl2 (25 mL) at
�20 �C. The reaction was allowed to warm to room temperature and stirred
for 1 h. The mixture was poured into EtOAc and extracted with 1� HCl,
brine and saturated NaHCO3. The organic layer was dried over Na2SO4,
filtered and solvents removed in vacuo. Flash chromatography on silica gel
(hexanes/EtOAc 199:1� 98:2) afforded tert-butyldimethylsilyl 3,6-di-
O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-�-��glucopyranoside
(5.61 g, 10.8 mmol, 93%) as a colorless oil. [�]24D ��3.1 (c� 1.00, CH2Cl2);
IR (thin film): �� � 2111, 1750, 1363, 1221 cm�1; 1H NMR (300 MHz,
CDCl3): � �4.87 (dd, J� 8.8, 10.4 Hz, 1H), 4.63 (d, J� 7.6 Hz, 1H), 4.39
(dd, J� 2.2, 11.7 Hz, 1H), 4.08 (dd, J� 6.2, 11.7 Hz, 1H), 3.67 (dd, J� 9.1,
9.2 Hz, 1H), 3.54 ± 3.46 (m, 1H), 3.27 (dd, J� 7.6, 10.4 Hz, 1H), 2.14 (s,
3H), 2.08 (s, 3H), 0.92 (s, 9H), 0.83 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H), 0.05
(s, 3H), 0.04 (s, 3H); 13C NMR (75 MHz, CDCl3): ��170.7, 169.9, 97.1, 74.6,
74.5, 69.6, 66.8, 63.1, 25.80, 25.75, 21.6, 21.1, 18.2, 18.1, �3.9, �4.3, �4.6,
�5.0; FAB MS: m/z : calcd for C22H43N3O7Si2: 517.2639; found: 517.2635
[M]� .


TBAF (1.0� in THF, 6.4 mL) and glacial acetic acid (350 �L, 5.9 mmol)
were added dropwise to a solution of tert-butyldimethylsilyl 3,6-di-O-
acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-�-��glucopyranoside
(2.90 g, 5.6 mmol) in THF (60 mL) under nitrogen at 0 �C. The reaction
mixture was warmed to room temperature, stirred for 1.5 h and quenched
with saturated NaHCO3. After extracting three times with CH2Cl2, the
combined organic phases were dried over MgSO4, filtered and the solvents


were removed in vacuo. The crude material was evaporated three times
with toluene, dried under vacuum for 1 h and dissolved in THF (17 mL).
The resulting solution was added to a suspension of SOBr2 (760 �L,
9.6 mmol) and imidazole (585 mg, 8.6 mmol) in anhydrous THF (55 mL) at
0 �C. The resulting suspension was stirred for 1 h, diluted with anhydrous
Et2O, filtered over a pad of florisil and ground Na2S2O3 and concentrated to
furnish 12 as a yellow solid (2.1 g, 4.5 mmol, 76%) which was used without
further purification. [�]24D ��5.8 (c� 1.00, CHCl3); IR (thin film): �� � 2929,
2859, 2113, 1746, 1473, 1235, 1006 cm�1; 1H NMR (500 MHz, CDCl3): �
�6.40 (d, J� 3.9 Hz, 1H), 5.43 (dd, J� 8.8, 10.4 Hz, 1H), 4.41 (dd, J� 2.1,
12.5 Hz, 1H), 4.17 ± 4.11 (m, 2H), 3.87 (t, J� 8.8 Hz, 1H), 3.58 (dd, J� 3.9,
10.4 Hz, 1H), 2.17 (s, 3H), 2.10 (s, 3H), 0.86 (s, 9H), 0.07 (s, 3H), 0.06 (s,
3H); 13C NMR (100 MHz, CDCl3): � �170.6, 169.6, 88.1, 75.1, 73.7, 68.6,
63.4, 61.9, 25.8, 21.5, 20.9, 18.1, �3.8, �4.8; FAB MS: m/z : calcd for
C16H28BrN3O7Si: 465.0930; found: 465.0940 [M]� .[45]


3,6-O-Acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-�/�-�-glucopyr-
anosyl fluoride (13): tert-Butyldimethylsilyl-3,6-O-acetyl-2-azido-4-O-tert-
butyldimethylsilyl-2-deoxy-�/�-��glucopyranoside (202 mg, 0.39 mmol)
was dissolved in THF (4 mL) and cooled to 0 �C. Glacial acetic acid
(25 �L, 0.43 mmol) and TBAF (1�, in THF, 0.43 �L, 0.43 mmol) were
added simultaneously. After 30 min, the mixture was poured into Et2O
(200 mL) and washed three times with brine. The organic layer was dried
over Na2SO4, filtered and the solvent were removed in vacuo. The residue
was coevaporated with toluene, dissolved in anhydrous CH2Cl2 (3 mL) and
cooled to�30 �C. DAST (0.06 mL, 0.45 mmol) was added dropwise and the
mixture was stirred for 5 min at �30 �C and 30 min at room temperature.
The reaction mixture was cooled to �30 �C and anhydrous methanol
(0.1 mL) was added. After warming to room temperature, the mixture was
poured into EtOAc (100 mL) and washed with saturated NaHCO3, water
and brine. The organic layer was dried over Na2SO4, filtered and the
solvent were removed in vacuo. Flash chromatograpy on silica gel
(hexanes/EtOAc 9:1) afforded an anomeric mixture (6:1) of 13 (145 mg,
92%) as a crystalline solid. FAB MS: m/z : calcd for C16H28FN3O6Si:
405.1731; found: 405.1758 [M]� .


3,6-Di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-�/�-�-gluco-
pyranosyl trichloroacetimidate (14): TBAF (1.0� in THF, 1.4 mL) and
glacial acetic acid (80 �L, 5.9 mmol) were added dropwise to a solution of
tert-butyldimethylsilyl 3,6-di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-
2-deoxy-�-��glucopyranoside (590 mg, 1.14 mmol) in THF (12 mL) under
nitrogen at 0 �C. The reaction mixture was warmed to room temperature,
stirred for 1.5 h and quenched with saturated NaHCO3 solution. After
extracting three times with CH2Cl2, the combined organic phases were
dried over MgSO4, filtered and the solvents were removed in vacuo. The
crude material was dried by coevaporation three times with toluene and
under vacuum for 1 h and dissolved in CH2Cl2 (25 mL). Trichloroacetoni-
trile (1.3 mL, 12.50 mmol) and freshly activated 4 ä powdered molecular
sieves (300 mg) were added and the mixture was stirred for 30 minutes at
room temperature. After cooling to 0 �C, DBU (30 �L, 0.2 mmol) was
added and the temperature was allowed to rise to room temperature. After
1 h, the mixture was filtered through Celite and the solvents were removed
in vacuo. Flash chromatography on silica gel (hexanes/EtOAc 85:15)
afforded 14� (437 mg, 0.80 mmol, 70%) and 14� (94 mg, 0.17 mmol, 15%).
14� : 1H NMR (500 MHz, CDCl3): � �8.81 (s, 1H, NH), 6.44 (d, J� 3.6 Hz,
1H), 5.43 (dd, J� 8.8, 10.4 Hz, 1H), 4.41 (dd, J� 1.9, 12.0 Hz, 1H), 4.12 ±
3.99 (m, 2H), 3.87 (t, J� 9.1 Hz, 1H), 3.58 (dd, J� 3.6, 10.7 Hz, 1H), 2.17 (s,
3H), 2.01 (s, 3H), 0.86 (s, 9H), 0.08 (s, 3H), 0.06 (s, 3H); 13C NMR
(125 MHz, CDCl3) �� 170.5, 169.7, 160.8, 94.7, 72.77, 69.1, 62.5, 61.5, 25.9,
21.6, 21.0, 18.2, �3.8, �4.6. 14� : 1H NMR (500 MHz, CDCl3): � �8.81 (s,
1H), 5.73 (d, J� 8.2 Hz, 1H), 5.03 (dd, J� 8.8, 9.8 Hz, 1H), 4.40 (dd, J�
2.1, 11.9 Hz, 1H), 4.13 (dd, J� 4.2, 11.9 Hz, 1H), 3.87 (t, J� 9.5 Hz, 1H),
3.58 (m, 2H), 2.17 (s, 3H), 2.08 (s, 3H), 0.84 (s, 9H), 0.05 (s, 3H), 0.04 (s,
3H); 13C NMR (125 MHz, CDCl3) �� 170.7, 169.9, 160.8, 96.6, 75.3, 68.8,
64.1, 62.4, 25.9, 25.8, 25.8, 21.5, 21.1, 18.1, �3.9, �4.8.


2-Azido-3,6-di-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�/�-�-gluco-
pyranosyl fluoride (15): A mixture of tetrabutylammonium fluoride (1.0�
in THF, 203 �L) and glacial acetic acid (12 �L, 0.203 mmol) was added
dropwise to a solution of tert-butyldimethylsilyl 3,6-di-O-benzyl-4-O-tert-
butyldimethylsilyl-2-deoxy-�/�-��glucopyranosyide (104 mg, 0.169 mmol)
in THF (1.7 mL) under nitrogen at 0 �C. The reaction mixture was warmed
to room temperature, stirred for 1.5 h and quenched with brine. After
dilution with CH2Cl2, the two phases were separated. The organic phase
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was dried over MgSO4, filtered and the solvent was removed under reduced
pressure. The crude material was coevaporated three times with toluene
and dried under vacuum for 1 h. CH2Cl2 (1.4 mL) was added and a solution
of DAST (29 �L, 0.22 mmol) in CH2Cl2 (300 �L) was added dropwise to the
reaction mixture. After stirring at room temperature for 2.5 h, the reaction
mixture was diluted with CH2Cl2 and washed with water. The organic phase
was dried over Na2SO4 and after filtration the solvent was removed under
reduced pressure. Column chromatography on silica gel (hexanes/EtOAc
20:1) afforded 15 (80.1 mg, 89%) as a colorless oil. FAB MS:m/z : calcd for
C26H36FN3O4Si: 501.2459; found: 501.2439 [M]� .


2-Azido-3,6-di-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�-glucopyra-
nosyl trichloroacetimidate (16): tert-Butyldimethylsilyl trifluoromethane-
sulfonate (244 �L, 1.06 mmol) was added under argon at room temperature
to a solution of compound 8 (353.7 mg, 0.708 mmol) and 2,6-lutidine
(206 �L, 1.77 mmol) in CH2Cl2 (800 �L). The reaction mixture was stirred
for 1 h and quenched with saturated NaHCO3. After addition of CH2Cl2
and phase separation the aqueous phase was extracted four times with
CH2Cl2. The combined organic phases were dried over MgSO4, filtered and
solvents removed in vacuo. Flash chromatography on silica gel (hexanes/
EtOAc 25:1) afforded tert-butyldimethylsilyl 2-azido-3,6-di-O-benzyl-4-O-
tert-butyldimethylsilyl-2-deoxy-�-��glucopyranoside (420 mg, 97%) as a
colorless solid. [�]24D ��31.1 (c� 1.00, CH2Cl2); IR (thin film): �� � 2109,
1472, 1360, 1107, 1066 cm�1; 1H NMR (300 MHz, CDCl3): ��7.40 ± 7.28 (m,
5H), 4.93 (d, J� 11.1 Hz, 1H), 4.72 (d, J� 11.1 Hz, 1H), 4.64 (d, J�
12.2 Hz, 1H), 4.58 (d, J� 7.7 Hz, 1H), 4.53 (d, J� 12.2 Hz, 1H), 3.78 ±
3.64 (m, 2H), 3.59 (dd, J� 5.5, 10.8 Hz, 1H), 3.44 ± 3.39 (m, 1H), 3.34 (dd,
J� 8.5, 9.8 Hz, 1H), 3.19 (dd, J� 8.5, 9.8 Hz, 1H), 0.96 (s, 9H), 0.87 (s, 9H),
0.20 (s, 3H), 0.19 (s, 3H), 0.03 (s, 3H), 0.02 (s, 3H); 13C NMR (75 MHz,
CDCl3): � �138.7, 138.5, 128.50, 128.46, 127.63, 127.60, 97.5, 83.4, 76.6, 75.0,
73.5, 71.0, 69.3, 69.2, 26.1, 25.8, 18.23, 18.19, �3.6, �4.0, �4.6, �5.0; FAB
MS: m/z : calcd for C32H51N3O5Si2: 613.3367; found: 613.3359 [M]� .


tert-Butyldimethylsilyl 2-azido-3,6-di-O-benzyl-4-O-tert-butyldimethylsil-
yl-2-deoxy-�-��glucopyranoside (0.121 mg, 0.197 mmol) was dissolved in
anhydrous THF (1.5 mL) and cooled to 0 �C. Glacial acetic acid (20.0 �L,
0.256 mmol) and TBAF (1.0� in THF, 240 �L, 0.240 mmol) were added
simultaneously. After 30 min, the mixture was poured into EtOAc (50 mL)
and washed with sat. NaHCO3. The organic layer was dried over Na2SO4,
filtered and the solvents were removed in vacuo. The residue was dissolved
in CH2Cl2 (1 mL) and cooled to 0 �C. Trichloroacetonitrile (1.0 mL) and
DBU (5 �L, 0.03 mmol) were added and the mixture was stirred for 1 h at
0 �C, diluted with CH2Cl2 (30 mL), passed through a plug of silica and
concentrated in vacuo. Flash chromatography on silica gel (hexanes/EtOAc
5:1) afforded 16� and 16� (87.5 mg, 0.137 mmol, 69%) as an inseparable 1:1
mixture. 1H NMR (500 MHz, CDCl3) �� 8.76 (s, 1H), 8.73 (s, 1H), 7.40 ±
7.27 (m, 15H), 6.48 (d, J� 3.6 Hz, 1H), 8.24 (d, J� 8.2, 1H), 4.94 (d, J�
11.6 Hz, 1H), 4.91 (d, J� 11.9 Hz, 1H), 4.85 (d, J� 11.0 Hz, 1H), 4.78 (d,
J� 11.3 Hz, 1H), 4.66 (d, J� 12.2 Hz, 1H), 4.60 (d, J� 12.2 Hz, 1H), 4.53
(d, J� 12.5 Hz, 1H), 4.50 (d, J� 11.9 Hz, 1H), 3.95 ± 3.90 (m, 1H), 3.86
(app t, J� 9.0 Hz, 1H), 3.81 ± 3.73 (m, 3H), 3.71 ± 3.64 (m, 5H), 3.60 ± 3.57
(m, 2H), 3.38 (app t, J� 9.0 Hz, 1H), 0.88 (s, 9H), 0.87 (s, 9H), 0.06 ± 0.02
(m, 12H); 13C NMR (125 MHz, CDCl3) �� 161.2, 161.0, 138.4, 138.3, 138.1,
128.5, 128.5, 128.5, 127.8, 127.7, 127.6, 97.1, 95.2, 83.5, 80.6, 77.7, 75.4, 75.2,
73.3, 70.6, 70.4, 68.4, 66.3, 63.9, 26.2, 26.1, 18.2, 18.2, �3.5, �3.6, �4.6.


6-O-Benzyl-2-azido-3-O-acetyl-4-O-tert-butyldimethylsilyl-2-deoxy-�/�-
�-glucopyranosyl trichloroacetimidate (17): tert-Butyldimethylsilyl trifluor-
omethanesulfonate (9.5 �L, 0.041 mmol) was added to a solution of
compound 9 (12.4 mg, 0.027 mmol) and 2,6-lutidine (8.0 �L, 0.069 mmol)
in CH2Cl2 (200 �L) under argon at room temperature. The reaction mixture
was stirred for 1 h and quenched with saturated NaHCO3. After addition of
CH2Cl2 and phase separation, the aqueous phase was extracted three times
with CH2Cl2. The combined organic phases were dried over MgSO4,
filtered and the solvents were removed in vacuo. Flash chromatography on
silica gel (hexanes/EtOAc 30:1) afforded tert-butyldimethylsilyl 3-O-
acetyl-2-azido-6-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�-��gluco-
pyranoside (15.3 mg, 98%) as a colorless solid. [�]24D ��11.3 (c� 0.71,
CH2Cl2); IR (thin film): �� � 2109, 1752, 1473, 1221, 1107, 899 cm�1; 1H NMR
(300 MHz, CDCl3): � �7.38 ± 7.29 (m, 5H), 4.87 (dd, J� 9.0, 10.5 Hz, 1H),
4.65 (d, J� 12.4 Hz, 1H), 4.64 (d, J� 7.8 Hz, 1H), 4.53 (d, J� 12.4 Hz, 1H),
3.79 (dd, J� 9.3, 9.1 Hz, 1H), 3.70 ± 3.60 (m, 2H), 3.45 ± 3.38 (m, 1H), 2.15
(s, 3H), 0.95 (s, 9H), 0.82 (s, 9H), 0.18 (s, 3H), 0.17 (s, 3H), 0.06 (s, 3H),
0.03 (s, 3H); 13C NMR (75 MHz, CDCl3) �� 170.1, 138.3, 128.5, 127.7, 127.6,


97.2, 76.4, 74.9, 73.5, 69.1, 68.5, 67.0, 25.9, 25.8, 21.7, 18.2, 18.1, �3.9, �4.1,
�4.5, �5.0; FAB MS: m/z : calcd for C27H47N3O6Si2: 565.3003; found:
565.3011 [M]� .


tert-Butyldimethylsilyl 6-O-benzyl-2-azido-3-O-acetyl-4-O-tert-butyldime-
thylsilyl-2-deoxy-�-��glucopyranoside (0.170 g, 0.30 mmol) was dissolved
in anhydrous THF (3 mL) and cooled to 0 �C. Glacial acetic acid (20 �L,
0.35 mmol) and TBAF (1� in THF) (330 �L, 0.33 mmol) were added
simultaneously. After 30 min, the mixture was poured into Et2O (50 mL)
and washed three times with brine. The organic layer was dried over
Na2SO4, filtered and the solvents were removed in vacuo. The residue was
dissolved in CH2Cl2 (3 mL) and cooled to 0 �C. Trichloroacetonitrile
(770 �L, 7.67 mmol) and DBU (5 �L, 0.03 mmol) were added and the
mixture was stirred for 1 h at 0 �C and concentrated in vacuo. Flash
chromatography on silica gel (hexanes/EtOAc 85:15) afforded a mixture of
17� and 17� (2.7:1) (0.160 g, 0.27 mmol, 89%) as a colorless oil. 17�
1H NMR (500 MHz, CDCl3): � �8.77 (s, 1H, NH), 7.36 ± 7.27 (m, 5H), 6.50
(d, J� 3.4 Hz, 1H), 5.43 (dd, J� 7.9, 10.7 Hz, 1H), 4.58 (d, J� 11.9 Hz, 1H),
4.51 (d, J� 11.9 Hz, 1H), 4.01 ± 3.95 (m, 2H), 3.75 (dd, J� 3.3, 11.3 Hz,
1H), 3.65 (dd, 1H), 3.48 (dd, J� 3.4, 10.4 Hz, 1H), 2.17 (s, 3H), 0.84 (s,
9H), 0.07 (s, 6H); 13C NMR (125 MHz, CDCl3): � �170.0, 161.0, 138.1,
128.5, 127.8, 127.7, 95.2, 74.7, 73.6, 73.1, 68.7, 68.0, 61.7, 25.9, 21.6, 18.2, �4.0,
�4.6; 17� 1H NMR (500 MHz, CDCl3): ��8.78 (s, 1H), 7.34 ± 7.27 (m, 5H),
5.76 (d, J� 8.5 Hz, 1H), 5.03 (dd, J� 8.8, 10.0 Hz, 1H), 4.64 (d, J� 12.2 Hz,
1H), 4.53 (d, J� 12.3 Hz, 1H), 3.91 (t, J� 9.1 Hz, 1H), 3.68 ± 3.58 (m, 4H),
2.16 (s, 3H), 0.82 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H).


tert-Butyldimethylsilyl-6-O-acetyl-2-azido-2-deoxy-�-�-glucopyranoside
(18): Compound 2 (1.23 g, 2.77 mmol) was dissolved in methanol (10 mL).
NaOMe (25% in methanol, 170 �L) was added. After 15 min DOWEX-50
acidic resin was added and the mixture was stirred until the pH reached 6.
The DOWEX resin was filtered off and the solvent was removed under
reduced pressure to afford a yellow oil. The residue was coevaporated twice
with toluene, dissolved in 2,4,6-collidine (7 mL), cooled to �40 �C and
acetyl chloride (196 �L, 2.74 mmol) was added. After stirring the reaction
mixture for 3 h, a second portion of acetyl chloride (42 �L, 0.6 mmol) was
added. The mixture was stirred for another 1 h at �40 �C and for 1 h at
room temperature and then quenched with saturated NaHCO3. After
addition of CH2Cl2 and phase separation the aqueous phase was extracted
three times with CH2Cl2. The combined organic phases were dried over
MgSO4, filtered and the solvents were removed in vacuo. Flash chroma-
tography (hexanes/EtOAc 4:1) on silica afforded 18 (933 mg, 2.58 mmol,
93%) as a colorless syrup. [�]24D ��7.0 (c� 1.00, CHCl3); IR (thin film):
�� � 3412, 2929, 2958, 2111, 1741, 1463, 1370, 1257, 1177 cm�1; 1H NMR
(500 MHz, CDCl3): � �4.55 (d, J� 7.5 Hz), 4.38 ± 4.26 (m, 2H), 4.13 (br s,
2H), 3.45 ± 3.20 (m, 4H), 2.06 (s, 3H), 0.93 (s, 9H), 0.15 (s, 3H), 0.14 (s,
3H); 13C NMR (125 MHz, CDCl3): � �171.9, 97.3, 74.5, 73.8, 70.6, 68.2,
63.7, 25.7, 21.0, 18.1, �3.5, �4.6; FAB MS: m/z : calcd for C14H27N3O6Si:
361.1669; found: 361.1680 [M]� .


tert-Butyldimethylsilyl-6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�-�-
glucopyranoside (19): Compound 18 (7.1 g, 19.64 mmol) was dissolved in
CH2Cl2 (100 mL). Powdered, freshly activated 4 ä molecular sieves (20 g)
and benzyl bromide (12 mL, 100 mmol) were added and this mixture
stirred for 30 min. Silver(�)oxide (26.4 g, 114 mmol) was added and light was
excluded from the reaction mixture. After 48 h, the reaction mixture was
filtered over Celite and the filtrate was concentrated under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 97:3)
afforded 19 (8.5 g, 15.7 mmol, 80%) as a colorless oil. [�]24D ��4.7 (c�
1.40, CH2Cl2); IR (thin film): �� � 3031, 2955, 2858, 2109, 1745, 1454, 1252,
1042, cm�1; 1H NMR (500 MHz, CDCl3): � �7.43 ± 7.29 (m, 10H), 4.95 (d,
J� 11.0 Hz, 1H), 4.89 (d, J� 11.0 Hz, 1H), 4.82 (d, J� 10.7 Hz, 1H), 4.61
(d, J� 11.0 Hz, 1H), 4.56 (d, J� 7.6 Hz, 1H), 4.36 (dd, J� 11.9, 1.5 Hz, 1H),
4.17 (dd, J� 11.9, 5.8 Hz, 1H), 3.55 ± 3.49 (m, 2H), 3.47 ± 3.43 (m, 1H), 3.38
(dd, J� 9.8, 7.6 Hz, 1H), 2.06 (s, 3H), 0.98 (s, 9H), 0.20 (s, 3H), 0.19 (s, 3H);
13C NMR (125 MHz, CDCl3): � �170.8, 138.0, 137.7, 128.7, 128.6, 128.2,
128.2, 128.1, 97.3, 83.1, 77.7, 75.7, 75.2, 73.2, 68.8, 63.2, 25.8, 21.0, 18.2, �4.2,
�5.1; FAB MS: m/z : calcd for C28H39N3O6Si: 541.2608; found: 541.2606
[M]� .


6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�/�-�-glucopyranosyl tri-
chloroacetimidate (20): Glacial acetic acid (100 �L, 1.75 mmol) and TBAF
(1� in THF, 1.55 mL, 1.55 mmol) were added simultaneously to a solution
of 19 (756 mg, 1.4 mmol) in anhydrous THF (15 mL) at 0 �C. After 30 min
this mixture was poured into Et2O (150 mL) and extracted three times with
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brine. The organic layer was dried over Na2SO4, filtered and the solvents
were removed in vacuo. The residue was dissolved in anhydrous CH2Cl2
(50 mL) and cooled in an ice bath. Trichloroacetonitrile (2.1 mL, 21 mmol)
and DBU (21 �L, 0.14 mmol) were added. After 45 min, the solvents were
removed in vacuo. Flash chromatography on silica gel (hexanes/EtOAc
85:15� 8:2) afforded a mixture (58:42) of 20� and 20� (708 mg, 1.24 mmol,
88%) as a colorless oil. 1H NMR (500 MHz, CDCl3): � �8.76 (s, 1H, NH),
7.44 ± 7.26 (m, 10H, arom. H), 6.42 (d, J� 3.4 Hz, 1H), 5.64 (d, J� 8.2 Hz,
1H), 4.97 ± 4.86 (m, 4H), 4.64 ± 4.60 (m, 1H), 4.35 ± 4.24 (m, 2H), 4.10 ± 4.06
(m, 1H), 3.73 ± 3.57 (m, 2H), 2.03 (s, 3H).


Methyl 3-O-benzyl-1,2-O-isopropylidene-�-�-glucofuranosyluronate (22):
1,2:5,6-Di-O-isopropylidene-�-��glucofuranose (21; 52.06 g, 200 mmol)
was dissolved in THF (500 mL) and NaH (60% in mineral oil, washed
with pentanes) (9.6 g, 240 mmol) was added in portions. After the evolution
of hydrogen ceased, tetrabutylammonium iodide (500 mg, 1.35 mmol) and
benzyl bromide (25 mL, 210 mmol) were added and the mixture stirred for
10 h at room temperature. Water was added slowly to the reaction mixture
and the organic solvents were removed in vacuo. The aqueous phase was
extracted three times with EtOAc. The combined organic phases were
dried over Na2SO4, filtered through a plug of silica gel and the solvents
were removed in vacuo.


Aqueous acetic acid (66%, 300 mL) was added to the resulting oil and the
mixture was stirred for 14 h at room temperature and for 6 h at 40 �C. After
removal of the solvents, the remaining residue was dissolved in CH2Cl2 and
extracted with saturated NaHCO3. After phase separation, the aqueous
layer was extracted with CH2Cl2. The combined organic phases were dried
over Na2SO4, filtered and the solvents were removed in vacuo.


The residual oil was dissolved in CH2Cl2 (750 mL) and pyridine (80 mL),
before DMAP (3.5 g, 28.6 mmol) and tert-butyldimethylsilyl chloride (32 g,
212 mmol) were added. After stirring at room temperature for 19 h, the
mixture was extracted with water, 1� HCl, brine and saturated NaHCO3.
The organics were dried over Na2SO4, filtered and the solvents were
removed in vacuo. The residue was dissolved in anhydrous pyridine
(170 mL) and DMAP (1 g, 8.2 mmol) was added. The mixture was cooled
to 0 �C and acetic anhydride (38 mL, 403 mmol) was added dropwise. After
stirring overnight at room temperature, the solvents were removed in
vacuo. The residue was dissolved in EtOAc and extracted with water, 1�
HCl, brine and saturated NaHCO3. The organic layer was dried over
Na2SO4, filtered and the solvents were removed in vacuo.


The residue (91.2 g, max. 195 mmol) was dissolved in THF (300 mL) and
cooled to 0 �C. To this solution, HF/pyridine (24 mL) in pyridine (80 mL)
was added and stirred overnight at room temperature. The reaction
mixture was poured into water and extracted three times with EtOAc. The
combined organic phases were extracted with water, 1� HCl, water,
saturated NaHCO3, dried over Na2SO4, filtered and the solvents were
removed in vacuo.


The residue was dissolved in CH2Cl2 (400 mL) and TEMPO (800 mg,
5.1 mmol) was added. A mixture of saturated NaHCO3 (700 mL), water
(200 mL), KBr (2.25 g, 18.9 mmol) and tetrabutylammonium bromide
(3.45 g, 10.7 mmol) was added and the resulting mixture was cooled to 0 �C.
With vigorous stirring, bleach (6.15% sodium hypochlorite, 700 mL) was
added in 100 mL portions every 10 min. After complete addition, stirring
was continued for 30 min and methanol was added until the mixture was
decolorized. After 20 min, the aqueous layer was extracted with CH2Cl2
followed by the dropwise addition of conc. HCl to pH 1. The aqueous layer
was extracted three times with CH2Cl2. The organic layers were dried over
Na2SO4, filtered and the solvents were removed in vacuo.


The residue was dissolved in methanol (280 mL), 4� NaOH (42 mL) was
added and the mixture was stirred overnight at room temperature. The
mixture was acidified with conc. HCl and extracted five times with CH2Cl2.
The combined organic phases were dried over Na2SO4, filtered and the
solvents were removed in vacuo.


The residue was dissolved in anhydrous DMF (200 mL) and powdered
KHCO3 (27.4 g, 274 mmol) and methyl iodide (17 mL, 273 mmol) were
added. After stirring at room temperature overnight, the mixture was
poured into Et2O and extracted twice with water, saturated Na2SO3, and
water. The organic phase was dried over Na2SO4, filtered and the solvents
were removed in vacuo to afford 22 (44 g, 130 mmol, 65%) as a slightly
yellow oil. 1H NMR (300 MHz, CDCl3): � �7.40 ± 7.27 (m, 5H), 6.04 (d, J�
3.9 Hz, 1H), 4.70 ± 4.52 (m, 4H), 4.41 (dd, J� 6.2, 3.8 Hz, 1H), 4.16 (d, J�


3.8 Hz, 1H), 3.76 (s, 3H), 3.34 (d, J� 9.1 Hz, 1H), 1.50 (s, 3H), 1.34 (s, 3H).
The spectral data was in agreement with the reported data.[18]


Methyl 3-O-benzyl-�-glucopyranosyluronate (23): Compound 22 (3.43 g,
10.14 mmol) was dissolved in 90% aqueous trifluoroacetic acid (20 mL)
and stirred for 15 min at room temperature. The solvent was evaporated
and the residue coevaporated twice with water and twice with toluene to
afford 23, which was used without further purification. The spectral data
was in agreement with the reported data.[18]


Methyl 3-O-benzyl-1,2-O-isopropylidene-5-O-levulinoyl-�-��idofuranosy-
luronate (24): A solution of trifluoromethanesulfonic anhydride (13 mL)
in CH2Cl2 (250 mL) was added dropwise to a mixture of pyridine (13 mL)
and CH2Cl2 (132 mL) at �20 �C. The mixture was allowed to warm to
�10 �C and a solution of compound 22 (12 g, 35.5 mmol) in CH2Cl2
(123 mL) was added dropwise. After 1 h at �10 �C, the mixture was
poured into ice cold water containing NaHCO3 and stirred for 1 h. The
organic layer was washed with 3% HCl, water, dried over MgSO4, filtered
and the solvents were removed in vacuo. Sodium levulinate (9.8 g,
71 mmol) was added to a solution of the crude residue in DMF (65 mL)
and the resulting mixture was stirred overnight at 80 �C and cooled to room
temperature. After dilution with EtOAc, the mixture was washed with
water and the organic phase was dried over MgSO4, filtered and the
solvents were removed in vacuo. Flash chromatography on silica gel
(toluene/EtOAc 9:1� 7:3) afforded 24 (12.8 g, 29.3 mmol, 82%) as an
amorphous solid. [�]24D ��4.2 (c� 1, CHCl3); IR (thin film): �� � 2512, 1751,
1718, 1025 cm�1; 1H NMR (500 MHz, CDCl3): � �7.36 ± 7.28 (m, 5H), 5.97
(d, J� 3.9 Hz, 1H), 5.53 (d, J� 7.0 Hz, 1H), 4.66 ± 4.62 (m, 3H), 4.50 (d, J�
11.4 Hz, 1H), 4.16 (d, 1H), 3.69 (s, 3H), 2.73 ± 2.63 (m, 4H), 2.12 (s, 3H),
1.59 (s, 3H), 1.34 (s, 3H); 13C NMR (125 MHz, CDCl3): � �205.3, 171.9,
168.5, 137.2, 128.6, 128.4, 128.0, 112.7, 105.1, 83.1, 82.7, 72.5, 70.9, 52.8, 38.0,
30.0, 28.0, 27.3, 26.8; FAB MS: m/z : calcd for C22H28O9: 436.1733; found:
436.1742 [M]� .


Methyl 3-O-benzyl-��idopyranosyluronate (25): Hydrazine hydrate
(7.3 mL, 146 mmol) was added to a solution of compound 23 (12.8 g,
29.3 mmol) in pyridine/acetic acid (3:2, 290 mL) at 0 �C. After 15 min,
acetone (1.2 mL) was added, and the mixture was stirred at room
temperature for 15 min. After removal of the solvents in vacuo, the crude
product was dissolved in aqueous trifluoroacetic acid (90%, 70 mL). The
mixture was stirred for 15 min, the solvents removed in vacuo and
coevaporated twice with water to give a white solid, which was recrystal-
lized from ethyl acetate/hexanes to afford 25 (8.0 g, 26.8 mmol, 91%).
Analytical data was in agreement with reported data.[18]


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-
deoxy-�/�-�-glucopyranosyl)-(1� 4)-methyl 2-O-benzoyl-3-O-benzyl-�-
�-glucopyranosyluronate (27)


By coupling 11 and 26 : Compounds 11 (27.0 mg, 0.045 mmol) and 26
(16.1 mg, 0.035 mmol) were coevaporated three times with toluene and
dissolved in CH2Cl2 (1 mL). Freshly activated powdered 4 ä molecular
sieves (100 mg) were added and the mixture was stirred at room temper-
ature for 1 h. The reaction mixture was cooled to �78 �C and tert-
butyldimethylsilyl trifluoromethanesulfonate (2.0 �L, 0.009 mmol) was
added dropwise. The reaction mixture was warmed to room temparature
over 2.5 h. Triethylamine (0.5 mL) was added, the mixture was filtered
through a pad of Celite and the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 95:5)
afforded 27 (18 mg, 0.02 mmol, 57%) as a yellow oil.


By coupling 10 and 26 : Compounds 10 (57.3 mg, 0.126 mmol) and 26
(82.4 mg, 0.175 mmol) were coevaporated three times with toluene,
dissolved in Et2O (4.0 mL) and cooled to 0 �C. Freshly activated powdered
4 ä molecular sieves (140 mg), SnCl2 (28.4 mg, 0.152 mmol) and AgClO4


(31.5 mg, 0.152 mmol) were added to this mixture. After stirring for 90 min
at 0 �C, the mixture was warmed to 12 �C over 22 h, filtered through a pad of
Celite, washed with sat. NaHCO3 and brine. The organic layer was dried
over Na2SO4 and after filtration the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 25:1� 1:1)
afforded 27 (87.7 mg, 0.097 mmol, 77%) as a pale yellow oil. 1H NMR
(300 MHz, CDCl3): � �8.06 ± 8.03 (m, 2H), 7.92 ± 7.89 (m, 2H), 7.61 ± 7.04
(m, 13H), 5.71 ± 5.59 (m, 1H), 5.57 (d, J� 3.5 Hz), 5.36 (dd, J� 8.6, 7.3 Hz),
5.23 (dd, J� 8.6, 7.6 Hz), 4.93 ± 4.60 (m, 7H), 4.48 (d, J� 7.8 Hz), 4.40 ± 4.25
(m, 2H), 4.15 ± 3.80 (m, 7H), 3.65 ± 3.18 (m, 5H), 2.11 (s, 3H, CH3), 1.98 ±
1.84 (m, 2H), 1.67 ± 1.53 (m, 2H), 0.91 (s, 9H), 0.90 (s, 9H), 0.01 (s, 3H).
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n-Pentenyl (2-azido-3,6-di-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-
�/�-�-glucopyranosyl)-(1� 4)-methyl 2-O-benzoyl-3-O-benzyl-�-�-gluco-
pyranosyluronate (28): Tin(��) triflate (140 mg, 0.336 mmol) was added to
freshly activated powdered 4 ä molecular sieves (100 mg) under argon in a
glove box. Et2O (2.0 mL) was added and the reaction mixture was cooled to
�10 �C before di-tert-butylpyridine (64 mg, 0.33 mmol) was added to the
reaction. Compound 15 (25.6 mg, 0.051 mmol) and 26 (31.8 mg,
0.068 mmol) were coevaporated three times with toluene and dissolved
in Et2O (1.0 mL). The resulting solution was added dropwise to the reaction
mixture at �10 �C. The reaction was stirred for one hour at �10 �C and
then for three hours at room temperature. After dilution with CH2Cl2 and
filtration through a pad of Celite, the solution was quenched with sat.
NaHCO3. The organic layer was dried over Na2SO4 and the solvent was
removed under reduced pressure. Flash chromatography on silica gel
(hexanes/EtOAc 20:1� 3:1) afforded 28 (21.1 mg, 0.022 mmol, 43%) as a
pale yellow oil. 1H NMR (300 MHz, CDCl3): � �7.92 ± 7.89 (m, 2H), 7.60 ±
7.15 (m, 8H), 5.71 ± 5.60 (m, 1H), 5.59 (d, J� 3.6 Hz), 5.38 (t, J� 7.8 Hz),
5.26 (t, J� 7.5 Hz), 4.84 ± 4.47 (m, 9H), 4.39 ± 4.23 (m, 1H), 4.14 ± 4.01 (m,
2H), 3.93 ± 3.56 (m, 8H), 3.52 ± 3.34 (m, 2H), 3.28 (dd, J� 3.6, 10.2 Hz),
3.19 (at, J� 8.7 Hz, 1H), 2.02 ± 1.93 (m, 2H), 1.66 ± 1.54 (m, 2H), 0.88 (s,
9H), 0.86 (s, 9H), 0.05 (s, 3H, CH3), 0.03 (s, 3H, CH3).


Dimethylthexylsilyl (3,6-di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-
2-deoxy-�-�-glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-�-�-idopyranosyl-
uronate (30)


By coupling 14 and 29 : Compound 14 (100 mg, 0.18 mmol) and 29 (119 mg,
0.27 mmol) were coevaporated with toluene (3� ) and dissolved in CH2Cl2
(50 mL). Freshly activated powdered 4 ä molecular sieves (100 mg) were
added and the mixture was stirred at room temperature for 1 h. The
reaction mixture was cooled to �78 �C and tert-butyldimethylsilyl trifluor-
omethanesulfonate (72 �L, 0.314 mmol) was added dropwise. The mixture
was warmed to room temperature over 2.5 h. Triethylamine (3 mL) was
added, the mixture was filtered through a pad of Celite and the solvent was
removed under reduced pressure. Flash chromatography on silica gel
(toluene/EtOAc 99:1� 9:1) afforded 30 (71 mg, 0.09 mmol, 47%), both as
a colorless foam.


By coupling 13 and 29 : Compound 13 (100 mg, 0.250 mmol) and 29
(154 mg, 0.350 mmol) were coevaporated three times with toluene,
dissolved in Et2O (1.5 mL) and cooled to 0 �C. Freshly activated powdered
4 ä molecular sieves (100 mg), SnCl2 (48 mg, 0.250 mmol) and AgClO4


(52 mg, 0.250 mmol) were added to this mixture. After stirring for 5 h at
0 �C the mixture was warmed to 12 �C over 22 h, filtered through a pad of
Celite, washed with sat. NaHCO3 and brine. The organic layer was dried
over Na2SO4 and after filtration the solvent was removed under reduced
pressure. Flash chromatography on silica gel (toluene/EtOAc 99:1� 9:1)
afforded 30 (60 mg, 0.07 mmol, 30%) as a colorless foam. 1H NMR
(500 MHz, CDCl3): �� 7.38 ± 7.35 (m, 5H), 5.19 (dd, J� 8.0, 10.8 Hz, 1H),
5.11 (d, J� 3.6 Hz, 1H), 5.04 (d, J� 0.8 Hz, 1H), 4.61 (d, 3H), 4.37 (d, 1H),
4.13 ± 4.06 (m, 2H), 3.82 (s, 3H), 3.81 ± 3.71 (m, 3H), 3.63 (br s, 1H), 3.24
(dd, J� 3.3, 10.4 Hz, 1H), 2.80 (br s, 1H), 2.12 (s, 3H), 2.10 (s, 3H), 1.98 (s,
3H), 0.90 ± 0.84 (m, 7H), 0.24 (s, 3H), 0.18 (s, 3H), 0.05 (s, 3H), 0.03 (s,
3H); 13C NMR (125 MHz, CDCl3): �� 170.6, 169.5, 169.4, 137.2, 128.7,
128.3, 127.8, 94.5, 73.9, 73.1, 72.9, 72.6, 70.6, 69.8, 69.0, 68.5, 62.6, 61.8, 52.5,
34.3, 25.8, 25.2, 21.6, 21.2, 20.6, 20.3, 18.9, 18.7, 18.1, �1.7, �3.0, �3.7, �4.7;
FAB MS: m/z : calcd for C38H63N3O13Si2: 825.3899; found: 825.3888 [M]� .


Methyl 3-O-benzyl-1,2-O-isopropylidene-����glucopyranosyluronate (31):
Compound 23 (3.02 g, 10.14 mmol) was dissolved in DMF (10 mL) and
2-methoxypropene (10 mL, 100 mmol) was added and cooled to 0 �C. A
solution of (1S)-(�)-camphorsulfonic acid (230 mg, 1 mmol) in DMF
(2 mL) was added and stirring was continued at 0 �C for 1 h and at room
temperature overnight. Methanol (15 mL) was added and the mixture was
stirred for 3 h at room temperature. Triethylamine (3 mL) was added and
the mixture was concentrated. The residue was dissolved in Et2O and
washed with water and twice with brine. The organic layer was dried over
Na2SO4 and after filtration the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 9:1) afforded
31 (1.65 g, 4.88 mmol, 48%) as a colorless oil. [�]24D ��22.3 (c� 1.13,
CH2Cl2); IR (thin film on NaCl): �� � 3520, 3037, 2987, 1752, 1455, 1169,
1105 cm�1; 1H NMR (500 MHz, CDCl3): ��7.34 ± 7.26 (m, 5H), 5.87 (d, J�
2.7 Hz, 1H), 4.63 (d, J� 11.9 Hz, 1H), 4.54 (d, J� 11.6 Hz, 1H), 4.54 (d, J�
3.7 Hz, 1H), 4.24 ± 4.20 (m, 1H), 4.11 ± 4.09 (m, 1H), 4.00 (dd, J� 3.1,
3.4 Hz, 1H), 3.58 (s, 3H), 3.51 (d, J� 10.4 Hz, 1H), 1.60 (s, 3H), 1.37 (s,


3H); 13C NMR (125 MHz, CDCl3): � �170.3, 137.2, 128.6, 128.2, 127.8,
111.4, 94.4, 75.8, 75.5, 73.7, 72.4, 67.0, 52.2, 28.0, 25.9; FAB MS: m/z : calcd
for C17H22O7: 338.1366; found: 338.1377 [M]� . Further elution (hexanes/
EtOAc 7:3) afforded 32 (1.1 g, 32%) as a colorless oil.


Methyl 3-O-benzyl-1,2-O-cyclopentylidene-����glucopyranosyluronate
(33) and methyl 3-O-benzyl-1,2-O-cyclopentylidene-����glucofuranosylur-
onate (34): Compound 23 (2.94 g, 9.87 mmol) was dissolved in DMF
(10 mL) and methoxycyclopentene (7.1 g, 72 mmol) and cooled to 0 �C. A
solution of (1S)-(�)-camphorsulfonic acid (244 mg, 1.05 mmol) in DMF
(2 mL) was added and stirring was continued at 0 �C for 1 h and at room
temperature overnight. Methanol (5 mL) was added and the mixture was
stirred for 30 min at room temperature. Triethylamine (3 mL) was added
and the mixture was concentrated. The residue was dissolved in Et2O and
washed with water and twice with brine. The organic layer was dried over
Na2SO4 and after filtration the solvent was removed under reduced
pressure. Flash chromatography on silica gel (toluene/EtOAc 98.5:1.5)
afforded 33 (2.05 g, 57%) as a colourless oil. [�]24D ��33.9 (c� 1.48,
CH2Cl2); IR (thin film on NaCl): �� � 3510, 3032, 2955, 2873, 1750, 1454,
1436, 1206 cm�1; 1H NMR (500 MHz, CDCl3): � �7.37 ± 7.27 (m, 5H), 5.84
(d, J� 2.8 Hz, 1H), 4.66 (d, J� 11.6 Hz, 1H), 4.57 (d, J� 11.9 Hz, 1H), 4.52
(d, J� 4.3 Hz, 1H), 4.23 ± 4.19 (m, 1H), 4.04 (dd, J� 3.0, 2.4 Hz, 1H), 4.00
(dd, J� 3.4, 3.1 Hz, 1H), 3.63 (s, 3H), 3.40 (d, J� 9.5 Hz, 1H), 2.14 ± 2.08
(m, 1H), 1.92 ± 1.86 (m, 1H), 1.79 ± 1.62 (m, 6H); 13C NMR (125 MHz,
CDCl3): � �170.5, 137.3, 128.6, 128.2, 127.8, 94.2, 75.9, 75.0, 74.2, 72.4, 67.4,
52.3, 37.7, 36.8, 23.5, 23.2; FAB MS: m/z : calcd for C19H24O7: 364.1522;
found: 364.1534 [M]� . Further elution (toluene/EtOAc 9:1) afforded 34
(1.04 g, 2.85 mmol, 29%) as a colorless oil. [�]24D ��0.7 (c� 1.37, CH2Cl2);
IR (thin film on NaCl): �� � 3470, 2955, 2875, 1738, 1455, 1208 cm�1;
1H NMR (400 MHz, CDCl3): � �7.37 ± 7.27 (m, 5H), 5.98 (d, J� 4.0 Hz,
1H), 4.66 (d, J� 11.5 Hz, 1H), 4.63 ± 4.52 (m, 3H), 4.43 (dd, J� 6.0, 4.0 Hz,
1H), 4.16 (d, J� 4.0 Hz, 1H), 3.73 (s, 3H), 3.36 (br s, 1H), 2.00 ± 1.93 (m,
1H), 1.86 ± 1.76 (m, 1H), 1.74 ± 1.60 (m, 6H); 13C NMR (100 MHz, CDCl3):
� �173.1, 136.9, 128.7, 128.3, 128.1, 121.9, 105.3, 83.3, 82.7, 80.1, 72.8, 70.1,
52.5, 37.1, 36.7, 23.4, 23.2; FAB MS: m/z : calcd for C19H24O7: 364.1522;
found: 364.1530 [M]� .


Methyl 3-O-benzyl-1,2-O-isopropylidene-�-��idopyranosyluronate (35):
Methyl 3-O-benzyl-�-idopyranosyluronate (25 ; 1.7 g, 5.70 mmol) was
dissolved in DMF (6 mL) and 2-methoxypropene (10.7 mL, 114 mmol)
was added. The mixture was cooled at 0 �C and (1S)-(�)-camphorsulfonic
acid (132 mg, 0.57 mmol) in DMF (2 mL) was added dropwise under
stirring. The mixture was stirred for 6 h at 0 �C, then methanol (2 mL) was
added and stirred for 30 min at 0 �C before the reaction was quenched by
addition of triethylamine After dilution with EtOAc, the solution was
washed with water. The organic layer was dried over MgSO4 and
evaporated. Flash chromatography on silica gel (toluene/EtOAc 99:1�
96:4) afforded 35 (1.3 g, 3.84 mmol, 68%) as a yellow oil. [�]24D ��29.5
(c� 1.00, CHCl3); IR (thin film on NaCl): �� � 2937, 1764, 1374, 843 cm�1;
1H NMR (500 MHz, CDCl3): �� 7.40 ± 7.30 (m, 5H), 5.35 (d, J� 1.9 Hz,
1H), 4.71 (d, J� 11.7 Hz, 1H), 4.63 (d, J� 11.7 Hz, 1H), 4.49 (s, 1H), 4.12 ±
4.10 (m, 1H), 4.0 (d, J� 1.8 Hz, 1H), 3.97 (dd, J� 1.9, 3.7 Hz, 1H), 3.80 (s,
3H), 3.12 (d, J� 11.6 Hz, 1H), 1.63 (s, 3H), 1.38 (s, 3H); 13C NMR
(125 MHz, CDCl3): � �169.4, 137.1, 128.8, 128.5, 128.0, 112.1, 96.5, 75.5,
73.4, 72.9, 72.2, 67.4, 52.6, 28.4, 25.7; FAB MS: m/z : calcd for C17H22O7:
338.1365; found: 338.1357. Further elution (toluene/EtOAc 9:1) afforded
36 (382 mg, 20%) as a colorless oil.


Methyl 3-O-benzyl-1,2-O-cyclopentylidene-�-��idopyranosyluronate (37)
and methyl 3-O-benzyl-1,2-O-cyclopentylidene-�-��idofuranosyluronate
(38): A mixture of (1S)-(�)-camphorsulfonic acid (77 mg, 0.33 mmol)
and methoxycyclopentylidene (3.3 g, 33.5 mmol) in DMF (2 mL) was
cooled to 0 �C. A solution of 25 (1.0 g, 3.35 mmol) in DMF (1 mL) was
added dropwise under stirring. The mixture was stirrred for 3 h at 0 �C and
overnight at room temperature, after which methanol (2 mL) was added
and stirred 30 minutes. The reaction was quenched by adding triethylamine.
After dilution with EtOAc, the solution was washed with water and dried
over MgSO4. After filtration the solvent was removed under reduced
pressure and the syrup was purified by flash chromatography on silica gel
(toluene/EtOAc 99:1� 98:2) to yield 37 (684 mg, 1.88 mmol, 56%) as a
yellow syrup. [�]24D ��10.9 (c� 1.00, CHCl3); IR (thin film on NaCl): �� �
3534, 2954, 2111, 1764, 1437, 1336, 1120 cm�1; 1H NMR (500 MHz, CDCl3):
� �7.40 ± 7.30 (m, 5H), 5.35 (d, J� 1.9 Hz, 1H), 4.70 (d, J� 11.7 Hz, 1H),
4.63 (d, J� 11.7 Hz, 1H), 4.50 (s, 1H), 4.11 ± 4.09 (m, 1H), 4.07 (d, J�
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1.6 Hz, 1H), 3.88 (dd, J� 2.1, 3.6 Hz, 1H), 3.80 (s, 3H), 3.10 (d, J� 11.9 Hz,
1H), 2.14 ± 2.08 (m, 1H), 2.23 ± 2.16 (m, 1H), 1.86 ± 1.61 (m, 6H), 13C NMR
(125 MHz, CDCl3): � �169.4, 137.2, 128.8, 128.5, 128.0, 121.5, 96.1, 75.7,
73.5, 72.9, 72.1, 67.4, 52.6, 38.3, 36.6, 23.5, 23.4; FAB MS: m/z : calcd for
C19H24O7: 364.1522; found: 364.1530 [M]� .


Further elution (toluene/EtOAc 9:1) afforded 38 (219 mg, 0.6 mmol, 18%)
as a colorless oil. [�]24D ��13.9 (c� 1.00, CHCl3); IR (thin film on NaCl):
�� � 3485, 2954, 2874, 1738, 1453, 1338, 1120 cm�1; 1H NMR (500 MHz,
CDCl3): � �7.38 ± 7.30 (m, 5H), 5.97 (d, J� 4.1 Hz, 1H), 4.74 (d, J�
11.6 Hz, 1H), 4.64 (dd, J� 1.2, 4.1 Hz, 1H), 4.57 ± 4.50 (m, 2H), 4.53 (d,
J� 11.4 Hz, 1H), 4.20 (dd, J� 1.5, 4.7 Hz, 1H), 3.74 (s, 3H), 3.30 (d, J�
3.3 Hz, 1H), 2.00 ± 1.91 (m, 1H), 1.81 ± 1.65 (m, 6H); 13C NMR (100 MHz,
CDCl3): �� 172.3, 137.0, 128.7, 128.3, 128.1, 122.2, 105.1, 83.5, 83.0, 80.4,
72.5, 70.1, 52.8, 37.3, 37.1, 23.4, 23.3; FAB MS: m/z : calcd for C19H24O7:
364.1522; found: 364.1534 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-�-glu-
copyranosyluronate (39)


By coupling 11 and 31: Compounds 11 (1.87 g, 3.14 mmol) and 31 (850 mg,
2.51 mmol) were coevaporated three times with toluene and dissolved in
CH2Cl2 (50 mL). Freshly activated powdered 4 ä molecular sieves (1 g)
were added and the mixture was stirred at room temperature for 1 h. The
reaction mixture was cooled to �78 �C and tert-butyldimethylsilyl trifluor-
omethanesulfonate (72 �L, 0.314 mmol) was added dropwise. The mixture
was warmed to room temperature over 2.5 h. Triethylamine (3 mL) was
added, the mixture was filtered through a pad of Celite and the solvent was
removed under reduced pressure. Flash chromatography on silica gel
(hexanes/EtOAc 85:15) afforded 39 (1.68 g, 2.18 mmol, 86%) as a colorless
foam.


By coupling 10 and 31: Compounds 10 (540 mg, 1.19 mmol) and 31 (362 mg,
1.07 mmol) were coevaporated three times with toluene, dissolved in Et2O
(20 mL) and cooled to 0 �C. To this mixture freshly activated 4 ä molecular
sieves (1 g), SnCl2 (229 mg, 1.21 mmol) and AgClO4 (250 mg, 1.21 mmol)
were added. This mixture was stirred for 90 min at 0 �C, then warmed to
12 �C over 22 h. The mixture was filtered through a pad of Celite, washed
with sat. NaHCO3 and brine. The organic layer was dried over Na2SO4 and
after filtration the solvent was removed under reduced pressure. Flash
chromatography on silica gel (hexanes/EtOAc 9:1) afforded 39 (660 mg,
0.86 mmol, 80%) as a colorless foam. [�]24D ��97.2 (c� 2.55, CH2Cl2); IR
(thin film on NaCl): �� � 3032, 2953, 2930, 2858, 2106, 1746, 1455, 1372,
1250 cm�1; 1H NMR (500 MHz, CDCl3): � �7.40 ± 7.27 (m, 10H), 5.78 (d,
J� 3.7 Hz, 1H), 5.17 (d, J� 3.7 Hz, 1H), 4.88 (d, J� 11.0 Hz, 1H), 4.78 (d,
J� 11.0 Hz, 1H), 4.68 (s, 2H), 4.59 (d, J� 6.1 Hz, 1H), 4.38 (dd, J� 2.1,
11.9 Hz, 1H), 4.25 ± 4.21 (m, 2H), 4.09 ± 4.05 (m, 2H), 3.89 ± 3.85 (m, 1H),
3.74 (dd, J� 8.5, 10.4 Hz, 1H), 3.71 (s, 3H), 3.63 (dd, J� 8.5, 9.8 Hz, 1H),
3.25 (dd, J� 3.7, 10.4 Hz, 1H), 2.08 (s, 3H), 1.63 (s, 3H), 1.39 (s, 3H), 0.89 (s,
9H), 0.02 (s, 3H), 0.00 (s, 3H); 13C NMR (MHz, CDCl3): � �170.9, 170.1,
138.1, 137.3, 128.6, 128.4, 128.2, 128.0, 127.7, 127.5, 111.0, 98.2, 95.7, 80.0, 76.0,
75.6, 75.1, 73.9, 72.3, 71.9, 71.3, 71.2, 63.6, 62.9, 52.5, 27.6, 26.0, 25.9, 21.0,
18.1, �3.6, �4.8; FAB MS: m/z : calcd for C38H53N3O12Si: 771.3399; found:
771.3386 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�-�-
glucopyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-cyclopentylidene-�-�-
glucopyranosyluronate (40)


By coupling 11 and 33 : Compounds 11 (870 mg, 1.46 mmol) and 33 (425 mg,
1.17 mmol) were coevaporated three times with toluene and dissolved in
CH2Cl2 (20 mL). Freshly activated powdered 4 ä molecular sieves
(500 mg) were added and the mixture was stirred at room temperature
for 30 min. The mixture was cooled to �25 �C and tert-butyldimethylsilyl
trifluoromethanesulfonate (33 �L, 0.146 mmol) was added dropwise. The
reaction mixture was warmed to room temperature and stirred overnight.
Triethylamine (3 mL) was added, the mixture was filtered through a pad of
Celite and the solvent was removed under reduced pressure. Flash
chromatography on silica gel (hexanes/EtOAc 95:5� 9:1) afforded 40
(744 mg, 0.93 mmol, 80%) as a colorless foam.


By coupling 10 and 33 : Compounds 10 (610 mg, 1.35 mmol) and 33 (402 mg,
1.10 mmol) were coevaporated three times with toluene, dissolved in Et2O
(20 mL) and cooled to 0 �C. To this mixture freshly activated powdered 4 ä
molecular sieves (1 g), SnCl2 (260 mg, 1.37 mmol) and AgClO4 (290 mg,
1.40 mmol) were added. The mixture was stirred for 8 h at 0 �C, then


warmed to 12 �C over 8 h. The mixture was filtered through a pad of Celite,
washed with sat. NaHCO3 and brine. The organic layer was dried over
Na2SO4 and after filtration the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 95:5� 9:1)
afforded 40 (693 mg, 0.87 mmol, 79%) as a colorless foam. [�]24D ��87.5
(c� 1.20, CH2Cl2); IR (thin film on NaCl): �� � 3025, 2954, 2849, 2105, 1746,
1455, 1250 cm�1; 1H NMR (500 MHz, CDCl3): ��7.40 ± 7.27 (m, 10H), 5.74
(d, J� 4.0 Hz, 1H), 5.15 (d, J� 3.4 Hz, 1H), 4.87 (d, J� 11.0 Hz, 1H), 4.79
(d, J� 11.0 Hz, 1H), 4.70 (d, J� 11.6 Hz, 1H), 4.67 (d, J� 11.9 Hz, 1H),
4.59 (d, J� 6.7 Hz, 1H), 4.38 (dd, J� 2.1, 11.9 Hz, 1H), 4.26 (dd, J� 3.1,
6.7 Hz, 1H), 4.14 (dd, J� 3.4, 4.0 Hz, 1H), 4.08 ± 4.04 (m, 2H), 3.89 ± 3.84
(m, 1H), 3.74 (dd, J� 8.5, 10.4 Hz, 1H), 3.71 (s, 3H), 3.64 (dd, J� 9.2,
8.9 Hz, 1H), 3.24 (dd, J� 3.7, 10.4 Hz, 1H), 2.08 ± 2.00 (m, 5H), 1.79 ± 1.62
(m, 6H), 0.89 (s, 9H), 0.02 (s, 3H), 0.00 (s, 3H); 13C NMR (125 MHz,
CDCl3): � �171.0, 170.2, 138.1, 137.3, 128.7, 128.5, 128.2, 128.0, 127.8, 127.5,
120.6, 98.0, 95.5, 80.0, 75.7, 75.3, 75.2, 74.0, 72.3, 71.4, 71.2, 71.2, 63.6, 62.9,
52.6, 37.0, 36.9, 26.0, 23.8, 23.3, 21.1, 18.1, �3.5, �4.8; FAB MS: m/z : calcd
for C40H55N3O12Si: 797.3555; found: 797.3578 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�-�-
glucopyranosyl-(1� 4)-methyl 3-O-benzyl-�-syluronate (41): Compound
39 (1.68 g, 2.18 mmol) was dissolved in dichloroacetic acid (75% aqueous,
20 mL) and stirred at room temperature for 1 h. The reaction mixture was
added slowly to sat. NaHCO3 and extracted three times with CH2Cl2. The
organic layer was dried over Na2SO4 and after filtration the solvent was
removed under reduced pressure. Flash chromatography on silica gel
(hexanes/EtOAc 1:1) afforded 41 (1.29 g, 1.86 mmol, 81%) colorless foam.
Compound 40 (1.19 g, 1.49 mmol) was dissolved in dichloroacetic acid
(50% aqueous, 15 mL) and stirred at room temperature for 2 h. The
reaction mixture was added slowly to sat. NaHCO3 and extracted three
times with CH2Cl2. The organic layer was dried over Na2SO4 and after
filtration the solvent was removed under reduced pressure. Flash chroma-
tography on silica gel (hexanes/EtOAc 1:1) afforded 41 (980 mg,
1.34 mmol, 90%) as a colorless foam. FAB MS:m/z : calcd for C35H49N3O12-


Si: 731.3086; found: 731.3107 [M]� .


6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�-�-glucopyranosyl-(1� 4)-
methyl 3-O-benzyl-1,2-O-isopropylidene-�-�-glucopyranosyluronate (42):
Compound 20 (946 mg, 1.65 mmol) and 31 (451 mg, 1.33 mmol) were
coevaporated three times with toluene and dissolved in CH2Cl2 (30 mL).
Freshly activated powdered 4 ä molecular sieves (700 mg) were added and
the mixture was stirred at room temperature for 1 h. The mixture was
cooled to �78 �C and tert-butyldimethylsilyl trifluoromethanesulfonate
(38 �L, 0.165 mmol) was added dropwise. The reaction mixture was
warmed to room temperature and stirred overnight. Triethylamine
(3 mL) was added and the mixture was filtered through a pad of Celite
and the solvent was removed under reduced pressure. Flash chromatog-
raphy (hexanes/EtOAc 8:2) afforded 42 (828 mg, 1.11 mmol, 83%) as a
colorless oil. [�]24D ��58.0 (c� 1.53, CH2Cl2); IR (thin film on NaCl): �� �
3029, 2938, 2017, 1743, 1454 cm�1; 1H NMR (500 MHz, CDCl3): � �7.41 ±
7.27 (m, 15H), 5.72 (d, J� 4.0 Hz, 1H), 5.14 (d, J� 3.7 Hz, 1H), 4.90 (d, J�
10.7 Hz, 1H), 4.87 (d, J� 10.7 Hz, 1H), 4.86 (d, J� 11.0 Hz, 1H), 4.70 (s,
2H), 4.59 (d, J� 11.0 Hz, 1H), 4.48 (d, J� 7.3 Hz, 1H), 4.30 (dd, J� 2.4,
11.9 Hz, 1H), 4.28 ± 4.22 (m, 3H), 4.06 (at, J� 3.7 Hz, 1H), 4.00 ± 3.92 (m,
2H), 3.73 (s, 3H), 3.54 (dd, J� 8.8, 10.1 Hz, 1H), 3.30 (dd, J� 3.7, 10.4 Hz,
1H), 2.05 (s, 3H), 1.62 (s, 3H), 1.39 (s, 3H); 13C NMR (125 MHz, CDCl3): �
�171.4, 170.7, 138.4, 138.2, 137.9, 129.3, 129.2, 128.8, 128.7, 128.7, 128.6,
128.5, 111.7, 98.3, 96.7, 80.5, 78.5, 77.1, 76.3, 76.1, 75.7, 74.4, 72.8, 72.1, 70.6,
63.9, 63.2, 53.2, 28.0, 26.5, 21.5; FAB MS: m/z : calcd for C39H45N3O12:
747.3003; found: 747.3001 [M]� .


6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�-�-glucopyranosyl-(1� 4)-
methyl 3-O-benzyl-1,2-O-cyclopentylidene-�-�-glucopyranosyluronate
(43): Compound 20 (855 mg, 1.50 mmol) and 33 (436 mg, 1.20 mmol) were
coevaporated three times with toluene and dissolved in CH2Cl2 (20 mL).
Freshly activated powdered 4 ä molecular sieves (250 mg) were added and
the mixture was stirred at room temperature for 1 h. The mixture was
cooled to �20 �C and tert-butyldimethylsilyl trifluoromethanesulfonate
(100 �L, 0.44 mmol) was added dropwise. The reaction mixture was stirred
for 2.5 h at �20 �C. Triethylamine (3 mL) was added, the mixture was
filtered through a pad of Celite and the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 85:15� 8:2)
afforded 43 (760 mg, 0.98 mmol, 82%) as a colorless oil. [�]24D ��62.3 (c�
1.07, CH2Cl2); IR (thin film on NaCl): �� � 2948, 2107, 1743, 1454, 1362 cm�1;
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1H NMR (500 MHz, CDCl3): � �7.40 ± 7.27 (m, 15H), 5.69 (d, J� 4.0 Hz,
1H), 5.12 (d, J� 3.7 Hz, 1H), 4.90 (d, J� 10.7 Hz, 1H), 4.87 (d, J� 10.7 Hz,
1H), 4.86 (d, J� 11.3 Hz, 1H), 4.70 (s, 2H), 4.60 (d, J� 11.0 Hz, 1H), 4.48
(d, J� 7.3 Hz, 1H), 4.31 (dd, J� 2.1, 12.2 Hz, 1H), 4.28 ± 4.24 (m, 2H), 4.18
(dd, J� 3.7, 4.0 Hz, 1H), 4.06 (at, J� 3.4 Hz, 1H), 4.01 ± 3.93 (m, 2H), 3.74
(s, 3H), 3.55 (dd, J� 8.8, 10.0 Hz, 1H), 3.29 (dd, J� 3.7, 10.4 Hz, 1H),
2.09 ± 2.03 (m, 5H), 1.79 ± 1.68 (m, 6H); 13C NMR (125 MHz, CDCl3): �
�171.4, 170.7, 138.4, 138.2, 137.9, 129.3, 129.2, 128.8, 128.7, 128.7, 128.6,
128.5, 121.2, 98.1, 96.4, 80.5, 78.5, 76.8, 76.1, 76.0, 75.7, 74.5, 72.8, 71.6, 70.6,
63.8, 63.2, 53.2, 37.4, 37.3, 24.4, 23.8, 21.5; FAB MS: m/z : calcd for
C41H47N3O12: 773.3160; found: 773.3179 [M]� .


6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�-�-glucopyranosyl)-(1� 4)-
methyl-3-O-benzyl-�-glucopyranosyluronate (44): From 42 : Compound 42
(315 mg, 0.42 mmol) was dissolved in dichloroacetic acid (75% aqueous,
4 mL) and stirred at room temperature for 2 h. The reaction mixture was
added slowly to sat. NaHCO3 and extracted three times with CH2Cl2. The
organic layer was dried over Na2SO4 and after filtration the solvent was
remove under reduced pressure. Flash chromatography on silica gel
(hexanes/EtOAc 1:1) afforded 44 (250 mg, 0.35 mmol, 84%) as a colorless
foam. From 43 : Compound 43 (836 mg, 1.08 mmol) was dissolved in
dichloroacetic acid (50% aqueous, 12 mL) and stirred at room temperature
for 2 h. The reaction mixture was added slowly to sat. NaHCO3 and
extracted three times with CH2Cl2. The organic layer was dried over
Na2SO4 and after filtration the solvent was removed under reduced
pressure. Flash chromatography (hexanes/EtOAc 1:1) afforded 44 (619 mg,
0.87 mmol, 81%) as a colorless foam. FAB MS:m/z : calcd for C36H41N3O12:
707.2690; found: 707.2678 [M]� .


3,6-Di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-�-�-gluco-
pyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��glucopyra-
nosyluronate (45): Compound 14 (215 mg, 0.39 mmol) and 31 (102 mg,
0.30 mmol) were coevaporated three times with toluene and dissolved in
CH2Cl2 (3 mL). Freshly activated powdered 4 ä molecular sieves (100 mg)
were added and the mixture was stirred at room temperature for 1 h. The
mixture was cooled to �25 �C and tert-butyldimethylsilyl trifluorometha-
nesulfonate (0.1� in CH2Cl2, 300 �L, 0.030 mmol) was added dropwise.
The reaction mixture was warmed to room temperature and stirred for
30 minutes. Triethylamine (3 mL) was added and the mixture was filtered
through a pad of Celite and the solvent was removed under reduced
pressure. Flash chromatography (hexanes/EtOAc 4:1) afforded 45 (201 mg,
0.279 mmol, 92%) as a colorless oil. [�]24D ��90 (c� 0.7, CHCl3); IR (thin
film on NaCl): �� � 2932, 2110, 1747, 1372, 1221 cm�1; 1H NMR (500 MHz,
CDCl3): � �7.35 ± 7.26 (m, 5H), 5.73 (d, J� 4.0 Hz, 1H), 5.32 (dd, J� 8.5,
10.5 Hz, 1H), 5.19 (d, J� 4.0 Hz, 1H), 4.68 ± 4.66 (A part of AB system, J�
11.5 Hz, 1H), 4.65 ± 4.62 (B part of AB system, J� 11.5 Hz, 1H), 4.55 (d,
J� 6.5 Hz, 1H), 4.38 ± 4.35 (A part of ABX, J� 2.0, 12.0 Hz, 1H), 4.22 (dd,
J� 4.0, 6.5 Hz, 1H), 4.19 (t, J� 3.0 Hz, 1H), 4.10 ± 4.06 (m, 2H), 3.92 ± 3.88
(m, 1H), 3.70 (t, J� 9.0 Hz, 1H), 3.68 (s, 3H), 2.95 (dd, J� 3.5, 11.0 Hz,
1H), 2.13 (s, 3H), 2.06 (s, 3H), 1.59 (s, 3H), 1.35 (s, 3H), 0.82 (s, 9H), 0.04 (s,
3H), 0.03 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.7, 170.2, 170.0,
137.3, 128.6, 128.2, 128.0, 111.2, 98.1, 95.9, 76.3, 75.7, 74.0, 72.5, 72.3, 71.6,
70.8, 69.4, 62.7, 61.3, 52.5, 27.4, 25.9, 25.7, 21.5, 20.9, �3.96, �4.82; ES MS:
m/z : calcd for C33H49N3NaO13Si: 746.2927; found: 746.2901 [M�Na]� .


2-Azido-3,6-di-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�-�-gluco-
pyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��glucopyra-
nosyluronate (46): Compound 16 (39 mg, 0.06 mmol) and 31 (16 mg,
0.05 mmol) were coevaporated three times with toluene and dissolved in
CH2Cl2 (0.7 mL). Freshly activated powdered 4 ä molecular sieves (16 mg)
were added and the mixture was stirred at room temperature for 1 h. The
mixture was cooled to �25 �C and tert-butyldimethylsilyl trifluorometha-
nesulfonate (0.1� in CH2Cl2, 48 �L, 0.005 mmol) was added dropwise. The
reaction mixture was warmed to room temperature and stirred for
30 minutes. Triethylamine was added and the mixture was filtered through
a pad of Celite and the solvent was removed under reduced pressure. Flash
chromatography (hexanes/EtOAc 6:1) afforded 46 (31 mg, 0.04 mmol,
77%) as a colorless oil. [�]24D ��86.5 (c� 1.1, CHCl3); IR (thin film on
NaCl): �� � 2928, 2105, 1751, 837 cm�1; 1H NMR (500 MHz, CDCl3): �


�7.39 ± 7.25 (m, 15H), 5.83 (d, J� 3.5 Hz, 1H), 5.19 (d, J� 3.5 Hz, 1H),
4.89 ± 4.86 (A part of AB system, J� 11.0 Hz, 1H), 4.78 ± 4.76 (B part of AB
system, J� 11.0 Hz, 1H), 4.69 (d, J� 5.0 Hz, 1H), 4.66 (s, 2H), 4.58 ± 4.55
(A part of AB system, J� 12.0 Hz, 1H), 4.51 ± 4.49 (B part of AB system,
J� 12.0 Hz, 1H), 4.24 (dd, J� 3.5, 5.0 Hz, 1H), 4.20 (t, J� 3.5 Hz, 1H), 4.09


(t, J� 3.0 Hz, 1H), 3.85 ± 3.82 (m, 1H), 3.77 ± 3.71 (m, 2H), 3.67 ± 3.64 (A
part of ABX, J� 4.5, 10.5 Hz, 1H), 3.63 ± 3.61 (m, 4H), 3.27 (dd, J� 3.5,
10.0 Hz, 1H), 1.64 (s, 3H), 1.40 (s, 3H), 0.82 (s, 9H), 0.02 (s, 3H), �0.02 (s,
3H); 13C NMR (125 MHz, CDCl3): � �170.2, 138.2, 137.4, 128.7, 128.5,
128.4, 128.2, 128.0, 127.7, 127.8, 127.6, 127.5, 111.1, 98.6, 95.5, 80.2, 75.7, 75.6,
74.8, 73.9, 73.5, 72.7, 72.4, 72.3, 71.0, 68.7, 63.7, 52.4, 27.8, 26.1, 18.2, �3.58,
�4.68; ES MS:m/z : calcd for C43H57N3NaO11Si: 842.3654; found: 842.3638
[M�Na]� .


3-O-Acetyl-2-azido-6-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��glu-
copyranosyluronate (47): Compound 17 (49 mg, 0.09 mmol) and 31
(23 mg, 0.07 mmol) were coevaporated three times with toluene and
dissolved in CH2Cl2 (0.7 mL). Freshly activated powdered 4 ä molecular
sieves (23 mg) were added and the mixture was stirred at room temperature
for 1 h. The mixture was cooled to �25 �C and tert-butyldimethylsilyl
trifluoromethanesulfonate (0.1� in CH2Cl2, 68 �L, 0.007 mmol) was added
dropwise. The reaction mixture was warmed to room temperature and
stirred for 30 minutes. Triethylamine was added and the mixture was
filtered through a pad of Celite and the solvent was removed under reduced
pressure. Flash chromatography (hexanes/EtOAc 4:1) afforded 47 (37 mg,
0.05 mmol, 71%) as a colorless oil. [�]24D ��93.3 (c� 1.7, CHCl3); IR (thin
film on NaCl): �� � 2928, 2110, 1751, 1224 cm�1; 1H NMR (500 MHz,
CDCl3): � �7.37 ± 7.26 (m, 10H), 5.77 (d, J� 4.0 Hz, 1H), 5.34 (dd, J� 7.5,
10.5, 1H), 5.23 (d, J� 3.5 Hz, 1H), 4.69 ± 4.66 (A part of AB system, J�
11.5 Hz, 1H), 4.66 ± 4.64 (B part of AB system, J� 11.5 Hz, 1H), 4.62 (d,
J� 6.5 Hz, 1H), 4.58 ± 4.56 (A part of AB system, J� 12.5 Hz, 1H), 4.53 ±
4.50 (B part of AB system, J� 12.5 Hz, 1H), 4.24 (dd, J� 4.0, 6.0 Hz, 1H),
4.20 (t, J� 3.5 Hz, 1H), 4.10 (t, J� 3.0 Hz, 1H), 3.88 ± 3.80 (m, 2H), 3.73 ±
3.70 (A part of ABX, J� 3.5, 10.5 Hz, 1H), 3.63 (s, 3H), 3.62 ± 3.60 (B part
of ABX, J� 2.0, 10.5 Hz, 1H), 2.97 (dd, J� 3.5, 10.5 Hz, 1H), 2.14 (s, 3H),
1.62 (s, 3H, CH3), 1.38 (s, 3H, CH3), 0.81 (s, 9H), 0.04 (s, 3H, CH3), 0.03 (s,
3H, CH3); 13C NMR (125 MHz, CDCl3): ��170.3, 170.1, 138.1, 137.4, 128.7,
128.5, 128.2, 128.0, 127.8, 127.7, 111.2, 98.4, 95.8, 76.3, 75.8, 73.9, 73.6, 72.9,
72.3, 71.9, 69.1, 68.2, 61.4, 52.5, 27.6, 26.1, 25.8, 21.6, 18.2, �4.05, �4.66; ES
MS: m/z : calcd for C38H53N3NaO12Si: 794.3281; found: 794.3275 [M�Na]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��ido-
pyranosyluronate (48): A mixture of 11 (1.38 g, 2.32 mmol) and 35
(627 mg, 1.9 mmol) was coevaporated three times with toluene and dried
under vacuum for 1 h. The mixture was dissolved in CH2Cl2 (20 mL) and
was stirred for 30 min at room temperature under argon in the presence of
freshly activated powdered 4 ä molecular sieves (800 mg). After cooling
the mixture to �30 �C, tert-butyldimethylsilyl trifluoromethanesulfonate
(1� in CH2Cl2, 230 �L, 0.23 mmol) was added dropwise. The mixture was
warmed to room temperature over 1 h. Triethylamine (4 mL) was added,
the mixture was filtered through a pad of Celite and the solvent was
removed under reduced pressure. The residue was purified by silica gel
column chromatography (toluene/EtOAc 95:5� 92:8) to yield 48 (1.30 g,
1.68 mmol, 91%) as a colorless glass. [�]24D ��93.3 (c� 1, CHCl3); IR (thin
film on NaCl): �� � 2890, 2100, 1740, 1020 cm� 1; 1H NMR (500 MHz,
CDCl3): � �7.38 ± 1.20 (m, 10H), 5.28 (d, J� 2.4 Hz, 1H), 4.93 (d, J�
3.0 Hz, 1H), 4.76 (d, J� 11.0 Hz, 1H), 4.65 (d, J� 11.0 Hz, 1H), 4.61 (s,
2H), 4.41 ± 4.36 (m, 2H), 4.13 (t, J� 2.1 Hz, 1H), 3.99 (s, 1H), 3.95 (dd, J�
3.0, 12.2 Hz, 1H), 3.91 (m, 2H), 3.74 ± 3.71 (m, 1H), 3.71 (s, 3H), 3.61 ± 3.59
(m, 2H), 3.30 (dd, J� 3.3, 9.5 Hz, 1H), 2.08 (s, 3H), 1.98 (s, 3H), 1.57 (s,
3H), 1.33 (s, 3H), 0.78 (s, 9H),�0.10 (s, 6H); 13C NMR (125 MHz, CDCl3):
� �170.8, 169.0, 138.2, 137.1, 128.8, 128.4, 128.0, 127.9, 127.7, 127.6, 112.2,
98.1, 97.1, 80.1, 97.3, 75.4, 75.2, 73.5, 72.9, 72.8, 71.5, 71.3, 70.6, 68.9, 64.6,
62.5, 52.5, 28.3, 26.3, 26.0, 21.1, 18.1, �3.6, �5.0; FAB MS: m/z : calcd for
C38H53N3O12Si: 771.3399; found: 771.3415 [M]� .


3,6-Di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-����gluco-
pyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��idopyra-
nosyluronate (49): A mixture of 14 (500 mg, 0.91 mmol) and 35 (241 mg,
0.71 mmol) was coevaporated three times with toluene and dried under
vacuum for 1 h. The mixture was dissolved in CH2Cl2 (15 mL) and was
stirred for 30 min at room temperature under argon in the presence of
freshly activated powdered 4 ä molecular sieves (400 mg). After cooling
the mixture to �30 �C, tert-butyldimethylsilyl trifluoromethanesulfonate
(0.1� in CH2Cl2, 1 mL, 0.1 mmol) was added dropwise. The mixture was
warmed to 0 �C over 1 h. Triethylamine (1.8 mL) was added, the mixture
was filtered through a pad of Celite and the solvent was removed under
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reduced pressure. The residue was purified by silica gel column chroma-
tography (toluene/EtOAc 95:5� 92:8) to yield 49 (463 mg, 0.64 mmol,
90%) as a colorless glass. [�]24D ��87.4 (c� 1.00, CHCl3); IR (thin film on
NaCl): �� � 2880, 2086, 1731, 1440, 1054 cm�1; 1H NMR (500 MHz, CDCl3):
��7.38 ± 7.32 (m, 5H), 5.34 (d, J� 2.1 Hz, 1H), 5.32 ± 5.36 (dd, 1H), 4.93 (d,
J� 3.0 Hz, 1H), 4.70 (d, J� 11.6 Hz, 1H), 4.67 (d, J� 11.6 Hz, 1H), 4.50
(dd, J� 2.1, 12.5 Hz, 1H), 4.42 (d, J� 1.5 Hz, 1H), 4.27 (t, J� 2.1 Hz, 1H),
4.06 ± 4.02 (m, 2H), 3.98 ± 3.94 (m, 2H), 3.80 ± 3.74 (m, 1H), 3.79 (s, 3H),
3.17 (dd, J� 10.7, 3.4 Hz, 1H), 2.08 (s, 3H), 2.00 (s, 3H), 1.64 (s, 3H), 1.39 (s,
3H), 0.81 (s, 9H), 0.03 (s, 3H), 0.01 (s, 3H); 13C NMR (125 MHz, CDCl3): �
�170.6, 169.8, 169.1, 137.3, 128.8, 128.4, 128.1, 112.5, 99.1, 97.3, 75.7, 74.8,
73.9, 73.0, 72.8, 71.3, 71.3, 68.9, 62.4, 62.3, 52.7, 28.1, 26.2, 25.7, 21.5, 21.1,
18.0, �3.9, �4.9; FAB MS: m/z : calcd for C33H49N3O13Si: 723.3035; found:
723.3058 [M]� .


3,6-Di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-����gluco-
pyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-cyclopentylidene-�-��idopyra-
nosyluronate (50): A mixture of 14 (200 mg, 0.36 mmol) and 37 (95 mg,
0.28 mmol) was coevaporated three times with toluene and dried under
vacuum for 1 h. The mixture was dissolved in CH2Cl2 (5 mL) and was
stirred for 30 min at room temperature under argon in the presence of
freshly activated powdered 4 ä molecular sieves (150 mg). After cooling
the mixture to �30 �C, tert-butyldimethylsilyl trifluoromethanesulfonate
(0.1� in dry CH2Cl2, 0.4 mL, 0.04 mmol) was added dropwise. The mixture
was warmed to 0 �C over 1 h. Triethylamine (0.7 mL) was added, the
mixture was filtered through a pad of Celite and the solvent was removed
under reduced pressure. The residue was purified by silica gel column
chromatography (toluene/EtOAc 96:3� 90:10) to yield 50 (217 mg,
0.29 mmol, 88%) as a colorless glass. [�]24D ��75.6 (c� 1.00, CH2Cl2); IR
(thin film on NaCl): �� � 2955, 2858, 2109, 1744, 1455 cm�1; 1H NMR
(400 MHz, CDCl3): � �7.38 ± 7.30 (m, 5H), 5.34 ± 5.29 (m, 2H), 4.68 (t, J�
12.0 Hz, 2H), 4.51 (m, 1H), 4.46 (d, J� 1.5 Hz 1H), 4.28 (dd, J� 2.1, 2.9 Hz,
1H), 4.13 (t, 1H), 4.07 ± 4.02 (m, 2H), 3.87 (t, 1H), 3.80 ± 3.74 (m, 1H), 3.77
(s, 3H), 3.07 (dd, J� 3.4, 10.6 Hz, 1H), 2.13 (s, 3H), 2.06 (s, 3H), 2.09 ± 2.04
(m, 2H), 1.78 ± 1.63 (m, 6H), 0.82 (s, 9H), 0.04 (s, 3H), 0.02 (s, 3H);
13C NMR (125 MHz, CDCl3): � �170.6, 169.8, 169.1, 137.3, 128.7, 128.3,
121.7, 98.9, 96.9, 76.9, 75.8, 74.4, 74.1, 73.0, 72.7, 71.1, 71.0, 68.9, 62.3, 62.1,
52.6, 37.6, 36.9, 25.7, 23.5, 21.5, 21.0, 18.0, �3.9, �4.9; FAB MS: m/z : calcd
for C35H51N3O13Si: 749.3191; found: 749.3197 [M]� .


3,6-Di-O-benzyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-����gluco-
pyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��idopyra-
nosyluronate (51): A mixture of 16 (50 mg, 0.08 mmol) and 35 (25 mg,
0.074 mmol) was coevaporated three times with toluene and dried under
vacuum for 1 h. The mixture was dissolved in CH2Cl2 (1 mL) and was
stirred for 30 min at room temperature under argon in the presence of
freshly activated powdered 4 ä molecular sieves (20 mg). After cooling the
mixture to �30 �C, tert-butyldimethylsilyl trifluoromethanesulfonate (0.1�
in CH2Cl2, 80 �L, 0.08 mmol) was added dropwise. The mixture was
warmed to room temperature over 1 h. Triethylamine was added, the
mixture was filtered through a pad of Celite and the solvent was removed
under reduce pressure. The residue was purified by silica gel column
chromatography (toluene/EtOAc 95:5� 92:8) to yield 51 (55 mg,
0.067 mmol, 92%) as a colorless glass. [�]24D ��91 (c� 1, CHCl3); IR (thin
film on NaCl): �� � 2935, 2110, 1766, 1017 cm�1; 1H NMR (500 MHz,
CDCl3): � �7.39 ± 7.28 (m, 15H), 5.35 (d, J� 2.4 Hz, 1H), 4.98 (d, J�
3.4 Hz, 1H), 4.84 (d, J� 11.3 Hz, 1H), 4.73 (d, J� 11.3 Hz, 1H), 4.68 (s,
2H), 4.59 (d, J� 11.9 Hz, 1H), 4.46 (d, J� 11.6 Hz, 1H), 4.45 (d, J� 1.5 Hz,
1H), 4.27 (t, J� 2.4 Hz, 1H), 4.11 (s, 1H), 3.98 (s, 1H), 3.80 ± 3.73 (m, 2H),
3.71 (s, 3H), 3.80 ± 3.63 (m, 3H), 3.39 (dd, J� 10.4, 3.4 Hz, 1H), 1.65 (s,
3H), 1.41 (s, 3H), 0.84 (s, 9H), 0.02 (s, 3H), 0.01 (s, 3H); 13C NMR
(125 MHz, CDCl3) �� 169.1, 138.3, 138.2, 137.3, 128.8, 128.5, 128.4, 128.1,
127.9, 127.7, 127.6, 127.5, 112.3, 97.9, 97.1, 80.3, 75.5, 74.9, 73.4, 73.0, 72.9, 72.8,
72.4, 71.3, 70.5, 68.1, 64.4, 52.4, 28.2, 26.3, 26.1, 18.1, �3.6, �4.8; FAB MS:
m/z : calcd for C33H49N3NaO13Si: 842.3654; found: 842.3696 [M�Na]� .


6-O-Benzyl-2-azido-3-O-acetyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��ido-
pyranosyluronate (52): A mixture of 17 (50 mg, 0.084 mmol) and 35
(25 mg, 0.074 mmol) was coevaporated three times with toluene and dried
under vacuum for 1 h. The mixture was dissolved in CH2Cl2 (1 mL) and was
stirred for 30 min at room temperature under argon in the presence of
freshly activated powdered 4 ä molecular sieves (20 mg). After cooling the
mixture to �30 �C, tert-butyldimethylsilyl trifluoromethanesulfonate (0.1�


in CH2Cl2, 84 �L, 0.084 mmol) was added dropwise. The mixture was
warmed to room temperature over 1 h. Triethylamine was added, the
mixture was filtered through a pad of Celite and the solvent was removed
under reduced pressure. The residue was purified by silica gel column
chromatography (toluene/EtOAc 95:5� 92:8) to yield 52 (50 mg,
0.065 mmol, 88%) as a colorless glass. [�]24D ��85 (c� 1.0, CHCl3); IR
(thin film on NaCl): �� � 2940, 2106, 1740, 1766, 1017 cm�1; 1H NMR
(500 MHz, CDCl3): � �7.38 ± 7.26 (m, 10H), 5.32 (m, 2H), 4.97 (d, J�
3.0 Hz, 1H), 4.69 (d, J� 11.6 Hz, 1H), 4.65 (d, J� 11.9 Hz, 1H), 4.60 (d, J�
12.2 Hz, 1H), 4.46 (d, J� 11.9 Hz, 1H), 4.42 (d, J� 1.5 Hz, 1H), 4.29 (t, J�
2.7 Hz, 1H), 4.07 (s, 1H), 3.98 (s, 1H), 3.91 ± 3.86 (m, 2H), 3.71 (dd, J� 2.4,
11.0 Hz, 1H), 3.68 (s, 3H), 3.63 (dd, J� 1.8, 10.4 Hz, 1H), 3.18 (dd, J� 10.4,
3.0 Hz, 1H), 2.12 (s, 3H), 1.65 (s, 3H), 1.39 (s, 3H), 0.81 (s, 9H), �0.04 (s,
3H), 0.03 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.0, 169.0, 138.2,
137.3, 128.7, 128.5, 128.4, 128.3, 128.1, 127.9, 112.5, 99.0, 97.3, 75.8, 74.4, 73.7,
73.4, 73.0, 72.9, 72.8, 71.2, 68.7, 67.7, 62.4, 52.4, 28.1, 26.2, 25.8, 21.6, 18.0,
�4.1, �4.8; FAB MS: m/z : calcd for C38H53N3NaO12Si: 794.3291; found:
794.3298 [M�Na]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 3-O-benzyl-��idopyranosyluronate (53): A
solution of 48 (1.20 g, 1.55 mmol) in dichloroacetic acid (40 mL, 60% aq)
was stirred at room temperature for 3 h, diluted with water and neutralized
with NaHCO3 (24 g). The aqueous phase was extracted three times with
CH2Cl2. The combined organic phases were dried over MgSO4. After
filtration the solvent was removed under reduced pressure to afford 53
(1.05 g, 1.4 mmol, 92%) as an essentially pure white solid. Compound 53
can be further purified by silica gel column chromatography (hexanes/
EtOAc 70:30). FAB MS: m/z : calcd for C35H49N3O12Si: 731.3086; found:
731.3002 [M]� .


3,6-Di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-����gluco-
pyranosyl-(1� 4)-methyl 3-O-benzyl-��idopyranosyluronate (54)


From 49 : A solution of 49 (770 mg, 1.06 mmol) in dichloroacetic acid
(10 mL, 60% aq) was stirred at room temperature for 3 h, diluted with
water and neutralized with NaHCO3 (7 g). The aqueous phase was
extracted three times with CH2Cl2 and the combined organic phases were
dried over MgSO4. After filtration the solvent was removed under reduced
pressure to afford 54 (647 mg, 0.95 mmol, 89%) as a white solid.
Compound 54 can be further purified by silica gel column chromatography
(hexanes/EtOAc 70:30). FAB MS: m/z : calcd for C30H45N3O13Si: 683.2722;
found: 683.2743 [M]� .


From 50 : A solution of 50 (200 mg, 0.27 mmol) in dichloroacetic acid
(3 mL, 60% aq) was stirred at room temperature for 3 h, diluted with water
and neutralized with NaHCO3 (7 g). The aqueous phase was washed three
times with CH2Cl2. The combined organic phases were dried over MgSO4.
After filtration the solvent was removed under reduced pressure to afford
54 (160 mg, 0.23 mmol, 88%) as an essentially pure white solid.


6-O-Acetyl-2-azido 3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl-3-O-benzyl-1,2-O-monochloroacetyl-�/��
��glucopyranosyluronate (55): Pyridine (2.1 mL, 24 mmol), monochloro-
acetic anhydride (3.0 g, 9.00 mmol) and DMAP (19 mg, 0.157 mmol) were
added to a solution of 41 (1.3 g, 1.57 mmol) in CH2Cl2 (21 mL). The solution
was stirred at room temperature for 6 h, water was added and the mixture
was stirred for one additional hour. The organic phase was washed with sat.
NaHCO3, water and aqueous HCl (10%), dried over MgSO4 and filtered.
The solvent was removed under reduced pressure and the residue was
purified by silica gel column chromatography (hexanes/EtOAc 90:20) to
yield 55 (1.5 g, 1.7 mmol, 96%) as a colorless syrup. FAB MS:m/z : calcd for
C39H51Cl2N3O14Si: 883.2517; found: 883.2506 [M]� .


6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����glucopyranosyl-(1� 4)-
methyl 3-O-benzyl-1,2-O-monochloroacetyl-�/����glucopyranosyluronate
(56): Pyridine (0.65 mL, 7.4 mmol), monochloroacetic anhydride (820 mg,
2.5 mmol) and DMAP (7 mg, 0.06 mmol) were added to a solution of 44
(400 mg, 0.6 mmol) in CH2Cl2 (6.5 mL). The solution was stirred at room
temperature for 6 h, water was added and the mixture was stirred for one
additional hour. The organic phase was washed with saturated solution of
NaHCO3, water and 10% HCl, dried over MgSO4 and filtered. The solvent
was removed under reduced pressure and the residue was purified by silica
gel column chromatography (hexanes/EtOAc 90:20) to yield 56 (452 mg,
0.53 mmol 93%) as a colorless syrup. FAB MS: m/z : calcd for
C40H43Cl2N3O14: 859.2122; found: 859.2113 [M]� .
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6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 3-O-benzyl-2-O-monochloroacetyl-�-�-
glucopyranosyluronate trichloroacetimidate (57)


From 55 : Benzylamine (70 �L, 0.63 mmol) was added in three portions,
every 2 h, to a solution of 55 (1 g, 1.2 mmol) Et2O (40 mL) at 0 �C and kept
overnight at �20 �C. The mixture was diluted with CH2Cl2, filtered and
washed with aqueous HCl (10%). The organic phase was dried over
MgSO4, filtered and the solvent was removed under reduced pressure.
Flash chromatography on silica gel (hexanes/EtOAc 90:10� 80:20)
afforded 6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-de-
oxy-�-��glucopyranosyl-(1� 4)-methyl 3-O-benzyl-2-O-monochloroace-
tyl-��glucopyranosyluronate (704 mg, 0.87 mmol, 75%) as a white solid.
FAB MS: m/z : calcd for C37H50ClN3O13Si: 807.2801; found: 807.2796 [M]� .


From 61: A mixture of tetrabutylammonium fluoride (1.0� in THF,
0.6 mL) and glacial acetic acid (55 �L, 0.9 mmol) was added dropwise to a
solution of 61 (539 mg, 0.58 mmol) in THF (6 mL) under nitrogen at 0 �C.
The reaction mixture was warmed to room temperature, stirred for
1.5 h and quenched with brine. After dilution with CH2Cl2, the two
phases were separated. The organic phase was dried over MgSO4, filtered
and the solvent was removed under reduced pressure. The crude
material was purified by silica gel column chromatography (hexane/EtOAc
90:10� 80:20) to yield 6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldime-
thylsilyl-2-deoxy-�-��glucopyranosyl-(1� 4)-methyl 3-O-benzyl-2-O-
monochloroacetyl-�/�-��glucopyranosyluronate (198 mg, 43%) as a white
solid.


A solution of 6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-
deoxy-�-��glucopyranosyl-(1� 4)-methyl 3-O-benzyl-2-O-monochloroa-
cetyl-��glucopyranosyluronate (540 mg, 0.7 mmol) and trichloroacetoni-
trile (2 mL, 19.2 mmol) in CH2Cl2 (14 mL) containing freshly activated 4 ä
molecular sieves (100 mg), was stirred 30 minutes at room temperature.
After cooling to 0 �C, DBU (45 �L, 0.3 mmol) was added. The mixture was
allowed to reach room temperature after 1 h the mixture was filtered
through a pad of Celite and concentrated. The residue was purified by silica
gel column chromatography (hexanes/EtOAc 85:15) to yield 57 (546 mg,
0.57 mmol, 85%) as a white solid. [�]24D ��81.5 (c� 1.00, CHCl3); IR (thin
film on NaCl): �� � 2930, 2106, 1745, 1678, 1252, 1029 cm�1; 1H NMR
(300 MHz, CDCl3): � �8.69 (s, 1H), 7.36 ± 7.26 (m, 10H), 6.56 (d, J�
3.2 Hz), 5.60 (d, J� 3.6 Hz, 1H), 5.14 ± 5.19 (m, 1H), 4.96 ± 4.78 (m, 4H),
4.49 (d, 1H), 4.35 (dd, J� 11.8 Hz, 1H), 4.28 ± 4.25 (m, 2H), 4.04 (dd, J�
3.8, 12.1 Hz, 1H), 3.99 (d, J� 9.5 Hz, 1H), 3.84 ± 3.76 (m, 2H), 3.79 (s, 3H),
3.72 ± 3.61 (m, 2H), 3.50 (m, 1H), 3.26 (dd, J� 3.6, 10.2 Hz, 1H), 2.10 (s,
3H), 0.88 (s, 9H), �0.01 (s, 6H); 13C NMR (125 MHz, CDCl3): � �171.0,
168.5, 166.5, 160.8, 138.0, 137.9, 128.8, 128.5, 128.1, 127.8, 127.5, 127.4, 98.2,
92.9, 80.1, 79.6, 75.5, 75.3, 75.0, 74.3, 72.6, 71.3, 70.9, 63.7, 62.5, 53.1, 40.3,
26.0, 21.1, 18.2, �3.5, �4.8; FAB MS: m/z : calcd for C39H50Cl4N4O13Si:
950.1898; found: 950.1892 [M]� .


6-O-Acetyl-2-azido 3,4-di-O-benzyl-2-deoxy-����glucopyranosyl-(1� 4)-
methyl-3-O-benzyl-2-O-monochloroacetyl-�-�-glucopyranosyluronate tri-
chloroacetimidate (58): Benzylamine (70 �L, 0.63 mmol) was added in
three portions, every 2 h, to a solution of 56 (400 mg, 0.46 mmol) in Et2O
(25 mL) at 0 �C and kept overnight at �20 �C. The mixture was diluted with
CH2Cl2, filtered and washed with aqueous HCl (10%). The organic phase
was dried over MgSO4, filtered and the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 90:10�
80:20) afforded 6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�-��glucopyr-
anosyl-(1� 4)-methyl 3-O-benzyl-2-O-monochloroacetyl-��glucopyrano-
syluronate (277 mg, 0.35 mmol, 76%) as a white solid. FAB MS: m/z :
calcd for C38H42ClN3O13Si: 783.2406; found: 783.2400 [M]� .


A solution of 6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�-��glucopyra-
nosyl-(1� 4)-methyl 3-O-benzyl-2-O-monochloroacetyl-��glucopyranosy-
luronate (226 mg, 0.292 mmol) and trichloroacetonitrile (0.790 mL,
7.6 mmol) in CH2Cl2 (7 mL) containing freshly activated 4 ä molecular
sieves (100 mg), was stirred 30 minutes at room temperature. After cooling
to 0 �C, DBU (5 �L, 0.03 mmol) was added. The mixture was allowed to
reach room temperature and after 1 h it was filtered through a pad of Celite
and concentrated. The residue was purified by silica gel column chroma-
tography (hexanes/EtOAc 85:15) to yield 58 (240 mg, 0.26 mmol, 90%) as
a white solid. 1H NMR (500 MHz, CDCl3): � �8.70 (s, 1H), 7.38 ± 7.27 (m,
15H), 6.56 (d, J� 3.4 Hz, 1H), 5.53 (d, J� 3.7 Hz, 1H), 5.17 ± 5.14 (m, 1H),
4.99 ± 4.78 (m, 5H), 4.46 ± 4.42 (m, 2H), 4.28 ± 4.19 (m, 4H), 3.97 ± 3.90 (m,


1H), 3.84 ± 3.70 (m, 2H), 3.77 (s, 3H), 3.62 ± 3.49 (m, 2H), 3.32 (dd, J� 3.8,
10.4 Hz, 1H), 2.04 (s, 3H); 13C NMR (100 MHz, CDCl3): � �170.8, 168.4,
166.5, 160.7, 137.9, 137.8, 137.7, 137.6, 129.0, 128.7, 128.6, 128.5, 128.4, 128.2,
128.1, 128.0, 127.5, 98.4, 92.9, 90.7, 80.1, 79.3, 77.6, 77.5, 75.7, 75.6, 75.2, 75.1,
73.5, 72.6, 70.1, 63.3, 62.3, 53.2, 40.3, 21.0; FAB MS: m/z : calcd for
C40H42Cl4N4O13Si: 926.1502; found: 926.1514 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldi-
methylsilyl-2-deoxy-����glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-2-O-
levulinoyl-����glucopyranosyluronate (59): Compound 41 (1.12 g,
1.53 mmol) and imidazole (208 mg, 3.05 mmol) were dissolved in CH2Cl2
(10 mL) and cooled to �15 �C. tert-Butyldimethylsilylchloride (253 mg,
1.68 mmol) was added to the mixture and stirring was continued at �15 �C.
After 5 h tert-butyldimethylsilylchloride (125 mg, 0.83 mmol) was added
and after 6 h imidazole (100 mg, 1.47 mmol) and tert-butyldimethylsilyl-
chloride (253 mg, 1.68 mmol) were added. After 18 h one additional
portion of tert-butyldimethylsilylchloride (70 mg, 0.46 mmol) was added.
After 40 h, water was added and the mixture was warmed to room
temperature. After dilution with EtOAc the mixture was washed with sat.
NaHCO3 and brine. The organic layer was dried over Na2SO4 and after
filtration the solvent was removed under reduced pressure. Flash chroma-
tography on silica gel (hexanes/EtOAc 9:1� 8:2) afforded tert-butyldime-
thylsilyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-de-
oxy-�-��glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-�-��glucopyranosy-
luronate (1.08 g, 1.28 mmol, 84%) as a colorless foam. [�]24D ��65.9 (c�
1.55, CH2Cl2); IR (thin film on NaCl): �� � 3475, 3031, 2953, 2857, 2106, 1747,
1472, 1254 cm�1; 1H NMR (500 MHz, CDCl3): ��7.41 ± 7.27 (m, 10H), 5.64
(d, J� 3.7 Hz, 1H), 5.07 (d, J� 11.0 Hz, 1H), 4.89 (d, J� 11.0 Hz, 1H), 4.83
(d, J� 11.0 Hz, 1H), 4.81 (d, J� 11.0 Hz, 1H), 4.59 (d, J� 7.3 Hz, 1H), 4.35
(dd, J� 2.1, 11.9 Hz, 1H), 4.14 (dd, J� 8.8, 9.5 Hz, 1H), 4.07 (dd, J� 3.7,
12.2 Hz, 1H), 3.99 (d, J� 9.8 Hz, 1H), 3.79 (s, 3H), 3.76 (at, J� 8.8 Hz,
1H), 3.69 ± 3.63 (m, 2H), 3.57 (ddd, J� 9.5, 9.2, 2.1 Hz, 1H), 3.52 ± 3.49 (m,
1H), 3.28 ± 3.22 (m, 1H), 2.31 (d, J� 2.1 Hz, 1H), 2.10 (s, 3H), 0.92 (s, 9H),
0.89 (s, 9H), 0.15 (s, 6H), 0.00 (s, 6H); 13C NMR (125 MHz, CDCl3): �
�171.0, 168.8, 138.5, 138.1, 128.6, 128.5, 127.9, 127.8, 127.7, 127.5, 98.0, 97.7,
83.9, 80.2, 76.6, 75.2, 74.9, 74.8, 74.7, 71.0, 70.8, 63.8, 62.6, 52.8, 26.0, 25.9,
21.1, 18.2, 18.1, �3.5, �4.1, �4.9, �5.0; FAB MS: m/z : calcd for
C41H63N3O12Si2C41H63N3O12Si2: 845.3950; found: 845.3925 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldi-
methylsilyl-2-deoxy-�-��glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-�-��
glucopyranosyluronate (998 mg, 1.18 mmol) and DMAP (432 mg,
3.54 mmol) were dissolved in CH2Cl2 (10 mL) and a solution of levulinic
anhydride (500 mg, 2.34 mmol) in CH2Cl2 (5 mL) was added. The reaction
mixture was stirred for 2 h at room temperature and concentrated. Flash
chromatography on silica gel (hexanes/EtOAc 8:2) afforded 59 (1.08 g,
1.14 mmol, 97%) as a colorless foam. 1H NMR (400 MHz, CDCl3): �


�7.39 ± 7.24 (m, 10H), 5.53 (d, J� 3.6 Hz, 1H), 5.04 (dd, J� 7.3, 8.8 Hz,
1H), 4.90 ± 4.73 (m, 5H), 4.37 (dd J� 1.8, 11.9 Hz, 1H), 4.26 (at, J� 9.2,
9.0 Hz, 1H), 4.07 ± 4.00 (m, 2H), 3.86 (dd, J� 8.8, 8.7 Hz, 1H), 3.79 (s, 3H),
3.68 ± 3.61 (m, 2H), 3.55 ± 3.52 (m, 1H), 3.25 (dd, J� 3.7, 9.9 Hz, 1H), 2.68 ±
2.63 (m, 2H), 2.53 ± 2.48 (m, 2H), 2.12 (s, 3H), 2.08 (s, 3H), 0.89 (s, 9H),
0.87 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H), 0.00 (s, 3H),�0.03 (s, 3H); 13C NMR
(100 MHz, CDCl3): � �206.0, 171.2, 170.8, 168.5, 138.0, 137.9, 128.5, 128.4,
127.8, 127.7, 127.6, 127.4, 97.5, 96.1, 82.5, 80.2, 75.2, 75.1, 74.7, 74.5, 74.1, 71.1,
70.8, 63.8, 62.5, 52.7, 37.8, 29.9, 28.0, 26.0, 25.6, 21.0, 18.1, 17.9, �3.6, �4.2,
�5.0, �5.2; FAB MS: m/z : calcd for C46H69N3O14Si2: 943.4318; found:
943.4332 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldi-
methylsilyl-2-deoxy-����glucopyranosyl)-(1� 4)-methyl 2-O-allyloxycar-
bonyl-3-O-benzyl-����glucopyranosyluronate (60): tert-Butyldimethylsilyl
(6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�-��
glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-�-��glucopyranosyluronate
(for the synthesis see the procedure to prepare compound 59) (350 mg,
0.414 mmol) and DMAP (1.01 g, 8.28 mmol) were dissolved in CH2Cl2
(10 mL) and cooled to �70 �C. Allyloxycarbonylchloride (800 �L,
7.54 mmol) was added in three equal portions every 2 h. After the addition
was complete the mixture was warmed to room temperature and stirred
overnight. The mixture was poured into EtOAc and washed with 1� HCl,
brine and sat. NaHCO3. The organic layer was dried over Na2SO4, filtered
and the solvent was removed under reduced pressure. Flash chromatog-
raphy on silica gel (hexanes/EtOAc 9:1� 85:15) afforded 60 (347 mg,
0.373 mmol, 90%) as a colorless oil. [�]24D ��82.6 (c� 1.04, CH2Cl2); IR
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(thin film on NaCl): �� � 3037, 2929, 2857, 2106, 1758, 1454, 1252 cm�1;
1H NMR (500 MHz, CDCl3): � �7.39 ± 7.26 (m, 10H), 5.91 ± 5.82 (m, 1H),
5.55 (d, J� 3.7 Hz, 1H), 5.35 ± 5.30 (m, 1H), 5.25 ± 5.22 (m, 1H), 4.89 ± 4.71
(m, 6H), 4.62 ± 4.53 (m, 2H), 4.34 (dd, J� 2.1, 11.9 Hz, 1H), 4.22 (dd, J�
9.5, 9.2 Hz, 1H), 4.05 (dd, J� 3.7, 12.2 Hz, 1H), 3.99 (d, J� 9.8 Hz, 1H),
3.85 (d, J� 9.2 Hz, 1H), 3.80 (s, 3H), 3.68 ± 3.61 (m, 2H), 3.52 ± 3.49 (m,
1H), 3.29 ± 3.25 (m, 1H), 2.10 (s, 3H), 0.89 (s, 9H), 0.87 (s, 9H), 0.12 (s,
3H), 0.10 (s, 3H), 0.00 (s, 6H); 13C NMR (125 MHz, CDCl3): � �171.0,
168.5, 154.1, 138.0, 137.8, 131.4, 128.6, 128.5, 127.9, 127.8, 127.7, 127.5, 119.6,
97.8, 96.1, 82.6, 80.2, 79.1, 75.3, 75.0, 74.8, 74.6, 71.1, 70.8, 69.0, 63.9, 62.5,
52.9, 26.0, 25.6, 21.1, 18.1, 18.0,�3.5,�4.1,�4.9,�5.3; FAB MS:m/z : calcd
for C45H67N3O14Si2: 929.4162; found: 929.4122 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldi-
methylsilyl-2-deoxy-����glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-2-O-
monochloroacetyl-����glucopyranosyluronate (61): Pyridine (0.5 mL,
6 mmol), monochloroacetic anhydride (360 mg, 1.00 mmol) and DMAP
(9 mg, 0.05 mmol) were added to a solution of tert-butyldimethylsilyl (6-O-
acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-�-��gluco-
pyranosyl)-(1� 4)-methyl-3-O-benzyl-�-��glucopyranosyluronate (see the
procedure to prepare 59) (439 mg, 0.52 mmol) in CH2Cl2 (5 mL). The
solution was stirred at room temperature for 3 h, water was added and the
mixture was stirred for one additional hour. The organic phase was washed
with sat. NaHCO3, water and aqueous HCl (10%), dried over MgSO4 and
filtered. The solvent was removed under reduced pressure and the residue
was purified by silica gel column chromatography (hexanes/EtOAc 90:20)
to yield 61 (470 mg, 0.51 mmol, 98%) as a colorless syrup. [�]24D ��30.1
(c� 1.00, CHCl3); IR (thin film on NaCl): �� � 2932, 2107, 1745, 1254, 1029,
839 cm�1; 1H NMR (500 MHz, CDCl3): ��7.37 ± 7.28 (m, 10H), 5.50 (d, J�
3.4 Hz, 1H), 5.05 (dd, J� 7.9, 9.1 Hz), 4.74 (d, J� 7.3 Hz), 4.86 (d, J�
11.0 Hz, 2H), 4.79 (d, J� 11.3 Hz, 1H), 4.68 (d, J� 11.3 Hz, 1H), 4.35
(dd, J� 1.5, 11.9 Hz, 1H), 4.29 ± 4.23 (m, 1H), 4.04 (dd, J� 3.7, 12.2 Hz,
1H), 3.99 (d, J� 9.5 Hz, 1H), 3.89 ± 3.83 (m, 2H), 3.79 (s, 3H), 3.78 (d, J�
14.9 Hz, 1H), 3.60 ± 3.67 (m, 2H), 3.53-3.51 (m, 1H), 3.28 (dd, J� 3.0,
9.2 Hz, 1H), 2.10 (s, 3H), 0.86 (s, 9H), 0.85 (s, 9H), 0.10 (s, 3H), 0.82 (s,
3H), �0.01 (s, 6H); 13C NMR (125 MHz, CDCl3): � �171.0, 168.4, 165.8,
138.0, 137.8, 128.7, 128.5, 128.0, 127.8, 127.7, 127.5, 97.8, 96.0, 82.6, 80.2, 76.4,
75.3, 75.2, 74.7, 74.6, 71.3, 70.8, 63.9, 62.5, 52.9, 26.1, 25.6, 21.1, 18.2, 17.9,
�3.5, �4.1, �4.9, �5.1; FAB MS: m/z : calcd for C43H64ClN3O13Si:
921.3666; found: 921.366 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����
glucopyranosyl)-(1� 4)-methyl-3-O-benzyl-2-O-levulinyl-����glucopyra-
nosyluronate (62): Compound 44 (813 mg, 1.15 mmol) and imidazole
(310 mg, 4.55 mmol) were dissolved in CH2Cl2 (10 mL) and cooled to
�15 �C. To this mixture tert-butyldimethylsilylchloride (241 mg,
1.60 mmol) was added and stirring was continued at �15 �C. After 5 h
tert-butyldimethylsilylchloride (50 mg, 0.33 mmol) was added followed
after 16 h by another portion of tert-butyldimethylsilylchloride (100 mg,
0.66 mmol). After 40 h, water was added and the mixture was warmed to
room temperature. After dilution with EtOAc the mixture was washed with
sat. NaHCO3 and brine. The organic layer was dried over Na2SO4 and after
filtration the solvent was removed under reduced pressure. Flash chroma-
tography on silica gel (hexanes/EtOAc 9:1� 8:2) afforded tert-butyldi-
methylsilyl (6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�-��glucopyrano-
syl)-(1� 4)-methyl 3-O-benzyl-�-��glucopyranosyluronate (752 mg,
0.92 mmol, 80%) as a colorless foam. [�]24D ��26.2 (c� 1.02, CH2Cl2);
IR (thin film on NaCl): �� � 3376, 3049, 2919, 2861, 2107, 1744, 1454, 1362,
1252 cm�1; 1H NMR (500 MHz, CDCl3): � �7.42 ± 7.26 (m, 15H), 5.60 (d,
J� 4.0 Hz, 1H), 5.08 (d, J� 11.0 Hz, 1H), 4.92 ± 4.89 (m, 2H), 4.86 (d, J�
10.7 Hz, 1H), 4.84 (d, J� 11.0 Hz, 1H), 4.58 (d, J� 7.3 Hz, 1H), 4.57 (d, J�
10.7 Hz, 1H), 4.27 ± 4.25 (m, 2H), 4.14 (dd, J� 8.9, 9.5 Hz, 1H), 3.96 (d, J�
9.8 Hz, 1H), 3.91 (dd, J� 8.9, 10.4 Hz, 1H), 3.77 (s, 3H), 3.73 (dd, J� 9.2,
8.9 Hz, 1H), 3.65 ± 3.61 (m, 1H), 3.59 ± 3.52 (m, 2H), 3.30 (dd, J� 4.0,
10.4 Hz, 1H), 2.33 (d, J� 2.4 Hz, 1H), 2.04 (s, 3H), 0.93 (s, 9H), 0.16 (s,
3H), 0.15 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.9, 168.6, 138.6,
137.8, 137.7, 128.7, 128.6, 128.3, 128.2, 128.2, 128.1, 127.9, 127.8, 98.0, 97.8,
83.9, 80.2, 77.6, 76.5, 75.6, 75.3, 75.1, 74.9, 74.7, 69.7, 63.5, 62.4, 52.8, 25.8,
21.0, 18.2, �4.1, �5.0; FAB MS: m/z : calcd for C42H55N3O12Si: 821.3555;
found: 821.3549 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-�-��
glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-�-��glucopyranosyluronate
(748 mg, 0.41 mmol) and DMAP (334 mg, 2.73 mmol) were dissolved in


CH2Cl2 (5 mL) and a solution of levulinic anhydride (390 mg, 1.82 mmol) in
CH2Cl2 (5 mL) was added. The reaction mixture was stirred for 2 h at room
temperature and concentrated. Flash chromatography on silica gel
(hexanes/EtOAc 8:2) afforded 62 (834 mg, 0.91 mmol, quant.) as a
colorless foam. [�]24D ��18.9 (c� 1.01, CH2Cl2); IR (thin film on NaCl):
�� � 3036, 2929, 2857, 2108, 1747, 1720, 1454, 1362 cm�1; 1H NMR (500 MHz,
CDCl3): � �7.40 ± 7.26 (m, 15H), 5.50 (d, J� 3.7 Hz, 1H), 5.03 (dd, J� 7.3,
8.8 Hz, 1H), 4.89 (s, 2H), 4.83 (d, J� 10.7 Hz, 2H), 4.74 (d, J� 11.3 Hz,
1H), 4.73 (d, J� 7.3 Hz, 1H), 4.56 (d, J� 11.0 Hz, 1H), 4.27 ± 4.23 (m, 3H),
3.97 (d, J� 9.5 Hz, 1H), 3.89 (dd, J� 8.8, 10.1 Hz, 1H), 3.82 (dd, J� 8.9,
8.5 Hz, 1H), 3.77 (s, 3H), 3.66 ± 3.62 (m, 1H), 3.53 (dd, J� 10.1, 8.8 Hz,
1H), 3.31 (dd, J� 3.7, 10.4 Hz, 1H), 2.69 ± 2.65 (m, 2H), 2.54 ± 2.49 (m, 2H),
2.14 (s, 3H), 2.04 (s, 3H), 0.86 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H); 13C NMR
(125 MHz, CDCl3): � �206.2, 171.3, 170.8, 168.5, 138.0, 137.7, 137.7, 128.7,
128.5, 128.2, 128.2, 128.2, 128.1, 127.8, 127.7, 97.7, 96.1, 82.6, 80.2, 77.6, 75.7,
75.2, 75.2, 75.2, 74.5, 74.4, 69.8, 63.5, 62.4, 52.9, 37.9, 30.0, 28.1, 25.6, 21.0,
18.0, �4.2, �5.2; FAB MS: m/z : calcd for C47H61N3O14Si: 919.3923; found:
919.3914 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����
glucopyranosyl)-(1� 4)-methyl 2-O-allyloxycarbonyl-3-O-benzyl-����glu-
copyranosyluronate (63): tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3,4-
di-O-benzyl-2-deoxy-�-��glucopyranosyl)-(1� 4)-methyl-3-O-benzyl-�-
��glucopyranosyluronate (see the procedure to prepare 62), (190 mg,
0.231 mmol) and DMAP (780 mg, 6.38 mmol) were dissolved in CH2Cl2
(5 mL) and cooled to �70 �C. Allyloxycarbonylchloride (600 �L,
5.65 mmol) was added in three equal portions every 2 h. After the addition
was complete the mixture was warmed to room temperature and stirred
overnight. The mixture was poured into EtOAc and washed with 1� HCl,
brine and sat. NaHCO3. The organic layer was dried over Na2SO4, filtered
and the solvent was removed under reduced pressure. Flash chromatog-
raphy on silica gel (hexanes/EtOAc 9:1� 85:15) afforded 63 (190 mg,
0.21 mmol, 91%) as a colorless oil. [�]24D ��21.9 (c� 1.25, CH2Cl2); IR
(thin film on NaCl): �� � 3026, 2929, 2858, 2108, 1756, 1252 cm�1; 1H NMR
(500 MHz, CDCl3): � �7.41 ± 7.26 (m, 15H), 5.92 ± 5.84 (m, 1H), 5.52 (d,
J� 3.7 Hz, 1H), 5.36 ± 5.32 (m, 1H), 5.26 ± 5.23 (m, 1H), 4.92 ± 4.81 (m,
5H), 4.79 ± 4.73 (m, 2H), 4.63 ± 4.54 (m, 3H), 4.29 ± 4.26 (m, 2H), 4.22 (dd,
J� 9.5, 8.9 Hz, 1H), 3.97 (d, J� 9.5 Hz, 1H), 3.90 (dd, J� 8.8, 10.4 Hz, 1H),
3.84 (dd, J� 9.2, 8.8 Hz, 1H), 3.78 (s, 3H), 3.65 ± 3.61 (m, 1H), 3.54 (dd, J�
8.9, 10.1 Hz, 1H), 3.32 (dd, J� 3.7, 10.4 Hz, 1H), 2.05 (s, 3H), 0.88 (s, 9H),
0.13 (s, 3H), 0.12 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.8, 168.3,
154.0, 137.9, 137.7, 137.6, 131.4, 128.7, 128.7, 128.5, 128.3, 128.2, 128.2, 128.1,
127.9, 127.7, 119.6, 97.8, 96.1, 82.5, 80.2, 79.1, 77.6, 75.7, 75.4, 75.2, 74.9, 74.5,
69.8, 69.0, 63.5, 62.4, 52.9, 25.6, 21.0, 18.0, �4.1, �5.4; FAB MS: m/z : calcd
for C46H59N3O14Si: 905.3766; found: 905.3751 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 2-O-levulinyl-3-O-benzyl-����glucopyra-
nosyluronate trichloroacetimidate (64): Compound 59 (1.06 g, 1.12 mmol)
was dissolved in THF (10 mL) and cooled to 0 �C. Glacial acetic acid
(90 �L, 1.57 mmol) and TBAF (1� in THF, 1.30 mL, 1.30 mmol) were
added in sequence. After 30 min the mixture was poured into Et2O
(100 mL) and washed three times with brine. The organic layer was dried
over Na2SO4, filtered and the solvent was removed under reduced pressure.
The residue was dissolved in CH2Cl2 (20 mL) and cooled to 0 �C.
Trichloroacetonitrile (1.7 mL, 17.0 mmol) and DBU (15 �L, 0.1 mmol)
were added and the mixture was stirred at 0 �C for 1 h and at room
temperature for 3 h. After removal of the solvent under reduced pressure,
flash chromatography on silica gel (hexanes/EtOAc 85:15� 70:30) afford-
ed 64 (1.0 g, 1.03 mmol, 92%) as a colorless foam. [�]24D ��108.9 (c� 1.69,
CH2Cl2); IR (thin film on NaCl): �� � 3337, 3031, 2954, 2929, 2857, 2105,
1746, 1720, 1678, 1454 cm�1; 1H NMR (500 MHz, CDCl3): � �8.71 (s, 1H),
7.26 ± 7.40 (m, 10H), 6.54 (d, J� 3.7 Hz, 1H), 5.63 (d, J� 3.7 Hz, 1H), 5.12 ±
5.16 (m, 1H), 4.80 ± 4.92 (m, 4H), 4.48 (d, J� 9.5 Hz, 1H), 4.35 (dd, J� 2.1,
11.9 Hz, 1H), 4.21 ± 4.29 (m, 2H), 4.04 (dd, J� 4.0, 12.2 Hz, 1H), 3.79 (s,
3H), 3.69 (dd, J� 8.5, 10.1 Hz, 1H), 3.64 (dd, J� 9.5, 8.5 Hz, 1H), 3.45 ±
3.49 (m, 1H), 3.23 (dd, J� 4.0, 10.1 Hz, 1H), 2.61 ± 2.71 (m, 2H), 2.35 ± 2.50
(m, 2H), 2.14 (s, 3H), 2.10 (s, 3H), 0.88 (s, 9H), 0.00 (s, 3H), �0.01 (s, 3H);
13C NMR (125 MHz, CDCl3): � �206.1, 172.0, 171.0, 168.7, 160.7, 138.1,
137.9, 128.7, 128.5, 128.0, 127.7, 127.6, 127.4, 98.1, 93.3, 90.9, 80.1, 79.7, 75.3,
75.3, 74.1, 72.5, 72.4, 71.2, 70.9, 63.7, 62.6, 53.1, 37.8, 30.0, 27.7, 26.0, 21.1, 18.1,
�3.5, �4.9; FAB MS: m/z : calcd for C42H55Cl3N4O14Si: 972.2550; found:
972.2579 [M]� .
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6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 2-O-allyloxycarbonyl-3-O-benzyl-����glu-
copyranosyluronate trichloroacetimidate (65): Compound 60 (271 mg,
0.291 mmol) was dissolved in anhydrous THF (5 mL) and cooled to 0 �C.
Glacial acetic acid (21 �L, 0.367 mmol) and TBAF (1.0� in THF, 320 �L,
0.32 mmol) were added in sequence. After 30 min the mixture was poured
into Et2O (50 mL) and washed three times with brine. The organic layer
was dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The residue was dissolved in CH2Cl2 (11 mL) and cooled
to 0 �C. Trichloroacetonitrile (450 �L, 4.49 mmol) and DBU (5 �L,
0.033 mmol) were added and the mixture was stirred overnight at room
temperature. After removal of the solvent under reduced pressure, flash
chromatography on silica gel (hexanes/EtOAc 85:15) afforded 65 (190 mg,
0.198 mmol, 68%) as a colorless foam. [�]24D ��114.0 (c� 1.37, CH2Cl2);
IR (thin film on NaCl): �� � 3340, 3026, 2953, 2857, 2105, 1754, 1679, 1454,
1367 cm�1; 1H NMR (500 MHz, CDCl3): �� 8.74 (s, 1H), 7.40 ± 7.26 (m,
10H), 6.63 (d, J� 3.4 Hz, 1H), 5.91 ± 5.82 (m, 1H), 5.65 (d, J� 3.7 Hz, 1H),
5.34 ± 5.30 (m, 1H), 5.27 ± 5.23 (m, 1H), 5.01 (dd, J� 3.4, 9.5 Hz, 1H),
4.93 ± 4.85 (m, 3H), 4.82 (d, J� 11.0 Hz, 1H), 4.65 ± 4.57 (m, 2H), 4.50 (d,
J� 9.5 Hz, 1H), 4.37 (dd, J� 1.8, 12.2 Hz, 1H), 4.29 ± 4.22 (m, 2H), 4.05
(dd, J� 4.0, 12.2 Hz, 1H), 3.80 (s, 3H), 3.71 (dd, J� 10.1, 8.5 Hz, 1H), 3.65
(dd, J� 9.2, 8.5 Hz, 1H), 3.50 ± 3.46 (m, 1H), 3.23 (dd, J� 3.7, 10.1 Hz, 1H),
2.11 (s, 3H), 0.89 (s, 9H), 0.00 (s, 3H), �0.01 (s, 3H); 13C NMR (125 MHz,
CDCl3) �� 171.0, 168.6, 160.7, 154.2, 138.0, 137.6, 131.2, 128.6, 128.4, 128.0,
127.8, 127.7, 127.4, 119.4, 98.2, 93.2, 90.8, 80.0, 79.4, 75.8, 75.4, 75.2, 74.1, 72.4,
71.2, 70.9, 69.2, 63.6, 62.5, 53.0, 26.0, 21.0, 18.1, �3.6, �4.9; FAB MS: m/z :
calcd for C41H53Cl3N4O14Si: 958.2393; found: 958.2392 [M]� .


6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����glucopyranosyl-(1� 4)-
methyl 3-O-benzyl-2-O-levulinoyl-����glucopyranosyluronate trichloroa-
cetimidate (66): Compound 62 (345 mg, 0.376 mmol) was dissolved in THF
(10 mL) and cooled to 0 �C. Glacial acetic acid (27 �L, 0.472 mmol) and
tetrabutylammoniumfluoride (1.0� in THF, 415 �L, 0.415 mmol) were
added sequentially. After 40 min this mixture was poured into EtOAc
(50 mL) and washed with sat. NaHCO3. The organic layer was dried over
Na2SO4, filtered and the solvent was removed under reduced pressure. The
residue was dissolved in CH2Cl2 (10 mL) and cooled to 0 �C. Trichloroa-
cetonitrile (750 �L, 7.48 mmol) and DBU (30 �L) were added and the
mixture was stirred for 2 h. After removal of the solvent under reduced
pressure, flash chromatography on silica gel (hexanes/EtOAc 8:2� 6:4)
afforded 66 as a colorless foam (302 mg, 0.32 mmol, 85%). [�]24D ��79.8
(c� 1.72, CH2Cl2); IR (thin film on NaCl): �� � 3337, 3063, 3030, 2953, 2108,
1746, 1719, 1677, 1497, 1363 cm�1; 1H NMR (500 MHz, CDCl3): � �8.71 (s,
1H), 7.40 ± 7.25 (m, 15H), 6.53 (d, J� 3.4 Hz, 1H), 5.55 (d, J� 3.7 Hz, 1H),
5.14 ± 5.11 (m, 1H), 4.95 ± 4.82 (m, 5H), 4.57 (d, J� 11.0 Hz, 1H), 4.46 ± 4.42
(m, 1H), 4.28 ± 4.20 (m, 4H), 3.94 (dd, J� 8.5, 10.4 Hz, 1H), 3.77 (s, 3H),
3.62 ± 3.58 (m, 1H), 3.51 (dd, J� 8.8, 10.1 Hz, 1H), 3.30 (dd, J� 3.7, 10.4 Hz,
1H), 2.70 ± 2.60 (m, 2H), 2.51 ± 2.36 (m, 2H), 2.14 (s, 3H), 2.04 (s, 3H);
13C NMR (125 MHz, CDCl3): � �206.1, 172.0, 170.9, 168.6, 160.7, 138.0,
137.8, 137.7, 128.7, 128.7, 128.7, 128.2, 128.1, 127.9, 127.6, 98.3, 93.2, 90.9, 80.1,
79.4, 77.6, 75.7, 75.4, 75.2, 75.0, 72.5, 72.4, 70.0, 63.3, 62.4, 53.2, 37.8, 30.0, 27.7,
21.0; FAB MS: m/z : calcd for C43H47Cl3N4O14: 948.2154; found: 948.2118
[M]� .


6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����glucopyranosyl-(1� 4)-
methyl 2-O-allyloxycarbonyl-3-O-benzyl-�/����glucopyranosyluronate tri-
chloroacetimidate (67): Compound 63 (74 mg, 0.082 mmol) was dissolved
in THF (2 mL) and cooled to 0 �C. Glacial acetic acid (6 �L, 0.1 mmol) and
TBAF (1� in THF, 90 �L, 0.09 mmol) were added. After 30 min the
mixture was poured into Et2O (50 mL) and washed three times with brine.
The organic layer was dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The residue was dissolved in CH2Cl2
(2 mL) and cooled to 0 �C. Trichloroacetonitrile (120 �L, 1.19 mmol) and
DBU (1.2 �L, 0.008 mmol) were added and the mixture was stirred
overnight at room temperature. After removal of the solvent under
reduced pressure, flash chromatography on silica gel (hexanes/EtOAc
85:15) afforded 67 (63 mg, 0.07 mmol, 83%) as a colorless foam. FAB MS:
m/z : calcd for C42H45Cl3N4O14: 934.1998; found: 934.1989 [M]� .


3,6-Di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-����gluco-
pyranosyl-(1� 4)-methyl 1,2-O-acetyl-3-O-benzyl-�/�-��idopyranosyluro-
nate (68): Pyridine (2.0 mL, 24 mmol), acetic anhydride (1.4 mL, 15 mmol)
and DMAP (12 mg, 0.1 mmol) were added to a solution of 53 (700 mg,
1.02 mmol) in CH2Cl2 (16 mL). The solution was stirred at room temper-


ature for 1 h, water was added and the mixture was stirred for one
additional hour. The organic phase was washed with sat. NaHCO3, water,
and aqueous HCl (10%), dried over MgSO4 and filtered. The solvent was
removed under reduced pressure and the residue was purified by silica gel
column chromatography (hexane/EtOAc 90:20) to yield 68 (707 mg,
0.92 mmol, 95%) as a colorless syrup. FAB MS: m/z : calcd for
C34H49N3O15Si: 767.2933; found: 767.2951 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 1,2-O-acetyl-3-O-benzyl-��idopyranosylur-
onate (69): Pyridine (1.5 mL, 18 mmol), acetic anhydride (1 mL, 11 mmol)
and DMAP (10 mg, 0.08 mmol) were added to a solution of 54 (560 mg,
0.77 mmol) in CH2Cl2 (10 mL). The solution was stirred at room temper-
ature for 1 h, water was added and the mixture was stirred for one
additional hour. The organic phase was washed with sat. NaHCO3, water
and aqueous HCl (10%), dried over MgSO4 and filtered. The solvent was
removed under reduced pressure and the residue was purified by silica gel
column chromatography (hexanes/EtOAc 90:20) to yield 69 (619 mg,
0.76 mmol, 99%) as a colorless syrup. FAB MS: m/z : calcd for
C39H53N3O14Si: 815.3297; found: 815.3270 [M]� .


3,6-Di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-����gluco-
pyranosyl-(1� 4)-methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate
trichloroacetimidate (70): Benzylamine (2.0 mL, 18.3 mmol) was added to
a solution of 68 (650 mg, 0.85 mmol) in Et2O (50 mL) at 0 �C. After stirring
at 0 �C for 4 h the mixture was diluted with CH2Cl2, filtered and washed
with HCl (10%). The organic phase was dried over Na2SO4, filtered and
the solvent was removed under reduced pressure. Flash chromatography on
silica gel (hexanes/EtOAc 90:10� 80:20) afforded 3,6-di-O-acetyl-2-azido-
4-O-tert-butyldimethylsilyl-2-deoxy-�-��glucopyranosyl-(1� 4)-methyl
2-O-acetyl-3-O-benzyl-�/�-��idopyranosyluronate (443 mg, 72%) as a
white solid. FAB MS: m/z : calcd for C32H47N3O14Si: 725.2827; found:
725.2811 [M]� .


A solution of 3,6-di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-
�-��glucopyranosyl-(1� 4)-methyl 2-O-acetyl-3-O-benzyl-�/�-��idopyra-
nosyluronate (335 mg, 0.46 mmol) and trichloroacetonitrile (1.3 mL,
12.5 mmol) in CH2Cl2 (10 mL) containing freshly activated powdered 4 ä
molecular sieves (100 mg) was stirred 30 minutes at room temperature.
After cooling the solution to 0 �C, DBU (30 �L, 0.2 mmol) was added. The
temperature was allowed to rise and after 1 h stirring, the mixture was
filtered through a pad of Celite and concentrated. The residue was purified
by silica gel column chromatography (hexanes/EtOAc 85:15) yielding 70
(373 mg, 0.43 mmol, 93%) as a white solid. [�]24D ��53.4 (c� 1.00, CHCl3);
IR (thin film on NaCl): �� � 2935, 2693, 2109, 1744, 1675, 1372 cm�1;
1H NMR (500 MHz, CDCl3): � �8.68 (s, 1H), 7.36 ± 7.30 (m, 5H),
6.41 (s, 1H), 5.26 (dd, J� 8.5, 10.4 Hz, 1H), 5.17 (s, 1H), 5.00
(d, J� 3.4 Hz, 1H), 4.98 (d, J� 1.8 Hz, 1H), 4.81 (d, J� 11.6 Hz, 1H),
4.65 (d, J� 11.6 Hz, 1H), 4.46 (dd, J� 2.1, 12.5 Hz, 1H), 4.27 (s, 1H),
4.09 ± 4.06 (m, 2H), 4.00 ± 3.81 (m, 1H), 3.80 (s, 3H), 3.81 ± 3.79 (m, 1H),
3.05 (dd, J� 3.3, 10.7 Hz, 1H), 2.20 (s, 3H), 2.14 (s, 3H), 2.10 (s, 3H), 0.84
(s, 9H), 0.49 (s, 3H), 0.30 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.7,
170.3, 169.9, 169.1, 160.3, 137.2, 128.6, 128.1, 128.0, 98.3, 95.7, 73.7, 72.8, 72.7,
72.3, 71.1, 69.2, 68.9, 65.4, 62.4, 61.9, 52.8, 25.8, 21.5, 21.0, 20.9, 18.1, �4.0,
�4.8; FAB MS:m/z : calcd for C34H47Cl3N4O14Si: 868.1924; found: 868.1938
[M]� .


6-O-Acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-����
glucopyranosyl-(1� 4)-methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosylur-
onate) trichloroacetimidate (71): Benzylamine (0.6 mL, 5.5 mmol) was
added to a solution of 69 (600 mg, 0.73 mmol) in Et2O (15 mL) at 0 �C.
After stirring at 0 �C for 5 h the mixture was diluted with CH2Cl2, filtered
and washed with HCl (10%). The organic phase was dried over Na2SO4 and
after filtration purified by silica gel column chromatography (hexanes/
AcOEt 90:10� 80:20) to yield 6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-
butyldimethylsilyl-2-deoxy-�-��glucopyranosyl-(1� 4)-methyl 2-O-ace-
tyl-3-O-benzyl-�/�-��idopyranosyluronate (415 mg, 0.54 mmol, 77%) as a
white solid. FAB MS: m/z : calcd for C37H51N3O13Si: 773.3191; found:
773.3201 [M]� .


A solution of 6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-
deoxy-�-��glucopyranosyl-(1� 4)-methyl 2-O-acetyl-3-O-benzyl-�/�-��
idopyranosyluronate (90 mg, 0.12 mmol) and trichloroacetonitrile
(0.34 mL, 3.3 mmol) in CH2Cl2 (3 mL) containing freshly activated
powdered 4 ä molecular sieves (50 mg) was stirred 30 minutes at room
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temperature. After cooling the solution to 0 �C, DBU (2 �L, 0.012 mmol)
was added. The temperature was allowed to rise and after 1 h stirring, the
mixture was filtered through a pad of Celite and concentrated. The residue
was purified by silica gel column chromatography (hexanes/EtOAc 85:15)
yielding 71 (104 mg, 0.113 mmol, 97%) as a white solid. [�]24D ��70.3 (c�
1.00, CHCl3); 1H NMR (500 MHz, CDCl3): � �8.70 (s, 1H), 7.36 ± 7.27 (m,
10H), 6.43 (s, 1H), 5.16 (s, 1H), 4.93 (d, J� 3.4 Hz, 1H), 5.00 (d, J� 2.1 Hz,
1H), 4.84 (d, J� 11.0 Hz, 1H), 4.83 (d, J� 11.6 Hz, 1H), 4.76 (d, J�
11.0 Hz, 1H), 4.67 (d, J� 11.6 Hz, 1H), 4.41 (dd, J� 2.1, 12.2 Hz), 4.21 (s,
1H), 3.82 (s, 3H), 4.07 ± 4.02 (m, 2H), 3.75 ± 3.70 (m, 1H), 3.68 ± 3.62 (m,
3H), 3.35 (dd, J� 3.5, 9.7 Hz, 1H), 2.17 (s, 3H), 2.07 (s, 3H), 0.88 (s, 9H),
0.05 (s, 3H), �0.01 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.9, 170.1,
168.9, 160.3, 137.9, 137.2, 128.6, 128.5, 128.2, 127.9, 127.8, 127.4, 97.1, 95.4,
80.3, 75.2, 72.6, 72.1, 71.3, 70.8, 70.8, 69.3, 65.4, 64.0, 62.7, 52.7, 26.3, 21.1,
21.0, 18.1,�3.5, �4.8; FAB MS:m/z : calcd for C34H47Cl3N4O14Si: 916.2287;
found: 916.2246 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-
deoxy-����glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-2-O-levulinoyl-��
��glucopyranosyluronate (72): Compound 64 (292 mg, 0.30 mmol) was
coevaporated three times with toluene, dried under vacuum for 1 h,
dissolved in toluene (5 mL) and 4-penten-1-ol (300 �L, 3.00 mmol) was
added. After cooling the mixture to 0 �C, TMSOTf (0.1� in toluene, 300 �L,
0.03 mmol) was added dropwise. The mixture was warmed to room
temperature and stirred for 2 h. Triethylamine (0.6 mL) was added and the
solvent was removed under reduced pressure. Flash chromatography on
silica gel (hexanes/EtOAc 85:15) afforded 72 (203 mg, 0.60 mmol, 75%) as
a colorless gum. [�]24D ��53.1 (c� 1.18, CH2Cl2); IR (thin film on NaCl):
�� � 2930, 2858, 2106, 1747, 1362, 1237 cm�1; 1H NMR (500 MHz, CDCl3): �
�7.25 ± 7.39 (m, 10H), 5.75 ± 5.84 (m, 1H), 5.54 (d, J� 3.7 Hz, 1H), 5.07
(dd, J� 7.3, 8.5 Hz, 1H), 4.95 ± 5.04 (m, 2H), 4.88 (d, J� 11.0 Hz, 1H),
4.74 ± 4.82 (m, 3H), 4.48 (d, J� 7.3 Hz, 1H), 4.35 (dd, J� 2.1, 11.9 Hz, 1H),
4.25 (at, J� 9.2 Hz, 1H), 4.02 ± 4.07 (m, 2H), 3.84 ± 3.89 (m, 2H), 3.79 (s,
3H), 3.61 ± 3.67 (m, 2H), 3.43 ± 3.51 (m, 2H), 3.23 ± 3.26 (m, 1H), 2.67 ± 2.71
(m, 2H), 2.44 ± 2.58 (m, 2H), 2.14 (s, 3H), 2.03 ± 2.12 (m, 5H), 1.60 ± 1.72
(m, 2H), 0.88 (s, 9H), 0.00 (s, 3H), �0.01 (s, 3H); 13C NMR (125 MHz,
CDCl3): � �206.7, 172.0, 171.5, 169.3, 138.7, 138.6, 138.3, 129.1, 129.0, 128.4,
128.3, 128.3, 127.9, 115.7, 101.7, 98.1, 83.1, 80.7, 75.8, 75.0, 75.0, 74.9, 74.1,
71.7, 71.4, 70.0, 64.4, 63.1, 53.4, 38.5, 30.6, 30.5, 29.2, 28.6, 26.6, 21.6, 18.7,
�3.0, �4.4; FAB MS: m/z : calcd for C45H63N3O14Si: 897.4079; found:
897.4067 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-
(1� 4)-methyl 3-O-benzyl-2-O-levulinoyl-����glucopyranosyluronate
(73): Compound 72 (674 mg, 0.75 mmol) was dissolved in THF (80 mL).
Glacial acetic acid (20 mL) and HF/pyridine complex (12 mL) were added
and the solution was stirred at room temperature for 93 h. The mixture was
poured into EtOAc and washed with brine, water, sat. NaHCO3 and dried
over Na2SO4. After filtration, the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 8:2� 6:4)
afforded 73 (500 mg, 0.64 mmol, 85%) as a colorless oil. [�]24D ��0.3 (c�
1.20, CH2Cl2); IR (thin film on NaCl): �� � 3484, 3037, 2924, 2109, 1746,
1719, 1363 cm�1; 1H NMR (500 MHz, CDCl3): � �7.43 ± 7.25 (m, 10H),
5.84 ± 5.75 (m, 1H), 5.50 (d, J� 3.7 Hz, 1H), 5.07 (dd, J� 7.3, 8.5 Hz, 1H),
5.04 ± 4.95 (m, 2H), 4.90 (d, J� 11.3 Hz, 1H), 4.88 (d, J� 11.3 Hz, 1H), 4.81
(d, J� 10.7 Hz, 1H), 4.75 (d, J� 10.7 Hz, 1H), 4.57 (dd, J� 3.1, 12.5 Hz,
1H), 4.48 (d, J� 7.3 Hz, 1H), 4.24 (dd, J� 9.2, 8.9 Hz, 1H), 4.12 (dd, J� 1.8,
12.5 Hz, 1H), 4.01 (d, J� 9.5 Hz, 1H), 3.88 ± 3.83 (m, 2H), 3.78 (s, 3H), 3.74
(dd, J� 8.8, 10.0 Hz, 1H), 3.50 ± 3.38 (m, 3H), 3.23 (dd, J� 3.7, 10.4 Hz,
1H), 3.05 (d, J� 3.4 Hz, 1H), 2.71 ± 2.68 (m, 2H), 2.59 ± 2.45 (m, 2H), 2.15
(s, 3H), 2.11 ± 2.04 (m, 5H), 1.72 ± 1.60 (m, 2H); 13C NMR (125 MHz,
CDCl3): ��206.2, 172.5, 171.5, 168.9, 138.1, 138.0, 137.8, 128.8, 128.6, 128.4,
128.3, 127.9, 127.8, 115.2, 101.2, 97.8, 82.5, 79.1, 75.5, 74.6, 74.5, 74.5, 73.7,
70.9, 70.5, 69.5, 62.9, 62.6, 52.9, 38.0, 30.1, 30.0, 28.7, 28.1, 21.0; FAB MS:
m/z : calcd for C39H49N3O14: 783.3215; found: 783.3206 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-
deoxy-����glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-2-O-monochloroa-
cetyl-�-O���glucopyranosyluronate (74): Compound 57 (816 mg,
0.856 mmol) was coevaporated three times with toluene, dried in vacuo
for 1 h, dissolved in toluene (30 mL) and 4-penten-1-ol (450 �L, 4.36 mmol)
was added. After cooling the mixture to 0 �C, TMSOTf (0.1� in toluene,
1.72 mL, 0.17 mmol) was added dropwise. The mixture was warmed to
room temperature and stirred for 48 h. Triethylamine (1.7 mL) was added


and the solvent was removed under reduced pressure. Flash chromatog-
raphy on silica gel (hexanes/EtOAc 85:15) afforded 74 (527 mg, 0.60 mmol,
70%) as a colorless gum. [�]24D ��45.5 (c� 1.00, CHCl3); IR (thin film on
NaCl): �� � 2954, 2109, 1745, 1223, 1072 cm�1 ;1H NMR (500 MHz, CDCl3):
� �7.37 ± 7.28 (m, 10H), 5.79 ± 5.74 (m, 1H), 5.50 (d, J� 3.7 Hz, 1H), 5.09
(dd, J� 7.6, 8.8 Hz, 1H), 5.07 ± 4.95 (m, 2H), 4.74 (d, J� 7.3 Hz, 1H), 4.87
(d, J� 11.3 Hz, 2H), 4.86 (d, J� 11.0 Hz, 2H), 4.80 (d, J� 11.3 Hz, 1H),
4.70 (d, J� 11.0 Hz, 1H), 4.48 (d, 1H), 4.35 (dd, J� 2.1, 11.9 Hz, 1H), 4.04
(t, 1H), 4.05 ± 4.00 (m, 2H), 3.89 ± 3.80 (m, 4H), 3.79 (s, 3H), 3.65 ± 3.64 (m,
2H), 3.50 ± 3.42 (m, 2H), 3.28 (dd, J� 4.0, 10.1 Hz, 1H), 2.09 (s, 3H), 1.07 ±
1.03 (m, 2H), 1.69 ± 1.58 (m, 2H), 0.88 (s, 9H), �0.01 (s, 6H); 13C NMR
(125 MHz, CDCl3): � �171.0, 168.6, 166.0, 137.9, 137.7, 137.4, 129.0, 128.7,
128.5, 128.1, 128.0, 127.9, 127.75, 127.7, 127.4, 115.0, 100.9, 97.7, 82.5, 80.2,
75.3, 74.9, 74.8, 74.6, 74.5, 71.3, 70.8, 69.5, 63.8, 62.5, 52.9, 44.0, 42.8, 40.6,
30.0, 28.6, 26.0, 21.0, 18.1, �3.5, �4.9; FAB MS: m/z : calcd for
C42H36ClN3O13Si: 875.3427; found: 875.3432 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-
(1� 4)-methyl 3-O-benzyl-2-O-monochloroacetyl-�-O-pentenyl���gluco-
pyranosyluronate (75): Compound 74 (250 mg, 0.285 mmol) was dissolved
in THF (33 mL). Glacial acetic acid (8 mL) and HF/pyridine complex
(4.8 mL) were added and the solution was stirred at room temperature for
4 d. The mixture was poured into Et2O and washed with brine, sat.
NaHCO3 and dried over Na2SO4. After filtration, the solvent was removed
under reduced pressure. Flash chromatography on silica gel (hexanes/
EtOAc 7:3) afforded 75 (186 mg, 0.244 mmol, 85%) as a colorless foam.
[�]24D ��10.8 (c� 1.0, CHCl3); IR (thin film on NaCl): �� � 3485, 2925, 2109,
1747, 1454, 1028 cm�1; 1H NMR (500 MHz, CDCl3): � �7.43 ± 7.27 (m,
10H), 5.98 ± 5.70 (m, 1H), 5.47 (d, J� 3.8 Hz), 5.09 (t, 1H), 5.08 ± 4.97 (m,
2H), 4.95 ± 4.93 (m, 3H), 4.69 (d, J� 10.7 Hz, 1H), 4.40 ± 4.35 (m, 1H), 4.59
(dd, J� 2.7, 12.4 Hz, 1H), 4.48 (d, J� 7.7 Hz, 1H), 4.24 (t, 1H), 4.11 (dd,
J� 1.9, 12.4 Hz, 1H), 4.0 (d, J� 5.5 Hz, 1H), 3.89 ± 3.79 (m, 4H), 3.79 (s,
3H), 3.78 ± 3.70 (m, 1H), 3.50 ± 3.38 (m, 3H), 3.27 (dd, J� 3.8, 10.4 Hz,
1H), 2.98 (br s, 1H), 2.03 ± 2.01 (m, 2H), 2.12 (s, 3H), 1.73 ± 1.59 (m, 2H);
13C NMR (125 MHz, CDCl3): � �172.5, 168.6, 165.9, 138.0, 137.9, 137.7,
128.8, 128.7, 128.4, 128.3, 128.1, 127.7, 115.3, 101.0, 98.0, 82.5, 79.0, 75.5, 75.1,
75.0, 74.8, 74.6, 71.1, 70.5, 69.6, 62.9, 62.6, 53.0, 40.6, 30.0, 28.6, 21.0; FAB
MS: m/z : calcd for C36H44ClN3O13: 761.2563; found: 761.2557 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-
deoxy-����glucopyranosyl)-(1� 4)-methyl 2-O-allyloxycarbonyl-3-O-ben-
zyl-����glucopyranosyluronate (76): Compound 65 (93 mg, 0.097 mmol)
was coevaporated three times with toluene, dried under vacuum for 1 h,
dissolved in toluene (5 mL) and 4-penten-1-ol (50 �L, 0.484 mmol) was
added. After cooling the mixture to 0 �C, TMSOTf (0.1� in toluene, 200 �L,
0.019 mmol) was added dropwise. The mixture was warmed to room
temperature and stirred for 30 min. Triethylamine (200 �L) was added and
the solvent was removed under reduced pressure. Flash chromatography on
silica gel (hexanes/EtOAc 85:15) afforded 76 (57 mg, 0.064 mmol, 66%) as
a colorless gum. [�]24D ��64.1 (c� 1.65, CH2Cl2); IR (thin film on NaCl):
�� � 3065, 2953, 2857, 2106, 1755, 1454, 1369 cm�1; 1H NMR (500 MHz,
CDCl3): � �7.26 ± 7.39 (m, 10H), 5.73 ± 5.92 (m, 2H), 5.55 (d, J� 3.7 Hz,
1H), 5.32 ± 5.37 (m, 1H), 5.19 ± 5.25 (m, 1H), 4.96 ± 5.04 (m, 2H), 4.76 ± 4.90
(m, 5H), 4.55 ± 4.64 (m, 2H), 4.49 (d, J� 7.6 Hz, 1H), 4.35 (dd, J� 2.1,
11.9 Hz, 1H), 4.21 (at, J� 9.2 Hz, 1H), 4.05 (dd, J� 4.0, 12.2 Hz, 1H), 4.00
(d, J� 9.5 Hz, 1H), 3.86 ± 3.95 (m, 2H), 3.80 (s, 3H), 3.62 ± 3.70 (m, 2H),
3.45 ± 3.50 (m, 2H), 3.29 ± 3.24 (m, 1H), 2.00 ± 2.16 (m, 5H), 1.60 ± 1.77 (m,
2H), 0.89 (s, 9H), 0.01 (s, 3H), 0.00 (s, 3H); 13C NMR (125 MHz, CDCl3): �
�171.0, 168.6, 154.0, 138.1, 138.0, 137.7, 131.4, 128.6, 128.5, 128.0, 127.8,
127.7, 127.4, 119.6, 115.2, 101.2, 97.8, 82.6, 80.2, 77.4, 75.3, 74.9, 74.7, 74.5,
71.2, 70.9, 69.7, 69.1, 63.9, 62.5, 52.9, 30.0, 28.7, 26.0, 21.1, 18.1, �3.5, �4.9;
FAB MS: m/z : calcd for C44H61N3O14Si: 883.3923; found: 883.3930 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-
(1� 4)-methyl 2-O-allyloxycarbonyl-3-O-benzyl-����glucopyranosyluro-
nate (77): Compound 76 (55 mg, 0.062 mmol) was dissolved in THF
(7 mL). Glacial acetic acid (1.75 mL) and HF/pyridine complex (1 mL)
were added and the solution was stirred at room temperature for 5 days.
The mixture was poured into EtOAc and washed with brine, water, sat.
NaHCO3 and dried over Na2SO4. After filtration, the solvent was removed
under reduced pressure. Flash chromatography on silica gel (hexanes/
EtOAc 7:3) afforded 77 (41 mg, 0.053 mmol, 85%) as a colorless oil.
[�]24D ��11.3 (c� 1.02, CH2Cl2); IR (thin film on NaCl): �� � 3470, 2922,
2109, 1752, 1454, 1367, 1255 cm�1; 1H NMR (500 MHz, CDCl3): � �7.43 ±
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7.27 (m, 10H), 5.92 ± 5.84 (m, 1H), 5.82 ± 5.74 (m, 1H), 5.51 (d, J� 3.7 Hz,
1H), 5.37 ± 5.31 (m, 1H), 5.23 ± 5.26 (m, 1H), 5.04 ± 4.95 (m, 2H), 4.90 ± 4.79
(m, 4H), 4.77 (d, J� 10.7 Hz, 1H), 4.65 ± 4.56 (m, 3H), 4.49 (d, J� 7.7 Hz,
1H), 4.21 (dd, J� 8.9, 9.4 Hz, 1H), 4.11 (dd, J� 1.9, 12.6 Hz, 1H), 3.99 (d,
J� 9.5 Hz, 1H), 3.92 ± 3.87 (m, 1H), 3.86 (at, J� 9.0 Hz, 1H), 3.79 (s, 3H),
3.74 (dd, J� 8.6, 10.3 Hz, 1H), 3.51 ± 3.45 (m, 2H), 3.41 (dd, J� 10.0,
8.7 Hz, 1H), 3.25 (dd, J� 3.7, 10.4 Hz, 1H), 2.98 (br s, 1H), 2.21 ± 2.06 (m,
5H), 1.74 ± 1.60 (m, 2H); 13C NMR (125 MHz, CDCl3): � �172.5, 168.7,
154.0, 138.1, 138.0, 137.7, 131.4, 128.8, 128.6, 128.4, 128.3, 128.0, 127.8, 119.6,
115.2, 101.3, 98.0, 82.6, 79.1, 75.6, 75.1, 74.9, 74.5, 71.0, 70.5, 69.7, 69.1, 62.9,
62.6, 53.0, 30.0, 28.7, 21.0; FAB MS: m/z : calcd for C38H47N3O14: 769.3058;
found: 769.3051 [M]� .


n-Pentenyl (3,6-di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-
����glucopyranosyl)-(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyra-
nosyluronate)-(1� 4)-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����gluco-
pyranosyl)-(1� 4)-methyl 3-O-benzyl-2-O-levulinyl-����glucopyranosyl-
uronate (78): Compound 71 (290 mg, 0.33 mmol) and 73 (173 mg,
0.22 mmol) were coevaporated with toluene and dried under vacuum for
1 h. The mixture was dissolved in CH2Cl2 (3 mL) and after cooling to
�25 �C, TMSOTf (330 �L, 0.1� in CH2Cl2) was added. The mixture was
stirred for 4 h and then diluted with CH2Cl2 and filtered through a pad of
Celite. The solvent was removed under reduced pressure and the residue
was purified by silica gel column chromatography (toluene/EtOAc
90:10� 80:20) to yield 78 (289 mg, 88%) as a syrup. 1H NMR (500 MHz,
CDCl3) �� 7.37 ± 7.15 (m, 15H), 5.83 ± 5.75 (m, 1H), 5.47 (d, J� 4.0 Hz,
1H), 5.35 (d, J� 4.9 Hz, 1H), 5.24 (dd, J� 8.8, 10.7 Hz, 1H), 5.13 (d, J�
3.3 Hz, 1H), 5.08 ± 5.03 (m, 1H), 4.99 ± 4.90 (m, 4H), 4.80 ± 4.67 (m, 5H),
4.58 (d, J� 4.9 Hz, 1H), 4.47 (d, J� 7.3 Hz, 1H), 4.37 ± 4.31 (m, 2H), 4.25 ±
4.18 (m, 2H), 4.10 (at, J� 6.1 Hz, 1H), 4.06 (dd, J� 3.7, 12.2 Hz, 1H),
4.02 ± 3.98 (m, 2H), 3.94 ± 3.91 (m, 1H), 3.88 ± 3.80 (m, 3H), 3.79 ± 3.69 (m,
2H), 3.68 (s, 3H), 3.65 (s, 3H), 3.56 ± 3.54 (m, 1H), 3.48 ± 3.43 (m, 1H), 3.28
(dd, J� 6.9, 10.3 Hz, 1H), 3.00 (dd, J� 3.3, 10.7 Hz, 1H), 2.68 (t, J� 6.7 Hz,
1H), 2.57 ± 2.44 (m, 2H), 2.26 ± 2.01 (m, 17H), 1.71 ± 1.61 (m, 2H); 13C NMR
(125 MHz, CDCl3) �� 206.2, 171.4, 170.6, 170.2, 170.0, 169.8, 168.9, 138.1,
138.0, 137.8, 137.5, 129.2, 128.7, 128.6, 128.4, 128.2, 128.1, 127.9, 127.7, 125.5,
115.1, 101.2, 98.3, 98.2, 97.3, 82.5, 78.1, 76.2, 76.0, 75.1, 74.5, 74.4, 74.3, 73.5,
73.0, 72.5, 70.9, 70.4, 70.3, 69.6, 69.4, 68.9, 63.2, 62.4, 61.8, 61.5, 52.8, 52.3,
37.9, 30.0, 29.9, 28.7, 28.0, 25.7, 21.6, 21.5, 21.0, 20.9, 18.0, �3.9, �4.9; FAB
MS: m/z : calcd for C71H94N6NaO27Si: 1513.5834; found: 1513.5793
[M�Na]� .


n-Pentenyl (3,6-di-O-acetyl-2-azido-4-O-tert-butyldimethylsilyl-2-deoxy-
����glucopyranosyl)-(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyra-
nosyluronate)-(1� 4)-(6-O-acetyl-3-O-benzyl-2-azido-2-deoxy-����gluco-
pyranosyl)-(1� 4)-methyl 3-O-benzyl-2-O-monochloroacetyl-����gluco-
pyranosyluronate (79): Compound 71 (360 mg, 0.41 mmol) and 75
(186 mg, 0.24 mmol) were coevaporated with toluene and dried under
vacuum for 1 h. The mixture was dissolved in CH2Cl2 (3 mL) and after
cooling to �25 �C, TMSOTf (370 �L, 0.1� in CH2Cl2) was added. The
mixture was stirred for 4 h and then diluted with CH2Cl2 and filtered
through a pad of Celite. The solvent was removed under reduced pressure
and the residue was purified by silica gel column chromatography (toluene/
EtOAc 90:10� 80:20) to yield 79 (331 mg, 0.22 mmol, 91%) as a syrup.
[�]24D ��40.0 (c� 1.00, CHCl3); IR (thin film on NaCl): �� � 2930, 2107,
1728, 1538, 1362 cm�1; 1H NMR (500 MHz, CDCl3): � �7.39 ± 7.27 (m,
20H), 5.77 ± 5.74 (m, 1H), 5.43 (d, J� 3.7 Hz, 1H), 5.35 (d, J� 4.9 Hz, 1H),
5.23 (t, J� 10.4 Hz, 1H), 5.12 (d, J� 3.7 Hz, 1H), 5.07 (t, 1H), 5.01 ± 4.84
(m, 6H), 4.73 ± 4.64 (m, 4H), 4.57 (d, J� 4.6 Hz, 1H), 4.47 (d, J� 7.6 Hz,
1H), 4.34 (m, 2H), 4.24 ± 4.18 (m, 2H), 4.09 (t, 1H), 4.05 (dd, J� 3.3,
12.2 Hz, 1H), 4.00 (m, 2H), 3.92 ± 3.81 (m, 6H), 3.79 ± 3.72 (m, 2H), 3.69 (s,
3H), 3.67 (s, 3H), 3.56 ± 3.54 (m, 1H), 3.45 ± 3.42 (m, 1H), 3.31 (dd, J� 3.7,
10.7 Hz, 1H), 3.00 (dd, J� 3.7, 10.7 Hz, 1H), 2.13 (s, 6H), 2.10 (s, 3H),
2.05 ± 2.01 (m, 2H), 2.03 (s, 3H), 1.69 ± 1.60 (m, 2H), 0.84 (s, 9H), 0.04 (s,
3H), 0.02 (s, 3H); 13C NMR (125 MHz, CDCl3): � �171.0, 170.7, 170.2,
169.8, 168.6, 165.9, 137.9, 137.7, 137.5, 128.7, 128.4, 128.2, 128.1, 128.0, 127.9,
127.7, 127.3, 115.3, 101.0, 98.2, 97.7, 82.5, 78.2, 76.0, 75.1, 75.0, 74.7, 74.6, 74.4,
73.0, 72.6, 71.0, 69.8, 69.6, 69.0, 63.3, 62.4, 61.6, 52.4, 40.7, 30.0, 28.7, 26.6,
25.7, 21.8, 21.2, 18.0, �3.9, �4.8; FAB MS:m/z : calcd for C68H89ClN6O26Si:
1468.5284; found: 1468.5361 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-4-O-tert-butyldimethylsilyl-2-
deoxy-����glucopyranosyl-(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��
idopyranosyluronate)-(1� 4)-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-��


��glucopyranosyl-(1� 4)-methyl 3-O-benzyl-2-O-levulinoyl-�-O���gluco-
pyranosyluronate (80): Compound 70 (85 mg, 0.09 mmol) and 73 (60 mg,
0.07 mmol) were coevaporated with toluene and dried under vacuum for
1 h. The mixture was dissolved in CH2Cl2 (2 mL) and after cooling to
�25 �C, TMSOTf (90 �L, 0.1� in CH2Cl2) was added. The mixture was
stirred for 4 h and then diluted with CH2Cl2 and filtered through a pad of
Celite. The solvent was removed under reduced pressure and the residue
was purified by silica gel column chromatography (toluene/EtOAc
90:10� 80:20) to yield 80 (107 mg, 86%) as a syrup. 1H NMR (500 MHz,
CDCl3) �� 7.37 ± 7.25 (m, 20H), 5.82 ± 5.74 (m, 1H), 5.47 (d, J� 3.6 Hz,
1H), 5.26 (d, J� 4.6 Hz, 1H), 5.0.7 ± 5.02 (m, 3H), 4.99 ± 4.88 (m, 3H),
4.83 ± 4.65 (m, 8H), 4.47 (d, J� 7.3 Hz, 1H), 4.35 ± 4.32 (m, 2H), 4.25 ± 4.18
(m, 2H), 4.07 ± 3.95 (m, 4H), 3.87 ± 3.82 (m, 3H), 3.80 ± 3.73 (m, 2H), 3.72 ±
3.64 (m, 4H), 3.61 (s, 3H), 3.59 ± 3.55 (m, 2H), 3.47 ± 3.43 (m, 1H), 3.27 (dd,
J� 3.9, 10.3 Hz, 1H), 3.23 (dd, J� 3.3, 10.1, 1H), 2.68 (t, J� 6.7 Hz, 2H),
2.57 ± 2.44 (m, 2H), 2.18 (s, 3H), 2.14 (s, 3H), 2.13 ± 2.05 (m, 5H), 2.02 (s,
3H), 1.70 ± 1.61 (m, 2H), 0.89 (m, 9H), �0.01 (s, 3H), �0.02 (s, 3H);
13C NMR (125 MHz, CDCl3) �� 206.2, 171.4, 170.9, 170.8, 170.1, 169.6,
168.9, 138.1, 137.9, 137.8, 137.7, 137.5, 128.7, 128.6, 128.4, 128.2, 128.0, 127.9,
127.8, 127.7, 127.4, 115.2, 101.2, 98.2, 97.7, 97.4, 82.6, 80.2, 78.1, 75.9, 75.2, 75.0,
74.8, 74.5, 74.0, 73.6, 72.7, 71.2, 70.8, 70.2, 70.0, 69.7, 69.5, 63.7, 63.2, 62.6,
61.9, 52.9, 52.1, 38.0, 30.1, 30.0, 28.7, 28.0, 26.0, 21.1, 21.0, 18.1,�3.53,�4.87;
FAB MS:m/z : calcd for C76H98N6O26Si: 1538.6300; found: 1538.6249 [M]� .


n-Pentenyl (3,6-di-O-acetyl-2-azido-2-deoxy-����glucopyranosyl)-(1� 4)-
(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-(1� 4)-(6-O-
acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-(1� 4)-methyl
3-O-benzyl-2-O-levulinyl-����glucopyranosyluronate (81): Compound 78
(170 mg, 0.11 mmol) was dissolved in THF (13 mL). Glacial acetic acid
(3 mL) and HF/pyridine complex (1.88 mL) were added and the solution
was stirred at room temperature for three days. The mixture was poured
into EtOAc and washed with brine, water, sat. NaHCO3 and dried over
Na2SO4. After filtration, the solvent was removed under reduced pressure.
Flash chromatography on silica gel (hexanes/EtOAc 5:3) afforded 81
(135 mg, 86%) as a pale yellow oil. 1H NMR (500 MHz, CDCl3) �� 7.37 ±
7.15 (m, 15H), 5.82 ± 5.74 (m, 1H), 5.47 (d, J� 3.6 Hz, 1H), 5.29 (d, J�
4.3 Hz, 1H), 5.21 (t, J� 10.1 Hz, 1H), 5.07 ± 5.02 (m, 2H), 4.98 ± 4.90 (m,
3H), 4.79 ± 4.68 (m, 5H), 4.61 (d, J� 4.3 Hz, 1H), 4.50 ± 4.46 (m, 2H),
4.32 ± 4.30 (m, 1H), 4.25 ± 4.14 (m, 3H), 4.07 (t, J� 5.2 Hz, 1H), 3.98 (d, J�
9.5 Hz, 1H), 3.95 (t, J� 5.5 Hz, 1H), 3.90 ± 3.82 (m, 4H), 3.74 (t, J�
10.1 Hz, 1H), 3.67 (s, 3H), 3.66 (s, 3H), 3.56 ± 3.54 (m, 1H), 3.47 ± 3.42
(m, 2H), 3.27 (dd, J� 3.6, 10.3 Hz, 1H), 3.17 (dd, J� 3.6, 10.7 Hz, 1H), 3.01
(br s, 1H), 2.68 (t, J� 6.7 Hz, 2H), 2.57 ± 2.43 (m, 2H), 2.26 ± 2.08 (m, 17H),
1.70 ± 1.60 (m, 2H); FAB MS: m/z : calcd for C65H80N6NaO27: 1399.4969;
found: 1399.9923 [M�Na]� .


n-Pentenyl (3,6-di-O-acetyl-2-azido-2-deoxy-����glucopyranosyl)-(1� 4)-
(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-(1� 4)-(6-O-
acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-(1� 4)-methyl
3-O-benzyl-2-O-monochloroacetyl-����glucopyranosyluronate (82): Com-
pound 79 (60 mg, 0.21 mmol) was dissolved in THF (26 mL). Glacial acetic
acid (6.4 mL) and HF/pyridine complex (3.8 mL) were added and the
solution was stirred at room temperature for three days. The mixture was
poured into EtOAc and washed with brine, water, sat. NaHCO3 and dried
over Na2SO4. After filtration, the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 5:3) afforded
82 (247 mg, 85%). [�]24D ��20.4 (c� 1.00, CHCl3); IR (thin film on NaCl):
�� � 3510, 2924, 2109, 1742 cm�1; 1H NMR (500 MHz, CDCl3): ��7.39 ± 7.27
(m, 20H), 5.80 ± 5.75 (m, 1H), 5.44 (d, J� 3.7 Hz, 1H), 5.31 (d, J� 4.9 Hz,
1H), 5.22 (t, J� 10.2 Hz, 1H), 5.16 ± 5.12 (m, 2H), 5.07 ± 4.83 (m, 5H),
4.73 ± 4.64 (m, 5H), 4.57 ± 4.52 (d, 1H), 4.37 (d, 1H), 4.34 ± 4.25 (m, 3H),
4.08 (m, 1H), 4.00 ± 3.95 (m, 3H), 3.90 ± 3.81 (m, 6H), 3.80 ± 3.72 (m, 2H),
3.69 (s, 3H), 3.67 (s, 3H), 3.60 ± 3.53 (m, 1H), 3.51 ± 3.42 (m, 1H), 3.27 (dd,
J� 3.7, 10.7 Hz, 1H), 3.17 (dd, J� 3.7, 10.7 Hz, 1H), 3.07 (br s, 1H), 2.14 (s,
3H), 2.13 (s, 3H), 2.12 (s, 3H), 2.05 ± 2.01 (m, 2H), 2.08 (s, 3H), 1.74 ± 1.60
(m, 2H); 13C NMR (125 MHz, CDCl3): � �171.9, 171.3, 171.1, 170.3, 169.7,
168.6, 165.9, 138.0, 137.7, 137.4, 115.3, 100.9, 98.6, 98.4, 97.6, 82.5, 78.2, 75.8,
75.7, 75.1, 75.0, 74.9, 74.7, 74.6, 74.0, 73.8, 72.4, 71.4, 70.2, 70.1, 69.8, 69.5,
68.9, 63.3, 62.5, 61.9, 61.1, 52.9, 52.4, 40.6, 30.0, 28.7, 21.0, 21.0, 20.9; FAB
MS: m/z : calcd for C62H75ClN6O26: 1354.4420; found: 1354.441 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-
(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-(1� 4)-
(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-(1� 4)-
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methyl 3-O-benzyl-2-O-levulinoyl-�-O-pentenyl���glucopyranosyluronate
(83): Compound 80 (70 mg, 0.045 mmol) was dissolved in THF (5.3 mL).
Glacial acetic acid (1.3 mL) and HF/pyridine complex (0.8 mL) were added
and the solution was stirred at room temperature for three days. The
mixture was poured into EtOAc and washed with brine, water, sat.
NaHCO3 and dried over Na2SO4. After filtration, the solvent was removed
under reduced pressure. Flash chromatography on silica gel (hexanes/
EtOAc 5:3) afforded 83 (50 mg, 75%). 1H NMR (500 MHz, CDCl3) ��
7.40 ± 7.25 (m, 20H), 5.82 ± 5.76 (m, 1H), 5.48 (d, J� 3.6 Hz, 1H), 5.25 (d,
J� 4.6 Hz, 1H), 5.07 ± 4.89 (m, 6H), 4.84 (s, 2H), 4.80 ± 4.68 (m, 5H), 4.63
(d, J� 4.3 Hz, 1H), 4.51 (dd, J� 3.5, 12.5 Hz, 1H), 4.47 (d, J� 7.3 Hz, 1H),
4.34 ± 4.32 (m, 1H), 4.26 ± 4.20 (m, 2H), 4.09 (dd, J� 2.1, 12.5 Hz, 1H), 4.04
(t, J� 5.5 Hz, 1H), 4.00 (d, J� 9.5 Hz, 1H), 3.95 (t, J� 5.5 Hz, 1H), 3.88 ±
3.82 (m, 3H), 3.78 ± 3.71 (m, 3H), 3.69 ± 3.64 (m, 4H), 3.57 (s, 3H), 3.48 ±
3.43 (m, 2H), 3.27 (d, J� 3.6, 10.1 Hz, 1H), 3.21 (d, J� 3.4, 10.1 Hz, 1H),
2.91 (d, J� 4.0 Hz, 1H), 2.68 (t, J� 6.7 Hz, 2H), 2.56 ± 2.45 (m, 2H), 2.14 (s,
6H), 2.12 ± 2.05 (m, 8H), 1.69 ± 1.62 (m, 2H); 13C NMR (125 MHz, CDCl3)
�� 206.2, 172.1, 171.4, 171.0, 170.0, 169.6, 168.9, 138.1, 138.0, 137.9, 137.5,
129.2, 129.0, 128.8, 128.7, 128.6, 128.4, 128.4, 128.2, 128.1, 128.0, 127.9, 127.8,
115.1, 101.2, 98.4, 98.2, 97.4, 82.5, 78.8, 78.2, 77.4, 75.7, 75.3, 75.2, 75.0, 74.5,
74.4, 73.9, 73.6, 73.4, 71.1, 70.5, 70.2, 70.0, 69.7, 69.4, 63.2, 62.8, 62.7, 61.9,
52.8, 52.2, 37.9, 30.0, 28.7, 28.0, 21.1, 20.9; FAB MS: m/z : calcd for
C70H84N6NaO26: 1447.5327; found: 1447.5378 [M�Na]� .


n-Pentenyl (6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����glucopyrano-
syl)-(1� 4)-(methyl 3-O-benzyl-�-�-glucopyranosyluronate 1,2)-(3,6-di-
O-acetyl-2-azido-2-deoxy-����glucopyranos-4-yl-monochloro orthoace-
tate)-(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-
(1� 4)-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-
(1� 4)-methyl 3-O-benzyl-2-O-monochloroacetyl-����glucopyranosyluro-
nate (88): Compounds 58 (82 mg, 0.09 mmol) and 82 (70 mg, 0.05 mmol)
were coevaporated with toluene and dried under vacuum for 1 h. The
mixture was dissolved in CH2Cl2 (1 mL) and after cooling to �25 �C,
TMSOTf (20 �L, 0.1� in CH2Cl2) was added. The mixture was stirred for
2 h and then diluted with CH2Cl2 and filtered through a pad of Celite. The
solvent was removed under reduced pressure and the residue was purified
by silica gel column chromatography (toluene/EtOAc 95:5� 80:20) to
yield 88 (33 mg, 30%) as a syrup. 1H NMR (500 MHz, CDCl3): �� 7.39 ±
7.16 (m, 30H), 6.43 (d, J� 3.7 Hz, 1H), 6.10 (d, J� 3.4 Hz, 1H), 5.73 ± 5.82
(m, 1H), 5.34 (d, J� 4.6 Hz, 1H), 5.30 (t, 1H), 5.09 ± 5.01 (m, 1H), 4.98 ±
4.82 (m, 8H), 4.71 ± 4.56 (m, 8H), 4.47 (dd, J� 0.9, 7.3 Hz, 1H), 4.40 (dd,
1H), 4.39 ± 4.14 (m, 8H), 4.07 (t, 1H), 3.99 ± 3.89 (m, 6H), 3.88 ± 3.82 (m,
6H), 3.79 ± 3.63 (m, 5H), 3.69 (s, 3H), 3.66 (s, 3H), 3.57 ± 3.44 (m, 3H), 3.39
(dd, J� 2.7, 9.5 Hz, 1H), 3.30 (dd, J� 3.0, 10.3 Hz, 1H), 3.21 (dd, 1H), 2.36
(s, 3H), 2.14 (s, 3H), 2.10 (s, 3H), 2.06 ± 2.02 (m, 2H), 2.01 (s, 3H), 1.92 (s,
3H), 1.66 ± 1.61 (m, 2H); 13C NMR (125 MHz, CDCl3): � �170.6, 170.9,
169.8, 169.1, 138.5, 138.4, 138.1, 138.0, 136.9, 129.4, 129.3, 129.2, 129.0, 128.8,
128.7, 128.6, 128.5, 128.4, 128.2, 127.9, 122.5, 115.8, 101.5, 99.9, 83.0, 80.6,
78.4, 78.3, 77.9, 76.3, 75.8, 75.6, 75.4, 75.1, 73.4, 71.1, 70.3, 70.1, 63.9, 63.3,
53.4, 53.2, 53.2, 53.0, 41.2, 30.5, 29.2, 21.6, 21.5, 21.4; ES MS: m/z : calcd for
C100H115Cl2N9O38: 1082.9085; found: 1082.9109 [M�2H]2�.


tert-Butyldimethylsilyl 6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levuli-
noyl-����glucopyranoside (89): Levulinic anhydride (1.86 g, 8.71 mmol)
was added to a solution of 6 (1.97 g, 4.35 mmol) and 4-(dimethylamino)-
pyridine (1.59 g, 13.05 mmol) in CH2Cl2 (30 mL). After stirring at room
temperature for 5 h, the mixture was poured into EtOAc and extracted
with 1� HCl, brine and sat. NaHCO3. The organic phase was dried over
Na2SO4, filtered and the solvents were removed under reduced pressure.
The crude product was purified by silica gel column chromatography
(hexanes/EtOAc 99:1� 90:10) to afford 89 (2.3 g, 4.18 mmol, 96%) as a
colorless oil. [�]24D ��58 (c� 3.00, CH2Cl2); IR (thin film): �� � 2110, 1746,
1719, 1363 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.20 ± 7.10 (m, 5H),
4.82 ± 4.80 (m, 1H), 4.66 ± 4.48 (dd, J� 11.5, 50 Hz, 2H), 4.39 (t, J� 4 Hz,
1H), 4.01 ± 3.91 (m, 2H), 3.42 ± 3.38 (m, 1H), 3.26 ± 3.22 (m, 2H), 2.59 ± 2.46
(m, 2H), 2.19 ± 2.31 (m, 2H), 1.99 (s, 3H), 1.89 (s,9H) (s, 6H); 13C NMR
(100 MHz, CDCl3): � �206.5, 172.0, 171.0, 138.2, 128.8, 128.7, 128.3, 128.2,
127.4, 127.2, 97.6, 80.2, 76.0, 75.2, 72.5, 71.4, 70.4, 68.6, 67.3, 63.0, 38.2, 37.9,
30.1, 28.2, 25.9, 21.2, 18.4, �4.0, �4.9; FAB MS: m/z : calcd for
C26H39N3O8Si: 572.2398; found: 572.2391 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levulinoyl-�/����glucopyra-
nosyl trichloroacetimidate (90): A solution of 89 (2.18 g, 3.97 mmol) was
dissolved in THF (30 mL) and cooled to 0 �C. A solution of glacial acetic


acid (280 �L, 4.79 mmol) and TBAF (1� in THF) (4.4 mL, 4.4 mmol) was
added to the reaction mixture. After 30 min, the mixture was poured into
Et2O (300 mL) and washed three times with brine. The organic layer was
dried over Na2SO4, filtered and the solvents were removed under reduced
pressure. The residue was dissolved in CH2Cl2 (100 mL) and cooled to 0 �C.
Trichloroacetonitrile (6 mL, 59.8 mmol) and DBU (60 �L, 0.4 mmol) were
added at 0 �C. After stirring the mixture for 1 h at 0 �C it was concentrated
under reduced pressure. Flash chromatography on silica gel (hexanes/
EtOAc 8:2 then 6:4) afforded 90 (2.0 g, 3.45 mmol, 87%) as a mixture of
anomers (27/73) as a colorless oil. Compounds 90� and 90� were separated
by silica gel column chromatography (toluene/EtOAc 99:1 to 90:1).
Compound 90� : [�]24D � 57 (c� 1, CH2Cl2); IR (thin film): �� � 3300, 2112,
1744, 1152 cm�1; 1H NMR (400 MHz, CDCl3): � �8.78 (s, 1H), 7.39 ± 7.29
(m, 5H), 6.44 (d, J� 1.0 Hz, 1H), 4.72 ± 4.89 (m, 2H), 4.02 ± 4.25 (m, 3H),
3.77 (dd, J� 3.5, 11.0 Hz, 1H), 2.69 ± 2.74 (m, 2H), 2.39 ± 2.58 (m, 2H), 2.17
(s, 3H), 2.05 (s, 3H); 13C NMR (100 MHz, CDCl3) �� 206.3, 171.7, 170.9,
161.2, 137.6, 128.7, 128.3, 128.2, 96.7, 80.3, 75.3, 73.2, 69.7, 68.6, 68.0, 38.0,
28.0, 21.0; FAB MS: m/z : calcd for C22H25Cl3N4O8: 601.0636; found:
601.0629. Compound 90� : [�]24D ��31 (c� 1.00, CH2Cl2); IR (thin film):
�� � 3329, 2111, 1744, 1718, 1676 cm�1; 1H NMR (400 MHz, CDCl3): ��8.77
(s, 1H), 7.39 ± 7.28 (m, 5H), 5.64 (d, J� 8.0 Hz, 1H), 5.14 (t, J� 10.0 Hz,
1H), 4.84 (d, J� 11.0 Hz, 1H), 4.73 (d, J� 11.0 Hz 1H), 4.26 (dd,
J� 5.0, 8.0 Hz, 1H), 4.12 (dd, J� 2.0, 10.0 Hz, 2H), 3.77 ± 3.70 (m, 2H),
3.57 (t, J� 9.0 Hz, 1H), 2.77 ± 2.63 (m, 2H), 2.54 ± 2.33 (m, 2H), 2.17 (s,
3H), 2.05 (s, 3H); 13C NMR (100 MHz, CDCl3) �� 206.3, 171.7, 170.9,
161.2, 137.6, 128.7, 128.3, 128.2, 96.7, 80.3, 75.3, 73.2, 69.7, 65.6, 68.0, 38.0,
28.0, 21.0; FAB MS: m/z : calcd for C22H25Cl3N4O8: 601.0636; found:
601.0626 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levulinoyl-����glucopyrano-
syl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��idopyranosyluro-
nate (91): Compound 90 (666 mg, 1.14 mmol) and 35 (300 mg, 0.90 mmol)
were coevaporated three times with toluene and dissolved in anhydrous
CH2Cl2 (30 mL). Freshly activated molecular sieves 4 ä (600 mg) were
added and the mixture was stirred at room temperature for 1 h. The
mixture was cooled to �78 �C and tert-butyldimethylsilyl trifluorometha-
nesulfonate 0.1� in CH2Cl2 (1.2 mL, 0.12 mmol) was added dropwise. This
mixture was stirred for 4 h, while it was allowed to warm to room
temperature. Triethylamine (3 mL) was added and the mixture was filtered
through Celite and evaporated. Flash chromatography (hexanes/EtOAc
70:30) afforded 91 (558 g, 0.72 mmol, 83%) as a colorless foam. [�]24D � 34
(c� 1.00, CH2Cl2); IR (thin film): �� � 2109, 1744, 1720, 1235 cm�1; 1H NMR
(400 MHz, CDCl3): � �7.40 ± 7.27 (m, 10H), 5.36 (d, J� 2.4 Hz, 1H), 5.10
(t, 1H), 4.73 (d, J� 11.0 Hz, 1H), 4.44 (d, J� 11.0 Hz, 1H), 4.23 (t, J�
3.0 Hz, 1H), 4.15 (m, 2H), 4.18 ± 4.09 (m, 2H), 3.78 (s, 3H), 3.48 (dd, J�
3.0, 10.0 Hz, 1H), 2.67 (t, 2H), 3.34 ± 3.48 (m, 2H), 2.16 (s, 3H), 2.06 (s,
3H), 1.64 (s, 3H), 1.43 (s, 3H); 13C NMR (100 MHz, CDCl3): �� 206.3,
171.6, 170.9, 169.1, 137.7, 137.1, 128.6, 128.5, 128.4, 128.1, 98.7, 97.2, 75.4, 75.0,
74.4, 73.1, 70.0, 69.4, 64.0, 62.0, 52.6, 37.9, 30.0, 28.3, 28.0, 26.3, 21.0; FAB
MS: m/z : calcd for C37H45N3O14: 778.2794; found: 778.2765 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levulinoyl-����glucopyrano-
syl-(1� 4)-methyl 3-O-benzyl-��idopyranosyluronate (92): A solution of
91 (500 mg, 0.66 mmol) in dichloroacetic acid (15 mL, 60% aq) was stirred
for 3 h at room temperature. After dilution with water, the solution was
cooled to 0 �C and neutralized with NaHCO3 (9 g). The mixture was diluted
with CH2Cl2 and the two phases were separated. The organic phase was
washed with sat. NaHCO3 and dried over MgSO4. After filtration the
solvent was removed under reduced pressure to afford 92 (424 mg, 91%) as
a white solid. Compound 92 can be further purified by silica gel column
chromatography (hexane/EtOAc 6:5). FAB MS: m/z : calcd for
C34H41N3O14Si: 715.2589; found: 715.2593 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glu-
copyranosyl)-(1� 4)-methyl-3-O-benzyl-2-O-acetyl-����idopyranosyluro-
nate (93): A solution of 92 (883 mg, 1.23 mmol) and imidazole (336 mg,
4.94 mmol) in CH2Cl2 (10 mL) was cooled to �15 �C. tert-Butyldimethylsi-
lylchloride (279 mg, 1.60 mmol) was added and the reaction mixture was
kept at �15 �C. After 5 h tert-butyldimethylsilylchloride (186 mg,
1.23 mmol) was added. After 40 h water was added and the reaction
mixture was warmed to room temperature. After dilution with EtOAc the
mixture was washed with brine. The organic layer was dried over Na2SO4


and the solvent was removed under reduced pressure. Flash chromatog-
raphy on silica gel (hexanes/EtOAc 85:5� 70:30) afforded tert-butyldime-
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thylsilyl (6-O-acetyl-2-azido-3-benzyl-4-O-levulinoyl-2-deoxy-�-��gluco-
pyranosyl)-(1� 4)-methyl-3-O-benzyl-�-��idopyranosyluronate (752 mg,
0.92 mmol, 80%) as a colorless foam.


Pyridine (1.70 mL, 20.4 mmol), acetic anhydride (1.17 mL, 12.5 mmol) and
DMAP (7 mg, 0.06 mmol) were added to a solution of tert-butyldimethyl-
silyl (6-O-acetyl-2-azido-3-benzyl-2-deoxy-�-��glucopyranosyl)-(1� 4)-
methyl-3-O-benzyl-�-��idopyranosyluronate (520 mg, 0.63 mmol) in
CH2Cl2 (12 mL). After 6 h at room temperature, water was added and
the mixture was stirred for 1 h. The organic phase was washed with sat.
NaHCO3, water, and HCl (10% aqueous) and dried over MgSO4. After
filtration, the solvent was removed under reduced pressure and the crude
was purified by silica gel column chromatography (hexanes/EtOAc 90:20)
to yield tert-butyldimethylsilyl (6-O-acetyl-2-azido-3-benzyl-2-deoxy-4-O-
levulinoyl-�-��glucopyranosyl)-(1� 4)-methyl-2-O-acetyl-3-O-benzyl-�-
��idopyranosyluronate (532 mg, 97%) as a colorless syrup. Hydrazine
hydrate (83 �L, 1.2 mmol) was added at 0 �C to a solution of tert-
butyldimethylsilyl (6-O-acetyl-2-azido-3-benzyl-2-deoxy-4-O-levulinoyl-�-
��glucopyranosyl)-(1� 4)-methyl-2-O-acetyl-3-O-benzyl-�-��idopyrano-
syluronate (200 mg, 0.23 mmol) in pyridine/acetic acid 3:2 (4 mL). After
15 min, acetone (0.5 mL) was added, and the mixture was stirred for 15 min
at room temperature. After evaporation the crude product was purified by
flash chromatography on silica gel (hexanes/EtOAc 85:15) to afford 93
(138 mg, 0.18 mmol, 78%) as a colorless foam.


n-Pentenyl-6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levulinoyl-����
glucopyranoside (95): Compound 90� (380 mg, 0.66 mmol) was dissolved in
CH2Cl2 (1 mL). Hexanes (10 mL) and 4-penten-1-ol (75 �L, 0.73 mmol)
were added. The reaction mixture was cooled to �10 �C before BF3 ¥EtO2


(98.3 �L, 0.066 mmol) was added. The reaction mixture was stirred for
30 min and then triethylamine (1 mL) was added. The solvent was removed
under reduced pressure and the crude was purified by flash chromatog-
raphy on silica gel (hexanes/EtOAc 80:20) to obtain 95 (29 mg, 75%) as a
colorless oil. [�]24D ��30 (c� 1.00, CH2Cl2); IR (thin film): �� � 2111, 1744,
1718 cm�1; 1H NMR (400 MHz, CDCl3): � �7.38 ± 7.28 (m, 5H), 5.88 ± 5.77
(m, 1H), 5.08 ± 4.97 (m, 3H), 4.81 (d, J� 11.0 Hz, 1H), 4.66 (d, J� 11.0 Hz
1H), 4.29 (d, J� 8.0 Hz, 1H), 4.22 (dd, J� 5.0, 7.0 Hz, 1H), 4.10 (dd, J� 2.0,
10.0 Hz, 1H), 3.96 ± 3.90 (m, 1H), 3.60 ± 3.52 (m, 2H), 3.48 ± 3.38 (m, 2H),
2.76 ± 2.61 (m, 2H), 2.53 ± 2.33 (m, 2H), 2.23 ± 2.17 (m, 3H), 2.16 (s, 3H),
2.07 (s, 3H), 1.81 ± 1.71 (m, 2H); 13C NMR (100 MHz, CDCl3) �� 206.4,
171.7, 170.9, 138.1, 137.9, 128.6, 128.2, 128.1, 115.3, 102.4, 80.2, 75.1, 72.2,
70.2, 70.0, 66.2, 62.4, 38.0, 30.2, 30.0, 28.9, 28.0, 21.0; FAB MS:m/z : calcd for
C25H33N3O8: 526.2160; found: 526.2149 [M�


n-Pentenyl-6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranoside
(96): A solution of hydrazine acetate (8.1 mg, 0.088 mmol) in methanol
(1 mL) was added to a solution of 95 (90 mg, 0.08 mmol) in CH2Cl2 (8 mL).
After stirring the reaction mixture under nitrogen atmosphere for 1 h,
acetone (1.5 mL) was added and the solvent was removed under reduced
pressure and the crude product was purified by flash chromatography on
silica gel (hexanes/EtOAc 60:40) to afford 96 (29 mg, 0.007 mmol, 91%) as
a colorless oil. [�]24D ��30 (c� 1.00, CH2Cl2); IR (thin film): �� � 3426, 2109,
1740, cm�1; 1H NMR (400 MHz, CDCl3): � �7.41 ± 7.31 (m, 5H), 5.88 ± 5.78
(m, 1H), 5.04 ± 4.97 (m, 3H), 4.94 (d, J� 11.0 Hz, 1H), 4.76 (d, J� 11.0 Hz
1H), 4.45 (dd, J� 4.0, 8.0 Hz, 1H), 4.30 ± 4.23 (m, 2H), 3.97 ± 3.92 (m, 1H),
3.60 ± 3.22 (m, 2H), 3.48 ± 3.38 (m, 2H), 2.63 (s, 1H), 2.21 ± 2.12 (m, 2H),
2.11 (s, 3H), 1.84-.70 (m, 2H); 13C NMR (100 MHz, CDCl3): � �129.1,
128.7, 115.5, 102.8, 82.5, 75.7, 74.1, 70.3, 66.3, 63.4, 30.5, 29.1, 21.3; FAB MS:
m/z : calcd for C20H27N3O6: 428.1702; found: 428.1791 [M]� .


6-O-Acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levulinoyl-����glucopyrano-
syl-(1� 4)-methyl 2-O-acetyl-3-O-benzyl-�/�-��idopyranosyl) trichloro-
acetimidate (97): Pyridine (0.23 mL, 2.7 mmol), acetic anhydride
(0.16 mL, 1.7 mmol) and DMAP (1 mg, 0.086 mmol) were added to a
solution of 92 (600 mg, 0.86 mmol) in CH2Cl2 (15 mL). After 6 h at room
temperature, water was added and the mixture was stirred for 1 h. The
organic phase was washed with sat. NaHCO3, water, and HCl (10%
aqueous) and dried over MgSO4. After filtration, the solvent was removed
under reduced pressure and the crude product was purified by silica gel
column chromatography (hexanes/EtOAc 90:20) to yield 6-O-acetyl-2-
azido-3-O-benzyl-2-deoxy-4-O-levulinoyl-�-��glucopyranosyl-(1� 4)-
methyl 1,2-di-O-acetyl-3-O-benzyl-�/�-��idopyranosyluronate (671 mg,
95%) as a colorless syrup. FAB MS: m/z : calcd for C38H45N3O16:
822.2692; found: 822.2703 [M]� .


Benzylamine (250 �L, 2.25 mmol) was added in three portions, every 2 h, to
a solution of 6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levulinoyl-�-��
glucopyranosyl-(1� 4)-methyl 1,2-di-O-acetyl-3-O-benzyl-�/�-��idopyra-
nosyluronate (300 mg, 0.37 mmol) in Et2O (10 mL) at 0 �C and kept
overnight at �20 �C. The mixture was diluted with CH2Cl2, filtered and
washed with aqueous HCl (10%) The organic phase was dried over MgSO4


and purified by silica gel column chromatography (hexanes/EtOAc
90:10� 80:20) to yield 6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levu-
linoyl-�-��glucopyranosyl-(1� 4)-methyl 2-O-acetyl-3-O-benzyl-�/�-��
idopyranosyluronate (226 mg, 80%).


A solution of 6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-4-O-levulinoyl-�-��
glucopyranosyl-(1� 4)-methyl 2-O-acetyl-3-O-benzyl-�/�-��idopyranosy-
luronate (400 mg, 0.292 mmol) and trichloroacetonitrile (1.1 mL,
10.4 mmol) in CH2Cl2 (15 mL) containing freshly activated powdered 4 ä
molecular sieves (100 mg) was stirred 30 minutes at room temperature.
After cooling the solution to 0 �C DBU (8 �L, 0.052 mmol) was added. The
temperature was allowed to rise and after 1 h stirring, the mixture was
filtered through a pad of Celite and concentrated. The residue was purified
by silica gel column chromatography (hexanes/EtOAc 85:15) to yield 97
(281 mg, 61%) as a white solid. FAB MS: m/z : calcd for C38H43Cl3N4O15:
923.1682; found: 923.1691 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-
(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyl)-(1� 4)-6-O-
acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranoside (98): A mixture
of 97 (77 mg, 0.086 mmol) and 96 (60 mg, 0.066 mmol) was coevaporated
three times with toluene and dried under vacuum for 1 h. The mixture was
dissolved in CH2Cl2 (1 mL) and was stirred for 30 min at room temperature
under nitrogen. After cooling the mixture to �45 �C, TMSOTf (86 �L, 0.1�
in CH2Cl2) was added dropwise. The mixture was stirred for 1 h and
triethylamine was added. The solvent was removed under reduced pressure
and the residue was purified by silica gel column chromatography
(hexanes/EtOAc 80:20� 60:40) to yield n-pentenyl (6-O-acetyl-2-azido-
3-O-benzyl-2-deoxy-4-O-levulinoyl-�-��glucopyranosyl)-(1� 4)-(methyl
2-O-acetyl-3-O-benzyl-�-��idopyranosyl)-(1� 4)-6-O-acetyl-2-azido-3-O-
benzyl-2-deoxy-�-��glucopyranoside (44 mg, 0.038 mmol, 58%). [�]24D � 30
(c� 1.00, CH2Cl2); IR (thin film): �� � 3430, 2110, 1742, 1233, 1037 cm�1;
1H NMR (400 MHz, CDCl3): � �7.41 ± 7.28 (m, 15H), 5.87 ± 5.77 (m, 1H),
5.19 (d, J� 3.0 Hz, 1H), 5.10 ± 4.97 (m, 3H), 4.95 (d, J� 4.0 Hz, 1H), 4.91
(t, J� 3.0 Hz, 1H), 4.79 ± 4.63 (m, 5H), 4.46 (dd, J� 2.0, 10.0 Hz, 1H), 4.25
(t, J� 1 Hz, 1H), 4.20 (dd, J� 2.0, 4.0 Hz, 1H), 4.15 (d, J� 4.0 Hz,
1H), 4.07 ± 4.01 (m, 2H), 3.94 ± 3.77 (m, 6H), 3.57 ± 3.53 (m, 1H),
3.51 (s, 3H), 3.47 ± 3.41 (m, 2H), 3.37 ± 3.28 (m, 2H), 2.71 ± 2.67 (m,
2H), 2.52 ± 2.36 (m, 2H), 2.16 (s, 3H), 2.13 (s, 3H), 2.09 (s, 3H), 2.03
(s, 3H), 1.80 ± 1.68 (m, 2H); 13C NMR (100 MHz, CDCl3): �� 206.3,
171.6, 170.9, 170.8, 170.1, 169.3, 138.2, 138.1, 137.5, 137.4, 128.7, 128.6, 128.4,
128.3, 128.3, 128.1, 128.0, 127.7, 127.6, 115.3, 102.4, 98.2, 97.4, 81.2, 77.3, 75.2,
74.8, 70.1, 69.0, 68.8, 68.4, 66.4, 62.9, 62.5, 61.7, 52.2, 37.9, 29.9, 28.8, 27.9,
21.2, 20.9 FAB MS:m/z : calcd for C56H68N6O20: 1167.4380; found: 1167.4415
[M]� .


A solution of hydrazine acetate (8.1 mg, 0.088 mmol) in methanol (1 mL)
was added to a solution of n-pentenyl (6-O-acetyl-2-azido-3-O-benzyl-2-
deoxy-4-O-levulinoyl-�-��glucopyranosyl)-(1� 4)-(methyl 2-O-acetyl-3-
O-benzyl-�-��idopyranosyl)-(1� 4)-6-O-acetyl-2-azido-3-O-benzyl-2-de-
oxy-�-��glucopyranoside (90 mg, 0.08 mmol) in CH2Cl2 (8 mL). After
stirring the reaction mixture under nitrogen atmosphere for 1 h, acetone
(1.5 mL) was added and the solvent was removed under reduced pressure
and the crude was purified by flash chromatography on silica gel (hexanes/
EtOAc 60:40) to afford 98 (64 mg, 0.062 mmol, 77%) as a colorless foam.
[�]24D ��5 (c� 1.00, CH2Cl2); IR (thin film): �� � 3426, 2109, 1741,
1235 cm�1; 1H NMR (400 MHz, CDCl3): � �7.41 ± 7.28 (m, 15H), 5.87 ±
5.77 (m, 1H), 5.20 (d, J� 3.0 Hz, 1H), 5.07 ± 4.97 (m, 2H), 4.94 (d, J�
4.0 Hz, 1H), 4.91 (t, J� 3.0 Hz, 1H), 4.88 ± 4.67 (m, 7H), 4.54 (dd, J� 3.0,
11.0 Hz, 1H), 4.44 (dd, J� 2.0, 10.0 Hz, 1H), 4.26 ± 4.20 (m, 2H), 4.14 ± 4.04
(m, 2H), 3.95 ± 3.84 (m, 3H), 3.83 ± 3.63 (m, 2H), 3.57 ± 3.53 (m, 2H), 3.52
(s, 3H), 3.47 ± 3.28 (m,4H), 3.21 (dd, J� 4.0, 7.0 Hz, 1H), 2.87 (d, J�
4.0 Hz, 1H), 2.16 ± 2.13 (m, 1H), 2.09 (s, 3H), 2.08 (s, 6H), 1.78 ± 1.70 (m,
2H); 13C NMR (100 MHz, CDCl3): � �172.3, 170.2, 169.5, 138.2, 138.1,
137.9, 137.5, 128.9, 128.7, 128.5, 128.5, 128.4, 128.3, 128.1, 127.9, 127.7, 115.3,
102.4, 98.3, 98.1, 81.3, 78.9, 75.3, 74.0, 73.3, 73.2, 71.2, 70.6, 69.2, 68.8, 66.4,
63.0, 62.7, 62.5, 52.2, 30.2, 28.9, 21.1, 21.0; FAB MS: m/z : calcd for
C51H62N6O18: 1069.4013; found: 1069.4055 [M]� .
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2-Azido-3,6-di-O-benzyl-2-deoxy-4-O-levulinoyl-����glucopyranosyl tri-
chloroacetimidate (100): Levulinic anhydride (1.4 g, 6.5 mmol) was added
to a solution of 8 (1.4 g, 3.1 mmol) and DMAP (1.2 g, 9.8 mmol) in CH2Cl2
(30 mL). After stirring at room temperature for 5 h, the mixture was
poured into EtOAc and extracted with 1� HCl, brine and sat. NaHCO3.
The organic phase was dried over Na2SO4, filtered and the solvents were
removed under reduced pressure. The mixture was purified by silica gel
column chromatography (hexanes/EtOAc 8:2) to afford tert-butyldime-
thylsilyl 2-azido-3,6-di-O-benzyl-2-deoxy-4-O-levulinoyl-�-��glucopyrano-
side (1.81 g, 3.0 mmol, 98%) as a colorless foam. [�]24D ��22 (c� 1.00,
CH2Cl2); IR (thin film): �� � 2111, 1468, 1365, 1752, cm�1; 1H NMR
(300 MHz, CDCl3): � �7.38 ± 7.27 (m, 10H), 4.80 ± 4.85 (m, 1H), 4.63 (d,
J� 11.1 Hz, 1H), 4.46 (d, J� 11.1 Hz, 1H), 4.42 ± 4.31 (m, 3H), 3.40 ± 3.35
(m,3H), 3.25 ± 3.20 (m, 2H), 2.51 ± 2.35(m, 2H), 2.22 ± 2.08 (m, 2H), 1.91 (s,
3H), 0.7 (s, 9H), 0.1 (s, 6H); 13C NMR (75 MHz, CDCl3) �� 206, 172.0,
138.5, 138.4, 129.0, 128.8, 128.8, 128.7, 128.6, 128.5, 128.3, 128.2, 128.1, 128.0,
97.6, 97.6, 82.7, 80.4, 75.1, 74.1, 73.9, 72.3, 71.5, 70.0, 68.7, 68.5, 66.9, 38.3, 38.1,
30.3, 30.2, 28.4, 28.2, 26.0, 25.9, 18.4, �3.8, �4.8; FAB MS: m/z : calcd for
C31H43N3NaO7Si: 620.2762; found: 620.2738 [M�Na]� .


tert-Butyldimethylsilyl 2-azido-3,6-di-O-benzyl-2-deoxy-4-O-levulinoyl-�-
��glucopyranoside (1.4 mg, 2.4 mmol) was dissolved in THF (25 mL) and
cooled to 0 �C. TBAF (1.0� in THF, 2.8 mL) and glacial acetic acid (180 �L,
2.5 mmol) were added dropwise simultaneously. The reaction mixture was
warmed to room temperature, stirred for 1.5 h and after dilution with
CH2Cl2 was washed with sat. NaHCO3. The organic phase was dried over
MgSO4 and after filtration the solvent was removed under reduced
pressure. The crude material was dried by coevaporation with toluene and
under vacuum. Trichloroacetonitrile (2.6 mL, 25 mmol) and freshly acti-
vated 4 ä powdered molecular sieves (300 mg) were added at a solution of
the crude material in CH2Cl2 (25 mL) and the mixture was stirred for
30 minutes at room temperature. The reaction mixture was cooled to 0 �C
and DBU (37 �L, 0.25 mmol) was added. After five minutes the ice bath
was removed and the reaction mixture was stirred for 1 h. After filtration
through a pad of Celite the solvent as removed under reduced pressure.
Flash chromatography on silica gel (hexanes/EtOAc 85:15 with 5%
triethylamine) afforded 100 (1.46 g, 2.34 mmol, 86%). FAB MS: m/z :
calcd for C27H29Cl3N4NaO7: 649.0994; found: 649.1016 [M�Na]� .


2-Azido-3,6-di-O-benzyl-2-deoxy-����glucopyranosyl-(1� 4)-methyl 3-O-
benzyl-1,2-O-isopropylidene-����glucopyranosyluronate (101): Com-
pound 100 (242 mg, 0.39 mmol) and 31 (100 mg, 0.29 mmol) were
coevaporated three times with toluene and dissolved in CH2Cl2 (1 mL).
Freshly activated molecular sieves 4 ä (100 mg) were added and the
mixture was stirred at room temperature for 1 h. This mixture was cooled to
�25 �C and tert-butyldimethylsilyl trifluoromethanesulfonate 0.1� in
anhydrous CH2Cl2 (39 �L, 0.039 mmol) was added dropwise. This mixture
was stirred for 2.5 h, while it was allowed to warm to room temperature.
Triethylamine (0.5 mL) was added and the mixture was filtered through
Celite and evaporated. Flash chromatography (hexanes/EtOAc 85:15)
afforded 2-azido-3,6-di-O-benzyl-2-deoxy-4-O-levulinoyl-�-��glucopyra-
nosyl-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��glucopyrano-
syluronate (211 mg, 0.26 mmol, 89%) as a colorless foam. [�]24D ��52
(c� 0.8, CH2Cl2); IR (thin film on NaCl): �� � 2955, 2935, 2858, 2110,
1753, cm�1; 1H NMR (500 MHz, CDCl3): � �7.38 ± 7.19 (m, 15H), 5.79 (d,
J� 3.7 Hz, 1H), 5.22 ± 5.15 (m, 2H), 4.80 (d, J� 11.2 Hz, 1H), 4.66 ± 4.58
(m, 4H), 4.48 (d, J� 2.6 Hz, 1H), 4.22 ± 4.20 (m, 2H), 4.06 (t, J� 3.7 Hz,
1H), 4.00 ± 3.8 (m, 2H), 3.62 (s, 3H), 3.57 ± 3.47 (m, 2H), 3.35 (dd, J� 3.4,
10.1 Hz, 1H), 2.63 ± 2.56 (m, 2H), 2.38 ± 2.14 (m, 2H), 2.12 (s, 3H), 1.61 (s,
3H), 1.39 (s, 3H); 13C NMR (MHz, CDCl3): � �206.6, 171.8, 170.3, 138.3,
128.1, 137.5, 128.9, 128.8, 128.7, 128.5, 128.3, 128.3, 128.2, 127.9, 111.3, 98.3,
95.9, 76.0, 75.8, 74.8, 74.2, 74.0, 72.5, 72.2, 71.2, 70.1, 68.8, 63.0, 52.7, 38.1,
30.2. 28.2, 27.8, 26.2; FAB MS: m/z : calcd for C42H49N3NaO13: 826.3158;
found: 826.3158 [M]� .


Hydrazine hydrate (83 �L, 1.2 mmol) was added at 0 �C to a solution
2-azido-3,6-di-O-benzyl-2-deoxy-4-O-levulinoyl-�-��glucopyranosyl)-
(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-�-��glucopyranosyluro-
nate (200 mg, 0.25 mmol) in pyridine/acetic acid 3:2 (4 mL). After
15 min, acetone (0.5 mL) was added, and the mixture was stirred for
15 min at room temperature. After evaporation the crude product was
purified by flash chromatography (hexanes/EtOAc 85:15) afforded 101
(135 mg, 0.19 mmol, 77%) as a colorless foam. [�]24D ��61 (c� 1, CH2Cl2);
IR (thin film on NaCl): �� � 2953, 2934, 2852, 2110, 1757 cm�1; 1H NMR


(500 MHz, CDCl3): � �7.38 ± 7.19 (m, 15H), 5.74 (d, J� 4.0 Hz, 1H), 5.11
(d, J� 3.6 Hz, 1H), 4.88 (d, J� 11.1 Hz, 1H), 4.83 (d, J� 11.1 Hz, 1H), 4.67
(s, 2H), 4.61 (d, J� 12.0 Hz, 1H), 4.51 (d, J� 12.0 Hz, 1H), 4.49 (d, J�
6.9 Hz, 1H), 4.48 ± 4.20 (m, 2H), 4.05 (t, J� 3.7 Hz, 1H), 3.84 ± 3.71 (m,
4H), 3.65 (s, 3H), 3.63 ± 3.55 (m, 1H), 3.33 (dd, J� 3.3, 10.1 Hz, 1H), 2.82
(s, 1H), 1.63 (s, 3H), 1.35 (s, 3H); 13C NMR (MHz, CDCl3) �� 170.2, 138.2,
137.8, 137.4, 128.8, 128.7, 128.7, 128.3, 128.2, 128.1, 127.9, 111.0, 98.0, 96.1,
79.3, 77.5, 76.9, 76.5, 75.7, 75.2, 73.9, 73.7, 72.6, 72.2, 71.6, 70.5, 69.7, 62.6,
52.6, 27.4, 25.9; FAB MS: m/z : calcd for C37H43N3NaO11: 728.2790,; found:
728.2792 [M]� .


2,3,4-O-Benzoyl-����glucopyranosyluronate-(1� 4)-O-(2-azido-3,6-di-O-
benzyl-2-deoxy-����glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-1,2-O-iso-
propylidene-����glucopyranosyluronate (102): Compounds 94 (30 mg,
0.045 mmol) and 101 (20 mg, 0.03 mmol) were coevaporated three times
with toluene and dried under vacuum for 1 h. The mixture was dissolved in
CH2Cl2 (1 mL) and was stirred for 30 min at room temperature under
nitrogen. After cooling the mixture to �25 �C, anhydrous TMSOTf (45 �L,
0.1� in CH2Cl2) was added. The mixture was stirred for 2 h at �10 �C and
overnight at �20 �C, and then diluted with CH2Cl2 and filtered. The solvent
was removed under reduced pressure and the residue was purified by silica
gel column chromatography (toluene/EtOAc 95:5� 80:20) to yield 102
(20 mg, 59%) as a syrup. [�]24D ��91 (c� 1.00, CH2Cl2); 1H NMR
(400 MHz, CDCl3): � �7.83 ± 7.80 (m, 9H), 7.54 ± 7.27 (m, 21H), 5.61 ±
5.57 (m, 3H), 5.52 ± 5.47 (m, 1H), 5.27 (d, J� 10.9 Hz, 1H), 5.07 (d, J�
3.7 Hz, 1H), 4.86 (d, J� 5.5 Hz, 1H), 4.75 (d, J� 8.0 Hz, 1H), 4.67 (d, J�
10.9 Hz, 1H), 4.63 (s, 1H), 4.36 (d, J� 12.1 Hz, 1H), 4.30 (d, J� 7.7 Hz,
1H), 4.20 ± 4.18 (m, 1H), 4.11 ± 4.01 (m, 1H), 3.99 ± 3.88 (m, 2H), 3.82 ± 3.66
(m, 2H), 3.64 ± 3.60 (m, 1H), 3.51 (s, 3H), 3.32 (m, 3H), 3.21 (s, 3H), 1.43 (s,
3H), 1.31 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.1, 167.0, 165.7,
165.3, 164.8, 137.3, 133.7, 133.6, 133.5, 130.0, 129.9, 129.9, 129.0, 128.9, 128.8,
128.7, 128.5, 128.5, 128.2, 128.1, 127.7, 110.8, 76.9, 74.0, 73.1, 72.2, 71.7, 70.8,
70.7, 70.6, 67.1, 62.6, 52.9, 52.1, 27.1, 25.8; FAB MS: m/z : calcd for
C65H65N3O20: 1230.4054; found: 1230.4050 [M]� .


Methyl 2-O-acetyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-�-��idopyrano-
syluronate trichloroacetimidate (103): tert-Butyldimethylsilyl trifluorome-
thanesulfonate (448 �L, 1.95 mmol) was added under argon to a solution of
methyl 3-O-benzyl-1,2-O-isopropylidene-�-��glucofuranosyluronate[2]


(600 mg, 1.77 mmol) and 2,6-lutidine (522 �L, 4.48 mmol) in CH2Cl2
(4 mL). After stirring for 1 h at room temperature, the reaction mixture
was quenched with the addition of sat. NaHCO3. The mixture was diluted
with CH2Cl2, the two phases were separated and the aqueous phase was
extracted four times with CH2Cl2. The combined organic phases were dried
over MgSO4 and after filtration the solvent was removed under reduced
pressure. Flash chromatography on silica gel (hexanes/EtOAc 20:1)
afforded methyl 3-O-benzyl-4-O-tert-butyldimethylsilyl-1,2-O-isopropyli-
dene-�-��idopyranosyluronate (786 mg, 98%) as a colorless solid. 1H NMR
(500 MHz, CDCl3): ��7.39 ± 7.32 (m, 5H), 5.32 (d, J� 2.4 Hz, 1H), 4.68 (d,
J� 11.9 Hz, 1H), 4.62 (d, J� 11.9 Hz, 1H), 4.38 (d, J� 1.2 Hz, 1H), 4.06 (m,
1H), 3.94 (br s, 1H), 3.82 (m, 1H), 3.76 (s, 3H), 1.59 (s, 3H), 1.38 (s, 3H),
0.82 (s, 9H), �0.06 (s, 3H), �0.07 (s, 3H); 13C NMR (125 MHz, CDCl3): �
�169.8, 137.5, 128.8, 128.4, 128.1, 112.3, 96.9, 75.3, 75.1, 72.9, 72.7, 68.0, 52.3,
28.3, 26.6, 25.6, 18.0, �4.4, �5.3; FAB MS: m/z : calcd for C23H36O7Si:
452.2230; found: 452.2211 [M]� .


A solution of methyl 3-O-benzyl-4-O-tert-butyldimethylsilyl-1,2-O-isopro-
pylidene-�-��idopyranosyluronate (800 mg, 1.77 mmol) in dichloroacetic
acid (40 mL, 60% aq) was stirred at room temperature for 3 h, diluted with
water and neutralized with NaHCO3 (24 g). The aqueous phase was washed
three times with CH2Cl2 and the combined organic phases were dried over
MgSO4. After filtration, the solvent was removed under reduced pressure
to afford methyl 3-O-benzyl-4-O-tert-butyldimethylsilyl-��idopyranosylur-
onate (671 mg, 1.62 mmol, 92%) as a white solid. The compound can be
further purified by silica gel column chromatography (hexanes/EtOAc
70:30). FAB MS: m/z : calcd for C20H32O7Si: 412.1917; found: 412.1896
[M]� .


Pyridine (3.0 mL, 36 mmol), acetic anhydride (2.0 mL, 21.7 mmol) and
DMAP (17 mg, 0.145 mmol) were added to a solution of 3-O-benzyl-4-O-
tert-butyldimethylsilyl-��idopyranosyluronate (600 mg, 1.45 mmol) in
CH2Cl2 (20 mL). The solution was stirred at room temperature for 6 h,
water was added and the mixture was stirred for one additional hour. The
organic phase was washed with saturated solution of NaHCO3, water and
10% HCl, dried over MgSO4 and filtered. The solvent was removed under
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reduced pressure and the residue was purified by silica gel column
chromatography (hexanes/EtOAc 90:20) to yield methyl 1,2-di-O-acetyl-3-
O-benzyl-4-O-tert-butyldimethylsilyl-�/�-��idopyranosyluronate (708 mg,
1.42 mmol, 98%) as a colorless syrup. FAB MS: m/z : calcd for C24H36O9Si:
496.2129; found: 496.2129 [M]� .


Benzylamine (600 �L, 5.4 mmol) was added to a solution of methyl 1,2-di-
O-acetyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-�/�-��idopyranosyluro-
nate (630 mg, 1.27 mmol) in Et2O (40 mL) at 0 �C. After 6 h, the mixture
was diluted with CH2Cl2, filtered and washed with aqueous HCl (10%).
The organic phase was dried over MgSO4 and after filtration, silica gel
column chromatography (hexanes/EtOAc 90:10� 80:20) afforded methyl
2-O-acetyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-��idopyranosyluronate
(432 mg, 0.95 mmol, 75%) as a white solid. FAB MS: m/z : calcd for
C22H34O8Si: 454.2023; found: 454.2016 [M]� .


A solution of methyl 2-O-acetyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-��
idopyranosyluronate (500 mg, 1.10 mmol) in CH2Cl2 (25 mL) was cooled to
0 �C. Trichloroacetonitrile (1.7 mL, 17.0 mmol) and DBU (25 �L,
0.16 mmol) were added and after stirring the mixture at 0 �C for 1 h, the
solvent was removed under reduced pressure. Flash chromatography on
silica gel (hexanes/EtOAc 85:15� 70:30) afforded 103 (606 mg, 92%) as a
colorless foam. 1H NMR (500 MHz, CDCl3) �� 8.65 (s, 1H), 7.38 ± 7.31 (m,
5H), 6.41 (s, 1H), 5.11 (m, 1H), 4.90 (d, J� 1.8 Hz, 1H), 4.80 (d, J�
11.9 Hz, 1H), 4.61 (d, J� 11.9 Hz, 1H), 4.12 (m, 1H), 3.78 (s, 3H), 3.66
(br s, 1H), 1.59 (s, 3H), 1.38 (s, 3H), 2.08 (s, 3H), 0.83 (s, 9H),�0.05 (s, 3H),
�0.13 (s, 3H); 13C NMR (125 MHz, CDCl3): � �170.7, 170.0, 160.8, 138.0,
129.7, 129.1, 128.9, 128.7, 96.1, 74.2, 72.6, 71.3, 68.8, 66.1, 53.0, 26.2, 26.1, 21.7,
18.5, �3.9, �4.9; FAB MS:m/z : calcd for C24H34Cl3NO8Si: 597.119; found:
597.1143 [M]� .


Methyl 2-O-acetyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-�-��idopyrano-
syluronate-(1� 4)-O-(2-azido-3,6-di-O-benzyl-2-deoxy-����glucopyrano-
syl)-(1� 4)-methyl 3-O-benzyl-1,2-O-isopropylidene-����glucopyranosyl-
uronate (104): Compounds 103 (27 mg, 0.045 mmol) and 101 (20 mg,
0.03 mmol) were coevaporated three times with toluene and dried under
vacuum for 1 h. The mixture was dissolved in CH2Cl2 (1 mL) and was
stirred for 30 min at room temperature under nitrogen. After cooling the
mixture to �25 �C, TMSOTf (45 �L, 0.1� in CH2Cl2) was added, The
mixture was stirred for 2 h at �10 �C and overnight at �20 �C, and then
diluted with CH2Cl2 and filtered. The solvent was removed under reduced
pressure and the residue was purified by silica gel column chromatography
(toluene/EtOAc 95:5� 80:20) to yield 104 (23 mg, 71%) as a syrup.
[�]24D ��82 (c� 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3): �� 7.40 ± 7.19
(m, 20H), 5.73 (d, J� 4.0 Hz, 1H), 5.36 (d, J� 4.9 Hz, 1H), 5.01 (d, J�
3.6 Hz, 1H), 4.92 ± 4.86 (m, 2H), 4.68 (s, 2H), 4.65 (s, 2H), 4.60 ± 4.52 (m,
4H), 4.21 ± 4.16 (m, 2H), 4.04 ± 3.94 (m, 3H), 3.84 ± 3.68(m, 5H), 3.63 ± 3.60
(m, 3H), 3.57 (s, 3H), 3.47 (s, 1H), 3.30 (dd, J� 3.1, 10.3 Hz, 1H), 1.82 (s,
1H), 1.56 (s, 3H), 1.35 (s, 3H), 0.77 (s, 6H), 0.1 (s, 3H), �0.1 (s, 3H);
13C NMR (125 MHz, CDCl3): � �170.4, 170.3, 170.2, 138.5, 138.3, 138.2,
137.5, 128.9, 128.8, 128.7, 128.5, 128.4, 128.3, 128.2, 127.9, 127.8, 111.1, 98.0,
96.2, 78.1, 76.5, 75.9, 75.8, 73.8, 72.4, 71.8, 71.0, 70.0, 63.0, 52.7, 52.0, 27.7,
26.1, 25.9, 21.3, 18.2,�4.3,�4.9; FAB MS:m/z : calcd for C59H75N3NaO18Si:
1164.4707; found: 1164.4749 [M�Na]� .


n-Pentenyl (methyl 2-O-acetyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-�-
��idopyranosyluronate)-(1� 4)-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-
����glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-2-O-levulinoyl-����gluco-
pyranosiduronate (105): Compounds 103 (204 mg, 0.34 mmol) and 73
(206 mg, 0.26 mmol) were coevaporated three times with toluene and
dissolved in anhydrous CH2Cl2 (3 mL). Freshly activated powdered 4 ä
molecular sieves (200 mg) were added and the mixture was stirred at room
temperature for 1 h. The reaction mixture was cooled to �25 �C and
TMSOTf (340 �L, 0.1� in CH2Cl2) was added dropwise. The mixture was
warmed to room temperature over 4 h. Triethylamine was added, the
mixture was filtered through a pad of Celite and the solvent was removed
under reduced pressure. Flash chromatography on silica gel (toluene/
EtOAc 90:10� 80:20) afforded 105 (298 mg, 0.24 mmol, 93%) as a syrup.
1H NMR (500 MHz, CDCl3): � �7.39 ± 7.27 (m, 15H), 5.80 ± 5.77 (m, 1H),
5.44 (d, J� 3.7 Hz, 1H), 5.32 (d, J� 5.8 Hz, 1H), 5.07 ± 5.02 (m, 2H), 4.98 ±
4.95 (m, 2H), 4.90 ± 4.87 (m, 1H), 4.79 (d, J� 10.9 Hz, 1H), 4.73 ± 4.66 (m,
4H), 4.49 (d, J� 5.2, 1H), 4.46 (d, J� 7.3 Hz, 1H), 4.38 (dd, 1H), 4.21 ± 4.12
(m, 2H), 3.99 ± 3.91 (m, 2H), 3.89 ± 3.81 (m, 3H), 3.75 (m, 2H), 3.71 (s, 3H),
3.68 (m, 1H), 3.58 (s, 3H), 3.47 ± 3.42 (m, 1H), 3.29 (dd, J� 3.3, 10.1 Hz,
1H), 2.68 (m, 2H), 2.56 ± 2.43 (m, 2H), 2.14 (s, 3H), 2.12 (s, 3H), 2.07 ± 2.04


(m, 2H), 2.00 (s, 3H), 1.57 ± 1.17 (m, 2H), 0.83 (s, 9H),�0.01 (s, 3H),�0.06
(s, 3H); 13C NMR (125 MHz, CDCl3): � �206.2, 171.4, 170.9, 170.4, 170.1,
168.9, 138.1, 138.2, 138.0, 137.8, 129.2, 128.6, 128.5, 128.4, 128.3, 128.0, 127.9,
127.8, 127.7, 115.1, 101.2, 98.0, 97.3, 82.5, 77.9, 77.4, 77.2, 76.2, 75.1, 74.5, 73.9,
73.5, 73.2, 71.7, 69.8, 69.4, 62.9, 61.7, 52.8, 51.8, 37.9, 30.0, 28.7, 28.0, 25.7, 21.1,
21.0, 27.9, �4.6, �5.1; FAB MS: m/z : calcd for C61H81N3O21Si: 1219.5132;
found: 1219.5107 [M]� .


n-Pentenyl (methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-
(1� 4)-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-
(1� 4)-methyl 3-O-benzyl-2-O-levulinoyl-����glucopyranosyluronate
(106): Compound 105 (45 mg, 0.037 mmol) was dissolved in THF (5 mL).
Glacial acetic acid (1.3 mL) and HF/pyridine complex (0.8 mL) were added
and the solution was stirred at room temperature for three days. The
mixture was poured into Et2O and washed with brine, water, sat. NaHCO3


and dried over Na2SO4. After filtration, the solvent was removed under
reduced pressure. Flash chromatography on silica gel (hexanes/EtOAc 7:3)
afforded 106 (33 mg, 0.03 mmol, 82%) as a colorless foam. 1H NMR
(500 MHz, CDCl3): � �7.39 ± 7.27 (m, 15H), 5.49 (d, J� 3.9 Hz, 1H), 5.07 ±
4.95 (m, 4H), 4.90 (br s, 1H), 4.85 (br s, 1H), 4.83 ± 4.73 (m, 4H), 4.65 ± 4.62
(m, 4H), 4.47 (d, J� 7.0 Hz, 1H), 4.35 (dd, 1H), 4.24 ± 4.19 (m, 2H), 3.99 (d,
J� 9.0 Hz, 2H), 3.96 (m, 1H), 3.87 ± 3.81 (m, 3H), 3.74 ± 3.71 (m, 2H), 3.66
(s, 3H), 3.58 (dd, 1H), 3.48 (s, 3H), 3.48 ± 3.43 (m, 1H), 3.28 (dd, J� 3.7,
10.4 Hz, 1H), 2.68 (t, 2H), 2.60 ± 2.45 (m, 3H), 2.14 ± 2.07 (m, 11H), 1.68 ±
1.60 (m, 2H); 13C NMR (125 MHz, CDCl3): � �206.2, 171.4, 170.8, 169.7,
169.3, 168.8, 138.1, 137.8, 137.8, 137.3, 129.2, 128.8, 128.6, 128.4, 128.3, 127.9,
127.7, 127.7, 115.1, 101.2, 98.3, 97.6, 82.5, 78.4, 77.4, 75.1, 75.1, 74.8, 74.7, 74.6,
74.4, 73.6, 72.9, 69.8, 69.5, 69.0, 67.9, 67.7, 63.5, 61.9, 52.8, 52.3, 37.9, 30.0,
29.9, 28.7, 28.0, 21.6, 21.1; FAB MS: m/z : calcd for C55H67N3O21: 1105.4267;
found: 1105.4252 [M]� .


tert-Butyldimethylsilyl (6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����
glucopyranosyl)-(1� 4)-(methyl 3-O-benzyl-2-O-levulinoyl-����glucopyra-
nosyl)-(1� 4)-3,6-di-O-acetyl-2-azido-2-deoxy-����glucopyranoside (107):
Compound 66 (365 mg, 0.38 mmol) and 7 (105 mg, 0.26 mmol) were
coevaporated with toluene and dried under vacuum for 1 h. The mixture
was dissolved in CH2Cl2 (3 mL) and after cooling to �25 �C, TMSOTf
(20 �L, 0.1� in CH2Cl2) was added. The mixture was stirred for 4 h and then
diluted with CH2Cl2 and filtered through a pad of Celite. The solvent was
removed under reduced pressure and the residue was purified by silica gel
column chromatography (toluene/EtOAc 95:5� 80:20) to yield 107
(195 mg, 0.16 mmol, 63%) as a syrup. 1H NMR (500 MHz, CDCl3): ��
7.37 ± 7.24 (m, 15H), 5.40 (d, J� 3.7 Hz, 1H), 4.99 (t, 1H), 4.92 ± 4.87 (m,
3H), 4.84 ± 4.70 (m, 3H), 4.67 (d, J� 10.6 Hz, 1H), 4.60 (d, J� 7.6 Hz, 1H),
4.57 (d, J� 10.9 Hz, 1H), 4.50 ± 4.47 (d, J� 10.4 Hz, 1H), 4.42 (d, J� 7.6 Hz,
1H), 4.27 ± 4.12 (m, 4H), 3.90 (d, J� 9.5 Hz, 1H), 3.85 (dd, J� 8.5, 10.4 Hz,
1H), 3.78 ± 3.75 (m, 1H), 3.76 (s, 1H), 3.73 ± 3.60 (m, 2H), 3.55 ± 3.50 (m,
2H), 3.32 ± 3.27 (m, 2H), 2.74 ± 2.63 (m, 2H), 2.59 ± 2.54 (m, 2H), 2.12 (s,
3H), 2.11 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 0.9 (s 9H), 0.15 (s, 3H), 0.14 (s,
3H); 13C NMR (125 MHz, CDCl3): � �206.1, 171.7, 170.8, 170.7, 169.8,
168.1, 145.7, 141.5, 137.7, 137.7, 137.6, 128.7, 128.7, 128.6, 128.6, 128.3, 128.3,
128.1, 128.0, 127.9, 127.7, 127.6, 127.5, 101.3, 97.6, 97.6, 82.5, 80.3, 76.8, 75.7,
75.2, 74.8, 74.7, 74.6, 73.1, 72.8, 71.8, 69.9, 66.5, 63.4, 62.5, 62.3, 52.9, 37.9, 37.7,
29.9, 27.8, 25.7, 21.1, 21.0, 20.9, 18.2, �4.3, �5.0; ES MS: m/z : calcd for
C57H74N6O20Si: 1190.4727; found: 1190.4735 [M]� .


6-O-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����glucopyranosyl-(1� 4)-
methyl 3-O-benzyl-2-O-levulinoyl-����glucopyranosyl-(1� 4)-(3,6-di-O-
acetyl-2-azido-2-deoxy-�/�-�-glucopyranosyl) trichloroacetimidate (108):
A solution of 107 (80 mg, 0.07 mmol) in THF (1 mL) was cooled to 0 �C.
Glacial acetic acid (10 �L, 0.17 mmol) and TBAF (1� in THF, 110 �L,
0.11 mmol) were added sequentially. After 30 min the mixture was poured
into Et2O (100 mL) and washed three times with brine. The organic layer
was dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The residue was dissolved in CH2Cl2 (20 mL) and the
solution was cooled to 0 �C. Trichloroacetonitrile (190 �L, 1.9 mmol) and
DBU (5 �L, 0.03 mmol) were added and the mixture was stirred at 0 �C for
1 h and at room temperature for 3 h. After concentration, flash chroma-
tography on silica gel (hexanes/EtOAc 85:15� 70:30) afforded 108 (82 mg,
0.07 mmol, 87%) as a colorless foam. FAB MS: m/z : calcd for
C53H60Cl3N7O20: 1219.2959; found: 1219.2963 [M]� .


n-Pentenyl (6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-����glucopyrano-
syl)-(1� 4)-(methyl 3-O-benzyl-2-O-levulinoyl-����glucopyranosyl)-(1�
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4)-(3,6-di-O-acetyl-2-azido-2-deoxy-�/����glucopyranosyl)-(1� 4)-(meth-
yl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-(1� 4)-(6-O-acetyl-2-
azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-(1� 4)-methyl 3-O-ben-
zyl-2-O-levulinoyl-����glucopyranosyluronate (109): Compounds 108
(50 mg, 0.04 mmol) and 106 (30 mg, 0.03 mmol) were coevaporated with
toluene and dried under vacuum for 1 h. The mixture was dissolved in
toluene (1 mL) and after cooling to �25 �C, TBSOTf (20 �L, 0.1� in
CH2Cl2) was added. The mixture was stirred for 2 h and then diluted with
CH2Cl2 and filtered through a pad of Celite. The solvent was removed
under reduced pressure and the residue was purified by silica gel column
chromatography (toluene/EtOAc 95:5� 80:20) to yield 109 (36 mg,
0.02 mmol, 62%) as a syrup. [�]24D ��35 (c� 0.70, CH2Cl2); 1H NMR
(500 MHz, CDCl3): � �7.36 ± 7.17 (m, 30H), 5.77 ± 5.83 (m, 1H), 5.48 ± 5.45
(m, 2H), 5.41 (d, J� 3.7 Hz, 1H), 5.33 (t, 1H), 5.29 (d, J� 3.7 Hz, 1H),
5.17 ± 4.90 (m, 7H), 4.87 ± 4.80 (m, 6H), 4.78 ± 4.61 (m, 7H), 4.57 ± 4.53 (m,
2H), 4.45 (d, J� 7.9 Hz, 1H), 4.39 (d, J� 7.9 Hz, 1H), 4.38 ± 4.22 (m, 2H),
4.20 ± 4.10 (m, 2H), 3.96 (d, J� 9.4 Hz, 1H), 3.95 ± 3.84 (m, 2H), 3.82 ± 3.66
(m, 6H), 3.75 (s, 3H), 3.71 (s, 3H), 3.67 (s, 3H), 3.54 ± 3.49 (m, 3H), 3.48 ±
3.43 (m, 1H), 3.30 (dd, J� 3.9, 10.4 Hz, 1H), 3.16 (dd, J� 3.3, 10.1 Hz, 1H),
3.11 (dd, J� 3.0, 10.4, Hz, 1H), 2.69 ± 2.63 (m, 4H), 2.58 ± 2.48 (m, 4H), 2.16
(s, 3H), 2.14 (s, 3H), 2.12 (s, 3H), 2.04 (s, 3H), 2.09 ± 2.02 (m, 2H), 2.02 (s,
3H), 1.87 (s, 3H), 1.66 ± 1.60 (m, 2H); 13C NMR (125 MHz, CDCl3): �
�207.2, 206.2, 171.4, 171.2, 171.0, 170.8, 170.7, 170.6, 170.1, 170.0, 169.0,
168.1, 138.2, 137.8, 137.7, 137.6, 129.2, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3,
128.1, 127.9, 127.8, 127.5, 127.3, 125.5, 115.2, 101.5, 101.2, 99.6, 98.1, 97.7, 97.4,
82.9, 82.6, 80.4, 78.0, 77.4, 76.9, 75.8, 75.6, 75.2, 74.9, 74.8, 74.6, 74.4, 74.3,
73.6, 73.1, 71.5, 71.0, 70.0, 69.5, 69.3, 63.5, 63.3, 62.3, 61.9, 61.7, 61.0, 52.9,
52.8, 52.5, 37.9, 37.5, 31.2, 30.1, 30.0, 29.2, 28.7, 28.1, 27.7, 21.7, 21.2, 21.0, 20.9,
20.8; ES MS: m/z : calcd for C106H125N9NaO40: 2186.7916; found: 2186.7984
[M�Na]� .


n-Pentenyl (3,6-di-O-acetyl-2-azido-2-deoxy-����glucopyranosyl)-(1� 4)-
(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-(1� 4)-(6-O-
acetyl-3-O-benzyl-2-azido-2-deoxy-����glucopyranosyl)-(1� 4)-methyl
2,3-di-O-benzyl-����glucopyranosyluronate (110): A solution of 81 (93 mg,
0.07 mmol) and thiourea (230 mg, 3.02 mmol) in DMF/pyridine (10/1,
2 mL) was stirred for 24 h. After removal of the solvent under reduced
pressure, the residue was dissolved in CHCl3 and filtered. The solvent was
removed under reduced pressure and flash chromatography on silica gel
afforded pent-4-enyl (3,6-di-O-acetyl-2-azido-2-deoxy-�-�-glucopyrano-
syl)-(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-
(1� 4)-(6-O-acetyl-3-O-benzyl-2-azido-2-deoxy-�-��glucopyranosyl)-
(1� 4)-methyl 3-O-benzyl-�-��glucopyranosyluronate (79 mg, 0.06 mmol,
90%). [�]23D ��12.5 (c� 0.80, CHCl3); IR (thin film on NaCl): �� � 2914,
2364, 2108, 1743, 1371; 1H NMR (500 MHz, CDCl3): � �7.38 ± 7.28 (m,
15H), 5.85 ± 5.77 (m, 1H), 5.57 (d, J� 3.5 Hz, 1H), 5.29 (d, J� 4.5 Hz, 1H),
5.22 (dd, J� 10.5, 9.0 Hz, 1H), 5.07 (d, J� 3.0 Hz, 1H), 5.02 ± 4.97 (m, 3H),
4.93 ± 4.90 (m, 2H), 4.82 ± 4.80 (A part of AB system, JAB� 11.0 Hz, 1H),
4.76 ± 4.68 (m, 3H), 4.63 (d, J� 4.5 Hz, 1H), 4.49 (A part of ABX system,
J� 12.5, 3.5 Hz, 1H), 4.31 (d, J� 7.5 Hz, 1H), 4.29 ± 4.24 (m, 2H), 4.16 (B
part of ABX system, J� 12.5, 2.0 Hz, 1H), 4.09 ± 4.05 (m, 2H), 4.00 ± 3.84
(m, 5H), 3.77 ± 3.71 (m, 2H), 3.67 (s, 3H), 3.66 (s, 3H), 3.62(dt, J� 7.5,
2.0 Hz, 1H), 3.54 ± 3.50 (m, 2H), 3.44(dt, J� 9.5, 5.0 Hz, 1H), 3.27 (dd, J�
10.5, 4.0 Hz, 1H), 3.17 (dd, J� 10.5, 3.5 Hz, 1H), 3.03 (d, J� 5.0 Hz, 1H),
2.34 (d, J� 2.0 Hz, 1H), 2.20 ± 2.05 (m, 14H), 1.77 ± 1.68(m, 2H); 13C NMR
(125 MHz, CDCl3): � �172.0, 171.3, 171.1, 170.3, 169.8, 169.0, 138.4, 138.2,
138.1, 137.4, 128.7, 128.6, 128.4, 128.3, 128.2, 128.0, 127.9, 127.8, 115.3, 103.1,
98.6, 98.4, 97.5, 83.9, 78.2, 75.8, 75.0, 74.9, 74.8, 74.7, 74.0, 73.9, 72.4, 71.4,
70.1, 70.0, 69.9, 69.6, 69.0, 63.3, 62.6, 62.0, 61.1, 52.8, 52.4, 30.3, 28.8, 21.1,
21.0, 20.9; ES MS: m/z : calcd for C60H74N6NaO25: 1301.4601; found:
1301.4596 [M�Na]� .


A solution of n-pentenyl (3,6-di-O-acetyl-2-azido-2-deoxy-�-��glucopyra-
nosyl)-(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-
(1� 4)-(6-O-acetyl-3-O-benzyl-2-azido-2-deoxy-�-��glucopyranosyl)-
(1� 4)-methyl 3-O-benzyl-�-��glucopyranosyluronate (62 mg, 0.05 mmol)
in CH2Cl2 (2.0 mL) was added to freshly activated powdered 4 ä molecular
sieves (60 mg). Benzyl bromide (29 �L, 0.24 mmol) was added and the
mixture was stirred at room temperature. After 30 minutes, Ag2O (67 mg,
0.29 mmol) was added and the mixture was stirred overnight. The mixture
was filtered and the solvent was removed under reduced pressure and flash
chromatography on silica gel afforded 110 (50 mg, 0.04 mmol, 76%) as a
pale yellow oil. [�]24D ��23.9 (c� 1.80, CHCl3); IR (thin film on NaCl): �� �


2924, 2108, 1743, 1496, 1453; 1H NMR (500 MHz, CDCl3): � �7.36 ± 7.25
(m, 20H), 5.84 ± 5.76 (m, 1H), 5.54 (d, J� 4.0 Hz, 1H), 5.28 (d, J� 4.0 Hz,
1H), 5.21 (t, J� 9.5 Hz, 1H), 5.07 (d, J� 3.5 Hz, 1H), 5.03 ± 4.90 (m, 6H),
4.82 ± 4.67 (m, 5H), 4.62 (d, J� 4.0 Hz, 1H), 4.50 ± 4.45 (m, 2H), 4.31 ± 4.29
(A part of ABX system, J� 12.0, 1.0 Hz, 1H), 4.26 ± 4.23 (B part of ABX
system, J� 12.0, 3.5 Hz, 1H), 4.17 ± 4.14 (B part of ABX system, J� 12.5,
2.5 Hz, 1H), 4.09 ± 4.05 (m, 2H), 3.96 ± 3.89 (m, 4H), 3.86 (t, J� 9.5 Hz,
1H), 3.76 ± 3.73 (m, 2H), 3.67 (s, 3H), 3.65 (s, 3H), 3.57 ± 3.49 (m, 3H), 3.44
(td, J� 10.5, 3.5 Hz, 1H), 3.24 (dd, J� 4.0, 10.0 Hz, 1H), 3.17 (dd, J� 3.5,
10.5 Hz, 1H), 3.02 (d, J� 5.0 Hz, 1H), 2.16 ± 2.04 (m, 14H), 1.77 ± 1.70 (m,
2H); 13C NMR (125 MHz, CDCl3): � �172.0, 171.3, 171.1, 170.3, 169.7,
169.1, 138.3, 138.2, 138.1, 137.4, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 128.0,
127.8, 127.7, 115.3, 103.9, 98.6, 98.4, 97.4, 84.1, 81.9, 78.1, 75.75, 75.74, 75.4,
75.0, 74.9, 74.8, 74.4, 74.0, 73.8, 72.4, 71.4, 70.1, 70.0, 69.9, 69.5, 68.9, 63.2,
62.6, 62.0, 61.1, 52.8, 52.4, 30.3, 29.0, 21.0, 21.1, 20.9; ES MS: m/z : calcd for
C67H80N6NaO25: 1391.5070; found: 1391.5107 [M�Na]� .


n-Pentenyl (3,4,6-tri-O-acetyl-2-azido-2-deoxy-����glucopyranosyl)-(1�
4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-(1� 4)-(6-
O-acetyl-2-azido-3-O-benzyl-2-deoxy-����glucopyranosyl)-(1� 4)-methyl
3-O-benzyl-����glucopyranosyluronate (111): A solution of 82 (50 mg,
0.04 mmol), pyridine (6.3 �L, 0.08 mmol), acetic anhydride (8 �L,
0.08 mmol) and catalytic DMAP was stirred at room temperature for 6 h.
After removal of the solvent under reduced pressure, flash chromatography
on silica gel (hexanes/EtOAc 1.5:1) afforded n-pentenyl (3,4,6-tri-O-acetyl-
2-azido-2-deoxy-�-��glucopyranosyl)-(1� 4)-(methyl 2-O-acetyl-3-O-
benzyl-�-��idopyranosyluronate)-(1� 4)-(6-O-acetyl-2-azido-3-O-benzyl-
2-deoxy-�-��glucopyranosyl)-(1� 4)-methyl 3-O-benzyl-2-O-levulinyl-�-
��glucopyranosyluronate (57 mg, 0.08 mmol, quantitative) as a yellow oil.
[�]23D ��165 (c� 0.10, CHCl3); 1H NMR (500 MHz, CDCl3): � �7.38 ± 7.24
(m, 15H), 5.82 ± 5.74 (m, 1H), 5.48 (d, J� 4.0 Hz, 1H), 5.34 (t, J� 9.5 Hz,
1H), 5.27 (d, J� 4.0 Hz, 1H), 5.08 (d, J� 4.0 Hz, 1H), 5.06 ± 4.88 (m, 6H),
4.79 ± 4.66 (m, 6H), 4.47 (d, J� 7.5 Hz, 1H), 4.32 ± 4.23 (m, 2H), 4.22 ± 4.18
(m, 2H), 4.14 ± 4.04 (m, 3H), 3.99 (d, J� 9.5 Hz, 1H), 3.94 (t, J� 5.0 Hz,
1H), 3.87 ± 3.82 (m, 3H), 3.74 (t, J� 10.0 Hz, 1H), 3.67 (s, 3H), 3.64 (s, 3H),
3.57 ± 3.55 (m, 1H), 3.47 ± 3.43 (m, 1H), 3.29 ± 3.26 (m, 2H), 2.68 (t, J�
6.5 Hz, 2H), 2.57 ± 2.44 (m, 2H), 2.14 ± 2.01 (m, 20H), 1.72 ± 1.59 (m, 2H,
pent-CH2); 13C NMR (125 MHz, CDCl3): � �206.2, 171.4, 171.0,
170.7, 170.2, 170.1, 169.7, 169.6, 168.8, 138.1, 138.0, 137.8, 137.3, 128.7,
128.6, 128.4, 128.3, 128.2, 127.9, 127.8, 115.1, 101.2, 98.4, 98.3, 97.4, 82.5, 78.2,
75.6, 75.4, 75.0, 74.5, 74.4, 73.9, 73.6, 70.3, 69.8, 69.6, 69.4, 68.6, 68.2, 63.3,
61.9, 61.5, 61.1, 52.8, 52.4, 37.9, 30.0, 28.7, 28.0, 21.0, 20.9, 20.87, 20.83, 20.7;
ES MS: m/z : calcd for C67H82N6NaO28: 1441.5069; found: 1441.5098
[M�Na]� .


A solution of n-pentenyl (3,4,6-tri-O-acetyl-2-azido-2-deoxy-�-��glucopyr-
anosyl)-(1� 4)-(methyl 2-O-acetyl-3-O-benzyl-�-��idopyranosyluronate)-
(1� 4)-(6-O-acetyl-2-azido-3-O-benzyl-2-deoxy-�-��glucopyranosyl)-
(1� 4)-methyl 3-O-benzyl-2-O-levulinyl-�-��glucopyranosyluronate
(42 mg, 0.03 mmol) in pyridine/AcOH (3/2 0.3 mL) was cooled to 0 �C
and hydrazine hydrate (7.4 mg, 0.15 mmol) was added. After 20 minutes
acetone (2 mL) was added and the ice bath was removed. After stirring the
mixture at room temperature for 30 minutes, the solvent was removed
under reduced pressure and the residue was purified by silica gel column
chromatography (hexanes/EtOAc 1:1) to afford 111 (35 mg, 0.03 mmol,
90%) as a pale yellow oil. [�]23D ��138 (c� 3.6, CHCl3); 1H NMR
(500 MHz, CDCl3): � �7.38 ± 7.26 (m, 15H), 5.84 ± 5.76 (m, 1H), 5.58 (d,
J� 3.5 Hz, 1H), 5.34 (dd, J� 10.5, 9.5 Hz, 1H), 5.27 (d, J� 4.0 Hz, 1H),
5.08 (d, J� 3.5 Hz, 1H), 5.05 ± 4.97 (m, 4H), 4.92 (t, J� 4.5 Hz, 1H), 4.89 ±
4.87 (A part of AB system, JAB� 10.5 Hz, 1H), 4.82 ± 4.79 (B part of AB
system, JAB� 10.5 Hz, 1H), 4.76 ± 4.67 (m, 4H), 4.32 ± 4.19 (m, 4H), 4.11 ±
4.04 (m, 4H), 3.97 ± 3.90 (m, 3H), 3.85 (t, J� 9.5 Hz, 1H), 3.77 ± 3.71 (m,
2H), 3.67 ± 3.60 (m, 7H), 3.55 ± 3.49 (m, 2H), 3.29 ± 3.25 (m, 2H), 2.40
(br s, 1H), 2.14 ± 2.02 (m, 17H), 1.76 ± 1.69 (m, 2H); 13C NMR (500 MHz,
CDCl3): � �171.0, 170.7, 170.3, 170.1, 169.8, 169.6, 168.9, 138.3, 138.1,
138.0, 137.3, 128.7, 128.6, 128.4, 128.3, 128.2, 127.9, 127.8, 115.3, 103.1, 98.4,
97.5, 83.9, 78.2, 75.6, 75.3, 74.9, 74.8, 74.7, 73.9, 70.3, 70.0, 69.5, 69.3, 68.6,
68.2, 63.3, 61.9, 61.4, 61.0, 52.8, 52.4, 30.3, 28.7, 21.1, 20.90, 20.88, 20.86,
20.79; ES MS: m/z : calcd for C62H76N6NaO26: 1338.5152; found: 1338.4932
[M�Na]� .


n-Pentenyl (2-deoxy-2-sodium sulfonatamido-3,4,6-tri-O-sodium sulfona-
to-�-D glucopyranosyl)-(1� 4)-(sodium 2-O-sodium sulfonato-����ido-
pyranosyluronate)-(1� 4)-(2-deoxy-2-sodium sulfonatamido-6-O-sodium
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sulfonato-����glucopyranosyl)-(1� 4)-sodium 2-O-sodium sulfonato-����
glucopyranosyluronate (112): A solution of 111 (44 mg, 0.03 mmol) in THF
(3.0 mL) was cooled to �13 �C and 50% H2O2 (1.0 mL) and 0.7� aq. LiOH
(0.8 mL) were added dropwise. The mixture was warmed to 0 �C over one
hour and at room temperature overnight. Sodium hydroxide solution (4�,
0.8 mL) was added and the mixture was stirred overnight. After acid-
ification to pH 6.0 with 3� HCl in MeOH, the solvent was partially
removed under vacuum. The solution was diluted with EtOAc and the two
phases were separated. The organic phase was washed twice with acidified
aqueous sulfite (pH 3.5) and dried over Na2SO4. After filtration, the
solvent was removed under reduced pressure and the residue was purified
on Sephadex LH20 (CH2Cl2/EtOH 1:1) affording n-pentenyl (2-azido-2-
deoxy-�-��glucopyranosyl)-(1� 4)-3-O-benzyl-�-��idopyranosyluronic
acid)-(1� 4)-(2-azido-3-O-benzyl-2-deoxy-�-��glucopyranosyl)-(1� 4)-
3-O-benzyl-�-��glucopyranosyluronic acid (27 mg, 0.024 mmol, 82%) as a
colorless oil. ES MS: m/z : calcd for C50H62N6O21: 1105.3865; found:
1105.3806 [M�Na]� .


A solution of n-pentenyl (2-azido-2-deoxy-�-��glucopyranosyl)-(1� 4)-3-
O-benzyl-�-��idopyranosyluronic acid)-(1� 4)-(2-azido-3-O-benzyl-2-de-
oxy-�-��glucopyranosyl)-(1� 4)-3-O-benzyl-�-��glucopyranosyluronic
acid (35 mg, 0.03 mmol) and sulfur trioxide/triethylamine complex (88 mg,
0.48 mmol) in DMF (1.5 mmol) was stirred under nitrogen at 50 �C for 20 h.
Aqueous NaHCO3 (10%, 3 mL) was added at room temperature and the
mixture was stirred for 3.5 h. The reaction mixture was concentrated,
dissolved in MeOH and filtered through a pad of Celite. After removal of
the solvent under reduced pressure, the residue was purified through a
Sephadex G-25 column eluted with 0.2� NaCl. After concentration and
desalting through a Sephadex G-25 column eluted with water, n-pentenyl
(2-azido-2-deoxy-3,4,6-tri-O-sodium sulfonato-�-�-glucopyranosyl)-(1�
4)-(sodium 3-O-benzyl-2-O-sodium sulfonato-�-��idopyranosyluronate)-
(1� 4)-(2-azido-3-O-benzyl-2-deoxy-6-O-sodium sulfonato-�-��glucopyr-
anosyl)-(1� 4)-sodium 3-O-benzyl-2-O-sodium sulfonato-�-��glucopyra-
nosyluronate (25 mg, 0.015 mmol, 50%) was obtained as a colorless solid.
1H NMR (500 MHz, D2O): � �7.39 ± 7.15 (m, 15H), 5.82 ± 5.74 (m, 1H),
5.25 (d, J� 4.0 Hz, 1H), 5.17 (br s, 1H), 5.07 (d, J� 3.5 Hz, 1H), 4.99 ± 4.87
(m, 2H), 4.72 ± 4.66 (m, 7H), 4.42 ± 4.38 (m, 2H), 4.32 ± 4.28 (m, 2H), 4.20 ±
4.10 (m, 7H), 3.96 ± 3.69 (m, 8H), 3.55 ± 3.50 (m, 1H), 3.43 (dd, J� 10.5,
3.5 Hz, 1H), 3.34 (dd, J� 10.0, 4.0 Hz, 1H), 2.06 ± 2.02 (m, 2H), 1.61 ± 1.55
(m, 2H); 13C NMR (125 MHz, D2O): � �139.7, 137.9, 137.4, 137.3, 129.9,
129.4, 129.2, 129.2, 128.9, 128.8, 115.4, 101.4, 98.0, 93.6, 82.8, 80.6, 78.6, 77.3,
76.5, 76.0, 75.3, 75.6, 75.3, 74.6, 73.0, 72.7, 71.4, 70.7, 70.4, 69.3, 68.6, 68.4,
67.4, 66.9, 63.6, 62.2, 29.9, 28.6; ES MS: m/z : calcd for C50H62N6O39S6:
780.0605; found: 780.0564 [M� 2H]2�.


A solution of n-pentenyl (2-azido-2-deoxy-3,4,6-tri-O-sodium sulfonato-�-
�-glucopyranosyl)-(1� 4)-(sodium 3-O-benzyl-2-O-sodium sulfonato-�-
��idopyranosyluronate)-(1� 4)-(2-azido-3-O-benzyl-2-deoxy-6-O-sodium
sulfonato-�-��glucopyranosyl)-(1� 4)-sodium 3-O-benzyl-2-O-sodium
sulfonato-�-��glucopyranosyluronate (25 mg, 0.02 mmol) in EtOH/water
(2/1, 6.0 mL) was treated with a stream of hydrogen in the presence of Pd/C
catalyst (10%, 40 mg) for three days. After filtration on a pad of Celite, the
solvent was removed under reduced pressure. 1H NMR (500 MHz, D2O): �
�5.41 (br s, 1H), 5.29 (br s, 1H), 5.10 (br s, 1H), 4.78 (br s, 1H), 4.60 ± 4.28
(m, 2H), 4.24 ± 3.57 (m, 17H), 3.55 ± 3.41 (m, 2H), 3.13 (br s, 1H), 1.46 ± 1.41
(m, 2H), 1.18 ± 1.12 (m, 4H), 0.70 (t, J� 7.0 Hz, 3H); ES MS:m/z : calcd for
C29H50N2O39S6: 620.0085; found: 620.0040 [M� 2H]2�.


The residue (20 mg, 0.02 mmol) was dissolved in water (4 mL). Sulfur
trioxide/pyridine complex (101 mg, 0.6 mmol) was added in five portions
every 30 minutes with the pH being maintained at 9.5 by addition of 4�
NaOH. After 3.5 h, the reaction mixture was concentrated and purified
through a Sephadex G-25 column eluted with 0.2� NaCl. After concen-
tration and desalting through a Sephadex G-25 eluted with water,
compound 112 (13 mg, 0.01 mmol, 60%) was obtained as a solid. [�]23D �
�57 (c� 1.2, H2O); 1H NMR (500 MHz, D2O): ��5.47 (d, J� 3.0 Hz, 1H),
5.42 (d, J� 3.0 Hz, 1H), 5.03 (br s, 1H), 4.48 (d, J� 8.0 Hz, 1H), 4.37 ± 4.00
(m, 9H), 3.97 (t, J� 8.0 Hz, 1H), 3.86 ± 3.81 (m, 2H), 3.76 ± 3.68 (m, 4H),
3.54 ± 3.51 (m, 2H), 3.46 (dd, J� 10.5, 3.0 Hz, 1H), 3.14 (dd, J� 10.0,
3.5 Hz, 1H), 1.50 ± 1.45 (m, 2H), 1.22 ± 1.16 (m, 6H), 0.74 (at, J� 7.0 Hz,
3H); HSQC anomeric cross peaks (D2O): � � (4.48� 100.8), (5.03� 99.8),
(5.42� 98.2), (5.47� 95.4); ES MS: m/z : calcd for C29H44N2Na6O45S8:
1533.8; found: 1534.1.
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Functional Supramolecular Devices: [M4
IIL4]8� [2� 2]-Grid-Type Complexes


as Multilevel Molecular Electronic Species


Mario Ruben,[a, b] Esther Breuning,[a] Mihail Barboiu,[a] Jean-Paul Gisselbrecht,*[c] and
Jean-Marie Lehn*[a]


Abstract: The [M4
IIL4]8� [2� 2]-grid-type complexes 1 ± 8 present a set of features of


particular interest for potential applications. All complexes exhibit multiple
reduction levels at low reduction potentials paired with rather high stability. The
modulation of the reduction potentials is possible by introduction of appropriate
substituents on the ligands. The CoII4 complexes 1 ± 5 present a remarkable regularity
in the disposition of the reduction levels, indicating the ability of the CoII sites to
transmit electronic interactions between reduced ligands. In general, all investigated
molecular systems 1 ± 8 show characteristics typical for multilevel supramolecular
electronic devices.


Keywords: cyclic voltammetry ¥
N ligands ¥ supramolecular
chemistry ¥ UV/Vis spectroscopy


Introduction


Fundamental physical constraints as well as economics are
expected to limit continued miniaturization in electronics by
conventional top-down manufacturing during the next one to
two decades.[1] Bottom-up approaches to electronics, in which
the functional electronic structures are assembled from well-
defined nanoscale building blocks, such as carbon nano-
tubes,[2] semiconducting nanowires[3] and/or molecules,[4] have
the potential to go far beyond the limits of conventional
manufacturing. Of particular interest and great potential are
approaches based on self-assembly processes capable of
generating functional supramolecular devices by spontaneous
but controlled build-up from their components, thus bypass-
ing tedious nanofabrication and nanomanipulation proce-
dures.[5]


Scaling down electronic processes to the molecular level
raises the question of controlling electron distribution in


molecules. Multistability on the molecular level, as required
for high-density information storage devices on the nanoscale,
might be achieved by exploitation of changes in intrinsic
molecular properties, such as the redox state. Multicenter
transition-metal complexes with different redox states appear
to be very attractive candidates for the design of multilevel
electronic devices.[6]


The redox chemistry of polynuclear oligopyridine com-
plexes has been investigated extensively and was reviewed
recently.[7] Most electrochemical studies deal predominantly
with metal ±metal interactions mediated through a bridging
ligand. Rather few papers provide a detailed analysis of
reduction processes,[8] which may carry a wealth of informa-
tion regarding the electronic interactions taking place in
complexes, mainly between ligand-based redox centers. Such
interactions among electrons localized on ligands are expect-
ed to be of the same order of magnitude as those between
metal centers (at least, if the ligands are bound to the same
metal center). Their detailed analysis opens the way to a
better understanding of these multielectron species as poten-
tial components of metallo-supramolecular electronic devices.
A prerequisite consists in the accurate determination of the
localization of electronic changes in the individual redox
steps.
Gridlike tetranuclear [M4


IIL4]8� metal complexes with four
octahedral coordination centers are accessible by self-assem-
bly of a transition-metal ion and an appropriate bis-tridentate
organic ligand in solution.[9] Such [2� 2]-grid species with
M�CoII or FeII exhibit interesting magnetic behavior.[10] In
addition, Co4II complexes have been shown to present unique
electrochemical properties.[9a, 11] Related features are found in


[a] Prof. J.-M. Lehn, Dr. M. Ruben, Dr. E. Breuning, Dr. M. Barboiu
ISIS-ULP-CNRS UMR-7006
4 rue Blaise Pascal, 67000 Strasbourg (France)
Fax: (�33)3-90-24-11-17
E-mail : lehn@chimie.u-strasbg.fr


[b] Dr. M. Ruben
Institut f¸r Nanotechnologie
Forschungszentrum Karlsruhe GmbH
PF 3640 76021 Karslruhe (Germany)


[c] Dr. J.-P. Gisselbrecht
Laboratoire d×Electrochimie
et de Chimie-Physique du Corps Solide
UMR 7512, CNRS-Universite¬ Louis Pasteur
4, rue Blaise Pascal, 67000 Strasbourg (France)


FULL PAPER


Chem. Eur. J. 2003, 9, No. 1 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0291 $ 20.00+.50/0 291







FULL PAPER J.-M. Lehn, J.-P. Gisselbrecht et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0292 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 1292


a [2� 2]-grid-type compound based on four tetrahedral CuI
sites.[12]


The [M4
IIL4]8� [2� 2]-grid-type complexes 1 ± 8 (Scheme 1)


were generated by self-assembly from the corresponding
metal salt and ligand in acetonitrile solution. Their NMR and
mass spectroscopic properties were in agreement with their
structure following the characterizations described earlier.[9]


The products obtained could be used directly for the electro-
chemical investigations without further purification.
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1      CoII          BF4              L = A            


2      CoII          BF4              L = B        


3      CoII          BF4              L = C         


4      CoII          BF4              L = D        


5      CoII          BF4              L = E        


6      FeII           BF4             L = B          
7      ZnII           CF3SO3    L = B      


8      MnII          ClO4           L = B


A    R1 = H        R2= H


B    R1 = Ph      R2= H


C    R1 = H        R2=COOMe


D    R1 = Ph      R2=COOMe


E    R1 = Ph      R2=SnPr


cation anion


Scheme 1. Structure of the ligands A ±E (left) and of the [2� 2] grid-type
complexes 1 ± 8 (right).


A first series of five [Co4IIL4][BF4]8 complexes (1 ± 5),
involving variation of ligand L, was investigated to reveal the
influence of ligand substitutions on the electrochemical
behavior.
The influence of the nature of the metal ion on the


electrochemical properties was studied by means of a second
series of four complexes [M4


IIL4][X]8 keeping the same ligand
L�B, but varying the metal ion: [Co4IIB4][BF4]8 (2),


[Fe4IIB4][BF4]8 (6), [Zn4IIB4][CF3SO3]8 (7), and [Mn4IIB4]-
[ClO4]8 (8).
We present here an extended investigation of the electro-


chemical behavior of these grid-like [M4
IIL4]8� complexes 1 ± 8


incorporating differently substituted ligands L and various
first row transition metal ions MII. In addition, spectro-
electrochemical experiments have been performed to confirm
the assignment of the redox sites.


Results


Electrochemical reduction of [M4
IIL4][X]8 complexes 1 ± 8 :


The electrochemical behavior of complexes [M4
IIL4][X]8 1 ± 8


(MII�Co, Fe, Zn, Mn; L�A, B, C, D, or E ; X�BF4�,
CF3SO3�, ClO4�) was investigated in dimethylformamide
(DMF) and acetonitrile (ACN) by cyclic (CV) and steady-
state voltammetry on a glassy carbon disc electrode.
An extended sweep width over a large potential range was


only accessible in DMF. However, in this solvent, slow
decomposition by decomplexation within hours or minutes
could be observed for several compounds by UV-visible
spectroscopy. For this reason, all electrochemical studies were
carried out only on freshly prepared solutions in a range of
concentration of 5� 10�4�.
In ACN, no decomplexation was observed, neither during


electrochemical studies nor by UV-visible spectroscopy. In-
deed, the complexes have been proved to be more stable in
this solvent. However, the low solubility of the electrochemi-
cally generated reduced species prevented investigations at
more negative potentials.


Variation of the ligand L–Complexes 1 ± 5 : All Co4II com-
plexes 1 ± 5 in DMF give rise to seven well-resolved reduction
waves during steady-state voltammetry in the available
potential range. Analysis of the amplitude and of the log-
plot slope indicates that the first reduction always presents the
characteristics of two overlapping reversible one-electron
reductions separated by 40 to 80 mV. In contrast, all following
waves are well-separated, reversible one-electron transfers
(log-plot slope for each step close to 60 mV, as expected for a
reversible one-electron transfer).
Cyclovoltammetry of complexes [Co4IIL4][BF4]8 1 ± 5 in


DMF at room temperature reveals well-resolved, multiple
single-electron processes with complete reversibility for each
compound (Table 1). Closer inspection of the redox potentials
of complexes 1 ± 5 in DMFexhibits, within the given similarity,
a slight dependence of the electrochemical behavior on the
ligand substitutions.
The CV of complex [Co4IIA4][BF4]8 (1) exhibits nine one-


electron reduction steps at room temperature. In comparison,
the reduction of [Co4IIB4][BF4]8 (2) under identical conditions
leads to the same number of reduction steps, but with the first
reduction potential slightly shifted to more positive values
(�E1/2��60 mV). Thus, substitution of the proton by a
phenyl group in the 2-position of the pyrimidine causes a
positive shift of the first reduction potential. However, this
shift is less pronounced in the following reductions and was
rather unexpected on the basis of the known inductive effects


Abstract in French: Une sÿrie de complexes 1 ±8 de type grille
[2� 2], [MII


4L4]X8 (avec M�Mn, Fe, Co, Zn; L�A ±E, X�
BF4


�, ClO4
�, CF3SO3


�) a ÿtÿ synthÿtisÿe et leurs propriÿtÿs
ÿlectrochimiques et spectro-ÿlectrochimiques ont ÿtÿ ÿtudiÿes.
Tous ces complexes prÿsentent des rÿductions monoÿlectron-
iques multiples localisÿes sur les ligands et sont stables ‡ la
rÿduction. Les potentiels de rÿduction peuvent e√tre modifiÿs
par le choix de la nature des substituents. Les complexes du CoII


1 ± 5 possõdent des niveaux de rÿduction ÿgalement espacÿs
mettant en ÿvidence l×aptitude de ces ions ‡ transmettre
l×interaction ÿlectrochimique entre les ligands. L×ensemble de
ces propriÿtÿs donne aux complexes 1 ± 8 le caractõre de
dispositifs fonctionnels supramolÿculaires ‡ niveaux ÿlectron-
iques multiples.
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of the substituents. Decreasing the temperature to �20 �C
resulted in an enlargement of the available potential window,
thus giving rise to two additional reduction steps close to the
electrolyte discharge.
The introduction of two electron-attracting ester groups per


ligand into the 4�-position yields complex [Co4IIC4][BF4]8 (3),
which bears a total of eight ester groups. The CVof 3 displays
a very pronounced shift of the first reduction potential
(Figure 1 top; �E1/2��200 mV). This shift is even larger for
the subsequent reduction steps and is increasing from step to
step (all values relative to complex 1). The complex
[Co4IID4][BF4]8 (4) bears both substitutions, a phenyl ring on
the pyrimidine unit and the carboxymethyl groups in the 4�-
position of the ligand. This leads to an even larger positive
shift of the first reduction potential (�E1/2��220 mV
relative to 1, Figure 1 bottom). On introduction of thio-n-
propyl groups into the 4�-position of the ligands in
[Co4IIE4][BF4]8 (5), the reduction potentials are close to those
of the unsubstituted compound 1. Apparently, the electronic
influences of the four phenyl and the eight thio-n-propyl
groups compensate each other in 5, resulting in an electronic
situation very similar to that of the reference compound 1.
In ACN, complexes 1 and 2 give rise to a maximum of only


seven reduction steps, whereas sharp peaks were observed on
the reverse scan, whose shapes are characteristic for anodic
redissolution processes. Evidently, the more reduced species
are no longer soluble in ACN and precipitate on the electrode
surface. However, CV in ACN carried out only to the sixth
one-electron reduction give curves corresponding to well-
resolved, reversible electron exchange. For completeness, the
values for compounds 1 and 2 obtained in ACN are also given
in Table 1.


Variation of the metal ion MII–Complexes 2, 6 ± 8 : In a second
series, the electrochemistry of four complexes [M4


IIB4][X]8 2,
6 ± 8 containing different first-row transition-metal ions (with
M�CoII, FeII, ZnII, and MnII, X�BF4�, ClO4�, or CF3SO3�)
and the ligand B was investigated (Table 2). The Fe4II and Zn4II


compounds 6 and 7 turned out to be less stable in DMF than
the corresponding Co4II compound 2 ; however, the first CV
scan allowed the correct determination of the redox potentials


Figure 1. Cyclic voltammetry (bold: scan rate� 0.1 Vs�1) and its semi-
derivative deconvolution (thin) of [Co4IIC4]8� (top) and [Co4IID4]8�


(bottom) in DMF � 0.1� Bu4NPF6 (potentials given versus ferrocene).


despite the presence of free ligand (arrows in Figure 2),
resulting from partial decomplexation (Figure 2 top and
bottom). In contrast, complex [Mn4IIB4](ClO4)8 (8) decom-
posed completely in DMF exhibiting only the reduction peak
of the decomplexed ligand (E1/2��1.95 V). The use of ACN


Table 1. Redox potential E of the [Co4IIL4][BF4]8 complexes 1 ± 5 in dimethyl-
formamide (DMF) or acetonitrile (ACN) (0.1� Bu4NPF6, glassy carbon
electrode, versus Fc�/Fc).


Reduction Complex
step 1 DMF 1 ACN 2 DMF 2 ACN 3 DMF 4 DMF 5 DMF


1 � 0.65 � 0.54 � 0.59 � 0.50 � 0.45 � 0.43 � 0.65
2 � 0.71 � 0.58 � 0.63 � 0.58 � 0.50 � 0.47 � 0.69
3 � 0.92 � 0.68 � 0.78 � 0.76 � 0.63 � 0.60 � 0.82
4 � 1.31 � 0.90 � 1.02 � 1.01 � 0.75 � 0.82 � 1.02
5 � 1.57 � 1.29 � 1.32 � 1.36 � 1.03 � 1.10 � 1.37
6 � 1.82 � 1.55 � 1.60 � 1.61 � 1.24 � 1.30 � 1.57
7 � 2.04 � 1.77[a] � 1.85 � 1.76[a] � 1.45 � 1.50 � 1.82
8 � 2.26 � 2.11 � 1.62 � 1.70 � 1.95
9 � 2.40 � 2.40 � 1.89 � 1.92 � 2.07
10 � 2.61[b] � 2.05 � 2.12 � 2.32
11 � 2.73[b] � 2.12
12 � 2.20
[a] Irreversible reduction: cathodic peak potential. [b] At �20 �C.


Table 2. Redox potential E of the [M4
IIB4][X]8 complexes 2 and 6 ± 8 in


dimethylformamide (DMF) or acetonitrile (ACN) (0.1� Bu4NPF6, glassy carbon
electrode, versus Fc�/Fc).


Reduction Complex
step 2 DMF 2 ACN 6 DMF 6 ACN 7 DMF 7 ACN 8 DMF 8 ACN


1 � 0.59 � 0.50 � 0.60 � 0.53 � 0.67 � 0.60 ±[c] � 0.60
2 � 0.63 � 0.58 � 0.65 � 0.57 � 0.72 � 0.68 ±[c] � 0.68
3 � 0.78 � 0.76 � 0.77 � 0.70 � 0.87 � 0.83 ±[c] � 0.82
4 � 1.02 � 1.01 � 0.85 � 0.80 � 0.92 � 0.91 ±[c] � 0.92
5 � 1.32 � 1.36 � 1.45 � 1.29 � 1.51 � 1.36 ±[c] � 1.57
6 � 1.60 � 1.61 � 1.55 � 1.40 � 1.60 � 1.51 ±[c] � 1.67
7 � 1.85 � 1.76[b] � 1.75 � 1.50[b] � 1.78 � 1.61[b] ±[c] � 1.82[b]
8 � 2.11 � 1.89 � 1.91
9 � 2.40 � 2.45 � 2.50
10 � 2.61[a] � 2.60[b] � 2.65
11 � 2.73[a]


[a] Irreversible reduction: cathodic peak potential. [b] Adsorption peaks. [c] De-
composition.
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Figure 2. Cyclic voltammetry (bold: scan rate� 0.1 Vs�1) and its semi-
derivative deconvolution (thin) of [Fe4IIB4]8� (top) and [Zn4IIB4]8� (bottom)
in DMF � 0.1� Bu4NPF6 (potentials given versus ferrocene; arrows
indicate reduction of free ligand resulting from partial decomplexation).


allowed the correct determination of the redox potentials of
this compound in the restricted potential range as already
described before for this solvent. Because of the stability
problems within this series, all reduction potentials of com-
plexes 6 ± 8 are also given for the more stabilizing solvent
ACN (Table 2). Similarly to compounds 1 ± 5, the CVs of
complexes 6 ± 8 provide multiple one-electron reduction
schemes with complete reversibility of all observed reduction
waves. Thus, [Fe4IIB4][BF4]8 (6) in DMF exhibits nine rever-
sible reduction waves; however, they are not equally distrib-
uted over the potential range as observed for the CoII


complexes 1 ± 5 (Figure 2 top). After the first set of four
reductions with an internal wave separation of a maximum of
�E1/2� 120 mV, the onset of the second set occurs only after a
potential shift of �E1/2� 600 mV. Equally, after the second set
of one-electron reductions, the third one starts only after a
potential shift of around �E1/2� 500 mV, but now the follow-
ing reductions are disturbed by electrolyte discharge pro-
cesses.
Because of the nonreducibility of its metal centers, the


complex [Zn4IIB4][CF3SO3]8 (7) constitutes an especially
interesting variation within the series (Figure 2 bottom). It
presents a redox behavior very similar to that found for the
Fe4II complex 6. One may conclude that the observed


reductions take place at the same redox sites in both
complexes. Also, the corresponding Mn4II complex 8 exhibits
a comparable CV in the restricted potential range of ACN
with clustering of the reduction waves as found for 6 and 7.


Spectro-electrochemical investigations : The electrochemical
results described above suggest that the electronic character-
istics of the gridlike compound are dominated by the electro-
chemical properties of the ligands. To determine the location
of the injected electrons, we carried out spectro-electro-
chemical investigations on complexes [Co4IIB4][BF4]8 (2) and
[Fe4IIB4][BF4]8 (6).
The UV-visible spectra of 2 were observed progressively up


to the seventh reduction step (Figure 3 top). The evolution of
the spectra during the first four one-electron reductions shows
the progressive appearance of two new bands with maxima at
550 nm and around 800 nm, the smaller one of which at
550 nm shows some structuring. Simultaneously, the initial � ±
�* band of the unreduced ligand B at 370 nm decreases.
Further reduction beyond the fourth electron equivalent
results in a increase of the intensity of the two new bands
proportional to the number of accepted electrons. The
observation of the reduction process beyond the seventh


Figure 3. Time-resolved UV-visible spectra during stepwise reduction of
[Co4IIB4]8� (top) in DMF � 0.1� Bu4NPF6 for the six first reduction steps,
and of [Fe4IIB4]8� (bottom) in CH3CN � 0.1� Bu4NPF6 for the four first
reduction steps.
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electron was not possible due to technical limitations of the
experimental setup.
Because of its low stability in DMF, the complex 6 was


investigated in ACN, restricting so the observation of
reduction only up to the fourth electron. Once more, the
striking feature of the spectrum obtained is the appearance of
a broad low-energy band with a maximum at 846 nm, now
covering the initial MLCT band of 6 at 662 nm. Simulta-
neously, a small structured band with two maxima at 497 and
565 nm emerges. At the same time, as found in 2, the initial
� ±�* band of the unreduced ligand at 366 nm decreases and
is shifted towards lower energies. The overall features of the
reduction spectra in 6 resemble strongly those observed in the
analogous Co4II compound 2.
In both experiments, the initial spectrum could be regen-


erated quantitatively by stepwise reoxidation of the electro-
generated reduced species (hepta-anion of 2 in DMF, tetra-
anion of 6 in ACN). In view of the longer timescale of the
spectro-electrochemical experiments, this is a remarkable
indication for the absence of side reactions during the
reduction of 2 and 6.


Electrochemical oxidation of complexes 1 ± 8 : Under the
present experimental conditions, none of the complexes 1 ± 8
allowed the detection of well-defined oxidation steps by CV in
DMF. Nevertheless, rotating disc voltammetry of 2 in ACN
provides a long oxidation step corresponding to the transfer of
four electrons at about �1.0 V. This step is widely spread out
and has a log-plot slope of 300 mV. Such behavior is indicative
of a kinetically slow process of the MIII/MII redox couple,
occurring stepwise on the four metal ions of the complex.
Slow electron-transfer rates seem to be inherent for encapsu-
lated metal ions in bulky and dendrimeric structures and have
been observed already in other systems.[13, 14]


However, a previous investigation of complex
[Co4IIA4][BF4]8 (1) with a different experimental setup
(saturated calomel electrode (SCE) in DMF) exhibited
analyzable oxidation signals.[9a] Thus, compound 1 underwent
a first oxidation at E1/2��0.46 V, followed by a two-electron
oxidation at E1/2��0.66 V and by a fourth wave at E1/2�
�0.91 V (all values referred to SCE).


Discussion


Electrochemical features : The electrochemical experiments
of both series (variation of either ligand L or metal ion MII)
resulted in multiple single-electron reduction processes ex-
hibiting a good reversibility for all waves. The first series of
complexes 1 ± 5 shows that a systematic tuning of the first
reduction potential is feasible by introduction of electron-
donating or -attracting substitutents on the ligand. The
influence of each functional group can be evaluated qualita-
tively by comparing the first reduction potentials of com-
plexes 1 ± 5. The phenyl group in the 2-position of the
pyrimidine, although suffering a hindered conjugation with
the rest of the ligand by intramolecular constraints,[10b] acts
still inductively as an electron-withdrawing substitutent under
these conditions and shifts the reductions of the complexes 2


and 4 to more positive potentials (�E1/2��50 to �60 mV).
As expected, the ester group has the strongest effect on the
first reduction potential (�E1/2��160 to �200 mV), while
the thio-n-propyl group leads only to a small shift towards
more negative values. This behavior reflects basically the
differences in their Hammett parameters of COOMe and
thio-n-propyl groups (�p� 0.45 and 0.03).[15]
The marked positive shift caused by the eight electron-


attracting ester groups enables the observation of an in-
creased number of reduction waves. Thus, reduction of
complex 3 gives rise to twelve well-resolved one-electron
waves even at room temperature. This represents the highest
number of well-characterized, resolved and reversible one-
electron reductions displayed by a molecular compound,
reported so far. One may note that a tetranuclear [2� 2]-grid-
type Cu4I complex was found to have seven reduction
potentials.[12] Also, the fullerenes C60 and C70 exhibit six,[16]


the dinuclear compound [{Ru(bpy)2}2(�-bpym)]4� eight,[8b]


and the mononuclear [Ru{4,4�-(EtOOC)2bpy}]2� compound
ten[8c] reversible single-electron reductions in a comparable or
larger potential window.
Within the second series (compounds 2, 6 ± 8), multiple one-


electron reductions are observed as in the first series, but
exhibiting a ™clustering∫ of the reduction waves into sets of
four reductions for MII�FeII, ZnII, MnII, in contrast to the
regular change in potentials found for MII�CoII.
The similarity in number and pattern of the reduction steps


in both series and the results of the UV-visible spectroscopic
experiments (vide infra) are strong indications for ligand-
centered reduction.
Compared with the mononuclear complexes


[MII(tpy)2]2�,[17, 18] the onset of the reduction processes of
complexes 1 ± 8 is strongly shifted towards positive values.
This shift is in particular remarkable in complex 6, whose first
reduction potential is found at a 0.88 V more positive value
than the complex [FeII(tpy)2]2� under similar experimental
conditions. Since reductions at very low potentials represent a
more easy access to and an enhanced stability of the reduced
species, this electrochemical feature is of special importance
for potential applicability of such species.
Scheme 2 represents the possible main electron repulsion


interactions taking place in the symmetrical [M4L4] species. JR
expresses the repulsive interaction between the reduction
electron(s) on a given bridging ligand and the further
incoming electrons. JSLL represents the interaction between
the electrons located on ligands bound to the same metal
center, whereas JDLL is the analogous interaction for parallel
ligands bound to differentmetal ions and situated on opposite
sides in the complex. JBMM and JTSMM denote the interaction
between the metal centers mediated through bridging ligands
and occurring directly through space, respectively. These J
values are not exactly accessible electrochemically, because
only differences in half-wave potentials are measured exper-
imentally. Nevertheless, the changes �E1/2 are roughly reflect-
ing the changes in magnitudes of the repulsion terms.[19]


The first two reduction waves of complexes 1 ± 8 are always
found in very close proximity, as consequence of the almost
simultaneous reduction of two parallel ligands. �E1/2 values
between the first and the second reduction (�E1/2� 40 ±
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Scheme 2. Electronic interaction parameters in a [2� 2]-grid-type com-
plex. For definitions, see text.


80 mV) reflect rather small JDLL interactions. The electronic
interactions mediated through one unreduced ligand and two
interjacent metal centers seem to be similarly small for all
investigated complexes.
In the case of the Fe4II, Zn4II, and Mn4II complexes 6 ± 8, the


reduction waves are ™clustered∫ into three sets of four
reductions, with an internal spacing within the set of �E1/2�
50 ± 200 mV and a potential shift of �E1/2� 560 ± 650 mV
between successive sets (Table 2, Figure 2). This is the
behavior one may expect. Indeed, the first gap inserts
between the fourth and the fifth reduction, where each of
the four ligands has already accepted one electron, so that
incoming electrons have to overcome the repulsive interac-
tion JR with the electron already present on the same ligand.
This repulsion is normally reflected in the amount of spin-
pairing energy in polypyridine ligands found to be about
�E1/2� 600 ± 700 mV.[19]
In marked contrast, all Co4II complexes 1 ± 5 show a regular


spacing of �E1/2� 130 ± 390 mV for all subsequent reductions
occurring at ligands bound to the same metal ion as an already
reduced ligand, (Table 1; Figure 1). This even spacing of the
one-electron processes over the whole potential range is
indicative of electronic communication JSLL between the
ligand centered redox sites through the interjacent common
CoII ion. Remarkably, the JR interaction appears to be
decreased in these Co4II complexes relative to the others,
and to have become similar in magnitude to JSLL. Closer
inspection of the CVs indicates that there is nevertheless a
limited potential shift (�E1/2� 140 ± 390 mV) after each
fourth reduction, noticeably smaller, however, than the
560 ± 650 mV observed for complexes 6 ± 8 containing no CoII


sites.
Evidently, the differences in the magnitude of the JR


interaction between the Co4II compounds 1 ± 5 and the other
complexes 6 ± 8 reflect the ability of the interjacent MII ions to
mediate JSLL interactions (equally expressed by larger JSLL
values for the Co4II compounds of �E1/2� 130 ± 390 mV for 1 ±
5 compared to �E1/2� 50 ± 200 mV for 6 ± 8). A better
mediating ability of the interjacent CoII ions between the
reduced ligand anions should lead to a certain electronic
coupling over the complex, thus reducing the repulsion for
incoming further electrons.


These features portray electronic interactions between
ligand-centered redox sites mediated through ™bridging
metals∫, in contrast to the well-investigated metal ±metal
interactions through ™bridging ligands∫.[20]


The previously reported oxidation of compound
[Co4IIA4][BF4]8 (1) gives additional access to the metal ±me-
tal interactions JBMM and JTSMM.[9a] The one-two-one sequence
evokes a preference of successive oxidations of adjacently
located CoII centers. Consequently, the second two-electron
step would represent the simultaneous oxidation of two
diagonally situated CoII ions expressing a through-space JTSMM
interaction, which is apparently too small to be determined.
On the other hand, the separation between the first and
second two-electron steps and thereafter between the two-
electron and the last oxidation step should represent the
electronic JBMM interaction of two adjacent CoII-ions through
the bridging pyrimidine group of the ligand. Thus, the JBMM
values of �E1/2� 200 and 250 mV indicate substantial elec-
tronic interaction between two adjacent metal centers,
corresponding to a medium strong comproportionation con-
stant of Kcom� 1.7 ± 2.4� 103.[20]


Electronic spectra : Although carried out in different solvents,
the spectral behavior of the Co4II complex 2 and of the Fe4II


complex 6 during reduction is similar (Figure 3). As reduction
proceeds, a broad spectral band around 800 nm and a smaller,
more structured band around 550 nm emerge, while at the
same time the band below 400 nm decreases progressively.
Additionally, the MLCT transition around 620 nm in com-
pound 6 disappears or is covered by the new bands. All
changes in intensity occur almost linearly with the number of
electrons added.
The two new emerging low-energy bands in 2 and 6 can be


assigned, by comparison with the absorption spectra of the
mono-reduced form of uncoordinated bipyrimidine (bpym) in
DMF (two bands with �max� 500 and 800 nm) and of
coordinated bipyrimidine in mono-reduced [Fe(bpym)3]2�


(two bands with �max� 510 and 1020 nm), to intraligand �* ±
�* transitions from the new SOMOs (mono-anion) to the first
and the second new LUMOs (mono-anion) of the four
monoreduced B.� radical anions.[18, 21]


Interestingly, the emerging bands in the absorption spectra
of 6 exhibit a linear increase in intensity of the radical bands
(without any additional perturbations of the spectra) even
beyond the fourth electron added. This is in line with the
formation of a dianion B2�, similar to bpym2� observed in the
reduction of �-bipyrimidine in [{Ru(bpy)2}2(�-bpym)]4�.[8c]


The band of the nonreduced ligand in 2 and 6 located below
400 nm can be assigned to the � ±�* transition of the ligand B.
Consequently, its intensity decreases on progressive popula-
tion of the LUMO of the coordinated ligand by the reducing
electrons.
It is worth mentioning that all intraligand reduction bands,


increasing and decreasing, experience a subsequent shift to
lower energies on progressive reduction, especially beyond
the fourth reduction. This red shift can be associated with an
electronic destabilization of the corresponding HOMOs of
the ligands, as a consequence of the second electron intro-
duced into the ligand orbitals.
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No evidence for low-lying interligand and intervalence
transitions has been found. Also, aggregate formation at the
used concentrations (less than 5� 10�4�) can be excluded by
the spectroscopic data.


Conclusion


The electrochemical behavior of the family of tetranuclear
gridlike oligopyridine complexes 1 ± 8 of the general formula
[M4


IIL4]8� displays well-resolved multiple one-electron reduc-
tions for all compounds independent of the nature of ligands
A ±E and of the coordinated metal ions MII.
Introduction of electron-donating and -attracting groups


into the ligands systematically tunes the potential of the first
reduction. As a consequence, reduction of complex
[Co4IIB4][BF4]8 (3) exhibits up to twelve well-resolved rever-
sible one-electron processes at room temperature; this
appears to be the most extended redox series known for
well-characterized molecular compounds.
The rather low values of the redox potentials are of


importance for the stability of the generated multielectron
species and thus for their possible applications as devices
presenting multiple electronic levels. For the Co4II complexes
the repulsive interaction parameter JR is unusually small, and
comparable to the electronic interaction JSLL between two
neighboring ligands through an interjacent metal ion. Since JR
was found for the non-Co4II compounds in the expected range,
this difference displays an ability of the CoII ion (relative to
FeII, ZnII, and MnII) to better mediate electronic interactions.
This is also confirmed by slightly larger JSLL values for all
investigated Co4II complexes. Thus, the ability of different MII


ions to act as ™bridging metals∫ for electronic interactions
seems to be responsible for the differences in the pattern of
the reduction scheme.
Spectro-electrochemical experiments revealed that the


reductions take place on the coordinated organic ligands,
independent of the nature of the metal ions involved. No
indication for reduction of the metal centers was observed in
the accessible potential range.
The oxidation of complex 1[9a] reveals a medium strong JBMM


interaction between adjacent metal centers mediated by the
pyrimidine groups of the ligands, while the electronic JTSMM
interaction between nonadjacent metal centers through space
is too small to be determined.
Further study of the nature of the radical anions L .� and of


the dianions L2� and their interplay with the different open
spin-bearing metal ions (implicating even spin-crossover
phenomena),[10b] requires magnetic and EPR investigations
of the reduced species.
In conclusion, the grid-type complexes 1 ± 8 present a set of


features of particular interest for potential applications as
supramolecular electronic devices: 1) multiple reduction
levels, 2) ease of reduction, 3) stability towards reduction,
4) modulation of the reduction potentials by appropriate
substituents on the ligands, and 5) in the case of the CoII


species, regularity in disposition of the reduction levels.


Experimental Section


Electrochemistry : The electrochemical studies were carried out on 5.10�4�
solutions of complexes 1 ± 8 in DMF � 0.1� Bu4NPF6 or in ACN � 0.1�
Bu4NPF6 in a classical three-electrode cell connected to a computerized
electrochemical device AUTOLAB (Eco Chemie B.V. Holland). The
working electrode was a glassy carbon disc (3 mm diameter), the auxiliary
electrode a platinum wire, and the pseudoreference electrode a silver wire.
The measurements were carried out by cyclic voltammetry and by steady-
state voltammetry (rotating disc electrode). In our experimental conditions
all potentials are referred versus ferrocene, used as an internal standard.
DMF and acetonitrile (both Aldrich, spectroscopic grade) were dried over
molecular sieves 4 ä prior to use. The measurements were carried out at
room temperature and in some cases at �20 �C. Spectro-electrochemical
studies were carried out in a home made borosilicate glass cell with an
optical pathway length of 0.1 mm placed in a diode array UV/Vis
spectrophotometer HP8453 (Hewlett Packard). The OTTLE cell was a
platinum grid (1000 mesh) placed in the optical pathway. The auxiliary
electrode was a platinum wire and the reference electrode was an aqueous
Ag/AgCl electrode. Under the described experimental conditions, ferro-
cene, which was used as internal standard in all measurements, was
oxidized at �0.45 V.
Synthesis : All reagents were obtained from commercial suppliers and used
without further purification unless otherwise noted. The following solvents
were distilled prior to use: tetrahydrofuran (THF) and diethyl ether from
sodium and benzophenone, and dimethyl sulfoxide (DMSO) from calcium
hydride under Ar. All organic solutions were routinely dried over
magnesium sulfate or sodium and solvents were removed under vacuum
using a rotary evaporator. 1H and 13C NMR spectra were recorded on a
Bruker AC200 spectrometer at 200 MHz and 50 MHz, respectively. Flash
chromatography was performed by using neutral alumina (activity 2). FAB
mass spectra were performed on a Fisons TRIO-2000 (Manchester) and a
Micromass AUTOSPEC-M-HF spectrometer using 3-nitrobenzylic alcohol
as matrix. IR data were collected on Perkin ±Elmer 1600 Series FTIR
spectrometer. Microanalyses were carried out by the Service de Micro-
analyse, Faculte¬ de Chimie, Strasbourg. Melting points were measured on a
digital electrothermal apparatus and are uncorrected.


Ligands : The synthesis of ligands A and B was described earlier.[22, 10b]


Ligands C andD were synthesized by using Stille-type coupling procedures
following the reactions depicted in Scheme 3.
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Scheme 3. i) Sn2Me6, [Pd(PPh3)4] (cat.); ii) [Pd(PPh3)4] (cat.).


2-Bromo-4-(methylcarboxylate)-6-(pyrid-2�-yl)pyridine : 2-(Tributylstan-
nyl)pyridine[23] (672 mg, 1.83 mmol), 2,6-dibromo-4-(methylcarboxylate)-
pyridine[24] (700 mg, 2.37 mmol), and [Pd(PPh3)4] (137 mg, 0.19 mmol) were
combined in toluene (10 mL), flushed with Ar, and heated under reflux for
39 h. The mixture was poured into KF (10 mL saturated solution) and, after
addition of Et2O, was stirred for 2 h. The precipitate was filtered and the
phases were separated. The aqueous phase was extracted with Et2O (2�
40 mL). The combined organic phases were washed with H2O (1� 30 mL)
and dried over MgSO4, and the solvent was evaporated. The product was
purified by column chromatography on silica by using hexane/EtOAc (3:1
v/v) as eluant to give 2-bromo-4-(methylcarboxylate)-6-(pyrid-2�-yl)pyr-
idine as a white powder. Yield: 221 mg (0.75 mmol, 41%); m.p. 142 �C;
1H NMR (200 MHz, CDCl3, 298 K): �� 3.99 (s, 6H; CH3), 7.36 (ddd, J�
7.6, 4.9, 1.2 Hz, 1H; H5�), 7.84 (td, J� 7.9, 1.8 Hz, 1H; H4�), 8.04 (d, J�
1.2 Hz, 1H; H3 or H5), 8.42 (dt, J� 7.9, 1.2 Hz, 1H; H3�), 8.70 (ddd, J� 4.8,
1.8, 0.9 Hz, 1H; H6�), 8.91 ppm (d, J� 1.2 Hz, 1H; H3 or H5); 13C NMR
(50 MHz, CDCl3, 298 K): �� 52.8, 119.1, 121.4, 124.5, 127.2, 136.9, 140.6,
141.9, 149.2, 153.5, 158.1, 164.2 ppm; EI-MS: m/z : 293.9 [M�], 233.9 [M��
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COOMe]; IR (KBr): �� � 3007, 2956, 1732, 1585, 1550, 1433, 1381, 1310,
1242, 1118, 994, 977, 813, 763, 731, 664 cm�1; elemental analysis calcd (%)
for C12H9BrN2O2: C 49.17, H 3.09, N 9.56; found: C 49.43, H 3.41, N 9.20.


4,6-Bis[4�-(methylcarboxylate)-6�-(pyrid-2��-yl)pyrid-2�-yl]pyrimidine (Li-
gand C): 2-Bromo-4-(methylcarboxylate)-6-(pyrid-2�-yl)pyridine (211 mg,
0.72 mmol), hexamethyldistannane (259 mg, 0.79 mmol), and [Pd(PPh3)4]
(42 mg, 0.036 mmol) were combined in toluene (5 mL), flushed with Ar and
heated under reflux for 30 min. The solvent was evaporated and the crude
stannylated product was used for the following coupling reaction without
further purification. 1H NMR (200 MHz, CDCl3, 298 K): �� 0.41 (s, 9H;
Sn(CH3)3), 3.96 (s, 3H; CH3), 7.81 (td, J� 7.9, 1.8 Hz, 1H; H4�), 8.00 (d, J�
1.5 Hz, 1H; H3 or H5), 8.54 (d, J� 7.9 Hz, 1H; H3�), 8.69 (d, J� 4.3 Hz, 1H;
H6�), 8.79 ppm (d, J� 1.5 Hz, 1H; H3� or H5); FAB-MS (NBA): m/z : 379.2
[M�].


4-(Methylcarboxylate)-6-(pyrid-2�-yl)-2-(trimethylstannyl)pyridine
(812 mg, 2.15 mmol) and 4,6-dibromopyrimidine (250 mg, 0.76 mmol) were
combined in toluene (10 mL), degassed, and [Pd(PPh3)4] (48 mg,
0.042 mmol) was added. The solution was flushed with Ar and heated
under reflux for 24 h. The precipitate was filtered off, washed with MeOH
and acetone and dried in vacuo to give C as an off-white powder. Yield:
350 mg (0.69 mmol, 91%); m.p. �300 �C; 1H NMR (200 MHz, CDCl3/
CF3COOD, 298 K): �� 4.11 (s, 6H; CH3), 8.20 (t, J� 5.8 Hz, 2H; H4�� or
H5��), 8.55 (d, J� 7.3 Hz, 2H; H3��), 8.65 (t, J� 8.8 Hz, 2H; H4�� or H5��), 8.76
(d, J� 1.1 Hz, 2H; H3� or H5�), 9.34 (d, J� 5.8 Hz, 2H; H6��), 9.39 (d, J�
1.1 Hz, 2H; H3� or H5�), 9.54 (d, J� 1.5 Hz, 1H; H5), 9.94 ppm (d, J� 1.1 Hz,
1H; H2); 13C NMR (50 MHz, CDCl3/CF3COOD, 298 K): �� 105.8, 111.4,
117.1, 122.8, 142.7, 143.3, 148.0, 159.5, 160.4, 161.2, 162.1, 163.9 ppm; FAB-
MS: m/z : 505.1 [M��H]; IR (KBr): �� � 1733, 1580, 1537, 1431, 1376, 1349,
1235, 1111, 1068, 761, 683 cm�1; elemental analysis calcd (%) for
C28H20N6O4: C 66.66, H 4.00, N 16.66; found: C 66.62, H 3.72, N 16.68.


4,6-Bis[4�-(methylcarboxylate)-6�-(pyrid-2��-yl)pyrid-2�-yl)-2-phenylpyrimi-
dine) (Ligand D): 4-(Methylcarboxylate)-6-(pyrid-2�-yl)-2-(trimethylstan-
nyl)pyridine (244 mg, 0.65 mmol), 4,6-dichloro-2-phenylpyrimidine (73 mg,
0.32 mmol), and [PdCl2(PPh3)2] (18 mg, 0.026 mmol) were combined in
anhydrous DMF (5 mL), degassed, flushed with Ar, and heated to 100 �C
for 46 h. The solvent was evaporated and the residue taken up in MeOH/
acetone (1:1 v/v). The precipitate was centrifuged off, washed with MeOH/
acetone, and dried in vacuo. The residue was dissolved in boiling CHCl3 and
filtered, and the solvent was evaporated to give ligand D as an off-white
powder. Yield: 90 mg (0.16 mmol, 44% over 2 steps); m.p. �250 �C
(decomp); 1H NMR (200 MHz,CDCl3, 298 K): �� 4.09 (s, 6H; CH3), 7.39
(dd, J� 6.4, 4.9 Hz, 2H; H5��), 7.60 ± 7.63 (m, 3H; Hmeta and Hpara), 7.91 (td,
J� 6.7, 1.5 Hz, 2H; H4��), 8.75 ± 8.86 (m, 6H; Hortho, H3�� and H6��), 9.14 (d,
J� 1.2 Hz, 2H; H3� or H5�), 9.24 (d, J� 1.5 Hz, 2H; H3� or H5�), 9.64 ppm (s,
1H; H5); 13C NMR (50 MHz, CDCl3, 298 K): �� 52.8, 111.7, 121.0, 121.3,
121.9, 124.4, 128.6, 131.0, 136.8, 137.5, 139.9, 149.4, 154.9, 155.1, 156.7, 163.5,
164.4, 165.7, 168.7 ppm; HR-FAB-MS: m/z calcd for C34H25N6O4:
581.193729; found: 581.193730 [M��H]; IR (KBr): �� � 3065, 2955, 1732,
1560, 1543, 1364, 1254, 1231, 756, 734, 684, 665 cm�1; elemental analysis
calcd (%) for C34H24N6O4: C 70.34, H 4.17, N 14.47; found: C 69.81, H 4.17,
N 14.08.


4,6-Bis[6�-(pyrid-2��-yl)-4�-(thio-n-propyl)pyrid-2�-yl]-2-phenylpyrimidine
(Ligand E): Ligand E was synthesized by using Potts× synthesis protocol
(Scheme 4);[24] the bis-Michael acceptor was synthesized according to the
literature.[25] 2-Acetylpyridine (0.43 g, 3.56 mmol) and the bis-Michael
acceptor (1.00 g, 1.78 mmol) in THF (50 mL) were added to a stirred
solution of potassium tert-butoxide (0.80 g, 7.12 mmol) in THF (30 mL)
under Ar. The resulting red solution was stirred at room temperature for


16 h. Glacial acetic acid (10 mL) and ammonium acetate (5 g) were added.
The mixture was heated under reflux for 2 h, cooled, and poured into water
(200 mL), and the product was extracted with chloroform. The combined
organic phases were washed with sat. NaHCO3 and water, and dried over
Na2SO4; the solvent was evaporated. The product was isolated by column
chromatography (alumina, chloroform) as an off-white solid that was
recrystallized from acetone to afford E (0.50 g, 0.81 mmol) as a white
powder in 45% yield. 1H NMR (200 MHz, CDCl3, 298 K): �� 1.17 (t, J�
7.3 Hz, 6H), 1.87 (sext, J� 7.3 Hz, 4H), 3.18 (t, J� 7.3 Hz, 4H), 7.33 (dt, J�
7.6, 1.5 Hz, 2H), 7.57 (m, 3H), 7.82 (dt, J� 7.6, 1.5 Hz, 2H), 8.40 (d, J�
1.5 Hz, 2H), 8.52 (d, J� 1.5 Hz, 2H), 8.70 (m, 6H), 9.54 ppm (s, 1H);
13C NMR (50 MHz, CDCl3, 298 K): �� 13.7, 22.2, 32.9, 118.5, 118.8, 121.5,
124.0, 128.4, 128.6, 136.6, 149.2, 152.0, 155.1, 155.8, 163.9 ppm; elemental
analysis calcd (%) for C36H32N6S2: C 70.56, H 5.26, N 13.71, S 10.47; found:
C 70.25, H 5.22, N 13.64 , S 10.18.


Complexes: The synthesis of complexes 1,[9a] 2,[9b] 6,[10b] and 7[9b] was carried
out following literature protocols. A typical protocol for the synthesis of
complexes 3, 4, 5, and 8 is as follows: A suspension of the ligand (19.8 �mol)
and the metal salt (19.8 �mol) in ACN (1.5 mL) was briefly heated until the
mixture was dissolved completely. The solution was stirred for additional
12 h at room temperature (in the case of solubility problems under reflux).
The complex was isolated by evaporation of the solvent or addition of
diisopropyl ether (5 mL) to the solution until a precipitate formed. The
precipitate was collected, washed with diisopropyl ether, and dried in
vacuo. The crude product was used directly for the measurements without
further purification.


Complex 3 : 1H NMR (200 MHz, [D3]ACN, 298 K): ���98.1, �97.3,
�27.1, �14.6, 0.2, 7.8, 11.7, 50.8, 53.5, 65.6, 122.4, 154.4, 235.3 ppm; FAB-
MS: m/z : 3079.6 [M�� 2BF4], 2992.6 [M�� 3BF4], 2905.7 [M�� 4BF4],
2818.7 [M�� 5BF4], 1496.3 [M2�� 3BF4], 1452.8 [M2�� 4BF4], 1409.3
[M2�� 5BF4]; elemental analysis calcd (%) for C112H80N24O16Co4B8F32: C
45.35, H 2.73, N 11.45; found: C 45.62, H 2.79, N 11.22.


Complex 4 : 1H NMR (200 MHz, [D3]ACN, 298 K): �� 0.5, 8.3, 42.0, 62.7,
63.8, 82.5, 117.3, 151.0 ppm; FAB-MS: m/z : 2774.4 [M�� 2BF4], 2687.6
[M�� 3BF4], 2601.0 [M�� 4BF4], 2514.4 [M�� 5BF4]; elemental analysis
calcd (%) for C136H96N24O16Co4B8F32: C 53.59, H 3.17, N 11.07; found: C
50.01, H 3.07, N 10.57.


Complex 5 : 1H NMR (200 MHz, [D3]ACN, 298 K): ���19.3, 1.9, 3.5, 8.0,
10.2, 13.1, 13.3, 21.5, 22.3, 40.6, 51.5, 73.7, 140.9, 167.6 ppm; FAB-MS: m/z :
3208.5 [M�� 2BF4], 3121.5 [M�� 3BF4], 3033.6 [M�� 4BF4], 2946.6
[M�� 5BF4], 1560.3 [M2�� 3BF4], 1516.8 [M2�� 4BF4], 1473.3 [M2��
5BF4]; elemental analysis calcd (%) for C144H128N24S8Co4P8F32: C 50.45,
H 3.87, N 10.08; found: C 50.04, H 3.50, N 9.71.


Complex 8 : 1H NMR (200 MHz, [D3]nitromethane, 298 K): �� 1.32 (br),
8.5 ppm (br); FAB-MS: m/z : 2673.9 [M�� 2ClO4], 2574.8 [M�� 3ClO4],
2474 [M�� 4ClO4], 2376.9 [M�� 5ClO4], 1286.9 [M�� 5BF4]2� ; elemental
analysis calcd (%) for C120H80N24Cl8Mn4O32: C 50.15, H 3.81, N 11.69;
found: C 50.24, H 2.98 , N 12.39.
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Synthesis and Formation Mechanism of Manganese Dioxide
Nanowires/Nanorods


Xun Wang and Yadong Li*[a]


Abstract: �-, �-, �-, and �-MnO2 single-
crystal nanowires/nanorods with differ-
ent aspect ratios have been successfully
prepared by a common hydrothermal
method based on the redox reactions of
MnO4


� and/or Mn2�. The influences of
oxidant, temperature, and inorganic cat-
ion (NH4


� and K�) template concentra-
tions on the morphology and crystallo-


graphic forms of the final products are
discussed in this paper. It is interesting
to find that all the MnO2 one-dimen-
sional nanostructures have a similar


formation process: �-MnO2, which has
a layer structure, serves as an important
intermediate to other forms of MnO2,
and is believed to be responsible for the
initial formation of MnO2 one-dimen-
sional nanostructures. A rolling mecha-
nism has been proposed based on the
results of the series of TEM images and
XRD patterns of the intermediate.


Keywords: manganese ¥
nanostructures ¥ rolling mechanism
¥ template synthesis


Introduction


For many years, manganese dioxides and derivative com-
pounds have attracted special attention, because of their
outstanding structural flexibility combined with novel chem-
ical and physical properties, which are of interest for the
following applications, for example, molecular sieves, cata-
lysts, and Li/MnO2 batteries.[1±15] Different structural forms of
MnO2 exist in nature, such as the �-, �-, �-, and �-types.[2] The
crystallographic forms are generally believed to be respon-
sible for their properties,[2, 3] and the controlled synthesis of
MnO2 has always been the focus of material scien-
tists.[1, 3, 4, 6, 8, 15±18] Meanwhile, with the development of one-
dimensional nanostructures, dimensionality and size of the
materials have also been regarded as critical factors that may
bring some novel and unexpected properties: for example,
isotropic or anisotropic behavior and region-dependent sur-
face reactivity, etc. So the synthesis of manganese dioxides
with well-controlled dimensionality, size, and crystal structure
should be of great significance.


On the basis of the redox reactions of MnO4
� and/or Mn2�,


several methods have been developed to prepare MnO2 with
different crystallographic forms, such as thermal,[8] re-


flux[9, 10, 11] hydrothermal,[6, 11, 15] and sol-gel,[17, 18] etc. The
influences of pH, countercations, temperature, concentra-
tions, and anions on the crystallinity and crystal forms of the
final products have been extensively studied. Particularly, the
effects of inorganic cation templates[19] on the formation of
different tunnel structures should be critical, as the tunnels of
different MnO2 crystal forms have different sizes and need
different amounts of cations to stabilize. In most of the
previously reported synthetic routes, these properties have
been controlled through the adjustment of the pH, with the
H3O� and/or H2O as possible stabilizing and/or molecular
ions,[9] for example, �-MnO2 tends to be favored in aqueous
concentrated acid, [9, 10, 11] whereas �-MnO2 forms preferen-
tially in aqueous concentrated base.[16] In this paper, we will
present a controllable, hydrothermal synthetic method for the
preparation �-, �-, �-, and �-MnO2 with the concentration of
inorganic cations (NH4


� and K�) as the main influencing
factors and pH left just as it is. It is worth noting that all the
products examined have nanowires/nanorods morphologies,
which may bring some novel properties for their reduced
dimensionality.


Although �- and Tokorokite-type MnO2 have been found
to have fiber or needle morphologies,[6, 11, 15] few studies have
been focused on the synthesis of MnO2 nanowires/nanorods
with different crystal structures,[10, 20, 21, 22] especially about
their formation process. In fact, despite the several successful
techniques in the synthesis of one-dimensional nanostruc-
tures, such as thermal evaporation,[23] nanotube or mesopo-
rous materials confinement,[24, 25] solution-based synthe-
sis,[26, 27, 28, 29] microemulsion,[30] vapour-liquid-solid (VLS)
growth,[31, 32] etc., there is still a lack of a general under-
standing about the anisotropic growth of one-dimensional
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nanostructures. Very recently, in our synthesis of Bi,[33] WS2,[34]


titanate, and [35] VOX
[36] nanotubes and W nanowires,[37] we


have found that one-dimensional nanostructures can be
obtained from the rolling of a natural or artificial lamellar
structure. Under certain conditions, a layer structure may
begin to curl (the interaction between the neighboring layers
could be reduced from the edges of the layer, while keeping
the interactions of the in-layer atoms or molecules), and the
thus-obtained tubular structure may serve as the original
driving force for the growth of one-dimensional nanostruc-
tures.[34] A clear understanding about the bending of the
graphite under high temperature or electron beam irradiation
has been elucidated;[38, 39] this further strengthens the possi-
bility of the rolling process of a lamellar structure. Among the
several crystallographic forms of MnO2, �-MnO2 alone has a
layer structure,[2] which is indispensable in the rolling mech-
anism. So our studies have been focused on the role that �-
MnO2 plays in the formation of the other structural MnO2


one-dimensional nanostructures. According to our experi-
ment results, �-MnO2 serves as an important intermediate to
other forms, and is responsible for the formation of MnO2


one-dimensional nanostructures.


Results and Discussion


Phase-controlled synthesis of �, �-, and �-MnO2 nanowires/
nanorods by a liquid-phase oxidation method : With Mn2� as
the main Mn source, �-, �-, and �-MnO2 nanowires/nanorods
could be obtained by a liquid-phase oxidation method
(Table 1).


(NH4)2S2O8 was used as the oxidizing reagent for MnSO4,
and the whole reaction is given in Equation (1):


MnSO4� (NH4)2S2O8� 2H2O � MnO2� (NH4)2SO4� 2H2SO4 (1)


Under hydrothermal conditions, �- and �-MnO2 were
obtained by varying the concentration of NH4


� and SO4
2�,


which coexist with the corresponding ions Mn2� and S2O8
2� in


the reaction system. The final products of direct reaction of
(NH4)2S2O8 and MnSO4 is �-MnO2 (Figure 1B, JCPDS 24-
0735); however, if the direct reaction occurs at 90 �C, 1 atm, �-
MnO2 (Figure 1C) is obtained. The phase changes to �-MnO2


(Figure 1A, JCPDS 44-0141) when certain amount of
(NH4)2SO4 (e.g., 0.02 mol) is introduced to the reaction
system.


Figure 1. A) XRD pattern of �-MnO2 (sample 3); B) XRD pattern of �-
MnO2 (sample 1); C) XRD pattern of �-MnO2 (sample 2).


All the �-MnO2 samples have a ribbonlike nanowires
morphology with diameters of 5 ± 20 nm and lengths ranging
between 5 and 10 �m. As is shown in Figure 2A, most of the �-
MnO2 nanowires have a smooth texture, and some of them are
slightly bent. The �-MnO2 phase was observed to exist as
nanorods with diameters 40 ± 100 nm and lengths ranging
between 2.5 ± 4.0 �m (Figure 2B). The aspect ratios of �-
MnO2 change with the concentration of (NH4)2SO4, as can be
seen in Figure 2C. Compared with �- and �-type, �-MnO2 has
a smaller aspect ratio of 5 ± 10 (Figure 2D). High-resolution
TEM images of �- and �-MnO2 as well as electron diffraction
patterns from a single rod of the corresponding samples are
shown in Figures 2E and F, respectively.


Although pH is generally believed to have great impact on
the crystal forms of the final products,[9, 10, 11, 16] in our system,
the pH is relatively stable (kept at about 2.5), and does not
change much with the addition of (NH4)2SO4 to the system; so
the key to different crystal forms does not appear to be the
pH.


It is apparent that pressure and ion concentration (NH4
�


and SO4
2�) have played an important role in determining the


crystal structure and morphology of the final products. �-, �-,
and �-MnO2 are all constructed from chains of {MnO6}
octahedra, which are linked in different ways so that they have
2� 2, 1� 1, and 1� 2 tunnels in their structures, respectively.
Under the hydrothermal conditions, it seems that the sym-
metrical structures of 1� 1 and 2� 2 tunnels are more stable
and can be easily obtained. As far as the less symmetrical
structure of 1� 2 tunnels is concerned, a lower pressure is
necessary, as has been proved by the formation of �-MnO2 at
1 atm. This may also be the reason why we cannot get �-MnO2


by simply changing the concentration of NH4
� under hydro-


thermal conditions, in contrast to the preparation of �-MnO2.
The concentration of (NH4)2SO4 can be regarded as the key


Table 1. MnO2 nanowires/nanorods obtained under different reaction conditions.


Sample Experimental conditions Phase Morphology
oxidant T [�C] (NH4)2SO4 [mol] diameter [nm] length [�m] % nanowires


1 (NH4)2S2O8 140 0 � 40 ± 100 2.5 ± 4.0 � 95
2 (NH4)2S2O8 90 0 � 20 ± 40 0.1 ± 0.2 � 90
3 (NH4)2S2O8 140 0.02 � 5 ± 20 5 ± 10 � 95
4 (NH4)2S2O8 140 0.007 � 20 ± 30 5 ± 10 � 95
5 (NH4)2S2O8 (0.0008 mol) 140 0.0022 � 200 ± 400 1 ± 3 � 85
6 NaClO 180 0 � 30 ± 40 1 ± 2 � 90
7 NaClO 180 2 mL HCl � 60 ± 80 0.5 ± 1 � 80
8 NaClO 180 0.02 (NH4Cl) � 20� 40 4 ± 8 � 90
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Figure 2. A) TEM image of the �-MnO2 ribbonlike nanowires (sample 3);
B) TEM image of �-MnO2 nanorods (sample 1); C) TEM image of �-MnO2


nanorods (sample 4); D) TEM images of �-MnO2 nanorods (sample 2);
E) HRTEM image of �-MnO2 (sample 3), spacing d� 0.701 nm, and
electron diffraction pattern; F) HRTEM image of �-MnO2 (sample 1),
spacing d� 0.318 nm, and electron diffraction pattern.


factor in the synthesis of �- and �-MnO2 nanowires. Certain
amounts of NH4


� are needed to stabilize the 2� 2 tunnel
structure in the synthesis of �-MnO2. To control the aspect
ratios of the final products, we employed a strategy of varying
the concentration of SO4


2�. Based on the experiment results, a
higher ion concentration is beneficial for the anisotropic
growth of MnO2, and results in a much narrower rod. Since no
additional ions are added in our synthesis, higher purity will
be expected.


Temperature and reactant molecular concentration can also
influence the morphology of the products. It is generally
believed that temperature can affect crystal growth in several
ways, all of them resulting in smaller crystal size at lower
temperature. From our experiments, a higher temperature is
preferable for the anisotropic growth of crystal, and results in
a product with higher aspect ratios. At a lower concentration,
shorter nanorods will be obtained (Table 1, sample 5). In our


adopted temperature range (100 ± 180 �C), the phase does not
change with the temperature, and the crystallinity decreases
with the decrease in temperature.


The influence of the anion on the crystal forms of the
products have been studied by Kijima et al. ,[9] and they found
that �-MnO2 tends to form in concentrated H2SO4 instead of
HCl or HNO3. To investigate the effects of different anions,
NaClO was used to oxidize Mn2� with NH4Cl as a possible
template; however, this resulted in the formation of �-MnO2


only. By increasing the concentration of NH4Cl, a product
with the same phase and less crystallinity is obtained, and an
excess amount of NH4Cl leads to the formation of a low-
valence-state manganese oxide mixture. We have tried to
control morphology of the final products by adding NH4Cl or
HCl (concentrated, 2 mL) to the system; the aspect ratios of
the products also changed (see Table 1 and the Supporting
Information).


Phase-controlled synthesis of �, �-, and �-MnO2 nanorods by
a comproportionation method : For this method KMnO4 was
used as the oxidizing reagent for MnSO4, and the whole
reaction is given in Equation (2):


2KMnO4� 3MnSO4� 2H2O � 5MnO2�K2SO4� 2H2SO4 (2)


On the other hand, KMnO4 decomposes in solution[40] and
so we get Equation (3):


KMnO4� [(1� x�2y)/2]H2O �
KxMnO2 ¥ yH2O� (1� x)KOH� [(3�x)/4]O2


(3)


Suib et al. have prepared �-MnO2 by a similar hydro-
thermal method with the same reaction, in which pH plays an
important role in influencing the crystallographic form of the
final products; the �-type was obtained when the temperature
was kept above 120 �C.[11] In our experiment, we found that
just by varying the molar ratio of KMnO4 and MnSO4, MnO2


nanorods with different crystallographic forms could be
obtained in a wide temperature range without adjusting the
pH of the system, and even at a temperature as high as 180 �C,
�-MnO2 could also be obtained.


In our experiment, �-MnO2 nanorods (Figure 3C, indexed
to JCPDS 80-1098 and Figure 4D) have been obtained when


Figure 3. A) XRD pattern of the �-MnO2 nanorods obtained from the
KMnO4/MnSO4 reaction system (2.5:1, 160 �C). B) XRD pattern of the �-
MnO2 nanorods obtained from the KMnO4/MnSO4 reaction system (2:3,
160 �C). C) XRD pattern of the �-MnO2 nanorods obtained from the
KMnO4/MnSO4 reaction system (6:1, 160 �C).
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Figure 4. A) TEM image of �-MnO2 nanorods obtained from the KMnO4/
MnSO4 (2.5:1, 180 �C) reaction system; B) TEM image of �-MnO2 nano-
rods obtained from the KMnO4/MnSO4 (2:3, 160 �C) reaction system;
C) TEM image of �-MnO2 nanorods with larger aspect ratios obtained
from the KMnO4/MnSO4 (1:1, 160 �C) reaction system; D) TEM image of
�-MnO2 nanorods with larger aspect ratios obtained from the KMnO4/
MnSO4 (6:1, 160 �C) reaction system.


pure KMnO4 or a high molar ratio (around 6:1) of a KMnO4/
MnSO4 mixture is hydrothermally treated at 160 �C. When the
molar ratio of KMnO4/MnSO4 is controlled at about 2.5:1, the
products prove to be �-MnO2 (Figure 3A) naorods with
diameters 20 ± 80 nm and lengths ranging between 2 and 6 �m
(Figure 4A). When the molar ratio is adjusted to about 2:3,
the reaction results in �-MnO2 (Figure 3B) nanorods with
diameters 40 ± 100 nm and lengths 0.5 ± 1.0 �m (Figure 4B).
The single-crystal nature of the �-, �-, and �-MnO2 nanorods
are revealed by the electron diffraction patterns, which were
taken from a single rod of each of the corresponding samples.
The percentage of nanorods formed could be readily kept
above 95% in typical �- and �-MnO2 samples, and a value of
about 70% was obtained in �-MnO2 samples.


It might be believed that only reaction (2) occurs at a
molAr ratio of 2:3, while a combination of reactions (2) and
(3) will occur simultaneously at molar ratios of 2.5:1 and
6:1.


The concentration of K� ions may be the key to phase-
controlled synthesis, since no additional OH� or H� are added
to the system and the pH does not change much when molar
ratio is changed. The �-, �-, and �-MnO2 phases have 2� 2,
1� 1 tunnels, and layer structures, respectively. The K� ion
can serve as a template in the formation of these tunnel or
layer structures;[19] however, different amounts of K� are


needed for the formation of different structures. Layer
structures may need more cations or H2O molecules to be
stable. So �-MnO2 is produced at a higher K� concentration,
while �- and �-MnO2 are obtained at comparatively lower K�


concentrations with molar ratios adjusted to 2.5:1 and 2:3,
respectively.


The aspect ratios of the pure phase �-MnO2 nanorods
change if the molar ratio of KMnO4/MnSO4 is varied between
3:1 and 1.75:1, while �-MnO2 single-crystal nanorods with
tunable morphologies can be obtained in the range of 1:1 and
2:3 (Figure 4C).


Temperature also has an influence on the morphology of
different MnO2 nanorods to some extent; however, this is a
less influential factor compared with the mole ratio.


The formation mechanism of MnO2 one-dimensional nano-
structure under hydrothermal conditions : From the above
experimental results, although the Mn sources are different,
the MnO2 one-dimensional nanostructures have been ob-
tained in similar ways. Considering the similarity of their
structures and the comparability of the synthetic routes, do
they have a common growth process to one-dimensional
nanostructures? And what is the original driving force for the
initial formation of rodlike nanostructures in solution? Xiao
et al. have proposed that the hollandite-type MnO2 random-
weave nanofibrous structure develops from an initial nano-
particle agglomerated mass under the reflux conditions.[10]


However, based on our experiment results, we prefer to
believe that a rolling mechanism is responsible for the
formation of MnO2 nanowires/nanorods.


To investigate the formation process of MnO2 one-dimen-
sional nanostructures under hydrothermal conditions, we
varied the reaction time of the synthesis: A)20 min,
B)30 min, C)45 min and D)1 h. Although we know that the
reaction does not stop immediately after the autoclave is
removed from the heater owing to heat transfer reasons, we
do believe that the precipitates we have obtained represent
certain stages in the formation process.


The corresponding samples have been examined by XRD
and TEM. As is shown in Figure 5B the XRD patterns of �-
MnO2 in a (NH4)2S2O8/MnSO4 reaction system, taken after
30 min hydrothermal treatment, can be readily indexed to
that of �-MnO2. All the samples dispersed on the TEM grids
show lamellar structure morphologies (Figure 6A). Most of
them have shown the tendency to curl, and some of them have
grown into a tubular structure (Figure 6B and C). When the


Figure 5. A) XRD pattern of the �-MnO2 intermediate (Table 1, sample 3)
after hydrothermal treatment for 2 h; B) XRD pattern of the �-MnO2


intermediate (Table 1, sample 3) after hydrothermal treatment for 30 min.
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reaction time is prolonged to 45 min, tubelike structures are
observed (Figure 6D). However, after a further prolonged
reaction time (1.5 h), the curling and tubelike structures
disappear, and only shorter nanowires are obtained; the XRD
patterns of the samples show a great similarity to that of �-
MnO2 with a less crystallinity (Figure 5A).


According to the XRD patterns of the intermediate (30 min
and 1.5 h), a ��� phase transformation must have taken
place in the formation process of �-MnO2; this is reasonable
since �-MnO2 has been used as a precursor for other types of
MnO2 materials prepared by thermal decomposition or
hydrothermal treatment.[6, 15] Among the several crystal forms
of MnO2, �-MnO2 alone has a layer structure, which has also
been proved by the TEM images of the intermediate
(Supporting Information). The curling and tubular structure
in the intermediate, together with the XRD patterns, may
serve as the most powerful proof that the rolling mechanism is
responsible for the initial formation of �-MnO2 nanowires.


Similar XRD patterns of �-MnO2 have also been obtained
from the intermediate (after 1 h) of �-MnO2 in a KMnO4/
MnSO4 reaction system (Figure 7A) or the intermediate of �-
MnO2 (KMnO4 hydrothermal for 2 h; Figure 7D). TEM
images of the samples show lamellar and curling structures
(Figure 6E). All the information seems to indicate that
although �-MnO2 has been got from different synthetic
methods, they have undergone a similar growth process.


The growth process of �-
MnO2 nanorods ((NH4)2S2O8/
MnSO4 and KMnO4/MnSO4 re-
action systems) has also been
investigated in a similar way. A
similar morphology-developing
process (from lamellar to nano-
rods) has also been observed.
The XRD patterns of the inter-
mediates (after 1 h) can be
indexed to �- and �-MnO2 (Fig-
ures 7C and B), respectively;
this indicates a different
phase-transformation process.
within the limitation of our
experimental conditions, the
XRD patterns of �-MnO2 as
intermediates have not been
obtained. However, we do not
think that it means �-MnO2


does not exist in the formation
process of �-MnO2. As far as
the concentration of stabilizing
cations is concerned, the �-
MnO2 formation system is the
lowest. So it would be reason-
able to imagine that the col-
lapse of the layer structure of
MnO2 occurs very quickly, and
that the �-MnO2 stage is hard to
be separated from the following
stages. Actually, if we take sam-
ples from the (NH4)2S2O8/


MnSO4 system after hydrothermal treatment for 20 min or
from the KMnO4/MnSO4 system after hydrothermal treat-
ment for 30 min, all the TEM images show layer structures
(Figure 6F and Supporting Information). Similar structure
also exists in the NaClO/MnSO4 system (Supporting Infor-
mation). So the phase transformation of �-MnO2 must also
have a corresponding stage of �-MnO2.


Based on the above experimental results, we suggest that
under hydrothermal conditions all the MnO2 one-dimensional
nanostructures have a common developing process, which is


Figure 7. A) XRD pattern of the �-MnO2 intermediate (KMnO4/MnSO4,
2:1, 160 �C) after hydrothermal treatment for 1 h; B) XRD pattern of the �-
MnO2 intermediate (KMnO4/MnSO4, 1:1, 160 �C) after hydrothermal
treatment for 1 h; C) XRD pattern of the �-MnO2 intermediate (Table 1,
sample 1) after hydrothermal treatment for 1 h; D) XRD pattern of the �-
MnO2 intermediate (pure KMnO4, 180 �C) after hydrothermal treatment
for 1 h.


Figure 6. A) TEM image of the �-MnO2 intermediate (Table 1, sample 3) after hydrothermal treatment for
30 min; B) HRTEM image of the curling intermediate (from Figure 7A) after hydrothermal treatment for
30 min; C) HRTEM image of the corresponding part in Figure 7B; D) TEM image of the �-MnO2 tubular
intermediate (Table 1, sample 3) after hydrothermal treatment for 45 min; E) TEM image of the �-MnO2


intermediate (KMnO4/MnSO4, 2:1, 160 �C) after hydrothermal treatment for 1 h; F) TEM images of the �-
MnO2 intermediate (KMnO4/MnSO4, 2:3, 160 �C) after hydrothermal treatment for 30 min.
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characteristic of a rolling mechanism and phase transforma-
tion.


A possible mechanism may be defined as follows:
1) Under hydrothermal conditions the MnOx units will


appear first in the solution, and then through a condensa-
tion reaction they will form sheets of �-MnO2.


2) The layer structure of �-MnO2 tends to curl with an
elevated temperature and pressure; this is the decisive step
for the formation of MnO2 one-dimensional nanostruc-
tures. Some tubular structure may appear in the system.


3) The lamellar structure of MnO2 is in a metastable state. If
there are not enough cations, the layer structure will
collapse. Due to the difference in the concentration of
existing cations, the collapse will take place in several
ways: �-MnO2 will keep its structure as enough K� have
been provided; when a moderate amount of K� or NH4


�


exist, the layer structure will directly collapse into 2� 2
tunnel structure of �-MnO2; in the case of �-MnO2, it
seems that the layer structures will collapse into 2� 2
(KMnO4/MnSO4 reaction system) or 1� 2 ((NH4)2S2O8/
MnSO4 reaction system) tunnel structure at first, then into
the 1� 1 structure of �-MnO2.


4) Along with the phase transformation, the tubular and
curling lamellar structures will grow into nanowires.


5) During the following hydrothermal process, the shorter
nanowires may redissolve into the solution phase, and the
longer ones grow into much longer ones.


6) The aspect ratios of the final products are determined by
the ion concentration existing in the reaction system and
the anisotropic nature of the corresponding crystal struc-
tures.


Although other unknown factors may exist that influence
the growth of MnO2 one-dimensional nanostructures, such as
the influence of anions, and so forth, the above mechanism is
in good agreement with our experiment results.


A similar process for the formation of rods through the
folding of lamella in a surfactant mesophase has been
reported by Yada et al. ; they found that the folding of
aluminum-based flexible layers produced various precursors,
which then grew into versatile morphologies including the
rodlike shape.[41] Other cases have also been encountered in
our synthesis of Cu2O and CdS nanowires/nanorods.[42] All
these make us believe that rolling mechanism may be a
general one in solution-based template-free growth of one-
dimensional nanostructures.


Conclusion


In this paper, we have developed a facile hydrothermal
method for the preparation of MnO2 nanowries/nanorods
with different crystal forms by simply altering the inorganic
templates concentrations. This low-temperature synthetic
route, involving no catalysts or templates and requiring no
precise equipment, can be easily adjusted to prepare MnO2


one-dimensional nanostructures on a large scale. Although
the Mn sources are different, MnO2 one-dimensional nano-
structures have undergone a similar formation process, which
is characteristic of a rolling mechanism and phase trans-


formation. The suggested growth mechanism is in good
agreement with our experimental results and may be a
general one for the growth of one-dimensional nanostructures
of other compounds.


Experimental Section


Chemicals : All the chemicals were of analytical grade and used as received
without further purification. Deionized water was used throughout.
Manganese sulfate (MnSO4 ¥H2O), ammonium persulfate ((NH4)2S2O8),
ammonium sulfate ((NH4)2SO4), potassium hypermanganate (KMnO4),
and sodium hypochlorite (NaClO, active Cl atom�5.2%) were all supplied
by Beijing Chemical Reagent Company.


Method A : (NH4)2S2O8 was as the oxidizing reagent for MnSO4 this
method.[21] For a typical synthesis, MnSO4 ¥H2O (0.008 mol) and an equal
amount of ammonium persulfate ((NH4)2S2O8) were put into distilled water
at room temperature to form a homogeneous solution, which was then
transferred into a 40 mL Teflon-lined stainless steel autoclave, sealed and
maintained at 140 �C for 12 h. After the reaction was completed, the
resulting solid product was filtered, washed with distilled water to remove
ions possibly remnant in the final products, and finally dried in air. The
amount of (NH4)2SO4, temperature, aging time, and pressure were altered
on the basis of this synthesis.


Method B : On the basis of Method A, KMnO4 was used as the oxidizing
reagents for MnSO4.[22] The molar ratio of KMnO4 and MnSO4 ¥H2O was
varied in the phase-controlled synthesis of �-, �-, and �-MnO2 nanorods
with the molar number of Mn atoms kept about 0.0044 mol. Temperature
was kept about 160 �C for a typical synthesis, and varied in a range of 120 ±
180 �C. Details are available in text.


Powder X-ray diffraction (XRD): The phase purity of the products were
examined by XRD by using a Brucker D8-advance X-ray diffractometer
with CuK� radiation (�� 1.5418 ä), the operation voltage and current
keeping at 40 kVand 40 mA, respectively. The 2� range 10 ± 70�was used in
steps of 0.02� with a count time of 2 s.


Transmission electron microscopy (TEM): The size and morphology of the
products were observed by using a Hitachi Model H-800 transmission
electron microscope, with a tungsten filament at an accelerating voltage of
200 kV. Samples were prepared by placing a drop of dilute alcohol
dispersion of nanocrystals on the surface of a copper grid. Electron
diffraction and energy dispersive X-ray analysis were also performed to
study the single-crystal nature or element components of the samples on
H-800 TEM. Structural information of the nanocrystals was measured by
high-resolution transmission electron microscopy (HRTEM) on a JEOL
JEM-2010F transmission electron microscope operated at 200 kV. Electron
diffraction was also performed on samples during HRTEM measurements.
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Total Synthesis of Woodrosin I–Part 1: Preparation of the Building Blocks
and Evaluation of the Glycosylation Strategy


Alois F¸rstner,* Fabien Jeanjean, Patrick Razon, Conny Wirtz, and Richard Mynott[a]


Abstract: The preparation of three
building blocks required for the total
synthesis of woodrosin I (1) is outlined,
a complex resin glycoside bearing a
macrolide ring which spans four of the
five sugars of its oligosaccharide back-
bone. Key steps involve the enantiose-
lective, titanium-catalyzed addition of
dipentylzinc to 5-hexenal, the glycosyla-
tion of the resulting alcohol 18 with the
glucose-derived trichloroacetimidate 7,
and further elaboration of the resulting


product 19 into disaccharide 22 on treat-
ment with the orthogonally protected
glycosyl donor 15. The trichloroacetimi-
date method is also used for the forma-
tion of the second synthon represented
by disaccharide 38. A model study shows
that the assembly of the pentasacchari-


dic perimeter of 1 depends critically on
the phasing of the glycosylation events
between fragments 22, 38 and the rham-
nosyl donor 27 due to the severe steric
hindrance in the product. A particularly
noteworthy finding is the fact that diol
22 can be regioselectively glycosylated
at the 3�-OH group in high yield without
protection of the neighboring 2�-OH
function.


Keywords: carbohydrates ¥ glyco-
lipids ¥ glycosides ¥ macrolides ¥
natural products


Introduction


Plants belonging to the morning glory family (Convolvula-
ceae) are known as rich sources of alkaloids and resin
glycosides. Although chemical investigations on the latter
have been initiated as early as the middle of the 19th
century,[1] it was not until the advent of modern spectroscopic
techniques that the amazing structures of such glycolipids
could be elucidated. Resin glycosides are conjugates between
complex oligosaccharide entities and (11S)-hydroxyhexa-
decanoic acid (jalapinolic acid) as the common aglycon in
virtually all members of this series. The latter is frequently
tied back to form a characteristic macrolactone ring spanning
two or more sugar units of the backbone.[2±14] Further
carboxylic acids may complement the peripheral acylation
pattern.[14] The sophisticated molecular arrays thus formed
exhibit a well-balanced hydrophilicity/hydrophobicity profile.[15]


The biological properties of resin glycosides are by no
means fully understood. A closer examination of this family of
natural products, however, seems to be rewarding, especially
since many of them are isolated from plants that are essential
ingredients of traditional medicine recipes.[2±4, 8, 12, 13] In a few
cases, purified resin glycosides have been studied and were


found to elicit effects as diverse as cytotoxicity against human
cancer cell lines,[2, 4b, 11, 12] hemolytic action,[13b] antibacterial
activity,[2, 12] ionophoretic properties,[13] purgative func-
tion,[4, 14] or a significant capacity for regulating plant
growth.[2, 17] A systematic survey, however, including a study
of the immune response of mammals to resin glycosides is still
missing.
To probe these diverse physiological properties in more


detail, a synthesis-driven mapping of the structure/activity
relationships is called for. Because of the difficulties posed by
such intricate structures, however, hardly any systematic work
has been devoted to this area and only few successful total
syntheses have been reported.[16±22] Most prominent among
them are three independent approaches to the cytotoxic agent
tricolorin A (2)[20±22] together with a synthesis of its congener
tricolorin G (3).[22] Outlined below and in the following paper
of this issue is the first total synthesis of woodrosin I (1),[23] an
ether-insoluble resin glycoside isolated from the stems of
Ipomoea tuberosa L. (Merremia tuberosa (L.) Rendle), com-
monly called ™woodrose∫ after the shape of its dried
calyx.[24±26] Compound 1 is certainly the structurally most
demanding resin glycoside to be conquered by total synthesis
so far. Particular challenges arise from the 27-membered
macrolide ring spanning four glucose (Glc) units, the com-
plementary acylation pattern at its periphery which seriously
restricts the choice of temporary protecting groups, as well as
the branched pentasaccharide backbone entailing severe
steric hindrance at vicinal positions.


[a] Prof. A. F¸rstner, Dr. F. Jeanjean, Dr. P. Razon, C.Wirtz, Dr. R.Mynott
Max-Planck-Institut f¸r Kohlenforschung
45470 M¸lheim/Ruhr (Germany)
Fax: (�49)208-306-2994
E-mail : fuerstner@mpi-muelheim.mpg.de
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Results and Discussion


Retrosynthetic analysis : En-
couraged by our previous suc-
cessful implementation of ring
closing metathesis (RCM)[27] in
the total syntheses of 2 and 3,[22]


it was envisaged that the cycli-
zation of the 27-membered core
of 1 could be achieved by the
same method. To ensure max-
imum efficiency, it is essential
to avoid the formation of stable
chelates between the inter-
mediate Lewis-acidic metal car-
bene species with the polar
substituents of the substrate as
such arrays seriously attenuate
the activity of the catalysts
used.[28, 29] This should be possi-
ble by targeting the C-6/C-7
bond within the aliphatic tether
(Scheme 1).
Since the cycloalkene formed


by RCM has to be hydrogenat-
ed in any case, it is advanta-
geous to choose the residual
protecting groups R such that
they are cleaved off simultane-
ously. For this purpose benzyl
ethers or benzylidene acetals
seemed to be most appropriate.
Because these groups do not
anchimerically assist in the for-


mation of the required �-glycosidic linkages between the
individual glucose units,[30] it seemed necessary to block the
2-OH function of Glc�� by a different substituent R� that would
direct the glycosylation as desired yet could be removed
without damaging the macrolactone. A chloroacetyl group
should fulfill these stringent criteria.[31] The stereoselective
formation of the other glycosidic linkages is ensured by the
6-heptenoic acid residue in the terminal glucose which later
serves the RCM event, as well as by the residual methylbu-
tyrate ester in the rhamnosyl donor as indicated in Scheme 1.
To gain maximum efficiency, the cyclization precursorABC


must be assembled in a highly convergent manner from
rhamnose B and the two disaccharidic building blocks A and
C. Since steric as well as stereoelectronic factors were
expected to render the formation of the branching point in
the pentasaccharide backbone rather difficult, it was not clear
at the outset which order of glycosylation events is optimal
(A�B�AB�C�ABC versus A�C�AC�B�ABC). In
any case, the trichloroacetimidate method[30b, 32] seemed to be
most promising for these strategic maneuvers.


Preparation of the required building blocks–Synthon A : The
synthesis of the first disaccharidic building block representing


Scheme 1. Retrosynthetic analysis.
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synthon A closely followed previous studies from our labo-
ratory (Scheme 2).[33] Specifically, acetobromoglucose 4 was
converted into orthoester 5 on a large scale following a
literature procedure.[34] Substitution of the O-acetyl for
O-benzyl groups (5� 6),[33, 34b] acid catalyzed hydrolysis of
the orthoester followed by treatment of the mixture of
acetates thus formed with Cl3CCN and Cs2CO3 delivers the
differentially protected trichloroacetimidate 7 as the only
product in good yield.[35]


Alternatively, the same compound was prepared from
commercially available tri-O-benzyl-�-glucal (8), which was
then dihydroxylated with OsO4 cat. and N-methyl-morpho-
line-N-oxide (NMO) as the stoichiometric oxidant to afford
3,4,6-tri-O-benyzl-�-glucose (9) as the only product
(Scheme 2).[36] Acetylation under standard conditions fol-
lowed by regioselective cleavage of the anomeric OAc group
in 10 with hydrazinium acetate[37] furnished hemiacetal 11
which reacts with Cl3CCN and Cs2CO3 to give glycosyl donor
7 in excellent overall yield.


Scheme 2. [a] sym-Collidine, EtOH, ethyl orthoacetate, cf. ref. [34].
[b] BnBr, KOH, THF, 81%. [c] Aq. HOAc, 93%. [d] Cl3CCN, Cs2CO3,
CH2Cl2, 92%. [e] OsO4 cat. , NMO, acetone/H2O. [f] Ac2O, Et3N, CH2Cl2,
94% (over both steps). [g] H2NNH2 ¥HOAc, DMF, 90%. [h] Cl3CCN,
Cs2CO3, CH2Cl2, 83%.


The second glucosyl donor was derived from the well
accessible 4,6-O-benzylidene acetal 12[38] which was peracetyl-
ated, deprotected at the anomeric position and converted into
trichloroacetimidate 15 (mixture of anomers) under standard
conditions (Scheme 3).[22]


Scheme 3. [a] Ac2O, pyridine, DMAP cat., 96%. [b] BnNH2, THF, then
HCl (1�), 78%. [c] Cl3CCN, Cs2CO3, CH2Cl2, 76%.


Compound 7was then glycosylated with (6S)-undec-1-en-6-
ol (18) which was obtained on a multigram scale in enantio-
merically pure form (ee�99%) upon addition of dipentylzinc
to 5-hexenal (16) in the presence of a catalyst formed in situ
from Ti(OiPr)4 and bis-trifluoromethanesulfonamide (17)[39]


as previously described (Scheme 4).[22] Cleavage of the 2-O-
acetyl group (19� 20) set the stage for the formation of


Scheme 4. [a] Zn(C5H11)2, 17 (2 mol%), Ti(OiPr)4, toluene, 86%, ee �


99%. [b] Compound 7, BF3 ¥ Et2O, CH2Cl2/hexane, �20 �C, 68%.
[c] NaOMe cat., MeOH, quant. [d] Compound 15, BF3 ¥Et2O, CH2Cl2/
hexane, �20 �C, 82%. [e] NaOMe cat., MeOH, 88%.


disaccharide 21. For this purpose, trichloroacetimidate 15 was
treated with alcohol 20 in the presence of catalytic amounts of
BF3 ¥Et2O in a mixture of CH2Cl2/hexane at �20 �C to give
product 21 in 82% yield. Deacetylation completed the
preparation of building block 22 required for the synthesis
of woodrosin I.


Preparation of the rhamnosyl donor : Synthon B is obtained
from allyl �-rhamnoside 23[40] by regioselective benzylation
at O-3 using established stannylation methodology
(Scheme 5).[41] Esterification of the resulting product 24 with
commercially available (2S)-methylbutyric acid in the pres-
ence of DCC and catalytic amounts of DMAP provided
compound 25 which was deprotected at the anomeric position
by means of palladium on charcoal in acidic MeOH as the
reaction medium.[42] Hemiacetal 26 was then converted into
trichloroacetimidate 27 on exposure to Cl3CCN and Cs2CO3.


Scheme 5. [a] i) Bu2SnO, toluene, reflux; ii) CsF, BnBr, DMF, 72%.
[b] (2S)-Methylbutyric acid, DCC, DMAP, CH2Cl2, 89%. [c] Pd/C, pyr-
idinum toluenesulfonate cat., MeOH, 80%. [d] Cl3CCN, Cs2CO3, CH2Cl2,
92%.


Preparation of synthon C : Building block C was conceptually
more challenging and various approaches can be envisaged.
Originally, a synthesis based on the glycal assembly method
was favored which promised to solve the selectivity issues
quite elegantly.[43] Unfortunately, problems arose when the
reactions were carried out on a larger scale. Therefore an
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alternative solution was developed which featured a useful
but as yet largely unexplored aspect of the powerful
trichloroacetimidate method pioneered by Schmidt.[32]


Specifically, our synthesis (Scheme 6) started from 3,4,6-tri-
O-benzyl-�-glucose (9) which derives from �-glucal as out-
lined above. Esterification with 6-heptenoic acid in the
presence of DCC and DMAP followed by regioselective
deprotection of the anomeric position in 28 provided product
29 which converted into the trichloroacetimidate 30 without
any problems.


Scheme 6. [a] 6-Heptenoic acid, DCC, DMAP cat., CH2Cl2, 99%.
[b] H2NNH2 ¥HOAc, DMF, 83%. [c] Cl3CCN, Cs2CO3, CH2Cl2, 87%.


The glucosyl acceptor was also prepared from �-glucal
(Scheme 7). Regioselective silylation of the primary OH
group with TBSCl and imidazole followed by esterification of
the resulting product 31[44] with (2S)-methylbutyric acid
afforded product 32 under standard conditions and set the
stage for a dihydroxylation with OsO4 cat. and NMO. This
reaction was found to be virtually quantitative and delivered
the gluco-configured diol 33 as the only product, which was
chloroacetylated to provide compound 34 in excellent overall
yield.


Scheme 7. [a] (2S)-methylbutyric acid, DCC, DMAP, CH2Cl2, 93%.
[b] OsO4 cat. , NMO, acetone/H2O (9:1), quant. [c] Chloroacetic acid
anhydride, Et3N, DMAP cat., CH2Cl2, �20�� 10 �C, 83%. [d] BF3 ¥Et2O,
CHCl3, 81%. [e] H2NNH2 ¥HOAc, DMF, 79%.


To streamline the subsequent glycosylation events, it was
desirable to cleave the OTBS group at C-6 and the chloro-
acetyl function at C-1. HF in pyridine was found to effect both
deprotections simultaneously; unfortunately, however, only
48% of diol 36 could be obtained. Therefore a two-step
protocol was favored comprising the selective removal of the
OTBS function by means of BF3 ¥Et2O in CHCl3 at ambient
temperature (82%),[45] followed by treatment of the resulting


product 35with hydrazinium acetate[37] in DMF to unmask the
anomeric center (79%).[46]


Gratifyingly, diol 36 thus obtained underwent a highly
efficient, regio- as well as diastereoselective glycosylation
with trichloroacetimidate 30 (Scheme 8). Because the anome-
ric position of the resulting disaccharide 37 was already


Scheme 8. [a] BF3 ¥Et2O, CH2Cl2, �20 �C, 86%. [b] Cl3CCN, Cs2CO3,
CH2Cl2, 54%.


unmasked, this compound was directly amenable to the
preparation of the next glycosyl donor, that is product 38,
which corresponds to building block C required for the
assembly of woodrosin I. This smooth reiterability of the
trichloroacetimidate method by using 1,�-unprotected sugars
such as 36 is an as yet largely unexplored feature deserving
further in-depth investigation. It also comes into play during
the further elaboration of the backbone as described below.


Study on the phasing of the glycosylation events during the
assembly of the pentasaccharide backbone : With synthons
A ±C in hand, two options for a highly convergent assembly of
the metathesis precursor required en route to woodrosin I (1)
can be envisaged. In analogy to our previous total synthesis of
tricolorin G (3),[22] we first pursued the coupling of synthonsA
and B, followed by the attachment of the disaccharidic
building block C to the trisaccharide thus formed.
To put this plan into practice it is necessary to block the


more reactive 3�-OH position of compound 22 prior to the
introduction of the rhamnosyl moiety (Scheme 9). This was
accomplished by reacting 22 with Bu2SnO in toluene under
reflux, followed by treatment of the resulting tin derivative
with CsF and p-methoxybenzyl chloride in DMF at room
temperature.[41] This transformation proceeded in excellent
yield (82%) but provided a mixture of both possible
regioisomers, slightly favoring the desired product (39a :40a
1:2) The site of p-methoxybenzylation was unambiguously
determined by a full analysis of the NMR spectra of both
isomers recorded at 600 MHz (cf. Table 1). Compounds
39 and 40 could be separated by recrystallization from
MeOH.[47]


Attachment of the rhamnose unit to compound 40 was
achieved by reaction with trichloroacetimidate 27. This step,
however, required considerable optimization since a very
pronounced solvent effect was noticed. Specifically, attempt-
ed glycosylation in CH2Cl2 in the presence of TMSOTf
afforded only 12% of the desired trisaccharide 41 and led to
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substantial amounts of by-products formed
by cleavage of the OPMB group in 40. We
reasoned that the use of a more Lewis-basic
medium might sufficiently attenuate the
reactivity of TMSOTf and hence alleviate
the problem with the instability of this
particular protecting group. In fact, if THF
is chosen as the solvent, no cleavage of the
OPMB ether is observed; the desired
product 41 was formed in 53% yield
together with a homodimer derived from
the rhamnosyl donor 27. By using a mixture
of Et2O/THF (3:1)[48] we were able to raise
the yield of 41 to 62%. However, the only
means of removing admixed traces of the
dimer derived from 27 was preparative
HPLC. The subsequent selective cleavage
of the OPMB group in 41 proceeded
smoothly using DDQ[49] providing trisac-
charide 42 ready for further use.
Despite the obvious shortcomings of this


route (formation of regioisomers during
PMB protection, need for an HPLC sepa-
ration), the elaboration of this AB-synthon
42 into the pentasaccharide perimeter of
woodrosin I was investigated. In spite of
considerable experimentation with differ-
ent promoters and solvents, however, we
were unable to attach donor 38 to the 3�-
OH position of this compound. Either no
reaction occurred or complete degradation
of 42 was observed when more forcing
conditions were imposed. This lack of
reactivity is likely due to the very crowded
situation in 42 rendering the 3�-OH group
virtually inaccessible. Even glycosyl donors
less complex than 38 could not be attached
to this site.


Model studies for the AC/ABC strategy :
As a consequence of this setback, it was
vital for the ultimate success of this total
synthesis project that the alternative
phasing of the glycosylation events
(i.e., A�C�AC�B�ABC) would give
access to the intact sugar backbone of
woodrosin I.
The inherently higher reactivity of the 3�-


OH group in 22 became apparent during
the installation of the PMB group descri-
bed above. Therefore we envisaged using
this diol directly in the next glycosylation
step without recourse to protecting groups.
However, since suspiciously few examples
of selective glycosylation reactions of sug-
ars with more than one hydroxy group have
been reported in the literature,[50, 51] we
decided to carry out some model studies to
probe the viability of this concept prior to


Table 1. Comparison of characteristic signals of the isomeric products 39b and 40b. Arbitrary
numbering scheme as shown.


Position � 1H � 13C
39b 40b 39b 40b


1 5.08/5.00 5.08/5.00 114.76 (t) 114.70 (t)
2 5.90 5.90 139.60 (d) 139.64 (d)
6 3.68 3.59 86.31 (d) 85.77 (d)
11 0.90 0.89 14.30 (q) 14.30 (q)
21 4.41 4.35 101.81 (d) 101.43 (d)
22 3.75 3.63 77.98 (d) 78.94 (d)
23 3.64 3.62 80.91 (d) 80.55 (d)
24 3.60 3.62 78.85 (d) 78.82 (d)
25 3.47 3.40 75.30 (d) 75.10 (d)
26 3.74 3.71 69.42 (t) 69.54 (t)
31 5.11 5.02 102.73 (d) 100.90 (d)
32 3.39 4.92 80.61 (d) 73.84 (d)
33 5.18 3.62 73.27 (d) 78.71 (d)
34 3.60 3.76 79.32 (d) 81.97 (d)
35 3.34 3.34 66.29 (d) 66.57 (d)
36 4.31/3.72 4.33/3.79 69.13 (t) 69.11 (t)
37 5.45 5.58 101.65 (d) 101.50 (d)
38 137.79 (s) 137.99 (s)
39 126.51 (d) 126.43 (d)
43 130.72 (s) 130.85 (s)
45 6.84 6.84 113.97 (d) 113.97 (d)
46 159.72 (s) 159.70 (s)
47 3.77 3.77 55.55 (q) 55.55 (q)
48 170.22 (s) 169.44 (s)
49 2.00 1.95 21.14 (q) 21.23 (q)


Scheme 9. [a] i) Bu2SnO, toluene, reflux; ii) CsF, PMBCl, nBu4NI, DMF, 82%, 39 :40
1:2. [b] Compound 27, TMSOTf, Et2O/THF (3:1), �20 �C, 62%. [c] DDQ, CH2Cl2/H2O (19:1),
71%.







FULL PAPER A. F¸rstner et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0901-0312 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 1312


using the valuable synthon C. Gratifyingly though, the
regioselective glycosylation of diol 22 worked exquisitely
well as can be seen from the results depicted in Schemes 10
and 11. Thus, treatment of diol 22with either compounds 30 or
15 as the chosen model donors in the presence of BF3 ¥Et2O in
CH2Cl2 at �20 �C led to exclusive glycosylation at the 3�-OH
position. No traces of isomeric compounds were detected and
the desired products 43 and 45, respectively, were isolated in
remarkably high yields.


Scheme 10. [a] Compound 30, TMSOTf cat. , CH2Cl2, �20 �C, 90%.
[b] Chloroacetic acid anhydride, pyridine, CH2Cl2, 91%.


Next, we probed whether it would be possible to introduce
a rhamnose unit at the adjacent site of such a compound
(Scheme 11). Thus, product 45 was treated with trichloroacet-
imidate 27 in Et2O/THF (3/1, see above) using catalytic
amounts of TMSOTf as the promoter. Under these condi-
tions, the desired product 46 was formed, albeit in rather low
yield (35%).
Although this outcome was certainly far from optimal, it


implied that the envisaged ™AC�B∫ strategy might provide
access to the woodrosin I backbone and pave the way to this
demanding target molecule. As will be reported in the


Scheme 11. [a] Compound 15, TMSOTf cat. , CH2Cl2, �20 �C, 77%.
[b] Compound 27, TMSOTf cat. , Et2O/THF (3:1), 35%.


accompanying paper, this was indeed the case.[24, 25] It is
noteworthy, however, that the end game of this project turned
out to be even more challenging than this model study might
suggest. The unforeseen interference of one of the protecting
groups first seemed to dash our hopes but finally fostered the
success of our synthetic endeavors.


Experimental Section


General : All reactions were carried out under Ar in carefully dried
glassware. The solvents used were purified by distillation over the drying
agents indicated and were transferred under Ar: THF, Et2O (Mg/
anthracene), CH2Cl2 (P4O10), MeCN, Et3N (CaH2), MeOH (Mg), DMF,
DMA (Desmodur, dibutyltin dilaurate), hexane, toluene (Na/K). Flash
chromatography: Merck silica gel 60 (230 ± 400 mesh). IR: Nicolet FT-7199
spectrometer, wavenumbers incm�1. MS (EI): Finnigan MAT 8200 (70 eV),
HRMS: Finnigan MAT 95. Melting points: Gallenkamp melting point
apparatus (uncorrected). Optical rotation: Perkin Elmer 343 at �� 589 nm
(Na D-line). Elemental analyses: H. Kolbe, M¸lheim/Ruhr. All commer-
cially available compounds (Lancaster, Aldrich) were used as received.
NMR: Spectra were recorded on BrukerDPX 300 or DMX600 spectro-
meters in the solvents indicated; chemical shifts (�) are given in ppm
relative to TMS, coupling constants (J) in Hz. The solvent signals were used
as references and the chemical shifts converted to the TMS scale (CDCl3:
�C� 77.0 ppm; residual CHCl3 in CDCl3: �H� 7.24 ppm; CD2Cl2: �C�
53.8 ppm; residual CH2Cl2 in CD2Cl2: �H� 5.32 ppm). Where indicated,
the signal assignments are unambiguous; the numbering scheme is
arbitrary and is shown in the inserts. The assignments were based upon
1D and 2D spectra recorded using the following pulse sequences from the
Bruker standard pulse program library: DEPT; COSY (cosygs and
cosydqtp); HSQC (invietgssi) optimized for 1J(C,H)� 145 Hz; HMBC
(inv4gslplrnd) for correlations via nJ(C,H); HSQC-TOCSY (invietgsml)
using an MLEV17 mixing time of 120 ms.


O-(2-O-Acetyl-3,4,6-tri-O-benzyl-�-�-glucopyranosyl) trichloroacetimi-
date (7)


Method A : A solution of orthoester 6 (1.908 g, 3.66 mmol)[34] in HOAc
(24 mL) and H2O (6 mL) was stirred for 1 h at ambient temperature. For
work-up, the mixture was diluted with H2O (30 mL), the aqueous layer was
extracted with EtOAc, the combined organic phases were dried (Na2SO4)
and evaporated, and the residue was purified by flash chromatography
(hexane/EtOAc 2:1� 1:1), affording a colorless solid (1.676 g, 93%) which
consists of a mixture of three different acetates (characteristic signals in the
13C NMR spectrum: �� 95.5, 91.9, 90.2 ppm).[35] This mixture was directly
used for the next step: A solution of this product (1.673 g, 3.40 mmol) in
CH2Cl2 (15 mL) was treated with Cl3CCN (682 �L, 6.80 mmol) and Cs2CO3


(238 mg, 0.73 mmol) and the resulting mixture was stirred for 14 h before it
was adsorbed on silica gel and purified by flash chromatography (hexane/
EtOAc 4:1) to afford compound 7 as a colorless syrup (1.998 g, 92%).[52]


[�]25D ��85.5 (c� 2.4, CHCl3); IR: �� � 3338, 3031, 2924, 1748, 1673, 1231,
1053, 795, 738, 698; 1H NMR (300 MHz, CDCl3): �� 8.56 (s, 1H, NH),
7.33 ± 7.16 (m, 15H), 6.52 (d, J� 3.6 Hz, 1H), 5.07 (dd, J� 10.0 Hz, 3.6, 1H),
4.87 ± 4.81 (m, 2H), 4.76 (A part of AB, J� 11.5 Hz, 1H), 4.50 and 4.63 (AB,
J� 12.0 Hz, 2H), 4.58 (B part of AB, J� 10.7 Hz, 1H), 4.09 (m, 1H), 4.01
(ddd, J� 10.0, 3.3, 1.9 Hz, 1H), 3.87 (dd, J� 10.0, 9.2 Hz, 1H), 3.81 (dd, J�
11.0, 3.3 Hz, 1H), 3.69 (dd, J� 11.0, 1.9 Hz, 1H), 1.92 (s, 3H); 13C NMR
(75 MHz, CDCl3): �� 170.0, 161.0, 138.3, 137.9, 128.4, 128.1, 127.9, 127.8,
127.7, 94.0, 91.1, 79.5, 77.1, 75.4, 75.3, 73.5, 73.4, 72.4, 67.9, 20.6; elemental
analysis calcd (%) for C31H32Cl3NO7 (636.96): C 58.46, H 5.06, Cl 16.70, N
2.20; found: C 58.36, H 5.07, Cl 16.77, N 2.20.


Method B : Hydrazinium acetate (280 mg, 3.05 mmol) was added to a
solution of compound 10 (1.37 g, 2.56 mmol)[53] in DMF (25 mL) and the
mixture was stirred for 15 min at ambient temperature. A standard
extractive work-up followed by flash chromatography (hexane/EtOAc 2:1)
afforded 2-O-acetyl-3,4,6-tri-O-benzyl-�-glucopyranose (11) as a mixture
of anomers (1.10 g, 90%).[54] This product was used in the next step without
further characterization: A solution of product 11 (974 mg, 1.98 mmol) in
CH2Cl2 (20 mL) was treated with Cl3CCN (400 �L, 3.96 mmol) and Cs2CO3


(440 mg, 1.39 mmol) and the resulting mixture was stirred for 14 h before it
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was adsorbed on silica gel and purified by flash chromatography (hexane/
EtOAc 4:1) to afford compound 7 as a colorless syrup (1.04 g, 83%). The
analytical data are identical to those compiled above.


[(6S)-1-Undecen-6-yl] 2-O-acetyl-3,4,6-tri-O-benzyl-�-�-glucopyranoside
(19): A solution of alcohol 18 (478 mg, 0.28 mmol)[22] and BF3 ¥Et2O
(13.5 mL of a 0.25� stock solution in CH2Cl2) in CH2Cl2/hexane (1:1,
34 mL) was added dropwise over a period of 3 h to a solution of imidate 7
(2.14 g, 3.37 mmol) in CH2Cl2/hexane (1:1, 15 mL) at �20 �C. After stirring
for an additional 2 h, sat. aq. NaHCO3 (60 mL) was added, the aqueous
phase was extracted with EtOAc (3� 90 mL), the combined organic layers
were washed with brine (60 mL), dried (Na2SO4) and concentrated. The
residue was purified by flash chromatography (pentane/EtOAc 9:1) to give
product 19 (1.23 g, 68%) as a colorless solid. M.p. 40 ± 41 �C; [�]20D ��4.2
(c� 0.73, CH2Cl2); IR (KAP): �� � 3064, 3031, 2929, 2859, 1750, 1640, 1497,
1454, 1362, 1232, 1150, 1987, 1058, 1028, 911, 735, 698; 1H NMR (300 MHz,
CDCl3): �� 7.35 ± 7.24 (m, 13H), 7.22 ± 7.19 (m, 2H), 5.85 ± 5.71 (m, 1H),
5.03 ± 4.92 (m, 3H), 4.81 ± 4.53 (m, 6H), 4.37 (d, J� 8.0 Hz, 1H), 3.71 (d,
J� 3.4 Hz, 2H), 3.67 ± 4.64 (m, 2H), 3.55 ± 3.44 (m, 2H), 2.04 ± 1.99 (m,
2H), 1.61 ± 1.19 (m, 12H), 0.92 ± 0.83 (m, 3H); 13C NMR (75 MHz, CDCl3):
�� 169.4, 138.6, 138.3, 138.0, 128.4, 128.3, 128.0, 127.8, 127.7, 127.6, 127.5,
114.6, 100.8, 83.2, 80.6, 79.3, 78.2, 75.2, 75.0, 73.6, 73.5, 69.0, 34.9, 33.9, 33.6,
31.9, 24.9, 24.2, 22.6, 21.0, 14.1; MS (EI):m/z (%): 553 (1), 475 (1), 383 (12),
277 (8), 205 (7), 91 (100); elemental analysis calcd (%) for C40H52O7


(644.84): C 74.50, H 8.13; found: C 74.41, H 8.04.


[(6S)-1-Undecen-6-yl] 3,4,6-tri-O-benzyl-�-�-glucopyranoside (20): A sol-
ution of compound 19 (2.49 g, 3.86 mmol) and NaOMe (140 mg, 2.6 mmol)
in MeOH (50 mL) was stirred overnight. The reaction was quenched with
sat. aq. NaHCO3 (20 mL), the aqueous phase was extracted with EtOAc
(3� 40 mL), dried (Na2SO4) and the solvent was evaporated. The residue
was purified by flash chromatography (pentane/EtOAc 4:1) to give product
20 (2.30 g, quant.) as a colorless syrup. IR (KBr): �� � 3487, 3064, 3030, 2931,
2859, 1640, 1606, 1586, 1497, 1454, 1359, 1113, 1063, 1028, 996, 911, 735, 697;
1H NMR (300 MHz, CD2Cl2): �� 7.55 ± 7.42 (m, 15H), 6.02 (ddt, J� 17.1,
10.8, 6.4 Hz, 1H), 5.23 ± 5.00 (m, 5H), 4.79 ± 4.73 (m, 3H), 4.48 (d, J�
7.6 Hz, 1H), 3.92 ± 3.60 (m, 7H), 2.25 (br s, OH), 2.25 (m, 2H), 1.82 ± 1.40
(m, 12H), 1.07 (t, J� 6.5 Hz, 3H); 13C NMR (75 MHz, CD2Cl2): �� 138.3,
138.0, 137.8, 127.5, 127.1, 127.0, 126.9, 126.8, 126.7, 113.6, 101.2, 83.8, 78.8,
76.9, 74.4, 74.3, 74.0, 73.9, 72.7, 68.5, 34.0, 33.1, 32.7, 31.2, 24.1, 23.7, 21.9,
13.12; MS (EI):m/z (%): 511 (2), 341 (3), 253 (3), 235 (4), 181 (6), 163 (10),
91 (100); elemental analysis calcd (%) for C38H50O6 (602.80): C 75.71, H
8.36; found: C 75.75, H 8.30.


Disaccharide 21: BF3 ¥Et2O (3 mL of a 0.25� stock solution in Et2O) was
added to a cooled (�20 �C) solution of substrates 15 (1.25 g, 2.52 mmol)[22]
and 20 (1.96 g, 3.25 mmol) in CH2Cl2 (13.5 mL) and n-hexane (13.5 mL).
The reaction mixture was stirred at �20 �C for 30 min and for 3 h at
ambient temperature prior to the addition of sat. aq. NaHCO3 (20 mL). A
standard extractive work-up followed by flash chromatography (pentane/
EtOAc 84:16) afforded disaccharide 21 as a pale yellow syrup (1.93 g,
82%). [�]20D ��38.6 (c� 0.7, CHCl3); IR (KBr): �� � 3067, 2926, 2858, 1756,
1640, 1455, 1239, 1100, 1064, 697; 1H NMR (300 MHz, CD2Cl2): �� 7.54 ±
7.41 (m, 5H), 7.30 ± 6.95 (m, 15H), 5.98 (ddt, J� 17.1, 10.2, 6.6 Hz, 1H), 5.45
(t, J� 8.6 Hz, 1H), 5.32 ± 5.24 (m, 3H), 5.21 (dq, J� 14.4, 2.1 Hz, 1H), 5.12
(dq, J� 10.2, 1.0 Hz, 1H), 4.88 (AB, J� 10.5 Hz, 2H), 4.77 and 4.59 (AB,
J� 11.3 Hz, 2H), 4.47 (AB, J� 12.0 Hz, 2H), 4.30 (d, J� 7.6 Hz, 1H), 4.11
(dd, J� 10.3, 5.0 Hz, 1H), 3.85 (t, J� 8.4 Hz, 1H), 3.70 ± 3.51 (m, 6H), 3.23
(m, 1H), 3.14 (hex., J� 5.0 Hz, 1H), 2.19 (m, 1H), 1.77 (s, 3H), 1.71 (s, 3H),
1.68 ± 1.26 (m, 14H), 0.92 (t, J� 6.8 Hz, 3H); 13C NMR (75 MHz, CD2Cl2):
�� 170.4, 169.7, 139.6, 138.9, 138.7, 137.6, 129.4, 129.2, 128.7, 128.6, 128.2,
127.9, 126.5, 114.7, 101.8, 101.3, 100.7, 85.5, 80.2, 79.3, 78.8, 75.7, 75.1, 73.9,
73.6, 72.5, 69.4, 69.0, 66.7, 35.1, 34.4, 33.7, 32.4, 25.3, 24.5, 23.1, 21.0, 20.9,
14.3; MS (EI):m/z (%): 767 (0.44) [M�� 169], 336 (15), 335 (77), 275 (29),
181 (9), 169 (13), 149 (34), 107 (7), 91 (100), 55 (7), 43 (23); elemental
analysis calcd (%) for C55H68O13 (937.12): C 70.49, H 7.31; found: C 70.34, H
7.26.


Disaccharide 22 : A solution of disaccharide 21 (422 mg, 0.65 mmol) and
NaOMe (35 mg, 0.65 mmol) in MeOH (5 mL) was stirred overnight. The
solution was diluted with aq. sat. NaHCO3 (10 mL) and extracted with
CH2Cl2. The combined organic layers were dried over Na2SO4 and
concentrated, and the residue was purified by flash chromatography
(pentane/EtOAc 60:40) affording product 22 as a colorless solid (136 mg,
88%). M.p. 82 ± 83 �C; [�]20D ��25.8 (c� 1.0, CHCl3); IR (KBr): �� � 3451,


3032, 2928, 2864, 1640, 1454, 1362, 1088, 748, 697; 1H NMR (600 MHz,
[D8]toluene): �� 7.53 ± 7.07 (m, 20H), 5.87 (ddt, J� 16.9, 10.2, 6.7 Hz, H-2),
5.25 (s, 1H, H-37), 5.13 (dq, J� 16.9, 1.7 Hz, 1H, H-1(Z)), 5.06 (ddt, J�
10.3, 1.7, 1.0 Hz, 1H, H-1(E)), 4.82 and 4.85 (AB, J� 11.0 Hz, 2H, 23-O-
CH2Ph), 4.67 (d, J� 7.7 Hz, 1H, H-31), 4.54 and 4.69 (AB, J� 11.1 Hz, 2H,
24-O-CH2Ph), 4.44 and 4.52 (AB, J� 12.2 Hz, 2H, 26-O-CH2Ph), 4.35 (d,
J� 7.6 Hz, 1H, H-21), 4.20 (dd, J� 10.2, 5.0 Hz, 1H, H-36a), 4.0 (m, 1H,
H-24), 3.78 (dd, J� 9.0, 7.7 Hz, 1H, H-22), 3.70 (m, 1H, H-6), 3.65 (dd, J�
11.0, 4.4 Hz, 1H, H-26a), 3.62 (m, 1H, H-33), 3.61 (m, 1H, H-26b), 3.56 (m,
1H, H-23), 3.55 (br s, 1H, 32-OH), 3.55 (m, 1H, H-36b), 3.47 (ddd, J� 8.9,
7.9, 2.5 Hz, 1H, H-32), 3.40 (t, J� 9.1 Hz, 1H, H-34), 3.21 (m, 1H, H-35),
3.23 (m, 1H, H-25), 2.23 (brd, J� 1.6 Hz, 1H, 33-OH), 2.09 (m, 2H, H-3),
1.66 ± 1.51 (m, 8H, H-4,5,7,8), 1.36 (m, 2H, H-10), 1.31 and 1.36 (m, 2H,
H-9), 0.95 (t, J� 7.2 Hz, 3H); 13C NMR (150 MHz, [D8]toluene): �� 139.05
(d, C-2), 115.03 (t, C-1), 104.54 (d, C-31), 101.93 (d, C-21), 101.79 (d, C-37),
84.81 (d, C-23), 81.16 (d, C-34), 80.45 (d, C-22), 79.63 (d, C-6), 79.07 (d,
C-24), 76.67 (d, C-32), 76.00 (t, O-23-CH2Ph), 75.39 (d, C-25), 74.76 (t,
O-24-CH2Ph), 73.80 (t, O-26-CH2Ph), 73.45 (d, C-33), 69.33 (t, C-26), 69.01
(t, C-36), 67.42 (d, C-35), 35.42 (t, C-7), 34.57 (t, C-3), 34.19 (t, C-5), 32.53 (t,
C-9), 25.45 (t, C-8), 24.72 (t, C-4), 23.21 (t, C-10), 14.43 (q, C-11), phenyl
signals: 139.00, 138.96, 138.49, 138.40, 128.56, 128.53, 128.35, 126.86; MS
(EI):m/z (%): 683 (0.3) [M�� 169], 413 (7), 251 (21), 181 (10), 163 (8), 107
(14), 97 (6), 92 (9), 91 (100), 69 (6), 55 (7); elemental analysis calcd (%) for
C51H64O11 (853.05): C 71.81, H 7.56; found: C 71.94, H 7.56.


Allyl 3-O-benzyl-�-�-rhamnopyranoside (24): A mixture of allyl �-�-
rhamnopyranoside (593 mg, 2.9 mmol)[40] and dibutyltin oxide (512 mg,
2.9 mmol) in toluene (10 mL) was refluxed for 3.5 h in a Dean ± Stark
apparatus. Powdered CsF (624 mg, 5.8 mmol) was added before the
mixture was concentrated. The residue was suspended in DMF (10 mL),
benzyl bromide (0.49 mL, 5.8 mmol) was added and the resulting mixture
was stirred at room temperature overnight. After concentration, the
residue was triturated with CH2Cl2, the mixture was filtered, and the solids
were repeatedly washed with CH2Cl2. The combined filtrates were washed
with brine, the organic phase was concen-
trated, and the residue was purified by
chromatography (pentane/EtOAc 3:2) to
give pure 24 (490 mg, 72%) as a colorless
syrup. To unambiguously determine the site
of benzylation, a small sample of product 24
was acetylated (Ac2O, pyridine) to afford
allyl 2,4-di-O-acetyl-3-benzyl-�-�-rhamno-
pyranoside (24a) which exhibits the follow-
ing analytical and spectroscopic data: [�]20D �
�39.5 (c� 0.85, CHCl3); IR (KBr): �� � 3440,
3031, 2975, 2915, 1647, 1454, 1380, 1050, 739,
700; 1H NMR (600 MHz, CDCl3): �� 7.30 (dd, 1H, H-15), 7.25 (m, 2H,
H-14,16), 5.87 (dddd, J� 17.0, 11.0, 6.0, 5.1 Hz, 1H, H-8), 5.35 (dd, J� 3.5,
1.8 Hz, 1H, H-2), 5.26 (dt, J� 17.0, 1.5 Hz, 1H, H-9(Z)), 2.12 (s, 3H, H-11),
5.20 (dt, J� 10.0, 1.5 Hz, 1H, H-9(E)), 5.01 (t, J� 10.0 Hz, 1H, H-4), 4.78
(d, J� 1.8 Hz, 1H, H-1), 4.63 (d, J� 12.2 Hz, 1H, H-12a), 4.40 (d, J�
12.2 Hz, 1H, H-12b), 4.13 (ddd, J� 13.0, 5.1, 1.5 Hz, 1H, H-7a), 3.97 (ddd,
J� 13.0, 6.0, 1.5 Hz, 1H, H-7b), 3.82 (dd, J� 10.0, 3.5 Hz, 1H, H-3), 3.76
(dt, J� 10.0, 6.2 Hz, 1H, H-5), 2.00 (s, 3H, H-18), 1.18 (d, J� 6.2 Hz, 3H,
H-6); 13C NMR (150 MHz, CDCl3): �� 170.40 (s, C-10), 169.95 (s, C-17),
137.98 (s, C-13), 133.39 (d, J� 156 Hz, C-8), 128.29 (d, J� 160 Hz, C-15),
127.64 (d, J� 161 Hz, C-14), 127.64 (d, J� 161 Hz, C-16), 117.70 (t, J�
156 Hz, C-9), 96.85 (d, J� 171 Hz, C-1), 74.61 (d, J� 143 Hz, C-3), 72.46 (d,
J� 153 Hz, C-4), 71.25 (t, J� 143 Hz, C-12), 68.54 (d, J� 153 Hz, C-2),
68.20 (t, J� 143 Hz, C-7), 66.57 (d, J� 145 Hz, C-5), 21.03 (q, J� 130 Hz,
C-11), 20.91 (q, J� 130 Hz, C-18), 17.44 (q, J� 128 Hz, C-6); MS (EI): m/z
(%): 294 (0.3) [M�], 150 (7), 128 (8), 121 (4), 100 (4), 92 (9), 91 (100), 73 (5),
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71 (4), 65 (4), 41 (13); elemental analysis calcd (%) for C16H22O5 (294.34): C
65.29, H 7.53; found: C 65.32, H 7.54.


Allyl 2,4-di-O-[(2S)-2-methylbutyryl]-3-O-benzyl-�-�-rhamnopyranoside
(25): A solution of diol 24 (1.11 g, 3.78 mmol), (2S)-2-methylbutyric acid
(1.65 mL, 8.3 mmol), DCC (3.2 g, 8.3 mmol) and DMAP (198 mg,
0.4 mmol) in CH2Cl2 (22 mL) was stirred overnight. MeOH (2 mL) was
added to the solution followed by hexane (100 mL) after the mixture had
been stirred for another 10 min. Filtration through a pad of Celite,
concentration of the filtrate and flash chromatography of the residue
(pentane/EtOAc 94:6) gave product 25 as a colorless syrup (1.55 g, 89%).
[�]20D ��2.9 (c� 1.0, CHCl3); IR (KBr): �� � 2972, 2936, 1742, 1457, 1382,
1137, 1075, 699; 1H NMR (300 MHz, CD2Cl2): �� 7.31 ± 7.21 (m, 5H), 5.97 ±
5.84 (m, 1H), 5.41 (dd, J� 3.3, 1.9 Hz, 1H), 5.37 (dq, J� 17.2, 1.6 Hz, 1H),
5.23 (dq, J� 10.4, 1.4 Hz, 1H), 5.09 (t, J� 9.8 Hz, 1H), 4.80 (d, J� 1.8 Hz,
1H), 4.64 and 4.40 (AB, J� 11.6 Hz, 2H), 4.18 (ddt, J� 12.9, 5.2, 1.5 Hz,
1H), 4.00 (ddt, J� 12.9, 6.1, 1.3 Hz, 1H), 3.89 (dd, J� 9.8, 3.3 Hz, 1H),
3.87 ± 3.77 (m, 1H), 2.54 ± 2.42 (m, 1H), 2.39 ± 2.27 (m, 1H), 1.76 ± 1.60 (m,
2H), 1.54 ± 1.34 (m, 2H), 1.20 (d, J� 6.3 Hz, 3H), 1.15 (d, J� 7.1 Hz, 3H),
1.12 (d, J� 7.1 Hz, 3H), 0.87 (t, J� 7.4 Hz, 3H), 0.86 (t, J� 7.5 Hz, 3H);
13C NMR (75 MHz, CD2Cl2): �� 176.1, 175.6, 137.8, 133.5, 128.1, 127.5,
127.4, 117.7, 97.0, 75.0, 72.0, 71.1, 68.3, 67.9, 66.8, 41.3, 40.9, 26.7, 26.5, 17.5,
16.7, 16.4, 11.7, 11.4; MS (EI): m/z (%): 462 (0.9) [M�], 210 (14), 196 (28),
168 (11), 126 (23), 112 (12), 91 (93), 85 (81), 57 (100), 41 (22), 29 (10);
elemental analysis calcd (%) for C26H38O7 (462.58): C 67.51, H 8.28; found:
C 67.36, H 8.34.


2,4-Di-O-[(2S)-2-methylbutyryl]-3-O-benzyl-�-�-rhamnopyranose (26): A
suspension of compound 25 (935 mg, 2 mmol), pyridinium p-toluenesulfo-
nate (187 mg, 0.4 mmol) and Pd/C (10% w/w, 40 mg) in MeOH (40 mL)
was heated under reflux for 24 h. After cooling to room temperature, the
mixture was filtered through a pad of Celite, the filtrate was concentrated
and the residue was purified by flash chromatography (pentane/EtOAc
80:20) to afford product 26 as a colorless syrup (680 mg, 80%). Mixture of
anomers: � :�� 92:8 as determined by 1H NMR. [�]20D � 15.5 (c� 1.1,
CHCl3); IR (KAP): �� � 3448, 2971, 2937, 1741, 1457, 1180, 1148, 1092, 699;
1H NMR (300 MHz, CD2Cl2, �-anomer): �� 7.32 ± 7.21 (m, 5H), 5.41 (dd,
J� 3.3, 1.9 Hz, 1H), 5.18 (dd, J� 3.8, 1.9 Hz, 1H), 5.10 (t, J� 9.8 Hz, 1H),
4.65 and 4.42 (AB, J� 11.6 Hz, 2H), 4.09 ± 4.00 (m, 1H), 3.93 (dd, J� 9.8,
3.3 Hz, 1H), 2.67 (d, J� 3.8 Hz, 1H), 2.55 ± 2.43 (m, 1H), 2.40 ± 2.29 (m,
1H), 1.77 ± 1.60 (m, 2H), 1.55 ± 1.32 (m, 2H), 1.19 (d, J� 6.3 Hz, 3H), 1.15
(d, J� 7.0 Hz, 3H), 1.12 (d, J� 7.0 Hz, 3H), 0.88 (t, J� 7.5 Hz, 3H), 0.87 (t,
J� 7.4 Hz, 3H); 13C NMR (75 MHz, CD2Cl2, �-anomer): �� 176.3, 175.7,
137.7, 128.1, 127.5, 127.4, 92.5, 74.4, 72.0, 71.1, 68.3, 67.0, 41.2, 40.9, 26.7, 26.5,
17.6, 16.6, 16.4, 11.6, 11.3; MS (EI): m/z (%): 422 (0.6) [M�], 196 (24), 170
(12), 112 (24), 95 (12), 91 (70), 85 (100), 57 (95), 41 (11), 29 (11); elemental
analysis calcd (%) for C23H34O7 (422.51): C 65.38, H 8.11; found: C 65.44, H
8.06.


O-(2,4-Di-O-[(2S)-2-methylbutyryl]-3-O-benzyl-�-rhamnopyranosyl) tri-
chloroacetimidate (27): A slurry of compound 26 (333 mg, 0.79 mmol),
Cl3CCN (222 �L, 2.21 mmol) and Cs2CO3 (145 mg, 0.44 mmol) in CH2Cl2
(10 mL) was stirred overnight at room temperature. The reaction mixture
was concentrated and the residue was purified by flash chromatography
(pentane/EtOAc 80:20) to give product 27 as a pale yellow syrup (408 mg,
92%). Ratio of anomers � :�� 92:8 as determined by 1H NMR. [�]20D �
�12.5 (c� 0.75, CHCl3); IR (KBr): �� � 3340, 2971, 2937, 1745, 1676, 1457,
1144, 973, 797; spectroscopic data of the �-anomer: 1H NMR (300 MHz,
CD2Cl2): �� 8.66 (br s, 1H), 7.22 ± 7.15 (m, 5H), 6.10 (d, J� 2.1 Hz, 1H),
5.40 (dd, J� 3.3, 2.1 Hz, 1H), 5.09 (dd, J� 3.8, 1.9 Hz, 1H), 5.10 (t, J�
9.8 Hz, 1H), 4.65 and 4.42 (AB, J� 11.6 Hz, 2H), 4.09 ± 4.00 (m, 1H), 3.93
(dd, J� 9.8, 3.3 Hz, 1H), 2.55 ± 2.43 (m, 1H), 2.40 ± 2.29 (m, 1H), 1.77 ± 1.60
(m, 2H), 1.55 ± 1.32 (m, 2H), 1.19 (d, J� 6.3 Hz, 3H), 1.15 (d, J� 7.0 Hz,
3H), 1.12 (d, J� 7.0 Hz, 3H), 0.88 (t, J� 7.5 Hz, 3H), 0.87 (t, J� 7.4 Hz,
3H); 13C NMR (75 MHz, CD2Cl2): �� 176.3, 175.8, 160.3, 137.9, 128.6,
128.4, 128.1, 95.5, 74.8, 71.9, 71.6, 70.0, 67.0, 41.6, 41.3, 27.1, 26.9, 17.8, 16.8,
16.6, 11.9, 11.6; MS (EI):m/z (%): 405 (1.6), 197 (14), 196 (60), 181 (15), 112
(59), 111 (14), 95 (37), 91 (89), 85 (98), 57 (100); elemental analysis calcd
(%) for C25H34Cl3NO7 (566.90): C 52.97, H 6.05; found: C 52.90, H 6.09.


1,2-Di-O-(6-heptenoyl)-4,5,6-tri-O-benzyl-�-glycopyranose (28): A solu-
tion of diol 9 (1.34 g, 3 mmol), 6-heptenoic acid (1.61 mL, 11.9 mmol), DCC
(2.45 g, 11.9 mmol), and DMAP (76 mg, 0.6 mmol) in CH2Cl2 (17 mL) was
stirred overnight. MeOH (1.5 mL) was added followed by hexane (80 mL)
after the mixture had been stirred for another 20 min. Filtration of the


mixture through a pad of Celite, evaporation of the filtrate, and flash
chromatography of the residue (pentane/EtOAc 92:8) afforded compound
28 as a colorless syrup (1.97 g, 99%). Ratio of anomers � :�� 1.7:1 as
determined by NMR. [�]20D ��51.8 (c� 1.1, CHCl3); IR (KBr): �� � 3064,
2928, 2861, 1751, 1640, 1497, 1454, 1155, 1079, 913, 698; 1H NMR (300 MHz,
CDCl3): �� 7.36 ± 7.24 (m, H arom.), 7.18 ± 7.13 (m, H arom.), 6.33 (d, J�
3.6 Hz, H-1, �-anomer), 5.85 ± 5.67 (m, 6H), 5.63 (d, J� 8.3 Hz, H-1, �-
anomer), 5.16 (dd, J� 9.1, 8.3 Hz), 5.08 (dd, J� 10.0, 3.6 Hz), 5.04 ± 4.91
(m), 4.83 ± 4.72 (m), 4.69 ± 4.47 (m), 3.98 (v.t, J� 9.4 Hz), 3.92 ± 3.57 (m),
2.36 (t, J� 7.3 Hz), 2.35 ± 2.30 (m), 2.25 ± 2.13 (m), 2.11 ± 1.97 (m), 1.70 ± 1.52
(m), 1.49 ± 1.30 (m); 13C NMR (75 MHz, CDCl3, �-anomer): �� 172.4,
171.6, 138.2, 138, 137.7, 128.4, 128.1, 127.9, 127.7, 127.5, 114.9, 114.7, 89.7, 79.9,
77.1, 75.3, 73.5, 73.1, 71.8, 67.9, 33.9, 33.3, 28.2, 28.1, 24.3, 24.2, 24.0;
characteristic shift of the �-anomer: �� 92.1; MS (EI): m/z (%): 579 (3),
451 (7), 345 (7), 217 (4), 181 (5), 111 (11), 92 (8), 91 (100), 83 (9), 55 (17);
elemental analysis calcd (%) for C41H50O8 (670.83): C 73.41, H 7.51; found:
C 73.34, H 7.59.


2-O-(6-Heptenoyl)-4,5,6-tri-O-benzyl-�-glucopyranose (29): Hydrazinium
acetate (326 mg, 3.57 mmol) was added at 45 �C to a solution of compound
28 (1.87 g, 2.79 mmol) in DMF (27 mL). Heating was discontinued after the
hydrazine acetate had dissolved and the resulting mixture was stirred
overnight. The reaction was quenched with water (50 mL) and extracted
with EtOAc (3� 80 mL). The combined organic layers were washed with
water (40 mL) and brine (40 mL), dried (Na2SO4) and concentrated, and
the residue was purified by flash chromatography (pentane/EtOAc 77:23)
to afford product 29 (1.30 g, 83%) as a colorless solid. Mixture of anomers,
� :�� 1.7:1 according to NMR. M.p. 100 ± 101 �C; [�]20D ��50.1 (c� 1,
CHCl3); IR (KBr): �� � 3364, 3065, 2928, 2870, 1725, 1641, 1496, 1453, 1188,
1154, 911, 696; 1H NMR (300 MHz, CDCl3): �� 7.36 ± 7.24 (m), 7.17 ± 7.12
(m), 5.82 ± 5.68 (m, 3H), 5.42 (t, J� 3.5 Hz, H-1, �-anomer), 5.01 ± 4.85 (m),
4.84 ± 4.73 (m), 4.64 ± 4.48 (m), 4.10 ± 4.02 (m), 3.74 ± 3.60 (m), 2.90 (dd, J�
3.4, 1.4 Hz), 2.38 ± 2.19 (m), 2.05 ± 1.98 (m), 1.66 ± 1.56 (m), 1.43 ± 1.33 (m);
13C NMR (75 MHz, CDCl3, �-anomer): �� 172.9, 138.4, 138.3, 137.9, 137.6,
128.3, 127.9, 127.4, 114.7, 90.3, 79.7, 78.0, 75.3, 74.9, 73.5, 73.3, 70.0, 68.6, 33.9,
33.2, 28.1, 24.1; characteristic shift of the �-anomer: �� 95.7; MS (EI): m/z
(%): 341 (2), 182 (2), 181 (6), 108 (2), 107 (3), 92 (8), 91 (100), 79 (3), 77 (3),
65 (4); elemental analysis calcd (%) for C34H40O7 (560.68): C 72.83, H 7.19;
found: C 72.66, H 7.14.


O-[2-O-(6-Heptenoyl)-4,5,6-tri-O-benzyl-�-glucopyranosyl] trichloroacet-
imidate (30): A slurry of glucopyranose 29 (3.29 g, 5.87 mmol), Cl3CCN
(1.2 mL, 11.9 mmol) and Cs2CO3 (1.12 g, 3.53 mmol) in CH2Cl2 (50 mL) was
stirred overnight at room temperature. The reaction mixture was quenched
with water (50 mL), the aqueous layer was extracted with CH2Cl2 (3�
80 mL), the combined organic phases were dried (Na2SO4) and concen-
trated, and the residue was purified by flash chromatography (pentane/
EtOAc 90:10) to give product 30 as a pale yellow syrup (3.60 g, 87%). IR
(KBr): �� � 3342, 3063, 2920, 2863, 1744, 1673, 1640, 1497, 1454, 1287, 1068,
913, 795; 1H NMR (300 MHz, CDCl3) �� 8.56 (s, 1H), 7.35 ± 7.23 (m, 13H),
7.20 ± 7.12 (m, 2H), 6.54 (d, J� 3.6 Hz, 1H), 5.80 ± 5.66 (m, 1H), 5.09 (dd,
J� 10.0, 3.6 Hz, 1H), 5.00 ± 4.90 (m, 2H), 4.85 and 4.76 (AB, J� 11.4 Hz,
2H), 4.82 and 4.57 (AB, J� 10.6 Hz, 2H), 4.63 and 4.50 (AB, J� 12.0 Hz,
2H), 4.10 (t, J� 9.5 Hz, 1H), 4.04 ± 3.99 (m, 1H), 3.91 ± 3.84 (m, 1H), 3.81
(dd, J� 11.1, 3.3 Hz, 1H), 3.69 (dd, J� 11.1, 1.9 Hz, 1H), 2.21 ± 2.16 (m,
2H), 2.04 ± 1.95 (m, 2H), 1.61 ± 1.51 (m, 2H), 1.41 ± 1.30 (m, 2H); 13C NMR
(75 MHz, CDCl3): �� 172.6, 160.9, 138.2, 137.8, 128.4, 128.1, 127.9, 127.7,
114.7, 94.0, 91.1, 79.5, 77.0, 75.4, 75.3, 73.5, 73.4, 72.2, 67.9, 33.9, 33.3, 28.2,
24.1; MS (EI): m/z (%): 345 (2), 252 (4), 250 (4), 181 (4), 111 (5), 92 (8), 91
(100), 83 (3), 55 (8), 41 (3); elemental analysis calcd (%) for C36H40Cl3NO7


(705.06): C 61.33, H 5.72; found: C 61.19, H 5.80.


3,4-Di-O-[(2S)-2-methylbutyroyl]-6-O-tert-butyldimethylsilyl-�-glucal
(32): A solution of diol 31 (5.31 g, 20.4 mmol),[44] (2S)-2-methylbutyric acid
(6.66 mL, 61.2 mmol), DCC (12.6 g, 61.2 mmol), and DMAP (0.5 g,
4.1 mmol) in CH2Cl2 (110 mL) was stirred overnight. MeOH (11 mL) was
added followed by addition of hexane (400 mL) after the mixture had been
stirred for another 20 min. Filtration through a pad of Celite, concentration
of the filtrate and flash chromatography of the residue (pentane/EtOAc
98:2) afforded product 32 as a colorless syrup (8.15 g, 93%). [�]20D ��16.4
(c� 1.7, CHCl3); IR (KAP): �� � 2964, 2935, 2880, 1738, 1650, 1463, 1252,
1141, 838, 778; 1H NMR (300 MHz, CDCl3): �� 6.45 (dd, J� 6.1, 1.2 Hz,
1H), 5.33 ± 5.24 (m, 2H), 4.78 (dd, J� 6.1, 3.1 Hz, 1H), 4.12 ± 4.06 (m, 1H),
3.83 and 3.78 (ddAB, J� 11.5, 5.7, 3.6 Hz, 2H), 2.43 ± 2.29 (m, 2H), 1.75 ±
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1.60 (m, 2H), 1.52 ± 1.38 (m, 2H), 1.12 (d, J� 7.1 Hz, 3H), 1.10 (d, J�
6.9 Hz, 3H), 0.92 ± 0.86 (m, 15H), 0.06 (s, 3H), 0.05 (s, 3H); 13C NMR
(75 MHz, CDCl3): �� 176.2, 175.1, 146.1, 99.0, 77.5, 67.8, 67.3, 61.7, 41.3, 27.0,
25.9, 18.6, 16.6, 16.5, 11.7, �5.3; MS (EI): m/z (%): 371 (12), 269 (22), 167
(31), 160 (12), 159 (93), 97 (15), 85 (56), 75 (13), 73 (12), 57 (100); elemental
analysis calcd (%) for C22H40O6Si (428.63): C 61.65, H 9.41; found: C 61.56,
H 9.35.


3,4-Di-O-[(2S)-2-methylbutyroyl]-6-O-tert-butyldimethylsilyl-�-glucopyr-
anose (33): A solution of OsO4 (0.05� in THF, 19 mL) was added to a
solution of glucal 32 (8.15 g, 19.0 mmol) and 4-methylmorpholine N-oxide
(2.66 g, 22.5 mmol) in acetone/H2O (9:1, 110 mL) and the mixture was
stirred for 12 h. The solution was concentrated under reduced pressure and
the residue was diluted with sat. aq. Na2S2O3 (50 mL). After stirring for
20 min the aqueous phase was extracted with EtOAc (4� 100 mL), the
combined organic layers were washed with sat. aq. NaHCO3 (50 mL) and
brine (50 mL), dried (Na2SO4) and concentrated, and the residue was
purified by flash chromatography (pentane/EtOAc 70:30) to yield diol 33
as a pale yellow syrup (8.80 g, quant.). [�]20D ��88.8 (c� 1.05, CHCl3); IR
(KBr): �� � 3463, 2966, 2931, 2881, 1748, 1463, 1257, 1145, 838, 778; 1H NMR
(300 MHz, [D8]toluene, �-anomer): �� 5.49 (t, J� 9.7 Hz, 1H), 5.30 (t, J�
9.8 Hz, 1H), 4.79 (t, J� 3.9 Hz, 1H), 4.04 ± 3.98 (m, 1H), 3.73 ± 3.65 (m,
2H), 3.53 ± 3.45 (m, 1H), 2.57 (d, J� 3.2 Hz, 1H), 1.78 ± 1.58 (m, 2H), 1.44 ±
1.23 (m, 2H), 1.10 (d, J� 6.9 Hz, 3H), 1.06 (d, J� 7.1 Hz, 3H), 0.98 (s, 9H),
0.89 (t, J� 7.4 Hz, 3H), 0.83 (t, J� 7.4 Hz, 3H), 0.10 (s, 3H), 0.09 (s, 3H);
13C NMR (75 MHz, CD2Cl2): �� 176.3, 175.3, 92.8, 73.6, 71.7, 70.7, 68.2, 62.7,
41.3, 27.1, 26.8, 26.1, 18.7, 16.7, 16.5, 11.8, 11.6, �5.2; MS (EI): m/z (%): 303
(10), 201 (12), 159 (16), 117 (12), 85 (48), 81 (10), 75 (23), 73 (16), 57 (100),
41 (13), 29 (13); elemental analysis calcd (%) for C22H42O8Si (462.65): C
57.11, H 9.15; found: C 57.19, H 9.11.


1,2-Di-O-chloroacetyl-3,4-di-O-[(2S)-2-methylbutyroyl]-6-O-tert-butyldi-
methylsilyl-�-glucopyranose (34): Triethylamine (12 mL, 85.80 mmol),
4-dimethylaminopyridine (301 mg, 2.20 mmol) and chloroacetic acid anhy-
dride (9.65 g, 56.40 mmol) were added at �20 �C to a solution of diol 33
(8.70 g, 14.80 mmol) in CH2Cl2 (140 mL) and the resulting mixture was
stirred for 3 h while keeping the temperature between �10 and �20 �C.
The excess of the anhydride was then hydrolyzed upon addition of sat. aq.
NaHCO3 (100 mL), the mixture was extracted with EtOAc (3� 150 mL),
the combined organic layers were washed with sat. aq. NaHCO3 (100 mL)
and water (100 mL), dried (Na2SO4) and concentrated, and the residue was
purified by flash chromatography (pentane/EtOAc 92:8) to afford product
34 as a pale yellow syrup (9.66 g, 83%, mixture of anomers). [�]20D ��71.6
(c� 0.6, CHCl3); IR (KBr): �� � 2965, 2936, 2881, 1776, 1751, 1463, 1256,
1137, 838, 780; 1H NMR (300 MHz, CD2Cl2, �-anomer): �� 6.42 (d, J�
3.7 Hz, 1H), 5.52 (t, J� 9.9 Hz, 1H), 5.25 (t, J� 9.9 Hz, 1H), 5.17 (dd, J�
10.2, 3.7 Hz, 1H), 4.16 (s, 2H), 4.03 ± 3.91 (m, 3H), 3.74 ± 3.64 (m, 2H),
2.40 ± 2.28 (m, 2H), 1.74 ± 1.54 (m, 2H), 1.50 ± 1.34 (m, 2H), 1.08 (t, J�
7.3 Hz, 6H), 0.92 ± 0.82 (m, 15H), 0.04 (s, 3H), 0.02 (s, 3H); 13C NMR
(75 MHz, CD2Cl2, �-anomer): �� 175.7, 174.6, 166.2, 165.7, 90.7, 73.3, 71.0,
69.2, 66.9, 61.2, 40.7, 40.6, 40.5, 40.1, 26.3, 25.7, 18.2, 16.2, 16.1, 11.4, 11.3,
�5.5; MS (EI):m/z (%): 559 (15), 557 (20), 277 (15), 247 (17), 159 (61), 151
(13), 109 (27), 85 (75), 75 (12), 73 (11), 57 (100); elemental analysis calcd
(%) for C26H44Cl2O10Si (615.61): C 50.73, H 7.20; found: C 50.83, H 7.31.


1,2-Di-O-chloroacetyl-3,4-di-O-[(2S)-2-methylbutyroyl]-�-glucopyranose
(35): BF3 ¥Et2O (0.49 mL, 3.4 mmol) was added to a solution of compound
34 (363 mg, 0.59 mmol) in CHCl3 (18 mL). The mixture was stirred for 2 h
before being neutralized with sat. aq. NaHCO3. After extraction with
CH2Cl2 (320 mL) the combined organic layers were dried (Na2SO4) and
concentrated, and the residue was purified by flash chromatography
(pentane/EtOAc 70:30) to give product 35 as a colorless solid (239 mg,
81%, mixture of anomers). M.p. 79 ± 80 �C; [�]20D ��84 (c� 1.0, CHCl3);
IR (KBr): �� � 3463, 2970, 2936, 2876, 1771, 1736, 1463, 1264, 1181, 1133,
1024; 1H NMR (300 MHz, CDCl3, �-anomer): �� 6.43 (d, J� 3.7 Hz, 1H),
5.60 (t, J� 9.9 Hz, 1H), 5.19 (dd, J� 10.2, 3.7 Hz, 1H), 5.16 (t, J� 10.0 Hz,
1H), 4.17 (s, 2H), 4.03 ± 3.91 (m, 3H), 3.75 ± 3.52 (m, 2H), 2.45 ± 2.28 (m,
3H), 1.73 ± 1.54 (m, 2H), 1.51 ± 1.33 (m, 2H), 2.20 (d, J� 7.1 Hz, 3H), 2.14
(d, J� 6.9 Hz, 3H), 0.89 (t, J� 7.5 Hz, 3H), 0.85 (t, J� 7.4 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 176.1, 175.5, 166.2, 165.69, 90.6, 72.8, 71.0,
68.4, 67.4, 60.6, 40.8, 40.7, 40.5, 40.1, 26.4, 16.2, 11.5, 11.3; MS (EI):m/z (%):
181 (11), 127 (6), 97 (6), 86 (6), 85 (100), 77 (8), 57 (93), 56 (4), 41 (9), 29 (9);


elemental analysis calcd (%) for C20H30Cl2O10 (501.35): C 47.91, H 6.03;
found: C 48.49, H 6.38.


2-O-Chloroacetyl-3,4-di-O-[(2S)-2-methylbutyroyl]-�-glucopyranose (36):
Hydrazinium acetate (65 mg, 0.72 mmol) was added to a solution of
compound 35 (302 mg, 0.6 mmol) in DMF (5.5 mL). After stirring for
10 min, the reaction was quenched with water (10 mL) and the aqueous
phase was extracted with CH2Cl2 (3� 20 mL). The combined organic layers
were dried (Na2SO4) and concentrated, and the residue was purified by
flash chromatography (pentane/EtOAc 3:2) to give product 36 as a
colorless syrup (202 mg, 79%, mixture of anomers). [�]20D ��60.3 (c� 1.9,
CHCl3); IR (KBr): �� � 3456, 2971, 2939, 2880, 1748, 1464, 1262, 1183, 1151,
1087, 1052; 1H NMR (300 MHz, CDCl3, �-anomer): �� 6.43 (d, J� 3.7 Hz,
1H), 5.67 (t, J� 9.9 Hz, 1H), 5.19 (dd, J� 10.2, 3.7 Hz, 1H), 5.16 (t, J�
10.0 Hz, 1H), 4.17 (s, 2H), 3.99 ± 3.91 (m, 3H), 3.75 ± 3.52 (m, 2H), 2.45 ±
2.28 (m, 3H), 1.74 ± 1.54 (m, 2H), 1.51 ± 1.34 (m, 2H), 1.10 (d, J� 7.1 Hz,
3H), 1.07 (d, J� 6.9 Hz, 3H), 0.89 (t, J� 7.5 Hz, 3H), 0.85 (t, J� 7.4 Hz,
3H); 13C NMR (75 MHz, CDCl3): �� 176.4, 175.6, 166.8, 89.7, 74.8, 73.0,
69.4, 68.6, 61.1, 40.8, 40.5, 26.4, 16.2, 11.5, 11.4; MS (EI): m/z (%): 233 (4),
175 (5), 98 (11), 97 (5), 86 (6), 85 (100), 81 (5), 57 (76), 41 (8), 29 (7);
elemental analysis calcd (%) for C18H29ClO9 (424.87): C 50.88, H 6.88;
found: C 50.74, H 6.86.


Disaccharide 37: BF3 ¥Et2O (8.8 mL of a stock solution, c� 0.25� in
CH2Cl2) was added to a solution of imidate 30 (3.10 g, 4.4 mmol) and diol
36 (1.50 g, 3.67 mmol) in CH2Cl2 (40 mL) at�20 �C. After stirring 1.5 h, the
reaction was quenched with sat. aq. NaHCO3 (60 mL), the aqueous phase
was extracted with CH2Cl2 (3� 80 mL), the combined organic layers were
dried (Na2SO4) and concentrated, and the residue was purified by flash
chromatography (pentane/EtOAc 77:23) to give product 37 as a colorless
syrup (3.70 g, 86%). Mixture of anomers: � :�� 7:3 as determined by
HPLC (125 mm Nucleosil-5-100-C18/A, �2.0 mm, MeCN/H2O 85:15,
0.2 mLmin�1, 6.0 MPa, 313 K; �-anomer: 12.24 min retention time; �-
anomer: 10.90 min retention time). [�]20D ��27.1 (c� 0.85, CHCl3); IR
(KAP): �� � 3470, 3064, 2966, 2934, 1747, 1640, 1497, 1455, 1362, 1150, 1071,
913, 737; 1H NMR (600 MHz, CD2Cl2, characteristic and resolved signals of


the �-anomer): �� 5.55 (t, J� 9.5 Hz, 1H, H-23), 5.43 (d, J� 3.6 Hz, 1H,
H-21), 4.91 (d, J� 3.6 Hz, 1H, H-22), 4.36 (t, J� 8.0 Hz, 1H, H-11), 4.10
and 4.03 (d, 2H, H-32); 13C NMR (150 MHz, CD2Cl2, major isomer): ��
175.81 (s, C-33), 175.40 (s, C-38), 172.78 (s, C-7), 166.84 (s, C-31), 139.00 (d,
C-2), 114.72 (t, C-1), 101.59 (d, C-11), 90.03 (d, C-21), 83.18 (d, C-13), 78.16
(d, C-14), 75.25 (d, C-15), 73.30 (d, C-22), 73.15 (d, C-12), 69.53 (d, C-23),
69.26 (t, C-16), 68.97 (d, C-24), 68.64 (t, C-26), 68.44 (d, C-25), 41.15 (d,
C-34), 41.11 (t, C-32), 41.11 (d, C-39), 34.30 (t, C-6), 33.76 (t, C-3), 28.74 (t,
C-4), 26.76 (t, C-35), 26.76 (t, C-40), 24.57 (t, C-5), 16.45 (q, C-42), 16.41 (q,
C-37), 11.76 (q, C-41), 11.56 (q, C-36), phenyl signals: 138.71, 138.49, 138.27,
128.0 ± 128.8; MS (ESI) m/z : 989 [M��Na]; elemental analysis calcd (%)
for C52H67ClO15 (967.53): C 64.55, H 6.98; found: C 64.48, H 6.90.


Disaccharide 38 : A solution of compound 37 (325 mg, 0.34 mmol), Cl3CCN
(71 �L, 0.71 mmol) and Cs2CO3 (64 mg, 0.2 mmol) in CH2Cl2 (3 mL) was
stirred at room temperature for 4 h. The reaction mixture was quenched
with water (5 mL) and extracted with CH2Cl2 (3� 10 mL), the combined
organic layers were dried (Na2SO4) and concentrated, and the residue was
purified by flash chromatography (pentane/EtOAc 84:16) to give imidate
38 as a colorless syrup (202 mg, 54%). [�]20D ��21.5 (c� 2.3, CHCl3);
1H NMR (300 MHz, CD2Cl2, characteristic signals): �� 8.65 (s, 1H, NH),
6.49 (d, J� 3.6 Hz, 1H), 5.68 (ddt, J� 17.1, 10.8, 6.4 Hz, 1H), 5.53 (t, J�
7.8 Hz, 1H); 13C NMR (75 MHz, CD2Cl2): �� 176.1, 175.6, 172.9, 167.1,
161.5, 139.5, 139.1, 139.0, 129.1, 129.0, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2,
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115.0, 101.6, 93.5, 83.6, 78.6, 75.9, 75.7, 75.6, 74.1, 73.2, 72.3, 72.2, 69.8, 69.5,
68.0, 67.3, 41.5, 41.4, 41.2, 34.6, 34.2, 29.2, 27.2, 24.9, 16.9, 16.8, 12.1, 12.0;
elemental analysis calcd (%) for C52H67ClO15 (967.53): C 64.55, H 6.98;
found: C 64.46, H 6.96.


Disaccharides 39 and 40 : A mixture of substrate 22 (1.43 g, 1.7 mmol) and
dibutyltin oxide (0.41 g, 1.7 mmol) in toluene (8 mL) was heated under
reflux for 4.5 h in a Dean ± Stark apparatus. Powdered CsF (0.51 g,
3.4 mmol) was added before the mixture was concentrated. The residue
was suspended in DMF (8 mL), p-methoxybenzyl chloride (0.45 mL,
3.4 mmol) and tetra-n-butylammonium iodide (0.06 g, 0.17 mmol) were
introduced, and the resulting mixture was stirred at room temperature for
16 h. After concentration, the residue was triturated with CH2Cl2, the
mixture was filtered, the solid residues were carefully rinsed with CH2Cl2,
the combined filtrates were washed with brine, dried (Na2SO4) and
concentrated. The crude material thus obtained was purified by flash
chromatography (pentane/EtOAc 82:18) to afford a mixture of the
regioisomers 39a and 40a (1.32 g, 82%) in a 1:2 ratio (NMR and HPLC).


These products can be separated by crystallization: For this purpose, the
mixture was suspended in MeOH (20 mL), the suspension was filtered, the
solid residue was dissolved in the minimum amount of MeCN. Product 40a
was crystallized by keeping this solution in a refrigerator overnight. The
resulting material was recrystallized again from MeCN, thus affording
compound 40a in � 99% purity. M.p. 138 ± 139 �C; [�]20D ��24.8 (c� 1.2,
CH2Cl2); IR (KBr): �� � 3472, 2914, 2871, 1616, 1516, 1452, 1516, 1096, 1064,
698; 1H NMR (600 MHz, [D8]toluene): �� 7.57 (m, 1H, H-39), 7.32 (m, 1H,
H-44), 7.20 ± 7.08 (m, 19H), 6.76 (m, 1H, H-45), 5.88 (ddt, J� 16.9, 10.1,
6.7 Hz, 1H, H-2), 5.13 (dq, J� 16.9, 1.7 Hz, 1H, H-1(Z)), 5.06 (ddt, J� 10.2,
1.7, 1.2 Hz, 1H, H-1(E)), 4.90 (d, J� 11.7 Hz, 1H, H-42a), 4.86 (d, J�
11.7 Hz, 1H, H-42b), 4.85 (s, 2H, 23-OCH2Ph), 4.70 (d, J� 7.5 Hz, 1H,
H-31), 4.55 and 4.72 (AB, J� 11.4 Hz, 2H, 24-OCH2Ph), 4.44 and 4.52 (AB,
J� 12.2 Hz, 2H, 26-OCH2Ph), 4.36 (d, J� 7.7 Hz, 1H, H-21), 4.23 (dd, J�
10.3, 5.0 Hz, 1H, H-36a), 3.80 (dd, J� 7.8, 8.9 Hz, 1H, H-22), 3.70 (m, 1H,
H-6), 3.70 (m, H-32), 3.65 (dd, J� 11.0, 4.4 Hz, 1H, H-26a), 3.61 (m,
H-26b), 3.59 (m, H-23), 3.59 (m, H-24), 3.56 (m, H-33), 3.55 (m, H-34), 3.44
(d, J� 2.5 Hz, 1H, OH), 3.34 (s, 3H, H-47), 3.24 (m, 1H, H-25), 3.20 (m,
1H, H-35), 2.10 (m, 1H, H-3), 1.69 ± 1.30 (m, 12H, H-4,5,7,8,9,10), 0.94 (t,
J� 7.1 Hz, 3H, H-11); 13C NMR (150 MHz, [D8]toluene): �� 159.64 (s,
C-46), 139.09 (d, C-2), 139.05 (s, C-38), 131.83 (s, C-43), 129.67 (d, C-44),
126.72 (d, C-39), 115.01 (t, C-1), 113.87 (d, C-45), 104.97 (d, C-31), 101.94
(d, C-21), 101.56 (d, C-37), 84.81 (d, C-23), 81.81 (d, C-34), 80.75 (d, C-22),
79.96 (d, C-33), 79.60 (d, C-6), 79.10 (d, C-24), 76.89 (d, C-32), 76.05 (t, 23-
OCH2Ph), 75.39 (d, C-25), 74.75 (t, 24-OCH2Ph), 74.15 (t, C-42), 73.80 (t,
26-OCH2Ph), 69.36 (t, C-26), 69.12 (t, C-36), 67.25 (d, C-35), 54.60 (q, C-47),
35.44 (t, C-7), 34.59 (t, C-3), 34.20 (t, C-5), 32.55 (t, C-9), 25.46 (t, C-8),
24.73 (t, C-4), 23.22 (t, C-10), 14.43 (q, C-11), phenyl signals obscured by
signals of [D8]toluene; MS (EI):m/z (%): 803 (0.4) [M�� 169], 211 (4), 181
(7), 163 (4), 137 (4), 122 (9), 121 (100), 107 (5), 91 (64), 83 (4) 55 (5);
elemental analysis calcd (%) for C59H72O12 (973.20): C 72.81, H 7.46; found:
C 72.75, H 7.37.


For analytical purposes, small samples of 39a and 40a were acetylated
(Ac2O, pyridine, CH2Cl2). The NMR spectra of the acetates 39b and 40b
allow the site of p-methoxybenzylation in these products to be determined
beyond doubt. A comparison of relevant signals of these isomers is given in
Table 1.


Trisaccharide 41: TMSOTf (360 �L of a stock solution, c� 0.014� in Et2O)
was added to a cooled (�20 �C) solution of trichloroacetimidate 27


(326 mg, 0.58 mmol) and disaccharide 40 (306 mg, 0.31 mmol) in Et2O/THF
(3:1, 3.2 mL) and the resulting mixture was stirred for 3 h. Quenching of the
reaction with sat. aq. NaHCO3 (5 mL) followed by a standard extractive
work-up and flash chromatography (pentane/EtOAc, 92:8� 86:14) afford-
ed a mixture containing trisaccharide 41 and the homodimer derived from
the rhamnosyl donor 27 (346 mg, 9:1 ratio as determined by HPLC). This
mixture was separated by preparative HPLC (column: 125 mmN-5-C18/A,
�2.0 mm, MeCN/H2O 99:1, 0.2 mLmin�1, 4.0 MPa, 313 K; dimers derived
from 27: 3.62 and 4.03 min retention time, compound 41: 23.21 min
retention time) to give pure 41 as pale yellow syrup (269 mg, 62%). [�]20D �
�5.6 (c� 1.8, CH2Cl2); IR (KBr): �� � 3091, 2971, 2937, 1741, 1461, 1378,


1180, 1092, 749; 1H NMR (600 MHz, CD2Cl2): �� 7.51 (m, 1H, H-39), 7.40
(m, 1H, H-40), 7.39 (m, 1H, H-41), 7.29 (m, 1H, H-44), 6.86 (m, 1H, H-45),
5.90 (ddt, J� 17.0, 10.3, 6.6 Hz, 1H, H-2), 5.59 (s, 1H, H-37), 5.51 (dd, J�
3.3, 1.8 Hz, 1H, H-52), 5.34 (d, J� 1.8 Hz, 1H, H-51), 5.09 (dq, J� 17.0,
1.8 Hz, 1H, H-1(Z)), 5.06 (d, J� 7.7 Hz, 1H, H-31), 5.02 (t, J� 9.7 Hz, 1H,
H-54), 5.00 (m, 1H, H-1(E)), 4.89 (s, 2H, 23-OCH2Ph), 4.75 and 4.85 (d
each, J� 10.7 Hz, 1H each), 4.67 and 4.80 (d each, J� 11.1 Hz, 1H each, 24-
OCH2Ph), 4.56 and 4.63 (d each, J� 12.0 Hz, 26-OCH2Ph), 4.50 (dq, J�
9.9, 6.2 Hz, 1H, H-55), 4.35 (dd, J� 10.5, 5.0 Hz, 1H, H-36a), 4.27 (d, J�
7.7 Hz, 1H, H-21), 3.91 and 4.42 (d each, J� 11.3 Hz, 1H each, H-62), 3.85
(dd, J� 9.7, 3.3 Hz, 1H, H-53), 3.80 (dd, J� 7.7, 8.8 Hz, 1H, H-22), 3.77 (m,
1H, H-33), 3.77 (s, 3H, H-47), 3.76 (m, 1H, H-36b), 3.75 (m, 2H, H-26),
3.70 (t, J� 9.4 Hz, 1H, H-34), 3.65 (m, 1H, H-23), 3.65 (m, 1H, H-32), 3.62
(t, J� 9.2 Hz, 1H, H-24), 3.57 (m, 1H, H-6), 3.38 (dt, J� 9.4, 2.9 Hz, 1H,
H-25), 3.31 (ddd, J� 9.4, 9.7, 5.5 Hz, 1H, H-35), 2.46 (m, 1H, H-58), 2.29
(m, 1H, H-64), 2.11 (m, 2H, H-3), 1.66 and 1.53 (m, 2H, H-4), 1.53 (m, 2H,
H-5), 1.52 and 1.65 (m, 2H, H-7), 1.47 and 1.69 (m, 1H each, H-59), 1.37 (m,
2H, H-8), 1.33 and 1.59 (m, 1H each, H-65), 1.31 (m, 2H, H-10), 1.29 (m,
2H, H-9), 1.21 (d, J� 6.2 Hz, 3H, H-56), 1.14 (d, J�7.0 Hz, 3H, H-61), 1.04
(d, J� 7.1 Hz, 3H, H-67), 0.90 (t, J� 7.1 Hz, 3H, H-11), 0.87 (t, J� 7.3 Hz,
3H, H-60), 0.78 (t, J� 7.4 Hz, 3H, H-66); 13C NMR (150 MHz, CD2Cl2):
�� 175.85 (s, C-57), 175.54 (s, C-63), 156.81 (s, C-46), 139.63 (d, C-2), 138.04
(s, C-38), 130.63 (d, C-44), 130.60 (s, C-43), 129.25 (d, C-41), 128.56 (d,
C-40), 126.41 (d, C-39), 114.85 (t, C-1), 114.05 (d, C-45), 102.19 (d, J�
156 Hz, C-21), 101.48 (d, J� 162 Hz, C-37), 100.98 (d, J� 165 Hz, C-31),
98.96 (dd, J� 175, 5 Hz, C-51), 86.79 (d, C-23), 82.68 (d, C-34), 81.80 (d,
C-6), 81.17 (d, C-33), 78.99 (d, C-24), 77.62 (d, C-32), 76.96 (d, C-22), 76.04
(d, C-53), 75.84 (t, C-29), 75.43 (d, C-25), 74.91 (t, C-28), 74.56 (t, C-42),
73.88 (t, C-27), 72.66 (d, C-54), 71.42 (t, C-62), 69.43 (t, C-26), 69.14 (t,
C-36), 67.82 (d, C-52), 66.86 (d, C-55), 66.28 (d, C-35), 55.50 (q, C-47), 41.78
(d, C-64), 41.29 (d, C-58), 35.18 (t, C-7), 34.49 (t, C-3), 33.94 (t, C-5), 32.45
(t, C-9), 27.10 (t, C-59), 26.99 (t, C-65), 25.27 (t, C-8), 24.23 (t, C-4), 23.09 (t,
C-10), 17.01 (q, C-67), 16.65 (q, C-61), 17.93 (q, C-56), 14.29 (q, C-11), 11.89
(q, C-66), 11.62 (q, C-60); MS (EI): m/z (%): 775 (12), 406 (13), 405 (51),
297 (12), 195 (16), 181 (11), 121 (100), 91 (80), 85 (46), 57 (20); elemental
analysis calcd (%) for C82H104O18 (1377.69): C 71.49, H 7.61; found: C 71.32,
H 7.54.


Trisaccharide 42 : DDQ (22 mg, 0.1 mmol) was added to a solution of
compound 41 (109 mg, 0.08 mmol) in CH2Cl2/H2O (17:1, 990 �L). After
stirring for 3 h, the reaction was quenched with sat. aq. NaHCO3 (5 mL)
and extracted with CH2Cl2 (3� 10 mL). The combined organic layers were
washed with water (5 mL) and brine (5 mL), dried (Na2SO4) and
concentrated. The residue was purified by flash chromatography (pen-
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tane/EtOAc 94:6� 86:14) to give product 42 (71 mg, 71%) as a pale yellow
syrup. [�]20D ��11.9 (c� 2.3, CH2Cl2); IR (KBr): �� � 3458, 3065, 2969, 2934,
1742, 1498, 1455, 1365, 1142, 1076, 698; 1H NMR (300 MHz, CD2Cl2): ��
7.49 ± 7.00 (m, 25H), 5.91 (ddt, J� 17.1, 10.3, 6.6 Hz, 1H), 5.51 (s, 1H), 5.48
(m, 1H), 5.33 (dd, J� 7.1, 1.5 Hz, 1H), 5.12 ± 4.96 (m, 4H), 4.89 (AB, J�
7.2 Hz, 2H), 4.78 and 4.63 (AB, J� 11.1 Hz, 2H), 4.55 (AB, J� 12.7 Hz,
2H), 4.44 ± 4.24 (m, 5H), 3.97 (d, J� 11.4 Hz, 1H), 3.84 ± 3.92 (m, 2H),
3.82 ± 3.54 (m, 7H), 3.47 (t, J� 9.3 Hz, 1H), 3.39 (m, 1H), 3.28 (dt, J� 9.7,
5.0 Hz, 1H), 2.72 (br s, OH), 2.45 (hex., J� 6.9 Hz, 1H), 2.28 (hex., J�
6.9 Hz, 1H), 2.12 ± 2.01 (m, 2H), 1.71 ± 1.24 (m, 3 H), 1.19 (d, J� 6.2 Hz,
3H), 1.12 (d, J� 6.9 Hz, 3H), 1.03 (d, J� 7.0 Hz, 3H), 0.92 ± 0.83 (m, 6H),
0.77 (t, J� 7.4 Hz, 3H); 13C NMR (75 MHz, CD2Cl2): �� 176.1, 175.6, 139.7,
138.9, 138.8, 138.6, 138.3, 137.8, 129.5, 129.0, 128.7, 128.6, 128.4, 128.0, 127.9,
127.7, 127.6, 126.6, 114.8, 114.1, 102.2, 102.0, 100.9, 98.8, 86.7, 81.7, 81.3, 78.9,
78.6, 77.1, 76.0, 75.9, 75.8, 75.4, 75.3, 75.0, 73.9, 72.6, 71.5, 69.4, 69.1, 67.9,
67.1, 66.2, 41.7, 41.3, 35.2, 34.5, 33.9, 32.4, 27.1, 27.0, 25.3, 24.2, 23.1, 17.9, 17.0,
16.6, 14.3, 11.9, 11.6; MS (EI): m/z (%): 655 (6), 406 (5), 405 (20), 196 (6),
181 (8), 107 (6), 91 (100), 85 (42), 83 (5), 57 (32), 55 (5); elemental analysis
calcd (%) for C74H96O17 (1257.54): C 70.68, H 7.69; found: C 70.56, H 7.78.


Trisaccharides 43 and 44 : TMSOTf (200 �L of a stock solution, c� 0.014�
in CH2Cl2) was added to a solution of imidate 30 (102 mg, 0.14 mmol) and
diol 22 (100 mg, 0.12 mmol) in CH2Cl2 (1.2 mL) at�20 �C. After stirring for
3 h, the reaction was quenched with sat. aq. NaHCO3 (5 mL) and extracted
with CH2Cl2 (3� 10 mL). The combined organic layers were dried
(Na2SO4) and concentrated, and the residue was purified by flash
chromatography (pentane/EtOAc, 78/22) to give product 43 as a colorless
syrup (149 mg, 90%). 1H NMR (300 MHz, CD2Cl2): �� 7.33 ± 7.07 (m,
35H), 5.90 (br s, OH), 5.75 (ddt, J� 17.0, 10.3, 6.6 Hz, 1H), 5.64 (ddt, J�
17.0, 10.2, 6.7 Hz, 1H), 5.38 (s, 1H), 5.22 ± 5.19 (m, 2H), 4.97 ± 4.30 (m,
18H), 4.15 (dd, J� 10.4, 4.8 Hz, 1H), 3.73 (t, J� 9 Hz, 1H), 3.64 ± 3.18 (m,
16H), 2.05 ± 1.83 (m, 6H), 1.48 ± 1.16 (m, 16H), 0.80 (t, J� 6.6 Hz, 3H);
13C NMR (75 MHz, CD2Cl2): �� 172.8, 139.3, 138.9, 138.8, 138.7, 138.6,
138.5, 138.3, 137.9, 129.3, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 128.1,
128.0, 127.9, 127.8, 126.6, 114.8, 114.7, 104.4, 102.0, 101.3, 100.8, 84.2, 83.3,
81.1, 80.0, 79.8, 79.6, 79.0, 78.2, 76.2, 75.8, 75.3, 75.2, 75.1 (2x), 75.0, 73.8,
73.7, 73.6, 69.3, 69.1, 69.0, 67.3, 35.0, 34.4, 34.3, 33.8, 33.6, 28.7, 25.11, 24.6,
24.5, 23.1, 14.4, 14.3; elemental analysis calcd (%) for C85H102O17 (1395.71):
C 73.15, H 7.37; found: C 73.09, H 7.33.


To determine the site of glycosylation unambiguously, this product was
further analyzed after conversion of a small sample into chloroacetate 44
on treatment with chloroacetic acid anhydride and pyridine. Compound 44


gave the following spectroscopic properties: 1H NMR (600 MHz, [D8]tol-
uene, fully resolved signals only): �� 7.59 ± 7.05 (m, 35H, Ph), 6.02 (ddt, J�
17.0, 10.2, 6.6 Hz, 1H, H-2), 5.70 (ddt, J� 17.0, 10.2, 6.7 Hz, 1H, H-56), 5.24
(dq, J� 17.0, 1.8 Hz, 1H, H-1(Z)), 5.17 (ddt, J� 10.2, 1.8, 1.2 Hz, 1H,
H-1(E)), 5.16 (d, J� 7.9 Hz, 1H, H-31), 4.98 (dq, J� 17.0, 2.0 Hz, 1H,
H-57(Z)), 4.94 (ddt, J� 10.2, 2.0, 1.2 Hz, 1H, H-57(E)), 4.75 (d, J� 7.9 Hz,
1H, H-41), 4.31 (d, J� 7.2 Hz, 1H, H-21), 4.16 (dd, J� 10.4, 5.0 Hz, 1H,
H-36a), 3.98 (t, J� 9.1 Hz, 1H, H-33), 3.94 (d, J� 4.0 Hz, 2H, H-39), 3.87
(dd, J� 7.6 Hz, 1H, H-22), 3.75 (dd, J� 12.8, 11.1 Hz, 1H, H-46a), 3.54 (t,
J� 9.1 Hz, 1H, H-43), 3.50 (m, 1H, H-45), 3.40 (dd, J� 9.5, 9.1 Hz, 1H,
H-44), 2.47 (dt, J� 16.2, 7.4 Hz, 1H, H-52a), 2.17 (dt, J� 16.2, 7.6 Hz, 1H,
H-52b); 13C NMR (150 MHz, [D8]toluene): �� 171.97 (s, C-51), 165.58 (s,
C-38), 139.39 (d, C-2), 138.74 (d, C-56), 115.19 (t, C-1), 114.77 (t, C-57),


101.63 (d, C-37), 101.39 (d, C-21), 100.81 (d, C-41), 100.25 (d, C-31), 86.05
(d, C-23), 83.61 (d, C-43), 79.85 (d, C-6), 79.54 (d, C-34), 79.01 (d, C-24),
78.50 (d, C-22), 78.47 (d, C-44), 77.47 (d, C-33), 76.26 (d, C-45), 76.07 (d,
C-32), 75.44 (t, 23-OCH2Ph), 75.26 (d, C-25), 74.88 (t, 44-OCH2Ph), 74.75
(t, 24-OCH2Ph), 74.60 (t, 43-OCH2Ph), 74.01 (t, 46-OCH2Ph), 73.78 (26-
OCH2Ph), 73.41 (d, C-42), 69.87 (t, C-46), 69.27 (t, C-26), 68.82 (t, C-36),
67.24 (d, C-35), 41.04 (t, C-39), 35.38 (t, C-7), 34.59 (t, C-3), 34.20 (t, C-5),
34.13 (t, C-52), 33.86 (t, C-55), 32.52 (t, C-10), 28.78 (t, C-54), 25.56 (t, C-8),
24.67 (t, C-53), 24.64 (t, C-4), 23.20 (t, C-9), 14.43 (q, C-11), phenyl signals:
139.18, 139.12, 139.01, 139.00, 138.98, 138.89, 138.20, 128.65, 128.54, 128.52,
128.51, 128.48, 128.45, 128.02, 127.85, 127.69, 126.94.


Trisaccharide 45 : TMSOTf (200 �L of a stock solution, c� 0.014� in
CH2Cl2) was added to a solution of imidate 15 (71 mg, 0.14 mmol) and diol
22 (100 mg, 0.12 mmol) in CH2Cl2 (1.2 mL) at �20 C. After stirring for 3 h,
the reaction was quenched with sat. aq. NaHCO3 (5 mL) and the aqueous
phase was extracted with CH2Cl2 (3� 10 mL). The combined organic layers
were dried (Na2SO4) and concentrated, and the residue was purified by
flash chromatography (pentane/EtOAc 7:3) to give product 45 (106 mg,
77%) as a colorless solid. [�]20D ��48.0 (c� 0.51, CH2Cl2); IR (KAP): �� �
3431, 3065, 3033, 2929, 2868, 1755, 1640, 1497, 1454, 1370, 1243, 1219, 1097,


1030, 915, 750, 699; 1H NMR (600 MHz, [D8]toluene): �� 7.75 ± 7.06 (m,
25H, Ph), 5.86 (ddt, J� 17.0, 10.1, 6.7 Hz, 1H, H-2), 5.44 (dd, J� 9.5,
8.0 Hz, 1H, H-43), 5.29 (dd, J� 8.0, 7.1 Hz, 1H, H-42), 5.20 (s, 1H, H-37),
5.13 (ddt, J� 17.0, 2.0, 1.8 Hz, 1H, H-1(Z)), 5.07 (ddt, J� 10.1, 2.0, 1.2 Hz,
1H, H-1(E)), 5.03 (s, 1H, H-47), 4.93 (d, J� 7.0 Hz, 1H, H-41), 4.84 (s, 2H,
23-OCH2Ph), 4.64 (d, J� 7.7 Hz, 1H, H-31), 4.53 and 4.66 (AB, J� 11.5 Hz,
2H, 24-OCH2Ph), 4.43 and 4.51 (AB, J� 12.0 Hz, 2H, 26-OCH2Ph), 4.36
(d, J� 7.6 Hz, 1H, H-21), 4.23 (dd, J� 10.3, 5.0 Hz, 1H, H-36a), 4.10 (dd,
J� 10.3, 5.0 Hz, 1H, H-46a), 3.78 (t, J� 9.1 Hz, 1H, H-33), 3.75 (dd, J� 8.9,
7.8 Hz, 1H, H-22), 3.70 (d, J� 2.4 Hz, 1H, 32-OH), 3.65 (m, 1H, H-6), 3.65
(dd, J� 11.1, 4.4 Hz, 1H, H-26a), 3.61 (m (overlapped), 1H, H-24), 3.60 (m
(overlapped), 1H, H-26b), 3.60 (m (overlapped), 1H, H-32), 3.59 (m
(overlapped), 1H, H-44), 3.58 (m (overlapped), 1H, H-23), 3.53 (t, J�
10.2 Hz, 1H, H-36b), 3.50 (t, J� 10.2 Hz, 1H, H-46b), 3.44 (t, J� 9.4 Hz,
1H, H-34), 3.30 (dt, J� 10.0, 5.0 Hz, 1H, H-45), 3.23 (m (overlapped), 1H,
H-25), 3.22 (m (overlapped), 1H, H-35), 2.09 (m, 2H, H-3), 1.81 (s, 3H, -
OC(O)CH3), 1.73 (s, 3H, -OC(O)CH3), 1.70 ± 1.50 (m, 8H, H-4,5,7,8),
1.40 ± 1.30 (m, 4H, H-9,10), 0.95 (t, J� 7.1 Hz, 3H, H-11); 13C NMR
(150 MHz, [D8]toluene): �� 138.98 (d, C-2), 115.09 (t, C-1), 105.09 (d,
C-31), 101.55 (d, C-47), 101.78 (d, C-21), 101.78 (d, C-37), 101.60 (d, C-41),
84.42 (d, C-23), 81.34 (d, C-22), 80.26 (d, C-33), 80.16 (d, C-34), 79.47 (d,
C-6), 79.13 (d, C-24), 78.29 (d, C-44), 76.36 (d, C-32), 75.95 (t, 23-OCH2Ph),
75.35 (d, C-25), 74.74 (t, 24-OCH2Ph), 73.81 (t, 26-OCH2Ph), 73.70 (d,
C-42), 72.79 (d, C-43), 69.26 (t, C-26), 68.99 (t, C-36), 68.90 (t, C-46), 67.37
(d, C-35), 66.53 (d, C-45), 35.38 (t, C-7), 34.54 (t, C-3), 34.19 (t, C-5), 32.51
(t, C-10), 25.43 (t, C-8), 24.80 (t, C-4), 23.21 (t, C-9), 14.44 (q, C-11), acetyl
signals: 169.50 (s), 169.399 (s), 20.53 (q), 20.31 (q), phenyl signals: 138.94,
138.86, 138.34, 138.29, 138.08, 138.29, 138.08, 128.93, 128.57, 128.53, 128.25,
128.19, 126.76, 126.75; MS (EI): m/z (%): 335 (44), 275 (12), 181 (12), 149
(33), 127 (13), 107 (14), 105 (11), 91 (100), 69 (11), 43 (24); elemental
analysis calcd (%) for C68H82O18 (1187.37): C 68.78, H 6.96; found: C 68.72,
H 6.95.
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Total Synthesis of Woodrosin I–Part 2: Final Stages Involving RCM and an
Orthoester Rearrangement


Alois F¸rstner,* Fabien Jeanjean, Patrick Razon, Conny Wirtz, and Richard Mynott[a]


Abstract: The completion of the first
total synthesis of the complex resin
glycoside woodrosin I (1) is outlined
using the building blocks described in
the preceding paper. Key steps involve
the TMSOTf-catalyzed coupling of diol
2 with trichloroacetimidate 3 which
leads to the selective formation of or-
thoester 5 rather than to the expected
tetrasaccharide. Diene 5, on treatment
with catalytic amounts of the Grubbs
carbene complex 6 or the phenylinden-


ylidene ruthenium complex 7, undergoes
a high yielding ring closing olefin meta-
thesis reaction (RCM) to afford macro-
lide 8. Exposure of the latter to the
rhamnosyl donor 4 in the presence of
TMSOTf under ™inverse glycosylation∫
conditions delivers compound 9 by a


process involving glycosylation of the
sterically hindered 2�-OH group and
concomitant rearrangement of the adja-
cent orthoester into the desired �-glyco-
side. This transformation constitutes one
of the most advanced applications of the
Kochetkov glycosidation method re-
ported to date. Cleavage of the chloro-
acetate followed by exhaustive hydro-
genation completes the total synthesis of
the targeted glycolipid 1.


Keywords: glycosides ¥ metathesis
¥ natural products ¥
oligosaccharides ¥ ruthenium


Introduction


Woodrosin I (1), isolated from the stems of Ipomoea tuber-
osa L,[1, 2] is one of the most complex resin glycosides known
to date. Glycolipids of this type are generally endowed with a
wide range of physiological activities including cytotoxicity
against human cancer cell lines, hemolytic, antibacterial,
purgative or ionophoretic properties, as well as significant
plant growth regulating capacity. Their intriguing structures
stimulated the imagination of preparative chemists as wit-
nessed by the increasing number of total syntheses that have
been published over the last few years.[3±8]


In the preceding paper we outlined in detail a synthesis plan
that should bring compound 1 within reach. Specifically, it
envisages that the repeated use of the trichloroacetimidate
method[9] provides an entry into its oligosaccharide backbone,
while ring closing olefin metathesis (RCM) should enable the
formation of the macrolactone entity.[10] High yielding routes
to the required building blocks 2 ± 4 have been developed
starting from simple precursors (Scheme 1).[11] Moreover, a
model study has suggested that the consecutive glycosylation
of the two vicinal secondary OH groups in 2with donors 3 and
4 critically depends on the phasing of events and would
probably be successful only if the pending rhamnose unit is


introduced last. In this article we describe that the main
features of this strategy have been successfully put into
practice, although the caprice of one of the protecting groups
together with the severe steric hindrance in the core region of
the molecule enforced an unforeseen detour.[12]


Results and Discussion


Preparation of the metathesis precursor : The distinctly differ-
ent reactivity of the vicinal hydroxyl groups in 2 allows
consecutive glycosylation reactions to be carried out without
recourse to protecting groups. Since the model studies
reported in the accompanying paper showed that the 3�-OH
function reacts regioselectively with various trichloroacetimi-
dates to afford the corresponding oligosaccharides in high
yields,[11] the coupling of 2 with donor 3 was investigated
(Scheme 2). Treatment of a mixture of these components in
CH2Cl2 with a catalytic amount of TMSOTf under care-
fully controlled conditions[13] affords a single product in
84% isolated yield. Its NMR spectra, however, are in-
consistent with the expected tetrasaccharide but correspond
to orthoester 5 formed by participation of the chloroacetyl
moiety. Most indicative is a signal in the 13C NMR spectrum at
�� 118.7 ppm (s) assigned to the newly formed orthoester
linkage.
The chloroacetyl group had originally been chosen because


it allows the stereochemical course of glycosidation reactions
to be controlled by neighboring group participation while at
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Scheme 2. [a] TMSOTf cat. , CH2Cl2, RT, 84%.


the same time being orthogonal to the residual ester moieties
in 1.
Despite some literature precedence for the engagement of


chloroacetates in the formation of orthoesters, the use of
strong Lewis acids as promoters in the absence of a buffering
base is usually an easy way to obtain the desired �-glycosides
with good selectivity.[14, 15] Therefore the exclusive formation
of 5 in the TMSOTf-catalyzed coupling of 2 and 3 was rather
unexpected.
The total synthesis of woodrosin was pursued further in the


hope of rectifying this connectivity pattern at a later stage.[16]


Prior to that, however, we were faced with the severe steric
hindrance exerted by the orthoester moiety in 5. Thus, all
attempts to attach the missing rhamnosyl unit to the adjacent


2�-OH group were in vain, like-
ly because this site is strongly
shielded in this part of the
molecule and hence innately
unreactive. Only the rapid de-
composition of the starting ma-
terials 4 and 5 was observed
without any indication of the
formation of the desired cou-
pling product.
At this stage, it seemed in-


evitable to redesign the build-
ing blocks used for the assem-
bly of 1. However, prior to
taking recourse to this labori-
ous yet uncertain option, a
tactically different approach
was pursued. Inspection of
models suggested that the tra-
jectory of a glycosyl donor to-
wards the hidden 2�-OH group
might be less narrow after forg-
ing the macrocyclic ring. There-
fore the completion of the sugar
backbone was postponed until
after the ring closing olefin
metathesis reaction.


Ring closing olefin metathesis :
In contrast to the significant
problems encountered during


the assembly of the oligosaccharide backbone, the formation
of the macrocycle by RCM proceeded uneventfully. Previous
investigations from this laboratory had shown that RCM is
particularly successful if the site of ring closure is far enough
away from potential donor sites in the diene substrate to avoid
the formation of unreactive metal chelate complexes.[17±19] In
accordance with this, a virtually quantitative conversion of
compound 5 into cycloalkene 8 was observed on treatment
with catalytic amounts of the Grubbs carbene complex 6[20] in
a dilute, refluxing solution in CH2Cl2. The newly developed
and particularly easily accessible phenylindenylidene complex
7[21, 22, 29] is equally efficient, affording product 8 in 94%
isolated yield (Scheme 3). This result highlights once again the
truly remarkable potential of RCM, which is responsible for
the breathtaking evolution of this transformation within the
last few years into one of the most reliable, efficient and
flexible entries into macrocyclic ring systems.[10]


Cycloalkene 8 is obtained as an E :Z mixture (E :Z �9:1,
HPLC). The detailed analysis of its 600 MHz spectra leaves
no doubt about the connectivities and establishes that the
major isomer is (E)-configured (cf. Experimental Section).
This is deduced from the 13C NMR spectrum; an unambiguous
assignment was not possible from the 1H NMR spectrum
because the signals of H-6 and H-7 are obscured by severe
overcrowding. The shifts of the allylic C-atoms C-5 and C-8 at
33.2 and 33.0 ppm (for the numbering Scheme see the
Experimental Section), however, are highly characteristic.[18b]


The unusually large J(C-1,H-1)� 185 Hz for the anomeric


Scheme 1. Retrosynthetic strategy.
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Scheme 3. Complex 6 or 7 cat. , CH2Cl2, reflux, 24 h, 94%.


position of the C-ring as well as the small 3J(H-2,H-3)�
3.2 Hz indicate that the annellation to the orthoester moiety
forces this glucopyranose out of the usual chair conformation.


Completion of the total synthesis : With product 8 in hand, the
introduction of the missing rhamnose moiety was re-inves-
tigated. The lability of donor 4 in the presence of a Lewis acid,
however, made it necessary to apply the ™inverse glycosyla-
tion procedure∫ developed by Schmidt for such purposes.[23]


Specifically, alcohol 8 was premixed with catalytic amounts of
TMSOTf in rigorously anhydrous Et2O prior to the slow
addition of compound 4 to the resulting solution.
The outcome of this key experiment surpassed our expect-


ations (Scheme 4). Not only was it possible to attach the
missing rhamnose unit to the oligosaccharide backbone, but
the compromising orthoester junction was found to rearrange
concomitantly to the required �-glycosidic linkage.[24] By
optimizing the pre-mixing and addition times it was possible
to isolate product 9 in 60% yield. In view of the delicacy of


Scheme 4. [a] TMSOTf cat. , Et2O, 0 �C, slow addition of 4 over 20 min,
then 30 min, 60%.[b] i) Hydrazinium acetate, DMF, �10� 0 �C, 15 min;
ii) 1 atm H2, Pd/C, MeOH, 18 h, 84% (over both steps).


this transformation and the lability of the reaction partners
this result showcases the power of the trichloroacetimidate
method[9] and represents one of the most advanced applica-
tions of Kochetkov×s orthoester protocol reported to
date.[16, 24, 25]


Extensive investigations involving DEPT, COSY, HSQC,
and HMBC experiments allowed us to unambiguously assign
all signals in the high field (600 MHz) NMR spectra of 9. On
this basis, the connectivities were established beyond doubt,
proving that compound 9 constitutes fully protected wood-
rosin I with the intact oligosaccharide perimeter and the
proper macrolide ring in place.
The final deprotection commences with a short treatment


of 9 with hydrazinium acetate to remove the chloroacetyl
moiety.[26] After washing the crude material with dilute acid,
an extensive hydrogenation over palladium on charcoal
saturates the olefin and simultaneously cleaves off all
remaining protecting groups. Synthetic 1 thus obtained as an
amorphous solid is identical to natural woodrosin I in all
respects, see Experimental Section.


Conclusions


Despite the substantial methodological advances in glycosy-
lation chemistry that have been achieved in recent decades,
the assembly of sophisticated oligosaccharides is still far from
routine. This is substantiated by the total synthesis of the
complex glycolipid woodrosin I described in this and the
accompanying paper. Although we lay no claim to the
uniqueness of the trichloroacetimidate method for reaching
this particular target, this synthetic endeavor certainly attests
to the performance and maturity of this methodology
pioneered and perfected by Schmidt.[9]


The ease with which the ruthenium carbene complexes 6
and 7 allowed the 27-membered macrolide spanning the
oligosaccharide scaffold in 1 to be formed constitutes an
instructive counterpoint to the subtle difficulties encountered
in the assembly of the carbohydrate perimeter. Ring closing
metathesis has evolved within a few years into a very reliable
tool that can now be safely implemented even into complex
synthesis plans.[10] Although several issues related to this
transformation still remain to be solved,[27] the strategic
advantages of metathesis in general[28] together with the truly
spectacular application profile of the available catalysts will
continue to shape modern organic chemistry. Further studies
intended to illustrate this concept are underway in this
laboratory and will be reported in the near future.[29, 30]


Experimental Section


General : All reactions were carried out under Ar in carefully dried
glassware. The solvents used were purified by distillation over the drying
agents indicated and were transferred under Ar: THF, Et2O (Mg/
anthracene), CH2Cl2 (P4O10), MeCN, Et3N (CaH2), MeOH (Mg), DMF,
DMA (Desmodur, dibutyltin dilaurate), hexane, toluene (Na/K). Flash
chromatography: Merck silica gel 60 (230 ± 400 mesh). NMR: Spectra were
recorded on a Bruker DPX300 or DMX600 spectrometer in the solvents
indicated; chemical shifts (�) are given in ppm relative to TMS, coupling
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constants (J) in Hz. The solvent signals were used as references and the
chemical shifts converted to the TMS scale (CDCl3: �C� 77.0 ppm; residual
CHCl3 in CDCl3: �H� 7.24 ppm; CD2Cl2: �C� 53.8 ppm; residual CH2Cl2 in
CD2Cl2: �H� 5.32 ppm). IR: Nicolet FT-7199 spectrometer, wavenumbers
in cm�1. MS (EI): Finnigan MAT 8200 (70 eV), ESI-MS: Finnigan MAT 95,
accurate mass determinations: Bruker APEX III FT-MS (7 T magnet).
Melting points: Gallenkamp melting point apparatus (uncorrected).
Optical rotation: Perkin ±Elmer 343 at �� 589 nm (Na D-line). Elemental
analyses: H. Kolbe, M¸lheim/Ruhr. All commercially available compounds
(Lancaster, Aldrich) were used as received.


Tetrasaccharide 5 : TMSOTf (1.1 mL of a 0.014� stock solution in CH2Cl2)
was added to a solution of diol 2 (100 mg, 0.12 mmol) and trichloroacet-
imidate 3 (169 mg, 0.15 mmol) in CH2Cl2 (1.2 mL) and the resulting
mixture was stirred at ambient temperature for 3 h. The reaction was
quenched with aq. sat. NaHCO3 (5 mL), the aqueous phase was repeatedly
extracted with CH2Cl2 (30 mL in several portions), the combined organic
layers were dried (Na2SO4), the solvent was evaporated and the residue was
purified by flash chromatography (pentane/EtOAc 84:16) affording
product 5 as a colorless syrup (180 mg, 84%). 1H NMR (300 MHz,
CD2Cl2): �� 7.31 ± 7.15 (m, 35H), 6.05 (br s, OH), 5.80 ± 5.63 (m, 2H), 5.43
(d, J� 5.6 Hz, 1H), 5.35 (s, 1H), 5.21 (m, 1H), 5.06 (m, 1H), 4.96 ± 4.41 (m,
24H), 4.31 (t, J� 7.7 Hz, 2H), 4.23 (dd, J� 3.6, 8.0 Hz, 1H), 4.18 ± 4.11 (m,
2H), 3.83 ± 3.45 (m, 20H), 3.44 ± 3.26 (m, 4H), 3.12 (m, 1H), 2.34 ± 1.88 (m,
6H), 1.58 ± 1.10 (m, 12H), 0.96 (t, J� 6.7 Hz, 6H), 0.83 ± 0.75 (m, 9H);
13C NMR (75 MHz, CD2Cl2): �� 175.4, 175.1, 172.6, 139.2, 139.1, 138.8,
138.7, 138.6, 138.5, 138.4, 137.7, 137.6, 129.7, 129.0, 128.8, 128.7, 128.6, 128.5,
128.3, 128.2, 128.1, 127.9, 126.5, 118.7, 114.8, 114.7, 105.5, 102.4, 101.5, 101.4,
97.9, 84.1, 83.3, 81.7, 80.4, 79.6, 79.2, 78.3, 76.5, 76.1, 75.5, 75.3, 75.2, 75.1,
75.0, 74.5, 74.2, 73.9, 73.8, 72.9, 71.4, 69.1, 68.8, 68.0, 67.8, 67.3, 44.2, 41.2,
40.8, 34.9, 34.4, 34.1, 33.9, 33.6, 32.4, 28.8, 26.8, 26.6, 25.0, 24.6, 24.5, 23.1,
21.1, 16.5, 16.4, 14.4, 14.3, 14.2, 11.7, 11.6; MS (ESI): m/z : 1823 [M�Na]� ,
923; elemental analysis calcd (%) for C103H129ClO25 (1802.56): C 68.63, H
7.21; found C 68.55, H 7.16.


Ring closing metathesis : A mixture of diene 5 (127 mg, 0.069 mmol) and
the ruthenium complex 7 (7 mg, 0.007 mmol) in CH2Cl2 (50 mL) was
heated under reflux for 24 h. The solvent was removed in vacuo and the
residue was purified by flash chromatography (hexane/EtOAc 4:1)
affording product 8 as a colorless solid (118 mg, 94%). M.p. 67 ± 72 �C;
[�]20D ��11.5 (c� 0.34, CH2Cl2); IR (KAP): �� � 3423, 3089, 3064, 3031,
2934, 2872, 1747, 1607, 1587, 1497, 1455, 1382, 1362, 1312, 1178, 1146, 1094,
1071, 1028, 915, 751, 736, 698; HR ESI-MS: calcd for [C101H125ClO25�Na]�:
1795.809616; found: 1795.80768 (� 1.08 ppm); elemental analysis calcd (%)
for C101H125ClO25 (1774.54): C 68.4, H 7.1; found: C 68.45, H 7.04. For a
compilation of the NMR data of this compound see Table 1.


Pentasaccharide 9 : A cooled solution of compound 8 (100 mg, 0.056 mmol)
and TMSOTf (113 �L of a 0.01� stock solution in CH2Cl2, 1.12� 10�6 mol,
2 mol%) in Et2O (1 mL) was stirred for 2 min at 0 �C. A solution of
trichloroacetimidate 4 (57.5 mg, 0.101 mmol) in Et2O (1 mL) was added
dropwise through a syringe pump over a period of 20 min and stirring was
continued for 30 min after the addition was completed. The reaction was
quenched with sat. aq. NaHCO3 (2 mL), the aqueous layer was extracted
with CH2Cl2, the combined organic layers were dried over Na2SO4 and
concentrated, and the residue was purified by flash chromatography
(hexane/EtOAc 4:1) delivering product 9 as a colorless syrup (73.7 mg,
60%). [�]20D ��14.8 (c� 1.5, CH2Cl2); IR (KAP): �� � 3089, 3064, 3031,
2964, 2931, 2875, 1745, 1607, 1587, 1497, 1455, 1383, 1364, 1234, 1178, 1142,
1094, 1072, 1027, 925, 749, 735, 697; HR ESI-MS: calcd for
[C124H157ClO31�Na]�: 2200.029505; found: 2200.03346 (� 1.79 ppm);
elemental analysis calcd (%) for C124H157ClO31 (2179.04): C 68.3, H 7.3;
found C 68.22, H 7.26. For a compilation of the NMR data of this compound
see Table 2.


Woodrosin I (1): Hydrazinium acetate (3.5 mg, 0.038 mmol) was added to a
solution of compound 9 (65.4 mg, 0.030 mmol) in DMF (0.5 mL) and the
resulting mixture was stirred for 15 min at �10� 0 �C. Et2O (10 mL) was
then added, the organic layer was successively washed with aq. HCl (1�),
water and brine (2 mL each), dried over Na2SO4 and evaporated. Pd on
charcoal (10%w/w, 10 mg) was added to a solution of the residue inMeOH
(2 mL) and the resulting suspension was stirred under an atmosphere of H2
(1 atm) for 18 h. The catalyst was filtered off through a short pad of silica
gel and the filtrate was evaporated, thus affording the title compound 1 as a
colorless solid (34.9 mg, 84%). M.p. 145 ± 147 �C (ref. [1]: 142 ± 148 �C);


Table 1. NMR data (Bruker DMX-600) of compound (E)-8 in [D8]toluene
at 300 K. The signal assignments are unambiguous, the numbering scheme
is arbitrary and shown in the insert. Signals marked * might be mutually
interchanged. The multiplicity in the 13C NMR refers to the DEPT
spectrum.[a]


No. � 13C [ppm] [b] � 1H [ppm] [b] J [Hz]


A1 102.81 d 4.30 d J� 7.7
A2 78.91 d 3.83 dd J� 7.7, 9.1
A3 85.03 d 3.55
A4 78.86 d 3.63
A5 75.48 d 3.27
A6 69.34 t 3.64, 3.62
B1 130.75 d 4.68 d
B2 74.59 d 3.50
B3 74.46 d 3.96
B4 80.47 d 3.19 t J� 9.4
B5 66.85 d 3.15 m
B6 68.88 t 3.98, 3.36
B7 102.11 d 5.08 s
C1 98.01 d 5.94 d J� 8.3
C2 74.94 d 4.58
C3 72.09 d 5.66 dd J� 3.2, 4.3
C4 69.00 d 4.95 t J� 4.1, 10.3
C5 69.54 d 4.73
C6 69.88 t 4.10, 3.50 dd J� 11.5, 1.7
D1 102.67 d 4.41 d
D2 73.34 d 5.36 dd J� 9.5, 8.0
D3 83.59 d 3.64
D4 78.42 d 3.56
D5 75.76 d 3.25 ddd J� 9.5, 4.0, 2.3
D6 69.25 t 3.57
1 171.61 s
2 34.68 t 2.58 ddd J� 16.0, 10.5, 5.6


2.45 ddd J� 16.0, 10.4, 5.9
5, 8 33.21, 32.96 t 2.16, 2.10 m
6 131.60* d 5.65* m
7 139.14* d 5.57* m
10, 12 35.43, 34.22 t 1.80 ± 1.35
11 81.78 d 3.68 m
15 23.19 t 1.80 ± 1.35
16 14.41 q 0.95 t J� 7.3
3,4,9, 32.65, t 1.88 m


30.20,25.32
13,14 25.25, 25.13 1.80 ± 1.35
A3-Bn 76.04 t 4.86, 4.76 d J� 10.6
A4-Bn 74.90 t 4.75, 4.58 d J� 11.5
A6-Bn 73.77 t 4.51, 4.43 d J� 12.1
C11 119.14 s
C12 44.18 t 4.16, 3.95 d J� 12.8
C31 174.34 s
C32 40.97 d 2.23
C33 26.60 t 1.66, 1.31
C34 11.73 q 0.84 t J� 7.3
C35 16.64 q 1.08 d J� 7.1
C41 175.26 s
C42 40.95 d 2.13 m
C43 26.66 t 1.56, 1.23
C44 11.60 q 0.75 t J� 7.4
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[�]20D ��25.2 (c� 1.4, MeOH) [ref. [1]: [�]25D ��25.4 (c� 2.9, MeOH)]; IR
(KAP): �� � 3448, 2967, 2933, 2877, 1744, 1463, 1384, 1261, 1187, 1150, 1077,
1031, 895; the spectroscopic and analytical data of 1 are in full agreement
with those reported in ref. [1]. For a comparison see Tables 3 and 4.
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Table 1. (Continued)


No. � 13C [ppm] [b] � 1H [ppm] [b] J [Hz]


C45 16.35 q 0.99 d J� 7.1
D3-Bn 74.82 t 4.71 d
D4-Bn 74.86 t 4.68, 4.44 d
D6-Bn 73.60 t 4.42, 4.37 d J� 12.1
[a] Signals of the phenyl rings: 13C NMR: �� 139.30, 139.24, 139.04, 138.90,
138.89, 138.51, 137.91 (s each); further signals are obscured by the
resonances of the solvent ([D8]toluene); 1H NMR: �� 7.44 ± 7.05 (m).
[b] Multiplicity of the signals.


Table 2. NMR data (Bruker DMX-600) of compound 9 in [D8]toluene at
300 K. The signal assignments are unambiguous, the numbering Scheme is
arbitrary and shown in the insert. Signals marked * might be mutually
interchanged. The multiplicity in the 13C NMR refers to the DEPT
spectrum.[a]


No. � 13C [ppm] [b] � 1H [ppm] [b] J(C,H) [Hz]


A1 101.97 d 4.57 d J� 7.5
A2 77.98 d 4.16 dd J� 7.5, 8.7
A3 87.12 d 4.01 t J� 8.9
A4 79.18 d 3.76
A5 75.58 d 3.51
A6 69.47 t 3.73
B1 101.12 d 5.33 d J� 7.6
B2 76.49 d 4.06
B3 82.95 d 4.21
B4 80.87 d 4.20
B5 67.33 d 3.31 m
B6 68.76 t 4.19, 4.09
B7 101.74 d 6.05 s
C1 99.22 d 5.33 d J� 8.3
C2 75.21 d 5.07 dd J� 8.2, 9.3
C3 73.34 d 5.25 t J� 9.3
C4 68.91 d 5.05 t J� 9.5
C5 73.97 d 3.57
C6 68.35 t 3.57
D1 101.52 d 4.10 d J� 8.2
D2 72.73 d 5.23 dd J� 9.5, 8.2
D3 83.34 d 3.53
D4 78.11 d 3.49
D5 75.71 d 3.20 ddd J� 9.5, 4.0, 2.3
D6 69.32 t 3.56
E1 99.03 d 5.61 d J� 1.9
E2 68.13 d 5.81 dd J� 3.0, 1.9
E3 76.55 d 4.31 dd J� 9.8, 3.2
E4 72.91 d 5.57 t J� 10.0
E5 67.33 d 4.88 dd J� 10.1, 6.2
E6 18.41 q 1.53 d J� 6.2
1 172.19 s
2 34.26 t 2.38, 2.36
3 23.89 t 1.86 m


Table 2. (Continued)


No. � 13C [ppm] [b] � 1H [ppm] [b] J(C,H) [Hz]


4, 7 33.16, 31.65 t 2.30, 2.22, 2.15, 2.13
5 131.48* d 5.63 m
6 131.51* d 5.63 m
8, 9, 27.95, t 1.66, 1.54,
13 25.37, 25.16 1.60, 1.54
10, 12 35.64, 33.82 t 1.76, 1.68, 1.66, 1.58
11 80.20 d 3.74
14 32.63 t 1.35
15 23.23 t 1.35
16 14.46 q 0.94 t J� 7.0
A3-Bn 75.25 t 5.08, 5.21 d J� 11.5
A4-Bn 74.81 t 4.70, 4.59 d J� 11.5
A6-Bn 73.87 t 4.57, 4.49 d J� 12.1
C21 166.44 s
C22 40.31 t 3.74
C31 175.14 s
C32 41.01 d 2.17
C33 26.54 t 1.61, 1.26
C34 11.60 q 0.75 t J� 7.4
C35 16.29 q 1.00 d J� 7.0
C41 174.90 s
C42 40.93 d 2.13
C43 26.72 t 1.62, 1.29
C44 11.78 q 0.79 t J� 7.4
C45 16.49 q 0.99 d J� 7.0
D3-Bn 75.06 t 4.69, 4.64 d J� 11.6
D4-Bn 74.93 t 4.70, 4.45 d J� 11.3
D6-Bn 73.62 t 4.45, 4.38 d J� 12.5
E21 175.67 s
E22 41.26 d 2.47 m
E23 27.39 t 1.78, 1.47
E24 11.63 q 0.93 t J� 7.4
E25 16.53 q 1.19 d J� 7
E41 174.80 s
E42 41.85 d 2.38
E43 27.13 t 1.76, 1.34
E44 11.98 q 0.82 t J� 7.4
E45 17.25 q 1.12 d J� 7
E3-Bn 71.66 t 4.97, 4.41 d J� 11.5
[a] Signals of the phenyl rings: 13C NMR: �� 139.09, 139.05, 139.02, 138.99,
138.90, 138.84, 138.74, 138.69 (s each); further signals are obscured by the
resonances of the solvent ([D8]toluene); 1H NMR: �� 7.84 ± 7.00 (m).
[b] Multiplicity of the signals.
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Table 3. Comparison of the published 13C NMR data of woodrosin I with
those of the synthetic sample (in both cases in [D5]pyridine, 150 MHz);
n.r.� not reported.


No. � 13C (ppm) [a] Ref. [1]


A1 104.01 d 104.0
A2 78.97 d 79.1
A3 79.88 d 79.9
A4 71.88 d 71.8
A5 78.30 d 78.3
A6 62.76 t 62.7
B1 100.91 d 100.9
B2 75.55 d 75.5
B3 90.03 d 89.8
B4 70.71 d 70.6
B5 77.47 d 77.5
B6 63.00 t 63.0
C1 104.09 d 104.0
C2 72.61 d 72.6
C3 75.97 d 75.8
C4 68.97 d 69.0
C5 73.39 d 73.3
C6 66.43 t 66.2
D1 102.11 d 102.1
D2 75.09 d 75.0
D3 76.10 d 76.1
D4 71.67 d 71.6
D5 79.15 d 78.9
D6 62.30 t 62.3
E1 97.91 d 97.8
E2 73.45 d 73.4
E3 67.65 d 67.6
E4 75.45 d 75.4
E5 66.90 d 66.9
E6 18.74 q 18.7
1 173.23 s n.r.
2 34.45 t n.r.
3 25.46 t n.r.
4 28.79 t n.r.
5, 6, 7, 8 31.11, 30.71, 30.06, 29.44 t n.r.
9, 13 25.56, 25.37 t n.r.
10 35.41 t n.r.
11 82.94 d n.r.
12 35.90 t n.r.
14 32.37 t n.r.
15 22.92 t n.r.
16 14.27 q n.r.


[a] Refers to the multiplicity in the DEPT spectrum.


Table 4. Comparison of the published 1H NMR data of woodrosin I with
those of the synthetic sample (in both cases in [D5]pyridine, 600 MHz). For
the chosen numbering Scheme see the insert in Table 3; n.r.� not reported.
No. � (muliplictiy, J [Hz]) Ref. [1]


A1 4.88 (d, J� 7.6) 4.89 (d, J� 7.5)
A2 4.39 (dd, J� 7.6, 9.0) 4.39 (dd, J� 9.1, 7.5)
A3 4.45 (m) 4.45 (dd, J� 9.1, 9.1)
A4 4.11 (t, J� 9.2) 4.11 (dd, J� 9.1, 9.1)
A5 3.90 (m) ca. 3.88
A6 4.50 (dd, J� 2.5, 11.6) 4.50 (dd, J� 2.2, 11.7)


4.34 (dd, J� 5.1, 11.6) 4.34 (dd, J� 5.1, 11.7)
B1 5.84 (d, J� 7.7) 5.84 (d, J� 8.1)
B2 4.17 (m) 4.16 (dd, J� 8.1, 8.6)
B3 3.92 (m) ca. 3.92
B4 3.92 (m) ca. 3.92
B5 3.70 (m) 3.71 (ddd, J� 2.9, 5.8, 9.3)
B6 4.45, 4.20 (m) 4.20 (dd, J� 5.8, 11.7)


4.46 (dd, J� 2.9, 11.7)
C1 4.90 (d, J� 7.3) 4.90 (d, J� 7.7)
C2 3.93 (m) ca. 3.91
C3 5.57 (t, J� 9.4) 5.59 (dd, J� 9.4, 9.4)
C4 5.48 (dd, J� 9.4, 9.9) 5.49 (dd, J� 9.4, 9.4)
C5 3.88 (m) ca. 3.88
C6 4.09 (dd, J� 2.7, 12.4) 4.10 (dd, J� 2.6, 12.6)


4.01 (dd, J� 4.2, 12.4) 4.01 (dd, J� 4.0, 12.5)
D1 4.95 (d, J� 8.0) 4.97 (d, J� 8.1)
D2 5.49 (dd, J� 8.0, 9.4) 5.49 (dd, J� 8.1, 9.4)
D3 4.30 (t, J� 9.4) 4.30 (dd, J� 9.4, 9.4)
D4 4.20 (m) 4.19 (dd, J� 9.4, 9.4)
D5 3.85 (m) ca. 3.86
D6 4.46, 4.31 (m) 4.31 (dd, J� 4.7, 11.7)


4.44 (dd, J� 2.9, 11.7)
E1 6.25 (d, J� 1.5) 6.24 (d, J� 1.5)
E2 5.87 (dd, J� 1.5, 3.4) 5.86 (dd, J� 1.5, 3.7)
E3 4.92 (dd, J� 3.4, 9.9) 4.93 (dd, J� 3.7, 9.9)
E4 5.69 (t, J� 9.4) 5.70 (dd, J� 9.9, 9.9)
E5 5.19 (dq, J� 6.2, 9.9) 5.19 (dq, J� 9.9, 6.2)
E6 1.67 (d, J� 6.2) 1.67 (d, J� 6.2)
2a 2.57 (dt, J� 7.4, 16.1) n.r.
2b 2.43 (dt, J� 6.8, 16.1) n.r.
3 1.82, 1.55 (m) n.r.
4 1.46, 1.26 (m) n.r.
5 ± 8 1.46 ± 1.24, 1.31 ± 1.20 (m) n.r.
9,13 1.96, 1.72, 1.48, 1.44 (m) n.r.
10 1.73, 1.69 (m) n.r.
11 3.86 (m) n.r.
12 1.96, 1.66 (m) n.r.
14 1.23, 1.20 (m) n.r.
15 1.23 (m) n.r.
16 0.81 (t, J� 7.0) n.r.
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The Molecular Structure of Different Species of Cuprous Chloride from
Gas-Phase Electron Diffraction and Quantum Chemical Calculations


Magdolna Hargittai,*[a] Peter Schwerdtfeger,*[b] Bala¬zs Re¬ffy,[a] and Reuben Brown[b]


Abstract: The molecular geometry of
gaseous cuprous chloride oligomers was
determined by gas-phase electron dif-
fraction at two different temperatures.
Quantum chemical calculations were
also performed for CunCln (n� 1 ± 4)
molecules. A complex vapor composi-
tion was found in both experiments.
Molecules of Cu3Cl3 and Cu4Cl4 were
present at the lower temperature
(689 K), while dimeric molecules


(Cu2Cl2) were found in addition to the
trimers and tetramers at the higher
temperature (1333 K). All CunCln spe-
cies were found to have planar rings by
both experiment and computation. The


bond lengths from electron diffraction
(rg) at 689 K are 2.166� 0.008 ä and
2.141� 0.008 ä and the Cu-Cl-Cu bond
angles are 73.9� 0.6� and 88.0� 0.6� for
the trimer and the tetramer, respective-
ly. At 1333 K the bond lengths are
2.254� 0.011 ä, 2.180� 0.011 ä, and
2.155� 0.011 ä, and the Cu�Cl�Cu
bond angles 67.3� 1.1�, 74.4� 1.1�, and
83.6� 1.1� for the dimer, trimer, and
tetramer, respectively.


Keywords: copper ¥ electron
diffraction ¥ halides ¥ molecular
structure ¥ quantum chemical
calculation


Introduction


Experimental data on the molecular structure of Group 11
halides are scarce. The molecular structures of gold trifluoride
and trichloride were recently determined by gas-phase
electron diffraction and/or theoretical calculations.[1, 2] These
molecules exist as monomers and dimers in the vapor phase,
and they all have a somewhat unique structure, different from
that of the usual metal halides. The same is true for their
crystal structures, especially for gold trifluoride.[3] The gold
halides, both monohalides and trihalides, and especially the
fluorides[4] and chlorides[5] have been the subject of several
computational studies recently, with relatively fewer studies
on the bromides[6] and iodides.[6, 7, 8] The cuprous chloride
monomer and dimer were studied by coupled-pair functional
calculations, including first-order relativistic effects; and an
extraordinarily short Cu�Cu distance (2.43 ä) was found in
the Cu2Cl2 dimer.[9] The metal ±metal closed shell interaction
was recently studied in cuprous and silver halide dimers.[10] A


microwave spectroscopic experiment determined the vibra-
tional and rotational constants and the equilibrium internu-
clear distance (re) of monomeric CuCl.[11] Spectroscopic
constants of all Group 11 halides were recently calculated
by Stoll and co-workers.[12] There have been earlier attempts
to determine the structure of copper(�) chloride by gas-phase
electron diffraction (GED) (vide infra). A recent photoelectron
spectroscopic study also dealt with the structure of Cu3Cl3.[13]


The behavior of the vapor over copper(�) chloride melts was
found unusual as long ago as 1879.[14] Vapor pressure
measurements suggested that the average molecular mass of
the vapor corresponded to a value inconsistent with either the
copper(�) chloride monomer or the dimer at any combination
of pressure and temperature. Much later an attempt was made
to determine the structure of the molecules present in the
vapor phase by using GED.[15] Although this study was
unsuccessful in producing a clear structure, it was concluded
that the results could best be explained by the existence of a
trimer with D3h symmetry. Brewer and co-workers[16] esti-
mated the composition of gaseous cuprous chloride as
consisting of more than 99.99% trimer and less than
0.001% monomer by measuring thermodynamic properties.


More recent IR[17] and mass spectrometric studies[18, 19] of
the vapors of cuprous chloride gave conclusive evidence of the
presence of polymeric molecules (up to the pentamer) with
the trimer and tetramer being the predominant species under
most conditions. Cesaro et al. attempted to determine the
symmetry (and force constants) of the trimer and tetramer by
using IR spectra and the early GED results of Schomaker and
Wang.[15] They concluded that Cu3Cl3 has a D3h ring structure,
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while Cu4Cl4 is a cube with Td symmetry. However, to explain
the Td symmetry it was necessary to assume that many of the
bands present were not due to the tetramer.


Martin and Schaber also studied the IR spectra of the
cuprous chloride vapor and they came to a different
conclusion concerning the molecular shape of the tetramer
Cu4Cl4.[20] Their ionic potential model was in good agreement
with the IR spectra only if D4h symmetry was assumed for the
tetramer. At the same time, this very model predicted theD4h


structure to be 105 kJmol�1 less stable than the Td, but as the
authors noted, their potential energy function was rather
crude, since it ignored nonionic contributions to the bonding.
This is particularly pertinent as it was noted in Schomaker×s
work that a Cu ±Cu interaction was probable on both
theoretical and experimental grounds,[15] and it is now known
that the ™aurophilic∫[21] (or generally metallophilic) interac-
tion for the closed shell d10 systems is particularly strong. This
interaction could be one explanation for the existence of the
ring structure in preference to the cube in the tetramer.
However, a recent theoretical study showed that cuprophilic
interactions are roughly one third as strong as the more
common aurophilic interactions, because relativistic effects
are smaller in copper compounds.[22]


The GED study of Wang and Schomaker was the first
attempt to determine the molecular geometry of cuprous
chloride in the vapor phase.[15] The level of sophistication of
the early electron diffraction technique and analysis proce-
dure prevented them from giving a definite structure for the
molecule, but, supposing that the vapor consisted entirely of
trimeric molecules, a bond length and a bond angle were
suggested for theD3h symmetry trimer (rCuCl� 2.160� 0.015 ä
and �CuClCu� 90o). This structure was then accepted for
decades as the structure of cuprous chloride. A new electron
diffraction experiment, at different temperatures, was carried
out in our Budapest laboratory in 1984. Although the quality
of the data was far superior to that of the earlier experiment,
the analysis ran into serious difficulties because of the
complexity of the vapor composition.


The difficulty with the GED analysis of the cuprous
chloride system is caused by several factors. The first is the


complicated vapor composition and thus the presence of
perhaps several different molecular species in the vapor
phase. The second difficulty is caused by the fact that the
various bonding and nonbonding distances in these molecules,
including the monomer, dimer, trimer, and tetramer, are not
very different and thus they cluster close to each other. There
is therefore a close correlation among these parameters and
they cannot easily be resolved. Furthermore, the polymeric
species are characterized by low-frequency, large-amplitude
vibrations and, therefore, the so-called shrinkage effect[23] is
substantial. This makes the determination of the exact
symmetry of the molecules difficult. Hence, information
about the molecular structure and symmetry of these species
from other sources was essential. High-level quantum chem-
ical calculations have been carried out, partly in order to help
the interpretation of the electron diffraction data and partly to
get a consistent picture of the structures of the monomeric and
different polymeric species of the molecule.


Experimental Section


Electron diffraction experiment : Earlier mass spectrometric studies[18, 19]


reported that the molar ratio of the different polymeric species varies with
temperature. In order to gain as much information as possible about their
structure, two experiments were performed at different temperatures. The
first selected temperature (689 K) was the lowest possible for the
evaporation of the sample. In this experiment a high-temperature nozzle
system[24] was used. The nozzle material was stainless steel. At this lower
temperature two molecular species of CunCln were found in the vapor:
about 79% trimer and 21% tetramer. The presence of other species, such
as chlorine, monomeric CuCl, and the dimer Cu2Cl2 was checked during the
electron-diffraction structure analysis and could be ruled out. According to
the mass spectrometric results[18] in the temperature range of 500 ± 700 K
the pentamer content of the vapor is too low to observe its contribution to
the total scattering intensity.
A second independent experiment was performed at a significantly higher
temperature (1333 K). In this case a double-oven system was used to
evaporate the sample.[25] The nozzle material was molybdenum. A different
and more complex vapor composition was found during the structure
analysis in this experiment. There were three molecular species: about
40% dimer, 52% trimer, and 8% tetramer. The presence of chlorine and
the monomer was checked and could be ruled out. Guido et al. reported no
pentamer in their mass spectrometric experiment at 900 K.[19]


The details of the experimental conditions are collected in Table 1. The
electron scattering factors were taken from the literature.[26] The molecular
intensities and radial distributions for both experiments are plotted in
Figures 1 and 2. Total experimental intensities for both experiments are
available as Supporting Information.


Computational details : The molecular species CunCln (n� 1 ± 4) were
subjected to computation. An initial survey of the possible structural
isomers of Cu2Cl2, Cu3Cl3, and Cu4Cl4 was undertaken at the second-order
M˘ller ± Plesset level (MP2) with the Los Alamos pseudopotentials and
corresponding double-zeta valence basis sets (LANL2DZ), as implement-
ed in Gaussian 98.[27] The small size of the basis set allowed us to consider
all possible gas-phase arrangements (with and without symmetry) in a
reasonable time frame. The end result of this structural survey allowed us to
determine that planar rings (D2h , D3h, and D4h for Cu2Cl2, Cu3Cl3, and
Cu4Cl4, respectively) were the favored structures. For Cu4Cl4 there is also
the possibility of a cubic geometry with Td symmetry, as indicated earlier by
Cesaro et al.[17] and also found for Na4Cl4,[28] but our calculations gave this
as to be 77 kJmol�1 less stable at theMP2/LANL2DZ level. These different
molecular arrangements are shown in Figure 3.


The geometries from the above preliminary calculations were then used as
the starting points in subsequent geometry optimizations in the second-
order M˘ller ± Plesset (MP2) and DFT calculations by using both the
BPW91[29] and B3LYP[30] functionals with the aug-CC-PVTZ[31] basis set for


Abstract in Hungarian: Meghata¬roztuk a ga¬za¬llapotu¬ re¬z(�)-
klorid oligomerek molekulaszerkezete¬t ga¬zfa¬zisu¬ elektrondiff-
rakcio¬val ke¬t k¸lˆnbˆzoÕ hoÕme¬rse¬kleten. Kvantumke¬miai sza¬-
mÌta¬sokat is ve¬gezt¸nk a CunCln (n� 1 ± 4) molekula¬kra.
Mindke¬t kÌse¬rlet sora¬n komplex goÕzˆsszete¬telt tala¬ltunk. Az
alacsonyabb hoÕme¬rse¬kleten (689 K) Cu3Cl3 e¬s Cu4Cl4, a
magasabb hoÕme¬rse¬kleten (1333 K) pedig a trimeren e¬s tetra-
meren kÌv¸l dimer, Cu2Cl2, molekula¬k alkotja¬k a goÕzt. A
kÌse¬rleti e¬s a sza¬mÌta¬si eredme¬nyek egybehangzo¬an mutatja¬k,
hogy mindha¬rom CunCln molekula sÌkgyuÕruÕs szerkezetuÕ. Az
elektrondiffrakcio¬s kˆte¬shosszak 689 K-en: 2.166� 0.008 ä e¬s
2.141� 0.008 ä, a Cu�Cl�Cu kˆte¬sszˆgek: 73.9� 0.6� e¬s
88.0� 0.6� a trimer e¬s a tetramer esete¬ben. 1333 K-en a
kˆte¬shosszak: 2.254� 0.011 ä, 2.180� 0.011 ä e¬s 2.155�
0.011 ä, a kˆte¬sszˆgek pedig 67.3� 1.1�, 74.4� 1.1� e¬s 83.6�
1.1� a dimer, a trimer e¬s a tetramer molekula¬kban.
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Cl and a more accurate Stuttgart pseudopotential[32] and
valence basis set[33] combination for Cu. Frequency analyses
were carried out on the converged structures. The results of
these calculations are presented in Tables 2 and 3. Note that
relativistic effects play an important role in the structure of gold
halides.[5, 34] Earlier studies showed that this is far less expected
for the Cu and Ag halides,[35] since electronegative ligands
deplete the 6s occupation on the metal atom and diminish
relativistic effects.[34] Nevertheless, scalar relativistic effects are
included in the pseudopotentials by adjustment to relativistic
atomic data.


Results


Electron diffraction analysis : It was known from
previous mass spectrometric[18, 19] and infrared spec-
troscopic[17, 20] studies that the vapors of cuprous
chloride contain several different molecular aggre-
gates. It was evident that without independent
structural information from other sources, the
GED analysis would not be able to arrive at
unambiguous results, as our attempts showed many
years ago. The best source for such information is


quantum-chemical calculations,
performed on the different poly-
mers with the same method and
basis set, so that their geomet-
rical parameters can be reliably
compared. Useful initial infor-
mation on molecular symmetry
can also be obtained from vi-
brational spectroscopic studies.


To ascertain that no molec-
ular species possibly present in the vapor was ignored, Cl2,
CuCl, Cu2Cl2, Cu3Cl3, and Cu4Cl4 were included in the
analysis. The spectroscopic constants for Cl2 were taken from
the literature.[36] The preliminary refinements strongly sug-
gested that neither chlorine nor monomeric CuCl were
present in the vapor in either experiment. For the aggregates,
the molecular shape and symmetry was accepted from the
computations and spectroscopic measurements: planar ring
structures for all of the molecules; D2h symmetry for the
dimer, D3h for the trimer, and D4h for the tetramer. Since the
tetramer was interpreted with a rocksaltlike, Td symmetry
structure in one of the earlier IR studies,[17] we also tested that
possibility in the electron diffraction analysis.


Table 1. Experimental conditions.


nozzle temperature [K] 689 1333
accelerating voltage [kV] 60 60
camera ranges [cm] 50 19 50 19
no. of plates[a] used in analysis 5 5 4 4
data intervals [ä�1] 1.875 ± 14.125 9.25 ± 22.75 1.875 ± 14.125 9.00 ± 22.75
data steps [ä�1] 0.125 0.25 0.125 0.25


[a] Kodak electron image plates.


Figure 2. Experimental (E) and calculated (T) radial distributions of the CunCln mixture
at 689 K (top) and 1333 K (bottom) and their differences (�). The vertical bars indicate
the relative contribution of different distances.


Figure 1. Experimental (dashed line) and calculated (solid
line) molecular intensities of the CunCln mixture at 689 K (top)
and 1333 K (bottom) and their differences (�).
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Our computations have shown that the Cu�Cl bond lengths
in the different aggregates are similar and thus they cannot
likely be resolved in the electron diffraction analysis. There-
fore, further constraints had to be introduced. As is well
known, the vibrationally averaged experimental geometries


and the computed equilibrium geometries differ in their
physical meaning; therefore, bond lengths cannot simply be
transferred from the computation to the GED analysis.[37] The
practice generally followed is to use differences of the
computed bond lengths rather than the bond lengths them-
selves as constraints in the GED analysis; this way the
differences of physical meaning largely cancel.[38] Another
important consideration is the level and accuracy of the
computation. However, by using the same method and basis
set for all molecular species, the errors caused by their
inadequacy can also be expected to cancel to a large extent
when we take bond-length differences. We have used this
method successfully in previous electron diffraction analyses
of metal halide systems.[1, 39]


From among the different computational results, the differ-
ences of the B3LYP bond lengths (see Table 2) were used as
constraints in the analysis: �(Cu�Cl)� 0.026 ä between the
trimer and the tetramer and �(Cu�Cl)� 0.077 ä between the
dimer and the trimer. These values were somewhat different
from the BPW91 and MP2 computations, and we have chosen
the B3LYP values as the most realistic ones; the dimer±
trimer difference seems to be too large from the MP2, while
the trimer± tetramer difference too small from the BPW91
computations. The other bond-length differences were also
examined in the analysis, but the effects of these changes on
the geometrical parameters and the goodness-of-fit were
negligible. The estimated consequences of the uncertainties
resulting from assuming these differences were taken into
account in the calculations of the total errors of the
parameters. Starting values of the bond angles were also
taken from the B3LYP calculation, but they were then refined
in the analysis.


Initial values for the vibrational amplitudes were calculated
from the computed frequencies by means of the ASYM20[40]


program. Similarly, the so-called perpendicular vibrational
amplitudes were calculated in order to take into account the
symmetry lowering of the electron diffraction thermal aver-
age structure relative to the equilibrium structure. This occurs
as a result of the considerable floppyness of the molecules and
their low-frequency vibrations. The analysis was performed in
terms of the r� representation, using perpendicular amplitudes
from the normal coordinate analysis. The perpendicular


Figure 3. CuCl clusters of A) Cu2Cl2 (D2h), B) Cu3Cl3 (D3h) and Cu4Cl4 in
C) D4h and D) Td symmetry (taken from BPW91 calculations).


Table 2. Computed geometrical parameters and reaction enthalpies of
copper chloride clusters.[a]


Symmetry BPW91 B3LYP MP2


rMX


CuCl C�v 2.052 2.070 2.052
Cu2Cl2 D2h 2.245 2.260 2.331
Cu3Cl3 D3h 2.174 2.183 2.219
Cu4Cl4 D4h 2.166 2.157 2.192


Td 2.380 2.388 2.429
rMM


Cu2Cl2 D2h 2.311 2.369 2.428
Cu3Cl3 D3h 2.525 2.612 2.647
Cu4Cl4 D4h 2.841 2.898 2.923


Td 3.892 3.905 3.972


�MXM


Cu2Cl2 D2h 62.0 63.2 63.4
Cu3Cl3 D3h 71.0 73.5 73.2
Cu4Cl4 D4h 82.0 83.6 81.0


Td 109.7 109.7 109.7


�E
Cu2Cl2 D2h � 188 � 180 � 193
Cu3Cl3 D3h � 512 � 477 � 497
Cu4Cl4 D4h � 706 � 669 � 705


Td � 518 � 472 � 555


�H0


Cu2Cl2 D2h � 187 � 179 � 190
Cu3Cl3 D3h � 506 � 470 � 490
Cu4Cl4 D4h � 690 � 658 � 696


[a] Bond lengths r in ä, angles � in degrees, and energy difference �E (not
corrected for zero-point vibrational effects), and reaction enthalpies �H0


(for the decomposition nCuCl� (CuCl)n) in kJmol�1.


Table 3. Computed (BPW91) and experimental frequencies of the cuprous
chloride clusters.[a]


CuCl C�v �� 418 (14); 415
Cu2Cl2 D2h B3u 89 (5.8) B2u 154 (31); 168 B3g 186


Ag 190 B1u 311 (35); 298 Ag 331
Cu3Cl3 D3h E�� 83 A2�� 113 (3.6); 116 E� 121 (2.2); 110


A1� 180 E� 220 (2.1); 234 A2� 305
A1� 315 E� 390 (30)


Cu4Cl4 D4h B1u 16 B2g 29.5 B2g 62.6
A1g 65 B2u 77.0 Eu 82 (2.0)
Eg 96 A2u 111.9 (4.1) B1g 252
Eu 255 (0.3); 248 A1g 287 A2g 331
Eu 367 (34); 324 B2g 381


Td T1 33 E 73 T2 97 (8.4)
E 137 T2 145 (20) A1 185
T2 258 (25)


[a] Frequencies in cm�1, calculated IR intensities in kmmol�1 in paren-
theses. Experimental frequencies are set in italics.
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amplitudes were included numerically in the program and
then removed in the end to give rg, vibrationally averaged
internuclear distances. We also tried to use curvilinear
corrections,[41] but it was impossible to reach an acceptable
agreement between calculated and experimental intensities
by this approach.


The anharmonicity of the vibrations was taken into account
by refining the so-called asymmetry parameters of the bond
lengths. Their importance was demonstrated by the fact that
ignoring them (by assuming the asymmetry parameter to be
zero) led to an appreciable increase in the R factor (goodness
of fit). Their starting values were estimated by the usual
procedure[42] and they were then refined in a group. Similarly,
vibrational amplitudes were also refined in groups. The
refinement schemes of the two experiments were similar
(see Table 4 for details and comments on the refinement). By
using the abovementioned constraints and refinement
schemes, the bond angles, the majority of the vibrational
amplitudes, and the asymmetry parameters of all of the
molecules could be refined. Two molecular species, the trimer
and the tetramer, were found to be present in the lower
temperature experiment, with the trimer prevailing. In the
high temperature experiment, the amounts of both the trimer
and the tetramer decreased, and about 40% of the vapor
content was found to be the dimer. The geometrical param-
eters of the different molecular forms from both experiments
are given in Table 4.


Discussion


Alkali halides are characterized by cluster formation[20, 28, 43, 44]


and a comparison with them may be worthwhile. Apparently,


there is a definite competition between the ringlike and the
cubelike, rocksalt-type structures for most of the alkali
halides.[43] For their trimers, just as for Cu3Cl3, the ringlike
structure is usually favored. For their tetramers and higher
polymers, on the other hand, different calculations showed
that the relative stability of the ringlike and cubelike
structures depends strongly on the level and basis set of the
computation (see for example ref. [45]). Besides, the energy
difference between the two isomers may be very small, just a
few kJmol�1,[46] so that the thermal energy may easily switch
the energy levels.


For Cu4Cl4 the situation is different. The Td structure lies
77.8 kJmol�1 above the ring structure at the BPW91 level of
theory. Moreover, the IR spectrum of Cesaro et al. contains a
peak at 324 cm�1, which does not correspond to any of our
computed frequencies for the Td structure, but agrees better
with the IR active Eu mode computed at 367 cm�1 for the ring
structure. Also, ringlike CunXn arrangements are well known
for a number of coordination compounds of copper.[47] The Td


structure for Cu4Cl4 was checked during the GED analysis,
but it was ruled out based on the much poorer agreement
between experimental and calculated molecular intensities
compared with the ringlike structure (twice as large R factor).
Thus, much evidence points to the larger stability of the
ringlike tetramer of this molecule. At the same time, if
phosphine ligands are attached to Cu4X4 units (X�Cl, Br:
[{R3PCuCl}4]), cubic or ladder-type structures are prefer-
red.[48] A recent X-ray crystallographic study of similar
copper(�) chloride complexes also reported ™cubanelike∫
Cu4Cl4 units.[49]


It is interesting to speculate on the difference between the
structures of CuCl and NaCl. In a purely ionic model the
dipole ± dipole interactions are maximized in the cubic Td


Table 4. Geometrical parameters[a] of Cu2Cl2, Cu3Cl3, and Cu4Cl4 from electron diffraction at two different experimental temperatures.


689 K 1333 K
rg,� l � rg,� l �


Cu2Cl2
Cu�Cl 2.254� 0.011[b] 0.162� 0.012[c] 7.15 ¥ 10�5� 6.8� 10�5[d]


Cu ¥ ¥ ¥Cu 2.509� 0.013 0.239� 0.012[e]


Cl ¥ ¥ ¥Cl 3.725 �0.013 0.137[f]


�Cu�Cl�Cu 67.3� 1.1
�% 39.5� 1.4


Cu3Cl3
Cu�Cl 2.166� 0.008[b] 0.087� 0.007[g] 5.61� 10�5� 6.1� 10�6[h] 2.180� 0.011[b] 0.146� 0.012[c] 6.34� 10�5� 6.8� 10�5[d]


Cu ¥ ¥ ¥Cu 2.627� 0.012 0.178� 0.013 2.644� 0.012 0.196� 0.012[e]


Cl ¥ ¥ ¥Cl 4.331� 0.013 0.166� 0.014 4.372� 0.013 0.182[f]


�Cu�Cl�Cu 73.9� 0.6 74.4� 1.1
�% 79.2� 0.9 52.2� 1.4


Cu4Cl4
Cu�Cl 2.141� 0.008[b] 0.099� 0.007[g] 6.83� 10�5� 6.1� 10�6[h] 2.155� 0.011[b] 0.131� 0.012[c] 7.57� 10�5� 6.8� 10�5[d]


Cu ¥ ¥ ¥Cu 2.997� 0.011 0.231� 0.014 2.999� 0.013 0.190� 0.013[e]


Cl ¥ ¥ ¥Cl 4.297� 0.011 0.205� 0.012 4.372� 0.014 0.122[f]


�Cu�Cl�Cu 88.0� 0.6 83.6� 1.1
�% 20.8� 0.9 8.2� 1.4


[a] Bond lengths (rg) and vibrational amplitudes (l) in ä, angles (�) in degrees, and asymmetry parameters (�) in ä3. Error limits are estimated total errors,
including systematic errors and the effect of constraints used in the refinement: �t� (2� �LS


2� (c�p)2��2)1/2, where �LS is the standard deviation of the least
squares refinement, p is the parameter, c is 0.002 for distances and 0.02 for amplitudes and � is the effect of constraints. [b] Differences between dimer,
trimer, and tetramer bond lengths were taken from the B3LYP computation and constrained during refinement. [c] Vibrational amplitudes of the dimer,
trimer, and tetramer bond lengths refined jointly. [d] Asymmetry parameters of the dimer, trimer, and tetramer bond lengths refined jointly. [e] All Cu ¥ ¥ ¥Cu
amplitudes refined jointly. [f] Value taken from normal coordinate analysis based on computed frequencies. [g] Vibrational amplitudes of the trimer and
tetramer bond lengths refined jointly. [h] Asymmetry parameters of the trimer and tetramer bond lengths refined jointly.
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structure. NaCl has a much higher dipole moment (8.97 de-
bye) than our calculated coupled-cluster value for CuCl
(5.12 debye at 2.066 ä at the CCSD(T) level), and therefore,
prefers the cubic arrangement. On the other hand, CuCl has a
strong tendency to form the complex CuCl2�, which is linear.
For the MCl2��MCl�Cl� dissociation we have 220 kJmol�1


for M�Na,[50] and 310 kJmol�1 for M�Cu (calculated from a
Born ±Haber cycle with data taken from ref. [51]). Hence, the
strong tendency of copper toward linear coordination and the
less ionic character of CuCl compared to NaCl rationalizes
why Cu4Cl4 adopts a ringlike structure. This makes CuCl a
rather interesting species since the transition from small
clusters to the solid state is not immediately evident. CuCl
crystallizes in a diamondlike zinc blende structure (ZnS), in
which four chlorine atoms surround each copper atom in a
tetrahedral arrangement. It would therefore be interesting to
investigate CunCln clusters with n� 4.


Comparing the bond lengths of monomeric CuCl and its
dimers, trimers, and tetramers, it is evident that the bond
length of the monomer is the shortest, as expected. Consid-
ering the larger molecules, the Cu�Cl bond of the dimer is
significantly longer (by about 0.2 ä) than that of the mono-
mer. This can be explained by the rather strained structure of
the four-membered ring and the repulsion between the
chlorine atoms. The Cu�Cu distance, on the other hand, is
very short at 2.311 ä (BPW91), and thus might indicate the
presence of cuprophilic interaction.[22] However, the atoms-in-
molecules (AIM) method of Bader[52] did not reveal such
interactions, and the results are more consistent with ionic
interactions between the CuCl units.[53] To identify the
dispersive type of interactions in such molecules is a nontrivial
issue and requires high-level ab initio methods.[22]


For the larger clusters, the bond lengths decrease with the
degree of polymerization at all computational levels. This
variation can be explained simply by nonbonded interactions;
the larger the ring the smaller the repulsion between the
chlorine atoms and the shorter the bond length. The same
type of bond length variation was observed in the series of
different aggregates of LiI.[54] The cubelike Td structure of the
tetramer has the longest Cu�Cl bond length by far with
correspondingly short Cu�Cu distances. This structure would
be best described as a Cu4 tetrahedron with each face capped
with a Cl atom (see Figure 3D), rather than a bulk structure or
a true Cu4Cl4 cluster.


Looking at the electron diffraction results, the effect of the
increasing experimental temperature causes a slight increase
in the trimer and tetramer bond length (0.014 ä in both
cases), as would be expected. Comparison of the computed
and experimental bond lengths must be done cautiously
because of their different physical meaning. Generally speak-
ing, the calculated bond lengths should be shorter than the
thermal average experimental values, rg. Here the BPW91
values are about 0.01 ä longer than the experimental rg
values, but considering the not-too-high level of the compu-
tation, this is acceptable. The MP2 bond lengths are much
larger than either the DFTor the experimental values for the
polymeric species. The calculated bond angles are in good
agreement with the experimental ones. The calculated bond
length of the monomer, 2.052 ä from both the BPW91 and


MP2 computations, is in excellent agreement with the micro-
wave spectroscopic re value: 2.051177(8) ä. The B3LYP value
of 2.070 ä is worse.


Finally we point out that in order to discuss the gas-phase
composition of CuCl clusters at certain pressures and temper-
atures, precise thermodynamic data of all decomposition
reactions have to be known. This is currently a formidable
task for computational methods especially for transition-
element-containing compounds. Nevertheless, for the Cu4Cl4
decomposition into Cu3Cl3 and CuCl we obtain �S�
131 Jmol�1K�1 from a thermochemical analysis. Sizable
decomposition of Cu4Cl4 takes place if the gas-phase equili-
brium constant for this reaction isK� 1, that is, we obtain�G/
RT� 0 and the onset of decomposition is approximately Td �
�H/�S. Using the data in Table 2 we obtain about Td� 1400 K
at one atmosphere pressure, which is roughly in the right
range for the experimental conditions.
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Recycling of Homogeneous Hydrogenation Catalysts by Dialysis
Coupled Catalysis
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Abstract: Although transition-metal
complexes are very attractive as homo-
geneous catalysts in fine chemistry, their
high prices often limit their applications.
Ameans to recycle those catalysts would
solve this problem and would simulta-
neously facilitate the downstream puri-
fication of the product. This is now
realized in a new concept in which
homogeneous catalysis is coupled to
dialysis. The advantages of homogene-
ous catalysis (off-the-shelf catalysts, high
activities and selectivities) are thus com-


bined with those of heterogeneous cat-
alysis (easy catalyst separation from
product solution, reuse of catalyst, and
possibility for continuous operation).
Since the heart of the process is the
membrane, self-prepared membranes
were preferred as they allow a better
control and understanding of the sepa-


ration characteristics. Rhodamine B was
used as a probe molecule to define the
working conditions of the membrane.
The concept is proven to work for two
relevant chiral reactions: a hydrogena-
tion with Ru ±BINAP and a hydrogen
transfer reaction with Ru ±TsDPEN
[BINAP� (1,1�-binaphthalene)-2,2�-diyl-
bis(diphenylphosphine); TsDPEN�
tosyl-N,N�-diphenyl-1,2-ethanediamine].Keywords: catalyst recycling ¥


dialysis ¥ hydrogenation ¥
membranes ¥ ruthenium


Introduction


Transition-metal complexes (TMCs) are widely used in
homogeneous catalysis and are by far the most important
class of asymmetric catalysts. However, reusing these expen-
sive TMCs is mostly impossible, and the presence of toxic
metals in the prepared products requires extra purification. To
avoid these problems, several heterogenization methods have
been developed already with varying degree of success.[1]


One of the possible routes is to combine catalysis with
membranes.[2] Recently, we reported such a hybrid process in
which a solvent-resistant nanofiltration membrane retained
the TMC from a homogeneous reaction mixture and let the
products permeate.[3] No catalyst modification was needed
whenever the right membrane was used under the appropriate
conditions. This concept, which was later also illustrated for
other catalytic systems,[4] combines the advantages of homo-
geneous (off-the-shelf catalysts, high activities and selectiv-
ities) and heterogeneous catalysis (easy catalyst separation
from product solution, reuse of catalyst, and possibility for
continuous operation).


We now report on a new membrane/catalysis hybrid
process, in which a concentration gradient instead of a
pressure difference forms the transmembrane driving force.
Similarly to enzymes in biological cells, a selective hydro-
phobic membrane separates the catalyst here from the bulk
solution (Figure 1a). Under influence of the concentration
difference, substrate molecules permeate from the bulk phase
through the membrane to reach the catalyst phase in which
reaction takes place. After reaction, the formed product
builds up its own concentration gradient and migrates back to
the bulk solution. Compared to the earlier reported nano-


Figure 1. Schematic view of the set-up a) for dialysis-coupled catalytic
transfer hydrogenation and b) for determining permeabilities.
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filtration/catalysis hybrid process, no mechanical pressure is
needed here. Hence, the mechanical and safety requirements
of the set-up are clearly facilitated.
The catalysts applied here to prove the new concept are the


chiral Ru ±BINAP[5] and Ru ±TsDPEN[6] complexes
[BINAP� (1,1�-binaphthalene)-2,2�-diylbis(diphenylphosphine);
TsDPEN� tosyl-N,N�-diphenyl-1,2-ethanediamine], with hy-
drogen and iso-propanol (IPA), respectively, as the reductants
(Scheme 1). The industrially relevant Ru ±BINAP catalyst is
an important tool in asymmetric reductions, as proven by the
recent research to find reusable forms.[7] Over the past few
years, chemists also show a growing interest in catalytic
transfer hydrogenations, since the absence of explosive
hydrogen and high-pressure equipment eases safety regula-
tions. Additionally, rate and selectivity of the reaction can be
favorably affected by selecting the most appropriate hydrogen
donor.[8] Ru ±TsDPEN, one of the most efficient transfer
hydrogenation catalysts, has already been linked covalently to
a polymer.[9]


Earlier reported systems in which either enzymes[10] or
enlarged TMCs[2, 11] were separated from the reaction mixture
with an ultrafiltration membrane cannot be applied to
unmodified TMCs. A careful selection of membrane type
and filtration conditions lays the foundation of the new hybrid
system that is presented now. In spite of the wide availability
of commercial membranes, self-prepared membranes were
preferred as they allow a better control and understanding of
the separation characteristics.


Results and Discussion


PDMS, a dense elastomer with good thermal, mechanical, and
chemical stability, was selected as the membrane material to
retain the catalyst, while allowing migration of the substrates
and products. Such a dense membrane separates compounds
according to the solution ± diffusion mechanism: the affinity
of an organic compound for the polymer determines the
sorption, while diffusion mainly depends on the size of the


compound and the swelling of the polymer network.[12] To
define conditions of good permeability and retention during
the reactions, a PDMS membrane was mounted in a contactor
(Figure 1b), that separates an alcoholic feed phase with
dissolved solute from a receptor phase containing the pure
alcohol. By analyzing the solute concentration in both phases,
permeabilities through PDMS were calculated for the two test
substrates, dimethylitaconate (DMI) and acetophenone (AP).
Both in methanol and IPA, they were found to be sufficiently
high, in the order of magnitude of 10�10 m2s�1, proving that
PDMS is a good choice for the permeation of these substrates.
However, the hydrophobic PDMS is expected to swell


strongly in a rather apolar solvent like IPA; this would be
detrimental for the rejection of compounds with the size of
the catalysts (Scheme 1). Hence, Rhodamine B (MW�
479 Da) was used in the contactor as a probe molecule for


the catalyst to estimate the catalyst rejection under different
solvent conditions. With methanol (0.3 wt% swelling in
PDMS) or ethanol (5 wt% swelling), no Rhodamine B was
detected in the receptor phase after 100 h. On the other hand,
traces of Rhodamine B were found when IPA (16 wt%
swelling) was used. Aiming at a more restricted swelling of
the membrane through physical cross-linking, 10 wt% silica
filler was added to the PDMS membrane. However, swelling
in IPA decreased insufficiently. In an alternative approach,
the solvent phase was changed. The idea followed from
swelling experiments in mixtures of both solvents (Figure 2),


in which an exponential in-
crease in the swelling was ob-
served with increasing IPA con-
tent. A 30:70 MeOH/IPA mix-
ture resulted in the complete
absence of Rhodamine B in the
receptor phase after 100 h with
an unfilled PDMS membrane.
With the substrate permeat-


ing (and given the chemical
resemblance presumably also
the product) and the complex
rejected, the requirements to
realize a TMC recovery system
were thus fulfilled. The concept
was proven first by hydrogenat-
ing DMI with Ru ±BINAP and
hydrogen gas. The catalyst sol-
ution is present in a submerged
membrane system, simply pre-Scheme 1. The reduction of DMI with Ru ±BINAP (above) and of AP with Ru ±TsDPEN (below).
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pared as a sealed ™PDMS capsule∫. The substrate is dissolved
in the bulk phase and allowed to come into contact with the
PDMS-capsule. Figure 3 shows the turnover number (TON)
as a function of time for the membrane-coupled reaction, run
at 30 bar. The first run shows an initial transient period during
which the substrate first had to permeate through the
relatively thick submerged membrane before it reached the
stagnant catalyst phase inside the capsule and then diffused
back to the bulk phase for sampling. After reaching about
90% conversion, the bulk phase was replaced and similar
turnover frequencies (TOF) of 25.01, 27.26 and 27.71h�1 were
obtained in the following runs 2, 3 and 4. In runs 2 and 3, the
PDMS capsule was removed after 90% conversion and no
further activity could be detected in the reaction mixture.
Furthermore, the Ru content in the bulk phase was always
below the AAS detection level, proving that a truly recyclable
Ru ±BINAP system was realized. During run 4, the hydrogen
pressure was increased from 30 to 50 bar, without any effect


on reaction rate. Since a hydro-
gen pressure increase from 10 to
50 bar in a homogeneous reac-
tion results in a reaction five
times faster, this experiment
gives in fact another proof for
the absence of catalyst leaching.
It suggests that substrate avail-
ability is probably limiting the
reaction, due to its slow perme-
ation through the thick PDMS
membrane and the absence of
stirring in the capsule. Through-
out the four runs, the system
maintained its enantiomeric ex-
cess (ee) of 93% and reached a
cumulative TON of around
10000. A way to decrease the
time period of the experiment
would be to use a properly sup-
ported thin composite mem-
brane with an agitated catalyst
phase.
Given the destructive effect of


oxygen (entries 1, 2 and 3 in
Table 1), the catalytic transfer
hydrogenation of AP with IPA
was studied under nitrogen at-
mosphere. As reported by
Noyori et al. the equilibrium of
the reaction is most shifted to the
right at AP concentrations below
0.1�.[6] Indeed, the conversion
decreased from 93% to 79%,
while the TOF was influenced
positively by higher substrate
concentrations (entries 3, 4). On
the other hand, the reaction rate
decreased in the presence of
acetone (entry 5) and of reaction
product (entry 6).


A contactor-like setup was now applied for the semi-
continuous catalytic transfer hydrogenation of AP (Fig-
ure 1a). Each run was stopped before reaching the equili-
brium (Figure 4) by replacing the solution of the bulk phase.


Figure 2. Swelling of PDMS in MeOH/IPA mixtures at room temperature.


Figure 3. TON for the reduction of DMI with Ru ±BINAP as a function of time: room temperature, catalyst�
8 �mol, [S]bulk� 0.41�, Vcat� 4 mL, Vbulk� 53 mL, 30 bar H2.


Table 1. Reduction of AP with Ru ±TsDPEN. Standard conditions: room
temperature, 10 mL solvent, 0.1�AP, and 0.5 m� catalyst. Conversions and
ee were analyzed on a Chirasil-DEX CD (Chrompack) column.


Conditions TOF (after 4 h) ee [%]


1 atmosphere 4 95
2 O2 flush 2 90
3 0.1� 17 95
4 0.5�[a] 37 95
5 [AP]/[acetone]� 1 10 95
6 [AP]/[product]� 1.33 11 95
7 IPA/MeOH� 1 16 95
8 IPA/MeOH� 0.1 5 95
9 IPA/MeOH� 0.01 3 95


[a] S/C� 1000.
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The thus shortened overall reaction time to reach the
accumulated TONminimized the risk of catalyst deactivation.
A lag phase was again noticed in the first run. In the
subsequent runs, the TOF decreased from 5.72 over 5.21 to
3.11. No further activity was observed in any of the removed
bulk phases, thus suggesting that no catalyst had permeated.
However, AAS showed a Ru leaching of about 5%. The
observed light brown-green color of the final bulk phases
could thus be attributed to a permeating inactive form of the
Ru species. A cumulative TON of 370 was reached at a
constant ee of 95%
Just like in the above experiments, a complete reduction of


catalyst leaching was aimed at by using a MeOH/IPAmixture.
As shown in entries 7 ± 9 (Table 1), the replacement of IPA by
MeOH largely affected the reaction rate, but a 1:1 mixture
still showed a reaction rate and ee comparable to those
obtained in pure IPA (entry 3).
The lag-phase was eliminated
now by using a 0.1� AP catalyst
phase. The semicontinuous re-
action could be repeated four
times with a constant ee of
95%, but with some loss in
activity with TOF×s of 4.07,
3.41, 2.57, and 2.47, respectively
(Figure 5). Compared to the
batch reaction, the ee was un-
changed, but the activity was
lower due to mass-transfer lim-
itations. An unreactive, but this
time clear bulk phase was ob-
tained after 24 hours of reac-
tion. Because no ruthenium
could be detected now, the
decreasing activity was clearly
due to a deactivation of the
homogeneous complex in the


catalyst phase. Indeed, Bayston
et al.[9] also observed deactiva-
tion upon recycling, even
though a completely different
immobilisation method was ap-
plied. Van Leeuwen and co-
workers proposed clustering of
the Ru complexes as a possible
reason for the deactivation of
their aminoalcohol com-
plexes,[13] while traces of water
were suggested by Laue et al. to
deactivate their related Ru ±
diamine/diphosphine cata-
lyst.[14] Even though these ho-
mogeneous catalysts perform
very well in the first screening
experiments done during their
development,[6] deactivations
like that observed here only
become apparent in nonleach-
ing, reusable systems. It proves


the clear need for more investigations towards homogeneous
catalysts with improved long-term stability.


Conclusion


A new and simple method has been reported for the recycling
of homogeneous TMCs. The combination of high catalyst
rejection with reasonable product/substrate fluxes is the
essential membrane property. This requires thin, stable
membranes and their use under appropriate conditions.
Whenever stable catalysts are available, a continuous or
semicontinuous reaction mode under conditions of homoge-
neous catalysis can thus be developed.


Figure 4. TON for the reduction of AP with Ru ±TsDPEN in IPA: room temperature, catalyst� 17 �mol,
[S]bulk� 0.1�, Vcat� 32 mL, Vbulk� 40 mL.


Figure 5. TON for the reduction of AP with Ru ±TsDPEN in a 1:1 mixture of MeOH/IPA: room temperature,
catalyst� 25 �mol, [S]bulk� 0.1�, Vcat� 32 mL, Vbulk� 40 mL.
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Experimental Section


Membrane preparation : A 40 wt% PDMS (General Electric, RTV615A
and B) solution in hexane was pre-polymerized at 60 �C for 0.5 h. It was
poured into a petri dish, which was placed in a vacuum oven at 100 �C to
complete cross-linking. The membrane thickness was measured with a
micrometer. For the filled membranes, silica (Hi-sil 233, PPG) was dried at
300 �C and added after the prepolymerisation.


Preparation of the PDMS capsule : The PDMS capsule was prepared by
annealing the borders of two separate 400 �m thick PDMS membranes
with RTV615B as ™glue∫ to form some kind of ™tea bag∫, which holds the
catalyst solution. This resulted in a total effective membrane area of 50 cm2.


Swelling measurements : PDMS was dried under vacuum and immersed in
the solvent mixtures till constant weight. The membrane swelling was
expressed as Equation (1):


wt (%)��gsorbed � ginitial�
ginitial


� 100 (1)


Permeability measurements : The membrane was clamped between two
glass cylinders (32 mL) from which samples were taken at certain times
(Figure 1b). The active membrane area was 35.2 cm2. Permeabilities P of
organic compounds were calculated from Equation (2):


J(molm�2 s�1)�P(m2s)
dC�molm�3 �


dX�m�
(2)


The concentrations of DMI and AP in MeOH and IPA, respectively, were
determined by GC analysis, while Rhodamine B concentrations were
determined by UV/Vis spectroscopy (Perkin ±Elmer) at 543 nm. The
starting solutions had a concentration of 0.4� for DMI, 0.1� for AP, and
40 �� for Rhodamine B.


Reduction of DMI : The PDMS capsule was used for the DMI reduction in
order to facilitate the pressurization of the reaction vessel. Ru ±BINAP
(7.5 mg), dissolved in MeOH (4 mL), was placed in the PDMS capsule
(™catalyst phase∫). The capsule was then submerged in a stirred DMI/
MeOH solution (53 mL, 0.4�) at 30 bar (™bulk phase∫). The GC analysis
was done on a Chiraldex G-TA column (Chrompack). Ru concentrations
were determined by atomic absorption spectroscopy (Varian Techtron
AA6).


Synthesis of the TsDPEN ligand : The TsDPEN ligand was synthesized
according to ter Halle,[15] followed by an extra column purification over
silica with a dichloromethane/diethyl ether (10:1) mixture. The melting
point of the prepared ligand was 123 �C compared to the reported 104 �C.
The purple metal complex was prepared, according to the procedure
reported by Noyori et al.[6]


Reduction of AP : The standard conditions for the batchwise reduction of
AP were: solvent (10 mL), AP (0.1�), and catalyst (0.5m�). Conversions
and enantiomeric excesses were analyzed on a Chirasil-DEX CD
(Chrompack).


For the dialysis coupled reactions, Ru ±TsDPEN (17 �mol) was dissolved
in IPA (32 mL) and was used as catalyst phase, while AP solution (40 mL,
0.1�) formed the bulk phase. Samples were taken at certain times and the
feed solution was replaced after 12, 24, 24, and 90 h. Supernatants were
reacted another 24 h and analyzed on their Ru content by atomic
adsorption spectroscopy.


In the experiment with reduced leaching and without time lag, Ru ±
TsDPEN (25 �mol) was dissolved in an IPA/MeOH solvent mixture
(32 mL, 1:1 v/v) that also contained AP (3.2 mmol).
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New Mechanistic Insights into the Iridium ± Phosphanooxazoline-Catalyzed
Hydrogenation of Unfunctionalized Olefins: A DFT and Kinetic Study


Peter Brandt,*[a] Christian Hedberg,[b] and Pher G. Andersson[b]


Abstract: The reaction mechanism of
the iridium± phosphanooxazoline-cata-
lyzed hydrogenation of unfunctionalized
olefins has been studied by means of
density functional theory calculations
(B3LYP) and kinetic experiments. The
calculations suggest that the reaction
involves an unexpected IrIII ± IrV cata-
lytic cycle facilitated by coordination of
a second equivalent of dihydrogen.
Thus, in the rate-determining migratory
insertion of the substrate alkene into an
iridium ±hydride bond, simultaneous
oxidative addition of the bound dihy-


drogen occurs. The kinetic data shows
that the reaction is first order with
respect to hydrogen pressure. This is
interpreted in terms of an endergonic
coordination of this second equivalent
of dihydrogen, although a rate-deter-
mining step, in which coordinated sol-
vent is replaced by dihydrogen, could
not be ruled out. Furthermore, the


reaction was found to be zeroth order
with respect to the alkene concentration.
This correlates well with the calculated
exothermicity of substrate coordination,
and the catalyst is thus believed to
coordinate an alkene in the resting state.
On the basis of the proposed catalytic
cycle, calculations were performed on a
full-sized system with 88 atoms to assess
the appropriateness of the model calcu-
lations. These calculations were also
used to explain the enantioselectivity
exerted by the catalyst.


Keywords: asymmetric catalysis ¥
density functional calculations ¥
hydrogenation ¥ iridium ¥ kinetics


Introduction


An efficient method for enantioselective hydrogenation of
unfunctionalized olefins has recently been developed by
Pfaltz.[1, 2] These catalytic systems are based on the discovery
made by Crabtree and co-workers,[3] that the [Ir(cod)PCy3-
(pyridine)][PF6] (cod� cyclooctadiene) complex is a remark-
ably efficient catalyst for the hydrogenation of tri- and even
tetrasubstituted unfunctionalized olefins. The presence of
COD in the precatalyst assures irreversible formation of free
coordination sites at the metal. Thus, in the activation of the
catalyst, this ligand is reduced and cyclooctane is released.
Several studies have been devoted to the understanding of
this process and the oxidative addition of H2 to Ir ± cod
complexes is known in some detail.[4] However, the knowl-
edge of the real catalyst and the exact mechanism for the
hydrogenation of olefins is very limited. To increase the
understanding of this reaction, we have performed a hybrid


density functional study (B3LYP) that covers a large range of
the potential intermediates and transition states in the
reaction. We have also carried out a kinetic study to gain
additional support for the conclusions drawn from the density
functional theory calculations. Herein, we propose a reaction
mechanism that agrees with previously reported experimental
findings, and which could be used to rationalize the enantio-
selectivity in the hydrogenation of tri- and tetrasubstituted
olefins.


Computational Methods


Model system : Because of the large number of configura-
tionally different iridium complexes possible in this reaction, a
model of reduced size had to be used in the initial DFT study.
This model was constructed from the phosphanooxazoline
ligand developed by Pfaltz (Scheme 1): the oxazoline
moiety was replaced by an N-methyl imine functionality and
the triarylphosphine by a dimethylvinylphosphine moiety
(Scheme 2). As a substrate, we used ethylene as a substitute
for the experimentally more commonly used substituted
styrenes.
Formation of the active catalyst takes place by an irrever-


sible hydrogenation of the ligand cyclooctadiene and dis-
placement of the alkane product by either solvent, dihydro-
gen, or a substrate alkene. As a starting point for our
calculations, we selected ten isomers, denoted A-H2 to F�-H2,
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Scheme 1. Iridium pre-catalysts developed by Crabtree and Pfaltz.
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Scheme 2. Simplified model system used in the calculations and abbrevia-
tions used in the following text and figures.


of a dihydrido hydrogen ethylene complex of iridium(���). The
configurations of these isomers are depicted in Scheme 3.
Removal of H2 from these complexes generated new reaction
paths referred to as A ±F�. We have arbitrarily selected the
most stable [IrL(H)2(CH2Cl2)2]� complex, namely 1, (Fig-
ure 1) as a reference point of all energies throughout this
manuscript.
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Scheme 3. The ten different starting configurations examined.


Figure 1. The energetic reference point used throughout this work.


Density functional theory calculations : All geometry optimi-
zations as well as final energy determinations were performed
with the B3LYP[5] hybrid density functional. The study was
made in several consecutive steps starting with a screening of
a large range of possible reaction paths. In this initial study,
geometries and energies were calculated with the Gaussian98
program[6] and the double-� quality LANL2DZ basis set.[7]


This implies the use of effective core potentials for 10 and
60 core electrons of phosphorus and iridium, respectively. The


LANL2DZ basis set involves the use of d95v for C, N, O, and
H; and a (5s, 6p, 3d) primitive basis contracted to [3s, 3p, 2d]
for Ir. For phosphorus, a (3s, 3p) primitive basis contracted to
[2s, 2p] was used. This basis set will be referred to as BSI
throughout this work.
The routes lowest in energy were further evaluated by


determining Hessians and zero-point corrections at the same
level of theory. Final energies were determined with the
SDD[8] basis set and a quasirelativistic effective core potential
for iridium, replacing 60 core electrons. The SDD basis set for
Ir uses a (8s, 7p, 6d) primitive basis contracted to [6s, 5p, 3d].
This basis set was augmented by one f-polarization function
with an exponent of 0.65. For other atoms, 6 ± 311�G** was
used. This basis set combination will be referred to as BSII in
the following.
After these first two steps, the steric influence on the paths


lowest in energy was evaluated. This was carried out by means
of the methods described above with 2-methyl-2-butene as the
substrate.
The final geometry optimizations were carried out on a full-


sized Pfaltz× catalyst (R� tBu, Ar�Ph, Scheme 1) with (E)-
1,2-diphenylpropene as the substrate. The three distances
between Ir, the leaving hydride, and the Ir-bound carbons of
the ethylene moiety were constrained to the distances found
in the transition state for migratory insertion in path C-H2,
and the resulting structure was optimized in the Jaguar
program[9] with B3LYP and the LACVP basis set keyword.
LACVP refers to the use of LANL2DZ for Ir, as described
above, and the 6-31G basis set for other atoms. Thereafter, a
nonconstrained transition state search was performed by
means of the quadratic synchronous transit (QST) method.
Flanking �-alkene and alkyl intermediates were also fully
optimized without constraints as well as the full version of
complex 1 (Figure 1) and an intermediate [IrIIIL(H)2(CH2Cl2)-
(alkene)] complex.


Kinetics : In order to differentiate among the mechanistic
alternatives, we derived an expression for the relative rates
between different reaction pathways based on the calculated
barrier for migratory insertion and reductive elimination. The
underlying mechanistic basis assumes a common resting state
of the catalyst, a semireversible formation of the Ir ± ethyl
complex (3), present in a steady-state concentration, and an
irreversible reductive elimination according to Figure 2.


Figure 2. Mechanistic basis for the derivation of relative rates.
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The kinetic expressions can now be written as Equations (1)
and (2):


��R�
�t


��k1[R] � k�1[I] (1)


��I�
�t


�k1[R]� k�1[I]�k2[P] (2)


in which [R] is the concentration of the olefin, [I] is the
concentration of the intermediate iridium complex, and [P] is
the concentration of the alkane product.
Under steady-state conditions [Eq. (3)], Equation (4) can


be derived from Equations (2) and (3) and Equation (5) from
Equations (1) and (4):


��P�
�t


����R�
�t


;
��I�
�t


� 0 (3)


[I]� k1�R�
k�1 � k2


(4)


��R�
�t


��k1[R] � k�1
k1�R�


k�1 � k2


(5)


Equation (5) then rearranges to Equation (6):


��R�
�t


� [R]
k1k�1


k�1 � k2


�
� k1


�
�� [R]


k1k2


k�1 � k2


� �
(6)


Inserting k1�ce��GMI/RT, k�1�ce��G�MI/RT, and k2�ce��GRE/RT,
in which �G�


MI, �G��MI, and �G�
RE are defined as in Figure 2,


and c�kT/h results in Equations (7), and finally Equation (8)
for the rate:


��R�
�t


��c[R]
e��GMI�RT e��GRE�RT


e��G�MI�RT � e��GRE�RT


� �


��c[R]
e��GMI�GR�� e��GRE�GI��RT


e��GMI�GI��RT � e��GRE�GI��RT


� � (7)


��R�
�t


��c[R]
e��GMI�GR � GRE��RT


e��GMI��RT � e��GRE��RT


� �
(8)


It is evident from Equation (8) that, within the limits of the
approximations, the rate of the reaction is independent of the
absolute energy of the intermediate iridium± alkyl complex
and that relative rates between different reaction pathways of
equal molecularity are independent of the energy of the
resting state of the catalyst. An endergonic addition of H2 to
the postulated resting state iridium± dihydrido complex
would lead to a first-order dependence on the hydrogen
pressure. Similarly, endergonic addition of alkene would lead
to a first-order dependence on substrate concentration.


Results


Potential energy surfaces : The steps evaluated are the
coordination of ethylene and H2 to 1 by solvent displacement,
the transition state for migratory insertion (TS(2�3)) that
generates an iridium± ethyl complex 3, and the subsequent
transition state for reductive elimination (TS(3�4)). The
species studied is schematically drawn in Scheme 4, and the
potential energies of each reaction pathway is reported in
Table 1.


IrHLH
H


IrLHIrHLH


TS(2→3)


H


IrLHIrHLH


3 TS(3→4) 42


1


Scheme 4. Intermediates and transition states evaluated.


Kinetics : Two different sets of experiments were performed
and every data point was run in duplicate. Firstly, a series of
reactions were run at 10 bar hydrogen pressure with 0.5 mmol
of (E)-1,2-diphenylpropene as the substrate and 0.5 mol% of
catalyst in 1, 2, 3, and 4 mL of dichloromethane. This resulted
in a first-order dependence on catalyst concentration (Fig-
ure 3) and a zeroth-order dependence in substrate concen-
tration, as indicated by the conversion-independent rates.


Figure 3. Observed rate of the reduction vs. concentration of catalyst
(slope� 0.877, intercept� 0.0120, r2� 0.996).


Table 1. Potential energies [kcalmol�1] derived from B3LYP/BSI.


Path 2 TS(2�3) 3 TS(3�4) log(rel. rate)[a]


A 1.9 15.1 7.9 19.2 0
A� 14.3 21.5 5.0 ± ±
B � 2.4 5.6 0.3 12.9(8.9)[b] 4.6
C 0.4(�10.4)[b, c] 15.5 1.3 12.9 2.7
C� 26.8 34.4 16.5 ± ±
D � 1.6 5.7 4.5 19.2(14.9)[b] 0
E×-S[d] � 1.9 0.7 � 10.2 8.6 7.8
A-H2 � 9.1 6.0 � 8.8 � 7.6 9.7
A�-H2 � 3.1 8.4 � 7.5 ± ±
B-H2 � 11.6 � 3.4 � 8.0 5.6 10.0
C-H2 � 11.3 1.7 � 9.7 � 9.0 12.9
C�-H2 � 5.0 5.8[e] � 9.7 � 9.0 9.9
D-H2 � 10.9 � 2.8 � 4.2 11.9 5.4
E-H2 � 9.1 6.1[f] � 8.8 3.5 9.6
E�-H2 � 4.8 � 0.8 � 8.8 3.5 11.6
F�-H2 � 3.4 2.7 � 1.0 12.7 4.8
F-H2 � 7.5 [c] ± ± ±


[a] The relative rates are directly based on energies without thermal
correction to enthalpies or zero-point corrections. The underlying mech-
anistic basis assumes a common resting state of the catalyst, a semi-
reversible formation of the Ir ± ethyl complex 3 present in a steady-state
concentration, and an irreversible reductive elimination. Values in bold
type indicate the paths that were subjected to further calculations.
[b] Adding CH2Cl2 to the free coordination site. [c] The corresponding
alkyl complex is a nonstationary point and optimizes back to the alkene
complex. [d] With an axially coordinated dichloromethane molecule added
to stabilize the equatorial arrangement of the hydrides. [e] This transition
state leads to the same iridium-ethyl complex as path C-H2. [f] This
transition state leads to the same iridium-ethyl complex as path E�-H2.
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In the second experiment, 0.5 mmol of (E)-1,2-diphenyl-
propene was reduced at hydrogen pressures of 2, 4, 6, and
8 bar with 0.5 mol% of catalyst in 2 mL of dichloromethane.
This revealed a first-order dependence on the hydrogen
pressure (Figure 4).


Figure 4. Observed rate of the reduction vs. hydrogen pressure (slope�
0.0414, intercept� 0.0243, r2� 0.963).


Discussion


To compute reaction mechanisms in advance of, or at least
concomitantly with, the experiments is one of the ultimate
goals of computational chemistry. In this study, we have made
an extensive computational screening of possible intermedi-
ates and transition states in a very complicated reaction. From
these calculations, based on a simplified model system, a
complex picture of the iridium-catalyzed hydrogenation of
alkenes has emerged. By the use of this approach, several
mechanistic pathways could be excluded whereas other routes
turned out to be more advantageous. The discussions are
divided into six consecutive parts: 1) initial screening of
possible reaction paths, 2) more accurate calculations of low-
energy pathways, 3) response to steric interactions, 4) pro-
posed catalytic cycle, 5) interpretation of kinetic data, and
6) rationalization of the enantioselectivity. Unless otherwise
stated, the energies in the text are from B3LYP/BSI without
zero-point energy corrections.


Initial screening of possible reaction paths


Dichloromethane and dihydride complexes of [Ir(L)]�: Coor-
dination of any reaction component to the naked twelve-
electron complex [Ir(L)]� (Scheme 2) is strongly exother-
mic.[13] Thus, as cyclooctadiene in the precatalyst is reduced to
cyclooctane and released from the catalyst, the free coordi-
nation sites created will immediately be reoccupied. The most
abundant species in the reaction mixture is the solvent. The
coordination of dichloromethane to [Ir(L)]� is exothermic by
24 kcalmol�1. A second dichloromethane binds more loosely
by 7 kcalmol�1. Oxidative addition of H2 to [Ir(L)]� , which
leads to cis-dihydrides, is also strongly exothermic with a
preference of leaving the position trans to phosphorus vacant
(34 and 22 kcalmol�1, respectively, always with one hydride in


an axial position). The barriers for some oxidative additions of
H2 to IrI were found to be very small (1 ± 2 kcalmol�1).
Binding of dichloromethane to these dihydride complexes is
exothermic by 19 and 24 kcalmol�1 for coordination trans and
cis to phosphorus, respectively. Coordination of H2 instead of
a second molecule of dichloromethane is about equally
exothermic, again with a slight preference for the neutral
ligand in a trans position to phosphorus.[14] The energies for
these processes are only slightly affected by the increased size
of the basis set.


Coordination of substrate alkenes : Alkenes bind strongly to all
iridium complexes in this study. Replacement of the dichloro-
methane in the monosolvated dihydrido ± Ir complexes by
ethylene to form � complexes A ±D is exothermic by
	10 kcalmol�1, whereas axial coordination, as in F, is
exothermic by 5 kcalmol�1. Coordination of additional sol-
vent to the alkene complexes is now exothermic by
	10 kcalmol�1 (Figure 5).


Figure 5. Examples of monosolvated [Ir(H)2(ethylene)] complexes.


The strong binding of alkenes to the catalyst could, in
principle, make this step irreversible with the consequence
that substrate coordination becomes enantioselective. Indeed,
Crabtree has reported an interesting experiment[15] in which
first the absolute hydrogenation rates of cyclohexene and
1-methylcyclohexene were measured. In a subsequent com-
petitive experiment, a 1:1 mixture of the olefins was hydro-
genated to 50% conversion. The fact that the ratio between
the absolute rates (1.2:1) strongly deviates from the result of
the competitive experiment (5:1) suggests that the pre-
equilibration is slow compared to the overall reaction rate.[16]


The strong binding of alkenes is also reflected in the almost
zeroth-order dependence on the substrate already reported by
Pfaltz.[17] The importance of reversible alkene binding is
illustrated by the increased enantioselectivity achieved by
lowering the hydrogen pressure, and thus the overall rate of
the reaction, reported for a similar type of iridium catalyst.[18]


Dihydride pathways A ±D and E�-S : As seen in Table 1,
migratory insertion (MI) taking place in the coordination
plane of the ligand is strongly favored (paths B and D) over
MI of the ethylene into an axial Ir ±H bond (paths A and C).
It is also evident that the reductive elimination (RE) is rate
determining for all paths except for C. The most favored path
overall is B, which occurs with a fast MI (5.6 kcalmol�1) and a
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reasonable barrier for the RE (12.9 kcalmol�1, 8.9 kcalmol�1


with coordinated dichloromethane). Also, the formation of
alkyl complexes is reversible and a calculated energy of the
[Ir(L)(ethane)] complex of 5.6 kcalmol�1 suggest that these
pathways must somehow be supported by additional solvent,
substrate, or dihydrogen in order to proceed. In this context, it
is worth mentioning that ethane binds to the iridium catalyst
by as much as 15.8 kcalmol�1, although this energy is likely to
be somewhat overestimated by a gas-phase calculation.
Considering the ability of some iridium complexes to activate
alkanes,[19] this strong binding is not unexpected.
It is apparent from the calculations that IrIII is reluctant to


coordinate two formally negative ligands in the P-Ir-N plane.
This causes the ethylene ligand to migrate to an axial position
in the MI in paths A and C. This phenomenon significantly
decelerates these paths. It also renders them less likely to be
solvated, since the migration of the alkene and hydride in the
transition states will be blocked by an initial axial coordina-
tion of solvent. Coordination of a solvent molecule to iridium
in the MI of path C leads to path E�-S (Figure 5). The result is
a remarkably strong stabilization (15 kcalmol�1); however,
this disappears in the reductive elimination in which solvent
coordination is lost.
In an attempt to stabilize the transition state for reductive


elimination in paths B and D, a dichloromethane molecule
was allowed to coordinate to iridium. The conclusion that
could be drawn from this experiment is that the stabilization is
rather weak (	4 kcalmol�1). In the real catalysts, axial
coordination of solvent will be considerably weaker as a
result of the steric requirements of both the tert-butyl group of
the oxazoline and the aryl groups of the phosphine moiety.
Thus, to bring to a close the discussion about solvation, we
would like to state that solvent coordination to iridium is
certainly strong in some complexes, but the effects on relative
rates of different reaction paths are much smaller. However,
as noted early on by Crabtree, the hydrogenation reaction is
strongly repressed by coordinating solvents.


Tetrahydride pathwaysA-H2 to F-H2 : The seemingly problem-
atic endothermicity of the steps described above suggests that
the iridium atom is still too unsaturated. Therefore, we began
a search for alternative pathways with H2 instead of solvent to
fill up the sixth coordination site in the octahedral IrIII


complexes. The question to be answered was whether other
reaction channels could be opened by addition of this second
molecule of H2 (paths A-H2 to G-H2). In fact, polyhydrides
have been suggested as intermediates in the hydrogenation of
pinenes by Crabtree×s catalyst.[20]


In the calculations, the binding of H2 to the dihydrido
ethylene complexes was exothermic by 	10 kcalmol�1. How-
ever, replacing a solvent molecule by H2 is only slightly
exothermic (e.g., 1 kcalmol�1 for path C). In terms of free
energy, this binding thus seems to be endergonic and pressure
effects on the reaction outcome are easily envisioned.
According to calculations on path C-H2, the activation energy
for an associative solvent displacement by H2 is 6 kcalmol�1.
The H±H bond in the Ir ±H2 complexes is activated and the
bond length is found to be approximately 0.81 ± 0.88 ä,
depending on the structure. For the [Ir(H)2(ethylene)(H2)]


complexes (2) in paths A-H2 and C-H2, facile oxidative
additions to yield formal IrV tetrahydrides were found
(resulting in paths denoted A�-H2 and C�-H2). The potential
energy surfaces of the dihydrogen-assisted paths A-H2 to D-
H2 are shown in Figure 6.


Figure 6. Potential energy surfaces of paths A-H2 to D-H2 (B3LYP/BSI,
kcalmol�1).


It can also be seen in Figure 6 that theMI step in paths B-H2


and D-H2 is still the most facile by far and the activation
energies measured from the corresponding Ir ± ethylene
complexes are only slightly changed (Table 1). However,
most remarkably, the MI in the H2-assisted path C-H2, is
accomplished by means of a concerted oxidative addition of
H2 to form an [IrV(H)3(ethyl)] complex (Figure 7). While
paths B-H2 and D-H2 are effectively blocked by high
activation energies of the RE (TS(3�4)), the Ir ± ethyl complex
of path C-H2 undergoes this step with a negligible barrier of
only 0.6 kcalmol�1 relative to the corresponding Ir ± ethyl
complex. It should be noted that the RE in paths B-H2 and D-
H2 are accompanied by a concerted oxidative addition of H2


resulting in catalytic cycles with a constant formal oxidation
state of ��� on the metal (Figure 7).


Figure 7. Oxidative addition of H2 coupled with migratory insertion and
reductive elimination.
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We now turn our attention to H2-activation of paths E, E�, F,
and F�. With an axially coordinated substrate, four different
migratory insertion pathways could be envisioned. The MI
could take place cis or trans to phosphorus with the H2


molecule cis or trans to the olefin. The calculations indicated
that keeping a cis relationship between the olefin and the H2


(E-H2 and F-H2) is very unfavorable in the MI and path F-H2


is further blocked by the non-existence of the corresponding
alkyl complex. Activation of the [Ir(H)2H2(ethylene)] by a
facile isomerization (an activation energy of 5.6 kcalmol�1


was found for this step) [21] to put both hydrides in the
coordination plane of the ligand dramatically lowered the MI
barrier to only 8.4 kcalmol�1 relative to the corresponding
olefin complex (path E�-H2). However, this pathway is
hampered by a significantly higher barrier for the RE
(12.6 kcalmol�1 using the same reference). At this point, the
difference in absolute energy between the MI barrier in path
C-H2 and the RE in path E�-H2 is only 2 kcalmol�1 in favor of
path C-H2.


Estimation of relative rates : In a catalytic system with more
than one rate-determining transition state, working out the
kinetics will provide a means to differentiate between
mechanistic alternatives. To determine which paths to pursue,
we made some initial assumptions. Starting from a common
resting state, the intermediate iridium ± alkyl complex (3)
could be formed by coordination of substrate and H2,
followed by a migratory insertion of the olefin into an Ir�H
bond. This iridium± alkyl intermediate could thereafter either
revert to the resting state of the catalyst or proceed over the
next barrier, the reductive elimination, and irreversibly form
the hydrogenated product (Figure 2). The result from this
analysis is reported in Table 1 as the logarithm of the ratio
between the calculated rate constant (ktot) and ktot for path A.
It is evident from Table 1 that pathways E�-S, A-H2 to C-H2,
and E�-H2 require more attention.


More accurate calculations of low-energy pathways : Basis set
deficiencies could be one source of error that lead to incorrect
conclusions. We therefore used an extended basis set (see
Computational Methods for details) to evaluate this effect
and the results are reported in Table 2. Most encouragingly,
the changes in relative energies are small, and the trend is
towards energies being moved slightly apart.
The relative rates were reanalyzed, as described above, but


with the free energies this time (Figure 8): the preference for


Figure 8. Relative activation free energies of migratory insertion and
reductive elimination calculated at B3LYP/BSII//B3LYP/BSI (kcalmol�1).


path C-H2 increased. The second most likely reaction
mechanism is still path E�-H2. In the real catalyst, the two
phenyl groups or o-tolyl groups on phosphorus are expected
to add steric interactions between the substrate and the
catalyst in paths A, A-H2, B, and B-H2, further destabilizing
these paths.


Response to steric interactions : To differentiate further
between the two remaining mechanistic alternatives, addi-
tional calculations were performed with 2-methyl-2-butene as
the substrate. In this case, the migratory insertion in path C-H2


was compared to the reductive elimination in path E�-H2


(Figure 9). Again, there is an increase in the energy difference


Figure 9. Rate-limiting transition states in path C-H2 (TS(2�3)) and E�-H2


(TS(3�4)). Relative free energies from B3LYP/BSII//B3LYP/BSI in
kcalmol�1.


in favor of path C-H2. At B3LYP/BSI, the difference in
energy between the two transition states is increased from 1.8
to 8.1 kcalmol�1. Apparently, path E�-H2 is much more
responsive to steric hindrance. Single-point calculations with
BSII leads to a preference for path C-H2 by as much as
9.3 kcalmol�1. Addition of thermal corrections to enthalpy
and free energy further increases the preference to 11.1 and
12.2 kcalmol�1, respectively. Thus, path C-H2 is the reaction
mechanism very much favored by our DFT calculations.


Proposed catalytic cycle : Based on our extensive calculations,
we propose the reaction mechanism depicted in Scheme 5
to be operative in the hydrogenation of alkenes with


Table 2. Energies and free energies [kcalmol�1] derived from B3LYP/BSII//
B3LYP/BSI.[a]


Path 2 TS(2�3) 3 TS(3�4) log (rel. rate)[b]


E�-S 2.1 3.2 4.9 10.1 11.1 0.0
A-H2 4.6 5.9 � 3.0 � 1.1 3.8
B-H2 � 3.2 � 2.4 5.3 8.5 1.9
C-H2 � 11.9 � 9.7 � 1.3 � 0.1 � 6.7 � 2.4 � 6.7 � 4.2 8.3
E�-H2 � 2.7 � 2.1 2.6 5.2 4.3


[a] Energies are listed in the left columns and free energies to the right. [b] Relative
rates based on free energies. The underlying mechanistic basis assumes a common
resting state of the catalyst, a semireversible formation of the Ir ± ethyl complex 3
present in a steady-state concentration, and an irreversible reductive elimination.
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Scheme 5. Proposed catalytic cycle and enthalpies (B3LYP/BSII//B3LYP/
BSI, kcalmol�1) for the iridium ±phosphanooxazoline-catalyzed hydro-
genation of unfunctionalized olefins. The energy in parenthesis gives the
driving force for the reduction of ethene by H2.


[Ir(PN-ligand)(cod)] catalyst precursors. This cycle starts with
the most stable IrIII ± dihydride complex found in the study. In
two consecutive steps, an olefin is coordinated trans to
phosphorus and in an endergonic step, an H2 is coordinated
in the remaining axial position. The coordination of H2 might
be either dissociative, with an energy cost of the iridium±
dichloromethane bond, or associative, as shown in Scheme 5.
The olefin in this complex can then undergo a migratory
insertion into the axial Ir�H bond, a reaction that occurs
simultaneously with an oxidative addition of H2. The resulting
IrV species is now extremely labile and the reductive
elimination occurs with a negligible barrier.
The catalysis is thus taking place without the intervention of


IrI in any step, in contrast to the analogous rhodium systems in
which the oxidation state of the metal changes between � and
���.[22] The strong binding of alkenes to iridium should be
reflected in the kinetic measurements as a zeroth-order
dependence on alkene concentration; in other words, the
resting state of the catalyst will contain one bound alkene. The
rate-determining step is either the coordination of H2 or the
migratory insertion.


Interpretation of kinetic data : In the kinetic part of this work,
we have confirmed the results previously reported by Pfaltz
and co-workers, that the reaction rate is independent of the
alkene concentration[17] (in the concentration range 0.125 ±
0.500�, 10 bar hydrogen pressure). This indicates a reaction
mechanism in which the coordination of alkene to the catalyst
is not rate determining. As indicated by the DFT calculations,
binding of ethylene to 1 by displacement of a solvent molecule
is exothermic (�H��7.0 kcalmol�1, B3LYP/BSII//B3LYP/
BSI). This exothermicity, in combination with the zeroth-
order dependence on alkene concentration, suggests that the
catalyst coordinates an alkene in the resting state.
According to the kinetic measurements, the reaction is first


order in hydrogen pressure. This could mean one of two
things: the reaction between the catalyst in the resting state


and H2, by ligand displacement, is rate determining, [22] or the
coordination of H2 is endergonic. According to the calcula-
tions, the displacement of one dichloromethane in the
monosolvated [Ir(H)2(ethylene)] complexes by H2 is only
weakly exothermic, an exothermicity that could easily be
outbalanced by the difference in activity between H2 and
dichloromethane. Thus, the calculations offers two alternative
explanations for the first-order dependence on H2.
As expected, the reaction is first order with respect to


catalyst concentration. Thus, reversible dimerization of the
catalyst does not seem to be of importance.


Rationalizing the enantioselectivity : To create a model for the
enantioselectivity-determining step, calculations were per-
formed on the full-sized Pfaltz× catalyst (R� tBu, Ar�Ph,
Scheme 1) with (E)-1,2-diphenylpropene as the substrate. The
first thing to notice in Figure 10 is the perfect matching of


Figure 10. Transition state of the migratory insertion TS(2�3) in path C-H2


for the real catalyst and substrate use in the kinetic study (left). Selectivity
model based on the alkene complex 2 of path C-H2 (right).


shapes between the catalyst and the substrate in the Ir ± al-
kene complex 2. The tert-butyl group serves to recognize the
unsubstituted position of the alkene, and the oxazoline ring is
stacked on top of one of the phenyl groups of the substrate.
This explanation is in agreement with the better performance
of neo-pentyl-substituted phosphanooxazoline in combina-
tion with tetrasubstituted alkenes, such as trans-�,�,�-tri-
methylstyrene.[1]


Coordination of alkene to the catalyst 1 is exothermic,
according to the calculations on the small model system
(�E��10.7 kcalmol�1, B3LYP/BSI). Considering the in-
creased steric demands of both the catalyst and the substrate,
this step could be assumed to be considerably less favored.
Calculations on the full catalysts and (E)-1,2-diphenylpropene
shows that this step occurs with rather small steric interac-
tions and the alkene binding slightly weakened (�E�
�6.1 kcalmol�1, B3LYP/LACVP). Dispersion interactions,
not taken into account by the B3LYP calculations, will make
the alkene coordination stronger. Since the kinetic investiga-
tions indicate that the substrate coordination step is not rate
limiting, this suggests an exothermic, but possibly reversible
formation of Ir ± alkene complexes, and the final enantiose-
lectivity will be determined as a combination of the stabilities
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of the different olefin complexes and the MI step. For path C-
H2, both effects are expected to work in the same direction.
Double bond migration has been observed for some


substrates in iridium-catalyzed alkene hydrogenations.[4d, 20, 23]


This process will add difficulties to the design of new ligands
for this reaction, as pointed out in a recent article by Burgess
and co-workers.[23]


Conclusion


In this mechanistic study of the iridium± phosphanooxazo-
line-catalyzed hydrogenation of unfunctionalized olefins, we
have been able to propose a detailed reaction mechanism that
is dramatically different from other related catalytic systems.
The computational study has shown that the oxidative
addition of H2 not only to IrI but also to IrIII is facile and
that the corresponding iridium± hydrogen/hydride complexes
of different configurations are likely to be in rapid equili-
brium. We have also discovered an unusual acceleration of
both migratory insertion and reductive elimination steps,
caused by a simultaneous oxidative addition of H2. In case of
the coupled reductive elimination/oxidative addition, the
metal is in the catalytic cycle in a constant oxidation state of
���. In the other case, in which migratory insertion is coupled to
oxidative addition of H2, the metal is cycled between IrIII and
IrV, a fact that greatly lowers the activation energy for the final
step of the reaction, the reductive elimination of an alkane.
The kinetic experiments have shown that the reaction is


zeroth order with respect to the alkene concentration. We
interpret this as an indication of a resting state of the catalyst
to which the alkene is already bound. This is supported by the
computational data which states that alkene binding to
iridium is relatively strong compared to solvent coordination.
Not surprisingly, the reaction is first order with respect to the
catalyst concentration. We have also found that the reaction is
first order with respect to the hydrogen pressure. We favor the
interpretation that the coordination of H2 to the catalyst is
endergonic, which is supported by the calculations and the
fact that the solvent concentration is much higher compared
to the H2 concentration. However, the alternative that H2


coordination by ligand displacement is rate determining is
supported by the calculations on the sterically less-hindered
model system.
A possible catalytic IrIII ± IrV cycle involving a coupled


migratory insertion of the alkene into an Ir�H bond and
oxidative addition of H2, resulting in a very labile IrV species,
is suggested to be the mechanism of the reaction. This
mechanism is shown to be compatible with the observed
enantioselectivity of the reaction. The mechanism also
explains the preferred ligand substitution for tetrasubstituted
alkenes and gives a reason for the usually improved perform-
ance of o-tolyl-substituted phosphanes.


Experimental Section


The reaction studied experimentally is depicted in Scheme 6. All hydro-
genation reactions were carried out on a computer-controlled Endeavor


Catalyst screening system.[10] (E)-1,2-Diphenylpropene was purchased
from Aldrich and used as received. CH2Cl2 was distilled from CaH2


directly prior to use. Catalyst and substrate were prepared as standard
solutions under argon in dry CH2Cl2. The catalyst was prepared according
to a literature procedure[1] from (4S)-4-tert-butyl-2-(2-diphenylphosphino-
phenyl)-1,3-oxazoline,[11] [{Ir(cod)Cl}2] (Johnson Mathew) and NaBARF ¥
3H2O.[12]


Typical kinetic measurement procedure : The instrument was fitted with
8 glass liners (acid-cleaned (conc. HNO3) and dried) and then sealed.
1.00 mL of substrate solution in CH2Cl2 was added to each vessel through
the syringe port. Vessels were purged three times with Ar (5 atm), and then
the catalyst solution was added through the syringe ports. Total reaction
volumes in all cases were 2.0 mL. The reaction vessels were stirred at
700 rpm and pressurized with H2 to the working pressure. Data acquisition
was started individually when each vessel reached the pre-set pressure. All
reactions were run in duplicate. After complete conversion, the reaction
vessels were opened and the reaction solutions were filtered through
Pasteur pipettes filled with silica to remove catalyst residues. The product
and any unreacted substrate were eluted with diethyl ether/pentane 1:1.
The solvent was evaporated and the residue redissolved in n-hexane for
HPLC analysis. Conversion and enantiomeric excess (ee) were determined
by HPLC (Chiracel OJ, iPrOH/n-hexane 1:99) Rt� 12.3 min (major
enantiomer) R, 16.5 min (minor enantiomer) S, 24.9 min (substrate) on a
Gilson322 instrument, detection at �� 254 nm. Conversions were calcu-
lated from a calibrated standard plot of relative absorbances of product and
substrate. In all cases, conversions were in the order of 60 ± 95%. In the
calculation of rate constants, the first third of the kinetic traces were used.
Ee×s were in range of 89 ± 91% of (R) as major enantiomer.
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A Family of Low-Molecular-Weight Hydrogelators Based on �-Lysine
Derivatives with a Positively Charged Terminal Group


Masahiro Suzuki,*[a] Mariko Yumoto,[b] Mutsumi Kimura,[b]
Hirofusa Shirai,[b] and Kenji Hanabusa[a]


Abstract: A family of �-lysine-based
low-molecular-weight compounds with
various positively charged terminals
(pyridinium and imidazolium deriva-
tives) was synthesized and its gelation
behavior in water was investigated. Most
of the compounds can be very easily
synthesized in high yields (total yields
�90 %), and they function as excellent
hydrogelators that form hydrogels be-
low 1 wt %; particularly, N�-lauroyl-N�-
[11-(4-tert-butylpyridinium)undecano-
yl]-�-lysine ethyl ester (2c) and N�-
lauroyl-N�-[11-(4-phenylpyridinium)un-
decanoyl]-�-lysine ethyl ester (2d),
which are able to gel water at concen-


tration of only 0.2 wt %. This corre-
sponds to a gelator molecule that en-
traps more than 20 000 water molecules.
All hydrogels are very stable and main-
tain the gel state for at least 9 months.
TEM observations demonstrated that
these hydrogelators self-assemble into a
nanoscaled fibrous structure; a three-
dimensional network is then formed by
the entanglement of the nanofibers. An
FTIR study in [D6]DMSO/D2O and in


CHCl3 revealed the existence of inter-
molecular hydrogen bonding between
the amide groups. This was further
supported by a 1H NMR study in
[D6]DMSO/H2O. A luminescence study,
in which ANS (1-anilino-8-naphthar-
enesulfonic acid) was used as a probe,
indicated that the hydrogelators self-
assemble into nanostructures possessing
hydrophobic pockets at a very low con-
centration. Consequently, it was found
that the driving forces for self-assembly
into a nanofiber are hydrogel bonding
and hydrophobic interactions.


Keywords: gels ¥ hydrogels ¥
self-assembly ¥ supramolecular
chemistry


Introduction


Organogels, in which organic solvents are gelled by low-
molecular-weight compounds (organogelators), have attract-
ed much interest on account of their unique features and
potential applications for new organic soft materials.[1] Many
organogelators have been found and their gelation abilities in
organic solvents and the physical properties of the organogels
have been investigated.[2] Most organogelators self-assemble
into nanoscale superstructures, such as fibers, rods, and
ribbons, through hydrogen bonding, �-stacking, van der
Waals, coordination, and charge-transfer interactions to
create three-dimensional networks; this leads to the gelation
of organic solvents. Furthermore, organogelators and their


organogels have been used for the fabrication of templated
materials,[3] sensors,[4] and assemblies with molecular recog-
nition and other properties.[5]


On the other hand, hydrogels have been extensively studied
because of their applications for tissue engineering[6] and the
development of new materials that reversibly respond to
various external stimuli.[7] They usually consist of covalently
or noncovalently cross-linked polymers and contain a large
amount of water that fills the interstitial spaces in the
network. These hydrogels have complicated intermolecular
association modes that are difficult to define. In contrast,
organogels are one-dimensional aggregates of low-molecular-
weight compounds, which leads to a relatively easy definition
of the association modes. However, there are only a limited
number of hydrogels formed by low-molecular-weight com-
pounds.[8]


One of our challenges is the application of the organo-
gelators as low-molecular-weight hydrogelators. On account
of their very low solubility or insolubility, it is difficult to
dissolve most of the organogelators in water. We focused on
the �-lysine derivatives, which are some of the best organo-
gelators based on an amino acid,[2a] and synthesized com-
pound 2a, which has a positively charged terminal group
(Scheme 1). Very interestingly, 2a is soluble in water on gentle
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Scheme 1. Chemical structures of low-molecular-weight hydrogelators.


heating (�40 �C). After allowing the solution to stand at
25 �C, the aqueous solution gelled. In this paper, we describe a
family of low-molecular-weight hydrogelators based on �-
lysine and their self-assembling behavior as well as its gelation
ability in water.


Results and Discussion


Gelation test : When aqueous solutions of 2a, 2h, and 2d were
allowed to stand at room temperature, after dissolution of the
gelators in water by heating at �40 �C, transparent, trans-
lucent, and opaque hydrogels formed as shown in Figure 1.


Figure 1. Photographs of hydrogels formed by 2a, 2h, and 2d. [gelator]�
4 mg mL�1.


The gelation test data and the values of the minimum gel
concentration (MGC) necessary for the gelation of water are
listed in Table 1. Except for 2 f and 2 i, all compounds can gel
water below 1 wt %; in particular, 2c and 2d form hydrogels at
0.2 wt %, which corresponds to a gelator molecule that
entraps more than 20 000 water molecules. All hydrogels are
very stable and maintain the gel state for at least 9 months. In
contrast, 2 f was very soluble in water and did not have any


gelation ability for water. However, an interesting result was
obtained: the aqueous solution was transparent and highly
viscous at 0.2 wt % (2 mg mL�1), while 2 f precipitated above
0.2 wt %. Compound 2 f has an amide group on the pyridine
ring that can undergo hydrogen bonding; namely, it has more
hydrogen bonding sites than the other compounds. It is
probable that 2 f readily crystallizes above 0.2 wt %, because it
undergoes stronger hydrogen bonding than the other com-
pounds because of the hydrogen-bonding sites on the pyridine
ring.


The gelation significantly depends on the length of the alkyl
chains in the ester and the alkylene spacer between the �-
lysine segment and the positively charged terminal; the
gelation ability decreases with increasing length of the alkyl
chain on the ester groups and with the decreasing chain length
in the alkylene spacer. The gelation abilities of 1 and 2a are
superior to that of 3, which contains a longer chain in the ester
group, and 2 i, which contains a shorter chain in the alkylene
spacer. In fact, 2 i never formed a hydrogel. These results
suggest that an appropriate hydrophilic ± hydrophobic bal-
ance in the gelator molecule is important for the effective
gelation of water by the �-lysine derivatives.


Transmission electron microscopy (TEM): Figure 2 shows the
TEM images of the samples prepared from 1, 3, 2 i, 2a, 2h, and
2d in aqueous solution (Scheme 1).[9] Compounds 1, 2a, 2h,
and 2d self-assemble into nanoscale fibrous structures of
�15 ± 20 nm for 1 and 2a, �40 ± 100 nm for 2h, and �40 ±
300 nm for 2d, and create a three-dimensional network
structure by entanglement of the self-assembled nanofibers.
This fact indicates that the hydrogels are formed by the
entrappment of water molecules into the spaces of the three-
dimensional networks. Compound 3 self-assembles only into a
ribbonlike structure with a width of �100 ± 200 nm, but not
into a nanofiber. This indicates that intermolecular interac-
tions between the decyl chains tend to favor self-organization
into the ribbonlike structure. On the other hand, 2 f also forms
self-assembled nanofibers in dilute aqueous solutions; this
leads to a highly viscous solution. Addition of further 2 f does
not lead to gelation, but to crystallization owing to the strong


Table 1. Results of the gelation test for 1 ± 3 in water.


State[a] MGC [mg mL�1][b] H2O/gelator[c]


1 TG 3 (4.5 m�) 12300
2a TG 3 (4.4 m�) 12500
2b TG 5 (7.2 m�) 7700
2c TG 2 (2.7 m�) 20500
2d OG 2 (2.6 m�) 21000
2e OG 10 (13.5 m�) 4400
2f VS � 2 (2.7 m�)


P � 2 (2.7 m�)
2g TG 5 (4.5 m�) 7600
2h TLG 6 (9.4 m�) 5900
2 i S
3 TLG 6 (9.4 m�) 5930


[a] TG: Transparent gel; TLG: Translucent gel; OG: Opaque gel; VS:
Viscous solution; S: Solution (at 5 wt %); P: Precipitation. [b] Values mean
minimum gelation concentration necessary for gelation of water [mg mL�1]
and its molar concentration. [c] The number of water molecules entrapped
by one gelator molecule.
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Figure 2. TEM images of samples of 1, 3, 2a, 2d, 2h, and 2 i prepared in
aqueous solutions with the concentration of MGC for 1, 3, 2a, 2d, and 2h,
and 10 m� for 2 i.


hydrogen-bonding interaction induced by the amide group on
the pyridine ring. As shown in Figure 2, 2 i forms a spherical
aggregate that has a diameter of �600 nm, but not a nanofiber
or a ribbonlike nanostructure; this leads to the nongelation of
water.


Very interestingly, the hydrogel state significantly depends
on the thickness of the self-assembled nanofibers. The photo-
graphs shown in Figure 1 clearly indicate that 2a, 2h, and 2d
form transparent, translucent, and opaque hydrogels, respec-
tively.


FTIR spectroscopy : It is well-known that hydrogen bonding is
one of the driving forces for the self-assembly of organo-
gelators in organic solvents.[1±2] Although IR spectroscopy is a
powerful tool to study hydrogen-bonding interactions, it is
very difficult or almost impossible to obtain useful informa-
tion on the hydrogen-bonding interactions from an FTIR
study in H2O. Therefore, the FTIR spectra were measured in
[D6]DMSO/D2O. Figure 3 shows the FTIR spectra of 2a in
[D6]DMSO containing various ratios of D2O, and the results


Figure 3. FTIR spectra of hydrogels formed by 2a in [D6]DMSO contain-
ing various ratios of D2O.


are listed in Table 2. The FTIR spectrum in [D6]DMSO, in
which no self-assembly occurs, showed absorption bands at
1660 cm�1 and 1546 cm�1, which are characteristic of a non-
hydrogen-bonding stretching vibration of C�O (amide I) and


a hydrogen-bonded bending vibration of N�H (amide II),
respectively. In CHCl3, in which no interactions between
molecules of 2a and between molecules of 2a and solvent
molecules occur, a non-hydrogen bonding stretching vibration
of C�O (amide I) and a bending vibration of N�H (amide II)
appear at 1660 cm�1 and 1515 cm�1, respectively. The facts
indicate that 2a undergoes a hydrogen-bonding interaction
with DMSO [(CD3)2S�O ¥¥¥ H�N], but there is no interaction
of the amide carbonyl group in 2a. With increasing D2O
content, the bands of the amide I (�C�O) changed dramat-
ically in two stages: up to a 30 % D2O content, the band shifts
from 1660 cm�1 to 1635 cm�1 with virtually no change in
absorbance, and then the absorbance increases above a
30 % D2O content, while and remains at �� 1635 cm�1 (no
blue shift is observed). In addition, 2a forms a gel above a
30 % D2O content under the experimental conditions
(20 mgmL�1). Such spectral shifts are compatible with the
presence of intermolecular hydrogen-bonded amide groups
and suggest that one of the driving forces for the hydrogel
formation is hydrogen bonding.


The FTIR measurements also provide information on the
alkyl groups. The absorption bands of the asymmetric (�as)
and symmetric (�s) CH2 stretching vibrations of 2a appeared
at 2930 cm�1 (�as, C�H) and 2857 cm�1 (�s, C�H) in CHCl3,
while in D2O they shifted to 2920 cm�1 and 2850 cm�1,
respectively. Such a low frequency shift is induced by
restriction of the alkyl chains in 2a,[10] thus indicating that
the alkyl groups of 2a strongly organize in the self-assembled
nanofibers, presumably through a hydrophobic interaction.


On the other hand, the FTIR spectra of 2 i, which forms a
spherical aggregate having diameters of �600 nm, also show
absorption bands at 1635 cm�1 (��C�O, amide I), indicating
that 2 i undergoes an intermolecular hydrogen-bonding inter-
action in the spherical aggregates. In addition, the absorption
bands of �asC�H and �sC�H of 2 i appear at 2925 cm�1 and
2850 cm�1, respectively, which are higher frequencies than
those of 2a in D2O. This fact suggests that the alkyl groups of
2 i in the spherical aggregates are more flexible than those of
2a in the nanofiber, namely the hydrophobic interaction of 2 i
is weaker than that of 2a.


1H NMR study : To obtain further information on the
intermolecular hydrogen bonding interaction between the
amide groups, we measured the 1H NMR spectra of 2a in


Table 2. Absorption frequencies of 2a in [D6]DMSO/D2O.


�(C�O) (ester) �(C�O) (Amide I)


D2O 0 % 1736 1664
D2O 10 % 1736 1651
D2O 20 % 1735 1641
D2O 30 % 1734 1636
D2O 50 % 1730 1636
D2O 100 % 1728 1635
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[D6]DMSO containing various amounts of H2O.[11] Figure 4
shows the 1H NMR spectra of 2a in [D6]DMSO/H2O, and the
chemical shifts of two amide protons are summarized in
Table 3. With increasing H2O content, the chemical shifts of


Figure 4. 1H NMR spectra of 2a in [D6]DMSO containing various ratios of
H2O.


the amide protons shift to lower fields for up to 30 %
additions. Above this level, they then shift upfield. It is
generally known that the chemical shifts of amide groups
appear further upfield than those undergoing hydrogen
bonding with H2O.[12] There-
fore, the changes in the chem-
ical shifts of the amide protons
to lower fields for up to a 30 %
H2O content and then upfield
over 30 % reveal that the
hydrogen bonding with
[D6]DMSO (�S�O ¥¥¥ H�N) re-
places that with H2O (H2O ¥¥¥
H�N), and then with intermo-
lecular hydrogen bonding be-
tween the amide groups.


On the other hand, the chem-
ical shift of the pyridinium Hc


protons shifted in the opposite direction: it shifted upfield up
to a 30 % H2O content, and then into lower field. The addition
of water brings about the hydration of the charged pyridinium
segments; this leads to the upfield shift. On further addition of
water, 2a molecules self-assemble into the nanofiber and
dehydration probably takes place; consequently, the pyridi-
nium Hc protons shift to lower fields.


Luminescence study : To elucidate the self-assembling process,
the luminescence spectra were studied with 8-anilino-1-
naphthalenesulfonic acid (ANS) as a probe. ANS is one of
the popular fluorescence probes for a hydrophobic environ-
ment.[13] Figure 5 shows the typical luminescence spectra of


Figure 5. Luminescence spectra of ANS (1.0� 10�5�) in aqueous solutions
containing various concentrations of 2b. Where [2b]/10�4� : a : 0; b : 0.1; c :
0.5; d : 1.0; e : 1.5; f : 5.0; g : 10.0; h : 15.0; i : 20.0; j : 30.0; k : 50.0; l : 70.0
(MGC); m : 100.0.


ANS in aqueous solutions containing various concentrations
of 2b, and Figure 6 shows the dependence of the luminescence
maxima (�max) and the relative luminescence intensities (I/I0 :
I0 and I represent the luminescence intensities of ANS at �max


in the absence and in the presence of 2b or 2 i, respectively) on
the concentration of 2b and 2 i. Up to 5.0� 10�4� of 2b, the
�max blue-shifts from 534 nm to 469 nm with increasing 2b
concentration. Further addition increases the luminescence
intensity, but produces only a slight change in the �max values.
Such luminescence behavior is frequently observed when the
ANS molecules are incorporated into a hydrophobic environ-


Table 3. 1H NMR chemical shifts of amide protons of 2a in [D6]DMSO/
H2O


N�Hb J [Hz] N�Ha J [Hz]


H2O 0 % 7.72 5.6 8.07 7.6
H2O 10 % 7.80 5.6 ±[a] ±[a]


H2O 20 % 7.85 5.6 8.17 7.6
H2O 30 % 7.89 5.6 8.19 7.6
H2O 40 % 7.86 5.6 ±[a] ±[a]


H2O 50 % 7.81 4.8 8.10 6.8


[a] No detection because the peak overlaps with the Hc protons.


Figure 6. Dependence of the luminescence maxima (�max) and relative luminescence intensities (I/I0) on the
concentration of 2b (�) or 2 i (�).
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ment; namely, the interior of the strands of self-assembled
nanofibers is hydrophobic. Therefore, this result will be prove
that one of the driving forces for the self-assembly of 2b into
nanofibers is a hydrophobic interaction, which is supported by
the FTIR results in D2O. In addition, this fact is in agreement
with a previous report for amino acid based hydrogelators.[8h]


The luminescence results also suggest that the self-assembly
of 2b into nanofibers proceeds in two steps: for up to 5.0�
10�4�, 2b molecules pre-self-assemble into some aggregates
that have hydrophobic pockets (sharp blue-shift and no
change in I/I0), and then they self-assemble into nanofibers
(very slight red-shift and increase in I/I0). In contrast, the
luminescence property of ANS in the 2 i system demonstrates
a one-step change; the �max sharply blue-shifts to 489 nm and
the luminescence intensity begins to increase at �1.0� 10�3�.
Similar luminescence behavior is often observed around the
critical micelle concentration in various surfactant systems.[14]


Therefore, 2 i only self-assembles into a spherical aggregate at
�1.0� 10�3�.


Compared to 2 i, the �max values of 2b appear at a low
wavelengths and the luminescence intensity is very high. The
luminescence property of ANS is very sensitive to the polarity
of its environment; the low polarity brings about a blue-shift
in �max into the lower wavelength and higher intensity.[14a]


Considering these facts, the hydrophobicity in the strands of
the self-assembled nanofibers of 2b is higher than that in the
spherical aggregate formed by 2 i.


Conclusion


We succeeded in the application of �-lysine-based organo-
gelators as hydrogelators by introduction of a positive charge
into the terminal group of the organogelator. These hydro-
gelators can be synthesized both simply and effectively. In
water, the hydrogelators first self-assemble into some aggre-
gates that contain hydrophobic pockets and grow into nano-
fibers through hydrogen bonding and hydrophobic interac-
tions. The entanglement of the nanofibers forms a three-
dimensional network, which leads to hydrogelation.


Experimental Section


Materials : N�-Lauroyl-�-lysine was obtained from the Ajinomoto. The
other chemicals were of the highest grade commercially available and used
without further purification. All solvents used in the syntheses were
purified, dried, or freshly distilled as required. The N�-lauroyl-�-lysine ethyl
ester (C2AmiNH2) was prepared according to the literature.[2a] 11-
Bromoundecanoyl chloride and 8-bromooctanoyl chloride were prepared
by the reaction of the corresponding acids with thionyl chloride.


Apparatus for measurements : Elemental analyses were performed on a
Perkin ± Elmer series II CHNS/O analyzer2400. FTIR spectra were
recorded on a JASCO FS-420 spectrometer. UV/Vis absorption spectra
were acquired on a JASCO V-570 UV/VIS/NIR spectrometer. Lumines-
cence spectra were measured with a JASCO FP-750 spectrofluorometer.
TEM images were obtained with a JEOL JEM-2010 electron microscope at
200 kV. 1H NMR spectra were measured on a Bruker AVANCE 400
spectrometer with TMS as the standard.


Gelation test : A mixture of a weighed gelator in water (1 mL) was heated
at �40 �C in a sealed test tube until a clear solution appeared. After


allowing the solution to stand at 25 �C for 6 h, the state of the solution was
evaluated by the ™stable to inversion of a test tube∫ method.[2a]


Transmission electron microscopy (TEM): Samples were prepared as
follows: the aqueous solutions of the gelators were dropped on a collodion-
and carbon-coated 400 mesh copper grid and immediately dried in a
vacuum for 24 h. After dropping a 2 wt % phosphotungstic acid solution,
the grids were dried under reduced pressure for 24 h.


FTIR study : FTIR spectroscopy was performed in CHCl3 (15 mg mL�1 of
gelators) and in [D6]DMSO/D2O (20 mg mL�1 of gelators) operating at a
2 cm�1 resolution with 32 scans. The spectroscopic cell with a CaF2 window
and 25 �m spacers in [D6]DMSO/D2O or 200 �m spacers in CHCl3 was used
for the measurements.
1H NMR study : Solutions of 2a (20 mg mL�1) were prepared in [D6]DMSO
containing various ratios of H2O, namely, 0%, 10%, 20%, 30%, 40 %, and
50%.


Fluorescence study : Fluorescence spectra were measured at [ANS]� 1.0�
10�5� and [gelator]� 0 ± 10 m� in a fluorescence spectroscopic cell
(1 cm� 1 cm). The excitation wavelength was 356 nm, corresponding to
the absorption maximum.


N�-Lauroyl-�-lysine methyl ester (C1AmiNH2): A suspension of N�-
Lauroyl-�-lysine (0.33 mol) in methanol (800 mL) was saturated with dry
HCl in an ice bath. After standing overnight at room temperature, excess
HCl and methanol were completely removed by evaporation. THF
(400 mL) was added to the residue, and the solution was allowed to stand
in a refrigerator for 6 h. The resulting white precipitate was filtered, washed
with diethyl ether, and then dried. The HCl salt of C1AmiNH2 was
dissolved in water (2 L), and a large excess of morpholine (2.3 mol) was
added with vigorous stirring. The white precipitate was collected by
filtration, washed with water, and then dried. C1AmiNH2 was purified by
recrystallization from ligroin (96 %). M.p. 72 ± 74 �C; IR (KBr): �� � 3389
(N�H, amine), 3332 (N�H, amide A), 1726 (C�O, ester), 1642 (C�O,
amide I), 1544 cm�1 (�N�H, amide II); elemental analysis calcd (%) for
C19H38N2O3 (342.52): C 66.63, H 11.18, N 8.18; found: C 66.63, H 11.24, N
8.08.


N�-Lauroyl-�-lysine decyl ester (C10AmiNH2): A mixture of N�-Lauroyl-�-
lysine (0.16 mol), 1-decanol (0.29 mol), and p-toluenesulfonic acid mono-
hydrate (0.33 mol) in Benzene (400 mL) was refluxed at 130 �C for 48 h,
while removing water. The excess benzene was evaporated, and diethyl
ether was added. After allowing the solution to stand in a refrigerator for
12 h, the p-toluenesulfonic acid salt of C10AmiNH2 was filtered and washed
with diethyl ether. The solid was dissolved in methanol (250 mL), and a
large excess of morpholine (0.80 mol) was added with stirring. After the
addition of water to the resulting solution, the white precipitate was
filtered, washed with water, and dried. C10AmiNH2 was purified by
recrystallization from ligroin (93 %). M.p. 76 ± 78 �C; IR (KBr): �� � 3390
(N�H, amine), 3333 (N�H, amide A), 1724 (C�O, ester), 1643 (C�O,
amide I), 1543 cm�1 (�N�H, amide II); elemental analysis calcd (%) for
C28H56N2O3 (486.76): C 71.74, H 12.04, N 5.98; found: C 71.93, H 12.55, N
6.07.


N�-(11-Bromoundecanoyl)-N�-lauroyl-�-lysine methyl ester (C1AmiC11Br):
11-Bromoundecanoyl chloride (13.0 mmol) was slowly added to a dry THF
solution (100 mL) of the C1AmiNH2 (11.6 mmol) and triethylamine
(60.0 mmol) at 0 �C with stirring. The resulting solution was stirred at
room temperature for 24 h. Then it was reheated to 60 �C and was filtered
hot; the filtrate was evaporated to dryness. The crude product was purified
by two recrystallizations from ethyl acetate/diethyl ether (97 %). M.p. 100 ±
102 �C; 1H NMR (400 MHz, CDCl3, TMS, 25 �C): �� 0.88 (t, J� 6.8 Hz,
3H; CH3), 3.27 ± 3.21 (m, 2 H; CONHCH2), 3.4 (t, 2 H; CH2Br), 3.74 (s, 3H;
OCH3), 4.55 ± 4.60 (m 1 H; CONHCH), 5.7 (t, J� 5.1 Hz, 1 H; CONH,),
6.2 ppm (d, J� 7.8 Hz, 1H; CONH,); IR (KBr): �� � 3304 (N�H, amide A),
1737 (C�O, ester), 1643 (C�O, amide I), 1545 cm�1 (�N�H, amide II);
elemental analysis calcd (%) for C30H57N2O4Br (589.77): C 61.09, H 9.76, N
4.75; found: C 60.94, H 10.11, N 4.81.


N�-(11-Bromoundecanoyl)-N�-lauroyl-�-lysine ethyl ester (C2AmiC11Br):
The same procedure as for C1AmiC11Br was used. Yield: 96%; m.p. 101 ±
103 �C; 1H NMR (400 MHz, CDCl3, TMS): �� 0.87 (t, J� 6.9 Hz, 3H;
CH3), 3.23 (q, J� 6.2 Hz, 2H; CONHCH2), 3.40 (t, J� 6.8 Hz, 2H; CH2Br),
4.19 (q, J� 7.1 Hz, 2H; OCH2), 4.52 ± 4.57 (m, 1H, CONHCH), 5.76 (t, J�
5.3 Hz, 1 H; CONH), 6.21 ppm (d, J� 7.8 Hz, 1 H; CONH); IR (KBr): �� �
3310 (N�H, amide A), 1732 (C�O, ester), 1643 (C�O, amide I), 1544 cm�1
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(�N�H, amide II); elemental analysis calcd (%) for C31H59N2O4Br
(603.80): C 61.66, H 9.87, N 4.64; found: C 61.74, H 10.07, N 4.66.


N�-(11-Bromoundecanoyl)-N�-lauroyl-�-lysine decyl ester (C10AmiC11Br):
The same procedure as for C1AmiC11Br was used. Yield: 88%; m.p. 99 ±
101 �C; IR (KBr): �� � 3305 (N�H, amide A), 1732 (C�O, ester), 1643 (C�O,
amide I), 1539 cm�1 (�N�H, amide II); elemental analysis calcd (%) for
C39H75N2O4Br (715.93): C 65.43, H 10.56, N 3.91; found: C 65.54, H 10.99, N
3.97.


N�-(8-Bromooctanoyl)-N�-lauroyl-�-lysine ethyl ester (C2AmiC8Br): The
same procedure as for C1AmiC11Br was used but with 8-bromooctanoyl
chloride. Yield: 95%; m.p. 94 ± 96 �C; IR (KBr): �� � 3310 (N�H, amide A),
1740 (C�O, ester), 1641 (C�O, amide I), 1546 cm�1 (�N�H, amide II);
elemental analysis calcd (%) for C28H53N2O4Br (561.64): C 59.88, H 9.51, N
4.99; found: C 60.12, H 9.84, N 5.02.


N�-(6-Bromohexanoyl)-N�-lauroyl-�-lysine ethyl ester (C2AmiC6Br): The
same procedure as for C1AmiC11Br was used but with 6-bromohexanoyl
chloride. Yield: 97%; m.p. 93 ± 95 �C; IR (KBr): �� � 3310 (N�H, amide A),
1732 (C�O, ester), 1643 (C�O, amide I), 1544 cm�1 (�N�H, amide II);
elemental analysis calcd (%) for C26H49N2O4Br (533.65): C 58.52, H 9.26, N
5.25; found: C 58.77, H 9.44, N 5.34.


N�-(11-Pyridiniumundecanoyl)-N�-lauroyl-�-lysine methyl ester bromide
(1): A solution of C1AmiC11Br (8.3 mmol) and pyridine (150 mL) in dry
DMF (20 mL) was heated at 100 �C for 48 h under a nitrogen atmosphere.
The resulting solution was evaporated to dryness. The product was
obtained by two recrystallizations from ethyl acetate/diethyl ether
(98 %). M.p. 93 ± 95 �C; IR (KBr): �� � 3316 (N�H, amide A), 1737 (C�O,
ester), 1638 (C�O, amide I), 1543 cm�1 (�N�H, amide II); elemental
analysis calcd (%) for C35H62N3O4Br (668.79): C 62.86, H 9.34, N 6.28;
found: C 63.01, H 9.55, N 6.34.


N�-(11-Pyridiniumundecanoyl)-N�-lauroyl-�-lysine decyl ester bromide
(3): The same procedure as for 1 was used but with C10AmiNH2. Yield:
93%; m.p. 89 ± 91 �C; 1H NMR (400 MHz, CDCl3, TMS): �� 0.88 (t, J�
6.8 Hz, 6 H; CH3), 3.23 (q, J� 6.6 Hz, 2H; CONHCH2), 4.10 (t, J� 6.4 Hz,
2H; OCH2), 4.47 ± 4.52 (m, 1H; CONHCH), 5.01 (t, J� 7.4 Hz, 2H;
CH2Py), 6.24 (t, J� 5.6 Hz, 1 H; CONH), 6.64 (d, J� 7.6 Hz, 1 H; CONH),
8.15 (t, J� 7.4 Hz, 2 H; 3-PyH), 8.52 (t, J� 7.8 Hz, 1 H; 4-PyH), 9.54 ppm (d,
J� 5.6 Hz, 2H, 2-PyH); IR (KBr): �� � 3298 (N�H, amide A), 1737 (C�O,
ester), 1642 (C�O, amide I), 1538 cm�1 (�N�H, amide II); elemental
analysis calcd (%) for C44H80N3O4Br (795.03): C 66.47, H 10.14, N 5.29;
found: C 66.57, H 10.55, N 5.26.


N�-(11-Pyridiniumundecanoyl)-N�-lauroyl-�-lysine ethyl ester bromide
(2a): The same procedure as for 1 was used but with C2AmiNH2. Yield:
93%; m.p. 93 ± 95 �C; 1H NMR (400 MHz, CDCl3, TMS): �� 0.87 (t, J�
6.8 Hz, 3 H; CH3), 3.22 (q, J� 6.6 Hz, 2H; CONHCH2), 4.16 (q, J� 7.2 Hz,
2H; OCH2), 4.45 ± 4.49 (m 1 H; CONHCH), 5.00 (t, J� 7.4 Hz, 2H;
CH2Py), 6.39 (t, J� 5.5 Hz, 1 H; CONH), 6.78 (d, J� 7.4 Hz, 1 H; CONH),
8.17 (t, J� 7.2 Hz, 2 H; 3-PyH), 8.54 (t, J� 7.8 Hz, 1 H; 4-PyH), 9.57 ppm (d,
J� 5.6 Hz, 2 H; 2-PyH); IR (KBr): �� � 3309 (N�H, amide A), 1727 (C�O,
ester), 1640 (C�O, amide I), 1543 cm�1 (�N�H, amide II); elemental
analysis calcd (%) for C36H64N3O4Br (682.82): C 63.32, H 9.45, N 6.15;
found: C 63.45, H 9.75, N 6.18.


N�-[11-(4-Methylpyridinium)undecanoyl]-N�-lauroyl-�-lysine ethyl ester
bromide (2b): The same procedure as for 2a was used but with
4-methylpyridine. Yield: 95 %; m.p. 74 ± 76 �C; 1H NMR (400 MHz, CDCl3,
TMS): �� 0.87 (t, J� 6.8 Hz, 3 H; CH3), 3.22 (q, J� 6.7 Hz, 2 H;
CONHCH2), 4.17 (q, J� 7.1 Hz, 2H; OCH2), 4.45 ± 4.50 (m, 1 H;
CONHCH), 4.89 (t, J� 7.4 Hz, 2 H; CH2MePy), 6.34 (t, J� 5.5 Hz, 1H;
CONH), 6.71 (d, J� 7.3 Hz, 1H; CONH), 7.89 (d, J� 6.3 Hz, 2 H;
3-MePyH), 9.32 ppm (d, J� 6.8 Hz, 2H; 2-PyH); IR (KBr): �� � 3308
(N�H, amide A), 1735 (C�O, ester), 1640 (C�O, amide I), 1544 cm�1


(�N�H, amide II); elemental analysis calcd (%) for C37H66N3O4Br
(696.84): C 63.77, H 9.55, N 6.03; found: C 63.88, H 9.75, N 5.99.


N�-[11-(4-tert-Butylpyridinium)undecanoyl]-N�-lauroyl-�-lysine ethyl es-
ter bromide (2c): The same procedure as for 2a was used but with 4-tert-
butylpyridine. Yield: 92%; m.p. 57 ± 59 �C; 1H NMR (400 MHz, CDCl3,
TMS): �� 0.88 (t, J� 6.8 Hz, 3 H; CH3), 3.23 (q, J� 6.5 Hz, 2 H;
CONHCH2), 4.17 (q, J� 7.1 Hz, 2H; OCH2), 4.48 ± 4.53 (m, 1 H;
CONHCH), 4.92 (t, J� 7.4 Hz, 2H; CH2BuPy), 6.25 (t, J� 5.6 Hz, 1H;
CONH), 6.62 (d, J� 7.6 Hz, 1 H; CONH), 8.00 (d, J� 6.8 Hz, 2 H;
3-BuPyH), 9.42 ppm (d, J� 6.8 Hz, 2 H; 2-BuPyH); IR (KBr): �� � 3310


(N�H, amide A), 1727 (C�O, ester), 1639 (C�O, amide I), 1545 cm�1


(�N�H, amide II); elemental analysis calcd (%) for C40H72N3O4Br
(738.92): C 65.02, H 9.82, N 5.69; found: C 65.12, H 10.14, N 5.74.


N�-[11-(4-Phenylpyridinium)undecanoyl]-N�-lauroyl-�-lysine ethyl ester
bromide (2d): The same procedure as for 2a was used but with 4-phenyl-
pyridine. Yield: 97 %; m.p. 81 ± 83 �C; 1H NMR (400 MHz, CDCl3, TMS):
�� 0.87 (t, J� 6.8 Hz, 3H; CH3), 3.22 (q, J� 6.2 Hz, 2 H; CONHCH2), 4.16
(q, J� 7.0 Hz, 2H; OCH2), 4.45 ± 4.50 (m, 1H; CONHCH), 4.93 (t, J�
7.4 Hz, 2H; CH2PhPy), 6.44 (t, J� 5.6 Hz, 1 H; CONH), 6.80 (d, J� 7.6 Hz,
1H; CONH), 7.56 ± 7.64 (m, 3 H; 7-PhPyH, 8-PhPyH), 7.83 (d, J� 6.3 Hz,
2H; 6-PhPyH), 8.29 (d, J� 6.8 Hz, 2 H; 3-PhPyH), 9.52 ppm (d, J� 6.8 Hz,
2H; 2-PhPyH); IR (KBr): �� � 3310 (N�H, amide A), 1735 (C�O, ester),
1640 (C�O, amide I), 1548 cm�1 (�N�H, amide II); elemental analysis
calcd (%) for C42H68N3O4Br (758.91): C 66.47, H 9.03, N 5.54; found: C
66.54, H 9.44, N 5.64.


N�-[11-(4-(4�-Pyridyl)pyridinium)undecanoyl]-N�-lauroyl-�-lysine ethyl es-
ter bromide (2e): C2AmiC11Br (8.3 mmol) and 4,4�-bipyridine (8.5 mmol)
were refluxed in dry acetonitrile (600 mL) for 24 h. After cooling to room
temperature, the yellow insoluble compound was filtered off. The filtrate
was evaporated to dryness. The product was obtained by two recrystalliza-
tions from ethyl acetate/diethyl ether. Yield: 80%; m.p. 84 ± 86 �C; 1H NMR
(400 MHz, CDCl3, TMS): �� 0.87 (t, J� 6.8 Hz, 3 H; CH3), 3.22 (q, J�
6.5 Hz, 2H; CONHCH2), 4.16 (q, J� 7.1 Hz, 2H; OCH2), 4.44 ± 4.49 (m,
1H; CONHCH), 5.01 (t, J� 7.4 Hz, 2 H; CH2Bpy), 6.32 (t, J� 5.6 Hz, 1H;
CONH), 6.80 (d, J� 7.3 Hz, 1H; CONH), 7.77 (d, J� 6.0 Hz, 2 H; 2�-
BpyH), 8.46 (d, J� 7.1 Hz, 2 H; 3-BpyH), 8.88 (d, J� 6.0 Hz, 2H; 1�-BpyH),
9.68 ppm (d, J� 6.8 Hz, 2H; 2-BpyH); IR (KBr): �� � 3309 (N�H,
amide A), 1733 (C�O, ester), 1640 (C�O, amide I), 1543 cm�1 (�N�H,
amide II); elemental analysis calcd (%) for C41H67N4O4Br (759.90): C
64.79, H 8.90, N 7.36; found: C 64.98, H 9.14, N 7.44.


N�-[11-(3-Aminocarbonylpyridinium)undecanoyl]-N�-lauroyl-�-lysine eth-
yl ester bromide (2 f): The same procedure as for 2a was used but with
nicotinamide. Yield: 89%; m.p. 152 ± 154 �C; IR (KBr): �� � 3313 (N�H,
amide A), 3156 (N�H, NH2 amide), 1731 (C�O, ester), 1701 (C�O, amide),
1640 (C�O, amide I), 1544 cm�1 (�N�H, amide II); elemental analysis
calcd (%) for C37H65N4O5Br (725.84): C 61.23, H 9.03, N 7.72; found: C
61.44, H 9.24, N 7.72.


N�-[11-(1-Methylimidazolium)undecanoyl]-N�-lauroyl-�-lysine ethyl ester
bromide (2g): The same procedure as for 2a was used but with
1-methylimidazole. Yield: 95 %; m.p. 80 ± 82 �C; 1H NMR (400 MHz,
CDCl3, TMS): �� 0.88 (t, J� 6.7 Hz, 3 H; CH3), 3.22 (q, J� 6.3 Hz, 2H;
CONHCH2), 4.12 (s, 1 H; MeImCH3), 4.17 (q, J� 7.1 Hz, 2H; OCH2), 4.32
(t, J� 7.4 Hz, 2H; CH2MeIm), 4.48 (br, 1H; CONHCH), 6.31 (br, 1H;
CONH), 6.79 (br, 1 H; CONH) 7.43 (br, 1H; 4-MeImH), 7.49 (br, 1H;
5-MeImH), 10.42 ppm (s, 1 H; 2MeImH); IR (KBr): �� � 3312 (N�H,
amide A), 1736 (C�O, ester), 1639 (C�O, amide I), 1544 cm�1 (�N�H,
amide II); elemental analysis calcd (%) for C35H65N4O4Br (685.82): C 61.28,
H 9.57, N 8.17; found: C 61.33, H 9.66, N 8.24.


N�-[8-Pyridiniumoctanoyl]-N�-lauroyl-�-lysine ethyl ester bromide (2h):
The same procedure as for 2a was used but with C2AmiC8Br. Yield: 97%;
m.p. 92 ± 94 �C; 1H NMR (400 MHz, CDCl3, TMS): �� 0.87 (t, J� 6.8 Hz,
3H; CH3), 3.15 ± 3.28 (m, 2H; CONHCH2), 4.14 (q, J� 7.1 Hz, 2H; OCH2),
4.43 (q, J� 6.8 Hz, 1H; CONHCH), 4.49 ± 5.08 (m, 2 H; CH2Py), 6.60 (t,
J� 5.6 Hz, 1H; CONH), 7.28 (d, J� 7.8 Hz, 1H; CONH), 8.13 (t, J�
7.2 Hz, 2 H; 3-PyH), 8.51 (t, J� 7.8 Hz, 1 H; 4-PyH), 9.57 ppm (d, J�
5.6 Hz, 2 H; 2-PyH); IR (KBr): 3310 (N�H, amide A), 1726 (C�O, ester),
1640 (C�O, amide I), 1544 cm�1 (�N�H, amide II); elemental analysis
calcd (%) for C33H58N3O4Br (640.74): C 61.86, H 9.12, N 6.56; found: C
61.99, H 9.34, N 6.61.


N�-[6-Pyridiniumhexanoyl]-N�-lauroyl-�-lysine ethyl ester bromide (2 i):
The same procedure as for 2a was used but with C2AmiC6Br. Yield: 97%;
m.p. 88 ± 9 �C; 1H NMR (400 MHz, CDCl3, TMS): �� 0.87 (t, J� 6.8 Hz,
3H; CH3), 3.14 ± 3.32 (m, 2H; CONHCH2), 4.08 ± 4.16 (m, 2 H; OCH2),
4.35 ± 4.39 (m, 1H; CONHCH), 4.91 ± 4.96 (m, 2H; CH2Py), 6.76 (t, J�
5.5 Hz, 1H; CONH), 7.73 (d, J� 7.4 Hz, 1H; CONH), 8.11 (t, J� 7.2 Hz,
2H; 3-PyH), 8.50 (t, J� 7.8 Hz, 1H; 4-PyH), 9.56 ppm (d, J� 5.6 Hz, 2H;
2-PyH); IR (KBr): �� � 3318 (N�H, amide A), 1728 (C�O, ester), 1642
(C�O, amide I), 1540 cm�1 (�N�H, amide II); elemental analysis calcd (%)
for C31H54N3O4Br (612.68): C 60.77, H 8.88, N 6.86; found: C 60.84, H 9.14,
N 6.93.
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