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The structure of a molecule is usually defined unambiguously
by its constitution and configuration; in some cases conforma-
tional aspects have to be considered, too. These properties
determine the Euclidean geometry of molecules. Recently,
interlocked moleculesÐknots, catenanes, and rotaxanesÐ
have become a popular playground for preparative chemists;
but with these species topological considerations additionally
come into play.[1] A single large ring for example can exist as a
simple loop or as a knot within a loop, in the simplest case a
trefoil. Both, of course, have an identical constitution, that is,
the same atomic connectivities; they are topological isomers.
As with ªconventionalº structural isomers, these can be
converted into each other only by the breaking of chemical
bonds. However, the topology is invariant upon conceptual
continuous deformation of the molecular framework. Cate-
nanes consist of at least two large interlocked rings that are
separate molecular entities. They are held together by a so-
called ªtopological bondºÐwhich is also a ªmechanicalº
oneÐand are topologically isomeric with (the set of) their
disjoint components, however unfamiliar it might be to call
one molecule an isomer of a system of several others.[1a]


At first glance, rotaxanes might be less intriguing since they
are not topologically isomeric to the set of their constituent
componentsÐthe ring(s) and the axle(s). The reason is that in
the imaginary transition from one arrangement to the other
chemical bonds have only to be distorted in order to break or
form the mechanical bond, which is consequently not a
topological one and owes its stability to the lack of flexibility
of the molecular entities. Thus one could consider ªmechan-
ical isomerismº here. Figure 1 illustrates the relation between
interlocked molecules and their constituent components.


Figure 1. Pairs of isomers with identical bond connectivity (constitution)
and homeomorphic molecular graphs. Knots and catenanes have extrinsi-
cally nonplanar graphs.


The threading of a string through a ring is a difficult task on
the molecular scale because there are no mechanical instru-
ments to grasp, fix, or maneuver the components. Instead, the
threading has to be preprogrammed by giving the molecules
appropriate chemical and physical properties. Not least
because of the seemingly impossible task to synthesize
preparative amounts, mechanically interlocked molecules
were mere laboratory curiosities until about the late 1980s
and did not get the attention of a larger scientific audienceÐ
undeservedly so. Early pioneers in the field were Schill and
Lüttringhaus who relied on a multistep directed strategy via
di- and triansa prerotaxanes and precatenanes.[2] However
elegant, it was an extremely tedious approach considering the
rather primitiveÐfrom today�s viewpointÐanalytical and
chromatographic techniques of the late 1960s. At about the
same time Harrison alternatively used purely statistical low-


Templates, ªWheeled Reagentsº, and a New Route to Rotaxanes by Anion
Complexation: The Trapping Method


Christian Seel and Fritz Vögtle*[a]


Abstract: The topological aspects of rotaxanes are com-
pared with those of the other families of mechanically
interlocked molecules: catenanes and molecular knots.
The role of the different types of templates in the well-
known threading and clipping procedures often used for
rotaxane synthesis are discussed. Finally the conceptually
new trapping method that is based on the action of
supramolecular nucleophiles formed by anionic stopper ±
wheel complexes is described.


Keywords: host ± guest chemistry ´ rotaxanes ´ supra-
molecular chemistry ´ template synthesis


[a] Prof. Dr. F. Vögtle, Dr. C. Seel
KekuleÂ -Institut für Organische Chemie und Biochemie der Universität
Gerhard-Domagk-Strasse 1, D-53121 Bonn (Germany)
Fax: (�49) 228-73-5662
E-mail : voegtle@uni-bonn.de


CONCEPTS


Chem. Eur. J. 2000, 6, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0601-0021 $ 17.50+.50/0 21







CONCEPTS F. Vögtle and C. Seel


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0601-0022 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 122


yielding slipping methods.[3] The latter term refers to the
sliding of a wheel onto a stopper-bearing axle at elevated
temperatures.


Only in the course of the increasing importance of supra-
molecular chemistry and with the better understanding of the
processes of molecular recognition has it become possible to
use intermolecular attractive forces in a methodical way for
synthetic means. Thus versatile template-assisted interlocking
methods have now been developed that are routinely applied
to yield at least adequate amounts of a variety of these
intriguing compounds of ever increasing complexity. The role
of a chemical template, while generally not being one of the
reacting partners itself, is to organize an assembly of
participating molecules geometrically in order to enable the
reaction to proceed in a way it would not pursue (or at least
less efficiently) in its absence. The control of intermolecular


forces, be they hydrogen bonds, electrostatic attractions, van
der Waals forces, or others, is an indispensable prerequesite,
and the consideration of geometry, size, functional comple-
mentarity, and the balance of flexibility and rigidity an
imperative necessity for the development of template-direct-
ed syntheses,[4] which thus might be seen as applied supra-
molecular chemistry at its best.


The simplest application of a chemical template in syn-
thesisÐand also the first one conceived and originally termed
ªreaction of coordinated ligandsº (Busch, 1962)[5]Ðis prob-
ably the formation of macrocyclic rings instead of polymeric
compounds by wrapping a linear molecule around the
template ªto make ends meetº for cyclization. Surely the
most widely known examples for this are the syntheses of
phthalocyanines and crown ethers in the presence of templat-
ing metal cations (first examples 1927 and 1967, respective-
ly).[6, 7]


It was also through the assembling and templating proper-
ties of (transition) metal cations that catenanes, rotaxanes,
and molecular knots became available in preparative amounts
by the seminal work of the group of Sauvage.[1c, 8] Figure 2a
depicts how a 2,9-difunctionalized phenanthroline has to
thread through a phenanthroline crown in order to provide
the tetrahedral ligand sphere (red) required by a copper(i)
cation (blue). Thus the protruding phenolic functional groups
are positioned adequately for the condensation reaction with
the stopper units.[9] This is a prototypical example for a
threading synthesis via a pseudorotaxane as the crucial
precursor.


Abstract in German: Die topologischen Gesichtspunkte von
Rotaxanen werden mit denen der anderen Typen mechanisch
verknüpfter Moleküle, den Catenanen und molekularen Kno-
ten, verglichen. Die Rolle der verschiedenen Arten von
Schablonenmolekülen (Templaten) in den wohlbekannten
Einfädelungs- (threading) und Clippingtechniken, die häufig
für Rotaxansynthesen eingesetzt werden, wird erörtert. Schlieû-
lich wird das neue Konzept der Trappingmethode beschrieben,
das auf der Reaktion supramolekularer Nukleophile basiert,
die aus Komplexen von Stopper- und Reifmolekülen bestehen.


Figure 2. Template syntheses of rotaxanes. a) Threading method using the coordinative assembly of ligand building blocks by a metal cation template.
b) Clipping synthesis driven by electron donor ± acceptor attractions with the axle as the template. c) Threading through hydrogen bonding between the
semiaxle and the templating wheel. d) Trapping: The complex between the phenolate stopper and the templating wheel causes the noncoordinated semiaxle
to react through the cavity. Unlike in a) and c) the threading here does not happen prior to the bond formation. Note that in a) and b) the template is the guest
and in c) and d) the host of the respective supramolecular complexes. Color coding: templates blue, ligands coordinated by the templates: red; attractive
interactions: cyan; noncoordinated species: grey.
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Stoddart et al. conceived a versatile strategy for the inter-
locking of molecules, which is based on the donor ± acceptor
interactions between p-electron-deficient and p-electron-rich
aromatic building blocks (paraquat-like bipyridinium and
phenylene diether units, respectively).[10] Additional attrac-
tive forces here are (edge-to-face) T-stacking and hydrogen
bonding between ether oxygens and CH-acidic pyridinium
hydrogens.[11] Both types of arenes, be it as macrocycles or
open-chain compounds, have been used as molecular tem-
plating agents in the syntheses, that is, as the component that
does not undergo chemical reaction. An example of the so-
called clipping route towards rotaxanes is shown in Figure 2b
where a hydroquinone ether axle as the template (blue)
causes a hereby U-shaped bis(bipyridinium) cation (red) to
wrap around it prior to the cyclization reaction with a
dibromide.[12] Hydrophobic interactions have also been used
in threading syntheses with the same[12] as well as with other
types of host ± guest systems such as inclusion complexes of
cyclodextrins[13] and of water-soluble cyclophanes.[14]


Figure 2c describes a templating method towards rotaxanes
that employs hydrogen bonds as directing forces, which cause
the amide axle building block (red) to thread through the
cavity of the tetralactam macrocycle (blue) under assembly of
a semirotaxane precursor.[15] Note that here the wheel acts as
the template, which thus becomes one of the components of
the rotaxane. In contrast, in the above case (Figure 2a) the
wheel is one of the ligands of the template and the latter, the
copper(i) cation, does not become an integral part of the
rotaxane framework. The lactam/amide recognition motif as
shown in Figure 2c was originally applied to catenane syn-
thesis independently and in a slightly different way by the
groups of Hunter[16] and Vögtle[17] and then modified by the
latter for rotaxanes.[18] Hydrogen bonding of this type has
likewise been employed for clipping syntheses.[19] Further-
more, comparable threading approaches are based on the
hydrogen bond driven association of crown ethers and linear
secondary ammonium componds[20] or 1,2-bis(pyridinium)-
ethanes.[21]


The development of host ± guest chemistry started with the
discovery of cyclodextrins and crown ethers and was in the
beginning mainly focused on the complexation of metal
cations. The attention shifted towards the molecular recog-
nition of organic molecules when the synthetic means became
more sophisticated and the understanding and control of the
weak intermolecular forces that determine the recognition
processes improved. The complexation of anionic species on
the other hand was for a long time and still is to some extent a
rather neglected field of researchÐeven if early on attempts
were made to use protonated azacrowns as ligands.[22] This was
at least in part due to the higher solvation energy of anions (as
compared to cations) that has to be overcome prior to binding
as well as to the larger size and lower charge density and the
variety of shapes and geometries of anions. Most anion ligands
feature cationic groups as docking sites such as ammonium or
guanidinium groups.[22] Incorporation of Lewis acids such as
SnIV and HgII into organic or inorganic molecular scaffolds has
also been employed.[22] However, some neutral and purely
organic molecules have also been shown to strongly bind
anions in organic solution or in the solid state, most of which


contain multiple, cooperatively acting amide, sulfonamide, or
urea groups as hydrogen bond donors to associate with the
anions.[22]


Similar to their role in the evolution of host ± guest
chemistry, anionic species were the last to be employed as
participants in the template-directed synthesis of mechani-
cally interlocked molecules. We recently reported that macro-
cyclic isophtalamides like the ones used in the threading
synthesis portrayed above (Figure 2c) bind inorganic and
organic anions such as halides (Clÿ, Brÿ) or acetate strongly in
nonpolar media such as dichloromethane with association
constants in the order of about 105mÿ1.[23] This observation led
to the conception of a modified threading route towards
rotaxanes (Figure 2d), in which the key feature is the binding
of a voluminous phenolate by a tetralactam wheel through
hydrogen bonding.[23] In the resulting complex the stopper
unit sits on top of the wheel, blocking one face of it. Thus the
reactive group, the phenolate oxygen, is sterically shielded
from attack from this direction. Consequently the approach of
the electrophilic semiaxle, which is not coordinated to the
stopper/wheel complex, is only possible from the other side
and through the cavity. Hence, the wheel again acts as the
template while the stopper is the guest. The complex formed
then functions as a ªwheeledº supramolecular nucleophile,
while the semiaxle is a ªmereº reaction partner that gets
trapped inside the wheel. In other words, the threading of the
string coincides with the bond formation and does not happen
in an earlier step through an assembling process as in the
threading methods of Figures 2a and 2c. This is also the only
type of rotaxane synthesis where a reactive group (the
phenolate oxygen) is actively involved in the prereaction
assembly process (H-bonding) and where the reaction hap-
pens inside the wheel cavity. To differentiate it, we call this
new synthetic strategy trapping; after all, in the macroscopic
analogue there is likewise no attractive force between the trap
itself and the prey: The ªbindingº is purely mechanical as
between wheel and axle; and the cheese gets consumed as
does the phenolate in the reaction. Yields of up to 95 % have
been obtained in the synthesis of rotaxanes with phenyl ether
axles.[23] Simiarly, other nucleophilic substitution reactions
that lead to ester, thioester, phosphoric acid ester, acetal,
sulfide, or sulfonamide axles have been succesfully applied for
rotaxane synthesis.[24] A conceptually similar approach was
used by the group of Gibson for the synthesis of a series of
polydisperse polyrotaxanes.[25] Here the binding motif is the
hydrogen bonding of OH groups by crown ethers. The
nucleophilic attack of the resulting supramolecular nucleo-
philic comonomers on diisocanatesÐto give just one exam-
pleÐleads to polyurethanes that are mechanically crosslinked
by rotaxane subunits.[25a]


The different template-assisted reactions described here, be
they based on transition metal coordination, electron donor ±
acceptor and hydrophobic interactions, or multiple hydrogen
bonding of neutral or ionic molecules are of course not
restricted to rotaxane syntheses. In recent years a great
number of appealing interlocked molecules has been pre-
sented by groups worldwide. There are polyrotaxanes, multi-
catenanes of diverse shape, doubly interlocked [2]catenanes,
trefoil knots, pretzelanes, dendritic rotaxanes, topologically
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chiral molecules, and more that imaginative minds only two
decades ago could merely dream of.[26, 27] It will be interesting
to observe what this fascinating field of supramolecular
chemistry has to offer in the near future.
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Introduction


Silsesquioxanes can be consid-
ered as small soluble chunks of
silica, their degree of oligomer-
ization is sufficient to result in
Si/O cage structures that re-
semble crystalline forms of sili-
ca such as b-cristobalite and b-
tridymite.[1] Moreover, incom-
pletely condensed silsesquiox-
anes are suitable models for a
variety of silanol sites that
occur on silica surfaces
(Scheme 1).[2, 3]


Over the last decade, many
main group and transition met-
al complexes have been reported that contain silsesquioxane
silanolate ligands. Some good reviews on silsesquioxanes and
complexes derived therefrom are known.[1, 5] It is now evident
that these complexes are capable of mimicking essential


features of heterogeneous silica-supported transition metal
catalysts. Important characteristics that can be replicated in
silsesquioxane chemistry include electron-withdrawing bond-
ing sites,[6] interactions with adjacent oxygen donors[7] which
contribute to the stability of clusters grafted onto surfaces,[8]


and a defined orientation of surface hydroxy groups which can
dictate the selectivity by which reagents react with the surface.
For example, the considerably enhanced alkene metathesis
activity of surface carbene complexes over those of their
homogeneous analogues has been similarly exhibited in
silsesquioxane chemistry.[6]


Metal-containing silsesquioxane derivatives are increasing-
ly being studied with their direct application as catalysts in
mind. Herein are described such catalytic applications, a
rapidly developing area of interest that already provides


examples in both homogeneous and heterogeneous catalysis.
Silsesquioxane-based homogeneous models for heterogene-
ous catalysts not only offer an unique opportunity to reach a
molecular level understanding of heterogeneous catalysts,
they are well underway to becoming applicable catalysts
themselves! Some of these models exhibit activities that are
comparable, or even better, to those of commercially used
heterogeneous silica-supported catalysts.[9]


Synthetic methods for silsesquioxane metal derivatives are
well-documented and have been reviewed by Feher and
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Scheme 1. Incompletely condensed silsesquioxanes.
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Budzichowski.[5] A brief discussion, however, is justified on
the synthesis and availability of the incompletely condensed
silsesquioxanes themselves. Completely new synthetic meth-
odologies are emerging now that are likely to make these
compounds better accessible.[4] Classically, the method of
choice for the synthesis of the incompletely condensed
silsesquioxanes involves the hydrolytic condensation of
RSiCl3.[1±3] Although the synthetic procedures are straightfor-
ward, they may involve an inconvenient gestation period
before synthetically useful quantities of the silsesquioxane
silanols can be isolated. For instance, for silsesquioxane e
(Scheme 1) this period can be as long as nine months,[2] while a
good yield of silsesquioxane a (R� c-C5H9) can be obtained in
as little as about four days.[3a] A breakthrough in synthetic
methodology is under development by the Feher group which
gives fast access to incompletly condensed silsesquioxanes by
the selective cleavage of one Si-O-Si linkage in readily
available R8Si8O12 cubo-octameric silsesquioxanes.[4] As a
result, a much faster, though somewhat elaborate, alternative
route to silsesquioxane e has already become available,[4c]


together with fast routes to completely new, unexplored
silsesquioxanes. In addition, one should note that several of
the incompletely condensed silsesquioxanes discussed here
have become commercially available since 1999 which may
reflect improvements in synthesis methods.


Discussion


Alkene polymerization : Several metallasilsesquioxanes have
been reported to be active in the polymerization of ethene.
Compound 1 represents a polymerization catalyst based on
chromium. The reaction of the silsesquioxane disilanol
(c-C6H11)7Si7O9(OSiMe3)(OH)2 with CrO3 in the presence of
the dehydration agent MgSO4 gives a quantitative yield of the
chromate ester [(c-C6H11)7Si7O9(OSiMe3)(O2CrO2)] (1) that
contains an CrO4 unit with a nearly tetrahedral geometry.[10]


This chromium compound is a catalyst precursor for ethene


polymerization that can be activated with trimethylaluminum.
At room temperature, ethene polymerization typically pro-
ceeded for several hundred to more than 3200 turnovers
(�3 h) before gelation occurred. Polymer characteristics were
in the range: Mn� 8890 ± 61 400, Mw� 60 680 ± 376 500, Mw/Mn


3.45 ± 6.13, Tm� 130.7 ± 132.1 8C. Although the polydispersity
of the higher molecular weight polyethylene was high, this
does not necessarily imply that a non single-site catalyst is
involved. In this experiment, the polymerization was run till
complete solidification of the reaction mixture occurred
which is likely to result in a higher Mw/Mn value.


Chromium supported on silica is being used as a catalyst for
the coordinative polymerization of ethene.[11] Well-known
examples of industrially used systems are the Phillips catalyst,
essentially CrO3 on SiO2 or Al2O3, and the Union Carbide
system which is prepared from [(h5-C5H5)2CrII] and SiO2


(UNIPOL Catalyst).[12] Although the chromate compound 1
was described as a model for the Phillips catalyst, no further
insight was obtained on the nature of the actual catalytic
species nor on its presumed reduction by the alkylating agent.
In general, the �activation� of metal-oxo precatalysts remains
elusive.[13] Interestingly, the polyethene produced by 1 is
similar to that obtained from Phillips-type catalysts.


Vanadium silsesquioxane complexes have been reported
that are suitable precatalysts for ethene polymerization.
Monomeric and dimeric [(c-C6H11)7Si7O9O3V�O] (2) were
obtained by the reaction of (c-C6H11)7Si7O9(OH)3 with
(n-PrO)3V�O,[14] and used for ethene polymerization after
activation with trimethylaluminum or Al(CH2SiMe3)3. Poly-
merization activity was ascribed to the monomeric complex,
the dimer being a precursor to the monomer.


In the presence of AlMe3 (1 ± 5 equiv), solutions of the
monomeric silsesquioxane complex 2 in benzene or hexane
readily polymerize ethene. At 25 8C, ethene pressures of 1 bar,
and relatively high vanadium concentrations of 3 mm, ethyl-
ene polymerization typically proceeded for 1000 ± 1500 turn-
overs before gelation of the solution prevented further uptake
of ethene. Typical Mn and Mw values were 21 000 and 47 900,
respectively; the polydispersity is only 2.28. Interestingly, in
this case the system can be described as a single-site catalyst.
A survey of the catalyst�s reactivity indicated that to a limited
degree other alkenes could also be polymerized or copoly-
merized. Activity for propene was low, 125 turnovers, (25 8C,
8 bar, 3 h) occurred, rendering atactic polymer (MW<


10 000). Copolymerization of ethene (1%) in neat propene
produced small amounts (�350 turnovers) of copolymer
containing 5 ± 10 % propene. 1,3-Butadiene was polymerized
well, the resulting product is >95 % trans-1,4-polybuta-
diene.[15]


Based on spectroscopic analysis of low-temperature mix-
tures of 2 with the activating agent Al(CH2SiMe3)3 a reaction
sequence involving successive alkyl transfers and coordina-
tion of the vanadium oxo bond to the Lewis acidic aluminum
sites was implicated as leading to the active catalyst [Eq. (1)].
The reaction sequence also accounts for the observed depend-
ence of catalyst activity on the AlR3 reagent, which reaches a
maximum when about two equivalents of alkylaluminum
agent are added. Larger amounts of AlR3 result in reduction
and deactivation of the metal centers, while fewer equivalents
are not sufficient to result in complete catalyst activation.[16] A
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similar dependence of catalytic activity on the amount of the
activating aluminum reagent was found for the silsesquioxane
chromate 1.[10]


In contrast to the activity exhibited by 1/AlMe3 or
2/AlMe3, simple siloxy analogues such as (Ph3SiO)3V�O,[17]


(Ph3SiO)2CrO2 or [Cr(�O)2{(OSiPh)2O}]2
[18] show little or no


activity towards ethene polymerization under identical
conditions. This has been particularly well investigated
for a series of vanadium complexes of formula
(Ph3SiO)3ÿn(CH2SiMe3)nV�O that were found to likewise
react with Al(CH2SiMe3)3 to form Lewis adducts derived from
coordination of Al to the terminus of the V�O group.[17] None
of the resulting adducts, however, were particularly active in
ethene polymerization: all are
quickly deactivated and none
appeared to be as active as the
[(c-C6H11)7Si7O12V�O]/AlR3


systems.
Interesting silsesquioxane-


based Ziegler ± Natta type cat-
alysts were recently reported
to result from the reaction of
[(c-C6H11)7Si7O9(OH)O2Mg]n


(n� 1 or 2) with TiCl4. The
resulting bimetallic system
[(c-C6H11)7Si7O12MgTiCl3]n


(n� 1 (3) or 2 (4)) could be
activated with AlEt3 and subsequently used for ethene
polymerization.[9]


The polymerization of ethene could be catalyzed with an
activity of 110.8 kgPE (g[Ti] h)ÿ1 which was higher than the
activity of 60.0 kgPE (g[Ti] h)ÿ1 obtained for a commercial Ti/
Mg/SiO2 silica-supported catalyst with the same bimetallic
content under similar reaction conditions. Gel permeation
chromatography (GPC) analysis of the polyethene indicated
Mn� 26 000, Mw� 140 000; the polydispersity of the resulting
polymer was substantial: 5.5. On the basis of the analogy in


synthesis, structural character-
istics, and polymerization be-
havior, the silsesquioxane sys-
tem employed may have poten-
tial as a bonding model for Ti/
Mg-containing bimetallic silica-
supported catalysts.


Heterogenization of well-de-
fined homogeneous alkene poly-


merization catalysts is becoming an increasingly important
topic since this provides the opportunity to combine the
advantages of both supported and homogeneous catalysts
such as morphology control combined with the presence of
single active sites.[19] The most common method to immobi-
lize, for instance, metallocene complexes consists of adsorp-
tion of the catalyst on a support that is pretreated with
methylalumoxane (MAO) or other cocatalysts.[20] In view of
catalytic alkene polymerization, silica-grafted Group 4 metal
complexes of the type [SiO]M(Cp)X2 (X�Cl, alkyl) are of
interest. Using silsesquioxanes as silica mimics, such systems
are currently being modeled and 5 ± 7 serve as representative
examples.[21]


These, and related compounds, were subjected to catalytic
ethene polymerization using a catalyst/MAO ratio of about
1000. A noteworthy finding was that although virtually all
silsesquioxane complexes exhibited catalytic activity, (see
complex 6) the active catalyst invariably resulted from a series
of transmetalation reactions with the methylalumoxane that
induced cleavage of the silsesquioxane from the transition
metal moiety. Since silsesquioxanes were used that model a
variety of silanol sites present on silica, particularly with
regard to the dentacity of the siloxy chelation, it might be
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concluded that many grafted polymerization catalysts will
leach upon activation by methylalumoxane. Obviously this
should be kept in mind!


Several of the new silsesquioxane alkyl metal compounds
could, however, be activated for ethene polymerization with
B(C6F5)3. With this milder reagent, no leaching takes places
(thus 5 is not active) and moderate to excellent polymer-
ization activity resulted, up to 4800 kgPE.(molhbar)ÿ1 for 7
An interesting finding was that the dimeric Zr and Hf
compounds already showed some polymerization activity
without the use of any cocatalyst.


Alkene metathesis : Activity for catalyzing alkene metathesis
reactions is well-documented for molybdenum and tungsten
complexes and, in the absence of differential steric effects,
tends to correlate with the electron-withdrawing ability of
ancillary alkoxide ligands. With these observations in mind,
the electron-withdrawing properties exhibited by silsesquiox-
anes have been applied to the field of alkene metathesis. The
preparation of suitable Mo or W alkylidene complexes
presented a significant synthetic challenge which was solved
by application of a suitable transmetallating agent,
[(c-C6H11)7Si7O9(OSiMe3)(OTl)2]. A resulting silsesquioxane
alkylidene complex 8 turned out to be an excellent catalyst for
alkene metathesis.[6]


For instance, when 4800 equivalents of 1-octene are added
to a catalytic amount of the alkylidene complex, 150 turnovers
occurred within 20 s of mixing. Furthermore, while ethene
accumulation slows down the productive metathesis reaction
to 7-tetradecene, purging the system allowed this reaction to
be run to completion. Similar results were obtained for 1- and
2-pentenes as well as cis-2-octene. In sealed tube reactions
where ethene was not purged, the system remained active for
about 1.5 days. Some catalytic applications involving func-
tionalized alkenes were reported as well but the susceptibility


of the alkylidene toward hy-
drolysis required the substrates
to be nonprotic and strictly
anhydrous.


Recently, silsesquioxane
tungsten catalysts were report-
ed that are active in the living
ring-opening methathesis poly-
merization (ROMP) of norbor-
nene. The low polydispersity
(1.1 to 1.5) of the polymer is


indicative for living polymerization. The actual catalysts,
however, were not well-described but claimed to result from
the reaction of WCl6 with either (c-C6H11)7Si7O9(OSiMe3)-
(OH)2 or (c-C6H11)7Si7O9(OH)3 followed by reaction with
MgClCH2Si(CH3)3.[22]


Alkene epoxidation : Metallasilsesquioxanes have now been
reported to be active in epoxidation of alkenes and several
groups are currently working on this topic. Although one
might expect titanium silsesquioxanes to be of interest for
alkene polymerization, virtually all of the complexes involved
here do not polymerize alkenes or, at least, their catalytic
potential for alkene polymerization has not been investigated
yet.


The first report on catalytic alkene epoxidation involved
the known silsesquioxane titanium complex [Ti(h5-C5H5)-
(c-C6H11)7Si7O12)] (9),[23] for which no catalysis was reported
for a period of five years after its discovery! This compound


was found to catalyze alkene epoxidations using tert-butyl
hydroperoxide (TBHP) as the oxidizing agent.[24] The catalyst
is effective at low concentration and selectively produces
alkene oxides in high yield with good peroxide economy.
�Easy� substrates such as cyclooctene and norbornene were
virtually quantitatively epoxidized within 3 h using 1 mol % of
the catalyst and equimolar amounts of alkene and epoxide at
50 8C. Also the somewhat difficult epoxidation of 1-octene
was catalyzed efficiently (80% conversion, 80 % selectivity
after 24 h). In addition, the catalyst resists hydrolysis and is
even stable in 1m aqueous HCl! This stability is remarkable,
especially when taken into account that the related vanadium
complex 2 is rapidly decomposed by protic reagents
(e.g. hydroperoxides, alcohols) to give the trisilanol
(c-C6H11)7Si7O9(OH)3 and complex mixtures of vanadium-
containing products.


The synthesis of other tripodal species [TiR{(c-C6H11)7-
Si7O12}] (R�CH2Ph, NMe2, OSiMe3, O-iPr) was achieved
through the reaction of the appropriate homoleptic titani-
um(iv) complex TiR4 and the silsesquioxane trisilanol
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(c-C6H11)7Si7O9(OH)3.[25] These, and related titanium silses-
quioxanes of formula [TiR{(c-R')7Si7O12}] (R� alkyl, cyclo-
alkyl, alkylaryl, alkoxy, aryloxy, siloxy, amido, and OH; R'�
cyclopentyl, cyclohexyl, cycloheptyl) are also claimed in a
recent Shell patent and were similarly applied to alkene
epoxidation.[26] The reported catalytic activities of these
complexes for the epoxidation of 1-octene using TBHP as
the oxidant are supposed to be more or less similar to that of
the cyclopentadienyl complex [Ti(h5-C5H5)(c-C6H11)7Si7O12)];
the exact catalytic conditions were somewhat remarkable: a
50-fold excess of 1-octene to TBHP was used, leading to very
low alkene conversion.


In addition, silsesquioxane titanium complexes 10 and 11
with bidentate siloxy coordination were reported that are
derived from the silsesquioxane disilanol (c-C6H11)7Si7O9-
(OSiMe3)(OH)2.[25] These complexes also are catalytically


active in the epoxidation of 1-octene with TBHP although the
activity is about an order of magnitude less than that of the
tripodal species. Interestingly, there seems to be a relation
between the dentactity of silsesquioxane coordination with
respect to hydrolysis of the titanium sites: bidentate com-
plexes are hydrolyzed by aqueous hydrogen peroxide, while
terdentate derivatives do not, or very slowly, hydrolyze.
Materials with monodentate silsesquioxane siloxy coordina-
tion were found to not only hydrolyze quickly but to already
decompose in organic media containing anhydrous TBHP
(vide infra).[24]


Dimeric tripodal titanium silsesquioxanes of formula
[Ti(O-iPr){(c-C5H9)7Si7O12}]2 ´ THF (12) and [Ti(OMe)-
{(c-C5H9)7Si7O12}(MeOH)]2 (13) were reported to result from
the reaction of the trisilanol (c-C5H9)7Si7O9(OH)3 and tita-
nium tetraisopropylate (!12) and the following substitution
reaction using methanol (!13) (Scheme 2).[27] The isopro-
poxy compound 12 displays epoxidation activity which
compares well with that from earlier studies: after 1 h at
50 8C, 48 % conversion was achieved for the epoxidation of
cyclohexene with TBHP in CDCl3 using a catalyst substrate
ratio of 1:70:70 with 98 % selectivity towards the epoxide. The


Scheme 2.


methoxide complex 13 exhibited much higher catalytic
activity (93% conversion after 1 h).


So far, all homogeneous epoxidation catalysts reported
were exclusively active in combination with an organic
peroxide. Catalysis involving the use of aqueous hydrogen
peroxide proved to be impossible with these systems. This is a
drawback when one considers that a procedure for the
epoxidation of alkenes using environmentally friendly oxi-
dants like O2 and H2O2 is an important industrial and
synthetic goal. As such, a breakthrough in this field may be
the synthesis of the polyoxotitanate 14, for which a cluster
type structure was revealed by X-ray analysis.[28]


Reaction of the tetrasilanol (c-C7H13)6Si6O7(OH)4
[3a] with


titanium tetrachloride followed by reaction with water leads
to clean formation of the polyoxotitanate [(c-C7H13)7Si6O11]3-
[TiOH]4 (14), a water-stable complex that only starts to
thermally decompose at about 250 8C in air. The polyoxoti-
tanate was found to be not only stable in protic oxidizing
media but also to efficiently catalyze alkene epoxidations
including those which use aqueous hydrogen peroxide as the
oxidizing agent. For example, cyclooctene could be epoxi-
dized with selectivities and conversions higher than 90 %;
catalytic conditions: cyclooctene/TBHP�1, 0.3 mol% of cat-
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alyst, 24 h at 50 8C, 64 % conversion, >95 % selectivity to the
epoxide; cyclooctene/H2O2� 50, 1.4 mol % of catalyst com-
pared to oxidant, 1 h at 80 8C, 100 % conversion of H2O2,
>90 % selectivity to the epoxide.


Finally, silsesquioxanes containing a much higher titanium
content have been reported to result from a one-step
procedure by reaction of substituted silane triols with titanium
tetraisopropylate in a 1:1 ratio. To date, the ability of these
cluster compounds to catalyze either alkene epoxidations or
polymerizations has not been reported.[29]


Oligometallasilsesquioxanes as heterogeneous catalysts : Over
the last two years, several silsesquioxane-based approaches to
heterogeneous catalysts have been reported. These involve
the construction of insoluble silsesquioxane metal gels, phase
immobilization of sufficiently robust silsesquioxane com-
plexes, and the use of silsesquioxane metal complexes as
precursors for porous oxide catalysts.


Past developments in silsesquioxane chemistry that could
be regarded as promising for forthcoming applications in the
field of heterogeneous catalysis included porous materials
that were synthesized from silsesquioxane cage precursors,[30]


and metal-containing polymeric derivatives.[31] Although
these findings did initially not involve applications in actual
catalysis, they provided a good indication that silsesquioxane
chemistry was maturing to the extent where applications to
heterogeneous catalysis would become feasible.


The silsesquioxane disilanol (c-C6H11)8Si8O11(OH)2 has
been used as a bifunctional building block for the construction
of organosilicious polymeric materials. Because of the spatial
restrictions of the silsesquioxane skeleton, silanol-centered
reactions of (c-C6H11)8Si8O11(OH)2 with bifunctional and
multifunctional organometallic compounds are likely to give
polymeric complexes through formation of bridging metal
siloxy units.[30, 31] The silsesquioxane disilanol could be easily
functionalized with trimethylaluminum, resulting in concom-
itant formation of methane and a colorless aluminosilses-
quioxane gel 15 that contains a silsesquioxane cage frame-
work similar to that present in its precursor.[32] In a typical gel-
forming reaction, more than 80 % of the silanol units of the
starting material were functionalized. The actual coordination
environment of the aluminum sites present in the polymer is
likely to be complicated. For instance, the 104.2 MHz 27Al
MAS NMR spectrum of the gel consists of three, partially
resolved resonances at d� 50.0, 29.9, and ÿ1.7 (w1/2


�2500 Hz), characteristic of four, five, and six-coordinate
aluminum siloxy units, respectively.


The aluminosilsesquioxane gel was found to accelerate
Diels ± Alder reactions of enones with several orders of
magnitude over the thermal reaction [Eq. (2)]. The hetero-
geneity of the catalyst was proven by filtration experiments:
upon filtration of the catalyst when reactions had reached
about 50 % conversion, the reaction rate decreased to the
thermal rate.


In a somewhat ambitious attempt to contribute to recent
developments in heterogeneous oxidation catalysis,[33] the
reaction of the silsesquioxane disilanol (c-C6H11)8Si8O11(OH)2


with TiCl4 or Ti(CH2Ph)4 was performed and found to lead to
the formation of a titanium-containing silsesquioxane gel 16,
similar as for AlMe3 leading to 15 (vide supra). An essential
feature is that during gel formation, titanium siloxy units (Ti-
O-Si) result from functionalization of isolated silanol groups,
the silsesquioxane being a bifunctional monodentate ligand.
Gel 16 effectively catalyzes the epoxidation of alkenes by
TBHP under mild conditions.[24] Though for the reactions
studied, 16 is a reasonable to good precatalyst, attempts to
filter off the gel during epoxidation, and thus to stop the
reaction, met with complications. NMR studies showed that
during epoxidation, rapid hydrolysis of 16 by TBHP occurs
resulting in the quantitative reformation of the silsesquioxane
disilanol and concomitant formation of non-siloxy titanium
species that are catalytically active.


An essential feature of several of the proposed mechanisms
of alkene epoxidation by titanium silicalites involves hydrol-
ysis of a titanium siloxy function in a tetracoordinated active
site.[34] For the titanium gel 16, such a hydrolysis step would
lead to rapid degeneration of the material since the titanium
siloxy units (Ti-O-Si) here result from functionalization of
isolated silanol groups; the silsesquioxane is a bifunctional
monodentate ligand.


In full agreement with this hypothesis, the titanium(iv)
silsesquioxane 9 was reported to be an active and robust
homogeneous catalyst for alkene epoxidation that did not
leach titanium under the catalytic conditions.[24] As such, the
complex is an attractive candidate for heterogenization. It was
reported that 9 could be immobilized in an MCM-41
molecular sieve,[35] exploiting its strong adsorption in the


MCM-41 channel (Figure 1).
The titanium-silsesquioxane-
immobilized materials effi-
ciently catalyzed (i.e. >95 %
selectivity) the epoxidation of
cyclooctene under mild condi-
tions using tert-butyl hydroper-
oxide as the oxidant. The pres-
ence of aluminum in the MCM-
41 should be avoided since this
has an impeding effect on the
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Figure 1. Graphical representation of the adsorption of 9 in the �30 �
pores of all-silica MCM-41.


performance of the catalyst and induces leaching of the
silsesquioxane catalyst. Leaching of 9 could be completely
blocked when the MCM-41 materials were treated with a
silylating agent such as SiCl2Ph2 or SiCl2Me2 prior to catalysis.
All heterogeneous catalysts could be easily recovered by
filtration; an all-silica catalyst could even be re-used for at
least three times without an apparent loss of activity. The use
of MCM-41 type materials proved to be essential for
successful catalyst immobilization.


The vanadium compound 2 has been well-described as a
precatalyst for alkene polymerization. Its closely related
cyclopentyl analogue [(c-C5H9)7Si7O9O3V�O] was claimed to
exhibit fair to excellent activity for the photooxidation of
benzene and cyclohexane,[36] indicating its ability as a
homogeneous analogue of silica-supported catalysts. The
analogy may well be valid since only highly dispersed, isolated
tetrahedral VO4 species were considered to be active species.
The claimed catalytic activity, however, is unlikely to result
from the silsesquioxane complex itself. For the cyclohexyl
analogue 2, it was succinctly stated that it did not show any
promise as an oxidation catalyst. For 2, drastic conditions
(T> 250 8C) were required for any observable reaction to
occur with PMe3, PPh3, norbornene, CO, or a-methylstyrene.
These reactions, however, appeared to result from decom-
position of 2, rather than from reaction between 2 and the
substrate. For substrates that were kinetically stable toward
dioxygen under 200 8C (e.g. CO, norbornene, toluene) the
presence of added oxygen had no effect.[14]


In addition, the vanadium complex [(c-C5H9)7Si7O9O3V�O]
has been used as a precursor to heterogeneous catalysts for
the selective photoassisted oxidation of methane into metha-
nal.[37] Silica-supported catalysts were prepared by incipient
wetness impregnation of a pentane solution of the silses-
quioxane on silica followed by air-flow pyrolysis at 523 or
723 K. The supported catalysts showed fair to excellent
activities in the photooxidation, the activity of a catalyst that
was subjected to air-flow treatment at 723 K was reported to
have the highest turnover frequency (TOF): 9 hÿ1. X-ray
photoelectron spectroscopic (XPS) analysis showed that this
catalyst no longer contained the original silsesquioxane
species, since only trace amounts of carbonaceous materials


were detected on its surface. Alltogether, this study indicates
the possibility of using oligometallasilsesquioxanes as excel-
lent precursors for porous oxide catalysts.


Conclusion


Incompletely condensed silsesquioxanes have emerged as
very interesting ligands that should no longer be regarded as
chemical curiosities. Coordination of (d0) metals to a silses-
quioxane framework tends to generate electrophilic metal
centers: the silsesquioxane framework is approximately as
electron-withdrawing as a CF3 group.[6] This property is likely
to increase the catalytic activity of silsesquioxane complexes
when compared with that of related compounds having
conventional alkoxide or siloxide ligands. In applications
involving alkene polymerization and metathesis, silsesquiox-
ane ligands beautifully mimicked the considerably enhanced
activity of surface alkyl and alkylidene species.[9, 12, 15]


In oxidation catalysis, silsesquioxanes have appeared as
rigid, chemically inert ligands that displayed a rich coordina-
tion chemistry. Efficient catalysts for alkene epoxidation with
organic peroxide have resulted,[24±27] and a new exiting field is
emerging that uses silsesquioxanes for the construction of
polyoxometalates.[28] Silsesquioxane-supported polyoxometa-
lates might be further developed to catalyze oxidation
processes that use environmentally friendly oxidizing agents
such as O2 and H2O2.


The use of Lewis acidic silsesquioxane-based derivatives
will undoubtedly be further explored, their use in promoting
Diels ± Alder reactions should be regarded as a first demon-
stration of their catalytic potential.[32] Other Lewis acid
catalyzed reactions, like Oppenauer oxidations or Meer-
wein ± Pondorf ± Verley reductions are likely to be reported in
the near future, together with examples of enantioselective
catalysis.


The field of catalysis by silsesquioxane metal complexes
will profit further from new synthetic methodologies for both
existing and novel incompletely condensed silsesquioxanes.[4]


Ongoing developments in the field of silsesquioxane-based
network solids and hybrid inorganic ± organic materials will
further pave the way for applications in the field of (hetero-
geneous) catalysis.[30±32, 39]
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Energy-Gap Dependence of Photoinduced Charge Separation and
Subsequent Charge Recombination in 1,4-Phenylene-Bridged
Zinc ± Free-Base Hybrid Porphyrins


Atsuhiro Osuka,*[a] Go Noya,[a] Seiji Taniguchi,[b] Tadashi Okada,*[b]


Yoshinobu Nishimura,[c] Iwao Yamazaki,[c] and Noboru Mataga*[d]


Abstract: A series of 1,4-phenylene-
bridged ZP-HP hybrid porphyrins
(ZP� zinc porphyrin, HP� free-base
porphyrin) 1 ± 8 ZH have been prepared
in which an electron-donating ZP moi-
ety is kept constant and electron-accept-
ing HP moieties are varied by introduc-
ing electron-accepting substituents, so
that the energy gap for charge separa-
tion, ZP-1HP*!ZP�-HPÿ, covers a
range of about 0.9 eV in DMF. Here
selective excitation at the HP moiety
was employed to avoid complication in
the determination of electron transfer
rates derived from energy transfer,
1ZP*-HP!ZP-1HP*. Definitive evi-
dence for the electron transfer has been
obtained in three solvents (benzene,
THF, and DMF) through picosecond ±
femtosecond transient absorption stud-
ies, which have allowed the determina-
tion of the rates of the photoinduced
charge separation, ZP-1HP*!ZP�-HPÿ,


and subsequent thermal charge recom-
bination ZP�-HPÿ!ZP-HP. Dyad 1 ZH
in THF exhibits a biphasic fluorescence
decay that indicates thermal repopula-
tion of the ZP-1HP* from ZP�-HPÿ ; this
has been also supported by the transient
absorption spectra. On this ground, the
energy levels of the ZP�-HPÿ ion pairs
have been estimated. Similar biphasic
fluorescence decay has been observed
for 5 ZH in benzene; this allows furhter
estimation of the energy level of the
ZP�-HPÿ ion pairs. The free-energy-gap
dependence (energy-gap law) has been
probed from the normal to the upper
limit region for the rate of the charge
separation alone, and only the inverted
region for the rate of the charge recom-


bination. It was not possible to repro-
duce both energy-gap dependencies of
the charge separation and the charge
recombination assuming common pa-
rameter values for the reorganization
energy and electronic interaction re-
sponsible for the electron transfer with
the classical Marcus equation. Although
both energy-gap dependencies can be
approximately reproduced by means of
the simplified semiclassical equation,
which takes into consideration the effect
of the high-frequency vibrations re-
placed by one mode of averaged fre-
quency, many features, which include
the effects of solvent polarity, electron-
tunneling matrix element, and so forth
on the energy-gap law, are considerably
different from those of the previous
studied porphyrin ± quinone systems
with weaker inter-chromophore elec-
tronic interactions.


Keywords: charge recombination ´
charge separation ´ kinetics ´ por-
phyrinoids ´ zinc


Introduction


Among many factors that control electron transfer (ET)
reactions, the free-energy-gap (ÿDG) dependence of the ET
rate (energy-gap law) has been most intensively studied with a
view to confirm the prediction based on Marcus theory.[1] ET
can occur by very weak electronic coupling between a donor
and an acceptor, for which the nonadiabatic approximation is
valid and the ET rate constant kET is given by Equation (1),


kET�
2p


�h
V2FCWD (1)


which treats ET as radiationless transition. In this expression,
V is the electronic tunneling matrix element, and FCWD
represents the nuclear coordinates as the Franck ± Condon
weighted density of states.[2] FCWD depends on the energy-
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gap, the nuclear vibrational mode relevant to the ET process,
the changes of bond lengths and angles of substrates, and the
changes of solvation upon ET.


Elucidation of the energy-gap law of the ET rate is quite
important in understanding the photoinduced ET events that
occur in the photosynthetic reaction center[3] and in the design
of effective artificial models that can mimic the photo-
synthetic charge separation.[4] Equation (1) predicts a non-
symmetrical bell-shaped energy-gap dependence that in-
cludes normal, upper limit, and inverted regions, and which,
though long controversial, has been confirmed from experi-
ments on donor ± acceptor pairs held by protein frameworks[5]


and covalent networks of rigid spacers.[6] In those cases, the
distance between the donor and acceptor is kept constant,
thus circumventing diffusion and making the ET reaction a
unimolecular process. In the meantime, it has been also
recognized that the energy-gap dependence is not uniform,
but depends on the reaction mode.[7] For a donor ± acceptor
system covalently linked by a rigid steroidal spacer, the bell-
shaped dependence has been confirmed for charge-shift
reactions (CSH),[6] while only the normal and upper limit
regions have been experimentally observed for charge
separation reactions (CS) and only the inverted region has
been detected for charge recombination reactions (CR).[8±12]


For unlinked donor ± acceptor systems in solution, long-
standing and quite extensive investigations have been made
on the energy-gap law of the excited state ET for luminescent-
quenching reactions and also of the back ET process in the
production of geminal radical ion pairs.[7, 13±16] In spite of a
wide energy-gap range larger than 2 eV, no inverted region
has been observed for the CS rate in fluorescence-quenching
reactions in strongly polar solvents like acetonitrile.[7, 13±16] In
contrast, approximately bell-shaped energy-gap dependencies
of the CR reaction rate of loose geminal ion pairs (LIPs)
produced by CS in the fluorescence-quenching reaction have
been demonstrated.[7, 13, 16] Vigorous experimental and theo-
retical investigations have been performed to elucidate the
underlying reasons for failure in observation of the inverted
region in the energy-gap dependencies of kCS and difference
between the energy-gap dependencies of kCS and kCR.[7, 13±15]


Because the kCS value for the favorable energy-gap
(ÿDGCS) region is masked by the diffusion limit of the
reaction, ªtrue kCS valuesº were estimated by analyzing
transient effects in the fluorescence-quenching process for a
series of fluorescer ± quencher pairs that cover a wide ÿDGCS


range.[16d] Nevertheless, very broad and rather flat kCS versus
ÿDGCS plots were obtained that had no inverted region.[16d]


On the basis of detailed examinations,[7, 16b,c,e,f] the most
probable explanation for this relation rests on distance
distribution between fluorescer and quencher, that is, the
increase of average ET distance with increase of the energy
gap. In the CS with larger ÿDGCS, a larger solvent reorgan-
ization energy ls is favorable to keep activation energy small
and kCS large, and a larger ls also means a large fluorescer ±
quencher distance at which ET takes place (see Equa-
tions (10) and (12) later); this makes the detection of the
inverted region even more difficult. A quantitative analysis of
the transient effect led to calculation of the time-dependent
ªCS rate constant, kCS(t)º by averaging the distance-depend-


ent kCS(t) with the distribution function p(r,t) obtained by
numerically solving the diffusion-reaction equation.[7b,e±g, 16e,f]


Moreover, the almost bell-shaped kCR versusÿDGCR relation-
ship of the geminal LIPs was reproduced approximately by
assuming the same parameter values for calculations and only
slight modifications of the initial ionic distance distributions in
the product geminal LIPs during CR.[7b,e±g, 16e,f]


Thus, systematic parameter values for the calculations were
given at the same time both for the observed kCS versus
ÿDGCS relationship with no clear-cut inverted region and the
approximately bell-shaped kCR versus ÿDGCR relationship of
the LIPs. While it seems to be of crucial importance to
examine this problem by means of a series of donor ± acceptor
systems with fixed distance or fixed structure for the final
confirmation of the mechanism,[17] there are some other
problems related to the energy-gap laws of the photoinduced
ET reactions. Namely, non-Marcus type kCR versus ÿDGCR


relationship was found for contact ion pairs (CIPs), which are
formed by exciting ground state CT complexes, such as
aromatic hydrocarbon complexes of tetracyanobenzene
(TCNB), benzene tetracarboxylic acid dianhydride, and
tetracyanoethylene (TCNE) in solution.[7a,d,f,g, 15] For these
CIPs, exponential energy-gap laws of kCR�aexp[-b jDGCR j ]
have been observed. Interestingly, the same CIPs adsorbed on
porous glass without solvent showed essentially the same
energy-gap law; this indicates that the role of solvent
reorganization is quite minor.[15e] The observed temperature
effects of the adsorbed system strongly suggested the dom-
inant effects of the intramolecular high-frequency quantum
modes and also the intracomplex (intermolecular or inter-
ionic) vibrational modes in the CR.[15e] These results have
been interpreted reasonably well on the basis of the theoret-
ical models of intramolecular radiationless transition in the
weak coupling limit.[7d,f,g, 15] A similar mechanism might be
involved in the ET processes of linked systems when the inter-
chromophore interactions become sufficiently strong.


In the field of artificial photosynthetic model studies,
investigations of photoinduced CS as a function of ÿDG
have been carried out so far mostly with synthetic models that
consist of a porphyrin donor linked with quinone or other
small organic acceptors.[8±12] These studies have shown the
reaction-mode-dependent energy-gap laws are as noted above
and kinetic data that are generally consistent with the Marcus
theory with reorganization energies of 1� 1.5 eV in fluid
organic solvents. On the other hand, there are only scattered
studies on the energy-gap dependence for interporphyrin ET
reactions, despite the fact that the initial ET in photosynthesis
occurs between two tetrapyrrolic pigments. Gust et al. have
reported that the energy-gap dependence for ET in amide-
bond-linked TPP-type porphyrin dyads is similar to those of
porphyrin ± quinones, exhibiting normal and upper limit
regions with l� 1.30 eV for zinc-porphyrin donor series and
l� 1.17 eV for free-base donor series in CH2Cl2.[11] However,
their studies mostly relied on the measurement of fluores-
cence lifetimes and suffered from difficulty in the division of
the large decay rates of the S1 state of zinc porphyrin into
energy transfer and ET processes.


In this paper we report the synthesis of ZP-HP (ZP� zinc
porphyrin, HP� free-base porphyrin) dyads 1 ± 8 ZH (Fig-
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ure 1) bridged by a 1,4-phenylene spacer and the picosecond
fluorescence-lifetime measurements and picosecond ± femto-
second time-resolved transient absorption studies by which
rates of both photoinduced forward CS (kCS) and thermal


Figure 1. Structures of models compounds studied in this paper, dyads 1 ±
8ZH, reference free-base porphyrins 1 ± 9 H, formyl-substituted free-base
porphyrins 1 ± 8 FH, and reference zinc porphyrin Z.


backward CR (kCR) have been determined. In the final part,
the energy-gap dependence of kCS and kCR will be discussed.
In the present porphyrin dyads, the electron-donating ZP
moiety is kept constant and variation of the substituents of the
electron-accepting HP moieties allows for a wide variation of
the energy gap for charge separation, ZP-1HP*!ZP�-HPÿ,
and for subsequent thermal charge recombination, ZP�-
HPÿ!ZP-HP. Here we employed selective excitation at the
HP, thereby avoiding complication derived from the energy
transfer 1ZP*-HP!ZP-1HP*. Even under this restriction, the
present models can cover a range of 0.42 eV in benzene,
0.70 eV in THF, and 0.90 eV in DMF for the energy gap for CS
of ZP-1HP*!ZP�-HPÿ. Since the present ZP-HP dyads are
expected to have smaller reorganization energies compared
with those in the previous porphyrin ± quinone models due to
more delocalized nature of HPÿ, we expected the detection of
an inverted region at sufficient energy gap for the CS
reactions.


Results and Discussion


Synthesis : Porphyrin dyads 1 ± 8 ZH were all prepared by the
final cross condensation of 2,6-dibenzyloxybenzadehyde
(9)[18] and formyl-substituted porphyrins 1 ± 8 FH with dipyr-
rylmethane 10 with aid of trichloroacetic acid;[19] this was
followed by oxidation with p-chloranil and subsequent partial
ZnII ion insertion (Scheme 1). Yields of 1 ± 8 HH were 12 ±
29 % and yields of the partial metalation were 60 ± 90 %.
Preparations of 1 ± 8 FH were shown in Schemes 2 ± 5. Pro-
tected free-base porphyrins 1 ± 8 H were used as the reference


Scheme 1. Synthesis of dyads 1 ± 8ZH. a) i) TFA, CH2Cl2, 16 h, RT; ii) p-
choranil, 8 h, RT. b) Zn(OAc)2/MeOH, CH2Cl2, 5 min, RT.


molecules. Compounds 1 ± 8 H were hydrolyzed to 1 ± 8 FH
under acidic conditions (TFA and H2O, reflux), while 1 ± 8 FH
were converted to 1 ± 8 H upon heating in the presence of
neopentyl glycol and p-TsOH. Cross condensation of 4-(5,5-
dimethyl-1,3-dioxan-2-yl)benzaldehyde (11)[18] and 3,5-di-tert-
butylbenzaldehyde (13) with dipyrrylmethane (12) with aid of
TFA followed by oxidation with p-chloranil (Lindsey�s
conditions)[20] produced three porphyrin products that were
separated over a silica gel column to provide 1 H in 18 % yield
(Scheme 2). Porphyrin 3 H was similarly prepared from the


Scheme 2. Synthesis of 1 H and 3 H. a) i) TFA, CH2Cl2, 3 h, RT; ii) p-
choranil, 2 h, RT.


condensation of 11 and pentafluorobenzaldehyde (14) with 12
in 14 % yield (Scheme 2). meso-Brominated porphyrins 2 H
and 4 H were prepared by NBS bromination of 1 H in 42 and
14 % yields, respectively.[21] Nitration of the zinc-complex of
3 H with AgNO2 and I2 in CHCl3


[22] gave only the mono-
nitrated porphyrin 15 (42 % yield), which was converted to
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6 FH under acidic conditions (Scheme 3). A dinitrated
porphyrin was not formed under these condition, but it has
been found that the combination of NaNO2 and (4-
BrC6H4)3NSnCl5


[23] converts 15 into dinitrated porphyrin 16
(12 %), which was hydrolyzed to 8 FH (Scheme 3). TFA-
catalyzed condensation of pyrrole with 14 gave pentafluoro-


Scheme 3. Synthetic route to 6FH and 8 FH. a) i) Zn(OAc)2/MeOH,
CHCl3, reflux 5 h; ii) AgNO2, I2, CHCl3, RT, 1 h. b) 6n HCl, CHCl3. c) (4-
BrPh)3NSbCl6, CHCl3, NaNO2, MeOH, RT, 0.5 h. d) 6n HCl, CHCl3.


phenyl-substituted dipyrrylmethane 17 (85 %),[24] which was
then treated with 4-methoxycarbonyl-benzaldehyde and 14 to
give porphyrin 18 in 16 % yield (Scheme 4). Reduction with
LiAlH4 and subsequent oxidation with PCC gave 5 FH.
Similarly heptafluorobutyraldehyde acetal 20 was treated
with pyrrole to give perfluoropropyl-substituted dipyrryl-
methane 21 (85%), and the condensation of 11 and 14 with 21
followed by oxidation with DDQ gave porphyrin 7 H (2.8 %)
(Scheme 5).


Optical properties : The absorption spectra of 1 ± 8 ZH were
almost the sum of those of the respective chromophores,
indicating that the electronic interactions in the ground state
are negligible (Table 1 and Figure 2). The fluorescence
spectrum of 1 ZH taken for excitation at the Soret band in
THF (Figure 3) reveals dual emission from 1ZP*-HP and


Scheme 4. Synthetic route to 5FH. a) TFA, 30 min, RT. b) i) BF3OEt2,
CH2Cl2, 3 h, RT; ii) p-choranil, 1 h, RT. c) LiAlH4, Et2O, 0 8C, 15 min.
d) PCC, CH3CO2Na, CH2Cl2, RT, 1 h.


Scheme 5. Synthetic route to 7H. a) p-TsOH, CHCl3, 16 h, reflux. b) i)
TFA, CH2Cl2, 24 h, RT; ii) DDQ, 5 h, RT.


ZP-1HP*. Stronger fluorescence quenching of the ZP indi-
cates the presence of efficient decaying pathways in 1ZP*-HP,
either energy transfer to form ZP-1HP* as previously reported
in other models[25] or CS to form ZP�-HPÿ or both.[26] The
fluorescence intensity of ZP-1HP* depends on the solvent
polarity, that is, virtually unquenched in nonpolar benzene,
substantially quenched in moderately polar THF (72 %
quenching), and completely quenched (virtually not detect-
able by steady-state fluorescence) in polar DMF. Similar
trends were observed for the other dyads 2 ± 8 ZH. These
solvent polarity effects are quite similar to the previous
porphyrin-chlorin dyads,[26] which suggests CS between the
1HP* and ZP that will be verified later on the ground of the
transient absorption data.


Electrochemical studies and estimation of energy level : In this
paper we are only concerned with the free-energy-gap
dependence for the CS, ZP-1HP*!ZP�-HPÿ, and for the
subsequent thermal backward CR, ZP�-HPÿ!ZP-HP. To
estimate the free-energy gaps of these two processes, we need
to know the energies of 1HP* and ZP�-HPÿ state. The


Table 1. Absorption and fluorescence data of 1 ± 8ZH in THF.


Soret [nm] Q-bands [nm] Fluorescence bands [nm]


1ZH 406 423 502 544 576 633 634 697
2ZH 414 426 483 513 548 586 647 647 713
3ZH 403 423 499 532 573 627 628 708
4ZH 416 431 487 523 553 585 601 660 665 734
5ZH 426 508 547 584 640 642 708
6ZH 425 507 547 581 635 643 703
7ZH 424 509 546 586 641 644 712
8ZH 426 510 548 584 646 660 715
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Figure 3. Steady-state fluorescence spectra of 1 ZH (- - - -), 1H (ÐÐ), and
Z (*±*±) in THF taken for excitation at the respective Soret bands.


energies of 1HP* were deter-
mined on the basis of the fluo-
rescence and absorption (0,0)
bands (Table 2). The energy
levels of ZP�-HPÿ in DMF are
estimated as a simple sum of
the one-electron oxidation po-
tential of ZP and corresponding
one-electron reduction poten-
tial of HP. The energy levels in
THF and benzene were esti-
mated by Equations (8) and (9)
(see later) by using a correction
term (DGs), which was obtained
from analysis of biphasic fluo-
rescence decay by Equa-
tions (3) ± (7) (see later) on the
assumption of the thermal re-
population of the singlet-excit-
ed state from the ion-pair state.
Details will be discussed below.


Determinations of rate con-
stants and energy gaps for CS
and CR reactions by means of
the fluorescence dynamics stud-
ies and time-resolved transient


absorption measurements : The fluorescence lifetimes were
measured in benzene, THF, and DMF by the single-photon
counting technique. In all cases, the fluorescence decays at
700 nm, at which only the HP moieties emit, were measured
for excitation at 630 nm, at which the ZP moiety has no
absorption and the HP moieties have some absorbance.
Coincidentally, 1 ZH exhibits three typical fluorescence
decays in benzene, THF, and DMF that suggest the reaction
schemes shown in Scheme 6a ± c, respectively. Thus we start
the discussion of the fluorescence behaviors of 1 ZH. In
nonpolar benzene solution, the fluorescence intensity of 1 ZH
was the same as that of 1 H, and the fluorescence decay curve
has been fit with a single exponential function with t� 9.81 ns,
which is nearly the same as that of 1 H (t0� 10.0 ns). Thus, we
concluded no CS (Scheme 6a). In polar DMF solution, the


Figure 2. Absorption spectra of 1 ± 8 ZH in the Q-band-region; ZH (ÐÐ), H (ÐÐ), and Z (- - - -).


Table 2. Excitation energy to 1HP* (E(S1)) and energy gaps for the CS and the CR (ÿDGCS and ÿDGCR).[a,b]


E(S1) [eV] benzene THF DMF
ÿDGCS [eV] ÿDGCR [eV] ÿDGCS [eV] ÿDGCR [eV] ÿDGCS [eV] ÿDGCR [eV]


1ZH 1.96 ÿ 0.29 2.25 ÿ 0.01 1.97 0.19 1.77
2ZH 1.92 ÿ 0.18 2.10 0.10 1.82 0.30 1.62
3ZH 1.98 ÿ 0.17 2.15 0.11 1.87 0.31 1.67
4ZH 1.87 ÿ 0.14 2.01 0.14 1.73 0.34 1.53
5ZH 1.93 0.01 1.92 0.29 1.64 0.49 1.44
6ZH 1.94 0.16 1.78 0.44 1.50 0.64 1.30
7ZH 1.93 0.26 1.67 0.54 1.39 0.74 1.19
8ZH 1.90 0.42 1.48 0.70 1.20 0.90 1.00


[a] The energy levels of the excited states were determined on the basis of the corresponding fluorescence and absorption (0,0) bands. The energy levels of
the ZP�-HPÿ states in DMF were a simple sum of the electrochemical redox potential of the respective chromophores; the one-electron oxidation potential
of ZP is 0.17 V, and the one-electron reduction potentials of HP are as follows; 1 H, ÿ1.60 V; 2H, ÿ1.45 V; 3 H, ÿ1.50 V; 4H, ÿ1.36 V; 5 H, ÿ1.27 V; 6H,
ÿ1.13 V; 7H, ÿ1.02 V; 8H, ÿ0.83 V, vs. ferrocene/ferrocenium ion. [b] Energy gaps (ÿDGCS and ÿDGCR) in benzene and THF were estimated by
Equations (8) and (9). The correction terms (DGs) were estimated on the basis of the double exponential decays of 1ZH in THF and 5 ZH in benzene to be
0.20 eV in THF and 0.48 eV in benzene.
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Scheme 6. Reaction scheme for dyads; a) no CS with negative ÿDGCS,
b) reversible CS with small ÿDGCS, and c) irreversible CS with large
ÿDGCS.


fluorescence was significantly quenched (virtually undetect-
able by steady-state fluorescence), and the fluorescence decay
can be fit by a biexpotential function with a 41 ps lifetime
component whose pre-exponential factor was larger than
98 %, thus indicating practically a single exponential function.
The minor lifetime component may be interpreted in terms of
adventitious impurities. These results are consistent with the
reaction shown in Scheme 6c, for which the rates of charge
separation, kCS, are calculated by Equation (2).


kCS�
1


t
ÿ 1


t0


(2)


In Equation (2) t and t0 are the fluorescence lifetimes of
ZP-1HP* in 1 ZH and that (11.0 ns) of the corresponding
reference free-base porphyrin 1 H, respectively. Equation (2)
gives kCS� 2.5� 1010 sÿ1 for 1 ZH in DMF.


The fluorescence of 1 ZH in THF could be only fit with a
biexponential function with time constants of 125 ps (33 %)
and 2460 ps (67 %). This biexponential decay indicates the
reaction shown in Scheme 6b. This reaction scheme is possible
when the energy levels of ZP-1HP* and ZP�-HPÿ are close to
each other.[8c, 9, 10a, 11c, 26] Assuming this thermal repopulation
of ZP-1HP* from ZP�-HPÿ, kCS, kÿCS, and kCR have been


calculated according to the well-established procedure
[Eqs. (3) ± (7)].


[ZP ± 1HP*]�C1eÿat�C2eÿbt (3)


a� 1


2
(kCS� kÿCS�kHP�kCR


�
����������������������������������������������������������������������������������������������
�ÿkCS � kÿCS ÿ kHP � kCR�2 � 4 kCSkÿCS�


q (4)


b� 1


2
(kCS�kÿCS�kHP� kCR


ÿ
����������������������������������������������������������������������������������������������
�ÿkCS � kÿCS ÿ kHP � kCR�2 � 4 kCSkÿCS�


q (5)


C1�
kHP � kCS ÿ b


aÿ b
(6)


C2�
aÿ kHP ÿ kCS


aÿ b
(7)


In the above equations kCS, kÿCS, kHP, and kCR are defined in
Scheme 6b and C1, C2 , a and b are the experimental values
that were determined from the fluorescence decay analysis.
Through this analysis with kHP� 1.0� 108 sÿ1, the values of kCS,
kÿCS, and kCR are calculated to be 2.8� 109, 5.4� 109, and
9.6� 108 sÿ1, respectively. On the basis of the relationship
ÿDGCS�RTln (kCS/kÿCS), in which ÿDGCS is the energy gap
for CS, ZP-1HP*!ZP�-HPÿ, the energy level of ZP�-HPÿ is
calculated to be 13 meV higher than that of ZP-1HP*. This
result is quite informative on the energy level of the ZP�-HPÿ,
since the apparent relationships of Equations (8) and (9)
allow us to estimate the energy levels of ZP�-HPÿ for the
other 2 ± 8 ZH in THF. In Equations (8) and (9),ÿDGCR is the
energy gap for the CR, ZP�-HPÿ!ZP-HP, E(S1) is the
excitation energy of ZP-1HP*, EOX and ERED are the one-
electron oxidation and reduction potentials of the ZP and the
HP, respectively, measured in DMF, and DGS is the correction
term which includes the effects of the solvent polarity and the
Coulombic energy between the ZP� and the HPÿ.


ÿDGCS�E(S1)�DGCR (8)


ÿDGCR�EOXÿERED�DGS (9)


In the particular case of 1 ZH, ÿDGCR�DGCS�E(S1)�
0.01� 1.96� 1.97 eV and EOXÿERED� 0.17ÿ (ÿ1.60)�
1.77 eV, and thus DGS is estimated to be 0.20 eV. With this
correction term (DGs� 0.20 eV), the energy levels of the ZP�-
HPÿ in THF have been estimated (Table 2). Fortunately,
similar biphasic fluorescence decay behavior was also ob-
served for 5 ZH in benzene. By following essentially the same
procedure and by using kHP� 1.0� 108 sÿ1, the values of kCS,
kÿCS, and kCR were determined to be 4.0� 1010, 2.7� 1010, and
9.6� 108 sÿ1, respectively, which in turn leads to the placement
of the ZP�-HPÿ, by 10 meV, below the ZP-1HP* state for 5 ZH
in benzene. These results led to DGs� 0.48 eV, which was
conveniently used in the estimation of the energy level of the
ZP�-HPÿ state in benzene (Table 2).


In benzene, the fluorescence of dyads 1 ± 4 ZH are not
quenched and display the single exponential decay with
lifetimes that are almost the same as those of the reference
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1 ± 4 H ; this indicates the endothermic nature of ZP-
1HP*!ZP�-HPÿ process (Scheme 6a). The fluorescence of
6 ± 8 ZH display practically the single exponential decay with
short time constants, which suggests the reaction scheme in
Scheme 6c. The kCS values can be calculated by Equation (2)
with these fluorescence lifetimes. Dyads 2 ± 7 ZH in THF and
1 ± 5 ZH in DMF exhibit practically the single exponential
decay, although the inclusion of weak longer-lived compo-
nents accounting for impurity fluorescence is necessary in
many cases. The kCS values can be calculated also by
Equation (2). However, it should be noted here that the time
resolution of the fluorescence measurements for 5 ± 8 ZH in
THF and 1 ± 8 ZH in DMF are not sufficient for the accurate
determination of the rate constants. In these cases, we have
resorted to the femtosecond time-resolved transient absortion
measurements. In summary the change in fluorescence
behavior from unquenched to biexponential, and to strongly
quenched monoexponential decay can be correlated the
energy gap of CS; the ET reaction schemes in Schemes
6a ± c provide a satisfactory interpretation of these trends.


Transient absorption studies: In Figure 4, picosecond transi-
ent absorption spectra of 1 ± 8 ZH in THF taken for excitation
at 632 nm are displayed. The delay times are indicated in the
Figure. In all cases, we can observe clearly the characteristic
absorption bands due to ZP� at 650 ± 680 nm, those due to
HPÿ in the 800 ± 900 nm region and near 450 nm depending on
the nature of the substituents in HP, and also bleaching due to


Figure 4. Transient absorption spectra of 1 ± 8ZH taken for excitation at
630 nm in THF. Each diagram represents the spectrum of ZP�-HPÿ state.
Indicated times in the spectra are delay time after laser excitation.


the depletion of ZP ground state at 545 nm. Thus the
formation of ZP�-HPÿ state has been unambiguously con-
firmed. Figures 5a and 5b show the picosecond time-resolved
transient absorption spectra of 3 ZH and 1 ZH, respectively,


Figure 5. Picosecond transient absorption spectra taken for excitation at
630 nm in THF; a) 3 ZH and b) 1 ZH.
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taken for excitation at 630 nm in THF. Excitation at 630 nm
enables selective excitation at the HP in the both compounds.
These two cases represent irreversible ET (Scheme 6c) and
reversible ET (Scheme 6b), respectively, in line with the
analysis of the fluorescence-lifetime measurement. In the case
of 3 ZH (Figure 5a), immediately after laser excitation the
absorption bands at 670 and 857 nm began to appear. On the
basis of the relevant reference spectra these bands are
assigned to ZP� and HPÿ, respectively. A sharp absorption
band at 445 nm was also assigned to HPÿ. At 800 ps delay
time, no appreciable amount of the transient absorption
species remains; this indicates that an ET cycle that involves
the photoinduced CS and subsequent CR are nearly quanti-
tatively completed within 800 ps. In Figure 6, the absorbance


Figure 6. Observed and simulated time profiles of the transient absorb-
ance of 3ZH in THF at 445, 545, and 875 nm.


rise and decay observed at 445 and 857 nm due to the
formation and decay of the ET state, and the bleaching and
recovery at 545 nm due to the depletion and recovery of the
ZP ground state are indicated. These absorbance changes can
be reproduced by biexponential functions with the same rise
and decay time constants in accrodance with Scheme 6c. The
solid lines in the figures are calculated with the biexponential
function. The rise-time constant (35 ps) of ZP�-HPÿ nearly
agrees with the fluorescence lifetime (28 ps) of ZP-1HP*. The
decay-time constant (240 ps) of ZP�-HPÿ allows us to
determine the kCR value. Therefore, on the basis of the ps-
time-resloved transient absorption data, kCS and kCR have
been determined to be 2.8� 1010 and 4.2� 109 sÿ1,
respectively.


In the case of 1 ZH in THF, the formation of the ZP�-HPÿ is
also evident (Figure 4b). A characteristic band due to the HPÿ


was observed at 880 nm and a substantial absorbance due to
ZP� was observed at 670 nm. These bands appear with t�
90 ps. Since the lifetime of the reference 1HP* is about 10 ns,


the charge separation should be quantitative. The amount of
the ZP�-HPÿ, however, was found to be quite small, indicating
its fast depletion. Other related models with similar energy
gaps are known to undergo much slower CR to the ground
state.[26b] Thus reversible ET reactions ZP-1HP*>ZP�-HPÿ


as shown in Scheme 6b emerge as a possible mechanism.
Judging from the spectral shape at 400 ± 500 nm at 5 ns delay
time, we have to consider the formation of 3HP*. It is
plausible that this triplet state is slowly formed from the
corresponding 1HP* state, in line with its biexponential
fluorescence decay. Time-dependent changes of transient
absorbance of 1 ZH at several wavelengths are shown in
Figure 7. In this case, from the analysis of the biphasic
fluorescence decay dynamics, kCS, kÿCS, and kCR are already


Figure 7. Observed and simulated time profiles of the transient absorbance
of 1 ZH in THF at 450, 545, and 875 nm.


determined to be 2.8� 109 sÿ1, 5.4� 109 sÿ1, and 9.6� 108 sÿ1,
respectively. By means of Equations (3)-(7) based on
Scheme 6b and appropriate values for the difference absorp-
tion coefficients of S1, T1, and IP states, the time profiles of the
transient absorbance have been simulated in a manner similar
to those described in the previous report on the porphyrin ±
quinone dyad system.[9a] The calculated biexponential time
profiles of transient absorbances that are indicated by solid
curves in the figure nicely reproduce the experimental results,
indicating the validity of these treatment. Similar transient
spectral changes that support the reaction scheme shown in
Scheme 6b are also observed for 5 ZH in benzene (not
shown). The rate constants for CS (ZP-1HP*!ZP�-HPÿ)
and for CR (ZP�-HPÿ!ZP-HP), obtained as described, are
collected in Table 3.


Free-energy-gap dependencies of kCS and kCR : Usually the
numerical analysis of the rate data is frequently undertaken in
the framework of nonadiabatic electron transfer theory,
where it is assumed that the intra-chromophore high-fre-
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quency vibrations can be replaced by one mode with an
averaged frequency and the solvent can be treated as a
dielectric continuum, this leads to the well-known expression
in Equation (10).


kET�
�����������������


p


�h2lskbT


s
jV j 2 P1


n
(eÿSSn/n!) exp


�
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4 lskbT
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e


� �
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In Equation (10) S� lv/�hhwi is the electron-vibration
coupling constant, lv is the reorganization energy associated
with the averaged angular frequency hwi and ls is the solvent
reorganization energy. ls is given by Equation (12) according
to the classical treatment by Marcus. Although these sort of
equations have been rather widely used, it should be noted
that its validity is not necessarily warranted particularly in the
quantitative analyses of the actual experimental results.


As discussed already to some extent in the Introduction,
when the donor ± acceptor interaction becomes sufficiently
strong, the energy-gap dependence of the CR rate constant of
the IP state is drastically changed from the so-called bell-
shaped parabolic one to the linear (exponential) one.[7a,d,f,g, 15]


In CR, the intramolecular high-frequency quantum modes
play important roles[15e] and its ET process can be interpreted
on the basis of the theory of intramolecular radiationless
transition (internal conversion) in the weak coupling limit.[7, 15]


When the donor ± acceptor interaction becomes sufficiently
strong, the nonadiabatic ET mechanism might become less
reliable at favorable energy-gap region for ET and a solvent-
controlled ET process in adiabatic regime might take place at
the upper limit region of energy-gap dependence of the ET
reaction. Such possibilities may not be precluded from the
present investigations on ZP-HP systems, since the interchro-
mophore interactions are certainly stronger than the porphyr-
in ± quinone-linked system studied previously.[9a]


Figures 8a ± c show semilogarithmic plots of kCS and kCR


against ÿDGCS and ÿDGCR for 1 ± 8 ZH and their simulations
by means of Equation (10) in benzene, THF, and DMF,
respectively. We have employed a value of 1500 cmÿ1 for hwi
on the basis of the porphyrin macrocycle C�C double-bond
frequency and thus used 0.15 eV for �hhwi in all cases. First we
determined other parameters from the best fit in the case of
THF solution at T� 295 K, where the most satisfactory


Figure 8. Energy gap dependence of kCS (* or &) and kCR (* or &) for 1 ±
8ZH in a) benzene, b) THF, and c) DMF. The curves were calculated by
means of Equation (10), with common parameters T� 295 K, lv� 0.27 eV,
V� 9.4 meV, �hhwi� 0.15 eV, and ls� 0.35 eV in benzene, 0.55 eV in THF,
and 0.57 eV in DMF.


Table 3. Rate constants for CS (ZP-1HP*!ZP�-HPÿ) and for CR (ZP�-HPÿ!ZP-HP).


benzene THF DMF
kCS [sÿ1] kCR [sÿ1] kCS [sÿ1] kCR [sÿ1] kCS [sÿ1] kCR [sÿ1]


1ZH no CS ± 2.8� 0.2� 109 9.6� 2.3� 108 7.1� 0.6� 1010 1.7� 0.3� 1010


2ZH no CS ± 1.7� 0.5� 1010 4.2� 0.4 x109 2.1� 0.2� 1011 2.6� 0.5� 1010


3ZH no CS ± 2.8� 0.7� 1010 4.2� 0.4� 109 4.3� 0.5� 1011 3.6� 0.3� 1010


4ZH no CS ± 9.0� 5.2� 109 9.1� 2.0� 109 3.1� 2.0� 1011 6.7� 0.4� 1010


5ZH 4.0� 2.6� 1010 9.6� 8.7� 108 6.7� 4.4� 1010 2.0� 0.2� 1010 5.9� 2.4� 1011 1.1� 0.2� 1011


6ZH 8.1� 1.8� 1010 6.3� 0.5� 108 7.4� 1.8� 1011 7.7� 0.6� 1010 9.1� 2.0� 1011 3.3� 0.3� 1011


7ZH 7.1� 1.2� 1010 1.1� 0.1� 108 1.0� 0.25� 1012 6.3� 2.1� 1010 1.3� 0.2� 1012 2.8� 0.5� 1011


8ZH 1.2� 0.2� 1011 1.0� 0.1� 1010 1.14� 0.2� 1012 3.5� 2.1� 1011 1.3� 0.3� 1012 5.9� 1.5� 1011
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simulation was possible with ls� 0.55 eV, lv� 0.27 eV, and
V� 9.4 meV (76 cmÿ1) (Figure 8b). This ls value was coinci-
dentally the same as that calculated with Equation (12) by
using reasonable values for the effective radius (rD� rA�
5.5 �, R� 12.8 �). Simulation of the results in benzene and
DMF was carried out by adjusting only the ls value with other
parameters fixed; this lead to ls� 0.35 eV for benzene and
ls� 0.57 eV for DMF. For benzene, plots of kCS and kCR values
are very limited and rather scattered probably due to some
unknown specific solute ± solvent interactions, but the simu-
lation curve in Figure 8a obtained by adjusting only ls to
smaller value corresponds reasonably well to the energy-gap
dependence covering whole energy-gap regions including CS
and CR. Although the ls value in benzene is smaller than
those in THF and DMF, it is much larger than that (�0 eV)
calculated by means of Equation (12). Similar results were
also observed for the porphyrin ± quinone-linked systems.[9a]


Equation (12) was derived under the assumption that the
simple linear response for the polarization of solvent is
applicable in the solute ± solvent interactions and the solvent
can be regarded as the dielectric continuum. The present and
previous results[9a] indicate that the actual interactions be-
tween the solute and the solvent in the ET processes are more
complex and include effects of some nonlinear solute ± solvent
interactions and discrete molecular structures of the solution.
Recent theoretical treatments on the energetics of ET
reactions in solution based on such molecular theories of
solution structures seem to agree with the above experimental
results of ls values.[27]


In contrast to the relatively large ls value in benzene, those
in THF and DMF are rather small and the difference of ls


between THF and DMF is also small. These results are
considerably different from the solvent polarity dependencies
of ls in the case of the porphyrin ± quinone dyads,[9a] for which
ls increases more clearly upon increase of solvent polarity.
Presumably, the smaller solvent reorganization energy of
present models may be ascribed to the fact that both
chromophores are porphyrin macrocycles in which the
positive and negative charges are well delocalized over a
wide range and the two macrocycles are held at very short
distance, leading to the weaker interactions with polar
solvents.


The tunneling-matrix element of V� 9.4 meV determined
by the simulation with Equation (10) is considerably larger
than the value of �6 meV reported for the Gust and Moore�s
porphyrin dyads[11b] and the value of V� 3.8 meV in the case
of the porphyrin ± quinone system;[9a] this seems to reflect
considerably stronger inter-chromophore interactions in the
present system. Nevertheless, the fact that the simulations of
the observed ET rate constants, including both kCS and kCR,
over a wide energy-gap range, calculated by means of
Equation (10), seem to show satisfactory results in Figure 8;
this presumably indicates that the nonadiabatic mechanism is
still applicable as a whole. It is noteworthy that the
simulations of the experimental results as shown in Fig-
ures 8a ± c covering the wide energy-gap range are not
possible when the classical Marcus equation [Eq. (13), in
where l� ls� lv, V is the tunneling matrix element][28] is
applied (not shown).
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This means that Equation (13) can approximately repro-
duce the energy-gap dependencies of only the CS reaction
(kCS) or the CR reaction (kCR), but cannot reproduce the kET


versus ÿDGET relationship that includes both the reactions.
Particularly for kCR at large ÿDG values (1 ± 2 eV), the
observed rate constants are higher than the simulated curves
in general, suggesting the crucial importance of the intra-
chromophore high-frequency vibrational modes for the
ET in this energy-gap region. It is to be noted that the
CS reactions in THF and DMF in the upper limit regions
proceed quite rapidly. In fact the kCS values are close to
1012 sÿ1, which is close to the correlation times of solvent
relaxation (0.5 ± 1 ps). This might indicate the possibility that
the CS rates at the upper limit region in these solvents are
solvent controlled in the adiabatic regime or rather close to
such situation.


Although the energy-gap dependencies of kCR indicted in
Figures 8b and 8c for THF and DMF seem to be reproduced
approximately with Equation (10) assuming appropriate pa-
rameter values; they can be equally well or better reproduced
by the linear (exponential) energy-gap law as indicated in
Figure 9 from an unbiased viewpoint. It should be noted here


Figure 9. LogkCR versus ÿDGCR linear polts for THF (*) and DMF (*)
solutions. The lines were calculated by the following equations: logkCR�
15.5ÿ 3.12(ÿDGCR) (- - - -) and logkCR� 14.0ÿ 2.10(ÿDGCR) (ÐÐ).


that the nature of the ET in the so-called inverted region is
fundamentally different from that in the normal region. The
CR in the inverted region is conceptually analogous to the
radiationless transition (internal conversion) in the weak
coupling limit, because of the embedded nature of the
potential surface of the initial state in that of the final state
and because of the transition between different eigenstates of
the same Hamiltonian, due to the coupling with promoting
and accepting quantum modes of the intramolecular vibra-
tions. Namely, the transition in the inverted region is greatly
facilitated by the quantum-mechanical tunneling due to intra-
chromophore high-frequency modes. Such tunneling effects
are not so important in the normal region owing to the
different nature of the energy surfaces. Moreover, such a
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quantum-tunneling mechanism may be more effective in the
systems with stronger inter-chromophore electronic interac-
tions, such as the CIPs described in the Introduction and
linked systems with stronger inter-chromophore interactions
like the present ZH dyad systems.


On the basis of the previous theoretical treatments of the
radiationless transition in the weak coupling limit,[29] it is
possible to give an approximate equation for the energy-gap
dependency of kCR in the inverted region [Eqs. (14a) and
(14b)].[29, 30]


lnkCR� ln Cÿ (g/�hwM) jDGCR j (14a)


g� ln ( jDGCR j /SM�hwM)ÿ 1 (14b)


In Equations (14a) and (14b) SM�P
j


Sj, wM�P
j


wjSj/SM,


and Sj� 1/2(Mjwj/�h)(DQj)2. The preexponential factor C
represents mainly the contribution from the electronic-
coupling term that connects the ET state with the ground
state, and also some additional term.[30] The term
ÿ (g/�hw) jDGCR j arises from the energy release into acceptor
modes during the CR transition. SM and wM are average
quantities for electron-vibrational coupling constants Sj and
angular frequencies wM of the quantum modes, and Sj is given
as a function of the equilibrium displacements DQj. Although
g contains DGCR, its variation with change of DGCR is much
smaller than that of ln kCR. Thus, the linear energy-gap law in
Figure 9 can be interpreted in the weak coupling limit of the
intramolecular radiationless transition, in an analogous man-
ner to the CR of CIPs produced by excitation of the ground
state CT complexes.[7a,d,f,g, 15]


It should be noted here that the right hand side of
Equation (14a) should contain the term due to the solvent
reorganization because both intramolecular high-frequency
and low-frequency modes of solvents surrounding or coordi-
nated to solute are usually important for ET reaction.
Nevertheless, the lnkCR versus ÿDGCR linear energy-gap
law of CIP�s was hardly affected by the change of the solvent
polarity.[15d] This trend has been interpreted to indicate
overwhelming effects of the high-frequency quantum modes
on the CR reaction and only a minor contribution from the
solvent modes owing to the plane parallel, rather tight
structures of the CIPs. On the other hand, in the present
ZH systems, we can recognize some solvent effects from
different slopes of the logkCR versus ÿDGCR relationship
between THF and DMF (Figure 9). This result might be
ascribed to the more open structure of ZH systems which is
more accessible for solvation or solvent coordination, al-
though the detailed mechanisms for the solvent effects on the
slope is not very clear at the present stage of the investiga-
tions. It should be noted here that, in the case of the
porphyrin ± quinone linked systems studied previously,[9a]


measurements of the kCR versus ÿDGCR relationship in polar
solvents were very limited and only some kCR values were
obtained for THF. Therefore, whether the energy-gap law for
the CR of this porphyrin ± quinone-linked system in polar
solvents can be reproduced by the linear relationship or not is
not very clear at present either.


Conclusions


In conclusion, we summarize here the main points of the
present investigation and their significance for the further
development of the related fields.
1) In spite of a fairly large energy gap for the CS reaction in


polar solvents, no inverted regions were detected, but
further trial is apparently necessary for its final clear-cut
confirmation with distance-fixed chromophore systems.


2) The results of the simulations of the observed ET rate
constants, including both kCS and kCR, over a wide energy-
gap range, calculated with Equation (10), indicate that the
nonadiabatic mechanism is still applicable. Estimated
reorganization energies (0.62 eV in benzene, 0.82 eV in
THF, and 0.84 eV in DMF) were certainly smaller than
those of the previously studied porphyrin ± quinone dyads
and smaller than those of Gust and Moore�s porphyrin
dyads in CH2Cl2.[11] On the other hand, the kCS values at
the upper limit regions in THF and DMF are close to
1012 sÿ1, which is rather close to the correlation times of
solvent relaxation in these aprotic polar solvents. These
results seem to suggest that, owing to the strong inter-
chromophore interactions, the CS rates here approaches
that of the solvent-controlled one in adiabatic regime.
With further fine control of the strength of inter-chromo-
phore interactions responsible for ET in some elaborate
linked chromophore systems, important information con-
cerning the details of ET mechanisms will be obtained.


3) The energy-gap dependencies of kCR in THF and DMF
were reproduced approximately by Equation (10), but can
be reproduced also well or better by the linear energy-gap
law that was observed previously for the CR of CIPs
(contact ion pair) with strong inter-ionic interactions. The
non-Marcus type energy-gap laws of CIPs were shown to
be insensitive to the change of solvent polarity, probably
due to their plane-parallel sandwich structures, while we
have confirmed here that the slope of log kCR versus
ÿDGCR linear relationship in the ZH systems changes with
solvent polarity. This result may be ascribed to more open
structure of the ZH systems that is favorable for solvation.
In order to elucidate the details of the mechanisms
underlying the linear energy-gap law and its solvent
dependencies, investigations on porphyrin dyad systems
with variations in the inter-chromophore interactions and
with different inter-chromophore configurations, which
include plane-parallel sandwich structures, will be crucially
important. Studies along in this line are actively in progress
in our groups.


The investigations indicated above for the further elucida-
tion of the fundamental mechanisms related to the present
studies will be of crucial importance also for the construction
of artificial photosynthetic systems and related devices.


Experimental Section


Unless otherwise stated, all commercially available regents and solvents
were used without further purification. Acetonitrile and dichloromethane
were refluxed over and distilled from P2O5. Preparative separations were
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performed usually by flash column chromatography on silica gel (Merck,
Kieselgel 60H; Art. 7736). 1H NMR spectra were recorded on a JEOL a-
500 spectrometer (operating as 500 MHz) and chemical shifts were
represented as d-values relative to the internal standard TMS. UV/Visible
spectra were recorded on a Shimadzu UV-3000 spectrometer, and steady-
state fluorescence spectra were taken on a RF-502A spectrofluorometer.
Mass spectra were recorded on a JEOL HX-110 mass spectrometer with a
3-nitrobenzylalcohol matrix. Fluorescence lifetimes were measured on
10ÿ7m solutions with a picosecond time-correlated single-photon counting
system.[31] Time-resolved transient absorption spectra were measured by
using two laser systems. One was for the measurements in picosecond time
region and the other was in subpicosecond time region. For the picosecond
measurements, a dye laser (Rh-640) pumped by a second harmonic of a
mode-locked Nd3� :YAG laser (Quantel, Pico-chrome YG-503C/PTLÿ 10)
was used as exciting light. A continuum probe pulse was made by focusing a
fundamental of the Nd3� :YAG laser into a quartz cell containg D2O. The
repetition of the laser pulse was 10 Hz and the signal was accumulated for
30 pulses. The solutions were excited at 630 nm and the free-base
porphyrins were selectively excited to the S1 states. The time resolution
of the system was about 10 ps.[32] For the subpicosecond measurements, a
synchronously pumped rhodamine 6G dye laser pumped by a second
harmonic of a mode-locked CW Nd3� :YAG laser (Quantronix, 82 Mhz)
was used. The output of the dye laser was amplified by 4-stage dye amplifier
excited by a regenerative YAG amplifier (Contiuum) with 50 Hz. The
wavelength of a pump was 590 nm and the signal was accumulated for
50 pulses. The time resolution of the system was about 500 fs.[33] The
measurements in the subpicosecond region were done for 5 ± 8ZH in THF
and for 1 ± 8 ZH in DMF. Concentrations of the solutions were about 2.0�
10ÿ4m and all the solutions were deaerated by a nitrogen stream just prior
to the measurements. The values of kCS and kCR were determined on the
basis of the time profiles at several wavelengths and the errors were also
estimated and are listed in Table 3.


General procedure for synthesis of 1 ± 8ZH : The synthesis of 1ZH is
described here as a typical example. Aldehyde 1FH (30 mg, 0.05 mmol),
2,6-dibenzyloxybenzaldehyde (9 ; 80 mg, 0.25 mmol) and di[3-hexyl-4-
methyl(pyrrol-2-yl)]methane (10 ; 103 mg, 0.3 mmol) were dissolved in
CHCl3/CH3CN (1:1; 50 mL). Trichloroacetic acid (100 mg) was added to
the mixture, and the resulting solution was stirred for 16 h in the dark under
nitrogen. p-Chloranil (110 mg, 0.45 mmol) was added, and the mixture was
stirred for additional 8 h. The reaction mixture was poured into aqueous
NaHCO3 and extracted with CH2Cl2; the organic layer was separated and
dried over Na2SO4, and the solvent was evaporated. The product was
preliminary purified by being passed through a short alumina column with
CH2Cl2, and the solvent was evaporated. Porphyrin dimer was separated by
flash column chromatography over silica gel with CHCl3 as a eluent. After
evaporation of the solvent, the recrystallization from CH2Cl2/MeOH gave
1HH (14 mg, 9 mmol, 18%, yield based on the amount of 1FH used). Then,
a solution of Zn(OAc)2 (7.7 mmol) in MeOH (0.5 mL) was added to a
solution of 1HH (12 mg, 7.7 mmol) dissolved in CH2Cl2 (5 mL). The mixture
was stirred for 5 min and diluted with water to effect preferential ZnII


insertion to the b-alkylated porphyrin. The organic layer was separated and
dried over Na2SO4, and the solvent was evaporated. The monozinc product
was separated by flash column chromatography with a mixture of CHCl3/
hexane as a eluent. After evaporation of the solvent, the recrystallization
from CH2Cl2/MeOH gave 1ZH (9 mg, 5 mmol, 75% yield based on the
amount of 1 HH used). 1H NMR (CDCl3): d� 10.45 (s, 2H; meso), 10.29 (s,
2H; meso), 9.63 (d, J� 4.4 Hz, 2H; b-position), 9.55 (d, J� 4.4 Hz, 2 H; b-
position), 9.48 (d, J� 4.9 Hz, 2H; b-position), 9.20 (d, J� 4.9 Hz, 2H; b-
position), 8.67 (d, J� 7.8 Hz, 2 H; Ar-H), 8.57 (d, J� 7.8 Hz, 2 H; Ar-H),
8.19 (d, J� 1.5 Hz, 2 H; Ar-H), 7.87 (t, 1H; Ar-H), 7.64 (t, J� 8.3 Hz, 1H;
Ar-H), 7.03 (d, J� 8.3 Hz, 2 H; Ar-H), 6.83 (t, J� 7.3 Hz, 2 H; Ar-H), 6.70 (t,
J� 7.6 Hz, 4 H; Ar-H), 6.58 (d, J� 7.3 Hz, 4H; Ar-H), 4.99 (s, 4H; benzyl-
H), 4.18 (t, J� 9.8 Hz, 4 H; hex-1), 4.05 (t, J� 9.5 Hz, 4 H; hex-1), 3.18 (s,
6H; Me), 2.62 (s, 6H; Me), 2.36 (m, 4 H; hex-2), 2.25 (m, 4H; hex-2), 1.90
(m, 4 H; hex-3), 1.79 (m, 4 H; hex-3), 1.61 (s, 18H; tBu), 1.3 ± 1.6 (m, 16H;
hex-4,5), 0.98 (t, 6H; J� 7.3 Hz, hex-6), 0.92 (t, 6 H; J� 7.3 Hz, hex-6),
ÿ2.8, ÿ2.9 (br, 1 H, 1H; NH); MS: m/z : 1625 calcd for C108H120O2N8Zn;
found 1625.


Spectral data of 2 ± 8ZH


Dyad 2 ZH : 1H NMR (CDCl3): d� 10.29 (s, 1H; meso), 10.28 (s, 2H;
meso), 9.99 (d, J� 4.3 Hz, 1 H; b-position), 9.82 (d, J� 4.9 Hz, 1H; b-


position), 9.50 (d, J� 4.9 Hz, 1 H; b-position), 9.43 (dd, 2H; b-position),
9.36 (d, J� 4.3 Hz, 1 H; b-position), 9.07 (d, J� 4.9 Hz, 1 H; b-position),
9.06 (d, J� 4.9 Hz, 1H; b-position), 8.60 (d, J� 7.3 Hz, 2H; Ar-H), 8.54 (d,
J� 8.0 Hz, 2H; Ar-H), 8.12 (d, J� 1.5 Hz, 2 H; Ar-H), 7.86 (t, 1H; Ar-H),
7.64 (t, J� 8.6 Hz, 1 H; Ar-H), 7.03 (d, J� 8.6 Hz, 2H; Ar-H), 6.82 (t, J�
7.4 Hz, 2 H; Ar-H), 6.68 (t, J� 7.3 Hz, 4H; Ar-H), 6.56 (d, J� 7.9 Hz, 4H;
Ar-H), 4.98 (s, 4H; benzyl-H), 4.18 (t, J� 7.9 Hz, 4H; hex-1), 4.03 (t, J� 6.7,
8.7 Hz, 4H; hex-1), 3.14 (s, 6H; Me), 2.61 (s, 6H; Me), 2.36 (m, 4 H; hex-2),
2.26 (m, 4H; hex-2), 1.90 (m, 4H; hex-3), 1.79 (m, 4H; hex-3), 1.59 (s, 18H;
tBu), 1.3-1.6 (m, 16H; hex-4,5), 0.97 (t, J� 7.4 Hz, 6H; hex-6), 0.92 (t, J�
7.4 Hz, 6H; hex-6), ÿ2.80 (br, 2 H; NH); MS: m/z : 1706.6 calcd for
C108H119O2N8Br; found 1702.79.


Dyad 3 ZH: 1H NMR (CDCl3): d� 10.48 (s, 2H; meso), 10.29 (s, 2H;
meso), 9.63 (d, J� 4.3 Hz, 2 H; b-position), 9.57 (d, J� 4.8 Hz, 2H; b-
position), 9.54 (d, J� 4.3 Hz, 2H; b-position), 9.03 (d, J� 4.3 Hz, 2H; b-
position), 8.66 (d, J� 7.9 Hz, 2 H; Ar-H), 8.58 (d, J� 7.3 Hz, 2 H; Ar-H),
7.65 (t, J� 8.5 Hz, 1 H; Ar-H), 7.04 (d, J� 8.6 Hz, 2H; Ar-H), 6.83 (t, J�
7.4 Hz, 2 H; Ar-H), 6.69 (t, J� 7.6 Hz, 4H; Ar-H), 6.57 (d, J� 7.4 Hz, 4H;
Ar-H), 4.99 (s, 4 H; benzyl-H), 4.19 (t, J� 7.7 Hz, 4 H; hex-1), 4.04 (t, J�
7.4 Hz, 4 H; hex-1), 3.16 (s, 6 H; Me), 2.62 (s, 6H; Me), 2.37 (m, 4 H; hex-2),
2.26 (m, 4 H; hex-2), 1.90 (m, 4H; hex-3), 1.80 (m, 4 H; hex-3), 1.3 ± 1.6 (m,
16H; hex-4,5), 0.98 (t, J� 7.4 Hz, 6H; hex-6), 0.93 (t, J� 7.4 Hz, 6 H; hex-
6), ÿ2.92, ÿ3.01 (br, 1 H, 1H; NH); MS: m/z : 1603 calcd for
C100H99O2N8F5Zn; found 1603.


Dyad 4ZH: 1H NMR (CDCl3): d 10.29 (s, 2 H; meso), 9.87 (d, J� 4.9 Hz,
2H; b-position), 9.70 (d, J� 4.9 Hz, 2 H; b-position), 9.35 (d, J� 4.3 Hz,
2H; b-position), 8.95 (d, J� 4.4 Hz, 2 H; b-position), 8.56 (d, J� 8.0 Hz,
2H; Ar-H), 8.54 (d, J� 8.0 Hz, 2 H; Ar-H), 8.07 (d, J� 1.9 Hz, 2H; Ar-H),
7.86 (t, 1 H; Ar-H), 7.65 (t, J� 8.6 Hz, 1H; Ar-H), 7.04 (d, J� 8.6 Hz, 2H;
Ar-H), 6.83 (t, J� 8.0 Hz, 2H; Ar-H), 6.69 (t, J� 8.0 Hz, 4 H; Ar-H), 6.57
(d, J� 7.3 Hz, 4 H; Ar-H), 4.99 (s, 4 H; benzyl-H), 4.18 (t, J� 7.0 Hz, 4H;
hex-1), 4.04 (t, J� 9.7 Hz, 4H; hex-1), 3.13 (s, 6 H; Me), 2.61 (s, 6 H; Me),
2.37 (m, 4H; hex-3), 2.25 (m, 4H; hex-2), 1.90 (m, 4 H; hex-3), 1.80 (m, 4H;
hex-3), 1.58 (s, 18 H; tBu), 1.3 ± 1.6 (m, 16H; hex-4,5), 0.98 (t, J� 7.3 Hz,
6H; hex-6), 0.93 (t, J� 7.3 Hz, 6 H; hex-6), ÿ2.52 (br, 2 H; NH); MS: m/z :
1788 calcd for C108H120O2N8Br2Zn; found 1783.


Dyad 5 ZH: 1H NMR (CDCl3): d� 10.28 (s, 2H; meso), 9.49 (d, J� 4.5 Hz,
2H; b-position), 9.09 (d, J� 3.5 Hz, 2 H; b-position), 8.99 (d, J� 4.0 Hz,
2H; b-position), 8.95 (d, J� 4.0 Hz, 2 H; b-position), 8.61 (d, J� 7.5 Hz,
2H; Ar-H), 8.56 (d, J� 7.5 Hz, 2 H; Ar-H), 7.64 (t, J� 8.8 Hz, 1H; Ar-H),
7.03 (d, J� 9.0 Hz, 2 H; Ar-H), 6.82 (t, J� 7.5 Hz, 2H; Ar-H), 6.69 (t, J�
8.5 Hz, 4 H; Ar-H), 6.56 (d, J� 7.0 Hz, 4 H; Ar-H), 4.98 (s, 4H; benzyl-H),
4.16 (t, J� 7.5 Hz, 4H; hex-1), 4.04 (t, J� 7.5 Hz, 4 H; hex-1), 3.09 (s, 6H;
Me), 2.61 (s, 6H; Me), 2.34 (m, 4H; hex-2), 2.25 (m, 4 H; hex-2), 1.88 (m,
4H; hex-3), 1.79 (m, 4 H; hex-3), 1.3 ± 1.6 (m, 16H; hex-4,5), 0.97 (t, J�
7.3 Hz, 6H; hex-6), 0.92 (t, J� 7.3 Hz, 6 H; hex-6), ÿ2.66 (s, 2H; NH): MS:
m/z : 1935 calcd for C112H97O2N8F15Zn; found 1935.


Dyad 6 ZH: 1H NMR (CDCl3): d� 10.38 (s, 1H; meso), 10.27 (s, 1H;
meso), 10.26 (s, 1 H; meso), 9.58 (d, J� 5.0 Hz, 1 H; b-position), 9.53 (d, J�
5.0 Hz, 1 H; b-position), 9.49 (d, J� 5.0 Hz, 1 H; b-position), 9.48 (d, J�
4.0 Hz, 1 H; b-position), 9.46 (d, J� 4.5 Hz, 1 H; b-position), 9.42 (d, J�
4.0 Hz, 1H; b-position), 9.03 (d, J� 5.0 Hz, 1H; b-position),8.96 (d, J�
4.0 Hz, 1 H; b-position), 8.56 (br, 4 H; Ar-H), 7.65 (t, J� 8.8 Hz, 1H; Ar-H),
7.04 (d, J� 9.0 Hz, 2 H; Ar-H), 6.81 (t, J� 7.5 Hz, 2H; Ar-H), 6.69 (t, J�
7.8 Hz, 4H; Ar-H), 6.57 (d, J� 8.0 Hz, 4 H; Ar-H), 4.99 (s, 4H; benzyl-H),
4.14 (t, J� 9.5 Hz, 4 H; hex-1), 4.03 (t, J� 7.8 Hz, 4H; hex-1), 3.10 (s, 3H;
Me), 3.09 (s, 3 H; Me), 2.62 (s, 6H; Me), 2.34 (m, 4H; hex-2), 2.25 (m, 4H;
hex-2), 1.87 (m, 4H; hex-3), 1.79 (m, 4H; hex-3), 1.3 ± 1.6 (m, 16 H; hex-4,5),
0.9 ± 1.0 (m, 12H; hex-6), ÿ2.91 (s, 2H; NH); MS: m/z : 1647 calcd for
C100H98O9N9F5Zn; found 1648.


Dyad 7 ZH: 1H NMR (CDCl3): d� 10.29 (s, 2 H; meso), 9.75 (br, 2H; b-
position), 9.64 (br, 2H; b-position), 9.50 (d, J� 5.0 Hz, 2 H; b-position),
8.95 (d, J� 5.0 Hz, 2H; b-position), 8.56 (dd, 4H; Ar-H), 7.64 (t, J� 8.5 Hz,
1H; Ar-H), 7.03 (d, J� 9.0 Hz, 2H; Ar-H), 6.82 (t, J� 8.0 Hz, 2 H; Ar-H),
6.69 (t, J� 7.5 Hz, 4H; Ar-H), 6.56 (d, J� 7.0 Hz, 4 H; Ar-H), 4.98 (s, 4H;
benzyl-H), 4.19 (t, J� 7.5 Hz, 4 H; hex-1), 4.03 (t, J� 7.5 Hz, 4H; hex-1),
3.16 (s, 6H; Me), 2.60 (s, 6H; Me), 2.36 (m, 4 H; hex-2), 2.34 (m, 4H; hex-
2), 1.90 (m, 4 H; hex-3), 1.79 (m, 4 H; hex-3), 1.3 ± 1.6 (m, 16H; hex-4,5),
0.97 (t, J� 7.5 Hz, 6 H; hex-6), 0.92 (t, J� 7.3 Hz, 6 H; hex-6), ÿ2.38 (s, 2H;
NH); MS: m/z : 1940 calcd for C106H97O2N8F19Zn; found 1939.
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Dyad 8 ZH : 1H NMR (CDCl3): d� 10.27 (s, 2H; meso), 9.54 (d, J� 5.0 Hz,
2H; b-position), 9.50 (d, J� 5.0 Hz, 2 H; b-position), 9.45 (d, J� 5.0 Hz,
2H; b-position), 8.98 (d, J� 4.5 Hz, 2 H; b-position), 8.60 (d, J� 7.5 Hz,
2H; Ar-H), 8.56 (d, J� 8.0 Hz, 2 H; Ar-H), 7.64 (t, J� 8.5 Hz, 1 H; Ar-H),
7.03 (d, J� 8.5 Hz, 2 H; Ar-H), 6.80 (t, J� 7.5 Hz, 2H; Ar-H), 6.67 (t, J�
7.5 Hz, 4H; Ar-H), 6.55 (d, J� 8.5 Hz, 4 H; Ar-H), 4.97 (s, 4H; benzyl-H),
4.16 (t, J� 7.5 Hz, 4H; hex-1), 4.02 (t, J� 7.5 Hz, 4 H; hex-1), 3.08 (s, 6H;
Me), 2.60 (s, 6H; Me), 2.34 (m, 4H; hex-2), 2.23 (m, 4 H; hex-2), 1.88 (m,
4H; hex-3), 1.78 (m, 4 H; hex-3), 1.3 ± 1.6 (m, 16H; hex-4,5), 0.96 (t, J�
7.5 Hz, 6 H; hex-6), 0.91 (t, J� 7.5 Hz, 6 H; hex-6), ÿ2.86 (br, 2H; NH);
MS: m/z : 1697 calcd for C100H97O6N10F5Zn; found 1693.
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Abstract: The macrocyclic bisphosphonate 2 forms complexes with amino alcohols,
amines, and amino acid esters with high association constants in polar organic
solvents. Exertion of solvophobic interactions inside the macrocyclic cavity in DMSO
and methanol leads to specificity for guest molecules with hydrophobic moieties.
Experimental evidence is presented for the insertion of the guest molecules�
nonpolar groups into the macrocycle�s hydrophobic cavity. NMR spectra of
complexes with 2 in DMSO show a molecular imprint of the guest molecule; this
gives information about its location inside the macrocycle. In aqueous solutions
strong self-association of 2 occurs, which is explained by distinct structural
similarities between 2 and micelle-forming phospholipids.


Keywords: bioorganic chemistry ´
catecholamines ´ hormones ´ host-
guest chemistry ´ NMR titrations


Introduction


Inspite of worldwide intense research efforts and considerable
recent progress in the X-ray crystallographic characterization
of membrane-bound proteins,[1] the structure and mechanism
of action of the natural adrenergic receptors are not yet
completely elucidated.[2] For this and many other reasons a
synthetic model could be helpful to understand nature. A
small, microscopically well-defined model compound that
imitates the natural receptor ± ligand interactions would allow
the systematic study of the interplay of various noncovalent
interactions of the receptor with its substrate adrenaline. One
obvious benefit of these studies would be the gain of
knowledge for a rational design of synthetic receptor mole-
cules for neurotransmitters with optimal binding strength and
selectivity.


In our biomimetic approach we recently presented xylylene
bisphosphonates as the first host molecules that are selective
for the 1,2-amino alcohol functionality.[3] Like these, most
other synthetic receptors for catecholamines are monotopic.[4]


Binding of the amino group has been performed with crown
ethers,[4a, b] ester crowns,[4d] and a cyclopeptide,[4e] but only a
zinc porphyrin tweezer[4f] and our bisphosphonates[3] bind
specifically to amino alcohols. The crown ether approach even
has practical applications in capillary zone electrophoresis.[5]


Receptors for the catechol ring contain either an aza crown[4b]


or a bipyridinium moiety.[4c, g]


Simultaneous interaction with more than one part of the
molecule leads to stronger binding and greater specificity.[6] In
ditopic receptors the ammonium moiety is usually bound by a
crown ether or aza crown ether group,[6b] which are in turn
linked to a protonated aza crown,[6a] a macrotricyclic cavity,[6b]


quinone,[6c] or a boronic acid[6d,e] for molecular recognition of
the catechol ring by hydrogen-bond, hydrophobic, p ± p, or
even covalent interactions. A different approach has been
taken by Inoue et al. ,[6f] they have prepared a cyclophane host
with a nonpolar cavity for the insertion of the catechol ring
and peripheral carboxylate groups for molecular recognition
of the ammonium moiety of dopamine. However, all these
receptors are not specific for catechol amino alcohols.


In order to develop our amino alcohol recognition motif
into an efficient catechol receptor we converted simple
bisphosphonates into their respective bisaryl esters, which
could, in principle, be involved in hydrophobic or even p ± p


interactions[7] with the catechol ring.[3b] Unfortunately the
association constants could not be increased, probably
because the open chain receptors have too many rotatory
degrees of freedom.[3b] Only an amino alcohol guest bearing
an electron-deficient nitro arene could be bound moderately
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well. Our new approach is based on a preorganized host that
retains both phosphonate groups for selective binding of the
amino alcohol moiety, but also contains an additional hydro-
phobic binding pocket for the catechol ring. This structure
should provide a binding mode much closer to the natural
example than any former host molecule.


In the natural receptor, the catechol moiety lies in a deep
cleft between two phenylalanine residues (Figure 1).[2] Here,
hydrophobic interactions should play a prominent role,
whereas p ± p interactions are probably weak because of low
dipole ± dipole attraction between the electron-rich phenyl-
alanine arenes and the very electron-rich catechol ring. The
simplest model for such a three-dimensional binding pocket is
a macrocycle; in its design optimal preorganization of the
binding site should be considered.


Figure 1. Assumed binding mode of noradrenaline in the b-adrenergic
receptors.


Results and Discussion


In recent years many macrocyclic structures have been
designed that can bind aromatic molecules, for example,
benzene or toluene.[8] We have now converted such a
monotopic host molecule to a ditopic receptor by combining
the hydrophobic binding pocket with phosphonate groups for
biomimetic binding of adrenaline.


The phosphonate groups should not be attached directly to
the macrocyclic ring in order to maintain enough flexibility for
an induced fit. The schematic structure in Figure 2 shows
preorientation of the binding groups as well as a hydrophobic


cavity, into which the catechol ring of the adrenaline molecule
can be inserted. All these structural features have been
incorporated into the bisphosphonate host molecule 2 (Fig-
ure 3); its macrocycle is equipped with sterically rigid building
blocks to prevent internal collapse.


Figure 2. Schematic structure of a ditopic adrenaline receptor model; the
amino alcohol moiety of noradrenaline is recognized by a peripheral
bisphosphonate binding site, while the catechol ring lies in a macrocyclic
hydrophobic cavity.


Figure 3. Macrocyclic bisphosphonate host molecule 2.


Force-field calculations[9] for the complex formation be-
tween 2 and noradrenaline (1) suggest the energy-minimized
structure shown in Figure 4. An arrangement of the bis-
phosphonate/amino alcohol chelate is produced that is very
similar to the open-chain receptor complexes.[3] The catechol
ring penetrates deeply into the macrocyclic cavity, but it does
not lie parallel to a host arene in the cavity, so p ± p


interactions seem improbable. However, the cavity is strongly
hydrophobic. The macrocycle�s conformation shown here is
one of several calculated conformations with similar energies;
all of them provide an open cavity for guest binding.


The preparation of 2 is depicted in Scheme 1. Care has been
taken to develop a highly convergent and modular synthetic
route, that also opens the path to many other related
macrocycles. Phosphorus-modified bisphenol 7 can be pre-
pared from o-cresol in a five-step synthesis. Bisphenol A and
two equivalents of 3,5-bis(bromomethyl)nitrobenzene give
the U-shaped precursor molecule 9. The cyclization between 7
and 9 is then performed under high dilution conditions with
benzene as a template, following previous work by Saigo
et al.[8d,e] The resulting tetramethylbisphosphonate ester
10 is finally hydrolyzed smoothly with lithium bromide in
boiling acetonitrile to give the target molecule 2. An impurity
of excess lithium bromide in the hydrolyzed product can
be eliminated almost completely by multiple dialysis
(2 ± 3 times).


The resulting lithium salt 2 was used for the following
NMR-titrations in different solvents, ranging from DMSO


Abstract in German: Das macrocyclische Bisphosphonat 2
bildet Komplexe mit Aminoalkoholen, Aminen und Amino-
säureestern, die sich durch hohe Assoziationskonstanten in
polaren organischen Lösungsmitteln auszeichnen. Durch sol-
vophobe Wechselwirkungen im Innern des macrocyclischen
Hohlraums bindet der Wirt in DMSO und Methanol bevorzugt
Gäste mit hydrophoben Gruppen. Experimentelle Belege für
die Einlagerung der unpolaren Gruppen der Gastmoleküle in
die hydrophobe Cavität des Macrocyclus werden präsentiert.
NMR-Spektren von Komplexen mit 2 in DMSO zeigen einen
molekularen Abdruck des Gastmoleküls, der Aufschluû über
seine räumliche Lage im Macrocyclus gibt. In wäûriger Lösung
tritt eine starke Selbstassoziation von 2 auf, die durch seine
deutliche strukturelle ¾hnlichkeit mit micellenbildenden Phos-
pholipiden erklärt wird.
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Scheme 1. Synthesis of 2. a) acetone, MeOH, HCl, RT; b) acetic anhy-
dride, pyridine, RT; c) NBS, CCl4, benzoyl peroxide, 80 8C; d) P(OMe)3,
140 8C; e) K2CO3, MeOH, RT; f) NBS, CH2Cl2, hn, 40 8C; g) bisphenol A,
KOtBu, EtOH/THF, 80 8C; h) 7, NaOMe, MeOH/THF, 50 8C; i) LiBr,
acetonitrile, 80 8C.


over methanol to water.[10] Ini-
tially, complexation experi-
ments were performed in
[D6]DMSO so that their results
could be compared with those
obtained before with the open-
chain receptor molecules.[3]


The resulting binding curves
were analyzed by nonlinear
regression methods and the
binding constants were calcu-
lated as described earlier.[10]


Scheme 2 shows the structures
of representative target mole-
cules, namely the agonist nor-
adrenaline 1 and the b-blocker
propranolol 11, and their cal-
culated association constants
with 2 are presented in Table 1.


Scheme 2. Titration partners of 2 in DMSO.


All the open-chain xylylene bisphosphonates tested pre-
viously showed a drastic difference in their association
constants for these two guest molecules, because additional
hydrogen-bond interactions of the catechol hydroxy groups of
adrenaline and noradrenaline with the phosphonate moieties
interfered with the established amino alcohol/phosphonate
binding scheme. Thus, in DMSO the association constant
produced for adrenaline was always five times lower than that
of propranolol without aryl hydroxy groups.[3] Campayo et al.
have presented calculations for crown-ether-type receptors
with similar results.[4d] However, this is not the case with 2 :
Both molecules are bound equally well. The elimination of
this competing catechol ± phosphonate interaction strongly
indicates that in complexes of 2 with catecholamines, the
catechol hydroxy groups are shielded because the arene has
been inserted into the macrocycle�s cavity.


Further examination of the NMR spectra during the host ±
guest titrations revealed an unexpected effect, which offers


Figure 4. Left: Energy-minimized structure of the complex between 2 and noradrenaline. Right: Lewis-structure
of the calculated complex.


Table 1. Association constants of 2 with noradrenaline (1) and propranolol
(11) in DMSO.


Proton a[a] Proton b[a] Proton c[a]


Ka [mÿ1] Ddsat [ppm] Ka [mÿ1] Ddsat [ppm] Ka [mÿ1] Ddsat [ppm]


1 19 300 0.32 11100 0.17 ± ±
11 22 500 0.12 36000 0.15 9100 0.47


[a] Due to the strongly hygroscopic character of both titration partners the
[D6]DMSO-solution contained �0.1 % of water. Errors are standard
deviations; they were estimated at �10 ± 20% for 104mÿ1�Ka� 105mÿ1


and at �3 ± 10 % for Ddsat values.
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additional structural information about the complex geome-
try: With increasing guest concentration distinct host arene
signals show strong line broadening with a remarkable
correlation; the bulkier the guest molecule, the more signals
of the host are affected. On complex formation with small
2-aminoethanol, only the proton signals of the phosphonate
carrying ring A become broad (Figure 5); if noradrenaline
with its catechol residue is the guest molecule, an aromatic
proton signal of ring B also broadens. Finally, propranolol,
which has a longer carbon chain, an additional ether moiety
and a larger arene system than noradrenaline, induces line
broadening of proton signals in all rings A ± C of the host
molecule.


Figure 5. Schematic drawing of complexes of macrocycle 2 with simplified
guest molecules G : the molecular imprint effect. The arene code refers to
considerable line broadening of respective host signals in the 1H NMR
spectra of the complexes.


This is a dynamic effect, as evidenced by measurements at
different NMR frequencies and temperatures. It can be
explained by restricted rotation around certain single bonds
that determine the cyclophane�s conformation (CArÿO,
CBnÿO, CArÿCBn) with the host molecule penetrating into
the macrocyclic cavity. Whitlock and others have observed
similar effects with their arene binding hosts.[8] Evidently
NMR spectra of complexes with 2 in DMSO reveal molecular
imprints of the guest molecules and give information about
the guests� steric demand as well as its exact location inside
the cavity. In a variable temperature NMR experiment
(Figure 6) with a 2:1 mixture of propranolol (11) and 2 the
broad signals become sharp at temperatures above 300 K. The
signals of protons that are further away from the polar binding
site (rings B and C, benzyl, isopropylidene, and CH2P groups)
appear sharp at 320 K, whereas those of ring A close to the
polar binding site become sharp at 340 K. This can also be
observed with a few guest molecules� signals; the CH2O
protons of propranolol appear sharp at 320 K, those of the


isopropyl group, which is attached to the positively charged
nitrogen atom, become sharp only at 340 K. Unfortunately,
the coalescence temperature could not be determined be-
cause no measurements can be carried out below room
temperature in DMSO; however, it can be considered to be
close to room temperature because of the strong signal
broadening at 300 K.


If the solvent is changed from DMSO to the much more
polar methanol, electrostatic and hydrogen-bond interactions
are greatly weakened by solvation; in the case of complexes
with 2, however, this weakening should be compensated, at
least in part, by stronger solvophobic effects. We know from
experiments with the open-chain xylylene bisphosphonates,
and many other related examples from the literature, that the
binding constants for amino alcohols decrease by two orders
of magnitude upon changing the solvent from DMSO to
methanol in the absence of hydrophobic interactions. By
contrast, in complexes with macrocycle 2 they decrease only
20-fold if the guests carry lipophilic groups capable of
participating in hydrophobic interactions as is the case with
noradrenaline (1, see Table 2). The association constants in
Table 2 represent the highest Ka values for substituted amines
ever obtained with a bisphosphonate host.


Propranolol (11) binds to the host as well as adrenaline (12)
and noradrenaline (1) despite their additional phenolic OH
groups; this corresponds well with the results obtained in
DMSO. On the other hand, 2-aminoethanol, which does not


contain a bulky substituent and
thus cannot exert hydrophobic
interactions, is bound much
more weakly. Surprisingly, the
simple amines 13 and 14
(Scheme 3) are bound with al-
most the same association con-
stants as adrenaline. The selec-
tivity of the bisphosphonate
binding site between amino al-
cohols and amines[3a] is evident-
ly weakened in the highly com-
petitive methanol.


Figure 6. Proton NMR spectra of a 2:1-mixture of 2 and 11 at 300 K, 320 K, and 340 K. A indicates protons of
ring A, B those of ring B and C the corresponding ring C (for nomenclature of the rings see Figure 5).


Table 2. Association constants of 2 with various guest molecules in pure meth-
anol.[10]


Proton a[a] Proton b[a] Proton c[a]


Ka [mÿ1] Ddsat [ppm] Ka [mÿ1] Ddsat [ppm] Ka [mÿ1] Ddsat [ppm]


1 1250 0.12 1000 0.07 1020 0.08
11 1250 0.17 530 0.09 1210 0.12
12 1030 0.17 920 0.16 1080 0.07
2-aminoethanol 560 0.09 570 0.06 ± ±
13 960 0.17 940 0.12 930 0.12
14 1230 0.14 1110 0.09 1010 0.14
15 2020 0.04 1490 0.05 1787 0.06
Tyr-OMe ´ HCl 1660 0.07 2420 0.15 1450 0.05
Trp-OMe ´ HCl 1970 0.07 2020 0.20 1170 0.12
Ala-OMe ´ HCl 1080 0.05 1300 0.13 1230 0.06


[a] Due to the strongly hygroscopic character of both titration partners the
[D4]methanol-solution contained �0.1 % of water. Errors are standard deviations;
they were estimated at �5 ± 10% for 103mÿ1�Ka� 104mÿ1 and at �3 ± 10% for
Ddsat values.
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Enhanced binding affinity for substrates with hydrophobic
residues was also found with ANP (15), a chloroamphenicol
precursor molecule, and the aromatic amino acids tyrosine
and tryptophane, with large p faces as opposed to alanine (all
amino acids were used as their methyl esters). The assumed
1:1-stoichiometry of the noradrenaline ± 2 complex could be
confirmed in methanol by Job�s method of continuous
variations (Figure 7).[11]


Figure 7. Job plot of noradrenaline with 2 in methanol.


The three-dimensional structure of the complex with
noradrenaline, which is shown in Figure 4, could be supported
by a two-dimensional NOESY 1H NMR experiment (Fig-
ure 8). No intramolecular NOEs were observed that would


Figure 8. Illustration of intramolecular and intermolecular NOESY peaks
in the spectrum of the complex between noradrenaline and 2. Only the
NOEs discussed in the text are shown (thin line: weak NOE).


indicate an internal collapse of
the quite flexible macrocycle.
Only weak interactions could
be measured between the CH2P
protons and the aromatic host
proton 3. This conformational
preference corresponds well
with a chelate-type complexa-
tion of the ammonium moieties
by the phosphonate groups. In
the guest molecule a strong
Overhauser effect of the CH2N
protons to proton 2 of the cat-
echol group and a weak one to
proton 6 confirm the shown
conformation of the guest mol-
ecule. We could observe inter-
molecular NOEs between the
CH2N group of the guest and


the host�s CH2P and OCH3 moieties; this indicates the close
proximity of the binding partners� polar groups. An additional
NOE between proton 6 of ring A and the guest�s proton 5
shows that the hydrophobic catechol group is positioned on
the macrocycle�s ªupperº side opposite to the polar binding
group (see Figure 8). All these NOEs from different sides of
the macrocycle to distinct moieties of the guest clearly show
that the guest molecule is inserted into the cavity.


To take the next step towards binding in physiological
solution, we carried out titrations in a 1:1-mixture of methanol
and water. With noradrenaline as guest molecule, the fitting of
the titration curve resulted in a high association constant
(�1500mÿ1), but the standard deviation was unacceptably
high. Furthermore, NMR signals of the pure host shifted
strongly when measured at different concentrations. This
points to self-association in highly polar solvents; in dilution
experiments we obtained a self-association constant of
270 L molÿ1 for methanol/water 1:1. The self-association of
cyclophane 2 is even stronger in pure water: a titration with
noradrenaline resulted in an even higher association constant
(�3000mÿ1), but with an extraordinarily high standard
deviation of 200 % and very strong signal broadening of all
protons in 2. Identical results have been obtained in a
phosphate-buffer solution, which maintained a pH of 7. A
dilution experiment of the host molecule in pure water gave
sharp signals only at concentrations below 10ÿ4m, so a self-
association constant could not be calculated from the spectra,
but very strong self-association of 2 can be assumed (Figure 9,
left).[12] Careful comparison of the macrocycle�s structure with
that of micelle-forming phospholipids reveals distinct struc-
tural similarities: both molecules are amphiphilic, carrying a
short polar phosph(on)ate head group and long nonpolar tails
(in the case of 2 connected to a ring, see Figure 9).


Because solutions of 2 also show a tyndall effect and foam
on shaking, we assumed that the host molecule 2 forms
micellar structures in aqueous solution; proton NMR signal
broadening observed in our case has also been observed with
micelles in which slow molecular motion occurs.[13] Therefore
we intend to incorporate the molecule into membranes, for
example, in artificial liposomes.[14] Such a membrane immo-


Scheme 3. Titration partners of 2 in methanol.[10]
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bilization would imitate the chemical surroundings in the
natural receptor and could be the first step towards imitation
of the natural signal-transduction process.


In summary, we have designed a new host molecule for
substrates of the adrenergic receptor; this molecule has a
flexible bisphosphonate as chelating unit for the amino
alcohol part and an electron-poor nonpolar macrocyclic
cavity for the catechol ring. This approach imitates the
electrostatic and hydrogen-bond interactions in the natural
receptor as well as the deep aromatic cleft, which receives the
catechol moiety. The suggested geometry of the complex from
molecular dynamics calculations was confirmed by experi-
ments in DMSO and methanol. In DMSO a molecular imprint
of the guest molecule is obtained; this indicates that rotation
of one or more aromatic rings of the host is hindered. In
methanol the highest binding constants for amino alcohols
ever measured with a bisphosphonate have been found;
removal of the nonpolar substituent, as in 2-aminoethanol,
causes a marked drop in binding energy. Strong self-associ-
ation of the new host molecule in water along with its
structural similarity to phospholipids suggests that it can be
incorporated into membranes to imitate the chemical envi-
ronment of the natural receptor.


Experimental Section


2,2-Bis(4''-acetoxy-3''-dimethoxyphosphorylmethylphenyl)propane (6): 2,2-
Bis(4'-acetoxy-3'-methylphenyl)propane[15] (4, 8.50 g, 25.0 mmol) was dis-
solved in tetrachloromethane (25 mL) and refluxed with N-bromosuccini-
mide (NBS, 8.98 g, 50.4 mmol) and catalytic amounts of benzoyl peroxide
until all NBS had been consumed (ca. 4 h). Filtration and evaporation of
the solvent gave the oily raw product of the bromination (5, 11.5 g), which
was refluxed with trimethyl phosphite (13.6 mL, 115.4 mmol) for 3 hours
without any further purification. After removal of excess trimethyl
phosphite and dimethyl methylphosphonate by distillation, an oily product
was obtained, which was purified by column chromatography (silica gel 60)
with acetone as eluent (Rf� 0.30, 6.25 g, 11.2 mmol, 45 %). 1H NMR
(500 MHz, CDCl3, 25 8C): d� 1.65 (s, 6 H; CH3), 2.30 (s, 6H; CH3), 3.08 (d,
2J(H,P)� 21.8 Hz, 4 H; CH2), 3.57 (d, 3J(H,P)� 10.8 Hz, 12 H; CH3), 7.00
(d, 3J(H,H)� 8.5 Hz, 2H; CH), 7.12 (ddd, 3J(H,H)� 8.5 Hz, 4J(H,H)�
2.3 Hz, 6J(H,P)� 2.3 Hz, 2 H; CH), 7.18 (dd, 3J(H,H)� 2.3 Hz, 4J(H,P)�
2.3 Hz, 2 H; CH); 13C NMR (126 MHz, CDCl3, 25 8C): d� 21.0 (s), 27.3 (d,


1J(C,P)� 140.5 Hz), 30.6 (s), 42.3 (s),
52.8 (d, 2J(C,P)� 7.3 Hz), 122.2 (d,
4J(C,P)� 2.4 Hz), 122.9 (d, 2J(C,P)�
9.7 Hz), 126.4 (d, 5J(C,P)� 3.6 Hz),
129.9 (d, 3J(C,P)� 6.1 Hz), 146.7 (d,
3J(C,P)� 7.3 Hz), 147.7 (d, 4J(C,P)�
3.6 Hz), 169.0 (s); 31P NMR
(202 MHz, CDCl3, 25 8C): d� 29.0
(s); C25H34O10P2 (556.5): calcd C
53.96, H 6.16; found C 53.85, H 6.20.


2,2-Bis(4''-hydroxy-3''-dimethoxyphos-
phorylmethylphenyl)propane (7): A
solution of 6 (6.0 g, 10.8 mmol) in
methanol (120 mL) was added to a
solution of potassium carbonate
(2.98 g, 21.6 mmol) in methanol
(500 mL). The mixture was stirred at
room temperature for 2 h, then HCl
(1n, 43.1 mL) was added. The product
was extracted with dichloromethane,
the solution was dried with magnesium
sulfate, and the solvent removed in
vacuo. A white solid was obtained,


which was sensitive to light (4.4 g, 9.3 mmol, 86 %). M.p. 180 ± 181 8C;
1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 1.60 (s, 6H; CH3), 3.18 (d,
2J(H,P)� 20.8 Hz, 4 H; CH2), 3.61 (d, 3J(H,P)� 10.7 Hz, 12 H; CH3), 6.77
(d, 2J(H,H)� 8.8 Hz, 2 H; CH), 6.94 (ddd, 2J(H,H)� 8.8 Hz, 4J(H,H)�
2.3 Hz, 6J(H,P)� 2.3 Hz, 2 H; CH), 7.10 (dd, 4J(H,H)� 2.3 Hz, 4J(H,P)�
2.3 Hz; CH), 9.40 (s, 2H; OH); 13C NMR (126 MHz, [D6]DMSO, 25 8C):
d� 25.1 (d, 1J(C,P)� 136.8 Hz), 31.0 (s), 41.1 (s), 52.5 (d, 2J(C,P)� 6.0 Hz),
114.7 (s), 117.2 (d, 2J(C,P)� 8.5 Hz), 125.9 (s), 129.3 (d, 3J(C,P)� 4.9 Hz),
141.1 (s), 152.9 (d, 3J(C,P)� 6.1 Hz); 31P NMR (202 MHz, [D6]DMSO,
25 8C): d� 30.7 (s); C21H30O8P2 (472.4): calcd C 53.39, H 6.40; found C
53.16, H 6.35.


2,2-Bis[4''-(3''''-nitro-5''''-bromomethylbenzyl)oxyphenyl]propane (9): 3,5-
Bis(bromomethyl)nitrobenzene[16] (8, 10.00 g, 32.37 mmol) was refluxed
in THF (35 mL). Over one hour a solution of 2,2-bis(4'-hydroxyphenyl)-
propane (1.23 g, 5.39 mmol) and potassium tert-butylate (1.21 g,
10.79 mmol) in ethanol (95 mL) was added; then the mixture was refluxed
for 3 hours. After evaporation of the solvent, the residue was treated with a
mixture of dichloromethane and water, and the organic layer was
separated, dried with sodium sulfate, and the solvent was removed in
vacuo. Excess bis(bromomethyl)nitrobenzene was obtained in pure form
by column chromatography (silica gel 60) with a 2:1 mixture of dichloro-
methane and n-hexane as eluent, and the solid product was isolated by
column chromatography with a 5:1 mixture of dichloromethane and n-
hexane as eluent (Rf� 0.45, 1.65 g, 2.41 mmol, 45 %). M.p. 117 ± 119 8C;
1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 1.66 (s, 6H; CH3), 4.54 (s, 4H;
CH2), 5.12 (s, 4 H, CH2), 6.88 (d, 3J(H,H)� 8.8 Hz, 4H; CH), 7.18 (d,
3J(H,H)� 8.8 Hz, 4 H; CH), 7.79 (s, 2H; CH), 8.21 (s, 2 H; CH), 8.23 (s, 2H;
CH); 13C NMR (126 MHz, [D6]DMSO, 25 8C): d� 31.0, 41.8, 68.4, 114.2,
121.9, 123.2, 127.9, 133.4, 140.0, 140.2, 144.0, 148.6, 155.9; C31H28N2O6Br2: C
54.41, H 4.12, N 4.09; found C 54.16, H 4.04, N 3.92.


Macrocycle 10 : Compund 9 (414.4 mg, 0.88 mmol) and sodium methoxide
(94.8 mg, 1.75 mmol) were dissolved in a mixture of methanol (40 mL) and
dichloromethane (40 mL). This solution and a solution of compound 7
(600.3 mg, 0.88 mmol) in THF (40 mL) were added dropwise to a mixture
of methanol (75 mL), THF (75 mL), and benzene (18 mL) at 50 8C. After
complete addition the reaction mixture was refluxed for 1 hour. The
solvent was removed in vacuo, and the residue was purified by column
chromatography (silica gel 60) with acetone as eluent (Rf� 0.42). A white,
crystalline product was obtained (250 mg, 0.251 mmol, 29%). M.p. 100 ±
102 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d� 1.60 (s, 6 H; CH3), 1.63 (s,
6H; CH3), 3.20 (d, 2J(H,P)� 22.1 Hz, 4H; CH2), 3.53 (d, 3J(H,P)� 10.7 Hz,
12H; CH3), 5.15 (s, 4H), 5.18 (s, 4H), 6.63 (d, 3J(H,H)� 8.2 Hz, 2H; CH),
6.79 (d, 3J(H,H)� 8.8 Hz, 4 H; CH), 6.95 (ddd, 3J(H,H)� 8.2 Hz,
4J(H,H)� 2.4 Hz, 6J(H,P)� 2.4 Hz, 2H; CH), 7.09 (d, 3J(H,H)� 8.8 Hz,
4H; CH), 7.15 (dd, 4J(H,H)� 2.4 Hz, 4J(H,P)� 2.4 Hz, 2 H; CH), 7.81 (s,
2H, CH), 8.19 (s, 2H; CH), 8.20 (s, 2H; CH); 13C NMR (126 MHz, CDCl3,
25 8C): d� 26.4 (d, 1J(C,P)� 139.5 Hz), 30.4 (s), 30.5 (s), 41.4 (s), 41.5 (s),
52.6 (d, 2J(C,P)� 6.3 Hz), 68.6 (s), 69.1 (s), 111.5 (s), 114.2 (s), 119.7 (d,


Figure 9. Left: 1H NMR spectra (500 MHz) of pure 2 in D2O at different concentrations. Right: Structural
similarity between the macrocyclic bisphosphonate (2, left) and phospholipids (right).
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2J(C,P)� 9.7 Hz), 120.8 (s), 121.0 (s), 126.2 (s), 126.3 (s), 127.7 (s), 130.1 (d,
3J(C,P)� 5.2 Hz), 131.1 (s), 140.0 (s), 140.3 (s), 143.5 (d, 4J(C,P)� 3.4 Hz),
143.9 (s), 148.6 (s), 153.6 (d, 3J(C,P)� 6.7 Hz), 155.8 (s); 31P NMR
(202 MHz, CDCl3, 25 8C): d� 30.2 (s); MS (CI, NH3, 200 8C): m/z : 994
[M]ÿ ; C52H56N2O14P2 (995.0): calcd C 62.77, H 5.67, N 2.82; found C 62.63, H
5.80, N 2.69.


Macrocycle 2 : Macrocycle 10 (201.8 mg, 0.203 mmol) and lithium bromide
(40.5 mg, 0.47 mmol) were dissolved in acetonitrile (3 mL) and refluxed for
24 hours. A white solid precipitated, which was filtrated and washed with
cold acetonitrile (158 mg, 0.162 mmol, 80 %) The product could be purified
from excess LiBr by multiple dialysis in methanol (cellulose ester
membrane, MWCO 500); the given data (esp. elementary analysis) refer
to the nondialyzed product. M.p. 257 ± 259 8C; 1H NMR (500 MHz,
CD3OD, 25 8C): d� 1.59 (s, 6H; CH3), 1.67 (s, 6 H; CH3), 3.09 (d,
2J(H,P)� 20.8 Hz, 4H; CH2), 3.44 (d, 3J(H,H)� 10.1 Hz, 6 H; CH3), 5.15
(s, 4 H, CH2), 5.17 (s, 4 H; CH2), 6.58 (d, 3J(H,H)� 8.2 Hz, 2H; CH), 6.75
(d, 3J(H,H)� 8.8 Hz, 4H; CH), 6.81 (d, 3J(H,H)� 8.2 Hz, 2H; CH), 7.02 (d,
3J(H,H)� 8.8 Hz, 4 H; CH), 7.39 (s, 2 H; CH), 7.83 (s, 2 H; CH), 8.11 (s, 2H;
CH), 8.16 (s, 2H; CH); 13C NMR (126 MHz, CD3OD, 25 8C): d� 29.2 (d,
1J(C,P)� 134.4 Hz), 31.4 (s), 31.5 (s), 42.8 (s), 49.6 (s), 52.6 (d, 2J(C,P)�
6.1 Hz), 69.7 (s), 70.4 (s), 113.4 (s), 115.9 (s), 122.0 (d, 2J(C,P)� 3.0 Hz),
125.3 (s), 127.2 (s), 127.6 (s), 129.1 (s), 130.9 (d, 3J(C,P)� 4.8 Hz), 132.8 (s),
142.1 (s), 142.6 (s), 145.0 (d, 3J(C,P)� 2.4 Hz), 145.3 (s), 150.2 (s), 155.2 (s),
157.5 (s); 31P NMR (202 MHz, CD3OD, 25 8C): d� 23.4 (s); C50H50N2O14-
P2Li2 (978.8): calcd C 61.36, H 5.51, N 2.86; found C 58.64, H 4.41, N 2.62.


NMR titrations : Ten NMR tubes were each filled with 0.8 mL of a solution
of the guest compound (cguest� 0.5 ± 4mm) in a deuterated solvent. The host
compound (1.525 equiv with respect to the guest) was dissolved in the same
solvent (0.61 mL); the resulting solution was added, through a microsyringe
and with increasing volume, to the guest solution in nine of the ten NMR
tubes. The resulting ten solutions with host/guest ratios in the range from 0
to 5:1 were used for the NMR experiments (500 MHz). Volume and
concentration changes were taken into account during analysis. The
obtained binding curves were analyzed by nonlinear regression methods
and the association constants were calculated as described earlier.[10]


Job plot : Equimolar solutions (4mm) of host 2 and noradrenaline were
prepared and mixed in various amounts. 1H NMR spectra of the mixtures
were recorded, and the chemical shifts were analyzed by Job�s method
modified for NMR results.[9]
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A New Organic Nanoporous Architecture: Dumb-Bell-Shaped Molecules
with Guests in Parallel Channels


Torsten Müller,[a] Jürg Hulliger,*[b] Wilhelm Seichter,[a] Edwin Weber,*[a]


Thomas Weber,[c] and Michael Wübbenhorst[d]


Abstract: A new type of dumb-bell-
shaped host molecule (6 ± 8) has been
synthesised, of which 1,8-bis((1)-ada-
mantyl)-1,3,5,7-octatetrayne (8�BAOT)
forms an open porous architecture when
cocrystallised with a number of typical
solvent molecules. Adamantyl substitu-
ents attached to a tetraalkyne spacer
build up the walls of parallel channels
wherein guest molecules are aligned.
Surprisingly, the tetraalkyne unit is sig-
nificantly bent. Desolvation experi-
ments provide evidence for a reversible
inclusion of guests. In the case of the
inclusion of 2-butanone, a partial sub-


stitution by symmetrical and asymmet-
rical long-chain chromophores during
crystallisation was possible. Stained
crystals showed optical frequency dou-
bling. The crystal structure analysis
revealed a centric space group, although
considerable translational and orienta-
tional disorder was present. Application


of scanning pyroelectric microscopy re-
vealed that the growth of inclusion
compounds with 2-butanone produced
polar ordering of guest molecules, which
were aligned in two macro-domains of
opposing polarity. The resulting orienta-
tion of the carbonyl dipoles is in agree-
ment with the theoretical prediction of a
Markov model of spontaneous polarity
formation based on molecular recogni-
tion processes on growing crystal faces.
The present case represents a new
example of a property-driven supramo-
lecular synthesis.


Keywords: inclusion compounds ´
NLO properties ´ oligoalkynes ´
open-framed structures ´ scanning
pyroelectric microscopy ´ supramo-
lecular chemistry


Introduction


Synthetic inorganic zeolites[1] are classical examples of nano-
porous materials; however, recently a variety of organic
network architectures[2] and inclusion compounds[3] featuring
typical properties of nanoporous materials have been descri-
bed.[4] Crystal engineering[5] and principles of molecular
tectonics[6] have focussed on overcoming the difficulties
inherent in the design of open-framed organic structures.[7]


However, many attempts have produced crystal structures


showing the interpenetration of two or more sublattices,
driven by close-packing requirements.[8] In these structures,
the open space is filled up by solvent molecules, which are
difficult to remove or to substitute without structural disinte-
gration. Interpenetration is hence considered a main difficulty
in the design of nanoporous materials containing, for exam-
ple, parallel channels capable of hosting a variety of functional
guest molecules.


Confining close-packed, functionalised molecules within
parallel channels allows one to address a number of interest-
ing solid-state properties, especially when the guests them-
selves are aligned co-parallel within the cavities.[9] More
recent examples include a model system for light-harvesting
by migration of photonic energy along aligned dye molecules
in a zeolite,[10] the demonstration of an organic laser using a
zeolite host,[11] and the tuning of spontaneous polarity
formation in organic channel-type inclusion compounds
driven by a Markov process.[12]


Because many of the chromophores providing photonic and
nonlinear optical (NLO) properties can be made from rod-
shaped molecules, the design of disc- (oblate-top) or rod-
(prolate-top) shaped host molecules is of interest for assem-
bling corresponding guest and host compounds into channel-
type supramolecular structures. A particular class of host
molecules which may be suited for this purpose are dumb-
bell-type entities[13] (Scheme 1).
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Scheme 1. Schematic representations of the new host molecules.


Here we report the synthesis
of a new type of host molecule
featuring a dumb-bell shape.
Initial results on the structure
and polar properties of 1,8-
bis((1)-adamantyl)-1,3,5,7-octa-
tetrayne (8�BAOT), which
forms channel-type inclusion
crystals with various solvent
molecules, are presented. In
the case of 2-butanone, some
of the solvent can be substitut-
ed by long-chain NLO active
molecules (see Table 1).


Results and Discussion


Synthesis of the dumb-bell-
shaped host molecule : The
starting material 1 was synthes-
ised from 1-bromoadamantane
and vinyl bromide in the pres-
ence of aluminium bromide as
catalyst, followed by double
dehydrobromination with po-
tassium hydroxide in dimethyl
sulfoxide.[14] Reaction of 1 with
2-(trimethylsilyl)ethynyl bromide (2), obtained from bis(tri-
methylsilyl)ethyne (2a), yielded the protected 1-(1,3-butadi-
ynyl)adamantane (3).[15] Cleavage of the silyl group of 3 gave
the terminal butadiyne 4. A Cadiot-Chodkiewicz procedure
between 5 (from 1) and 4 led to the unsymmetrical dumb-bell-
shaped molecule 7.[16] Coupling of 1 or 4 by a Eglington
reaction[17] gave the symmetrical compounds 6[14a] or 8
(BAOT) (Scheme 2).


Inclusion formation with solvents: Crystallisation of BAOT
(8) from solvents such as 2-butanone, (�)-2-bromobutane,
n-hexane, tetrahydrofuran, toluene and cyclohexanol yielded
inclusion compounds showing for example a host ± guest ratio
of 1:1 in the case of 2-butanone (BU). Using well developed
single crystals of BAOT/BU, BAOT/cyclohexanol[18] and
BAOT/(()-2-bromobutane[19] , we were able to determine the
crystal structures.


In the case of BU and (�)-2-bromobutane guests, a
channel-type packing of BAOT was found, featuring two
types of channels (Figure 1): Oval channels having a max-
imum cross-section as large as 9.8 � containing guest
molecules and smaller ones remaining empty. The channels
including BU also show characteristic narrowings with a
minimum diameter of 4.2 �.[20] The inner surface of both
types of channels consists of adamantane units and ethynyl
chain fragments facing each other. A further remarkable
feature of this structure is that the tetrayne spacer in BAOT
shows a strong deviation from linearity of the ethynyl units
(total bending angle: 14.68), which is probably caused by


packing effects rather than by the electronic structure of the
host molecule.[21] As far as we know, there is no structure in
the literature showing a similar distortion of the ethynyl units
from linearity apart from cycloalkynes. The distribution of the
intensities of measured reflections reflected a centre of
symmetry for the packing of BAOT molecules. Within the
large channels, the BU guest molecules showed translational
and rotational disorder.


Scheme 2. Synthesis of compounds 6 ± 8. a) 0 8C, MeLi/LiBr; b) ÿ70 8C, pyridine, bromine; c) ÿ70 8C, nBuLi;
d) 0 8C, CuIBr; e) pyridine, 2, 50 8C; f) 25 8C, KF ´ 2 H2O; g) ÿ75 8C, nBuLi; h) ÿ50 8C, bromine, diethyl ether;
i) CuIBr, NH2OH ´ HCl, 50% aqueous ethylamine, reflux; k) 35 8C, 5, methanol; l) Cu(OAc)2, methanol, pyridine,
reflux.
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Figure 1. X-ray structure of the inclusion compound BAOT/BU viewed
along the a axis (channel direction). Note the bending of the tetraethyne
spacer. 2-Butanone molecules are disordered, resulting in a nonpolar space
group; however, scanning pyroelectric microscopy revealed a polar
packing, resulting in twinned crystals.


Both the inclusion structures containing BU or (�)-2-
bromobutane are monoclinic featuring a similar metric. In the
case of cyclohexanol, the larger guest molecule leads to an
expansion of the structure, which may by described by layered
packing.[18] Thermogravimetry and differential scanning cal-
orimetry revealed that 2-butanone and (�)-2-bromobutane
desorb continuously when powders were heated from 25 ±
150 8C in open air. Up to 150 8C, no significant thermal signal
appeared; however, when the sample was heated further to
190 8C, an endothermic peak (�4 kJ molÿ1) was indicative of a
structural change. This is supported by temperature-depend-
ent powder X-ray measurements that show a significant
change of cell parameters in the range of 180 ± 190 8C.


The fact there is no observable change in the powder
diffraction pattern during desorption of the guest molecules
leads to an important question: Are the channels in the lattice
framework of BAOT stable without the presence of guest
molecules such as BU or (�)-2-bromobutane? Although the
channels might contract in some way, the basic architecture of
BAOT seems to still exist. However, a lack of solvent-free
single crystals that are suitable for an X-ray analysis study has
so far prevented the structural differences between BAOT/
BU and BAOT to be determined.


Further evidence supporting an open porous structure
showing reversible inclusion was obtained from a vapour
phase treatment[22] of BAOT(s) with BU(v) at two temper-
atures: At 25 8C only part of the total amount of BAOT was
loaded after 30 min (overall BAOT/BU ratio of about 20:1),
whereas at 80 8C (1.2 bar BU) for 5 h, a ratio of 2:1 was much
closer to the composition obtained by crystallisation from BU
(1:1).[23]


Co-inclusion of dye molecules : Inclusion of guest compounds
capable of electronic functions into the channel matrix of
BAOT may provide interesting materials with respect to fields
mentioned in the introduction. Along this line, co-crystallisa-
tion of BAOT with BU and crocetin dialdehyde (9),
2-(2,6,11,15-tetramethyl-16-oxo-hexadeca-2,4,6,8,10,12,14-
heptaenylidene)malononitrile (10) or trans-b-APO'-8-carote-
nal (11) (Table 1) was carried out, resulting in homogeneously
coloured crystals showing a pronounced dichroism (Figure 2).
Based on a compositional analysis by optical spectroscopy, 9


and 11 are included to an approximate ratio of 14:1 and 80:1
(BU/dye), respectively. For the guest 10, no defined ratio was
observed. An interesting finding is that apart from the
inclusion compound with BU, coloured crystals were not
obtained with any other solvents, regardless of whether or not
they formed an inclusion compound with BAOT. This
particular type of co-inclusion seems to be a specific structural
property of the channel matrix of BAOT/BU crystals.


The crystal structures of BAOT/BU-9 and BAOT/BU-11
were determined by X-ray structure analysis. In both struc-


Figure 2. Pronounced dichroism of a) BAOT/BU-9 and b) BAOT/BU-10,
seen by polarised light. The needle axis of crystals represents the direction
of the channels. c) Pyroelectric measurement (SPEM) of BAOT/BU: x,y
scan of the surface of a needle-like crystal (x nearly parallel to the needle
axis). Thin black lines indicate the needle shape. Red colour: polarisation
vector in the �x (!) direction; blue colour: ÿx ( ), correspondingly. The
red and blue domain interpenetrate, owing to the growth of the crystal. The
intensity of the colour is a measure of the local net polarity. Because of a
rather weak signal, there is some noise around the sample, which on
average does not give rise to polarisation.


Table 1. Co-included rod-shaped dyes, their inclusion ratio and space
group of the corresponding BAOT/BU-dye lattice.


SHG of inclusion
compound


Space group deter-
mined by X-ray


Host/dye ratio mea-
sured by VIS


9 ± P21/n(centric) 14/1
10 � ± no defined ratio
11 � Pn (noncentric) 80/1
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tures the BAOT molecules form a centric packing. Never-
theless, in BAOT/BU-11 the BU molecules preferentially
undergo polar ordering (space group Pn) (Figure 3). Although


the channel-type architecture was confirmed in the case of
both co-inclusions, the guests 9 and 11 could not be located.
Information on i) the alignment of the long axis of 9 ± 11, and
ii) a preferred orientation of dipoles was obtained from the
observation of i) the dichroism (Figure 2) and ii) a second
harmonic generation (SHG) effect of both BAOT/BU-11 and
BAOT/BU-10. Note, that polar ordering of BU molecules
cannot give rise to the observed SHG response, because the
hyperpolarisability of BU is orders of magnitude lower than
for 10 or 11. The SHG can therefore be attributed to a polar
ordering of 10 or 11 in the channels of BAOT/BU.


At this point of the analysis it became evident that scanning
pyroelectric microscopy (SPEM) might be a useful technique
to elude more details of the structure of BAOT-BU crystals.
SPEM has been previously applied to the analysis of AlPO4-5
loaded with NLO guest molecules,[24] and to inclusion com-
pounds of perhydrotriphenylene.[25] This new technique
provides local information on the pyroelectric properties of
a material by scanning the surface with a laser heat source
focused to a probing spot size of about 10� 10 mm2. According
to this analysis (Figure 2c) BAOT/BU crystals represent a
polar host ± guest material: i) as grown crystals consist of
mainly two macro-domains, wherein the resultant polarisation
is of opposite orientation; ii) part of all BU guests show
uniform ordering of their dipoles giving rise to a macroscopic
polarisation, seen when measuring the pyroelectric effect. iii)
A further important result of the analysis of the pyroelectric
effect is that we established that the carbonyl groups of BU
preferentially are oriented towards the capping faces of
needle-shaped crystals.


From Figure 1 it follows that the BU guest molecules are
aligned in channels along the a axis located in two crystallo-
graphically different positions A and B. A Weissenberg X-ray
photograph of the zeroth layer perpendicular to the needle
axis revealed that its layer is spanned by the reciprocal axes b*
and c*. Thus, the a axis and therefore the channels are parallel
to the needle axis. The angles between the dipole moment of
the carbonyl group of molecules at sites A or B and the needle
axis are 48 and 198, respectively (Figure 4).


The polar ordering of BU in the channels of BAOT/BU can
be understood on the basis of a general principle of polarity
formation applied to crystal lattices containing dipolar


species.[26] If there is a non-
vanishing energy difference be-
tween the BU ± BU interaction
along each channel, that is if
there is a difference in the
energy of the -CH3 ´´´ H3C-
and R2C�O ´´´ O�CR2 interac-
tions, then polarity evolution
during crystal growth (not nec-
essarily during nucleation) into
two macro-domains becomes
possible (Markov process). Be-
cause the molecular recogni-
tion of R2C�O ´´´ O�CR2 is
destabilising in nature, theory
predicts that the oxygen atom
of the carbonyl group will be


Figure 4. Relative orientation of molecular dipoles R2C�O (!: dipole
direction) of two crystallographically different sites A and B occupied by
2-butanone guest molecules in BAOT/BU: V�48, V� 198. As a result of
the pyroelectric measurements, carbonyl groups are oriented towards the
growing interface.


oriented towards the crystal ± nutrient interface. This basic
feature was confirmed by SPEM.[25] However, the extent of
polarity may be small, and the polar ordering of BU within the
channels does not require a polar packing of host molecules.
In our case, the BAOT molecules pack in a centric manner.


When a second functional component (9, 10, 11) is present,
we can apply arguments put forward for BU: In the case of 10,
functional group interactions of terminal groups such as a
dicyano group may be stronger when interacting with BU,
than interactions of BU with itself. Although we can under-
stand polar ordering of 9 and 10, it remains open as to why
polar ordering of BU is found for BAOT/BU-11.


Conclusions


The synthesis of an oligoalkyne-based dumb-bell-shaped
molecule has produced a new type of channel-forming
host ± guest compound wherein solvent molecules could


Figure 3. Crystal structures of BAOT/BU-9 (left) showing the alignment of disordered 2-butanone molecules
under the influence of symmetrical guest 9 and BAOT/BU-11 (right) with BU molecules undergoing polar
ordering.
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partially be replaced by long-chain chromophores. The
packing behaviour of the adamantyl entity linked by tetraal-
kyne spacers seems to overcome the problem of interpene-
trating networks, a typical structural feature of many organic
supramolecular assemblies.[8]


An unusual bending of the -[-C�C-]4- chain may be
indicative of some stress contributing to the total energy of
the lattice. Although the host ± guest ratio is fixed, the crystal
structure analysis of, for example, BAOT/BU has encountered
considerable difficulties in localising the guest molecules,
owing to significant translational and particularly 1808
orientational disorder. This means, along the channel axis,
BU molecules show a distribution of their dipolar moment
with respect to a 1808 rotation. Similar phenomena have been
observed for other channel-type inclusion compounds.[27] The
present system is a new example of a host ± guest assembly, in
which guest molecules are required to adapt either an " or #
orientation of their dipoles when entering channels.[12] As
discovered recently, such supramolecular solids fulfill the
requirements for applying a general principle of polarity
formation,[26] showing that polarity can develop along
a crystal growth process. With regard to property-directed
supramolecular chemistry, we have here a new case of a
synthetic principle in which a physical property develops
while the compound is formed during crystallisation. Impor-
tantly, in this new approach, design of a property (here
polarity) does not rely on what property a seed crystal will
have: the property polarity can evolve as the crystal grows,
reaching a constant state after a certain number of attach-
ments.


The X-ray structure analysis of, for example, BAOT/BU
would leave us with a centric packing of BU. In view of an wR2


value of 0.2575 we cannot retrieve the real structure of such
crystals only from X-ray data. Complementary techniques are
necessary. In this respect, scanning pyroelectric microscopy
(SPEM) can provide space-resolved (mm scale) information
on the polarity of orientationally disordered lattices. Follow-
ing the analysis of the pyroelectric effect, we can conclude
that BAOT/BU crystals consist (ideally) of two adjacent
macro-domains (in real cases often overlapping[28]) showing
an opposite net polarisation. As reported in detail for
inclusion compounds of perhydrotriphenylene,[9] application
of a homogeneous Markov process is sufficient to explain
polarity formation during crystal growth, that is the attach-
ments of dipoles to sites where guest molecules have already
entered the channel structure. In the case of BU, a non-
vanishing energy difference between (R2C�O ´´´ O�CR2) and
(RÿCH3 ´´ ´ H3CÿR) is sufficient to give rise to a certain
evolution of polarity as crystals grow along their channel axis.
In this most simple model, no assumptions on co-operative
phenomena of ordering enter the description of the polarity
evolution. As a result, grown crystals are not in the global F
minimum, although differences are generally expected to be
small (jDF j�jFthermodynamicÿFgrowth j�� 1 kJ molÿ1).


Surprisingly, the co-inclusion of 11 led to an increased
degree of the polar ordering of BU (acentric space group Pn),
whereas 9 did not remove the centre of symmetry. In fact, we
have to be careful in trusting details of the X-ray structure
analysis, because of rather large wR2 values for both 9 and 11.


From a theoretical analysis of the molecular recognition of
X-p-X and X-p-Y or Y-p-Y (-X ´´ ´ X-: destabilising interac-
tion, -Y´´´ Y-, -X ´´ ´ Y-: weak stabilising interactions, respec-
tively) molecules confined to interact collinearly, we know
that X-p-X can enhance the polar ordering of X-p-Y when
added during the growth. In contrast, addition of Y-p-Y may
even cancel polarity when present in the nutrient.[12b] Up to
now, it is not clear to which family the aldehyde group in 9 ± 11
belongs. Clearly, the dicyano groups of 10 are X substituents,
however, the aldehyde in 9 ± 11 may belong to X or Y,
depending on the hydrogen-bonding when confined to
interact collinearly, as given by the channel geometry.
Following the analysis of a large number of solid-state
synthons in organic crystal structures, the collinear alde-
hyde ± aldehyde interaction is not a well reported motif.[5b]


However, in the Cambridge Structural Data Base a few
examples of aldehyde ± aldehyde motifs are present. In the
case where X is R2C�O, then BAOT/BU-9 crystals should
show an enhanced pyroelectric effect in comparison to
BAOT/BU.[12b] Further experiments along this lines are in
progress.


A second interesting property of this new type of channel-
forming host molecule (BAOT� 8) is its potential ability to
form an open framework structure that seems to show a
reversible release of BU.


Future synthetic work will concentrate on the modification
of moieties to be attached to the oligoalkyne spacer. By using
the bicyclo[2.2.2]octyl substituent, we aim to investigate the
role of the adamantyl entity in the channel formation.
Furthermore, bicyclo[2.2.2]octyl is C3 symmetric, which may
give rise to another packing of channels if appropriate
elongated guest molecules are used. Finally, we will attempt
to include chromophores showing pronounced electronic and
optical properties into a channel frame mediating some lateral
p ´ ´ ´ p interactions between guests and host molecules. This is
interesting with respect to photoconductivity and the possi-
bility of investigating optical storage properties by photo-
refraction.[29]


Experimental Section


General methods : Melting points were determined on a Büchi 510 and
were not corrected. NMR spectra were recorded on a Bruker Avance DPX
400 spectrometer with Me4Si or CHCl3 (in CDCl3) as internal standard at
25 8C with 400 MHz for 1H NMR and 100 MHz for 13C NMR. Mass spectra
were recorded on a Varian MAT 2/2 mass spectrometer under electrospray
conditions.


All reactions were monitored by thin-layer chromatography (TLC) carried
out on Merck silica gel 60 F254 coated plates with UV light, iodine,
concentrated sulfuric acid and heat as developing agents. Merck
silica gel (60, particle size 0.063 ± 0.1 mm) and sephadex LH-20 were used
for column chromatography. Dry tetrahydrofuran, diethyl ether, and
pentane were distilled from sodium/benzophenone, dichloromethane
and toluene from calcium chloride, pyridine from calcium oxide, methanol
from magnesium and 2-butanone (BU) from potassium permanganate.
Bromine was dried with concentrated sulfuric acid immediately prior
to use.


Diethylamine, dimethyl sulfoxide and N,N-dimethylformamide were used
p.a. (Merck). Bis(trimethylsilyl)acetylene (2a) and trans-b-APO'-8-carote-
nal (11) were obtained from Aldrich. We thank Prof. H. P. Pfander for a few
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grams of crocetindialdehyde (9). The other reagents were purchased from
Fluka, Lancaster and Merck. All reactions were carried out under an argon
atmosphere. Yields refer to chromatographically and spectroscopically
(1H NMR) homogenous materials.


2-(Trimethylsilyl)ethynyl bromide (2): A solution of methyllithium/lithium
bromide in diethyl ether (1.5m, 100 mL, 0.15 mol) at 0 8C was added
dropwise to a solution of 2 a (23.8 g, 0.14 mol) in tetrahydrofuran (200 mL).
Stirring was continued at 0 8C for 30 min and then at room temperature for
30 min. After cooling the mixture to ÿ70 8C, pyridine (22.8 mL, 0.28 mol)
and bromine (8 mL, 0.15 mol), dissolved in dichloromethane (20 mL), were
added. The mixture was stirred for 30 min, allowed to warm to room
temperature and poured into ice-cold hydrochloric acid (6m, 50 mL) and
extracted with ice-cold n-pentane (3� 50 mL). The organic layer was
separated and washed with ice-cold 6m HCl (3� 25 mL), followed by
aqueous solutions of 20 % CdCl2, saturated NaCl, saturated Na2SO4,
saturated NaHCO3 and saturated NaCl, in this sequence, dried over MgSO4


and filtered. Evaporation of the solvent and vacuum distillation yielded a
pale brown, clear liquid (19.1 g, b.p. 55 ± 70 8C (140 mbar). This fraction
containing a mixture of 2 and the starting material (75:25) was used without
further purification. MS (EI, 70 eV): m/z (%): 176 (3), 163 (100), 133 (10),
109 (9), 97 (13).


1-(4-Trimethylsilyl-1,3-butadiynyl)adamantane (3): To a solution of 1[14]


(1.6 g, 10 mmol) in THF (20 mL) was added dropwise a solution of
butyllithium (1.8m, 5.5 mL, 10 mmol) at ÿ70 8C. Then copper(i) bromide
(1.4 g, 10 mmol ) was added at 0 8C and the mixture was stirred for 30 min at
25 8C. The solvent was removed in vacuo at ambient temperature to give a
yellow solid, which was taken up in pyridine (20 mL). After 2 (1.8 g,
10 mmol) was added, the mixture was stirred at 50 8C for 1 h. The resulting
brown solution was poured into ice-cold HCl (6m, 50 mL) and extracted
with n-hexane (3� 30 mL). The combined organic layers were washed with
HCl (6m, 2� 25 mL) and saturated aqueous solutions of NaHCO3 and
NaCl, dried over Na2SO4, and filtered. Evaporation of the solvent in vacuo
and purification of the solid residue by column chromatography (silica gel,
n-hexane) yielded 3 as a colorless solid: 1 g (4 mmol, 42%); m.p. 125 ±
135 8C; 1H NMR: d� 0.2 (br., 9H; SiCH3), 1.7 (br., 6H; CHCH2C), 1.9 (br.,
6H; CHCH2CH), 2.0 (br., 3 H; CH2CHCH2); 13C NMR: d�ÿ0.3, 27.6,
30.1, 36.1, 42.1, 66.6, 84.3, 88.4; MS (EI, 70 eV): m/z (%): 256 (15), 241
(100).


1-(1,3-Butadiynyl)adamantane (4): A mixture of 3 (3.6 g, 14 mmol) and
potassium fluoride dihydrate (1.7 g, 18 mmol) in N,N-dimethylformamide
(50 mL) was stirred for 1 h at 25 8C. The suspension was poured into HCl
(3m, 50 mL) and extracted with n-hexane (3� 50 mL). The combined
organic solutions were washed with HCl (3m, 2� 15 mL) and saturated
aqueous solutions of NaHCO3 and NaCl, dried over Na2SO4 and
filtered. Evaporation of the solvent (heating was avoided) and purification
of the residual brown oil with column chromatography (silica gel,
n-hexane) yielded 4 as white solid: 2.4 g (13 mmol, 93 %); 1H NMR: d�
1.6 (br., 6 H; CHCH2C), 1.9 (br., 6 H; CHCH2CH), 2.0 (br, 3 H;
CH2CHCH2); 13C NMR: d� 27.9, 29.9, 36.2, 42.0, 65.7, 66.6, 68.5; MS (EI,
70 eV): m/z (%): 184 (100), 169 (11), 155 (25), 141 (60), 128 (56), 115 (45),
91 (35), 79 (43).


2-(1-Adamantyl)ethynyl bromide (5): A solution of butyllithium (1.8 M,
5.5 mL, 10 mmol) at ÿ75 8C was added dropwise to a solution of 1[14] (1.6 g,
10 mol) in diethyl ether (50 mL). The mixture was stirred for 1 h and then
allowed to warm to ÿ50 8C. Bromine (1.9 g, 12 mmol), dissolved in diethyl
ether (5 mL), was added and the solution was allowed to warm to room
temperature. After water was added (50 mL), the layers were separated
and the aqueous layer was extracted with diethyl ether (3� 50 mL). The
combined organic solutions were dried over Na2SO4 and filtered. Evapo-
ration of the solvent yielded 5 as a brownish solid. No further purification
was done: 2.2 g (9 mmol, 92%); MS (EI, 70 eV): m/z (%): 241 (3), 238 (23),
159 (100), 131 (14), 117 (23).


1,4-Bis(1-adamantyl)-1,3-butayne (6): A solution of 1[14] (1.0 g, 6.4 mmol)
and copper(ii) acetate (1.8 g, 10 mmol) in methanol/pyridine (50 mL, 1:1)
was refluxed for 6 h. The mixture was cooled to 0 8C and poured carefully
into concentrated HCl (100 mL). n-Hexane (50 mL) was added to the
resulting suspension, the layers were separated, and the aqueous solution
was extracted with n-hexane (4� 50 mL). The combined organic layers
were washed with water, 1m HCl, and water, dried over Na2SO4, and
filtered. The solvent was removed in vacuo to yield a brownish solid


residue, which was purified by column chromatography on silica gel
(n-hexane). Recrystallisation from 2-butanone gave colourless crystals:
0.3 g (1 mmol, 31%); m.p. 338 ± 340 8C; 1H NMR: d� 1.6 (br., 12H;
CHCH2C), 1.8 (br., 12H; CHCH2CH), 1.9 (br., 6 H; CH2CHCH2);
13C NMR: d� 27.8, 30.1, 36.2, 42.4, 64.1, 86.0, MS (EI,70 eV): m/z (%):
318 (100), 275 (36), 261 (30), 135 (34); C24H30 (318.5): calcd C 90.57, H 9.43;
found C 90.45, H 9.32.


1,6-Bis(1-adamantyl)-1,3,5-hexatriyne (7): To a solution of 4 (1.5 g, 8 mmol)
in methanol (50 mL) was added copper(i) bromide (0.2 g) and hydroxyl-
amine hydrochloride (0.5 g) both dissolved in 50 % aqueous ethylamine
(16 mL) at room temperature. The mixture was refluxed for 30 min, then
cooled to 35 8C and 5 (2 g, 8 mmol), dissolved in methanol (20 mL), was
added. Further stirring of the mixture for 5 h yielded a suspension, which
was poured into water (50 mL) and extracted with diethyl ether (3�
50 mL). The combined organic layers were dried over Na2SO4 and filtered.
Evaporation of the solvent yielded a brownish solid mixture of products (7
contaminated with 6 and 8). Purification by column chromatography on
silica gel (n-hexane), followed by chromatography on sephadex (dichloro-
methane) and recrystallisation from 2-butanone gave 7 as pale yellow
crystals: 1.4 g (4 mmol, 49 %); m.p. 237 ± 241 8C, 1H NMR: d� 1.7 (br.,
12H; CHCH2C), 1.9 (br., 12 H; CHCH2CH), 2.0 (br., 6H; CH2CHCH2);
13C NMR: d� 27.7, 30.2, 36.1, 42.1, 61.6, 64.7, 86.6; MS (EI, 70 eV): m/z (%):
342 (100), 318 (11), 299 (7); C26H30 (342.5): calcd C 91.18, H 8.82, found C
90.82, H 8.84.


1,8-Bis(1-adamantyl)-1,3,5,7-octatetrayne (8): The same procedure as for 6
was applied but 4 was used instead of 1. Purification by column
chromatography on silica gel (n-hexane) and on sephadex (dichloro-
methane) followed by re-crystallisation from 2-butanone gave pale yellow,
transparent crystals: 1.1 g (3 mmol, 91%); m.p. 217 ± 219 8C; 1H NMR: d�
1.7 (br., 12H; CHCH2C), 1.9 (br., 12H; CHCH2CH), 2.0 (br., 6H;
CH2CHCH2), 13C NMR: d� 28.0, 30.7, 36.5, 42.3, 62.0, 62.3, 65.2, 87.6; MS
(EI, 70 eV): m/z (%): 366 (100), 323 (2), 318 (6); C28H30(366.5): calcd C
91.75, H 8.25, found C 91.25 , H 8.29.


2-(2,6,11,15-tetramethyl-16-oxo-hexadeca-2,4,6,8,10,12,14-heptaenylidene)-
malononitrile (10): A solution of crocetin dialdehyde (9) (1.75 mmol,
0.52 g), malononitrile (1.4 mmol, 90 mg), b-alanine (0.2 mmol, 15 mg), and
acetic acid (0.02 mL) in toluene (30 mL) was refluxed for 3 h.[30] Molecular
sieves (Riedel-deHaen, 0.4 nm, pearl-shaped, grain-size ca. 2 mm) were
present in the flask to remove the reaction water. After the mixture had
been cooled to room temperature, it was washed with saturated aqueous
NaCl solution (4� 25 mL). The organic layer was dried over CaCl2 and
filtered. Evaporation of the solvent and purification by chromatography on
silica gel (n-hexane/dichloromethane, 1:3) yielded 10 as a deep red solid:
0.27 g (0.8 mmol, 45%), m.p. 229 ± 234 8C; MS (EI, 70 eV): m/z (%): 344
(100), 147 (16), 119 (13).


Crystallisation : BAOT (8) (10 mg) and guest compounds 9 ± 11 (2 mg) were
dissolved in 2-butanone (BU) (2 mL) using ultrasound and if necessary
under heating. The solutions were combined on a crystallisation dish and
the solvent was evaporated under argon flow at isothermal conditions (T�
22.5 8C).[31] Crystals of BAOT/BU (9 ± 11) form as red (9, 11) and dark red
(10) needles. They show a dichroism, appearing yellowish (9, 11) or
colourless (10) when illuminated with light-polarised perpendicular to the
needle axis.


X-ray crystallography : Single crystals of the inclusion compounds BAOT/
BU, BAOT/BU-9, and BAOT/BU-11 were obtained from controlled and
isothermal evaporation from 2-butanone.[31] Crystal data were collected
with a CAD-4 diffractometer (Enraf-Nonius) equipped with a graphite
monochromator. The intensity of three control reflections measure after
every 250 reflections did not change significantly over X-ray exposure for
90 h. Unit cell dimensions and standard deviations were obtained by a
least-squares fit to 25 reflections. The data were collected for Lorentz and
polarisation effects. The structure was solved by direct methods with
SHELX-86. All carbon and oxygen atoms were refined anisotropically by
the full-matrix least-squares method. Hydrogen atoms were included in the
ideal positions with a fixed isotropic U value of 0.08 �2. All calculations
were performed on a Silicon Graphics Iris Indigo 6R2 XS workstation using
programs HELENA (data reduction), SHELXL-93 (refinement) and
PLATON (plotting). BAOT/BU: crystal size: 0.40� 0.40� 0.40 mm3;
crystal system: monoclinic; space group: P21/n; unit cell dimensions: a�
11.431(12), b� 12.308(6), c� 18.291(14) �, b� 101.11(8)8 ; T� 178(2) K;
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l� 0.71073 �; V� 2525.2(35) �3; Z� 4; F(000)� 952; 1calcd� 1.154 g cmÿ3 ;
absorption coefficient: 0.067 mmÿ1; V range for data collection: 1.95 to
29.958 ; scan type: w - 2V; index ranges: 0� h� 16, 0� k� 17, ÿ25� l� 25;
reflections collected: 7311; independent reflections: 3282 (Rint� 0.0364);
refinement method: full-matrix least-squares on F 2 : 1.059; R indices [I>
2s(I)]: R1� 0.1046, wR2� 0.2575; goodness of fit: 1.281. Weighting
scheme: w� 1/[s2(F 2


o �� (0.1016P)2� 3.8870 P], where P� (F 2
o � 2F 2


c �/3.
Largest difference: peak and hole: 0.34 and ÿ0.26 eAÿ3.


BAOT/BU-9 : crystal size: 0.20� 0.20� 0.15 mm3; crystal system: mono-
clinic; space group: P21/n ; unit cell dimensions: a� 11.454(1), b�
12.327(1), c� 18.310(2) �, b� 100.73(1)8 ; T� 178(2) K; l� 1.54178 �;
V� 2540.1(4) �3; Z� 4; F(000)� 944; 1calcd� 1.142 g cmÿ3 ; absorption
coefficient: 0.505 mmÿ1; V range for data collection: 4.23 to 74.718 ; scan
type: w - 2V; index ranges: 0�h� 14, 0� k� 15, ÿ22� l� 22; reflections
collected: 5214; independent reflections: 3858 (Rint� 0.0125); refinement
method: full-matrix least-squares on F 2: 1.149; R indices [I> 2s(I)]: R1�
0.0819, wR2� 0.2235; goodness of fit: 1.149. Weighting scheme: w� 1/
[s2(F 2


o�� (0.1106 P)2� 2.5499 P], where P� (F 2
o � 2F 2


c �/3. Largest differ-
ence: peak and hole: 0.67 and ÿ0.34 eAÿ3.


BAOT/BU-11: crystal size: 0.20� 0.20� 0.15 mm3; crystal system: mono-
clinic; space group: Pn ; unit cell dimensions: a� 1.471(9), b� 12.366(6),
c� 18.300(16) �, b� 100.87(6)8 ; T� 178(2) K; l� 1.54178 �; V�
2543.1(32) �3; Z� 4; F(000)� 952; 1calcd� 1.146 g cmÿ3; absorption coef-
ficient: 0.504 mmÿ1; V range for data collection: 3.58 to 75.118 ; scan type: w


- 2V; index ranges: ÿ14� h� 10, ÿ9� k� 15, ÿ22� l� 22; reflections
collected: 5495; independent reflections: 3607 (Rint� 0.0163); refinement
method: full-matrix least-squares on F 2: 1.289; R indices [I> 2s(I)]: R1�
0.1123, wR2� 0.3346; goodness of fit: 1.289. Weighting scheme: w� 1/
[s2(F 2


o�� (0.2218 P)2� 2.6620 P], where P� (F 2
o � 2F 2


c �/3. Largest differ-
ence: peak and hole: 0.67 and ÿ0.39 eAÿ3.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC 111488 and
no. CCDC 112042. The crystal structures of BAOT/BU and BAOT/BU-9
are identical. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 IEZ (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Second harmonic generation (SHG) and pyroelectric measurements :
Qualitative SHG measurements were performed with a Q-switched
Nd:YAG Laser operating at 1064 nm. Fine-grain powder samples or some
small single crystals of BAOT/BU-10 and BAOT/BU-11 showed intense
emission of green light when compared to, for example, urea. The effect
cannot be due to pure BAOT/BU, 10 and 11, which showed no SHG
activity.


The existence of a permanent polarisation in BAOT/BU crystals has been
confirmed by spatially resolved measurements of the pyroelectric effect
(SPEM). Needle-shaped crystals of BAOT/BU (length typically 2 ± 3 mm)
were coated with a thin black ink for heat absorption, and scanned with a
focussed beam of a laser diode (l� 639 nm, power <5 mW). The beam
diameter of �10 mm and the low modulation frequency of the laser
intensity (f� 1 Hz) enabled probing the pyroelectric activity within at a
lateral resolution of about 10� 10 mm2. Changes of the polarity of the
pyroelectric current are indicative of an inversion of the polarisation and
thus for the preferred direction of the included molecular dipoles. From the
current sign and the assumption that the pyroelectric coefficient is negative
we can derive that the carbonyl groups are oriented towards the capping
faces of crystals.


UV measurement : As grown, inclusion crystals were washed with ethanol/
BU (1/1). The dried material was weighed and dissolved in BU (20 mL).
Measurements were carried out in quartz cells with 1 cm path lengths. A
SPECORD M500 spectrophotometer (Zeiss, Germany) was used to collect
background spectra of the solvent, the pure BAOT and of the solutions.


Thermogravimetric (TG) and differential scanning calorimetry (DSC)
measurement : The thermal decomposition of the different inclusion
compounds of BAOT was studied by means of a TG-DSC Mettler system
(50, 25) using open aluminium crucibles, sample weights of about 8 mg, a
linear heating rate of 5 K minÿ1 and nitrogen as purge gas for all
measurements.
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A Comparative Repair Study of Thymine- and Uracil-Photodimers with
Model Compounds and a Photolyase Repair Enzyme
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Volker Gramlich,[d] and Thomas Carell*[a]


Abstract: Cyclobutane uridine and thy-
midine dimers with cis-syn-structure are
DNA lesions, which are efficiently re-
paired in many species by DNA photo-
lyases. The essential step of the repair
reaction is a light driven electron trans-
fer from a reduced FAD cofactor
(FADHÿ) to the dimer lesion, which
splits spontaneously into the monomers.
Repair studies with UV-light damaged
DNA revealed significant rate differ-
ences for the various dimer lesions. In
particular the effect of the almost
eclipsed positioned methyl groups at
the thymidine cyclobutane dimer moiety
on the splitting rates is unknown. In


order to investigate the cleavage vulner-
ability of thymine and uracil cyclobu-
tane photodimers outside the protein
environment, two model compounds,
containing a thymine or a uracil dimer
and a covalently connected flavin, were
prepared and comparatively investigat-
ed. Cleavage investigations under inter-
nal competition conditions revealed, in
contrast to all previous findings, faster
repair of the sterically less encumbered


uracil dimer. Stereoelectronic effects are
offered as a possible explanation. Ab
initio calculations and X-ray crystal
structure data reveal a different cyclo-
butane ring pucker of the uracil dimer,
which leads to a better overlap of the p*-
C(4)ÿO(4)-orbital with the s*-
C(5)ÿC(5')-orbital. Enzymatic studies
with a DNA photolyase (A. nidulans)
and oligonucleotides, which contain ei-
ther a uridine or a thymidine dimer
analogue, showed comparable repair
efficiencies for both dimer lesions. Un-
der internal competition conditions sig-
nificantly faster repair of uridine dimers
is observed.


Keywords: DNA photolyases ´
DNA repair ´ DNA structures ´
oligonucleotides ´ UV photolesions


Introduction


UV irradiation of cells causes the formation of cis-syn-
cyclobutane pyrimidine dimers through a [2p�2p] cyclo-
addition of two pyrimidines, located next to each other in the
DNA double strand.[1±3] The main lesions are thymidine and
cytidine dimers. Cytidine-containing dimers undergo a rapid
deamination with a half-life time of approximately 6 h to yield
the corresponding uridine-containing photoproducts.[4] The
uridine and thymidine photoproducts are pre-mutagenic


DNA lesions, which may cause cell death and the degener-
ation of cells into tumor cells.[4±6] DNA photolyases are flavin-
dependent DNA-repair enzymes, which revert cyclobutane
dimers in the genome of many organisms. The basis of the
repair reaction is a light driven electron transfer from the
FADHÿ cofactor to the dimer, which cleaves spontaneously as
its radical anion.[7, 8] The depletion of the ozone layer[9] and the
current threat of increasing skin cancer risks[10] as a result of
rising UV-irradiation levels is fueling the interest in the
mechanism of the light induced enzymatic repair reaction. In
this context, all parameters that 1) determine the efficient
molecular recognition of DNA lesions and 2) affect the
cleavage rates of the various photolesions, are of particular
interest. Both factors determine the repair rate and conse-
quently the chance of survival of organisms living exposed to
sunlight. We[11] and others[12] recently showed that cis-syn-
configured photolesions are much more vulnerable towards
electron transfer induced cleavage compared with trans-syn-
or trans-anti-photodimers. Investigations of Sancar and co-
workers revealed faster enzymatic repair of thymidine dimers
compared with uridine dimers. It was suggested that the two
almost eclipsed positioned methyl groups at the thymidine
cyclobutane ring destabilize the dimer leading to an increased
cleavage vulnerability.[13, 14] Recent quantum chemical studies
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of cyclobutane uracil and thy-
mine dimers support the desta-
bilizing effect of the two methyl
groups, but question significant
changes of the dimer reactivi-
ty.[15, 16] Ultrafast spectroscopic
studies by Michel-Beyerle and
calculations by Rösch and co-
workers led to the conclusion
that the different repair rates
might be caused by a different
binding geometry of uridine
and thymidine photodimers
within the enzyme active site.
Different binding geometries
could determine the repair rate
by influencing the electron transfer processes between the
FADHÿ cofactor and the corresponding lesion.[17, 18]


In order to investigate the molecular reasons for the
different repair efficiencies in detail, we studied the cleavage
rates of uracil and thymine dimers inside and outside the
photolyase active site. To this end, the two model compounds
1 and 2 (Scheme 1) were prepared and investigated. In
particular, their ability to cleave, in the reduced form, upon
exposure to light into 3 ± 6 was measured. The obtained
cleavage data were compared with competitive and non-
competitive enzymatic repair data obtained with the


A. nidulans photolyase[19] and uridine and thymidine dimer-
containing oligonucleotides.[20, 21] This allowed the determi-
nation of the repair rate for both photolesions and enabled to
gain initial insight into the molecular recognition of both
DNA lesions.


Results and Discussion


Synthesis of the model compounds 1 and 2 : The preparation
of the cis-syn-uracil model compound 1 was performed as
described recently[11] from the cis-syn-uracil dimer diacid
7,[22±24] flavin 8 and pentylamine 9 (see Scheme 4). For the
synthesis of the cis-syn-thymine model compound 2, N(1)-
carboxymethyl-thymine (10) was esterified with benzyl alco-
hol, as depicted in Scheme 2, to give the thymine benzyl ester
11. The ester 11 was irradiated in acetone in a standard Pyrex-
photochemical apparatus with a medium pressure mercury
lamp (l> 300 nm) as the light source. During the irradiation a
mixture of all four possible isomers 12 ± 15 was formed. These
were separated by using a combination of selective precip-
itation, chromatography, and recrystallization as described in
the experimental part. Starting material 11 (12 g) yielded the
desired cis-syn-compound 12 (on average 300 mg) and the
trans-syn-dimer 13 (approx. 4.5 g).


The X-ray crystal structure analysis (Figure 1) of all four
thymine photodimers 12 ± 15 allowed the correct structural
assignment. Subsequent hydrogenolytic cleavage of the
benzyl esters in both compounds 12 and 13 gave the cis-syn-
and trans-syn-thymine dimer dicarboxylic acids 16 and 17,
required for this study, in excellent yields.


The flavin ethylamine building block 8 was prepared as
depicted in Scheme 3. ipso-Substitution with dinitrodimethyl-
benzene 18[25] and mono-Boc-protected ethylene diamine 19
furnished the nitroaniline 20 after chromatography and
recrystallization from ethanol in 67 %.[26, 27] Compound 19
was prepared in one step from ethylene diamine and Boc2O.[28]


Hydrogenolytic reduction of 20 to 21 and condensation of 21
with alloxan and boric acid in acetic acid, following a general
flavin synthesis protocol of Kuhn and co-workers,[29, 30]


furnished the flavin compound 22 (80%). Alkylation at
N(3) in 22 with ethyl iodide and Cs2CO3 in dimethylforma-
mide (DMF) gave the flavin derivative 23 after chromatog-


Abstract in German: Cyclobutan Uridine- und Thymidindi-
mere mit cis-syn-Struktur sind DNA-Schäden, die in vielen
Spezies durch DNA-Photolyasen effizient repariert werden.
Der entscheidende Schritt der Reparaturreaktion ist ein licht-
getriebener Elektronentransfer von einem reduzierten FAD-
Cofaktor (FADHÿ) auf das Dimer, welches als Radikalanion
spontan monomerisiert. Reparaturstudien mit UV-geschädigter
DNA ergaben signifikante Unterschiede in den Reparaturraten
der verschiedenen Cyclobutan-Dimeren. Unbekannt ist vor
allem der Effekt, der zwei beinahe ekliptisch angeordneten
Methylgruppen des Thymidin Dimers auf die Reparaturrate.
Um die Spaltungseffizienz von Cyclobutan Uracil- und
Thymindimeren zu untersuchen, wurden zwei Modellverbin-
dungen dargestellt. Eine vergleichende Spaltungs- (Reparatur)
Studie unter internen Konkurrenzbedingungen ergab, im
Gegensatz zu allen bisherigen Messungen, eine wesentlich
schnellere Reparatur des sterisch weniger belasteten Uracildi-
mers. Als Erklärung schlagen wir stereoelektronische Gründe
vor. So zeigen ab initio Berechnungen und Röntgenkristall-
strukturdaten eine etwas andere Verzerrung des Uracil-Cyclo-
butanrings. Dies führt zu einer besseren Überlappung des p*-
C(4)ÿO(4) Orbitals mit dem s*-C(5)ÿC(5') Orbital. Enzyma-
tische Untersuchungen mit einer DNA-Photolyase (A. nidu-
lans) und mit Oligonukleotiden, die entweder ein Uridin- oder
ein Thymidindimeranalogon enthalten, zeigen vergleichbare
Reparaturraten für beide Dimere in der aktiven Tasche. Unter
internen Konkurrenzbedingungen wird im Gegensatz hierzu,
eine signifikant schnellere Reparatur der Uridindimeren beob-
achtet.
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Scheme 1. Light induced cleavage reaction of the two cyclobutane uracil and thymine dimer model compounds 1
and 2 into the reaction products 3 ± 6.
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raphy in 71 % yield. Cleavage of the tert-butyloxycarbonyl
(Boc)-protecting group furnished the flavin ethylamine 8
(97 %) in an overall yield of 38 %.


The preparation of the model compounds 1, 2, and 24
(Scheme 4) required activation of the carboxylic acids of 7, 16,
and 17 with benzotriazol-1-yl-oxy-tris-(dimethylamino)-phos-
phonium hexafluorophosphate (BOP)[31] in DMF. After
addition of one equivalent of the flavin ethylamine 8 and
diisopropylethylamine (DIEA), a large excess of pentylamine
9 was added to each reaction mixture. The model compounds
1, 2, and 24 (prepared for comparison reasons) were obtained
after chromatography on silica gel-H in approximately 30 %
yield as yellow powders.


Cleavage studies with the uracil dimer- and thymine dimer-
containing model compounds 1 and 2 : Analysis of the


cleavage rates (Scheme 1) of
the uracil and the thymine pho-
todimer-containing model com-
pounds 1 and 2 was performed
under strictly identical condi-
tions. To this end 1 and 2 were
dissolved in various solvents
(10ÿ5m or 10ÿ6m). A one to
one mixture was prepared and
filled into a quartz cuvette stop-
pered with a rubber septum and
equipped with a magnetic stir-
rer. A small amount of triethyl-


amine (25 mL) was added to ensure deprotonation of the
reduced flavin cofactor. The solution was purged with nitro-
gen for 20 min in order to establish anaerobic conditions. To
reduce the flavin chromophore, 20 mL of an aqueous sodium
dithionite solution (0.05m) was added. The assay solution was
stirred and irradiated with monochromatic light (l� 366 nm).
During the irradiation experiment, five to ten 50 mL samples
were removed from the assay solution with a micro syringe
after defined time intervals. The samples were filled into small
vials and subsequently vigorously shaken to reoxidize the
flavin cofactor. This helps to stop the cleavage reaction, while
the sample is analyzed. All samples were analyzed by
reversed-phase HPLC in order to quantify the amount of
the model compounds 1 and 2 and of the expected photosplit
products 3 and 4.[11] A representative set of HPLC chromato-
grams showing the simultaneous cleavage of both model
compounds 1 and 2 into 3 and 4 is depicted in Figure 2.
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Scheme 2. Synthesis of the cyclobutane thymine dimer building blocks 16 and 17 starting from 10 required for the preparation of the model compounds 2 and
24. i) BnOH, carbonyldiimidazole (CDI), DMF, RT; ii) hnÄ > 300 nm, acetone, RT; iii) 10% Pd/C catalyst, H2, HOAc, RT.


Figure 1. X-ray crystal structures of all four thymine photodimers 12 ± 15. ORTEP plots of the molecular structures. Arbitrary numbering. Displacement
ellipsoids are shown at the 50% probability level.
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Figure 2. Series of reversed-phase HPLC chromatograms obtained during
the light induced conversion of the model compounds 1 and 2 into the
cleaved products 3 and 4 (ethylene glycol). The chromatograms show 1 and
2 eluting at approximately 18 min and 21 min, respectively. The cleavage
products 3 and 4 elute at approximately 6 min and 8 min, respectively.
Conditions: Lichrosphere column (250� 4) 100/5. Gradient: water/meth-
anol from 70:30 to 10:90 over 30 min. Detection at 450 nm.


Evidently, the two model compounds 1 and 2, with
retention times of 18 min (1) and 21 min (2), react cleanly to
the photosplit products 3 and 4 with retention times of 6 min
and 8 min, respectively. The quantitative cleavage rate of both
model compounds was obtained from plots of the yields of 3
and 4 against the irradiation time. One representative
diagram is shown in Figure 3. The plot shows, in contrast to
the current belief, a significantly faster cleavage of the
sterically less strained uracil dimer model compound 1. The
cyclobutane uracil dimer was found to cleave by a factor of


2 ± 3 times more rapidly compared
with the corresponding thymine
dimer. In order to determine the
quantum yields for the reactions,
the number of photons emitted by
the light source into the sample
was determined by ferrioxalate
actinometry.[32, 33] Together with
the absorption of the samples,
which were determined by UV/
Vis-spectroscopy (eflavin,red,366nm�
4900 L molÿ1 cmÿ1), this value al-
lowed the calculation of the quan-
tum yield F (F� number of react-
ed molecules per number of absor-
bed photons). For the uracil dimer
a quantum yield of approximately
4.5 % was determined in ethylene
glycol as the solvent. The thymine
dimer cleaved significantly slower
with a quantum yield of about
2.1 % (Figure 4).


Figure 3. Time-dependent formation of the cleaved photoproducts 3 and 4
during the irradiation of a mixture containing 1 and 2. Irradiation was
performed at 366 nm in ethylene glycol at 25 8C. &: 3, *: 4.


Figure 4. Bar diagrams showing the quantum yields (F) for the cleavage
process of 1 and 2 reacting to 3 and 4 in various solvents. DMF� dime-
thylformamide, Etgly� ethylene glycol, EtOH� ethanol, EtOAc� ethyl
acetate. Irradiation was performed at l� 366 nm at 25 8C. Dark grey bars:
uracil model compound 1. Light grey bars: thymine model compound 2.
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Scheme 4. Synthesis of the flavin-containing photolyase model compounds 1, 2 and 24. i) BOP, TEA, DMF,
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In order to exclude that the surprising cleavage rate
difference is influenced by the chosen medium, all measure-
ments were repeated in a variety of solvents including water,
ethanol, and ethyl acetate (plus 25 mL triethylamine each).[34]


Since the sodium dithionite solution is not miscible with most
of these solvents, we reduced the flavin unit by catalytic
hydrogenation. To achieve complete reduction, a small
amount of Pd/BaSO4 was added into the cuvette as the
hydrogenation catalyst. The cuvettes were again purged with
nitrogen. Then a stream of hydrogen was passed through the
solution. Complete reduction and deprotonation of the flavin
cofactor was monitored by UV spectroscopy.[11] The assay
solutions were subsequently irradiated at 366 nm and ana-
lyzed as described above. The obtained cleavage quantum
yields are compiled in Figure 4. We observe moderately
reduced cleavage efficiencies in nonpolar solvents, in agree-
ment with earlier data.[11] The fastest cleavage is detected in
pure water at pH> 7. No cleavage takes place at pH 3 in
agreement with the absolute necessity to deprotonate the
reduced flavin chromophore (pKa 6.3).[11, 35] Most important,
however, is the observation that the uracil dimer-containing
model compound 1 cleaves in all investigated solvents by a
factor of approximately 2 more efficient. The data obtained in
these experiments clearly disprove the current opinion that
the two ªeclipsedº positioned methyl groups at the thymine
dimer cyclobutane ring enforce faster cleavage. In contrast,
the sterically less encumbered uracil dimer possesses the
higher reductive cleavage vulnerability.


For comparison we also investigated the cleavage rate of
the trans-syn-thymine dimer model compound 24. The result
of this study is depicted in Figure 5. Clearly evident is the
reduced cleavage rate of the trans-syn-dimer (factor of 2)
compared with the cis-syn-configured thymine dimer in model
compound 2. This result is in excellent agreement with data
from earlier studies, which showed that trans-syn-configured
dimers are more stable towards reductive ring opening.[11] This
result underlines that the cleavage rate is strongly influenced
by the substitution pattern and the configuration of the dimer
unit.


Enzymatic studies : In order to determine the enzymatic
cleavage rates of uridine and thymidine DNA photolesions,
we prepared a series of lesion-containing oligonucleotides and
investigated their repair efficiencies (Scheme 5). The oligo-
nucleotides 25 ± 28, containing uridine or thymidine photo-
lesion analogues in different base sequence contexts, which
are expected to be repaired resulting in 29 ± 32, were prepared
by using DNA-lesion phosphoramidite building blocks
and solid-phase oligonucleotide
synthesis. As the lesion ana-
logues we used the recently
described formacetal-linked ur-
idine and thymidine dimers,
which are readily available in
larger quantities. Both are
excellent photolyase sub-
strates.[20, 21] The molecular
structures of the building blocks


Figure 5. Time-dependent formation of the cleaved photoproduct 4 during
the irradiation of 2 and 24. Irradiation was performed at l� 366 nm in
ethylene glycol at 25 8C. &: 4 formed upon irradiation of 2. *: 4 formed
upon irradiation of 24.


33 and 34 and the single crystal structure of the thymidine
dimer analogue 34 is depicted in Figure 6. In order to
investigate the enzymatic repair reaction, the synthesized
oligonucleotides were dissolved in 500 mL of a photoreacti-
vation buffer (see Experimental Section). The solutions were
filled into a quartz cuvette equipped with a magnetic stirrer.
After addition of 50 mL of an enzyme stock solution, the
cuvette contained 5� 10ÿ6m, 10ÿ6m, or 10ÿ7m DNA, and 2.5�
10ÿ8m or 5� 10ÿ8m enzyme. The corresponding solution was
stirred and irradiated with monochromatic light at 435 nm.
20 mL samples were removed from the assay solution after
defined time intervals. Each sample was diluted with 10 mL of
0.1m acetic acid, to ensure that the cleavage reaction remains
stopped during sample analysis. The samples were subse-
quently vigorously stirred and subjected to reversed-phase or
ion-exchange HPLC analysis (nucleosil column 120/3 or
nucleogel SAX). This allowed us to quantify the amount of
damage-containing oligonucleotide and of enzymatically
repaired product.


25: 5'-d(CGACGT=TGCAGC)-3'


26: 5'-d(CGACGU=UGCAGC)-3'


27: 5'-d(CGTATT=TATTCTGC)-3'


28: 5'-d(CGTATU=UATTCTGC)-3'


29: 5'-d(CGACGTTGCAGC)-3'


30: 5'-d(CGACGUUGCAGC)-3'


31: 5'-d(CGTATTTATTCTGC)-3'


32: 5'-d(CGTATUUATTCTGC)-3'


i


i


i


i


Scheme 5. Depiction of the prepared oligonucleotides 25 ± 32. 25 ± 28 contain either a uridine dimer analogue (26
and 28) or a thymidine analogue (25 and 27). Depiction of the repair reaction giving the repaired oligonucleotides
29 ± 32. i) A. nidulans photolyase, hnÄ � 435 nm.
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Figure 6. Depiction of the molecular structures of the uridine and
thymidine photolesion analogues 33 and 34 used for the enzymatic studies.
X-ray crystal structure of the thymidine dimer 34. For the crystal structure
of 33 see ref. [21]. ORTEP plot of the molecular structure. Arbitrary
numbering. Displacement ellipsoids are shown at the 50% probability
level.


The product peak was integrated and the value plotted
against the photoreactivation time. The time point at which
50 % of the damaged oligonucleotide was repaired was
determined (t1/2). These t1/2 values are listed in Table 1. The


t1/2 data show that all four oligonucleotides 25 ± 28 are repaired
with almost identical efficiency. Throughout all measure-
ments, we determined a similar repair rate for uridine and
thymidine dimer-containing oligonucleotides. The observed
repair differences are small and close to the error limit of our
assay. Since the oligonucleotide concentration was chosen to
be far higher (0.1 ± 5 mm) compared with the expected Km


values (Kd in the nm range),[36] we can assume that the enzyme
operates under saturation conditions. All experiments were
performed additionally at three different substrate concen-
trations (0.1 mm, 1 mm, and 5 mm). We always obtained com-
parable results. In summary, the data show that uridine and
thymidine photodimers are enzymatically cleaved with similar
repair efficiencies.


In order to obtain more data about the enzymatic reaction,
the repair of the damaged oligonucleotides 25 ± 28 were


investigated under direct competition conditions. To this end,
uridine and the thymidine dimer-containing oligonucleotides
were mixed [(25�28), (26�27), (25�26), (27�28)] and used
as a substrate mixture in the enzymatic assay. The assay was
performed as described above. A fine-tuned HPLC gradient
enabled the separation of all four oligonucleotides (the two
oligonucleotide reactants and products). Under these com-
petitive conditions each oligonucleotide functions as a com-
petitive inhibitor for the other, which allowed us to examine
how efficiently both substrates are recognized by the repair
enzyme. The repair data (t1/2 values) obtained from these
measurements are listed in Table 2. In the competition
experiments we observed consistently significantly faster
repair of the uridine type photolesion. The results show that
if the enzyme is confronted with both photolesions at the same
time, it repairs the uridine dimer 50 ± 70 % more efficiently
compared with the thymidine photolesion.


The noncompetitive enzymatic studies clearly show
that the two ªeclipsedº methyl groups at the thymidine
cyclobutane moiety do not enforce increased cleavage. Both
photolesions are repaired with similar rates. The data show
that once bound by the enzyme the lesion cleavage rate is
identical.


The competitively determined data show that the microbial
photolyase[37, 38] used possesses an active site that allows more
efficient binding of uridine-type photolesions. The data
support the hypothesis that the binding geometry within the
active site and not the substitution pattern of the cyclobutane
moiety determines the higher enzymatic repair rate of uridine
type DNA lesions. This result is in good agreement with
recent ultrashort time spectroscopic data of Michel-Beyerle[18]


and calculation of Rösch[17] , which suggest that the two
thymidine methyl groups hinder the thymidine lesion to
penetrate as deep as the uridine substrate into the active
site.[18]


Calculations : In order to investigate how the structure of the
dimer influences the cleavage rate ab initio calculations were
performed[11] with the X-ray crystal structural data of 12 and
13 as input geometries for the uracil and thymine dimers in
their neutral and radical anion states. The goal of the
calculations was to differentiate how structural factors and
the binding situation of the dimer lesion in the active site
modulate the repair efficiency. To keep the calculations
feasible and allow comparison with the uridine and thymidine


Table 1. Repair investigation with the oligonucleotides 25 ± 28 and the A.
nidulans photolyase. Irradiation at 435 nm. Buffer: 100 mm NaCl, 10 mm
KH2PO4, 5 mm DTT, pH 7. 0. t1/2 is the time at which 50 % of the damaged
oligonucleotide is repaired.


Substrate cDNA [m] cenzyme [m] t1/2 [min]


25[c] 10ÿ7 5� 10ÿ8 2.2� 0.3[a]


25[c] 10ÿ6 5� 10ÿ8 11� 1[a]


25[d] 5� 10ÿ6 2.5� 10ÿ8 23� 1[b]


26[c] 10ÿ7 5� 10ÿ8 2.1� 0.2[a]


26[c] 10ÿ6 5� 10ÿ8 12� 1[a]


26[d] 5� 10ÿ6 2.5� 10ÿ8 21� 1[b]


27[c] 10ÿ7 5� 10ÿ8 1.8� 0.2[a]


27[c] 10ÿ6 5� 10ÿ8 12� 1[a]


27[d] 5� 10ÿ6 2.5� 10ÿ8 14� 1[b]


28[c] 10ÿ7 5� 10ÿ8 1.7� 0.2[a]


28[c] 10ÿ6 5� 10ÿ8 10� 1[a]


28[d] 5� 10ÿ6 2.5� 10ÿ8 13� 1[b]


Bandwidth: [a] 1.7 nm, [b] 5.1 nm. [c] Analysis performed using ion-
exchange chromatography. [d] Analysis performed using reversed-phase
chromatography.


Table 2. Competitive repair investigation of the oligonucleotides 25 ± 28 with
the A. nidulans photolyase. Irradiation at 435 nm. Buffer: 100 mm NaCl, 10 mm
KH2PO4, 5 mm DTT, pH 7.0. t1/2 is the time at which 50 % of the damaged
oligonucleotide is repaired.


Substrate cDNA [m] cenzyme [m] t1/2 (T�T) [min] t1/2 (U�U) [min]


25�28[c] 0.5� 10ÿ6 each 5� 10ÿ8 4.0� 0.5 2.7� 0.5[a]


26�27[c] 0.5� 10ÿ6 each 5� 10ÿ8 5.5� 0.5 3.8� 0.5[a]


27�28[d] 2.5� 10ÿ6 each 2.5� 10ÿ8 21� 1 13� 1[b]


25�26[d] 2.5� 10ÿ6 each 2.5� 10ÿ8 24� 1 15� 1[b]


Bandwidth: [a] 1.7 nm. [b] 5.1 nm. [c] Analysis performed using ion-exchange
chromatography. [d] Analysis performed using reversed-phase chromatogra-
phy.
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lesion analogues, only truncated dimers (without the carboxy-
methyl substituents) were retained from the X-ray structures
(Figure 1). The positions of the hydrogen atoms were
subsequently determined by partial optimization, constrain-
ing all internal coordinates involving heavy atoms. The
currently accepted cleavage scenario includes the donation
of an electron first into the p*-orbital of the C(4)�O(4)
double bond and subsequent delocalization of electron
density into the s*-C(5)ÿC(5')-bond orbital[15, 39] , which
reduces the activation barrier for the bond cleavage.[40] To
approximate the bond order decrease that occurs after the
electron uptake, Mayer bond orders[41] of the C(5)ÿC(5') bond
were calculated in the neutral and radical anion photodimers.
The results of these calculation are listed in Table 3. The data
show a decrease of the C(5)ÿC(5')-bond order after electron


donation to all dimers. This bond order decrease is signifi-
cantly stronger for the cis-syn-uracil dimers compared with
the cis-syn- and the trans-syn-thymine dimers. The calculated
data are in good agreement with the experimentally observed
increased stability of both thymine dimer radical anions in the
model compounds. The result shows that the higher reactivity
of the uracil dimer is influenced by the structure of the dimer
unit, which determines the overlap of the participating
orbitals.


In order to obtain information about the enzymatic splitting
vulnerability of thymidine and uridine dimer, similar calcu-
lations (Table 3) were performed for the cis-syn-thymidine
and the cis-syn-uridine photodimers, which were used for the
enzymatic repair studies. Here again, all calculations were
performed by using truncated and partially optimized X-ray
crystal structures (Figure 6). The obtained Mayer bond orders
suggest again faster uridine dimer repair. This, however, is not
observed. Both dimers were found to be repairedÐunder
noncompetitive conditionsÐwith almost identical efficiency
within the accuracy limit of our assay. We explain the
discrepancy between the calculated cleavage vulnerabilities
and the enzymatic rate data with a possible structural
alteration of the dimers if they are placed in the DNA double
strand and are bound in the active site. This hypothesis is
supported by the observation that the critical cyclobutane
dimer ring pucker changes from CBÿ-observed in all X-ray
crystal structures of the dimer monomers-[21, 42] to CB� in a
DNA duplex environment.[43]


Conclusion


Previous investigations of the repair of thymidine and uridine
DNA lesions by DNA photolyases revealed faster repair of
the thymidine dimer lesion. Suggested explanations include:
1) a possible additional destabilization of the dimer due to the
two almost eclipsed positioned methyl groups at the thymine
dimer cyclobutane ring and 2) a different positioning of the
thymidine dimer in the photolyase active site, which might
effect the electron transfer processes between the dimer
lesion and the FADHÿ cofactor. In this study, the investiga-
tion of the intrinsic cleavage rates of cyclobutane uracil and
thymine dimers was performed with the model compounds 1
and 2. The obtained data clearly show a higher instability of
the uracil dimer radical anion. The uracil dimer radical anion
was found to cleave by a factor of 2 ± 3 faster under our
conditions. This observation is independent of the solvent
polarity. The presented measurements show that the two
ªeclipsedº positioned thymine methyl groups do not increase
the lability of the cyclobutane thymine dimer radical anion,
which is in good agreement with recent calculations.[15, 16]


Based on our own ab initio calculations of the Mayer bond
orders[41] of the neutral dimers and their radical anions, we
suggest that the cleavage rates are influenced by stereo-
electronic parameters. We believe that the better overlap
between the p*-orbital of the C(4)�O(4) double bond and the
s*-C(5)ÿC(5')-bond orbital in the uracil dimer enhances its
reductive cleavage vulnerability. Similar results were calcu-
lated for uridine and thymidine photolesions. These dimers
were incorporated into oligonucleotides and the repair was
investigated with the A. nidulans photolyase. Surprisingly we
found that both dimer lesion are repaired with almost
identical efficiency under substrate saturation conditions. In
direct competition experiments, however, significantly faster
repair of the uridine-lesion occured, which indicates that
cyclobutane uridine photolesions are recognized by the
enzyme with higher affinity.


Future studies are now required in order to learn how the
DNA sequence and the DNA structure modulates the repair
rate. Exact binding constants for the different substrates need
to be determined. Data from such experiments could provide
further information about the lesion ªflippingº process,[20, 28, 44]


which seems to be involved in the molecular recognition of
photolesions in a DNA-double strand.[45, 46]


Experimental Section


General methods : All materials were obtained from commercial suppliers
and were used without further purification. Solvents of technical quality
were distilled prior to use. The aqueous buffers were prepared by using
deionized distilled water. For reactions under an inert gas atmosphere,
nitrogen of standard quality was used. For analytical thin-layer chroma-
tography, precoated glass silica gel plates (Merck 60F254) were used. The
amino compounds were stained with a ninhydrin solution. Flash chroma-
tography was performed on silica gel (Merck 0.040 ± 0.063 mm) and silica
gel-H (Fluka, 0.005 ± 0.040 mm). Melting points are uncorrected and were
determined on a Büchi Smp 20. IR spectra were recorded on a Perkin ±
Elmer 1600 and FT-IR with KBr pellets or CHCl3 solutions. UV spectra
were recorded on a Varian Cary 5 UV/Vis spectrophotometer in 1 cm
quartz cuvettes. Fluorescence spectra and irradiation experiments were


Table 3. Calculated UHF/6 ± 31G* Mayer bond orders[41] for the neutral
dimers and their radical anions based on truncated X-ray crystal structures
of the dibenzyl esters 12 and 13 and for the uridine and thymidine lesion
analogues 33 and 34 as input geometries (hydrogen atoms optimized on the
RHF/3 ± 21G level). The calculations were performed with the GAME-
SS(US) package.[48]


Compound C(5)ÿC(5') Neutral dimer C(5)ÿC(5') Anionic dimer


cis-syn-uracil 0.948 0.775
cis-syn-thymine 0.943 0.835
trans-syn-thymine 0.951 0.828
cis-syn-uridine 0.946 0.777
cis-syn-thymidine 0.940 0.807
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performed with a Spex 1680 0.22 m double Spectrometer in 1 cm quartz
cuvettes. NMR spectra were recorded on a Varian Gemini 200 (200 MHz
(1H), 50 MHz (13C)), Varian Gemini 300 (300 MHz (1H), 75 MHz (13C)) and
a Bruker AM 500 (500 MHz (1H), 125 MHz (13C)). The chemical shift (d) is
reported in ppm downfield from tetramethylsilane (TMS, d� 0). Alter-
natively, the resonance of residual solvent protons were used as the
reference. EI-mass spectra, FAB-mass spectra, MALDI-TOF-mass spectra
and ESI-mass spectra were measured by the staff of the mass spectrometry
facilities of the ETH Zürich on a Hitachi ± Perkin ± Elmer VG TRIBRID
with 70 eV ionization energy (EI), on a ZAB-2 SEQ with 3-nitrobenzyl
alcohol as the matrix (FAB), on a Bruker Reflex spectrometer and on a
Finnigan TSQ 7000. Elemental analysis were performed by the micro-
analysis laboratory of the ETH Zürich. HPLC chromatograms were
obtained with a Knauer HPLC instrument (HPLC pumps 64, Knauer
variable wavelength UV detector, Knauer degasser) with HPLC grade
solvents.
X-ray crystal-structure data of 12 : Colorless needles; C28H28N4O8, Mr�
548.5; monoclinic, space group P2(1)/n : Dc� 1.403 g cmÿ3, Z� 4, a�
15.003 (9), b� 6.258(5), c� 28.09(4) �, a� 90.00, b� 99.08 (9), g� 90.00,
V� 2596 (5) �3, CuKa (l� 1.54178 �) radiation, 2203 reflections collected,
T� 293 K. The crystal structure was solved by direct methods (SHELXTL
PLUS) and refined by full-matrix least-squares analysis by using exper-
imental weights (heavy atoms anisotropic; H-atoms riding model, fixed
isotropic). Final (R(F)� 0.0411, wR(F 2)� 0.1063) for 362 variable and 2099
observed reflections (F> 3.0 s(F)).
X-ray crystal-structure data of 13 : Colorless needles; C28H28N4O8, Mr�
548.5; monoclinic, space group C2/c : Dc� 1.373 g cmÿ3, Z� 4, a� 18.174
(13), b� 8.282 (3), c� 18.732 (11) �, a� 90.00, b� 109.78 (5), g� 90.00,
V� 2653 (3) �3, MoKa (l� 0.71073 �) radiation, 2413 reflections collect-
ed, T� 293 K. The crystal structure was solved by direct methods
(SHELXTL PLUS) and refined by full-matrix least-squares analysis by
using experimental weights (heavy atoms anisotropic; H-atoms riding
model, fixed isotropic). Final (R(F)� 0.0492, wR(F 2)� 0.1319) for 194
variable and 2337 observed reflections (F> 3.0s(F)).
X-Ray crystal-structure data of 14 : Colorless needles; C28H28N4O8, Mr�
548.5; monoclinic, space group P2(1)/c : Dc� 1.383 g cmÿ3, Z� 4, a� 13.032
(13), b� 16.156 (11), c� 12.639(8) �, a� 90.00, b� 98.02 (9), g� 90.00,
V� 2635 (4) �3, MoKa (l� 0.71073 �) radiation, 3652 collected reflec-
tions, T� 293 K. The crystal structure was solved by direct methods
(SHELXTL PLUS) and refined by full-matrix least-squares analysis by
using experimental weights (heavy atoms anisotropic; H-atoms riding
model, fixed isotropic). Final (R(F)� 0.040, wR(F 2)� 0.097) for 362
variable and 3463 observed reflections (F> 3.0s(F)).
X-ray crystal-structure data of 15 : Colorless needles; C28H28N4O8, Mr�
548.5; triclinic, space group P1: Dc� 1.172 g cmÿ3, Z� 1, a� 7.611 (3),
b� 7.980 (4), c� 12.368(7) �, a� 73.56 (4), b� 87.47 (4), g� 67.45 (3), V�
663.6 (6) �3, MoKa (l� 0.71073 �) radiation, 2536 collected reflections,
T� 293 K. The crystal structure was solved by direct methods (SHELXTL
PLUS) and refined by full-matrix least-squares analysis by using exper-
imental weights (heavy atoms anisotropic; H-atoms riding model, fixed
isotropic). Final (R(F)� 0.042, wR(F 2)� 0.1202) for 182 variable and 2345
observed reflections (F> 3.0 s(F)).
X-ray crystal-structure data of 34 : Colorless needles; C21H30N4O11, Mr�
514.49; orthorhombic space group P2(1)2(1)2(1): Dc� 1.510 g cmÿ3, Z� 4,
a� 9.787 (4), b� 13.127 (4), c� 17.620 (5) �, a� 90.00, b� 90.00, g� 90.00,
V� 2263.7 (13) �3, MoKa (l� 0.71073 �) radiation, 4576 collected reflec-
tions, T� 293 K. The crystal structure was solved by direct methods
(SHELXTL PLUS) and refined by full-matrix least-squares analysis by
using experimental weights (heavy atoms anisotropic; H-atoms riding
model, fixed isotropic). Final (R(F)� 0.0312, wR(F 2)� 0.0756) for 446
variable and 4576 observed reflections (F> 3.0s(F)).
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-119735 (12),
CCDC-119738 (13), CCDC-119734 (14), CCDC-119737 (15), CCDC-
119736 (34). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
(�44) 1223-336-033; E-mail : deposit@ccdc.cam.ac.uk).


1,2,3,4-Tetrahydro-5-methyl-2,4-dioxopyrimidine-1-acetic acid (10):[47]


Thymine (10.00 g, 79.3 mmol) was suspended in H2O (150 mL). 50 mL of
an aqueous KOH-solution (3.6m) was added. The mixture was stirred at


room temperature until a clear solution was obtained. Chloroacetic acid
(15.00 g, 159 mmol) was added and the reaction mixture was heated to
reflux for 90 min. The cold reaction mixture was acidified with conc. HCl
until pH 1 was reached and kept at 4 8C overnight. The crystallized product
10 was filtered off and dried in vacuo over P2O5 (12.50 g, 86 %). M.p.: 285-
287 8C (Lit. : 287 8C[47]); 1H NMR (200 MHz, [D6]DMSO): d� 4.42 (s, 3H),
5.20 (s, 2 H), 5.62 (d, J� 7.9 Hz, 1 H), 7.60 (d, J� 7.9 Hz, 1H), 11.33 (s, 1H).


Benzyl-1,2,3,4-tetrahydro-5-methyl-2,4-dioxopyrimidine-1-acetate (11):
1,2,3,4-Tetrahydro-5-methyl-2,4-dioxopyrimidine-1-acetic acid (10) (10 g,
54.3 mmol) and 1,1'-carbonylbis[1H]-diimidazole (12 g, 74.0 mmol) were
stirred in DMF (80 mL) at room temperature. After 15 minutes, benzyl
alcohol (8 g, 76.1 mmol) was added and the reaction mixture was stirred for
35 h at RT. The reaction mixtures was concentrated in vacuo and the
residual material was suspended in H2O (50 mL) and filtered off.
Recrystallization of 11 from MeOH yielded 11 as colorless plates (14.5 g,
97%). Rf (CHCl3/MeOH 10:1): 0.65; m.p.: 179 ± 181 8C; IR (KBr): 3156m,
3043m, 2944m, 1737s, 1693s, 1650s, 1458m, 1420m, 1387m, 1360m, 1224s,
1150m, 958m, 894w, 865w, 793w, 757s ; 1H NMR (400 MHz, [D6]DMSO):
d� 1.76 (s, 3 H), 4.55 (s, 2H), 5.19 (s, 2H), 7.38 (m, 5H), 7.53 (s, 1H), 11.41
(s, 1H); 13C NMR (100 MHz, [D6]DMSO): d� 11.79, 48.38, 66.34, 108.56,
127.86 (2 C), 128.12, 128.38 (2C), 135.46, 141.45, 150.89, 164.21, 168.11; MS
(EI): m/z (%): 274 (19) [M]� , 167 (17), 139 (57), 91 (100), 65 (7), 41 (9), 28
(12); C14H14N2O4 (274.28): calcd: C 61.31, H 5.14, N 10.21, found: C 61.25, H
5.34, N 10.18.


Irradiation of 11: The benzyl ester 11 (2.00 g, 7.3 mmol) was dissolved in
acetone (200 mL) and the solution was degassed for 15 min in an ultrasonic
bath and another 15 min outside the ultrasonic bath by purging nitrogen
through the solution. The solution was irradiated for 3 h with a 150 W Hg
medium pressure lamp in a standard photochemical apparatus (Pyrex).
During the irradiation the solution was purged with nitrogen. The reaction
mixture was filtered, evaporated to dryness in vacuo and the product was
precipitated with acetone and filtrated. The residual solid material
contained mainly 13 and 15. The filtrate was subjected to column
chromatography (silica gel 60, d� 3 cm, L� 18 cm, CH2Cl2/acetone
7:1!5:1) to yield the residual amounts of the isomers 13 and 15 well
separated as white powders and a mixture of the isomers 12 and 14.
Separation of the mixture, containing 12 and 14, was achieved by column
chromatography (silica gel 60, d� 3 cm, L� 18 cm CHCl3/methanol 15:1).
Recrystallization of the isomers 13 and 15 from HCOOH/H2O and of 12
and 14 from methanol yielded all four isomers in analytically pure form.


Dibenzyl-cis-[4a]-transoid-[4a,4b]-cis-[4b]-dodecahydro-9,11-dimethyl-
2,4,6,8-tetraoxocyclobuta[1,2-d :3,4-d'']dipyrimidine-1,5-diacetate (15):
200 mg (35 %); Rf (CHCl3/MeOH 10:1)� 0.73; m.p.: 242 ± 244 8C; IR
(KBr): 3429m, 3233m, 3067w, 1744m, 1711s, 1683s, 1473m, 1389m, 1356w,
1283m, 1256w, 1224m, 982w, 756w, 735w; 1H NMR (400 MHz, [D6]DMSO):
d� 1.25 (s, 6H), 3.61 (d, J� 17.5 Hz, 2 H), 3.95 (s, 2 H), 4.44 (d, J� 17.5 Hz,
2H), 5.13 (d, J� 12.4 Hz, 2 H), 5.18 (d, J� 12.4 Hz, 2H), 7.37 (s, 10H), 10.78
(s, 2 H); 13C NMR (100 MHz, [D6]DMSO): d� 17.91, 44.67, 47.13, 61.38,
66.26, 127.91 (2C), 128.09, 128.34, 135.50, 151.46, 168.02, 172.63; MS (pos.
FAB): m/z (%): 549 (10, [M�H]�), 491 (10), 338 (28); C28H28N4O8


(548.56): calcd C 61.31, H 5.14, N 10.21; found: C 61.28, H 5.32, N 10.16.


Dibenzyl-cis-[4a]-transoid-[4a,4b]-cis-[4b]-dodecahydro-11,12-dimethyl-
2,4,5,7-tetraoxocyclobuta[1,2-d :4,3-d'']dipyrimidine-1,8-diacetate (13):
750 mg (38 %); Rf (CHCl3/MeOH 10:1)� 0.58; m.p.: 204 ± 206 8C; IR
(KBr): 3430m, 3178w, 3065w, 2856w, 1745s, 1700s, 1687s, 1478s, 1388w,
1378w, 1358m, 1284m, 1208s, 956w, 754w, 698w; 1H NMR (400 MHz,
[D6]DMSO): d� 1.23 (s, 6 H), 3.98 (s, 2H), 4.09 (d, J� 17.7 Hz, 2H), 4.25 (d,
J� 17.7 Hz, 2H), 5.11 (d, J� 12.5 Hz, 2H), 5.15 (d, J� 12.5 Hz, 2H), 7.36
(m, 10 H), 10.65 (s, 2 H); 13C NMR (100 MHz, [D6]DMSO): d� 20.82,
45.66, 48.17, 63.32, 66.12, 127.90, 128.08, 128.35, 135.51, 151.31, 169.17,
170.73; MS (pos. FAB): m/z (%): 549 (100, [M�H]�), 338 (55);
C28H28N4O8� 0.5H2O (557.56): calcd C 60.32, H 5.24, N 10.05; found: C
60.59, H 5.30, N 10.34.


Dibenzyl-cis-[4a]-cisoid-[4a,4b]-cis-[4b]-dodecahydro-9,11-dimethyl-
2,4,6,8-tetraoxocyclobuta[1,2-d :3,4-d'']dipyrimidine-1,5-diacetate (14):
50 mg (2.5 %); Rf (CHCl3/MeOH 10:1)� 0.55; m.p.: 215 ± 217 8C; IR
(KBr): 3433m, 3078w, 2967w, 1744m, 1710s, 1633w, 1475m, 1456w, 1389w,
1356w, 1300w, 1244m, 1194m, 961w, 756w, 700w; 1H NMR (400 MHz,
[D6]DMSO): d� 1.43 (s, 6 H), 3.74 (s, 2H), 3.84 (d, J� 17.6 Hz, 2H), 4.48 (d,
J� 17.6 Hz, 2H), 5.14 (d, J� 12.4 Hz, 2H), 5.19 (d, J� 12.4 Hz, 2H), 7.38
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(m, 10 H), 10.57 (s, 2 H); 13C NMR (100 MHz, [D6]DMSO): d� 20.82, 47.56,
47.87, 61.49, 66.13, 127.89 (2C), 128.07, 128.34 (2C), 135.57, 151.01, 168.58,
170.71; MS (pos. FAB): m/z (%): 549 (100, [M�H]�), 491 (8), 338 (45);
C28H28N4O8 (548.56): calcd C 61.31, H 5.14, N 10.21; found: C 61.03, H 5.24,
N 10.34.


Dibenzyl-cis-[4a]-cisoid-[4a,4b]-cis-[4b]-dodecahydro-11,12-dimethyl-
2,4,5,7-tetraoxocyclobuta[1,2-d :4,3-d'']dipyrimidine-1,8-diacetate (12):
40 mg (2 %); Rf (CHCl3/MeOH 10:1)� 0.50; m.p.: 146 ± 148 8C; IR
(KBr): 3411w, 3217w, 3078w, 2956w, 1744s, 1709s, 1475m, 1391w, 1361w,
1287m, 1194m, 965w, 754w, 698w; 1H NMR (400 MHz, [D6]DMSO): d�
1.31 (s, 6H), 3.92 (d, J� 17.4 Hz, 2H), 3.99 (s, 2 H), 4.29 (d, J� 17.4 Hz, 2H),
5.12 (d, J� 12.5 Hz, 2 H), 5.18 (d, J� 12.5 Hz, 2H), 7.36 (s, 10 H), 10.53 (s,
2H); 13C NMR (100 MHz, [D6]DMSO): d� 18.18, 46.09, 47.15, 59.34, 66.07,
127.82 (2C), 128.05, 128.33 (2C), 135.56, 152.17, 168.54, 170.34; MS (pos.
FAB): m/z (%): 549 (100, [M�H]�), 338 (18); C28H28N4O8 (548.56): calcd
C 61.31, H 5.14, N 10.21; found: C 61.37, H 5.28, N 10.15.


cis-[4a]-transoid-[4a,4b]-cis-[4b]-Dodecahydro-2,4,5,7-tetraoxo-cyclobu-
ta[1,2-d :4,3-d'']dipyrimidine-1,8-diacetic acid (17): The diester 13 (300 mg,
0.547 mmol) was dissolved in acetic acid (20 mL). After the addition of
10% Pd/C catalyst (10 mg) the suspension was stirred in an H2 atmosphere
for 2 h. The reaction mixture was filtered through Celite. The Celite pad
was washed with hot acetic acid twice. The combined filtrates were
concentrated in vacuo. The product precipitated upon addition of diethyl
ether to the residual oily material and was filtered off, washed with acetone
and dried in vacuo to yield a colorless powder (185 mg, 92%). M.p.: 243 ±
245 8C; IR (KBr): 3600 ± 2800m, 3400w, 3231w, 3067w, 2867w, 1761m, 1693s,
1483s, 1385m, 1302m, 1239m, 1160m, 883w, 822w, 759w; 1H NMR
(400 MHz, [D6]DMSO): d� 1.27 (s, 6H), 3.89 (s, 2H), 3.97 (d, J�
17.6 Hz, 2H), 4.04 (d, J� 17.6 Hz, 2 H), 10.55 (s, 2H), 11 ± 13 (br s, 2H);
13C NMR (100 MHz, [D6]DMSO): d� 21.02, 45.60, 48.40, 63.69, 151.24,
170.63, 170.76; MS (pos. FAB): m/z (%): 369 (20, [M�H]�), 338 (100), 273
(24), 165 (30); C14H16N4O8�0.5CH3COOH (398.33): calcd C 45.23, H 4.55,
N 14.07; found: C 44.94, H 4.87, N 14.05.


cis-[4a]-cisoid-[4a,4b]-cis-[4b]-dodecahydro-2,4,5,7-tetraoxo-cyclobuta-
[1,2-d :4,3-d'']dipyrimidine-1,8-diacetic acid (16): The diester 12 (250 mg,
0.456 mmol) was dissolved in acetic acid (20 mL). After the addition of
10% Pd/C catalyst (10 mg) the solution was stirred in an H2 atmosphere for
2 h. The reaction mixture was filtered through Celite and the Celite pad was
washed with hot acetic acid. The combined acetic acid solutions were
concentrated in vacuo. Addition of diethylether to the oily residual
material yielded 16 as a colorless powder. The product was filtered off,
washed with acetone and dried in vacuo (168 mg, 100 %). M.p.: 229 ±
231 8C; IR (KBr): 3600 ± 2800m, 3433w, 3222w, 3067w, 1703s, 1486s,
1396m, 1290m, 1219m, 1194m, 800w, 772w, 756w; 1H NMR (400 MHz,
[D6]DMSO): d� 1.34 (s, 6 H), 3.65 (d, J� 17.3 Hz, 2 H), 3.94 (s, 2H), 4.16 (d,
J� 17.3 Hz, 2H), 10.41 (s, 2 H), 12.5 ± 13.5 (br s, 2H); 13C NMR (100 MHz,
[D6]DMSO): d� 18.23, 46.19, 47.07, 59.22, 152.12, 170.00, 170.51; MS (pos.
FAB): m/z (%): 369 (64, [M�H]�), 338 (100).


N-tert-Butyloxycarbonyl-ethylene diamine (19):[28] A solution of Boc2O
(30 g, 0.14 mol) in 1,4-dioxane (100 mL) was added dropwise within 2 h at
room temperature to a solution of ethylene diamine (25.0 g, 0.42 mol) in
1,4-dioxane (150 mL). The reaction mixture was stirred for another 20 h at
room temperature. The reaction mixture was filtered and the filtrate was
concentrated in vacuo. The residual oil was distilled and the product 19 was
isolated at 105 8C (20 Torr) and obtained as a colorless oil (13 g, 62 %) and
used without further purification. 1H NMR (300 MHz, CDCl3): d� 1.19 (s,
2H), 1.38 (s, 9H), 2.72 (t, J� 6.0 Hz, 2H), 3.10 (m, 2H), 5.20 (br s, 1H).


N-[2-({[(tert-Butyl)oxy]carbonyl}amino)ethyl]-4,5-dimethyl-2-nitro-ani-
line (20): The mono-Boc protected ethylene diamine (19) (6.3 g,
39.3 mmol) was dissolved in pyridine (15 mL). This solution was slowly
added to a solution of 1,2-dinitro-4,5-dimethylbenzene (18) (5 g,
25.5 mmol) in pyridine (50 mL). The reaction mixture was stirred for 24 h
at 90 8C and subsequently concentrated in vacuo. The residual material was
recrystallized from ethanol. This yielded 20 as intensively red-colored
needles (5.3 g, 67%). Rf (toluene/EtOAc 10:1)� 0.33; m.p.: 120 ± 122 8C;
IR (KBr): 3378m, 3356m, 2978w, 2933w, 1683s, 1639m, 1572m, 1528s,
1511m, 1461w, 1400w, 1367w, 1344w, 1311w, 1294w, 1289w, 1250w, 1222m,
1194s, 1172m, 1150s, 1033w, 1000w, 861w; 1H NMR (400 MHz, CDCl3): d�
1.37 (s, 9H), 2.14 (s, 3 H), 2.25 (s, 3 H), 3.19 (q, J� 6.0 Hz, 2 H), 3.38 (m, J�
5.8 Hz, 2 H), 6.93 (s, 1H), 7.01 (t, J� 5.3 Hz, 1H), 7.82 (s, 1H), 8.09


(t, J� 5.8 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d� 17.94, 20.08, 28.08
(3C), 38.82, 42.23, 77.70, 114.48, 124.01, 125.35, 128.86, 143.81, 147.31,
155.86; MS (EI): m/z (%): 309 (3, [M]�), 179 (100), 57 (47); C15H23N3O4


(309.37): calcd C 58.24, H 7.49, N 13.58; found: C 58.35, H 7.52, N 13.52.


10-[2-({[(tert-Butyl)oxy]carbonyl}amino)ethyl]-7,8-dimethyl-[3H,10H]-
benzo[g]pteridine-2,4-dione (22): A suspension of 10% Pd/C catalyst
(100 mg) in acetic acid (10 mL) was slowly added to a solution of the nitro
compound 20 (3.0 g, 9.70 mmol) in methanol (150 mL). The suspension was
stirred for 7 h at room temperature in an H2 atmosphere. The reaction
mixture containing 21 was filtered through Celite. To the filtrate was added
alloxan monohydrate [2,4,5,6(1H,3H)-pyrimidinetetrone] (8 g, 50 mmol)
and boric acid (14 g, 230 mmol) and the reaction mixture was stirred for
12 h at room temperature. The reaction mixture was diluted with CHCl3


(500 mL) and extracted with water (3� 250 mL). The organic phase was
separated, dried with MgSO4, and concentrated in vacuo. The product 22
was obtained after column chromatography (silica gel-H, d� 3 cm, L�
15 cm, CHCl3/MeOH 15:1!10:1 and recrystallization from ethanol/1,4-
dioxane as orange-colored needles (3.02 g, 80%). Rf (CHCl3/MeOH
10:1)� 0.46; m.p.: 212 ± 214 8C; IR (CHCl3): 3456w, 3378w, 3007w, 1712m,
1683m, 1581m, 1548s, 1506m, 1458w, 1394w, 1368w, 1344w, 1294w, 1272w,
1164m, 867w; 1H NMR (400 MHz, [D6]DMSO): d� 1.23 (s, 9 H), 2.40 (s,
3H), 2.49 (s, 3H), 3.41 (q, J� 6.0 Hz, 2H), 4.64 (t, J� 6.0 Hz, 2 H), 6.96 (t,
J� 6.0 Hz, 1 H), 7.83 (s, 1H), 7.89 (s, 1H), 8.31 (s, 1 H); 13C NMR (100 MHz,
[D6]DMSO): d� 18.67, 20.75, 27.94 (3C), 36.82, 44.13, 79.13, 116.17, 130.91,
131.44, 133.85, 135.62, 136.82, 146.26, 150.35, 155.46, 155.76, 159.86; MS
(EI): m/z (%): 385 (1, [M]�), 312 (10), 256 (9), 243 (100), 84 (28), 49 (31);
C19H23N5O4 (385.42): calcd C 59.21, H 6.01, N 18.17; found: C 59.35, H 6.12,
N 18.29.


10-[2-({[(tert-Butyl)oxy]carbonyl}amino)ethyl]-7,8-dimethyl-3-ethyl-
[3H,10H]-benzo[g]pteridine-2,4-dione (23): Ethyl iodide (1 mL,
12.37 mmol) were dropwise added to a suspension of the flavin derivative
22 (500 mg, 1.3 mmol) and Cs2CO3 (0.6 g, 1.83 mmol) in dry (4 � mol
sieves) DMF (50 mL). The reaction mixture was stirred at room temper-
ature for 3 h. The mixture was diluted with CHCl3 (200 mL) and extracted
with water (3� 80 mL). The organic phase was separated, dried with
MgSO4, filtered, and evaporated in vacuo. The product 23 was obtained
after flash chromatography on silica gel-H (d� 3 cm, L� 18 cm, CHCl3/
MeOH 20:1) and recrystallization from MeOH/H2O as yellow needles
(380 mg, 71 %). Rf (CHCl3/MeOH 20:1)� 0.41; m.p.: 227 ± 229 8C; IR
(CHCl3): 3398w, 2977w, 2933w, 1706m, 1693m, 1644s, 1583s, 1545m, 1447w,
1433w, 1337m, 1311w, 1294w, 1272w, 1250m, 1200w, 1176m, 1017w, 994w,
933w, 889w, 806q, 772w; 1H NMR (400 MHz, [D6]DMSO): d� 1.16 (t, J�
7.0 Hz, 3H), 1.22 (s, 9H), 2.40 (s, 3 H), 2.50 (s, 3H), 3.41 (q, J� 5.7 Hz, 2H),
3.93 (t, J� 7.0 Hz, 2 H), 4.66 (t, J� 5.7 Hz, 2H), 6.98 (t, J� 5.7 Hz, 1H), 7.86
(s, 1H), 7.93 (s, 1H); 13C NMR (100 MHz, [D6]DMSO): d� 12.83, 18.63,
20.71, 27.86 (3C), 35.82, 36.90, 43.95, 77.75, 116.10, 130.87, 131.33, 134.10,
135.69, 135.86, 146.40, 148.87, 154.40, 155.69, 159.09; MS (FAB): m/z (%):
414 (100, [M� 1]�), 358 (6), 340 (8), 271 (36); C21H27N5O4� 2�3H2O
(425.49): calcd C 59.28, H 6.71, N 16.46; found: C 59.21, H 6.65, N 16.29.


10-(2-Aminoethyl)-7,8-dimethyl-3-ethyl-[3H,10H]-benzo[g]pteridine-2,4-
dione, TFA salt (8): A solution of the Boc-protected flavin derivative 23
(437 mg, 1.03 mmol) in TFA/water (10 mL 95:5) was stirred for 3 h at room
temperature. The reaction solution was evaporated in vacuo and the
product was precipitated through addition of diethyl ether. Compound 8
was obtained as the TFA salt in form of a yellow powder (427 mg, 97 %). IR
(CHCl3): 3444m, 1713s, 1615s, 1580s, 1542s, 1458m, 1347m, 1250s, 1193m,
1022w, 929w, 878w, 806w, 773w; 1H NMR (300 MHz, [D6]DMSO): d� 1.16
(t, J� 6.9 Hz, 3H), 2.42 (s, 3 H), 2.50 (s, 3 H), 3.20 (m, 2 H), 3.94 (q, J�
6.9 Hz, 2 H), 4.91 (t, J� 6.0 Hz, 2 H), 7.98 (s, 1H), 8.05 (s, 1H), 8.17 (m, 3H);
13C NMR (75 MHz, [D6]DMSO): d� 12.82, 18.63, 20.41, 35.93, 35.99, 41.11,
116.05, 130.68, 131.28, 134.30, 136.20, 136.46, 147.31, 149.63, 154.68, 159.25;
MS (FAB): m/z (%): 314 (100, [MÿCF3COO]�), 271 (15), 232 (7).


Model compound 2 : A solution of the cis-syn-thymine dimer dicarboxylic
acid 16 (55 mg, 0.15 mmol) and an excess of BOP (300 mg, 0.646 mmol)
were dissolved in DMF (4 mL) and stirred at room temperature for 10 min.
After the addition of a solution of 8 ´ TFA (50 mg, 0.17 mmol) in DMF
(2 mL) and of ten drops of triethylamine, the reaction was stirred for 2 h at
room temperature. Then pentyl alcohol 9 (40 mg, 0.38 mmol) was added to
the reaction mixture, and stirring was continued for another 4 h at room
temperature. The reaction mixture was diluted with water (100 mL) and
extracted with CHCl3 (3� 200 mL). The combined organic layers were
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separated, dried with MgSO4, filtrated, and concentrated in vacuo. The
crude reaction product was dissolved in a small amount of methanol and
precipitated through addition of diethyl ether. The product was purified by
silica gel column chromatography (silica gel-H, d� 3 cm, L� 20 cm,
CHCl3/MeOH 7.5:1!5:1. 2 was obtained as a yellow powder (38 mg,
35%). Rf (CHCl3/MeOH 10:1): 0.22; m.p. : 240 ± 242 8C; IR (KBr): 3430m,
3211m, 3078w, 2933w, 2856w, 1704s, 1650s, 1584m, 1548s, 1465m, 1389w,
1282m, 1228m, 1017w, 928w, 806w; 1H NMR (500 MHz, [D6]DMSO): d�
0.86 (t, J� 7.1 Hz, 3H), 1.15 (t, J� 7.0 Hz, 3 H), 1.26 (m, 4H), 1.31 (s, 3H),
1.36 (s, 3 H), 1.37 (m, 2 H), 2.42 (s, 3 H), 2.52 (s, 3H), 3.05 (m, 2H), 3.34 (m,
1H), 3.49 (m, 2 H), 3.79 (d, J� 5.2 Hz, 1 H), 3.87 (d, J� 5.2 Hz, 1 H), 3. 91
(m, 1H), 3.93 (q, J� 7.1 Hz, 2 H), 4.15 (d, J� 16.5 Hz, 1H), 4.20 (d, J�
16.5 Hz, 1 H), 4.61 (m, 1 H), 4.73 (m, 1H), 7.92 (s, 1H), 7.93 (t, J� 5.6 Hz,
1H), 7.97 (s, 1H), 8.22 (t, J� 6.0 Hz, 1H), 10.36 (s, 1H), 10.39 (s, 1H);
13C NMR (125 MHz, [D6]DMSO): d� 12.82, 13.80, 18.06, 18.21, 18.66,
20.70, 21.72, 28.46, 28.66, 35.76, 35.88, 38.44, 42.91, 46.34, 46.57, 47.77, 47.84,
59.30, 59.61, 115.99, 130.87, 131.03, 134.09, 135.87, 136.15, 146.70, 149.05,
151.96, 151.97, 154.61, 159.07, 166.96, 168.32, 170.47, 170.53; MS (pos. FAB):
m/z (%): 733 (100, [M�H]�), 507 (13); HR-MS (pos. FAB) C35H44N10O8:
calcd for [M�H]�: 733.3422; found: 733.3426.


Model compound 24 : Compound 24 was prepared similar to compound 2.
As the dimer carboxylic acid the trans-syn-compound 17 (55 mg,
0.15 mmol) was used. The crude product 24 was dissolved in a small
amount of methanol and precipitated through addition of diethyl ether.
Compound 24 was obtained after column chromatography on silica gel
(silica gel-H, d� 3 cm, L� 20 cm, CHCl3/MeOH 7:1) as a yellow powder
(35 mg, 32%). Rf (CHCl3/MeOH 10:1)� 0.28; m.p.: 200 ± 202 8C; IR (KBr):
3430m, 3200m, 3078w, 2956w, 2922w, 2856w, 1700s, 1650s, 1578m, 1548s,
1473m, 1406w, 1372w, 1355m, 1289m, 1224m, 1150w, 1094w, 933w; 1H NMR
(500 MHz, [D6]DMSO): d� 0.86 (t, J� 7.1 Hz, 3H), 1.16 (t, J� 7.1 Hz, 3H),
1.20 (s, 3 H), 1.23 (m, 4 H), 1.27 (s, 3 H), 1.38 (m, 2H), 2.41 (s, 3 H), 2.51 (s,
3H), 3.02 (m, 2 H), 3.48 (q, J� 6.9 Hz, 2H), 3.65 (d, J� 8.2 Hz, 1H), 3.73 (d,
J� 16.6 Hz, 1 H), 3.85 (d, J� 16.6 Hz, 1 H), 3.87 (d, J� 8.2 Hz, 1 H), 3.93 (q,
J� 7.1 Hz, 2H), 3.97 (d, J� 16.5 Hz, 1 H), 4.00 (d, J� 16.5 Hz, 1H), 4.63 (t,
J� 6.9 Hz, 2H), 7.87 (t, J� 5.8 Hz, 1 H), 7.92 (s, 1H), 7.93 (s, 1 H), 8.25 (t,
J� 6.0 Hz, 1H), 10.46 (s, 1 H), 10.50 (s, 1 H); 13C NMR (125 MHz,
[D6]DMSO): d� 12.82, 13.80, 18.71, 20.70, 20.83, 21.16, 21.73, 28.47, 28.59,
35.45, 35.83, 38.52, 42.93, 45.38, 45.40, 45.59, 49.13, 63.77, 63.87, 115.98,
130.86, 131.03, 134.03, 135.93, 136.05, 146.69, 148.76, 151.22, 151.44, 154.52,
159.07, 167.63, 168.98, 170.73, 170.79; MS (pos. FAB): m/z (%): 733 (26,
[M�H]�), 507 (100), 480 (10), 338 (9); HR-MS (pos. FAB) C35H44N10O8:
calcd for [M�H]�: 733.3422; found: 733.3423.


Oligonucleotide synthesis : Oligonucleotide synthesis was performed on a
Pharmacia-Gene-Plus synthesizer connected to a Olivetti-M 300 personal
computer. Synthesis of the oligonucleotides 25 ± 32 was performed by using
a modified 1.3 mmol cycle and Pac-amidites. Solvents and solutions were
made according to the manufacturers protocol. The phosphoramidite (0.1m
in MeCN) and 1H-tetrazole (0.5m in MeCN) solution were equal in
concentrations to those used for the synthesis of natural oligodeoxynu-
cleotides. Average coupling yields monitored by on-line trityl assay were
generally in the range of 95 ± 99 %. All syntheses were run in the trityl-on
mode, resulting DMTr-25 ± DMTr-32. For the deprotection and cleavage of
DMTr-26 and DMTR-28 from the support, the solid support was
suspended in sat. NH3/MeOH (1 mL, MeOH dried over 3 � molecular
sieves) and kept at 25 8C with occasional shaking for one day. For the
deprotection and purification of all other oligonucleotides, the solid
support was suspended in conc. aqueous NH3/MeOH� 3:1 (2 mL) and left
for 5 h at 55 8C to effect deprotection and cleavage. After addition of 1m
NEt3/HOAc (2 mL) to each solution, the support was filtered off and
washed with water (3� 0.5 mL). The solution was concentrated to 1 mL
and the oligonucleotides were purified by HPLC (C18-RP, A: 0.1m NEt3/
HOAc, B: 80% MeCN, 25!40 % B in 40 min). After removal of the
solvent in vacuo, all oligonucleotides were detritylated by addition of 50%
HCOOH/H2O (3 mL). After 5 min the formic acid was removed in vacuo
and 25 ± 32 were purified by HPLC (C18-RP, 5!10 % B in 5 min, 10!25%
B in 30 min). Laser-desorption mass spectra (negative ions detected): calcd
for 25 : 3595.5, found: 3596.1; calcd for 26 : 3567.4, found: 3567.9; calcd for
27: 4168.8, found: 4168.3; calcd for 28 : 4140.8, found: 4140.0; calcd for 29 :
3595.5, found: 3596.4; calcd for 31: 4168.8, found: 4170.5.


Enzymatic studies : 500 mL solutions containing the damaged oligonucleo-
tide (1 ± 5 mmol), 0.1m NaCl, 10mm KH2PO4 pH 7.0, and 5 mm DTT and


DNA-photolyase (25 nm or 50nm) were prepared and filled into a quartz
cuvette equipped with a magnetic stirrer. The enzyme was added in the
dark. The assay solutions were mixed and irradiated at 435 nm (A.
nidulans). For each time point 20 mL were removed and 0.1m HOAc
(10 mL) was added in order to keep the enzyme reaction stopped. The
samples were analyzed by reversed-phase HPLC or ion-exchange chro-
matography. Reversed phase: Nucleosil 120-3, C18 (250� 4 mm),
0.7 mL minÿ1, A: 20mm NH4OAc, B: 50% MeCN, 50 % A (v/v),
0!20 min: 6!16% B. Retention times: 25 : 7.7 min, 26 : 6.8 min, 27:
13.3 min, 28 : 12.2 min, 29 : 10.8 min, 30 : 9.8 min, 31: 17.6 min, 32 : 14.6 min.
Ion-exchange chromatography: Nucleogel SAX 1000-8/77, 2 mL minÿ1, A:
0.2m NaCl, 10mm Na2HPO4, pH 11.4, B: 1m NaCl, 10 mm Na2HPO4,
pH 11.4, 0!6 min: 100 % A, 6!23 min: 0!51 % B. Retention times: 25 :
14.8 min, 26 : 15.0 min, 27: 18.0 min, 28 : 18.0 min, 29 : 17.1 min, 30 : 17.2 min,
31: 19.6 min, 32 : 19.5 min
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Dimeric Capsules by the Self-Assembly of Triureidocalix[6]arenes through
Hydrogen Bonds
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Abstract: A number of calix[6]arenes bearing ureas at the upper rim positions of
alternate rings 1, 3 and 5 were prepared and studied in detail by NMR spectroscopy
and gel permeation chromatography. N-Unsubstituted ureas were shown to dimerize
through a cyclic array of hydrogen bonds to give cylindrical cavities capable of
encapsulating small molecules such as dichloromethane, benzene and fluorobenzene.
Slow equilibria between dimer and monomer were observed in [D6]DMSO-CDCl3


mixtures. By contrast, N-substituted ureas are monomeric. All urea monomers with
bulky O-substituents display a solvent-dependent, slow equilibrium between C3v and
Cs cone conformations.


Keywords: calixarenes ´ host-guest
chemistry ´ hydrogen bonds ´ inclu-
sion compounds ´ self-assembly


Introduction


The chemical properties and behaviour of supramolecular
entities are governed exclusively by the information stored in
their molecular architectures. When two or more identical
subunits are geometrically and functionally complementary,
they may self-assemble to form a supermolecule that is held
together by noncovalent contacts, such as hydrogen bonds or
hydrophobic, electrostatic and van der Waals interactions.[1, 2]


Several instances of self-complementary molecules that form
dimers in solution have been reported. The most interesting
examples occur when the molecular subunits have hemi-
spherical or curved structures, because the resulting assembly
possesses a defined cavity that may encapsulate guest
molecules of appropriate dimensions. In the recent literature
a number of calixarenes have been reported to undergo self-
assembly through multiple hydrogen bonds in nonpolar


solvents. Dimerization of calix[4]arenes that contain urea
substituents at the upper rim has been independently and
extensively studied by Rebek and Böhmer (Figure 1, left).[3, 4]


Figure 1. Structure of a tetraureidocalix[4]arene dimer (left) and a 1,3,5-
triureidocalix[6]arene dimer 1-1 (right). Some hydrogen bonds that form
the cyclic array are depicted. Urea groups at the back have been omitted
for clarity.


The cavities produced by tetraureidocalix[4]arenes are not
very large. Guests the size of common organic solvents, simple
benzene derivatives or cubane can be accommodated in the
almost spherical hole, but substrates larger than toluene (i.e.,
p-xylene) are simply too large to penetrate efficiently into
these calixarene cages.[3] At first sight, it seems likely that use
of other members of the calixarene family, such as calix[5]- or
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even calix[6]arenes would permit the trapping of larger
substrates.[5] However, pentaureideocalix[5]arenes do not
dimerize,[6] probably due to steric hindrance caused by the
N-substituents at the urea termini. In the succesful calix[4]-
arene case, the substituents interlock and protrude away from
the hydrogen-bonded groups on top of each wide-open
conical platform (Figure 2a,b). This is increasingly difficult
in the more cylindrical, flexible cone conformation of
calix[5]arenes, and almost impossible in the wider and even
more flexible calix[6]arenes, for which a perfect cone con-
formation is difficult to achieve.


A cone conformation with a threefold symmetry axis has
been described for many 1,3,5-tri-O-methoxycalix[6]arene
derivatives, in which three rings point away from the axis; this
allows the O-methoxy groups to be included in the cavity and
thus occupy a substantial part of the cavity space.[7] As a
result, the remaining rings lie almost parallel to the threefold
central axis of symmetry; this provides a suitable edge for a
predictable dimerization by means of sticky contacts between
small substituents, for example, carboxylic acid groups.[4c]


Because of these steric restrictions, the use of ureas should
be limited to N-unsubstituted derivatives. Here we describe
the synthesis, the encapsulation studies and the conforma-
tional behaviour of 1,3,5-triureidocalix[6]arenes 1 (Figure 1,
right). Some N-substituted derivatives, which were unlikely to
dimerize, were also studied for comparison. In our represen-
tation (Figure 2c,d), the dimer adopts a quasi-cylindrical


Abstract in Spanish: Se han preparado y estudiado en detalle
por RMN y cromatografía de permeacioÂn de gel varios
calix[6]arenos con ureas en las posiciones para de anillos
alternados (1,3,5). Los compuestos con ureas N-no sustituídas
dimerizan dando lugar a cavidades cilíndricas unidas por un
circuito cerrado de enlaces de hidroÂgeno, capaces de encapsu-
lar pequenÄas molØculas como diclorometano, benceno o
fluorobenceno. En mezclas de [D6]DMSO-CDCl3 se observa
un equilibrio lento entre monoÂmero y dímero. Por el contrario,
las ureas N-sustituídas son monomØricas. Todas las ureas
monomØricas con O-sustituyentes voluminosos muestran un
equilibrio lento, dependiente del disolvente, entre conforma-
ciones cono de simetría C3v y Cs.


Abstract in Italian: Sono stati preparati e caratterizzati in
maniera approfondita mediante NMR e permeazione su gel
nuovi calix[6]areni recanti gruppi urea nelle posizioni para di
anelli alternati (1,3,5). I composti con uree non sostituite
dimerizzano dando origine a cavitaÂ cilindriche, attraverso la
formazione di legami ad idrogeno multipli, capaci di incapsu-
lare piccole molecole neutre come diclorometano, benzene o
fluorobenzene. In miscele [D6]DMSO-CDCl3 si osserva un
equilibrio lento tra monomero e dimero. Al contrario le uree
N-sostituite sono monomeriche. Tutte le uree monomeriche con
un O-sostituente voluminoso mostrano un equilibrio lento,
dipendente dal solvente, tra conformazioni a cono di simmetria
C3v e Cs.


Figure 2. Energy-minimized struc-
tures of tetrabutyl-ureidocalix[4]-
arene a) side view b) top view, and
of 1,3,5-triureidocalix[6]arene c) side
view d) top view (InsightII/Discover,
cvff force field). In the figures, O-alkyl
chains have been reduced to methyl
groups for clarity. Also, most hydro-
gen atoms, except those of the ureas,
have been omitted. Yellow lines have
been used to highlight the approxi-
mate size and shape of the resulting
cavities.
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shape (more precisely, a hexagonal prism) capped by the two
flexible calixarene platforms.


Results and Discussion


Synthesis : Triureas 1 and 5 were synthesized by a three-step
procedure. Precursors 4 a ± c were obtained by alkylation of
trinitrocalix[6]arene 2[8] (38 ± 54 % yields) followed by reduc-
tion of the resulting 3 a ± c by using either H2/PtO2 in THF or
NH2NH2 ´ H2O/PdÿC in MeOH/CH2Cl2, which proceeds with
almost quantitative yields. Precursors 3 d and 4 d have been
described previously.[8] N-Substituted ureas 5 were obtained
in 50 ± 56 % yields from 4 by reaction with the appropriate
isocyanate in CH2Cl2. N-Unsubstituted ureas 1 were prepared
in 35 ± 55 % yields by reaction of aminocalix[6]arenes 4 with
triphosgene or phosgene in toluene followed by treatment of
the resulting isocyanate with aqueous ammonia (Scheme 1).


Monomeric calix[6]arenes : The presence of phenyl or n-butyl
groups prevents dimerization of model 1,3,5-triureidocalix[6]-
arenes 5 and these compounds should be monomeric with C3v


symmetry.[7] Accordingly, only one aromatic signal for the
ureido-substituted ring and homotopic OCH2R protons were
observed in the 1H NMR spectra (CDCl3) of 5. Furthermore,
an average molecular weight of 1860� 300 amu was obtained
for 5 a by vapor pressure osmometry (VPO) in chloroform
(37 8C, calix[6]arene 6 as standard). This value is in good
agreement with that calculated for monomeric 5 a (MW�
1586 amu).


N-Unsubstituted 1,3,5-triureidocalix[6]arenes 1 are also
monomeric in polar, competitive solvents, such as [D6]DMSO.
In addition to the expected C3v conformation, a second
conformation with a Cs symmetry was observed in the spectra
of derivatives 5 (in [D6]DMSO, [D6]acetone or [D3]acetoni-
trile) and 1 (in [D6]DMSO), but only for compounds bearing
three bulky lower rim O-substituents (i.e., larger than
OÿCH2CH2OEt) attached to the rings that contain the urea
groups. Thus, while the 1H NMR spectrum of nonrigid
compounds 5 d and 1 b (in [D6]DMSO) showed only the
presence of C3v conformation, those of compounds 5 a, 1 a and
1 c indicated a mixture of C3v and Cs conformers in ca. 1:1
ratios. The amount of Cs conformer decreased both with


decreasing solvent polarity, that is, [D6]DMSO>


[D6]acetone> [D3]acetonitrile, and also upon addition of a
less polar solvent, such as [D6]benzene or CDCl3. Recipro-
cally, the Cs conformation in calixarene 5 a increased on the
addition of D2O to a [D6]acetone solution of the compound.


Both conformers of compound 1 a were fully assigned by
COSY, HMQC and ROESY experiments in a 5:2 [D6]DMSO/
[D6]benzene mixture at 50 8C, in which signal resolution was
best. Connectivities observed in the COSY and ROESY
experiments are summarized schematically in Figure 3.


Figure 3. a) 1H NMR spectrum (500 MHz, [D6]DMSO/[D6]benzene 5:2,
50 8C) of 1a (a dash is used to differenciate Cs conformer signals from C3v


conformer signals and subscript letters to differenciate between signals of
nonequivalent protons of Cs conformer. b) Connectivities obtained for C3v


and Cs conformers of compound 1a from COSY and ROESY experiments.


Scheme 1. Synthesis of triureidocalix[6]arenes: a) R1X, NaH, DMF, 75 8C or R1X, K2CO3, CH3CN, 80 8C. b) H2, PtO2, THF or NH2NH2 ´ H2O, Pd/C, CH2Cl2/
MeOH. c) Triphosgene, PhCH3, 110 8C. d) NH4OH aq 30%, THF/PhCH3, 25 8C. e) R2NCO, CH2Cl2, 25 8C.
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As for other 1,3,5-trimethoxycalix[6]arene derivatives, the
C3v conformer of 1 a displays a flattened cone structure, with
the methoxy groups inside the calix[6]arene annulus; this was
deduced from the two-dimensional NMR spectrum and from
the strongly shielded methyl signals (d� 2.65).[7] On the other
hand, the Cs conformation is a flattened cone with two
conformationally restricted ureido groups related by a plane
of symmetry, and a third urea in the plane freely rotating on
the NMR timescale. Such a structure is supported by the
diastereotopicity of the OCH2R (6'a� protons.


A ROESY experiment of 1 a in a 5:2 [D6]DMSO/[D6]ben-
zene mixture at 50 8C showed exchange peaks between the C3v


and Cs conformers, as well as between signals of the Cs


conformer itself, namely, i) for the protons of the same
aromatic ring, ii) for the protons of the three nonequivalent
tert-butyl-substituted rings and iii) for the protons of the three
nonequivalent ureido-substituted rings. These exchanges, as
well as the dependence of conformer ratios on solvent polarity
or on addition of water, can be tentatively explained by a
solvent molecule (or H2O) bridging the conformationally
restricted urea groups in the Cs conformer (Figure 4). Thus,
this unprecedented slow exchange at room temperature
between two cone calixarene conformations not related by
ring inversion can be accounted for by the cleavage of
hydrogen bonds between the bridging unit and the ureido
groups, which leads to the C3v conformer. Conversely, the
bridging of two out of the three mobile ureido groups in the
C3v conformer by a solvent molecule would be expected to
force the structure back to Cs symmetry.


Figure 4. Proposed structures for C3v and Cs conformers of compound 1a.


Self-assembly : In agreement with our initial predictions, we
noticed that N-unsubstituted calixarenes 1, but not the N-
substituted analogues 5, self-assembled to give dimers (1-1)
when the competitive polar solvents mentioned above were
replaced by less polar ones, such as [D6]benzene, [D8]toluene,
CD2Cl2, CDCl3, CCl4 or CDCl2CDCl2. In the dimers, each
subunit must display a C3 symmetry, owing to the circular
array of hydrogen bonds that keep the ureas of both rings
firmly linked together. As for the calix[4]arene tetraureas,[3]


urea rotations are ªfrozenº in the dimer, so two enantiomeric
subunits give rise to a meso capsule. The global symmetry of
dimers 1-1 is therefore S6 . This was fully consistent with the
1H NMR spectra of either 1 a-1 a, 1 b-1 b or 1 c-1 c in any of the
nonpolar solvents mentioned above. For instance, two clearly
differenciated aromatic signals at about d� 7.10 and 6.30 with
a characteristic meta coupling (assigned unambiguously by a


COSY experiment on the aromatic protons of the rings
bearing the urea functions) were observed for dimer 1 a-1a in
CDCl3. Furthermore, a typical pattern of a triplet of doublets
at d� 3.80 was displayed by the OÿCH2ÿR protons at the
lower rim, which become diastereotopic in the dimer as a
result of the loss of the planes of symmetry bisecting each
aromatic nucleus in the monomeric subunits that contain
freely-rotating urea groups. Irradiation of the CH2 signal of
the O-octyl chain at d 1.87 converted the OÿCH2ÿR signal
into an AB system with a geminal coupling.


The structure of dimer 1 a-1 a was also confirmed by gel-
permeation chromatography (GPC) in chloroform, using
polystyrenes as standards.[9] Compound 5 a, (monomer
MW� 1580, see above) was used as a model for a monomeric
calixarene of similar shape to monomeric 1 a. This compound
gave a symmetrical peak at MW� 1293. The unsubstituted
urea dimer 1 a-1 a (calcd MW� 2715) gave a tailed peak at
MW� 1793 and a small peak at MW� 968 corresponding to
monomeric 1 a (calcd MW� 1358).[10] Dimer 1 b-1b (calcd
MW� 2464) gave a sharp, symmetrical peak at MW� 2656.


Further evidence for dimer 1 a-1 a came from dilution
experiments and by recording the spectra in mixtures of
solvents: a broad signal at about d� 4.9 from the ªfreeº
monomeric urea NH2 protons gradually emerged as a 2.5�
10ÿ3m solution in CDCl3 was diluted to 1.25� 10ÿ4m. Dimer
1 a-1 a was also studied in mixtures of CDCl3 and [D6]DMSO.
With a 20 % v/v of [D6]DMSO, a slow conversion from dimer
to monomer was noted; the two individual species were
observed simultaneously in the spectrum (Figure 5).[11]


Figure 5. a) 1H NMR spectrum (300 MHz, CDCl3, 25 8C) of 1a-1 a.
b) Same sample 30 min after addition of 20 % v/v [D6]DMSO (monomer
signals are labelled with an asterisk). c) Two days later.


The flexibility of the calix[6]arene platforms caused the
spectra of dimers 1 a-1 a and 1 b-1 b at 25 8C to be rather broad
and poorly resolved. Variable temperature spectra of 1 a in
CDCl2CDCl2 from 25 to 125 8C again showed the transition
from dimer to monomer. However, the 1H NMR spectra in
CDCl3, CDCl2CDCl2 and [D8]toluene were very complex at
low temperatures (from ÿ40 to 0 8C); the loss of symmetry
was probably caused by the poor fit of these solvents into the
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cavity. By contrast, low-temperature spectra in CD2Cl2 (from
ÿ70 to ÿ30 8C) showed sharply split signals and a change of
symmetry from S6 to Ci (Figure 6).


Figure 6. a) 1H NMR spectrum (300 MHz, C2D2Cl4, 125 8C) of 1a.
b) 1H NMR spectrum (300 MHz, CDCl3, 45 8C) of 1 a-1a. c) 1H NMR
spectrum (300 MHz, CD2Cl2, ÿ40 8C) of 1a-1 a. For numbering see
Figure 7.


Since the 1H NMR spectrum of monomeric 1 a in a 5:2
CD2Cl2/CD3OD mixture atÿ40 8C is typically broad and only
shows two signals at d� 7.21 and 6.40 for the aromatic
protons,[12] this splitting suggests that the dimerization process
freezes the conformational inversion of the calixarene in the
range ÿ70 to ÿ30 8C.[13]


COSY experiments in CD2Cl2 at ÿ30 8C were initially used
to correlate protons of the same aromatic rings, or pairs of
methylene protons in the calixarene skeleton. A HMQC
experiment infers a syn arrangement of the aromatic rings,
since methylene carbons appeared in the range d� 30.0 ±
31.5.[14] A ROESY spectrum showed close contacts between
protons of contiguous aromatic rings (i.e., c ± e, g ± j, e ± d and
e ± i) and between those of the adjacent methylene protons
(i.e., h ± t, c ± w ± e, g ± u, e ± x ± d, i ± v, f ± s, a ± o and b ± p; see
Figure 7). These ROEs and the information from the COSY
spectrum provided the connectivity around the calixarene
units; this can be extended to the urea protons by consecutive
correlations between aromatic-NH and NH ± NH for two
ureido groups (h ± 2, j ± 3, i ± 1, 2 ± 5 and 3 ± 4). The third urea
was assigned by elimination. The relative disposition of
calixarene units was established by the observation of three
intermolecular ROE contacts between aromatic protons in
the skeleton of one calixarene and the urea protons of the
opposite calixarene (d ± 5, i ± 7 and f ± 4). Finally, the structure
for the dimer depicted in Figure 1 (right) was clearly
supported by the strong shielding of one of the urea NH2


protons (namely 7, d� 2.10, see Figure 7) that is forced to lie
in front of the aromatic rings of the complementary subunit.


Figure 7. Connectivities obtained for dimer 1a-1 a from COSY and
ROESY in CD2Cl2 at ÿ30 8C.


Guest encapsulation : The well-resolved low-temperature
spectrum of dimer 1 a-1 a in CD2Cl2, in contrast to the broad
signals observed with larger solvents (see preceding section)
could be interpreted as a sign of solvent encapsulation.
Indeed, a new signal appeared at d� 3.67 when the spectrum
was recorded in nondeuterated CH2Cl2 at ÿ50 8C. The signal
was unambiguously assigned to encapsulated CH2Cl2 by a
HMQC spectrum: a 13C peak was observed at d� 52.3 (for
nonencapsulated CH2Cl2


1H and 13C NMR peaks appear at
d� 5.33 and 54.0, respectively).


Closer inspection of the two-dimensional NMR spectra of
dimer 1 a-1 a in CD2Cl2 at ÿ30 8C indicates a flattened cone
conformation for each subunit, in close agreement with the
initial predicted structure (Figure 2c), although somewhat
more flexible. For instance, the tert-butyl-substituted aromatic
rings are wide open, almost in the plane of the methylene
bridges with one of them in an intermediate position between
a syn and an anti conformation. The chemical shifts of the
corresponding methoxy groups (d� 3.80, 1.83 and 1.70)
clearly show that only two methoxy groups are inside the
cavity, the third being directed away. The shape of the capsule
was quite sensitive to the size and shape of the solvent. Thus,
the spectrum of 1 a in [D10]p-xylene at 25 8C was asymmetric,
but returned to the typical S6 symmetry at 50 8C, while the
spectrum in [D12]mesitylene, a solvent much too big to be
encapsulated, was also asymmetric (NH signals at d� 8.10
and 8.32) but insensitive to temperature changes. Most likely,
1 a forms aggregated oligomers of undefined structure in
[D12]mesitylene and other large-molecule solvents. Therefore,
[D12]mesitylene was used as a noncompetitive solvent for the
encapsulation studies. This bulky solvent has also been used
by Rebek et al. in related systems.[5] Addition of increasing
amounts of benzene (1 or 20 equiv with respect to dimer, or
5 mol % with respect to solvent) to a solution of 1 a in
[D12]mesitylene lead to a new signal at d� 6.16 that corre-
sponds to encapsulated benzene. This assignment was con-
firmed by a spectrum of 1 a-1 a in nondeuterated benzene (d�
6.0) and by a HMQC experiment (13C peak at d� 127.0; 1H
and 13C NMR peaks for nonencapsulated benzene at d� 7.15
and 128.5, respectively). One benzene molecule per capsule
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was included, as evidenced from the NMR integrals.[15]


Interestingly, addition of CD2Cl2 caused the signal of encap-
sulated benzene to vanish rapidly, probably due to the flexible
nature of the capsule. Furthermore, the 19F NMR spectrum of
fluorobenzene (3 mol % relative to solvent) in a solution of
dimer 1 a-1 a in [D12]mesitylene showed a new signal (shielded
2.8 ppm relative to free fluorobenzene) for the encapsulated
guest (Figure 8).


Figure 8. a) Section of a 1H NMR spectrum of 1 a-1a (500 MHz, [H6]ben-
zene, 25 8C). b) 19F NMR spectrum (470.5 MHz, [D12]mesitylene, 25 8C) of a
solution of 1 a-1a in [D12]mesitylene/fluorobenzene 97:3.


Conclusions


Monomeric triureidocalix[6]arenes are flexible platforms that
display cone conformations of C3v symmetry at room temper-
ature in polar solvents, such as [D6]DMSO. A second
conformation of Cs symmetry was present in variable
amounts, depending on the solvent polarity. In less polar
solvents, triureidocalix[6]arenes form dimeric capsules held
together by a cyclic array of hydrogen bonds. These dimers are
also flexible and give rise to well-defined NMR signals at low
temperatures. Interestingly, monomers and dimers were
observed simultaneously in appropriate solvent mixtures.
This should enable us to carry out a more in-depth study on
the kinetics and thermodynamics of the dimerization process,
presumably in both calix[6] and calix[4]arenes. We will report
on these findings in due time.


The resulting dimeric cavities are about the same size as
those arising from tetraureidocalix[4]arenes, although some-
what different in shape. Thus, guests the size of benzene are
easily included into the cavity. HMQC two-dimensional NMR
experiments were carried out to unequivocally assign peaks
that correspond to encapsulated species.


Experimental Section


Solvents were dried before use by standard methods. Unless otherwise
stated all reactions were carried out under argon. Flash chromatography
was performed with grade silica gel (Chromagel 60A CC). 1H and 13C NMR
spectra were recorded on Bruker AC 200, AMX 300 and DRX 500
spectrometers, 19F NMR spectra were recorded on a Varian Unity 500
spectrometer. Chemical shifts are reported as d values in ppm from the
residual solvent peak. Mass spectra were performed with a VG AutoSpec
mass spectrometer. Elemental analyses were obtained with a Perkin ±
Elmer 2400 CHN analyzer. Melting points were taken with a Gallenkamp
apparatus. Vapor pressure osmometry measurement was obtained with a
Knauer mod 11.00 osmometer. Calixarenes 2,[8] 3d,[8] 4 d[8] and 6[16] were
obtained by known procedures.


5,17,29-Tri-tert-butyl-38,40,42-trimethoxy-37,39,41-tri-n-octyloxy-11,23,35-
trinitrocalix[6]arene (3a): A suspension of 2 (850 mg, 0.87 mmol) and NaH
(450 mg, 11.25 mmol, 60 % in mineral oil) in DMF (150 mL) was stirred at
50 8C for 15 min and was treated with 1-iodooctane (3.8 mL, 21.05 mmol) at
75 8C for 3 days. The reaction mixture was partitioned between CH2Cl2 and
HCl (aq 10%). The organic layer was dried (Na2SO4) and evaporated. The
residue was subjected to chromatography (hexane/EtOAc 9:1) and
triturated (EtOH) to give 3 a as a yellow solid (534 mg, 51 %). M.p. 176 ±
17 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d� 7.70 (br s, 6H; ArH), 7.20
(br s, 6 H; ArH), 4.60 ± 4.10 (br s, 6 H; ArCH2Ar), 3.83 (br s, 6H; CH2),
3.90 ± 3.40 (br s, 6H; ArCH2Ar), 2.88 (s, 9H; CH3), 1.84 (br s, 6 H; CH2),
1.50 (br s, 6 H; CH2), 1.30 (br s, 51 H; CH2, CH3), 0.89 (t, 3J(H,H)� 7.0 Hz,
9H; CH3); 13C{1H}NMR (75 MHz, CDCl3, 25 8C, DEPT): d� 161.4, 154.0,
146.8, 143.5, 136.1, 132.2 (ArC), 126.5, 123.9 (ArCH), 73.9 (OCH2), 60.0
(OCH3), 34.2 ((CH3)3C), 31.8 (ArCH2Ar), 31.5 ((CH3)3C), 30.2, 29.6, 29.4,
29.2, 26.0, 22.6 (CH2), 14.0 (CH3); MS (CI): m/z (%): 1318 (100) [M]� ;
C81H111N3O12 (1318.80): calcd C 73.77, H 8.48, N 3.19; found C 73.40, H 8.87,
N 3.23.


5,17,29-Tri-tert-butyl-37,39,41-tris(2-ethoxyethoxy)-38,40,42-trimethoxy-
11,23,35-trinitrocalix[6]arene (3b): A solution of 2 (421 mg, 0.43 mmol),
K2CO3 (366 mg, 2.60 mmol) and KI (ca. 20 mg) in CH3CN (70 mL) at 80 8C
was treated with EtOCH2CH2OTs[17] (730 mg, 2.90 mmol) for 3 days. The
reaction mixture was partitioned between EtOAc (50 mL) and HCl (aq
10%). The organic layer was dried (Na2SO4) and evaporated. The residue
was subjected to chromatography (hexane/EtOAc 2:1) and triturated
(MeOH) to give 3 b as a pale yellow solid (196 mg, 38 %). M.p. 219 ± 222 8C;
1H NMR (300 MHz, CDCl3, 25 8C): d� 7.70 (s, 6 H; ArH), 7.17 (s, 6H;
ArH), 4.00 (br s, 12H; ArCH2Ar), 3.93 (t, 3J(H,H)� 4.1 Hz, 6H; CH2), 3.68
(t, 3J(H,H)� 4.1 Hz, 6 H; CH2), 3.47 (q, 3J(H,H)� 7.0 Hz, 6H; CH2), 2.93
(s, 9H; CH3), 1.29 (s, 27H; CH3), 1.13 (t, 3J(H,H)� 7.0 Hz, 9 H; CH3);
13C{1H}NMR (75 MHz, CDCl3, 25 8C, DEPT): d� 160.0, 154.3, 146.8, 143.6,
136.0, 132.2 (ArC), 127.3, 123.2 (ArCH), 72.8, 69.4 (OCH2CH2O), 66.6
(OCH2CH3), 59.9 (OCH3), 34.2 ((CH3)3C), 31.4 ((CH3)3C), 30.8
(ArCH2Ar), 15.1 (CH3); C69H87N3O15 (1198.47): calcd C 69.15, H 7.32, N
3.51; found C 69.35, H 6.81, N 3.30.


5,17,29-Tri-tert-butyl-37,39,41-tris(N,N-diethylaminocarbonylmethoxy)-
38,40,42-trimethoxy-11,23,35-trinitrocalix[6]arene (3c): A solution of 2
(200 mg, 0.20 mmol) and K2CO3 (171 mg, 1.24 mmol) in CH3CN (40 mL)
was stirred at 70 8C for 2 h and was treated with 2-chloro-N,N-diethylace-
tamide (0.20 mL, 1.24 mmol) at 70 8C for 5 days. The reaction mixture was
partitioned between EtOAc and HCl (aq 10%). The organic layer was
dried (MgSO4) and evaporated. The residue was subjected to chromatog-
raphy (CH2Cl2/MeOH, 40:1) to give 3 c as a yellow solid (146 mg, 54%).
M.p. 165 ± 168 8C; 1H NMR (200 MHz, CDCl3, 25 8C): d� 7.50 (br s, 6H;
ArH), 7.19 (s, 6 H; ArH), 4.59 (s, 6 H; CH2), 4.40 ± 3.60 (br s, 12H;
ArCH2Ar), 3.39 (q, 3J(H,H)� 7.0 Hz, 6H; CH2), 3.37 (q, 3J(H,H)� 7.0 Hz,
6H; CH2), 2.91 (s, 9H; CH3), 1.31 (s, 27H; CH3), 1.15 (t, 3J(H,H)� 7.0 Hz,
18H; CH3); 13C{1H}NMR (75 MHz, CDCl3, 25 8C): d� 166.2 (CO), 159.4,
154.5, 147.1, 144.0, 135.4, 131.6 (ArC), 127.8, 122.7 (ArCH), 71.5 (OCH2),
60.0 (OCH3), 41.5, 40.3 (NCH2CH3), 34.2 ((CH3)3C), 31.4 (ArCH2Ar), 31.3
((CH3)3C), 14.3, 12.8 (NCH2CH3); MS (FAB�, m-nitrobenzyl alcohol
matrix): m/z (%): 1322 (100) [M�H]� ; C75H96N6O15 ´ H2O (1339.64): calcd
C 67.24, H 7.37, N 6.27; found C 67.33, H 7.72, N 6.45.


General procedures for the synthesis of 4a ± c
Method A : A suspension of 3 and PtO2 (0.33 equiv) was stirred under H2


(1 atm) for 18 h. The reaction mixture was filtered through Celite and
evaporated to give 4.
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Method B : A suspension of 3, NH2NH2 ´ H2O (100 equiv) and Pd/C
(0.5 equiv) in MeOH/CH2Cl2 7:2 was stirred at 60 8C for 24 h. The reaction
mixture was filtered through Celite and evaporated. The residue was
partitioned between CH2Cl2 and water. The organic layer was dried
(Na2SO4) and evaporated to give 4.


11,23,35-Triamino-5,17,29-tri-tert-butyl-38,40,42-trimethoxy-37,39,41-tri-n-
octyloxycalix[6]arene (4a): Reduction of 3 a by method A or B gave 4a as a
pale yellow solid (99 % yield). M.p. 147 ± 148 8C; 1H NMR (200 MHz,
CDCl3, 25 8C): d� 7.18 (s, 6 H; ArH), 5.86 (s, 6 H; ArH), 4.30 ± 3.30 (br s,
12H; ArCH2Ar), 3.86 (t, 3J(H,H)� 6.5 Hz, 6H; CH2), 3.01 (s, 9 H; CH3),
1.88 (m, 6H; CH2), 1.56 (m, 6 H; CH2), 1.33 (s, 51H; CH2, CH3), 0.91 (t,
3J(H,H)� 7.0 Hz, 9H; CH3), the NH2 signal was not observed;
13C{1H}NMR (75 MHz, CDCl3, 25 8C, HMQC): d� 154.7, 147.3, 146.0,
141.5, 135.0, 133.4 (ArC), 127.1, 114.1 (ArCH), 73.2 (OCH2), 60.2 (OCH3),
34.1 ((CH3)3C), 31.9 (ArCH2Ar), 31.5 ((CH3)3C), 30.8, 30.5, 29.6, 29.3, 26.3,
22.6 (CH2), 14.1 (CH3); MS (FAB�, m-nitrobenzyl alcohol/trifluoroacetic
acid matrix): m/z (%): 1251 (20) [M�Na]� , 1229 (100) [M�H]� ; HR-MS
(FAB�, m-nitrobenzyl alcohol/trifluoroacetic acid matrix): m/z : calcd
1250.8840; found 1250.8881; C81H117N3O6 ´ 3H2O (1282.88): calcd C 75.84,
H 9.66, N 3.28; found C 75.91, H 9.67, N 3.10.


11,23,35-Triamino-5,17,29-tri-tert-butyl-37,39,41-tris(2-ethoxyethoxy)-
38,40,42-trimethoxycalix[6]arene (4 b): Reduction of 3b by method A gave
4b as a pale yellow solid (100 % yield). M.p. 165 ± 168 8C; 1H NMR
(300 MHz, CDCl3, 25 8C): d� 7.10 (s, 6H; ArH), 5.85 (s, 6H; ArH), 4.20 ±
3.80 (br s, 12H; ArCH2Ar), 3.96 (t, 3J(H,H)� 4.5 Hz, 6 H; CH2), 3.77 (t,
3J(H,H)� 4.5 Hz, 6 H; CH2), 3.60 (q, 3J(H,H)� 7.0 Hz, 6H; CH2), 3.04 (s,
9H; CH3), 2.90 ± 2.50 (br s, 6H; NH2), 1.25 (s, 27 H; CH3), 1.22 (t, 3J(H,H)�
7.0 Hz, 9H; CH3); 13C {1H}NMR (75 MHz, CDCl3, 25 8C, DEPT): d� 154.7,
147.0, 146.0, 141.8, 135.0, 133.3 (ArC), 126.9, 114.2 (ArCH), 72.1, 69.8
(OCH2CH2O), 66.7 (OCH2CH3), 60.2 (OCH3), 34.1 ((CH3)3C), 31.5
((CH3)3C), 30.9 (ArCH2Ar), 15.2 (CH3); C69H93N3O9 ´ 0.5H2O (1117.53):
calcd C 74.16, H 8.48, N 3.76; found C 74.33, H 8.78, N 3.72.


11,23,35-Triamino-5,17,29-tri-tert-butyl-37,39,41-tris(N,N-diethylaminocar-
bonylmethoxy)-38,40,42-trimethoxycalix[6]arene (4c): Reduction of 3c by
method A gave 4c as a white solid (98 % yield). M.p. 192 ± 194 8C; 1H NMR
(300 MHz, CDCl3, 25 8C): d� 7.13 (s, 6H; ArH), 5.69 (s, 6H; ArH), 4.54 (s,
6H; CH2), 4.40 ± 3.90 (br s, 12H; ArCH2Ar), 3.46 (q, 3J(H,H)� 7.0 Hz, 6H;
CH2), 3.43 (q, 3J(H,H)� 7.0 Hz, 6H; CH2), 2.96 (s, 9 H; CH3), 1.31 (s, 27H;
CH3), 1.25 (t, 3J(H,H)� 7.0 Hz, 9H; CH3), 1.17 (t, 3J(H,H)� 7.0 Hz, 9H;
CH3), the NH2 signal was not observed; 13C {1H}NMR (75 MHz, CDCl3,
25 8C, DEPT): d� 167.6 (CO), 154.9, 147.2, 146.2, 142.1, 134.9, 132.9 (ArC),
127.5, 113.6 (ArCH), 72.4 (OCH2), 60.2 (OCH3), 41.6, 40.0 (NCH2CH3),
34.1 ((CH3)3C), 31.5 ((CH3)3C), 31.1 (ArCH2Ar), 14.4, 12.8 (NCH2CH3);
MS (FAB�, m-nitrobenzyl alcohol matrix): m/z (%): 1232 (100) [M�H]� ;
HR-MS (FAB�, m-nitrobenzyl alcohol matrix): m/z : calcd 1231.7787; found
1231.7757.


5,17,29-Tri-tert-butyl-38,40,42-trimethoxy-37,39,41-tri-n-octyloxy-11,23,35-
tris-(N''-phenylureyl)-calix[6]arene (5a): A solution of 4 a (386 mg,
0.32 mmol) in CH2Cl2 (10 mL) was treated with phenylisocyanate
(100 mL, 0.95 mmol) at 25 8C for 5 h. The reaction mixture was evaporated
and subjected to chromatography (3:2 hexane/EtOAc) to give 5 a as a white
solid (279 mg, 56 %). M.p. 150 ± 154 8C; 1H NMR (300 MHz, CD2Cl4,
97 8C): d� 7.16 (s, 6 H; ArH), 7.07 ± 7.02 (br m, 15 H; ArH, NH), 6.91 (br m,
3H; ArH), 6.70 (br s, 3 H; NH), 6.25 (s, 6H; ArH), 4.38 (AB system, part B,
2J(H,H)� 15.4 Hz, 6 H; ArCH2Ar), 3.93 (t, 3J(H,H)� 6.5 Hz, 6 H; CH2),
3.52 (AB system, part A, 2J(H,H)� 15.4 Hz, 6 H; ArCH2Ar), 2.77 (s, 9H;
CH3), 1.90 (m, 6H; CH2), 1.65 ± 1.45 (m, 6 H; CH2), 1.40 ± 1.20 (m, 51H;
CH3, CH2), 0.89 (t, 3J(H,H)� 7.0 Hz, 9 H; CH3); 13C {1H}NMR (75 MHz,
CDCl3, 25 8C, DEPT): d� 154.9 (CO), 154.6, 152.3, 146.7, 138.3, 135.7,
133.1, 132.3 (ArC), 128.9, 127.6, 123.4, 123.0, 120.5 (ArCH), 73.1 (OCH2),
60.2 (OCH3), 34.2 ((CH3)3C), 31.8 (ArCH2Ar), 31.5 ((CH3)3C), 30.9, 30.4,
29.5, 29.3, 26.3, 22.6 (CH2), 14.1 (CH3); MS (FAB�, m-nitrobenzyl alcohol
matrix): m/z (%): 1608 (100) [M�Na]� , 1586 (81) [M�H]� ; C102H132N6O9 ´
0.5CH2Cl2 (1628.69): calcd C 75.59, H 8.23, N 5.16; found C 75.20, H 8.39, N
5.43.


37,39,41-Triacetoxy-5,17,29-tri-tert-butyl-11,23,35-tris-(N''-butylureyl)-
38,40,42-trimethoxycalix[6]arene (5d): A solution of 4d (100 mg,
0.10 mmol) in CH2Cl2 (15 mL) was treated with n-butylisocyanate
(0.13 mL, 1.18 mmol) at 25 8C for 24 h. The reaction mixture was
partitioned between CH2Cl2 and H2O. The organic layer was dried


(Na2SO4) and evaporated. The residue was triturated (Et2O) to give 5d
as a white solid (67 mg, 55 %). M.p. >300 8C; 1H NMR (300 MHz,
[D6]DMSO, 25 8C): d� 8.28 (br s, 3 H; NH), 7.22 (br s, 6 H; ArH), 6.84 (br s,
6H; ArH), 6.05 (br t, 3J(H,H)� 7.0 Hz, 3H; NH), 3.90 ± 3.50 (br s, 12H;
ArCH2Ar), 3.34 (s, 9 H; CH3), 3.10 (q, 3J(H,H)� 7.0 Hz, 6H; CH2), 2.00 ±
1.50 (br s, 9 H; CH3), 1.42 ± 1.23 (m, 12H; CH2), 1.10 (br s, 27H; CH3), 0.80
(t, 3J(H,H)� 7.0 Hz, 9H; CH3); 13C {1H}NMR (75 MHz, [D6]DMSO, 25 8C,
DEPT): d� 168.6 (COCH3), 155.2 (NHCONH), 152.8, 145.1, 141.1, 137.6,
133.3, 131.8 (ArC), 124.7, 118.1 (ArCH), 60.1 (OCH3), 38.6 (NCH2), 33.7
(C(CH3)3), 31.9 (CH2), 31.1 (C(CH3)3), 30.6 (ArCH2Ar), 19.5 (CH2), 13.7
(CH3), the CH3CO signal was not observed at this temperature; however,
it was observed at 100 8C (HMQC, d� 21.1); MS (FAB�, m-nitro-
benzyl alcohol matrix): m/z (%): 1316 (100) [M�H]� ; C78H102N6O12 ´
2H2O (1351.75): calcd C 69.31, H 7.90, N 6.22; found C 69.37, H 8.24,
N 5.86.


5,17,29-Tri-tert-butyl-38,40,42-trimethoxy-37,39,41-tri-n-octyloxy-11,23,35-
triureylcalix[6]arene (1a): A solution of 4 a (124 mg, 0.10 mmol) in toluene
(3 mL) was treated with a solution of triphosgene (30 mg, 0.10 mmol) in
toluene (1 mL) at 110 8C for 2 h, warmed to 25 8C and treated with NH4OH
(30 % aq, 4.30 mL, 7.52 mmol) in THF (1 mL) for 16 h. The organic layer
was evaporated and triturated (EtOAc) to give 1a as a white solid (80 mg,
53%). M.p. 246 ± 252 8C; FT IR (KBr): nÄ � 3497, 3384, 3207, 3147,
1673 cmÿ1; 1H NMR (300 MHz, CDCl3, 25 8C): d� 8.70 ± 8.40 (br s, 6H;
NH), 7.60 ± 7.10 (m, 18 H; ArH), 6.35 ± 6.20 (br s, 6 H; ArH), 4.60 ± 4.20 (br s,
12H; ArCH2Ar), 3.90 ± 3.20 (br s, 12H; NH2), 3.88 ± 3.70 (m, 12H; CH2),
3.50 ± 3.30 (br s, 12 H; ArCH2Ar), 1.87 (m, 12H; CH2), 1.56 (m, 12H; CH2),
1.40 ± 1.20 (m, 102 H; CH2, CH3), 0.88 (t, 3J(H,H)� 7.0 Hz, 18 H; CH3), the
CH3O signal was not observed; MS (FAB�, m-nitrobenzyl alcohol matrix):
m/z (%): 1380 (29) [M�Na]� , 1358 (100) [M�H]� ; C84H120N6O9 ´ 0.5 CHCl3


(1417.62): calcd C 71.59, H 8.57, N 5.93; found C 71.45, H 8.56, N 5.69.


5,17,29-Tri-tert-butyl-37,39,41-tris(2-ethoxyethoxy)-38,40,42-trimethoxy-
11,23,35-triureylcalix[6]arene (1b): A solution of 4b (110 mg, 0.10 mmol)
in toluene (3 mL) was treated with a solution of triphosgene (35 mg,
0.12 mmol) in toluene (1 mL) at 110 8C for 2 h, warmed to 25 8C and treated
with NH4OH (30 % aq, 4.2 mL) in THF (4 mL) for 16 h. The organic layer
was evaporated and triturated (EtOAc) to give 1b as a white solid (68 mg,
55%). M.p. 270 ± 272 8C; FT IR (KBr): nÄ � 3493, 3375, 3202, 3147,
1673 cmÿ1; 1H NMR (300 MHz, CD2Cl2, 25 8C): d� 8.62 (br s, 6 H; NH),
7.46 (s, 6H; ArH), 7.50 ± 7.30 (br s, 12 H; ArH), 6.24 (br s, 6 H; ArH), 4.44
(br s, 12H; ArCH2Ar), 4.03 (m, 12 H; CH2), 3.84 (br s, 12 H; CH2), 3.62 (q,
3J(H,H)� 7.0 Hz, 12 H; CH2), 3.59 ± 3.37 (br m, 12H; ArCH2Ar), 2.50 ± 1.90
(br s, 18H; CH3), 1.37 (s, 54H; CH3), 1.20 (t, 3J(H,H)� 7.0 Hz, 18H;
CH3), the NH2 signal was not observed; MS (FAB�, m-nitrobenzyl
alcohol matrix): m/z (%): 1260 (33) [M�Na]� , 1238 (100) [M�H]� ; HR-
MS (FAB�, m-nitrobenzyl alcohol matrix): calcd 1237.7164; found
1237.7170.


5,17,29-Tri-tert-butyl-37,39,41-tris-(N,N-diethylaminocarbonylmethoxy)-
38,40,42-trimethoxy-11,23,35-triureylcalix[6]arene (1c): A solution of 4 c
(116 mg, 0.09 mmol) and pyridine (0.1 mL, 1.22 mmol) in CH2Cl2 (8 mL)
was treated at 0 8C with phosgene (0.18 mL, 0.34 mmol, 1.89m in toluene)
for 2 h. The reaction mixture was treated with a solution of NH4OH (30 %
aq, 4.00 mL, 7.00 mmol) in THF (3 mL) and stirred for 24 h. The solvent
was evaporated and the crude product was partitioned between CH2Cl2 and
H2O. The organic layer was dried (Na2SO4) and evaporated. The residue
was triturated (EtOAc) and the filtrate was evaporated and triturated with
Et2O to give 1c as a white solid (40 mg, 35%). M.p. >300 8C; 1H NMR
(300 MHz, CDCl3, 25 8C): d� 8.50 (br s, 6 H; NH), 7.48 (d, 4J(H,H)�
2.7 Hz, 6H; ArH), 7.40 ± 7.10 (brm, 12H; ArH), 6.13 (d, 4J(H,H)� 2.7 Hz,
6H; ArH), 4.70 ± 4.30 (m, 24H; OCH2, ArCH2Ar), 3.90 ± 3.33 (m, 36H;
ArCH2Ar, NCH2CH3), 2.70 ± 2.10 (br s, 18H; CH3), 1.36 (s, 54H; CH3), 1.25
(t, 3J(H,H)� 7.0 Hz, 18 H; CH3), 1.10 (t, 3J(H,H)� 7.0 Hz, 18 H; CH3), the
NH2 signal was not observed; 13C {1H}NMR (75 MHz, CDCl3, 25 8C,
DEPT): d� 167.0 (CH2CONEt2), 157.0 (NHCONH2), 149.2, 146.9, 136.2,
135.4, 135.0, 134.4, 132.0 (ArC), 128.2, 115.7, 114.2 (ArCH), 73.0 (OCH2),
60.9, 60.3 (OCH3), 41.8, 40.1 (NCH2CH3), 34.3 ((CH3)3C), 31.6 ((CH3)3C),
29.7 (ArCH2Ar), 14.5, 12.8 (NCH2CH3); MS (FAB�, m-nitrobenzyl
alcohol matrix): m/z (%): 1383 (100) [M�Na]� , 1361 (43) [M�H]� ;
C78H105N9O12 ´ 3H2O (1414.81): calcd C 66.22, H 7.91, N 8.91; found C 66.19,
H 8.26, N 8.60.
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Abstract: Herein we describe different
CÿC coupling reactions of permethylti-
tanocene and -zirconocene with disub-
stituted 1,3-butadiynes. The outcomes of
these reactions vary depending on the
metals and the diyne substituents. The
reduction of [Cp*2 MCl2] (Cp*� C5Me5;
M�Ti, Zr) with Mg in the presence of
disubstituted butadiynes RC�CÿC�CR'
is suitable for the synthesis of different
CÿC coupling products of the diyne and
the permethylmetallocenes, and pro-
vides a new method for the generation
of functionalized pentamethyl-cyclopen-
tadienyl derivatives. For M�Zr and
R�R'� tBu, the reaction gives, by a
twofold activation of one pentamethyl-
cyclopentadienyl ligand, the complex
[Cp*Zr{ÿC(�C�CHtBu)ÿCHtBuÿCH2ÿ


h5-C5Me3ÿCH2ÿ}] (3), containing a ful-
vene ligand that is coupled to the
modified substrate (allenic subunit).
When using the analogous permethyl-
titanocene fragment ªCp*2 Tiº, the reac-
tion depends strongly on the substitu-
ents R and R'. The coupling product of
the butadiyne with two methyl groups of
one of the pentamethylcyclopentadienyl
ring systems, [Cp*Ti{h5-C5Me3-
(CH2ÿCHRÿh2-C2-CHR'ÿCH2)}], is ob-
tained with R�R'� tBu (4) and R�
tBu, R'� SiMe3 (5). In these complexes
one pentamethylcyclopentadienyl li-


gand is annellated to an eight-mem-
bered ring with a CÿC triple bond, which
is coordinated to the titanium center. A
different activation of both pentame-
thylcyclopentadienyl ligands is observed
for R�R'�Me, resulting in the com-
plex [{h5-C5Me4(CH2)ÿ}Ti{ÿC(�CHMe)ÿ
C(�CHMe)ÿCH2ÿh5-C5Me4}] (6), which
displays a fulvene as well as a butadien-
yl-substituted pentamethylcyclopenta-
dienyl ligand. The influence exerted by
the size of the metal is illustrated in
the reaction of [Cp*2 ZrCl2] with
MeC�CÿC�CMe. Here the five-mem-
bered metallacyclocumulene complex
[Cp*2 Zr(h4-1,2,3,4-MeC4Me)] (7) is ob-
tained. The reaction paths found for
R�R'�Me are identical to those for-
merly described for R�R'�Ph.


Keywords: CÿC coupling ´ CÿH
activation ´ diynes ´ titanocene ´
zirconocene


Introduction


Conjugated as well as nonconjugated diynes have been
demonstrated to react with titanocene and zirconocene.[1]


We investigated such reactions with 1,3-butadiynes by using
the alkyne complexes [Cp2M(L)(h2-Me3SiC2SiMe3)][1l] (M�
Ti, L� -; M�Zr, L�THF, pyridine) as metallocene sources.
Different complexations, CÿC single bond cleavage, and
coupling reactions were unexpected results of these studies.
The products obtained were found to be strongly dependent
on the substituents R, the metals, and the stoichiometry
employed in the conversions.[1l]


The most interesting products of these reactions of the
metallocenes ªCp2Mº (Cp�C5H5; M�Ti, Zr)[1l] with
tBuC�CÿC�CtBu were stable five-membered metallacyclo-
cumulenes [Cp2M(h4-1,2,3,4-tBuC4tBu)] (M�Zr, Ti).[2, 3] It
was established by X-ray diffraction studies that these contain
a planar ring system with three CÿC double bonds, of which
the central bond is internally coordinated to the metal center.
Some reactions of this novel type of compound were
subsequently investigated.


Very recently we described different interactions of per-
methyltitanocene and -zirconocene complexes with 1,3-buta-
diynes RC�CÿC�CR. For zirconium, five-membered zirco-
nacyclocumulenes (h4 complexes, zirconacyclopenta-2,3,4-
trienes), such as [Cp*2 M(h4-1,2,3,4-RC4R)](M�Zr, R�Ph,
SiMe3), predominate as products.[4] For titanium, no metal-
lacyclocumulenes were obtained, and formation of titanacy-
clopropenes (h2 complexes), as well as different CÿC coupling
reactions of the permethyltitanocene systems were found to
be typical.[4]


The replacement of Cp by the Cp* ligand in permethyl-
titanocene and -zirconocene complexes changes the steric and
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electronic influence of the ligands.[5] The increased steric bulk,
solubility, and electron-donor characteristics lead to different
reactivities and spectral properties in the Cp* complexes,
compared with their Cp counterparts. Because of the en-
hanced oxidative, reductive, and thermal stability, permethyl-
metallocene compounds are often easier to isolate and to
study.[6] Nevertheless, because of the short lengths of the CÿH
bonds and the existence of basic centers such as carbanionic
groups, H-transfer reactions (formal ªs-bond metathesesº)
are often described. Pentamethylcyclopentadienyl cannot be
regarded as an innocent spectator ligand, a fact that is
demonstrated by a large number of unexpected (side)
reactions involving the ligand system. In those reactions not
only one but sometimes even two of the methyl groups of the
pentamethylcyclopentadienyl moieties are involved. The
pioneering results in this area came from Brintzinger et al.[7]


and Bercaw et al.[8] Subsequent excellent studies by Teuben
et al.[9] showed that a tetramethylfulvene TiIII product,
[Cp*Ti{C5Me4(CH2)}],[10] is the crucial intermediate for the
subsequent CÿC coupling reactions of permethyltitanocenes
with ketones[11] and isonitriles,[12, 13] for example. A second


deprotonation, leading to [Cp*Ti{C5Me3(CH2)2}], was inves-
tigated by Beckhaus et al.[14] and Mach et al.[15] In this context
no alkyne or diyne has been examined so far, with the
exception of an intermediate [Cp*2 Zr�O], generated by
heating of [Cp*2 ZrPh(OH)], which reacted with
PhC�CÿC�CPh to form, after a CÿH activation of Cp* and
a CÿC coupling with the butadiyne, a Cp*-substituted,
coordinated enolate.[16]


Herein we report the interactions of permethyltitanocene
and -zirconocene complexes with 1,3-butadiynes, which result
in different CÿH activations of one or of both of the
pentamethylcyclopentadienyl ligands, with subsequent CÿC
coupling reactions.


Results and Discussion


Complex syntheses : The permethylmetallocene bis-acetylides
[Cp*2 M(C�CtBu)2] (M�Ti (1), Zr (2)) were prepared by a
salt elimination reaction starting from the [Cp*2 MCl2] com-
plexes and two equivalents of tBuC�CLi [Eq. (1)].


The rearrangement of these complexes in sunlight did not
afford any defined products as found, for example, for M�Zr,
R�Ph, SiMe3,[4] when five-membered zirconacyclocumu-
lenes, [Cp*2 Zr(h4-1,2,3,4-RC4R)], were generated in high
yields. Apparently the reaction does not work with R� tBu,
an observation that illustrates again what has repeatedly been
found: the tBu and the SiMe3 groups show, despite their
seeming analogy, distinctively different reaction behavior.[1l]


The reduction of [Cp*2 MCl2] (M�Ti, Zr) with Mg in the
presence of disubstituted butadiynes RC�CÿC�CR' led to
metallacyclocumulenes only for M�Zr, R�Ph, SiMe3, and
Me. In this work different CÿC coupling products of the
diynes and the permethylmetallocenes are described. These
were observed for M�Zr, R�R'� tBu, M�Ti, R�R'�
tBu, Me, Ph, and R� tBu, R'� SiMe3.


For M�Zr and R�R'� tBu, the reaction gives the
complex [(h5-C5Me5)Zr(ÿC(�C�CHtBu)ÿCHtBuÿCH2ÿh5-
C5Me3ÿCH2ÿ)] (3), by a twofold but diverse activation of
one of the pentamethylcyclopentadienyl ligands [Eq. (2)].


When using the analogous permethyltitanocene fragment,
ªCp*2 Tiº, distinct products were isolated in reactions with


Abstract in German: Diese Arbeit beschreibt unterschiedliche
C-C-Kupplungs-Reaktionen von Permethyltitanocen und
-zirconocen mit disubstituierten 1,3-Butadiinen, die abhängig
von den Metallen und Diin-Substituenten verlaufen. Die
Reduktion von [Cp*2 MCl2], M�Ti, Zr, mit Magnesium in
Gegenwart der disubstituierten Butadiyne RC�CÿC�CR' ist
geeignet, unterschiedliche C-C-Kupplungsprodukte von Per-
methylmetallocenen mit Diinen herzustellen, was eine neue
Methode zur Synthese funktionalisierter Pentamethyl-cyclo-
pentadienyl-Derivate darstellt. Für M�Zr und R�R'� tBu
gibt die Reaktion durch eine zweifache Aktivierung eines
Pentamethylcyclopentadienyl-Liganden den Komplex
[Cp*Zr{-C(�C�CHtBu)-CHtBu-CH2-h5-C5Me3-CH2-}] (3),
der einen Fulven-Liganden enthält, welcher mit dem modifi-
zierten Substrat (Allen-Untereinheit) gekoppelt ist. Bei Ver-
wendung des analogen Permethyltitanocen-Fragments
¹Cp*2 Tiª hängt die Reaktion stark von den Substituenten R/
R' ab. Das Kupplungs-Produkt eines Butadiins mit zwei
Methylgruppen eines Pentamethylcyclopentadienyl-Ringes
Cp*Ti[h5-C5Me3{CH2-CHR-h2-C2-CHR'-CH2}] erhält man
für R�R'� tBu (4) und R� tBu, R'� SiMe3 (5). In diesem
Komplex ist ein Pentamethylcyclopentadienyl-Ligand mit
einem achtgliedrigen Ring anelliert, der eine C-C-Dreifach-
bindung enthält, welche am Titan koordiniert. Unterschiedliche
Aktivierungen beider Pentamethylcyclopentadienyl-Liganden
beobachtet man für R�R'�Me, wobei der Komplex [{h5-
C5Me4(CH2)-}Ti{-C(�CHMe)-C(�CHMe)-CH2-h5-C5Me4}]
(6) resultiert, welcher einen Fulven- und einen Butadienyl-
substituierten Pentamethylcyclopentadienyl-Liganden bindet.
Der Einfluû der Gröûe des Zentralatoms wird durch die
vergleichbare Reaktion des [Cp*2 ZrCl2] mit MeC�CÿC�CMe
illustriert. Hier bildet sich das fünfgliedrige Metallacyclocu-
mulen [Cp*2 Zr(h4-1,2,3,4-MeC4Me)] (7). Die gefundene Re-
aktion für Titan und R�R'�Me zu Komplex 6 ist weitgehend
identisch zu der vordem beschriebenen für R�R'�Ph.
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various disubstituted butadiynes. A marked dependence on
the substituents R and R' was observed.


For R�R'� tBu, a coupling of the butadiyne with
two methyl groups of one of the pentamethylcyclopen-
tadienyl ring systems generates the complex [Cp*2 Ti{h5-
C5Me3(CH2ÿCHRÿh2-C2ÿCHR'ÿCH2)}] (4) [Eq. (3)].


An analogous complex is obtained for R� tBu, R'� SiMe3


(5). In both cases the resulting functionalized pentamethyl-
cyclopentadienyl ligand contains a triple bond that is coordi-
nated to the titanium center, forming a metallacyclopropene
unit.


A different activation, involving both of the pentamethyl-
cyclopentadienyl ligands, is observed for R�R'�Me, result-
ing in the complex [{h5-C5Me4(CH2)ÿ}Ti{ÿC(�CHMe)ÿ
C(�CHMe)ÿCH2ÿh5-C5Me4}] (6) [Eq. (4)].


When using the larger metal, zirconium, in the correspond-
ing reduction reaction, the five-membered zirconacyclo-
cumulene [Cp*2 Zr(h4-1,2,3,4-MeC4Me)] (7) is afforded
[Eq. (5)].


The observed reaction paths for R�R'�Me are analogous
to the one recently described for R�R'�Ph.[4]


Notably, the [Cp*2 TiCl2]/Mg/Me3SiC�CÿC�CSiMe3 system
has afforded three different products, depending on the
stoichiometry and the reaction time. Mach and co-workers
reported in a recent paper that a tweezer-like compound,
[Cp*2 Ti(C�CSiMe3)2][MgCl(thf)], is formed if an excess of
magnesium is used.[17] We have found a h2 complex[4] as well as
the formation of a ligand with a C6 backbone.[18] These results
illustrate that the reduction of metallocene dichlorides with
magnesium can in fact be very complicated.[17, 19]


Spectroscopic investigations : The NMR spectra of the bis-
acetylides, 1 and 2, and of the zirconacyclocumulene 7 show
similar patterns. As a result of C2v symmetry in both structural
types, only one signal at low field for the metalated (a) carbon


atom, and a second at higher field for the b carbon atom of the
former butadiyne are observed, aside from the Cp* resonance.
The distinction between the two structural types can be seen
in their chemical shifts. The low field shift for C-a is more
pronounced for the metallacyclocumulenes (typically d�
170 ± 190)[2, 3a, 3e, 4] which indicates a stronger polarization of
the (C-a)ÿ(C-b) bond. A Dd((C-a)ÿ(C-b)) of 60.2 ppm for
complex 7 shows that it is a zirconacyclocumulene, differ-
entiated from the bis-acetylides 1 and 2, where Dd values of
21.2 and 13.8 ppm, respectively, are found. The bond polar-
ization in 7 is also considerably stronger than in its cyclo-
pentadienyl analog (39.2 ppm),[20] which fits the general trend
observed upon replacement of Cp by Cp*. Further discrim-
ination between the two structural types is possible by the
cyclopentadienyl resonances. Characteristic shifts for perme-
thylmetallocene bis-acetylides[4] are d(1H) values of 2.0 ±
2.1 ppm and d(13Cquart) values of 120Ð121 ppm, consistent
with the findings for 1 and 2. In contrast, the corresponding
signals of the cumulene 7 are shifted to higher fields (d� 1.63
and 111.7).


The NMR signals of the Cp* methyl groups are very useful
for structure elucidation of complexes 3 ± 6. These complexes
result from proton transfer reactions, and the molecular
symmetries and sites of the CÿH activation are revealed by
those signals. In all cases, complete analyses could be
performed by NOE and shift correlation methods.


The twofold methyl group activation within the same
permethylcyclopentadienyl group of complex 3 is immedi-
ately evident from its 1H NMR spectrum, for it exhibits six
singlets, three for the inequivalent methyl groups, in addition
to one of fivefold intensity (unactivated C5Me5) and two
representing the two tert-butyl groups (Table 1). The different


Table 1. NMR data of complex 3 in [D6]benzene at ambient temperature
(labeling according to the numbering scheme used in the corresponding
crystal structure (Figure 4).


major isomer (Figure 1) minor isomer
Position d(1H) d(13C) d(1H) d(13C)


1 124.8 124.5
2 117.3 115.7
3 118.1 118.7
4 125.7 126.9
5 127.5 126.6
6 2.39 (dd, A) 27.0 2.28[a] 25.7


2.46 (dd, B)
7 1.35[b] 44.6 1.36[b] 45.8
8 35.3 35.7


9/22/23 1.02 (s) 28.1 (br) 1.06 (s) 28.6
10 ± 14 118.4 118.1
15 etc. 1.92 (s) 11.4 1.96 (s) 11.9
16 1.81 (d, A) 66.6 1.85 (d, A) 65.5


2.13 (d, B) 2.19 (d, B)
17 188.0 181.7
18 131.8 136.8
19[c] 4.22 (d) 90.8 4.09 (d) 92.0
20 32.5 33.1
21/30/31 1.18 (s) 31.7 1.31 (s) 31.6
24 2.07 (s) 13.3 1.89 (s) 12.0
25 1.35 (s) 10.4 1.35 (s) 10.1
26 1.56 (s) 10.4 1.62 (s) 10.5


[a] AB part of an ABX spin system. [b] Obscured by other signals. [c]
5J(H,H)� 4.2 Hz (major) and 1.9 Hz (minor).
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character of the methylene groups 6 and 16 is clearly visible
(for atom labels see Figure 1). C16 has an increased s
character (1JC,H� 145 Hz, 22JH,H� 6.2 Hz), and in connection
with the low field shifted resonance (d 66.6), it follows that the


Figure 1. Molecular structure of 3, labeled according to the numbering
scheme of the corresponding crystal structure. The labels are used for the
assignment of the NMR signals.


functionalized Cp* ligand has changed to a p-h5:p-h1-fulvene
system (Fv ligand). C6 has the characteristics of an sp3 carbon
attached to an aromatic system (d 27.0, 22JH,H� 13.0 Hz), and
provides the link to the former butadiyne system, as can be
seen from the spin-spin couplings [3J(6-HA,7-H)� 7.3 Hz,
3J(6-HB, 7-H)� 12.0 Hz]. The 1,3-butadiyne system is con-
verted to a 1,2-butadiene system through the dual activation
and shows some peculiarities, especially the shift of the central
(sp) carbon atom 18 (d� 131.8), which is not as low field as
expected for allenes. Instead, a low field shift is found for C17
(d� 188.0), characteristic for metalated sp2 carbon atoms.
These data show that, despite the unsuspicious infrared
absorption for the cumulenic stretching vibration
(1891 cmÿ1), this description may be taken as intuitive but
simplifies the true bonding situation (see discussion of the
molecular structure below). The CH groups (C7 and C19)
exhibit unspectacular properties (1JC,H� 123 and 155 Hz,
respectively).


Solutions of complex 3 exhibit NMR spectra with two signal
sets, representing two isomers, which must be very similar, in a
4:1 ratio (Table 1). The only difference is found for the
neighborhood of the substituents at C19. From the observed
NOE cross peaks, as shown in Figure 2, it becomes clear that
the major isomer is that characterized by X-ray crystallo-
graphy (see Figure 4).


In the minor isomer, the tert-butyl group and the hydrogen
atom at C19 have changed places. Finally, a broadening of the
resonance line for the tert-butyl group at C7 is noteworthy; its
free rotation seems to be hindered by the close proximity to
the second tert-butyl group, for this phenomenon occurs only
with the major isomer.


The permethyltitanocene alkyne complexes 4 and 5 are
isostructural and do not differ in their NMR spectroscopic
properties, the detailed discussion will therefore be restricted
to 5. Four Cp* methyl singlets of ratio 5:1:1:1 appear in the
proton spectrum (Table 2). Activation of two methyl groups
in the same permethylcyclopentadienyl system, as observed in
the zirconium complex 3, must be concluded. But this does
not result in the formation of a substituted fulvene ligand.
Both methylene groups show properties (d(13C)� 26.4 and
25.8, 1JC,H� 128 Hz) characteristic of sp3 hybridization. The


Figure 2. Part of the 1H NOESY NMR spectrum of complex 3 in
[D6]benzene (mixing time 1.5 s): Two isomers with a different environment
around C19.


linkage between the butadiyne and the permethylcyclopenta-
dienyl produces a chiral bicyclic ligand system, an eight-
membered cycloalkyne fused to the aromatic system (C15 and
C18 are stereogenic centers), so that the complex becomes C1-
symmetric (for atom labels in complexes 4 and 5 see Figure 3).
A diastereomer with inverted configuration at one of these


Table 2. NMR data of the complexes 4 (E�C) and 5 (E� Si) in
[D6]benzene at ambient temperature.


E�C (4) E�Si (5)
Position d(1H) d(13C) d(1H) d(13C)


1 ± 5 120.5 120.5
6 etc. 1.74 (s) 12.3 1.74 (s) 12.3
7 109.7 110.1
8 120.2 119.4
9 143.8 140.2


10 141.2 141.6
11 118.5 118.7
12 0.99 (s) 9.6 1.01 (s) 9.5
13 205.5 210.4
14 214.7 215.6
15 1.66 (dd) 79.9 1.78 (dd) 80.4
16 34.7 34.5
17/30/31 0.95 (s) 29.6 0.93 (s) 29.6
18 4.31 (dd) 85.1 3.96 (t) 61.5
19 2.37 (dd, A) 27.7[a] 2.48 (dd, A) 26.4


2J� 13.7 Hz 2J� 13.7 Hz
3J� 5.9 Hz 3J� 7.8 Hz


2.93 (dd, B) 3.09 (dd, B)
3J� 7.9 Hz 3J� 8.0 Hz


20/21/22 0.46 (s) 28.1 ÿ 0.22 (s) ÿ 2.3
24 1.60 (s) 11.0 1.62 (s) 11.1
26 2.66 (dd, A) 26.4[a] 2.64 (dd, A) 25.8


2J� 11.8 Hz 2J� 11.9 Hz
3J� 7.5 Hz 3J� 7.4 Hz


2.34 (dd, B) 2.44 (dd, B)
3J� 10.1 Hz 3J� 10.4 Hz


27 1.11 (s) 9.8 1.10 (s) 9.6
E 33.3


[a] Assignment interchangeable.
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Figure 3. Molecular structure of 4 (E�C) and 5 (E� Si), labeled
according to the numbering scheme of the crystal structure of 5. The labels
are used for the assignment of the NMR signals.


atoms was not detected (such an isomer of 4, with two tert-
butyl substituents, would possess a mirror plane and therefore
be a meso form). For the diastereomer obtained, the silyl
group at C18 occupies an endo position and the tert-butyl
group at C15 is exo oriented. It is found for both 4 and 5 that
the signals of the protons and of the butyl and silyl groups
appear high field shifted if they occupy the endo position,
probably due to the magnetic anisotropy of the p-electron
systems (e.g. 15-H, endo, d� 1.78; 18-H, exo, d� 3.96). The
values for the titanacyclopropene are as expected, and in spite
of the nonideal coordination of the triple bond to the titanium
center (see structural discussion below) low-field shifts of
almost the same extent as for other titanocene-alkyne
complexes are found: d(C13)� 210.4, d(C14)� 215.6 (com-
pare with [Cp*2 Ti(h2-Me3SiC2ÿC�CSiMe3)] d� 205.3 and
227.5).[4] Nevertheless, the strained bonding situation might
be the reason for the unconventionally large shifts found for
the methine carbon atoms C15 and C18 (d� 80.4 and 61.5,
1JC,H� 137 and 117 Hz, respectively). The latter shows a 1JC,Si


of 59 Hz (indicating a slight tendency toward sp2 hybrid-
ization), but the adjacent silicon atom exhibits d(29Si)�ÿ0.8,
as expected for a tetraalkylsilane.


Complex 6 results from a twofold CÿH activation, as do
compounds 3 ± 5, but its Cp* methyl proton spectrum looks


completely different. Six singlets, two of them with double
intensity, are found, leading to the conclusion that the two
protons transferred onto the 2,4-hexadiyne came from differ-
ent Cp* ligands. One of these is converted to a tetramethyl-
fulvene ligand, as illustrated by the data of that methylene
group: d(13C)� 78.6, 1JC,H� 150 Hz, 2JH,H� 4.4 Hz. This type
of reaction and an analogous product were already found with
diphenylbutadiyne,[4] and as 6 has the same structure and
spectroscopic behavior as the previously described analogue,
a further discussion is not presented here.


Structural investigations : The coupling products 3 ± 6, as well
as the metallacyclocumulene 7 were investigated by X-ray
crystal structure analysis. The crystallographic data of these
complexes are collected in Table 3. Additionally, ORTEP
plots of 3, 5, 6, and 7 are shown in Figures 4, 5, 6, and 7,
respectively.


Figure 4. Molecular structure of 3 (ORTEP plot, 30 % probability).
Selected bond lengths [�] and angles [8]: ZrÿC16 2.389(5), ZrÿC17
2.332(5), C17ÿC18 1.268(7), C18ÿC19 1.366(8), C19ÿC20 1.499(10),
C7ÿC17 1.536(8), C7ÿC8 1.551(8), C7ÿC6 1.552(7), C6ÿC5 1.510(8); C16-
Zr-C17 100.2(2), Zr-C17-C18 124.7(4), C17-C18-C19 172.3(7), C18-C19-
C20 128.2(6), C7-C17-C18 126.1(5), C6-C7-C17 108.6(4), C5-C6-C7
113.9(4).


Table 3. Crystallographic data of complexes 3, 4, 5, 6, and 7.


3 4 5 6 7


cryst. color, habit red, prism yellow, prism brown, prism green, prism yellow, prism
cryst. system triclinic triclinic triclinic monoclinic monoclinic
space group P1Å P1Å P1Å P21/n P21/n
lattice constants
a [�] 10.190(2) 9.226(2) 9.249(2) 8.902(2) 16.751(3)
b [�] 10.563(2) 11.883(2) 12.201(2) 19.710(4) 16.722(3)
c [�] 14.601(3) 13.588(3) 14.057(3) 12.880(3) 18.211(4)
a [8] 99.04(3) 87.99(3) 88.91(3)
b [8] 90.62(3) 82.31(3) 82.28(3) 92.69(3) 116.72(3)
g [8] 110.55(3) 72.36(3) 71.49(3)
Z 2 2 2 4 8
cell volume 1449.6(5) 1412.9(5) 1490.1(5) 2257.4(9) 4556.4(15)
1 [g cmÿ3] 1.200 1.130 1.107 1.166 1.282
temp. [K] 200(2) 293(2) 293(2) 293(2) 200(2)
m(MoKa) [mmÿ1] 0.396 0.320 0.343 0.387 0.490
qrange [8] 1.42 ± 21.07 1.80 ± 24.25 2.34 ± 24.32 1.89 ± 24.22 1.75 ± 24.22
no. of rflns. (measd) 2942 4205 4446 6588 12772
no. of rflns. (indep.) 2942 4205 4446 3559 6769
no. of rflns. (obsd.) 2657 2930 3103 2691 4657
no. of parameters 302 322 303 352 487
R1 (I> 2s(I)) 0.047 0.046 0.054 0.045 0.044
wR2 (all data) 0.140 0.118 0.151 0.135 0.121
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The complex [Cp*Zr{ÿC(�C�CHtBu)ÿCHtBuÿCH2ÿh5-
C5Me3ÿCH2ÿ}] (3) contains a fulvene ligand coupled to the
substrate, which now displays an allenic subunit. The molec-
ular structure reveals a characteristically bent metallocene
arrangement of the ligands around zirconium. Distances from
the zirconium to the ring centers are 2.154 � for the
functionalized Cp* moiety and 2.225 � for the unaltered
Cp* ring. The angle between the geometrical centers of both
rings and the titanium center is 144.98. These data are in good
agreement with those of previously described zirconocenes.
The bond lengths show a typical p-h5:p-h1-tetramethylfulvene
ligand (ZrÿC16 2.389(5), C1ÿC16 1.475(8) �), which is
substituted at the neighboring methyl group. The data are
similar to those found in the titanium complex Cp*FvTi
(2.281(14), 1.437(14) �).[10] The allenic moiety is nearly linear
(C17ÿC18ÿC19 172.3(7)8) and displays one extremely short
and one normal double bond (C17ÿC18 1.268(7), C18ÿC19
1.366(8) �). The allene carbon bonded to the metal center is
planar (sum of angles around C17� 359.98), as expected for
an sp2 hybridized atom. The ZrÿC17 bond length (2.332(5) �)
is about the same as that for the other ZrÿC s bond (ZrÿC16
2.389(5) �), both being typical for ZrÿC single bonds.[21] The
bending of the substituent on the allenic subunit (tBu) is as
expected (C18ÿC19ÿC20 128.2(6)8), as is its orientation
(perpendicular to the plane stretched out by the atoms
attached to C17). The CÿC distances in the bridge between
the allenic group and the Cp* ligand (C7ÿC17 1.536(8),
C6ÿC7 1.552(7) �) are typical for CÿC single bonds. The
seven-membered ring system, fused with the fulvene ring, is
not planar, allowing the ring atoms to display bond angles
appropriate for their hybridization (C5ÿC6ÿC7 113.9(4),
C6ÿC7ÿC17 108.6(4)8), and thus mitigating the ring strain.


The molecular structures of complexes 4 and 5 closely
resemble each other, therefore only the crystal structure of 5
is shown (Figure 5). They both demonstrate the characteristi-
cally bent metallocene arrangement of ligands around tita-
nium.[22] Distances from the titanium center to the ring centers


Figure 5. Molecular structure of 5 (ORTEP plot, 30 % probability). The
disordered group (SiMe3 substituent) has been omitted for clarity. Selected
bond lengths [�] and angles [8]: TiÿC13 2.121(3), TiÿC14 2.089(3),
C13ÿC14 1.295(5), C13ÿC18 1.510(5), C18ÿSi 1.846(4), C18ÿC19
1.575(5), C19ÿC9 1.522(5), C10ÿC26 1.509(5), C26ÿC15 1.571(5),
C15ÿC14 1.497(5), C15ÿC16 1.558(4); C13-Ti-C14 35.81(12), C14-C13-
C18 133.2(3), C18-C19-C9 111.8(3), C19-C9-C10 126.7(3), C9-C10-C26
126.1(3), C10-C26-C15 110.1(3), C26-C15-C14 101.4(3), C26-C15-C16
117.7(3), C15-C14-C13 137.1(3).


are 2.078 � (4) and 2.075 � (5) for the functionalized Cp*
groups, and 2.082 � (4) and 2.080 � (5) for the unchanged
Cp* ring systems. The angles between the geometrical centers
of both rings and the titanium center are 147.08 (4) and 147.18
(5). Both complexes show coupling of the butadiyne unit with
two methyl groups of one of the pentamethylcyclopentadienyl
ring systems and a complexation of the resulting triple bond to
the metal center in the newly formed chelating ligand, [h5-
C5Me3(CH2ÿCHRÿh2-C2ÿCHR'ÿCH2)]. In contrast to com-
plex 3, which displays one normal Cp* and one functionalized
Fv group, complexes 4 and 5 consist of one unchanged and
one functionalized Cp* group. The h2-complexation of the
alkyne group is illustrated by the considerably lengthened
CÿC bonds (4 : 1.297(4), 5 : 1.295(5) �). However, a compar-
ison with similar metallacyclopropene compounds, for exam-
ple [Cp*2 Ti(h2-1,2-Me3SiC2ÿC�CSiMe3)][4] (1.311(4) �),
[Cp*2 Ti(h2-Me3SiC2SiMe3)][23] (1.309(4) �), and [Cp*2 Ti(h2-
PhC2SiMe3)][23] (1.308(3) �), indicates that the bonding in 4
and 5 should be considered weaker. This can be attributed to
the fact that the plane of the metallacyclopropene is explicitly
bent in the direction of the coupling Cp* ligand. Aside from
the complexed triple bond, all other CÿC distances in the
eight-membered ring (fused with the Cp* ring) (4 : C14ÿC15
1.520(4), C15ÿC26 1.569(4), C13ÿC18 1.513(4), C18ÿC19
1.567(4); 5 : C14ÿC15 1.497(5), C15ÿC26 1.571(5), C13ÿC18
1.510(5), C18ÿC19 1.575(5) �) correspond to CÿC single
bonds.


An interesting aspect of this structure is the angle between
the centroids of both cyclopentadienyl ligands in 4 (147.08)
and 5 (147.18). It is larger than that found in the alkyne
complex [(C5Me5)2Ti(h2-Me3SiC2SiMe3)][23] (1398). This can
be ascribed to the weaker complexation of the triple bond in 4
and 5. In this context it is of note that the first linear
titanocene complexes [(h5-C5Me4(SiMe2R))2Ti], R� tBu[24a]


and R�Me[24b] [1808], which contain no further ligands, have
been found very recently.


The molecular structure of complex 6 (Figure 6) is very
similar to that of the formerly described compound [(h5-
C5Me4(CH2)ÿ)Ti(ÿC(�CHR)ÿC(�CHR)ÿCH2ÿh5-C5Me4)],


Figure 6. Molecular structure of 6 (ORTEP plot, 30 % probability).
Selected bond lengths [�] and angles [8]: TiÿC14 2.200(3), C14ÿC15
1.340(4), C15ÿC16 1.505(5), C14ÿC13 1.474(4), C13ÿC24 1.328(5),
C24ÿC25 1.483(6), C13ÿC12 1.527(4), C12ÿC11 1.504(4), TiÿC6 2.262(3);
C6-Ti-C14 102.17(12), C5-C6-Ti 66.6(2), Ti-C14-C15 126.2(3), Ti-C14-C13
111.6(2), C14-C15-C16 127.8(3), C13-C14-C15 119.8(3), C12-C13-C14
108.8(3), C12-C13-C24 122.5(3), C13-C24-C25 126.2(4), C11-C12-C13
108.4(2).
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R�Ph.[4] Both structures show coupling of the butadiyne with
one permethylcyclopentadienyl ring under formation of one
functionalized Cp* ligand. In the other Cp* moiety, one
methyl group is activated, generating a tetramethylfulvene
ligand.[15] Distances from the metal to the ring centers (2.034
and 2.076 �) and the angle between the geometrical centers
(143.38) are in good agreement with those reported for
permethyltitanocene complexes.[24a] The fulvene ligand shows
lengths typical for a p-h5:p-h1-tetramethylfulvene ligand (6 :
TiÿC6 2.262(3), C5ÿC6 1.432(4); R�Ph: 2.271(5),
1.444(6) �). These data are very close to those found in the
complex Cp*FvTi (2.281(14), 1.437(14) �). The metal ± car-
bon distances for the functionalized Cp* ligand (6 : TiÿC14
2.200(3), R�Ph: 2.246(4) �) are within the expected range
for TiÿC(alkyl) bonds.[21] The other bond lengths in this
chelating group are typical of CÿC single bonds (6 : C14ÿC13
1.474(4), C13ÿC12 1.527(4), C12ÿC11 1.504(4); R�Ph:
1.467(6), 1.525(6), 1.513(6) �). The exocyclic distances (6 :
C14ÿC15 1.340(4), C13ÿC24 1.328(5), R�Ph: 1.322(6),
1.357(6) �) are typical for double bonds, making the substrate
a disubstituted 2,4-hexadiene. The orientation of the methyl
groups minimizes steric repulsion between the substituents.


The structure of complex 7 (Figure 7) is similar to that of
the formerly described corresponding five-membered metal-
lacyclocumulenes of [Cp*2 M].[4] The four carbon atoms of the
former butadiyne unit and the Zr atom are planar. The three
CÿC bond lengths (1.286(8), 1.311(9), 1.283(9) �) indicate
that these bonds are of roughly similar bond order, displaying
double bond character. All four carbon atoms of the ring have
p orbitals perpendicular to the
plane of the cyclocumulene. The
sp hybridized internal C atoms
possess additional p orbitals in
that plane. Employing these or-
bitals, the central CÿC double
bond is coordinated to the metal
center, resulting in an elongated
CÿC bond. In accordance with
this description the Mÿ(C-b)
distances (2.307(5), 2.308(5) �)
are shorter than the Mÿ(C-a)
bonds (2.325(5), 2.334(5) �).


Mechanistic discussion : A vari-
ety of CÿC coupling products of
permethylzirconocene and -tita-
nocene with butadiynes were
obtained. The conversions could
start from the following possible
intermediates:
a) p-h5:p-h1-tetramethylfulvene


complexes [Cp*{C5Me4-
(CH2)}MH] or similar bis-
complexes [Cp*{C5Me3-
(CH2)2}MH2][11, 14, 15]


b) h2 complexes (metallacyclo-
propenes) [Cp*2 M(h2-1,2-
RC2ÿC�CR)][4]


Figure 7. Molecular structure of one of symmetry independent molecules
of complex 7 (ORTEP plot, 30% probability). Selected bond lengths [�]
and angles [8]: C7ÿC8 1.286(8), C8ÿC9 1.311(9), C9ÿC10 1.283(9), Zr1ÿC7
2.325(5), Zr1ÿC8 2.307(5), Zr1ÿC9 2.308(5), Zr1ÿC10 2.334(5); C7-Zr1-
C10 97.3(2), C40-C7-C8 136.1(6), C7-C8-C9 148.2(5), C8-C9-C10 148.6(5),
C9-C10-C11 135.8(6).


c) h4 complexes (metallacyclocumulenes) [Cp*2 M(h4-1,2,3,4-
RC4R)][4]


The first (a) could insert the diyne to afford two different
alkenyl complexes by either a 1,2- or a 1,4-hydrometalation.
These can rearrange in such a way that the fulvene unit
couples with the alkenyl unit to give the obtained products
(Scheme1). Cp*-mediated cleavage of Group 4 metal ± carbon
bonds can also occur.[25, 26] If this process works with metal-


Scheme 1. Proposed reaction pathway for the formation of the complexes 3 ± 6. It should be mentioned that the
listed molecules, and especially the hydride complexes, very probably do not represent real intermediates. A
synchronous course of reaction is much more likely.
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lacyclopropenes (b), one could assume a ªs-bond meta-
thesisº[27] reaction to obtain identical products.


Both of the above possible reactions seem rather unlikely,
because tetramethylfulvene complexes have never been
shown to insert internal alkynes.[28] The same holds true for
the reactions of permethyltitanocene and -zirconocene with
internal[29, 30, 31] and terminal[32] alkynes, as well as acetylene[33] ,
where no coupling with the Cp* ligand was observed.


The third possibility starts from the metallacyclocumulenes
[Cp*2 M(h4-1,2,3,4-RC4R)] (c), which were isolated only for
M�Zr, R�Ph, SiMe3,[4] Me (this paper). These complexes
are possibly formed in the first step, but being rather unstable,
they are subsequently protonated and cleaved by Cp*
ligands[25, 26] for M�Zr, R� tBu and M�Ti, R�Ph, tBu,
and so on, as shown in Scheme 1.


The intermediates can rearrange in such a way that the
fulvene unit couples with the alkenyl unit to give the obtained
products (Scheme 1, ii).


The details of the conversion to the final products 3 ± 6 are
not yet clear, but it is assumed to proceed similarily to what
has been described for the first step. Rearrangements to
different complexation modes and another hydrometalation
(Scheme 1, iii) as well as a coupling reaction (Scheme 1, iv)
can lead to the complexes 3 ± 6. Formally, the metal and the
methyl group, or alternatively two methyl groups, can add to
the butadiyne in a 1- and 2-position (to give 3), 2- and
3-position (to form 6) and in 1- and 4-position (to yield 4 and
5). Which product is formed depends on the metals for R�
tBu (Zr: 3 or Ti: 4), and on the substituents for titanium (tBu:
3 or Me: 6). Interestingly, an activation of two methyl groups
is preferred in all cases. Activation of the CH3 groups is found
to take place in only one of the pentamethylcyclopentadienyl
ligands, with the exception of 6, where the activation
effects both of the Cp* ligands. This observed preference
is in agreement with the existence of bis-complexes,
[Cp*{C5Me3(CH2)2}MH2],[11, 14, 15] which are formed in-
stead of hypothetical bis(tetramethylfulvene) complexes,
[{C5Me4(CH2)}2MH2]. All products obtained represent exam-
ples of functionalization of the Cp* groups.


Conclusion


The reduction of [Cp*2 MCl2] (M�Ti, Zr) with Mg in the
presence of disubstituted butadiynes RC�CÿC�CR is suitable
for the synthesis of different CÿC coupling products of the
diyne and permethylmetallocenes. It presents a new method
for obtaining pentamethylcyclopentadienyl derivatives. The
products depend strongly on the metals used and the
substituents attached to the diyne (M�Zr, R� tBu (3):
different twofold coupling of one Cp* ligand; M�Ti, R�
R'� tBu (4) and R� tBu, R'� SiMe3 (5): identical coupling
with two methyl groups of one Cp* ligand, M�Ti, R�Me
(6): different twofold coupling of both Cp* ligands).


Unstable five-membered metallacyclocumulenes seem to
be the starting complexes for the twofold coupling reactions,
in which the Cp* ligands cleave the metal ± carbon bonds
representing twofold ªs-metathesisº reactions.


Experimental Section


All operations were carried out under an argon atmosphere using standard
Schlenk techniques. Prior to use, solvents were freshly distilled from
sodium tetraethylaluminate under argon. Deuterated solvents were treated
with sodium or sodium tetraethylaluminate, distilled, and stored under
argon. NMR spectra were obtained on a Bruker ARX 400 spectrometer at
9.4 T (chemical shifts given in ppm relative to TMS, the benzene solvent
signals were used as reference: d(1H)� 7.16, d(13C)� 128.0). Melting
points were measured in sealed capillaries on a Büchi 535 apparatus.
Elemental analyses were preformed on a Leco CHNS-932 elemental
analyzer.


[Cp*2 M(C�CtBu)2]: HC�CtBu (about 200 mg) was dissolved in THF
(5 mL), cooled to ÿ78 8C, and an equimolar amount of n-butyllithium
(2.5m solution in n-hexane) was added. After warming the mixture to room
temperature, one equivalent of the complex [Cp*2 MCl2] was added, and the
solution was stirred for 24 h. The solvents were removed under vacuum and
the residue was suspended in n-hexane (10 mL). After filtration and
crystallization at ÿ78 8C, the mother liquor was decanted and the crystals
were dried in vacuo.


M �Ti (1): [Cp*2 TiCl2] (360 mg, 0.92 mmol) and tBuC�CH (150 mg,
1.83 mmol) gave 1 (270 mg, 62%). M.p. 150 ± 155 8C (decomp under argon);
1H NMR ([D6]benzene): d� 1.31 (s, 18 H, Me), 1.99 (s, 30 H, C5Me5);
13C NMR ([D6]benzene): d� 12.4 (C5Me5), 27.5 (CMe3), 30.9 (CMe3), 121.3
(C5Me5), 125.7 (C-b), 147.0 (C-a); IR (Nujol): nÄ � 2075, 1356, 1244, 1200,
1022, 903, 728, 464, 444 cmÿ1; MS (70 eV): m/z : 398 [M�ÿC6H9]� , 318
[Cp*2 Ti]� , 181 [Cp*2 Ti]� ; C32H48Ti (480.6): calcd C 79.97, H 10.07; found C
79.64, H 10.26.


M�Zr (2): [Cp*2 ZrCl2] (730 mg, 1.69 mmol) and tBuC�CH (280 mg,
3.41 mmol) gave 2 (461 mg, 52%). M.p. 136 ± 139 8C (decomp under
argon); 1H NMR ([D6]benzene): d� 1.27 (s, 18H, CMe3), 2.04 (s, 30H,
C5Me5); 13C NMR ([D6]benzene): d� 12.6 (C5Me5), 28.4 (CCH3), 31.8
(CMe3), 119.6 (C5Me5); 124.9 (C-b); 138.7 (C-a); IR (Nujol): nÄ � 2072,
1356, 1243, 1199, 1025, 725, 691, 448 cmÿ1; MS (70 eV): m/z : 522 [M]� , 440
[M�ÿC6H9]� , 361 [Cp*2 Zr]� ; C32H48Zr (523.9): calcd C 73.36, H 9.23; found
C 73.76, H 9.50.


[Cp*Zr{ÿC(�C�CHtBu)ÿCHtBuÿCH2ÿh5-C5Me3ÿCH2ÿ}] (3): [Cp*2 ZrCl2]
(1160 mg, 2.68 mmol), Mg turnings (68 mg, 2.80 mmol), and 2,2,7,7-
tetramethyl-octa-3,5-diyne (440 mg, 2.71 mmol) were stirred in THF
(20 mL) at 55 ± 60 8C for 8 h. The resulting yellow-red solution was
evaporated to dryness. The residue was extracted with n-hexane (40 mL).
Concentration of the hexane solution to about 15 mL and subsequent
cooling toÿ78 8C afforded red crystals, which were separated, washed with
cold n-hexane, and dried in vacuo to yield 3 (523 mg, 37 %). M.p. 163 ±
165 8C (decomp under argon); NMR: see Table 1; IR (Nujol): nÄ �
1891 cmÿ1 (C�C�C); MS (70 eV): m/z : 522 [M]� ; C32H48Zr (524.0): calcd
C 73.36, H 9.23; found C 72.99, H 9.08.


[Cp*2 Ti{h5-C5Me3(CH2ÿCHtBuÿh2-C2ÿCHtBuÿCH2)}] (4): A suspension
of [Cp*2 TiCl2] (689 mg, 1.77 mmol), Mg turnings (43 mg, 1.77 mmol), and
2,2,7,7-tetramethyl-octa-3,5-diyne (287 mg, 1.77 mmol) in THF (15 mL)
was stirred for 8 h at 55 ± 60 8C. The resulting yellow solution was
evaporated to dryness and the residue was extracted with hot n-hexane
(25 mL, 50 8C). After the solution was left to stand at ÿ78 8C for two days,
yellow crystals appeared, which were separated, washed with cold n-hexane
(ÿ75 8C), and dried in vacuo to give 4 (578 mg, 68%). M.p. 195 ± 196 8C
(decomp under argon); NMR: see Table 2; IR (Nujol): nÄ � 1663 cmÿ1


(coord. C�C); MS (70 eV): m/z : 480.2 [M]� , 57.0 [tBu]� ; C32H48Ti (480.6):
calcd C 79.97, H 10.07; found C 80.08, H 10.32.


[Cp*Ti{h5-C5Me3(CH2ÿCHtBuÿh2-C2ÿCHSiMe3ÿCH2)}] (5): A suspen-
sion of [Cp*2 TiCl2] (1469 mg, 3.77 mmol), Mg turnings (92 mg, 3.78 mmol),
and 1-trimethylsilyl-4-tert-butyl-buta-1,3-diyne (673 mg, 3.77 mmol) in
THF (15 mL) was stirred for 8 h at 55 ± 60 8C. The resulting green solution
was evaporated to dryness, and the residue was extracted with hot n-hexane
(25 mL, 50 8C). The hexane solution was concentrated to 3 mL, and after
standing at room temperature for one week, light brown crystals appeared,
which were separated, washed with cold n-hexane (ÿ75 8C), and dried in
vacuo to give 5 (1160 mg, 62 %). M.p. 164 ± 165 8C (decomp under argon);
NMR: see Table 2; IR (Nujol): nÄ � 1645 cmÿ1(coord. C�C); MS (70 eV):
m/z : 495.7 [M]� , 73.0 [SiMe3]� , 57.0 [tBu]� ; C31H48SiTi (496.7): calcd C
74.96, H 9.74; found C 74.83, H 9.66.
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[{h5-C5Me4ÿ(CH2)ÿ}Ti{ÿC(�CHMe)ÿC(�CHMe)ÿCH2ÿh5-C5Me4}] (6): A
suspension of [Cp*2 TiCl2] (920 mg, 2.36 mmol), Mg turnings (59 mg,
2.43 mmol), and hexa-2,4-diyne (190 mg, 2.43 mmol) in THF (25 mL) was
stirred for 24 h at 60 8C. The color changed gradually to dark green. The
volatile material was removed under vacuum and the residue was extracted
with n-hexane (30 ± 40 mL) at 60 8C. The green extract was filtered and the
solution was concentrated to about 10 mL. Subsequent cooling to ÿ30 8C
produced green crystals of 6 (663 mg, 71%), which were separated from the
mother liquor by decanting and dried in vacuo. M.p. 161 ± 162 8C (decomp
under argon); 1H NMR ([D6]benzene, 297 K, Figure 8): d� 1.83 (d, J�
4.4 Hz, 1H, 6-HA), 1.49 (d, J� 4.4 Hz, 1 H, 6-HB), 3.07 (d, J� 13.9 Hz, 1H,


Figure 8. Molecular structure of 6, labeled according to the numbering
scheme of the respective crystal structure. The labels are used for the
assignment of the NMR signals.


12-HA), 3.52 (d of quintets, 2J� 13.9 Hz, 4J� 5J� 2.2 Hz, 1H, 12-HB), 3.92
(q, J� 6.2 Hz, 1H, 15-H), 1.54 (d, J� 6.2 Hz, 3H, 16-H), 2.14 (s, 3 H, 17-H),
1.65 (s, 3 H, 18-H), 1.53 (s, 3 H, 19-H), 1.43 (s, 3 H, 20-H), 1.53 (s, 3 H, 21-H),
1.14 (s, 3H, 22-H), 1.43 (s, 3H, 23-H), 4.62 (dq, 3J� 6.6 Hz, 4J� 2.2 Hz, 1H,
24-H), 1.39 (dd, 3J� 6.6 Hz, 5J� 2.2 Hz, 3H, 25-H), 2.12 (s, 3 H, 26-H);
13C NMR ([D6]benzene, 297 K): d� 129.0 (C1), 126.4 (C2), 122.2 (C3),
125.2 (C4), 128.1 (C5), 78.6 (1JC,H �150 Hz, C6), 113.3 (C7), 118.6 (C8),
113.7 (C9), 119.8 (C10), 133.0 (C11), 32.3 (1JC,H� 128 Hz, 3JC,H� 7 Hz,
C12), 148.7 (C13), 201.0 (C14), 116.9 (1JC,H� 154 Hz, C15), 15.1 (1JC,H�
125 Hz, 2JC,H� 7 Hz, C16), 16.6 (C17), 9.3 (C18), 11.6 (C19), 10.5 (C20 or
C23), 10.7 (C21 and C23 or C20), 10.2 (C22), 105.8 (1JC,H� 151 Hz, C24),
15.0 (1JC,H� 128 Hz, C25), 13.6 (C26); MS (70 eV): m/z : 396.3 [M]� ;
C26H36Ti (396.5): calcd C 78.77, H 9.15; found: C 78.64, H 9.02.


[Cp*2 Zr(h4-1,2,3,4-MeC4Me)] (7): A suspension of [Cp*2 ZrCl2], (1033 mg,
2.39 mmol), Mg turnings (63 mg, 2.59 mmol), and hexa-2,4-diyne (200 mg,
2.56 mmol) in THF (15 mL) was stirred for 24 h at 55 ± 60 8C. The resulting
yellow solution was evaporated to dryness and the residue was dissolved in
n-hexane (25 mL). The hexane solution was filtered and cooled to ÿ30 8C,
and in one day yellow crystals precipitated, which were separated, washed
with cold n-hexane (ÿ75 8C) and dried in vacuo to give 7 (735 mg, 70%).
M.p. 220 ± 223 8C (decomp under argon); 1H NMR ([D6]benzene, 297 K):
d� 1.63 (s, 30H, C5Me5), 2.67 (s, 6H, Me); 13C NMR ([D6]benzene, 297 K):
d� 11.2 (C5Me5), 16.6 (Me), 111.5 (C-b), 111.7 (C5Me5), 171.7 (C-a); MS
(70 eV): m/z : 438.2 [M]� ; C26H36Zr (439.8): calcd C 71.01, H 8.25; found C
70.87, H 8.09.


X-ray crystallographic study of complexes 3 ± 7: Data were collected with a
STOE-IPDS-diffractometer using graphite-monochromated MoKa radia-
tion. The structures were solved by direct methods (SHELXS-86)[34] and
refined by full-matrix least squares techniques against F2 (SHELXL-93).[35]


The hydrogen atoms were included at calculated positions. All other
nonhydrogen atoms, except atoms of disordered groups, were refined
anisotropically. Cell constants and other experimental details were
collected and recorded in Table 3. XP (SIEMENS Analytical X-ray
Instruments, Inc.) was used for structure representations. Crystallographic
data (excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC 125746 ± 125750. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).
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Abstract: The gas-phase oxidations of
phenol, anisol, thiophenol, and thioani-
sol by �bare� FeO� are examined by
using Fourier transform-ion cyclotron
resonance (FT-ICR) and tandem mass-
spectrometry. Reaction mechanisms are
derived on the basis of isotope-labeling
experiments, MS/MS studies, and com-
parison with structural isomers, that is
ions formed by independent routes. The
chemistry of all substrates is determined
by the functional groups, whereas reac-
tions typical of unsubstituted benzene
with FeO� are suppressed. For phenol
and thiophenol, four-membered metal-
lacycles are obtained concomitant with a


regioselective loss of water, which in-
volves the O atom from the FeO� entity
and hydrogen atoms originating from
the functional group and from the ortho
position of the ring. CÿH bond cleavage
of the methoxy group (kH/kD� 2.0) is
rate-contributing for the degradation of
metastable anisol/FeO�, which is fea-
tured by highly regioselective losses of
H2O, HCO, H2CO, and [C,H2,O2]. In the
oxidation of thioanisol, two different


CÿH bond activation mechanisms are
operating, resulting in the elimination of
[Fe,H,O,S] concomitant with the forma-
tion of the benzyl cation (kH/kD� 4.7),
and loss of water (kH/kD� 2.5). The
reactions of independently generated,
formal S- and C-oxidation intermediates
of thioanisol indicate the occurrence of
extensive structural isomerizations prior
to dissociation. For anisol and thioani-
sol, analogies and differences between
oxidation reactions catalyzed by the
enzyme cytochrome P-450 in the con-
densed phase and those observed for the
gas-phase model FeO� are discussed.


Keywords: anisol ´ cytochrome
P-450 ´ gas-phase chemistry ´ iron
oxide ´ mass spectrometry ´ phenol


Introduction


A large variety of aromatic compounds stemming from
natural as well as from anthropogenic sources is present in
ecosystems; therefore, the determination of their fate in the
environment and their chemical behavior is of profound
interest.[1] In the metabolism of arenes, important routes
involve oxidations catalyzed by transition metals incorporat-
ed in intra- and extracellular enzymes such as cytochrome
P-450 and other powerful oxidation catalysts.[2, 3] The present
study comprises the monosubstituted aromatic compounds
phenol (1), thiophenol (2), anisol (3), and thioanisol (4). The
last two substrates are degraded by iron-containing enzymes
by oxidative O-dealkylation [Reaction (1)] and stereoselec-
tive sulfoxidation [Reaction (2)], respectively.[4±7]


C6H5OCH3 ÿ! C6H5OCH2OH ÿ! C6H5OH�CH2O (1)


C6H5SCH3 ÿ! C6H5S(O)CH3 (2)


One way to elucidate mechanistic details of metal-mediated
reactions is to perform experiments in the diluted gas phase in
a mass spectrometer. In these studies, the complexity of the
activated heme-system that mediates the decomposition of
arenes is reduced to a single FeO� unit as the simplest
conceivable model system.[8] This approach allows one to
uncover the intrinsic chemical behavior of the reactive
metal ± oxo species under rigorous exclusion of many sur-
rounding parameters such as solvent effects, counterions,
ligands, or enzyme backbones. It should be pointed out that
owing to the dramatic differences to real systems mentioned
above, gas-phase studies will never account for the precise
mechanisms, energetics, and kinetics relevant in the con-
densed phase.[8] Notwithstanding, the knowledge of the
reactivity patterns of these model systems may enable
one to assess the relevance of the environment present
in the condensed phase, as has been demonstrated
recently.[9] The reactions of FeO� with benzene,[10, 11] alkyl-
benzenes,[10b,12] substituted anilines,[13] and some aromatic
heterocycles[14] have been studied in detail recently. The
present paper extends this series by investigating the
FeO�-mediated dissociation pathways of 1 ± 4 by a combina-
tion of mass spectrometric studies and isotopic labeling (see
below).
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Experimental Section


Substrates : Most unlabeled compounds are commercially available and
were used without further purification. ortho-Phenylenecarbonate was
obtained by reacting catechol with carbonyldiimidazol.[15] 2-(Phenylthio)-
acetic acid was prepared from thiophenol and bromoacetic acid under basic
conditions.[16] [4-D1]phenol (1b) was synthesized by addition of three
equivalents of n-butyllithium to a solution of 4-bromophenol in tetrahy-
drofuran at ÿ40 8C, followed by deuterolysis with D2O at room temper-
ature and rapid workup with H2O to re-exchange the phenolic hydrogen.
[3,5-D2]-Phenol (1c) was prepared from [3,5-D2]aniline by thermal
decomposition of the corresponding diazonium salt in water.[17] [3,5-
D2]Aniline was made by threefold D/H exchange of [2,3,4,5,6-D5]aniline in
an excess of water catalyzed by diluted H2SO4.[18] [2,3,4,5,6-D5]Aniline was
obtained in two steps by nitration of [D6]benzene with HNO3/H2SO4 and
subsequent reduction of [2,3,4,5,6-D5]nitrobenzene with NaBH4 on Pd/C.[19]


Deuterium-labeling of the hydroxy group and of ortho and para positions
was achieved by H/D exchange reactions following standard laboratory
procedures.[18] [18O]Phenol (1 f) was obtained by decomposing dry phenyl-
diazoniumtetrafluoroborate (0.90 g, 4.7 mmol) in a suspension of H2


18O
(0.40 g, 20 mmol) in Et2O (4 mL) in 20 % yield (5% yield based upon
H2


18O); the yield can be increased to 39% (10 % based upon H2
18O) by a


significant scale-up.[20] [1-13C1]Phenol (1g) was synthesized by first prepar-
ing [1-13C1]-4-nitrophenol from [2-13C1]acetone and nitromalonaldehyde
monohydrate (50 % yield) and subsequently removing the nitro group by
reduction with NaBH4 on Pd/C, diazotation, and reaction with hypophos-
phorous acid (65 % yield).[18] [2-13C1]Acetone was obtained by pyrolysis of
[1-13C1]acetic acid at 450 8C in 90 % yield.[18] Labeled anisols and thioanisols
were obtained from the corresponding phenols and thiophenols by
methylation with (labeled) iodomethane in dimethyl sulfoxide.[18] [D2]iodo-
methane was prepared by iodine ± magnesium exchange of CD2I2 with
isopropylmagnesium bromide and subsequent quenching of the carbenoid
with methanol.[21, 22] Oxidation of labeled thioanisols with Br2/H2O yielded
the corresponding methylphenyl sulfoxides.[23] All labeled compounds were
purified by chromatography and characterized by 1H NMR spectroscopy
and GC/MS.


Sector MS : Most of the mass spectrometric experiments reported here
were performed with a modified VG/ZAB/HF/AMD four-sector mass
spectrometer of BEBE configuration (B stands for magnetic and E for
electric sector), which has been described in detail elsewhere.[24] Briefly,
N2O, Fe(CO)5, and the liquid arenes were admitted to the ion source
through the heated septum inlet system in a ratio of about 10:1:1; phenol
was introduced through the solid-probe inlet system. The mixture was
ionized by a beam of electrons (100 eV) in a chemical ionization source
(repeller voltage about 0 V). The ions of interest were accelerated to 8 keV
and mass-selected by means of B(1)/E(1) at a resolution of m/Dm >3000.
Unimolecular fragmentations occurring in the field-free region preceding
the second magnet were recorded by scanning B(2); the mass spectra
obtained in this manner will be referred to as metastable ion (MI) spectra.
For comparative collisional activation (CA) studies, the precursors were
selected by means of B(1)/E(1)/B(2) and collided with helium between
B(2) and E(2) at 80% transmission of the incident ion beam; this
corresponds to an average of 1.1 ± 1.2 collisions.[25] For CA/CA experiments,
the B(1)/E(1) mass-selected precursor ions were collided with helium in the
field-free region preceding B(2), the fragments of interest were selected by
using B(2), collided with helium in the field-free region between B(2) and
E(2), and the resulting product ions were recorded by scanning E(2). All
spectra were on-line processed with the AMD-Intectra data system; 5 ± 40
scans were accumulated to improve the signal-to-noise ratios. The reported
kinetic isotope effects (KIEs) are associated with an error of �10 %.


FTICR-MS : A few additional experiments were performed with a
Spectrospin CMS 47X FT-ICR mass spectrometer that has been described
previously.[26, 27] Briefly, Fe� ions were generated by laser desorption/laser
ionization by focusing the beam of a Nd:YAG laser (Spectron Systems, l�
1064 nm) onto an iron target. The ions were extracted from the source,
transferred into the analyzer cell by a system of electrostatic potentials and
lenses, decelerated, and trapped in the field of a superconducting magnet
(maximum field strength 7.05 T). Prior to ion ± molecule reactions, the 56Fe�


isotope was mass-selected by using the FERETS technique,[28] a computer-
assisted protocol that combines frequency sweeps and single-frequency
ion-ejection pulses to optimize ion isolation. FeO� was generated by


pulsing-in N2O, thermalized with pulsed-in argon, and subsequently mass-
selected. Organic substrates were continuously leaked-in up to a pressure
of 5 ± 10� 10ÿ9 mbar. Ionic reaction products were monitored as a function
of reaction time and reactant pressure. The data were accumulated and
processed by means of an ASPECT 3000 minicomputer.


General considerations : Let us briefly mention some characteristics of the
experiments that illustrate the need for two different mass spectrometric
approaches. At first, the substrates have significant memory effects in high-
vacuum devices due to adsorption in the device itself as well as in the inlet
systems. Second, the deuterium-labeled phenols applied in this study are
sensitive to H/D exchanges with themselves, upon contact with the walls of
the inlet systems or the machinery, as well as with background gases (e.g.
moisture). Both effects cause serious problems in the FTICR. The
performance of sector MS is superior in these respects, because the
operating pressure (ca. 10ÿ4 mbar) is about four orders of magnitude higher
than that of typical ICR conditions (ca. 10ÿ8 mbar), thereby increasing the
neutral flows and hence reducing H/D exchange. Nevertheless, some
amount of H/D scrambling in the labeled phenols is inevitable, and the
selectivities derived below should be regarded as lower limits. Thus, the
reactions of all substrates were screened using sector MS, and the ICR
technique was used for those experiments that require exact mass
measurements of ionic products or the investigation of consecutive
reactions with a second substrate. Prime advantages of FTICR-MS
compared to chemical ionization in sector MS are that it provides full
control of the ions� histories and relatively narrow distributions of their
internal energy, that is the reactions occur under well-defined conditions at
ambient temperatures.[29] Another general consideration is fundamental for
making a comparison with the results obtained with these different mass
spectrometric techniques: Under ICR conditions, the full complexation
energy gained upon interaction of FeO� with the substrate is available for
chemical processes. In contrast, metastable arene/FeO� complexes exam-
ined in sector MS are formed in a chemical ionization plasma, which allows
collisional cooling prior to unimolecular dissociation. Therefore, it is fair to
assume that the metastable ions formed upon chemical ionization in the
sector MS have lower average internal energies than the encounter
complexes formed under ICR conditions.[30] Note that in the MI experi-
ments, the low-energy fraction of ions do not react within the sampled time
window, whereas highly energetic ions dissociate prior to mass selection.
Thus, only the small fraction of the ion population which undergoes
unimolecular decay in the ms regime is sampled.


Results and Discussion


The reaction pathways for the substrates 1 ± 4 will now be
considered separately. The substrates with hydrogen ± hetero-
atom bonds (phenol, thiophenol) and those with methylated
heteroatoms (anisol, thioanisol) are grouped together accord-
ing to their reactivity patterns.


Phenol : Loss of H2O is the by far prevailing dissociation
process for metastable 1/FeO� complexes, accompanied by
traces of decarbonylation [Reaction (3)].


ÿ! [Fe,C6,H4,O]��H2O 100 % (3a)


1/FeO�


ÿ! [Fe,C5,H6,O]��CO � 1 % (3b)


The regioselectivity of Reaction (3) has been elucidated by
deuterium- and 18O-labeling experiments (see Table 1). The
dominant losses are H2O from 1 b/FeO� and from 1 c/FeO�,
HDO from 1 a/FeO� and from 1 d/FeO�, and D2O from 1 e/
FeO�. Accordingly, the majority of the water molecules
generated bear one hydrogen atom from the hydroxy group
and one from the ortho position of the ring. However, the
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minor HDO losses from 1 b/FeO� and 1 c/FeO� demonstrate
that the meta and para positions also participate to a small
extent in the reaction. For 1 a, 1 d, and 1 e, the observed
selectivity is even lower, which can be rationalized i) by the
operation of kinetic isotope effects (KIE) and ii) by the fact
that partial H/D exchange processes in the ion source between
background water and the labile ortho, para, and hydroxy


positions cannot be avoided (see above). One additional
experiment with regard to the H/D regioselectivity should be
mentioned: Among many other fragments, collisional activa-
tion of 1/FeO� yields a FeOH� signal (m/z 73; 4 % relative to
the base peak), but only negligible amounts of Fe(H2O)� (m/z
74).[31] In contrast, only FeOD� (m/z 74) is produced upon CA
of 1 a/FeO�. Further, collisional activation of 1 f/FeO� only
gives rise to Fe16OH� (m/z 73), but not to Fe18OH� (m/z 75).
These results very much corroborate an initial OÿH bond
activation of phenol by FeO� (see below).


Interestingly, 18O-labeling in 1 f/FeO� yields losses of H2
16O


and H2
18O in a 98:2 ratio, thus revealing that the oxygen atom


involved in the formation of water stems almost exclusively
from the oxo unit of the FeO� ion. As the nonequivalence of
oxygen atoms is crucial for the reaction analysis, the
bimolecular reaction of FeO� with 1 f has been also examined
by using FT-ICR mass spectrometry, and losses of H2


16O and
H2


18O in a 97:3 ratio fully confirm the results obtained with
sector-MS. Accordingly, any mechanistic path involving a
symmetric intermediate with respect to the oxygen atoms, for
example arene hydroxylation, must be disputed for the gas-
phase reaction.


CA/CA experiments have been applied to elucidate the
structure of the ionic product of Reaction (3a) having the
elemental composition [Fe,C6,H4,O]� (Scheme 1, Table 2).
The CA/CA spectrum of [1/FeO�ÿH2O] is dominated by
losses of carbon monoxide, [C3,H2,O], and the entire ligand
[C6,H4,O], whereas dehydration is not observed. First, we
have investigated whether an iron-bound benzooxirene[32] 5 is
produced in Reaction (3a). To this end, [1 g/FeO�ÿH2O]
complexes have been submitted to a CA/CA experiment,
which yields only losses of 13CO and not of 12CO. This finding
demonstrates that the 13CÿO bond of phenol remains intact.
In addition, it rigorously excludes structure 5 for the
[Fe,C6,H4,O]� ions by symmetry arguments. In order to
reveal whether the metallacycle 6 or rather the iron-bound
hydroxyarynes 7 and/or 7'' result from the 1/FeO� decom-
position, these three structures are accessed from different
precursors (Scheme 1). Ionizing a mixture of [O-D]-2-chloro-
phenol and Fe(CO)5 is presumed to give 6 upon elimination of
DCl. Alternatively, 6 is likely to be formed from ortho-
phenylenecarbonate and Fe(CO)5. The hydroxyaryne com-
plexes 7 and 7'' are approached using 3-hydroxyphthalic acid
anhydride and 4-chlorophenol, respectively. The collision-


Table 1. Neutral fragments in the metastable ion spectra of phenol/FeO�


complexes obtained by chemical ionization with Fe(CO)5 and N2O.


Neutral losses[a]


Substrate H2O HDO D2O/H2
18O CO 13CO C18O


1 100 2
1a 20 100
1b 100 6
1c 100 3 1
1d 4 100 15 1
1e 2 12 100 1
1 f 100 2 3[b] 0.1[b]


1g 100 0.3[b] 4[b]


[a] Intensities are given relative to the base peak� 100 %.[b] Product ratio
relative to H2O loss determined by ICR-MS.
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Scheme 1.


induced fragmentation patterns of the [Fe,C6,H4,O]� ions
formed by these routes all display losses of CO, [C3,H2,O],
and [C6,H4,O], but differ in one significant respect: Whereas
water eliminations occur using precursors that can be assumed
to yield iron-bound hydroxyarynes, no such processes are
observed from precursors that are presumed to give 6
(Table 2). Accordingly, two facts strongly support the as-
sumption that 6 represents the structure of the [Fe,C6,H4,O]�


ions produced in Reaction (3a). i) The CA/CA spectrum of


these ions is characterized by the absence of water loss. ii) As
hydrogen atoms from meta and para positions participate only
to a minor extent in Reaction (3a), an iron-bound hydroxyar-
yne can only be realized after extensive structural rearrange-
ments. Such a rearrangement sequence, which does not
involve H/D scrambling, is hardly conceivable. In contrast,
the mechanism for formation of 6 can be described in a
straightforward manner (see below).


Let us now discuss the decarbonylation of 1/FeO� in
Reaction (3b). The rather low intensity of Reaction (3b) and a
mass overlap with Fe(CO)4


� ions present in the CI source,
which undergo facile decarbonylation, obscures a quantitative
description of the reaction with sector-MS. Therefore, we have
investigated the related bimolecular reaction of isolated FeO�


ions and phenol in the FT-ICR spectrometer, where
[Fe,C5,H6,O]� ions are obtained with an intensity of 4 %
relative to the base peak.[33] When FeO� is allowed to react
with 1 f under FT-ICR conditions, the ratio of C16O loss versus
C18O loss equals 3:97. Likewise, 12CO and 13CO are lost in a
8:92 ratio from 1 g. The minor amounts of C16O loss in both
experiments require the formation of a new carbonÿoxygen
bond by an oxidation of phenol to a dihydroxybenzene, in
which the 16O/18O and 12C(OH)/13C(OH) labels have lost their
positional integrity. However, the vast majority of carbon
monoxide is cleaved-off from phenol starting from the
carbonÿoxygen bond already present in the substrate.


The FT-ICR experiments provide further information by
approaching Reaction (3a) from the product side.
[Fe,C6,H4,18O]� ions produced from 1 f and FeO� in Reac-
tion (3a) are found to add background water to give a
complex with the elemental composition [Fe,C6,H6,16O,18O]�


under ICR conditions. The latter complex was mass-selected
and characterized by a collision-induced dissociation
(CID) experiment, which yields losses of H2


16O (35 %),
[C,H2,16O,18O] (35 %), [C6,H5,18O] (100 %), and
[C6,H6,16O,18O] (90 %). Evidently, the oxygen atoms remain
nonequivalent in the experiment (see below).


Finally, a complex putatively isomeric to 1/FeO� has been
generated by ionizing a mixture of Fe(CO)5 and phenoxy-
acetic acid C6H5OCH2CO2H in the sector-field instrument. As
C6H5OCH2CO2H/Fe� complexes undergo unimolecular elim-
ination of CH2CO,[34] we presume that the so-formed
[Fe,C6,H6,O2]� ions have a C6H5O-Fe�-OH connectivity 8
(Scheme 1). This is confirmed by the collisional activation
spectrum of the compound, which displays significantly higher
fractions of losses due to OH and C6H5O compared to 1/
FeO�.[31, 35] Note that the MI spectrum of 8 is practically
identical to that of 1/FeO�, that is only products correspond-
ing to formation of water (100 %) and CO (<1 %) are present.


On the basis of the experimental findings, the following
mechanism for the reaction of FeO� and phenol is proposed
(Scheme 2). In the initial encounter complex of 1 and FeO�, p


coordination of the aromatic ring to FeO� is probably more
stable than s coordination of the hydroxy group according to
typical Fe�ÿligand binding energies.[36, 37] The first step of
bond activation involves the transfer of the hydroxylic
hydrogen to the metal ± oxo unit to give 8. This conjecture is
supported by the FeOD� signal observed in the CA spectra of
the [O-D] labeled complexes 1 a/FeO� and 1 e/FeO�. Fur-


Table 2. Characteristic neutral fragments in the CA mass spectra of
[Fe,C6,H4,O]� ions obtained by chemical ionization of different precursors
with Fe(CO)5.


Neutral losses[a]


Substrate H2O CO [C3,H2,O] [C6,H4,O]


phenol/N2O 100 27 22
[O-D]-2-chlorophenol 100 11 4
ortho-phenylene carbonate 100 6 5
3-hydroxyphtalic acid anhydride 4 100 5 4
4-chlorophenol 31 100 11 9


[a] Intensities are given relative to the base peak� 100 %.
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thermore, a plausible sequence for CO loss can be derived
from 8 (Scheme 2). Finally, the fact that the MI spectrum of an
independently generated structural isomer that is likely to
have structure 8 is identical to that of 1/FeO� strongly suggests
that 8 is a central intermediate of Reaction (3). As the


majority of water loss involves the ortho position of the arene,
and as the final product is the metallacycle 6 (see above), 8
and 6 are linked by a regioselective CÿH bond activation to
give 9. The fact that CID of [Fe,C6,H6,16O,18O]� ions formed
under FT-ICR conditions (see above), gives rise to H2


16O
(being characteristic for 9) as well as to C6H5


18O (being
characteristic for 8) indicates that an interconversion of 8 and
9 is facile.


The minor participation of hydrogens from meta and para
positions in the water losses and the negligibly small amount
of C16O from 1 f/FeO� and of 12CO from 1 g/FeO� show that
oxidation of phenol to a dihydroxybenzene 10 only takes
place in a side reaction. Such a formal oxygen-atom transfer
from FeO� to an arene is reported to be feasible in the gas
phase.[10] The resulting 10/Fe� complexes are known to lose
water and carbon monoxide in a 97:3 ratio.[38] This ratio nicely
agrees with the approximate 95:5 ratio for the fragments
H2


18O and C16O found in FT-ICR experiments with 1 f/FeO�,
which are indicative for ring oxidation. We would like to point
out that ring oxidation to yield intermediate 10/Fe� from 1/
FeO� occurs only to a minor extent (ca. 3 %) according to the
labeling experiments, while the major reaction pathway (ca.
97 %) is the highly selective formation of 6 by the sequence
outlined in Scheme 2.


Thiophenol : The almost exclusive dissociation process of
metastable thiophenol/FeO� complexes corresponds to the
elimination of water (reaction 4).[39, 40] Minor products arising
from losses of H2, CO, and CS with relative intensities of less
than 1 % are detected, but not pursued any further.


2/FeO� ÿ! [Fe,C6,H4,S]��H2O (4)


When [Fe,C6,H4,S]� ions generated from Reaction (4) are
dissociated by means of a CA/CA experiment, a broad,
unspecific fragmentation pattern is obtained; the most
abundant ions correspond to elimination of CS (35 %), C2H3


(65 %), Fe (100 %), C6H4 (40%) and [C6,H4,S] (75 %). Two
complexes putatively isomeric
to 2/FeO� are generated inde-
pendently. First, ionizing a mix-
ture of 2-(phenylthio)acetic
acid and Fe(CO)5 is presumed
to give C6H5S-Fe�-OH upon
loss of CH2CO.[41] Second, a
mixture of ethylphenyl sulfox-
ide and Fe(CO)5 is ionized to
give either sulfenic acid/Fe� or
thiophenol-S-oxide/Fe� com-
plexes upon loss of C2H4 from
the organic compound.
[Fe,C6,H6,O,S]� ions from both
precursors show only loss of
water in the MI spectrum, anal-
ogous to 2/FeO�.


We propose that a mecha-
nism completely analogous to
the phenol reaction is operating
in the dissociation of 2/FeO�.
Water loss involves activation


of the SÿH bond and of one CÿH bond in the ortho position of
the aromatic ring. The mechanism is further supported by the
observation that ions with a presumed C6H5S-Fe�-OH con-
nectivity also yield an exclusive loss of water. While we have
not performed labeling experiments with 2, the generation of
water arising from dehydrogenations of two aromatic posi-
tions without participation of the thiol group is considered as
being improbable. If the functional group plays only a
spectator role, the overall product distribution should resem-
ble the one obtained for FeO� and unsubstituted benzene. In
the latter system, water loss accounts for only 5 % of the
products, while the main channels are due to the evaporation
of CO, HCO, and [C6,H6,O].[10] This marked difference can
only be rationalized by an active participation of the func-
tional group in 2. In spite of the overall similarity, 1/FeO� and
2/FeO� differ in two particular respects. i) Whereas the
elimination of a CÿX fragment (X�O, S) from the substrate
is observed for phenol in Reaction (3b) and dominates the
consecutive decay of [Fe,C6,H4,O]� ions, the analogous CS
losses from 2/FeO� and [Fe,C6,H4,S]� are much less pro-
nounced. This difference is in line with thermochemical data
that predict a much higher endothermicity for the metal-free
reaction C6H5SH!C5H6�CS (DrH� 68 kcal molÿ1) com-
pared to C6H5OH!C5H6�CO (DrH� 28 kcal molÿ1).[42]


Thus, the differences in reactivity simply reflect the relative
instability of the CS fragment compared to CO. ii) Metastable
[Fe,C6,H6,O,S]� complexes with an intact SÿO bond as
obtained from ethylphenyl sulfoxide and Fe(CO)5 also
eliminate water exclusively. This finding implies an intercon-
version between the 2/FeO� and C6H5SOH/Fe�. The question
whether the water loss, which follows a mechanism analogous
to the one outlined in Scheme 2, is preceded by an initial,


Scheme 2.
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reversible S-oxidation of thiophenol by FeO� is treated in
further detail in the section about thioanisol/FeO� (see
below).


Anisol : The MI spectrum of 3/FeO� is characterized by the
generation of H2O, HCO, H2CO, and [C,H2,O2] [Reactions
(5a ± 5d)].


ÿ! [Fe,C7,H6,O]��H2O (75 %) (5a)


ÿ! [Fe,C6,H7,O]��HCO (100 %) (5b)
3/FeO�


ÿ! [Fe,C6,H6,O]��H2CO (15 %) (5c)


ÿ! [Fe,C6,H6]� � [C,H2,O2] (60 %) (5d)


In order to obtain further mechanistic insight into the
reaction mechanism, a series of labeling experiments and
studies with isomeric ions have been performed (Table 3 and
Table 4, Scheme 3 and Scheme 4). Let us first discuss the


individual dissociation channels and products separately. On
the basis of the experimental findings, an overall reaction
mechanism is derived further below.


Reaction (5a): Complete deuterium labeling of the methyl
group (3 b) gives rise to losses of H2O, HDO, and D2O in a
4:25:71 ratio. Thus, more than 83 % of the hydrogen atoms in
the water loss stem from the substituent, although some
scrambling with ring positions occurs. Even meta positions of
the ring participate to a minor extent in the scrambling
process, as indicated by the formation of H2O and HDO in a
97:3 ratio from 3 d/FeO�. Note that any unintended H/D
exchange of the neutral precursor in the ion source can safely
be excluded for 3 d. The extent of scrambling is subject to
isotope effects, as 95 % of hydrogen atoms stem from the
methoxy group for ring-labeled 3 c/FeO�. The origin of the
oxygen atom involved in dehydration is determined from 3 f/
FeO�, which yields exclusive losses of H2


16O; the 18O label is
completely retained in the substrate.


Table 3. Neutral fragments in the MI mass spectra of [Fe,C7,H8,O2]� ions and their isotope-labeled analogues obtained by chemical ionization of different
precursors with Fe(CO)5.


Neutral losses[a]


Substrate H2O HDO D2O CO HCO H2CO,
DCO,
H13CO


HC18O,
HDCO,
H2


13CO


D2CO,
H2


18CO
[C,H2,O2] [13C,H2,O2]


[C,H,D,O2]
[C,H2,O,18O]
[C,D2,O2]


3/N2O 75 100 15 60
3a/N2O 13 56 9 26 100 7 7 2 48 12
3b/N2O 3 18 51 6 100 [b] 20 4 40
3c/N2O 58 6 100 12 54 2
3d/N2O 89 2 100 14 59
3e/N2O 59 100 19 58
3 f/N2O 68 100 11 56
C6H5OCH2CO2H 95 2 50 1 100
C6H5CO2H/H2CO 95 35[c] 50 25[c] 100
C6H5OH/H2CO 3 100
C6H5CHO/H2O 100
C6H6/CO/H2O 100 57
C6H6/HCO2H 5 3 100


[a] Intensities are given relative to the base peak� 100 %. [b] Taking into account the signal-to-noise ratio, traces of HDCO (<5% relative to D2CO)
cannot be excluded. [c] Upper limit; an overestimate due to interference signals from 58Fe- and 18O-isotopomers of Fe(C6H5CO2H)(CO)� is possible.


Table 4. Characteristic neutral fragments in the CA/CA spectra of ionic products from 3/FeO� and in the CA spectra of [Fe,C7,H6,O]� and [Fe,C6,H7,O]�


ions obtained by chemical ionization of different precursors.


Neutral losses[a]


CO HCO,
13CO


H2CO,
H13CO,
DCO


H3CO,
HDCO


[C3,H3,O] [C3,H4,O] FeH FeD C6H4 FeCHO FeCDO [C7,H6,O] [C7,H5,D,O],
[C6,13C,H6,O]


[3/FeO�ÿH2O] 100 15 12 7 15 5 40
[3b/FeO�ÿD2O] 100 [b] 20 15 5 10 5 55
[3e/FeO�ÿH2O] 100 [b] 20 15 70
Fe(CO)5/C6H6/CO 100 7 1 2 1 1 10
Fe(CO)5/C6H5CHO 100 18 6 6 3 8 5 40
Fe(CO)5/C6H4C2O3/H2CO 95 8 100 4 9 9 6 10


Neutral losses[a]


OH H2O/
OD


[H3,O]/
HDO


[H,D2,O] CO C6H5 C6H5D C6H6 [C6,H7,O] [C6,H5,D2,O]


[3/FeO�ÿHCO] 30 20 20 100 30
[3b/FeO�ÿDCO] 10 20 10 20 100 30
Fe(CO)5/N2O/C6H6/CH4 100 20 5 10 50 35
Fe(CO)5/(C6H5)2CO/H2O 2 100 9 6 5 8 13


[a] Intensities are given relative to the base peak� 100 %. [b] Determination not possible due to overlap with adjacent signals.
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The structure of the dehydration product formed in
Reaction (5a) with the elemental composition [Fe,C7,H6,O]�


has been further elucidated by CA/CA experiments, in which
losses of CO (100 %), HCO (15 %), H2CO (12 %), FeH
(15 %), and [C7,H6,O] (40 %) are observed (Table 4). For [3 b/
FeO�ÿD2O], DCO and HDCO instead of HCO and H2CO
are produced in the analogous CA/CA experiment. Further-
more, the experiment with [3 e/FeO�ÿH2O] yields losses of
13CO, H13CO, H2


13CO etc., demonstrating that the ejected
carbon atom stems only from the methyl group of anisol and
not from the aromatic ring.


These fragmentation patterns can be compared to three
well-defined isomeric [Fe,C7,H6,O]� ions generated by inde-
pendent routes (Scheme 3). First, chemical ionization (CI) of
a mixture of Fe(CO)5, benzene, and CO is assumed to yield
the Fe(CO)(C6H6)� complex 11. Second, chemical ionization
of Fe(CO)5 with benzaldehyde gives rise to [Fe,C7,H6,O]� ions
that presumably have the Fe(C6H5CHO)� structure 12.
Finally, structure 13 was approached by ionizing a mixture
of Fe(CO)5, phthalic acid anhydride C6H4C2O3, and form-
aldehyde. Taking 1,2-diiodobenzene instead of phthalic acid


Scheme 3.


anhydride as the aryne precursor gives rise to an identical
spectrum. The following differences between the spectra of
these three reference isomers should be pointed out. Only the
[Fe,C7,H6,O]� ions obtained from Fe(CO)5/H2CO/C6H4C2O3


show pronounced losses of formaldehyde and C6H4, in line
with the presumed structure 13. [Fe,C7,H6,O]� ions obtained
from Fe(CO)5/C6H5CHO can be differentiated from those
made by Fe(CO)5/C6H6/CO by i) the presence of a C6H5CO�


ion (concomitant with the formation of neutral FeH) and by
ii) a more pronounced signal for Fe� (concomitant with


elimination of neutral C7H6O) relative to CO loss (Table 4).
Both features confirm the proposed ion structures 11 and 12,
respectively, as a benzoyl cation is indicative for the presence
of a benzaldehyde unit, and as the ratio of [C7,H6,O] loss
versus CO loss is expected to be higher for Fe(C6H5CHO)�


than for Fe(C6H6)(CO)� complexes.
In comparison, the dissociation pattern of [Fe,C7,H6,O]�


ions obtained by dehydration of 3/FeO� is much more similar
to that of 12 than to that of 11 and 13 with respect to the
structure-indicative fragments mentioned above. We there-
fore propose that the ionic product of Reaction (5a) corre-
sponds to the iron ± benzaldehyde complex 12. An iron ±
(phenoxy)carbene structure would also rationalize the label-
ing experiments for the water loss; an experimental inves-
tigation of this structure was not feasible due to the lack of
appropriate precursors. However, the formation of an iron ±
(phenoxy)carbene cation from 3/FeO� is considered to be
unlikely, because among the reactions of a large variety of
substrates with FeO�, a 1,1-dehydrogenation of a carbon
center has not been observed for kinetic reasons.[43] One might
argue that for 3/FeO�, the formation of the iron ± carbene
complex is facilitated by the heteroatom. Nevertheless,
substrates structurally similar to 3 such as dimethyl ether do
not react with FeO� via carbene formation, but undergo only
single CÿH bond activation, followed by CÿO bond activa-
tion.[44] Exactly this sequence is also proposed for 3/FeO� and
directly leads to the formation of 12 in Reaction (5a), as
demonstrated below.


Reaction (5b): Loss of the formyl radical involves the methoxy
group. Thus, 3 e/FeO� and 3 f/FeO� show exclusive losses of
H13CO and HC18O, respectively. However, H/D equilibration
precedes dissociation to a minor extent as demonstrated by
the 6:94 ratio of HCO:DCO generated from 3 b/FeO�.
Assuming that the participation of ring protons is similar for
3 a/FeO�, we can use the experimentally observed HCO:DCO
ratio of 21:79 to deduce an estimate for the kinetic isotope
effect of Reaction (5b) of kH/kD� 2.8� 0.5.[45, 46]


The product of Reaction (5b) with the elemental compo-
sition [Fe,C6,H7,O]� preferentially loses C6H6 in a CA/CA
experiment, whereas formations of OH, H2O, and [H3,O]
occur to a comparable extent (Table 4). With
[Fe,C6,H5,D2,O]� ions arising from the DCO loss of 3 b/FeO�,
the fragments OD and [H,D2,O] are eliminated instead of OH
and [H3,O].


This dissociation pattern is compared to that of
[Fe,C6,H7,O]� ions generated independently by chemical
ionization (CI) from different precursors (Scheme 3). First,
an iron hydroxide cation ligated by benzene 14 was approach-
ed by ionizing a mixture of Fe(CO)5, N2O, benzene, and
methane. Second, structure 15 was approached by ionizing
Fe(CO)5, benzophenone (C6H5)2CO, and water. The former
two components are assumed to give the phenyliron cation,[47]


which is then complexed with water.
The collisional activation spectra of these [Fe,C6,H7,O]�


ions generated by three different routes are distinctly differ-
ent from each other. The spectrum obtained from Fe(CO)5/
H2O/(C6H5)2CO is dominated by water loss and shows a
characteristic signal due to the elimination of C6H5; these
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results are in keeping with the assumed structure 15. As far as
the other two [Fe,C6,H7,O]� ions are concerned, a structural
assignment is less straightforward. For the Fe(CO)5/N2O/
C6H6/CH4 mixture, the following observations support the
assignment of a (C6H6)FeOH� connectivity: i) Bare FeO� can
be converted completely to FeOH� in an excess of CH4 and
N2O.[48] ii) A mixture of Fe(CO)5, C6H6, and N2O is known to
produce a complex with (C6H6)FeO� connectivity at m/z
150.[10b] iii) When CH4 is added to a mixture of Fe(CO)5, C6H6,
and N2O, the signal at m/z 150 disappears, while a new signal
at m/z 151 appears. iv) Ionizing a mixture of CH4, Fe(CO)5,
C6D6, and N2O gives a complex at m/z 157, which loses OH
(100 %), OD/H2O (20 %), and HDO/[H3,O] (15 %) upon
collisional activation, demonstrating that the hydrogen atom
from methane is transferred to the oxygen atom of
(C6D6)FeO�, whereas transfer to the ring is negligible. Thus,
the mode of generation and the dominant losses of OH and
C6H6 are in favor of the assumed (C6H6)FeOH� connectivity.
However, the preference of elimation of OH over that of C6H6


contradicts the binding energies, as D(Fe�ÿOH)� 87.5�
2.9 kcal molÿ1 is much larger than D(Fe�ÿC6H6)� 49.6�
2.3 kcal molÿ1;[36] it might be that the dissociation of the
former ligand is preferred on dynamic grounds because of
more favorable statistical factors arising from the higher
number of low-frequency modes in Fe�ÿ(C6H6) compared to
Fe�ÿOH. Another reason for the counterintuitive ratio of OH
and C6H6 losses arises from the consideration of spin multi-
plicities. Bare FeOH� is known to have a 5A' ground state[49]


and Fe(C6H6)� is a quartet.[53] In 14, however, the benzene
ligand may force the system to the triplet surface.[50] Accord-
ingly, dissociation at a putative triplet state of 14 would be spin
allowed, but loss of benzene would lead to FeOH� in an
excited triplet state.[51] This would thereby result in a
discrimination of C6H6 loss and could thus explain the
experimental results. Finally, it should be pointed out that
knowledge about structural properties of the monoligated
species FeOH� and Fe(C6H6)� does not suffice to predict the
actual structure of a bisligated (C6H6)FeOH� complex,
because recent quantum chemical studies[11, 52] demonstrate
that transition metals might adopt unexpected hapticities
towards p ligands upon oxidation. For example, oxidation of
(C6H6)Fe� to (C6H6)FeO� is associated with a change from a
h6 coordination[53] to a h2 coordination[11] of the metal to the
arene.


The analysis of the CA/CA spectrum of [Fe,C6,H7,O]� ions
obtained from Reaction (5b) has to account for two remark-
able features: Elimination of C6H6 is very facile, and losses of
HxO (x� 1 ± 3) are nonspecific. Therefore, metallacyclic
structures in which iron forms part of the ring appear quite
unlikely. Most surprisingly, the C6H6 loss proceeds much
easier than in the complex with presumed (C6H6)FeOH�


connectivity. A weakly bound benzene unit might be realized
by a h1 coordination of the ring by the hydroxy group as
displayed in structure 16. The structure is in line with the
observed CA/CA spectrum, as it rationalizes the facile
formation of C6H6 as well as the nonspecific eliminations of
HxO (x� 1 ± 3). Although structures similar to 16 have been
proposed by theoretical calculations to be of relevance for
cytochrome P-450 chemistry,[54] it is obvious that more


detailed experimental and computational work on
[Fe,C6,H7,O]� isomers is indispensable to check the above
structural proposals. These are, however, beyond the scope of
the present study.


Reaction (5c): Exclusive losses of D2CO, H2
13CO, and H2C18O


from 3 b/FeO�, 3 e/FeO�, and 3 f/FeO� demonstrate that only
atoms from the methoxy group of anisol participate in
Reaction (5c). Accordingly, the 1:1 ratio of HDCO and
D2CO formations from 3 a/FeO� implies a kinetic isotope
effect of kH/kD� 2.0 operative in Reaction (5c). Unfortunate-
ly, the intensity of [Fe,C6,H6,O]� ions did not suffice to carry
out CA/CA experiments, thereby preventing a structural
comparison of the product ion with reference isomers.


Reaction (5d): Metastable 3/FeO� complexes yield
[Fe,C6,H6]� concomitant with loss of neutral [C,H2,O2]. The
high regioselectivity of this process is demonstrated by
labeling experiments with 3 b/FeO�, 3 e/FeO�, and 3 f/FeO�,
which yield neutral [C,H,D,O2] and [C,D2,O2] in a 9:91 ratio
and exclusive losses of [13C,H2,O2] and [C,H2,O,18O], respec-
tively. As the CA/CA spectrum of [Fe,C6,H6]� ions produced
by Reaction (5d) cannot be distinguished from the CA
spectrum of an independently generated complex of iron
with benzene, we suggest that Reaction (5d) also yields
Fe(benzene)� as the final ionic product.


So far, different isomers have served to elucidate the
product structures of Reaction (5). The dissociations of
isomeric ions with the elemental composition [Fe,C7,H8,O2]�


generated from six different precursors might help to under-
stand the first rearrangement steps of 3/FeO� to intermediate
structures prior to dissociation (Table 3, Scheme 4). First, we
attempted to approach structure 17 by ionizing phenoxyacetic
acid and Fe(CO)5, taking into account the fact that phenoxy-
acetic acid/Fe� complexes undergo decarbonylation.[34] The
generation of 18 was attempted by ionizing a mixture of
benzoic acid, formaldehyde, and Fe(CO)5. Benzoic acid and
Fe(CO)5 are known to undergo multiple CO losses under CI
conditions to yield a complex with C6H5-Fe�-OH connectivi-
ty,[10b] which might then be ligated with formaldehyde to give
presumably 18. a-Elimination of iron from 18 would yield the
Fe(C6H5OH)(H2CO)� complex 19. We tried to generate 19 by
ionizing a mixture of Fe(CO)5, phenol, and formaldehyde.
Ionization of a mixture of Fe(CO)5, H2O, and benzaldehyde
presumably yields the bisligated complex Fe(H2O)-
(C6H5CHO)� 20. A mixture of Fe(CO)5, C6H6, and H2O is
ionized in order to afford the trisligated complex
Fe(CO)(C6H6)(H2O)� 21. Finally, ionization of Fe(CO)5,
C6H6, and formic acid HCO2H presumably yields the complex
22 with a Fe(C6H6)(HCO2H)� connectivity.


In general, the fragmentation patterns of the [Fe,C7,H8,O2]�


ions formed from these precursor mixtures are in good
agreement with the proposed connectivities (Table 3). Specif-
ically, intense losses of H2CO are only observed for the ions
formed from Fe(CO)5/C6H5CO2H/H2CO and from Fe(CO)5/
C6H5OH/H2CO, thus in keeping with structures 18 and 19.
The fact that metastable ions from a Fe(CO)5/C6H5CHO/H2O
mixture lose only water is in line with the assumed con-
nectivity 20. The absence of an arene ligand loss reflects the
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Scheme 4.


fact that D(Fe�ÿC6H5CHO)� 48 kcal molÿ1 [55] largely ex-
ceeds D(Fe�ÿH2O)� 30.6 kcal molÿ1.[36] Likewise, the as-
sumption that ions obtained from Fe(CO)5/C6H6/H2O have
structure 21 is supported by the observed formations of water


and CO. The ratio of H2O versus CO loss is again in line with
the order of binding energies for the monoligated
species ranging from D(Fe�ÿH2O)� 30.6 kcal molÿ1


and D(Fe�ÿCO)� 31.3 kcal molÿ1 to D(Fe�ÿC6H6)�
49.6 kcal molÿ1.[36] For ions generated from Fe(CO)5/C6H6/
HCO2H, the dominant loss of HCO2H fully confirms the
proposed structure 22.


Let us now compare the MI-dissociation pattern of 3/FeO�


with that of the six [Fe,C7,H8,O2]� ions described above,
thereby relating the six ions to their assumed structures 17 ±
22. Structures 19, 20, and 22 are product complexes and the
direct precursors for the dissociations of H2O [Reaction (5a)],
H2CO [Reaction (5c)], and [C,H2,O2] [Reaction (5d)]. The
barriers for reverse reactions from the product complexes are
high compared to the exit channels, as 19, 20, and 22 show
almost exclusively the expected specific ligand losses. As 3/
FeO� complexes do not loose CO, 21 is not supposed to play
any role in the FeO�-mediated decomposition of anisol.
Starting from 17 and 18, channels (5a), (5b), and (5d) can be
reached, which suggests that 17 and 18 are intermediate
structures for several dissociation channels of 3/FeO�. Both
ions loose H2O and [C,H2,O2] in the same ratio as observed
for 3/FeO�, but both do not show the preference of 3/FeO� for
formyl loss. This either indicates that a different intermediate
structure is relevant for formyl loss, which has not been
generated here. Alternatively, the product ratio might depend
on the way the intermediate is generated due to molecular
dynamic effects.[56]


On the basis of the experimental data presented above, let
us now develop a reaction mechanism that rationalizes the
product formation (Scheme 5). The difference in ionization
energies of anisol and FeO (IE� 8.21 eV for anisol[42] vs.


Scheme 5.
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8.8 eV for FeO[57]) suggests that electron density is transferred
from 3 to FeO�, resulting in an enhanced acidity of the methyl
protons as well as an enhanced basicity of the iron ± oxo unit.
Thus, hydrogen transfer from the substrate to FeO is likely to
occur to give 17. The charge in 17 is mainly located in the
organic p system rather than on the FeOH unit, as suggested
by IE(FeOH� 7.9 eV)> IE(H3COCH2


.� 6.9 eV).[42] Howev-
er, precise information about the suite of elementary steps
(electron transfer/proton transfer vs. hydrogen atom trans-
fer)[2] is not provided in the experiment. Insertion of iron into
the C(phenyl) ± oxygen bond leads to structure 18. Direct loss
of the formaldehyde ligand from 18 accounts for the absence
of H/D scrambling in Reaction (5c). The kinetic isotope effect
associated with Reaction (5c) of kH/ kD� 2.0 derived from 3 a/
FeO� then corresponds to the primary CÿH bond activation
of the methoxy group in anisol.


The mechanism leading to loss of water [Reaction (5a)] has
to comply with the labeling distribution observed for the
deuterium-labeled anisols. As mentioned above, the hydrogen
atoms involved in this process stem mainly from the methoxy
group. Starting from the intermediate 18, a further hydrogen
shift from the formaldehyde ligand to the hydroxy group
followed by reductive elimination gives 20 as a direct
precursor for H2O loss as demonstrated by the CA/CA
experiments. Partial H/D scrambling with the ortho positions
might occur by a reversible aryne formation from 18 to 23 as
depicted in Scheme 5. This process rationalizes the formation
of HDO and H2O from 3 b/FeO� complexes as well as the
minor HDO loss from 3 d/FeO�. As the D2O:HDO:H2O ratio
is higher than any value obtained by assuming statistical H/D
equilibration with one or more ring hydrogens, the rate
constants leading to product formation are higher than those
for H/D scrambling. The fact that the degree of H/D
scrambling is higher for Reaction (5a) than for Reac-
tions (5b) ± (5d) may suggest that 23 is also involved as a
possible intermediate for the dehydration.


Prior to loss of HCO [Reaction (5b)], a hydrogen atom has
to be shifted from the formaldehyde ligand of the intermedi-
ate 18. However, this atom is not transferred directly to the
hydroxy group before HCO loss, as the CA/CA spectrum of
[Fe,C6,H7,O]� molecules generated in Reaction (5b) is differ-
ent from that of 15 (Scheme 3). Instead, either a transfer to
the aromatic ring to give 24 or a b-hydride transfer to the
metal is conceivable. However, due to the somewhat obscure
connectivity of [Fe,C6,H7,O]� product ions (see above), the
sequence depicted in Scheme 5 is not more than a proposal.
The fact that the HCO:DCO ratio is far from being statistical
demonstrates that cleavage of the formyl radical is faster than
the exchange of hydrogen atoms from the methoxy group with
those from the ring positions.


The central question with respect to Reaction (5d) concerns
the structure of the neutral fragment(s) with the elemental
composition [C,H2,O2]. Is formic acid generated in Reac-
tion (5d), or are two distinct molecules lost consecutively? In
particular the combinations HCO�OH and H2O�CO
appear reasonable, because HCO and H2O fragments are
actually lost in the MI spectrum. However, the former
combination can be excluded, as the [Fe,C6,H7,O]� ions
formed in Reaction (5b) hardly lose OH upon collisional


activation. Expulsion of H2O followed by that of CO can be
discarded on the basis of two arguments. i) The intensity of
CO loss from metastable [Fe,C7,H6,O]� ions produced in
Reaction (5a) in an MI/MI experiment is only 0.3 % of the
signal for the [Fe,C7,H6,O]� parent ion. Thus, the small
amount of [Fe,C6,H6]� ions produced by consecutive losses of
H2O and CO cannot account for the intensity ratio of 56:44
observed for channels (5a) and (5d). ii) If [Fe,C6,H6]� ions
were formed by consecutive losses of H2O and CO, the degree
of H/D-scrambling would have to be identical for channels
(5a) and (5d). However, whereas H2O, HDO, and D2O are
lost in a ratio of 4:25:71 from 3b/FeO�, the [C,H2,O2]:
[C,H,D,O2]:[C,D2,O2] pattern is <1:9:91. Other combinations
for a consecutive elimination of two molecules are conceiv-
able, for example H2�CO2, CO2�H2, or CO�H2O. How-
ever, note that peaks due to losses of H2, CO2, or CO are not
observed in the MI spectrum. This means that the rate
constant for the second fragmentation would have to be
higher than that for the first process by several orders of
magnitude. Consequently, formation of formic acid as an
intact [C,H2,O2] neutral is implied. Although neither of the
two possibilities can be strictly ruled out, only the more likely
loss of formic acid is included in Scheme 5. Note that the
proposal of 24 as a common intermediate for Reactions (5b)
and (5d) is further supported by the fact that the observed
degrees of H/D scrambling in 3 a/FeO� and 3 b/FeO� are
similar in these pathways.


Thioanisol : Whereas the reactivity of thiophenol and phenol
towards FeO� is similar, thioanisol exhibits distinctly different
behavior compared to anisol. Four dissociation processes take
place according to Reaction (6).


ÿ! [Fe,C7,H6,S]� �H2O 100 % (6a)


ÿ! [Fe,C7,H6,O]��H2S 8 % (6b)
4/FeO�


ÿ! [Fe,C6,H6,O]� �H2CS 10 % (6c)


ÿ! C7H7
� � [Fe,H,O,S] 40% (6d)


Dehydration [Reaction (6a)] constitutes the dominant
dissociation pathway; in marked contrast to anisol/FeO�, ring
hydrogens participate to a large extent, because H2O, HDO,
and D2O are lost in a 3:89:8 ratio from 4 b/FeO� (Table 5). A
kinetic isotope effect of kH/kD� 2.5� 0.5 associated with
Reaction (6a) is derived from 4 a/FeO�.[45, 58] The product of
Reaction (6a) with the elemental composition [Fe,C7,H6,S]�


has been submitted to a CA/CA experiment, yielding a rather
broad distribution of fragmentations dominated by losses due
to C2H2 (100 %), CS (75 %), H2CS (80 %), Fe (50%), C6H6


(95 %), and [C7H6S] (60 %).
The formation of C7H7


� [Reaction (6d)] hardly involves
ring positions according to deuterium-labeling experiments.
The kinetic isotope effect for Reaction (6d) amounts to kH/
kD� 4.7 as derived from 4 a/FeO�. This value is almost
identical to the KIE observed for the generation of C7H6D�/
C7H5D2


� concomitant with loss of DS/HS from metastable,
thioanisol radical cations 4 a .� (kH/kD� 4.9);[59] possible mech-
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anistic implications of this finding are discussed below. Let us
now address the question of the structural connectivity of
C7H7


� ions formed in Reaction (6d). It has been demonstrated
previously that a benzylium or a tropylium connectivity can be
distinguished experimentally in the gas phase by reacting
C7H7


� with toluene.[60] Whereas benzylium ions react effi-
ciently with toluene to yield xylenium ions and benzene, the
isomeric tropylium ions are unreactive towards toluene. We
have applied this test by monitoring the bimolecular reaction
between isolated FeO� and leaked-in 4 in an FT-ICR
spectrometer. The C7H7


� ions obtained under these condi-
tions are isolated and subsequently allowed to react with
pulsed-in [D8]toluene. A [C8,H2,D7]� ion (m/z 112) is formed
predominantly. Weaker signals at m/z 111 (10 %) and m/z 113
(10 %) are identified as [C8,H3,D6]� and [C7,13C,H2,D7]� using
high-resolution FT-ICR mass spectrometry; these ions can by
and large be attributed to the incompleteness of deuterium
labeling and the natural abundance of 13C, respectively, in
[D8]toluene. This result demonstrates unambiguously that the
C7H7


� ions formed by the FeO�-mediated decomposition of
thioanisol have the benzylium structure. Only one neutral
molecule [Fe,H,O,S] is formed in Reaction (6d), as the
generation of two separate neutrals like FeO� SH, FeS�
OH, or FeH� SO is predicted to be endothermic relative to
4�FeO� by 20, 29, and 49 kcal molÿ1, respectively.[36, 42] The
structure of [Fe,H,O,S] cannot be determined, however, due
to the lack of any thermochemical data. We note in passing
that the product distribution obtained in the unimolecular
dissociation of metastable 4/FeO� in sector MS differs
significantly from that of the bimolecular reaction under
FTICR-MS conditions, where H2O (7 %), H2CS (15 %),
H2COS (10%), FeO (100 %), FeOH (9%), and [Fe,H,O,S]
(77 %) are lost as neutral fragments. Thus, the increased
average internal energy compared to sector MS gives rise to
processes like electron transfer and hydride abstraction that
are fast, but have a moderate exothermicity; on the other
hand, reactions with entropically restricted transition states
like loss of water become less pronounced. In sector MS,
dissociative ET or hydride abstraction reactions certainly also
occur in the ion source, but are not observed for the low-
energy fraction of complexes sampled by the MI experiment
on energetic grounds. Instead, these ions undergo entropically
demanding isomerizations to the energetically favorable exit
channels (6a) ± (6d).


Two [Fe,C7,H8,O,S]� complexes generated from different
precursors are examined for comparison by sector MS.


Interestingly, the unimolecular dissociation pattern of Fe�-
complexed methylphenyl sulfoxide 25 is almost superimpos-
able to that of 4/FeO� (Table 5).[61] Furthermore, also the
labeling distributions are identical within experimental error
for 4 b/FeO� and ([D3]methyl)phenyl sulfoxide/Fe�. KIEs
have been derived from ([D2]methyl)phenyl sulfoxide/Fe�


complexes. For the generation of C7H6D�/C7H5D2
�, a some-


what lower isotope effect compared to 4 a/FeO� is obtained
(kH/kD� 3.7 vs. 4.7); the KIEs associated with losses of H2O/
HDO are identical, however. Second, a mixture of 2-(phenyl-
thio)acetic acid C6H5SCH2CO2H and Fe(CO)5 is ionized to
give [Fe,C7,H8,O,S]� ions, which are assumed to have a
C6H5SCH2-Fe-OH� connectivity 26.[41] Again, the unimolec-
ular losses are almost identical to those arising from 4/FeO�


and 25/Fe�.
Let us now consider the mechanism of Reaction (6) on the


basis of the experimental findings presented above
(Scheme 6). Any proposal has to comply with the remarkable
feature of 4/FeO� (and also of 25/Fe�) that the isotope effect
associated with Reaction (6d) (KIE� 4.7) is significantly
larger than that of Reaction (6a) (KIE� 2.2), although both
processes require the cleavage of only one CÿH bond.
Therefore, Reactions (6a) and (6d) must have different
elementary steps for the CÿH bond activation from the
methyl group, assuming that secondary isotope effects cannot
account for the difference. Another central mechanistic topic
concerns the question of initial S- vs. C-oxidation of 4 by
FeO�. The similarities in product distributions and isotope
effects strongly suggest that 4/FeO� and 25/Fe� either
equilibrate or both collapse to a common intermediate.
According to thermochemical data,[42] the S-oxidation of 4
by FeO� to 25 and Fe� is associated with a moderate
exothermicity of about 8 kcal molÿ1 and therefore feasible
under ICR conditions. On the other hand, theoretical
calculations predict the C-oxidized intermediate
C6H5SCH2OH to be 27 kcal molÿ1 more stable than its isomer
25.[4] None of the products obtained in Reaction (6) indicates
an initial S-oxidation; furthermore, losses of H2O, H2S, and
H2CS from 25/Fe� require the cleavage of the SÿO bond.
Despite numerous examples for S-oxidations by metal ± oxo
species in the condensed phase, no evidence for an equivalent
process in the gas phase has been obtained yet.[14, 62] Thus, the
observed products can only be rationalized by a C-oxidation;
an initial, reversible S-oxidation preceding product formation,
however, cannot be rigorously ruled out. For a C-oxidation,
the first mechanistic steps are analogous to the sequence


Table 5. Neutral fragments in the MI spectra of [Fe,C7,H8,O,S]� ions obtained by chemical ionization of different precursors with Fe(CO)5.


Neutral losses[a]


Substrate H2O HDO D2O H2S HDS D2S H2CS HDCS, H2
13CS D2CS [Fe,H,O,S] [Fe,D,O,S]


4/N2O 100 8 10 40
4a/N2O 100 90 4 10 1 1 47 20
4b/N2O 4 100 9 2 3 4 50
4c/N2O 100 5 3 31
C6H5S(O)CH3 100 4 3 52
C6H5S(O)CHD2 100 100 7 4 1 6 4 71 38
C6H5S(O)CD3 5 100 11 1 1 4 2 45
C6H5SCH2CO2H 100 9 50


[a] Intensities are given relative to the base peak� 100 %.
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derived for anisol. Electron density is transferred from
thioanisol to FeO�, followed by proton transfer from the
methyl group to oxygen to yield 26. These assumptions are
supported by the significant differences in IEs (8.8 eV for FeO
vs. 7.94 eV for thioanisol)[42] as well as by the observation that
neutral FeO and FeOH are formed in the bimolecular
reaction of FeO� and 4 under ICR conditions. The CÿH
bond activation is subject to an isotope effect of kH/kD� 2.5
according to the ratio of H2O/HDO losses from 4 a/FeO�.
Note that from a precursor that supposedly gives 26, an
identical MI dissociation pattern is obtained, thus supporting
the view that 26 is a central reaction intermediate. From 26,
H2CS is eliminated after insertion of iron into the C(phenyl) ±
sulfur bond [Reaction (6c)] to 27. Loss of H2CS is less
abundant compared to that of H2CO from 3/FeO�, and
elimination of HCS is not observed at all. These differences
can by and large be attributed to the relatively low stabilities
of CÿS multiple bonds.[63]


Loss of water from 26 involves a CÿH bond activation from
the ortho-position of the ring, giving the metallacycle 28 as the
major ionic product. The small degree of H2O elimination
observed for 4 b/FeO� indicates that the activation of
aromatic CÿH bonds is reversible; however, dissociation is
much faster than H/D equilibration. The fact that more D2O
than H2O is lost from 4 b/FeO� indicates the presence of a
minor, competing mechanism for water loss that involves only
the methyl group; this side reaction is proposed to follow a
mechanism similar to the one derived for 3/FeO�. Note
however that the ratios of ring participation vs. twofold
substituent activation for water losses differ significantly for 3/
FeO� and 4/FeO�. The reluctance of 4/FeO� to undergo


twofold substituent activation is ascribed to the instability of
the putative intermediate 27 containing an unfavorable CÿS
multiple bond.


According to the observed KIEs, the conversion of 4/FeO�


to 26 does not comprise the CÿH bond activation step
responsible for Reaction (6d). As the KIE for C7H7


�-forma-
tion from 4/FeO� is identical to that found from 4 .� , we
suggest that a mechanism similar to that for HS loss from the
bare radical cation is operating. Thus, starting from 4/FeO�, a
hydrogen atom is shifted from carbon to sulfur without metal
assistance. Model calculations on H3CSCH3


.� predict a barrier
of about 48 kcal molÿ1 for the migration step.[64] A lower
barrier is expected for 4/FeO�, as the migration is facilitated
by anchimeric assistance of the aromatic ring through the
bridged intermediate 29. However, the energy regimes of the
experiments are likely to be high enough to overcome even a
barrier of 50 kcal molÿ1.


How can the [Fe,C7,H8,O,S]� potential-energy surface be
entered starting from 25/Fe�? A spectator role of iron during
rearrangements of the organic core can be excluded, as the
dissociation of bare 25 .� is distinctly different.[65] The possible
collapse of 25/Fe� into 4/FeO� by an iron-mediated cleavage
of the SÿO bond would rationalize the identity of product
distributions from both [Fe,C7,H8,O,S]� precursors. Alterna-
tively, 25/Fe� might be directly converted to 26 by a 1,3-
hydrogen-shift from carbon to sulfur, followed by insertion of
iron into the SÿOH bond. No matter which of the central
intermediates is accessed first, the fact that the final product
distribution is independent of the entry to the energy surface
demonstrates that extensive equilibration of intermediate
structures precedes any dissociation process.


Scheme 6.
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Conclusion


General reactivity trends of complexes between donor-
substituted arenes and FeO� as revealed by the present
experiments can be summarized as follows: Although the
ionization energy of FeO� (8.8 eV)[57] is significantly higher
than that of the four substrates phenol (8.47 eV), thiophenol
(8.30 eV), anisol (8.21 eV), and thioanisol (7.94 eV),[42] disso-
ciative electron transfer processes are absent for arene/FeO�


complexes with low internal energy as sampled with sector
MS and account for 5 % (phenol) to 45 % (thioanisol) of the
products in FT-ICR reactions sampling a higher average
internal energy. This finding indicates that the exit channels
observed with sector MS are hampered kinetically, but lower
in energy than the (barrierless) dissociative electron transfer.
The substituent does not only tune the electrophilic properties
of the aromatic ring, but actively participates in all reactions.
Although aromatic CÿH bonds can be activated by bare FeO�


efficiently, this process is almost completely absent and
discriminated against oxidation of the substituents, a feature
that is also found for the analogue enzymatic reactions in
solution mediated by, for example, cytochrome P-450. Fur-
thermore, the presumed initial steps are rather similar for the
condensed phase and our gas-phase model. For example, the
oxidation of anisol involves the activation of the C6H5OCH2-
H bond in both environments, and the putative intermediate
17 would rapidly collapse to a hemiacetal and finally to the O-
dealkylated product under aqueous conditions. The fact that
the final products in the gas phase differ from those in the
enzymatic system is attributed to the absence of a reactive
environment (e.g. water), thereby rendering unimolecular
rearrangement pathways possible. The present study has
demonstrated that these rearrangement paths can be followed
to some extent by mass spectrometric techniques. Although
experiments in the gas phase differ fundamentally from those
in the condensed phase in their reaction profiles due to
solvation, the intrinsic reactivity of the iron oxide core probed
in this study might guide the interpretation of metabolistic
studies.
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Organic ± Inorganic Hybrids Based on Polyoxometalates: Part 7[=]


Bis- and Tetrakis(organosilyl) Decatungstosilicate, [g-SiW10O36(RSi)2O]4ÿ


and [g-SiW10O36(RSiO)4]4ÿ : Synthesis and Structural Determination by
Multinuclear NMR Spectroscopy and Matrix-Assisted Laser
Desorption/Ionization Time-of-Flight Mass Spectrometry


CeÂdric R. Mayer,[a] Isabelle Fournier,[b] and ReneÂ Thouvenot*[a]


Abstract: The high propensity of orga-
nosilanes towards polycondensation and
reaction with nucleophilic moieties has
facilitated the formation of new organ-
ic ± inorganic hybrids based on the lacu-
nary divacant heteropolyanion [g-
SiW10O36]8ÿ. Depending on the experi-
mental conditions two different types of
derivatives were obtained with the gen-
eral formula [g-SiW10O36(RSi)2O]4ÿ (1)


(>90 % yield) and [g-SiW10O36-
(RSiO)4]4ÿ (2) (>85 % yield) (R�H
(1 a, 2 a), vinyl (1 b), -C3H6OC(O)C-
(Me)�CH2 (1 c, 2 c), phenyl (1 d, 2 d)).


The structures of the hybrid anions have
been inferred from spectroscopic data,
in particular from multinuclear (29Si and
183W) NMR solution studies and from
MALDI-TOF mass spectrometry. Both
species correspond to the grafting of an
oxo-bridged siloxane unit onto the sur-
face of the lacunary polyoxoanion.


Keywords: mass spectrometry ´
NMR spectroscopy ´ organic ± inor-
ganic hybrid composites ´ polyoxo-
metalates ´ silicon


Introduction


The synthesis of organic ± inorganic hybrid materials is a fast
growing field of research. The interest in these materials lies
in their specific properties which result from a synergy
between both organic and inorganic parts. The properties of
hybrid materials are strongly dependent on the nature of the
interaction between the two components: either weak non-
directional links such as van der Waals and electrostatic
interactions[2] or strongly oriented covalently links.[3] In order
to obtain covalently linked hybrid materials in a rationalized
fashion, it is necessary to synthesize organic ± inorganic
molecular precursors. These molecular building blocks may
be connected together providing they contain reactive groups.


Organic and organometallic derivatives of polyoxometalates
(POM) appear especially suitable for obtaining hybrid
materials: as a consequence of the intrinsic properties and
the widespread field of applications (i.e. catalysis, chemo-
therapy, molecular sciences)[4] of the polyoxometalates, func-
tionalized POMs may lead to composite materials of great
potential.


Grafting of electrophilic groups such as RSn3�, RSi3�, and
RPO2� onto lacunary di- and trivacant polyoxotungstates has
led to functionalized POMs such as [(g-SiW10O36)2-
(PhSnOH)2]8ÿ,[5] [g-PW10O36(tBuSiOH)2]3ÿ,[1] [g-SiW10O36-
(RPO)2]4ÿ,[6] [PW9O34(tBuSiOH)3]3ÿ,[7] and [PW9O34-
(RPO)2]5ÿ.[8] In all cases the organostannyl, organosilyl, or
organophosphoryl group is linked to the POM surface
through E-O-W m-oxo bridges (E� SnIV, SiIV, PV). The
possibility of obtaining hybrid materials by sol ± gel process-
es[3] in silicon chemistry may be of further interest with regard
to the Si/POM system.


Herein we describe the synthesis of organosilyl derivatives
of the divacant tungstosilicate [g-SiW10O36]8ÿ which presents
four nucleophilic surface oxygen atoms. Depending on the
synthetic conditions, we can control the nature of the
oligomeric organosiloxane framework grafted onto the
POM surface, that is either a dimeric group (RSi)2O4� in
[SiW10O36(RSi)2O]4ÿ (1) or a cyclic tetrameric group
[(RSiO)4]4� in [g-SiW10O36(RSiO)4]4ÿ (2) (R�H (1 a, 2 a),
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vinyl (1 b), -C3H6OC(O)C(Me)�CH2 (1 c, 2 c), phenyl (1 d,
2 d)). The two families are easily distinguished by multi-
nuclear NMR spectroscopy (29Si, 183W) and by MALDI-TOF
mass spectrometry.


Results and Discussion


In an acetonitrile/water mixture, the divacant anion [g-
SiW10O36]8ÿ reacts with trimethoxy- or triethoxysilanes
in the presence of hydrochloric acid to give
[g-SiW10O36(RSi)2O]4ÿ (1) and [g-SiW10O36(RSiO)4]4ÿ (2)
(Equations 1, 2, and 3 in Scheme 1). The stoichiometry of
reactants directs the preferential formation of either 1 with
SiW10/RSi� 1�2 or 2 with SiW10/RSi� 1�4. However the isolation
of 1 in pure form requires addition of Bu4NBr before
acidification.


RSi(OR')3� 3H2O ÿ! RSi(OH)3� 3R'OH (1)


[g-SiW10O36]8ÿ� 2RSi(OH)3� 4 H� ÿ! [g-SiW10O36(RSi)2O]4ÿ� 5H2O (2)
1


[g-SiW10O36]8ÿ� 4RSi(OH)3� 4 H� ÿ! [g-SiW10O36(RSiO)4]4ÿ� 8 H2O (3)
2


Scheme 1. Synthesis of 1 and 2.


In aqueous solution, the methacrylate derivative 2 c be-
haves as a surfactant with a surface tension of 43.5 mNmÿ1


and critical agregate concentration of 4.3� 10ÿ4 mol Lÿ1.
Therefore, for the spectroscopic analysis the acidic forms of
2 were converted to their [Bu4N]� salts by precipitation with
Bu4NBr followed by recrystallization from DMF or acetoni-
trile. Elemental analyses of the onium salts are consistent with
the formula (Bu4N)3H[g-SiW10O36(RSi)2O] and (Bu4N)4ÿxHx-
[g-SiW10O36(RSiO)4] (R�H, x� 0.4 2 a ; R� -C3H6OC(O)-
C(Me)�CH2, x� 1 2 c ; R� phenyl, x� 0.5 2 d). The molecular
structures of the hybrid anions have been deduced from the
spectroscopic results (Figure 1).


The 183W NMR spectra of all compounds present three lines
with relative intensities of 2:1:2 (Figure 2). This agrees with a


Figure 1. Proposed structures for [g-SiW10O36(RSi)2O]4ÿ (1) and [g-
SiW10O36(RSiO)4]4ÿ (2).


Figure 2. 183W NMR (12.5 MHz) spectra of 1a and 2c. For 1 a {1H}-
decoupled full spectrum and abscissa expansion of the shielded line of the
undecoupled spectrum showing the 3J(W,H) coupling.


retention of the C2v symmetry of the [g-SiW10O36]8ÿ frame-
work when grafting the siloxane units. Each series presents a
characteristic 183W NMR spectrum: for 1 all resonances
appear in a relatively narrow range (Dd< 35 ppm), but for 2
the spectrum spans about 90 ppm.


The 183W resonances were assigned with the help of
homonuclear tungsten ± tungsten couplings.[9] For both fami-
lies the different resonances present the same pattern of
coupling constants (Table 1). Therefore the resonances have
been assigned for 2 c only and this assignment is transposable
to 1 compounds. In the further discussion, we will use the
following symbolism for equivalent W(i) tungsten atoms:[10]


Abstract in French: La forte aptitude des organoalkoxosilanes
à former des oligom�res et à rØagir avec des entitØs nuclØophiles
a ØtØ mise à profit pour synth�tiser de nouveaux hybrides
organiques inorganiques basØs sur le polyoxotungstate diva-
cant [g-SiW10O36]8ÿ. En fonction des conditions expØrimenta-
les, deux types de composØs ont ØtØ obtenus, dont les formules
gØnØrales sont : [g-SiW10O36(RSi)2O]4ÿ 1 (rendement> 90 %)
et [g-SiW10O36(RSiO)4]4ÿ 2 (rendement> 85 %) (R�H (1a,
2a), vinyle (1b), -C3H6OC(O)C(Me)�CH2 (1c, 2c), phØnyle
(1d, 2d)) Les structures molØculaires des anions hybrides ont
ØtØ dØduites des donnØes spectroscopiques, en particulier de
l'analyse par rØsonance magnØtique multinuclØaire en solution
(29Si et 183W) et par spectromØtrie de masse MALDI-TOF.
Dans les deux cas, l'esp�ce hybride est constituØe d'un motif
siloxane greffØ à la surface du polyoxotungstate lacunaire.


Table 1. 183W Chemical shifts/coupling constants connectivity matrix for
1b and 2 c. Diagonal terms: chemical shifts, d in ppm. Off-diagonal terms:
2J(W,W) in Hz.


Sample A C B


A (W7, W8, W9, W10) ÿ 107.6 5.6 20.7
1b C (W5, W6) 5.6 ÿ 137.1 19.4


B (W1, W2, W3, W4) 20.7 19.4 ÿ 142.3


A (W7, W8, W9, W10) ÿ 123.9 6.9 22.3
2c C (W5, W6) 6.9 ÿ 145.4 20.1


B (W1, W2, W3, W4) 22.4 19.8 ÿ 212.7
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WA for i� 7, 8, 9, 10, WB for i� 1, 2, 3, 4, and WC for i� 5, 6
(Figure 3).


The line of relative intensity 1, at d�ÿ145.4, is assigned
unambiguously to WC atoms. This signal presents two differ-
ent coupling constants 2J(W,W). The small value of 6.9 Hz
corresponds to edge coupling between WC and WA; the large
value of 20.1 Hz is assigned to corner coupling between WC


and WB (Figure 3). The line at d�ÿ123.9 exhibits the same
small coupling of 6.9 Hz, therefore it must be assigned to WA.
Consistently the third line, at d�ÿ212.7, corresponds to WB.
It presents two pairs of satellites with 2J(W,W) coupling
constants of 22.4 and 19.8 Hz. Both correspond to corner
couplings with WA and WC, respectively. This is in agreement
with the observation of a pair of satellites around the WA line
with 2J(W,W)� 22.3 Hz (Table 1).


The large corner coupling between WA and WB observed
for both series 1 and 2 (>20 Hz) has to be compared to the
low value (4.6 Hz) in the divacant parent anion [g-
SiW10O36]8ÿ.[10] For this last compound, the small coupling
was interpreted by a large WBÿO distance (220 pm) induced
by the trans influence of the terminal oxygen atoms of the
lacuna.[10] In the organosilyl derivatives these oxygen atoms
are engaged in m-oxo bridges Si-O-W, and the trans WBÿO
distances become considerably shortened.[1, 7] Therefore the
large 2J(WA,WB) coupling in 1 and 2 confirms that the
lacunary anion [g-SiW10O36]8ÿ is saturated by grafting of
siloxane moieties.


This is consistent with the fact that in the spectra of 1 a and
2 a the line assigned to WB appears as a doublet: this reflects
heteronuclear coupling through the W-O-Si-H chain
(3J(W,H)� 5.1 Hz for 1 a and 5.8 Hz for 2 a).


As shown in Table 1, the analogous coupling constants are
slightly different for both families. Actually for 1 all 2J(W,W)
values are significantly smaller than their corresponding
values in 2 : according to the well-established correlation
between 2J(W,W) and the angle at the m-oxo group[12] all W-O-
W bridges might be larger in 2 than in 1, which reflects a
slightly different geometrical arrangement of the POM
framework when grafting either four or two RSi groups.


Moreover, the geometry of
the organosiloxane moiety has
been deduced from the differ-
ent 29Si NMR spectra. Indeed,
the 29Si NMR spectra of all
species exhibit two signals with
relative intensities of 2:1 for 1
or 4:1 for 2, in agreement with
the chemical analysis. Figure 4
displays the inverse-gate decou-
pled 29Si spectrum of 2 d. Under
broad band proton decoupling
the high frequency signal pres-
ents a pair of satellites due to
heteronuclear coupling be-
tween the Si nucleus of the
organosilyl moiety and the WB


atom. This heteronuclear cou-
pling differs strongly in the two


Figure 4. Inverse-gated decoupled 29Si NMR spectrum (99.4 MHz) of 2d,
with abscissa expansion of the high frequency RSi signal showing the
tungsten satellites (arrows).


families: it is 5.6 Hz in 1 and 15 ± 17 Hz in 2 (see Figure 4). For
comparison, in [g-PW10O36(tBuSiOH)2]3ÿ where two inde-
pendent monomeric tBuSiOH groups are linked to the
divacant anion [g-PW10O36]7ÿ, the 2J(W,Si) coupling has an
intermediate value of 9.7 Hz.[1]


The structure of the siloxane moieties can be deduced from
the proton-coupled spectra of 1 a and 2 a (Figure 5). Actually
each component of the antiphase doublet of the INEPT
spectrum of 1 a (d�ÿ80.5, 1J(Si,H)� 286.7 Hz) is a doublet
(3J(Si,H)� 2.6 Hz): this corresponds to a small coupling
through the Si-O-Si bridge of the (HSi)2O group. For the
SiH resonance of 2 a (d�ÿ77.8, 1J(Si,H)� 293.2 Hz) it
appears as a doublet of doublets (3J(Si,H)� 5.3 Hz and
1.3 Hz): this implies that each Si atom is connected through
two different m-oxo bridges to two adjacent SiH groups.
Therefore the four equivalent Si atoms are disposed according
to a cyclic tetramer unit. Moreover in the lacunary [g-
SiW10O36]8ÿ ion (C2v symmetry), there are two different OÿO
distances between the oxygen atoms of the lacuna (315 pm
and 530 pm):[10] therefore the tetrasiloxane unit must re-
arrange in order to fit the POM surface. This results in


Figure 3. Polyhedral and planar representations of the polytungstate framework,[10] with corner and edge
2J(W,W) coupling constants for 1b and 2c. On the schematic planar structures, heavy and dotted lines represent
edge and corner junctions, respectively. The atoms are numbered according to the IUPAC convention.[11]
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Figure 5. Proton-coupled INEPT 29Si NMR spectra (99.4 MHz) of 1 a and
2a, with abscissa expansion of the left part of the antiphase doublet.


different Si-O-Si angles and consequently in different 3J(Si,H)
coupling constants. Most likely the smaller one, corresponding
to a small Si-O-Si angle, is related to two Si atoms connected
to the same ditungstic group (OÿO �315 pm) (Scheme 2).


Let us return to the differences in the coupling constants for
the two series. The small m-oxo bridged (RSi)2O unit of 1
induces larger steric constraints
than the tetracyclosiloxane
(RSiO)4 unit in 2. In fact, in 1
the grafting of (RSi)2O prob-
ably implies the displacement
of both WB and its terminal
oxygen atoms towards the C2


axis; this results in closing of
the Si-O-WB, WB-O-WC and
WB-O-WA bridges and conse-
quently in relatively small
2J(W,Si) and 2J(W,W) values.
In contrast, the large tetracy-
closiloxane unit forces WB and
its terminal oxygen atoms to
move apart and this induces the
extension of the whole POM
framework, with consequently
large 2J coupling constants.


Note that different geome-
tries of the [g-SiW10O36]8ÿ


framework in both organosilyl-
saturated species are also likely
responsible for the large differ-
ences in 183W chemical shifts
(see above).


Scheme 2. Ball-and-stick representation of 2a with a top view of the cyclic
tetrasiloxane showing the two different coupling constants 3J(Si,H).


An alternative analytical tool is MALDI-TOF mass spec-
trometry.[13] Figure 6 presents the positive-mode spectra of 1 c
and 2 c which are characteristic of cationic monocharged
species. All the observed signals are relatively broad: this is
attributed to a partially resolved isotopic mass pattern due to
the presence of the different isotopes of W and Si in natural
abundance (Figures 6 b and 6 d). The signals are regularly
spaced with Dm/z� 242, which corresponds to the mass of the
NBu4 fragment. They are assigned to the cationic entities
[M�x NBu4�(5ÿ x) H]� (M� [g-SiW10O36(3-methacryloxy-
propylSi)2O] for 1 c and [g-SiW10O36(3-methacryloxypropyl-
SiO)4] for 2 c ; x� 3 ± 5). The observed m/z values are in
agreement with the calculated molecular mass for the differ-
ent cations (see Experimental Section).


In conclusion, these results demonstrate the formation of
novel molecular precursors for the synthesis of hybrid
organic ± inorganic materials, and illustrate the power of
spectroscopic methods such as multinuclear NMR associated
with mass spectrometry to infer the structure of these
molecular derivatives.


Figure 6. MALDI-TOF mass spectra of 1 c and 2 c : a) full spectrum of 1c in delayed extraction and linear mode
experimental conditions are : Vacc� 20 kV, delay time� 400 ns, laser energy: 8.5 mJ/pulse; b) expansion of signal
at m/z 3981.64, in reflectron mode, experimental conditions are: Vacc� 20 kV, delay time� 275 ns, laser energy:
10 mJ/pulse; c) full spectrum of 2 c in delayed extraction and reflectron mode, experimental conditions are: Vacc�
20 kV, delay time 200 ns; d) expansion of the signal at m/z 4098.4 of 2c, under the same conditions.
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The hybrid anions consist on a [g-SiW10O36]8ÿ unit onto
which is grafted a (RSi)2O m-oxo bridged dimeric moiety (1)
or a cyclotetrasiloxane (RSiO)4 group (2). These hybrid
anions were obtained as tetraalkylammonium salts soluble in
organic solvents. Compound 2 could be isolated in an acidic
form and as alkaline salts, allowing the preparation of aqueous
solutions. All these hybrids are amphiphilic, with the poly-
anion constituting the hydrophilic part and the organic chain
the hydrophobic part. This work opens the route to the
preparation of composite materials in both aqueous and
nonaqueous media, and we will report on these materials in
forthcoming publications.


Experimental Section


General procedures and chemicals : g-K8[SiW10O36] ´ 12H2O was prepared
according to the literature.[10] Other reagents and solvents were from
Aldrich and used as received. Elemental analyses were performed by the
ªService central de microanalyses du CNRSº, Vernaison, France. Infrared
spectra were recorded on a Bio-Rad FTS 165 FT-IR spectrometer with
compounds sampled in KBr pellets. The mass spectra were recorded using a
Voyager Elite Time-of-Flight Mass Spectrometer (PerSeptive Biosystems,
Boston, MA, USA). In this apparatus, the pulsed N2 laser beam (337 nm,
3 ns pulse duration, repetition rate 2 Hz) was focused onto the target with
an incidence angle of 458. In all these experiments the mass spectrometer
was tuned in the reflector mode using delayed extraction and a beam wire
guide wire. The target voltage was set to �20 kV. The extraction delay and
pulse voltage were adjusted to obtain the best mass resolution and the wire
guide voltage was adjusted to obtain the best transmission. All mass spectra
were recorded and averaged over 256 laser shots by a Tektronix TDS 520
oscilloscope (Beaverton, OR, USA). The samples were prepared as
follows: The compound (2 mg) was dissolved in acetonitrile (500 mL;
solution A), and dithranol (12 mg) was dissolved in CH2Cl2 (500 mL; matrix
solution). Then 1 mL of solution A was added to 50 mL of the matrix
solution. The samples were calibrated by external calibration (ACTH18-
39� insuline). The 1H (300 MHz) NMR spectra were obtained at room
temperature in 5 mm o.d. tubes on a Bruker AC 300 spectrometer equipped
with a QNP probehead. The chemical shifts are given according to the
IUPAC convention with respect to SiMe4. The 12.5 MHz 183W NMR
spectra were recorded at 300 K on nearly saturated DMF/CD3CN (90/10,
v/v) solutions in 10 mm o.d. tubes on the same spectrometer equipped with
a low-frequency special VSP probehead. The chemical shifts are given with
respect to 2m Na2WO4 aqueous solution and were determined by the
substitution method using a saturated D2O solution of tungstosilicic acid
H4SiW12O40 as secondary standard (d�ÿ103.8). The 99.35 MHz 29Si NMR
spectra were recorded at 300 K on nearly saturated DMF/CD3CN (90:10,
v/v) solutions in 10 mm o.d tubes on a Bruker AM 500 spectrometer. Surface
tension measurements were obtained at 258C on a Krun KT10 tensiometer.


(Bu4N)3H[g-SiW10O36(HSi)2O] (1 a): K8[g-SiW10O36] ´ 12H2O[10] (3 g,
1 mmol) was suspended with Bu4NBr (0.97 g, 3 mmol) in a mixture of
acetonitrile (30 mL) and water (8 mL). Trimethoxysilane (0.3 mL, 2 mmol)
and HCl (12m, 0.5 mL) were successively added under vigourous stirring.
The mixture was stirred for a further six hours. The white compound
(Bu4N)3H[g-SiW10O36(HSi)2O]obtained after evaporation of the organic
solution in a rotary evaporator was copiously washed with water. The crude
compound was recrystallized in DMF or acetonitrile. Yield: 3.0 g (92 %).
C48H111N3Si3W10O37 (%): calcd C 17.76, H 3.45, N 1.29, Si 2.60, O 18.23, W
56.66; found C 18.62, H 4.05, N 1.33, Si 2.66, O 16.41, W 56.93; 183W NMR
(12.5 MHz, DMF/CD3CN, 300 K, Na2WO4): d�ÿ108.3 (s, 4W), ÿ136.5 (s,
2W), ÿ142.3 (d, 3J(W,H)� 5.1 Hz, 4W); 29Si NMR (99.35 MHz, DMF/
CD3CN, 300 K, TMS): d�ÿ87.9 (s, 1Si; SiO4), ÿ80.5 (dd, 1J(Si,H)�
286.7 Hz, 3J(Si,H)� 2.6 Hz, 2J(W,Si)� 4.6 Hz, 2Si; RSiO3,); 1H NMR
(300.13 MHz, CD3CN, TMS): d� 4.8 (s, 1H); IR (KBr): nÄ � 2181 (SiH),
1120 (SiO), 1003 (SiO), 963 (WOter), 903, 842, 823, 732 (WO), 547, 512
(SiO), 418, 365 (WO) cmÿ1.


(Bu4N)3H[g-SiW10O36(vinylSi)2O] (1b): The synthesis followed the same
procedure as for compound 1 a, using vinyltriethoxysilane (0.42 mL,


2 mmol) instead of trimethoxysilane. Yield: 3.0 g (90.9 %). C52H115N3Si3-
W10O37 (%): calcd C 18.94, H 3.52, N 1.27, Si 2.55, O 17.94, W 55.76; found C
19.1, H 3.75, N 1.23, Si 2.62, O 18.67, W 54.63; 183W NMR (12.5 MHz, DMF/
CD3CN, 300 K, Na2WO4): d�ÿ107.6 (s, 4W), ÿ137.1 (s, 2W), ÿ142.3 (s,
4W); 29Si{1H} NMR (99.35 MHz, DMF/CD3CN, 300 K, TMS): d�ÿ87.9 (s,
1Si; SiO4), ÿ75.7 (s, 2Si: RSiO3); 1H NMR (300.13 MHz, CD3CN, TMS):
d� 5.1 (s, 1 H), 5.3 (s, 1H), 6.2 (s, 1H); IR (KBr): nÄ � 1123 (SiC), 1100,
1005 (SiO), 963 (WOter), 903, 840, 821, 731 (WO), 547, 512 (SiO), 414, 364
(WO) cmÿ1.


(Bu4N)3H[g-SiW10O36(3-methacryloxypropylSi)2O] (1c): The synthesis
followed the same procedure as for the compound 1a, using 3-methacryl-
oxypropyltrimethoxysilane (0.47 mL, 2 mmol) instead of trimethoxysilane.
Yield: 3.2 g (91.6 %). C62H131N3Si3W10O41 (%): calcd C 21.29, H 3.78, N 1.20,
Si 2.41, O 18.74, W 52.57; found C 21.42, H 4.05, N 1.26, Si 2.48, O 17.5, W
53.29; 183W NMR (12.5 MHz, DMF/CD3CN, 300 K, Na2WO4): d�ÿ107.3
(s, 4W), ÿ135.9 (s, 2W), ÿ140.3 (s, 4W); 29Si{1H} NMR (99.35 MHz, DMF/
CD3CN, 300 K, TMS): d�ÿ87.9 (s, 1Si; SiO4), ÿ63.2 (s, 2Si; RSiO3);
1H NMR (300.13 MHz, CD3CN, TMS): d� 6.05 (d, 1H), 5.57 (d, 1 H), 1.93
(s, 3H), 4.09 (m, 2 H), 1.73 (m, 2H), 0.67 (t, 3H); IR (KBr): nÄ � 1124 (SiC),
1102, 1009 (SiO), 962 (WOter), 903, 840, 821, 732 (WO), 547, 512 (SiO), 414,
364 (WO) cmÿ1; MS (MALDI TOF): m/z : exp.: 3498.84 [M�3Bu4N�2H]� ,
3739.84 [M�4Bu4N�1 H]� , 3981.64 [M�5Bu4N]� , 4222.46 [M�6 Bu4Nÿ
1H]� ; m/z : calcd: 3498.48 [M�3Bu4N�2 H]� , 3739.95 [M�4 Bu4N�1H]� ,
3981.42 [M�5 Bu4N]� , 4222.39 [M�6Bu4Nÿ 1 H]� .


(Bu4N)3H[g-SiW10O36(phenylSi)2O] (1 d): The synthesis followed the same
procedure as for the compound 1 a, using phenyltrimethoxysilane (0.37 mL,
2 mmol) instead of trimethoxysilane. Yield: 3.1 g (91.2%). C60H119N3Si3-
W10O37 (%): calcd C 21.21, H 3.54, N 1.24, Si 2.48, O 17.41, W 54.12, found:
C 22.1, H 3.75, N 1.23, Si 2.62, O 16.67, W 53.63; 183W NMR (12.5 MHz,
DMF/CD3CN, 300 K, Na2WO4): d�ÿ107.4 (s, 4W),ÿ137.4 (s, 2W),ÿ140.7
(s, 4W); 29Si{1H} NMR (99.35 MHz, DMF/CD3CN, 300 K, TMS): d�ÿ87.6
(s, 1Si; SiO4),ÿ74.3 (s, 2Si; RSiO3); 1H NMR (300.13 MHz, CD3CN, TMS):
d� 7.8 (b, 1H), 7.3 (d, 2 H), 7.1 (d, 2 H); IR (KBr): nÄ � 1124 (SiC), 1101, 1003
(SiO), 962 (WOter), 902, 837, 818, 732 (WO), 546, 512 (SiO), 414, 365
(WO) cmÿ1.


(Bu4N)3.6H0.4[g-SiW10O36(HSiO)4] (2a): Trimethoxysilane (0.6 mL,
4 mmol) was added to a suspension of K8[g-SiW10O36] ´ 12 H2O[10] (3 g,
1 mmol) in a mixture of CH3CN (30 mL) and water (20 mL). Then, the
mixture was acidified with hydrochloric acid (12m, 0.4 mL) and the solution
was stirred for 4 h. The crude acid compound (�3 g), obtained after
evaporation of the solution, was redissolved in water (30 mL) and then
precipitated by addition of an aqueous solution containing Bu4NBr (0.97 g,
3 mmol). The fine white precipitate recovered after filtration of the
solution was dried in vacuo. Yield: 3.1 g (88.7 %). C57.6H134N3.6Si5W10O40


(%): calcd C 19.78, H 3.87, N 1.44, Si 4.01, W 52.58, O 18.29; found C 20.32,
H 4.04, N 1.47, Si 4.19, W 53.57, O 16.41; 183W NMR (12.5 MHz, DMF/
CD3CN, 300 K, Na2WO4): d�ÿ124.8 (s, 4W), ÿ141.8 (s, 2W), ÿ204.0 (d,
3J(W,H)� 5.8 Hz, 4W); 29Si{1H} NMR (99.35 MHz, DMF/CD3CN, 300 K,
TMS): d�ÿ84.8 (s, 1Si; SiO4), ÿ77.8 (ddd, 1J(Si,H)� 293.2 Hz, 3J(Si,H)�
1.3 and 5.3 Hz, 2J(W,Si)� 14.4 Hz, 4Si; RSiO3); 1H NMR (300.13 MHz,
CD3CN, TMS): d� 4.9 (s, 1H); IR (KBr): nÄ � 2181 (SiH), 1152, 1075, 1001
(SiO), 973 (WOter), 912, 903, 873, 821, 740 (WO), 556, 541 (SiO), 416, 359
(WO) cmÿ1.


(Bu4N)3H[g-SiW10O36(3-methacryloxypropylSiO)4] (2c): The compound
2c was prepared similarly to 2a, using 3-methacryloxypropyltrimethoxy-
silane (0.94 mL, 4 mmol) instead of trimethoxysilane. Yield: 3.3 g (85.6 %),
white microcrystalline powder. C76H153N3Si5W10O48 (%): calcd C 23.67, H
4.00, N 1.09, Si 3.64, W 47.68, O 19.9; found C 21.37, H 3.65, N 0.89, Si 3.86,
W 48.95, O 21.3; 183W NMR (12.5 MHz, DMF/CD3CN, 300 K, Na2WO4):
d�ÿ123.9 (s, 4W), ÿ145.4 (s, 2W), ÿ212.7 (s, 4W); 29Si {1H} NMR
(99.35 MHz, DMF/CD3CN, 300 K, TMS): d�ÿ85.3 (s, 1Si; SiO4),ÿ61.7 (s,
4Si; RSiO3, 2J(W,Si)� 15.3 Hz); 1H NMR (300.13 MHz, CD3CN, TMS):
d� 6.05 (d, 1H; HC� ), 5.57 (d, 1 H; HC�), 4.09 (m, 2 H; -O-CH2-), 1.9 (s,
3H; (H3C)-C), 1.73 (m, 2 H; -CH2-), 0.67 (t, 3 H; -CH2-Si); IR (KBr): nÄ �
1200 (CO), 1170 (SiC), 1108, 1081, 1058 (SiO), 1015 (CO), 989
(SiO), 963 (WOter), 925, 902, 868, 820, 748 (WO), 562, 538 (SiO),
412, 368 (WO) cmÿ1; MS (MALDI TOF); m/z : exp.: 3856.5
[M�3Bu4N�2 H]� , 4098.4 [M�4Bu4N�1H]� , 4339.9 [M�5 Bu4N]� ;
m/z : calcd: 3856.59 [M�3Bu4N�2 H]� , 4098.45 [M�4 Bu4N�1H]� ,
4339.91 [M�5Bu4N]� .
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(Bu4N)3.5H0.5[g-SiW10O36(PhenylSiO)4] (2d): The compound 2d was pre-
pared similarly to 2a, using phenyltrimethoxysilane (0.6 mL, 4 mmol)
instead of trimethoxysilane. Yield : 3.2 g (84.7 %), white microcrystalline
powder. C80H147N3.5Si5W10O40 (%): calcd C 25.44, H 3.92, N 1.29, Si 3.72, W
48.68, O 16.94; found C 26.38, H 4.08, N 1.15, Si 3.64, W 49.52, O 15.23; 183W
NMR (12.5 MHz, DMF/CD3CN, 300 K, Na2WO4): d�ÿ123.5 (s, 4W),
ÿ146.1 (s, 2W), ÿ214.2 (s, 4W); 29Si {1H} NMR (99.35 MHz, DMF/CD3CN,
300 K, TMS): d�ÿ84.7 (s, 1Si; SiO4), ÿ73.0 (s, 2J(W,Si)� 17 Hz, 4Si;
RSiO3); 1H NMR (300.13 MHz, CD3CN, TMS): d� 7.8 (t, 1H), 7.3 (d, 2H),
7.1 (d, 2 H); IR (KBr): nÄ � 1135 (SiC), 1109, 1084, 1054, 998 (SiO), 966
(WOter), 911, 905, 871, 816, 739 (WO), 697 (C�CH), 551, 539 (SiO), 412,
359 (WO) cmÿ1.
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Synthesis of the Sialyl Lewis X Epitope Attached to Glycolipids
with Different Core Structures and their Selectin-Binding Characteristics
in a Dynamic Test System


Christian Gege,[a] Jan Vogel,[b] Gerd Bendas,[b] Ulrich Rothe,[c] and Richard R. Schmidt*[a]


Abstract: Sialyl Lewis X (sLeX)/selec-
tin-mediated leukocyte rolling along
endothelial cells has recently gained
wide interest. In this paper the influence
of the spacer length of laterally clustered
neoglycolipids 1 a ± d on cell rolling in a
dynamic test system is investigated. The
required di-O-hexadecyl glycerols with
none, and with three, six, or nine ethyl-
ene glycol units as spacer groups (com-
pounds 4 a ± d) could be readily ob-
tained. The synthesis of 1-O-thexyldi-
methylsilyl-protected sLeX 24 was based
on sialylation of 2,3,4-O-unprotected
galactose derivative 11 with sialyl phos-


phite 8 as donor; this afforded the
desired disaccharide 12, which was
transformed into trichloroacetimidate
14 as disaccharide donor. Reaction of
3-O-unprotected glucosamine derivative
18 with fucosyl donor 20 afforded dis-
accharide 21, which was transformed
into the 4-O-unprotected derivative 23.
Reaction of 14 with 23 furnished the
desired tetrasaccharide 24 in good yield.


Transformation of 24 into the trichlor-
oacetimidate 26 as donor, followed by
the reaction with 4 a ± d as acceptor gave,
after deprotection, the target molecules
1 a ± d. For comparison, 4 d was also
connected with a sialyl residue (!31)
and with an N-acetylglucosamine resi-
due (!34). Compounds 1 c and 1 d with
a hexaethylene glycol and a nonaethy-
lene glycol spacer, respectively, were
much more efficient in mediating selec-
tin-dependent cell rolling in the dynamic
test system than compounds 1 a and 1 b,
which had no spacer (1 a), or only a
triethylene glycol spacer (1 b).


Keywords: cell adhesion ´ glycoli-
pids ´ membranes ´ molecular rec-
ognition ´ selectin


Introduction


The recruitment of leukocytes to sites of injury or infection is
a receptor-mediated process essential for the immune re-
sponse. Leukocyte rolling along endothelial cells under the
shear force in postcapillary venules represents the first step in
a sequence of adhesive interactions that lead to firm attach-
ment and subsequent emigration through the venular wall.[1]


The selectins, a family of three adhesion molecules on both
the leukocyte and endothelial surfaces, are thought to mediate
rolling by binding carbohydrate-presenting ligands with rapid
association and dissociation rate constants.[2] The identified
natural selectin ligands are extended mucin-like glycoproteins
that present a series of sialylated and fucosylated polylactos-


amines as binding epitopes; these are glycosidically linked to
the peptide backbone.[3±5] The tetrasaccharide sialyl Lewis X
(sLeX) (Neu5Aca2-3Galb1-4[Fuca1-3]GlcNAc) is of key
importance. The selectins bind these carbohydrates at their
N-terminal lectin domain. Although numerous studies per-
formed under static conditions have confirmed fundamental
findings about selectin-binding characteristics and the struc-
ture ± activity relationships of their binding epitopes,[6±9] they
do not provide information on how ligands interact with
selectins under dynamic conditions. Additional binding stud-
ies under the simulated shear force conditions of the
vasculature confirmed that tethering, rolling velocity, and
shear force resistance of neutrophils are regulated by the
kinetics of bond formation and dissociation, and are different
for each of the individual selectins.[10±12]


However, several questions about the essential structure of
the carbohydrate ligands for the mediation of rolling remain
unanswered. For instance, the molecular basis of the high
affinity of the natural sialomucins to the selectins could not be
fully elucidated, since single binding epitopes like sLeX exhibit
only low affinity.[13] Multiple protein ± carbohydrate interac-
tions are therefore thought to be the reason for a higher
binding efficiency mediated by a special molecular arrange-
ment of binding epitopes.[14] Therefore, various research
groups have prepared synthetic sLeX clusters, but these
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studies could only in part support this hypothesis of increased
affinity.[15, 16]


Furthermore, the extended flexible structure of the sialo-
mucins is thought to be essential for the mediation of cell
rolling. However, lipid based sLeX molecules (glycosphingo-
lipids) at the leukocyte surface, as well as selectin ligands,
have been postulated to act in the rolling process.[17, 18]


In our previous study we introduced a dynamic model
system for the investigation of ligand characteristics that are
fundamental for the rolling process.[19] The adhesion and
rolling of selectin-presenting cells along a ligand-containing
supported membrane were analyzed; this reflects molecular
recognition requirements like ligand structure, concentration,
and lateral distribution. It was shown that sLeX-glycolipids
mediate a selectin-dependent cell rolling when they are
arranged in lateral clusters in the model membrane.[19] This
study supports the hypothesis of multivalent binding and
extends its applicability to glycolipids.


The present study focuses on the molecular features of
glycolipid ligands that are important for the mediation of
rolling. To this end, four sLeX glycolipids were synthesized
that differ in their spacer length between the hydrophobic
moiety and the carbohydrate headgroup. The resulting differ-
ences in flexibility and accessibility of the sLeX in these
compounds, when incorporated into the model membrane of
the flow chamber system, should give new insights into the
cell-rolling process.


For the synthesis of the sLeX tetrasaccharide moiety a
highly convergent strategy was designed, which differed in the
protective-group pattern of the required glucosamine building
block and in the sequence of the connection of the four sugar
residues from previous strategies.[20]


In order to minimize the influence of the carbohydrate
backbone, to which the sLeX moiety is generally attached in


nature (Scheme 1, A), an oligoethylene glycol spacer was
selected instead. Its length was chosen in order to mimic b(1-
3)-linked lactose and/or lactosamine residues, that is, tri-
ethylene glycol units were combined. Thus, 1 a (m� n� 0)
corresponds to a compound in which the sLeX moiety is
directly linked to the ceramide moiety, which has not been
found in nature, 1 b (m� 0, n� 1) corresponds to natural sLeX,
1 c (m� n� 1) to dimer sLeX, and 1 d (m� 2, n� 1) to trimer
sLeX. In addition, in 1 a ± d the ceramide residue is replaced by
the 1,2-di-O-hexadecyl glycerol moiety to avoid physical
demixing.[21]


Results and Discussion


Synthesis of sLeX neoglycolipids 1 a ± 1 d : The starting materi-
al for the molecules with 1,2-di-O-hexadecylglycerol was
the readily available 1,2-di-O-isopropylidene-sn-glycerol
(Scheme 2). Its transformation into known 1-O-benzyl-sn-
glycerol (2 a) followed standard procedures.[22] Transforma-
tion of 2 a into the di-O-hexadecyl intermediate 3 a and then
hydrogenolytic O-debenzylation (!4 a) was performed with
some modification of known procedures.[23]


For the attachment of one, two, or three triethylene glycol
units to the glycerol residue, commercially available triethyl-
ene glycol monochlorohydrin 5 was chosen; this was treated
with benzyl bromide in the presence of NaH as base to afford
O-benzyl-protected derivative 6. Reaction of 1,2-di-O-isopro-
pylidene-sn-glycerol with 6 in the presence of NaH as base
and tetrabutylammonium iodide (TBAI) as activator gave
alkylation product 7. Acid catalyzed de-O-isopropylidenation
(!2 b), then O-alkylation with hexadecyl bromide under the
above described conditions (!3 b), and finally hydrogenolytic
O-debenzylation afforded glycerol derivative 4 b[24] with one


Scheme 1.
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O-unprotected triethylene glycol unit. Compound 4 b served
also for the chain extension in the synthesis of 4 c and 4 d.
Reaction of 4 b with alkylating agent 6 gave 3 c under the
above described conditions, which afforded on hydrogenolytic
O-debenzylation compound 4 c. Repetition of the same two
steps with 4 c furnished via 3 d compound 4 d. Thus, all four
compounds 4 a ± d are available that are required for the
synthesis of 1 a ± d.


For the synthesis of the sLeX epitope, proper ligation of N-
acetylneuraminic acid, d-galactose, l-fucose, and N-acetyl-d-
glucosamine is required. Several successful approaches to
solving this problem have already been reported.[9, 20] We
selected here a convergent strategy that seemed to be
particularly appropriate; we employed sialylation of a gal-
actose-derived acceptor and fucosylation of a glucosamine-
derived acceptor and finally ligation of the two disaccharides
to the tetrasaccharide. As the sialyl donor the known
phosphite derivative 8[25] (Scheme 3) was chosen. The high
acceptor reactivity of 2,3,4-O-unprotected galactose residues
in sialylation reactions[20, 25, 26] was reason to transform known
6-O-benzyl derivative 9 into thexyldimethylsilyl (TDS)-pro-
tected compound 10, which on O-deacetylation at low
temperatures afforded acceptor 11 without silyl group migra-
tion.[27] Sialylation of 11 with 8 in acetonitrile atÿ40 8C and in
the presence of trimethylsilyl trifluoromethanesulfonate
(TMSOTf) as the catalyst and then immediate O-acetylation
of the product mixture afforded the desired a-linked di-
saccharide 12, as derived from the NMR data, in 51 % overall


yield (gated proton-decoupled
13C NMR:[28] JC-1,H-3ax� 6.0 Hz).
Removal of the 1a-O-TDS
group by treatment with tetra-
butylammonium fluoride
(TBAF) in THF/HOAc afford-
ed 1a-O-unprotected 13, which
on reaction with trichloroace-
tonitrile in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene
(DBU) as base afforded tri-
chloroacetimidate 14 in almost
quantitative yield.


For the glucosamine-derived
acceptor, N-trichloroethoxycar-
bonyl (N-Teoc) protection was
selected because it is compat-
ible with standard protecting
group manipulations required
in oligosaccharide synthesis; as
a neighboring group it supports
b-glycoside bond formation,
and convenient replacement
by the N-acetyl group has
also been reported.[29] Thus,
the known compound 15
(Scheme 4) was transformed
into TDS-protected derivative
16, which on O-deacetylation
(!17) and ensuing 4,6-O-ben-
zylidenation gave 3-O-unpro-


tected derivative 18. Additionally, known trichloroacetimi-
date 19 was obtained from 15 ; this was required at a later
stage of the synthetic studies. As fucosyl donor the trichloro-
acetimidate 20 of 2-O-benzyl-3,4-di-O-acetylfucose was
chosen as it has been shown to give a-fucopyranosides in
high yield.[30] Fucosylation of 18 with donor 20 in the presence
of TMSOTf as catalyst afforded a-linked disaccharide 21 in
almost quantitative yield (1H NMR: J1b,2b�3.6 Hz). Acid-
catalyzed cleavage of the 4a,6a-O-benzylidene group (!22)
and then regioselective 6a-O-benzoylation afforded 4a-O-
unprotected 23. All yields could be improved over previously
published results.[31]


Glycosylation of acceptor 23 with disaccharide donor 14
(Scheme 5) was performed in dichloromethane, and TMSOTf
again served as catalyst, to afford the desired sLeX inter-
mediate 24 in 66 % yield (1H NMR: J1c,2c�8.3 Hz). 1a-O-
Desilylation with TBAF in THF/HOAc afforded 1a-O-
unprotected 25 ; treatment with trichloroacetonitrile in the
presence of DBU as base furnished trichloroacetimidate
26, which served as tetrasaccharide donor for the acceptors
4 a ± d.


The glycosylation reactions of 4 a ± d with 26 were per-
formed in dichloromethane as solvent and with TMSOTf as
the catalyst; they afforded the desired b-glycosides 27 a ± d in
56 ± 88 % yields (27 d : 1H NMR: J1a,2a� 8.0 Hz, 13C NMR:
C-1a d� 100.22). Treatment of 27 a ± d with Zn in acetic
anhydride[29] led to replacement of the N-Teoc group by the N-
acetyl group; immediate hydrogenolytic O-debenzylation


Scheme 2.
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Scheme 3.


afforded partly O-acylated intermediates 28 a ± d, which on
treatment with NaOMe in MeOH and then with KOH (0.2n)
gave target molecules 1 a ± d ; they were isolated as triethyl-
ammonium salts after chromatography with chloroform/
MeOH/H2O/NEt3 as eluents.


In order to differentiate molecular recognition between
selectins on CHO-E cells and the sLeX epitope from
unspecified interactions, ligation of 4 d directly to the sialyl
residue and to the N-acetylglucosamine residue was per-
formed for comparison. To this end, glycosylation of 4 d with 8
was carried out; this gave a 1:1 a/b-mixture of glycosides
29a,b (Scheme 6). De-O-acetylation (!30a,b) and then
saponification of the ester moiety gave the desired 31a and
also 31b. Similarly, reaction of 4 d with donor 19 led to b-
linked glycoside 32 (1H NMR: J1,2�8.6 Hz) in high yield.
Treatment of 32 with Zn in acetic anhydride led to the N-
acetyl derivative 33, which furnished on treatment with
NaOMe in MeOH the desired N-acetylglucosamine deriva-
tive 34.


Scheme 4.


Cell-rolling investigations : In order to investigate the ability
of the compounds 1 a ± d, 31a, 31b, and 34 to mediate selectin-
induced cell rolling, the previously described dynamic model
system was employed.[19] By means of the Langmuir ± Blodg-
ett technique, the glycolipids were incorporated into a well
defined support-fixed model membrane and assembled into a
flow chamber. In contrast to the established static binding
assays, which solely focus on quantifying cell-binding events,[9]


this flow chamber assay considers the physiological function
of selectins and selectin ligands in the mediation of rolling of
fluorescently labeled selectin-presenting cells under physio-
logical shear force conditions; this process can be directly
followed by microscopic means. It was shown that selectin-
mediated cell rolling, as a special form of cell adhesion with a
much lower velocity than free flowing cells, is sensitively
balanced between firm adhesion and detachment by the
ligand densities in the model membrane. Whereas in static
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Scheme 5.


binding assays relatively high ligand concentrations or pure
ligand layers were used, in the dynamic system cell rolling
could be detected within a relatively low concentration range
(around 0.05 % glycolipid incorporated in a phospholipid
matrix), which corresponds better to the physiological con-
ditions.


Furthermore, it could be proven that the phospholipid
matrix is of great importance because of its ligand organizing
effects. A clustering of glycolipid ligands within the matrix
was regarded to be essential for effective selectin recogni-
tion.[19] The compounds 1 a ± d, 31a,b, and 34, with spacers of
different lengths, were investigated in order to focus on the
influence of sLeX mobility and accessibility at the membrane
surface on the rolling movement.


Model membranes were prepared by incorporating differ-
ent concentrations of compounds 1 a ± d into a 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC) matrix and, as a pre-
requisite for the following investigations, their clustered


arrangement was proven (data not shown). These membranes
were mounted into the flow chamber, and Chinese hamster
ovarian cells that stably express E-selectin (CHO-E) were
allowed to interact with the model membrane under static
conditions for five minutes. After that time, the cell adhesion
and rolling were analyzed at a shear rate of 200 sÿ1, as shown
in Figure 1. At concentrations above 0.1 % of each compound
in the membranes, all cells in the analyzed area stay adhered
and did not show any mobility. Reduction of the ligand
concentrations led to great differences in cell-membrane
interactions. Whereas the spacerless compound 1 a was no
longer able to mediate cell binding and all cells were detached
under the flow conditions, lower concentrations of the spacer-
containing compounds 1 b ± d induced a cell movement that
could be defined as rolling (rolling velocity of about 5 ±
25 mm sÿ1 versus 1 ± 2 mmsÿ1 of freely flowing cells).


Furthermore, spacer elongation, which corresponds to an
increased headgroup flexibility, is of crucial importance in
supporting effective cell rolling. The compounds 1 c and 1 d
with long spacers mediated a rolling at lower concentrations
down to 0.0025 % in the lipid matrix compared with com-
pound 1 b, which has a shorter spacer. To focus on the
influence of spacer length and structure on rolling, a
glycolipid with a naturally occurring, relatively stiff lactose
spacer between the sLeX headgroup and a ceramide moiety
[i.e. sLeX glycosphingolipid A (m� 0, n� 1)[20, 35] , Scheme 1]
was used. Membranes containing this substance were nearly
as effective as those with compound 1 b ; this should be
attributed to the similar spacer length of these two com-
pounds, illustrated in Scheme 1. Because of the higher
flexibility of the ethylene glycol spacer in 1 b, this substance
seems to be slightly more efficient in cell binding, as reflected
in the reduced cell-rolling velocity. All these cell-binding
events were of a specific nature, since preincubation of the
cells with a blocking E-selectin antibody prevented any cell-
membrane interactions. Compounds 31a, 31b, and 34 were
not able to interact with selectin-containing cells, since nearly
all cells were removed from these model membranes. This
demonstrates that a complete sLeX structure is essential for
selectin binding.


Thus, it could be demonstrated that sLeX glycolipids are
able to mediate a selectin-dependent rolling when they are
laterally clustered in a model phospholipid matrix, and
minimal flexibility and accessibility of the sLeX moiety is
sufficient to maintain cell rolling. Therefore, it can be
concluded that the extended silaomucin structures of the
natural ligands, which are extended and not well defined with
respect to structural requirements for mediating cell rolling,
are not ultimately necessary for rolling; however, the
sialomucin structures with their high flexibility offer optimal
conditions for a rolling event.


Conclusion


In the present study a series of sLeX glycolipids were
successfully synthesized which differed in their ethylene
glycol spacer length. Thus, the influence of the carbohydrate
headgroup mobility in glycolipids on the biological recogni-
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Figure 1. Selectin-mediated cell rolling along model membranes contain-
ing different ligand structures (see Scheme 1).


tion phenomena of selectin-dependent cell rolling could be
analyzed for the first time.


It was demonstrated that a minimal headgroup mobility is
an important factor for mediating cell rolling, since sLeX-
lipids with longer spacers were much more effective
than those with shorter spacers. The study gives an insight
into the mechanism of leukocyte rolling along the endothel-
ium and it provides structural information on natural selectin
ligands.


Experimental Section


General techniques : Solvents were purified according to the standard
procedures. Flash chromatography was performed on J.T. Baker silica
gel 60 (0.040 ± 0.063 mm) at a pressure of 0.4 bar. Thin-layer chromatog-
raphy was performed on Merck silica gel plastic plates, 60F254 or Merck
silica gel glass plates, HPTLC 60F254; compounds were visualized by
treatment with a solution of (NH4)6Mo7O24 ´ 4H2O (20 g) and Ce(SO4)2


(0.4 g) in 10% sulfuric acid (400 mL) and heating at 150 8C. Optical
rotations were measured on a Perkin ± Elmer polarimeter 241 in a 1 dm cell
at 22 8C. NMR measurements were recorded at 22 8C on a Bruker AC250
Cryospec or a Bruker DRX600. TMS or the resonance of the deuterated
solvent was used as internal standard; solvents: CDCl3, d� 7.24; C6D6, d�
7.15; D2O, d� 4.63. Target molecules 1 a ± d (max. 6 mg) were measured in a
320 mmolar solution of [D25]sodiumdodecyl sulfate (SDS) in 0.5 mL D2O.
MALDI-mass spectra were recorded on a Kratos Kompact MALDI I
instrument using a 2,5-dihydroxybenzoic acid matrix.


3-O-Benzyl-1,2-di-O-hexadecyl-sn-glycerol (3a): Sodium hydride (50 mg,
21 mmol) was added in small portions to a solution of 2a[22] (750 mg,
4.12 mmol), hexadecyl bromide (3.80 mL, 12.4 mmol), and a catalytic
amount of tetrabutylammonium iodide in dry DMF (15 mL) at room
temperature. After stirring for 36 h at room temperature, the mixture was
diluted with ethyl acetate (200 mL) and washed several times with brine.
The organic layer was dried over magnesium sulfate and concentrated
under reduced pressure. Flash chromatography (petroleum ether to
petroleum ether/ethyl acetate 25:1) afforded 3 a (1.77 g, 68 %) as a
colorless oil. The physical properties found for 3a are in full accordance
with those described in reference [23].


1,2-Di-O-hexadecyl-sn-glycerol (4 a): Compound 3a (1.72 g, 2.73 mmol)
was dissolved in THF/methanol (1:1, 20 mL) and palladium on charcoal
(0.17 g, 10% Pd) was added. The mixture was stirred vigorously under a
hydrogen atmosphere at normal pressure. After 16 h the catalyst was


Scheme 6.
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filtered off and washed with THF. Evaporation of the solvent and flash
chromatography (petroleum ether/ethyl acetate 19:1 to 9:1) furnished 4a
(1.28 g, 87%) as a colorless solid. The physical properties found for 3 b are
in full accordance with those described in reference [23].


8-Benzyloxy-1-chloro-3,6-dioxaoctane (6): Sodium hydride (7.92 g,
330 mmol) was added in small portions to a solution of triethylene glycol
monochlorohydrin 5[32] (43.6 mL, 300 mmol) and benzyl bromide (107 mL,
900 mmol) in dry DMF (100 mL) at 0 8C. After stirring overnight at room
temperature, the mixture was filtered and concentrated under reduced
pressure. Flash chromatography (toluene to toluene/ethyl acetate 1:1)
afforded 6 (76.2 g, 98 %) as a colorless oil. The physical properties found for
6 are in full accordance with those described in reference [33].


3-O-[8-Benzyloxy-3,6-dioxaoctyl]-1,2-O-isopropylidene-sn-glycerol (7):
Sodium hydride (3.22 g, 134 mmol) was added to a solution of 1,2-di-O-
isopropylidene-sn-glycerol[32, 34] (11.8 g, 89.3 mmol), compound 6 (34.6 g,
134 mmol), and tetrabutylammonium iodide (1.7 g, 4.6 mmol) in dry THF
(150 mL). After stirring for 15 h under reflux, additional 6 (11.5 g,
44.5 mmol) and sodium hydride (1.07 g, 44.6 mmol) were added. After
6 h under reflux the solution was concentrated under reduced pressure, and
brine (500 mL) was slowly added. The solution was extracted with ethyl
acetate (3� 500 mL), the combined organic layers were dried over
magnesium sulfate and concentrated in vacuo. Flash chromatography
(toluene/ethyl acetate 2:1 to 1:1) yielded 7 (24.2 g, 76%) as a colorless oil.
Rf� 0.64 (CHCl3/methanol 15:1); [a]D��8.9 (c� 1.0 in CHCl3); 1H NMR
(250 MHz, CDCl3): d� 1.36, 1.42 (2s, 6 H; 2 CH3), 3.49, 3.58 (2 dd, 2J�
10.0 Hz, 3J� 5.6 Hz, 2 H; CH2 glycerol), 3.61 ± 3.71 (m, 12H; 3 OCH2-
CH2O), 3.72, 4.04 (2dd, 2J� 10.0 Hz, 3J� 5.6 Hz, 2H; CH2 glycerol), 4.28
(tt, 3J� 5.8 Hz and 6.2 Hz, 1 H; CH glycerol), 4.57 (s, 2 H; CH2Ph), 7.25 ±
7.35 (m, 5 H; C6H5); C19H30O6 (354.4): calcd C 64.39, H 8.53; found C 63.94,
H 8.43%.


3-O-[8-Benzyloxy-3,6-dioxaoctyl)-sn-glycerol (2b): A solution of 7 (19.7 g,
55.6 mmol) in methanol (80 mL) was treated with a solution of hydro-
chloric acid (1m, 50 mL). After stirring for 1 h at room temperature, the
solution was concentrated in vacuo and coevaporated with toluene. The
residue was purified by flash chromatography (ethyl acetate/methanol 9:1)
to give 2b (16.5 g, 97 %) as a colorless oil. Rf� 0.40 (CHCl3/methanol 15:1);
[a]D�ÿ3.2 (c� 1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 2.48 (br s,
2H; 2 OH), 3.56 ± 3.67 (m, 16H; 8 CH2O), 3.85 (m, 1 H; CH of glycerol),
4.57 (s, 2 H; CH2Ph), 7.26 ± 7.35 (m, 5 H; C6H5); C16H26O6 (314.4): calcd C
61.13, H 8.34; found C 60.92, H 8.35%.


3-O-[8-Benzyloxy-3,6-dioxaoctyl)-1,2-di-O-hexadecyl-sn-glycerol (3b): So-
dium hydride (4.38 g, 183 mmol) was added to a solution of 2 b (16.4 g,
52.2 mmol), hexadecyl bromide (64 mL, 0.21 mol), and tetrabutylammo-
nium iodide (0.96 g, 2.6 mmol) in dry THF (250 mL). After stirring for 20 h
under reflux, methanol (50 mL) was added carefully, and the solution was
concentrated in vacuo. The residue was diluted with water (50 mL) and
subsequently extracted with ethyl acetate (2� 400 mL). The combined
organic layers were dried over magnesium sulfate, and the solvent was
evaporated. Purification was accomplished by flash chromatography
(toluene/ethyl acetate 9:1), which furnished pure 3 b (29.4 g, 74 %) as a
colorless solid. Rf� 0.43 (petroleum ether/ethyl acetate 4:1); 1H NMR
(250 MHz, CDCl3): d� 0.88 (t, 3J� 6.6 Hz, 6H; 2 CH3), 1.25 (br s, 52H;
26CH2), 1.50 ± 1.59 (m, 4H; 2 OCH2CH2), 3.40 ± 3.71 (m, 21H; 21HCO),
4.57 (s, 2 H; CH2Ph), 7.26 ± 7.35 (m, 5 H; C6H5); C48H90O6 (763.2): calcd C
75.54, H 11.89; found C 75.82, H 11.86%.


1,2-Di-O-hexadecyl-3-O-[8-hydroxy-3,6-dioxaoctyl)-sn-glycerol (4b):
Compound 3b (27.1 g, 35.5 mmol) was dissolved in THF (400 mL), and
palladium on charcoal (1.3 g, 10 % Pd) was added. The mixture was stirred
vigorously under a hydrogen atmosphere at normal pressure. After 16 h the
catalyst was filtered off and washed. Evaporation of the solvent and flash
chromatography (toluene/ethyl acetate 4:1) furnished 4b (23.0 g, 96 %) as a
colorless solid. Rf� 0.42 (petroleum ether/ethyl acetate 1:2); 1H NMR
(250 MHz, CDCl3): d� 0.88 (t, 3J� 6.6 Hz, 6H; 2 CH3), 1.25 (br s, 52H;
26CH2), 1.51 ± 1.59 (m, 4 H; 2OCH2CH2), 2.26 ± 2.31 (m, 1 H; OH), 3.40 ±
3.75 (m, 21H; 21HCO); C41H84O6 (673.1): calcd C 73.16, H 12.58; found C
72.74, H 12.68%.


3-O-[17-Benzyloxy-3,6,9,12,15-pentaoxaheptadecyl]-1,2-di-O-hexadecyl-
sn-glycerol (3c): Sodium hydride (1.0 g, 42 mmol) was added to a solution
of compound 4 b (18.8 g, 27.9 mmol), compound 6 (10.8 g, 41.9 mmol), and
tetrabutylammonium iodide (0.52 g, 1.4 mmol) in dry THF (200 mL). After


stirring for 15 h under reflux, additional 6 (7.20 g, 27.8 mmol) and sodium
hydride (0.67 g, 28 mmol) were added. After a further night under reflux
the mixture was filtered and washed with THF. Evaporation of the solvent
and flash chromatography (toluene/ethyl acetate 4:1 to 1:1) furnished pure
3c (22.2 g, 89%) as a colorless solid. Rf� 0.38 (petroleum ether/ethyl
acetate 1:2); 1H NMR (250 MHz, CDCl3): d� 0.88 (t, 3J� 6.7 Hz, 6H;
2CH3), 1.25 (br s, 52 H; 26 CH2), 1.52 ± 1.58 (m, 4H; 2 OCH2CH2), 3.40 ±
3.66 (m, 33 H; 33 HCO), 4.57 (s, 2 H; CH2Ph), 7.26 ± 7.34 (m, 5H; C6H5);
C54H102O9 (895.4): calcd C 72.44, H 11.48; found C 72.23, H 11.28%.


1,2-Di-O-hexadecyl-3-O-[17-hydroxy-3,6,9,12,15-pentaoxaheptadecyl]-sn-
glycerol (4c): Compound 3c (21.5 g, 24.0 mmol) was dissolved in THF
(300 mL), and palladium on charcoal (1.9 g, 10 % Pd) was added. The
mixture was stirred vigorously under a hydrogen atmosphere at normal
pressure. After 16 h the catalyst was filtered off and washed. Evaporation
of the solvent furnished 4 c (19.2 g, 99 %) as a colorless solid. Rf� 0.67
(CHCl3/methanol 15:1); 1H NMR (250 MHz, CDCl3): d� 0.88 (t, 6H;
2CH3), 1.25 (br s, 52 H; 26CH2), 1.50 ± 1.57 (m, 4 H; 2 OCH2CH2), 2.28 (br s,
1H; OH), 3.39 ± 3.75 (m, 33H; 33HCO); C47H96O9 (805.3): calcd C 70.10, H
12.02; found C 70.03, H 11.95%.


3-O-[26-Benzyloxy-3,6,9,12,15,18,21,24-octaoxahexacosyl]-1,2-di-O-hexa-
decyl-sn-glycerol (3d): Sodium hydride (130 mg, 5.3 mmol) was added to a
solution of compound 4c (2.86 g, 3.55 mmol), compound 6 (1.38 g,
5.33 mmol), and tetrabutylammonium iodide (70 mg, 0.19 mmol) in dry
THF (100 mL). After stirring for 15 h under reflux additional 6 (0.92 g,
3.6 mmol) and sodium hydride (85 mg, 3.5 mmol) were added. After a
further night under reflux the mixture was filtered and washed with THF.
Evaporation of the solvent and flash chromatography (toluene/ethyl
acetate 4:1 to 2:1) furnished pure 3 d (3.25 g, 89 %) as a colorless solid.
Rf� 0.51 (CHCl3/methanol 15:1); 1H NMR (250 MHz, CDCl3): d� 0.88 (t,
6H; 2CH3), 1.25 (br s, 52H; 26CH2), 1.51 ± 1.57 (m, 4H; 2OCH2CH2),
3.36 ± 3.70 (m, 45H; 45 HCO), 4.57 (s, 2 H; CH2Ph), 7.26 ± 7.34 (m, 5H;
C6H5); C60H114O12 (1027.6): calcd C 70.13, H 11.18; found C 70.03, H
11.00%.


1,2-Di-O-hexadecyl-3-O-[26-hydroxy-3,6,9,12,15,18,21,24-octaoxahexaco-
syl]-sn-glycerol (4d): Compound 3 d (2.35 g, 2.29 mmol) was dissolved in
THF (60 mL), and palladium on charcoal (0.24 g, 10% Pd) was added. The
mixture was stirred vigorously under a hydrogen atmosphere at normal
pressure. After 16 h the catalyst was filtered off and washed. Evaporation
of the solvent and flash chromatography (toluene/acetone 1:1) furnished
4d (2.08 g, 97%) as a colorless solid. Rf� 0.36 (toluene/acetone 1:1);
1H NMR (250 MHz, CDCl3): d� 0.88 (t, 6 H; 2 CH3), 1.25 (br s, 52H;
26CH2), 1.50 ± 1.57 (m, 4H; 2OCH2CH2), 2.5 (br s, 1H; OH), 3.40 ± 3.75 (m,
45H; 45HCO); C53H108O12 (937.4): calcd C 67.91, H 11.61; found C 67.73, H
11.53%.


Thexyldimethylsilyl 2,3,4-tri-O-acetyl-6-O-benzyl-b--dd--galactopyranoside
(10): Compound 9[35] (28.7 g, 72.4 mmol) and imidazole (8.38 g, 123 mmol)
were dissolved in dry DMF (250 mL). Thexyldimethylsilyl chloride
(21.4 mL, 109 mmol) was added at room temperature to the mixture. After
stirring overnight, methanol (50 mL) was added. The solution was
concentrated in vacuo and then diluted with ethyl acetate (1000 mL).
The organic layer was washed with brine (3� 300 mL), dried over
magnesium sulfate, and evaporated. Flash chromatography (toluene/ethyl
acetate 2:1) gave compound 10 (37.1 g, 95 %) as a colorless oil. Rf� 0.41
(petroleum ether/ethyl acetate 4:1); [a]D�ÿ15.8 (c� 1.0 in CHCl3);
1H NMR (250 MHz, CDCl3): d� 0.15, 0.18 (2 s, 6H; Si(CH3)2), 0.83, 0.83,
0.84, 0.87 (4s, 12 H; 4CH3), 1.55 ± 1.66 (m, 1H; CH), 1.98, 2.02, 2.06 (3 s, 9H;
3COCH3), 3.46 ± 3.58 (m, 2 H; 6-, 6'-H), 3.81 ± 3.87 (m, 1 H; 5-H), 4.43, 4.56
(2d, 2J� 12.0 Hz, 2H; CH2Ph), 4.69 (d, J(1,2)� 7.5 Hz, 1H; 1-H), 4.99 (dd,
J(2,3)� 10.5 Hz, J(3,4)� 3.4 Hz, 1H; 3-H), 5.14 (dd, J(1,2)� 7.5 Hz,
J(2,3)� 10.5 Hz, 1H; 2-H), 5.44 (dd, J(3,4)� 3.4 Hz, J(4,5)� 1.1 Hz, 1H;
4-H), 7.26 ± 7.37 (m, 5H; C6H5); C27H42O9Si (538.7): calcd C 60.20, H 7.86;
found C 60.56, H 7.92%.


Thexyldimethylsilyl 6-O-benzyl-b--dd--galactopyranoside (11): A solution of
10 (38.9 g, 72.2 mmol) in dry methanol (220 mL) was treated atÿ25 8C with
a solution of sodium methoxide (1m) in methanol (1.5 mL). After stirring
overnight at ÿ15 8C the solution was neutralized with Amberlite IR120
(H�), filtered, and evaporated. Flash chromatography (ethyl acetate)
yielded 11 (28.6 g, 96%) as a colorless oil. Rf� 0.53 (ethyl acetate); [a]D�
ÿ4.5 (c� 1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 0.18, 0.19 (2 s,
6H; Si(CH3)2), 0.87, 0.87, 0.89, 0.90 (4s, 12 H; 4CH3), 1.59 ± 1.70 (m, 1H;
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CH), 3.55 ± 3.57 (m, 2H; 2-, 3-H), 3.62 (td, J(4,5)� 1.0 Hz, J(5,6)� J(5,6')�
5.5 Hz, 1H; 5-H), 3.71 (dd, 2J� 10.0 Hz, J(5,6)� 5.4 Hz, 1H; 6-H), 3.78
(dd, 2J� 10.0 Hz, J(5,6')� 5.6 Hz, 1H; 6'-H), 3.98 (dd, J(3,4)� 2.7 Hz,
J(4,5)� 1.1 Hz, 1H; 4-H), 4.45 (d, J(1,2)� 7.3 Hz, 1H; 1-H), 4.57 (s, 2H;
CH2Ph), 7.25 ± 7.39 (m, 5H; C6H5); C21H36O6Si (412.6): calcd C 61.13, H
8.79; found C 60.82, H 8.79%.


Thexyldimethylsilyl O-(methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-di-
deoxy--dd--glycero-a--dd--galacto-2-nonulopyranosylonate)-(2!3)-2,4-di-O-
acetyl-6-O-benzyl-b--dd--galactopyranoside (12): Acceptor 11 (5.11 g,
12.4 mmol) was dissolved in dry acetonitrile (80 mL) over molecular sieves
(4 �). After one hour the solution was added to 8[25] (12.7 g, 20.8 mmol) and
cooled to ÿ40 8C. After addition of trimethylsilyl trifluoromethanesulfo-
nate (500 mL, 0.28 mmol), the solution was stirred for 45 min and then
neutralized with triethylamine (500 mL) and concentrated in vacuo. The
residue was dissolved in chloroform (200 mL) and washed with hydro-
chloric acid (1m). The organic layer was neutralized with sodium
bicarbonate and dried over magnesium sulfate. The remaining foam was
dissolved in pyridine (80 mL), and acetic anhydride (80 mL) was added.
After 2 days the solution was evaporated, and the residue was purified by
flash chromatography (toluene/acetone 3:1) to give 12 (6.16 g, 51 %) as a
pale yellow foam. Rf� 0.54 (toluene/acetone 1:1); [a]D�ÿ11.4 (c� 1.0 in
CHCl3); 1H NMR (600 MHz, CDCl3): d� 0.15, 0.16 (2s, 6 H; Si(CH3)2),
0.83 ± 0.87 (m, 12H; 2 C(CH3)2), 1.53 ± 1.64 (m, 1 H; CH), 1.71 (dd, 2J�
J(3ax,4)� 12.4 Hz, 1H; 3bax-H), 1.83, 1.98, 2.01, 2.03, 2.05, 2.13, 2.16 (7s,
21H; 7COCH3), 2.56 (dd, 1 H; 3beq-H), 3.45 (dd, 2J� 9.9 Hz, J(5,6)�
6.1 Hz, 1 H; 6a-H), 3.47 (dd, 2J� 10.0 Hz, J(5,6')� 6.2 Hz, 1H; 6'a-H),
3.62 (dd, J(5,6)� 10.7 Hz, J(6,7)� 2.8 Hz, 1 H; 6b-CH3), 3.78 ± 3.81 (m,
1H; 5a-H), 3.82 (s, 3H; COOCH3), 4.00 (dd, 2J� 12.4 Hz, J(8,9)� 5.8 Hz,
1H; 9b-H), 4.04 (ddd, J(4,5)� J(5,6)� J(5,N)� 10.5 Hz, 1 H; 5b-H), 4.33
(dd, 2J� 12.4 Hz, J(8,9')� 2.7 Hz, 1 H; 9'b-H), 4.42 (d, 2J� 11.8 Hz, 1H;
CHHPh), 4.47 (dd, J(2,3)� 10.2 Hz, J(3,4)� 3.4 Hz, 1 H; 3a-H), 4.51 (d,
2J� 11.8 Hz, 1H; CHHPh), 4.83 (d, J(1,2)� 7.7 Hz, 1 H; 1a-H), 4.85 (ddd,
J(3ax,4)� 12.1 Hz, J(3eq,4)� 4.6 Hz, J(4,5)� 10.3 Hz, 1H; 4b-H), 4.93 ±
4.96 (m, 2H; 2a-, 4a-H), 5.05 (d, J(5,N)� 10.3 Hz, 1H; NH), 5.34 (dd,
J(6,7)� 2.8 Hz, J(7,8)� 8.9 Hz, 1 H; 7b-H), 5.53 (ddd, J(7,8)� 8.9 Hz,
J(8,9)� 5.8 Hz, J(8,9')� 2.7 Hz, 1H; 8b-H), 7.25 ± 7.31 (m, 5H; C6H5);
13C NMR (151 MHz, CDCl3): d�ÿ3.32 (SiCH3), ÿ1.99 (SiCH3), 18.47,
18.51, 19.90, 19.97 (4 CH3), 20.73, 20.76, 20.85, 21.07, 21.39, 23.16, 24.82
(7COCH3), 33.91 (CHMe2), 37.54 (3b-C), 49.10 (5b-C), 53.12 (OCH3),
62.36 (9b-C), 67.20 (7b-C), 67.90 (8b-C), 68.43 (4a-C), 68.49 (6a-C), 69.42
(4b-C), 71.76 (3a-C), 71.84 (2a-C), 72.01 (6b-C), 72.09 (5a-C), 73.37
(CH2Ph), 95.72 (2b-C), 96.90 (1a-C), 127.59 ± 138.04 (phenyl-C), 167.87 (1b-
C), 169.61, 169.67, 170.20, 170.33, 170.41, 170.46, 170.89 (7COMe);
C45H67NO20Si (970.1): calcd C 55.71, H 6.96, N 1.44; found C 55.27, H
6.80, N 1.28%.


O-(Methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--glycero-a--dd--
galacto-2-nonulopyranosylonate)-(2!3)-2,4-di-O-acetyl-6-O-benzyl-a/b--
dd--galactopyranose (13): Compound 12 (766 mg, 790 mmol) was dissolved in
dry THF (10 mL). Acetic acid (90 mL, 1.7 mmol) and then a solution of
tetrabutylammonium fluoride (1m) in THF (1.7 mL, 1.7 mmol) were added
at ÿ25 8C. The mixture was slowly warmed to room temperature and
stirred for 3 days. After addition of water (100 mL) the solution was washed
with diethyl ether (5� 100 mL). The combined organic layers were dried
over magnesium sulfate and concentrated in vacuo. Purification was
accomplished by flash chromatography (toluene/acetone 3:1 to 2:1) to
furnish pure 13 (523 mg, 80%) as a colorless foam in a ratio of a/b� 4:3.
Rf� 0.39 and 0.42 (CHCl3/methanol 15:1); 1H NMR (600 MHz, CDCl3):
13a : d� 1.65 ± 1.75 (m, 1H; 3bax-H), 1.83 (s, 3H; NCOCH3), 1.99 ± 2.22 (m,
21H; 7 COCH3), 2.57 (dd, 2J� 12.6 Hz, J(3eq,4)� 4.5 Hz, 1H; 3beq-H), 3.38
(dd, 2J� 9.7 Hz, J(5,6)� 6.7 Hz, 1H; 6a-H), 3.48 (dd, 2J� 9.7 Hz, J(5,6')�
5.9 Hz, 1 H; 6'a-H), 3.63 ± 3.65 (m, 1H; 6b-CH3), 3.83 or 3.84 (s, 3H;
COOCH3), 3.95 ± 3.99 (m, 1 H; 9b-H), 4.06 (ddd, J(4,5)� J(5,6)� J(5,N)�
10.4 Hz, 1 H; 5b-H), 4.19 (dd, J(5,6)� J(5,6')� 6.3 Hz, 1 H; 5a-H), 4.36 (d,
2J� 12.3 Hz, 1H; 9'b-H), 4.41, 4.51 (2d, 2J� 11.8 Hz, 2 H; CH2Ph), 4.62 (dd,
J(2,3)� 10.7 Hz, J(3,4)� 3.5 Hz, 1H; 3a-H), 4.87 (m, 1H; 4b-H), 5.04 (d,
J(3,4)� 3.4 Hz, 1H; 4a-H), 5.11 ± 5.15 (m, 2 H; 2a-H, NH), 5.28 ± 5.30 (m,
2H; 1a-, 7b-H), 5.62 (ddd, J(7,8)� 9.1 Hz, J(8,9)� 6.7 Hz, J(8,9')� 2.5 Hz,
1H; 8b-H), 7.24 ± 7.31 (m, 5 H; C6H5). 13b : d� 1.65 ± 1.75 (m, 1 H; 3bax-H),
1.83 (s, 3 H; NCOCH3), 1.99 ± 2.22 (m, 21H; 7 COCH3), 2.57 (dd, 2J�
12.6 Hz, J(3eq,4)� 4.5 Hz, 1 H; 3beq-H), 3.41(dd, 2J� 9.8 Hz, J(5,6)�
6.3 Hz, 1 H; 6a-H), 3.51 (dd, 2J� 9.2 Hz, J(5,6')� 6.2 Hz, 1H; 6'a-H),


3.63 ± 3.65 (m, 1 H; 6b-CH3), 3.83 or 3.84 (2s, 3H; COOCH3), 3.85 (dd,
J(5,6)� J(5,6')� 6.3 Hz, 1H; 5a-H), 3.95 ± 3.99 (m, 1H; 9b-H), 4.04 (ddd,
J(4,5)� J(5,6)� J(5,N)� 10.4 Hz, 1 H; 5b-H), 4.36 (d, 2J� 12.3 Hz, 1H;
9'b-H), 4.41, 4.51 (d, 2J� 11.8 Hz, 2H; CH2Ph), 4.59 (dd, J(2,3)� 10.1 Hz,
J(3,4)� 3.4 Hz, 1H; 3a-H), 4.82 (d, J(1,2)� 8.0 Hz, 1 H; 1a-H), 4.87 (m,
1H; 4b-H), 4.89 (dd, 1 H; 2a-H), 5.00 (d, J(3,4)� 3.4 Hz, 1H; 4a-H), 5.13 (d,
J(N,5)� 10.4 Hz, 1H; NH), 5.35 (dd, J(6,7)� 2.7 Hz, J(7,8)� 9.0 Hz, 1H;
7b-H), 5.53 (ddd, J(7,8)� 8.7 Hz, J(8,9)� 2.7 Hz, J(8,9')� 5.9 Hz, 1H; 8b-
H), 7.24 ± 7.31 (m, 5 H; C6H5); MALDI: m/z : 851 [M�Na]� , 868 [M�K]� ;
C37H49NO20 ´ H2O (845.8): calcd C 52.54, H 6.08, N 1.66; found C 52.59, H
6.24, N 1.59%.


O-(Methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--glycero-a--dd--
galacto-2-nonulopyranosylonate)-(2!3)-2,4-di-O-acetyl-6-O-benzyl-a/b--
dd--galactopyranosyl trichloroacetimidate (14): Trichloroacetonitrile
(3.6 mL, 3.6 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (27 mL,
0.18 mmol) were added to a solution of 13 (2.95 g, 3.56 mmol) in dry
dichloromethane (100 mL). After 1 h the mixture was concentrated in
vacuo. Flash chromatography (toluene/acetone 2:1 � 1 % triethylamine)
furnished 14 (3.34 g, 97 %) as a colorless foam in a ratio of a/b� 1:9. Rf�
0.59 (toluene/acetone 1:1); 1H NMR (250 MHz, CDCl3): d� 1.74 (dd, 2J�
J(3ax,4)� 12.4 Hz, 1 H; 3bax-H), 2.01, 2.02, 2.04, 2.07, 2.07, 2.17, 2.18 (7 s,
21H; 7 COCH3), 2.59 (dd, 2J� 12.6 Hz, J(3eq,4)� 4.6 Hz, 1H; 3beq-H), 3.46
(dd, 2J� 10.0 Hz, J(5,6)� 6.9 Hz, 1 H; 6a-H), 3.57 (dd, 2J� 9.9 Hz, J(5,6')�
5.7 Hz, 1H; 6'a-H), 3.65 (dd, J(5,6)� 10.7 Hz, J(6,7)� 2.7 Hz, 1H; 6b-
CH3), 3.88 (s, 3 H; COOCH3), 3.98 (dd, 2J� 12.4 Hz, J(8,9)� 5.9 Hz, 1H;
9b-H), 3.98 ± 4.09 (m, 2 H; 5a-, 5b-H), 4.32 ± 4.46 (m, 3H; 3a-, 9'b-H,
CHHPh), 4.55 (d, 2J� 11.9 Hz, 1H; CHHPh), 4.72 (dd, J(2,3)� 10.2 Hz,
J(3,4)� 3.4 Hz, 1H; 3a-H), 4.90 (ddd, J(3ax,4)� 12.1 Hz, J(3eq,4)� 4.6 Hz,
J(4,5)� 10.3 Hz, 1H; 4b-H), 5.04 (d, J(5,N)� 10.1 Hz, 1 H; NH), 5.11 (d,
J(3,4)� 2.7 Hz, 1 H; 4a-H), 5.30 (dd, J(1,2)� 8.3 Hz, J(2,3)� 10.1 Hz, 1H;
2a-H), 5.37 (dd, J(6,7)� 2.7 Hz, J(7,8)� 8.9 Hz, 1 H; 7b-H), 5.58 (ddd,
J(7,8)� 8.6 Hz, J(8,9)� 5.9 Hz, J(8,9')� 2.5 Hz, 1H; 8b-H), 5.95 (d,
J(1,2)� 8.3 Hz, 1 H; 1a-H), 7.23 ± 7.35 (m, 5H; C6H5), 8.67 (s, 1 H; �NH);
C39H49Cl3N2O20 (972.2): calcd C 48.18, H 5.08, N 2.88; found C 47.99, H 5.24,
N 2.84%.


Thexyldimethylsilyl O-(methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-di-
deoxy--dd--glycero-a--dd--galacto-2-nonulopyranosylonate)-(2!3)-(2,4-di-O-
acetyl-6-O-benzyl-b--dd--galactopyranosyl)-(1!4)-[(3,4-di-O-acetyl-2-O-
benzyl-a-ll-fucopyranosyl)-(1!3)]-6-O-benzoyl-2-deoxy-2-(2,2,2-trichloro-
ethoxycarbonylamino)-b--dd--glucopyranoside (24): A solution of 14
(860 mg, 885 mmol) and 23[31] (1.51 g, 1.64 mmol) in dry dichloromethane
(10 mL) was treated at room temperature with trimethylsilyl trifluoro-
methanesulfonate (16 mL, 88 mmol). After stirring for 15 min, the mixture
was neutralized with triethylamine and concentrated in vacuo. The residue
was purified by flash chromatography (toluene/acetone 2:1) to give starting
material 23 and 24 (1.01 g, 66%) as a colorless foam. Rf� 0.64 (toluene/
acetone 1:1); [a]D�ÿ24.7 (c� 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3):
d� 0.01, 0.03 (2s, 6H; Si(CH3)2), 0.73 (2 s, 6H; SiC(CH3)2), 0.77, 0.78 (2 d,
3J� 6.7 Hz, 6 H; CH(CH3)2), 1.18 (d, J(5,6)� 6.4 Hz, 3 H; 6b-CH3), 1.54 ±
1.62 (m, 1 H; CH), 1.67 (dd, 2J� J(3ax,4)� 12.4 Hz, 1 H; 3dax-H), 1.81 (2 s,
6H; 2 NCOCH3), 1.92, 1.97, 1.98, 2.03, 2.06, 2.10, 2.21 (7s, 21 H, 7 COCH3),
2.54 (dd, 2J� 12.6 Hz, J(3eq,4)� 4.3 Hz, 1 H; 3deq-H), 2.93 (m, 1H; 2a-H),
3.58 (dd, J(5,6)� 10.7 Hz, J(6,7)� 2.8 Hz, 1 H; 6d-H), 3.63 ± 3.66 (m, 2H;
5a-, 6c-H), 3.76 (t, J(5,6)� 6.4 Hz, 1H; 5c-H), 3.79 (s, 3H; COOCH3),
3.84 ± 3.86 (m, 2 H; 2b-, 6c-H), 3.92 (dd, J(3,4)� J(4,5)� 9.5 Hz, 1H; 4a-H),
4.01 (ddd, J(4,5)� J(5,6)� J(5,N)� 10.4 Hz, 1H; 5d-H), 4.13 (dd, 2J�
12.8 Hz, J(8,9)� 4.0 Hz, 1H; 9d-H), 4.16 (dd, 2J� 11.9 Hz, J(5,6)�
5.8 Hz, 1 H; 6a-H), 4.26 (dd, 2J� 12.8 Hz, J(8,9')� 2.1 Hz, 1H; 9'd-H),
4.30 (dd, J(2,3)� J(3,4)� 9.6 Hz, 1H; 3a-H), 4.49 ± 4.53 (m, 3 H, 3c-H,
CHHPh, CHHCCl3), 4.62 (d, 2J� 11.7 Hz, 1 H; CHHPh), 4.67 (s, 2H;
CH2Ph), 4.72 (d, 2J� 11.9 Hz, 1H; CHHCCl3), 4.83 (ddd, J(3ax,4)�
J(4,5)� 10.7 Hz, J(3eq,4)� 4.6 Hz, 1H; 4d-H), 4.88 (d, J(1,2)� 8.2 Hz,
1H; 1c-H), 4.95 (dd, J(1,2)� 8.2 Hz, J(2,3)� 9.1 Hz, 1H; 2c-H), 4.99 ± 5.02
(m, 3 H; 4c-H, 2 NH), 5.04 ± 5.06 (m, 2H; 6a-, 5b-H), 5.12 (d, J(1,2)� 7.7 Hz,
1H; 1a-H), 5.20 (d, J(1,2)� 3.6 Hz, 1H; 1b-H), 5.26 ± 5.28 (m, 2H; 3b-, 4b-
H), 5.38 (dd, J(6,7)� 2.7 Hz, J(7,8)� 9.4 Hz, 1H; 7d-H), 5.56 (ddd, J(7,8)�
9.3 Hz, J(8,9)� J(8,9')� 3.3 Hz, 1 H; 8d-H), 7.15 ± 7.97 (m, 15H; 3 C6H5);
13C NMR (151 MHz, CDCl3): d� 15.89 (6b-C), 18.41 ± 24.64 (9 COCH3,
4CH3), 34.04 (CHMe2), 37.39 (3d-C), 49.08 (5d-C), 53.14 (OCH3), 61.89
(2a-C), 62.01 (9d-C), 62.55 (6a-C), 64.19 (5b-C), 66.65 (7d-C), 67.64 (8d-C),
67.97 (6c-C), 68.11 (4c-C), 69.45 (4d-C), 69.91 (2c-C), 70.26 (3b-C), 71.59
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(3c-C), 71.94 (6d-C), 72.06 (4b-C), 72.88 (5c-C), 73.13 (PhCH2), 73.27 (5a-
C), 73.33 (PhCH2), 73.58 (3a-C), 74.24 (2b-C), 74.65 (CH2CCl3), 75.09 (4a-
C), 93.86 (1a-C), 95.15 (CH2CCl3), 96.94 (2d-C), 97.22 (1b-C), 99.84 (1c-C),
127.36 ± 138.66 (phenyl-C), 153.39 (COCH2CCl3), 165.62 (COPh), 167.71
(1d-C), 169.41, 169.53, 169.56, 170.01, 170.18, 170.36, 170.58, 170.76, 170.81
(9COMe); C78H103Cl3N2O33Si (1731.1): calcd C 54.12, H 6.00, N 1.62; found
C 54.10, H 6.00, N 2.01%.


(Methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--glycero-a--dd--
galacto-2-nonulopyranosylonate)-(2!3)-(2,4-di-O-acetyl-6-O-benzyl-b--dd--
galactopyranosyl)-(1!4)-[(3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyrano-
syl)-(1!3)]-6-O-benzoyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylami-
no)-a--dd--glucopyranose (25): Compound 24 (1.42 g, 820 mmol) was dis-
solved in dry THF (10 mL). Acetic acid (320 mL, 5.6 mmol) and then a
solution of tetrabutylammonium fluoride (1m) in THF (1.1 mL, 1.1 mmol)
were added at room temperature, and the mixture was stirred for 5 days.
An additional solution of tetrabutylammonium fluoride (1m) in THF
(0.1 mL, 0.1 mmol) was added, and the mixture was stirred for a further
4 days. After the addition of a saturated sodium bicarbonate solution
(20 mL), the mixture was extracted with ethyl acetate (3� 100 mL). The
combined organic layers were dried over magnesium sulfate and concen-
trated in vacuo. Purification was accomplished by flash chromatography
(toluene/acetone 3:2), which furnished pure 25 (1.14 g, 87 %) as a colorless
foam. Rf� 0.41 (CHCl3/methanol 15:1); 1H NMR (600 MHz, CDCl3): d�
1.12 (d, J(5,6)� 6.2 Hz, 3H; 6b-CH3), 1.53 (s, 3H; COCH3), 1.71 (dd, 2J�
J(3ax,4)� 12.4 Hz, 1H; 3dax-H), 1.79, 1.81, 1.96, 2.00, 2.08, 2.08, 2.10, 2.20
(8s, 24H; 8 COCH3), 2.52 (dd, 2J� 12.6 Hz, J(3eq,4)� 4.3 Hz, 1 H; 3deq-H),
3.55 (dd, J(5,6)� 10.7 Hz, J(6,7)� 2.8 Hz, 1H; 6d-H), 3.60 (m, 1H; 5c-H),
3.73 (dd, 2J� 10.4 Hz, J(5,6)� 6.4 Hz, 1H; 6c-H), 3.76 (s, 3H; COOCH3),
3.80 (dd, J(2,3)� 10.5 Hz, J(1,2)� 3.3 Hz, 1H; 2b-H), 3.91 ± 4.05 [m, 5H;
H,H-COSY: 3.91 (d, 9d-H), 3.95 (dd, 6c-H), 3.98 (dd, 5d-H), 4.00 (d,
CHHCCl3), 4.05 (br d, 5a-H)], 4.13 ± 4.14 (m, 2H; 2a-, 3a-H), 4.31 ± 4.36 [m,
3H; H,H-COSY: 4.32 (s, 4c-H), 4.33 (dd, 4a-H), 4.36 (d, 6a-H)], 4.52 ± 4.66
[m, 5 H; H,H-COSY: 4.53 (d, 2J� 12.3 Hz, CHHPh), 4.54 (d, 2J� 11.6 Hz,
CHHPh), 4.62 (d, 9d-H), 4.64 (d, CHHPh), 4.65 (d, CHHCCl3)], 4.75 (d, 2J
�12.3 Hz, 1 H; CHHPh), 4.81 (m, 1 H; 4d-H), 4.84 (d, 2J� 11.1 Hz, 1 H; 6a-
H), 4.89 (m, 1H; 4c-H), 4.93 ± 4.98 [m, 3H; H,H-COSY: 4.94 (d, 1c-H), 4.94
(Nd-H), 4.97 (dd, 2c-H)], 5.05 (m, 1H; 5b-H), 5.24 ± 5.28 [m, 3H; H,H-
COSY: 5.24 (s, 1a-H), 5.25 (d, 3b-H), 5.28 (s, 4b-H)], 5.42 (dd, J(6,7)�
2.6 Hz, J(7,8)� 10.1 Hz, 1 H; 7d-H), 5.45 (d, J(1,2)� 2.9 Hz, 1H; 1b-H),
5.61 (d, J(7,8)� 10.0 Hz, 1H; 8d-H), 6.36 (d, J(2,N)� 5.7 Hz, 1H; Na-H),
7.21 ± 7.94 (m, 15 H; 3C6H5); 13C NMR (151 MHz, CDCl3): d� 16.09 (6b-C),
20.42 ± 23.21 (9COCH3), 37.24 (3d-C), 49.01 (5d-C), 53.11 (OCH3), 56.55
(2a-C), 62.04 (9d-C), 63.05 (6a-C), 64.06 (5b-C), 65.69 (7d-C), 67.30 (8d-C),
67.98 (4c-C), 68.17 (6c-C), 69.43 (5a-C), 69.52 (4d-C), 70.11 (3b-C), 70.20
(2c-C), 71.57 (6d-C), 71.68 (3c-C), 72.05 (4b-C), 72.11 (3a-C), 72.17
(CH2Ph), 73.02 (2b-C), 73.36 (5c-C), 73.63 (CH2Ph), 73.93 (4a-C), 74.91
(CH2CCl3), 92.27 (1a-C), 96.91 (2d-C), 97.41 (1b-C), 99.67 (1c-C), 127.36 ±
138.77 (phenyl-C), 154.75 (COCH2CCl3), 167.36 ± 171.78 (1d-C, 10COMe/
Ph); C70H85Cl3N2O33 (1588.8): calcd C 52.92, H 5.39, N 1.76; found C 53.24,
H 5.62, N 2.05%.


O-(Methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--glycero-a--dd--
galacto-2-nonulopyranosylonate)-(2!3)-(2,4-di-O-acetyl-6-O-benzyl-b--dd--
galactopyranosyl)-(1!4)-[(3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyrano-
syl)-(1!3)]-6-O-benzoyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylami-
no)-a--dd--glucopyranosyl trichloroacetimidate (26): Trichloroacetonitrile
(520 mL, 5.2 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (4 mL) was
added to a solution of 25 (817 mg, 514 mmol) in dry dichloromethane
(10 mL). After 1 h the mixture was concentrated in vacuo. Flash
chromatography (toluene/acetone 3:1�1 % triethylamine) furnished 26
(828 mg, 93%) as a colorless foam. Rf� 0.56 (toluene/acetone 1:1); [a]D�
ÿ6.5 (c� 1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 1.20 (d, J(5,6)�
6.5 Hz, 3 H; 6b-CH3), 1.6 ± 1.7 (m, 1 H; 3dax-H), 1.75 ± 2.21 (m, 27H;
9COCH3), 2.56 (dd, 2J� 12.6 Hz, J(3ex,4)� 4.6 Hz, 1H; 3deq-H), 3.59 (dd,
J(5,6)� 10.7 Hz, J(6,7)� 2.9 Hz, 1 H; 6d-H), 3.66 ± 5.60 (m, 32H; 2 1-H, 3
2-H, 3 3-H, 4 4-H; 4 5-H, 4 6-H, 7-H, 8-H, 2 9-H, 2 NH, 2CH2Ph, CH2CCl3),
6.35 (d, J(1,2)� 3.6 Hz, 1 H; 1a-H), 7.23 ± 7.97 (m, 15H; 3 C6H5), 8.69 (s, 1H;
�NH); C72H85Cl6N3O33 (1733.2): calcd C 49.90, H 4.94, N 2.42; found C
49.96, H 5.14, N 2.64%.


(1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(methyl-5-acetamido-4,7,8,9-tetra-
O-acetyl-3,5-dideoxy--dd--glycero-a--dd--galacto-2-nonulopyranosylonate)-
(2!3)-(2,4-di-O-acetyl-6-O-benzyl-b--dd--galactopyranosyl)-(1!4)-[(3,4-


di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl)-(1!3)]-6-O-benzoyl-2-deoxy-
2-(2,2,2-trichloroethoxycarbonylamino)-b--dd--glucopyranoside (27 a): A sol-
ution of 4 a (192 mg, 355 mmol) and 26 (410 mg, 237 mmol) in dry
dichloromethane (4 mL) was treated at room temperature with a solution
of trimethylsilyl trifluoromethanesulfonate (0.25m) in dichloromethane
(95 mL, 24 mmol). After stirring for 30 min, the mixture was neutralized
with triethylamine and concentrated in vacuo. The residue was purified by
flash chromatography (toluene/acetone 4:1) to give 27a (400 mg, 80 %) as a
colorless foam. Rf� 0.23 (toluene/acetone 3:1); [a]D�ÿ20.3 (c� 1.0 in
CHCl3); C105H155Cl3N2O35 (2111.7): calcd C 59.72, H 7.40, N 1.33; found C
59.46, H 7.52, N 1.69%.


[8-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6-dioxaoct-1-yl]-O-(methyl-5-
acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--glycero-a--dd--galacto-2-non-
ulopyranosylonate)-(2!3)-(2,4-di-O-acetyl-6-O-benzyl-b--dd--galactopyra-
nosyl)-(1!4)-[(3,4-di-O-acetyl-2-O-benzyl-a-L-fucopyranosyl)-(1!3)]-
6-O-benzoyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-b--dd--gluco-
pyranoside (27 b): A solution of 4b (220 mg, 327 mmol) and 26 (330 mg,
190 mmol) in dry dichloromethane (5 mL) was treated at room temperature
with a solution of trimethylsilyl trifluoromethanesulfonate (0.25m) in
dichloromethane (75 mL, 19 mmol). After stirring for 30 min, the reaction
mixture was neutralized with triethylamine and concentrated in vacuo. The
residue was purified by flash chromatography (toluene/acetone 5:1 to 3:1)
to give 27b (375 mg, 88%) as a colorless foam. Rf� 0.64 (toluene/acetone
1:1); [a]D�ÿ19.4 (c� 1.0 in CHCl3); C111H167Cl3N2O38 (2243.9): calcd C
59.42, H 7.50, N 1.25; found C 59.68, H 7.26, N 1.80%.


[17-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15-pentaoxaheptadec-1-
yl]-O-(methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--glycero-a--
dd--galacto-2-nonulopyranosylonate)-(2!3)-(2,4-di-O-acetyl-6-O-benzyl-
b--dd--galactopyranosyl)-(1!4)-[(3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyra-
nosyl)-(1!3)]-6-O-benzoyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylami-
no)-b--dd--glucopyranoside (27 c): A solution of 4c (326 mg, 405 mmol) and 26
(420 mg, 242 mmol) in dry dichloromethane (8 mL) was treated at room
temperature with a solution of trimethylsilyl trifluoromethanesulfonate
(0.25m) in dichloromethane (100 mL, 25 mmol). After stirring for 30 min,
the mixture was neutralized with triethylamine and concentrated in vacuo.
The residue was purified by flash chromatography (toluene/acetone 3:1 to
2:1) to give 27c (321 mg, 56%) as a colorless foam. Rf� 0.28 (toluene/
acetone 2:1); [a]D�ÿ15.6 (c� 1.0 in CHCl3); C117H179Cl3N2O41 (2376.1):
calcd C 59.14, H 7.59, N 1.18; found C 59.40, H 7.75, N 1.31%.


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahex-
acos-1-yl]-O-(methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--
glycero-a--dd--galacto-2-nonulopyranosylonate)-(2!3)-(2,4-di-O-acetyl-6-
O-benzyl-b--dd--galactopyranosyl)-(1!4)-[(3,4-di-O-acetyl-2-O-benzyl-a-ll-
fucopyranosyl)-(1!3)]-6-O-benzoyl-2-deoxy-2-(2,2,2-trichloroethoxycar-
bonylamino)-b--dd--glucopyranoside (27 d): A solution of 4d (487 mg,
520 mmol) and 26 (450 mg, 260 mmol) in dry dichloromethane (10 mL)
was treated at room temperature with a solution of trimethylsilyl
trifluoromethanesulfonate (0.25m) in dichloromethane (100 mL, 25 mmol).
After stirring for 30 min, the mixture was neutralized with triethylamine
and concentrated in vacuo. The residue was purified by flash chromatog-
raphy (ethyl acetate/methanol 9:1) to give 27d (380 mg, 58 %) as a colorless
foam. Rf� 0.48 (ethyl acetate/methanol 9:1); [a]D�ÿ13.8 (c� 1.0 in
CHCl3); 1H NMR (600 MHz, CDCl3): d� 0.88 (t, 3J� 7.0 Hz, 6H; 2 CH3),
1.20 (d, J(5,6)� 6.9 Hz, 3 H; 6b-CH3), 1.25 (br s, 52H; 26CH2), 1.55
(quintet, 3J� 6.8 Hz, 4H; 2 OCH2CH2), 1.69 ± 1.71 (m, 1 H; 3dax-H), 1.70,
1.83, 1.90, 1.99, 2.02, 2.05, 2.08, 2.10, 2.22 (9s, 27H; 9 COCH3), 2.56 (dd, 2J�
12.6 Hz, J(3eq,4)� 4.5 Hz, 1H; 3deq-H), 3.40 ± 3.90 [m, 57H; H,H-COSY:
3.39 (2a-H), 3.59 (5c-H), 3.59 (6d-H), 3.64 (5a-H), 3.70 (6c-H), 3.70
(CHHPh), 3.79 (s, 3H; COOCH3), 3.84 (2b-H), 3.84 (6'c-H), 3.90
(CHHPh), 18CH2 spacer, 5 H glycerol, 2OCH2CH2], 4.02 (ddd, J(4,5)�
J(5,6)� J(5,N)� 10.4 Hz, 1 H; 5d-H), 4.11 (dd, J(3,4)� J(4,5)� 9.0 Hz,
1H; 4a-H), 4.18 ± 4.25 [m, 3H; H,H-COSY: 4.18 (dd, 2J� 12.9 Hz, J(8,9)�
3.7 Hz, 9d-H), 4.20 (dd, 3a-H), 4.23 (dd, 2J� 12.1 Hz, J(5,6)� 4.3 Hz, 6a-
H)], 4.29 (dd, 2J� 12.9 Hz, J(8,9')� 2.6 Hz, 1 H; 9'd-H), 4.48 (dd, J(2,3)�
9.0 Hz, J(3,4)� 3.4 Hz, 1H; 3c-H), 4.53 (d, 2J� 11.6 Hz, 1H; CHHPh),
4.58, 4.74 (2d, 2J� 11.8 Hz; 1 H; CH2CCl3 conformational exchange), 4.60,
4.78 (2 d, 2J� 12.0 Hz, 1H; CH2CCl3 conformational exchange), 4.61 (d,
2J� 11.6 Hz, 1 H; CHHPh), 4.84 (ddd, J(3ax ,4)� 11.9 Hz, J(3eq,4)� 4.6 Hz,
J(4,5)� 10.5 Hz, 1 H; 4d-H), 4.95 ± 5.05 [m, 6H; H,H-COSY: 4.95 (d,
J(1,2)� 8.0 Hz; 1a-H), 4.96 (d, 1c-H), 4.96 (dd, 2c-H), 4.99 (s, 4c-H), 5.02 (d,
NdH), 5.03 (d, 6a-H)], 5.08 (q, J(5,6)� 6.6 Hz, 1 H; 5b-H), 5.28 ± 5.32 [m,
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3H; H,H-COSY: 5.29 (d, 3b-H), 5.32 (s, 4b-H), 5.34 (s, 1b-H)], 5.41 (dd,
J(6,7)� 2.8 Hz, J(7,8)� 9.5 Hz, 1 H; 7d-H), 5.57 (ddd, J(7,8)� 9.5 Hz,
J(8,9)� J(8,9')� 3.2 Hz, 1 H; 8d-H), 5.76 (br d, 1H; NaH), 7.23 ± 7.98 (m,
15H; 3C6H5); 13C NMR (151 MHz, CDCl3): d� 14.09 (2 CH3), 15.91 (6b-
C), 20.72 ± 23.17 (9COCH3), 20.07 ± 31.89 (CH2 alkyl), 37.40 (3d-C), 49.04
(5d-C), 53.11 (OCH3), 59.18 (2a-C), 61.96 (9d-C), 62.32 (6a-C), 64.16 (5b-
C), 66.58 (7d-C), 67.45 (8d-C), 67.92 (CH2Ph), 68.03 (4c-C), 68.70 (6c-C),
69.46 (4d-C), 70.07 (2c-C), 70.24 (3b-C), 70.37 ± 71.39 (C spacer, C glycerol,
5a-C, 5c-C, 6d-C), 71.54 (3c-C), 72.02 (4b-C), 72.94, 74.49 (CH2CCl3


conformational exchange), 73.32 (CH2Ph), 73.70 (2b-C), 74.06 (3a-C),
74.26 (4a-C), 95.71 (CH2CCl3), 96.96 (2d-C), 97.09 (1b-C), 99.56 (1c-C),
100.22 (1a-C), 127.32 ± 138.69 (phenyl-C), 154.01 (COCH2CH3), 165.63
(COPh), 167.65 (1d-C), 169.33, 169.41, 169.44, 169.83, 170.20, 170.37, 170.62,
170.72, 170.76 (9COMe); C123H191Cl3N2O44 ´ 2 H2O (2544.3): calcd C 58.07,
H 7.72, N 1.10; found C 58.00, H 7.71, N 1.04%.


(1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(methyl-5-acetamido-4,7,8,9-tetra-
O-acetyl-3,5-dideoxy--dd--glycero-a--dd--galacto-2-nonulopyranosylonate)-
(2!3)-(2,4-di-O-acetyl-b--dd--galactopyranosyl)-(1!4)-[(3,4-di-O-acetyl-
a-ll-fucopyranosyl)-(1!3)]-2-acetamido-6-O-benzoyl-2-deoxy-b--dd--gluco-
pyranoside (28 a): A solution of 27 a (360 mg, 242 mmol) in THF/acetic
anhydride/acetic acid (3:2:1, 12 mL) was treated with activated zinc powder
(420 mg, activation with 2% CuSO4 in water for 5 min). The mixture was
stirred overnight at room temperature and then filtered and washed with
THF. The solvent was evaporated under reduced pressure, and the residue
was separated from zinc salts by flash chromatography (toluene/acetone
2:1). The product was dissolved in THF (8 mL) and acetic acid (2 drops).
Palladium on charcoal (150 mg, 10% Pd) was added, and the solution was
stirred vigorously under a hydrogen atmosphere for 2 days. The catalyst
was filtered off and washed with THF. Evaporation and purification by
flash chromatography (toluene/acetone 2:1) gave 28 a (233 mg, 76%) as a
colorless foam. Rf� 0.33 (toluene/acetone 1:1, HPTLC); [a]D�ÿ28.8 (c�
1.0 in CHCl3); C90H144N2O34 ´ H2O (1816.2): calcd C 59.52, H 8.10, N 1.54;
found C 59.60, H 8.32, N 1.92%.


[8-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6-dioxaoct-1-yl]-O-(methyl-5-
acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--glycero-a--dd--galacto-2-non-
ulopyranosylonate)-(2!3)-(2,4-di-O-acetyl-b--dd--galactopyranosyl)-
(1!4)-[(3,4-di-O-acetyl-a-ll-fucopyranosyl)-(1!3)]-2-acetamido-6-O-
benzoyl-2-deoxy-b--dd--glucopyranoside (28 b): Compound 27 b (346 mg,
154 mmol) was treated as described above to furnish after flash chroma-
tography (toluene/acetone 1:1) pure 28b (102 mg, 34%) as a colorless
foam. Rf� 0.20 (toluene/acetone 1:1, HPTLC); C96H156N2O37 (1930.3).


[17-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15-pentaoxaheptadec-1-
yl]-O-(methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--glycero-a--
dd--galacto-2-nonulopyranosylonate)-(2!3)-(2,4-di-O-acetyl-b--dd--galacto-
pyranosyl)-(1!4)-[(3,4-di-O-acetyl-a-ll-fucopyranosyl)-(1!3)]-2-acet-
amido-6-O-benzoyl-2-deoxy-b--dd--glucopyranoside (28 c): Compound 27 c
(259 mg, 109 mmol) was treated as described above to furnish after flash
chromatography (toluene/acetone 2:3) pure 28c (182 mg, 81%) as a
colorless foam. Rf� 0.15 (toluene/acetone 2:3, HPTLC); C102H168N2O40


(2062.4).


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahex-
acos-1-yl]-O-(methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--
glycero-a--dd--galacto-2-nonulopyranosylonate)-(2!3)-(2,4-di-O-acetyl-b--
dd--galactopyranosyl)-(1!4)-[(3,4-di-O-acetyl-a-ll-fucopyranosyl)-
(1!3)]-2-acetamido-6-O-benzoyl-2-deoxy-b--dd--glucopyranoside (28 d):
Compound 27d (310 mg, 124 mmol) was treated as described above to
furnish after flash chromatography (ethyl acetate to ethyl acetate/methanol
9:1) pure 28 d (140 mg, 51%) as a colorless foam. Rf� 0.32 (ethyl acetate/
methanol 5:1); MALDI: m/z : 2218 [M�Na]� ; C108H180N2O43 (2194.6).


(1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(triethylammonium-5-acetamido-
3,5-dideoxy--dd--glycero-a--dd--galacto-2-nonulopyranosylonate)-(2!3)-(b--dd--
galactopyranosyl)-(1!4)-[a-ll-fucopyranosyl)-(1!3)]-2-acetamido-2-de-
oxy-b--dd--glucopyranoside (1a): Compound 28a (213 mg, 118 mmol) was
dissolved in dry methanol, and a solution of sodium methoxide (1m) in
methanol (200 mL) was added. After stirring overnight at room temper-
ature, the solution was neutralized with Amberlite IR120 (H�), filtered,
and evaporated. The residue was dissolved in dioxane/water 1:1 (10 mL),
and an aqueous solution of potassium hydroxide (0.2m, 1 mL) was added.
After stirring overnight, carbon dioxide was added and the solution was
lyophilized. Flash chromatography (CHCl3/methanol/water/triethylamine


80:20:2:0.1 to 70:30:5:0.1) yielded 1a (110 mg, 65%) as a colorless powder
after lyophilization from water. Rf� 0.23 (CHCl3/methanol/0.2 % aqueous
CaCl2 70:30:5, HPTLC); [a]D�ÿ30.1 (c� 1.0 in CHCl3); 1H NMR
(600 MHz, SDS/D2O): d� 0.84 (m, 6H; 2CH3), 1.20 (d, J(5,6)� 6.3 Hz,
3H; 6b-CH3), 1.25 ± 1.36 (m, 52H; 26 CH2), 1.41 (t, 9H; N(CH2CH3)3), 1.60
(br s, 4H; 2 OCH2CH2), 1.85 (t, 1 H; 3dax-H), 2.06, 2.07 (2s, 6 H; 2 COCH3),
2.78 (dd, 1H; 3deq-H), 3.24 (q, 3J� 7.3 Hz, 6 H; N(CH2Me)3), 3.40 ± 4.15 (m,
30H), 4.53 (d, J(1,2)� 7.5 Hz, 1H; 1c-H), 4.59 (br s, 1 H; 1a-H), 4.84 (q,
J(5,6)� 6.5 Hz, 1H; 5b-H), 5.13 (br d, 1H; 1b-H); C72H137N3O25 ´ 4H2O
(1564.9): calcd C 55.26, H 9.34, N 2.69; found C 55.33, H 9.68, N 3.08%.


[8-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6-dioxaoct-1-yl]-O-(triethylam-
monium-5-acetamido-3,5-dideoxy--dd--glycero-a--dd--galacto-2-nonulopyrano-
sylonate)-(2!3)-(b--dd--galactopyranosyl)-(1!4)-[a-ll-fucopyranosyl)-
(1!3)]-2-acetamido-2-deoxy-b--dd--glucopyranoside (1b): Compound 28b
(100 mg, 52 mmol) was treated as described above to furnish 1b (45.4 mg,
55%) as a colorless powder. Rf� 0.24 (CHCl3/methanol/0.2 % aqueous
CaCl2 70:30:5, HPTLC); [a]D�ÿ27.2 (c� 1.0 in CHCl3); 1H NMR
(600 MHz, SDS/D2O): d� 0.80 (m, 6H; 2CH3), 1.17 (d, J(5,6)� 6.3 Hz,
3H; 6b-CH3), 1.21 ± 1.32 (m, 61H; 26CH2, N(CH2CH3)3), 1.57 (br s, 4H;
2OCH2CH2), 1.81 (t, 1 H; 3dax-H), 2.02, 2.04 (2s, 6H; 2 COCH3), 2.76 (dd,
1H; 3deq-H), 3.20 (q, 3J� 7.3 Hz, 6 H; N(CH2Me)3), 3.43 ± 4.13 (m, 42H),
4.53 (d, J(1,2)� 7.7 Hz, 1H; 1c-H), 4.61 (d, J(1,2)� 6.4 Hz, 1 H; 1a-H), 4.83
(q, J(5,6)� 6.3 Hz, 1H; 5b-H), 5.12 (d, J(1,2)� 3.6 Hz, 1 H; 1b-H);
C78H149N3O28 ´ 5H2O (1667.1): calcd C 56.20, H 9.61, N 2.52; found C
56.00, H 9.63, N 2.14%.


[17-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15-pentaoxaheptadec-1-
yl]-O-(triethylammonium-5-acetamido-3,5-dideoxy--dd--glycero-a--dd--galac-
to-2-nonulopyranosylonate)-(2!3)-(b--dd--galactopyranosyl)-(1!4)-[a-ll-
fucopyranosyl)-(1!3)]-2-acetamido-2-deoxy-b--dd--glucopyranoside (1 c):
Compound 28c (182 mg, 88 mmol) was treated as described above to
furnish 1c (107 mg, 71 %) as a colorless powder. Rf� 0.23 (CHCl3/
methanol/0.2 % aqueous CaCl2 70:30:5, HPTLC); [a]D�ÿ20.2 (c� 1.0 in
CHCl3); 1H NMR (600 MHz, SDS/D2O): d� 0.81 (m, 6H; 2CH3), 1.17 (d,
J(5,6)� 6.3 Hz, 3 H; 6b-CH3), 1.19 ± 1.32 (m, 61 H; 26CH2, N(CH2CH3)3),
1.56 (br s, 4 H; 2 OCH2CH2), 1.80 (t, 1H; 3dax-H), 2.02, 2.04 (2 s, 6H;
2COCH3), 2.75 (dd, 1H; 3deq-H), 3.20 (q, 3J� 7.3 Hz, 6 H; N(CH2Me)3),
3.44 ± 4.10 (m, 54 H), 4.52 (d, J(1,2)� 7.7 Hz, 1 H; 1c-H), 4.61 (d, J(1,2)�
8.3 Hz, 1H; 1a-H), 4.83 (q, J(5,6)� 6.5 Hz, 1 H; 5b-H), 5.12 (d, J(1,2)�
3.4 Hz, 1 H; 1b-H); C84H161N3O31 ´ 5 H2O (1799.3): calcd C 56.07, H 9.58, N
2.34; found C 56.08, H 9.64, N 2.10%.


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahex-
acos-1-yl]-O-(triethylammonium-5-acetamido-3,5-dideoxy--dd--glycero-a--dd--
galacto-2-nonulopyranosylonate)-(2!3)-(b--dd--galactopyranosyl)-(1!4)-
[a-ll-fucopyranosyl)-(1!3)]-2-acetamido-2-deoxy-b--dd--glucopyranoside
(1d): Compound 28 d (135 mg, 61.5 mmol) was treated as described above
to furnish pure 1 d (92 mg, 77 %) as a colorless powder. Rf� 0.25 (CHCl3/
methanol/0.2 % aqueous CaCl2 70:30:5, HPTLC); [a]D�ÿ19.7 (c� 1.0 in
CHCl3); 1H NMR (600 MHz, SDS/D2O): d� 0.81 (m, 6H; 2CH3), 1.17 (d,
J(5,6)� 6.4 Hz, 3H; 6b-CH3), 1.22 ± 1.28 (m, 52 H; 26CH2), 1.31 (t, 9H;
N(CH2CH3)3), 1.56 (br s, 4H; 2 OCH2CH2), 1.80 (t, 1H; 3dax-H), 2.02, 2.04
(2s, 6H; 2COCH3), 2.76 (dd, 1H; 3deq-H), 3.21 (q, 3J� 7.3 Hz, 6H;
N(CH2Me)3), 3.44 ± 4.09 [m, 66H; H,H-COSY: 3.52 (2c-H), 3.58 (5a-H),
3.59 (5c-, 7d-H), 3.64 (9d-H), 3.67 (4d-H), 3.68 (6d-H), 3.70 (2b-H), 3.76
(4b-H), 3.77 (3a-H), 3.85 (5d-H), 3.88 (6a-, 3b-, 6'c-, 6c-H), 3.89 (9'd-H),
3.90 (4a-, 8d-H), 3.91 (2a-H), 3.93 (4c-H), 4.00 (6'a-H), 18CH2 spacer, 5H
glycerol, 2OCH2CH2], 4.09 (dd, J(2,3)� 9.6 Hz, J(3,4)� 2.1 Hz, 1H; 3c-H),
4.52 (d, J(1,2)� 7.7 Hz, 1H; 1c-H), 4.61 (d, J(1,2)� 7.8 Hz, 1H; 1a-H), 4.83
(q, J(5,6)� 6.5 Hz, 1H; 5b-H), 5.11 (d, J(1,2)� 3.5 Hz, 1 H; 1b-H);
C90H173N3O34 ´ 5H2O (1931.4): calcd C 55.97, H 9.55, N 2.18; found C
55.94, H 9.45, N 2.39%.


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahex-
acos-1-yl]-O-(methyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy--dd--
glycero-a/b--dd--galacto-2-nonulopyranosyl)onate (29a/b): A solution of 8[25]


(550 mg, 900 mmol) and acceptor 4 d (550 mg, 580 mmol) in dry acetonitrile/
dichloromethane (1:1, 25 mL) was treated at 0 8C with trimethylsilyl
trifluoromethanesulfonate (50 mL, 270 mmol). After stirring for 45 min, the
reaction mixture was neutralized with triethylamine and concentrated in
vacuo. The residue was purified by flash chromatography (ethyl acetate/
methanol 1:0 to 30:1) to give 29a/b (420 mg, 51 %) as a colorless foam in a
ratio of a/b� 1:1. Rf� 0.56 and 0.63 (CHCl3/methanol 15:1); 1H NMR
(600 MHz, C6D6): 29a : d� 0.88 (t, 6H; 2CH3), 1.32 (br s, 52 H; 26 CH2),
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1.51 ± 1.57 (m, 4H; 2 OCH2CH2), 1.57 (s, 3H; COCH3), 1.60 (m, 1H; 3ax-H),
1.68 ± 2.13 (4 s, 12H; 4COCH3), 2.81 (dd, 2J� 12.7 Hz, J(3eq,4)� 4.5 Hz,
1H; 3eq-H), 3.23 ± 4.14 (m, 48 H; 18CH2 spacer, 2OCH2CH2CH2, 5H
glycerol, COOCH3), 4.48 (dd, J(8,9)� 8.9 Hz, 2J� 12.2 Hz, 1H; 9-H), 4.68
(m, 1 H; 5-H), 4.95 (dd, J(5.6)� 10.7 Hz, J(6,7) <1 Hz, 1 H; 6-H), 5.46 ±
5.49 (m, 1 H; 9'-H), 5.53 (ddd, J(3ax ,4)� J(4,5)� 10.9 Hz, J(3ax ,4)� 4.9 Hz,
1H; 4-H), 5.80 (br d, J(8,9)� 8.8 Hz, 1H; 8-H), 5.87 (s, 1 H; 7-H), 6.48 (d,
J(5,N)� 10.2 Hz, 1H; NH); 29b : d� 0.88 (t, 6 H; 2CH3), 1.32 (br s, 52H;
26CH2), 1.51 ± 1.57 (m, 4H; 2 OCH2CH2), 1.57 (s, 3H; COCH3), 1.65 (m,
1H; 3ax-H), 1.68 ± 2.13 (4s, 12 H; 4COCH3), 2.62 (dd, 2J� 12.7 Hz,
J(3eq,4)� 4.9 Hz, 1H; 3eq-H), 3.23 ± 4.14 [m, 50H; 18CH2 spacer,
2OCH2CH2CH2, 5H glycerol, COOCH3, H,H-COSY: 4.11 ± 4.14 (6-H,
NH)], 4.31 (dd, J(8,9)� 6.3 Hz, 2J� 12.4 Hz, 1 H; 9-H), 4.41 (ddd, J(4,5)�
J(5,6)� J(5,N)� 10.5 Hz, 1 H; 5-H), 4.65 ± 4.68 (m, 1 H; 9'-H), 4.84 (ddd,
J(3ax,4)� J(4,5)� 10.9 Hz, J(3eq,4)� 4.9 Hz, 1H; 4-H), 5.47 ± 5.49 (m, 1H;
7-H), 5.84 (m, 1H; 8-H); C73H135NO24 (1410.9): calcd C 62.15, H 9.64, N
0.99; found C 61.90, H 9.52, N 0.82%.


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahex-
acos-1-yl]-O-(methyl-5-acetamido-3,5-dideoxy--dd--glycero-a/b--dd--galacto-2-
nonulopyranosyl)onate (30a/b): A solution of sodium methoxide (0.5m) in
methanol (110 mL) was added to a solution of 29a/b (387 mg, 274 mmol) in
dry methanol (10 mL). After 3 hours the solution was neutralized with
Amberlite IR120 (H�), filtered, and evaporated. Flash chromatography
(CHCl3/methanol� 9:1) yielded 30a/b (250 mg, 72%) as a colorless foam
in a ratio of a/b� 1:1. Rf� 0.35 (CHCl3/methanol 9:1); 1H NMR (250 MHz,
CDCl3): d� 0.88 (t, 6H; 2CH3), 1.26 (br s, 52 H; 26CH2), 1.52 ± 1.57 (m, 4H;
2OCH2CH2), 1.60 (m, 1H; 3ax-H), 2.03, 2.05 (2 s, 3 H; NCOCH3), 2.43, 2.78
(2dd, 1H; 3eq-H), 3.38 ± 4.15 (m, 55.5 H; 18CH2 spacer, 2 OCH2CH2CH2,
5H glycerol, COOCH3, 4-, 5-, 6-, 7-, 8-, 9-, 9'-H, 0.5 HN), 6.43 (d, J(5,N)�
8.4 Hz, 0.5H; 0.5NH); C65H127NO20 ´ 1.5 H2O (1269.74): calcd C 61.49, H
10.32, N 1.10; found C 61.56, H 10.33, N 1.05%.


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahex-
acos-1-yl]-O-(potassium-5-acetamido-3,5-dideoxy--dd--glycero-a/b--dd--galac-
to-2-nonulopyranosyl)onate (31a) and (31b): Aqueous potassium hydrox-
ide (0.2m, 680 mL) was added to a solution of 30a/b (115 mg, 90.6 mmol) in
water/dioxane (1:1; 6 mL). After stirring for 2 hours, carbon dioxide was
added and the solution was lyophilized. The two anomers were separated
by flash chromatography (CHCl3/methanol/water 85:15:1 to 80:20:2) to
give 31a (58 mg, 49%) and 31b (58 mg, 48%) as colorless solids.


Compound 31a : Rf� 0.48 (CHCl3/methanol/0.2 % aqueous CaCl2 80:20:2,
HPTLC); [a]D�ÿ5.3 (c� 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3/
CD3OD/D2O 65:25:4): d� 0.89 (t, 6 H; 2CH3), 1.27 (br s, 52H; 26 CH2),
1.55 ± 1.58 (m, 4 H; 2 OCH2CH2), 1.62 (dd, 2J� J(3ax,4)� 11.4 Hz, 1H; 3ax-
H), 2.04 (s, 3H; COCH3), 2.77 (dd, 2J� 12.7 Hz, J(3eq,4)� 3.8 Hz, 1 H; 3eq-
H), 3.45 ± 3.90 (m, 53H; 18 CH2 spacer, 2 OCH2CH2CH2, 5H glycerol, NH,
4-, 5-, 6-, 7-, 8-, 9-, 9'-H); C64H124KNO20 ´ 1.5H2O (1293.8): calcd C 59.41, H
9.89, N 1.08; found C 59.36, H 9.88, N 0.69%.


Compound 31b : Rf� 0.34 (CHCl3/methanol/0.2 % aqueous CaCl2 80:20:2,
HPTLC); [a]D�ÿ9.1 (c� 1.0 in CHCl3); 1H NMR (600 MHz, CDCl3/
CD3OD/D2O 65:25:4): d� 0.89 (t, 6 H; 2CH3), 1.27 (br s, 52H; 26 CH2),
1.55 ± 1.58 (m, 4H; 2OCH2CH2), 1.77 (t, 1H; 3ax-H), 2.04 (s, 3 H; COCH3),
2.34 (dd, 1 H; 3eq-H), 3.46 ± 3.97 (m, 53H; 18 CH2 spacer, 2 OCH2CH2CH2,
5H glycerol, NH, 4-, 5-, 6-, 7-, 8-, 9-, 9'-H); C64H124KNO20 ´ 4 H2O (1338.8):
calcd C 57.27, H 9.94, N 1.05; found C 57.18, H 9.68, N 0.79%.


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahex-
acos-1-yl] 3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylami-
no)-b--dd--glucopyranoside (32): A solution of 19[29] (523 mg, 837 mmol) and
acceptor 4d (523 mg, 558 mmol) in dry dichloromethane (10 mL) was
treated at room temperature with a solution of trimethylsilyl trifluorome-
thanesulfonate (0.24m) in dichloromethane (82 mL, 20 mmol). After stirring
for 30 min, the reaction mixture was neutralized with triethylamine
(100 mL) and concentrated in vacuo. The residue was purified by flash
chromatography (toluene/acetone 4:1) to give 32 (654 mg, 84%) as a
colorless foam. Rf� 0.68 (toluene/acetone 1:1); [a]D�ÿ2.9 (c� 1.0 in
CHCl3); 1H NMR (250 MHz, CDCl3): d� 0.88 (t, 3J� 6.6 Hz, 6 H; 2 CH3),
1.25 (br s, 52 H; 26 CH2), 1.51 ± 1.58 (m, 4 H; 2OCH2CH2), 2.00, 2.01, 2.09
(3s, 9H; 3 COCH3), 3.40 ± 3.89 (m, 47H; 18 CH2 spacer, 2 OCH2CH2CH2,
5H glycerol, 2-, 5-H), 4.12 (dd, J(5,6)� 2.3 Hz, 2J� 12.3 Hz, 1 H; 6-H), 4.27
(dd, J(5,6')� 4.7 Hz, 2J� 12.3 Hz, 1 H; 6'-H), 4.73 (s, 2 H; CH2CCl3), 4.83
(d, J(1,2)� 8.6 Hz, 1H; 1-H), 5.02 ± 5.15 (m, 2 H; 3-, 4-H), 6.46 (d, J(2,N)�


9.5 Hz, 1H; NH); C68H126Cl3NO21 (1400.1): calcd C 58.33, H 9.07, N 1.00;
found C 58.44, H 9.32, N 1.28%.


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahexa-
cos-1-yl] 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b--dd--glucopyranoside
(33): A solution of 32 (252 mg, 180 mmol) in THF/acetic anhydride/acetic
acid (4:2:1; 14 mL) was treated with activated zinc powder (200 mg;
activation with 2% CuSO4 in water for 5 min). The mixture was stirred for
18 h at room temperature, then diluted with toluene, filtered, and washed
with toluene. Evaporation and flash chromatography (toluene/acetone 1:1
to 2:3) furnished 33 (186 mg, 82 %) as a colorless solid. Rf� 0.25 (toluene/
acetone 1:1); [a]D�ÿ7.6 (c� 1.0 in CHCl3); 1H NMR (250 MHz, CDCl3):
d� 0.88 (t, 3J� 6.5 Hz, 6H; 2CH3), 1.25 (br s, 52H; 26CH2), 1.51 ± 1.57 (m,
4H; 2OCH2CH2), 2.01, 2.02, 2.06, 2.08 (4 s, 12 H; 4COCH3), 3.40 ± 3.92 (m,
47H; 18CH2 spacer, 2 OCH2CH2CH2, 5 H glycerol, 5-H), 4.06 ± 4.17 (m,
2H; 2-, 6-H), 4.27 (dd, 2J� 12.2 Hz, J(5,6')� 4.5 Hz, 1H; 6'-H), 4.87 (d,
J(1,2)� 8.4 Hz, 1H; 1-H), 5.06 (dd, J(3,4)� J(4,5)� 9.4 Hz, 1H; 4-H), 5.15
(dd, J(2,3)� J(3,4)� 10.0 Hz, 1H; 3-H), 6.94 (br s, 1 H; NH); C67H127NO20 ´
2H2O (1266.74): calcd C 61.77, H 10.13, N 1.08; found C 61.80, H 10.22, N
1.08%.


[26-(1,2-Di-O-hexadecyl-sn-glycer-3-oxy)-3,6,9,12,15,18,21,24-octaoxahex-
acos-1-yl] 2-acetamido-2-deoxy-b--dd--glucopyranoside (34): A catalytic
quantity of sodium methoxide was added to a solution of 33 (186 mg,
147 mmol) in dry methanol (9 mL). After 3 hours the solution was
neutralized with Amberlite IR120 (H�), filtered, and evaporated. Flash
chromatography (CHCl3/methanol �15:1) yielded 34 (160 mg, 96%) as a
colorless solid. Rf� 0.32 (CHCl3/methanol 9:1); [a]D�ÿ15.7 (c� 0.30 in
CHCl3); 1H NMR (250 MHz, CDCl3): d� 0.88 (t, 3J� 6.6 Hz, 6 H; 2 CH3),
1.25 (br s, 52H; 26CH2), 1.51 ± 1.57 (m, 4H; 2OCH2CH2), 2.07 (s, 3H;
COCH3), 3.40 ± 3.96 (m, 51H; 18 CH2 spacer, 2OCH2CH2CH2, 5H
glycerol, 2-, 3-, 4-, 5-, 6-, 6'-H), 4.64 (d, J(1,2)� 8.4 Hz, 1H; 1-H), 7.16 (d,
1H; NH); C61H121NO17 (1140.6): calcd C 64.22, H 10.70, N 1.23; found C
64.11, H 10.52, N 1.60%.


Preparation of supported planar bilayers : Supported planar bilayers were
prepared by using the Langmuir ± Blodgett technique. Microscope slides
(glass, diameter of 18 mm, thickness of 0.2 mm) were used as transparent
supports. Slides were first cleaned to achieve a highly homogeneous surface
by the following procedure. Slides were treated with a conc. H2SO4/H2O2


mixture (7:3) at 80 8C for 30 minutes under ultrasonic conditions and were
then rinsed with ultrapure water for 30 minutes. To increase the density of
silanole groups at the surface, a cleaning procedure with NH3/H2O2/H2O
(1:1:5) followed, before finally rinsing with ultrapure water and drying the
slides. The first step in forming a supported bilayer is the covalent binding
of monochlorodimethyloctadecylsilane (Sigma, Deisenhofen, Germany) at
50 8C for 30 minutes to produce the first monolayer on the slide. The bilayer
was completed by transferring the preformed lipid film at the Langmuir
trough. The lipid mixtures were transferred at a lateral pressure of
38 mN mÿ1 and a speed of 0.5 mm minÿ1 to hydrophobic substrates as a
X-type monolayer. The transfer ratios were between 0.95 and 1. Freshly
prepared supported bilayers were immediately used for experiments in the
flow chamber.


Laminar flow experiments : The parallel-plate flow chamber used in these
studies has been described in detail in our previous investigations.[36] The
flow apparatus was mounted onto an inverted fluorescent microscope
Axiovert 135 of a laser scanning microscope (LSM 410 invert, Carl Zeiss,
Germany).


Adhesion experiments were performed at 25 8C in a temperature-con-
trolled manner to maintain the lateral structure of the model membrane.
MEM-a medium was used as flow medium at shear rate of 200 sÿ1 powered
by hydrostatic pressure. For the flow experiments, 106 fluorescently labeled
CHO-E cells in 100 mL medium were injected into the streaming medium
without dilution. Either, cell adhesion or rolling was analyzed immediately,
or the flow was stopped for 5 minutes to allow cells to interact with the
supported membrane. After this time, flow with the desired shear force was
continued and the adhesion behavior of the cells was monitored by a
sequence of images taken every 2 seconds. To characterize the cell
movement, 50 to 150 cells within an area of 630� 630 mm were analyzed
over a period of 20 seconds. Only those cells observed to directly contact
the membrane in absence of prior contacts with adherent cells were
counted and analyzed. The experiments for the presented data were
repeated four times under similar conditions.
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Development of an Unusually Highly Enantioselective Hetero-Diels ± Alder
Reaction of Benzaldehyde with Activated Dienes Catalyzed by Hyper-
coordinating Chiral Aluminum Complexes


Klaus B. Simonsen, Niels Svenstrup, Mark Roberson, and Karl Anker Jùrgensen*[a]


Abstract: The effect of Lewis acid cat-
alysis of the hetero-Diels ± Alder reac-
tion between benzaldehyde and activat-
ed dienes (e.g. the Danishefsky�s diene)
has been investigated. In the present
work we decided to study a series of
chiral aluminum complexes as potential
catalysts for the hetero-Diels ± Alder
reaction in order to gain a better under-
standing of the effect on the chiral
induction of varying the steric and


electronic environment of the metal
ion. The results of this study prompted
us to conclude that steric effects in the
ligand coordination sphere and hyper-
coordination are strongly contributing


factors to the optical yield of the reac-
tion. Optimization of the reaction cul-
minated in the synthesis of the hetero-
Diels ± Alder product in 99.4 % ee and
97 % yield of the isolated product. Based
on the experimental results the mecha-
nism for the hetero-Diels ± Alder reac-
tion is discussed and it is postulated that
hypercoordination to the chiral alumi-
num Lewis acid center is of importance
for the reaction.


Keywords: aluminum ´ asymmetric
catalysis ´ hypercoordination ´ het-
ero-Diels ± Alder reactions ´ reac-
tion mechanisms


Introduction


The hetero-Diels ± Alder (HDA) reaction[1] provides a very
convenient synthesis of six-membered partly saturated het-
erocycles, a class of compounds that has found extensive use
as starting materials for total synthesis of many natural
products and other highly functionalized heterocycles.[2]


Heterocyclic synthesis by using Diels ± Alder methodology is
particularly useful because of the highly stereoselective
nature of the reaction, which often results in the formation
of only one isomer, a remarkable selectivity considering the
fact that as many as four diastereoisomers can, in principle, be
formed in the reaction of a diene with an aldehyde. The HDA
reaction can be catalyzed by a number of reagents or under
conditions of ultra-high pressure, but the use of Lewis acids
for the catalysis has become especially attractive following the
development of chiral Lewis acids, which enable a large
number of HDA reactions to be performed under very mild
conditions with catalyst loadings generally in the 1 ± 10 mol %
region.


The reaction between benzaldehyde (1) and trans-1-meth-
oxy-3-(trimethylsilyloxy)-1,3-butadiene (Danishefsky�s di-


ene) (2), has been studied in detail by, for example,
Danishefsky et al. who demonstrated that the product of the
reaction, 2,3-dihydro-2-phenyl-4(1H)pyranone (3), can be
formed by two different modes of cyclization depending on
the Lewis acid catalyst employed.[3] The intermediates of the
two pathways were identified, and the two mechanisms
formulated as i) a traditional Diels ± Alder type cycloaddition
reaction and ii) formation of the HDA adduct by a Mukaiya-
ma aldol reaction path (Scheme 1). Upon treatment with
trifluoroacetic acid (TFA), both intermediates were convert-
ed to the pyranone 3 (Scheme 1).


Subsequent studies of the same reaction under the influ-
ence of various Lewis acids in catalytic or stoichiometric
amounts have come to the same conclusions, namely that a
given Lewis acid will catalyze the reaction by either the
cycloaddition or the Mukaiyama pathway.
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Scheme 1. Two possible pathways for the reaction of benzaldehyde (1) and
the Danishefsky�s diene 2 to give 3.
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Although the HDA reaction outlined in Scheme 1 has been
under intense scrutiny and has been optimized with great
attention to detail, the best optical yield obtained so far is
95 % ee reported by Yamamoto et al. but with modest
chemical yields (55 %) in a reaction catalyzed by chiral
(acyloxy)boranes.[4] In an earlier publication Corey et al.
reported a quantitative reaction catalyzed by a chiral oxaza-
borolidine,[5a] which was demonstrated to proceed by the
Mukaiyama pathway to give the product in 82 % ee. The
Mukaiyama pathway was also identified as the active pathway
by Keck et al., who reported that the BINOL-Ti(O-iPr)4


catalyzed reaction proceeded in 83 % yield and 75 % ee
(BINOL� 2,2'-dihydroxy-1,1'-binaphthalene).[6] Danishefsky
et al. in an early report of chiral induction, described a
synthesis[7] of 3 in 18 % ee in a reaction catalyzed by [Eu(hfc)3]
(hfc� 3-(heptafluoropropylhyroxymethylene)-d-campho-
rate) and this reaction was shown to proceed by the Diels ±
Alder pathway. More recently Jacobsen et al. presented the
results of the reaction catalyzed by a chiral, substituted
CrIII(salen) complex (salen�N,N'-bis(salicylidene)ethylene-
diamine dianion),[8] which gave the product in 98 % yield and
65 % ee, also by a Diels ± Alder reaction pathway. Finally,
Yamamoto et al. reported the reaction to proceed in 56 % ee
in the presence of a highly sterically hindered substituted
BINOL-AlMe3 derived catalyst, but no yield was given, and
the intermediate of the reaction was not determined.[9]


There appears to be a firm correlation between the pathway
and the Lewis acid employed. The Mukaiyama pathway has so
far only been observed with catalysts based on titanium[6] and
boron[5] complexes, while the Diels ± Alder pathway has been
positively identified in reactions catalyzed by Lewis acids
based on europium,[7] chromium,[8] and zinc.[3a] The reaction
path in the aluminum-catalyzed reactions has not been
established (vide infra).


This paper presents the development of a catalytic system
based on hypervalent chiral aluminum complexes which
catalyzes the HDA reaction of benzaldehyde (1) with
Danishefsky�s diene 2 giving product 3 (Scheme 1) in more
than 99 % ee. Furthermore, the mechanism of the aluminum-
catalyzed HDA reaction is discussed.


Results and Discussion


Recently, we presented a highly enantioselective version of
the inverse-electron demand 1,3-dipolar cycloaddition reac-
tion of nitrones with vinyl ethers, in which the chiral induction
was achieved by using a catalyst generated from new
substituted BINOLs and AlMe3.[10] Optical yields of >99 %
ee were achieved in these highly selective reactions, and
stimulated by these results we decided to screen similar
catalyst systems with other monodentate coordinating sub-
strates, which by default have more degrees of freedom in
binding to the catalyst, and which therefore rarely are
amenable to optical induction to a preparatively useful degree
(>90 % ee).[11] The synthesis of the HDA product 3 from
benzaldehyde (1) and Danishefsky�s diene 2 presented itself
as an obvious starting point for this study, mainly because of
the large amount of evidence already present in the literature
regarding catalytic enantioselective versions of the reaction,
which would provide a welcome benchmark for the efficiency.
Thus, we performed the HDA reaction on a 0.2 mmol scale by
generating the catalyst (20 mol%) from (R)-3,3'-bis(2,5-
dihexyloxyphenyl)-BINOL (6) [Eq. (1)] and AlMe3 in dry
CH2Cl2 at 0 8C, after which 1 and the diene 2 were added
sequentially. Stirring for 3 h followed by quenching with a 1 %
solution of TFA in CH2Cl2 provided the pyranone 3 in 88 %
yield and 57 % ee [Eq. (1)]. 1H NMR spectroscopy of the
intermediate, isolated from the reaction without the use of
TFA, demonstrated that the reaction proceeds by the Diels ±
Alder pathway (Scheme 1).
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Encouraged by this result we chose to optimize the reaction
in Equation (1) with respect to solvent, temperature, and
Lewis acid catalyst loading to probe the potential of this
catalytic system; the results of these experiments are sum-
marized in Table 1. Variation of the solvent revealed a
dramatic solvent effect; in toluene the yield of 3 dropped to
68 %, but the ee raised to 84 % compared with the results in
CH2Cl2 (entries 1 and 2). Ethereal solvents proved even more
advantageous; in Et2O the reaction proceeded to give a 73 %
yield of 3 with 88 % ee, but the optimal solvent turned out to
be tert-butyl methyl ether (TBME), in which the reaction after
full conversion gave 74 % yield and 92 % ee on a 0.2 mmol
scale (entries 3 and 4). Further optimization with regard to
temperature and catalyst loading was carried out, resulting in
the finding that a reaction temperature of ÿ38 8C was
optimal. Carrying out the reaction at this temperature in


Abstract in Danish: Effekten af Lewis syrer paÊ hetero-Diels ±
Alder reaktionen af benzaldehyd og aktiverede diener (f.eks.
Danishefsky�s dien) er blevet undersùgt. Det foreliggende
arbejde har sit udgangspunkt i studiet at kirale aluminium
komplekser som mulige katalysatorer for hetero-Diels ± Alder
reaktioner for at undersùge indflydelsen af de steriske og
elektroniske forhold omkring metalionen paÊ den kirale induk-
tion. Resultatet af disse undersùgelser godtgùr, at baÊde steriske
effekter i ligandkoordinationssfñren og hyperkonjugation er
meget vigtige faktorer for det optiske udbytte af reaktionen.
Optimering af reaktionen kulminerede i syntesen af hetero-
Diels ± Alder produktet i 99.4 % enantiomert overskud og 97 %
isoleret udbytte. PaÊ basis af de eksperimentelle resultater er
mekanismen for hetero-Diels ± Alder reaktionen diskuteret og
det er postuleret at hyperkonjugation fra den kirale ligand til
aluminiumionen har stor vigtighed for reaktionen.
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TBME with a 10 mol% catalyst loading produced 3 in 97 %
yield and 99.4 % ee (entry 5). Lowering of the catalyst loading
resulted in markedly more sluggish reactions and lower yield
and ee (entries 6 and 7). The absolute configuration of 3 using
(R)-6-AlMe as the catalyst has been assigned as R on the basis
of HPLC data.[4]


At this point, the question of possible hypercoordination of
the ligand ether oxygen atoms to the aluminum metal arose.
Hypercoordination has recently been shown to be of impor-
tance in Lewis acid catalyzed addition reactions to alde-
hydes.[12] Thus, we decided to investigate the stereoelectronic
factors influencing the course of the reaction by preparing a
series of ligands that would allow us to distinguish the steric
effects of the ligand side chains from their possible electronic/
coordinating role. For this purpose, a series of ligands with
varying substituents on the phenyl groups situated close to the
active center of the catalyst was prepared (see [Eq. 1]). In the
chosen series of four ligands, the BINOL derivative (R)-4 was
included to probe the steric effect of a single phenyl
substituent on the catalytic activity, whereas the BINOL
derivative (R)-5 was prepared to study a ligand with similar
coordinating properties to those of (R)-6 but without the high
steric bulk of the four hexyloxy side chains of (R)-6. Finally,
BINOL derivative (R)-7 was selected as a ligand with steric
requirements very similar to those of (R)-6, but which
eliminated the possibility of coordination of the ether oxygen
atoms to the aluminum reactive center. The synthesis of the
ligands is described below.


Ligand syntheses : The BINOL derivatives (R)-4[13] and (R)-
6[14] were already available by literature procedures, while the
BINOL derivatives (R)-5 and (R)-7 were prepared according
to a synthetic strategy similar to the one developed by Pu
et al.[14] The central step in these syntheses is the formation of
the bond between the BINOL and the phenyl substituent in a
Suzuki coupling reaction. The relevant boronic acids were
prepared by site-directed lithiation followed by reaction with
the appropriate boron electrophile. In the first example


hydroquinone dimethyl ether (8) was lithiated in Et2O using
nBuLi activated by N,N,N',N'-tetramethylethylenediamine
(TMEDA) as the metalating agent. B(OEt)3 was added, and
after completion of the reaction the boronic acid ester was
hydrolyzed by using 1m HCl to give the boronic acid 9 in 82 %
yield [Eq. (2)].


OMe
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B(OH)2


1) nBuLi, TMEDA, Et2O
 rt, 3 h
2) B(OEt)3, -78 °C to rt, 8 h
3) 1 M HCl


8 9


(2)
82%


The boronic acid 13 required for the synthesis of the
BINOL derivative (R)-7 was prepared from 1,4-dichloroben-
zene (10) in a four-step sequence. Kumada coupling[15] of
heptylmagnesium bromide with 10 using [Ni(dppp)Cl2]
(dppp� 1,3-bis(diphenylphosphino)propane) in refluxing
Et2O gave 1,4-diheptylbenzene (11),[16] which was dibromi-
nated in a solvent-free reaction catalyzed by I2 to give 1,4-
dibromo-2,5-diheptylbenzene (12) in 76 % yield, using a
modified procedure adopted from Schlüter et al.[17] Selective
monolithiation of 12 using nBuLi followed by quenching with
NH4Cl at ÿ78 8C produced 1-bromo-2,5-diheptylbenzene
(12 b) in quantitative yield. The crude product was resubject-
ed to halogen ± lithium exchange using nBuLi (1.2 equiv) in
Et2O, and the resulting monolithio compound was treated
with B(OEt)3, and after completion of the reaction and an
acidic workup, the boronic acid 13 was isolated in 90 % yield
(Scheme 2).
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C7H15
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C7H15
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B(OH)2c)–f)
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Scheme 2. Conversion of 10 into 13. a) C7H15Br, [Ni(dppp)Cl2]; b) Br2, I2


(cat.) ; c) nBuLi, Et2O, room temperature, 1 h; d) NH4Cl, nBuLi, Et2O,
room temperature, 1 h; e) B(OEt)3,ÿ78 8C to room temperature, 8 h; f) 1m
HCl.


The boronic acids 9 and 13 were subjected to Suzuki
coupling with the known diiodo BINOL derivative 14[18] in
refluxing THF employing a catalytic amount of [Pd(PPh3)4]
and aqueous K2CO3 as the base. Subsequently the methoxy
methyl (MOM) protecting groups were hydrolyzed by using
concentrated HCl in CH2Cl2/EtOH to produce the desired


Table 1. Solvent and catalytic effects of (R)-6-AlMe complexes on the
hetero-Diels ± Alder reaction of benzaldehyde (1) and Danishefsky�s diene
2 [Eq. (1)].[a]


Entry solvent T [8C] Catalyst [mol %] Yield[b] [%] ee [%][c]


1 CH2Cl2 0 20 88 57
2 PhCH3 0 10 68 84
3 Et2O 0 10 73 88
4 tBuOMe 0 10 74 92
5 tBuOMe ÿ 38 10 97 99.4
6 tBuOMe ÿ 38 5 76 93
7 tBuOMe ÿ 38 2 13 90


[a] The reactions were performed on a 0.2 mmol scale, employing
equimolar amounts of 1 and 2. For further details see Experimental
Section. [b] Yield isolated by column chromatography. [c] The ee value
was determined by HPLC using a Daicel Chiragel OD column.
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(R)-BINOL derivatives 5 and 7 in 65 % and 57 % yield,
respectively [Eq. (3)].


OMOM
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I


I


OH
OH


R


R


R


R


1) Pd(PPh3)4, K2CO3
THF, H2O, 9 or 13
 reflux, 24 h
2) HCl, CH2Cl2/EtOH


(R)-5, R = OMe (65%)
(R)-7, R = C7H15 (57%)


14


(3)


Ligand screening : With the new series of ligands in hand, we
set out to perform a cross-screening study of combinations of
Lewis acids and the ligand series (R)-4 ± (R)-7. The appro-
priate ligand (0.02 mmol) was dissolved in TBME, and the
chosen Lewis acid was added. The model reaction between
benzaldehyde 1 and Danishefsky�s diene 2 was performed to
give the pyranone 3 in optical yields ranging from 53 to 99.4 %
ee (Table 2). In the second screening the ligand (R)-6 in


combination with AlMe3 still gave the best result, whilst the
same Lewis acid in combination with the ligands (R)-4, (R)-5,
and (R)-7 gave 65, 96, and 87 % ee, respectively (entries 1, 2, 4,
and 7). A clear trend thus appears: ligand (R)-4, which has
neither the steric bulk nor the coordinating ether oxygen
atoms characteristic of (R)-6, catalyzes the reaction, but only
very modest chemical and optical yields of 3 are obtained.
Ligand (R)-5, substituted with methoxy groups, is nearly as
efficient as (R)-6 with an optical yield of 96 %, but with a more
modest chemical yield. Ligand (R)-7, which was designed to
have similar steric properties to (R)-6, proved to fall some-


where in between (R)-4 and (R)-6 with 87 % ee, the
enantioselectivity is respectable and significantly better than
the results obtained with (R)-4, but clearly the lack of ether
oxygen atoms capable of coordinating to the aluminum center
markedly affects the efficiency of the enantioselectivity
compared to both (R)-6 and the less sterically demanding
compound (R)-5. These results indicate that hypercoordina-
tion to the aluminum center is indeed an important contri-
buting factor.


To further probe the steric and electronic effects governing
the hypercoordination of aluminum and its potential role in
controlling the enantioselectivity of the reaction, we chose to
perform the HDA reaction of 1 with 2 with catalyst complexes
generated from the ligands (R)-5 and (R)-6 in combination
with aluminum-based Lewis acids other than AlMe3. In the
case of ligand (R)-5, changing the Lewis acid from AlMe3 to
AlEt3 resulted in largely the same chemical yield and a
reduction in ee from 96 % to 82 % of 3 (Table 2, entries 2 and
3). Ligand (R)-6 in combination with AlEt3 catalyzed the
reaction to give pyranone 3 in 80 % ee and only 26 % yield
(entry 5), while the catalyst generated from (R)-6 and
AlClMe2 produced 3 in 53 % yield and 53 % ee (entry 6).
From the available data it would appear that increased steric
hindrance caused by the presence of an ethyl group on the
aluminum center instead of a methyl group has a detrimental
effect on the ability of the catalyst to coordinate to the metal
center through its ether oxygen lone pairs, but the decrease in
ee values in these reactions might also be explained simply by
reduced Lewis acidity of the complex as a result of the
stronger electron-donating ethyl substituent. In comparison,
the use of AlClMe2 for generating the catalytic complex is not
expected to change the steric surroundings of the metal ion to
any significant degree (a methyl group is very similar to a
chlorine atom in terms of van der Waals radii), but still the
substitution of a chlorine for a methyl group markedly
decreases the optical yield in the reaction. Probably, the
lowered electron density on aluminum in this complex offsets
the electronic balance of the hypercoordinated resting
catalytic complex by increasing the amount of energy needed
to break one of the ether oxygenÿaluminum bonds. This
increased barrier towards binding of 1 reduces the catalytic
efficiency, and this is reflected in the relatively low ee value of
reactions catalyzed by the complex formed between (R)-6 and
AlClMe2.


On the basis of the experimental results it is reasonable to
assume that besides the coordination of benzaldehyde, one of
the ether oxygen atoms of the chiral ligand is also coordinated
to aluminum. This leads to a trigonal-bipyrimidal structure at
the aluminum center which can account for the stereochem-
ical outcome of the reaction. On the basis of the absolute
configuration of the HDA adduct 3 model calculations show
that the preferred geometry for the intermediate is one in
which the two oxygen atoms from the BINOL ligand and the
methyl substituent are located in the equatorial plane with one
of the hypercoordinating ether oxygen atoms of the ligand and
the benzaldehyde oxygen atom as the two axial ligands. This
intermediate, 15, is outlined schematically in Figure 1.


The 2,5-dimethoxyphenyl substituent which is not involved
in hypercoordination to aluminum is oriented perpendicular


Table 2. Effects of ligands and Lewis acid on the hetero-Diels ± Alder
reaction of 1 and Danishefsky�s diene 2 in the presence of 10 mol %
BINOL-AlR.[a]


OTMS


OMe


PhCHO
O


OPh
+


1) (R)-4–(R)-7
Lewis acid
10 mol%
2) TFA/CH2CI2


1 2 3


Entry Ligand Lewis acid Yield [%] [b] ee [%][c]


1 (R)-4 AlMe3 29 65
2 (R)-5 AlMe3 56 96
3 (R)-5 AlEt3 50 82
4 (R)-6 AlMe3 97 99.4
5 (R)-6 AlEt3 26 80
6 (R)-6 Me2AlCl 53 53
7 (R)-7 AlMe3 95 87


[a] The reactions were performed on a 0.2 mmol scale at ÿ38 8C for 5 h, by
employing equimolar amounts of the diene and dienophile and 10 mol %
ligand and Lewis acid, followed by addition of TFA in CH2Cl2. For further
details see Experimental Section. [b] Yield isolated by column chromatog-
raphy. [c] The ee value was determined by HPLC using a Daicel Chiragel
OD column.
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Figure 1. Schematic representation of the intermediate 15 (ChemDraw;
color code: carbon: gray; oxygen: red; aluminum: yellow). The re face of 15
is available for approach by the diene as indicated by an arrow in the
Chem3D model (bottom). The Chem3D model is viewed from the site as
shown in 15 in the ChemDraw representation (top).


to the BINOL ligand, while the 2,5-dimethoxyphenyl sub-
stituent which hypercoordinates to aluminum is twisted
towards the metal. This twisting of the 2,5-dimethoxyphenyl
substituent creates a chiral environment because the non-
hypercoordinated 2,5-dimethoxyphenyl substituent shields
the si face of benzaldehyde, while the re face is available for
approach by the diene as indicated with an arrow in the
Chem3D model of 15 in Figure 1. The diene can approach in
an endo or exo fashion and we have found that the former
approach is the one taking place.[19] The crucial factor in
taking the hypercoodination into account is that the steric
enviroment at the aluminum center becomes more sterically
crowded increasing the shielding of the carbonyl functionality.
With the model for the intermediate presented in 15 one now
begins to understand the change in enantioselectivity for the
results for the various ligands presented in Table 2; the
hexyloxyphenyl- and methoxyphenyl-substituted ligands (R)-
6 and (R)-5 are able to hypercoordinate to aluminum thereby
increasing the steric crowding at the metal, the heptylphenyl-
substituted ligand (R)-7 is also sterically demanding and
increases the steric bulk, but the hypercoordinating ability is
missing. Finally, the ligand (R)-4 with only phenyl substituents
lacks both the hypercoordininating and steric properties and
gives the lowest enantioselectivity.


In conclusion we have developed a highly enantioselective
hetero-Diels ± Alder reaction of benzaldehyde with Danishef-
sky�s diene giving the product in up to 99.4 % ee and in 97 %


yield. It is demonstrated that hypercoordination of the chiral
ligand to the Lewis acid center is of utmost importance for the
reaction.


Experimental Section


General methods : The 1H and 13C NMR spectra were recorded in CDCl3 at
300 MHz and 75 MHz, respectively, using tetramethylsilane (TMS) or
residual solvent as the reference and the deuterated solvent as lock.
Chemical shifts are reported in ppm downfield from TMS. Optical rotations
were measured on a Perkin-Elmer 241 polarimeter. Solvents were dried
using standard methods and stored over molecular sieves (4 �). THF and
Et2O were distilled from sodium benzophenone immediately prior to use.
All glass equipment was flame-dried under vacuum before use. Chiral
HPLC was performed using a Daicel Chiracel OD column by employing
hexane:iPrOH 98:2 with UV detection at 247 nm.


Materials : The ligands (R)-4[13] and (R)-6[14] were prepared as described in
the literature. Benzaldehyde was distilled, kept, and handled under N2, and
stored over 4 � molecular sieves at 5 8C. TMEDA and B(OEt)3 were
distilled immediately before use. AlMe3, AlEt3, and AlClMe2 were
purchased as standardized solutions in hexane and handled using Schlenck
techniques. trans-1-Methoxy-3-(trimethylsilyloxy)-1,3-butadiene (Dani-
schefsky�s diene) (2) was used as received without further purification.


2,5-Dimethoxybenzeneboronic acid (9): To a solution of 1,4-dimethoxy-
benzene (8) (1.38 g, 10 mmol) in Et2O (100 mL) at room temperature was
slowly added a solution of nBuLi (1.6m in hexane, 7.0 mL, 11.2 mmol) and
TMEDA (1.8 mL, 1.39 g, 11.9 mmol) in Et2O. The solution was stirred for
2.5 h, cooled to ÿ78 8C, and B(OEt)3 (5.5 mL, 4.68 g, 32.0 mmol) was
added over a period of 15 min. The solution was allowed to warm up to
room temperature, stirred for an additional 3 h, cooled to 0 8C, and 1m HCl
(50 mL) was added carefully. The layer was separated and the organic
phase was washed with 1m HCl (100 mL), brine (2� 100 mL), and dried
over MgSO4. Column chromatography (SiO2, EtOAc/hexane 1:5) gave 9
(1.50 g, 82 %) as a white solid. M.p. 94 ± 97 8C; 1H NMR: d� 3.80 (s, 3H;
OCH3), 3.88 (s, 3H; OCH3), 5.83 (s, 2 H; OH), 6.86 (d, 3J(H,H)� 9.0 Hz,
1H; arom), 6.98 (dd, 3J(H,H)� 9.3 Hz, 4J(H,H)� 3.3. Hz, 1 H; arom), 7.37
(d, 4J(H,H)� 3.3 Hz, 1H; arom); 13C NMR: d� 55.7, 56.0, 111.2, 118.6,
120.6, 153.8, 158.8; MS (EI): m/z (%): 182 ([M�], 90); C8H11BO4 ´ 1/8H2O
(181.98): calcd C 52.16, H 6.15; found C 52.26, H 6.03.


1,4-Dibromo-2-5-diheptylbenzene (12): A 50 mL round-bottomed flask
wrapped with foil was charged with 1,4-diheptylbenzene (11)[16] (6.75 g,
24.6 mmol) and I2 (0.06 g, 0.2 mmol), and cooled to 0 8C. To this solution
was added bromine (2.58 mL, 8.05 g, 50.4 mmol) over a period of 30 min
and the solution was stirred overnight. To the resulting solid was added
20% aqueous NaOH (25 mL), and the mixture was heated until all of the
compound had dissolved. After the mixture had been cooled to room
temperature, the resulting white compound was filtered and dried.
Recrystallization from EtOH gave 12 as white needles (8.10 g, 76%).
M.p. 31 ± 33 8C; 1H NMR: d� 0.85 ± 0.95 (m, 6 H; CH3), 1.2 ± 1.4 (m, 16H;
alkyl), 1.5 ± 1.6 (m, 4H; CH2), 2.69 (t, 3J(H,H)� 7.7 Hz, 4H; OCH2), 7.35 (S,
2H; arom); 13C NMR: d� 14.1, 22.7, 29.1, 29.3, 29.9, 31.8, 35.6, 123.1, 133.7,
141.3; MS (EI): m/z (%): 432 ([M�], 72); C20H32Br2 (432.28): calcd C 55.57,
H 7.46; found C 55.80, H 7.47.


1-Bromo-2,5-diheptylbenzene (12 b): To a ice-cooled solution of 1,4-
dibromo-2,5-diheptylbenzene (12) (4.02 g, 9.3 mmol) in Et2O (30 mL)
was dropwise added a solution of nBuLi in hexane (1.5m, 6.5 mL,
9.8 mmol). After complete addition the solution was stirred for 1.5 h and
quenched with saturated aqueous NH4Cl (3 mL). The solution was
transferred to a separation funnel and washed with H2O (50 mL), brine
(50 mL), dried over MgSO4, and evaporated to give compound 13 (3.3 g,
100 %) as a clear oil, which was used for the next reaction without further
purification; 1H NMR: d� 0.8 ± 0.9 (m, 6 H; CH3), 1.2 ± 1.4 (m, 16H; alkyl),
1.5 ± 1.65 (m, 4 H; CH2), 2.53 (t, 3J(H,H)� 7.7 Hz, 2H; OCH2), 2.67 (t,
3J(H,H)� 7.9 Hz, 2 H; OCH2), 7.02 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)�
1.8. Hz, 1H; arom), 7.10 (d, 3J(H,H)� 7.6 Hz, 1 H; arom), 7.34 (d,
4J(H,H)� 1.6 Hz, 1H; arom); 13C NMR: d� 14.1 (2C), 22.7 (2C), 29.1,
29.2, 29.4, 30.1 (2C), 31.3, 31.8, 31.8, 35.1, 35.8, 124.2, 127.4, 129.9, 132.4,
139.1, 142.3; MS (EI): m/z (%): 354 ([M�], 49).
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2,5-Diheptylbenzeneboronic acid (13): To a ice-cooled solution of 1-bro-
mo-2,5-diheptylbenzene (12 b) (3.25 g, 9.2 mmol) in Et2O (75 mL) was
dropwise added a solution of nBuLi in hexane (1.5m, 6.8 mL, 10.2 mmol).
The solution was stirred for 1.5 h, cooled to ÿ78 8C and B(OEt)3 (5.5 mL,
4.68 g, 32.0 mmol) was added over a period of 15 min. The solution was
allowed to warm up to room temperature, stirred for an additional 3 h,
cooled to 0 8C, and 1m HCl (75 mL) was added carefully. The layer was
separated and the organic phase was washed with 1m HCl (75 mL), brine
(2� 50 mL), and dried over MgSO4. Column chromatography (SiO2,
EtOAc/hexane 1:5) gave 13 as a white semicrystalline solid (2.63 g, 90%).
M.p. 92 ± 93 8C (softens at 80 8C); 1H NMR: d� 0.8 ± 0.9 (m, 6 H; CH3),
1.15 ± 1.4 (m, 16H; alkyl), 1.5 ± 1.65 (m, 4 H; CH2), 2.63 (t, 3J(H,H)� 7.7 Hz,
2H; OCH2), 3.18 (t, 3J(H,H)� 7.9 Hz, 2 H; OCH2), 7.20 (d, 3J(H,H)�
8.1 Hz, 1 H; arom), 7.28 (dd, 3J(H,H)� 7.6 Hz, 4J(H,H)� 1.7. Hz, 1H;
arom), 8.05 (d, 4J(H,H)� 1.8 Hz, 1 H; arom); 13C NMR: d� 14.1, 14.1, 22.7,
22.7, 29.2, 29.3, 29.4, 29.6, 301, 31.7, 31.9, 33.3, 35.2, 35.6, 128.6, 129.7, 132.1,
137.3, 139.4, 148.5; C20H35BO2 (318.31): calcd C 75.47, H 11.08; found C
75.43, H 11.22.


(R)-3,3''-Bis(2,5-dimethoxyphenyl)-2,2''-dihydroxy-1,1''-dinaphthyl [(R)-5]:
In a 50 mL two-necked flask equipped with a condenser were placed (R)-
14[18] (0.51 g, 0.8 mmol), 2,5-dimethoxybenzene boronic acid 9 (0.45 g,
2.4 mmol), and [Pd(PPh3)4] (0.05 g, 0.04 mmol), and the flask was
evacuated and filled with N2 three times. THF (15 mL, degassed) and a
degassed aqueous solution of K2CO3 (2M, 5 mL) were added sequentially.
The reaction mixture was heated at reflux for 24 h under N2, cooled to
room temperature, quenched with brine, and diluted with Et2O (50 mL).
The organic phase was washed with 1m HCl (50 mL) and brine (2� 50 mL),
and dried over MgSO4. The solvent was removed to give the MOM-
protected BINOL as a yellow oil. The crude product was dissolved in
CH2Cl2 (10 mL) and EtOH (20 mL) and refluxed under N2 for 18 h in the
presence of concentrated HCl (1 mL). The reaction mixture was cooled to
room temperature, diluted with CH2Cl2 (50 mL), and the organic phase was
washed with H2O (50 mL), brine (50 mL), and dried over MgSO4. After
concentration the residue was purified by column chromatography (SiO2,
EtOAc:Hexane 1:9) to give (R)-5 as a pale yellow solid (0.29 g, 64%). M.p.
129 8C (softens at 120 8C); [a]25


D ��81.3 (c� 1.0 in CHCl3); 1H NMR: d�
3.80 (s, 6H; OCH3), 3.85 (s, 6H; OCH3), 6.03 (s, 2H; OH), 6.9 ± 7.0 (m, 4H;
arom), 7.12 (s br., 2 H; arom), 7.3 ± 7.4 (m, 6H; arom), 7.92 (d, 3J(H,H)�
7.8 Hz, 2 H; arom), 7.97 (s, 2 H; arom); 13C NMR d 55.9, 56.9, 112.9, 114.3,
115.4, 117.7, 123.8, 124.9, 126.7, 128.3, 128.6, 129.3, 131.2, 133.5, 150.4, 150.8,
154.2; MS (PDMS): m/z 558.6 ([M�]); C36H30O6 ´ 1/2 H2O (558.63): calcd C
76.17, H 5.50; found C 75.82, H 5.43.


(R)-3,3''-Bis(2,5-diheptylphenyl)-2,2''-dihydroxy-1,1''-dinaphthyl [(R)-7]:
Prepared similar to (R)-5 by employing (R)-14 (0.91 g, 1.5 mmol), 2,5-
diheptylbenzene boronic acid (13) (1.38 g, 4.5 mmol), and [Pd(PPh3)4]
(0.10 g, 0.09 mmol) in THF (30 mL) and 2m K2CO3 (10 mL). After
hydrolysis and standard aqueous workup the residue was chromatographed
(SiO2, EtOAc:hexane 1:19) to give (R)-7 as a clear yellow oil (0.56 g, 47%).
[a]25


D ��49.6 (c� 1.0 in CHCl3); 1H NMR: d� 0.65 ± 0.95 (m, 6H; CH3),
1.0 ± 1.7 (m, 20H; alkyl), 2.4 ± 2.7 (m, 4 H; CH2), 5.0 ± 5.1 (m, 2 H, OH), 7.11
(2, 2H; arom), 7.15 ± 7.45 (m, 10H; arom), 7.87 (s. 2H; arom), 7.91 (d,
3J(H,H)� 8.4 Hz, 2H; arom); 13C NMR: d� 14.10, 14.14, 22.6, 22.7, 29.1,
29.2, 29.5, 29.7, 31.0, 31.5, 31.7, 31.8, 33.2, 35.6, 112.9, 124.0, 124.3, 126.8,
128.3, 128.5, 129.1, 130.5, 130.90, 130.94, 133.3, 133.4, 135.9, 139.2, 140.7; MS
(PDMS): m/z 831.3 ([M�]); C60H78O2 ´ 2H2O (181.98): calcd C 83.06, H
9.53; found C 83.29, H 9.39.


2,3-Dihydro-2-phenyl-4(1H)pyranone (3): General catalytic HDA proce-
dure (Table 1, entry 5): (R)-3,3'-Bis(2,5-dihexyloxy)-2,2'-binaphthol (6)
(18 mg, 0.02 mmol) was dissolved in dry TBME (1.0 mL) in a Schlenck tube
under nitrogen, and a solution of 2.0m AlMe3 in hexane (10 mL, 0.02 mmol)
was added, and the resulting yellow reaction mixture was stirred at room
temperature for 1 h. The reaction was cooled to ÿ38 8C on a solid CO2/1,2-
dichloroethane cooling bath, and benzaldehyde 1 (20 mL, 0.2 mmol) was
added, causing the reaction to undergo a color change to orange.
Danishefsky�s diene 2 (43 mL, 0.2 mmol) was added in one portion, and
the reaction was stirred for three hours at ÿ38 8C, after which it was
allowed to warm up to room temperature with stirring. The reaction was
quenched by the addition of a 1% solution of TFA in CH2Cl2 (2 mL), and
then the mixture was stirred for 1 h at room temperature, and filtered
through a plug of silica by eluting with Et2O. Evaporation of the filtrate
followed by flash chromatography of the resulting residue (SiO2,


EtOAc:hexane 2:3) gave the product as a yellowish oil, yield 33 mg
(97 %); 99.4 % ee. HPLC (Daicel OD, hexane/iPrOH 98:2, flow rate
0.5 mL minÿ1, UV detection at 247 nm) tr�11.6 min (minor, S enantiomer),
tr �12.9 min (major, R enantiomer).
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A New View on Chemistry of Solids in SolutionÐCryo Energy-Filtered
Transmission Electron Microscopy (Cryo-EFTEM) Imaging of Aggregating
Palladium Colloids in Vitreous Ice


Jan-Olov Bovin,*[a] Torsten Huber,[a] Olivier Balmes,[a] Jan-Olle Malm,[a]


and Gunnel Karlsson[b]


Abstract: It is shown that by using cryo-transmission electron microscopy (cryo-
TEM) it is possible to image the aggregation behaviour of nanoparticles while they
are still in solution. This technique has allowed the study of the arrangement of
colloidal palladium particles in solution by preparing the specimen by the plunge-
freezing technique. This method of rapidly cooling the specimen avoids rearrange-
ment of the particles during specimen preparation. The palladium particles were
identified by energy-filtered cryo-TEM. The aggregation of particles in solution was
studied as a function of pH and ionic strength. The results can be used as
recommendations for colloidal solutions intended for deposition of single particles.


Keywords: aggregations ´ colloids ´
electron microscopy ´ energy-select-
ed imaging ´ palladium


Introduction


The preparation of frozen amorphous thin films of solutions
containing crystals, and subsequent imaging using cryo
energy-filtered transmission electron microscopy (cryo-EF-
TEM), opens the possibility to image the chemistry of solids
interacting with liquids. The future possible areas of research
include dynamics of crystal growth processes, adsorption
mechanisms, ion exchange, and structure determination of
solids in equilibrium with solutions. Standard transmission
electron microscopy (TEM) specimens of particles are usually
prepared by evaporating the particle-containing solvent after
deposition on a carbon-coated copper grid. The arrangement
of the deposited particles on the carbon support may not have
any resemblance to that in solution. Here we show that the
arrangement of nanoparticles in solution can be studied by
means of low-electron dose cryo-EFTEM. The information
content of the inelastically scattered electrons during cryo-


EFTEM investigations can be used to record two-dimensional
elemental distribution images from thin amorphous ice in less
than a minute. This also opens the possibility to identify the
solid particles in solution. This is shown here for the first time
using a post-column AutoFilter GIF100 (Gatan Image Filter),
allowing energy-filtered transmission electron microscopy
(EFTEM)[1] to be used in a study of aggregation of colloids
in solutions with different pH and ionic strength.


Results and Discussion


In order to prepare thin films of nanoparticles on supports by
the principle of self-assembling colloids, it is essential to know
their distribution in solution. For this purpose, a model system
of water-soluble palladium colloids was selected. The syn-
thesis of these colloids can be done in various ways.[2±4]


Usually, a Pd salt reacts under increased temperature with a
reducing agent and gives the appropriate sol. The Pd colloids
used in the present case were covered with sodium sulfanilate
as a protective ligand. With regard to the different exper-
imental parameters such as the temperature and the chemical
environment, the pH and the total ionic strength turned out to
be most important for the arrangement of particles in
solution. At extreme pH values an irreversible coagulation
of ligand-protected colloids is observed. Whereas a decom-
posed colloid can be detected by eye, there is little knowledge
of how the particles arrange in solution at different pH. For a
realistic view of the arrangement of dissolved particles it is
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essential that any kind of reorganisation is avoided during
specimen preparation. In order to prevent microstructural
changes in the solution, the cryo-fixation has to take place on
a time scale faster than the particle diffusion speed. This can
be achieved by the use of the cryo-fixation techniques
normally used for frozen aqueous samples in biological
investigations.[5,6] The quantity of water-soluble colloid was
kept constant, while the pH and the total ion concentration
were varied. This led to several series of samples, which were
subsequently all imaged by cryo-TEM.


In order to conclusively identify the Pd colloids, besides
possible artefacts like cubic ice crystals and contamination on
the surface of the amorphous ice, energy-filtered images and
jump ratio maps were recorded. It was found that zero-loss
images (Figure 1a and 1c), using a 10 eV slit and an exposure
time of two seconds, could be recorded together with jump
ratio maps (Figure 1b and 1d). The zero-loss image reveals
shapes, sizes, structural defects and the distances between the
agglomerated colloids. The jump ratio images (N-edge at
60 eV and M-edge at 335 eV) clearly identify the Pd colloids,
even if the diffraction contrast causes some variation in
intensity of the Pd signal. The distances between the local
defects in the colloids reveal that the structural resolution is at
least 2.5 nm in the jump ratio maps.


Figure 1. Zero-loss images (a and c) of aggregates consisting of 20 nm Pd
colloids in amorphous ice. Pd-jump ratio maps of corresponding areas (b
and d) are recorded at the ionization edges N2,3 (60 eV) and M4,5 (335 eV).


The statistical evaluation of the images was done by
counting the number of particles per agglomerate. For reasons
of visual perception, it is often not possible to count the
quantity of nuclei that forms big aggregates. Therefore,
aggregates consisting of more than two particles were
summed in one last category. From these data we calculated
the relative figures, that is related to the total number of
agglomerates, as the size of the evaluated areas in each image
series varied. Thus, it is possible to derive clear tendencies
from the obtained data. The evaluation leads to histograms
showing the number of particles per agglomerate, the relative


quantity of agglomerates as a function of pH or the ionic
strength, respectively. They give information about the
increase and decrease of agglomerate sizes depending on
the different sets of parameters. The data series were sorted
according to equal ionic strength at different pH or, the other
way round, according to a constant pH at varying ionic
strength. Three pH values of 4.2 (pure colloid in water), 7 and
9 were chosen. The solutions were prepared with conductiv-
ities of 1.9 mS, 2.3 mS and 3.3 mS, corresponding to the
different ionic strength. Ionic strength higher than 3.3 mS
results in unstable solutions which show fast precipitation
within a few hours. This means, it is not possible to distinguish
between such agglomerates, which are the obvious sign of an
initial decomposition of the colloid, and those which represent
a stable equilibrium state of particle arrangement.


In an acidic regime, the sulfonate residue of the sulfanilate
ligand pointing towards the solvent is protonated. The
colloidal particles, with their ligand shell, become more and
more electrically neutral with decreasing pH. Following the
same principle, the electrostatic double layer (EDL), which
separates the particles, also becomes thinner.[7] With an
increase in surface charge, the Pd colloids should have a
tendency to separate more to single particles at higher pH
values. This is indeed supported by the images of frozen
hydrate solutions of different pH at constant ionic strength.
Some typical images and the corresponding histogram are
shown in Figure 2. It is obvious, that the fraction of single
particles increases with the pH, while the fraction of bigger
aggregates decreases. Due to the higher pH, and the growing
EDL, the increase of single particles can be up to 20 %, but it
is lower in solutions with higher ionic strength. The reason is
that the increasing ion concentration, reduces the EDL, and
this acts contrary to the effect of a high pH.


In order to monitor the influence of the ionic strength on
the stability of single Pd colloids, a series of experiments at


Figure 2. The typical distribution of aggregates, cryo-TEM imaged, in
solutions with different pH; a) 4.2, b) 6.8 and c) 8.8. The histogram (d)
summarizes the relative distribution at the different pH values and at
constant ionic strength (the conductivity is 2.3 mS).
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varying ionic strength and constant pH were carried out. The
relative quantity of single particles (pH 4.2 is shown in
Figure 3 as an example) is similar at lower ionic strength,
whereas at high ionic strength a significant decrease can be
observed. At first sight, the data for a conductivity of 3.3 mS
suggest an initial decomposition process. Observation of the


Figure 3. The typical distribution of Pd-colloid aggregates in solutions with
different ionic strength, but constant pH (4.2). The cryo-TEM images are
recorded from solutions with the conductivities a) 1.9 mS, b) 2.3 mS and
c) 3.3 mS. The histogram (d) summarizes the relative distribution at
different ionic strength.


sample during the following days, however, revealed no sign
of precipitation. As expected, an increase in large aggregates
can be observed. This is also true for the samples when the
conductivity is raised from 1.9 mS to 2.3 mS and even more
when the conductivity is raised from 2.3 mS to 3.3 mS. For
each individual pH value the amount of single particles
decreases with increasing ionic strength. Moreover, the cryo-
TEM images show that even in solutions with low electrolyte
concentration the colloids are not distributed homogeneously
as single particles. The distribution includes all sizes of
agglomerates, but single particles clearly form the majority,
which is the greater, the lower the ion concentration.


Surprisingly, the influence of the pH value on the sulfonic
acid residue of the ligand turned out to be very weak. This
conclusion can be drawn from the fact, that the relative
number of single colloids in solutions increases by 14 %
between pH 4.2 and 8.8, whereas the influence of the total
concentration of ions (the ionic strength) causes a 20 %
relative decrease of single particles between 1.9 and 3.3 mS.
The ionic strength most likely affects the configuration of the
ligand shell to a greater extent than the pH. For applications,
such as the deposition of monomolecular colloidal films on
supports, only diluted, alkaline solutions of this type of colloid
are suitable. For other particle/ligand combinations we can
derive that the lower the acidic strength of the protective
ligand, the more the pH has to be considered. For weakly
acidic ligands the increase of single particles with increasing


pH is stronger than that of strong acids. For strong, entirely
dissociating acids or ligands that are not influenced by the pH,
the size of agglomerates and their distribution depends
entirely on the total ionic concentration.


As a conclusion, we can say that the investigated Pd colloids
always occur as a mixture of single nuclei and aggregates in
solution. Although it is possible to increase the number of
single particles by lowering the ionic strength and raising the
pH, there are still agglomerates consisting of two and more
nuclei. With this information it is possible to determine the
most favourable deposition conditions for our Pd/ligand
combination and to derive recommendations for other
metal/ligand systems. Our future work will focus on growth
and decomposition phenomena of nanoparticles in solution
and the description of possible reorientation and rearrange-
ment of metal atoms and ligands during these processes.


Experimental Section


The conductance was measured by using a Metrohm immersion cell
(EA608) attached to a Metrohm E527 conductometer. The wetting
properties of the microscope grid were enhanced by means of a BALTEC
SCD005 glow discharge device. The Philips CM120 BioTWIN Cryo, here
used for cryo-TEM, was equipped with a specially designed objective lens,
with a focal length of 6 mm and a structural resolution of 4 �, enabling a
higher image contrast to be achieved than in a conventional 120 kV
microscope. The specimens were mounted in a cryo-holder (Oxford
CT3500), cooled with liquid nitrogen to keep the temperature below
ÿ180 8C. To keep beam damages at a minimum, samples were imaged
under low-dose conditions, about 20 electrons nmÿ2sÿ1. The images were
recorded with a Gatan 791 cooled multiscan CCD camera. The exper-
imental set up for recording elemental maps with EFTEM, using the post-
column AutoFilter GIF100 (Gatan Image Filter), was very much dictated
by electron beam sensitivity of the amorphous ice. Short exposure time and
low-dose conditions were the most important points to follow. Since the
three-window method for elemental mapping requires the recording of at
least three images or more commonly six, this method is not very suitable.
The two-window method (jump ratio imaging) was applied instead. The
jump ratio imaging method produces maps by dividing the ionization edge
image by a pre-edge image. The images were processed with Gatan�s
Digital Micrograph software. The synthesis of the colloid was reported
before with slight differences.[8]


Citrate stock solution : The solution was prepared from tri-sodium citrate
dihydrate (200 g, 0.68 mol) dissolved in deionized water (1 L).


Palladium stock solution : Palladium(ii) chloride (6.6 g, 37 mmol) was
dissolved in 1m hydrochloric acid (800 mL) and diluted to 1 L with
deionized water.


Preparation of 20 nm Pd colloid : The citrate stock solution (60 mL) and the
palladium stock solution (15 mL) were added to deionized water (3 L). This
solution was vigorously stirred and heated to reflux for 24 h. The initial
yellow color turned into typical colloidal-brown. The solution contained
unstabilized colloidal palladium (60 mg). The solution was allowed to cool
down to room temperature and sodium p-sulfanilate dihydrate (0.5 g,
2.56 mmol) was added. After the mixture was stirred for half an hour, most
of the solvent was removed in weak vacuum by means of a rotary
evaporator (T< 40 8C). With recognizable coagulation the colloid was
centrifuged and dried at room temperature. The remaining powder could
be redispersed in water or methanol. TEM images show a narrow size
distribution and an average particle diameter of 20 nm.


Specimen preparation : The colloid concentration was 0.2 mg mLÿ1. The
series with a pH of 6.8 and 8.8 were prepared by using commercial buffer
solutions (pH 7 and 9). Any differences in ionic strength were measured
with a conductometer and were compensated by addition of appropriate
quantities of sodium sulfate. All components of the solution mixtures were
prepared in advance except for the colloid. After the particles were added,
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the solutions were mixed intensively and used for the plunging immedi-
ately. The specimens were prepared on perforated carbon films supported
on copper grids. In order to give a large amorphous film of ice, the
insufficient wetting properties of the grids were enhanced by glow
discharging. After the treatment the carbon film was negatively charged
and the hydrophilic character was enhanced. Each experiment was carried
out under controlled humidity and temperature. The grids were wetted in a
temperature range of 25 ± 32 8C and at close to 100 % humidity. The grids
were rapidly cooled by plunging into liquid ethane close to its freezing
point (ÿ171 8C). Such rapid cooling caused the water to vitrify, and thus
prevented microstructural changes by ice crystallization. These thin films
(2 ± 100 nm) were kept under liquid nitrogen and transferred into the
electron microscope, keeping the temperature as low as possible (T<
ÿ 180 8C). After each plunging experiment the conductivity of the solutions
was measured to prove the constant ionic strength in each series.


Cryo-EFTEM : For the experiments a 0.1 mm condenser aperture and a
0.07 mm objective aperture were used. The width of the energy window was
adjusted depending on the shape of the ionization edge and its energy loss.
The width was 5 ± 10 eV at losses up to 100 eV and 20 ± 30 eV between 100
and 500 eV. Higher energies were difficult to analyze because of the weak
signal giving too long exposure times. Longer exposure times than 20 ± 30 s
per image were very difficult to perform. In cases of edge profiles with
delayed intensity the post-edge images were usually recorded at its
maxima.


Statistics : The three pH values used (4.2, 6.8 and 8.8) as well as the three
ionic strengths (1.9, 2.3 and 3.3 mS) led to a series of nine plunging
mixtures. In each experiment at least two grids were prepared for cryo-
TEM investigations as described above. From these grids 233 images of


various areas were taken. All recorded images were evaluated separately
leading to a total number of 4586 different aggregates. The data which
belong to the same parameter set (pH, ionic strength) were collected,
converted into relative figures and visualized in histograms.
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Soluble-Polymer-Supported Synthesis of b-Lactams on a
Modified Poly(ethylene glycol)


Rita Annunziata, Maurizio Benaglia, Mauro Cinquini, and Franco Cozzi*[a]


Abstract: A modified poly(ethylene
glycol) (PEG) has been developed for
the soluble-polymer-supported synthesis
of b-lactams. The monomethylether of
PEG (MeOPEG) with an average MW of
5000 was used as the support, a 4-(3-
propyl)phenyl residue as the spacer, and
a 4-oxyphenylamino group as the moiety
with the reactive functionality. From this
modified PEG representative aromatic,
heteroaromatic, unsaturated, and ali-


phatic imines were obtained in high
yields by different procedures. The poly-
mer-supported imines were then em-
ployed to prepare several b-lactams by
enolate/imine condensation and ketene/
imine cycloaddition. Examples of the
control of the absolute stereochemistry


during the azetidinone ring formation
are also reported. The reactions carried
out on the polymer-bound imines
showed a remarkable similarity to those
performed on nonimmobilized imines,
both in terms of yields and stereoselec-
tivities. Removal of the b-lactams from
the polymer has also been accomplished
to directly deliver the N-unsubstituted
azetidinones.


Keywords: imines ´ lactams ´ poly-
mers ´ polymer-supported synthesis


Introduction


The polymer-supported synthesis of small organic molecules
is a subject of intense research activity.[1] In this context,
soluble polymers,[2] in comparison to other supports, recently
emerged as suitable for use in such reactions, since they profit
from both the advantageous features of homogeneous so-
lution chemistry (high reactivity, lack of diffusion phenom-
ena,[3] analytical simplicity) and of solid-phase methods
(ready isolation and easy purification of the products).[1, 2]


Last, but not least, soluble polymers generally cost much less
than insoluble ones.


Modified poly(ethylene glycol)s (PEGs)[2a, 4] are very
popular soluble supports. They are inexpensive,[5] readily
functionalized with different spacers and linkers,[6] and,
provided that their MW is greater than 2000 Da, are insoluble
in nonpolar solvents (hexanes, diethylether, tert-butylmeth-
ylether) and simply purified by precipitation. As a conse-
quence, the synthesis and the immobilization of several
organic molecules on PEG supports have been reported over
the last few years.[2, 4, 7, 8] The extension to the field of
combinatorial chemistry is particularly attractive, since bio-
logical evaluation can be carried out directly on the PEG-


anchored molecules.[2, 4] Some of the problems associated with
the use of PEGs, such as the low number of functional groups
per gram of polymer (loading)[9] and the difficult removal of
poorly soluble by-products in the purification step[10] have
been solved.


We have recently reported[7d] a soluble-polymer-supported
synthesis of imines and b-lactams by using the monometh-
ylether of PEG with a MW of 5000 (MeOPEG) as the support,
a succinate spacer, and a 4-oxyaniline as the group bearing the
nitrogen moiety for imine and b-lactam construction.[7d, 11]


Since the use of this modified PEG had some limitations
(for instance in the synthesis of aliphatic imines, or in the two-
step procedure required for b-lactam removal from the
polymer), we decided to develop a new PEG support for b-
lactam synthesis that would ideally reproduce the results
observed under ªnonpolymericº conditions. Here we report
the results of this work.


Results and Discussion


Reaction of MeOPEG mesylate 1[10b] with the Cs salt of
the commercially available 3-(4-hydroxyphenyl)-1-propanol
(3 mol equiv, dimethylformamide (DMF), 48 h) afforded 2
(Scheme 1). This was mesylated and converted by reaction
with the Cs salt of 4-aminophenol (5 mol equiv) into PEG 3 in
91 % overall yield from 1 (see the Experimental Section for
the determination of the yields of reactions that involve
polymer-supported substrates and the purity criteria for
polymer-supported products).


[a] Prof. R. Annunziata, Dr. M. Benaglia
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Centro C.N.R. and Dipartimento di Chimica Organica
e Industriale
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Fax: (�39) 02-2364369
E-mail : franco.cozzi@unimi.it
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Methods A - D


Scheme 1. Synthesis of PEG-supported imines 4 ± 8.


The conversion of amine 3 into representative imines 4 ± 8
was carried out under different conditions (Table 1). The first


method (A) involved the addition of the aldehyde (2 mol
equiv) to the melted amine (90 8C), and the thick oily mixture
was then stirred for 1 h. Finally, the unreacted aldehyde and
any water released were removed under vacuum, and the
cooled mixture was precipitated with Et2O.[7d] This procedure
gave imines 4 ± 7 in 91, 91, 92, and 83 % yield, respectively.


The second method (B) was under milder conditions and
involved stirring a solution of amine and aldehyde in CH2Cl2


(4 mol equiv) in the presence of anhydrous MgSO4 for 18 h at


room temperature, and this was followed by filtration and
precipitation with Et2O. However, this procedure worked, in
comparison with method A, only for the preparation of imine
4 (90 % yield).


Another mild alternative to method A was found when the
protocol for the solid-phase synthesis of imines, recently
reported by Gallop et al,[12] was extended to the present case.
This method (C) involved the reaction of 3 with aldehyde
(3 mol equiv) in a 2:1 mixture of CH2Cl2 and trimethylortho-
formate for 18 h at room temperature, and the reaction gave
imines 6 and 7 in 92 and 91 % yield, respectively. Surprisingly
method C was ineffective for the preparation of 4.


Finally, imine 8 was best obtained (90% yield) by heating a
solution of amine 3 and ethyl glyoxalate (3 mol equiv) in
toluene at 100 8C for 18 h in the presence of anhydrous MgSO4


(Method D). Imines 4 ± 8 were then used in the synthesis of b-
lactams. To this end, the two more popular reactions
employed for their preparation, namely the enolate/imine
condensation[13] and the [2�2] cycloaddition,[14] were selected
(Scheme 2).
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Scheme 2. Synthesis of PEG-supported b-lactams 10 ± 14 and 16 ± 18. 10,
19 R�Ph, R1�Et; 11, 20 R� 2-thienyl, R1�Et; 12, 21 R� (E)-
PhÿCH�CH, R1�Et; 13 R� c-C6H11, R1�Et; 14 R�COOEt, R1�Et;
16, 22 R�Ph, R1�PhO; 17 R� 2-thienyl, R1�PhO; 18 R� (E)-
PhÿCH�CH, R1�PhO. R2�ÿC6H4ÿOÿ(CH2)3ÿC6H4ÿOÿ*.


Reaction of 4 ± 8 with the titanium enolate[15] of S-2-
pyridylthiobutanoate 9 (2 ± 4 mol equiv)[16] in CH2Cl2 afforded
b-lactams 10 ± 14 in fair to high yields (Table 2). The
compounds were obtained as mixtures of trans (t) and cis
(c) isomers; this was determined directly from the products
bound to the polymer and was based on the HC-3/HC-4
coupling constant values (Jtrans� 1.5 ± 2.5 Hz; Jcis� 4.5 ±
6.0 Hz). The trans/cis ratios were similar to those observed


Abstract in Italian: E� stato sviluppato un polietilenglicole
(PEG) modificato che permette una sintesi di b-lattami
ancorati ad un polimero solubile, usando come supporto il
monometiletere del PEG di peso molecolare medio 5000, uno
spaziatore 4-(3-propil)benzenico, ed un gruppo 4-ossifenilam-
minico come residuo che fornisce la funzione reattiva. Dal
PEG cosi� modificato sono state preparate con rese elevate ed
attraverso procedure diverse immine aromatiche, eteroaroma-
tiche, insature ed alifatiche, e da queste i corrispondenti b-
lattami o per condensazione enolato/immina o per cicloaddi-
zione chetene/immina. Le reazioni condotte sulle immine
supportate sono molto simili, sia come rese che come
stereoselezione, alle reazioni condotte su immine non immo-
bilizzate. La rimozione dal supporto polimerico per tratta-
mento ossidativo fornisce direttamente b-lattami non sostituiti
all� atomo di azoto.


Table 1. Synthesis of imines 4 ± 8 from PEG 3 by methods A ± D (see text).


Method Imine Yield [%]


Ph A 4 91
Ph B 4 90
2-thienyl A 5 91
(E)-PhÿCH�CH A 6 92
(E)-PhÿCH�CH C 6 91
c-C6H11 A 7 83
c-C6H11 C 7 91
COOEt D 8 90


Table 2. Synthesis of b-lactams 10 ± 14 and 16 ± 18 by reaction of imines 4 ±
8 with 9 or 15.


Reagent b-Lactam Yield [%] trans/cis ratio


4 9 10 t,c 95 70/30
5 9 11 t,c 80 � 5/95
6 9 12 t,c 95 80/20
7 9 13 t,c 43 � 5/95
8 9 14 t,c 64 50/50
4 15 16 t,c 70 � 5/95[a]


4 15 16 t,c 72 70/30[b]


5 15 17 t,c 67 � 5/95[a]


6 15 18 t,c 40 � 5/95[a]


6 15 18 t,c 75 83/17[b]


[a] In CH2Cl2 at RT. [b] In toluene at 100 8C.
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when thioester 9 was condensed with the PMP-substituted
imines (PMP�N-4-methoxyphenyl) corresponding to 4 ± 8.[16]


Reaction of imines 4 ± 6 with phenoxyacetylchloride 15
(20 mol equiv) in the presence of trioctylamine (22 mol
equiv)[10b] carried out at room temperature in CH2Cl2 afforded
cis b-lactams 16 c ± 18 c as the only detected isomers in fair to
good yields. If the reactions were carried out in refluxing
toluene, the expected[17] switch of stereoselectivity in favor of
the trans compounds 16 t and 18 t was observed. These were
obtained in 72 and 75 % yield, respectively.


The removal of the b-lactams from the polymer was then
studied with the aim of developing a method that would
directly yield a N-unsubstituted azetidinone. We were pleased
to find that by deprotection of compounds 10 ± 12 and 16 with
[Ce(NH4)2(NO3)6] (CAN, 4 mol equiv) under the usual reac-
tion conditions,[18] b-lactams 19 ± 22 were obtained in 57, 51,
42, and 40 % yield, respectively (Scheme 2). This reaction was
mild enough not to alter the trans/cis ratios of these b-lactams.


To further expand the scope of this polymer-supported
synthesis of b-lactams, the use of enantiomerically pure
reagents was investigated (Scheme 3). Reaction of imine 4
with the titanium enolate derived from S-2-pyridyl (R)-3-tert-
butyldimethylsilyloxybutanoate 23 (7 mol equiv, CH2Cl2,
ÿ78 8C to RT)[16a] afforded azetidinone 24, which was
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Scheme 3. Stereoselective synthesis of PEG-supported b-lactams
24, 25, and 29. 24, 26 R�Ph; 25, 27 R� (E)-PhÿCH�CH R1�
ÿC6H4ÿOÿ(CH2)3ÿC6H4ÿOÿ*.


obtained as a 90:10 mixture of two trans isomers in 78 % yield.
Their absolute configuration was established as 3,3'-anti-3,4-
trans (24 ta) and 3,3'-syn-3,4-trans (24 ts) by converting them
into the N-unprotected b-lactam 26 (39 % yield, diastereoiso-
meric ratio� 90:10) of known stereochemistry.[16a] The reac-
tion of 23 with imine 6 gave azetidinone 25, which had a very
complex 1H NMR spectrum. However, reaction of 25 with
CAN gave 27,[16a] which was obtained as a single 3,3'-anti-3,4-
trans compound in 21 % overall yield from imine 6. When b-
lactams 26 and 27 were prepared by the same reaction
sequence that started from the corresponding N-PMP
imines,[16a] the observed diastereoisomeric ratios were 91:9
and 84:16, respectively.


To anchor an enantiomerically pure imine to the polymer,
PEG 3 was treated with O,O-cyclohexylidene (R)-glyceralde-
hyde (method C at 45 8C) to afford imine 28 in 90 % yield.
Condensation with the titanium enolate of 9 (7 molequiv,
CH2Cl2, ÿ78 8C to RT) gave b-lactam 29. Reaction with CAN
led to the N-unprotected azetidinone 30, which was isolated as
a 50:50 mixture of one trans and one cis isomer (24 % overall
yield). These two b-lactams were identical, when analyzed by
1H NMR spectroscopy, to the 3,4-trans-4,4'-syn and 3,4-cis-
4,4'-syn isomers that were obtained by the same reaction
sequence that started from 9 and the N-PMP imine
derived from O,O-cyclohexylidene (R)-glyceraldehyde.[16a]


In this case, a 54:46 trans :cis diastereoisomeric ratio was
observed.


Conclusion


In conclusion, a modified PEG has been developed for the
soluble-polymer-supported synthesis of b-lactams by enolate/
imine condensation and [2�2] cycloaddition. Azetidinones
with alkyl and phenoxy groups at C-3, and aryl, heteroaryl,
unsaturated, aliphatic, and carbethoxy substituents at C-4
were obtained. The reaction was extended to the use of an
enantiomerically pure enolate and an enantiomerically pure
immobilized imine. In all the cases examined, a remarkable
similarity was observed between the reactions carried out on
polymer-bound and nonimmobilized imines, and thus the
ability of the modified PEG to mimic ªnonpolymericº
reaction conditions was shown. Finally, it is also worth
mentioning that this ªliquid-phaseº synthesis of b-lactams
has some advantages over the solid-phase methods reported
so far.[11a±c] In particular, this procedure has the following
advantages: i) it allows the use of the versatile enolate/imine
condensation reaction for the first time; ii) it allows the
production of C4-alkyl-substituted azetidinones; and iii) it
delivers polymer-free N-unsubstituted b-lactams under mild
conditions.


Experimental Section


General : All PEG samples were melted at 80 8C in vacuum for 30 min
before use to remove traces of moisture. After reaction, product
purification involved evaporation of the reaction solvent in vacuum and
addition of the residue dissolved in a few mL of CH2Cl2 to diethylether
(50 mL gÿ1 of polymer), which was stirred and cooled at 0 8C. After 20 ±
30 min stirring at 0 8C, the obtained suspension was filtered through a
sintered glass filter, and the solid was repeatedly washed on the filter with
diethylether (up to 100 mL gÿ1 of polymer, overall). 1H NMR spectra were
recorded at 300 MHz as solutions in CDCl3 at 25 8C; d were in ppm
downfield from TMS; IR spectra were recorded on thin film or as solutions
in CH2Cl2.


Yield and purity determination of PEG-supported compounds : The yields
of the PEG-supported compounds were determined by weight with the
assumption that MW is 5000 Da for the PEG fragment. The MW actually
ranged from 4500 to 5500. The indicated yields were for pure compounds.
The purity of these compounds was determined by 1H NMR analysis in
CDCl3 at 300 MHz with pre-saturation of the methylene signals of the
polymer at d� 3.63. In recording the NMR spectra, a relaxation delay of 6 s
and an acquisition time of 4 s were used to ensure complete relaxation and
accuracy of integration. The relaxation delay was selected after T1
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measurements. The integrations of the signals of the PEG CH3OCH2


fragment at d� 3.30 and 3.36 were used as internal standards. The
estimated integration error was �5 %.


Synthesis of alcohol 2 and amine 3


Alcohol 2 : Cs2CO3 (3.3 mol equiv) and 3-(4-hydroxyphenyl)-1-propanol
(3.0 mol equiv) were added to a solution of 1[2, 4] (0.05m, 10 ± 50 g,
previously dried at 100 8C under vacuum) in DMF. The mixture was stirred
for 18 h at RT and concentrated under vacuum to half of the original
volume. Purification by precipitation in Et2O gave PEG 2 in 96 % yield.
1H NMR (300 MHz, CDCl3, 25 8C): d� 7.07 (A part of AB system,
3J(H,H)� 8.5 Hz, 2 H; H meta to O in aromatic ring), 6.82 (B part of AB
system, 3J(H,H)� 8.5 Hz, 2 H; H ortho to O in aromatic ring), 4.10 (t,
3J(H,H)� 5.0 Hz, 2H; PEGCH2CH2OAr), 2.67 (t, 3J(H,H)� 7.4 Hz, 2H;
ArCH2), 1.83 (m, 2 H; CH2ÿCH2ÿCH2). Compound 2 was converted into its
mesylate by reaction with mesyl chloride (3.0 mol equiv) and trioctylamine
(3.3 mol equiv) in CH2Cl2 as described in reference [10b]. The MeSO2


signal resonated at d� 3.07.


Amine 3 : Cs2CO3 (5.5 mol equiv) and 4-aminophenol (5.0 mol equiv) were
added to a solution of the mesylate of 2 (0.05m) in DMF. The mixture was
stirred for 18 h at RT and concentrated under vacuum to half of the original
volume. Purification by precipitation in Et2O gave PEG 3 in 95% overall
yield from 2. 1H NMR (300 MHz, CDCl3, 25 8C): d� 7.07 (A part of AB
system, 3J(H,H)� 8.5 Hz, 2H; H meta to O in OÿArÿCH2), 6.80 (B part of
AB system, 3J(H,H)� 8.5 Hz, 2H; H ortho to O in OÿArÿCH2), 6.76 (A
part of AB system, 3J(H,H)� 9.0 Hz, 2H; H ortho to O in OÿArÿN), 6.60
(A part of AB system, 3J(H,H)� 9.0 Hz, 2 H; H meta to O in OÿArÿN),
4.07 (t, 3J(H,H)� 5.2 Hz, 2H; PEGCH2CH2OAr), 2.67 (t, 3J(H,H)�
7.4 Hz, 2 H; ArCH2), 2.60 (br s, 2H; NH2), 2.03 (m, 2 H; CH2ÿCH2ÿCH2).


Synthesis of imines 4 ± 8 and 28 : These compounds were obtained by
different methods (A ± D); yields have been reported in the text and in
Table 1; 1H NMR data in Table 3.


Method A (compounds 4 ± 7): The aldehyde (2 mol equiv) was added to the
polymer-supported amine (1 ± 10 g) kept at 90 8C, and the thick oily mixture
was stirred for 1 h. The unreacted aldehyde and any water released were
removed under vacuum. The cooled mixture was purified by precipitation
in Et2O, and the product was isolated by filtration.


Method B (compound 4): Benzaldehyde (4 mol equiv) was added to a
solution of the polymer-supported amine (0.05m, 1 ± 10 g) in CH2Cl2,
followed by anhydrous MgSO4 (1 mol equiv). The resulting mixture was
stirred for 18 h at RT. MgSO4 was filtered off, and half of the solvent was
removed under vacuum. The product was isolated by the usual procedure.


Method C (compounds 6, 7, and 28): The aldehyde (3 mol equiv) was added
to a solution of the polymer-supported amine (0.05m, 1 ± 10 g) in a 2:1
mixture of CH2Cl2 and (MeO)3CH stirred at RT. The resulting mixture was
stirred for 18 h at RT (or at 45 8C in the case of 28). After evaporation of
most of the solvent removed under vacuum, the product was isolated by the
usual procedure.


Method D (compound 8): The commercially available solution (50 %, w/w)
of ethylglyoxalate in toluene (3 mol equiv) was added to a refluxing
solution of the polymer-supported amine (0.05m, 1 ± 5 g) in toluene,
followed by anhydrous MgSO4 (1 mol equiv). The resulting mixture was
stirred for 18 h at 100 8C, and the solvent was evaporated under vacuum.


CH2Cl2 was added to the residue, and MgSO4 was filtered off. The product
was isolated by the usual procedure.


General procedures for the synthesis of b-lactams : These compounds were
obtained as described below; yields have been reported in the text and in
Table 2; 1H NMR data in Table 4.


Enolate/imine condensation : The appropriate titanium enolate, generated
as described in reference [10b] (see text for the employed enolate/imine
ratios), was added to a solution of the polymer-supported imine (0.05m, 1 ±
5 g) in CH2Cl2 (cooled at ÿ78 8C) by means of a cannula. The mixture was
stirred at ÿ78 8C for 1 to 2 h and then allowed to warm up to RT. After
stirring overnight at RT, a small amount of a saturated aqueous solution of
NaHCO3 (0.5 ± 2 mL) was added, and the resulting mixture was filtered
through a Celite cake. The filter was washed several times with CH2Cl2, and
the filtrate was dried over MgSO4. This was filtered off, and the filtrate was
concentrated under vacuum to one third of its original volume. The product
was isolated by the usual purification procedure.


Ketene/imine cycloaddition : Phenoxyacetylchloride (20 mol equiv) and
trioctylamine (22 mol equiv) were added to a solution of the polymer-
supported imine (0.05m, 1 ± 5 g) in CH2Cl2 (or in toluene), and the mixture
was stirred at RT (or under reflux) for 18 h. The solvent was then
evaporated to one third of its original volume. The product was isolated by
the usual purification procedure.


General procedure for the removal of the b-lactams from the polymer : A
solution of CAN (4 mol equiv) in water (final MeCN/water ratio 4:1) was
added to a solution of the supported b-lactam (0.03m, 0.1 ± 1 g) in MeCN
that had been cooled to ÿ30 8C, and the mixture was stirred for 1 to 2 h at
ÿ20/ÿ 30 8C. Saturated aqueous solutions of NaHSO3 and NaHCO3 were
then added in this order (2 ± 10 mL each), and the mixture was warmed up
to RT and then filtered through a Celite cake. The residue was washed
several times with CH2Cl2, and the filtrate was transferred into a separating
funnel. The organic phase was separated, dried, and concentrated under
vacuum. The residue was poured into Et2O to separate the polymeric
materials, which were removed by filtration. The filtrate was concentrated
under vacuum, and the residue was purified by flash chromatography with a
50:50 hexanes/Et2O mixture as eluant. b-lactams 19,[19] 20,[20] 21,[20] 22,[21]


and 27[16a] were known compounds.


3-{1-{[(1,1-Dimethylethyl)dimethylsilyl]oxy}ethyl}-4-phenylazetidin-2-one
(26): This compound was obtained as a 90:10 3,3'-anti-3,4-trans :3,3'-syn-3,4-
trans mixture of isomers. 1H NMR (300 MHz, CDCl3, 25 8C): d� 7.30 ± 7.45
(m, 5 H; C6H5), 6.02 (br s, 1H; NH), 4.80 (d, 3J(H,H)� 2.1 Hz, 0.9 H; H-C4
anti isomer), 4.67 (d, 3J(H,H)� 2.0 Hz, 0.1H; H-C4 syn isomer), 4.25 ± 4.33
(m, 1 H; H-C3'), 3.12 (dd, 3J(H,H)� 6.0, 2.0 Hz, 0.1H; H-C3 syn isomer),
3.02 (dd, 3J(H,H)� 6.0, 2.1 Hz, 0.9 H; H-C3 trans isomer), 1.31 (d,
3J(H,H)� 6.5 Hz, 0.3H; CH3ÿCH syn isomer), 1.27 (d, 3J(H,H)� 6.5 Hz,
2.7H; CH3ÿCH anti isomer), 0.93 (s, 9 H; C(CH3)3), 0.15 and 0.13 (2 s, 5.4H;
(CH3)2Si anti isomer), 0.09 and 0.07 (2s, 0.6 H; (CH3)2Si syn isomer);
13C NMR data of the anti isomer (75 MHz, CDCl3, 25 8C): d� 168.0, 140.8,
128.7, 127.9, 125.9, 68.7, 65.3, 52.8, 25.8, 22.6, 18.0,ÿ5.0. This compound was
also obtained as a 91:9 mixture of the same two isomers by deprotection
with CAN of the corresponding N-PMP substituted b-lactam, which was
obtained as described.[16a] This mixture had [a]23


D �ÿ30.0 (c� 0.3 in
CH2Cl2); m.p. 137 ± 139 8C; IR: nÄ � 3295 (NÿH), 1757 cmÿ1 (C�O);


Table 3. 1H NMR data for imines 4 ± 8 and 28.


Imine[a] A[b] B[c] HC�N R


4 7.13 6.82 8.47 (s) 7.43 ± 7.90 (m, 5H)
5 7.20 6.88 8.57 (s) 7.12 (d, J� 8.5 Hz, 1H; H-5), 7.40 ± 7.50 (m, 2H)
6 7.17 6.88 8.27 (d, J� 2.0 Hz) 7.00 ± 7.08 (m, 2H; CH�CH), 7.33 ± 7.80 (m, 5 H)
7[d] 7.10 6.80 7.50 (d, J� 5.2 Hz) 1.30 ± 1.90 (m, 11H; C6H11)
8 7.08 6.85 7.93 (s) 4.36 (q, J� 7.0 Hz, 2H), 1.35 (t, 3 H)


28 7.08 6.84 7.83 (d, J� 6.0 Hz) 4.75 (q, J� 6.0 Hz, 1H; CHÿO), 4.25 (dd, J� 7.0, 6.0 Hz, 1 H; one H of CH2O),
3.97 (dd, 1H; one H of CH2O), 1.50 ± 2.00 (m, 10 H; C6H10)


[a] For all of these compounds the following protons resonate at constant values: d� 7.08 (A part of AB system, J� 8.0 ± 9.0 Hz, 2 H; H meta to O in
PEGÿOÿAr), 6.83 (B part of AB system, J� 8.0 ± 9.0 Hz, 2 H; H ortho to O in PEGÿOÿAr), 4.08 (t, J� 5.2 ± 5.5 Hz, 2H; PEGCH2CH2ÿOAr), 2.70 (t, J�
7.2 ± 7.5 Hz, 2H; ArÿCH2), 2.05 (m, 2 H; CH2ÿCH2ÿCH2). [b] A part of the AB system, 3J(H,H)� 7.5 ± 8.0 Hz, 2 H; H ortho to N in ArÿN. [c] A part of the
AB system, 3J(H,H)� 7.5 ± 8.0 Hz, 2H; H meta to N in ArÿN. [d] Another imine isomer was detected with different signals at 7.00 (A) and 7.70 (CH�N, J�
2.5 Hz); isomer ratio� 70:30
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C17H27NO2Si (305.5): calcd C 66.84, H 8.91, N 4.58; found C 66.63, H 8.83, N
4.51.


3-Ethyl-4-(1,4-dioxaspiro[4.5]dec-2-yl)azetidin-2-one (30): A thick oil was
obtained as a 50:50 3,4-trans-4,4'-syn :3,4-cis-4,4'-syn mixture of isomers.
1H NMR (300 MHz, CDCl3, 25 8C): d� 6.20 (br s, 1 H; NH), 4.06 ± 4.21 (m,
2H; CHO, one H of CH2O), 3.63 ± 3.68 (m, 1 H; one H of CH2O), 3.60 (dd,
3J(H,H)� 5.0, 8.5 Hz, 0.5 H; HC-4 cis isomer), 3.33 (dd, 3J(H,H)� 2.3,
7.0 Hz, 0.5 H; HC-4 trans isomer), 3.17 (dt, 3J(H,H)� 5.0, 7.0 Hz, 0.5H; HC-
3 cis isomer), 2.83 (dt, 3J(H,H)� 2.3, 6.7 Hz, 0.5H; HC-3 trans isomer),
1.70 ± 2.00 (m, 2H; CH2CH3), 1.20 ± 1.65 (m, 10H; C6H10), 1.11 (t,
3J(H,H)� 7.3 Hz, 1.5H; CH3 cis isomer), 1.05 (t, 3J(H,H)� 7.5 Hz, 1.5H;
CH3 trans isomer); 13C NMR data of the cis isomer (75 MHz, CDCl3,
25 8C): d� 173.0, 111.0, 75.6, 66.2, 56.1, 53.8, 36.3, 34.6, 25.0, 23.9, 23.7, 18.4,
12.5; 13C NMR data of the trans isomer: d� 172.0, 111.5, 77.2, 65.8, 54.7,
54.2, 36.3, 34.6, 25.0, 23.9, 23.7, 21.2, 11.4. This compound was also obtained
as a 54:46 mixture of the same two isomers by deprotection with CAN of
the corresponding N-PMP substituted b-lactam, which was obtained as
described.[16a] A 60:40 cis :trans mixture of this compound had [a]23


D �ÿ22.8
(c� 0.6 in CHCl3); IR: nÄ � 3293 (NÿH), 1757 cmÿ1 (C�O); C13H21NO3


(239.3): calcd C 65.25, H 8.84, N 5.85; found C 65.36, H 8.91, N 5.78.
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Probing the Mechanisms of Enantioselective Hydrogenation of Simple Olefins
with Chiral Rhodium Catalysts in the Presence of Anions


Jillian M. Buriak,*[a] Jason C. Klein,[a] Deborah G. Herrington,[a] and John A. Osborn*[b]


Abstract: The strong influence of vari-
ous anions upon the hydrogenation of
2-phenyl-1-butene, catalyzed by chiral
rhodium catalysts was investigated.
Both sulfonates and halides exert large
increases in the enantioselectivity when
[Rh{(ÿ)-bdpp}(NBD)]ClO4 (bdpp�
2,4-bis(diphenylphosphino)pentane,
NBD� 2,5-norbornadiene) is used as
the catalyst precursor at high pressures
(70 atm) of dihydrogen in nonpolar
solvents. A dihydride mechanism similar
to that for Wilkinson�s catalyst
[RhCl(PPh3)3] was shown to be operat-


ing at both high- and low-pressure con-
ditions through a combination of cata-
lytic studies, 31P, 1H and parahydrogen-
induced polarization (PHIP) NMR ex-
periments. With sulfonate and in neat
methanol, however, a mechanistic
switch takes place from a dihydride
route (dihydrogen addition before olefin
binding) at high pressure to an unsatu-


rate route (olefin binding before dihy-
drogen addition) at low pressures
(<30 atm). Olefin isomerization is in-
hibited by halide addition, but occurs
with sulfonate and in neat methanol
through what is most likely a p-allyl
mechanism. A detailed understanding of
the effects of addition of these anions is
crucial for development of new classes
of catalysts capable of efficient enantio-
selective reduction of prochiral olefins
lacking a secondary polar binding group.


Keywords: alkenes ´ asymmetric
catalysis ´ halides ´ rhodium ´
sulfonates


Introduction


Asymmetric hydrogenation of prochiral olefins has for over
30 years been intensively investigated because of the utility of
the chiral products for pharmaceutical and materials applica-
tions, to name a few.[1] The majority of catalysts tested have
involved rhodium and ruthenium complexes rendered chiral
through incorporation of optically active phosphane ligands.[2]


Enantioselective olefin hydrogenation with late transition
metal catalysts has been, however, essentially limited to
specific classes of substrates capable of binding in a bidentate
fashion to the metal center, like enamides,[3] unsaturated a,b-
carboxylic acids,[4] and allylic and homoallylic alcohols.[5]


Much more difficult to reduce with good enantiomeric
excesses are olefinic substrates lacking a polar secondary
Lewis basic binding group in the correct position. Several
groups have tackled the challenging class of di- and trisub-


stituted olefins capable of only monodentate coordination to
the catalyst metal center with chiral titanium,[6] samarium[7]


and late transition metal catalysts[8, 9] and have achieved
moderate to excellent enantioselectivities. These results are
encouraging, and suggest that new approaches towards the
design of catalysts may allow access to a wide range of
reaction conditions and efficient metal complexes, extending
the generality of enantioselective olefin hydrogenation reac-
tions to broad classes of substrates.


Because catalysts based upon rhodium are extremely active
for olefin hydrogenation,[10] we have been exploring the
potential of chiral RhI catalyst precursors for hydrogenation
of olefinic substrates lacking a secondary metal binding site.
Recently we demonstrated that the binding of sulfonate
groups to the metal center of the rhodium catalyst [Rh{(ÿ)-
bdpp}]� , formed via hydrogenation of the precursor [Rh{(ÿ)-
bdpp}(NBD)]ClO4 (1; Scheme 1),[11] resulted in large increas-
es in enantioselectivity for asymmetric imine hydrogena-
tion.[12] In this work, we show that binding of anions such as
sulfonates and halides in nonpolar solvents also induces
strong enhancements for the enantioselective hydrogenation
of the prochiral hydrocarbon substrate, 2-phenyl-1-butene (4)
(also known as a-ethylstyrene). We investigated 4 as a
substrate because of its inherent difficulty to reduce with
high enantioselectivity as compared to enamide substrates.[13]


With rhodium catalysts, it is hydrogenated with very poor to
moderate enantioselectivities and thus any increases in ee due
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to anion binding would be easily observed and then further
analyzed.[14] Takaya and co-workers recently investigated the
influence of anions on the rate and enantioselectivity of
hydrogenation of 4 and related cyclic hydrocarbon olefins
with RhI-binap complexes (binap� [1,1'-binaphthalene]-2,2'-
diylbis(diphenylphosphane)) and observed strong effects.[9] A
possible mechanistic explanation was proposed which we
substantiate through detailed 31P, 1H and parahydrogen-
induced polarization (PHIP) NMR studies. Additional insight
into the problem of concomitant catalytic olefin isomerization
is also provided. The seemingly disparate effects of non-
dissociative and dissociative anions (halides and sulfonates,
respectively) on hydrogenation can be rationalized through
the two mechanistic schemes described here.


Results and Discussion


Catalytic results : Applying the optimum conditions found for
imine hydrogenation,[12] we examined the reactivity of 1 in the
presence of 0.1m of the hydrocarbon-soluble surfactant AOT
(see Scheme 1) and 0.1m [15]crown-5 in benzene. AOT is a
commercially available surfactant with a sodium sulfonate
head group and two branched aliphatic tails that forms
reverse micelles in nonpolar solvents.[15] As demonstrated in
earlier work, the role of [15]crown-5 is to complex the sodium
cation of AOT, break up reverse micellar aggregates, and
promote binding of the bis(2-ethylhexyl)sulfosuccinate anion
of AOT to the cationic rhodium catalyst (Scheme 2).[12]


Control experiments were carried out in ªregularº solvent
systemsÐneat methanol, benzene, and 1:1 methanol/ben-
zeneÐat varying temperatures and pressures without addi-
tives. The results are summarized in Table 1. Under no
conditions were induction periods observed. Hydrogenation
of 4 in benzene in the presence of AOT and [15]crown-5
results in a dramatic increase in enantioselectivity: with AOT
and [15]crown-5, an ee of 63 % (S) can be achieved (run 6),
while in ªregularº solvents, the highest enantioselectivity
observed is 29 % (S) in neat methanol (see runs 1 ± 4).


Hydrogenation in benzene with
0.1m [15]crown-5 gave similar
chemical and optical yields as in
neat benzene (runs 4 and 8),
demonstrating that the crown
ether is not responsible for the
improved enantioselectivity.
The rates for the latter two runs
in C6H6 could not be accurately
determined because of the het-
erogeneous nature of the cata-
lytic mixture. Complex 1 is only
slightly soluble in neat benzene,
with or without addition of
[15]crown-5, so only final yields
could be determined with any
accuracy. This lack of solubility
explains the low chemical yields
for these two cases.


Scheme 2. Schematic representation of the role of [15]crown-5 with AOT.


Not only is there a difference in the absolute enantiose-
lectivity for hydrogenation in methanol and AOT/[15]crown-5
in benzene, but there is also a discrepancy in the effect of H2


pressure on enantioselectivity in the two systems as shown in
Figure 1. Catalysis in methanol and in the AOT/[15]crown-5/
C6H6 system show remarkably different dependencies on the
hydrogen pressure. An increase in pressure for hydrogenation
in MeOH results in a lowering of the enantioselectivity, while
for the AOT/[15]crown-5 case the enantioselectivity increases
and reaches a plateau at 30 atm of pressure. The enhancement
of the ee value seen upon the increase of pressure may be due
to a change in mechanism from an unsaturate route to a
dihydride route at high pressures (vide infra).[16] Additionally,
catalytic isomerization of 4 to the internal olefin (E)-2-
phenyl-2-butene is observed at 1 atm pressure in both neat
methanol and in the AOT/[15]crown-5/C6H6 system as shown
by GC and 1H NMR spectroscopy.[17] Isomerization occurs
only at atmospheric pressure and exclusively in the presence
of 1.


A comprehensive study of different salts was undertaken to
determine the effect of other anions on the hydrogenation of 4
with 1, including sulfates, carboxylates, and halides. The only
other anions that resulted in strong increases in enantiose-
lectivity were chloride and iodide (added in the form of the
tetrabutylammonium salt) as shown in runs 9 ± 16 of Table 1.
Both of these halides induced large increases in enantiose-
lectivityÐup to 71 % (S). The rate observed for catalysis in
the presence of iodide in benzene was very rapid and was


Scheme 1. Catalysts, olefins and additives used in this study.
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Figure 1. Effect of pressure on the enantioselectivity of hydrogenation of 4
with 1 in MeOH (~), in C6H6 with 0.1m AOT/0.1m [15]crown-5 (*), and
with 2.5 mm N(nBu)4I in C6H6 (&). The conditions are as in Table 1.


substantially higher than in neat methanol or in the presence
of AOT/[15]crown-5. Investigation of the effect of iodide
concentration on the enantioselectivity and rate revealed that
only one equivalent or less of iodide with respect to catalyst is
required to bring about an increase in ee to 70 % (S) (Figure 2
and Table 1, runs 13 and 14. Iodide is also responsible for large
augmentations in rate; the fastest rates are four times higher
than in neat methanol under the same conditions. Greater
than one equivalent of either iodide or chloride per rhodium
has an inhibiting effect on the rate of catalysis but is not
detrimental to the enantioselectivity (Figure 2). The high
reactivity of the iodide/RhI catalyst can be demonstrated upon
lowering the concentration of catalyst precursor [1:1 iodide/


Figure 2. Enantiomeric excess [ee %] (*) and rate (~) versus the
concentration of N(nBu)4I in C6H6. The hydrogen pressure is 70 atm. All
other conditions as in Table 1. The rate with 0mm N(nBu)4I has been
omitted because of the low solubility of 4 in neat benzene which made an
accurate determination of initial rate impossible.


RhI], and keeping the concentration of 4 identical. The rate at
0.25 mm of RhI is over an order of magnitude faster than at
5 mm RhI. The rate of the hydrogenation reaction increased
with decreasing catalyst concentration, and the enantioselec-
tivity was essentially unchanged (Figure 3).[18] In order to slow
the rate of hydrogenation, the pressure was lowered to 1 atm.
Two pertinent observations were made at this pressure:
i) no significant isomerization of 4 was detected (<1 % by


GC)
ii) the enantioselectivity did not depend on hydrogen pres-


sure (compare runs 14 and 16 in Table 1).


Table 1. Results for hydrogenation using 1 as catalyst precursor.[a]


Run Substrate Solvent Additives pH2 [atm] Rate[b] ee [%]


1 4 MeOH - 70 3.0� 102 7 (S)
2 4 MeOH - 1 81[c] 29 (S)
3 4 1:1 C6H6/MeOH - 70 33 12 (S)
4 4 C6H6 - 70 [d] 29 (S)
5 4 C6H6 0.1m AOT 70 33 54 (S)
6 4 C6H6 0.1m AOT, 0.1m [15]crown-5 70 3.8� 102 63 (S)
7 4 C6H6 0.1m AOT, 0.1m [15]crown-5 1 14[c] 42 (S)
8 4 C6H6 0.1m [15]crown-5 70 [e] 33 (S)
9 4 C6H6 10mm N(nBu)4Cl 70 8.9� 10 66 (S)


10 4 C6H6 5mM N(nBu)4Cl 70 1.7� 102 65 (S)
11 4 C6H6 5mm Clÿ (in situ)[f] 70 1.6� 102 68 (S)
12 4 C6H6 10mm N(nBu)4I 70 4.8� 102 68 (S)
13 4 C6H6 5mm N(nBu)4I 70 1.0� 103 71 (S)
14 4 C6H6 2.5mm N(nBu)4I 70 1.2� 103 70 (S)
15 4 C6H6 1mm N(nBu)4I 70 1.2� 103 69 (S)
16 4 C6H6 2.5mm N(nBu)4I 1 1.4� 102 66 (S)
17 5 1:1 C6H6/MeOH - 70 1.0� 102 17 (�)
18 5 C6H6 - 70 [g] 12 (�)
19 5 C6H6 0.1m AOT, 0.1m [15]crown-5 70 80 40 (�)
20 5 C6H6 5mm N(nBu)4I 70 [h] 7 (�)
21 6 1:1 C6H6/MeOH - 70 [i] [i]


22 7 MeOH - 1 1.4� 103 74 (R)
23 7 4:6 CH2Cl2/C6H6 - 1 4.8� 102 72 (R)
24 7 4:6 CH2Cl2/C6H6 0.1m AOT, 0.1m [15]crown-5 1 4.8� 102 48 (R)
25 7 4:6 CH2Cl2/C6H6 10mm N(nBu)4I 1 [j] 8 (S)


[a] Conditions: [1]� 5 mm ; [substrate]/[1]� 100; T� 25 8C; solvent volume� 10 mL; yields determined by GC or 1H NMR spectroscopy; all chemical yields
are 100 % unless stated otherwise; ee values for hydrogenation product of 4 and 5 determined by 31P NMR spectroscopy;[21] ee values for hydrogenation
product of 7 determined by using optical rotation or by 1H NMR spectroscopy with [Eu(hfc)3] (hfc� 3-(heptafluoropropylhydroxymethylene)-d-
camphorate) in CDCl3 as the chiral shift reagent. [b] Units of rate are turnovers hÿ1 and correspond to the rate recorded for the first hour. Rates are
accurate to within �10%. No induction periods were observed. [c] 10% isomerization to (E)-2-phenyl-2-butene. [d] Conversion after 21 h� 47%.
[e] Conversion after 21 h� 46%. [f] Prepared in situ from 2.5 mm [{Rh(NBD)}2(m-Cl)2] and 5 mm (ÿ)-bdpp. [g] Conversion after 20 h� 26 %.
[h] Conversion after 14 h� 92 %. [i] Conversion after 19 h at 55 8C� 6%. ee value not determined because of the low yield. [j] Conversion after 24 h� 33%.
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Figure 3. Enantiomeric excess [ee %] (*) and rate (~) versus the
concentration of 1 (with one equivalent of N(nBu)4I)in C6H6 for the
hydrogenation of 4. The [4] is held constant at 0.5m and the hydrogen
pressure at 70 atm. All other conditions as in Table 1.


These observations are in stark contrast to hydrogenation in
either neat methanol or with 1:1 AOT/[15]crown-5 in C6H6


which did have a strong relationship between H2 pressure and
ee, and was accompanied by 10% isomerization to the internal
E isomer at atmospheric pressure (Table 1, runs 6 and 7).


Other phosphanes and substrates were tested to further
generalize the effect of anion binding on enantioselectivity.
The addition of 0.1m AOT and 0.1m [15]crown-5 for hydro-
genation of 4 with the catalyst precursors [Rh{(�)-pro-
phos}(NBD)]ClO4 (2) (prophos� 1-methyl-1,2-ethanediyl-
bis(diphenylphosphane)) and [Rh{(�)-binap}(NBD)]ClO4


(3) brought about only small effects on the enantioselectivity.
The effect of iodide on 2, however, is dramatic as the ee inverts
from 5 % (R) in MeOH to 51 % (S) in benzene with 10 mm
N(nBu)4I. This result parallels that of Takaya and co-workers
who observed an increase in enantioselectivity for the hydro-
genation of 4 with 3 in CH2Cl2 in the presence of iodide.[9]


Three other olefins, 5, 6, and 7 (see Scheme 1) were tested for
hydrogenation with 1 as shown in Table 1, runs 17 ± 25. The
highest ee observed for hydrogenation of 5, [40 % (�)], was
attained in the presence of 0.1m AOT and 0.1m [15]crown-5 in
C6H6. This ee is more than double that observed in 1:1 MeOH/
C6H6 or neat C6H6. Surprisingly, iodide, however, causes a
decrease in enantioselectivity for the reduction of 5. Hydro-
genation of trans-a-methylstilbene (6) was unsuccessful
probably due to the steric hindrance of the internal, trisub-
stituted olefin. Reduction of the enamide, methyl-(Z)-a-
acetamidocinnamate (7), was not improved in the presence of
either AOT/[15]crown-5 or iodide (runs 22 ± 25). The reasons
for the observed decrease in ee with sulfonate are not clear
since 31P NMR studies revealed that the presence of 0.1m
AOT and 0.1m [15]crown-5 does not prevent formation of
the [Rh{(ÿ)-bdpp}(enamide)]� complex (majority isomer) in
4:6 CH2Cl2/[D6]benzene.[19] Halides, on the other hand, are
known to lower the enantioselectivity of enamide hydro-
genation with chiral rhodium catalysts.[20]


31P and 1H NMR studies with halides : It has been demon-
strated previously that two rhodium complexes form in the
presence of a sulfonate anion in [D6]benzene, [Rh{(ÿ)-
bdpp}(h6-C6D6)]� and [Rh{(ÿ)-bdpp}](RSO3). In order to
elucidate the species present under catalytic conditions in the


presence of halides, 31P{1H} NMR studies were carried out.
Using concentrations identical or similar to those of catalysis,
we detected spectroscopically a total of three species after
hydrogenation of 1 in [D6]benzene to form Rh[(ÿ)-bdpp]� ,
upon addition of N(nBu)4X (X�Cl, I). In absence of halide,
the hydrogenated product of 1 (1 atm, 298 K) is only sparingly
soluble but appears in the 31P{1H} NMR spectrum as a doublet
at d� 41.64 (1JRh,P� 194 Hz). This species has a chemical shift
and coupling constant indicative of the 18-electron complex
[Rh{(ÿ)-bdpp}(h6-C6D6)]� which forms readily in the pres-
ence of aromatic compounds.[21] When one equivalent of
N(nBu)4I is added to [Rh{(ÿ)-bdpp}(h6-C6D6)]� in [D6]ben-
zene, three distinct species are observed as doublets initially,
two of which decrease in intensity after 1 h of equilibration.
One of the species corresponds to [Rh{(ÿ)-bdpp}(h6-C6D6)]� ,
and is still present in small concentrations after equilibration.
The second and most intense doublet at d� 43.08 (1JRh,P�
186 Hz) (Figure 4 a) is most likely due to the iodide-bridged
dimer [{Rh[(ÿ)-bdpp]}2(m-I)2] which would be expected to
have a bent structure (aRh-(m-I)-Rh< 1808).[22] Similar
iodide-bridged dimers have been observed with the diphos-
phanes chiraphos and 1,2-bis(diphenylphosphino)ethane
(dppe).[23] Upon addition of a second equivalent of N(nBu)4I
(with respect to rhodium) to the dimeric[{Rh[(ÿ)-bdpp]}2(m-
I)2], a new complex forms which corresponds to the third
species seen before equilibration with a chemical shift of d�
42.35 (1JRh,P� 179 Hz) (Figure 4 b). Because of the clear


Figure 4. 121 MHz 31P{1H} NMR spectra of 1 (5mm) in [D6]benzene in the
presence of iodide under 1 atm of H2 at 298 K after 2 h of equilibration
under these conditions. [Rh{(ÿ)-bdpp}(h6-C6D6)]� appears at d� 41.64
(1JRh,P� 194 Hz), [{Rh[(ÿ)-bdpp](m-I)}2] at d� 43.08 (1JRh,P� 186 Hz), and
[{Rh[(ÿ)-bdpp](m-I)}2] at d� 42.35 (1JRh,P� 179 Hz).
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dependence on iodide concentration, the smaller 1JRh,P


coupling constant, and similarity of chemical shift, this
complex is most likely the anionic diiodide complex
[Rh{(ÿ)-bdpp}(I)2]ÿ with [N(nBu)4]� as the counterion.
Similar monomeric anionic, square-planar RhI complexes
previously characterized include cis-[Rh(PR3)2(NHPh)2]Li
(R�Ph, Et),[24] cis-[Rh(CO)2(I)2]ÿ ,[25] and [Rh{1,2-bis-
(di-tert-butylphosphino)ethane}(C6H5)2]Li.[26] The cis-
[Rh(PR3)(NHPh)2]Li complex also involves an equilibrium
between the amido-bridged dimer [{Rh(PR3)2}2(m-NHPh)2]
and the monomeric anion, the relative ratios depending upon
the equivalents of added lithium anilide. By analogy, a similar
equilibrium between [{Rh[(ÿ)-bdpp]}2(m-I)2], [Rh{(ÿ)-
bdpp}(I)2]ÿ , and [Rh{(ÿ)-bdpp}(h6-C6D6)]� is proposed as
shown in box I of Scheme 3. Similar equilibria could not be
observed by 31P{1H} NMR spectroscopy for the related
complexes [Rh(NBD)(dppe)]ClO4 and [Rh{(�)-bi-
nap}(NBD)]ClO4 (5mm concentrations) in [D6]benzene with
5 mm N(nBu)4I and 1 atm of H2 at 298 K. Presumably the
neutral dimeric iodide-bridged complex formed so rapidly
that the anion and benzene solvate were not spectroscopically
observable under these conditions.[27]


With 1H NMR spectroscopy, stable hydride species can be
detected within minutes after hydrogenation of 5 mm 1 in
[D6]benzene at 1 atm pressure in the presence of two
equivalents of N(nBu)4Cl, or one or two equivalents of
N(nBu)4I (Figure 5). With chloride, an apparent doublet of
triplets centered around d�ÿ15.5 is rapidly produced (Fig-
ure 5 a), and with iodide, a similar feature also resembling a
doublet of triplets appears at d�ÿ14.84 (Figure 5 b) but is, in
addition, accompanied by a triplet of triplets of triplets at


d�ÿ11.62 (Figure 5 c). These hydride species are able to
withstand stripping of the solvent in vacuo, followed by
redissolution in CD2Cl2 with no decrease in their relative
concentrations, and thus probably represent stable species
outside of the catalytic cycle. The proton spectra have been
simulated and indicate that the features in Figures 5 a and 5 b
are due coupling with two slightly chemically inequivalent
phosphorus atoms and the rhodium center (2JP(cis),H� 12.5 Hz
(observed), 2JP(cis),H� 14.4 Hz (calculated), 1JRh,H �9.0 (ob-
served)). Attempts to simulate the observed spectra with two
equivalent cis phosphane ligands cis to the hydride ligand
failed. The two phosphane ligands are chemically inequivalent
due to loss of the C2 symmetry of the chiral phosphane.


The same hydrides observed in the presence of iodide at
atmospheric pressure, form at high pressure as well. [Rh{(ÿ)-
bdpp}(NBD)]ClO4 and one equivalent of N(nBu)4I were
hydrogenated at 70 atm in an autoclave for 3 h at room
temperature in C6H6, the pressure released, the benzene
removed in vacuo, and the complexes dissolved in CD2Cl2,
yielding a solution with a total [Rh] of 15 mm. The main
species present is the [{Rh[(ÿ)-bdpp]}2(m-I)2] dimer as
observed by 31P{1H} NMR spectroscopy and only the two
hydrides shown in Figures 5 b and 5 c are observed. Assuming
that the hydrides originate from dihydrogen, it appears that
H2 is activated in a similar fashion at both low and high
pressures since the same hydride products are observed in
each case.


Possible structures for the species yielding the patterns
observed in Figures 5 a and 5 b include a monomeric five-
coordinate RhIII trigonal-bipyramidal complex [Rh{(ÿ)-
bdpp}(H)X2] (X�Cl, I) with H occupying an apical position,


as represented by I in
Scheme 3, but could be six-
coordinate if a molecule of
solvent is bound, as has
been suggested in the case
of the related complex
[Rh(PPh3)2(H)Cl2] in CH2Cl2.
A square-pyramidal structure
with the hydride in the apical
position is discounted since the
hydride would be expected to
resonate much farther up-
field.[28] The chemical shift of
the hydride (trans to Cl) in
[Rh(PPh3)2(H)Cl2] is d�ÿ16.1
which compares very favorably
with the d�ÿ15.5 feature ob-
served for the (ÿ)-bdpp com-
plex with added chloride.[29] It
was suggested that [Rh(PPh3)2-
(H)Cl2] may dimerize in solu-
tion through through bridging
chlorides to give a formally
octahedral coordination sphere
around each rhodium. The spe-
cies yielding the spectra of
Figures 5 a and 5 b may thus be
best interpreted as the dimeric


Figure 5. 300 MHz 1H NMR spectra of the hydride resonances observed after hydrogenation of 1 (5mm) under
1 atm of H2 at 298 K. The top three spectra are observed experimentally and the bottom three simulated. a) 10 mm
of N(nBu)4Cl (equivalents of chloride anion) present. Observed and calculated coupling constants: 1JRh,H� 9.0 Hz
(observed), 2JP(cis),H� 12.5 Hz (observed), 2JP(cis),H� 14.4 Hz (calculated). Under the assumption of a monohydride
species, this resonance represents about 0.05 of a proton as determined by integration. b) 5mm (or 10mm) of
N(nBu)4I (1 or 2 equivalents of iodide anion). Observed and calculated coupling constants: 1JRh,H� 5.9 Hz
(observed), 2JP(cis),H� 15.9 Hz (observed), 2JP(cis),H� 13.8 Hz (calculated). Under the assumption of a monohydride
species, this resonance represents about 0.13 of a proton as determined by integration. c) 5 mm (or 10 mm) of
N(nBu)4I (1 or 2 equivalents of iodide anion) present. Observed and calculated coupling constants: 1JRh,H�
21.0 Hz (observed), 2JP(trans),H� 69.0 Hz (observed), 2JP(cis),H� 6.0 Hz (observed). The assignment of 1JRh,H and
2JP(cis),H is ambiguous but in related compounds, 2JP(trans),H>


1JRh,H>
2JP(cis),H.[23b, 33] Under the assumption of a


monohydride species, this resonance represents about 0.10 of a proton as determined by integration.







FULL PAPER J. M. Buriak, J. A. Osborn et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0601-0144 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 1144


complex [{Rh[(ÿ)-bdpp](H)(X)}2(m-X)2] (X�Cl, I) as shown
in Scheme 3 (complex J) since it would lead to octahedral
coordination about each rhodium center in the poorly
coordinating benzene solvent. An identical compound based
upon iridium, [{Ir[(ÿ)-bdpp](H)(I)}2(m-I)2],[30] is known
whose hydride is coupled (cis) to two chemically inequivalent
phosphorus atoms as is the case with the rhodium complex.
The C2 symmetry of the ligand broken by the apical H and I
substituents oriented trans to each other.[31] Related dimeric
species based upon rhodium have also been characterized,
including [{Rh(PEtPPh2)2(Cl)2}2(m-Cl)2].[32] An exact deter-
mination of these hydride species remains to be seen but
based upon literature precedent, a monomeric five-coordi-
nate RhIII trigonal-bipyramidal complex is possible which
probably dimerizes in the nonpolar benzene solvent to yield
[{Rh[(ÿ)-bdpp](H)(X)}2(m-X)2] (X�Cl, I). The compound
producing the triplet of triplets of triplets pattern (2JP(trans),H�
69.0 Hz (observed), 2JP(cis),H� 6.0 Hz (observed)) of Figure 5 c
is almost certainly the bridging monohydride dirhodium
complex [{Rh[(ÿ)-bdpp]}2(m-H)(m-I)], represented by H in
Scheme 3, based upon the similarity of the 1H NMR spectrum
with several closely related compounds that have been
previously characterized by NMR[23b] spectroscopy and crys-
tallographic analysis.[33] The routes leading to these hydride
species remain elusive and are the subject of continuing
investigation in our laboratory.


Towards a mechanism in the presence of halide anions :
Because monohydride species were observed with halides, the
possibility for a monohydride mechanism [Eq. (1)] needed to


be considered and contrasted with a dihydride Wilkinson�s
catalyst type mechanism [Eq. (2)].


LnMÿH� !LnM(CH2)2R
�H2 �! LnMÿH�CH3CH2R (1)


LnM!
�H2 �LnM(H)2 ! LnM�CH3CH2R (2)


The observed monohydride species do not appear to be
involved in catalysis due to their lack of observable reactivity
with an excess of 4 in an argon-purged [D6]benzene solution.
In addition, no isomerization of the olefin is observed under
catalytic conditions with the [Rh{(ÿ)-bdpp}] iodide or chlor-
ide complexes. While rhodium monohydrides are known to be
excellent isomerization catalysts,[10b, 34] these hydrides appear
inert and unreactive with respect to alkenes. Because mono-
hydride species may be formed through heterolytic dihydro-
gen activation, the addition of a strong, noncoordinating base
would be expected to increase rates and effect enantioselec-
tivity. Hydrogenation of 4 with 1 and one equivalent of
N(nBu)4I in C6H6, in the presence of a fivefold excess of
the proton sponge N,N,N',N'-tetramethyl-1,8-naphthalenedi-
amine, however, brought about little change in rate or
enantioselectivity. Thus a mechanism based upon monohy-
dride intermediates appears unlikely.


In order to ascertain definitively whether the hydrogena-
tion mechanism proceeds through a mono or dihydride
mechanism, PHIP 1H NMR spectroscopy was utilized.[35]


Since PHIP can only be observed when both H atoms from
a molecule of dihydrogen are transferred in a pairwise fashion
to the same molecule of substrate, enhancement of peaks in a


Scheme 3. Catalytic cycle, pre-equilibria and proposed monohydride species. Box I, the pre-equilibria, involves three rhodium species labeled A, B, and C
whose relative concentrations depend upon the quantity of added iodide. Splitting of the dimer [{Rh[(ÿ)-bdpp](m-I)}2] results in formation of two identical
14-electron monomeric units, [Rh{(ÿ)-bdpp}(I)], which are intermediates in the catalytic cycle for olefin hydrogenation (box II, the catalytic cycle). The
possibility for the existence of equilibria between B and D, and B�C and D are postulated but not determined. Dihydrogen addition to form E (geometry
unknown) is followed by olefin coordination, insertion, and then reductive elimination to yield the reduced, chiral product. Box III includes the proposed
structures for the inactive, observed hydride complexes. The exact stereochemistry of the intermediates shown here is merely tentative.
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hydrogenated product 1H NMR spectrum would clearly
indicate a dihydride mechanism [Eq. (2)]. In a monohydride
mechanism, the two hydrogen atoms transferred to the
substrate would arise from different molecules of dihydrogen
and thus polarization would not be observed [Eq. (1)].
[D8]Styrene, a perdeuterated model substrate studied pre-
viously with PHIP, was used in this study since it does not
overlap with any of the hydrogenated product peaks.[36, 37]


Upon addition of para-enriched hydrogen to 15 mm [Rh{(ÿ)-
bdpp}]� (formed from hydrogenation of 1) in [D6]benzene
with two equivalents of N(nBu)4I and 44 equivalents of
[D8]styrene, a net polarized spectrum can be observed (Fig-
ure 6 a), which is enhanced by �100 fold as determined by
integration. The polarized peaks correspond to the methylene
and methyl hydrogens arising from incorporation of H2 in
styrene to yield the expected ethyl benzene product. The
polarization fades within 5 min (Figure 6 b). That net polar-
ization is observed reveals that the hydrogenation occurs
before placement of the sample in the magnetic field and thus
hydrogenation commences rapidly under these conditions.[38]


Pairwise geminal CÿH exchange in styrene catalyzed by
[Rh{bis(diphenylphosphinobutane)}]� solvates in deuterated
acetone has been observed in 1H PHIP NMR experiments,
which leads to enhancement of those signals between d� 6
and 5.[39] As can be seen from Figure 6 a, no geminal CÿH
signal, corresponding to C6D5CD�C(paraÿH)2, is observed
which suggests that this exchange process is slow under these
conditions with added iodide.


All available evidence strongly points towards a dihydride
Wilkinson�s catalyst type mechanism. It is well known that
rhodium ± halide complexes form stable dimers in solu-
tion.[23b, 40] The faster rates at low RhI concentrations suggest
a monomeric catalytically active species as represented by D
in Scheme 3 whose formation is favored at the low concen-
trations, preventing self-inhibition through dimerization. The
catalytically active monomeric complex is proposed to be the
14-electron [Rh{(ÿ)-bdpp}(I)] which is spectroscopically
unobservable. This coordinatively unsaturated [Rh{(ÿ)-
bdpp}I] species is similar to the monomeric intermediate
[Rh(PPh3)2Cl] inferred for olefin hydrogenation with Wilkin-


son�s catalyst [RhCl(PPh3)3].[41] Excess iodide inhibits the
reaction rate through formation of [Rh{(ÿ)-bdpp}I2]ÿwhich is
probably not catalytically active. While the 14-electron
monomeric intermediate [Rh{(ÿ)-bdpp}I] has been implicat-
ed in this mechanism, Landis and Chan previously suggested
that dihydrogen addition to one of the rhodium centers of the
chloride-bridged dimer [{Rh[(�)-diop]}2(m-Cl)2], similar to A
in Scheme 3, could occur which would result in [Rh{(�)-
diop}(Cl)H2] after cleavage of the dimer.[42] In the case of the
[{Rh[(ÿ)-bdpp]}2(m-I)2] dimer, dihydrogen addition would
result in the same dihydride intermediate, E, [Rh{(ÿ)-
bdpp}(I)H2]. Although this step could occur in parallel, it
does not explain the increase in rate with decreasing [Rh] and
is thus improbable in this particular system. Like the
[Rh(PPh3)2Cl] complex in the Wilkinson mechanism, the
[Rh{(ÿ)-bdpp]}I complex then undergoes oxidative addition
of dihydrogen to form E which then coordinates to the olefinic
substrate. The geometry of the [Rh{(ÿ)-bdpp}(I)H2] species
could be square-pyramidal or trigonal-bipyramidal, as shown.
A recent study of olefin-catalyzed hydrogenation with
[RhCl(PPh3)3] using parahydrogen-induced polarization in-
dicates formation of the [Rh(PPh3)2H2Cl(olefin)] species with
cis phosphane ligands;[43] one of the hydrides is forcibly trans
to a phosphane ligand, a geometry previously believed to be
highly unfavorable.[41]


With the diphosphane (ÿ)-bdpp, the phosphane ligands
must coordinate in a cis fashion to the rhodium center because
of the small bite angle of the ligand. Therefore, the complex
[Rh{(ÿ)-bdpp}(I)H2], having a similar coordination sphere, is
reasonable and could be the active species in our case.
Because high pressures of H2 favor formation of dihydride
species through oxidative addition of dihydrogen, the reaction
mechanism at 70 atm is almost certainly a dihydride pathway


(dihydrogen addition prior to
olefin coordination). The cata-
lytic results indicate that the
enantioselectivity with halides
is independent of pressure
which suggests that the same
mechanism is in operation at
both 1 and 70 atm, explaining
the lack of dependence of enan-
tioselectivity on hydrogen pres-
sure. Takaya and co-workers
also noted that pressure had
no bearing upon the enantiose-
lectivity of hydrogenation of 4
with [Rh{(�)-binap}] com-
plexes with halides, thus dem-
onstrating the generality of this
anion effect with monodentate
olefinic substrates.[9]


Figure 6. 1H NMR spectra of hydrogenation of [D8]styrene carried out under PHIP conditions: 15mm of 1 with
two equivalents of N(nBu)4I in [D6]benzene with one atmosphere of para-enriched hydrogen at 298 K. a) Two
scans of the sample reveal a 100-fold increase in intensity of methylene and methyl peaks of the hydrogenated-
ethylbenzene product due to net polarization. b) Two scans after allowing the sample to relax for 5 min, revealing
complete disappearance of the polarization.
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Towards a mechanism in the presence of sulfonate anion : The
enantioselectivity does show pressure-dependent behavior
with the AOT sulfonate anion in benzene and in neat
methanol without additives (see Figure 1). With 0.1m AOT/
0.1m [15]crown-5 in C6H6, the ee increases from 42 % to 66 %
at 70 atm. The enhancement of enantioselectivity seen upon
increased pressure can be explained by a change in mecha-
nism from an unsaturate route (olefin binding prior to
dihydrogen addition) at atmospheric pressure, to a dihydride
route (dihydrogen addition before olefin binding) which is
favored at higher pressures as outlined in Scheme 4. At high
pressures of dihydrogen (>30 atm), the previously postulated
neutral, four-coordinate RhI complex, [Rh{(ÿ)-bdpp}(RSO3)]
(K of Scheme 4) with a bidentate sulfonate ligand is hydro-
genated, producing the six-coordinate dihydride species. Due
to the strong trans effect of the hydride ligand, dissociation of
one arm of the sulfonate ligand occurs, opening a binding site
for the olefin (O). The olefin then inserts (P), and the product
reductively eliminates. At low pressure, olefin binding occurs
before dihydrogen addition, which explains the substantial
(10 %) isomerization of 4 to (E)-2-phenyl-2-butene, possibly


through a p-allyl mechanism (vide infra). At atmospheric
pressure, the rate in neat MeOH is six times higher than in
0.1m AOT/0.1m [15]crown-5 in benzene, while at high
pressure the latter is faster. The reason for the sluggishness
of the AOT/[15]crown-5 system at 1 atm is due to the
competition at the rhodium center for binding by the
sulfonate, the benzene, and the olefin. The olefin must
coordinate to enable dihydrogen addition so olefin binding
becomes rate limiting. At higher pressures, the hydride
mechanism becomes dominant and thus dihydrogen can add
directly to the sulfonate complex (the major species present)
to give the dihydride complex [Rh{(ÿ)-bdpp}(RSO3)H2]. The
neutral sulfonate complex [Rh{(ÿ)-bdpp}(RSO3)] (K), being
more electron rich than the cationic methanol solvate
[Rh{(ÿ)-bdpp}(MeOH)x]� , would oxidatively add H2 faster,
also explaining at least partially the increase in rate. As a
result, hydrogenation of 4 is not inhibited at high pressures by
the large excess of bis(2-ethylhexyl)sulfosuccinate anion. The
complex [Rh(cod)(dppe)(p-O3SC6H4CH3)], which also con-
tains a sulfonate counteranion, has been shown to be active
for olefin isomerization at low pressures of hydrogen although


details concerning hydrogen
pressure effects were not stat-
ed.[44]


Effect of anion on isomeriza-
tion : A 10 % isomerization
(10 isomerization turnovers/
molecule of catalyst) is ob-
served in both neat methanol
and in [D6]benzene with AOT/
[15]crown-5. At high pressures,
rhodium dihydride species are
formed before olefin binding
and thus a dihydride mecha-
nism is taking place. Because
rhodium dihydride complexes
are generally not good isomer-
ization catalysts,[10a, 34] isomeri-
zation is effectively blocked at
high pressures. This explains
the lack of isomerization in the
all cases described here at high
pressure, and with halides at
low pressure as well since a
dihydride mechanism domi-
nates. At atmospheric pressure
in neat MeOH and [D6]benzene
with AOT/[15]crown-5, howev-
er, the olefin coordinates to the
complex before dihydrogen ad-
dition, and is isomerized, possi-
bly through a p-allyl mecha-
nism as shown in Scheme 5.
When a CD3OD solution of
the methanol solvate, [Rh{(ÿ)-
bdpp}(MeOH)x]� , is sparged
extensively with Ar to remove
residual H2, this complex rap-


Scheme 4. Olefin hydrogenation in the presence of the sulfonate anion formed from 0.1m AOT and one
equivalent of [15]crown-5. The neutral four-coordinate square-planar species [Rh{(ÿ)-bdpp}(RSO3)] (K) serves
as the initial, common intermediate in the catalytic cycle. At low pressures (<30 atm of dihydrogen), an
unsaturate route is followed whereby olefin binding (M) precedes dihydrogen addition (O). At high pressures
(>30 atm), a dihydride route is operational and dihydrogen first oxidatively adds to K, producing the dihydride
intermediate N which then coordinates a substrate molecule, forming O. Species O is common to both cycles and
is followed by insertion of the olefin into the RhÿH bond to form the alkyl complex P which then reductively
eliminates, producing the product alkane and the initial catalytic intermediate K. The exact stereochemistry of the
intermediates shown here is merely tentative.
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Scheme 5. Isomerization of 4 via a p-allyl. The solvated, cationic species
Rh(PÿP)� forms in neat methanolic solvent, and when the less strongly
binding sulfonate anion (as opposed to halide) dissociates.


idly isomerizes 4 in an NMR tube to give exclusively (E)-2-
phenyl-2-butene. While trace, spectroscopically unobservable
monohydrides may catalyze the isomerization, little evidence
supporting active monohydrides has been obtained in this
study. p-Allyl mechanisms have been invoked to explain the
isomerization activity of rhodium hydrogenation catalysts[45]


which operate through dihydride mechanisms.[46] The weakly
bound anions like sulfonate and perchlorate (the counterion
in 4) dissociate readily, opening up coordination sites which
enable the p-allyl mechanism to operate rapidly. The complex
is also more Lewis acidic due to the positive charge of the
complex which also encourages binding of the olefin to the
metal center. Halide binding, renders the complex neutral and
less Lewis acidic, and therefore olefin binding may occur less
readily, leading to substantially less isomerization through a
p-allyl mechanism under these conditions.


Because recent PHIP 1H NMR experiments by Bargon and
co-workers revealed exchange of the geminal CÿH hydrogens
of styrene with parahydrogen mediated by cationic rhodium
complexes under hydrogenation conditions, isomerization of
4 to the internal isomer (E)-2-phenyl-2-butene could occur
through a similar route.[39] Insertion of the olefin into one of
the RhÿH bonds of the dihydride complex can then undergo
b-hydride elimination, reforming either 4 or (E)-2-phenyl-2-
butene. The key to the mechanism is secondary coordination
by the phenyl group of styrene.[39] Secondary phenyl coordi-
nation is much more likely in the case of cationic rhodium
complexes because of their higher Lewis acidity and more
open coordination sphere as compared to the neutral halide
adducts. Takaya and co-workers proposed that reductive
elimination of the alkane product from neutral [Rh(binap)]
complexes in the presence of halide was too rapid to allow for
b-hydride elimination, explaining the lack of isomerization.[9]


We observed, however, that hydrogenated 1, [Rh{(ÿ)-
bdpp}]� , in the absence of dihydrogen (in an argon-sparged
solution of CD3OD), is capable of isomerization of 4 which
supports a p-allyl type mechanism. Trace hydrogen may,
however, remain in the solution and be responsible for the
observed isomerization through the discussed mechanism
involving dihydrides.


Effect of anion on enantioselectivity : Effects on enantiose-
lectivity due to anion coordination have been observed
previously upon addition of salts to rhodium-, iridium-, and
ruthenium-catalyzed reductions.[47] The improvements in ee
observed in this work for hydrogenation of 4 may be due to
one or both of the following factors:
ii) The steric influence of the anionic ligand bound to the


metal center could play an important role. It has been
suggested repeatedly that the chirality of the phosphane
backbone is transmitted to the substrate through the face ±
edge[48] or quasi-equatorial array[49] of phenyl groups.
Certain quadrants around the metal center become more
sterically hindered than others, forcing the prochiral
substrate into a certain conformation leading to chiral
induction. Therefore, an additional ligand would increase
the steric bulk around the metal center and thus enhance
one substrate binding mode over the other.


ii) Electronic effects could have large effects on catalyst
reactivity. Because electronic effects have been shown to
be important in asymmetric hydrogenation of enamides,[50]


anion coordination could adjust the electronics of the
metal center and favor certain diastereomeric intermedi-
ates or steps in the catalytic cycle.


As suggested earlier,[9] the formation of intermediate E in
Scheme 3 and N in Scheme 4 could be the enantioselective
step. If the anion is trans to the hydride, the trans effect of the
anion could affect the stability of the hydride, modifying the
difference of the free energy of activation of between the
transition states of the diastereomeric complexes for olefin
insertion, augmenting the enantioselectivity of the reaction.
Because several possible isomers are possible, this interpre-
tation remains plausible but speculative.


Conclusions


The presence of anionic achiral additives has very strong
effects on the enantioselectivity, hydrogen pressure depend-
ence, and rate for the asymmetric hydrogenation of mono-
dentate hydrocarbon olefins such as 4. Strongly coordinating
halides such as iodide bind to the cationic rhodium complex in
nonpolar benzene to form neutral and anionic complexes,
depending upon the relative ratio of anion/rhodium. Excess
halide brings about a decrease in rate due to inhibition, but
does not lower the enantioselectivity of the reaction. The
NMR studies, 1H, 31P and PHIP, indicate that a dihydride
mechanism is in operation at both low and high pressures
where dihydrogen addition occurs before olefin binding.
Monohydride species observed by NMR spectroscopy with
chloride and iodide are inactive, stable species not involved in
the catalytic cycle. With the more dissociative sulfonate anion,
however, catalytic data suggest that a dihydride mechanism
occurs only at high pressure; an ªunsaturateº route, that is
olefin binding before H2 addition, occurs at atmospheric
pressure. Olefin isomerization does not occur when halides
are present at any pressure, but is seen with sulfonate at low
pressure through what is probably mechanism involving a p-
allyl. The effect of anion binding is clearly general and is the
focus of continuing work. It is obvious that simple achiral
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additives have a dramatic influence on catalytic mechanisms
in late transition metal catalyzed reactions and a detailed
understanding of their role is extremely useful, if not essential
for the development of highly enantioselective catalysts
capable of reducing new and broad classes of olefinic
substrates.


Experimental Section


The reagents and solutions were handled under nitrogen or argon
atmosphere through standard Schlenk techniques or in a Vacuum
Atmospheres glovebox. NMR spectra were obtained using either
300 MHz or 500 MHz Bruker spectrometers, or a 200 MHz 200 XLA
Varian instrument. NMR spectra were simulated with NMR'' Version 1.0,
68881(2) Specific Code (developed by A. K. RappeÂ and C. J. Casewit). Gas
chromatography (GC) was carried out with a Hewlett Packard Serie-
s II 5890 equipped with a semicapillary column (HP-1, methylsilicone gum,
10 m� 0.53 mm� 2.65 mm) and a flame ionization detector (FID). Optical
rotations were performed by using a Perkin Elmer 241 polarimeter.
Solution samples were taken in a 10 cm glass cell and neat samples in a
1 cm glass cell. High-pressure hydrogenation reactions were carried out in a
50 mL stainless steel autoclave (Autoclave Engineers). The temperature is
held constant by a thermostated oil bath and the catalytic solution agitated
by magnetic stirring. Hydrogenations carried out at 1 atm were performed
on a dual manifold Schlenk line (Ace Glass) with H2 fed directly into the
manifold. Solvents were cyclically distilled under an inert atmosphere and
dried over the usual drying agents or were purified by using a homemade
Dow Chemical/Grubbs solvent purification system.[51] 2-phenyl-1-butene
(4) and a-cyclohexylstyrene (5) were synthesized by a Wittig reaction
according to known procedures and their purities verified by NMR
spectroscopy and GC.[52] trans-a-Methylstilbene and N,N,N',N'-tetrameth-
yl-1,8-naphthalenediamine were purchased from Aldrich and used as
received. [15]crown-5 was purchased from Aldrich and dried 12 h in vacuo
over molecular sieves. N(nBu)4I was purchased from Fluka as white crystals
and used as received while N(nBu)4Cl (Fluka) was dried 12 h in vacuo.
AOT (Aldrich, 99% stated purity) was purified by stirring 12 h with
activated charcoal in dry methanol, filtered repeatedly over celite to
eliminate charcoal and insoluble solids, and dried in vacuo 48 h according
to a literature procedure.[53] [D6]benzene was purchased from Cambridge
Isotope Laboratories and used as received. Methyl-(Z)-a-acetamidocinna-
mate was a generous gift from Dr. Claire Newton. [{Rh(NBD)}2(m-Cl)2]
was prepared according to published procedures.[54] [Rh{(ÿ)-
bdpp}(NBD)]ClO4, [Rh{(�)-prophos}(NBD)]ClO4 and [Rh{(�)-bi-
nap}(NBD)]ClO4 were prepared halide-free from [Rh(acac)(NBD)]
(acac� acetylacetonate), 70% HClO4, and the enantiomerically pure
phosphane purchased from Strem Chemicals, as previously described.[12]


High-pressure hydrogenation procedure : For a series of experiments in the
same solvent and same surfactant concentration, a standard solution was
prepared and kept in the glovebox. A typical hydrogenation experiment
was carried out as follows. The entire autoclave was taken into the
nitrogen-filled glovebox and filled with 1 (37 mg, 5� 10ÿ5 mol), the olefinic
substrate (5� 10ÿ3 mol), the surfactant/solvent mixture (10 mL) and any
co-additives (salts, [15]crown-5, etc.). The autoclave was sealed and
removed from the glovebox and attached to a high-pressure stainless steel
hydrogen line. The line was purged of air and the autoclave pressurized to
70 atm hydrogen pressure. The pressure was released and then refilled with
hydrogen, repeating this procedure three times in total. The autoclave was
refilled again to the desired pressure and the timing started with stirring of
the solution. Periodic samples of the reaction solution were taken utilizing
the dip/sample tube and analyzed. Hydrogenation of 4 and 5 could be
monitored by 1H NMR spectroscopy, or more conveniently, by GC; yields
by these two methods correlate within 2%. Isomerized 4, (E)-2-phenyl-2-
butene, was identified by its 1H NMR spectrum and was well separated
from 4 and the hydrogenation product 2-phenylbutane by GC. Samples
taken from hydrogenation reactions of 6 and 7 were analyzed by 1H NMR
spectroscopy. Following completion of the reaction, the pressure was
released and the products separated from the catalyst and other additives
by passing through a short (3 cm) plug of silica gel with a small excess of
pentane. For hydrogenation of 4 in MeOH, the 2-phenylbutane product


was extracted with pentane. Previously, the ee of the 2-phenylbutane
product had been determined in the literature through optical rotation, but
in this work we utilize exclusively a quick and effective 31P NMR method
involving the catalyst itself, [Rh{(ÿ)-bdpp}�], as an inorganic chiral shift
reagent since it requires only small quantities of material and is easily
performed.[21] Final yields for 6 and 7 were determined by 1H NMR
spectroscopy. Compound 7 was separated from its hydrogenation product
by chromatography as previously reported.[55] The ee can be determined by
optical rotation {[a]20


D ��16.4 (c� 2.0, MeOH)}[56] or using [Eu(hfc)3] in
CDCl3.


For the ee determination of the 2-phenylbutane hydrogenation products of
4 and 6, the 31P NMR method previously described was utilized. For an
accurate measurement of the hydrogenation product of 4, the 2-phenyl-
butane had to be free of 4 and the isomerization product (E)-2-phenyl-2-
butene; the following two methods could be used to purify the desired
product. Reverse-phase HPLC using 85:15 H2O/MeOH with a Zarbox
ODS semi-preparative reverse phase column (25 cm� 4.6 mm i.d.) cleanly
separated the three compounds. Alternatively, ªsilveredº 2-mm thick
preparative TLC silica plates could be used. Commercial TLC plates
(Merck) were silvered by soaking in 80:20 EtOH/H2O with 10% AgNO3


(by mass) for 2 min and then dried overnight in a dessicator in vacuo in
absence of light. The plates are then heated in an oven in air for 1 h at
160 8C or until they become pale red/brown. Small quantities (25 ± 50 mg)
of pure 2-phenylbutane (sufficient for 31P NMR ee determination) could be
eluted with neat pentane. If, however, the total percentage of 4 and (E)-2-
phenyl-2-butene in the sample was greater than 55 %, obtaining a pure
sample of 2-phenylbutane through this procedure was virtually impossible
and HPLC had to be used. Compound 6 did not have to be separated from
its hydrogenated product since it binds only weakly to [Rh{(ÿ)-bdpp}]� and
is well separated in the 31P NMR spectrum from the diastereomers formed.


Hydrogenations in NMR tube : The catalyst and additives were loaded into
a 5 mm NMR tube and taken into the glovebox. The deuterated solvent was
added and the tube sealed with a rubber septum and parafilm. The tube was
removed from the box and then purged with H2 through a stainless steel
needle piercing the rubber septum. In the case of the halides, if the halide
and catalyst were thoroughly mixed before hydrogen addition, the lemon-
yellow five-coordinate complex [Rh(NBD)(PÿP)X] (X�Cl, I) was
formed. Since this complex reacts very slowly with dihydrogen, the
following precautions were taken to avoid its formation:
[Rh(NBD)(PÿP)]ClO4 and the halide salt were placed in the bottom of
the NMR tube, and the [D6]benzene were added carefully without
dissolution of the solids. The sealed tube was removed from the glovebox
and purged with hydrogen through the rubber septum. Only at this point
the tube was shaken to induce hydrogenation of [Rh(NBD)(PÿP)]ClO4


and then complexation of the resulting complex with halide.
[Rh(NBD)(PÿP)]ClO4 reacts with dihydrogen almost immediately before
formation of [Rh(NBD)(PÿP)]X can take place, as demonstrated by NMR
studies.


Parahydrogen-induced polarization NMR procedure : Parahydrogen was
prepared according to the method of Bargon and co-workers.[58] [Rh{(ÿ)-
bdpp}(NBD)]ClO4 (6.7 mg, 9� 10ÿ6 n) and N(nBu)4I (6.6 mg, 1.8� 10ÿ5 n,
2 equivalents) were weighed and placed into an NMR tube and brought
into the dry box. [D6]benzene (0.6 mL) was then added to make the final
[Rh] 15 mm, taking care not to disturb the solid on the bottom. The tube
was then sealed and removed from the dry box. It was immersed in liquid
nitrogen and purged with parahydrogen for 1 min. The tube was stored in
liquid nitrogen, then thawed, shaken, and inserted into the NMR
spectrometer. Two scans were immediately recorded; the process from
thawing to accumulation taking no more than 30 s. The 1H NMR spectrum
failed to show any polarization due to metal hydride species. The tube was
then brought back into the dry box and [D8]styrene (0.05 mL, 4� 10ÿ4 n,
44 equivalents) added and the tube again sealed, removed from the
glovebox, frozen in liquid nitrogen, and purged with parahydrogen. After
the sample had been thawed, shaken, and immediately inserted into the
NMR, two scans revealed a large enhancement of the alkyl signals at d�
2.45 and 1.05 of greater than 100 times. The two signals correspond to the H
of the methylene and the methyl, respectively, of the ethylbenzene
hydrogenation product. Repeated removal of the tube, shaking, and
reinsertion in the instrument (8 times) renewed the observed polarization.
A 1H NMR spectrum taken 5 min after shaking with parahydrogen showed
loss of all polarization.
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Nonenzymatic Template-Directed Reactions on Altritol Oligomers,
Preorganized Analogues of Oligonucleotides
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Abstract: Altritol nucleic acids (ANAs) are RNA analogues with a phosphorylated
d-altritol backbone. The nucleobase is attached at the 2-(S)-position of the
carbohydrate moiety. We report that ANA oligomers are superior to the corre-
sponding DNA, RNA, and HNA (hexitol nucleic acid) in supporting efficient
nonenzymatic template-directed synthesis of complementary RNAs from nucleo-
side-5'-phosphoro-2-methyl imidazolides. Activated ANA and HNA monomers do
not oligomerize efficiently on DNA, RNA, HNA, or ANA templates.


Keywords: altritol nucleic acids ´
information transfer ´ oligomeriza-
tions ´ oligonucleotides ´ template
synthesis


Introduction


Nonenzymatic synthesis of RNA oligomers from nucleoside
5'-phosphorimidazolides (Figure 1a) on RNA or DNA tem-
plates has been studied in detail.[1±14] Recently, we have
reported nonenzymatic template-directed RNA synthesis on
hexitol nucleic acids (HNAs, Figure 1b).[15±17] HNA oligomers,
unlike the pRNAs studied by Eschenmoser and his co-
workers,[18] form antiparallel duplexes with complementary
DNA or RNA oligomers with structures that closely resemble
that of the A form of double-stranded nucleic acids.[19±21] In
general, HNA templates are superior to DNA and RNA
templates with respect to efficiency and regioselectivity.[15±17]


Altritol nucleic acids (ANAs) are novel RNA analogues
with a phosphorylated d-altritol backbone and a nucleobase
at the 2-(S)-position of the carbohydrate residue (Fig-
ure 1b).[22] They can be considered as HNA analogues that
have an additional hydroxy group introduced into the six-
membered hexitol ring. In a duplex, this group is directed into
the minor groove and contributes to stability of the duplex by
increasing the hydration of the groove.[23] The hydroxy group
may also help to pre-organize a helical single-stranded
structure that is optimal for the formation of the A-type
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Figure 1. a) Structure of activated nucleoside 5'-phosphates (2-MeImpB),
where B can be A, G, C, or U; b) structures of altritol nucleic acid (ANA)
and hexitol nucleic acid (HNA) oligomers; c) structures of RNA and DNA
oligomers.


double helix.[23] ANA ± RNA and ANA ± DNA duplexes are
more stable than the corresponding HNA hybrids.[23]


In this work we compare the oligomerization of guanosine
5'-phosphoro-2-methylimidazole (2-MeImpG) on decacytidy-
late templates of ANA, HNA, RNA, and DNA. We also
report experiments on information transfer from ANA
heterosequences to RNA by nonenzymatic template-directed
synthesis. The reaction conditions were chosen to facilitate
direct comparison with previously published results. Unsuc-
cessful attempts to generate long oligomers from activated
hexitol and altritol monomers on various templates are also
briefly reported.
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Results


Oligomerization of 2-MeImpG on ANA, HNA, RNA, and
DNA C10 templates : In the absence of a template, an aqueous
solution of 2-MeImpG yields as products only dimers and
smaller amounts of trimers. The results obtained with an
HNA, RNA, or DNA C10 template (Figure 2a ± c) are
analogous to those previously reported.[16] The major peaks


Figure 2. Elution profiles from an RPC5 column of the products from the
oligomerization of 2-MeImpG on an ANA (d), HNA (c), RNA (b), and
DNA (a) C10 templates after 14 days. The numbers above the peaks indicate
the length of the all 3' ± 5'-linked oligo(G)n products, T indicates the
template.


on the HPLC profiles correspond to all 3'-5'-linked oligo(G)ns
ranging in length from the dimer to the 10-mer; minor peaks
correspond to oligomers that include 2'-5'-phosphodiester
bands and/or 5'-terminal pyrophosphate caps. An ANA C10


template catalyzes efficient oligomerization of 2-MeImpG,
generating significant amounts of Gn oligomers up to 14-mer
(Figure 2d). The major products up to G10 formed on an ANA
C10 template were shown by co-chromatography to be
identical with oligo(G)ns synthesized in a reaction on an
RNA C10 template. The slow and non-regiospecific addition of
the last G residue on RNA and DNA templates has been
attributed to growing instability of the template ± substrate
double-helix as the 5'-terminus of the template is approach-
ed.[7, 8] Our present results show that ANA and HNA
templates permit efficient chain elongation all the way to
the 5'-terminus of the template.


In addition to oligomers up to G10, we detected oligomers
G11 ± G14 among the products formed after two weeks on an
ANA C10 template (Figure 2d). After four weeks, Gn oligom-
ers up to the 25-mer were formed in appreciable yields (data
not shown). We believe that this is due to ªslidingº on the
template, an effect which was described earlier.[7] We do not
understand why sliding is stronger for an ANA template than
for the corresponding DNA, RNA, or HNA templates.


An HNA d-C10 template is more enantioselective than the
corresponding DNA or RNA template.[15] This finding
provides a partial answer to the problem of enantiomeric
cross-inhibition.[24, 25] An ANA d-C10 template has the same


enantioselectivity as an HNA d-C10 template under our
standard experimental conditions (data not shown).


Information transfer from ANA and HNA oligomers to RNA


A) Extension of a 32p(dG)3G primer on C4XC4 (X�G, U/T or
A) ANA and HNA templates : The product distributions in
the reactions of 32P-labeled p(dG)3G with 2-MeImpG or an
equimolar mixture of 2-MeImpG with 2-MeImpC,
2-MeImpA, or 2-MeImpU on C4XC4 (X�G, U/T or A)
ANA and HNA templates are shown in Figure 3. Significant


Figure 3. a) Extension of a 32p(dG)3G primer on ANA and HNA templates
C4XC4 (X�G, U/Tor A) after five days; A represents an ANA template, H
represents a HNA template, G represents 2-MeImpG, G�C represents an
equimolar mixture of 2-MeImpG and 2-MeImpC, etc. The fastest-moving
band in the diagram corresponds to the 32p(dG)3G primer. b) Schematic
representation of the primer 32p(dG)3G extension reaction with 2-MeImpG
and 2-MeImpX' on a C4XC4 template, X�G, U/T or A, and X' is the
complement of X.


extension of the primer p(dG)3G with 2-MeImpG alone does
not take place on C4GC4 or C4AC4 templates in either the
ANA or the HNA series (Figure 3, lanes 1 and 2 and 9 and 10).
In the presence of a C4U/TC4 template conversion of 90 %
(ANA template) and 60 % (HNA template) of the primer to
products p(dG)3G(G)n up to octamer is observed (Figure 3,
lanes 5 and 6), presumably due to G-U/T wobble pairing.[6]


The extension of the primer p(dG)3G with an equimolar
mixture of 2-MeImpG and 2-MeImpC in the presence of a
C4GC4 ANA or HNA template leads to conversion of more
than 95 % of the primer to p(dG)3GC(G)4 and p(dG)3GC(G)3


products (Figure 3, lanes 3 and 4). However, the ratio between
p(dG)3GC(G)4 and p(dG)3GC(G)3 products is about 9:1 in
the case of a C4GC4 ANA template and only 1:1 in the case of
a C4GC4 HNA template. The extension of the primer
p(dG)3G with an equimolar mixture of 2-MeImpG and
2-MeImpA on a C4UC4 ANA template or a C4TC4 HNA
template leads to conversion of more than 95 % of the primer
to a mixture of p(dG)3GA(G)4 and p(dG)3GA(G)3 (Figure 3,
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lanes 7 and 8). The ratio be-
tween p(dG)3GA(G)4 and
p(dG)3GA(G)3 products is
about 9:1 in the case of a
C4UC4 ANA template and
about 1:1 in the case of a
C4TC4 HNA template. Oligom-
ers p(dG)3G(G)n (n� 1 ± 4)
which are obtained with
2-MeImpG alone on C4U/TC4


ANA or HNA templates (see
above) are not observed when a
mixture of 2-MeImpG and
2-MeImpA is used (compare
lanes 5 ± 8 in Figure 3). The
extension of the primer
p(dG)3G with an equimolar
mixture of 2-MeImpG and
2-MeImpU on a C4AC4 ANA
template leads to conversion of
about 30 % of the primer to p(dG)3GU(G)4 and
p(dG)3GU(G)3 products with a ratio of 3:2, while a C4AC4


HNA template catalyzes conversion of about 15 % of the
primer into p(dG)3GU(G)4 and p(dG)3GU(G)3 products with
a ratio of 2:3 (Figure 3, lanes 11 and 12).


The presence of predominantly 3' ± 5' internucleotide bonds
upstream and downstream of the X residue in p(dG)3GX(G)n


primer extension products (X�C, A or U) was confirmed by
RNase hydrolysis. The CpG and UpG internucleotide bonds
in p(dG)3GC(G)n and p(dG)3GU(G)n products were cleaved
with more than 90 % efficiency by RNase A, an enzyme which
cleaves 3' ± 5' internucleotide bonds after C and U residues.
The ApG internucleotide bond in p(dG)3GA(G)n oligomers
was cleaved with more than 90 % efficiency with RNase U2,
an enzyme which cleaves 3' ± 5' internucleotide bonds after A
residues. The GpX internucleotide bonds in p(dG)3GX(G)n


products were cleaved with RNase T1, an enzyme which
cleaves 3' ± 5' internucleotide bonds after G residues, with
more than 90 % efficiency, for X�U, C or A.


B) Oligomerization of activated mononucleotides on C4XC4


(X�G, U/T or A) ANA and HNA templates : The presence
of a C4GC4 or a C4AC4 ANA or HNA template leads to
oligomerization of 2-MeImpG alone to give large amounts of
G4 and small amounts of G5. The presence of a C4UC4 ANA
or C4TC4 HNA template leads to oligomerization of
2-MeImpG to give products up to G9 (data not shown). An
equimolar mixture of 2-MeImpG and 2-MeImpC in the
presence of a C4GC4 ANA or HNA template leads to the
generation of G4CGn products up to a nonamer (Figure 4,
left). An equimolar mixture of 2-MeImpG and 2-MeImpA in
the presence of a C4UC4 ANA or C4TC4 HNA template leads
to very efficient generation of G4AGn products up to a
nonamer (Figure 4, center). Oligomers Gn which were ob-
tained in the presence of 2-MeImpG alone on C4UC4 ANA or
C4TC4 HNA templates are not observed when a mixture of
2-MeImpG and 2-MeImpA is used. An equimolar mixture of
2-MeImpG and 2-MeImpU in the presence of a C4AC4 ANA
template leads to formation of G4UGn products up to a


nonamer but on a C4AC4 HNA template the yield of these
products is reduced by a factor of about two (Figure 4, right).


Reaction of activated altritol and hexitol monomers on ANA,
HNA, RNA, and DNA C10 templates : The HPLC elution
profiles of products formed from activated hexitol monomers
(2-MeImpHG, Figure 5, left) and from activated altritol
monomers (2-MeImpAG, Figure 5, right) on ANA and
RNA C10 templates are shown in Figure 5. The results
obtained on HNA and DNA C10 templates are almost
identical to the results obtained on ANA and RNA templates,
respectively (data not shown). The oligomerization of
2-MeImpHG and 2-MeImpAG is template dependent, but


Figure 5. a) Structures of 2-MeImpHG and 2-MeImpAG. b) Elution
profiles from an RPC5 column of the products from the oligomerization of
2-MeImpHG and 2-MeImpAG on an ANA or an RNA C10 template after
seven days. The ANA and RNA C10 templates were cleaved with RNase A
before analysis.


Figure 4. Elution profiles from an RPC5 column of the products from the oligomerization on ANA and HNA
C4XC4 templates (X�G, U/T or A) an equimolar mixture of 2-MeImpG and 2-MeImpC (G�C), an equimolar
mixture of 2-MeImpG and 2-MeImpA (G�A), or an equimolar mixture of 2-MeImpG and 2-MeImpU (G�U).
The reaction time was 14 days. The numbers above the peaks indicate the length of the all 3' ± 5'-linked
oligoribonucleotide products.
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formation of oligomers longer than 4-mer in detectable
amounts does not occur. The material obtained after oligo-
merization of 2-MeImpAG on an ANA C10 template and
designated as peak ª3º in the Figure 5 was collected and
dialyzed. Hydrolysis by alkaline phosphatase and Zr4� ions[16]


shows that this material is a mixture of altritol oligomers
pGpGpG and GppGpG in a ratio of about 3:2.


In further experiments we have found that activation of
altritol and hexitol monomers with imidazole or 2-ethyl-
imidazole does not lead to the formation of oligomers on any
of the templates we tested. Furthermore, Pb2�-catalyzed
oligomerization[16, 26] is not successful in the case of activated
altritol and hexitol monomers (data not shown).


Attempts to extend a 32P-labeled p(dG)3G primer with
2-MeImpHG or 2-MeImpAG on a C10 DNA, RNA, ANA, or
HNA templates led to the addition of one monomer to the
primer with almost 100 % efficiency. However, no longer
oligomers were detected other than that in which one
additional monomer was attached to the 5'-end, generating
a pyrophosphate-capped product (data not shown).


Discussion


The results reported above confirm that HNA templates are
superior to DNA and RNA templates in terms of efficiency
and regiospecificity. We now find that the properties of ANA
templates are qualitatively similar to those of HNA templates,
but that ANA templates are quantitatively superior whenever
differences can be detected. The difference is most marked for
the least efficient steps in template-directed elongation, the
addition of the last nucleotide in the oligomeric product on
C4XC4 templates and the incorporation of a U residue
opposite an A residue on the C4AC4 templates. In previously
published work[6, 17, 27, 28] the incorporation of U opposite an A
on a template has proved to be significantly less efficient than
the corresponding incorporations opposite U or G. It is
striking that copying proceeds past an A residue in ANA as
efficiently as it proceeds past the other bases (Figure 4,
center).


A more detailed comparison of the incorporation of U
opposite A on an ANA template reveals an interesting
difference between extension of a (dG)3G primer and syn-
thesis of larger oligomers from activated ribonucleotide
monomers. In the latter case, as we have seen, an A residue
in the template is not a block for primer extension. However,
addition of a U residue to the primer opposite A is
significantly less efficient than other primer extension reac-
tions. This indicates that G4 is a much more efficient primer
than (dG)3G with respect to addition of a U residue opposite
A on an ANA template. A related effect on DNA and RNA
templates has been reported.[13, 14] The authors suggested that
the structure of the primer ± template duplex has a substantial
effect on the efficiency of the reaction, and that the duplexes
with the A structure of nucleic acid double helices promote
the most efficient primer extension.


Our experiments do not establish the reason for the
superiority of ANA templates. However, they are consistent
with the suggestion that pre-organization of a single-stranded


oligomer into a helix the structure of which approximates to
the A structure of DNA and RNA strongly favors template
activity. There is independent evidence that HNAs and ANAs
are extensively pre-organized into such a structure.[19, 20, 23]


It is perhaps surprising that activated HNA and ANA
monomers are not good substrates in template-directed
reactions, given that HNA and ANA oligomers are excellent
templates. This finding demonstrates that the stability of a
double-helical structure based on nucleotide analogues pro-
vides no guarantee that template-directed synthesis from
monomers will be favored. The success of template-directed
reactions depends on a favorable alignment of an hydroxy
group of a primer with an activated phosphate group of a
monomer. Stability of the double-helical product does not
guarantee that the primer and the activated monomer will
align correctly. The failure of template reactions in systems
where the B form of DNA is stable illustrates this
point.[13, 14, 16]


The results presented above reinforce the suggestion of
Göbel and co-workers[13, 14] that the work of Wu et al[2, 5, 6] may
represent a somewhat too pessimistic view on the prospects
for nonenzymatic replication of RNA. In many earlier
experiments, as in those reported above, the primer consisted
of an oligodeoxynucleotide terminated by a single ribonu-
cleotide residue and the template was an oligodeoxynucleo-
tide. With this arrangement, the template ± primer double
helix may not adopt an A conformation around the 3'-
terminus of the primer.[13, 14] Therefore, the primer extension
reaction may be inhibited. Clearly, more detailed information
transfer experiments with RNA primers and templates are
now necessary, and they are underway.


Conclusion


HNA and ANA are nucleic acid analogues that are pre-
organized to form double-helical complexes with an A-like
nucleic acid structure. The superiority of these analogues to
DNA and RNA as templates is thought to be due to this pre-
organization. The superiority of ANA over HNA as a
template correlates with the greater stability of ANA ± RNA
double helices.[23] This provides further evidence that tem-
plate-directed reactions of nucleoside-5'-phosphoro-2-meth-
ylimidazolides are restricted to the A-type nucleic acid
structure. [13, 14, 16]


The failure of activated monomers of the HNA and ANA to
undergo efficient template-directed oligomerization empha-
sizes that not all monomers that form stable double-helical
polymers are likely to undergo efficient template-directed
oligomerization. Replication may be more demanding than
helix formation.


Experimental Section


Unless otherwise noted, all chemicals were reagent grade, were purchased
from commercial sources, and were used without further purification.
Nucleotide 5'-phosphoro-2-methylimidazoles (2-MeImpB, B�G, C, A, U)
were obtained by a published method[3] in at least 95% yield. 2-MeImpHG
or 2-MeImpAG were obtained from corresponding monomers by a
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published method[3] in at least 90% yield. The oligodeoxyribonucleotides
were synthesized and purified as described.[29] The altritol and hexitol
nucleic acid templates and nucleosides were synthesized and purified as
described.[20, 22, 23] The monophosphates of the altritol and hexitol nucleic
acid nucleosides were synthesized according to the method of Yoshikawa
et al.[30]


pAG: 31P NMR (D2O): d� 1.870 (s); 13C NMR (D2O):d� 159.52 (C-6),
154.32 (C-2), 152.43 (C-4), 139.34 (C-8), 116.22 (C-5), 76.47 (d, 3Jc,P�
7.8 Hz, C-5'), 68.22 (C-3'), 65.20 (C-4'), 64.61 (br., C-6'), 64.12 (C-1'),
55.34 (C-2'); 1H NMR (D2O): d� 3.897 (dd, 1 H, J4',3'� 3.2 Hz, J4',5'�
8.2 Hz, H-4'), 4.032 (dt, 1H, J5',4'� 8.1 Hz, J5',6'a�b� 3.8 Hz, H-5'), 4.185
(dd, 2H, J6',5'� 3.9 Hz, J6',P� 5.6 Hz, H-6'a�b), 4.273 (d, 2H, J� 3.2 Hz,
H-1'), 4.362 (dd, 1H, J3',2'� 4.7 Hz, J3',4'� 3.3 Hz, H-3'), 4.561 (dt, 1H, J2',3'�
4.6 Hz, J2',1'a�b� 3.2 Hz, H-2'), 8.120 (s, 1 H, H-8).


pHG: 31P NMR (D2O): d� 1.843 (s); 13C NMR (D2O): d� 159.44 (C-6),
154.25 (C-2), 152.95 (C-4), 139.55 (C-8), 116.22 (C-5), 81.60 (d, 3Jc,P�
8.1 Hz, C-5'), 68.92 (C-1'), 64.90 (d, J� 4.3 Hz, C-6'), 61.97 (C-4'), 51.13
(C-2'), 35.35 (C-3'); 1H NMR (D2O): d� 1.935 (m, 1H, H-3'a), 2.338 (br. d,
1H, J� 12.0 Hz, H-3'b), 3.500 (br., 1 H, H-4'), 3.699 (br., 1H, H-5'), 3.929
(d, 1 H, J� 12.5 Hz, H-1'A), 4.010 (br., 1 H, H-6'a), 4.057 (br., 2 H, H-6'b
and H-2'), 4.206 (d, 1H, J� 12.5 Hz, H-1'b), 8.000 (s, 1 H, H-8).


The oligomerization reactions of d-2-MeImpG (or its mixture with equal
amount of l-2-MeImpG) on all-d DNA, RNA, HNA, or ANA C10


templates were run for 14 days at 0 8C in 0.2m 2,6-lutidine-HCl buffer
(pH 7.9 at 25 8C) containing 1.2m NaCl, 0.2m MgCl2, 0.5mm of a template
and 0.05m 2-MeImpG (or 0.05m d-2-MeImpG and 0.05m l-2-MeImpG).
The oligomerization reactions of 2-MeImpHG or 2-MeImpAG on DNA,
RNA, HNA, or ANA C10 templates were run for seven days at 0 8C in 0.2m
2,6-lutidine-HCl buffer (pH 7.9 at 25 8C) containing 1.2m NaCl, 0.2m
MgCl2, 0.5mm of a template and 0.1m 2-MeImpHG (or 2-MeImpAG).
Reaction conditions for the oligomerization of 2-MeImpG (or its mixture
with equal amount of 2-MeImpC, 2-MeImpA, 2-MeImpU) on HNA or
ANA C4XC4 templates were chosen to permit comparison with earlier
published work.[28, 29] One set of reactions was run for 14 days at 0 8C in 0.2m
2,6-lutidine-HCl buffer (pH 7.9 at 25 8C) containing 1.2m NaCl, 0.2m
MgCl2, 0.5mm of a template and 0.1m 2-MeImpG. In the second set of
reactions the solution described above contained not only 0.1m 2-MeImpG
but also 0.1m of the activated nucleotide complementary to X in the
corresponding C4XC4 template. The reaction mixtures were analyzed by
HPLC on an RPC5 column as previously described.[29] An RNA C10


template was cleaved with RNase A before analysis as described.[3] We
used the same conditions to cleave an ANA C10 with RNase A.


Reaction conditions for p(dG)3G primer extension with 2-MeImpG (or its
mixture with an equal amount of 2-MeImpC, 2-MeImpA, or 2-MeImpU)
on different templates were again chosen to permit comparison with earlier
published work.[28, 29] One set of reactions was incubated for five days at
0 8C in 0.2m 2,6-lutidine buffer (pH 7.9 at 25 8C) containing 1.2m NaCl, 0.2m
MgCl2, 20 mm of a template, 20nm of the primer, and 50mm 2-MeImpG,
2-MeImpHG, or 2-MeImpAG. In the second set of reactions the solution
described above contained not only 50mm 2-MeImpG but also 50 mm of the
activated nucleotide complementary to X in the corresponding C4XC4


template. The reaction mixtures were analyzed by electrophoresis in 20%
PAG containing 8m urea as previously described.[28, 29] The reaction
mixtures were desalted on Nensorb columns (Nen DuPont) prior to RNase
digestion. Digestion with RNase T1 (10U; Sigma), RNase U2 (10U;
Pharmacia) and RNase A (5U; Sigma) was carried out in 12 mL of 25 mm
Na-citrate buffer containing 1 mm EDTA, 6m urea and about 1 nm of total
primer extension products. The reaction mixture was incubated at 50 8C for
30 min at pH 5.0 (RNases T1 and A) or pH 3.5 (RNase U2). The reaction
mixtures were analyzed by electrophoresis in 20 % PAG containing 8m
urea.[28, 29]
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Interdigitation, Interpenetration and Intercalation in Layered Cuprous
Tricyanomethanide Derivatives


Stuart R. Batten, Bernard F. Hoskins, and Richard Robson*[a]


Abstract: Reaction of CuI, tricyanomethanide (tcmÿ, C(CN)3
ÿ) and L� either


hexamethylenetetramine (hmt), 4,4'-bipyridine (bipy) or 1,2-bis(4-pyridyl)ethene
(bpe) gives crystals of [Cu(tcm)(hmt)] (1), [Cu(tcm)(bipy)] (2) and [Cu(tcm)(bpe)] ´
0.25 bpe ´ 0.5 MeCN (3), respectively. Crystal structure analysis shows 1 ± 3 all contain
closely related puckered (4,4) sheets composed of tetrahedral CuI ions bridged by
2-connecting tcmÿ and L. The crystal packing, however, varies markedly with L. In 1
the sheets interdigitate in pairs. In 2 the sheets participate in parallel interpenetration
in pairs. In 3 guest bpe and MeCN molecules are intercalated in channels formed by
the stacking of the sheets.


Keywords: coordination polymers ´
copper ´ intercalations ´ interdigita-
tion ´ interpenetrating structures ´
N ligands


Introduction


Coordination polymer frameworks are much studied at
present.[1] A major reason for this interest is the promise of
being able to generate by deliberate design new materials with
useful tailor-made properties but coordination polymers are
important also for the less utilitarian reason that they
constitute a unique and interesting branch of fundamental
structural chemistry.


With specific regard to two-dimensional networks, three
distinctly different strategies can be discerned whereby sheets
containing significant holes contrive to occupy space effi-
ciently, namely, interdigitation of adjacent sheets,[2] inter-
penetration of the sheets,[3] and intercalation of guests;[4]


examples of each of these strategies are found in the closely
related sheet structures reported in this paper. The two major
classes of interpenetration seen with sheet structures are
parallel interpenetration in which each sheet is intimately
entangled with a finite number of others (often two but
occasionally more) whose mean planes are parallel, and
inclined interpenetration in which the mean planes of the
sheets are not all parallel and each sheet is penetrated by an
infinite number of inclined ones.[3] Intercalation of ordered
guest molecules or counterions into sheet structures can be
broadly classed as through-sheet, between-sheet and within-
sheet intercalation.


The results presented below arose out of our ongoing
interest in coordination polymers containing the ligand tcmÿ


(tricyanomethanide, C(CN)3
ÿ


, Scheme 1). The structures of
the binary compounds [M(tcm)2], in which M is one of a wide


Scheme 1. Ligands used in this work.


range of divalent octahedral metal ions and tcmÿ plays a
3-connecting role, contain two independent and interpene-
trating three-dimensional (3D) nets with the topology of the
rutile prototype.[5] The infinite 3D framework in
[Cd(tcm)(B(OMe)4)] ´ x MeOH is chiral and is constructed
from 3-connecting tcmÿ ions and bridging, chelating
B(OMe)4


ÿ ions.[6] [Cd(tcm)(hmt)(H2O)](tcm), hmt� hexa-
methylenetetramine, has a rutile-related network structure in
which both the tcmÿ and the hmt moieties are 3-connecting;
uncoordinated tcmÿ ions which hydrogen bond to water
ligands are also present.[7] The tcmÿ ligand, often in the
company of monodentate nitrogen-donor co-ligands, forms a
number of other polymeric compounds with metal ions.[8]


[Ag(tcm)] consists of corrugated hexagonal (6,3) sheets
whose 3-connecting nodes are provided by both tcmÿ and
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three-coordinate silver; pairs of sheets of this type inter-
penetrate in the parallel mode.[9, 10] The closely related
structure of [Ag(tcm)(MeCN)] contains pairs of interpene-
trating sheets very similar to those in the unsolvated parent
but now each silver is four-coordinate carrying a monodentate
MeCN ligand which increases the separation between adja-
cent composite sheets.[9] Analogous Ag(tcm) double layers
are bridged by phenazine (phz) ligands in [Ag(tcm)(phz)1/2] to
give two interpenetrating 3D nets.[9] Two interpenetrating 3D
networks are also seen in the structures of [Ag(tcm)(L)] in
which L� pyrazine, 1,4-diazobicyclo[2.2.2]octane, or 4,4'-
bipyridine (bipy),[9] but in these cases the Ag(tcm) (6,3)
sheets are internally planar in contrast to the corrugated ones
in the parent [Ag(tcm)] and its MeCN and phz derivatives.
The L ligands connect each planar Ag(tcm) sheet to two
others, one on each side, the Ag centres acquiring thereby a
trigonal-bipyramidal coordination geometry. The structures
of [Ag(tcm)(Me4pyz)1/2] (Me4pyz� tetramethylpyrazine) and
[Ag(tcm)(bpe)] (bpe� 1,2-bis(4-pyridyl)ethene) are different
again.[9]


This rich structural variety shown by [Ag(tcm)] derivatives
prompted us to investigate analogous [CuI(tcm)] systems with
the very different outcomes described below.


Results and Discussion


Reaction of hexamethylenetetramine (hmt) with CuI and
tcmÿ in acetonitrile gave crystals of [Cu(tcm)(hmt)] (1),
whose structure was determined by single-crystal X-ray
diffraction (see Tables 1 and 2 and Figures 1 and 2). The


Figure 1. Atom numbering and (4,4) sheet structure of 1.


copper centres, all of which are equivalent with a distorted
tetrahedral coordination geometry, provide the 4-connecting
nodes in (4,4) rectangular grid sheets (Figures 1 and 2). The
copper atoms within a sheet are all coplanar. The sides of the
rectangles of the grid lying parallel with the a axis are
provided by 2-connecting tcmÿ bridges and the sides parallel
with the c axis are provided by hmt bridges which are also
2-connecting. Both ligands have a non-linear bridging geom-
etry and all the hmt ligands are located on one side of the
plane of the copper centres and all the tcm- units on the other.
The structure provides a very nice example of interdigitation.
The sheets occur in discrete pairs in which the rod-like


Figure 2. Interdigitation within a pair of puckered (4,4) sheets in 1.


Table 1. Selected crystallographic and data collection parameters for compounds
1 ± 3.


[Cu(tcm)(hmt)] [Cu(tcm)(bipy)] [Cu(tcm)(bpe)] ´
0.25 bpe ´ 0.5 MeCN


(1) (2) (3)


molecular formula CuC10N7H12 CuC14N5H8 CuC20N6H14


M 293.83 309.81 401.94
crystal system orthorhombic orthorhombic monoclinic
space group Cmcm (no. 63) Pcab (no. 61) P21/c (no. 14)
a [�] 8.027(2) 7.651(2) 7.882(2)
b [�] 23.230(5) 17.995(3) 25.465(5)
c [�] 6.188(2) 20.450(5) 18.713(6)
b [8] ± ± 96.63(3)
U [�3] 1153.9 2815.5 3730.6
Z 4 8 8
T [K] 295(1) 295(1) 295(1)
1calcd , 1obs [g cmÿ3] 1.69, 1.67(2) 1.46, 1.46(1) 1.43, 1.45(1)
m [cmÿ1] 18.60 15.23 11.62
2qmax [8] 60 52 50
data collected 1339 4078 9143
unique data (Rint) 972 (0.0123) 2759 (0.0353) 6923 (0.0181)
observed data 596 [I3s(I)] 488 [I3s(I)] 4032 [I2s(I)]
transmission factors 0.8707 ± 0.9738 0.8774 ± 0.9786 0.8173 ± 0.9350
number of parameters 68 88 510
R[a] 0.0376 0.0819 0.0629
Rw


[b] 0.0344 0.0677 0.0534
weighting scheme (k, g)[c] 1.1949, 0.0002 3.201, 0.001 1.9443, 0.0002
goodness of fit 1.259 1.918 1.463
D1max [e�ÿ3] 0.37 0.65 0.60


[a] R�S jDF j /S jFo j . [b] Rw�Sw1/2 jDF j /Sw1/2 jFo j . [c] w�k[s2(Fo)�g jFo j 2]ÿ1
.


Table 2. Selected interatomic distances [�] and angles [8] for 1.[a]


CuÿN(4) 2.223(3) CuÿN(1) 1.929(4)
Cu ´´´ CuIV 8.027 Cu ´´´ CuII 6.188
N(4)-Cu-N(1) 103.35(7) N(4)-Cu-N(1)I 103.35(7)
N(4)-Cu-N(4)III 114.02(9) N(1)-Cu-N(4)III 103.35(7)
N(1)-Cu-N(1)I 129.8(2) Cu-N(1)-C(1) 179.9(4)


[a] Symmetry transformations: (I): ÿx, y, z ; (II): x, y, ÿ0.5ÿ z ; (III): x, y,
0.5ÿ z ; (IV): 1ÿ x, y, z.
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uncoordinated nitrile groups of one penetrate the rectangular
windows of the partner, as can be clearly seen in Figure 2. The
interdigitating tcmÿ units make very close contact; adjacent
trigonal carbon centres are separated by only 3.10 �. The
tcm ´´´ tcm separation within a given sheet is dictated by the
Cu-hmt-Cu separation (6.19 �) which coincidentally allows
this very snug interdigitation. It appears that the interdigita-
tion can only be accomplished by slightly stretching the
CuÿN(hmt) bonds which are somewhat longer (2.223(3) �)
than those seen in [(Cu(CN))3(hmt)2] (2.104(3) and
2.172(3) �).[11]


Reaction of CuI, tcmÿ and 4,4'-bipyridine (bipy) in acetoni-
trile gave crystals of [Cu(tcm)(bipy)] (2), whose structure was
determined by single-crystal X-ray diffraction (see Tables 1
and 3 and Figures 3 and 4). The structure consists of
corrugated (4,4) sheets in which distorted tetrahedral copper
centres provide the 4-connecting nodes and tcmÿ and bipy
both act as 2-connectors. In contrast to the [Cu(tcm)(hmt)]


Figure 3. Two interpenetrating (4,4) sheets and selected atom numbering
for 2.


example above the copper atoms within a sheet are not all
coplanar; rather, half fall in one plane, half in a separate
parallel plane. Within a single sheet infinite Cu/tcmÿ chains, in
which the copper atoms are colinear, run in the a direction.
These Cu/tcmÿ chains are arranged such that the uncoordi-
nated nitrile groups in one are all on one side of the sheet and


those in the two adjacent chains are on the opposite side. The
corrugated nature of the sheets allows them to interpenetrate
in pairs in the parallel mode[3] (Figures 3 and 4). Each
Cu4(tcm)2(bipy)2 window is penetrated by one Cu-bipy-Cu
rod of the other sheet. All bipy units are equivalent but the
pyridyl components of each bipy are of two types, one of
which appears in face-to-face columns running in the a
direction clearly visible in both Figures 3 and 4 (centroid ±
centroid separation� a/2� 3.83 �, probably too large to
suggest any significant p ± p interaction). The second type of
pyridine ring is rotated around the central CÿC bond of the
bipy by 27.5o relative to the first. Rod-like uncoordinated
nitrile groups project like bristles from both sides of the
composite paired-up sheets and interdigitate with adjoining
composites as can be clearly seen in Figure 4. The interdigi-
tating tcmÿ bristles, however, are further apart than those in 1
(closest contact is C1 ´´ ´ C2� 3.65 �). The terminal N of the
bristles is located 2.52 � from a H atom of a bipy in the
adjacent composite layer, possibly indicative of what could be
described as a weak CÿH ´´´ N hydrogen bond.[12]


Figure 4. Interdigitation of layers of doubly interpenetrating puckered
sheets in 2.


Reaction of CuI, tcmÿ and 1,2-bis(4-pyridyl)ethene (bpe)
gave yellow crystals of [Cu(tcm)(bpe)] ´ 0.25 bpe ´ 0.5 MeCN
(3), whose structure was determined by single-crystal X-ray
diffraction (see Tables 1 and 4 and Figures 5 ± 8). The structure
consists of corrugated Cu(tcm)(bpe) sheets with a (4,4)
topology and a geometry very similar to those seen in
[Cu(tcm)(bipy)] above. Cu/tcmÿ chains in which the metals
are colinear run in the a direction. Zig-zag Cu/bpe chains run
in the c direction. The metal again has a distorted tetrahedral
coordination geometry. Uncoordinated nitriles of tcmÿ bristle
out in opposite directions from the two sides of the sheet,
much as in [Cu(tcm)(bipy)] (Figure 6). In [Cu(tcm)(bpe)] ´
0.25 bpe ´ 0.5 MeCN, however, there is no interpenetration;
instead, through-sheet intercalation of guest molecules occurs.
Channels of roughly square cross-section running in the b
direction formed by the stacking of the sheets are occupied by
uncoordinated bpe molecules and twice as many acetonitrile
guests which alternate along the channels in the order, -bpe-
MeCN-NCMe-bpe-MeCN-NCMe-bpe- (Figures 7 and 8). As


Table 3. Selected interatomic distances [�] and angles [8] for 2.[a]


CuÿN(1) 1.95(2) CuIIIÿN(2) 1.97(3)
CuÿN(11) 1.97(3) CuIVÿN(12) 2.09(3)
Cu ´´´ CuIII 7.651(5) Cu ´´´ CuIV 11.203(7)
N(1)-Cu-N(11) 111(1) N(1)-Cu-N(12)II 105(1)
N(1)-Cu-N(2)I 115(1) N(11)-Cu-N(2)I 110(1)
N(11)-Cu-N(12)II 105(1) N(2)I-Cu-N(12)II 111(1)
Cu-N(1)-C(1) 176(2) CuIII-N(2)-C(2) 172(3)


[a] Symmetry transformations: (I): 1� x, y, z ; (II): x, yÿ 0.5, 0.5ÿ z ; (III):
xÿ 1, y, z ; (IV): x, 0.5� y, 0.5ÿ z.
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Figure 5. A Cu(tcm)(bpe) sheet with selected atom numbering in 3.


Figure 6. A side-on view of the puckered (4,4) sheet in 3.


will be apparent on inspection of Figure 8 (left), two types of
framework bpe ligands are present, differing in the orienta-
tion of their pyridine rings. One type (type A) is seen in the
close vicinity of the channel bpe ligands which are encircled
by two equivalent rings of composition Cu4(tcm)2(bpe)2, one
from each of two separate sheets (Figure 8 left). The second


Figure 7. Intercalation of guest bpe and MeCN molecules in the rectan-
gular channels of 3 created by stacking of the Cu(tcm)(bpe) sheets.


Figure 8. Left) A fraction of a single channel in 3 showing Cu4(tcm)2(bpe)2


rings from six separate sheets encircling one uncoordinated bpe (centrally
placed in this view) and four acetonitrile guest molecules. The two types of
sheet bpe ligand (A and B) are also shown. Right) The bpe and MeCN
guests in eight channels viewed from the same aspect as in a).


type of framework bpe ligand (type B) is involved in
encirclement of the two MeCN molecules. Apparently the
orientations of the pyridine rings of the framework bpe
ligands adjust themselves to the requirements of the particular
intercalated species (bpe or MeCN) with which they make
close contact. No outstanding, obviously structure-determin-
ing, intermolecular contacts are apparent, although some
specific interactions, considered below, can be identified
which may have significance with regard to the structure
adopted. All framework bpe ligands, whether type A or type
B, make moderately close contact with two others belonging
to adjacent sheets, one type A and the other type B. The


Table 4. Selected interatomic distances [�] and angles [8] for 3.[a]


Cu(1)ÿN(2) 1.950(4) Cu(1)ÿN(11) 2.080(5)
Cu(1)ÿN(12) 2.114(4) Cu(1)IIÿN(1) 1.952(4)
Cu(2)ÿN(5) 1.948(4) Cu(2)ÿN(10) 2.106(4)
Cu(2)IÿN(7) 1.942(4) Cu(2)IIIÿN(13) 2.060(4)
Cu(1) ´´ ´ Cu(1)II 7.882(2) Cu(2) ´´ ´ Cu(2)I 7.882(2)
Cu(2) ´´ ´ Cu(2)III 18.713(6)
N(2)-Cu(1)-N(12) 103.7(2) N(2)-Cu(1)-N(11) 115.3(2)
N(2)-Cu(1)-N(1)I 120.9(2) N(11)-Cu(1)-N(12) 96.9(2)
N(11)-Cu(1)-N(1)I 104.0(2) N(5)-Cu(2)-N(10) 110.4(2)
N(5)-Cu(2)-N(7)II 121.7(2) N(5)-Cu(2)-N(13)III 105.2(2)
N(10)-Cu(2)-N(7)II 104.7(2) N(10)-Cu(2)-N(13)III 99.6(2)
N(7)II-Cu(2)-N(13)III 113.1(2)


[a] Symmetry transformations: (I): 1� x, y, z ; (II): xÿ 1, y, z ; (III): x, y,
zÿ 1.
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closest non-hydrogen type A to type A contact is a C ´´´ C
separation of 3.32 �, indicating significant p ± p interaction
(offset). Less pronounced interaction is evident between type
B ligands, the closest C ´´ ´ C separation being 3.53 �. There
are no non-hydrogen contacts between type A and type B
ligands of any significance. There is a suggestion of a weak
CÿH ´´´ p hydrogen bond[13] between a pyridyl hydrogen of
one of the framework type A bpe ligands and the C�C p


system in the guest bpe molecule (H ´´´ X� 2.61 �, H ´´´ C�
2.64, 2.73 �, CÿH ´´´ X� 1488, where X is the midpoint of the
C�C bond).


The compounds described here have much in common; all
are Cu(tcm) derivatives in which the metal is tetrahedral and
all contain puckered (4,4) rectangular grid sheets in which
both tcmÿ and the co-ligands act as 2-connecting bridges.
Despite this close relationship the structures adopted differ
markedly, representing each of the three main ways in which
porous sheet arrangements achieve packing efficiencyÐ1
interdigitates, 2 interpenetrates and 3 intercalates. It is clear
that the preference for one packing motif over another is
determined in a complex and subtle manner by the summa-
tion of a very large number of weak interactions. Although we
are unable to propose definitive reasons as to why each
compound adopts a different strategy to minimise its energy
the following simple observations can be made. In 1, the
shortness and bulkiness of the hmt bridge means that the
rectangular windows in the individual sheets are too small and
sterically cramped to allow interpenetration. In 2 and 3, the
co-ligands, bipy and bpe, being considerably longer and
sterically less bulky, make penetration by other nets or by
guest molecules feasible. Some indication of the packing
efficiency of a structure is afforded by the volume per non-
hydrogen atom, which is 16.0 �3 for 1, 17.6 �3 for 2 and
17.3 �3 for 3, relatively low figures as coordination polymers
go, indicating relatively efficient packing. If one takes the
dimensions of the puckered sheets in the bpe structure and
calculates the theoretical packing efficiency for the hypo-
thetical arrangement with the same parallel interpenetrating
structure as is observed for [Cu(tcm)(bipy)] the calculated
volume per non-hydrogen atom is about 22.3 �3. Clearly for
bpe the observed through-sheet intercalated arrangement is a
much more efficient alternative. A number of moderately
close contacts between the bpe guests and the Cu(tcm)(bpe)
sheets suggest that the channels provide a reasonably snug fit
for the guests, as is supported by the relatively small volume
per non-hydrogen atom. Replacement of bpe with bipy would
result in a reduction of the channel dimensions, possibly by an
amount too great to allow intercalation of guest bipy
molecules.


The results presented here serve to emphasise the magni-
tude of the problem involved in attempting to determine by
computation the structure of a coordination polymer simply
on the basis of the components present in the reaction mixture
from which it grows. In the general coordination polymer case,
in addition to the subtle balances between many weak forces
of attraction and repulsion, of the sort responsible for the
variety of structural outcomes seen in the particular systems
reported here, there are additional areas of major unpredict-
ability such as the coordination geometries of both metal and


ligands: using again the particular systems considered here to
illustrate the general point, tcmÿ in the above Cu compounds
acts uniformly as a 2-connector, yet in the Ag analogues it acts
as a 3-connector.


Experimental Section


General procedure : Hmt, bipy, bpe, Me4NBr and all non-aqueous solvents
were purchased from commercial sources and used as supplied.
[Me4N][tcm] was synthesised by aqueous metathesis of Me4NBr and
K[tcm].[5b, 14]


Synthesis of 1: Reaction of [Cu(MeCN)4](ClO4) (353 mg, 1.1 mmol) in
acetonitrile (10 mL), [Me4N][tcm] (189 mg, 1.2 mmol) in acetonitrile
(50 mL) and hexamethylenetetramine (329 mg, 2.3 mmol) in acetonitrile
(25 mL) gave fine colourless needles of 1 after three days. Yield: 99 mg
(31 %); IR (KBr disk): nÄ � 500, 516, 547, 617, 660, 680, 698, 775, 795, 823,
926, 998, 1017, 1029, 1050, 1225, 1232, 1240, 1263, 1350, 1362, 1382, 1442,
1479, 1484, 2180, 2470, 2860, 2940, 3430 (br) cmÿ1; anal. calcd for
CuC10N7H12: Cu 21.62, C 40.87, N 33.38, H 4.12; found: Cu 21.03, C 41.07,
N 33.25, H 3.93. X-ray powder diffraction of the bulk sample indicated the
crystal structure reported here is consistent with the bulk of the product
obtained.


Synthesis of 2 : Reaction of [Cu(MeCN)4](ClO4) (32 mg, 0.098 mmol) in
acetonitrile (1 mL), [Me4N][tcm] (18 mg, 0.11 mmol) in acetonitrile
(10 mL) and 4,4'-bipyridine (15 mg, 0.096 mmol) in acetonitrile (5 mL)
gave fine yellow needles of 2. Yield: 16 mg (54 % ); IR (weak, KBr disk):
nÄ � 552, 603, 626, 729, 805, 1065, 1218, 1250, 1320, 1365, 1410, 1488, 1536,
1602, 2200, 3445 (br) cmÿ1; anal. calcd for CuC14N5H8: C 54.27, N 22.61, H
2.61; found: C 53.28, N 22.30, H 2.44. The crystal structure was performed
on a crystal obtained from a more dilute (ca. one-half the concentration of
Cu) reaction to that detailed above which contained a five-fold excess of
bipy. Crystallisation was much slower, and gave low yields of larger crystals
suitable for crystallography. Several different single crystals from the lower
concentration reaction gave identical cell parameters. Although the bulk
product obtained from the concentrated reaction looked identical in
morphology and colour to that obtained from the less concentrated
reaction (except the crystals obtained thereby were larger), elemental and
powder diffraction analysis indicates possible formation of a second, as yet
unidentified product.


Synthesis of 3 : Reaction of [Cu(MeCN)4](ClO4) (32 mg, 0.098 mmol) in
acetonitrile (1 mL), [Me4N][tcm] (20 mg, 0.12 mmol) in acetonitrile
(30 mL) and 1,4-bis(4-pyridyl)ethene (89 mg, 0.49 mmol) in acetonitrile
(15 mL) gave a yellow solution which produced orange crystals of 3 after
four days. Yield: 20 mg (51 %); IR (KBr disk): nÄ � 550, 616, 823, 975, 1010,
1066, 1219, 1256, 1297, 1422, 1500, 1542, 1553, 1603, 2180, 2910, 2160, 2230,
3410 (br) cmÿ1; anal. calcd for CuC20N6H14.0.7H2O: Cu 15.29, C 57.80, N
20.23, H 3.98; found: Cu 15.37, C 58.20, N 19.94, H 3.18. X-ray powder
diffraction of the bulk sample indicated the crystal structure reported here
is consistent with the bulk of the product obtained.


Crystallography : Crystal data and details of the structure determinations
are presented in Table 1. A clear colourless crystal (0.014� 0.072�
0.21 mm) of 1 and a yellow needle (0.014� 0.086� 0.14 mm) of 2 were
mounted on glass fibres, while the orange crystal (0.058� 0.17� 0.31 mm)
of 3 was sensitive to solvent loss and sealed with mother liquor in a
Lindemann glass capillary. The intensity data were collected using the w:2q


scan technique on an Enraf-Nonius CAD-4F diffractometer fitted with
MoKa radiation (l� 0.71069 �) and a graphite monochromator. Accurate
values for the unit cell parameters and crystal orientation were obtained by
a least-squares procedure from the angular settings of 25 automatically
centred reflections. During data collection three reflections were used as
orientation controls and measured every 150 reflections. Similarly, three
further reflections were used as intensity controls and measured every
10000 s. Significant crystal decay was observed only for 3, and the data was
adjusted accordingly.


Corrections for Lorentz, polarisation and absorption effects were applied
to the data. The structure of 1 was solved from the Patterson functions
(SHELXS-86).[15] All hydrogens were found in the subsequent difference
maps, assigned to calculated positions and refined with a common isotropic
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thermal parameter. Anisotropic thermal parameters were applied to all
non-hydrogen atoms. For 2 the structure was solved using direct methods
(SHELXS-86). All hydrogen atoms were assigned to calculated positions
and refined with a common isotropic thermal parameter. Anisotropic
thermal parameters were applied to only the copper atoms. In the structure
of 3 the positions of all non-hydrogen atoms except those of the acetonitrile
guests were determined using direct methods (SHELXS-86). The atoms of
the acetonitrile ligand and all hydrogen atoms were found in the
subsequent difference maps, and the hydrogens were assigned to calculated
positions. All pyridyl hydrogens of the bpe ligands within the sheets were
assigned a common isotropic thermal parameter, as were all ethene bpe
hydrogen atoms within the sheets, and all pyridyl hydrogens of the guest
bpe molecules. The isotropic thermal parameters of the acetonitrile
hydrogens were fixed at 0.15. Anisotropic thermal parameters were applied
to all non-hydrogen atoms.


Refinements for all structures were achieved using the SHELX-76
system.[16] Weighting schemes of the form w� k[s2(Fo)� g jFo j 2]ÿ1 were
used with the parameters k and g being redetermined at the end of each
cycle. Anisotropic extinction parameters x were also included in the
refinements so that Fc was modified according to Fc(corr)�Fc(1ÿ xFc


2/
sinq). They refined to values of 0.07(3),ÿ0.018(9), and ÿ0.001(4)� 106 for
1, 2 and 3, respectively. The parameters used for the scattering curves of C,
H, and N were those incorporated into the SHELX-76 system. Coefficients
for the scattering curves for all other elements present were those for their
atomic forms taken from International Tables for X-ray Crystallography
Vol. IV;[17] corrections were made for anomalous dispersion.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication numbers CCDC-118844
(1), CCDC-118845 (2) and CCDC-118846 (3). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).
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Chemoenzymatic Synthesis and Fluorescent Visualization of Cell-Surface
Selectin-Bound Sialyl Lewis X Derivatives


Valentin Wittmann, Arun K. Datta, Kathryn M. Koeller, and Chi-Huey Wong*[a]


Abstract: Sialyl Lewis x (sLex) derivatives conjugated to readily visualized
molecular labels are useful chemical probes to study selectin ± carbohydrate
interactions. Localization of the selectins on the surface of leukocytes and activated
endothelial cells can be detected through fluorescence of bound selectin ligands.
Herein we present a short chemoenzymatic synthesis of a fluorescently labeled
bivalent sLex conjugate. The use of an amino-substituted monovalent sLex to obtain
fluorescent- and biotin-labeled sLex derivatives is also described. The cell-staining
utility of the fluorescent sLex conjugates is demonstrated for a HUVEC cell line
expressing E-selectin and for CHO-K1 cells expressing either L- or E-selectin.


Keywords: chemoenzymatic synthe-
sis ´ oligosaccharides ´ regioselec-
tive glycosylation ´ selectin ´ sialyl
Lewis x


Introduction


Leukocyte adhesion to the vascular endothelium is a defining
event in the inflammatory response. In the initial stages of this
multistep process, leukocytes transiently tether and roll on the
endothelial layer through adhesive interactions between the
selectins and their carbohydrate ligands.[1] The tetrasacchar-
ides sialyl Lewis x (sLex),[2] sialyl Lewis a (sLea),[3] and sulfated
derivatives thereof[4] have been identified as minimal carbo-
hydrate epitopes recognized by selectins. Studies involving
bi-,[5±8, 18] tri-,[7, 9, 10] tetra-,[11] and polyvalent[12±17] sLex deriva-
tives have suggested that the selectin ± ligand interaction may
be multivalent in nature.


Bivalent sLex derivative 1, previously reported by this
laboratory, inhibits binding of HL-60 cells to immobilized
E-selectin five times more efficiently than sLex itself.[6a, b]


Fluorescent derivatives of 1 therefore are of interest as cell-
staining reagents[19] and as tools in the development of a
fluorescence-based[20] E-selectin binding assay.[21]


As such, N-glycoconjugate 2 was selected as a primary
synthetic target in this study. The b-alanine spacer at the
carbohydrate reducing terminus facilitated the incorporation
of molecular probes at a position unlikely to interfere with the
selectin ± ligand interaction. The strategy for the synthesis of 2
consisted of three stages: 1) chemical synthesis of trisacchar-
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ide-b-alanine conjugate 17, 2) tandem enzymatic introduction
of six peripheral carbohydrates, and 3) attachment of the
fluorescent label through amide coupling.


Chemoenzymatic synthesis of monomeric sLex derivative
22 has been previously reported by this laboratory.[18] Mono-
meric labeled sLex derivatives were readily obtained through
conjugation of 22 to molecular probes containing activated
esters.


The utility of labeled sLex-derivatives as cell-staining
reagents was demonstrated for human umbilical vein endo-
thelial cells (HUVEC) expressing E-selectin or chinese
hamster ovary (CHO) cells expressing either L- or E-selectin.
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The synthetic sLex conjugates were shown to bind specifically
to each selectin, in a manner similar to that of anti-selectin
monoclonal antibodies (mAb).


Results and Discussion


Synthetic route to divalent 2 : The structure GlcNAcb1,3(Glc-
NAcb1,6)GalbOR represents the branch point of the I blood
group antigen and the core structure of bivalent sLex


derivative 2. The preparation of N-glycosides of this core
structure has not been previously reported. The application of
glycosyl azides in the synthesis of N-glycoconjugates is well
established,[22] and this strategy was therefore chosen here.
Specifically, Kunz et al. have utilized sLex glycosyl azides in
the formation of multivalent sLex conjugates.[9, 10] As follows,
the main task in the synthesis of fluorescent conjugate 2 was to
develop an efficient route to 3,6-diglycosylated galactosyl
azides.


Synthesis of trisaccharide azide 12 : In order to circumvent
extensive protecting group manipulations, the goal was to
synthesize 12 following the concept of minimal protection and
regioselective glycosylation.[23] The initial approach[24] was
based on 3,4-O-isopropylidene derivative 5 as a substrate for
preferred glycosylation at the primary 6-OH group. Thus,
trisaccharide 12 was available in eight steps from penta-O-
acetyl-b-d-galactopyranose (3) (Schemes 1 and 2). Treatment
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Scheme 1. a) HBr, HOAc, b) NaN3, Bu4NHSO4, EtOAc/NaHCO3 soln;
c) NaOMe, MeOH, 92 % (three steps); d) dimethoxypropane, p-TsOH,
DMF; then Et3HN�TsOÿ, MeOH, H2O, reflux 3 h, 86%; e) 6 (1.2 equiv),
AgOTf, collidine, ÿ20 8C.


of known galactosyl azide 4[25] with dimethoxypropane gave
3,4-O-isopropylidene derivative 5 in 86 % yield after cleav-
age[26] of the mixed acetal at the 6-hydroxyl. Small amounts of
the 4,6-isomer (4%) and the 2,3:4,6-di-O-isopropylidene
compound (2 %) were also isolated from the reaction mixture.
Diol acceptor 5 was then glycosylated with donor 6.[27]


Unexpectedly, when dichloromethane was employed as the
solvent, only 37 % of the desired (1,6)-linked disaccharide 7
was formed. The remainder of the reaction products were
undesired regioisomer 8 (11 %) and trisaccharide 9 (32 %,


yields based on azide 5). In nitromethane, however, the
regioselectivity was acceptable, yielding 62 % of 7, 7 % of 8,
and 9 % of 9.[28] The position of the newly formed glycosidic
bond in 7 was unambiguously deduced from the coupling
pattern in the 1H NMR spectrum of 7.[29] Acetylation of 7 and
removal of the isopropylidene group gave diol 11 (Scheme 2).
In contrast to acceptor 5, glycosylation of the 2-O-acetylated
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Scheme 2. a) Ac2O, pyridine, 97%; b) 80 % HOAc, 74%; c) 6 (1.5 equiv),
AgOTf, collidine, CH2Cl2, ÿ20 8C, 84 %.


acceptor 11 proceeded with remarkable regioselectivity at the
equatorial 3-position and furnished 12 in 84 % yield.[30] In this
reaction, dichloromethane was the solvent of choice, since the
use of nitromethane under otherwise identical conditions
resulted in incomplete reaction. However, in both cases,
glycosylation at the 4-position of the 3,4-diol could not be
detected. Since it is also possible to selectively glycosylate 4,6-
diols in galactopyranosides at the 6-position,[6b, 23c,e,f] it was
expected that the 2-O-acetylated 3,4,6-triol 14 would be a
promising glycosyl acceptor for a simultaneous introduction
of two glucosamine residues in the 3- and 6-positions of the
galactose ring.[31]


In an alternative synthetic strategy, 14 was efficiently
obtained by making use of a 1,2-orthoester (Scheme 3).
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Scheme 3. a) HBr, HOAc; b) Bu4NBr, EtOH, collidine; c) NaOMe,
MeOH, 87% (three steps); d) TMS-N3 (10 equiv), THF, rt to reflux, then
80% HOAc, 90%; e) 6 (2.5 equiv), AgOTf, collidine, CH2Cl2, ÿ30 8C,
70%; f) ethylene diamine; g) Ac2O, pyridine, 90 % (two steps); h) H2/Pd-C;
i) Cbz-b-Ala-OH, HBTU, HOBt, iPr2NEt, 67 % (two steps); j) NaOMe,
MeOH, 86 %.
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Bromination[32] of pentaacetate 3, followed by cyclization[33]


and deprotection gave orthoester 13[34] as a mixture of epimers
(endo/exo 83:17). The orthoester functionality served as a
means to both distinguish the 2-OH group from the remaining
hydroxyls and activate the anomeric carbon. Thus, treatment
of triol 13 with trimethylsilyl azide[35] provided triol 14 in a
single step in 90 % yield. In this case, acidic work-up was
necessary to remove TMS ethers generated in situ. Silver
triflate promoted diglycosylation of 14 with donor 6 in
dichloromethane resulted in the formation of trisaccharide
12 in a yield of 70 %. Small amounts of intermediate 11
formed in the reaction were easily removed by flash
chromatography. With this approach, trisaccharide 12 was
accessible from pentaacetate 3 in only five steps and high
overall yield.


Synthesis of trisaccharide-b-alanine conjugate 17: Deprotec-
tion of 12 with ethylene diamine,[36] followed by treatment
with acetic anhydride, furnished peracetylated trisaccharide
15 in 90 % yield. Hydrazine hydrate could not be used to
remove the phthaloyl groups as a result of a side reaction of
the anomeric azido function. The azido function was smoothly
reduced hydrogenolytically on palladium black, and the
resulting glycosyl amine was coupled to Cbz-protected b-
alanine with HBTU[37] as coupling reagent. O-Deacetylation
utilizing Zemplen conditions gave glycoconjugate 17, which
was used as a primer in subsequent glycosyltransferase-
catalyzed[38] glycosylations.


Enzymatic glycosylations and attachment of the fluorophor :
Treatment of primer 17 with b-1,4-galactosyltransferase (b-
1,4-GalT) and 2.6 equivalents of UDP-Gal gave pentasac-
charide 18 in quantitative yield (Scheme 4). Similarly, two
sialic acid residues were introduced with a-2,3-sialyltransfer-
ase (a-2,3-SiaT) to give heptasaccharide 19 (92% yield).
Subsequent addition of two fucose residues employing a-1,3-
fucosyltransferase V (a-1,3-FucT V) then afforded nonasac-
charide 20 (see above, 85 % yield). Alkaline phosphatase
(AP) was added to all three glycosylation reactions in order to


prevent product inhibition[39] by UDP, CMP, and GDP,
respectively, and to facilitate product isolation from these
nucleotides by size-exclusion chromatography. Notably, 17,
18, and 19 were accepted as substrates by the transferases
despite the presence of the unnatural Cbz-b-alanine group at
the reducing terminus. Finally, Cbz-protected glycoconjugate
20 was deprotected hydrogenolytically and reacted with
BODIPY-succinimidyl ester 21, leading to fluorescently
labeled nonasaccharide-b-alanine conjugate 2 in 89 %
yield.


In summary, following the protecting group strategy
presented in Schemes 3 and 4, the synthesis of 2 was
accomplished in only 15 steps from commercially available 3.


Synthesis of fluorescent- and biotin-labeled derivatives 23 and
25 : Recently, the synthesis of amino-substituted sLex deriv-
ative 22 was described. Compound 22 was employed in the
preparation of sLex dimers with oligoethylene glycol based
spacers of varying chain length.[18] As shown in Scheme 5, 22
was also coupled to the succinimidyl esters 21 and 24 to
produce fluorescent BODIPY-labeled sLex derivative 23 and
biotinylated sLex derivative 25 in 83 % and 65 % yields,
respectively. Thus, labeled monovalent sLex derivatives were
also easily accessible by short chemoenzymatic routes.


Application of fluorescent sLex derivatives as cell-staining
reagents : The cell-staining utility of the fluorescently labeled
sLex conjugates was then demonstrated. First, stable CHO-K1
cell lines expressing either L-selectin or E-selectin were
generated. Full length L-[44] and E-selectin[45] were amplified
with primers based on the published sequences by using the
reverse transcriptase (RT) product as the template. These
were subcloned in pcDNA.3, a mammalian expression vector
with CMV promoter, and Neo gene as the selectable marker.
In CHO-K1, the selectins were expressed on the cell surface
with normal transmembrane topology. After transfection,
cells incorporating the expression vector were selected by
G418 resistance. For further selection, the individual colonies
were grown in duplicate plates. One of the plates was used for
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Scheme 5. a) 21, Et3N, DMF, 83%; b) 24, Et3N, DMF, 65%.


ELISA, employing monoclonal antibodies for either L-selec-
tin (mAb CD62L) or E-selectin (mAb CD62E), respectively.
In the ELISA assay, individual CHO-K1 cell lines expressing
L- or E-selectin were identified. The cell lines with maximal
OD450 were used for fluorescence activated cell sorting
(FACS) analysis, and the top 0.1 % of cells showing expression
were collected (Figure 1). These cells were grown in MEM
(minimum essential medium) medium containing 5 % fetal
calf serum, G418 (100 mg mLÿ1), and 1 % l-glutamine, and
finally selected by limited dilution method.


In another set of experiments, HUVEC cells were stimu-
lated to produce cell-surface E-selectin by treatment with
lipopolysaccharide (LPS) and/or interferon-1b (IFN-1b) fol-
lowing previously published procedures.[2d, 12] Expression of
E-selectin on the cell surface was verified by staining the
activated cells with mAb CD62E, as described above. After


the cells were washed, they were fixed and visualized under a
fluorescence microscope. The antibody was detected at
570 nm by using TRITC-conjugated anti-mouse IgG.


After the expression of the cell-surface E-selectin was
established, the cells were incubated with the BODIPY-
labeled mono- and divalent sLex conjugates. The cells were
washed again, fixed, and visualized under a fluorescence
microscope. BODIPY-labeled conjugates were detected by
intrinsic fluorescence at 508 nm.


Figure 2 shows the cell-staining experiments performed
with the CHO-K1 cells expressing E-selectin, while Figure 3
shows similar experiments conducted with L-selectin. The


Figure 2. CHO-K1 cells expressing E-selectin: a) under transmitted light;
b) stained with BODIPY-labeled sLex monomer 23 ; c) cell stained with
CD62E mAb followed by TRITC-conjugated anti-mouse IgG; d) under
transmitted light; e) stained with BODIPY-labeled sLex dimer 2 ; f) stained
with CD62E mAb followed by TRITC-conjugated anti-mouse IgG. CHO-
K1 cells negative for E-selectin expression did not exhibit staining with 2,
23, or CD62E mAb (data not shown).


staining of HUVEC cells expressing E-selectin is shown in
Figure 4. At the present levels of selectin expression, the cell-
staining pattern observed is similar for the mAb and the sLex


derivatives for all cell lines in-
vestigated. Thus, the usefulness
of the labeled sLex derivatives
in localizing E- and L-selectin
on various cell surfaces has
been established by these ex-
periments. Though E-selectin
expression has been visualized
with fluorescent sLex-based li-
gands previously, we are un-
aware of other reports of this
nature involving the detection
of L-selectin.


In the binding analysis of
carbohydrate ligands for the
selectins, it is necessary to ver-
ify that mimetic structures have
access to the appropriate car-


Figure 1. FACS analysis of the TRITC-stained CHO-K1 stable cell lines: a) cells expressing E-selectin were
stained with CD62E mAb followed by TRITC-conjugated anti-mouse IgG; b) cells expressing L-selectin were
stained with CD62L mAb followed by TRITC-conjugated anti-mouse IgG. 0.1% of the maximally intense cells
were sorted out.
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Figure 3. CHO-K1 cells expressing L-selectin: a) under transmitted light;
b) stained with BODIPY-labeled sLex monomer 23 ; c) cell stained with
CD62L mAb followed by TRITC-conjugated anti-mouse IgG; d) under
transmitted light: e) stained with BODIPY-labeled sLex dimer 2 ; f) stained
with CD62L mAb followed by TRITC-conjugated anti-mouse IgG. CHO-
K1 cells negative for L-selectin expression did not exhibit staining with 2,
23, or CD62L mAb (data not shown).


Figure 4. HUVEC cells expressing cell surface E-selectin: a) a cell under
transmitted light; b) cell stained with BODIPY-labeled sLex monomer 23 ;
c) cell stained with CD62E mAb followed by TRITC-conjugated anti
mouse IgG; d) another cell under transmitted light; e) cell stained with
BODIPY-labeled sLex dimer 2 ; f) cell stained with CD62E mAb followed
by TRITC-conjugated anti mouse IgG. HUVEC cells negative for
E-selectin expression did not exhibit staining with 2, 23, or CD62E mAb
(data not shown).


bohydrate binding site. This is the advantage of using small
molecular sLex conjugates rather than anti-selectin mAbs in
this type of experiment. Selectins with accessible carbohy-
drate recognition domains on the cell surface can be assessed
directly utilizing the described sLex constructs.


Conclusion


A short and efficient synthesis of fluorescently labeled
bivalent sLex-b-alanine conjugate 2 has been demonstrated
with a combined chemical and enzymatic approach. The key
features of the synthetic strategy were the transformation of
unprotected orthoester 13 into selectively protected galacto-
syl azide 14, and subsequent regioselective diglycosylation to
give trisaccharide 12. The b-alanine spacer introduced sub-
sequently facilitated the incorporation of molecular probes,
and also allows the possible formation of numerous neo-
glycoconjugates.[40] Glycosyltransferase-catalyzed elongation
of the carbohydrate branches proceeded in excellent yields,
despite the presence of the nonnatural Cbz-b-alanine group.
Commencing with galactose pentaacetate 3, fluorescently
labeled conjugate 2 was obtained in only 15 steps and an
overall yield of 20 %. To demonstrate the utility of labeled
sLex-derivatives as tools in localizing cell-surface selectins, the
sLex conjugates were subjected to a cell-staining assay. Similar
cell-staining patterns of the sLex derivatives and anti-selectin
mAbs on the surface of activated HUVEC cells and CHO-K1
cells was observed. As such, the usefulness of small molecular
sLex-derivatives as cell-staining reagents has been established.
Furthermore, these results may lead to the development of a
fluorescence-based selectin binding assay in the near future.


Experimental Section


General methods : b-d-Galactopyranosyl azide (4),[25, 32, 42] 3,4,6-tri-O-
acetyl-2-deoxy-2-phthalimido-b-d-glucopyranosyl bromide (6),[27] 1,2-O-
((1RS)-1-ethoxyethylidene)-b-d-galactopyranose (13),[32±34] and monoam-
monium GDP-Fuc[43] were prepared according to published procedures.
1,2,3,4,6-Penta-O-acetyl-b-d-galactopyranose (3), N-hydroxysuccinimido-
biotin (24), UDP-Gal, b-1,4-GalT, and alkaline phosphatase (type VII-N,
from bovine intestinal mucosa, P-2276) were purchased from Sigma (St.
Louis, MO). CMP-NeuAc (sodium salt) was purchased from Calbiochem
(San Diego, CA). 4,4-Difluoro-5,7-dimethyl-4-bora-[3a,4a]-diaza-s-inda-
cene-3-propionic acid succinimidyl ester (21) (BODIPY FL, SE) was
purchased from Molecular Probes (Eugene, OR). a-2,3-SiaT (3 U mLÿ1)
and a-1,3-FucT V (2.16 UmLÿ1) were a kind donation from Cytel (San
Diego, CA). Flash chromatography (FC) was performed on Mallinckrodt
silica gel 60 (230 ± 400 mesh). Analytical thin-layer chromatography was
performed by using silica gel 60 F254 precoated glass plates from Merck
(Darmstadt, Germany); compound spots were visualized by quenching of
fluorescence and/or by charring after treatment with cerium molybdo-
phoshate. Size-exclusion chromatography was performed on Bio-Gel P-2
Gel, fine and Bio-Gel P-4 Gel, fine (Bio-Rad Laboratories, Hercules, CA).
NMR spectra were recorded on Bruker AM-250, AMX-400 or AMX-500
spectrometers. 1H NMR chemical shifts are referenced to residual protic
solvent (CDCl3 dH� 7.26, D2O dH� 4.80, [D6]DMSO dH� 2.50) or internal
standard TMS (dH� 0.00). 13C chemical shifts are referenced to the solvent
signal (CDCl3 dC� 77.0, [D6]DMSO dC� 39.5) or to [D6]DMSO (dC� 39.5)
as external standard. High resolution mass spectra (HR-MS) were recorded
by using fast atom bombardment (FAB) method in a m-nitrobenzyl alcohol
matrix doped with NaI or CsI.


3,4-O-Isopropylidene-b-dd-galactopyranosyl azide (5), 4,6-O-isopropyli-
dene-b-dd-galactopyranosyl azide, and 2,3:4,6-di-O-isopropylidene-b-dd-gal-
actopyranosyl azide : b-d-Galactopyranosyl azide (4) (0.97 g, 4.73 mmol)
was dissolved in DMF (10 mL) and 2,2-dimethoxypropane (20 mL) and
heated to 65 8C. p-Toluenesulfonic acid (90 mg, 0.473 mmol) was added and
the solution was stirred at 65 8C for 5 h. After the solution was cooled down
to rt, Et3N (660 mL, 4.73 mmol) was added and the mixture was stirred for
15 min. The mixture was concentrated to dryness and toluene was
evaporated twice from the residue in order to remove traces of Et3N. The
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residue was dissolved in MeOH/H2O (10:1) (40 mL) and boiled for 30 min
until TLC (hexane/ethyl acetate 1:2) showed the complete disappearance
of the intermediate product 6-O-(2-methoxy-2-propyl)-3,4-O-isopropyli-
dene-b-d-galactopyranosyl azide (Rf� 0.45). The solution was concentrat-
ed and coevaporated twice with toluene. FC (80 g silica, hexane/ethyl
acetate 1:2, then ethyl acetate and finally ethyl acetate/methanol 9:1) gave
2,3:4,6-di-O-isopropylidene-b-d-galactopyranosyl azide (20 mg, 2%), then
5 (1.00 g, 86%) and 4,6-O-isopropylidene-b-d-galactopyranosyl azide
(51 mg, 4%).


Data for 5 : Rf� 0.21 (hexane/ethyl acetate 1:2); white crystals (ethyl
acetate/hexane); m.p. 113.5 ± 114 8C; 1H NMR (400 MHz, CDCl3): d� 4.51
(d, 1 H, J� 8.9 Hz, 1-H), 4.22 (dd, 1 H, J� 2.1, 5.5 Hz, 4-H), 4.11 (dd, 1H,
J� 5.5, 7.2 Hz, 3-H), 4.04 ± 3.96 (m, 2H, 5-H, 6-H), 3.87 (m, 1H, 6'-H), 3.50
(ddd, 1H, J� 3.2, 7.2, 8.9 Hz, 2-H), 2.50 (d, 1 H, J� 3.2 Hz, 2-OH), 2.18 (m,
1H, 6-OH), 1.53 (s, 3H, CH3), 1.37 (s, 3 H, CH3); 13C NMR (100 MHz,
CDCl3): d� 110.7 (CMe2), 89.7, 78.5, 75.2, 73.7, 73.1, 62.4, 28.0 (CH3), 26.2
(CH3); HR-MS (pos. FAB, NBA/CsI) calcd for C9H15N3O5Cs [M�Cs]�


m/z : 378.0066, found 378.0077; anal. calcd for C9H15N3O5: C 44.08, H 6.17,
N 17.13; found: C 43.99, H 6.32, N 16.97.


4,6-O-Isopropylidene-b-dd-galactopyranosyl azide : Rf� 0.06 (hexane/ethyl
acetate 1:2); white crystals (ethyl acetate/hexane); m.p. 145 ± 146 8C;
1H NMR (250 MHz, CDCl3): d� 4.53 (d, 1H, J� 8.0 Hz, 1-H), 4.21 (dd,
1H, J� 1.1, 3.3 Hz, 4-H), 4.10 (dd, 1H, J� 2.2, 13.0 Hz, 6-H), 3.99 (dd, 1H,
J� 1.7, 13.0 Hz, 6'-H), 3.69 ± 3.57 (m, 2H, 2-H, 3-H), 3.48 (m, 1H, 5-H), 2.55
(br s, 2H, 2-OH, 3-OH), 1.48 (s, 3 H, CH3), 1.47 (s, 3H, CH3); 13C NMR
(62.9 MHz, CDCl3) d� 99.3 (CMe2), 90.1 (C-1), 72.8, 71.2, 68.4, 67.8, 62.3,
29.0 (CH3), 18.6 (CH3); anal. calcd for C9H15N3O5: C 44.08; H, 6.17; N,
17.13; found: C 44.26; H 6.24; N, 17.00.


2,3:4,6-Di-O-isopropylidene-b-dd-galactopyranosyl azide : Rf� 0.49 (hex-
ane/ethyl acetate 1:2); syrup; 1H NMR (250 MHz, CDCl3): d� 4.80 (d, 1H,
J� 8.6 Hz, 1-H), 4.48 (dd, 1 H, J� 1.4, 2.8 Hz, 4-H), 4.16 (dd, 1H, J� 2.2,
13.1 Hz, 6-H), 4.04 (dd, 1H, J� 1.6, 13.1 Hz, 6'-H), 3.91 (dd, 1H, J� 8.6,
9.4 Hz, 2-H), 3.56 (dd, 1 H, J� 2.8, 9.4 Hz, 3-H), 3.44 (ddd, 1 H, J� 1.4, 1.6,
2.2 Hz, 5-H), 1.50 (s, 6H, 2CH3), 1.473 (s, 3H, CH3), 1.466 (s, 3 H, CH3);
13C NMR (62.9 MHz, CDCl3): d� 111.5 (CMe2), 98.7 (CMe2), 89.2 (C-1),
78.4, 72.0, 69.0, 66.2, 62.7, 29.0 (CH3), 26.5 (CH3), 26.4 (CH3), 18.5 (CH3).


6-O-(3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-b-dd-glucopyranosyl)-3,4-
O-isopropylidene-b-dd-galactopyranosyl azide (7), 2-O-(3,4,6-tri-O-acetyl-
2-deoxy-2-phthalimido-b-dd-glucopyranosyl)-3,4-O-isopropylidene-b-dd-gal-
actopyranosyl azide (8), and 2,6-bis-O-(3,4,6-tri-O-acetyl-2-deoxy-2-phthal-
imido-b-dd-glucopyranosyl)-3,4-O-isopropylidene-b-dd-galactopyranosyl
azide (9): Procedure A : A solution of 5 (60 mg, 0.244 mmol) and 2,4,6-
collidine (43 mL, 0.324 mmol) in nitromethane (3.5 mL) was mixed with
powdered molecular sieves (4 �) (ca. 300 mg) and stirred under argon for
1.5 h at rt. Freshly dried AgOTf (76 mg, 0.295 mmol) was added and the
yellowish mixture was cooled to ÿ20 8C. A solution of 6 (146 mg,
0.293 mmol) in nitromethane (3.5 mL) was added dropwise during 15 min
to the reaction mixture. After 3 h at ÿ20 8C, the mixture was allowed to
warm up slowly to rt. After a total reaction time of 8 h, the mixture was
diluted with acetonitrile, filtered through Celite, and evaporated to give a
syrup (324 mg). FC (25 g silica, toluene/ethyl acetate 1:1, then ethyl
acetate) gave 9 (24 mg, 9% based on 5), then 7 (100 mg, 62%), 8 (11 mg,
7%), and finally unreacted 5 (12 mg, 20 %).


Procedure B : Powdered molecular sieves (4 �) (ca. 150 mg) was added to a
solution of 5 (60 mg, 0.244 mmol), 2,4,6-collidine (47 mL, 0.353 mmol), and
freshly dried AgOTf (83 mg, 0.322 mmol) in dichloromethane (3 mL). The
suspension was stirred under argon for 1 h at rt and then cooled to ÿ20 8C.
A solution of 6 (146 mg, 0.293 mmol) was added dropwise during 15 min to
the reaction mixture in dichloromethane (350 mL). After 1 h at ÿ20 8C, the
mixture was allowed to warm up to rt and stirred for another 40 min. After
dilution with dichloromethane, the mixture was filtered through Celite and
evaporated. FC (25 g silica, toluene/ethyl acetate 1:1, then ethyl acetate)
gave 9 (83 mg, 32% based on 5), 7 (59 mg, 37 %), 8 (18 mg, 11 %), and
unreacted 5 (12 mg, 20%).


Data for 7: Rf� 0.30 (toluene/ethyl acetate 1:1); syrup; 1H NMR (400 MHz,
CDCl3): d� 7.90 ± 7.82 (br m, 2H, Pht), 7.74 ± 7.72 (m, 2 H, Pht), 5.80 (dd,
1H, J� 9.1, 10.7 Hz, GlcN 3-H), 5.52 (d, 1H, J� 8.5 Hz, GlcN 1-H), 5.21
(dd, 1H, J� 9.1, 10.2 Hz, GlcN 4-H), 4.37 ± 4.31 (m, 2H, GlcN 6-H, 2-H),
4.26 (d, 1H, J� 8.8 Hz, Gal 1-H), 4.21 (dd, 1H, J� 2.4, 12.3 Hz, GlcN 6'-H),
4.05 (dd, 1H, J� 2.6, 10.7 Hz, Gal 6-H), 4.02 (dd, 1H, J� 2.2, 5.5 Hz, Gal


4-H), 3.96 (dd, 1 H, J� 5.5, 7.1 Hz, Gal 3-H), 3.91 ± 3.87 (m, 2 H, Gal 5-H,
GlcN 5-H), 3.84 (dd, 1H, J� 7.8, 10.7 Hz, Gal 6'-H), 3.36 (ddd, 1 H, J� 3.1,
7.1, 8.8 Hz, after addition of D2O: dd, J� 7.1, 8.8 Hz, Gal 2-H), 2.33 (d, 1H,
J� 3.1 Hz, exchangeable, Gal 2-OH), 2.13 (s, 3H, C(O)CH3), 2.04 (s, 3H,
C(O)CH3), 1.87 (s, 3 H, C(O)CH3), 1.46 (s, 3H, C(CH3)2), 1.25 (s, 3H,
C(CH3)2); 13C NMR (100 MHz, CDCl3): d� 170.7, 170.1, 169.5, 134.3, 131.3,
123.7, 110.5 (CMe2), 98.2, 89.1, 78.2, 74.1, 73.4, 72.9, 71.9, 70.7, 68.8, 68.7,
61.8, 54.5, 27.9, 26.0, 20.8, 20.6, 20.4; HR-MS (pos. FAB, NBA/CsI) calcd for
C29H34N4O14Cs [M�Cs]� m/z : 795.1126, found 795.1139.


Data for 8 : Rf� 0.23 (toluene/ethyl acetate 1:1); syrup; 1H NMR
(400 MHz, CDCl3): d� 7.87 ± 7.85 (m, 2 H, Pht), 7.76 ± 7.73 (m, 2 H, Pht),
5.89 (dd, 1 H, J� 9.0, 10.7 Hz, GlcN 3-H), 5.52 (d, 1H, J� 8.5 Hz, GlcN
1-H), 5.17 (dd, 1H, J� 9.1, 10.2 Hz, GlcN 4-H), 4.40 (d, 1H, J� 8.6 Hz, Gal
1-H), 4.35 (dd, 1 H, J� 8.5, 10.7 Hz, GlcN 2-H), 4.31 (dd, 1 H, J� 5.2,
12.3 Hz, GlcN 6-H), 4.20 (dd, 1H, J� 2.3, 12.3 Hz, GlcN 6'-H), 3.96 ± 3.92
(m, 1 H, Gal or GlcN 5-H), 3.93 (dd, 1 H, J� 2.1, 5.7 Hz, Gal 4-H), 3.92 ±
3.82 (m, 2 H, Gal 6-H, 6-OH), 3.84 (dd, 1 H, J� 5.7, 6.9 Hz, Gal 3-H), 3.80 ±
3.76 (m, 1H, Gal or GlcN 5-H), 3.75 ± 3.69 (m, 1 H, Gal 6'-H), 3.46 (dd, 1H,
J� 6.9, 8.6 Hz, Gal 2-H), 2.10 (s, 3H, C(O)CH3), 2.04 (s, 3 H, C(O)CH3),
1.87 (s, 3H, C(O)CH3), 1.27 (s, 3 H, C(CH3)2), 0.87 (s, 3H, C(CH3)2);
13C NMR (100 MHz, CDCl3): d� 170.8, 170.1, 169.5, 134.0, 132.0 (br),
123.4, 110.4 (CMe2), 99.8, 88.2, 81.8, 77.8, 75.0, 73.3, 71.9, 70.4, 68.9, 62.2,
62.1, 54.9, 27.5, 25.6, 20.7, 20.6, 20.5; HR-MS (pos. FAB, NBA/CsI) calcd for
C29H34N4O14Cs [M�Cs]� m/z : 795.1126, found 795.1142.


Data for 9 : Rf� 0.40 (toluene/ethyl acetate 1:1); syrup; 1H NMR
(400 MHz, CDCl3): d� 7.86 ± 7.82 (m, 4 H, Pht), 7.76 ± 7.71 (m, 4 H, Pht),
5.86 (dd, 1 H, J� 9.0, 10.7 Hz, GlcN 3-H), 5.78 (dd, 1 H, J� 9.1, 10.8 Hz,
GlcN 3-H), 5.45 (d, 1H, J� 8.5 Hz, GlcN 1-H), 5.44 (d, 1 H, J� 8.5 Hz,
GlcN 1-H), 5.17 (ªtº, 1H, J� 9.5 Hz, GlcN 4-H), 5.14 ('t', 1 H, J� 9.5 Hz,
GlcN 4-H), 4.33 ± 4.26 (m, 4 H, 2 GlcN 2-H, 2 GlcN 6-H), 4.18 ± 4.14 (m, 2H,
2GlcN 6'H), 4.09 (d, 1H, J� 8.7 Hz, Gal 1-H), 3.91 (dd, 1 H, J� 2.7, 11 Hz,
Gal 6-H), 3.89 (ddd, 1H, J� 2.3, 5.1, 10.2 Hz, GlcN 5-H), 3.84 (ddd, 1H,
J� 2.3, 4.2, 10.1 Hz, GlcN 5-H), 3.74 ± 3.65 (m, 4H, Gal 3-H, 4-H, 5-H, 6'-
H), 3.32 (dd, 1 H, J� 6.8, 8.7 Hz, Gal 2-H), 2.10 (s, 6H, 2C(O)CH3), 2.03 (s,
3H, C(O)CH3), 2.02 (s, 3H, C(O)CH3), 1.857 (s, 3H, C(O)CH3), 1.855 (s,
3H, C(O)CH3), 1.22 (s, 3 H, C(CH3)2), 0.79 (s, 3H, C(CH3)2); 13C NMR
(100 MHz, CDCl3): d� 170.8, 170.7, 170.1, 169.5, 134.3, 134.0, 123.6, 110.3
(CMe2), 99.6, 98.4, 87.6, 81.5, 77.7, 77.3, 73.9, 73.1, 71.9, 71.8, 70.6, 70.4, 68.83,
68.77, 62.2, 61.8, 54.9, 54.4, 27.4, 25.5, 20.8, 20.7, 20.6, 20.4; HR-MS (pos.
FAB, NBA/CsI) calcd for C49H52N5O23Cs [M�Cs]� m/z : 1211.2107, found
1211.2148.


2-O-Acetyl-6-O-(3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-b-dd-glucopyra-
nosyl)-3,4-O-isopropylidene-b-dd-galactopyranosyl azide (10): A solution of
7 (460 mg, 0.694 mmol) and acetic anhydride (656 mL, 6.94 mmol) in
pyridine (20 mL) was stirred for 12 h at rt. The mixture was concentrated to
dryness and coevaporated with toluene (3� 5 mL) and diethyl ether (3�
5 mL). The resulting oil was dried in vacuo to give 10 (474 mg, 97 %) which
was used in the next step without further purification: Rf� 0.55 (toluene/
ethyl acetate 1:1.5); syrup; 1H NMR (400 MHz, CDCl3): d� 7.89 ± 7.81
(br m, 2 H, Pht), 7.75 ± 7.71 (m, 2H, Pht), 5.82 (dd, 1H, J� 9.1, 10.7 Hz,
GlcN 3-H), 5.50 (d, 1H, J� 8.5 Hz, GlcN 1-H), 5.20 (dd, 1H, J� 9.1,
10.2 Hz, GlcN 4-H), 4.79 (dd, 1 H, J� 6.8, 8.2 Hz, Gal 2-H), 4.35 (dd, 1H,
J� 4.3, 12.4 Hz, GlcN 6-H), 4.33 (dd, 1H, J� 8.5, 10.7 Hz, GlcN 2-H), 4.21
(dd, 1H, J� 2.3, 12.3 Hz, GlcN 6'-H), 4.17 (d, 1 H, J� 8.2 Hz, Gal 1-H),
4.09 ± 4.02 (m, 3H, Gal 3-H, 4-H, 6-H), 3.91 ± 3.81 (m, 3H, GlcN 5-H, Gal
5-H, 6'-H), 2.13 (s, 3H, C(O)CH3), 2.06 (s, 3 H, C(O)CH3), 2.04 (s, 3H,
C(O)CH3), 1.87 (s, 3 H, C(O)CH3), 1.49 (s, 3H, C(CH3)2), 1.24 (s, 3H,
C(CH3)2); 13C NMR (100 MHz, CDCl3): d� 170.7, 170.1, 169.5, 169.4, 134.3,
131.3, 123.6, 110.8 (CMe2), 98.4, 86.6, 75.9, 73.9, 73.2, 71.9, 71.4, 70.6, 69.0,
68.8, 61.8, 54.5, 27.4, 25.9, 20.8, 20.6, 20.5; HR-MS (pos. FAB, NBA/CsI)
calcd for C31H36N4O15Cs [M�Cs]� m/z : 837.1231, found 837.1251.


2-O-Acetyl-6-O-(3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-b-dd-glucopyra-
nosyl)-b-dd-galactopyranosyl azide (11): A solution of 10 (459 mg,
0.651 mmol) in HOAc/H2O 80:20 (9 mL) was stirred for 10 h at 60 ±
70 8C. The mixture was concentrated and coevaporated with toluene (3�
5 mL). Purification by FC (45 g silica, hexane/ethyl acetate 1:6) gave 11
(322 mg, 74%): Rf� 0.28 (hexane/ethyl acetate 1:6); white solid (lyophi-
lized from benzene); 1H NMR (400 MHz, CDCl3): d� 7.88 ± 7.85 (m, 2H,
Pht), 7.78 ± 7.74 (m, 2 H, Pht), 5.78 (dd, 1H, J� 9.1, 10.7 Hz, GlcN 3-H), 5.49
(d, 1 H, J� 8.5 Hz, GlcN 1-H), 5.14 (dd, 1H, J� 9.1, 10.2 Hz, GlcN 4-H),
4.88 (dd, 1 H, J� 8.8, 9.8 Hz, Gal 2-H), 4.36 (d, 1H, J� 8.8 Hz, Gal 1-H),
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4.33 (dd, 1 H, J� 2.2, 12.1 Hz, GlcN 6-H), 4.29 (dd, 1H, J� 8.5, 10.7 Hz,
GlcN 2-H), 4.22 (dd, 1 H, J� 5.3, 12.4 Hz, GlcN 6'-H), 3.98 (dd, 1H, J� 7.3,
10.3 Hz, Gal 6-H), 3.97 (m, 1 H, Gal 4-H), 3.92 (ddd, 1 H, J� 2.4, 5.3,
10.2 Hz, GlcN 5-H), 3.86 (dd, 1H, J� 5.9, 10.3 Hz, Gal 6'-H), 3.59 (ddd,
1H, J� 1.2, 5.9, 7.2 Hz, Gal 5-H), 3.57 (m, 1 H, Gal 3-H), 3.08 (br d, 1H, J�
4.6 Hz, Gal OH), 2.87 (br d, 1H, J� 8.4 Hz, Gal OH), 2.15 (s, 3H,
C(O)CH3), 2.13 (s, 3H, C(O)CH3), 2.05 (s, 3H, C(O)CH3), 1.87 (s, 3H,
C(O)CH3); 13C NMR (100 MHz, CDCl3): d� 170.9, 170.8, 170.1, 169.5,
134.4, 131.3, 123.7, 98.2, 87.8, 74.8, 72.1, 72.0, 70.5, 68.8, 67.8, 67.3, 61.8, 54.4,
20.9, 20.8, 20.6, 20.4; HR-MS (pos. FAB, NBA/CsI) calcd for
C28H32N4O15Cs [M�Cs]� m/z : 797.0919, found 797.0909; anal. calcd for
C28H32N4O15: C 50.60, H 4.85, N 8.43; found: C 50.84, H 4.91, N, 8.11.


2-O-Acetyl-3,6-bis-O-(3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-b-dd-glu-
copyranosyl)-b-dd-galactopyranosyl azide (12): Procedure A : Powdered
molecular sieves (4 �) (ca. 400 mg) was added to a solution of 11 (185 mg,
0.278 mmol), 2,4,6-collidine (66 mL, 0.497 mmol), and freshly dried AgOTf
(116 mg, 0.452 mmol) in dichloromethane (3.9 mL). The suspension was
stirred under argon for 1.5 h at rt and then cooled toÿ23 8C. A solution of 6
(204 mg, 0.409 mmol) in dichloromethane (3.9 mL) was added dropwise
during 10 min to the reaction mixture. After stirring for 2 h at ÿ23 8C, the
mixture was allowed to warm up to rt overnight, diluted with acetonitrile,
filtered through Celite and evaporated. FC (100 g silica, hexane/ethyl
acetate 1:4) gave 12 (254 mg, 84%): Rf� 0.43 (hexane/ethyl acetate 1:4);
white foam; 1H NMR (400 MHz, CDCl3): d� 8.00 ± 7.81 (partly br m, 4H,
Pht), 7.78 ± 7.75 (m, 4 H, Pht), 5.75 (dd, 1H, J� 9.1, 10.7 Hz, GlcN 3-H), 5.65
(dd, 1H, J� 9.1, 10.8 Hz, GlcN 3-H), 5.51 (d, 1H, J� 8.5 Hz, GlcN 1-H),
5.34 (d, 1H, J� 8.5 Hz, GlcN 1-H), 5.18 (dd, 1 H, J� 9.1, 10.2 Hz, GlcN
4-H), 5.07 (dd, 1H, J� 9.1, 10.2 Hz, GlcN 4-H), 4.89 (dd, 1H, J� 8.9,
9.7 Hz, Gal 2-H), 4.34 (dd, 1 H, J� 4.6, 12.4 Hz, GlcN 6-H), 4.30 (dd, 1H,
J� 8.5, 10.7 Hz, GlcN 2-H), 4.28 (dd, 1H, J� 8.4, 10.8 Hz, GlcN 2-H),
4.22 ± 4.09 (m, 3 H, GlcN 6-H, 2 GlcN 6'-H), 4.11 (d, 1 H, J� 8.9 Hz, Gal
1-H), 4.03 (dd, 1H, J� 4.6, 11.4 Hz, Gal 6-H), 3.91 ± 3.85, 3.56 ± 3.52
(each m, each 3H, Gal 3-H, 4-H, 5-H, 6'-H, 2GlcN 5-H), 2.64 (br m, 1 H, Gal
OH), 2.14 (s, 3H, C(O)CH3), 2.10 (s, 3 H, C(O)CH3), 2.05 (s, 3 H,
C(O)CH3), 2.04 (s, 3 H, C(O)CH3), 1.86 (s, 3H, C(O)CH3), 1.85 (s, 3H,
C(O)CH3), 1.46 (s, 3H, C(O)CH3); 13C NMR (100 MHz, CDCl3): d� 170.8,
170.7, 170.1, 169.5, 169.2, 168.8, 134.5, 131.3, 123.7, 98.1, 87.5, 80.2, 75.1,
72.04, 71.99, 70.8, 70.1, 69.0, 68.8, 68.7, 68.2, 67.7, 61.9, 61.7, 54.5, 54.1, 20.8,
20.7, 20.63, 20.59, 20.43, 20.38, 19.8; HR-MS (pos. FAB, NBA/CsI) calcd for
C48H51N5O24Cs [M�Cs]� m/z : 1214.1978, found 1214.1947.


Procedure B : A suspension of 14 (81 mg, 0.328 mmol), 2,4,6-collidine
(164 mL, 1.25 mmol), and powdered molecular sieves (4 �) (ca. 600 mg) in
dichloromethane (4.7 mL) was stirred under argon for 1 h at rt. After
addition of freshly dried AgOTf (316 mg, 1.23 mmol), the mixture was
cooled to ÿ30 8C and a solution of 6 (408 mg, 0.819 mmol) in dichloro-
methane (4.7 mL) was added dropwise during 5 min. The mixture was
stirred for 1 h at ÿ30 8C, slowly warmed up to rt (2 h), and stirred for
another 20 h at rt. After dilution with MeOH (5 mL) the suspension was
filtered and evaporated. Purification by FC (100 g silica, hexane/ethyl
acetate 1:4) gave 12 (247 mg, 70%).


2-O-Acetyl-b-dd-galactopyranosyl azide (14): A solution of 13 (1.14 g,
4.55 mmol) and TMS-N3 (6 mL, 45.5 mmol) in THF (2 mL) was stirred at rt
for 12 h and then refluxed (heating bath with 90 8C) for 22 h. After addition
of 80 % aqueous HOAc (10 mL), the mixture was stirred at ca. 80 8C for 1 h
in order to cleave the TMS ethers. The solution was concentrated and
coevaporated several times with toluene. FC (80 g silica, CH2Cl2/MeOH
4:1) gave 14 (1.01 g, 90%): White crystals (acetonitrile); m.p. 154 ±
155.5 8C; Rf� 0.50 (CH2Cl2/MeOH 4:1); 1H NMR (400 MHz, [D6]DMSO):
d� 5.17 (d, 1 H, J� 5.8 Hz, 3-OH), 4.88 (d, 1H, J� 4.2 Hz, 4-OH), 4.88 (dd,
1H, J� 8.9, 9.8 Hz, 2-H), 4.76 (t, 1 H, J� 5.5 Hz, 6-OH), 4.54 (d, 1 H, J�
8.9 Hz, 1-H), 3.73 (ddd, 1H, J� 3.9, 3.9, <1 Hz, 4-H), 3.61 ± 3.52 (m, 4H,
3-H, 5-H, 6-H, 6'-H), 2.05 (s, 3H, C(O)CH3); 13C NMR (100 MHz,
[D6]DMSO): d� 169.7 (C�O), 87.3, 77.8, 71.4, 70.8, 68.1, 60.3, 20.9 (CH3);
HR-MS (pos. FAB, NBA/NaI) calcd for C8H13N3O6Na [M�Na]� m/z :
270.0702, found 270.0707; anal. calcd for C8H13N3O6: C 38.87 H 5.30, N
17.00; found: C 39.00, H 5.26, N 17.12.


3,6-Bis-O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-dd-glucopyranosyl)-
2,4-di-O-acetyl-b-dd-galactopyranosyl azide (15): A solution of 12 (235 mg,
217 mmol) in n-butanol (30 mL) and ethylene diamine (6 mL) was stirred
under Ar at 90 8C for 24 h. The solution was evaporated and the residue was
coevaporated with toluene (2� 5 mL) and MeOH (2� 5 mL). The crude


deprotected trisaccharide azide (Rf� 0.45, iPrOH/1m NH4OAc 2:1) was
stirred with pyridine (10 mL) and acetic anhydride (5 mL) at rt for 18 h.
The reaction mixture was evaporated and the residue was coevaporated
with toluene (3� 10 mL) and MeOH (2� 5 mL) and purified by FC (80 g
silica, CH2Cl2/MeOH, 16:1) to yield 15 (185 mg, 90 %): White solid; Rf�
0.30 (CH2Cl2/MeOH, 16:1); 1H NMR (400 MHz, CDCl3): d� 6.10 (d, 1H,
J� 8.3 Hz, GlcN NH), 5.56 (d, 1H, J� 7.9 Hz, GlcN NH), 5.48 (dd, 1H, J�
9.2, 10.7 Hz, GlcN 3-H), 5.44 (dd, 1 H, J� 9.2, 10.7 Hz, GlcN 3-H), 5.37 (d,
1H, J� 3.7 Hz, Gal 4-H), 5.09 ± 5.02 (m, 4H), 4.83 (d, 1 H, J� 8.3 Hz), 4.49
(d, 1H, J� 8.9 Hz), 4.41 (dd, 1H, J� 12.3, 2.5 Hz), 4.26 (dd, 1H, J� 12.3,
4.5 Hz), 4.15 (dd, 1H, J� 12.3, 2.4 Hz), 4.04 (dd, 1 H, J� 12.3, 3.7 Hz),
3.91 ± 3.83 (m, 3H), 3.74 ± 3.56 (m, 4 H), 3.34 (ddd, 1H, J� 7.9, 7.9, 10.7 Hz,
GlcN 2-H), 2.135 (s, 3H, C(O)CH3), 2.130 (s, 3 H, C(O)CH3), 2.126 (s, 3H,
C(O)CH3), 2.09 (s, 3H, C(O)CH3), 2.025 (s, 9H, 3 C(O)CH3), 2.019 (s, 3H,
C(O)CH3), 1.95 (s, 3 H, C(O)CH3), 1.91 (s, 3 H, C(O)CH3); 13C NMR
(100 MHz, CDCl3): d� 171.13, 170.69, 170.61, 170.43, 170.40, 169.58,
169.51, 169.46, 100.19, 99.66, 88.07, 75.99, 74.89, 71.77, 71.71, 71.68, 71.12,
69.94, 69.05, 68.57, 68.51, 67.26, 61.82, 61.03, 56.06, 55.34, 23.30, 23.27, 20.89,
20.75, 20.64, 20.57; HR-MS (pos. FAB, NBA/NaI) calcd for C38H53N5O23Na
[M�Na]� m/z : 970.3029, found 970.3011; anal. calcd for C38H53N5O23: C
48.15, H 5.64, N 7.39; found: C 48.02, H 5.85, N, 7.21.


N3-Benzyloxycarbonyl-N1-[3,6-bis-O-(2-acetamido-3,4,6-tri-O-acetyl-2-de-
oxy-b-dd-glucopyranosyl)-2,4-di-O-acetyl-b-dd-galactopyranosyl]-b-alanine
amide (16): Trisaccharide 15 (104 mg, 110 mmol) was dissolved in anhy-
drous MeOH (4 mL) and, after addition of dry 10 % palladium on carbon
catalyst (4 spatula tips), vigorously stirred under a hydrogen atmosphere
(1 atm) at 0 8C for 30 min. The mixture was filtered, evaporated, and
coevaporated with anhydrous THF (2� 4 mL). The crude glycosyl amine
(101 mg, white solid, Rf� 0.26, CH2Cl2/MeOH 9:1), Cbz-b-Ala-OH (43 mg,
193 mmol), and HOBt (30 mg, 193 mmol) were dissolved in anhydrous THF
(0.65 mL) and iPr2NEt (66 mL, 386 mmol) and HBTU (73 mg, 193 mmol)
were added. The solution was stirred at rt for 22 h. Then the reaction
mixture was diluted with ethyl acetate (30 mL) and washed with 0.5n HCl,
sat aq NaHCO3, and brine. The organic layer was dried (Na2SO4),
evaporated, and purified by FC (65 g silica, CH2Cl2/MeOH 95:5 to 9:1) to
give 16 (83 mg, 67 %) as a white solid: Rf� 0.45 (CH2Cl2/MeOH 9:1);
1H NMR (400 MHz, CDCl3/[D6]DMSO 2:1): d� 8.60 (d, 1 H, J� 7.2 Hz,
NH), 7.76 (d, 1H, J� 9.0 Hz, NH), 7.67 (d, 1 H, J� 9.6 Hz, NH), 7.36 ± 7.25
(m, 5 H, C6H5), 6.69 (t, 1H, J� 5.5 Hz, CH2NH), 5.33 (d, 1 H, J� 3.6 Hz,
Gal 4-H), 5.18 (dd, 1H, J� 9.7, 10.1 Hz, GlcN 3-H), 5.10 ± 4.97 (m, 5H),
4.91 (t, 1H, J� 9.7 Hz, GlcN 4-H), 4.90 (t, 1H, J� 9.7 Hz, GlcN 4-H), 4.77
(d, 1H, J� 8.3 Hz), 4.69 (d, 1 H, J� 8.6 Hz), 4.17 ± 4.08 (m, 3H), 4.01 ± 3.84
(m, 4H), 3.74 (dd, 1 H, J� 12.7, 2.5 Hz), 3.71 ± 3.64 (m, 2 H), 3.64 ± 3.58 (m,
1H), 3.55 (dd, 1H, J� 12.6, 8.1 Hz), 3.47 ± 3.29 (m, 2 H, CH2NH), 2.60 ±
2.51, 2.44 ± 2.36 (2 m, 2H, CH2CH2NH), 2.070, 2.059, 2.055, 2.020, 1.994,
1.969, 1.963, 1.960, 1.920, 1.820 (10 s, 30 H, 10 C(O)CH3); 13C NMR
(100 MHz, CDCl3/[D6]DMSO 2:1): d� 171.79, 168.88, 168.82, 168.74,
168.59, 168.47, 168.41, 168.17, 168.08, 167.77, 154.93, 135.70, 126.99, 126.40,
126.17, 99.35, 99.17, 77.20, 76.88, 76.36, 74.82, 71.43, 71.03, 69.77, 68.48, 67.62,
67.12, 67.05, 66.66, 64.30, 60.51, 60.07, 52.55, 51.66, 35.42, 34.17, 21.51, 21.48,
19.40, 19.34, 19.30, 19.25, 19.20, 19.17, 19.10; HR-MS (pos. FAB, NBA/CsI)
calcd for C49H66N4O26Cs [M�Cs]� m/z : 1259.3020, found 1259.3053; anal.
calcd for C49H66N4O26: C 52.22, H 5.90, N 4.97; found: C 51.93, H 6.05, N
5.01.


N3-Benzyloxycarbonyl-N1-[3,6-bis-O-(2-acetamido-2-deoxy-b-dd-glucopyr-
anosyl)-b-dd-galactopyranosyl]-b-alanine amide (17): A solution of 16
(71 mg, 63.0 mmol) in anhydrous MeOH (3 mL) was treated with a solution
of NaOMe in anhydrous MeOH (0.1n, 1.2 mL) and stirred for 18 h at rt.
The solution was neutralized with cation-exchange resin (AG 50W-X2, Bio-
Rad Laboratories, pyridinium form), filtered (water was used to rinse the
resin), and evaporated to give 17 (43 mg, 86 %) as a white foam: Rf� 0.23
(MeCN/H2O 4:1); 1H NMR (400 MHz, D2O): d� 7.44 ± 7.35 (m, 5H, C6H5),
5.13 ± 5.07 (m, 2H, CH2C6H5), 4.86 (d, 1H, J� 9.1 Hz), 4.67 (d, 1 H, J�
8.4 Hz), 4.53 (d, 1 H, J� 8.5 Hz), 4.13 (d, 1H, J� 3.2 Hz), 3.94 ± 3.84 (m,
3H), 3.82 ± 3.60 (m, 8H), 3.56 ± 3.51 (m, 1H), 3.50 ± 3.35 (m, 7 H), 2.56 ± 2.44
(m, 2 H, CH2CH2NH), 1.99 (s, 6 H, 2 C(O)CH3); 13C NMR (100 MHz, D2O):
d� 177.66, 177.40, 177.04, 160.67, 138.87, 131.22, 130.78, 130.04, 105.14,
103.83, 85.09, 82.14, 78.33, 78.11, 77.86, 76.22, 76.03, 72.26, 72.05, 71.57,
70.92, 70.59, 69.30, 63.08, 62.88, 58.13, 57.81, 39.13, 38.21, 24.61, 24.58; HR-
MS (pos. FAB, NBA/CsI) calcd for C33H50N4O18Cs [M�Cs]� m/z :
923.2174, found 923.2132.
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N3-Benzyloxycarbonyl-N1-{3,6-bis-O-[b-dd-galactopyranosyl-(1,4)-2-acet-
amido-2-deoxy-b-dd-glucopyranosyl]-b-dd-galactopyranosyl}-b-alanine
amide (18): Trisaccharide 17 (37.4 mg, 47.3 mmol), UDP-Gal (75 mg,
123 mmol), and MnCl2 ´ 4 H2O (1m in H2O) (23.5 mL, 23.5 mmol) were
dissolved in HEPES buffer (50 mm, pH 7.0) (4.7 mL) and b-1,4-galactosyl-
transferase (55 mL, 2.75 U) and alkaline phosphatase (7.5 mL, 37.6 U) were
added. The mixture was gently shaken at 37 8C for 12 h. The precipitate
formed was removed by centrifugation (23 700 g) and the supernatant
purified by size-exclusion chromatography (Bio-Gel P-4, 2.5� 95 cm,
50mm NH4HCO3). Product containing fractions were pooled and lyophi-
lized. To remove contaminant UDP-Gal, the crude product was dissolved
in a small amount of H2O, applied to an anion-exchange column (Dowex-1
X8, HCO3


ÿ form) and eluted with H2O. Lyophilization gave 18 (66.5 mg,
purity 79%, corresponding to 53 mg pure 18, quant.) as a white fluffy
powder contaminated with a small amount of HEPES buffer (21 %): Rf�
0.56 (iPrOH/1m NH4OAc 2:1); 1H NMR (400 MHz, D2O): d� 7.43 ± 7.33
(m, 5H, C6H5), 5.12 ± 5.06 (m, 2 H, CH2C6H5), 4.85 (d, 1H, J� 9.0 Hz), 4.68
(d, 1H, J� 8.2 Hz), 4.54 (d, 1H, J� 8.1 Hz), 4.44 (d, 1H, J� 7.9 Hz), 4.41
(d, 1H, J� 7.9 Hz), 4.13 (d, 1 H, J� 3.1 Hz), 3.95 ± 3.35 (m, 31H), 2.55 ± 2.43
(m, 2 H, CH2CH2NH), 1.97 (s, 6 H, 2 C(O)CH3); 13C NMR (100 MHz, D2O):
d� 177.65, 177.36, 177.00, 160.68, 138.88, 131.23, 130.78, 130.03, 105.27,
105.04, 103.78, 85.16, 82.15, 80.76, 80.44, 77.77, 77.19, 77.00, 74.90, 74.83,
74.65, 73.37, 71.58, 70.96, 70.89, 70.58, 69.29, 63.46, 62.41, 62.25, 57.66, 57.31,
39.14, 38.20, 24.63, 24.60; HR-MS (pos. FAB, NBA/CsI) calcd for
C45H70N4O28Cs [M�Cs]� m/z : 1247.3231, found 1247.3319.


N3-Benzyloxycarbonyl-N1-{3,6-bis-O-[(5-acetamido-3,5-dideoxy-dd-gly-
cero-a-dd-galacto-non-2-ulopyranosylonic acid)-(2,3)-b-dd-galactopyrano-
syl-(1,4)-2-acetamido-2-deoxy-b-dd-glucopyranosyl]-b-dd-galactopyranosyl}-
b-alanine amide (19): Pentasaccharide 18 (37.5 mg, 79% purity, 26.7 mmol),
CMP-NeuAc (55 mg, 76 mmol), MnCl2 ´ 4H2O (1m in H2O) (29 mL,
29 mmol), and Triton X-100 (11.6 mg in 387 mL H2O) were dissolved in
HEPES buffer (100 mm, pH 7.0) (5.4 mL) and a-2,3-sialyltransferase
(193 mL, 0.58 U) and alkaline phosphatase (3.5 mL, 17.4 U) were added.
The mixture was gently shaken at 37 8C for 20 h and another portion of
CMP-NeuAc (15 mg, 21 mmol) and a-2,3-sialyltransferase (100 mL, 0.3 U)
were added. Incubation was continued for further 22 h and the mixture was
filtered and evaporated. Size-exclusion chromatography (Bio-Gel P-4,
2.5� 95 cm, 100 mm NH4HCO3) gave 19 (41.8 mg, 92 %) as a white fluffy
powder after lyophilization: Rf� 0.12 (iPrOH/1m NH4OAc 3:1); 1H NMR
(400 MHz, D2O): d� 7.44 ± 7.34 (m, 5H, C6H5), 5.13 ± 5.06 (m, 2H,
CH2C6H5), 4.85 (d, 1 H, J� 8.9 Hz), 4.68 (d, 1H, J� 8.3 Hz), 4.55 ± 4.48
(m, 1 H), 4.57 (d, 1 H, J� 7.8 Hz), 4.50 (d, 1H, J� 8.0 Hz), 4.13 (d, 1 H, J�
3.1 Hz), 4.11 (t, 1H, J� 3.1 Hz), 4.08 (t, 1 H, J� 3.1 Hz), 3.96 ± 3.46 (m,
41H), 3.39 (m, 2 H), 2.72 (dd, 2H, J� 4.4, 12.4 Hz), 2.56 ± 2.44 (m, 2H,
CH2CH2NH), 2.00, 1.97 (each s, 12H, 4 C(O)CH3), 1.80 (t, 2H, J� 12.2 Hz);
13C NMR (100 MHz, D2O): d� 177.65, 177.40, 177.34, 176.99, 175.69, 160.69,
138.89, 131.23, 130.78, 130.02, 105.09, 104.97, 104.92, 103.80, 101.87, 85.18,
82.13, 80.61, 80.25, 77.87, 77.53, 77.20, 76.99, 75.38, 74.82, 74.63, 73.95, 72.01,
71.80, 70.94, 70.57, 70.50, 69.91, 69.28, 65.07, 63.42, 62.39, 62.22, 57.66, 57.30,
54.07, 41.83, 39.13, 38.17, 24.62, 24.58, 24.46; ESI-MS (H2O, neg.) calcd for
C67H103N6O44 [MÿH]� m/z : 1695.6, found 1696.


N3-Benzyloxycarbonyl-N1-{3,6-bis-O-[(5-acetamido-3,5-dideoxy-dd-gly-
cero-a-dd-galacto-non-2-ulopyranosylonic acid)-(2,3)-b-dd-galactopyrano-
syl-(1,4)-[a-ll-fucopyranosyl-(1,3)]-2-acetamido-2-deoxy-b-dd-glucopyrano-
syl]-b-dd-galactopyranosyl}-b-alanine amide (20): Saccharide 19 (31 mg,
18.3 mmol), GDP-Fuc (34.5 mg, 55 mmol), and MnCl2 ´ 4 H2O (1m in H2O)
(110 mL, 110 mmol) were dissolved in MES buffer (50 mm, pH 6.0) (5.2 mL)
and a-1,3-fucosyltransferase (254 mL, 0.55 U) and alkaline phosphatase
(7.7 mL, 38.7 U) were added. The mixture was gently shaken at 37 8C for
48 h. The precipitate formed was removed by centrifugation (23 700 g) and
the supernatant purified by size-exclusion chromatography (Bio-Gel P-4,
2.5� 95 cm, 100 mm NH4HCO3). Lyophilization of product containing
fractions gave 20 (31 mg, 85%) as a white fluffy powder: Rf� 0.31 (iPrOH/
1m NH4OAc 2:1); 1H NMR (500 MHz, D2O): d� 7.44 ± 7.34 (m, 5 H, C6H5),
5.15 ± 5.04 (m, 4H, CH2C6H5, 2 Fuc 1-H), 4.68 (d, 1H, J� 8.2 Hz), 4.55 ±
4.48 (m, 1 H), 4.50 (d, 1H, J� 7.9 Hz), 4.46 (d, 1H, J� 7.8 Hz), 4.13 (d, 1H,
J� 2.6 Hz), 4.08 ± 4.04 (m, 2H), 3.97 ± 3.33 (m, 49H), 2.73 (dd, 2 H, J� 4.5,
12.4 Hz), 2.60 ± 2.46 (m, 2 H, CH2CH2NH), 2.00, 1.98, 1.97 (each s, 12H,
4C(O)CH3), 1.78 (t, 2H, J� 12.1 Hz), 1.14, 1.12 (each d, 6 H, J� 6.6 Hz,
2Fuc CH3); 13C NMR (125 MHz, D2O): d� 176.20, 175.75, 175.45, 175.09,
174.32, 159.05, 137.38, 129.58, 129.05, 128.18, 103.21, 102.29, 102.00, 100.19,


99.34, 83.57, 80.52, 76.37, 76.00, 75.78, 75.63, 75.56, 75.39, 73.69, 72.65, 72.47,
72.43, 70.03, 69.92, 68.95, 68.84, 68.45, 68.03, 67.41, 63.37, 62.22, 60.24, 56.75,
56.28, 52.42, 51.11, 40.41, 40.25, 37.34, 36.28, 31.08, 25.04, 24.55, 23.02, 22.92,
22.78, 16.02, 15.93; MALDI-MS (H20, neg.) calcd for C79H124N6O52Na [M�
Na]� m/z : 2011.7, found 2011.


N3-(4,4-Difluoro-5,7-dimethyl-4-bora-[3a,4a]-diaza-s-indacene-3-propion-
yl)-N1-{3,6-bis-O-[(5-acetamido-3,5-dideoxy-dd-glycero-a-dd-galacto-non-
2-ulopyranosylonic acid)-(2,3)-b-dd-galactopyranosyl-(1,4)-[a-ll-fucopyra-
nosyl-(1,3)]-2-acetamido-2-deoxy-b-dd-glucopyranosyl]-b-dd-galactopyrano-
syl}-b-alanine amide (2): A mixture of 20 (21.7 mg, 10.9 mmol), 10%
palladium on carbon catalyst (one spatula tip), MeOH (0.5 mL), and H2O
(0.5 mL) was vigorously stirred under an hydrogen atmosphere (1 atm) at rt
for 30 min. The mixture was filtered through Celite and evaporated. The
crude nonasaccharide amine (19.3 mg, Rf� 0.07, iPrOH/1m NH4OAc 2:1)
was dissolved in DMF (300 mL) and H2O (100 mL) and stirred with 21
(7.4 mg, 19 mmol) and Et3N (11 mL, 79.5 mmol) for 1 h at rt. Ten drops of a
solution of NH3 in MeOH (saturated at 0 8C) were added and stirring was
continued for 15 min. The mixture was evaporated and purified by size-
exclusion chromatography (Bio-Gel P-2, 2.5� 70 cm, 100 mm NH4HCO3)
to give, after lyophilization, 2 (20.7 mg, 89%) as an orange solid: Rf� 0.35
(iPrOH/1m NH4OAc 2:1); 1H NMR (400 MHz, D2O): d� 7.44 (s, 1H),
7.05 ± 7.02 (m, 1 H), 6.31 ± 6.27 (m, 2H), 5.10 (d, 1 H, J� 3.9 Hz, Fuc 1-H),
5.07 (d, 1 H, J� 3.9 Hz, Fuc 1-H), 4.67 (d, 1 H, J� 8.5 Hz), 4.53 ± 4.46 (m,
1H), 4.50 (d, 1 H, J� 7.5 Hz), 4.46 (d, 1H, J� 7.7 Hz), 4.11 (d, 1H, J�
2.6 Hz), 4.09 ± 4.03 (m, 2 H), 3.96 ± 3.31 (m, 49H), 3.17 ± 3.10 (m, 2 H), 2.77 ±
2.70 (m, 2H), 2.70 ± 2.56 (m, 2H, CH2CH2NH), 2.55 ± 2.45 (m, 2H), 2.49 (s,
3H, Ar-CH3), 2.23 (s, 3 H, Ar-CH3), 2.00, 1.97, 1.96 (each s, 12 H,
4C(O)CH3), 1.78 (t, 2H, J� 12.1 Hz), 1.13, 1.11 (each d, 6 H, J� 6.6 Hz,
2Fuc CH3); ESI-MS (H2O, neg.) calcd for 12C84


13CH130BF2N8O51 [MÿH]�


m/z : 2128.8, found 2129.


5-[2-(4,4-Difluoro-5,7-dimethyl-4-bora-[3a,4a]-diaza-s-indacene-3-propio-
nylamino)ethylaminocarbonyl]pentyl (5-acetamido-3,5-dideoxy-dd-glyc-
ero-a-dd-galacto-non-2-ulopyranosylonic acid)-(2,3)-b-dd-galactopyranosyl-
(1,4)-[a-ll-fucopyranosyl-(1,3)]-2-acetamido-2-deoxy-b-dd-glucopyranoside
(23): A solution of 22 (3 mg, 3.07 mmol), 21 (1.5 mg, 3.7 mmol), and Et3N
(1 mL, 7.2 mmol) in DMF (60 mL) was stirred for 2 h at rt. Two drops of a
solution of NH3 in MeOH (saturated at 0 8C) were added and stirring was
continued for 1 h. The mixture was evaporated and purified by size-
exclusion chromatography (Bio-Gel P-2, 2.5� 70 cm, 50mm NH4HCO3) to
give, after lyophilization, 23 (3.2 mg, 83%) as an orange solid: Rf� 0.58
(iPrOH/1m NH4OAc 2:1); 1H NMR (400 MHz, D2O): d� 7.45 (s, 1 H), 7.04
(d, 1 H, J� 4.0 Hz), 6.35 (d, 1H, J� 4.0 Hz), 6.30 (s, 1 H), 5.07 (d, 1 H, J�
4.0 Hz), 4.50 (d, 1H, J� 7.8 Hz), 4.41 (d, 1H, J� 8.1 Hz), 4.08 (dd, 1H, J�
3.1, 9.8 Hz), 3.95 ± 3.40 (m, 23H), 3.34 ± 3.21 (m, 4H), 3.17 (t, 2H, J�
7.2 Hz), 2.75 (dd, 1 H, J� 4.6, 12.4 Hz), 2.66 (t, 2 H, J� 7.2 Hz), 2.50 (s,
3H, arom. CH3), 2.25 (s, 3H, arom. CH3), 2.07 ± 2.01 (m, 2 H), 2.02 (s, 3H,
C(O)CH3), 1.97 (s, 3H, C(O)CH3), 1.80 (t, 1 H, J� 12.2 Hz), 1.47 ± 1.38 (m,
4H), 1.20 ± 1.11 (m, 2H), 1.15 (d, 3H, J� 6.6 Hz); 13C NMR (125 MHz,
D2O): d� 177.7, 176.0, 175.8, 174.8, 174.4, 162.5, 156.4, 147.4, 136.2, 133.9,
129.4, 125.6, 122.0, 117.2, 102.4, 101.7, 100.2, 99.4, 76.5, 76.0, 75.6, 74.1, 73.7,
72.7, 72.5, 71.0, 70.1, 70.0, 69.0, 68.9, 68.5, 68.1, 67.5, 63.4, 62.2, 60.4, 56.6,
52.5, 40.5, 39.6, 39.1, 36.4, 35.7, 29.0, 25.6, 25.5, 25.1, 23.0, 22.8, 16.1, 15.1,
11.3; ESI-MS (H2O, neg.) calcd for C53H80BF2N6O25 [MÿH]� m/z : 1249.5,
found 1249.5.


Biotin-conjugated sialyl Lewis x (25): NHS-biotin 24 (1.0 mg, 2.8 mmol) and
dry triethylamine (70 mL, 5.1 mmol) were added to a solution of 22 (2.5 mg,
2.6 mmol) in dry DMF (330 mL). The reaction flask was covered in foil and
the reaction allowed to stir at rt for 24 hours. Solvent was evaporated under
reduced pressure, and the resulting residue was purified by size-exclusion
chromatography (Bio-Gel P-2, 2.5� 65 cm, 50mm NH4HCO3). Lyophiliza-
tion gave 25 as a white foam (2.0 mg, 65 %). 1H NMR (400 MHz, D2O): d�
8.29 (s, 1H), 4.94 (dd, 1H, J� 3.7 Hz), 4.46 (dd, 1H, J� 8.1, 5.1 Hz), 4.37 (d,
2H, J� 7.9 Hz), 4.27 (dd, 1H, J� 7.7, 4.3 Hz), 3.93 (dd, 1 H, J� 9.8, 3.1 Hz),
3.85 (d, 1H, J� 10.2 Hz), 3.78 ± 3.68 (m, 9 H), 3.62 (d, 1H, J� 3.1 Hz),
3.57 ± 3.43 (m, 13 H), 3.38 (dd, 1H, J� 21.0, 13.1 Hz), 3.20 ± 3.17 (m, 6H),
2.84 (dd, 1H, J� 13.2, 5.0 Hz), 2.65 ± 2.55 (m, 3 H), 2.09 (dd, 5 H, J� 14.6,
7.2 Hz), 1.88 (s, 3H), 1.87 (s, 3H), 1.64 (t, 1H, J� 12.3 Hz), 1.50 ± 1.41 (m,
4H), 1.26 ± 1.23 (m, 2 H), 1.17 ± 1.12 (m, 4 H), 1.01 (d, 3 H, J� 7.0 Hz);
13C NMR (125 MHz, D2O): d� 176.3, 176.2, 174.2, 173.0, 170.2, 100.8, 100.1,
98.8, 97.8, 74.8, 74.5, 74.1, 72.6, 72.1, 71.1, 70.9, 69.5, 68.8, 68.6, 68.4, 68.4,
67.5, 66.9, 66.5, 65.8, 61.8, 61.3, 60.6, 59.5, 59.4, 55.0, 54.5, 50.9, 39.0, 38.9,
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37.8, 35.0, 34.7, 27.5, 27.0, 26.9, 24.3, 24.2, 23.9, 21.5, 21.4, 21.2, 19.2, 14.4, 9.5;
ESI-MS (H2O, neg.) calcd for C49H82N6O26S [MÿH]� m/z : 1202.3, found
1202; ESI-MS (H2O, pos.) calcd for C49H82N6O26S [MÿH�2Na]� m/z :
1248.3, found 1248.


RT-PCR and construction of the expression vector for hL- and hE-selectin :
Human homologue of L-selectin (hL-selectin) was amplified with total
RNA from human spleen tissue (Clontech, Palo Alto, CA) by RT-PCR.
Total RNA was used for reverse transcription (RT) by using reverse
transcriptase, following the supplier�s protocol (Life Technologies, Gai-
thersburg, MD). This RT product was used for PCR. For amplification of
L-selectin, the forward primer (5'-CGGAATTCATGATATTTCCATG-
GAAATGTCAG-3'; with internal Eco RI site underlined) and the reverse
primer (5'-GTTCTAGATTAATATGGGTCATTCATACTTCTC-3'; with
internal Xba I site underlined) were used in 100 mL reaction mixture by
using Pfu DNA polymerase (Stratagene, San Diego, CA) following the hot-
start method. After 30 cycles, the reaction mixture was analyzed by agarose
gel electrophoresis which showed the generation of a single major band of
about 1.06 kb. The fragment was purified by agarose gel electrophoresis,
followed by Geneclean. Subcloning in pcDNA.3 (Invitrogen, Carlsbad,
CA) was done with Eco RI and Xba I digestion, followed by ligation.
Transformation was carried out following usual procedure. The clone
containing the plasmid DNA was grown in LB-ampicillin containing
medium. Plasmid DNA was isolated and confirmed by double-stranded
sequencing at TSRI core facility.
Similarly, hE-selectin was amplified with the forward primer (5'-ATAA-
GAATGCGGCCGCTAATGATTGCTTCACAGTTTCTCTC-3'; with in-
ternal Not I site underlined) and the reverse primer (5'-GCTCTA-
GAAACTTAAAGGATGTAAGAAGGCTTTTG-3'; with internal Xba I
site underlined). The full length cDNA was amplified by using Pfu DNA
polymerase. The amplification yielded a major band of 1.825 kb. This was
purified by agarose gel electrophoresis, followed by Geneclean. Subcloning
in pcDNA.3 was carried out by using Not I and Xba I. The clone containing
the plasmid DNA was grown in LB-ampicillin medium. The plasmid DNA
was isolated and verified by double-stranded sequencing in the TSRI core
facility.


Transfection of cDNAs in CHO-K1 and isolation of stable cell lines by
ELISA : CHO-K1 cells were routinely grown in MEM medium containing
5% fetal calf serum and 1% glutamine. The plasmid DNAs for full length
hL-selectin or hE-selectin were used to transfect freshly grown CHO-K1
cells with Lifofectamine, following the procedure of the supplier (Life
Technologies). After 48hrs of transfection, cells were digested with trypsin
and replated on medium containing G418. After about two weeks,
individual colonies were isolated by trypsin digestion, and were grown in
48 well plates containing G418 in the medium. The cells were incubated at
37 8C and used for selection in an ELISA assay as follows: the G418
resistant transfected cells (about 104 cells) expressing selectin were added
into a polylysine-coated Falcon 96 well plate (a replica plate for each was
also made and saved) and incubated overnight at 37 8C. The medium was
removed and the cells were washed with PBS. The plates were blocked for
one hour with blocking buffer (PBS�1 % human serum [Sigma]) at room
temperature. These were washed three times with PBS. Primary antibody
(50 mL per well, Pharmingen, San Diego, CA) diluted in the blocking buffer
(1:500) was added and incubated for 2hrs at rt (or 4 8C overnight). The cells
were washed three times with PBS, and then sheep anti-mouse IgG-HRP
conjugated antibody (50 mL per well, Amersham) diluted in the blocking
buffer (1:1000) was added. The cells were incubated one hour at rt and then
washed three times with PBS. The color was developed by the addition of
TMB peroxidase substrate (50 mL per well; Pierce, Rockford, IL). The
reaction was quenched with 1m phosphoric acid (50 mL per well), and the
plates were read at OD450 . The wells containing cells with maximal OD450


by ELISA were selected. The expression of selectins by these cells was also
verified by sandwich ELISA. Plates were coated with anti-selectin anti-
body, incubated overnight at 4 8C, and then used for ELISA as above. Two
clones for each (hL-selectin and hE-selectin) were selected. A control cell
line incorporating the vector only was selected by G418 resistance. The
cells with OD450 over this control cell line were considered positive in the
assay. Two clones for each of the selectin-expressing stable cell lines were
selected for final sorting by a cell sorter.


FACS analysis and isolation of transfected clones : The cell lines selected by
ELISA were grown until confluency in MEM medium containing 5% fetal
calf serum. These (�107 cells mLÿ1) were digested with trypsin, collected in


a Falcon tube and washed three times with PBS for staining in solution by
using anti-selectin (either hL- or hE-) antibody as follows: the cells were
incubated for one hour in the blocking buffer (PBS containing 0.5 % human
serum) at rt. The blocking buffer was removed by washing the cells in PBS.
Anti-selectin antibody diluted in the blocking buffer (1:500) was added and
the cells were incubated at rt for 45 min. These cells were washed four times
with PBS at room temperature, and TRITC-conjugated anti-mouse IgG
antibody was used as a secondary antibody (diluted 1:1000 in blocking
buffer). Incubation was carried out for one hour (in the dark) at room
temperature. The cells were washed again four times with PBS, finally
suspended in 400 mL of PBS containing 0.1% bovine serum albumine
(BSA), and 25mm HEPES for FACS analysis. 0.1% of the maximally
intense cells were sorted out (Vantage, TSRI core facility) and collected in
200 mL of fetal calf serum. These were then transferred to a T25-tissue
culture flask containing MEM medium and placed in a CO2 incubator at
37 8C for two weeks of growth. These cells were used for immunofluor-
escence microscopy.


Activation of HUVEC cells : HUVEC monolayers grown in endothelial
cell growth medium (Cell Applications, Inc., San Diego, CA) were seeded
at the second passage onto 35 mm glass coverslips treated with fibronectin
(treated with 20 mg mLÿ1 for 1 ± 2 hrs). These were grown to confluency in
complete M199 culture medium in a 5 % CO2 incubator at 37 8C. The cells
were activated for 4 h with LPS (100 ng mLÿ1) following the method of
Welply et al.[12] These were washed three times with PBS (Dulbecco
phosphate-buffered saline solution without calcium and magnesium salts;
Irvine Scientific, CA) and fixed in 1 ± 2% freshly prepared formaldehyde
(made in PBS without calcium and magnesium salts) for 35 ± 50 min at
room temperature. Before staining, the cells were washed twice with 0.1m
glycine in PBS and then incubated in blocking buffer (0.5 % human serum
in PBS) for 45 min.
For experiments involving CHO-K1, cells (about 106 cells per plate) were
plated in a 100 cm plate containing fibronectin treated cover slips. The cells
were grown in MEM medium (containing 5% fetal calf serum and 1 % l-
glutamine) until 80 ± 90 % confluency on the cover slips was observed
under a light microscope. The cells were washed twice in PBS and then
fixed in formaldehyde, as above.


Immunofluorescence microscopy : For detection of E-selectin expression,
the cells were washed and then incubated for 1 h at room temperature in
50 mL of blocking buffer containing 1:100 dilution of affinity purified anti-
human CD62E monoclonal antibody (Pharmingen, San Diego, CA). These
were washed three times in PBS, and incubated for 45 min at room
temperature in 1:100 dilution of tetramethylrhodamine isothiocyanate
(TRITC)-conjugated anti-mouse IgG (Fab specific) in blocking buffer. For
study of the fluorescent synthetic ligands, the cells were incubated for
45 min at room temperature in BODIPY-conjugated oligosaccharide
(6.5 mm in PBS containing 1 mm each of calcium and magnesium salts).
Cells were washed four times with PBS (containing calcium and magne-
sium) and mounted on microscope slides with approximately 20 mL of
mounting medium (Molecular Probes, Inc., Eugene, OR). These were
visualized by using a Nikon Microphot-FXA microscope. Pictures were
taken with a digital CCD camera and were processed with Adobe
Photoshop.
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1,2-Diacetals in Synthesis: Total Synthesis of a Glycosylphosphatidylinositol
Anchor of Trypanosoma brucei


Daniel K. Baeschlin, AndreÂ R. Chaperon, Luke G. Green, Michael G. Hahn, Stuart J. Ince
and Steven V. Ley*[a]


Abstract: A full account on a total
synthesis of GPI anchor 1 employing
butanediacetal (BDA) groups and a
chiral bis(dihydropyran) is presented.
The reactivity of selenium and thio
glycosides was tuned by the use of
BDA groups. This allowed the assembly
of an appropriately protected GPI an-
chor precursor 2 in just six steps from the
six building blocks 5 ± 10 including only


one protecting group manipulation (see
Scheme 1). myo-Inositol was desym-
metrised with the bis(dihydropyran) de-
rivative 15 and appropriately protected
to give inositol acceptor 21 in nine steps


and 17 % overall yield (see Scheme 3).
The use of common starting materials
and BDA-protections give efficient ac-
cess to building blocks 5, 6, 7 and 8 (see
Scheme 5). A new and improved syn-
thesis of the glucosamine donor 28 is
included. In summary, a highly conver-
gent and efficient synthesis of GPI
anchor 1, which is clearly adaptable to
other GPI anchors, has been reported.


Keywords: 1,2-diacetals ´ glycosyla-
tions ´ GPI anchors ´ inositols ´
oligosaccharides


Introduction


The demand for synthetic oligosaccharides and glycolipids has
been fuelled by the constantly increasing interest in the role of
carbohydrates in biological recognition processes.[1] Highly
complex carbohydrates have been synthesised and many
useful applications of these materials in biological experi-
ments have been reported. Despite this, a vast amount of
research is still directed towards the development of new and
improved methods for the synthesis of oligosaccharides, which
is an indication of the challenge still posed by these complex
structures.[2] Our laboratory has shown that bis(dihydropyr-
an)s form the corresponding dispiroketals with 1,2-diols[3] and
subsequently demonstrated the synthetic potential of several
variations of these systems as stereoselective protecting
groups,[4] desymmetrising agents[5] and chiral auxiliaries[6] for
natural product synthesis. As a logical extension of this work
we showed that diacetal groups are also convenient protecting
group for sugar building blocks and moreover are useful in
controlling their reactivity in glycosidation reactions.[7] The
glycosylphosphatidylinositol (GPI) anchor 1[8] was chosen as a
suitably challenging target to test these methods for the
synthesis of GPI anchors in general and also their derivatives
for biosynthetic studies (Scheme 1).


GPI anchors attach proteins to membranes via a phos-
phoethanolamine unit linked to a trimannose ± glucosamine ±
inositol backbone and a hydrophobic lipid that anchors the
system in the membrane.[9] The carbohydrate backbone is
conserved in all GPI anchors described to date. Nevertheless,
various species specific carbohydrate side chains are observed
alongside additional phosphoethanolamine units and varia-
tions in the lipid unit.[10] GPI anchors are ubiquitous in all
eukaryotes and attach various types of proteins to mem-
branes, acting as an alternative to transmembrane protein
helices.[11]


Intensive efforts have been undertaken in the last decade to
elucidate the biosynthesis of GPI anchors and a pathway,
starting from phosphatidylinositol, is now generally accept-
ed.[9, 12] At present the biosynthetic intermediates and the
enzymes involved are being investigated with attention
focused on any species dependent specificity, since this could
reveal possible drug targets in some parasitic and fungal
diseases.[13] Protozoan parasites are the cause of several
devastating diseases such as malaria (Plasmodium), sleeping
sickness (Trypanosoma brucei), Chagas disease (Trypanoso-
ma cruzi) and leishmaniasis (Leishmania).[14] Treatment and
prevention of these diseases is still very unsatisfactory. All
these parasites exhibit an extraordinary high content of GPI-
anchored molecules on their cell surface, which is essential for
virulence and survival of these parasites in the host.[10]


Efficient synthetic access to GPI anchors and particularly
their analogues will help the further elucidation of the key
biological processes. Four total syntheses of GPI anchors have
been reported[15] along with the syntheses of various partial
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structures.[4, 16] A full account of the synthesis of GPI anchor 1
employing butanediacetal (BDA) groups and chiral bis(dihy-
dropyran)s as efficient tools in its synthesis is reported here.[17]


This work includes also a new and more efficient route to the
glucosamine building block and a further improvement in the
desymmetrisation of myo-inositol compared with our previ-
ous communication.


Results and Discussion


The noncarbohydrate side chains of GPI anchor 1 are linked
by phosphodiesters as in all known GPI anchor structures
(Scheme 1). This and the fact that the required phosphoryla-
tion chemistry[18] is well established, favours a late stage
phosphorylation strategy. Such an approach would also
facilitate the introduction of other side chains in other GPIs
and preparation of further analogues. However, this strategy
demands an appropriately protected carbohydrate core, such
as 2, which can be site specifically deprotected and phos-
phorylated at the appropriate stage.


The most efficient assembly of the carbohydrate core
should be convergent and contain as few manipulations of the
growing oligosaccharide as possible. Protecting groups influ-
ence the reactivity of glycosyl donors[19] and it has been shown
that this effect can be used to assemble oligosaccharides
without the need for protecting group manipulations.[20]


Diacetal groups have proven particularly useful as reactivity
tuning elements operating through torsional effects.[4, 7c, 21] It
was anticipated that the use of BDA groups and appropriate
anomeric leaving groups should allow the assembly of the
core 2 in just six steps from the six building blocks 5 ± 10,
including only one protecting group manipulation
(Scheme 2). In the couplings A and B selective activation of
the donor�s selenium leaving group should be possible
because of the deactivating effect of the BDA and chloroa-
cetate groups in the acceptor, while in couplings C and D the


Scheme 2. Synthetic strategy: building blocks 5 ± 10 allow the assembly of
carbohydrate core 2 in only six steps.


higher reactivity of the anomeric selenium groups[22] in
comparison with their sulfur equivalents should allow for
selective activation. The strategy is also flexible: firstly,
couplings C, D and E can be envisaged to proceed in any
sequence in the event of steric mismatch, secondly the
selenium and sulfur leaving groups could be transformed into
a more reactive halide, should this prove necessary.


Building block synthesis


The desymmetrisation of myo-inositol has remained a prob-
lem despite the tremendous interest in the biological role of
inositolphosphates as second messengers.[23] Most syntheses of
myo-inositols involve a chiral resolution or a low yielding
desymmetrisation step.[15e, 24] We reported a new route to


Scheme 1. Structure and retrosynthesis of GPI anchor 1 of T. brucei.
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chiral l-myo-inositols employing the use of a chiral bis(dihy-
dropyran).[5] A modification of this approach was used to
provide access to d-myo-inositol 21 (Scheme 3). The sym-
metrical tetraol 13 is accessible in three steps from myo-
inositol employing butane-2,3-dione as an economic alterna-
tive to 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane.[25] The


Scheme 3. Desymmetrisation of myo-inositol and elaboration to inositol
building block 21. i)[26a] ; [17: ii) TPSCl, imidazole, DMF, 100 8C; iii) TFA/
H2O 9:1 92% over two steps; iv) 15, PPh3 ´ HBr, CHCl3, 81 % (de 98%);
v) TBAF, THF; vi) NaH, BnBr, DMF, 67% over two steps]; 16 : ii) BzCl,
pyr; iii) TFA/H2O 9:1, 99 % over two steps; iv) 15, PPh3 ´ HBr, CHCl3, D,
71% (de 98%); v) K2CO3 (aq), MeOH; vi) NaH, BnBr, DMF, 70 % over
two steps; vii) mCPBA, CH2Cl2, 93 %; viii) LiN(TMS)2, THF, 0 8C, 93%;
ix) Bu2Sn(OMe)2, toluene, D, then allylbromide, tetrabutylammonium
iodide (TBAI), 65% (22 : 21%); or NaH, THF, then allylbromide, 44%
(22 : 6%), x) [(Ph3P)4RuH2], EtOH, D, then para-toluenesulfonic acid,
76%.


reported BDA protection of myo-inositol is low yielding on
large scale (28 % at 277 mmol) but produces analytically pure
product 11 without need for purification.[26] Alternatively,
with butane-2,3-dione[27] and longer reaction times[26a] yields
81 % of a 3:1 mixture of 11 and side product 12, which can be
removed by simple recrystallisation from CH2Cl2/MeOH.[28]


Benzoylation of tetraacetal 11 followed by deprotection with
trifluoroacetic acid (TFA)/water gave tetraol 13 in excellent
yield. Tetraol 13 was then desymmetrised with bis(dihydro-
pyran)[29] 15 furnishing 16 as a single diastereoisomer in 71 %
yield. The more soluble tert-butyldiphenylsilyl (TPS) protect-
ed tetraol 14 may be desymmetrised in an improved yield,
providing 17 in 81 %. Debenzoylation of 16 or desilylation of
17 followed by benzylation, oxidation and removal of the
dispiroketal furnished diol 20. Selective allylation via the tin
acetal gave the desired alcohol 21 in 65 % yield. The undesired
isomer 22 (21 %) was deprotected[30] and recycled. A 7:1
ratio[31] in favour of 21 can be obtained by precipitation of,


presumably, the mono sodium anion of 20 with NaH in THF
followed by alkylation.


Our previously reported synthesis of bromide 33 relied on a
low yielding azidonitration step and the transformation of the
anomeric alcohol 30 to the corresponding bromide.[4, 17] A
more efficient synthesis of this building block is reported here
(Scheme 4). Readily available phthalimide 23[30] was trans-
formed into alcohol 25 by benzylation and reductive benzy-
lidene ring opening. The amine was deprotected with


Scheme 4. Synthesis of pseudodisaccharide 10. i) BnBr, NaH, TBAI,
DMF, 83%; ii) triethylsilane, TFA, CH2Cl2, 71 %; iii) H2NNH2 ´ H2O,
EtOH, D, 94%; iv) TfN3, 4-(dimethylamino)pyridine (DMAP), CH3CN,
98%; v) TBSCl, KHMDS, THF ÿ78 8C!RT, 93%; vi) Br2, CH2Cl2, 0 8C
to RT; vii) 30, SOBr2, imidazole, THF; viii) 33 (1.5 equiv), TBABr, CH2Cl2,
molecular sieves (MS) 4 �, three days, 65 %; xi) TBAF, THF, 95 %.


hydrazine, transformed into the azide with triflic azide (TfN3)
as first described by Vasella et al.[32] and the alcohol silylated
to give building block 28 in excellent yield.[33] The anomeric
sulfide 28 was readily transformed into bromide 33. Crude
bromide 33 was then coupled to inositol 21 with Leumieux�s
inversion protocol[34] to give the desired a-linked product 34
with excellent selectivity. Desilylation with tetrabutylammo-
nium fluoride (TBAF) furnished pseudodisaccharide 10.[35]


Also investigated was the alternative use of the corresponding
anomeric fluoride 31 as well as the trichloroacetimidate 32 as
donor in this glycosidation due to encouraging literature
reports,[15c, 15g] but in our hands only low yields and unsat-
isfactory selectivities were observed under a variety of
conditions.


Readily available galactoside 35[36] was protected as buta-
nediacetal in 67 % yield. Subsequent silylation, acylation and
desilylation gave acceptor 6 (Scheme 5). Benzylation of the
same starting material 35 gave galactoside donor 5.[36b]


Mannosides 7 and 8 were synthesised in analogous fashion
from phenylselenide 39.[21a] BDA protection gave diol 40 in
80 %, which was treated with chloroacetic anhydride after tin
acetal formation to produce acceptor 8. The same starting
material 39 was first silylated at the primary alcohol and then
benzylated to give donor 6.
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Scheme 5. Synthesis of building blocks 5 ± 8. i) butane-2,3-dione,
HC(OCH3)3, CSA, MeOH, D, 67%; ii) TBSCl, imidazole, THF; iii)
(ClAc)2O, pyridine, CH2Cl2, 0 8C, 80% over two steps; iv) 48% HF (aq),
CH3CN, 95%; v) BnBr, NaH, DMF, 75%; vi) butane-2,3-dione,
HC(OCH3)3, CSA, MeOH, D, 80%; vii) (Bu3Sn)2O, toluene, D, then
(ClAc)2O, CH2Cl2, O 8C, 96%; viii) TBSCl, imidazole, THF, 82%;
ix) BnBr, NaH, DMF, 91%.


The central mannoside required a chloroacetate group at
the 2-position to allow for anchimeric assistance and differ-
entiation of the 3- and 6-position for regioselective glycosi-
dation (Scheme 6). Treatment of thioethyl mannoside 42 with
two equivalents of tert-butyldimethylsilyl chloride and imida-
zole in DMF gave selectively the 3-,6-disilylated compound in
68 % yield. Disilylation of 42 followed by acylation and
desilylation gave acceptor 46 in analogous fashion. Trial
experiments indicated that the two chloroacetate groups in 45
might deactivate the anomeric leaving group too strongly for
use in glycosidations. This suspicion was later confirmed (vide
infra) and made synthetic access to 44, with an activating
benzyl group in the 4-position, very desirable. Selective


Scheme 6. Synthesis of building blocks 9 and 46. i) TPSCl, imidazole,
DMF; ii) (CH3)2C(OCH3)2, acetone, PPTS; iii) BnBr, NaH, DMF;
iv) acetic acid/H2O 4:1, 80 8C; v) TBAF, THF; vi) TBSCl, imidazole,
THF, 65 % over six steps; vii) TMSCl, TEA, CH2Cl2; viii) (ClAc)2O,
pyridine, CH2Cl2, 0 8C, 79% over two steps; ix) 48 % HF (aq), CH3CN,
95%; x) TPSCl (1 equiv), imidazole, DMF, then TESCl (1 equiv), 0 8C;
xi) (ClAc)2O, pyridine, CH2Cl2, 0 8C; xii) 48% HF (aq), CH3CN, 33 % over
three steps.


introduction of a benzyl group on the 4-position of 42 required
a longer sequence of reactions since reductive ring opening of
a benzylidene acetal onto the 4-position of thioethyl mannose
proceeded only in very low yields.[37] The following sequence
was then chosen because of its reliability, high yield and the
minimal purification required. Tetraol 42 was silylated,
acetonide protected, benzylated, desilylated, treated with
acid to remove the acetonide and protected with tert-
butyldimethylsilyl chloride (TBSCl) to give diol 43 in 65 %
yield after one final purification on silica gel. Treatment with
one equivalent of trimethylsilyl chloride (TMSCl) and
triethylamine (TEA) led to selective silylation of the 3-posi-
tion and, followed by acylation and desilylation, furnished the
central building block 9.


Oligosaccharide assembly


With all building blocks in hand the carbohydrate core was
then assembled (Scheme 7). Fully benzylated galactoside 5
was selectively activated with N-iodosuccinimide (NIS) and
catalytic amounts of triflic acid (TfOH) or trimethylsilyltri-
flate (TMSOTf)[38] in the presence of acceptor 6 to furnish the
desired a-linked digalactoside 47 in 71 % yield accompanied
by the separable b-linked isomer (15 %). Prior investigations
had shown that the combined deactivating effects of the BDA
and the chloroacetate group in 6 are required to prevent any
homocoupling. In analogous fashion dimannoside 51 was
obtained as one diastereoisomer in 87 % yield from donor 7
and acceptor 8 under NIS/TMSOTf activation. The central
mannoside 9[39] was then 3-O-glycosylated with digalactoside
47. Preliminary investigations with acceptor 46 had shown that
NIS/TfOH activation of selenide 47 led to formation of the
corresponding trisaccharide 48 in low yield with the anomeric
succinimide of 47 as the main side product.[40] Activation with
iodonium dicollidine perchlorate[41] or benzeneselenyl tri-
flate[42] was also unsatisfactory; the former leading to incom-
plete turnover while the latter led to decomposition. Methyl
triflate (MeOTf), first introduced by Lönn,[43] turned out to be
a more efficient activating agent resulting in the formation of
the desired trisaccharide 48 in good yield. The same reaction
conditions were also applicable to the coupling of digalacto-
side 47 to acceptor 9 and trisaccharide 49 was obtained in
75 % yield. The suspicion that trisaccharide 48 might be too
deactivated by the two chloroacetate groups for synthetic use
was confirmed by trial experiments: trisaccharide 48[44] had to
be converted into the corresponding bromide to disaccharide
10, while the corresponding branched pentasaccharide 52[45]


could not be coupled to 10 nor transformed into the
corresponding anomeric bromide without decomposition
predominating.


As a result of these observations the trisaccharide 49 was
chosen as the key intermediate for further assembly of the
carbohydrate core. TBS deprotection with aqueous hydrogen
fluoride in acetonitrile gave alcohol 50 in good yield.
Glycosidation with selenophenyl donor 51 under MeOTf
activation produced the pentasaccharide 53 in 75 % yield. An
excess of donor 51 (4 equiv), which was fully recovered, and
high reaction concentration were used to suppress formation
of the anhydrosugar of 50 arising from intramolecular
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Scheme 7. Assembly of the carbohydrate core 2. i) NIS (1 equiv), TMSOTf
(cat.), Et2O/CH2Cl2 1:1, MS 4 �, 71%; ii) NIS (1 equiv), TMSOTf (cat.),
Et2O/CH2Cl2 1:1, MS 4 �, 87%; iii) 9, MeOTf (5 equiv), Et2O, MS 4 �,
75%; iv) 48% HF (aq), CH3CN, 89 %; v) 50, 51 (5 equiv), MeOTf
(5 equiv), CH2Cl2, MS 4 �, 12 h, 75 %; vi) 53 (1.4 equiv), NIS, TfOH
(cat.), Et2O/CH2Cl2 2:1, MS 4 �, 50 %.


glycosidation of the 6-hydroxyl group. The branched penta-
saccharide 53 was coupled to disaccharide 10 under NIS/
TfOH activation in 50 % yield. The TfOH concentration and
the amount and type of molecular sieves used turned out to be
crucial in this final block coupling.


The carbohydrate core 2 was elaborated to the fully
protected GPI anchor by using phosphoramidite chemistry,
which had been successfully applied in other GPI syntheses
(Scheme 8).[15d, 15g, 18] After desilylation the ethanolamine
linker was introduced by phosphorylation with phosphorami-


Scheme 8. Phosphorylations and final deprotections. i) 48 % HF (aq),
CH3CN, 81 %; ii) 3 (10 equiv), tetrazole (20 equiv), CH3CN/CH2Cl2 1:1,
then mCPBA (ÿ40!25 8C), 89%; iii) PdCl2, NaOAc, HOAc/H2O 19:1,
67% (81 % based on recovered starting material); iv) 4 (10 equiv),
tetrazole (20 equiv), CH3CN/CH2Cl2 1:1, then mCPBA (ÿ40!25 8C),
81%; v) Pd/C, H2, CHCl3/MeOH/H2O 3:3:1; vi) H2NNHC(S)SH, 2,6-
lutidine/AcOH 3:1, vii) TFA/H2O 9:1, 2 min, 90% over three steps.


dite 3 followed by oxidation with meta-chloroperbenzoic acid
(mCPBA). Deallylation with PdCl2


[46] followed by phosphor-
ylation with 4 and oxidation furnished the fully protected GPI
anchor 57 as a mixture of four diastereoisomers. A final
deprotection sequence involving hydrogenation, deacylation
and deacetalisation was planned. Studies on the deprotection
of diacetals had shown that the hydrolysis of BDA groups
gave better results if performed after debenzylation. Hydro-
genation of 57 with Pd/C removed the benzyl ethers, the
benzyloxycarbonyl (Cbz) group and transformed the azide
into the amine. Treatment with hydrazine dithiocarbonate[47]


allowed the selective deacylation of the chloroacetates, whilst
leaving the alkyl esters intact. Final rapid hydrolysis of the
BDA groups with aqueous trifluoroacetic acid gave the GPI
anchor 1 in 90 % yield over the three steps. The final product
was characterised by 1H, 31P NMR and MALDI-TOF MS. The
1H NMR spectra was recorded in [D6]DMSO/D2O (50:1) at
60 8C and the 31P NMR spectra in CD3CN/D2O (3:1) at 50 8C.
This was due to the low solubility of GPI anchor 1 in water
and its tendency to form aggregates, leading to broad NMR
signals.
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Conclusion


In summary, a highly convergent and efficient synthesis of
GPI anchor 1 has been reported here. The use of bis(dihyr-
opyran)s to desymmetrise myo-inositol and the use of BDA
groups to conveniently protect monomers and to tune the
reactivity of the resulting glycosyl donors proved to be
especially effective. This strategy is clearly adaptable to other
GPI anchors and a project directed towards the syntheses of
other biologically interesting GPI anchor derivatives is
underway.


Experimental Section


Dry toluene, acetonitrile, dichloroethane and dichloromethane were
distilled from calcium hydride; methanol was distilled from magnesium;
dry Et2O and tetrahydrofuran were distilled from sodium/benzophenone.
NaH was a 60 % dispersion in mineral oil. Molecular sieves (4 �,
powdered) were predried in the oven and activated for 10 min under
vacuum at 300 8C. Water was distilled. All aqueous (aq) solutions were
saturated unless otherwise stated. Solvents for chromatography and
reaction work up were distilled. Petrol is 40 ± 60 8C petroleum ether, ether
is diethylether. Reactions were carried out at RT under argon in predried
glassware unless otherwise stated. 1H and 13C NMR spectra were recorded
at 27 8C on Bruker AM400, Bruker DRX200, DRX400, DRX500 and
DRX600 spectrometers with CHCl3 (d� 7.26) and CDCl3 (d� 77.0) as
internal reference signals unless otherwise stated. Signals were assigned by
means of APT, DEPT, 1D TOCSY and 2D spectra (COSY, HMQC,
HMBC). The assignment of 1H and 13C NMR signals of the saccharide units
correlates with the lettering in Scheme 7. Infrared spectra were recorded as
thin films between sodium chloride plates, deposited from chloroform
solution on a FT-IR 1620 spectrometer. Mass spectra were obtained on
Micromass Platform LC-MS, Micromass Q-Tof, Kratos MS890MS and
Bruker Daltonics Bio-Apex II (FTICR) spectrometers by the MS-service
of the Department of Chemistry, University of Cambridge, on a Voyager
STR spectrometer by Dr. A. Reason at M-Scan, Silwood Park, Ascot and
on a Kratos Kompact 4. Microanalyses were determined in the micro-
analytical laboratories at the Department of Chemistry, University of
Cambridge. Optical rotations were measured with an Optical Activity AA-
1000 polarimeter and [a]D values are given in 10ÿ1 deg cm2 gÿ1. Column
chromatography was carried out under pressure with Merck silica gel
(230 ± 400 mesh) or BDH florosil (200 US mesh, 0.075 mm). Analytical and
preparative thin-layer chromatography (TLC) was performed by using
precoated, glass backed plates (Merck silica gel 60 F254) and visualised by
ultra-violet radiation (254 nm) or acidic ammonium molybdate (iv).


2,4-O-Benzoyl-myo-inositol (13): BzCl (1.4 mL, 12 mmol) and dry pyridine
(10 mL) were added to diol 11 (1.67 g, 4 mmol) and DMAP (spatula tip,
cat.). The resulting solution was stirred for 5 h, before it was diluted with
CH2Cl2, washed subsequently with aq 5% HCl and aq NaHCO3, dried over
MgSO4 and concentrated. The residue was dissolved in TFA/H2O 9:1
(10 mL) and stirred for 10 min before the solvents were removed under
reduced pressure. This process was repeated and the residue was purified
by column chromatography (SiO2, CH2Cl2/MeOH 95:5!85:15) to furnish
tetraol 13 (1.55 g, 3.9 mmol, 99%) as a white solid: 1H NMR (600 MHz,
CD3OD): d� 3.81 (dd, 2H, J� 9.7, 2.7 Hz, H-1/3), 4.00 (t, 2 H, J� 9.7 Hz,
H-4/6), 5.15 (t, 1H, J� 9.7 Hz, H-5), 5.76 (s, 1H, H-2), 7.48 ± 7.53 (m, 4H,
ArH), 7.59 ± 7.64 (m, 2H, ArH), 8.07 (d, 2 H, J� 7.7 Hz, ArH), 8.13 (d, 2H,
J� 7.7 Hz, ArH); 13C NMR (CD3OD, 150 MHz): d� 70.5 (CH-1/3/4/6),
71.6 (CH-1/3/4/6), 74.7 (CH-2/5), 76.9 (CH-2/5), [128.0, 128.1, 129.3, 129.4
(CH-Ar)], [130.5, 132.7 (Cq-Ar)], [166.4, 166.6 (CO)]; HR-MS (FAB):
m/z : 389.1242 [M�H]� , C20H20O8 requires [M�H]� 389.1236.


(2''R,2''''R,6''S,6''''S) 2,5-O-Dibenzoyl-1,6-O-(6'',6''''-diphenylthiomethyl-3'',3'''',
4'',4'''',5'',5'''',6'',6''''-octahydro-2'',2''''-bis-2H-pyran-2'',2''''-diyl)-dd-myo-inositol (16):
Bis(dihydropyran) 15 (634 mg, 1.54 mmol) and Ph3P ´ HBr (250 mg,
0.782 mmol) were added to a suspension of inositol 13 (500 mg, 1.29 mmol)
in dry CHCl3 (20 mL). The mixture was refluxed for 19 h, before it was
cooled to RT, diluted with EtOAc and washed with water. The aqueous


phase was extracted with EtOAc (3� ), the combined organic phases
were washed with brine, dried over MgSO4, and concentrated. The residue
was purified by column chromatography (SiO2, Et2O/petrol 3:1!5:1) to
give dispiroketal 16 (730 mg, 0.91 mmol, 71 %): [a]19


D ��12.2 (c� 1.8 in
CHCl3); 1H NMR (400 MHz, CDCl3): d� 1.05 ± 1.75 (m, 12H, CH2-
dispoke), 2.71 ± 3.05 (m, 6H, CH2SPh, 2�OH), 3.75 ± 3.89 (m, 3H, H-3,
H-6', H-6''), 3.94 (dd, 1H, J� 10.0, 2.8 Hz, H-1), 4.09 (m, 1H, H-4), 4.54
(t, 1H, J� 10.0 Hz, H-6), 5.24 (t, 1H, J� 10.0 Hz, H-5), 5.55 (t, 1 H, J�
2.8 Hz, H-2), 7.10 ± 7.55 (m, 16 H, ArH), 7.91 (m, 2 H, 2 ArH), 8.15 (m, 2H,
2ArH); 13C NMR (CDCl3, 100 MHz): d� [18.0, 18.1, 27.6, 27.7, 29.9, 30.1
(CH2-dispoke)], [39.4, 40.0 (CH2SPh)], [66.0, 66.5, 69.7, 69.8, 71.4, 72.2,
73.2, 74.4 (CH)], [97.3, 98.0 (Cq-2', Cq-2'')], [126.0, 126.1, 128.4, 128.9, 129.0,
129.1, 129.5, 129.9, 130.1, 133.2, 136.5, 137.0 (Cq-Ar, CH-Ar)], [166.8, 167.0
(CO)]; HR-MS (FAB): m/z : 821.2408 [M�Na]� , C44H46O10S2 requires
[M�Na]� 821.2430; C44H46O10S2: calcd C 66.15, H 5.8; found C 65.47, H
5.79.


2,5-O-Di-(tert-butyldiphenylsilyl)-myo-inositol (14): TPSCl (0.51 mL,
1.96 mmol) and dry DMF (0.5 mL) were added to diol 11 (200 mg,
0.46 mmol) and imidazole (200 mg, 2.94 mmol). The resulting slurry was
stirred at 100 8C for 48 h. The mixture was diluted with CH2Cl2, washed
with H2O (3� ) and dried over MgSO4. The residue was dissolved in TFA/
H2O 9:1 and stirred for 5 min before the solvents were removed under
reduced pressure. This process was once repeated and the residue was
purified by column chromatography (SiO2, petrol/EtOAc 3:1!1:1) to
furnish silyl ether 14 (305 mg, 0.48 mmol, 92%) as a white foam: Rf� 0.7
(petrol/EtOAc 3:2); 1H NMR (600 MHz, CDCl3): d� 1.12 (s, 9H, CH3-
tBu), 1.15 (s, 9H, CH3-tBu), 3.16 (dd, 2H, J� 9.7, 2.3 Hz, H-1/3), 3.46 (t,
1H, J� 9.3 Hz, H-5), 3.96 (t, 2 H, J� 8.9 Hz, H-4/6), 4.17 (s, 1 H, H-2),
7.38 ± 7.48 (m, 12H, ArH),7.74 (d, 4 H, J� 6.7 Hz, ArH), 7.79 (d, 4H, J�
6.7 Hz, ArH); 13C NMR (CDCl3, 150 MHz): d� [19.7, 19.9 (Cq-tBu)], [27.1,
27.3 (CH3-tBu)], 72.2 (CH-1/3), 73.9 (CH-2), 74.3 (CH-4/6), 78.0 (CH-5),
[127.7, 127.9, 129.9, 130.0 (CH-Ar)], [133.3, 133.7 (Cq-Ar)], [135.7, 136.3
(CH-Ar)]; HR-MS (FAB): m/z : 679.2909 [M�Na]� , C38H48O6Si2 requires
[M�Na]� 679.2887.


(2''R,2''''R,6''S,6''''S)-2,5-O-Di-(tert-butyldiphenylsilyl)-1,6-O-(6'',6''''-diphen-
ylthiomethyl-3'',3'''',4'',4'''',5'',5'''',6'',6''''-octahydro-2'',2''''-bis-2H-pyran-2'',2''''-diyl)-
dd-myo-inositol (17): Bis(dihydropyran) 15 (29 mg, 70 mmol) and Ph3P ´ HBr
(11 mg, 33 mmol) were added to a solution of inositol 14 (39 mg, 59 mmol) in
dry CHCl3 (2 mL). The mixture was stirred at RT for 4 h, before it was
diluted with EtOAc and washed with water. The aqueous phase was
extracted with EtOAc (3� ), the combined organic phases were washed
with brine, dried over MgSO4, and concentrated. The residue was purified
by column chromatography (SiO2, Et2O/petrol 1:2) to give dispiroketal 17
(51 mg, 48 mmol, 81 %): Rf� 0.38 (petrol/Et2O 2:1); [a]27


D ��9.8 (c� 1.35
in CHCl3); 1H NMR (600 MHz, CDCl3): d� 1.05 (s, 9H, CH3-tBu), 1.14 (s,
9H, CH3-tBu), 1.21 ± 1.23 (m, 1 H, H-3'/3''), 1.41 ± 1.46 (m, 4H, H-4'/4''/5'/
5''), 1.56 ± 1.58 (m, 2H, H-4'/4''), 1.65 ± 1.68 (m, 4H, H-3'/3''/5'/5''), 1.76 ± 1.81
(s, 2 H, 2�OH), 1.86 ± 1.90 (m, 1 H, H-5'/5''), 2.88 ± 2.92 (m, 3H, H-7'/7'',
H-1/3), 2.97 ± 3.00 (m, 1 H, H-7'/7''), 3.25 ± 3.27 (m, 1H, H-7'/7''), 3.35 (d,
1H, J� 10.2 Hz, H-1/3), 3.48 ± 3.52 (m, 1H, H-6'/6''), 3.72 (d, 1H, J�
8.8 Hz, H-5), 3.82 ± 3.87 (m, 2H, H-2, H-4/6), 4.18 ± 4.21 (m, 1 H, H-6'/6''),
4.32 (t, 1 H, J� 9.8 Hz, H-4/6), 7.04 ± 7.41 (m, 22H, ArH), 7.70 (t, 4H, J�
7.2 Hz, ArH), 7.83 (t, 4 H, J� 8.3 Hz, ArH); 13C NMR (CDCl3, 150 MHz):
d� [17.3, 18.3 (CH2-4', CH2-4'')], [19.0, 19.8 (Cq-tBu)], [27.2, 27.3 (CH3-
tBu)], [27.7, 27.9 (CH2-5', CH2-5'')], [29.5, 29.9 (CH2-3', CH2-3'')], [39.0, 39.6
(CH2SPh)], 67.6 (CH-1/3), 68.4 (CH-6'/6''), 68.6 (CH-4/6), 68.6 (CH-6'/6''),
72.6 (CH-2/4/6), 72.6 (CH-1/3), 75.1 (CH-2/4/6), 75.9 (CH-5), [97.1, 97.7 (Cq-
2', Cq-2')], [127.3, 127.5, 127.5, 127.7, 128.0, 128.7, 128.8, 129.2, 129.4, 129.6,
129.7 (CH-Ar)], [132.8, 134.1, 134.4, 134.6 (Cq-Ar)], [135.9, 135.9, 136.1,
136.8 (CH-Ar)], [136.8, 137.5 (Cq-Ar)]; HR-MS (ESI): m/z : 1089.4182
[M�Na]� , C62H74O8S2Si2 requires [M�Na]� 1089.4256.


(2''R,2''''R,6''S,6''''S)-2,3,4,5-O-Tetrabenzyl-1,6-O-(6'',6''''-diphenylthiomethyl-
3'',3'''',4'',4'''',5'',5'''',6'',6''''-octahydro-2'',2''''-bis-2H-pyran-2'',2''''-diyl)-dd-myo-inosi-
tol (18): From 16 : A mixture of aq K2CO3 (6.4 mL, 6.4 mmol, 1m),
dispiroketal 16 (2.42 g, 3.03 mmol) and MeOH (110 mL) was stirred for 2 h
before aq NH4Cl was added and extracted with CHCl3 (6� ).The combined
organic phases were dried over MgSO4 and concentrated. The obtained
white solid (1.65 g) was dissolved in dry DMF (60 mL) and NaH (650 mg,
15.4 mmol) was added cautiously. The mixture was diluted with THF
(60 mL) before benzyl bromide (1.66 mL, 14 mmol) was added dropwise.
The mixture was stirred at RT for 16 h before aq NH4Cl was added
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cautiously at RT followed by water and it was extracted with ether (3� ).
The combined organic phases were washed with water, brine, dried over
MgSO4 and concentrated. The residue was purified by column chromatog-
raphy (SiO2, Et2O/petrol 1:8) to give benzyl ether 18 (2.0 g, 2.1 mmol,
70%).


From 17: TBAF (270 mL, 0.27 mmol, 1m in THF) was added to dispiroketal
17 (97.3 mg, 90 mmol) in THF (1.5 mL). The solution was stirred for 12 h
before the reaction mixture was filtered through a silica pad (CH2Cl2/
MeOH 95:5) and concentrated. The obtained white solid (40 mg) was
dissolved in dry DMF (1.5 mL) and NaH (16 mg, 0.45 mmol) was added.
The mixture was diluted with THF (1.5 mL) before benzyl bromide (45 mL,
3.8 mmol) was added. The mixture was stirred at RT for 16 h before aq
NH4Cl was added at RT followed by water and it was extracted with ether
(3� ). The combined organic phases were washed with water, brine, dried
over MgSO4 and concentrated. The residue was purified by column
chromatography (SiO2, Et2O/petrol 1:8) to give benzyl ether 18 (54.3 mg,
0.06 mmol, 67%); 1H NMR (400 MHz, CDCl3): d� 1.09 ± 1.23 (m, 12H,
CH2-dispoke), 2.96 (dd, 1H, J� 13.6, 4.7 Hz, CH2SPh), 3.01 ± 3.07 (m, 3H,
CH2SPh), 3.44 (dd, 1H, J� 9.7, 2.6 Hz, H-1), 3.50 (t, 1H, J� 9.2 Hz, H-5),
3.65 (dd, 1 H, J� 10.3, 1.8 Hz, H-3), 3.80 (m, 1H, H-6'/6''), 3.92 (t, 1 H, J�
2.0 Hz, H-2), 4.00 (t, 1H, J� 9.3 Hz, H-4/6), 4.05 (m, 1 H, H-6'/6''), 4.44 (t,
1H, J� 9.9 Hz, H-4/6), 4.62 (m, 2 H, CH2Ph), 4.75 ± 4.98 (m, 6H, CH2Ph),
7.05 ± 7.50 (m, 30H, ArH); 13C NMR (CDCl3, 100 MHz): d� [18.5, 18.5,
27.9, 28.1, 29.6, 30.2 (CH2-dispoke)], [39.4, 39.6 (CH2SPh)], [68.4, 68.7, 69.2,
70.0 (CH)], [72.4, 73.7 (CH2Ph)], 74.2 (CH), [75.2, 76.2 (CH2Ph)], [81.0,
81.7, 82.0 (CH)], [96.9, 97.4 (Cq-2', Cq-2'')], [125.5, 125.8, 127.2, 127.3, 127.4,
127.5, 127.6, 127.6, 127.9, 128.1, 128.2, 128.3, 128.4, 128.7, 128.8, 128.8, 129.0,
129.2 (CH-Ar)], [137.2, 137.3, 138.6, 139.1, 139.2, 139.3 (Cq-Ar)]; HR-MS
(ESI): m/z : 973.3817 [M�Na]� , C58H62O8S2 requires [M�Na]� 973.3778;
C58H62O8S2: calcd C 73.23, H 6.54; found C 72.97, H 6.59.


(2''R,2''''R,6''S,6''''S)-2,3,4,5-O-Tetrabenzyl-1,6-O-(6'',6''''-diphenylsulfonyl-
methyl-3'',3'''',4'',4'''',5'',5'''',6'',6''''-octahydro-2'',2''''-bis-2H-pyran-2'',2''''-diyl)-dd-
myo-inositol (19): m-Chloroperbenzoic acid (2.95 g, 8.55 mmol, 50 %) was
added to a solution of sulfide 18 (1.81 g, 1.9 mmol) in dry CH2Cl2 (95 mL) at
0 8C. The mixture was stirred for 3 h at RT before aq Na2S2O3 was added at
0 8C followed by extraction with CH2Cl2 (3� ). The combined organic
phases were washed with aq NaHCO3, brine, dried over MgSO4 and
concentrated. The residue was purified by column chromatography (SiO2,
Et2O/petrol 3:1) to give sulfone 19 (1.8 g, 1.77 mmol, 93%): 1H NMR
(400 MHz, CDCl3): d� 1.04 ± 2.02 (m, 12 H, CH2-dispoke), 3.20 (dd, 1H,
J� 15.0, 2.7 Hz, CH2SO2Ph), 3.24 (dd, 1H, J� 15.0, 7.4 Hz, CH2-SO2Ph),
3.35 ± 3.42 (m, 2H, CH2SO2Ph), 3.53 (t, 1 H, J� 9.1 Hz, H-5), 3.61 (dd, 1H,
J� 9.8, 1.9 Hz, H-3), 3.79 (t, 1 H, J� 9.4 Hz, H-4), 3.91 (t, 1 H, J� 9.8 Hz,
H-6), 4.04 (m, 2H, H-1, H-2), 4.12 (m, 1 H, H-6'), 4.36 (m, 1H, H-6'), 4.67
(m, 2H, CH2Ph), 4.79 ± 4.85 (m, 4H, CH2Ph), 4.90 (d, 1H, J� 10.6 Hz,
CH2Ph), 4.94 (d, 1H, J� 10.6 Hz, CH2Ph), 7.15 (m, 2H, 2 ArH), 7.25 ± 7.44
(m, 23 H, 23 ArH), 7.51 (m, 1H, ArH), 7.64 (m, 2 H, 2 ArH), 8.02 (m, 2H,
2ArH); 13C NMR (CDCl3, 100 MHz): d� [17.9, 27.5, 27.9, 29.8, 30.7 (CH2-
dispoke)], [61.7, 62.0 (CH2-SO2Ph)], 64.8 (CH-6''), 65.5 (CH-6'), 68.1 (CH-
1), 69.1 (CH-6), [72.9, 74.1 (CH2Ph)], 75.0 (CH-2), [75.7, 76.0 (CH2Ph)],
81.2 (CH-5), 81.6 (CH-3), 81.8 (CH-4), [96.9, 97.4 (Cq-2', Cq-2'')], [127.5,
127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.4, 128.7, 129.3,
133.1, 133.2 (CH-Ar)], [138.5, 138.9, 139.1, 139.3, 141.3 (Cq-Ar)]; MS
(FAB): m/z : 1037.7 [M�Na]� , C58H62O12S2: calcd C 68.62, H 6.16; found C
68.25, H 6.12.


2,3,4,5-O-Tetrabenzyl-dd-myo-inositol (20): From 19 : LHMDS (5.78 mL,
5.78 mmol, 1m in THF) was added to a solution of sulfone 19 (1.68 g,
1.65 mmol) in dry THF (55 mL) at 0 8C. The mixture was stirred for 1.5 h at
0 8C before aq NH4Cl was added followed by extraction with EtOAc (4� ).
The combined organic phases were washed with brine, dried over MgSO4


and concentrated. The residue was purified by column chromatography
(SiO2, Et2O/EtOAc 1:0!5:1) to give diol 20 (0.83 g, 1.53 mmol, 93%).


From 22 : [(Ph3P)4RuH2] (70 mg, 62 mmol) and allyl ether 22 (562 mg,
0.97 mmol) were dissolved in ethanol (1 mL). The mixture was refluxed for
6.5 h before it was cooled to RT and para-toluenesulfonic acid (50 mg) was
added. The reaction was stirred at RT for 2 h before Et3N (5 drops) was
added. The solvent was removed under vacuum and the residue was
purified by column chromatography (SiO2, petrol/Et2O 1:1) to furnish diol
20 (397 mg, 0.73 mmol, 76 %); [a]19


D ��13.8 (c� 0.86 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 2.27 (s, 1H, OH), 3.32 (t, 1H, J� 9.2 Hz, H-5), 3.37
(m, 1 H, H-2), 3.48 (dd, 1H, J� 9.8, 2.4 Hz, H-1), 3.82 (t, 1 H, J� 9.4 Hz,


H-6), 4.02 (m, 2H, H-3, H-4), 4.66 ± 5.06 (m, 8 H, CH2Ph), 7.28 ± 7.35 (m,
20H, 20ArH); 13C NMR (CDCl3, 100 MHz): d� 72.2 (CH), 73.2 (CH2Ph),
74.0 (CH), [74.9, 75.4, 75.8 (CH2Ph)], [81.4, 81.5, 83.0 (CH)], [127.7, 127.7,
127.8, 127.8, 127.9, 128.1, 128.4, 128.5, 128.5, 128.6 (CH-Ar)], [138.2, 138.6,
138.6 (Cq-Ar)]; HR-MS (ESI): m/z : 563.2425 [M�Na]� , C34H36O6 requires
[M�Na]� 563.2404; C34H36O6: calcd C 75.21, H 6.57; found C 75.52, H 6.72.


1-O-Allyl-2,3,4,5-O-tetrabenzyl-dd-myo-inositol (21): A) Inositol 20
(301 mg, 0.56 mmol) was dissolved in dry toluene (15 mL). Half the
solvent was distilled off in a Dean ± Stark apparatus, then Bu2Sn(OCH3)2


(166 mL, 0.72 mmol) was added by syringe and the remaining solvent was
distilled off. The obtained oil was dried under vacuum before allyl bromide
(5 mL) and TBAI (206 mg, 0.56 mmol) were added and the mixture was
refluxed for 3 h. The allyl bromide was removed under vacuum and the
residue was purified by column chromatography (SiO2, petrol/EtOAc
9:2!7:2) to furnish allyl ether 21 (214 mg, 0.37 mmol, 66%) and its
regioisomer 22 (72 mg, 0.12 mmol, 22 %); B) NaH (14 mg, 0.35 mmol) was
added to inositol 20 in dry THF (2 mL) and stirred for 30 min by which time
a precipitate had formed. Allyl bromide (36 mL, 0.42 mmol) was added and
the mixture was stirred for 14 h before aq NH4Cl (10 mL) was added and it
was extracted with ether (5� ). The combined organic phases were dried
over MgSO4 and concentrated to obtain a crude mixture (113 mg, 56%) of
allyl ethers 21 and 22 in a 7:1 ratio as determined by HPLC.[31] The product
mixture was purified by column chromatography (SiO2, petrol/EtOAc
9:2!7:2) to give allyl ether 21 (82 mg, 0.14 mmol, 40 %) and a mixed
fraction (19 mg); 21: Rf� 0.30 (petrol/EtOAc 3:1); 22 : Rf� 0.19 (petrol/
EtOAc 3:1); [a]22


D �ÿ10.6 (c� 1.87 in CHCl3); 1H NMR (500 MHz,
CDCl3): d� 2.46 (s, 1H, HO-6), 3.10 (dd, 1H, J� 9.9, 2.1 Hz, H-1), 3.38 (t,
1H, J� 9.9 Hz, H-5), 3.40 (dd, 1H, J� 9.9, 2.3 Hz, H-3), 3.99 (dd, 1H, J�
5.7, 12.7 Hz, CH2-All), 4.04 (s, 1 H, H-2), 4.04 ± 4.08 (m, 2H, CH2-All, H-4),
4.12 (t, 1H, J� 9.4 Hz, H-6), 4.64 (d, 1H, J� 11.7 Hz, CH2Ph), 4.70 (d, 1H,
J� 11.7 Hz, CH2Ph), 4.80 ± 4.93 (m, 6 H, CH2Ph), 5.18 (dd, 1 H, J� 10.4,
1.0 Hz,�CH2-All), 5.27 (dd, 1H, J� 17.2, 1.4 Hz,�CH2-All), 5.85 ± 5.92 (m,
1H,�CH-All), 7.27 ± 7.40 (m, 20 H, ArH); 13C NMR (CDCl3, 50 MHz): d�
71.1 (CH2-All), 72.7 (CH-6), 72.9 (CH2Ph), 73.5 (C-2), 74.1 (CH2Ph), 75.3
(CH2Ph), 75.8 (CH2Ph), 79.8 (C-1), 81.1 (C-3), 81.4 (C-4), 83.5 (C-5), 117.3
(�CH2-All), 127.4 ± 128.4 (CH-Ar), 134.5 (�CH-All), [138.4, 138.8, 138.9
(Cq-Ar)], 133.8 (CH-Ar); MS (CI) m/z (%): 457, 373, 316 (100), 289, 288,
270, 229; HR-MS (FAB): m/z : 581.2895 [M�H]� , C37H40O6 requires [M�
H]� 581.2903. (ee 98%; the enatiomeric excess was calculated by
integration of the 19F NMR of the di(a-methoxy-a-trifluoromethylpheny-
lacetate) ester (diMTPA ester) of 21. A sample of the diMTPA ester of the
enantiomer of 21 was synthesised for comparison.)[48]


Ethyl 3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-1-thio-b-dd-
glucopyranoside (24): Glucosamine 23 (6.08 g, 13.8 mmol), benzyl bromide
(2.5 mL, 20.7 mmol) and TBAI (spatula tip) were stirred in DMF (70 mL)
at 0 8C and NaH (0.6 g, 17.9 mmol) was added portionwise. Once the
addition was complete the reaction was removed from the cooling bath and
stirred for a further 6 h. The reaction was then diluted with ether followed
by the addition of aq NH4Cl (10 mL). The organic phase was washed with
water (3� ), dried over MgSO4 and concentrated. The residue was purified
by column chromatography (Et2O/petrol 1:9!3:1) yielding 24 as a white
foam (6.07 g, 11.4 mmol, 83%); [a]32


D �122.5 (c� 1.00 in CHCl3); 1H NMR
(600 MHz, CDCl3): d� 1.17 (t, 3H, J� 7.4 Hz, CH3-SEt), 2.60 ± 2.71 (m,
2H, CH2-SEt), 3.69 ± 3.73 (m, 1 H, H-5), 3.81 ± 3.86 (m, 2 H, H-4, H-6), 4.31
(t, 1H, J� 10.3 Hz, H-2), 4.42 (dd, 1 H, J� 10.5, 4.9 Hz, H-6), 4.46 (t, 1H,
J� 9.4 Hz, H-3), 4.51 (d, 1 H, J� 12.3 Hz, CH2Ph), 4.79 (d, 1H, J� 12.3 Hz,
CH2Ph), 5.34 (d, 1 H, J� 10.6 Hz, H-1), 5.63 (s, 1H, CHPh), 6.87 ± 6.94 (m,
3H, 3ArH), 7.00 (d, 2 H, J� 7.1 Hz, 2ArH), 7.38 ± 7.42 (m, 3 H, 3 ArH), 7.53
(d, 2H, J� 6.8 Hz, 2ArH), 7.64 ± 7.74 (m, 3H, 3ArH), 7.85 (d, 1H, J�
6.8 Hz, ArH); 13C NMR (CDCl3, 150 MHz): d� 14.8 (CH3-SEt), 24.1
(CH2-SEt), 54.7 (CH-2), 68.7 (CH2-6), 70.4 (CH-5), 74.2 (CH2Ph), 75.4
(CH-3), 82.8 (CH-4), 83.0 (CH-1), 101.3 (CHPh), [123.3, 123.6 (CH-Pht)],
[126.0, 127.4, 128.0, 128.1, 128.3, 129.0 (CH-Ar)], [131.6, 131.6 (Cq-Ar)],
[133.8, 133.9 (CH-Pht)], [137.3, 137.8 (Cq-Ar)], [167.3, 167.7 (CO)]; HR-MS
(ESI): m/z : 554.1599 [M�Na]� , C30H29NO6S requires [M�Na]� 554.1608;
C30H29NO6S: calcd C 67.78, H 5.5, N 2.63; found C 67.86, H 5.59, N 2.60.


Ethyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-b-dd-glucopyranoside
(25): Benzylidene acetal 24 (2.7 g, 5.08 mmol) was dried by azeotropic
distillation with toluene before being dissolved in dry CH2Cl2 (12 mL) and
triethylsilane (3.7 mL, 23 mmol). The reaction was cooled to 0 8C and
anhydrous CF3COOH (1.8 mL, 23 mmol) was added dropwise to the
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stirring reaction. On completion of the addition the reaction was removed
from the cooling bath and stirred for a further 10 h. The reaction was then
diluted with CH2Cl2 (60 mL) and poured onto aq NaHCO3 (20 mL). The
organic layer was separated, dried over MgSO4 and concentrated. The
resulting residue was purified by column chromatography (Et2O/petrol
1:4!2:1) to yield benzyl ether 25 (1.91 g, 3.6 mmol, 71%) as a white foam;
1H NMR (600 MHz, CDCl3): d� 1.16 (t, 3 H, J� 7.4 Hz, CH3-SEt), 2.56 ±
2.69 (m, 2H, CH2-SEt), 2.98 (s, 1H, OH-4), 3.67 ± 3.70 (m, 1H, H-5), 3.76 ±
3.79 (m, 1 H, H-4), 3.82 ± 3.86 (m, 2 H, H-6), 4.22 ± 4.30 (m, 2 H, H-2, H-3),
4.54 (d, 1 H, J� 12.2 Hz, CH2Ph), 4.59 (d, 1 H, J� 11.9 Hz, CH2Ph), 4.63 (d,
1H, J� 11.9 Hz, CH2Ph), 4.75 (d, 1H, J� 12.2 Hz, CH2Ph), 5.27 (d, 1 H, J�
10.1 Hz, H-1), 6.95 ± 7.38 (m, 10H, ArH), 7.68 ± 7.82 (m, 4 H, PhtH);
13C NMR (CDCl3, 150 MHz): d� 14.9 (CH3-SEt), 23.9 (CH2-SEt), 54.4
(CH-2), 70.9 (CH2-6), 73.8 (CH2Ph), 74.4 (CH-4), 74.5 (CH2Ph), 77.6 (CH-
5), 79.6 (CH-3), 81.1 (CH-1), [123.2, 122.5 (CH-Pht)], [127.4, 127.8, 127.9,
128.1, 128.5 (CH-Ar)], 131.6 (CH-Ar), [133.8, 133.9 (CH-Pht)], [137.6,
138.1 (Cq-Ar)], [167.5, 168.1 (CO)]; HR-MS (ESI): m/z : 556.1754 [M�
Na]� , C30H31NO6S requires [M�Na]� 556.1764; C30H31NO6S: calcd C
67.52, H 5.86, N 2.62; found C 67.42, H 5.93, N 2.67.


Ethyl 2-amino-3,6-di-O-benzyl-2-deoxy-1-thio-b-dd-glucopyranoside (26):
Phthalimide 25 (380 mg, 0.71 mmol) and hydrazine hydrate (0.8 mL,
14.2 mmol) were refluxed in ethanol (17 mL) for 48 h before the solvent
was removed under vacuum. The residue was taken up in aq 10 % NaOH/
CH2Cl2 (40 mL:40 mL), the phases were separated and the aqueous phase
was reextracted with CH2Cl2 (4� 20 mL). The combined organic phases
were washed with brine (40 mL), dried over MgSO4 and concentrated to
furnish amine 26 (270 mg, 0.67 mmol, 94%): 1H NMR (600 MHz, CDCl3):
d� 1.29 (t, 3 H, J� 7.4 Hz, CH3-SEt), 1.66 (br s, 2H, OH/NH2), 2.65 ± 2.75
(m, 2 H, CH2-SEt), 2.86 (t, 1 H, J� 9.6 Hz, H-2), 3.09 (br s, 1H, OH/NH2),
3.33 (t, 1H, J� 9.0 Hz, H-3), 3.48 ± 3.51 (m, 1 H, H-5), 3.71 ± 3.80 (m, 3H,
H-4, H-6), 4.30 (d, 1 H, J� 9.9 Hz, H-1), 4.56 (d, 1H, J� 11.9 Hz, CH2Ph),
4.59 (d, 1 H, J� 11.9 Hz, CH2Ph), 4.78 (d, 1 H, J� 11.5 Hz, CH2Ph), 4.98 (d,
1H, J� 11.5 Hz, CH2Ph), 7.31 ± 7.39 (m, 10H, ArH); 13C NMR (CDCl3,
150 MHz): d� 15.3 (CH3-SEt), 24.4 (CH2-SEt), 55.4 (CH-2), 71.2 (CH2-6),
73.4 (CH-4), 73.8 (CH2Ph), 75.0 (CH2Ph), 77.6 (CH), 86.4 (CH), 86.9 (CH-
1), [127.8, 127.8, 127.9, 127.9, 128.5, 128.6 (CH-Ar)], [137.6, 138.1 (Cq-Ar)];
HR-MS (ESI): m/z : 404.1878 [M�H]� , C22H29NO4S requires [M�H]�


404.1890.


Ethyl 2-azido-3,6-di-O-benzyl-2-deoxy-1-thio-b-dd-glucopyranoside (27): A
freshly prepared solution of TfN3


[32a, 49] in CH2Cl2 (3.6 mL, 1.4 mmol, ca.
0.4m) was added at RT to a solution of amine 26 (380 mg, 0.71 mmol) and
DMAP (88 mg, 0.72 mmol) in acetonitrile (6 mL). The reaction mixture
was stirred for 6 h before part of the solvent (ca. 6 mL) was removed under
reduced pressure, the remaining solution was diluted with ether and
successively washed with aq NaHCO3, aq 5% HCl, aq NaHCO3 and brine,
dried over MgSO4 and concentrated. The residue was purified by column
chromatography (petrol/Et2O 1:1) to furnish azide 27 (276 mg, 0.64 mmol,
98%) as an oil: Rf� 0.30 (petrol/Et2O 1:1); 1H NMR (600 MHz, CDCl3):
d� 1.32 (t, 3 H, J� 7.5 Hz, CH3-SEt), 2.70 ± 2.79 (m, 2 H, CH2-SEt), 3.35 ±
3.45 (m, 3H, H-2, H-4, H-5), 3.66 ± 3.76 (m, 3H, H-3, H-6), 4.31 (d, 1 H, J�
9.6 Hz, H-1), 4.55 (d, 1H, J� 11.9 Hz, CH2Ph), 4.60 (d, 1H, J� 11.9 Hz,
CH2Ph), 4.86 (d, 1 H, J� 11.2 Hz, CH2Ph), 4.93 (d, 1H, J� 11.2 Hz,
CH2Ph), 7.30 ± 7.42 (m, 10H, ArH); 13C NMR (CDCl3, 150 MHz): d� 15.0
(CH3-SEt), 24.7 (CH2-SEt), 65.5 (CH-2), 70.4 (CH2-6), 72.3 (CH-4), 73.7
(CH2Ph), 75.3 (CH2Ph), 77.8 (CH-5), 84.3 (CH-1), 84.5 (CH-3), [127.7, 127.9,
128.1, 128.2, 128.5, 128.6 (CH-Ar)], [137.6, 138.0 (Cq-Ar)]; HR-MS (ESI):
m/z : 452.1604 [M�Na]� , C22H27N3O4S requires [M�Na]� 452.1614;
C22H27N3O4S: calcd C 61.52, H 6.34, N 9.78; found C 61.70, H 6.36, N9.81.


Ethyl 2-azido-3,6-di-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-1-thio-
b-dd-glucopyranoside (28): KHMDS (5.6 mL, 2.8 mmol, 0.5m in toluene)
was added to alcohol 27 (760 mg, 1.4 mmol) in dry THF (10 mL) at ÿ78 8C,
before TBSCl (640 mg, 4.2 mmol) in dry THF (2 mL) was added dropwise
at ÿ78 8C. The reaction mixture was warmed to RT and stirred 30 min
before aq NH4Cl was added, diluted with ether and washed with water. The
aqueous phase was reextracted with ether and the combined organic phases
were washed with brine, dried over MgSO4 and concentrated. The residue
was purified by column chromatography (petrol/Et2O 9:1) to furnish silyl
ether 28 (706 mg, 1.3 mmol, 93 %): Rf� 0.65 (petrol/Et2O 2:1); 1H NMR
(600 MHz, CDCl3): d� 0.01 (s, 3 H, CH3-TBS), 0.01 (s, 3H, CH3-TBS), 0.86
(s, 9 H, CH3-tBu), 1.35 (t, 3H, J� 7.4 Hz, CH3-SEt), 2.71 ± 2.82 (m, 2H,
CH2-SEt), 3.28 (t, 1 H, J� 8.9 Hz, H-3), 3.37 ± 3.42 (m, 2H, H-2, H-5), 3.57


(dd, 1H, J� 10.8, 6.3 Hz, H-6), 3.62 (t, 1 H, J� 9.1 Hz, H-4), 3.74 (dd, 1H,
J� 10.7, 1.8 Hz, H-6), 4.35 (d, 1H, J� 10.2 Hz, H-1), 4.51 (d, 1H, J�
12.2 Hz, CH2Ph), 4.65 (d, 1H, J� 12.2 Hz, CH2Ph), 4.79 (d, 1H, J� 11.2,
CH2Ph), 4.91 (d, 1 H, J� 11.2 Hz, CH2Ph), 7.26 ± 7.38 (m, 10H, ArH);
13C NMR (CDCl3, 150 MHz): d�ÿ4.7 (CH3-TBS), ÿ3.8 (CH3-TBS), 15.1
(CH3-SEt), 17.9 (Cq-tBu), 24.6 (CH2-SEt), 25.9 (CH3-tBu), 66.7 (CH-2), 69.3
(CH2-6), 70.9 (CH-4), 73.3 (CH2Ph), 75.4 (CH2Ph), 80.7 (CH-5), 84.5 (CH-
1), 85.4 (CH-3), [127.4, 127.5, 127.5, 128.3, 128.3 (CH-Ar)], [138.1, 138.3 (Cq-
Ar)]; HR-MS (ESI): m/z : 566.2467 [M�Na]� , C28H41N3O4SSi requires
[M�Na]� 566.2479; C28H41N3O4SSi: calcd C 61.84, H 7.60, N 7.73; found C
62.21, H 7.62, N 7.74.


1-Bromo-2-azido-3,6-di-O-benzyl-4-O-tert-butyldimethylsilyl-2-deoxy-a-
dd-glucopyranoside (33): From 28 : Bromine (32 mL, 0.68 mmol) was added
at 0 8C to a solution of 28 (340 mg, 0.63 mmol) in dry CH2Cl2 (4 mL). The
reaction solution was stirred at RT for one hour, before it was diluted with
ether, washed with aq Na2S2O3, dried over Na2SO4 and concentrated to give
bromide 33 as a yellow oil, which was immediately used in the next
reaction.


From 30 : A solution of hemiacetal 30[4] (1.0 g, 2.0 mmol) in dry THF
(6 mL) was added to a suspension of SOBr2 (260 mL, 3.3 mmol) and
imidazole (205 mg, 3.01 mmol) in dry THF (20 mL) at 0 8C. The resulting
suspension was stirred for 30 min before it was diluted with dry ether,
filtered over a pad of florisil and ground Na2S2O3, and concentrated to
furnish bromide 33 as a yellow oil, which was immediately used in the next
reaction: Rf� 0.37 (petrol/Et2O 2:1); 1H NMR (600 MHz, CDCl3): d� 0.01
(s, 3H, CH3-TBS), 0.05 (s, 3H, CH3-TBS), 0.87 (s, 9 H, CH3-tBu), 3.61 (dd,
1H, J� 3.7, 9.7 Hz, H-2), 3.65 (dd, 1H, J� 2.0, 11.0 Hz, H-6), 3.73 (dd, 1H,
J� 4.1, 11.0 Hz, H-6), 3.78 (t, 1 H, J� 9 Hz, H-3), 3.88 (t, 1H, J� 9 Hz,
H-4), 3.98 ± 4.02 (m, 1H, H-5), 4.48 (d, 1 H, J� 12.0 Hz, CH2Ph), 4.62 (d,
1H, J� 12.0 Hz, CH2Ph), 4.81 (d, 1 H, J� 11.2 Hz, CH2Ph), 4.91 (d, 2 H, J�
11.2 Hz, CH2Ph), 6.50 (d, 1H, J� 3.6 Hz, H-1), 7.24 ± 7.38 (m, 10 H, ArH).


1-O-Allyl-2,3,4,5-tetra-O-benzyl-6-O-(2-azido-3,6-di-O-benzyl-4-O-tert-
butyldimethylsilyl-2-deoxy-a-dd-glucopyranosyl)-dd-myo-inositol (34): Al-
cohol 21 (650 mg, 1.34 mmol) was dried by azeotropic distillation with
dry toluene and left under vacuum for 4 h. Molecular sieves (4 �, 500 mg),
TBABr (451 mg, 1.4 mmol) and dry CH2Cl2 (2 mL) were added. The
resulting suspension was stirred for 4 h before a solution of freshly
prepared bromide 33 (prepared from 2 mmol of 28) in CH2Cl2 (3 mL) was
added. The reaction mixture was partly concentrated by a dry argon flow
(to ca. 3 mL) and stirred at RT in the dark. The solution was stirred for 24 h
and was then diluted with ether, filtered through celite, washed with aq
NaHCO3, dried over MgSO4 and concentrated. The brown residue was
purified by column chromatography (petrol/Et2O 4:1) to furnish disac-
charide 34 (925 mg, 0.87 mmol, 65 %) as a yellow oil: Rf� 0.40 (petrol/Et2O
2:1); 1H NMR (600 MHz, CDCl3): d�ÿ0.04 (s, 3H, CH3-TBS), ÿ0.02 (s,
3H, CH3-TBS), 0.76 (s, 9 H, CH3-tBu), 3.25 (dd, 1 H, J� 3.7, 10.2 Hz, H-2b),
3.32 (m, 2H, H-6b), 3.40 (d, 2 H, J� 9.5 Hz, H-1a, H-3a), 3.44 (t, 1 H, J�
9.3 Hz, H-5a), 3.76 (t, 1H, J� 9.8 Hz, H-3b), 3.82 (t, 1H, J� 9.0 Hz, H-4b),
3.98 (d, 1H, J� 9.8 Hz, H-5b), 3.98 ± 4.04 (m, 2H, CH2-All), 4.06 (s, 1H,
H-2a), 4.14 (t, 1H, J� 9.5 Hz, H-4/6a), 4.31 (t, 1H, J� 9.5 Hz, H-4/6a), 4.39
(d, 1 H, J� 12.0 Hz, CH2Ph), 4.46 (d, 1H, J� 12.0 Hz, CH2Ph), 4.62 (d, 1H,
J� 11.8 Hz, CH2Ph), 4.68 (d, 1H, J� 11.8 Hz, CH2Ph), 4.73 (d, 1 H, J�
11.4 Hz, CH2Ph), 4.79 (d, 1H, J� 11.2 Hz, CH2Ph), 4.83 (d, 1H, J� 11.6 Hz,
CH2Ph), 4.88 (s, 2H, CH2Ph), 4.93 (d, 2H, J� 10.8 Hz, CH2Ph), 5.02 (d, 1H,
J� 11.5 Hz, CH2Ph), 5.18 (d, 1H, J� 10.8 Hz,�CH2-All), 5.29 (d, 1 H, J�
17.2 Hz,�CH2-All), 5.78 (d, 1 H, J� 3.7 Hz, H-1b), 5.86 ± 5.99 (m, 1 H,�CH-
All), 7.08 ± 7.45 (m, 30 H, ArH); 13C NMR (CDCl3, 100 MHz): d� [ÿ4.9,
ÿ3.8 (CH3-TBS)], 18.0 (Cq-tBu), 26.1 (CH3-tBu), 63.9 (CH-2b), 68.2 (CH2-
6b), 70.6 (CH), 70.8 (CH2-All), [71.5, 72.8 (CH)], [72.9, 73.1, 74.1, 74.4, 75.0
(CH2Ph)], 75.6 (CH), 75.8 (CH2Ph), [80.4, 80.9, 81.3, 81.9, 82.0 (CH)], 97.9
(CH-1b), 117.0 (�CH2-All), [126.8, 127.1, 127.3, 127.3, 127.5, 127.5, 127.7,
127.7, 127.9, 128.1, 128.2, 128.2, 128.2, 128.3, 128.5 (CH-Ar)], 134.3 (CH-
All), [138.3, 138.5, 138.6, 138.7, 138.9 (Cq-Ar)].


1-O-Allyl-2,3,4,5-tetra-O-benzyl-6-O-(2-azido-3,6-di-O-benzyl-2-deoxy-a-
dd-glucopyranosyl)-dd-myo-inositol (10): TBAF (0.5 mL, 1m in THF,
0.5 mmol) was added to a solution of silyl ether 34 (235 mg, 0.218 mmol)
in THF (5 mL). The reaction mixture was stirred for 2 h before it was
diluted with ether, washed with aq NaHCO3, dried over MgSO4 and
concentrated. The residue was purified by column chromatography (SiO2,
petrol/Et2O 2:1) to furnish disaccharide 10 (190 mg, 0.19 mmol, 88%) as a
yellow oil: Rf� 0.16 (petrol/Et2O 2:1); [a]26


D ��32.4 (c� 1.14 in CHCl3);
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1H NMR (600 MHz, CDCl3): d� 2.02 (d, 1H, J� 3.7 Hz, OH-4b), 3.20 (dd,
1H, J� 3.5, 13.5 Hz, H-6b), 3.23 (dd, 1 H, J� 3.7, 10.2 Hz, H-2b), 3.31 (dd,
1H, J� 2.8, 17.1 Hz, H-6b), 3.37 ± 3.43 (m, 2 H, H-1a, H-3a), 3.44 (t, 1 H, J�
9.3 Hz, H-5a), 3.71 ± 3.76 (m, 1 H, H-4b), 3.81 (t, 1H, J� 9.9 Hz, H-3b),
3.97 ± 4.08 (m, 4H, CH2-All, H-2a, H-5b), 4.16 (t, 1 H, J� 9.5 Hz, H-4a/6a),
4.23 (t, 1H, J� 9.6 Hz, H-4a/6a), 4.24 (d, 1H, J� 12.0 Hz, CH2Ph), 4.42 (d,
1H, J� 12.0 Hz, CH2Ph), 4.62 (d, 1 H, J� 11.8 Hz, CH2Ph), 4.68 (d, 1 H, J�
11.8 Hz, CH2Ph), 4.71 (d, 1H, J� 11.1 Hz, CH2Ph), 4.81 (d, 1H, J�
10.6 Hz, CH2Ph), 4.85 (s, 2H, CH2Ph), 4.89 (d, 1H, J� 11.2 Hz, CH2Ph),
4.91 (d, 1 H, J� 11.2 Hz, CH2Ph), 4.99 (d, 1H, J� 10.6 Hz, CH2Ph), 5.06 (d,
1H, J� 11.1 Hz, CH2Ph), 5.20 (d, 1 H, J� 10.4 Hz,�CH2-All), 5.30 (dd, 1H,
J� 1.2, 17.2 Hz, �CH2-All), 5.72 (d, 1H, J� 3.6 Hz, H-1b), 5.91 ± 5.99 (m,
1H, �CH-All), 7.16 ± 7.45 (m, 30 H, ArH); 13C NMR (CDCl3, 100 MHz):
d� 62.9 (CH-2b), 69.1 (CH2-6b), 69.4 (CH-5b), 70.9 (CH2-All), 72.2 (CH-4b),
72.8 (CH2Ph), 73.0 (CH-2a), [73.4, 74.1, 74.8 (CH2Ph)], 75.1 (CH-4a), [75.5,
75.6 (CH2Ph)], 79.4 (CH-3b), 80.9 (CH-1a), 81.5 (CH-5a), 81.9 (CH-3a), 82.0
(CH-6a), 97.6 (CH-1b), 117.1 (�CH2-All), 127.4 ± 128.5 (CH-Ar), 134.3
(�CH-All), 138.0 ± 138.8 (Cq-Ar); IR (film): nÄ � 3029 cmÿ1, 2866, 2105 (N3),
1604, 1496, 1453, 1358, 1208, 1051, 735, 697; HR-MS (FAB): m/z : 970.4196
[M�Na]� , C57H61O10N3 requires [M�Na]� 970.4254.


(2''R,3''R) Phenyl 2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-1-seleno-b-dd-
galactopyranoside (36): Galactoside 35 (21 g, 65.7 mmol), butane-2,3-dione
(6.9 mL, 78.8 mmol), trimethylorthoformate (23 mL, 197 mmol) and cam-
phorsulfonic acid (1.5 g, 6.5 mmol) were stirred under reflux in MeOH
(200 mL) for 16 h. Triethylamine (2 mL) was added at RT and the solution
was concentrated. The residue was purified by column chromatography
(SiO2, EtOAc/petrol 3:2!3:1) to furnish diol 36 (19.2 g, 44.3 mmol, 67%)
as a white foam: Rf� 0.28 (EtOAc/petrol 3:2); [a]26


D �ÿ147.1 (c� 0.94 in
CHCl3); 1H NMR (500 MHz, CDCl3): d� 1.30 (s, 3H, CH3-BDA), 1.31 (s,
3H, CH3-BDA), 3.17 (s, 3H, OCH3-BDA), 3.25 (s, 3 H, OCH3-BDA), 3.58
(t, 1 H, J� 5.5 Hz, H-5), 3.74 (dd, 1 H, J� 2.9, 9.7 Hz, H-3), 3.77 (dd, 1H,
J� 4.6, 11.8 Hz, H-6), 3.93 (dd, 1 H, J� 6.7, 11.8 Hz, H-6), 4.00 (d, 1 H, J�
2.1 Hz, H-4), 4.10 (t, 1H, J� 10 Hz, H-2), 4.95 (d, 1 H, J� 10 Hz, H-1),
7.21 ± 7.31 (m, 3 H, ArH), 7.59 ± 7.71 (m, 2H, ArH); 13C NMR (CDCl3,
100 MHz): d� 17.5 (CH3-BDA), 17.7 (CH3-BDA), 48.1 (OCH3-BDA), 50.3
(OCH3-BDA), 62.6 (CH2-6), 66.2 (CH), 68.4 (CH), 71.7 CH), 80.1 (CH),
81.4 (CH-1), 100.5 (Cq-BDA), 128.1 (CH-Ar), 128.5 (Cq-Ar), 129.0 (CH-
Ar), 134.1 (CH-Ar); IR (film): nÄ � 3419 cmÿ1, 2947, 1579, 1377, 1120, 1048;
MS (FAB): m/z (%): 434 (2) [M�H]� , 403 (70) [MÿOCH3]� , 371 (8)
[Mÿ (OCH3)2]� , 307 (15), 245 (60), 213 (65), 154 (100); C18H26O7Se: calcd
C 49.89, H 6.05; found C 49.55, H 6.01.


(2''R,3''R) Phenyl 6-O-tert-butyldimethylsilyl-2,3-O-(2'',3''-dimethoxybutane-
2'',3''-diyl)-1-seleno-b-dd-galactopyranoside (37): Diol 36 (5.03 g, 11.6 mmol)
and imidazole (1.19 g, 17.4 mmol) were dissolved in dry THF (100 mL) and
TBSCl (1.92 g, 12.76 mmol) in dry THF (15 mL) was added at 0 8C. After
the solution was stirred for 5 h at RT, MeOH (5 mL) was added, the
reaction mixture was filtered over a florisil pad and the solvents were
removed under vacuum. The residue was purified by column chromatog-
raphy (SiO2, petrol/EtOAc 9:1!4:1) to furnish silyl ether 37 (4.95 g,
9.76 mmol, 84 %) as a white foam: Rf� 0.27 (petrol/EtOAc 11:2); [a]26


D �
ÿ117.9 (c� 0.95 in CHCl3); 1H NMR (500 MHz, CDCl3): d� 0.07 (s, 3H,
CH3-TBS), 0.09 (s, 3H, CH3-TBS), 0.90 (s, 9 H, CH3-tBu), 1.30 (m, 3H,
CH3-BDA), 1.34 (s, 3H, CH3-BDA), 2.69 (s, 1H, OH-4), 3.15 (s, 3 H, OCH3-
BDA), 3.26 (s, 3H, OCH3-BDA), 3.54 (t, 1H, J� 5.6 Hz, H-5), 3.72 (dd,
1H, J� 2.9, 9.8 Hz, H-3), 3.84 (dd, 1 H, J� 5.1, 10.4 Hz, H-6), 3.93 (dd, 1H,
J� 6.3, 10.4 Hz, H-6), 4.05 (s, 1 H, H-4), 4.12 (t, 1H, J� 9.9 Hz, H-2), 4.94
(d, 1H, J� 10.1 Hz, H-1), 7.20 ± 7.31 (m, 3H, ArH), 7.60 ± 7.71 (m, 2H,
ArH); 13C NMR (CDCl3, 100 MHz): d�ÿ5.4 (CH3-TBS), [17.6, 17.8 (CH3-
BDA)], 18.3 (Cq-tBu), 25.9 (CH3-tBu), [48.0, 48.1 (OCH3-BDA)], 62.6
(CH2-6), [66.1, 67.8, 72.0, 80.0 (CH)], 82.0 (CH-1), 100.4 (Cq-BDA), [127.4,
128.8 (CH-Ar)], 129.0 (Cq-Ar), 133.8 (CH-Ar); IR (film): nÄ � 3458 cmÿ1,
2951, 2855, 1580, 1472, 1377, 1253, 1142, 1120, 1050; MS (FAB): m/z (%):
547.3 (2) [M�H]� , 517 (6) [MÿOCH3]� , 485 (5) [Mÿ (OCH3)2]� , 399 (5),
359 (100) [Mÿ SePhÿOCH3]� , 327 (10); C24H40O7SeSi: calcd C 52.64, H
7.34; found C 52.38, H 7.40.


(2''R,3''R) Phenyl 6-O-tert-butyldimethylsilyl-4-O-chloroacetyl-2,3-O-(2'',3''-
dimethoxybutane-2'',3''-diyl)-1-seleno-b-dd-galactopyranoside (38): Galacto-
side 37 (670 mg, 1.32 mmol) and dry pyridine (0.5 mL, 6.2 mmol) were
dissolved in dry CH2Cl2 (10 mL) and (ClAc)2O (1.6 mL, 1m in CH2Cl2,
1.6 mmol) was added at 0 8C. The solution was stirred for one hour at 0 8C
before water (1 mL) was added. The reaction mixture was diluted with


ether, washed with aq 10% HCl, aq NaHCO3, dried over MgSO4 and
concentrated. The residue was purified by column chromatography (SiO2,
petrol/Et2O 4:1) to furnish fully protected galactoside 38 (655 mg,
1.05 mmol, 79 %) as a white foam: Rf� 0.39 (petrol/Et2O 2:1); 1H NMR
(600 MHz, CDCl3): d� 0.02 (s, 6H, CH3-TBS), 0.86 (s, 9H, CH3-tBu), 1.21
(s, 3 H, CH3-BDA), 1.28 (s, 3H, CH3-BDA), 3.12 (s, 3 H, OCH3-BDA), 3.24
(s, 3H, OCH3-BDA), 3.62 (dd, 1 H, J� 7.0, 9.0 Hz, H-6), 3.70 ± 3.75 (m, 2H,
H-5, H-6), 3.86 (dd, 1 H, J� 3.1, 10.1 Hz, H-3), 4.00 (t, 1H, J� 10.1 Hz,
H-2), 4.13 (s, 2H, ClAc), 4.98 (d, 1 H, J� 10.1 Hz, H-1), 5.47 (d, 1 H, J�
2.0 Hz, H-4), 7.24 ± 7.26 (m, 3H, ArH), 7.63 (m, 2 H, ArH); 13C NMR
(CDCl3, 100 MHz): d�ÿ5.5 (CH3-TBS), [17.4, 17.7 (CH3-BDA)], 18.2 (Cq-
tBu), 25.7 (CH3-tBu), 40.8 (CH2-ClAc), [48.0, 48.2 (OCH3-BDA)], 61.0
(CH2-6), [66.3, 69.7, 70.3, 79.2 (CH)], 82.0 (CH-1), [100.2, 100.4 (Cq-BDA)],
127.6 (CH-Ar), 128.7 (Cq-Ar), [128.9, 133.8 (CH-Ar)], 166.4 (CO-ClAc);
HR-MS (ESI): m/z : 663.1 [M�K]� , 647.1337 [M�Na]� ; C26H41O8SeSiCl
requires [M�Na]� 647.1424; C26H41O8SeSiCl: calcd C 50.04, H 6.62; found
C 49.94, H 6.58.


(2''R,3''R) Phenyl 4-O-chloroacetyl-2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-
1-seleno-b-dd-galactopyranoside (6): Galactoside 38 (870 mg, 1.39 mmol)
was dissolved in CH3CN (10 mL) and aq HF (100 mL, 48% in H2O,
2.8 mmol) was added. The solution was stirred for 2 h at RT before it was
diluted with CH2Cl2, washed with aq NaHCO3, dried over MgSO4 and
concentrated. The residue was dried under vacuum to furnish crude alcohol
6 (>90%) as a white foam which was used for the next reaction step
without purification: Rf� 0.25 (Et2O/petrol 2:1); 1H NMR (600 MHz,
CDCl3): d� 1.24 (s, 3H, CH3-BDA), 1.29 (s, 3 H, CH3-BDA), 2.15 (s, 1H,
OH-6), 3.17 (s, 3H, OCH3-BDA), 3.24 (s, 3H, OCH3-BDA), 3.52 (m, 1H,
H-6), 3.65 ± 3.78 (m, 2H, H-5, H-6), 3.86 (dd, 1H, J� 3.0, 10.0 Hz, H-3),
4.03 (t, 1H, J� 10.0 Hz, H-2), 4.18 (s, 2 H, ClAc), 4.98 (d, 1 H, J� 10.0 Hz,
H-1), 5.35 (d, 1H, J� 2.0 Hz, H-4), 7.23 ± 7.30 (m, 3H, ArH), 7.61 ± 7.67 (m,
2H, ArH); 13C NMR (CDCl3, 100 MHz): d� [17.4, 17.7 (CH3-BDA)], 40.9
(CH2-ClAc), 48.2 (2 OCH3-BDA), 60.8 (CH2-6), [66.4, 69.8, 70.6, 79.2
(CH)], 81.5 (CH-1), 100.5 (Cq-BDA), 127.9 (CH-Ar), 128.1 (Cq-Ar), [129.0,
134.2 (CH-Ar)], 168.1 (CO-ClAc); HR-MS (ESI): m/z : 1043.16 [2M�
Na]� , 533.0484 [M�Na]� ; C20H27O8SeCl requires [M�Na]� 533.0457.


(2''S,3''S) Phenyl 3,4-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-1-seleno-a-dd-
mannopyranoside (40): Mannoside 39 (3.97 g, 12.4 mmol), butane-2,3-
dione (1.3 mL, 14.9 mmol), trimethylorthoformate (4.2 mL, 37 mmol) and
camphorsulfonic acid (800 mg, 3.4 mmol) were stirred under reflux in
MeOH (100 mL) for 8 h. Triethylamine (1 mL) was added at RT and the
solution was concentrated. The residue was crystallised from MeOH to
furnish pure diol 40 (3.78 g, 8.7 mmol, 71%) as white crystals and crude
product (1.0 g): Rf� 0.39 (EtOAc/petrol 3:2); 1H NMR (600 MHz, CDCl3):
d� 1.31 (s, 3 H, CH3-BDA), 1.33 (s, 3H, CH3-BDA), 1.89 (t, 1H, J� 6.3 Hz,
OH-6), 2.74 (s, 1H, OH-2), 3.25 (s, 3H, OCH3-BDA), 3.31 (s, 3H, OCH3-
BDA), 3.74 ± 3.82 (m, 2H, H-6), 4.03 (dd, 1H, J� 2.6, 9.5 Hz, H-4), 4.13 ±
4.20 (m, 2 H, H-3, H-5), 4.26 (s, 1H, H-2), 5.80 (s, 1H, H-1), 7.25 ± 7.32 (m,
3H, ArH), 7.55 ± 7.59 (m, 2H, ArH); 13C NMR (CDCl3, 100 MHz): d�
[17.7, 17.8 (CH3-BDA)], [48.0, 48.2 (OCH3-BDA)], 61.1 (CH2-6), [63.1, 69.0,
71.7, 73.2 (CH)], 85.5 (CH-1), [99.9, 100.5 (Cq-BDA)], 128.0 (CH-Ar),
128.9 (Cq-Ar), [129.3, 134.3 (CH-Ar)]; HR-MS (ESI): m/z : 457.0732 [M�
Na]� ; C18H26O7Se requires [M�Na]� 457.0741; C18H26O7Se: calcd C 49.89,
H 6.05; found C 49.80, H 5.98.


(2''S,3''S) Phenyl 6-O-chloroacetyl-3,4-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-
1-seleno-a-dd-mannopyranoside (8): Diol 40 (510 mg, 1.18 mmol) and
(Bu3Sn)2O (0.68 mL, 1.3 mmol) were stirred under reflux and Dean ±
Stark conditions in dry toluene (30 mL) for 16 h. Toluene was partly
removed under vacuum (to ca. 6 mL), molecular sieves (4 �, 500 mg) were
added and (ClAc)2O (1.3 mL, 1m in toluene, 1.3 mmol) was added at 0 8C.
The reaction mixture was warmed to RT and stirred for one hour before it
was diluted with CH2Cl2, filtered through celite and concentrated. The
residue was purified by column chromatography (SiO2, Et2O/petrol 2:1) to
furnish alcohol 8 (670 mg, 1.13 mmol, 96%) as a white foam: Rf� 0.24
(Et2O/petrol 2:1); 1H NMR (600 MHz, CDCl3): d� 1.30 (s, 3 H, CH3-
BDA), 1.33 (s, 3H, CH3-BDA), 2.63 (s, 1H, OH-2), 3.22 (s, 3 H, OCH3-
BDA), 3.30 (s, 3 H, OCH3-BDA), 3.95 ± 4.02 (m, 3H, H-3, ClAc), 4.11 (t,
1H, J� 10.0 Hz, H-4), 4.26 (d, 1 H, J� 2.3 Hz, H-2), 4.35 (dd, 1H, J� 5.9,
11.6 Hz, H-6), 4.38 ± 4.41 (m, 1H, H-5), 4.45 (dd, 1 H, J� 1.6, 11.6 Hz, H-6),
5.83 (s, 1H, H-1), 7.27 ± 7.30 (m, 3 H, ArH), 7.56 ± 7.58 (m, 2H, ArH);
13C NMR (CDCl3, 100 MHz): d� 17.7 (CH3-BDA), 40.1 (CH2-ClAc), [48.1,
48.2 (OCH3-BDA)], 63.4 (CH), 64.0 (CH2-6), [69.1, 70.7, 71.5 (CH)], 85.4
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(CH-1), [100.1, 100.6 (Cq-BDA)], 128.0 (CH-Ar), 128.9 (Cq-Ar), [129.3,
134.0 (CH-Ar)], 167.1 (CO-ClAc); HR-MS (ESI): m/z : 533.0452 [M�
Na]� ; C20H27O8SeCl requires [M�Na]� 533.0457; C20H27O8SeCl calcd C
47.12, H 5.34; found C 46.86, H 5.25.


Phenyl 6-O-tert-butyldimethylsilyl-1-seleno-a-dd-mannopyranoside (41):
Mannoside 39 (5 g, 15.7 mmol) and imidazole (1.9 g, 28.2 mmol) were
dissolved in dry THF (100 mL) and TBSCl (3.3 g, 21.9 mmol) in dry THF
(15 mL) was added. After the solutin was stirred for 30 min the reaction
mixture was filtered through silica and the solvent was removed under
vacuum. The residue was purified by column chromatography (SiO2,
CHCl3/MeOH 9:1) to furnish silyl ether 41 (5.6 g, 12.9 mmol, 82 %) as a
white foam: [a]30


D ��238 (c� 0.85 in CHCl3); 1H NMR (400 MHz, CDCl3):
d� 0.09 (s, 6 H, CH3-TBS), 0.90 (s, 9 H, CH3-tBu), 3.00 (s, 1H, OH), 3.29 (s,
1H, OH), 3.63 (s, 1 H, OH), 3.80 (m, 4 H), 4.02 (m, 1 H), 4.27 (s, 1 H), 5.79 (s,
1H, H-1), 7.22 ± 7.30 (m, 3H, ArH), 7.52 ± 7.62 (m, 2H, ArH); 13C NMR
(CDCl3, 100 MHz): d�ÿ5.5 (CH3-TBS), 18.3 (Cq-TBS), 25.9 (CH3-tBu),
64.9 (CH2-6), [71.0, 72.4, 72.9 (CH)], 85.6 (CH-1), [127.8, 129.2 (CH-Ar)],
129.3 (Cq-Ar), 133.8 (CH-Ar); MS (FAB): m/z : 377 [Mÿ tBu]� , 359, 277,
259, 201, 158, 156; C18H30O5SeSi: calcd C 49.88, H 6.98; found C 49.56, H
6.90.


Phenyl 2,3,4-tri-O-benzyl-6-O-tert-butyldimethylsilyl-1-seleno-a-dd-man-
nopyranoside (7): Triol 41 (5.3 g, 12.2 mmol) and benzyl bromide
(7.3 mL, 61 mmol) were dissolved in dry DMF (50 mL). NaH (1.17 g,
50 mmol) was added slowly at 0 8C and the reaction mixture was stirred at
RT for 16 h. Aq NH4Cl was added slowly at 0 8C before the reaction
mixture was diluted with ether and washed with water. The aqueous phase
was reextracted with ether (4� ) and the combined organic phases were
dried over MgSO4 and concentrated. The residue was purified by column
chromatography (SiO2, petrol/EtOAc 98:2!97:3) to furnish mannoside 7
(7.8 g, 11.1 mmol, 91%); [a]30


D ��97.5 (c� 0.96 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 0.05 (s, 3 H, CH3-TBS), 0.06 (s, 3H, CH3-TBS), 0.89
(s, 9H, CH3-tBu), 3.80 ± 4.10 (m, 6H), 4.57 ± 4.65 (m, 4H, CH2Ph), 4.67 (d,
1H, J� 10.8 Hz, CH2Ph), 4.95 (d, 1 H, J� 10.8 Hz, CH2Ph), 5.85 (d, 1H,
J� 1.2 Hz, H-1), 7.20 ± 7.38 (m, 18 H, ArH), 7.48 ± 7.53 (m, 2 H, ArH);
13C NMR (CDCl3, 100 MHz): d� [ÿ5.3, ÿ5.1 (CH3-TBS)], 18.4 (Cq-tBu),
26.0 (CH3-tBu), 62.6 (CH2-6), [72.1, 72.1 (CH2Ph)], 74.7 (CH-4), 75.3
(CH2Ph), 76.0 (CH-5), 77.1 (CH-2), 80.5 (CH-3), 84.1 (CH-1), 127.6 ± 129.1
(CH-Ar), 130.1 (Cq-Ar), 133.8 (CH-Ar), [138.1, 138.3, 138.7 (Cq-Ar)]; MS
(FAB): m/z : 647 [Mÿ tBu]� , 547, 431, 381, 331, 271, 219, 181, 158; HR-MS
(FAB): m/z : 647.1741 [Mÿ tBu]� , C39H48O5SeSi requires [Mÿ tBu]�


647.1731.


Ethyl 4-O-benzyl-6-O-tert-butyldimethylsilyl-1-thio-a-dd-mannopyrano-
side (43): TBDPSCl (17.9 mL, 67.5 mmol) was added dropwise to a solution
of tetraol 42 (15 g, 66.87 mmol) and imidazole (6.8 g, 100 mmol) in dry
DMF (70 mL). The solution was stirred for 4 h, MeOH (2 mL) was added,
the mixture was concentrated (to ca. 30 mL), diluted with ether, washed
with water (3� ), dried over MgSO4 and concentrated. The residue,
2-dimethoxypropane (60 mL) and PPTS (800 mg) were dissolved in
acetone (200 mL) and stirred for 24 h. Triethylamine (1 mL) was added
and the solution was concentrated. The residue and benzyl bromide
(11.8 mL, 100 mmol) were dissolved in dry DMF. NaH (4 g, 100 mmol) was
added portionwise at 0 8C. The reaction mixture was stirred at RT for 12 h,
before MeOH (3 mL) was added and the solvent partly removed under
vacuum. The remaining mixture was diluted with ether, washed with water
(2� ), dried over MgSO4 and concentrated. The residue and TBAF (70 mL,
1m in THF, 70 mmol) were dissolved in THF (100 mL) and stirred for 12 h.
The solvent was removed under vacuum. The residue was dissolved in
toluene, filtered through a silica pad (petrol/Et2O 1:1) and concentrated.
The remaining oil was taken up in AcOH/water (4:1, 375 mL) and stirred at
60 8C for 6 h. The reaction mixture was poured onto ice water (1 L),
neutralised with solid Na2CO3, extracted with EtOAc (2� ), dried over
MgSO4 and concentrated. The residue and imidazole (6 g, 87 mmol) were
dissolved in dry THF (50 mL) and TBSCl (9.01 g, 58 mmol) in dry THF
(10 mL) was added dropwise at 0 8C. The reaction mixture was stirred at RT
for 2 h, filtered through a silica pad and concentrated. The residue was
purified by column chromatography (SiO2, petrol/EtOAc 3:1!2:1) to
furnish diol 43 (18.6 g, 43.4 mmol, 65 %): Rf� 0.25 (petrol/EtOAc 2:1);
1H NMR (600 MHz, CDCl3): d� 0.07 (s, 3H, CH3-TBS), 0.09 (s, 3 H, CH3-
TBS), 0.92 (s, 9 H, CH3-tBu), 1.28 (t, 3H, J� 7.4 Hz, CH3-SEt), 2.40 (d, 1H,
J� 5.6 Hz, OH-3), 2.48 (d, 1H, J� 4.8 Hz, OH-2), 2.52 ± 2.59 (m, 1 H, CH2-
SEt), 2.61 ± 2.68 (m, 1 H, CH2-SEt), 3.69 (t, 1 H, J� 9.3 Hz, H-4), 3.83 ± 3.94


(m, 3H, H-3, 2�H-6), 3.96 ± 4.03 (m, 2H, H-2, H-5), 4.73 (d, 1H, J�
11.3 Hz, CH2Ph), 4.77 (d, 1 H, J� 11.3 Hz, CH2Ph), 5.28 (s, 1 H, H-1), 7.28 ±
7.40 (m, 5 H, ArH); 13C NMR (CDCl3, 100 MHz): d� [ÿ5.3, ÿ5.2 (CH3-
TBS)], 14.1 (CH3-SEt), 18.3 (Cq-tBu), 24.7 (CH2-SEt), 25.9 (CH3-tBu), 62.4
(CH2-6), [72.1, 72.4, 72.5 (CH)], 74.5 (CH2Ph), 76.1 (CH), 83.5 (CH-1),
[127.9, 128.6 (CH-Ar)], 138.4 (Cq-Ar); MS (ESI): m/z (%): 874 (50) [2M�
NH4]� , 446 (100) [M�NH4]� , 429 (80) [M�H]� , 367 (75) [Mÿ SEt]� ;
C21H36O5SSi: calcd C 58.84, H 8.47; found C 58.85, H 8.41.


Ethyl 4-O-benzyl-6-O-tert-butyldimethylsilyl-3-O-trimethylsilyl-1-thio-a-
dd-mannopyranoside (44): TMSCl (3.0 mL, 23.2 mmol) was added dropwise
to a solution of diol 43 (9.9 g, 23 mmol) and triethylamine (6.6 mL,
47.1 mmol) in dry CH2Cl2 (70 mL) at ÿ78 8C. The solution was warmed to
RT over 2 h and stirred for one hour at RT. The reaction mixture was
concentrated, diluted with ether, filtered through a florosil pad and
concentrated. The residue and anhydrous pyridine (5.57 mL, 69 mmol)
were dissolved in dry CH2Cl2 (100 mL), a solution of ClAc2O (7.9 g,
46 mmol) in dry CH2Cl2 (10 mL) was added at ÿ5 8C and the reaction
mixture was stirred at ÿ5 8C for one hour. The reaction mixture was
washed with CuSO4 (2� ), water, dried over MgSO4 and concentrated. The
residue was purified by column chromatography (florosil, petrol/Et2O
98:2!96:4) to furnish silyl ether 44 (10.6 g, 18.3 mmol, 79%): Rf� 0.45
(petrol/Et2O 9:1); 1H NMR (600 MHz, CDCl3): d� 0.05 (s, 3 H, CH3-TBS),
0.07 (s, 3 H, CH3-TBS), 0.16 (s, 9H, CH3-TMS), 0.91 (s, 9 H, CH3-tBu), 1.24
(t, 3 H, J� 7.0, CH3-SEt), 2.57 ± 2.76 (2m, H, CH2-SEt), 3.76 (t, 1 H, J�
9.2 Hz, H-4), 3.78 (dd, 1 H, J� 22.0, 1.4 Hz, H-6), 3.87 (dd, 1H, J� 22.0,
4.0 Hz, H-6), 3.96 (ddd, 1 H, J� 9.0, 4.0, 1.5 Hz, H-5), 4.11 (dd, 1H, J� 8.9,
2.8 Hz, H-3), 4.13 (d, 1H, J� 14.6 Hz, ClAc), 4.17 (d, 1 H, J� 14.6 Hz,
ClAc), 4.61 (d, 1 H, J� 11.0 Hz, CH2Ph), 4.82 (d, 1H, J� 11.0 Hz, CH2Ph),
5.19 (dd, 1H, J� 2.8, 1.1 Hz, CH-2), 5.21 (s, 1H, H-1), 7.32 ± 7.39 (m, 5H,
ArH); 13C NMR (CDCl3, 100 MHz): d�ÿ5.4 (CH3-TBS), ÿ5.2 (CH3-
TBS), ÿ0.05 (CH3-TMS), 14.8 (CH3-SEt), 18.3 (Cq-tBu), 25.4 (CH2-SEt),
25.9 (CH3-tBu), 40.9 (CH2-ClAc), 62.2 (CH2-6), 71.6 (CH-3), 73.3 (CH-5),
75.2 (CH2Ph), 75.5 (CH-4), 76.4 (CH-2), 81.8 (CH-1), [127.6, 127.8, 128.3
(CH-Ar)], 138.5 (Cq-Ar), 166.8 (CO-ClAc); MS (ESI): m/z (%): 599.2
[M�Na]� (100), 523.23 [Mÿ SEt]� (50), 505.2 (70), 451.2 (80); C26H45O6S-
Si2Cl: calcd C 54.09, H 7.86; found C 54.31, H 7.82.


Ethyl 4-O-benzyl-6-O-tert-butyldimethylsilyl-2-O-chloroacetyl-1-thio-a-dd-
mannopyranoside (9): Silyl ether 44 (325 mg, 0.56 mmol) was dissolved in
CH3CN (5.6 mL) and aq HF (23.3 mL, 48% in H2O, 0.57 mmol) in CH3CN
(210 mL) was added. The solution was stirred for 30 min at RT before it was
concentrated. The residue was dried under vacuum to furnish crude alcohol
9 (>95 %) which was immediately used in the next reaction without
purification: Rf� 0.28 (petrol/Et2O 2:1); 1H NMR (600 MHz, CDCl3): d�
0.08 (s, 3 H, CH3-TBS), 0.10 (s, 3H, CH3-TBS), 0.93 (s, 9 H, CH3-tBu), 1.28
(t, 3 H, J� 5.8, CH3-SEt), 2.55 ± 2.68 (m, 2H, CH2-SEt), 3.77 ± 3.87 (m, 2H,
H-4, H-6), 3.93 ± 3.99 (m, 2H, H-5, H-6), 4.07 ± 4.11 (m, 1 H, H-3), 4.09 (d,
1H, J� 14.6 Hz, ClAc), 4.14 (d, 1H, J� 14.6 Hz, ClAc), 4.75 (s, 2H,
CH2Ph), 5.26 (d, 1 H, J� 3.0 Hz, CH-2), 5.27 (s, 1H, H-1), 7.28 ± 7.40 (m,
5H, ArH); 13C NMR (CDCl3, 100 MHz): d� [ÿ5.4, ÿ5.1 (CH3-TBS)],
14.8 (CH3-SEt), 18.3 (Cq-tBu), 25.5 (CH2-SEt), 25.8 (CH3-tBu), 40.8 (CH2-
ClAc), 62.1 (CH2-6), [70.6, 72.9 (CH)], 74.8 (CH2Ph), [75.6, 75.9 (CH)],
81.7 (CH-1), [127.9, 128.0, 128.6 (CH-Ar)], 138.3 (Cq-Ar), 167.0 (CO-ClAc).


(2''R,3''R) Phenyl 4-O-chloroacetyl-2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-
6-O-(2,3,4,6-tetra-O-benzyl-a-dd-galactopyranosyl)-1-seleno-b-dd-galacto-
pyranoside (47): A mixture of galactosyl donor 5 (992 mg, 1.42 mmol) and
galactosyl acceptor 6 (677 mg, 1.33 mmol) was dried by azeotropic
distillation with dry toluene and left under vacuum for 4 h. Molecular
sieves (4 �, 500 mg) and dry CH2Cl2/Et2O (7 mL:7 mL) were added. The
resulting suspension was stirred for 15 min before a freshly prepared
mixture of NIS (334 mg, 1.46 mmol) and TMSOTf (50 mL of a solution of
50 mL TMSOTf in 1 mL dry CH2Cl2) in dry CH2Cl2/Et2O (7 mL:7 mL) was
added rapidly. The reaction mixture turned dark brown immediately. After
the solution was stirred for one hour, the mixture was diluted with ether,
filtered through celite, washed with aq NaHCO3, aq Na2S2O3, dried over
MgSO4 and concentrated. The residue was purified by column chromatog-
raphy (SiO2, petrol/Et2O 3:2) to furnish digalactoside 47 (0.977 mg,
0.944 mmol, 71 %) and its b anomer (15 %): Rf� 0.29 (a anomer) and
0.26 (b anomer) (Et2O/petrol 1:1); 1H NMR (600 MHz, CDCl3, a anomer):
d� 1.24 (s, 3H, CH3-BDA), 1.32 (s, 3H, CH3-BDA), 3.17 (s, 3H, OCH3-
BDA), 3.24 (s, 3H, OCH3-BDA), 3.49 (m, 1H, H-6b), 3.54 ± 3.59 (m, 2H,
H-6b, H-6a), 3.75 (dd, 1H, J� 6.2, 10.5 Hz, H-6a), 3.84 (dd, 1 H, J� 2.7,
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10.1 Hz, H-3b), 3.87 (dd, 1 H, J� 3.1, 9.8 Hz, H-3a), 3.91 (s, 1H, H-4b), 3.94
(t, 1H, J� 5.6 Hz, H-5a), 3.97 (t, 1H, J� 6.5 Hz, H-5b), 4.01 ± 4.04 (m, 3H,
CH2-ClAc, H-2a, H-2b), 4.06 (d, 1H, J� 15.1 Hz, CH2-ClAc), 4.43 (d, 1H,
J� 11.8 Hz, CH2Ph), 4.46 (d, 1H, J� 11.8 Hz, CH2Ph), 4.56 (d, 1 H, J�
11.0 Hz, CH2Ph), 4.70 ± 4.77 (m, 3H, CH2Ph), 4.81 ± 4.85 (m, 2H, CH2Ph,
H-1b), 4.94 (d, 1H, J� 11.0 Hz, CH2Ph), 5.01 (d, 1 H, J� 10.0 Hz, H-1a),
5.44 (d, 1 H, J� 2.7 Hz, H-4a), 7.16 ± 7.43 (m, 23 H, ArH), 7.60 ± 7.63 (m, 2H,
ArH); 13C NMR (CDCl3, 150 MHz): d� [17.4, 17.7 (CH3-BDA)], 40.8
(CH2-ClAc), [48.1, 48.1 (OCH3-BDA)], 66.36 (CH-2a), 66.65 (CH2-6a), 69.1
(CH2-6b), 69.4 (CH-5b), 70.0 (CH-3a), 70.5 (CH-4a), [73.2, 73.3, 73.4, 73.7
(CH2Ph)], 75.0 (CH-4b), 76.6 (CH-2b), 77.5 (CH-5a), 79.0 (CH-3b), 81.6
(CH-1a), 98.0 (CH-1b), [100.3, 100.5 (Cq-BDA)], [127.3, 127.4, 127.5, 127.6,
127.7, 128.2, 128.2, 128.2, 128.3, 128.3, 128.3 (CH-Ar)], 128.6 (Cq-Ar),
[128.9, 133.9 (CH-Ar)], [138.2, 138.4, 138.7, 138.9 (Cq-Ar)], 167.0 (CO-
ClAc); HR-MS (ESI): m/z : 1071.2645 [M�K]� , 1055.2904 [M�Na]� ,
1039.31959; C54H61O13SeCl requires [M�Na]� 1055.2863; C54H61O13SeCl:
calcd C 62.82, H 5.96; found C 62.75, H 5.90.


(2''S,3''S) Phenyl 6-O-chloroacetyl-3,4-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-
2-O-(2,3,4-tri-O-benzyl-6-O-tert-butyldiphenylsilyl-a-dd-mannopyranosyl)-
1-seleno-a-dd-mannopyranoside (51): A mixture of donor 7 (83 mg,
0.12 mmol) and acceptor 8 (53 mg, 0.104 mmol) was dried by azeotropic
distillation with dry toluene and left under vacuum for 4 h. Molecular sieves
(4 �, 200 mg) and dry CH2Cl2/Et2O (1 mL:1 mL) were added. The
resulting suspension was stirred for 30 min before NIS (122 mg, 0.54 mmol)
and TMSOTf (10 mL of a solution of 50 mL TMSOTf in 1 mL dry CH2Cl2)
were added sequentially. The reaction mixture turned dark brown
immediately and was stirred for one hour before triethylamine (0.1 mL)
was added. The mixture was diluted with ether, filtered through celite,
washed with aq NaHCO3, aq Na2S2O4, dried over MgSO4 and concen-
trated. The residue was purified by column chromatography (SiO2, petrol/
Et2O 3:1!2:1) to furnish dimannoside 51 (96 mg, 0.098 mmol, 87 %): Rf�
0.55 (Et2O/petrol 1:1); 1H NMR (600 MHz, CDCl3): d� 0.02 (s, 6H, CH3-
TBS), 0.90 (s, 9 H, CH3-tBu), 1.32 (s, 6 H, CH3-BDA), 3.22 (s, 3H, OCH3-
BDA), 3.33 (s, 3H, OCH3-BDA), 3.63 ± 3.68 (m, 1H, H-5b), 3.75 (d, 1 H, J�
10.4 Hz, H-6b), 3.83 (dd, 1H, J� 10.9, 4.3 Hz, H-6b), 3.88 (d, 1H, J�
14.7 Hz, ClAc), 3.92 ± 3.99 (m, 4 H, ClAc, H-2b, H-3b, H-4b), 4.01 (dd,
1H, J� 9.9, 1.9 Hz, H-3a), 4.07 ± 4.13 (m, 1 H, H-4a), 4.30 (s, 1H, H-2a),
4.31 ± 4.36 (m, 2H, H-5a, H-6a), 4.44 (d, 1H, J� 9.5 Hz, H-6a), 4.57 ± 4.64
(m, 4H, CH2Ph), 4.70 (d, 1H, J� 12 Hz, CH2Ph), 4.91 (d, 1H, J� 10.5 Hz,
CH2Ph), 5.33 (s, 1H, H-1b), 5.79 (s, 1 H, H-1a), 7.22 ± 7.35 (m, 16 H, ArH),
7.40 (d, 2H, J� 3.3 Hz, ArH), 7.55 (d, 2 H, J� 2.8 Hz, ArH); 13C NMR
(CDCl3, 100 MHz): d� [ÿ5.3, ÿ5.11 (CH3-TBS)], [17.7, 17.8 (CH3-BDA)],
18.3 (Cq-tBu), 26.0 (CH3-tBu), 40.6 (CH2-ClAc), [48.1, 48.1 (OCH3-BDA)],
62.7 (CH2-6b), 63.5 (CH-4a), 63.8 (CH2-6a), 69.7 (CH-3a), 70.8 (CH-5a),
[72.0, 72.1 (CH2Ph)], 73.7 (CH-5b), 74.7 (CH-2/3/4b), 75.1 (CH-2/3/4b,
CH2Ph), 76.2 (CH-2a), 79.8 (CH-2/3/4b), 85.1 (CH-1a), 98.6 (CH-1b), [99.8,
100.0 (Cq-BDA)], [127.3, 127.5, 127.6, 127.7, 127.8, 128.0, 128.2, 128.3, 129.2
(CH-Ar)], 129.4 (Cq-Ar), 133.5 (CH-Ar), [138.6, 138.7, 138.7 (Cq-Ar)],
167.1 (CO-ClAc); HR-MS (ESI): m/z : 1079.3251 [M�Na]� ; C53H69O13Si-
SeCl requires [M�Na]� 1079.3258; C53H69O13SiSeCl: calcd C 60.25, H
6.58; found C 60.23, H 6.76.


(2''R,3''R) Ethyl 4-O-benzyl-6-O-tert-butyldimethylsilyl-2-O-chloroacetyl-3-
O-(4-O-chloroacetyl-2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-6-O-(2,3,4,6-
tetra-O-benzyl-a-dd-galactopyranosyl)-a-dd-galactopyranosyl)-1-thio-a-dd-
mannopyranoside (49): A mixture of galactosyl donor 47 (805 mg,
0.78 mmol) and acceptor 9 (freshly prepared from 0.75 mmol of 44) was
dried by azeotropic distillation with dry toluene and left under vacuum for
4 h. Molecular sieves (4 �, 3 g) and dry ether (15 mL) were added. The
resulting suspension was stirred for 30 min before MeOTf (420 mL,
3.75 mmol) was added dropwise. The reaction mixture was stirred for 4 h
before triethylamine (1 mL) was added and it was diluted with ether and
concentrated. The residue was purified by column chromatography (SiO2,
petrol/Et2O 2:1!3:2) to furnish trisaccharide 49 (794 mg, 0.575 mmol,
76%): Rf� 0.46 (Et2O/petrol 1:1); 1H NMR (600 MHz, CDCl3): d� 0.05 (s,
3H, CH3-TBS), 0.07 (s, 3 H, CH3-TBS), 0.92 (s, 9H, CH3-tBu), 1.11 (s, 3H,
CH3-BDA), 1.18 (s, 3 H, CH3-BDA), 1.20 (t, 3 H, J� 7.3 Hz, CH3-SEt),
2.45 ± 2.62 (m, 2 H, CH2-SEt), 3.01 (s, 3 H, OCH3-BDA), 3.22 (s, 3 H, OCH3-
BDA), 3.56 (d, 2 H, J� 6.5 Hz, H-6c), 3.58 ± 3.64 (m, 2H, H-6b), 3.72 ± 3.78
(m, 2H, H-6a), 3.84 (t, 1 H, J� 9.3 Hz, H-4a), 3.93 ± 3.97 (m, 1H, H-5a),
3.97 ± 4.06 (m, 5 H, H-2b, H-2c, H-3c, H-4c, ClAc), 4.07 ± 4.14 (m, 4H, H-3b,
H-5c, 2�ClAc), 4.15 ± 4.22 (m, 2 H, H-3a, ClAc), 4.23 (t, 1 H, J� 5.8 Hz,


H-5b), 4.42 (d, 1H, J� 11.2 Hz, CH2Ph), 4.52 (d, 1 H, J� 11.2 Hz, CH2Ph),
4.56 (d, 1H, J� 11.2 Hz, CH2Ph), 4.61 (d, 1H, J� 11.2 Hz, CH2Ph), 4.73 (m,
2H, CH2Ph), 4.76 (d, 1 H, J� 11.3 Hz, CH2Ph), 4.84 (d, 1H, J� 2.7 Hz,
H-1c), 4.89 (d, 1H, J� 11.2 Hz, CH2Ph), 4.93 (d, 1H, J� 11.3 Hz, CH2Ph),
5.10 (d, 1H, J� 11.2 Hz, CH2Ph), 5.21 (s, 1H, H-1a), 5.22 (d, 1 H, J� 3.4 Hz,
H-1b), 5.29 (s, 1H, H-2a), 5.43 (s, 1 H, H-4b), 7.19 ± 7.42 (m, 25H, ArH);
13C NMR (CDCl3, 150 MHz): d� [ÿ5.4, ÿ5.2 (CH3-TBS)], 14.7 (CH3-
SEt), [17.4, 17.6 (CH3-BDA)], 18.3 (Cq-tBu), 25.2 (CH2-SEt), 25.8 (CH3-
tBu), [40.8, 40.9 (CH2-ClAc)], [47.7, 48.1 (OCH3-BDA)], 62.0 (CH2-6a),
64.1 (CH-3b), 65.0 (CH-2b), 67.2 (CH2-6b), 68.9 (CH2-6c), 69.3 (CH-5b), 69.4
(CH-5c), 70.9 (CH-4b), [73.0, 73.0 (CH2Ph)], 73.1 (CH-5a), 73.1 (CH2Ph),
74.4 (CH-4a), [74.5, 74.7 (CH2Ph)], 75.1 (CH-2/3/4c), 75.6 (CH-2a), 76.8
(CH-2/3/4c), 77.7 (CH-3a), 78.8 (CH-2/3/4c), 81.3 (CH-1a), 98.6 (CH-1c), 99.5
(CH-1b), 99.8 (Cq-BDA), [127.2, 127.3, 127.4, 127.4, 127.4, 127.5, 127.6, 128.0,
128.1, 128.1, 128.2, 128.2, 128.3 (CH-Ar)], [138.3, 138.7, 138.8, 138.9, 139.2
(Cq-Ar)], [166.8, 166.9 (CO-ClAc)]; HR-MS (ESI): m/z : 1401.4943 [M�
Na]� , C71H92O19SiSCl2 requires [M�Na]� 1401.4997; C71H92O19SiSCl2:
calcd C 61.77, H 6.72; found C 61.57, H 6.69.


(2''R,3''R) Ethyl 4-O-benzyl-2-O-chloroacetyl-3-O-(4-O-chloroacetyl-2,3-O-
(2'',3''-dimethoxybutane-2'',3''-diyl)-6-O-(2,3,4,6-tetra-O-benzyl-a-dd-galacto-
pyranosyl)-a-dd-galactopyranosyl)-1-thio-a-dd-mannopyranoside (50): Silyl
ether 49 (1.91 g, 1.24 mmol) was dissolved in CH3CN (15 mL) and aq HF
(445 mL, 48 % in H2O, 12.3 mmol) was added. The solution was stirred for
one hour at RT before methoxytrimethylsilane (TMSOMe) (excess) was
added and the solvent was partly evaporated (to ca. 5 mL). The remaining
solution was diluted with ether, washed with NaHCO3, dried over MgSO4


and concentrated. The residue was purified by column chromatography
(SiO2, Et2O/petrol 3:1) to give alcohol 50 (1.39 g, 1.1 mmol, 89 %): Rf� 0.26
(petrol/Et2O 1:2); 1H NMR (600 MHz, CDCl3): d� 1.11 (s, 3 H, CH3-
BDA), 1.17 (s, 3 H, CH3-BDA), 1.21 (t, 3H, J� 7.3 Hz, CH3-SEt), 1.73 (s,
1H, OH-6a), 2.48 ± 2.56 (m, 2H, CH2-SEt), 3.02 (s, 3 H, OCH3-BDA), 3.22
(s, 3H, OCH3-BDA), 3.58 (d, 2H, J� 6.6 Hz, H-6c), 3.61 ± 3.66 (m, 2H,
H-6b), 3.66 ± 3.75 (m, 2 H, H-6a), 3.91 (t, 1 H, J� 9.5 Hz, H-4a), 3.97 ± 4.06
(m, 6H, H-5a, H-2b, H-2c, H-3c, H-4c, ClAc), 4.08 ± 4.13 (m, 3 H, H-3b, H-5c,
ClAc), 4.17 (d, 1 H, J� 15.0 Hz, ClAc), 4.18 (dd, 1 H, J� 3.1, 9.1 Hz, H-3a),
4.23 (d, 1 H, J� 15.0 Hz, ClAc), 4.28 (t, 1H, J� 5.7 Hz, H-5b), 4.44 (d, 1H,
J� 11.5 Hz, CH2Ph), 4.52 (d, 1H, J� 11.5 Hz, CH2Ph), 4.57 (d, 1 H, J�
11.5 Hz, CH2Ph), 4.69 (d, 1 H, J� 11.5 Hz, CH2Ph), 4.74 (s, 2H, CH2Ph),
4.77 (d, 1H, J� 11.5 Hz, CH2Ph), 4.87 (d, 1 H, J� 2.7 Hz, H-1c), 4.89 (d, 1H,
J� 11.5 Hz, CH2Ph), 4.93 (d, 1H, J� 11.5 Hz, CH2Ph), 5.10 (d, 1 H, J�
11.5 Hz, CH2Ph), 5.20 (s, 1 H, H-1a), 5.25 (d, 1H, J� 3.3 Hz, H-1b), 5.32 (s,
1H, H-2a), 5.48 (s, 1H, H-4b), 7.23 ± 7.45 (m, 25 H, ArH); 13C NMR (CDCl3,
150 MHz): d� 14.7 (CH3-SEt), [17.5, 17.6 (CH3-BDA)], 25.4 (CH2-SEt),
[40.8, 40.9 (CH2-ClAc)], [47.7, 48.1 (OCH3-BDA)], 61.6 (CH2-6a), 64.0
(CH-3b), 65.0 (CH-2b), 67.3 (CH2-6b), 68.9 (CH2-6c), 69.4 (CH-5b), 69.5
(CH-5c), 70.8 (CH-4b), 72.3 (CH-5a), [73.0, 73.1, 73.2 (CH2Ph)], 73.6 (CH-
4a), [74.5, 74.7 (CH2Ph)], 75.1 (CH-2/3/4c), 75.4 (CH-2a), 76.8 (CH-2/3/4c),
77.6 (CH-3a), 78.8 (CH-2/3/4c), 81.7 (CH-1a), 98.7 (CH-1c), 99.5 (CH-1b),
99.8 (Cq-BDA), [127.3, 127.4, 127.5, 127.5, 127.6, 127.7, 128.0, 128.1, 128.3,
128.3, 128.3, 128.3 (CH-Ar)], [138.3, 138.5, 138.7, 138.8, 139.2 (Cq-Ar)],
[166.8, 166.9 (CO-ClAc)]; HR-MS (ESI): m/z : 1287.4130 [M�Na]� ,
C65H78O19SCl2 requires [M�Na]� 1287.4133; C65H78O19SCl2: calcd C
61.65, H 6.21; found C 61.38, H 6.12.


(2''R,3''R,2''''S,3''''S) Ethyl 4-O-benzyl-2-O-chloroacetyl-3-O-(4-O-chloroace-
tyl-2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-6-O-(2,3,4,6-tetra-O-benzyl-a-
dd-galactopyranosyl)-a-dd-galactopyranosyl)-6-O-(6-O-chloroacetyl-3,4-O-
(2'''',3''''-dimethoxybutane-2'''',3''''-diyl)-2-O-(2,3,4-tri-O-benzyl-6-O-tert-bu-
tyldimethylsilyl-a-dd-mannopyranosyl)-a-dd-mannopyranosyl)-1-thio-a-dd-
mannopyranoside (53): A mixture of mannosyl donor 51 (81 mg, 77 mmol)
and acceptor 50 (20 mg, 16 mmol) was dried by azeotropic distillation with
dry toluene and left under vacuum for 4 h. Molecular sieves (4 �, 250 mg)
and dry CH2Cl2 (0.8 mL) were added. The resulting suspension was stirred
for one hour before MeOTf (8 mL, 72 mmol) was added dropwise. The
reaction mixture was stirred for 24 hours before triethylamine (1 mL) was
added and it was diluted with ether, filtered through celite and concen-
trated. The residue was purified by preparative TLC (SiO2, petrol/Et2O
2:3) to furnish pentasaccharide 53 (26 mg, 12 mmol, 75%): Rf� 0.64 (Et2O/
petrol 2:1); 1H NMR (600 MHz, CDCl3): d� 0.04 (s, 6H, CH3-TBS), 0.86
(s, 9 H, CH3-tBu), 1.02 (s, 3H, CH3-BDA), 1.15 (s, 3 H, CH3-BDA), 1.22 (t,
3H, J� 7.3 Hz, CH3-SEt), 1.26 (s, 3 H, CH3-BDA), 1.32 (s, 3 H, CH3-BDA),
2.44 ± 2.52 (m, 1 H, CH2-SEt), 2.54 ± 2.61 (m, 1H, CH2-SEt), 2.93 (s, 3H,
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OCH3-BDA), 3.19 (s, 3 H, OCH3-BDA), 3.21 (s, 3 H, OCH3-BDA), 3.23 (s,
3H, OCH3-BDA), 3.56 (d, 1 H, J� 10.4 Hz, H-6a), 3.58 ± 3.63 (m, 3H, H-6b,
2�H-6c), 3.65 ± 3.69 (m, 2H, H-6b, H-5e), 3.71 ± 3.78 (m, 2H, H-5a, H-6a),
3.80 ± 3.85 (m, 2H, H-5d, H-6e), 3.86 ± 3.90 (m, 2H, ClAc, H-6e), 3.92 ± 3.97
(m, 5H, ClAc, H-4d, H-2e, H-3e, H-4e), 3.98 ± 4.02 (m, 4 H, ClAc, H-2b,
H-2d, H-3d), 4.03 ± 4.06 (m, 3H, H-2c, H-3c, H-4c), 4.07 ± 4.14 (m, 4 H, ClAc,
H-3b, H-5c, H-6d), 4.14 ± 4.23 (m, 4 H, 2�ClAc, H-4a, H-3a), 4.28 (t, 1 H, J�
5.8 Hz, H-5b), 4.38 (d, 1H, J� 10.5 Hz, H-6d), 4.46 (d, 1 H, J� 11.9 Hz,
CH2Ph), 4.53 ± 4.71 (m, 8 H, CH2Ph), 4.79 (s, 1H, H-1d), 4.74 ± 4.80 (m, 3H,
CH2Ph), 4.88 (d, 1 H, J� 2.8 Hz, H-1c), 4.90 ± 4.96 (m, 3 H, CH2Ph), 5.20 (s,
1H, H-1a), 5.24 (s, 1 H, H-1b), 5.25 (d, 1H, J� 11.3 Hz, CH2Ph), 5.33 (s, 2H,
H-2a, H-1e), 5.47 (s, 1 H, H-4b), 7.20 ± 7.43 (m, 40 H, ArH); 13C NMR
(CDCl3, 150 MHz): d� [ÿ5.3, ÿ5.1 (CH3-TBS)], 14.6 (CH3-SEt), [17.3,
17.5 , 17.7, 17.9 (CH3-BDA)], 18.3 (Cq-tBu), 25.0 (CH2-SEt), 25.9 (CH3-tBu),
[40.7, 40.9 (CH2-ClAc)], [47.6, 47.8, 48.0, 48.1 (OCH3-BDA)], 62.7 (CH2-
6e), 63.1 (CH-4d), 63.8 (CH2-6d), 64.0 (CH-3b), 64.9 (CH-2b), 66.3 (CH2-6a),
67.3 (CH2-6b), 68.6 (CH-2/3/4c), 68.8 (CH-5d), 68.9 (CH2-6c), 69.4 (CH-5b),
69.4 (CH-5c), 70.8 (CH-4b), 71.2 (CH-4a), [71.8, 72.1, 73.0, 73.2 (CH2Ph)],
73.6 (CH-5e), 74.4 (CH-2/3d), 74.5 (CH2Ph), 74.6 (CH-5a, CH-2/3/4e), [74.8,
75.0 (CH2Ph)], [75.1, 75.2 (CH-2/3/4c, CH-2/3/4e], 75.4 (CH-2a), 76.8 (CH-
2/3d), 77.8 (CH-3a), 78.8 (CH-2/3/4c), 79.8 (CH-2/3/4e), 81.0 (CH-1a), 98.6
(CH-1c), 98.6 (CH-1e), 99.5 (CH-1d), 99.6 (CH-1b), [99.6, 99.8, 99.9 (Cq-
BDA)], [127.0, 127.3, 127.5, 127.5, 127.6, 127.6, 128.0, 128.0, 128.1, 128.2,
128.2, 128.2, 128.3, 128.3, 128.3 (CH-Ar)], [138.3, 138.5, 138.6, 138.7, 138.7,
138.8, 138.8, 139.2 (Cq-Ar)], [166.7, 166.8, 167.1 (CO-ClAc)]; MS (MALDI-
TOF): m/z : 2189 [M�Na]� ; C112H141O32SiSCl3: calcd C 62.11, H 6.56;
found C 61.96, H 6.43.


(2''R,3''R,2''''S,3''''S) 1-O-Allyl-2,3,4,5-tetra-O-benzyl-6-O-(2-azido-3,6-di-O-
benzyl-2-deoxy-4-O-((4-O-benzyl-2-O-chloroacetyl-3-O-(4-O-chloroace-
tyl-2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-6-O-(2,3,4,6-tetra-O-benzyl-a-
dd-galactopyranosyl)-a-dd-galactopyranosyl)-6-O-(6-O-chloroacetyl-3,4-O-
(2'''',3''''-dimethoxybutane-2'''',3''''-diyl)-2-O-(2,3,4-tri-O-benzyl-6-O-tert-bu-
tyldimethylsilyl-a-dd-mannopyranosyl)-a-dd-mannopyranosyl)-a-dd-manno-
pyranosyl))-a-dd-glucopyranosyl)-dd-myo-inositol (2): Two mixtures of do-
nor 53 (2� 70 mg, 2� 32 mmol) and acceptor 10 (2� 20 mg, 2� 21 mmol)
were dried by azeotropic distillation with dry toluene and left under
vacuum for 4 h. Molecular sieves (4 �, 2� 250 mg, beads) and dry Et2O/
CH2Cl2 (2� 0.8 mL:2� 0.4 mL) were added to each mixture separately.
The resulting mixtures were stirred for 2 h before they were cooled to 0 8C.
NIS (2� 15 mg, 2� 63 mmol) was added and the mixtures were stirred for
another hour at 0 8C. TfOH (2� 40 mL of a solution of 2� 30 mL TfOH in
2� 2 mL dry CH2Cl2) was added at ÿ10 8C and the reaction mixtures were
immediately warmed to 0 8C and stirred for 20 min before additional TfOH
(2� 20 mL of a solution of 2� 30 mL TfOH in 2� 2 mL dry CH2Cl2) was
added at ÿ10 8C followed immediately by warming to 0 8C. The reaction
mixtures were stirred for another 10 min at 0 8C before triethylamine (2�
3 drops) was added. The two reaction mixtures were combined and diluted
with ether, washed with aq Na2S2O3, dried over MgSO4 and concentrated.
The residue was purified by preparative TLC (SiO2, petrol/Et2O 60:45) to
furnish heptasaccharide 2 (64 mg, 21 mmol, 50%): Rf� 0.42 (Et2O/petrol
1:1); 1H NMR (600 MHz, CDCl3): d� 0.04 (s, 3H, CH3-TBS), 0.05 (s, 3H,
CH3-TBS), 0.87 (s, 9H, CH3-tBu), 0.99 (s, 3 H, CH3-BDA), 1.17 (s, 3H, CH3-
BDA), 1.28 (s, 3H, CH3-BDA), 1.29 (s, 3 H, CH3-BDA), 3.03 (s, 3H, OCH3-
BDA), 3.02 ± 3.08 (m, 1 H, H-6b), 3.17 (s, 3H, OCH3-BDA), 3.22 (s, 3H,
OCH3-BDA), 3.25 (s, 3 H, OCH3-BDA), 3.17 ± 3.29 (m, 2H, H-6b, H-6c),
3.32 (dd, 1 H, J� 3.6, 9.8 Hz, H-2b), 3.40 ± 3.43 (m, 2H, H-1a, H-3a), 3.46 (t,
1H, J� 9.3 Hz, H-5a), 3.53 (d, 2H, J� 6.7 Hz, 2�H-6e), 3.59 ± 3.62 (m, 1H,
H-6c), 3.65 ± 3.70 (m, 4H, H-5c, H-6d, H-5f, H-3/4/5g), 3.71 ± 3.88 (m, 7H,
2�ClAc, H-4c, H-6d, H-6g, H-2f, H-6f), 3.90 ± 4.13 (m, 23H, 4�ClAc, 2�
CH2-All, H-2a, H-3b, H-4b, H-5b, H-3c, H-2d, H-2e, H-3e, H-4e, H-5e, H-3f,
H-4f, H-6f, H-3/4/5g, H-3/4/5g, H-2g, H-6g), 4.15 ± 4.20 (m, 2 H, H-4a, H-3d),
4.26 (t, 1H, J� 9.6 Hz, H-6a), 4.28 ± 4.30 (m, 1H, H-5d), 4.31 (d, 1 H, J�
11.9 Hz, CH2Ph), 4.38 (d, 1H, J� 11.9 Hz, CH2Ph), 4.41 (d, 1H, J�
12.0 Hz, CH2Ph), 4.49 (d, 1 H, J� 12.0 Hz, CH2Ph), 4.54 ± 4.59 (m, 2H,
CH2Ph), 4.58 (s, 1H, H-1f), 4.61 ± 4.84 (m, 14 H, CH2Ph), 4.85 ± 4.90 (m, 4H,
CH2Ph, H-1e), 4.92 ± 4.95 (m, 2 H, CH2Ph), 5.00 (d, 1 H, J� 10.8 Hz,
CH2Ph), 5.11 (d, 1H, J� 11.3 Hz, CH2Ph), 5.19 (s, 1H, H-1d), 5.20 (d, 1H,
J� 10.7 Hz,�CH2-All), 5.27 (s, 1 H, H-1g), 5.30 (s, 1H, H-2c), 5.31 (d, 1H,
J� 5.8 Hz,�CH2-All), 5.42 (s, 1 H, H-1c), 5.48 (d, 1 H, J� 12.1 Hz, CH2Ph),
5.57 (s, 1H, H-4d), 5.70 (d, 1 H, J� 3.7 Hz, H-1b), 5.93 ± 6.00 (m, 1 H,�CH-
All), 7.18 ± 7.46 (m, 70 H, ArH); 13C NMR (CDCl3, 150 MHz): d� [ÿ5.3,


ÿ5.1 (CH3-TBS)], [17.3, 17.5, 17.7, 18.0 (CH3-BDA)], 18.3 (Cq-tBu), 25.9
(CH3-tBu), [40.6, 40.6, 41.0 (CH2-ClAc)], [47.7, 47.8, 47.9, 48.0 (OCH3-
BDA)], 62.6 (CH2-6g), 62.9 (CH-3/4f), 63.5 (CH-2b), 63.6 (CH2-6f), 64.2
(CH-3d), 65.1 (CH-2d), 66.2 (CH2-6c), 66.6 (CH2-6d), 68.1 (CH2-6b), 68.6
(CH), 68.6 (CH-5f), 68.8 (CH2-6e), 69.1 (CH-5d), 69.6 (CH-3/5b), 69.8 (CH-
2/3/4/5e), 70.2 (CH-4d), 70.7 (CH2-All), 71.0 (CH-5c), [71.8, 72.1 (CH2Ph)],
72.8 (CH-4b), 72.9 (CH2Ph), 73.0 (CH), [73.0, 73.2, 73.3, 73.3 (CH2Ph)], 73.4
(CH-2/3/4/5g), 73.6 (CH-2/4c), 73.7 (CH-2/4c), [74.2, 74.3, 74.4 (CH2Ph)],
74.5 (CH), 74.7 (CH2Ph), 74.8 (CH-2f), 74.9 (CH), [75.1, 75.2 (CH2Ph)],
75.4 (CH), 75.7 (CH2Ph), 75.7 (CH-6a), 76.8 (CH), 78.8 (CH-2/3/4/5e), 79.0
(CH-3c), 80.0 (CH-2/3/4/5g), 80.8 (CH-3/5b), 80.9 (CH-1/3a), 81.1 (CH-5a),
81.7 (CH-1/3a), 82.0 (CH-4a), 96.9 (CH-1c), 97.7 (CH-1b), 98.7 (CH-1g), 98.9
(CH-1e), 99.2 (CH-1f), [99.6, 99.7, 99.8, 99.9 (Cq-BDA)], 100.0 (CH-1d),
116.9 (�CH2-All), [126.7, 127.4, 127.5, 127.5, 127.7, 127.8, 128.0, 128.1, 128.1,
128.1, 128.1, 128.1, 128.2, 128.2, 128.3, 128.4, 128.4 (CH-Ar)], 134.3 (�CH-
All), [137.6, 138.1, 138.2, 128.6, 138.6, 138.8, 138.8, 138.9, 139.1, 139.2 (Cq-
Ar)], [166.6, 166.7, 166.8 (CO-ClAc)]; MS [(�)-MALDI-TOF]: m/z : 3086;
C167H196O42N3SiCl3 requires [M�Na]� 3071; C167H196O42N3SiCl3: calcd C
65.73, H 6.47, N 1.38; found C 65.48, H 6.56, N 1.34.


(2''R,3''R,2''''S,3''''S) 1-O-Allyl-2,3,4,5-tetra-O-benzyl-6-O-(2-azido-3,6-di-O-
benzyl-2-deoxy-4-O-((4-O-benzyl-2-O-chloroacetyl-3-O-(4-O-chloroace-
tyl-2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-6-O-(2,3,4,6-tetra-O-benzyl-a-
dd-galactopyranosyl)-a-dd-galactopyranosyl)-6-O-(6-O-chloroacetyl-3,4-O-
(2'''',3''''-dimethoxybutane-2'''',3''''-diyl)-2-O-(2,3,4-tri-O-benzyl-a-dd-manno-
pyranosyl)-a-dd-mannopyranosyl)-a-dd-mannopyranosyl))-a-dd-glucopyra-
nosyl)-dd-myo-inositol (54): Silyl ether 2 (122 mg, 40 mmol) was dissolved in
CH3CN (1.5 mL) and aq HF (30 mL, 48% in H2O, 0.8 mmol) was added.
The reaction mixture was stirred for 20 min at RT before TMSOMe
(excess) was added. The solution was diluted with CH2Cl2, washed with aq
NaHCO3, dried over MgSO4 and concentrated. The residue was purified by
column chromatography (Et2O/petrol 1:1!3:2) to give alcohol 54 (96 mg,
32 mmol, 81%): Rf� 0.42 (Et2O/petrol 3:2); 1H NMR (600 MHz, CDCl3):
d� 1.02 (s, 3H, CH3-BDA), 1.16 (s, 3H, CH3-BDA), 1.28 (s, 3 H, CH3-
BDA), 1.29 (s, 3H, CH3-BDA), 3.01 (s, 4 H, OCH3-BDA, H-6b), 3.15 ± 3.17
(m, 4 H, OCH3-BDA, H-6b), 3.21 (s, 3 H, OCH3-BDA), 3.26 (s, 3H, OCH3-
BDA), 3.27 ± 3.32 (m, 2 H, H-2b, H-6c), 3.39 (d, 2 H, J� 9.8 Hz, H-1a, H-3a),
3.44 (d, 1 H, J� 9.3 Hz, H-5a), 3.50 ± 3.56 (m, 2H, H-6e), 3.58 ± 3.63 (m, 3H,
H-5c, H-6c, H-6g), 3.63 ± 3.69 (m, 4H, H-6d, H-5g, H-6g, H-5f), 3.71 (d, 1H,
J� 9.0 Hz, H-6d), 3.74 ± 3.80 (m, 2H, ClAc, H-4c), 3.82 (d, 1 H, J� 14.8 Hz,
ClAc), 3.85 (s, 1 H, H-2f), 3.88 ± 4.08 (m, 21H, 3�ClAc, 2�CH2-All, H-2a,
H-3b, H-4b, H-5b, H-3c, H-2d, H-2e, H-3e, H-4e, H-5e, H-3f, H-4f, H-6f,
H-2g, H-3g, H-4g), 4.10 ± 4.17 (m, 4H, ClAc, H-4a, H-3d, H-6f), 4.23 (t, 1H,
J� 9.6 Hz, H-6a), 4.27 (d, 1 H, J� 12.1 Hz, CH2Ph), 4.28 ± 4.32 (m, 1H,
H-5d), 4.38 (d, 2H, J� 12.3 Hz, CH2Ph), 4.46 (d, 1 H, J� 12.0 Hz, CH2Ph),
4.53 (d, 2H, J� 11.6 Hz, CH2Ph), 4.56 ± 4.62 (m, 5 H, CH2Ph), 4.64 ± 4.67
(m, 4 H, 3�CH2Ph, H-1f), 4.67 ± 4.74 (m, 3 H, CH2Ph), 4.77 (d, 1 H, J�
10.8 Hz, CH2Ph), 4.81 (d, 1 H, J� 11.8 Hz, CH2Ph), 4.83 ± 4.92 (m, 7 H, 6�
CH2Ph, H-1e), 4.98 (d, 1H, J� 10.8 Hz, CH2Ph), 5.10 (d, 1H, J� 11.2 Hz,
CH2Ph), 5.19 (d, 1 H, J� 10.2 Hz, �CH2-All), 5.20 (s, 1H, H-1d), 5.24
(s, 1H, H-1g), 5.28 (s, 1H, H-2c), 5.29 (d, 1 H, J� 17.1 Hz, �CH2-All), 5.38
(d, 1 H, J� 11.8 Hz, CH2Ph), 5.40 (s, 1H, H-1c), 5.55 (s, 1H, H-4d), 5.67
(d, 1H, J� 3.7 Hz, H-1b), 5.92 ± 5.99 (m, 1H,�CH-All), 7.13 ± 7.45 (m, 70H,
ArH); 13C NMR (CDCl3, 150 MHz): d� [17.3, 17.5, 17.7, 17.9 (CH3-BDA)],
[40.6, 40.7, 41.0 (CH2-ClAc)], [47.7, 47.8, 47.9, 48.0 (OCH3-BDA)], 62.2
(CH2-6g), 62.9 (CH-2/3f), 63.5 (CH-2b), 63.6 (CH2-6f), 64.1 (CH-3d), 65.1
(CH-2d), 66.1 (CH2-6c), 66.6 (CH2-6d), 68.1 (CH2-6b), 68.4 (CH), 68.6 (CH-
5f), 68.7 (CH2-6e), 69.0 (CH-5d), 69.6 (CH-5b), 69.8 (CH-5e), 70.2 (CH-4d),
70.7 (CH2-All), 71.5 (CH-5c), [71.8, 72.4 (CH2Ph)], 72.6 (CH-5g), 72.8
(CH2Ph), 72.9 (CH), 73.0 (CH-4b), [73.0, 73.1, 73.2, 73.4 (CH2Ph)], 73.5
(CH-2/4c), 73.6 (CH-2/4c), [74.1, 74.3, 74.4, 74.7 (CH2Ph)], [74.8, 74.9
(CH)], 75.0 (CH-2f), [75.1, 75.2 (CH2Ph)], 75.2 (CH), 75.6 (CH2Ph), 75.7
(CH-6a), 76.8 (CH), 78.4 (CH-3c), 78.8 (CH-2/3/4e), 79.8 (CH-2/3/4g), 80.8
(CH-3b), 80.9 (CH-1/3a), 81.1 (CH-5a), 81.7 (CH-1/3a), 82.0 (CH-4a), 97.1
(CH-1c), 97.8 (CH-1b), 98.8 (CH-1e), 99.0 (CH-1g), 99.6 (CH-1f), [99.6, 99.7,
99.8, 99.8 (Cq-BDA)], 99.8 (CH-1d), 117.0 (�CH2-All), [126.9, 127.4, 127.5,
127.5, 127.6, 127.7, 127.7, 128.1, 128.1, 128.1, 128.2, 128.3, 128.3, 128.3, 128.3,
128.4, 128.4 (CH-Ar)], 134.3 (�CH-All), [137.6, 138.1, 138.2, 138.3, 138.4,
138.5, 138.6, 138.6, 138.8, 139.1 (Cq-Ar)], [166.7, 166.8, 166.9 (CO-ClAc)];
MS [(�)-MALDI-TOF]: m/z : 2962; C161H182O42N3Cl3 requires [M�Na]�


2957; C161H182O42N3Cl3: calcd C 65.83, H 6.24, N 1.43; found C 65.88, H 6.36,
N 1.32.
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(2''R,3''R,2''''S,3''''S) 1-O-Allyl-2,3,4,5-tetra-O-benzyl-6-O-(2-azido-3,6-di-O-
benzyl-2-deoxy-4-O-((4-O-benzyl-2-O-chloroacetyl-3-O-(4-O-chloroace-
tyl-2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-6-O-(2,3,4,6-tetra-O-benzyl-a-
dd-galactopyranosyl)-a-dd-galactopyranosyl)-6-O-(6-O-chloroacetyl-3,4-O-
(2'''',3''''-dimethoxybutane-2'''',3''''-diyl)-2-O-(2,3,4-tri-O-benzyl-6-O-(benzyl-
O-(2-((N-benzyloxycarbonyl)amino)ethyl)phosphono)-a-dd-mannopyrano-
syl)-a-dd-mannopyranosyl)-a-dd-mannopyranosyl))-a-dd-glucopyranosyl)-dd-
myo-inositol (55): A mixture of alcohol 54 (54 mg, 18.4 mmol) and tetrazole
(19.3 mg, 0.27 mmol) was co-evaporated with toluene, before the mixture
was dissolved in dry CH3CN (2.5 mL) and phosphoramidite 3 (80 mg,
0.18 mmol) in dry CH2Cl2 (2.5 mL) was added. The reaction mixture was
stirred for 3.5 h at RT before mCPBA (71 mg, 0.37 mmol) was added at
ÿ40 8C. The reaction mixture was warmed to RT over 30 min and stirred at
RT for 1 h. The solution was diluted with CH2Cl2, washed with aq
NaHCO3, dried over MgSO4 and concentrated. The residue was purified by
preparative TLC (EtOAc/petrol 3:2) to give phosphotriester 55 (54 mg,
16.4 mmol, 89%) as a mixture of two diastereoisomers (1:1): Rf� 0.65
(EtOAc/petrol 1:1); 1H NMR (600 MHz, CDCl3): d� 0.98 (s, 3 H, CH3-
BDA), 0.99 (s, 3H, CH3-BDA), 1.16 (s, 6 H, CH3-BDA), 1.30 (s, 12 H, CH3-
BDA), 3.01 (s, 6H, OCH3-BDA), 3.04 (s, 2 H), 3.17 (s, 6H, OCH3-BDA),
3.20 ± 3.34 (m, 24 H), 3.41 (d, 4 H, J� 9.8 Hz, H-1a, H-3a), 3.45 (d, 2H, J�
9.3 Hz, H-5a), 3.53 (d, 2 H, J� 6.7 Hz, H-6e), 3.57 ± 5.14 (m, 146 H), 5.18 ±
5.21 (m, 4 H), 5.25 ± 5.32 (m, 8H), 5.43 (s, 2H), 5.46 ± 5.50 (m, 2 H), 5.56 (s,
2H, H-4d), 5.65 ± 5.69 (m, 2 H, H-1b), 5.92 ± 5.99 (m, 2 H, �CH-All), 7.14 ±
7.43 (m, 160 H, ArH); 13C NMR (CDCl3, 150 MHz): d� [17.3, 17.5, 17.6, 17.9
(CH3-BDA)], [40.5, 40.6, 40.9, 41.2 (CH2)], [47.7, 47.8, 47.8, 47.9 (OCH3-
BDA)], 62.7, 63.4, 63.5, 64.2, 64.6, 64.8, 65.1, 66.2, 66.2, 66.6, 66.8, 68.1, 68.6,
68.7, 69.1, 69.3, 69.3, 69.4, 69.4, 69.6, 69.6, 69.8, 70.2, 70.8, 70.9, 71.0, 71.1,
71.1, 71.7, 71.7, 72.5, 72.6, 72.9, 73.0, 73.2, 73.2, 73.3, 73.3, 73.6, 73.6, 73.7, 74.1,
74.3, 74.3, 74.7, 74.9, 75.1, 75.1, 75.1, 75.2, 75.6, 75.7, 75.8, 76.8, 77.2, 78.8,
78.9, 79.0, 79.8, 79.8, 80.9, 80.9, 81.1, 81.7, 82.0, [96.8, 97.8, 98.8, 98.8, 99.1
(CH)], [99.6, 99.6, 99.7, 99.8 (Cq)], 100.0 (CH), 117.0 (CH2), [126.7, 126.7,
127.1, 127.2, 127.4 ± 128.6 (CH-Ar)], 134.3 (�CH-All), [135.8, 135.8, 135.9,
135.9, 136.6, 137.6, 138.1, 138.2, 138.3, 138.3, 138.3, 138.3, 138.4, 138.6, 138.8,
138.9, 139.1, 139.2, 139.2 (Cq-Ar)], [156.3, 156.3 (OCONH)], [166.7, 166.7,
166.8 (CO-ClAc)]; 31P NMR (CDCl3, 243 MHz): d�ÿ0.09, 0.03; MS
(FAB): m/z : 3308 [M�Na]� ; C178H200O47N4PCl3 requires [M�Na]� 3308.


(2''R,3''R,2''''S,3''''S) 2,3,4,5-Tetra-O-benzyl-6-O-(2-azido-3,6-di-O-benzyl-2-
deoxy-4-O-((4-O-benzyl-2-O-chloroacetyl-3-O-(4-O-chloroacetyl-2,3-O-
(2'',3''-dimethoxybutane-2'',3''-diyl)-6-O-(2,3,4,6-tetra-O-benzyl-a-dd-galacto-
pyranosyl)-a-dd-galactopyranosyl)-6-O-(6-O-chloroacetyl-3,4-O-(2'''',3''''-di-
methoxybutane-2'''',3''''-diyl)-2-O-(2,3,4-tri-O-benzyl-6-O-(benzyl-O-(2-((N-
benzyloxycarbonyl)amino)ethyl)phosphono)-a-dd-mannopyranosyl)-a-dd-
mannopyranosyl)-a-dd-mannopyranosyl))-a-dd-glucopyranosyl)-dd-myo-ino-
sitol (56): A mixture of allyl ether 55 (21 mg, 6.4 mmol), PdCl2 (23 mg,
0.13 mmol) and NaOAc (21 mg, 0.26 mmol) in acetic acid/H2O (1 mL, 19:1)
was stirred under argon for 48 h. The reaction mixture was diluted with
EtOAc, filtered through celite, washed with aq NaHCO3, dried over
MgSO4 and concentrated. The residue was purified by column chromatog-
raphy (petrol/EtOAc 2:1!3:2) to give alcohol 56 (14 mg, 4.3 mmol, 67%)
and starting material 55 (5 mg, 1.5 mmol, 23 %): Rf� 0.24 (petrol/EtOAc
3:2); 1H NMR (600 MHz, CDCl3): d� 0.98 (s, 3 H, CH3-BDA), 0.99 (s, 3H,
CH3-BDA), 1.15 (s, 6 H, 2�CH3-BDA), 1.28 (s, 12H, 4�CH3-BDA), 2.98
(s, 8H, 2�OCH3-BDA, CH), 3.07 ± 3.37 (m, 28H, 6�OCH3-BDA, 5�
CH), 3.40 (t, 2 H, J� 9.3 Hz), 3.42 ± 3.78 (m, 30 H), 3.81 ± 4.39 (m, 60H),
4.41 (d, 2H, J� 12 Hz), 4.48 ± 5.07 (m, 58 H), 5.17 (d, 2 H, J� 3.3 Hz), 5.24 ±
5.27 (m, 6 H), 5.36 ± 5.41 (m, 6 H), 5.54 (s, 2 H), 7.11 ± 7.43 (m, 160 H, ArH);
13C NMR (CDCl3, 150 MHz): d� [17.3, 17.5, 17.6, 17.9 (CH3-BDA)], [40.5,
40.6, 40.9 (CH2Cl)], 41.2 (CH2N), [47.7, 47.8, 48.0, 48.0 (OCH3-BDA)], 62.8,
63.4, 64.1, 64.3, 65.0, 65.8, 66.4, 66.4, 66.6, 66.6, 66.8, 66.8, 68.1, 68.5, 68.5,
68.5, 68.9, 69.0, 69.3, 69.3, 69.4, 69.4, 69.8, 70.2, 70.5, 70.5, 71.1, 71.1, 71.7,
71.7, 71.8, 72.5, 72.6, 72.9, 73.0, 73.1, 73.2, 73.3, 73.4, 73.6, 73.7, 73.7, 74.4, 74.7,
74.7, 74.9, 74.9, 75.0, 75.1, 75.1, 75.2, 75.7, 76.8, 77.2, 78.6, 78.8, 79.9, 79.9,
80.9, 81.0, 81.3, 81.4, 82.0, 96.4, 98.5, 98.8, 98.8, 98.9, 99.0, 99.6, 99.6, 99.7,
99.8, 99.8, 100.0, [126.9, 126.9, 127.2 ± 128.6 (CH-Ar)], [135.8, 135.8, 135.9,
135.9, 136.6, 137.2, 138.0 ± 139.1 (Cq-Ar)], [156.2 (OCONH)], [166.7, 166.8
(CO-ClAc)]; 31P NMR (CDCl3, 243 MHz): d�ÿ0.07, 0.04; MS (FAB):


Åm/z : 3269 [M�Na]� ; C175H196O47N4PCl3 requires [M�Na]� 3268.


(2''R,3''R,2''''S,3''''S) 2,3,4,5-Tetra-O-benzyl-1-O-((1,2-di-O-myristoyl-sn-glyc-
erol-3-yl) benzyl phosphono)-6-O-(2-azido-3,6-di-O-benzyl-2-deoxy-4-O-
((4-O-benzyl-2-O-chloroacetyl-3-O-(4-O-chloroacetyl-2,3-O-(2'',3''-dime-


thoxybutane-2'',3''-diyl)-6-O-(2,3,4,6-tetra-O-benzyl-a-dd-galactopyrano-
syl)-a-dd-galactopyranosyl)-6-O-(6-O-chloroacetyl-3,4-O-(2'''',3''''-dimethox-
ybutane-2'''',3''''-diyl)-2-O-(2,3,4-tri-O-benzyl-6-O-((2-((N-benzyloxycarbo-
nyl)amino)ethyl) benzyl phosphono)-a-dd-mannopyranosyl)-a-dd-
mannopyranosyl)-a-dd-mannopyranosyl))-a-dd-glucopyranosyl)-dd-myo-ino-
sitol (57): A mixture of alcohol 56 (54 mg, 16.5 mmol) and tetrazole
(17.5 mg, 0.25 mmol) was co-evaporated with toluene, before it was
dissolved in dry CH3CN (2 mL) and phosphoramidite 4 (124 mg,
0.17 mmol) in dry CH2Cl2 (2 mL) was added. The reaction mixture was
stirred for 12 h at RT before mCPBA (57 mg, 0.33 mmol) was added at
ÿ40 8C. The reaction mixture was warmed to RT over 30 min and stirred at
RT for one hour. The solution was diluted with CH2Cl2, washed with aq
NaHCO3, dried over MgSO4 and concentrated. The residue was purified by
size-exclusion chromatography (Sephadex LH-20, CH2Cl2/MeOH 1:1)
followed by column chromatography (SiO2, petrol/EtOAc 2:1!1:3) to
give phosphotriester 57 (13.3 mmol, 81 %) as two separable mixtures, each
containing two diastereoisomers; 57a�b (16 mg, 4.1 mmol): Rf� 0.29 (petrol/
EtOAc 3:2); 1H NMR (600 MHz, CDCl3): d� 0.84 ± 0.93 (m, 18H, 4�
CH3, 2�CH3-BDA), 1.12 (s, 6H, 2�CH3-BDA), 1.20 ± 1.30 (s, 92 H, 40�
CH2, 4�CH3-BDA), 1.53 ± 1.58 (m, 8 H, 4�CH2), 2.21 ± 2.26 (m, 8H, 4�
CH2), 2.97 (s, 3 H, OCH3-BDA), 2.97 (s, 3H, OCH3-BDA), 3.13 ± 3.30 (m,
28H, 6�OCH3-BDA, 10�CH), 3.38 ± 5.03 (m, 166 H), 5.12 ± 5.17 (m, 6H),
5.26 (s, 6 H), 5.38 ± 5.43 (m, 4H), 5.50 (s, 2 H), 7.18 ± 7.43 (m, 170 H, ArH);
13C NMR (CDCl3, 150 MHz, selected signals only): d� 14.1 (CH3), [17.2,
17.5, 17.7, 17.9 (CH3-BDA)], [22.6, 24.8, 24.8, 29.0 ± 29.7, 31.9, 34.0, 34.1
CH2)], [40.5, 40.6, 41.0 (CH2Cl)], 41.3 (CH2N), [47.7, 47.8, 47.9, 48.0 (OCH3-
BDA)], 156.3 (OCONH), [166.8, 166.8 (CO-ClAc)], [172.9, 173.1 (CO-
myristoyl)]; 31P NMR (CDCl3, 243 MHz): d�ÿ0.12, 0.00, 6.88, 6.89; MS
(FAB): m/z (%): 3912 (38) [M�H]� , 3800.9 (100) [MÿCbz�Na]� ; MS
[(�)-MALDI-TOF]: m/z : 3798 [MÿCbz�Na]� ; a mixed fraction, con-
taining all four diastereoisomers 57a-d (7 mg, 1.8 mmol): MS [(�)-MALDI-
TOF]: m/z : 3799 [MÿCbz�Na]� ; and 57c�d (29 mg, 7.4 mmol): Rf� 0.19
(petrol/EtOAc 3:2); 1H NMR (600 MHz, CDCl3): d� 0.83 ± 0.94 (18 H, m,
4�CH3, 2�CH3-BDA), 1.13 (s, 6H, 2�CH3-BDA), 1.20 ± 1.29 (s, 92H,
40�CH2, 4�CH3-BDA), 1.54 ± 1.60 (m, 8 H, 4�CH2), 2.25 ± 2.29 (m, 8H,
4�CH2), 2.90 ± 2.95 (m, 2 H), 2.98 (s, 6 H, 2�OCH3-BDA), 3.12 ± 3.25 (m,
22H, 6�OCH3-BDA), 3.30 ± 5.10 (m, 172 H), 5.16 (s, 2 H), 5.30 (s, 6H),
5.39 ± 5.43 (m, 4 H), 5.50 (s, 4H), 7.18 ± 7.43 (m, 170 H, ArH); 13C NMR
(CDCl3, 150 MHz): d� 14.1 (CH3), [17.2, 17.5, 17.7, 17.9 (CH3-BDA)], [22.6,
24.8, 24.9, 29.7, 31.9, 34.0, 34.2 (CH2)], [40.5, 40.7, 40.9 (CH2Cl)], 41.2
(CH2N), [47.7, 47.9, 47.9, 48.0, 48.0 (OCH3-BDA)], 61.7, 62.9, 63.5, 64.1, 64.8,
64.8, 65.1, 65.8, 66.1, 66.6, 66.8, 68.1, 68.5, 68.6, 68.8, 68.9, 69.3, 69.3, 69.4,
69.5, 69.5, 69.8, 70.1, 70.1, 71.1, 71.3, 71.6, 71.7, 71.7, 72.0, 72.1, 72.2, 72.5, 72.6,
72.7, 73.0, 73.2, 73.5, 73.7, 74.5, 74.5, 74.7, 74.7, 74.9, 75.0, 75.2, 75.2, 75.5,
75.8, 75.9, 76.0, 78.8, 79.0, 79.1, 79.5, 79.8, 80.1, 80.9, 81.5, 82.9, 96.9, 98.7,
98.7, 98.9, 99.2, 99.2, 99.6, 99.6, 99.7, 99.8, 99.9, 100.2, 100.2, [126.8, 126.8,
127.2 ± 129.1 (CH-Ar)], [135.8, 135.8, 135.8, 135.9, 135.9, 136.6, 137.5,
137.9 ± 139.1 (Cq-Ar)], 156.2 (OCONH), [166.7, 166.8, 166.8 (CO-ClAc)],
[172.7, 173.1 (CO-myristoyl)]; 31P NMR (CDCl3, 243 MHz): d�ÿ0.12,
ÿ0.02, 7.79, 7.82; MS [(�)-MALDI-TOF]: m/z : 3799 [MÿCbz�Na]� .


(2''R,3''R,2''''S,3''''S) 1-O-(1,2-Di-O-myristoyl-sn-glycerol-3-yl phosphono)-6-
O-(2-amino-2-deoxy-4-O-(3-O-(2,3-O-(2'',3''-dimethoxybutane-2'',3''-diyl)-
6-O-(a-dd-galactopyranosyl)-a-dd-galactopyranosyl)-6-O-(3,4-O-(2'''',3''''-di-
methoxybutane-2'''',3''''-diyl)-2-O-(6-O-(2-aminoethyl phosphono)-a-dd-man-
nopyranosyl)-a-dd-mannopyranosyl)-a-dd-mannopyranosyl))-a-dd-glucopyr-
anosyl)-dd-myo-inositol (58): A mixture of protected GPI anchor 57a�b


(5.5 mg, 1.4 mmol) and Pd/C (15 mg, 10%) in CH3Cl/MeOH/H2O
(1.15 mL, 1:1:0.3) was stirred under a H2 atmosphere for 8 h. The reaction
mixture was filtered through celite, eluted with pyridine and concentrated.
The residue was dissolved in lutidine/AcOH/MeOH (1 mL, 3:1:1) and a
freshly prepared solution of HDTC[47] (0.2 mL, 0.4m) was added at 0 8C.
The reaction was stirred at 0 8C for 12 h before it was purified by size-
exclusion chromatography (Sephadex G-25, H2O:n-propanol 95:5) to give
58 (4.1 mg) as a brown solid: 1H NMR (600 MHz, CD3OD, selected signals
only): d� 0.82 ± 0.99 (m, 12 H, 2�CH3, 2�CH3-BDA), 1.20 ± 1.38 (m,
46H, 20�CH2, 2�CH3-BDA), 1.56 ± 1.70 (m, 4 H, 2�CH2), 2.25 ± 2.40 (m,
4H, 2�CH2), 3.24 (s, 3 H, OCH3-BDA), 3.27 (s, 3H, OCH3-BDA), 3.34 (s,
3H, OCH3-BDA), 4.67 (s, 1H, H-1Man), 4.83 (s, 1 H, H-1Man), 5.01 (s, 2H,
2�H-1); 5.08 (s, 1 H, H-1); 5.31 (s, 1H, H-1); 5.45 (s, 1H, H-1); 31P NMR
(CD3OD, 243 MHz): d� 1.55, 9.46; MS [(ÿ)-MALDI-TOF]: m/z : 2035
[MÿH]ÿ .
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1-O-(1,2-Di-O-myristoyl-sn-glycerol-3-yl phosphono)-6-O-(2-amino-2-de-
oxy-4-O-(3-O-(6-O-(a-dd-galactopyranosyl)-a-dd-galactopyranosyl)-6-O-(2-
O-(6-O-(2-aminoethyl phosphono)-a-dd-mannopyranosyl)-a-dd-mannopyr-
anosyl)-a-dd-mannopyranosyl))-a-dd-glucopyranosyl)-dd-myo-inositol (1):
Crude product 58 (4.1 mg) was dissolved in TFA/H2O (200 mL, 9:1) for
2 min before the solvent was removed under reduced pressure. The
remaining solid was purified by size-exclusion chromatography (Sephadex
G-25, H2O/n-propanol 80:12), filtered (RP-18 silica, MeOH then pyridine)
and lyophilised to give 1 (2.3 mg, 1.3 mmol, 90 % over three steps) as a
brown solid: 1H NMR (600 MHz, [D6]DMSO/D2O 50:1, 60 8C, selected
signals only): d� 0.78 ± 0.89 (m, 6H, 2�CH3), 1.18 ± 1.39 (m, 40 H, 20�
CH2), 1.44 ± 1.56 (m, 4H, 2�CH2), 2.22 ± 2.39 (m, 4 H, 2�CH2), 4.67 (s,
1H, H-1Man), 4.83 (s, 1H, H-1Man), 4.87 (t, 1 H, J� 9.3 Hz, H-1Gal) 4.91 (t,
1H, J� 3.5 Hz, H-1Gal), 4.94 (s, 1H, H-1Man), 5.35 (s, 1H, H-1Glu); 31P NMR
(243 MHz, CD3CN/D2O (3:1), 50 8C): d� 9.24, 1.36; MS [(�)-MALDI-
TOF, only major isotope peaks]: m/z (%): 1932 (15), 1910 (15) [M�Na�
KÿH]� , 1893 (20) [M� 2NaÿH]� , 1887 (40) [M�K]� , 1871.93 (50)
[M�Na]� , 1849.93 (100) [M�H]� , 1831.88 (25) [MÿOH]� ;
C75H138N2O45P2 requires [M�H]� 1849.81.
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A Self-Assembled Cylindrical Capsule: New Supramolecular Phenomena
through Encapsulation


Steffi K. Körner, Fabio C. Tucci, Dmitry M. Rudkevich, Thomas Heinz,
and Julius Rebek, Jr.*[a]


Abstract: The synthesis and spectro-
scopic characterization of self-assem-
bled cylindrical capsule 1 a ´ 1 a of nano-
meter dimensions is described. Encap-
sulation studies of large organic guest
molecules were performed by using
1H NMR sprectroscopy in [D12]mesity-
lene solution. In addition to the compu-
tational (MacroModel 5.5, Amber*
force field) analysis of the capsule�s
shape and geometry, an experimental
approach towards estimation of the in-
ternal cavity dimensions is described.


This involves using series of homologous
molecular ªrulersº (e.g. aromatic amides
5 a ± i). The available space inside the
capsule 1 a ´ 1 a can be estimated as 5.7�
14.7 � (error �0.2 �) with this techni-
que. Dibenzoyl peroxide is readily en-
capsulated in [D12]mesitylene and was


shown to be stable to decomposition for
at least three days at 70 8C inside the
capsule. Moreover, 1 a ´ 1 a prevents the
encapsulated peroxide from oxidizing
Ph3P or diphenyl carbazide present in
solution. The normal chemical reactivity
of the peroxide is restored by release
from the capsule by DMF, a solvent that
competes for the hydrogen bonds that
hold the capsule together. The protec-
tion and release of encapsulated species
augurs well for the application of cap-
sules in catalysis and delivery.


Keywords: encapsulation ´ hydro-
gen bonding ´ molecular recognition
´ self-assembly ´ supramolecular
chemistry


Introduction


The studies of molecular recognition in the last two decades
has resulted in vast numbers of synthetic receptors for small
molecule targets. The recognition complexes, held together by
weak intermolecular forces, formed and dissipated rapidly
and were characterized by a frequent change of partners.


As the field matured, the systems became increasingly
sophisticated: receptors were tailored to contact larger
fractions of the targets� surfaces, and completely surrounding
the target became a realistic goal. Cryptands and spherands
achieved this for ionic targets,[1] while cryptophanes and
carcerands did the same for neutral molecules.[2] The latter, as
carceplexes, allowed no change of partners since strong,
covalent bonds held molecules within molecules.


Encapsulation complexes of self-assembled dimers are the
most recent expressions of molecules-within-molecules.[3]


They form reversibly on time scales of 10ÿ3 to 103 s, some-
where near the middle of the spectrum defined by diffusion


complexes at one end (�10ÿ10 s) and carceplexes on the other
(�1010 s). Recent developments have led to self-assembled
capsules with cavities large enough to bind sizeable organic
guests or even more than one guest molecule.[4, 5] These
nanometric chambers are employed for bimolecular reactions
and offer some promise in catalysis. Here we describe
experimental details of the synthesis and characterization of
an elongated capsule 1 a ´ 1 a (Figure 1) and introduce probes
that reveal the behavior of larger guests insideÐtheir
dimensions and stability. Thereafter we describe pairwise
interactions of smaller guests within the same capsule.


Results and Discussion


Planning the synthesis of self-assembled capsule 1 a ´ 1 a:
Elsewhere we have dwelt on the need for molecular
ªcurvatureº for the synthesis of closed-shell assemblies and
the structural modules that can provide it.[3] For the present
case, we found ourselves in the unusual position of simplifying
a known molecule rather than elaborating it. The perfect
precedent was provided by the work of Cram on cavitands and
velcrands,[6] derived from resorcinarenes (Scheme 1). The
seemingly passive eight methyl groups in structure 1 c had
been positioned with care and all are performing their
functions: the C-methyl groups help stabilize the kitelike
conformation 1 c and the N-methyl groups prevent aggrega-
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tion through hydrogen bonding.[6b] The resulting molecule
exposes large surface areas and dimerizes as a ªvelcrandº 1 c ´
1 c through solvophobic forces.


Removal of the C-methyl groups was expected to permit
the molecule to relax into a vaselike conformation (see, for
example, 1 b, Scheme 1) and excision of the N-methyl groups
would expose a series of hydrogen bond donors and acceptors
(1 a, Scheme 1). Because these sites are self-complementary,
two such C4v structures 1 a can be held together, rim-to-rim, by
a seam of eight bifurcated hydrogen bonds. The result is a
large ªcylindricalº capsule 1 a ´ 1 a of nanometric dimensions
(Figure 1 and Scheme 1).


Coupling of resorcinarene 2[7] with four equivalents of 5,6-
dichloropyrazine-2,3-dicarboxylic acid imide 3 a in DMF in
the presence of Et3N at 70 ± 80 8C for 5 ± 10 h afforded


cavitand 1 a in 20 ± 48 % yield
(Scheme 2). Analogously, N-me-
thylated cavitand 1 b was pre-
pared in 35 % yield from resor-
cinarene 2 and 5,6-dichloropyra-
zine-2,3-dicarboxylic acid
N-methylimide (3 b). Imides
3 a, b were synthesized under
acidic conditions by treatment
of 5,6-dichloropyrazine-2,3-di-
carboxylic acid anhydride with
either ammonium chloride or N-
methylammonium chloride in
hot acetic anhydride. Model
imide 4 was synthesized for spec-
troscopic comparisons from 3,5-
di-tert-butylphenol and imide 3 a.


Spectroscopic characterization:
The 1H NMR spectra of 1 a in
CDCl3, [D6]benzene, or [D8]tol-
uene show C4v symmetry with
one sharp set of signals for all
groups of protons, and in partic-
ular a characteristic CH methine
triplet at d� 6.[6a, 8] The spectra
do not change within a 220 ±
330 K temperature interval
([D8]toluene, CDCl3), indicating
high conformational stability.
The downfield N ± H signals ap-
pear at d> 9.5 in noncompetitive
solvents such as CDCl3, [D6]ben-
zene, or [D8]toluene (Table 1).
In contrast, model imide 4 fea-
tures its N ± H resonance upfield
at d� 8. The FT-IR spectrum of
1 a in CHCl3 possesses exclusive-
ly a hydrogen-bonded, broad
N ± H stretching absorption at
n� 3332 cmÿ1 at �3� 10ÿ4m
concentrations.


According to molecular mod-
eling (MacroModel 5.5, Amber*


force field), the dimensions of capsule 1 a ´ 1 a are about 10�
18 � (from the centers of the most remote H atoms), one of
the largest hydrogen-bonded capsules known.[9] The estimat-
ed volume[10] of the internal cavity is �460 �3 but its shape
(see below) is unusual. Two benzene, two toluene or two
CDCl3 molecules fit nicely inside,[4] and we will address the
occupancy of various solvents later. For the moment, the
happily occupied capsule in these solvents was reluctant to
take up other guests. We took advantage of the observations
of Chapman and Still who first showed that a poorly
accommodated solvent in a cavity could be easily replaced
by a guest that fit well.[11] We have used this tactic in a number
of studies where solvents too large or too small could promote
encapsulation of an intended guest, even though the solvent�s
concentration was a hundred times greater than the guest�s.


Figure 1. Self-assembly and structure of capsule 1 with two presentations of cavitand 1 a and the capsule. In the
energy-minimized[12] (MacroModel 5.5, Amber* force field) structures, the long alkyl chains and CH hydrogens
are omitted for viewing clarity. The cross-section of the molecule 1 a is a square at the pyrazine and the imide
walls. The dimeric capsule is octagonal at the seam of the eight hydrogen atoms in the middle, and the capsule�s
shape involves two stacked square prisms rotated 458 from one another, each capped with another square
pyramid also rotated at 458.
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The largest deuterated solvent commercially available is
[D12]mesitylene (unfortunately, it is neither particularly well-
deuterated nor free of other aromatic compounds), and
modeling[12] suggested a tight fit in the capsule; the width of
the solvent forces ruptures in the seam of the hydrogen bonds
that gird the capsule. The NMR spectrum in this solvent shows
assembly but a mixture of capsules, the major constituent of
which is a capsule with two different halves is apparent. On
more than one occasion we have been amazed at the capsule�s
ability to remove trace amounts of a well-fitting impurity and
the occupancy of the capsule in [D12]mesitylene is such an
occasion. Happily, addition of guests to this solution gave
clean spectra of the respective encapsulation complexes for
which integration provided the stoichiometry. Accordingly,
[D12]mesitylene was used as a 1H NMR solvent for subsequent
studies.
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Scheme 1. Schematic representation of the C4v >C2v conformational equilibria in cavitands 1a ± c and their dimerization.


Table 1. Spectroscopic data for the imide N ± H signal in 1a ´ 1a and 4.[a]


Compound Solvent d nÄ [cmÿ1][c]


1a[b] CDCl3 9.8 3332
CD2Cl2 9.9
[D6]benzene 10.5
[D8]toluene 10.2
[D10]-p-xylene 9.8
[D6]DMSO 11.8[d]


[D6]DMF/[D12]mesitylene, 1:10 11.6[d]


4 CDCl3 7.7[e] 3416


[a] Measured at 295 K on 1� 10ÿ3m solutions; estimated error d�� 0.1.
[b] The spectra in apolar solvents are concentration independent within
the range 1� 10ÿ4 to 2.2� 10ÿ2m range. [c] In CHCl3. [d] Monomeric
species. [e] At 5� 10ÿ2m, d� 8.1.
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As reported earlier,[4, 13] symmetrical guests such as biben-
zyl (C6H5-CH2-CH2-C6H5), p-terphenyl (C6H5-C6H4-C6H5),
dicyclohhexylcarbodimide, and (E)-4,4'-dimethylstilbene
quickly (within seconds) replace the solvent(s) in the
[D12]mesitylene solution of 1 a ´ 1 a. The high symmetry of
the capsule is restored as reflected by the 1H NMR spectra. A
new set of signalsÐshifted far upfieldÐemerges for the
encapsulated species and integration gives a 1:1 stochiometry
of the complexes. When larger guests were employed (see
examples below), the capsule did not form: only [D12]mesi-
tylene aggregates were detected by 1H NMR spectroscopy,
and it is worthwhile to explore the questions regarding guest
ªsizeº.


Space and molecular rulers: In molecular recognition the
dimensions and shape of an internal cavity of synthetic
receptors, cavitands, and carcerands can usually be estimated
by molecular modeling or, more accurately, by X-ray crys-
tallography. Lower technologies have also seen success as
related by Cram with plaster of Paris and CPK models.[14]


Depending on the program and parameters used, computer
modeling can give varied results and always begs the question
of where a molecule ends and space begins. Crystallographic
data are not always available for the structure of interest,
especially for the molecules that we have worked so hard to
keep in solution. While we are delighted with Still�s superbly
accessible MacroModel,[12] an experimental approach was
also desirable to probe how much of the space inside was
available to guests. Accordingly, we used a homologous series
of guests as molecular rulers : molecules with known and easily
measurable size and shape, both of which can be progressively
varied. Beginning with benzanilide, the amide nitrogen and
para positions of the molecule were substituted with an
increasing number of methylenes; that is the limit of
resolution of the ruler is a CH2 group.


The reasonably rigid p-[N-(p-Tolyl)]toluamide 5 b was
shown to be an excellent guest for capsule 1 a ´ 1 a.[13] It is
also complementary in shape and functionality and long
enough to occupy a sizable fraction of the internal cavity.
Intense intermolecular NOE contacts were observed between
the resorcinol aromatic protons of 1 a ´ 1 a and both CH3


groups of the encapsulated 5 b, indicating their positioning
deep inside the capsule�s resorcinarene terminii. Moreover,
hydrogen bonding between the C(O)ÿNH fragment of 5 b and
the seam of the capsule�s imides is also likely. The width
and length (e.g. a and b, Scheme 3) of amide 5 b can be
estimated from molecular modeling and they are about
4.3� 13.2 �. Amide rulers 5 a ± i were synthesized and used
for the encapsulation studies (Table 2, Scheme 3, Figures 2
and 3).


The 1H NMR spectra of the encapsulated guests 5 b, c and
5 f are presented in Figure 2. The large upfield shifts of the
guest R' and R'' alkyl groups (Dd�ÿ2 to ÿ4, Dd� 4) places
them near the ends of capsule 1 a ´ 1 a. The aromatic signals of
the encapsulated species are also seen. Interestingly, upon
encapsulation of N-ethylated ruler 5 f, prepared from 5 b and
ethyl iodide, the starting material (e.g. 5 b) was also detected
inside the capsule (Figure 2). From the spectra, the ratio
between 1 a ´ 5 f ´ 1 a and 1 a ´ 5 b ´ 1 a of about 1:2 was calcu-
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5a R = H, R' = CH3, R'' = H
5b R = H, R' = CH3, R'' = CH3
5c R = H, R' = C2H5, R'' = CH3
5d R = H, R' = C2H5, R'' = C2H5
5e R = CH3, R' = CH3, R'' = CH3
5f R = C2H5, R' = CH3, R'' = CH3
5g R = n-C3H7, R' = CH3, R'' = CH3
5i R = n-C4H9, R' = CH3, R'' = CH3


a


b


1a-5a-1a
1a-5b-1a
1a-5c-1a
1a-5e-1a
1a-5f-1a


1a + 5d
1a + 5g
1a + 5i


Scheme 3. Molecular rulers 5a ± i and the cartoon representation[4] of the
capsule and its complexes used elsewhere in this paper.


lated. In the same sample, the concentration of 5 b in the bulk
solution of 5 f was below the 600 MHz 1H NMR detection
limits! Again, 5 b is a much better guest than its bulkier
derivative 5 f, and is removed from the solution as the
complex (Figure 3).


Wider or longer amides 5 d, g and i were not encapsulated,
only solvent-filled capsules were detected by 1H NMR
spectroscopy. From these experiments with amides 5 a ± i
(Table 2), the available space inside capsule 1 a ´ 1 a can
reasonably be estimated as 5.7� 14.7 � (error� 0.2 �). This
value is consistent with the poor fit of mesitylene (5.8 � wide).
Fullerenes (C60 and C70;> 7 � diameter) are also not com-
plexed. When a longer guest was employed, such as p-
quaterphenyl (C6H5-C6H4-C6H4-C6H5, 18.1 �) only the sol-
vent-filled capsules persisted. On the other hand, the capsule
dimensions easily permit two benzene (ca. 5.0 � length)


Table 2. Calculated dimensions (a, b) of amides 5 a ± i.[a]


Compound a [�] b [�] Encapsulation


5a 4.3 12.3 �
5b 4.3 13.2 �
5c 4.3 14.7[b] �
5d 4.3 15.7[b] ±
5e 4.5[b] 13.2 �
5 f 5.7[b] 13.2 �
5g 6.8[b] 13.2 ±
5 i 8.0[b] 13.2 ±


[a] The structures were energy-minimized by using MacroModel 5.5 with
Amber* force field. MM2 and OPLS force field produced similar results
within the error limits. The a distance for 5 a ± d is the width of the
aromatic ring, measured between the ortho protons with respect to the
amide group; the C�OÿHÿN distance is 3.2 �. For 5 e ± i, the a distance
was measured between the C�O oxygen atom and the most remote
hydrogen atom in the NÿH or NÿAlk chain. The b distance was measured
between the two most remote hydrogen atoms of the ArÿH or ArÿAlk
chains. Centers of the atoms were used for the measurements. Estimated
error �0.2 � due to the possible free rotation around CÿC bonds and
possible distortion inside the capsule. Only Z configurations of the
C(O)ÿN bond were considered; the corresponding E conformers do not fit
inside the capsule.[13] [b] Upper limit is given due to the possible free
rotation around CÿC bond and possible distortion inside the capsule.
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molecules to tumble freely inside. Toluene (ca. 5.5 � maximal
length) is close to the limit for tumbling (and there is
spectroscopic evidence[5, 13] that this motion is slowed) but p-
xylene (ca. 6.8 � maximal length) exceeds the limit and must
be oriented inside the capsule. It is also predictable that two
aromatic molecules, each �3.5 � thick, cannot squeeze past
one another inside the capsule.


Shape: The dimeric capsule is not smoothly rounded as the
cartoons suggest; rather, the flat aromatic walls of 1 a


coverage at corners (Figure 1).
The cross-section of the cap-
sule varies along its length:
octagonal at the seam of the
eight hydrogens in the middle,
square at the pyrazine and the
imide walls, then shrinking
squares at the tapered ends.
Geometrically, the capsule�s
shape involves two stacked
square prisms rotated 458 from
one another, each capped with
another square pyramid also
rotated at 458. Although the
experimental data set is limit-
ed, flat and rigid molecules are
not well suited to the interior.
Neither anthracene nor 9,10-
dihydroanthracene were en-
capsulated. Tetracene howev-
er was, so more stringent
probes of the shape will be
required.


Beside the variability in ge-
ometries, the capsule�s fea-
tures a range of microenviron-
ments in chemical surfaces and


magnetic properties. Almost all of the atoms that line the
cavity are sp2 hybridized with the p orbitals directed inward.
Accordingly, the inner surface is a sheath of electrons that
surround potential guests with a soft negative charge.


There is a crude correlation between the 1H NMR upfield
shift for the meta-aromatic protons of the encapsulated guest
and the guest�s length (Figure 4, Table 3). For example,
sizeable terphenyl (13.7 � long) showed Dd� 4.3 for these
protons upon encapsulation in [D12]mesitylene, while for
shorter bibenzyl (11.5 � long) Dd� 3.7.


Figure 2. Portions of the 1H NMR spectra in [D12]mesitylene (600 MHz, 295 K): a) encapsulated anilide 5b ;
b) encapsulated amide 5c ; c) encapsulated amide 5 f; the capsule containing 5 b is also present in this case and
marked with ª*


º. Downfield region (d� 10 to 8): the capsule imide N-H and aromatics are shown. Upfield region
(d�ÿ2 to ÿ4): the guest CH3 (s) signals and the C2H5 (q and t, 3J(H,H)� 7.7 Hz) group are shown. Alkyl
peripheral groups and the partially deuterated solvent obscure the other regions of the spectra.


Figure 3. Artistic representations (CPK) of the molecular rulers 5b, 5 f, and 5c inside the capsule. The energy-minimized[12] (MacroModel 5.5, Amber* force
field) structures were used.
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Figure 4. Portions of the 1H NMR spectra (600 MHz, 295 K) of capsule
1a ´ 1 a : a) in [D8]toluene; b) in [D12]mesitylene, encapsulated bibenzyl; c) in
[D12]mesitylene, encapsulated hydrogen-bonded dimer of benzamide.
Downfield region (d� 12 to 8): the 1a imide NÿH and aromatics are
shown. The guest ortho- (doublets) and meta- (triplets) aromatic signals are
marked by arrows. The two ªoutsideº benzamide NÿH singlets are at d� 5.
8. The residual CH2Cl2 is marked with ª*º.


Guest stability: In self-assembled capsules, the exchange
between complexed and free guest species is usually fast on
the human time scale, but slow on the NMR time scale (�0.5
to 1 sÿ1).[15] In contrast, cova-
lently sealed carcerands show
very high kinetic stability. Their
complexes, the carceplexes, can
stabilize highly reactive species
(cyclobutadiene, benzyne, etc.)
inside.[16] Once formed, the
ªhotº encarcerated species can
even react with the walls of the
carcerand. We report here a
somewhat different situation: a
supramolecular cage effect. En-
capsulation not only protects
the species, benzoyl peroxide,
from external reagents but also
from its thermal decomposi-
tion. It can be stored inside
the capsule for a long time, then
releasedÐwhen neededÐto
the bulk solution (Figure 5).


The dimensions of benzoyl
peroxide are �4.3� 13.2 �
(Table 3) and it is readily en-
capsulated by 1 a ´ 1 a (Fig-


ure 6a) in [D12]mesitylene. Once inside, it can be stored for
weeks at room temperatures. We found that the encapsulated
benzoyl peroxide possesses chemical properties different from
those in a bulk solution:
1) Inside capsule 1 a ´ 1 a benzoyl peroxide is stable for at least


three days at 70 8C in [D12]mesitylene, while in the absence
of 1 a ´ 1 a it decomposes within about 3 h under those
conditions.[17]


2) Benzoyl peroxide readily oxidizes Ph3P present in
[D12]mesitylene to Ph3P�O at room temperature at milli-
molar concentrations (50 % within ca. 2 h, 1H and 31P
NMR control, Figure 6d). In contrast, no reaction occurs
when benzoyl peroxide is inside the capsule and Ph3P is
outside.


3) The encapsulated benzoyl peroxide can be slowly replaced
by p-[N-(p-tolyl)]toluamide (5 b) within 3 ± 5 days (Fig-
ure 6b), by p-[N-methyl-N-(p-tolyl)]toluamide (5 e) within
weeks, or by the highly competitive hydrogen bond
acceptor DMF within seconds (Figure 6c). The DMF
competes for the inner hydrogen bond donors in the


Figure 5. Schematic representation of the encapsulated benzoyl peroxide and its release by DMF. The energy-
minimized[12] (MacroModel 5.5, Amber* force field) structures were used. Two chemical processes studied are
shown: thermal decomposition and oxidation of Ph3P.


Table 3. Calculated length b and chemical shifts of the aromatic protons of
the encapsulated species.[a]


Compound b [�] ortho-, d (Dd) meta-, d (Dd)


C6H5-CH2-CH2-C6H5 11.5 5.5 (2.5) 3.4 (3.7)
(E)-stilbene[b] 11.7 5.7 (1.6) 3.3 (3.8)
benzoyl peroxide 13.2 5.4 (2.4) 3.0 (4.0)
C6H5-C6H4-C6H5 13.7 5.0 (2.4) 2.9 (4.3)
benzamide (dimer) 14.7 4.8 (2.7) 2.8 (4.2)
C6H5-C6H4-C6H4-C6H5 18.1 [c] [c]


[a] The structures were energy-minimized using MacroModel 5.5 with
Amber* force field. The b distance was measured between the two most
remote hydrogens of the ArÿH fragments. Centers of the atoms were used
for the measurements. Measured in [D12]mesitylene at 1� 10ÿ3m of 1a.
Estimated error d�� 0. 1. [b] No (Z)-stilbene encapsulated. [c] No
encapsulation.
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assembly and only monomeric cavitand 1 a can be detect-
ed; no encapsulated benzoyl peroxide remains.


4) When about 1 ± 2 % (v/v) of DMF was added to the
[D12]mesitylene solution of [1 a ´ benzoyl peroxide ´ 1 a],
containing 10 equivalents of Ph3P, a redox reaction
occurred within minutes and the formation of Ph3P�O
was readily detected by 31P NMR spectroscopy.


5) The [D12]mesitylene solution of [1a ´ benzoyl peroxide ´
1a], containing 8 ± 10 equivalents of Ph3P, was stored at
70 8C for 10 h. According to 31P NMR spectroscopy, no
Ph3P�O was formed. However, when about 1 ± 2 % (v/v) of
DMF was then added to the cooled solution, the reaction
occurred.


6) Capsule 1 a ´ 1 a, charged with benzoyl peroxide, is stable in
[D12]mesitylene containing 1 ± 2 % (vol) of acetic acid for
about 10 h. Even when an excess 1,5-diphenylcarbazide is
present (a widely used colorimetric reagent for peroxide
determination[17]), no color changes occur within hours


(Figure 7). Larger quantities of acetic acid (� 5 % (vol))
open the capsule within seconds, and the released benzoyl
peroxide oxidizes 1,5-diphenylcarbazide, producing in-
tense bright-pink color (l� 555 nm).


Figure 7. Colorimetric detection of diphenylcarbazone (lmax� 555 nm) by
oxidation of diphenylcarbazide with benzoyl peroxide in mesitylene in the
presence of CH3COOH (1 ± 2% vol). Portion of the UV/Vis spectra (2.7�
10ÿ5m benzoyl peroxide, 295 K). No capsule added: a) after 2 h; b) after
8 h; c) after 17 h. Cavitand 1 a (2.5� 10ÿ4m) added: d) after 2 h; e) after 8 h;
f) after 17 h. Diphenylcarbazide was used in a large excess (�1� 10ÿ3m).
Photograph of the mesitylene solutions, used in the UV/Vis experiments
(1 h after mixing). Left: no capsule added. Right: with the capsule.


How is benzoyl peroxide protected from thermal decom-
position? One possibility is that dissociation to two benzoy-
loxy radicals is prevented inside the capsule. The alternative is
that dissociation takes place, but recombination is much faster
than decarboxylation and hydrogen abstraction processes.
Labeling studies with 18O isotope could distinguish between
these possibilities, but that isotope�s commercial availability is
unpredictableÐthe experiment must wait.


Conclusion


The encapsulation complexes allow the isolation of single
molecules from the bulk solution for spectroscopic character-
ization. Their isolation is temporary and reversible but their
behavior inside the capsule can be profoundly different from
their solvated states. The cavity�s dimensions can be probed
by a number of techniques, and experimental rulers are
complementary to computational ones. The nonspherical
capsules limit the rotational freedom of guests and suggest
that two encapsulated species will enjoy special stereochem-
ical relationships with one another. We will report on these
developments in due course.


Experimental Section


General : Melting points (m.p.) were obtained on a Thomas Hoover
capillary melting point apparatus and are uncorrected. 1H NMR spectra
were recorded on Bruker DRX-600 (600 MHz) and AM-300 (300 MHz)


Figure 6. Stability of the encapsulated benzoyl peroxide. Portions of the
NMR spectra in [D12]mesitylene: a) 1H NMR (600 MHz, 295 K) spectrum
of the encapsulated benzoyl peroxide; the spectrum did not change upon
heating the sample at 70 8C for three days; b) exchange between benzoyl
peroxide and amide 5 b, after about 43 h (1H NMR, 295 K). The capsule
with benzoyl peroxide is marked with ª´º, and the capsule with 5 b is
marked with ªoº; c) solution as in Figure 6a after addition of 1 ± 2 % (vol)
DMF; d) typical 31P NMR (243 MHz, 295 K) spectrum of oxidation of Ph3P
to Ph3P�O by benzoyl peroxide.
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spectrometers at 295 K. The 13C and 31P NMR spectra were measured on a
Bruker DRX-600 (151 and 243 MHz, respectively) spectrometer at 295 K.
The fast atom bombardment (FAB) positive-ion mass spectra were
obtained with a VG ZAB-VSE or a PerSeptive Biosystems Voyager-Elite
mass spectrometer equipped with a cesium-ion gun. FT-IR spectra were
recorded on a Perkin-Elmer Paragon 1000PC FT-IR spectrometer. UV/vis
spectra were recorded on a Perkin-Elmer UV/VIS Lambda 12 spectrom-
eter. All commercially available chemicals were used without further
purification unless otherwise specified. Resorcinarene 2, 5,6-dichloropyr-
azine-2,3-dicarboxylic acid anhydride, and 5,6-dichloro-pyrazine-2,3-dicar-
boxylic acid methylimide were prepared following literature procedur-
es.[6b, 7]


Molecular mechanics (MM2*, Amber* force-field) calculations were
performed with MacroModel 5.5.[12]


5,6-Dicarboxylic acid imide 3 a : A mixture of 5,6-dichloropyrazine-2,3-
dicarboxylic acid anhydride (1.00 g, 4.57 mmol) and ammonium chloride
(435 mg, 8.13 mmol) in acetic anhydride (1.15 mL) was heated in a closed
flask at 120 8C for 20 min. The cooled crystalline mixture was washed with
water and dried in vacuo. Flash chromatography (SiO2, EtOAc, Rf� 0.83)
afforded the product 3a (466 mg, 47%) as a white solid. M.p. >300 8C;
1H NMR ([D6]DMSO): d� 12.31 (s, 1H, NH); 13C NMR ([D6]DMSO):
d� 164.1 (C�O), 151.0 (arom), 145.4 (arom); FT-IR (KBr): nÄ � 3515, 3278,
2352, 1876, 1806, 1762, 1740, 1714, 1542, 1388, 1366 cmÿ1; ESI-MS: m/z : 218
[M�ÿH] (calcd for C6HCl2N3O2 218).


Cavitand 1 a : Triethylamine (146 mL) was added to a solution of resorci-
narene 2 (132.6 mg, 0.12 mmol) and 5,6-dichloropyrazine-2,3-dicarboxylic
acid imide (3a) (122.9 mg, 0.56 mmol) in DMF (4.7 mL). The reaction
mixture was heated at 80 8C for 5 h. The solvent was removed in vacuo, and
the residue was partitioned between CH2Cl2 (25 mL) and water (25 mL).
The organic layer was separated and dried over MgSO4. The product 1a
(98 mg, 48%) was isolated after flash chromatography (SiO2, EtOAc/
hexane, 4:1) as a pale-yellow solid. M.p. >270 8C; 1H NMR (CDCl3): d�
9.79 (s, 4 H, NH), 8.09 (s, 4H, arom), 7.37 (s, 4H, arom), 5.64 (t, 3J(H,H)�
7.9 Hz, 4 H, CH-methine), 2.25 (m, 8 H, alkyl), 1.20 (m, 72 H, alkyl), 0.83 (t,
3J(H,H)� 7.5 Hz, 12 H, CH3); 1H NMR (CD2Cl2): d� 9.89 (s, 4H, NH), 8.21
(s, 4H, arom), 7.41 (s, 4H, arom), 5.68 (t, 3J(H,H)� 7.9 Hz, 4H, CH-
methine), 2.34 (m, 8 H, alkyl), 1.29 (m, 72H, alkyl), 0.89 (t, 3J(H,H)�
6.8 Hz, 12H, CH3); 1H NMR ([D6]benzene): d� 10.50 (s, 4H, NH), 8.37 (s,
4H, arom), 7.60 (s, 4H, arom), 5.92 (t, 3J(H,H)� 8.0 Hz, 4H, CH-methine),
2.30 (m, 8 H, alkyl), 1.34 (m, 72 H, alkyl), 0.93 (t, 3J(H,H)� 7.1 Hz, 12H,
CH3); 1H NMR ([D8]toluene): d� 10.20 (s, 4H, NH), 8.38 (s, 4H, arom),
7.61 (s, 4H, arom), 5.93 (t, 3J(H,H)� 8.0 Hz, 4H, CH-methine), 2.35 (m,
8H, alkyl), 1.36 (m, 72 H, alkyl), 0.99 (t, 3J(H,H)� 7.0 Hz, 12H, CH3);
1H NMR ([D6]DMSO, 295 K): d� 11.83 (s, 4 H, NH), 7.20 (s, 4H, arom),
3.74 (t, 3J(H,H)� 7.4 Hz, 4H, CH-methine), 2.10 (br m, 8H, alkyl), 1.15 (m,
72H, alkyl), 0.83 (t, 3J(H,H)� 7.0 Hz, 12H, CH3); 1H NMR ([D6]DMSO,
350 K): d� 11.55 (s, 4H, NH), 7.31 (s, 4H, arom), 7.13 (s, 4 H, arom), 3.84 (t,
3J(H,H)� 7.3 Hz, 4H, CH-methine), 2.19 (m, 8H, alkyl), 1.22 (m, 72H,
alkyl), 0.86 (t, 3J(H,H)� 6.9 Hz, 12 H, CH3); 13C NMR (CDCl3): d� 163.2
(C�O), 158.6, 152.8, 142.9, 137.2, 124.6, 119.1, 34,4, 32.5, 32.2, 30.0, 29.9,
29.7, 28.2, 23.0, 14.4; FT-IR (CHCl3, 1.5� 10ÿ3m): nÄ � 3333 (NH), 2921,
2861, 1797, 1733, 1600, 1480, 1445, 1385, 1351 cmÿ1; FT-IR (CHCl3, 3�
10ÿ4m): nÄ � 3334 (NH) cmÿ1; MALDI-MS: m/z : 1686 [M�] (calcd for
C96H108N12O16 1686); HRMS-FAB: m/z : 1949.6290 ([MÿH]ÿ�2 Cs�)
(calcd for C96H108N12O16 1949.6037).


Cavitand 1 b : Obtained analogously to 1a from resorcinarene 2 and 5,6-
dichloropyrazine-2,3-dicarboxylic acid methylimide (3 b) in DMF. The
product (222.4 mg, 35 %) was isolated after flash chromatography (SiO2,
first EtOAc/hexane, 1:1, then EtOAc) as a white glassy solid. 1H NMR
(CDCl3, 330 K): d� 7.59 (s, 4H, arom), 7.03 (s, 4 H, arom), 4.50 (t,
3J(H,H)� 7.4 Hz, 4H, CH-methine), 3.23 (s, 12 H, N-CH3), 2.15 (m, 8H,
alkyl), 1.31 (m, 72H, alkyl), 0.90 (t, 3J(H,H)� 7.2 Hz, 12H, CH3); 1H NMR
(CDCl3, 295 K): d� 7.58 (s, 4 H, arom), 7.00 (s, 4 H, arom), 4.32 (br, 4H,
CH-methine), 3.25 (s, 12 H, N-CH3), 2.12 (m, 8 H, alkyl), 1.31 (m, 72H,
alkyl), 0.89 (t, 3J(H,H)� 7.2 Hz, 12H, CH3); HRMS-MALDI: m/z :
1741.8676 [M��H] (calcd for C100H116N12O16 1741.8711).


5-Chloro-6-(3'',5''di-tert-butylphenoxy)pyrazine-2,3-dicarboxylic acid imide
(4): Triethylamine (60 mL) was added to a solution of 3,5-di-tert-butylphe-
nol (94.6 mg, 0.46 mmol) and 5,6-dichloropyrazine-2,3-dicarboxylic acid
imide (3 a) (50.0 mg, 0.23 mmol) in DMF (2 mL). The reaction mixture was
heated at 80 8C for 5 h. The solvent was removed in vacuo, and the residue


was partitioned between CH2Cl2 (25 mL) and water (20 mL). The organic
layer was separated and dried over MgSO4. The product 4 (28.7 mg, 32%)
was isolated after flash chromatography (SiO2, EtOAc/hexane, 1:1) as a
white solid. 1H NMR (CDCl3, 5� 10ÿ2m): d� 8.08 (s, 1H, NH), 7.36 (t,
3J(H,H)� 1.5 Hz, 1H, arom), 7.02 (d, 3J(H,H)� 1.5 Hz, 2H, arom), 1.33 (s,
18H, C(CH3)3); 1H NMR (CDCl3, 9� 10ÿ4m): d� 7.73 (s, 1 H, NH), 7.36 (t,
3J(H,H)� 1.5 Hz, 1 H, arom), 7.02 (t, 3J(H,H)� 1.5 Hz, 2H, arom), 1.33 (s,
18H, C(CH3)3); FT-IR (CHCl3, 3� 10ÿ3m): nÄ � 3416 (NH), 2961, 2907,
2866, 1791, 1757, 1612, 1525, 1478, 1451, 1420, 1363, 1349 cmÿ1; FT-IR
(CHCl3, 3� 10ÿ4m): nÄ � 3416 (NH) cmÿ1; HRMS-FAB: m/z : 140.1231
[M��Na] (calcd for C20H22ClN3O3 410.1247).


p-[N-(p-Ethylbenzene)]toluamide (5c):[18] p-Toluoyl chloride (0.69 mL,
5.2 mmol) was added dropwise to a solution of p-ethylaniline (0.62 mL,
5 mmol) and K2CO3 (1.38 g, 10 mmol) in EtOAc/H2O (30 mL, 1:1). The
reaction mixture was stirred at room temperature for 3 h. After the
addition of CH2Cl2 (300 mL), the organic layer was separated, dried over
MgSO4, and evaporated in vacuo. Recrystallization of the residue from
iPrOH gave 5c as white crystals (0.8 g, 67 %). M.p. 139 ± 140 8C (MeOH);
1H NMR (CDCl3): d� 7.83 (br, 1 H, NH), 7.75 (d, 3J(H,H)� 8.0 Hz, 2H,
arom), 7.53 (d, 3J(H,H)� 8.4 Hz, 2H, arom), 7.26 (d, 3J(H,H)� 8.0 Hz, 2H,
arom), 7.18 (d, 3J(H,H)� 8.4 Hz, 2H, arom), 2.63 (q, 3J(H,H)� 7.5 Hz, 2H,
Ar-CH2), 2.41 (s, 3H, CH3), 1.23 (t, 3J(H,H)� 7.5 Hz, 3H, CH3); 13C NMR
(CDCl3): d� 165.6, 142.2, 140.5, 135.6, 132.2, 129.4, 128.3, 127.2, 120.3, 28.3,
21.5, 15.7; FT-IR (CHCl3, 2� 10ÿ3m): nÄ � 3439, 3030, 2967, 1670, 1611, 1593,
1516, 1500, 1411, 1317, 834 cmÿ1; HRMS-MALDI-FTMS: m/z : 240.1394
[M�H�] (calcd for C16H17NOH 240.1388).


p-[N-(p-Ethylbenzene)]ethylbenzamide (5d): Obtained analogously to 5 c
from p-ethylbenzoyl chloride (1.69 g, 10 mmol), p-ethylaniline (1.24 mL,
10 mmol), and K2CO3 (2.76 g, 20 mmol) in EtOAc/H2O (50 mL, 1:1). Yield
2.0 g (79 %). M.p. 129 ± 130oC (cyclohexane); 1H NMR (CDCl3): d� 7.78
(d, 3J(H,H)� 8.0 Hz, 2 H, arom), 7.77 (br, 1 H, N-H), 7.54 (d, 3J(H,H)�
8.2 Hz, 2 H, arom), 7.30 (d, 3J(H,H)� 8.0 Hz, 2 H, arom), 7.19 (d, 3J(H,H)�
8.2 Hz, 2H, arom), 2.71 (q, 3J(H,H)� 7.6 Hz, 2 H, Ar-CH2), 2.63 (q,
3J(H,H)� 7.6 Hz, 2 H, Ar-CH2), 1.27 (t, 3J(H,H)� 7.6 Hz, 3 H, CH3), 1.23 (t,
3J(H,H)� 7.6 Hz, 3H, CH3); 13C NMR (CDCl3) d �165.6, 148.4, 140.5,
135.6, 132.4, 128.3, 128.2, 127.1, 120.3, 28.8, 28.3, 15.7, 15.3; FT-IR (CDCl3,
2� 10ÿ3m): nÄ � 3435, 3023, 2966, 2928, 2870, 1666, 1609, 1590, 1519, 1500,
1404, 1314, 1257, 852, 833 cmÿ1; HRMS-MALDI-FTMS: m/z : 254.1553
[M�H�] (calcd for C17H19NOH 254.1545).


p-[N-Methyl(p-tolyl)]toluamide (5e):[19] Powdered KOH (2.24 g, 40 mmol)
in DMSO (20 mL) was stirred for 5 min. Then amide 5 b (2.25 g, 10 mmol)
and methyl iodide (1.85 mL, 30 mmol) were added. After stirring at room
temperature for 20 min, the reaction mixture was poured into water
(200 mL), and extracted with CH2Cl2 (3� 200 mL). The combined organic
phases were washed with water (5� 100 mL), dried over MgSO4, and
evaporated in vacuo. Flash chromatography (SiO2, hexane/EtOAc, 4:1,
Rf� 0.16) afforded the product 5e (2.28 g, 95 %) as a white solid. M.p.
92 8C; 1H NMR (CDCl3): d� 7.70 (d, 3J(H,H)� 8.1 Hz, 2H, arom), 7.02 (d,
3J(H,H)� 8.1 Hz, 2H, arom), 6.96 (d, 3J(H,H)� 8.1 Hz, 2H, arom), 6.92 (d,
3J(H,H)� 8.1 Hz, 2H, arom), 3.45 (s, 3H, N-CH3), 2.28 (s, 3H, CH3), 2.26
(s, 3 H, CH3); 13C NMR (CDCl3): d� 171.2, 143.1, 140.1, 136.6, 130.2, 130.0,
129.3, 128.8, 127.1, 38.8, 21.6, 21.2; FT-IR (CHCl3, 2� 10ÿ3m): nÄ � 1629 (C�
O), 1612, 1581, 1572, 1514, 1427, 1370, 1301 cmÿ1; MS-FAB: m/z : 240
[M��H] (calcd for C16H17NO 240); HRMS-FAB: m/z : 240.1382 [M��H]
(calcd for C16H17NO 240.1388).


p-[N-Ethyl(p-tolyl)]toluamide (5 f): Prepared analogously to 5 e from
powdered KOH (1.12 g, 20 mmol), toluamide 5b (1.13 g, 5 mmol), and
ethyl iodide (0.80 mL, 10 mmol) in DMSO (10 mL). Yield 1.11g (87 %) of a
colorless oil after flash chromatography (silica gel, hexane/EtOAc 85:15).
1H NMR (CDCl3): d� 7.19 (d, 3J(H,H)� 8.0 Hz, 2 H, arom), 7.00 (d,
3J(H,H)� 8.0 Hz, 2H, arom), 6.93 (d, 3J(H,H)� 8.0 Hz, 2H, arom), 6.89 (d,
3J(H,H)� 8.0 Hz, 2 H, arom), 3.93 (q, 3J(H,H)� 7.0 Hz, 2H, N-CH2), 2.26
(s, 3 H, CH3), 2.23 (s, 3H, CH3), 1.19 (t, 3J(H,H)� 7.0 Hz, 3H, CH3);
13C NMR (CDCl3) d� 170.0, 140.7, 139.3, 136.2, 133.4, 129.6, 128.7, 128.2,
127.5, 45.4, 21.2, 20.9, 12.8; FT-IR (film, NaCl): nÄ � 3029, 2974, 2931, 2871,
1643, 1610, 1571, 1511, 1442, 1414, 1117, 821, 750 cmÿ1; HRMS-MALDI-
FTMS: m/z 254.1542 [M�H�] (calcd for C17H19NOH 254.1545).


p-[N-Propyl(p-tolyl)]toluamide (5g): Prepared analogously to 5 e from
powdered KOH (1.12 g, 20 mmol), toluamide 5b (1.13 g, 5 mmol), and
propyl bromide (0.91 mL, 10 mmol) in DMSO (10 mL). Yield 1.14g (85 %)
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of a colorless oil after flash chromatography (silica gel, hexane/EtOAc
85:15). 1H NMR (CDCl3): d� 7.18 (d, 3J(H,H)� 7.9 Hz, 2H, arom), 7.00 (d,
3J(H,H)� 7.9 Hz, 2H, arom), 6.93 (d, 3J(H,H)� 7.9 Hz, 2H, arom), 6.90 (d,
3J(H,H)� 7.9 Hz, 2H, arom), 3.84 (t, 3J(H,H)� 7.6 Hz, 2H, N-CH2), 2.26 (s,
3H, CH3), 2.23 (s, 3H, CH3), 1.63 (m, 3J(H,H)� 7.6 Hz, 2 H, CH2), 0.92 (t,
3J(H,H)� 7.4 Hz, 3 H, CH3); 13C NMR (CDCl3) d� 170.3, 141.0, 139.3,
136.1, 133.5, 129.6, 128.7, 128.2, 127.5, 52.0, 21.3, 20.9, 20.8, 11.3; FT-IR (film,
NaCl): nÄ � 3029, 2964, 2926, 2873, 1643, 1610, 1573, 1511, 1436, 1385, 1122,
827, 750 cmÿ1; HRMS-MALDI-FTMS: m/z : 268.1697 [M�H�] (calcd for
C18H21NOH 268.1701).


p-[N-Butyl(p-tolyl)]toluamide (5 i): Prepared analogously to 5 e from
powdered KOH (224 mg, 4 mmol), toluamide 5 b (225 mg, 1 mmol), and
butyl iodide (0.23 mL, 2 mmol) in DMSO (2 mL). Yield 233 mg (83 %) of a
white solid after flash chromatography (silica gel, hexane/EtOAc 85:15).
M.p. 61 ± 63 8C; 1H NMR (CDCl3): d� 7.17 (d, 3J(H,H)� 7.8 Hz, 2H,
arom), 7.01 (d, 3J(H,H)� 7.8 Hz, 2 H, arom), 6.94 (d, 3J(H,H)� 7.8 Hz, 2H,
arom), 6.90 (d, 3J(H,H)� 7.8 Hz, 2 H, arom), 3.87 (t, 3J(H,H)� 7.6 Hz, 2H,
N-CH2), 2.27 (s, 3 H, CH3), 2.24 (s, 3H, CH3), 1.61-1.57 (m, 2H, CH2), 1.37 ±
1.33 (m, 2H, CH2), 0.90 (t, 3J(H,H)� 7.3 Hz); 13C NMR (CDCl3) d� 170.3,
141.1, 139.4, 136.1, 133.5, 129.6, 128.8, 128.3, 127.5, 50.3, 29.7, 21.3, 21.0, 20.2,
13.9; FT-IR (film CHCl3, NaCl): nÄ � 3023, 2956, 2928, 2861, 1641, 1610,
1511, 1385, 1124, 827, 750 cmÿ1; HRMS-MALDI-FTMS: m/z : 282.1853
[M�H�] (calcd for C19H23NOH 282.1858).


Benzoyl peroxide stability measurements : In a typical NMR experiment, a
solution of 1a (2.6� 10ÿ3m), benzoyl peroxide (2.9� 10ÿ4m), and PPh3


(2.9� 10ÿ3m), when applicable, in [D12]mesitylene was placed in a 5 mm
NMR tube and analyzed by 1H and/or 31P NMR spectroscopy at 295 K in
equal time intervals (0.5 to 1 h). All measurements were performed at least
in triplicate, and good reproducibility was observed.


Decomposition of capsule 1 a ´ 1a, charged with benzoyl peroxide, in the
presence of 1,5-diphenylcarbazide diphenyl in mesitylene solution, con-
taining 1 ± 2 % (vol) of acetic acid, was monitored by 1H NMR and UV/Vis
spectroscopy and visually (Figure 7) at 295 K. In the UV/Vis spectra (2.7�
10ÿ5m benzoyl peroxide, 2.5� 10ÿ4m 1 a), absorption intensity changes at
l� 555 nm were followed. All blank experiments were performed under
the same conditions, but without cavitand 1a.
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